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MES 2 – Course Environmental Chemistry

2

- Introduction to general environmental processes
including metals

- pH
- dissolution/precipitation
- complexation
- redox
- (sorption)
- metals in the environment
- some analytical techniques



MES 2 – General Behavior of Trace Metals in the 
environment
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- They appear as hydrated or complexed cations (Pb2+, Cd2+, Zn2+, Cu2+, …)

- Some metals/metalloids appear as oxo-anions (AsO3
3-, AsO4

3-, CrO4
2-, SbO3

-,…)

- Some metals form metal-organic compounds (Hg, As, Sb…) as methyl mercury

- The pH is a controlling factor for speciation, dissolution and adsorption

- Cations: low pH increases solubility and decreases adsorption
- Oxo-anions: more complex but lower pH tends to favor adsorption

- They tend to adsorb to mineral surfaces and organic carbon

- Dissolved organic matter plays a role as ligand to enhance dissolved concentration and mobility

- The “free” hydrated metal ion is relevant for plant uptake and toxicity

- Complexation by natural organic matter or sorption to soil organic matter and mineral surfaces reduces plant 
uptake and toxicity



MES 3 – Inorganic Pollutants
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- They appear as hydrated or complexed cations (Pb2+, Cd2+, Zn2+, Cu2+, …)

- Some metals/metalloids appear as oxo-anions (AsO3
3-, AsO4

3-, CrO4
2-, SbO3

-,…)

- Some metals form metal-organic compounds (Hg, As, Sb…) as methyl mercury

- The pH is a controlling factor for speciation, dissolution and adsorption

- Cations: low pH increases solubility and decreases adsorption
- Oxo-anions: more complex but lower pH tends to favor adsorption

- They tend to adsorb to mineral surfaces and organic carbon

- Dissolved organic matter plays a role as ligand to enhance dissolved concentration and mobility

- The “free” hydrated metal ion is relevant for plant uptake and toxicity

- Complexation by natural organic matter or sorption to soil organic matter and mineral surfaces reduces plant 
uptake and toxicity



Trace (heavy) metals – why do we care?
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- Heavy metal pollution and toxicity is still a very prominent issue today

- 8 of the 10 most polluted sites in the world have a major problem with trace 

metals or radionuclides

- Heavy metals appear naturally in varying concentrations

- Natural background (what is normal and what is anthropogenic?)

- Heavy metals are persistent – they can‘t be degraded or destroyed

- Emission leads to immision and increase of concentration in their respective

sinks

- Some trace (heavy) metals can be both detrimental/toxic at elevated

concentrations and beneficial as nutrients

- Take up, distribution and accumulation along the food chain from food, water

and air



Inorganic Pollutants – other than metals
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nutrients e.g.

nitrate, phosphate (NO3
-, PO4

3-) 

keywords:

• P & N cycles
• limiting nutrient
• eutrophication
• phosphate binding
• redox conditions

• NO3
-  NH4

+

• FeOx dissolution



Inorganic Pollutants – other than metals

77

dust & fibres e.g.

„fine dust“ as automotive exhaust
asbestos
silicate dust
dust & soot particles from combustion
welding fumes

keywords:

• aerosol
• inhalation
• removal in resp. tract
• particle toxicity
• particle contamination
• uptake
• air transport



Inorganic Pollutants – other than metals

88

radionuclides e.g.

Radon , 222Rn (α)  218Po (α)  214Pb (β)

Iodine 131I (β), Cesium 137Cs (β, γ)

Plutonium 238Pu (α)

Uranium

…

depleted uranium…

keywords:

• type of radiation (α,β,γ, N)
• intensity versus dose
• low level effects
• intake / uptake
• chemical toxicity (e.g. Pu)
• long range transport



Inorganic Pollutants – other than metals
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gaseous oxides e.g.

NOx – SO2 – CO2

keywords:

• acid rain (SO2 NOx)
• climate change (CO2, CH4, NH3)
• smog (SO2)
• acidification (CO2, soil, oceans)
• effective pollution control (SO2)

gypsum cardboard…
• (fake) reduction (NOx)
• hopeless (?) situation (CO2)



Inorganic Pollutants - metals
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some Trace Elements with high toxicity
„heavy metals“

Inorganic Pollutants - metals



The Goldschmidt classification of elements
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developed by Victor Goldschmidt (1888–1947)



The Goldschmidt classification of elements
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Classification stems from the behavior of the metals during the formation 
of Earth. But still usable to get an idea of their general behavior

Lithophile elements are those that combine readily with oxygen

Due to their strong affinity for oxygen, lithophile metals, were never available as 
free metals before the development of energy-intensive electrolysis

Chalcophile elements are those that remain on or close to the surface because 
they combine readily with sulfur

They can easily be extracted by the reduction with coke (not without relevant 
emissions of SO2)

Siderophile elements tend to concentrate in (molten) iron.
Although not directly relevant for their current behavior, this means that they are 
seldom (even precious metals) and do very little associate with oxygen. They 
rather take sulfur or carbon, but not to an extent that they would classify as 
chalcophile.
…well… that is of course not the case for Fe and Mn…



Abundance in crust relative to silicon
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Another concept: hard and soft acids and bases
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Another concept: hard and soft acids and bases
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hard acids and hard bases tend to have certain properties:

• small atomic/ionic radius
• high oxidation state
• low polarizability
• high electronegativity (bases)

Some hard acids are: 

H+, Li+, Na+, K+

Ti4+, Cr3+, Cr6+, As3+, Se3+, Si4+

Some hard bases are: 

ClO4
-, CO3

2-, F-, H2O, NCS-, NH3, NO3
-, O2

-, OH-, PO4
3-, R-CO2

-, SO4
2-

R-: alkyl groups

The bonding between hard acids and hard bases is mainly ionic in nature.



Another concept: hard and soft acids and bases
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soft acids and soft bases tend to have certain properties:

• large atomic/ionic radius
• low or zero oxidation state bonding
• high polarizability
• low electronegativity

Some soft acids are: 

Ag+, Au+, Cd2+, CdR+, Co(CN)5
3-,, Hg+, Hg2

2+, Hg2+, Hg-R+, InCl3, Pd2+, Pt2+, Pt4+, 
Tl+, Tl3+

R-: alkyl groups

Some soft bases are: 

As-R3, BH4
-, CN-, CO, I-, P(OR)3, R-Se-, R-SH, S2-, SCN-

R-: alkyl groups

The bonding between hard acids and hard bases is mainly covalent in 
nature.



Another concept: hard and soft acids and bases
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From a qualitative approach we could deduce that

- Ti, Si and Al would rather react with oxygen to form TiO2, SiO2 and Al2O3
- Hg would rather react with sulfur or R-SH (sulfhydryl groups)

- But! Also Cu and Zn “love” to form sulfides

- Check https://www.chemicool.com/examples/hard-soft-acids-bases.html for 
more, especially organic molecules and metal-organic compounds

https://www.chemicool.com/examples/hard-soft-acids-bases.html


Reactions, transport and fate in the environment
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Pivotal processes involving trace metals
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Sorption!
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To understand contaminant fate and 
transport, we need to first understand 

sorption in the environment



22Schwarzenbach et al. 2003.

Sorption from water to 
particulate matter strongly 
influences the fate 
compounds

Sorption controls:
 Transport in surface and 

subsurface water
 (Phase transfer)
 Bioavailability and, thus, (bio-

degradation) and toxicology
 (Direct photolysis)
 (Radical oxidation)
 Chemical reactions
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Sorbent
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• Absorption
• precipitation, co-precipitation, inclusion
• matrix-sorption

• adsorption
• physisorption

weak, reversible
Van der Waals & electrostatic interactions
ion exchange

• chemiesorption
strong, not always reversible
hydrogen bonding, covalent bonding
surface complexation

Adsorption

Absorption



ion exchange – capacity and selectivity 

25

 requires a charged surface terminated by exchangeable ions
 exchange of ions against others of the same polarity (+ for +)

mainly from immobile ions that are associated with a surface
against those that are dissolved in a solute
e.g.:
2 X-SO3Na + Ca2+  (X-SO3)2Ca + 2 Na+

 cation exchangers (+) anion exchangers (-) amphiphilic exchangers (+/-)

 with industrial exchange resins the selectivity of the exchange increases with valence of 
the ion and hydrated ion radius

weakly bound Na < Ca < Fe(II) < Cd < Ni < Pb < Cu < Hg  strongly bound

selectivity increases by about 1000 to 10,000 times in this sequence

influencing factors are the nature of the exchange groups, pH, concentration and 
composition of the liquid phase



ion exchange – capacity and selectivity 
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cation exchange capacity (CEC) calculated:

CECCorg (meq/100g) ~ 51 pH – 59 (Scheffer & Schachtschabel 1970)

CECtot (meq/100g) ~ 0.7 (% clay) + 3,5 (% Corg)

CEC = 3,97 x (1 - 0,183 x (8,2 - pH)) x Coc+ 0,57 x (1 - 0,102 x (8,2 - pH)) x  Cclay

selectivity of some natural phases:

montmorillonite Ca > Pb > Cu > Cd > Zn >> Na
ferrihydrite Pb > Cu > Zn > Ni > Cd >> Na
peat (org. carbon) Pb > Cu > Cd = Zn > Ca



ion exchange – capacity
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determining the CEC:

we know that a large concentration of a cation can replace all exchangeable cations

1) wash the material (soil) with an electrolyte of high concentration (NaCl, BaCl2) >1 mol/L

2) keep the wash solution if you wish to determine the exchanged (formerly bound) components

3) exchange the cation against e.g. MgCl2 or NH4Cl

4) determine the amount of the back-exchanged cation (Ba or Na)

For Na you can use a flame photometer (~ € 4000) for Ba you would need an

ICP-OES (€ 50,000)



Adsorption is pH and species dependent
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Merkel & Planer-Friedrich 2002
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Adsorption is pH and species dependent
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Merkel & Planer-Friedrich 2002
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How does the metal distribute between solution and
solid? Concept of Kd

30

Distribution coefficient (Kd):
Kd [L/kg]  =   Msorb [mg/kg]   /   Mdiss [mg/L]

M = any substance

Sorbed portion Dissolved portion



How does the metal distribute between solution and
solid? Concept of Kd
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Distribution coefficient (Kd):
Kd [L/kg]  =   Msorb [mg/kg]   /   Mdiss [mg/L]

M in soil = dissolved species
soil organic matter free metal ion
oxides inorganic complexes
clays NOM complexes
quartz

Sorbed portion Dissolved portion



How to determine the distribution coefficient Kd
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several experiments will be conducted with different amounts of dissolved metal and sorbent!

the ratio of adsorbed metal ion to free metal ion (distribution) is determined by

- type of the sorbent
- pH
- speciation of metal

- temperature (sorption might be exothermic or endothermic)
- other competing ions
- substances that reduce the activity of the sorbate (complexation)
- concentration of the sorbent

solid phase (soil, sorbent)
+ solute (metal ion, sorbate)

shake until
equilibrium

separate soild
+ solution

analyse solution for free sorbate

analyse solid for bound sorbate (mass balance!)

sorbate equlibrates between
aqueous and solid phase



The 3 standard types of sorption isotherms
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With a series of experiments

you can draw the dependency of

adsorbed metal concentration to

dissolved metal concentration

and gain a sorption isotherm 

(means: at constant

temperature)



The 3 standard types of sorption isotherms
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solid D dissolvedC K C= ⋅

n
dissolvedfsolid CKC ⋅=

dissolvedL

dissolvedL
solid CK

CCKC
⋅+
⋅⋅

=
1

max

• Henry isotherm (KD-approach) :
linear unlimited

• Freundlich Isotherm
non-linear and unlimited

n = 1: Henry; n < 1: decrease of sorption sites
n > 1: double layers

• Langmuir Isotherm
non-linear and limited



But soil is a complex environment…
and the isotherms are empiric!
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So, the determined Kd value only holds
true for the sorbent (soil, sediment) 
determined



Sorption to SPM or small particles (colloids/nanoparticles)!
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Sorption to SPM or small particles (colloids/nanoparticles)!
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Riverine Suspended Particulate Matter (SPM)

About 109-1013 tons of SPM are discharged into the oceans 
every year

A large proportion of trace metals is bound to SPM

Pb ~ 95 – 99%
As, Cd, Zn ~ 30 – 80 %

Concentrations on SPM typically in the mg/kg, in water in 
the µg/L region (particulate/dissolved)

Walch, von der Kammer, Hofmann 2022: https://eartharxiv.org/repository/view/3113/ 



Sorption to SPM or small particles (colloids/nanoparticles)!
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The pollutant can be

- In solution (free ion or NOM-
complexed)

- Sorbed to the stationary matrix

- Sorbed to mobile particles

immobile matrix
(soil)

immobile matrix
(soil)

~ 20 µm

immobile matrix
(soil)

pollutant
(matrix – bound)

pollutant
(in solution)

pollutant
(colloid-bound)

pollutant
(DOM-complexed)

inorg.
colloids



Sorption to SPM or small particles (colloids/nanoparticles)!

v.d.Kammer (2005)

translocation

mobilization

generation

dissolution

filtration

deposition

stabilization
transport

second. mineral formation
precipitation
biological growth

ionic strength & DOC
pH
valence of ions
dissolution of cements
hydraulic effects

leakage
from vadoze zone
ground/seapage water

Eh↑ pH↑

Eh↓ Is↓ pH↓↑ Ca++ → Na+

The mobile particles

- Need to be „there“ – concentration

- Need to be mobile

- Need to be stable

- Need to be „attractive“ for pollutant



Sorption to SPM or small particles (colloids/nanoparticles)!
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P

KD1
KD2

MS

MC

MC
MC

Mw

MS

MS

MS

MS

MS ~ 2.000 g/L
MW ~ 350 g/L
MC ~ 10 mg/L

What does that mean for KD1 and KD2?
How can MC become important?



Sorption to SPM or small particles (colloids/nanoparticles)!
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P

KD1
KD2

MS

MC

MC
MC

Mw

MS

MS

MS

MS

MS ~ 2.000 g/L
MW ~ 350 g/L
MC ~ 10 mg/L

What does that mean for KD1 and KD2?
How can MC become important?

1) The colloids/particles must be mobile and persistent
2) The concentration must be high
3) The pollutant must strongly sorb/bind to colloids
4) The sorption must be (almost) irreversible

Castan et al. 2020: Microplastics and nanoplastics barely enhance 
contaminant mobility in agricultural soils. Nature Communications Earth & 
Environment
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More next…


	Inorganic Pollutants – Introduction��Environmental Behavior of Trace Metals
	MES 2 – Course Environmental Chemistry
	MES 2 – General Behavior of Trace Metals in the environment
	MES 3 – Inorganic Pollutants
	Trace (heavy) metals – why do we care?
	Inorganic Pollutants – other than metals
	Inorganic Pollutants – other than metals
	Inorganic Pollutants – other than metals
	Inorganic Pollutants – other than metals
	Inorganic Pollutants - metals
	The Goldschmidt classification of elements
	The Goldschmidt classification of elements
	Abundance in crust relative to silicon
	Another concept: hard and soft acids and bases
	Another concept: hard and soft acids and bases
	Another concept: hard and soft acids and bases
	Another concept: hard and soft acids and bases
	Reactions, transport and fate in the environment
	Pivotal processes involving trace metals
	Sorption!
	Foliennummer 21
	Foliennummer 22
	Foliennummer 23
	Foliennummer 24
	ion exchange – capacity and selectivity 
	ion exchange – capacity and selectivity 
	ion exchange – capacity
	Adsorption is pH and species dependent
	Adsorption is pH and species dependent
	How does the metal distribute between solution and solid? Concept of Kd
	How does the metal distribute between solution and solid? Concept of Kd
	How to determine the distribution coefficient Kd
	The 3 standard types of sorption isotherms
	The 3 standard types of sorption isotherms
	But soil is a complex environment…�and the isotherms are empiric!
	Sorption to SPM or small particles (colloids/nanoparticles)!
	Sorption to SPM or small particles (colloids/nanoparticles)!
	Sorption to SPM or small particles (colloids/nanoparticles)!
	Sorption to SPM or small particles (colloids/nanoparticles)!
	Sorption to SPM or small particles (colloids/nanoparticles)!
	Sorption to SPM or small particles (colloids/nanoparticles)!
	Foliennummer 42



