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Preface

In order to protect our environment it is of important to know the pollution sources, pollu‐
tants monitoring methodologies, and the different methods used for treatment of these pollu‐
tants. One of these pollutants is toxic organic compounds that are present in water, soil, plants
and air. Environmental pollution with organic pollutants has increased as a consequence of
the expansion of urban, human, agricultural and industrial activities. Toxic organic pollutants
cause several environmental problems to our environment. The most common organic pollu‐
tants named persistent organic pollutants (POPs) are highly toxic, and very dangerous to our
environment. The persistence of the organic compounds allows them to accumulate in human,
animals and plant tissues and pass on more to food supply and get into our bodies cause ma‐
jor problems such as cancer and disruption of the immune system. Efficient techniques for the
removal of toxic organic pollutants from water have drawn significant interest from scientists.

The present book deals with several aspects of organic pollutants, especially in the light of or‐
ganic pollutants monitoring, risk assessment as well as the practical application of different
techniques for removing it from the environment. The book is divided into three sections and
structured on 9 chapters. The first section "Monitoring" represent an overview of the different
methodologies for monitoring organic pollutants and their limits in soil and water. The second
section "Risk" discuss in details organic pollutants risk to human, soil and plants, and focus on
risk assessment on groundwater, compounds- levels and toxicity in aquatic environments, and
chronic and mixture toxicity of the residues. The third section "Treatment" focus on the differ‐
ent treatment processes for the removal of organic pollutants; this includes different advanced
oxidation processes, photocatalytic degradation, adsorption technique and electrokinetic re‐
mediation of organic pollutants. Scientists from different field of environmental sciences re‐
ported in this book their findings to explore monitoring, risk and treatment of organic
pollutants. The book "Organic Pollutants - Monitoring, Risk and Treatment” offers an important
information source for researchers and professionals working in water and wastewater quality
monitoring and treatments.

I would like to express my sincere thanks to Prof. Dr. P.N. Palanisamy, Head of Chemistry
Department, Kongu Engineering College, Perundurai, Erode - 638 052 , India, for this
contribution in the scientific revision of the book chapters. Thank to Ms Ivona Lovric,
commissioning editor and Ms. Iva Simcic publishing process manager, InTech–Europe the
Publisher of this book.

M. Nageeb Rashed
Department of Chemistry, Faculty of Science

Aswan University, Egypt
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Chapter 1

The Comparison of Soil Load by POPs in Two Major
Imission Regions of the Czech Republic

Radim Vácha, Jan Skála, Jarmila Čechmánková and
Viera Horváthová

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/ 53332

1. Introduction

The Czech Republic belongs to the countries with long-term industrial history. The environ‐
mental load by persistent organic pollutants pollution has been proved to follow the indus‐
trial development, especially concerning the polycyclic aromatic hydrocarbons emissions. In
the Czech Republic the industrial growth started during 19th century and in the beginning of
20th century at the time of the Austro-Hungarian Monarchy. The industrial development
continued after the Monarchy collapse and the Czechoslovak Republic formation (1918 -
1938). The rapid industry growth was led by heavy industry priority in the period of social‐
istic economy (1948 – 1990) and caused the wide environmental damages. The imission out-
puts reached maximum in 70th years when the daily average concentrations of SO2 (gaseous
emission) were over 50μg/m3 and in the coalfield areas of North Bohemia up to 70 -
100μg/m3 following the data of Czech Hydrometeorological Institute [1]. The loading by
floating dust particles was more than 70 - 100μg/m3 and in extreme cases reached 150μg/m3.

There are two main coal mining regions in the Czech Republic (see Figure 1.). The history of
brown coal mining started in North Bohemian Region in the beginning of 19th century (1819)
and reached the maximum in the eighties of 20th century. The history of black coal mining in
North Moravian Region is very similar and the mining activity peaked in the eighties of 20th

century (about 20 millions tons per year). Opencast coal-mining activity in North Bohemia
has been changing the landscape character in more intense way, however the deep mines in
North Moravia has also caused environmental damages due to terrain subsidence and la‐
goons with coal powder and waste. Other important risk are linked to the combustion of
brown coal of low quality with increased contents of sulphur and arsenic [2] in coal-fired
power stations in North Bohemia and to the presence of metallurgical industry in the North

© 2013 Vácha et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Vácha et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Moravian region. The load of both areas by risky elements and persistent organic pollutants
gave them the designation of imission regions. The North Bohemian region covers the area
of 5 districts (Decin, Teplice, Usti nad Labem, Most and Chomutov and neighbouring dis‐
tricts in the West Bohemian region where increased load still remains). The region is spread
along the Czech-German border shaped by the Ore Mountains. The North Bohemian basin
is delimitated by the dislocation at the foothill of the Ore Mountains. The North Moravian
region situated close to Czech-Polish border covers the area of 3 districts (Ostrava, Karvina,
Frydek-Mistek). The flat character of the landscape in west part of the region (Karvina, Os‐
trava) passes to mountainous area forming the Czech-Slovak borderland (the Moravsko‐
slezske Beskydy Mountains). The load of environment in both regions is historically
increased with the historical pollution peak in seventies and eighties of 20th century when
high content of emission-out puts in the air connected with acid rains led to perceptible
damages of the environment (especially damage of the spruce forest in the Ore Mountains).
The situation started to change after 1990 thanks to industrial production decrease and the
necessity of technology improvement of coal-fired power stations (the installation of effi‐
cient dust particles filters in the beginning of the 21st century). The modernization of four
coal-fired power stations situated in the North Bohemian region (Ledvice, Pocerady, Tusi‐
mice and Prunerov) has been approaching in two periods. In the 1st period (1996 – 1999)
there were radically decreased the emission out puts in following extent: SOx -92%, NOx
-50%, CO -77% and solid polluting particles -93%. The next period of modernization is run‐
ning and will be finished till 2020 following precise schedule of the works. The next decrease
of emission out puts will be reached in the following extent: SOx -57%, NOx -59%, CO2 -31%
and solid polluting particles -39%, data from [3].

The comfortless situation remains in the North Moravian region and increased contents of
emission out-puts in the air are the theme of many professional and public discussions [4,5].
The special attention is paid to increased content of polycyclic aromatic hydrocarbons in en‐
vironment which is connected with increased number of some inhabitant’s diseases in the
region [3]. The load stemmes from emission out puts from heavy industrial factories (for ex‐
ample the Trinec and Ostrava ironworks factories etc). There is one coal-fired power station
(Detmarovice) in the region where black coal is used. The mountainous area situated in east‐
ern part of the region serve for recreation and sport and there are no important sources of
pollution. Nevertheless the increased pollution was proved in the mountains are due to
imission out puts from western part of the region. Other environmental hazards in the re‐
gion are linked to the existence of lagoons where around 300,000 tons of petroleum sludge
have been deposited. The recent dredge and liquidation of sludge meets some technical and
economical inconveniences.

The soil is one of the important environmental sinks of pollution and soil contamination can
reflect long-term load by dry and wet depositions. Increased soil load by risky substances
poses serious threats to environment, plant production and food security. The maintenance
of suitable state of soil load by risky substances should be an interest of every society. The
evaluation of soil load by risky substances must be supported by the knowledge of risky
substances background values, their inputs into soils, their behaviour and fate in the soil en‐
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vironment, their transfer into the plants etc. The approaches to limit values system are not
unified across the world, nor in European context and different philosophies may be used
for the evaluation of soil contamination. There has been paid longterm attention to soil con‐
tamination issue in the Czech Republic. The potentially toxic compounds observed in Czech
agricultural soils can be separated into two main groups of pollutants:

• Inorganic pollutants - potentially risky elements (REs), As, Be, Cd, Co, Cr, Hg, Cu, Mn,
Ni, Pb, V, Zn, respectively Se and Tl

• Organic pollutants – persistent organic pollutants (POPs), A wide group of different or‐
ganic substances, with linear or cyclic character. The current list of POPs observed in
Czech legislation (Soil Protection Act) includes monocyclic and polycyclic hydrocarbons,
PCBs, sum of DDT and petroleum hydrocarbons (table 1).

POPs

Monocyclic aromatic hydrocarbons

benzene, toluene, xylene, ethylbenzene

Polycyclic aromatic hydrocarbons

naphtalene, anthracene, pyrene, phluoranthene, phenanthrene, chrysen, benzo(b)phluoranthene,

benzo(k)phluoranthene, benzo(a)anthracene, benzo(a)pyrene, indeno(c,d)pyrene, benzo(ghi)perylene

chlorinated hydrocarbons

PCB(28+52+101+118 +138+153+180), HCB, α-HCH, β-HCH, γ-HCH

Pesticides

DDT, DDD, DDE

Others

styrene, petroleum hydrocarbons

PCDF

2,3,7,8 TeCDF, 1,2,3,7,8 PeCDF, 2,3,4,7,8 PeCDF, 1,2,3,4,7,8 HxCDF, 1,2,3,6,7,8 HxCDF, 1,2,3,7,8,9 HxCDF,

2,3,4,6,7,8 HxCDF, 1,2,3,4,6,7,8 HpCDF, 1,2,3,4,7,8,9 HpCDF, OCDF PCB 189, PCB 170, PCB 180

PCDD

2,3,7,8 TeCDD, 1,2,3,7,8 PeCDD, 1,2,3,4,7,8 HxCDD, 1,2,3,6,7,8 HxCDD, 1,2,3,7,8,9 HxCDD, 1,2,3,4,6,7,8

HpCDD,OCDD

Table 1. Persistent organic pollutants observed in Czech agricultural soils

The system of limit values of soil contamination must accept sources of risky substances that
influence the behaviour of risky substances in the soil (mobility, bioavailability). POPs can
originate from:

• Natural sources - volcanic activity (REs, POPs), natural fires (POPs) etc.

• Anthropogenic sources – like industrial activities, transport emissions, the use of agro‐
chemicals and biosolids in agriculture, waste water production etc.
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Others
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PCDF

2,3,7,8 TeCDF, 1,2,3,7,8 PeCDF, 2,3,4,7,8 PeCDF, 1,2,3,4,7,8 HxCDF, 1,2,3,6,7,8 HxCDF, 1,2,3,7,8,9 HxCDF,

2,3,4,6,7,8 HxCDF, 1,2,3,4,6,7,8 HpCDF, 1,2,3,4,7,8,9 HpCDF, OCDF PCB 189, PCB 170, PCB 180

PCDD

2,3,7,8 TeCDD, 1,2,3,7,8 PeCDD, 1,2,3,4,7,8 HxCDD, 1,2,3,6,7,8 HxCDD, 1,2,3,7,8,9 HxCDD, 1,2,3,4,6,7,8
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Table 1. Persistent organic pollutants observed in Czech agricultural soils

The system of limit values of soil contamination must accept sources of risky substances that
influence the behaviour of risky substances in the soil (mobility, bioavailability). POPs can
originate from:

• Natural sources - volcanic activity (REs, POPs), natural fires (POPs) etc.

• Anthropogenic sources – like industrial activities, transport emissions, the use of agro‐
chemicals and biosolids in agriculture, waste water production etc.
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Increased inputs of potentially toxic compounds into the soils may result in soil contamina‐
tion that may negatively influence:

• The ecosystem - soil functions, contamination of aquatic systems, plants, animals etc.

• Plant production – the quantity and quality.

• Human health – via contamination of food chain, dermal or inhalation intake etc.

The efficient ways of the control and regulation of risky substances in the soil are legislative‐
ly mandatory limit values. The limit values of risky substances in the soil are derived on the
basis of:

- Real state of soil load by risky substances reflected natural and anthropogenic diffuse load.
Limit values of this kind are usually specified as “background values” of risky substances in
the soil, [6] and [7].

- Experimentally derived values, that are focused on target risk following from soil use and
observed environmental component (the damage of quantity and quality of plant produc‐
tion, the reduction of soil microbial activity etc.).

One of the most effective and sophisticated limit values systems is so called hierarchical lim‐
it values system that should be able to register target risk following the soil contamination.
This system is usually used in many European countries (Germany, Netherlands and Swit‐
zerland) as system of “A, B and C limits” where

A – represents background values of risky substances in the soil. Generally, this limit value
fulfils the principal of precaution.

B – is focused on target risk. The limit may be targeted on the quality or quantity of plant
production (this approach is used rarely and is determined rather for small allotment pro‐
ducers than for agriculture) or on the decreasing of soil microbial activity and soil transfor‐
mation functions etc.

C – is used as remediation (decontamination) limit that is based on the human health risk or
environmental damage.

The limit values system focused on remediation needs (in the order of C limit level) are used
in some countries (Great Britain, USA – EPA methodology, [8]). Given limit values of risky
substances delimit risky substances concentrations that may distinctly affect human health
or environment. After the exceeding of this limit the site-based risk assessment must be
done and the results of risk assessment study determine next approach (the remediation,
land use change). The proposal of the EU Soil Protection Act [9] is based on similar philoso‐
phy. Three steps are required on national level of member countries:

- The elaboration of soil contaminated sites register.

- The realisation of risk assessment studies on contaminated sites.

- The realisation of remediation approaches.

Organic Pollutants - Monitoring, Risk and Treatment6

The directive of the Ministry of Environment of the Czech Republic No. 13/1994 Coll. [10]
regulates the contents of REs and POPs in Czech agricultural soils. The limits of REs are de‐
termined for light texture soils and the other soils in the form of the aqua regia extract and
the extract in 2M HNO3 (cold method). The limit values for POPs are determined for the
groups of monocyclic aromatic hydrocarbons, polycyclic aromatic hydrocarbons, chlorinat‐
ed hydrocarbons (including pesticides) and petroleum hydrocarbons. All the limit values
are defined as tolerable contents of risky substances but there is no relationship to any actual
risk. It brings difficulties by the evaluation and interpretation of soil load by risky substan‐
ces in many cases. Moreover the limits for POPs were assessed on the base of the values tak‐
en from Nederland because no actual values of Czech soil load by POPs were available in
1994. Two years later were published the first real data about soil load by POPs in the Czech
Republic [5]. Some limit values in the directive No. 13/1994 Coll. are too low (especially
some individual PAHs) because they stemm from Dutch legislation limits derived for sandy
soils with low content of soil organic matter and are not suitable for Czech soils of different
properties. There naturally arises the task of the proposal of the directive No.13 amendment
based on the principal of hierarchical limit values system [11].

Three levels of the limits has been proposed:

Prevention limit – based on background values of risky substances in Czech agricultural soils.
Prevention limit were proposed for REs and POPs. The exceeding of the limit shows in‐
creased anthropogenic soil load by risky substances. From the viewpoint of limit interpreta‐
tion it is prohibited to use the sludge or sediment for soil fertilization in the case of limit
exceeding. The proposed prevention limits for POPs based on the actual load of Czech agri‐
cultural soils [5] are presented in table 2.

Indication limit – was derived experimentally and the limit exceeding indicates the risk of in‐
creased REs transfer from the soil into the plants. Indication limit was proposed for REs on‐
ly. The more detailed assessment is recommended at the locality after exceeding of
indication limit. In the case of POPs the transfer from soil into plants via root intake is limit‐
ed. More individual risks must be accepted for POPs indication limit and the realisation of
risk assessment is recommended on the field seriously contaminated by POPs (in term of C
limit level). In spite of these facts the simplified indication limits for some POPs were pro‐
posed [12], table 3. The limit values were determined as the lowest contents of risky substan‐
ces in the soil that may cause any health risk. The transfer of risky substance from the soil to
human bodies by dermal, oral and dietary intake was accepted.

Decontamination limit – has not been proposed yet.

The proposal of the directive No. 13/1994 Coll. amendment brings new approach to soil load
by risky substances evaluation and its commencement could improve the management of
contaminated sites. It could be very useful tool for the soil management in the imission re‐
gions of North Bohemia and North Moravia.

This report compares the load of two imission regions of the Czech Republic by three types
of persistent organic pollutants: polycyclic aromatic hydrocarbons (PAHs), polychlorinated
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biphenyls (PCBs) and DDTs (DDT, DDE and DDD). Although PCBs and DDTs have not been
used in Europe since eighties, the load of soil by both groups of pollutants is still increased.

2. Materials and methods

2.1. The characterization of study area

The area of the North Bohemian region and North Moravian region is presented in Figure 1.
The area of North Bohemian region is 3,184.65 km2 and the area of North Moravian Region
is 1,834.25km2.

2.1.1. North Bohemian region

2.1.1.1. Districts

The region comprises 5 districts (NUTS 5 level): Decin, Usti nad Labem, Teplice, Most and
Chomutov.

District Decin is situated on the north of region and its area is 908.58km2. In the district live
132,718 inhabitants in 52 municipalities, 14 of which are classified as towns. The capital of
district is the town Decin.

The density of population is 146 inhabitants/km2 in the district. The agricultural land covers
40.1% of the district area and the ratio of arable land is 32.94%, it means 13.21% of the dis‐
trict area. The other land covers 59.9% of district area and the ratio of forest is 82.25%, this is
49.27% of district area. There are 4 geomorphologic formations in district area, Decin Up‐
land (north-western and central part), Central Bohemian Uplands (south and south-western
part), Luzicke Mountains (eastern part) and Sluknov Downs (northern part). The highest
point (Penkavci vrch) has the altitude of 792 m.a.s.l. and the lowest point (the Elbe river
bank in Hrensko on the border with Germany) that is the lowest point of the Czech Republic
also has the altitude of 115 m.a.s.l. The Elbe river (the biggest Czech river) traverses in the
west part of the district.

District Usti nad Labem is situated in south-west direction from the Decin district and its
area is 404,45km2. In the district live 118,194 inhabitants and 84.44% of them live in towns.
The capital of district is Usti nad Labem. The density of population has value of 292 inhabi‐
tants/km2 in the district. The agricultural land covers 45.66% of district area and the ratio of
arable land is 29.33%, it means 13.39% of district area. The other land covers 54.34% of dis‐
trict area and the ratio of forest is 57.72%, this is 31.37% of district area. There are 2 most
important geomorphological formations, Central Bohemian Uplands (south-western and
western part) and the Ore Mountains (northern part along the border with Germany). The
Elbe river flows through the district.

 

Organic Pollutants - Monitoring, Risk and Treatment8

POPs Preventive value (μg/kg of dry matter)

Monocyclic aromatic hydrocarbons

Benzene 30

Toluene 30

Xylene 30

Styrene 50

Ethylbenzene 40

Polycyclic aromatic hydrocarbons

Fluoranthene 300

Pyrene 200

Phenanthrene 150

Benzo(b)fluoranthene 100

Benzo(a)anthracene 100

Anthracene 50

Indeno(cd)pyrene 100

Benzo(a)pyrene 100

Benzo(k)fluoranthene 50

Benzo(ghi)perylene 50

Chrysene 100

Naphtalene 50

Σ PAHs 1,000

Chlorinated hydrocarbons

PCB Σ 7 (congeners)1) 20

PCDDs/Fs2) 1

HCB 20

DDT 30

DDE 25

DDD 20

HCH (Σ α+β+γ) 10

Non polar hydrocarbons

hydrocarbons C10-C40 (mg/kg) 100

Table 2. Proposed preventive limit values of persistent organic pollutants in agricultural soils of Czech Republic 1) 28,
52, 101, 118, 138, 153, 180 2) value of I-TEQ PCDD/F (ng/kg)

District Teplice is situated in south-western direction from the Usti nad Labem district and
its area is 469.27km2. In the district there live 128,464 inhabitants in 34 municipalities,10 of
which are classified as the towns. The urbanization rate reaches 84.08% of inhabitants. The
capital of district is the town Teplice. The density of population has value of 274
inhabitants/km2 in the district. The agricultural land covers 34.25% of district area and the
ratio of arable land is 52.01%, it means 17.81% of district area. The other land covers 65.75%
of district area and the ratio of forest is 55.91%, this is 36.76% of district area. There are two
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geomorphologic formations in district area, Central Bohemian Uplands (south-western and
western part) and the Ore Mountains (northern part along the border with Germany).

District Most is situated in South West direction from Teplice district and its area is
467.16km2. In the district live 114 795 inhabitants in 26 municipalities 6 of which are classi‐
fied as towns. 88.71% of inhabitants live in the towns. The capital of district is Most. The
density of population has value of 246 inhabitants/km2 in the district.

The agricultural land covers 29.27% of district area and the ratio of arable land is 69.98%, it
means 20.48% of district area. The other land covers 70.73% of district area and the ratio of
forest is 46.85%, this is 33.14% of district area. There are two geomorphologic formations in
the district area, the Central Bohemian Uplands (south-western and western part) and the
Ore Mountains (northern part on the border with Germany). The coal-field area is situated
under the Ore Mountaims and the active open mines still exist in south-western part of the
region. Large opencast mine closed in the 80s of 20th century is spread close to the Most
town on the area of the former Most old town (destroyed before mining). This land is under
reclamation in present time (artificial lake).

POPs
Indication value

(mg/kg of dry matter)

Benzo(a) pyrene 2.0

sum PAHs 1) 30.0

sum PCB 2) 1.0

DDT and metabolites 4.0

HCH (α, β, γ) 0.1

HCB 0.1

PCDDs/Fs 3) 20.0

Benzene 0.5

Ethylbenzene 5.0

Toluene 10.0

Xylene 10.0

hydrocarbons C10-C40 500

Table 3. Proposed indication limit values of persistent organic pollutants in Czech agricultural soils 1) The sum of 16
individual PAHs (EPA) 2) The sum of 7 PCB congeners (28+52+101+118 +138+153+180) 3) ng/kg I-TEQ PCDDs/Fs

District Chomutov is situated in south-western direction from the Most district and its area
is 935.3km2. In the district live 125,758 inhabitants in 44 villages, 8 of which are classified as
towns. 86.43% of inhabitants live in towns. The capital of district is Chomutov. The density
of population has value of 134 inhabitants/km2 in the district. The agricultural land covers
41.93% of district area and the ratio of arable land is 60.72%, it means 25.46% of district area.

Organic Pollutants - Monitoring, Risk and Treatment10

The other land covers 58.07% of district area and the ratio of forest is 63.41%, this is 36.82%
of district area. There are 2 geomorphologic formations in district area, Central Bohemian
Uplands (south-western and western part) and the Ore Mountains (North part on the border
with Germany).

2.1.1.2. North Bohemian coal field

Tectonic depression takes the area of the districts Teplice, Most and Chomutov (Figure 2).
The coalfield is the relict of the Tertiary sedimentary basin filled in Miocene [13]. The layer
of clay, sand and organic materials of 500 m thickness was lodged in the period of 17-22 mil‐
lions years ago. The brown coal bed was developed from the peat layers laid in Tertiary
marsh on the majority of basin area. The sedimentation of clay and sand prevailed in the
estuary areas of rivers entering the marsh [14]. The bed is filled by river or delta sediments
in these places completely. The brown coal bed was developed relatively evenly in the thick‐
ness of 25 – 45 m in the other part of the basin. The area of current rests of brown coal field
has 870 km2. The average altitude is 272 m.a.s. l.

Figure 1. The area of North Bohemian Region and North Moravian Region in the Czech Republic

The mining activities have been running since 19th century and changed originally flat or
downs surface relief. The process was accelerated after 1948 when the opencast mining tech‐
nology on wide areas was elected. The mining is still continuing in opencast mines Bilina
and Libus. The mine Bilina is the deepest mine of North Bohemian coal field with the depth
of 200 m (the lowest point has the altitude of 35 m.a.s. l.). The total mining reserves were
estimated at 165 millions tons in the beginning of the year 2012. The average content of ash
is 26.9% and of total sulphur is 1.03% of dry matter of the coal. The open mine Libus is the
largest mine of North Bohemian coal field and the total mining reserved were estimated at

The Comparison of Soil Load by POPs in Two Major Imission Regions of the Czech Republic
http://dx.doi.org/10.5772/ 53332

11



geomorphologic formations in district area, Central Bohemian Uplands (south-western and
western part) and the Ore Mountains (northern part along the border with Germany).

District Most is situated in South West direction from Teplice district and its area is
467.16km2. In the district live 114 795 inhabitants in 26 municipalities 6 of which are classi‐
fied as towns. 88.71% of inhabitants live in the towns. The capital of district is Most. The
density of population has value of 246 inhabitants/km2 in the district.

The agricultural land covers 29.27% of district area and the ratio of arable land is 69.98%, it
means 20.48% of district area. The other land covers 70.73% of district area and the ratio of
forest is 46.85%, this is 33.14% of district area. There are two geomorphologic formations in
the district area, the Central Bohemian Uplands (south-western and western part) and the
Ore Mountains (northern part on the border with Germany). The coal-field area is situated
under the Ore Mountaims and the active open mines still exist in south-western part of the
region. Large opencast mine closed in the 80s of 20th century is spread close to the Most
town on the area of the former Most old town (destroyed before mining). This land is under
reclamation in present time (artificial lake).

POPs
Indication value

(mg/kg of dry matter)

Benzo(a) pyrene 2.0

sum PAHs 1) 30.0

sum PCB 2) 1.0

DDT and metabolites 4.0

HCH (α, β, γ) 0.1

HCB 0.1

PCDDs/Fs 3) 20.0

Benzene 0.5

Ethylbenzene 5.0

Toluene 10.0

Xylene 10.0

hydrocarbons C10-C40 500

Table 3. Proposed indication limit values of persistent organic pollutants in Czech agricultural soils 1) The sum of 16
individual PAHs (EPA) 2) The sum of 7 PCB congeners (28+52+101+118 +138+153+180) 3) ng/kg I-TEQ PCDDs/Fs

District Chomutov is situated in south-western direction from the Most district and its area
is 935.3km2. In the district live 125,758 inhabitants in 44 villages, 8 of which are classified as
towns. 86.43% of inhabitants live in towns. The capital of district is Chomutov. The density
of population has value of 134 inhabitants/km2 in the district. The agricultural land covers
41.93% of district area and the ratio of arable land is 60.72%, it means 25.46% of district area.

Organic Pollutants - Monitoring, Risk and Treatment10

The other land covers 58.07% of district area and the ratio of forest is 63.41%, this is 36.82%
of district area. There are 2 geomorphologic formations in district area, Central Bohemian
Uplands (south-western and western part) and the Ore Mountains (North part on the border
with Germany).

2.1.1.2. North Bohemian coal field

Tectonic depression takes the area of the districts Teplice, Most and Chomutov (Figure 2).
The coalfield is the relict of the Tertiary sedimentary basin filled in Miocene [13]. The layer
of clay, sand and organic materials of 500 m thickness was lodged in the period of 17-22 mil‐
lions years ago. The brown coal bed was developed from the peat layers laid in Tertiary
marsh on the majority of basin area. The sedimentation of clay and sand prevailed in the
estuary areas of rivers entering the marsh [14]. The bed is filled by river or delta sediments
in these places completely. The brown coal bed was developed relatively evenly in the thick‐
ness of 25 – 45 m in the other part of the basin. The area of current rests of brown coal field
has 870 km2. The average altitude is 272 m.a.s. l.

Figure 1. The area of North Bohemian Region and North Moravian Region in the Czech Republic

The mining activities have been running since 19th century and changed originally flat or
downs surface relief. The process was accelerated after 1948 when the opencast mining tech‐
nology on wide areas was elected. The mining is still continuing in opencast mines Bilina
and Libus. The mine Bilina is the deepest mine of North Bohemian coal field with the depth
of 200 m (the lowest point has the altitude of 35 m.a.s. l.). The total mining reserves were
estimated at 165 millions tons in the beginning of the year 2012. The average content of ash
is 26.9% and of total sulphur is 1.03% of dry matter of the coal. The open mine Libus is the
largest mine of North Bohemian coal field and the total mining reserved were estimated at
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240 millions tons in the beginning of the year 2012. The average content of ash is 36.8% and
of total sulphur is 2.7% of dry matter of the coal. The coal is used for the production of ener‐
getic combustible mixtures. The environment is under influence of petrochemical industry
in the Most district where the factory is located in Zaluzi u Mostu.

The North Bohemian coal field is impaired by strong anthropogenic activity when mining
pits and mining depressions filled by water mining wastes in the form of table humps can
be seen. The reclamations are done after landscape devastation.

2.1.1.3. The environmental data on the North Bohemian region

The area can be classified as the zone with high density of population and high concentra‐
tion of the industry with increased level of imission pollutants. Following the information of
Czech Hydrometeorological Institute [15] the concentration of dusty aerosol particles under
10μm (PM10) were monitored on 27 localities in the region in 2009. The exceeding of 24
hours limit was observed on 7 localities. The maximum value was 63times higher than a dai‐
ly limit value of 50μg/m3. Nevertheless, there was oberverd no exceeding of year limit value
in the region.

The values of dusty aerosol particles under 2,5μm (PM2,5) were monitored on 6 localities in
region. The highest value of annual concentration 19μg/m3 is under limit value of European
Direction 2008/50/EC [16].

The concentration of benzo(a)pyrene in the air was observed on 5 localities in the region and
only 1 exceeding of target imission limit for annual concentration was detected in urban
area of the city Usti nad Labem.

Figure 2. The North Bohemian coal field. The area in red. (the source: http://cs.wikipedia.org/wiki/Mosteck
%C3%A1_p%C3%A1nev)
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2.1.2. North Moravian region

2.1.2.1. Districts

The region has 3 districts: Ostrava, Karvina and Frydek-Mistek.

District Ostrava is situated in north-western part of the region and has the area of
331.53km2. In the district 329,961 inhabitants live in 13 municipalities, 4 of which are classi‐
fied as towns. The urbanization rate stands at 95%, indicating agglomeration character of the
region. The capital of district is the Ostrava city. The density of population is 995 inhabi‐
tants/km2 in the district.

The agricultural land covers 40.17% of district area and the ratio of arable land is 62.72%, it
means 25.19% of district area. The other land covers 59.83% of district area and the ratio of
forest is 18.18%, this is 10.88% of district area. The Ostrava-Karvina coal field is the part of
geomorphologic formation shaped by the Ostrava basin a Karvina basin.

District Karvina is situated in north-eastern part of the region and its area is 356.24km2. In
the district 263,075 inhabitants live in 17 municipalities, 7 of which are classified as towns.
88.93% of inhabitants live in the towns. The capital of district is Karvina. The density of pop‐
ulation has value 738 inhabitants/km2 in the district. The agricultural land covers 50.77% of
district area and the ratio of arable land is 68.82%, it means 34.94% of district area. The other
land covers 49.23% of district area and the ratio of forest is 28.56%, this is 14.06% of district
area. The district relief is shaped by geomorphologic formation of the Karvina basin as the
part of the Ostrava-Karvina coal field.

District Frydek-Mistek is situated in south-eastern part of the region and its area is 1
208.49km2. In the district 211,853 inhabitants live in 72 municipalities, 6 of which are classi‐
fied as towns. The urbanization rate amount to 57.2% of inhabitants living in towns. The
capital of district is Frydek-Mistek. The density of population has valuereaches 175 inhabi‐
tants/km2 in the district. The agricultural land covers 39.38% of district area and the ratio of
arable land is 48.95%, it means 19.28% of district area. The other land covers 60.62% of dis‐
trict area and the ratio of forest is 81.43%, this is 49.36% of district area. There are two impor‐
tant geomorphologic formations, the Moravskoslezske Beskydy Mountains and the Beskydy
basin situated under mountainous area.

2.1.2.2. Ostrava-Karvina coal field

The Ostrava-Karvina coal field is Czech part of so called Upper Silesian coal pan spread on
the area of Poland and partially of the Czech Republic that comprises coal fields in the Kar‐
vina, Ostrava and Beskydy basins. Ostrava-Karvina coal field is the largest coal field in the
Czech Republic where black coal is extracted by deep mining technology. The Ostrava-Kar‐
vina coal field is separated in south part from the Beskydy basin by the Bludovicky break
and has two parts (the Ostrava and Karvina basin) divided by the Orlová fault structure.

More than 300 km2 is used for mining in Czech part of the Upper Silesian field and next 400
km2 are considered to be perspective. The coal bearing layers in the rest of field area are not
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situated in accessible mining depths. Majority of mining activities runs in the Ostrava-Karvi‐
na coal field and only the Paskov mineone mine (Paskov) is open in the Beskydy coal field.
There were udentified has two major coal layers in the Ostrava-Karvina coal field: Ostrava
with general thickness of 2,880 m and Karvina with general thickness of 1,200 m. The aver‐
age bed thickness of the Ostrava layer is 73 cm, whereas the most average thickness has the
coal bed Prokop (2-4 m) with maximum more than 12 m. The average coal seam thickness of
the Karvina layer is 180 cm and the most average thickness (504 cm) has also the coal bed
Prokop with maximum up to 15m. The total amount of already extracted coal in the Ostra‐
va-Karvina coal field is estimated at about 1,7 billions tons. In Czech part of the Upper Sile‐
sian field operate four deep mines and one mine stays in preserved regime at present time.

The mine CSM has the total area of 22.12km2 and estimated activity will run to 2028.

The mine Karvina has the total area of 32.21km2.

The mine Darkov has the total area of 25.9km2.

The mine Paskov has the total area of 105.68km2 including preserved mine Frenstat
(63.17km2).

The North Bohemian coal field is impaired by strong anthropogenic activity, especially the
land subsidence is one of the most common and risky effects of the mining industry having
impact on the regional environment. Other environmental hazards are connected to remain‐
ing existence of lagoon of by-products after black coal processing. The reclamations are run‐
ning in the region at present time.

2.1.2.3. The environmental data on North Moravian region

The region can be characterised as the zone with high density of population (especially in
the Ostrava and Karvina aglomeration) and with the presence of industrial activities mainly
metallurgy. Following the information of Czech Hydrometeorological Institute [15] the con‐
centration of dusty aerosol particles under 10μm (PM10) in the region is the highest in the
Czech Republic. The exceeding of limit values was detected on most of measured localities
in the Ostrava and Karvina districts. It was observed that the concentrations of pollutants in
the air rapidly increase during cold period of year influencing annual average value of pol‐
lution. The daily limit of PM10 concentration was exceeded more than 100 days a year on the
most loaded localities in the Ostrava district. The target value for annual average concentra‐
tion of dusty aerosol particles under 2.5μm (PM2.5) given by European Directive 2008/50/ES
(25μg/m3) was exceeded on all observed localities in the North Bohemian region in 2009.

The limit concentration of benzo(a)pyrene (1ng/m3) is permanently exceeded on most area
of the North Bohemian region and multiple exceeding were observed on most localities. The
maximum was detected in the Ostrava region (nine multiple of the limit).

 

Organic Pollutants - Monitoring, Risk and Treatment14

2.2. Terrain works methodology

The plan of soil sampling was done first using map sources. The systematic soil sampling
scheme based on the equidistance net of sampling points was prepared to maximally main‐
tain the regular character of sampling. However the study targeted only agricultural soils
and thus forest soils, urban soils and mining areas were excluded from sampling plan. The
numbers of samples in individual districts of the North Bohemian and North Moravian
imission regions are presented in table 4. The samples were taken out in the period of 2000 –
2005. The intensity of sampling was, on average, 1 sample/km2 depending on the area of the
district, number of samples and presence of forest and urban soils and mining areas. The po‐
tential sources of contamination were determined (industrial zones, mining zones, power
stations) as well as the base meteorological data.

The soil samples were taken out from humic horizons of agricultural soils. The depth of the
soil layer for sampling was between 5 and 15 cm. Each sample was collected from 10 partial
samples on the locality. The sampling was done in minimal distance of 50 m from road. The
samples were stored and transported in jars and frozen by the temperature –18 0C after the
transport. Every locality was described and geographic coordinates were assessed using
GPS. The determined soil characteristics, including soil type, soil subtype and soil sort (soil
texture), pH value [17] and the content of Corg [1518], were compared with the contents of
POPs. The POPs analysis was realised in accredited commercial laboratories.

North Bohemian imission region North Moravian imission region

179 106

Decin Usti n/L Teplice Most Chomutov Ostrava Karvina Frydek-Mistek

27 33 47 39 33 40 33 33

Table 4. The numbers of soil samples taken out in the North Bohemian and North Moravian regions and in individual
districts.

2.3. Persistent organic pollutants analysis

The methodology of POPs analysis is following for individual groups.

BTEX (benzene, e-benzene, toluene and xylene)

Method used: EPA Method 8260 B [19]

Equipment: Gas chromatograph with mass spectrometer (GC/MS)

Principle

The soil samples are extracted by methanol and defined volume of extract is dosed into re‐
distilled water after 24 hours. The final solution is analyzed by the system GC/MS using
Headspace dozer. The individual substances are defined on the base of comparison of reten‐
tion time and mass spectrum of analyzed substance considering mass spectrum of standard.
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PAHs – polycyclic aromatic hydrocarbons

Method used: methodology TNV 75 8055 [20]

Equipment: High-performance liquid chromatograph with fluorescence detector (HPLC)

Principle

The solid sample analyse comprises the exsiccation using waterless sulphate and the extrac‐
tion procedure in the acetone solution. The raw extract is analysed without purifying. PAHs
are determined by the high-performance liquid chromatography with fluorescence detection
(mobile phase – acetonitrile/water). One instrument measured some PAHs portions during
isocratic elution under invariable wavelength and the second plant detected the other PAHs
portion on equal terms. Two detectors in series assemble the instrument configuration thus
two different wavelengths are involved in the detection. Such procedure minimises the diffi‐
culties with the gradient elution and with the alteration of the wavelength setting during an‐
alyse by the division of unpurified samples.

The concentration levels of individual compounds, the sum values of the compounds (the
PAHs sum), the sum value of 2-3 nuclei PAHs and of 4-6 nuclei PAHs were used for the
assessment of the load of soils and plants. The sum of toxic equivalency factors for PAHs
(the TEF PAHs sum) was involved as well to take into account various toxicological charac‐
teristics of individual PAHs compounds. The TEF PAHs sum is defined as the sum of the
products of the concentration of each compound multiplied by the toxic equivalent value for
carcinogenic compounds. There were used following compounds:

Benzo(a)pyrene and Dibenzo(a,h)anthracene - toxic equivalent value = 1

Benzo(a)anthracene, Benzo(b)fluoranthene and Indeno(1,2,3-cd)pyrene - toxic equivalent
value = 0,1

Benzo(k)fluoranthene - toxic equivalent value = 0,01

PCB7 – polychlorinated biphenyls, seven indicator congeners (28, 52, 101, 118, 138, 153, 180)

Method used: EPA Method 8082 [21]

Equipment: Gas chromatography with ECD detector (GC/ECD)

Principle

Dry soil sample is extracted by n-hexan. Extract is dozed after re-cleaning into gas chroma‐
tograph where the separation on capillary column and the detection on ECD detector are
processed. The software identifies individual congeners on the base of comparison of reten‐
tion times in calibrated solutions and samples.

DDT sum – sum of DDT, DDE and DDD

Method used: EPA Method 8082

Equipment: Gas chromatography with ECD detector (GC/ECD)

Principle

Organic Pollutants - Monitoring, Risk and Treatment16

The dry sample is extracted by dichlormethane using intensive shaking and after volatiliza‐
tion is transferred into n-hexan. 1μl of the extract is dozed into gas chromatograph where
the separation on capillary column and the detection on ECD detector are processed. The
software identifies individual substances on the base of comparison of retention times in
calibrated solutions and samples.

2.4. Results evaluation

The data were processed by the use of elementary statistical methods (Microsoft Excel) and
geographic information systems (ESRI ArcGIS 9.2) was used for visualisation of soil load by
sum of PAHs and benzo(a)pyrene in agricultural soils. The map outputs are based on the
existence of contour lines connecting the points with identical concentration of observed
substances. The Inverse Distance Weighting function was used for spatial interpolation. The
areas of graduated concentrations connected with the other map layers (base geographical
map etc.) create the map output.

 

3. Results and discussion

3.1. Soil load by polycyclic aromatic hydrocarbons (PAHs)

The comparison of regional load by PAHs shows very clear conclusion: The load of the
North Moravian region by PAHs is demonstrably higher. The fundamental statistical data of
soil load by sum of PAHs show table 5 (North Bohemian region) and table 6 (North Moravi‐
an region). The most loaded district is the Ostrava district with longterm metallurgical tradi‐
tion where 85% of soil samples overcome preventive limit (1mg/kg) for sum of PAHs in
Czech agricultural soils (reflecting background value). The observed maximal values differ
ten times between the regions. The differences could be also found from the viewpoint of
structural characteristics of contamination. While the participation of toxic beno(a)pyrene in
total load by PAHs reaches about 7% in the North Bohemian region, its participation in the
load reaches almost 17% in the North Moravian region (table 7). The load of individual dis‐
trict by PAHs can be documented by the comparison of number of exceeding of proposed
indication limit for benzo(a)pyrene and sum of PAHs [12]. There was observed only one
limit overrun among the North Bohemian samples, the exceeding was distinctive for ben‐
zo(a)pyrene and sum of PAHs (table 8). In the North Moravian region (table 9), there were
documented seven localities exceeding indication limit for benzo(a)pyrene or sum of PAHs.
Only two localities show exceeding for both indicators and maximum observed value is
generally ten times higher than in the North Bohemian region. On the other hand must be
accepted that soil load by PAHs was caused by floods on three localities (Stara Karvina) in
the North Moravian region. Nevertheless, the problems with increased load by carcinogenic
benzo(a)pyrene in the North Moravian region also follow from this comparison.
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structural characteristics of contamination. While the participation of toxic beno(a)pyrene in
total load by PAHs reaches about 7% in the North Bohemian region, its participation in the
load reaches almost 17% in the North Moravian region (table 7). The load of individual dis‐
trict by PAHs can be documented by the comparison of number of exceeding of proposed
indication limit for benzo(a)pyrene and sum of PAHs [12]. There was observed only one
limit overrun among the North Bohemian samples, the exceeding was distinctive for ben‐
zo(a)pyrene and sum of PAHs (table 8). In the North Moravian region (table 9), there were
documented seven localities exceeding indication limit for benzo(a)pyrene or sum of PAHs.
Only two localities show exceeding for both indicators and maximum observed value is
generally ten times higher than in the North Bohemian region. On the other hand must be
accepted that soil load by PAHs was caused by floods on three localities (Stara Karvina) in
the North Moravian region. Nevertheless, the problems with increased load by carcinogenic
benzo(a)pyrene in the North Moravian region also follow from this comparison.
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District Samples number Samples number

increased

Samples increased % Maximum value

(mg/kg)

Decin 27 2 7.4 5.71

Usti/Labem 33 4 12.1 5.68

Teplice 47 11 23.4 7.67

Most 39 7 18 46.52

Chomutov 33 3 9.1 3.88

Together 179 27 15.1 46.52

Table 5. The load of agricultural soils by sum of PAHs in North Bohemian Region

District Samples number Samples number

increased

Samples increased % Maximum value

(mg/kg)

Ostrava 40 34 85 28.1

Karvina 33 15 45,5 37.81

Frydek-Mistek 33 14 42,4 336.2

Together 106 63 59,4 336.2

Table 6. The load of agricultural soils by sum of PAHs in North Moravian Region

Benzo(a)pyrene Fluoranthene

Samples

number

increased

Samples

increased %

Maximum value

(mg/kg)

Samples

number

increased

Samples

increased %

Maximum value

(mg/kg)

North Bohemia 13 7.3 8.39 30 16.8 5.43

North Moravia 53 50 32.5 52 49.1 68.3

Table 7. The load of soil by benzo(a)pyrene and fluoranthene in North Bohemian and North Moravian Regions

The stronger impact of load by PAHs on health problems of inhabitants in the Nord Moravi‐
an region was presented by some authors [4,5]. Spatial distribution of POPs in both region is
presented by contour maps where the load by benzo(a)pyrene and fluoranthene (the most
widespread PAH substance) is visualised by GIS tools. The load by benzo(a)pyrene in the
North Bohemian and North Moravian region shows Figure 3. The load in the North Bohe‐
mian region is given mainly by point sources of contamination and just two points with
higher contents of sum of PAHs were found, the first near the Decin town and the second
one in north-western part of the region. The load in the North Moravian region by carcino‐
genic benzo(a)pyrene shows surface contamination mainly in the field area around the Os‐
trava city, increased load is obvious in the vicinity of the Trinec town (ironworks) and the
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load of region spreads to the Moravskoslezske Beskydy Mountains in the east of region. The
similar trend can be seen in the case of fluoranthene in the North Moravian region, but more
visible surface load can bee seen in the North Bohemian region in comparison with ben‐
zo(a)pyrene (Figure 4). Very probably, more massive load by fluoranthene, that is typical for
burning processes, is given by fossil combustibles in towns more than by industrial activities
in the North Bohemian region. Moreover, the comparison of layout of coal-fired power sta‐
tions in the region of North Bohemia (black squares indicate the areas of coal-fired power
stations) and the presence of areas with increased load by fluoranthene indicates important
role of their activity. Only one coal-fired power station in the North Moravian region (Det‐
marovice) situated close to border with Poland does not influence the load of region by
PAHs as shows the map.

The quality of the load is evaluated on the base of ratio of PAHs substances with 2 nuclei, 3-4
nuclei and 5-6 nuclei. Table 10 presents the values of the sum of medians of individual substances
grouped on the base of nuclei number. This value indicates not only the quality of the load
but also the quantity (cumulative effect of observed concentrations). Only the quality of the
load is defined by the values of medians of the groups PAHs differentiated by nuclei num‐
bers. The both characteristics demonstrate significantly increased load by more nuclei substan‐
ces in the North Moravian region in comparison with the North Bohemian region and increased
toxicity of the load in the North Moravian region by PAHs consecutively.

Figure 3. The load of the North Moravian Region by benzo(a)pyrene and fluoranthene (μg/kg)

The recent development in the North Moravian region proved no decreasing temporal ten‐
dency of air pollution by dust particles and also PAHs, because there spatially coincide vari‐
ous pollution sources in the region and the situation needs more complicated approach in
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role of their activity. Only one coal-fired power station in the North Moravian region (Det‐
marovice) situated close to border with Poland does not influence the load of region by
PAHs as shows the map.

The quality of the load is evaluated on the base of ratio of PAHs substances with 2 nuclei, 3-4
nuclei and 5-6 nuclei. Table 10 presents the values of the sum of medians of individual substances
grouped on the base of nuclei number. This value indicates not only the quality of the load
but also the quantity (cumulative effect of observed concentrations). Only the quality of the
load is defined by the values of medians of the groups PAHs differentiated by nuclei num‐
bers. The both characteristics demonstrate significantly increased load by more nuclei substan‐
ces in the North Moravian region in comparison with the North Bohemian region and increased
toxicity of the load in the North Moravian region by PAHs consecutively.

Figure 3. The load of the North Moravian Region by benzo(a)pyrene and fluoranthene (μg/kg)

The recent development in the North Moravian region proved no decreasing temporal ten‐
dency of air pollution by dust particles and also PAHs, because there spatially coincide vari‐
ous pollution sources in the region and the situation needs more complicated approach in

The Comparison of Soil Load by POPs in Two Major Imission Regions of the Czech Republic
http://dx.doi.org/10.5772/ 53332

19



comparison with the North Bohemian Region where technology improvement in coal-fired
power stations influenced positively air quality.

Locality District Benzo(a)pyrene

(mg/kg)

Sum of PAHs

(mg/kg)

Horni Jiretin Most 8.39 46.52

Table 8. The localities of the North Bohemian region with the load by PAHs exceeding proposed indication limit for
benzo(a)pyrene and sum of PAHs in agricultural soil

Figure 4. The load of the North Bohemian Region by benzo(a)pyrene and fluoranthene (μg/kg)
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3.2. Soil load by monocyclic aromatic hydrocarbons (MAHs)

The soil load by individual substances (benzene, toluene, xylene, e-benzene) from the group
of monocyclic aromatic hydrocarbons (MAHs) present tables 11 (North Bohemian Region)
and 12 (North Moravian Region). The comparison shows that more loaded by MAHs is the
North Bohemian region. The most loaded district is Most where petrochemical factory (Za‐
luzi u Mostu) is situated. The region Most shows not only the highest number of limit ex‐
ceeding but also the highest maximal values. E-benzene is the substance with maximal
detected value (0,9 mg/kg) at all. Opposite, no exceeding of e-benzene limit in the soil was
observed in the North Moravian region where only very slight exceeding of preventive val‐
ue of benzene, toluene and xylene was observed. Only exceeding of preventive limit was ob‐
served and no exceeding of indication limit was detected in the soils of both regions. It is
evident that the load by monocyclic aromatic hydrocarbons immediately relates to chemical
industry and there is no correlation with the load by polycyclic aromatic hydrocarbons con‐
nected with burn processes.

Locality District Benzo(a)pyrene

(mg/kg)

Sum of PAHs

(mg/kg)

Przno Frydek-Mistek 2.31 23.12

Paskov I Frydek-Mistek 32.5 336.17

Paskov II Frydek-Mistek 0.19 95.68

Ostrava-Arnostovice Ostrava 2.98 28.06

*Stare Mesto Karvina I Karvina 2.72 25.01

*Stare Mesto Karvina II Karvina 3.18 27.89

*Stare Mesto Karvina III Karvina 3.56 37.81

Table 9. The localities of the North Moravian region with the load by PAHs exceeding proposed indication limit for
benzo(a)pyrene and sum of PAHs in agricultural soil * The load by PAHs after floods – fluvial load

North Bohemian Region North Moravian Region

2n 3-4n 5-6n 2n 3-4n 5-6n

Sum of

substance.

medians

(mg/kg)

0.002 0.192 0.018 0.0006 1.337 0.173

Ratio 1 92.6 9 1 2227.8 288.2

Medians of

n-groups

(mg/kg)

0.002 0.01 0.008 0.0006 0.153 0.0437

Ratio 1 5 4 1 255.1 72.8

Table 10. The sum of medians and medians of PAHs substances in soil differentiated by nuclei number
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District Samples number Samples number

increased

Samples increased % Maximum value

(mg/kg)

Decin 27 0 0 0.02 e-benzene

Usti/Labem 33 0 0 0.04 e-benzene

Teplice 47 1 benzene

1 toluene

4 xylene

6 e-benzene

2.13 benzene

2.13 toluene

8.51 xylene

12.77 e-benzene

0.08 benzene

0.08 toluene

0.12 xylene

0.1 e-benzene

Most 39 3 benzene

3 toluene

6 xylene

6 e-benzene

7.7 benzene

7.7 toluene

15.4 xylene

15.4 e-benzene

0.11 benzene

0.15 toluene

0.48 xylene

0.90 e-benzene

Chomutov 33 0 0 0.04 e-benzene

Together 179 4 benzene

4 toluene

10 xylene

12 e-benzene

2.23 benzene

2.23 toluene

5.59 xylene

6.70 e-benzene

0.11 benzene

0.15 toluene

0.48 xylene

0.90 e-benzene

Table 11. The load of soils by individual monocyclic aromatic hydrocarbons in the North Bohemian region

3.3. The load of soils by chlorinated hydrocarbons (PCBs, DDTs)

The soil load by sum of seven PCB congeners (28, 52, 101, 118, 138, 153, 180) in the North
Bohemian and North Moravian region are presented in tables 13 and 14. There is distinctive
difference between the loads of the regions when the North Moravian region is loaded much
more. More than 25% samples exceeded proposed preventive limit for PCB7 in agricultural
soils in the North Moravian region. Only 3.9% samples exceeded preventive limit in the
North Bohemian region. The most loaded district from both regions is the district Ostrava
where 42.5% samples exceeded preventive limit. The maximal value was detected in the
sample from the district Decin in the North Bohemian region. The value 0.52 mg/kg is 26
multiple of proposed preventive limit (0.02 mg/kg) and about one half of proposed indica‐
tion limit (1 mg/kg) for PCB7 in the soil. The sources of PCB in the environment are concen‐
trated in industrial areas and usually relate to the presence of dumps and waste incinerators
[22]. PCB load may relate to historical environmental burdens when PCB revolatilization
from soil depends on weather conditions. These processes very probably reflect the soil load
of the Ostrava district with high concentration of human activities. The increased soil load
was for example confirmed in the urban area of the Prague city by our investigation and
general load of Czech agricultural soils moves in the interval of 1.19 – 20.11 μg/kg (geomet‐
ric means calculated for individual districts of the Czech Republic). The average PCB7 con‐
tents in humic horizons of Czech agricultural soils ranged between 5.5 μg/kg (2000 – 2003)
and 8.43 μg/kg (2004) following the data of Czech National Stocktaking [23].
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District Samples number Samples number

increased

Samples increased % Maximum value

(mg/kg)

Ostrava 40 0 benzene

1 toluene

1 xylene

0 e-benzene

0

2.5 toluene

2.5 xylene

0 e-benzene

0.017 benzene

0.031 toluene

0.039 xylene

0.009 e-benzene

Karvina 33 1 benzene

0 toluene

0 xylene

0 e-benzene

3.03 benzene

0 toluene

0 xylene

0 e-benzene

0.032 benzene

0.010 toluene

0.009 xylene

0.004 e-benzene

Frydek-Mistek 33 0 benzene

0 toluene

0 xylene

0 e-benzene

0 benzene

0 toluene

0 xylene

0 e-benzene

0.020 benzene

0.003 toluene

0.010 xylene

0.002 e-benzene

Together 106 1 benzene

1 toluene

1 xylene

0 e-benzene

0.94 benzene

0.94 toluene

0.94 xylene

0 e-benzene

0.032 benzene

0.031 toluene

0.039 xylene

0.009 e-benzene

Table 12. The load of soils by individual monocyclic aromatic hydrocarbons in the North Moravian region

District Samples number Samples number

increased

Samples increased % Maximum value

(mg/kg)

Decin 27 4 14.82 0.52

Usti/Labem 33 2 6.06 0.08

Teplice 47 0 0 0.01

Most 39 1 2.56 0.05

Chomutov 33 0 0 0.01

Together 179 7 3.91 0.52

Table 13. The load of soils by sum of PCB7 in the North Bohemian region

District Samples number Samples number

increased

Samples increased % Maximum value

(mg/kg)

Ostrava 40 17 42.5 0.43

Karvina 33 5 15.15 0.13

Frydek-Mistek 33 5 15.15 0.26

Together 106 27 25.47 0.43

Table 14. The load of soils by sum of PCB7 in the North Moravian region
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District Samples number Samples number

increased

Samples increased % Maximum value

(mg/kg)
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District Samples number Samples number

increased

DDT/DDE/DDD

Samples increased %

DDT/DDE/DDD

Maximum value

(mg/kg)

DDT/DDE/DDD

Decin 27 0/0/0 0/0/0 0.001/0.001/0.001

Usti/Labem 33 1/0/0 3.03/0/0 1.13/0.001/0.001

Teplice 47 4/4/3 8.5/8.5/6.4 1.21/0.15/0.26

Most 39 6/1/0 15.4/2.6/0 0.06/0.03/0.01

Chomutov 33 1/0/0 3.03/0/0 0.04/0.001/0.001

Together 179 12/5/3 6.7/2.8/1.7 1.21/0.15/0.26

Table 15. The load of soils by DDT and its metabolites in the North Bohemian region

DDT and its congeners have been still registered in agricultural soil of the Czech Republic in
spite of DDT use finished in 1974 [22]. DDT decomposition is generally reflected by slowly
increased contents of DDE in soils. This trend is more visible in the North Moravian region
where the ratio of DDT/DDE/DDD has value 3.5/4/1 while in the North Bohemian region
has value 4/1.7/1 (indicating relatively more recent load). We have the hypothesis about non
legal use of high doses of DDT in the North Bohemian forests (the Ore Mountains) during
the bark beetle calamity in the eighties of 20th century (unsworn information). The level of
soil load by DDT and its metabolites is comparable in both regions. Only the Decin district
in the North Bohemian region, where no exceeding was observed, differs from the other dis‐
tricts. This fact shows no gap with our hypothesis because the Ore Mountains range does
not reach the Decin district area. The general trends of DDTs concentration are complicated
in the soils of the Czech Republic because a strong oscillation of DDTs values was observed
[23]. Nevertheless the data of Czech National Stocktaking show the decreasing number of
DDT exceeding of preventive limit during 2000 – 2002 years (from 60 to 18) and increasing
number of DDE exceeding of preventive limit (from 14 to 24).

Only the maximal values of DDTs in the soils of both regions exceed preventive limits and
the maximum 1.21 mg/kg reaches 30.25% of proposed indication limit value.

District Samples number Samples number

increased

DDT/DDE/DDD

Samples increased %

DDT/DDE/DDD

Maximum value

(mg/kg)

DDT/DDE/DDD

Ostrava 40 3/3/0 7.5/7.5/0 0.35/0.18/0.005

Karvina 33 2/4/1 6.01/12.1/3.03 0.069/0.032/0.049

Frydek-Mistek 33 2/1/1 6.01/3.03/3.03 0.057/0.033/0.022

Together 106 7/8/2 6.6/7.55/1.89 0.35/0.18/0.049

Table 16. The load of soils by DDT and its metabolites in the North Moravian region
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4. Conclusion

The data of soil load by observed POPs groups in two environmentally affected areas indi‐
cate generally higher load of the North Moravian region in comparison with the North Bo‐
hemian region. This result is especially supported by the comparison of soil load by
polycyclic aromatic hydrocarbons. The load relate to spatial coincidence of various pollution
sources connected with high concentration of metallurgy and with high urbanization rate in
the Ostrava agglomeration. The load of soil by polyaromatic hydrocarbons has diffuse char‐
acter and exceeding of proposed preventive limit value (based on PAHs background values
in Czech soils) was detected on most observed localities. The exceeding of proposed indica‐
tion limit value for PAHs in soil (derived from human health risks) was detected in the
North Moravian region as well. Markedly increased soil load was also monitored in the case
of PCBs in the North Moravian region where the effect of increased urban environment
plays important role. Nevertheless, the intensity of the load by PCBs is lower and only pre‐
ventive limit values were exceeded. The different trends were proved for two POPs groups
– monoaromatic hydrocarbons and DDTs and its metabolite. While soil load by DDTs is
comparable in both regions (with some qualitative differences) the load of agricultural soils
by MAHs is markedly higher in the North Bohemian region and especially in the Most dis‐
trict. This is the consequence of petrochemical industry situated close to the Most town. The
recent development in both regions may be evaluated as better in the North Bohemian re‐
gion where the investment into technologies in coal-fired power stations decreased the load
of environment by contaminants. The adverse emission situation in the North Moravian re‐
gion with increased concentration of metallurgy is still remaining.

5. Lists of abbreviations

Corg-Content of organic carbon

DDT-Dichlorodiphenyltrichloroethane

MAHs-Monoaromatic hydrocarbons

PAHs-Polyaromatic hydrocarbons

PCB7-Sum of 7 polychlotinated biphenyls congeners

PCDDs/Fs-Polychlorinated dibenzodioxins/furans

PM10-Particulate matter in air of size <10 μm

PM2.5-Particulate matter in air of size < 2.5 μm

POPs-Persistent organic pollutants

REs-Risky elements
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District Samples number Samples number

increased

DDT/DDE/DDD

Samples increased %

DDT/DDE/DDD

Maximum value

(mg/kg)

DDT/DDE/DDD
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Together 179 12/5/3 6.7/2.8/1.7 1.21/0.15/0.26

Table 15. The load of soils by DDT and its metabolites in the North Bohemian region
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1. Introduction

In the modern world, environmental problems have attracted more and more attention, for
environmental pollutants are extremely harmful to human beings’ health. Environmental
pollutants, such as persistent organic pollutants, are widely separated in the environment
and difficult to detect at trace level.Within persistent organic pollutants, polychlorinated bi‐
phenyls (PCBs), due to their excellent dielectric properties, had been widely used since the
1920s in transformers, heat transfers, capacitors, etc., and had polluted nearly everywhere in
the world [1]. In recent years, however, they have been found to be very harmful to human
beings. They may cause serious diseases, such as cancers and gene distortion, when exceed‐
ing the critical dose in human bodies, and more seriously, PCBs can be accumulated in
plants and animals from the environment and yield higher doses in human bodies, making
PCBs very dangerous to human beings even in trace amounts [1-3]. Therefore, the detection
of PCBs in trace amounts is crucial. Currently, the mostly applied detection technique for
PCBs is the combination of high-resolution gas chromatography and mass spectrometry. It
requires, however, very sophisticated devices, standard samples, complicated pretreatments
of samples, favourable experimental environments and experienced operators [4-7]. Thus,
new methods are demanded especially for the rapid detection of trace amounts of PCBs.

Surface-enhanced Raman scattering (SERS) has been proven to be an effective way to detect
some organics [8]. With the great progress of nanoscale technology in recent years, SERS has
attracted enormous attention due to its excellent performance and potential applications in
the detection of molecules in trace amounts, even single molecule detection.

Among the approaches so far available to prepare nanostructure as SERS substrate, the
glancing angle deposition (GLAD) technique is a simple but powerful means which is capa‐
ble of producing thin films with pre-designed nanostructures. These nanostructures can be
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used in the field of SERS. For instance, using Ag nanorods as SERS substrates,Rhodamine
6G with concentration of 10-14 M (dissolved in water) was detected [9]; with the alumina-
modified AgFON substrates, bacillus subtilis spores were detected to 10-14 M [10, 11]; Vo-
Dinh reported even the detection of specific nucleic acid sequences by the SERS technique
[12-14]. In spite of the numerous studies on the application as a chemical and biological sen‐
sor [15-17], the SERS technique has not yet been employed to detect PCBs as they are hardly
dissolved in water.

2. Fabrication ofsilver nanostructure as sensitive SERS substrates

The detection sensitivity of SERS depends considerably on the surface property of the SERS
substrate. High aspect ratio, nanostructured Ag, Au, Cu substrates are proved to be good
SERS substrates. For instance, using ordered arrays of gold particles prepared through a po‐
rous alumina template as the SERS substrate, Rhodamine 6G (R6G) molecules were detected
to a concentration limit of 10-12 M; arrays of silicon nanorods coated with thin films of Ag
served as good SERS substrates for R6G molecule detection, etc [12, 16]. Thus the prepara‐
tion of SERS substrates with preferred surface property is of great importance. There are
several methods to prepare these kinds of SERS substrates and in this chapter we take glanc‐
ing angle deposition as an example.

Glancing angle deposition (GLAD) technique is a simple but powerful means of producing
thin films with pre-designed nanostructures, such as nanopillars, slanted posts, zigzag col‐
umns and spirals. Silver nanorod arrays prepared by GLAD are excellent SERS substrates.

In addition, the SERS properties are related to the optical properties of the nanorod arrays.
Both SERS properties and optical properties depend on the structure of the nanorods, such
as the shape, length, separation, tilting angle and so on, which can be tuned by the deposi‐
tion conditions.

2.1. Fabrication of sensitive SERS substrates by GLAD

The detection sensitivity of the SERS technique depends greatly on the surface property of
the SERS substrate [45,46]. Among the approaches so far available to prepare nanostruc‐
tured materials, the glancing angle deposition (GLAD) technique is a simple but powerful
means of producing thin films with pre-designed nanostructures [47-48], such as nanopil‐
lars, slanted posts, zigzag columns, spirals [18-19], etc [20-23]. For example, arrays of Ag
nanorods were found to be good SERS substrates for the detection of trans-1,2-bis(4-pyrid‐
yl)ethane molecules, with a SERS enhancement factor greater than 108 [16]. It is therefore of
great interest to investigate the growth of metal nanostructures by the GLAD technique [49].

Pristine Si wafers with (001) orientation were used as substrates. These were supersonically
cleaned in acetone, ethanol and de-ionized water baths in sequence, and were fixed on the
GLAD substrate in an e-beam deposition system. The system was pumped down to a vac‐
uum level of 3×10-5 Pa and then the thin Ag film was deposited on the substrate with a de‐
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positing rate of 0.5 nm/s, with the thickness monitored by a quartz crystal microbalance. To
produce films of aligned Ag nanorods, the incident beam of Ag flux was set at ~ 85 o from
the normal of the silicon substrate, at different substrate temperatures. The morphology and
structure of the thin Ag films was characterized by scanning electron microscope (SEM),
transmission electron microscope (TEM) and high-resolution TEM, selected area diffraction
(SAD) and X-ray diffraction (XRD), respectively. The performance of the nanostructured Ag
films as SERS substrates was evaluated with a micro-Raman spectrometer using R6G as the
model molecule.

It is well known that the major factors influencing the growth morphology of the films by
GLAD are the incident direction of the depositing beam flux, the temperature and the move‐
ment of the substrate, and the deposition rate, etc. When fixing the incident Ag flux at ~85 o

from the normal of the substrate and the deposition rate at ~0.5 nm/s, the growth morpholo‐
gy of the Ag films was greatly dependent on the temperature and movement of the sub‐
strate. Fig 1 shows the growth morphology of thin Ag films versus the temperature and
movement of the substrate. The SEM micrographs were taken by a FEI SEM (QUANTA
200FEG) working at 20 kV.

Fig 1(a)  and (b)  shows typical  SEM images of  the surface morphology of  thin Ag films
deposited at 120 oC, without substrate rotation and with substrate rotation at a speed of
0.2  rpm,  respectively.  One sees  from the  images  that  at  this  temperature,  Ag nanorods
formed in two films with a  length of  500 nm, yet  they were not  well  separated -  most
nanorods were joined together. A major difference between the two is the growth direc‐
tion of the joined nanorods, i.e.  without rotation the nanorods grew at a glancing angle
on the substrate, while with substrate rotation the nanorods grew vertically aligned. An‐
other difference noticeable is the size of the nanorods, i.e. nanorods grown with substrate
rotation have a slightly larger diameter.

Fig 1(c) and (d) shows respectively the surface morphology of thin Ag films deposited at -40
oC, without substrate rotation and with rotation at a speed of 0.2 rpm. Comparing with Figs
1(a) and (b), it can be seen that the decrease in the deposition temperature led to the separa‐
tion of Ag nanorods in the two films, while the rotation of the substrate also determined the
growth direction and diameter of the nanorods, as observed from Figs 1(a) and 1(b). The Ag
nanorods grown at this temperature are 20-30 nm in diameter, ~ 800 nm in length and are
well separated. Therefore, through adjusting the temperature and movement of the sub‐
strate one can grow well separated and aligned Ag nanorods on planar silicon substrates.

Fig 1(e) and 1(f) shows respectively a bright-field TEM and a HRTEM image of Ag nanorods
shown by Fig 1(c); inset of Fig 1(f) is the corresponding SAD pattern. The images and the
SAD pattern were taken with a JEM-2011F working at 200 kV. One sees from the Figs that
the Ag nanorod is ~ 30 nm in diameter and its micro-structure is single crystalline. By index‐
ing the SAD pattern it is noticed that during the growth process the {111} plane of the nano‐
rod was parallel to the substrate surface, with its axis along the <110> direction. This was
confirmed by XRD analysis. Fig 2 shows a XRD pattern of the Ag nanorods shown by Fig
1(c). The pattern was taken with a Rigaku X-ray diffractometer using the Cu k line, work‐
ing at the θ-2θ coupled scan mode. From the Fig, a very strong (111) texture is observed,
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used in the field of SERS. For instance, using Ag nanorods as SERS substrates,Rhodamine
6G with concentration of 10-14 M (dissolved in water) was detected [9]; with the alumina-
modified AgFON substrates, bacillus subtilis spores were detected to 10-14 M [10, 11]; Vo-
Dinh reported even the detection of specific nucleic acid sequences by the SERS technique
[12-14]. In spite of the numerous studies on the application as a chemical and biological sen‐
sor [15-17], the SERS technique has not yet been employed to detect PCBs as they are hardly
dissolved in water.

2. Fabrication ofsilver nanostructure as sensitive SERS substrates

The detection sensitivity of SERS depends considerably on the surface property of the SERS
substrate. High aspect ratio, nanostructured Ag, Au, Cu substrates are proved to be good
SERS substrates. For instance, using ordered arrays of gold particles prepared through a po‐
rous alumina template as the SERS substrate, Rhodamine 6G (R6G) molecules were detected
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tion of SERS substrates with preferred surface property is of great importance. There are
several methods to prepare these kinds of SERS substrates and in this chapter we take glanc‐
ing angle deposition as an example.

Glancing angle deposition (GLAD) technique is a simple but powerful means of producing
thin films with pre-designed nanostructures, such as nanopillars, slanted posts, zigzag col‐
umns and spirals. Silver nanorod arrays prepared by GLAD are excellent SERS substrates.

In addition, the SERS properties are related to the optical properties of the nanorod arrays.
Both SERS properties and optical properties depend on the structure of the nanorods, such
as the shape, length, separation, tilting angle and so on, which can be tuned by the deposi‐
tion conditions.

2.1. Fabrication of sensitive SERS substrates by GLAD

The detection sensitivity of the SERS technique depends greatly on the surface property of
the SERS substrate [45,46]. Among the approaches so far available to prepare nanostruc‐
tured materials, the glancing angle deposition (GLAD) technique is a simple but powerful
means of producing thin films with pre-designed nanostructures [47-48], such as nanopil‐
lars, slanted posts, zigzag columns, spirals [18-19], etc [20-23]. For example, arrays of Ag
nanorods were found to be good SERS substrates for the detection of trans-1,2-bis(4-pyrid‐
yl)ethane molecules, with a SERS enhancement factor greater than 108 [16]. It is therefore of
great interest to investigate the growth of metal nanostructures by the GLAD technique [49].

Pristine Si wafers with (001) orientation were used as substrates. These were supersonically
cleaned in acetone, ethanol and de-ionized water baths in sequence, and were fixed on the
GLAD substrate in an e-beam deposition system. The system was pumped down to a vac‐
uum level of 3×10-5 Pa and then the thin Ag film was deposited on the substrate with a de‐
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positing rate of 0.5 nm/s, with the thickness monitored by a quartz crystal microbalance. To
produce films of aligned Ag nanorods, the incident beam of Ag flux was set at ~ 85 o from
the normal of the silicon substrate, at different substrate temperatures. The morphology and
structure of the thin Ag films was characterized by scanning electron microscope (SEM),
transmission electron microscope (TEM) and high-resolution TEM, selected area diffraction
(SAD) and X-ray diffraction (XRD), respectively. The performance of the nanostructured Ag
films as SERS substrates was evaluated with a micro-Raman spectrometer using R6G as the
model molecule.

It is well known that the major factors influencing the growth morphology of the films by
GLAD are the incident direction of the depositing beam flux, the temperature and the move‐
ment of the substrate, and the deposition rate, etc. When fixing the incident Ag flux at ~85 o

from the normal of the substrate and the deposition rate at ~0.5 nm/s, the growth morpholo‐
gy of the Ag films was greatly dependent on the temperature and movement of the sub‐
strate. Fig 1 shows the growth morphology of thin Ag films versus the temperature and
movement of the substrate. The SEM micrographs were taken by a FEI SEM (QUANTA
200FEG) working at 20 kV.

Fig 1(a)  and (b)  shows typical  SEM images of  the surface morphology of  thin Ag films
deposited at 120 oC, without substrate rotation and with substrate rotation at a speed of
0.2  rpm,  respectively.  One sees  from the  images  that  at  this  temperature,  Ag nanorods
formed in two films with a  length of  500 nm, yet  they were not  well  separated -  most
nanorods were joined together. A major difference between the two is the growth direc‐
tion of the joined nanorods, i.e.  without rotation the nanorods grew at a glancing angle
on the substrate, while with substrate rotation the nanorods grew vertically aligned. An‐
other difference noticeable is the size of the nanorods, i.e. nanorods grown with substrate
rotation have a slightly larger diameter.

Fig 1(c) and (d) shows respectively the surface morphology of thin Ag films deposited at -40
oC, without substrate rotation and with rotation at a speed of 0.2 rpm. Comparing with Figs
1(a) and (b), it can be seen that the decrease in the deposition temperature led to the separa‐
tion of Ag nanorods in the two films, while the rotation of the substrate also determined the
growth direction and diameter of the nanorods, as observed from Figs 1(a) and 1(b). The Ag
nanorods grown at this temperature are 20-30 nm in diameter, ~ 800 nm in length and are
well separated. Therefore, through adjusting the temperature and movement of the sub‐
strate one can grow well separated and aligned Ag nanorods on planar silicon substrates.

Fig 1(e) and 1(f) shows respectively a bright-field TEM and a HRTEM image of Ag nanorods
shown by Fig 1(c); inset of Fig 1(f) is the corresponding SAD pattern. The images and the
SAD pattern were taken with a JEM-2011F working at 200 kV. One sees from the Figs that
the Ag nanorod is ~ 30 nm in diameter and its micro-structure is single crystalline. By index‐
ing the SAD pattern it is noticed that during the growth process the {111} plane of the nano‐
rod was parallel to the substrate surface, with its axis along the <110> direction. This was
confirmed by XRD analysis. Fig 2 shows a XRD pattern of the Ag nanorods shown by Fig
1(c). The pattern was taken with a Rigaku X-ray diffractometer using the Cu k line, work‐
ing at the θ-2θ coupled scan mode. From the Fig, a very strong (111) texture is observed,
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indicating that the {111} plane of the Ag nanorods was parallel to the substrate surface.
These suggest that one can produce arrays of aligned, single crystalline Ag nanorods by the
GLAD technique even at a low substrate temperature, i.e. -40 oC.

Figure 1. Growth morphology of thin Ag films by GLAD at various conditions. (a) at 120 oC without substrate rotation;
(b) at 120 oC and substrate rotation at 0.2 rpm; (c) at -40 oC without substrate rotation; and (d) at -40 oC and substrate
rotation at 0.2 rpm. (e) and (f) shows respectively a bright-field TEM and a HRTEM image of the nanorods shown by
Fig 1(c); inset of (f) is the corresponding SAD pattern.
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Figure 2. A XRD pattern of the Ag film consisting of well separated, single crystalline nanorods shown by Fig 1(c).

By using Rhodamine 6G as the model molecule, the performance of thin Ag films shown by
Figs 1(a)-(d) is examined as the SERS substrates. These samples were dipped in a
1×10-6mol/L solution of R6G in water for 30 minutes and dried with a continuous gentle ni‐
trogen blow. Fig 3(a) and 3(b) show Raman spectra of R6G obtained on the four nanostruc‐
tured Ag films by a Reinshaw 100 Raman spectrometer using a 514 nm Ar+ laser as the
excitation source. It is observed that with the thin Ag films as the SERS substrate, all spectra
exhibit clearly the characteristic peaks of R6G molecules, at 612, 774, 1180, 1311, 1361, 1511,
1575 and 1648 cm-1, respectively12.However, the intensity of the Raman peaks was depend‐
ent on the morphology of the films. It is noticed that on Ag films consisting of well separat‐
ed nanorods, see Figs 3(b), the Raman peaks of R6G are much stronger than those on films
of joined nanorods, see Figs 3(a). This suggests that arrays of aligned but well separated Ag
nanorods represent excellent SERS performance.

Using arrays of aligned Ag nanorods shown by Figs 1(c) and 1(d) as SERS substrates, we
examined the detection limit of R6G molecules in water by the SERS technique. Fig 4(a)
shows Raman spectra of R6G obtained on Ag nanorods shown by Fig 1(c), as a function of
the concentration of R6G in water ranging from 1×10-8 to 1×10-16mol/L. Similar results were
also obtained for Ag nanorods shown by Fig 1(d). The Raman spectra were obtained by one
scan with an accumulation time of 10 s, at a laser power of 1 % to avoid decomposition of
R6G. It is found that characteristic peaks of R6G were all observed at all concentrations. To
clearly show this, we plot the Raman spectrum at 10-14mol/L in Fig 4(b). It is noticed that al‐
though the intensity of the peaks is almost two orders lower than that at 10-6mol/L, the spec‐
trum contains the clear characteristic peaks of R6G12. These suggest that Ag films consisting
of aligned and well separated Ag nanorods with single crystalline could serve as excellent
SERS substrate for trace amount detection of R6G molecules. However, in the Raman spec‐
trum at 10-16mol/L in Fig 4(a), some of the peaks of R6G disappear. That suggests the concen‐
tration limit of this method is 10-14mol/L in the authors’ work.
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indicating that the {111} plane of the Ag nanorods was parallel to the substrate surface.
These suggest that one can produce arrays of aligned, single crystalline Ag nanorods by the
GLAD technique even at a low substrate temperature, i.e. -40 oC.

Figure 1. Growth morphology of thin Ag films by GLAD at various conditions. (a) at 120 oC without substrate rotation;
(b) at 120 oC and substrate rotation at 0.2 rpm; (c) at -40 oC without substrate rotation; and (d) at -40 oC and substrate
rotation at 0.2 rpm. (e) and (f) shows respectively a bright-field TEM and a HRTEM image of the nanorods shown by
Fig 1(c); inset of (f) is the corresponding SAD pattern.
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Figure 2. A XRD pattern of the Ag film consisting of well separated, single crystalline nanorods shown by Fig 1(c).

By using Rhodamine 6G as the model molecule, the performance of thin Ag films shown by
Figs 1(a)-(d) is examined as the SERS substrates. These samples were dipped in a
1×10-6mol/L solution of R6G in water for 30 minutes and dried with a continuous gentle ni‐
trogen blow. Fig 3(a) and 3(b) show Raman spectra of R6G obtained on the four nanostruc‐
tured Ag films by a Reinshaw 100 Raman spectrometer using a 514 nm Ar+ laser as the
excitation source. It is observed that with the thin Ag films as the SERS substrate, all spectra
exhibit clearly the characteristic peaks of R6G molecules, at 612, 774, 1180, 1311, 1361, 1511,
1575 and 1648 cm-1, respectively12.However, the intensity of the Raman peaks was depend‐
ent on the morphology of the films. It is noticed that on Ag films consisting of well separat‐
ed nanorods, see Figs 3(b), the Raman peaks of R6G are much stronger than those on films
of joined nanorods, see Figs 3(a). This suggests that arrays of aligned but well separated Ag
nanorods represent excellent SERS performance.

Using arrays of aligned Ag nanorods shown by Figs 1(c) and 1(d) as SERS substrates, we
examined the detection limit of R6G molecules in water by the SERS technique. Fig 4(a)
shows Raman spectra of R6G obtained on Ag nanorods shown by Fig 1(c), as a function of
the concentration of R6G in water ranging from 1×10-8 to 1×10-16mol/L. Similar results were
also obtained for Ag nanorods shown by Fig 1(d). The Raman spectra were obtained by one
scan with an accumulation time of 10 s, at a laser power of 1 % to avoid decomposition of
R6G. It is found that characteristic peaks of R6G were all observed at all concentrations. To
clearly show this, we plot the Raman spectrum at 10-14mol/L in Fig 4(b). It is noticed that al‐
though the intensity of the peaks is almost two orders lower than that at 10-6mol/L, the spec‐
trum contains the clear characteristic peaks of R6G12. These suggest that Ag films consisting
of aligned and well separated Ag nanorods with single crystalline could serve as excellent
SERS substrate for trace amount detection of R6G molecules. However, in the Raman spec‐
trum at 10-16mol/L in Fig 4(a), some of the peaks of R6G disappear. That suggests the concen‐
tration limit of this method is 10-14mol/L in the authors’ work.
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Figure 3. Raman spectra of R6G on thin Ag films consisting of (a) joined nanorods shown by Figs 1(a) (black line) and
1(b) (grey line); and (b) separated Ag nanorods shown by Figs 1(c) (black line) and 1(d) (grey line), respectively, at a
concentration of 1×10-6mol/L.
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Figure 4. a) Raman spectra of R6G at concentrations ranging from 1×10-8 to 1×10-16mol/L; and (b) the Raman spec‐
trum of R6G at a concentration of 1×10-14mol/L, on the thin Ag film consisting of well separated, single crystalline Ag
nanorods.

2.2. Enhancement of the sensitivity of SERS substrates via underlayer films

Although the Ag nanorod arrays present sensitive SERS performance, it is still necessary to
enable the substrate to detect organic pollutants at trace amount with adequate sensitivity.
There are several ways to promote the sensitivity of Ag nanorods as SERS substrates.
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Figure 4. a) Raman spectra of R6G at concentrations ranging from 1×10-8 to 1×10-16mol/L; and (b) the Raman spec‐
trum of R6G at a concentration of 1×10-14mol/L, on the thin Ag film consisting of well separated, single crystalline Ag
nanorods.

2.2. Enhancement of the sensitivity of SERS substrates via underlayer films

Although the Ag nanorod arrays present sensitive SERS performance, it is still necessary to
enable the substrate to detect organic pollutants at trace amount with adequate sensitivity.
There are several ways to promote the sensitivity of Ag nanorods as SERS substrates.
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Much effort has been devoted to achieving highly sensitive SERS substrates. In particular,
multilayer structures can improve SERS enhancement, such as “sandwich” structures with
silver oxide or carbon inside and Ag or Au as both underlayer and overlayer [24-28]. Other
researchers found that multilayer structures of Ag/Au nanostructures on the smooth metal‐
lic underlayer exhibited better SERS sensitivity compared to those without metallic under‐
layer (EF = 5 × 108) [29-31]. However, the factor that governs the enhancement for multilayer
structures is not very clear. Recently, Misraet al. obtained remarkably high SERS sensitivity
using a micro-cavity with a radius of several micrometers [32]. Shouteet al. obtained high
SERS signals (EF = 6 × 106) for molecules adsorbed on the silver island films supported by
thermally oxidized silicon wafers and declared that the additional enhancement was due to
the optical interference effect [33]. All the above experiments and those conducted by Dris‐
kellet al. suggested that the underlayer reflectivity could play an important role in the multi‐
layer SERS substrates [29].

We have investigated in detail the relationship of underlayer reflectivity and the SERS en‐
hancement of Ag nanorod substrates prepared by oblique angle deposition. We use thin
films of different materials with different thicknesses as underlayers to modulate the reflec‐
tivity systematically. With the coating of the same Ag nanorods, we find that the SERS in‐
tensity increases linearly with the underlayer reflectivity. This conclusion can be explained
by a modified Greenler’s model we recently developed [34].

To change the reflectivity of the underlayer films, one can vary the dielectric constant and
the thickness of the films systematically. We proposed to use Ag, Al, Si and Ti films, since
they have different dielectric constants and can be fabricated easily. With a transfer matrix
method, we can calculate the reflectivity of those films [35, 36].Fig 5(a) shows the calculated
reflectivity spectra of 100 nm Ag, Al, Si, and Ti films. In general, the reflectivity, R Ag>R Al>R
Ti>RSi, except that at λ ~ 600 nm where the Si film has a large constructive interference. Fig
5(b) plots the film thickness dependent reflectivity for Ag, Al, Si and Ti at a fixed wave‐
length λ 0 = 785 nm. The reflectivity of Ag, Al, Ti, e.g. metals, increases monotonically with
the film thickness d. The reflectivity R of Ag, Al and Ti thin films increases sharply when d<
100 nm and almost remains unchanged when 100 nm ≤ d ≤ 400 nm, while R Si shows an oscil‐
lative behaviour due to the interference effect of a dielectric layer.

We deposited thin Ag, Al, Si and Ti films, all with thickness d = 25, 100, and 400 nm, respec‐
tively, to achieve different reflectivity. All depositions were carried out in a custom-de‐
signed electron-beam deposition system [16].Before the deposition, the glass slide substrates
were cleaned by piranha solution (H2SO4 : H2O2 = 4:1 in volume). The pellets of source mate‐
rials, Ag, Al, Ti, with 99.99% purity, were purchased from Kurt J. Lesker Company, and Si
with 99.9999% purity was purchased from Alfa Aesar Company. The film thickness was
monitored in situ by a quartz crystal microbalance (QCM) facing toward the vapour source.
After the deposition, the reflectivity of the deposited thin films was measured by an Ultra‐
violet-Visible Spectrophotometer (UV-Vis) double beam spectrophotometer with an inte‐
grating sphere (Shimadzu UV-Vis 2450). Fig 5(c) shows the reflectivity spectra of the twelve
thin films obtained. The shapes of the reflection spectra are qualitatively consistent with
those predicted by the calculations, as shown in Figs. 5(a) and (b). At the same wavelength,
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in general, R Ag>R Al>R Ti>R Si. In the visible wavelength region, the reflectivity of Ag, Al and
Ti increases with the thickness d, while Si demonstrates an oscillating behaviour.

Figure 5. a) Calculated reflectivity R of thin Ag, Al, Si and Ti films at different wavelengths λ with film thickness of 100
nm; b) calculated reflectivity R of thin Ag, Al, Si and Ti films with different thicknesses d at λ 0 = 785 nm; c) experimen‐
tally obtained reflectivity spectra of thin Ag, Al, Si and Ti films with different thicknesses.

The twelve deposited planar thin film samples were then loaded into another custom-de‐
signed electron-beam evaporation system for Ag nanorod deposition through the so-called
oblique angle deposition (OAD) [16, 29, 37].In this deposition, the background pressure was
1×10-7Torr and the substrate holder was rotated so that the deposition flux was incident onto
the thin films with an angle θ = 86º with respect to the surface normal of the substrate hold‐
er. The Ag nanorod arrays were formed through a self-shadowing effect [16, 29, 37]. During
the deposition, the Ag deposition rate was monitored by a QCM directly facing the incident
vapour. The deposition rate was fixed at 0.3 nm/s and the deposition ended when the QCM
read 2000 nm (our optimized condition).

The morphologies of the Ag nanorod arrays on different thin film substrates were character‐
ized by a scanning electron microscope (SEM, FEI Inspect F). The typical top-view SEM im‐
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tensity increases linearly with the underlayer reflectivity. This conclusion can be explained
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lative behaviour due to the interference effect of a dielectric layer.

We deposited thin Ag, Al, Si and Ti films, all with thickness d = 25, 100, and 400 nm, respec‐
tively, to achieve different reflectivity. All depositions were carried out in a custom-de‐
signed electron-beam deposition system [16].Before the deposition, the glass slide substrates
were cleaned by piranha solution (H2SO4 : H2O2 = 4:1 in volume). The pellets of source mate‐
rials, Ag, Al, Ti, with 99.99% purity, were purchased from Kurt J. Lesker Company, and Si
with 99.9999% purity was purchased from Alfa Aesar Company. The film thickness was
monitored in situ by a quartz crystal microbalance (QCM) facing toward the vapour source.
After the deposition, the reflectivity of the deposited thin films was measured by an Ultra‐
violet-Visible Spectrophotometer (UV-Vis) double beam spectrophotometer with an inte‐
grating sphere (Shimadzu UV-Vis 2450). Fig 5(c) shows the reflectivity spectra of the twelve
thin films obtained. The shapes of the reflection spectra are qualitatively consistent with
those predicted by the calculations, as shown in Figs. 5(a) and (b). At the same wavelength,
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Ti increases with the thickness d, while Si demonstrates an oscillating behaviour.

Figure 5. a) Calculated reflectivity R of thin Ag, Al, Si and Ti films at different wavelengths λ with film thickness of 100
nm; b) calculated reflectivity R of thin Ag, Al, Si and Ti films with different thicknesses d at λ 0 = 785 nm; c) experimen‐
tally obtained reflectivity spectra of thin Ag, Al, Si and Ti films with different thicknesses.

The twelve deposited planar thin film samples were then loaded into another custom-de‐
signed electron-beam evaporation system for Ag nanorod deposition through the so-called
oblique angle deposition (OAD) [16, 29, 37].In this deposition, the background pressure was
1×10-7Torr and the substrate holder was rotated so that the deposition flux was incident onto
the thin films with an angle θ = 86º with respect to the surface normal of the substrate hold‐
er. The Ag nanorod arrays were formed through a self-shadowing effect [16, 29, 37]. During
the deposition, the Ag deposition rate was monitored by a QCM directly facing the incident
vapour. The deposition rate was fixed at 0.3 nm/s and the deposition ended when the QCM
read 2000 nm (our optimized condition).

The morphologies of the Ag nanorod arrays on different thin film substrates were character‐
ized by a scanning electron microscope (SEM, FEI Inspect F). The typical top-view SEM im‐
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ages are shown in Fig. 6 and they all look very similar. From the cross-section and top-view
SEM images, the length L, diameter D and separation S of these Ag nanorods on different
planar thin films are obtained statistically: L Ag= 940 ± 70 nm, D Ag= 90 ± 10 nm, S Ag= 140 ± 30
nm; L Al= 950 ± 50 nm, D Al= 90 ± 10 nm, S Al= 140 ± 30 nm; L Si= 900 ± 50 nm, D Si= 80 ± 10 nm,
S Si= 130 ± 20 nm; and L Ti= 930 ± 60 nm, D Ti= 90 ± 10 nm, S Ti= 130 ± 20 nm, respectively. The
Ag nanorod tilting angles β were measured to be about 73ºwith respect to substrate normal,
which are consistent with our previous results [16, 29, 37]. These structure parameters are
very close to one another, implying that the Ag nanorod arrays deposited on different thin
film substrates are statistically the same. The SERS response of these Ag nanorod substrates
were evaluated under identical conditions: A 2 μL droplet of a Raman probe molecule,
trans-1, 2- bis (4-pyridyl) ethylene (BPE) with a concentration of 10-5 M, was uniformly dis‐
persed onto the Ag nanorod substrates. The SERS spectra were recorded by the HRC-10HT
Raman Analyzer from EnwaveOptronics Inc., with an excitation wavelength of λ 0 = 785 nm,
a power of 30 mW and an accumulation time of 10 s.

Figure 6. Representative SEM images of Ag nanorod arrays on 100 nm underlayer thin films with different materials:
(a) Ag; (b) Al; (c) Ti; (d) Si. All the Figs have the same scale bar.

Fig 7(a) shows the representative BPE SERS spectra obtained at λ 0 = 785 nm from the Ag
nanorod arrays on thin Ag, Al, Si and Ti film underlayers (thickness d = 100 nm). Each spec‐
trum is an average of at least 15 different spectra taken at different spots on the substrates.
All of them show the three main Raman bands of BPE, Δν = 1639, 1610, and 1200 cm-1, which

Organic Pollutants - Monitoring, Risk and Treatment38

can be assigned to the C=C stretching mode, aromatic ring stretching mode and in-plane
ring mode, respectively [38]. The SERS intensity of the Ag nanorods grown on thin Ag film
are higher than others and the SERS intensity of the Ag nanorods on Al film is larger than
that on Ti film. The Ag nanorods on Si film show the smallest SERS intensity. According to
Fig. 5(c), this seems to follow a trend: the larger the underlayer reflectivity, the larger the
SERS intensity. To quantitatively compare the SERS response of these substrates, the Raman
peak intensity I 1200 at Δν = 1200 cm-1 is analyzed.

Fig 7(b) plots the SERS intensity I 1200 versus the reflectivity R of the underlayer thin films at
λ 0 = 785 nm. The error bar for the Raman intensity is the standard deviation from 15 or
more measurements from multiple sampling spots on the same substrates and the error bar
for the reflectivity data is calculated from multiple reflectivity measurements at λ 0 = 785 nm.
In Fig. 7(b), the SERS intensity and reflectivity follow a linear relationship: when the reflec‐
tivity of the underlayer increases, the SERS enhancement factor increases.

This linear relationship of the underlayer reflectivity and SERS intensity can be explained
by a modified Greenler’s model developed by Liu et al. [34]Greenler’s model is proposed
through classical electrodynamics to explain the effects of the incident angles and polari‐
zation, and the collecting angle on the Raman scattering from a molecule adsorbed on a
planar surface [32]. The modified Greenler’s model extended the Greenler’s model from a
planar surface to Ag nanorod substrates and considered the effect of the underlying sub‐
strate [34]. The main point of the modified Greenler’s model is to consider the conditions
of both the incident and scattering fields near the molecule absorbed on a nanorod to cal‐
culate the enhancement.

Assuming that relative Raman intensity η is the ratio of the total Raman scattering power to
incident light power, according to the modified Greenler’s model, η excited by an unpolar‐
ized light can be explicitly expressed as [34]

η = < ERaman
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where R p and R s are the reflectivity of p- and s-polarized lights by the Ag nanorod surface,
and R’ p and R’ s are the reflectivity of p- and s-polarized components by the underlayer thin
film; n 2 is complex refractive index of Ag, and n 2 = 0.03 + 5.242i (for λ 0 = 785 nm); φ is the
light incident angle, and β is the Ag nanorod tilting angle; Δ = d (1 + cos 2φ) / cosφ, where d is
the thickness of Ag nanorod layer; δ p, δ s, δ’ p, and δ’ s are the reflectivity phase shifts of p-
and s-polarization E-fields from Ag nanorods and underlayer thin film, defined as

δp =tan−1 Im(rp) / Re(rp) , δs =tan−1 Im(rs) / Re(rs)

δ' p =tan−1 Im(r ' p ) / Re(r ' p ) , δ's =tan−1 Im(r 's ) / Re(r 's )
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very close to one another, implying that the Ag nanorod arrays deposited on different thin
film substrates are statistically the same. The SERS response of these Ag nanorod substrates
were evaluated under identical conditions: A 2 μL droplet of a Raman probe molecule,
trans-1, 2- bis (4-pyridyl) ethylene (BPE) with a concentration of 10-5 M, was uniformly dis‐
persed onto the Ag nanorod substrates. The SERS spectra were recorded by the HRC-10HT
Raman Analyzer from EnwaveOptronics Inc., with an excitation wavelength of λ 0 = 785 nm,
a power of 30 mW and an accumulation time of 10 s.

Figure 6. Representative SEM images of Ag nanorod arrays on 100 nm underlayer thin films with different materials:
(a) Ag; (b) Al; (c) Ti; (d) Si. All the Figs have the same scale bar.

Fig 7(a) shows the representative BPE SERS spectra obtained at λ 0 = 785 nm from the Ag
nanorod arrays on thin Ag, Al, Si and Ti film underlayers (thickness d = 100 nm). Each spec‐
trum is an average of at least 15 different spectra taken at different spots on the substrates.
All of them show the three main Raman bands of BPE, Δν = 1639, 1610, and 1200 cm-1, which
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can be assigned to the C=C stretching mode, aromatic ring stretching mode and in-plane
ring mode, respectively [38]. The SERS intensity of the Ag nanorods grown on thin Ag film
are higher than others and the SERS intensity of the Ag nanorods on Al film is larger than
that on Ti film. The Ag nanorods on Si film show the smallest SERS intensity. According to
Fig. 5(c), this seems to follow a trend: the larger the underlayer reflectivity, the larger the
SERS intensity. To quantitatively compare the SERS response of these substrates, the Raman
peak intensity I 1200 at Δν = 1200 cm-1 is analyzed.

Fig 7(b) plots the SERS intensity I 1200 versus the reflectivity R of the underlayer thin films at
λ 0 = 785 nm. The error bar for the Raman intensity is the standard deviation from 15 or
more measurements from multiple sampling spots on the same substrates and the error bar
for the reflectivity data is calculated from multiple reflectivity measurements at λ 0 = 785 nm.
In Fig. 7(b), the SERS intensity and reflectivity follow a linear relationship: when the reflec‐
tivity of the underlayer increases, the SERS enhancement factor increases.

This linear relationship of the underlayer reflectivity and SERS intensity can be explained
by a modified Greenler’s model developed by Liu et al. [34]Greenler’s model is proposed
through classical electrodynamics to explain the effects of the incident angles and polari‐
zation, and the collecting angle on the Raman scattering from a molecule adsorbed on a
planar surface [32]. The modified Greenler’s model extended the Greenler’s model from a
planar surface to Ag nanorod substrates and considered the effect of the underlying sub‐
strate [34]. The main point of the modified Greenler’s model is to consider the conditions
of both the incident and scattering fields near the molecule absorbed on a nanorod to cal‐
culate the enhancement.

Assuming that relative Raman intensity η is the ratio of the total Raman scattering power to
incident light power, according to the modified Greenler’s model, η excited by an unpolar‐
ized light can be explicitly expressed as [34]

η = < ERaman
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where R p and R s are the reflectivity of p- and s-polarized lights by the Ag nanorod surface,
and R’ p and R’ s are the reflectivity of p- and s-polarized components by the underlayer thin
film; n 2 is complex refractive index of Ag, and n 2 = 0.03 + 5.242i (for λ 0 = 785 nm); φ is the
light incident angle, and β is the Ag nanorod tilting angle; Δ = d (1 + cos 2φ) / cosφ, where d is
the thickness of Ag nanorod layer; δ p, δ s, δ’ p, and δ’ s are the reflectivity phase shifts of p-
and s-polarization E-fields from Ag nanorods and underlayer thin film, defined as

δp =tan−1 Im(rp) / Re(rp) , δs =tan−1 Im(rs) / Re(rs)
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By setting the light incident angle φ = 0º, the Ag nanorod tilting angle β = 73º, the thickness
of Ag layer d = 300 nm, the relative Raman intensity η as a function of the underlayer reflec‐
tivity R at λ 0 = 785 nm is calculated and plotted in Fig. 7(c). It shows that the η indeed in‐
creases linearly with R, which is in very good agreement with our experimental data shown
in Fig. 7(b). Therefore, the underlayer reflectivity is one significant parameter to consider for
improving the SERS response of multilayer substrates.

Figure 7. a) BPE SERS spectra obtained from Ag nanorod arrays deposited on 100 nm thin Ag, Al, Si and Ti film under‐
layers; (b) the plot of experimental Raman intensity as a function of underlayer reflectivity at λ0 = 785 nm. Different
symbol groups represent different kinds of substrates. (c) The plot of the enhanced Raman intensity ratio η as a func‐
tion of underlayer reflectivity calculated by the modified Greenler’s model.

Both our experiments and the modified Greenler’s model demonstrate that the higher the
underlayer reflectivity, the higher the SERS intensity for the Ag nanorod based SERS sub‐
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strates. Accordingly, in order to further improve the SERS response of the Ag nanorod sub‐
strates, one can further increase the reflectivity of the underlayers through a proper surface
coating such as multilayer dielectric coating39.

2.3. Enhancement of the sensitivity from periodical silver nanorods

Most studies have been focused on controlling the morphology of individual nanostructures
to maximize their performance as SERS substrates, without consideration of the effect of the
ordered arrangement of the nanostructure(s). Obviously, periodically arranged nanostruc‐
tures might result in an enhancement in the localized electric field due to the resonance with
the localized surface Plasmon [40,41] different from that of randomly arranged nanostruc‐
tures, providing a possibility to improve the performance of SERS substrates. Therefore, it is
of great interest to investigate the surface-enhanced Raman scattering from those nanostruc‐
tures periodically arranged.

The substrates used in the experiment were N-type silicon substrates with an orientation of
<100>. Hexagonal lattices (200 μm ×200 μm) of silicon patterns (~ 400nm in diameter) were
fabricated on the substrates by electron beam lithography, where the separation distance of
the patterns was controlled to be 0 (closely-packed), 50 nm, 100 nm, 200 nm, 300 nm and 400
nm, respectively. These were cleaned in sequence in acetone, ethanol, and de-ionized water
baths supersonically, and were mounted on the substrates holder (cooled by liquid nitrogen)
in a high vacuum e-beam deposition system (with a background vacuum level better than
2×10-5 Pa). Vertically aligned Ag nanorods were deposited on these substrates by the glanc‐
ing-angle deposition (GLAD) technique described elsewhere [42]. During deposition, the
substrate was cooled down to -20 oC, rotated at a speed of 2 rpm and its surface normal was
set ~ 88O off the incoming vapor flux, and the deposition rate was monitored to be ~ 0.5 nm/s
using a quartz crystal microbalance.

Oblique-view SEM images is shown from Fig.8 of Ag nanorods deposited on the same sili‐
con substrate fabricated by electron beam lithography, with planar areas, and hexagonal lat‐
tice areas (~ 200 μm × 200 μm) of silicon patterns (~ 400nm in diameter) that are separated at
0 nm (closely packed), 50 nm, 100 nm, 200 nm and 300 nm, respectively. Silver nanorods
grown on hexagonal lattice areas with other separations are of similar morphology and fea‐
tures. Since the height of silicon micro-patterns etched by electron beam lithography is only
~ 20 nm, there should be also deposition of Ag nanorods in the spaces among the patterns
when their separation distance is large enough, e.g., 300 nm, see Fig.8(f). If the separation is
not that large, there is normally no deposition of Ag nanorods in these areas because of the
shadow effect by the GLAD technique [42]. It is found from the images that Ag nanorods
were deposited onto the silicon patterns, forming two-dimensional hexagonal lattices of var‐
ious lattice parameters (or separation distances of patterns). This provides us ideal samples
to investigate the enhancement by the regular arrays to the Raman scattering.

We tested the performance of the hexagonal lattices of patterns covered by Ag nanorods as
SERS substrates using R6G as the probing molecule. The samples are dipped in 1×10-6 M
aqueous solution of R6G for 30 minutes and dried by a continuous gentle nitrogen stream.
The Raman spectrum of R6G on each SERS substrate was obtained by measuring and aver‐
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By setting the light incident angle φ = 0º, the Ag nanorod tilting angle β = 73º, the thickness
of Ag layer d = 300 nm, the relative Raman intensity η as a function of the underlayer reflec‐
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improving the SERS response of multilayer substrates.
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layers; (b) the plot of experimental Raman intensity as a function of underlayer reflectivity at λ0 = 785 nm. Different
symbol groups represent different kinds of substrates. (c) The plot of the enhanced Raman intensity ratio η as a func‐
tion of underlayer reflectivity calculated by the modified Greenler’s model.
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underlayer reflectivity, the higher the SERS intensity for the Ag nanorod based SERS sub‐
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strates. Accordingly, in order to further improve the SERS response of the Ag nanorod sub‐
strates, one can further increase the reflectivity of the underlayers through a proper surface
coating such as multilayer dielectric coating39.

2.3. Enhancement of the sensitivity from periodical silver nanorods

Most studies have been focused on controlling the morphology of individual nanostructures
to maximize their performance as SERS substrates, without consideration of the effect of the
ordered arrangement of the nanostructure(s). Obviously, periodically arranged nanostruc‐
tures might result in an enhancement in the localized electric field due to the resonance with
the localized surface Plasmon [40,41] different from that of randomly arranged nanostruc‐
tures, providing a possibility to improve the performance of SERS substrates. Therefore, it is
of great interest to investigate the surface-enhanced Raman scattering from those nanostruc‐
tures periodically arranged.

The substrates used in the experiment were N-type silicon substrates with an orientation of
<100>. Hexagonal lattices (200 μm ×200 μm) of silicon patterns (~ 400nm in diameter) were
fabricated on the substrates by electron beam lithography, where the separation distance of
the patterns was controlled to be 0 (closely-packed), 50 nm, 100 nm, 200 nm, 300 nm and 400
nm, respectively. These were cleaned in sequence in acetone, ethanol, and de-ionized water
baths supersonically, and were mounted on the substrates holder (cooled by liquid nitrogen)
in a high vacuum e-beam deposition system (with a background vacuum level better than
2×10-5 Pa). Vertically aligned Ag nanorods were deposited on these substrates by the glanc‐
ing-angle deposition (GLAD) technique described elsewhere [42]. During deposition, the
substrate was cooled down to -20 oC, rotated at a speed of 2 rpm and its surface normal was
set ~ 88O off the incoming vapor flux, and the deposition rate was monitored to be ~ 0.5 nm/s
using a quartz crystal microbalance.

Oblique-view SEM images is shown from Fig.8 of Ag nanorods deposited on the same sili‐
con substrate fabricated by electron beam lithography, with planar areas, and hexagonal lat‐
tice areas (~ 200 μm × 200 μm) of silicon patterns (~ 400nm in diameter) that are separated at
0 nm (closely packed), 50 nm, 100 nm, 200 nm and 300 nm, respectively. Silver nanorods
grown on hexagonal lattice areas with other separations are of similar morphology and fea‐
tures. Since the height of silicon micro-patterns etched by electron beam lithography is only
~ 20 nm, there should be also deposition of Ag nanorods in the spaces among the patterns
when their separation distance is large enough, e.g., 300 nm, see Fig.8(f). If the separation is
not that large, there is normally no deposition of Ag nanorods in these areas because of the
shadow effect by the GLAD technique [42]. It is found from the images that Ag nanorods
were deposited onto the silicon patterns, forming two-dimensional hexagonal lattices of var‐
ious lattice parameters (or separation distances of patterns). This provides us ideal samples
to investigate the enhancement by the regular arrays to the Raman scattering.

We tested the performance of the hexagonal lattices of patterns covered by Ag nanorods as
SERS substrates using R6G as the probing molecule. The samples are dipped in 1×10-6 M
aqueous solution of R6G for 30 minutes and dried by a continuous gentle nitrogen stream.
The Raman spectrum of R6G on each SERS substrate was obtained by measuring and aver‐
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aging spectra from six different areas of the same hexagonal lattice, by a Reinshaw 100 Ram‐
an spectrometer using a 633 nm He-Ne laser as the excitation source. During measurements
the spot size of the laser beam was defocused to ~ 10 μm in diameter, and the laser power
was decreased to 0.47 mW to avoid any damage to the R6G molecules, signal accumunition
time of 10 second per 600 cm-1, 10x objective and NA 0.25. To make a clear comparison of the
performance of these SERS substrates, the Raman spectrum of R6G from the unpatterned
areas was also measured.

Figure 8. Olique-view SEM images of vertically aligned Ag nanorods deposited on (a) unpatterned silicon; and on hex‐
agonal lattices of silicon patterns that are separated by (b) 0 nm (closely-packed); (c) 50 nm; (d) 100 nm; (e) 200 nm;
and (f) 300 nm, respectively.
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Figure 9. a) Raman spectra of R6G (concentration of 10-6 M) using aligned Ag nanorods deposited on unpatterned
silicon substrates and on hexagonal lattices of silicon patterns separated by 50, 200 and 300 nm, respectively (To
make each spectrum clear, the four spectrum is separated by adding value 0, 6500, 28000 and 14000, respectively), as
SERS substrates; and (b) comparison of the Raman spectrum of R6G obtained from six different regions of the hexago‐
nal lattice that are separated at 50 nm of aligned Ag nanorods.

Raman spectra is shown from Fig.9(a) of R6G molecules measured from different areas of
the substrate, i.e., the unpatterned area (as the reference), and the hexagonal lattice areas of
silicon patterns that are separated at 50 nm, 200 nm and 300nm. We see that each spectrum
shows clearly the Raman features of the R6G molecules, and that the signal intensity of the
Raman spectrum is very dependent on the substrate (or the separation distance of the pat‐
terns). For example, the signal intensity is the highest when the separation distance is 200
nm, and is the lowest in the unpatterned area. Difference in the Raman intensity between
the unpatterned area and the hexagonal lattice areas is noticed. Fig.9(b) compares Raman
spectra measured from six different areas of the closely-packed lattice, from which one sees
that these spectra match quite well. This suggests a good homogeneity of the Raman signals
from these SERS substrates.
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nal lattice that are separated at 50 nm of aligned Ag nanorods.

Raman spectra is shown from Fig.9(a) of R6G molecules measured from different areas of
the substrate, i.e., the unpatterned area (as the reference), and the hexagonal lattice areas of
silicon patterns that are separated at 50 nm, 200 nm and 300nm. We see that each spectrum
shows clearly the Raman features of the R6G molecules, and that the signal intensity of the
Raman spectrum is very dependent on the substrate (or the separation distance of the pat‐
terns). For example, the signal intensity is the highest when the separation distance is 200
nm, and is the lowest in the unpatterned area. Difference in the Raman intensity between
the unpatterned area and the hexagonal lattice areas is noticed. Fig.9(b) compares Raman
spectra measured from six different areas of the closely-packed lattice, from which one sees
that these spectra match quite well. This suggests a good homogeneity of the Raman signals
from these SERS substrates.
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Figure 10. The intensity of the two characteristic peaks of R6G on hexagonal lattices of Ag nanorods: (a) 612 cm-1 and
(b) 1508 cm-1.

To gain a better understating of the latticing effect on the Raman scattering, we plot the in‐
tensity of the two characteristic peaks of R6G molecules, i.e. at ~ 612 cm-1 and ~ 1508 cm-1, as
a function of the separation distance of the lattice patterns, by comparing with the unpat‐
terned Ag film (the two red dash line represent the sum and difference between the average
and uncertainty of signal strength). Fig.10(a) and 10(b) shows respectively the intensity of
the two peaks versus the separation distance of the lattice patterns. It is seen from the fig‐
ures that for the two peaks, they demonstrated very similar dependence behavior on the
separation distance. In comparison with signals from the unpartterned area, we notice that
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when the patterns are separated at ~ 200 nm, the signals are further enhanced by ~5 times
compared with the unpatterned substrates. So the performance of silver nanostructure as
SERS substrate is improved through periodical silver nanorods. [43]

3. Detection of PCBs at trace amount by SERS

With the highly sensitive SERS substrates described before, one can detect trace amount or‐
ganic molecules by the SERS method.

SERS is extremely sensitive in water solutions, for water does not have any Raman peaks.
When detecting organic pollutants in nonaqueous systems, we use volatile organic solvents,
such as acetone, to dilute pollutants. As the organic solvent shows high Raman background,
we need to make the solvent volatilizated completely before SERS measurement.

The powders of 2, 3, 3′, 4, 4′-pentachlorinated biphenyl used in this study were commercial‐
ly available fromthe AccuStandard Company. Since there is no Raman data of 2, 3, 3′, 4, 4′-
pentachlorinated biphenyl reported, we first measured its Raman spectrum and that of
acetone, for comparison, see Fig 11(a). To clearly show most characteristic peaks of 2, 3, 3′, 4,
4′-pentachlorinated biphenyl, the Raman spectrum was plotted in two regions of 300 to 1000
cm-1 and 1000 to 1700 cm-1 respectively, see Figs 11(b) and 14(c). From the Figs one sees that
the strongest peaks are located at 342, 395, 436, 465, 495, 507, 517, 598, 679, 731, 833, 891,
1032, 1136, 1179, 1254, 1294, 1573, and 1591 cm-1, respectively; while for acetone the charac‐
teristic peaks are at 530, 786, 1065, 1220, 1428 and 1709 cm-1, respectively. It is suggested that
2, 3, 3′, 4, 4′-pentachlorinated biphenyl is distinguishable from acetone and that acetone can
be used as the solvent for the SERS measurements, as 2, 3, 3′, 4, 4′-pentachlorinated biphen‐
yl is not soluble in water.

Because the SERS sensitivity is also dependent on the sample treatment, we employed in
this study a very simple method to prepare SERS samples, i.e. dropping a small volume (~
0.5 uL) of solutions of 2, 3, 3′, 4, 4′-pentachlorinated biphenyl in acetone on Ag nanorods
using a top single channel pipettor and then blowing away the acetone with a continuous,
gentle nitrogen blow. Fig 12(a) shows the Raman spectra of 2, 3, 3′, 4, 4′-pentachlorinated
biphenyl dissolved in acetone at concentrations of 10-4 to 10-10mol/L, respectively. The accu‐
mulation time of each Raman spectrum was 50 seconds and we used only 1% laser power to
avoid changing of pentachlorinated biphenyl. When the small volume (~ 0.5 uL) of solutions
of 2, 3, 3′, 4, 4′-pentachlorinated biphenyl was dropped on Ag nanorods, it became a circular
spot with diameter of about 4 mm. The Raman spectrum was accumulated from a 2 um di‐
ameter circular area on the substrates. Therefore, for the solution at concentration of
10-10mol/L, only about ten 2, 3, 3′, 4, 4′-pentachlorinated biphenyl molecules (2*10-23mol)
would be accumulated in SERS; if that was at concentration of 10-8mol/L, about 1000 mole‐
cules (2*10-21mol) would be accumulated and so on.
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Figure 10. The intensity of the two characteristic peaks of R6G on hexagonal lattices of Ag nanorods: (a) 612 cm-1 and
(b) 1508 cm-1.
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when the patterns are separated at ~ 200 nm, the signals are further enhanced by ~5 times
compared with the unpatterned substrates. So the performance of silver nanostructure as
SERS substrate is improved through periodical silver nanorods. [43]

3. Detection of PCBs at trace amount by SERS

With the highly sensitive SERS substrates described before, one can detect trace amount or‐
ganic molecules by the SERS method.

SERS is extremely sensitive in water solutions, for water does not have any Raman peaks.
When detecting organic pollutants in nonaqueous systems, we use volatile organic solvents,
such as acetone, to dilute pollutants. As the organic solvent shows high Raman background,
we need to make the solvent volatilizated completely before SERS measurement.

The powders of 2, 3, 3′, 4, 4′-pentachlorinated biphenyl used in this study were commercial‐
ly available fromthe AccuStandard Company. Since there is no Raman data of 2, 3, 3′, 4, 4′-
pentachlorinated biphenyl reported, we first measured its Raman spectrum and that of
acetone, for comparison, see Fig 11(a). To clearly show most characteristic peaks of 2, 3, 3′, 4,
4′-pentachlorinated biphenyl, the Raman spectrum was plotted in two regions of 300 to 1000
cm-1 and 1000 to 1700 cm-1 respectively, see Figs 11(b) and 14(c). From the Figs one sees that
the strongest peaks are located at 342, 395, 436, 465, 495, 507, 517, 598, 679, 731, 833, 891,
1032, 1136, 1179, 1254, 1294, 1573, and 1591 cm-1, respectively; while for acetone the charac‐
teristic peaks are at 530, 786, 1065, 1220, 1428 and 1709 cm-1, respectively. It is suggested that
2, 3, 3′, 4, 4′-pentachlorinated biphenyl is distinguishable from acetone and that acetone can
be used as the solvent for the SERS measurements, as 2, 3, 3′, 4, 4′-pentachlorinated biphen‐
yl is not soluble in water.

Because the SERS sensitivity is also dependent on the sample treatment, we employed in
this study a very simple method to prepare SERS samples, i.e. dropping a small volume (~
0.5 uL) of solutions of 2, 3, 3′, 4, 4′-pentachlorinated biphenyl in acetone on Ag nanorods
using a top single channel pipettor and then blowing away the acetone with a continuous,
gentle nitrogen blow. Fig 12(a) shows the Raman spectra of 2, 3, 3′, 4, 4′-pentachlorinated
biphenyl dissolved in acetone at concentrations of 10-4 to 10-10mol/L, respectively. The accu‐
mulation time of each Raman spectrum was 50 seconds and we used only 1% laser power to
avoid changing of pentachlorinated biphenyl. When the small volume (~ 0.5 uL) of solutions
of 2, 3, 3′, 4, 4′-pentachlorinated biphenyl was dropped on Ag nanorods, it became a circular
spot with diameter of about 4 mm. The Raman spectrum was accumulated from a 2 um di‐
ameter circular area on the substrates. Therefore, for the solution at concentration of
10-10mol/L, only about ten 2, 3, 3′, 4, 4′-pentachlorinated biphenyl molecules (2*10-23mol)
would be accumulated in SERS; if that was at concentration of 10-8mol/L, about 1000 mole‐
cules (2*10-21mol) would be accumulated and so on.
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Figure 11. a) Comparison of Raman spectra of PCB-5 powders and acetone; (b) and (c) show details of the Raman
spectrum of PCB-5 powders.
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(a) (b) 

Figure 12. a) SERS spectra of PCB-5 dissolved in acetone with various concentrations; (b) SERS spectrum of PCB-5 in
acetone at a concentration of 10-8mol/L.

One sees that the Raman peaks of 10-4 mol/L PCB-5 solution located at 342, 495, 598, 679,
1032, 1136, 1179, 1254, 1294, 1573 and 1591 cm-1 march the Raman peaks of powder PCB-5
very well, this is quite different from the characteristic peaks of acetone. The peak around
1390 cm-1 represents disordered and amorphous carbon on the substrates. Fig 12(b) shows
the SERS spectra of 10-8 mol/L PCB-5. Peaks located at 495, 1032, 1294, 1573 and 1591 cm-1

can march the Raman peaks of powder PCB-5. It indicates that the peaks shown in Fig 12(a)
and (b) are the characteristic peaks of dissolved PCB-5, and PCB-5 with a concentration of
10-8mol/L can be detected by the SERS method in the authors’ work.

Large scale arrays of aligned and well separated single crystalline Ag nanorods on planar
silicon substrate can be fabricated by GLAD method and these Ag films can be used as SERS
substrates. With these substrates 2, 3, 3’, 4, 4’- PCB-5 molecules were detected even at a con‐
centration of 10-8mol/L by the SERS method, which indicates that trace amount of PCBs can
be detected by the SERS method with Ag nanorods as SERS substrates [44].
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4. Detection of POPs at trace level in real environmental samples

In sections 3 we introduced the SERS method to detect trace amount PCBs. In those experi‐
ments, the PCBs are in acetone solutions, as fundamental study. In this section we introduce
some examples in practical trace POPs detection.

4.1. Detection of PCBs in dry soil samples

The polluted soil samples were dried and made into small powers which were acquired
from the Nanjing Institute of Soil (China). With a combination of the high-resolution gas
chromatography and mass spectrometry techniques,  sample I  proved to contain about 5
μg/g PCBs and sample II proved to contain about 300 μg/g PCBs. 0.2 g soil sample I was
put into 20 mL acetone and was agitated uniformly for about 5 minutes. This suspension
was precipitated for 30 minutes and the transparent acetone solution in the upper layer
was taken as solution sample A. 0.2 g soil sample I was put into 200 mL acetone and sol‐
ution  sample  B  was  obtained  through the  aforementioned process.  0.2  g  soil  sample  II
was put into 20 mL acetone to obtain solution sample C and was put into 200 mL ace‐
tone to obtain solution sample D.

The Ag nanorods SERS substrates were put into the solution samples A, B, C and D, respec‐
tively. After 30 minutes, the Ag nanorods substrates were taken out of the solutions and the
acetone on the substrates was blown away using a nitrogen flow. The Raman spectra of
these substrates dipped into solution samples were measured by a Renishaw Raman 100
spectrometer using a 633 nm He-Ne laser as the excitation source at room temperature.

Figs 13(a), (b), (c) and (d) show the measured Raman spectrum of the Ag substrates dipped
into sample A, B, C and D, respectively. From Figs 13 (a), (b) and (c), one sees peaks at
~1600, 1280, 1240, 1150, 1030 and 1000 cm-1 clearly, demonstrating the common feature of
PCBs. The peaks around 1590~1600cm-1 present benzene stretching vibration mode; the peak
around 1280cm-1 presents CC bridge stretching vibration mode; the peak around 1030cm-1

presents CH bending in-plane mode; the peak around 1000cm-1 presents trigonal breathing
vibration mode; and peaks around 1240~1250cm-1 and 1140~1200cm-1 present the vibration
peaks induced by Cl substituent. These characteristic peaks suggest that PCBs in dry soil can
be detected by the SERS method by dissolving into acetone. The most widely used PCBs are
trichlorobiphenyls and pentachlorobiphenyls, we assumed that the molecular weight of the
PCBs in the soil samples is 300, then the concentration of the PCBs acetone solution in solu‐
tion sample A, B, C and D are about 10-5mol/L, 10-5mol/L, 10-6mol/L, 10-7mol/L, and
10-8mol/L, respectively. Thus, with silver nanorod substrates, 5ug/g PCBs in dry soil samples
can be detected by the SERS method.

4.2. Detection of PCBs in white spirit

PCBs in white spirit can also be detected by the SERS method with silver nanorod sub‐
strates. The concentration of PCBs in white spirit is about 10-4mol/L. We put a drop of PCBs
“polluted” white spirit on the silver nanorod substrates and made the white spirit volatil‐
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ized away. Then, we found PCBs Raman signal with the SERS method described before.
Figs 14 (a) and (b) show the SERS spectra of pure white spirit and white spirit with 10-4mol/L
PCBs, respectively. One can recognize characteristic Raman peaks of PCBs around 1590,
1290, 1240, 1030 and 1000 cm-1 in Fig 14 (b).

Figure 13. SERS spectra of PCBs in dry soil samples after being treated by acetone: (a) ~10-5mol/L; (b) ~10-6mol/L; (c)
~10-7mol/L; (d) ~10-8mol/L.
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Figure 14. SERS spectra of white spirit without and with PCBs.

4.3. Detection of Melamine in milk

In the year 2009, milk produced by Sanlu Co. (China) was found to contain amounts of Mel‐
amine in much higher concentrations than usual. Milk with Melamine seems to contain
more protein when detecting nitrogen concentration, but it is poisonous to children. With
the SERS method with silver nanorods as substrates, we detected Melamine in milk. Figs 15
(a) and (b) show the SERS spectra of pure Melamine and milk with Melamine.

Figure 15. SERS spectra of Melamine and trace Melamine in milk.
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5. Summary

In this chapter, it is introduced that although persistent organic pollutants such as PCBs are
difficult to detect at trace amount, they can be detected and recognized rapidly via the SERS
technique. Ag nanostructured SERS substrates prepared by the glancing angle deposition
method are excellent at detection and their sensitivity can be further improved by tuning the
thin underlayer films. With well designed and prepared Ag nanostructured SERS sub‐
strates, pentachlorinated biphenyl molecules are detected and recognized at trace level us‐
ing the SERS method. These series of studies provide a potential method for trace pollutant
detection via silver nanostructure.
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1. Introduction

Thanks to  their  low cost  and their  broad spectrum of  activity  in  preventing or  treating
bacterial infections, sulfonamides (SAs) are one of the oldest groups of veterinary chemo‐
therapeutics, having been used for more than fifty years. To a lesser extent they are also
applied in human medicine.  After  tetracyclines,  they are the most  commonly consumed
veterinary  antibiotics  in  the  European  Union.  As  these  compounds  are  not  completely
metabolized,  a  high  proportion  of  them  are  excreted  unchanged  in  feces  and  urine.
Therefore, both the unmetabolized antibiotics as well as their metabolites are released either
directly to the environment in aquacultures and by grazing animals or indirectly during the
application of manure or slurry [1-3].

Physico-chemical properties and chemical structures of selected SAs are presented in Table
1. They are fairly water-soluble polar compounds, the ionization of which depends on the
matrix pH. All the sulfonamides, apart from sulfaguanidine, are compounds with two basic
and one acidic functional group. The basic functional groups are the amine group of aniline
(all the SAs) and the respective heterocyclic base, specific to each SA. The acidic functional
group in the SAs is the sulfonamide group. With such an SA structure, these compounds may
be described by the pKa1, pKa2 and pKa3 values corresponding to the double protonated, once
protonated and neutral forms of SA (Table 1) [3-7].
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Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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distribution, and reproduction in any medium, provided the original work is properly cited.
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Substance

[CAS]

Abbreviation

Chemical structure Selected physico-chemical

properties

Sulfaguanidine

[57-67-0]

SGD
NH2 S

O

O
NH C

NH

NH2

M = 214.2 g mol-1

pKa2 = 2.8

pKa3 = 12.0

logP = -1.22

Sulfapyridine

[144-83-2]

SPY

NH2 S
O

O

HN

N
M = 249.2 g mol-1

pKa2 = 2.37

pKa3 = 7.48

logP = 0.03

Sulfadiazine

[68-35-9]

SDZ

NH2 S
O

O

HN N

N
M = 250.3 g mol-1

pKa2 = 1.98

pKa3 = 6.01

logP = -0.09

Sulfamethoxazole

[723-46-6]

SMX

NH2 S
O

O

HN

ON M = 253.3 g mol-1

pKa2 = 1.81

pKa3 = 5.46

logP = 0.89

Sulfathiazole

[72-14-0]

STZ

NH2 S
O

O

HN N

S M = 255.3 g mol-1

pKa2 = 2.06

pKa3= 7.07

logP = -0.04

Sulfamerazine

[127-79-7]

SMR

NH2 S
O

O

HN N

N
M = 264.3 g mol-1

pKa2 = 2.16

pKa3 = 6.80

logP = 0.11
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Substance

[CAS]

Abbreviation

Chemical structure Selected physico-chemical

properties

Sulfisoxazole

[127-69-5]

SSX

NH2 S
O

O

HN

O N M = 267.3 g mol-1

pKa2 = 2.15

pKa3= 5.00

logP = 1.01

Sulfamethiazole

[144-82-1]

SMTZ

NH2 S
O

O

HN
S

NN
M = 270.3 g mol-1

pKa2 = 2.24

pKa3 = 5.30

logP = 0.47

Sulfadimidine

(sulfamethazine)

[57-68-1]

SDMD (SMZ)

NH2 S
O

O

HN N

N

M = 278.3 g mol-1

pKa2 = 2.46

pKa3 = 7.45

logP = 0.27

Sulfamethoxypyridazine

[80-35-3]

SMP

NH2 S
O

O

HN

NN
OMe

M = 280.3 g mol-1

pKa2 = 2.20

pKa3 = 7.20

logP = 0.32

Sulfachloropyridazine

[80-32-0]

SCP

NH2 S
O

O

HN

NN
Cl

M = 284.7 g mol-1

pKa2 = 1.72

pKa3 = 6.39

logP = 0.71

Sulfadimethoxine

[122-11-2]

SDM NH2 S
O

O
NH

N
N

OMe

OMe

M = 310.3 g mol-1

pKa2 = 2.5

pKa3 = 6.0

logP = 1.63

Table 1. Structures and physico-chemical properties of selected sulfonamides (according to [1,6-13])
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Due to their properties, after disposal in soils, these compounds may enter surface run-off or be
leached into the groundwater. Moreover, they are also quite persistent, non-biodegradable and
hydrolytically stable, which explains why in the last ten years they have been regularly detect‐
ed not only in aquatic but also in terrestrial environments [1-3,7,14]. Although SAs concentra‐
tions in environmental samples are quite low (at the μg L-1 or ng L-1 level), they are continuously
being released [3,15]. Therefore, the kind of exposure organisms may be subjected to will resemble
that of traditional pollutants (e.g. pesticides, detergents), even those of limited persistence.
Consequently, SAs as well as other pharmaceuticals may be considered pseudo-persistent.

SAs are designed to target specific metabolic pathways (they competitively inhibit the conver‐
sion of p-aminobenzoic acid, PABA) by inhibiting the biosynthetic pathway of folate (an essential
molecule required by all living organisms), so they not only affect bacteria (target organisms) but
can also have unknown effects on environmentally relevant non-target organisms, such as
unicellular algae, invertebrates, fish and plants [16-18]. Belonging to different trophic levels, these
taxonomic groups may be exposed to by SAs to various extents [15-16,19-20].

However, knowledge of the potential effects of SAs on the environment is very limited.
Recently, a few review papers have been published that summarize the available ecotoxicity
data of pharmaceuticals, including some sulfonamides [16-17,19-21]. Such data as are available
on the potential effects of pharmaceuticals in the environment appear to indicate a possible
negative impact on different ecosystems and imply a threat to public health. However, if we
look just at the sulfonamides, most current studies have investigated acute effects mainly of
single compounds and mostly with reference to sulfamethoxazole (SMX), one of the most
common SAs, used in both veterinary and human medicine [16-17,20]. Available information
on the ecotoxicity of selected sulfonamides has been review and is presented in Table 2.

Substance Bacteria

Vibrio

fischeri

Green algae /

Cyanobacteria/

Diatom*

Plants** Invertebrates*** Vertebrates****

SGD >50(30 min) 43.56(96h, P. subcapitata) 30.30(7d, L.gibba) 0.87(48h, D. magna)

3.40(96h, S. dimorphus) 0.22(7d, L. minor)

16.59(96h, S. leopoliensis)

3.42(24h, S.vacuolatus)

SPY >50(30 min) 5.28(24h, S.vacuolatus) 0.46(7d, L. minor)

SDZ >25(30 min) 7.80(72h, P. subcapitata) 0.07(7d, L. minor) 221(48h, D. magna)

2.19(72h, P. subcapitata) 13.7(21d, D. magna)

0.135(72h, M. aeruginosa) 212(48h, D. magna)

2.22(24h, S.vacuolatus)

SMX 23.3(30 min) 1.53(72h, P. subcapitata) 0.081(7d, L.gibba) 189.2(48h, D.magna) 123.1(48h, D.magna) >750(48h, O. latipes) a

>84(30 min) 0.15(96h, P. subcapitata) 0.132(7d, L.gibba) 177.3(96h, D.magna) 205.1(48h, D.magna) 562.5(96h, O. latipes) a

78.1(15 min) 0.52(72h, P. subcapitata) 0.0627(14d, D.carota) 25.2(24h, D. magna) 70.4(48h, M.macrocopa) 27.36(24h, O. myskiss)

74.2(5 min) 2.4(96h, C. meneghiniana) 0.0612(21d, D.carota) 15.51(48h, C. dubia) 84.9(24h, M.macrocopa)

>100(30 min) 0.0268(96h, S. leopoliensis) 0.0454(28d, D.carota) 0.21(7d, C. dubia) 9.63(48h, B.calyciflorus)
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Substance Bacteria

Vibrio

fischeri

Green algae /

Cyanobacteria/

Diatom*

Plants** Invertebrates*** Vertebrates****

1.54(24h, S.vacuolatus) 0.21(7d, L. minor) 100(48h, C. dubia) 35.36(24h, T.platyurus) a

STZ >1000(15min) 13.10(24h, S.vacuolatus) 3.552(7d, L.gibba) 149.3/85.4(48h/96h, D. magna) >500(48h, O. latipes) a

>50(30 min) 4.89(7d, L. minor) 616.7(24h, D. magna) >500(96h, O. latipes) a

391/430(48h/24h, M. macrocopa) >100(48h, O. myskiss) a

135.7/78.9(48h/96h, D. magna)

SMR >50(30 min) 11.90(24h, S.vacuolatus) 0.68(7d, L. minor)

SSX >50(30 min) 18.98(24h, S.vacuolatus) 0.62(7d, L. minor)

SMTZ >100(30 min) 24.94(24h, S.vacuolatus) 2.54(7d, L. minor)

SDMD 344.7(15 min) 19.52(24h, S.vacuolatus) 1.277(7d, L. gibba) 174.4/158.8(48h/96h, D. magna) >500(48h, O. latipes) a

>100(30 min) 1.74(7d, L. minor) 215.9/506.3(48h/24h, D. magna) >500(96h, O. latipes) a

111/311(48h/24h, M. macrocopa)

185.3/147.5(48h/96h, D. magna)

SMP >100(30 min) 3.82(24h, S.vacuolatus) 1.51(7d, L. minor)

SCP 26.4(15 min) 32.25(24h, S.vacuolatus) 2.33(7d, L. minor) 375.3/233.5(48h/96h, D. magna) 589.3(48h, O. latipes) a

>50(30 min) 2.48(7d, L. minor) 535.7(96h, O. latipes) a

SDM >500(15 min) 2.30 (72h, P. subcapitata) 0.445(7d, L.gibba) 248.0/204.5(48h/96h, D. magna) >100(48h, O. latipes) a

>500(5 min) 11.2 (72h, C. vulgaris) 0.248(7d, L.gibba) 270/639.8(48h/24h, D. magna) >100 (96h O. latipes) a

>50(30 min) 9.85(24h, S.vacuolatus) 0.02(7d, L. minor) 184/297(48h/24h, M. macrocopa)

SQO b 0.25(96h, P. subcapitata) 13.55(7d, L.gibba) 3.47(48h, D. magna)

0.45(96h, S. dimorphus) 2.33(7d, L. minor)

2.83(96h, S. leopoliensis)

* green algae: Pseudokirchneriella subcapitata (previously Scenedesmus capricornutum), Scenedesmus dimorphus, Chlorella vulgaris; cya‐

nobacteria Synechococcus leopoliensis, Microcystis aeruginosa; diatom Cyclotella meneghiniana;

** duckweed Lemna gibba, Lemna minor, carrot Daucus carota;

*** crustacean: Moina macrocopa, Clathrina dubia, Thamnocephalus platyurus, Daphnia magna; rotifer: Brachionus calyciflorus;

**** fish: Oryzias latipes, rainbow trout Onchorhynchus mykiss;

Table 2. Summary of the ecotoxicological risk (described by EC50 or LC50
a in mg L-1) estimated for different

sulfonamides (data obtained from [16,19-20,22-33]); b sulfaquinoxaline

This demonstrates the lack of data relating to the long-term exposure of non-target organisms,
and especially how continuous exposure for several generations may affect a whole popula‐
tion. Moreover, as these compounds occur in natural media not as a single, isolated drug but
usually together with other compounds of the same family or the same type, accumulated
concentrations or synergistic-antagonistic effects can be also observed. The simultaneous
presence of several pharmaceuticals in the environment may result in a higher level of toxicity
towards non-target organisms than that predicted for individual active substances.
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Due to their properties, after disposal in soils, these compounds may enter surface run-off or be
leached into the groundwater. Moreover, they are also quite persistent, non-biodegradable and
hydrolytically stable, which explains why in the last ten years they have been regularly detect‐
ed not only in aquatic but also in terrestrial environments [1-3,7,14]. Although SAs concentra‐
tions in environmental samples are quite low (at the μg L-1 or ng L-1 level), they are continuously
being released [3,15]. Therefore, the kind of exposure organisms may be subjected to will resemble
that of traditional pollutants (e.g. pesticides, detergents), even those of limited persistence.
Consequently, SAs as well as other pharmaceuticals may be considered pseudo-persistent.

SAs are designed to target specific metabolic pathways (they competitively inhibit the conver‐
sion of p-aminobenzoic acid, PABA) by inhibiting the biosynthetic pathway of folate (an essential
molecule required by all living organisms), so they not only affect bacteria (target organisms) but
can also have unknown effects on environmentally relevant non-target organisms, such as
unicellular algae, invertebrates, fish and plants [16-18]. Belonging to different trophic levels, these
taxonomic groups may be exposed to by SAs to various extents [15-16,19-20].

However, knowledge of the potential effects of SAs on the environment is very limited.
Recently, a few review papers have been published that summarize the available ecotoxicity
data of pharmaceuticals, including some sulfonamides [16-17,19-21]. Such data as are available
on the potential effects of pharmaceuticals in the environment appear to indicate a possible
negative impact on different ecosystems and imply a threat to public health. However, if we
look just at the sulfonamides, most current studies have investigated acute effects mainly of
single compounds and mostly with reference to sulfamethoxazole (SMX), one of the most
common SAs, used in both veterinary and human medicine [16-17,20]. Available information
on the ecotoxicity of selected sulfonamides has been review and is presented in Table 2.

Substance Bacteria

Vibrio

fischeri

Green algae /

Cyanobacteria/

Diatom*

Plants** Invertebrates*** Vertebrates****

SGD >50(30 min) 43.56(96h, P. subcapitata) 30.30(7d, L.gibba) 0.87(48h, D. magna)

3.40(96h, S. dimorphus) 0.22(7d, L. minor)

16.59(96h, S. leopoliensis)

3.42(24h, S.vacuolatus)

SPY >50(30 min) 5.28(24h, S.vacuolatus) 0.46(7d, L. minor)

SDZ >25(30 min) 7.80(72h, P. subcapitata) 0.07(7d, L. minor) 221(48h, D. magna)

2.19(72h, P. subcapitata) 13.7(21d, D. magna)

0.135(72h, M. aeruginosa) 212(48h, D. magna)

2.22(24h, S.vacuolatus)

SMX 23.3(30 min) 1.53(72h, P. subcapitata) 0.081(7d, L.gibba) 189.2(48h, D.magna) 123.1(48h, D.magna) >750(48h, O. latipes) a

>84(30 min) 0.15(96h, P. subcapitata) 0.132(7d, L.gibba) 177.3(96h, D.magna) 205.1(48h, D.magna) 562.5(96h, O. latipes) a

78.1(15 min) 0.52(72h, P. subcapitata) 0.0627(14d, D.carota) 25.2(24h, D. magna) 70.4(48h, M.macrocopa) 27.36(24h, O. myskiss)

74.2(5 min) 2.4(96h, C. meneghiniana) 0.0612(21d, D.carota) 15.51(48h, C. dubia) 84.9(24h, M.macrocopa)

>100(30 min) 0.0268(96h, S. leopoliensis) 0.0454(28d, D.carota) 0.21(7d, C. dubia) 9.63(48h, B.calyciflorus)
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Substance Bacteria

Vibrio

fischeri

Green algae /

Cyanobacteria/

Diatom*

Plants** Invertebrates*** Vertebrates****

1.54(24h, S.vacuolatus) 0.21(7d, L. minor) 100(48h, C. dubia) 35.36(24h, T.platyurus) a

STZ >1000(15min) 13.10(24h, S.vacuolatus) 3.552(7d, L.gibba) 149.3/85.4(48h/96h, D. magna) >500(48h, O. latipes) a

>50(30 min) 4.89(7d, L. minor) 616.7(24h, D. magna) >500(96h, O. latipes) a

391/430(48h/24h, M. macrocopa) >100(48h, O. myskiss) a

135.7/78.9(48h/96h, D. magna)

SMR >50(30 min) 11.90(24h, S.vacuolatus) 0.68(7d, L. minor)

SSX >50(30 min) 18.98(24h, S.vacuolatus) 0.62(7d, L. minor)

SMTZ >100(30 min) 24.94(24h, S.vacuolatus) 2.54(7d, L. minor)

SDMD 344.7(15 min) 19.52(24h, S.vacuolatus) 1.277(7d, L. gibba) 174.4/158.8(48h/96h, D. magna) >500(48h, O. latipes) a

>100(30 min) 1.74(7d, L. minor) 215.9/506.3(48h/24h, D. magna) >500(96h, O. latipes) a

111/311(48h/24h, M. macrocopa)

185.3/147.5(48h/96h, D. magna)

SMP >100(30 min) 3.82(24h, S.vacuolatus) 1.51(7d, L. minor)

SCP 26.4(15 min) 32.25(24h, S.vacuolatus) 2.33(7d, L. minor) 375.3/233.5(48h/96h, D. magna) 589.3(48h, O. latipes) a

>50(30 min) 2.48(7d, L. minor) 535.7(96h, O. latipes) a

SDM >500(15 min) 2.30 (72h, P. subcapitata) 0.445(7d, L.gibba) 248.0/204.5(48h/96h, D. magna) >100(48h, O. latipes) a

>500(5 min) 11.2 (72h, C. vulgaris) 0.248(7d, L.gibba) 270/639.8(48h/24h, D. magna) >100 (96h O. latipes) a

>50(30 min) 9.85(24h, S.vacuolatus) 0.02(7d, L. minor) 184/297(48h/24h, M. macrocopa)

SQO b 0.25(96h, P. subcapitata) 13.55(7d, L.gibba) 3.47(48h, D. magna)

0.45(96h, S. dimorphus) 2.33(7d, L. minor)

2.83(96h, S. leopoliensis)

* green algae: Pseudokirchneriella subcapitata (previously Scenedesmus capricornutum), Scenedesmus dimorphus, Chlorella vulgaris; cya‐

nobacteria Synechococcus leopoliensis, Microcystis aeruginosa; diatom Cyclotella meneghiniana;

** duckweed Lemna gibba, Lemna minor, carrot Daucus carota;

*** crustacean: Moina macrocopa, Clathrina dubia, Thamnocephalus platyurus, Daphnia magna; rotifer: Brachionus calyciflorus;

**** fish: Oryzias latipes, rainbow trout Onchorhynchus mykiss;

Table 2. Summary of the ecotoxicological risk (described by EC50 or LC50
a in mg L-1) estimated for different

sulfonamides (data obtained from [16,19-20,22-33]); b sulfaquinoxaline

This demonstrates the lack of data relating to the long-term exposure of non-target organisms,
and especially how continuous exposure for several generations may affect a whole popula‐
tion. Moreover, as these compounds occur in natural media not as a single, isolated drug but
usually together with other compounds of the same family or the same type, accumulated
concentrations or synergistic-antagonistic effects can be also observed. The simultaneous
presence of several pharmaceuticals in the environment may result in a higher level of toxicity
towards non-target organisms than that predicted for individual active substances.
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Therefore, the main aim of this chapter was to review the existing knowledge on the chronic
and mixture toxicity of the residues of sulfonamides in the environment, since it has not been
done yet. This will be achieved by: (1) presenting current approaches for Environmental Risk
Assessment (ERA) for pharmaceuticals with respect to the evaluation of chronic and mixture
toxicity of these compounds; (2) introducing the reader to basic concepts of chemical mixture
toxicology; and finally (3) by discussing detailed available information on chronic and mixture
toxicity of the residues of sulfonamides in the environment.

2. Environmental risk assessment of pharmaceuticals vs. chronic and
mixture toxicity of pharmaceuticals

The approaches currently being used to assess the potential environmental effects of human
and veterinary drugs in the U.S. and in the European Union are in some respects dissimilar
[34-39]. The Environmental Risk Assessment (ERA) process usually starts with an initial
exposure assessment (Phase I). But with some exceptions, a fate and effects analysis (Phase II)
is only required when exposure-based threshold values, the so-called action limits, are
exceeded in different environmental compartments. Thus risk assessment, described by Risk
Quotient (RQ), is performed by the calculation the ratio of the predicted (or measured)
environmental concentration (PEC or MEC respectively) and predicted biological non-
effective concentrations (PNEC) on non-target organisms. If RQ is less than one it indicates
that no further testing is recommended. Calculations of environmental concentrations rely e.g.
on information on treatment dosage and intensity along with default values for standard
husbandry practices, and are based on a total residue approach reflecting worst-case assump‐
tions. For example, the recently introduced European guidance on assessing the risks of human
drugs excludes the testing of pharmaceuticals whose PECsurface water is below an action limit of
0.01 μg L-1; in the U.S. this threshold value is 0.1 μg L-1. Moreover, there are two different action
limits for veterinary pharmaceuticals, one each for the terrestrial and the aquatic compart‐
ments. No fate and effect analysis is required for veterinary pharmaceuticals used to treat
animals if the PECsoil is < 100 μg kg-1 dry weight of soil. However, a Phase II assessment is not
required for veterinary medicines used in an aquaculture facility if the estimated concentration
of the compound is < 1 μg L-1 [40-41]. If the PECsurface water of a pharmaceutical is above the action
limit, effects on algae, crustaceans and fish are investigated. However, if PECsoil is higher than
the action limit, then Phase II, divided into two parts: Tier A, in which the possible fate of the
pharmaceutical or its metabolites and its effects on earthworms (mortality) and plants
(germination and growth) as well as the effects of the test compound on the rate of nitrate
mineralization in soil are determined; and Tier B in which only effect studies are recommended
for affected taxonomic levels [34-39].

The main problem associated with this approach is the fact that the no actual sales figures or
measured environmental concentrations are at hand when a risk assessment is conducted.
Therefore, only crude PEC calculations are performed [42]. Moreover, the (eco)toxicity tests
included in Phase II focus on acute toxicity of only single compounds. Chronic and mixture
toxicity is not obligatory. As the risk of an acute toxic effect from pharmaceuticals in the
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environment is unlikely and organisms in the environment are exposed to mixtures of
pharmaceuticals, such limited focus results in important uncertainties. Additionally, same
drugs (like sulfonamides) are used to treat both humans and animals. Although the exposures
may differ, their potential effects on non-target organisms will be the same, and so the effect-
testing approaches should be similar. For these reasons, many scientists have already pointed
out the need for more reliable PEC and PNEC calculations for more realistic ERA of pharma‐
ceutical [40-42].

3. Basic concepts of chemical mixture toxicology

To predict the toxicity of mixtures, ecotoxicologists use concepts originally developed by
pharmacologists in the first half of the 20th century [43-48]. Since more than 20 years, they
have been trying to elucidate the problem of risk assessment for complex mixtures of various
substances. As a result a lot of excellent studies have been performed in this topic [49-51].
One of the main interests of scientists in the field of combination toxicology is to find out
whether the toxicity of a mixture is different from the sum of the toxicities of the single
compounds; in other words, will the toxic effect of a mixture be determined by additivity
of dose or effect or by supra-additivity (synergism - an effect stronger than expected on
the basis of additivity) or by infra-additivity (antagonism - an effect lower than the sum of
the toxicities of the single compounds) The toxic effect of a mixture appears to be highly
dependent on the dose (exposure level),  the mechanism of action, and the target (recep‐
tor) of each of the mixture constituents. Thus, information on these aspects is a prerequi‐
site for predicting the toxic effect of a mixture [46-47, 52].

Generally, three basic concepts for the description of the toxicological action of constituents of
a mixture have been defined by Bliss and are still valid half a century later: (1) simple similar
action (concentration addition, CA), (2) simple dissimilar action (independent action, IA), (3)
interactions (synergism, potentiation, antagonism) [45].

Concentration addition (CA), also known as ‘simple joint action’, is based on the idea of a
similar action of single compounds, whereas interpretations of this term can differ consider‐
ably. From mechanistic point of view, similar action means in a strict sense that single
substance should show the same specific interaction with a molecular target site in the
observed organisms. This is a nonintereactive process, which means that the chemicals in the
mixture do not affect the toxicity of one another. Each of the chemicals in the mixture contrib‐
utes to the toxicity of the mixture in proportion to its dose, expressed as the percentage of the
dose of that chemical alone that would be required to obtain the given effect of the mixture.
All chemicals of concern in a mixture act in the same way, by the same mechanisms, and differ
only in their potencies [46-47, 52].

It has been shown that the concept of concentration addition is also applicable to nonreac‐
tive,  nonionized  organic  chemicals,  which  show  no  specific  mode  of  action  but  whose
toxicity toward aquatic species is governed be hydrophobicity. The mode of action of such
compounds  is  called  narcosis  or  baseline  toxicity  [53-54].  The  potency  of  a  chemical  to
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Therefore, the main aim of this chapter was to review the existing knowledge on the chronic
and mixture toxicity of the residues of sulfonamides in the environment, since it has not been
done yet. This will be achieved by: (1) presenting current approaches for Environmental Risk
Assessment (ERA) for pharmaceuticals with respect to the evaluation of chronic and mixture
toxicity of these compounds; (2) introducing the reader to basic concepts of chemical mixture
toxicology; and finally (3) by discussing detailed available information on chronic and mixture
toxicity of the residues of sulfonamides in the environment.

2. Environmental risk assessment of pharmaceuticals vs. chronic and
mixture toxicity of pharmaceuticals

The approaches currently being used to assess the potential environmental effects of human
and veterinary drugs in the U.S. and in the European Union are in some respects dissimilar
[34-39]. The Environmental Risk Assessment (ERA) process usually starts with an initial
exposure assessment (Phase I). But with some exceptions, a fate and effects analysis (Phase II)
is only required when exposure-based threshold values, the so-called action limits, are
exceeded in different environmental compartments. Thus risk assessment, described by Risk
Quotient (RQ), is performed by the calculation the ratio of the predicted (or measured)
environmental concentration (PEC or MEC respectively) and predicted biological non-
effective concentrations (PNEC) on non-target organisms. If RQ is less than one it indicates
that no further testing is recommended. Calculations of environmental concentrations rely e.g.
on information on treatment dosage and intensity along with default values for standard
husbandry practices, and are based on a total residue approach reflecting worst-case assump‐
tions. For example, the recently introduced European guidance on assessing the risks of human
drugs excludes the testing of pharmaceuticals whose PECsurface water is below an action limit of
0.01 μg L-1; in the U.S. this threshold value is 0.1 μg L-1. Moreover, there are two different action
limits for veterinary pharmaceuticals, one each for the terrestrial and the aquatic compart‐
ments. No fate and effect analysis is required for veterinary pharmaceuticals used to treat
animals if the PECsoil is < 100 μg kg-1 dry weight of soil. However, a Phase II assessment is not
required for veterinary medicines used in an aquaculture facility if the estimated concentration
of the compound is < 1 μg L-1 [40-41]. If the PECsurface water of a pharmaceutical is above the action
limit, effects on algae, crustaceans and fish are investigated. However, if PECsoil is higher than
the action limit, then Phase II, divided into two parts: Tier A, in which the possible fate of the
pharmaceutical or its metabolites and its effects on earthworms (mortality) and plants
(germination and growth) as well as the effects of the test compound on the rate of nitrate
mineralization in soil are determined; and Tier B in which only effect studies are recommended
for affected taxonomic levels [34-39].

The main problem associated with this approach is the fact that the no actual sales figures or
measured environmental concentrations are at hand when a risk assessment is conducted.
Therefore, only crude PEC calculations are performed [42]. Moreover, the (eco)toxicity tests
included in Phase II focus on acute toxicity of only single compounds. Chronic and mixture
toxicity is not obligatory. As the risk of an acute toxic effect from pharmaceuticals in the
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environment is unlikely and organisms in the environment are exposed to mixtures of
pharmaceuticals, such limited focus results in important uncertainties. Additionally, same
drugs (like sulfonamides) are used to treat both humans and animals. Although the exposures
may differ, their potential effects on non-target organisms will be the same, and so the effect-
testing approaches should be similar. For these reasons, many scientists have already pointed
out the need for more reliable PEC and PNEC calculations for more realistic ERA of pharma‐
ceutical [40-42].

3. Basic concepts of chemical mixture toxicology

To predict the toxicity of mixtures, ecotoxicologists use concepts originally developed by
pharmacologists in the first half of the 20th century [43-48]. Since more than 20 years, they
have been trying to elucidate the problem of risk assessment for complex mixtures of various
substances. As a result a lot of excellent studies have been performed in this topic [49-51].
One of the main interests of scientists in the field of combination toxicology is to find out
whether the toxicity of a mixture is different from the sum of the toxicities of the single
compounds; in other words, will the toxic effect of a mixture be determined by additivity
of dose or effect or by supra-additivity (synergism - an effect stronger than expected on
the basis of additivity) or by infra-additivity (antagonism - an effect lower than the sum of
the toxicities of the single compounds) The toxic effect of a mixture appears to be highly
dependent on the dose (exposure level),  the mechanism of action, and the target (recep‐
tor) of each of the mixture constituents. Thus, information on these aspects is a prerequi‐
site for predicting the toxic effect of a mixture [46-47, 52].

Generally, three basic concepts for the description of the toxicological action of constituents of
a mixture have been defined by Bliss and are still valid half a century later: (1) simple similar
action (concentration addition, CA), (2) simple dissimilar action (independent action, IA), (3)
interactions (synergism, potentiation, antagonism) [45].

Concentration addition (CA), also known as ‘simple joint action’, is based on the idea of a
similar action of single compounds, whereas interpretations of this term can differ consider‐
ably. From mechanistic point of view, similar action means in a strict sense that single
substance should show the same specific interaction with a molecular target site in the
observed organisms. This is a nonintereactive process, which means that the chemicals in the
mixture do not affect the toxicity of one another. Each of the chemicals in the mixture contrib‐
utes to the toxicity of the mixture in proportion to its dose, expressed as the percentage of the
dose of that chemical alone that would be required to obtain the given effect of the mixture.
All chemicals of concern in a mixture act in the same way, by the same mechanisms, and differ
only in their potencies [46-47, 52].

It has been shown that the concept of concentration addition is also applicable to nonreac‐
tive,  nonionized  organic  chemicals,  which  show  no  specific  mode  of  action  but  whose
toxicity toward aquatic species is governed be hydrophobicity. The mode of action of such
compounds  is  called  narcosis  or  baseline  toxicity  [53-54].  The  potency  of  a  chemical  to
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induce  narcosis  is  entirely  dependent  on  its  hydrophobicity,  generally  expressed  by  its
octanol-water  partition  coefficient  logKow.  As  a  result,  in  the  absence  of  any  specific
mechanism of toxicity, a chemical will, within certain boundaries, always be as toxic as its
logKow indicates. Mathematically, the concept of concentration addition for a mixture of n
substances is described by [48]:

∑
i=1

n Ci

ECx i
=1 (1)

where ci represents the individual concentrations of the single substances present in a mixture
with a total effect of x%, and ECxi are those concentrations of the single substances that would
alone cause the same effect x as observed for the mixture. According to Eq. (1), the effect of the
mixture remains constant when one component is replaced by an equal fraction of an equally
effective concentration of another. As an important point, concentration addition means that
substances applied at less than their individual “no observable effect concentrations” (NOECs)
can nevertheless contribute to the total mixture effect [46-47].

The alternative concept of independent action (IA), also known as ‘independent joint action’
was already formulated by Bliss [45]. IA is when toxicants act independently and have different
modes of toxic action [43, 46-47]. In this case the agents of a mixture do not affect each other’s
toxic effect. As a result of such a dissimiliar action, the relative effect of one of the toxicants in
a mixture should remain unchanged in the presence of another one. For binary mixture the
combination effect can be calculated by the equitation [46]:

E(cmix)=1 - (1 - E (c1))(1 - E(c2)) (2)

In which E(c1), E(c2) are the effect of single substances and E(cmix) is the total effect of the mixture.
Following this equitation, a substance applied in a concentration below its individual NOEC
will not contribute to the total effect of the mixture, i.e. there will be no mixture toxicity if the
concentrations of all used single substances are below their NOEC [45-47, 52].

Additionally, compounds may interact with one another, modifying the magnitude and
sometimes the nature of the toxic effect. This modification may make the composite effect
stronger or weaker. An interaction might occur in the toxicokinetic phase (processes of uptake,
distribution, metabolism, and excretion) or in the toxicodynamic phase (effects of chemicals
on the receptor, cellular target, or organ).These include terms such as synergism and poten‐
tiation (i.e., resulting in a more than additive effect), or antagonism (i.e., resulting in a less than
additive effect) [52]. It must be highlighted that at given concentrations of the single com‐
pounds in a mixture the combination effect will in general be higher if the substances follow
the concept of concentration addition. Thus, misleadingly the different concepts were some‐
times brought in correlation to the term synergism and antagonism. But synergism or antag‐
onisms between the used substances and their effects can occur independently of a similar or
dissimilar mode of action [46].
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For these reasons, prediction of the effect of a mixture based on the knowledge of each of
the  constituents  requires  detailed information on the  composition of  the  mixture,  expo‐
sure level, mechanism of action, and receptor of the individual compounds. However, often
such information is not or is only partially available and additional studies are needed. In
addition to considering which of these concepts should be used to evaluate combined toxic
effects, the design of the study is important in quantifying the combined effects. Most of
such  studies  are  based  on  a  comparison  of  observed  values  with  those  predicted  by  a
reference  mode  (IA  or  CA).  An  important  aspect  of  toxicity  studies  of  mixtures  is  the
impracticability of ‘complete’ testing. If all combinations are to be studied at different dose
levels, an increasing number of chemicals in a mixture results in an exponential increase
in  number  of  test  groups:  to  test  all  possible  combinations  (in  a  complete  experimental
design) at only one dose level of each chemical in a mixture consisting of 4 or 6 chemi‐
cals, 16 (24–1) or 64 (26–1) test groups, respectively, would be required. Such in vivo studies
are  time consuming and impossible  from a  practical  and economical  point  of  view.  To
reduce  the  number  of  test  groups  without  losing  too  much  information  about  possible
interactions  between  chemicals,  several  test  scenario’s  (statistical  designs)  have  been
proposed [52]. The study design largely depends on the number of compounds of a mixture
and  on  the  question  whether  it  is  desirable  to  assess  possible  existing  interactions  be‐
tween chemicals in a mixture [52]:

• One approach is to test the toxicity of the mixture without assessing the type of interactions.
This is the simplest way to study effects of mixtures by comparing the effect of a mixture
with the effects of all its constituents at comparable concentrations and duration of exposure
at one dose level without testing all possible combinations of two or more chemicals. This
approach requires a minimum number of experimental groups (n + 1, the number of
compounds in a mixture plus the mixture itself). If there are no dose-effect curves of each
of the single compounds it is impossible to describe the effect of the mixture in terms of
synergism, potentiation, antagonism, etc. This strategy would be of interest for a first
screening of adverse effects of a mixture.

• The second approach is based on assessment of interactive effects between two or three
compounds which can be identified by physiologically based toxicokinetic modeling,
isobolographic or dose-effect surface analysis, or comparison of dose-effect curves. How‐
ever, interactive effects of compounds in mixtures with more than three compounds can be
best ascertained with the help of statistical designs such as (fractionated) factorial designs,
ray designs or dose-effect surface analysis. Here we would like to described shortly only
the isobole methods as so far they are mainly used in the studies concerning the determi‐
nation of pharmaceutical mixture toxicity [25-26,46-47].

An  isobole,  originally  developed  by  Loewe  and  Muischnek  [44],  is  a  contour  line  that
represents equi-effective quantities of two agents or their mixtures [52]. The theoretical line
of additivity is the straight line connecting the individual doses of each of the single agents
that produce the fixed effect alone. The method requires a number of mixtures to be tested
and is used for a graphical representation to find out if mixtures of two compounds behave
in a dose-additive manner and subsequently can be regarded as chemicals with a similar
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induce  narcosis  is  entirely  dependent  on  its  hydrophobicity,  generally  expressed  by  its
octanol-water  partition  coefficient  logKow.  As  a  result,  in  the  absence  of  any  specific
mechanism of toxicity, a chemical will, within certain boundaries, always be as toxic as its
logKow indicates. Mathematically, the concept of concentration addition for a mixture of n
substances is described by [48]:

∑
i=1

n Ci

ECx i
=1 (1)
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additive effect) [52]. It must be highlighted that at given concentrations of the single com‐
pounds in a mixture the combination effect will in general be higher if the substances follow
the concept of concentration addition. Thus, misleadingly the different concepts were some‐
times brought in correlation to the term synergism and antagonism. But synergism or antag‐
onisms between the used substances and their effects can occur independently of a similar or
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For these reasons, prediction of the effect of a mixture based on the knowledge of each of
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An  isobole,  originally  developed  by  Loewe  and  Muischnek  [44],  is  a  contour  line  that
represents equi-effective quantities of two agents or their mixtures [52]. The theoretical line
of additivity is the straight line connecting the individual doses of each of the single agents
that produce the fixed effect alone. The method requires a number of mixtures to be tested
and is used for a graphical representation to find out if mixtures of two compounds behave
in a dose-additive manner and subsequently can be regarded as chemicals with a similar
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mode of action. When all equi-effect concentrations are connected by a downward concave
line, the effect of the combinations is antagonistic, and a concave upward curve indicates
synergism. The use of the isobole procedure to evaluate the effects of binary mixtures is
widely  used,  but  is  very  laborious  and  requires  large  data  sets  in  order  to  produce
sufficiently reliable results [52].

4. State of the knowledge concerning mixture and chronic toxicity of the
residues of sulfonamides in the environment

4.1. What do we know about the long-term effects of the presence of the residues of
sulfonamides in the environment?

Chronic toxicity tests are studies in which organisms are exposed to different concentrations
of a chemical and observed over a long period, or a substantial part of their lifespan. In contrast
to acute toxicity tests, which often use mortality as the only measured effect, chronic tests
usually include additional measures of effect such as growth rates, reproduction or changes
in organism behavior [55-56]. Therefore, the standard acute toxicity tests do not seem appro‐
priate for risk assessment of pharmaceuticals, because of the nature of these compounds. The
use of chronic tests over the life-cycle of organisms for different trophic levels could be more
appropriate [57]. However, there is still an ongoing debate between ecotoxicologists over the
determination which tests should be considered to be chronic or acute (based on their dura‐
tion). This applies not only to aquatic animal testing with invertebrates and fish, but also to
standard 96-h algal and 7-d higher plant test methods.

Molander et al. [19] reviewed the data published in the Wikipharma database – a freely available,
interactive and comprehensive database on the environmental effects of pharmaceuticals that
provides an overview of effects caused by these compounds on non-target organisms identi‐
fied in acute, sub-chronic and chronic ecotoxicity tests. Looking at the data set as a whole, they
concluded that crustaceans like Daphnia magna and Ceriodaphnia dubia were the species most
commonly used (29% of all tests performed); this is hardly surprising since they are abundant
and widespread, easy to keep in the laboratory, and sensitive towards a broad range of
environmental contaminants. Less commonly, such tests were performed on marine bacteria
Vibrio fischeri (12%), algae Pseudokirchneriella subcapitata (9.5%) and fish Poeciliopsis lucida (9%)
and Oncorhynchus mykiss (8%) [19]. They have also estimated that acute tests based on
microorganisms (exposure time ≤ 30 min), algae (exposure time ≤ 72 h), invertebrates (exposure
time ≤ 48 h) and vertebrates (exposure time ≤ 96 h) constitute 55% of all the data compiled [19].
This information was corroborated by Santos et al. [20], who estimated that acute effects in
organisms belonging to different trophic levels predominate over chronic ones in more than
60% of all the tests performed. This also concerns the available information on the ecotoxicity
of sulfonamides (see Table 2).

Looking at the available acute toxicity data, it can be concluded that SAs are practically non-
toxic to most microorganisms tested including selected strains of bacteria, such as Vibrio
fischeri and Pseudomonas aeruginosa. However, data as are available from acute tests on the
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potential effects of SAs in the environment appear to indicate a possible negative impact on
different ecosystems and imply a threat to public health. The most sensitive assays for the
presence of SAs are bioindicators containing chlorophyll (algea and duckweed) [3, 22-23]. A
highly toxic effect of SMX on duckweed (Lemna gibba) was observed. This was also supported
by the results of one of our studies, where we evaluated the ecotoxicity potential of twelve
sulfonamides (sulfaguanidine, sulfadiazine, sulfathiazole, sulfamerazine, sulfamethiazole,
sulfachloropyridazine, sulfamethoxypyridazine, sulfamethoxazole, sulfisoxazole, sulfadime‐
thoxine, sulfapyridine, sulfadimidine) to enzymes (acetylcholinesterase and glutathione
reductase), luminescent marine bacteria (Vibrio fischeri), soil bacteria (Arthrobacter globiformis),
limnic unicellular green algae (Scenedesmus vacuolatus) and duckweed (Lemna minor). We found
that SAs were not only toxic towards green algae (EC50 = 1.54 – 32.25 mg/L) but were even more
strongly so towards duckweed (EC50 = 0.02 – 4.89 mg/L) than atrazine, a herbicide (EC50 = 2.59
mg/L) [33]. This indicates that even low concentrations of SAs may significantly affect the
growth and development of plants.

However, data relating to the long-term exposure of non-target organisms, and especially how
continuous exposure for several generations may affect a whole population is very limited.
Most chronic toxicity data for sulfonamides, is available for invertebrates, probably because
these are the briefest and therefore least expensive chronic toxicity tests to run. Available
chronic toxicity data for sulfonamides is summarized in Table 3 and discussed below.

The major concern over the effects of all antimicrobials (including sulfonamides) on microbial
assemblages is the development of antimicrobial resistance and the effect of this on public
health. Recently, Baran et al. [3] has reviewed the papers concerning the influence of presence
of SAs in the environment to antimicrobial resistance. They concluded that SAs in the envi‐
ronment increase the antimicrobial resistance of microorganisms and the number of bacterial
strains resistant to SAs increases systematically in recent years. Resistant bacterial species
commonly carried single genes, but in recent years, an increased number of pathogens that
possess three SAs-resistant genes have been observed. Moreover, they have also highlighted
that these drugs have shown the highest drug resistance, almost twice as high as tetracyclines
and many times higher than other antibiotics. Most often, bacterial resistance to SAs has been
described in Escherichia coli, Salmonella enterica and Shigella spp. from the manure of farm
animals, from meat and from wastewater [3]. The implications of antimicrobial resistance for
aquatic ecosystem structure and function remain unknown, but the human health implications
of widespread resistance are of clear concern [55].

Additionaly, Heuer and Smalla [58] investigated the effects of pig manure and sulfadiazine
on bacterial communities in soil microcosms using two soil types. In both soils, manure and
sulfadiazine positively affected the quotients of total and sulfadiazine-resistant culturable
bacteria after two months. The results suggest that manure from treated pigs enhances spread
of antibiotic resistances in soil bacterial communities. Monteiro and Boxall [59] have recently
examined the indirect effects of sulfamethoxazole on the degradation of a range of human
medicines in soils. It was observed that the addition of SMX significantly reduce the rate of
degradation of human non-steroidal anti-inflammatory drugs, naproxen. This observation
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potential effects of SAs in the environment appear to indicate a possible negative impact on
different ecosystems and imply a threat to public health. The most sensitive assays for the
presence of SAs are bioindicators containing chlorophyll (algea and duckweed) [3, 22-23]. A
highly toxic effect of SMX on duckweed (Lemna gibba) was observed. This was also supported
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that SAs were not only toxic towards green algae (EC50 = 1.54 – 32.25 mg/L) but were even more
strongly so towards duckweed (EC50 = 0.02 – 4.89 mg/L) than atrazine, a herbicide (EC50 = 2.59
mg/L) [33]. This indicates that even low concentrations of SAs may significantly affect the
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continuous exposure for several generations may affect a whole population is very limited.
Most chronic toxicity data for sulfonamides, is available for invertebrates, probably because
these are the briefest and therefore least expensive chronic toxicity tests to run. Available
chronic toxicity data for sulfonamides is summarized in Table 3 and discussed below.

The major concern over the effects of all antimicrobials (including sulfonamides) on microbial
assemblages is the development of antimicrobial resistance and the effect of this on public
health. Recently, Baran et al. [3] has reviewed the papers concerning the influence of presence
of SAs in the environment to antimicrobial resistance. They concluded that SAs in the envi‐
ronment increase the antimicrobial resistance of microorganisms and the number of bacterial
strains resistant to SAs increases systematically in recent years. Resistant bacterial species
commonly carried single genes, but in recent years, an increased number of pathogens that
possess three SAs-resistant genes have been observed. Moreover, they have also highlighted
that these drugs have shown the highest drug resistance, almost twice as high as tetracyclines
and many times higher than other antibiotics. Most often, bacterial resistance to SAs has been
described in Escherichia coli, Salmonella enterica and Shigella spp. from the manure of farm
animals, from meat and from wastewater [3]. The implications of antimicrobial resistance for
aquatic ecosystem structure and function remain unknown, but the human health implications
of widespread resistance are of clear concern [55].

Additionaly, Heuer and Smalla [58] investigated the effects of pig manure and sulfadiazine
on bacterial communities in soil microcosms using two soil types. In both soils, manure and
sulfadiazine positively affected the quotients of total and sulfadiazine-resistant culturable
bacteria after two months. The results suggest that manure from treated pigs enhances spread
of antibiotic resistances in soil bacterial communities. Monteiro and Boxall [59] have recently
examined the indirect effects of sulfamethoxazole on the degradation of a range of human
medicines in soils. It was observed that the addition of SMX significantly reduce the rate of
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may have serious implications for the risks of other compounds that are applied to the soil

environment such as pesticides.

Substance name Type of organism Acute toxicity Chronic toxicity Ref.

SDZ Daphnia magna
EC50, 48h = 221 mg L-1 EC50, 21d = 13.7 mg L-1

[60]
(166 – 568 mg L-1) (12.2 – 15.3 mg L-1)

SMX

Brachionus calyciflorus
EC50, 24h = 26.27 mg L-1 EC50, 48h = 9.63 mg L-1

[29]
(16.32 – 42.28 mg L-1) (7.00 – 13.25 mg L-1)

Clathrina dubia
EC50, 48h = 15.51 mg L-1 EC50, 7d = 0.21 mg L-1

(12.97 – 18.55 mg L-1 (0.14 – 0.39 mg L-1)

-logEC50, 15 min -logEC50, 24h

SDMD

SPY

SMX

SDZ

SSX

SMMa

SCP

Photobacterium phosphoreum

3.12 (± 0.04) M

2.92 (± 0.05) M

3.32 (± 0.04) M

3.32 (± 0.02) M

3.81 (± 0.02) M

3.67 (± 0.03) M

4.30 (± 0.04) M

4.08 (± 0.06) M

3.84 (± 0.04) M

4.45 (± 0.05) M

4.50 (± 0.06) M

4.43 (± 0.03) M

5.05 (± 0.05) M

4.78 (± 0.04) M

[61]

SQO

Daphnia magna

EC50, 48h = 131 mg L-1 EC50, 21d = 3.466 mg L-1

[25-26]

(119 – 143 mg L-1) (2.642 – 4.469 mg L-1)

SGD
EC50, 48h = 3.86 mg L-1 EC50, 21d = 0.869 mg L-1

(3.19 – 5.08 mg L-1) (0.630 – 1.097 mg L-1)

SDMD
EC50, 48h = 202 mg L-1 EC50, 21d = 4.25 mg L-1

(179 – 223 mg L-1) (3.84 – 4.62 mg L-1)

SDMD Daphnia magna
EC50, 48h = 215.9 mg L-1 EC50, 21d

[16]

(169.6 – 274.9 mg L-1) no effect up to 30 mg L-1

STZ
EC50, 48h = 616.9 mg L-1 LOEC = 35 mg L-1

(291.7 – 1303.6 mg L-1)

SDMD Moina macrocopa
EC50, 48h = 110.7 mg L-1 EC50, 8d

(89.5 – 136.9 mg L-1) no effect up to 35 mg L-1

STZ
EC50, 48h = 391.1 mg L-1 no effect up to 30 mg L-1

(341.9 – 440.3 mg L-1)

aSulfamonometoxine

Table 3. An overview of the available information on the chronic toxicity of sulfonamides to different organisms
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Only  few  studies  have  also  explored  effects  of  SAs  on  aquatic  microbes.  It  must  be
highlighted that it was already proved that the effects of antibiotics like SAs on bacteria
should not be determined using acute tests.  These compounds possess specific  mode of
action and impacts frequently became evident upon extending the incubation period. Most
of the toxicity data available for Vibrio fischeri using short exposure times (between 5 and
30 min) rather than a 24 h exposure show that SAs have a low toxic potential in this respect,
because these compounds interfere only slightly with biosynthetic pathways. Toxicity tests
with bacteria have shown that chronic exposure to antibiotics is crucial rather than acute
[14,50, 62-63]. This is also supported by the results of [30,61,64]. The toxicity of sulfadimi‐
dine  (sulfamethazine)  in  standard  15  min  acute  test  with  this  luminescent  bacteria  ob‐
tained EC50 was 344.7 mg L-1 [30] but in 18 h test its toxicity was in the range of 3.68 – 4.57
mg L-1 depending on the type of strain of these marine bacteria [64]. Also Zou et al. [61]
determine the chronic (24 h exposure) and acute (15 min exposure) toxicity to Photobacteri‐
um phosphoreum for seven SAs. These experiments revealed that sulfachloropyridazine (SCP)
was more toxic than other SAs, whereas sulfapyridine (SPY) was relatively less toxic than
other SAs (see Table 3).  The order of acute toxicity was as follows: SCP > SSX > SMX >
SMM > SDZ > SDMD > SPY. However, the order of chronic toxicity was different: SMM >
SCP > SDZ > SMX > SSX > SDMD > SPY. Clearly, different order of toxicity between the
acute and chronic exposure indicated a different toxicity mechanism (see Fig. 1). It has been
reported that the acute toxic effects of pollutants to P. phosphoreum are caused by interfer‐
ing LUC-catalyzed bioluminescent reaction and therefore LUC was found to be the receptor
protein for the antibiotics. In contrast, the receptor for the antibiotics in the chronic toxicity
test was dihydropterinic acid synthetase (DHPS).

Studies conducted on the toxicity mechanism of single SAa indicated that the pKa played a
vital role in the toxic effect of SAs or their antibacterial activity [32]. Because LUC (Lucyferase)
is an endoenzyme, and SAs have to be transported into the cell before bind with LUC, it was
clear that the antibiotic toxicity included both LUC-binding and a toxic transportation effect

Figure 1. (A) Scheme of SA ionization in equilibrium, (B) Mechanism for synergistic effect between SA and TMP in bac‐
terium (adopted from Reference [61])
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was more toxic than other SAs, whereas sulfapyridine (SPY) was relatively less toxic than
other SAs (see Table 3).  The order of acute toxicity was as follows: SCP > SSX > SMX >
SMM > SDZ > SDMD > SPY. However, the order of chronic toxicity was different: SMM >
SCP > SDZ > SMX > SSX > SDMD > SPY. Clearly, different order of toxicity between the
acute and chronic exposure indicated a different toxicity mechanism (see Fig. 1). It has been
reported that the acute toxic effects of pollutants to P. phosphoreum are caused by interfer‐
ing LUC-catalyzed bioluminescent reaction and therefore LUC was found to be the receptor
protein for the antibiotics. In contrast, the receptor for the antibiotics in the chronic toxicity
test was dihydropterinic acid synthetase (DHPS).

Studies conducted on the toxicity mechanism of single SAa indicated that the pKa played a
vital role in the toxic effect of SAs or their antibacterial activity [32]. Because LUC (Lucyferase)
is an endoenzyme, and SAs have to be transported into the cell before bind with LUC, it was
clear that the antibiotic toxicity included both LUC-binding and a toxic transportation effect

Figure 1. (A) Scheme of SA ionization in equilibrium, (B) Mechanism for synergistic effect between SA and TMP in bac‐
terium (adopted from Reference [61])
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(which can be described using pKa). pKa is a decisive factor in transporting SAs into the cell.
Three species (neutral, cationic and anionic) of SAs depend on the pKa and surrounding pH
values. The neutral species have higher cell membrane permeability than anionic species.
Therefore, pKa was the key parameter of sulfonamides toxic effects. Some similarity in acute
and chronic toxicity mechanisms was observed. However, in conclusion the distinct receptor
proteins of SAs in acute toxicity and chronic toxicity led to the different toxicity mechanisms
of single antibiotics [61]. A comparison of the results of short and long term bioassays with
Vibrio fischeri demonstrates the risk of underestimating the severe effects of substances with
delayed toxicity in acute tests.

Similar conclusions can be obtained if only acute toxicity of SAs to invertebrates is taken
into consideration.  Detailed information is  presented in  Table  3.  No acute  effects  on D.
magna were observed in the investigation of Wollenberger et al. [60]. However, reproduc‐
tive effects (EC50) were observed for sulfadiazine in the range of 5 to 50 mg L-1. This drug
caused mortality in the parent generation during the long-term (3 weeks) exposure. Such
results  suggest  that  crustacean reproduction test  should be included in the test  strategy
[60]. Similar correlation was also found by Isidori et al. [29] who investigated the acute and
chronic toxicity of SMX to B. calciflorus (24 h and 48 h exposure) and C. dubia (48 h and 7
d exposure time). As expected chronic tests showed higher toxicity that acute tests. Also
Park and Choi [16] evaluated the acute and chronic aquatic toxicities of four SAa using
standard tests with D. magna and M. macrocopa. The results from the chronic toxicity tests
in  this  study  showed  that  sensitivity  of  M.  macrocopa  was  similar  to  that  of  D.  magna.
However, the exposure duration for M. macrocopa was only 8 days whereas for D. magna
was  21  days.  Moina  shares  many  characterisitcs  with  D.  magna  (e.g.  large  population
densities, high population growth rates, short generation time, and easiness of culture) and
is often preferred for hazard evaluation because of its relatively short life span and wide
geographical  distribution.  However,  Park  and  Choi  found  no  significant  effects  on
reproduction of D. magna at concentrations of SMZ up to 30 mg L-1. In contrast De Liguoro
et al. [25-26] observed strong inhibitory effect of SMZ on reproduction of D. magna (nearly
100% inhibition with SMZ at a concentration of 12.5 mg L-1). This could be explained by
that fact that in the Park and Choi study, daphnids were fed daily not only with algae, but
also with the EPA recommended YCT that contains yeast, a known good natural source of
folate [16]. Eguchi et al. [28] have shown that SAs interfere with folate synthesis in green
algae. Therefore, this supplement of folic acid may well have protected the reproduction
of the test organisms by compensating for the deficiencies caused by SMZ. Generally, when
testing antibacterials on D. magna,  effects on the reproductive output occur at concentra‐
tions which are at least one order of magnitude below the acute toxic levels [60].

Unfortunately, there is no information about long-term effects of the residues of these
compounds to higher plants and other aquatic as well as terrestrial organisms. Therefore, it
seems to be necessary for researchers to study the chronic toxicity of antibiotic [46-47, 55]
because of their widespread use and continuous emissions into the environment [14].
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4.2. What do we know about mixture toxicity of the residues of sulfonamides in the
environment?

As SAs occur in natural environment not as a single, isolated drug but usually together with
other compounds of the same family or the same type, accumulated concentrations or
synergistic-antagonistic effects need to be considered. Sulfonamides are widely used in
combination therapy together with their potentiator (mostly trimethoprim, TMP) in human
and veterinary medicine [1-3]; thus, the occurrence of TMP together with other antibiotics has
been commonly detected [3].

Santos et al. [20] pointed out that, ecotoxicological data show that the effects of mixtures may
differ from those of single compounds. For example, Cleuvers [46] showed that a mixture of
diclofenac and ibuprofen exhibited a greater than predicted toxicity to D. magna, and that the
addition of two more drugs increased the toxicity towards the test species even further.
Available mixture toxicity data for sulfonamides is summarized in Table 4 and discussed
below.

Substance name/

Mixture composition

Test scenario

(statistical

design)

Test description

(organism, test

duration)

Toxicity of single

compounds

(EC50single)

Mixture toxicity

(EC50mixture)
Conclusions Ref.

SDM

Evaluation of the

toxicity of the

mixture of

selected

compounds

based on

concentration

addition concept.

Selenastrum

capricornutum,

2.30 mg L-1

Synergistic

growth inhibition

between SAs and

TMP or PMT and

for

SMX:AcSMX:TMP

mixture.

[28]

SMX 1.50 mg L-1

SDZ 2.19 mg L-1

Trimethoprim

(TMP)
80.8 mg L-1

Pyrimethanine (PMT) 5.06 mg L-1

AcSMX >100mg L-1

AcSDM >100mg L-1

AcSDZ >100mg L-1

SMZ + TMP according to

OECD 201

0.275 mg L-1

SDA + TMP 0.465 mg L-1

SDM + PMT 2.36 mg L-1

SMX:AcSMX:TMP

(20:105:3)
0.784 mg L-1

SDM:AcSDM:TMP

(176:8:1)
2.17 mg L-1

SDZ:AcSDZ:TMP

(42:24:1)
2.08 mg L-1

SDZ
Assessment of

interactive

effects between

two compounds

identified by

Daphnia magna,

48 h

212 mg L-1 Antagonistic

interaction for

mixtures:

SMZ + SDZ

SMZ + SGD

SMZ + SMR

[26]

SGD 3.86 mg L-1

SMR 277 mg L-1

SDM 202 mg L-1

SDMD (SMZ) 270 mg L-1
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SQO

isobologram

method.

SMT + SDM

Complex

interaction

(synergism

additivity and

antagonism) for

mixture of SMT +

SQO

131 mg L-1

TMP 149 mg L-1

binary mixtures of SMZ

+6 compounds

Simple additivity

for SMZ + TMP

SGD Assessment of

interactive

effects between

two compounds

identified by

isobologram

method.

Daphnia magna,

21 d

0.896 mg L-1

Additive

(antagonistic)

interaction

between SQO

and SGD.

[25]

SQO 3.466 mg L-1

SGD Pseudokirchneriella

subcapitata,

96 h

43.559 mg L-1

SQO 0.246 mg L-1

Toxicity of single

compound

(-logEC50, 15 min)

Toxicity of binary

mixture SAs and

TMP(-logEC50, mixture)

[61]

Antagonistic

interaction

between SAs and

TMP in acute

toxicity test.

SDMD

Photobacterium

phosphoreum,

15 min and 24 h

3.12 (± 0.04) M 2.78 (± 0.02) M

SPY Evaluation of the

toxicity of the

mixture of

selected

compounds

based on

concentration

addition concept

2.92 (± 0.05) M 2.89 (± 0.02) M

SMX 3.32 (± 0.04) M 2.79 (± 0.01) M

SDZ 3.32 (± 0.02) M 2.76 (± 0.03) M

SSX 3.81 (± 0.02) M 2.79 (± 0.07) M

SMM 3.67 (± 0.03) M 2.73 (± 0.02) M

SCP 4.30 (± 0.04) M 3.00 (± 0.03) M

TMP 3.22 (± 0.07) M

Toxicity of single

compound

(-logEC50, 24h)

Toxicity of binary

mixture SAs and TMP

(-logEC50, mixture)

SDMD 4.08 (± 0.06) M 5.08 (± 0.05) M

Synergistic

interaction

between SAs and

TMP in chronic

toxicity test.

SPY 3.84 (± 0.04) M 4.85 (± 0.07) M

SMX 4.45 (± 0.05) M 5.50 (± 0.07) M

SDZ 4.50 (± 0.06) M 5.42 (± 0.03) M

SSX 4.43 (± 0.03) M 5.45 (± 0.03) M

SMM 5.05 (± 0.05) M 6.01 (± 0.05) M

SCP 4.78 (± 0.04) M 5.73 (± 0.05) M

TMP 5.37 (± 0.02) M

Table 4. An overview of the available information on the mixture toxicity of sulfonamides to different organisms

The toxicity of mixture of sulfonamides to non-target organisms was firstly reported by Brain

et al. [22] and Eguchi et al. [28]. Brain et al. investigated the toxicity of the mixture of eight
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most commonly used pharmaceuticals belonging to different groups (atorvastatin, acetami‐
nophen, caffeine, sulfamethoxazole, carbamazepine, levofloxacin, sertraline and trimetho‐
prim) to the aquatic macrophytes Lemna gibba and Myriophyllum sibircum. Given the diversity
in mode of action of these compounds, the toxicity of the mixture in the microcosms was likely
via response addition. Generally, both species displayed similar sensitivity to the pharma‐
ceutical mixture [22].

On the other hand, Eguchi et al. [28] found that a mixture of trimethoprim or pyrimethamine
(pyrimethamine is often used as a substitute for trimethoprim), sulfamethoxazole and
sulfadiazine significantly increased growth inhibition (synergistic effect of the mixture was
observed) in the algae S. capricornutum. To investigate the synergistic influence of combined
drugs on the growth of green algae, SAs and TMP or PMT (TMPs) were simultaneously added
to S. capricornutum culture. In this experiment, the concentration of TMPs was fixed at the no
observed effect concentration (NOEC) and the concentration of the SAs were altered. These
combined drugs are frequently used in the veterinary field in many countries. Combination
of SMZ and SDA with TMP rendered the growth inhibitory activity significantly increased in
comparison with their individual activities (see Table 4 and Fig. 2(A)). On the contrary,
combination of SDM with PYR did not show such an effect. Moreover, as SAs are thought to
be partly metabolized to AcSAs in the bodies of animals, Eguchi et al. [28] have also tested the
toxicity of the mixture of SAs their metabolites and TMP. Therefore the test of combined drugs
was done by using the combinations corresponding AcSAs at a ratio according to the concen‐
trations detected in the urine of pigs fed with SAs. The ratio was SMZ:AcSMZ:TMP = 20:105:3,
SDM:AcSDM:PMT = 167:8:1 and SDA:AcSDA:TMP = 42:24:1. A similar synergistic effect to
that described above was observed with combinations of SMZ, TMP, and AcSMZ (see Table
4). However, combination of SDM or SDA with their acetylate and PMT or TMP did not show
a synergistic effect on growth in excretion ratio. A reason must be that the concentration of
TMP used was not enough to express synergistic influence in combination with SDM or SDA.
These results indicate that several combined drugs that show a synergistic effect in vitro may
have an actual synergistic effect on algae in ecosystem although excretion ratio can vary in
animal condition or other factors. The synergistic effect observed by the combination of SAs
and TMPs in this study indicates that the simultaneous release of several antimicrobial agents
may result in greater toxicity to microorganisms in the environment than the release of the
same agents individually. Furthermore, the rate of growth inhibition by SAs by addition of
folic acid was investigated in this study. It was observed that the growth inhibitory activity of
the combination of SDA and TMP was significantly reduced by the addition of 20 ng/l of folic
acid to the medium. Significantly, folic acid exhibited a similar effect when SDA was tested
alone, but not when TMP was tested alone (see Fig. 2(B)) [28].

Both SAs and TMPs inhibit the folate synthesis pathway in bacteria, but their inhibition sites
are different. SAs inhibit dihydropterinic acid synthetase (DHPS), thereby inhibiting the
synthesis of folic acid. On the other hand, TMPs inhibits dihydrofolic acid reductase (DHFR),
which converts folic acid to 7,8-dihydrofolic acid (7,8- DHF) and 5,6,7,8-tetrahydrofolic acid
(5,6,7,8-THF), both active forms of folic acid suitable for utilization. Therefore, the synergistic
effect of the combination of SAs and TMPs is likely to be due to the cumulative effect of their
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via response addition. Generally, both species displayed similar sensitivity to the pharma‐
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(pyrimethamine is often used as a substitute for trimethoprim), sulfamethoxazole and
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observed) in the algae S. capricornutum. To investigate the synergistic influence of combined
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that described above was observed with combinations of SMZ, TMP, and AcSMZ (see Table
4). However, combination of SDM or SDA with their acetylate and PMT or TMP did not show
a synergistic effect on growth in excretion ratio. A reason must be that the concentration of
TMP used was not enough to express synergistic influence in combination with SDM or SDA.
These results indicate that several combined drugs that show a synergistic effect in vitro may
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may result in greater toxicity to microorganisms in the environment than the release of the
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alone, but not when TMP was tested alone (see Fig. 2(B)) [28].
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synthesis of folic acid. On the other hand, TMPs inhibits dihydrofolic acid reductase (DHFR),
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(5,6,7,8-THF), both active forms of folic acid suitable for utilization. Therefore, the synergistic
effect of the combination of SAs and TMPs is likely to be due to the cumulative effect of their

What Do We Know About the Chronic and Mixture Toxicity of the Residues of Sulfonamides in the Environment?
http://dx.doi.org/10.5772/53732

75



actions on two different sites in the folate biosynthesis pathway. Since SAs block the synthesis
of folate, the growth inhibitory effect of this compound can be reversed by the addition of
folate. In contrast, TMP blocks enzymes downstream of folate in the synthesis pathway, thus
addition of folate will not reverse the growth-inhibiting effect of this compound. Since algea

(A) 

(B) 

Figure 2. (A) The dose-response curve of SAs (SMT – sufamethzine, SDA – sulfadiazine, SDM – sulfadimethoxine) com‐
bined with TMP (trimethoprim) or PMT (pyrimethamine); (B) Recovery of growth inhibition be addition of folic acid
(*observed siginifcant difference to negative control – without folic acid, 1) concentration of SDA (sulfadiazine) in com‐
bination, TMP was used at the NOEC, 2) used at the EC50 concentration) (adopted from References [28])
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also have a similar folate synthesis pathway, the growth inhibitory effect of SAs on these
organisms is likely to be the result of the same inhibitory mechanism. Therefore, algal cells
could survive in the presence of SAs, but not TMP, when folic acid was added to the medium.

De Liguoro et al. [25-26] evaluated the acute mixture toxicity of combining sulfamethazine
with TMP towards D. magna and effects of different mixtures of sulfaquinoloxine (SQO) and
sulfaguanidine (SGD) on D. magna and P. subcapitata (see Table 4). The additive toxicity of these
compounds was evaluated using the isobologram method. In Fig. 3A, the isoboles showing
the different type of combination effects are presented. Taking into account confidence
intervals SMZ showed infra-additivity when paired with SDZ, SGD, SMA or SDM. When SMZ
was paired with SQO the interaction was more complex, as each type of combination effects
(supra-additivity, additivity and infra-additivity) was observed at the three different combi‐
nation ratios. Simple additivity was recorded when SMZ was combined with the sulfonamide-
potentiator TMP (Fig. 3A). Tests with paired SQO and SGD were based on the individual
EC50 (for D. magna see [25]). In each paired test, the concentration–response relationship was
analyzed for three selected combination ratios equidistantly distributed on the additivity line.
In Fig. 3B, the isoboles based on the effects of different mixtures of SQO and SGD on D.
magna and P. subcapitata are depicted. Only in one test, where relatively low concentrations of
SQO were combined with relatively high concentrations of SGD on P. subcapitata, the two
paired compounds showed simple additivity. In all the other tests a less than additive
(antagonistic) interaction was detected. In this study, binary tests confirmed the tendency of
SAs mixtures to act less than additively. So, in general terms, it seems sufficiently precaution‐
ary to consider their environmental toxicity as additive. However, when combining SQO and
SGD on P. subcapitata, the obtained asymmetric isobologram shows that the interaction is
mixture-ratio dependent, a phenomenon already observed when mixtures of SQO and
sulfamethazine were tested on D. magna [26].

Zou et al. [61] have recently highlighted that these results cannot represent the mixture toxicity
between the SAs and TMP in an actual environment because non-target organisms (microlage
and D. magna) were used in these studies. Bacterium is typically the target-organism of an
antibiotic, and thus in their opinion, a bioassay with Photobacterium phosphoreum is a more
reliable tool to determine the toxicity of various antibiotics. Moreover, most studies focus on
the acute mixture toxicity. Therefore, in their study they have: determined not only the acute
(15 min exposure) but also chronic (24 h exposure) toxicity to P. phosphoreum for single SA and
their potentiator, and for their mixtures (SA with TMP); evaluated the differences between
chronic and acute mixture toxicity; and revealed the difference between their toxicity mecha‐
nisms by using QSAR models. A comparison of chronic vs. acute mixture toxicity revealed the
presence of an interesting phenomenon, that is, that the joint effects vary with the duration of
exposure; the acute mixture toxicity was antagonistic, whereas the chronic mixture toxicity
was synergistic. Based on the approach of QSARs and molecular docking, this phenomenon
was proved to be caused by the presence of two points of dissimilarity between the acute and
chronic mixture toxicity mechanism: (1) the receptor protein of SAs in acute toxicity was LUC,
while in chronic toxicity it was DHPS, and (2) there is a difference between actual concentration
of binding-LUC in acute toxicity and individual binding-DHPS in chronic toxicity (see Fig.
1). The existence of these differences poses a challenge for the assessment of routine combi‐
nations in medicine, risk assessment, and mixture pollutant control, in which, previously, only
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actions on two different sites in the folate biosynthesis pathway. Since SAs block the synthesis
of folate, the growth inhibitory effect of this compound can be reversed by the addition of
folate. In contrast, TMP blocks enzymes downstream of folate in the synthesis pathway, thus
addition of folate will not reverse the growth-inhibiting effect of this compound. Since algea
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Figure 2. (A) The dose-response curve of SAs (SMT – sufamethzine, SDA – sulfadiazine, SDM – sulfadimethoxine) com‐
bined with TMP (trimethoprim) or PMT (pyrimethamine); (B) Recovery of growth inhibition be addition of folic acid
(*observed siginifcant difference to negative control – without folic acid, 1) concentration of SDA (sulfadiazine) in com‐
bination, TMP was used at the NOEC, 2) used at the EC50 concentration) (adopted from References [28])
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a synergistic effect has been observed between SA and their potentiator. The toxicity effect of

mixtures is associated with the transportation of toxic effects of individual chemicals into cells,

the interaction toxic effects of individual chemical-binding-receptor proteins. According to

Figure 3. (A)D. magna immobilization test: 48 h EC50 isobolograms of SMZ paired with other SAs and TMP at three
selected combination ratios; (B) isobolograms of paired SQO and SGD in D. magna immobilization test (adopted from
References [25-26])
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acute toxicity mechanism of single antibiotics it can be concluded that the transportation toxic
effect is highly related to pKa values and the interaction toxic effect can be described by LUC-
SAs binding or LUC-TMP binding. The synergistic effect between SAs with TMP has also been
observed in the field of medicine and proved to be caused by the blocking of synthesis of folic
acid. First SAs inhibit DHPS, which catalyzes the formation of dihydropteroic acid. Then TMP
inhibits DHFR, which catalyzes the formation of tetrahydrofolic acid from dihydrofolic acid.
In an acute mixture toxicity there were more SAs-binding-LUC and TMP-binding-LUC.
However, in chronic mixture toxicity, the concentration of SAs-binding-DHPS was less
compere to TMP-binding-DHFR. It can therefore be concluded that the dissimilarities in the
concentrations of individual chemical-binding receptor proteins also lead to the different joint
effect (SA with TMP) in acute and chronic mixture toxicity [61].

These examples highlight the fact that the simultaneous presence of several pharmaceuticals in
the environment may result in a higher level of toxicity towards non-target organisms than that
predicted for individual active substances. More ecotoxicological studies should therefore be
done to evaluate the impact of different mixtures of pharmaceuticals in non-target organisms.

5. Conclusions

The reason for concern regarding risks of mixtures is obvious. Man is always exposed to more
than one chemical at a time. This dictates the necessity of exposure assessment, hazard
identification, and risk assessment of chemical mixtures. However, for most chemical mixtures
data on exposure and toxicity are fragmentary, and roughly over 95% of the resources in
toxicology is still devoted to studies of single chemicals. Moreover, organisms are typically
exposed to mixtures of chemicals over long periods of time; thus, chronic mixture toxicity
analysis is the best way to perform risk assessment in regards to organisms.

However, testing of all kinds of (complex) mixtures of chemicals existing in the real world or of all
possible combinations of chemicals of a simple (defined) mixture at different dose levels is virtually
impossible. Moreover, even if toxicity data on individual compounds are available, we are still
facing the immense problem of extrapolation of findings obtained at relatively high exposure
concentration in laboratory animals to man being exposed to (much) lower concentrations.

As stated by several authors, it is essential to investigate if mixtures of pharmaceuticals interact,
leading to a larger effect in the environment than would be predicted when each compound
is considered individually. Mixtures with antibiotics in the environment may be very complex
(e.g. wastewater effluent) but they also may be simple. Although the latter may be more easily
studied experimentally, in both cases the identification and quantitative description of
synergism caused by specific substances is crucial.

Over past 10 years there has been increasing interest in the impacts of SAs and other veterinary
medicines in the environment and there is now a much better understanding about their environ‐
mental fate and their impacts on aquatic and terrestrial organisms. However, there are still a
number of uncertainties that require addressing before there can be a full understanding of the
environmental risks of these compounds. Areas requiring further research are presented below.
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toxicology is still devoted to studies of single chemicals. Moreover, organisms are typically
exposed to mixtures of chemicals over long periods of time; thus, chronic mixture toxicity
analysis is the best way to perform risk assessment in regards to organisms.

However, testing of all kinds of (complex) mixtures of chemicals existing in the real world or of all
possible combinations of chemicals of a simple (defined) mixture at different dose levels is virtually
impossible. Moreover, even if toxicity data on individual compounds are available, we are still
facing the immense problem of extrapolation of findings obtained at relatively high exposure
concentration in laboratory animals to man being exposed to (much) lower concentrations.

As stated by several authors, it is essential to investigate if mixtures of pharmaceuticals interact,
leading to a larger effect in the environment than would be predicted when each compound
is considered individually. Mixtures with antibiotics in the environment may be very complex
(e.g. wastewater effluent) but they also may be simple. Although the latter may be more easily
studied experimentally, in both cases the identification and quantitative description of
synergism caused by specific substances is crucial.

Over past 10 years there has been increasing interest in the impacts of SAs and other veterinary
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• The assessment of the potential impacts of those SAs for which ecotoxicity data is lacking
but are seen to regularly occur in the environment.

• More information about the ecotoxicity of these compounds to soil organisms should be
provided. This regards to acute, chronic and single/mixture toxicity of most of the veterinary
pharmaceuticals.

• Information on the potential environmental effects of parent compounds (drugs) as well as
metabolites and transformation products. This includes the single and joint effects evalua‐
tion.

• Further research is required on the mixture toxicity of SAs in combination with other
medicines and non-medicinal substances.

• The possible indirect effects of SAs should be identified.

• Data from acute and chronic ecotoxicity tests on species belonging to different trophic levels
such as bacteria, algea, crustaceans and fish among others, is relevant to illustrate the several
adverse effects that environmental exposure to measured concentrations of these contami‐
nants can have. The principal toxicological endpoints/studies that are described are growth,
survival, reproduction and immobilization of species, comparatively to trangenerational
and population level studies that are still sparse. In the near future, the evaluation of chronic
toxicity effects should be set out as a priority for the scientific community since simultaneous
exposure to pharmaceuticals, metabolites and transformation products of several thera‐
peutic classes are unknown and whose probable effects on subsequent generations should
be assumed.

Abbreviations

Abbreviation Full name

CA Concentration Addition

DHFR Dihydrofolic Acid Reductase

DHPS Dihydropterinic Acid Synthetase

EPA Environmental Protection Agency

ERA Environmental Risk Assessment

IA Independent Action

LUC Lucyferase

MEC Measured Environmental Concentration

NOEC No Observable Effect Concentrations

PABA p-aminobenzoic acid
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Abbreviation Full name

PEC Predicted Environmental Concentration

PMT Pyrimethamine

PNEC Predicted Non-Effective Concentrations

RQ Risk Quotient

SAs Sulfonamides

SCP Sulfachloropyridazine

SDM Sulfadimethoxine

SDMD (SMZ) Sulfadimidine (Sulfamethazine)

SDZ Sulfadiazine

SGD Sulfaguanidine

SMP Sulfamethoxypyridazine

SMR Sulfamerazine

SMTZ Sulfamethiazole

SMX Sulfamethoxazole

SPY Sulfapyridine

SQO Sulfaquinoxaline

SSX Sulfisoxazole

STZ Sulfathiazole

TMP Trimethoprim

Table 5. List of abbreviations used in the text
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1. Introduction

Groundwater is an important part of the water resource. It plays an irreplaceable role in
supporting the national economy and social development. In China, more than 1/3 of the to‐
tal water resources are utilized. As surveys shown, over 400 cities of all exploit groundwa‐
ter. More seriously, many of them use groundwater as the only source of water supply.

A series of problems emerge gradually with the utilization of groundwater. Just as river wa‐
ters have been over-used and polluted in many parts of the world, so have groundwater. The
organic solvents and dioxins pollution of Love Canal occurred in 1978 is one of the most wide‐
ly known examples, which contributes high rates of cancer and an alarming number of birth
defects. Similar things occur frequently in recent decades. Governance of groundwater is so ur‐
gent a major matter of peace and prosperity. After years of researches, the nature and pollu‐
tion mechanism of the contaminants in the groundwater have already got comprehended.

General scope of the organic contamination in groundwater is reviewed in this chapter. We
will detail account the types of groundwater organic contamination, the pollution source of
groundwater. and the fate and transport of chemicals in groundwater. Also a detailed de‐
scription of the investigation and assessment method in this chapter. At last, we give some
comments and suggestion on the groundwater investigation and assessment.

The figure 1 described some source of groundwater contamination, and the transport of
chemicals in groundwater. We can see the landfills, leaking sewers, oil storage tanks, pesti‐
cides and fertilizer, and septic tank in the picture, all of these could be the pollution source
of groundwater. We also can know the groundwater transport and flow in the unsaturated
zone and saturated zone.

© 2013 Wang et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
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Figure 1. Diagram of the Groundwater Pollution [1].

2. A review of organic compounds in groundwater

Many studies have been conducted since 1970 to characterize concentrations of organic com‐
pounds in groundwater. In 1977, 16 drinking water wells have been closed in Gray town of
Maine state because of there were at least 8 synthetic organics that were detected in drinking
water wells. And in 1986, there were at least 33 organics that were detected in drinking wa‐
ter wells in USA [2]. It has been reported trace organic pollutants to be detected in all of 50
states. The U.S. Geological Survey(USGS) collected and assorted the test data the 1926 drink‐
ing water wells in the nation's rural areas from 1986 to 1999. And at least one VOCs were
detected from 232 wells and the positive rate was 12%, with the highest positive rate were
Chloroform, tetrachloroethylene and so on [3].

Similar conditions are to be found in other countries. In the 80s of last century, based on an
inventory of the presence of halogenated substances in raw water of 232 groundwater
pumping stations in The Netherlands a compilation of more than 100 organic substances
identified in contaminated groundwater, the detection rate of trichloroethylene up to 67%
[4]. The organic pollutants could be detected in groundwater in Britain. Flordward studied
on 209 water supply wells in Britain shown that the main pollutant in the groundwater are
the trichloroethylene and tetrachloroethylene. Beginning in 1974, Environment Agency of
Japan conducted a nationwide comprehensive survey of chemical environmental safety. The
trichloroethylene in groundwater was reported for the first time. The European Union is the
largest pesticide consumer in the world, more than 600 pesticides were applied. Six of the
top 10 were European countries in the pesticide application. Atrazine exists in groundwater
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all over the Europe, and the content always beyond the European Union drinking water
standard(0.1μg/l) 10-100 times.

The research on organic pollutions of China is at starting stage, but there has serious organic
contamination events in some areas. Based on a study of water pollution in sewage system
in the Gaobeidian Prefecture of Beijing, 1988, organic substances identified in shallow wells
and deep wells in South-east agriculture districts in Beijing. And 32 organic substances iden‐
tified in deep wells, and 52 in shallow wells. Most of that are carcinogens (e.g. Chloroform
and benzene) [5]. Analysis of the years groundwater monitoring data, and it is shown that
the quality of groundwater is gradually worse.

A study on groundwater organic pollution in region of Beijing, Tianjin and Tangshan con‐
ducted by Institute of Chemistry of Chinese Academy of Sciences shows that the type of or‐
ganic pollutants up to 133 [6]. The researchers Chen Honghan, He Jiangtao and others [7]
have summed up the characteristics of organic contamination of shallow groundwater in a
study area of the Taihu Lake basin. The results show that the detection probabilities of com‐
pounds in groundwater are higher but the concentrations of the compounds are lower. The
concentrations of all the components of BTEX and halocarbons are lower than the standards
set by the U.S. Environmental Protection Agency (EPA) for drinking water except for ben‐
zene in a few sampling sites.

3. Types of groundwater organic contamination

Different types of groundwater contamination sources can pose different threats to human
health and different problems in health risk assessment (table 1).

3.1. Volatile organic compounds (VOCs)

Volatile organic compounds (VOCs) are organic compounds with chemical and physical
properties that allow the compounds to move freely between water and air. VOCs have
been used extensively in industry, commerce, and households in the United States since the
1940’s. Many products contain VOCs including fuels, solvents, paints, glues, adhesives, deo‐
dorizers, refrigerants, and fumigants. In general, these compounds have low molecular
weights, high vapor pressures, and low-to-medium water solubilities [8]. Many of these
compounds show evidence of animal or human carcinogenicity, mutagenicity, or teratoge‐
nicity. And these compounds are quite persistent in groundwater, because of their relatively
low biological and chemical reactivity. This persistence is assisted by low temperatures, ab‐
sence of light and contact with the atmosphere, and comparatively low microbial concentra‐
tions typical of groundwater environments. By comparison with other organic compounds,
VOCs may be transported for relatively long distances in groundwater, as a result of their
relatively weak sorption affinity and their resistance to degradation. Because of human-
health concerns, many VOCs have been the focus of national regulations, monitoring, and
research during the past 10 to 20 years.
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ter wells in USA [2]. It has been reported trace organic pollutants to be detected in all of 50
states. The U.S. Geological Survey(USGS) collected and assorted the test data the 1926 drink‐
ing water wells in the nation's rural areas from 1986 to 1999. And at least one VOCs were
detected from 232 wells and the positive rate was 12%, with the highest positive rate were
Chloroform, tetrachloroethylene and so on [3].

Similar conditions are to be found in other countries. In the 80s of last century, based on an
inventory of the presence of halogenated substances in raw water of 232 groundwater
pumping stations in The Netherlands a compilation of more than 100 organic substances
identified in contaminated groundwater, the detection rate of trichloroethylene up to 67%
[4]. The organic pollutants could be detected in groundwater in Britain. Flordward studied
on 209 water supply wells in Britain shown that the main pollutant in the groundwater are
the trichloroethylene and tetrachloroethylene. Beginning in 1974, Environment Agency of
Japan conducted a nationwide comprehensive survey of chemical environmental safety. The
trichloroethylene in groundwater was reported for the first time. The European Union is the
largest pesticide consumer in the world, more than 600 pesticides were applied. Six of the
top 10 were European countries in the pesticide application. Atrazine exists in groundwater
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all over the Europe, and the content always beyond the European Union drinking water
standard(0.1μg/l) 10-100 times.

The research on organic pollutions of China is at starting stage, but there has serious organic
contamination events in some areas. Based on a study of water pollution in sewage system
in the Gaobeidian Prefecture of Beijing, 1988, organic substances identified in shallow wells
and deep wells in South-east agriculture districts in Beijing. And 32 organic substances iden‐
tified in deep wells, and 52 in shallow wells. Most of that are carcinogens (e.g. Chloroform
and benzene) [5]. Analysis of the years groundwater monitoring data, and it is shown that
the quality of groundwater is gradually worse.

A study on groundwater organic pollution in region of Beijing, Tianjin and Tangshan con‐
ducted by Institute of Chemistry of Chinese Academy of Sciences shows that the type of or‐
ganic pollutants up to 133 [6]. The researchers Chen Honghan, He Jiangtao and others [7]
have summed up the characteristics of organic contamination of shallow groundwater in a
study area of the Taihu Lake basin. The results show that the detection probabilities of com‐
pounds in groundwater are higher but the concentrations of the compounds are lower. The
concentrations of all the components of BTEX and halocarbons are lower than the standards
set by the U.S. Environmental Protection Agency (EPA) for drinking water except for ben‐
zene in a few sampling sites.

3. Types of groundwater organic contamination

Different types of groundwater contamination sources can pose different threats to human
health and different problems in health risk assessment (table 1).

3.1. Volatile organic compounds (VOCs)

Volatile organic compounds (VOCs) are organic compounds with chemical and physical
properties that allow the compounds to move freely between water and air. VOCs have
been used extensively in industry, commerce, and households in the United States since the
1940’s. Many products contain VOCs including fuels, solvents, paints, glues, adhesives, deo‐
dorizers, refrigerants, and fumigants. In general, these compounds have low molecular
weights, high vapor pressures, and low-to-medium water solubilities [8]. Many of these
compounds show evidence of animal or human carcinogenicity, mutagenicity, or teratoge‐
nicity. And these compounds are quite persistent in groundwater, because of their relatively
low biological and chemical reactivity. This persistence is assisted by low temperatures, ab‐
sence of light and contact with the atmosphere, and comparatively low microbial concentra‐
tions typical of groundwater environments. By comparison with other organic compounds,
VOCs may be transported for relatively long distances in groundwater, as a result of their
relatively weak sorption affinity and their resistance to degradation. Because of human-
health concerns, many VOCs have been the focus of national regulations, monitoring, and
research during the past 10 to 20 years.
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3.2. The pesticides

Pesticides consist of a large group of chemicals that are used in agriculture and residential
settings to control plant and animal infestation. Pesticides are commonly applied on farms,
fruit orchards, golf courses, and residential lawns and gardens. There are several different
types of pesticides: Herbicides, Insecticides, Nematocides, Fungicides. Some pesticides do
not break down easily in water and can remain in the groundwater for a long period of time.
Likewise, the insecticide DDT, though banned for nearly twenty years, can still be found at
trace levels in some groundwater. After prolonged exposure to high doses, some pesticides
can cause cancer; some can also result in birth defects and damage to the nervous system.
The use of pesticides and herbicides is one of the main ways of organic pollution of ground‐
water. Many water wells and irrigation wells have been closed for the byproducts from pes‐
ticides and herbicides be detected in shallow water in Colorado.

Ordering Component CASRN Types

1 Trichloromethane 67-66-3 VOCs

2 Tetrachloroethylene 127-18-4 VOCs

3 1,1,1-Trichloroethane 71-55-6 VOCs

4 Trichloroethylene 79-01-6 VOCs

5 1,1-Dichloroethene 75-35-4 VOCs

6 Methyl tert-butyl ether 1634-04-4 VOCs

6* cis-1,2-Dichloroethylene 156-59-2 VOCs

8 1, 2, 4-Trimethylbenzene 95-63-6 VOCs

9 Toluene 108-88-3 VOCs

10 Prometon 1610-18-0 Pesticides

11 1,1-Dichloroethane 75-34-3 VOCs

12 Bromacil 314-40-9 Pesticides

13 Tebuthiuron 34014-18-1 Pesticides

14 1, 3-Dichlorobenzene 541-73-1 VOCs

15 1,2-Dichloropropane 78-87-5 VOCs

16 Carbon disulfide 75-15-0 VOCs

17 Deethylatrazine 6190-65-4 Pesticides

17* 1,4-Dichlorobenzene 106-46-7 VOCs

19 Sulfamethoxazole 723-46-6 Medicine

20* 1,2-Dichlorobenzene 95-50-1 VOCs

20 2-Hydroxyatrazine 2163-68-0 Pesticides
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22* Trichlorofluoromethane 75-69-4 VOCs

22 Bentazon 25057-89-0 Pesticides

24 Atrazine 1912-24-9 Pesticides

25 Picloram 1918-2-1 Pesticides

26 Diuron 330-54-1 Pesticides

27* Benzene 71-43-2 VOCs

27* Tetrachloromethane 56-23-5 VOCs

29 Chlorobenzene 108-90-7 VOCs

30* 2-Butanone 78-93-3 VOCs

30 Acetone 67-64-1 VOCs

32* m- + p-Xylene 106-42-3 VOCs

32* trans-1,2-Dichloro- ethylen 156-60-5 VOCs

32* 1,2-Dibromoethane 106-93-4 VOCs

35 Ethylbenzene 100-41-4 VOCs

36 caffeine 58-08-2 Medicine

37 Isopropylbenzene 98-82-8 VOCs

38 o-Xylene 95-47-6 VOCs

38* 1,1,2-Trichloroethane 79-00-5 VOCs

38* Bromodichloromethane 75-27-4 VOCs

38* 1,1,1,2-Tetrachloroethane 630-20-6 VOCs

38* n-Propylbenzene 103-65-1 VOCs

43 Chloromethane 74-87-3 VOCs

44 1,1,2-Trichloro-1,2,2-trifluoroethane 76-13-1 VOCs

45 Dichlorodifluoromethane 75-71-8 VOCs

46 Metolachlor 51218-45-2 Pesticides

46* Simazine 122-34-9 Pesticides

48 Bromoform 75-25-2 VOCs

48* Imidacloprid 138261-41-3 Pesticides

48* 1,3,5-Trimethylbenzene 108-67-8 VOCs

*show the same detection with the front component. CASRN is the register number of chemical substances formulate
by Chemical Abstracts Service, m means meta-position, p means para-position.

Table 1. 50 organic pollutants most commonly detected in groundwater [11]
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3.3. The other organic contamination

Tens of thousands of manmade chemicals are used in today's society with all having the po‐
tential to enter our water resources. There are a variety of pathways by which these organic
contaminants can make their way into the aquatic environment [9]. If the groundwater is the
drinking water sources, there will be potentially dangerous on human health. Pharmaceuti‐
cals and other organic contaminants are a set of compounds that are receiving an increasing
amount of public and scientific attention. Water samples were collected from a network of
47 groundwater sites across 18 states in 2000 [10]. All samples collected were analyzed for 65
organic contaminants representing a wide variety of uses and origins. Thus, sites sampled
were not necessarily used as a source of drinking water but provide a variety of geohydro‐
logic environments with potential sources of organic contaminants. organic contaminants
were detected in 81% of the sites sampled, with 35 of the 65 organic contaminants being
found at least once. The most frequently detected compounds include N,N-diethyltolua‐
mide (35%, insect repellant), bisphenol A (30%, plasticizer), tri(2-chloroethyl) phosphate
(30%, fire retardant), sulfamethoxazole (23%, veterinary and human antibiotic), and 4-octyl‐
phenol monoethoxylate (19%, detergent metabolite).

4. Sources of groundwater contamination

Organic contamination includes all of natural and synthetic that could cause adverse effect
on human health or ecology environment.

4.1. Natural pollution sources

Naturally formed waters such as ocean water and connate brines can be sources of ground‐
water contamination under certain circumstances. Changes in pumping rates can cause
fresh-water aquifers to be contaminated by intrusion of seawater. Similarly, changes in the
groundwater flow field or leakage through imperfectly sealed wells can cause contamina‐
tion of groundwater supply by naturally occurring brines or other poor-quality waters. Gen‐
erally, trace amount of natural organic compounds existence in groundwater in most of
regions. The major is humic acid, especially in forest and grassland. Although itself could
not impair the groundwater quality, it could be enhance the heavy metal and other organic
matters activities in groundwater.

4.2. Organic contamination come from human activities

As the human population grows, groundwater pollution from human activity also increases.
There are a number of possible sources that could lead to groundwater contamination. Such
as crude oil leakage in oil production, organic waste discharge, spills and leaks from under‐
ground storage tank and so on.
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4.2.1. City and industrial wastewater

The treatment and disposal of sewage present health risks in both developed and undevel‐
oped countries. In undeveloped countries, sewage may be directly applied to the land sur‐
face. In more developed areas, sewage is generally transported to municipal treatment
plants or disposed of in septic tanks and cesspools. Groundwater contamination can result
in all these cases. Sewage provides a source of pathogens, nitrates, and a variety of organic
chemicals to groundwater. Land application of sewage can provide a direct contaminant
source via infiltration. Treatment plants can act as contaminant sources in several ways.
Leaks may occur in sewer lines and infiltration may occur from the ponds and lagoons with‐
in the treatment plants. In addition, the sewage sludge that is a product of sewage treatment
processes is often disposed on land in conjunction with agricultural activity. Depending on
the characteristics of the sludge, the soil characteristics, and the application process, such
land application can act as a large non-point source of groundwater contamination. Land
disposal of treated waste water can pose comparable risks. Depending on hydrogeologic
conditions, septic tanks and cesspools may allow untreated sewage to enter the groundwa‐
ter flow system. In addition, use of solvents to clean out the systems can cause groundwater
contamination by synthetic organic compounds. The material cleaned out from septic tanks
must eventually be disposed of, often by land application.

Industrial Wastewaters are applied to land in ponds or lagoons that are either designed to
percolate the liquid into the soil or to store and/or evaporate the liquid above ground. In ei‐
ther case, such facilities act as potential groundwater contamination sources. Facilities de‐
signed to intentionally infiltrate into the ground include cooling ponds for power generation
and for other industrial processes. The liquids in such facilities may contain potentially haz‐
ardous materials. Storage and evaporation ponds are often lined to prevent infiltration, but
are likely to act as groundwater contamination sources under some circumstances, depend‐
ing on surface runoff characteristics, the integrity and permeable of the liner(s), and the
groundwater flow system. Poorly designed evaporation ponds may, in many cases, function
as infiltration ponds.

In the United States, the big city and small town are commonly found in contaminated
groundwater. An test on 39 groundwater supply in small towns conducted by the U.S. EPA,
it reported that 11 VOCs could be detected in treated or untreated groundwater [12].

4.2.2. Land disposal of municipal and industrial waste

Land disposal of solid waste is the groundwater contamination source of most current con‐
cern to the general public in many developed countries and of most current regulatory interest.

Solid waste can be disposed in landfills, facilities engineered to safely contain the waste.
While landfills may often prevent exposure of solid waste at the land surface, many landfills
provide a direct connection with groundwater. In the past, landfill siting was based on the
availability of inexpensive, undeveloped land requiring little modification for waste dispos‐
al, rather than on hydrogeologic suitability. Disposed materials often are very susceptible to
leaching into groundwater.
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Landfills may be grouped according to the type of materials they contain. Municipal landfills
accept only non-hazardous materials, but are still likely to contain materials which pose poten‐
tial health risks. Industrial landfills may contain either "hazardous" or "non-hazardous" mate‐
rials. Until recently, little was known about how they were operated or what they contained.
Open dumps and abandoned disposal sites generally have no engineering design. Their con‐
nection with the groundwater system and the type of materials present is often unknown. It is
often in abandoned disposal sites that large volumes of highly toxic materials are found. The
most hazardous solid waste disposal generally results from industrial and manufacturing ac‐
tivities as well as some governmental energy and defense activities. Populations of both devel‐
oped and developing countries, where there is current or historical industrial activity, face
potential health risks from solid waste disposal. It is reported that there will be the highest con‐
tent and most types of organic contaminants in groundwater which is near the landfills. If there
has 1 kilometers distance it still exist in the groundwater [13].

4.2.3. Petrochemical pollution

In recent years, there has been increasing awareness of the large number of potentially leak‐
ing underground storage gasoline tanks. For much of the twentieth century, underground
storage tanks were constructed of unprotected carbon steel. Corrosion causes leaks in such
tanks over some period of time, ranging from a few years to tens of years. Although the
leakage from individual tanks is often small, it is often enough to contaminate a large vol‐
ume of groundwater. In addition, the large number of buried tanks-several million in the
United States-makes them a potentially significant groundwater contamination source.
Above ground storage tanks pose less of a threat than underground tanks. Leak detection
and maintenance is easier and the connection with the groundwater system is less direct.
However leaks from such tanks may still act as groundwater contamination sources.

4.2.4. Agricultural activities

Numerous agricultural activities can result in non-point sources of groundwater contamina‐
tion. Fertilizers, pesticides, and herbicides are applied as part of common agricultural prac‐
tice throughout the world. These applications can act as sources of contamination to
groundwater supplies serving large populations. Whether or not fertilizers, pesticides, and
herbicides become sources of groundwater contamination depends on changing hydrogeo‐
logic conditions, application methods, and biochemical processes in the soil. In developing
countries, animal and/or human waste is used for fertilizer. This is an example of the land
application of sewage discussed earlier. There are the same concerns with pathogens and ni‐
trates. The manufactured inorganic fertilizers widely used in developed countries, and find‐
ing increasing usage in all countries, also pose the threat of nitrate contamination of
groundwater systems. Pesticide and herbicide application provides a source of numerous
toxic organic chemicals to groundwater supplies.

Even without the introduction of fertilizers, pesticides, and herbicides, irrigation activities
can lead to groundwater contamination. Naturally occurring minerals in the soil can be
leached at higher rates leading to hazardous concentration levels in the groundwater. Evap‐
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oration of irrigation water can cause evaporative concentration of certain chemicals in the
root zone. Flushing of these chemicals can then lead to hazardous concentration levels in
groundwater.

Agricultural activities related to animals also can be groundwater contamination sources.
These include the feeding of animals and the storage and disposal of their waste. Animal
wastes and feedlot runoff are commonly collected in some sort of pit or tank creating the
contamination threat described earlier for sewage disposal.

More than 300 pesticides were applied in Asia. The Japan is a country with the largest
amount of pesticide on unit area cultivated land. Indonesia, Korea, India and China are the
major consumers. But, there did not have pesticides routine monitoring in the developing
countries in Asia [14].

4.2.5. Surface water and atmospheric contaminants

Groundwater is but one component of the hydrologie cycle. Groundwater quality is very
much influenced by surface-water conditions and vice versa. Contamination of any surface
water bodies that recharge the groundwater system is a source of groundwater contamina‐
tion. This includes "natural" recharge sources such as lakes and rivers as well as "man-made"
recharge sources such as artificial recharge ponds/injection wells and infiltration of urban run‐
off. More generally, it is important to consider the interaction of all environmental sources and
pathways of pollution. Environmental contaminant sources cannot be divided into separate,
isolated compartments. For example, atmospheric pollution can lead to deposition of hazard‐
ous fallout to surface waters and to soils, and eventually lead to groundwater contamination.

5. The fate and transport of chemicals in groundwater

5.1. Volatilization

Volatilization occurs in whether the vadose zone or saturated zone when the dissolved con‐
taminants and non-aqueous phase contaminants exposed to gas. The factors affecting volati‐
lization include solubility of the compound, molecular weight and water-saturated state of
the geological media. The evaporation rate must be measured fundamentally in order to de‐
termine pollutions transporting into the atmosphere, changes of the pollution load in the va‐
dose zone and groundwater. The process that the contaminants of deep soil volatilize to the
atmosphere can be assumed as one-dimensional diffusion, which can be described with
Fick's second law. Volatilization of the water-soluble organic matter, such as benzene dis‐
solved in water is generally described by Henry's Law [15].

5.2. Adsorption

Adsorption in Soil and sediment makes an important influence on the behavior of organic
pollutants. The mobility and biological toxicity reduced as organics are detained in the soil
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oration of irrigation water can cause evaporative concentration of certain chemicals in the
root zone. Flushing of these chemicals can then lead to hazardous concentration levels in
groundwater.
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wastes and feedlot runoff are commonly collected in some sort of pit or tank creating the
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recharge sources such as artificial recharge ponds/injection wells and infiltration of urban run‐
off. More generally, it is important to consider the interaction of all environmental sources and
pathways of pollution. Environmental contaminant sources cannot be divided into separate,
isolated compartments. For example, atmospheric pollution can lead to deposition of hazard‐
ous fallout to surface waters and to soils, and eventually lead to groundwater contamination.

5. The fate and transport of chemicals in groundwater

5.1. Volatilization

Volatilization occurs in whether the vadose zone or saturated zone when the dissolved con‐
taminants and non-aqueous phase contaminants exposed to gas. The factors affecting volati‐
lization include solubility of the compound, molecular weight and water-saturated state of
the geological media. The evaporation rate must be measured fundamentally in order to de‐
termine pollutions transporting into the atmosphere, changes of the pollution load in the va‐
dose zone and groundwater. The process that the contaminants of deep soil volatilize to the
atmosphere can be assumed as one-dimensional diffusion, which can be described with
Fick's second law. Volatilization of the water-soluble organic matter, such as benzene dis‐
solved in water is generally described by Henry's Law [15].

5.2. Adsorption

Adsorption in Soil and sediment makes an important influence on the behavior of organic
pollutants. The mobility and biological toxicity reduced as organics are detained in the soil
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and sediment. Generally, adsorption is affected by sediments and soil properties, such as or‐
ganic percentage, the type and quantity of clay minerals, cation exchange, pH and the physi‐
cal and chemical properties of the contaminants. During the adsorption, the organic
contaminants in the water adsorbed on the surface of the soil particles by the simultaneous
distribution role of both water and solid, the driving force is mainly based on principle of
"like dissolves like" and electrostatic adsorption of the polar group, and the following for‐
mulas is established [15]:

sa a waC K C= (1)

The equation (1) is existed when the adsorption systems reach equilibrium. Where, Csa is
the amount of organic pollutants adsorbed per unit weight of soil particles; Cwa is concen‐
tration of organic pollutants; Ka is the total sorption coefficient.

The adsorption of organic contaminants in soil or sediment usually described by Ka (soil ab‐
sorption coefficient) or Koc (organic carbon absorption coefficient). The former refers to the ra‐
tio of the concentration of organic matter in the soil  or sediment and its aqueous phase
concentration. As well, the latter factor represents the ratio of the concentration of organic mat‐
ter adsorbed by organic carbon in the soil or sediment and its aqueous phase concentration.

5.3. Biochemical processes

Microorganisms may play an important role in contamination transformations within
groundwater and on the soil. They can act as catalysts for many types of reactions. When
modeling biochemical reactions in groundwater, additional processes must be considered.
These include the changes in the availability of substrate for the microorganisms to utilize
and reactions on the particles that the microorganisms are attached to. When microbial reac‐
tions are significant, there is a possibility of clogging of pores due to precipitation reactions
or to biomass accumulation [16].

Microorganisms not only influence chemical reactions, but may be contaminants them‐
selves. There is much current uncertainty about the fate and survival time of viruses, bacte‐
ria, and larger enteric organisms in groundwater [17-18]. Distribution of microorganisms
will vary greatly with depth. Potential outbreaks of waterborne diseases due to biologic pol‐
lutants are of particular concern where there is land disposal of human waste (often via sep‐
tic tanks) and animal waste. The potential for transmittal of waterborne diseases in
groundwater is particularly high in areas of rapid velocities such as karst regions.

Biodegradation mainly depends on two factors [19], the intrinsic characteristics of the pollu‐
tants (the structure of organics, physical and chemical properties) and microorganism (the
activity of microbial populations), and the environmental factors controlling the reaction
rate (temperature, pH, humidity, dissolved oxygen). As the U.S. Environmental Protection
Agency researched [20], soil microbial degradation of organic pollutants can be expressed as
a one-order response equation:
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   T
dc KXC k c
dt

= - = - (2)

Where, C is the mass fraction of soil organic matter[mg/g]; X is the number of active micro‐
bial in the organic matter of soil degradation[106 /g]; t is degradation time[d]; K is the one-
order biodegradation rate constant [g/(d 106)]; kr is substrate removal constant[d-1].

From the above equation,

( )
0

exp exp( )t T
C KX k t
C

= - = - (3)

Substituted into with half-life formula,

1
2

 2 / Tt ln k= (4)

The half-life of degradation of residual contamination is determined.

5.4. Fate and transport in unsaturated zone [21]

In many cases, the receptor medium for release of a contaminant will be the unsaturated
zone. In contrast to the saturated zone, pores in the unsaturated zone are not completely sa‐
turated with liquid. This fundamentally affects the processes governing flow and chemical
transport. A number of processes will affect the contaminant within the unsaturated zone
before it enters the saturated groundwater system and potentially is tapped by supply wells.
The uncertainties in characterizing releases just described lead to uncertainties in defining
the source terms and initial and boundary conditions for modeling unsaturated transport.
Analogously, uncertainties in characterizing unsaturated transport processes lead to uncer‐
tainties in defining the source terms and initial and boundary conditions for modeling satu‐
rated transport.

For the most part, computer simulation of contaminant transport has focused on movement
in the saturated zone. Assumptions are made regarding the time required for movement
through the unsaturated zone. Often some sort of lag between source release and entry of
chemicals into the saturated flow system is introduced into source terms. It is important to
be aware of the unsaturated processes that are actually occurring, the uncertainty associated
with these processes, and the role of monitoring in reducing these uncertainties.

5.5. Saturated transport [21]

Once a chemical has been released into the ground and has either moved through the unsa‐
turated zone or directly entered the saturated zone, saturated transport processes will deter‐
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mine if, how fast, and at what concentration a chemical reaches a supply well. A great deal
of research has been carried out on understanding and modeling these processes. There is
increasing recognition that chemical transport must be viewed as a stochastic process.

The same elements of uncertainty are present for saturated transport as for unsaturated
transport. The important differences are that in saturated transport, water content equals
porosity, hydraulic conductivity is no longer a function of water content or head, gravity
rather than suction head is the driving force, and the scale of concern may be much larger

6. Investigations for groundwater organic pollution

6.1. Current situation investigation

The current situation investigation main contents are as following:

Pollution source investigation: In groundwater polluted areas, investigate the non-point-
source, line-source and point-source, and the type, pollution intensity, spatial distribution of
natural source.

Investigation of unsaturated zone vulnerability: Investigate the unsaturated zone of thick‐
ness, lithological composition, composition, water permeability, the capability of degrada‐
tion contaminations and so on.

Investigation of the pollution condition at the groundwater: Make sure the category, quanti‐
ty or concentration of the pollutants, ascertain the pollution range, variation trend and the
factors relation. All of these need samples collection in filed and laboratory test.

6.2. Pollution source investigation

With the developed, groundwater pollution attracted wide attention. In view of existing sit‐
uation, we launched the survey of pollution sources, including the following aspects: indus‐
trial pollution sources, domestic pollution sources, agricultural pollution sources and
surface polluted waters.

6.2.1. Industrial pollution sources

According to industrial pollution sources, we must investigate the situation as: the company
name, position, sewage, waste residue (tailings) emissions, discharge, scale, pathways and
outfall location, types of pollutants, quantity, composition and hazards, and the abandoned
site of major polluting enterprises, abandoned wells, oil and survey of solvents and other
underground storage facilities.

6.2.2. Domestic pollution sources

The survey include the distribution of dumps, scale, waste disposal methods and effects, the
generation of dump leaching filtrate and components, geological structure of storage site;
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amount of sewage generated, treatment and disposal of the way, main pollutants and their
concentration and hazards

6.2.3. Agricultural pollution sources

Agricultural pollution sources investigation mainly include land use history and current sit‐
uation, the varieties, numbers, operations, time of farmland application of chemical fertiliz‐
ers and pesticides, range of sewage irrigation, main pollutants and concentration, the
number of sewage irrigation and sewage irrigation amount. The scale of farms and so on.

6.2.4. Surface polluted waters

The surface polluted waters mainly about rivers, lakes, ponds, reservoirs and drains. We
survey the distribution of polluted waters, the scales, the utilizations and water quality.

The coastal areas have to survey the situation of seawater invasion and saline water distri‐
bution.

7. The assessment on groundwater organic pollution

7.1. The methods of groundwater organic pollution assessment

7.1.1. The four steps of NAS

The four steps of NAS was proposed by National Academy of Sciences, United States(NAS),
was an assessment method on human health risk that led by the accident, air, water, soil and
other medium. The method mainly in the following aspects: the hazard identification (quali‐
tative evaluation the degree of hazards of the chemical substances on the human health and
ecological); dose-response assessment (quantitative assessment the toxicity of chemical sub‐
stances, established a relationship between the dose of chemical substances and the human
health hazard); exposure assessment (quantitative or qualitative estimate or calculate the ex‐
posure, exposure frequency, exposure duration and exposure mode); exposure attribute (us‐
ing the data to estimate the strength of the health hazards in the different conditions or the
probability of the certain health effects). This method can qualitative analysis or quantitative
analysis of groundwater contamination, or combine them, the results could be quantify and
analysis, and provide more detailed information to the decision-makers.

7.1.2. The four steps of EPA

In 1989, U.S. Environmental Protection Agency (EPA) promulgated the “risk assessment
guidance for superfund: Human health evaluation manual”, there was a similar assessment
method to NAS method [22]. The steps following as data collection, exposure assessment,
toxicity assessment, risk characterization. Contrast the two methods, NAS is more common
methods, the use range wider, suitable for a variety of health risk assessment; the EPA meth‐
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od is more specific, it emphasis on the various parameters of the collection of contaminated
sites, for the evaluation of contaminated sites, it more operational.

7.1.3. The MMSOILS model

The MMSOILS model is multi-media model which describe the groundwater, surface water,
soil and air in the migration of chemicals, exposure and food chain accumulation [23]. Con‐
taminate sites is multi-phase, multi-media complex. The model including the migration and
transformation of pollutants module and human exposure module. Migration and transfor‐
mation module include: (1)atmospheric transport pathway; (2)soil erosion; (3)groundwater
migration pathway; (4)surface water pathway; (5)food chain bioaccumulation. Human expo‐
sure are: (1)adopt from drinking water, animals and plants and soil; (2)atmospheric volatiles
and particulate inhalation; (3)soil, surface water and groundwater contact with skin. The
model could be simulate a comprehensive migration pathway and widely used in foreign
countries, and the parameters could be analysis the uncertainty.

7.1.4. The DRASTIC method

The DRASTIC method is a national standards system that developed by US EPA to evalua‐
tion aquifer vulnerability. It including: Depth to Water(D); Net Recharge(R); Aquifer me‐
dia(A); Soil Media(S); Topography(T); Impact of the Unsaturated Zone Media(I);
Conductivity of Aquifer Hydraulic(C). Assignment of each element from 1 to 10, and them
proportional to the degree of vulnerability of groundwater. At the same time, each element
is assigned a weight, the weight should be reflect the sensitivity of groundwater. The model
can objectively assess the groundwater vulnerability of different areas, and its assumption
that all regions of the aquifer has a uniform trend. But all the geological, hydrogeological
and other conditions are different, and the model calculations defect, the DRASTIC method
has some limitations.

7.2. Health–based risk assessment

7.2.1. Estimating population exposure levels

An important step in health risk assessment is the quantification of actual human exposure.
Exposure can be expressed as either the total quantity of a substance that comes in contact
with the human system or the rate at which a quantity of material comes in contact with the
human system (mass per time or mass per time per unit body weight. The exposure assess‐
ment evaluates the type and magnitude of exposures to chemicals of potential concern at a
site. The exposure assessment considers the source from which a chemical is released to the
environment, the pathways by which chemicals are transported through the environmental
medium, and the routes by which individuals are exposed. Parameters necessary to quanti‐
tatively evaluate dermal exposures, such as permeability coefficients, soil absorption factors,
body surface area exposed, and soil adherence factors are developed in the exposure assess‐
ment. Exposure to chemicals in water can occur via direct ingestion, inhalation of vapors, or
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dermal absorption. Ingestion includes drinking of fluids as well as using water for rinsing
and cooking of foods. Dermal absorption includes swimming and bathing.

Determination of average exposure levels for a particular population is quite difficult. This
is due to difficulties in acquiring sufficient water-quality data, in identifying the exposed in‐
dividuals, and in quantifying the concentrations in the different exposure pathways. For a
given groundwater contamination problem, the U.S. Environmental Protection Agency
stresses the importance of identifying both the currently affected population as well as pos‐
sible changes in future land use. Subpopulations that may be especially sensitive to expo‐
sure should also be identified [24].

When attempting to estimate exposure to larger population entire countries, for example
other concerns arise. Cothern [25] computed the average population exposure to volatile or‐
ganic compounds in the United States, based on data from several thousand ground- and
surface-water supplies. National exposure was estimated as a straight extrapolation of the
concentration intervals from the original data. Best- and worst-case assumptions were ap‐
plied for handling the "below detectable" category. Crouch et al. [26] applied an alternative
approach to estimate population exposure levels. Rather than estimating a distribution for
exposure, they made the worst-case assumption that individuals are exposed to water at the
maximum measured concentration for their water supply.

7.2.2. Health risk calculations

According to the Risk Assessment Guidance for Superfund Volume I: Human Health Evalu‐
ation Manual (Part E, Supplemental Guidance for Dermal Risk Assessment) (U.S. EPA) [27],
we calculation the dermal absorbed dose (DAD) and ingestion absorbed dose (IAD) [28].

DAD eventDA EV ED EF SA
BW AT

´ ´ ´ ´
=

´
(5)

Where:

DAD=Dermally Absorbed Dose (mg/kg-day),

DAevent=Absorbed dose per event (mg/cm2-event),

SA=Skin surface area available for contact (cm2),

EV=Event frequency (events/day),

EF=Exposure frequency (days/year),

ED=Exposure duration (years),

BW=Body weight (kg),

AT=Averaging time (days).
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Where:

IAD= Ingestion absorbed dose (mg/kg-day),

ρ= Pollutant concentration in groundwater (mg/L),

U=Drinking amount per days (L/d),

EF=Exposure frequency (days/year),

ED=Exposure duration (years),

BW=Body weight (kg),

AT=Averaging time (days).

The DAD and IAD can be represent with continuous ingestion dose (CDI).

Based on the carcinogenesis of contamination, the risk could be classified into cancer risk
and noncancer hazard.

1. Noncancer hazard: Generally, the reaction of the body to non-carcinogenic substance
has a dose threshold.

Lower than the threshold, they could not affect our health adversely. The non-carcinogenic
risk to represent with hazard index (HI). It is defined as a ratio that continuous ingestion
dose with reference dose [28].

HI CDI / RfD= (7)

Where: CDI= continuous ingestion dose (mg/kg-days), RfD= reference dose (mg/kg-days).

2. Cancer risk: There does not have dose threshold for the carcinogenic. Once it exist in
environments, it will affect human health adversely. Cancer risk will be represent with
risk. It is defined as a product of continuous ingestion dose with carcinogenesis slope
factor.

CDI SF´ (8)

1 exp( CDI SF)- - ´ (9)

(If the low dose exposure risk>0.01)

Where: SF= carcinogenesis slope factor (mg-1•kg•d)
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When calculating the risk of a variety of substances in a variety of ways, figure out all non-
cancer risk and cancer risk respectively, then add all risks together. Regardless of synergistic
effect and antagonistic effect.

8. The countermeasures and suggestions

8.1. The countermeasures for groundwater pollutions

Groundwater treatment technologies are mainly as follows: pump and treat, air sparging,
in-situ groundwater bioremediation and in-situ reactive walls.

8.1.1. Pump and treat technology

Pump and treat is the most common form of groundwater remediation. It is often associated
with treatment technologies such as Air Stripping and Liquid-phase Granular Activated
Charcoal.

Pump and treat involves pumping out contaminated groundwater with the use of a submersi‐
ble or vacuum pump, and allowing the extracted groundwater to be purified by slowly pro‐
ceeding through a series of vessels that contain materials designed to adsorb the contaminants
from the groundwater. For petroleum-contaminated sites this material is usually activated car‐
bon in granular form. Chemical reagents such as flocculants followed by sand filters may also
be used to decrease the contamination of groundwater. Air stripping is a method that can be ef‐
fective for volatile pollutants such as BTEX compounds found in gasoline.

For most biodegradable materials like BTEX, MTBE and most hydrocarbons, bioreactors can
be used to clean the contaminated water to non-detectable levels. With fluidized bed bio‐
reactors it is possible to achieve very low discharge concentrations which will meet or ex‐
ceed discharge standards for most pollutants.

Depending on geology and soil type, pump and treat may be a good method to quickly re‐
duce high concentrations of pollutants. It is more difficult to reach sufficiently low concen‐
trations to satisfy remediation standards, due to the equilibrium of absorption (chemistry)/
desorption processes in the soil.

At the figure 2, we can know how does pump and treat technology work. This system usual‐
ly consists of one or more wells equipped with pumps. When the pumps are turned on, they
pull the polluted groundwater into the wells and up to the surface. At the surface, the water
goes into a holding tank and then on to a treatment system, where it is cleaned [29].

8.1.2. Air sparging [30]

Air sparging is an in situ groundwater remediation technology that involves the injection of a
gas (usually air/oxygen) under pressure into a well installed into the saturated zone. Air sparg‐
ing technology extends the applicability of soil vapor extraction to saturated soils and ground‐
water  through physical  removal  of  volatilized groundwater  contaminants  and enhanced
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ceeding through a series of vessels that contain materials designed to adsorb the contaminants
from the groundwater. For petroleum-contaminated sites this material is usually activated car‐
bon in granular form. Chemical reagents such as flocculants followed by sand filters may also
be used to decrease the contamination of groundwater. Air stripping is a method that can be ef‐
fective for volatile pollutants such as BTEX compounds found in gasoline.

For most biodegradable materials like BTEX, MTBE and most hydrocarbons, bioreactors can
be used to clean the contaminated water to non-detectable levels. With fluidized bed bio‐
reactors it is possible to achieve very low discharge concentrations which will meet or ex‐
ceed discharge standards for most pollutants.

Depending on geology and soil type, pump and treat may be a good method to quickly re‐
duce high concentrations of pollutants. It is more difficult to reach sufficiently low concen‐
trations to satisfy remediation standards, due to the equilibrium of absorption (chemistry)/
desorption processes in the soil.

At the figure 2, we can know how does pump and treat technology work. This system usual‐
ly consists of one or more wells equipped with pumps. When the pumps are turned on, they
pull the polluted groundwater into the wells and up to the surface. At the surface, the water
goes into a holding tank and then on to a treatment system, where it is cleaned [29].

8.1.2. Air sparging [30]

Air sparging is an in situ groundwater remediation technology that involves the injection of a
gas (usually air/oxygen) under pressure into a well installed into the saturated zone. Air sparg‐
ing technology extends the applicability of soil vapor extraction to saturated soils and ground‐
water  through physical  removal  of  volatilized groundwater  contaminants  and enhanced
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biodegradation in the saturated and unsaturated zones. Oxygen injected below the water ta‐
ble volatilizes contaminants that are dissolved in groundwater, existing as a separate aqueous
phase, and/or sobbed onto saturated soil particles. The volatilized contaminants migrate up‐
ward in the vadose zone, where they are removed, and generally using soil vapor extraction
techniques. This process of moving dissolved and non-aqueous volatile organic compounds
(VOCs), originally located below the water table, into the unsaturated zone has been likened to
an in situ, saturated zone, air stripping system. In addition to this air stripping process, air
sparging also promotes biodegradation by increasing oxygen concentrations in the subsur‐
face, stimulating aerobic biodegradation in the saturated and unsaturated zones(figure 3).

Depending on geology and soil type, pump and treat may be a good method to quickly reduce 
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Figure2．Pump and Treat Technology[29]
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Figure 2. Pump and Treat Technology [29]

Figure 3. Air Sparging [31]
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8.1.3. In-situ groundwater bioremediation [32]

In-situ groundwater bioremediation is a technology that encourages growth and reproduc‐
tion of indigenous microorganisms to enhance biodegradation of organic constituents in the
saturated zone. In-situ groundwater bioremediation can effectively degrade organic constit‐
uents which are dissolved in groundwater and adsorbed onto the aquifer matrix.

In-situ groundwater bioremediation can be effective for the full range of petroleum hydro‐
carbons. While there are some notable exceptions (e.g., MTBE) the short-chain, low-molecu‐
lar-weight, more water soluble constituents are degraded more rapidly and to lower
residual levels than are long-chain, high-molecular-weight, less soluble constituents. Recov‐
erable free product should be removed from the subsurface prior to operation of the in-situ
groundwater bioremediation system. This will mitigate the major source of contaminants as
well as reduce the potential for smearing or spreading high concentrations of contaminants.

In-situ bioremediation of groundwater can be combined with other saturated zone remedial
technologies (e.g., air sparging) and unsaturated zone remedial operations (e.g., soil vapor
extraction, bioventing).

Bioremediation generally requires a mechanism for stimulating and maintaining the activity
of these microorganisms. This mechanism is usually a delivery system for providing one or
more of the following: An electron acceptor (oxygen, nitrate); nutrients (nitrogen, phospho‐
rus); and an energy source (carbon). Generally, electron acceptors and nutrients are the two
most critical components of any delivery system.

In a typical in-situ bioremediation system, groundwater is extracted using one or more wells
and, if necessary, treated to remove residual dissolved constituents. The treated groundwa‐
ter is then mixed with an electron acceptor and nutrients, and other constituents if required,
and re-injected upgradient of or within the contaminant source. Infiltration galleries or injec‐
tion wells may be used to re-inject treated water. In an ideal configuration, a "closed-loop"
system would be established. All water extracted would be re-injected without treatment
and all remediation would occur in situ. This ideal system would continually recirculate the
water until cleanup levels had been achieved. If your state does not allow re-injection of ex‐
tracted groundwater, it may be feasible to mix the electron acceptor and nutrients with fresh
water instead. Extracted water that is not re-injected must be discharged, typically to surface
water or to publicly owned treatment works (POTW).

8.1.4. In–situ reactive walls [33]

In-situ reactive walls are an emerging technology that have been evaluated, developed, and
implemented only within the last few years. This technology is gaining widespread atten‐
tion due to the increasing recognition of the limitations of pump and treat systems, and the
ability to implement various treatment processes that have historically only been used in
above-ground systems in an in situ environment. This technology is also known in the reme‐
diation industry as “funnel and gate systems” or “treatment walls”.
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of these microorganisms. This mechanism is usually a delivery system for providing one or
more of the following: An electron acceptor (oxygen, nitrate); nutrients (nitrogen, phospho‐
rus); and an energy source (carbon). Generally, electron acceptors and nutrients are the two
most critical components of any delivery system.
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and, if necessary, treated to remove residual dissolved constituents. The treated groundwa‐
ter is then mixed with an electron acceptor and nutrients, and other constituents if required,
and re-injected upgradient of or within the contaminant source. Infiltration galleries or injec‐
tion wells may be used to re-inject treated water. In an ideal configuration, a "closed-loop"
system would be established. All water extracted would be re-injected without treatment
and all remediation would occur in situ. This ideal system would continually recirculate the
water until cleanup levels had been achieved. If your state does not allow re-injection of ex‐
tracted groundwater, it may be feasible to mix the electron acceptor and nutrients with fresh
water instead. Extracted water that is not re-injected must be discharged, typically to surface
water or to publicly owned treatment works (POTW).

8.1.4. In–situ reactive walls [33]

In-situ reactive walls are an emerging technology that have been evaluated, developed, and
implemented only within the last few years. This technology is gaining widespread atten‐
tion due to the increasing recognition of the limitations of pump and treat systems, and the
ability to implement various treatment processes that have historically only been used in
above-ground systems in an in situ environment. This technology is also known in the reme‐
diation industry as “funnel and gate systems” or “treatment walls”.
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The concept of in-situ reactive walls involves the installation of impermeable barriers down‐
grading of the contaminated groundwater plume and hydraulic manipulation of impacted
groundwater to be directed through porous reactive gates installed within the impermeable
barrier. Treatment processes designed specifically to treat the target contaminants can be
implemented in these reactive or treatment gates. Treated groundwater follows its natural
course after exiting the treatment gates. The flow through the treatment gates is driven by
natural groundwater gradients, and hence these systems are often referred to as passive
treatment walls. If a groundwater plume is relatively narrow, a permeable reactive trench
can be installed across the full width of the plume, and thus preclude the necessity for instal‐
lation of impermeable barriers.

In-situ reactive walls eliminate or at least minimize the need for mechanical systems, there‐
by reducing the long-term operation and maintenance costs that so often drive up the life
cycle costs of many remediation projects. In addition, groundwater monitoring and system
compliance issues can be streamlined for even greater cost savings.

Bioventing, also a modification of vapor extraction technology, is briefly contrasted with air
sparging. With bioventing, extraction or injection of air into the vadose zone increases sub‐
surface oxygen concentration, promoting bioremediation of unsaturated soil contaminants.
This technique is applicable to all biodegradable contaminants, but has been applied most
frequently and reportedly most successfully to sites with petroleum hydrocarbon contami‐
nation

8.2. The suggestions for groundwater pollutions

The past 40 years, groundwater subjected to pollution, it cannot be ignored that there has a
serious threat to human health and ecological security problems. The research on ground‐
water pollution risk assessment will help understand the relationship between the soil con‐
ditions and groundwater pollution, identify the high-risk regions of groundwater pollution,
provide a powerful tools for the land use and groundwater resource management, and help
the policy maker and managers to develop effective management strategies and protection
measures on groundwater. So we can offer some suggestions as following:

1. Continue to strengthen the research on the fate and transport in hydrogeological condi‐
tions. Hydrogeological conditions of the contaminated sites have a vital role in organic
pollution of groundwater. We should pay attention to the impact that the thickness of
the unsaturated zone, the aquifer lithology of unsaturated zone and groundwater, the
groundwater runoff conditions on the organic pollution investigation and contaminated
aquifer restoration. Unsaturated zone is the only avenue for the organic pollutant into
the groundwater system. In the protection of groundwater quality, we should take im‐
pact of the physical, chemical, and biological characteristics of the unsaturated zone soil
on the transport and degradation of organic pollutants into consideration.

2. In the future research, the natural attenuation of typical organic contamination in
groundwater should be reinforce research, especially the organic degradation mecha‐
nism of microbes.
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3. In recent years, the environmental hormone pollution research and prevention has be‐
gun to attract the attention of the world. Environmental hormone research has become
the forefront and hot topic of environmental science research. But the mechanism of en‐
vironmental hormone is not clearly, we should take more attention on these.

4. The research on groundwater pollution risk assessment to be carried out on the typical
regions. To provide practical experience on established an reasonable and feasible
groundwater pollution risk assessment system.

5. Exerting governmental function adequately and improving the laws, regulations and
norms on groundwater quality monitor and assessment. Strengthening the cross-disci‐
plinary exchanges and studies and establishing the groundwater pollution monitor net‐
work and the chemical toxicological database.

With entering a new era of environmental protection, the research of groundwater pollution
risk assessment is bound to make new contributions to human survival and to protect and
improve the natural environment, and to advance the theory research of environmental sci‐
ence.
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1. Introduction

Organochlorine pesticides are well known by the scientific literature to be persistent in the
environment, toxic for wildlife and potential dangerous for humans since the publication of
the famous volume "Silent Spring" by Rachel Carson in 1962 [1]. Due to their massive indus‐
trial production and commercialization for various human purposes, these chemicals have
reached concentrations in worldwide environments that are able to significantly affect ter‐
restrial and marine wild species [2], remote world habitats [3] including the remote deep-sea
[4], and protected species listed in the IUCN Red List of Threatened Species [5]. Actual con‐
centrations are able to severely affect trophic webs [6] and top-predators [7; 8]. As animal,
humans are not excluded by the effects of pollution and concerning these compounds, feed‐
ing represents the principal and worldwide diffuse exposure mechanism for human popula‐
tions rather than inhalation and dermal contact [9; 10; 11; 12]. In spite of that, only in USA,
chemical industry produces about 70,000 new products and organic chemicals accounted for
the greatest share of production (364.2 million tons) in 1997 [13].

The continuous research of new substances able to cover the great request from engineering,
chemistry, pharmaceuticals, medical, commercial and social activities led to the direct and
indirect release in environment and the consequent exposure of living organisms to new
compounds. Once released in the environment, new chemicals interact with the abiotic and
biotic matrices producing mixture composed by pure chemicals which auto-interact, their
metabolites and/or reaction and degradation by-products. These mixture are characterized
by a progressive increase of complexity and by a clear geographical footprint with percen‐
tages of chemical composition that are dependent both by physico-chemical properties of
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compounds making the mixture and latitude/altitude of the geographical area considered
[14]. Unluckily the effects induced by pure compounds on non-target species are frequently
unknown at the time of their commercialization as well as possible by-products which are
produced by the interaction with the environment. Usually, undesirable consequences of
new synthesized chemicals are discovered many years later their distribution in commerce,
often dramatically. This is the well-known case of the pesticide dichloro-diphenyl-trichloro‐
ethane (DDT) largely used to control malaria diffusion and publicized before 1970' as "the
best friend of housewives in controlling pests".

Persistent organic pollutants (POPs) are characterized by molecular stability, high persistence
due to the resistance to natural degradation processes derived by physical (i.e. temperature or
photo-degradation), chemical (i.e. redox and acid-basic reactions, chemical interactions), and
biological (i.e. metabolic or microbial deteriorations) aggressions. As reported by the Europe‐
an Community [15], to be classified as "persistent", chemicals must evidence a half-life in water
superior than two months and in sediments/soils superior than six months.

POPs concentrate in environment for a very long time and, due to their vapor pressure <1000
Pa and a half-life >2 days in atmosphere, evidence long range transport reaching, also, remote
areas [16]. These chemicals usually are low water soluble but evidence a great affinity towards
lipids and tend to accumulate in sedimentary organic matter and biological tissues affecting
the trophic web along which tend to biomagnificate [17]. Chemicals characterized by logKow >5
and by a bio-concentration factor (BEF) >5,000 are considered "bioaccumulable" [15]. POPs are
not biologically inert, on the contrary, they actively interact with physiological biochemistry of
species inducing toxicity on wildlife species and humans.

Among POPs, perfluorinated organic compounds (PFCs) and polybrominated diphenyl ethers
(PBDEs) are known as "emergent pollutants". PFCs and PBDEs are recently commercialized
chemicals of particular ecotoxicological concern which are relatively little described by the lit‐
erature [18]. PFCs and PBDEs increased levels during the latest decades both in environments
and wildlife. Several studies have assessed them in a wide range of organisms [19], including
humans [20; 21], from low latitude regions to remote areas, suggesting atmospheric transport
of volatile precursor compounds and/or transport in ocean currents [22; 23; 24].

This chapter will focuses:

• general physico-chemical properties,

• sources, distribution dynamics, and environmental levels (in air, soil, water, sediment)
with a particular attention on aquatic ecosystem;

• levels in wildlife tissues focusing evidences of bioaccumulation throughout the trophic
web. Studies reporting levels both in red-list included species and foods at the basis of the
human diet will be considered and included;

• phenomena of contamination in humans;

• evidences on toxicity based on results of ecotoxicological tests;

• international normative and guidelines developed to control considered chemicals
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The following paragraphs aims to summarized actual knowledge on PFCs and PBDEs prin‐
cipal characteristics including environmental levels and toxicity on biota.

2. Physico-chemical properties of considered molecules

PFCs and PBDEs include molecules characterized by a similar chemical formula but also by
very different physico-chemical properties. As consequence of the structural dissimilarities,
differences concerning environmental distribution dynamics, and levels in abiotic and bio‐
logical matrices are observed among PFCs and PBDEs congeners. Furthermore, the ecotoxi‐
cological risk associated to the diffusion of these persistent organic pollutants could be
notably dissimilar. In fact, physico-chemical properties of molecules influence possible ad‐
verse effects on non-target biological communities. In addition, observed toxicity is notably
affected by the interaction among considered chemicals and environmental matrices caused
by the photo-chemical deterioration and the production of metabolites during microbial bio‐
degradation phenomena.

2.1. Perfluorinated organic compounds (PFCs)

Concerning chemicals of ecotoxicological interest, perfluorinated organic compounds (PFCs)
are of particular emerging interest due their documented presence both in wildlife’s tissues
and human blood PFCs [25].

PFCs are anionic, and fluorine-containing surfactants (both soluble in water and oil) and are
applied for a large industrial and commercial employment to produce surfactants, lubri‐
cants, paints, polishes, food packaging, and fire-fighting, foams propellants, agrochemicals,
adhesives, refrigerants, fire retardants, and medicines [26; 27].

Their structure consisting of a fluorine atom with which all hydrogen atoms from the linear-
alkyl chain, which is a hydrophobic group, are replaced. Physico-chemical properties of
PFCs favour the occurrence of long-range transport dynamics, as they are more volatile than
chlorine or bromine analogues.

Among PFCs, perfluorooctanoic acid (PFOA) and perfluoroctanesulfonic acid (PFOS) repre‐
sents the principal compounds of environmental concern.

Salts of perfluorooctanoic acid (PFOA, C8HF15O2) have been used as surfactants and process‐
ing aids in the production of fluoropolymers, and these salts are considered critical to the
production of certain fluoropolymers and fluoroelastomers [28]. The functional chemical
structure is C7F15COOH and for this reason tends to behavior like an acid dissociating as fol‐
lows: C7F15COO- + H+.

Perfluorooctane sulfonate (PFOS; C8HF17O3S even in this case it dissociates as follows:
C7F17SO3

- + H+) evidences an excellent chemical and thermal stability and is a chemical pre‐
cursor for the synthesis of other molecules [26] such as fluorinated surfactants and pesti‐
cides (Abe and Nagase., 1982 in [29]). Perfluoroalkanesulfonate salts and

Perfluorinated Organic Compounds and Polybrominated Diphenyl Ethers Compounds – Levels and...
http://dx.doi.org/10.5772/53835

113



compounds making the mixture and latitude/altitude of the geographical area considered
[14]. Unluckily the effects induced by pure compounds on non-target species are frequently
unknown at the time of their commercialization as well as possible by-products which are
produced by the interaction with the environment. Usually, undesirable consequences of
new synthesized chemicals are discovered many years later their distribution in commerce,
often dramatically. This is the well-known case of the pesticide dichloro-diphenyl-trichloro‐
ethane (DDT) largely used to control malaria diffusion and publicized before 1970' as "the
best friend of housewives in controlling pests".

Persistent organic pollutants (POPs) are characterized by molecular stability, high persistence
due to the resistance to natural degradation processes derived by physical (i.e. temperature or
photo-degradation), chemical (i.e. redox and acid-basic reactions, chemical interactions), and
biological (i.e. metabolic or microbial deteriorations) aggressions. As reported by the Europe‐
an Community [15], to be classified as "persistent", chemicals must evidence a half-life in water
superior than two months and in sediments/soils superior than six months.

POPs concentrate in environment for a very long time and, due to their vapor pressure <1000
Pa and a half-life >2 days in atmosphere, evidence long range transport reaching, also, remote
areas [16]. These chemicals usually are low water soluble but evidence a great affinity towards
lipids and tend to accumulate in sedimentary organic matter and biological tissues affecting
the trophic web along which tend to biomagnificate [17]. Chemicals characterized by logKow >5
and by a bio-concentration factor (BEF) >5,000 are considered "bioaccumulable" [15]. POPs are
not biologically inert, on the contrary, they actively interact with physiological biochemistry of
species inducing toxicity on wildlife species and humans.

Among POPs, perfluorinated organic compounds (PFCs) and polybrominated diphenyl ethers
(PBDEs) are known as "emergent pollutants". PFCs and PBDEs are recently commercialized
chemicals of particular ecotoxicological concern which are relatively little described by the lit‐
erature [18]. PFCs and PBDEs increased levels during the latest decades both in environments
and wildlife. Several studies have assessed them in a wide range of organisms [19], including
humans [20; 21], from low latitude regions to remote areas, suggesting atmospheric transport
of volatile precursor compounds and/or transport in ocean currents [22; 23; 24].

This chapter will focuses:

• general physico-chemical properties,

• sources, distribution dynamics, and environmental levels (in air, soil, water, sediment)
with a particular attention on aquatic ecosystem;

• levels in wildlife tissues focusing evidences of bioaccumulation throughout the trophic
web. Studies reporting levels both in red-list included species and foods at the basis of the
human diet will be considered and included;

• phenomena of contamination in humans;

• evidences on toxicity based on results of ecotoxicological tests;

• international normative and guidelines developed to control considered chemicals

Organic Pollutants - Monitoring, Risk and Treatment112

The following paragraphs aims to summarized actual knowledge on PFCs and PBDEs prin‐
cipal characteristics including environmental levels and toxicity on biota.

2. Physico-chemical properties of considered molecules

PFCs and PBDEs include molecules characterized by a similar chemical formula but also by
very different physico-chemical properties. As consequence of the structural dissimilarities,
differences concerning environmental distribution dynamics, and levels in abiotic and bio‐
logical matrices are observed among PFCs and PBDEs congeners. Furthermore, the ecotoxi‐
cological risk associated to the diffusion of these persistent organic pollutants could be
notably dissimilar. In fact, physico-chemical properties of molecules influence possible ad‐
verse effects on non-target biological communities. In addition, observed toxicity is notably
affected by the interaction among considered chemicals and environmental matrices caused
by the photo-chemical deterioration and the production of metabolites during microbial bio‐
degradation phenomena.

2.1. Perfluorinated organic compounds (PFCs)

Concerning chemicals of ecotoxicological interest, perfluorinated organic compounds (PFCs)
are of particular emerging interest due their documented presence both in wildlife’s tissues
and human blood PFCs [25].

PFCs are anionic, and fluorine-containing surfactants (both soluble in water and oil) and are
applied for a large industrial and commercial employment to produce surfactants, lubri‐
cants, paints, polishes, food packaging, and fire-fighting, foams propellants, agrochemicals,
adhesives, refrigerants, fire retardants, and medicines [26; 27].

Their structure consisting of a fluorine atom with which all hydrogen atoms from the linear-
alkyl chain, which is a hydrophobic group, are replaced. Physico-chemical properties of
PFCs favour the occurrence of long-range transport dynamics, as they are more volatile than
chlorine or bromine analogues.

Among PFCs, perfluorooctanoic acid (PFOA) and perfluoroctanesulfonic acid (PFOS) repre‐
sents the principal compounds of environmental concern.

Salts of perfluorooctanoic acid (PFOA, C8HF15O2) have been used as surfactants and process‐
ing aids in the production of fluoropolymers, and these salts are considered critical to the
production of certain fluoropolymers and fluoroelastomers [28]. The functional chemical
structure is C7F15COOH and for this reason tends to behavior like an acid dissociating as fol‐
lows: C7F15COO- + H+.

Perfluorooctane sulfonate (PFOS; C8HF17O3S even in this case it dissociates as follows:
C7F17SO3

- + H+) evidences an excellent chemical and thermal stability and is a chemical pre‐
cursor for the synthesis of other molecules [26] such as fluorinated surfactants and pesti‐
cides (Abe and Nagase., 1982 in [29]). Perfluoroalkanesulfonate salts and

Perfluorinated Organic Compounds and Polybrominated Diphenyl Ethers Compounds – Levels and...
http://dx.doi.org/10.5772/53835

113



perfluorocarboxylates are reported to be present in fire-fighting foam formulations, includ‐
ing aqueous film forming foams which are fire-fighting materials largely used by military
bases and airports to face hydrocarbon fuel fires or to prevent the potential risk of fire [30;
31]. Moody and colleagues [32] reported for the 2001, an estimated PFOS annual production
quantity in United States of America of 2,943,769 kg.

Principal PFOA and PFOS chemical properties are summarized in Table 1.

PFOA PFOS

Extended name

Other names

Perfluorooctanoic acid

Perfluorooctanoate

Perfluorocaprylic acid

FC-143

F-n-octanoic acid

Perfluoroctanesulfonic acid

1-Perfluorooctanesulfonic acid

Heptadecafluoro-1-octanesulfonic acid

Perfluoro-n-octanesulfonic acid

SUBSTANCE IDENTIFICATION

CAS numb 335-67-1 1763-23-1

Pubchem 9554 74483

EC number 206-397-9 217-179-8

MOLECULAR PROPERTIES

Molecular formula C8HF15O2 C8HF17O3S

Molecular mass 414.07 gmol-1 500.13 gmol-1

Boiling point 189–192 °C 133 °C (6 torr)

Appearance (25 C, 100 kPa) colorless liquid white powder

Vapor pressure 4.2 Pa (25 °C) 3.31 × 10-4 Pa (20 °C)

Melting point 40–50 °C >400 °C

Solubility in water 3,400 mgL-1 519 mgL-1 (20 ± 0.5 °C)

680 mgL-1 (24 - 25 °C)

Solubility in other solvents polar organic solvents 56 mgL-1 (octanol)

Acidity (pKa) 2-3[23] calculated value of -3.27[33]

RELATED RISKS

S-phrases S36, S37, S39 S61

R-phrases R22, R34, R52/53 R61, R20/21, R40, R48/25, R64, R51/53

Table 1. Substance identification (extended names and international classification numbers), principal molecular
properties, and related risks of PFOA (perfluorooctanoic acid) and PFOS (perfluoroctanesulfonic acid) are summarized
in table. Specific references: record of PFOA were extracted from the GESTIS Substance Database from the IFA (last
access on 5th November, 2008).
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2.2. Polybrominated Diphenyl Ethers (PBDEs)

Polybrominated diphenyl ethers (PBDEs) are a class of organohalogen compounds used
worldwide over the past three decades as chemical additives to reduce the flammability of
common use products [34]. These chemicals were first introduced to the market in the 1960s
and their global demand has increased rapidly since the end of the 1970s, due to the grow‐
ing popularity of personal computers and other electronic equipment, to which they were
added to improve fire safety [35].

Since ’70 PBDEs were used as flame retardants in a wide range of common use such as
cloths, foam cushions, polyurethane sponges, carpet pads, chairs, couches, electronic instru‐
ments including computer castings, and insulating materials [36].

In 2000, the industrial production of these chemicals has been esteemed to be around the
64,000 cubic tons per year. The 50% of this annual production was commercialized in Amer‐
ica, while in Europe only 12% [37].

Because of toxicity and persistence of PBDEs, these chemicals are included in the persistent
organic pollutants (POPs) Reviewing Committee (www.pops.int) and their industrial pro‐
duction is to be eliminated under the Stockholm Convention.

Polybrominated diphenyl ethers are, apart from the oxygen atom between the phenyl rings,
structurally similar to PCBs, consisting of two halogenated aromatic rings linked by an ether
group. PBDEs chemical synthesis is performed by the diphenyl-ethers bromination in pres‐
ence of dibromomethane as solvent. Diphenyl-ethers have 10 hydrogen atoms and each of
them can be replaced by an atom of bromine. This reaction could produce 209 possible con‐
geners, numbered from 1 to 209 in relation to the number of bromine atoms substituting hy‐
drogen ones and their relative position within the molecule [38].

The general chemical formula for PBDE family is C12H(10−x)BrxO (where x= 1,..., 10).

In the United States, PBDEs are marketed with trade names: DE-60F, DE-61, DE-62, and
DE-71 applied to penta-BDE mixtures; DE-79 applied to octa-BDE mixtures; DE 83R and
Saytex 102E applied to deca-BDE mixtures.

The available commercial PBDE products are not single compounds or even single conge‐
ners but rather a mixture of congeners. Nevertheless, commercial mixtures are constituted
by a little part of the 209 possible congeners due to the instability of a large part of them [39]
which tend to quickly debrominate.

Three technical mixtures are available and commercialized and differ related to the bromi‐
nation levels:

• Mixture penta-BDE (24-38% tetra-BDE, 50-60% penta-BDE, 4-8% esa-BDE). In these mix‐
tures, most abundant congeners are constituted by tetra-BDE 2,2’,4,4’ (IUPAC n. 47), penta-
BDE 2,2’,4,4’,5 (IUPAC n. 99) and penta-BDE 2,2’,4,4’,6 (IUPAC n. 100), esa-BDE 2,2’,4,4’,5,5’
(IUPAC n. 153) and esa-BDE 2,2’,4,4’,5,6’ (IUPAC n. 154). These mixtures are viscose liquids
principally used in industrial fabrication of clothes, foams, resins, polyurethane foam prod‐
ucts such as furniture and upholstery in domestic furnishing, and in the automotive and avi‐
ation industries. The European Union banned the use of this mixture in August 2004.
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perfluorocarboxylates are reported to be present in fire-fighting foam formulations, includ‐
ing aqueous film forming foams which are fire-fighting materials largely used by military
bases and airports to face hydrocarbon fuel fires or to prevent the potential risk of fire [30;
31]. Moody and colleagues [32] reported for the 2001, an estimated PFOS annual production
quantity in United States of America of 2,943,769 kg.

Principal PFOA and PFOS chemical properties are summarized in Table 1.

PFOA PFOS

Extended name

Other names

Perfluorooctanoic acid

Perfluorooctanoate

Perfluorocaprylic acid

FC-143

F-n-octanoic acid

Perfluoroctanesulfonic acid

1-Perfluorooctanesulfonic acid

Heptadecafluoro-1-octanesulfonic acid

Perfluoro-n-octanesulfonic acid

SUBSTANCE IDENTIFICATION

CAS numb 335-67-1 1763-23-1

Pubchem 9554 74483

EC number 206-397-9 217-179-8

MOLECULAR PROPERTIES

Molecular formula C8HF15O2 C8HF17O3S

Molecular mass 414.07 gmol-1 500.13 gmol-1

Boiling point 189–192 °C 133 °C (6 torr)

Appearance (25 C, 100 kPa) colorless liquid white powder

Vapor pressure 4.2 Pa (25 °C) 3.31 × 10-4 Pa (20 °C)

Melting point 40–50 °C >400 °C

Solubility in water 3,400 mgL-1 519 mgL-1 (20 ± 0.5 °C)

680 mgL-1 (24 - 25 °C)

Solubility in other solvents polar organic solvents 56 mgL-1 (octanol)

Acidity (pKa) 2-3[23] calculated value of -3.27[33]

RELATED RISKS

S-phrases S36, S37, S39 S61

R-phrases R22, R34, R52/53 R61, R20/21, R40, R48/25, R64, R51/53

Table 1. Substance identification (extended names and international classification numbers), principal molecular
properties, and related risks of PFOA (perfluorooctanoic acid) and PFOS (perfluoroctanesulfonic acid) are summarized
in table. Specific references: record of PFOA were extracted from the GESTIS Substance Database from the IFA (last
access on 5th November, 2008).
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2.2. Polybrominated Diphenyl Ethers (PBDEs)

Polybrominated diphenyl ethers (PBDEs) are a class of organohalogen compounds used
worldwide over the past three decades as chemical additives to reduce the flammability of
common use products [34]. These chemicals were first introduced to the market in the 1960s
and their global demand has increased rapidly since the end of the 1970s, due to the grow‐
ing popularity of personal computers and other electronic equipment, to which they were
added to improve fire safety [35].

Since ’70 PBDEs were used as flame retardants in a wide range of common use such as
cloths, foam cushions, polyurethane sponges, carpet pads, chairs, couches, electronic instru‐
ments including computer castings, and insulating materials [36].

In 2000, the industrial production of these chemicals has been esteemed to be around the
64,000 cubic tons per year. The 50% of this annual production was commercialized in Amer‐
ica, while in Europe only 12% [37].

Because of toxicity and persistence of PBDEs, these chemicals are included in the persistent
organic pollutants (POPs) Reviewing Committee (www.pops.int) and their industrial pro‐
duction is to be eliminated under the Stockholm Convention.

Polybrominated diphenyl ethers are, apart from the oxygen atom between the phenyl rings,
structurally similar to PCBs, consisting of two halogenated aromatic rings linked by an ether
group. PBDEs chemical synthesis is performed by the diphenyl-ethers bromination in pres‐
ence of dibromomethane as solvent. Diphenyl-ethers have 10 hydrogen atoms and each of
them can be replaced by an atom of bromine. This reaction could produce 209 possible con‐
geners, numbered from 1 to 209 in relation to the number of bromine atoms substituting hy‐
drogen ones and their relative position within the molecule [38].

The general chemical formula for PBDE family is C12H(10−x)BrxO (where x= 1,..., 10).

In the United States, PBDEs are marketed with trade names: DE-60F, DE-61, DE-62, and
DE-71 applied to penta-BDE mixtures; DE-79 applied to octa-BDE mixtures; DE 83R and
Saytex 102E applied to deca-BDE mixtures.

The available commercial PBDE products are not single compounds or even single conge‐
ners but rather a mixture of congeners. Nevertheless, commercial mixtures are constituted
by a little part of the 209 possible congeners due to the instability of a large part of them [39]
which tend to quickly debrominate.

Three technical mixtures are available and commercialized and differ related to the bromi‐
nation levels:

• Mixture penta-BDE (24-38% tetra-BDE, 50-60% penta-BDE, 4-8% esa-BDE). In these mix‐
tures, most abundant congeners are constituted by tetra-BDE 2,2’,4,4’ (IUPAC n. 47), penta-
BDE 2,2’,4,4’,5 (IUPAC n. 99) and penta-BDE 2,2’,4,4’,6 (IUPAC n. 100), esa-BDE 2,2’,4,4’,5,5’
(IUPAC n. 153) and esa-BDE 2,2’,4,4’,5,6’ (IUPAC n. 154). These mixtures are viscose liquids
principally used in industrial fabrication of clothes, foams, resins, polyurethane foam prod‐
ucts such as furniture and upholstery in domestic furnishing, and in the automotive and avi‐
ation industries. The European Union banned the use of this mixture in August 2004.
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• Mixture octa-BDE (10-12% esa-BDE, 44% epta-BDE, 31-35% octa-BDE, 10-11% nona-BDE,
<1% deca-BDE). In these mixtures, most abundant congeners are epta-BDE 2,2’,4,4’,5’,6
(IUPAC n. 183), and esa-BDE 2,2’,4,4’,5,5’ (IUPAC n. 153). These mixtures are white dusts
and are commonly used in little objects for house and office purposes made by plastic
products, such as housings for computers, automobile trims, telephone handsets and
kitchen appliance casings.

• Mixture deca-BDE (<3% nona-BDE, >97% deca-BDE (IUPAC n. 209). These mixtures are
white dusts. In 2003 they represent above the 80% of the annual production of PBDE and
they are, currently, the only PBDE product in production. Deca-BDE are commonly used
in the following applications: thermoplastic, elastomeric, and thermo set polymer sys‐
tems, including high impact polystyrene (HIPS), polybutylene terephthalate (PBT), nylon,
polypropylene, low-density polyethene (LDPE), ethylene-propylene-diene rubber and
ethylene-propylene terpolymer (EPDM), unsaturated polyester, epoxy. Are used for wire
and cable insulation, coatings and adhesive systems, including back-coatings for fabrics,
and electronic instruments [36; 38].

PBDEs are semi volatile compounds characterized by a low vapor pressure and a scarce wa‐
ter solubility. These properties tends to decrease with the level of substitutions by bromine
atoms in the molecular structure whereas hydrophobic properties increase. Octanol/water
distribution coefficients (Kow) are variable with substitutions and are included within: 5.9-6.2
for tetra-BDE, 6.5-7.0 for penta-BDE, 8.4-8.9 for octa-BDE, and 10.0 for deca-BDE. PBDEs
half-life in air are extimated to be about two days, while in water longer times are modeled
(two months) whereas in soils and sediments average half-lives are six months [40].

PBDEs Isomer
Molecular

formula

Molecular

mass
% bromine

Vapor

pressure

Octanol/water

distribution

coefficient

Solubility in

water

Measure

ment unit
- - g/mol m/m 25°C, Pa log Pow 21 °C, µg/L

mono-PBDE 3 C12H9BrO 249.0 32.09 3.6 4000
di-PBDEs 12 C12H8Br2O 327.9 48.74 2.0 5.1 500
tri-PBDE 24 C12H7Br3O 406.8 58.93 2.0 10-2 5.9 90
tetra-PBDE 42 C12H6Br4O 485.7 65.81 4.0 10-4 6.3 20
penta-PBDE 46 C12H5Br5O 564.6 70.77 3.0 10-5 6.8 5
hexa-PBDE 42 C12H4Br6O 643.5 74.51 9.0 10-6 7.3 2
hepta-PBDE 24 C12H3Br7O 722.4 77.43 5.0 10-6 7.9 0.7
octa-PBDE 12 C12H2Br8O 801.3 79.78 4.0 10-6 8.5 0.3
nona-PBDE 3 C12HBr9O 880.1 81.71 3.0 10-6 9.0 0.16
deca-PBDE 1 C12Br10O 959.0 83.32 2.6 10-6 9.5 0.10

Table 2. Substance identification and principal molecular properties of PBDEs (polybrominated diphenyl ethers) are
summarized. The number of isomers, the molecular formula, molecular mass, % of bromine, vapor pressure, octanol/
water distribution coefficients, and solubility in water are reported. Data collected by the European Food Safety
Authority [41].
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3. Sources, distribution dynamics, and environmental levels

Concerning PFCs, principal environmental sources are represented by the direct diffusion of
surfactants, lubricants, paints, polishes, foams propellants, agrochemicals, adhesives, refrig‐
erants, fire retardants, and medicines containing these chemicals. Indirect releases could oc‐
curs from food packaging and painted manufacturing when discharged and exposed to rain
and bad weather conditions. Nevertheless, the large use of fire-fighting materials containing
PFCs both when a critical fire occurs and to prevent accidents in high risk procedure (i.e.
military or firemen exercitations, routine activities, airports activities), represents the princi‐
pal direct diffusion of these chemicals on the ground able to affect wide geographical surfa‐
ces, superficial and groundwater [31].

As regard as PBDEs, environmental releases could occurs during manufacturing lifetimes.
Releasing mechanism are not completely cleared, however, it is believed that PBDEs are re‐
leased to the air when objects are manufactured and during object's life span. Their disposal
and waste could produce releases too [42]. In the last years recycling of end products con‐
taining PBDE is becoming the principal source of release of these chemicals in the environ‐
ment [43]. Burning of plastics, waste electronic goods, and oil shale may provide an
additional PBDEs loads both in atmosphere and soil. Also, productive processes represents
an important source, high levels are measured in environmental matrices closed to the
flame-retardants factories [40].

Monitoring PFCs and PBDEs in environmental matrices evidenced first of all the needing
to  develop accurate sampling strategies  to collect  representative samples from heteroge‐
neous and quickly variable matrices such as air and water are. On the contrary, soils and
sediments even if  much more stable present structural heterogeneity (i.e.  organic matter
content  and  composition,  grain-size  structure,  redox  conditions)  which  could  interfere
with quantifications  and data  interpretation.  Concerning biota  the  matter  (if  it  is  possi‐
ble!)  is  quite more complex.  Measured levels could be affected by a lot  of  different fac‐
tors as well as age, sex, phase of animal life-stage, lipid content, water content in tissues,
part of the animal excised for the analyses and much more other factors.  Another point
is represented by the sampling treatments and the detecting method adopted to perform
laboratory analyses.  Different methods are associated to different detection limits,  preci‐
sion and accuracy.  Low polluted matrices such as air  and water  required methods able
to detect  levels  of  chemicals  at  concentrations measured in pg/L,  whereas biological  tis‐
sues  allowed the  adoption  of  quite  less  sensible  methods  as  well  as  concentrations  are
usually measured in mg/kg or ng/g.

Hereby levels reported by the literature in different environmental matrices are reported or‐
ganizing them per matrix. When possible information about the sampling strategies adopt‐
ed are reported (i.e. depth of sampling for water and soils or sediments, geographical areas,
type of tissues), nevertheless a complete data selection related to the sampling strategies,
sampling treatments, and detecting methods has not been possible due to the wide hetero‐
geneity in data acquisition procedures.
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• Mixture octa-BDE (10-12% esa-BDE, 44% epta-BDE, 31-35% octa-BDE, 10-11% nona-BDE,
<1% deca-BDE). In these mixtures, most abundant congeners are epta-BDE 2,2’,4,4’,5’,6
(IUPAC n. 183), and esa-BDE 2,2’,4,4’,5,5’ (IUPAC n. 153). These mixtures are white dusts
and are commonly used in little objects for house and office purposes made by plastic
products, such as housings for computers, automobile trims, telephone handsets and
kitchen appliance casings.

• Mixture deca-BDE (<3% nona-BDE, >97% deca-BDE (IUPAC n. 209). These mixtures are
white dusts. In 2003 they represent above the 80% of the annual production of PBDE and
they are, currently, the only PBDE product in production. Deca-BDE are commonly used
in the following applications: thermoplastic, elastomeric, and thermo set polymer sys‐
tems, including high impact polystyrene (HIPS), polybutylene terephthalate (PBT), nylon,
polypropylene, low-density polyethene (LDPE), ethylene-propylene-diene rubber and
ethylene-propylene terpolymer (EPDM), unsaturated polyester, epoxy. Are used for wire
and cable insulation, coatings and adhesive systems, including back-coatings for fabrics,
and electronic instruments [36; 38].

PBDEs are semi volatile compounds characterized by a low vapor pressure and a scarce wa‐
ter solubility. These properties tends to decrease with the level of substitutions by bromine
atoms in the molecular structure whereas hydrophobic properties increase. Octanol/water
distribution coefficients (Kow) are variable with substitutions and are included within: 5.9-6.2
for tetra-BDE, 6.5-7.0 for penta-BDE, 8.4-8.9 for octa-BDE, and 10.0 for deca-BDE. PBDEs
half-life in air are extimated to be about two days, while in water longer times are modeled
(two months) whereas in soils and sediments average half-lives are six months [40].

PBDEs Isomer
Molecular

formula

Molecular

mass
% bromine

Vapor

pressure

Octanol/water

distribution

coefficient

Solubility in

water

Measure

ment unit
- - g/mol m/m 25°C, Pa log Pow 21 °C, µg/L

mono-PBDE 3 C12H9BrO 249.0 32.09 3.6 4000
di-PBDEs 12 C12H8Br2O 327.9 48.74 2.0 5.1 500
tri-PBDE 24 C12H7Br3O 406.8 58.93 2.0 10-2 5.9 90
tetra-PBDE 42 C12H6Br4O 485.7 65.81 4.0 10-4 6.3 20
penta-PBDE 46 C12H5Br5O 564.6 70.77 3.0 10-5 6.8 5
hexa-PBDE 42 C12H4Br6O 643.5 74.51 9.0 10-6 7.3 2
hepta-PBDE 24 C12H3Br7O 722.4 77.43 5.0 10-6 7.9 0.7
octa-PBDE 12 C12H2Br8O 801.3 79.78 4.0 10-6 8.5 0.3
nona-PBDE 3 C12HBr9O 880.1 81.71 3.0 10-6 9.0 0.16
deca-PBDE 1 C12Br10O 959.0 83.32 2.6 10-6 9.5 0.10

Table 2. Substance identification and principal molecular properties of PBDEs (polybrominated diphenyl ethers) are
summarized. The number of isomers, the molecular formula, molecular mass, % of bromine, vapor pressure, octanol/
water distribution coefficients, and solubility in water are reported. Data collected by the European Food Safety
Authority [41].
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3. Sources, distribution dynamics, and environmental levels

Concerning PFCs, principal environmental sources are represented by the direct diffusion of
surfactants, lubricants, paints, polishes, foams propellants, agrochemicals, adhesives, refrig‐
erants, fire retardants, and medicines containing these chemicals. Indirect releases could oc‐
curs from food packaging and painted manufacturing when discharged and exposed to rain
and bad weather conditions. Nevertheless, the large use of fire-fighting materials containing
PFCs both when a critical fire occurs and to prevent accidents in high risk procedure (i.e.
military or firemen exercitations, routine activities, airports activities), represents the princi‐
pal direct diffusion of these chemicals on the ground able to affect wide geographical surfa‐
ces, superficial and groundwater [31].

As regard as PBDEs, environmental releases could occurs during manufacturing lifetimes.
Releasing mechanism are not completely cleared, however, it is believed that PBDEs are re‐
leased to the air when objects are manufactured and during object's life span. Their disposal
and waste could produce releases too [42]. In the last years recycling of end products con‐
taining PBDE is becoming the principal source of release of these chemicals in the environ‐
ment [43]. Burning of plastics, waste electronic goods, and oil shale may provide an
additional PBDEs loads both in atmosphere and soil. Also, productive processes represents
an important source, high levels are measured in environmental matrices closed to the
flame-retardants factories [40].

Monitoring PFCs and PBDEs in environmental matrices evidenced first of all the needing
to  develop accurate sampling strategies  to collect  representative samples from heteroge‐
neous and quickly variable matrices such as air and water are. On the contrary, soils and
sediments even if  much more stable present structural heterogeneity (i.e.  organic matter
content  and  composition,  grain-size  structure,  redox  conditions)  which  could  interfere
with quantifications  and data  interpretation.  Concerning biota  the  matter  (if  it  is  possi‐
ble!)  is  quite more complex.  Measured levels could be affected by a lot  of  different fac‐
tors as well as age, sex, phase of animal life-stage, lipid content, water content in tissues,
part of the animal excised for the analyses and much more other factors.  Another point
is represented by the sampling treatments and the detecting method adopted to perform
laboratory analyses.  Different methods are associated to different detection limits,  preci‐
sion and accuracy.  Low polluted matrices such as air  and water  required methods able
to detect  levels  of  chemicals  at  concentrations measured in pg/L,  whereas biological  tis‐
sues  allowed the  adoption  of  quite  less  sensible  methods  as  well  as  concentrations  are
usually measured in mg/kg or ng/g.

Hereby levels reported by the literature in different environmental matrices are reported or‐
ganizing them per matrix. When possible information about the sampling strategies adopt‐
ed are reported (i.e. depth of sampling for water and soils or sediments, geographical areas,
type of tissues), nevertheless a complete data selection related to the sampling strategies,
sampling treatments, and detecting methods has not been possible due to the wide hetero‐
geneity in data acquisition procedures.
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Extremely summarizing, perfluorooctanoic acid (PFOA) is dominant in environmental ma‐
trices whereas perfluorooctane sulfonates (PFOS) represents the predominant compound
found in biota [44].

3.1. Air

Low data are available on air levels, probably due to the great difficult associated to the
sampling  of  this  matrix  and samples  treatment  strategies  in  laboratory.  Laboratory  (i.e.
air, laboratory rooms, instruments, vials, etc.) and cross-over contaminations are extreme‐
ly  simple  to  occur  treating  air  samples.  Furthermore,  adopted  methods  have  to  be  ex‐
tremely sensitive.

In  the  period  from 1994  to  1995,  measured levels  of  total  PBDEs  (congeners  not  speci‐
fied) reached maximum values of 28 pg/m3  in samples collected in Alert,  Canadian Arc‐
tic  [36].  The rural area of southern Ontario showed in the Early spring of 2000,  notably
higher levels of total PBDEs (as sum of 21 congeners detailed in the paper) ranging with‐
in 10-1,300 pg/m3 [45].

Samples collected in Great Lakes from 1997-1999 evidenced total PBDEs ranging within
5.5-52 pg/m3 [46], comparable levels (3.4-46 pg/m3) were measured in Ontario (2000) by
Harner and colleagues [47].

3.2. Terrestrial environments and soils

Soil pollution could derived by direct local sources but also by dry-air depositions or run-
offs. Humus represents the soil fraction able to accumulate chemicals due to the presence of
both hydrophobic and hydrophilic molecules. From here chemicals could be re-volatilized
in air, transferred throughout the soil trophic web or be leached throughout rains affecting
groundwater ecosystems with possible important consequences for humans. The net domi‐
nance of one of these phenomena is a factor dependent to the geographical position of the
area (affecting air/soil temperature, sun irradiance, quantities of rains, etc.) and to the soil
physico-chemical characteristics.

In soils sampled closed to a polyurethane foam manufacturing facility in the United States,
concentrations of total PBDEs (tetra- and penta-BDE) of 76 μg/kg dry weight are reported.
Average values measured in soil downwind from the facility were significantly lower 13.6
μg/kg dry weight [48; 49].

In a study performed throughout the Estonian State, PBDEs levels are defined in soils for
the first time. Total values observed ranging within <0.01-3.2 ng/g (d.w.) as reported by Ku‐
mar and colleagues [50]. Even if measured values are not excessive, authors predict a possi‐
ble increase in the near future due to the particular waste policy of the Estonia.

In Australia, superficial samples collected in 39 remote, agricultural, urban and industrial lo‐
cations from all states and territories evidenced highest (but not indicated) values from "ur‐
ban and industrial areas, particularly downstream from sewage treatment plants" (Australian
Government, on-line available at: http://www.environment.gov.au/settlements/publications/
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chemicals/bfr/pubs/factsheet.pdf.). In the same report, levels are indicated to be comparable
to values measured in other European and Asian Countries.

3.3. Aquatic environments

Aquatic ecosystems represent the final reservoir for PFCs and PBDEs due to their great af‐
finity towards sedimentary and living organic matter. In these systems, measured levels of
POPs could increase along the trophic web affecting humans feeding aquatic species.

A recent study performed by Nakata and colleagues [51] evidenced significant differences
among tidal and coastal levels of PFOA and PFOS in all considered environmental matrices
supporting the existence of different dynamics affecting PFCs distribution and ingress in
trophic webs that are zone dependant in marine ecosystems.

Even if some researchers, as reported below, have been performed to evaluate PFCs and
PBDEs levels in environmental matrices and biota from river and marine ecosystems, no da‐
ta are available on environmental levels, bioaccumulation and biomagnification dynamics
occurring in coastal lagoons and transitional areas which are completely non explored. This
lacking in scientific data could affect risk evaluations linked to human exposure to these
chemicals in transitional areas. In fact lagoons and estuaries are the most populated, pollut‐
ed and productive areas in the world. Feeding exploitation of these not explored ecosystems
could represent a notable and not considered risk for humans.

3.3.1. Water

A report produced by IFA [52] documented PFOAs levels in drinking and surface fresh wa‐
ter (n=440) ranging within 0.05-456 ng/L. In Europe (n=119) levels recorded are included
within 0.33-57.0 ng/L. On the contrary, in the same dataset, measured PFOS levels in drink‐
ing and surface fresh water range within 7.1-135 ng/L, while, in Europe values are included
within 21.8-56.0 ng/L reporting minimum values notably higher than PFOA levels.

Data acquired on PFOS levels from Six U.S. Urban Centres [53] evidenced ranges within
<0.01-0.063 (ppb) in drinking water and values included within 0.041-5.29 (ppb) in Munici‐
pal wastewater treatment plant effluents (MWTP). Surface water are included within
<0.01-0.138 (ppb) while "quiet" water values are similar to those observed in MWTP
(<0.01-2.93 ppb). These data evidenced that treatment plant effluents could contribute signif‐
icantly to superficial watercourse pollution.

In 2004, Boulanger and colleagues [54] explored for the first time perfluorooctane surfac‐
tants concentrations in sixteen Great Lakes water also determining PFOA and PFOS pre‐
cursors  samples  from Great  Lakes.  Levels  measured in  water  ranged within 27-50  ng/L
(PFOA)  and  21-70  ng/L  (PFOS).  The  presence  of  PFOS  precursors  was  recorded  in  all
samples above the LOQ.

Hansenk and colleagues [55] performed a monitoring of the superficial Tennessee River wa‐
ter to evaluate possible contribution to water levels due to the activity of a fluorochemical
manufacturing site (settled in Decatur, AL). PFOA levels reported are always below the de‐
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Extremely summarizing, perfluorooctanoic acid (PFOA) is dominant in environmental ma‐
trices whereas perfluorooctane sulfonates (PFOS) represents the predominant compound
found in biota [44].

3.1. Air

Low data are available on air levels, probably due to the great difficult associated to the
sampling  of  this  matrix  and samples  treatment  strategies  in  laboratory.  Laboratory  (i.e.
air, laboratory rooms, instruments, vials, etc.) and cross-over contaminations are extreme‐
ly  simple  to  occur  treating  air  samples.  Furthermore,  adopted  methods  have  to  be  ex‐
tremely sensitive.

In  the  period  from 1994  to  1995,  measured levels  of  total  PBDEs  (congeners  not  speci‐
fied) reached maximum values of 28 pg/m3  in samples collected in Alert,  Canadian Arc‐
tic  [36].  The rural area of southern Ontario showed in the Early spring of 2000,  notably
higher levels of total PBDEs (as sum of 21 congeners detailed in the paper) ranging with‐
in 10-1,300 pg/m3 [45].

Samples collected in Great Lakes from 1997-1999 evidenced total PBDEs ranging within
5.5-52 pg/m3 [46], comparable levels (3.4-46 pg/m3) were measured in Ontario (2000) by
Harner and colleagues [47].

3.2. Terrestrial environments and soils

Soil pollution could derived by direct local sources but also by dry-air depositions or run-
offs. Humus represents the soil fraction able to accumulate chemicals due to the presence of
both hydrophobic and hydrophilic molecules. From here chemicals could be re-volatilized
in air, transferred throughout the soil trophic web or be leached throughout rains affecting
groundwater ecosystems with possible important consequences for humans. The net domi‐
nance of one of these phenomena is a factor dependent to the geographical position of the
area (affecting air/soil temperature, sun irradiance, quantities of rains, etc.) and to the soil
physico-chemical characteristics.

In soils sampled closed to a polyurethane foam manufacturing facility in the United States,
concentrations of total PBDEs (tetra- and penta-BDE) of 76 μg/kg dry weight are reported.
Average values measured in soil downwind from the facility were significantly lower 13.6
μg/kg dry weight [48; 49].

In a study performed throughout the Estonian State, PBDEs levels are defined in soils for
the first time. Total values observed ranging within <0.01-3.2 ng/g (d.w.) as reported by Ku‐
mar and colleagues [50]. Even if measured values are not excessive, authors predict a possi‐
ble increase in the near future due to the particular waste policy of the Estonia.

In Australia, superficial samples collected in 39 remote, agricultural, urban and industrial lo‐
cations from all states and territories evidenced highest (but not indicated) values from "ur‐
ban and industrial areas, particularly downstream from sewage treatment plants" (Australian
Government, on-line available at: http://www.environment.gov.au/settlements/publications/
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chemicals/bfr/pubs/factsheet.pdf.). In the same report, levels are indicated to be comparable
to values measured in other European and Asian Countries.

3.3. Aquatic environments

Aquatic ecosystems represent the final reservoir for PFCs and PBDEs due to their great af‐
finity towards sedimentary and living organic matter. In these systems, measured levels of
POPs could increase along the trophic web affecting humans feeding aquatic species.

A recent study performed by Nakata and colleagues [51] evidenced significant differences
among tidal and coastal levels of PFOA and PFOS in all considered environmental matrices
supporting the existence of different dynamics affecting PFCs distribution and ingress in
trophic webs that are zone dependant in marine ecosystems.

Even if some researchers, as reported below, have been performed to evaluate PFCs and
PBDEs levels in environmental matrices and biota from river and marine ecosystems, no da‐
ta are available on environmental levels, bioaccumulation and biomagnification dynamics
occurring in coastal lagoons and transitional areas which are completely non explored. This
lacking in scientific data could affect risk evaluations linked to human exposure to these
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tection limit (25 ng/L) with the exception of samplings collected closed to the fluorochemical
plant where PFOA values ranged within 140-598 ng/L. PFOS are recorded at low but often
measurable levels (<25-52 ng/L) in river sampling stations evidencing a significant increase
closed to the fluorochemical manufacturing facility (74.8-144.0 ng/L). This research suggests
a strong contribution of plant's outflows to river PFOA and PFOS levels.

In 2005, Yamashita and colleagues [56] developed a reliable and highly sensitive analytical
method to monitor PFCs in oceanic water. Between 2002-2004, levels measured in Pacific
Ocean (n=19), South China Sea and Sulu Seas (n=5), north and mid Atlantic Ocean (n=12),
and the Japan Sea (n=20) were respectively of: 15-142 pg/L, 76-510 pg/L, 100-439 pg/L,
137-1,070 pg/L for PFOA and 1.1-78 pg/L, <17-113 pg/L, 8.6-73 pg/L, and 40-75 pg/L for
PFOS. Concerning PFOA, samples collected along coastal seawater from several Asian coun‐
tries (Japan, China, Korea) evidenced levels included within: 1,800-19,200 pg/L (Tokyo Bay),
673-5,450 pg/L (Hong-Kong), 243-15,300 pg/L (China), and 239-11,350 pg/L (Korea). On the
contrary, concerning PFOS values in the same sampling sites were: 338-57,700 pg/L (Tokyo
Bay), 70-2,600 pg/L (Hong-Kong), 23-9,680 pg/L (China), and 39-2,530 pg/L (Korea).

A research performed in 2007 by Senthilkumar and colleagues [44] evidenced in Japan water
PFOA concentrations of 7.9–110 ng/L and PFOS values ranging within <5.2–10 ng/L.

In 1999, PBDEs levels (mono- to hepta-BDE congeners) concentrations of approximately 6
pg/L were measured in Lake Ontario surface waters [57]. In this study, more than 60% of the
total was composed of BDE47 (tetra-BDE) and BDE99 (penta-BDE), with BDE100 (penta-
BDE) and BDEs 153 and 154 (hepta-BDE congeners) each contributing approximately 5% to
8% of the total.

Stapleton and Baker [58] analyzed water samples from Lake Michigan in 1997, 1998 and
1999 founding total  PBDEs concentrations  (BDEs 47,  99,  100,  153,  154  and 183)  ranging
within 31-158 pg/L.

3.3.2. Sediment

In Japan aquatic environments, Senthilkumar and colleagues [44] observed PFOA measura‐
ble levels only in sediments sampled from the Kyoto river ranging within 1.3–3.9 ng/g dry
weight (dw) and not measurable PFOS levels.

Becker and colleagues [59] evidenced that once released in water,  PFCs accumulate into
sediments  with  a  PFOA/PFOS  ratio  of  about  10.  In  particular,  PFOA  were  10-fold  less
than PFOS but enrichment observed on sediment was not correlated to the total organic
carbon contents.

In 1998, Lake Michigan evidenced average values of total PBDE of 4.2 μg/kg dw [58].

Concerning PBDEs, levels measured in sediments from taken from fourteen Lake Ontario
tributary sites [60] evidenced total PBDEs (tri-, tetra, penta-, hexa-, hepta- and deca-BDEs)
levels ranging within 12-430 μg/kg dry weight, with tetra- to hexa-BDEs sum ranging within
5-49 μg/kg dry weight. Concentrations of BDE 209 ranged from 6.9 to 400 μg/kg dw and
BDE 47, 99 and 209 were the predominant congeners measured in sediments.

Organic Pollutants - Monitoring, Risk and Treatment120

From several sites sampled along the Columbia River system, in south eastern British Co‐
lumbia, Rayne and colleagues [61] measured PBDE concentrations (as sum from di- to pen‐
ta-BDE congeners) included within 2.7-91 μg/kg.

Sediments from two Arctic lakes in Nunavut Territory evidenced measurable concentrations
from 0.075 to 0.042 μg BDE 209/kg dw. One of the two Arctic lakes sampled was located
near an airport and PBDEs inputs from this source could not be excluded [62]. Authors hy‐
pothesized a particles-mediated transport to the Canadian Arctic due to its low vapour pres‐
sure and high octanol-water partition coefficient.

Sludge sampled from Municipal wastewater treatment plants evidenced total PBDEs (21
mono- to deca-BDE congeners) ranging from 1,414 to 5,545 μg/kg dw [63]. A regional sew‐
age treatment plant discharging to the Dan River in Virginia evidenced in 2000 total PBDEs
(sum of BDEs 47, 99, 100 and 209) of 3,005 μg/kg dw [48].

3.4. Biota

POPs could accumulate in species evidencing interspecies differences as well as sex and
size-related ones [64]. Recent studies evidenced that POPs concentrations in demersal fishes
varies significantly relating to the sex, maturity, and reproduction [65].

Data collected in fishes and fishery products [52] evidence PFOA levels ranging within
0.05-5.00 ng/g wet weight (w.w.) (muscle of whole body) in Europe [66], 0.13-18.70 ng/g
w.w. in Asia [67; 68], and 0.70-2.40 ng/g w.w. in North America [69].

Crustaceans levels are quite similar in their edible parts and respectively of 0.80-0.90 ng/g
w.w. [66], 0.13-9.50 ng/g w.w. [51], and 0.10-0.50 ng/g w.w. [70] respectively in Europe, Asia,
and North America. Observed levels in edible part of molluscs ranged within 0.95-1.20 ng/g
w.w. in species from Europe [66], 0.10-22.90 ng/g w.w. from Asia [67; 68]. Molluscs in North
America showed levels closed to the detection limits (0.10 ng/g w.w.) as reported by Tomy
and colleagues [70].

Concerning PFOS in fish muscles or whole body ranged within 0.60-230 ng/g w.w. in Eu‐
rope, 0.380-37.30 ng/g in Asia [68], and 15.1-410 ng/g in North America [71]. Crustaceans
evidences levels included within 8.30-319 in Europe [66], 0.15-13.9 in Asia [67], and 0.03-0.90
in North America [70], while molluscs showed PFOS levels of 0.80-79.80 in Europe [72],
0.114-47.200 in Asia [68], and 0.080-0.600 in North America.

Kannan and colleagues [73] performed a screening of PFOA and PFOS in wildlife species
from different trophic levels and ecosystems. Concerning PFOS in blood samples collected
in aquatic mammals and fishes, a tendency to the decrease of measured levels is reported for
bottlenose dolphins>bluefish tuna>swordfish. They reported that PFOS concentrations (61
ng/g, w.w.) measured in cormorant livers collected from Sardinia Island (Italy) are lower
than PFOA (95 ng/g, w.w.) but significantly correlated.

In the same research, PFOS levels measured in liver samples collected from ringed and gray
seals (Bothnian Bay, Baltic Sea) range within 130-1,100 ng/g, w.w.. In this case, no relation‐
ships are observed between PFOS levels and ringed or gray seals age but levels measured in
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livers are 2.7-5.5 fold higher than values in blood with a positive strong correlation between
blood and liver levels. Concerning white-tailed sea eagles (Germany and Poland) indicate
increasing of concentrations from 1979 to 1990s. Livers of Atlantic salmons do not evidenced
measurable levels neither PFOS nor PFOA.

In 2007, Senthilkumar and colleagues [44] define levels of PFOA and PFOS in biotic com‐
partment of aquatic ecosystems in Japan. Concerning fish tissues, only jack mackerel
showed PFOA and PFOS respectively at averages of 10 and 1.6 ng/g w.w.. Wildlife livers
contained PFOS levels ranging within 0.15–238 ng/g w.w. and PFOA values included within
<0.07–7.3 ng/g w.w.. Cormorants showed maximum accumulation followed by eagle, rac‐
coon dog and large-billed crow.

Kannan and colleagues [73] measured PFOA and PFOS levels in livers of birds collected
from Japan and Korea (n= 83). PFOS was found in the livers of 95% of the birds analyzed at
concentrations greater than the limit of quantitation (LOQ=10 ng/g, w.w.). The greatest con‐
centration of PFOS of 650 ng/g, w.w., was found in the liver of a common cormorant from
the Sagami River in Kanagawa Prefecture.

Borghesi and colleagues [24] evidenced a PBDEs concentrations in Antarctic fish species
ranging within average of 0.09 ng/g (w.w.) recorded in G. nicholsi to average of 0.44 ng/g
(w.w.) measured in C. gunnari. In Mediterranean tuna PBDEs levels were two or three or‐
ders of magnitude higher (15 ng/g w.w.). Furthermore, PBDE congener profiles differ be‐
tween species; low brominated congeners prevailed in Antarctic species while in tuna tetra-
and penta-bromodiphenyl ethers are the most abundant groups (41% and 44%,
respectively). In the same study, a strong correlation with the fish length is observed for the
species C. hamatus but the same relation is not recorded considering the weight. Tuna evi‐
dences a gender dependency in PBDEs concentrations in fact levels are significantly high in
females than in males (18 ng/g vs 13 ng/g w.w.) which authors attribute to the lower fat con‐
tent in males.

4. Human exposure

PBDEs levels in humans have increased over the past several decades. Schiavone and collea‐
gues [74] measured PBDEs in human lipid tissues from Italy even if at values lower than
other POPs (PCBs and DDTs). These chemicals are structurally similar to thyroid hormones
(i.e. thyroxine T4) and could disrupt thyroid homeostasis as observed in laboratory experi‐
ments on animals [75] causing damages similar to thyroid hormone deficiencies [76; 77].

Effects on male reproductive system have been documented by the literature due to the
weak estrogenic/antiestrogenic activity of these chemicals [78].  In rats,  the exposure to a
single  dose of  60  μg/kg body weight  (b.w.)  of  PeBDE-99 produces  significant  decreases
of  sperm  numbers.  Akutsu  and  colleagues  [79]  evidenced  relationship  between  human
serum PBDEs and sperm quality.  In particular,  PBDE levels in Japan men are compara‐
ble  to  those  found  in  European  countries  and  a  strong  inverse  correlations  were  ob‐
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served between the serum concentration PeBDE-99 and sperm concentration (r  =  -0.841,
p = 0.002) and testis size (r = -0.764, p = 0.01).

The Department of the Environment and Water Resources of Australia founded in 2004 a
research aimed to evaluate PBDEs levels in indoor environments collecting and analysing
samples from air, dust and surfaces from homes and offices in south-east Queensland. Con‐
centrations of PBDEs were greater in indoor air than in outdoor once, evidencing that major
risks are related to the indoor exposure. Furthermore, the lowest PBDE concentration in in‐
door dust was found in a house with no carpet, no air-conditioning, and which was older
than five years. The highest concentration was found in an office with carpet and air-condi‐
tioning, and which had been refurbished in the last two years. A recent study developed by
Meeker et al. [77] evidenced altered serum hormone levels in US men affected by infertility
clinic (n=24) as a result of indoor exposure to PBDE. BDE 47 and 99 were detected in 100% of
dust samples, and BDE 100 was detected in 67% of dust samples. A significant inverse rela‐
tionship between dust PBDE concentrations and free androgen index was observed. Fur‐
thermore, dust PBDE concentrations were inversely associated with luteinizing hormone
(LH) and follicle stimulating hormone (FSH), and positively associated with inhibin B and
sex hormone binding globulin (SHBG).

Concerning POPs levels in humans, infants show the higher feeding exposure compared to
adults due to their high feed consumption per kilogram of body weight. Weijs et al., [80] evi‐
denced in not-breastfed Dutch infants a progressively increasing exposure to POPs during
the first year growth from the birth due to the diet changes. Concerning PBDEs, the mean
level measured in breast milk was 3.93±1.74 ng/g lipid and the estimated PBDE daily intake
for a breastfed infant was 20.6 ng/kg b.w./day after delivery [81].

Chao and colleagues [82] evidenced that, in Taiwan, PBDEs levels in breast milk (n= 46) are
associated with demographic parameters, socioeconomic status, lifestyle factors, and occu‐
pational exposure. Average levels measured in 2010 (1.07-3.59 ng/g lipid) were 0.7-fold low‐
er than in 2000. Furthermore higher levels of PBDEs were positively correlated to the
maternal age and are not correlated with maternal pre-pregnant BMI (Body mass index),
parity, and lipid contents of breast milk.

PBDEs level in breast milk is lower in more educated women after controlling for age and
pre-pregnancy BMI in tested mothers, nevertheless these results are not completely in agree‐
ment with Wang and colleagues [83] which evidenced that the mean level of BDE47 in
breast milk from mothers with pre-pregnant BMI <22.0 kg/m2 had a significantly higher
magnitude compared to those with pre-pregnant BMI >22.0 kg/m2 (1.59 vs 0.995 ng/g lipid,
p= 0.041) and no relationships between PBDEs exposure levels and women’s age, parity,
blood pressure, annual household income, and education level.

Evidences regarding a relationship between PBDEs levels in breast milk and seafood con‐
sumptions in Taiwan has been explored by the literature [83]. Women eating more fish and
meat show not significantly higher PBDE levels than others nevertheless, a significant differ‐
ence in PBDE levels was demonstrated between the higher (2.15 ng/g lipid) and lower (3.98
ng/g lipid) shellfish consuming subjects (p = 0.002) after an adjustment for the confounders.
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ence in PBDE levels was demonstrated between the higher (2.15 ng/g lipid) and lower (3.98
ng/g lipid) shellfish consuming subjects (p = 0.002) after an adjustment for the confounders.
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Concerning ratios (PCB153/BDE47, PCB153/BDE153, PCB153/PBDEs) a significant correla‐
tion with frequent consumption of fish and shellfish is observed.

5. Ecotoxicological effects

Data collected by 3M [84; 85] on ecotoxicological effects of PFOS on aquatic species evi‐
denced after 96h of exposure an EbC50(biomass) of 71 mg/L, an EgC50(growth rate) of 126 mg/L, and a
NOEC(biomass/growth rate) of 48 mg/L on Selenastrum capricornutum (Algae). Acute effects on the
oyster shell deposition are observed at 2.1 mg/L (96h NOEC) whereas subchronic/chronic ef‐
fects were recorded on Mysidopsis bahia (mysid. shrimp) at 0.25 mg/L (35-day NOEC repro‐
duction/growth). The same species evidenced respectively acute effects at 4.0 mg/L (96h
EC50) and 1.2 mg/L (96h NOEC).

The species Crassostrea virginica evidenced acute toxicity at levels higher than 3.0 mg/L (96h
EC50) and 96h NOEC at 1.9 mg/L.

Acute toxicity is observed in Daphnia magna exposing animals at 66 mg/L (48h EC50) whereas
chronic effects are observed over 7 mg/L (28day NOECreproduction).

Unio compalmatus  (freshwater mussel) evidenced 96h LC50 of 59 mg/L and 96h NOEC of
20 mg/L.

Sanderson and colleagues [86] evidenced the ecological effects induced by the exposure to
perfluorinated surfactants (PFOS and PFOA), on zooplankton species performing using clas‐
sical ecotoxicological tests, 30-L indoor microcosm and 12,000-L outdoor microcosm experi‐
ments. The zooplankton community considered in this experiment was composed by the
following representative species: Cyclops diaptomus, C. strenuus, Canthocamptus staphylinus,
D. magna, Keratella quadrata, Phyllopoda sp., Echninorhynchus sp., Ostracoda sp., and total Roti‐
fera sp. In addition to zooplankton and pond snails, occasional macrophytes (Elodea canadan‐
sis and Myriophyllum spicatum), and larger invertebrates (Ephemeroptera sp., Assellus aquaticus)
were present.

Results evidenced that zooplankton had lower tolerance toward PFOS than toward PFOA.
Researchers observed that "with increasing concentrations the zooplankton community be‐
came simplified toward more robust rotifer species, which, as an indirect effect, increased
their abundance due to a shift in competition and predation".

Concerning PFOA, classical  ecotoxicological  tests  results  on LOECcommunity  are not  availa‐
ble,  whereas  30-L  indoor  and  12,000-L  outdoor  produce  similar  results  (LOECcommunity

30-70 mg/L).

Concerning PFOS, classical ecotoxicological tests evidenced LOECcommunity ranges within
13-50 mg/L, while 30-L indoor and 12,000-L outdoor exposure tests produce a LOECcommunity

respectively of 1-10 mg/L and 10-30 mg/L.
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Concerning fishes the species Pimephales promelas (fathead minnow) shows 96h LC50 of 10
mg/L and 96h NOEC of 3.6 mg/L, the species Lepomis macrochirus (bluegill sunfish) has a 96h
LC50 of 7.8 mg/L and 96h NOEC of 4.5 mg/L.

Chronic exposure of the fathead minnow Pimephales promelas reported 42-day NOECsurvival of
0.33 mg/L and 47-day early life LOEC of 0.65 mg/L.

Functional studies evidenced that PFOS inhibits gap junction intercellular communication
(GJIC) in rat liver epithelial cells cultured in vitro (personal comunication reported in [29])
and that it is an uncoupler of phosphorylation in rat liver mitochondria (personal comunica‐
tion reported in [29]).

PBDEs can inhibit growth in colonies of plankton and algae and depress the reproduction of
zooplankton.

Laboratory mice and rats have also shown liver function disturbances and damage to devel‐
oping nervous systems as a result of exposure to PBDEs (http://www.environment.gov.au/
settlements/chemicals/bfrs/index.html).

Ecotoxicological tests performed on PBDEs on different species and medium following ex‐
posed expressing results as: LC50(median lethal dose), LOAEL(Lowest-Observed-Adverse-Effect Level), LOEC(Lowest-

Observed-Effect Concentration), NOAEL(No-Observed-Adverse-Effect Level), and NOEC(No-Observed-Effect Concentration). The
use of the letter "a" following data means that in the study reported highest concentration
(or dose) tested did not result in statistically significant results. Since the NOEC or NOAEL
could be higher, the NOEC or NOAEL are described as being greater than or equal to the
highest concentration (or dose) tested.

As reported by CMABFRIP [87], Daphnia magna (younger than 24h old at the start of the ex‐
posure) exposed to a PeBDE mixture containing 33.7% of tetra-BDE, 54.6% of penta-BDE,
and 11.7% hexa-BDE following the GLP, protocol based on OECD (Organisation for Eco‐
nomic Co-operation and Development) 202, TSCA (Toxic Substances Control Act) Title 40 and
ASTM E1193-87, evidences reported levels:

• 17 μg/L (96-hour EC50mortality/immobility),

• 20 μg/L (21-day LOECmortality/immobility),

• 9.8 μg/L (21-day NOECmortality/immobility),

• 14 μg/L (7- to 21-day EC50mortality/immobility),

• 14 μg/L (21-day EC50reproduction),

• 9.8 μg/L (21-day LOECgrowth),

• 5.3 μg/L (21-day NOECgrowth),

• 9.8 μg/L LOEC(overall study),

• 5.3 μg/L NOEC(overall study).

Exposing Daphnia magna to an OBDE mixture composed by 5.5% hexa-BDE, 42.3% hepta-
BDE, 36.1% octa-BDE, 13.9% nona-BDE, 2.1% deca-BDE (European Communities 2003) for
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Concerning ratios (PCB153/BDE47, PCB153/BDE153, PCB153/PBDEs) a significant correla‐
tion with frequent consumption of fish and shellfish is observed.

5. Ecotoxicological effects

Data collected by 3M [84; 85] on ecotoxicological effects of PFOS on aquatic species evi‐
denced after 96h of exposure an EbC50(biomass) of 71 mg/L, an EgC50(growth rate) of 126 mg/L, and a
NOEC(biomass/growth rate) of 48 mg/L on Selenastrum capricornutum (Algae). Acute effects on the
oyster shell deposition are observed at 2.1 mg/L (96h NOEC) whereas subchronic/chronic ef‐
fects were recorded on Mysidopsis bahia (mysid. shrimp) at 0.25 mg/L (35-day NOEC repro‐
duction/growth). The same species evidenced respectively acute effects at 4.0 mg/L (96h
EC50) and 1.2 mg/L (96h NOEC).

The species Crassostrea virginica evidenced acute toxicity at levels higher than 3.0 mg/L (96h
EC50) and 96h NOEC at 1.9 mg/L.

Acute toxicity is observed in Daphnia magna exposing animals at 66 mg/L (48h EC50) whereas
chronic effects are observed over 7 mg/L (28day NOECreproduction).

Unio compalmatus  (freshwater mussel) evidenced 96h LC50 of 59 mg/L and 96h NOEC of
20 mg/L.

Sanderson and colleagues [86] evidenced the ecological effects induced by the exposure to
perfluorinated surfactants (PFOS and PFOA), on zooplankton species performing using clas‐
sical ecotoxicological tests, 30-L indoor microcosm and 12,000-L outdoor microcosm experi‐
ments. The zooplankton community considered in this experiment was composed by the
following representative species: Cyclops diaptomus, C. strenuus, Canthocamptus staphylinus,
D. magna, Keratella quadrata, Phyllopoda sp., Echninorhynchus sp., Ostracoda sp., and total Roti‐
fera sp. In addition to zooplankton and pond snails, occasional macrophytes (Elodea canadan‐
sis and Myriophyllum spicatum), and larger invertebrates (Ephemeroptera sp., Assellus aquaticus)
were present.

Results evidenced that zooplankton had lower tolerance toward PFOS than toward PFOA.
Researchers observed that "with increasing concentrations the zooplankton community be‐
came simplified toward more robust rotifer species, which, as an indirect effect, increased
their abundance due to a shift in competition and predation".

Concerning PFOA, classical  ecotoxicological  tests  results  on LOECcommunity  are not  availa‐
ble,  whereas  30-L  indoor  and  12,000-L  outdoor  produce  similar  results  (LOECcommunity

30-70 mg/L).

Concerning PFOS, classical ecotoxicological tests evidenced LOECcommunity ranges within
13-50 mg/L, while 30-L indoor and 12,000-L outdoor exposure tests produce a LOECcommunity

respectively of 1-10 mg/L and 10-30 mg/L.

Organic Pollutants - Monitoring, Risk and Treatment124

Concerning fishes the species Pimephales promelas (fathead minnow) shows 96h LC50 of 10
mg/L and 96h NOEC of 3.6 mg/L, the species Lepomis macrochirus (bluegill sunfish) has a 96h
LC50 of 7.8 mg/L and 96h NOEC of 4.5 mg/L.

Chronic exposure of the fathead minnow Pimephales promelas reported 42-day NOECsurvival of
0.33 mg/L and 47-day early life LOEC of 0.65 mg/L.

Functional studies evidenced that PFOS inhibits gap junction intercellular communication
(GJIC) in rat liver epithelial cells cultured in vitro (personal comunication reported in [29])
and that it is an uncoupler of phosphorylation in rat liver mitochondria (personal comunica‐
tion reported in [29]).

PBDEs can inhibit growth in colonies of plankton and algae and depress the reproduction of
zooplankton.

Laboratory mice and rats have also shown liver function disturbances and damage to devel‐
oping nervous systems as a result of exposure to PBDEs (http://www.environment.gov.au/
settlements/chemicals/bfrs/index.html).

Ecotoxicological tests performed on PBDEs on different species and medium following ex‐
posed expressing results as: LC50(median lethal dose), LOAEL(Lowest-Observed-Adverse-Effect Level), LOEC(Lowest-

Observed-Effect Concentration), NOAEL(No-Observed-Adverse-Effect Level), and NOEC(No-Observed-Effect Concentration). The
use of the letter "a" following data means that in the study reported highest concentration
(or dose) tested did not result in statistically significant results. Since the NOEC or NOAEL
could be higher, the NOEC or NOAEL are described as being greater than or equal to the
highest concentration (or dose) tested.

As reported by CMABFRIP [87], Daphnia magna (younger than 24h old at the start of the ex‐
posure) exposed to a PeBDE mixture containing 33.7% of tetra-BDE, 54.6% of penta-BDE,
and 11.7% hexa-BDE following the GLP, protocol based on OECD (Organisation for Eco‐
nomic Co-operation and Development) 202, TSCA (Toxic Substances Control Act) Title 40 and
ASTM E1193-87, evidences reported levels:

• 17 μg/L (96-hour EC50mortality/immobility),

• 20 μg/L (21-day LOECmortality/immobility),

• 9.8 μg/L (21-day NOECmortality/immobility),

• 14 μg/L (7- to 21-day EC50mortality/immobility),

• 14 μg/L (21-day EC50reproduction),

• 9.8 μg/L (21-day LOECgrowth),

• 5.3 μg/L (21-day NOECgrowth),

• 9.8 μg/L LOEC(overall study),

• 5.3 μg/L NOEC(overall study).

Exposing Daphnia magna to an OBDE mixture composed by 5.5% hexa-BDE, 42.3% hepta-
BDE, 36.1% octa-BDE, 13.9% nona-BDE, 2.1% deca-BDE (European Communities 2003) for
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21 days with the same protocol adopted for the other exposure (GLP, protocol based on
OECD 202, ASTM E1193-87 and TSCA Title 40), results were the follow [13]:

• 21-day LOEC(survival, reproduction, growth)>2.0 μg/L(nominal) or 1.7 μg/L(measured)

• 21-day NOEC(survival, reproduction, growth)>=2.0 μg/L(nominal) or 1.7 μg/L(measured)
a

• 21-day EC50(survival, reproduction, growth)> 2.0 μg/L(nominal) or 1.7 μg/L(measured)

The Great Lakes Chemical Corporation [88], reported ecotoxicological results obtained on
adults  of  the  species  Lumbriculus  variegatus.  The  exposure  mixture  of  PeBDE is  composed
by the 0.23% tri-BDE, 36.02% of  tetra-BDE, 55.10% penta-BDE, 8.58% hexa-BDE and the
exposure  protocol  is  GLP,  protocol  based  on  Phipps  et  al.  [89],  ASTM  E1706-95b  and
U.S.  EPA  OPPTS  (Office  of  Prevention,  Pesticides  and  Toxic  Substances)  No.  850.1735.
Animals  were exposed at  23 ±  2°C,  pH 7.9-8.6,  DO 6.0-8.2  mg/L,  hardness 130 mg/L as
CaCO3.  On  artificial  sediment  with  the  following  characteristics:  pH 6.6,  water  holding
capacity 11%, mean organic matter <2%, 83% sand, 11% clay, 6% silt.

Results collected were the follows:

• 28-day LOEC (survival/reproduction) = 6.3 mg/kg dw of sediment

• 28-day NOEC(survival/reproduction) = 3.1 mg/kg dw of sediment

• 28-day EC50(survival/reproduction) > 50 mg/kg dw of sediment

• growth(dry weights) not significantly different from solvent control and not concentration-de‐
pendent.

The exposure of the same species to an OBDE (DE-79) mixture characterized by the 78.6%
bromine content following the GLP, protocol based on Phipps et al. [89], ASTM E1706-95b
and U.S. EPA OPPTS 850.1735, evidenced the following results [90; 91]:

• 28-day LOEC(survival/reproduction, growth)> 1,340 (2% Organic carbon, OC) or 1272 (5% OC) mg/kg
dw of sediment,

• 28-day NOEC(survival/reproduction, growth)>= 1,340 (2% OC) or 1,272 (5% OC) mg/kg dw of sedi‐
ment,

• 28-day EC50(survival/reproduction, growth)> 1,340 (2% OC) or 1,272 (5% OC) mg/kg dw of sediment,

• For 2% OC study: average individual dry weights for treatments statistically lower than
in control; not considered treatment-related by authors, as average biomass in treatments
comparable to control.

The exposure of the adult earthworm Eisenia fetida to an OBDE (DE-79) mixture at 78.6% bro‐
mine content following the GLP, protocol based on U.S. EPA OPPTS 850.6200, OECD 207
and proposed OECD (2000) guideline on artificial soil (sandy loam, 69% sand, 18% silt, 13%
clay, 8.0% organic matter, 4.7% carbon) at 17-21°C with a photoperiod of 16:8 light:dark, pH
5.9-6.8, soil moisture 22.0-33.5%.

Results [92] obtained are the follow:
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• 28-day LOEC(mortality) > 1,470 mg/kg dry soil

• 28-day NOEC(mortality) >= 1,470 mg/kg dry soila

• 28-day EC10, EC50(survival) > 1,470 mg/kg dry soil

• 56-day LOEC(reproduction)> 1,470 mg/kg dry soil

• 56-day NOEC(reproduction) >= 1,470 mg/kg dry soila

• 56-day EC10, EC50(reproduction) > 1,470 mg/kg dry soil

ACCBFRIP [93] reported for the exposure of the species Eisenia fetida to a DBDE mixture
composed by the 97.90% of deca-BDE, the following results:

• 28-day LOEC(survival)> 4,910 mg/kg dry soil(mean measured)

• 28-day NOEC(survival) >= 4,910 mg/kg dry soil (mean measured)a

• 28-day EC10, EC50(survival) > 4,910 mg/kg dry soil (mean measured)

• 56-day LOEC(reproduction)> 4,910 mg/kg dry soil (mean measured)

• 56-day NOEC(reproduction) >= 4,910 mg/kg dry soil (mean measured)a

• 56-day EC10, EC50(reproduction) > 4,910 mg/kg dry soil (mean measured)

On the contrary, the exposure of Lumbriculus variegatus to a DBDE mixture composed by
97.3% of deca-BDE and 2.7% of other (not specified) composite from three manufacturers),
evidenced the following results [94; 95]:

• 28-day NOEC(survival/reproduction, growth)>= 4,536 (2.4% OC) or 3,841 (5.9% OC) mg/kg dw of sedi‐
ment,

• 28-day LOEC(survival/reproduction, growth) > 4,536 (2.4% OC) or 3,841 (5.9% OC) mg/kg dw of sedi‐
ment,

• 28-day EC50(survival/reproduction, growth) > 4,536 (2.4% OC) or 3,841 (5.9% OC) mg/kg dw of sedi‐
ment.

The Great Lakes Chemical Corporation [96], reported ecotoxicological results obtained on
the species Zea mays corn. The exposure mixture was the same adopted on the earthworm [97] and
the exposure protocol is GLP, protocol based on U.S. EPA OPPTS Nos. 850.4100 and
850.4225 and OECD 208 (based on 1998 proposed revision). Plants were exposed on artificial
soil (92% sand, 8%clay and 0% silt), with pH 7.5, organic matter content 2.9% and watering
with well water using subirrigation (14:10 light:dark photoperiod, 16.0-39.9°C, relative hu‐
midity 19-85%).

Results collected were the follows:

• no apparent treatment-related effects on seedling emergence,

• 21-day LC25, LC50 (seedling emergence) > 1,000 mg/kg soil dw,
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21 days with the same protocol adopted for the other exposure (GLP, protocol based on
OECD 202, ASTM E1193-87 and TSCA Title 40), results were the follow [13]:

• 21-day LOEC(survival, reproduction, growth)>2.0 μg/L(nominal) or 1.7 μg/L(measured)

• 21-day NOEC(survival, reproduction, growth)>=2.0 μg/L(nominal) or 1.7 μg/L(measured)
a

• 21-day EC50(survival, reproduction, growth)> 2.0 μg/L(nominal) or 1.7 μg/L(measured)

The Great Lakes Chemical Corporation [88], reported ecotoxicological results obtained on
adults  of  the  species  Lumbriculus  variegatus.  The  exposure  mixture  of  PeBDE is  composed
by the 0.23% tri-BDE, 36.02% of  tetra-BDE, 55.10% penta-BDE, 8.58% hexa-BDE and the
exposure  protocol  is  GLP,  protocol  based  on  Phipps  et  al.  [89],  ASTM  E1706-95b  and
U.S.  EPA  OPPTS  (Office  of  Prevention,  Pesticides  and  Toxic  Substances)  No.  850.1735.
Animals  were exposed at  23 ±  2°C,  pH 7.9-8.6,  DO 6.0-8.2  mg/L,  hardness 130 mg/L as
CaCO3.  On  artificial  sediment  with  the  following  characteristics:  pH 6.6,  water  holding
capacity 11%, mean organic matter <2%, 83% sand, 11% clay, 6% silt.

Results collected were the follows:

• 28-day LOEC (survival/reproduction) = 6.3 mg/kg dw of sediment

• 28-day NOEC(survival/reproduction) = 3.1 mg/kg dw of sediment

• 28-day EC50(survival/reproduction) > 50 mg/kg dw of sediment

• growth(dry weights) not significantly different from solvent control and not concentration-de‐
pendent.

The exposure of the same species to an OBDE (DE-79) mixture characterized by the 78.6%
bromine content following the GLP, protocol based on Phipps et al. [89], ASTM E1706-95b
and U.S. EPA OPPTS 850.1735, evidenced the following results [90; 91]:

• 28-day LOEC(survival/reproduction, growth)> 1,340 (2% Organic carbon, OC) or 1272 (5% OC) mg/kg
dw of sediment,

• 28-day NOEC(survival/reproduction, growth)>= 1,340 (2% OC) or 1,272 (5% OC) mg/kg dw of sedi‐
ment,

• 28-day EC50(survival/reproduction, growth)> 1,340 (2% OC) or 1,272 (5% OC) mg/kg dw of sediment,

• For 2% OC study: average individual dry weights for treatments statistically lower than
in control; not considered treatment-related by authors, as average biomass in treatments
comparable to control.

The exposure of the adult earthworm Eisenia fetida to an OBDE (DE-79) mixture at 78.6% bro‐
mine content following the GLP, protocol based on U.S. EPA OPPTS 850.6200, OECD 207
and proposed OECD (2000) guideline on artificial soil (sandy loam, 69% sand, 18% silt, 13%
clay, 8.0% organic matter, 4.7% carbon) at 17-21°C with a photoperiod of 16:8 light:dark, pH
5.9-6.8, soil moisture 22.0-33.5%.

Results [92] obtained are the follow:
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• 28-day LOEC(mortality) > 1,470 mg/kg dry soil

• 28-day NOEC(mortality) >= 1,470 mg/kg dry soila

• 28-day EC10, EC50(survival) > 1,470 mg/kg dry soil

• 56-day LOEC(reproduction)> 1,470 mg/kg dry soil

• 56-day NOEC(reproduction) >= 1,470 mg/kg dry soila

• 56-day EC10, EC50(reproduction) > 1,470 mg/kg dry soil

ACCBFRIP [93] reported for the exposure of the species Eisenia fetida to a DBDE mixture
composed by the 97.90% of deca-BDE, the following results:

• 28-day LOEC(survival)> 4,910 mg/kg dry soil(mean measured)

• 28-day NOEC(survival) >= 4,910 mg/kg dry soil (mean measured)a

• 28-day EC10, EC50(survival) > 4,910 mg/kg dry soil (mean measured)

• 56-day LOEC(reproduction)> 4,910 mg/kg dry soil (mean measured)

• 56-day NOEC(reproduction) >= 4,910 mg/kg dry soil (mean measured)a

• 56-day EC10, EC50(reproduction) > 4,910 mg/kg dry soil (mean measured)

On the contrary, the exposure of Lumbriculus variegatus to a DBDE mixture composed by
97.3% of deca-BDE and 2.7% of other (not specified) composite from three manufacturers),
evidenced the following results [94; 95]:

• 28-day NOEC(survival/reproduction, growth)>= 4,536 (2.4% OC) or 3,841 (5.9% OC) mg/kg dw of sedi‐
ment,

• 28-day LOEC(survival/reproduction, growth) > 4,536 (2.4% OC) or 3,841 (5.9% OC) mg/kg dw of sedi‐
ment,

• 28-day EC50(survival/reproduction, growth) > 4,536 (2.4% OC) or 3,841 (5.9% OC) mg/kg dw of sedi‐
ment.

The Great Lakes Chemical Corporation [96], reported ecotoxicological results obtained on
the species Zea mays corn. The exposure mixture was the same adopted on the earthworm [97] and
the exposure protocol is GLP, protocol based on U.S. EPA OPPTS Nos. 850.4100 and
850.4225 and OECD 208 (based on 1998 proposed revision). Plants were exposed on artificial
soil (92% sand, 8%clay and 0% silt), with pH 7.5, organic matter content 2.9% and watering
with well water using subirrigation (14:10 light:dark photoperiod, 16.0-39.9°C, relative hu‐
midity 19-85%).

Results collected were the follows:

• no apparent treatment-related effects on seedling emergence,

• 21-day LC25, LC50 (seedling emergence) > 1,000 mg/kg soil dw,
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• mean shoot height significantly reduced at 250, 500 and ,1000 mg/kg soil dw relative to
controls,

• 21-day EC25, EC50 (mean shoot height) > 1,000 mg/kg soil dw,

• mean shoot weight significantly reduced at 62.5, 125, 250, 500 and 1,000 mg/kg soil dw
relative to controls,

• 21-day EC25 (mean shoot weight) = 154 mg/kg soil dw,

• 21-day EC50 (mean shoot weight) > 1,000 mg/kg soil dw,

• 21-day LOEC (mean shoot weight) = 62.5 mg/kg soil dw

• 21-day EC05 and (estimated) NOEC (mean shoot weight) = 16.0 mg/kg soil dw.

The Great Lakes Chemical Corporation [98], reported ecotoxicological results obtained on
the Rat. The exposure mixture PeBDE (DE-71) was composed by 45-58.1% of penta-BDE,
24.6-35% tetra-BDE [99; 100]. Exposure doses of PeBDE were 0, 2, 10 and 100 mg/kg bw per
day (doses adjusted weekly based on mean body weight of animals) and after 90 days ob‐
served effects were:

• decreased food consumption and body weight, increased cholesterol, increased liver and
urine porphyrins at 100 mg/kg bw dose,

• increased absolute and relative liver weights at 10 and 100 mg/kg bw, with return to nor‐
mal ranges after 24-week recovery period,

• compound-related microscopic changes to thyroid and liver at all dosage levels,

• microscopic thyroid changes reversible after 24 weeks,

• microscopic liver changes still evident at all dosage levels after 24-week recovery period,

• liver cell degeneration and necrosis evident in females at all dosage levels after 24-week
recovery,

• LOAEL (liver cell damage) = 2 mg/kg bw,

• NOAEL could not be determined, as a significant effect was observed at the lowest dose
tested.

Exposing rats to a DBDE (Dow-FR-300-BA) mixture with the relative composition of 77.4%
of deca-BDE, 21.8% nona-BDE and 0.8% octa-BDE, results evidenced [101]:

• LOAEL (enlarged liver, thyroid hyperplasia) = 80 mg/kg bw per day,

• NOAEL = 8 mg/kg bw per day.

Little data have been gathered on the associations between PBDEs exposure and birth out‐
come and female menstruation characteristics in both epidemiological and animal studies.
In rats, the in utero exposure to PBDEs reduces the number of ovarian follicles in rat females
and causes permanent effects on rat males [81].
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Breslin and colleagues [102] exposed rabbits to an OBDE (Saytex 111) mixture 0.2% penta-
BDE, 8.6% hexa-BDE, 45.0% hepta-BDE, 33.5% octa-BDE, 11.2% nona-BDE, 1.4% deca-BDE
evidencing the following results:

• no evidence of teratogenicity,

• LOAEL(maternal, increased liver weight, decreased body weight gain) = 15 mg/kg bw per day,

• NOAEL(maternal) = 5.0 mg/kg bw per day,

• LOAEL(fetal, delayed ossification of sternebrae) = 15 mg/kg bw per day,

• NOAEL(fetal) = 5.0 mg/kg bw per day.

6. Conclusions

Recent data collected on these chemicals evidence significant levels in environments, wild‐
life and humans. In particular, observed ecotoxicological effects on species, measured values
in humans tissues and their relationships with fertility suggest that PFCs and PBDEs repre‐
sent an important problem to be quickly solved. Unfortunately, collected data both on
chemical distribution in abiotic and biotic matrices are fragmentary and incomplete as well
as ecotoxicological studies on laboratory species and microcosms. Studies in aquatic ecosys‐
tems and, in particular, in transitional ones have to be improved to allow a correct evalua‐
tion of the exposure risk for humans to these compounds due to the dietary intakes.
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• mean shoot height significantly reduced at 250, 500 and ,1000 mg/kg soil dw relative to
controls,

• 21-day EC25, EC50 (mean shoot height) > 1,000 mg/kg soil dw,

• mean shoot weight significantly reduced at 62.5, 125, 250, 500 and 1,000 mg/kg soil dw
relative to controls,

• 21-day EC25 (mean shoot weight) = 154 mg/kg soil dw,

• 21-day EC50 (mean shoot weight) > 1,000 mg/kg soil dw,

• 21-day LOEC (mean shoot weight) = 62.5 mg/kg soil dw

• 21-day EC05 and (estimated) NOEC (mean shoot weight) = 16.0 mg/kg soil dw.

The Great Lakes Chemical Corporation [98], reported ecotoxicological results obtained on
the Rat. The exposure mixture PeBDE (DE-71) was composed by 45-58.1% of penta-BDE,
24.6-35% tetra-BDE [99; 100]. Exposure doses of PeBDE were 0, 2, 10 and 100 mg/kg bw per
day (doses adjusted weekly based on mean body weight of animals) and after 90 days ob‐
served effects were:

• decreased food consumption and body weight, increased cholesterol, increased liver and
urine porphyrins at 100 mg/kg bw dose,

• increased absolute and relative liver weights at 10 and 100 mg/kg bw, with return to nor‐
mal ranges after 24-week recovery period,

• compound-related microscopic changes to thyroid and liver at all dosage levels,

• microscopic thyroid changes reversible after 24 weeks,

• microscopic liver changes still evident at all dosage levels after 24-week recovery period,

• liver cell degeneration and necrosis evident in females at all dosage levels after 24-week
recovery,

• LOAEL (liver cell damage) = 2 mg/kg bw,

• NOAEL could not be determined, as a significant effect was observed at the lowest dose
tested.

Exposing rats to a DBDE (Dow-FR-300-BA) mixture with the relative composition of 77.4%
of deca-BDE, 21.8% nona-BDE and 0.8% octa-BDE, results evidenced [101]:

• LOAEL (enlarged liver, thyroid hyperplasia) = 80 mg/kg bw per day,

• NOAEL = 8 mg/kg bw per day.

Little data have been gathered on the associations between PBDEs exposure and birth out‐
come and female menstruation characteristics in both epidemiological and animal studies.
In rats, the in utero exposure to PBDEs reduces the number of ovarian follicles in rat females
and causes permanent effects on rat males [81].
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Breslin and colleagues [102] exposed rabbits to an OBDE (Saytex 111) mixture 0.2% penta-
BDE, 8.6% hexa-BDE, 45.0% hepta-BDE, 33.5% octa-BDE, 11.2% nona-BDE, 1.4% deca-BDE
evidencing the following results:

• no evidence of teratogenicity,

• LOAEL(maternal, increased liver weight, decreased body weight gain) = 15 mg/kg bw per day,

• NOAEL(maternal) = 5.0 mg/kg bw per day,

• LOAEL(fetal, delayed ossification of sternebrae) = 15 mg/kg bw per day,

• NOAEL(fetal) = 5.0 mg/kg bw per day.

6. Conclusions

Recent data collected on these chemicals evidence significant levels in environments, wild‐
life and humans. In particular, observed ecotoxicological effects on species, measured values
in humans tissues and their relationships with fertility suggest that PFCs and PBDEs repre‐
sent an important problem to be quickly solved. Unfortunately, collected data both on
chemical distribution in abiotic and biotic matrices are fragmentary and incomplete as well
as ecotoxicological studies on laboratory species and microcosms. Studies in aquatic ecosys‐
tems and, in particular, in transitional ones have to be improved to allow a correct evalua‐
tion of the exposure risk for humans to these compounds due to the dietary intakes.
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1. Introduction

Water is not only an economic, but also an increasingly important social commodity. Potable
water is an essential resource for sustaining economic and social development in all sectors.
A safe water supply and appropriate sanitation are the most essential components for a healthy
and prosperous life. However, increases in human activities have led to exposure of the
aqueous environment to chemical, microbial and biological pollutants as well as to micro-
pollutants. Thus, liquid effluents containing toxic substances are generated by a variety of
chemistry-related industrial processes, as well as by a number of common household or
agricultural applications.

New, economically viable, more effective methods for pollution control and prevention are
required for environmental protection and effluent discharge into the environment must have
minimal impact on human health, natural resources and the biosphere.

Research in photochemical and photocatalytic technology is very promising for the develop‐
ment of viable alternatives for the treatment of polluted waters and effluents from various
sources, including both industrial and domestic. Currently available chemical and photo‐
chemical technology permits the conversion of organic pollutants with a wide range of
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chemical structures into substances that are less toxic and/or more readily biodegradable by
employing chemical oxidizing agents in the presence of an appropriate catalyst and/or
ultraviolet light to oxidize or degrade the pollutant of interest. These technologies known as
advanced oxidation processes (AOP) or advanced oxidation technologies (AOT), have been
widely studied for the degradation of diverse types of industrial wastewaters. These processes
are particularly interesting for the treatment of effluents containing highly toxic organic
compounds, for which biological processes may not be applicable unless bacteria that are
adapted to live in toxic media are available. The production of powerful oxidizing agents, such
as the hydroxyl radical, is the main objective of most AOP. The hydroxyl radical reacts rapidly
and relatively non-selectively with organic compounds by hydrogen abstraction, by addition
to unsaturated bonds and aromatic rings, or by electron transfer. In the case of persistent
organic pollutants (wastes), complete decontamination may require the sequential application
of several different decontamination technologies such as a pretreatment with a photochemical
AOP followed by a biological or electrochemical treatment.

This chapter discusses the influence of different AOP on the degradation and mineralization
of several different classes of organic pollutants such as pesticides, pharmaceutical formula‐
tions and dyes. The use of the Fenton and photo-Fenton reactions as tools for the treatment of
pesticides and antineoplastic agents is presented, as well as examples of the optimization of
the important parameters involved in the process such as the source of iron ions (free or
complexed), the irradiation source (including the possibility of using sunlight), and the
concentrations of iron ions and hydrogen peroxide. The chapter also reports the use of TiO2

nanotubes obtained by electrochemical anodization, nanoparticles prepared by a molten salt
technique, and Ag-doped TiO2 nanoparticles as heterogeneous photocatalysts, emphasizing
their potential for use in environmental applications. These catalysts were characterized by a
combination of techniques, including scanning electron microscopy, elemental analysis, and
energy dispersive x-ray spectroscopy.

2. Advanced Oxidation Processes (AOP)

AOP are specific chemical reactions characterized by the generation of chemical oxidizing
agents capable of oxidizing or degrading the pollutant of interest. The efficiency of the AOP
is generally maximized by the use of an appropriate catalyst and/or ultraviolet light [1-3].

In most AOP, the objective is to use systems that produce the hydroxyl radical (HO•) or another
species of similar reactivity such as sulfate radical anion (SO4

•-). These radicals react with the
majority of organic substances at rates often approaching the diffusion-controlled limit (unit
reaction efficiency per encounter). Both of these species are thus highly reactive and only
modestly selective in their capacity to degrade toxic organic compounds present in aqueous
solution. The principal reaction pathways of HO• with organic compounds include hydrogen
abstraction from aliphatic carbon, addition to double bonds and aromatic rings, and electron
transfer [4]. These reactions generate organic radicals as transient intermediates, which then
undergo further reactions, eventually resulting in final products corresponding to the net
oxidative degradation of the starting molecule [5].

Organic Pollutants - Monitoring, Risk and Treatment142

The AOP are of two main types: homogeneous and heterogeneous processes, both of which
can be conducted with or without the use of UV radiation. Thus, for example, the homogeneous
process based on the reaction of Fe2+ with H2O2, known as the thermal-Fenton reaction process
typically becomes more efficient for the mineralization of organic material present in the
effluent when it is photocatalysed. This latter process (Fe2+/Fe3+, H2O2, UV-Vis) is commonly
referred to as the photo-Fenton reaction. Among the heterogeneous AOP, processes using
some form of the semiconductor TiO2 stand out because UV irradiation of TiO2 results in the
generation of hydroxyl radicals, promoting the oxidation of organic species [1,6].

2.1. Advances in research on AOP

AOP and their applications have attracted the attention of both the scientific community
and  of  corporations  interested  in  their  commercialization.  This  can  be  illustrated  by
means  of  searches,  in  August,  2012,  of  the  Science  Finder  Scholar  database  (version
2012). This database covers the complete text of articles/papers indexed from over 15475
international journals and 126 databases with abstracts of documents in all areas, as well
as  several  other  important  sources  of  academic  information.  The results  of  the  searches
were organized as histograms to show the evolution of the number of publications (arti‐
cles  or  patents)  related  to  the  different  kinds  of  AOP.  Figure  1  shows  the  results  of  a
search using the keywords "advanced oxidation processes”, which yielded approximately
840  publications  and which  nicely  reflects  the  rapid  growth in  interest  AOP,  given the
unique characteristics and the versatility of application of AOP.
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Figure 1. Number of publications per year indexed in the Science Finder Scholar database retrieved using the key‐
words "advanced oxidation processes".
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2.2. Fenton reaction

The thermal Fenton reaction is chemically very efficient for the removal of organic pollutants.
The overall reaction is a simple redox reaction in which Fe(II) is oxidized to Fe(III) and H2O2

is reduced to the hydroxide ion plus the hydroxyl radical.

2 3
2 2    + -·++ ® + +Fe H O Fe HO OH (1)

The ferric ion produced in Equation 1 can in principle be reduced back to ferrous ion by a
second molecule of hydrogen peroxide:

3 2  
2 2 2    +·+ ++ ® + +Fe H O Fe HO H (2)

However, this thermal reduction (Equation 2) is much slower than the initial step (Equation
1) and the addition of relatively large, essentially stoichiometric amounts of Fe(II) may be
required in order to degrade the pollutant of interest [7]. Another important limitation of the
Fenton reaction is the formation of recalcitrant intermediates that can inhibit complete
mineralization. Despite these potential limitations, the conventional Fenton reaction has been
widely used for the treatment of effluents [6, 8-11].
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Figure 2. Number of publications per year indexed in the Science Finder Scholar database retrieved using the keyword
"Fenton".

For the degradation of organic molecules, the optimum pH for the Fenton reaction is typically
in the range of pH 3-4 and the optimum mass ratio of catalyst (as iron) to hydrogen peroxide
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is 1:5 respectively [12]. One way of accelerating the Fenton reaction is via the addition of
catalysts, in general from certain classes of organic molecules such as benzoquinones or
dihydroxybenzene (DHB) derivatives [13,14]. It is also possible to accelerate the Fenton
reaction via irradiation with ultraviolet light, a process generally known as the photo-assisted
Fenton or photo-Fenton reaction, which is discussed in the following section.

Regarding the Fenton reaction, a search of Science Finder Scholar (2012) with the keyword
“Fenton” without any refinements retrieved 14821 publications from 1986 to 2012. As shown
in Figure 2, there is a clear upward trend in the publications, with 902 publications related to
this topic being reported in just the first half of 2012.

2.3. Photo-fenton reaction

One of the most efficient AOP is the photo-Fenton reaction (Fe2+/Fe3+, H2O2, UV light), which
successfully oxidizes a wide range of organic and inorganic compounds. The irradiation of
Fenton reaction systems with UV/Vis light (250-400 nm) strongly accelerates the rate of
degradation. This behavior is due principally to the photochemical reduction of Fe(III) back
to Fe(II), for which the overall process can be written as:

3 2
2     ·+ + ++ + ® + +Fe H O hv Fe HO H (3)

Studies of the pH dependence of the photo-Fenton reaction have shown that the optimum pH
range is ca. pH 3. Studies of the photochemistry of Fe(OH)2+, which is the predominant species
in solution at this pH and that is formed by deprotonation of hexaaquairon(III), have shown
that Fe(OH)2+ undergoes a relatively efficient photoreaction upon excitation with UV light to
produce Fe(II) and the hydroxyl radical. Therefore, irradiation of Fenton reaction systems not
only regenerates Fe(II), the crucial catalytic species in the Fenton reaction, but also produces
an additional hydroxyl radical, the species responsible for provoking the degradation of
organic material. As a consequence of these two effects, the photo-Fenton process is faster than
the conventional thermal Fenton process.

The efficiency of the photo-Fenton process can be further enhanced by using certain organic
acids to complex Fe(III). Thus, for example, oxalic acid forms species such as [Fe(C2O4)]+, which
absorbs light as far out as 570 nm, i.e., well into the visible region of the spectrum. This species
makes the photo-Fenton reaction more efficient because it absorbs a much broader range of
wavelengths of light and because, upon irradiation, it efficiently decomposes (quantum yield
of the order of unity) to Fe(II) and CO2:

2 2
2 4 2 2 42[ ( 0 )]     2  2      + + -+ ® + +Fe C hv Fe CO C O (4)

The use of photo-Fenton reaction has considerable advantages in practical applications. It
generally produces oxidation products of low toxic, requires only small quantities of iron salt
(which can be either Fe3+ or Fe2+) and offers the possibility of using solar radiation as the source
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of light in the reaction process sunlight constitutes an inexpensive, environmentally friendly,
renewable source of ultraviolet photons for use in photochemical processes.

The disadvantages of the photo-Fenton process include the low pH values required and the
need for removal of the iron catalyst after the reaction has terminated. If necessary, however,
the residual Fe(III) can usually be precipitated as iron hydroxide by increasing the pH. Any
residual hydrogen peroxide that is not consumed in the process will spontaneously decompose
into water and molecular oxygen, being thus a "clean” reagent itself. These features make
homogeneous photo-Fenton based AOPs the leading candidate for cost-efficient, environ‐
mental friendly treatment of industrial effluents on a small to moderate scale [6, 15-17].
Currently much research activity is focused on attempts to develop new catalysts that function
at neutral pH that do not require acidification of the effluent in order to react and that also do
not require removal of the catalyst at the end of the reaction.

A search of Science Finder Scholar (2012) with the keyword “photo-Fenton” (Figure 3)
showed a  modest  increase  during  the  1990s  followed by  a  much  more  robust  upward
trend since ca. 2000.
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Figure 3. Number of publications per year indexed in the Science Finder Scholar database retrieved using the keyword
"photo-Fenton".
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2.4. Ozone

Ozone is a powerful oxidizing agent with a high reduction potential (2.07V) that can react with
many organic substrates [18,19]. Using ozone, the oxidation of the organic matrix can occur
via either direct or indirect routes [20,21]. In the direct oxidation route, ozone molecules can
react directly with other organic or inorganic molecules via electrophilic addition. The
electrophilic attack of ozone occurs on atoms with a negative charge (N, P, O, or nucleophilic
carbons) or on carbon-carbon, carbon-nitrogen and nitrogen-nitrogen pi-bonds [22,23].
Indirectly, ozone can react via radical pathways (mainly involving HO•) initiated by the
decomposition of ozone.

A process that employs ozone is only characterized as an AOP when the ozone decomposes
to generate hydroxyl radicals (Equation 5), a reaction that is catalyzed by hydroxide ions
(OH-) in alkaline medium or by transition metal cations [18,24,25].

3 2 2 22  2   2 2· ·+ ® + +O H O HO O HO (5)

The efficiency of ozone in degrading organic compounds is improved when combined with
H2O2, UV radiation or ultrasound. The initial step in the UV photolysis of ozone is dissociation
to molecular oxygen and an oxygen atom (Equation 6), which then reacts with water to produce
H2O2 (Equation 7):

3 2   ·+ ® +O hv O O (6)

2 2 2  ·+ ®H O O H O (7)

In a second photochemical step (Equation 8), H2O2 photodissociates into the active species,
two hydroxyl radicals:

2 2   2 ·+ ®H O hv HO (8)

The O3/UV process has been employed commercially to treat ground water contaminated with
chlorinated hydrocarbons, but cannot compete economically with the H2O2/UV process. A
major problem with the use of ozone for water treatment is bromine formation in waters
containing bromide ion. Strategies such as addition of H2O2 (O3/H2O2) can reduce bromine
formation and assure the suitability of ozone for treating drinking and wastewater [26].

A search of the Science Finder Scholar database retrieved using only the keyword "ozone"
retrieved, as expected, an enormous number of publications, nearly 130,000. Refinement with
the additional keyword "degradation" reduced this to 3057 publications, which is a significant
number when compared with other AOPs, especially in recent years (Figure 4).
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number when compared with other AOPs, especially in recent years (Figure 4).
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Figure 4. Number of publications per year indexed in the Science Finder Scholar database retrieved using the key‐
words "ozone" and “degradation”.

2.5. Heterogeneous AOP

Another important class of AOP is based on the use of solid semiconductors as heterogeneous
catalysts for the mineralization of organic compounds. In this type of photocatalysis, an
electron in the valence band of the semiconductor (CdS, TiO2, ZnO, WO3, etc.) is promoted
into the conduction band upon excitation. The electron in the conduction band typically reacts
with O2, while the hole in the valence band can react with an adsorbed pollutant or oxidize
water to produce a surface-bound HO• radical [2].

According to Alfano and coworkers [27], the anatase form of titanium dioxide (TiO2) is the
material most indicated for use in photocatalytic water treatment, considering aspects such as
toxicity, resistance to photocorrosion, availability, catalytic efficiency and cost. Using TiO2 as
the semiconductor, the photocatalysis is based on the activation of anatase by light [28]. The
band gap or energy difference between the valence and conduction bands of anatase is 3.2 eV.
Thus, UV light of wavelength shorter than 390 nm is capable of exciting an electron (e-) from
the valence to the conduction band.

2     - ++ ® +TiO hv e h (9)

An important feature of TiO2 photocatalysis is the very high oxidation potential of the holes
left in the valence band (3.1 eV at pH 0), making it possible for photoexcited TiO2 to oxidize
most organic molecules.
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The electron (e-) and hole (h+) pair produced by absorption of UV light can migrate to the
surface of the anatase particle, where they react with adsorbed oxygen, water, hydroxide ion
or organic species via electron transfer reactions. Both water and hydroxide ion can act as
electron donors to the holes (h+) of the catalyst [27,29], generating hydroxyl radicals, as shown
by Equations 10 and 11.

2    + +·+ ® +h H O HO H (10)

   + - ·+ ®h HO HO (11)

When dissolved molecular oxygen is present or is deliberately added to the medium, it can act
as an acceptor of the electron in the conduction band, generating the superoxide radical
(Equation 12) and triggering a series of reactions that can lead to the formation of hydroxyl
radicals [30,31].

Alternatively, one can increase the oxidative efficiency of TiO2 photocatalysis by adding
H2O2. The electrons in the conduction band then reduce the added H2O2 to HO• and HO- [32],
according to Equation 13.

2 2   - -+ ®O e O (12)

2 2     -·-+ ® +H O e HO OH (13)

The use of TiO2 also makes it possible to degrade organic molecules that are resistant to
oxidation, since they can potentially be reduced by the electrons in the conduction band.

TiO2 photocatalysis has a number of important advantages in relation to other AOP and, in
some aspects, even some biological treatments. In particular, unlike other AOP, the TiO2/UV
system can be employed to treat pollutants in the gas phase, as well as in solution. In addition,
TiO2 has a relatively low cost, is essentially insoluble in water and biologically and chemically
inert. Moreover, it can be used to treat effluents containing a wide range of concentrations of
pollutants, in particular very low concentrations. Solar radiation can be used to activate the
catalyst; and the excellent mineralization efficiency is observed for organochlorine com‐
pounds, chlorophenols, nitrogen-containing pesticides, aromatic hydrocarbons, dioxins,
carboxylic acids, etc. The principle limitations of TiO2 photocatalysis in practical applications
are the low quantum efficiency of the process and the limited depth of penetration of the
incident radiation into suspensions of TiO2, due to the strong scattering of light by the opaque
white catalyst particles. Incrustation of the reactor walls with catalyst can also reduce the
amount of incident light. Batch reactors also require additional unit operations in order to
physically separate the catalyst from the solution at the end of the irradiation for recycling.
Although substantial progress has been made in developing larger-scale reactors for carrying
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Figure 4. Number of publications per year indexed in the Science Finder Scholar database retrieved using the key‐
words "ozone" and “degradation”.
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Another important class of AOP is based on the use of solid semiconductors as heterogeneous
catalysts for the mineralization of organic compounds. In this type of photocatalysis, an
electron in the valence band of the semiconductor (CdS, TiO2, ZnO, WO3, etc.) is promoted
into the conduction band upon excitation. The electron in the conduction band typically reacts
with O2, while the hole in the valence band can react with an adsorbed pollutant or oxidize
water to produce a surface-bound HO• radical [2].

According to Alfano and coworkers [27], the anatase form of titanium dioxide (TiO2) is the
material most indicated for use in photocatalytic water treatment, considering aspects such as
toxicity, resistance to photocorrosion, availability, catalytic efficiency and cost. Using TiO2 as
the semiconductor, the photocatalysis is based on the activation of anatase by light [28]. The
band gap or energy difference between the valence and conduction bands of anatase is 3.2 eV.
Thus, UV light of wavelength shorter than 390 nm is capable of exciting an electron (e-) from
the valence to the conduction band.

2     - ++ ® +TiO hv e h (9)

An important feature of TiO2 photocatalysis is the very high oxidation potential of the holes
left in the valence band (3.1 eV at pH 0), making it possible for photoexcited TiO2 to oxidize
most organic molecules.
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The electron (e-) and hole (h+) pair produced by absorption of UV light can migrate to the
surface of the anatase particle, where they react with adsorbed oxygen, water, hydroxide ion
or organic species via electron transfer reactions. Both water and hydroxide ion can act as
electron donors to the holes (h+) of the catalyst [27,29], generating hydroxyl radicals, as shown
by Equations 10 and 11.

2    + +·+ ® +h H O HO H (10)

   + - ·+ ®h HO HO (11)

When dissolved molecular oxygen is present or is deliberately added to the medium, it can act
as an acceptor of the electron in the conduction band, generating the superoxide radical
(Equation 12) and triggering a series of reactions that can lead to the formation of hydroxyl
radicals [30,31].

Alternatively, one can increase the oxidative efficiency of TiO2 photocatalysis by adding
H2O2. The electrons in the conduction band then reduce the added H2O2 to HO• and HO- [32],
according to Equation 13.

2 2   - -+ ®O e O (12)

2 2     -·-+ ® +H O e HO OH (13)

The use of TiO2 also makes it possible to degrade organic molecules that are resistant to
oxidation, since they can potentially be reduced by the electrons in the conduction band.

TiO2 photocatalysis has a number of important advantages in relation to other AOP and, in
some aspects, even some biological treatments. In particular, unlike other AOP, the TiO2/UV
system can be employed to treat pollutants in the gas phase, as well as in solution. In addition,
TiO2 has a relatively low cost, is essentially insoluble in water and biologically and chemically
inert. Moreover, it can be used to treat effluents containing a wide range of concentrations of
pollutants, in particular very low concentrations. Solar radiation can be used to activate the
catalyst; and the excellent mineralization efficiency is observed for organochlorine com‐
pounds, chlorophenols, nitrogen-containing pesticides, aromatic hydrocarbons, dioxins,
carboxylic acids, etc. The principle limitations of TiO2 photocatalysis in practical applications
are the low quantum efficiency of the process and the limited depth of penetration of the
incident radiation into suspensions of TiO2, due to the strong scattering of light by the opaque
white catalyst particles. Incrustation of the reactor walls with catalyst can also reduce the
amount of incident light. Batch reactors also require additional unit operations in order to
physically separate the catalyst from the solution at the end of the irradiation for recycling.
Although substantial progress has been made in developing larger-scale reactors for carrying
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out heterogeneous photochemical reactions, much work remains to be done before TiO2

photocatalysis becomes a generally applicable technique.

Figure 5 shows the evolution of publications related to heterogeneous photocatalysis by TiO2,
reflecting the potential for application of this technology on an industrial scale.
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Figure 5. Number of publications per year indexed in the Science Finder Scholar database retrieved using the key‐
words "photocatalysis" and “TiO2 semiconductor”.

3. Applications

In this section, several applications of homogeneous and heterogeneous AOP are discussed,
focusing on the degradation and mineralization of organic pollutants such as pesticides,
pharmaceutical formulations and dyes.

3.1. Homogeneous AOP applied to degradation of the herbicide chlorimurom-ethyl and the
antineoplastic agent mitoxantrone

The use of the thermal Fenton and the photo-Fenton reactions for the treatment of the pesticide
chlorimurom-ethyl (CE) and the antineoplastic agent mitoxantrone (MTX) is described here,
along with the optimization of the parameters involved in these processes, including the
sources of iron (free or complexed) and irradiation (lamp or possibility of using sunlight) and
the concentrations of iron and hydrogen peroxide, etc. Ozone and ozone combined with UV
and H2O2 were also used as alternative treatments of these pesticides.
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3.1.1. Degradation of Chlorimurom-Ethyl (CE)

The thermal Fenton, photo-Fenton and ozonation processes were applied for the degradation
of a commercial preparation of chlorimurom-ethyl (CE, Figure 6), a compound belonging to
the class of sulfonylurea herbicides. This herbicide, widely used in the cultivation of soybeans,
may persist in the environment and has residual phytotoxicity [33].

Figure 6. Molecular structure of Chlorimurom-ethyl (CE).

Experiments were performed in a photochemical reactor (1.0 L) equipped with a high pressure
mercury lamp (125 W) coupled to a reservoir (2.0 L) via a recirculation pump. The photo-
Fenton degradation was influenced by the initial concentrations of H2O2 and Fe2+. Experiments
were performed with different H2O2 concentrations, ranging from 17 to 103 mmol L-1, main‐
taining the Fe2+ concentration constant at 0.33 mmol L-1. Subsequently, the H2O2 concentration
was fixed at 68.4 mmol L-1, the value that gave the best mineralization, and the Fe2+ concen‐
trations were varied from 0.20 to 1.0 mmol L-1. The extent of mineralization of the organic
material, expressed as the percentage of removal of the total organic carbon (TOC), ranged
from 84% to 95%. Since the quantity of Fe2+ had only a small effect on CE removal, a concen‐
tration of Fe2+ of 0.20 mmol L-1 was used in subsequent experiments. In all cases, the extent of
mineralization was higher than the percentage of degradation of CE (82-87%) determined by
HPLC. This particularity reflects the fact that a commercial formulation of CE was employed
in the experiments. Thus, a solution of this formulation in water that contained 30 mg L-1 of
CE contained 65 mg L-1 of total organic carbon. Therefore, it can be concluded that the other
organic compounds present in the composition react somewhat better with HO• than CE.

The effect of UV radiation on this optimized reaction system was used to compare the
efficiencies of the thermal Fenton and photo-Fenton reactions for the mineralization of CE
(Figure 7) with each other and with those of several other homogeneous AOP. Under direct
photolysis there was no significant mineralization. Less than 20% TOC removal was obtained
at the end of the thermal Fenton treatment. However, a considerable increase in mineralization
was observed when the Fenton system was irradiated with UV light. Monitoring CE removal
rather than TOC showed that both the thermal Fenton reaction and the photo-Fenton reactions
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out heterogeneous photochemical reactions, much work remains to be done before TiO2

photocatalysis becomes a generally applicable technique.

Figure 5 shows the evolution of publications related to heterogeneous photocatalysis by TiO2,
reflecting the potential for application of this technology on an industrial scale.
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Figure 5. Number of publications per year indexed in the Science Finder Scholar database retrieved using the key‐
words "photocatalysis" and “TiO2 semiconductor”.

3. Applications

In this section, several applications of homogeneous and heterogeneous AOP are discussed,
focusing on the degradation and mineralization of organic pollutants such as pesticides,
pharmaceutical formulations and dyes.

3.1. Homogeneous AOP applied to degradation of the herbicide chlorimurom-ethyl and the
antineoplastic agent mitoxantrone

The use of the thermal Fenton and the photo-Fenton reactions for the treatment of the pesticide
chlorimurom-ethyl (CE) and the antineoplastic agent mitoxantrone (MTX) is described here,
along with the optimization of the parameters involved in these processes, including the
sources of iron (free or complexed) and irradiation (lamp or possibility of using sunlight) and
the concentrations of iron and hydrogen peroxide, etc. Ozone and ozone combined with UV
and H2O2 were also used as alternative treatments of these pesticides.
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3.1.1. Degradation of Chlorimurom-Ethyl (CE)

The thermal Fenton, photo-Fenton and ozonation processes were applied for the degradation
of a commercial preparation of chlorimurom-ethyl (CE, Figure 6), a compound belonging to
the class of sulfonylurea herbicides. This herbicide, widely used in the cultivation of soybeans,
may persist in the environment and has residual phytotoxicity [33].

Figure 6. Molecular structure of Chlorimurom-ethyl (CE).

Experiments were performed in a photochemical reactor (1.0 L) equipped with a high pressure
mercury lamp (125 W) coupled to a reservoir (2.0 L) via a recirculation pump. The photo-
Fenton degradation was influenced by the initial concentrations of H2O2 and Fe2+. Experiments
were performed with different H2O2 concentrations, ranging from 17 to 103 mmol L-1, main‐
taining the Fe2+ concentration constant at 0.33 mmol L-1. Subsequently, the H2O2 concentration
was fixed at 68.4 mmol L-1, the value that gave the best mineralization, and the Fe2+ concen‐
trations were varied from 0.20 to 1.0 mmol L-1. The extent of mineralization of the organic
material, expressed as the percentage of removal of the total organic carbon (TOC), ranged
from 84% to 95%. Since the quantity of Fe2+ had only a small effect on CE removal, a concen‐
tration of Fe2+ of 0.20 mmol L-1 was used in subsequent experiments. In all cases, the extent of
mineralization was higher than the percentage of degradation of CE (82-87%) determined by
HPLC. This particularity reflects the fact that a commercial formulation of CE was employed
in the experiments. Thus, a solution of this formulation in water that contained 30 mg L-1 of
CE contained 65 mg L-1 of total organic carbon. Therefore, it can be concluded that the other
organic compounds present in the composition react somewhat better with HO• than CE.

The effect of UV radiation on this optimized reaction system was used to compare the
efficiencies of the thermal Fenton and photo-Fenton reactions for the mineralization of CE
(Figure 7) with each other and with those of several other homogeneous AOP. Under direct
photolysis there was no significant mineralization. Less than 20% TOC removal was obtained
at the end of the thermal Fenton treatment. However, a considerable increase in mineralization
was observed when the Fenton system was irradiated with UV light. Monitoring CE removal
rather than TOC showed that both the thermal Fenton reaction and the photo-Fenton reactions
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caused extensive degradation of the target compound. Therefore, in the photo-Fenton process,
UV radiation makes a significant contribution to both mineralization and CE removal.

Normative Instruction nº 2, published on January 3, 2008, by the Brazilian Ministry of Agri‐
culture (MAPA) [34], regulates the practice in Brazil for treatment of pesticide residues in
effluents generated by agricultural aviation companies. The Ministry recommends ozonation
for a minimum of six hours using a system with a minimum capacity for producing one gram
of ozone per hour for each charge of four hundred and fifty liters of pesticide residue derived
from washing and cleaning of aircraft equipment [34]. To verify the efficiency of this system
for the mineralization of CE-contaminated water, the samples were treated with ozone alone
and with ozone in combination with UV light and H2O2. Although oxidation of CE was very
fast with all the ozonation methods studied, the use of ozone alone proved to be of limited
utility with regard to the mineralization of the organic content of CE-contaminated waters.
The combination of O3/UV/H2O2 did, however, achieve a high extent of mineralization (80%),
indicating that the mineralization of the organic content is mediated by the HO• radical.

When compared to the other systems studied, the photo-Fenton system showed the best
results, with mineralization exceeding 85%, making it the preferred technique for the treatment
of wastewater containing this pesticide.

 

Figure 7. Comparison of the efficiencies of mineralization of a commercial formulation of CE in aqueous solution by the different AOP. [CE]0 = 
0.060 mmol L–1; [TOC]0 = 65 mg L-1; when present, [Fe2+]=0.2 mmol L-1, [H2O2] = 68.4 mmol L-1 and [O3]= 25 mg mL-1. 

3.1.2. Degradation of Mitoxantrone (MTX) 

Antineoplastic agents (drugs employed in cancer chemotherapy) are pollutants due their mutagenic, carcinogenic, and genotoxic 
potential, even at trace levels [35]. The AOP selected for degradation of the antineoplastic drug mitoxantrone (MTX), Figure 8 [36], 
were the photo-Fenton (with Fe2+, Fe3+, and potassium ferrioxalate - K3(FeOx) - as iron sources), solar photo-Fenton, Fenton and 
UV/H2O2 reactions. The MTX degradation experiments were carried out using an annular glass photochemical reactor (working 
volume, 1 L) and a quartz tube for introduction of the radiation source (a 125 W mercury vapor lamp). 

 

Figure 8. Molecular structure of Mitoxantrone. 

Degradation of MTX by the photo-Fenton process was investigated with several different concentrations of Fe(II) (0.54, 0.27, and 
0.13 mmol L–1) and H2O2 (4.0, 9.4, and 18.8 mmol L–1). The results showed a low removal of TOC, with a mineralization of only 14-
35%. One explanation for this low efficiency is that MTX has nitrogen and oxygen atoms that might serve as complexation sites for 
iron(III), making it unavailable for participation in the Fenton reaction. The possibility of complexation between MTX and iron(III) 
was investigated by spectrophotometric measurements. Indeed, addition of Fe(NO3)3 to solutions of MTX caused significant 
spectral changes, including a shift and a decrease in the absorbance of the long-wavelength absorption band (608-658 nm) of the 
drug. Spectrophotometric titrations suggested that the complex has a 2:1 Fe3+:MTX stoichiometric ratio with a complexation 
constant (K) of 1.47  104 M–2 , indicative of a high affinity of MTX for Fe3+.  

In order to minimize the effects of the complexation of Fe(III) by MTX, the use of more stable, but photoactive iron complexes as 
the source of iron in the degradation process was examined. One such complex is potassium ferrioxalate K3(FeOx). This complex is 
often employed because of its high quantum efficiency of photodecomposition and strong absorption in the UV-visible region (up 
to 500 nm), compatible with the use of solar irradiation in a K3(FeOx) - mediated photo-Fenton process [37].  

Figure 9 compares the efficiencies of several different AOP for the degradation of MTX. The photo-Fenton process employing 
K3(FeOx) and the UV/H2O2 process were the most efficient for mineralizing MTX, with 82% and 90% total organic carbon removal, 
respectively. Total degradation of MTX was observed in the thermal Fenton process, but only 65% degradation of MTX occurred 
under UV irradiation alone; However, TOC data show that there was no appreciable mineralization of MTX under direct 
photolysis and in the thermal Fenton reaction, even after long treatment periods, whereas the photo-Fenton reaction using solar 
irradiation led to a TOC removal of 59%. 

Although the UV/H2O2 process is usually slower than the photo-Fenton process, due to the complexation of MTX with Fe(III) in the 
latter, the UV/H2O2 process proved to be more efficient in this case. To corroborate this, the amount of photogenerated Fe(II) was 
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Figure 7. Comparison of the efficiencies of mineralization of a commercial formulation of CE in aqueous solution by
the different AOP. [CE]0 = 0.060 mmol L–1; [TOC]0 = 65 mg L-1; when present, [Fe2+]=0.2 mmol L-1, [H2O2] = 68.4 mmol L-1

and [O3]= 25 mg mL-1.

3.1.2. Degradation of Mitoxantrone (MTX)

Antineoplastic agents (drugs employed in cancer chemotherapy) are pollutants due their
mutagenic, carcinogenic, and genotoxic potential, even at trace levels [35]. The AOP selected
for degradation of the antineoplastic drug mitoxantrone (MTX), Figure 8 [36], were the photo-
Fenton (with Fe2+, Fe3+, and potassium ferrioxalate - K3(FeOx) - as iron sources), solar photo-
Fenton, Fenton and UV/H2O2 reactions. The MTX degradation experiments were carried out
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using an annular glass photochemical reactor (working volume, 1 L) and a quartz tube for
introduction of the radiation source (a 125 W mercury vapor lamp).

Figure 8. Molecular structure of Mitoxantrone.

Degradation of MTX by the photo-Fenton process was investigated with several different
concentrations of Fe(II) (0.54, 0.27, and 0.13 mmol L–1) and H2O2 (4.0, 9.4, and 18.8 mmol L–1).
The results showed a low removal of TOC, with a mineralization of only 14-35%. One explan‐
ation for this low efficiency is that MTX has nitrogen and oxygen atoms that might serve as
complexation sites for iron(III), making it unavailable for participation in the Fenton reaction.
The possibility of complexation between MTX and iron(III) was investigated by spectropho‐
tometric measurements. Indeed, addition of Fe(NO3)3 to solutions of MTX caused significant
spectral changes, including a shift and a decrease in the absorbance of the long-wavelength
absorption band (608-658 nm) of the drug. Spectrophotometric titrations suggested that the
complex has a 2:1 Fe3+:MTX stoichiometric ratio with a complexation constant (K) of 1.47 ×
104 M–2, indicative of a high affinity of MTX for Fe3+.

In order to minimize the effects of the complexation of Fe(III) by MTX, the use of more stable,
but photoactive iron complexes as the source of iron in the degradation process was examined.
One such complex is potassium ferrioxalate K3(FeOx). This complex is often employed because
of its high quantum efficiency of photodecomposition and strong absorption in the UV-visible
region (up to 500 nm), compatible with the use of solar irradiation in a K3(FeOx) - mediated
photo-Fenton process [37].

Figure 9 compares the efficiencies of several different AOP for the degradation of MTX. The
photo-Fenton process employing K3(FeOx) and the UV/H2O2 process were the most efficient
for mineralizing MTX, with 82% and 90% total organic carbon removal, respectively. Total
degradation of MTX was observed in the thermal Fenton process, but only 65% degradation
of MTX occurred under UV irradiation alone; However, TOC data show that there was no
appreciable mineralization of MTX under direct photolysis and in the thermal Fenton reaction,
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caused extensive degradation of the target compound. Therefore, in the photo-Fenton process,
UV radiation makes a significant contribution to both mineralization and CE removal.
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Figure 7. Comparison of the efficiencies of mineralization of a commercial formulation of CE in aqueous solution by the different AOP. [CE]0 = 
0.060 mmol L–1; [TOC]0 = 65 mg L-1; when present, [Fe2+]=0.2 mmol L-1, [H2O2] = 68.4 mmol L-1 and [O3]= 25 mg mL-1. 

3.1.2. Degradation of Mitoxantrone (MTX) 

Antineoplastic agents (drugs employed in cancer chemotherapy) are pollutants due their mutagenic, carcinogenic, and genotoxic 
potential, even at trace levels [35]. The AOP selected for degradation of the antineoplastic drug mitoxantrone (MTX), Figure 8 [36], 
were the photo-Fenton (with Fe2+, Fe3+, and potassium ferrioxalate - K3(FeOx) - as iron sources), solar photo-Fenton, Fenton and 
UV/H2O2 reactions. The MTX degradation experiments were carried out using an annular glass photochemical reactor (working 
volume, 1 L) and a quartz tube for introduction of the radiation source (a 125 W mercury vapor lamp). 

 

Figure 8. Molecular structure of Mitoxantrone. 

Degradation of MTX by the photo-Fenton process was investigated with several different concentrations of Fe(II) (0.54, 0.27, and 
0.13 mmol L–1) and H2O2 (4.0, 9.4, and 18.8 mmol L–1). The results showed a low removal of TOC, with a mineralization of only 14-
35%. One explanation for this low efficiency is that MTX has nitrogen and oxygen atoms that might serve as complexation sites for 
iron(III), making it unavailable for participation in the Fenton reaction. The possibility of complexation between MTX and iron(III) 
was investigated by spectrophotometric measurements. Indeed, addition of Fe(NO3)3 to solutions of MTX caused significant 
spectral changes, including a shift and a decrease in the absorbance of the long-wavelength absorption band (608-658 nm) of the 
drug. Spectrophotometric titrations suggested that the complex has a 2:1 Fe3+:MTX stoichiometric ratio with a complexation 
constant (K) of 1.47  104 M–2 , indicative of a high affinity of MTX for Fe3+.  

In order to minimize the effects of the complexation of Fe(III) by MTX, the use of more stable, but photoactive iron complexes as 
the source of iron in the degradation process was examined. One such complex is potassium ferrioxalate K3(FeOx). This complex is 
often employed because of its high quantum efficiency of photodecomposition and strong absorption in the UV-visible region (up 
to 500 nm), compatible with the use of solar irradiation in a K3(FeOx) - mediated photo-Fenton process [37].  

Figure 9 compares the efficiencies of several different AOP for the degradation of MTX. The photo-Fenton process employing 
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Figure 7. Comparison of the efficiencies of mineralization of a commercial formulation of CE in aqueous solution by
the different AOP. [CE]0 = 0.060 mmol L–1; [TOC]0 = 65 mg L-1; when present, [Fe2+]=0.2 mmol L-1, [H2O2] = 68.4 mmol L-1

and [O3]= 25 mg mL-1.

3.1.2. Degradation of Mitoxantrone (MTX)

Antineoplastic agents (drugs employed in cancer chemotherapy) are pollutants due their
mutagenic, carcinogenic, and genotoxic potential, even at trace levels [35]. The AOP selected
for degradation of the antineoplastic drug mitoxantrone (MTX), Figure 8 [36], were the photo-
Fenton (with Fe2+, Fe3+, and potassium ferrioxalate - K3(FeOx) - as iron sources), solar photo-
Fenton, Fenton and UV/H2O2 reactions. The MTX degradation experiments were carried out
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using an annular glass photochemical reactor (working volume, 1 L) and a quartz tube for
introduction of the radiation source (a 125 W mercury vapor lamp).

Figure 8. Molecular structure of Mitoxantrone.

Degradation of MTX by the photo-Fenton process was investigated with several different
concentrations of Fe(II) (0.54, 0.27, and 0.13 mmol L–1) and H2O2 (4.0, 9.4, and 18.8 mmol L–1).
The results showed a low removal of TOC, with a mineralization of only 14-35%. One explan‐
ation for this low efficiency is that MTX has nitrogen and oxygen atoms that might serve as
complexation sites for iron(III), making it unavailable for participation in the Fenton reaction.
The possibility of complexation between MTX and iron(III) was investigated by spectropho‐
tometric measurements. Indeed, addition of Fe(NO3)3 to solutions of MTX caused significant
spectral changes, including a shift and a decrease in the absorbance of the long-wavelength
absorption band (608-658 nm) of the drug. Spectrophotometric titrations suggested that the
complex has a 2:1 Fe3+:MTX stoichiometric ratio with a complexation constant (K) of 1.47 ×
104 M–2, indicative of a high affinity of MTX for Fe3+.

In order to minimize the effects of the complexation of Fe(III) by MTX, the use of more stable,
but photoactive iron complexes as the source of iron in the degradation process was examined.
One such complex is potassium ferrioxalate K3(FeOx). This complex is often employed because
of its high quantum efficiency of photodecomposition and strong absorption in the UV-visible
region (up to 500 nm), compatible with the use of solar irradiation in a K3(FeOx) - mediated
photo-Fenton process [37].

Figure 9 compares the efficiencies of several different AOP for the degradation of MTX. The
photo-Fenton process employing K3(FeOx) and the UV/H2O2 process were the most efficient
for mineralizing MTX, with 82% and 90% total organic carbon removal, respectively. Total
degradation of MTX was observed in the thermal Fenton process, but only 65% degradation
of MTX occurred under UV irradiation alone; However, TOC data show that there was no
appreciable mineralization of MTX under direct photolysis and in the thermal Fenton reaction,
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even after long treatment periods, whereas the photo-Fenton reaction using solar irradiation
led to a TOC removal of 59%.

Although the UV/H2O2 process is usually slower than the photo-Fenton process, due to the
complexation of MTX with Fe(III) in the latter, the UV/H2O2 process proved to be more efficient
in this case. To corroborate this, the amount of photogenerated Fe(II) was quantified during
the irradiation of ferric ions [Fe(NO3)3] and ferrioxalate in the presence of MTX. In the presence
of MTX, the photoreduction of Fe(III) generated only 75 μmol L-1 of Fe(II), while irradiation of
ferrioxalate generated 285 μmol L-1 of Fe(II) under the same experimental conditions. This
conclusively shows that MTX inhibits the photochemical step of the photo-Fenton reaction,
making the overall process substantially less efficient.
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Figure 9. Comparison of the mineralization of aqueous MTX solutions (0.077 mmol L–1) by different AOP (0.54 mmol
L–1 iron source and 18.8 mmol L–1 H2O2, when present).

Cytotoxicity evaluation of the solution during treatment by an AOP is a very important since
the intermediates and by-products formed during the oxidation of the organic material can be
more toxic than the initial target compound. Cytotoxicity tests were performed using NIH/3T3
mouse embryonic fibroblast cells. The concentration (IC50) for inhibition of growth by MTX
was 3.29 μg mL–1, demonstrating its toxicity to NIH/3T3 cells. In contrast, 100% growth of NIH/
3T3 cells was observed in similar tests on aliquots of solutions of MTX that had been degraded
by the H2O2/UV and photo-Fenton (UV/H2O2/ K3(FeOx)) processes, indicating an absence of
toxic effects. Thus, these two AOP, which degraded MTX completely and exhibited the best
mineralizations of the drug, generated no toxic by-products, confirming the potential of both
of these processes for the removal of MTX from aqueous solution.
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3.2. Preparation of TiO2 semiconductors and their application in the heterogeneous
photocatalysis of methyl viologen, methylene blue and xylidine

TiO2 is an important, widely studied photocatalytic material [38]. Several samples of TiO2 are
commercially available, but Evonik (Degussa) P-25 (70% anatase and 30% rutile) is the most
popular and, in most cases, gives the best results. However, different methods such as sol-gel
process [39-41], electrochemical anodization [42], and molten-salt synthesis [43] can be used
to prepare TiO2 in the form of powders, nanoparticles, thin film, nanotubes, etc. This section
considers heterogeneous photocatalysis employing TiO2 in the forms of nanotubes obtained
by electrochemical anodization, of nanoparticles prepared by sol-gel or molten salt techniques,
and of Ag-doped TiO2 nanoparticles. These catalysts were characterized by a series of techni‐
ques, including scanning electron microscopy, elemental analysis, energy dispersive x-ray
spectroscopy, etc. and were applied for the degradation of a herbicide and a dye.

TiO2 prepared by the sol-gel process (acid hydrolysis of titanium(IV) isopropoxide) was used
for the photocatalytic degradation of the herbicide methyl viologen (MV2+, Figure 10), which
is widely employed in over 130 countries on crops of rice, coffee, sugar cane, beans, and
soybeans, among others [44], despite a high power of intoxication. The performance under
irradiation of nanoparticles of TiO2 prepared by the sol-gel technique (TiO2 SG) was compared
to TiO2 SG doped with Ag (0.5%-4.0%), and to undoped and doped TiO2 P25. The materials
were characterized by thermogravimetric analysis, X-ray diffraction, surface area, infrared
spectroscopy, scanning electron microscopy and energy dispersive spectroscopy. X-Ray
diffraction analysis showed that TiO2 synthesized by the sol-gel method is similar to TiO2 P25
with both anatase and rutile peaks, but with a lower crystallinity and an increase in the surface
area compared to P25. The surface area of TiO2 SG, determined experimentally by BET, was
71.21 m2 g-1, 1.5 times larger than TiO2 P25 (46.18 m2 g-1). The doping with Ag influenced the
values of the band gap energy (Egap), determined by diffuse reflectance spectroscopy. Higher
percentages of Ag resulted in a decrease the Egap value, shifting the light absorption to the
visible region. Additionally, energy dispersive spectroscopic analysis confirmed the presence
of Ag in the doped materials. Scanning electron microscopic (SEM) analysis (Figure 11)
indicated that silver changed the oxide morphology, depending on the amount. In materials
with 0.5% (Figure 11 A) and 1.0% of Ag (Figure 11B), the agglomerates were larger, while in
samples with 2.0% (Figure 11C) and 4.0% (Figure 11D) the particles were smaller and more
well-defined. This indicates that the presence of larger quantities of silver in the sol-gel oxide
modified the material surface, making it more uniform.

Figure 10. Molecular structure of Methyl Viologen.
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mouse embryonic fibroblast cells. The concentration (IC50) for inhibition of growth by MTX
was 3.29 μg mL–1, demonstrating its toxicity to NIH/3T3 cells. In contrast, 100% growth of NIH/
3T3 cells was observed in similar tests on aliquots of solutions of MTX that had been degraded
by the H2O2/UV and photo-Fenton (UV/H2O2/ K3(FeOx)) processes, indicating an absence of
toxic effects. Thus, these two AOP, which degraded MTX completely and exhibited the best
mineralizations of the drug, generated no toxic by-products, confirming the potential of both
of these processes for the removal of MTX from aqueous solution.
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spectroscopy, etc. and were applied for the degradation of a herbicide and a dye.

TiO2 prepared by the sol-gel process (acid hydrolysis of titanium(IV) isopropoxide) was used
for the photocatalytic degradation of the herbicide methyl viologen (MV2+, Figure 10), which
is widely employed in over 130 countries on crops of rice, coffee, sugar cane, beans, and
soybeans, among others [44], despite a high power of intoxication. The performance under
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diffraction analysis showed that TiO2 synthesized by the sol-gel method is similar to TiO2 P25
with both anatase and rutile peaks, but with a lower crystallinity and an increase in the surface
area compared to P25. The surface area of TiO2 SG, determined experimentally by BET, was
71.21 m2 g-1, 1.5 times larger than TiO2 P25 (46.18 m2 g-1). The doping with Ag influenced the
values of the band gap energy (Egap), determined by diffuse reflectance spectroscopy. Higher
percentages of Ag resulted in a decrease the Egap value, shifting the light absorption to the
visible region. Additionally, energy dispersive spectroscopic analysis confirmed the presence
of Ag in the doped materials. Scanning electron microscopic (SEM) analysis (Figure 11)
indicated that silver changed the oxide morphology, depending on the amount. In materials
with 0.5% (Figure 11 A) and 1.0% of Ag (Figure 11B), the agglomerates were larger, while in
samples with 2.0% (Figure 11C) and 4.0% (Figure 11D) the particles were smaller and more
well-defined. This indicates that the presence of larger quantities of silver in the sol-gel oxide
modified the material surface, making it more uniform.
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Figure 11. Scanning electron micrographs of: (A) TiO2 SG 0.5% Ag; (B) TiO2 SG 1.0% Ag; (C) TiO2 SG 2.0% Ag; (D) TiO2

SG 4.0% Ag.

Laser flash photolysis is a technique for producing and investigating excited states and
transient reaction intermediates and the kinetics of photochemical reactions. The photocata‐
lytic reduction of MV by TiO2 or by Ag-doped TiO2 (2%) in the presence and absence of sodium
formate was investigated via the formation of MV•+ at different initial concentrations of
MV2+ (0.05, 0.07, 0.1, 0.15 and 0.2 mmol L-1), monitoring the transient absorption of MV•+ at
605 nm [45]. As reported by Tachikawa et al. [45], the transient absorption decays by first order
kinetics. The bimolecular electron transfer rate constants in the absence and presence of sodium
formate, listed in Table 1, were obtained from linear plots of the observed first-order rate
constants versus the concentrations of MV2+. In the presence of sodium formate there is an
increase in electron transfer constant for all photocatalysts analyzed; according Tachikawa et
al [45], this occurs because the initial oxidation of organic additives, such as sodium formate,
generates the CO2•- radical, which has strong reducing power and can easily reduce other
substrates. There is an increase in the electron transfer rate constants in the presence of sodium
formate and in the presence of silver, demonstrating the improved efficiency of the oxidation/
reduction in the presence of the metal.

Absence of NaHCO2 Presence of NaHCO2

TiO2 P25 5.4 x 109 M-1s-1 6.0 x 109 M-1s-1

TiO2 P25 2.0% Ag 6.5 x 109 M-1s-1 8.0 x 109 M-1s-1

TiO2 SG 3.2 x 109 M-1s-1 3.6 x 109 M-1s-1

TiO2 SG 2.0% Ag 4.5 x 109 M-1s-1 6.6 x 109 M-1s-1

Table 1. Electron transfer rate constants for MV2+ in the presence of the different TiO2 photocatalysts.
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To test the photocatalytic activity of the oxides, MV2+ photodegradation experiments were
performed. The amount of herbicide solution treated was 500 mL and herbicide concentration
was determined by spectrophotometric analysis at 250 nm. Titanium dioxide synthesized by
the sol-gel method (Figure 12B) had a lower rate of degradation than TiO2 P25 (Figure 12A).
This difference can be attributed to several factors, including the preparation method, crystal
structure, surface area, size distribution and porosity. Although the sol-gel oxide had a higher
surface area, it contained non-uniform particles of different sizes and therefore had a lower
porosity than TiO2 P25. The oxides synthesized with 2.0% silver showed improved photoca‐
talytic activity for degradation of MV. However, in the presence of oxide doped with 4.0%
silver, there was an inhibition of the photocatalytic process, probably due to the excessive
amount of silver, which occupied most of the active sites of the catalyst.
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Figure 12. Results of MV2+ (0.2 mmol L-1) degradation by heterogeneous photocatalysis (0.5 g of photocatalyst) with
(A) TiO2 P25 and (B) TiO2 SG.

An alternative method for preparing TiO2 is via molten-salt synthesis. This approach employs
an eutectic mixture of salts, for example NaCl/KCl or NaNO3/KNO3 in the desired proportion,
together with other reagents (oxalates or metals oxides). Molten-salt synthesis [43] was used
to prepare TiO2 using TiOSO4.xH2O.xH2SO4 as the Ti precursor with a melt phase of either
NaNO3 or KNO3. The synthesis reaction occurs according to Equation 14.

[ ]4 3 2 2 4 2 2
1 2     2   2+ ® + + +TiOSO ANO TiO A A SO NO O (14)

where the symbol [A] indicates the alkali metal cation used in the molten salt ([Na] or [K]).

The oxides synthesized in this manner were characterized by X-ray diffraction and diffuse
reflectance spectroscopy. The X-ray diffraction diffractograms (Figure 13) show only the
presence of the anatase phase for both oxides synthesized by the molten-salt method. The
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To test the photocatalytic activity of the oxides, MV2+ photodegradation experiments were
performed. The amount of herbicide solution treated was 500 mL and herbicide concentration
was determined by spectrophotometric analysis at 250 nm. Titanium dioxide synthesized by
the sol-gel method (Figure 12B) had a lower rate of degradation than TiO2 P25 (Figure 12A).
This difference can be attributed to several factors, including the preparation method, crystal
structure, surface area, size distribution and porosity. Although the sol-gel oxide had a higher
surface area, it contained non-uniform particles of different sizes and therefore had a lower
porosity than TiO2 P25. The oxides synthesized with 2.0% silver showed improved photoca‐
talytic activity for degradation of MV. However, in the presence of oxide doped with 4.0%
silver, there was an inhibition of the photocatalytic process, probably due to the excessive
amount of silver, which occupied most of the active sites of the catalyst.
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An alternative method for preparing TiO2 is via molten-salt synthesis. This approach employs
an eutectic mixture of salts, for example NaCl/KCl or NaNO3/KNO3 in the desired proportion,
together with other reagents (oxalates or metals oxides). Molten-salt synthesis [43] was used
to prepare TiO2 using TiOSO4.xH2O.xH2SO4 as the Ti precursor with a melt phase of either
NaNO3 or KNO3. The synthesis reaction occurs according to Equation 14.
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where the symbol [A] indicates the alkali metal cation used in the molten salt ([Na] or [K]).

The oxides synthesized in this manner were characterized by X-ray diffraction and diffuse
reflectance spectroscopy. The X-ray diffraction diffractograms (Figure 13) show only the
presence of the anatase phase for both oxides synthesized by the molten-salt method. The
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Egap values for TiO2[K] (3.13 eV) and TiO2[Na] (3.15 eV) were similar to that of P25 (3.13 eV),
as expected.
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Figure 13. X-ray diffractograms of TiO2 synthesized by the molten salt method: (A) in NaNO3 and (B) in KNO3.

The morphologies of the oxides, observed by SEM (Figure 14), exhibited different forms of
agglomeration, presumably due to an influence of the alkaline metal nitrate molten salt used
in the synthesis.

Figure 14. Scanning electron micrographs of (A) TiO2[K]; (B) TiO2[Na].

In order to evaluate the photocatalytic activities of the synthesized oxides, they were used for
the photodegradation of the dye methylene blue (MB, Figure 15). Although MB is not consid‐
ered to be a very toxic dye, it can cause harmful effects on living beings. After inhalation,
symptoms such as difficulty in breathing, vomiting, diarrhea and nausea may occur in humans
[46]. The degradation of MB was carried out in aqueous solution in a 400 mL reactor with an
80 W mercury vapor lamp as the irradiation source. The concentration of MB was determined
from its absorption at 654 nm.
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Figure 15. Molecular structure of Methylene Blue.

Figure 16 compares the degradation of MB using the two catalysts synthesized by the molten-
salt method. TiO2[K] produced a net degradation efficiency of 99%. In constrast, TiO2[Na]
degraded only 61% of MB. The lower rate of degradation of MB by TiO2[Na] and the lower
overall efficiency may be related to the differences in aggregation observed in the SEM images
of the two oxides (Figure 14). On the basis of these results, TiO2[K] obtained by the molten salt
method would appear to be a promising alternative material for the catalytic photodegradation
of organic dyes like MB.
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Figure 16. Degradation of MB (0.40 mmol L-1) by heterogeneous photocatalysis using TiO2 (0.5g L-1) synthesized by
the molten salt method.

TiO2 nanotubes has been subject of several recent studies due to their unique electronic
transport properties and their mechanical strength, large surface area and well-defined
geometry, which improve their performance in many applications compared to other forms
of titanium dioxide. Several studies have reported that highly ordered and uniform TiO2

nanotubes can be easily obtained using anodization in titanium fluoride [42,47]. The formation
of TiO2 nanotubes by electrochemical anodization is based on a competition between the
anodic oxide formation and its dissolution as a soluble complex fluoride.

Application of Different Advanced Oxidation Processes for the Degradation of Organic Pollutants
http://dx.doi.org/10.5772/53188

159



Egap values for TiO2[K] (3.13 eV) and TiO2[Na] (3.15 eV) were similar to that of P25 (3.13 eV),
as expected.
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The morphologies of the oxides, observed by SEM (Figure 14), exhibited different forms of
agglomeration, presumably due to an influence of the alkaline metal nitrate molten salt used
in the synthesis.

Figure 14. Scanning electron micrographs of (A) TiO2[K]; (B) TiO2[Na].

In order to evaluate the photocatalytic activities of the synthesized oxides, they were used for
the photodegradation of the dye methylene blue (MB, Figure 15). Although MB is not consid‐
ered to be a very toxic dye, it can cause harmful effects on living beings. After inhalation,
symptoms such as difficulty in breathing, vomiting, diarrhea and nausea may occur in humans
[46]. The degradation of MB was carried out in aqueous solution in a 400 mL reactor with an
80 W mercury vapor lamp as the irradiation source. The concentration of MB was determined
from its absorption at 654 nm.
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of the two oxides (Figure 14). On the basis of these results, TiO2[K] obtained by the molten salt
method would appear to be a promising alternative material for the catalytic photodegradation
of organic dyes like MB.
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TiO2 nanotubes has been subject of several recent studies due to their unique electronic
transport properties and their mechanical strength, large surface area and well-defined
geometry, which improve their performance in many applications compared to other forms
of titanium dioxide. Several studies have reported that highly ordered and uniform TiO2

nanotubes can be easily obtained using anodization in titanium fluoride [42,47]. The formation
of TiO2 nanotubes by electrochemical anodization is based on a competition between the
anodic oxide formation and its dissolution as a soluble complex fluoride.
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Ti/TiO2 electrodes (4 x 2.8 cm) were prepared by anodization of Ti foil using an applied voltage
of 20 V in 0.15 mol L-1 NH4F in glycerol (10% H2O). Self-assembly of nanotubular TiO2 arrays
can be seen on films of Ti obtained under these anodization conditions (Figure 17). The average
internal diameter of the nanotubes was 66 nm.

Figure 17. Scanning electron micrographs of TiO2 nanotubes prepared on a Ti film in 0.15 mol L-1 NH4F in glycerol
(10% H2O) at a potential of 20 V. (A) TiO2 nanotubes, (B) diameters of the nanotubes.

The photoeletrocatalytic activity of the Ti/TiO2 electrodes was evaluated by linear voltammet‐
ric scans in the potential range of -0.4 to 0.7 V under UV irradiation. The photoanodic current
flow arises from the photooxidation of adsorbed water molecules or hydroxyl groups on the
titania surface (Figure 18).
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Initial studies of photoelectrocatalytic oxidation employing these electrodes was carried out using 2,4 12 
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Initial studies of photoelectrocatalytic oxidation employing these electrodes was carried out
using 2,4 xylidine (Figure 19) as the model pollutant. In 0.1 mol L-1 Na2SO4 supporting
electrolyte applying a potential of 0.6 V, a TOC removal of 62% was obtained.

Figure 19. Molecular structure of 2,4-Xylidine.

4. Conclusion

Although there has been a considerable increase in research activity related to advanced
oxidation processes (AOP) since 2000, a number of significant challenges must still be over‐
come to make AOP generally applicable for the treatment of polluted waters and effluents.
AOP involving both homogeneous and heterogeneous catalysis have shown good results for
degradation of pollutants leading to efficient mineralization. The use of TiO2 nanoparticles and
nanotubes as the photocatalyst have been shown to be viable alternatives for the photodegra‐
dation of methylene blue (MB) and for the photoelectrocatalytic oxidation of xylidine. These
studies underline the importance of synthesizing new molecules and testing the catalytic
efficiencies of novel materials. In addition, new experimental conditions and new AOP
technologies need to be developed for the efficient, cost-effective oxidative mineralization of
organic materials in polluted waters.
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using 2,4 xylidine (Figure 19) as the model pollutant. In 0.1 mol L-1 Na2SO4 supporting
electrolyte applying a potential of 0.6 V, a TOC removal of 62% was obtained.
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4. Conclusion

Although there has been a considerable increase in research activity related to advanced
oxidation processes (AOP) since 2000, a number of significant challenges must still be over‐
come to make AOP generally applicable for the treatment of polluted waters and effluents.
AOP involving both homogeneous and heterogeneous catalysis have shown good results for
degradation of pollutants leading to efficient mineralization. The use of TiO2 nanoparticles and
nanotubes as the photocatalyst have been shown to be viable alternatives for the photodegra‐
dation of methylene blue (MB) and for the photoelectrocatalytic oxidation of xylidine. These
studies underline the importance of synthesizing new molecules and testing the catalytic
efficiencies of novel materials. In addition, new experimental conditions and new AOP
technologies need to be developed for the efficient, cost-effective oxidative mineralization of
organic materials in polluted waters.
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1. Introduction

Organic pollution is the term used when large quantities of organic compounds. It origi‐
nates from domestic sewage, urban run-off, industrial effluents and agriculture wastewater.
sewage treatment plants and industry including food processing, pulp and paper making,
agriculture and aquaculture. During the decomposition process of organic pollutants the
dissolved oxygen in the receiving water may be consumed at a greater rate than it can be
replenished, causing oxygen depletion and having severe consequences for the stream biota.
Wastewater with organic pollutants contains large quantities of suspended solids which re‐
duce the light available to photosynthetic organisms and, on settling out, alter the character‐
istics of the river bed, rendering it an unsuitable habitat for many invertebrates. Organic
pollutants include pesticides, fertilizers, hydrocarbons, phenols, plasticizers, biphenyls, de‐
tergents, oils, greases, pharmaceuticals, proteins and carbohydrates [1-3].

Toxic organic pollutants cause several environmental problems to our environment. The
most common organic pollutants named persistent organic pollutants (POPs). POPs are
compounds of great concern due to their toxicity,persistence, long-range transport ability [4]
and bioaccumulation in animals [5], travel long distances and persist in living organisms.
POPs are carbon-based chemical compounds and mixtures (twelve pollutants) that include
industrial chemicals such as polychlorinated biphenyls (PCBs),polychlorinated dibenzo-p-
dioxins and dibenzofurans (PCDD/Fs), and some organochlorine pesticides (OCPs), such as
hexachlorobenzene (HCB) or dichloro-diphenyl-trichloroethane (DDT), dibenzo-p-dioxins
(dioxins) and dibenzo-p-furans (furans) [6]. PCDD/Fs are released to the environment as by-
products of several processes, like waste incineration or metal production [7]. Many of these
compounds have been or continue to be used in large quantities and due to their environ‐
mental persistence, have the ability to bioaccumulate and biomagnify [8].
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Efficient techniques for the removal of highly toxic organic compounds from water have
drawn significant interest. A number of methods such as coagulation, filtration with coagu‐
lation, precipitation, ozonation, adsorption, ion exchange, reverse osmosis and advanced ox‐
idation processes have been used for the removal of organic pollutants from polluted water
and wastewater. These methods have been found to be limited, since they often involve
high capital and operational costs. On the other hand ion exchange and reverse osmosis are
more attractive processes because the pollutant values can be recovered along with their re‐
moval from the effluents. Reverse osmosis, ion exchange and advanced oxidation processes
do not seem to be economically feasible because of their relatively high investment and op‐
erational cost.

Among the possible techniques for water treatments, the adsorption process by solid adsorb‐
ents shows potential as one of the most efficient methods for the treatment and removal of or‐
ganic  contaminants  in  wastewater  treatment.  Adsorption has  advantages  over  the  other
methods because of simple design and can involve low investment in term of both initial cost
and land required. The adsorption process is widely used for treatment of industrial wastewa‐
ter from organic and inorganic pollutants and meet the great attention from the researchers. In
recent years, the search for low-cost adsorbents that have pollutant –binding capacities has in‐
tensified. Materials locally available such as natural materials, agricultural wastes and industri‐
al  wastes can be utilized as low-cost  adsorbents.  Activated carbon produced from these
materials can be used as adsorbent for water and wastewater treatment [9].

2. Adsorption phenomenon

Adsorption is a surface phenomenon with common mechanism for organic and inorganic
pollutants removal. When a solution containing absorbable solute comes into contact with a
solid with a highly porous surface structure, liquid–solid intermolecular forces of attraction
cause some of the solute molecules from the solution to be concentrated or deposited at the
solid surface. The solute retained (on the solid surface) in adsorption processes is called ad‐
sorbate, whereas, the solid on which it is retained is called as an adsorbent. This surface ac‐
cumulation of adsorbate on adsorbent is called adsorption. This creation of an adsorbed
phase having a composition different from that of the bulk fluid phase forms the basis of
separation by adsorption technology.

In a bulk material, all the bonding requirements (be they ionic, covalent, or metallic) of the
constituent atoms of the material are filled by other atoms in the material. However, atoms
on the surface of the adsorbent are not wholly surrounded by other adsorbent atoms and
therefore can attract adsorbates. The exact nature of the bonding depends on the details of
the species involved, but the adsorption process is generally classified as physicsorption
(characteristic of weak Van Der Waals forces) or chemisorption (characteristic of covalent
bonding). It may also occur due to electrostatic attraction.

As the adsorption progress, an equilibrium of adsorption of the solute between the solution
and adsorbent is attained (where the adsorption of solute is from the bulk onto the adsorb‐
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ent is minimum). The adsorption amount (qe, mmol g−1) of the molecules at the equilibrium
step was determined according to the following equation:

( )qe = V Co-Ce  /M (1)

where V is the solution volume (L); M is the mass of monolithic adsorbents (g); and Co and
Ce are the initial and equilibrium adsorbate concentrations, respectively.

Other definition of adsorption is a mass transfer process by which a substance is transferred
from the liquid phase to the surface of a solid, and becomes bound by physical and/or chemical
interactions. Large surface area leads to high adsorption capacity and surface reactivity [10].

2.1. Adsorption isotherms and models

An adsorption isotherm is the presentation of the amount of solute adsorbed per unit
weight of adsorbent as a function of the equilibrium concentration in the bulk solution at
constant temperature. Langmuir and Freundlich adsorption isotherms are commonly used
for the description of adsorption data.

The Langmuir equation is expressed as:

/  1 / / ,Ce qe bXm Ce Xm= + (2)

Where Ce is the equilibrium concentration of solute (mmol L−1), qe is the amount of solute
adsorbed per unit weight of adsorbent (mmol g−1 of clay), Xm is the adsorption capacity
(mmol g−1), or monolayer capacity, and b is a constant (L mmol−1 ).

The Freundlich isotherm describes heterogeneous surface adsorption. The energy distribu‐
tion for adsorptive sites (in Freundlich isotherm) follows an exponential type function which
is close to the real situation. The rate of adsorption/desorption varies with the strength of the
energy at the adsorptive sites. The Freundlich equation is expressed as:

  1 /  ,logqe logk n logCe= + (3)

Where k (mmol g−1) and 1/n are the constant characteristics of the system [11].

3. Types of adsorbents

Different types of adsorbents are classified into natural adsorbents and synthetic adsorbents.
Natural adsorbents include charcoal, clays, clay minerals, zeolites, and ores. These natural
materials, in many instances are relatively cheap, abundant in supply and have significant
potential for modification and ultimately enhancement of their adsorption capabilities. Syn‐
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thetic adsorbents are adsorbents prepared from Agricultural products and wastes, house
hold wastes, Industrial wastes, sewage sludge and polymeric adsorbents. Each adsorbent
has its own characteristics such as porosity, pore structure and nature of its adsorbing surfa‐
ces. Many waste materials used include fruit wastes, coconut shell, scrap tyres, bark and
other tannin-rich materials, sawdust, rice husk, petroleum wastes, fertilizer wastes, fly ash,
sugar industry wastes blast furnace slag, chitosan and seafood processing wastes, seaweed
and algae, peat moss, clays, red mud, zeolites, sediment and soil, ore minerals etc.

Activated carbons as adsorbent for organic pollutants consists in their adsorption a complex
process and there still exists considerable difficulty. The main cause of this difficulty results
from the large number of variables involved. These include, for example, electrostatic, dis‐
persive and chemical interactions, intrinsic properties of the solute (for example solubility
and ionization constant), intrinsic properties of the adsorbent (such pore size distribution),
solution properties (in particular, pH) and the temperature of the system [12].

Activated carbons (AC) (both granular activated carbon (GAC) and powdered activated car‐
bons (PAC)) are common adsorbents used for the removal of undesirable odor, color, taste,
and other organic and inorganic impurities from domestic and industrial waste water owing
to their large surface area, micro porous structure nonpolar character and due to its econom‐
ic viability.The major constituent of activated carbon is the carbon that accounts up to 95%
of the mass weight In addition, active carbons contain other hetero atoms such as hydrogen,
nitrogen, sulfur, and oxygen. These are derived from the source raw material or become as‐
sociated with the carbon during activation and other preparation procedures [13-14]. Putra
et al. [15] investigated the removal of Amoxicillin (antibiotic) from pharmaceutical effluents
using bentonite and activated carbon as adsorbents. The study was carried out at several pH
values. Langmuir and Freundlich models were then employed to correlate the equilibria da‐
ta on which both models fitted the data equally well. While chemisorption is the dominant
adsorption mechanism on the bentonite, both physicosorption and chemisorption played an
important role for adsorption onto activated carbon.

Adsorption of methane on granular activated carbon (GAC) was studied. The results showed
that with decreasing temperature or increasing methane uptake by GAC the adsorption effica‐
cy decreased. Interactions between the methane molecules and the surface of carbon increase
the density of adsorbed methane in respect to the density of compressed gas. The effect that the
porosity and the surface chemistry of the activated carbons have on the adsorption of two VOC
(benzene and toluene) at low concentration (200 ppm) was also studied. The results show that
the volume of narrow micropores (size <0.7 nm) seems to govern the adsorption of VOC at low
concentration, specially for benzene adsorption. AC with low content in oxygen surface groups
has the best adsorption capacities. Among the AC tested, those prepared by chemical activation
with hydroxides exhibit the higher adsorption capacities for VOC. The adsorption capacities
achieved are higher than those previously shown in the literature for these conditions, especial‐
ly for toluene. Adsorption capacities as high as 34 g benzene/100 g AC or 64 g toluene/100 g AC
have been achieved [16].
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4. Adsorption of dyes

Adsorption techniques are used as high quality treatment processes for the removal of dis‐
solved organic pollutants, such as dyes, from industrial wastewater. Dyes consider as type of
organic pollutants. The textile, pulp and paper industries are reported to utilize large quantities
of a number of dyes, these pollutant may be found in wastewaters of many industries generat‐
ing considerable amounts of colored wastewaters, toxic and even carcinogenic, posing serious
hazard to aquatic living organisms. Dyes represent one of the problematic groups; they are
emitted into wastewater from various industrial branches, mainly from the dye manufacturing
and textile finishing and also from food coloring, cosmetics, paper and carpet industries. It is
well known that the dye effluents from dyestuff manufacturing and textile industries, may ex‐
hibit toxic effects on microbial populations and can be toxic and/or carcinogenic to mammalian
animal. Most dyes used in textile industries are stable to light and are not biologically degrada‐
ble. Furthermore, they are resistant to aerobic digestion. [17].

On searching for economical and available starting materials; different low cost adsorbents
were used for the removal of dyes. Activated rice husk was used as cheap adsorbent for col‐
or removal from wastewater [18]. Hamdaoui [19] reported that the maximum adsorption of
basic dye, methylene blue, onto cedar sawdust and crushed brick was 60 and 40 mg L-1, re‐
spectively. Wood-shaving bottom ash (WBA) was used for the removal of Red Reactive 141
(RR141), and azo reactive dyes. WBA/H2O and WBA/H2SO4 adsorbents were made by treat‐
ing WBA with water and 0.1 M H2SO4, respectively; to increase adsorption capacity. The ef‐
fects of different parameters on adsorption ( effect of contact time, initial pH of solution,
dissolved metals and elution ) were studied.The maximum dye adsorption capacities of
WBA/H2O and WBA/H2SO4 obtained from a Langmuir model at 30 oC were 24.3, 29.9, and
41.5 mg l-1, respectively. In addition, WBA/H2O and WBA/H2SO4 could reduce colour and
high chemical oxygen demand (COD) of real textile wastewater [20]. Beer brewery waste
has been shown to be a low-cost adsorbent for the removal of methylene blue dye from the
aqueous solution. The results of preliminary adsorption kinetics showed that the diatomite
waste could be directly used as a potential adsorbent for removal of methylene blue on the
basis of its adsorption–biosorption mechanisms [21].

Sewage sludge was applied for the preparation of activated carbon adsorbent. Activated car‐
bon adsorbent prepared from sewage sludge has being identified as a potentially attractive
material for wastewater. Research studies has been conducted to demonstrate the uses of
treated sewage sludge for the removal of dyes from wastewater and polluted water [22-27].
Otero et al. [27] produced activated carbon by chemically activation and pyrolysis of sewage
sludge. The properties of this type of material was studied by liquid-phase adsorption using
crystal violet, indigo carmine and phenol as adsorbates. Three prepared activated carbon,of
different particle sizes, were used ASS-g1 (particle diameter<0.12 mm), ASS-g2 (0.12<particle
diameter<0.5 mm) and PSS-g2(0.12<particle diameter<0.5 mm). Crystal violet dye adsorption
has been higher (Qmax 263.2 mg/g using AAS, 270 mg/g using ASS and 184 mg/g using
PPS) than indigo carmine (Qmax 60.04 mg/g using AAS, 54.8 mg/g using ASS and 30.8 mg/g
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using PPS). They proposed that activated carbons made from sewage sludge show promise

for the removal of organic pollutants from aqueous streams.

Dye Adsorbent Adsorption capacity Reference

Reactive Blue 2 activated carbon 0.27,mmol/g [31]

Reactive Red 4, activated carbon 0.24 mmol/g [31]

Reactive Yellow 2 activated carbon 0.11 mmol/g [31]

Everzol Black B Sepiolite 120.5 g/kg [32]

Everzol Red 3BS Sepiolite 108.8 g/kg [33]

Everzol Red 3BS Zeolite 111.1 g/kg [32]

Everzol Black B Zeolite 60.6 g/kg [32]

Orange-G bagasse fly ash 1.245 g/kg [33]

Methyl Violet bagasse fly ash 3.712 g/kg [33]

Acid Blue 113 amino-functionalized

nanoporous silica SBA-3

769 g/kg [34]

Acid Red 114 amino-functionalized

nanoporous silica SBA-3

1000 g/kg [34]

Acid Green 28 amino-functionalized

nanoporous silica SBA-3

333 g/kg [34]

Acid Yellow 127 amino-functionalized

nanoporous silica SBA-3

1250 g/kg [34]

Acid Orange 67 amino-functionalized

nanoporous silica SBA-3

2500 g/kg [34]

Acid Blue 25 waste tea activated carbon 203.34 mg/g [35]

Methylene Blue bituminous coal-based

activated carbon

580 mg/g [36]

Methylene Blue coal-based activated carbon

coal-based activated

carbon(KOH washed)

(252 mg/g

234.0 mg/g

[37]

Methylene Blue activated carbon from Cotton

stalk-based

180.0 mg/g [38]

Methylene Blue activated carbon from

Posidonia oceanica

(L.) dead leaves:

285.7 mg/g [39]

Methylene Blue Salix psammophila activated

carbon

225.89 mg/g [40]
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Dye Adsorbent Adsorption capacity Reference

Methylene Blue activated carbon from

flamboyant pods (Delonix

regia)

890mg/g [41]

Methylene Blue activated carbon from from

Oil palm wood-based

90.9 mg/g [42]

Methylene Blue activated carbon from Oil

palm shell-based

243.9 mg/g [43]

Table 1. Selected adsorbents used for dyes removal from polluted water

The utilization of fly ash in removing dyes from textile wastewater was investigated. A cal‐
cium-rich fly ash had been used as adsorbent for the removal of Congo red dye under differ‐
ent conditions. It was observed that the maximum adsorption obtained was between 93%
and 98%. under the studies conditions [28]. Wang et al. [29] had reported the use of treated
and non-treated fly ash for the removal of methylene blue and basic dye from a wastewater
solution. The adsorption capacity for acid treated fly ash was found to be 2.4 x 10-5 mol/g,
while non-treated fly ash showed an adsorption capacity of 1.4 x 10-5 mol/g. Wang et al. [30]
in another investigation also found that the porous unburned carbon in the fly ash was re‐
sponsible for the adsorption of the dye, and not the fly ash itself. Table (1) shows selected
adsorbent used for dyes removal from polluted water

5. Adsorption of phenols

Since 1860, phenol has been in production, with its basic use as an antiseptic. During late
19th century and thereafter the use of phenol has been further extended to the synthesis of
dyes, aspirin, plastics, pharmaceuticals, petrochemical and pesticide chemical industries. In
fact, by 2001, the global phenol production has reached an impressive 7.8 million tons [44].

Among the different organic pollutants in wastewater, phenols are considered as priority
pollutants since they are harmful to plants, animals and human, even at low concentrations.
The major sources of phenolic are steel mills, petroleum refineries, pharmaceuticals,petro‐
chemical, coke oven plants, paints,coal gas, synthetic resins, plywood industries and mine
discharge. The wastewater with the highest concentration of phenol (>1000 mg/L) is typical‐
ly generated from coke processing. Phonolic compounds are also emanated from resin
plants with a concentration range of 12–300 mg/L. Environmental Protection Agency (EPA)
has set a limit of 0.1 mg/L of phenol in wastewater. The World Health Organization (WHO)
is stricter on phenol regulation. It sets a 0.001 mg/L as the limit of phenol concentration in
potable water.

Adsorption of phenolic compounds from aqueous solutions by activated carbon is one of
the most investigated of all liquid-phase applications of carbon adsorbents [45]. Several ad‐
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sorbents were used treatment wastewater and removal of phenols. The adsorption iso‐
therms for mono-, di-, and trichlorophenols from aqueous solutions on wood-based and
lignite-based carbons were investigated. The adsorptive capacity for 2,4-DCP was found to
be 502 mg/g and Freundlich model gave a best fit the experimental data [46]. Zogorski et al.
[47] studied the kinetics of adsorption of phenols on GAC. They observed that 60% to 80%
of the adsorption occurs within the first hour of contact followed by a very slow approach to
the final maximum equilibrium concentration.

In another study, the extent of adsorption of 2,4-dichlorophenol was found to be a function of
pH. The presence of surface functional groups also affected the adsorption of phenols onto acti‐
vated carbon. The presence of dissolved oxygen on activated carbon increased the adsorptive
capacity for phenolic compounds This increase in adsorptive capacity was attributed to the oli‐
gomerization of the compounds through oxidative coupling reactions [48].

Hamdaouia et al. [49] studied and modeled the adsorption equilibrium isotherms of five
phenolic compounds from aqueous solutions onto GAC. The five compounds selected were
Phenol (Ph), 2-chlorophenol (2-CP), 4-chlorophenol (4-CP), 2,4-dichlorophenol (DCP), and
2,4,6-trichlorophenol (TCP). They also observed that the interaction of phenolic compounds
with activated carbon surface occurred in localized monolayer adsorption type, i.e. adsor‐
bed molecules are adsorbed at definite, localized sites. Uptake of phenols increased in the
order Ph < 2-CP < 4- CP < DCP < TCP, which correlated well with respective increase in mo‐
lecular weight, cross-sectional area, and hydrophobicity and decrease in solubility and pKa.

Sawdust, a very low cost adsorbent was used, after carbonization, for the removal of phenol
from industrial waste waters. The equilibrium adsorption level was determined as a func‐
tion of the solution pH, temperature, contact time, adsorbent dose and the initial concentra‐
tion. The adsorption maximum for phenol using sawdust was 10.29 mg/L [50].

Adsorbents, carbonaceous materials, activated carbon (AC), bagasse ash (BA) and wood
charcoal (WC), were used for removal of phenol from water [51].The results showed the re‐
moval efficiencies for phenol–AC, phenol–WC and phenol–BA, approximately 98%, 90%
and 90%, respectively. Removal efficiency of phenol slightly increased when the pH of ad‐
sorption system decreased. Yapar and Yilmar [52] reported the adsorptive capacity of some
clays and natural zeolite materials found in Turkey for the removal of phenol. They found
that calcined hydrotalcite was the best among the studied adsorbents in which adsorbed
52% of phenol from a solution of 1000 mg/L phenol at the adsorbent/phenol ratio of 1:100
while the others adsorbed only 8% of phenol. Also, silica gel, activated alumina, AC, fitra‐
sorb 400 and Hisir 1000 adsorbent were examined as adsorbents for the removal of phenol
from aqueous solution. They found that Hisir 1000 was the best among the tested materials
[53]. Das and Patnaik [54] utilized blast furnace flue dust (BFD) and slag to investigate phe‐
nol adsorption through batch experiment.

Bromophenols (2-bromophenol, 4-bromophenol and 2, 4- dibromophenol) considered as one
of toxic organic phenol. Industrial wastes was used as low cost adsorbent for the removal of
these pollutants. The results show the maximum adsorption on carbonaceous adsorbent pre‐
pared from fertilizer industry waste 40.7, 170.4 and 190.2 mg g−1 for 4-bromophenol 2-bro‐
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mophenol and 2, 4-dibromophenol, respectively. As compared to carbonaceous adsorbent,
the other three adsorbents (viz., blast furnace sludge, dust, and slag) adsorb bromophenols
to a much smaller extent [55]. Table ( 2 ) represented the adsorption efficiencies of different
adsorbents for the removal of phenols.

Organic Pollutants Adsorbent Adsorption

Maxmium

Ref.

Phenol Porous Clay 14.5 mg/g [56]

2,5-dichlorophenol Porous Clay 45.5 mg/g [56]

3,4-dichlorophenol Porous Clay 48.7 mg/g [56]

3,5-dichlorophenol (cetyl-pyridinium-Al PILC), 97.2 mg/g [57]

phenol Hemidesmus Indicus Carbon(HIC) 370 ppm [58]

phenol Commercial Activated Carbon(CAC) 294 ppm [58]

phenol NORIT Granular Activated Carbon (NAC 1240) 74.07 mg/g [59]

phenol NORIT Granular Activated Carbon 1010 166.6 mg/g [59]

phenol Active carbon 257 mg/g [60]

phenol Mesoporous carbon CMK-3-100oC 347 mg/g [60]

phenol Mesoporous carbon CMK-3-130 oC 428 mg/g [60]

phenol Mesoporous carbon CMK-3-150 oC 473 mg/g [61]

phenol Leaf litter of Shorea roubsta 76% [60]

phenol activated phosphate rock (1M HNO3) 83.34 mg/g [62]

phenol Natural clay 15 mg/g [63]

2,4-dichlorophenol activated carbon derived from oil palm empty fruit

bunch (EFB)

232.56 mg/g [64]

Table 2. Adsorption capacities of different adsorbents for the removal of phenols.

6. Adsorption of pesticides and herbicides

Pesticides and herbicides, intentionally released into the environment, are ubiquitous in
aquatic systems; they are often detected at low levels and commonly occur in the form of
complex mixtures [64-65]. Leaching of chemical fertilizers and pesticides, applied to agricul‐
tural and forest land, is one of the main reasons for organic pollution in several water
streams. Pesticides and herbicides are harmful to life because of their toxicity, carcinogenici‐
ty and mutagenicity [66]. Therefore toxicity of pesticides and their degradation products is
making these chemical substances a potential hazard by contaminating the environment.
They have raised serious concerns about aquatic ecosystem and human health because of
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phenol Mesoporous carbon CMK-3-130 oC 428 mg/g [60]

phenol Mesoporous carbon CMK-3-150 oC 473 mg/g [61]

phenol Leaf litter of Shorea roubsta 76% [60]

phenol activated phosphate rock (1M HNO3) 83.34 mg/g [62]

phenol Natural clay 15 mg/g [63]

2,4-dichlorophenol activated carbon derived from oil palm empty fruit

bunch (EFB)

232.56 mg/g [64]

Table 2. Adsorption capacities of different adsorbents for the removal of phenols.

6. Adsorption of pesticides and herbicides

Pesticides and herbicides, intentionally released into the environment, are ubiquitous in
aquatic systems; they are often detected at low levels and commonly occur in the form of
complex mixtures [64-65]. Leaching of chemical fertilizers and pesticides, applied to agricul‐
tural and forest land, is one of the main reasons for organic pollution in several water
streams. Pesticides and herbicides are harmful to life because of their toxicity, carcinogenici‐
ty and mutagenicity [66]. Therefore toxicity of pesticides and their degradation products is
making these chemical substances a potential hazard by contaminating the environment.
They have raised serious concerns about aquatic ecosystem and human health because of
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the long-term accumulation of their single and/or combined toxicological effects [67]. The
contamination of ground water,surface water and soils, by pesticides and herbicides are cur‐
rently a significant concern, and this because of increasing use of pesticides in agriculture,
and domestic activities [68].

Among newly developed pesticides, organophosphorous pesticides are most commonly
used. This class of chemicals is divided into several forms; however the two most common
forms are phosphates and phosphorothionates. Methyl parathion (O,O-dimethyl O-4-nitro‐
phenyl phosphorothioate) is a class I insecticide. Once methyl parathion introduced into the
environment from spraying on crops, droplets of methyl parathion in the air fall on soil,
plants or water. While most of the methyl parathion will stay in the areas where it is ap‐
plied, some can move to areas away from where it was applied by rain, fog and wind [69].

Modified polymer adsorbents were prepared for the removal of organic pollutants from wa‐
ter and wastewater. Adsorption of organic pollutants using cyclodextrin-based polymer
(CDPs) as adsorbent, is an efficient technique with the advantages of specific affinity, low
cost and simple design [65, 70-71]. Cyclodextrin polymers (CDPs) can be synthesized using
cyclodextrin (CD) as complex molecule and polyfunctional substance (e.g., epichlorohydrin
(EPI)) as cross-linking agent.Though a number of CDPs with various structures and proper‐
ties have been developed [72,73], it is still ambiguous how CDP properties affect adsorption
affinity toward organic contaminants, particularly mixed pollutants. Liu et al. [66] illustrat‐
ed the cross-linked structure of cyclodextrin polymer and related adsorption mechanisms in
Scheme ( 1 ).

Scheme 1. Cross-linked structure of cyclodextrin polymer and related adsorption mechanisms, from Liu et al. [66].
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Other modified polymer adsorbent was used in herbicides treatment, porous polymeric ad‐
sorbents were used for the adsorption of herbicides (alachlor, amitrole, trifluralin and prom‐
etryn ) from liquid solution. Two adsorbent resins were investigated, the highly
hydrophobic Amberlite XAD-4 (polystyrene–divinylbenzene copolymer) and the functional‐
ized more hydrophilic XAD-7 (nonionic aliphatic acrylic polymer). The adsorption were sus‐
sccufuly at pH 6.5 [74].

Other adsorbent used widely for the removal of pesticides is activated carbon. Activated
carbons (ACs) prepared from agricultural and industrial wastes were used for the removal
of pesticides from polluted water. Activated carbons produced from agricultural residues
(olive kernel, corn cobs, rapeseed stalks and soya stalks) via physical steam activation were
tested for the removal of Bromopropylate (BP) pesticide from water. The results show maxi‐
mum adsorption capacity( qm) of the pesticide on adsorbents (ACs) prepared from corn cob,
olive kernel, soya stalks and rapeseed stalks at values 7.9x 10_2,12.3 x 10_2, 11.6 x 10_2 and 18.9
x 10_2 mmol/L, respectively. The BP removal from water achieved in this study was 90–100%
for all ACs [75].

Ayranci and Hoda [76] studied the adsorption of pesticides,pesticides ametryn [2- (ethyla‐
mino)-4-isopropylamino-6-methyl-thio-s-triazine], aldicarb (2-methyl-2-(methylthio) propio‐
naldehyde o-methylcarbamoyloxime], diuron [N-(3,4-dichlorophenyl)- N,N-dimethyl urea]
and dinoseb [2-(sec-butyl)- 4,6-dinitrophenol], from aqueous solution onto high specific area
activated carbon-cloth adsorbent (ACC ) and found that the maximum adsorption capacity
of ACC for ametryn, diuron, dinose and aldicarb were 354.61,421.58, 301.84 and 213.06
mg/g, respectively.

Djilani et al. [77] developed new activated carbon adsorbents from lignocellulosic wastes of
vegetable origin (coffee grounds (CG), melon seeds (MS) and orange peels (OP)). The ad‐
sorption efficiency of these new adsorbents was tested with organic pollutants: o-nitrophe‐
nol and p-nitrotoluene. The elimination ratio obtained with new adsorbents was in the
range from 70% to 90%. The time necessary to attain the adsorption equilibrium was be‐
tween 75 and 135 min.

The ability of MgAl layered double hydroxides (LDHs) and their calcined products to ad‐
sorb besticides contaminants, 2,4-dinitrophenol (DNP) and 2-methyl-4,6-dinitrophenol
(DNOC) from water was assessed. Adsorption tests were conducted on LDHs with variable
Mg/Al ratios (and variable layer charge), pH values, contact times and initial pesticide con‐
centrations to identify the optimum conditions for the intended purpose. All adsorbents ex‐
cept the carbonate-containing hydrotalcite possessed a very high adsorption capacity for
both contaminants. As noted above, the adsorption of the pesticides on the calcined LDHs
was only 25–40% [78]

Activated carbon prepared from banana stalk by potassium hydroxide (KOH) and carbon
dioxide (CO2) activation (BSAC ) was explored for its ability to remove the pesticides, 2,4-
dichlorophenoxyacetic acid (2,4-D) and bentazon. The percent removal efficiency of 2,4-D
decreased from 98.4 to 85.4% as the 2,4-D initial concentration increased from 50 to 300 mg L
−1. For bentazon, the percent removal efficiency decreased from 96.5 to 61.6% as the bentazon
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the long-term accumulation of their single and/or combined toxicological effects [67]. The
contamination of ground water,surface water and soils, by pesticides and herbicides are cur‐
rently a significant concern, and this because of increasing use of pesticides in agriculture,
and domestic activities [68].

Among newly developed pesticides, organophosphorous pesticides are most commonly
used. This class of chemicals is divided into several forms; however the two most common
forms are phosphates and phosphorothionates. Methyl parathion (O,O-dimethyl O-4-nitro‐
phenyl phosphorothioate) is a class I insecticide. Once methyl parathion introduced into the
environment from spraying on crops, droplets of methyl parathion in the air fall on soil,
plants or water. While most of the methyl parathion will stay in the areas where it is ap‐
plied, some can move to areas away from where it was applied by rain, fog and wind [69].

Modified polymer adsorbents were prepared for the removal of organic pollutants from wa‐
ter and wastewater. Adsorption of organic pollutants using cyclodextrin-based polymer
(CDPs) as adsorbent, is an efficient technique with the advantages of specific affinity, low
cost and simple design [65, 70-71]. Cyclodextrin polymers (CDPs) can be synthesized using
cyclodextrin (CD) as complex molecule and polyfunctional substance (e.g., epichlorohydrin
(EPI)) as cross-linking agent.Though a number of CDPs with various structures and proper‐
ties have been developed [72,73], it is still ambiguous how CDP properties affect adsorption
affinity toward organic contaminants, particularly mixed pollutants. Liu et al. [66] illustrat‐
ed the cross-linked structure of cyclodextrin polymer and related adsorption mechanisms in
Scheme ( 1 ).

Scheme 1. Cross-linked structure of cyclodextrin polymer and related adsorption mechanisms, from Liu et al. [66].

Organic Pollutants - Monitoring, Risk and Treatment176

Other modified polymer adsorbent was used in herbicides treatment, porous polymeric ad‐
sorbents were used for the adsorption of herbicides (alachlor, amitrole, trifluralin and prom‐
etryn ) from liquid solution. Two adsorbent resins were investigated, the highly
hydrophobic Amberlite XAD-4 (polystyrene–divinylbenzene copolymer) and the functional‐
ized more hydrophilic XAD-7 (nonionic aliphatic acrylic polymer). The adsorption were sus‐
sccufuly at pH 6.5 [74].

Other adsorbent used widely for the removal of pesticides is activated carbon. Activated
carbons (ACs) prepared from agricultural and industrial wastes were used for the removal
of pesticides from polluted water. Activated carbons produced from agricultural residues
(olive kernel, corn cobs, rapeseed stalks and soya stalks) via physical steam activation were
tested for the removal of Bromopropylate (BP) pesticide from water. The results show maxi‐
mum adsorption capacity( qm) of the pesticide on adsorbents (ACs) prepared from corn cob,
olive kernel, soya stalks and rapeseed stalks at values 7.9x 10_2,12.3 x 10_2, 11.6 x 10_2 and 18.9
x 10_2 mmol/L, respectively. The BP removal from water achieved in this study was 90–100%
for all ACs [75].

Ayranci and Hoda [76] studied the adsorption of pesticides,pesticides ametryn [2- (ethyla‐
mino)-4-isopropylamino-6-methyl-thio-s-triazine], aldicarb (2-methyl-2-(methylthio) propio‐
naldehyde o-methylcarbamoyloxime], diuron [N-(3,4-dichlorophenyl)- N,N-dimethyl urea]
and dinoseb [2-(sec-butyl)- 4,6-dinitrophenol], from aqueous solution onto high specific area
activated carbon-cloth adsorbent (ACC ) and found that the maximum adsorption capacity
of ACC for ametryn, diuron, dinose and aldicarb were 354.61,421.58, 301.84 and 213.06
mg/g, respectively.

Djilani et al. [77] developed new activated carbon adsorbents from lignocellulosic wastes of
vegetable origin (coffee grounds (CG), melon seeds (MS) and orange peels (OP)). The ad‐
sorption efficiency of these new adsorbents was tested with organic pollutants: o-nitrophe‐
nol and p-nitrotoluene. The elimination ratio obtained with new adsorbents was in the
range from 70% to 90%. The time necessary to attain the adsorption equilibrium was be‐
tween 75 and 135 min.

The ability of MgAl layered double hydroxides (LDHs) and their calcined products to ad‐
sorb besticides contaminants, 2,4-dinitrophenol (DNP) and 2-methyl-4,6-dinitrophenol
(DNOC) from water was assessed. Adsorption tests were conducted on LDHs with variable
Mg/Al ratios (and variable layer charge), pH values, contact times and initial pesticide con‐
centrations to identify the optimum conditions for the intended purpose. All adsorbents ex‐
cept the carbonate-containing hydrotalcite possessed a very high adsorption capacity for
both contaminants. As noted above, the adsorption of the pesticides on the calcined LDHs
was only 25–40% [78]

Activated carbon prepared from banana stalk by potassium hydroxide (KOH) and carbon
dioxide (CO2) activation (BSAC ) was explored for its ability to remove the pesticides, 2,4-
dichlorophenoxyacetic acid (2,4-D) and bentazon. The percent removal efficiency of 2,4-D
decreased from 98.4 to 85.4% as the 2,4-D initial concentration increased from 50 to 300 mg L
−1. For bentazon, the percent removal efficiency decreased from 96.5 to 61.6% as the bentazon
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initial concentration increased from 25 to 250 mg L−1. Therefore, the adsorption of 2,4-D and
bentazon by BSAC has strong dependence on the initial concentration of the pesticides.
Maximum adsorption capacity (qe) for 2,4-dichlorophenoxyacetic acid (2,4-D) were 168.03
mg g−1, and for bentazon 100.95 mg g−1 [79]

In the other study for using activated carbon as adsorbent, magnetic and graphitic carbon
nanostructures was used for the removal of a pesticide (2,4-dichlorophenoxyacetic acid)
from aqueous solution.The magnetic and graphitic carbon nanostructures as adsorbents
were prepared from two different biomasses, cotton and filter paper. The resultant adsorb‐
ents were characterized with TEM and N2 adsorption–desorption methods. The adsorption
capacities for the prepared adsorbents from filter paper and cotton are about 77 and 33
mg/g, respectively [80].

Chemically and thermally treated watermelon peels (TWMP) have been utilized for the re‐
moval of methyl parathion (MP) pesticide from water. The effect of process variables such as
pH of solution, shaking speed, shaking time, adsorbent dose, concentration of solution and
temperature have been optimized. Maximum adsorption (99±1%) was achieved for (0.38–
3.80)×10−4 mol dm−3 of MP solution, using 0.1 g of adsorbent in 20 ml of solution for 60 min
agitation time at pH 6. The developed adsorption method has been employed to surface wa‐
ter samples with percent removal 99%±1 [81].

7. Adsorption of other organic pollutants

Other organic pollutants were found as a pollutants in water and wastewater, this include
pharmaceutical effluents, surfactants, organic solvents, phthalates, hydrocarbons, esters, al‐
cohols,volatile, semi-volatile and non-volatile chlorinated organic pollutants. Activated car‐
bons, calys and clay minerals are used widely for the removal of organic pollutants.

7.1. Adsorption on activated carbon

Adsorption on activated carbon is currently the most frequently used technology for remov‐
ing organic pollutants from aqueous industrial sludge, surface waters and drinking water.
Methyl tert-butyl ether (MTBE) is an organic pollutants used mainly as a fuel component in
fuel if gasoline engine and also as a solvent. The adsorption of methyl tert-butyl ether
(MTBE) by granular activated carbon was investigated, the maximum adsorption capacity of
MTBE on granular activated carbon was 204.1 mg/g. Results illustrate that granular activat‐
ed carbon is an effective adsorbent for methyl tert-butyl ether and also provide specific
guidance into adsorption of methyl tert-butyl ether on granular activated carbon in contami‐
nated groundwater [82].

A novel triolein-embedded activated carbon composite adsorbent was developed. Results
suggested that the novel composite adsorbent was composed of the supporting activated
carbon and the surrounding triolein-embedded cellulose acetate membrane. The adsorbent
was stable in water, for no triolein leakage was detected after soaking the adsorbent for five
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weeks. The adsorbent had good adsorption capability to dieldrin, which was indicated by a
residual dieldrin concentration of 0.204 μgL−1. The removal efficiency of the composite ad‐
sorbent was higher than the traditional activated carbon adsorbent [83]. Essa et al. [84] stud‐
ied the potential of chemical activated date pits as an adsorbent. The date pits were
impregnated with 70% phosphoric acid followed by thermal treatment between 300 to
700°C. The effects of activation temperature and acid concentration on pore surface area de‐
velopment were studied. Samples prepared at 500°C showed a specific area of 1319 m2/g
and total pore volume of 0.785 cm3/g. Aqueous phenol adsorption trends using the local ac‐
tivated carbon sample were compared to a commercial sample (Filtrasorb-400).

Five commercially available types of activated carbon (GAC 1240, GCN 1240, RB 1, pK 1-3,
ROW 0.8 SUPRA )are prepared and used to remove organic chlorinated compounds from
wastewater of a chemical plant. The various types of activated carbon were tested on the ba‐
sis of Freundlich adsorption isotherms for 14 pure organic chlorinated compounds, of mo‐
lecular weight ranging from that of dichloromethane (MW ¼ 84.93 g mol-1) to
hexachlorobenzene (MW ¼ 284.78 g mol-1). The best adsorbent (GAC 1240 granulated acti‐
vated carbon ) was selected and used in a laboratory fixed bed column to assess its removal
efficiency with respect to the tested organic chlorinated compounds. Removal efficiency was
always higher than 90% (Table 3) [85]

Substance Precenage of adsorption efficiency (%)

Dichloromethane

Trichloromethane

1,1,1- Trichloromethane

Carbon tetrachloride

1,2-Dichloroethane

Trichloroethylene

1,1,2- Trichloroethane

Tetrachloroethylene

1,1,1,2- Tetrachloroethane

Trans 1,4-dichloro-2-butene

1,2,4-Trichlorobenzene

1,2,3-Trichlorobenzene

Hexachloro-1,3-butadiene

Hexachlorobenzene

98.3

98.8

99.0

99.0

82.8

94.7

86.3

91.6

87.3

94.2

99.2

90.5

99.4

95.1

Table 3. Removal efficiency (%) of chlorinated compounds from wastewater by five commercially available types of
activated carbon, from Pavonia et al [85]

Antibiotic considered as one of the pharmacological organic pollutants. Choi et al. [86] investi‐
gated the treatment of seven tetracycline classes of antibiotic (TAs) from raw waters (synthetic
and river) using coagulation and granular activated carbon (GAC) filtration. Their results
ended to that both coagulation and GAC filtration were effective for the removal of TAs, and the
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initial concentration increased from 25 to 250 mg L−1. Therefore, the adsorption of 2,4-D and
bentazon by BSAC has strong dependence on the initial concentration of the pesticides.
Maximum adsorption capacity (qe) for 2,4-dichlorophenoxyacetic acid (2,4-D) were 168.03
mg g−1, and for bentazon 100.95 mg g−1 [79]

In the other study for using activated carbon as adsorbent, magnetic and graphitic carbon
nanostructures was used for the removal of a pesticide (2,4-dichlorophenoxyacetic acid)
from aqueous solution.The magnetic and graphitic carbon nanostructures as adsorbents
were prepared from two different biomasses, cotton and filter paper. The resultant adsorb‐
ents were characterized with TEM and N2 adsorption–desorption methods. The adsorption
capacities for the prepared adsorbents from filter paper and cotton are about 77 and 33
mg/g, respectively [80].

Chemically and thermally treated watermelon peels (TWMP) have been utilized for the re‐
moval of methyl parathion (MP) pesticide from water. The effect of process variables such as
pH of solution, shaking speed, shaking time, adsorbent dose, concentration of solution and
temperature have been optimized. Maximum adsorption (99±1%) was achieved for (0.38–
3.80)×10−4 mol dm−3 of MP solution, using 0.1 g of adsorbent in 20 ml of solution for 60 min
agitation time at pH 6. The developed adsorption method has been employed to surface wa‐
ter samples with percent removal 99%±1 [81].

7. Adsorption of other organic pollutants

Other organic pollutants were found as a pollutants in water and wastewater, this include
pharmaceutical effluents, surfactants, organic solvents, phthalates, hydrocarbons, esters, al‐
cohols,volatile, semi-volatile and non-volatile chlorinated organic pollutants. Activated car‐
bons, calys and clay minerals are used widely for the removal of organic pollutants.

7.1. Adsorption on activated carbon

Adsorption on activated carbon is currently the most frequently used technology for remov‐
ing organic pollutants from aqueous industrial sludge, surface waters and drinking water.
Methyl tert-butyl ether (MTBE) is an organic pollutants used mainly as a fuel component in
fuel if gasoline engine and also as a solvent. The adsorption of methyl tert-butyl ether
(MTBE) by granular activated carbon was investigated, the maximum adsorption capacity of
MTBE on granular activated carbon was 204.1 mg/g. Results illustrate that granular activat‐
ed carbon is an effective adsorbent for methyl tert-butyl ether and also provide specific
guidance into adsorption of methyl tert-butyl ether on granular activated carbon in contami‐
nated groundwater [82].

A novel triolein-embedded activated carbon composite adsorbent was developed. Results
suggested that the novel composite adsorbent was composed of the supporting activated
carbon and the surrounding triolein-embedded cellulose acetate membrane. The adsorbent
was stable in water, for no triolein leakage was detected after soaking the adsorbent for five
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weeks. The adsorbent had good adsorption capability to dieldrin, which was indicated by a
residual dieldrin concentration of 0.204 μgL−1. The removal efficiency of the composite ad‐
sorbent was higher than the traditional activated carbon adsorbent [83]. Essa et al. [84] stud‐
ied the potential of chemical activated date pits as an adsorbent. The date pits were
impregnated with 70% phosphoric acid followed by thermal treatment between 300 to
700°C. The effects of activation temperature and acid concentration on pore surface area de‐
velopment were studied. Samples prepared at 500°C showed a specific area of 1319 m2/g
and total pore volume of 0.785 cm3/g. Aqueous phenol adsorption trends using the local ac‐
tivated carbon sample were compared to a commercial sample (Filtrasorb-400).

Five commercially available types of activated carbon (GAC 1240, GCN 1240, RB 1, pK 1-3,
ROW 0.8 SUPRA )are prepared and used to remove organic chlorinated compounds from
wastewater of a chemical plant. The various types of activated carbon were tested on the ba‐
sis of Freundlich adsorption isotherms for 14 pure organic chlorinated compounds, of mo‐
lecular weight ranging from that of dichloromethane (MW ¼ 84.93 g mol-1) to
hexachlorobenzene (MW ¼ 284.78 g mol-1). The best adsorbent (GAC 1240 granulated acti‐
vated carbon ) was selected and used in a laboratory fixed bed column to assess its removal
efficiency with respect to the tested organic chlorinated compounds. Removal efficiency was
always higher than 90% (Table 3) [85]

Substance Precenage of adsorption efficiency (%)

Dichloromethane

Trichloromethane

1,1,1- Trichloromethane

Carbon tetrachloride

1,2-Dichloroethane

Trichloroethylene

1,1,2- Trichloroethane

Tetrachloroethylene

1,1,1,2- Tetrachloroethane

Trans 1,4-dichloro-2-butene

1,2,4-Trichlorobenzene

1,2,3-Trichlorobenzene

Hexachloro-1,3-butadiene

Hexachlorobenzene

98.3

98.8

99.0

99.0

82.8

94.7

86.3

91.6

87.3

94.2

99.2

90.5

99.4

95.1

Table 3. Removal efficiency (%) of chlorinated compounds from wastewater by five commercially available types of
activated carbon, from Pavonia et al [85]

Antibiotic considered as one of the pharmacological organic pollutants. Choi et al. [86] investi‐
gated the treatment of seven tetracycline classes of antibiotic (TAs) from raw waters (synthetic
and river) using coagulation and granular activated carbon (GAC) filtration. Their results
ended to that both coagulation and GAC filtration were effective for the removal of TAs, and the
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removal efficiency depended on the type of TAs. GAC filtration was relatively more effective
for removal of tetracycline (TC), doxycycline-hyclate (DXC), and chlortetracycline-HCl (CTC),
which were difficult to be removed by coagulation. Putra et al. [87] investigated the removal of
Amoxicillin (antibiotic) from pharmaceutical effluents using bentonite and activated carbon as
adsorbents. The study was carried out at several pH values. Langmuir and Freundlich models
were then employed to correlate the equilibria data on which both models fitted the data equal‐
ly well. While chemisorption is the dominant adsorption mechanism on the bentonite, both
physisorption and chemisorption played an important role for adsorption onto activated car‐
bon. Ruiz et al. [88] studied the removal of paracetamol (anti analgesic drug) from aqueous sol‐
utions using chemically modified activated carbons. The effect of the chemical nature of the
activated carbon material such as carbon surface chemistry and composition on the removal of
paracetamol was studied. The surface heterogeneity of the carbon affected the rate of paraceta‐
mol removal. They found that after oxidation the wettability of the carbon was enhanced, which
favored the transfer of paracetamol molecules to the carbon pores. At the same time the overall
adsorption rate and removal efficiency are reduced in the oxidized carbon due to the competi‐
tive effect of water molecules. Tris (2-chloroethyl) phosphate (TCEP), iopromide, naproxen,
carbamazepine, and caffeine drugs were quite frequently observed in both surface waters and
effluents from waste water treatment plants. The elimination of these chemicals during drink‐
ing water and wastewater treatment processes at full- and pilot-scale also was investigated.
Conventional drinking water treatment methods such as flocculation and filtration were rela‐
tively inefficient for contaminant removal, while efficient removal (99%) was achieved by gran‐
ular activated carbon (GAC).

Liu et al. [89] studied the removal effects of organic pollutants in drinking water (42 species
organic pollutants in 11 categories ) by activated carbon, haydite and quartz sand with the
method of solid-phase extraction (SPE). The removal rates of total peak area of organic pol‐
lutants by activated carbon, haydite and quartz were 70.35%, 29.68% and 37.36%. Among
all, activated carbon showed the best removal effect to most organic pollutants contents, and
quartz sand to species. So if activated carbon - quartz sand combined processes were adopt‐
ed, organic pollutants species and total peak area could be reduced simultaneously. The re‐
moval rates for phthalates, hydrocarbons, esters and alcohols were 62.62%, 75.83%, 72.52%
and 62.99%, respectively. The adsorption capability of activated carbon for dimethyl phtha‐
late and di-n-butyl phthalate, two priority pollutants in water, were preferable. The removal
rates reached 93.27% and 57.02%. For haydite, there were 26 kinds of organic pollutants in
10 categories in corresponding treated water. The total peak area was removed by 29.68%.
The removal effects for amines, alkanes and phenols were satisfactory and the removal rates
were 68.71%, 49.97% and 41.19%, respectively. But in the case of phthalates, esters and alde‐
hydes the effects were not obviously, the same as dimethyl phthalate and di-nbutyl phtha‐
late. The species of organic pollutants were reduced from 36 to 20 by quartz sand. Most
notably, xylene, dimethyl phthalate and di-n-butyl phthalate in raw water were removed ef‐
ficiently. Xylene and di-n-butyl phthalate in tap water were removed absolutely, and di‐
methyl phthalate was removed by 59.59%.
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Cellulose acetate (CA) embedded with triolein (CA-triolein), was prepared as adsorbent for
the removal of persistent organic pollutants (POPs) from micro-polluted aqueous solution.
The comparison of CA-triolein, CA and granular activated carbon (GAC) for dieldrin re‐
moval was investigated. Results showed that CA-triolein absorbent gave a lowest residual
concentration after 24 h although GAC had high removal rate in the first 4 h adsorption.
Then the removal efficiency of mixed POPs (e.g. aldrin, dieldrin, endrin and heptachlor ep‐
oxide), absorption isotherm, absorbent regeneration and initial column experiments of CA-
triolein were studied in detail. The linear absorption isotherm and the independent
absorption in binary isotherm indicated that the selected POPs are mainly absorbed onto
CA-triolein absorbent by a partition mechanism. Thermodynamic calculations showed that
the absorption was spontaneous, with a high affinity and the absorption was an endother‐
mic reaction. Rinsing with hexane the CA-triolein absorbent can be regenerated after ab‐
sorption of POPs. No significant decrease in the dieldrin removal efficiency was observed
even when the absorption–regeneration process was repeated for five times. The results of
initial column experiments showed that the CA-triolein absorbent did not reach the break‐
through point at a breakthrough empty-bed volume (BV) of 3200 when the influent concen‐
tration was 1–1.5 l g/L and the empty-bed contact time (EBCT) was 20 min [90]

Activated coke (AC) was studied to adsorb organic pollutants from coking wastewater. The
study initially focused on the sorption kinetics and equilibrium sorption isotherms of AC for
the removal of chemical oxygen demand (COD) from coking wastewater. The results
showed that when the dose of AC was 200 g L−1, 91.6% of COD and 90% of color could be
removed after 6 h of agitation at 40oC. The kinetics of adsorption of COD from coking waste‐
water onto AC was fit to the pseudo-second order model. The adsorption of COD onto AC
was enhanced with an increase of temperature, indicating that the adsorption process would
be a chemical adsorption rather than a physical one [91].

Bottom ash, a kind of waste material generated from thermal coal-fired power plants, is gen‐
erally used in road bases and building materials. Bottom ash was used to remove the organ‐
ic pollutants in coking wastewater and papermaking wastewater. Particular attention was
paid on the effect of bottom ash particle size and dosage on the removal of chemical oxygen
demand (COD). The results show that the COD removal efficiencies increase with decreas‐
ing particle sizes of bottom ash, and the COD removal efficiency for coking wastewater is
much higher than that for papermaking wastewater due to its high percentage of particle
organic carbon (POC). Different trends of COD removal efficiency with bottom ash dosage
are also observed for coking and papermaking wastewaters because of their various POC
concentrations [92].

7.2. Adsorption on clays and clay minerals adsorbents

Several adsorbents were used for the removal of these pollutants. One of an effective and
low cost adsorbents is calys and clay minerals. Natural clay minerals due to their high sur‐
face area and molecular sieve structure are very effective sorbents for organic contaminants
of cationic or polar in character.Natural and modified clay minerals and zeolites are good
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removal efficiency depended on the type of TAs. GAC filtration was relatively more effective
for removal of tetracycline (TC), doxycycline-hyclate (DXC), and chlortetracycline-HCl (CTC),
which were difficult to be removed by coagulation. Putra et al. [87] investigated the removal of
Amoxicillin (antibiotic) from pharmaceutical effluents using bentonite and activated carbon as
adsorbents. The study was carried out at several pH values. Langmuir and Freundlich models
were then employed to correlate the equilibria data on which both models fitted the data equal‐
ly well. While chemisorption is the dominant adsorption mechanism on the bentonite, both
physisorption and chemisorption played an important role for adsorption onto activated car‐
bon. Ruiz et al. [88] studied the removal of paracetamol (anti analgesic drug) from aqueous sol‐
utions using chemically modified activated carbons. The effect of the chemical nature of the
activated carbon material such as carbon surface chemistry and composition on the removal of
paracetamol was studied. The surface heterogeneity of the carbon affected the rate of paraceta‐
mol removal. They found that after oxidation the wettability of the carbon was enhanced, which
favored the transfer of paracetamol molecules to the carbon pores. At the same time the overall
adsorption rate and removal efficiency are reduced in the oxidized carbon due to the competi‐
tive effect of water molecules. Tris (2-chloroethyl) phosphate (TCEP), iopromide, naproxen,
carbamazepine, and caffeine drugs were quite frequently observed in both surface waters and
effluents from waste water treatment plants. The elimination of these chemicals during drink‐
ing water and wastewater treatment processes at full- and pilot-scale also was investigated.
Conventional drinking water treatment methods such as flocculation and filtration were rela‐
tively inefficient for contaminant removal, while efficient removal (99%) was achieved by gran‐
ular activated carbon (GAC).

Liu et al. [89] studied the removal effects of organic pollutants in drinking water (42 species
organic pollutants in 11 categories ) by activated carbon, haydite and quartz sand with the
method of solid-phase extraction (SPE). The removal rates of total peak area of organic pol‐
lutants by activated carbon, haydite and quartz were 70.35%, 29.68% and 37.36%. Among
all, activated carbon showed the best removal effect to most organic pollutants contents, and
quartz sand to species. So if activated carbon - quartz sand combined processes were adopt‐
ed, organic pollutants species and total peak area could be reduced simultaneously. The re‐
moval rates for phthalates, hydrocarbons, esters and alcohols were 62.62%, 75.83%, 72.52%
and 62.99%, respectively. The adsorption capability of activated carbon for dimethyl phtha‐
late and di-n-butyl phthalate, two priority pollutants in water, were preferable. The removal
rates reached 93.27% and 57.02%. For haydite, there were 26 kinds of organic pollutants in
10 categories in corresponding treated water. The total peak area was removed by 29.68%.
The removal effects for amines, alkanes and phenols were satisfactory and the removal rates
were 68.71%, 49.97% and 41.19%, respectively. But in the case of phthalates, esters and alde‐
hydes the effects were not obviously, the same as dimethyl phthalate and di-nbutyl phtha‐
late. The species of organic pollutants were reduced from 36 to 20 by quartz sand. Most
notably, xylene, dimethyl phthalate and di-n-butyl phthalate in raw water were removed ef‐
ficiently. Xylene and di-n-butyl phthalate in tap water were removed absolutely, and di‐
methyl phthalate was removed by 59.59%.
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Cellulose acetate (CA) embedded with triolein (CA-triolein), was prepared as adsorbent for
the removal of persistent organic pollutants (POPs) from micro-polluted aqueous solution.
The comparison of CA-triolein, CA and granular activated carbon (GAC) for dieldrin re‐
moval was investigated. Results showed that CA-triolein absorbent gave a lowest residual
concentration after 24 h although GAC had high removal rate in the first 4 h adsorption.
Then the removal efficiency of mixed POPs (e.g. aldrin, dieldrin, endrin and heptachlor ep‐
oxide), absorption isotherm, absorbent regeneration and initial column experiments of CA-
triolein were studied in detail. The linear absorption isotherm and the independent
absorption in binary isotherm indicated that the selected POPs are mainly absorbed onto
CA-triolein absorbent by a partition mechanism. Thermodynamic calculations showed that
the absorption was spontaneous, with a high affinity and the absorption was an endother‐
mic reaction. Rinsing with hexane the CA-triolein absorbent can be regenerated after ab‐
sorption of POPs. No significant decrease in the dieldrin removal efficiency was observed
even when the absorption–regeneration process was repeated for five times. The results of
initial column experiments showed that the CA-triolein absorbent did not reach the break‐
through point at a breakthrough empty-bed volume (BV) of 3200 when the influent concen‐
tration was 1–1.5 l g/L and the empty-bed contact time (EBCT) was 20 min [90]

Activated coke (AC) was studied to adsorb organic pollutants from coking wastewater. The
study initially focused on the sorption kinetics and equilibrium sorption isotherms of AC for
the removal of chemical oxygen demand (COD) from coking wastewater. The results
showed that when the dose of AC was 200 g L−1, 91.6% of COD and 90% of color could be
removed after 6 h of agitation at 40oC. The kinetics of adsorption of COD from coking waste‐
water onto AC was fit to the pseudo-second order model. The adsorption of COD onto AC
was enhanced with an increase of temperature, indicating that the adsorption process would
be a chemical adsorption rather than a physical one [91].

Bottom ash, a kind of waste material generated from thermal coal-fired power plants, is gen‐
erally used in road bases and building materials. Bottom ash was used to remove the organ‐
ic pollutants in coking wastewater and papermaking wastewater. Particular attention was
paid on the effect of bottom ash particle size and dosage on the removal of chemical oxygen
demand (COD). The results show that the COD removal efficiencies increase with decreas‐
ing particle sizes of bottom ash, and the COD removal efficiency for coking wastewater is
much higher than that for papermaking wastewater due to its high percentage of particle
organic carbon (POC). Different trends of COD removal efficiency with bottom ash dosage
are also observed for coking and papermaking wastewaters because of their various POC
concentrations [92].

7.2. Adsorption on clays and clay minerals adsorbents

Several adsorbents were used for the removal of these pollutants. One of an effective and
low cost adsorbents is calys and clay minerals. Natural clay minerals due to their high sur‐
face area and molecular sieve structure are very effective sorbents for organic contaminants
of cationic or polar in character.Natural and modified clay minerals and zeolites are good
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candidates for improving activated carbon(AC) performance, because they have large sur‐
face areas for retention of pollutants [93].

Adsorbent prepared from organoclays and activated carbon were shown to remove a varie‐
ty of organic contaminants [94-95]. Montmorillonite was applied as adsorbent for the re‐
moval of cationic surfactants, while the hydrophilic surface of montmorillonite was
modified and used as adsorbent [96]. Calcined hydrocalcites was prepared and used to re‐
move organic anionic pesticides [97] from polluted water. Vesicle–clay complexes in which
positively charged vesicles composed of didodecyldimethy- lammonium bromide (DDAB)
were adsorbed on montmorillonite and removed efficiently anionic (sulfentrazone, imaza‐
quin) and neutral (alachlor, atrazine) pollutants from water. These complexes (0.5% w:w) re‐
moved 92–100% of sulfentrazone, imazaquin and alachlor,and 60% of atrazine from a
solution containing 10 mg/L. A synergistic effect on the adsorption of atrazine was observed
when all pollutants were present simultaneously (30 mg/L each), its percentage of removal
being 85.5. Column filters (18 cm) filled with a mixture of quartz sand and vesicle–clay
(100:1, w:w) were tested. For the passage of 1 L (25 pore volumes) of a solution including all
the pollutants at 10 mg/L each, removal was complete for sulfentrazone and imazaquin, 94%
for alachlor and 53.1% for atrazine, whereas removal was significantly less efficient when
using activated carbon. A similar advantage of the vesicle–clay filter was observed for the
capacities of removal. Table (4 ) show the removal efficiencies of organic pollutants from
water by DDAB-Clay complex adsorbent [98]

Data in parentheses correspond to the procedure when dried complex was added to the sol‐
ution, whereas the other case correspond to the removal after incubation with DDAB fol‐
lowed by clay addition.

Data in brackets are the predicted removal by Langmuir equation (binding coeffients)

Zhao et al. [99] prepared mesoporous silica materials and used it for adsorption of organic
pollutants in water. Mesoporous silica materials is performed using self-assembling micellar
aggregates of two surfactants: cetylpyridinium bromide (CPB) and cetyltrimethylammoni‐
um bromide (CTAB). The retention properties have been studied of these two kinds meso‐
porous silicas towards environmental pollutants (mono-, di-, tri-chloroacetic acid, toluene,
naphthalene and methyl orange). The effect of the composition (presence and absence of
surfactants, different kinds of surfactants) on the sorption performance has been considered.
They found that materials show excellent retention performance toward chloroacetic acids,
toluene, naphthalene and methyl orange. The materials without surfactants does not show,
if any, affinity for ionic and non-ionic analytes.

The applicability of mesoporous aluminosilica monoliths with three-dimensional structures
and aluminum contents with 19≤Si/Al≥1 was studied as effective adsorbents of organic mole‐
cules from an aqueous solution. Mesocage cubic Pm3n aluminosilica monoliths were success‐
fully fabricated using a simple, reproducible, and direct synthesis (scheme 2). The acidity of the
monoliths significantly increased with increasing amounts of aluminum species in the silica
pore framework walls. The batch adsorption of the organic pollutants onto (10 g/L) aluminosili‐
ca monoliths was performed in an aqueous solution at various temperatures. These adsorbents
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exhibit efficient removal of organic pollutants (e.g., aniline, pchloroaniline,o-aminophenol,
and p-nitroaniline) of up to 90% within a short period (in the order of minutes). In terms of prox‐
imity adsorption, the functional acid sites and the condensed and rigid monoliths with tunable
periodic scaffolds of the cubic mesocages are useful in providing easy-to-use removal assays for
organic compounds and reusable adsorbents without any mesostructural damage, even under
chemical treatment for a number of repeated cycles [100].

% removal Initial herbicide conc.

(mg/L)

DDAB Conc.(Mm) Pollutants

37.3±0.3

(57.4± 0.7)

56.6±1.0

(59.8±0.1)

[59.0]

8

8

3

5

Atrazine

94.9±0.8

(85.6±1.0)

95.5±0.1

(87.2±0.2)

[92.7]

10

10

3

6

Alachlor

73.6±0.4

(92.0±0.3)

75.52±0.3

(92.3±1.0)

[95.8]

10

10

3

6

Imazaquin

98.0±1.0

(99.7±0.1)

99.7±0.1

(99.7±0.1)

[99.9]

10

10

3

6

Sulfentrazone

Table 4. Removal of organic pollutants from water by DDAB-Clay complex adsorbent a,b (From Undabeytiaa et al. [98])

Modified clays were used as adsorbents for the removal of organic pollutants from waste‐
water. Two pillared clays are synthesized by intercalation of solutions of aluminium and zir‐
conium and evaluated as adsorbents for the removal of Orange II and Methylene Blue from
aqueous solutions. The contact time to attain equilibrium for maximum adsorption was
found to be 300 min. Both clays were found to have the same adsorption capacity when Or‐
ange II was used as adsorbent, whereas the adsorption capacity of Zr-PILC was higher (27
mg/g) than that of Al-PILC (21 mg/g)for Methylene Blue. The adsorption kinetics of dyes
has been studied in terms of pseudo-first- and -second-order kinetics, and the Freundlich,
Langmuir and Sips isotherm models have also been applied to the equilibrium adsorption
data. The addition of NaCl has been found to increase the adsorption capacities of the two
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candidates for improving activated carbon(AC) performance, because they have large sur‐
face areas for retention of pollutants [93].
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if any, affinity for ionic and non-ionic analytes.
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and p-nitroaniline) of up to 90% within a short period (in the order of minutes). In terms of prox‐
imity adsorption, the functional acid sites and the condensed and rigid monoliths with tunable
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chemical treatment for a number of repeated cycles [100].

% removal Initial herbicide conc.

(mg/L)

DDAB Conc.(Mm) Pollutants

37.3±0.3

(57.4± 0.7)

56.6±1.0

(59.8±0.1)

[59.0]

8

8

3

5

Atrazine

94.9±0.8

(85.6±1.0)

95.5±0.1

(87.2±0.2)

[92.7]

10

10

3

6

Alachlor

73.6±0.4

(92.0±0.3)

75.52±0.3

(92.3±1.0)

[95.8]

10

10

3

6

Imazaquin

98.0±1.0

(99.7±0.1)

99.7±0.1

(99.7±0.1)

[99.9]

10

10

3

6

Sulfentrazone

Table 4. Removal of organic pollutants from water by DDAB-Clay complex adsorbent a,b (From Undabeytiaa et al. [98])

Modified clays were used as adsorbents for the removal of organic pollutants from waste‐
water. Two pillared clays are synthesized by intercalation of solutions of aluminium and zir‐
conium and evaluated as adsorbents for the removal of Orange II and Methylene Blue from
aqueous solutions. The contact time to attain equilibrium for maximum adsorption was
found to be 300 min. Both clays were found to have the same adsorption capacity when Or‐
ange II was used as adsorbent, whereas the adsorption capacity of Zr-PILC was higher (27
mg/g) than that of Al-PILC (21 mg/g)for Methylene Blue. The adsorption kinetics of dyes
has been studied in terms of pseudo-first- and -second-order kinetics, and the Freundlich,
Langmuir and Sips isotherm models have also been applied to the equilibrium adsorption
data. The addition of NaCl has been found to increase the adsorption capacities of the two

Adsorption Technique for the Removal of Organic Pollutants from Water and Wastewater
http://dx.doi.org/10.5772/54048

183



pillared clays for Orange II Pillared InterLayered Clays (PILCs) are porous materials that
can be obtained by the intercalation of soils, thereby creating high value added materials
from natural solids [101]. Also, pillared clay adsorbent was used for the removal of ben‐
zo(a)pyrene and chlorophenols [102], chlorinated phenols from aqueous solution by surfac‐
tant-modified pillared clays [103] and herbicide Diuron on pillared clays [104].

Scheme 2. Aluminosilica monoliths with a disc-like shape (A) and mesocage pores (B) as adsorbents (C) of organic
compounds (I–IV) inside the mesocage cavity and onto pore surfaces of 3D cubic Pm3n structures (D). Note that 3D
TEM image (B) was recorded with aluminosilica monoliths with a Si/Al ratio of 4 ( From El-Safty et al. [100]).
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8. Conclusion

Organic pollutants in the ecosystem, especially persistent organic pollutants (POPs),are of
the most important environmental problems in the world. The literature reviewed revealed
that there has been a high increase in production and utilization of organic pollutants in last
few decades resulting in a big threat of pollution. Efficient techniques for the removal of
highly toxic organic compounds from water and wastewater have drawn significant inter‐
est. Adsorption is recognized as an effective and low cost technique for the removal of or‐
ganic pollutants from water and wastewater, and produce high-quality treated effluent. This
chapter highlighted the removal of organic pollutants using adsorption technique with dif‐
ferent kinds of natural and synthetic adsorbents.

Many researches have given considerable attention aimed at establishing to the removal effi‐
ciency of organic pollutants by adsorption technique. To decrease treatment costs, attempts
have been made to find inexpensive alternative activated carbon (AC), from waste materials
of industrial, domestic and agricultural activities. Also, clays and natural clay minerals, due
to their high surface area and molecular sieve structure, are very effective adsorbents for or‐
ganic contaminants. The chapter focus, reviews and evaluates literature dedicated on the ad‐
sorption phenomenon, different types of natural and synthetic adsorbents, adsorption of
dyes, phenols, pesticides and other organic pollutants. Finally it ended with recent research‐
es of organic pollutants adsorption on activated carbons, clays and clay minerals.

Abbreviations

AC Activated carbon, PCP Pentachlorophenol

CAC Commercial Activated carbon, PCDD/Fs polychlorinated dibenzo-p-dioxins and di‐
benzofurans

PAC powdered activated carbons, DDT dichloro-diphenyl-trichloroethane

ACC Activated carbon cloth adsorbent, DNOC 2,4-dinitrophenol (DNP) and 2-methyl-4,6-
dinitrophenol

WC Wood charcoal, HCB Hexachlorobenzene

GAC Granular activated carbon, CD Cyclodextrin

HIC Hemidesmus Indicus carbon, BP Bromopropylate

POPs Persistent organic pollutants, LDHs MgAl layered double hydroxides

BET Buruner, Emmett, and Teller, MTBE Methyl tert-butyl ether

TCP 2,4,6-trichlorophenol, MP Methyl parathion

DCP Dichlorophenol, TCEP Tris (2-chloroethyl) phosphate
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BA Bagasse ash, TC Tetracycline

BFD Blast furnace flue dust, DXC Doxycycline-hyclate

TWMP Treated watermelon peels, CTC Chlortetracycline-HCl

PPC Potato peels charcoal, CA Cellulose acetate

WBA Wood-shaving bottom ash, CA-triolein Cellulose acetate (CA) embedded with triolein

CDPs Cyclodextrin-based polymer, EBC Empty-bed contact time

CG Coffee grounds, DDAB Ddidodecyldimethy- lammonium bromide

MS Melon seeds, CPB Cetylpyridinium bromide

OP Orange peels, CTAB Cetyltrimethylammonium bromide

MB Methylene blue, EPA Environmental Protection Agency

RR141 Red Reactive, 141 WHO TheWorld Health Organisation

POPs Persistent organic pollutants, PhAcS Pharmaceutically active substances

OCPs Organochlorine pesticides, PCBs polychlorinated biphenyls

TMP Trimethoprim, PCP Pentachlorophenol

PhAcS Pharmaceutically active substances, PCDD/Fs polychlorinated dibenzo-p-dioxins
and dibenzofurans

PCBs polychlorinated biphenyls, DDT Dichloro-diphenyl-trichloroethane

COD Chemical oxygen demand, MW Molecular Weight
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MB Methylene blue, EPA Environmental Protection Agency

RR141 Red Reactive, 141 WHO TheWorld Health Organisation

POPs Persistent organic pollutants, PhAcS Pharmaceutically active substances

OCPs Organochlorine pesticides, PCBs polychlorinated biphenyls

TMP Trimethoprim, PCP Pentachlorophenol

PhAcS Pharmaceutically active substances, PCDD/Fs polychlorinated dibenzo-p-dioxins
and dibenzofurans

PCBs polychlorinated biphenyls, DDT Dichloro-diphenyl-trichloroethane

COD Chemical oxygen demand, MW Molecular Weight
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1. Introduction

A photocatalyst is defined as a substance which is activated by adsorbing a photon and is
capable of accelerating a reaction without being consumed [1]. These substances are invaria‐
bly semiconductors. Semiconducting oxide photocatalysts have been increasingly focused in
recent years due to their potential applications in solar energy conversion and environmen‐
tal purification. Semiconductor heterogeneous photocatalysis has enormous potential to
treat organic contaminants in water and air. This process is known as advanced oxidation
process (AOP) and is suitable for the oxidation of a wide range of organic compounds.
Among AOPs, heterogeneous photocatalysis have been proven to be of interest due to its
efficiency in degrading recalcitrant organic compounds. Developed in the 1970s, heteroge‐
neous photocatalytic oxidation has been given considerable attention and in the past two
decades numerous studies have been carried out on the application of heterogeneous photo‐
catalytic oxidation process with a view to decompose and mineralize recalcitrant organic
compounds. It involves the acceleration of photoreaction in the presence of a semiconductor
catalyst [2]. Several semiconductors (TiO2, ZnO, Fe2O3, CdS, ZnS) can act as photocatalysts
but TiO2 has been most commonly studied due to its ability to break down organic pollu‐
tants and even achieve complete mineralization. Photocatalytic and hydrophilic properties
of TiO2 makes it close to an ideal catalyst due to its high reactivity, reduced toxicity, chemi‐
cal stability and lower costs [3]. Fujishima and Honda [4] pioneered the concept of titania
photocatalysis (also known as “Honda-Fujishima effect”). Their work showed the possibility
of water splitting in a photoelectrochemical cell containing an inert cathode and rutile titania
anode. The applications of titania photoelectrolysis has since been greatly focused in envi‐
ronmental applications including water and wastewater treatment. This chapter provides
insight into the fundamentals of the TiO2 photocatalysis, discusses the effect of variables af‐
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fecting the performance of degradation of organic pollutants in water with a view to current
state of knowledge and future needs.

2. Mechanism and fundamentals of photocatalytic reactions

Heterogeneous photocatalysis using UV/TiO2 is one of the most common photocatalytic
process and is based on adsorption of photons with energy higher than 3.2 eV (wavelengths
lower than ~390 nm) resulting in initiating excitation related to charge separation event (gap
band) [5]. Generation of excited high-energy states of electron and hole pairs occurs when
wide bandgap semiconductors are irradiated higher than their bandgap energy. It results in
the promotion of an electron in the conductive band (eCB

−) and formation of a positive hole
in the valence band (hVB

+) [5] (Eq. 1). The hVB
+ and eCB

− are powerful oxidizing and reducing
agents, respectively. The hVB

+ reacts with organic compounds resulting in their oxidation
producing CO2 and H2O as end products (Eq. 2). The hVB

+ can also oxidize organic com‐
pounds by reacting with water to generate •OH (Eq. 3). Hydroxyl radical (•OH) produced
by has the second highest oxidation potential (2.80 V), which is only slightly lower than the
strongest oxidant – fluorine. Due to its electrophilic nature (electron preferring), the •OH can
non-selectively oxidize almost all electron rich organic molecules, eventually converting
them to CO2 and water (Eq. 4).

( ) - +
2 CB VBTiO + hv <387 nm   e + h® (1)

+
VB 2 2h + R  intermediates CO + H O® ® (2)

+ • +
2 VBH O + h OH + H® (3)

•
2 2OH + R  intermediates  CO + H O® ® (4)

where R represents the organic compound.

The conductive band can react with O2 forming an anion radical superoxide as shown in Eq.
5. Further reaction can lead to the formation of hydrogen peroxide which lead to the forma‐
tion of •OH [6]. The mechanism of the electron hole-pair formation when the TiO2 is irradia‐
tied is given in Figure 1 [7].

- •-
CB 2 2 e + O  O® (5)
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The presence of dissolved oxygen is extremely important during photocatalytic degradation
as it can make the recombination process on TiO2 (eCB

−/hVB
+) difficult which results in main‐

taining the electroneutrality of the TiO2 particles [5]. In other words, it is important for effec‐
tive photocatalytic degradation of organic pollutants that the reduction process of oxygen
and the oxidation of pollutants proceed simultaneously to avoid the accumulation of elec‐
tron in the conduction band and thus reduce the rate of recombination of eCB

− and hVB
+ [8, 9].

Figure 1. Mechanism of electron-hole pair formation in a TiO2 particle in the presence of pollutant in water [7].

3. Types of photocatalysts and their characteristics

A number of solids can be referred to as photocatalysts and as mentioned earlier, metal ox‐
ide semiconductors are considered to be the most suitable photocatalysts due to their photo‐
corrosion resistance and wide band gap energies [10]. Table 1 provides the band gap
energies at corresponding wavelength for well known semiconductors. TiO2 stands out as
the most effective photocatalyst and has been extensively used in water and wastewater
treatment studies because it is cost effective, thermally stable, non-toxic, chemically and bio‐
logically inert and is capable of promoting oxidation of organic compounds [11]. The photo‐
catalytic activity of TiO2 is dependent on surface and structural properties which include
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CB 2 2 e + O  O® (5)
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The presence of dissolved oxygen is extremely important during photocatalytic degradation
as it can make the recombination process on TiO2 (eCB

−/hVB
+) difficult which results in main‐

taining the electroneutrality of the TiO2 particles [5]. In other words, it is important for effec‐
tive photocatalytic degradation of organic pollutants that the reduction process of oxygen
and the oxidation of pollutants proceed simultaneously to avoid the accumulation of elec‐
tron in the conduction band and thus reduce the rate of recombination of eCB

− and hVB
+ [8, 9].

Figure 1. Mechanism of electron-hole pair formation in a TiO2 particle in the presence of pollutant in water [7].

3. Types of photocatalysts and their characteristics

A number of solids can be referred to as photocatalysts and as mentioned earlier, metal ox‐
ide semiconductors are considered to be the most suitable photocatalysts due to their photo‐
corrosion resistance and wide band gap energies [10]. Table 1 provides the band gap
energies at corresponding wavelength for well known semiconductors. TiO2 stands out as
the most effective photocatalyst and has been extensively used in water and wastewater
treatment studies because it is cost effective, thermally stable, non-toxic, chemically and bio‐
logically inert and is capable of promoting oxidation of organic compounds [11]. The photo‐
catalytic activity of TiO2 is dependent on surface and structural properties which include
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crystal composition, surface area, particle size distribution, porosity and band gap energy
[12]. TiO2 is also known as titania, titanic oxide, titanium white, titanic anhydride, or titanic
acid anhydride. It is prepared using ilmenite and rutile in crystalline forms called anatase
and rutile. The anatase form is achieved by processing of titanium sulphate, which is ach‐
ieved when ilmenite is treated with sulphuric acid. Rutile crystalline form is obtained when
raw rutile is chlorinated and the resulting titanium tetrachloride is subjected to vapor phase
oxidation [13]. When photon energy (hv) of higher than or equal to the bandgap energy of
TiO2 is illuminated onto its surface, typically 3.2 eV (anatase) or 3.0 eV (rutile), the lone elec‐
tron is photoexcited to the empty conduction band in femtoseconds [7]. Degussa P25 which
is the most widely used form of TiO2 is composed of 75% anatase and 25% rutile and has a
specific BET surface area of 50 m2/g. The high effectiveness of D25 is related to the inhibition
of recombination process on TiO2 (eCB

−/hVB
+) due to the smaller band gap of rutile that ab‐

sorbs photons and generates electron-hole pairs and the electron transfer from the rutile
conductive band to the electron traps occurs in the anatase phase [14].

Semiconductor Band gas energy (eV) Wavelength

TiO2 (rutile) 3.0 413

TiO2(anatase) 3.2 388

ZnO 3.2 388

ZnS 3.6 335

CdS 2.4 516

Fe2O3 2.3 539

Table 1. Band gap energies of various semiconductors at relevant wavelengths [15]

4. Radiation sources for photocatalysis

Both artificial UV lamps and sunlight can be used as the radiation source for photocatalytic
process. Artificial UV lamps containing mercury are the most commonly used source of UV
irradiation. These can be divided into low pressure mercury lamp, medium pressure mercu‐
ry lamp and high pressure mercury lamp. Sunlight has also been used in the photocatalytic
process as nearly 4-5% of the sunlight that reaches the earth’s surface is in the 300-400 nm
near UV light range. Furthermore solar energy has limitations due to the graphical varia‐
tions when compared with the artificial UV lamps. However ongoing interests and develop‐
ments in harnessing solar energy are expected to increase its use in photocatalytic
degradation applications.
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5. Photocatalytic reactors

Photocatalytic reactors can be classified based on the deployed state of the photocatalyst,
i.e., suspended or attached. Photocatalytic reactors can use either UV or solar radiation. So‐
lar photocatalytic reactors have been of great interest for the photoxodation of organic con‐
taminants in water. Such kind of reactors can be divided into concentrating or non-
concentrating reactors [16]. Both the reactor types extend certain advantages and
disadvantages. For example, non-concentrating reactors have negligible optical losses and
therefore can use direct and diffuse sun irradiation but are larger in size compared with the
concentrating reactors and have high frictional pressure losses [16]. However, the use of so‐
lar radiated photoreactors is limited due to the intrinsic nature of the TiO2 particles. Follow‐
ing section provides details on the type of reactors used in various studies for the
degradation of organic pollutants in water.

5.1. Slurry reactors

Until recently, TiO2 slurry reactors are most commonly type used in water treatment. These
show largest photocatalytic activity compared with the immobilized photocatalyst and pro‐
vide a high total surface area of photocatalyst per unit volume which is one of the most impor‐
tant factor configuring a photocatalytic reactor [7]. However, these reactors require separation
of the sub-micron TiO2 particles from the treated water which complicates the treatment proc‐
ess. Several techniques were proposed to achieve post-treatment separation such as the use of
settling tanks (overnight particle settling) or external cross-flow filtration system [7]. However
the use of filtrations systems increases the cost of the treatment process.

5.2. Immobilized TiO2 reactors

Photocatalytic reactors with immobilized TiO2 are those in which catalyst is fixed to support
via physical surface forces or chemical bonds. These reactors extend the benefit of not re‐
quiring catalyst recovery and permit the continuous use of the photocatalyst [16]. Hybrid
photocatalytic membrane reactors have been developed to achieve the purpose of down‐
stream separation of photocatalyst. The photocatalytic membrane reactors can be general‐
ized in two categories (1) irradiation of the membrane module and (2) irradiation of feed
tank containing photocatalyst in suspension [17]. Various membranes such as microfiltra‐
tion, ultrafiltration, and nanofiltration membranes may be used for this purpose depending
on the requirements of the treated water quality [7]. Photocatalytic membrane reactors have
been successfully used for the degradation of tricholoroethylene and 4-nitrophenol [18, 19].
However, these reactors possess drawbacks such as low surface area to volume ratios, cata‐
lyst fouling and significant pressure drop [16]. Another problem associated with the mem‐
brane photocatalytic reactors is the diffusion of organic compounds to the catalyst surface
which is slow particularly when the organic compounds concentration is low [20]. One pos‐
sible solution to the slow diffusion is using pores of nano size to enable photocatalyst to per‐
form selective permeation and to produce an oxidized permeate stream [21].
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It can be observed that the photocatalytic reactors can be either slurry or immobilized sys‐
tems and each possess certain advantages and disadvantages related to their design and effi‐
ciency. Further research on the design and energy efficiency of photocatalytic reactors could
make photocatalytic degradation process more feasible for future applications in water
treatment. Membrane photoreactors appear to be a promising alternative to conventional
photoreactors and more research in this area can assist overcome some of the problems
faced with the use of conventional reactors.

6. Factors affecting the degradation performance

6.1. Catalyst loading

The amount of TiO2 being directly proportional to the overall photocatalytic reaction rate,
the concentration of the TiO2 particles affects the overall photocatalysis reaction rate in a
true heterogeneous catalytic regime [2]. However, when the amount of TiO2 is above certain
level (saturation stage), the light photon adsorption co-efficient decreases radially and the
excess photocatalyst can create a light screening effect that leads to the reduction in the sur‐
face area exposed to irradiation and thus reduces the photocatalytic efficiency of the process
[7]. A number of studies have reported the effect of TiO2 loadings on the treatment efficiency
of the photocatalytic reactor [2, 22-24]. Although a direct comparison between these studies
is difficult to be made due to the differences in the working geometry, radiation fluxes and
wavelengths used, it was evident that the optimum dosages of photocatalyst loading were
dependent on the dimension of the reactor. The importance of the determination of the reac‐
tor diameter has been emphasized to achieve effective photon absorption [25]. The optimum
dosage of TiO2 used by various authors either alone or in combination with other catalysts is
given in Table 2.

6.2. pH of the solution

The effect of pH on the photocatalytic reaction has been extensively studied [26, 27] due to
the fact that photocatalytic water treatment is highly dependent on the pH as it affects the
charge on the catalyst particles, size of aggregates and the position of conductance and val‐
ance bands [7]. Furthermore the surface of the TiO2 can be protonated or deprotonated un‐
der acidic or alkaline conditions [2], respectively according to the reaction given below.

+ +
2TiOH + H   TiOH® (6)

- -
2TiOH + OH    TiO + H O® (7)

The point of zero discharge for P25 Degussa, the most commonly used form of TiO2 is 6.9 [28].
Therefore the surface of the TiO2 is positively charged under acidic conditions and negatively
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charged under alkaline conditions. The maximum oxidizing capacity of the titania is at lower
pH however the reaction rate is known to decrease at low pH due to excess H+ [29]. The selec‐
tion of pH is thus need to be appropriate in order to achieve maximum degradation efficiency.

Target compound Photocatalyst Optimum dosage (g/L) References

Erioglaucine TiO2 0.3 [23]

Tebuthioron TiO2 5 [33]

Propham TiO2 5 [33]

Triclopyr TiO2 2 [34]

Phorate TiO2 0.5 [54]

Turbophos TiO2 0.5 [55]

Trichlorfon TiO2 8 [56]

Methamodiphos Re- TiO2 1 [57]

Methylene blue La-Y/TiO2 4 [58]

Carbendazim TiO2 0.07 [59]

Direct red 23 Ag-TiO2 3 [60]

Phenol Pr- TiO2 1 [61]

Carbofuran TiO2 0.1 [62]

Beta-cypermethrin RuO2-TiO2 5 [63]

Aniline Pt-TiO2 2.5 [64]

Benzylamine Pt-TiO2 2.5 [64]

Glyphosate TiO2 6 [65]

Picloram TiO2 2 [66]

Floumeturon TiO2 3 [67]

Imazapyr TiO2 2.5 [68]

Table 2. Optimum dosage of photocatalyst for degradation of organic compounds

6.3. Size and structure of the photocatalyst

Surface morphology such as particle size and agglomerate size, is an important factor to
be considered in photocatalytic degradation process because there is a direct relationship
between organic compounds and surface coverage of the photocatalyst [30]. The number
of photon striking the photocatalyst controls the rate of reaction which signifies that the
reaction takes place only in the absorbed phase of the photocatalyst [2, 31]. A number of
different forms of TiO2 have been synthesized to achieve the desired characteristics of the
photocatalyst [32]. Some of the examples include UV100, PC500 and TTP. For the degra‐
dation  of  various  organic  compound such  as  pesticides  and  dyes,  the  efficacy  of  these
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photocatalysts has generally been reported in the order of Degussa P25 > UV100 > PC500
>TTP [33-36].

6.4. Reaction temperature

An increase in reaction temperature generally results in increased photocatalytic activity
however reaction temperature >80oC promotes the recombination of charge carriers and dis‐
favor the adsorption of organic compounds on the titania surface [2]. A reaction tempera‐
ture below 80oC favours the adsorption whereas further reduction of reaction temperature
to 0oC results in an increase in the apparent activation energy [7]. Therefore temperature
range between 20-80oC has been regard as the desired temperature for effective photominer‐
alization of organic content.

6.5. Concentration and nature of pollutants

The rate of photocatalytic degradation of certain pollutant depends on its nature, concentra‐
tion and other existing compounds in water matrix. A number of studies have reported the de‐
pendency of the TiO2 reaction rate on the concentration of contaminants in water [37]. High
concentration of pollutants in water saturates the TiO2 surface and hence reduces the photonic
efficiency and deactivation of the photocatalyst [38]. In addition to the concentration of pollu‐
tants, the chemical structure of the target compound also influences the degradation perform‐
ance of the photocatalytic reactor. For example, 4-chlorophenol requires prolonged irradiation
time due to its transformation to intermediates compared with oxalic acid that transforms di‐
rectly to carbon dioxide and water, i.e., complete mineralization [39]. Furthermore if the nature
of the target water contaminants is such that they adhere effectively to the photocatalyst sur‐
face the process would be more effective in removing such compounds from the solution.
Therefore the photocatalytic degradation of aromatics is highly dependent on the substituent
group [2]. The organic substrates with electron withdrawing nature (benzoic acid, nitroben‐
zene) strongly adhere to the photocatalyst and therefore are more susceptible to direct oxida‐
tion compared with the electron donating groups [40].

6.6. Inorganic ions

Various inorganic ions such as magnesium, iron, zinc, copper, bicarbonate, phosphate, ni‐
trate, sulfate and chloride present in wastewater can affect the photocatalytic degradation
rate of the organic pollutants because they can be adsorbed onto the surface of TiO2 [41-43].
Photocatalytic deactivation has been reported whether photocatalyst is used in slurry or
fixed-bed configuration which is related to the strong inhibition from the inorganic ions on
the surface of the TiO2 [44]. A number of studies have been conducted on the effect of inor‐
ganic ions (anions and cations) on TiO2 photocatalytic degradation [30, 45-51]. Some of the
cations such as copper, iorn and phosphate have been reported to decrease the photodegra‐
dation efficiency if they are present at certain concentrations whereas calcium, magnesium
and zinc have little effect on the photodegradation of organic compounds which is associat‐
ed to the fact that these cations have are at their maximum oxidation states that results in
their inability to have any inhibitory effect on the degradation process [7].
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The inorganic anions such as nitrate, chlorides, carbonates and sulphates are also known to
inhibit the surface activity of the photocatalyst. The presence of salts diminishes the colloi‐
dal stability, increases mass transfer and reduces the surface contact between the pollutant
and the photocatalyst [7]. Other than fouling of the TiO2 surface certain anions such as chlor‐
ides, carbonates, phosphate and sulphates also scavenge both the hole and the hydroxyl rad‐
icals [52]. The mechanism of hole and radical scavenging by chloride has been proposed by
Matthews and McEnvoy [53] as follows.

- • • -Cl + OH  Cl + OH® (8)

- + •Cl + h  Cl® (9)

The inhibitory effect of chloride ions occurs through preferential adsorption displacement
mechanism which results in reducing the number of OH- available on the photocatalyst sur‐
face [7].

The fouling of photocatalytic surface can be reduced by pre-treatment of water such as with
ion exchange resins which have been reported to reduce the fouling and so the cost of treat‐
ment (Burns et al., 1999). Similarly the fouling induced by sulphates and phosphates has
been reported to be displaced by NaOH, KOH and NaHCO3 [41]. However, most of studies
conducted on the effect of inorganic ions are based on the model compounds and therefore
do not necessarily represent their effect in real water matrix where several ions exist. More
work concentrating on the effect of complex mixtures of inorganic ions is thus required.

7. Conclusions

Photocatalytic degradation of organic pollutants is promising technology due to its advant‐
age of degradation on pollutants instead of their transformation under ambient conditions.
The process is capable of removing a wide range of organic pollutants such as pesticides,
herbicides, and micropollutants such as endocrine disrupting compounds. Although signifi‐
cant amount of research has been conducted on TiO2 photocatalysis at laboratory scale, its
application on industrial scale requires certain limitations to be addressed. However the ap‐
plication of this treatment is constrained by several factors such as wide band gap (3.2eV),
lack and inability of efficient and cost-effective catalyst for high photon-efficiency to utilize
wider solar spectra. The effect of variables is required to be further studied in real water ma‐
trix to achieve representative results. The results achieved can be used to optimize the proc‐
ess and design appropriate reactor for potential large scale applications. The use of solar
radiation has to be improved by virtue of the design of the photoreactor in order to reduce
the cost of treatment. Further research to investigate the degradation of the real water con‐
stituents is required to better comprehend the process applications.
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herbicides, and micropollutants such as endocrine disrupting compounds. Although signifi‐
cant amount of research has been conducted on TiO2 photocatalysis at laboratory scale, its
application on industrial scale requires certain limitations to be addressed. However the ap‐
plication of this treatment is constrained by several factors such as wide band gap (3.2eV),
lack and inability of efficient and cost-effective catalyst for high photon-efficiency to utilize
wider solar spectra. The effect of variables is required to be further studied in real water ma‐
trix to achieve representative results. The results achieved can be used to optimize the proc‐
ess and design appropriate reactor for potential large scale applications. The use of solar
radiation has to be improved by virtue of the design of the photoreactor in order to reduce
the cost of treatment. Further research to investigate the degradation of the real water con‐
stituents is required to better comprehend the process applications.
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Chapter 9

Advances in Electrokinetic Remediation for
the Removal of Organic Contaminants in Soils

Claudio Cameselle, Susana Gouveia,
Djamal Eddine Akretche and Boualem Belhadj

Additional information is available at the end of the chapter
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1. Introduction

Soil contamination is associated to industrial activities, mining exploitations and waste
dumping. It is considered a serious problem since it affects not only the environment, living
organisms and human health, but also the economic activities associated with the use of soil
[1]. The risks associated with soil contamination and soil remediation are important points
in the agenda of politicians, technicians and scientific community. The present legislation es‐
tablishes a legal frame to protect the soil from potentially contaminant activities; however,
the present situation of soil contamination is the result of bad practices in the past, especially
related to bad waste management [2-3].

Soil contamination affects living organisms in the subsurface but also affects the plants that
accumulate contaminants as they grow. Thus, contaminants enter the food chain with a po‐
tential impact in public health [4]. On the other hand, contaminants can be washed out the
soil by rain and groundwater, resulting in the dissemination of the contamination. This
process is not desirable because the area affected by the contaminants is bigger and bigger
and the possible remediation is more difficult and costly as the affected area grows [5].
Therefore, soil contamination is a serious problem that requires a rapid solution in order to
prevent more environmental damages. Prevention is the best “technology” to save our soils
from the contamination. A strict management of the wastes and good environmental practi‐
ces associated to industrial activities, mining, transportation and dumping management are
required to prevent the contamination of the environment. However, many sites have been
identified as contaminated sites. The European Union, USA, Canada, Japan and South Korea
made a lot of efforts in recent years to identify the contaminated sites in each country. The
new legislation, especially in the European Union, forces the administration to identify the
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1. Introduction

Soil contamination is associated to industrial activities, mining exploitations and waste
dumping. It is considered a serious problem since it affects not only the environment, living
organisms and human health, but also the economic activities associated with the use of soil
[1]. The risks associated with soil contamination and soil remediation are important points
in the agenda of politicians, technicians and scientific community. The present legislation es‐
tablishes a legal frame to protect the soil from potentially contaminant activities; however,
the present situation of soil contamination is the result of bad practices in the past, especially
related to bad waste management [2-3].

Soil contamination affects living organisms in the subsurface but also affects the plants that
accumulate contaminants as they grow. Thus, contaminants enter the food chain with a po‐
tential impact in public health [4]. On the other hand, contaminants can be washed out the
soil by rain and groundwater, resulting in the dissemination of the contamination. This
process is not desirable because the area affected by the contaminants is bigger and bigger
and the possible remediation is more difficult and costly as the affected area grows [5].
Therefore, soil contamination is a serious problem that requires a rapid solution in order to
prevent more environmental damages. Prevention is the best “technology” to save our soils
from the contamination. A strict management of the wastes and good environmental practi‐
ces associated to industrial activities, mining, transportation and dumping management are
required to prevent the contamination of the environment. However, many sites have been
identified as contaminated sites. The European Union, USA, Canada, Japan and South Korea
made a lot of efforts in recent years to identify the contaminated sites in each country. The
new legislation, especially in the European Union, forces the administration to identify the
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contaminated sites and evaluate the risks associated to the environment and public health.
Then, the remediation of those sites must be carried out, starting with the riskier sites for
humans and living organisms [6]. This is the aim of the present legislation in Spain about
the management of wastes and soil contamination [7, 8] which is the transposition of the Eu‐
ropean Directive 2008/98/CE [9].

Soil remediation implies the application of a technology able to remove or eliminate the con‐
taminants following by the restoration of the site to the original state. So far, it sounds easy
to do. However, there is not a technology able to remove any kind of contaminants in any
kind of soil. Moreover, the restoration of the site to the original state is not always possible
due to the characteristics of the soil and/or the remediation technology. Thus, the common
objective in soil remediation is to remove the contaminants to a safe level for humans and
the environment, and restore the properties of the soil to a state appropriate for the common
soil uses [10-12]. So, the final target concentration to consider the soil non-contaminated will
be different depending on the future use of the soil: urban, agriculture or industrial.

During the last 20 years, scientist and technicians spent a lot of efforts in the developing of
innovative technologies for soil remediation [13]. Those technologies use the physical, chem‐
ical and biological principles to remove and/or eliminate the contaminants from soil. Thus,
for instance, bioremediation uses the capacity of soil microorganisms to degrade organic
contaminants into the soil [14]. Thermal desorption was designed to remove volatile and
semi-volatile organics. Gasoline, BETX, chlorinated organics can be removed by thermal de‐
sorption, but also PAHs or PCBs [15]. Soil washing uses a solution in water to dissolve the
contaminants from soil. Once the soil is clean, it can be stored in the same place and the con‐
taminants will undergo a stabilization process [16]. Soil remediation technologies can be ap‐
plied in situ, i.e. in the contaminated site without excavation, or ex-situ: the soil is excavated
and it is treated in a facility specifically designed for the remediation process. In situ tech‐
nologies are preferred because they results in lower costs, less exposition to the contami‐
nants and less disruption of the environment. However, the control of the operation is more
difficult and depending on the permeability of the soil and soil stratification, the operation
may results in very poor results. On the other hand, ex-situ technologies permit a better con‐
trol of the operation, and the remediation results are not very affected by some soil charac‐
teristics as permeability and stratification [17-19].

2. Electrokinetic remediation: Basis and applications

Electrokinetic remediation is an environmental technique especially developed for the re‐
moval of contaminants in soil, sediments and sludge, although it can be applied to any solid
porous material [20]. Electrokinetic remediation is based in the application of a direct elec‐
tric current of low intensity to the porous matrix to be decontaminated [21]. The effect of the
electric field induces the mobilization and transportation of contaminants through the po‐
rous matrix towards the electrodes, where they are collected, pumped out and treated. Main
electrodes, anode and cathode, are inserted into the soil matrix, normally inside a chamber
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which is fill with water or the appropriate solution to enhance the removal of contaminants
(Figure 1). Typically, a voltage drop of 1 VDC/cm is applied to the main electrodes.

Figure 1. Application of the electrokinetic remediation in a contaminated site.

Contaminants are transported out of the soil due several transportation mechanisms in‐
duced by the electric field [22, 23]:

• Electromigration is defined as the transportation of ions in solution in the interstitial fluid
in the soil matrix towards the electrode of the opposite charge (Figure 2). Cations move
toward the cathode (negative electrode), and anions move toward the anode (positive
electrode). The ionic migration or electromigration depends on the size and charge of the
ion and the strength of the electric field.

• Electro-osmosis is the net flux of water or interstitial fluid induced by the electric field
(Figure 2). Electro-osmosis is a complex transport mechanism that depends on the electric
characteristics of the solid surface, the properties of the interstitial fluid and the interac‐
tion between the solid surface and the components in solution. The electro-osmotic flow
transports out of the porous matrix any chemical species in solution. Soils and sediments
are usually electronegative (solid particles are negatively charged), so the electro-osmotic
flow moves toward the cathode. In the case of electropositive solid matrixes, the electro-
osmotic flow moves toward the anode. Detailed information about electro-osmosis can be
found in literature [24].
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Contaminants are transported out of the soil due several transportation mechanisms in‐
duced by the electric field [22, 23]:

• Electromigration is defined as the transportation of ions in solution in the interstitial fluid
in the soil matrix towards the electrode of the opposite charge (Figure 2). Cations move
toward the cathode (negative electrode), and anions move toward the anode (positive
electrode). The ionic migration or electromigration depends on the size and charge of the
ion and the strength of the electric field.

• Electro-osmosis is the net flux of water or interstitial fluid induced by the electric field
(Figure 2). Electro-osmosis is a complex transport mechanism that depends on the electric
characteristics of the solid surface, the properties of the interstitial fluid and the interac‐
tion between the solid surface and the components in solution. The electro-osmotic flow
transports out of the porous matrix any chemical species in solution. Soils and sediments
are usually electronegative (solid particles are negatively charged), so the electro-osmotic
flow moves toward the cathode. In the case of electropositive solid matrixes, the electro-
osmotic flow moves toward the anode. Detailed information about electro-osmosis can be
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• Electrophoresis is the transport of charged particles of colloidal size and bound contami‐
nants due to the application of a low direct current or voltage gradient relative to the sta‐
tionary pore fluid. Compared to ionic migration and electro-osmosis, mass transport by
electrophoresis is negligible in low permeability soil systems. However, mass transport
by electrophoresis may become significant in soil suspension systems and it is the mecha‐
nism for the transportation of colloids (including bacteria) and micelles.

• Diffusion refers to the mass transport due to a concentration gradient, not to a voltage gradi‐
ent as the previous transport mechanisms. During the electrokinetic treatment of contami‐
nated soils, diffusion will appear as a result of the concentration gradients generated by the
electromigration and electro-osmosis of contaminants. Diffusive transport is often neglect‐
ed considering its lower velocity compared to electromigration and electro-osmosis.

Figure 2. Transport mechanisms in electrokinetic remediation

The two main transport mechanisms in electrokinetic remediation are electromigration and
electro-osmosis [25]. The extent of electromigration of a given ion depends on the conductiv‐
ity of the soil, soil porosity, pH gradient, applied electric potential, initial concentration of
the specific ion and the presence of competitive ions. Electromigration is the major transport
processes for ionic metals, polar organic molecules, ionic micelles and colloidal electrolytes.

The electro-osmotic flow depends on the dielectric constant and viscosity of pore fluid as well
as the surface charge of the solid matrix represented by zeta potential. The zeta potential is a
function of many parameters including the types of clay minerals and ionic species that are
present as well as the pH, ionic strength, and temperature. Electro-osmosis is considered the
dominant transport process for both organic and inorganic contaminants that are in dissolved,
suspended, emulsified or such similar forms. Besides, electro-osmotic flow though low perme‐
ability regions is significantly greater than the flow achieved by an ordinary hydraulic gradi‐
ent, so the electro-osmotic flow is much more efficient in low permeability soils [26].

The application of an electric field to a moisten porous matrix also induces chemical reac‐
tions into the soil and upon the electrodes that decisively influences the chemical transporta‐
tion and speciation of the contaminants and other constituents of the soil. Chemical
reactions include acid-alkaline reactions, redox reaction, adsorption-desorption and dissolu‐
tion-precipitation reactions. Such reactions dramatically affect the speciation of the contami‐
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nants and therefore affect the transportation and contaminant removal efficiency [27]. The
main reaction in the electrochemical/electrokinetic systems is the decomposition of water
that occurs at the electrodes. The electrolytic decomposition of water reactions generates
oxygen gas and hydrogen ions (H+) due to oxidation at the anode and hydrogen gas and hy‐
droxyl (OH−) ions due to reduction at the cathode as shown in equations 1 and 2.

At Anode (Oxidation):

( ) (
0

2 aq 2 gas)2 H O  4 e- + 4H+ + O    E =-1.229 V® (1)

At Cathode (Reduction):

( ) ( )
- 0

2 2 gas aq4 H O + 4 e-  2 H + 4 OH   E =-0.828 V® (2)

Essentially, acid is produced at the anode and alkaline solution is produced at the cathode,
therefore, pH in the cathode is increased, while pH at the anode is decreased. The migration
of H+ ions from the anode and OH− from the cathode into the soil leads to dynamic changes
in soil pH. H+ is about twice as mobile as OH−, so the protons dominate the system and an
acid front moves across the soil until it meets the hydroxyl front in a zone near the cathode
where the ions may recombine to generate water. Thus, the soil is divided in tow zones with
a sharp pH jump in between: a high pH zone close to the cathode, and a low pH zone on the
anode side. The actual soil pH values will depend on the extent of transport of H+ and OH−

ions and the geochemical characteristics of the soil. The implications of these electrolysis re‐
actions are enormous in the electrokinetic treatment since they impact the absorption/
desorption of the contaminants, the dissolution/precipitation reactions, chemical speciation
and the degradation of the contaminants. Moreover, pH changes into the soil affects the con‐
taminant migration, and the evolution of the electro-osmotic flow which is decisive in the
removal of non-charged organic contaminants [20]. In electrokinetic remediation, it is also
common the use of chemical to enhance the dissolution and the transportation of the con‐
taminants. The enhancing chemical are going to interact with the soil and the contaminants,
therefore it is necessary to evaluate the geochemistry of the soil and the possible reactions
with the enhancing chemicals, considering at the same time the effect of the pH, in order to
design a satisfactory technique that removes or eliminates the contaminants keeping the nat‐
ural properties of the soil for its use after the remediation process.

3. Removal of organic contaminants by electrokinetics: Limitations and
enhancements

Electrokinetic remediation was first proposed and tested for the removal of heavy metals and
other charged inorganic contaminants in soils, sediments and sludges. However, the electroki‐
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netic remediation is also useful for the removal or elimination of organic contaminants [28].
Considering the different physico-chemical properties of the organic contaminants compared
to the properties of heavy metals, the operating conditions of the electrokinetic treatment and
the enhancing chemicals will be rather different than those used for heavy metal polluted soils.
The main transportation mechanisms in electrokinetic remediation are: electromigration and
electro-osmosis. In general, the more dangerous and persistent organic contaminants are not
soluble in water (which is the interstitial fluid in natural soils) and are neither ionic nor ioniza‐
ble molecules. Therefore, electromigration cannot be considered as the transport mechanisms
for organic contaminants. Electro-osmosis is the net flux of water in the soil matrix that flows
through the soil from one electrode to the other due to the effect of the electric field. Electro-os‐
motic flow moves towards the cathode in electronegatively charged soils, which is the most
common case. Again, organic contaminants are not soluble in water and therefore their elimi‐
nation from soils cannot be achieved in an unenhanced electrokinetic treatment. In order to
achieve an effective removal or elimination of organic contaminants from soils, their solubility
in has to be enhanced with the use of co-solvents, surfactants or any other chemical agent. Al‐
ternatively, the removal or elimination of organic contaminants can be achieved by the combi‐
nation  of  electrokinetics  and  other  remediation  techniques  such  as  chemical  oxidation/
reduction, permeable reactive barriers, electrolytic reactive barriers or thermal treatment. For
the removal of organic contaminants, both solubilization of the contaminants and adequate
electro-osmotic flow are required, which appear to be quite challenging to accomplish simulta‐
neously. The electro-osmotic flow is found to be dependent on the magnitude and mode of
electric potential application. The electro-osmotic flow is higher initially under higher electric
potential, but it reduces rapidly in a short period of time. Interestingly, the use of effective solu‐
bilizing agent (surfactant) and periodic voltage application was found to achieve the dual ob‐
jectives of generating high and sustained electro-osmotic flow and at the same time induce
adequate mass transfer into aqueous phase and subsequent removal. Periodic voltage applica‐
tion consists of a cycle of continuous voltage application followed by a period of “down time”
where the voltage was not applied was found to allow time for the mass transfer, or the diffu‐
sion of the contaminant from the soil matrix, to occur and also polarize the soil particles. Sever‐
al laboratory studies have demonstrated such desirable electro-osmotic flow behavior in a
consistent manner, but field demonstration projects are needed to validate these results under
scale-up field conditions [29, 30].

Figure 3. Chemical structure of reactive black 5
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3.1. Electrokinetic removal of soluble organics

Although most dangerous organic contaminants in soils, sediments and sludges are persis‐
tent hydrophobic organics, several works in literature focused on the treatment of soils with
soluble organics. Thus, reactive black 5 is a common dye used in the industry. Reactive
black 5 is a complex organic molecule difficult to biodegrade in the environment and shows
a significant toxicity for living organisms in soils and water. Reactive black 5 is soluble in
water, but it can be retained in soils and sediments adsorbed upon the surface of mineral
particles and organic matter. Considering the chemical structure of the reactive black 5 (fig‐
ure 3), the molecule can be ionized at alkaline pH when the sulfonic groups are neutralized
forming an anion with 4 negative charges. In this conditions, reactive black 5 can be trans‐
ported by electrokinetics toward the anode, but only if the molecule is in solution. The de‐
sorption of the molecule can be achieved using potassium sulfate as flushing solution in the
anode and cathode chambers. Figure 4 shows the advance of the Reactive Black 5 toward the
anode by electromigration. The advance of the day is evident in the 4th day of treatment, and
it is completely removed from the soil in 5 days. The removal of Reactive black 5 is only pos‐
sible when the molecule is desorbed from the soil particles but the electromigration was on‐
ly possible when the pH into the soil was alkaline [31]. The pH was controlled in the anode
(the left hand side in figure 4) at a value below 7 and the alkaline front electrogenerated at
the cathode (the right hand side in figure 4) advanced through the soil favoring the dissolu‐
tion and electromigration of reactive black 5. Negligible Reactive Black 5 was observed if the
pH into the soil was not alkaline.

3.2. Co-solvents

Most of organic contaminants of environmental concern are practically insoluble in water but
they can be dissolved in other organic solvents. Thus, the use of other processing fluid than wa‐
ter may help in the desorption and dissolution of the organic contaminants in soils, sediments
and sludges. Electrokinetic remediation is an in situ technique, and water is always present in
soils. So, the organic solvent will not be used alone but in combination with water as a co-sol‐
vent. Thus, the possible organic solvents to be used are now reduced to those miscible with wa‐
ter. But this is not the unique condition a co-solvent has to meet. Organic co-solvents have to be
safe for the environment or with a minor environmental impact, and it has to be easy to recover
from soil after the treatment. Apart from the environmental limitations in the selection of the
co-solvents, there are also some technical aspects to take into account. The use of co-solvents
mixed with water decreases the conductivity of the processing fluid due to the decrease of salts
solubility in the organic co-solvent. It decreases the current intensity through the soil. The pres‐
ence of an organic co-solvent will also affects the viscosity of the processing fluid and change
the interaction between the processing fluid and the soil particles. Those alterations will im‐
pact directly the evolution of the electro-osmotic flow which is the main transportation mecha‐
nism for the removal of organic contaminants. Any rate, the increase in the contaminant
solubility due to the use of the co-solvent may largely compensate the decrease in the electroos‐
motic flow, being the result positive for the removal of the organic contaminants. Some of the
co-solvents used in literature are: ethanol, n-butanol, n-butylamine, tetrahydrofuran, or ace‐
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tion consists of a cycle of continuous voltage application followed by a period of “down time”
where the voltage was not applied was found to allow time for the mass transfer, or the diffu‐
sion of the contaminant from the soil matrix, to occur and also polarize the soil particles. Sever‐
al laboratory studies have demonstrated such desirable electro-osmotic flow behavior in a
consistent manner, but field demonstration projects are needed to validate these results under
scale-up field conditions [29, 30].

Figure 3. Chemical structure of reactive black 5
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3.1. Electrokinetic removal of soluble organics

Although most dangerous organic contaminants in soils, sediments and sludges are persis‐
tent hydrophobic organics, several works in literature focused on the treatment of soils with
soluble organics. Thus, reactive black 5 is a common dye used in the industry. Reactive
black 5 is a complex organic molecule difficult to biodegrade in the environment and shows
a significant toxicity for living organisms in soils and water. Reactive black 5 is soluble in
water, but it can be retained in soils and sediments adsorbed upon the surface of mineral
particles and organic matter. Considering the chemical structure of the reactive black 5 (fig‐
ure 3), the molecule can be ionized at alkaline pH when the sulfonic groups are neutralized
forming an anion with 4 negative charges. In this conditions, reactive black 5 can be trans‐
ported by electrokinetics toward the anode, but only if the molecule is in solution. The de‐
sorption of the molecule can be achieved using potassium sulfate as flushing solution in the
anode and cathode chambers. Figure 4 shows the advance of the Reactive Black 5 toward the
anode by electromigration. The advance of the day is evident in the 4th day of treatment, and
it is completely removed from the soil in 5 days. The removal of Reactive black 5 is only pos‐
sible when the molecule is desorbed from the soil particles but the electromigration was on‐
ly possible when the pH into the soil was alkaline [31]. The pH was controlled in the anode
(the left hand side in figure 4) at a value below 7 and the alkaline front electrogenerated at
the cathode (the right hand side in figure 4) advanced through the soil favoring the dissolu‐
tion and electromigration of reactive black 5. Negligible Reactive Black 5 was observed if the
pH into the soil was not alkaline.

3.2. Co-solvents

Most of organic contaminants of environmental concern are practically insoluble in water but
they can be dissolved in other organic solvents. Thus, the use of other processing fluid than wa‐
ter may help in the desorption and dissolution of the organic contaminants in soils, sediments
and sludges. Electrokinetic remediation is an in situ technique, and water is always present in
soils. So, the organic solvent will not be used alone but in combination with water as a co-sol‐
vent. Thus, the possible organic solvents to be used are now reduced to those miscible with wa‐
ter. But this is not the unique condition a co-solvent has to meet. Organic co-solvents have to be
safe for the environment or with a minor environmental impact, and it has to be easy to recover
from soil after the treatment. Apart from the environmental limitations in the selection of the
co-solvents, there are also some technical aspects to take into account. The use of co-solvents
mixed with water decreases the conductivity of the processing fluid due to the decrease of salts
solubility in the organic co-solvent. It decreases the current intensity through the soil. The pres‐
ence of an organic co-solvent will also affects the viscosity of the processing fluid and change
the interaction between the processing fluid and the soil particles. Those alterations will im‐
pact directly the evolution of the electro-osmotic flow which is the main transportation mecha‐
nism for the removal of organic contaminants. Any rate, the increase in the contaminant
solubility due to the use of the co-solvent may largely compensate the decrease in the electroos‐
motic flow, being the result positive for the removal of the organic contaminants. Some of the
co-solvents used in literature are: ethanol, n-butanol, n-butylamine, tetrahydrofuran, or ace‐
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tone [26, 32-34]. Phenanthrene was the target contaminant in the studies with co-solvents. The
removal of phenanthene was negligible when water was used as flushing solution but the re‐
moved fraction of phenanthrene clearly increased with the use of co-solvents, especially n-bu‐
tylamine which resulted in a removal of 43% in 127 days in a lab test with a soil specimen of 20
cm long. The removal can be enhanced controlling other variables such as the pH into the soil
and improving the electro-osmotic flow operating at higher voltage gradient or with periodic
voltage application [34].

Figure 4. Removal of Reactive Black 5 from a kaolin specimen by electrokinetic remediation

3.3. Surfactants

The name surfactant is the short version of “surface-active agent”. It means that the so-called
surfactants are a group of substances that has in common a special capacity to change the sur‐
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face properties of the solution when they are present. In environmental applications, the inter‐
est of surfactants is their ability to lower the surface and interfacial tension of water improving
the solubility of hydrophobic organics. There is a wide variety of chemical structures and fami‐
lies that fits in the definition of surfactant. Basically a surfactant is a chemical compound whose
molecule includes a hydrophilic group in one side of the molecule and in the opposite side a hy‐
drophobic group or chain. The interaction of the hydrophilic group with water assures its solu‐
bility whereas the interaction of the hydrophobic group with the organic contaminants assures
the solubilization of hydrophobic organics. The hydrophobic group or chain in the surfactant
molecule is repelled by water, so the surfactant molecules tend to form spherical structures
with the hydrophilic group outside and the hydrophobic chains inside. These spherical struc‐
tures are called micelles. Thus, the surfactant creates a hydrophobic environment very appro‐
priate for the solubilization of organic compounds. The formation of micelles depends on the
surfactant concentration and the micelle formation reach a maximum for a surfactant concen‐
tration called CMC “critical micelle concentration” [26].

There is a wide variety of chemical structures in the surfactants, but usually they are classi‐
fied by the electric charge in the molecule in 4 groups: cationic, anionic, neutral and zwitter‐
ionic (includes positive and negative charges in the same molecule). In environmental
applications, neutral or anionic surfactants are preferred because cationic surfactants tend to
interact with the soil particles, retarding their advance and reducing their effectiveness [26].
The toxicity of surfactants to the soil microorganisms it is also very important for the reme‐
diation and restoration of soils. That is why in recent years the research was redirected to
the use of natural surfactants or biosurfactants [35].

A wide variety of surfactants have been used in electrokinetic remediation for the removal
of organic contaminants: Sodium dodecyl sulfate (SDS), Brij 35, Tween 80, Igepal CA-720,
Tergitol and other. Target contaminant in these studies includes hydrophobic and persistent
organics such as: phenanthrene, DDT, diesel, dinitrotoluene, hexachlorobenzene and others.
In general, it can be conclude that the reported results in literature are quite good reaching
removal efficiencies over 80% in many studies, at least in bench scale laboratory test with
both model and real contaminated soils [36, 37]. Reddy et al. demonstrated the removal of
phenanthrene by electrokinetics using surfactants as an enhanced flushing solution in the
electrode chambers. Different types of soils, commonly kaolin and glacial till, were used in
this study. In general, there is no elimination of phenanthrene when water was used as
flushing solution despite the large electro-osmotic flow registered in these experiments. The
use of surfactants such as Igepal CA-720, Tween 80 or Witconol tend to decrease the electro-
osmotic flow due to the changes in the interaction of the flushing solution with the soil par‐
ticle surface, the decreasing in the electric conductivity of the system, and the increase of the
viscosity of the flushing solution. Despite the decreasing of the electro-osmotic flow, the in‐
crease of phenanthrene solubility in the surfactant flushing solution resulted in a very im‐
portant transportation and removal of phenanthrene in the fluid collected on the cathode
side. The specific removal results did not only depend on the type and concentration of sur‐
factant but also in the pH evolution into the soil, the type of soil and the ionic strength in the
processing fluid. Those variables affect the solubilization of the organic contaminants by the
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face properties of the solution when they are present. In environmental applications, the inter‐
est of surfactants is their ability to lower the surface and interfacial tension of water improving
the solubility of hydrophobic organics. There is a wide variety of chemical structures and fami‐
lies that fits in the definition of surfactant. Basically a surfactant is a chemical compound whose
molecule includes a hydrophilic group in one side of the molecule and in the opposite side a hy‐
drophobic group or chain. The interaction of the hydrophilic group with water assures its solu‐
bility whereas the interaction of the hydrophobic group with the organic contaminants assures
the solubilization of hydrophobic organics. The hydrophobic group or chain in the surfactant
molecule is repelled by water, so the surfactant molecules tend to form spherical structures
with the hydrophilic group outside and the hydrophobic chains inside. These spherical struc‐
tures are called micelles. Thus, the surfactant creates a hydrophobic environment very appro‐
priate for the solubilization of organic compounds. The formation of micelles depends on the
surfactant concentration and the micelle formation reach a maximum for a surfactant concen‐
tration called CMC “critical micelle concentration” [26].

There is a wide variety of chemical structures in the surfactants, but usually they are classi‐
fied by the electric charge in the molecule in 4 groups: cationic, anionic, neutral and zwitter‐
ionic (includes positive and negative charges in the same molecule). In environmental
applications, neutral or anionic surfactants are preferred because cationic surfactants tend to
interact with the soil particles, retarding their advance and reducing their effectiveness [26].
The toxicity of surfactants to the soil microorganisms it is also very important for the reme‐
diation and restoration of soils. That is why in recent years the research was redirected to
the use of natural surfactants or biosurfactants [35].

A wide variety of surfactants have been used in electrokinetic remediation for the removal
of organic contaminants: Sodium dodecyl sulfate (SDS), Brij 35, Tween 80, Igepal CA-720,
Tergitol and other. Target contaminant in these studies includes hydrophobic and persistent
organics such as: phenanthrene, DDT, diesel, dinitrotoluene, hexachlorobenzene and others.
In general, it can be conclude that the reported results in literature are quite good reaching
removal efficiencies over 80% in many studies, at least in bench scale laboratory test with
both model and real contaminated soils [36, 37]. Reddy et al. demonstrated the removal of
phenanthrene by electrokinetics using surfactants as an enhanced flushing solution in the
electrode chambers. Different types of soils, commonly kaolin and glacial till, were used in
this study. In general, there is no elimination of phenanthrene when water was used as
flushing solution despite the large electro-osmotic flow registered in these experiments. The
use of surfactants such as Igepal CA-720, Tween 80 or Witconol tend to decrease the electro-
osmotic flow due to the changes in the interaction of the flushing solution with the soil par‐
ticle surface, the decreasing in the electric conductivity of the system, and the increase of the
viscosity of the flushing solution. Despite the decreasing of the electro-osmotic flow, the in‐
crease of phenanthrene solubility in the surfactant flushing solution resulted in a very im‐
portant transportation and removal of phenanthrene in the fluid collected on the cathode
side. The specific removal results did not only depend on the type and concentration of sur‐
factant but also in the pH evolution into the soil, the type of soil and the ionic strength in the
processing fluid. Those variables affect the solubilization of the organic contaminants by the
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surfactant, but the main influence is in the develonment and evolution of the electro-osmotic
flow. Thus, the limitation of very acidic environments into the soil avoids a sharp reduction
of the electro-osmotic flow. This can be achieved controlling the pH on the anode or using a
buffering solution with the flushing surfactant solution. The buffering capacity of the soil al‐
so contributes to avoid the acidification of the interstitial fluid [26, 33, 38, 39]. However, the
only use of surfactants seems to be not enough to get a complete removal of phenanthrene
from polluted soils, and it is necessary to enhance the electro-osmotic flow using high volt‐
age gradients (2 V/cm or higher) and even the use of periodic voltage applications operating
with a constant voltage drop intermittently. The periodic voltage application resulted in
about 90% of the phenanthrene removed on the cathode solution [40].

3.4. Cyclodextrins

Glucose may form cyclic structures with 6, 7 or 8 molecules called cyclodextrins. The result‐
ing molecule has the structure of a truncated cone. The internal cavity has different size de‐
pending on the number of glucose units. The inner diameter of the molecule ranged from
0.45-0.53 nm for α-cyclodextrin (ring of 6 glucose molecules); 0.60-0.65 nm for β-cyclodextrin
(ring of 7 glucose molecules); and 0.75-0.85 nm for γ-cyclodextrin (ring of 8 glucose mole‐
cules). Cyclodextrin shows an amphiphilic behavior due to the rings of –OH groups present
at the both ends of the molecule. The hydroxyl groups are polar and confer to the cyclodex‐
trin the solubility in water. However, the inner surface of the molecule is hydrophobic and
cyclodextrins can accommodate different non-polar, hydrophobic molecules such as aliphat‐
ic, aromatic or lipophilic compounds. Moreover, the different size of the inner cavity of the
ciclodextrin molecules can be used as a select the molecules to be trapped inside, and there‐
fore, transported and removed.

Cyclodextrins have been used to enhance the removal of hydrophobic organics such as phe‐
nanthrene [41], dinitrotoluene [42], the herbicide atrazine [43], and other contaminants [44]
in real and model soils. In general, cyclodextrins are facilitating agents that improve the re‐
moval of organic contaminants from soil compared to other experiments with unenhanced
electrokinetics, but results from cyclodextrin tests are usually less effective than test with
surfactants, iron nanoparticles or with chemical oxidants. The efficiency of the removal can
be enhanced combining more than one facilitating agent. Thus, Pham et al. [45] and Oonnit‐
tan et al. [46] used the electrokinetic treatment with a cyclodrextring flushing solution, com‐
bined with ultrasounds or chemical oxidation with hydrogen peroxide. Anyway, the use of
cyclodextrins may enhance the removal of the hydrophobic contaminants but the results are
usually lower than that found with surfactants.

4. Combined technologies

4.1. Electrokinetics and chemical oxidation/reduction

Electrokinetic remediation is a technique that removes the contaminants from the contami‐
nated soil by transportation (electro-osmosis and electromigration). However, organic con‐
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taminants are difficult to remove from soils, mainly due to the low solubility in water, and
their strong adsorption to organic matter and soil particles. There are some other ways to
look at the problem of organic contaminants in soil. One possibility is to degrade the con‐
taminants in situ. To achieve such degradation, it is necessary to create the adequate condi‐
tions into the soil supplying strong oxidizing chemicals to the soil pores to perform the
degradation in situ. Oxidants such as ozone, hydrogen peroxide or persulfate can be trans‐
ported into de soil by electromigration and/or electro-osmosis. As the oxidants advance
through the soil, they react with the organic contaminants resulting in smaller molecules
usually less toxic that the original ones. The objective is to be able to completely oxidize the
organic contaminants to carbon dioxide and water. If such complete degradation is not pos‐
sible under the operating conditions into the soil, the formation of simpler molecules are
considered enough, because small and simpler molecules can be degraded easily by the mi‐
croorganisms into the soil. Thus, this technology can be a very attractive solution for the
degradation of complex organic contaminants into soil. This technology does not generate
waste effluents with harmful compounds because they are destroyed into the soil. More‐
over, the contact of the workers with the contaminants and contaminated soil particles are
reduced to a minimum, which is a very important point in the field operation.

On the other hand, the chemical destruction of organic contaminants can be carried out by
chemical reduction, when a reductive chemical process results in less toxic compounds.
Thus, organochlorine pesticides can be degraded by reductive dechlorination. The result is
the organic molecule without chlorine atoms in its structure. Thus, the resulted organic com‐
pounds are much less toxic than the original compound and they can be easily degraded by
the microorganisms into the soil.

There are several applications of chemical oxidation combined with electrokinetics in litera‐
ture. Yukselen-Aksoy and Reddy [47] have tested the degradation of PCB in contaminated
soils by persulfate. Sodium persulfate is a strong oxidizing agent with a standard reduction
potential of 2.7 V which assures the effective oxidation of most of the organic contaminants.
Persulfate is firstly transported into the soil by electromigration and/or electro-osmosis, and
then it is activated by pH or temperature. To active the persulfate, it is necessary to achieve
over 45ºC or acidify the soil below 4. Both conditions can be reached with the electric field.
High voltage gradient results in the heating of soil; and the acid front electrogenerated at the
anode can acidify the soil. So, in this case the application of the electric field not only was
used as a transportation mechanism but as a tool to control the key variables of the process.
In this work [47], the highest degradation of PCBs was achieved in a kaolin specimen with a
77.9% of removal when temperature was used as activator of the persulfate.

The combination of electrokinetics and chemical oxidation was tested in a contaminated soil
with hexachlorobenzene [46, 48]. Hydrogen peroxide was supplied to the soil from the
anode in a Fenton-like process where the iron content in the soil was sufficient to activate
the descomposition of H2O2 for the generation of hydroxyl radicals ( OH). 60% of HCB was
eliminated from the soil in 10 days of treatment avoiding the deactivation of the Fenton re‐
agent at high pH values. Higher removal can be achieved at longer treatment time, control‐
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in real and model soils. In general, cyclodextrins are facilitating agents that improve the re‐
moval of organic contaminants from soil compared to other experiments with unenhanced
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bined with ultrasounds or chemical oxidation with hydrogen peroxide. Anyway, the use of
cyclodextrins may enhance the removal of the hydrophobic contaminants but the results are
usually lower than that found with surfactants.
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degradation of complex organic contaminants into soil. This technology does not generate
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potential of 2.7 V which assures the effective oxidation of most of the organic contaminants.
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used as a transportation mechanism but as a tool to control the key variables of the process.
In this work [47], the highest degradation of PCBs was achieved in a kaolin specimen with a
77.9% of removal when temperature was used as activator of the persulfate.
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ling the pH in the optimum range for Fenton reagent which is slightly acid environments.
At alkaline pH, H2O2 decomposes in water and oxygen and do not form OH radicals.

The use of Fe0 for the remediation of soils has been used recently for the ability of the native
iron to catalyze the reductive dechlorination of organic compounds such as pentachlorophe‐
nol, trichloroethylene, hexachlorobenzene and others. In this technology, the electric field
can be used as a driving force to transport the nanoparticles into the soil. Reddy and Karri
[49] found that the combination of electrokinetic remediation and Fe0 nanoparticles can be
applied for the removal of pentachlorophenol from soil. The transportation of Fe0 nanoparti‐
cles was determined by the iron concentration into the soil at the end of the experiments.
Iron concentration at the end of the experiments increased with the initial Fe0 concentration
used in the anode and with the voltage gradient. However, the transport of nanoparticles
was limited by their aggregation, settlement and partial oxidation within the anode. Penta‐
chlorophenol was partially reduced (40-50%) into the soil, but a complete PCP elimination
was found near the cathode due to the combination of Fe0 and the reductive dechlorination
within the cathode. In order to favor the transportation of nanoparticles into the soil, new
strategies are needed to prevent aggregation, settlement and oxidation of iron nanoparticles
for enhanced remediation of soils. Cameselle et al. [50] studied the surface characteristics of
the iron nanoparticles and proposed several dispersant to favor the transportation and
avoid aggregation and settlement. Among the dispersants proposed aluminum lactate
presents good characteristics to be used in large scale application. Other metallic catalysts
such as Cu/Fe or Pd/Fe bimetal microscale particles were satisfactorily used for the remedia‐
tion of soils with organochlorines.. Dechlorination of hexachlorobenzene up to 98% was ach‐
ieved with Cu/Fe [51] and only 60% with Pd/Fe [52].

4.2. Electrokinetics and permeable reactive barriers

Permeable reactive barriers (PRB)are passive remediation systems especially designed for
the remediation of contaminated ground water. PRBs consist of digging a trench in the path
of flowing groundwater and then filling it with a selected permeable reactive material. As
the contaminated groundwater passes through the PRB, contaminants react with the active
material in the PRB being absorbed, precipitated or degraded. Clean groundwater exits the
PRB. In the design of a PRB several factors have to be taking into account. First, the nature
and the chemical properties of the contaminants have to be considered for the selection of
the reactive material. For organic contaminants, materials such as active carbon or Fe0 were
used. Organic contaminants can be retained in in the porous structure of the active carbon.
Native iron has been used for the reductive dechlorination of pesticides and other organo‐
chlorines. The flow rate of groundwater and the reaction rate of the contaminants with the
active material in the PRB are used to define the width of the barrier. The resident time of
the groundwater in the barrier has to be enough to reach a complete removal or degradation
of the contaminants. Finally, the porous structure of the barrier has to confer the barrier it‐
self a permeability value higher than the surrounding soil, to assure that all the groundwa‐
ter pass through the barrier and there will not be bypass. The main advantages of the PRB
are the stable operation for long treatment time, even several years, with very low invest‐
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ment and maintenance costs. Anyway, the limited results found in several application im‐
pulse the research in several directions in order to improve the removal of the contaminants
[53]. One possibility is the combination of the PRB with electrokinetic remediation.

The combination of electrokinetic remediation with PRB has been satisfactory used to re‐
mediate soils polluted with heavy metals such as chromium. The electric field transports the
chromium towards the main electrodes, but in their way, the chromium ions pass through a
PRB made of elemental iron. The chemical reduction of chromium takes places reacting with
the elemental iron. The electric field also plays a role in the reduction of the chromium [54].
In the case of organic contaminants, Chang and Cheng [55] applied the combination of PRB
with electrokinetics to remediate a soil specimen contaminated with perchloroethilene. The
experiments were carried out at a constant voltage drop of 1 v/cm and sodium carbonate
0.01 M was used as processing fluid to avoid the formation of an acid front in the anode. It
eliminates the acidification of the soil and the possible negative effects on the electro-osmot‐
ic flow. The PRB were made of nanoparticles of elemental iron and zinc. The perchloroethy‐
lene is dechlorinated upon the nanoparticles of iron and zinc. However, the formation of
ferric oxide and ferric hydroxides limits the activity of the PRB and its operational life. The
protons electrogenerated at the cathode can contribute in the solubilization and removal of
the ferric hydroxides increasing the activity and duration of the PRB. Moreover, the proton
also favors the dechlorination reaction. In conclusion, the formation of H+ ions in the anode
favors the elimination of perchloroethylene. As the voltage drop applied to the system in‐
creases, the formation of H+ upon the anode also increases resulting in more and faster per‐
chloroethylene removal. Thus, the operation at 2 V/cm resulted in the removal of almos 99%
of the initial perchloroethylene in only 10 days of operation.

Chung and Lee [56] applied a combination of electrokinetics with PB for the remediation of
the tetrachloroethylene contaminated soils and groundwater. The interest of this work is the
media used in the PRB. The authors used a mixture of sand with a material they called
atomizing slag (material patented) which is basically a mixture of oxides of Si, Fe, Ca and
Al. The atomizing slag is mainly used as a construction material but it was selected for the
PRB because is much cheaper than other materials reported in literature such as iron nano‐
particles. The operation of such system in situ resulted in the removal of 90% of the tetra‐
chloroethylene considering the concentrations measured before and after the system
electrokinetic-PRB confirmeing the suitability of this technology for its application in situ to
contaminated soils.

4.3. Bioelectroremediation

The combination of electrokinetic remediation with bioremediation has shown some inter‐
esting results that promise this technology a good development in the near future. Basically,
the application of an electric field to a polluted site may help in the mobilization of the con‐
taminants. That mobilization makes the contaminants available for the microorganisms. At
the same time, soil bacteria are like a colloid with a surface charge. So, they can be moved
under the effect of the electric field. The transport of bacteria, even in small distances, may
help in the interaction between the bacteria and the contaminants. Finally, the electric field
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ling the pH in the optimum range for Fenton reagent which is slightly acid environments.
At alkaline pH, H2O2 decomposes in water and oxygen and do not form OH radicals.

The use of Fe0 for the remediation of soils has been used recently for the ability of the native
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ieved with Cu/Fe [51] and only 60% with Pd/Fe [52].
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ment and maintenance costs. Anyway, the limited results found in several application im‐
pulse the research in several directions in order to improve the removal of the contaminants
[53]. One possibility is the combination of the PRB with electrokinetic remediation.

The combination of electrokinetic remediation with PRB has been satisfactory used to re‐
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PRB made of elemental iron. The chemical reduction of chromium takes places reacting with
the elemental iron. The electric field also plays a role in the reduction of the chromium [54].
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experiments were carried out at a constant voltage drop of 1 v/cm and sodium carbonate
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eliminates the acidification of the soil and the possible negative effects on the electro-osmot‐
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lene is dechlorinated upon the nanoparticles of iron and zinc. However, the formation of
ferric oxide and ferric hydroxides limits the activity of the PRB and its operational life. The
protons electrogenerated at the cathode can contribute in the solubilization and removal of
the ferric hydroxides increasing the activity and duration of the PRB. Moreover, the proton
also favors the dechlorination reaction. In conclusion, the formation of H+ ions in the anode
favors the elimination of perchloroethylene. As the voltage drop applied to the system in‐
creases, the formation of H+ upon the anode also increases resulting in more and faster per‐
chloroethylene removal. Thus, the operation at 2 V/cm resulted in the removal of almos 99%
of the initial perchloroethylene in only 10 days of operation.

Chung and Lee [56] applied a combination of electrokinetics with PB for the remediation of
the tetrachloroethylene contaminated soils and groundwater. The interest of this work is the
media used in the PRB. The authors used a mixture of sand with a material they called
atomizing slag (material patented) which is basically a mixture of oxides of Si, Fe, Ca and
Al. The atomizing slag is mainly used as a construction material but it was selected for the
PRB because is much cheaper than other materials reported in literature such as iron nano‐
particles. The operation of such system in situ resulted in the removal of 90% of the tetra‐
chloroethylene considering the concentrations measured before and after the system
electrokinetic-PRB confirmeing the suitability of this technology for its application in situ to
contaminated soils.

4.3. Bioelectroremediation

The combination of electrokinetic remediation with bioremediation has shown some inter‐
esting results that promise this technology a good development in the near future. Basically,
the application of an electric field to a polluted site may help in the mobilization of the con‐
taminants. That mobilization makes the contaminants available for the microorganisms. At
the same time, soil bacteria are like a colloid with a surface charge. So, they can be moved
under the effect of the electric field. The transport of bacteria, even in small distances, may
help in the interaction between the bacteria and the contaminants. Finally, the electric field
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can be used as a transportation mechanism to introduce into the soil the nutrients and other
chemicals that may facilitate the bacterial growth and development, as well as the supply of
other chemicals that can contribute to the degradation of the contaminants [57, 58].

Lageman [59] developed a technology called Electrokinetic Biofence (EBF). The aim of the
EBF is to enhance biodegradation of the VOCs in the groundwater at the zone of the fence
by electrokinetic dispersion of the dissolved nutrients in the groundwater. EBF which con‐
sists of a row of alternating cathodes and anodes with a mutual distance of 5 m. Upstream of
the line of electrodes, a series of infiltration wells were installed, which have been periodi‐
cally filled with nutrients. After running the EBF for nearly 2 years, clear results have been
observed. The concentration of nutrients in the zone has increased, the chloride index is de‐
creasing, and VOCs are being dechlorinated by bio-activity. The electrical energy for the
EBF is being supplied by solar panels.

4.4. Electroheating

The removal of volatile and semi-volatile organics from soil can be carried out heating the
soil, evaporating the volatile organics and aspirating the vapors, which in turn are trapped
in the appropriate absorbent such as active carbon to be finally eliminated by incineration.
The heating of soil can be done in several ways. One possibility is the use of an electric cur‐
rent. Soil is not a good electric conductor, so the passing of an electric current generates heat.
In electrokientic remediation, it is used a continuous electric current because the objective is
to transport the ionic and nonionic contaminants out of the soil. In the case of electroheating,
a transportation of the contaminants using the electric field as a driven force is not necessa‐
ry. The electric field is only used as a source of energy that is transformed from electric ener‐
gy into heat. That is why in electroheating the continuous electric field is substituted by an
alternate current that supplies the energy but does not induce transportation. Soil is not a
good electric conductor. The conductivity of soils is much lower than the typical electric
conductor such as metals. The conductivity of soil largely varies with the moisture content
and the presence of mobile ions. Anyway, the conductivity of soil is usually low and the
heating is easy to achieve with an alternate current. It is recommendable to avoid the use of
electroheating in saturated soils. A soil saturated in moisture favors the transportation of
current instead of the electric heating.

Electroheating shows several advantages form other technologies designed for the removal
of volatile organics from soils. In electroheating, the heating of soil is directly related to the
electric field intensity. So, the increase of temperature and the final temperature in the soil
can be easily controlled adjusting the intensity of the electric field. Furthermore, the heat is
generated into the soil, in the whole volume at the same time, achieving a more uniform
temperature in the area to be treated. The uniform temperature permits a uniform removal
of the contaminants and a more efficient use of the energy.

Electrical heating was used in the remediation of a contaminated site in Zeist, the Nether‐
lands [60]. The site was severely polluted with chlorinated solvents such as perchloroethy‐
lene (PCE) and trichloroethylene (TCE) and their degradation products are cis-1,2-
dichloroethene (C-DCE) and vinyl chloride (VC). Satisfactory results were obtained in the
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application of electrical heating soil and groundwater in the source areas, combined with
soil vapor extraction and low-yield groundwater pumping, and enhancing biodegradation
in the groundwater plume area. Two years of heating and 2.5 years of biodegradation has
been resulted in near-complete removal of the contaminants. A full scale implementation of
six phase electrical heating technology was used in Sheffield, UK [61]. Terra Vac Ltd. dem‐
onstrated how remediation timescales can be reduced from months/years to weeks, with an
electrical heating capable of remediation of soil in difficult geological conditions and in
dense populated urban areas. TCE and VC were remediated by electrical heating up to
99.99%. Smith [62] applied the electroheating technology for the remediation of dicholorme‐
thane, ethylene dibromide, triclhoroethane and tetrachloroethane. Electroheating was an ef‐
fective technology for the remediation of such organic contaminants, but during the
remediation process, the elevation of temperature increases the solubility of the contami‐
nants in the groundwater, the activity of soil microorganisms is enhanced and some reac‐
tions, such as hydrolysis of the contaminants and the desorption of gases, takes place. Those
factors may affect the removal of the contaminants and it influence has to be considered.

5. Large scale applications

Electrokinetic remediation has been used as a remediation technology in several tests at field
scale. In the USA, field projects were carried out or funded by USEPA, DOE, ITRC, US-Ar‐
my Environmental Centre, as well as companies like Electropetroleum Inc. [63], Terran Cor‐
poration, and Monsanto, Dupont, and General Electric which developed the LasagnaTM

technology [64, 65]. In Europe, more field projects with electrokinetic remediation have been
carried out, specially associated to the commercial activity of the Hak Milieutechniek Com‐
pany [66, 67]. Recently, some field experiences were reported in Japan and Korea [68]. Some
of these tests deal about the remediation of polluted sites with organic contaminants such as
organochlorides, PAHs and PCBs. Considering the information available in literature, the
cost of field application of electrokinetic remediation is about an average value of 200 $/m3

for both organic and inorganic contaminants, however it must be kept in mind that electro‐
kinetic remediation, like any other remediation technology, is site specific and the costs can
be vary from less than 100 to more than 400 $/m3 [69].

6. Future perspectives

The scientific knowledge accumulated in the last 20 years conducted to several lessons
learned that must be keep in mind in the design of projects for the remediation of contami‐
nated sites. Thus, the remediation of contaminated soils with organic contaminants is site
specific. The results obtained in the remediation of a site cannot be assumed for other conta‐
minated sites. This is due to the large influence of the physicochemical properties of the soil
and its possible interactions with the organic contaminants in the results of the electrokinetic
remediation treatment. Besides, the chemicals used for enhancing the electrokinetic treat‐
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can be used as a transportation mechanism to introduce into the soil the nutrients and other
chemicals that may facilitate the bacterial growth and development, as well as the supply of
other chemicals that can contribute to the degradation of the contaminants [57, 58].

Lageman [59] developed a technology called Electrokinetic Biofence (EBF). The aim of the
EBF is to enhance biodegradation of the VOCs in the groundwater at the zone of the fence
by electrokinetic dispersion of the dissolved nutrients in the groundwater. EBF which con‐
sists of a row of alternating cathodes and anodes with a mutual distance of 5 m. Upstream of
the line of electrodes, a series of infiltration wells were installed, which have been periodi‐
cally filled with nutrients. After running the EBF for nearly 2 years, clear results have been
observed. The concentration of nutrients in the zone has increased, the chloride index is de‐
creasing, and VOCs are being dechlorinated by bio-activity. The electrical energy for the
EBF is being supplied by solar panels.

4.4. Electroheating

The removal of volatile and semi-volatile organics from soil can be carried out heating the
soil, evaporating the volatile organics and aspirating the vapors, which in turn are trapped
in the appropriate absorbent such as active carbon to be finally eliminated by incineration.
The heating of soil can be done in several ways. One possibility is the use of an electric cur‐
rent. Soil is not a good electric conductor, so the passing of an electric current generates heat.
In electrokientic remediation, it is used a continuous electric current because the objective is
to transport the ionic and nonionic contaminants out of the soil. In the case of electroheating,
a transportation of the contaminants using the electric field as a driven force is not necessa‐
ry. The electric field is only used as a source of energy that is transformed from electric ener‐
gy into heat. That is why in electroheating the continuous electric field is substituted by an
alternate current that supplies the energy but does not induce transportation. Soil is not a
good electric conductor. The conductivity of soils is much lower than the typical electric
conductor such as metals. The conductivity of soil largely varies with the moisture content
and the presence of mobile ions. Anyway, the conductivity of soil is usually low and the
heating is easy to achieve with an alternate current. It is recommendable to avoid the use of
electroheating in saturated soils. A soil saturated in moisture favors the transportation of
current instead of the electric heating.

Electroheating shows several advantages form other technologies designed for the removal
of volatile organics from soils. In electroheating, the heating of soil is directly related to the
electric field intensity. So, the increase of temperature and the final temperature in the soil
can be easily controlled adjusting the intensity of the electric field. Furthermore, the heat is
generated into the soil, in the whole volume at the same time, achieving a more uniform
temperature in the area to be treated. The uniform temperature permits a uniform removal
of the contaminants and a more efficient use of the energy.

Electrical heating was used in the remediation of a contaminated site in Zeist, the Nether‐
lands [60]. The site was severely polluted with chlorinated solvents such as perchloroethy‐
lene (PCE) and trichloroethylene (TCE) and their degradation products are cis-1,2-
dichloroethene (C-DCE) and vinyl chloride (VC). Satisfactory results were obtained in the
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application of electrical heating soil and groundwater in the source areas, combined with
soil vapor extraction and low-yield groundwater pumping, and enhancing biodegradation
in the groundwater plume area. Two years of heating and 2.5 years of biodegradation has
been resulted in near-complete removal of the contaminants. A full scale implementation of
six phase electrical heating technology was used in Sheffield, UK [61]. Terra Vac Ltd. dem‐
onstrated how remediation timescales can be reduced from months/years to weeks, with an
electrical heating capable of remediation of soil in difficult geological conditions and in
dense populated urban areas. TCE and VC were remediated by electrical heating up to
99.99%. Smith [62] applied the electroheating technology for the remediation of dicholorme‐
thane, ethylene dibromide, triclhoroethane and tetrachloroethane. Electroheating was an ef‐
fective technology for the remediation of such organic contaminants, but during the
remediation process, the elevation of temperature increases the solubility of the contami‐
nants in the groundwater, the activity of soil microorganisms is enhanced and some reac‐
tions, such as hydrolysis of the contaminants and the desorption of gases, takes place. Those
factors may affect the removal of the contaminants and it influence has to be considered.

5. Large scale applications

Electrokinetic remediation has been used as a remediation technology in several tests at field
scale. In the USA, field projects were carried out or funded by USEPA, DOE, ITRC, US-Ar‐
my Environmental Centre, as well as companies like Electropetroleum Inc. [63], Terran Cor‐
poration, and Monsanto, Dupont, and General Electric which developed the LasagnaTM

technology [64, 65]. In Europe, more field projects with electrokinetic remediation have been
carried out, specially associated to the commercial activity of the Hak Milieutechniek Com‐
pany [66, 67]. Recently, some field experiences were reported in Japan and Korea [68]. Some
of these tests deal about the remediation of polluted sites with organic contaminants such as
organochlorides, PAHs and PCBs. Considering the information available in literature, the
cost of field application of electrokinetic remediation is about an average value of 200 $/m3

for both organic and inorganic contaminants, however it must be kept in mind that electro‐
kinetic remediation, like any other remediation technology, is site specific and the costs can
be vary from less than 100 to more than 400 $/m3 [69].

6. Future perspectives

The scientific knowledge accumulated in the last 20 years conducted to several lessons
learned that must be keep in mind in the design of projects for the remediation of contami‐
nated sites. Thus, the remediation of contaminated soils with organic contaminants is site
specific. The results obtained in the remediation of a site cannot be assumed for other conta‐
minated sites. This is due to the large influence of the physicochemical properties of the soil
and its possible interactions with the organic contaminants in the results of the electrokinetic
remediation treatment. Besides, the chemicals used for enhancing the electrokinetic treat‐
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ment may complicate the behavior of the system and the removal results may largely vary
from one site to another. Recently, it has been considered that the combination of several re‐
mediation techniques may improve the remediation results, especially in sites with complex
contamination, including recalcitrant organics compounds and inorganic contaminants. The
combination of electrokinetics with bioremediation, phytoremediation, chemical oxidation
or electrical heating, presents very interesting perspectives for the remediation of difficult
sites. It is expected the combination of remediation technologies to improve the remediation
results, saving energy and time.
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ment may complicate the behavior of the system and the removal results may largely vary
from one site to another. Recently, it has been considered that the combination of several re‐
mediation techniques may improve the remediation results, especially in sites with complex
contamination, including recalcitrant organics compounds and inorganic contaminants. The
combination of electrokinetics with bioremediation, phytoremediation, chemical oxidation
or electrical heating, presents very interesting perspectives for the remediation of difficult
sites. It is expected the combination of remediation technologies to improve the remediation
results, saving energy and time.
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