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Part 1

Soil remedation



Remediation – treatment of soil and groundwater aiming at removal or

reduction of amount of risk posing substances, their control and limitation of

their spreading, so that the contaminated area ceases to endanger human

health or the state of the environment, considering current and, if possible,

planned future use of the area; remediation could involve self-purification, if

such conduct is the most beneficial for the environment.

Environmental Protection Act, changes from 07.2014
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aeration (vadose) zone

capillary fringe

impermeable layer

saturation zone

(aquifer – unconfined)
groundwater flow

water table

groundwater horizon

(aquifer – confined)

infiltration

Source: www.nrcs.usda.gov
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Soil constituents (phases):

• mineral, solid 

• organic

• liquid – soil water

• gaseous.

Source: Ibrahim, 2008
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Mineral, solid phase:

Products of parent material (bedrock) 

weathering (different minerals):

➢ boulders, cobbles > 80 mm

➢ pebbles, gravel > 2 mm

➢ 2 mm > sand > 0.05 mm

➢ 0.05 > silt > 0.002 mm

➢ clay < 0.002 mm.

Soil types according to USDA 
Source: Mikenorton

www.rainmachine.com
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Clay – the most active fraction (ion exchange, 

sorption, structure changes, etc.).

The share of individual fraction 

(composition) is a base for soil 

classification (texture). 

Granulometric analysis – sieving.



Organic phase:

➢ living organisms

➢ decaying organic matter, debris 

(different stages)

➢ humus

➢ “black carbon”.

Concentration in soil: from tenths to 

tens of %; most often a few %.

The most active component of soil: 

sorption, ion exchange, etc.

Source: http://vro.agriculture.vic.gov.au
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Living biota:

• macrofauna and mezofauna: 

insects, vertebratas; nematodes, 

arthropods, annelids, mollusca...

• microfauna: protozoa (amoebas, 

cilliates, flagellates...)

• microflora: algae, fungi, bacteria 

(actinobacteria) – even > 1 kg/m2.

Source: Frey, 2007 
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Dead organic matter:

• organic compounds free of nitrogen 

(carbohydrates, phenols, quinones...)

• nitrogen compounds (proteins, 

aminoacids, chitin...)

• lipids and their degradation products 

(alcohols, glycerol...).

Source: Ibrahim, 2008
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Source: Ibrahim, 2008
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Humus: stable product of organic matter 

transformations, of complex stucture; mixture 

of amorphous and colloidal compounds.

Following fractions can be distinguished:

→ humic acids – soluble at pH > 2

→ fulvic acids – remains in solution on 

acidification of the alkaline extract

→ humins – insoluble, regardless of pH.

Strong properties: ion-exchange, chelating 

(metals), sorption, binding organic 

contaminants, holding water... 

Source: Ibrahim, 2008

14



Water – soil solution:

* dissolved gases (mainly carbon dioxide, also hydrogen 

sulphide, methane, sometimes oxygen...)

* salts (anions and cations) – buffering properties pH 

((bi)carbonates)

* organic compounds (dissolved organic matter).

Main factor for contaminants transport; also transporting 

substrates necessary for their degradation (oxygen, nitrates, 

organic compounds, nutrients...).

Soil air: typically 78% nitrogen, 15–20% oxygen, 1–5% carbon dioxide, 

water vapour; sometimes hydrogen sulphide, methane, etc. 

Transport of pollutants in vapour form; source of oxygen for 

biodegradation of contaminants.

15



Most important soil properties, among others:

• soil pH (environmental conditions)

• hydraulic conductivity, porosity (effective) – potential for 

pollution transport

• organic fraction content – contaminant transport, and its 

binding, sorption.

Kh

m/d

φe

Gravel 200–2,000 0.15–0.25

Sand 10–300 0.20–0.35

Silt 0.01–10 0.30–0.45

Clay 10-5–1 0.30–0.65

Peat 10-5–1 0.60–0.90

Source: Alvarez, Illman, 2006
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Most common soil pollutants:

► metals, metaloids – as salts and other compounds

► aliphatic and aromatic hydrocarbons (petroleum products)

► organic solvents, mainly chlorinated

► polycyclic aromatic hydrocarbons(PAHs)

► pesticides.

Less common:

❑ explosives

❑ radionuclides

❑ pharmaceuticals and personal care products (PPCPs)

❑ polibrominated diphenyl ethers (PBDEs)

❑ components of rocket fuels (perchlorates...)

❑ cyclic ethers

❑ and many others...

17



Metals and metallic compounds:

Naturally occurring in the Earth’s crust; contamination 

mainly resulted from industrial activity.

Lead (Pb), Cadmium (Cd), Mercury (Hg), Chromium(Cr), Nickel (Ni), 

Zinc (Zn), Arsenium (As) and others...

In the ground they are mainly transported by (ground)water as dissolved 

salts. They can interact with soil matrix by different mechanisms, such as: 

adsorption, diffusion, ion exchange, complexation etc.

Mobility, and also toxicity, depends on speciation (ion oxidation state), e.g.:

• Cr+6 is more toxic and soluble (thus mobile) than Cr+3

• As+3 is more soluble (thus mobile) than As+5.

Generally, metals are more mobile in acid conditions (low pH).

Metals can occur in organic compounds, e.g. methylmercury, tributyltin –

part of such chemicals are more toxic than inorganic compounds of the 

same metal.

18



Aliphatic and aromatic hydrocarbons:

Petroleum products – products of crude 

oil (petroleum) processing (different 

fractions, e.g. jet fuel (kerosene), gasolin, 

diesel oil...).

Mixtures of many compounds, e.g. more 

than 300 in jet fuel.

Gasoline: mainly isopentane, p-ksylene, 

n-propylbenzene, 2,3-dimethylbutane, 

n-butane, n-pentane, toluene 

(total >50%).

The most important compound, from the 

ecotoxicological point of view: benzene 

(partly soluble, toxic and cancerogenic).
Source: Alvarez, Illman, 2006
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Hydrocarbons are generally poorly soluble in water, so in the 

ground they tend to form a layer of free product floating on 

the water table (LNAPL – light non-aqueous phase liquids).

Some of them (e.g. short-chain alkanes) are volatile and readily 

enter into gas phase (volatilisation).

Some are more or less water-soluble: BTEX (benzene, toluene, 

xylene, ethylbenzene) – comprise >60% of all water-soluble 

hydrocarbons from gasoline.

Sum of hydrocarbons is also included in analytical measurements 

(e.g. C6-C12 represents gasoline fraction, C12-C35 represents oils) 

(TPH – total petroleum hydrocarbons).

Source: http://www.gcesystems.com/what-is-btex/
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Chlorinated solvents:

Large group; commonly used in industry as solvents 

and degreasers.

Most often occurring are:

• tetrachloroethylene and derivatives: 

• tri-, dichloroethylene, vinyl chloride

• trichloroethane

• chlorinated methanes: carbon 

tetrachloride, dichloromethane, 

chloroform.

Toxic properties, carcinogenic 

(considerable risk)...

Poorly soluble in water, immiscible 

(important for possible transport!); some 

are more dense than water (DNAPL dense 

non-aqueous phase liquids).

Cl
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Cl
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Cl
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tetrachloroethylene

trichloroethylene

vinyl chloride

tetrachloromethane

methylene chloride

1,1,1-trichloroethane
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naphtalene anthracene phenantrene

fluorantene pyrene benz(a)anthracene

benzo(a)fluorantene
benzo(a)pyrene

benzo(ghi)perylene

Polycyclic aromatic hydrocarbons (PAHs):

Generated during coal processing and combustion 

(also other fuels). 

Main component of creosote, present in tars etc. Some are present 

in petroleum products.

Occurring in areas surrounding factories processing coal and crude oil.

Some have cancerogenic properties (notably benzo(a)pyrene).
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Pesticides:

Very large group of compounds, used as

active ingredients in plant protection

products.

Division concerning activity (target):

• insecticides

• herbicides

• fungicides

• ...

Division concerning chemical structure

― organochlorine
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Source: Ibrahim, 2008

― organophosphorus

― carbamates

― phenoxy acids

― triazines

― dinitrophenols and others...
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Fate of contaminants in soil and groundwater environment:

Behaviour and interaction of contaminant with soil comprised of a number 

of physical, chemical and biological processes, taking place in all 3 phases 

constituting this environment: solid, liquid and gaseous.

One can distinguish:

• transport: infiltration, diffusion and movement by groudwater flow 

(dispersion, advection)

• volatilization

• retention (adsorption, sorption, preciptation, trapping)

• alteration of contaminant (transformation, degradation – chemical and 

biological)
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Contamination

Surface retention

transport by groundwater

in
fi
lt
ra

ti
o

n volatilization

advection, dispersion, diffusion

biotic

transformation

adsorption

precipitation/dissolution

bonding

(sequestration)

ion exchange

abiotic

transformation

Source: Ibrahim, 2008
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Properties of contaminant (chemical)

The most important for behaviour are:

➢ vapour pressure

➢ water solubility

➢ susceptibility to sorption: KOC

As for remediation, important parameters

are also:

➢ susceptibility for (bio)degradation

➢ toxicity

soil particles

pore water

organic

matter
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Vapour pressure
mm Hg (25°C)

Solubility
mg/L (25°C)

log KOC Degradability

dichloromethane 455 13000 0.94 +/-

chloroform 198 9300 1.64 +/-

benzene 95.2 1800 1.92 +

chlorobenzene 11.8 502 1.68 +

pentachlorobenzene 3.0*10-3 0.135 6.3 -

benzo(a)pirene 5.6*10-9 0.0038 5.6–6.29 -

Source: Alvarez, Illman, 2006
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Types of soil contaminants – division concerning properties 
and behaviour

water soluble water insoluble

inorganic, e.g. metalions, 

cyanides

organic

liquids solid

lighter than water

(LNAPL)

denser than water

(DNAPL)

mainly transported

by groundwater flow

multi-phase transport

considered immobile

prone to sequestration
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LNAPL

Source: http://hazmatmag.com
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DNAPL

Source: http://hazmatmag.com

31



Bioavailability – e.g. ability of the active substance 

to enter the living organism (crossing the cell membrane).

Source: National Research Council, 2003 
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Source: Stroud, Paton, Semple, 2007
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non-extractable fraction

Fraction degraded, removed

bound fraction

fraction available

CONTACT TIME
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less desorbable

less (bio)degradable

less toxic

Source: Semple, Morris, Paton, 2003
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Cas study: Chemical factory in Tarnowskie Góry –

“the biggest ecological bomb in the Silesian voivodship area”

Industrial activity:

• a number of changes of production profile

• from the 19th century: mining of silver, zinc and 

lead ores; iron industry; production of paper and 

chemicals

• from 1921: production of paints (dyes) and many 

inorganic chemicals (salts)

• 1995: production ceases; 1997: factory closure.

Pollution sources:

➢ hazardous waste stored in the factory area:  

9 unsecured landfills were found – with area 

of 34 ha and 1,2 mln m3 of waste;

➢ leaching to groundwater i.a.: boron, barium, 

strontium, arsene, copper, zinc

➢ from the year 2002: gradual disposal of dump 

sites and transfer of wastes and contaminated 

soil to new, secure landfill – “tomb” (not 

completed). Source: www.gazeta.pl
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(Geo)hydrological conditions:

• catchment of Stoła river (Mała Panew-Odra), through streams 
(Pniowiec)

• to 150–250 m depth: Triassic sediments(cracked dolomite, limestone 
and marl)

• to 50 m depth: Jurassic sediments (clayey and silty)
• covered by Quaternary sediments (gravels, sands and clays)
• from 1 to 3 groundwater aquifers:
✓ 1–2 in Triassic layers (area between main groundwater reservoirs; 

water resources for Częstochowa and  Tarnowskie Góry regions)
✓ upper, Quaternary aquifer 1–12 m below surface.

Source: maps.gogle.com
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Monitoring network of groundwater organised from 1990:

➢ apart from soil contamination, Quaternary and Triassic groundwater 

aquifers are heavily polluted

➢ arsene, boron, barium, strontium and others, emission 400 tons/year

➢ 50 mln m3 of groundwater polluted, up to 2 km from the source

➢ groundwater intakes are endangered.
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Source: Malina, 2004

Quaternary aquifer
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Triassic aquifer

Source: Malina, 2004
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Source: Malina, 2004
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Part 2

Soil contamination standards



When to take remediation?

What should the remediation goals be?

Straightforward: restore “natural” conditions, as before contamination

BUT...

― financial constraints

― technical constraints

― time constraints.

THEN: Acceptable level (“How clean is clean?”)

― risk assessment: acceptable for human health and the state of 

environment

Priorities – effective use of available funds.

Standards: universal threshold values? 

Convenient for administration, but really reasonable?

Individual approach – site specific assessment?

Soil contamination standards

42



Factors important for risk assessment:

 distance to groundwater – ground layer

 groundwater migration

 water intakes placement

 distance to surface waters

 soil permeability

 presence of sensitive receptors (e.g. protected biotops...)

 area use, distance to used areas

 impact beyond immediate contaminated area.

receptor migration source

Sequence: source – migration – receptor
after: Malina, Likwidacja zagrożenia…, Częstochowa 2007

Source: Malina, 2007
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POLAND: Environmental Protection Act (2001, 

changes introduced in 2014)

Title II: Protection of Environmental Resources, 

Section IV: Earth surface protection

Art. 101a. 1. Contamination of the earth surface shall be assessed on the

basis of the exceedance of the permissible content of substances causing

a risk in soil or in the ground.

(Permissible content and manner of assessing the pollution of the Earth's 

surface is determined by the ordinance of the Minister of the 

Environment)

Art. 101h. 1. The land owner, where historical soil pollution occurs, is obliged to

carry out remediation.

(There are a few exceptions, then the Regional Director of Environmental 

Protection carries out remediation, Art. 101i)
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(Fortunately...)

Art. 101p, para. 2. If the assessment of the presence of a significant risk

to human health or the environment reveals that there is no significant risk to

human health or the environment, the Regional Director for Environmental

Protection may relieve the land owner or other perpetrator, by decision, from

remediation or not carry out the remediation referred to in art. 101I.

(Assessment of the presence of a significant risk is one of the elements 

of the remediation plan project submitted by the obligor to carry it out, 

Art. 101l)
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Art. 101P. 1. When assessing the presence of a significant risk to human

health or the environment referred to in Article 101l par. 3 point 6, art. 101m

sec. 2 point 1 lit. d and art. 101o paragraph 2 point 1 lit. d, account shall be

taken in particular of:

1) the chemical form in which contamination occurs and its bioavailability;

2) the possibility of contamination spreading;

3) potential routes of exposure, taking into account the spread of pollutants

depending on soil properties, morphology, geological structure and

hydrogeological conditions, as well as land cover;

4) environment and people who could be affected by pollution;

5) occurrence of arable lands, gardens, parks, playgrounds, sports grounds,

residential and commercial buildings, forms of nature protection, drinking

water resources and water intakes in the contaminated area and its

vicinity.
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(But...)

Art 101p, para. 3. The minister competent for the environment in consultation

with the minister competent for health matters, guided by the need to

standardize the manner of assessing the occurrence of a significant risk to

human health or the environment, may determine, by regulation, the

procedure of assessing the occurrence of a significant risk to human health or

the state of the environment and reference methodologies for modelling the

spread of substances in soil, earth and groundwater.

(May, but is not obliged... none so far)
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Art. 101q. para. 1. The following remediation methods are allowed:

1. the removal of contamination, at least to the permissible content of the

hazardous substances in the soil and ground;

Art. 101q. para. 2 point 2. When planning or determining the way in which

remediation should be carried out, the removal of the contamination

referred to in para. 1 point 1 should be considered first.
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(Again luckily...)

Art. 101g. paragraph. 3. Waiving from the removal of pollution, referred

to in paragraph 1 point 1, and remediation in the manner referred to in

paragraph 1 point 2, it is permissible if:

1) technologies or methods to remove contamination are not known or

2) negative environmental effects of activities carried out to remove

pollution would be disproportionately high comparing to the benefits

achieved in the environment, or

3) cleansing costs leading to the removal of pollution would be

disproportionately high in relation to the benefits achieved in the

environment and it is not reasonable to carry out remediation in the

manner referred to in paragraph 1 point 2, which was demonstrated

in the cost-benefit analysis carried out for several variants of the

remediation method, or

4) obliged to carry out remediation will prove that the pollution occurred

before 1 September 1980.
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Art. 101q. section 1. point 2) (Remediation methods) other than indicated

in point 1, leading to the removal of a significant risk to human health and

the environment, including the current and, if possible, planned land use,

such as:

a) a reduction in the amount of pollution or

b) limiting the possibility of contamination spreading and controlling pollution

by periodically carrying out soil and ground contamination monitoring at

specified times, or

c) carrying out self-cleaning of the earth surface, possible actions enhancing

self-cleaning, controlling pollution by periodically conducting soil and soil

contamination monitoring at a given time, possibly limiting people's

access to the contaminated area and possible need to change the way

the polluted area is used.

(Natural attenuation)
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Source: Nowak, Kwapisz, 2017

historic contamination of land surface

assessment of presence of significant risk to human 
health or the state of the environment

lack of significant risk to human health 
or the state of the environment

selection of remediation method

1) technologies or methods to remove contamination are

not known

2) negative environmental effects of activities carried out

to remove pollution would be disproportionately high

comparing to the benefits achieved in the environment

3) cleansing costs leading to the removal of pollution

would be disproportionately high in relation to the

benefits achieved in the environment

4) the pollution occurred before 1 September 1980.

end of remediation

carrying out remediation

above
conditions

met?

NO YES
removal of pollution to 

the permissible 
concentration level

Analysis based on
1) envionmental conditions

2) physical and chemical 
properties of risk posing 
substances (i.a. mobility, 

persistence, biodegradability 
and bioavailability

3) monitoring of above 
mentioned substances in the 

environment
4) potential exposure routes
5) present and planned use of 

land and its vicinity.

1) a reduction in the amount of 

pollution 
2) limiting the possibility of pollution 

spreading 

3) self-cleaning of the land surface, 
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§ 6. 1. The first stage of identification of a contaminated site includes

determining the activity that may be the cause of pollution in a given area,

now or in the past (...).

(List of activities – Annex 2)

§ 7. The second stage of identification of a contaminated site includes

the establishment of a list of substances posing a risk that occur in the soil or

in the ground on a given area (...).

(An exemplary list of substances in connection with activities – Annex 2)

ORDINANCE OF THE MINISTER OF THE ENVIRONMENT of September 1, 2016.

concerning assessment of the pollution of the earth's surface
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Instalations, types of activity...

53

Source: Dz.U. 2016 poz. 1395



(Current monitoring – maximum 10 years ago)

§ 9. 1. The fourth stage of identification of a contaminated site includes the
collection of information necessary to perform preliminary tests and the
performance of preliminary tests (...).

(Determination of the group of land, location of pollution sources,
the scheme of soil sampling points location and depth, sampling, testing,
analysis of results...)

§ 10. 1. The fifth stage of identification of contaminated land includes detailed
research (...).

(Individual terrain scheme for the location of sampling points to determine
the extent of contamination, sampling, testing, analysis of results...)

§ 8. 1. The third stage of identification of a contaminated site

includes the collection and analysis of available and current

sources of information relevant for the assessment of the risk of

soil or land contamination in a given area, and available and

current soil and land contamination monitoring data concerning

risk posing substances from the list established in the second

stage.
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The permissible content of substances posing the risk is 

determined depending on the land use:

• based on the register of lands and buildings

Source: Nowak, Kwapisz, 2017
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Land group I
• living areas

• other building areas

• urban areas, not built-up

• built-up rural areas

• recreational areas

Land group IV
• industrial areas

• mining areas

• transport areas

Land group II
• arable lands 

• meadows

• pastures

• areas under ponds and 

ditches

• garden plots

Land group III
• forests

• areas with trees, bushes

• wastelands

• recreational areas

• ecological sites

• other



• or based on the local spatial development plan

Areas of water intakes, protection zones – group I

National parks, reserves – group II

Source: Nowak, Kwapisz, 2017
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Land group I
• housing areas

• services areas

• sport and recreational areas

• commercial areas (large shops)

• areas of farm buildings on farms

• greenery areas

• cemeteries

Land group III
• forests

• hill forts, burial mounds, historic fortifications

• protected green areas

Land group II
• agricultural areas

• areas of garden plots

Land group IV
• areas of factories, stores

• mining areas

• roads

• technical infrastructure



§ 3, pkt. 7. For the group of land II for a depth of 0–0.25 m below

the ground level, the following subgroups of soils are

determined based on soil properties: (relevant for metals;

consider: a) fraction of soil grains < 0.02 mm; b) pH of soil;

c) organic matter content – TB note)

1) subgroup of land II-1:

2) subgroup of land II-2:

3) subgroup of land II-3: 1) subgroup of land II-1:

a) very light mineral soils with an FG02 fraction of less than 10%,

regardless of the pHKCl value,

b) light mineral soils, with a FG02 fraction of 10-20%, with a pHKCl value

less than or equal to 6.5;

2) subgroup of land II-2:

a) light mineral soils, with a FG02 fraction of 10-20%, with a pHKCl value

higher than 6.5,

b) medium mineral soils, with a FG02 fraction of 20-35%, with a pHKCl

value less than or equal to 5.5,

c) heavy mineral soils with an FGO 2 content greater than 35%,

with a pHKCl value less than or equal to 5.5,

d) mineral-organic soils, with an organic carbon content of 3.5-6%,

regardless of the pHKCl l value;

3) subgroup of land II-3:

a) medium mineral soils, with a FG02 fraction of 20-35%, with a pHKCl

value higher than 5.5,

b) heavy mineral soils, with a FG02 fraction of more than 35%,

with a pHKCl l value higher than 5.5,

c) mineral-organic and organic soils, with organic carbon content

above 6%, regardless of the pHKCl value.
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Other conditions important for setting permissible concentrations:

• The permissible contents are determined for a depth of 0–0.25 m below

surface and below 0.25 m

• For below 0.25 m, the water permeability of the ground is additionally

taken into account: ≥ 10-7 m/s or <10-7 m/s
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land groups
surface layer, 0–0.25 m

59

Source: Dz.U. 2016 poz. 1395



below 0.25 m

hydraulic conductivity 60

Source: Dz.U. 2016 poz. 1395
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Source: Dz.U. 2016 poz. 1395
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Source: Dz.U. 2016 poz. 1395



The permissible content of substances other than those specified is

determined based on:

1) the characteristics of the substance posing the risk, together with the

indication of hazard classes listed in EU directives

2) risk characterization to human health, in particular:

a) for substances with a toxic effect – probability of a risk to human

health,

b) for substances with carcinogenic or mutagenic effects – additional,

above the natural level in the environment, probability of occurrence

of cancer R < 1 × 10-5

3) analysis of existing methods for testing soil and soil pollution, taking into

account the limit of detection and determination of a given substance in

soil and ground.
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Current Polish regulation:

+ more precise

+ introduction of risk assessment concept

+ there is no absolute obligation for remediation

+ remediation through natural attenuation is possible

But...

– the records regarding the risk assessment are not very precise

– sometimes very low permissible values, being at the same time target 

values
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Monitoring of DDT i HCH 

pesticide content in Polish arable 

soils, year 2005

(Institute of Soil Science and 

Plant Cultivation (IUNG) Puławy)

214 composite samples from 

0–0.20 m layer
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10 µg/kg

120 µg/kg

Source: Maliszewska-Kordybach, 
Smreczak, Klimkowicz-Pawlas, 2014
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“However, the adoption of a solution based on individual risk assessment, for

each case of pollution, without indicating any acceptable levels of

substances causing risk in soil or in the ground would result in an excessive

burden on both businesses and administrations. Even in simple cases, it would

be necessary to carry out costly toxicological, ecotoxicological,

epidemiological and exposure routes assessments. The issuance of the

ordinance will allow to avoid such a risk and to harmonize the manner of

proceeding in this matter”.
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Source: https://www.mos.gov.pl/kalendarz/szczegoly/news/wyjasnienie-1/ 



Source: JRC scientific and technical report, 2007
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Source: JRC scientific and technical report, 2007
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Source: JRC scientific and technical report, 2007



The Netherlands:

contaminated min. 25 m3 or 100 m3 of 

saturation zone

term remediation "urgency" –

unacceptable threat to the environment:

• for people

• for the ecosystem

• spreading pollution

Source: Soil Remediation Circular, 2013Source: Handers, 2009
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Source: https://rwsenvironment.eu
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Directive on the protection of groundwater against pollution and 

deterioration (2006):

• Nitrates: 50 mg/l

• Active substances in pesticides, including their relevant metabolites, 

degradation and reaction products (1): 0.1 μg/l; 0.5 μg/l (total)

Establishment of threshold values by states (minimum list):

• Arsenic, Cadmium, Lead, Mercury, Ammonium, Chloride, Sulphate

• Trichloroethylene, Tetrachloroethylene

• Conductivity

Information about groundwater bodies at risk.

Groundwater protection and quality:

EU Water Framework Directive (2000):

― defining and characterizing groundwater bodies

― establishment of protected areas

― establishment of monitoring

― etc.
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ORDINANCE OF THE MINISTER OF THE ENVIRONMENT

of 21 December 2015 on the criteria and method of

assessment of the status of groundwater bodies.

Groundwater body – means a defined volume of groundwater occurring

within an aquifer or a set of aquifers that enables significant uptake in water

supply or flow of significant intensity to shape the desired state of surface

waters and terrestrial ecosystems.

Currently, 172 groundwater bodies exist over Poland’s territory (PGI,

2016–2021).
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Source: Dz.U. 2016 poz. 85



The current classification distinguishes five classes of groundwater quality:

1) Class I – very good quality water in which:
a) the values of physicochemical elements are formed only as a result of

natural processes occurring in groundwater and are within the

hydrogeochemical background range
b) the values of physicochemical elements do not indicate the impact of

human activity

2) Class II – good quality water in which:
a) the values of some physicochemical elements are elevated as a result

of natural processes occurring in groundwater
b) the values of physicochemical elements do not indicate the impact of

human activity or it is a very weak impact
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3) Class III – waters of satisfactory quality, in which the values of

physicochemical elements are elevated as a result of natural processes

occurring in groundwater or low impact of human activity

4) Class IV – water of unsatisfactory quality, in which the values of

physicochemical elements are elevated as a result of natural processes

occurring in groundwater and a clear impact of human activity

5) Class V – poor quality water, in which the values of physicochemical

elements confirm the significant impact of human activity
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Source: Dz.U. 2016 poz. 85
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Source: Dz.U. 2016 poz. 85



ORDINANCE OF THE MINISTER OF HEALTH dated 7th of December 2017 

on the quality of water intended for human consumption

Other standards: WHO reccomendations, 

other countries
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Source: Dz.U. 2017 poz. 229



Source: JRC technical reports, 2018

Risk assessment
80



Art. 101p. 1. When assessing the occurrence of a significant risk to human

health or the environment referred to in Article 101l par. 3 point 6, art. 101m

sec. 2 point 1 lit. d and art. 101o paragraph 2 point 1 lit. d, account shall be

taken in particular of:

1) the chemical form in which contamination occurs and its bioavailability;

2) the possibility of contamination spreading;

3) potential routes of exposure, taking into account the spread of pollutants

depending on soil properties, morphology, geological structure and

hydrogeological conditions, as well as land cover;

4) environment and people who could be affected by pollution;

5) occurrence of arable lands, gardens, parks, playgrounds, sports grounds,

residential and commercial buildings, forms of nature protection, drinking

water resources and water intakes in the contaminated area and its

vicinity.
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The risk assessment procedures used are to determine the possibility of 

adverse effects of pollution in the following aspects:

➢ on human health (Human (Health) Risk Assessment – HRA) (health risk)

➢ on ecological parameters (Ecological Risk Assessment – ERA)

(environmental risk)

➢ on quality of agricultural production.

Different levels of detail

Different approaches
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Health risk

The individual stages of the assessment:

1. Collection of data on the distribution, type and amount of pollution

2. Distribution of concentrations in the ground, groundwater, pore air

3. Expected toxic effects: for carcinogens, the likelihood of cancer in

relations to dose, for toxic substances acceptable threshold dose

4. Risk estimation for various exposure routes

(on the basis of:

Decision Support System for Exposure and Risk Assessment)
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initial site investigation 

concentrations in 
soil/groundwater 

exceed screening 
standards?

end of
assessment

initial site assessment 

yes

no

Stage 1

detailed assessment of health risk

basic assessment of health risk

data processing

toxicity assessment
exposure assessment
scenarios of land use
(industrial, living, etc.)

risk characterization

no

yes

determination of local, health-safe concentrations 
in soil/groundwater

helth risk exceeds 
acceptable level?

assessment of different remediation methods

choice of optimal remediation method

no 
action

Source: Wcisło, 2009
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Scenarios

• living area

• industrial

• trade area

• recreational

Source: Wcisło, 2009
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Exposure scenarios / Routes of exposure

exposure route

exposure scenario / receptor

living area / adults, children industrial area / adults

soil – surface 
layer

deep soil
ground
water

soil – surface 
layer

deep soil

accidental ingestion of polluted soil  

dermal contact with polluted soil  

inhalation of polluted soil particles  

inhalation of volatile substances vapors
from soil

 

consumption of polluted water 

dermal contact with polluted water 
during bathing or shower



inhalation of volatile substances vapors
during water use in household





Source: Wcisło, 2009
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Default values of exposure parameters

Symbol parameter unit

living area industrial

child adult adult

EF exposure frequency days/year 350 350 240*

ED exposure time years 6 24 40**

BW body mass kg 15 70 70

IRo accidental ingestion of soil per day mg/day 200 100 100

SA skin area in contact with polluted soil cm2 2 800 5 700 3 300

AF adhesion factor of polluted soil to skin mg/cm2/day 0.2 0.07 0.2

IRI

respiration factor – magnitude of daily 
ventilation of lungs

m3/day 10 20 20

non cancerogenic 
substances

mean time of exposure; 
AT = ED × 365 days/year

days 2 190 8 760 14 600

cancerogenic 
substances

mean time of exposure; 
AT = 70 years × 365 days/year

days
25 550 25 550 25 550

* assumed number of working days per year in Poland, including 14-day leave
** years of work in the lifetime
Source: adapted from US EPA 1991, 2002, 2004



Source: Wcisło, 2009
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Exposure assessment – calculation of dose taken

𝐂𝐃𝐈 = 𝐂 ×
𝐈𝐑 × 𝐄𝐅 × 𝐄𝐃

𝐁𝐖
×
𝟏

𝐀𝐓

CDI

C

IR

EF

ED

BW

AT

– taken dose of chemical substance (mg/kg body mass/day)

– concentration of substance in soil/water during exposure (mg/kg)

– contact factor: amount of polluted soil/water in contact with organism in time

unit, e.g. accidental daily soil ingestion(mg/day)

– exposure frequency(days/year)

– exposure time (years)

– body mass (kg)

– exposure averaging time (days); for non-cancerogenic substances:

AT = ED × 365 days/year, for cancerogenic: AT = 70 years × 365 days/year



Source: Wcisło, 2009
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Non-cancerogenic risk

• Calculation of hazard quotient (HQ) for polluting 

substances

HQ = CDI/RfD

• Calculation of hazard index (HI) – sum of HQs calculated 

for individual substances and exposure routes

Cancerogenic risk

• Calculation of cancerogenic risk (CR) for polluting 

substances

CR = CDI × SF

• Calculation of total CR – sum of CRs calculated for 

individual substances and exposure routes



Going to Level 2 (more detailed and site-specific):

Site-specific standards – taking into consideration:

o exposure point

o transport and dispersion of pollutants in the water and groundwater 

environment

o the impact of natural attenuation

o transport processes between phases (e.g. ground-water, ground-

-atmosphere)

o etc.
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The Netherlands

Source: Handers, 2009
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Ecological risk

The simplest methods – comparing predicted concentrations with reference
values (e.g.)

NOEC – no observed effect concentration; results from test on selected

organisms; is the highest tested concentration for which there are no

statistical significant difference of effect when compared to the control

group.

PNEC – predicted no effect concentration; is the concentration of

a substance in any environment below which adverse effects will most likely

not occur during long term or short term exposure, usually lowest NOEC or LC

divided by safety factor).

Multi-phase approach – more and more detailed levels of risk assessment.
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Source: Klimkowicz-Pawlas, Maliszewska-Kordybach, Smreczak, 2013



Source: Jensen, 2006

Gathering as much available
information as possible, such as exact
terrain characteristics, taking into
account the level and extent of
contamination occurrence, as well
as defining the expected manner of
land use (industrial, urban or
agricultural areas).

In order to determine the relationship:
source of contamination → route of
exposure → receptor, ecological
receptors relevant to a given manner
of land use are identified.

Data specific for a given area (site-
-specific risk assessment) using one of
the methods of evidence assessment
(weight of evidence), applying the
so-called Triad method. This method
includes information obtained from
chemical analyzes, ecotoxicological
studies and ecological observations.
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Chemistry: The concentration of contaminants in the

environment (totals, bioavailable), accumulated in biota, or

modelled via food-chains is used for calculation of risks on

the basis of toxicity data from the literature.

Toxicology: Bioassays with species across genera are carried

out in order to measure the actual toxicity present in

environmental samples from the site.

Ecology: Field ecological observations at the contaminated

site are compared to the reference site. Deviations from the

reference site, which can be plausibly attributed to the

contamination levels, are funnelled into the Triad.

Source: Jensen, 2006
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Examples of chemical analyzes and ecotoxicological tests applicable to

individual stages of the Triad procedure, developed on the basis of Jensen and Mesman (27)

Assessment 

stage

Tests for individual lines of evidence

Chemical (Eco)toxicological Ecological

Screening 

assessment

Total pollution content

PAF (fraction of potentially

threatened species)

An acute test with luminescent

bacteria (Microtox, including 

solid-phase)

– A chronic test with luminescent 

bacteria (24 h)

– Invertebrate tests:

Ostracodtoxkit

Ceriodaphtoxkit

Thamnotoxkit

Rotoxkit

Protoxkit

Visit

in the field, evaluation of

visible plant cover changes, 

presence or absence of

specific plants



Bioavailability of contaminants

General consensus:

• Risk assessment based on the total concentration of pollutants leads

to its over-estimation

• Pollutants undergo various bonding processes in soils

• Only the bioavailable fraction is important for the risk assessment.
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Source: Harmsen, 2007
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rapid dissipation of content

slow dissipation of content

bound fraction

strongly sorbed fraction
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time

Two-phased degradation of PAHs in soils and changes of their bioavailability in 

relations to soil contact time 

pollutants undergoing different processes in soil

Pollutant aging processes in soil

dissolved compounds

surface sorption

diffusion in micropores

inclusion in organic 

matter structure

Mineral fraction
surface sorption

Organic fraction
diffusion in organic matter micropores

Source: Smreczak, Klimkowicz-Pawlas, 
Maliszewska-Kordybach, 2013
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Assessment methods (ISO 17402):

Heavy metals

• Concentration in pore waters: extraction with a neutral solution

• Sorbed concentration: extraction with an acid solution

• Uptake by organisms: various tests.
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Hydrophobic organic contaminants (HOCs):

• sorbent-based extraction: Tenax, cyclodextrins

Photos: author

Source: Reid, Jones, Semple, 2013
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Remediation based on risk assessment 

(Risk-Based Corrective Action – RBCA)

The decision-making process used to assess and take appropriate action

against pollution of the groundwater and soil environment, based on the

protection of human health and environmental resources. Integrated

assessment of the place of pollution and the effectiveness of its remediation.

1. Reduce the risk to humans and the environment at the potential receptor

site (e.g. maximum permissible concentrations)

2. Ensure that the evaluation activities focus on collecting only information

necessary for making decisions based on risk assessment

3. Ensure that limited resources are concentrated on those polluted areas

that present the greatest threat

4. Ensure that the preferred remediation option is the best from the economic

point of view and shows a high probability of obtaining a reduction in risk
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Remedition based on risk assessment (RBCA)

Specification of general (nonspecific for a given location) permissible

pollution levels (RBSL – risk-based screening levels) for direct (inhalation of

vapours, dust, consumption of water, soil, contact through the skin) and

indirect (emission of vapours from the ground, leaching into waters) exposure.

Different receptors: residents of different ages, employees, and services

removing pollution.

RBSLs are determined for all combinations of chemicals, receptors, routes of

exposure and exposure factors (e.g. exposure to carcinogens) to air, water

and soil.

If there are exceedances, remediation options are considered or the

procedure moves to level 2.

Tier 1.

Quantitative assessment of the contaminated area based on

available data: impact on the environment, potential receptors

(e.g. water reservoirs, places of residence, schools), exposure

routes (e.g. wells, recreational use of water reservoirs). The most

conservative approach is taken, e.g. drinking water in the most

polluted place. Deciding whether activities and categorization

of areas are required. If action is necessary, then the choice

can be made to meet the strictest requirements or go to level 2.

Information about the place: use, concentration.
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Remedition based on risk assessment (RBCA)

Tier 2.

A more specific assessment. Data on site characteristics, monitoring, models

for assessment of effects of activity, transport and risk assessment at the

exposure place are used. It is possible to recommend monitoring if there is no

significant risk. Again, if action is necessary, this can be recommended or the

procedure goes to level 3.

The permissible levels for a given location (SSTL – site-specific target levels) are

calculated: in the source zone, at the exposure point (taking into account

the natural attenuation factor: empirical, analytical models, from the field

data), for mixed pollution.

Location data is required, including: size of the pollution zone; groundwater

gradient, permeability, etc.; climatic conditions; soil data, porosity, layer

thickness, soil type; presence of electron acceptors; predicted receptor types

and their location; etc.
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Remedition based on risk assessment (RBCA)

Tier 3.

Intensive use of modeling (simulation) techniques, the evaluation is aimed

entirely at the specificity of the area.

Exposure and risk assessment is for existing conditions instead of using

simplified scenarios. Very detailed data on transport risk and pollution type

is required.
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MODFLOW – package for modeling groundwater flow developed by the US

Geological Survey, free – the model itself; a number of commercial and free

graphic interfaces

Visual MODFLOW

Source: Harbaugh, 2005 Source: www.delphitech.kz
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RT3D – uses the results of the MODFLOW simulation

GMS – Aquaveo

Source: www.aquaveo.com
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Part 3

Methods of remediation 

of soil and groundwater



Methods of remediation of soil and groundwater – decision 

scheme

Source: Malina, 2007
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Methods of remediation of soil and groundwater

1. Limiting contamination spreading: barriers, immobilization of pollutants,

etc.

2. Elimination of contamination sources; primary and secondary sources: by

physical methods (e.g. dig and dump, LNAPL skimming, etc.)

3. Intensive remediation (in-situ, ex-situ, on-site; off-site):

a. physical (pump-and-treat, vapor extraction...)

b. chemical (oxidation, reduction...)

c. biological (bioremediation)

4. Natural attenuation (monitored, enhanced...)
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Limiting contamination spreading

• physical barriers: impermeable barriers (cutoff walls), cement and slurry

barriers

• hydraulic barriers

• physical-hydraulic barriers

• permeable reactive barriers (sorbing, with metallic iron, biological,

multibarriers)

• immobilization of contaminants (organic and inorganic – mostly metals)
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Cutoff walls

“hanging” barrier (LNAPL) full barrier (dissolved pollutants)

Slurry walls

Made of materials of low filtration coefficient: clay, bentonite, cement, or

HDPE foils (geomembranes). Addition of fly ash for increasing the sorption

capacity.

Performing as a narrow (0.6-0.9 m) trench with a depth of up to 25 m, and

sometimes even 50 m. Walls reinforced with bentonite slurry, then trench is

filled with e.g. a ground-bentonite mixture (k = 0.5 * 10-10 m/s).

In weak soils, injecting (pumping) bentonite slurry or cement directly into the

ground.
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trench excavation

trench filling

Source: Marchiori, Li, Evans, 2019
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Sheet pile, e.g. “Waterloo Barrier”

Barrier depth up to 15 m. Hydraulic conductivity 10-8–10-10 cm/s.

Joints sealing based on clay, cement, polymers, etc.

Fast construction, but sensitive to corrosion, weak points on joints, etc.

Source: http://www.waterloo-barrier.com
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Geomembranes as cutoff walls

Sources: www.clu+in.org
O'Donnell, Rumer, Mitchell, 1995
https://cofra.com
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Hydraulic barriers

Sets of wells, drains, ditches controlling the pollution spreading by creating

hydraulic depression (and pumping out contaminated waters with the

possibility of their treatment – the "pump-and-treat" method).

barrier of extraction wells set of extraction and pumping wells
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Integrated Management Strategy for Risk Reduction of 
Groundwater Contamination at Tarnowskie Góry Megasite

Janusz Krupanek
Institute for Ecology of Industrial Areas

Katowice, Poland

Project WELCOME
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Hydraulic-physical barriers

Combination of physical and hydraulic barriers. This limits pollution spread 

and controls hydrogeological conditions in the area.

Source: Malina, 2007
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direction of 

groundwater flow

walkwayprotective wall
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Scheme of hydraulic-physical barrier
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www.hydrogeotechnika.pl

Sources: Malina, 2007
www.hydrogeotechnika.pl
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Permeable reactive barriers

Barriers filled with material purifying groundwater flowing through, by

immobilization (e.g. adsorption) or/and degradation of pollutants.

Without or limited impoundment of groundwater.

horizontal barrier

continuous barrier

vertical barrier

“funnel and gate”

contaminat

ion plume

treated 

water

“gate” –

opening 

(active 

barrier)
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Filling Contaminants treated

granulated metallic iron chlorinated hydrocarbons, some

heavy metals

activated carbon chlorinated hydrocarbons (incl. 

volatile), PAHs, pesticides, heavy 

metals

zeolites heavy metals

ion-exchange resins heavy metals

fly ash heavy metals
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Metallic iron Fe0

Iron corrosion, with transfer of electrons – reduction of chlorinated

compounds:

2Fe0 + 3H2O + X-Cl → 2Fe2+ + 3OH- + H2 + X-H + Cl-

High redox potential of couple Fe(II)/Fe(0) -0,447 V

Applied for removal of:

• tetrachloroethylene and its metabolites

• tetrachloromethane

• chromium.

Enhancement of effectivenes by application of catalyst, e.g. palladium (Pd).

Efficiency of removal depends on specific surface area – typically granules.
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Cl

Cl
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tetrachloroethylene

Cl
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H

trichloroethylene

Cl
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H
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H
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Cl
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H

Cl
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H

H

H

H

H

H

vinyl chloride

trans-1,2-dichloro

ethylene
cis-1,2-dichloro

ethylene

1,1-dichloroethylene

ethylene

Cl Cl

Cl H

H H

acethylene

chloroacethylene

dichloroacethylene

β-elimination hydrogenolysis

Source: Holliger, Regeard, Diekert, 2004
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Limited lifetime of iron filling as a result of:

• consumption: reactions with target substances (e.g. PCE) and side reactions

(oxygen, nitrate, sulphate):

2 Fe0 + O2 +2H2O → 2Fe2+ + 4OH-

Fe0 + 2H2O → Fe2+ + OH- + H2

Passivation – covering the surface with minerals (e.g. magnetite), making

iron non-reactive.

Possibility of chromium Cr6+ removal (precipitation as Cr3+)

CrO4
2- + Fe0 + 8H+

→ Fe3+ + Cr3+ + 2H2O

(1-x)Fe3+ + (x)Cr3+ + 2 H2O → Fe(1-x)CrxOOH + 3 H+

Precipitation of Cr(OH)3; hydroxide Cr3+/Fe3+ or (oxi)hydroxide Cr3+/Fe3+

Effectiveness – reduction from 1–3 mg/l to 0.01 mg/l

Also, removal of arsenic As by immobilization as a result of precipitation of

minerals (research stage).
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gate depth 6 m

flow velocity 6 cm/d

aeration 6 × 20 min daily, filled with 

plastic balls

Permeable reactive barriers with metallic iron – examples

groundwater flow
gate 1

gate 2

gate 3

funnel

CHC source 

(2000-3000 g/l)

gate 

building 

piezometer 

sealed area

slurry 

wall 

slurry 

wall 

piezometer 

90 cm boring filled with gravel

90 cm boring filled with iron

surface 

clayey sands 

clayey sands 

and gravels 

sealing
(clayey sands) 

sealing (clay) 

fine sand) 

gravel 2/16

active zone (iron)

impermeable layer

Source: Alvarez, Illman, 2006
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Permeable reactive barier (PRB) in the „funnel and gate” system, 

used in Beka locality (Germany)
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Methods of PRB construction 

(depths)

Unsupported trench

Support type:

Continuous excavator
Cofferdam

Source: www.adventusremediation.com
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Methods of PRB construction 

(depths)

Trench supported with 
liquid polimer
(70 ft, 21 m)

Soil mixing

Vertical hydraulic 
injection (120 ft, 37 m)

Injection 
techniques

Pneumatic injection

Source: www.adventusremediation.com
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Source: http://www.rtdf.org

Vapokon Petrochemical Works, Søndersø, Denmark. PCE, TCE, DCE, DCA, 

DCM, BTEX – up to 5,000 μg/l.

Funnel (120 m) and gate (15 × 9 × 0.6 m), filled with 75 m3 Fe (0). Additional 

drainage to lower groundwater flow velocity and post treatment of 

groundwater by wall (activated carbon).

Lowering concentration below10 μg/l, plus likely biological reactions.
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Karlsruhe, area of former gasworks

Contamination by PAHs, BTEX – plume width 200 m,

length 400 m

Barrier width 240 m, depth 17 m (16 m bgl impermeable layer)

– sheet pile wall

8 “gates” with granulated activated carbon, total 150 ton.

Pre-fabricated construction of 1.8 m diameter and 18 m length

Source: http://www.rubin-online.de/english/projects/prbprojects/karlsruhe/mainframe.html
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Source: http://www.rubin-
online.de/english/projects/prbprojects/karlsruhe/mainframe.html
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Filling Contaminants treated

Nutrients(N, P...)

hydrocarbons (petroleum-

-like)

Microorganisms (biological film)

Oxygen carriers (oxygen releasing 

compounds)

Mulch (wood cuttings and chips, agricultural 

waste...)

chlorinated hydrocarbons 

(TCE, DCE), explosives, 

otherCompost

Biological barriers

Sources:  Wilson, 2010
cfpub.epa.gov

sand

mulch

mulch
compost
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Multibarriers

Source: www.vito.be
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Hooge Maey landfill (Flanders, BE):

municipal and industrial waste

Leachates contain ammonium

nitrogen, chloroorganic compounds

and other organic compounds

Source: www.multibarrier.vito.be
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Immobilization of contaminants: reduction of their mobility

• solidification – binding using a binder, making a solid block

• stabilization – decreasing solubility of contaminants

• vitrification – melting of soil in a glass-like substance

• increasing of sorption capacity of soil (organic amendments)

Metals, but not only (excluding volatile organics)

GeoMelt

Source: http://infohouse.p2ric.org/ref/14/0_initiatives
/init/fall99/newangl.htm

Source: www.nuclearsolutions.veolia.com
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Solidification

in- and ex-situ

Binders: inorganic: cement, lime, fly ash...; organic: asphalt, epoxides, 

polyesters...; mixed

Source: www.geoengineer.org
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Immobilization of heavy metals:

• increasing the sorption capacity: adding organic matter (ion exchange

sorption, complexing...): natural fertilizers (manure, slurry), post-harvest

residues, sewage sludge, etc. Also sorbents: black carbon, activated

carbon, zeolites...

• biostabilization and biosorption: binding by plant roots, sorption by biomass,

living or dead (algae, bacterial cells)

• precipitation, biological or chemical
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Immobilization of heavy metals – precipitation:

Precipitation as hydroxides or sulphides: Cu2+, Cu+, Ni2+, Pb2+, Hg2+, Cd2+, Zn2+

Precipitation as hydroxide: Cr6+

Precipitation of hydroxides: application of Ca(OH)2 or KOH (e.g. by injection).

However: pH changes (alkalinization); possible increase of solubility as a result

of pH changes (decrease of pH).

Suthersan, Payne. In situ remediation engineering, CRC Press
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Immobilization of heavy metals – precipitation:

Precipitation as sulphides:

Chemical: application of sodium sulphite or calcium polysulphite

Me2+ + S2-
→ MS↓

Sulphite ion S2- in aerobic conditions is rapidly oxygenated to sulphate ion

SO4
2-. For this reason, it is necessary to create a reducing zone by oxygen

consumption, e.g. by adding an easily degradable organic substrate (e.g.,

carbohydrates). Microorganisms will then quickly consume oxygen.
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Biological:

stimulation of the activity of sulphate-reducing microorganisms (SRB)

SO4
2- + (COD) → HS- + CO2

Stimulation of SRB growth by the addition of easily degradable substrate

(various, e.g. molasses, lactates, lactate polymers), when sulphates occur in

groundwater (in theory: 3 mg SO4
2- gives 1 mg of S2-).

Sulphate reduction causes an additional increase of pH:

Me2+ + SO4
2- + 8H+ + 8e-

→ MeS↓ + 4H2O (protons consumption).

It is accompanied by precipitation of hydroxides:

Me2+ + 2H2O→ Me(OH)2↓ + 2H+

Immobilization of heavy metals – precipitation:
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Immobilization of heavy metals – precipitation  of chromium Cr

Chromium: occurs as Cr6+ (CrO4
2- or Cr2O7

2-) or Cr3+.

Two-stage process: 1) reduction of Cr6+ to Cr3+, 2) precipitation of Cr3+ as

hydroxides.

Reduction of Cr6+ abiotically (e.g. Fe2+, injections of ferrous sulphate etc.) or

microbiologically (a number of facultative anaerobic bacteria): injection of

easily biodegradable substrate (e.g. diluted molasses).

Mechanisms of biological reactions: a) Cr6+ as electron acceptor,

b) reduction of Cr6+ by products of sulphate reduction, c) reduction of Cr6+

by organic components of soil (e.g. fulvic and humic acids).

Precipitation of hydroxide: conditions from alkaline to mildly acid (little

probability of reoxidation of Cr3+ in normal conditions).
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Site: Turlock, Ca, USA

Spill: release of about 3,000 kg Cr+6,

arsenic

7-year pump-and-treat treatment –

approx. 50% removal (pumping of

40,000 m3 of water). Achieving the goal

– would require further 10 years of

pumping.

Treatment: application of sodium

bisulphite (metabisulphite) as an

additive to treated water injected back

into aquiferous layers.

Time: January 1998-October 1999.

Effectiveness 98%

Side effect – exceeding the allowable

concentration of sulphates and, at

some places, manganese.
Source: Suthersan, Payne, 2004

139



Site: Avco Lycoming Superfund site

in Williamsport, PA, USA

Contaminants: chromium Cr+6

2.29 mg/l; dissolved cadmium

0.26 mg/l

Treatment: injections of diluted (20–

200 times) molasses, 2 times a day,

45 liters per well (36). Duration

46 months: 99% reduction in Cr+6,

62% reduction of Cd (solublr)

The cost of 400 thousand $ (10 times

less than pump&treat).

Source: Suthersan, Payne, 2004
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Part 4

Methods of remediation 

of soil and groundwater:

Physical methods



Removal of soil pollutants by physical methods

• removal of primary sources of pollution

• removal of polluted soil – secondary sources of pollution ("dig and dump",  

excavation of soil, dredging of bottom sediments)

• LNAPL free phase recovery (skimming) 

• vapour extraction

• multiphase extraction

• pumping out and treatment of contaminated groundwater ("pump and 

treat")

• in- and ex-situ soil washing (extraction)

• in- and ex-situ thermal desorption

• electroremediation

Removal of pollutants without changing chemical structure
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LNAPL skimming

Initial stage of LNAPL remediation: removal of free product

Light Non-Aqueous Phase Liquids; petroleum products: fuels, oil...

Source: www.hazmatmag.com
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LNAPL free phase recovery

• interceptor trenches, drains

• skimming wells

▪ without groundwater pumping (no hydraulic cone)

▪ with groundwater pumping (skimming with pump draw-down)

• vaccum-enhanced recovery (dual-phase recovery, multi-phase extraction, 

bioslurping)
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LNAPL skimming: interceptor trenches, drains

• used at low hydraulic conductivity, heterogenous geology, relatively

shallow (<3 m) groundwater table with no fluctuations

• trenches – should be deeper min. 1 m below the water table;

perpendicular to groundwater flow

• trenches open or filled with permeable material or with drains; can be lined

to create a barrier

• connected to collecting wells in which LNAPL is collected and pumped out

(separator and water treatment necessary)

Source: EPA 510-R-96-001
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Source: Steliga, 2009 
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Contamination of Graby-67 waste pit before and after drying

I stage II stage

Drainage of Graby-67 waste pit (1st year of treatment)



LNAPL skimming: skimming wells, no pumping

Limited LNAPL layer thickness, slow method, low radius impact 

• passive skimmers (adsorbing bail or canister – periodically exchanged) 

• mechanical skimmers (various types: with pneumatic pump, belt skimmers)

Wells even of 100 (50 for passive) mm diameter minimum

Source: EPA 510-R-96-001
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Source: http://www.waterrauk.com

148



Source: http://www.waterrauk.com
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Source: www.indiamart.com

Source: www.qedenv.com
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LNAPL skimming: skimming wells, with pumping

• pumping of water together with LNAPL

• much faster (even 10 times) – creating a hydraulic depression, thus

migration of LNAPL; greater radius of influence; however, lower

effectiveness (“smearing zone” within cone of depression)

• one or dual pumping systems

• treatment of water necessary; possible re-injection of treated water to

further manipulate hydraulic gradient; re-injected water may be heated

(increasing LNAPL mobility, lowering viscosity, enhancing solubility)

Source: EPA 542-R-05-016
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Source: Malina, 2007

technological

piezometer (intake

point for automatic 

system

depression well

with automatic 

skimming system

compressor in 

container

vaccum block: 

control and 

pumping

external tanks for 

skimmed LNAPL

water

treatment plant 

in container

underground 

infiltration

system (drains, 

infiltration

poles)

Scheme of skimming-depression-infiltration system (Woźniak 2006)

152



Vapour extraction

vapour 
treatment

vacuum 
valve, 
blower

water/vapour 
separator

Effectiveness depends on: type of pollution, soil permeability, soil moisture,

organic fraction content, etc.

Can be performed together with biological process (bioventing).

Depth from 1.5 to 90 m. Duration – years. Costs: 400–1,500 $/m3

Horizontal wells also possible.

Source: Suthersan, 1997
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Vapour extraction

Applicable for pollutants: 

• vapour pressure min.

1 mm Hg at 20°C

• Henry's constant greater 

than 0.01 

(0.001 atm m3/mol).

Source: Alvarez, Illman, 2006
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Field tests – determining the

radius by assessing the pressure

drop.

Vapour extraction

Source: Suthersan, 1997
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Vaccum enhanced extraction, dual-phase extraction

Simultaneous extraction of LNAPL and vapours, using vaccum pumps.

Frequently combined with biodegradation.

More effective with classic skimming, low thickness of LNAPL, lower soil

permeability; further stage of treatment.

Source: EPA 510-R-96-001
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Source: EPA 510-R-96-001
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Multi-phase extraction

Simultaneous extraction of water, LNAPL and vapours, plus stimulation of

biodegradation (bioventing)

Source: https://www.navfac.navy.mil
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Methods of process intensification:

• pressure pulsation: high amplitude, approx. 15 pulses per min. LNAPL

displacement occurs, pores are opened, flow increases (up to 7.5 times

compared to conventional extractions)

• thermal enhancement: reduced viscosity and mobility of LNAPL, flotation

due to floating air bubbles, increased evaporation. Particularly

recommended for poorly permeable soils (clays). Injection of hot air,

steam; resistive heating (current – additionally drying and cracking of the

soil), heating with radio waves

• hydraulic and pneumatic fracturing

LNAPL and vapour (VOC-volatile organic compounds) recovery
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Pumping out polluted groundwater – “pump and treat”

treatment

• pumping out polluted groundwater

• treatment

• discharge – to surface waters or

back to the ground

It can be used for:

1) hydraulic containment – in

connexion with hydraulic barriers

2) remediation, removal of pollutants

Wells, horizontal well, trenches.

Combined with other remediation

methods.

The method is suitable for the following cases:

• contaminants well soluble in water

• soils of good permeability; homogenous

• situations indicating the possibility of reaching the goal in a short time 

(however, it may require years)
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Pumping out polluted groundwater – “pump and treat”

Options for treatment:

• Biological. Applicable if concentrations are low enough and the biological
processes are not inhibited:

‒ activated sludge systems

‒ sequencing batch reactor

‒ powdered activated carbon in activated sludge

‒ rotating biological contactors

‒ aerobic fluidized bed biological reactor

• Physical/Chemical:

‒ air stripping

‒ activated carbon

‒ ion exchange

‒ reverse osmosis

‒ chemical precipitation of metals

‒ chemical oxidation

‒ chemically assisted clarification

‒ filtration

‒ ultraviolet (UV) radiation oxidation

161



Pumping out polluted groundwater – “pump and treat”

Tailing: progressively slower rate of decline in dissolved contaminant

concentration with continued operation of a pump-and-treat system.

Rebound: rapid increase in contaminant concentration that can occur after

pumping has been discontinued.

Longer treatment time – multiplication of the volume of pumped water; 

difficulty in achieving treatment goal.

Source: www.oaspub.epa.gov
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Contributing factors:

• LNAPL presence

• desorption of contaminants

• dissolution of precipitates

• matrix diffusion

• groundwater velocity variations

• presence of stagnation zones

Pumping out polluted groundwater – “pump and treat”

Source: www.oaspub.epa.gov
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Pumping out polluted groundwater – “pump and treat”

Source: www.oaspub.epa.gov
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Causes of failures:

➢ presence of zones with low hydraulic conductivity

➢ low desorption rate of contaminants

➢ no removal of pollution sources, e.g. non-water-immersible liquids (NAPL).

Time needed for remediation – a number of years or even decades.

Pumping out polluted groundwater – “pump and treat”
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Pumping out polluted groundwater – “pump and treat”

The pulsed pumping concept

Source: www.oaspub.epa.gov
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Extraction of pollutants

Leaching of pollutants from soil using liquids selected for contaminants

in-situ method: soil flushing

injection well or 

spraying over 

surface (infiltration)

extraction 

well

separator treatment, 

recovery

polutant 

plume
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Extraction of pollutants

ex-situ method: soil washing/rinsing

Soil washing: physical separation of contaminated fine fractions of soil: clay,

silt particles, from coarse fractions: sand, gravel.

Source: Malina, 2007

168

Belt extractor

contaminated soil

clean soil

solvent

(extractant)

polluted

extractant

Screw extractor

solvent

(extractant)contaminated soil

polluted

extractant
clean soil



Extraction of pollutants

Type of pollution Extracting solutions

Heavy metals synthetic aminopolycarboxylic acids, e.g. EDTA

natural biodegradable acids

low-molecular organic acids, e.g. citric, oxalic

humic substances, e.g. humic and fulvic acids

Organic pollutants organic solvents, e.g. acetone

surfactants solutions

cyclodextrins solutions
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Thermal desorption

Soil heating to evaporate water and volatilize organic pollutants. The vapours

are transported to the treatment system. Applicability: PAHs, PCBs, pesticides,

petroleum products, some metals.

◼ Non-destructive systems – only volatilization of pollutants.

◼ Destructive – temperature causes oxidation, pyrolysis and others

destructive processes:

o High temperature systems: 320–560ºC. Frequently combined with

incineration, etc.

o Low temperature systems: 90–320ºC (e.g. oil-derived pollutants).

Note: dioxins can be formed at temperatures above 350°C and with longer

retention times. Their removal requires temperatures of 480–560ºC.
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Heating of polluted soil, removal and treatment
of vapours.

Temperatures: on average up to 500°C. Two
systems used: vertical wells or horizontal coats
(shallow pollution). Thermal conductivity, steam
injection or electrothermal method. Volatilization
and pyrolysis.

Extraction of vapours: network of extraction wells.

Vapours treatment: thermal oxidation or
condensation of vapours with the following
adsorption on active carbon.

Application: PCBs, PAHs, dioxins, etc.

Thermal desorption: in-situ systems

Source: http://www.terratherm.com
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Systems:

• direct heating: the flame applied directly to the surface of the 

contaminated soil

• intermediate flame heating: kilns, hot air

• indirect heating: externally heated rotary kilns, helical furnaces, use of 

infrared radiation, microwave, etc.

Retention time up to tens of minutes, efficiency up to tens of t/h.

Thermal desorption: ex-situ systems

Source: http://www.rlctechnologies.com Source: http://www.clu-in.org
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Thermal desorption: ex-situ, on-site systems

Source: http://www.tdxassociates.com

Source: www.drlservices.com 
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Electroreclamation

Applying electric current for desorption and induction of transport of inorganic 

impurities: heavy metals, cyanides.

Electrodes surrounded by electrolyte absorbing pollutants, periodically 

replaced/regenerated.

It is possible to achieve high rate of removal of contaminants, but the

remediation time may be long, removal may require more than 25 volumes of

pore water.

Energy demand ~ 1,000 kWh/kg of land, significant cost.

Significant impact of soil pH changes and mobilization of all ions.

aeration 
zone

saturation 
zone

source of 
direct 

current

electrolyte 
conditioning
/purification

Installation for removal of polar contaminants by 

electroreclamation – scheme (Geokinetics b.v.)

Legend: K- complexes, Cd etc. ions (charges not marked)
Source: Malina, 2007
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Electro-bioreclamation

The use of electricity to heat the ground and groundwater:

 desorption and volatilization of pollutants (vapour extraction) 

 intensification of biological degradation (+injection of nutrients, etc.)

Applicability: volatile organic compounds, light PAHs, BTEX, petroleum 

derivatives, etc.

Source: Malina, 2007
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Part 5

Methods of remediation 

of soil and groundwater:

Chemical methods



Remediation by chemical methods

Using reagents transforming pollutants:

• mineralization – transformation into simple products, like water, carbon

dioxide, chlorides, methane, etc.

• partial transformation – transformation into intermediates (simpler

chemicals). Ideally, this should involve detoxification – products should be

less toxic/mobile/bioavailable/more susceptible to biodegradation than

parent pollutants.

Caution required – undesirable, more harmful products may be formed!

Most often in-situ application (in-situ reactive zones). Combined with other

methods (bioremediation, MNA etc.).
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Oxidation/reduction reactions – electron transfer

Oxidation – removal of electrons from the compound by oxidant (electron

acceptor): addition of oxygen, removal of hydrogen from chemical particle,

transformation into simpler products, often mineralization.

Applicable for compounds such as PAHs, chlorinated ethers like

trichlorethylene (TCE) or dichloroethylene (DCE), petroleum-based pollutants,

including BTEX.

Reduction – addition of electrons to the compound particle from reductant

(electron donor): removal of oxygen or other oxidant, e.g. chlorine, addition

of hydrogen to its structure; usually only partial transformation.

Applicable for organic chlorinated compounds, e.g. tetrachlorethylene,

certain pesticides; nitrates.

Remediation by chemical methods
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Remediation by chemical methods

Most often applied technologies of reagent delivery (essential)

horizontal wells, infiltration galleries, hydraulic or pneumatic fracturing; soil

mixing (surface)

typical radius 

of influence: 

less than 4.5–6 m

Source: Siegrist, Crimi, Simpkin, 2011
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Remediation by chemical methods: oxidation

Oxidants:

➢ hydrogen peroxide (H2O2) or other peroxides

➢ permanganate (MnO4
-)

➢ ozone (O3)

➢ persulphate (S2O8
2-)

Source: Siegrist, Crimi, Simpkin, 2011
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Radicals – atoms or compounds with unpaired electrones, usually highly

reactive.

Source: Siegrist, Crimi, Simpkin, 2011
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Source: Siegrist, Crimi, Simpkin, 2011
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Catalyzed hydrogen peroxide H2O2 (CHP)

In 1894, J.H. Fenton found that Fe2+ ions are strong catalyst of oxidation

reactions with diluted hydrogen peroxide in mildly acidic conditions. This

reaction produces hydroxyl radicals HO● of very strong oxidizing properties:

Fe2+ + H2O2 → Fe3+ + OH- + OH•

(Also other reactive species). This reaction has been widely applied in

wastewater treatment.

In soil, the chemistry of reactions with hydrogen peroxide is much more

complex. Catalysts include:

▪ dissolved iron species

▪ natural minerals (iron and manganese minerals)

▪ chelated metals (organo-metallic complexes).

Hydrogen peroxide is little direct reactive towards organic compounds, but it

is highly reactive with inorganic compounds (oxidation and reduction).
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Rate of radical production and their reactivity is pH-dependent.

Catalyzed hydrogen peroxide H2O2 (CHP)

Source: Siegrist, Crimi, Simpkin, 2011
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Cycling (continuous regeneration) of catalyst – dissolved iron (Haber-Weiss

mechanism):

Catalyzed hydrogen peroxide H2O2 (CHP)

Theoretically, 1/3 of peroxide is used for the regeneration of ferrous ions;

3 moles of oxygen are formed per mole of peroxide.

Influence of pH – >5 of pH Fe3+ may precipitate, e.g. in the colloidal form,

breaking the catalysis cycle and causing decomposition of hydrogen

peroxide into water and oxygen without formation of hydroxyl radicals.

In wastewater applications, ferrous ions are introduced into the acidified

medium (pH 3–5), then the reagents are dosed.

Source: Siegrist, Crimi, Simpkin, 2011
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In soil remediation, such a procedure is difficult due to buffering properties

of groundwater (typical pH 6-8), mainly by carbonates (problems: "rebound"

of pH, formation of large amounts of CO2 during neutralization).

3 strategies are applied:

▪ conventional: groundwater acidification to pH 3–5, then short peroxide

injections. After "rebound" of pH, repeating the acidification-oxidation

cycle until the goal is achieved. Another possibility – supplementing iron (II)

losses (as a result of iron (III) precipitation); disadvantages – a large volume

of injection, the possibility of reducing the hydraulic conductivity by

precipitated iron

▪ iron chelation: the use of chelating agents to keep the iron in dissolved

form. Organic compounds are used, e.g. nitrilotriacetic acid, citric acid.

EDTA, cyclodextrins and inorganic acids, e.g. pyrophosphate ions

▪ catalyzed by iron or manganese minerals: based on the initiation of the

formation of radicals by iron-containing minerals, e.g. α-FeOOH goethite.

Efficiency requires pilot testing with peroxide injection.

Catalyzed hydrogen peroxide H2O2 (CHP)
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Catalyzed hydrogen peroxide H2O2 (CHP)

Competing nonproductive reactions (losses of H2O2):

➢ oxidation of natural organic matter (NOM)

➢ carbonates and bicarbonates

HCO3
- + HO•

→ OH- + HCO3
•

CO3
2- + HO•

→ OH- + CO3
•-

➢ chloride, sulphate, etc.

➢ other reactions, including hydrogen peroxide itself

2 HO•
→ H2O2

H2O2 + HO• 
→ HO2

• + H2O
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Production of gases:

▪ carbon dioxide CO2 from the reaction with contaminants, NOM and

carbonates; also as a result of decomposition of carbonates during

acidification)

▪ oxygen O2 as a result of the decomposition of peroxide in contact with

ferric iron and minerals

Effects:

o displacement of pore water reduces the hydraulic conductivity of the soil,

thus reducing the radius of influence; transient effect

o the possibility of a significant increase in pressure in the aeration zone;

enhancement of oxidant transport

o stripping of volatile organic contaminants – uncontrolled emissions

o also increasing risk in case of flammable pollutants

Catalyzed hydrogen peroxide H2O2 (CHP)
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Catalyzed hydrogen peroxide H2O2 (CHP)

CHP reactions are exothermic and raise temperature of soil and groundwater.

Recorded temperatures: rise from 30 to 70C, even more.

Effects:

• may affect reaction rates

• may affect biodegradation

• generation of steam (gases)
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Catalyzed hydrogen peroxide H2O2 (CHP)

Short lived but vigorously reacting oxidant, with a typical lifetime of hours to

days. This limits its reactive transport in the subsurface.

Source: Suthersan, Payne, 2004
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Source: Huling, Pivetz, 2006
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Catalyzed hydrogen peroxide H2O2 (CHP)

Source: Siegrist, Crimi, Simpkin, 2011
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Permanganate MnO4
-

Used as water solution of potassium salt (up to 6% concentration) or sodium 

salt (up to 40% concentration).

Relative simple reaction chemistry; direct electron transfer rather than 

through radicals:

pH < 3.5 MnO4
- + 8 H+ + 5e-

→ Mn2+ + 2 H2O

3.5 < pH < 12 MnO4
- + 2 H2O + 3e-

→ MnO2 + 4 OH – (solid, colloidal)

pH >12 MnO4
- + e-

→ MnO4
2- (manganate)

Example reaction: 2 KMnO4 + C2HCl3 → 2 CO2 + 2 MnO2 + 2 K+ + 3 Cl- + H+

Most often occurring subsurface conditions: neutral to slightly acid; however, 

permanganate works over wide pH range (advantage)

Less reactive than CHP, more stable
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Permanganate MnO4
-

Works well on alkene (double) bonds, less reactive with alkane

Reactivity with aromatic compounds depends on structure (e.g. presence of

functional groups).

Source: Suthersan, Payne, 2004
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Permanganate MnO4
-

Under common conditions (low pH, high redox) production of dark brown

manganese dioxide MnO2 – colloidal, but then agglomerating.

Effects:

• changing hydraulic conductivity and permeability, which can alter

reactive transport of permanganate

• causing high backpressures – problems with injection equipment

• MnO2 is reactive – possible abiotic reactions with some contaminants, but

also can catalyze permanganate autodecomposition (usually not

significant). Can rapidly decompose hydrogen peroxide

• may act as a sorbent for metal cations.

Degradation of organic compounds cause evolution of CO2 gas – may

dissolve, changing pH. Generally less than for CHP or ozone, but it also can

alter flow and transport.
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Permanganate MnO4
-

Natural oxidant demand (NOD) – consumption of permanganate in reactions

with natural organic matter (NOM) (major contribution), inorganic species

and solutes – nonproductive oxidant sink.

28 MnO4
- + 3 C7H8O4 + 28 H+

→ 28 MnO2 + 21 CO2 + 26 H2O

(13.2 g per 1 g of TOC)

Must be determined experimentally (lab or field tests, e.g. push and pull).

NOD magnitude depends on soil type, NOM content. It may be between

0–20 g MnO4
-/kg dwt and more (mostly 0.5–2 g MnO4

-/kg dwt).

In practice, large excess of permanganate is needed (over

5 stoichiometrically + NOD).
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Source: Siegrist, Crimi, Simpkin, 2011
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http://www.superiorenvironmental.com

Source: Huling, Pivetz, 2006
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Ozone O3

Tri-molecular oxygen, highly reactive and unstable gas – cannot be stored;

must be generated on-site.

Most common method: corona discharge method, where ozone is produced

from air or pure oxygen passed between two electrically charged plates.

Pure oxygen gas may also be generated onsite from air:

• air: production of about 1% ozone,

• oxygen: 4–10% ozone.

Generation requires much electrical power, efficiency of generators is limited.

Injected as gas, can be delivered to vadose zone or sparged into saturated

zone; additional benefits:

• stripping of volatile organic contaminants (VOC),

• generation of oxygen (stimulation of biodegradation), also delivered as

co-injectant.
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Ozone O3

Can act both in gas and aqueous phase

➢ direct oxidation; e.g. cyclo-addition of ozone to alkene bond, electrophilic 

addition on aromatic ring 

➢ radicals 

(several models of decomposition)

O3 + OH-
→ HO2

● + O2
●-

HO2
●  O2

●- + H+

O3 + O2
•-
→ O3

- + O2

O3
- + H+

→ HO3
•

HO3
•
→ OH• + O2

OH• + O3 → HO4
•

HO4
•
→ HO2

• + O2

HO4 + HO4 → 2H2O2 + 2O3

HO4
• + HO3

•
→ H2O2 + O3 + O2

Influence of pH: in acidic conditions,

direct oxidation dominates, unless

catalysts are present. Source: Siegrist, Crimi, Simpkin, 2011
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Ozone O3

Peroxone (or Perozone) – application of ozone together with hydrogen

peroxide

Higher rate of radicals generation, especially hydroxyl radical

H2O2 ↔ HO2
- + H+ pKa = 11.75

O3 + HO2
-
→ O3

- + HO2
• (and so on)

Hydroperoxide anion – decomposition of ozone increases at higher pH

Oxidation of NOM: 5.4 g of ozone per g of NOM

Also possible interactions with other soil constituents:

• minerals

• dissolved solutes: carbonate, bicarbonate, sulphate etc.

Scavengers (e.g. catalytic decomposition), but also radicals (less reactive)

can be formed
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Uniform contact with contaminants 

challenging in saturated zone

Source: Huling, Pivetz, 2006
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Source: Siegrist, Crimi, Simpkin, 2011
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Persulphate S2O8
2-

Peroxydisulphate; applied as water solution of sodium persulphate (potassium

salt to low solubility, ammonium salt produces ammonium/nitrate.

Complex chemistry:

• direct oxidation

S2O8
2- + 2e-

→ 2SO4
2-

S2O8
2- + e-

→ SO4
2- + SO4

●-

• radicals – formed upon activation (sulphate radical SO4
●- and hydroxyl

radical OH●, also others)
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Persulphate S2O8
2-

Methods of activation:

‒ heat 30-60C; produces sulphate radicals

‒ by dissolved iron and other transition metals; works at low pH (pH 3)

S2O8
2- + Fe2+

→ SO4
•- + SO4

2- + Fe3+

‒ by chelated metals; Fe2+ complexed by ethylenediaminetetraacetic acid

(EDTA) or citrate, allows for catalysis at neutral pH

‒ by hydrogen peroxide (decomposes at alkaline and neutral pH)

unclear mechanism: heat?, hydroxyl radicals?

‒ by alkaline conditions; addition of hydroxides to raise pH to 11–12

SO4
•- + OH-

→ SO4
2- + OH•

Sulphate radicals dominate at low pH 2–4, while hydroxyl radicals prevail at

high pH 7–9.
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Persulphate S2O8
2-

Byproducts:

• sulphate (SO4); increases salinity, also electron acceptor for sulphate 

reducing bacteria (SRB)

• pH drop: production of protons (H+) in reactions, acids as products of

contaminants degradation – magnitude depends of buffering capacity

of aquifer; may cause problems at alkaline activation

• carbon dioxide from contaminants degradation; oxygen when activated

with peroxide.
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Scavengers (unproductive reactions):

▪ carbonate and bicarbonate: react with free radicals; at metal activation

produce metal complexes and precipitates, which can slow down oxidant

decomposition and contaminants degradation; may form radicals but of

lower reactivity – overall negative effect

▪ chloride: as above; may form chlorinated intermediates

▪ NOM (natural organic matter)

▪ some minerals may act as catalysts, but more research is necessary.

Persulphate S2O8
2-
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Persulphate S2O8
2-

Source: Siegrist, Crimi, Simpkin, 2011
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➢ Peroxide: very strong oxidant; potential for NA enhancement; most

unstable – short lifetime, limited transport; production of heat and gases;

intensively studied

➢ Permanganate: most developed; persists for long periods of time –

penetrates into low-permeability materials, greater transport distances;

MnO2 precipitation; high natural oxidant demand

➢ Ozone: difficult to handle, also health risk; may be applied both in vadose

and saturated zone; restricted transport in saturation zone; gas emissions;

limited application number

➢ Persulphate: relatively new, limited applications; quite stable (however,

less than permanganate) – potential for better penetration; less reactive

with NOM than permanganate

Specific reactivity towards different contaminants. e.g. benzene.
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Remediation by chemical methods: reduction

Reducers:

• metallic (zero-valent) iron: powdered, micro- and nanoscale

• Fe2+

• dithionite

• cyanocobalamine (reduced vitamin B12) – research
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Transformation of 

organochlorines, 

reduction of chromium, 

arsene

Cl

Cl

Cl

Cl

tetrachloroethylene

Cl

Cl

Cl

H

trichloroethylene

Cl

Cl

H

H

Cl

H

Cl

H

H

Cl

Cl

H

Cl

H

H

H

H

H

H

H

vinyl chloride

trans-1,2-dichloro

ethylene
cis-1,2-dichloro

ethylene

1,1-dichloroethylene

ethylene

Cl Cl

Cl H

H H

acethylene

chloroacethylene

dichloroacethylene

Source: Häggblom, Bossert, 2003
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Source: http://www.adventusgroup.com

DARAMEND reagent produced

from plant material (waste) and

containing 40% fine metallic iron.

Stimulation of biological

degradation and abiotic

reactions (reduction).

Anaerobic-aerobic cycle:

o anaerobic phase (1–2 weeks):

mixing with the preparation

0.5–2%; irrigation to 90% WHC.

Dechloration of compounds

o aerobic phase: multiple

plowing; drying or irrigation

Application to a depth of 0.6 m

Metallic (zero-valent) iron Fe0
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Source: Sayles, You, Wang, Kupferle, 1997

T.H. Agriculture & Nutrition Superfund
site (former pesticide formulation area)

2002-4: 4,500 tons of soil, contaminated
with DDT, DDD, DDE, toxaphene treated
on-site using DARAMEND

12 compartments with an area total
1.1 ha. From 3 to 12 cycles (August
2002–September 2003)

The cost is $ 55 per ton

Metallic (zero-valent) iron Fe0

www.adventusgroup.com
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Nanoscale iron – particle size 10–100 (200) nm: high specific surface area,

possibility of transport in an aqueous medium (injected as slurry, mixed with

water, plant oil). Sometimes as bimetallic particles (catalyst, e.g. palladium)

2 Fe0(s) + 4 H+(aq) + O2(aq) → 2 Fe2+ (aq) + 2 H2O(l) 

Fe0(s) + 2 H2O(aq) → Fe2+ (aq) + H2(g) + 2 OH−(aq)

(raising the pH)

C2Cl4 + 4 Fe0 + 4 H+ → C2H4 + 4 Fe2+ + 4 Cl−

Consumption in secondary reactions

(oxygen, nitrates, sulphates)

Passivation

Applicability: chlorinated alkenes,

chlorinated methanes, chromium,

arsenium, some pesticides

Metallic (zero-valent) iron Fe0

Source: O’Carroll, 2013

Source: Zhang, 2003
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Dithionite S2O4
2-

Used as sodium dithionite: reduction of chromium, organochlorines.

Dissociation of the dithionite anion:

S2O4
2-
→ 2SO2

•- (sulphoxyl radicals)

Reaction with oxygen:

SO2
•- + O2 → SO2 + O2

•- (superoxide radical anion)

Hydrolysis of dithionite:

S2O4
2- + H2O → SO3

2- + S2O3
2-

Sometimes used in combination with iron, also reduction of iron minerals:

SO2
•- +Fe3+ + H2O → Fe2+ + SO3

2- + 2H+
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Part 6

Methods of remediation

of soil and groundwater:

Natural attenuation and 

bioremediation



Use of natural processes to contain the spread of the contamination from

chemical spills and reduce the concentration and amount of pollutants at

contaminated sites (US EPA definition)

Other terms: remediation, bioattenuation, intrinsic bioremediation

Natural attenuation 

Natural processes:

• dilution, dispersion

• volatilization

• immobilization: sorption, humification, ion exchange, precipitation

• radioactive decay

• transformation (degradation): abiotic and biotic
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groundwater flow

source

x, t

Natural attenuation: dilution and dispersion 

Transport:

• advection: mass transport due to flowing groundwater

• hydrodynamic dispersion:

o mechanical dispersion: mixing due to microscopic variations in flow

velocity in porous medium

o diffusion: transport of molecules due to concentration gradient

• retardation: decrease of migration velocity due to sorption

• dilution: by infiltration, injection etc. of uncontaminated water

Source: Alvarez, Illman, 2006
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Natural attenuation: volatilization

Conversion of solid or liquid pollutants into vapours (gas phase)

Henry’s law, constant – KH

KH < 3  10-7 atm-m3/mol – nonvolatile (e.g. DDT, phenol, pentachlorophenol,

some PAHs)

KH > 10-3 atm-m3/mol – volatile (e.g. BTEX, tetrachloroethylene, carbon

tetrachloride)

(up to 10% removal of monoaromatic hydrocarbons)
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Natural attenuation: immobilization

▪ Sorption:

‒ absorption – diffusion or partitioning into bulk of soil (e.g. by hydrophobic

expulsion of nonpolar organics like PAHs, PCBs)

‒ adsorption – accumulation at solid-liquid interface (e.g. by electrostatic

attraction and surface coordination reactions; metals, anions)

Sorbents: humic materials (NOM), clays, zeolites, several oxide minerals

▪ Precipitation: pH increase, excess of co-precipitating ion

▪ Humification: incorporation of pollutant molecules into soil organic matter

(e.g. some PAHs)
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Natural attenuation: abiotic degradation

hydrolysis: addition of hydrogen and hydroxyl ion from water to a molecule,

resulting in splitting into simpler products; influenced by temperature and pH

CH3CCl3 + H2O → CH3CCl2OH + H+ + Cl- trichloroethane → dichloroethanol

CH3CCl2OH + H2O → CH3COOH + 2 H+ + 2 Cl-

CH3CCl2OH → CH3=Cl2 + H2O dichloroethylene

susceptible: alkylhalides, amides, carboxylic acid esters, carbamates,

organophosphorus pesticides...

resistant: alkanes, aromatics, alcohols...

reduction: gaining electrons, transformation into reduced metabolites

ferrous iron Fe2+, dissolved and sorbed; iron-bearing minerals (e.g. magnetite)

sulphites

hydrogenolysis: C-C bond is cleaved by hydrogen

dihaloelimination: loss of 2 Cl-, forming a double C=C bond

coupling: loss of 2 Cl-, joining two molecules

dehydrohalogenation: removal of HCl from molecule

CH3CCl3 → CH3=Cl2 + HCl
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Natural attenuation: abiotic degradation

Source: Brown, Wilson, Ferrey, 2007
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Natural attenuation: biodegradation, overview

chemical
(electron donor)

reduction of 
electron acceptor, 
e.g. oxygen

production of new 
biomass

end products,
e.g. H20, CO2

CATABOLISM

electron transfer

CELL DECAY

ANABOLISM

nutrients: N, P, 
trace metals...

ENERGY

chemical
(reduced)

chemical
(oxidized)

electron 
acceptor 
(oxidized)

electron 
acceptor 
(reduced)

e-

heat ATP
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Metabolism Electron acceptor
ΔG0

kJ/mol

aerobic

CH3COO- + O2 → 2 HCO3
- + H+ oxygen, O2 –844

denitrification

CH3COO- + 1,6 NO3 + 0,6 H+
→ 2 HCO3

- + 0,8 N2 + 0,8 H2O
nitrate, NO3 –792

iron/manganese reduction

CH3COO- + 4 Fe3+ + 4 H2O→ 4 Fe2+ + 5 H+ + 2 HCO3
-

ferric ions Fe+3 /

managanese ions 

Mn+4

–352

sulphate reduction

CH3COO- + SO4
2-
→ HS- + 2 HCO3

- sulphate, SO4
2-

–48

methanogenesis

CH3COO- + H2O → CH4 + HCO3
-

carbon dioxide, 

carbonate,

organic substrate* 

(fermentation)

–31

Natural attenuation: biodegradation, metabolisms

electron acceptors available in subsurface environment

Source: Lettinga, Hulshoff-Pol, Zeeman, 1999
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Natural attenuation: biodegradation, electron acceptors 

utilization sequence

preferential utilization of electron acceptors (due to energy gain –

competitive advantage to specific microorgnisms):

O2 → NO3 → Mn+4 → Fe+3 → SO4
-2 → HCO3

-

electron acceptor utilization (depletion)/ limitations of recharge (e.g. via

groundwater)

electron acceptor availability as limiting factor

Source: Parsons, 2004
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Natural attenuation: biodegradation

Methanogenic conditions:

C6H6 + 4.5 H2O → 2.25 CO2 + 3.75 CH4

133 kJ/mol; barely feasible, slow

Aerobic conditions:

C6H6 + 7.5 O2 → 6 CO2 + 3 H2O

3,200 kJ/mol; highly feasible, fast

Source: Alvarez, Illman, 2006
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Natural attenuation: biodegradation, reduction

Highly oxidized organic compounds, like:

• oxygen-rich compounds

• highly halogenated compounds (chlorinated, brominated...)

• nitrated compounds (e.g. trinitrotoluene, TNT)

resist further oxidation, i.e. cannot be used as electron donors (not feasible

thermodynamically).

Instead, they can be reduced – used as electron acceptors.

Other substances must serve as electron donors, e.g. hydrogen H2, or organic

compounds like acetate, methanol, etc.

During reduction, reduced compounds are dechlorinated, nitro group is

reduced to amino group, sulphoxides to sulphides, etc. – several simpler

intermediates produced.
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halorespiration – the use of chlorinated compounds as electron acceptors

chlorobenzoates, chlorophenols, PCBs, chlorinated solvents (like PCE)

substrate specificity (electron donors), e.g. only H2, acetates:

low hydrogen threshold

Syntrophism

consumes 

excess of 

H2

also 

provides

H2

Natural attenuation: biodegradation, halorespiration

Desulphomonile tiedjei
Source: Suthersan, Payne, 2005
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Dehalococcoides ethenogenes –

uses only hydrogen as electron donor, acetate as carbon source,

uses chlorinated ethenes as electron acceptors in halorespiration: PCE, TCE, 

cis-DCE, 1,1-DCE i 1,2-dichloroethane.

Reactions: 

hydrogenolysis – replacement of chlorine with hydrogen

dihaloelimination – removal of 2 chlorines with formation of C=C bond

Vinyl chloride and trans-DCE can be dechlorinated only cometabolically, i.e. 

without energy gain.

Natural attenuation: biodegradation, halorespiration

Source: Parsons, 2004
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Natural attenuation: biodegradation, cometabolism

Cometabolism: transformation of a chemical compound without using it as

a energy source or cell building material mediated by enzyme of wide

specificity that routinely acts on another substrate.

Product cannot be used further by cometabolising microorganism; however,

in mixed cultures it can be metabolised by other species (commensalism).

chlorinated pesticides, PCBs, 

alkylbenzene sulphonates, 

nitrobenzene, chlorobenzene, etc.

Source: Alvarez, Illman, 2006
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Natural attenuation: biodegradation, requirements

Requirements for biodegradation:

➢ existence of organism(s) with required biodegradation potential

➢ presence of specific degraders in remediated zone

➢ accessibility of target pollutants for the microorganisms

➢ induction of appropriate enzymes (e.g. exceedance of specific threshold)

➢ availability of appropriate electron acceptors and/or donors

➢ availability of nutrients

➢ adequate pH and buffering capacity

➢ adequate temperature

➢ absence of toxic or inhibitory substances
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Natural attenuation: protocol

Source: Declercq, 
Cappuyns, Duclos, 2012

first consideration:

• checking available data

• technical, practical, economical aspects

• conceptual site model

development of monitoring program and decision to implement NA:

• checking to see that prerequisites are fulfilled

• evaluating the appropriateness of the solution

• coming to agreement between all parties

implemention and assurance:

• monitoring

• checking if desired results are obtained

demonstration of NA effectiveness:

• investigation to show that NA processes occur on the site

• prove that significant contaminant decreases are obtained

• prove that the contaminant will continue to decrease
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Natural attenuation: evidence for degradation

• contaminant mass loss in the field

• geochemical indicators, “footprints”: depletion of electron acceptors,

appearance of products of acceptor reduction, formation of degradation

products (metabolites)

• microcosm studies, push-pull tests

• stable isotope analysis (e.g. 13C/12C)

• chemical fingerprinting (ratios of different compounds)

• microbial analysis and molecular techniques

233



Plattsburgh Air Force Base, NY; former fire training area (mid-1950 till 1989)

Pollution of shallow groundwater and soil by a mixture of fuel hydrocarbons

and chlorinated solvents, i.a. trichloroethene(TCE), cis -1,2-dichloroethene,

vinyl chloride, BTEX (up to 17 mg/L)

Natural attenuation: case study

Source: Wiedemeier, Wilson, Kampbell, 1996
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Source: Wiedemeier, Wilson, Kampbell, 1996
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Source: Alvarez, Illman, 2006
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Biodegradation rates calculated by the method 

relative to the conservative tracer: 

TMB trimethylbenzene

Steady state

Source: Wiedemeier, Wilson, Kampbell, 1996
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Source: Wiedemeier, Wilson, Kampbell, 1996
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Bioremediation

The use of microorganisms to remove/degrade/detoxify pollutants

BIOSTIMULATION – use of indigenous organisms; stimulation by creating

appropriate conditions (manipulation of pH, redox conditions, addition of

nutrients, electron donors or acceptors, co-substrates for cometabolism, etc.)

BIOAUGMENTATION – inoculation with specialized microorganisms; they can

be indigenous, selected and multiplied in laboratory conditions (recalcitrant

pollution, indigenous activity inadequate)

IN-SITU – where it is possible or necessary

EX-SITU (on-site, off-site) – e.g. contaminations that are hard to biodegrade,

high concentrations of pollutants
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Injection of compressed air into saturation zone – air sparging (biosparging)

• stripping (gas desorption) of volatile pollutants: from the aqueous phase,

evaporation of volatile pollutants adsorbed and in thin film form; (realistic

for components of gasoline, BTEX, TCE, PCE; compounds with Henry

constant > 10-5 atm-m3 / mol)

• stimulation of biological processes: aerobic biodegradation (e.g.

components of diesel oil – partially)

Bioremediation in situ: air sparging

NAPL free phase must be 

removed before sparging!

Source: Stroo, Ward, 2010
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Bioremediation in situ: bioventing

vacuum 
pumps

nutrients 
(optional)

compressed 
air injection

Induction of air flow in unsaturated 

zone, e.g. by use of vacuum 

pumps:

Nutrient addition to prevent 

desiccation:

• enhancement of indigenous 

microorganisms activity (aerobic 

degradation of pollutants)

lower air flow rates comparing to 

soil vapour extraction.
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Bioremediation in situ: water recirculation or liquid delivery

– aerobic

injection of 

solution

optional: extraction of 

groundwater, 

treatment and 

recirculation

Stimulation of aerobic metabolism

(e.g. contamination by petroleum

products), injections of:

o oxygenated water

o hydrogen peroxide solution

used as component of oxygen

releasing compound (ORC)

concrete blocks (slow release of

oxygen):

o calcium and magnesium

peroxide

o calcium percarbonate

o urea-hydrogen peroxide.

Optional: nutrient addition
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Bioremediation in situ: water recirculation or liquid delivery

– anaerobic

Stimulation of anaerobic metabolism (e.g. chlorinated solvents), injections of 

easily degradable substrates:

o methanol

o lactates

o glucose

o molasses

o starch syrup

o whey

Source: www.regenesis.com
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38 m3 spill of aviation fuel in 1969. 

Pollution in groundwater: benzene, 

toluene, xylene.

Aquifer: highly permeable sand 

and gravel.

Injection of nutrient solution: 75 mg/l P, 

100 mg/l N-NH4,

Injection of oxygenated water (40 mg/l O2). 

Depth 4.3 and 5.9 m, flow 3 l/min.

after three months – change to 50 mg/l H2O2, 

gradual increase up to 500 mg/l after 11 weeks, 

maintained for 9 weeks (total 230 days).

Bioremediation in situ: hydrocarbons, aerobic

Source: Alvarez, Illman, 2006
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Julian date: day from the start of the

project = injection performed from

day 60.

Results from monitoring wells at distances

7, 31 and 50 feet (2.1, 9.4 and 15.2 m)

from the injection point; depth from 4.3

to 6.9 m below surface.

DO – dissolved oxygen

BTEX

cell – the number of bacteria determined

on agar with hydrocarbons

cel/nutrient – as above, on agar with

nutrients

Decrease of BTEX and increase of

oxygen:

2.1 m – after 150 days

9.4 m – after 250 days

15.4 m – after 300 days.

Bioremediation in situ: hydrocarbons, aerobic

2,1 m

15,2 m9,4 m

Source: Alvarez, Illman, 2006
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Polluted before 1998, dry cleaning;

Area intended for revitalization

(shopping centre);

PCE concentration in groundwater

1500–4000 μg/l;

First step: removal of polluted soil and

part of groundwater.

Bioremediation in situ: tetrachloroethylene, anaerobic

Source: Barry Molnaa, ARCADIS
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Second step: stimulation of anaerobic 

biodegradation.

Initially: 182 injection points every 3 m, injection of 

4% molasses solution: 12 m3 by 11d.

Permanent system, after building the area.

12 injection wells – 5 cm diameter.

4 injections over 6 months: 11.3 m3 4% molasses.

Bioremediation in situ: tetrachloroethylene, anaerobic

Source: Barry Molnaa, ARCADIS
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Bioremediation in situ: tetrachloroethylene, anaerobic

Source: Barry Molnaa, ARCADIS
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Landfill of "inactive" hexachloro-

cyclohexane (HCH) isomers

(byproducts from pesticide lindane

production).

About 140,000 m3 of contaminated

soil and groundwater. Concen-

tration of HCH up to 2.4 mg/dm3

(mainly β and ά isomers).

Laboratory tests confirmed the ability of native

microorganisms to anaerobically transform HCH

into dichlorophenol, chlorobenzene and benzene

(Langenhoff et al., 2002).

Stimulation necessary.

Source: www.unep.org

Bioremediation in situ: hexachlorocyclohexane, anaerobic-
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2001: two drain lines periodically

delivering methanol solution as electron

donor (stimulation of anaerobic degra-

dation).

Waters extracted on embankment and

directed to a biological treatment plant

(aerobic degradation of metabolites).

1.5 years: lowering of HCH concentra-

tion from approx. 10 to below 1 μg/dm3

in groundwater.

Bioremediation in situ: hexachlorocyclohexane, anaerobic-

-aerobic

Source: www.unep.org
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HDPE sealing

filtration 

layer

drains

sprinklers

Landfarming:

soil layer 30–45 cm:

• aeration by tilling every few days

• sprinkling: maintaining humidity,

delivery of nutrients, possible

bioaugmentation

Pollutants: petroleum products,

PAHs (low concentration).

The lowest costs, long time (up to

several years).

Source: gastechnology.org

etecllc.com

Bioremediation ex-situ: landfarming
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• aeration (over- or

underpressure).

• watering – 40–60%

WHC (option –

water

recirculation)

• bioaugmentation

(option)

Contaminants: PAHs;

Height 2–3 m max.,

operating time up to

several months.

Possible combination with composting – mixing with bulking agents (plant 

waste, straw, chips, etc). 

• raises the temperature, even 60°C or more

• rich, versatile microflora

Bioremediation ex-situ: biopiles

Source: www.wm.com
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water 

treatment

contaminated 
soil

recirculation 
possible

vapour 
treatment

clean soil

settler

A suspension of 10–40% soil

in water, after sieving

acceleration of the process:

better contact and mass

transport; higher reaction

rates; possibility of effective

application of various

conditions (temperature,

pH, addition of electron

acceptors and donors,

surfactants, inoculation)

Most expensive

batch mode or continuous

(rare)

60–1,000 m3, can be made

as ground quarters

PAHs, some pesticides, PCBs,

explosives

Bioremediation ex-situ: slurry reactors
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Mechanisms:

• phytodegradation – transformation of 

pollutants in plants

• phytostimulation – degradation of 

pollutants in the rhizosphere

• phytoextraction – accumulation of 

pollutants in plants

• phytostabilization – immobilization of 

pollutants in soil

• phytovolatilization – evaporation of 

pollutants

• rhizofiltration – adsorption of soluble 

pollutants in the rhizosphere

Application: mainly heavy metals, but also PAHs, petroleum products, PCBs...

Necessary selection of plants in terms of: 

▪ effectiveness of remediation

▪ resistance to pollution

Phytoremediation

Source: https://commons.wikimedia.org/w/index.php?curid=53861918
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Phytoremediation

Source: Singh, Ward, 2004
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Plants of the cucurbits family (Cucurbitaceae):

pumpkin, squash, zucchini – the ability to significantly

phytoaccumulate chlorinated pesticides like DDT and

its metabolites, DDE and DDD in overground parts of

plants.

Enhancement by addition of phytoextraction aids,

e.g. citric acid.

Low efficiency: extraction up to several %.

Field tests – slow process; time needed for remediation

up to several hundred years.

Phytoremediation: remediation of DDT and metabolites
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Part 7 
Project: 

Prediction of risk by 

contaminant plume spread



1. Soil quality standards

2. Risk assessment

Sequence: source-migration-receptor
258

source:

type of pollution, 

quantity, concentration
transport: 

dispersion

degradation

receptor:

effect



Soluble contamination – transport mechanisms

contamination plume

direction of groundwater flow

advection

dispersion

dispersion
dispersion

source

(retardation)

Advection – transport by groundwater flow

Darcy’s Law:

ν = - (Kh / φe) (Δh / Δx)

Kh = hydraulic conductivity, m/s

φe =  effective porosity

(Δh / Δ x) = hydraulic gradient
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Retardation 

Retardation is a delay of pollutants migration resulting from the sorption and

desorption processes. Retardation depends on 1) susceptibility of

contamination to sorption (hydrophobicity) 2) sorptive properties of soil.

It can change depending on the concentration of pollutants.

Retardation coefficient Rf : Rf = ν / vc

where ν is the groundwater linear velocity, and vc is the velocity of

contaminant migration

Rf = 1 + Kd ρb / φ

Kd = distribution coefficient = KOC × fOC

where KOC is the distribution coefficient between organic carbon (SOM) and

water, fOC = organic carbon fraction in soil, ρb = soil bulk density, φ = total

porosity

νc = - (Kh / Rf × φe) (Δh / Δ x)
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Hydrodynamic dispersion

Dispersion coefficient:

D = α × νc where ν is the groundwater linear velocity or velocity of pollutant

migration, and α is the dispersivity (property of a given aquifer)

D is a combination of effects of mechanical dispersion and diffusion:

D = D’ + DB

Usually longitudinal dispersion (along direction of flow) is 10–20 times greater

than transversal dispersion (perpendicular to flow).

Domination of dispersion or diffusion depends on Peclet number:

P = ν × d0 / DB

where d0 is diameter of soil particles.
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Degradation (dissipation) of pollutant

Combination of effects of biotic and abiotic degradation, volatilization, etc.

dC/dt = λ × C (first order kinetics)

where λ is the degradation rate coefficient

C = C0 exp (λ × t)

half-life time = (C = 0.5 C0)

t1/2 = ln (2) / λ λ = ln (2) / t1/2
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Numerical solutions (simulations)

The best way to predict the situation (level 3 RBCA):

• taking into account variable area characteristics (both spatial

and temporal)

• taking into account a number of phenomena

• the possibility of using different models of processes

• the ability to test different remediation options

― require a large amount of data (expensive field tests)

― the need for a good understanding and choice of the right solutions
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Numerical solutions (simulations)

MODFLOW – modeling groundwater flow

developed by the US Geological Survey, free – the model itself;

a number of commercial and free graphic interfaces

Visual MODFLOW

Source: Harbaugh, 2005 Source: www.delphitech.kz

264



Numerical solutions (simulations)

RT3D – uses the results of the MODFLOW simulation

hydrocarbons, chlorinated solvents; different electron acceptors; non-

equilibrium sorbility etc.

Similarly commercial graphic interfaces.

Source: www.aquaveo.com
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Numerical solutions (simulations)

BIOPLUME III

2-D modeling, only hydrocarbons. It is based on the US Geolgical Survey

Method of Characteristics; fewer reaction options. Free.

Source: Bioplume…, 1998
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Analytical solutions

Based on arithmetical solutions (sometimes approximate) of differential

equations of transport and degradation.

Simplified solutions – used at the screening stage (levels 1 and 2 of RBCA).

accuracy of the order of magnitude.

• steady boundary conditions (concentration, time)

• homogeneous area characteristics, homogeneous flow

• simple geometry of the area

• they are not suitable, e.g. for fractured areas with significant vertical flows,

etc.

+ offers the possibility of calculating using a spreadsheet.

Programs: BIOSCREEN, BIOSCREEN-AT, BIOCHLOR.
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Analytical solutions – assumptions

Concentration = 0 at t = 0; aquifer homogenous and isotropic; homogeneous

water flow field νx constant, νy νz = 0; flow fast enough to neglect diffusion in

the hydrodynamic dispersion; the dispersion described by the Fick equation

and the dispersion factor proportional to the flow rate; reversible and linear

adsorption; biodegradation described by first order kinetics; constant rate of

biodegradation.

x

z

y

coordinates

groundwater 

table

surface

contamination 

source 

dimensions Y, Z

Source: Alvarez, Illman, 2006
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Case 1 – continuous source

2 scenarios: transient (spreading); steady state (emission = degradation)

C0 = const,

dimensions

Y, Z

Domenico & Schwartz (1998), plume spreading:

where: erf (), erfc() – error function and complementary error function

x – distance, y – distance from centerline, z – vertical distance from g. table

t – time

C0 – concentration at the source

Y, Z – width and depth of the source

νc – contaminant velocity in groundwater (retardation included)

α – dispersivity: x – longitudinal, y – horizontal transverse, z – vertical transverse

λ – site-specific first-order decay coefficient.

269



Steady state (emission = degradation) – maximal range of contamination

plume (argument erfc approaches – 2, then erfc(-2) = 2)

uses:

spreading – following situation development, e.g. when concentration in the

given point exceeds permissible value?;

steady state – the worst scenario, e.g. if concentration in the given point

exceeds permissible value?; what is the range of contamination?

Case 1 – continuous source
270



C0 only when t = 0,

then is gradually

declining (first order)

dimensions Y, Z

Assumption about reducing the concentration in the emission area according

to the first-order function; k – decay rate constant (not to be confused with λ !!!)

Ck
dt

dC
=

C

dt

dC

k =
t

C

C

k











=

0ln

ln (C0/C)

Δt

k

Case 2 – decaying source
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Baetsle (1969) – analytical solution

( )

( ) ( ) ( )
2 2 2

0 0

1.5
( ) exp

4 4 48 ( )

c

X Y ZX Y Z

x t y zC V
C x,y,z,t t

D t D t D tt D D D

   − 
  = − − − − 

      






flow direction

source
x, t

where:

x – distance, y – distance from centerline, z – vertical distance from g. table

t – time

C0 – concentration in the source

V0 – contaminated volume of soil, C0 × V0 – initial mass of released contaminant

νc – contaminant velocity in groundwater (retardation included)

D – dispersion coeficient along: x – axis, y – axis, z – axis; D = αi × νc

λ – site-specific first-order decay coefficient.

Case 3 – instantaneous point source
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Analytical solutions

IMPORTANT NOTE

The Domenico solution is an approximate solution, resulting in lower results

than the exact solution, depending on the conditions. In 2007, a series of

articles criticized it, as a result of which the use of this model in estimates was

banned in some regions.

Recommended is use of alternative models, e.g. BIOSCREEN-AT; nevertheless,

small errors occur if Pe ≥ 10 (dominance of advection over the dispersion).

Source: Rranz, 2008
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Determination of parameters for modelling pollution 

transport and degradation

1) hydraulic gradient dh/dx

2) hydraulic conductivity (K), m/d

3) total porosity (φ)

4) effective porosity (φe)

5) fraction of organic carbon (SOM), foc

6) bulk density (ρb), kg/dm3

7) dispersion: longitudinal (αx), horizontal (αy), vertical (αz), m

8) dispersion coefficient D, as above, (Di = αi × νc)

9) degradation rate coefficient (λ), 1/d

1, 2, 4 → necessary for calculation of groundwater velocity ν

3, 5, 6 + Koc for contaminant → retardation coefficient Rf

combined → advective velocity of contaminant νc
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Hydraulic gradient

Determination of hydraulic gradient and groundwater flow direction –

development of hydrogeological map of the area (determination of

hydroizohypses).

hydraulic gradient = Δh/Δx

Measurement of hydraulic head – wells, piezometers. Hydraulic head

= surface height above sea level (map) – distance to water level in a well.

Measurement: manual; automatic: e.g. pressure transducers (variations of

groundwater table).
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Hydraulic gradient

h = 7.96 m

h = 7.94 m

h = 7.90 m

43 m

33 m

30 m

26.53 m
Δh/Δx =

0.04/26.53 =

0.0015

Large number of measurement points necessary, also outside boundaries of

the considered area must be established.

3-D measurements (temporal variability of groundwater table; via a group of

nested wells of different depth – vertical hydraulic gradient, vertical flows).
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Hydraulic conductivity

♦ laboratory tests

♦ estimations based on grain size analysis (sieving):

e.g. according to Hazen K = C * d10
2 [cm/s]

where C – constant dependent on soil type; d10 – effective grain size

(10%, by weight, with finer grains) [mm]

Other methods: Harleman, Krumbein and Monk, Kozeny, Shepherd, etc.

Effective for loose soils, such as silt, sands, gravels. Does not work with high

content of clayey fraction (clays).

mean grain size sorting (homogeneity) C

very fine to fine sand poorly to moderately sorted 40–80

medium sand well sorted 80–120

coarse sand poorly sorted 80–120

coarse sand well sorted 120–150

Source: Alvarez, Illman, 2006
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Hydraulic conductivity

♦ field tests: slug and bail test

Methods, e.g. Bouwer and Rice (1976); Dawson and Istok, Kruseman and de

Ridder, Wiedemeier, Bulter. Rising or falling head test.

+ simple, short, inexpensive; no need for pumping contaminated water

– representative only to vicinity of monitoring well

Δh

frequent measurements 
(initially each 1 s, datalogger)
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♦ field tests: pumping

♦ unconfined or confined aquifers

Hydraulic conductivity

confined aquifer: Theis; Jacob-Cooper methods

unconfined aquifer: Neumann method

+ measurement representative for a larger area

Q

s

r

s (r, t)

Source: 
Alvarez, Illman, 2006
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Total porosity, effective porosity and bulk density

► total porosity: volume of voids divided by total volume of soil; equivalent

to moisture content under saturated conditions

► bulk density: mass of soil sample divided by its volume; lab test

► effective porosity: pores available for groundwater flow; always smaller

than total porosity; determined by the tracer test method (e.g. using

bromines); the volume of the pumped solution needed to reach 50% of

the initial concentration

soil bulk density, kg/m3 total porosity effective porosity

clay 1–2.4 0.34–0.60 0.01–0.2

sandy clay 0.03–0.2

silt 0.34–0.61 0.01–0.3

loess 0.75–1.6 0.15–0.33

fine sand 1.37–1.81 0.26–0.53 0.1–0.3

medium sand 1.37–1.81 0.15–0.3

coarse sand 1.37–1.81 0.31–0.46 0.2–0.35

Source: Alvarez, Illman, 2006
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Dispersivity and hydrodynamic dispersion coefficient

Longitudinal dispersivity αx

▪ Gelhar (1993), empirical: αx = 0.1 × L (average distance travelled by

contamination plume; usually its length)

▪ Neuman (1990), also empirical, but more precise: 

αx = 0.0175 × L1.46 (L ≤ 100 m), αx = 0.32 × L0.83 (L > 100 m)

▪ other emirical methods, e.g. geostatistical method

▪ testing: observation of tracer concentration in time in sample core (column)

effluent (van Genuchten & Wierenga, 1986)

Transverse and vertical dispersivity – typically assumed as 30% and 5% of

longitudinal dispersivity, respectively.
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Retardation coeficient

Rf = 1 + Kd ρb / φ

Kd distribution coefficient = KOC × fOC

where:

KOC soil adsorption coefficient for organic carbon

fOC fraction of organic carbon in soil

ρb bulk density

φ total porosity

Observations indicate that retardation coefficient may not be constant and

may increase untill steady state is reached.

e.g. for nitrobenzene log Koc = 1.66

Koc = 101.66 = 45.71

assuming foc = 0.005 (0.5%), ρb = 1.86 kg/m3, φ = 0.3

Rf = 1 + (45.71 × 0.005 × 1.86 )/ 0.3 = 1.42

then, νc velocity is 1.42 times lower than groundwater flow linear velocity.
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compound Log Koc

chloroform (trichloromethane) 1.92

dichloromethane 1.41

tribromomethane 2.40

tetrachloromethane 2.18

1,2-dichloroethan 1.48

tetrachloroethylene 2.57

trichloroethylene 2.38

benzene 1.92

chlorobenzene 2.63

ethylbenzene 3.15

phenol 1.27

toluene 2.48

o-ksylene 2.95

2-chlorophenol 1.96

2,4-dichlorophenol 2.90

2,4,6-trichlorophenol 3.87

lindane 3.51

2,4-D 1.65

MCPA 1.50

Values given as decimal logarithms! To estimate Koc, it is necessary to calclulate 10x.
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Biodegradation rate coefficient

* Mass balance

requires extensive amount of time and numerous measurements in well

clusters, at different depths; no inflows or other dissipation routes; very

precise.

* Buscheck and Alcantar method

only for constant source, steady state plume; concentration measurements

along central line of plume; may overestimate λ because it does not include

horizontal and vertical dispersion.

* TMB normalization

concentration comparison along central line for biodegradable

contaminant and conservative (recalcitrant) tracer present in leak (np.

trimethylbenzene, tetramethylbenzene). It includes other processes,

nonsteady plumes; degradation and increased retardation of tracer causes

underestimations of λ.

* Fitting the simulation to the data from the contaminated area

large influence of inaccurate estimations of other parameters.
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Biodegradation rate coefficient

* in-situ microcosms

Filled with isolate from aquifer, added tracer (np. tritium) and investigated

compound. Concentrations measurements.

Necessary to monitor redox conditions – some isolation (availability of electron

acceptors); necessary to include sorption in calculations.

Source: Alvarez, Illman, 2006
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* “push and pull” tests (e.g. Haggerty et al. 1998)

First phase: injection of contaminant and trace solution (e.g. bromide) to

aquifer; second phase pumping out.

Comparison of both substances concentration in time, also search for

metabolites.

Biodegradation rate coefficient

Souce: Haggerty, Schroth, Istok, 1998
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Problem

Perform risk assessment for ground-

water intakes in points A, B, C, on the

basis of:

• transport and fate of pollution

emitted from point “X”

• drinking water quality standards.

Regardless of the predicted risk,

present and discuss possible reme-

diation solutions.

X

C

B

A
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Problem

Source type:

• constant (Domienico)

• decaying (determine k constant)

• instantaneous ?

Calculate retardation coefficient.

Calculate groundwater flow linear

velocity and velocity of contaminant

transport; calculate dispersivity

(dispersion coefficient) in x, y, z

directions (assume L = x value for

endangered point).

X

C

B

A

Determine hydraulic head in all

points; determine flow direction and

hydraulic gradient.

Determine endangered point (intake)

and its coordinates x, y (assume

z = 0).
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Determination of flow direction and hydraulic gradient

1. For X, A, B, C points: determine surface height – interpolation from map 

contour lines.

2. For Z, A, B, C points: determine hydraulic heads by subtracting given water 

table depths from surface heights. 

3. Among points A, B, C: discard this with hydraulic head  ≥ point X (water 

does not flow upwards). For example below, discard point  C.

A

100.1 m
B

100.3 m

X

100.6 m

C

101.1 m
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Determination of flow direction and hydraulic gradient

4. For the rest of the points (X, A, B in the example), on the line joining point 

with the highest hydraulic head (here, X) and the lowest (here, A) 

interpolate a point with hydraulic head corresponding to the middle point 

(here, B at 100.3 m).

A

100.1 m
B

100.3 m

X

100.6 m

C

101.1 m
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Determination of flow direction and hydraulic gradient

5. Draw a line between the middle point (here, B) and the interpolated point. 

This is a hydroizohypsis of 100.3 m height.

A

100.1 m
B

100.3 m

X

100.6 m

C

101.1 m
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Determination of flow direction and hydraulic gradient

6. Flow direction is perpendicular to determined hydroizohypsis and begins at 

point X. The most endangered point is then point A. 

A

100.1 m
B

100.3 m

X

100.6 m

C

101.1 m
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Determination of flow direction and hydraulic gradient

7. Determined flow direction is also an x axis for the contaminant plume.

Value of x coordinate for point A is measured along this axis, and the

y coordinate is perpendicular to it. These coordinates are to be used in

your calculations.

8. Hydraulic gradient is calculated taking the difference between hydraulic

heads of X point and the endangered point (here, 0.5 m) as Δh. Δx is equal

to the x coordinate and is measured along the flow direction axis.

A

100.1 m
B

100.3 m

X

100.6 m

C

101.1 m

x

y
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Problem

Consult the first part of the project

for the λ value (slide 5).

Perform calculations of C in the

endangered point in relation to time

(spreadsheet, initially assume e.g.

10 d step for 1000 d, i.e. 100 steps).

X

C

B

A

Compare C to drinking water quality

standards, groundwater quality

standards, e.g.:

• Polish

• your country

• WHO guidelines 

(http://www.who.int/water_sanita

tion_health/publications/2011/dw

q_guidelines/en/)

• EPA standards

• etc.

Discuss the results.
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Possible problem with erf and erfc

In older versions of spreadsheets it is not possible to calculate the value of the

erf function (erfc) if the argument (x) has a negative value (error note

appears). If such a problem arises, it can be solved by using the following

relationships:

1) erf (‒x) = ‒ erf (x)

2) erfc (x) = 1 ‒ erf (x)

3) erfc (‒x) = 1 + erf (x)

For example, if x is negative, the value of erf can be calculated (case 1) by

changing the sign x and assuming a negative value from the function

calculated in this way, e.g.:

erf (‒1) = ‒ erf (1)
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Laboratory class 1

Basic physical and chemical 

properties of soil

Biotests



Recognition of soil pollution and proper execution of remediation requires

knowledge of soil properties and hydrogeological situations. Among these

parameters are:

→ classification of soil type (texture), basing on weight proportions of

basic mineral components: sand (particles of 0.05–2 mm size), silt (0.002–

0.05 mm) and clay (<0.002 mm). Separation of sand can be done

mechanically, using sieves; for silt and clay – more complicated methods

should be used, e.g. based on differences in settling time for particles of

different sizes. Type of soil can be read using different “triangles” e.g.

according to US Department of Agriculture classification:

1. Introduction
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For example, soil containing 40% sand by weight, 30% silt and 30% of clay is

classified as clay loam (in the above figure). Separation of sand fraction is

often done more in detail, distinguishing several particle sizes (granulometric

analysis or grain size analysis).
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― Moisture content of soil: This is water content by weight, determined by soil

drying at 105C (mass loss).

― Organic matter content (by weight): This can be determined by several

methods: as a mass loss on ignition (550C), by the amount of CO2

generated during dry combustion at 900C, or by amount of dichromate

used during wet oxidation of soil sample.

― Nitrogen content: determined by dry combustion and measurement of N2

gas evolution (elemental analysis). Another method is Kjeldahl digestion:

conversion of organic N into NH4
+ and then determination of NH4

+.

Inorganic nitrogen – ammonium, nitrite and nitrate – are measured by

extracting them from soil using 0.01 M CaCl2 solution and then determining

e.g. photometrically.

― Phosphorus content: phosphorus is extracted from soil using sulphuric and

hydrofluoric acids and hydrogen peroxide. Phosphorus content in the

extract can be determined spectrophotometrically.

― Soil pH is a very important parameter for maintaining optimal conditions for

pollutant degrading microorganisms. Herein, pH measures the activity of H+
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and H3O
+

ions in a solution. Acidity of soil results from presence of organic

and carbonic acids, and also Al3+ and Fe3
+ ions. Soil pH measurements are

usually done by mixing soil with water (only easily dissociated H
+
) or with

1 M KCl or 0.01 M CaCl2 solutions, which also mobilizes exchangeable H
+
.

The latter solutions simulate soil solutions of arable soils (CaCl2) or forest

soils (KCl).

― Water holding capacity: amount of water that soil can hold, without

dripping.

― Bulk density: it is the ratio of mass of dry soil to its volume in the natural

state (including pores). This can be measured only using soil samples taken

in their natural state.

― Porosity: it is the percentage of pores volume in the total volume of soil,

and can be calculated from bulk density.

― Pore size distribution gives the information about distribution of pore sizes in

soil that affects its aeration, permeability, transport of pollutants and the

water-retention. It cannot be determined directly; it could be established

by estimating water content at different matric potentials.
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There are several parameters that must be measured directly in the field to

characterize the site and calculate pollutant spread: hydraulic gradient,

hydraulic conductivity, total and effective porosity, dispersivity and

biodegradation rate coefficients. These will be discussed in detail during

project classes.

Biotests (or bioassays) are widely used to characterize soil pollution (toxicity)

and associated risk. Comparing to chemical analysis, which are very

accurate but selective, biotests provide information about actual toxicity,

including effects such as: bioavailability of pollutants in real conditions, as well

as the effects of multiple (mixed) contaminants and their metabolites

(synergistic, antagonistic or additive). Their disadvantages, however, are that

the results could be affected by soil properties (like pH, texture) and that the

effects are related to the test organisms, which could happen to be very

sensitive or resistant to certain toxins. The latter could be avoided by applying

a set of biotests with a range of different test organisms (battery of biotests).

Tests could be done using soil or soil extracts (e.g. water extracts). They may

investigate the habitat function of soil (i.e. soil as a place for living organisms).

In such case, testing is usually done at different trophic levels: producers
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Different endpoints (effects) are assessed in biotests, such as: avoidance or

other behaviour changes, reproduction, mortality, growth inhibition,

mutagenity and genotoxicity. Effects should be compared to a reference

sample: clean soil and/or artificial soil.

Selected examples of biotests are:

• ecotoxicity of water extract: luminescence inhibition of Vibrio fischeri

(Microtox); growth inhibition of algae Desmodesmus subspicatus,

• genotoxicity of water extract: Umu test and Amu test with genetically

modified Salmonella species,

• soil microorganisms: respiration and ammonium oxidation,

• soil fauna: mortality and reproduction of earthworms Eisenia foetida or

E. andrei, reproduction of springtails (Collembola) Folsomia candida,

• plants: plant growth using different species. e.g. monocotyledonous oat

(other crops) and dicotyledonous turnip and cress.

(e.g. plants), consumers (e.g. animals, fauna) and reducers

(decomposers, e.g. bacteria or other microorganisms).

Another use of biotests is to estimate retention function of soil

as a source of groundwater. Herein, tests on water extracts

are rather used.
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IMPORTANT:

Make notes of your activity and measurements immediately. Label all used

glassware (beakers, crystallizers) with a code name of sample etc., using

a permanent marker. In case of high temperature treatment (550C),

use pencil.

BASIC SOIL PROPERTIES

Moisture content

Weigh a labelled glass crystallizer, with an accuracy of 0.001 g (m0 [g]).

Put about 10–15 g of soil into this crystallizer, and weigh it again (m1 [g]).

Place it in a dryer (105C)

After drying overnight, the crystallizer will be placed in a desiccator. Weigh it

again (m2 [g]).

2. Instruction for the class

𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒,% =
𝑚1 −𝑚2

𝑚1 −𝑚0
× 100%
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Organic matter (loss on ignition)

1. Weigh a labelled crucible (use pencil), with an accuracy of 0.001 g

(mc [g]).

2. Put about 10 g of previously dried soil to this crucible, and weigh it again

(ms [g]).

3. Place it in an oven (550C).

4. After combustion, the crucible will be placed in a desiccator to cool

down. Weigh it again once cooled (mf [g]).

𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟,% =
𝑚𝑠 −𝑚𝑓

𝑚𝑠 −𝑚𝑐
× 100%

pH of soil

1. Measure 5 ml of soil into two labelled bottles.

2. Add 25 ml of demineralized water to the first bottle, and 25 ml of

0.01 M KCl to the second. Close the bottles.

3. Place the bottles in a shaker and shake them for 1 h.

4. Measure pH using a pH meter in both bottles. Electrode should be

immersed, wait until the readout stabilizes.
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Soil texture (type)

1. Weigh 800 ml labelled glass beaker (mb) and a labelled crystallizer (mz).

2. Weigh 15 g of soil in a labelled bottle, with an accuracy of 0.01 g.

3. Add 45 ml of 3% solution of sodium hexametaphosphate (HMP) (which

acts as agent dispersing soil aggregates). Close the bottle.

4. Place it in a shaker, shake for 1 h.

5. After shaking, filter the bottle content through 0.063 mm sieve, collecting

the filtrate in the beaker.

6. Rinse the residue with several portions of demineralized water, collecting

the filtrate in the beaker. The final volume of the filtrate in the beaker

should be 600–800 ml.

7. Leave the sieve to dry. After the sand is dried, carefully transfer it in the

weighted crystallizer. Place the crystallize in a dryer (105C).

8. Stir the beaker content using glass rod. Leave it for at least 1.5 h.

9. Carefully decant the liquid, leaving the sediment in the beaker.

10. Place beaker in a dryer (105C). Next day, after cooling, weigh the

beaker (mn) and the crystallizer (mk)
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𝑠𝑎𝑛𝑑,% =
𝑚𝑘 −𝑚𝑧

15
× 100%

𝑠𝑖𝑙𝑡,% =
𝑚𝑛 −𝑚𝑏

15
× 100%

𝑐𝑙𝑎𝑦 % = 100% − 𝑠𝑎𝑛𝑑,% − 𝑠𝑖𝑙𝑡,%

11. Basing on percentages of sand, silt and clay content, determine soil type

using USDA classification graph (triangle).

NOTE: this procedure is a shortened version of method described by Kettler

et al., 2001; (shaking time reduced from 2 h to 1 h, due to time constraints).
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TEST FOR ROOT GROWTH INHIBITION

1. Place 90 ml of clean soil in a small plastic beaker.

2. Pour 50 ml of water in the soil, using a measuring cylinder; mix it well using
a spatula, until soil is completely wet.

3. Wait a while for particles to settle, and then carefully decant water

remaining above soil back in the cylinder. Take care not to carry over soil
particles. Repeat it a few times, until almost all free water is drained.

4. Record the volume of water in the cylinder. The difference to the 50 ml is
the water holding capacity (WHC) of 90 ml of soil.

5. Place 90 ml of clean soil into a bottom compartment of 3 plastic test
plates.

6. Slowly wet each portion of soil with the WHC volume of water, determined
previously, using a plastic pipette (a few drops at a time).

7. Mix and level the soil flat, using a spatula.

8. Cover it with black paper filter and wait until filter is wet.

9. About 1 cm from the top of filter, in one line at equal distances, place

10 seeds of: first plate – cress, second – mustard, third – sorghum. First and
second are dicotyledonous plants, third – monocotyledon.

10. Cover the plate with a lid and click it around. Label appropriately (soil
type – plant).

11. Repeat points 5–10 with two contaminated soils.
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12. Place the tests plates vertically in a box, and put it in an incubator

(25C in darkness).

13. On the 3rd day, measure roots length in mm.

14. Calculate mean root length for each plant and each soil

𝑟𝑜𝑜𝑡 𝑔𝑟𝑜𝑤𝑡ℎ 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛,% =
𝑙𝑐 − 𝑙𝑡
𝑙𝑐

× 100%

where: lc – mean root length in control (clean soil), lt – mean root length

in test sample (contaminated).

15. Weigh 50 g of contaminated soil in a beaker.

16. Pour 50 ml of demineralized water, mix it well.

17. Decant remaining water in conical flask.

18. Repeat rinsing (p. 16–17) 2 more times.

19. If water is very turbid, centrifuge it.
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20. Measure copper content titrimetrically: add 20 ml of potassium hydrogen

phthalate solution and mix the content. Then add 5g of potassium iodide

(KJ) and 10 ml of potassium thiocyanate (KCNS) solution. Place in dark

place for 5 min. After this, add a few ml of starch solution and titrate with

0.025 n solution of sodium thiosulphate (Na2S2O3) until black colour

completely disappears. Note: 1 ml of thiosulphate solution corresponds

1.589 mg of Cu2+. Calculate copper concentration per kg of each soil,

multiplying the result by 20.

21. Repeat for other used soils samples: clean soil and the other

contaminated soil (3 determinations in total).
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Label the report with names of students and topic of the laboratory class.

Prepare it on stapled sheets of paper, printed on both sides.

In the report, give all the measurements (weights, etc.) and calculations.

Important points:

→ explain the difference in pH measurements done in clean water and

potassium (calcium) chloride solution;

→ determine the soil type using USDA triangle (picture to be included in the

report);

→ for root growth inhibition, prepare graphs relating inhibition effect (%) to

copper concentration in soil (one for each plant).

3. Preparation of report
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Laboratory class 2

Mobility of heavy metals 

and their remediation



Heavy metals, such as lead, cadmium, mercury, chromium, copper, zinc,

nickel, arsenium etc., are some of the most common soil pollutants. Sources

of heavy metals are: mining activity, industrial waste and wastewater,

flooding, atmospheric deposition etc.; they can build-up in soils as a result of

the use of contaminated fertilizers, including “natural” ones – such as
wastewater sludge.

Heavy metals can be present in soil and groundwater environment as ions

at different oxidation states (valency, e.g. Cu+, Cu2+, Cr3+, Cr6+). They can

interact with soil components by way of several mechanisms – such as:

complexation (organic and inorganic complexes), precipitation/dissolution,

ion exchange, sorption/desorption by minerals and organic sorptive complex.

These reactions are governed by pH, redox condition, presence of specific

minerals (e.g. carbonates; iron, manganese oxides) and soil compounds

(e.g. clays, humus), resulting in different metal mobility, bioavailability and

toxicity.

1. Introduction
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As being elements, heavy metals cannot be degraded. Therefore,

remediation of heavy metals-contaminated soils can be performed in two

ways: by removing them from soil (extraction, leaching) or by making them

non-mobile and/or non-available. The latter could be done either by
solidification/binding or by stabilization/immobilization of the contamination.

Extraction of heavy metals could be accomplished by using chemicals

(rinsing of soil), such as:

− synthetic aminopolycarboxylic acids, e.g. EDTA

− natural biodegradable acids

− low-molecular organic acids, e.g. citric, oxalic

− humic substances, e.g. humic and fulvic acids,

which remove heavy metals as chelates (complexes) or in adsorbed forms.
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Another method of extracting heavy metals from soil is the use of selected

plants (phytoremediation) that are capable of uptake and accumulation of

these pollutants. Especially valuable are hyperaccumulating species, able to

concentrate heavy metals at a concentration tens or hundreds times higher

than that occurring in the soil. Examples of used plants are: sunflower,

sorghum, hemp, maize, elephant grass, and many others. Phytoremediation

can be applied with a combination of the above-mentioned chemical
means, which enhance metals desorption and uptake by plant roots.

The terms solidification/stabilization are often used inseparably, as they are

akin, referring to different aspects of similar treatment.

Solidification means binding contaminants with an added binder, forming

a solid block out of soil, thus trapping contaminants in place. Binders can be

inorganic, such as cement, lime, fly ash, clay, diatomaceous earth, etc.;

organic: asphalt/bitumes, polymers, polystyrene, polyurethane etc.; or mixed.

Vitrification can be regarded as a special case of solidification; this is melting

soil at a very high temperature in a glass-like substance.
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Stabilization is applied to soluble contaminants and it involves reduction of

their water solubility, and thus mobility in soil/groundwater environment.

It makes use of mechanisms such as (ad)sorption of contaminants,

ion-exchange, precipitation etc. Several reagents can be used, e.g. it is

possible to increase sorption capacity of soil using organic additives (humus,

organic wastes, compost, lignite and so on). Zeolites or fly ash can be used as

inorganic sorbents. Heavy metals can be precipitated as low-soluble

carbonate, phosphate, hydroxide or sulphide. This involves the addition of

reagents e.g. lime (Ca(OH)2) or potash (KOH) for precipitating metal

hydroxide; sulphide (like sodium sulphide Na2S), polysulfide, metabisulphite.

Precipitation of sulphide can be also be done biologically (bioprecipitation),

by stimulating indigenous sulphate reducing bacteria transforming sulphates

present in groundwater to hydrogen sulphide (H2S), which in turn reacts with

metals forming insoluble sulphide. This stimulation is done by the addition of an

easily degradable substrate (e.g. molasses, lactate or lactate polymers).

Solubility of metal salts depends on pH of environment so this factor has to be

included when considering remediation options, e.g. in the case of hydroxide

precipitation buffering capacity of groundwater can result in pH drop and
re-dissolving of metals.
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A special method of treatment is the use of permeable reactive barriers, i.e.

deep trenches filled with special material that purify the groundwater flowing

through. In case of heavy metal pollution, this filling material includes

ion-exchange resins, fly ash, zeolites or activated carbon. For chromium,

metallic iron is used as this reduces Cr+6 into less soluble and less toxic Cr+3.
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in relation to pH 

Source: Suthersan, Payne. In situ remediation engineering. CRC Press 2005



IMPORTANT:

1. Make notes of your activity and measurements immediately. Label all

used glassware with a code name of sample etc., using a permanent
marker.

2. Prepare 5 beakers and number them from 1 to 5.

3. Add 8 ml of copper sulphate solution to each beaker.

4. Fill up each beaker to 100 ml using demineralized water and mix it well.

For beaker 4, use alkalinized water.

5. Add 2 ml of Na2S solution to beaker 5, mix it and leave all beakers for at

least 0.5 h.

6. Prepare 5 glass columns and number them.

7. Weigh 5 portions of 100 g of soil.

8. Fill the columns 1, 4 and 5 with measured amount of soil.

9. Add a half of portion of soil to column 2, then add about 1–2 cm layer of

ash, and finally the rest of the soil.

10. Prepare column 3 similarly as in p. 8, using organic soil instead of ash.

2. Instruction for the class
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11. After at least 0.5 h (see p. 4), slowly pour the content of the beaker

through the respective columns, collecting the effluent.
12. Slowly pour 100 ml of acidified water through columns 4 and 5; collect the

effluents. Measure the pH of the acidified water.

13. Measure copper content titrimetrically in each effluent: add 20 ml of

potassium hydrogen phthalate solution and mix the content. Then add 5g

of potassium iodide (KJ) and 10 ml of potassium thiocyanate (KCNS)

solution. Put in a dark place for 5 min. Then add a few ml of starch

solution and titrate with 0.025 n solution of sodium thiosulfate (Na2S2O3)

until black colour completely disappears. Herein, 1 ml of thiosulfate

solution corresponds 1.589 mg of Cu2+. Calculate copper content in each

eluent.
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Label the report with names of students and topic of the laboratory class.
Prepare it on stapled sheets of paper, printed on both sides.

In the report, give all the measurements (volumes of titrant, etc.) and

calculations.

Explain the differences of copper content in the effluents from the different

columns. What were the mechanisms of copper binding/immobilization in

each treatment?

Preparation of report
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Laboratory class 3

Remediation by chemical 

oxidation: Fenton’s reagent



1. Introduction

Chemical oxidation is a widely applied in-situ soil and groundwater

remediation method. It involves application (e.g. by injection or sparging

through set of wells, mixing with soil at a site) of a strong oxidant that

transforms (oxidizes) pollutants (in the best case) into simple inorganic

products like carbon dioxide, water, chloride etc. More often the results are

several intermediate products that should preferably be of lower toxicity and

better degradability than the parent compounds. However, sometimes some

intermediate metabolites could be even more harmful, so oxidation should

be performed in a manner avoiding their formation or causing their further

degradation.
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― hydrogen peroxide, alone or with activators like Fe(III) or Fe(II) (Fenton

reagent)

― sodium or potassium permanganate

― ozone

― sodium persulphate, alone or with activators

― peroxone (mixture of hydrogen peroxide and ozone)

― etc.

These reagents differ in their properties, reaction rates and effectiveness

towards different pollutants, methods of delivery etc.

One of the most commonly used methods is oxidation using Fenton’s reagent

(catalyzed hydrogen peroxide – CHP). Oxidation with hydrogen peroxide

alone is quite slow, and its reactivity towards organic compounds is rather

weak. In 1894, J.H. Fenton found that Fe2+ ions are strong catalyst of oxidation

reactions with hydrogen peroxide. This reaction produces hydroxyl radicals

HO● of very strong oxidizing properties (2.80 V oxidation potential, one of the

highest):

Oxidation is applied for soils contaminated with organic

pollutants, such as petroleum products, aromatics, chlorinated

alkenes and alkanes, PAHs, PCBs, dioxins, pesticides, explosives

and so on. Reagents used as oxidants are:
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Fe2+ + H2O2 → Fe3+ + OH- + HO●

In this reaction, other types of radicals are also formed. These include

superperoxide anion O2
●, perhydroxyl radical HO2

●, etc. The next stages are
the regeneration of Fe2+ ions, and a cascade of other reactions:

Fe3+ + H2O2 → [Fe3+(HO2)]
2+ + H

[Fe3+(HO2)]
2+ → HO2

● + Fe2+

HO● + H2O2 → HO2
● + H2O

Fe3+ + HO2
●→ Fe2+ + O2 + H+

Fe2+ + HO●→ Fe3+ + OH-

The whole course of the reactions is very complicated, only selected ones are

shown above.
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The hydroxyl radicals react with organic compounds to form alkyl, alkylperoxy

radicals that are subsequently degraded to form simpler organic compounds

(e.g. carboxylic acids), or undergo polymerization. Subsequent oxidation of

intermediates leads to mineralization, i.e. formation of carbon dioxide, water,

chlorides, ammonia, etc. In the example of phenol (see figure), in the first

stage of reaction with the Fenton reagent, it is oxidized to dihydroxybenzenes

and benzenoquinones, which are then oxidized to ever simpler organic acids.

The essential notion is that the original reaction products – hydroquinone and

benzoquinone – are far more toxic than phenol itself, hence the need to
conduct an advanced and prolonged oxidation.
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Proposed route for oxidation of phenol by Fenton reagent
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In practice, formed radicals react not only with target chemicals, but also with

the carbonates and bicarbonates present in groundwater (so called “oxidant

scavengers”), soil organic matter, chloride, sulphate, etc. There are also

unproductive reactions between the radicals themselves. As a result, only

a small fraction of applied peroxide is used in desired reactions with

pollutants. Thus, during remediation it has to be applied in huge excess,
depending on local conditions.

The effectiveness of Fenton's reaction depends on:

― pH

― concentration of Fe2+ catalyst

― temperature

― amount of peroxide in relation to the amount of impurities (consumption by
unproductive reactions)

The optimal pH range for Fenton reaction is 3–4. At higher values (>5),

Fe3+ may precipitate, e.g. in the colloidal form, causing decomposition of

hydrogen peroxide into water and oxygen without formation of hydroxyl

radicals. Moreover, pH also affects the formation of radicals, their

reactivity, etc.
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Increasing the concentration of iron ions (until a certain threshold) also has

input into the reaction rate. Finally, the Fe to substrate ratio may influence the
types of reaction products formed.

During soil and groundwater remediation, a problem that arises is maintaining

appropriate pH level due to the buffering capacity of groundwater (because

of the presence of dissolved carbonate species). Therefore, different
application strategies are used. Among these are:

― groundwater acidification to pH 3–5, then short peroxide injections. After

the "rebound" of pH, the acidification-oxidation cycle is repeated until the

goal is achieved. Another possibility is compensation of Fe2+ losses (resulting
from Fe2+ precipitation)

― use of chelating agents to keep the iron in dissolved form

― use of ferruginous minerals as catalyst: based on the initiation of the

formation of radicals by iron-containing minerals, e.g. goetite ά-FeOOH.
(depends on local conditions).
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2. Instruction for the class

As performing Fenton oxidation in the soil environment would be too

complicated and time consuming, the exercise will be simplified. Reaction is

to be carried out in the water phase, using the example of phenol as a model

pollutant. Effectiveness will be assessed on the base of parent product

(phenol) concentration and COD (chemical oxygen demand)

determination, which is an indirect way of measuring organic compounds

total content (in this case, not only phenol, but also its oxidation products).

IMPORTANT: Hydrogen peroxide and sulphuric acid are very corrosive!

Handle them with care – wear gloves, button your apron, use eye protection

and work under supervision. During operations for COD measurement

(cooling etc.), keep the flask opening directed away from you and not

towards other people. Transfer the contents of the flask with care.

Make notes of your activity and measurements immediately. Label all used

glassware with the code name of the sample etc., using a permanent

marker.
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1. Measure 0.5 dm3 of the 100 mg/dm3 phenol solution into the beaker. Put in

a mixing rod and place the beaker on a magnetic stirrer and start mixing

(settings between “50” and “500”).

2. Adjust the pH to between 3–4 using 1 M sulphuric acid (a couple of drops

is usually enough).

3. Add a 0.25 or 0.5 ml volume of 1% ferrous sulphate solution (FeSO4 × 7H2O).

4. Then add 0.75 ml of 30% hydrogen peroxide solution and start the time

measurement. Pay attention to colour changes of the liquid – take notes

or photo every 5 minutes.

5. Using the remaining phenol solution, determine the initial phenol

concentration by spectrophotometric method (a) and assess the initial

COD (b):

a. spectrophotometric determination of phenol: measure 10 ml of the

sample into a 100 ml volumetric flask and fill it up to the mark with

deionized water. Add 1 ml of ammonium buffer, then 2 ml of the

aminoantypirine solution and 2 ml of potassium ferricyanide solution.
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Wait 15 min (but not more than 25 min) and determine adsorbance at

510 nm in 1 cm cuvettes, using a spectrophotometer (ask the teacher

for instruction). Simultaneously, in the same way, prepare a blank

sample using 10 ml of deionized water (due to the instability of the

colour, prepare the blank each time when measuring phenol – one

blank can serve for all groups). The concentration of phenol should be

determined from the formula:

C = 0.728 × Abs × 1000/V

where “Abs” is the measured absorbance and V is the volume of

sample in ml (here 10 ml).

b. COD determination: measure 20 ml of sample to a round flask, then

add 10 ml of 0.25 n potassium dichromate solution and a boiling chip

or glass ball. Then carefully add 40 ml of concentrated sulphuric acid

(under a ventilation hood), mix and place the flask in the heating

mantle, attaching a reflux condenser. Start heating and continue it for

10 min after the liquid starts boiling. Turn off heating and lift the flask

with condenser still attached, placing in on a mat to cool down.
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After 10 min, slowly pour 50 ml of deionized water through the top of

condenser. Disassemble the set and start cooling the flask under the

stream of cold tap water, to the ambient temperature. Add 3–4 drops of

ferroin and start titration using 0.125 n Mohr’s salt solution, until a colour

change. Simultaneously, prepare a blank sample using a 20 ml of

deionized water, and handle it in the same way as above (one blank is

enough for all groups and the whole exercise). Calculate the result using

the formula:

X = (a – b) × 0.125 × 8 × 1000/20 = (a – b) × 50

where “a” is the volume of Mohr’s salt used for titration of blank and “b” is

the volume of Mohr’s salt used for titration of sample.

6. After 15 minutes of mixing, take 100 ml of liquid from the beaker and add

a drop of NaOH solution to stop the reaction. Use this sample for the

following determinations (it is necessary to perform p. 6b before p. 6c):

a. phenol concentration (as in p. 5a). Remember about preparation of

a fresh blank
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b. remaining hydrogen peroxide: take 10 ml from the sample and add

10 ml of 1 M sulphuric acid (H2SO4), 10 ml of 2% potassium iodide (KI)

solution and a few ammonium molybdate crystals (tip of a spoon). Set

aside for 5 minutes in the dark (e.g. in a cupboard). Add starch and

titrate with 0.025 N sodium thiosulphate until dark colour disappears

completely. Record the volume of thiosulphate as “X”

c. COD: Measure out 50 ml from the sample, acidify it with 5 ml of 1 M

sulphuric acid and add 2.5 ml of 0.025 M sodium sulphite solution for

each 1 ml of the thiosulphate solution consumed during the titration in

p. 6b (2.5 × X). Then carry out the COD determination as in p. 5b,

taking 20 ml of such prepared liquid (no need for another blank).

Result of COD measurement should take dilution of the sample into

consideration: after calculating the result using the formula given in

p. 5b, multiply it by [(50+5+volume of added thiosulphate)/50].

7. After 30 minutes of mixing (45 minutes from start), take a 100 ml sample

from the beaker and add a drop of NaOH solution to it to stop the

reaction. Using the collected liquid, make measurements as in p. 6a–c.

It might be useful to take a larger volume of a sample (more than 10 ml)

for phenol determination due to its low concentration.
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3. Preparation of report

Label the report with names of students and topic of the laboratory class.
Prepare it on stapled sheets of paper, printed on both sides.

In the report, give all the measurements (volumes of titrant, etc.) and

calculations for every measurement. Calculate effectiveness of phenol and
COD removal (% decrease in relation to initial value).

Using the determined phenol concentrations, calculate theoretical COD by
using a factor of 2.38 mg COD/mg of phenol.

Present all the results (phenol, COD, COD theoretical, effectiveness of phenol
and COD removal) in relation to reaction time in a table or graph.

What is the reason for the discrepancies in removal of phenol and COD, and

between theoretical and measured COD? Explain the colour changes of the

sample during reaction – what compounds are likely to be responsible for

these changes? By consulting the results of the other groups, discuss the
influence of time and iron (II) dose on the effectiveness of Fenton oxidation.
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Course programme



1. Characterisation of soil and groundwater environment; common inorganic

and organic pollutants and their fate in soil and groundwater; their mobility

and sequestration

2. Standards of soil and groundwater quality: presentation of current Polish

and other national standards

3. Risk assessment methods for soil and groundwater contamination:

methods of HRA, ERA, agricultural productivity; TRIAD, RBCA

4. Immobilization and barrier methods: physical barriers, hydraulic barriers,

physical-hydraulic barriers; permeable barriers; immobilisation of metals

5. Physical methods of remediation: LNAPL skimming, vapour extraction,

multiphase extraction, pump-and-treat, thermal desorption, soil washing

and flushing, soil venting, air sparging

6. Chemical methods of remediation: in-situ oxidation and reduction

7. Bioremediation of soil and groundwater: natural attenuation and intensive

biotreatment; different in- and ex-situ methods, bioremediation in different

conditions and its requirements

Lectures
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Laboratory classes

1. General characterization of soil sample; removal of petroleum

hydrocarbons by soil rinsing

2. Immobilization of heavy metals in soil, different techniques

3. Oxidation of contaminant by Fenton reagent (by the example of phenol)
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