
Schadstoffe in der Umwelt (Grathwohl)

Anthropogenic Pollutants in 

the Environment

Peter Grathwohl

Center for Applied Geosciences

Department of Geosciences

Faculty of Sciences

University of Tübingen



What are the questions ?

What is a contaminant ?

Chemical which is foreign to the environment in which it is released, or 
which significantly raises the background concentration of the natural 

chemical in the environment.

How mobile is it ?

Is it transported in the atmosphere ?  In water ?  On particles ?  At what 

rate ?  What slows it down ? 

Where does it end up ?

Does it accumulate in soils ?  Does it accumulate in biological tissue ?  

Is it persistent ?  Does it degrade ?

How can we remove it?

Remediation techniques, natural attenuation, soil washing, etc…
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Distribution of contaminants in the subsurface
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XG; XW; XS Contaminant mass in the gas phase (XG), water (XW) and soil (XS)

VG; VW; md Volume of the gas phase (VG), water (VW) and mass of soil (md)

CG; CW; q Contaminant concentration in the gas phase (CG), water (CW) and soil (q)

H Partition coefficient gas phase - water (Henry‘s constant)

Kd Partition coefficient soil - water 

KSG Partition coefficient soil - gas phase

KOC Partition coefficient soil organic carbon - water 

KOW Partition coefficient octanol - water

fOC Mass of organic carbon in the soil with respect to the total mass of the soil

a; b Empirical constants
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Organic contaminants in the 

environment

What are Contaminants? 

"Dosis sola facit venenum"
(Paracelsus - Theophrastus Bombastus v. 

Hohenheim, 1493 - 1541) 



Exponential 

production of 

synthetic polymers 

and evolving 

concerns…

Zalasiewicz et al. 2019. The geological cycle of plastics and their use as a 

stratigraphic indicator of the Anthropocene. Anthropocene, 
http://dx.doi.org/10.1016/j.ancene.2016.01.002 

http://dx.doi.org/10.1016/j.ancene.2016.01.002


Plastic waste generation

from Law et al. 2020: The United States’ contribution of plastic waste to land and 
ocean. Sci. Adv. 6, eabd0288 (2020).



Evangeliou et al. 2020. Atmospheric transport is a major pathway of microplastics to remote regions
https://doi.org/10.1038/s41467-020-17201-9  | www.nature.com/naturecommunications

Global emission and depostion of 

tyre and break wear particles (TWP, BWP)



The total area of crops treated with pesticides each year has approximately doubled 

between 1990 and 2015. There are about 4.5 million hectares of cropped land, and 
this area remained almost unchanged over this period. Each field is now, on 

average, treated about 17 times 

https://www.cell.com/one-earth/fulltext/S2590-3322(20)30140-8

Pesticide treated area 

in the UK

https://www.cell.com/one-earth/fulltext/S2590-3322(20)30140-8


Most frequently detected groundwater contaminants at hazardous waste sites [NRC, 1994].

Rank Compound Common Sources

1 Trichloroethene Dry cleaning; metal degreasing

2 Lead Gasoline (prior to 1975); mining; construction

material (pipes); manufacturing

3 Tetrachloroethene Dry cleaning; metal degreasing

4 Benzene Gasoline; manufacturing

5 Toluene Gasoline; manufacturing

6 Chromium Metal plating

7 Methylene chloride Degreasing, solvents; paint removal

8 Zinc Manufacturing; mining

9 1,1,1-Trichloroethane Metal and plastic cleaning

10 Arsenic Mining; manufacturing

11 Chloroform Solvents

12 1,1-Dichloroethane Degreasing; solvents

13 1,2-trans-Dichloroethene Transformation product of 1,1,1-Trichloroethane

14 Cadmium Mining; plating

15 Manganese Manufacturing; mining; occurs in nature as oxide

16 Copper Manufacturing; mining

17 1,1-Dichloroethene Manufacturing

18 Vinylchloride Plastic and record manufacturing

19 Barium Manufacturing; energy production

20 1,2-Dichloroethane Metal degreasing; paint removal

21 Ethylbenzene Styrene and asphalt manufacturing; gasoline

22 Nickel Manufacturing; mining

23 Di(2-ethylhexyl)phthalate Plastics manufacturing

24 Xylenes Solvents; gasoline

25 Phenol Wood treating; medicines



Organic Contaminants - Hydrocarbons: 

Origin- Natural/Anthropogenic 

Hydrocarbons

Aliphatic hydrocarbons (non-cyclic)

Aromatic Hydrocarbons 

(BTEX - Benzene - Toluene - Ethylbenzene - Xylene)





Organic Contaminants - Hydrocarbons: 

Origin- Natural/Anthropogenic cont.

Alicyclic hydrocarbons (non-aromatic rings, e.g. cyclohexane)

Heterocyclic hydrocarbons 

(rings with heteroatoms, e.g. pyridine, furane, pyrrol, imidazol, 

pyrimidin)
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Frequent Contaminants: Structure - Occurrence

Compound Application/Production Geogenic/Biogenic

Freons:

Fluorochlorohydrocarbons
propellants, solvents (volcanic)

VCH: Volatile chlorinated hydrocarbons

Trichloroethene (TCE), 

Per(tetra)chloroethene (PCE)
Solvents:

dry cleaning,

degreasing of metals, 

electronics, etc

(volcanic)

Cl
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Frequent Contaminants: Structure - Occurrence cont.

Compound Application/Production Geogenic/Biogenic

propellants, solvents (volcanic)

Trichloromethane (TCM)

Chloroform

Intermediate 26 000 t/a 

(volcanic)

from dissolved organic 

matter

during chlorination of 

drinking water

Methylchloride

Monochloromethane

Dichloromethane (DCM) 

Cl

Cl

C

Cl

H

5 000 000 t/a

Biogenic

("giant kelp")  



Frequent Contaminants: Structure - Occurrence cont.

Compound Application/Production Geogenic/Biogenic

PCP – agent orange 

prodcution

incinerators

Forest fires (approx. 60 

kg/a in Canada)

Dioxins

O

O
(Cl)y(Cl)x

"Dioxins" refers to a group of 

chemical compounds that share 

certain chemical structures and 

biochemical characteristics: 

polychlorinated dibenzo-p-dioxins 

(PCDDs - dioxins) and 

polychlorinated dibenzofurans 

(PCDFs - furanes) are double 

carbon ringed molecules with a 

varying amount of chlorination 

and an additional single (furanes) 

or double (dioxins) oxygen 

connection creating a tricyclic 

planar molecule. Depending on 

the number of chlorines, varying 

from 1 to 8, a total of 210 closely 

related molecules 'congeners' 

theoretically exist. 



PCBs are mixtures of synthetic

organic chemicals with the same

basic chemical structure and

similar physical properties ranging

from oily liquids to waxy solids.

Due to their non-flammability,

chemical stability, high boiling

point and electrical insulating

properties, PCBs were used in

hundreds of industrial and

commercial applications including

electrical, heat transfer, and

hydraulic equipment; as

plasticizers in paints, plastics and

rubber products; in pigments, dyes

and carbonless copy paper and

many other applications. More

than 1.5 billion pounds of PCBs

were manufactured in the United

States prior to cessation of

production in 1977.

Frequent Contaminants: Structure - Occurrence cont.

Compound Application/Production Geogenic/Biogenic

PCBs: Polychlorinated Biphenyls

(Cl)x
(Cl)y

1
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Transformer oil

Hydraulic oil
(volcanic)

PCBs



pulp and paper industry

(PCP: wood preservatives)

swamps, peat bogs

(fungi and lichen)

2,6-dichlorophenol:

Sexual lure of ticks;

ant repellant of 
grass hoppers (nat. 

>> anthropogenic)

(e.g. Pentachlorophenol: PCP)

HO

Cl Cl

Cl

ClCl

Frequent Contaminants: Structure - Occurrence cont.

Compound Application/Production Geogenic/Biogenic

Chlorophenols are a group of

chemicals in which chlorines

(between one and five) have

been added to phenol. Phenol is

an aromatic compound derived

from benzene, the simplest

aromatic hydrocarbon, by adding

a hydroxy group to a carbon to

replace a hydrogen. There are

five basic types of chlorophenols:

mono[one]chlorophenols, di[two]-

chlorophenols, tri[three]chloro-

phenols, tetra[four]chlorophenols,

and penta[five]chlorophenols. In

all, there are 19 different

chlorophenols.

Chlorophenols 



Frequent Contaminants: Structure - Occurrence cont.

Compound Application/Production Geogenic/Biogenic

solvents, fuel, traffic Crude oil, coal

BTX, BTEX:
Benzene, 

Toluene, 
(Ethyl-benzene) 

Xylenes

o-Xylene m-XyleneToluene p-XyleneBenzene

CH3 CH3

CH3

CH3

CH3

CH3

CH3

Ethylbenzene

H2C

CH3



cokeries, manufactured

gas plants, diesel emission

wildfires

crude oil

kerogen

coal (chondrites -

meteorites)

Polycylic Aromatic 

Hydrocarbons: PAH

Frequent Contaminants: Structure - Occurrence cont.

Compound Application/Production Geogenic/Biogenic

PhenanthreneNaphthalene Benzo(a)pyrene

e.g.



16 EPA PAH: 

2 ring: Naphthalene 

3 ring: Acenaphthylene; Acenaphthene, Fluorene, Phenanthrene, 

Anthracene, 

4 ring: Fluoranthene, Pyrene, Benz(a)anthracene, Chrysene

5 ring: Benzo(b)fluoranthene, Benzo(k)fluoranthene, Benz(a)pyrene, 

Dibenz(a)anthracene,

6 ring: Indeno(1,2,3-cd)pyrene, Benzo(g,h,i)perylene

2 - 4 ring PAH frequently in groundwater (cokeries, gas 

plants, tar destillation products)

Frequent Contaminants: Structure - Occurrence cont.



21

Contaminants

or

Resources?

Lignite coal, tar

and tar distillates

as resources 
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Black Carbon and PAHs in the air

Cuticula

Stomata

Particle + PAH

Impaction (particle)

Adsorption

PAH

Char particle

Kp

KPA

Deposition

PAH (gaseous)

PAH (gaseous)
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Carbonaceous particles in atmosphere / soils

Deposition Schönbuch Soil sample, southwest Berlin

Char

Charcoal Soot

Char

Charcoal and char
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Carbonaceous particles in atmosphere/soils

Deposition

Soil

Exhaust



PAHs in Space (C&EN, 10/18)



Regulation helps!



"Brief History" of DDT

1948
Nobel Prize to Paul Müller 

(Switzerland) for the discovery of 

the insecticidal properties of DDT.

DDT acts as a nerve poison, accumu-

lates in the cell membranes (higher KOW) and blocks signal transmission 

(respiratory failure); still being utilized to combat Malaria.

Global distribution in the atmosphere (bound to particles)

Accumulation in the fatty tissues of organisms

DDT transfer through milk and eggs; especially affected is the end of the food 

chain (e.g. birds of prey through selective hunting of the "old and weak")

Similarly applicable to PCBs and PAHs (enrichment in soils – a record of the 

history of industrialization)



Schwarzenbach et al. 1993

DDT in the environment



DDT discussions…



PCB in the environment

Schwarzenbach et al. 1993



Pesticides: Glyphosate takes over…



Info sources



About 1.900 Reported Cases of Groundwater Pollution in the State of 

Baden-Württemberg



"Brief History" of (Chlorinated) Solvents 

(textile cleaning, degreasing)

1825 – 1900 Benzene (carcinogenic, weakly flammable)

1870 – 1930 Light gasoline (weakly flammable)

1900 - 1960 Heavy gasoline (flammable, less poisonous)

1880 - 1950 Carbontetrachloride (not flammable, carcinogenic)

1930 - Per-, Trichloroethene (poor flammability, “non poisonous”)

1960 - CFC, Freons (non poisonous)

1974 CFCs degrade ozone (Molina & Rowland)

1974, 1976 Haloforms (e.g. chloroform) in drinking water 

1976 VOC in river water (Rhine)

1977 VOC in drinking water, groundwater and mineral waters, TCE carcinogenic?

1975, 1977 Formation of HCl, Phosgene and carbontetrachloride through photooxidation 
of VOCs in the atmosphere

1984, 1990 Formation of trichloroacetic acid (through photooxidation of VOC in the 
atmosphere (connected to forest dieback)

1986 Utilization of CFC in textile cleaning (replacement of "per")

1987 Montreal Protocol for the banning of ozone degrading chemicals 

1995 Nobel Prize for Chemistry to Mario Molina, F. Sherwood Rowland (together 
with Paul Crutzen)

1996 End of the production of ozone degrading chemicals in industr. countries

1996 Proof of the ubiquitous appearance of trifluoroacetate from HFC (partially 
fluorinated ethane, CFC replacement, Frank et al., Nature, 382, 34)

................???



PCE in groundwater

Tetrachloroethene

(PCE)

Sampling campaign 1998

Conc. in mg/l

       • n.d.

    • < 0.0010

    • 0.0011 – 0.0050
    • 0.0051- 0.1000

    • > 0.1000

LFU -

Baden Württemberg



Tetrachlorethen

Dichlorethen (trans 

Trichlormethan

Dichlorethen (1,1)

Dichlormethan

Trichlorethan (1,1,1

Dichlorethan (1,1)

Dichlorethan (1,2)

Phenol

Aceton

Toluol

DEHP

Benzol

Vinylchlorid

0 10 20 30 40 50 60

Trichlorethen

 USA
(nach Plumb&Pitchford 1985,

verändert aus Arneth et al. 

1989)

Tetrachlorethen

Trichlorethen

Dichlorethen (cis 1,2)

Benzol

Vinylchlorid

Trichlormethan

Trichlorethan (1,1,1)

Xylol

Dichlorethen (trans 1,2) 

Toluol

Ethylbenzol

Dichlormethan

Dichlorbenzol

Chlorbenzol

Tetrachlormethan

0102030405060

Deutschland
(verändert aus Arneth et al. 1989)

Häufigkeit von Schadenstoffen im Abstrom von Schadensfällen [%]

Schiedek et al. 1997

Occurence of contaminants in plumes [%]            

Contaminants in Groundwater - Germany vs USA



Detection frequency of VOCs 

(white) and pesticides (white) 

at concentrations > 0.02 µg/l in 

more than 1% of domestic 

wells. 
National Research Council 2013. 

Alternatives for Managing the Nation's 

Complex Contaminated Groundwater 

Sites. Washington, DC: The National 

Academies Press.

https://doi.org/10.17226/14668.

Contaminants in Groundwater Update 2009 (USA)



New classes of compounds are released

into the environment?

•  Pesticides

•  Pharmaceuticals

•  Genetically engineered biochemicals



“New” contaminants: Per- polyfluoroalkyl subst. (PFAS)



Table 1. Physicochemical properties of selected PFCs. 

Chemicals PFOA PFOS HFPO-DA 

Chemical Formula C8HF15O2 C8HF17O3S C6HF11O3 

Chemical Structure 
   

Molecular weight (g 

mol-1)) 
414.00

a
 500.10

a
 330.05

b 

Solubility (g L
-1

) 3.40
a
 0.57

a
 7.10

d
 

pKa (-) -0.20
a
 -3.30

a
 0.06

d
 

H (-) 3.71
e
 0.449

e
 0.07

e
 

log Kow (-) 4.59a 5.26a 3.95f 

log Koc (-) -2.90c 2.57h 1.05g 

a (Milinovic et al., 2015); b CAMPRO SCIENTIFIC GmbH; c (Barton, Kaiser, & Russell, 2007); d (Heydebreck et al., 

2015); e HENRYWIN v3.10 (Bone Method); f KOWWIN v1.67; g (Gomis, Wang, Scheringer, & Cousins, 2015); h 

(EPA, 2014) 

 

“New” contaminants: Per- and polyfluoroalkyl subst. (PFAS)



Everybody uses them…..



PFAS - Precursors

Per- and polyfluorinated alkyl substances 

(PFAS) comprise >3000 individual 
compounds

42

Mono-

PAPs

Di-PAPs

Di-

SAmPAPs

FTOH

Precursors

Precursors forming 

stable end-products 
e.g., perfluorinated

carbonic acids 

(PFCAs) and 
perflurionated

sulfonic acids 
(PFSAs)

Wang et al. 2009 Chemosphere 75 1089–1096



“New” contaminants: Per-, polyfluoroalkyl subst. (PFAS)

Flux: ca. 30 kg / day



Agricultural Cases
• In Baden-Wuerttemberg approx. 600 Ha

of agricultural land contaminated with
compost containing PFAS (paper sludge)

44

Conc. [µg/l]

GW protection 
zones

Contaminated land

“New” contaminants: Per-, polyfluoroalkyl subst. (PFAS)

“Terrafarm”



Labadie,  P., Chevreuil, M. (2011): 

Partitioning behaviour of 

perfluorinated alkyl contaminants 

between water,

sediment and fish in the Orge River 

(nearby Paris, France).

Environmental Pollution, 159, 391-

397

“New” contaminants: Per-, polyfluoroalkyl subst. (PFAS)



Environmentally Significant Phys.-chem. Properties

of Organic Pollutants

1. Volatility: Boiling Point, vapor pressure; saturation concentration in air (soil air)

2. Solubility in surface water, groundwater, seepage water: Dependency on 

dissolved organic carbon, colloidal/suspended particles, cosolvents, 
surfactants, ionic strength, etc.

3. Mobility: Density, viscosity, wetting properties of non-aqueous phase liquids 

(NAPL); diffusion of dissolved and vapor phase compounds; 
sorption/retardation.

4. Persistence: Hydrolysis, photo-, biodegradation, bioavailability

5. Accumulation: Hydrophobicity, lipophily, sorption (octanol/water-partitioning 
coefficient: Kow) 



Example: PCB-accumulation in environmental compartments

PCB concentrations [mg/kg] in the North Sea

• Sea water: 0.000002

• sediments: 0.01

• plankton: 10

• fish: 19

• birds: 110

• mammals: 160

Accumulation / bioconcentration factors

• sediments:  5 000

• mammals: 1 000 000
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