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APPLICATIONS OF NANOTECHNOLOGY IN
WATER/WASTEWATER TREATMENT: A REVIEW
Jaspreet Narr, Thiruvenkatachari Viraraghavan* and Yee-Chung Jin
Faculty of Engineering, University of Regina, Regina, Saskatchewan S4S 0A2, Canada

SUMMARY
The applications of nanotechnology in environmental
engineering are vast with emphasis in areas, such as pollution prevention, treatment and remediation. In water and
wastewater treatment research has been shown that nanoparticles have expedited reactions, eliminated the use of expensive UV lights, and removed organic dyes and inorganic
compounds, such as nitrates, efficiently. In case of groundwater remediation, refractory organic compounds have been
treated more efficiently and with simpler infrastructure
compared to conventional treatment methods. However,
there is insufficient data pertaining to pilot or field scale
studies. There is also a lack of complete life cycle analysis
of the fate and transport of the nanoparticles in the environment, and their general effects on health implications.
This review paper presents information on nanotechnology applications in water and wastewater treatment and
groundwater remediation.

KEYWORDS:
Nanotechnology, nanoparticles, organic compounds, remediation,
treatment, Titanium Dioxide (TiO2), zero-valent iron (ZVI).

INTRODUCTION

2) Creating and using structures, devices and systems
that have novel properties and functions because of their
small and/or intermediate size; and
3) Ability to control or manipulate on the atomic scale.
The investment for nanotechnology research by the
federal government in the United States will be approximately $1 billion, in Western Europe about $600 million,
in Japan $800 million, in Korea $200 million, and other
countries totaling about $800 million in 2005. This is a 7fold increase in nanotechnology research and funding since
1999 [4].
The applications of nanotechnology are mainly aimed
at improving the existing treatment efficiencies in the field
of water and wastewater treatment. Current research attempts
in water and wastewater treatment aim at using the photocatalytic property of TiO2 nanoparticles in the removal of
nitrates or non-biodegradable organics.
Remediation accounts for all efforts made to convert
environmentally hazardous materials accidentally released
into the environment, into benign end products. Most of the
nano-scale applications in this field are currently targeted
at removing halogenated hydrocarbons using nanoscale zerovalent iron (ZVI). However, research in the area of heavy
metal removal is also underway.
Role of Nanotechnology in Water Treatment

The concept of nanotechnology was first introduced
by Feynman [1] in his presentation. "There’s plenty of room
at the bottom.” Nanotechnology was introduced by
Drexler [2] as a new paradigm for manipulating atoms and
molecules in the atomic level to produce desirable substances or molecular-sized machines (nanomachines).
Various definitions are available for nanotechnology,
however, National Nanotechnology Initiative [3] categorizes a study related to nanotechnology only if it satisfies
the following:
1) Research and technology development at the atomic,
molecular or macromolecular levels, in the length scale of
approximately 1-100 nm range (1 nm = 10-9 m).

In water purification, the principle of semiconductor
photocatalysis is very widely used. The basic principle of
semi-conductor photocatalysis involves photo-generated
electrons (e-) and holes (h+) migrating to the surface of the
semi-conductor [5], and serving as redox sources that react
with adsorbed reactants leading to the destruction of pollutants in the liquid phase [6-10] or gas phase [8, 11]. Nanosized catalysts have been widely used in the laboratories to
remove dyes and refractory organics. TiO2 has been widely
used for water and wastewater treatment as it has a wide
band gap energy (3.2 ev), it is inexpensive, non-toxic, highly
photoactive and insoluble in water [12]. TiO2 (<0.5µm) is
mostly used in form of a suspension as it is very efficiently
in this form. It was found that the nanoparticle size, specific
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surface area (BET), pH, doping, using UV light source or
sunlight, length and intensity of irradiation, and calcinations temperature affected the reaction rate kinetics.
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Li et al. [13] studied the degradation of Reactive Brilliant X-3B (a reactive dye) and catechol (a refractory organic compound). The degradation was brought about by
oxidation with ozone in presence of UV light in the following three ways; a) without a catalyst, b) with TiO2 as a
catalyst, and c) with carbon black-coated TiO2 catalyst (CBTiO2) supported on Al thin films. Figures 1and 2 indicate
that the reaction rate almost doubled with the use of TiO2
nanoparticles. Attaching CB-TiO2 to Al support made its
separation from the pollutant very easy and affordable.

illumination. In case of TiO2 alone, the reaction took more
than 60 min in the absence of nitrates only. Cun et al. [15]
showed that TiO2 coupled with various metal oxides like
ZnO and SnO2 keeping the e- trapped for a longer time. This
reduced the recombination rate of e- and h+, and improved
TiO2 photocatalytic activity in degradation of methyl orange (MO) as an organic pollutant. Bahnemann et al. [16]
studied the relation of TiO2 nanocrystal diameter and specific surface area with the calcination temperature, and the
effect of doping TiO2 nanocrystals with copper and studying its effect in degrading dichloroacetic acid (DCA). As
the specific surface area increased, so did the photonic efficiency. Efficiencies were greater when pH was 6 compared
to pH 3. Fig. 3 summarizes the dependencies of photonic
efficiencies with specific surface area, pH, particle size and
calcination temperatures.
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FIGURE 3
Correlation between calcination temperature, particles
diameter, specific surface area and photonic efficiency (PE) [16].
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FIGURE 1
First-order rate constants of Reactive Brilliant
Red X-3B degradation by photocatalysis [13].
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FIGURE 2
Rate constant comparisions for catechol degradation with and without
TiO2 coated with carbon black and supported on Al sheet [13].

Penpolcharoen et al. [14] studied the degradation of sucrose and nitrate over titania-coated nano-hematite catalysts.
The study showed that the presence of Fe3+ in hematite resulted in trapping the electrons more efficiently than in
case of TiO2 alone, thus helping in the degradation of both
sucrose and nitrate in about 45 min, in presence of UV

It is a well-known fact that using UV radiation is an expensive technology. Sunlight is a more cheaper and abundantly available light source. Decontamination of effluent
wastewater is one of the most successful photochemical
applications of solar photons. The technology has been validated with the construction of large pilot plants [51]. Photocatalysis using sunlight has been studied previously in re-moval of refractory pollutants from water [6, 18-20]. The
studies showed that solar photocatalysis using TiO2 nanocrystals was successful in removing various refractory pollutants, such as phenols [21], 4-chlorophenol (4-CP), nitrobenzene, 2-chlorobenzoic acid and hydrobutanedioic
(malic) acid [20], dyes such as methylene blue [19], and
acid orange 7 (AO7) [22, 23]. TiO2 photocatalyst performance was compared with both UV and solar radiation
[22]. The results are shown in Fig. 4. Solar light with TiO2
had maximum color removing efficiency, except that it
should be borne in mind that with solar energy as the light
source, the pollutant concentration could not exceed 1 g/l
[17]. On the other hand, studies conducted by Kiriakidou et al. [22] showed UV radiation to be more effective
in removing colored dye.
The results of various above-mentioned parameters on
reaction kinetics of refractory pollutant removal are summarized in Table 1.
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FIGURE 4 - Comparison of the color removal efficiency of
methylene blue with various light sources (C0 = 5 µM) [22].

FIGURE 5 - Effect of incident photon energy and
irradiation duration on the decolorization of aqueous
solutions of AO7, C0 = 25 mg/L, CTiO2: 0.75 g/l: pH 6 [23].

TABLE 1 - Parameters affecting reaction kinetics of photocatalysts on organic pollutant removal.
Parameter
pH
Temperature
Initial pollutant concentration
Initial catalyst concentration
BET
Particle size
Incident radiation duration
Intensity of radiation
Higher than +4 valence doping
Lower than +4 valence doping

UV/TiO2
(1)
I
No change
D
I
I
D
D
D

Solar/TiO2
(2)
NA
No change
I
D
I
I
D
D
NA
NA

UV
(3)
I<(1)
NA
NA
NA
NA

NA
NA

I = increase; D = decrease; NA = not available
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Solar
(4)
NA
NA
I<(2)
NA
NA
NA
D<(2)
D<(2)
NA
NA

Dark
(5)
NA
NA
NA
NA
NA

NA
NA

Reference
[19]
[21]
[19]
(1) [20] & (2) [21]
[24]
[24]
(1) [23]; (2&4) [19]; [20]; (2) [22]
[22]
[22]
[22]
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Role of nanotechnology in groundwater remediation

Chlorinated solvents are toxic by-products of most
manufacturing industries like dry-cleaning, battery manufacturing etc. They are known for their persistence in the
environment (groundwater) due to their recalcitrant nature.
Drinking water standards require that the maximum contaminant limit (MCL) of these contaminants is very low
(µg/l levels). In Canada, their manufacture stopped almost
40 years ago, but the problem in removing them from the
environment lingers on. In the USA, one-third of chemical
production includes chlorinated solvents. These hydrocarbons persist in the environment, and one has to resort to
conventional remediation procedures like pumping the contaminated water and biological degradation.

number of attempts have been made in studying the
degradation kinetics of the above mentioned categories
of bimetallic ZVI with pollutants such as PCE, TCE, DCE
and VC [21,28-30]. The efficiency and speed of the reaction was measured with a parameter called Ksa, referred to
as the specific reaction rate constant, a parameter for assessment of the overall sur-face reactivity. The unit of Ksa
is l/hr/m2. The results are tabulated in Table 2. The specific surface area of the ZVI was 33.5m2/g (size=1-100nm)
and that of the commercial granular iron was 0.9 m2/g
(size <10µm)
TABLE 2 - Ksa value comparison for nano and bimetallic ZVI.
Organic
Compound
PCB
t-DCE
PCE
TCE
t-DCE
c-DCE
1,1-DCE

Gilham and O’Hannesin [25], studied the degradation of
14 aliphatic chlorinated hydrocarbons (ACHs) using ZVI.
Their study showed that ZVI was successful in fully degrading all of the ACHs, except dichloromethane (DCM).
Orth and Gilham [26] further studied the degradation
kinetics with both granular and nano scale ZVI. Studies on
the reaction rate kinetics for trichloroethylene (TCE) found
that reaction rate with nanoscale ZVI was pseudo-first order
and 5 to15 times higher than conventional methods. The
only problem reported was the formation of chlorinated intermediates like vinyl chloride (VC), isomers of dichloroethene (DCE). Though nanoscale ZVI coupled had better
efficiency, the problem of chlorinated intermediate formation led scientists to look for circumventing the problem. This led to the use of bimetallic compounds like
Fe/Pd where Fe served as an electron donor and Pd
served as the catalyst [27]. These results were further validated by Wang and Zhang [28] who compared the reaction kinetics of commercial granular bimetallic ZVI and
nano bimetallic ZVI in degrading PCBs and TCE. A

Granular ZVI
-3

<1X10
1X10-4
2.1+2.7X10-3
3.9+3.6X10-4
1.2+0.4X10-4
4.1+1.7X10-5
6.4+5.5X10-5

Nano ZVI
-3

3X10
0.01
12.2+0.36X10-3
18.2+1.18X10-3
15.1+2.08X10-3
17.6+1.34X10-3
11.5+1.25X10-3

Fe/Pd

References

0.1
5.80
46.67
125.8
429.2
179.6

[28]
[21]
[29]
[29]
[29]
[29]
[29]

Higher Ksa values with a higher specific surface area
validated Gilham and O’Hannesin’s [25] claim that the ratio
of the surface area of iron to the solution concentration
was the factor governing the efficiency of degradation, with
larger surface area resulting in more efficient degradation.
Additionally, Zhang et al. [21] showed that using bimetallic particles resulted in the elimination of chlorinated byproducts which were seen in some cases when using ZVI
[26]. As shown in Table 3 the capability of ZVI and nano
bimetallic particles in treating a wide variety of pollutants
has already been established at laboratory scale, and scientists have begun venturing out the actual application of
these materials at field scale.

TABLE 3 - Common environmental contaminants that can be transformed by nanoscale particles [31].
Chlorinated methanes
Carbon tetrachloride
Chloroform
Dichloromethane
Chloromethane
Chlorinated benzene
Hexachlorobenzenes
Pentachlorobenzenes
Tetrachlorobenzenes
Trichlorobenzenes
Dicholorobenzenes
Chlorobenzene
Pesticides
DDT
Lindane
Organic dyes
Orange II
Chrysoidine
Tropaeolin O
Acid orange
Acid red
Heavy metal ions
Mercury
Nickel
Silver
Cadmium

Trihalomethanes
Bromoform
Dibromochloromethane
Dichlorobromomethane
Chlorinated ethanes
Tetrachloroethene
Trichloroethene
cis-Dichloroethene
trans-Dichloroethene
1,1-Dichloroethene
vinyl chloride
Other polychlorinated hydrocarbons
PCBs
Dioxins
Pentachlorophenol
Other organic contaminants
N-nitrosodimethylamine
TNT
Inorganic anions
Dichromate
Arsenic
Perchlorate
Nitrate
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in the EPA’s national priority list (NPL). In Canada, according to the national pollution release inventory [33], approximately, 13,300 tons of copper, 9,500 tons of zinc,
1,300 tons of lead and 33 tons of cadmium were released
into the air, water and soil. Table 4 shows the various technologies that have been used in heavy metal removal and
their cost in US dollars.

100
Day 4

TCE removal efficiency %

80
60

Day22

40

Day17

20
TABLE 4 - Various technologies that have been used
in heavy metal removal and their cost in US dollars [34].

Day 1

0

Technology
Injection

PZ-1S

PZ-2S

Description

Applicability

Prevent movement
by preventing
fluid flow
Creation of inert
waste

Landfill
10-90
covers and
slurry walls
Injection of
60-290
solidifying
chemicals
Shallow metal, 400-870
contained soil,
low volatility
metals

PZ-3S

Containment
Physical

FIGURE 6
TCE removal efficiency using ZVI at an actual field location [18].

Encapsulation

ZVI and nano-bimetallic particles were applied to
field studies and very encouraging results were obtained
[27, 30, 32]. Nanoparticles have the optimum size rendering them easily mobile in subsurface, prolonging their
residence time, and preventing their filtration by soil particles, thus enhancing their concentration. Elliot and Zhang
[32] used Fe/Pd nanoparticles of sizes between 100 and
200 nm for TCE removal at an actual field study. Only
1.7 kg of nanoparticles were injected into the soil over a
two-days period, which was successful in degrading 96%
of the TCE without the formation of any chlorinated intermediates. The TCE reduction in the field at the injection
point, and the subsequent down gradient monitoring points
are shown in Fig. 6. PZ stands for different piezometers
installed at down gradient points. The figure shows the TCE
removal efficiency on day 1, day 4, day 17 and day 22. The
TCE data generally exhibited a wavelike pattern consistent
with the advection, dispersion, retardation, and reactions of
the nanoparticle plume as it migrated within the test area.
This behavior is consistent with the classic concepts of colloid transport and reactions in porous media.
Field tests performed by Elliot and Zhang [32] also
showed agreement with the field study of Glazier et al. [27].
From various laboratory and field-scale studies conducted,
Zhang [31] made the following conclusions about ZVI: 1)
the nanoparticles can remain reactive towards contaminants
in soil and water for extended periods of time (>4–8 weeks);
(2) field tests showed that the injection of nanoparticle
slurry into aquifer is relatively uncomplicated, (3) the nanoparticles can flow with groundwater over 20 m distance,
(4) rapid in-situ reactions have been observed with TCE
reduction up to 99% in a few days after nanoparticle injection.
Role of nanotechnology in heavy metal removal

Compared to the myriad of organic compounds degraded by nanoparticles, the number of inorganic compounds which can be degraded is very low. The main focus
of nanotechnology in this area is that in heavy metal removal. Cadmium, copper, lead, mercury, nickel and zinc are
considered to be the most hazardous metals, and included

Vitrification

Ex-Situ
Physical
Separation
Soil
Washing
Pyrometallurgical
In Situ
Reactive Barrier

Application of
electrical energy
to vitrify containment
Includes froth
floatation, gravity
separation, screening etc.
Addition of surfactants and other
additives to solubilize
Elevated temperature extractions
and processing for
metal removal

Cost
(US$/ton)

For high metal 60-245
concentrations
For water
soluble contaminants

25-300

Highly con200-100
taminated soils
(5-20%)

Creation of permeable barrier

Sorption or
60-245
degradation of
containments
in barrier
Soil
Water flushing to For soluble
100-200
Flushing
leach the contami- contaminants
nants
Electrokinetic
Application of
Applicable to Little info
electric current
saturated soils
with low
groundwater
Phytoremediation Use of plants for
Shallow soils 50,000metal extraction
and water
200,000/acre

Groundwater easily gets contaminated with these heavy
metals. Currently, the most promising technology in heavy
metal removal is ultrafiltration [35]. Diallo et al. [36, 37]
carried out experimental investigation of the binding of
Cu(II) ions to poly-(amidoamine) (PAMAM) dendrimers in
aqueous solutions. Dendrimers are highly branched polymers with controlled composition and architecture consisting of three structural components: a core, interior branch
cells, and terminal branch cells. Compared to traditional
chelating agents (e.g., triethylene tetramine) and macrocyles
(e.g., cyclams), which can typically bind only one Cu-(II)
ion per molecule, a generation eight (G8) PAMAM dendrimer can bind up 153±20 Cu(II) ions per molecule. These
PAMAM nanostructures (2-12 nm in size) can be designed
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to encapsulate metal ions and zero-valent metals with surface groups that make them soluble in appropriate media or
bind onto appropriate surfaces [38, 39]. The ability to synthesize water-soluble dendrimers with (i) metal ion-chelating functional groups and (ii) surface groups with weak
binding affinity toward ultrafiltration membranes provides
new and unprecedented opportunities for developing efficient, cost-effective and environmentally sound functional
materials for polymer-supported ultrafiltration (PSUF).
Diallo et al. [36, 37] demonstrated that in aqueous solutions PAMAM dendrimers served as high-capacity nanoscale containers for toxic metal ions, such as Cu(II).
Separation of metal-laden dendrimers from solutions can
simply be achieved by ultrafiltration, thus, making PAMAMs an efficient and cost-effective technology for
heavy metal removal. However, effects of metal iondendrimer loading, dendrimer generation, and surface
chemistry are yet to be studied.
Another upcoming technology for heavy metal removal
from water is the use of ZVI. ZVI has been used to remove
metals like Cr(VI) by using ZVI barrier walls [9]. However, removal of lead has been little investigated [40, 41].
The application of nanoscale-ZVI for Cr(VI) and Pb removal has been attempted and published by Ponder et al.
[42]. In this study, supported ZVI particles (10-20 nm),
referred to as “Ferragels”, were tested for their ability to
separate and immobilize Cr(VI) and Pb(II) ions from an
aqueous solution. Comparisons were made between commercial iron powder and iron filings, unsupported nanoscale iron, and nanoscale iron supported on a commercial polymer resin. Table 5 shows the comparison for
various forms of ZVI. Nanosized “Ferragels” which had
the maximum surface area were required in the least
amount, and had the highest apparent reaction rate for
both Cr(VI) and Pb removal.
TABLE 5 - Comparasion of rates for various forms of ZVI [42].

Type of Iron
Resin supported ferragel
Iron ~ 40 mesh
Iron, 325 mesh
‘activated’ iron powder
10-30 mesh
High purity iron chunks
10-30 mesh
Unsupported nano-iron

mmol
4.05
14.1
14

Apparent rate constant (h-1)
Cr (VI)
Pb(II)
1.18
1.44
0.22
0.09
0.24
0.05

18

0.28

0.33

-

0.22

0.08

5.96

1.16

As per Ponder et al. [42], while “Ferragels” clearly
made more efficient use of iron atoms in the short term, it
remains to be seen if less active forms of ZVI can attain
high atom efficiencies over time periods of decades to hundreds of years. Accelerated tests of corrosion and reactivity
were being conducted to estimate the relative performance
of “Ferragels” and other forms of iron under specified conditions. Lan et al. [43] attempted studying the reaction kinetics of elemental sulphur nanoparticles on Cr(VI) reduction
by sulphide under anaerobic conditions and the rate con-

stants are given in Table 6. Comparing Tables 5 and 6, the
reaction rate constant with sulphur is lower than the reaction rate with ZVI.
TABLE 6
Reaction rate constant for catalyzed reactions between externally
added colloidal sulphur for anaerobic Cr(VI) reduction [43].
Colloidal Sulphur
80
160
240
320

Ksa (h-1)
0.00104
0.00162
0.00215
0.00242

DISCUSSION
In water treatment, nanoparticles size, doping, light
source, intensity and duration of irradiation, and pH affect
the reaction kinetics. In case of groundwater, all of the
above parameters, except the ones related to the light source
and irradiation, are responsible for reaction kinetics. TiO2
in water and wastewater treatment and ZVI in groundwater remediation seem to be the most widely used nanocatalysts.
In case of photocatalytic reduction, the key principle
in reaction kinetics is the presence of a large number of
electrons and holes, and the prevention of their recombination. The type of light source and the intensity of irradiation are responsible for exciting the electrons. In some
cases, UV light or sunlight is more efficient (Figures 4 and
5). The higher the intensity of radiation means that more
energy is available for contaminant reduction. Kuo and Ho
[19] have provided a more in-depth explanation towards
the type and intensity of light source, and its impact on the
photocatalysts. Doping the photocatalysts with other metals like Fe [14], ZnO or SnO2 [15], increases the photocatalyst bandwidth, which prevents the recombination of
the free electrons and holes, thus improving the photocatalyst`s reducing ability. The smaller the photocatalyst size,
the greater the surface area exposed to the incident light
source. Hence, a higher specific surface area results in better
contaminant removal efficiency [16].
The effect of initial dye concentration on the reaction
kinetics was studied by Kiriakidou et al. [22], and Kuo and
Ho [19]. For AO7, the reaction rate at basic pHs remained
steadily until a concentration of 600 mg/l, after which it
gradually declined, whereas for acidic pHs the reaction rate
steadily declined with an increase in initial concentration.
At alkaline pH, the adsorptive capacity of the photocatalyst was higher for AO7. Kuo and Ho [19] have provided
more detailed explanation. In case of methylene blue, the
reactions were carried out at neutral pH, and increase in the
methylene blue concentration resulted in lowering the reaction rate, which was measured by reduced color re-moval
efficiency [22]. Further studies need to be performed in
order to understand this anomalous behavior of the relation
between initial dye concentration, pH and photocatalyst’s
color removal efficiency.
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The effect of TiO2 concentration on pollutant removal
had a similar trend of increase in reaction rate with an increase in TiO2 concentration [18, 20, 22]. D’Oliveira et al.
[24] found that a decrease in the crystal size and BET surface area resulted in an increase of reaction rate. However,
Hermann et al. [20] further examined the effect of the specific BET surface area and the average size of the nanocrystals on the apparent rate constant of 4-CP. Increase in
both the BET surface area and the crystal size increased
the rate of reaction. This result was contradictory to what
D’Oliveira et al. [24] had predicted. Though a reduced crystal size results in more surface area available for the reaction, which might explain D’Oliveira et al.’s [24] results,
the nature of the formation of the nanocrystals had an impact on their reactivity. Hence, not only the BET but also
the formation process of the nanocrystals must be taken into account, in order to correctly estimate the reaction process kinetics.

Through improved understanding of geochemistry of nanoparticles in both basic and field demonstrations in wellcharacterized environments, the prospect for developing
nanoscale technology for environmental applications appears to be very good.
TABLE 8 - Product distributions for Fe0/B and RNIP [30].

1-C
2-C
3-C

4-C
5-C
6-C

In case of groundwater remediation, ZVI is the most
widely used catalyst.
The reactions governing reduction by ZVI were as
follows:
Fe0à Fe2+ + 2e-

The electrons liberated by ZVI, are used to reduce the
chlorinated solvents to benign end-products like methane,
ethane, butane, etc [28].
The ZVI had a BET of 0.287 m2/g. The ratio of the surface area of iron to the solution concentration was found to
be a factor governing the efficiency of degradation. A larger surface area resulted in a more efficient degradation.
Lowry and Liu [30] provided some preliminary results on
how different types of ZVI, with different Fe contents, degrade chlorinated hydrocarbons. Their study concluded that
bimetallic (Fe0/B) and reactive nanoscale iron particle
(RNIP) nanoparticles have similar size, surface area, core
(Fe0)/shell (Fe-oxide) structure as shown in Table 7.
TABLE 7 - Characterization of the nanoparticles [30].
Initial Fe0
content

Efficiency
(ε)

spherical

Surface
area
(m2/g)
36.5

90%

90%

spheroid

23

27%

50%

shape

Fe0/B

30-40

RNIP

40-60

RNIP
NDa

Ethylene
Acetylene
Ethane

0.5
ND
70.0

7.8
84.3
Traceb

Propylene
Propane
1-Butylene

1.6
2.4
2.1

0.6
Trace
1.5

2-Butylene
Butane

4.4
9.0

1.0
1

2.3
6.9
0.005

1
Trace
0.04

0.1

2.5

5-Carbons
6-Carbons
Vinyl Chloride

c-DCE
A = ND: not detected, b = Trace: <0.5%

Implications of Nanotechnology on Health and Environment

2H20 + 2e- à H2 + 2OH-

Average
size (nm)

Chlorinated
products

Methane

Fe0/B
0.7

The two types of nanoparticles tested under the same
conditions had distinctly different reaction rates, product
distributions, and electron efficiencies while degrading TCE.
RNIP nanoparticles were found to behave more like microscale iron particles, while Fe0/B behaved as bimetallic nanoparticles. It was hypothesized that the nature of the oxide
shell plays a significant role in determining the performances of these nanoparticles. Table 8 shows the difference in degradation capacity of both varieties of ZVI.

Man-made nanomaterials used in environmental applications are simply chemicals. All chemicals come with their
own set of health and environment hazards depending on
their dose and concentration, respectively. Due to their size,
nanoparticles exhibit properties distinctively different from
their bulk and molecular counterparts. Studies conducted
by various researchers [44-47] have shown that nanoparticles demonstrate different and, in some cases, more pronounced health hazards compared to their bulk counterparts.
Wang et al. [28] reached a preliminary conclusion that
the high-dose micro-Zn oral exposure could induce more
severe liver damage than nano-Zn, while nano-Zn could
induce heavier renal damage and anemia. When com-paring
the health effects of chronically inhaled TiO2 particles with
different sizes, it was found that the low level exposure
resulted in a greater lung tumour incidence than the high
one [48]. A comprehensive review of TiO2 smoke toxicity
by the US Army consistently found significant toxic effects associated with inhalation of ultra-fine smoke particles that did not occur for larger particles. They recommended that safe exposure limits for TiO2 nanoparticles
have to be set, at least, eight times lower than those for
normal titanium dioxide particles [49].
Juvenile largemouth bass living in aquariums contaminated with 0.5 ppm of nanometer-sized, water-soluble
C60 aggregates develop brain damage and other signs of
physiological distress, according to the first toxicity study
of engineered nanoparticles in aquatic species [50]. Carbon nanotubes have shown to produce cytotoxicity in lungs
of laboratory mice and rats [44, 51, 52]. Warheit et al. [44],
however, argue that micro-sized quartz particles resulted
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in sustained pulmonary inflammations in rats compared to
transient pulmonary inflammations, due to single-walled
carbon nanotubes (SWNTs). Hurt et al. [53] rightly suggest
the need to standardize the in vivo and in vitro toxicological studies, in order to produce comparable data, and to
avoid confusion arising due to differing experimental species and designs. Additionally, it is necessary to take into
account the different exposure pathways, such as inhalation, dermal contact, and different metal salts administration, to account for different toxic effects. Therefore, further
research on different exposure routes, especially inhalation
exposure, and long-term low level effect caused by nanoscale materials needs to be carried out. Biswas and Wu
[4] have systematically summarized the entire life cycle of
gas-borne nanoparticles including their fate and transport in
the environment and pathways of exposure. Orbedöster et
al. [54] have offered a screening strategy which could be
ap-plied at a very early stage in the development of the
risk assessment process for nanomaterials. The elements
of the screening strategy include physicochemical characteristics, in vitro and in vivo assays. Tsuji et al. [55] have
presented a step by step risk assessment framework for
nano-particles in the environment.
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BIOMARKERS OF BENZENE –
A STATE-OF-THE-SCIENCE REVIEW
Nicolina Mucci and Dimitrios Kotzias*
European Commission – DG Joint Research Centre, Institute for Health and Consumer Protection, 21020 Ispra (Va), Italy

SUMMARY
Biomarkers represent strategic tools to evaluate human
exposure to stressors, and to quantify the effects of that
exposure to humans. Biomarkers act as quantitative
measures of chemical exposures and biologically effective
doses, as well as warning signals of biological effects.
They can help to characterize inter-individual susceptibilities, as well as define critical windows of exposure. Biomarkers often represent aggregate exposures, different
ways of up-take and/or cumulative effects. Finally, biomarkers may be used to identify the early stage of health
impairment, and to un-derstand basic mechanisms of action
and response in biomedical research.
The bottleneck is in the operational characteristics, and
in the reliability of biomarkers in the low concentration
ranges relevant to the exposures to chemicals and chemical
mixtures released from various sources.
The objective of this paper is to provide an updated,
although not exhaustive, overview of the biomarkers of
benzene, a proven human carcinogen, as explanatory example of the current state-of-the science of the biomarkers
concept in the present context of the chemical risk assessment. Benzene is one of the most investigated and widely
used substances in the world, both as such and in preparations or in products/articles. Benzene has also constituted a
model for the development of the concept of biomarkers
and its use in risk assessment.

environmental protection, occupational monitoring and risk
assessment. In this latter context, biomarkers also require
a quantitative character, to contribute to an estimate of the
risk consequent to a given exposure. However, the currently
most accepted definition is that given by the World Health
Organization (WHO), which refers to biomarker as “any
measurement reflecting an interaction between a biological system and a potential hazard, which may be biological, chemical or physical” [1]. More recently, the term has
been further broadened to identify an intrinsic genotypic
or phenotypic characteristic of the exposed organism, capable of influencing its interaction with a xenobiotic agent,
determining the level to which it will be affected by that
exposure.
A simplified classification of biomarkers divides them
into three categories: exposure, effect and susceptibility.
WHO provides the following synthetic definitions for these
three classes of biomarkers [2].
• Biomarkers of Exposure: “an exogenous chemical, its
metabolites, or the product of an interaction between the
chemical and a target molecule or cell, measured in a
compartment within an organism”.
• Biomarkers of Effect: “a measurable biochemical,
physiological, behavioral or other alteration, in a biological system, which, depending on the magnitude, can
be recognised as associated with a potential or established health impairment or disease”.
• Biomarkers of Susceptibility: “an indicator of an inherent or acquired ability of an organism to respond to the
challenge of exposure to a specific xenobiotic agent”.

KEY WORDS:
benzene, biomarkers, exposure, susceptibility

BIOMARKERS –
CONCEPTS AND DEFINITIONS
The term “biomarker”, in general, indicates a measurement of a chemical, or its metabolite(s), in a biological
medium (e.g. urine, blood, hair), that can indicate a cellular, biochemical or molecular alteration. Broader definitions
have also been proposed, mainly based on the purpose of
the specific program in which they are employed, such as

However, a larger spectrum of events can be outlined
from exposure to the final effects of that exposure, often
called “exposure-disease continuum”. Therefore, the biomarkers of exposure include both markers of total internal
dose (e.g. levels of the chemical and/or its metabolites in
urine, blood, breath, etc) as well as of biologically effective dose or its estimate (e.g. adducts on macromolecules),
whilst biomarkers of effect include markers of early biological effect (e.g. chromosomal aberrations, micronuclei,
sister chromatid exchanges, etc) and sub-clinical diseases.
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Biomarkers can be used for many applications, such
as, most relevantly, biological and molecular monitoring,
both in occupational and environmental settings, disease
prognosis and diagnosis and, more recently, toxicological
risk assessment. The process for assessing health risks associated with exposure to chemicals, as it is well-known, represents a complex and multidisciplinary procedure that,
conventionally, is divided into four phases: hazard identification, exposure assessment, dose-response assessment
and risk characterisation.
Briefly, these four components of chemical risk assessment can be outlined as follows:
• Hazard Identification: to define the intrinsic toxicological potentialities of a chemical;
• Dose-Response Assessment: to establish the quantitative (or semi-quantitative) relationship between dose/
effect and/or dose/response in humans;
• Exposure Assessment: to delineate the exposure conditions and characteristics which may occur in a given
population, with special attention to the entity, duration
and frequency of the exposures;
• Risk Characterisation: to collate and rationalize the
qualitative and quantitative information collected and
elaborated in the above-reported phases, with the aim
of estimating the risk to human health from environmental exposure.
More specifically, biomarkers of exposure can be used
to confirm and evaluate the exposure of individuals or populations to a given substance, evidencing an association between external exposures and internal dose. Exposure biomarkers contribute to widen the measurement component
of exposure assessment, providing the most direct evidence
of human exposure to a given agent and its absorbed dose.
Biomarkers of effect can be used to attest to an early
adverse biological effect, generally reversible, on human
health, raised by external exposure to and absorption of a
chemical. Therefore, effect biomarkers may be used in
hazard identification, contributing to defining and characterizing the toxic properties of chemicals. Effect biomarkers
may provide a linkage between exposure and effect, contributing to the definition of dose-response relationships
and exposure characteristics. Biomarkers implicated in toxic
mechanism(s) are preferentially selected for quantitative
dose-response assessments, when extrapolating from existing data to a human situation of concern (e.g., from high
to low dose, or from test animals to humans, especially for
non-threshold substances). It should be noted that some
effect biomarkers, such as sister chromatid exchanges (SCE),
micronuclei (MN) and unscheduled DNA synthesis (UDS),
are used as exposure biomarkers as well, owing to their
lack of specificity for a causative agent.
Biomarkers of susceptibility, then, may help to clarify, at least in part, the so-called “black box”, interposed
between the exposure of a person to a xenobiotic and the

degree of the individual response elicited in the organism
by that chemical. The reaction of an individual to exposure to a chemical, in fact, depends on several factors, both
external, such as age, life-style and health status, and internal, such as inherited and acquired characteristics of the
human subject, as well as the properties of the chemical
and the circumstances of the contact. All these factors concur to delineate individual susceptibility to chemicals. Biomarkers of susceptibility indicate which factors may increase or decrease an individual's risk of developing a
toxic response, following exposure to an environmental
agent. The most studied and used susceptibility biomarkers
are consistent with different genetically determined rates of
enzyme activity, which, by controlling the activation or
detoxification of chemicals, lead to differences in susceptibility, by increasing or decreasing the biologically effective dose of xenobiotics. Therefore, susceptibility biomarkers
may also be useful in every component of the risk assessment procedure.
Measurements carried out for almost three decades
within the context of biological monitoring have been used
to assess worker exposure and, in clinical settings, to evaluate the effects of therapeutic agents. These measurements
provide the critical link between chemical exposure, internal dose and health impairment, and are of value in assessment of risk. Their use in monitoring consumer exposure is more recent and presents major problems, owing
to, among other factors, low doses, high inter- and intraheterogeneity of individuals.
It could be appropriate to underline that human health
is affected by all the activities of an individual, who is subject to a continuum of chemical exposures in the external
environment, including air, water, soil and food. It also
should be noted that distinction of exposure to chemicals
on the basis of context, such as environmental, residential
or occupational, is often made only for practical convenience. The important considerations for assessment of risk
are the dose rate, route, duration and frequency of exposure. Therefore, the application of biomarkers linked to toxic
processes or mechanisms to the risk assessment process,
and particularly to quantitative risk assessment, has the potential to provide a more rational and less subjective process.
Biomarkers of exposure, effect and susceptibility have
been developed and extensively employed for many chemicals, in occupational as well as environmental settings.
Among these chemicals, benzene, one of the most investigated chemicals, has represented a model for new research
on biomarkers and their applications in metabolic and
mechanistic studies.
BENZENE AND ITS BIOMARKERS
Properties and Uses

Benzene is a very volatile and flammable aromatic hydrocarbon, widely diffused as a natural component of petrol
and gasoline, found also in engine exhausts, and in ciga-
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rette mainstream and sidestream (second hand) smoke (this
latter constitutes also the so-called environmental tobacco
smoke). Benzene is also present in water, food and consumer products (glues, paints, pesticides and plastics) but,
mostly, in very low quantities. In industry it is mainly used
as a starting material for the synthesis of other chemicals,
such as fuel additives and solvents. Because of its short
lifetime in the atmosphere and its lack of halogen moieties, benzene is not regarded to be responsible for ozone
layer depletion or global warming.
Benzene is currently monitored in many cities and industrial areas. The EXPOLIS and MACBETH studies and,
more recently, the AIRMEX study [3] are extensive measuring campaigns carried out at pan-European level to determine indoor/outdoor concentrations for benzene and
other pollutants, and to relate them to personal exposure
estimates [4-5]. The results clearly indicated that indoor and
ambient air concentrations for benzene substantially vary
between the northern/central and the southern part of Europe, with higher indoor and ambient air levels measured
in the cities of Southern Europe [6]. This is mainly due to
climatic conditions (higher temperature, low wind speed
regimes), and heavy traffic often associated with the lack
of infrastructure needed to facilitate the movement of citizens to and from the city. While in Athens (Greece), Murcia
(Spain), Milan (Italy) outdoor (mean) concentrations upto
21 µg/m³ were measured, in Copenhagen (Denmark), Helsinki (Finland), Rouen (France), Prague (Czech Republic)
outdoor concentrations for benzene reached values up to
5 µg/m³. Personal exposure monitoring concentrations were
higher compared with those from indoor and outdoor sampling. According to Cocheo et al. [5], the population exposure to benzene in western European cities is higher
indoors than outdoors. Indoor levels were reported to range
from 4.5 to 12.3 µg/m³ (0.001–0.003 ppm), personal exposure ranged from 6.6 to 23.1 µg/m³ (0.002–0.007 ppm)
and outdoor levels were reported between 4.4-20.7 µg/m³
(0.001–0.006 ppm).
Within the framework of the German Environmental
Survey (GerES II) [6], the personal exposure (mean) concentrations were 13.5 µg/m³, similar to those obtained in
some Central European cities (e.g. Prague, Antwerp). Assuming a 24-hours exposure to this concentration, a daily
intake of 270 µg of benzene is estimated. Another study
reported on personal exposure concentrations in the city
of Nancy, ranging from 9.9 µg/m³ to 55.5 µg/m³, with
a mean value around 23.8 µg/m³, which is significantly
higher than the (mean) indoor and outdoor concentrations
of 10.8 µg/m³ and 4.4 µg/m³, respectively.
Waidyanatha et al. [7] reported on environmental levels of benzene in the USA between 2 and 6 ppb.
In order to reduce health risks, a joint European Union
Parliament and Council Directive establishes that population exposure concentrations to ambient (outdoor) benzene
in the air should be reduced to 5 µg/m³ (annual mean) by
the year 2010 [8]. Within the framework of the INDEX

(Critical Appraisal of Setting and Implementation of Indoor
Exposure Levels in the EU) project, benzene is recognised
as a priority pollutant in confined environments, for which
regulatory measures should be envisaged and initiated to
protect human health [9].
Most of the studies related to benzene exposure, have
been carried out on exposed workers, whilst very little documentation is available on adverse health effects in people exposed to benzene at non-occupational levels. Therefore, the risks to human health are first assessed with regard to occupational exposures, and then extrapolated to
the general population. On the basis of these studies, scientific and/or governmental organizations have elaborated risk
evaluations for human health. Briefly, the critical human
health effects from long-term exposure to benzene are represented by bone marrow depression and leukaemia, specifically acute myeloid leukaemia (AML). It is considered
to be a genotoxic compound classified by most governmental agencies (USEPA, NIOSH, IARC), for which no threshold level has been established [10–12]. Benzene, then, has
been classified as a category 1 carcinogen, with the R phrase
R45, “May cause cancer”, by the European Commission,
according to Annex 1 of the 67/548/EEC directive.
Metabolism

The metabolism of benzene has been deeply studied
because of its critical role in its toxicity.
Weisel et al. [13] have individuated three main body
compartments on the basis of expired breath data: one, at
very rapid exchange (a few minutes), such as blood; a second, slower, (permanence times of tens of minutes to
hours), such as rapidly perfused tissues and a third (permanence times of tens of hours), probably fatty tissue.
Women then are more efficient metabolisers than men, for
the same levels of benzene [14].
Qu et al. [15] found that, after inhalation exposure,
about 12% of the absorbed dose is expired from lungs, and
0.1% is excreted unaltered in the urine whilst according to
Waidyanatha et al [7], about 17% is exhaled and the remainder metabolized.
Benzene is then metabolized in the liver by cytochrome
P450E1 (CYP2E1) to benzene oxide (BO) - oxepin. This
compound is further processed via both enzymatic and nonenzymatic pathways to several products. Briefly, BO can
be transformed in phenol, or conjugated with glutathione
(GSH), by glutathione S-transferase (GST), to form S-phenylmercapturic acid (S-PMA), or can also go through ring
opening to trans,trans-muconaldehyde and its final metabolite trans,trans-muconic acid (MA). Phenol, benzene's
major metabolite, can be further metabolized by CYP2E1 to
hydroquinone (HQ), 1,2,4-trihydroxybenzene (THB), and
catechol (CAT). The amount of metabolized species by
the ring-opening pathway is greater at low exposure than at
high, in humans as in animals: hence, much caution is
needed in extrapolating from high to low doses.
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Au et al. [16] planned a study to rank benzene and its
metabolites according to their degree of toxicity. With this
aim, they exposed Chinese hamster ovary (CHO) cells to
these compounds and investigated the induction of cytotoxicity and DNA strand breaks. On the basis of their results,
the ranking of benzene and its metabolites was, for general
toxicity (as measured by the survival curves and LD50):
Benzoquinone (BQ)> HQ, CAT> MA> 1,2,4-Benzenetriol
(BT) > S-PMA> Phenol> Benzene, and for genotoxicity:
BQ> HQ>> MA, CAT, S-PMA, BT, Phenol and Benzene.
Therefore, quinones turned out to be the most dangerous
metabolites in benzene toxicity.
All these metabolites have been widely examined as
biomarkers of short-term exposure to benzene. Qu et al.
[15] e.g., reported a GC-MS method, able to rapidly detect the six metabolites CAT, MA, HQ, S-PMA, and THB,
present in the urine of both exposed and non-exposed
subjects at the same time. Thus, this method can be used
also in environmental monitoring programs.
Benzene, BO-oxepin and Phenol have been found to
compete for the same cytochrome P450 enzymes. Such
competitive reactions may inhibit the formation of HQ
and MA, which require a second oxidation (HQ from phenol and MA from BO-oxepin), whilst Phenol and CAT
proportions increase, because they derive from benzene
oxide, without further P450 oxidation [7]. Phenol, CAT
and HQ can then be carried to the bone marrow, where
they can be transformed into highly toxic BQs by myeloperoxidases. NADPH:quinone oxidoreductase (NQO1), previously called diaphorase, is the enzyme capable of taking
BQs back to their reduced form [17]. Therefore, toxic metabolites are detoxified by two different pathways, the conjugation with GSH, by GST, and the reduction of BQs to
less toxic HQs, by NQO1.
Although benzene metabolism is needed for toxic and
carcinogenic activity, the specific association of metabolites implicated has also to be clearly identified. The present “best” hypothesis is that myelotoxicity and genotoxicity are the consequence of a synergistic combination of
Phenol with HQ, muconaldehyde or CAT [18]. Then, given
that benzene metabolites may cause DNA damage, such as
a translocation or inhibition of DNA replication related
enzymes, leading to a mutagenic effect, this process may
be considered as “initiation”, whilst the effects of benzene
and HQ, leading to an expansion of a not fully differentiated clone of myeloid cells, may represent a mechanism
of “promotion”. Thus, one can also hypothesize a two-step
process of initiation and promotion, associated with benzene-induced non-lymphocytic leukaemia.
However, there is high variability at individual and ethnic level. The explanations for such variability have been
ascribed, partly to personal factors, such as gender, sex
and lifestyle habits, and, partly, to genetic polymorphisms
of metabolic enzymes, both phase I (cytochrome P450 enzymes) and phase II (GST, NQO1). The allele variants of
these enzymes have been analyzed as biomarkers of suscep-

tibility to benzene [15-18], and will be more widely addressed below.
Adverse Health Effects

Benzene adverse health effects have been known for
a long time, the most serious regarding the haematopoietic system [23].
Chronic exposure to low levels of benzene may cause
reversible alterations in the blood cell picture but, at higher
levels, an irreversible bone marrow depression, with pancytopenia, may be found. This pathological condition is
called aplastic anaemia. Pancytopenia can also occur in
the so-called myelodisplastic syndrome (MDS), a clonal
disease, characterized by dysplastic marrow, alterated
hematopoiesis and chromosomal aberrations. Benzene
MDS usually goes on to leukaemia, generally acute myeloid leukaemia (AML).
As it is known, leukaemia is a cancer of the blood,
characterised by a huge proliferation of blood cells, usually white blood cells, the majority of which originate from
individual stem or progenitor cells in the bone marrow.
Leukaemia, however, represents a general term, covering
several variants of the disease. Briefly, leukaemias are classified in acute and chronic forms, on the basis of clinical
and pathogenetic characteristics, and in lymphoid (or lymphocytic) and myeloid forms, on the basis of the type of
leucocytes which are abnormally proliferated. By combining these two classification systems, we distinguish four
major classes of leukaemias: chronic lymphocytic leukemia, chronic myeloid leukemia, acute lymphocytic leukemia, and AML, as well as individual subtypes within each
category.
Pursuant to present models for the origin and progression of neoplasia, AML is recognized as representing the
end stage in a multi-step process, in which multiple independent modifications in proto-oncogenes and/or suppressor genes, associated with epigenetic and environmental
factors, lead to the development of the disease [24].
A distinctive characteristic of leukaemias, in general,
and MDS/AML, in particular, is the involvement of specific clonal chromosome aberrations, both structural and
numerical ones. Interstitial deletions, primarily involving
chromosomes 5 or 7, are also observed in both MDS and
AML. Other non-random chromosomal abnormalities, found
in AML, include reciprocal translocations, such as t(8;21)
or t(15;17), and balanced translocations, involving common breakpoints, such as 11q23 and 3q26 [25]. Moreover,
it could also be appropriate to stress that point mutations
in the ras proto-oncogene are also common in AML and
MDS, being encountered in 25–30% of cases [26]. The results of these and several other studies suggest that clonal
chromosomal aberrations, including aneuploidy and interstitial deletions involving specific chromosomes, are key
factors in the ontogenesis and maturation of these neoplastic forms.
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Benzene has been found to induce many different
types of genetic damage, such as point mutations, DNA
adducts, oxidative DNA damage, structural and numerical
chromosomal aberrations, micronuclei and cell transformation, in a variety of in vitro and in vivo systems. All these
cellular al-terations have been examined as early biological
effect bio-markers. In conclusion, benzene exposure is an
established cause of AML and MDS, but can also be associated with other forms of leukaemia [27, 28].
Like many other organic solvents, benzene has been
shown to produce neurotoxic effects in experiments on
animals and humans, after short-term exposures to relatively high concentrations. The neurotoxicity of benzene,
however, has not been extensively studied, and no systematic studies of the neurotoxic effects of long-term exposure have been carried out. Benzene causes generalized
symptoms, such as dizziness, headache, and vertigo at levels
of 250–3000 ppm (799–9584 mg/m3), leading to drowsiness, tremor, delirium and loss of consciousness at 700–
3000 ppm (2236–9584 mg/m3). These neurological symptoms are reversible upon removal of the subject from exposure [29]. However, most reports regarding neurological
symptoms present evident deficiencies, such as small numbers of patients under study, and a shortage of information
about the intensity or duration of benzene exposure. Therefore, a reliable neurotoxic risk assessment is currently impossible to effect. Nevertheless, the occurrence of symptoms following exposure and the improving of effects upon
removal from exposure, leave little doubt that benzene
affects the central as well as the peripheral nervous system.
Benzene may cross the human placenta and is present
in cord blood in quantities equal to or greater than those
in maternal blood, although there is no convincing evidence that benzene produces malformations or other toxic
reproductive effects in humans or animals. Several studies
suggest that the chemical induces adverse reproductive
effects, such as retarded fatal growth in experimental animals, mainly evidenced as decreased fatal weight and delayed ossification, both in the presence and absence of maternal toxicity [30]. There are also inconclusive results regarding developmental toxicity of benzene in humans. Most
studies consisted of small numbers of subjects, lacked important experimental details and involved (in almost all
cases) concomitant exposure to other chemicals. These
studies, moreover, did not provide reliable exposure monitoring data or quantitative dose-response information.
Risk Assessments by National and International Bodies.

At present, there are four key occupational cohort studies, demonstrating an association between benzene and
leukaemia, and for which the exposures have been assessed
in detail. These are the Goodyear Pliofilm [31-33], the
Chemical Manufacturers Association (CMA) [34, 35], Dow
Chemical and the Chinese Factory Worker cohorts [27].
The approaches adopted to evaluate the carcinogenic
risk from benzene exposure have been highly diversified,

as new information and more refined mathematical models became available. Thus, these approaches have resulted
in a magnitude of wide-ranging risk estimates.
In Canada, an important risk assessment survey was
carried out in 1993, on behalf of the Ministers of National
Health and Welfare. The Working Group has concluded
that, in Canada, “benzene is a substance entering the environment in a quantity or concentration or under conditions
that do not constitute a danger to the environment, or to the
environment upon which human life depends, but that may
constitute a danger to human life or health”. Therefore,
benzene is considered to be toxic, as defined under Section
11 of the “Canadian Environmental Protection Act” [36].
The assessment has considered the entry of benzene to
the environment, the exposure of humans to benzene and
potential harmful effects in humans and other biota. Airborne concentrations of benzene in rural areas of Canada
have resulted generally below 1.2 µg/m3. Mean concentrations at urban sites have ranged from 1.2 to 14.6 µg/m3,
with an overall mean concentration of 4.4 µg/m 3 and a
maximum 24-hours average of 41.9 µg/m3, recorded at
one site. Concentrations of benzene in Canadian surface
waters are generally less than 1 µg/L. The mean concentration in untreated water, measured in one study, was 2 µg/L.
Average daily intakes of benzene from environmental
media by five age groups (0-6 months; ½-4 years; 5-11
years; 12–19 years; 20–70 years) in the general population, have been estimated. These estimates are based on
mean concentrations of benzene encountered in environmental media. Ambient air is the main source of exposure
to benzene for general human population, with estimated intakes ranging from 1.3 to 2.0 µg/(kg bw.day). Automobilerelated activities are figured to contribute a further 0.70.9 µg/(kg bw.day), while use of domestic products, indirectly calculated from the difference between the concentration of benzene in outdoor and indoor air and in the
homes of nonsmokers, is estimated to increase intake by
0.4-0.6 µg/(kg bw.day). Estimated intake from food and
drinking water is substantially less, ranging from 0.02 to
0.07 µg/kg bw./day, and 0.02 to 0.06 µg/(kg bw.day), respectively. Total daily intake from all these sources, thus,
may be estimated to range from 2.1 to 3.2 µg/(kg bw.day).
Cigarette smoking may contribute an additional 26-33 µg/
(kg bw.day) to the daily intake of benzene, while passive
smoking may contribute 0.9 to 1.3 µg/(kg bw.day).
The increase in probability of death due to constant
lifetime exposure to benzene has been determined by assuming constant exposure for a period equal to the median
survival time of 75 years, and that there are no other competing causes of death. The concentration that corresponds
to a 5% increase in mortality due to acute myelogenous
leukaemia (Toxic Dose 0.05 or TD 0.05), based on the data
of mortality in the follow-up of the Pliofilm cohort to 1981
[27], is 14.7 x 103 µg/m3. Based on the above-reported average concentration of benzene in ambient air in Canadian
cities of 4.4 µg/m3, the calculated corresponding exposure/
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potency index for benzene is 3.0 x 10-4. The priority for
further action (i.e., analysis of options to reduce exposure)
is, therefore, considered to be high.
In the USA, many studies and risk evaluations have
been carried out by national Agencies and Organizations.
The EPA used the Goodyear Pliofilm study, as reported
by Rinsky et al. [32, 33] for their quantitative risk estimate.
They reckoned a range of 2.2 × 10-6 to 7.8 ×10-6 as the increase in lifetime risk of an individual, who is exposed for
a lifetime to 1 µg/m 3 benzene in air. This is based on a
linear model and extrapolates to air concentrations of 1.34.5 µg/m3, for a risk level of 1 in 100,000.
The EPA also assessed the National Cancer Institute
and the Chinese Academy of Preventive Medicine collaborative study in 12 cities of China [27, 37-38]. Workers were
observed for an average of slightly less than 12 years. This
study, one of the largest of its type ever undertaken, enabled its authors to highlight significantly the elevated
risks of haematologic neoplasms (RR = 2.2, 95% C.I. =
1.1-4.2), at relatively low occupational levels of exposure
to benzene (average levels of less than 10 ppm).
The EPA Working Group, however, drew attention to
substantial uncertainties and potential weaknesses of the
study. The main potential issue was the development of
exposure estimates for the benzene-exposed and unexposed
workers. According to the authors [37], only 38% of the
18,435 exposure estimates were based on actual measurements of benzene concentrations; remainders were numbers
elaborated by factory industrial hygienists, based upon their
estimates of benzene concentrations. During the earliest
period, only 3% of the exposure estimates were based on
actual measurements. Furthermore, the derivation of the
cohort from many different factories across China may suggest the possibility that this cohort was exposed to mixtures of many different chemicals.
A broad study carried out by EPA, the TEAM Study,
facilitated the identification of the major sources of exposure to benzene for the U.S. population [39, 40]. These
sources were found to be quite different from what had
previously been considered to be the principal sources: atmospheric emissions (automobile exhaust and industrial
emissions), in fact, account for only about 20% of total exposure. The most important source turned out to be cigarette smoking, which accounts for about half of the total
population burden of exposure, whilst another 20% came
from various personal activities, such as driving and using
attached garages. On average, smokers take in roughly
2.0 mg of benzene per day, compared with approximately
0.2 mg per day for a typical non-smoker. Smoking is certainly the major factor of benzene exposure by smokers,
accounting for approximately 89% of the daily benzene exposure. Among non-smokers, personal/indoor and outdoor
air concentrations are prime sources, accounting for 31 percent and 40 percent, respectively. Driving cars and environmental tobacco smoke were other important sources for
non-smokers, 19% and 10% respectively, whilst food, bev-

erages and drinking water were revealed to be not significant to general population exposure. Emissions from consumer products (glues, adhesives, marking pens and paints)
surface coatings, building materials were also important
sources, but inadequate data are available in order to estimate exposures from any one category.
In the United Kingdom, in 1991, the Government set
up the Expert Panel on Air Quality Standards (EPAQS),
with the task of advising the Authorities on air quality
standards. In recommending a standard for benzene, the
Panel has accounted for the differences between industrial
cohorts, especially past ones, and the general population.
The former generally comprised fit, young and middleaged individuals, whereas the general population includes
also children, pregnant women, the elderly and the sick,
other than people highly sensitive to toxic chemicals. Workers are potentially exposed to high levels for about 8 hours
per day, five days weekly, for 40 years, whereas the general population is exposed to much lower concentrations,
but throughout their lifetimes.
The two studies considered to be most important were
these of the Pliofilm and the CMA cohort studies. The Panel
recognised that benzene is a genotoxic carcinogen and,
therefore, a “not observed adverse effect level” (the socalled NOAEL) could not be established. Nevertheless, for
practical purposes, they believed that a concentration could
be proposed, in which the risks are extremely small and unlikely to be detectable by any available method. The Panel,
therefore, adopted the pragmatic approach, frequently
adopted in these situations, of recommending a target
standard value, which is as low as is reasonably practicable. Based on the above-cited epidemiological studies, the
Panel determined that the risk of leukaemia in workers
was not detectable when average exposures, over a
working life-span, were around 0.5 ppm. Assuming a
100-fold uncertainty factor to account for the difference
between a working lifetime and an average natural life
and for inter-in-dividual differences in sensitivity, the
Panel recommended an ambient air concentration of 5 ppb
(as a running annual average). Since, as already mentioned, benzene is a geno-toxic carcinogen and, therefore,
in principle, exposure to such substances should be kept
as low as technically possible, the Panel further recommended a future target standard of 1 ppb running annual
average [41].
WHO (Air Quality Guidelines for Europe, 2000) has
established the following daily intakes of benzene: water:
1-5 µg; food: 100-250 µg; 1 pack cigarettes/day: 600 µg.
Tobacco smoke is a relevant source of benzene intake, both
for smokers and non-smokers, sharing indoor spaces. The
estimated daily intake of benzene, in the non-occupationally
exposed population, ranges from a minimum amount of
230 µg/d for non-smokers to 1800 µg/d for heavy smokers
(32 cigarettes/day) [42]. WHO then selected the abovecited “Goodyear Pliofilm cohort studies”, on workers employed in the manufacture of rubber film, as the most exhaustive and well-analyzed study, and it has also been the
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main study used for carrying out the quantitative risk
assessment. They concluded that benzene is carcinogenic to
humans, and thus no safe level of exposure can be recommended. However, for purposes of guideline derivation,
WHO decided to use the 1994 risk calculation of Crump
[31] (of the Pliofilm cohort) rather than to derive new estimates. The geometric mean of the range of estimates of
the excess lifetime risk of leukaemia, at an air concentration of 1 µg/m3, is 6 ×10–6. The concentrations of air benzene, associated with an excess lifetime risk of 1/10 000,
1/100 000 and 1/1000000, are 17, 1.7 and 0.17 µg/m3, (5.3,
0.53, 0.053 ppb, respectively).
The IPCS (International Programme on Chemical
Safety) concludes that benzene is a well-proven human
carcinogen. Epidemiological studies of workers exposed
to benzene have demonstrated a causal relationship between
benzene exposure and the production of AML. The IPCS
Task Group, however, was of the opinion that the available
epidemiological evidence is not sufficient to indicate the
difference between a moderate increment in leukaemia incidence in workers exposed to low levels of benzene, and
a safe non-risk situation [43].
In evaluating human health risks from benzene, they
have also used the “Goodyear Pliofilm cohort studies”, as
well as other relevant epidemiological studies, such as a
retrospective study on male chemical workers in the USA,
employed between 1947-1968 [44]; a cohort of shoe workers (males and females) in Florence, Italy [45], and a broad
retrospective cohort study of 28,460 Chinese factory workers [46]. They concluded that a time-weighted average of
3.2 mg/m3 (1 ppm), over a 40-years working life, cannot be
statistically associated with any increase in leukaemia cases.
However, because benzene is a human carcinogen, the
authors stress that exposures should be limited to the lowest
technically achievable level.
BIOMARKERS OF EXPOSURE
A biomarker of exposure may be regarded a substance,
its metabolites, or a reaction product between the substance
and a target molecule (DNA, proteins) inside the organisms. Biomarkers of exposure are measured in biological
samples taken from a person, using non-invasive methods,
and analysed for the substance(s) under study. Samples are
mostly blood and urine, but also breath, sweat and hair.
For benzene, the main exposure biomarkers generally
reported in recent studies are outlined in Table 1.
Benzene in blood and exhaled air represents an index
of not only the air concentration of benzene but also the
toxico-kinetics and dynamics of the substance. Thus, its
measure may provide information on the internal dose of
benzene.
Several studies have analyzed the relationship between
air concentration and blood and breath benzene levels [4749]. Brugnone et al. [50] investigated the situation with

150 workers employed in petrol stations and a refinery
plant, collecting blood samples at the end of the work-shift
and the morning after before starting work (pre-shift samples). The median concentration of blood benzene resulted
to be 80 µg/m3 for the whole cohort, with a mean value of
251 ng/L at the end of the shift, and 174 ng/L in the morning, whilst the average level in the control group (243 individuals) was significantly lower than this latter (128 ng/L).
Moreover, the median benzene concentration was manifested to be higher in smokers than in non-smokers, both
in the general population (210 ng/L vs. 110 ng/L) and in
workers, at the end of the shift (476 ng/L vs. 132 ng/L) and
the following morning (360 ng/L vs. 99 ng/L). The end-ofshift blood benzene concentration was found to correlate
well with the exposure concentrations, measured using
personal sampling pumps.
Breath samples can be collected on Tenax cartridges
and analysed by gas chromatography-mass spectrometry
(GC-MS) [39]. Money and Gray [48] reported a simple
method of sampling and analysis, with a detection limit of
0.01 ppm. However, data obtained were considered reliable only at 10-20 ppm levels and usable only on a group
basis, given the high individual variability. Therefore, the
analysis of exhaled benzene was not firstly regarded as a
reliable biomarker at concentrations below 1 ppm.
Benzene in breath was then re-evaluated as a shortterm biomarker of environmental exposure at the sub-ppm
level. Less than 10% of the inhaled benzene was found
having been exhaled within three hours, following twohour inhalation exposures, with a greater percentage exhaled following shorter exposures. An average of 64 percent of the inhaled benzene was absorbed through the
lung barrier, with the percentage absorbed decreasing with
continued exposure [13]. Breath benzene was shown to
strongly correlate with trans-trans-muconic acid and lymphocytic DNA damage (measured by the comet assay), but
not with urinary phenol, in an occupational study, carried
out in five different workplaces, at benzene breath levels
less than 3 ppm [51]. So, breath benzene, analysed by these
authors according to the NIOSH standard method 1501,
revealed a satisfactory biomarker, also with regard to low
levels of benzene exposure.
Urinary benzene represents about 1% of the absorbed
quantity. It has been indicated as a specific and sensitive
short-term exposure marker [52]. Waidyanatha et al. [7]
proposed a method for a simple and rapid determination of
urinary benzene. Measurements were performed via headspace solid phase microextraction of 0.5 ml of urine specimens, followed by GC-MS. This assay is simple and more
sensitive than other methods (detection limit 0.016 µg benzene/L urine). Linear relationships, then, were also observed
between the logarithm of urinary benzene and the corresponding logarithms of other four urinary metabolites of
benzene, namely MA (r = 0.938, p <0.0001), Phenol (r =
0.826, p < 0.0001), CAT (r = 0.812, p < 0.0001), and HQ
(r = 0.898, p < 0.0001).
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Recently, Basilicata et al. [53] have reported a quantitative determination of benzene in urine, carried out in a
three-step procedure: urine collection, sample analysis by
head space/solid phase microextraction/gas chromatography/mass spectrometry, and benzene quantification. Besides urinary benzene, the applicability of the method was
verified by measuring the urinary concentration of SPMA too. A similar trend of concentration levels of both
substances, measured in urine samples collected before
and after work-shifts, was found, demonstrating the actual
applicability of this standard addition method for biological monitoring purposes. Therefore, on the whole,
urinary benzene may represent a good biomarker for exposure to low levels of benzene.
Phenol and Quinone Metabolites

Phenol represents the major metabolite of benzene.
According to Ong & Lee [54], i.e., phenol and its conjugates make up about 28-33% of the absorbed dose. It is
contained, for example, in many foods (smoked meat and
fish products). Therefore, due to its lack of specificity, urinary phenol can be an acceptable biomarker of exposure
only at high doses (>5 ppm). For this reason, urinary phenol has traditionally been used almost exclusively in occupational settings. Until 1996, in fact, it represented the
biomarker proposed by American Conference of Industrial
Hygienists (ACGIH), with a limit of 50 mg/g creatinine in
urine, in end-of-shift samples, together with benzene in
alveolar and exhaled air, with limits of 0.08 and 0.12 ppm,
respectively, in pre-shift samples [55].
The more recent, already cited study of Sul et al. [51]
failed to demonstrate phenol as a proper biomarker of exposure to low benzene level. Therefore, at present, provided that mean occupational levels are ≤0.5 ppm or less,
and environmental ones around 0.1 ppm, this substance
can be only used after accidental high-level exposures.
Rothman et al. [56] analysed BQ, CAT, HQ and MA
in 44 workers, heavily exposed to benzene (>31 ppm), in
three factories in Shanghai, correlating their levels with
haematological abnormalities. However, as with phenol,
these metabolites have not been proved to be reliable for
biomonitoring purposes, but are currently mostly utilised
in studies on benzene pathogenesis.
p-BQ has been shown as an inhibitor of the conversion of pre-interleukins-1[alfa] and –[1beta] to the active
cytokine [57], and also as an inhibitor of topoisomerase II
[55–59]. Topoisomerase II, in fact, is a SH-dependent endonuclease and, as such, inhibited by agents that form covalent adducts with SH groups.
p-BQ and HQ have also been found to increase superoxide, nitric oxide and hydrogen peroxide in HL-60
cells, activated with phorbol ester [60]. Hydroquinone is
also a myelotoxin, present in many foods, other than a metabolite of benzene. Hydroquinone is genotoxic in several

in vitro and in vivo test systems, inducing micronuclei, sister
chromatid exchanges and chromosomal aberrations [61].
The spectra of adducts produced by these metabolites
and the influence of polymorphisms will be dealt for in the
paragraph relative to “DNA and protein adducts” and “susceptibility biomarkers”.
trans,trans-Muconic Acid (MA)

MA is produced by benzene oxide-oxepin, via CYP2E1,
with the opening of the aromatic ring. The half-life for
MA is 5 hours. After exposure to 1 ppm of benzene in air,
about 4% of the inhaled dose is excreted as MA. For lower
doses, below 0.1 ppm, MA is reported to represent between
7 and 58% of the inhaled benzene [5]. Weisel et al. [13]
reported that the percentage of benzene metabolized by the
ring-opening pathway is greater at environmental exposures than at higher occupational exposures, a trend similar to that found in experimental studies. This suggests
that the dose-response curve is non-linear and the validity
of a linear extrapolation of adverse effects, measured at high
doses, to a population exposed to lower, environmental
levels of benzene is rather dubious. Wiwanitkit et al, [62],
on the basis of a study carried out on gas station attendants,
recommended MA determination as a biomarker for occupational exposure to benzene. Buratti et al. [63], in a
monitoring study carried out on traffic wardens, concluded
that MA is a poor indicator at levels below 100 µg/m3, but
it can be reliably used for higher exposures, such as those
due to smoking.
MA is currently widely used for monitoring around
0.5 ppm-exposures. It appears to be a specific and sensitive biomarker, simpler to measure than urinary benzene
and S-PMA [52, 64]. Sanguinetti et al, [65], however, have
found it difficult to correlate MA with benzene exposure at
ppb levels.
MA was investigated as a marker of environmental exposure to benzene in 144 children living in Campania (a
Southern-Italian region), divided into two groups, one from
a city (designated as an urban source) and the other from a
rural village (designated as background level). The mean
value of MA was 98.7±81.0 µg/L in the urban group and
48.4±71.7 µg/L in the rural one. Passive smoke exposure
did not relevantly affect MA levels, but proximity of the
home to traffic was revealed to increase them [66].
Contrasting results have been obtained by Saieva et
al. [67] in the framework of a broad prospective study,
EPIC-Italy – the Italian section of EPIC (European Prospective Investigation into Cancer and Nutrition) project.
This cross-sectional study was carried out in 69 24-h urine
samples from subjects living in Florence (a large metropolitan area in Tuscany), and in Ragusa (a small town in
Sicily). Both MA and 1-hydroxypyrene, a metabolite of
pyrene, were strongly related to tobacco smoke and did
not appear to represent reliable biomarkers of exposure to
environmental pollutants in the general population. In any
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case, it may be appropriate to underline that children represent a most susceptible category in harm from passive smoking. Children exposed to parental smoke, in fact, showed
much higher biomarker levels than the non-smoking spouse
of an adult smoker [68]. Therefore, children need specific
protection from secondhand smoke.
At lower levels, however, MA may undergo the interference of sorbic acid. MA, in fact, is also excreted in
urine as a minor metabolite of sorbic acid (SA, trans,trans2,4-hexanedioic acid), a widely used additive in food, cosmetics and pharmaceuticals. This problem has been reported
by many scientists [14, 64, 65, 69-70]. Since 1973, when
toxicological data for SA were evaluated, the acceptable
daily intake (ADI) was assessed at 1500 mg SA/d, for a 60kg adult, corresponding to an average dose of 25 mg/kg
body weight (bw). Estimates carried out to assess if SA was
used at technologically effective levels in industrial food
production (bread and flour confectionery, fats, cheese,
soft drinks, sauces and meat products) have led to the establishment of a daily amount of about one-quarter of the
above reported ADI [71-72]. In humans, after ingestion of
a single dose of 447 mg SA, or during 2-day trials ingesting 3 doses of 1 mg SA/kg bw [68], it was found that about
0.05–0.51% and 0.15–0.34%, respectively, of the dose was
converted into MA, through unknown metabolic pathways.
On the other hand, it has been speculated that only about
27% of MA background levels could be attributed to benzene metabolism, the remaining 73% being ascribable to
other unidentified precursors [73]. Such data suggest that
the measurement of urinary MA could lead to an overestimation of the benzene exposure, even at 0.5 ppm level.
Weaver et al. [70] have faced this problem, determining MA in sequential spot urine samples from volunteers,
including children, who consumed SA-containing foods.
The authors conclude that, in countries where consumption
of processed food is common, the SA interference is a problem that has to be addressed.
Cocco et al. [74] measured MA excretion in 65 subjects, 34 women and 31 men, with the aim of determining
the contribution of diet and environmental sources of benzene exposure to the inter-individual variation in background MA excretion, among subjects non-occupationally
exposed to benzene. The MA geometric mean was significantly higher among women (28.7 vs 11.5 µg/g creatinine,
p<0.05) and among smokers (37.6 vs 15.6 µg/g creatinine,
p<0.05), and increased by years of education among women, but not among men. This study concludes that, among
subjects non-occupationally exposed to benzene, smoking
contributes significantly to increased background MA excretion.
Recently, Lee et al. [75] reported an HPLC-UV method
for MA determination, with enhanced selectivity and sensitivity (detection limit was 5 µg/L). The method was validated with 61 urine samples, collected from non-occupationally exposed individuals and 14 quality control specimens from an international quality assessment scheme. Ac-

cording to these researchers, dietary intake of SA does not
cause significant interference to the measurement of MA
as a biomarker for benzene exposure. This finding is in line
with the kinetic studies that SA has a half-life of less than
8 h and that of benzene was around 13 h. Therefore, there
would be no correlation between SA intake and MA excretion, when samples were collected 10–12 h after the last
meal, confirming previous results of Pezzagno et al. [73].
An interesting study has quantified MA in pregnant
and non-pregnant smokers, and compared them with those
reported previously in male smokers. The data clearly
demonstrate that smoking increases the levels of MA in
urine, with nearly the same levels in male and female
smokers. When levels of MA were normalized against
urinary co-tinine, the mean concentration in urine of pregnant smokers was almost 2-fold that in non-pregnant smokers. This could be due to an increased metabolism of benzene to MA during pregnancy [76].
Ducci et al. [77] determined seminal MA levels in non
occupationally exposed subjects (n = 32). The seminal fluid
of normozoospermic subjects contained an average MA
concentration significantly lower than that of teratozoospermic, oligozoospermic and oligoasthenozoospermic subjects. A negative correlation was found between MA levels
and sperm concentration (r = - 0.62; p < 0.001), percentage of normal spermatozoa (r = - 0.41; p < 0.05), and percentage of vital spermatozoa (r = - 0.89; p < 0.001). In addition, average MA levels detected in seminal plasma were
higher in smokers (350 +/- 160 ng ml-1) than in nonsmokers (280 +/- 210 ng ml-1). Therefore, seminal plasma MA
content could represent an important biomarker for evaluating the negative effects of benzene on spermatogenesis
and male fertility.
S-phenylmercapturic acid (S-PMA)

S-PMA represents a detoxification product of benzene,
following its activation to benzene oxide, via CYP2E1, and
subsequent conjugation with GSH. Its half-life is of 9 h.
From a 1 ppm-exposure in air, 0.11% of the inhaled
dose is excreted as S-PMA (Isbell et al., 1999). According
to Melikian et al. [14], the fraction of benzene that is
converted to S-PMA, at the end of shift ranging between
0.005-0.3 %. Ghittori et al. [78] reported a range between
0.01-0.21% in smokers, very close to the results of Boogaard
and van Sittert [79] in exposed workers, ranging from 0.05
to 0.26%.
There is high inter-individual variability in the biotransformation of inhaled benzene to S-PMA. This variation could be caused by enzyme polymorphisms (see below).
There is a general consensus about the fact that this
substance may constitute a simple, sensitive and specific biomarker of benzene exposure, at exposure levels of 0.3 ppm.
It can also be superior to MA because it is not affected by
high background levels. Nevertheless, S-PMA is excreted
in very small quantities: this entails that analytical determi-
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nations require extensive, complex treatments to the biological matrix and sophisticated instrumentation and expertise [80-81].
S-PMA in urine was determined by HPLC, with fluorescence detection, by Ghittori et al. [78]. The following
linear correlation was found between its concentrations in
urine and benzene concentrations in the breathing zone (r=
0.74). It is concluded that the urinary level of S-PMA can
be regarded as a useful indicator of exposure to benzene.
Aston et al. [82], lastly, developed an immunoassay that
quantifies S-PMA, sensitive enough to measure S-PMA
levels even in non-exposed subjects. The assay has been set
up as a “competitive enzyme-linked immunosorbent assay”
(ELISA), to facilitate rapid throughput of samples. The
ELISA has a working range of 40-1200 nmol L-1 urinary SPMA, and appears to be unaffected by the presence of structurally related urinary metabolites. Analytical reliability has
been confirmed by correlation of results with GC/MS data
(r=0.92). The same authors, using the above reported method, created a database of benzene monitoring data from
different industrial sectors (petroleum refineries, coke oven
plants and benzene spill clean-up operations). This database can enable comparisons of trends of recent occupational exposures, both within industry and diverse industrial processes [82].
Both MA and S-PMA have been adopted by ACGIH
to establish the so-called “Biological Exposure Indices”
(BEI) for benzene, utilised in occupational field. In this
regard, it could be interesting to highlight some analytical
studies, aimed at the simultaneous determination of both
these metabolites. Melikian et al. [83] developed a sensitive and specific liquid chromatographic-tandem mass spectrometric method in human urine specimens, from smokers and non-smokers, as the benzene-exposed and non-exposed groups. The authors found a correlation between SPMA and MA after logarithmic transformation (r = 0.41,
p = 0.005, n = 46).
Barbieri et al. [84] report a rapid and sensitive HPLC/
Electrospray Tandem Mass Spectrometry (HPLC/ESI-MS/
MS) method, for simultaneous determination of MA, SPMA and S-benzylmercapturic acid (S-BMA). The study
has been carried out on the urine of 31 gas-station workers.
No significant correlation was found between environmental concentrations and urinary metabolites (p >0.05 for
all cases), suggesting that exposure levels and co-exposure
to xylenes and toluene could influence the ratios of benzene
metabolites.
Tharnpoophasiam et al. [85] also performed the simultaneous determination of MA and S-PMA. The authors
utilised a reversed-phase HPLC (RP-HPLC), with diode
array detection. The method, with high recoveries and between-day precisions, was applied to analyse these two
metabolites in the urine of 59 service station attendants,
exposed to average benzene concentrations in the air of
0.20±0.18 ppm. Significant differences in pre-shift and postshift MA between smokers and non-smokers were found.

Pieri et al. [86] developed a quantitative method, using HPLC purification, followed by LC/ESI-NI/MS analysis. The proposed analytical method is suitable for the biological monitoring of both smoker and non-smoker workers, occupationally exposed to benzene. By processing at
least 2 ml of urine samples, the method appears to be also
useful for the evaluation of benzene uptake due to environmental pollution.
DNA and Protein-Adducts

Benzene can be metabolically activated to electrophilic
compounds that covalently bind to DNA, producing hampering adducts, which precisely represent biologically-effective dose biomarkers. Thus, DNA-adduct measurements
in target cells are able to give direct information about
the extent of carcinogen reactions with DNA, and, therefore, on the extent of exposure and carcinogen load.
DNA-adducts may be removed by cellular repair mechanisms. If they persist, due either to excessive burden or
deficient repair mechanisms, miscoding may occur, leading
to permanent mutations and possibly acting as cancer-initiating factors. Therefore, owing to the high individual variability of repair enzymes, they can also be utilised as susceptibility biomarkers, in addition to exposure biomarkers.
Their role as a biomarker of early biological effect, instead,
is currently not well defined, with only some exception,
such as the relationship between aflatoxin B1-guanine adduct and hepatocellular carcinoma [87].
DNA-adducts have been widely investigated for use
as benzene exposure biomarkers, but have not yet been
shown to be a useful or very sensitive biomarker in humans
or in animals. Adducts with surrogate molecules, such as
albumin (Alb) and haemoglobin (Hb), seem more promising. That is, Hb and Alb are much more abundant and
easily extractable than DNA in blood; unlike DNA adducts,
protein adducts are not repaired and, unlike lymphocytic
DNA, the rate of turnover of Alb and HB are well understood. S-phenylcysteine (SPC) adduct, formed by the reaction of benzene oxide (BO) to Alb and Hb, has been revealed as a good indicator of the overall dose of toxic metabolites, because it is formed by the primary oxidation of
benzene, and, therefore, can be considered to be a parent
intermediate of all the potential leukaemogenic secondary
metabolites. Improvement of the methodology for the detection of adducts has led to the establishment of a high
correlation with benzene exposure: levels as low as one
adduct for 108 nucleotides can now routinely be measured
[88-90].
Rappaport et al. [90] studied adducts of Hb and bone
marrow proteins of three benzene metabolites (BO, 1,2benzoquinone (1,2-BQ) and 1,4-benzoquinone (1,4-BQ)),
in F344 rats and B6C3F1 mice. The highest levels of adducts in mice were of 1,4-BQ (10-27% of all cysteine adducts), while in rats, BO adducts predominated in Hb (73%
of all cysteine adducts), and 1,2-BQ adducts predominated
in the bone marrow (14% of all cysteine adducts). High

340

© by PSP Volume 16 – No 4. 2007

Fresenius Environmental Bulletin

background levels of 1,2-BQ and 1,4-BQ adducts were
also detected in both species, indicating that the toxic effects of quinone metabolites may only be important at high
levels of benzene exposure. In a subsequent broad study,
Rappaport et al. [91] investigated BO-Alb adducts and 1,4BQ-Alb among 134 exposed workers and 51 controls in
Tianjin (China). Adduct levels were generally lower in older
workers, indicating that CYP 2E1 metabolism decreased
with age, at approximately 2%/year of life. The ratio of 1,4BQ-Alb/BO-Alb lowered with age and co-exposure to toluene, and increased with alcohol consumption. The authors
speculate that factors affecting CYP 2E1 metabolism exert
a greater role on production of 1,4-BQ than BO, presumably because of the second oxidation step from phenol to
HQ. The adduct ratio was also positively associated with
urinary cotinine, indicating that both benzene and HQ from
cigarette smoke affect adduct levels. These last, then, resulted less than proportional to benzene exposure, suggesting saturable CYP 2E1 metabolism of benzene. Because
the transition from linear to saturable metabolism began at
approximately 1 ppm, the common assumption of linear
kinetics at much higher benzene exposures could lead to
substantial underestimation of leukaemia risks. Further
results from a sample of 11 subjects monitored over only
a weekend suggested moderate chemical instability of 1,4BQ-Alb (half life = 13.5 days compared with 21 days for
normal albumin turnover), whereas no evidence of instability of BO-Alb was observed. The authors finally conclude that Alb adducts can be properly used to study the
human metabolism of procarcinogens, providing that exposures are adequately characterised in the month preceding blood collection.

Rappaport et al. [92] investigated in depth the linear
regression of BO-Alb adducts against benzene exposure,
among 30 exposed subjects. Because the slope of the relationship between BO-Alb and benzene exposure was significantly less than one in log-space, they deduced that
production of BO was less than proportional to benzene
exposure. Since benzene is a substrate for CYP2E1, these
results are consistent with saturation of CYP450 metabolism, with deviations from linear relationship, beginning at
or below 10 ppm, and with an evidently marked saturation
at 40-50 ppm. To the author’s knowledge, this is the first
study to investigate the linearity of human metabolism of
a carcinogen based upon protein adducts.
Rappaport and Yeowell-O'Connell [93] investigated
BO-Alb and BO-Hb adducts in workers, control subjects
and commercial human proteins. The results of the study
appear quite important. BO-Alb are confirmed to be better
dosimeters for benzene exposures than BO-Hb, due to the
higher long-term mean levels of the first, at a given level
of exposure.
Troester et al. [94] reported similar results. These authors, in fact, investigated the stability of cysteinyl adducts
of BO and mono-S-substituted cysteinyl adducts of 1,4-BQ
in both Hb and Alb, following administration of a single
oral dose of 400 mg [U-14C/13C6] benzene/kg bw to F344
rats. Assuming similar rates of adduct instability in humans
and rats, the 1,4-BQ-Alb adducts would be eliminated with
a half-life of approximately 8 days, compared with BOAlb, which would be expected to turnover with albumin.

TABLE 1 - Selection of main studies on biomarkers of exposure.
Biomarker

Type of study

References

Occupational
“
“
“

Brugnone et al. [50]
Money & Gray [48]
Pekari et al. [49]
Sul et al. [51]

Environmental (review)
Occupational
“

Dor et al. [52]
Waidyanatha et al. [7]
Basilicata et al. [53]

Environm. & Occup. monitoring
Biological monitoring (review)
Occupational monitoring
Population
Rats
Epidemiological
“ “ (children)
Population (role of pregnancy)

Buratti et al. [63]
Weisel et al. [13]
Wiwanitkit et al. [62]
Weaver et al. [70]
Marrubini et al. [64]
Saieva et al. [67]
Thaqi et al. [68]
Melikian et al. [76]

Biological monitoring
Occupational
Occupational

Aston et al. [82]
Boogaard et al. [79]
Barbieri et al. [84]

Benzene (in blood/breath)

Benzene (in urine)

t,t-Muconic Acid

S-PMA

Adducts
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Mutagenicity
Mutagenicity
Occupational

Yeowell-O'Connell et al. [95], after some negative results, established that adducts of 1,4-BQ are significantly
correlated with benzene exposure. When compared on an
individual basis, Alb-adducts of 1,4-BQ and BO and Hbadducts of BO were highly correlated with each other, and
with urinary phenol and HQ. These results confirm previous observations, based on in vitro studies, that HQ is the
primary metabolite responsible for adducts [96, 97].
Gaskell et al. [98] have studied the types of adducts
created by the two major metabolites of benzene, HQ and
1,4-BQ, using the supF forward mutation assay, which
detects not only single base substitutions but insertions and
deletions as well. This assay highlighted that the two metabolites gave spectra of mutations significantly different
(P = 0.004). BQ-adducts caused equal numbers of GCà
TA transversions, whereas treatment with HQ gave predominantly GCàAT transitions. Thus, the results of the
study suggest that 1,4-BQ and HQ induce the majority of
the genotoxic damage, attributed to benzene exposure, but
with potentially different roles, probably due to the involvement of different DNA repair mechanisms [99].
BIOMARKERS OF
EARLY BIOLOGICAL EFFECT
A biomarker of early biological effect can be defined
as any measurable alteration in a biological system that
may be suggestive of a potential health damage. Biomarkers
of effect include alterations at biochemical (e.g. enzymatic
induction) or genetic (e.g. gene and chromosome damage)
level. These biomarkers generally require the use of cell
cultures, mainly primary cultures of lymphocytes, from
potentially exposed persons, and are examined in association with some susceptibility biomarkers, in order to try to
explain their high inter-individual variation. Outcomes are
often analysed in peripheral blood lymphocytes (PBL) because these cells can be available through a socially and
ethically acceptable, minimally invasive route. In the early
1960s, in fact, chromosome damage in these cells was one
of the first endpoints to be used as a biomarker, and benzene was one of the first chemicals investigated. Although
a causal relationship between chromosome damage and
cancer has not been proven, it has been suggested there
may be some prognostic significance for future cancer onset. With other genetic biomarkers this is as yet not the
case, but there are currently many biomarkers, for different sectors of toxicology, such as hprt mutations, micronuclei and sister chromatid exchanges that, especially used
in batteries, can provide useful and reliable indications on
possible health impairment.
For benzene, the main used early biological effect biomarkers are the following (Table 2).

Gaskell et al. [98]
Farmer [89]
Rappaport et al. [92-93]
Chromosome Aberrations (CA), structural and numerical

Several studies have suggested that induction of
chromosomal aberrations may play an important role in
benzene-induced carcinogenesis, and their detection may
function as a marker of biological early effect. Numerous
studies have reported elevated levels of CA in lymphocytes of workers exposed to benzene, when compared to
reference groups. Therefore, the nature of benzene-induced
chromosomal aberrations was predominantly investigated
in workers occupationally exposed to benzene.
In general, the genetic alterations induced by benzene
mostly include aneuploidy, deletions and translocations.
Trisomy, e.g., accounted for the majority of the hyperdiploidy induced by 1,2,4-BT, in vitro, in the C-group chromosomes 7 and 9. HQ has been found to contribute significantly to the numerical and structural aberrations observed
in benzene exposed workers. Monosomy of chromosomes
5 and 7 and long-arm deletions, del5(q) and del7(q), were
found in human lymphocytes treated with benzene metabolites 1, 2, 4-BT and HQ in vitro [100].
Smith et al. [101] observed increased translocations
t(8;21) and hyperdiploidy in chromosomes 8 and 21. In the
same year, Carere et al. [102] detected hyperploidy X and
18 in peripheral lymphocytes of gasoline station attendants.
Zhang et al. [103] detected trisomy of chromosomes 7 and
8 among workers exposed to benzene. The study of Stillmann et al. [104] described for the first time that benzene
metabolites, CAT and HQ, act in synergy to induce the specific chromosome del(5)(q31), found in secondary MDS/
AML.
Later in vitro studies of Stillman et al. [105] documented that HQ induces specific chromosome loss (monosomy 5, 7 and 8) in the human lymphoblastoid cell line.
There is evidence from two broad prospective studies,
which indicates predictive value for cancer risk of structural CA in PBL: an Italian survey, collecting data from a
number of studies which together assessed 1455 subjects
[106], and a Nordic Study, which assessed incidence of all
cancers for a cohort of 1984 subjects, who had been previously evaluated for CA in peripheral blood lymphocytes
[107]. The results of both these studies support the ability
of CA-PBL to predict cancer risk in humans, and, although
the number of cases is small, a quantitative relationship with
the risk of haematopoietic cancers has been suggested.
Moreover, in contrast to MN and SCE results, the CA response has been more consistently associated with exposure.
Sister Chromatid Exchanges (SCE)

SCE come from the interchange of DNA replication
products at apparently identical loci of the sister chromatids of a chromosome. The exchange process involves
DNA breakage and reunification, although little is known
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about its molecular basis. Thus, SCE seem to be a consequence of errors of DNA replication on a damaged template, possibly at the replication fork. The frequency of
SCE in eukaryote cells is increased by exposure to genotoxic agents, capable of interfering with DNA replication.
The currently used method for the detection of SCE requires DNA replication in the presence of bromodeoxyuridine (BrdU) for two consecutive cell cycles (or at least the
first of two consecutive cell cycles), with scoring conducted in second-division metaphase cells. The SCE
assay may give quantifiable data from every cell scored,
which increases the efficiency of data collection and the
identification of DNA damage, resulting from exposure to
genotoxic carcinogens, compared to traditional CA analysis [18].
SCE have been measured in benzene-exposed people.
However, there are quite contrasting conclusions about the
utility of SCE as an exposure biomarker. In some studies,
SCE is correlated with exposure, while in others this association is weak or absent.
In order to elucidate the health effects of occupational
exposure to traffic fumes, SCE and other biomarkers of
early genetic effect (DNA damage by alkaline comet assay)
were investigated in Rome traffic policemen. One hundred
and ninety healthy subjects engaged in traffic control (133
subjects) and in office work (57 subjects) participated in
the study. All workers were genotyped for the following
metabolic polymorphisms: CYP1A1 (m1, m2, and m4 variants), CYP2E1 (PstI and RsaI), NQO1 (Hinf1), GSTM1
and GSTT1 (null variants). The authors do not rule out any
possibility of adverse effects, but strongly suggest that, in
urban residents, life-style related factors, such as tobacco
smoking, represent the predominant elements of individual
genotoxic burden [108].
Pitarque et al. [109] examined SCE and MN in cultured peripheral lymphocytes from 52 female workers in
two shoe factories and from 36 unexposed age- and sexmatched referents. Ageing was associated with increased
MN rates and reduced cell proliferation. Polymorphism of
the glutathione S-transferase M1 gene (GSTM1) did not
affect the individual level of SCE; however, in smoking
shoe workers, an effect of the occupational exposure on
the frequency of micronucleated cells could be seen only
in GSTM1 null subjects.
A recent study has been carried out on 30 exposed
workers (15 smokers and 15 non smokers) and 30 controls
(15 smokers and 15 non smokers), employed at 12 different
petrol pumping stations in the city of Mersin, Turkey [110].
Urinary phenol levels of exposed workers were found to
be significantly higher than those of control subjects, suggesting a heavy exposure of these workers to benzene. The
results indicate that there are significant differences in SCE
values in the exposed workers compared to the control individuals (p<0.01), and SCE frequency results higher in
smokers than in non-smokers, but not significantly (p>

0.05). Furthermore, there is an interaction between benzene
exposure and cigarette smoking in decreasing replication
index and mitotic index.
Thus, the relevance of SCE as a biomarker of effect is
not clear. Without clear rationale to link this marker to leukemogenesis, SCE is not considered to be useful as a surrogate for dose–response assessment for benzene [18].
Micronuclei (MN)

Benzene and its metabolites, as agents with clastogenic
or aneuploidogenic mechanisms of action, may cause an increased frequency of micronucleated cells in experimental
animals and in cultured cells, by both chromosome lagging and breakage. This end-point can be analysed both in
PBL and in exfoliated cells of oral or nasal mucosal membranes, at least for inhaled substances, and this represents
an advantage for its utilization in monitoring surveys. Thus,
MN could potentially be a proper indicator of the most relevant forms of chromosomal damage.
Micronuclei analysis has been applied in recent cytogenetic investigations on benzene-exposed workers, highlighting increased hyperploidy of chromosome 9 in lymphocytes of industrial workers with heavy benzene exposure [111]. Most human in vitro studies have suggested
that benzene enhances micronuclei induction [112-114].
Some authors have produced evidence of such an effect also
in vivo [115-116], whereas others were either unable to
confirm it [102, 117-119] or reported conflicting data [120].
Recently, Maffei et al. [121] have examined MN frequency and some haematological parameters (haematocrit,
cell count, platelets) in 49 traffic policemen, involved in
various outdoor activities, for 4 h a day, in areas of Bologna, a big city located in Northern Italy, characterized by
high-density traffic. The comparison group comprised 36 indoor workers from the University of Bologna, without any
work-related exposure to hazardous agents. The results indicate that traffic police underwent a benzene burden that is
significantly higher than that of indoor workers. Furthermore, although the haematological parameters were similar in the two groups, the traffic police exhibited increased
MN values compared with controls. With regard to confound-ing factors, then, it should be noted that gender and
smoking did not influence the MN frequencies in the study
sample. On the other hand, increasing age affected MN
frequency in both traffic police and controls. It has been
postulated, in fact, that the age effect could reflect a progressive increase in spontaneous chromosome instability,
associated with an accumulation of DNA damage, due to
an age-related decline in DNA-repair capacity. In conclusion, the results indicate that MN analysis can represent
a useful biomarker to assess the risk related to environmental benzene.
Violante et al. [122], on the contrary, failed to reveal
an increased MN frequency in a group of 62 volunteers,
including 15 subjects engaged in parking control, exposed
to vehicle exhaust during their work shift in central Bologna, and 47 subjects employed in analytical laboratories
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at the University of Bologna, where occasional use of benzene occurs. The results indicate that in both groups of
workers, MN induction was relatively low (4.70±2.63 versus 5.76±3.11, in traffic wardens and laboratory workers,

respectively), being somewhat similar to that registered in
the general Italian population. No significant association
was found between MN induction and any of the air or
urinary benzene exposure markers (using univariate analy-

TABLE 2 - Selection of main studies on biomarkers of biological effect.
Biomarker

Type of study

References

Human cell cultures
Occupational
Population
Epidemiological (cohort)

Zhang et al. [100]
Smith et al. [101]
Bonassi et al. [106]
Hagmar et al. [107]

Occupational
“
“

Carere et al. [108]
Pitarque et al. [109]
Celi et al. [110]

Human cell cultures
““
Occupational
“
Environm. / Occupational

Robertson et al. [113]
Crofton-Sleigh et al. [114]
Carere et al. [117]
Maffei et al. [121]
Violante et al. [122]

Chromosomal Aberrations

Sister Chromatid Exchange

Micronuclei

sis). This suggests that, at the very low exposure levels encountered by the two study groups, any excess MN induction related to benzene intake cannot readily be differentiated from that related to other factors, such as age, gender,
heavy smoking or drinking [123]. With regard to cigarette
smoking, then, heavy smokers had a higher burden of MN,
although this difference did not reach significance, probably due to the small number of heavy smokers in the study
cohort. An interesting observation regards the role of body
mass index (BMI) and hormonal medication (i.e., oral contraception or hormone replacement therapy) in MN induction: high BMI, a cancer risk factor, correlated with MN
induction while, among females, use of hormonal treatments
was associated with a lower number of MN.
BIOMARKERS OF SUSCEPTIBILITY
A biomarker of susceptibility may be defined as an indicator of an inborn or acquired altered ability of a person
to react to a toxic chemical challenge.
This type of biomarkers has assumed great importance,
because they can contribute to explaining the high interindividual variability. Some genetic factors, responsible for
these differences in susceptibility, have been identified and
can be assessed in human populations. In occupational cohorts, for instance, only a small percentage of workers, with
a similar exposure to benzene, actually develop leukaemia.
As already explained above, biomarkers of susceptibility are mostly related to genetic polymorphisms that
result in abnormal functionalities of activating or detoxifying enzymes. The most frequently used are the following (Table 3).

Isoforms of P450 cytochrome (CYP2E1)

Cytochrome P450 is a superfamily of microsomal enzymes, mainly present in the liver, involved in the metabolism of drugs and xenobiotics. It represents a complex and
highly polymorphic system, consisting of about 50 different
isoenzymes, each of them expressing an individual gene.
At present, several of these isoforms have been individuated and thoroughly characterized: 1A1, 1A2, 1B1, 2A6,
2C9, 2C19, 2D6, 2E1, 3A4 and 3A5.
CYP2E1, among them, is the form involved in the benzene metabolism, as well as more than 70 organic compounds. Its regulation appears very articulated, because it
includes changes at pre-transcriptional, transcriptional and
post-transcriptional levels. The typical range of catalytic
activity of CYP2E1 varies 8-19-fold in human liver microsomes, and the measurement of its enzymatic activity
(e.g. by means of chlorzoxazone hydroxylation), gives a
good indication of susceptibility to toxic substances. At
least, six different mutations on human CYP2E1 gene have
been reported in the promoter region and in introns, but
none in the coding regions. CYP2E1 gene, in fact, seems
to be well conserved in humans. These mutations can be
examined by the PCR based restriction fragment length
polymorphism (RFLP) method. Other 2 polymorphisms,
identified by the restriction enzymes Pstl (CàT transition, at nucleotide 1259) and Rsal (Gà C transversion, at
nucleotide 1019) have been analyzed. Both these mutations
are located in the transcription regulatory region of CYP2E1
and are associated to increased gene expression [21].
Mice, which are homozygous for a deletion of the
CYP2E1 gene, are not susceptible to the haematotoxic and
genotoxic effects of benzene, indicating the importance of
this enzyme in benzene toxic mechanisms (Valentine et al.,
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1996). A case-control study of workers with benzene poisoning, assayed for CYP2E1 activity, found an in-creased
risk of benzene poisoning for fast hydroxylators, as compared to slow ones, with an odds ratio of 2.5 (1.1–6.0, 95%
CL; adjusted for age, sex, body mass index (BMI), alcohol
and smoking) [20].
The role of genetic polymorphisms (CYP2E1 and
CYP2D6, GSTT1, GSTP1 and GSTM1, and NQO1) in
modulating urinary excretion of the two benzene metabolites, MA and S-PMA, was investigated by Rossi et al.
[124] in 59 non-smoking city-bus drivers, working in Bologna. No evidence emerged for a possible role of CYP2E1,
GSTM1 and GSTP1 polymorphisms in determining the
wide differences observed in the rate of benzene biotransformation. Conversely, a significantly higher MA urinary
excretion was found to be correlated to GSTT1 null genotype, and a significantly lower S-PMA excretion was detected in the subjects lacking NQO1 activity and in the
CYP2D6 extensive-metabolizers. Many biological (i.e. age
and body burden) or lifestyle factors (i.e. rural or urban
residence, use of paints and solvents, medication, alcohol
and coffee intake), also taken into account as potential confounders, did not influence the correlations found. Therefore, the authors suggest that CYP2D6, GSTT1 and NQO1
polymorphisms contribute to explaining the metabolic variability observed in the population. These polymorphisms
should be regarded as potential risk factors for benzeneinduced adverse health effects.
Verdina et al. [21] also investigated the effect of some
common metabolic polymorphisms (CYP2E1, NQO1,
GSTM1, and GSTT1) on the rate of MA and S-PMA excretion, obtaining quite different results. They examined
169 policemen exposed to low benzene levels (<10 µg/m3)
during the work shift. The results obtained show significantly elevated levels of MA and S-PMA in the urine of
smokers compared to non-smokers, (p < 0.05) whereas no
correlation with environmental benzene was observed. MA/
blood benzene ratio was partially modulated by GST genotypes, with significantly higher values in null genotype individuals. However, a greater fraction of total variance of
MA/blood benzene in the study population was explained
by other independent variables, that is, season of sampling,
smoking habits, and gender. Variance in S-PMA/ blood
benzene ratio was only associated with smoking and occupation, whereas no significant role was observed for the
metabolic polymorphisms considered. The authors deem
these results as suggesting that, in a population exposed to
very low benzene concentrations, metabolic polymorphisms
exert little influence on urinary MA and S-PMA levels,
whilst other confounding factors, such as gender, smoking
or other lifestyles, may answer for a predominant portion
of the inter-individual variability of these biomarkers.
NQO1

Another widely analysed polymorphism concerns the
enzyme NADPH:quinone oxidoreductase 1 (NQO1), in

particular the variant allele that brings a CàT transition
at codon 609, and causes a proline/serine exchange in position 189, with a significant reduction of its catalytic activity. NQO1 detoxifies benzoquinones, supposed to be
toxic metabolites of benzene. Its deficiency in humans is
associated with an increased risk of leukemia, specifically
acute myelogenous leukemia, and benzene poisoning [17].
Bauer et al. [124] studied the role of NQO1 in benzene-induced toxicity by hypothesizing that NQO1-deficient
(NQO1-/-) mice were more sensitive to benzene than mice
with wild-type NQO1 (NQO1+/+). Micronucleated peripheral blood cells were counted to assess genotoxicity, whilst
peripheral blood counts and bone marrow histology were
used to assess hematotoxicity and myelotoxicity. p21 mRNA
levels in bone marrow cells were used as determinants of
DNA damage response. Female NQO1-/- mice resulted
more sensitive (6-fold) to benzene-induced genotoxicity
than the female NQO1+/+ mice. Female NQO1-/- mice then
had a 9-fold increase in micronucleated reticulocytes, compared with a 3-fold increase in the female NQO1+/+ mice.
However, the induced genotoxic response in male mice
was similar between the two genotypes, and male and female NQO1-/- mice revealed greater hematotoxicity than
NQO1+/+ mice. p21 mRNA levels were induced significantly in male mice (>10-fold) from both strains and female NQO1-/- mice (> 8-fold), which indicates an activated DNA damage response. These results suggest a pivotal role of NQO1 with respect to benzene-induced toxicity in mice, indicating that its deficiency substantially increase the risk of developing leukaemia and other adverse
health effects. Furthermore, it should be noted that the
specific patterns of toxicity differed between the male and
female mice.
Rothman et al. [20], in an interesting case-control
study carried out in Shanghai, China, analysed inter-individual variability of both activating (CYP2E1) and detoxifying (NQO1) enzymes. The risk for benzene poisoning (measured as decreased blood cell count) in subjects
with both metabolic risk factors, i.e. rapid hydroxylators
and bearing two copies of the NQOl CàT609 transition,
was estimated to be 7.6-fold higher (1.8–31.2, 95%CL; adjusted for age, sex, BMI, alcohol and smoking), when compared to subjects who were slow chlorzoxazone excretors,
and wild-type or heterozygous at the NQO1-609 locus. The
CYP2E1 PstI/RsaI polymorphism instead did not reveal
any influence on benzene poisoning onset.
Moran et al. [19] tried to explain the increased susceptibility of individuals lacking NQO1 to the hematotoxicity of benzene, utilizing bone marrow cells cultures exposed to HQ and CAT. Their data demonstrate that NQO1
induction occurs after exposure to these metabolites in
cells carrying a NQO1 genotype homozygous or heterozygous for the CàT609 substitution (C/C or C/T), but that
induction of NQO1 is not present in bone marrow cells
with a mutant homozygous genotype (T/T). Therefore, these
data suggest that NQO1 is induced in human bone marrow after exposure to benzene metabolites and that the in-
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creased risk of benzene hematotoxicity in individuals with
the T/T NQO1 genotype may result from the inability to
induce functional NQO1 enzyme.
Sorensen et al. [22] examined relationships between
urban benzene exposure, oxidative DNA damage and polymorphisms in metabolism enzymes in 40 volunteers living and working in Copenhagen. Excretion of the metabolites MA and S-PMA were measured in urine and polymorphisms in GSTT1, GSTM1, GSTP1 and NQO1 were
determined. Men were found to excrete significantly more
MA than women, and MA excretion in men was found to
be significantly associated with external benzene exposure
(r=0.53, p=0.025). Furthermore, MA and S-PMA excretion
was significantly higher in subjects with the NQO+/- genotype compared with subjects with the wild type genotype
(p=0.004 and p=0.011, respectively). Even though there
are some limitations in this study, due to the low range of
benzene exposure and biomarker concentrations as well
as a small number of subjects, these results could suggest
that, even at ambient concentrations, exposure to benzene
could cause genotoxic effects in susceptible individuals.
GSTs

Glutathione S-transferases (GSTs) are an important
superfamily of detoxifying enzymes, with a wide substrate
specificity. In humans, 8 distinct families of cytosolic GSTs
have been identified. Polymorphisms have been described
in many of these genes, though most attention has focused
on allelism in mu (GSTM1), theta (GSTT1) and pi (GSTP1)
families [126]. For GSTM1, a homozygous gene deletion,
resulting in a null genotype without any catalytic GSTM1
activity, is the most studied genotype. Epidemiological
studies suggest that individuals who are homozygous null
type carriers for GSTM1 have an increased risk of developing cancer in a number of sites, such as lung and bladder [127]. An involvement of GST polymorphism in relation to benzene toxicity has also been suggested, as toxic
benzene metabolites, generated by CYP2E metabolism,
constitute substrates of GSTs. Significantly higher excretions of the benzene metabolite MA has been found in subjects with GSTM1 null genotype [128] and GSTT1 null
genotype [124], as compared with the wild types. However, the above reported study by Verdina et al. [21] on
outdoor working policemen, failed to find any involvement
of either GSTM1 or GSTT1 polymorphisms in relation to
excretion of the benzene metabolites MA and S-PMA.
Silva et al. [61] evaluated the effect of GSTM1,
GSTT1, and GSTP1 polymorphisms on the frequency of
MN and SCE, induced by hydroquinone in human lymphocytes, obtained from 15 healthy non-smoking donors.
Treatment of cultures of the lymphocytes with hydroquinone significantly increased the overall frequencies of
MN and SCE (p<0.0001). Individuals with the GSTM1
null genotype (absence of both alleles) had a significantly
higher frequency of MN, compared with GSTM1-present
individuals (p=0.013), but, in contrast, the GSTM1 geno-

type had no effect on hydroquinone-induced SCE frequency. The other polymorphisms did not significantly
affect the frequencies of MN or SCE. These results suggest that GSTM1 is involved in the metabolic fate of hydroquinone and that polymorphisms in GSTM1 could be
related to inter-individual differences in DNA damage arising from exposure to this compound.
The GSTT1 null genotype was found to be associated
with a significantly increased risk for acquired aplastic
anaemia in children (odds ratio, 2.8; 95% confidence
interval, 0.15-5.7) by Dirksen et al. [129]. In contrast,
the GSTM1 null genotype or polymorphisms within the
CYP2E1 and microsomal epoxide hydrolase genes was
not significantly different in patients and controls.
The above reported study on benzene exposure, carried out by Sorensen et al. [22] in 40 healthy subjects in
Copenhagen, also included polymorphisms of GSTs, urinary excretion of benzene metabolites (MA and S-PMA),
as well as DNA damage. The GSTM1 or GSTT1 wild type
was accompanied by increased excretion of MA in men in
an additive manner, whereas no significant difference could
be distinguished among women or for S-PMA. In addition,
a recent study found that among subjects occupationally
exposed to benzene, those with GSTM1 wild type or both
GSTM1 and GSTT1 wild types, showed signs of increased
bone marrow toxicity, when compared with those of the
null genotypes [130].
TABLE 3
Selection of main studies on biomarkers of susceptibility.
Biomarkers
CYP2E1

Type of study
Epidemiological
(case/control)
Occupational
Occupational

References
Rothman et al. [20]
Verdina et al. [21]
Rossi et al. [124]

NQO1
Mouse
Epidemiological
Human cell cultures

Bauer et al. [125]
Rothman et al. [20]
Moran et al. [19]

Field (24 Volunteers)
Field (40 Volunteers)
Occupational
Human cell cultures

Bergamaschi et al. [128]
Sorensen et al. [22]
Hsieh et al. [130]
Silva et al. [61]

GSTs

CONCLUSIONS AND PERSPECTIVES
Biomarkers represent strategic tools for measuring
human exposure, and the effects of exposure to humans and
environment. They can play several and multifaceted roles
in the risk assessment process, especially when carcinogenic substances are involved. In this last case, in fact, the
procedures for risk assessment request the use of models.
At present, many models are available, mostly elaborated by U.S. EPA or other regulatory agencies, such as
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FDA. These models, however, rely heavily on algorithms
that incorporate conservative default exposure assumptions,
to estimate exposure doses. It is also recognized that these
models predict exposure doses that are conservative and
likely to overestimate actual exposures. These models, then,
based on different principles and procedures, can also give
different, but sometimes misleading results, notwithstanding the many efforts to attain international standardisation. In any case, their development and correct application necessitate using many parameters (environmental,
physiological, biochemical), with the aim of an exhaustive
risk evaluation.
Traditional risk assessment also relies on experimental data from high-dose chemical exposure studies in
laboratory animals to estimate low-dose toxic effects in
humans. These extrapolations use the so-called “safety
factors”, or “uncertainty factors”, to account for interspecies differences for non-carcinogenic risk assessment.
Within this framework, some of this uncertainty and
inconsistency could be eliminated by the use of biomarkers
data. Thus, in epidemiological studies that examine the
relationships between exposure to a hazardous substance
and a disease, the weakest element is often represented by
the lack of high-quality exposure data. This deficiency
can provoke misclassifications that reduce the power of
the study to reveal a correlation between exposure and disease, if any exists. Biomonitoring data, then, provide unequivocal exposure information for individual subjects
and, if quantitative data are available, these can also help
to elucidate the dose-response relationship between exposure and eventual health effects. The use of an internal dose,
or biologically effective dose, would provide a more direct
comparison between species, and the use of biomarkers of
effect could be useful in assessing the range of responses
in a human population [131].
However, if biomarkers are to contribute to health
risk assessment, they have to be relevant and valid. Relevance refers to the appropriateness of biomarkers in
providing information on questions of interest and importance to public health authorities and other decisionmakers. Validity is a more complex characteristic and
indicates the best approximation of the “truth” of biomarkers. It refers to measurement methods and the degree of internal and external approximation to the true
situation. The factors that affect the validity of biomarkers
are, mostly, specificity (referring to the ability of a measurement to effectively identify negative responses, in order
to minimize the number of false positives) and sensitivity
(referring to the ability of a measurement to detect positive
responses, in order to minimize the number of false negatives). An “ideal” bio-marker, lastly, has to be measured
by using simple, economic and non-invasive tests. Seldomly, a biomarker has fulfilled all these criteria. Thus,
most of them represent a compromise among these criteria. The issue of confounding factors, both endogenous
factors, such as age, sex and genetic make-up, and exoge-

nous ones, including lifestyle habits, as smoking, drinking
and physical activity, has to be addressed.
Further utilisation of biomarkers is strictly associated
with the availability of analytical methods with detection
limits as low as technically possible, and could be improved by the introduction of new methodologies, e.g.,
speciation of metal ions by inductively coupled plasma
mass spectrometry (ICP-MS) and mass-spectrometric techniques to detect metabolites and adducts. Application of
new detection methods, i.e., primed in situ labelling (PRINS)
and fluorescence in situ hybridization (FISH), will extend
the observation from the chromosome level to specific
genes relevant to the disease process. Imaging technologies, such as magnetic resonance or positron emission tomography (PET) and single photon emission computerized
tomography (SPECT), are particularly interesting for studies in human populations as these methods are non-invasive and can measure change at the molecular scale.
High output technologies, such as DNA microarray and, in
general, last generation methods, based on molecular biology and “omics” concepts and results, can be used to study
gene function and expression [132, 133].
As regards benzene, biomarkers represent important
tools both for studying pathogenic action mechanisms and
individual susceptibility, and for carrying out risk assessment procedures. In fact, we can mark the entire spectrum
from exposure to early disease, using many biomarkers of
exposure (blood, breath and urinary benzene, MA, S-PMA,
macromolecules adducts), biomarkers of early biological
effect (CA, SCE, MN, DNA damage), and biomarkers of
susceptibility (CYPs, NQO1, GSSTM-P-T). MA and SPMA, then, have been chosen by ACGIH as biological exposure indexes and also used for legislative purposes.
The scientific challenges relative to the impact of benzene on human health are, currently related to the monitoring of (chronic) exposure and early effects at very low concentrations (2–5 ppb or below), which may be measured
in homes and non-occupational environments. It should be
noticed that, at present even in workplaces, levels of air
benzene have been found to be much lower than in the
past, due to technical and organizational improvements.
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SO2 AND TOTAL PARTICULATE MATTER (PM)
CONCENTRATIONS DURING A SEVEN-YEARS
PERIOD IN THE CITY OF NİGDE, TURKEY
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SUMMARY

for air pollution, are emitted to the air by various burning
processes. Sulfur gases in the air return to the soil and rocks

The aim of this study was to determine the air quality
variation in the city of Nigde, Turkey, on the basis of SO2
and total PM (total particulate matter) concentrations
measured between 1998 and 2004, and evaluated by using
World Health Organization (WHO), Environmental
Protection Agency (EPA), Environment and Climate
Program (EU) and Turkish Protecting Air Quality Regulations (TPAQR).
The averaged monthly and annual SO2 and PM concentrations were measured, and for both, a slight increase
in the air was observed from 1998 to 2004. The annual
average SO2 and PM concentrations were not above the
TPAQR standard. However, annual average concentrations
of SO2 were determined to be higher than the WHO limits. The annual average fluctuations of PM exceeded the
EPA limits between 2000 and 2003. Significant variations
in SO2 were observed between annual minimum and maximum concentrations in the period of 1998-2004. However, variations in PM were only recorded for years 2003
and 2004. Based on these results, it is thought that clean
air in Nigde has largely been affected by SO2 and PM. In
the last months of 2004, SO2 and PM levels were above
the daily limits of TPAQR (400 µg/m3) and also the averaged ones of WHO, EPA and EU were exceeded. This resulted in a toxic effect for the environment. In a general
sense, all necessary measurements should be taken to prevent long-term health problems arising from the increase of
SO2 and PM in the air.

KEYWORDS:
SO2, PM, pollution, total particulate matter, heavy metals, Nigde.

INTRODUCTION
Contaminants that are harmful to all living organisms
tend to perish the ecological balance by dispersing into the
air. SO2, SO3 and NOx, which are the most important agents

as sulfuric acid by rain [1]. Acid rain with heavy metals
alters the chemical structure of the soil and rocks, and
changes its biological conditions [2, 3]. In the long term,
harmful conditions associated with sulfur gases in the air
result in health hazards for human beings and damage the
natural content of soil structure. Therefore, measurement of
sulfur gas levels in the air has been a crucial effort for determining air contamination, particularly in residential
areas [4, 5].
The number of studies on SO2 and PM (total particulate matter) steadily increased during the time period examined [6]. Several studies were conducted on the air pollution characteristics of Nigde. In the first study, 1998-2000
air quality measurements were performed in the city center of Nigde, and the presence of air pollution was detected
[6]. 2001-2003, the degree of air pollution was found to be
increased with respect to the previous years [7]. Possible
sources of contaminants were explained, and it was stated
that SO2 and PM levels have a negative effect on the air
quality of Nigde [6, 7]. The source of the pollutants was
found to be particularly associated with solid and liquid
fuels. In order to mitigate the effects of air contamination,
usage of fuel with low-sulfur content was suggested. Recently, no scientific work on air pollution characteristics in
this region has been done. However, similar studies were
performed in other city centers to investigate the impact of
air pollution [8-13].
In this respect, it is necessary to continuously monitor
the atmospheric pollution in city centers, evaluate the impacts of pollution, establish systems to prevent the pollution, stabilize the monthly limit values, and maintain the
balance between concentrations in the air and meteorological parameters, and measure air pollution parameters
for clean air. In heavily populated city centers, the negative
effect of air pollution on human health is inevitable [9, 10].
Therefore, this study aims to determine the air quality characteristics (SO2 and PM) in the city center of Nigde, meas-
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uring variations in SO2 and PM concentrations systematically during 1998-2004 [6, 7].
MATERIALS AND METHODS

each canal [6, 7, 14]. Measured components of air samples
were passed through a certain canal for 24 hours during
8 days, and samples of each day were held in a separate
canal. Thus, SO2 and PM concentrations were obtained for
8 days with 24-hour measurements.

General characteristics of Nigde

Nigde (37.935N, 34.570E) comprising an area of about
14.294 km2 is located in Central Anatolia, and it has a population of 305.861 (Fig. 1).

SO2 passing through the canal was sucked into diluted
H 2O 2. As a result, H 2O 2 was chemically transformed to
H2SO4. The amount of SO2 (acidity) in the solution was determined by titration using a standard alkali. For the acidimetric measurements of SO2 [15], the air was filtered before analysis to reduce the PM level. In the PM analysis,
“filter soiling” method [16] was applied [6, 7, 14], easily to
combine with SO2 analysis.

Metamorphic, magmatic, volcanic and alluvium units
constitute the main rocks in this region. There are about
4.000 vehicles in the city center. Daily average temperature
is 21.13 oC during summer (June-August) and 7.57 oC during winter (December-February). The recorded minimum
and maximum temperatures are -27.5 and 38.6 oC, respectively. There are about 30 industrial plants in the region [6,
7]. The city center has an irregular structure, and the city
has limited residential land. Thus, it is heavily populated,
particularly in certain parts. During the winter months,
people use solid fuels, such as coal and wood, for heating
purposes, and burning them negatively affects air quality
leading to health concerns [9, 10].

To measure the PM concentration, a Whatman glassfiber filter paper (2.5-5 cm) was placed on the Burç brand
device. The PM concentration on the filter paper was marked
in the Ringelmann index as a reflectometer value based on
the darkness of filter paper [6, 7, 14], thus yielding surface
PM concentrations corresponding to the index equivalent of
reflectance value. PM was routinely monitored during measurements.

Measurement of SO2 and PM parameters

Therefore, sample characteristics, source type, air conditions and reliable numeric measurements were carefully
observed in PM measurements by reflectometric interference spectroscopy [16]. Results of analyses (Table 1) were
evaluated with respect to WHO, EPA and TPAQR (Table 2).

Sampling was done at the Environment Management
Building in the city center, based on the standards given
in [6, 7]. For the measurement of SO2 and PM parameters,
a sub-automatic “Burç” brand spectrophotometer (Bulab
201-8 PM - SO2) was used. This device is equipped with a
filter paper and has eight canals that contain a D bottle in
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FIGURE 1 - Map of the study area.
TABLE 1 - SO2 - PM concentrations for the province of Nigde (a, b) [6, 7, 17].
(a)

1998
measured
days

MONTHS
JANUARY
FEBRUARY
MARCH
APRIL
MAY
JUNE
JULY
AUGUST
SEPTEMBER
OCTOBER
NOVEMBER
DECEMBER
AVERAGE

(b)
MONTHS

31
28
31
28
31
30
28
31
30
24
30
31

2001
Measured
days

JANUARY
FEBRUARY
MARCH
APRIL
MAY
JUNE
JULY
AUGUST
SEPTEMBER
OCTOBER
NOVEMBER
DECEMBER
AVERAGE

31
28
31
30
31
30
31
31
25
31
30
31

1998
arithmetic
average
µg/m3
SO2
PM
161
28
114
20
98
21
56
18
61
18
42
17
38
16
29
15
40
16
26
14
60
19
98
25
69
35

2001
arithmetic
average
µg/m3
SO2
PM
63
17
68
16
112
22
77
20
79
16
72
17
97
17
100
17
76
18
32
9
55
12
78
11
76
16

1998-1999
alternation
%
SO2
56(-)
13(-)
39(-)
41(-)
48(-)
14(-)
11
28(-)
43(-)
15
8
53(-)

PM
18(-)
70
5
6
33
29
13(-)
7(-)
6(-)
57
116
281

2001-2002
alternation
%
SO2
19(-)
26(-)
62(-)
35(-)
25(-)
28(-)
79(-)
91(-)
91(-)
91
100
53(-)

1999
measured
days

PM
6(-)
25(-)
45(-)
40(-)
18(-)
0
58
29(-)
6(-)
100
150
281

29
28
31
30
31
30
31
31
30
31
30
31

2002
measured
days
31
28
31
29
23
30
17
31
30
31
30
31

1999
arithmetic
average
µg/m3
SO2
PM
71
23
99
34
60
22
33
19
32
24
36
22
42
14
21
14
23
15
30
22
65
41
155
44
56
24.5

2002
arithmetic
average
µg/m3
SO2
PM
51
16
50
12
43
12
50
12
59
13
52
17
20
27
9
12
7
17
61
18
110
30
120
42
53
19

1999-2000
alternation
%
SO2
18
40
118
369
271
81
19(-)
162
13
53
4(-)
38(-)

2002-2003
alternation
%
SO2
182
246
160
44
10
10
235
778
514
2
43(-)
38(-)

PM
13
3
32
100
25
18(-)
14
7
7
36
46(-)
5(-)

2003
measured
days

PM
313
1142
425
117
115
35
30(-)
8
29(-)
28
10(-)
5(-)

31
22
31
30
31
30
31
31
30
31
21
31

2000
arithmetic
average
µg/m3
SO2
PM
84
26
139
35
131
29
155
38
119
30
65
18
34
16
55
15
26
16
46
14
63
22
107
30
85
24

2000
measured
days
31
28
31
30
31
30
31
31
30
31
30
31

2003
arithmetic
average
µg/m3
SO2
PM
144
66
173
149
112
63
72
26
65
28
57
23
67
19
79
13
43
12
62
23
63
27
74
40
84
41

2003-2004
alternation
%
SO2
46(-)
58(-)
52(-)
21(-)
11
16
10(-)
19(-)
58
40
86
84

PM
5(-)
61(-)
30(-)
31
18
35
53
85
183
139
256
103

2000-2001
alternation
%
SO2
25(-)
51(-)
15(-)
50(-)
34(-)
11
185
127
192
30(-)
13(-)
27(-)

2004
measured
days
31
26
31
30
31
30
31
31
27
30
20
26

(-) decreased

TABLE 2 - International limit values.
SO2 Limit Values
Limit value
Institution

Daily
Average
Limit Value

Yearly
Average
Limit Value

(µg/m3 )

(µg/m3 )

WHO World Health Organization [2, 18, 19].

125

50

EPA National Ambient Air Quality Standards [20].

365

80

EU Environment and Climate Programme [1, 21]

125

20

TPAQR Turkish Protecting Air Quality Regulations [3, 7, 22]

400

150

SPL (Short Period limit)

UPS (Long Period limit)

a) General

400 (900)

150

b) Industrial region

400 (900)

250

Daily
Average
Limit Value

Yearly
Average
Limit Value

(µg/m3 )

(µg/m3 )

WHO World Health Organization [2, 18, 19].

-

-

EPA National Ambient Air Quality Standards [20].

150

50

EU Environment and Climate Programme [1, 21]

50

40

TPAQR Turkish Protecting Air Quality Regulations [3, 7, 22]

300

150

SPL (Short Period limit)

UPS (Long Period limit)

300

150

PM –Particulate Matter Limit Values (Total)
Limit value
Institution Gave

a) General

356

PM
35(-)
54(-)
24(-)
24
13
6(-)
6
13
13
36(-)
45(-)
63(-)

2004
arithmetic
average
µg/m3
SO2 PM
78
63
72
58
54
44
57
34
72
33
66
31
60
29
64
24
68
34
87
55
117 96
136 81
78
49
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b) Industrial region

400

200

RESULTS AND DISCUSSION

FIGURE 2 - Monthly variations in
SO2 and PM concentrations for 1998-2004.

In general, improvement of air quality without a good
inventory work is not possible [13]. Moreover, it is important to know the maximum and minimum concentrations of air pollutants and the degree of their dispersion in
the air [22, 23].
Therefore, SO2 and PM levels in the city center of
Nigde for the 1998-2004 period were determined in accordance with each day characteristics. In addition to
these values, monthly average values of SO2 and PM
concentrations were also obtained. On the basis of these
data, an in-crease in SO2 and PM was determined between
1998 and 2004 (Figs. 2 and 3). In general, SO2 and PM
levels were in accordance with cold winter conditions
during the first and last months of each year.
During winter, SO 2 and PM concentrations reached
maximum levels. Similarly, during June, July and August,
SO2 and PM concentrations were generally observed at minimum levels (Figs. 2 and 3).
SO2 concentration (µg/m3), 1998-2004
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FIGURE 3 - Percent variation values in the
years and annual variation for 1998-2004.
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Average annual SO2 and PM concentrations did not exceed the TPAQR (Turkish Protecting Air Quality Regulations) limits. However, average annual SO2 concentration
through the 1998-2004 periods were determined to be higher than that of the WHO. Average annual PM concentration exceeded the EPA limit for 2000 and 2003 (Tables 1
and 2). Significant differences were determined between
minimum and maximum annual values of SO2 during the
1998-2004 period, and for PM in the 2003-2004 period,
clearly indicating that both were emitted to the air during
these periods (Fig. 4).
SO2 and PM concentrations reached maximum levels
during winter-time. Similarly, during June, July and August, SO2 and PM levels were generally recorded at minimum levels (Fig. 5). For 2004, where the general trend
showed a peak, daily SO2 concentrations exceeded the limit
of 500 (µg/m3) in cold regimes during the last months of
the year, and PM concentrations were higher than 400 µg/
m3, which is the Long Term Limit of TPAQR (Fig. 6). According to these values, daily average limit values of WHO
and EPA were exceeded.

FIGURE 4 - Maximum and minimum
concentrations of SO2 and PM for 1998–2004.
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FIGURE 5 - Daily SO2 and PM concentration graphics for 2004.
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3 days. June, July and August were observed to be the
hottest months with temperatures between 1.1 and 22.3 ºC,
and without freezing. Rain was detected in November-May
period for only 10-12 days. The monthly average temperature in Nigde was 10.9 ºC. The number of average rainy
and snowy days was 95.4 and 18.1, and those of snow
cover days or with freezing were 29.8 and 99.9 [6, 7, 17].

2004 S O2 (WHO-EA)

250
200
150
100
50
0
1

4

7

10 13 16 19 22 25 28 31
DAYS

2004 PM (WHO -EU)

Concentration
(µg/m3)

200
150
100
50
0
1

16

31

46

61

76

91 106

DAYS

In general, SO2 and PM concentrations increased compared to the previous year. The increasing industrial activity and the cold climate regime in the region are the main
reasons for this increasing tendency. There are about 30 industrial plants and facilities in Nigde (1 cement plant, 9
textile (e.g. thread, carpet, clothing) plants in the organized industry site, 2 machinery industry plants, 1 machinery spare part manufacturer, 7 food production facilities (e.g. flour, feed, soft drink), 4 building structure plants
(e.g. glass, building structure materials), 4 furniture
plants, 1 sugar plant, 1 feed plant, 1 energy power plant,
and other small-scale plants and facilities) [7]. In addition, the in-creasing number of motor vehicles, the use of
low-quality fuels, heavy winter conditions and the operation of heat boilers without license are the other reasons
for air pollution to occur in the region. Sulfur in the air
and PM concentration arising from air pollutants is believed to result in serious health problems [24].

FIGURE 6 - Daily SO2 and PM concentration anomalies for 2004.

Considering the monthly averages, SO2 concentrations
in January-1998 and November-1999 were 161 and 155 µg/
m3, exceeding the daily limit of WHO and EU. SO2 concentrations in February, March and April of the 2000-period
were 139, 131, and 155 µg/m3, respectively, and they all
exceeded the daily limit values of WHO and EU. SO2 concentrations in January (144 µg/m3) and February 2003 (173
µg/m3) and December 2004 (136 µg/m3) were higher than
WHO and EU limits (Table 1, Fig. 2).
PM concentration (149 µg/m3) in February 2003 exceeded the daily limit of EU by a factor of 3, being close
to that of EPA. In January, February, October, November
and December of 2004, PM values were 63, 58, 55, 96
and 81 µg/m3, respectively, which exceed the daily limit
value of EU (Table 1, Fig. 2).
On the basis of annual meteorological data, the snow
cover numbers of days in January, December, February,
November and March were 11.5, 6, 8, 0.3 and 3.2, respectively. Limited amount of snow was also recorded in May
and October. There was no snow during the June-September
period. The maximum decrease in average temperature was
recorded for the December-February period. The temperature in these months was between –0.5 and +1.6 ºC, and
freezing was recorded for only 20-25 days. Therefore, December-February period was recorded to be the coldest one.
The temperature in November and March was between 4.6
and 6.2 ºC, and freezing was recorded for only 11-17 days.
The temperatures in April, May, September and October
were above 10 ºC, and freezing was observed for less than

CONCLUSIONS
Several SO2 concentrations (161 µg/m3 for January
1998, 155 µg/m3 for November 1999, 139 µg/m3 for February 2000, 131 µg/m 3 for March 2000, 155 µg/m 3 for
April 2000, 144 µg/m 3 for January 2003, 173 µg/m 3 for
February 2003 and 136 µg/m3 for December 2004) exceeded the daily limits of WHO and EU (125 µg/m3).
Many PM concentrations (149 µg/m 3 for February
2003, 63 µg/m3 for January 2004, 58 µg/m3 for February
2004, 55 µg/m3 for October 2004, 96 µg/m3 for November
2004 and 81 µg/m3 for December 2004) were also above
the daily limit of EU (50 µg/m3).
Basically, SO2 and PM concentrations increased from
1998 to 2004 and were observed to exceed the international
limit values.
On the basis of Long Term Limit of TPAQR, daily
SO2 level in the last months of 2004 was above the 500 µg/
m3 limit, and PM exceeded the lower limit, 400 µg/m3.
These data clearly indicate that the daily average limit
values of EPA and WHO were exceeded. These high levels
have a negative effect with heavy metals on the health of
habitants living in the city center. Results imply that pollution associated with a general increase in SO2 and PM will
cause serious long-term health problems. Solid and liquid
fuels with high sulfur content and their wastes in plants
are the sources of air pollution. In order to control these
anomalously high concentrations, low-sulfur fuels should
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be used and a natural gas system has to be immediately
established in the city.
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ANALYSIS OF REGIONAL WILD-TYPE CEREALS
IN TRABZON-TURKEY BY EDXRF SPECTROMETRY
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SUMMARY
The energy dispersive X-ray fluorescence (EDXRF)
spectroscopy was used to determine essential and trace
element contents of some naturally grown wild-type cereals collected in different regions of Trabzon, Turkey. The
samples were quantitatively analyzed using the standard
addition method. The experimental set-up consisted of a
Si(Li) detector, a multi-channel analyzer, and a 241Am and
55
Fe radioactive source. The Si(Li) detector has a 13 µm Bewindow and energy resolution of about 160 eV at 5.9 keV.
Qualitative analysis of spectral peaks showed that the samples contained chlorine, potassium, calcium, titanium, iron,
copper, strontium, yttrium, tin and barium. The results
demonstrated that these cereals contain elements of vital
importance for the human metabolism.
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INTRODUCTION
One of the most important problems in the world is environmental pollution. The requirement of chemicals in
scientific and technological investigations brings about
many problems, especially health and economical deficits
that grow over time. It is also well-known that food contamination is a common problem for living creatures. The
most dangerous toxic chemicals for human health are heavy
metals. In addition, organic solvents, hydrocarbons, and
pesticides are known as harmful materials.
Sixty elements exist in the human and animal bodies.
The most important macro-minerals for physiological activities are calcium, magnesium, potassium and sodium, as
well as the trace elements iron, iodine, copper, zinc, manganese, cobalt, molybdenum, selenium, chromium and tin.
The functions of the other trace elements, such as nickel,
boron, bromine, arsenic, vanadium, cadmium, barium and

strontium, in organism is not exactly known. Arsenic, lead,
cadmium, and mercury are toxic elements for human health,
and consumed in more than a specific value, they accumulate in the body and cause poisoning in the organism. Furthermore, when some nontoxic and necessary elements are
consumed at too low or high dosage, or for a long period of
time, they also may be harmful and/or poisonous for the
body. Therefore, they should be consumed at optimum
levels. The accurate and precise determination of major,
minor and trace elements in cereals is very important in
agricultural and environmental studies [1-3], and energy
dispersive X-ray fluorescence (EDXRF) technique is the
most powerful method for elemental analysis in various
fields, such as archaeology, geology, environmental and
material science, biological studies, etc. [4-12]. Compared
to particle induced X-ray emission (PIXE) or neutron activation analysis (NAA), EDXRF is relatively cheap, simple
to handle and needs less space. An EDXRF system needs an
X-ray source, an X-ray detection device and a data acquisition system. No matter what the source of X-rays is, the
basic principle remains the same: primary X-rays hit the
target, emerging fluorescence X-rays are detected by an
energy dispersive detector, characteristic X-rays of different elements are identified and integrated using a suitable peak-fitting program, and, finally, the peak integrals
are converted to elemental concentrations. Because of the
non-destructive feature of X-ray fluorescence analysis, a
number of valuable studies have focused on its use and
analytical application as a sensitive technique in foods
[13, 14].
In this study, we have employed the EDXRF technique
in the analysis of wild-type cereals from different regions
of Trabzon, Turkey.
MATERIALS AND METHODS
Method

The method involves the addition of known analyte
quantities to the specimen. If the analyte is present at low
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levels and no suitable standards are available, standard
addition may prove to be an alternative, especially if the
analyst is interested in only one of the analytes.
Adding a known amount of analyte, i(ΔWi), to the unknown sample to give an increased intensity, Ii + ΔIi., and
assuming a linear calibration, the equations are as follows:
Ii = MiWi

(1)

for the original samples and
Ii + ΔIi = Mi(Wi + ΔWi)

(2)

for the sample with the addition.
Thus, linear calibration is adequate throughout the
range of addition because it is assumed that an increase in
the concentration of analyte by amount ΔWi will increase
the intensity by MiΔWi. These equations can be solved for
the weight fraction of the element i(Wi). To check the linearity of the calibration, the process can be repeated by
adding different amounts of analyte to the sample and plotting the intensity measured versus them. The intercept of
the line on the concentration axis equals Wi. Intensities
used for calibration must be corrected for background and
line overlap [15].
Sample preparation

The cereal samples in this work were taken and prepared from various sites of Trabzon in Turkey (Fig. 1).
Table 1 shows the collection sites and some characteristic
properties of these samples, dried in a Heraeus furnace and

then ground in a Spex mill. To reduce particle size effects,
the powder obtained was sieved through a 400-mesh sieve
and mixed for 20 min. A 5-ton hydraulic press was used
to compress the sample powder into a thin solid pellet of
13 mm diameter. It is well-know that analysis of thin samples in EDXRF presents several advantages over the methods using thick samples. In the latter case, the increase of
background by multiple scattering within the sample causes
absorption and enhancement effects that dominate over the
gain in characteristic line intensity resulting from the increase in sample thickness. However, these absorption and
enhancement effects are less significant and can be easily
corrected or neglected for thin samples.
Analysis

The samples positioned according to the geometry of
Fig. 2 were irradiated using 59.5 keV photons emitted by
an annular 50 mCi 241Am radioactive source and 5.9 keV
photons emitted by an annular 50 mCi 55 Fe radioactive
source. To detect the radiation scattered from a sample, a
PGT Si(Li) detector having 156 eV full width at half maximum (FWHM) for 5.9 keV photons was used. 2048 channels of a multi-channel analyzer were employed in data
acquisition. In qualitative analysis, characteristic X-rays
emitted by excited atoms of the sample were registered for
time intervals of 2000 s. Spectra were analyzed using the
Nucleus program (Tennelec, Oak Ridge). Net ROI values
were corrected using the scattered source line methods [16].

Black Sea
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FIGURE 1 - A map showing the locations from which cereal samples were collected for analysis of multi-elemental profiles of cereals.
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FIGURE 2 - Geometry of the experimental setup.
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FIGURE 4 - A typical spectrum
for elements excited by the 55Fe radioactive source.

FIGURE 3 - A typical spectrum for
elements excited by the 241Am radioactive source.

The qualitative analysis of spectral peaks showed that
the samples contained chlorine, potassium, calcium, titanium, iron, copper, strontium, yttrium, tin and barium. A
representative example of a spectrum is given in Fig. 3 for
elements excited by the 241Am radioactive source, and in
Fig. 4 for elements excited by the 55Fe radioactive source.
The quantitative analysis of these elements was carried out
using the method of multiple standard additions as mentioned above.

RESULTS AND DISCUSSION
The concentrations of 10 essential and trace elements
in wild-type cereals measured by EDXRF technique are
presented in Table 2. The relative standard deviation of
analysis is estimated to be less than 4%.
K, Ca, Ti and Fe were detected in all samples studied.
However, Sr and Y were observed only in samples II and
III. The concentration ranges for Ca and Fe in the samples
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are found to be 3.56-10.86 mg/g and 2.91-17.74 mg/g, re-

spectively. It is accepted that these elements have vital im-

TABLE 1 - The codes and particulars of plants used for the EDXRF measurements.
Plant
Code
I
II
II
IV
V
VI
VII
VIII
IX
X
XI
XII
XIII
XIV
XV

Plant name

Altitude (m)

Flowering time

Poa protensis
Calomogrostic epigejos
Deschamsia caespitosa
Doctylis glomenata
Agrostic tenius
Holcus lanatus
Bromus secalinus
Aristida adscensionis
Echinochloa grus-galii
Brochypodium sylvaticum
Festuca arundinaceae
Festuca rubra
Avena fatua
Steria glacua
Hordeum murium

1200-2600
465-3050
1000-3000
1800-2600
2200-2600
1600-2000
1200-1600
1200-1600
100-600
10-2240
200-600
200-600
100-1510
50-100
100-830

July-August
July-August
July-August
June-July
June-July
June-July
June-July
June-July
August –Sep.
May-June
May-June
May-June
June-July
August –Sep.
June-July

Height
(cm)
20-70
60-100
28-110
60-120
20-60
20-110
20-60
20-40
40-120
60-100
100-150
40-100
45-80
40-80
10-35

Date

Collection Sites

September
September
September
August
August
August
August
August
September
July
July
July
August
September
August

Sürmene
Sürmene
Of
Akçaabat
Akçaabat
Maçka
Maçka
Maçka
Vakfıkebir
Trabzon
Trabzon
Trabzon
Trabzon
Trabzon
Trabzon

TABLE 2 - The concentrations of elements in some regional wild-type cereal plants analyzed by the EDXRF technique.
Plant
code
Cl (mg/g)
I
ND
II
5.82±0.21
III
7.47±0.28
IV
7.56±0.24
V
5.01±0.17
VI
10.78±0.37
VII
ND
VIII
ND
IX
8.41±0.30
X
8.29±0.29
XI
11.32±0.39
XII
5.53±0.19
XIII
4.36±0.15
XIV
7.56±0.26
XV
5.04±0.18
ND: Not Detected

K (mg/g)
37.67±1.35
48.52±1.69
108.78±3.79
60.95±2.13
85.41±2.98
142.69±4.99
25.30±0.91
33.36±1.20
138.10±4.97
82.09±2.87
82.95±2.90
83.59±3.09
55.82±1.95
64.15±2.24
51.30±1.64

Ca (mg/g)
4.89±0.17
3.91±0.12
4.09±0.14
5.28±0.18
4.51±0.15
3.77±0.13
10.86±0.41
5.32±0.18
3.56±0.12
4.43±0.15
7.98±0.27
10.67±0.39
6.60±0.23
5.21±0.18
4.41±0.15

Ti (µg/g)
170±6
90±3
380±13
120±4
110±4
130±5
330±11
70±3
160±6
70±3
140±5
130±5
60±2
60±2
60±2

Element
Fe (mg/g)
Cu (µg/g)
17.74±0.62
190±6
3.59±0.12
460±16
7.05±0.24
330±12
14.03±0.49
200±7
2.96±0.10
180±6
4.13±0.14
320±12
ND
11.11±0.38
3.12±0.11
170±6
7.21±0.25
220±8
3.08±0.10
120±4
4.31±0.15
140±5
ND
6.62±0.23
2.91±0.10
230±8
ND
2.99±0.11
ND
3.73±0.13

portance in the human metabolism. The bony skeletons of
mankind are composed of calcium phosphate. If people
have enough calcium, their bones and teeth will be strong
and hard, and their muscles, nerves, and hearts will work
properly. Calcium makes up about 2% of the human body,
and about 99% of that amount is contained in teeth and
bones. Iron is a mineral which makes the blood look red
and carries oxygen for our normal physical activities. Iron
deficiency results in anemia, causing faster heart beats to
support the bodies with enough oxygen [17]. Certain toxic
elements, such as Pb, As, Hg, and Cd, are the prime interest of toxicological studies [18]. We carefully searched for
these elements, but no traces were found in the samples.
Since the mineral content of cereals varies according to the
composition of the soil on which the plant is grown, the
absence of these heavy metals in all the samples suggested
that most of the cereals were collected from unpolluted
natural habitats.

Sr (µg/g)
ND
700±25
180±6
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

Y (µg/g)
ND
110±4
160±6
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

Sn (µg/g)
ND
250±9
640±22
1740±61
100±4
3950±150
ND
210±7
ND
ND
ND
2060
ND
ND
ND

Ba (µg/g)
ND
630±22
740±26
ND
170±6
ND
ND
230±8
160±6
180±7
ND
ND
ND
ND
ND

CONCLUSIONS
EDXRF offers significant advantages for multi-element
applications in the analysis of a wide range of organic materials, despite the better detection limit levels achieved by
some competing techniques. Also, EDXRF systems are particularly appropriate for the analysis of geological, environmental, metallurgical, and ceramic materials. The technique offers rapid, non-destructive analysis of materials
presented as solids, powders, particulates collected on filter
substrates, and liquids.
EDXRF is capable of measuring the elemental concentrations of almost all the elements in the periodic table (by
convention from Na to U) to detection limits that, under
optimum conditions, fall below the mg.kg-1 level.
These wild-type cereals have been used in regional
stock-breeding. For this reason, it is important for the health
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of both animals and human beings, since contamination of
food chain is one of the major routes for the entry of metals. Although samples were collected especially in locations around the city center, our results show that there is
no heavy metal contamination in wild-type cereals. Hence,
they are not likely to induce any health danger to consumers as far as their metal contents are concerned.
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SUMMARY
In this paper, we present the application of statistical
tools for data optimization in air quality monitoring networks, particularly analysing data correlation structure with
multivariate statistical techniques and applying a method
based on the Shannon index to evaluate the possible exclusion of monitoring stations or measured pollutants appearing as “the least informative”. Our goal is the definition of
a simple procedure for identifying the redundancy in air
quality data sets. The procedure results may be useful both
to evaluate effectiveness and efficiency of existing networks, and to select the data sub-sets more suitable for
analysing, modelling and reporting AQM data.

KEYWORDS:
Air quality monitoring network, Shannon index, cluster, PCA.

The case studies concern the analysis of the data sets
of Swiss air quality monitoring network and the analysis
of the Vulture-Melfese monitoring network (Basilicata
region, Southern Italy). For each examined matrix, on the
basis of the correlation structure, a reduced set of descriptors was individuated. This procedure is useful to
evaluate the efficiency of existing networks in order to
optimise the placement of monitoring stations and select
the most suitable sub-sets of data for air quality management (relatively to data sets` analysis, modelling and reporting). The final purpose is the definition of a userfriendly standardised procedure for identifying the redundancy in air quality data sets in order to draw the guidelines
for setting up a dynamic and efficient monitoring network,
and to define additional support tools for environmental
plans and policies at local scale.
MATERIALS AND METHODS

INTRODUCTION
Monitoring procedures have to be regarded not only
as a tool for controlling the state of the environment and the
degradation phenomena, but also as a first step to describe
quantitatively relationships among anthropogenic activities,
emitted pollutants and environmental variables. In this
framework, data collection and interpretation represent a
fundamental issue in the pathway, towards the development of a general purpose methodology for optimising the
air quality monitoring networks as well as to verify achievement of policy targets and effectiveness of recovery strategies [1-10].
In this work, an application of statistical tools for the
optimization of air quality data collection is presented. The
data correlation structure was analysed with a method based
on informational indices [4], and with multivariate statistical techniques [11, 12] in order to exclude the monitoring
stations or the measured pollutants with the lowest informative contents.

In order to characterize the correlation structure and
optimize the air quality monitoring network, we apply the
method based on the Shannon index, proposed by Silva
and Quiroz [4], and a multivariate procedure based on
clustering and PCA [11, 12].
Particularly, we apply these statistical criteria for optimizing the monitoring network both in terms of sampling
points and measured pollutants. In the first case, we would
exclude the monitoring stations that supply information
highly correlated to that obtained from other monitoring
stations. In the second cases, we may use the same procedure in order to characterize those pollutants that supply
information highly correlated to that obtained from other
pollutants.
We discuss two examples using the following parameters: Shannon index, information loss index, effectiveness
index, clusters and principal components. In particular, the
use of Shannon index allows individuating the optimal configuration of monitoring stations (sampling sites) or pollutants (descriptors) with respect to one variable, whereas the
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use of an information loss index and an effectiveness index
allows individuating the optimal configuration of monitoring stations or pollutants with regard to all variables. For
each parameter, we remand to the cited references for a
detailed analytical description. Here we report only a short
summary of the definitions.
The Shannon index is defined as:
⎧ f M ,U ( x, y ) ⎫
I ( M ,U ) = ∫ ln⎨
⎬ f M ,U ( x, y )dxdy
⎩ f M ( x) f U ( y) ⎭

(1)

in which the generic variable may represent the monitoring stations or the measured pollutants. M and U vectors represent the subsets of element candidates to being
confirmed in the monitoring network and that for exclusion, respectively; fM,U represents the joint density of M
and U, and fM, fU are the corresponding marginal densities.
If we denote with j a generic configuration of the subsets
M and U, the optimal configuration is the configuration
j*, such that:

I {(M ( j*),U ( j*))} = max{I (M ( j),U ( j))} (j=1,…,h)

Pij [A( ji )] =

)} (
max{I (M ,U )}
i
j

i

)

i

(3)

in which I ij (M i ,U i ) is the Shannon index associated
to generic configuration A(ji) with i=1,..,k and j=1,..,h. It
represents the loss of information of the configuration
A(ji) with respect to the optimal configuration A*(ji*), when
only the i-th variable is considered.
The effectiveness index indicates the configuration
that produces the minimum loss of information on the
basis of the exclusion of the “least informative” elements.
On the basis of information loss index we calculate:
qij=(1-Pij[A(ji)])*100

(i=1,..,k j=1,…,h) (4)

The effectiveness index of the configuration is:
qj=min(qij)
(i=1,..,k)

λj

∑λ

* 100

(7)

j

j

Generally, the optimal configuration determined for a
specific variable is not necessarily optimal also for the
remaining k-1 variables. In this case, it may be useful to
introduce the concept of loss of information and to define
the effectiveness index. The information loss index is defined as:

{(

Pj =

(2)

where h is the number of the possible configurations

max I ij M i ,U i − I ij M i ,U i

Regarding the multivariate procedure, to investigate
the underlying structure of the data set, we array the data
in matrices like [samples x descriptors], we define the association matrices calculating the similarity among the rows
or, respectively, the columns of the [samples x descriptors] matrix, and we apply a clustering procedure
and an ordination method (PCA). The clustering allows
pointing out homogeneous groups of descriptors. Particularly, we apply the complete linkage algorithm and plot
the results by means of a dendrogram. The PCA allows
determining a new set of independent variables, and linear
combination of the original variables. It is based on the
determination of the Eigenvalues (λ1,…,λm) and the corresponding Eigenvectors (a1,…,am) of the association matrix.
The Eigenvectors represent the mutually orthogonal configurations of the original variables, and each of them
may be considered to be a new independent variable.
Each Eigenvector aj is characterized by the percentage of
variance:

(5)

Finally, the total effectiveness index is defined as:
q*=max(qj)
(j=1,..,h)
(6)
The quantity q* measures the ability to optimize the
monitoring of m elements in function of k variables, taking into account a subset of n elements chosen from a set
of m available elements. A small value of q* indicates a
high loss of information, while a value close to 100 indicates a good performance.

and by the loadings, or, in other words, the coefficients of linear combinations which represent the weights
of each original descriptor in the new variables.
RESULTS AND DISCUSSION
In this paper, we present the results of two applications. In the first, the goal is the identification of the monitoring stations whose exclusion produces the minimum
loss of information in a network. In this case, we analyze
the data of Swiss air quality monitoring network [13]. In
the second, we investigate the possibility to reduce the set
of measured pollutants, identifying the elements whose exclusion produces the minimum loss of information. In this
case, we analyze the data of Vulture-Melfese monitoring
network (Basilicata region, Southern Italy).
1. The Swiss air quality monitoring network measures
constantly the concentration of the main pollutants at
16 stations dislocated in entire national territory. For this
analysis, we take into account only the stations that supply measures of NO2, O3, CO and PM10 at the same time.
So we obtain a sub-network composed from eight stations:
Lugano (LU), Payerne (P), Rigi-Seebodenalp (R), Zurich
(Z), Bern (B), Sion (S), Lausanne (LA) and Harkingen
(H). The analysis is based on daily average values of NO2
(µg/m3), O3 (µg/m3), PM10 (µg/m3) and CO (mg/m3), measured in December 2003.
At the first step, the informational indices are calculated for each possible configuration of stations, excluding one station at a time (Table 1).
In Table 1 we may note that, for variable PM10, 2-P
configuration presents the highest Shannon index, so it is
the optimal configuration, the set of stations (LU, R, Z, B,
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S, LA, H) gives the maximum of information compared
with all the other configurations. For the other pollutants,
the optimal configurations are 4-Z for NO2 and 8-H for
O3 and CO. For each pollutant, on the basis of maximum
values of the Shannon index, we calculate the information
loss index. 8-H, 7-LA, 4-Z and 2-P configurations show
the lowest values with respect to optimal configurations.
Finally, we calculate the effectiveness index in order to
individuate the optimal configuration of the monitoring network. 2-P configuration shows the highest value (q= q*=

85%) meaning that the stations set (LU, R, Z, B, S, LA, H)
monitored the 4 variables with 85% effectiveness. Payerne
monitoring station (P) is candidate for exclusion. On the
contrary, 1-LU, 3-R and 6-S configurations show low qvalues (9%, 10% and 16%, respectively).
At the second step, we exclude two stations at a time,
obtaining 28 possible configurations. The informational indices’ values are shown in Table 2.

TABLE 1 - Analysis of Swiss air quality monitoring network: step 1 (I = Shannon index (the highest value for
each pollutant is indicated in bold), P = information loss index (the lowest value for each pollutant is indicated in
italic), q = effectiveness index (the value of total effectiveness index q* for each configuration is indicated in bold)).
I

Configuration

PM10
0.120
1.415
0.223
1.180
0.674
0.318
1.028
1.223

1-LU
2-P
3-R
4-Z
5-B
6-S
7-LA
8-H

NO2
0.101
0.869
0.337
0.965
0.741
0.537
0.916
0.622

P
O3
0.353
1.488
0.172
1.594
1.591
0.278
0.890
1.755

CO
0.245
1.166
0.456
0.962
0.881
0.426
0.953
1.243

PM10
0.915
0
0.843
0.166
0.523
0.775
0.274
0.136

NO2
0.895
0.099
0.651
0
0.232
0.443
0.050
0.355

q
O3
0.799
0.152
0.902
0.092
0.094
0.841
0.493
0

CO
0.802
0.062
0.633
0.226
0.291
0.657
0.233
0

PM10
9
100
16
83
48
22
73
86

NO2
10
90
35
100
77
56
95
64

O3
20
85
10
91
91
16
51
100

CO
20
94
37
77
71
34
77
100

TABLE 2 - Analysis of Swiss air quality monitoring network: step 2 (I = Shannon index (the highest value for
each pollutant is indicated in bold), P = information loss index (the lowest value for each pollutant is indicated in
italic), q = effectiveness index (the value of total effectiveness index q* for each configuration is indicated in bold)).
Configuration
1-LU-P
2-LU-R
3-LU-Z
4-LU-B
5-LU-S
6-LU-LA
7-LU-H
8-P-R
9-P-Z
10-P-B
11-P-S
12-P-LA
13-P-H
14-R-Z
15-R-B
16-R-S
17-R-LA
18-R-H
19-Z-B
20-Z-S
21-Z-LA
22-Z-H
23-B-S
24-B-LA
25-B-H
26-S-LA
27-S-H

I
PM10
1.517
0.303
1.298
0.736
0.412
1.112
1.314
1.631
1.342
1.616
1.557
1.425
1.647
1.386
0.894
0.485
1.143
1.377
1.398
1.301
1.612
1.446
0.829
1.248
1.221
1.058
1.397

NO2
0.931
0.408
1.051
0.836
0.638
0.933
0.721
0.923
1.497
1.383
0.989
1.244
1.154
1.281
1.060
0.870
1.100
0.948
0.935
1.244
1.239
1.017
0.903
1.359
0.951
1.102
0.974

q

P
O3
1.660
0.523
1.833
1.790
0.277
1.088
2.002
1.649
1.927
1.878
1.688
1.418
2.385
1.757
1.727
0.450
1.029
1.857
2.152
1.819
1.844
1.641
1.741
1.908
1.775
1.131
1.968

CO
1.348
0.584
1.169
1.084
0.558
1.171
1.426
1.400
1.620
1.402
1.383
1.344
1.636
1.365
1.294
0.842
1.249
1.481
1.339
1.223
1.287
1.161
1.095
1.289
1.371
1.143
1.584

PM10
0.095
0.819
0.226
0.561
0.754
0.337
0.217
0.027
0.200
0.036
0.072
0.150
0.018
0.174
0.467
0.711
0.318
0.179
0.166
0.224
0.039
0.138
0.506
0.256
0.272
0.369
0.167

NO2
0.378
0.727
0.298
0.442
0.574
0.377
0.518
0.383
0
0.076
0.340
0.169
0.229
0.145
0.292
0.419
0.265
0.367
0.375
0.169
0.172
0.321
0.397
0.092
0.365
0.264
0.349
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O3
0.304
0.781
0.231
0.249
0.884
0.544
0.161
0.309
0.192
0.212
0.292
0.406
0
0.263
0.276
0.811
0.568
0.221
0.098
0.237
0.227
0.312
0.270
0.200
0.256
0.526
0.175

CO
0.176
0.643
0.286
0.337
0.659
0.284
0.128
0.144
0.010
0.143
0.154
0.178
0
0.165
0.209
0.485
0.236
0.095
0.181
0.253
0.213
0.290
0.331
0.212
0.162
0.301
0.032

PM10
90
18
77
44
25
66
78
97
80
96
93
85
98
83
53
29
68
82
83
78
96
86
49
74
73
63
83

NO2
62
27
70
56
43
62
48
62
100
92
66
83
77
86
71
58
73
63
62
83
83
68
60
91
64
74
65

O3
70
22
77
75
12
46
84
69
81
79
71
59
100
74
72
19
43
78
90
76
77
69
73
80
74
47
83

CO
82
36
71
66
34
72
87
86
99
86
85
82
100
83
79
51
76
91
82
75
79
71
67
79
84
70
97
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2.063

1.629

0

0.196

In Table 2 we may observe that 28-LA-H configuration has the highest Shannon index with regard to PM10
and that all the configurations with the exclusion of Payerne
(P) present high values of the Shannon index. Particularly,
9-P-Z configuration shows the highest Shannon index for
NO2 and 13-P-H is optimal for O3 and CO. Regarding the
P-values, taking into account the optimal configurations for
each pollutant, we may observe that 13-P-H configuration
presents the lowest loss of information for PM10, 10-P-B
for NO 2, 19-Z-B for O 3, and 28-LA-H for CO. On the
basis of the P-values, we calculate the effectiveness index
for each configuration and, finally, the total effectiveness
index. 28-LA-H configuration presents its highest value
(q*=81%), so the set of stations (LU, P, R, Z, B, S) has an
effectiveness of 81% to monitor the 4 variables. Lausanne
(LA) and Harkingen (H) monitoring stations are candidates
for exclusion. We observe a similar behaviour excluding
Payerne (P) and Zurich (Z) monitoring stations, having an
effectiveness index of 80%. On the contrary, 2-LU-R, 5LU-S and 16-R-S configurations have the lowest effectiveness indexes (q<19%).
Regarding the multivariate analysis, in this first example, for each pollutant, the data matrix is [31 sampling
days x 8 monitoring stations]. For analysing the relationships among the monitoring stations, we calculate the association matrix A [8x8] in which each element measures the
correlation between two sites. The results are summarized
in Figure 1 and Table 3.
In PM10 and NO2 dendrograms, we can point out a
cluster C1 = (B, Z, H, LA, P, S), and two isolated elements
(LU) and (R). For O3, we observe two clusters C2 = (B, Z,
H, LA, P) and C3 = (S, LU) as well as an isolated element
(R). Finally, for CO, we point out a cluster C4 = (Z, P, H,
.

0.135

0.004

100

81

87

100

LA, B), and 3 isolated elements (S), (R) and (LU). All the
Pearson coefficient values of elements included in the clusters are statistically significant ρ>0.47 (with d.f. = 31, and
the probability that uncorrelated measures have ρ>0.47 is
lower than 1%).
Regarding the PCA, the first three principal components (PCs) explain 90.2%, 87.5%, 87.1% and 83.1% of
the data variance for O3, PM10, CO and NO2, respectively.
Moreover, we may note that the monitoring stations (P, B,
Z, LA, H) have loadings higher than 0.5 in the first PC for
all the examined pollutants. On the contrary, the monitoring stations (LU, R, S) show a single and different behaviour for each pollutant. For NO2 and PM10, Sion monitoring station belongs to the first component, but with a lower
weight regarding the other monitoring stations. Instead,
this station is the dominant element in the III-PC and the
II-PC for CO and O3, respectively. For O3 and PM10, Rigi
monitoring station is the only element which has a loading
>0.5, respectively, in the III-PC and II-PC. For CO and NO2,
Rigi and Lugano monitoring stations characterize the II-PC.
The monitoring station candidates for exclusion (Payerne at the first step, Lausanne and Harkingen or Payerne
and Zurich at the second step) are highly correlated with
other sites. Instead, Rigi, Sion and Lugano monitoring stations show different characteristics for each pollutant. If we
exclude one of these monitoring stations, the corresponding
configurations present very low values of effectiveness
index, in particular q<16% at the first step and q<19% at
the second step. This means that Rigi, Sion and Lugano
monitoring stations are weakly influenced by the remaining monitoring stations, and that these stations provide
non-redundant information.
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FIGURE 1 - Results of the clustering procedure used.
TABLE 3 - Results of PCA analysis (PC=principal component, λ =Eigenvalues, P%=percentage of explained variance).
CO
PC
λ
P%

I
4.76
59.4

LU
P
R
Z
B
S
LA
H

0.11
0.80
0.07
0.86
0.86
0.32
0.84
0.89

PC
λ
P%

I
5.06
63.3

LU
P
R
Z
B
S
LA
H

0.40
0.91
0.00
0.91
0.92
0.22
0.81
0.89

NO2
II
1.45
18.1

III
0.77
9.6

PC
λ
P%

I
4.46
55.8

0.63
0.01
0.68
0.00
0.00
0.10
0.02
0.01

0.00
0.13
0.06
0.00
0.00
0.56
0
0.02

LU
P
R
Z
B
S
LA
H

0.00
0.71
0.02
0.86
0.71
0.64
0.77
0.74

II
1.17
14.6

III
0.98
12.3

PC
λ
P%

I
4.79
59.9

0.29
0.01
0.29
0.03
0.00
0.48
0.03
0.04

0.07
0.03
0.71
0.01
0.01
0.15
0.00
0.00

LU
P
R
Z
B
S
LA
H

0.01
0.91
0.03
0.89
0.76
0.45
0.87
0.89

Loading

II
1.37
17.1

III
0.81
10.2

0.51
0.14
0.68
0.00
0.00
0.01
0.03
0.00

0.47
0.04
0.25
0.02
0.02
0.01
0.01
0.01

II
1.22
15.2

III
0.99
12.4

0.41
0.00
0.73
0.00
0.00
0.04
0.01
0.04

0.54
0.01
0.16
0.01
0.04
0.20
0.01
0.02

Loading

O3

PM10

Loading

Loading

TABLE 4 - Analysis of Vulture-Melfese monitoring network: step 1 (I = Shannon index (the highest value for
each pollutant is indicated in bold), P = information loss index (the lowest value for each pollutant is indicated in
italic), q = effectiveness index (the value of total effectiveness index q* for each configuration is indicated in bold)).
Configuration
1-NMHC
2-CH4
3-O3
4-CO
5-NO2

L
0,153
0,584
0,603
0,567
7,599

I
M
0,173
0,175
0,416
0,244
4,815

P
S
0,549
0,268
0,507
0,372
8,007

L
0.980
0.925
0.922
0.927
0.020
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M
0.965
0.965
0.916
0.951
0.029

S
0.934
0.968
0.939
0.955
0.033

L
2
8
8
7
98

q
M
3
4
8
5
97

S
7
3
6
4
97
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6,250
7,754
0,229

3,231
4,956
0,692

7,155
8,283
0,225

0.194
0
0.97

2. In the second application, we would identify those
pollutants, whose exclusion produces the minimum loss of
information. We use data provided by the Vulture-Melfese
monitoring network. It is made up of three stations, Lavello (L), San Nicola di Melfi (S) and Melfi (M), measuring
the levels of 12 pollutants (SO2, NO, NO2, NOx, CO, O3,
NMHC, CH4, PM10, and BTX) each 15 min. Especially for
this study, we use the hourly average values of SO2, NO,
NO2, NOx, CO, O3, NMHC, and CH4 measured from 10
a.m. 16/05/2001 to 9 a.m. 18/05/2001. This constitutes the
largest data subset without data missing.
At the first step, we calculate the informational indices
excluding one pollutant at a time.
For all the three stations, 7-NOx configuration has the
highest Shannon index, so it is the optimal configuration

0.348
0
0.86

0.136
0
0.973

81
100
3

65
100
14

86
100
3

for all stations. 5-NO2 configuration presents the lowest information loss index. The total effectiveness index is q*=
100%. NOX is the “least informative” pollutant and candidate for exclusion (Table 4).
At the second step, we exclude two pollutants at a time,
obtaining 28 possible configurations of pollutants.
For Lavello (L) and San Nicola di Melfi (S), 17-O3NOx configuration shows the highest Shannon index, and
the set of pollutants (NO-NO 2-CH 4-NMHC-CO-SO 2) is
considered to be the optimal one. For Melfi (M), 23-NO2NO configuration has the highest Shannon index and the
sub-set of pollutants (O3-NOX-CH4-NMHC-CO-SO2) is the
optimal configuration. Furthermore, we note that also other
configurations (for example 12-CH4-NOx, 6-NMHC-NOx)
show high Shannon index and low information loss index

TABLE 5 - Analysis of Vulture-Melfese monitoring network: step 2 (I = Shannon index (the highest value for
each pollutant is indicated in bold), P = information loss index (the lowest value for each pollutant is indicated in
italic), q = effectiveness index (the value of total effectiveness index q* for each configuration is indicated in bold)).
Configuration
1-NMHC-CH4
2-NMHC-O3
3-NMHC-CO
4-NMHC-NO2
5-NMHC-NO
6-NMHC-NOx
7-NMHC-SO2
8-CH4-O3
9-CH4-CO
10-CH4-NO2
11-CH4-NO
12-CH4-NOx
13-CH4-SO2
14-O3-CO
15-O3-NO2
16-O3-NO
17-O3-NOx
18-O3-SO2
19-CO-NO2
20-CO-NO
21-CO-NOx
22-CO-SO2
23-NO2-NO
24-NO2-NOx
25-NO2-SO2
26-NO-NOx
27-NO-SO2
28-NOX-SO2

I
L
0.625
0.654
0.702
7.723
6.398
7.881
0.302
0.329
1.112
8.022
6.748
8.176
0.767
1.111
8.026
6.787
8.185
0.806
7.758
6.745
7.959
0.634
7.844
6.744
7.821
7.653
6.438
7.972

M
0.111
0.573
0.383
4.964
3.403
5.111
0.829
0.515
0.416
4.984
3.405
5.126
0.857
0.604
4.887
3.482
5.030
0.966
4.857
3.392
5.006
0.835
5.269
4.020
5.022
5.016
3.862
5.257

S
0.685
0.612
0.770
8.418
7.623
8.694
0.740
0.742
0.440
8.204
7.418
8.504
0.478
0.535
8.506
7.656
8.782
0.665
8.363
7.516
8.641
0.589
8.409
7.336
8.203
8.188
7.242
8.449

L
0.924
0.920
0.914
0.056
0.218
0.037
0.963
0.960
0.864
0.020
0.176
0.001
0.906
0.864
0.019
0.171
0
0.902
0.052
0.176
0.028
0.922
0.042
0.176
0.045
0.065
0.213
0.026
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P
M
0.979
0.891
0.927
0.058
0.354
0.030
0.843
0.902
0.921
0.054
0.354
0.027
0.837
0.885
0.072
0.339
0.045
0.817
0.078
0.356
0.050
0.842
0
0.237
0.047
0.048
0.267
0.002

q
S
0.922
0.930
0.912
0.041
0.132
0.010
0.916
0.916
0.950
0.066
0.155
0.032
0.946
0.939
0.031
0.128
0
0.924
0.048
0.144
0.016
0.933
0.042
0.165
0.066
0.068
0.175
0.038

L
8
8
9
94
78
96
4
4
14
98
82
100
9
14
98
83
100
10
95
82
97
8
96
82
96
94
79
97

M
2
11
7
94
65
97
16
10
8
95
65
97
16
11
93
66
95
18
92
64
95
16
100
76
95
95
73
100

S
8
7
9
96
87
99
8
8
5
93
84
97
5
6
97
87
100
8
95
86
98
7
96
84
93
93
82
96
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values. On the basis of q-values, we choose the configuration 12-CH4-NOx showing the highest effectiveness index
(q=q*=96,8%), and, consequently, NOx and CH4 are the
pollutant candidates for exclusion. We would highlight that
all the configurations excluding NO, NO2, and/or NOx present q-values higher than 60%, while in all other cases qvalues are lower than 8%.
Regarding the multivariate analysis for each monitoring station, the data matrix is [43 sampling hours x 8 pollutants]. For analysing the relationships among the monitoring stations, we calculate the association matrix A [8x8],
in which each element measures the correlation between
two pollutants.
Applying the clustering to data of Vulture Melfese
monitoring network, for each monitoring station we obtain
a dendrogram as shown in Figure 2. We point out clusters
being very different among them. We may note that NOx
and NO2 are highly correlated, while NMHC are always
isolated. In particular, for Melfi monitoring station, we individuate a cluster C1 = (NO2, NOx, SO2, CO) and 4 isolated elements (NO), (NMHC), (CH4) and (O3); but for San
Nicola di Melfi monitoring stations two clusters C2 =
(NO2, NOx, NO) and C3 = (O3, CO) and 3 isolated elements
(SO2), (NMHC), and (CH4). Finally, for Lavello, two clusters C4 = (NO2, NOx, CO) and C5 = (O3, CH4) and 3 isolated elements (NO), (NMHC), and (SO2) are observed. In

all the examined cases, the Pearson coefficient values of
elements included in the clusters are statistically significant, ρ>0.40 (with d.f. = 43, and the probability that uncorrelated measures have ρ>0.40 is lower than 1%).
The results of PCA analysis are summarized in Table 6.
The first three principal components (PCs) explain 81.7%,
76.6% and 80.5% of data variance for Lavello, San Nicola
di Melfi and Melfi, respectively. For all the monitoring
stations, we may observe that both NOx and NO2 are elements of the first component with loadings higher than 0.8,
while NO shows a lower weight. The other pollutants exhibit different behaviour. As for an example SO2 characterizes the II-PC for Lavello and the III-PC for San Nicola di
Melfi, on the contrary, it belongs to the I-PC for Melfi.
In this case, the method based on the Shannon index
indicates NOx as candidate for exclusion at the first step
and the couple NOx-CH4 at the second one. Moreover, we
observe that effectiveness indexes are strongly influenced
by NOx and NO2. The results of multivariate analysis confirm the NOx exclusion. In fact, this element is correlated
with NO2 at all the sites. On the contrary, the exclusion of
the couple NOx-CH4 is not confirmed by the multivariate
analysis of pollutant correlation structure in the different
sites.

FIGURE 2 - Results of the clustering procedures used.

TABLE 6 - Results of PCA analysis (PC=principal component, λ =Eigenvalues, P%=percentage of explained variance).
Lavello
PC
λ

I
3.9

II
1.6

San Nicola di Melfi
III
1.0

IV
0.7

PC
λ

I
3.2

II
1.7
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III
1.2

Melfi
IV
1.0

PC
λ

I
4.1

II
1.4

III
0.9

IV
0.7
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P%

48.6

SO2
NOx
NO
NO2
CO
O3
CH4
NMHC

0.04
0.87
0.46
0.83
0.45
0.54
0.51
0.19

20.4
Loading
0.49
0.07
0.01
0.08
0.33
0.15
0.20
0.28
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12.7

8.5

P%

39.9

0.33
0.03
0.34
0.00
0.04
0.09
0.08
0.10

0.02
0.00
0.00
0.00
0.05
0.12
0.10
0.39

SO2
NOx
NO
NO2
CO
O3
CH4
NMHC

0.17
0.92
0.69
0.83
0.03
0.00
0.16
0.38

21.3
Loading
0.04
0.03
0.09
0.01
0.49
0.60
0.32
0.13

15.4

12.1

P%

51.8

0.54
0.02
0.03
0.06
0.00
0.29
0.28
0.01

0.07
0.00
0.02
0.00
0.40
0.04
0.01
0.42

SO2
NOx
NO
NO2
CO
O3
CH4
NMHC

0.58
0.95
0.56
0.95
0.39
0.58
0.04
0.09

17.5
Loading
0.00
0.02
0.06
0.01
0.00
0.00
0.69
0.62

11.2

8.3

0.09
0.00
0.11
0.00
0.29
0.17
0.13
0.10

0.26
0.00
0.16
0.00
0.18
0.04
0.01
0.00

CONCLUSIONS
In this paper, we use statistical tools for data optimization in air quality monitoring networks. Our goal is to
define a procedure that allows to elaborate data of air quality monitoring networks in a simple and quick way. A
method based on informational indices and some multivariate statistical techniques allows us both to identify the
elements of monitoring networks that supply redundant
information and to evaluate the information loss caused by
the exclusion of these elements appearing as “the least informative”.
In the first application, the monitoring stations that are
candidates for exclusion, belong to a subset of five monitoring stations (Payerne, Lausanne, Harkingen, Berne and
Zurich), which are significantly correlated among them. The
remaining monitoring stations (Lugano, Sion and Rigi)
have different behaviours for each measured pollutant and,
in the most part of the cases, they are weakly correlated
with the other ones. In this case, the application of the two
methods provides complementary results. Particularly, multivariate analysis results are in agreement with informational analysis results. This makes possible to clarify the informational suggestions on the basis of data underlying
correlation structure.
In the second application, at the first step, the exclusion
of NOx provides a null-loss of information if, at all the
three sites, NO2 concentration is measured. At the second
step, the method based on informational indices indicates
NOx and CH4 as candidates for exclusion. The multivariate analysis results confirm the informational suggestions
of the first step. In fact, the selected pollutant shows strong
correlation with the other variables at all the three sites,
but this is the only common characteristic among them. So,
at the second step, the multivariate analysis does not confirm the results obtained from informational indices. CH4
shows a specific correlation pattern for each monitoring
station. Therefore, its exclusion determines a significant
waste in terms of sites` characterization.

ACKNOWLEDGEMENTS
We gratefully acknowledge Basilicata ARPA to have
kindly made available the data of Vulture-Melfese air quality monitoring network.

In conclusion, we believe that the combined use of different analysis methods for individuating the “least informative” elements is a suitable tool in order to rationalize
the data collection in a monitoring network. Comparison
among the results coming from different investigation
approaches allows us to take into account different aspects
of the complex behaviour of environmental variables.
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COPPER COMPLEXATION AND SURFACTANT ACTIVITY
OF ORGANIC MATTER IN COASTAL SEAWATER AND
SURFACE MICROLAYER SAMPLES FROM NORTH
NORWEGIAN FJORDS AND NW MEDITERRANEAN REGION
Marta Plavšić*, Blaženka Gašparović and Božena Ćosović
1

Ruđer Bošković Institute, Center for Marine and Environmental Research, 10000 Zagreb, Bijenička c. 54, Croatia

SUMMARY

INTRODUCTION

Organic ligands capable of complexing copper ions
(CCu) were measured in selected sea surface microlayer
(ML) and underlying water (UW) samples from the NW
Mediterranean coast and north Norwegian fjords. A part of
these organic ligands exhibit the property of surface activity,
i.e. they accumulate on different phase boundaries (air/
water; water/sediments; water/biological membranes), and
are determined as surface-active substances (SAS). The
presence of Cu complexes with surface-active properties
influences the biogeochemical cycle of copper ions at these
phase boundaries.
The CCu values for all samples determined by differential pulse anodic stripping voltammetry (DPASV) are in
the range 90-1790 nM (being, in general, higher for microlayer samples). The SAS values for the samples range
between 0.062-0.216 mg/L eq.T-X-100, while dissolved
organic carbon (DOC) values are in the range from 0.9 mg/
L C to 3.7 mg/L C. CCu data for North Norwegian fjords
(ML and UW samples) are well-correlated with DOC data.
CCu data are correlated with SAS data for North Norwegian fjords (ML and UW), but in NW Mediterranean region only in UW samples.
In the marine environments investigated, 1-20 % of
DOC is present as ligands capable to complex copper ions.
Correlation of SAS vs. DOC data for all the samples has
shown that the majority of field data are in properties similar to model fulvic acid and microbial polysaccharide xanthan.

KEYWORDS:
dissolved organic ligands, surface-active substances, copper, sea
surface microlayer, complexing capacity, voltammetry.

Organic ligands present in natural waters consist of
largely uncharacterized macromolecular organic material,
resulting from the combination of biological (phytoplankton and bacterial activity), and geochemical activities (humic and fulvic material) and pollution. The other smaller
portion of organic matter is identified and classified into
particular groups of compounds, such as carbohydrates,
amino acids, proteins, fatty acids, lipids and hydrocarbons. Valuable information concerning the nature and properties of organic substances in natural systems can be obtained by studying the interaction of metal ions with organic matter [1, 2]. The interest is frequently focused on the
formation of organic “inert” complexes with metal ions [3],
which could influence the availability of metals to aquatic
organisms and their association with particles and sediments in the system. The abundance of complexing ligands
in natural waters determines the complexing capacity for
a metal ion [4, 5]. Very often the metal ion of choice for
complexing capacity determination is copper, as it forms
strong complexes with organic matter in natural waters
(>98 % of the total dissolved copper is complexed [6],
and it is an essential element being toxic in elevated concentration range.
The concentration of the dissolved organic matter in
natural waters is measured as a general parameter i.e. dissolved organic carbon (DOC), expressed in mg/L (or µM)
of carbon. This parameter alone does not provide information on the type of organic matter present. A part of the
organic matter exhibits the property of surface activity,
thus accumulating on different phase boundaries (air/water;
water/sediments; water/biological membranes). Surface
active substances (SAS) are organic substances of specific
structure, possessing structural groups that are repulsed
from water (hydrophobic groups) and structural groups that
have strong affinity for water (hydrophilic groups). Surfactant activity of some hydrophilic substances originates from
their high molecular weight, as is the case with polysac-

377

© by PSP Volume 16 – No 4. 2007

Fresenius Environmental Bulletin

charides [7, 8]. Sea surface micro-layer (ML) is a unique
bio-physico-chemical environment. Sea surface is covered
by natural films that influence air-sea fluxes of particles
and heat with particularly strong importance on gas fluxes.
The adsorbed surfactant films on the air-sea interface reduce air-sea gas exchange by impeding molecular diffusion
across the interface and by influencing the hydrodynamic
characteristics of water motion at the interface [9]. The
natural sea surface films are a complex mixture of molecules covering a wide range of solubility, surface activity
and molecular masses with an apparent structural organization exhibiting a spatial and temporal variability [10, 11].
Many dissolved and particulate organic substances, such
as lipids, carbohydrates and proteins, as well as trace elements, bacteria, phyto- and zoo-plankton are concentrated
at the phase boundary [9]. Phytoplankton exudates and their
degradation products are the major sources of marine surfactants [8, 12]. Chemical composition of ML is dependant on the OM fractionation that originates from in-situ
production, from the subphase (i.e. bulk of seawater) and
from the atmospheric deposition [13]. The concentration of
Cu bound to SAS is correlated well with estimated rates
of primary production. Concentration of SAS ligands bound
to Cu was increased by a factor of fifty during the spring
bloom relative to winter levels [14]. The presence of significant amount of surface-active copper organic complexes
represent a reservoir of copper species in sea surface microlayer where they accumulate, and a significant portion
of the copper will be cycled through the microlayer before
removal to deeper water [15].
We have measured the complexation of copper ions in
the selected microlayer and underlying seawater samples
from the NW Mediterranean coast and north Norwegian

fjords. The aim of the work was to compare the data on organic matter characteristics in these two contrasting environments, which have different seawater temperatures and
sun-light regimes as well as anthropogenic influences that
are important for the organic matter composition and behavior at seawater/atmosphere phase boundary. The concentration of the complexing ligands and their abundance
regarding their part in the dissolved organic carbon (DOC)
fraction, which exhibits surface active properties (SAS),
is discussed. On that way, the contribution of the different
pools of ligands capable to complex Cu ions could be determined and discussed regarding the fate of both ligands
and copper ions in these selected environments of the
coastal seas.
MATERIALS AND METHODS
Study sites

In subartic Norwegian fjords, the samples were collected
in July 2001, August 2002 and July 2003 (Tromsø region
(Fig. 1), i.e. Ullsfjord and Balsfjord [16]. Sampling was
performed, with a Garrett-type screen [17]. The screen of
stainless steel was made of 0.25 mm diameter wire with
1.0 square mm apertures in the mesh. The screen, rinsed
with distilled chloroform and deionized water, was immersed vertically and removed horizontally to the water
surface. The thickness of the sampled microlayer was approximately 100–150 µm (which was determined experimentally). Underlying water was collected by immersing
1-L glass bottles at a depth of ~ 0.1 m. Samples were taken
either from the coast or from the inflatable boat.

FIGURE 1 - Sampling sites in Norwegian fjords and in Mediterranean coastal sea.
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Sea surface microlayer and underlying water samples
from France and Spain were collected at two coastal stations in the NW Mediterranean sea: the Bay of Banyulssur-Mer (France) and off the Olympic harbour in Barcelona
(Spain) [20] (Fig.1), in June and July 2002. The Bay of
Banyuls-sur-Mer is an oligotrophic area [18-20]. The Barcelona site is moderately eutrophic and heavily impacted
by the urban sewage sludge outfall [20, 21]. Microlayer
samples were collected with metal screen (thickness of
sampled microlayer is 200-400 µm; [20]).
Microlayer and underlying seawater samples were immediately deep-frozen (at -20 °C) after sampling and kept
like this until analysis. Before analyzing the samples, they
were allowed to stand at room temperature overnight (1820 °C) for complete thawing.
DOC analysis

The DOC concentrations were determined by using a
sensitive high-temperature catalytic oxidation (HTCO) technique, 1988 proposed by Sugimura and Suzuki [22]. A
Model TOC-500 System (Shimadzu) with high sensitive
Pt catalyst and non-dispersive infrared (NDIR) detector for
CO 2 measurements was used. The DOC concentrations
were determined in duplicate by filtering parallel samples
(2 x 500 ml) through Whatman GF/F filters precombusted
at 450 °C for 5 h. The blanks for DOC were less than 3 %,
respectively, of the lowest detected concentration. For DOC
measurement, the samples were filtered (Whatman GF/F,
pore size 0.7 µm), spiked with HgCl2 solution for preservation, and stored in cold dark place until analysis.
Determination of SAS
o-nitrophenol as an electrochemical probe

Surface active substances were determined by phasesensitive alternating current (a.c.) voltammetry by in-phase
measurements using o-nitrophenol as an electrochemical
probe. The method is based on the fact that electrochemical characteristics of o-nitrophenol (peak potential, height
and shape, and pre-peak height) change in significantly
different ways depending on the properties of the adsorbed
organic substances (hydrophobicity, acidity) [23, 24]. ONP
has a voltammetric reduction peak at –0.555 V under the
pH conditions of seawater. In the presence of organic matter adsorbed onto the mercury electrode, the ONP peak
potential is shifted toward more negative potentials, depending on the concentration and the hydrophobicity of adsorbed organic substances. The surfactant activity (SA) of
the complex mixture of organic matter in a natural seawater
sample is expressed as the equivalent concentration of the
non-ionic surfactant Triton-X-100 (T-X-100), which gives
the same effect to the o-nitrophenol peak potential shift
(ΔE) as the natural organic substances in the sample. T-X100 is a high purity, water-soluble, liquid, non-ionic surfactant that has come to be recognized as the performance
standard among similar products. It is an octylphenolethoxylate consisting of 9-10 mol of ethylene oxide, and supplied as a 100% active product [25, 26]. The calibration

curve for the dependence of the o-nitrophenol peak
potential shift on the T-X-100 concentration was presented
in a previous paper (Gašparović and Ćosović [12], 2001).
The low-er limit of detection expressed as T-X-100 concentration is 0.02 mg L-1.
Cu complexing capacity determination

The complexing capacity was determined in non-filtered (untreated) samples comprising both particulate and
dissolved ligands. Determination was performed by the direct titration method of the sample with increasing amounts
of copper ions and their electrochemical determination by
the method of DPASV [5]. The increasing amount of copper
ions was added to 25 ml of ML or UW samples at natural
pH, and then separately to acidified solutions.
The peak currents, resulting from the oxidation of voltammetric-labile copper, are plotted against the added copper concentration yielding a titration graph. The labile copper fractions detected by this technique are hydrated Cu2+
or Cu ions bound to inorganic or organic complexes. Their
dissociation kinetics are so rapid for the applied method
(depending on the electrode diffusion layer thickness) that
they are detected as electroactive. Strong metal-ligand complexes do not dissociate and are not reduced at the chosen
fixed potential, and could be regarded as electro-inactive.
This provides for labile/inert discrimination data. To obtain
complexing capacity values and conditional stability constant, titration data are linearly transformed assuming 1:1
metal-to-ligand complexes [27]. The equation used for calculation is: [Cu]/[CuL]=[Cu]/LT + 1/KLT, where Cu is the copper ion detected by anodic stripping voltammetry, CuL is
the copper ion bound in a complex, LT is the concentration
of binding ligands (i.e. complexing capacity), and K is the
conditional stability constant. [Cu] and [CuL] are calculated
from the titration data, where [Cu] = Ip/S and [CuL] = [CuT][Cu]. In that equations, Ip is the height of DPASV detected
copper peak, S is the sensitivity of the DPASV method to
labile copper, which corresponds to the slope of the linear
portion of the titration graph after all complexing sites are
saturated with copper ions, [CuT] is the concentration of
copper ion added + copper ion originally present in the
sample. The plot of [Cu]/[CuL] versus[Cu] yields a straight
line with a slope of 1/LT and intercept 1/KLT. The detailed
procedure (Plavšić [28], 2003; Scoullos et al. [29], 2004,
Plavšić et al. [30], 2006) and calculations have been described elsewhere (Ružić [27], 1982; van den Berg [4],
1982; van den Berg and Donat [31], 1992). The same method of calculation was applied in other papers, e.g. Bazzi et
al. [6], 2002 and Andrade et al. [32], 2006.
RESULTS AND DISCUSSION
The measurements of the complexing capacities (i.e.
the amount of ligands capable of binding copper ions), total
dissolved organic carbon (DOC) and surface-active organic
substances could give to us the information about which
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Additional information on the organic ligand characteristics in the samples may be obtained by examining the
complexing capacity data normalized in terms of the DOC
concentrations (CCu/DOC) measured in the same seawater
samples [29, 33]. The value CCu/SAS, i.e. the complexing
capacity value data normalized to surfactant activity of the
same seawater sample, gives the information on complexing capacity of the part of the organic matter exhibiting at
the same time surface-active properties [29]. When normalizations of CCu data to DOC and SAS data are done
in the case of DOC, the unit is µmol/mg C, while in the
case of SAS, the unit is µmol/mg eq. of model compound
T-X-100. Triton –X-100 is regarded, due to its well-characterized properties, as standard surfactant compound when
expressing surfactant activity [25, 26].
In North Norwegian fjords underlying seawater and
sea surface microlayer samples both CCu and DOC vary
considerably, and there is a correlation (r2 = 0.5172) between these two parameters (Fig. 2). For Mediterranean
samples (both underlying and microlayer ones), the correlation of CCu vs. DOC is difficult to establish, as for our
limited set of data, the correlation line is almost parallel to
x- axis.
Regarding the correlation between CCu and SAS, there
exists a correlation for underlying seawater samples (NW
Mediterranean samples) (Fig.3, line 1; r2 = 0.5787). The
same is true for North Norwegian fjords, for the underlying seawater and the sea surface microlayer samples with
more significant correlation coefficient (Fig. 3, line 2; r2 =
0.6237). The correlation coefficients for the data presented
in Figs. 2 and 3 are not very high, but significant enough
to draw certain conclusions. Microlayer samples from North
Norwegian fjords follow the same trend in CCu/SAS dependence (line 2, in Fig. 3) like underlying seawater samples indicating that the underlying water in the North Norwegian fjords is probably the main source of organic ligands
for corresponding microlayer samples. One of the microlayer samples from Norway is out of range with the other
microlayer samples (Fig. 2) with its high value of CCu
(1.79 µM). There is no correlation between SAS and CCu
for sea-surface microlayer samples from western Mediterranean area indicating probably some input of SAS and/or
complexing ligands from different sources e.g. atmosphere.
Atmospheric input could be the dominant source of organic
matter in the Mediterranean [13], especially in the area of
more industrialized NW Mediterranean, from where our
samples originated.
In Table 1, the CCu , SAS , DOC, CCu/DOC and CCu/
SAS data are presented for underlying seawater and sea
surface microlayer samples from the North Norwegian
fjords (samples 1-9) and NW Mediterranean (samples 1016). The mean normalized CCu/DOC value (Table 1) for all
underlying seawater samples, regardless of their origin

(North Norwegian fjords or Mediterranean), is 0.14, while
for microlayer samples the mean value is 0.21, indicating
that there are generally more available sites for binding
copper ions regarding the total dissolved organic carbon
content in sea-surface microlayer, for the measured set of
data. Mean value for CCu/SAS for all underlying seawater
samples is 2.3 (Table 1), while for all microlayer samples
the mean value is 3.6, indicating the presence of more SAS
in sea-surface microlayer samples, which at the same time
exhibit complexing properties towards copper ions. Samples from Mediterranean area showed higher complexing
capacity values and lower SAS values, while the contrary
is true for North Norwegian samples (Fig. 3).
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ions.
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FIGURE 2 - CCu data vs. DOC data for the seawater samples (● Norwegian samples, ○ - Mediterranean samples) and microlayer
samples (■ - Norwegian samples; □ – Mediterranean samples). 1.
linear regression line (correlation coefficient r2 = 0.5172) for the underlying seawater and microlayer samples (North Norwegian fjords).
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FIGURE 3 - CCu data vs. SAS data for the seawater samples (● Norwegian samples; ○ - Mediterranean samples) and microlayer
samples (■ - Norwegian samples; □ – Mediterranean samples). 1.
linear regression line (correlation coefficient r2 = 0.5787) for underlying seawater (Mediterranean samples). 2. linear regression
line (corr.coef. r2 = 0.6237) for North Norwegian fjords (underlying
seawater and microlayer samples).
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TABLE 1
Copper-complexing capacity (CCu), surface active substances (SAS), dissolved organic carbon (DOC), CCu/DOC and CCu/SAS values for
underlying seawater and sea surface microlayer samples for North Norwegian fjords(samples 1-9) and NW Mediterranean (samples 10 -16).
CCu seawater
µmol/L

SAS seawater
mg/L
(eq.T-X-100

DOC
seawater
mg/L C

CCu/DOC
seawater
µmol/mg

1.

0.37

0.1350

1.51

0.24

CCu/SAS
seawater
µmol/mg
(eq.T-X-100)
2.74

0.54

SAS microlayer
mg/L
(eq.T-X-100)
0.1640

2.

0.35

0.1380

1.85

0.19

2.53

1.79

0.2160

3.

0.09

0.0750

1.21

0.07

1.20

0.39

4.

0.17

0.1070

-

-

1.59

5.

0.15

0.1000

1.41

0.11

6.

0.18

0.0840

1.44

7.

0.24

0.1000

8.

0.15

9.

CCu/SAS
microlayer
µmol/mg
(eq.T-X-100)
3.29

DOC microlayer
mg/L C

CCu/DOC
microlayer
µmol/mg

2.83

0.19

2.77

0.64

8.10

0.1600

2.08

0.19

2.40

0.23

0.1330

-

-

1.73

1.50

0.31

0.1380

1.92

0.16

2.25

0.13

2.14

0.31

0.1400

2.21

0.14

2.21

1.71

0.14

2.40

0.23

0.1210

2.09

0.11

1.90

0.1220

1.40

0.11

1.23

0.32

0.1340

2.59

0.12

2.46

0.13

0.1000

0.90

0.14

1.30

0.41

0.2100

1.67

0.25

1.95

10.

0.29

0.0700

-

-

4.14

0.30

0.1220

1.0

0.29

2.45

11.

0.17

0.0640

0.85

0.20

2.65

0.94

0.092

-

-

10.21

12.

0.37

0.0880

3.73

0.10

4.20

0.35

0.1030

3.5

0.1

3.39

13.

0.21

0.0620

-

-

3.13

0.28

0.1740

1.2

0.23

1.61

14.

0.10

0.0670

-

-

1.49

0.32

0.1070

3.2

0.1

2.99

15.

0.25

0.0670

-

-

3.73

0.68

0.0840

-

-

8.09

16.

0.10

0.0640

-

-

1.56

0.29

0.1050

-

-

2.76

In the sea surface microlayer, solar radiation influences
the geochemical cycling of both organic moieties and trace
metals. Redox-active trace metals, like Cu, are especially
susceptible to photodegradative processes [34]. The photodegradative processes could be especially important in
coastal regions, e.g. estuaries, due to the presence of numerous photo-reactive functional groups on humic material
(phenolic and carboxylic groups) [35]. In spite of the increased photodegradation of organic ligands in sea-surface microlayers, our results showed ligands enrichment as
observed through CCu/DOC and CCu/SAS data.
Copper ions tend to react more with oxygen atoms in
carboxylic and/or phenolic types of groups [36]. In general,
humic substances constitute the major part of the organic
ligands present in natural waters [1, 30], covering wide
range of molecular mass distribution, and they are very often the most important copper-binding ligands, although
recently more attention is paid to the organic ligands with
lower molecular mass, as it was determined that this ligands
are responsible for the «strong» complexation of copper
ions in natural waters i.e. with KCuL > 10 11 [37]. According to the new view, humic substances are collections of
diverse relatively low-molecular mass components forming
dynamic associations stabilized by hydrophobic interactions and hydrogen bonds [38]. Vachet and Callaway [39],
who examined two types of Cu-complexing ligands in seawater, i.e. weaker and stronger ones have stated that the
MW of Cu ligands is below 1600 Da for weaker and 270
Da for stronger ones. If we assume DOC values of ~2
mg/L (165 µM), complexing capacity values between
0.1 and 2 µM and molecular mass of ligands ~200 Da, we
come to amounts of 1-20% DOC being present as ligands
capable for binding copper ions (CCu ligands).

CCu microlayer
µmol/L

CCu of model fulvic acid [30] and model microbial
polysaccharide xanthan (polysaccharide polymer of glucose, manose, potassium glucuronate, acetate and pyruvate
with an approximate mol. wt. of 2 x 106) were determined
in 0.55 M NaCl solution. CCu of 10 mg/L of fulvic acid
(with 39% of C, due to the elemental analysis) was 87 nM,
while 10 mg/L of added xanthan in 0.55 M NaCl solution
did not complex any copper ions. The sensitivity of the electrochemical determination for copper ions in the presence
of xanthan was a little bit lower, due to different diffu-sion
coefficient of copper ion in the presence of adsorbed xanthan. This is in accordance with other authors who determined that polysaccharides do not form inert complexes
with metal ions [40]. This shows that different ligands present in natural samples do not contribute to the same extent to the complexing capacity for copper ions.
Valuable information on the organic matter characteristics may be gained by studies of the adsorption properties of the organic matter present, expressed as SAS normalized in terms of DOC concentration (SAS/DOC) [41].
Higher SAS/DOC ratio indicates prevailing contribution
of hydrophobic substances to the OM pool, like lipids and
nonionic surfactant Triton-X-100 used in this study, while
lower SAS/DOC ratio indicates the presence and contribution of the OM of more hydrophilic type, e.g. fulvic acids,
amino acids and polysaccharides. In Fig. 4, the DOC SAS relationship for the measured samples are presented.
The data for all the samples are situated between the lines
for model substances of fulvic acid and microbial polysaccharide xanthan, which means that the samples reveal the
presence of more hydrophilic type of organic matter usually of biological origin.
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The CCu for all samples determined (ML and UW) are
in the range 90-1790 nM (being, in general, higher for ML
samples).
The SAS values for the samples are in the range 0.0620.216 mg/L eq.T-X-100, while DOC values are in the range
from 0.9 C to 3.7 mg/L C. In the marine environments investigated, 1-20 % of DOC is present as ligands capable to
complex copper ions.
The samples from Mediterranean area showed higher
CCu and lower SAS values, while the contrary is valid for
North Norwegian fjords.
The CCu data determined in all North Norwegian seawater samples (ML and UW) show a correlation with DOC
data. CCu data vs. SAS data of North Norwegian fjords for
UW and ML samples follow the same line, indicating that
UW is the main source of ligands for ML in that area.
CCu data for NW Mediterranean seawater are correlated with SAS data only for UW samples. CCu data for the
corresponding Mediterranean ML samples do not show
correlations with SAS data, indicating some additional/
different sources of ligands, probably atmospheric ones.
Correlation of SAS vs. DOC data for all the samples
and comparison with selected model substances have shown
that the majority of field data are in properties similar to
model fulvic acid and microbial polysaccharide xanthan,
revealing the presence of more hydrophilic type of organics in UW and ML, usually of biological origin. SAS are
responsible for the fact that a significant part of the interaction of copper with organics is taking place at different
phase boundaries. This influences directly the bioavailability, bioaccumulation, toxicity and transport of copper ions
at these boundaries.
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SUMMARY
In the range of 0-500 µg L-1 atrazine, the growth of
duckweed Lemna minor showed a negative relationship
with atrazine concentration. Although no significant effect
was found on the chlorophyll content, the ratio of chlorophyll a/b showed a declining trend with the increase of
atrazine level. CAT and SOD activities were induced in the
whole tested range of atrazine while POD activity was only
induced at atrazine <100 µg L-1, indicating that CAT and
SOD may play more important role than POD in the protection of L. minor against atrazine impairment. Bioconcentration factor of atrazine in duckweed L. minor was 0.78,
but the biodegradation of atrazine by L. minor was significant which accounted for 16.1% of 10 µg ml-1 in a 7 days
experiment. Like in other plants, the GSH conjugation may
be the main pathway of biotransformation of atrazine in
duckweed L. minor.

drinking water, which is 3 µg L-1 in Europe and 0.1 µg L-1
in USA. Atrazine is considered as a relatively persistent
chemical in the environment with a half-life ranging from a
few weeks to months and with low ring mineralization [6].
Accordingly, concerns have been raised regarding its persistence in aquatic environment. The prevalence of atrazine
in aquatic ecosystem and its potential toxicity on many
aquatic organisms, particularly on phytoplankton, make it
an important chemical for ecotoxicological study. Many
studies were carried out so far on biodegradation of atrazine
in waste water [7, 8]. Most of these studies employed pure
culture microorganisms except a few by mixed bacterial
culture [9]. Among phytoplankton, sensitivity to atrazine
has been shown to vary across algal phyla [10]. Previous
reports are inconsistent when making generalized
statements about taxon sensitivity. Most commonly,
chlorophytes have been reported as the most sensitive to
atrazine, followed by cyanophytes, cryptomonads, dinophytes and euglenophytes, respectively [11].

KEYWORDS:
Atrazine, Lemna minor; degradation.

INTRODUCTION
For 30 years, the herbicide atrazine, whose chemical
structure is shown in Figure 1, has been widely used in
many countries to control annual broadleaf weeds in agricultural crops (primarily corn, soy, and sorghum), sod, turf
grass and residential lawns [1]. It is applied between 70,000
and 90,000 tons per year [2]. Atrazine kills target weeds
by interfering with the normal function of photosynthesis
[3]. Because of its widespread use, atrazine has been the
subject of multiple monitoring programs conducted by the
registrant, academia, states and federal agencies [4]. Despite its low water solubility, atrazine has a high mobility
in soil, which results in the contamination of soil, surface
water, ground water, rain water and of tile-drain water [5].
Frequently, atrazine contamination levels in water exceed
the maximum pesticide contaminant level of criteria for

FIGURE 1 - The chemical structure of atrazine.

In general, despite the widespread use of atrazine worldwide, it is surprising that very little research has been conducted in understanding the impacts of this herbicide on
aquatic macrophyte, especially Lemna minor. L. minor is
a wide-spread macrophyte, and has been used as a practical bioassay organism because its toxicity test was simple,
sensitive and cost-effective. [12] Therefore, the objectives
of this work aim to investigate (1) the effect of atrazine on
the growth and photosynthesis of aquatic plant L. minor; (2)
the responses of antioxidative and biotransformation enzymes in L. minor exposed to atrazine; (3) the bioaccumulation and biodegradation of atrazine by the aquatic angiosperm L. minor.
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Accumulation and degradation of atrazine by L. minor

MATERIALS AND METHODS

Recovery rate of atrazine
Materials

Atrazine (98.9% purity) was gratis supplied by Hebei
farm, Baoding city, China. Solvents used in the study were
HPLC-grade, and all inorganic reagents were laboratorygrade.
Preparation of the tested Lemna minor

The tested L. minor was collected from the Guanqiao
pond, Wuhan, China, sterilized for 2 min with 10% NaClO
and 0.1% HgCl2, washed with sterilized distilled water and
incubated in modified Andrew’s medium. The result of the
sterilization was confirmed by aseptic examination of fungi
and bacteria by using 1% sucrose medium and nutrient
broth, respectively. The sterilization was repeated until an
axenic culture was obtained.
200 ml of the Andrew’s medium was introduced into
a 250-ml flask, each containing 5 fronds of L. minor,
incubated at 23±2 °C under the constant illumination of
45 µEm-2s-1. The effect of atrazine on L. minor growth was
studied by fortifying the Andrew’s medium with atrazine
standard solution (50 µg ml-1) in methanol to obtain final
concentrations of 0, 100, 200, 500 µg L-1 in each flask,
and each treatment was set up in triplicate. The frond
growth was observed and recorded every day, and the
fresh weight and chlorophyll content was determined after
7 days of treatment. The growth rate was calculated according to equation (1).

Y=

( A1 − A2 ) × 100%
A2

(1)

Where A1 was the fronds at 7 days after treatment, A2
was the initial number of fronds.
In addition, the chlorophyll content was determined
according to Pflugmacher [19]. An aliquot of L. minor
fronds was ground in ice bath, and centrifuged at 1000
rpm. The supernatants were determined its optical density
at 663nm and 645 nm, which was named as A663 and A645,
respectively. The content of chlorophyll a and b was calculated by equations (2) and (3), respectively.
C1=12.7A663-2.69A645

(2)

C2=22.9A645 - 4.68A663

(3)

Where C1 and C2 indicate the chlorophyll content of a
and b, respectively.
Enzymatic responses of L. minor to atrazine

The activities of peroxidase (POD), catalase (CAT),
superoxide dismutase (SOD) and glutathione S-transferase
(GST), were determined according to Zhang et al. [12],
Yassir et al. [13], Houot et al. [14] and the Myrian’s report [15] respectively.

To estimate the recovery of atrazine residue, recovery
rates were determined by spiking the tested water or crude
extract of L. minor with an atrazine stock solution to obtain a series of concentrations of 0.1, 0.5, 1.0, 10 µg ml-1
for water treatment and of 1, 5, 10, 20 µg ml-1 for plant
treatment. The average recoveries were in the range of 90~
106% for water, and 98-110% for L. minor, respectively.
Accumulation and degradation of atrazine by L. minor

1000 fronds of L. minor were placed into the flask
(1000 ml), containing 250-ml Andrew’s medium with 10 µg
ml-1 atrazine, and incubated at 23±2°C under a constant
light. Each set in triplicate was extracted for analysis of
atrazine residue in medium and in L. minor. The control set
with 10 µg ml-1 atrazine in medium without L. minor was
extracted in the same method.
Extraction and clean-up of plant samples and water samples

The tested L. minor fronds (5 g) were removed at fixed
intervals. The surface water was removed by filter paper,
and then disrupted by grinding. The treated samples were
extracted with methanol (50 ml), acidified to pH 5 by 0.1M
HCl, by shaking vigorously for 1 h on a rotary shaker, and
filtered through a Buchner funnel under vacuum with repeated washing using methanol. The methanol was evaporated from the filtrate using a rotary vacuum evaporator.
The remaining aqueous portion was then extracted three
times with dichloromethane (50/25/25 ml). The organic layer
was collected over anhydrous sodium sulfate and its volume was reduced to 2~3 ml with a rotary vacuum evaporator. The concentrated dichloromethane extracts were transferred to a glass column (1.0 cm ID, 20 cm length) packed
with Florisil (80-120 mesh) and acidic aluminum oxide
(1:1 by weight), and followed by a rinse with methanol and
ethyl acetate (20:80 by volume). The eluate was evaporated
to dryness on a rotary evaporator, and the residue was redissolved in methanol (5 ml) for analysis by HPLC.
An aliquot (20 ml) of the water sample was extracted
three times with 12 ml of dichloromethane for each time.
The extracts were pooled, dehydrated over anhydrous sodium sulfate, concentrated in a rotary evaporator (waterbath at 50°C) to dryness and brought to final volume with
methanol (5 ml). The final samples were subjected to HPLC
analysis as described in the section below.
Analysis of atrazine residue

Atrazine residues were determined by a HP1100 model
high performance liquid chromatography, equipped with a
diode array detector (DAD). A Lichrosphere-C8 reversed
phase column (250 × 4.6 mm ID) was used. The mobile
phase was acetonitrile and water (55:45 by volume) at a
flow rate of 1.0 ml min-1. The column was thermostated at
25±1 oC, the detector set at 240 nm wavelength and the
injection volume was 20 µl . Under the above-mentioned
conditions, the retention time of atrazine was about 3.4 min.
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Statistical analysis

All data analysis was performed by GraphPad Prism
ver. 4.0 (GraphPad software Inc., USA). An analysis of
variance was used to test the null hypothesis that there
was no significant difference between different treatments
(P<0.05).

aqueous solution in spite of its low degradability. In this
investigation, the initial concentration of atrazine was 10 µg
ml-1, which was high enough to inhibit the physiological
activity of L. minor to some extent. It could be extrapolate
that L. minor should have a higher degradability to atrazine
at lower atrazine level.
The evidence of atrazine accumulation by L. minor
shows the possibility to applicate L. minor in the bioremediation of atrazine pollutants in the aquatic environment.

RESULTS AND DISCUSSION
Bioaccumulation and biodegradation of atrazine by L. minor

Atrazine residues in medium and L. minor fronds after
7 days of exposure are listed in Table 1 and 2, respectively.
The results showed that the residue of atrazine in L. minor
fronds could reach as high as 6.72 µg mg-1, indicating that
L. minor had a significant accumulation of atrazine, but
the bioconcentration factor (0.78) was very low (Table 1
and 2). During the whole experimental period, the fronds
of L. minor were basically deep green, but slightly yellow
leaves were also observed, which showed that L. minor
growth was inhibited to some extent by atrazine.
For the control set, the initially total atrazine content
of 2.50 mg in medium was changed to 2.48 mg at 7 days
after incubation indicating that the hydrolysis and photolysis of atrazine was negligible. The average recovery content (2.05 mg) for the treatment media accounted for 82.66%
of total atrazine (2.48 mg). Therefore, 17.34% of the remaining atrazine was accumulated and degraded by L. minor. Since about 1.2% of the total atrazine was accumulated in L. minor, the net amount of biodegraded atrazine
was 16.1%. The results demonstrated that L. minor had
the capacity for accumulating and degrading atrazine in

Effect of Atrazine on the Growth of L. minor

With the increase of the atrazine initial concentration,
the biomass and the frond increasing rate of L. minor were
significantly decreased (Figures 2 and 3). During the whole
experimental period, the fronds for the control set were in
deep green and plump, which showed that L. minor was in
a healthy growth state. In contrast, the fronds of L. minor
became slightly green and the young leaves became less
green after the addition of atrazine, which demonstrated
that atrazine at a high level had a seriously inhibiting effect
on L. minor growth.
At an initial concentration of 100 µg L-1, the fresh
weight was 59 mg and the increasing of the fronds of L.
minor was 6.738/day which showed a significant difference (p<0.01) from the control. Similarly, the fronds increasing rate also exhibited the same trend as the biomass
of L. minor. When amended with atrazine concentration
(500 µg L-1), the growth rate and biomass decreased by 47%
and 35%, respectively. Moreover, many damaging symptoms of the fronds caused by the herbicide such as the
smaller leaf area, fold in edge etc. were also observed.

TABLE 1
The residues of atrazine in different treatments at the beginning of the experiment (mean±SD, n=3).
Samples
Control medium
(ml)
Treatment medium
(ml)

Volume (ml)

Atrazine concentration
(µg ml-1)

Atrazine content
(mg)

250

10.04±0.84

2.51±0.18

250

10.02±0.34

2.50±0.12

TABLE 2
The residues of atrazine in different treatments after 7 days incubation (mean±SD, n=3).
Samples
Control medium
(ml)
Treatment medium
(ml)
Lemna minor
(g)

Volume (ml) or weight (g)

Atrazine concentration
(µg ml-1 or µg g-1)

Atrazine content
(mg)

246.87±3.96

10.02±0.84

2.48±0.18

237.48±1.46

8.63±0.44

2.05±0.12

4.66±0.83

6.72±0.57

0.03±0.01
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FIGURE 2
Effect of atrazine on the biomass of L. minor after 7-day exposure.

FIGURE 3
Effect of atrazine on the growth rate of L. minor.

Ratio of Chlorophyll a/b

The chlorophyll content and composition is the basis
for photosynthesis, which produces energy for plant growth.
Both the decreasing of the chlorophyll content and the
ratio of chlorophyll a to b (or a/b) are important indicators
of the physiological state of the macrophyte. It was obvious that a general declining trend of Chl a/b with the increase of atrazine concentrations could be observed (Figure 4). The ratio of chlorophyll a/b ranged from 1.80 to
2.15 for all the different atrazine treatments. At higher
atrazine concentrations (200 and 500 µg L-1), there was a
significant difference (p<0.05) between the ratio (a/b) of
the treatment and control. However for the lower atrazine
level (100 µg L-1), the difference was not significant (p<
0.05). The contents of chlorophyll a and b were approximately maintained at 0.932 and 0.469 mg g-1, respectively,
and no significant changes occurred in all treatment groups.

in Figure 5, POD activity increased at lower atrazine concentrations (20-100 µg L-1), and then decreased at higher
concentrations (100-500 µg L-1). The highest POD activity observed at the moderate concentration (100 µg L-1) was
1.56-fold of that of the control, whereas the lowest activity was observed at the highest atrazine level (500 µg L-1)
which was 75.8% of that of the control. Above results indicated POD played an important role in the protection
against atrazine only at lower concentrations but not at
higher levels (>200 µg L-1).

POD activity (unit g -1)

Effect of Atrazine on Chlorophyll Content of L. minor

Atrazine (µg L-1)
FIGURE 5
Effect of atrazine on POD activity of L. minor.

Atrazine (µg L-1)
FIGURE 4
Effect of atrazine on the ratio of chlorophyll a/b of L. minor.
Effect of atrazine on antioxidative enzyme activities of L. minor

POD, CAT and SOD are important components of
the antioxidative system in plants. The antioxidative system plays an important role in clearing off free radicals
and hydrogen peroxide produced in metabolism. As shown

The changes of CAT activity at different atrazine concentrations are shown in Figure 6. When atrazine was lower
than 200 µg L-1, the CAT activity increased rapidly to
reach up to 6 times over that of control. However at a higher
atrazine level (>200 µg L-1), the activity of CAT maintained at a high level and remained unchanged. The result
indicates that CAT may play a more important role than
POD in protection of L. minor in the whole tested range
of atrazine.
SOD is the main enzyme eliminating oxyradical. As
shown in Figure 7, SOD showed a trend of increase along
with the increase of atrazine concentration. SOD rapidly
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CAT activity
( 10 -7 µmol H 2O2 min -1 g-1)

increased in the range of 0-100 µg L-1 and increased
slowly in the range of 100-500 µg L -1 . At 500 µg L -1
atrazine, SOD activity was enhanced by 1.62-fold over
that of the control. The results demonstrated that SOD was
also one of the main antioxidative enzymes in the protection against atrazine impairment.

GST activity ( µmol min -1 g-1)

© by PSP Volume 16 – No 4. 2007

Atrazine (µg L-1)
FIGURE 8
Effect of atrazine on GSH activity of L. minor.

CONCLUSION
Atrazine (µg L-1)

In the range of 0-500 µg L-1 atrazine, the growth of
duckweed Lemna minor showed negative relationship with
atrazine concentration, and the toxic effect on the macrophyte was notable. Although no significant inhibition was
found on the chlorophyll content, the ratio of chlorophyll
a/b showed a declining trend with the increase of atrazine
level. CAT and SOD may play more important role than
POD in the protection of L. minor against atrazine impairment.

SOD activity (unit g -1)

FIGURE 6
Effect of atrazine on CAT activity of L. minor.

Bioaccumulation of atrazine in duckweed L. minor
was minor, but the biodegradation of atrazine by L. minor
was significant which accounted for 16.1% of 10 µg ml-1
in a 7 days experiment. Like in other plants, the GSH conjugation may be the main pathway of biotransformation of
atrazine in duckweed L. minor.

Atrazine (µg L-1)
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FIGURE 7
Effect of atrazine on SOD activity of L. minor.
Effect of atrazine on glutathione-S-transferase (GST)

It has been reported that GSH conjugation is the main
pathway of biotransformation of atrazine in plants [16].
GSH conjugation of atrazine is catalyzed by glutathioneS-transferase (GST). Nonextractable (also called bound)
residues can also be produced from atrazine and other pesticides that undergo GSH conjugation [17, 18]. Thus, GST
plays an important role in detoxification of atrazine. Figure 8 shows the changes of GST activity under different
atrazine concentrations. GST activity showed a positive
relationship with the atrazine concentration in the whole
tested range of the toxicant. At 500 µg L-1 atrazine, the GST
activity was increased to 2.5 fold of that of the control.
The result indicates that GSH conjugation may also be the
main pathway of atrazine biotransformation in Lemna minor.
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SUMMARY
Septage treatment using stabilization ponds in areas
with no sewage network was examined in an experiment
carried out in the wastewater treatment plant of the National Agricultural Research Foundation (N.AG.RE.F.) at
Thessaloniki, during September 2004 to October 2005. The
original system had four ponds in a row – one anaerobic
pond followed by three stabilization ponds, with an average
flow of 50 m3/day. The domestic septage was transported
by tank truck to the treatment system.
The efficiency of the system was estimated by measuring the BOD5, TSS, pH, TC and E. coli.
Supplying the anaerobic pond with septage proved to
be problematic. Its use was, therefore, discontinued. The
final total reduction of BOD5, TSS, TC and E. coli was
92%, 66%, 99.68% and 99.78%, respectively. The pH value
fluctuated between 7.1-7.9, higher values appearing at the
plant outlet.
The septage showed no variation from the urban wastewater with regard to its BOD5 value. Differences in the
BOD5 were observed in their treated effluents due to the
removal of the anaerobic pond from the septage treatment
system.

In many countries, the majority of small communities
still employ septic tanks, since the cost of constructing a
sewage network tends to be prohibitive. The septage is,
therefore, transported by tank truck to the nearest
wastewater treatment plant (W.T.P). If there is no W.T.P.
available, it is dumped, untreated, usually in unsuitable
places, such as official garbage sites, dried-up river beds,
gullies etc., thus causing environmental downgrading [2].
The National Agricultural Research Foundation
(N.AG.RE.F.) has constructed an experimental natural treatment system for urban wastewater, near Thessaloniki’s
W.T.P. The system, which consists of stabilization ponds
went into operation as a pilot scheme in 1996, treating urban
wastewater from the W.T.P. of Thessaloniki.
Given the positive results obtained after extensive experimentation [3-8] and the lack of available funds in the
majority of small communities in Greece to finance the construction of a sewage network, an attempt was made to find
a solution to the communities’ problem by using the natural system to treat septage.

Climatic changes did not significantly affect the BOD5
of the septage. However, differences due to climatic changes
were observed in the BOD5 of the treated septage.

In this project, the BOD5 values of urban wastewater
and septage are measured before and after treatment. The
existence of a possible linear relationship between filtered
and unfiltered BOD5 is examined, together with seasonal
influence on BOD5 changes.

KEYWORDS:
Septage, urban wastewater, treatment, stabilization pond, BOD5.

Finally, the future prospects for the application of a
system using stabilization ponds for the treatment of septage from small communities are discussed.
MATERIALS AND METHODS

INTRODUCTION

Description of the Gallikos Experimental Unit

The treatment of urban wastewater using stabilization
ponds is a common practice, mainly in developing countries, due to the simplicity of their design, construction and
operation. The method’s main drawback is the large land
area required for construction, and its dependence on climatic conditions for efficient operation [1].

The experimental natural treatment system, for urban
wastewater, is located 14 km west of the city of Thessaloniki, in the bed of the Gallikos River. The system was used
to treat small quantities of urban wastewater from the nearby W.T.P. of Thessaloniki, under various conditions, from
1997 to 2004, when the supply from the W.T.P. of Thes-
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FIGURE 1 – General view of the project.

.
saloniki was discontinued and experimental treatment of
septage commenced.
Figure 1 shows a section of the experimental layout of
the natural treatment system. The experiment using septage
was carried out in the first row (line) of ponds. This line was
made up of the covered anaerobic pond (Νο. 1), a facultative pond (Νο. 2) and two maturation ponds (Νο. 3, Νο. 4),
as can be seen in Fig. 1.
The anaerobic pond was constructed in such a way
that it was the first in line to receive the untreated
wastewater (primary). In order to maintain anaerobic conditions, a total daily maximum pollution load (TDML)
fluctuating between 100-400 g BOD5/m3.day was necessary. TDML values lower than 100 g BOD5/m3.day would
have turned the pond into a facultative one, whereas,
with TDML values higher than 400 g BOD5/m3.day there
was the risk of malodorous gases escaping. The optimum
performance of a facultative pond was achieved with a
surface organic load of between 10-40 g/m2.day, depending
on the temperature, so that an algal population could be
developed for the production of oxygen. The maturation
ponds were designed mainly to reduce the number of
pathogenic microorganisms while, at the same time,
bringing about further re-moval of the organic load [9].
Measurements of the hydraulic features of the stabilization ponds are shown in Table 1.
The anaerobic pond (Νο. 1) was shaped like an upended, truncated pyramid. Its surface measurements were
21 x 21 m, base – 3 x 3 m, gradient - 1:2, and its effective
depth was 4.0 m.
All the ponds were lined with HDPE 1-mm geo-membrane to prevent seepage of wastewater. In addition, the

anaerobic pond had an LLDPE 1-mm polyethylene cover
(floating cover) to keep escaping gases in check and to
maintain anaerobic conditions.
The average flow of septage to the system was 50 m3/
day. This flow would be typical for a regional community
of 350 inhabitants in Greece. The septage was transported
daily (excluding weekends) by tank truck from the area.
TABLE 1 - Features and measurements of
the stabilization ponds (Νο. 2, Νο. 3, and Νο.4 )
Features Measurements
Surface (m)
Gradient
Active depth (m)
Active volume (m3)
Hydraulic residence time (days)
Organic load (g/m2.day)
(with direct flow to Νο. 2)

60 x 20
2:1
1.75 (Νο. 2)
1.25 (Νο. 3, Νο. 4)
1380 (Νο. 2)
900 (Νο. 3, Νο. 4)
27 (Νο. 2)
18 (Νο. 3, Νο. 4)
29 (Νο. 2)
17 (Νο. 3)
12 (Νο. 4)

Sampling and Methodology

Samples were taken on a weekly basis to determine
organic load (BOD5), total suspended solids (TSS) and pH
values, whereas monthly samples were taken to test for the
existence of the pathogenic microorganisms - total coliforms (TC) and Escherichia coli (E. coli). With regard to
the BOD5, samples were taken at every stage of the treatment process over a period of thirteen months (September
2004 - October 2005). In addition, the filtered BOD5 (Νο.
4_flt) from the last pond (No. 4) was also measured. For
the remaining parameters, samples were taken from the tank
truck (inlet) and from the outlet of the last stabilization
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pond (Νο. 4) over a period of six months (May 2005 October 2005). Laboratory analyses were carried out in
accordance with the analytical methods described in Standard Methods [10].
In treatment using stabilization ponds, 70-90% of the
BOD5 in the effluents is due to the presence of algae [9,
11]. This is to be expected in well-designed units and, for
this reason, in quite a few countries the permitted limit for
BOD5 in effluents is higher than that in standard biological wastewater treatment plants. In the United States, the
BOD5 value should not exceed 45 mg/L [12], whereas in
France it should be lower than 40 mg/L [13].
In the European Union, Directive 91/271 for the treatment of urban wastewater using stabilization ponds is in
effect. In accordance with the Directive, the admissible limit
of BOD5 is 25 mg/L O2, or a minimum reduction between
70-90 %. These conditions refer to filtered samples [14].
RESULTS AND DISCUSSION
Anaerobic Pond

The use of the anaerobic pond to receive septage at
the first stage of treatment caused a malfunctioning of the
system, due to frequent blockages in the supply pipelines.
Moreover, due to the particularly low organic load of the
septage (mean BOD5 value = 160 mg O2/L) during the
first two weeks of operation (1/9/2004 - 15/9/2004), the
organic load never exceeded 30 g BOD5 /m3.day and this
resulted in a weakening of the anaerobic conditions necessary for anaerobic treatment. It was therefore decided to
discontinue the operation of the anaerobic pond and channel the septage directly from the tank truck into the facultative pond (Νο. 2).
It is perhaps worthwhile mentioning here that, from the
five measurements carried out at this time, the organic load
showed an increase of 36% (mean BOD5 value = 218 mg
O2/L).

Stabilization Ponds

From the beginning of October 2004, when the use of
the anaerobic pond (No. 1) was discontinued, septage was
brought straightly to the facultative pond (Νο. 2).
BOD5 values taken at six different treatment stages are
set down in Table 2. It was estimated that 25% of the
measurements taken from the untreated urban wastewater
(inlet) had a BOD5 value lower than 282 mg O2/L, whereas
in 75% of the measurements taken, the BOD5 value was
less than 510 mg O2/L. Values taken for the septage (inlet)
were 242 mg O2/L and 517 mg O2/L for 25% and 75% of
the measurements, respectively.
Table 3 shows the measurements for the variable,
BOD5, at the inlet (tank truck), at the outlet of the facultative pond (Νο. 2), and at the outlet of the two maturation
ponds (Νο. 3, Νο. 4, Νο. 4_flt). For the purposes of comparison, Table 3 also shows the corresponding values for
BOD5 at the outlet of the anaerobic pond (Νο. 1) when receiving urban wastewater from the city of Thessaloniki via
the neighbouring W.T.P. It should be noted that, during the
treatment of the urban wastewater throughout 1997-2001,
the anaerobic pond [15, 16] presented no operational problems. The mean inlet flow during that period was 40 m3/ day.
From the statistical processing of the data in Table 3,
it can be concluded that:
The median is smaller than the corresponding mean
value (except for Νο. 2 in the urban wastewater), and, therefore, the distribution of the variable BOD5 shows a positive
skew. The trimmed mean (calculated by trimming 5% of
the extreme high and low values) for both urban
wastewater and septage, differs only slightly from the
mean value of the treated effluents (Νο. 2-Νο. 4, Νο.
4_flt), and thus the existence of extreme values does not
affect the mean value. The same does not hold for the
untreated wastewater (influent), especially the septage,
where the coefficient of variability is 77.5% and, consequently, the sample is ex-tremely non-homogeneous and
asymmetrical.

TABLE 2 - BOD5 values in wastewater and septage samples.

Urban Wastewater
BOD5
(mg O2/L)

Septage
BOD5
(mg O2/L)

Samples
Inlet

5
199

10
218

25
282

Percentiles
50
384

75
510

90
647

95
823

No.1
No.2

96
20

115
22

147
45

195
68

257
85

375
98

451
137

No.3
No.4
No.4_flt
Inlet
No.2
No.3

15
14
6
123
105
77

18
16
8
210
127
94

29
22
8
242
171
120

45
31
14
360
239
166

78
49
18
517
326
221

83
64
22
949
378
278

101
83
28
997
430
304

No.4

31

49

64

106

145

206

231
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No.4_flt
10
20
22
30
56
68
TABLE 3 - Statistics for the variable BOD5 in samples of urban wastewater and septage
before and after treatment and at different stages of treatment (Νο. 1, Νο. 2, Νο. 3, Νο. 4, Νο. 4_flt).
URBAN WASTEWATER BOD5 (mg/L)
Inlet (Sewage
Network)

Νο. 1

Νο. 2

Νο. 3

SEPTAGE BOD5 (mg/L)
Νο.
4_flt

Νο. 4

N*
250
162
51
51
95
96
Mean
416
218
66
52
37
15
Standard Error
11.33
8.64
4.38
4.17
1.95
0.7
of Mean
95% Confidence Interval
394 - 439
201-235
58-75
43-60
33-41
13-16
for Mean
5% Trimmed
404
208
64
50
36
14
Mean
Median
384
195
68
45
31
14
Mode
408a
116a
72
80
14a
8
Standard
179
110
31
30
19
6.8
Deviation
Minimum
75
46
19
12
12
5
Maximum
1085
735
168
159
86
39
Range
1010
689
149
147
74
34
Skewness
1.001
1.668
0.914
1.043
0.970
1.017
Standard Error
0.154
0.191
0.333
0.333
0.247
0.246
of Skewness
Kurtosis
1.004
3.868
1.820
1.706
0.340
1.186
Standard Error
0.307
0.379
0.656
0.656
0.490
0.488
of Kurtosis
a
* N: number of measurements; . Multiple modes exist, and the smallest value is shown.

Since, in the treated septage sewage samples, the ratio
of the value of statistical measurements for asymmetry
(skewness, kurtosis) in relation to their corresponding
standard deviations is within the interval [-2, 2], they
probably comply with the normal distribution. In the remaining samples, the corresponding ratio falls outside this
interval [-2, 2] and, consequently, these samples do not
comply with the normal distribution.
TABLE 4 - Test of normality.
Kolmogorov-Smirnova
Samples
Statistic
df
Significance
Inlet
0.085
250
0.000
Νο. 1
0.141
162
0.000
Urban
Νο. 2
0.099
51
0.200
Wastewater
Νο. 3
0.133
51
0.025
BOD5
Νο. 4
0.129
95
0.000
Νο. 4_flt
0.106
96
0.010
Inlet
0.213
40
0.000
Νο. 2
0.109
35
0.200
Septage
Νο. 3
0.108
30
0.200
BOD5
Νο. 4
0.157
26
0.990
Νο. 4_flt
0.226
19
0.012
a
. Lilliefor’s Significance Correction

Inlet
(Tank
Truck)
40
462

Νο. 2

Νο. 3

Νο. 4

Νο.
4_flt

35
248

30
172

26
109

19
38

56.56

16.73

11.75

11.09

4.66

348 - 576

214-282

148-196

87-132

28-48

421

243

170

107

37

360
210a

239
103a

166
120a

106
54

30
20a

358

99

64

56

20.3

92
2130
2038
2.912

103
549
446
0.834

62
330
268
0.544

27
237
210
0.768

10
86
76
0.945

0.374

0.398

0.427

0.456

0.524

11.500

1.004

-0.168

-0.158

0.128

0.733

0.778

0.833

0.887

1.014

necessary to carry out this test first, before choosing the
statistical method to be used for the significance test.
The asymmetrical distribution of the urban
wastewater samples from the inlet and pond Νο. 1 is most
probably due to faulty sample taking (excessive sludge
content). For this reason, the use of M-estimators was
considered to be preferable for these particular samples
instead of the mean values from Table 3. Less importance
is given to the estimation of the extreme values than to the
estimation of the central values. In the asymmetrical distributions, Huber’s M-Estimator, together with the trimmed
mean tend towards the population mean, whereas the remaining M-Estimators tend towards the (population) median. The estimators for the aforementioned samples are
given in Table 5.
TABLE 5 - Μ-Estimators of the BOD5 in urban wastewater.
Huber’s
M-Estimatora

Moreover, the Kolmogorov-Smirnov test of normality
was used (Table 4). The significant value (Sig. less than
0.05) indicates a deviation from normality. For sample
Νο. 2 from the urban wastewater and samples Νο. 2-4 from
the septage treatment system, the K-S test is not significantly, indicating that these distributions are normal. It was

Tukey’s
Biweightb

Hampel’s
M-Estimatorc

Inlet BOD5
391
380
392
(mg/L)
Νο.1
BOD5
195
185
194
(mg/L)
a
. The weighting constant is 1.339.
b
. The weighting constant is 4.685.
c
. The weighting constants are 1.700, 3.400 and 8.500.
d
. The weighting constant is 1.340*pi.

Andrews’
Waved
379
184

In the sample from the septage inlet, the asymmetrical distribution is to be expected, since the domestic sep-
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tic tanks are completely emptied periodically, and the
sludge which collects on the bottom is pumped out with
the septage.
Urban wastewater and septage BOD5 mean values
were compared using the Mann-Whitney test, which is used
when there is violation of normality. The result of the test
on the inlet samples was as follows:
z =0.487; p >0.05; NS
i.e. there was no significant difference between the
urban wastewater and septage samples with respect to the
BOD5 (no significant difference was found between the
above samples, even when the lowest M-estimator of the
BOD5 value in urban wastewater was used). This similarity led to the supposition that this particular natural system
could be used to treat septage as well as urban wastewater.
To validate the aforementioned hypothesis, the MannWhitney test was carried out on urban wastewater and
septage samples after treatment. The result of the test (confirming the t-test also carried out) on the samples at the
outlet (Νο. 4), was as follows:
z =6.6; p <0.01
i.e. there was a significant difference between both the
treated urban wastewater and treated septage effluents with
regard to their BOD5 values.
This difference was due primarily to the absence of
the anaerobic pond from the septage treatment process,
and also to the increase in flow (by 10 m3/d) received by
the septage treatment line.
Table 6 shows the partial and the total percentage reduction of BOD5 in samples of urban wastewater and septage taken at the different stages of treatment.

The first pond in the treatment line, which receives
the highest organic load, also decomposes the highest organic load. Thus, pond Νο. 1 (anaerobic) in the urban wastewater treatment system and Νο. 2 (facultative) in the septage treatment system oxidize the organic load to roughly
the same extent (47% and 46%, respectively).
Despite treatment conditions for septage being solely
aerobic, thus causing the significant difference between
the treated septage and the treated urban wastewater, the
average reduction percent for filtered samples gave a BOD5
value of 92%, which is within the limits set down by the
EU.
Comparing the means of the filtered (No. 4_flt) and
the unfiltered BOD5 (No. 4) in treated septage, using both
the t-test [t(18) =-7.56, p<0.05] and the Wilcoxon test (z
=-3.8, p<0.05], we can confidently say that the two samples represent different populations induced by experimental manipulation. Thus, the existence of a linear relationship between them was tested using the model of
simple linear regression. In the following analysis, unfiltered and filtered BOD5 were presumed to be independent
and dependent variables, respectively. The results of the
analysis are shown in Tables 7-10.
For these data, the experimental conditions yield a
large Pearson’s correlation (r = 0.700**) significantly correlated. The Spearman’s Rho correlation coefficient, which
is used when the data violate the distributional assumptions, also confirmed that the linear relationship is genuine (0.564**).
The value of R2 is 0.49, which means that 49% of the
variability of the filtered BOD5 is explained by the model.
The remaining 51% part depends upon other variables (flow,
solar radiation, wind), which influence the production of
algae. The adjusted R2 value (0.46) assesses the accuracy of
the model across different samples. Although there is not

TABLE 6 - Percentage reduction of BOD5 values in samples of urban wastewater and septage at different stages of treatment (No. 1, No. 2, No. 3, No. 4, No. 4_flt).
Samples
Urban
Wastewater
BOD5
Septage
BOD5

No. 1
47%

No. 2
70%

No. 3
21%

No. 4
29%

No. 4_flt

Partial
Total

47%

84%

87%

91%

96%

Partial
Total

-------------

46%
46%

31%
63%

37%
76%

92%

TABLE 7 - Correlations coefficients between unfiltered and filtered BOD5 in treated septage.
Variable
unfiltered
Pearson Correlation
BOD5
Spearman’s Correlation
N
filtered
Pearson Correlation
BOD5
Spearman’s Correlation
N
**. Correlation is significant at the 0.01 level (1-tailed)

394

unfiltered BOD5
1.000
1.000
19
.700**
.564**
19

filtered BOD5
.700**
.564**
19
1.000
1.000
19
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TABLE 8 - Predictive power of the modelb.
Model
a

R

R Square

Adjusted R Square

Standard Error
of the Estimate
14.92

1
0.700a
0.490
0.460
. Predictors: (Constant), unfiltered BOD5; b. Dependent Variable: filtered BOD5

TABLE 9 - Analysis of varianceb.
Model
Sum of Squares
1 Regression
3632.09
Residual
3784.42
Total
7413.52
a
. Predictors: (Constant), unfiltered BOD5
b
. Dependent Variable: filtered BOD5

df
1
17
18

Mean Square
3632.09
222.61

F
16.31

Sig.
0.001a

TABLE 10 - The recommended regression modela.

Model

Non-standardized
Coefficients
B

Standardized
Coefficients

Std. Error

Beta

Constant
5.73
8.65
unfiltered
0.37
0.09
BOD5
a
. Dependent Variable: filtered BOD

0.70

t

Sig.

0.66

0.516

4.03

0.001

95% Confidence Interval for
B
Lower
Upper
Bound
Bound
-12.52
23.99
0.17

0.56

a severe drop in its predictive power, we cannot be sure
that the model derived from our sample accurately represents the entire population. The standard error of the estimate (14.92) is smaller than that of the dependent variable
(20.29, Table 3). Specifically, the F-ratio is 16.31 and
highly significant (Table 9), which means that it is better
to use the model to predict the dependent variable than the
mean as a “best guess”.

where BOD5 flt and BOD5 unflt are the filtered and unfiltered BOD5 values (mg O2/L).

Table 10 provides details of the model parameters and
the significance of these values. The result of the t-statistic
(t=4.03, p<0.01) shows that the predictor variable (unfiltered BOD5) contributes significantly to our ability to estimate values of the dependent variable (filtered BOD5). The
constant value is not significant (t=0.66, p>0.05) and is,
therefore, given as a value of zero.

To ascertain the seasonal influence on the BOD5 value,
the Mann-Whitney test was carried out on both the untreated septage and its treated effluents during the three
stages of treatment. The result of the test on the untreated
septage was as follows:

Consequently, the recommended model is:
BOD5 flt = 5.73 + 0.37 BOD5 unflt

In Tables 11 and 12, the seasonal influence on the variable, BOD5, in the septage is shown. Samples were taken
for testing during two periods, the winter period from November to April and the summer period from May to October.

z =1.016; p>0.05; NS
i.e. the BOD5 of the untreated septage showed no significant difference between winter and summer period.

TABLE 11 - Statistics for the variable BOD5 in septage samples at the inlet and in
the three stages of treatment (No. 2, No. 3, No. 4) during the winter and summer period.
BOD5 (mg/L)
Ν
Mean
Median
Mode
Standard
Deviation
Minimum
Maximum

Inlet

Νο.2

Νο.3

Νο.4

Winter
17
563
383
300

Summer
17
438
345
210

Winter
18
287
271
170

Summer
15
201
216
103

Winter
15
198
195
282

Summer
14
148
141
120

Winter
11
144
144
54

Summer
14
82
69
27

460.1

254.5

101.8

82.8

69.6

49.6

59.7

39.6

228
2130

210
1000

170
549

103
354

90
330

62
233

54
237

27
180

395
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TABLE 12 - Percent reduction of BOD5 during the three
stages of treatment throughout the summer and winter periods.
Νο. 2
49%
54%

Winter
Summer

Νο. 3
31%
26%

The t-test results on the treated (normal distributed)
septage were as follows:
sample Νο. 2 t (31) = 2.63, p<0.05
sample Νο. 3 t (27) =2.20, p<0.05
sample Νο. 4 t (23) =3.12, p<0.01
i.e. there was a significant difference between the BOD5
values of the treated septage for winter and summer period.
This difference between untreated and treated septage
shows the dependence of the natural system on climatic
conditions.
Tables 13 and 14 show the mean values for the parameters TSS, pH, TC and E. coli in septage samples, together with the corresponding percentages of change after
treatment using stabilization ponds.
TABLE 13 - Mean values for septage samples
before and after treatment using stabilization ponds.
Parameters
TSS (mg/L)
(min.-max.)
pH
(min.-max.)
TC (/100ml)
E. coli
(/100ml)

Inlet
378
(106-1388)
7.41
(7.13-7.95)
2.7x106
4.8x10

5

N
13
13
6
6

Νο. 4
115
(48-281)
7.67
(7.29-7.93)
8.6x103
1.0x10

3

Total
74%
81%

The slight reduction in TSS is due mainly to the formation of algae during the aerobic treatment. This is particularly intense throughout the summer period, when the
average atmospheric temperature rises above 15 οC (considered to be necessary for photosynthetic activity [17].
As a result of photosynthetic processing in the maturation ponds, a rise in pH (+3.3%) was observed at the outlet (Νο. 4) of the treatment line. The slight rise was due to
the short residence time of the septage in the treatment
system (63 days). This is confirmed by the fact that only
65% of the BOD5 in the effluent was due to the presence
of algae.
The relatively small reduction in the number of pathogenic microorganisms [18] was partly due to the slight rise
in pH. The total number of coliforms (TC) in the effluent
of the treatment line was 8.6x103/100 ml, thereby showing
an average reduction of 3 logarithmic units, whereas E. coli
showed an average reduction of 2 logarithmic units, and
their number at the outlet amounted to 1.0x103/ 100ml.

N

In order to further reduce the number of pathogens to
meet the limit (TC <1000/100 ml) of World Health Organization [19] for the recycling of wastewater for irrigation use, treatment time should be extended either by the
addition of a storage tank, which would simultaneously
reduce the TSS [3], or by increasing the number of maturation ponds (many small ones should be used), covering
roughly the same area as previously [20].

14
14
6
6

TABLE 14 - Percentage of variability in septage
samples after treatment using stabilization ponds.
Parameters
TSS
pH
TC (/100ml)
E. coli (/100ml)

Νο. 4
27%
45%

Νο.4
66%
+3.3%
99.68%
99.78%

CONCLUSION

Due to the small number of measurements taken for
these particular parameters and the fact that they were only
taken during the summer period, it was not considered
worthwhile making a statistical analysis (of the differences
observed) between the urban wastewater samples and the
septage ones.
The European Union Directive 91/271 for the treatment of urban wastewater using stabilization ponds, lays
down the limit of 150 mg/L or a minimum reduction of
90% in TSS. In the case of the septage used in these trials,
the percentage reduction was small (66%). However, the
mean value at the outlet (No. 4) was 115 mg/L, and, therefore, within the limits set down by the Directive for this
particular parameter.

The initial results of this research project show that
the treatment of septage using stabilization ponds is possible. With regard to the BOD5 values, no difference between urban wastewater and septage was observed. The
use of the anaerobic pond for septage treatment was discontinued due to malfunctioning problems. This created
significant statistical differences in the BOD5 value of the
treated septage effluent, in comparison with that of the
urban wastewater. Despite this, however, the treated septage effluent still fulfilled the demands of the European
Union UWWTD 91/271, with respect to the minimum
percentage decrease in BOD5 values, and fell within the
permitted limit for TSS. The reduction of total coliforms
exceeded 99% on both indicators measured. The mean
effluent pH value was 7.67, showing a slight increase of
3.3%, which was due to the relatively short residence time
of the septage in the stabilization ponds.
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Further improvement of the above parameters, if this
is required by the prevailing environmental regulations
made in accordance with the particular needs of each region,
may be achieved by increasing the residence time of the
septage in the treatment system.
The simplicity of construction, operation and maintenance of this treatment system are perhaps what make it
the best choice for dealing with septage from small communities, especially when the construction of a sewage network is not financially feasible.
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SUMMARY
Micronutrients play an important role in biological
processes for wastewater treatment. Many industrial wastewaters lack in nutrients required for microbial growth,
and this is one of the problems at many activated sludge
plants treating them. In this study, the effects of the micronutrient niacin on the COD removal rates of textile
wastewater, together with the effect of Mixed Liquor Suspended Solids (MLSS) on niacin, were studied. Certain improvement effects were found on the removal rates of COD,
when 0.5~2.0 mg/L niacin was added to the textile wastewater. The optimal concentration of niacin was 1.0 mg/L,
which was continuously added during textile wastewater
treatment, and removal rates were 1.31 times compared to
those of the control system. The concentration of MLSS
was probably one of the factors influencing treatment efficiency, and the biological performance of treatment system could be optimized through micronutrient niacin supplements.

KEYWORDS: Textile wastewater, niacin, COD removal, MLSS,
biological treatment.

in the activated sludge system. The lack of specific nutrients may result in an unbalanced mixed culture, leading to
poor-quality effluents, reduced treatment efficiency and
sludge-handling problems [6]. Generally, many of the industrial wastewaters lack in nutrients (macronutrients and
micronutrients) required for microbial growth. Until now
very few researches have been focused on this problem
[5, 7].
The aim of this study was to investigate: 1) the effects of niacin traces on COD removal of textile
wastewater; 2) the feasibility of optimizing the biological
treatment efficiency of textile wastewater by niacin supplementation.
MATERIALS AND METHODS
Textile wastewater and activated sludge

The wastewater and the activated sludge were taken
from a typical wastewater plant treating effluents from the
textile industry. The wastewater had a low COD concentration of 100-300 mg/L, the ratio of COD/BOD was 10/3,
and pH of wastewater was 7-8.
Batch Experimental System

INTRODUCTION
Utilization of activated sludge is the most popular technology in industrial wastewater treatment. Textile
wastewater is known as one of the most difficult ones to
be treated, but there are many kinds of problems, such as
low treatment efficiency of COD and big fluctuation.
Micronutrients play a very important role in biological
wastewater treatment processes. A wide range of them is
required by activated sludge [1-5]. Adequate micronutrient
concentrations, including trace metal ions and vitamins,
are required to support all the genera and keep them alive

The effects of niacin on textile wastewater treatment
were carried out by batch test cultivation. The volume and
incubation time of batch test was 250 mL and 6 hours, respectively, and culture temperature 28±1 °C. Control system was almost identical, except that differently concentrated niacin solutions were added in the experimental
systems, but equal volumes of distilled water in the control.
Three parallels were performed during experiments.
Continuous Experimental System

Two similar-type experimental set-ups A and B were
used in the textile wastewater treatment plant as shown in
Fig. 1. The volume of the reactor was 20 L, the designed
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Removal rates of COD （kgCOD/kgMLSS.d）

flux 55 ml min-1, and HRT was 6 h. Air compressors supplied the oxygen needed.

0.1
0.08
0.06
0.04
0.02
0
0

0.5

1

2

Concentrations of niacin(mg/L)
FIGURE 2 - Effect of niacin on textile wastewater treatment.

As shown in Fig. 2, the COD removal rates increased
to 164%, 218% and 174% of those of the control with
addition of 0.5, 1.0 and 2.0 mg/L of niacin, respectively,
and 1.0 mg/L was the optimal niacin level in wastewater.

System B
FIGURE 1 - Experimental set-ups .

Effects of niacin on COD removal progress with time

The physical and chemical indexes of the water samples, such as chemical oxygen demands (COD), total phosphorus (TP), total nitrogen (TN), ammonia and total suspended solids (TSS), were analyzed every day according to
standard methods [8]. Temperature, dissolved oxygen (DO),
and pH of water samples were determined using instruments
of Cole Parmer International Co., USA). MLSS of textile
wastewater were also determined using standard methods
[8].

The concentration of niacin was 1.0 mg/L, and the effects of niacin on COD removal progress with time are
shown in Fig. 3.
100
90
80

COD removal rates(%)

Measurement of Water Samples

RESULTS

Niacin
Control

70
60
50
40
30
20
10

Effects of niacin on COD removal in a batch test system

0
3

The initial COD and MLSS of the batch test system
were 105 mg/L and 1300 mg/L, respectively. The effects of
niacin on the COD removal rate of textile wastewater in a
batch test system are shown in Fig. 2.

6

10

Time(h)

FIGURE 3 - Effect of niacin on COD
removal progress in relation to time.

The effects of niacin on COD removal from textile
wastewater were significant, and removal progress of experimental system was much faster than that of the control (Fig. 3).
Effects of niacin on COD Removal in a continuous system

In order to assess the effect of niacin on real textile
wastewater treatment, two continuous experimental systems
were built up in the treatment plant. Based on system stabilization, 1.0 mg/L of niacin was continuously added into
system A, and system B was used as control one. The COD
removal efficiencies during the experimental period are
shown in Fig. 4.
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As shown in Fig.4, during the experimental period,
the mean COD removal efficiency of system A was 83.0%,
and that of system B was only 63.1%. The addition of
niacin could strongly improve COD removal rate by about
20% (Fig. 4).

MLSS play a very important role during wastewater
treatment performance, and the effects of 1 mg/L niacin on
COD removal of textile wastewater with different MLSS
levels (150, 480, 1000 and 1360 mg/L) were studied (Fig. 5).
As can be seen from Fig. 5, the COD removal rates in
all the experimental systems were higher than those of control, and the effects of niacin on COD removal percentages (151.8, 120，134.5, 217.9) were different to those of
control, respectively, under various MLSS levels.

Effects of niacin on COD removal of
textile wastewater under different MLSS values

100
90
80

COD removal rates(%)

70
60
50
40
30
20
10
0
27.
May

28.
May

29.
May

31.
May

01.
J un

02.
J un

03.
J un

04.
J un

05.
J un

06.
J un

07.
J un

08.
J un

09.
J un

10.
J un

11.	
  J un

12.
J un

Time
System A

System B

FIGURE 4 - Effects of niacin on removal rates of COD in a continuous experimental system.
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20
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FIGURE 5 - Effects of niacin on COD removal rates under different MLSS levels.

DISCUSSION AND CONCLUSION
REFERENCES
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treating effluents from the fine chemicals industry, the
addition of niacin to wastewater increased COD removal
from 1.94 to 2.24 kg per kg MLSS per day. In this study,
the effects of niacin on textile wastewater treatment efficiency in a batch test and continuous experimental systems were studied, and it was found that COD removal
rates were more than 1.30 times as those of the control
system. The data proved that micronutrient supplements
have the potential to optimize process performance of
activated sludge plants treating textile wastewater.
The effects of niacin on COD removal of textile wastewater were significant, and the highest rate was 2.2 times
as that of control. But it was also found that COD removal rate differences between experimental and control systems tended to be reduced gradually with time, possibly
demonstrating that niacin could only promote COD removal speed, but not its removal rates.
In summary, the micronutrient niacin can promote
COD removal speed significantly, but dependent from
MLSS of the activated sludge as an important factor. The
biological treatment performance of textile wastewater
system could be optimized by niacin supplementation.
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DETERMINATION OF SOME TRACE METALS OF MUSHROOMS
PRODUCED IN MIDDLE BLACK SEA REGION OF TURKEY
Kadir Turhan*
Yıldız Technical University, Chemistry Department, Davutpasa Campus, 34220 Esenler, İstanbul, Turkey

SUMMARY
Trace metal levels in ten different mushroom species,
Lactarius decipiens Quel., Lactarius piperatus, Lactarius
resimus Fr., Lactarius valemus Fr., Lactarius vietus (Fr.) Fr.,
Laccaria lacceta, Agaricus bisporus, Agaricus silvicola,
Lentinula edodes and Morchella deliciosa obtained from
different areas of the middle Black Sea region of Turkey
were determined by flame and graphite furnace atomic adsorption spectrometry after microwave digestion. The contents of trace metals in the mushroom samples were found
in the ranges 74.21-127.70, 23444-49880, 69.51-99.93,
46.23-129.38, 3.69-27.51, 0.71-3.11, 0.41-1.57, 16.35-27.92,
3.54-29.87, 759-1200, 0.24-1.41, 8.69-22.41and 0.130.54 µg/g for Na, K, Ca, Fe, Cu, Pb, Cd, Zn, Mn, Mg, Cr,
Ni, and Co, respectively. Results obtained are in agreement
with trace data reported in the literature.

KEYWORDS:
Mushrooms, environmental pollution, heavy metals.

INTRODUCTION
Mushrooms are important in the ecosystem because
they are able to biodegrade the substrate and therefore use
the wastes of agricultural production [1]. Mushrooms have
also been reported as therapeutic foods, useful in preventing diseases such as hypertension, hypercholesterolemia,
and cancer. These functional characteristics are mainly due
to their chemical composition [2]. Heavy metal concentrations in mushroom are considerably higher than those in
agricultural crop plants, vegetables and fruit. This suggests
that mushrooms possess a very effective mechanism that
enables them readily to take up some heavy metals from
the ecosystem.
The concentrations of trace elements in the fruiting
bodies of fungi are primarily species-dependent. The concentrations were found to depend on the physiology of the
species and particularly on its ecosystem pattern. It has
proven rather difficult to determine the effects of environmental factors on the heavy metals [3].

Mushrooms are valuable health foods, low in calories,
high in vegetable proteins, iron, zinc, chitin, vitamins and
minerals. In general, their fruiting bodies, on a dry weight
basis, contain about 39.9% carbohydrate, 17.5% protein and
2.9% fats with the rest constituting the minerals [4, 5]. Wildgrowing macrofungus have been a favorite delicacy in many
countries. Some people collect macrofungus to make a substantial contribution to food intake. Therefore, it is necessary to know the levels of toxic and essential elements in
edible mushrooms [6].
Turkey has a large edible mushroom potential and is
becoming an important exporter of wild mushrooms. However, qualified studies have not been carried out on this
subject in Turkey [7]. Turkey is located in southeastern
Europe and Asia. It is bordered in the north by the Black
Sea, the south by Iraq, Syria, and the Mediterranean, in
the west by the Aegean Sea, in the northeast by Georgia
and Armenia, in the northwest by Bulgaria and Greece.
Turkey can be separated into seven geographic regions. One
of them is the Black Sea region. The Black Sea region can
be separated into three smaller geographic regions. The
middle Black Sea region is one of them. In this region, the
climate is mild and rainy. The seasons are normally wet
with mild temperatures. The climate during the year, especially, in spring and autumn, is ideal for fungal growth [4].
Wild edible mushrooms in the middle Black Sea region of Turkey (Sinop) are widely consumed because of
their delicacy and abundance. Sinop is located in the middle Black Sea region of Turkey (41.480N, 34.700E). Sinop
is an industrial agricultural city in the central Black SeaTurkey and has a population of a quarter million. The temperature ranges between -10.5 and 410C, average values
being 200C during summer and 70C during winter in Sinop. Many studies have been carried out on the metal contents of macrofungus in Turkey [7-11]. However, qualified
studies have not been carried out in this area of Turkey,
especially in Sinop (Figure 1).
In this study, the levels of trace metals in ten different
species mushroom samples collected from Sinop, Turkey
were determined by flame and graphite furnace AAS after
microwave digestion methods. The purpose of the present

403

© by PSP Volume 16 – No 4. 2007

Fresenius Environmental Bulletin

study was the determination of Ca, Fe, Cu, Pb, Cd, Zn,
Mn, Mg, Cr, Ni and Co contents, by using an AAS method,
in the fruiting bodies of macrofungus specimens collected
from the middle Black Sea region of Turkey.

edodes, Morchella deliciosa. Collected mushrooms were
cleaned, cut into slices and the samples were washed with
demineralized water. Each sample was dried at 1050C for
24h. Dried samples were homogenized using an agate homogenizer and stored in polyethylene bottles prior to analysis.
For digestion, CEM Mars 5 microwave closed system
was used in this study. 0.5 g of samples was digested with
5 mL of HNO3 (65%) and 2 mL of H2O2 (30%) in a microwave digestion system for 17 min. and final diluted to
25 mL with deionized water. A blank digest was carried out
in the same way. Digestion conditions are given in Table 1.
TABLE 1 - Digestion conditions for mushroom samples in the microwave digestion system.
Steps

Time (min.)

1
2

3
3

600
0

Power (W)

3
4
5

5
3
3

600
900
1200

This procedure was preferred because it is more accurate with respect to both time and recovery values.
Sodium and potassium were determined using a Jenway PFP-7 model flame photometer and sodium or potassium chloride to prepare the standards. Calcium, iron, copper, magnesium, zinc, manganese, chromium, nickel and
cobalt were determined with a Varian FS 220S model
atomic absorption spectrophotometry (AAS) using flame
atomization. Lead and cadmium levels in the mushroom
samples were determined using Varian GTA 110 model
graphite furnace atomic absorption spectrophotometry
(GFAAS) (Table 2).

FIGURE 1 - Sampling area:
Middle Anatolia and surrounding area of Turkey.

RESULTS AND DISCUSSION
MATERIALS AND METHODS
In this study, 96 samples of wild edible mushrooms,
corresponding to 10 different, were used in autumn and
spring 2003. The samples of mushroom were collected
from Sinop in Turkey. Species include Lactarius decipiens
Quel., Lactarius piperatus, Lactarius resimus Fr., Lactarius valemus Fr., Lactarius vietus (Fr.) Fr., Laccaria
lacceta, Agaricus bisporus, Agaricus silvicola, Lentinula

Trace metal levels in the analyzed samples are listed
in Table 3. All metal concentrations were determined on a
dry weight basis. The content of trace metals in the samples were found to be in the ranges 74.21-127.70, 2344449880, 69.51-99.93, 46.23-129.38, 3.69-27.51, 0.71-3.11,
0.41-1.57, 16.35-27.92, 3.54-29.87, 759-1200, 0.24-1.41,
8.69-22.41and 0.13-0.54 µg/g for Na, K, Ca, Fe, Cu, Pb,
Cd, Zn, Mn, Mg, Cr, Ni, and Co, respectively.

TABLE 2 - The wavelengths for AAS and flame photometer analyzes.
Element
Wavelength (nm)
Element
Wavelength (nm)

Na

K

Ca

Fe

Cu

Pb

Cd

589.0

766.5

393.4

248.3

324.8

283.3

228.8

Zn

Mn

Mg

Cr

Ni

Co

213.9

279.5

285.2

357.9

232.0

230.8
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TABLE 3 - Concentration of trace elements (as µg/g) in mushroom species.

Lactarius decipiens Quel.
Lactarius piperatus
Lactarius resimus Fr.
Lactarius valemus Fr.
Lactarius vietus (Fr.) Fr.
Laccaria lacceta
Agaricus bisporus
Agaricus silvicola
Lentinula edodes
Morchella deliciosa

Na
114.03±2.92
80.72±9.86
91.66±1.16
92.72±7.33
91.79±1.59
127.70±7.23
97.44±1.39
74.21±1.35
110.93±1.65
81.10±1.63
Zn
25.98±0.80
25.52±2.43
27.92±0.71
24.52±3.04
24.95±0.73
26.99±1.88
18.68±0.55
17.89±0.55
27.73±0.55
16.35±0.37

K
26070±1233
28720±2655
38380±862
39600±1059
24940±353
49880±3666
27233±577
23444±414
37033±506
32789±252
Mn
4.87±0.43
7.39±1.06
3.65±0.49
5.45±0.55
4.64±0.35
29.87±2.55
19.20±1.12
8.59±0.45
8.74±0.65
3.54±0.41

Ca
72.78±2.31
72.53±7.68
84.15±1.72
74.55±7.55
75.63±1.04
99.71±6.37
89.08±1.39
69.51±0.86
99.93±1.80
71.69±0.82
Mg
1153±43.86
821±76.12
1051±30.93
969±37.65
834±39.40
891±35.53
1200±86.18
1144±82.69
759±47.51
941±35.12

Cu
6.61±0.31
16.81±1.41
7.55±0.45
18.68±0.88
6.54±0.35
27.51±2.08
10.90±0.71
7.47±0.39
7.34±0.27
3.69±0.20
Ni
13.60±0.55
8.69±1.45
12.54±0.57
22.41±1.04
10.41±0.47
15.58±0.65
9.77±0.27
10.21±0.53
13.08±0.69
9.10±0.55

Pb
1.30±0.06
3.11±0.51
1.42±0.06
1.45±0.08
1.30±0.08
1.39±0.04
1.17±0.08
1.00±0.10
1.48±0.12
0.71±0.14
Co
0.54±0.05
0.47±0.10
0.49±0.07
0.38±0.05
0.42±0.07
0.16±0.04
0.18±0.05
0.25±0.04
0.29±0.06
0.13±0.03

Cd
0.41±0.12
0.83±0.08
0.98±0.12
1.22±0.08
1.13±0.12
1.57±0.06
0.76±0.14
0.71±0.14
1.32±0.12
0.45±0.06

room samples in the literature have been reported to be in
the ranges: 1460-6700 µg/g [12] and 55.9-106.0 µg/g [4].
Calcium contents found in this study are in agreement
with those reported in the literature (Fig. 4).
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FIGURE 3 - Distribution of potassium in mushroom species: 1.
Lactarius decipiens Quel., 2. Lactarius piperatus, 3. Lactarius resimus Fr., 4. Lactarius valemus Fr., 5. Lactarius vietus (Fr.) Fr., 6.
Laccaria lacceta, 7. Agaricus bisporus, 8. Agaricus silvicola, 9.
Lentinula edodes, 10. Morchella deliciosa.
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FIGURE 2 - Distribution of sodium in mushroom species:
1. Lactarius decipiens Quel., 2. Lactarius piperatus, 3. Lactarius
resimus Fr., 4. Lactarius valemus Fr., 5. Lactarius vietus (Fr.)
Fr., 6. Laccaria lacceta, 7. Agaricus bisporus, 8. Agaricus silvicola, 9. Lentinula edodes, 10. Morchella deliciosa.

Minimum and maximum values of potassium were
23444 and 49880 µg/g. The lowest and highest levels of
copper were found in Agaricus silvicola and Laccaria
lacceta. Potassium contents of mushroom samples in the
literature have been reported to be in the ranges: 920035900 µg/g and 28000-51000 µg/g, respectively [4,12].
Potassium contents found in this study are in agreement
with those reported in the literature (Fig. 3).
The lower and higher calcium concentrations were
69.51 µg/g in Agaricus silvicola and 99.93 µg/g in Lentinula edodes, respectively. Calcium contents of mush-
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The lower sodium content was 74.21 µg/g in Agaricus silvicola. The higher sodium was 127.70 µg/g in Laccaria lacceta. Sodium contents of mushroom samples in
the literature have been reported to be in the ranges: 17009200 µg/g [12], and 75-136 µg/g [4]. In this study sodium
levels were found to be lower than those reported in literature (Fig.2).

Fe
66.95±0.94
129.38±18.44
89.02±1.55
58.16±5.41
73.00±1.69
120.82±5.57
87.86±2.10
79.53±1.33
88.66±1.16
46.23±1.08
Cr
1.00±0.05
1.04±0.20
0.85±0.06
0.91±0.14
0.52±0.04
1.41±0.08
0.64±0.08
0.82±0.11
0.48±0.06
0.24±0.05
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Lactarius decipiens Quel.
Lactarius piperatus
Lactarius resimus Fr.
Lactarius valemus Fr.
Lactarius vietus (Fr.) Fr.
Laccaria lacceta
Agaricus bisporus
Agaricus silvicola
Lentinula edodes
Morchella deliciosa
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FIGURE 4 - Distribution of calcium in mushroom species: 1.
Lactarius decipiens Quel., 2. Lactarius piperatus, 3. Lactarius resimus Fr., 4. Lactarius valemus Fr., 5. Lactarius vietus (Fr.) Fr., 6.
Laccaria lacceta, 7. Agaricus bisporus, 8. Agaricus silvicola, 9.
Lentinula edodes, 10. Morchella deliciosa.
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FIGURE 7 - Distribution of lead in mushroom species: 1. Lactarius decipiens Quel., 2. Lactarius piperatus, 3. Lactarius resimus
Fr., 4. Lactarius valemus Fr., 5. Lactarius vietus (Fr.) Fr., 6. Laccaria lacceta, 7. Agaricus bisporus, 8. Agaricus silvicola, 9. Lentinula edodes, 10. Morchella deliciosa.

1

2

3

4

5

6

7

8

9 10

Mus hroom 	
  s pe c ie s
FIGURE 5 - Distribution of iron in mushroom species: 1. Lactarius decipiens Quel., 2. Lactarius piperatus, 3. Lactarius resimus
Fr., 4. Lactarius valemus Fr., 5. Lactarius vietus (Fr.) Fr., 6. Laccaria lacceta, 7. Agaricus bisporus, 8. Agaricus silvicola, 9. Lentinula edodes, 10. Morchella deliciosa.

Minumum and maximum values of copper were 3.69
and 27.51 µg/g. The highest and lowest levels of copper
were found in Laccaria lacceta and Morchella deliciosa.
Copper contents of mushroom samples in the literature have
been reported to be in the ranges: 4.71-51.0 µg/g, 10.3145 µg/g, 13.4-50 µg/g and 12-181 µg/g respectively [8,
10, 14, 15]. Copper values have been reported to be 10.014.0, 21.1-42.6 and 34.5-83.0 µg/g, respectively, in the
literature [6, 11, 16]. Copper contents found in this study
are lower than those reported in the literature (Fig. 6).

The lower and higher cadmium concentrations were
0.41 µg/g in Lactarius decipiens Quel. and 1.57 µg/g in
Laccaria lacceta, respectively. Cadmium contents of mushroom samples in the literature have been reported to be in
the ranges: 0.14-0.95 µg/g, 0.81-7.50 µg/g, 0.28-1.6 µg/g
and 0.10-0.71 µg/g [14, 17, 19, 20]. Cadmium contents
found in this study are in agreement with those reported in
the literature (Fig. 8).
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The lower and higher iron concentrations were 46.23
µg/g in Morchella deliciosa and 129.38 µg/g in Lactarius
piperatus, respectively. Iron values in mushroom samples
have been reported to be in the ranges: 56.1-7162 µg/g,
31.3-1190 µg/g, 568-3904 µg/g and 102-1280 µg/g, respectively [6, 10, 13, 14]. In this study iron values in
agreement with those reported in the literature (Fig. 5).
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FIGURE 8 - Distribution of cadmium in mushroom species:
1. Lactarius decipiens Quel., 2. Lactarius piperatus, 3. Lactarius
resimus Fr., 4. Lactarius valemus Fr., 5. Lactarius vietus (Fr.)
Fr., 6. Laccaria lacceta, 7. Agaricus bisporus, 8. Agaricus silvicola, 9. Lentinula edodes, 10. Morchella deliciosa.
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FIGURE 6 - Distribution of copper in mushroom species:
1. Lactarius decipiens Quel., 2. Lactarius piperatus, 3. Lactarius
resimus Fr., 4. Lactarius valemus Fr., 5. Lactarius vietus (Fr.)
Fr., 6. Laccaria lacceta, 7. Agaricus bisporus, 8. Agaricus silvicola, 9. Lentinula edodes, 10. Morchella deliciosa.

The lower lead content was 0.71 µg/g in Morchella
deliciosa. The higher lead content was 3.11 µg/g in Lactarius piperatus. Lead contents of mushroom samples in
the literature have been reported to be in the ranges: 0.751.99 µg/g, 0.75-7.77 µg/g, 0.40-2.80 µg/g and 1.43-4.17 µg/
g [14, 15, 17, 18]. Lead contents found in this study are in
agreement with those reported in the literature (Fig. 7).
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FIGURE 9 - Distribution of zinc in mushroom species:
1. Lactarius decipiens Quel., 2. Lactarius piperatus, 3. Lactarius
resimus Fr., 4. Lactarius valemus Fr., 5. Lactarius vietus (Fr.)
Fr., 6. Laccaria lacceta, 7. Agaricus bisporus, 8. Agaricus silvicola, 9. Lentinula edodes, 10. Morchella deliciosa.
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Minimum zinc concentration was 16.35 µg/g in Morchella deliciosa. Maximum zinc concentration was 27.92
µg/g in Lactarius resimus Fr. Zinc concentrations of mushroom samples in the literature have been reported to be in
the ranges: 33.5-89.5 µg/g, 29.3-158 µg/g and 40.3-64.4
µg/g [6, 14, 20]. In this study zinc levels were found to be
lower than those reported in the literature (Fig. 9). Zinc is
widespread among living organisms due to its biological
significance. Mushrooms are known as zinc accumulators
and sporophere: substrate ratio for Zn ranges from 1 to 10
[6, 21].
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FIGURE 11 - Distribution of magnesium in mushroom species:
1. Lactarius decipiens Quel., 2. Lactarius piperatus, 3. Lactarius
resimus Fr., 4. Lactarius valemus Fr., 5. Lactarius vietus (Fr.)
Fr., 6. Laccaria lacceta, 7. Agaricus bisporus, 8. Agaricus silvicola, 9. Lentinula edodes, 10. Morchella deliciosa.
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The lower manganese level was 3.54 µg/g in Morchella deliciosa. The higher manganese level was 29.87 µg/ g
in Lacceria lacceta. The reported manganese values in
the literature for mushrooms were 7.6-56.2, 14.2-69.7 µg/
g, 7.1-81.3 and 21.7-74.3, respectively [4, 14, 18, 22]. In
study manganese levels were found to be lower than those
reported in the literature (Fig. 10).
Minimum magnesium concentration was 759 µg/g in
Lentinula edodes. Maximum magnesium concentration was
1200 µg/g in Agaricus bisporus. Magnesium concentrations of mushroom samples in the literature have been reported to be in the ranges: 850-1320 µg/g and 700-4200 µg/
g [4, 12]. Magnesium contents found in this study are in
agreement with those reported in the literature (Fig.11).
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The lower chromium content found was 0.24 µg/g
Morchella deliciosa. The higher chromium content found
was 1.41 µg/g in Laccaria lacceta. Chromium values in the
mushroom samples have been reported to be in the ranges:
7.0-11.0 µg/g, 0.34-1.10 µg/g and 0.87-2.66 µg/g [11, 14,
18]. In this study chromium levels were found to be lower
than those reported in the literature (Fig. 12).

FIGURE 12 - Distribution of chromium in mushroom species:
1. Lactarius decipiens Quel., 2. Lactarius piperatus, 3. Lactarius
resimus Fr., 4. Lactarius valemus Fr., 5. Lactarius vietus (Fr.)
Fr., 6. Laccaria lacceta, 7. Agaricus bisporus, 8. Agaricus silvicola, 9. Lentinula edodes, 10. Morchella deliciosa.

C onc entrations 	
  of	
  Ni
	
  (µg /kg 	
  dry	
  matter)	
  

The lower and higher nickel concentrations were 8.69
µg/g in Lactarius piperatus and 22.41 µg/g in Lactarius
valemus Fr., respectively. Nickel values have been reported
in the ranges: 44.6-145.0 µg/g, 1.72-24.1 µg/g, 1.18-5.14
µg/g, 8.2-26.7 µg/g and 0.4-15.9, respectively [4, 14, 18,
20, 22]. In this study nickel values are in agreement with
those reported in the literature (Fig. 13).
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FIGURE 13 - Distribution of nickel in mushroom species: 1.
Lactarius decipiens Quel., 2. Lactarius piperatus, 3. Lactarius resimus Fr., 4. Lactarius valemus Fr., 5. Lactarius vietus (Fr.) Fr., 6.
Laccaria lacceta, 7. Agaricus bisporus, 8. Agaricus silvicola, 9.
Lentinula edodes, 10. Morchella deliciosa.
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FIGURE 10 - Distribution of manganese in mushroom species:
1. Lactarius decipiens Quel., 2. Lactarius piperatus,
3. Lactarius resimus Fr., 4. Lactarius valemus Fr., 5. Lactarius
vietus (Fr.) Fr., 6. Laccaria lacceta, 7. Agaricus bisporus, 8.
Agaricus silvicola, 9. Lentinula edodes, 10. Morchella deliciosa.

The minimum and maximum cobalt levels were 0.13
µg/g in Morchella deliciosa and 0.54 µg/g in Lactarius
decipiens Quel., respectively. Cobalt values in the literature have been reported in the ranges: 0.12-0.62 µg/g, 0.156.03 µg/g, 0.28-1.32 µg/g and 0.47-1.51 µg/g, respectively
[6, 10, 14, 18]. In this study cobalt values are in agreement
with those reported in the literature (Fig. 14).
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IMPROVED PHOTOCATALYTIC DEGRADATION
OF INSECTICIDE PIRIMICARB ON SiO2-LOADED TiO2
Mahmoud A. Alawi*, Lina A. Hasan and Keiichi Tanaka
University of Jordan, Faculty of Science, Department of Chemistry, P.O.Box 13003, Amman 11942, Jordan

SUMMARY

further improvement of the catalyst is necessary for
prac-

SiO2 was loaded to TiO2 by sol-gel method using
TEOS (tetraethoxysilane). The resulting SiO2/TiO2 was optimized for photocatalytic activity. The efficiency of the
catalyst was evaluated by measuring the degradation rate
of pirimicarb. The calcination temperature of 300-500 oC
and 0.2-1.4 g TEOS/g TiO 2 resulted a 3.5 times higher
activity rate compared to plain TiO2. The rate declined below pH 4.0 on plain TiO2, whereas it steadily increased
with lowering pHs on SiO2/TiO2. These trends were explained by electrostatic interaction based on the protonation of pirimicarb, and the isoelectric points of TiO2 and
SiO2/TiO2. SiO2-loading was also effective in solar system.

tical use. In the present work, we study SiO2-loaded TiO2,
the optimization of this catalyst, its applicability to persistent pesticides, as well as utilization of sunshine as light
source and activity enhancement mechanism.
Pirimicarb is a worldwide used insecticide, but showed,
based on its toxicity test by animals, several health hazards. FAO and WHO recommend 0~0.02 mg kg-1 as acceptable daily intake (ADI) [12]. The present study was
intended not only to pirimicarb degradation, but also the
application to other persistent chemicals.

KEYWORDS:
Photocatalyst, silica, pirimicarb, solar system.

MATERIALS AND METHODS
Chemicals

INTRODUCTION
Contamination of water and soil by persistent chemicals, such as pesticides and various organochlorine compounds, has been of global concern, and the treatment of
those chemicals has been an urgent environmental issue.
Photocatalytic method using strong oxidation power of UVilluminated TiO2 is a promising technique to solve this
problem. Photocatalysis has been studied for more than
two decades, mainly with the aim of environmental protection and already in practical use for some specific purposes of air purification [1]. However, several breakthroughs
are required for the application to water treatment systems.
One of the important subjects to study to this end is the
enhancement of degradation efficiency. Incorporation of
adsorbent by either loading to TiO2 [2-8] or simply mixing
with it [9-11] has been reported to improve the photocatalytic activity of TiO2 by a number of researchers. In adsorbent-incorporated photocatalysis, pollutant is collected
to adsorbent from diluted solution and degraded on nearby
illuminated TiO2 surface. This modified photocatalyst system is considered to be effective for water treatment. Yet

TiO2 is TP-2 of Fujititan Co. (anatase). Tetraethoxysilane (C8H20O4Si) is of Fluka reagent-grade, and pirimicarb
(2-dimethylamino-5,6-dimethylpyrimidin-4-yl dimethylcarbamate: C11H18N4O2) is an analytical-grade reagent purchased from Riedel-de Haen (Germany).
Preparation of SiO2-loaded TiO2

SiO2 was loaded to TiO2 following the procedure mentioned in a previous paper [7]. Standard procedure is as
follows: 0.6-4.2 g of TEOS dissolved in 20 ml methanol
was added to 3 g TiO 2 and stirred magnetically until all
methanol was evaporated. 100 ml of distilled water was
added to this mixture. After stirring for several seconds,
the TiO2 (adsorbed by TEOS) was separated by decantation. It was suspended in 50 ml of water again, and stirred
up to 3 hours for hydrolysis of TEOS. The sample was
separated by decantation, washed with water, and then
methanol. It was dried at 100 oC and calcined at 200-500 oC
for one hour.
Photocatalytic reaction

Fixed amounts of catalyst (0–1.2 g) were suspended in
100 ml of 1-20 ppm pirimicarb solution by stirring magnetically. The suspension was illuminated by a 6-W black
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light from 10 cm distance. Small amounts of suspension
were taken at different times, filtrated by a membrane filter, and the filtrate was subjected to analysis by GBC
HPLC on a C18 column (250 x 4 mm, 5 µm). For pH adjustment, small amounts of HCl and NaOH solutions were
added to the suspension. Degradation rate of pirimicarb on
SiO2/TiO2 catalyst was expressed by the degraded amount
for the initial 10 min of illumination (mg min-1), unless
otherwise noted.

The effect of SiO2/TiO2 amount was similar to that of
plain TiO2, and the rate leveled off at 3 g L-1 (Fig. 1). Pirimicarb concentration affected the degradation rates on
both catalysts in a similar way. The rate constant increased
with decreasing pirimicarb concentration.
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RESULTS AND DISCUSSION
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Rate constant (min )

5 or 10 g catalyst were suspended in 20 L of 1 ppm
pirimicarb solution (0.25 or 0.5 g L-1). The suspension
was circulated through a Pyrex glass tube of 828 cm length
and 13 mm diameter from a mixing tank, while exposed
to the sunlight from 10-16 o’clock on fine days in May.
The total volume of the glass tube was about 1.1 L.
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Using TiO2

Most of the degradation reactions of pirimicarb followed the first-order kinetics. The rate constant (k) for the
degradation of 10 ppm pirimicarb was plotted against the
amount of TiO2 (Fig. 1). The rate increased sharply up to
3 g L-1 of TiO2, then slowly up to 6 g L-1 and leveled off
above this amount. Fig. 2 shows the ratio of pirimicarb
degraded after 90-min illumination, which demonstrated
that the rate leveled off at 3 g L-1 of TiO2. These results
indicate that the illuminated surface area of TiO2 reached
its maximum around 3 g L-1 of TiO2, and the light cannot penetrate further into the suspension as TiO2 amount
increased. Blank experiments in the absence of TiO2 with
UV-illumination demonstrated that no photolysis occurs
under these experimental conditions, whereas those in the
presence of 3 g L-1 of TiO2 in the dark showed 10-15 %
adsorption of pirimicarb to TiO2.
Using TiO2/SiO2

The degradation rate was much faster with SiO2/TiO2
than plain TiO2. This modified catalyst was prepared under
different conditions for the optimization of the activity.
Fig. 3 illustrates the effect of initially added TEOS amount.
The efficiency was almost constant with 0.2-1.4 g TEOS/g
TiO2. Calcination temperature also affected the efficiency
(Fig. 4). The activity increased sharply up to 300 oC, but
levelled off above this temperature. The blank experiment
in the dark showed larger adsorption to SiO2/TiO2 than
plain TiO2 (25-35 % adsorption to SiO2/TiO2 from 10 ppm
solution). Following these results, most of the degradation
experiments hereafter were carried out with SiO 2/TiO 2,
prepared with 0.5 g TEOS/g TiO2 and calcined at 300 oC.
This sample showed 3.5 times higher activity than plain
TiO2 for 3 g L-1 catalyst (as represented by γ = kSiO2/TiO2 /
kTiO2).
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FIGURE 1 - Effect of TiO2 amount on
the degradation of pirimicarb [10 ppm].
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1
FIGURE 2 - Effect of catalyst amount
2
on the degradation of pirimicarb [10 ppm].
3
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It is also important to ensure that this catalyst can be
used repeatedly. After a degradation experiment, in which
100% of 10 ppm pirimicarb was degraded, the catalyst was
recovered, washed by water and used for another run. This
was repeated 3 times. The degradation rate for each run is
listed in Table 1. Since the amount of TiO2 decreased by
each recovery, the activity value was corrected for the recovered amount of TiO2 by using the data from Fig. 2.
Some deterioration of the activity was observed under these
experimental conditions. This may be due to undegraded
intermediates adsorbed to the catalyst, and indicates the importance of the complete degradation for the recovery of
activity.

0.07
0.06
-1

Rate constant (min )

(mg min-1)
0.072
0.065
0.057

catalyst (g)
0.30
0.24
0.20

0.05
0.04
0.03
0.02
0.01
0
0

0.5

1

1.5
-1

TEOS amount loaded to TiO2 (g g )
FIGURE 3 - Effect of TEOS amount on the degradation of pirimicarb (catalyst 3 gL-1; pirimicarb 10 ppm).
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The effect of SiO2-loading has been attributed to the
increased adsorption of cationic substrate to negatively
charged SiO2 by electrostatic interaction [2, 6]. However,
one of the present authors demonstrated that the degradations of neutral and anionic substrates were also enhanced
by SiO 2 -loading [7]. To evaluate the effect of electric
charges of SiO2/TiO2 and pirimicarb, the degradation rate
of pirimicarb was measured at different initial pHs (Fig. 5).
For plain TiO2, the degradation rate was constant above
pH 4.0, but decreased below it. On the other hand, for SiO2/
TiO2 the degradation rate increased with lower pHs (Fig. 5).
These trends can be explained on the basis of pirimicarb
protonation, and the isoelectric points (IEPs) of TiO2 and
SiO2/TiO2. The ratio of protonated pirimicarb at different
pHs was calculated from its acidity constant (ka= 4.53) [13],
and plotted in Fig. 4. IEPs of TiO2 and SiO2/TiO2 were 6.0
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FIGURE 4 - Effect of calcination temperatures on the
activity of SiO2/ TiO2 (catalyst 3 gL-1, pirimicarb 10 ppm).
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TABLE 1 - Recovery tests for the activity of
SiO2/TiO2 (pirimicarb 10 ppm, test time 10 min).
Degradation rate ( [mg min-1)

Amount of

Protonation of pirimicarb
SiO2/TiO2

Corrected rate
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crease in the rate (γ) by SiO 2-loading. In the absence of
catalyst, some degradation was observed. This may be attributed to contamination of the glass tube by catalyst from
previous experiments as well as direct photolysis.
CONCLUSIONS

FIGURE 5 – Effect of pH on the degradation of pirimicarb
over TiO2 after 60 minutes illuminationand SiO2/ TiO2 after
10 minutes illumination (catalysts 1 g L-1 TiO2 and 3 g L-1
SiO2/TiO2, pirimicarb 10ppm).
1
0.9

(1) SiO2-loading to TiO2 increased the photocatalytic
degradation rate of pirimicarb.

1
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(2) The SiO 2 /TiO 2 sample, prepared by 0.2-1.4 g
TEOS/g TiO 2 and at calcination temperatures above
300 oC, exhibited the optimal activity.
(3) The degradation rate of pirimicarb increased with
declining pHs on SiO2/TiO2, whereas it decreased on
plain TiO2 below pH 4.0.
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(4) SiO2-loading was effective also in the solar system using TiO2/SiO2 prepared as under point (2).
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due to electrostatic repulsion between protonated pirimicarb and positively charged TiO2. The gradual increase of
degradation rate at the lower pH values on SiO2/TiO2 reflected on the increasing protonation of pirimicarb below
pH 6 and negatively charged SiO2 above pH 2. The results
obtained here suggest that the effect of SiO2-loading is
predominantly due to the adsorption increase of pirimicarb
to TiO2 by electrostatic interaction. However, it should be
noted that at pH 5.6 (without pH adjustment) and above,
where pirimicarb is not protonated, higher degradation rate
was observed on SiO2/TiO2 than plain TiO2. Therefore, it is
obvious that other mechanisms besides electrostatic interaction are involved in rate enhancement effects including
adsorption by hydrophobic interaction.
It was confirmed that SiO2-loading is also effective in
the solar system. Fig. 6 shows degradation curves of 1 ppm
pirimicab on TiO2, SiO2/TiO2, prepared under the optimum
conditions [TEOS: 0.5 g/g TiO2, calcination temperature:
300 ºC] and without catalyst. The highest degradation rate
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SUMMARY
A simple HPLC-UV method was used for monitoring
the elution profile of methyl methacrylate and methacrylic
acid monomers from poly (methyl methacrylate) resin. The
study was conducted on two cold-curing and two heatcuring discs in both distilled water and artificial saliva.
The results showed that the leached amounts from
cold-curing resin in both media were higher than that from
heat-curing resin. The leached amount into the artificial
saliva from both resins was much higher, compared to that
into water. The present results indicated that the risk of
possible trauma to oral soft tissues could be minimized by
immersing the oral appliances in water for one week before insertion.

KEYWORDS:
Methyl methacrylate, residual monomer, denture base, artificial
saliva, microwave-curing, autopolymerizing, methacrylic acid.

INTRODUCTION
Evidence exists of the detrimental effect on oral and
denture bearing mucosa inflicted by the contact of these
tissues with residual monomer leaching out of poly (methyl
methacrylate) “PMMA” denture bases. The presence of
residual monomer could cause a primary irritation and sensitization, which may develop into an allergic reaction by
the oral mucosa [1-4]. It has been reported that patients
fitted with acrylic appliances and temporary crowns presented symptoms of respiratory difficulty, sore mouth and
itching sensation [5-7]. There are reasons to believe, therefore, that a high level of residual methyl methacrylate
monomer “MMA” may be present in every freshly processed PMMA appliance. This should not be overlooked
particularly where self-curing or insufficiently processed
heat-curing acrylics were used [8-10] in the fabrication of
these appliances. It has been reported that microwave-po-

lymerized resins compare favourably to self-polymerizing
acrylics in retaining residual monomer [11,12]. Using water
at a high temperature in the construction of oral appliances
from auto-polymerizable acrylic resins was found to reduce significantly the amount of residual monomer [13,
14]. The inclusion of glass fibers as reinforcement to acrylic
denture base polymers was found to increase the release
of residual monomer from these polymers [15, 16]. Several methods were published for the detection and estimation of residual monomer [17-22]. These methods were
either physical or chemical in nature. The physical methods focused on monitoring the variations in the physical
and mechanical properties of the polymer as the time of
cure was extended, and thus utilized those changes as a
marker of the level of residual monomer in the acrylic
resin. The serious drawback of these methods was due to
the variation in a particular property, with small monomer
concentration not sufficiently high to allow an accurate
estimate of the residual monomer. Preference was thus
given to the chemical methods. In these procedures, the
estimation of residual MMA was based on hydrolysis of
the ester group or addition of reagents to the double-bond
in the molecule. But all these methods, physical and chemical ones, have failed to provide an accurate estimation of
the residual monomer of acrylic resin bases. That was the
situation until the advent of gas chromatography as a method of detecting residual monomer in acrylic resin bases
[23]. This method has made the process of estimating monomer residue in polymeric bases more accurate. According to this technique, fragments weighing five or six grams
of acrylic resin base obtained by sectioning the base were
refluxed for four to six hours [23, 24]. The technique has
subsequently been modified by using a drilled acrylic sample obtained by using a twist drill to produce the analysis
specimen [25, 26]. The ease of this technique has made
the procedure suitable for studying clinical application.
Gas-liquid chromatography has been employed in the
detection of residual monomer in whole saliva of human
subjects who wore acrylic palatal appliances [27, 28].
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In a more recent development, a method of acquiring
the test specimen for GC investigation was introduced [29].
The method depended on extracting the monomer out of
the polymerized acrylic resin plate by the use of solvents.
Methyl ethyl ketone has been claimed as the solvent that
yielded the best extraction results when used at 4 oC and
for 96 hours. The resulting solution was then centrifuged
and the yield was subjected to GC analysis for the estimation of the level of residual monomer. This method of investigation has been employed extensively [14, 30-36] in
the detection and estimation of the residual monomer released from acrylic denture base polymers.
The present investigation aimed to evaluate the effect
of ageing in simulated intra-oral conditions, storing in artificial saliva at mouth temperature, on monomer leaching
from autopolymerizing and heat-curing PMMA bases,
using a high performance liquid chromatography “HPLC”
analysis.
MATERIALS AND METHODS
Chemicals, Reagents and Standards:

Acetonitrile of HPLC–quality, hydrochloric acid and
sodium citrate of analytical grade were all purchased from
GCC (England). Ammonium chloride, magnesium chloride
hexahydrate, potassium chloride, potassium thiocyanate,
calcium chloride dihydrate, potassium hydrogen orthophosphate, sodium bicarbonate and disodium hydrogen orthophosphate, which are all of analytical grade, were purchased from BDH (England). The standard substances hydroquinone “HQ”, methyl methacrylate “MMA”, methacrylic acid “MA”, benzoic acid “BA”, and methylacrylate “M” (internal standard) were all of 99.9 % purity and
purchased from ACROS (Geel, Belgium).
HPLC– Apparatus and Working Conditions

The analysis was carried out on an isocratic HPLC–
apparatus which consists of the following parts:
Ø HPLC pump type GBC (Australia), model LC 1110
Ø HPLC injector type Rheodyne 7125
Ø HPLC-UV-VIS detector type GBC (Australia), model
LC 1205
Ø Integrator type Spectra Physics model LC 4290
The HPLC apparatus was operated under the following working conditions:
Ø Eluent: acetonitrile/0.01M HCL (25:75 %)
Ø Eluent flow rate: 1.2 ml/min
Ø Injection volume: 5 µl
Ø Column: LiChrosorb RP-C18, 25 cm x 4.6 mm, particle size 5 µm (Knauer, Germany)
Ø Detector: UV–VIS–Spectrophotometer (λ: 210 nm,
Range: 1.0)
Ø Integrator chart speed: 0.25 cm/min, attenuation 32.

Working Standard Solution

The working standard solution was prepared by mixing together 160 nmol of HQ, 80 nmol of M as internal
standard, 120 nmol of MA, 320 nmol of BA and 160 nmol
of MMA.
Sample Preparation

Two brands of PMMA resin, representatives of a wider
range of commercially available denture base polymers
(products of Heraeus Kulzer GmbH, Wehrheim Germany)
were utilized in this investigation. The test polymers were
of two different curing modes.
Cold-curing polymer

A commercial product presented as a powder polymer
and a liquid monomer (Paladur, having batch numbers of
32 for the powder and 012290 for the liquid) was employed.
The mixing proportioning ratio and the conditions for
processing and polymerization recommended by the manufacturers were strictly followed. These were 10 g/6 ml
polymer powder/monomer liquid ratio for mixing. The
mixture was stirred for 15 seconds and left standing for
4 min until plastic dough was formed. It was then packed
in the specially constructed disc-shaped steel mould to produce a disc specimen (9.0 mm diameter and 2.0 mm thickness). After packing, the mould was allowed to stand for
13 min, then placed in a pressure curing unit, and cured at
55 °C and 2 bar for 15 min.
Heat-curing polymer

The second brand of PMMA resin used was a heatcure type, cured by the application of external heat, (Paladon 65, whose powder’s batch number was 010053, and
its liquid’s batch number was 012017). The material was
mixed in 20 g polymer powder/7 ml monomer liquid ratio
and left to stand at room temperature for 20 min until plastic dough was formed, which was readily packed into the
prepared steel mould. Controlled curing-cycle was followed, by which polymerization was brought about by
heating the mould to 70 °C for 90 min, followed by 30 min
at 100 °C, and then allowed to bench cool before demoulding.
The prepared discs of both cold and heat curing resin
types were smoothed to remove non-polymerized and
poorly polymerized surface layers. After this procedure,
the discs were 1.8±0.2 mm thick with 8.0 ± 0.2 mm outer
diameter.
Saliva preparation

Artificial saliva was prepared by dissolving the following mg amounts of chemicals [37] in 1 L double-distilled water:
Ammonium chloride (233 mg), magnesium chloride
hexahydrate (43 mg), potassium chloride (1162 mg), potassium thiocyanate (222 mg), calcium chloride dihydrate
(210 mg), potassium dihydrogen orthophosphate (354 mg),
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sodium citrate (13 mg), sodium hydrogen carbonate (535
mg), and disodium hydrogen orthophosphate (375 mg ).
The artificial saliva was prepared daily prior to the start
of the experimental procedure by dissolving the chemicals
listed above in 900 ml of de-ionized double-distilled water
using a magnetic stirrer, and then completed to 1 L.
The pH of the synthetic saliva was adjusted using either 0.1 M HCl or NaOH.
Leaching behavior

The leaching behavior of the residual MMA monomer from two discs of cold-cure and heat-cure acrylic
polymers was studied in water and in artificial saliva as
follows:
In water

One cold–curing PMMA disc of 2.32 g and one heat–
curing PMMA disc of 3.04 g weight, each was placed in a
10 ml screw-capped vial, and then covered with 5 ml double-distilled water. The vials were left in a waterbath at
37 °C with continuous gentle shaking. After 1 hour, 150 µl
of the internal standard M (160 nmol/ml) was added and
mixed, and finally 20 µl of this mixture were injected onto
the HPLC column under the above mentioned conditions.
This procedure was repeated after 24 hours (1 day), 2,
3, 4, 5, 6 and 7 days, and after that every week for the
next five weeks.

In saliva

Three cold-cured PMMA discs of 2.32g weight were
placed in three 10-ml screw-capped vials and covered with
5 ml artificial saliva. The same sequence of steps was followed for three heat-cured discs. The vials were left in a
waterbath at 37 °C with gentle shaking. After 1 hour, 150 µl
from each vial was taken, mixed with 50 µl of the internal
standard M (160 nmol ml), and finally 20 µl of this mixture were injected onto the HPLC column under the above
mentioned conditions. The analysis was repeated for all six
vials after 24 hrs (1 day), and then the saliva of each vial
was discarded and replaced with a fresh 5 ml saliva sample.
The analysis was repeated every day and for 14 days
(2 weeks), then weekly for the next five weeks. At the intervals between experiments, the saliva was replaced by a fresh
sample with the same pH.
Qualitative and Quantitative Analysis

Figure 1 shows a representative chromatogram of a
standard mixture of all tested substances (A), and a representative one of a leachate from a heat-cure PMMA disc
(B). The qualitative analysis was carried out by comparing
the chromatogram of the standard mixture with that of the
elution sample using the relative retention time method and
M as internal standard. The quantitative analysis was done
by comparing the relative peak areas, and M was used as
internal standard.

FIGURE 1 - Chromatogram of a standard mixture of 160 nmol hydroquinone (HQ), 80 nmol methylacrylate (M) as internal
standard, 120 nmol methacrylic acid(MA), 320 nmol benzoic acid (BA) and 160 nmol methyl methacrylate (MMA) analyzed
under the above mentioned conditions (A) and a chromatogram of the leachate from heat-cure disc after one day (B).
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RESULTS AND DISCUSSION
It was clear from the outset that two constituents of
the PMMA resin, namely, MM monomer and MA, had
leached out into water from both cold and heat-curing
PMMA polymer discs. The two eluates displayed an almost
similar overall leaching behavior, but they differed in the
amount and concentration of the leaching gradient, as well
as in the rate of elution (Figs. 2 and 3). The un-polymerized
(residual) MMA monomer of the cold-curing PMMA resin
showed a rapid leaching of a substantial amount of 0.0124%
(w/w) in five days, followed by a gradual decline in the
rate of leaching, which continued throughout the five weeks
test period (Fig 2). Likewise, MA exhibited a high rate
leaching behavior at the early stage attaining after seven
days a loss of 0.0065 % (w/w), and slowed down to a lowerrate leaching until the end of the test.

FIGURE 3 - The leaching behavior of methyl methacrylate
and methacrylic acid from heat-curing PMMA in water.

FIGURE 2 - The leaching behavior of methyl methacrylate
and methacrylic acid from cold-curing PMMA in water.

These levels of residual monomer are less than the reported [10, 26] value of 0.3% (w/w) loss, which was considered to represent the optimal level of substantially complete conversion of MMA to polymer. Generally, the results of the present investigation are in agreement with previously reported findings [2, 8, 10, 14, 36], which showed
that the extractable residual MMA monomer would leach
out of denture bases at a high rate during the first week of
insertion and its elution decreases in obliqueness with an
increased period of exposure to a fluid medium.
The MMA monomer and MA demonstrated a leaching
behavior from heat-curing PMMA resin (Fig. 3) into water
at relatively lower rates than that from cold-curing PMMA
resin. After eight days of immersion, a 3.9 x 10-4 % (w/w)
loss was attained by MMA monomer, whereas MA displayed a 2.8 x 10-4 % (w/w) loss after 15 days (Fig. 3).

FIGURE 4 - The leaching behaviour of methyl
methacrylate from cold and heat-curing PMMA in water.

A comparison between the leaching characteristics of
MMA monomer from cold-curing PMMA resin and that
from heat-curing PMMA polymer is presented in Fig. 4,
and a similar comparison for MA is shown in Fig. 5. Both
constituents leached out in significantly larger quantities
from cold-curing PMMA than from heat-curing PMMA
polymer. The MMA monomer leached out from cold-curing
PMMA resin (Fig. 4) in an amount of 0.0124 % (w/w),
which was approximately 30 times larger than that from
heat-curing PMMA resin (3.9 x 10-4 %, w/w). Similarly,
1.2 x 10-3 % (w/w) MA leached out from the cold-curing
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PMMA polymer was about 3.5 times (2.6 x 10-4 %, w/w)
of that leached out from the heat-curing PMMA polymer
(Fig. 5).

counterpart was in favour of the latter polymer, as it showed
a far less amount of MMA monomer leaching out to artificial saliva (Fig. 6). Concerning acrylic acid, it was completely hydrolyzed from the first beginning of the experiment. Previous reports [9, 29] also indicated that MMA monomer released into saliva was detected in large amounts
after one week exposure of a cold-curing PMMA resin to
saliva, whereas only a small amount of MMA monomer
was detected in saliva following exposure of a heat-curing
PMMA polymer into a salivary medium.

FIGURE 5 - The leaching behavior of methacrylic
acid from cold and heat-curing PMMA in water.

FIGURE 6 - The leaching behavior of methyl methacrylate from cold and heat-curing PMMA in artificial saliva.

This could be attributed to the role of the external heat
required for polymerization of the heat-curing systems as
it helped achieving a more closed system that had only
small amount of non-polymerized residual monomer.
These findings confirmed those already reported [10,
34, 36], which indicated that the use of curing cycles with
terminal boiling produced polymers of a substantially lower
residual monomer level than those cured by cycles without a short boil time. It has been found [14] that the lowest residual MMA content could be obtained by polymerizing a heat-curing PMMA system at 100 °C for 12 hours.
In the present investigation, the results attained by the
PMMA polymer samples immersed in artificial saliva revealed a significantly different leaching behaviour with
regard to that in distilled water (Fig. 6). The cold-curing
PMMA resin showed a rapid leaching out of its residual
MMA monomer to artificial saliva in a significantly large
amount, scoring 0.128% (w/w) loss in one week, whereas
samples of the same cold-curing resin leached out approximately 0.0124% (w/w) of their monomer to distilled water, after a comparable immersion period. This can be attributed to the high concentration of the artificial saliva
compared to the distilled water medium. Moreover, hydrolysis of the free residual monomer by saliva penetrating the PMMA polymer may also be a factor [9]. Likewise,
the heat-curing PMMA samples displayed a significant loss
of 0.153% (w/w) of its unpolymerized residual MMA monomer to artificial saliva, compared to 3.9 x 10-4 % (w/w)
loss by leaching out of its residual monomer to distilled
water.
Comparing the leaching behavior in artificial saliva of
the cold-curing PMMA resin with that of its heat-curing

It was suggested [9] that most of the MMA monomer
loss could occur during the first phase of exposure to saliva, and additional decrease of the residual monomer content of a PMMA polymer would take a very long time that
may reach several years.
CONCLUSIONS
Residual MA and MMA monomer tended to leach out
from both cold and heat-curing PMMA polymers into water
as well as into a saliva substitute solution. Most of the release seemed to occur within one week of exposure of the
polymer to the fluid media, followed by a substantial fall
in the amount of the released monomer, possibly due to continued polymerization of the surface monomer.
Residual monomer diffused from PMMA resins to artificial saliva in larger quantities than to water, due to the
higher concentration of the former medium, and may also
be due to hydrolysis of the free residual monomer by saliva
penetrating the PMMA polymer.
The amount of the residual monomer released from
cold-curing PMMA resin was multiples of magnitude higher
than that from the heat-curing PMMA polymer. However,
the level of the leached out monomer from either resin
seemed to be less than the reported value, 0.3%, beyond
which a negative tissue response may be expected.
The findings of the present investigation indicated
that the risk of a possible trauma could be minimized by
immersion of oral appliances in water for one week before
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insertion. Patients must be encouraged to remove the appliance before bed, and special oral hygiene regimens must
be instituted in order to preserve the state of health of the
oral tissues, and to keep the appliance clean and hygienic.

[14] Lee, S.Y., Lai, Y.L. and Hsu, T.S. (2002) Influence of
polymerization conditions on monomer elution and microhardness of autopolymerized polymethyl methacrylate resin.
Euro J. Oral. Sci. 110: 179-83.
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SUMMARY

INTRODUCTION

In our efforts to understand the behavior of the
transport of metals across supported liquid membranes
(SLM), a new phenomenon called the solubility and
viscosity mechanism was observed experimentally and
explained theoretically. The study utilized a new model
developed earlier, which incorporated the solubility and
viscosity ef-fects of the diluent and carrier immobilized in
a supported liquid membrane. It was found that these effects influenced the system significantly. At first, the solubility mechanism helped to explain the non-monotonic
behavior of the flux with respect to the carrier concentration, as opposed to the linear behavior observed by past
theories, which ignored this phenomenon that occurs
simultaneously with the car-rier-metal reaction. The metal distribution within the or-ganic phase inside the
membrane was a function of both carrier and diluent
viscosity. Secondly, the negative effect of increased viscosity on diffusivity, accounted for in the theoretical development, was found to give better predictions of the
measured fluxes. It was observed that the con-centration
of the organic carrier and the structure of the membrane
had a marked effect on the metal flux across the membrane. The flux increased with increasing concentration of
the carrier in the membrane, reaching a maximum value at
about 30 % carrier concentration (v/v), above which the
flux decreased.

KEYWORDS: Supported liquid
transport, separation, metal ions.

membranes,

manganese,

An EDR (Electrodialysis Reversal) membrane used in
desalting brackish water has active chemical groups on the
membrane surface to prevent the passage of either cations

or anions. During the production of anion membranes, positive charges are affixed to sites throughout the membrane
matrix. These fixed positive charges are quaternary ammonium ions, which repel positive ions and allow negative
ions to move through. Also, during the production of cation
membranes, negative charges are affixed to sites throughout the membrane matrix. The fixed charges are sulfonate
groups, which repel negative ions and allow positive ions
to transfer through.
The three basic properties of the cation and anion
membrane areas are as follows:
a) essentially impermeable to water under pressure; b)
electrically conductive; and c) transfer only cations and
anions, respectively. The third property is suppressed if
active chemical ions attach themselves to these active chemical groups and, thus, block their ability of repulsing similar ions and attracting dissimilar ions.
If multi-valent metal ions, such as iron and manganese,
are not removed to concentrations of less than 0.1 mg/L
from the feed water, then these ions will attach themselves
to the fixed negative charges of cation-selective membranes
and any organic ions with large hydrocarbon groups become irreversibly lodged in the anion-selective membrane.
Both types of fouling neutralize, or even reverse, the desired charge of the membranes and significantly reduce the
efficiency of the system. The water product quality will become very poor. Therefore, the multi-valent metal and organic ions must be reduced by pretreatment to a lower
level.
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This industrial problem motivated a program of research to examine the separation of iron and manganese
using classical (i.e. solvent extraction) and modern (i.e.
membrane technology) separation techniques by studying
single and binary systems, and comparing the results of the
different findings, in order to suggest a solution to alleviate the problem.
Liquid membrane technology appears promising for the
removal of metallic ion solutions, and it can be widely used
for environmental protection by removing toxic ions from
polluted wastewater [1]. One of the advantages of using a
supported liquid membrane (SLM) is that it involves a
single stage of extraction, stripping and regeneration. Membrane separation of metal ions has received considerable
attention because of ease of operation, low cost and selectivity. Membranes find an application in industrial systems
as well as in wastewater treatment [2-4]. A typical SLM
consists of a polymeric (organic or inorganic) support impregnated or in contact with a carrier dissolved in an organic solvent and two aqueous solutions [5]. The objective
of this study was to examine the transport of Mn(II) through
a supported liquid membrane.
THEORY
Solubility Mechanism

Equation (1) shows the model developed by Do and
Elhassadi [6]. The full derivation of the model with the
theoretical background is available in that paper [6].

P
β
⎡
⎤
= x ⎢ x + (1 − x)⎥
Pl x =1
α
⎣
⎦

tration (cm/s).
x = initial carrier concentration of the carrier.
α = the distribution coefficient in a pure carrier, and
ß = the distribution coefficient in a pure diluent.
In order to obtain the optimal ratio β/α that gives the
best fit, one needs to optimize a least square objective function of the form presented in equation (2).
N

i =1

x =1

) − x[ x +

β
(1 − x)
α

] ]2 ≡ 0

(2)

Therefore, to predict the permeability at any carrier
concentration x, one needs to measure the optimal value,
β/α, which satisfies equation (2) for all data points, calculate other permeability, Plx , using equation (1), and, finally,
compare the theoretical permeability with the measured
ones.
Solubility Mechanism with Viscosity Effect

Equation (3) provides a new model which incorporates the solubility and viscosity effects of the diluent, and

β
(1 − x)
α
=
η 1− x
1+ u (
)
ηc x
x+

P / Pl x =1

(3)

where:
ηc = viscosity of the complexed carrier, and ηu = viscosity of the uncomplexed carrier.
The function expressed in equation (3) exhibits a maximum at x = xmax, where xmax is a real solution of the following equation.

ηc
η
α
− 1) −1 xmax + ( − 1) −1 ( c − 1) −1 = 0
ηu
β
ηu

2
xmax
+ 2(

(4)

In order for the quadratic equation to possess a real solution, it is necessary that

ηc
η
α
− 1) − 2 − ( − 1) −1 ( c − 1) −1 > 0
ηu
β
ηu

(

(5)

When the quadratic equation (4) possesses a real solution xmax, the solubility ratio α/β may be expressed as a
function of xmax and the viscosity ratio ηc /ηu as follows:

α
=1+
β
⎡

1

x max

(6)

⎤
ηc
⎢(1 − ) x max − 2⎥
ηu
⎣
⎦

(1)

where:
P = membrane permeability at any carrier concentration
(cm/s).
Pl x =1 = membrane permeability at 100% carrier concen-

∑ [( P / Pl

the carrier immobilized in a SLM. Details of the model
along with the theoretical background are reported by Do
and Elhassadi [7].

With this modification, the model is no longer limited
by the dependence of the maximum on the value of the
ratio α/β [6].
It is possible to calculate the transport permeability at
any value of carrier concentration using the following steps:
a) Measure xmax at maximum flux.
b) Measure the relative ratio of fluxes obtained at xmax and
x = 100 % carrier concentration.
c) Solve equations (3) and (6) simultaneously at xmax to
obtain the ratios ηc / ηu and α/β.
d) Predict other fluxes by using equation (3),
e) Finally, compare the predicted fluxes with the experimental values.
EXPERIMENT
Reagents and Membranes

The carrier used was tri-n-butyl phosphate (denoted by
TBP) which was manufactured by Riedel, Germany. This
reagent has the formula (C4H9O)3 PO (99 %). The diluent
used was toluene obtained from the same company that
supplied the carrier.
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All aqueous solutions were prepared from reagentgrade chemicals. The source solution was manganese chloride dissolved in hydrochloric acid. The sink solution was
hydrochloric acid. The hydrophobic organic phase forming
the liquid membrane was immobilized within the pores of
Celgard 2500, a microprous polypropylene film from
Celanes Plastic Company. This membrane was approximately 25 µm thick, had a nominal porosity of 45%, with
a pore diameter of 0.075-0.25 µm.
Permeability Measurement

The cell used consisted of two glass vessels: the upper compartment had a volume of 500 mL and the lower
one of 1000 mL. The two vessels were clamped together
through two flanges facing each other, and the total crosssectional area was 150 cm2, where the membrane was positioned and protected by two Teflon gaskets [8].

Figure 2 shows the theoretical predictions of the flux
by the simple solubility mechanism model. It is clear from
Figure 2 that the calculated flux using the solubility model
did not agree very well with the measured flux values.
Babcock et al. [10] found that fluxes using Fick's law and
Stokes-Einstein equation were as much as five times larger
than their experimental values.
The proposed algorithm to find the optimal ratio β/α
was applied to the experimental data, and calculated results
are shown graphically in Fig. 2. When the experimental data
were tested with the viscosity effect model (Fig. 2), it can
be seen that the viscosity effect model predicted the data
better than the solubility model.
3

The upper cell was provided with sampling and stirrer
ports, and the lower cell with a magnetic stirrer. The metal
ion concentrations of the solutions in the upper side were
measured by removing known volumes with a pipette for
analysis. The permeability was obtained from the concentration vs. time data after correction for sampling. All experiments were carried out at room temperature (20 °C), except where otherwise stated.

P*10-4 cm/s

2.5
2

1.5
1

Solubility
Viscosity
Data

0.5
0

RESULTS AND DISCUSSION

0

Effect of carrier concentration

The permeability coefficients were obtained from the
slopes of the straight lines obtained by plotting ln (C/Co)
versus time (Figure 1). The slopes of the straight lines are
equal to (A ε ⁄ v) permeability, where A is the membrane
area, ε is the membrane porosity and v is the volume of
aqueous feed solution.
0
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FIGURE 2 - Manganese permeability as a function of carrier concentration. Feed solution: 1g MnCl2 in 1M HCl strip solution:
0.1M HCl (using solubility mechanism and viscosity effect).

When the predicted fluxes were compared to the measured ones, a high correlation coefficient (R2 = 0.9) was obtained for the data. The model was found to be capable of
predicting the experimental fluxes as a function of carrier
concentration.
The optimal ratio β/α determined for the data was 3.85,
with regard to the solubility effect, and one can say that
the distribution of metal into the diluent is about four times
that into the carrier. This leads to the conclusion that the
function of the diluent is to attract more metal species to
the SLM organic phase, to increase the ability of the carrier to polymerize [11], and also to increase its ability to
solvate polar molecules [11].

-0.2
-0.4

20

-1
t (s) * 10-4
FIGURE 1 - Membrane permeation data of manganese metal

Figure 2 shows the complex behavior of the manganese permeability versus carrier concentration. With increasing carrier concentration, the flux increases, reaching a
maximum value at about 30 %. This behavior of the fluxcarrier concentration relationship is different from what is
expected from Fick's first law of diffusion [9].

Table 1 presents a comparison between the solubility
mechanism model and the viscosity effect models, showing the permeability (P) (model), % relative error, and the
parameters of the two models. The optimal ratios β/α, ηu/ηc
and xmax were found to be: 1.07, 0.0062, and 30 %, respectively. The solubility effect is clearly evident from the
fact that the distribution of the metal into the diluent was
about 1.1 times that of the metal into the carrier. Also, the
viscosity is clearly manifested from the conclusion that the
viscosity of the complexed carrier (ηc) is about 160 times
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the viscosity of the uncomplexed carrier (ηu). This large
ratio (ηc/ηu = 160) was not observed in the case of iron(II)
[8], and may be attributed to the complex behavior of the
manganese ion, which shows the widest range of oxidation states of all the elements ranging from (-III) to (+VII)
[12]. This agrees with the experimental findings from the
literature that the viscosity of the organic phase loaded with
metal species increases drastically, especially if the metal
shows a complex behaviour, such as having multi-oxidation states [12].
TABLE 1 - The comparison between the predicted P (model)
and the P (data) for manganese system obtained experimentally
using the solubility mechanism and the viscosity effect.
Carrier

The metal ion complexes, the chloride ion and hydrochloric acid are competing to be transported. In order to
conserve electrical neutrality, the metal ion complexes and
the chloride ion have to be co-transported. It is also believed that the carrier has a strong affinity to hydrochloric
acid [6].
Effect of initial stripping solution concentration

Hydrochloric acid solutions with a concentration range
of 0.01-10 M were used to study the stripping efficiency
of these solutions.

P (model)*
P (model)**
solubility mechviscosity effect
anism
Concentration
(10-4,
(10-4,
%
(10-4,
%
(v/v %)
cm/s)
cm/s)
Error
cm/s)
Error
0
0.37
0
-15.8
0
-15.8
20
1.95
1.54
+34.4
2.42
-3.01
30
2.35
2.11
+10.2
2.43
-3.4
40
2.30
2.54
-8.4
2.42
-3.2
50
2.20
2.85
-21.3
2.41
-2.86
100
2.26
2.26
0
2.26
0
* Parameters of the solubility mechanism model β/α = 3.85
** Parameters of the viscosity effect model β/α = 1.07, and ηu/ηc = 0.0062

P
(data)

Figure 3 shows the behavior of permeability with respect to the initial stripping solution concentration for manganese. The leach solution was fixed at 0.0087 M for manganese, 1M HCl and 30% TBP in toluene. It was found
that the permeability increased with an increase in the initial strip solution concentration up to a maximum, above
which the permeability decreased. It was found that the
maximum could be due to the increase in acidity of the
leaching solution.

Effect of initial leaching solution concentration

Hydrochloric acid solutions with a concentration range
of 0.01 to 10 M were used to study the extraction efficiency of the SLM. The concentration of the organic phase
within the SLM was 30 % TBP in toluene. The metal concentrations were approximately 0.018 M.
Figure 3 shows the behavior of the transport of manganese as a function of the initial leaching solution concentration. It shows that the permeability increased with an
increase in the initial leach solution concentration up to a
certain value, beyond which the permeability decreased.
3

Permeability *10-4 cm/s

rier, checked the rise at higher acidities and often caused
the permeability to pass through a maximum. The behavior is manifested as a result of crowding phenomenon occurring in the SLM.

2.5
2

The effect of initial strip solution concentration was
analogous to that of initial leach solution concentration.
Two simultaneous phenomena were taking place with regard to hydrochloric acid. At first, the extraction of HCl by
the carrier, which was very competitive with the metal extraction. Secondly, the chloride ion played the role of the
energy-supplying ion being responsible for the transport
of the metal ion in a co-transporting manner, even against
concentration gradients of the metal (i.e. uphill diffusion).
As the initial leach solution concentration was increased,
the permeability was expected to increase up to the limit,
where the extraction of HCl became competitive. On the
other hand, as the initial strip solution concentration increased, the role of the chloride ion in supplying energy
was reversed and at higher initial concentrations of strip
solutions, extraction of hydrochloric acid by the carrier became dominant. This proved that the system was a multicomponent one, and its behavior was complex.

1.5

Effect of initial metal concentration.

1
Leaching
Stripping

0.5
0
-2

-1.5

-1

-0.5
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0.5
Log HCl

1

1.5

2

FIGURE 3 - The effect of initial leaching and stripping
solution concentrations on the permeability of manganese.

Scargill et al. [13] and Sato [14] explained the maximum permeability to be a result of the salting-out effect
by chloride ions, which caused a steep rise at the lower
acidities, while the formation of chloride complexes and
the competition by hydrochloric acid for the available car-

Initial metal concentrations of 0.5-10 g/L were used to
study this effect. Figure 4 shows the behavior of permeability as a function of the initial metal concentration. It can be
seen that the permeability increased with increasing initial
metal concentration up to a maximum, above which permeability decreased, until it reached a limiting value at high
metal concentrations. This limiting effect could be due to
saturation of the organic phase of the SLM with the metalcarrier complex as a result of crowding.
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FIGURE 4 - The effect of initial metal
concentration on the permeability of manganese.

FIGURE 6 - The effect of stirring rate in
strip solution on the permeability of manganese.

Effect of stirring rate on the permeability
Feed side

Stirring rates of 50-700 rpm were used to study their
effects in the feed solution. Figure 5 shows the behavior
of permeability as a function of stirring rate. The manganese permeability increased with increasing stirring rate
up to a limiting value, after which further increases in stirring rate had no effect. This limiting value corresponded
to the permeability in the absence of concentration polarization. The stirring rate required to overcome concentration
polarization increased with increasing permeability because of the more rapid accumulation and less depletion of
ions in the boundary layers at high permeabilities.

Permeability *10-4 cm/s

1.65
1.6
1.55
1.5

Stripping side

A stirring rate of 50 to 700 rpm was used to study this
effect in strip solution. Figure 6 shows the behavior of permeability as a function of stirring rate. The manganese permeability increased with increasing stirring rate to a limiting value, after which further increases in stirring rate had
no effect. This limiting value corresponded to the permeability in the absence of concentration polarization effects.
It was noted here that the lower compartment in the designed permeability cell was stirred with a magnetic stirrer instead of the driven impeller, which stirred the upper
compartment. This might result in a lag in stirring of the
lower compartment, and would create a boundary layer
resistance adjacent to the membrane in this compartment.
To overcome this problem, the volume capacity of the lower
compartment was designed to be two times of the upper
compartment.

1.45

CONCLUSIONS

1.4
1.35
0

100

200

300

400

500

rpm
FIGURE 5 - The effect of stirring rate in
feed solution on the permeability of manganese.

600

Transport phenomenon within a supported liquid membrane was a complex process limited by hindered diffusion,
composition of the organic phases, and interfacial effects.
Even though the process was complex, we were able to
predict closely the permeability behavior with respect to
carrier concentration by using a simplified model. The predictions of other fluxes were dependent on
• optimal solubility ratio β/α ,
• optimal viscosity ratio ηu/ηc and
• optimal maximum carrier concentration obtained from
the least square fit.
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ARSENIC CYCLING IN LAKES VOLVI
AND KORONIA, NORTHERN GREECE.
ASSESSMENT OF ARSENIC MOBILITY IN SEDIMENTS
Ekaterini Papadaki and Dimitra Voutsa*
Environmental Pollution Control Laboratory, Department of Chemistry, Aristotle University, 54 124 Thessaloniki, Greece

SUMMARY
The presence of arsenic in water and sediments from
two lakes, Volvi and Koronia, located in N Greece was
studied. Dissolved arsenic concentrations ranged between
10-80 µg/L in Lake Volvi and 13-75 µg/L in Lake Koronia,
exhibiting the higher concentrations during the warm season. Total arsenic concentrations in sediments ranged from
0.7-16.6 mg/kg and 3.7-26.9 mg/kg in lakes Volvi and
Koronia, respectively. A three-step sequential extraction
procedure was employed to assess the mobility of arsenic
in lake sediments. Sodium nitrate, potassium dihydrogen
phosphate and nitric acid were used to obtain mobile, mobilizable and residual arsenic fractions. Mobile and mobilizable fractions represent 0.5-22 % and 7.7-36% of sedimentary arsenic. The possible remobilization of arsenic
during sediment reuspension under a range of different
initial pH values was also investigated.

KEYWORDS:
arsenic, fractionation, lakes, resuspension, sediments.

ΙNTRODUCTION
Arsenic is widely distributed in the environment due
to its natural origin and anthropogenic sources [1, 2]. It is
a redox-sensitive element that is subject to chemically and/
or microbiologically mediated oxidation-reduction and
methylation reactions in aquatic environment [3]. The fate
of arsenic in the aquatic environment mainly depends on
adsorption/desorption processes to mineral oxides, and uptake by phytoplankton with incorporation into algal biomass. Arsenic deposited to sediments can be either immobilized and buried, or partially remobilized into the overlying water [4]. Changes in environmental conditions (i.e.
transition from anaerobic to aerobic conditions, pH changes,
sediment resuspension etc.) may alter the environmental
behaviour of this element.

Arsenic is considered as toxic element. Adverse effects
and possible ecological risk in aquatic environments are related mainly to the available fraction of arsenic than to the
total concentrations [4-7]. Selective sequential extractions
provide valuable information regarding general partitioning
patterns and estimates of reactive phases within soils and
sediments [8]. There are many sequential extraction schemes
(i.e. Tessier, BCR protocol etc.) that have designed mainly
for the extraction of metals in cationic forms. Thus, care
must be taken in the application of these extraction schemes
on metalloids like arsenic that occurs mainly in anionic
forms. The extraction protocols for arsenic are based upon
sequential extraction schemes with neutral salts (i.e. NaNO3,
NH4NO3, CaCl2, MgCl2) for the estimation of easily mobile
and bio-available fractions, and with complexing agents (i.e.
KH 2PO 4) to assess potentially bioavailable or leachable
fractions [9].
The aim of this study is to gain information about the
arsenic behaviour in lakes Koronia and Volvi, located
in Northern Greece, that represent a wetland of high ecological significance. The concentrations of arsenic in water
and sediments during a 1-year period are presented. An
evaluation of the possible ecological impact/risk on the
basis of sequential fractionation of sediments was attempted. Moreover, the possible impact of changes in environmental conditions such as oxic sediment resuspension and
pH changes, was examined.
MATERIALS AND METHODS
Studied lakes

The studied lakes, Volvi and Koronia, are located in
N. Greece. The whole area is protected by the Ramsar Convention as a site of international importance for the value
of the wetland habitat. Both lakes are mainly recharged by
rainfall, surface and ground water as well as by thermal
springs. The major sources that affect the water quality and
the trophic status of the lakes are agricultural runoff, ani-
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mal husbandry effluents, untreated or semi-treated domestic effluents and industrial wastewaters mainly from food,
dairy and dyer industries. The general features and selected
chemical characteristics of water and sediments in the examined lakes are summarized in Table 1. The Lake Volvi is
an eutrophic one exhibiting temporarily nitrogen (autumnwinter) or phosphorus (spring-summer) as limiting nutrients. The Lake Koronia is hypertrophic with phosphorus as
limiting nutrient [10-12].
Sampling and analysis

Surface water samples and sediments were collected
from Volvi and Koronia lakes, and kept cool in the field.
Upon their transportation to the laboratory, water samples
were filtered through 0.45 µm, acidified with HCl and
stored in a refrigerator until analysis. Sediment samples
were freeze-dried, homogenized and size-fractionated using
stainless steel sieves. Two-grain size fractions were separated: the sand fraction (63-2000 µm) and silt/clay fraction (<63 µm).
Arsenic was measured after pretreatment with KJ/ HCl
by using hydride generation with flame-AAS (HG-AAS).
Fe and Mn were measured by electrothermal or graphite
furnace AAS (FG-AAS). To ensure analytical results, indi-

vidual calibration curves were prepared for each matrix for
all the analytes. TOC in sediments was determined according to the Walkley-Black method after treatment with chromic acid/sulfuric acid [10].
Sequential extraction scheme

A three-step sequential extraction scheme was used for
arsenic fractionation (Fig. 1) [6]. Sand (63-2000 µm) and
silt/clay (<63 µm) sediment fractions were subjected to
sequential extraction with 0.1 M NaNO3, 0.1 M KH2PO4
and HNO3. The extracts were centrifuged and the supernatants filtered. The concentration of arsenic in each fraction
was determined. This extraction procedure fractionates
sedimentary arsenic into mobile, mobilizable and residual
arsenic fractions. The concentrations of iron and manganese in these fractions were also determined.
Resuspension tests

Sediment samples were mixed with deionized water
(3 g/45 ml) in conical flasks. Different pH values, typical
of natural waters, were achieved by addition of NaOH and
HCl. The slurries were placed in an orbital mixer to ensure
continual agitation for 24 h. After the final pH reading, the
slurries were centrifuged, filtered and analyzed for arsenic.

TABLE 1 - General features of the studied lakes.

Latitude (N)
Longitude (E)
Lake area
Catchment area
Depth, mean, max
Altitude
Trophic statusa

(km2)
(km2)
(m)
(m)

Limiting nutrienta

a
b

Lake Volvi
40° 40΄
23° 30΄
69
1247
13.5, 24
37
N: meso-eutrophic
P: eutro-hypertrophic
N (autumn-winter)
P (spring-summer)

Lake Koronia
40° 40΄
23° 09΄
42
350
0.5, 1
75
N: hypertrophic
P: hypertrophic
P (through the
whole year)

Water characteristicsa
pH
DO
EC
TSS
BOD
COD
NH4
NO2
NO3
TON
PO4
TP

(mg/L)
(µS/cm)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)

8.2 - 9.6
5.3 - 13.5
930 - 1160
4.2 - 37.8
2 - 48
4 - 232
0.016 - 1.62
0.002 - 0.262
0.023 - 0.74
0.010 - 4.6
0.010 - 0.19
0.049 - 0.83

8.8 - 10.5
3.5 - 18.6
4000 - 8800
100 - 1340
2 - 160
528 - 3200
0.054 - 9.74
0.002 - 0.075
0.023 - 2.49
2.265 - 23.9
0.042 - 0.90
0.105 - 1.80

Sediment characteristicsb
TOC
CaCO3
Sand fraction
Silt / Clay

(% dw)
(% dw)
(% dw)
(% dw)

1.4 - 3.6
2.1 - 6.4
52 - 70
30 - 48

0.8 - 5.4
4.9 - 6.9
38 - 72
28 - 62

Petaloti et al., 2003 [12]
Kaiserli et al., 2002 [10]
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1 g sediment
+
25 ml NaNO3 0.1M
Shaking, 24h
Filtration
Mobile As

Residue
+
25 ml KH2PO4 0.1M

As-NaNO3

Shaking 1h
Filtration

Mobilizable As

Residue
+
10 ml HNO3

As-KH2PO4

Digestion, 1 h
Filtration

Residual As
Residue
As-HNO3

FIGURE 1 - Sequential extraction procedure.

RESULTS AND DISCUSSION

sediments, respectively). Similar arsenic concentrations
have been reported in sediments from Lake Balaton (913 mg/kg), Yangebup (21.8 mg/kg), Moon lake (5.6 mg/ kg),

The concentrations of arsenic in sediments ranged between 0.7-16.6 mg/kg in Lake Volvi and 3.7-26.9 mg/kg
in Lake Koronia. Significant higher concentrations were
found in Lake Koronia (mean values 15.4 and 18.5 mg/kg
in coarse and fine sediments, respectively) than in Lake
Volvi (mean values 5.6 and 6.1 mg/kg in coarse and fine
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The concentrations of arsenic in water ranged from 1080 µg/L in Lake Volvi and 13-75 µg/L in Lake Koronia.
Similar concentrations in these two lakes have been previously reported [13]. The EPA water quality criterion for
the protection of aquatic biota is 100 µg/L. Higher aqueous
concentrations of arsenic (15,000-150,000 µg/L, 24-96 h,
LC50) are reported to cause toxicity to fish [14]. Both lakes
exhibited the higher arsenic concentrations in warm period.
Similarly, an increase of dissolved arsenic concentrations in
Lake Biwa during summer has been also reported [15].
Variations of arsenic concentration in lake water largely
depend on biological processes, such as metabolism of
phytoplankton, decomposition of organic matter by bacteria, microbial reduction of iron and manganese oxides in
sediments. Moreover, eutrophication affects the cycle of
arsenic in lake water [15].
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The concentrations of arsenic in water from both lakes
are shown in Fig. 2. Operationally defined total concentrations (sum of the three extracted fractions) in coarse (632000 µm) and fine (<63 µm) sediments are also presented
in Fig. 2.
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FIGURE 2
Arsenic concentrations in water (µg/L) and sediments (mg/kg) .
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Lake Macquarie (4-17 mg/kg) and other lake sediments (2.713 mg/kg ) [6, 14, 16, 17]. Higher arsenic concentrations
have been reported for the moderately polluted Crowley
Lake (4-140 mg/kg, mean 30 mg/kg), Tulare Lake (24 mg/
kg) and Baldeggersee (20-80 mg/kg) [14, 18, 19]. Fine and
coarse sediments did not exhibit significant difference (p=
0.05) in arsenic concentrations. However, higher arsenic
content in clay than in sand was reported by other investigators, and attributed to higher sorption capacity of finetextured fractions due to greater surface area and larger
content of iron oxides [20].
Various guideline values for arsenic concentrations in
freshwater sediments have been proposed, namely, 8.2 mg/
kg as Ecotox Threshold [21], 9.8 mg/kg as Threshold Effect Concentration [22], 17 mg/kg as Probable Effect Level,
and 33 mg/kg as Severe Effect Level [23], as well as 40 mg/
kg as lowest apparent effects threshold [24]. Thus, according to the results of this study, the arsenic concentration in
sediments of Lake Koronia could pose adverse effects on
the lake`s ecosystem.
Arsenic fractionation in sediments

The results of the sequential extraction procedure, as
percent of arsenic extracted from sediments, are shown in
Fig. 3.

Sodium nitrate was used for the extraction of mobile
arsenic, since non-specifically adsorbed arsenic can be replaced by the nitrate anion through anion exchange and
mass action. This fraction is considered to be the most
available to biota and most easily leached to water [6]. The
mobile arsenic fraction ranged from 0.5-16% of sedimentary arsenic in Volvi and 3-22% in Koronia. Mobile arsenic fractions ranging between 9.2-51.3% in fine and 7.224.7% in coarse soil fractions have been reported [6]. In
our study, there was no significant difference (p=0.05) in
mobile arsenic fractions neither between fine and coarse
sediments in each lake nor between the lakes. Relatively
lower mobile arsenic fractions were observed in Lake Volvi
during warm period, contrary to the higher participation of
this fraction to sedimentary arsenic in Lake Koronia.
Potassium dihydrogen phosphate was selected as the
extractant for the mobilizable fraction of arsenic that is
considered as possible pool for arsenic remobilization.
Because arsenate and phosphate are chemically similar,
KH2PO4 is considered to be an effective extractant to replace arsenate specifically adsorbed on solid phases [6, 9,
25]. The mobilizable arsenic ranged from 7.7-36 % in Lake
Volvi and 15.7-28.5% in Lake Koronia. The concentrations
of mobilizable arsenic fractions exhibited significant differences (p=0.05) between the lakes, in Volvi being lower

FIGURE 3 - Arsenic fractionation in lake sediments (As-NaNO3, As-KHPO4
and As-HNO3 represent mobile, mobilizable and residual arsenic fractions).
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during the warm period, whereas similar participation of
mobilized fraction in sedimentary arsenic was found in
Koronia throughout the year.
The Spearman’s correlation coefficients among parameters measured in water and in sediments were calculated for each lake and are presented in Table 2. The mobile arsenic in sediments from the Lake Volvi is highly
correlated with mobilizable and total arsenic, revealing an
inter-relationship among them. Total sedimentary arsenic is
highly correlated with total iron and manganese, thus iron
and manganese oxides represent a possible pool of arsenic
in sediments. Mobile and mobilizable arsenic are negatively
correlated with arsenic concentrations in water implying
that these fractions may act as possible source of arsenic
in the water column. Mobile and mobilizable arsenic fractions exhibited high correlation with manganese suggesting significant participation of this element in arsenic cycle.
Cai et al. [6] also reported a stronger correlation of arsenic
in soils with manganese than with iron. Moreover, arsenic
associated with iron oxides is not easily mobilized according to Lombi et al. [20]. Water-soluble arsenic and iron
were highly correlated suggesting also the importance of
iron in controlling arsenic cycling. Fe(III)- oxyhydroxides
and Mn oxides are important carrier phases of sorbed arsenic and play an important role in the diagenetic cycle at the

sediment-water interface [3, 18]. Overall, it seems that
the mobility of arsenic in Lake Volvi is probably controlled
by dissolution of iron and manganese oxides from sediments resulting in an increase of dissolved arsenic
con-centrations as well as removal of arsenic from the
water-column by Fe/Mn oxides that increase the mobile
fractions of these elements in sediments.
Significant positive correlation coefficients were observed among dissolved arsenic in Lake Koronia, mobile
sedimentary arsenic, mobile manganese and mobilizable
iron (Table 2). The mobilizable arsenic is highly correlated
with TOC suggesting adsorption of arsenic to organic matter of the sediment [26]. There is a lack of correlation among
sedimentary arsenic fractions in this lake. An internal cycling of arsenic within the water of this lake could be assumed rather than the cycling of arsenic between sedimentwater column. Similar findings have also been reported
by other investigators [27, 28]. The possible processes taking place in this cycling are the transport of arsenic from
water-column to bottom through adsorption to suspended
or settling particles (Mn-Fe oxides, organic matter, algae,
sulfides) that contribute to the sedimentary mobile arsenic
and its release from this fraction to the water-column. This
release is probably due to reductive dissolution of Fe-Mn
oxides, replace of arsenate by phosphorus, influence of high

TABLE 2 - Spearman’s correlation coefficients among parameters measured in water and in sediments.
Lake Volvi

As-NaNO3
As-KH2PO4
As-HNO3
As-water
Fe-NaNO3
Fe-KH2PO4
Fe-HNO3
Fe-water
Mn-NaNO3
Mn-KH2PO4
Mn-HNO3
Mn-water
TOC

AsNaNO3
1.000
0.929
0.857
-0.805
0.253
-0.347
0.667
-0.634
0.934
0.952
0.833
-0.390
-0.743

AsKH2PO4

AsHNO3

Aswater

FeNaNO3

FeKH2PO4

FeHNO3

1.000
0.905
-0.868
0.048
-0.180
0.810
-0.781
0.898
0.976
0.833
-0.537
0.790

1.000
-0.587
-0.060
-0.527
0.810
-0.586
0.790
0.929
0.929
-0.586
0.683

1.000
-0.110
-0.193
-0.626
0.811
-0.841
-0.805
-0.562
0.366
-0.739

1.000
-0.030
0.000
0.321
0.158
0.157
0.108
0.642
0.103

1.000
-0.299
-0.221
-0.241
-0.323
-0.635
0.147
-0.048

1.000
-0.439
0.563
0.786
0.833
-0.293
0.671

AsNaNO3
1.000
-0.143
0.086
0.956
-0.580
0.971
-0.657
0.478
0.912
0.232
-0.657
0.478
0.143

AsKH2PO4

AsHNO3

Aswater

FeNaNO3

FeKH2PO4

FeHNO3

1.000
0.371
0.000
0.029
0.000
0.600
0.359
-0.059
-0.493
0.600
0.359
0.943

1.000
0.359
-0.145
0.088
0.429
0.000
0.441
0.174
0.429
0.000
0.257

1.000
-0.606
0.923
-0.478
0.500
0.985
0.303
-0.478
0.500
0.239

1.000
-0.627
-0.029
-0.849
-0.657
-0.015
-0.029
-0.849
-0.058

1.000
-0.530
0.554
0.864
0.000
-0.530
0.554
0.265

1.000
0.120
-0.412
-0.435
1.000
0.120
0.314

Fewater

1.000
-0.736
-0.683
-0.439
0.800
-0.466

MnNaNO3

MnKH2PO4

MnHNO3

1.000
0.934
0.790
-0.515
0.669

1.000
0.905
-0.488
0.755

1.000
-0.439
0.563

MnNaNO3

MnKH2PO4

MnHNO3

1.000
0.388
-0.412
0.492
0.147

1.000
-0.435
-0.121
-0.406

1.000
0.314
0.852

Mnwater

1.000
-0.123

TOC

1.000

Lake Koronia

As-NaNO3
As-KH2PO4
As-HNO3
As-water
Fe-NaNO3
Fe-KH2PO4
Fe-HNO3
Fe-water
Mn-NaNO3
Mn-KH2PO4
Mn-HNO3
Mn-water
TOC

Correlation coefficients significant at p=0.05 level are bold-faced.
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1.000
0.492
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1.000
0.478

Mnwater

1.000
0.478
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DOC and pH values etc. It must be noticed that Koronia is
hypertrophic exhibiting high DOC and pH values. The relationship between lake trophic status, sedimentary redox
conditions and arsenic mobility has been reported by many
investigators [15, 18, 29]. Moreover, phosphorus may displace arsenate from the phytoplankton cycle, and may compete with arsenic for sorption sites on the mineral oxides
[27]. High pH values lead either to the desorption of arsenic and a range of other anion-forming elements from mineral oxides, or prevent them from being adsorbed, whereas
highly dissolved organic matter has a strong potential to
mobilize arsenic from soils and sediments [2, 30].
Changes in environmental conditions

Sediments were subjected to simulated oxic resuspension under different pH values to evaluate possible arsenic
remobilization. Arsenic released (as % of sedimentary arsenic) from coarse and fine sediments is shown in Fig. 4. The
amount of arsenic remobilized from sediments during a
single resuspension depends on the duration of this event. It
has been reported that arsenic remobilization occurs on timescales comparable with resuspension events, and arsenic remobilization and water buffering capacity are able to respond quickly to rapid changes in localized conditions [16].

10-80 µg/L, and higher concentrations were found during
the warm period. Lake Koronia exhibited higher arsenic
concentrations in sediments that could pose adverse effects on the lake ecosystem. A three-step sequential extraction has been employed for the estimation of mobile, mobilizable and residual fractions of arsenic in sediments.
Complex processes influence the fate of arsenic in lakes.
Sediment-water interactions in Volvi and an internal cycling of arsenic within the water-column in Koronia, could
be assumed as possible scenarios for arsenic mobility.
Changes in the environmental conditions may lead to sporadic peaks of dissolved arsenic. Oxic resuspension of sediments, in combination with the increase of pHs, resulted in
release of sedimentary arsenic that could pose significant
risk to the lake’s ecosystem.
Further studies on arsenic speciation and seasonal
transformations will be useful to elucidate the behaviour of
arsenic in these lakes. Thus, the potential risks for the lake
ecosystem could be better estimated, and possible remediation processes could be better organized.
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FIGURE 4 - Arsenic release from sediments under resuspension at
different pH values (V-C, V-F: coarse and fine sediments in Lake
Volvi, K-C and K-F: coarse and fine sediments in Lake Koronia).

Relatively low release of arsenic from sediments (0.52.2%) of sedimentary arsenic was observed at pH 5. An increase to pH 9 resulted in 23-36% release of sedimentary
arsenic. It must be noticed that both lakes are characterized
by relatively high pH values (8.8-10.5 in Lake Koronia and
8.2-9.6 in Lake Volvi), being higher during algal assimilation [12]. Therefore, under these conditions, higher risk for
the ecosystem is expected.
CONCLUSIONS
The occurrence of arsenic in the lakes Volvi and
Koronia, located in N. Greece, was investigated in this
study. Dissolved arsenic concentrations ranged between
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LOCATIONAL AND ORGANIC SOLVENT VARIATION
IN ANTIMICROBIAL ACTIVITIES OF CRUDE EXTRACTS
OF MARINE ALGAE FROM THE COAST OF IZMIR (TURKEY)
Inci Tuney, Bilge Hilal Cadirci, Dilek Unal* and Atakan Sukatar
Ege University, Faculty of Science, Department of Biology, 35100 Bornova, Izmir, Turkey

SUMMARY

INTRODUCTION

During this research, a total of 98 extracts from 13 algal species were tested in vitro for antimicrobial activities
of algae against Candida sp., Enterococcus faecalis, Staphylococcus aureus, Streptococcus epidermidis, Pseudomonas
aeruginosa and Escherichia coli using the disc diffusion
method. The ability of algae to perform antibacterial and
antifungal activity was investigated at three different localities. Cystoseira mediterranea and Ulva rigida were the
only algae found in all three sites, and contamination was
detected in algae collected from sites 1 and 3, with antibacterial capacity being highest in those from site 1, where
samples were collected during red tide. Extractions were
performed with four different solvents – ethanol, methanol,
acetone and diethyl ether. In particular, diethyl ether extracts of fresh C. mediterranea, Enteromorpha linza, U.
rigida, Gracilaria gracilis and Ectocarpus siliculosus appeared to yield better results than those of methanol, ethanol and acetone. However, diethyl ether extracts of some
species, such as Padina pavonica, Colpomenia sniosa, Dictyota linearis, Dictyopteris membranacea, Ceramium rubrum, and Acanthophora nojadiformis, gave different results. Methanol extracts of A. nojadiformis showed effective antibacterial activity against P. aeruginosa, and methanol extracts of C. rubrum showed antifungal and antibacterial activity against Candida sp., E. coli, and P. aeruginosa. Acetone extracts of Hypnea sp. showed antibacterial activity against P. aeruginosa, and ethanol extract of
Cladophora sp. against E. faecalis only. Some of the
collected samples were dried and extracts of fresh and dry
samples were compared. Although fresh extracts of G.
gracilis and E. siliculosus inhibited the tested microorganisms from populating, their dried extracts had no effect
on gram- negative and positive bacteria.

Many chemically unique compounds of marine origin
with various biological features have been isolated, and a
number of them are under scientific investigation and being
developed as new pharmaceuticals [1, 2]. The cell extracts
and active constituents of various algae have shown, in
vitro, to have antibacterial activity against gram-positive
and gram-negative bacteria [3]. These investigations have
shown that antibacterial activity is related to algal species
and efficiency of extraction methods [2]. As an efficient
strategy of investigation, organic solvents are used to extract the possible lipid-soluble active principles from macroalgae [1]. Moreover, several different organic solvents have
been used for screening algae for antibacterial activity.
In addition, little is known regarding the ecological
function of these compounds, and insufficient attention has
been paid to evaluating the possible variation in antibacterial activity in relation to geographical location. Studies of
chemical defense mechanisms of both terrestrial and marine organisms suggest that organisms vary widely in production of chemical defenses associated with physical (temperature, light) and biological (e.g. grazing pressure) factors, season and geographical location [4].
The main purposes of this research were to investigate
the antimicrobial effect of algal extracts against bacteria and
fungi, comparing extracts of algae collected from different
locations, and, secondly, to investigate the effect of red tide
micro-algae on antibacterial efficiencies of macro-algae,
and, finally, to describe the antimicrobial characteristics
of methanol, acetone, diethyl ether and ethanol extracts of
some marine algae obtained from the coast of Izmir.
MATERIALS AND METHODS
Organisms and Locations

KEYWORDS:
antimicrobial activity, macro-algae, algal extract.

Seaweeds were collected at depth of 1-2 m from three
locations on the coast of Izmir in May 2005, and identified by Atakan Sukatar (Department of Hydrobiology, Faculty of Fisheries, Ege University, Bornova-Izmir, Turkey).
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Site 1 (38030'00''N-27010'00''E), Site 2 (38° 21' 00 N, 26° 46'
00 E) and Site 3 (38024'00''N-26047'00''E) are located, respectively, 6 km, 30 km and 35 km south of the city of
Izmir.

denced antimicrobial activity. Diameters of zones of inhibition were measured in mm, and each test was processed
twice. Discs loaded with the extracting agents were tested
separately as means of control.
Detection of toxic micro-planktons

For detecting toxic micro-planktons, the online Plankweb database of the Department of Hydrobiology, Faculty
of Fisheries, Ege University (prepared by Tufan Koray)
was used, and Noctulica scinrillans were determined by
Atakan Sukatar, Department of Hydrobiology, Faculty of
Fisheries, Ege University, Bornova-Izmir, Turkey.
RESULTS AND DISCUSSION
Location results

Results on antibacterial activity can be divided into
three groups based on the regions of collection (Table 1).
TABLE 1 - Species of marine organisms collected in each site.
Species
Gracillaria gracilis
Ulva rigida
Cytoseira mediterranea
Ectocarpus siliculosus
Colpomenia sniosa
Cladophora sp.
Dictyota linearis
Padina pavonica
Acanthophora nojadiformis
Hypnea sp.
Enteromorpha linza
Dictyopteris membranacea

FIGURE 1 - Map of the coast of Izmir.
Extract preparation

As a precautionary measure to avoid ecological damage during harvesting, the algae stems were not removed.
All samples were transported to laboratory in plastic bags
containing seawater to prevent evaporation, and then washed
with distilled water in order to separate potential contaminants. In addition, half of the cleaned fresh materials were
dried in air.
25 g aliquots of each fresh and air-dried algal sample
were extracted as described by González del Val et al. [5]
in 50 ml methanol, acetone, diethyl ether and ethanol.
Tested microorganisms

The strains of Candida sp., Enterococcus faecalis,
Staphylococcus aureus, Streptococcus epidermidis, Pseudomonas aeruginosa and Escherichia coli were obtained
from the culture collection of Basic and Industrial Microbiology Section of Ege University. They were maintained
in Brain Heart Infusion (BHI) agar medium at +4 °C until
used in the tests.
Antimicrobial testing

Site 1
+
+
+
-

Site 2
+
+
+
+
+
+
+
-

Site 3
+
+
+
+
+
+
+
+
+
+
+

Group A; Extracts of algae collected from site 1.

Fresh extracts of C. mediterranea U. rigida and G.
gracilis showed antibacterial activity against all the tested
organisms. The list of pathogenic algae present at site 1
can be found in Table 2. The existence of Noctulica scinrillans was observed incidentally at the site, while collecting the samples. Koray et al. [6] also stated in their studies
that N. scinrillans were observed at a rate of 2.104 per L.
Group B; Extracts of algae collected from site 2.

Extracts of all the collected samples showed either low
or no antibacterial activity. Pathogenic algae were not determined [6, online database].
Group C; Extracts of algae collected from site 3.

Antimicrobial activity was evaluated using the agar
diffusion technique in Petri dishes [2]. In brief, 25 µl of
each extract was loaded on sterile filter paper discs, 6 mm
in diameter (E-760), and dried in air. Indicator microorganisms were spread on Muller Hinton agar plates with a
sterile ecuvion on which the discs were placed. After 24 h
of incubation at 30 °C, a clear zone around a disc evi-

Test results indicate that extracts of E. siliculosus, E.
linza, C. mediterranea, U. rigida, A. nojadiformis, C. rubrum and Hypnea sp. showed antibacterial activity. The list
of pathogenic algae present at site 3 is as below (Table 3).
As shown in Table 1, only two species, C. mediterranea and U. rigida, could be found at all three sites. In addi-
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tion E. siliculosus, Cladophora sp., C. sniosa, and D. linearis were found at sites 2 and 3.
Extracts of C. mediterranea and U. rigida of all three
sites were compared with each other. Extracts of C. mediterranea and U. rigida from sites 1 and 3 showed effective antifungal and antibacterial activity (Tables 4 and 6).
How-ever, extracts from site 2-samples of these species
did not show similar reaction towards all tested organisms
(Table 5). Correspondingly, although extracts of E. siliculosus in site 3 showed effective antifungal and antibacterial
activity, ex-tracts of the same species in site 2 showed no
such activity (Tables 5, 6). A comparison between the
three investigated sites showed that site 2 was a hypotrophic zone with no settlements nearby, whereas sites 1
and 3 were eutrophic and oligotrophic zones (Tables 2 and
3). This study showed that algae found in red-tide areas
have relatively higher antibacterial capacity.

Thallassiosira sp.
Bacteriastrum delicatulum
TABLE 3 - List of microplankton species found at site 3.
Families
Dictyochophyceae

Bacillariophyceae

These results have led to a conclusion that capacity of
antibacterial activities of algae can be related to ecological factors. Moreover, Perez et al. [7] has suggested that
the production of antimicrobial substances in algae is influenced by the degree of seawater contamination and certain environmental parameters, as the algae produce antibiotics as a means of defense.
TABLE 2 - List of microplankton species found at site 1.
Families

Species

Dinophyceae

Ceratium candelabrum var. candelabrum
Ceratium contortum var. karstenii
Ceratium furca var. furca
Ceratium fusus var. fusus
Ceratium macroceros var. gallicum
Ceratium tripos var. atlanticum
Dinoohysis hastate
Dinophysis sp.
Noctulica scinrillans
Oxytoxum scolopax
Prorocentrum gracile
Prorocentrum micans
Protoperidinium crassipes
Protoperidinium diabolus
Protoperidinium leonis
Ceratium candelabrum var. candelabrum

Dictyochophyceae

Dictyocha fibula var. messanensis

Bacillariophyceae

Bacteriastrum delicatulum
Chaetoceros didymum var. protuberans
Chaetoceros didymum var. anglica
Chaetoceros laciniosum
Chaetoceros peruvianum
Chaetoceros sp.
Coscinodiscus granii
Lauderia borealis
Nitzschia closterium
Pleurosigma normanii
Pleurosigma sp.
Rhizosolenia alata f. gracillima
Rhizosolenia calcar-avis
Rhizosolenia delicuta
Rhizosolenia fragilissima
Rhizosolenia setigera
Skeletonema costatum

Species
Dictyocha fibula var. aculeata
Dictyocha fibula var. messanensis
Dictyocha fibula var. pentagona
Dictyocha fibula var. stapedia
Octactis octanaria
Actinocyclus ralfsii
Amphiprora alata
Asterolampra marylandica
Asteromphalus hyalinus
Bacteriastrum hyalinum
Bacteriastrum delicatulum
Chaetoceros decipiens
Cahaetoceros diversum
Chaetoceros peruvianum
Chaetoceros rostratum
Chaetoceros didymium var. protuberans
Chaetoceros rostratum scutellum
Coscinodiscus concinnus
Coscinodiscus perforatus
Diploneis bombus
Ditylum brightwelli
Grammatophora marina
Hemiaulus hauckii
Melosira sulcata
Navicula pennata
Nitzschia constricta
Odontella mobiliensis
Pleurosigma angulatum
Pseudo-nitzshia fradulenta
Rhizosolenia robusta
Skeletonema costatum
Thallassiosira eccentrica
Thallassiosira rotula

Organic solvent results

98 different crude extracts of 13 species of seaweed
were tested for antibacterial and antifungal activities against
bacteria (E. faecalis, P. aeruginosa, E. coli) and yeast
(Candida sp.). The results of primary screening tests are
summarized in Tables 4, 5 and 6. Only 8 species were
found to possess antibacterial activity.
While the studies of Moreau et al. [8], Rosell et al.
[9] and Sastry et al. [10] indicate that methanol extraction
showed higher antimicrobial activity than those of n-hexane and ethyl acetate, Febles et al. [2] stated that chloroform extractions show higher antibacterial activity
compared to methanol and benzene ones. It is obvious that
or-ganic solvents used instead of water would always
provide an efficiently extracted material with high antimicrobial activity [1]. According to our experimental experience, diethyl ether displayed better halo-zones than
methanol, acetone and ethanol. Ethanol and diethyl ether
fractions appeared to have specific effects, especially on
the tested gram-positive bacteria, whereas the activity
against gram-negative bacteria was detected less frequently.
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Diethyl ether extracts of fresh algae, C. mediterranea,
E. linza, U. rigida, G. gracilis, A. nojadiformis and E. siliculosus, at sites 1 and 3 showed effective antibacterial response, whereas those of Hypnea sp., P. pavonica, C.
sniosa, D. linearis, C. rubrum, Cladophora sp. and D. mem-

branacea did not (Tables 4, 6). Besides their antibacterial
activity, diethyl ether extracts of C. mediterranea, E. linza,
U. rigida, G. gracilis and E. siliculosus also inhibited the
growth of yeasts (Tables 4, 6).

TABLE 4 - Antibacterial activity of different fresh extracts of marine organisms at site 1.
Species

Candida sp.

E. faecalis

P. aeruginosa

E. coli

Acetone
Methanol
Diethyl ether
Ethanol

+++
+

+++
+

+
+++
-

+++
+

Acetone
Methanol
Diethyl ether
Ethanol

++
+

+++
+

+++
-

+++
++

Gracillaria gracilis

Ulva rigida

Cytoseira mediterranea
Acetone
Methanol
Diethyl ether
+++
+++
+++
+++
Ethanol
+
+
(-) no activity, (+) weak activity (7-10 mm halo), (++) good activity (10-15 mm halo), (+++) best activity (> 15 mm halo).

TABLE 5 - Antibacterial activity of different fresh extracts of marine organisms at site 2.
Species

Candida sp.

E. faecalis

P. aeruginosa

E. coli

Acetone
Methanol
Diethyl ether
Ethanol

-

+
-

-

+

Acetone
Methanol
Diethyl ether
Ethanol

+
-

-

-

-

Acetone
Methanol
Diethyl ether
Ethanol

+
+

-

-

+
+

Acetone
Methanol
Diethyl ether
Ethanol

+

+

-

-

Acetone
Methanol
Diethyl ether
Ethanol

-

+

-

+
-

Acetone
Methanol
Diethyl ether
Ethanol

+

+
+

-

+

Acetone
Methanol
Diethyl ether

-

-

-

-

Ectocarpus siliculosus

Ulva rigida

Cytoseira mediterranea

Colpomenia sniosa

Cladophora sp.

Dictyota linearis

Padina pavonica
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Ethanol

+

+

+

+

(-) no activity, (+) weak activity (7-10 mm halo), (++) good activity (10-15 mm halo), (+++) best activity (> 15 mm halo).
TABLE 6 - Antibacterial activity of different fresh extracts of marine organisms at site 3.
Species
Ectocarpus siliculosus

Candida sp.

E. faecalis

P. aeruginosa

E. coli

Acetone
Methanol
Diethyl ether
Ethanol

+++
+

++
+++
+

+
+++
+

+++
-

Acetone
Methanol
Diethyl ether
Ethanol

+++
-

+++
+

+++
+

+++
-

Acetone
Methanol
Diethyl ether
Ethanol

+++
-

+++
+

++
+++
++

+++
-

Acetone
Methanol
Diethyl ether
Ethanol

++
+

+

++
++
-

++
+

Acetone
Methanol
Diethyl ether
Ethanol

-

++

-

-

Acetone
Methanol
Diethyl ether
Ethanol

-

+

++
+

-

Acetone
Methanol
Diethyl ether
Ethanol

+++
-

+++
+

+++
+

+++
-

Acetone
Methanol
Diethyl ether
Ethanol

-

-

+

-

Acetone
Methanol
Diethyl ether
Ethanol

++

-

++

+

Acetone
Methanol
Diethyl ether
Ethanol

+

+

+

-

Acetone
Methanol
Diethyl ether
Ethanol

+

+

-

-

Acetone
Methanol
Diethyl ether
Ethanol

++

+

-

-

Cytoseira mediterranea

Ulva rigida

Acanthophora nojadiformis

Cladophora sp.

Hypnea

Enteromorpha linza

Colpomenia sniosa

Dictyota linearis

Dictyopteris membranacea

Padina pavonica

Ceramium rubrum

(-) no activity, (+) weak activity (7-10 mm halo), (++) good activity (10-15 mm halo), (+++) best activity (> 15 mm halo).

Although it is known that diethyl ether extract of D.
linearis is ineffective against microorganisms, the ethanol

extract of D. linearis indicated antimicrobial activity against
gram-negative bacteria and Candida sp. This result can be
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in correlation with the bioactive metabolites in D. linearis,
which are soluble in ethanol but not in diethyl ether (Table 6). Significant in our investigations was to discover that
ethanol extracts of D. linearis (f.w.) show antifungal and
antibacterial activities, respectively, against Candida sp.
and gram-negative bacteria (Tables 6, 7). Moreau et al. [8]
reported on hexane extracts of D. dichotoma, only inhibiting fungal growth.

rigida from sites 1 and 3 showed good activity against E.
coli, and P. aeruginosa (Tables 4, 6). This difference can be
explained with the variation of species.

In addition, ethanol extract of Cladophora sp. showed
good activity against E. faecalis (Table 6).

Gonzalez del Val et al. [5] found that methanol extracts of P. povenica had antibacterial activity only against
B. subtilis, while acetone, methanol and diethyl ether extracts of P. povenica in our study showed neitherantibacterial nor antifungal activities. Only ethanol extracts of P.
povenica showed weak activity against Candida, E. faecalis, P. aeruginosa and E. coli (Table 6).

Methanol extracts of A. nojadiformis showed effective
antibacterial activity against P. aeruginosa, and methanol
extracts of C. rubrum antifungal and antibacterial activities against Candida sp, E. coli, and P. aeruginosa, respectively (Table 6).

Gonzalez del Val et al. [5] also stated that methanol
extracts of Enteromorpha compressa showed antibacterial
and antifungal activities. According to our results, diethyl
ether and ethanol extracts of E. linza showed the highest
activity against all the tested microorganisms (Tables 4, 6).

Haliki et al. [11] declared that the extract of Hypnea
sp. had no antifungal activity. Accordingly, none of the
extracts of Hypnea sp. showed any antifungal activity during our study. However, acetone extracts of Hypnea sp.
evidenced antibacterial activity against P. aeruginosa (Table 6).
Lima-Filho et al. [1] stated that hexane extracts of
Gracilaria sp. only inhibited Bacillus subtilis. However,
we found that diethyl ether extracts of G. gracilis inhibited Candida sp., E. faecalis, S. epidermidis, S. aureus, E.
coli, and P. aeruginosa (Table 4).
Perez et al. [7] found that Ulva lactuca extracts had
no antimicrobial activity. Our research showed that diethyl
ether extract of Ulva rigida inhibited all tested microorganisms. In addition, methanol and ethanol extracts of U.

Extracts of dried or fresh algal sample results

Consequently, the diethyl ether extracts from 5 algal
extracts showed the best activity and were selected for further detailed antimicrobial producer tests. With regard to
this result, fresh- and dry-extracted samples of the best halozone producing species were assayed against three gram(+),
two gram(-) bacteria, and one yeast (Table 7). Dried sample extracts had weaker effect on bacteria than those of
fresh samples. This can be related to volatile antimicrobial
matters in samples, such as hydrogen peroxide, as well as
terpenoid and bromo-ether compounds [9, 12, 13]. The
reason for this could be the loss of active materials like
volatile fatty acids that may have been present in algae
during drying process.

TABLE 7 - Antimicrobial activity of the most effective marine organisms.
Organic
solvent

Algae
G. gracilis (fw)
G. gracilis (dw)
E. linza (fw)

Diethyl
ether

E. linza (dw)

Yeasts

Bacteria (Gram-positive)

Bacteria (Gram-negative)

Candida sp.
18.5*
9.5
24.5

E. faecalis
28.5
45

S. epidermidis
15
43

S. aureus
18.5
51

E. coli
16.5
22

P. aeruginosa
18.5
23.25

9

13

11

9

7.5

10

35
9
33
10
32,5
-

42
47
43,5
-

26,5
38
30
-

20
22,5
8,5
22
-

23
25
9
22
-

C. mediterranea (fw)
16
C. mediterranea (dw)
10
U. rigida (fw)
14,5
U. rigida (dw)
8,5
E. siliculous (fw)
16
E. siliculous (dw)
fw: fresh weight; dw: dry weight; *: measured in mm

CONCLUSION
The remarkable differences between our results and
those of earlier studies may depend on several factors. First
of all, this can be caused by intra-specific variability in the

production of secondary metabolites, occasionally related
to seasonal variations, which are also documented in other
studies [1, 4, 7]. Secondly, there may also be differences in
capabilities of extraction protocols to maintain the active
metabolites, and in assay methods that may result in dif-
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ferent susceptibilities of the target strains [5, 7]. This is an
inevitable fact to all biochemical researches, because used
test materials have always trace impurities.

[8]

Moreau, J., Pesando, D., Bernad, P., Caram, B. and Pionnat,
J.C. (1988). Seasonal variations in the production of antifungal substances by some dictyotales (brown algae) from the
French Mediterranean coast. Hydrobiology 162: 157-162.

Finally, we conclude that macro-algae from the coast
of Izmir are potential sources of bioactive compounds, and
should be investigated for developing natural antibiotics.
We also found that antibacterial activity is in correlation
with the degree of contamination in seawater. These organisms will have to be put under further investigation with
focus on biologically active molecule isolation, along with
the search for novel compounds.

[9]

Rosell, K.G. and Srivastava, LM. (1987). Fatty acids as antimicrobial substances in brown algae. Hydrobiologia 151/152:
471-475.
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SUMMARY

INTRODUCTION

Extracts from European mistletoe (Viscum album L.)
have been known as secondary medicaments, widely used
in therapy of hypertension. Also, they have been reported
to exert cytotoxic and immunomodulatory effects in vitro
and in vivo. The mechanism of anti-tumoral activity is,
however, largely unknown. In this study, we tested the
hypothesis that aqueous extract from the European mistletoe grown on plums (Viscum extract), exhibits in vivo cytotoxic activity against Ehrlich tumor cells, due to induction
of oxidative stress in tumor cells. Aqueous Viscum album
L. extract was given to experimental animals (NMRI mice)
in three different ways – as pre-treatment, treatment and
post-treatment. We have observed significant reduction of
cancer incidence in all groups that received mistletoe extract, in comparison to Ehrlich control. Number of tumor
cells was decreased up to almost 95% in male animals that
received mistletoe extract before implantation, and up to
53% in female animals. A significantly reduced number of
EAC cells was also obtained in animals with developed
carcinoma. Activities of antioxidative enzymes in EAC cells
confirmed the absence of oxidative stress, and also the
process of peroxidation of membrane lipids (indicator of
the oxidative damage of cell membranes) was almost absent. In contrast, significant changes in antioxidative enzyme activities were observed after administration of Viscum extract, and that might be the result of oxidative stress
in EAC cells. This was in accordance with the increase of
damaged cells` percentage. Furthermore, treatment with the
Viscum extract alone did not change the antioxidative status
in healthy animals, possibly indicating that oxidative stress
might be involved in plum's V. album-mediated EAC cell
death.

KEYWORDS: oxidative stress, tumor necrosis, glutathione pool,
lipid peroxidation.

European mistletoe, Viscum album L., is one of the
precious medicinal plants, and their beneficial properties
have been known since the earliest of times. Thoughts of
its therapeutic application have been changing with the
development of science. And really, throughout history,
mistletoe was considered to be one of the most magical,
mysterious and sacred plants in nature, used as a secondary medicament. A number of pharmacological activities
have been ascribed to mistletoe, such as nervine, hypotensive, cardiac depressant, vasodilator [1], slowing and steadying excessive heart rate, relaxant, diuretic, stimulant, etc.
[2]. Today, mistletoe extracts are widely used in therapy
of hypertension [3], but also one of the most serious diseases of modern men, carcinoma. Recent studies suggest
that Viscum album L. also possess antiinflammatory [4],
immunomodulatory [5], and antiviral properties [6]. What
is more, in dependence on host tree on which mistletoe was
grown, extracts exhibit different biological effects [7].
In the past few years, great attention is paid to in vitro
investigations of antitumor properties of Viscum album
extracts, or certain constituents isolated from these extracts.
It has been shown that viscin, betulinic acid, oleanolic
acid and ursolic acid are able to inhibit growth and induce
apoptotic cell death in Molt4, K562 and U937 leukaemia
cells [8]. Positive effects of commercial preparations have
been documented, too. Therefore, Iscador Qu induces tumor regression by cell cycle-inhibition and/or interference
with apoptotic signalling pathways in cancer cells [9, 10].
Iscador M. and Iscador P. show antitumor activity in the
mammary cancer cell line MAXF 401NL, and Isorel significantly reduces growth in B16F10 and HeLa cell lines
in vitro [11, 12]. Furthermore, almost 50 clinical studies
have been conducted on mistletoe preparations during the
last 30 years. Current clinical trials [13-16] confirmed the
safety of the complementary therapy of patients with several types of non-metastatic carcinomas with a standardized
mistletoe extract. Considerably fewer ADRs (adverse
drug reactions) attributed to concurrent conventional thera-
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py have been observed, as well as reduced disease and
treatment-associated symptoms, and a prolonged overall
survival in the mistletoe extract group, compared with
controls.
The aim of the present study was to elucidate whether
the aqueous extract of European mistletoe (Viscum album
L.) grown on plums exhibits cytotoxic effect against Ehrlich tumor cells in vivo, and if so, to answer whether there
is a connection between the effect of the examined extract
on activities of antioxidant enzymes, and its cytotoxic effect.
MATERIALS AND METHODS

i.p., starting 7 days before EAC implantation (n=6); V– mice
treated with the VAPL extract, 2 ml/kg i.p., starting from
the day of EAC implantation (n=6); VI – mice post-treated
with the VAPL extract, 2 ml/kg i.p., starting 7 days after
EAC implantation (n=6). The experiment was repeated with
female and male mice separately, due to the hypothesis
that hormone status might affect growth of Ehrlich tumor
cells. At the end of the 14th day after Ehrlich carcinoma implantation, all mice were sacrified, and ascites of carcinoma
were collected for further experiments. Also, blood samples
were collected in order to follow the effect of the given
extract on other “healthy” tissues. The experiment was repeated in the same way, using the antioxidant, N-acetylL-cysteine (0.2 ml, 5mM), instead of VAPL extract.
Determination of tumor cell number and cell viability

Plant material

Mistletoe leaves, from Viscum album L. ssp. album,
growing on plum trees were collected from Fruska Gora
(Serbia) in February 2003. A voucher specimen was deposited in the Herbarium of the Section of Botany, Department of Biology, Faculty of Science, Novi Sad University. Air-dried leaves (5 g), ground in a mixer, were
used for the preparation of Viscum album extract. Active
components (polyphenols, lectins and viscotoxins) were
extracted with methanol. After evaporation of methanol,
purification and dilution of the primary extract, a 5% aqueous extract of Viscum album leaves (VAPL extract) was obtained, and kept in a refrigerator (4-8 ºC). Prepared extract
was administered to animals intraperitoneally (i.p.).
Having in mind that very well-known constituents of
mistletoe leaf extract (reported in [17-21] etc.) might possess certain pharmacological properties, we have tested the
effect of the prepared Viscum extract on EAC cells in vivo.
In case that extract shows significant properties, further
and more detailed analysis is suggested.
Animals and experimental procedures

Animal care and all experimental procedures were conducted in accordance with the Guide for the Care and Use
of Laboratory Animal Resources, edited by the Commission of Life Sciences, National Research Council. Male
and female Hannover National Medical Institute (Hann:
NMRI) mice were obtained from the Biochemical Laboratory, Clinical Centre Novi Sad (Novi Sad, Serbia). Animals were kept on standard mice chow (LM2, Veterinarski
zavod, Subotica, Serbia) with free access to tap-water, in
a temperature- (25 ºC) and humidity-controlled (30-50%)
animal house under 12-h light/day cycles. NMRI mice of
both sexes (6-8 weeks old) weighing 25 g ± 10% were
used in experiments. Animals were divided to 6 groups of
six each, under the following conditions and treatments: I
– control group, CTRL (mice receiving only placebo), 2 ml/
kg b.w. distilled water per day, i.p., (n=6); II – mice receiving only the VAPL extract, 2 ml/kg b.w. per day, i.p., (n=
6); III – EAC group (mice with the implanted ascitic form
of Ehrlich carcinoma cells (EAC) – breast cancer cells), (n=
6); IV – mice pre-treated with the VAPL extract, 2 ml/kg

Ascites from the abdomen were transferred to KrebsRinger phosphate buffer solution (0 ºC, pH 7.4). Obtained
suspension was subjected to subsequential centrifuging
at 4500 rpm (MSE HIGH SPEED centrifuge at 4 ºC) and
12000 rpm (Eppendorf 3200 centrifuge, 2.5 min) in order
to get a dense cell suspension (1:1). Afterwards, cell weight
was determined, as well as cell number expressed as number of cells/mm3 (countered in Neubauer's compartment).
Cell viability was determined by means of colour exclusion, using trypan blue (0.4% solution in Krebs-Ringer
phosphate buffer) that does not enter intact cells, but colour-damaged ones. Results were expressed as percentage
of damaged cells.
Biochemical tests

Activities of several antioxidative enzymes were determined both in EAC cells and blood samples. Activity of
xanthine oxidase (XOD) was determined following the
Bergmayer [22] method, catalase (CAT) according to Beers
and Sizer [23], peroxidase (Px) according to Simon et al.
[24], glutathione peroxidase (GSHPx) according to Beuthler [25], and glutathione reductase (GR) according to Goldberg and Spooner [26]. Amounts of reduced glutathione,
GSH, (non-protein SH) were also determined [27], as well
as intensity of lipid peroxidation (LPx) using Buege and
Aust [28] protocol.
Statistical analysis

Results, obtained by measurement of six samples, were
expressed as mean±s.d. of mean. Student's t-test was carried out to identify statistical differences, and p values of
0.05 or less (p<0.05) were considered to be statistically significant.
RESULTS
Number of EAC cells and cell viability

Results obtained in this part of the experiment showed
a few interesting points. Quantities (expressed as volume,
ml) of EAC ascites are presented in Fig. 1. Significant de-

443

© by PSP Volume 16 – No 4. 2007

Fresenius Environmental Bulletin

11

7

10

6

9
8

4

zapremina EAC, ml

zapremina EAC, ml

5

*

3
2

*

*

1

7
6
5

*

4

*

3
2

0
-1

*

*

1
0

EAC

A

B

C

EAC

A

B

C

FIGURE 1 - The effect of VAPL extract (2 ml/kg b.w.) and N-acetyl-L-cysteine on the EAC volume.
EAC – untreated control
A – mice pretreated with VAPL extract (N-acetyl-L-cysteine)
B – mice treated with VAPL extract (N-acetyl-L-cysteine)
C – mice posttreated with VAPL extract (N-acetyl-L-cysteine)
■ – VAPL group
● – N-acetyl-L-cysteine group
* - significantly different from EAC group at p<0.05
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FIGURE 2 - The effect of VAPL extract (2 ml/kg b.w.) and N-acetyl-L-cysteine on the EAC cell weight.
EAC – untreated control
A – mice pretreated with VAPL extract (N-acetyl-L-cysteine)
B – mice treated with VAPL extract (N-acetyl-L-cysteine)
C – mice post-treated with VAPL extract (N-acetyl-L-cysteine)
■ – VAPL group
● – N-acetyl-L-cysteine group
* - significantly different from EAC group at p<0.05

crease in EAC volume was observed in mice of both sexes
that received VAPL extract. Better results were obtained
in groups pre-treated with the examined extract. The weakest effect, but still significant, was observed in post-treated
animals.
EAC cell weights (expressed in mg/ml ascites) of untreated and treated animals are shown in Fig. 2. Results
were also much lower in groups treated with VAPL extract than in the Ehrlich control group. Reduction of the
cell weight ranged from approx. 90.4% in pre-treated mice
to 51.6% in post-treated animals (mice treated with VAPL
extract after EAC cell implantation).
The results of EAC cell number/mm3 determinations
are given in Fig. 3. As obvious from the table, rather high
decrease in EAC cell number was observed in all groups
that received the VAPL extract, with regard to the Ehrlich

control group. The highest decrease in EAC cell number
was obtained in pre-treated male mice, approx. 95%, and
in the females with the same experimental protocol, approx.
60%. We have also observed significantly reduced number of EAC cells in animals with developed tumor (posttreated) that ranged from 60% in female upto approx. 83%
in male animals. Generally, better results were achieved in
male animals. Therefore, the incidence of EAC was inhibited almost completely (100%) in male animals (1 of 6) pretreated with VAPL extract, and approximately 85% in females.
Furthermore, reduced viability of the EAC cells after
application of examined mistletoe extract (expressed as high
percentage of damaged EAC cells) was noticed. Results are
shown in Fig. 4. The highest percentage of damaged EAC
cells (the lowest viability) was obtained in the post-treated
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male animals (71% of damaged cells in comparison to 8.9%
in control group). Female animals showed better response
to mistletoe treatment in the treated group, to which the
extract was given at the moment of EAC implantation,
approx. 63.5%. Again, the male animals responded better to VAPL treatment than the females. Results obtained
suggest that VAPL extract is better able to interfere with
establishment of ascites tumor growth, when injected prior
to tumor cells than given along with them. Also, we have
found that the male mice responded better to VAPL treatment, partially to explain by the hypothesis that EAC cells
grow better in the females due to the hormone status, but
this statement should be further elucidated.

Activities of antioxidative enzymes, amount of reduced
glutathione (GSH) and intensity of lipid peroxidation (LPx)

The activities of the examined antioxidative enzymes
(XOD, CAT, Px, GSHPx, GR), as well as the amount of reduced glutathione (GSH) and the intensity of lipid peroxidation (LPx) in blood samples of the untreated and treated
animals with implanted EAC, and the untreated and treated
animals without implanted EAC are shown in Tables 1 and
3. As obvious from Table 1, the XOD activity did not change
much upon the treatment with VAPL extract, but a very
high increase in XOD activity was observed in the EAC
group (untreated). Treatment with the VAPL extract significantly decreased the XOD activity, in comparison to the
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FIGURE 3 - The effect of VAPL extract (2 ml/kg b.w.) and N-acetyl-L-cysteine on the EAC cell number.
EAC – untreated control
A – mice pretreated with VAPL extract (N-acetyl-L-cysteine)
B – mice treated with VAPL extract (N-acetyl-L-cysteine)
C – mice post-treated with VAPL extract (N-acetyl-L-cysteine)
■ – VAPL group
● – N-acetyl-L-cysteine group
* - significantly different from EAC group at p<0.05
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FIGURE 4 - The effect of VAPL extract (2 ml/kg b.w.) and N-acetyl-L-cysteine on the EAC cell viability.
EAC – untreated control
A – mice pre-treated with VAPL extract (N-acetyl-L-cysteine)
B – mice treated with VAPL extract (N-acetyl-L-cysteine)
C – mice post-treated with VAPL extract (N-acetyl-L-cysteine)
■ – VAPL group
● – N-acetyl-L-cysteine group
* – significantly different from EAC group at p<0.05
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TABLE 1 - Effect of VAPL extract on activities of antioxidative enzymes in blood samples.
Group
XOD
CAT
Px
GR
GSHPx
Males
CTRL
1.21±0.13
1.04±0.09
0.314±0.002
1.12±0.05
0.55±0.01
CTRL+
1.29±0.12
1.12±0.10
0.356±0.002
1.21±0.04
0.55±0.01
extract
a
a
a
a
EAC
4.86±0.21
0.36±0.04
2.15±0.03
10.3±1.2
7.13±0.04a
EAC+
a
a
2.31±0.11
0.98±0.03
0.832±0.006
1.29±0.06
0.53±0.01
extract pre-treatment
EAC+
2.34±0.13a
0.99±0.04
1.02±0.04a
2.13±0.07a
0.61±0.03
extract treatment
EAC+
2.56±0.14a
0.71±0.03a
1.43±0.06a
2.48±0.08a
1.12±0.01a
extract post-treatment
Females
CTRL
1.22±0.12
1.06±0.09
0.301±0.002
1.13±0.05
0.60±0.01
CTRL+extract
1.28±0.14
1.11±0.08
0.311±0.003
1.19±0.03
0.62±0.02
EAC
5.23±0.23b
0.29±0.04b
3.02±0.04b
9.83±0.12b
6.92±0.08b
EAC+
2.35±0.16b
1.05±0.08
1.41±0.09b
3.12±0.08b
0.60±0.02
extract pre-treatment
EAC+
2.31±0.15b
1.01±0.05
1.53±0.08b
3.82±0.07b
0.57±0.03
extract treatment
EAC+
2.61±0.17b
0.91±0.04
1.06±0.09b
2.16±0.09b
0.60±0.01
extract post-treatment
a
b
Significantly different from male control group at p<0.05; Significantly different from female control group at p<0.05. Activities of xanthine oxidase (XOD), catalase (CAT), peroxidase (Px), glutathione reductase (GR), and glutathione peroxidase (GSHPx) are expressed in
µmol/ml erythrocytes.

TABLE 2 - Effect of VAPL extract on activities of antioxidative enzymes in EAC cells.
Group
XOD
CAT
Px
GR
GSHPx
Males
EAC
0.12±0.01
0.44±0.01
0.279±0.001
1.38±0.01
0.772±0.009
EAC+
a
a
a
a
5.15±0.18
0.093±0.001
2.45±0.02
8.56±0.24
5.63±0.05a
extract pre-treatment
EAC+
3.11±0.18a
0.33±0.01a
1.11±0.03a
5.22±0.93a
4.95±0.02a
extract treatment
EAC+
1.24±0.11a
0.41±0.02
0.94±0.01a
3.51±0.09a
2.26±0.01a
extract post-treatment
Females
EAC
0.15±0.01
0.51±0.02
0.328±0.001
2.24±0.05
0.78±0.01
EAC+
b
b
b
b
3.92±0.16
0.10±0.04
1.57±0.05
7.73±0.10
5.53±0.05b
extract pre-treatment
EAC+
2.84±0.17b
0.39±0.02b
0.95±0.03b
4.86±0.22b
3.90±0.02b
extract treatment
EAC+
1.82±0.11b
0.49±0.04
0.83±0.01b
4.13±0.04b
1.93±0.01b
extract post-treatment
Values are expressed as means±S.D. of six mice at p<0.05; a Significantly different from male control group at p<0.05; b Significantly different from female control group at p<0.05. Activities of xanthine oxidase (XOD), catalase (CAT), peroxidase (Px), glutathione reductase (GR), glutathione peroxidase (GSHPx) are expressed in µmol/ml EAC cells.

EAC group values. The catalase activity was significantly
decreased in the EAC animals, with no significant changes
in VAPL-treated animals, where we observed restoration
of the control values. The process of lipid peroxidation did
not change much upon treatment with VAPL extract, with
respect to the untreated animals. Also, we did not observe
significant changes in LPx intensity, neither in blood samples of the EAC animals nor of treated ones. The same conclusion can be made for the amount of the reduced glutathione pool.
Activities of the examined antioxidant enzymes (XOD,
CAT, Px, GSHPx, GR), as well as the amount of reduced

glutathione (GSH) and the intensity of lipid peroxidation
(LPx) in the EAC cells, are shown in Tables 2 and 4. The
control group, with implanted EAC (receiving only placebo), showed some specificities concerning activities of
antioxidant enzymes in EAC tumor cells, compared to the
results obtained in blood samples.
Furthermore, as shown in the presented results, enzyme activities were significantly changed in all groups
treated with VAPL extract. The activity of XOD was very
low in untreated malignant cells, but significantly increased
after administration of VAPL extract. The activity of catalase (CAT) was low in the EAC cells, and became even
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more reduced upon treatment with VAPL extract. The intensity of membrane lipid peroxidation was also very low.
As shown in Table 4, malondialdehyde (MDA) contents (indication of lipid peroxidation and damage of EAC cell
membranes) in VAPL-treated mice were remarkably increased, in comparison to untreated animals. This was in
accordance with the reduced viability of EAC cells in these
groups. Levels of non-protein SH (the amount of GSH) in
EAC cells of mistletoe-treated mice were significantly reduced upon the VAPL extract administration. Furthermore,
low activities of the associated enzymes, GR and GSHPx,
in EAC cells were elevated upon the treatment with the
extract.
TABLE 3 - Effect of VAPL extract on the glutathione
levels and the intensity of lipid peroxidation in blood samples.
Group
Males
CTRL
CTRL+ extract
EAC
EAC+ extract pre-treatment
EAC+ extract treatment
EAC+ extract post-treatment
Females
CTRL
CTRL+ extract
EAC
EAC+ extract pre-treatment
EAC+ extract treatment
EAC+ extract post-treatment

GSH

LPx

2.89±0.11
2.87±0.11
2.83±0.13
2.86±0.10
2.71±0.10a
2.79±0.13

0.031±0.002
0.033±0.002
0.034±0.003
0.030±0.001
0.033±0.002
0.029±0.003

2.71±0.14
2.69±0.12
2.61±0.13
2.70±0.11
2.65±0.15
2.66±0.15

0.026±0.001
0.026±0.001
0.027±0.002
0.028±0.001
0.025±0.004
0.029±0.005

Values are expressed as means±S.D. of six mice at p<0.05; a Significantly different from male control group at p<0.05; b Significantly different
from female control group at p<0.05. Amount of reduced glutathione
(GSH) is expressed in nmolGSH/ml erythrocytes; Intensity of lipid peroxidation (LPx) is expressed in nmolMDA/ml erythrocytes.

TABLE 4 - Effect of VAPL extract on the glutathione
levels and the intensity of lipid peroxidation in EAC cells.
Group
Males
EAC
EAC+ extract pre-treatment
EAC+ extract treatment
EAC+ extract post-treatment
Females
EAC
EAC+ extract pre-treatment
EAC+ extract treatment
EAC+ extract post-treatment

GSH

LPx

1.50±0.02
0.101±0.001a
0.516±0.002a
1.12±0.01a

0.029±0.001
1.06±0.01a
0.822±0.001a
0.135±0.001a

1.63±0.01
0.532±0.003b
0.639±0.005b
0.935±0.008b

0.031±0.001
0.983±0.001b
0.645±0.001b
0.263±0.001b

Values are expressed as means±S.D. of six mice at p<0.05; a Significantly different from male control group at p<0.05; b Significantly different
from female control group at p<0.05. Amount of reduced glutathione
(GSH) is expressed in nmolGSH/ml EAC cells; Intensity of lipid peroxidation (LPx) is expressed in nmolMDA/ml EAC cells.

DISCUSSION
Previous studies, in vitro and in vivo, showed that
Viscum album L. extracts exhibit certain antitumor properties, however, the mechanisms on which these proper-

ties are based are largely unknown and still in the sphere
of scientific speculation. There are only a few literature
data trying to explain these mechanisms of action, and they
are sometimes controversial. Kim et al. [29] suggest that
treatment with Viscum album ssp. coloratum agglutinin
(VCA) results in a significant increase in reactive oxygen
species and loss of mitochondrial membrane potential, indicating that oxidative stress is involved in the VCAmediated cell death. Certain investigations [30] made connection between mistletoe lectin-II therapy, increased generation of intracellular pro-oxidants, such as hydrogen peroxide, and apoptotic cell death of human myeloleukaemic
U937 cells. On the other side, Timoshenko et al. [31] suggest that use of Viscum album lectins as an immunoadjuvant in human cancer therapy might reduce side-effects of
interleukin(IL)-2-based immunotherapy, resulting from
nitric oxide overproduction. Still, there are needs for further
investigations in this field.
One of the main characteristics of malignant cells`
metabolism is constant exposition to episodes of hypoxia
or ischaemia, followed by reoxygenation. Permanent anoxia/ ischaemia leads to cell death and tumor tissue necrosis. However, during tumor evolution, cells that were constantly exposed to the oxidative stress became very resistant, that means they developed strong mechanisms of
antioxidative protection [32]. Processes that may cause
damaging of the cell membranes during anoxia, and
especially after reoxygenation, are probably absent or
inhibited in the malignant cells. For example, the activity
of an enzyme xanthine oxidase (XOD), that is believed to
be responsible for superoxide anion formation (O2.-), is
significantly re-duced, and also malignant cells are able
to adapt and in-crease Ca2+ concentration [33]. Furthermore, there are a few reports showing that the intensity of
lipid peroxidation and its degradative products` concentration (e.g. MDA) are very low in the proliferative tumor
cells [34], that point out the significant difference between
malignant and normal cell. Malignant cells produce small
amounts of superoxide anion radical (O2.-) and hydrogen
peroxide (H2O2), however, low activities of superoxide
dismutase and catalase enable their accumulation in tumor
cells. Our results confirmed these statements, as we have
observed significantly low activities of XOD, CAT and
peroxidation of lipids in EAC cells. Extremely strong
activities of XOD, the high intensity of LPx, and the reduced activity of CAT in the treated animals, followed by
the reduced incidence of implanted EAC, indicate the
possibility that malignant cells might be exposed to strong
oxidative stress during mistletoe extract administration.
Glutathione (GSH) is a universal cellular protectant
against oxidative stress, and is essential in detoxification of
redox-active drugs. GSH is also involved in biochemical
mechanisms that can cause tumors to become resistant to
anticancer drugs. The importance of GSH and associated
enzymes (glutathione reductase, glutathione peroxidase) in
antioxidative defence of malignant cells lies in the fact
that proliferation rate, sensitivity to cytostatics and mecha-
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nisms, which may trigger programmed cell death, are directly dependent on intracellular GSH levels. In our study,
we have observed strong reduction of GSH amount in
EAC cells, but increase in GR and GSHPx upon treatment
with VAPL extract. Increased activities of GSH reductase
and peroxidase in the EAC cells treated with VAPL extract suggest that the therapeutic effects of examined Viscum album may be the result of increased oxidative stress
of malignant cells. Furthermore, the absence of expected
oxidative damage, which we found in normal cells and tissues [35], may indicate some specificities of malignant
cells` phenotype.
Comparing the results of biochemical tests and determined numbers of EAC cells and cell viability, interesting
connections can be made. The untreated EAC cells that
were found to be resistant to oxidative stress (hypoxia/
reoxygenation) and having a powerful antioxidative protection, showed high viability (low degree of cell damage)
and increasing cell number from the implantation day.
Treatment with VAPL extract changed the antioxidative
status of EAC cells, and also influenced the number of
EAC cells and their viability. Increased oxidative stress in
EAC cells was followed by decreased numbers of cells and
cell viability. In some cases, especially when mice were
pre-treated with VAPL extract, we have observed even
total absence of EAC cells. Better results were obtained in
male animals, that may be partially explained by the hypothesis that EAC cells grow better in females due to the
hormone status, but this statement should be further elucidated. Post-treatment also led to cell number and cell viability reduction, but in a lower degree, that was in accordance with the lower degree of oxidative stress in these
EAC cells. Generally, these outcomes suggest that the
mechanism for cytotoxic effects of the VAPL extract in
the development of the EACs may be related to the induction of oxidative stress, not influencing the antioxidant
status of other tissues at the same time.
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SUMMARY
Due to reports on permanently exceeding permissible
levels (PL) of pesticides in plant products from the European Union and, particularly, its bordering countries, it is
necessary to support a secure governmental monitoring of
pesticide residues performed by crop producers in cooperation with accredited laboratories. In addition to quality
assurance in the production process, prevention measures
by applying a monitoring system on primary production
level will help to identify and neutralize early non-conform
products, and, thereby, to minimize costs arising from
analytical testing. The Technical University of Munich in
cooperation with TÜV SÜD has started a program, which
can help to initiate an effective monitoring system for
pesticides that can be implemented in EU-bordering countries or respective candidates. The program focuses on consumer protection by proposing practical measures that can
be applied in all production steps.

to supply the relevant range of analytical verification methods, which still needs to be improved for the EU-bordering
countries. Continuous support by international aid programs
(e.g., SAPARD and CARDS) in upcoming years, however,
will enhance the infrastructure as mentioned of these countries, and, once the EU membership is obtained, will lead
to more economic success and secure jobs due to increased
trade.

KEYWORDS:
Monitoring systems, pesticide, EU-bordering states, agriculture.

Herein, the infrastructure of EU-bordering countries,
approved or considered for EU membership, in terms of
numbers of farms, production units, laboratories accredited
for pesticide analysis, and relevant legislation status was
summarized and compared to that of the European Union.
Bulgaria, Romania, and Turkey have already founded a
solid base for the introduction of monitoring systems by
having established 6, 7 and 5 accredited laboratories, respectively. Their legal status is also sufficient enough to
fulfil EU requirements. Croatia, Macedonia, Bosnia-Hercegovina, Albania and Serbia-Montenegro, however, are still
in the adaptation phase. The number of accredited laboratories in these countries is still low, and the legislation and
organization of agricultural plant production have not
reached yet the required level. Besides of the number of
certified laboratories, their equipment, and generally the
qualification of employees, is also of importance in order
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ABBREVIATIONS USED:
CARDS: Community Assistance for Reconstruction,
Development and Stabilisation
(http://wko.at/eu/eic/cards.htm)
SAPARD: Special Accession Program for Agriculture and Rural Development
(http://wko.at/eu/eic/sapard.htm)
EUREPGAP: EUREP Good Agricultural Practice
(http://www.eurepgap.org/)
IFS: International Food Standard (http://www.foodcare.info/)
BRC: British Retail Consortium
(http://www.brc.org.uk/defaultnew.asp)
IFA: International Forum on Food and Agriculture
(http://www.ifg.org/IFA/ifa.html)
REACH: Registration, Evaluation, Authorization and
Restriction of Chemicals
PL: Permissible Level
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INTRODUCTION

MATERIALS AND METHODS

Methods for analysing pesticides have become more
and more advanced, allowing to detect and classify each
compound as unambiguously safe or hazardous for humans [1–4]. This progress, fortunately, has led to increasing reports on pesticide residues in environmental and food
matrices not only worldwide, but also with emphasise to
this work, in Europe and its bordering countries [5–9]. Although substantial progress has been made in the areas of
plant production and integrated plant protection in Europe
during the last decades, efforts are still necessary to protect humans and the environment from further contamination through pesticides. Conventional plant production is
affected by detrimental organisms and weeds. Reducing the
amount of pesticides in the European Union by 75% would
lead to a decrease in wealth by 45 billion Euros [10]. This
also means that the wheat harvest would decline by 40%,
and fruit and oilseed harvests by 30% and 50%, respectively. Therefore, using pesticides prevents from low-rate
harvest and limited foodstuff supply.
The application of chemical pesticides is an important
measure to protect plants, and to safe, in turn, plant production and food supply [11]. In some European countries,
a growing awareness towards environmental and health
safety can be recognized. For example, Sweden, Denmark,
the Netherlands and Germany have developed active programs to reduce the use of pesticides [12]. To enforce adaptation to international level, the Food and Agricultural Organization (FAO) founded in 1999 an expert committee
for pesticides. This committee compiled and issued a code
of conduct, the so-called “International Code of Conduct
on the Distribution and Use of Pesticides” [13]. This conduct code approaches non-EU countries voluntarily, so that
they participate in using pesticides sensibly and effectively
in farming.
Most of the EU-bordering countries have low wages
for workers and offer tax advantages, which make it very
attractive for international European plant producers to start
production, as well as for the fruit and vegetable trade to
buy raw materials from these countries. Quality controlling
during import and export has often identified high pesticide residue levels in plant products, especially in grapes,
strawberries and peppers [14].
In this work, the legal and economic situation in relation to the use of agricultural pesticides in EU bordering
countries was analysed and evaluated to obtain a picture of
the present situation. This comparative analysis regarded
those countries that fulfil or prepare for the requirements
of entering the European Union, and are Bulgaria, Romania, Turkey, Croatia, Albania, Bosnia-Hercegovina, Macedonia and Serbia Montenegro. With experience and
knowledge from governmental or European institutions
and research departments, the countries in EU neighbourhood shall be put into a situation to reach international
standards of consumer protection and good agricultural
practice (GAP).

The comparative study presented herein reflects the
individual status of the EU bordering countries named
afore. An evaluation of statistics and literature materials,
and the questioning of experts, companies, local ministries,
accreditation authorities and chambers of commerce indicate the present state of the agrarian-economic infrastructure and rural developments in these countries. As a first
step, relevant literature and statistics were consulted. The
literature was collected and analysed from different media,
such as books, journals and the WWW, and categorized
as follows to be able to consider different aspects:
§ Agriculture and agricultural development
§ Currently existing monitoring systems for pesticides
§ Status of the respective countries with regard to their
EU entry
When it was not possible to obtain publications on
this subject in written, WWW search engines were used to
extract interesting facts from published texts and identify
relevant literature. Apart from these researches, experts
were consulted to obtain additional information, which in
many cases was not available, neither in written nor in electronic form. The interviews were conducted with regard to
the following aspects:
§ Laws related to agriculture and the environment in
general
§ Land reforms (privatisation, land division and farming)
§ The use of pesticides and their specific application
§ Agricultural production
§ Status of development of ecological agriculture in federal systems
To gain general information on the practical application of pesticides, and learn more about working with pesticides in agriculture, relevant seminars were attended, such
as: “Certification as Official Examiner for Plant Protection
Machineries” (DEULA Bayern GmbH – Berufsbildungszentrum, Freising, Germany; or Bavarian State Research
Center for Agriculture (LfL), Freising, Germany), and “Ministerial Technical Expert for Plant Protection” (Land- und
Forstwirtschaftliche Berufsgenossenschaft Niederbayern/
Oberpfalz und Schwaben, Landshut, Germany), both in
conformation to German legislation.
RESULTS
Agricultural structures

The EU bordering countries achieve their agricultural
economic profits through low production costs and a huge
number of low-wage personnel. In these countries, at least
30% of the population work in agriculture; illegal work and
black economy market not included, therefore, a much high-
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er number can be assumed. Only 6% of the EU population
is working in the agricultural sector [15–23]. The agricultural structure of the EU bordering countries by showing
the number of farms is illustrated in Figure 1. Farms with
a field-size smaller than 2 hectares, which includes many
greenhouses, were not taken into consideration. There are in
total 8.68 million farms in Bulgaria, Romania and Turkey,
which is almost as much as the number of farms in the
whole European Union (9.87 million). It is evident that the
mentioned EU bordering countries take on a huge task by
following GAP.
To compare the different sizes of companies, the agricultural operations were split according to size and their
surface to be managed, as shown in Figure 2 [24, 25]. It
appears that in the EU, 6.11 million farms generate agricultural products by treating 2-5 hectares of land. The majority of these companies belong to the countries that have
joined the EU in 2004 (Lithuania, Latvia, Estonia, Poland,
Czech Republic, etc.). About 2.27 million agricultural farms
treat land with 5-20 hectares. The average surface of managed fields in the EU lies at 18.4 hectares, but for some EU
countries, such as Germany, France and Sweden, this number is much higher (35-40 hectares).

corresponds to 1.64 million farms from a total number of
1.9 million agricultural farms in Bulgaria, where the average farm size is 10 hectares (Figure 3) [24, 25].
In Romania, the number of farms with 2-5 ha of cultivable land is estimated to be 93%, which is even higher
than for Bulgaria (84%). It is remarkable that the number
of farms with 5-20 ha of cultivable land in both countries
is almost identical (Figures 3 and 4) [24, 25], although Romania has twice as many farms than Bulgaria. The average
size of cultivable farm-lands in Romania amounts to 8 ha,
which nearly corresponds to the half of the European average size (18.4 ha).
1800
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production units [x10³]
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In the EU, approximately 62% of farms cultivate 25 hectares of land, compared to 84% in Bulgaria. This

The number of farms and servicing laboratories plays
an important role in ensuring controlled plant protection
and coordinated pesticide monitoring in food, as well as the
status and relation to each other of legal requirements. Tables 1 and 2 give a comparison of the EU-bordering states
and their legal regulations as to plant and consumer protection [23, 26–36]. It can be seen that the EU has set up
special regulations by a comprehensive legislation concerning plant protection, whereas most of the EU bordering
states have only framework laws, determining basic concepts and responsibilities for GAP and as to official pesticide analysis. To further develop these concepts for the implementation into practice, it is necessary to create special
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TABLE 1 - EU-bordering states and their legal regulations in the area of plant- and consumer protection.
Countries
European
Union
[23, 26–28]

Plant protection and plant
protection application acts and
laws
§ EWG 1979/117
§ EWG 1985/591
§ EU 1991/414
§ EG 1996/1610
§ EG 2000/29
§ EU 2002/63
§ EU probably as of
2007/REACH

Laws and regulations of permissible level

Establishment of monitoring system(s) for
pesticide analysis in plants

§
§
§
§
§

§ Legal regulations for PL, monitoring,
analysis methods and controlling organisations
§ No harmonisation of PL yet
§ Licensing and registration for pesticides
§ Corrective measures through REACH
regulation
§ Governmental and economic monitoring systems for pesticides exist
§ Legal frame conditions and administrative structures are available
§ No general monitoring system is
implemented due to missing equipment
and infrastructure
§ Insufficient legal frame conditions
§ No PL for pesticides
§ Insufficient infrastructure
§ Classification and identification of
farms not finished yet
§ No monitoring system for pesticides
exist
§ Insufficient legal frame conditions
§ No PL for pesticides,
§ Insufficient infrastructure
§ Classification and identification of
farms is not finished yet
§ No monitoring system for pesticides
exist
§ Legal frame conditions and administrative structures are available
§ No general monitoring system is
implemented due to missing equipment and infrastructure

EWG 1976/895
EWG 1986/362
EWG 1986/363
EG 1990/642
EU 2005/396

Bulgaria
[29, 30]

§ White book 1995
§ Environment Protection Act
2001

§ National regulation No. 22
(4 July 2001)

Romania [30]

§ Basic laws for GAP
§ Water- and plant protection

§ No national regulations
§ For goods to be exported,
regulations of the relevant import country are applicable

Turkey
[31, 32]

§ Basic laws for GAP
§ Water- and plant protection

§ No national regulations
§ For goods to be exported,
regulations of relevant import
country are applicable

Croatia [33]

§ Plant Protection Act
2006/12499

§ National regulation 1996/5764
§ National regulation 1996/5776

Established requirements for plant and
consumer protection
§
§
§
§

Ban list for pesticides,
Legal regulations for taking samples,
PLs are available
Monitoring and analysis of pesticide
quality standards and legal regulation on
traceability exist

§ Consumer protection law and PL orders
§ No suitable laboratories, equipment and
training measures for pesticide analysis
§ Basic requirements for the protection of
plants and consumer, created by frame
laws – special laws and regulations absent
§ No authorities to control or implement
such laws on either federal or municipal
level
§ Basic requirements for the protection of
plants and consumer, created by frame
laws – special laws and regulations are
required
§ No authorities to control or implement
such laws on either federal or municipal
level, no structures as to responsibilities
§ Consumer protection law and PL regulations are available.
§ No suitable laboratories, equipment and
training measures for pesticide analysis
§ Inspection services are available
§ Mandatory monitoring and analysis for
plant protection are performed

PL: Permissible level. GAP: Good Agricultural Practice. REACH: Registration, Evaluation, Authorisation and Restriction of Chemicals

TABLE 2 - EU-bordering states and their legal regulations in the area of plant- and consumer protection.
Countries

Plant protection and plant protection application acts and laws
§ Basic laws for GAP and plant
protection

Laws and regulations of PL

BosniaHercegowina [35]

§ Basic laws for GAP, water- and
plant protection

§ National law for food safety
implemented in 2005

Macedonia [32]

§ Plant protection law, regulations for plants and plantable
products

§ No national regulations
§ For goods to be exported,
regulations of relevant import
country are applicable

Serbia
Montenegro [36]

§ Basic laws for GAP, water and
plant protection

§ No national regulations
§ For goods to be exported,
regulations of relevant import
country are applicable

Albania [34]

§ No national regulations
§ For goods to be exported,
regulations of the relevant import country are applicable

PL: Permissible level. GAP: Good Agricultural Practice.
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Establishment of monitoring system(s)
for plant pesticide analysis
§ Consumer protection law and PL
orders exist
§ No suitable laboratories, equipment
and training measures for pesticide
analysis exist
§ Capacities for inspection services
exist
§ No monitoring system exists for
pesticide residues
§ Legal situation unclear, in spite of
juridical basic conditions
§ No PL for pesticide residues
§ Insufficient infrastructure
§ Division and identification of
agricultural operations not yet concluded
§ No monitoring system of plant
protection agent available
§ Juridical basic conditions and
administrative structures exist
§ No possibilities and infrastructure
for establishing a general monitoring system absent, also no sophisticated equipment
§ Juridical basic conditions are not
stable enough
§ No PL for plant protection agent
exist
§ Infrastructure is not enough
§ Division and identification of the
agricultural operations not yet concluded
§ A compulsory monitoring system
for plant protection is available

Established requirements for plant and
consumer protection
§ Basic terms on protection of plants
and consumer protection created by
frame laws exist
§ Special laws and orders are required
§ State controlled measures and
authorities for ensuring pesticide
monitoring on land and municipal
level are absent
§ A consultancy service for plant
protection is set up
§ Consumer protection law orders exist,
but must be defined more precisely
§ No suitable laboratories, equipment
and training measures for pesticide
analysis exist
§ To date, no office for food security is
set up
§ Basic terms on protection of plants
and consumer protection created by
frame laws
§ Special laws and orders are required
§ State controlled measures and
authorities for ensuring pesticide
monitoring on land and municipal
level are absent
§ Basic terms on plant and consumer
protection created by the frame laws
§ Special laws and orders are required
§ State controlled measures and
authorities for ensuring pesticide
monitoring on land and municipal
level are absent
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FIGURE 6 - Number of accredited laboratories with scope of chemical pesticide analysis in EU bordering countries [45–51].
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The implementation of a pesticide monitoring system
requires specialized and competent accredited laboratories,
which necessitates a sufficient infrastructure of laboratories to deliver inspection and test services. Figure 5 shows
the currently accredited laboratories for the respective EU
bordering countries, regardless of the scope for which they
are accredited. In the EU, a total of 13,000 laboratories obtained accreditation in accordance with DIN EN 17025 [3744]. Bulgaria, Romania, Turkey, Croatia and Serbia Montenegro have implemented a service structure comprising
70-291 accredited laboratories. For Albania, Bosnia-Hercegowina and Macedonia, however, it is of utmost importance to further implement international accredited
laboratories according to, e.g., DIN EN ISO 17025:2005
with scope of A03, B14 or B02. Currently, there are 25
fields of application or accreditation scopes for laboratories. Scope A03 handles the application of chemicals, B02
deals with the examination of agricultural products, and
scope B14 is needed for food analysis [45–51].

Ro
m
an
ia

Residue analysis for pesticides

ized in pesticide analysis, which is a share of 9%. The EU
bordering country Romania reaches a share of 7%, whereas
Serbia Montenegro, Bulgaria, Turkey and Croatia vary
between 1-4%, showing that the main focus on accreditation is not laid on pesticide analysis. A comparison of Romania (7%) with the EU or Germany (9%) shows clearly
that the share of specialized accredited laboratories is not
decisively important, but rather the number of agricultural
farms that are linked to laboratories with accreditation for
pesticide analysis [45–51].

Bu
lg
ar
ia

laws, such as for plant protection and also for regionally
competent authorities with administration and supervising
tasks.

Number of accredited laboratories
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Looking at the accredited laboratories for pesticide
analysis in the EU bordering countries (Figure 6), it can be
seen that the laboratory capacity is being built up. Bulgaria and Romania intend to join the EU in 2007, and have
founded 5 and 7 testing laboratories, respectively, that are
specialized in pesticide analysis. Countries of the Western
Balkan, such as Croatia, Serbia Montenegro, Macedonia,
etc., are still at the beginning of establishing accredited
laboratories in line with EU standards. In this regard,
Turkey should be especially mentioned, having build-up
more than 6 accredited laboratories for pesticide analysis in
2006.
In the European Union, approximately 1,200 laboratories are accredited for pesticide analysis, which represents
9% of all European accredited laboratories (13,000). In
Germany, 155 of 1,723 accredited laboratories are special-
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FIGURE 5 - Number of all accredited laboratories in EU
bordering countries (independent from analysis scope) [37–44].
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FIGURE 7 - Number of agricultural farms per link to one
accredited laboratory with the scope of chemical pesticide
analysis in the EU and EU bordering countries [15–23, 45–51].

In the EU countries, 8,225 farms are linked to at least
one accredited laboratory for pesticide analysis, which is
much higher compared to Bulgaria with 380,000 farms, Turkey with 383,000 farms, and Romania with 640,000 farms
per link to a laboratory. The laboratory capacity in the EU
bordering countries falls short by approximately 46-fold
(Bulgaria), 47-fold (Turkey) and 77-fold (Romania) (Figure 7) [15–23, 45–51]. For Albania, Macedonia and Bosnia-Hercegowina, no statements can be given as no accredited laboratories for pesticide analysis are listed. Serbia
Montenegro, having 50,000 farms linked to one testing
laboratory, is placed in the middle and might be able to
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reach EU level when increasing the number of laboratories
by 18. Croatia has 1,000 farms linked to one accredited
laboratory, but cannot fulfill the required testing capacity
due to missing equipment and insufficient qualification.

scientific point of view, all EU-candidate countries still
need special aid programs such as, e.g., CARDS and/or
SAPRAD. In particular, strengthening the infrastructure of
the EU bordering countries by appropriate legislation and
quality-assuring measures will help to support agricultural
production, which leads to a better plant protection benefiting in line the consumer. Furthermore, suitable monitoring programs for pesticide residues must be developed and
set up, which is advantageous not only for the respective
government as trust and confidence in products is gained,
but also for the producers from the economical point of
view.
As to the residue analysis of pesticides, not only the
general conditions for monitoring systems must be taken
into consideration, but also currently existing analytical
methods that are internationally acknowledged and officially authorized and validated. When establishing monitoring systems, a relevant laboratory network must exist nearby with laboratories that co-operate and support each other,
using specialized and up-to-date analysis, and working with
highly qualified personnel. However, a correct evaluation of
methods applied in different countries for pesticide analysis
can only be obtained through inter-laboratory tests in which
all involved laboratories participate, in connection with a
working quality assurance and new monitoring system.

FIGURE 8 - Analytical coverage of
pesticides according to the applied method [52].

Apart from the number of accredited laboratories for
pesticide analysis, further preconditions for a valid service
program are required. Until now, approximately 2,000 pesticides have been developed worldwide (Figure 8), 600 of
which are being used. In the European Union, 400 different pesticides are registered and approved for application
in agriculture [52]. By using gas chromatography/mass
spectrometry analysis, a laboratory is able to identify ca.
350 pesticides. Applying liquid chromatography/mass spectrometry technology helps to detect more than 150 pesticides, and with group and single methods, the number of
pesticides to be proven can be increased to 700. Therefore,
the complete range of analysis can only be met by highcapacity laboratories, offering all necessary analytical
equipments. In the EU, most of the specialised competent
laboratories can detect between 350-400 pesticides. Laboratories equipped with standard devices, such as those
in the EU bordering countries, can only detect approximately 150-200 pesticides [52, 53]. As a consequence,
existing and new acquainted personnel need more education in running pesticide analysis properly or, in other
words, in knowing what must be searched for. Additionally, better scientific and basic conditions should be created,
including the acquisition of sophisticated equipment.
DISCUSSION
The EU bordering countries have different possibilities to improve the present situation regarding plant protection and the use of pesticides. From an economical and

OUTLOOK
Development in the EU bordering states

The increasing access to the European market supports
the competitive pressure on local producers to develop harmless national products, which, in turn, accelerates the need
to set up necessary structural, reformations regarding food
and plant production economy. Due to the aspired EU membership, the candidate countries can expect higher investments allocated by the EU. This will help to decisively update the outdated minimum capital of the candidate countries, and thereby to develop growth potential. However,
legal and administrative deficits still exist in some EU bordering countries, as may be historically founded, which,
therefore, requires an adjustment of reforms and authority
structures. The admission of Bulgaria and Romania to become members of the European Union as of January 2007
is not to be understood as an honour, but rather as a political request to speed up negotiations. The political request
demands to rule out still existing deficits regarding the implementation of the Copenhagen criteria in order to obtain
full EU membership [54].
Apart from the legal conditions prevailing in the EU
bordering countries concerning food safety, the retail industry plays already a decisive role in consumer and plant
protection. Being the last controlling element in the food
chain before the food reaches the end consumer, the retail
industry is very concerned to enforce a standardized monitoring system for pesticides based on international laws
and requirements. The influence of private-economic deci-
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sion makers, such as Metro, Tesco, Edeka, etc., will become quickly recognizable through impulses they give
to the creation of quality assuring measures for EU bordering countries. These impulses are supported and even
initiated by quality assuring standards, such as EUREPGAP, IFS, BRC and IFA. Since some certification standards like EUREPGAP demand the participation in a pesticide monitoring system, it is of economic interest for the
EU bordering countries to implement such a system based
on standardized conditions to be applied in a pesticide monitoring program. Quality checks exerted during food traffic
will not only guarantee consumer protection, but also economic success through selling quality controlled products.

the challenges and conditions that will quickly come up
once EU membership is obtained, especially without qualified personnel [54].

Development in the European Union

The authors gratefully acknowledge the following persons for providing information on the subject: PD Dr.
Mehmet Coelhan (Technical University of Munich, Research Center Weihenstephan for Brewing and Food Quality, Germany); M.Sc., Dipl.-Ing. (FH) Thomas Frank (Technical University of Munich, Department of Food Technology, Freising, Germany); Mr. Teodor Stoichev, PhD (National Center of Public Health Protection, Sofia, Bulgaria);
Mr. Fino Kozeta (General Director of Accreditation Directorate, Tirana, Albania); Mr. Dipl.-Ing. Darko
Bošnjak (Croatian Accreditation Agency, Zagreb, Croatia); Mr. Bosko Gavović (TÜV Bayern Sava Predstavništvo Beograd/ Rep. office Belgrade, Belgrad, Serbia-Montenegro); Mr. Jovanco Evtimov (The Federal
Foreign Office of Germany, Economic Department 100,
Skopje/ Macedonia); Ms. Lara Krsteva-Icokaeva (Official
office of the German economy in Macedonia, Department
for legal- and duty questions, researches, commercial contacts, Skopje, Macedonia); and Mr. Milos Markovic
(Deputy Director, Institute for Accreditation BiH, Sarajevo, Bosnia-Hercegowina); further, Mrs. Jutta Ernst (TÜV
SÜD Management Service GmbH) and Mr. Albrecht
Friess (Technical University of Munich, Research Center
Weihenstephan for Brewing and Food Quality) for translation and phrasing works.

Upon expansion of the EU towards the South East, a
greater stability in the respective countries will strengthen
the whole of Europe. More democracy and a free economy market are further outstanding political profits for the
EU deriving from this expansion. The EU will play a more
active role in South East politics upon expansion, but, at
the same time, will also approach conflict areas of world
politics, such as the Middle East, the Caucasus, and Central Asia. Therefore, subsequent effects are to be expected
for common foreign and security policies of the European
Union. To better deal with such effects, the EU must ensure
to build up new relationships with the new bordering countries Russia, Belarus and the Ukraine, which is the only
way to secure stability.
Considering the economic prospects, then the gross
domestic product (GDP) will increase due to a more intensive trade of goods with the potential EU-entry candidates. Experts estimate that the GDP for Germany and
Austria alone increases by 0.5% (i.e. 10 billion Euros)
[55]. Especially these two countries have already intensified trade and economic cooperation with EU neighbouring countries with the help of European contracts, and
thereby have secured a lot of jobs. Upon expansion, more
jobs are secured and created through trading with different products, such as fruit and vegetables, but also steel,
semi-manufactures and finished articles. By applying harmonised competition rules, along with the highly developed European environmental protection and social standard, which is controlled by the EU committee and, if necessary, sanctioned by the European Court of Justice, a homogeneous European legal community can be established.
This can also serve to stabilize and increase internal security of the current EU bordering countries, and, additionally, enabling a coordinated steady economy growth [54].
Therefore, profits gained from prosperity can be expected
for the European Union, although not evenly distributed
throughout all sectors, such as the food and agricultural
ones, it can only be hoped that in particular farms with
workers will be granted with subsidy.

We believe that a standardized monitoring system for
pesticides based on internationally acknowledged standards
and laws accelerates the attempt of EU bordering countries to reach the required EU level, and to achieve faster
integration and negotiation criteria for agricultural plant
production as well as for plant and consumer protection.
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However, doubtlessly, farms and laboratories in the
prospective EU candidate countries will face problems to
survive on the market, if they cannot adapt adequately to

456

REFERENCES
[1]

Uzer A., Ercag E., Parlar H., Apak R. and Filik H. (2006).
Spectrophotometric determination of 4,6-dinitro-o-cresol
(DNOC) in soil and lemon juice. Anal. Chim. Acta 580: 83-90.

[2]

Hamed S., Leupold G., Ismail A. and Parlar, H. (2005). Enantioselective determination of chiral toxaphene congeners in
laying hens and eggs using multidimensional high-resolution
gas chromatography. J. Agric. Food Chem. 53: 7156-7164.

[3]

Parlar H., Fingerling G., Leupold G. and Coelhan M. (1999).
Residue composition of chlorobornanes as indicator of degradation pathways. Fresen. Environ. Bull. 8: 243-248.

[4]

Amajuoyi I. K., Mueller R., Leupold G. and Parlar H. (1999).
Multiresidues analysis of multiclass pesticides in plant extracts using countercurrent chromatography as a clean up step
and HRGC-ECD/NPD, HRGC-MS determination. Abstracts

© by PSP Volume 16 – No 4. 2007

Fresenius Environmental Bulletin

of Papers of the American Chemical Society 217: U765U765.
[5]

Parlar H., Coelhan M. and Ekici P. (2004). Recent findings
on polychlorinated biphenyl residues in Eastern European
ecosystems. Fresen. Environ. Bull. 13: 1079-1089.

[6]

Kara H., Aktumsek A. and Nizamlioglu F. (1999). Some organochlorine pesticide residues in commercial milk Konyaregion/Turkey. Fresen. Environ. Bull. 8: 257-263.

[7]

Coelhan M. and Barlas H. (1998). Levels of some organochlorine contaminants in fishes from Turkey. Fresen. Environ.
Bull. 7: 388-395.

[8]

Kamarianos A., Iosifidou E. G., Batzios C., Psomas I. E. and
Kilikidis S. (1997). Residues of organochlorine pesticides and
PCBs in human adipose tissues in Greece. Fresen. Environ.
Bull. 6: 383-389.

[9]

Pilidis G., Ioannidou A. G., Saraci M. and Stalikas C. (1996).
Determination of organochlorine pesticides and selected heavy
metals in Albanian soils. Fresen. Environ. Bull. 5: 551-556.

[10] Industrieverband Agrar e.V. (ed.) (2003). Das ABC des Pflanzenschutzes. Frankfurt am Main, Germany, p. 5.
[11] Kumari B., Madan V. K., Kumar R. and Kathpal T. S. (2002)
Monitoring of seasonal vegetables for pesticide residues. Environ. Monit. Assess. 74 (3): 263-270.

[19] Croatian Chamber of Economy Agriculture, Food Industry and
Forestry Department (2005). Information Brochure, Zagreb,
Croatia., July 2005.
[20] Wennemann L., Isufi E. and Kalo, A. (2002) Ein Überblick
über den Pflanzenschutz in Albanien (A general survey about
plant protection in Albania). Gesunde Pflanzen 54(8): 241-254.
(http://www.springerlink.com/content/ped56fxwp5w5261m/
fulltext.pdf)
[21] Drekenda P. and Bertschinger L. (compiled by the Agriculture Faculty of the University of Sarajevo, Bosnia- Hercegowina, and the Eidgenössische Forschungsanstalt
Wädenswil, Switzerland) (2000). Obstbau in BosnienHerzegowina: Die Zwetschge gibt den Ton an. Schweizer
Zeitung No. 18/00. (http://www.db-acw.admin.ch/pubs/wa_
arb_00_ pub_ 641_d.pdf)
[22] Advise concerning information on agricultural companies in
Macedonia. Macedonia Representative Office for the German
Economy, Department for Questions of Law and Customs,
Skopje, Macedonia, 2006. (http://mazedonien.ahk.de or http://
www.dmwv.org.mk)
[23] Landesstiftung Baden-Württemberg. Wie bringen Gutes auf
den Weg, Arbeitsbericht der Koordinierungsstelle für Osteuropahilfe. Progress report of the Coordination Unit for
Eastern European Aid – June 2001 to Mai 2003, p. 9.

[12] Federal Ministry of Food, Agriculture and Consumer Protection (BMELV).
(http://www.bmelv.de/cln_045/nn_754188/DE/00Home/__Homepage__node.html__nnn=true)

[24] European Commission, Eurostat home page (1996). Agriculture, Forestry and Fisheries. (http://epp.eurostat.ec.europa.eu/
portal/page?_pageid=1996,45323734&_dad=portal&_schema=
PORTAL&screen=welcomeref&open=/E/E1/E11&language=
de&product=Yearlies_new_agriculture&root=Yearlies_new_
agriculture&scrollto=0)

[13] Neumeister, L.; Weber, C.: The FAO Code – Grab It! For Action, For the implementation of the International Code of Conduct on the Distribution and Use of Pesticides, Pestizid Aktions-Netzwerk e. V. (PAN Germany), Hamburg, Deutschland,
2005. (http://www.pan-germany.org/ download/fao_ code.pdf)

[25] Bundesministerium für Land- und Forstwirtschaft, Umwelt
und Wasserwirtschaft (BMLFUW), Vienna, Austria (2005).
Geringe Betriebsgrößen. (http://www.lebensmittelnet.at/ article/articleview/29793/1/8160)

[14] Stolz P., Weber A. and Strube J. (2005) Abschlussbericht zum
Forschungsvorhaben 02 OE 677. Auswertung der Pestizidgehalte von Lebensmitteln ökologischer und nichtökologischer
Herkunft des deutschen Marktes im Zeitraum 1994–2002.
KWALIS Qualitätsforschung Fulda GmbH, Dipperz, Germany.
(http://orgprints.org/5399/01/5399-02OE677-kwalis-stolz2005-rueckstaende.pdf)
[15] European Commission. Specialised holdings and more intensive practices.
(http://europe.eu.int/comm/agriculture/envir/report/de/explde/
report.htm)
[16] European Commission (2003) Bulgaria - Adoption of the
community acquis. Commission report [COM (2003) 676 final SEC(2003) 1210 - Not published in the Official Journal].
(http://europa.eu/scadplus/leg/de/lvb/e04101.htm)
[17] Lendle M. and Schwierz, A. (Consultants International, ZMP,
Berlin, Deutschland) (2005) Wo Ost- und Südkarpaten einen
Haken schlagen. Bauernzeitung (Europäische Union), 42.
(http:// www.afci.de/downloads/artikel_bauernzeitung.pdf)
[18] Turkish Government, Office of the Prime Minister, Directorate
General of Press and Information (2002). (http://www. byegm.
gov.tr/YAYINLARIMIZ/kitaplar/turkiye2002/german/site/tu
rkce/html/302-303.htm)

457

[26] European Commission, DG Health and Consumer Protection
(2004) Food Safety - From the Farm to the Fork. (http://ec.europa.eu/ food/index_en.htm)
[27] European Union, Council Directive 91/414/EEC of 15 July
1991 concerning the placing of plant protection products on
the market. (http://europa.eu/scadplus/leg/en/lvb/l13002a.htm)
[28] European Commission (2003). Legislation in preparation,
COM 2003 0644 (03). Proposal for a Regulation of the European Parlament and of the Council concerning the Registration, Evaluation, Authorisation and Restriction of Chemicals
(REACH), establishing a European Chemicals Agency and
amending Directive 1999/45/EC and Regulation (EC) {on
Persistent Organic Pollutants}. (http://europa.eu.int/eur-lex/en/
com/pdf/2003/com2003_0644en.html)
[29] Finanzierungs- und Förderungsprogramme (FiFo) Ost. (http://
www.fifoost.org/EU/strategie_2002/node47.php)
[30] European Commission (2005). Umfassender Monitoringbericht der Europäischen Kommission über den Stand der Beitrittsvorbereitungen Bulgariens und Rumäniens {SEC
(2005) 1352, SEC(2005) 1353, SEC(2005) 1354}, pp. 51-56.
(http://eur-lex.europa.eu/LexUriServ/site/de/com/2005/com
2005_0534de01.doc)

© by PSP Volume 16 – No 4. 2007

Fresenius Environmental Bulletin

[31] European Commission (2004). Regelmäßiger Bericht über die
Fortschritte der Türkei auf dem Weg zum Beitritt {COM(
2004)656 final}. (http://www.uni-mannheim.de/edz/pdf/sek/
2004/sek-2004-1201.pdf)
[32] Federal Biological Research Centre (BBA). International regulations for plant protection. (http://www.bba.bund.de/cln 044/
nn_804440/DE/Home/pflanzengesundheit/regelungenStandards/ nicht__eu__staaten/internat__inhalt.html__nnn=true)
[33] European and Mediterranean Plant Protection Organization
(EPPO) (2005) Collection of Phytosanitary Regulations –
Recueil OEPP De Reglementation Phytosanitaire of Croatia/
Croatie, OEPP/EPPO, Paris, France. (http://www.eppo.org)
[34] European Commission (2005). Progress Report on Albania –
2005, SEK (2005) 1421, KOM (2005) 561 final. pp. 53–56.
(http://ec.europa.eu/enlargement/archives/pdf/key_document
s/2005/package/sec_1421_final_progress_report_al_de.pdf)
[35] Becker J. (2002). Bosnien-Herzegowina, Eigengesetzliche
Fort-entwicklung und Fremdeinwirkung, Berliner Debatte INITIAL 13(5/6), Berlin, pp. 174-181. (http://www.linksnet. de/
artikel.php?id=825)
[36] European Commission (2005). Progress report on Serbia
and Montenegro –SEK (2005) 1428, {KOM (2005) 561 final}, pp. 49-50.
http://ec.europa.eu/enlargement/archives/pdf/key_documents/
2005/package/sec_1428_final_progress_report_cs_en.pdf)

[48] Croatian Accreditation Agency. (http://www.akreditacija.hr)
[49] Advice concerning laboratories in Albania that are capable of
analysing pesticides (2006). Ministry of Economy, Accreditation Directorate, Tirana, Albania.
[50] Bureau of European and Eurasian Affairs (2006). Background Note: Macedonia. (http://www.state.gov/r/pa/ei/ bgn/
26759.htm)
[51] Advice concerning agriculture in Serbia and Montenegro
(2006). TÜV SÜD Sava, Predstavništvo Beograd, Belgrad,
Serbia and Montenegro.
[52] Sofia GmbH, Chemisches Labor für Softwareentwicklung
und intelligente Analytik. (http://www.sofia-gmbh.de/index.
html)
[53] De Brabander H., De Wasch K. (2002). High Performance
Thin Layer Chromatography for residue analysis. In: O'
Keeffe, M. (Ed.) Residue Analysis in Food, Principles and
Applications, Harwood academic publishers, 200-252.
[54] European Commission (2005). Progress in the enlargement
process: Turkey, Croatia and the Western Balkans. (http://
europa.eu/scadplus/leg/en/lvb/e50021.htm)
[55] Mitteldeutscher Rundfunk (MDR) (2004). EU Erweiterung –
Was Sie wissen müssen. (http://www.mdr.de/hier-ab-vier/
guterrat/1403307.html)

[37] European network for accreditation. (http://www.europeanaccreditation.org/content/news/surveys.htm)
[38] Advice concerning the use of pesticides in Bulgaria (2006).
National Center of Public Health Protection, Sofia, Bulgaria.
(http://www.mh.government.bg/index-en.php)
[39] WWW research using http://www.tportal.hr/imenik.
[40] Business guide for Turkey. (http://www.turkindex.com/ english/arama.asp)
[41] Laboratore të Akredituar. (http://www.albanianaccreditation.
gov.al/Alb/Laboratore%20te%20Akredituar.htm)
[42] Advice concerning accredited laboratories in Bosnia- Hercegowina (2006). Accreditation Institute of Bosnia-Herzegovina
(BATA), Sarajevo. (http://www.bata.gov.ba/ukfiles/index_uk.
htm)
[43] Advice concerning laboratories in Macedonia (2006). Ministry
of Foreign Affairs, Department for Economy (100), Skopje,
Macedonia.
[44] Yellow pages Co., Serbian Business Directory. (http://www.
yuyellowpages.net/zute_strane/yellow_pages/kategorija/?lang=
en)

Received: December 12, 2006
Accepted: January 09, 2007

CORRESPONDING AUTHOR

[45] NaturaTours.
(http://www.naturatours.ch/Bulgarien/bulgarien2001.html)

Michael Steimer
TÜV SÜD Management Service GmbH
Business Field Development
Ridlerstraße 65
80339 Munich
GERMANY

[46] Romanian Accreditation Association.
(http://www.renar.ro/indexen1.htm)
[47] Deutscher Akkreditierungsrat (DAR).
(http://www.dar.bam.de/cgi/ast.cgi)

458

© by PSP Volume 16 – No 4. 2007

Fresenius Environmental Bulletin

Phone: +49 (0)89-5791-3306
Fax: +49 (0)89-5190-3497.
e-mail: michael.steimer@tuev-sued.de
FEB/ Vol 16/ No 4/ 2007 – pages 443 - 451

459

© by PSP Volume 16 – No 4. 2007

FEB

Press Release

Fresenius Environmental Bulletin

Pressemitteilung

• Development of innovative products
Analysis and quality control

• Physico-chemical, microbiological, and sensory analysis
of natural materials, intermediate- and by-products, ready
products, and of utilities and operating resources

The Competence Pool Weihenstephan (CPW)

• General technological and microbiological advice
During food production and food controlling, complex questions emerge permanently seeking for solutions.
At the same time, especially the food branch disposes of
enormous competence in solving problems that can benefit others.
In the Competence Pool Weihenstephan a network of competence on the basis of exclusive memberships is constantly expanded in good co-operation spirit
with all institutions of the Technical University of Munich, to ensure that know-how is optimally transferred.

• Residue analysis of raw materials and ready products
Quality management

• Introducing quality management systems
• Certification and quality labelling of your products
Sales policy measures

• Market and competition analysis, production site analysis, process modelling, benchmarking, and business
concept
• Export-import relations

We interlink and mediate between competent partners

As a member of the Competence Pool Weihenstephan you not only profit from the know-how of other
members – you also have the possibility to express and
bring in your experience and knowledge which in turn
benefits you for your marketing.

• Sales policy enhancement of your products – nationally
and internationally

We promote business!

• Organization and realization of training courses

Companies and institutions in the food sector find
within the network an intersection between industry, science and research, and, therefore, absolute positive conditions to save competitive advantages such as:

• Takeover of public relations

• Problem solution through co-operation and know-how
transfer
• Advantage through knowledge via exchange of experience and co-operation within the network

Science transfer

• Organization of workshops, symposia, and conferences

Our partners are:

• Organizations from industry, trade, and service
• National and international universities and research institutes
• Authorized and state-of-the-art laboratories

• New chances on the market through innovative ideas

• Administrative bodies and technical authorities

• Competent advice in applications for national and international grants

• Industry chambers and chambers of commerce

• Specific training for qualified employees

Join the Competence Pool Weihenstephan!

We offer a variety of services!

We understand ourselves as an operational center in
the network, in which all competent partners of the pool
work closely and mutually together to create for oneself
and others an optimal framework of performances and
ways of solving problems. The result of this premise manifests in a variety of working areas in the CPW:
Technology

• Help in solving production problems
• Running pilot technical processes
• Solutions to eco-relevant problems
• Energy flow optimization

As a member of the Competence Pool Weihenstephan you not only profit from the know-how of other
members – you also have the possibility to express and
bring in your experience and knowledge which in turn
benefits you for your marketing.
We help you in finding your partner! We market your
expertise nationally and internationally – to your benefit!
Our success is based on the excellent reputation of
the site Weihenstephan as the Center of Life and Food
Sciences of the Technical University of Munich. We not
only stay in close contact with national and international
clients due to universitarian activities, but also work
closely together with for their expertise renowned laboratories and research centers, nationally and internationally,
during numerous research programs. The knowledge base
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and competent network built-up thereby makes it easy for
us to mediate and transfer know-how to others.
For a low membership allocation you gain access to
the network and benefit from already existing competences.
CONTACT
Contact persons

Director: Prof. Dr. Dr. Harun Parlar
Scientific Director: Dr.-Ing. Karl Glas
Consultant: Dr.-Ing. Vladimir Ilberg
Coordination / Administration: Jutta Pierschalik
Webservices: Tanja Jung
Address

Competence Pool Weihenstephan
Weihenstephaner Steig 23
D-85354 Freising-Weihenstephan
Phone: +49 (0) 8161 / 71-23 57
Fax:
+49 (0) 8161 / 71-53 62
E-Mail: cpw@wzw.tum.de
Internet: www.cpw.wzw.tum.de
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