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REMOVAL OF Cu (II) FROM AQUEOUS SOLUTIONS
BY CALABRIAN PINE BARK WASTES
Bilal Acemioğlu1 and M. Hakkı Alma2

2

1
Department of Chemistry, Faculty of Science and Arts, Kahramanmaras Sutcu Imam University, K. Maras 46100, Turkey
Department of Industrial Engineering of Forestry, Faculty of Forestry, Kahramanmaras Sutcu Imam University, K. Maras 46060, Turkey

SUMMARY
In this study the sorption capacity of the Calabrian
pine bark wastes (Pinus brutia Ten) to remove Cu (II) ions
from aqueous solutions was tested as function of experimental parameters, such as contact time, initial solution
concentration, solution pH and solution temperature. Adsorption of copper ions on the bark wastes was so brisk
that within 10 min approximately 60-71% of Cu (II) ions
could be removed. The amount of Cu (II) adsorbed increased with increasing initial solution concentration and
pH, however, it varied partially with temperature. Experimental data showed that adsorption isotherm followed the
Freundlich model, and isotherm parameters were calculated at different temperatures. Kinetic studies revealed
that adsorption process followed the intra-particle diffusion kinetic. From the rate constants of intra-particle diffusion kinetics at various temperatures, it could be deduced that boundary layer thickness decreased with increasing temperature. The activation energy of adsorption
was –10.43 k J mol–1. Moreover, the thermodynamic parameters, standard free energy (ΔG ), standard enthalpy
(ΔH ) and standard entropy (ΔS ), of the adsorption process
were calculated. The results from experimental data indicated that adsorption process was of exothermic nature.
°

°

°

KEYWORDS: kinetics, adsorption isotherm, intra-particle
transport rate constant, thermodynamic parameters, Calabrian
pine bark wastes, Cu (II) removal.

these methods may be insufficient or too expensive and
result in secondary problems with metal-bearing sludges [3].
Moreover, researchers have also extensively studied the
removing of heavy metals by using microorganisms, such
as bacteria, yeasts, filamentous fungi, etc [3, 6].
Recent researches have been focused on non-living
biosorbents, which are particularly low-cost waste materials, such as agricultural wastes [7], wood wastes [8],
waste tea leaves [9], crab shells [3], larch bark wastes [10]
or lignin [11, 12].
Especially bark wastes, a complex mixture of many
organic compounds with a large number of hydroxyl,
carboxyl, phenolic, methoxyl or other functional groups,
have been used recently as material to control environmental pollution [8-12]. The bark wastes of Calabrian
pine consist of approximately 54.2% carbohydrates
(35.2% cellulose and 19.0% hemicellulose), 23.7% lignin,
18.6% extractives (tannin, resin, etc.) and 3.5% ash [13].
On average, the bark waste constitutes approximately 1020% of a tree [13-15]. Therefore, the large quantity of
bark wastes all over the world has been burnt to use it as
simple energy reservoir.
In this study, the capability of Calabrian pine bark
waste was tested as alow-cost biosorbent to remove Cu
(II) ions from aqueous solutions. The effects of concentration, temperature and pH on adsorption rates, but also the
kinetics and thermodynamics of the adsorption were studied in detail.
MATERIALS AND METHODS

INTRODUCTION
It is well-known that drinking water containing more
than 1.0 mg L-1 Cu ions is dangerous to health [1]. Water
can be contaminated with copper via various processes,
such as leather preserving, petroleum refining, copper
smeltering, pulp and paper board or wood preserving
industries [1, 2]. For removing heavy metal ions from industrial wastewaters, conventional physico-chemical methods have been commonly applied [1, 3-5]. Yet, some of

Materials

Calabrian pine (Pinus brutia Ten) bark wastes were purified from dust and ground using a Wiley-mill. The bark
waste powders (moisture content 12%) were passed through
a 100-mesh sieve and utilized for adsorption experiments.
Cu (II) stock solutions were prepared from an analyticalgrade copper sulfate pentahydrate (CuSO4.5H2O). The pH
values of solutions were adjusted by using diluted sulfuric
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acid. Absorbance rates were measured by atomic absorption spectrometry (Perkin Elmer spectrometer 3110).
Methods

Batch adsorption experiments were performed using
1.0 g of powdered pine bark wastes with 50 mL of
CuSO4.5H2O aqueous solutions in 250 mL glasses. Concentrations, pHs and temperatures were adjusted and then
samples shaken at 125 rpm in a temperature-controlled
water bath. After reaching the desired contact time, suspensions were filtrated (Selecta filter, 5892, Germany) and
the filtrates were analyzed using an AAS for Cu (II) ions.
The amounts of Cu (II) ions adsorbed were calculated by
subtracting both concentration of Cu (II) ions adsorbed
onto filter papers used herein and residual concentration
in aqueous solutions. Each experimental point was an
average of two independent adsorption processes.

However, the percent adsorption of Cu (II) ions onto
the bark wastes shows an increase with increasing the initial copper concentration contrary to previous studies using
various wollastonite [1], fly ash [5], cellulose [16], and
bentonite [17] as sorbents. This may be explained by the
chemical structure, especially the phenolic groups (mainly
tannins) in lignin and extracts of the bark wastes [18],
showing different affinities to Cu (II) ions.
Effect of temperature

Figure 2 presents the effect of temperature on adsorption for the initial concentration of 3x10-4 M at pH 5.5 as
a function of contact time. The absolute amount of Cu (II)
ions adsorbed slightly decreases when increasing temperature from 30 to 50 °C (Fig. 2), and percentage of Cu
(II) ions ranges between about 68.84 and 71.26%. The
equilibrium time was observed to be independent from the
temperature.
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Figure 1 illustrates the adsorption of Cu (II) ions onto
Calabrian pine bark wastes for different initial concentrations
of CuSO4.5H2O ranging from 1x10-4 M (Cu: 6.354 mg L-1)
to 3x10-4 M (Cu: 19.062 mg L-1) at 30 °C and pH 5.5 as a
function of contact time. The amount of Cu (II) adsorbed
onto the bark wastes increases when increasing treatment
time from 2 to about 15 min and, thereafter, becomes
constant. The adsorption processes reach an equilibrium
within a short-time of about 15 min for all the conditions
studied. With changing the initial concentration of the
solution from 1x10-4 to 3x10-4 M, the absolute amount of
Cu (II) ions per unit of adsorbent increases from 0.19
(60.79%) to 0.68 mg g-1 (71.26%) at 30 °C.

1
0,8
0,6
Temp.( 0 C )

0,4

30

0,2

40
50

0
0

0,8

2

4

6

8

10

12

14

16

Tim e	
  (m in)

0,7

FIGURE 2 - The effect of temperatures on the adsorption of
Cu (II) ions for the initial solution concentration of 3x10-4 M.
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FIGURE 1 - The effect of initial solution concentration on the adsorption of Cu (II) ions at 30 °C. ◊: 1x10-4 M, □: 2x10-4 M, ∆: 3x10-4 M.

Metal removal by adsorption is usually dependent on
pH of solution because of its remarkable effects on
sorbent surface. The maximum pH was kept at 5.5, because various hydrolyzed copper species, such as
Cu2(OH)22+, Cu2(OH)20 and Cu(OH)+, were formed at
pHs higher than 5.5 [1, 19-21]. The relationship between
pH and the percentage of Cu (II) ions absorbed onto the
bark for the initial concentration of 3x10-4 M at 30 °C is
given in Figure 3. As can be seen in the figure, the percentage of Cu (II) ions adsorbed steadily increases from
7.78% to 71.26%) with increasing pH values from 4 to
5.5, and no adsorption capacity could be found at pHs
below 4. Furthermore, pH values of samples decrease
during adsorption. The values of pH after treatment for all
the initial concentrations as a function of time are shown
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in Table 1. After adsorption an average 30% decrease in pH
was determined. A similar result has also been reported for
the removal of Cu (II) onto organosolv lignin, but the reason
of this pH-decreasing effect has not been exactly known
[12]. This phenomenon may be attributed to the fact that
adsorption of heavy metals on bark wastes is due, most
probably, to the displacement of H+ from free hydroxyl
groups of carbohydrates (cellulose and hemicellulose),
lignin and tannins (particularly catechin), as mentioned
elsewhere [22].

Freundlich adsorption isotherms at different temperatures are shown in Fig. 4, and its equation is expressed as
follows [16, 23]:
ln x/m = ln k + 1/n ln Ce

(1)

where x/m is the amount of metal ions adsorbed per
unit weight of adsorbent (mg g-1), Ce is the equilibrium
concentration of metal ions (mg L-1), and k (mg g-1) and n
(L g-1) are the Freundlich constants indicating the adsorption capacity and process favourability, respectively.
The values of k and n were calculated from the intercepts and slopes of the plots of ln x/m vs ln Ce. The isotherm constants obtained at various temperatures are presented in Table 2. The results indicate that the adsorption of
Cu (II) onto the bark wastes is not in favor of higher temperatures.
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our previous studies similar results were reported for the
removal of Cu (II) ions by organosolv lignin [12].
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FIGURE 3 - The effect of pH on the adsorption of Cu (II) ions onto the
bark wastes for the initial solution concentration of 3 x 10-4 M at 30 °C.
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TABLE 1
pH values after adsorption for different concentrations at 30 °C.

Contact Time
(min)
2
5
10
15

1 x 10-4 M
3.81
3.84
3.66
3.75

pH*
2 x 10-4 M
3.88
3.90
3.75
3.70

ln	
  C e 	
  (mg	
  L -‐1 )
FIGURE 4 - Freundlich adsorption isotherms of Cu (II) ions
onto the bark wastes at different temperatures and pH5.5.

3 x 10-4 M
3.80
3.99
3.80
3.76

TABLE 2
Freundlich constants of Cu (II) ions at different temperatures.

Temperature
( °C )
30
40
50

*pH of the initial solution of aqueous CuSO4.5H2O is 5.5 and pH of
Calabrian pine bark wastes in water is 3.75.

Adsorption isotherms

In order to determine the adsorption capacity, the experimental data points were fitted to Langmuir and
Freundlich equations and adsorption of Cu (II) ions from
aqueous solutions onto the bark wastes complies with the
Freundlich isotherm, but not with that of Langmuir and,
therefore suggesting that the adsorption isotherm has no
plateau and no formation of a full Cu (II) ion monolayer
covering the surface of the bark wastes happens. In one of

KF x102
(mg g-1)
4.90
4.60
4.30

n x102
(L g-1)
67.60
64.90
61.60

Adsorption kinetics

Adsorption kinetics of Cu (II) ions onto the bark
wastes was studied by using pseudo-first order kinetic and
intra-particle diffusion kinetic models.
A pseudo-first order kinetic model of Lagergen [23,
24] is given as
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k1
t
2.303

(2)

and intra-particle diffusion model of Weber and Morris [25-27] shown as
qt = ki·t1/2 + C

(3)

where k1 is rate constant for pseudo-first order model;
qe and qt are the amounts of solute absorbed per unit adsorbent at equilibrium and any time, respectively; and ki
is intra-particle diffusion rate constant. C is the intercept
parameter, and it gives an idea about boundary layer
thickness, which h increased with increasing intercept
values [27].
Cu (II)/bark waste adsorption system in this study
was investigated in terms of the above-mentioned kinetic
models for understanding the adsorption mechanisms.
Firstly, the plots of log (qe- q) vs t in Eq. (2) are
drawn, and rate constant values obtained from the slopes
of these plots were presented in Table 3. The values of
correlation coefficients, r2, are found to be 0.53, 0.91 and
0.83 for initial concentrations of 1x10-4, 2x10-4 and 3x10-4 M
at 30 °C, respectively. For 3x10-4 M the values of r2 are
0.83, 0.88, and 0.80 for 30, 40 and 50 °C, respectively,
and these plots have not been shown due to lower values
of r2. Also, the values of qe calculated from the intercepts
of plots of log (qe- q) vs t under all the conditions used are
not in agreement with the experimental data (see Table 3),
indicating that the adsorption does not obey the pseudofirst order kinetics [8].
Moreover, due to the porous nature of the adsorbent,
pore diffusion is also expected at the surface. Therefore,
the plots of qt vs t1/2 according to intra-particle diffusion
kinetics were drawn. The rate constant of intra-particle
transport (ki) and the C values were calculated from the
slopes and intercepts of the linear portions of the plots at
various concentrations and temperatures and they were

shown in Table 3. Both ki and C decrease with increasing
temperature, while they increase with increasing initial
solution concentration.
The values of r2 from the plots of ki vs t1/2 are found to
be 0.92, 0.93 and 0.94 for the initial concentrations of
1x10-4, 2x10-4 and 3x10-4 M at 30 °C, respectively, and
estimated values of r2 are 0.93, 0.94, and 0.92 at a constant concentration of 3x10-4 M for 30, 40 and 50 °C,
respectively. The r2 values obtained from intra-particle
diffusion model are higher than those of pseudo firstorder, indicating that the adsorption complies with an
intra-particle diffusion mechanism.
Furthermore, the initial curve of the plots of ki vs t1/2
(Figs. 5 and 6) represents boundary layer adsorption and
pore diffusion of Cu (II) within the sorbent pores. As
shown in Table 3, the value of pore diffusion rate constant
(ki) decreases with increasing temperature of solution, but
also thickness of the boundary layer indicating that Cu
(II) ion changes from solid to bulk phase as a function of
temperature, which results in a decrease in adsorption.
Therefore, the decreasing of boundary layer thickness
with temperature indicates that adsorption between interface surfaces of adsorbent/adsorbate is of exothermic
nature. This is also confirmed by the values of adsorption
enthalpy in the next section of thermodynamic studies.
Furthermore, the activation energy of adsorption process was calculated from the slope of Arrhenius plot of ln
ki vs 1/T (Fig. 7), and the value of Ea is found to be –
10.43 k J mol-1 for the Cu (II) adsorption onto the bark
wastes. Similar values of negative activation energy have
previously been found as –5.345 and –8.730 k J mol-1 for
the removal of Pb (II) onto china clay and wollastonite,
respectively [26]. The negative value of Ea indicates that
the rise in temperature is not favouring removal of Cu (II)
ions by the bark wastes.

TABLE 3
Kinetic parameters for different Cu (II) concentrations and solution temperatures.

qe (exp.)c
(mg g-1)

k1d
(1/min)

qe (cal.)e
(mg g-1)

r2 f

kig x102
(mg/g min1/2)

r2 h

Ci

1x10-4

0.1931

0.614

0.0689

0.53

0.55

0.92

0.174

-4

0.4331

0.388

0.0866

0.90

1.24

0.93

0.390

3x10-4

0.6793

0.445

0.1697

0.83

1.91

0.94

0.612

30

0.6973

0.445

0.1697

0.83

1.91

0.94

0.612

40

0.6650

0.654

0.5196

0.88

1.53

0.94

0.553

50

0.6562

0.617

0.5391

0.80

1.47

0.92

0.512

Parameter
Cinit. a(M)
2x10

b

Temp . (°C)
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a

Values at 30°C; b values obtained for initial concentration of 3x10-4 M; c the amount of Cu (II) ions adsorbed per unit of adsorbent by
experimental method at equilibrium time; d the rate constant of pseudo-first order reaction; e the amount of Cu (II) ions adsorbed per unit
of adsorbent obtained from pseudo-first order equation; f correlation coefficient from pseudo-first order reaction; g intra-particle diffusion
rate constant; h correlation coefficient from intra-particle diffusion equation; and I boundary layer thickness.
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FIGURE 7 - Arrhenius plot for Cu (II) adsorption onto the Calabrian pine bark wastes.

t1/2 	
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FIGURE 5 - Initial curve plots for the intra-particle
diffusion kinetics at various concentrations and pH 5.5.

Thermodynamic Studies

The various thermodynamic parameters, i.e., standard
free energy (ΔG ), standard enthalpy (ΔH ) and standard
entropy (ΔS ), related to adsorption of Cu (II) ions onto
the bark wastes, were determined by using the following
equations [16, 26, 28]:
°

0,69

°

°

Temp.( 0 C )

0,68

30

0,67

qt	
  (mg	
  g -‐1 )

3,1

40

0,66

ΔG = -RT ln Kc

(4)

ΔH = R (T1.T2 / T2 - T1 ) ln (Kc2 / Kc1)

(5)

ΔS = (ΔH -ΔG )/T

(6)

°

50

°

°

0,65

°

°

where R is the gas constant, Kc the equilibrium constant and kc1 and kc2 are the equilibrium constants at T1
and T2 temperatures, respectively.

0,64
0,63

The equilibrium constant Kc at various temperatures
was determined from

0,62
1

1,5

2

2,5
1/2

t 	
  (min

3
1/2

3,5

4

Kc =

)

FIGURE 6 - Initial curve plots for the intra-particle
diffusion kinetics for the initial solution concentration
of 3x10-4 M at different temperatures and pH 5.5.

C Ae
CSe

(7)

as described elsewhere [16, 26],
where CAe is the equilibrium concentration of Cu (II)
on the sorbent (mg L-1) and CSe the equilibrium concentration of Cu (II) in solution (mg L-1).
Equilibrium constants and thermodynamic parameters
obtained at different temperatures are given in Table 4. The
negative values of ΔG at various temperatures indicate the
spontaneous nature of adsorption process. It is obvious that
the negative values of ΔH show the adsorption to be exothermic. This can be explained by the fact that Cu (II) ions
are bound to the active areas of sorbent surface, such as
hydroxyl, carboxyl, methoxyl and phenolic groups via Van
der Waals binding, causing displacement of H+. Furthermore, the negative values of ΔS suggest a faster interaction
with the active surface of the sorbent [26].
°

°

°
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TABLE 4
The thermodynamic parameters for the adsorption of Cu (II)
onto Calabrian bark wastes at different temperatures.
Temperature
(°C)
30
40
50

Kc
2.48
2.30
2.20

ΔG
(J mol-1)
-2288
-2167
-2117
°

ΔH
(J mol-1)
-5941
-3736
⎯
°

ΔS
(J mol-1 K-1)
-12
-5.0
⎯

[8]

Ho, Y.S. and McKay, G. (1998) Sorption of dye from aqueous
solution by peat. Chem. Eng. J. 70, 15-124.

[9]

Tee, T.W. and Khan, R.A.M. (1988) Removal of lead, cadmium
and zinc by waste tea leaves. Environ. Lett. 9, 1233-1242.

°

[10] Aoyama, M. and Tsuda, M. (2001) Removal of Cr(VI) from
aqueous solutions by larch bark wastes. Wood Sci. Technol.
35(5), 425-434.
[11] Lalvani, S.B., Wiltowski, T.S., Murphy, D. and Lalvani L.S.
(1997) Metal removal from process water by lignin. Environ.
Technol. 18, 1163-1168.

CONCLUSION
Calabrian pine bark wastes were found to be a suitable non-living biosorbent for the removal of Cu (II) ions
from aqueous solutions. Within a maximal contact time of
15 min, 60-71% of Cu (II) ions in solution could be removed by the bark wastes. Adsorption percentage of Cu
(II) ions increased with an increase in concentration. Moreover, the results of the kinetic study indicated that the process followed intra-particle diffusion. The values of intraparticle diffusion rate constant, activation energy and reaction enthalpy suggested that the adsorption is of exothermic
nature and in agreement with Freundlich isotherm.

[12] Acemioglu, B., Samil, A., Alma, M .H. and Gundogan, R. (2003)
Copper (II) removal from aqueous solution by organosolv lignin
and ıts recovery. J. Appl. Polym. Sci. 89, 1537-1541.
[13] Fengel, D. and Wegener, G. (1984) Wood: Chemistry, Ultrastructure, Reactions. Walter de Gruyter, Berlin.
[14] Alma, M.H. and Kelley, S.S. (2000) Coversion of the bark
wastes of several trees species into bakelite-like thermosetting
materials by their phenolysis. J. Polm. Eng. 20, 365-379.
[15] Alma, M.H. and Kelley, S.S. (2002) The application of pyrolysis
molecular beam mass spectrometry for characterization of bark
wastes phenolysis products. Biomass and Bioenergy, 22(5), 411-419.
[16] Acemioglu, B. and Alma, M.H. (2001) Equilibrium studies on
adsorption of Cu (II) from aqueous solution onto cellulose. J.
Colloid Interface Sci. 243, 81-84.
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THE BIODETERIORATIVE ACTION OF MICROORGANISMS AND THE
EFFECTS ON STONE MONUMENTS UNDER AIR POLLUTION AND
CONTINENTAL-COLD CLIMATIC CONDITION IN ERZURUM, TURKEY
Yasar Nuhoglu
Department of Environmental Engineering, Faculty of Engineering, Atatürk University, 25240 Erzurum, Turkey

SUMMARY

INTRODUCTION

The biodeteriorative effects of microorganisms colonizing the stone monuments under air pollution and continental-cold climatic region in Erzurum were evaluated
using several microscopic and cultural techniques.
The stone-inhabiting microflora was examined using
SEM (Scanning electron microscopy) techniques that
allow in situ examination of the settling-way of the microflora communities on the stone surfaces. It was found that
the vegetative and reproductive forms of the microorganisms could develop during winter months when the night
time temperature is -25 ˚C for ten days.
The varying amounts of silicon, ferrous, sodium,
manganese, calcium, sulfur and aluminum were determined in the structural components of the historical building-stones through elemental analysis by SEM-EDS combined system energy dispersive spectrometry. Some of
these elements could provide energy sources for the microorganisms on the stone surfaces.
The cultural and microbiological tests were carried out
with the aim of verifying if there was a microbial colonization, both under continental-cold climatic conditions and in
intense air pollution. It was realized that 7300 aerobic heterotrophic bacteria, 540 sulfur oxidizing bacteria, 7100 actinomycetes and 6000 fungi could develop on the deteriorated
stone surfaces (as CFU) even during the coldest months in
winter and that some of these were connected with accelerating degradative effects on stones.

KEYWORDS: Biodeterioration, continental-cold climatic region,
stone monuments, air pollution.

The biodeterioration of the stones of historical buildings is a well-known phenomenon. [1-5]. It has been
attributed both to natural and anthropogenic environmental factors, such as rain, humidity, wind, sunlight and air
pollution and to biological agents such as fungi, bacteria,
algae and lichens [3-5].
Biodeterioration has usually been considered to be a
degradation process following the initial deteriorating
effects of inorganic agents. These agents were thought to
condition stone surfaces for microbial contamination due
to structural changes and the enrichment of inorganic and
organic nutrient substances. However, recent investigations on the biodeteriation of stones in historical buildings, especially regarding the surface-covering biofilms
formed by several microorganisms to protect themselves
against harmful environmental factors, have found that
biodeteriorating effects can be clearly detected in the
early stages of stone exposure [4, 5].
The air pollution, which is an anthropogenic effect, is
the cause of the accelerated deterioration of stones of the
historical buildings. The acceleration and retardation of
biodecay and biodeterioration is mainly controlled by
chemical processes, or biologically induced and controlled physical or mechanical phenomena. With the
chemical deterioration, microbial deterioration occurs, led
by microbial growth on material surfaces [5]. It is presumed that biodeterioration is the result of metabolic
activities of complex microbial communities [6].
The microflora on the building stones represents a
complex ecosystem, which develops in various ways depending on environmental conditions and the physicochemical properties of the materials. Different kinds of
microorganisms colonize stones of historical buildings:
chemoheterotrophic bacteria, chemoorganotrophic bacteria,
phototrophic bacteria, algae, fungi and lichens [4, 5]. The
photosynthetic microorganisms develop easily on surfaces
of stones of historical buildings, giving rise to colored patinas and incrustations [7, 8]. Once colonized, photosynthetic
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microorganisms permit the growth of more complex microbial consortia formed by heterotrophic microorganisms,
and these often exercise strongly deteriorating effect [9].
The establishment of a heterotrophic microflora on rocks,
using organic substrates derived from the rock material or
from deposits introduced by dust and rain, is possible even
without the pioneering participation of phototrophic organisms [5]. Deposition of various particulate and gaseous
organic compounds on stone surfaces from air pollution as
well as organic biomass contributes to the nutrient supply.

On account of cold winters, the low and rarely middle
calorific lignite is burned for heating during the winter
months between October and May. As a result of burning
this lignite, a great amount of SO2, NOx and PM are released into the atmosphere. In addition, the EuropeTurkey-Iran highway passes through the city and vehicles
contribute to the air pollution also. By these ways, the
heavy air pollution appears during wintertime in Erzurum.
On examination of Table 1 it is observed that average
monthly temperature is below 0 ˚C during five months of
the year, and that precipitation is most intense in this
period. While the wind speed average is 3.1 m/s during
summer, this parameter is 2.2 m/s in winter. This situation
causes difficulty in dispersion of air pollutants during
winter. The air pollution stemming from vehicles in
summer is a non-dangerous level (≅10 µg/m³) [12].

The presence of heterotrophic microorganisms has
been shown to correlate with the state of decay of stones
and their biocorrosion activity. Biochemical redox processes of cations, especially iron and manganese, can take
place through indirect (metabolic products) or direct (enzymatic) activities of heterotrophic microorganisms [10].
The resulting oxides are preferentially deposited on the
outer cell-surface of the active microorganisms. The biochemical immobilization of the metal cations causes a
permanent concentration gradient that maintains the solubilization process within the crystal lattice and results in
the decreasing strength of the material [5].

Sample Collection

The air pollutants are found in great numbers in the
atmosphere, especially during winter months. Therefore,
the samples were taken during wintertime to determine
the accelerated-biodeteriorative effects of the microorganisms on stones of the historical buildings.

The aim of the present work was to investigate the
contribution of air pollutants on the biodeteriorative effects of the microorganisms on the stone decay of historical buildings under continental-cold climatic region in
Erzurum, Turkey.

All of the sampling, microbiological and SEM-EDS
studies were carried out under sterile conditions.
The two stone samples were taken from the 0.5 and
2-meters-high parts of the external walls of the four historical buildings in October, January and March, and they
were put into the Petri dish. The first sample, easily removable flakes, was taken by means of the scraping of the
stone surface. These samples were used in microbiological
incubating and counting. One gram of each sample was
squashed with a mortar and weighed, then put into 50 ml
flasks with 10 ml sterile physiological solution (9 g/L
NaCl), mixed for 15 min and then serially diluted (10-2,
10-3,… etc.) [13]. The second, non-crumbed (aggregated)
stone samples were taken by means of hammer and forceps for the microscopic investigation and elemental
analyses in the SEM-EDS.

MATERIALS AND METHODS
Topographical, Meteorological and
Air Pollution Characteristics in Erzurum

Erzurum is on a plateau surrounded by mountains to
the east, south and north. The height of this plateau is
around 2000 m above sea level (39º55´ N latitude and 41º
16´ E longitude). The population of Erzurum is 366.000.
The city is located in the eastern region of Anatolia (Turkey).
Topographic structure and geographic location cause a hard
steppe climate around the city. Its meteorological [11] and
air pollution [12] characteristics are given in Table 1.

TABLE 1
The average meteorological and air pollution characteristics of Erzurum (1990-2001).

Meteorological parameters
Temperature (˚C)
Precipitation (mm)
Moisture ( %)
Wind speed (m/s)
Air-pollutants (µg/m3)
SO2
PM
NOx *

Months
1
2
3
4
5
6
7
8
9
10
11
12
-10.1 -10.6 -4.7 5.1 10.5 14.6 19.0 19.0 13.5 7.3 -0.4 -6.9
14.7 19.4 35.9 48.3 63.9 37.8 21.9 10.8 25.2 34.3 26.3 27.9
77.2 77.5 77.1 67.8 63.1 59.1 53.2 50.5 53.8 64.8 73.6 80.3
2.3
2.5 2.5 3.6 3.3 2.9 3.4 3.0 2.7 2.4 2.3 1.9
327
215
142

285
185
127

230
135
95

130
74
-

-

-

-

-

-

-

-

-

-

-

-

-

*This parameter was measured between 1984-1989, and it has not been measured now.
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The characteristics of the monuments:
1) The Yakutiye Madrasah (Yakutiye Medresesi): The
madrasah was built in 1300 with mudurge stone, has
1000 m² inner area and is a specific building identified with the city like the Double Minarets-Madrasah.
2) The Castle of Erzurum (Erzurum Kalesi): The castle
was built between 415-422 by the Byzantium Empire
with volcanic stone. It was restored with volcanic and
limestone in 1230 by the Seljukian Empire.
3) The Double Minarets-Madrasah (Cifte Minareli Medrese): The madrasah was built in 1236 with mudurge
stone, has 1536 m² inner area and is a specific building identified with Erzurum.
4) The Great Mosque (Ulu Cami): It was built in 1180
with tufa stone, has 2152 m² inner area and is still
used for praying purposes.

The Counting of Fungi and Actinomycetes: For this
process, starch-casein agar was used for actinomycetes
and czapek-dox agar, malt extract agar and peptone dextrose agar for fungi [14]. Microorganisms were incubated
at 4 °, 20 ° and 25 ºC.
The Determination of Nitrogen-cycle Bacteria (ammonification): In this process, ammonification medium as sug-

gested by Vero et al. was used [13]. The medium was incubated at 30 ºC for 15 days. At the end of the incubation, the
existence of nitrogen-cycle bacteria (as ammonification
value) was determined by Nessler`s reagent. Nevertheless,
microbiological count could not be carried out.
Identification of the species and groups: For identification
of the species or groups, after previous procedures (Gramstaining, oxidase, catalase, etc.), a biological characterization
using API Staph and API 50 CH, was carried out [7].
SEM Micrographic Examinations

Microbiological Examinations
Microbiological Preparatory Examinations: Because Erzurum is the coldest city in Turkey, the low and rarely
middle calorific lignite is burned for heating and thus the
air pollution occurs in the wintertime. Therefore, the
biodeteriorative role of microorganisms may occur in cold
environments and that the new mutants may suit the coldest condition, so that biological deterioration could be
initiated. In order to prove this thesis, microbiological
preparatory examinations were carried out. In accordance
with this aim, all the microbial inocula were incubated
serially at 0, 5, 10, 15, 20, 25, 30 and 40 ºC, and the optimum incubating temperatures of the microorganism
groups were found out, underlining those already known
from the literature [4, 7, 13-18]. The optimum incubating
temperature of the microorganisms was determined as
follows: The sulfur oxidizing bacteria are 20 º and 30 ºC,
the yellow-colored colonies appear at 20 ºC and orangecolored ones at 30 ºC. The nitrogen bacteria (as ammonification) show optimum incubation at 30 ºC. It was also
seen that the fungi show optimum incubation at 4 ºC and
25 ºC and the actinomycetes at 20 ºC.
The counting of aerobic heterotrophic bacteria: In this
process, standard plate count agar with nystatin of 50 mg/L
was used. The 1 ml portions from dilutions were used to
make two Petri dishes and 15 ml of culture at 45 ºC were
added and incubated at 25 ºC and 37 ºC [14]. At the end
of the incubation, the colony forming units (CFU) were
counted and the number of total aerobic heterotrophic
bacteria was found.
The Counting of Sulfur Oxidizing Bacteria: For the
counting of sulfur oxidizing bacteria, the sulfur oxidizing
medium solidified with 15 g agar in accordance with the
suggestion of Vero et al., [13] was used and this medium
was incubated at 20 ° and 30 ºC for 15 days. Finally, the
colony forming units (CFU) were counted.

The aggregated stone samples were broken into pieces
in sterile conditions. Then, conductivity was provided by
sputtering with Au-Pd target using a sputter-coater and thus
the samples brought onto a state to facilitate examination in
JEOL 6400 SEM-EDS combined system energy dispersive
spectrometer. After coating the samples to a nanometer
degree, they were attached in the holder of SEM, placed in
the vacuum chamber to photographic and elemental analysis
(EDS). Secondary electron images and energy dispersive
spectra were obtained at 25 keV energy level. SEM micrographs were taken between 400-10,000 x magnifications.
RESULTS AND DISCUSSION
The aim of this study was to determine the existence
of micro-organisms, such as aerobic heterotrophic bacteria, sulfur oxidizing bacteria, nitrogen bacteria, fungi and
actinomycetes on stones of the historical buildings in
Erzurum, under continental-cold climatic condition, and
their contribution on stone biodeterioration. The air pollution in wintertime is due to burning of the fossil fuels for
domestic heating. The amounts of air pollutants such as
SO2, NOx and particles released into the atmosphere are
presented in Table 1. Because of the fact that the relative
moisture is high during winter in the city, stone materials
remain damp and so this situation provides a suitable
environment for the settlement of air pollutants and microorganisms on stone pores and surfaces. The elemental
compositions of stones, air pollutants and moisture make
a suitable milieu for the microorganisms to develop by
obtaining energy from them. Therefore, the developing
microorganisms deteriorate the stones in time by secreting
enzymes and activating other metabolic activities [5, 15].
The easily removable flakes taken from the deteriorated
stone surfaces were incubated in the media and the microorganisms developing under extreme-cold climatic conditions
were determined. The results are shown in Table 2.
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TABLE 2 - The colony forming units of the microorganisms investigated on stone
monuments (October 2000, January and March 2001; CFU / 1 g of stone sample).

The monuments

Height of
sampling

Fungi

O. - J. - M * O. - J. - M *
1110-1730-1200 7300-7100-2320

The Yakutiye Madrasah
(Mudurge stone)

0.5 m
2.0 m

730-720-630

The Erzurum Castle
(Volcanic stone)

0.5 m

3200-630-1500

2.0 m
0.5 m

The Double-Minarets
Madrasah
(Mudurge stone)
The Great Mosque
(Tufa stone)

Actinomycetes

5700-5600-1180

Aerobic heterotrophic bacteria
O. - J. - M *
8000-2320-1400

Sulfur oxidizing
bacteria
O. - J. - M *
236-216-350

6400-180-90

0-0-30

Nitrogen
Bacteria**
O.-J.-M.
+ + +
-

-

-

1550-550-2500

550-350-120

+ - -

2300-450-600
4300-750- 520

2700-27001800
550-850- 620
2130-2500-3300

2100- 310- 2100
6500-2500-1480

0-0-370
310-250-550

- - +
+ + +

2.0 m

390-120-180

70-0-260

7300-350-250

245-80-70

-

- +

0.5 m

6500-6000-4500

12000-7300-4500

3200-540-250

-

- +

2.0 m

4300-2000-3200

7200-720-250

2150-310-30

-

+ -

3700-37002750
790-900-0

* O.: October, J. : January, M.: March, **(-) : not found (+): found.

Examining Table 2 together with Figs. 1-8, it is concluded that a heterotrophic microflora, composed of fungi, actinomycetes and bacteria dominated on the stone
surfaces in all of the historical buildings during the winter
months. This conclusion demonstrated that the metabolism of the autotrophic micro/macro-flora in Erzurum has
been restricted by the coldest weather, and so the heterotrophic microflora are present as the dominant flora. Heterotrophic microorganisms present on the stonework may
utilize, for their growth, the airborne organic compounds
arising from the incomplete combustion of fossil fuels
that settled on the stone surfaces [5, 7, 16]. This evidently
confirmed that the heterotrophic microflora formed as the
dominant flora of the stone materials exposed to the atmospheric pollution eliminating the autotrophic flora due
to extreme climatic conditions in winter. On the other
hand, the CFU of microorganisms, in Table 2, compared
with the other researches [7, 17], it is seen that there are a
few aerobic heterotrophic bacteria as colony-forming
units in this research, but the other main microbial flora
(fungi and actinomycetes) are similar to that of the moderate climatic regions. This finding, attributed to the
qualitative and quantitative composition of the stone colonizing microflora, is basically determined by physical
and chemical properties of the building rocks, although
the destructive activity of biocorrosive microorganisms is
favoured in the moderate zones [19]. However, Erzurum
is the coldest city with the average monthly temperatures
below zero during the five months of the year and that
microbial metabolism of the dwelling microorganisms of
stones can be restricted by extreme cold weather. The
presence of small amounts of aerobic heterotrophic bacteria is attributed to the extreme cold weather, but the other
microbial flora, such as fungi and actinomycetes, may
develop into a normal population like that in the moderate
climatic regions [7, 17]. This occurrence, attributed to the
fungi, actinomycetes and even bacteria, may have devel-

oped new mutants for adaptation to extreme cold climatic
conditions in Erzurum.
The CFU values of all microorganisms, in Table 2,
are fewer than the number of fungi, actinomycetes and
bacteria in the SEM images (Figs. 1-8). This existence
attributed to all of the vegetative and reproductive forms
of the microorganisms on stone surfaces, are not culturable, except for a very few [8, 15, 18]. The CFU values of
all the microorganisms in the samples taken from 0.5 m
above ground are higher than that of 2 m above ground of
the monuments, because the soil derived microflora may
have contaminated the bottom layer of the stone surfaces.
On the other hand, the expanse of vegetative and generative forms of the microorganisms observed by the SEM
images on stone surfaces are smaller than in the cultural
medium, soil and plant surfaces, because the stone is a
poorer enrichment media than the cultural medium for the
microorganisms [ 15, 18]. At the same time, from Table 2,
it is observed that the fungi and aerobic heterotrophic
bacteria commonly developed on the stones of all the
historical buildings. Fungi and sulfur oxidizing bacteria
are smaller than the actinomycetes and aerobic heterotrophic bacteria. The presence of nitrogen bacteria (as
ammonification) has been confirmed also.
When Tables 2 and 3 were evaluated together, sulfur
oxidizing bacteria and sulfur (as a component of stones)
are present in all stone monuments. Sulfur oxidizing bacteria excrete sulfuric acid during their metabolism, that
reacts with calcium carbonate to form calcium sulfate.
Colonization of building stones by sulfur-oxidizing or
nitrifying bacteria (chemolithoautotrophic microorganisms) is dependent on the presence of reduced sulfur and
nitrogen compounds (e.g., H2S, S, SO32-, NH3 or NO2).
The presence of sulfur oxidizing bacteria on the stones of
all the monuments in Erzurum has been accepted as an
indicator of air pollutant contributions with respect to the
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TABLE 3
The elemental analyses results of the investigated stone samples in January, 2001.

The monument
The Yakutiye Madrasah
The Erzurum Castle
The Double Minarets-Madrasah
The Great Mosque

Stone type

The elemental analyses of the stone samples (atom%)
Si

Fe

Na

Mn

Ca

S

Al

Mudurge

31.24

10.65

0.00

0.00

32.77

16.23

9.11

Volcanic

50.79

26.41

3.47

0.00

0.00

19.33

0.00

Limestone

52.31

12.13

0.00

0.00

22,72

0.38

12.45

Mudurge

63.65

12.63

0.38

0.00

16.35

7.29

0.00

Tufa

65.59

22.80

3.10

0.14

0.00

8.37

0.00

biodeteriorative effects of the microorganisms [20, 21].
The deteriorating effect of chemolithoautrophic bacteria
will probably be minimal under severe building damage
conditions, since they are very sensitive to desiccation
and grow slowly in moderate temperatures [5, 22]. But,
they may have a significant role to play in the decay of
stones under cold and humid milieu in Erzurum, because
they could have developed new mutants for adaptation to
extreme cold conditions.
In this study, the following microorganisms, Bacillus
subtilis, Bacillus cereus, Bacillus thuringiensis, Thiobacillus sulfooxidans and such fungi species as Cladosporium orchidis, Penicillium frequentans, Embellicia hyacinthi and Alternaria altenata, and the group of actinomycetes from the stone surfaces of the monuments have been
identified. Among these microorganisms the genera of
bacteria, such as Bacillus sp. and Thiobacillus sp., that of
fungi as Penicillium sp., use hydrocarbons, sulfur and
nitrogen compounds stemming from air pollution and
contribute to the biodeterioration of stone [16].
The stone type, the mineralogical composition and
the species/colony forming units of the microorganisms
on the stone surfaces were determined to access the biological contribution to stone decay, and correlate with the
type of stone material and exposure conditions for the
monuments. Fig. 1 shows the way of biological damage
on stone surfaces at the Erzurum Castle similar to the
other stone monuments. The microorganisms on the stone
surfaces could not be seen, because of low magnification,
and the macro-bioderiorative organisms, such as mosses
and lichens, were not dominant, because of the extreme
cold climatic conditions in wintertime. Table 3 shows the
elemental analyses results of structural components of the
historical building stones examined by means of SEMEDS. Figs. 1-8 show the secondary electron images (SEI)
of stone-surfaces of the historical buildings.

and Al are desirable, because of their contribution to development of the microorganisms on stone surfaces [5].
The stones of the Double-Minarets Madrasah, the Erzurum Castle and the Yakutiye Madarsah have significant
amounts of Calcium. The presence of carbonate compounds in the stone can cause a constant suitable pH-milieu
for the growth of bacteria [5, 23]. Limestone and marble
commonly consist of a dense calcareous matrix allowing
mainly a superficial microbial contamination. Nevertheless
the material seems to be subject to lichens and fungal attack
[5, 9, 24-26]. Several fungal growth on the stone surfaces
can be seen (Figs. 3, 5, 6 and 7), when the night-time temperature is about -25 ˚C for ten days [11]. Because of cold
weather, especially reproductive forms of the microorganisms could develop during the winter months (Fig. 5). In
stone monuments, soil fungi, as well as air and plantderived flora, are the first inhabitants on the dry inorganic
or mineral surface. These inhabitants produce fastspreading hyphal structures (see Fig. 3) and can regenerate their presence on the stone by spore production (see
Figs. 5 and 7) [27, 28].

Table 3 shows that Si, Fe and S are present in all stone
samples representing the main components in the ranges of
about 31-66 % at., 10-23 %at., and 0.3-19 %at., respectively. In addition, Na, Mn, Ca and Al elements within some
stones exist significantly. Existence of Si, Fe, Na, Mn, Ca, S
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FIGURE 1 - The way of biodeterioration on the
volcanic stone surface of the Erzurum Castle (microorganisms not being seen because of low magnification).
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FIGURE 5 - The conidiophores of Penicillium sp. as
dwelling in the tufa-stone pores of the Great Mosque.

FIGURE 2 - The microbial colony on the
volcanic stone surfaces of the Erzurum Castle (surface of the colony covered by jelly-microbial biofilm).

FIGURE 6 - The micromycetes dwelling on
the tufa-stone surfaces of the Great Mosque.

FIGURE 3 - The fungal hyphae penetrating
the inner pore surfaces of the Erzurum Castle.

FIGURE 7 - The stone pores, the microbial biofilm and the
microorganisms on the mudurge-stone surface (the way of
biodeterioration) of the Yakutiye Madrasah. (the surface
of salient parts was covered by jelly-microbial biofilm).

FIGURE 4 - The bacteria-embedded microbial biofilm at the
Erzurum Castle (stone surface covered by jelly-microbial biofilm
and the bacteria, probably Bacillus sp., embedded in the biofilm).
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CONCLUSIONS
This study is especially remarkable in that it proves
such microorganism as fungi, actinomycetes and bacteria
can live and reproduce on stone surfaces even at very cold
temperatures (at -10ºC daytime, -25 ºC at nights) and
contribute to the biodeterioretion of stones. Photosynthetic micro/macro-organisms such as mosses and lichens
were not dominant because the extreme cold weather in
wintertime restricted photosynthesis in Erzurum. Heterotrophic microflora, composed of fungi, actinomycetes and
bacteria dominates the stone surfaces in all of the stone
monuments during the winter months. It was evident that
some of these microorganisms could deteriorate the
stones of historical buildings, using elemental components of stones, such as Si, Fe, Na, Mn, Ca, S, Al and air
pollutants, even in wintertime under continental-cold
climatic conditions.

FIGURE 8 - The microbial biofilm and micromycetes
on the mudurge-stone surface of the Double MinaretsMadrasah (stone surface covered by jelly-microbial biofilm).
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DEVELOPMENT OF ECOLOGICAL INDUSTRIAL PARKS IN CHINA
Yuejuan Lin, Zhe Zhang, Feng Wu and Nansheng Deng
College of Resource and Environmental Science, Wuhan University, Wuhan, 430072, P. R. China

SUMMARY
One of the biggest challenges for China is how to retrofit the industrial processes, which are based on obsolete
technology, within financial, institutional and legal constraints. Ecological Industrial Parks (EIPs), based on the
principles of material and energy recycle and cleaner production, has been planned and constructed, and is recognized as the third-generation industrial park in China. In
this paper, several EIPs in the mainland of China are presented, and the characteristics and experiences of Guigang
National Demonstration EIP, Tuopai brewing EIP, Nanhai
National Demonstration Regional EIP and Tianjin Economic Development Zone are discussed.

KEYWORDS:
Eco-industrial parks, industrial ecology, sustainable development.

INTRODUCTION
To reach the desired environmental goals, the economic and community development practitioners have to
make arduous effort together. While industrials have always searched for innovative technologies and partnerships to increase production efficiency as a result of reduced raw materials usage, other inputs and energy consumption, local governments striving to retain and attract
business are seeking new ways to balance economic, social, and environmental purposes. An increasing number
of industrials have begun to incorporate more intensive
social and environmental improvement standards into their
operations. Managers and governors now realize that conventional end-of-pipe pollution treatments are neither
ecological nor economical. The concept of EIPs represents
a holistic view on industrial systems’ impact on the environment that many embrace as an unavoidable ingredient
for sustainable development. The Benefits of EIP model
are that the waste materials or products of one company
can be recycled and supplied into the manufacturing process of other companies in the park with minimal transportation and production cost. Processes in such designed
circuits can minimize most air emissions, noise pollution,
and soil pollution and waste [1]. Because they are cost-

effective and environmentally sound, although there are
few integrated or multi-industry EIPs, the planning and
designing of EIPs is on the way in many counties and
regions such as US, Canada, Europe, Japan and so on.
In China, EIP is regarded as the third-generation industrial park (The first-generation is economic and technology development park, and the second-generation is
high technology development park) [2]. In 1999, the project of constructing ecological industrial park demonstrations was carried out. The focus of the task was to renovate and transform those industrial zones or newly built
economic development zones, which possess better environmental background, into ecological industrial park
demonstrations. On August 8-11, 2001, a four-day forum
on Environmental Management of Industrial Estates was
held at Dalian, China [3]. According to their financial and
environmental standings, four sites were selected as pilot
zones. They were Dalian Development Zone, Tianjin
Development Zone, Yantai Development Zone, and the
Suzhou New Zone. The construction of EIPs in China is
supported and sponsored by the local authority, the China
State Environmental Protection Bureau and some relevant
academic institutes, which provide favorable policy and
technology support. At present, in the mainland of China,
the proportion of parks, running as EIPs, is low and most
EIPs are still under construction or planning. The following
presented EIPs are typical samples. This paper provides an
overview of current practices in the construction of Chinese
EIPs and recommend a viable development of them.

ECOLOGICAL INDUSTRIAL
PARK PROJECTS IN P. R. CHINA
Guigang National Demonstration EIP,
Guangxi Zhuang Autonomous Region [4,5]

The city of Guigang lies in the southeast of Guangxi
Zhuang autonomous Region, the western part of China.
Sugar production from sugarcane is the pillar industry in
Guigang. It produces more than 40% sugar of the national
total output and occupies 30% of GDP of Guigang. There
are five main sugar production enterprises, among which
Guangxi Guitang Group Co. Ltd (Guitang Group) is the
biggest one. The Guitang Group is a state-owned enterprise
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FIGURE 1
Eco-chain established in Guitang Group with sugar refinery.

with over 3800 employees, has a history of over 40 years,
and possesses 14,700 hectares land for growing sugar-cane.
The enterprise comprises of an alcohol plant, a pulp and
paper plant, a toilet paper plant, a calcium carbonate plant,
a cement plant, a power plant, and other affiliated units.
Being concerned with the rational use of natural resources and environmental degradation, the Guitang
Group carried out a four-level environmental protection
management: from enterprises, factories, workshops to
sectors, and invested RMB 70 million Yuan to the transition from the end-point prevention and treatment to the
cleaner production. In June 2000, the leaders of China
State Environmental Protection Agency (CSEPA) investigated Guigang and proposed to construct EIP with the
core of Guitang Group. With the interest and support of
the local authority, the “Compendium on Construction
Planning of National Guigang EIP (Sugar Refinery)
Demonstration” was worked out by Dr. Ning Duan, the
Deputy President of the Chinese Research Academy of
Environmental Sciences, and a key advisor to the Guitang
Group. In August 2001, the construction plan was authorized formally by CSEPA. China State Environmental

Protection Agency (CSEPA) and the China National
Cleaner Production Center (CNCPC) supported the Guigang EIP project with both technology and policy.
According to the plan, the Guigang EIP will be developed to six subsystems: sugarcane land, sugar refinery,
alcohol production, papermaking, thermoelectricity cogeneration and environmental comprehensive treatment
and disposal. All subsystems are connected by exchanges
of the by-products and wastes, thus forming a comparatively integrated and closed eco-industrial network. Figure 1 shows the relationships of the six subsystems and
the material flow in the park.
There are three main eco-chains: 1.Sugarcanes are the
raw materials of the sugar production, their waste treacle
is effectively used to produce alcohol, the waste alcohol
liquors are supplied to produce organic fertilizers, then
organic fertilizers are used to plant sugar canes; 2. Following the sugar production, cane trashes are supplied to
papermaking, then black alkali liquors are recycled for
papermaking; 3. Thermoelectricity cogeneration system,
using sugarcane marrow as a substitute for partial fuel
coal, can provide other systems with necessary electricity
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and vapor so that to guarantee the power supply to the
park. The group also established several sub-eco-chains
such as cement production by use of filter residues from
sugar plant, after the process of desulfuration, dust removal, ashes rinsing by use of wastewater produced from
papermaking. These eco-chains utilize wastes as raw
materials, not only optimize the utilization of natural
resources, but also minimize waste discharge.
The Group is planning to expand the industrial ecosystem, such as constructing a new beef and dairy farm
using dried sugarcane leaves as feed; Constructing a milkprocessing factory to make fresh milk, milk powder and
yogurt for the local market; Constructing a beef-packing
factory to process beef and bone glue; Building a biochemical plant to make amino acid based nutrition products and other bio-products using the by-products from
the beef packinghouse; Developing a mushroom-growing
company using manure from the new dairy and beef
farm.; Processing residue from the mushroom base to
produce natural fertilizer used on sugarcane fields. The
Guitang Group has been on its right way to transform to
an Eco-industrial Park initiative. Table1 shows Guitang
Group’s output of main products in the year 2000.
The authority arranges to invest a total of RMB 3.6 billion Yuan (US$437 million) in the coming five years to turn
Guitang Group into a demonstration EIP and the City of
Guigang into Eco-Industrial City [7]. The industrial park
will initiate 12 key projects including the construction of
about 33.3 thousand hectares of modern sugarcane land,
expansion of 500 thousand tons of paper-making and technological transformation of 200 thousand tons of alcohol
production. When the EIP is founded, it will have the capacity of producing 1 million tons of refined sugar, 500 thousand tons of paper and 200 thousand tons of alcohol,
producing the bio-engineering products like FructoOligosaccharides, yeast, and feedstuff for higher ruminants.
The EIP will increase the revenue up to RMB 10 billion
Yuan (US$1.2 billion) and the taxation of RMB 3 billion
Yuan (US$364 million). Then, the Guigang EIP will be-

come an international combined EIP involving industry,
agriculture, trade and research with high competitive power.
Tuopai brewing EIP, Sichuan

The location of Sichuan Tuopai Brewing Co., Ltd.
near the middle reaches of Pei River, has natural advantages for brewing. The Tuopai Group is a state-owned
enterprise with over 4,000 workers, owns 40,000 sq.km.
of land, and has 12 branches of production and management. The total investment capital of the Tuopai Group is
up to 1.6 billion Yuan. Over 120,000 tons of wines are
produced every year. The park was constructed by means
of the technology of modern biological engineering, environmental protection, ecology, economics and sociology
and stimulating the function of ecological system [6].
Due to the particularity of brewing industrial, material recycle is the core of the brewing ecological industry
system, similar to eco-agriculture [7]. A demonstration of
the material flow web in the process of brewing production is shown in Figure 2. The group makes full use of
modern biotechnology to minimize the consumption of
provisions and other raw materials.
The green raw materials are supplied to ferment and
distil; then 1. waste gas is supplied to thermal electricity
plant to produce electricity to provide electric energy for
brewing; 2. rice husk is used as fuel to the boilers and its
ash, mixed with charcoal dregs, is supplied to produce
cement for construction; 3. lees, the residua of wine production, are treated by combined bacterial solid fermentation and wastewater treatment technologies. Solid fermentation sediment is made to high-quality fertilizer with
enzyme. Sludge from anaerobic fermentation is manufactured to biologically active organic fertilizer for agriculture and stockbreeding; 4. the upper layer of waste liquid
from brewing, which is fermented with oxygen by special
microorganism, comprises biologically active a-amylase
and glucoamylase. 70% of that is returned to the process
of liquefaction and saccharifying, which reduce both the

TABLE 1
Guitang Group’s output of main products in the year 2000 [6].

Products
Sugar (granulated sugar)
Alcohol edible
Paper
Light calcium carbonate
Crude sugar Processing
Cement
Fertilizer
Alkali recovered
Total

Output (tons)
120,000
10,000
90,000
25,000
300,000
330,000
30,000
8,000

a: Business income and profit of edible sugar and alcohol together.
NA: not available. Data for minor business are not available.
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Business income
(RMB million Yuan)

Profit
(RMB million Yuan)

287.92a

91.65a

267.79
8.75
82.71
NA
NA
NA
647.17

35.65
1.92
4.79
NA
NA
NA
134.01
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FIGURE 2
Material flow network within Tuopai Group.

cost of production and the consumption of water; 5. solids
and liquids are separated after the second fermentation.
Protein forage with more than 30% crude protein is made
from the solid mycelium that is dehydrated and dried. Methane is acquired from waste liquid, which is treated by
highly effective anaerobic process [8]; 6. at the stage of
post-production, 90% of wastewater are treated and recycled, the remaining 10% are treated to achieve the national
discharge standards, then used to irrigate, or discharged.

Tuopai Group has developed into a well-known national enterprise with a fixed capital of RMB560, 000 and
26 wine-cellers and 24 affiliated companies. The Group
comprises liquor brewing, pharmaceutical, packing, forage, construction, and commerce and technology development sectors. Development of western China creates a
good chance for Tuopai Group. The group will focus on
constructing liquor-making basis, biologically medicinemaking basis and produce manufacturing basis [9].

604

© by PSP Volume 13 – No 7. 2004

Fresenius Environmental Bulletin

Nanhai National Demonstration Eco-industrial Park [10]

To face the environmental challenges of the new tides
of recycle economy and green economy in the new 21st
century, in Nov. 2001, the China’s State Environmental
Protection Administration (CSEPA) approved the proposal: set up the first national level eco-industry demo
park and an environmental protection industry park in
Nanhai County of Guangdong Province. The Nanhai
National EIP declared its foundation. A business entity,
Guangdong South China Environmental Protection Investment co. Ltd is responsible for the development, marketing, management and operation of the EIP.
Nanhai County is located in the Pearl River Delta.
Because of the superiority in transportation, economy and
industrial background, Nanhai has been an investment hot
spot in Guangdong Province. The highway from Guangzhou to Zhaoqing and the second freeway around the
urban cross the EIP. The Park is 25 kilometers away from
Guangzhou, 11 kilometers from dock, and 8 kilometers
from railway station. Many industries such as nonferrous
metal processing, textile, construction and ceramics, motorcycle, machinery and electrical equipments, are flourishing.
As a model of the third generation development districts with functions of manufacture, exhibition, and scientific research, the construction of Nanhai National EIP
was based on the strategy made both by China Environmental Science Institute and by Tsinghua University. As

shown in Figure 3, the park will have a total area of 6.6 km2,
four major industry zones, including the environmental
science and technology consultancy and services zone,
environmental protection equipment and materials manufacturing zone, green products manufacturing zone and
resources recycling zone. It uses resource and waste material separately, and sets up the industrial chains of resources recycle.
Nanhai County has well-developed economy and
good industrial basis. In 2001, the total domestic production value of Nanhai County reached 39 billion yuan (4.6
billion US $). Total industrial and agricultural production
is 88.2 billion, and the revenues, 7.98 billion yuan. The
numbers mentioned above have increased by 10% as
compared to last year. By 2005, the park will have an area
of 2.63 sq.km, an investment worth RMB 3 billion yuan
and 20 thousand employees, among which technological
staff will account for 20 to 30 %. The park will have realized an output of RMB 3 billion yuan and be a complex
of development of environmental protection technology,
manufacturing, hatching, technology expansion and technology innovation. By 2010, the park will have a total
area of 6.67 sq.km and an investment of RMB 5 billion
yuan and industrial output of RMB 5 billion yuan. Ultimately, the park will be characteristic of the third industrial park and national ecological industrial demonstration
park including resource recovery, zero-emission and virtual ecology.

Residential
zone
Production
zone

Commercial
center

Resource
recycling
zone

Consultancy
center

Training
center

Research
center

Exhibition
center

Ecological
lake

Management
center
FIGURE 3
Scheme of the Nanhai National Demonstration Eco-industrial Park.
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Tianjin Economic Development Zone [11]

Since the 1990`s, the authority of Tianjin Economic
Development Zone has set the goal of “Sustainable Development”, and has invested large amounts of money to protect environment, while absorbing foreign capital and developing economy. Recently, the annual investment on
environmental protection is above 3% of the total GDP of
the Zone. The green areas have been 34.5 million m2; the
proportion of greenbelt is 27.6%. Annually, these greenbelts
can absorb 350 tons of CO2 per ha and reduce 60 tons of fly
ashes. The authority also constructed wastewater treatment
plants, from metal plating and other facilities, and made
some obvious progresses on centralized control and treatment of wastewater and optimized utilization of wastewater.
The project of recycling water is being carried out. The
completion of the project will make balance between the
production and elimination of wastewater, and form looplocked recycle system of wastewater in the Zone.
At the beginning of 2000, the authority of the zone
proposed the ISO14001 Environmental Management
System. May 10, 2001, the national Environmental Protection Agency awarded the Tianjin Economy Development
Zone the title of ISO14000 National Environmental Protection Demonstration. In September 2001, Sino-Japanese
Recycle Economy and Zero-emission Seminar was held in
Tianjin Economic Development Zone. The UNU zeroemission symposium signed cooperation agreement with
Tianjin Economic Development Zone. Both sides will
make great efforts to turn the Zone into an eco-industrial
park and an international environmental protection
demonstration. The authority of the zone is responsible
for the planning and construction, offering scheduled
consultation services for Japanese excellence enterprises.
The UNU is responsible for offering the technological,
methodological and economic aids, information and data
of Japanese recycling economy cases and zero-emission
information. It is estimated that Tianjin Economic Development Zone Eco-industrial Park Initiative will be constructed in 2005.

obviously unsuitable for the development of eco-industry,
which aims at optimized utilization of resource and zeroemission. So it is indispensable that the environmental
legislative framework for industrial parks should undergo
major changes to accommodate the development of ecoindustrial. The laws should provide the basis, such as for
prescribing the responsibility, rights and benefits of utilization of the natural resources, for catalyzing the industrial enterprises to use environmentally beneficial technology and cleaner production processes. On June 29th 2002,
a new environmental protection law –Cleaner Production
Law was constituted and has been put into effect since Jan
1st 2003. The new law directs as to how authorities at all
levels should encourage and supervise enterprises to carry
on cleaner production and what kinds of favorable regulations and rules they should provide to stimulate them.
Moreover, the law stipulates the principles of how enterprises should carry on cleaner production and what behavior should be banned and punished. The new law will be
greatly helpful for the construction of EIPs.
Consummation of environmental management system

The enterprises in China must set up and consummate
environmental management system, which focuses on
environmental performance, impacts and sustainable development, and is consistent with the development of ecoindustry. It is essential to popularize and practice ISO14000
environmental management system, especially after China
entered WTO. Up to now, there are about 600 enterprises
that gain ISO14001 certification. By carrying out ISO14000
environmental management system, enterprises can integrate the concept of cleaner production into it to control
environmental pollution and prevent it as well as improve
productivity. ISO 14000 environmental management
stimulates enterprises to improve the technology of cleaner production and management in terms of environmental
protection. To carry out ISO 14000 environmental management system also indicates the concept of the development of eco-industry.
EIP demonstration

PROPOSAL FOR THE EIP
CONSTRUCTION IN CHINA
Nowadays, one of the biggest challenges for China is
how to retrofit the industrial processes, which at times are
based on obsolete technology, within financial, institutional, and legal constraints. Many tentative plans and
practice of eco-industrial parks are instructive for the
development of local economy in China. With a view to
the situation of our country, we need to carry out several
tasks described below to develop the eco-industrial parks.
Consummation of environmental legislation

In China, environmental legislation of industrial system mostly focuses on prevention and treatment of environmental pollution, especially end-point treatment. It is

It is important to set up eco-industry demonstration or
bases before popularizing the EIP and EI. It can be
achieved by three methods: 1. Select typical enterprises or
big companies to establish single eco-industry demonstration by means of ecological design of product, zero emission, cleaner production and so on. 2. Establish waste
exchange system and closed circulation and ecological
linkages among different enterprises or virtual EIPs based
on the principles of industrial ecology in some industrial
zones. 3. Design and plan the industrial zones being constructed or planning of eco-industry demonstrations in
lines of principles of industrial ecology. Moreover, during
the course of construction we should learn the experiences
from some foreign EIPs, which are functioning well. At
the same time, we must realize that the mode of EIP development is not the one and only thing. The experiences
of EIP can only be used for reference, are not creeds.
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Develop international cooperation.

US, Europe, Japan and other countries and regions
are ahead on the planning and construction of EIPs, and
have accumulated many fundamental theories and practical experiences. We should develop international cooperation widely, absorb foreign experiences and funds,
utilize advanced technology and employ elites with specialized knowledge to set up high jumping-off point and
efficient EIPs.

[5]

President's Council on Sustainable Development (1997) Ecoindustrial park workshop proceedings.Oct.17-18.1996. Cape
Charles. VA

[6]

Li Dongfang (2000) Tuopai liquor making industry ecological garden. Liquor-making Science & Technology 1: 15-16

[7]

Yang Zhiqin (2001) New cultural concept and modern production pattern, Liquor-making 3: 99

[8]

Li Kongyue and Jin Sen (2001) Theory and method of waste
resourcization-based on analysis and application of Tuopai
group. Area Research and Development 1: 23-26

[9]

Zhu Yong (2000) Another Tuopai, Liquor-making 6: 95

Reconstruct the old industrial parks.

It is possible to reconstruct our already existing industrial parks to eco-industrial parks. Firstly, we need to
cultivate the sensitivity and participant spirit, choose and
support one or several pillar enterprises with market potential, growing energy, local competitive superiority and
great effect on local development, then establish waste
flow connections of EIPs by the authority, special association or committee.

[10] Nanhai National Demonstration Eco-Industrial Park and
South China Environmental Protection Industry Park (SCEP)
http://www.epvalley.com
[11] Man Xuejie and ZhangYanan. Sino-Japanese cooperation on
the construction of the first EIP in China. Xinhua.org Tianjin．
http://www.tj.xinhua.org/09/08/yw0804.htm

Establishment of index system to
assess the performance of EIPs

The effective application of EIPs requires a set of
technological and economic index system, which can
deliver an understanding of the performance of EIPs scientifically and promote consolidation and improvement of
them. The metrics should comprise criteria about cleaner
production, ecological network, environmental quality,
environmental management, park policy, regulations, and
ecological structure. These criteria form the basis from
which EIPs can direct their resources to achieve maximum efficiency, profit and environmental benefits.
Apparently, the planning and construction of EIPs
need a systemic method concerned with the amount and
physico-chemical characteristic of output, input and consumption of materials, practice criterion and economy
management. We mainly focus on the wastes exchange
and energy cascading, which are the common and major
character of various EIPs.
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SUB-LETHAL RESPONSES OF THE AQUATIC SNAIL
Potamopyrgus antipodarum (HYDROBIIDAE, MOLLUSCA)
TO UNIONIZED AMMONIA: A TOLERANT INVADING SPECIES
Alvaro Alonso and Julio A. Camargo
Departamento de Ecología, Facultad de Ciencias, Universidad de Alcalá, 28871 Alcalá de Henares (Madrid), Spain

SUMMARY
The behavioural endpoint of activity, as mean time to
start the normal movements, was used to assess the toxic
effect of unionized ammonia (NH3-N) on the aquatic invasive snail, Potamopyrgus antipodarum. Three bioassays
were performed: 1) assessment of organism’s tolerance to
different toxic concentrations of NH3-N, 2) determination
of the time of recovery after toxic exposure to NH3-N, and
3) evaluation of the snail size on the tolerance to NH3-N. In
the first bioassay, four concentrations and a control were
used (0.02, 0.05, 0.10, 0.18 mg/L NH3-N) in triplicate,
recording the activity for 10 days. In the second, snails
were exposed for 24 hours to 0.47, 0.82, and 1.15 mg/L
NH3-N in triplicate, and their activity was recorded during
4 days of post-exposure to NH3-N. In the third, snails of
two shell sizes (3-4 mm and 1.5-2.7 mm) were exposed to
0.28 mg/L NH3-N and a control, in quadruplicate, the
activity was recorded daily for 4 days of exposure and for
3 days of post-exposure. Results showed that NH3-N affected both the activity and recovery of this snail, although
the recovery used to be relatively quick, and the shell size
did not affect the tolerance to NH3-N. It is concluded that
P. antipodarum is an invasive species with a high tolerance and recovery ability to the toxic effects of NH3-N,
which could partly explain its ecological success to dwell
in aquatic ecosystems polluted with organic matter.

KEYWORDS: activity, behaviour, invasive species,
tamopyrgus antipodarum, recovery, unionized ammonia.

Po-

INTRODUCTION
Ammonia is a natural constituent of aquatic ecosystems that mainly derives from the degradation of organic
matter. Nowadays, high concentrations of ammonia are
generated from different anthropogenic sources, such as
industrial wastes, sewage effluents, animal farming and ag-

ricultural runoff [1-3]. As a consequence, ammonia concentrations are increasing in surface waters over normal
levels, causing toxic effects on aquatic organisms [4, 5].
Normally, ammonia can appear in a freshwater solution in two chemical species, unionized (NH3) and ionized
(NH4+), whose equilibrium is affected both by water temperature and pH [6]. Toxicity to aquatic animals has been
related to the unionized form [4, 5], the ionized form having
little or no toxicity [1, 4]. Unionized ammonia has a high
solubility in lipids and it can diffuse across cellular membranes [7]. In fishes, it causes an increase of gill ventilation, hyperexcitability, convulsions and, finally, death [4,
5]. Disruption of pilaster cells, ephitelial necrosis and hyperplasia of gill cells, and subsequent collapse of gill lamellae, have been found in crabs exposed to ammonia [8]. In
freshwater amphipods, unionized ammonia caused a reduction in the energy balance and respiration [9].
The evaluation of the toxic effects on aquatic organisms is usually performed through short-term bioassays,
which use supraenvironmental toxic concentrations, and
end up with the death of the organisms. Therefore, this
approach is not very suited to predict the effects of pollution on natural ecosystems [10]. The best method to meet
this aim is the monitoring of natural communities, but it
requires years of investigation and a wide knowledge of
the community dynamics to distinguish the effects of
toxics from the natural fluctuations of populations [11].
The monitoring of behavioural endpoints, instead of mortality, is an alternative sublethal method to assess toxic
effects, which allows the use of environmentally realistic
toxic concentrations [12, 13]. The behavioural response
has been studied in several aquatic invertebrates [14-20].
Most of these studies have dealt with mean-sized individuals of natural populations, despite the evidence of the
size effects on the tolerance to unionized ammonia, reported for several aquatic invertebrates [2, 21-23]. This
factor might be very important to predict the toxic effects
of pollutants in natural populations.
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An additional factor affecting freshwater invertebrate
populations is the quick spread of a few aloctonous taxa
[24], whose invasive ability may rely both on a fast reproduction and on a high tolerance to pollution. This is the
case of the aquatic snail Potamopyrgus antipodarum Gray
(=P. jenkinsi Smith) (Hydrobiidae, Mollusca). This snail is
an ubiquitous and persistent species native of New Zealand,
but it is nowadays established in Australia, Europe and
North America [24, 25]. This snail has a fast parthenogenetic reproduction [26], shows a high tolerance to organic
pollution [27], and is relatively tolerant to lethal short-term
toxicity of ammonia, nitrite and nitrate [3].
This work aims to assess the effect of sublethal NH3N concentrations on: 1) the behavioural activity (as mean
time to start the movement) of P. antipodarum; 2) the
time to recover activity after toxic exposure; and 3) the
effect of body size on the response to NH3-N. This study
would contribute to quantify the importance of ammonia
tolerance in the success of this species, as well as to assess if small individuals are more sensitive to pernicious
effects of unionized ammonia. It is expected to find a high
resistance to sublethal effects of NH3-N, a short time of
recovery, and a higher tolerance in large snails.

MATERIALS AND METHODS
Snails were collected in relatively unpolluted upper
reach of the Henares river (Guadalajara, Central Spain)
(Table 1). A part of the snails were sieved in two different
shell sizes at the riverside (length of small shell: from 1.5
to 2.7 mm and length of big shell: from 3 to 4 mm). Organisms were transported to the laboratory in plastic containers filled with river water. In the laboratory, snails
were distributed into 1.5L-glass aquaria, and acclimated
to test water (bottled drinking water without chlorine,
Table 1) for a week prior to the bioassays. During acclimatization, snails were fed with aquatic macrophytes
collected in the same river reach.
The behavioural endpoint was the time (seconds) spent
by each snail to start normal movement after manipulation. Each individual was taken up with a forceps and
placed in the centre of the test glass vessel (0.1L), which
made them to retract their body within the shell; then, the
time spent to start the normal movement was recorded
with a chronometer, based on the methodology of Cheung
and Wong [16]. All observations were made under a binocular. Snails that did not move after 360 seconds were
considered to be inactive. Inactive snails were recorded
daily in all bioassays.
Three independent bioassays were conducted. The
first bioassay was a static one. A control and four nominal
concentrations of unionized ammonia were used in triplicate (0.02, 0.04, 0.09 and 0.17 mg/L NH3-N), the activity
of snails being recorded every 24 hours during 10 days.
The second bioassay assessed the recovery time after one

day of exposure to a control and three nominal concentrations of unionized ammonia, all in triplicate (0.51, 0.85
and 1.19 mg/L NH3-N). After 24 hours of exposure snails
were transferred to control water and their activity recorded after 24, 48, 72 and 96 hours. The third bioassay aimed
to assess the effect of snail size both on NH3-N tolerance
and recovery of activity. The two size classes were exposed to a control and a treatment with a nominal concentration of 0.34 mg/L NH3-N, both in quadruplicate, during
4 days. Activity was recorded after 24, 48, 72 and 96
hours of the toxic addition. After 4 days of exposure,
organisms were transferred to control water and their
activities recorded after 24, 48 and 72 hours.
The controls of all the bioassays contained less than
0.002 mg/L NH3-N. Nominal concentrations were prepared by adding a required volume of a 100 mg/L stock
solution of total ammonia (NH4-N+NH3-N) to give the
desired nominal final concentration. Stock solution was
prepared daily by dissolving the required amount of ammonium chloride (NH4Cl, PANREAC, Spain, Lot No.
149959380 with a reported purity of 99.5%) in 1000 mL
of test water. Eight randomly selected snails were assigned to each 0.1L-test glass vessels. Then, vessels were
placed in a refrigerator with a regulated temperature of
15±1 ºC and covered with a perforated plastic foil to reduce water evaporation. No ventilation was supplied
during the bioassays in order to avoid significant reductions of ammonia concentrations by oxidation. Snails
were not fed during the toxicity tests to prevent potential
changes in the ammonia concentrations. Test solutions
and controls were renewed daily in all the bioassays.
Temperature, dissolved oxygen, pH and actual concentrations of total ammonia were measured daily, using the
standard methods of the American Public Health Association [28]. Unionized ammonia concentrations were calculated using mean values of temperature, pH and nominal
and actual total ammonia concentrations [6]. After the
bioassays, the shell length of all snails was measured with
an ocular micrometer. No significant differences between
mean shell length for control and treatments were found
for the first two bioassays (P>0.05; Tukey test). In the
third bioassay, significant difference between the shell
length of small snails and that of big ones was found
(P<0.05; Tukey test) (Table 2).
The effects of unionized ammonia on P. antipodarum
activity at each time were assessed in the first two bioassays through analysis of variance (ANOVA). In the third
bioassay the effect of unionized ammonia (exposure and
post-exposure to toxic and control) and size (small and
big snails) on the activity of P. antipodarum at each time
of exposure and post-exposure were assessed through a
two-way ANOVA. In all statistical analyses the mean time
(seconds) spent to start the normal movement of active
snails per vessel was the dependent variable. Differences
of activity between treatments and controls were assessed
through a Dunnett test for the first two bioassays [29].
Differences in mean shell length between control and treat-
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TABLE 1
Mean values (± SD) of physico-chemical parameters in control test water and Henares river water.
Water analyses were performed following standardised methods described in ref. [28].

Control-test water
784±7
8.1±0.1
15.3±0.7
6.8±0.4
90.8±0.9
1.15±0.08
<0.005
<0.002

Conductivity (µS)
pH
Water temperature (ºC)
Dissolved oxygen (mg/L)
Calcium (mg/L)
NO3-N (mg/L)
NO2-N (mg/L)
NH3-N (mg/L)

Henares-river water
987±275
8.1±0.1
8.0±4.2
12.7±1.2
120±24
1.60±0.7
0.009±0.007
<0.002

TABLE 2
Mean concentrations (± SD) of actual total (mg/L NH4-N+NH3-N) and unionized (mg/L NH3-N) ammonia, and mean values
of shell length (mm) for each bioassay. Nominal total and unionized ammonia concentrations are presented for each bioassay.

First Bioassay
Control
Treatment 1 (n=10)
Treatment 2 (n=10)
Treatment 3 (n=10)
Treatment 4 (n=10)
Second Bioassay
Control
Treatment 1 (n=3)
Treatment 2 (n=3)
Treatment 3 (n=3)
Third Bioassay
Control
Treatment (n=4)

Nominal
total
ammonia

Nominal
unionized
ammonia

Actual
total
ammonia

0.63
1.25
2.5
5

0.02
0.04
0.09
0.17

0.69±0.1
1.51±0.2
2.9±0.2
5.16±0.9

<0.002
0.02±0.003
0.05±0.007
0.10±0.007
0.18±0.031

3.6±0.4
3.5±0.4
3.3±0.4
3.3±0.5
3.5±0.3

15
25
35

0.51
0.85
1.19

13.9±0.3
24.1±0.1
33.9±1.9

<0.002
0.47±0.01
0.82±0.003
1.15±0.065

3.0±0.5
3.0±0.5
2.7±0.5
2.7±0.4

8.1±1.3

<0.002
0.28±0.044

10

0.34

ments were examined using Tukey test for each bioassay
[29]. Data were tested for heterogeneity of variance using
Levene’s test [30]. When necessary, data were log-transformed to ensure homogeneity of variance. The effect of
unionized ammonia on the percentage of inactive snails
for each time was assessed through a Kruskal-Wallis test.
Significance was accepted at P<0.05 and all statistical
analyses were performed using SPSS 11.5 software.
RESULTS
All concentrations cited in the results are mean actual
concentrations of NH3-N (mg/L, Table 2). In the first bioassay, all treatments, except that with the lowest concentration (0.02 mg/L N-NH3), delayed the start of snail movement with respect to the control. In the second treatment
(0.05 mg/L N-NH3), the significant effect appeared after
144 hours of exposure; in the third (0.10 mg/L N-NH3)
after 96 hours and in the last (0.18 mg/L N-NH3), after
24 hours (P<0.05; Dunnett Test) (Table 3).

Actual unionized
ammonia

Shell length

Big
3.5±0.3
3.6±0.3

Small
2.4±0.2
2.4±0.4

In the second bioassay, the time to recover activity after 24 hours of post-exposure to unionized ammonia, significantly differed between each treatment and the control
(P<0.05; Dunnett test) (Figure 1). After 48 and 72 hours
of post-exposure significant difference between treatments and control was only found for the highest concentration (P<0.05; Dunnett Test). After 96 hours of postexposure to unionized ammonia snails in all treatments
performed like the control (P>0.05; Dunnett Test).
In the case of the third bioassay, the effect of exposure to unionized ammonia was significant at all the times
(P<0.05; two-way ANOVA, Table 4). The effect of the
toxic in the post-exposure time was significant only after
24 hours (Table 4). The effect of size on the time to recover movement after exposure and post-exposure to the
toxic compound was only significant 24 and 48 hours
after exposure (Table 4). The interaction of size and toxic
was significant in the 24 hours-exposure treatment, as the
toxic effect was more pronounced in the small than in the
big snails (Table 4, Figure 2).

610

© by PSP Volume 13 – No 7. 2004

Fresenius Environmental Bulletin

TABLE 3
Mean time (seconds) ± standard error for the time spent to start the movement after toxic exposure in the first bioassay.
Asterisks show significant differences between control and treatment for each exposure time (ANOVA; Dunnett test; P<0.05).

Control (<0.002
mg N-NH3/L)
9.9±1.2
11.1±0.9
11.5±0.9
11.8±1.2
10.9±1.3
9.3±0.5
14.9±2.0
14.0±1.0
15.6±3.2
13.5±1.6

Mean time to start movement (seconds)

Time
(hr)
24
48
72
96
120
144
168
192
216
240

0.02
mg N-NH3/L
13.0±1.5
13.2±1.2
18.2±3.3
15.8±0.6
12.9±1.2
18.8±2.5
15.9±2.5
27.3±4.4
21.6±1.6
22.3±2.7

*

50
45
40
35

0.05
mg N-NH3/L
12.5±3.3
12.9±2.0
24.0±5.9
16.5±0.9
17.1±3.3
23.2±2.9*
29.5±2.4*
36.7±5.0*
29.9±2.2*
30.3±2.9*

0.10
mg N-NH3/L
14.8±1.1
15.2±1.3
24.9±4.1
25.6±1.0*
25.0±4.7*
29.0±4.5*
34.3±3.4*
39.7±9.3*
33.4±2.5*
30.0±0.9*

0.18
mg N-NH3/L
25.4±5.9*
26.2±2.6*
28.0±4.4*
32.8±2.6*
37.0±0.2*
43.4±4.7*
41.3±3.7*
54.1±5.9*
60.0±6.9*
39.5±7.0*

Control

*

0.47 mg N-NH3/L
0.82 mg N-NH3/L

*

30

*

25

1.15 mg N-NH3/L

*

20
15
10
5
0
24

48

72

96

post-exposure measurement time (hours)
FIGURE 1
Mean time + standard error required by the snails of the second bioassay to start movement after 24, 48, 72 and
96 hours of finishing a 24 hours exposure to 0.47, 0.82 and 1.15 mg/L N-NH3, and transference back to control water.
Asterisks show significant difference between control and treatment for each time (ANOVA; Dunnett test; P<0.05).

TABLE 4
Summary of the two-way analysis of variance of the effect of exposure to 0.28 mg N-NH3/L and size (small
1.5-2.7 mm versus big 3-4 mm) on the activity of P. antipodarum for each exposure and post-exposure time.

24 hr exposure
48 hr exposure
72 hr exposure
96 hr exposure
24 hr post-exposure
48 hr post-exposure
72 hr post-exposure

Exposure to 0.28 mg N-NH3/L
F
P
303.5
0.000
114.6
0.000
75.4
0.000
151.3
0.000
16.6
0.020
4.36
0.059
0.01
0.916

Source of variation
Size
F
P
5.99
0.031
6.34
0.027
1.47
0.248
0.39
0.540
0.15
0.705
3.00
0.109
0.91
0.359
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Size × Exposure to 0.28 mg N-NH3/L
F
P
22.4
0.000
0.14
0.717
3.25
0.097
0.82
0.384
0.58
0.461
1.68
0.219
0.15
0.702

Mean time to start movement (seconds)
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140

Control (small snails)

120

0.28 mg/L N-NH3 (small)

100

Control (big snails)
0.28 mg/L N-NH3 (big)

80
60
40
20
0
24 exposure 48 exposure 72 exposure 96 exposure

24 postexposure

48 postexposure

72 postexposure

Time (hours)
FIGURE 2
Mean time + standard error to start movement for control and treatment of small and
big snails, found in the third bioassay after each exposure and post-exposure time (hours).

The analysis of the percentage of inactive snails
showed a result similar to that of the activity for each
bioassay (Figure 3). In the first bioassay, treatment 4
(0.18 mg/l N-NH3) showed a higher percentage of inactive snails for exposure times over 168 hours. In the second bioassay, all snails exposed to 0.82 and 1.15 mg/l NNH3 after 24 hours of exposure were inactive (Figure 3).
However, after 24 hours of post-exposure, all snails recovered their activity (Figure 3). In the third bioassay, the
percentage of inactive snails increased with the time of
exposure, differing from the control after 72 and 96 hours
of exposure to unionized ammonia. After 24 hours of
post-exposure to unionized ammonia all the snails recovered their normal activity (Figure 3).
DISCUSSION
This study has demonstrated that sublethal concentrations of unionized ammonia (0.05-1.15 mg/L N-NH3)
caused alterations in the activity of P. antipodarum, increasing the time to start the normal movement after exposure, and suppressing movement in part of the test
population.
A previous study with the same Spanish exotic population of P. antipodarum has demonstrated a great resistance to the lethal effects of unionized ammonia (4-day
LC50 = 2.02 mg/L NH3-N, Table 5) [3]. The present concentrations and exposure times (from 1 to 10 days) were, as
reported in the literature, enough to kill other aquatic invertebrates (Table 5). The unionized ammonia concentration
used in the first and third bioassays (0.18 and 0.28 mg/L NNH3, with a exposure time of 10 and 4 days, respectively)

killed Lumbriculus variegatus, whose 4-day LC50 95%
confidence limits ranged from 0.18 to 0.48 mg/L NH3-N
[31]. The unionized ammonia concentration corresponding to 2-day LC50 of Paracalliope fluviatilis was applied
for 10 days and no snail died. Richardson [32] reported
for the crustacean Paratya curvirostris 1-day LC10 95%
confidence limits ranging from 0.99 to 1.90 mg/l NH3-N.
Although, in the second bioassay the snails were exposed
to 1.15 mg/L NH3-N for 1 day, no mortality was found in
P. antipodarum. This comparison shows the relatively
high tolerance of this snail to toxic effects of unionized
ammonia.
In addition, we compared our results with others reported in the literature for P. antipodarum; the 95% confidence limits for the 4 days LC50 values for a New Zealand
native population reported by Hickey and Vickers [33]
ranged from 0.26 to 0.52 mg/l NH3-N. In a population
from an experimental stream of Great Britain, Watton and
Hawkes [21] reported a 4-days LC50 values between 0.31
and 0.85 mg/l NH3-N (Table 5). Alonso and Camargo [3]
and the results of the present work show a higher tolerance to ammonia, compared to the above reports. The
likely cause for these differences would be the distinct
origin of population; in the case of ref. [33], snails come
from a native population, and in the case of ref. [21], the
organisms were collected from an experimental stream.
Other cause would be the different methods used to calculate the LC50 values, especially the method in ref. [34] used
by the authors of ref. [21]. The results of this method are
dependent on the individual who is fitting the data “by eye”
[35]. The high tolerance showed by this invasive snail
could partly explain the success of this snail to dwell in
ammonia polluted european freshwater ecosystems [27].
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Total porcentage of inactive snails
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0
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*
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FIGURE 3
Total percentage of inactive snails in each bioassay. The number of inactive snails was zero in every control.
Asterisks show significant difference between treatments for each time (Kruskal-Wallis test; P<0.05).
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TABLE 5
Values of LC50 or LC10 (mg/L N-NH3) for some aquatic invertebrates reported in the literature. Unionized ammonia conentrations and/or exposure times used in these studies were similar to those used in the present study. Water temperature (ºC), pH
and 95% confidence limits for the LC50 or LC10 values are presented. Species are ranked in the order of decreasing exposure time.

Species

Group

LC50

LC10

Time
(days)

95%
Confidence
limits

Water
temperature
(ºC)

pH

Reference

Potamopyrgus antipodarum

Snail

2.02

-

4

1.56-2.45

20.4

8.3

[3]

Potamopyrgus antipodarum

Snail

0.31-0.85

-

4

-

15

7.2-8.0

[21]

Potamopyrgus antipodarum

Snail

0.31-0.44

-

4

0.26-0.52

15-20

7.6-8.2

[33]

Lumbriculus variegatus

Worm

0.29

-

4

0.18-0.48

23

6.5-6.9

[31]

Paracalliope fluviatilis

Crustacean

0.18

-

2

0.14-0.24

15

7.6

[33]

Paratya curvirostris

Crustacean

-

1.23-1.71

1

0.99-1.90

15

7.5-8.1

[32]

The results of the second and third bioassays showed
that P. antipodarum rapidly recover its activity after an
exposure to unionized ammonia, not apparently causing
serious damage on the locomotory physiology of P. antipodarum. In natural aquatic ecosystems, ammonia discharges usually occur as episodes of short duration [2,
36]. Moreover, when the water has a high alkalinity, the
fraction of unionized ammonia may reach toxic levels to
aquatic organisms during a short period. In this conditions, the quick recovery to sublethal concentrations together with the low sensitivity to lethal effect of unionized ammonia [3] could explain the success of P. antipodarum to dwell in organic polluted and nutrient enriched
streams of Europe [27].
The effect of snail size in the tolerance to ammonia
revealed by our third bioassay was not very clear, although small snails tended to be less active than big ones
through the test period (no significant trend), this trend
was the reverse after 48 hours of exposure. Our results
partly resembled that of ref. [21], which reported that the
juvenile snails (1-2 mm) were less tolerant than the adults
(≥4mm) to lethal effects of ammonia. Other studies on
other species revealed a different effect of size on the
sensitivity to ammonia; ref. [2] concluded that the juveniles of two freshwater crustaceans (Gammarus pulex and
Asellus aquaticus) were less susceptible than the adults to
lethal effect of unionized ammonia and hypoxia; ref. [22]
reported that the adults of the fingernail clam Musculium
transversum were more sensitive to ammonia than the
younger clams. Hickey and Martin [23] found that adults
and juveniles of the freshwater bivalve Sphaerium novaezelandiae had a similar sensitivity in a chronic exposure (60 days) to ammonia.

invertebrates showed a great tolerance of this snail to unionized ammonia in short-term exposures. This high tolerance
to this substance could partly explain its ecological success
in organic and nutrient enriched aquatic ecosystems. Nevertheless, there is a lack of studies on the toxic effects of unionized ammonia on the behaviour of the aquatic invertebrates, and, especially, on the size-dependent tolerance.
Further investigations are required to know which lifehistory stages are more sensitive to this toxic compound.
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species was able to recover quickly from sublethal toxic
stress. The comparison with lethal effect studies of aquatic

614

REFERENCES
[1]

Williams, K.A., Green, D.W. and Pascoe, D. (1986) Studies
on the acute toxicity of pollutants to freshwater macroinvertebrates: 3. Ammonia. Archiv. Hydrobiol. 106, 61-70.

[2]

Maltby, L. (1995) Sensitivity of the crustaceans Gammarus
pulex (L.) and Asellus aquaticus (L.) to short-term exposure
to hypoxia and unionized ammonia: observations and possible mechanisms. Water Res. 29, 781-787.

[3]

Alonso, A. and Camargo, J.A. (2003) Short-term toxicity of
ammonia, nitrite and nitrate to the aquatic snail Potamopyrgus antipodarum (Hydrobiidae, Mollusca). Bull. Environ. Contam. Toxicol. 70, 1006-1012.

© by PSP Volume 13 – No 7. 2004

Fresenius Environmental Bulletin

[4]

Alabaster, J.S. and Lloyd, R. (1982) Water quality criteria for
freshwater fish. Butterworths, 2nd edition, London.

[5]

Russo, R.C. (1985) Ammonia, nitrite and nitrate. In: Fundamentals of Aquatic Toxicology. Edition of Rand G. M. and Petrocelli S. R. Hemisphere Publishing, Washington, 455-471.

[6]

[7]

[8]

[9]

Emerson, K., Russo, R.C., Lund, R.E. and Thurston, R.V.
(1975) Aqueous ammonia equilibrium calculations: effect of
pH and temperature. J. Fish Res. Bd. Can. 32, 2379-2383.
Fromm, P.O. and Gillette, J.R. (1968) Effect of ammonia on
blood ammonia and nitrogen excretion of rainbow trout
(Salmo gairdneri). Comp. Biochem. Physiol. 26, 887-896.
Rebelo, M.F., Rodriguez, E.M., Santos, E.A. and Ansaldo,
M. (2000) Histopathological changes in gills of the estuarine
crab Chasmagnathus granulata (Crustacea-Decapoda) following acute exposure to ammonia. Comp. Biochem. Physiol. 125C, 157-164.
Maltby, L., Naylor, C. and Calow, P. (1990) Effect of stress
on a freshwater benthic detritivore: scope for growth in
Gammarus pulex. Ecotoxicol. Environ. Saf. 19, 285-291.

[10] Calevro, F., Campani, S., Filippi, C., Batistoni, R., Deri, P.,
Bucci, S., Ragghianti, M. and Mancino, G. (1999) Bioassays
for testing of Al, Cr and Cd using development in the amphibian Pleurodeles waltl and regeneration in the planarian Dugesia
etrusca. Aquat. Ecosyst. Health Manage. 2, 281-288.

[19] Watts, M.M., Pascoe, D. and Carroll, K. (2001) Survival and
precopulatory behaviour of Gammarus pulex (L.) exposed to
two xenoestrogens. Water Res. 35, 2347-2352.
[20] Golding, L.A., Timperley, M.H. and Evans, C.W. (1997)
Non-lethal responses of the freshwater snail Potamopyrgus
antipodarum to dissolved arsenic. Environ. Monitor. Assess.
47, 239-254.
[21] Watton, A.J. and Hawkes, H.A. (1984) The acute toxicity of
ammonia and copper to the gastropod Potamopyrgus jenkinsi
(Smith). Environ. Poll. (Series A) 36, 17-29.
[22] Zischke, J.A. and Arthur, J.W. (1987) Effects of elevated
ammonia levels on the fingernail clam, Musculium transversum, in outdoor experimental streams. Arch. Environ. Contam. Toxicol. 16, 225-231.
[23] Hickey, C.W. and Martin, M.L. (1999) Chronic toxicity of
ammonia to the freshwater bivalve Sphaerium novaezelandiae. Arch. Environ. Contam. Toxicol. 36, 38-46.
[24] Strayer, D.L. (1999) Effects of alien species on freshwater mollusks in North America. J. N. Am. Benthol. Soc. 18, 74-98.
[25] Macan, T.T. (1977) A key to the British fresh- and brackish-water gastropods, Freshwater Biological Association,
Ambleside.

[11] Anderson, S.L. and Wild, G.C. (1994) Linking genotoxic responses and reproductive success in ecotoxicology. Environ.
Health Perspect. 102, 9-12.

[26] Wallace, C. (1985) On the distribution of the sexes of Potamopyrgus jenkinsi (Smith). J. Mollusc. Studies 51, 290296.

[12] Rand, G.M. (1985) Behavior. In: Fundamentals of Aquatic
Toxicology. Edition of G. M. Rand and S. R. Petrocelli.
Hemisphere Publishing, Washington, 221-263.

[27] Mouthon, J. and Charvet, S. (1999) Compared sensivity of
species, genera and families of molluscs to biodegradable
pollution. Annls. Limnol. 35, 31-39.

[13] Cheung, S.G., Tai, K.K., Leung, C.K. and Siu, Y.M. (2002)
Effects of heavy metals on the survival and feeding behaviour of the sandy shore scavenging gastropod Nassarius festivus (Powys). Mar. Poll. Bull 45, 107-113.

[28] American Public Health Association (1995) Standard methods for the examination of water and wastewater, American
Public Association, Washington DC., USA, 19th Edition.

[14] Jacobson, S.M. and Boylan, D. (1973) Effect of seawater soluble fraction of kerosene on chemotaxis in a marine snail
Nassarius obsoletus. Nature 241, 213-215.
[15] Truscott, R., McCrohan, C.R., Bailey, S.E. and White, K.N.
(1995) Effect of aluminium and lead on activity in the freshwater pond snail Lymnaea stagnalis. Can. J. Fish. Aquatic.
Sci. 52, 1623-1629.
[16] Cheung, S.G. and Wong, L.S. (1999) Effect of copper on activity and feeding in the subtidal prosobranch Babylonia
lutosa (Lamarck) (Gastropoda: Buccinidae). Mar. Poll. Bull
39, 106-111.
[17] Tessier, L., Boisvert, J.L., Vought, L.B. and Lacoursière, J.O.
(2000) Effects of 2, 4-Dichlorophenol on the net-spinning
behavior of Hydropsyche slossonae larvae (Trichoptera; Hydropsychidae), an early warning signal of chronic toxicity.
Ecotoxicol. Environ. Saf. 46, 207-217.
[18] Borlakoglu, J.T. and Kickuth, R. (1990) Behavioral changes
in Gammarus pulex and its significance in the toxicity assessment of very low levels of environmental pollutants.
Bull. Environ. Contam. Toxicol. 45, 258-265.

615

[29] ZAR, J.H. (1984) Bioestatistical Analysis. Prentice-Hall International, Inc. 2nd Edition. New Jersey.
[30] Levene, H. (1960) Robust test for equality of variances. In:
Contributions to probability and statistics: essays in honor of
Harold Hotelling, Edition of Olkin I. et al., Stanford University Press, 278-292.
[31] Besser, J.M., Ingersoll, C.G., Leonard, E.N. and Mount, D.R.
(1998) Effect of zeolite on toxicity of ammonia in freshwater
sediments: implications for toxicity identification evaluation
procedures. Environ. Toxicol. Chem. 17, 2310-2317.
[32] Richardson, J. (1997) Acute ammonia toxicity for eight New
Zealand indigenous freshwater species. N. Z. J. Mar. Freshwat. Res. 31, 185-190.
[33] Hickey, C.W. and Vickers, M.L. (1994) Toxicity of ammonia
to nine native New Zealand freshwater invertebrates species.
Arch. Environ. Contam. Toxicol. 16, 225-231.

© by PSP Volume 13 – No 7. 2004

Fresenius Environmental Bulletin

[34] Litchfield, J.T. and Wilcoxson, F. (1949) A simplified method for evaluating dose-effect experiments. J. Pharmacol. Exp.
Ther. 96, 99-113.
[35] Newman, M.C. and Unger, M.A. (2003) Acute and chronic
lethal effects to individuals. In: Fundamentals of Ecotoxicology. Edition of Newman, M. C. and Unger, M. A. Lewis
Publihers, USA, 173-202.
[36] Seager, J. and Maltby, L. (1989) Assessing the impact of episodic pollution. Hydrobiologia. 188/189, 633-640.

Received: October 20, 2003
Accepted: January 05, 2004

CORRESPONDING AUTHOR
Alvaro Alonso
Departamento de Ecología
Facultad de Ciencias
Universidad de Alcalá
28871 Alcalá de Henares (Madrid) – SPAIN

616

Fax: 34 91 885 49 29
e-mail: alvaro.alonso@uah.es
FEB/ Vol 13/ No 7/ 2004 – pages 607 - 615

© by PSP Volume 13 – No 7. 2004

Fresenius Environmental Bulletin

REMOVAL OF CADMIUM (II) FROM
AQUEOUS SOLUTIONS USING SPOROPOLLENIN
Metin Arslan, Zülfikar Temoçin and Mustafa Yiğitoğlu
Kırıkkale Üniversitesi, Fen Edebiyat Fakültesi, 71450 Yahşihan Kırıkkale, Turkey

SUMMARY
Sorption of cadmium ion from aqueous solution by
sporopollenin, a polymer obtained from Lycopodium
clavatum, was investigated. The influences of adsorption
time, temperature, pH of solution, and Cd(II) concentration on the adsorbed amount were investigated. 45
minutes of adsorption time was found to be sufficient to
reach equilibrium. The adsorption capacity of sporopollenin was found to be 82.3 µmol.g-1. The heat of adsorption value was calculated as 15.3 J.mol-1. Influences of
HCl, H2SO4, HCl+H2SO4, and EDTA solutions on desorption were investigated.

KEYWORDS: Adsorption, heavy metals, cadmium removal,
sporopollenin, desorption.

aromatic character that contains carbon, hydrogen and
oxygen with a molecular formula C90H144O27 [10-12].
Modified sporopollenin also has been used in the ligandexchange study [13-17]. In the present study, we have
attempted to investigate the adsorption of Cd(II) in aqueous solution by sporopollenin.
MATERIALS AND METHODS
Materials

Sporopollenin, 20 µm mesh, was obtained from
BDH. Cd(NO3)2.4H2O (Merck) was used without purification. pH values were controlled with CH3COOHCH3COONa (Merck), KH2PO4-K2HPO4 (Carlo Erba) and
H3BO3 (Merck) buffer solutions.
Adsorption Procedure

INTRODUCTION
With progressing scientific technology, serious water
pollution originating has occurred from the various chemical
substances present in industrial wastewater and, especially
the toxic ones have significant effects in environmental and
biological processes. In particular, water pollution due to
cadmium ions has caused various health effects. Therefore,
the concentration of cadmium ions has to be decreased to
permissible levels, which is less than 1 mg.L-1 [1].
Many methods have been proposed for removal of
heavy metal ions from industrial effluents, such as precipitation, ion exchange, electrolysis, membrane separation
and adsorption. For this purpose, different adsorbents have
been used in the several studies. Activated carbon [2],
metal hydroxide [3], agricultural products [4, 5], chemical
modified woods [6], cellulosic [7] and polymeric materials such as polyethylene terephthalate (PET) fibers [8]
and methacrylic acid grafted PET fibers [9] have been used
for the adsorption of heavy metal ions.
Sporopollenin is a natural polymer, obtained from Lycopodium clavatum, which is highly resistant to chemical
attack, is stable, and has constant chemical structure with

A volume of 30 mL Cd(II) solution (0.089 mmol.L-1)
adjusted to desired pH was added onto 0.100 g of sporopollenin placed in a 100 mL Erlenmayer flask. The
contents were shaken at 150 rpm for a predetermined
period of time at 298 K by using an orbital shaker (Nuve
Model, ST-402). After filtration of the solution, the cadmium ion concentration in filtrate was measured using a
Philips PU 9285 model flame atomic absorption spectrometer equipped with a deuterium lamp for background
correction, hollow cathode lamps (HCL) and an airacetylene burner. The amount adsorbed by the sporopollenin was evaluated using the following expression:
q=(Co-Ce)V/m

(1)

where q is the amount of ion adsorbed onto unit mass
of the sporopollenin (mmol.g-1), Co and Ce are the concentration of the ions in the initial solution and in aqueous
phase after adsorption trial for a certain period of time
(mmol.L-1); V is the volume of the aqueous phase (L); and
m is the mass of sporopollenin used (g). Metal ions were
recovered by treating the solution with 30 mL 0.2M HCl,
0.2M H2SO4, 0.05M HCl+0.05M H2SO4 and 0.1M EDTA
for 30 min, then analysed by the method mentioned above.
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18

The desorption percent was calculated using the following
equations:
3

15

Amount of Cd(II) (mmol) adsorbed by adsorbant

x 100

q (mmol/g)x10

% Desorption =

Amount of Cd(II) (mmol) desorbed

(2)

RESULTS AND DISCUSSION
The adsorption behaviour of Cd(II) on the sporopollenin was investigated in the batch process at the following
conditions: Cd(II) concentration 0.089 mM, temperature
298 K (room temperature) and adsorption time 2 h. Figure 1
shows the relationship between pH and the concentration of
the adsorbed Cd(II). With increasing pH, the amount of the
Cd(II) adsorbed increases and then decreases after reaching
a maximum value of 1.9x10-2 mmol Cd(II) per gram sporopollenin at pH 7.0. In the rest of the study, experiments
were carried out at pH 7.0. It is well-known that cadmium
adsorption on sorbents is pH-dependent [18].

9
6
3
0
0

15

30 45
time (min)

60

75

FIGURE 2
Effect of contact time on adsorption of Cd(II).
(Ion concentration=0.089mM; temperature=298 K; pH=7).

The relationship between the initial concentration of
Cd(II) and the adsorbed amount is represented in Figure 3.
The adsorption increased with the increasing initial Cd(II)
concentration and reached the saturation at 82.3 µmol.g-1
using 0.36 mmol.L-1 of Cd(II). Different types of sorbents
with a wide range (1.1-1300 µmol.g-1) of adsorption capacities for Cd(II) have been reported in the literature [1822]. It has been recognized that the adsorption capacity of
sporopollenin is within this range.

24

90

20

75

16

q (mmol/g)x103

q (mmol/g)x103

At low pH (high concentration of protons), because
the interior of the adsorbent is filled by large amount of
protons, it cannot incorporate Cd(II) into the inside.
Around the neutral pH, positively charged ions preventing
the incorporation of the Cd(II) exist in the inside of the
adsorbent. Low adsorption values observed at low pH
values are in line with the expectation [8, 9].
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FIGURE 1
Effect of pH on the adsorption of Cd(II)
(Ion concentration=0.089mM; temperature=298 K; contact time=2 h).
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FIGURE 3
Effect of initial concentration of Cd(II) on adsorption
(pH=7; temperature=298 K; contact time=45 min).

The time course of Cd(II) adsorption on the sporopollenin is shown in Figure 2. At the beginning (within
10 min), the adsorption curve of the metal ions showed a
sharp rise. Later, it tended to become a gentle slope,
which turned only little after reaching a plateau. The adsorption equilibrium was attained within 30 min. It was
observed that the treatment time was shorter than that in
our previous research, in which PET fibers and methacrylic
acid-grafted PET fibers were used as adsorbents for heavy
metal ions [8, 9].

The metal ion binding abilities of the adsorbent was
further analyzed. The adsorption ability of the adsorbent
has been described by the Freundlich equation
Log qe = Log kf +

1
Log Ce
n

(3)

where qe is the amount of ions adsorbed onto unit mass
of the sporopollenin (mmol.g-1), Ce is the concentration
(mmol.L-1) of the ions remaining in the solution at equilib-
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rium and kf and n are constants which are related to the
adsorption capacity and the intensity of the adsorption [23].
Thus a plot of Log q versus Log Ce should give straight
line having a slope of 1/n and intercept of logkf. Therefore, the relevant experimental data were plotted and it
was observed that the relationship between Logq and
LogCe was linear, indicating that the adsorption behaviour
follows the Freundlich adsorption isotherm. The k and n
values are 0.21 and 0.99 respectively. The correlation
coefficient was found to be 0.9932.

The study of desorption of Cd(II) were carried out
and the results were represented in Table 1. The Cd(II)
adsorbed were easily desorbed by treating with the different solutions mentioned in Table 1. At room temperature
within 30 min, the highest desorption amount, 85%, has
been obtained with 0.2 M HCl. It has been recognized that
sporopollenin is stable and regenerable by acid. Therefore, adsorption process should be effective for the removal of heavy metal ions from industrial effluents.
TABLE 1
Effect of solution types on desorption.

16

Solution type
HCl
H2SO4
HCl + H2SO4
EDTA

q (mmol/L)x10 3

14
12

% Desorption
85
63
58
30

10
8

CONCLUSIONS
1. pH 7.0 was found as the optimum pH value in the
process.

6
4
285

300
315
330
temperature (K)

2. 45 min of treatment time was found sufficient to
reach adsorption equilibrium value.

345

3. A Freundlich type of adsorption isotherm was observed for Cd(II).

FIGURE 4
Effect of temperature on adsorption of Cd(II).
(Ion concentration=0.089mM; pH=7; contact time=45 min).

4. The adsorption process is affected by the temperature.

1.2

5. It was recognized that sporopollenin is a potential
material for wastewater treatment to remove
Cd(II). Thus, the material should be addressed for
other heavy metals.
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SUMMARY
The concentration of DDT and PCB in perch of different areas of Estonian coastal sea has been studied since
1998. The concentrations of DDT and PCB in immature
perch (L<15cm), feeding mostly on both plankton and
benthic organisms, have proven to be low. During the
maturation of perch (L=15-25cm), when the different fish
species started to dominate in the ration, the DDT and
PCB concentrations increased. After the first spawning,
DDT and PCB levels decreased, probably partially excreted during this process. Differences in toxicant concentrations in perch living in different areas of the coastal sea
could also be observed.
At present, the contents of toxic chlororganic compounds analyzed in the Baltic perch of the Estonian
coastal sea remain below the standards established for
foods by FAO/WHO and, therefore, people do not suffer
from symptoms of illness.

a decreasing trend. The main coastal fishing areas are
Matsalu Bay, the Väinameri (Moonsund) Archipelago,
and Pärnu Bay in the Gulf of Riga [1].
Some recent data on concentrations of toxic chlororganic compounds in Baltic Sea biota are available, such as
the polychlorinated biphenyls spatial distribution, which
does not reflect any polarization along the north-south
axis, but merely the influence of local sources [2].
Since 1994, the analyses of hazardous substances
originating from Baltic fish are a part of the Estonian
National Environmental Monitoring Program. The DDT
and PCB concentrations in the perch, living in different
areas of the Estonian coastal sea, have been studied since
1998. But only a few studies [3-9] report about DDT and
PCB levels and their trends in perch of the Eastern Baltic
Sea and, therefore, our knowledge is rather limited.
MATERIAL AND METHODS

KEYWORDS:
perch, maturity, location, DDT, PCB, Baltic Sea.

INTRODUCTION
By the World Health Organization (WHO), monitoring
of persistent organic pollutants in animals-derived food,
especially fish, should be carried out worldwide to determine the possible sources of these contaminants in the diet.
Perch is one of the most abundant fish species in Estonian waters. The Estonian total annual catch (from the
sea) in the years 1994-1997 was from 300-600 t, but shows

Perch have been collected from August to December
in 1998-2002 at five different areas of the Estonian
coastal sea, Narva Bay (one of the most industrially polluted sea areas in Estonia), Dirhami (in the mouth of the
Gulf of Finland), Kihelkonna Bay (one of the cleanest
parts of Estonian coastal sea, a good reference area),
Matsalu Bay (Moonsund Archipelago Sea) and Pärnu Bay
(Gulf of Riga) as the two best spawning and nursery areas
of perch in Estonia (Fig. 1).
109 perch were analysed, 13 male and 96 female
specimens, from 1 to11 years old. Their total length and
weight were measured, the fish were sexed and stage of
maturity was estimated (Table 1).
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FIGURE 1
Study area (I Kihelkonna Bay, II Pärnu Bay, III Matsalu Bay, IV Dirhami, V Narva Bay).

TABLE 1
The averaged biological parameters of perch analyzed 1998-2002.
Area / Year
Narva Bay, 2000

Sex
n
L (mm)
F
11
242.3
M
4
246.3
Dirhami, 2001
F
14
221.2
Kihelkonna Bay, 1998
F
4
241.5
M
6
218.2
Matsalu Bay, 1998, 1999
F
50
212.9
M
3
267.0
Pärnu Bay, 2000, 2002
F
17
189.3
F female, M male, n number, L length, and W weight.

All organochlorine toxicants have been analyzed in
the muscle tissues. Fish or muscles were frozen immediately after sampling until individual analysis.
Chemicals. All solvents used were of highest quality
commercially available. n-Hexane, acetone and diethyl
ether were obtained from Riedel-de Haen AG (Seelze,
Germany) or Fisons Discol Solvent (UK) and methyl-tertbutyl ether (MTBE) from Rathburn Chemical (Walkerburn,
Scotland). 2,3,4,5,3´,4´,5´-heptachlorobiphenyl (IUPAC No
189), was synthesized at the Department of Environmental
Chemistry and the author (O. Roots) has obtained this
standard as a gift from the Stockholm University Wallenberg Laboratory. Clophen A-50 from Bayer AG (Germany)
was used for the quantification of total PCBs.

W (g)
216.5
228.7
146.3
171.8
115.1
224.0
223.1
112.4

Age
5.5 (5-6)
5.5 (5-6)
4.7 (4-6)
5.5 (5-6)
5.0 (4-7)
4.2 (1-11)
6.3 (6-7)
3.2 (1-8)

Fat (%)
0.15
0.14
1.27
0.67
0.46
0.80
0.61
0.61

Contaminant Analyses. The lateral muscle tissue (approx. 10 g) from fish were taken and homogenized with
an IKA T25 homogenizer (Labassco AB, Pertille, Sweden) before being extracted and cleaned up according to
[10-14]. Then the internal standard, IUPAC 189, was
added. The recovery of organochlorines from the extraction and clean-up procedures was measured. PCBs and
chororganic pesticides were analysed by capillary gas
chromatography (Varian 3400/3300, fitted with an ECD)
in the laboratory of Estonian Environmental Research
Centre, which is accreditated by German Accreditation
Bureau (Reg. No DAP-PO3.131-00-97-01).
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RESULTS AND DISCUSSION
Toxic pollutants have a great impact on animals at the
tops of the food webs, such as fish, sea birds and seals.
Perch is one of the most important species in Estonian
coastal fishery and a highly demanded article on the European markets. Therefore the fish should not contain
high concentrations of toxic pollutants to be harmful for
top consumers, including human beings.
DDT and PCB concentrations dependency
on the biology of perch

Perch actively feeds during the first year in summer,
when the perch fry is comparatively small, on small-sized
zooplankton, such as Rotatoria, important in perch food.

75

In the first autumn and winter perch prefer benthic animals, such as Chironomidae larvae, Gammarus spp. and
Corophium voluntator, comprising 40-80% of their total
food [15]. About 70% of immature perch food are plankton and benthos (Fig. 2). DDT and PCB concentrations in
immature perch (maturity stages I and II) are low (Fig. 3).
In Estonian coastal waters perch mature at two to four
years and the different fish species start to dominate in the
ration of perch (Fig. 2). DDT and PCB concentrations
increased in perch muscles (Fig. 3), continuing until the
first spawning and exceeding 3-fold or more those of immature perch (Fig. 3). Then, during spawning the content
of toxicants rapidly decreased, probably partly excreted
during this process.

%
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Others
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FIGURE 2
The food composition in different length groups of perch.
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FIGURE 3
The average concentration (µg/kg lipids) of toxicants in different length groups of perch.

623

© by PSP Volume 13 – No 7. 2004

350

Fresenius Environmental Bulletin

Index

Others
Plancton

300

Benthos

250

Fishes

200
150
100
50
0
12…03

4

5

6

7

8

9

10

11
Mont

FIGURE 4
Seasonal changes in the food composition of perch.
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FIGURE 5
The average content of toxicants (µg/kg lipids) in different maturity levels of perch.

As bigger/older the perch grow, they become more
predatory. But the plankton and benthos still will be a
very important part of their food (about 30%, see Fig. 2).
After every spawning the perch need time to rest (maturity levels VI and II), lasting about two months, in most
cases in July and August, and depending on their domicile. During the resting time, plankton and different kinds
of benthic fry are again dominating in perch food. So, the
concentrations of chlororganic toxicants stay low, but are
about two times higher than in immature specimens with
similar composed food (Fig. 4). Decreasing water temperature in autumn initiate the release and new development
of gonads (maturity level II-III). In the perch ration again
different fish specimens dominate and are found to be
responsible for DDT and PCB increase (Fig. 5). Therefore, the analysis of chlororganic toxicants must be ac-

companied especially by the determination of maturity
stage of fish. Comparing the results, it appears that total
DDT in fish with maturity levels VI-II (perch’s organism
rests from spawning) is significantly lower than in maturity level III and IV specimens. The differences are not so
high for PCBs.
DDT and PCB concentrations dependency
on the domicile of fish

The active migration area of perch is relatively small,
but under conditions of limited food or spawning grounds,
they can take rather long migrations (up to 20-25 km). So,
we can consider perch populations, geographically characterized by such a long distance, as local populations [1].
In this study, we have compared only mature perch (length
20-30 cm), present in all five sampling areas.
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The highest content of PCBs and DDT have been
found in perch of Narva Bay and Pärnu Bay (Fig. 6), especially high the PCBs in Narva Bay and rather high DDT
concentrations in Pärnu Bay with similar perch living conditions as in Narva Bay. In the Gulf of Finland the concentrations of both toxicants showed an increasing trend from
west to east. When comparing DDT and PCB levels in the
mouth part of the gulf (Dirhami) with those from the eastern part of the gulf (Narva Bay), the content of DDT increased 2.5-fold and that of PCBs 6.5-fold. The lowest
concentrations of both toxicants have been found in Kihelkonna Bay (at the western coast of Saaremaa Iceland),
where DDT levels were 5.5 and PCBs more than 16 times
lower, compared to the results from Narva Bay (Fig. 6).
Significantly higher (about 5 times) were the DDT
and PCB concentrations in small coastal lagoons, for

example in Pärnu Bay (north-eastern part of the Gulf of
Riga) compared to Kihelkonna Bay. In Matsalu Bay (eastern part of Moonsund Archipelago Sea) both toxicants
were about 1.5-fold lower than in Pärnu Bay, but DDT
levels 3-fold and PCBs 4-fold as much as in Kihelkonna
Bay (Fig. 6).
In the food composition we did not find principally
big differences (except some differences in species composition). Therefore, all the trends found should be caused
by the differences in local pollution levels [6; 9].
On the basis of ADI (the acceptable daily intake) and
NOEL (no-observed-effect level) even the maximum
levels of organochlorines found in perch from the Estonian coastal waters do not represent any human health risk,
as they are lower than the WHO standards [8].
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FIGURE 6
Concentrations of PCBs and DDT(µg/kg lipids) in perch muscle at the Estonian coastal sea.
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CONCLUSIONS
The concentrations of DDT and PCBs in muscle tissues
of immature perch (L<15cm), feeding mostly on plankton
and benthic organisms, have been found to be low:

[6]

Roots, O., Holoubek, I. and Zitko, V. (2003). Polychlorinated
biphenyls and chlororganic pesticides patterns in perch (Perca fluviatilis). Fresenius Environmental Bulletin, 12, 8, 883 –
900.

[7]

Valters, K., Olsson, A., Vitinsh, M. and Bergman, Å.(1999).
Contamination sources in Latvia: levels of organochlorines in
perch (Perca fluviatilis) from rivers Daugava and Lielupe.
AMBIO, 28, 335 - 340.

[8]

Roots, O. (2001). Halogenated environmental contaminants
in fish from Estonian coastal areas. Chemosphere, 43, 4-7,
623-632.

[9]

Roots, O. and Zitko, V. (2001). PCB and organochlorine pesticides in perch from Baltic Sea. The Chemistry Preprint Server,
CPS:envchem/0105001, 16 p. (http://www.chemweb.com).

• During the maturation of perch (L=15-25 cm), but
they increased when the different fish species started
to dominate in the ration of perch.
• After the first spawning DDT and PCBs decreased,
probably partly excreted.
• The DDT content in the fish with maturity levels VI-II
is significantly lower than in the case of maturity levels
III and IV. The differences are not so high for PCBs.
• In the Gulf of Finland the contents of DDT and PCBs
in perch muscles increased from the west to the east.
• DDT and PCBs in perch from small coastal lagoons
(Pärnu Bay, Matsalu Bay) are higher than in the reference area (Kihelkonna Bay).
• The content of toxic chlororganic compounds in perch
of the Estonian coastal sea remain below the standards
of the FAO/WHO in food and do not cause symptoms
of human illness.

[11] Haraguchi, K., Athanasiadou, M., Bergman, A., Hovander, L.
and Jensen, S. (1992). PCB and PCB methyl sulfones groups
of seals from the Swedish waters. AMBIO, 21, 546-549.
[12] Roots, O. (1995). Organochlorine pesticides and polychlorinated biphenyls in the ecosystem of the Baltic Sea. Chemosphere, 31, 4085-4097.
[13] Roots, O. (1996). Toxic chlororganic compounds in the ecosystem of the Baltic Sea. Estonian Environment Information
Centre, Tallinn, 144p. (ISBN 9985-9072-0-5).
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SUMMARY
The Baćina lakes are small coastal inter-connected
lakes in a karst area. The lakes are artificially connected
to the hinterland Vrgorac field and the nearby sea in order
to drain the field during heavy rains and floods. The storm
water has changed the natural conditions in the lakes. In
this paper the distribution of cadmium, lead and organic
matter in the upper 10-cm sediment layer as well as granulometric composition were studied. In the fine-grained
sediment carbonate particles prevail. Cadmium and lead
concentrations in the sediment range from 0.21 to 1.37
mg/kg (dry weight – d.w.) and 2.3 to 30.2 mg/kg (d.w.),
respectively, which are higher than those of both trace
metals in the nearby source rocks. The main origin for
cadmium is the Vrgorac field and its nearby rocks, while
lead impact mainly originates from traffic along the nearby roads.

KEY WORDS:
Baćina lakes, cadmium, lead, organic matter, sediment.

INTRODUCTION
Marine and lakes' sediments are repositories for all debris and sinks of a wide variety of chemicals, such as trace
metals [1-4]. The trace metals accumulated in the sediments may have a natural (as the result of source rocks
weathering) and an anthropogenic origin (as the result of
different human activities: industry, agriculture, traffic,
etc). Trace metals concentration in the source rocks depends on the rock type, e.g. the concentration in carbonate
rocks is lower than in sedimentary shale rocks. The metals
may be adsorbed onto soil particles and leached into
groundwater or the runoff to rivers, lakes and sea.
Cadmium and lead are potentially very toxic metals,
therefore, their uses have been restricted during the last
decades. Average cadmium and lead concentrations in the
earth’s crust are 0.11 and 14 mg/kg, respectively [5]. The
dominant pollution sources of cadmium or lead are various

production activities and agriculture or cars powered by
leaded gasoline. Lead is the most ubiquitous metal contaminant ever emitted into the atmosphere [6, 7].
Granulometric composition, organic matter and carbonate content are the main characteristics of sediments
and directly control the distribution of trace metals in
sediments [4, 8-10].
In this paper, the distribution of Cd, Pb, organic matter and carbonate contents, and granulometric composition
of the surface layer (0-10 cm) of sediments from the Baćina
lakes are presented. The aim of the study was to evaluate
the contamination of the lakes by the trace metals studied.
STUDY AREA
The Baćina lakes are located at a small depression in
lower cretaceous limestones, surrounded by small hills, in
Southern Dalmatia, 6 km north-northwest from the river
Neretva mouth and 2 km north of the town Ploče. They
consist of six small inter-linked lakes: Oćuša, Podgora,
Plitko, Sladinac, Crniševo and Vrbnik (Figure 1). Their
surface level is near the sea level. A national road SplitDubrovnik and a regional one to Vrgorac were constructed on the lake-side slopes of the hills, and encompass the
lakes from the west and south sides.
Their total surface is 1.4 km2 and maximum depth is
34 m. Water in the lakes is slightly brackish. The lake Oćuša
is the biggest (0.55 km2, 19.6 m deep and 1.2 km long).
East of the Oćuša lake is the lake Podgora. The Podgora
lake is connected to the Vrgorac field, which is located in
the hinterland, by a 2120 m long tunnel. The tunnel was
constructed in 1938 in order to drain the field during heavy
storm rains and floods. The Plitko lake receives water from
the spring Klokun (capacity of >1000 l/s; mainly used for
the water supply of the town of Ploče), which overflows to
the Podgora lake. Along the north and northeast shorelines
of the Oćuša and Podgora lakes there are several permanent
and periodical springs (two of them are more important
with a peak flow between 10 and 1000 l/s). Water of the
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spring Klokun and the other springs originates from the
abyss Crpalo, which is located in the Vrgorac field in the
vicinity of the small river Matica [11]. The lake Sladinac is
connected to the sea by a 124 m long tunnel and a 400 m
long channel. Both were constructed in 1913 to protect the
entire lakes' area against storm water floods. In order to
prevent seawater intrusion into the lakes, a 0.8 m high
concrete barrier was constructed at the tunnel entrance.

Immediately after sampling, the samples were frozen
and stored at a temperature of -20 °C until further treatment. Before analysis the sediment samples were defrosted
at room temperature, sliced into 1 cm long sub-samples,
dried at 60 °C and analysed after cooling at room temperature. The dried samples were divided into two parts. One
part of the sample was used to determine granulometric
composition in 10 cm long sub-samples and the other one
was ground into powder to determine lead, cadmium, carbonate and organic matter content.
The granulometric composition of the sediment samples was determined by sieving (> 63 µm) and hydrometric according to Casagrande method (< 63 µm). A sediment type was determined according to the Shepard classification [14]. Granulometric parameters were calculated
according to Folk and Ward [15]. The carbonate content
is presented as an average value for the entire sample, but
it was determined in 5 cm long sub-samples (0-5 cm, 510 cm) as weight loss after treatment with 4M HCl [16].
The organic matter content, in the same sediment sections
as cadmium and lead, was determined by H2O2 treatment
of the samples at 450 °C for 6 hours. The loss of weight
after treatment was assumed to be due to the organic
matter content [17].

FIGURE 1
The area of Baćina lakes with sampling sites 1-12.

The area of Vrgorac field is an industrially undeveloped area, but with intensive agricultural activities. The
field was created during the Pirinian orogenetic phase. Its
bedrock is eocene flysch and paleocene-eocene-cretaceous
limestone and quaternary lakes deposits [12], while of the
whole Baćina lakes area is a cretaceous limestone [13]. The
drain water from the field carries a great amount of calcareous mud (lakes chalk) and some agriculture-originated
pollutants, which settle in the Baćina lakes. The predominant sediment in the lake is a quaternary lake's chalk, but is
mixed with sandy clay and argillaceous sand [11].
MATERIALS AND METHODS
Sediment samples were collected with a 3.5 cm internal diameter plastic gravity corer. The sampling was done
in September 1994 at 9 stations in the lakes Oćuša and
Podgora and 3 locations in the surrounding area (Figure 1).
The length of sediment samples was between 15 and 40 cm,
and at station 1 the sediment sample was 9 cm long. Source
rock samples were collected by cutting off rock pieces
and storing them in plastic bags.

For the determination of lead and cadmium concentrations the sediment and source rock samples were digested using a mixture of concentrated HF, HNO3 and
HClO4 acids [18]. The concentrations of lead and cadmium were measured using an atomic absorption spectrometer (Perkin-Elmer Model 1100 B, equipped with an HGA
700 graphite furnace and an AS 60/70 Autosampler System). The National Bureau of Standards estuarine sediment standard 1646 SRM (National Institute of Standards
and Technology, USA), and the marine sediment standard
SD-M-2/TM (International Atomic Energy Agency, Marine Environment Laboratory, Monaco) were treated and
analysed for each trace metal in the same way as the sediment samples in order to evaluate the accuracy of measurements (Table 1).

RESULTS
Granulometric characteristics of the sediment are given in Table 2. The prevailing grain size in the sediment was
silt (70-89%), while mean size (Mz) varied in the range
from medium silt (16.9 µm) to coarser silt (43.7 µm). Carbonate particles smaller than 32 µm prevailed in the sediment at all stations (Table 2). With decreasing grain sizes
the sediment becomes better sorted. Fine particles were
predominant at stations 2, 4, 6, 8 and 9, with a “tail” of
coarser grains. However, at the other stations (1, 3, 5 and 7)
only one particle size prevailed. Kurtosis indicates unimodal sediment distributions, except at station 9. Prevailing sediment type was silt, except at station 4, where it
was sandy silt (Figure 2).
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TABLE 1
Cadmium and lead concentration (mean ± standard deviation) in the U.S. Natural Bureau
of Standards (NBS) estuarine sediment (SRM 1646) and the marine sediment (SD-M-2/TM)).

Certified values (mg/kg)
0.036±0.007
0.113±0.03
28.2±1.8
22.8±2.7

Cd SRM 1646
Cd SD-M-2/TM
Pb SRM 1646
Pb SD-M-2/TM

This study (mg/kg)
0.049±0.007 n=5
0.156±0.045 n=3
21.07±5.07 n=3
17.64±2.39 n=3

TABLE 2
Granulometric parameters of the investigated sediments in the Baćina lakes, carbonate content (%) and
water depth. Definition and characterization of granulometric parameters according to Folk and Ward [15].

Station

Water
depth (m)

Mean size
(µm)

<32 µm
(%)

Carbonate
(%)

1

8.2

19.4

84

79

2

8.0

25.9

90

69

3

7.8

18.0

82

65

4

9.0

43.7

89

80

5

10.7

16.9

88

75

6

9.6

23.2

88

80

7

14.3

33.4

88

80

8

8.5

32.5

87

78

9

9.9

33.4

88

75

Sorting

Skewness

Kurtosis

0.38
well sorted
0.38
well sorted
0.39
well sorted
0.53
moderately sorted
0.33
very well sorted
0.39
well sorted
0.46
well sorted
0.50
moderately sorted
0.57
moderately sorted

-0.08
nearly simmetrical
-0.12
negative skewed
-0.01
nearly simmetrical
-0.16
negative skewed
-0.00
nearly simmetrical
-0.11
negative skewed
-0.00
nearly simmetrical
-0.10
negative skewed
-0.33
very negative skewed

0.94
mesokurtic
0.90
mesokurtic
0.96
mesokurtic
0.90
mesokurtic
1.07
mesokurtic
0.99
mesokurtic
0.90
mesokurtic
1.02
mesokurtic
1.24
leptokurtic

7
Min-Max
25%-75%
Median value

6

organic matter (%)

5

4

3

2

1

0

1

2

3

4

5

6

7

8

9

stations

FIGURE 3
Organic matter content in the sediment
at the investigated sampling stations.

FIGURE 2
Sediment types at the investigated sampling
stations according to Shepard classification.

The organic matter content was in the range 0.7 to 6.0 %
(Figure 3). The widest range was determined at station 4,
where the sand content (26%) was the highest. In contrary, the narrowest range (3.0-3.6 %) was determined at
station 5, where the mean size of the sediment’s particles
was the smallest.
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1,5

35
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FIGURE 4
Content of cadmium and lead in the sediment at 9 stations from
the Baćina lakes and 3 locations in the surrounding limestone rocks.

Cadmium and lead concentrations in the sediment
ranged from 0.21 to 1.37 mg/kg and 2.3 to 30.2 mg/kg,
respectively (Figure 4). Cadmium concentration in the
surrounding area was up to four times lower than the
median value in the sediment, while the median lead
concentration in the sediment was 38 - 109 times higher
than the average value in the surrounding rock limestone
(Figure 4).
DISCUSSION
The very similar granulometric composition at all stations is the result of the prevalence of similar conditions
in the lakes. The surrounding area consists of mostly
carbonate rocks, which results in the high carbonate content in the sediments. The high content of organic matter
in the lakes' sediment could be originated from Vrgorac
field floodwater input. An organic matter may accumulate
trace metals due to its large specific surface area and the
bounding of trace metals to this surface [19]. However,
the same papers report that metal oxides are the most
important determinants of trace metal adsorption [20-23].
Nelson et al. [22] found that the contribution of lead adsorbed by Fe and Mn oxyhydroxides is much higher than
that of Pb directly adsorbed by biogenic materials. Therefore, microorganisms can indirectly, but significantly,
affect Pb binding through their interactions with metal
oxides. This study shows neither lead (r=0.33, N=89,
P=0.001) nor cadmium (r=0.39, N=89, P<0.001) dependence on the organic matter content, which indicates that
the trace metals, very probably, have entered the lakes as
inorganic particulates. However, the weak correlation
between lead and cadmium concentration (r=0.53; N=89;
P<0.001), leads to the conclusion that both have different
origin and way of entering the sediment.
Numerous investigations applying various sequentional extraction methods found that Cd is mostly bound to

the carbonate fraction in rivers' [24-26] and lakes' sediments [27]. In contrary, Pb is mostly bound to an organic
matter and sulphide fractions [26] of river and lake sediments [27].
Components of suspended solids, concentration of
dissolved oxygen and species of microorganisms, etc. in
aquatic environments may be subordinated factors, which
cause the variation between lead and cadmium adsorption
to the different natural biofilms [28]. Dong et al. [21]
found that Fe oxides preferred the adsorption of Cd by
lake biofilms, while Mn oxides that of Pb. The adsorption
capacity for lead is greater than for cadmium [21, 28-31].
The cluster analysis grouped six stations, according to
the standardized values of Cd, Pb and organic matter content, into one group, while the stations 4, 8 and 6 are different. Station 4 is under the strong impact of the floodwaters from the Vrgorac field tunnel. Therefore, the sediment from this station contains the highest amount of
coarse size particles (Figure 2), the highest range of organic matter content (Figure 3) and the lowest lead content (Figure 4). Station 6 is located in a small cove, while
station 8 is under the impact of numerous permanent and
temporary springs. Therefore, both locations are sheltered
from the direct impacts of the main stream of storm water
on its way from the field to the sea. Stations 6 and 8 differ
from the majority of stations in the vertical distribution of
the studied trace metals.
The obtained average cadmium concentration in the
sediments (0.74±0.23) is within the range of concentration published for recent lakes, whereas the surrounding
carbonate rocks show higher concentrations (Table 3).
The values are less and partially in the range published for
the mountain Lochangar lake [3], which was contaminated solely by an atmospheric deposition.
Cadmium in soils may be present in soluble forms,
but also bound in complexes with organics and oxides. In
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fresh water the soluble forms of cadmium are adsorbed
onto suspended particulate matter. When salinity increases
cadmium became desorbed [32, 33] and could be taken up
in the biogenous calcite and carbonaceous sediments during
a diagenesis. This process is strongly pH-dependent [34,
35]. In a case when a calcite is present, cadmium precipitates even it is present at trace levels. In the investigated
area carbonate rocks prevail and cadmium remains trapped
in the underground lakes' sediment. Cadmium concentrations in sediments from the Podgora lake and the two nearest Oćuša lake stations are higher that those of the three
remaining stations in the Oćuša lake. This indicates that
cadmium, most probably, originate from the Vrgorac field.
A negative linear correlation between cadmium concentration and the sediment depth, obtained for the stations in the
Podgora lake, support this conclusion (Table 4).
The range of lead concentration in the sediment of the
Baćina lakes is slightly lower than the values published
for the recent lakes (Table 3). Similar to cadmium, the
highest lead concentration was determined in the sediment from the Podgora lake and the neighboured two
stations in the Oćuša lake. Station 4, where the lowest

value was found, is an exemption, probably as the result
of the granulometric composition of sediment.
It is well-known that near-road areas are contaminated by lead [39, 40]. Lead can be found at the surface of
soils, but its mobility in soils is low [41] and decrease in
pH increases its desorption rate [42]. Storm waters carry
dissolved and particulate lead. Once occurring in lake
water, Pb could be removed from the water column by
adsorption onto colloidal iron and transferred to a particulate phase by an aggregation of colloidal iron particles
and their precipitation at the bottom [43]. When the lead
concentrations in a natural water are low, biofilms on Mn
oxyhydroxides act as an important sink [22, 28]. Other
possible sinks for lead are clays, such as montmorillonite
[44]. Lead sorption increases with increasing pH and
significantly increases after the precipitation of lead hydroxide [44]. Due to low lead contents in the source
rocks, very probably, the relative high lead concentration
in the sediment is a result of both, run-off from the nearby
roads and the inflow from Vrgorac field. A linear negative
correlation between the lead concentration and the sediment depth supports this assumption (Table 4).

TABLE 3
Cadmium and lead concentration in rocks and lake sediments from different
selected lakes and the Baćina lakes (values from all sub-samples determined).

Cd (mg/kg)

Pb (mg/kg)

Carbonate (%)

Recent lakes [8]

0.4 (0.1–1.5)

34 (10-100)

16 (0-70)

Shales rocks [8]

0.3

20

Carbonate rocks [8]

0.035

9

Patroon Reservoir sediment [36]

1.69 (up to 25)

461 (up to 3,600)

Lochnagar lake sediment [3]

0.3-1.9

100-360

Lake Texoma sediment [37]

1-3

5-15

Lake Victoria, Tanzania, sediment [38]

2.5±0.5

29.6±1.6

Carbonate rocks – this study

0.23 (0.19-0.27)

0.22 (0.11-0.3)

Bacina lakes sediments

0.74 (0.21-1.37)

16.7 (2.3-30.2)

65-80

TABLE 4
Linear correlation coefficient between Cd, Pb, and organic matter contents, and sediment depth (n=10).

Station
Cd
Pb
Organic
matter

1
*-0.856
p=0.002
*-0.882
p=0.001
0.248
p=0.490

2
*-0.675
p=0.032
*-0.824
p=0.003
-0.116
p=0.750

3
*-0.687
p=0.028
*-0.682
p=0.030
0.030
p=0.935

4
*-0.935
p=0.000
*-0.957
p=0.000
*-0.809
p=0.005

5
0.120
p=0.742
*-0.662
p=0.037
0.260
p=0.469

*strong correlation
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6
0.059
p=0.871
-0.332
p=0.348
0.458
p=0.184

7
0.203
p=0.573
-0.544
p=0.104
-0.305
p=0.392

8
0.189
p=0.602
0.097
p=0.790
*0.705
p=0.023

9
*0.700
p=0.024
*-0.675
p=0.032
0.321
p=0.365
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CONCLUSIONS
Originally the small lakes, which have flooded the entire depression examined during heavy rains, have been
connected to the sea in order to avoid floods. But this first
intervention, most probably, has made some changes in the
lakes’ environment. However, the later construction of the
tunnel transformed the lakes into a small retention basin for
the storm-water from the field on its way to the sea. By this
human intervention the lakes lost most of their natural
characteristics. The storm water is carrying great amounts
of calcareous mud (lakes chalk). This mud, which is settling in the lakes, contains cadmium and lead associated to
suspended particles. The concentrations of lead and cadmium in the sediment, originating from human activity and
coming from the weathering of the source rocks, are higher
than in the nearby limestone source rocks. The main
sources of cadmium are the Vrgorac field and its nearby
carbonate rocks, while lead is predominantly of anthropogenic origin from the atmosphere and the nearby roads.
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SENSITIVE DETERMINATION OF GASEOUS MERCURY
IN AIR BY TWO-STAGE GOLD AMALGAMATION AND
COLD VAPOR ATOMIC ABSORPTION SPECTROMETRY
Seyed Morteza Talebi, Reza Karimian and Mohammad Abedi
Department of Chemistry, Isfahan University, Isfahan, Iran

SUMMARY
Gaseous mercury is the major form of mercury in atmosphere. Accurate evaluation of amount of mercury and
its trends in atmosphere needs effective collection and a
sensitive and reliable tec determination technique. A
method based on amalgamation and cold vapor atomic
absorption spectrometry was developed for ultra-trace
mercury determination and then used to analyse gaseous
mercury in urban and rural atmospheres. The results indicated that the concentration of gaseous mercury in urban
air is much gigher than that in rural areas. The concentrations of gaseous mercury under normal conditions and
during inversion period were determined showing that
mercury concentration during inversion period was much
higher than that under normal conditions.

KEYWORDS : Air pollution, gaseous mercury, cold vapour atomic
absorption spectrometry, determination of mercury, two-stage
amalgamation.

INTRODUCTION
Mercury is commonly found in elemental form or
mixed in ores. It may be present in rocks or released during volcanic activities. However, mercury is also emitted
into air from both natural and anthropogenic sources.
Appreciable amounts of atmospheric mercury come from
human activities [1]. The major sources of mercury in
urban air include refuse incineration, iron and steel production plants, chlor-alkali industries, and fossil fuel
combustion [2].
Mercury is one of the most environmental pollutants
and toxic at low levels to animals and human beings. A
considerable amount of attention has recently been directed
towards the determination of trace mercury in environmental samples and, especially, in the atmosphere [3, 4]. Although mercury exists both in particulate and gaseous

phases in the atmosphere, the determination of gaseous
mercury is more important because of its higher concentration and uptake via inhalation.
So far, many different methods, such as atomic fluorescence spectrometry (AFS), gas chromatography (GC),
inductively coupled plasma - atomic emission spectrometry
(ICP-AES), and cold vapor atomic absorption spectrometry
(CVAAS), have been reported for the determination of
mercury in the literature [5-7]. Among them, CVAAS is
the most popular technique for mercury determination in
environmental samples, because it is able to analyze trace
amounts. This technique could still be varied and developed for the determination of ultra-trace mercury.
At the moment, air pollution has become the major
environmental problem in Iranian metropolitans and during the last years the mercury level in urban atmosphere
has considerably been increased as a result of the increase
in fossil fuels consumption.
The collection of gaseous mercury from urban atmosphere in aqueous solutions using an impinger system
is difficult and also laboratory-intensive, because the
vessels must be washed after each sampling. The aim of
this work was to develop an effective alternative of collection and an easy method based on CVAAS for the
sensitive determination of gaseous mercury and also to
investigate its trend in urban atmosphere.
MATERIAL AND METHODS
Collection of samples

Gaseous mercury was collected from the atmosphere
of the city of Isfahan by a collector using amalgamation
principle. The collector consisted of a quartz tube packed
with gold-coated sand (mesh size 60-80). The overall
length of the tube was 20 cm with an internal diameter of
0.6 cm. The gold-coated sand was placed in the central
part of the tube with a package length of 3 cm. Prior to
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FIGURE 1
Schematic diagram of the analytical system for determination of mercury.

sampling, the collector was heated to 700 °C for 2 min,
while nitrogen gas passed through. After cooling to room
temperature, the collector was connected to a SMA pump,
Model S with a 6 mm polyethylene tubing. The other end of
the tube was connected to the sampler head. A quartz fiber
filter (Whatman QM-A) was located in front of the sampler
head in order to remove airborne particulate matter. Sampling was carried out by drawing air through the collector at
a flow rate of 5 L/min. The atmospheric gaseous mercury
was adsorbed on the surface of gold-coated sand by amalgamation. The sampling time was 4 hours and then the
loaded tube was used for gaseous mercury determination.
TABLE 1
Operating conditions for the determination of mercury.

Wavelength
Slit
Lamp current
Instrumental mode
Sampling mode
Lamp position
Expansion factor

253.7 nm
0,5 nm
4 mA
Absorption
Manual
2
1

Analytical procedure

The loaded (exposed) collector was located in the analytical system and connected to the permanent collector
with a piece of 6 mm tubing, before nitrogen passed
through the system. The valves A and B were switched to
allow carrier gas passing through both collectors. The loaded collector was heated to 700 °C to release the mercury
vapor. The released mercury was then transferred into the
permanent collector by nitrogen and absorbed again. The
first collector was then disconnected. The nitrogen flow
was diverted through the upper section of the loop by turning the valves A and B, and the permanent collector was
heated by applying electricity into the conducting wire
wound around the tube. When the temperature reached
700 °C, the nitrogen stream was diverted again into the
permanent collector by re-switching valves A and B.
The released mercury vapor was swept into the absorption cell inside the spectrometer and absorption signal
was recorded.
Calibration

Instrumentation

The determinations were carried out with a Shimadzu,
Model AA-670 atomic absorption spectrometer. The instrument was linked to an electrical gas controller system
and a PR-4 graphic printer. The analytical setup of the system is shown in Figure 1. Two collectors were used in the
system, the first one being exposed and located in a glass
loop with two triple valves A and B, whereas the second
one as permanent collector linked to the absorption cell in
the light pass of the hollow cathode lamp in the spectrometer. The absorption cell consisted of borosilicate glass with
two quartz windows and replaced the air-acetylene burner.
The wavelength was adjusted for maximum energy and
alignment of the absorption cell was performed to enable
transmission through the cell. The operating conditions of
this instrumental device are summarized in Table 1.

Calibration of the analytical system was performed
by transferring known amounts of air, saturated with
mercury vapor, into the quartz tube containing goldcoated sand with a gas-tight syringe. The quartz tube was
then heated to 700 °C to release the mercury exactly in
the same manner as performed for the samples. The calibration curve was obtained by injecting different volumes
of the mercury-saturated air.

RESULTS AND DISCUSSION
Cold vapor atomic absorption combinedwith amalgamation using gold-coated sand and a glass loop system
for disconnecting the carrier gas from the tube during the
desorption process was found to be a capable method for
detecting ultra-trace amounts of mercury. There are sev-
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eral parameters, such as desorption temperature, flow rate
of carrier gas, and the time of desorption that can affect
the method's sensitivity and, therefore, they have to be
optimized.

lower carrier gas flow rates is probably relatable to the
slow introduction of mercury vapor into the absorption
cell and, therefore, gaseous mercury may be partly adsorbed during its transportation.

The influence of carrier gas flow rate on the absorption signal was investigated by injections of 10 ng and 20
ng of mercury into the adsorption tube. The analysis was
performed at different flow rates and Figure 2 shows the
variations of the mercury absorption signals against the
flow rate. Both curves showed a maximum at 100 ml/min
and the lower signals obtained at higher gas flow rates can
be explained by dilution of mercury in nitrogen used as
carrier gas and also the reduction in residence time of
mercury in the absorption cell. The lower sensitivity at

Figure 3 shows the effects of thermal desorption temperature on the absorption signal of mercury. The investigation was carried out desorbing 10 ng of mercury from
the surface of gold-coated sand at different temperatures
from 400 to 800 °C. The optimal temperature for mercury
release was found to be 700 °C.
The effect of time of heating at desorption temperature on the recovery rates of released mercury were also
investigated and are shown in Figure 4.

Absorption

0.4
0.3
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0.1
0
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FIGURE 2
Influence of carrier gas flow rate on the absorption signal of merury.
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FIGURE 3
Effect of releasing temperature on the absorption signal of mercury.
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FIGURE 4
Influence of time of heating on the absorption signal of mercury.
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FIGURE 5
The concentration of mercury in urban and rural areas (ng m-3).

mercury. The results obtained showed that the precision is
better than 3% at a flow rate of 100 ml/min for both 10 ng
and 20 ng mercury.

TABLE 2 - The concentration of gaseous
mercury at different sampling sites (ng m-3).

Sampling site
1
2
3
4
5
6

Concentration of mercury
23
27
18
34
24
19

The method optimized was then used for the determination of gaseous mercury in urban air. The samples were
simultaneously collected from 6 different sampling sites
at the Isfahan city to compare the mercury concentrations
at different spots at the same time (Table 2).

The precision of the method was tested at different
gas flow rates for 14 injections of 10 ng and 20 ng of

The sampling sites with heavier traffic densities
showed higher concentrations of mercury. The concentrations of mercury analyzed in urban area of Isfahan were
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Concentration

more than two times as much as those determined simultaneously in the rural area (Figure 5).

70
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Day

FIGURE 6
Concentrations of gaseous mercury in normal and inversion conditions.

The concentrations of gaseous mercury were also determined during inversion periods, mostly happening
during autumn and winter seasons in the city, and were
found to be three times higher than those under normal
conditions (Figure 6). At these periods of the year and,
especially in autumn season, agricultural wastes are fired
by the farmers. Therefore, the concentration of mercury is
higher compared to that in the other seasons and the situation is getting worse under these inversion conditions.
The concentration of gaseous mercury in different
seasons of the year was determined during a three-year
period. The results are summarized in Table 3 and indicate that the atmospheric concentration of gaseous mercury has continuously been increasing.

number of samples should be collected and analyzed
within a short period of time.
The relatively high concentration of gaseous mercury
in urban atmosphere of Isfahan is a serious problem, because inhalation by the people continuously exposed to
mercury in Isfahan province can cause serious adverse
effects on human health. Concerning the continuous nature of exposure and the size of population at risk, a continuous monitoring together with suitable reduction strategies should be applied.

TABLE 3
Average concentration of gaseous mercury from
2000 to 2002 and different seasons of the years (ng m-3).

Season
Spring
Summer
Autumn
Winter

2000
19
23
29
31

2001
21
26
33
31

2002
24
26
36
34
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SUMMARY
Protective effects of clinoptilolite, a natural zeolite, on
lead toxicity in common carp Cyprinus carpio were investigated. Sublethal concentrations of lead nitrate (60 mg/L)
in water for a 35-day period decreased both the soluble
protein and RNA contents in the liver of the common
carps and also caused significant changes of some biochemical parameters. The treatment of exposure water
with clinoptilolite (50 mg/L) decreased lead accumulation
in fish. No adverse effects of clinoptilolite application
were observed.

KEYWORDS:
Zeolite, clinoptilolite, lead, carp, water.

INTRODUCTION
Heavy metal contamination occurs in natural water
sources by wastewater pollution from many industries, such
as tanneries, metal plating facilities and mining operations.
Very often the heavy metal pollutants are not biodegradable and tend to accumulate in organisms, causing several
disorders and diseases. Among these heavy metals lead is
an important contaminant with different severe toxic effects
to aquatic organisms. Exposure to lead via gills has been
shown to adversely affect body weight, digestive enzymes
and lipase. Chronic lead toxicity symptoms in humans are
renal malfunction, anemia, brain and liver damage, cancer,
hyperactivity and general psychologic impairment [1]. The
weekly lead intake by humans should not exceed the level
given by the World Health Organization [2], being 300 µg/
60 kg of mean body weight. For young children it should
not exceed 25 µg/kg body weight [3]. Various treatment
processes are available, but among these ion exchange is
considered to be cost-effective when ion exchangers such
as zeolites are used. Park et al. [4] used sargassum for
removal of lead and cadmium ions from water. Petruzzelli
et al. [5] and Faghihian et al. [6] used clinoptilolite in the

sodium form (natural zeolite) for lead removal in battery
and nuclear wastewaters, respectively. Clinoptilolite is
probably the most abundant among more than 40 natural
zeolite species and has received extensive attention due to
its selectivity for heavy metal cations, such as lead, cadmium, and nickel. Clinoptilolite has been reported to have
the highest affinity to lead among the heavy metals [7].
Biological applications include the removal of ammonia from wastewater and animal manure, air filtration and
deodoration, soil amelioration and fertilization. Serum
chemistry regarded amelioration in mice exposed to food
containing clinoptilolite powder [8]. Animal diet containing
zeolites has been shown to increase biomass production in
fisheries, to promote weight gain of chicken, to improve the
quality of animal products, such as eggs or wool, to reduce
bacterial contamination of the gut and to counteract harmful effects of ingested toxic substances. The protective
effect of zeolite on the teleost fish (Heteropneustes fossilis)
continuously exposed to sublethal concentrations of lead
nitrate has also been reported [9].
This paper addresses the usefulness of clinoptilolite
zeolite to adsorb lead in water and, thus, to decrease its
adverse effects to common carp (Cprinus carpio). The
removal of ammonia from the experimental tanks by
clinoptilolite application was also monitored.
MATERIALS AND METHODS
Clinoptilolite samples

The mineral used was collected from Izmir deposit in
the west part of Turkey. It was ground and sieved by Enli
Mining Company. The chemical composition determined
by ICP analysis is shown in Table 1.
Experiment

Common carp (Cprinus carpio) samples were brought
from the state nursery of Adana to Mustafa Kemal University, Faculty of Aquaculture and Fisheries, Hatay - Southern Turkey. Fish samples were acclimatized to laboratory
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conditions for three weeks in aquaria containing municipal
tap water prior to the start of experiments. Water quality
parameters such as pH, temperature, dissolved oxygen, and
ammonia were monitored. All fish were fed daily with 27 %
protein commercial fish feed. Fish were divided into four
groups (20 fish in each) and placed into four 100 L tanks.
Lead nitrate used was obtained from E. Merck Company,
Germany. Four different treatments were carried out:
Pb(NO3)2, clinoptilolite, Pb(NO3)2 + clinoptilolite, and
control. Treatment doses were 60 mg L-1 for Pb(NO3)2 and
clinoptilolite, but 60 mg L-1 + 50 mg L-1 for Pb(NO3)2 +
clinoptilolite treatments. Control fish were fed normally
without any addition. Aquaria were cleaned every week
by siphoning one forth of the volume and replacing the
water treated with the experimental chemicals. The given
96 h-LC50 value for Pb(NO3)2 is 105 mg L-1[9].
TABLE 1 - Chemical composition of the
natural clinoptilolite used in the experiments.

Compound
SiO2
Al2O3
CaO
MgO
Na2O
K2O
Fe2O3
MnO
TiO2
P2O5
Water

wt. (%)
70.90
12.40
2.54
0.83
0.28
4.46
1.21
<0.01
0.089
0.02
7.20

Fish Sampling and Analysis

At the end of the 35-day study period 10 fish samples
were collected and sacrificed from each treatment. The
liver was removed, homogenized in fish saline suspension
(0.59%) and processed for the analysis of soluble protein
(Bio-Rad Protein Assay) and RNA according to Morris et.
al. [10]. The fish were lightly anaesthetized in MS-222
(Sigma) and bled to death by severing the caudal peduncle. Samples of approximately 0.1 ml (13-15 drops) were
collected individually into plastic vials and the serum
separated by centrifugation at 4,000 rpm for 10 min, was
then processed immediately by an automated cell analyzer

(Merck-Mega/ Toshiba – Japan) in the Antakya Clinical
Hospital [11] to analyze blood cholesterol, glycogen,
triglycerides, BUN and LDH levels.
Statistical analyses were performed with SigmaStat
for Windows SPSS, 1997 [12] and the probability level
for rejection of the null hypothesis was found to be 0.1.

RESULTS
Clinoptilolite was observed to cause a significant decrease in total ammonia nitrogen concentrations, averaged to be 0.94 ± 0.07 mg/L, 0.55 ± 0.06 mg/L, 0.15 ±
0.08 mg/L, and 0.06 ± 0.01 mg/L for the lead, clinoptilolite, clinoptilolite + lead treatments and control, respectively. Body weight was measured at the end of the experiment and no statistical difference was found between the
control (21.4 ± 5.5 g) and the lead (29.5 ± 6.15 g), clinoptilolite + lead (23.3 ± 4.8 g) or clinoptilolite (17.6 ± 4.8g)
treatments. The liver of each fish was removed and
weighed, but no statistical difference was found between
control (0.55 ± 0.17 g) and the lead (0.78 ± 0.17 g), clinoptilolite + lead (0.83 ± 0.26 g) or clinoptilolite (0.39 ±
0.11g) treated fish.
Lead nitrate was observed to cause a significant increase in LDH and cholesterol contents. Cholesterol contents were 104.5 ± 1.5 mg/dL for control, 239.0 ± 3.0 mg/dL
for the lead, 171.5 ± 2.5 mg/dL for the clinoptilolite +
lead, and 164.5 ± 0.5 mg/dL for the clinoptilolite treatment. Glycogen levels were the lowest in lead nitrate
treatment with 83.5 ± 1.5 mg/dL and the highest in clinoptilolite only treatment with 194.4 ± 1.0 mg/dL. Triglyceride
levels were not significantly different between lead and
clinoptilolite only treatments, being the lowest in control
and the highest in lead + clinoptilolite treatment.
In contrast to the increase in cholesterol levels, lead
nitrate caused a significant decrease of soluble protein
content in the liver (Fig. 1). Protein levels decreased to
8.2 mg/g in fish exposed to lead nitrate, while they remained at 117.0 mg/g in control group fish. RNA contents of the liver were also decreased by lead treatments
(Fig. 2). RNA contents of lead-treated fish decreased to
47.0 mg/g and those in the control group fish were found
to be 89.0 mg/g.

TABLE 2 - Effects of lead nitrate, administered for a period of 4 weeks,
on the various biochemical components (mean ± SE) of Cyprinus carpio.

Parameter

Control

Lead

Lead + clinoptilolite

Clinoptilolite

Cholesterol

104.5 ± 1.5a

239.0 ± 3.0b

171.5 ± 2.5c

164.5 ± 0.5c

Glycogen

136.0 ± 2.0a

83.5 ± 1.5b

123.0 ± 2.0c

194.0 ± 1.0d

Triglyceride

80.0 ± 1.0a

87.5 ± 1.5ab

105.5 ± 1.5c

92.5 ± 1.5b

LDH

807.0± 2.0a

1751.5±11.5b

1475.0±3.0c

1387.0±23.0d
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the high cation capacity of clinoptilolite reducing the
amount available to the fish. The inhibitory role of lead in
cellular metabolism of common carps might be due to
possible enzyme inhibition. Treatment with 60 mg/L
PbNO3 caused an increase in the LDH levels of the blood
serum indicating hepatocellular damage, but the increase
of LDH level may be compensated by production of energy from carbohydrates [13]. Various chemicals and pesticides have been already reported to cause a significant
decrease in blood glycogen levels of several fish species
[14]. The decrease in soluble proteins may be correlated
with the decreased RNA synthesis due to lead intoxication. The decrease in protein may explain the utilization
of these molecules for energy production.
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FIGURE 1 - Contents of protein in the fish
liver under different conditions A, B, and C.
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FIGURE 2 - Contents of RNA in the fish
liver under different conditions A, B and C.

DISCUSSION
The experiments have impressively shown that clinoptilolite treatment is able to protect common carps
against lead toxicity by decreasing the adverse effects of
lead nitrate. Additionally, no adverse effects of clinoptilolite could be observed, when added to the fish exposure
water. It is clear that lead was removed from the water by
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SPECIES DIVERSITY INDEX OF CULTURABLE CRUDE
OIL DEGRADING BACTERIA AND PHYSICOCHEMICAL
QUALITIES OF A CRUDE OIL POLLUTED RIVER IN NIGERIA
Patience O. Ogbeifun, Stella O. Ajisebutu and Anthony I. Okoh
Department of Microbiology, Obafemi Awolowo University, Ile – Ife, Nigeria

SUMMARY

MATERIAL AND METHODS

The culturable crude oil degrading bacterial population of the polluted river ranged between 2.3 × 105 and
9.1 × 105 cfu/ml throughout the sampling period and 27
bacterial isolates belonging to 12 genera were identified.
Marked variations were observed in the physicochemical
characteristics of the polluted river and these appear to
affect the species diversity index (H) and abundance of
the crude oil degrading bacteria regime of the river.

Site Description

The study area is located at Ogbodo Isiokpo and
within the coordinates 5o 00’ N and 6o 50’E. The polluted
Ogbodo Isiokpo water was divided into Zones 1 to 3.
Zone 1 is located very close to the point of spill, while
Zone 2 is located inside the village, where the river serves
as a source of drinking water and means of transportation
for the indigenes. This zone had earlier been gulped by
fire as a result of the oil spill. Zone 3 is located further
downstream and characterized by extensive fishing activities. Each zone was divided into 3 stations depending on
their accessibility by foot or boat to collect water samples.
Sampling, physicochemical and microbial analyses

KEYWORDS: Species diversity index, crude oil degrading bacteria, physicochemical properties.

INTRODUCTION
Crude oil pollution incidents in fresh waters and their
effects on living resources have received much less attention than those in marine ecosystems [1]. Such accidents
are much more localized and, hence, attract much less
public outcry [2]. Nonetheless, crude oil pollution of the
environments normally disrupt both the biotic and abiotic
regimes of the ecosystem [3], and the Niger delta region
of Nigeria have had its fair share of such pollution, borne
out of the extensive oil exploration works going on in this
region [4]. The negative consequences of oil pollution not
withstanding, studies show that the biotic milieu responds
to such pollution via an increase in the microbial communities utilizing the contaminants, resulting in the bioremediation of the polluted system. Hence, the diversity of
such responsive and culturable bacterial communities in a
typical crude oil-polluted Nigerian freshwater environment is the subject of this study.

Water samples from the nine zone stations were aseptically collected into sterile bottles in the months of July
2001, September 2001 and January 2002 and transported
to the laboratory for analysis. Amber bottles with tight
stoppers were used for collecting water samples for chemical analyses. pH of the water samples were determined
on the spot using a pH meter (292Mk 2PYE UNICAM),
while the other physicochemical parameters were determined in accordance with established methods [5]. Crude
oil degrading bacterial population in the water samples
was estimated as described previously [3, 6]. Representative bacterial colonies were sub-cultured for purity and
pure cultures were screened for ability to degrade Bonny
light crude oil in accordance with earlier description [4].
Confirmed crude oil degraders were identified according
to established methods [7, 8], while the species diversity
index was calculated using the Shannon-Weaver index of
diversity (Ħ) as reported elsewhere [9].

RESULTS AND DISCUSSION
In all cases, the crude oil degrading bacterial population
increased downstream of the point of pollution and was
more pronounced during the raining season (July 2001), but
decreasing with the onset of the dry season (from Septem-
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ber 2001 to January 2002). The counts in all the zones were
observed to vary between 3.6 × 105 and 9.1 × 105 cfu/ml in
the rainy season (July 2001) and between 3.1 × 105 and 6.3 ×
105 cfu/ml in September 2001. The dry season counts
ranged from 2.3 × 105 to 3.6 × 105 cfu/ml (Fig. 1). All these
counts fell within the ranges reported by previous workers
[3, 10, 11, 12]. This was not unexpected, since it has been
reported that most ecosystems are naturally seeded with
petroleum degrading bacteria [6, 13] and 27 species of crude
oil degrading bacteria were identified as shown in Table 1.

These species were more abundant during the rainy season,
especially at Zone 3, but this trend decreases as the season
becomes drier. Species diversity index (Ħ) gives a summation of the degree of stress on an ecosystem, and also provides more information about community composition than
a simply species richness. In undisturbed systems Ħ is high
and individual numbers are low, but in perturbed systems
the opposite is true. Hence, species diversity index (Ħ) is
high, when all species are very abundant, and low when one
species is very abundant and all others are extremely rare.

10

CODB Count (cfu/ml) x 10

5

8

6

Jul-01
Sep-01
Jan-02
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Zone 2
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Samples Location

FIGURE 1
Crude oil degrading bacterial population in the different zones 1-3 of the polluted river.

TABLE 1
Crude oil degrading bacterial distribution in different zones of the polluted river.
List of Species
Pseudomonas iodinium
Pseudomonas putida
Pseudomonas aeruginosa
Bacillus cereus
Pseudomonas oleovorans
Proteus mirabilis
Pseudomonas fluorescence
Bacillus licheniformis
Flavobacterium solare
Aeromonas salmonicida
Pseudomonas fragis
Proteus inconstans
Bacillus megaterium
Alcaligenes viscolatis
Klebsiella rhinoscleromatis
Pseudomonas membranoformis
Micrococcus varians
Proteus inconstans
Escherichia freundii
Alcaligenes bookeri
Erwinia amylovora
Bacillus fluorescence
Brevibacterium linens
Bacillus stearothermophilus
Sarcinae litoralis
Pseudomonas mirabilis
TOTAL

Zone 1
√
√
√
√
√
√
√
√
√
√

July 2001
Zone 2

Zone 3

Zone 1

√
√

√
√
√

√
√
√
√

√

√
√
√

√

√

√

√
√
√
√
√
√

September 2001
Zone 2
Zone 3
√
√

√
√

√
√
√
√

√
√
√
√
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FIGURE 2
Species Diversity Index (H) of the hydrocarbon-degrading
bacterial population in the crude oil polluted Nigerian river.

TABLE 2
Physicochemical parameters of the water samples from the polluted river (values reported are means of three replicates).
JULY 2001
pH

Turbidity
NTU

NO3(mgl-1)

SO4 2(mgl-1)

PO4 3(mgl-1)

Ca2+
(mgl-1)

Mg2+
(mgl-1)

4.4
4.3
5.4

193
104
66

0.05
0.08
0.15

18.9
21.4
23.5

0.03
0.04
0.09

29.6
23.0
11.5

10.5
7.2
5.2

Conductivity
(µScm-1)

pH

Turbidity
NTU

NO3(mgl-1)

SO4 2(mgl-1)

PO4 3(mgl-1)

Ca2+
(mgl-1)

Mg2+
(mgl-1)

0.44
0.77
1.6

643
424
373

4.4
5.4
5.4

200
131
90

0.05
0.04
0.14

18.0
20.3
23.1

0.008
0.018
0.06

23.2
22.8
7.42

9.2
5.8
4.8

Source

Temp
(oC)

DO
(mg l-1)

Conductivity
(µS cm-1)

pH

Turbidity
NTU

NO3(mgl-1)

SO4 2(mgl-1)

PO4 3(mgl-1)

Ca2+
(mgl-1)

Mg2+
(mgl-1)

Zone 1
Zone 2
Zone 3

26.2
28.0
29.6

0.21
0.37
1.1

646
409
395

4.4
5.4
5.5

237
162
104

0.03
0.06
0.13

17.8
19.1
nd

0.007
0.01
0.044

22.02
20.4
10.7

5.41
5.39
4.69

Source

Temp
(oC)

DO
(mg l-1)

Conductivity
(µS cm-1)

Zone 1
Zone 2
Zone 3

25.1
23.5
25.5

0.7
1.5
2.5

635
404
364

Source

Temp
(oC)

DO
(mg l-1)

Zone 1
Zone 2
Zone 3

25.0
24.0
25.2

Total
Hardness
MgCaCO3l-1
117.3
86.7
50.1

Total
Alkalinity
MgCaCO3l-1
18.6
36.2
44.3

Cl(mgl-1)
0.39
0.21
0.27

SEPTEMBER 2001
Total
Hardness
MgCaCO3l-1
95.6
80.9
48.3

Total
Alkalinity
MgCaCO3l-1
20.0
71.6
28.2

Cl(mgl-1)

Total
Hardness
MgCaCO3l-1
89.6
73.1
45.6

Total
Alkalinity
MgCaCO3l-1
18.4
42.0
48.4

Cl(mgl-1)

0.36
0.19
0.29

JANUARY 2002

0.35
0.14
0.27

DO = dissolved oxygen

The species diversity index (Ħ) was observed to range
between 0.24 and 0.70 (Fig. 2), with the highest index
obtained during the onset of the dry season (September
2001) and the lowest during the dry season (January
2002) proper. This observation corroborates earlier findings [10]. The occurrences of the hydrocarbon utilizers,
even though in low numbers, generally depict the environments from which the samples were obtained. Besides,
their presence is a good indication of intrinsic bioremediation potentials as the organisms are expected to play significant roles in the efficient biodegradation of the polluting

oil [4]. Also, higher species diversities are better adapted to
deal with environmental stress than lower ones [9].
The physicochemical qualities of the water samples
are shown in Table 2. The temperature values of the polluted river were generally below the maximum acceptable
limit [14] and ranged between 23.5 and 29.6 °C, while
dissolved oxygen ranged from 0.21 to 2.5 mg l-1 being
lower than the recommended level of 5 mg l-1 and, as a
consequence, this could encourage septic conditions,
which are detrimental to many species of fish [15]. Con-
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ductivity varied between 364 and 646 µS cm-1, while pH
being in the range of 4.3 and 5.5 fell short of international
standard [16]. Turbidity was observed to range between
66 and 237 NTU. Other parameters range as follows: nitrates (0.03-0.15 mg l-1); sulphates (17.8-23.5 m gl-1);
phosphates (0.007-0.09 mg l-1); calcium (7.42-29.6 mg l-1);
magnesium (4.69-10.5 m gl-1); total hardness (45.6-7.3 mg
CaCO3 l-1); total alkalinity (18.4-71.6 mg CaCO3 l-1), and
chloride (0.14-0.39 mg l-1).

[12] I.N. Mitskevich and E.P. Nikitina (1981) Layers with increased concentrations of microorganisms in the depths of
Indian Ocean. Microbiology, 50(2): 259 – 264.
[13] C.E. ZoBell (1969) Microbial modification of crude oil in the
sea. In: Proceedings of joint conference on prevention and
control of oil spills. Washington D. C., A. P. I. 1815 – 1819.
[14] FEPA (1991) National Environmental Protection (Effluent
Limitation) Regulations. Federal Environmental Protection
Agency, Nigeria.
[15] L. Hodges (1977) Environmental Pollution, Holt, Rinehart
and Winston, New York.
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THE IMPACT OF GREEK ELECTRICITY GENERATION
SECTOR ON THE NATIONAL AIR POLLUTION PROBLEM
John K. Kaldellis, George Spyropoulos and Kostas Chalvatzis
Laboratory of Soft Energy Applications & Environmental Protection,
Mechanical Engineering Department, TEI Piraeus, P.O. Box 41046, Athens 12201, Greece

SUMMARY
Since the early sixties, the Greek electricity production sector has been based on local lignite and heavy-oil,
being gradually replaced by imported natural gas only
quite recently. Therefore, the electricity generation process -beyond the economic and macroeconomic cost- is
assumed to be responsible for significant air pollution. In
this context, an extensive and thorough analysis is carried
out concerning the quantities of air pollutants that have
resulted from the electricity sector during the 1995÷2002
period. For this purpose, all obtainable data are initially
considered and analysed, followed by an integrated numerical model developed from basic-principles, in order
to estimate the air pollutants created from electricity generation. The results presented are based on official data,
analysing the SO2, NOx and CO2 gasses produced on the
basis of the fuel utilized. Among the most interesting
results of the present survey emerges the continuous increase of air pollutants with time, mainly attributable to the
electricity demand amplification and the state policy of
using Northern Greece lignite and imported natural gas in
the mainland and diesel-oil in the Aegean Sea territories.
This strategy practically leads to remarkable air pollution
rise during the next decade, a fact that is also validated by
the application of the analytical model developed.

KEYWORDS:
Air pollution, electricity generation, thermal power stations, energy
policy, analytical model, emission factors, energy coefficient.

INTRODUCTION
Since the early sixties, the Greek electricity production
sector has been based on local lignite and heavy-oil. After
the recent natural gas introduction in the local market, a
gradual replacement of lignite and heavy-oil (mazut) by
imported natural gas [1] takes place. Besides, several internal combustion engines and gas turbines – using mainly

diesel-oil [2] - operate in autonomous thermal power stations located in most of the islands. On the other hand, the
considerable number of the existing hydro-power stations
presents a very low utilization factor in comparison with
that of the thermal power stations, due to water reserves
deficit and the applied electrical load management of the
plants [3]. Finally, only recently, a modest number of
wind parks started their operation, mainly on Euboea
(mainland grid) and Crete island [4]. However, as it is
obvious from Figure 1, lignite and oil contribute with
more than 85% to the local electricity production.
Energy consumption and demand have significantly
increased in Greece during the last decades, approaching
the 32,000 ktoe in 2002 [5-6]. In this context, the electricity consumption increase [7] has approximated 4% per
year (see Figure 1), while the maximum (peak) load increase of the mainland electrical grid is much more abrupt
(6%; see Figure 2). The problem seems to be particularly
critical for the various Aegean Sea islands, including
Crete, Rhodes, Lesvos and Chios. More specifically, the
maximum load demand escalation in these islands has
exceeded 250% during the last twenty years (Figure 3). The
situation is even worse in the medium-small autonomous
island power systems, where the corresponding escalation
rate exceeds 400%. Therefore, the establishment of new
electricity production plants is an extremely urgent requirement [8], in order to protect the national and autonomous electrical grids from several troubles, such as voltage
and frequency instabilities or even total black-outs.
As already mentioned, the Greek electricity production
is almost exclusively based on fossil fuel, being assumed to
be responsible for important air pollution, beyond the economic and macroeconomic costs. According to previous
studies [9-10], more than 50% of the country’s CO2 production is attributed to the electricity sector. In addition,
electrical production contribution to SO2, NOx and TSP is
crucial, representing in most cases a considerable part of
the countrywide emissions [11]. Bear in mind that a systematic recording of solid materials, created by local thermal power stations (TPS), commenced only recently.
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FIGURE 1 - Time-evolution of electricity production profile in Greece.
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FIGURE 2 - Greek mainland electricity demand parameters time-evolution.
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In this context, an extensive and thorough analysis is
carried out concerning the air pollutant quantities resulting
from the electricity generation sector, during the 1995÷2002
period. For this purpose, the available historical data are
initially considered and analysed. Accordingly, an integrated numerical model is developed from the basic principles, in order to estimate the expected air pollutants
produced from electricity generation. Finally, official data
and calculation results are compared with those corresponding from other well-established organizations. The
present study is integrating a short discussion concerning
the air pollution impact during the next few years.

BRIEF PRESENTATION OF GREEK
ELECTRICITY GENERATION SYSTEM
Using the official data [6, 12] from the Greek Regulatory Authority of Energy (RAE) and Greek Public Power
Corporation (PPC), the local electricity generation system
(at the beginning of 2003) is divided into two branches.
The first part contains the mainland electricity production
network based on thermal power stations (TPS) with rated
capacity of 7,200 MW, along with 3,400 MW of renewable energy production stations, mainly large and small
hydropower installations (3100 MW).
The second part includes 35 medium-small autonomous
thermal power stations (APS) of 547 MW and 18 MW
resulting from renewable energy sources exploitation,
spread throughout the Aegean Sea. In this group, there
should also be embraced two medium-sized thermal power stations on Crete Island (approx. 580 MW) and almost

70 MW of renewables, along with 208 MW of thermal
power units operating in Rhodes Island (Table 1).
More precisely, the Greek thermal power stations can
also be categorized according to the fuel used, as follows
(see Table 1):
a. 4,280 MW using Northern Greece lignite
b. 850 MW using Southern Greek lignite
c. 1,134 MW using natural Gas
d. 830 MW using heavy-oil (mazut) in mainland
e. 1,340 MW using diesel-oil and mazut on Greek islands.
On top of that, the electricity production of each
group along with the corresponding capacity factor and
efficiency may be estimated by using the most recent
official data (Table 1).
According to Table 1, the efficiency of most TPS is
exceeding 31%, their effectiveness being in direct proportion to their age. It is also important to mention that the
capacity factor of most lignite fired stations of N. Greece
exceeds 73%, while the corresponding value of the TPS
based on natural gas is only 60%.
Using the latest official data [12] of Figure 4, 26.3 TWh
of electricity have been produced during 2002 by using
N. Greece lignite, 5.0 TWh from the group (b) by using
S. Greece lignite, 6.8 TWh by using natural gas, 4.5 TWh
by using mazut and 3 TWh by diesel fired engines. The
above-described analysis is extremely important, being
the base for the estimation of air pollution in consequence
of electricity generation.

TABLE 1
Greek electricity generation system thermal power stations (in operation at the end of 2002).

Start Up

Rated Power MW

Fuel Used

Liptol
Ptolemaida

1959
1959

43
850

Lignite
Lignite

Capacity Factor
64%
73%

Kardia

1975

1200

Lignite

Agios Dimitrios

1984

1586.5

Lignite

Aminteo

1987

600

Megalopolis-A

1970

Megalopolis-B

1991

Aliveri
Lavrio

Power Station

Efficiency

Location

25%
31%

W. Macedonia
W. Macedonia

74%

33%

W. Macedonia

78%

33.5%

W. Macedonia

Lignite

83%

34.4%

W. Macedonia

550

Lignite

70%

29.5%

Peloponessos

300

Lignite

77%

31.8%

Peloponessos

1953

380

Mazut

60%

36.5%

Euboea

1972

450

Mazut

47%

35.1%

Attica

Lavrio (New)

1996

774

Natural Gas

60%

35.8%

Attica

Agios Georgios

1997

360

Natural Gas

61%

35.4%

Athens

Linoperamata

1965

253

66%

31%

Crete

Chania

1969

330

MazutDiesel
Diesel

51%

30%

Crete

Rhodes

1967

208

Diesel

55%

29%

Rhodes
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547

DieselMazut

ELECTRICITY RELATED
AIR POLLUTANTS PRODUCTION
As it is widely accepted, consumption of fossil fuels is
closely related to the production of several flue gases. As
this present survey is mainly focused on the electricity generation sector, a thorough examination of time-evolution of
the sulphur "SOx" and the nitrogen "NOx" oxides production is required. The "CO2" production is also demonstrated, as this flue gas is assumed to be responsible for
the greenhouse effect.
The SO2 and SO3 gasses (named SOx) are created
when the sulphur of solid and liquid fossil fuels is burned
with bright flame and strong smell. During combustion,
sulphur trioxide SO3 is normally transformed to SO2, thus
representing more than 99.5% of sulphur oxides in the
flue gas. The SO2 -being one of the most common air
pollutants in urban areas- is one of the ingredients of the
smog appearing in big cities [13-14]. The SO2 is colourless with a very characteristic smell. In combination with
humidity it is finally transformed to sulphuric acid, one of
the most corrosive acids being primarily responsible for
the acid rain. Figure 5 indicates the time-evolution of SO2
production as a result of electricity generation. As it is
obvious from the data presented, there has been a considerable variation in the sulphur oxides` production during
the last decade, mainly attributable to the increased electricity consumption and the operation of new desulphurisation units at S. Greece power stations. In addition, one
should underline the dominant contribution of S. Greece
(Megalopolis TPS) lignite consumption to the national
SO2 production, although the corresponding electricity
generation represents only 10% of the total annual demand (Figure 4).
Similarly, NOx gasses (NO, NO2) result from the
high-temperature reaction between nitrogen and oxygen

42%

27%

Aegean Archipelago

inside car combustion chambers, power stations, industrial facilities and central heating systems. Keep in mind that
this chemical reaction gives a 95% NO and only a 5%
NO2 level. It is also interesting to note that the NO is a
colourless and odourless gas, which is not a real pollutant
by itself. However, it is easily transformed to NO2 -one of
the most dangerous gases [15-16]. The NO2 has a brownred colour and a very characteristic annoying smell. It is
one of the prime gases appearing in smog, being also
assumed to be responsible for the acid rain. Figure 6
demonstrates that the NOx production is also gradually
increasing, despite the introduction of natural gas in the
local market. Keep in mind that the NOx increase rate is
more abrupt than the SO2 one, while the natural gas consumption will not drastically settle this problem in actual
fact.
Finally, the carbon dioxide (CO2) is produced upon
complete burning of carbon and may, therefore, be a measure for the quantity of fossil fuels used in a country [17-18].
Although not toxic, CO2 may cause asphyxia, when found
in large quantities in a non-ventilated area. On the other
hand, it is the main culprit for the greenhouse effect, which
may change the climate of our planet. In this context, it is
important to mention that electricity generation is found to
be responsible for almost 55% of the CO2 production [11,
19] countrywide. On top of that, according to Figure 7, no
CO2 increase-rate deceleration [9, 20] could be found, as
the local electricity generation system is almost exclusively
based on fossil fuels utilization.
Recapitulating, the Greek electricity production sector
keeps on producing huge quantities of flue gases, while no
attempt is made at decelerating the corresponding escalation rate. This result is in contradiction to the international
and European Union efforts to stabilize air pollutants emission at the 1990 levels. It also underlines the present incompetence of the 1st National Program to actively contribute to the climatologic protection of our planet.
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FIGURE 5 - SO2 annual production from Greek electricity generation sector.
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FIGURE 6 - NOx annual production from Greek electricity generation sector.
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FIGURE 7 - CO2 annual production from Greek electricity generation sector.

ELECTRICITY RELATED EMISSION FACTORS

(k )

Using previous work by the authors [21], the total annual quantity "(k)P(t)" of air pollutant "k" produced by
Greek electricity generation-related activities is given as:
(k )

P(t ) = E (t ) ⋅ ∑ ( k ) ei (t ) ⋅ ε i (t )

(1)

i

where "i" describes the specific fuel used (e.g. S.
Greece-lignite, N. Greece-lignite, diesel-oil, "Mazut",
natural gas, renewables, etc.) and "εi " is the fuel consumption array for the electricity generation sector, i.e.:

ε i (t ) =

Ei (t )
E (t )

(2)

Keep in mind that "E(t)" is the annual primary energy
consumption (usually in toe) of the electricity production
sector. As it is obvious, the following relation is valid:

∑ε (t ) = 1.0

(3)

i

i

Besides, comparing the primary energy consumption
and the electricity demand "Ed" by the local society, one
may write:

Ed (t ) = E (t ) ⋅ ∑ηi (t ) ⋅ ε i (t ) ± Ebal

(4)

i

where "ηi" is the efficiency (including line transmission losses from the TPS to the main consumption centers)
of all thermal power stations using the fuel "i", and "Ebal"
is the electricity balance (imports, exports) of the country.
Subsequently, "(k)ei" is the time-depending emission
factors array for every air pollutant "k", created due to the
consumption of fuel "i" in the electricity production sector
during the time-period "t", i.e.:

(k )

ei (t ) =

Pi (t )
Ei (t )

(5)

The main factors influencing the air pollutants production of electricity generation and included in the proposed analysis are the following:
ü Evolution of energy consumption (Ed(t))
ü Fuel-mix and internal reorganization including fuel
substitution (εi(t))
ü Energy efficiency status and improvements (ηi(t))
ü Existence and efficiency of pollution control measures
(ei(t))
Using the definitions of equations (1) - (5) and the official data by local electricity production sector, it is possible to estimate the time evolution of the corresponding
emission factors of the sector for the SO2, NOx and CO2
flue gases.
Before the analysis of the emission factors timedistribution, it is interesting to investigate the fuel contribution coefficients "εi " for the national electricity generation (Figure 8). According to official data, there has been
a remarkable substitution for the N. Greece lignite (from
70% to 57%) by imported natural gas during the last
years. A parallel heavy-oil substitution is also encountered by natural gas, while the contribution of S. Greece
lignite and diesel oil operation (mainly due to the island
Autonomous Power Stations) remains almost unaffected.
Accordingly, Figure 9 evaluates the main fuels used
emission factors distribution, concerning SO2. As a general
idea, between 1999 and 2001 a considerable "SO2e" decrease (≈25%) for S. Greece lignite has taken place, mainly
due to the operation of the new desulphurisation unit at
Megalopolis B (300 MW) TPS. Unfortunately, in 2002 the
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Fuel Consumption Coefficients for Greek Electrictiy Production Sector
100

Diesel Oil
Mazut
North Greece Lignite
South Greece Lignite
Natural Gas

90
80
70

ε (%)

60
50
40
30
20
10
0
1990

1992

1994

1996

1998

2000

2002

2004

Year

FIGURE 8 - Fuel contribution to the national electricity generation.
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FIGURE 9 - Greek electricity generation and time evolution of SO2 emission factors.
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FIGURE 10 - Greek electricity generation and time evolution of NOx emission factors.

corresponding emission factor attains the value of 160 g/toe.
On the other hand, the N. Greece lignite emission factors
distributions remain almost unaffected, being far beneath
the corresponding heavy-oil one. Generally speaking, a
slight decrease of the emission factor values appears in
most cases, apart from the Liptol one. In this context, the
main value of the N. Greece lignit-fired stations is approximately 8 g/toe of lignite consumed, being almost
20% below the corresponding 1999 value. This turns to be
extremely important, as the authors expect N. Greece
lignite and imported natural gas to cover over 80% of the
national electricity demand during the next decade. Finally, diesel-oil emission factor distribution remains almost
constant, getting slightly influenced by the quality of
diesel oil used [22].
Subsequently, one has the possibility to examine the
corresponding "NOx" emission factors distribution for the
primary fuels used in our country (Figure 10). As it is
obvious from the presented data, the time variation of
"NOx" emission factors is not very strong (excluding the
Liptol 200 MWh/year case), while the N. Greece lignite
and oil-fired (mazut or diesel) TPS present the highest
values. In this context, the natural gas contribution to the
"NOx" production cannot be ignored, while S. Greece
lignite and mazut based stations show a slight decrease of
the corresponding "e" values. This is not the case for N.
Greece lignite. More specifically, the average emission
factor value for the major N. Greece TPS is almost 8 g/toe
for 2002, compared with approximately 6 g/toe produced
in 1995.
Finally, Figure 11 demonstrates the time-distribution
of the estimated "CO2" production emission factors, based
[11, 22, 23] on the primary characteristics of the fuels used
(weight content-mass fraction, specific calorific value etc.).
In this case, non-significant time variations are expected,
while the data given are compared with similar results from
other research groups [9, 24]. As a general statement, the

remarkable CO2 production volume from the local electricity generation presents a slightly increasing tendency. It is
also noteworthy that the mean CO2 production from the
lignite-fired stations is almost 5,600 g/toe, a value exceeding the one (approx. 4,200 g/toe) suggested by IPCC [23],
mainly due to the low quality of local lignite consumed.
EXPECTED AIR POLLUTANTS
PRODUCTION FOR THE NEAR FUTURE
According to the results presented for the national
electricity production sector, a considerable energy demand amplification has taken place during the last years,
e.g. from 36,000 GWh in 1995 to 50,000 GWh in 2002.
In this context, most experts [5, 8, 20] anticipate a continuously increasing electricity demand, while -up to 2010the corresponding annual increase rate is expected to vary
between 3.0% and 4.0%.
This significant energy demand increase should be
covered using N. Greece lignite and imported natural gas.
However, considering that supplementary natural gas
imports -lacking infrastructure strengthening- are unworkable, the major electricity demand increase (2.0%2.5%) is going to be covered by further exploitation of
domestic N. Greece lignite. On the other hand, diesel-oil
appears to be the only solution for the electricity consumption of all Greek islands, Crete and Rhodes included
[25]. The only possibility to exploit the excellent wind
potential of the Aegean Archipelago, by using large-scale
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applications, is the establishment of reversible windhydro power stations [26], in order to encounter the timedepending local electricity demand with the stochastic
behaviour of wind-energy production
At the same time, one may expect a slight improvement on the existing TPS efficiency (0.2%-0.5%), mainly
due to renovation activities and natural gas usage replacing the solid fuels. Finally, no remarkable amelioration of
the various air pollutant emission factors is anticipated,
since the former State-controlled PPC lacks substantial
antipollution measures, in view of its privatisation policy.
In this context, most "e" values should actually remain at
the 2000-2002 levels.
Applying the above-described assumptions and using
equations (1) - (5), the expected SO2, NOx and CO2 production volume up to 2007 may be accurately estimated
(Figure 12). The results obtained are presented in a nondimensional form, using 1995 values as reference. During

2004, further air pollutants are built-in, considering the
increased electricity consumption resulting from the 2004
Olympic Games activities. As it is obvious, a significant
electricity-related augmentation is expected in air pollutants, during the next five years, in comparison with 2002,
which for CO2 approaches 21%, while slightly lower
values are attributed to SO2 and NOx (19.5% and 20.5%),
respectively.
This negative evolution strongly questions the efficiency of the 1st National Program for Greenhouse Gases
Prevention, and underlines the necessity of extensive
energy saving and renewable resources utilization during
the application of the 2nd National Program. In the opposite case, our country has no chance to meet the European
target for Greenhouse gasses emission limitation, deteriorating at the same time the Greek citizens living quality
due to the increased concentration of dangerous air pollutants, such as SO2 and NOx.
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FIGURE 11 - Greek electricity generation and time evolution of CO2 emission factors.
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CONCLUSIONS AND PROPOSALS
An integrated and time-extensive analysis is presented, concerning the national air pollutant emissions resulting from the Greek electricity generation sector. The
results hereby presented are related to official data, analysing the SO2, NOx and CO2 production rates on the
basis of the fuels utilized. Among the most interesting
results of the present survey emerges the continuous increase of air pollutants with time, mainly attributable to
the electricity demand amplification and the unjustified
state policy of using N. Greece lignite and imported natural gas in the mainland and diesel-oil in the Aegean Sea
territories.
This strategy practically leads to remarkable air pollution rise during the next decade, a fact that is also validated by the application of the developed analytical model. On the other hand, only by introducing efficient energy-saving measures in the industrial and tertiary sector it
is possible to decelerate the annual electricity consumption escalation rate. Besides, a significant air pollution
decrease may be accomplished in cooperation with a
considerable wind and hydro-power penetration, both in
mainland and the Greek islands. On top of this, solar
energy together with biomass and geothermal one can
satisfactorily facilitate both electricity and thermal needs
of local consumers.
Recapitulating, the results obtained may clarify the
existing air pollution situation and assist Greek society in
taking vital decisions regarding local electricity production sector for the next few years, seriously considering
the significant air pollution impact on everyday life.
Hence, the predicted electricity resulting emission factors
provide important information -scientifically documentedto display the air pollution impact during the forthcoming
energy choices.
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SUMMARY
Cyanobacterial blooms in freshwaters are becoming
more frequent worldwide mainly due to eutrophication of
superficial water bodies. These blooms` occurrence usually causes oxygen depletion, but sometimes there is also
production of toxic compounds. Toxigenicity variation in
a particular species seems to be primarily determined by
genotype diversity among strains, in spite of some environmental factors seem also to influence cyanotoxins
biosynthesis. A potentially toxic strain of Aphanizomenon
flos-aquae was isolated from a bloom in an eutrophic lake
(Vela Lake) during May 2001 and its growth was evaluated under different concentrations of nitrate (0.00, 0.85,
8.50 and 85.01 mgNO3-.L-1) and phosphate (0.00, 0.55,
2.18, 4.36 and 8.71 mgPO43-.L-1). The potential inhibitory
effects of the strain exudates on the growth of two microalgae (Chlorella vulgaris and Pseudokirchneriella subcapitata) were also tested. The growth of the cyanobacterial strain studied proved to be highly dependent on phosphorus rather than on nitrogen, probably due to its nitrogen fixing capability. Concerning the potential effects on
the green algae, the A. flos-aquae exudates showed to
inhibit the growth of C. vulgaris.

KEYWORDS:
Aphanizomenon flos-aquae, nutrient limitation, Chlorella vulgaris,
Pseudokirchneriella subcapitata, growth inhibition.

blooms usually increase suspended solids, lead to oxygen
depletion and give bad odour and taste to the water [6],
but the main concern related to the occurrence of these
blooms is that a high percentage of them has shown to be
harmful [1, 7, 8] due to the production of toxic secondary
metabolites by many cyanobacteria [8, 9]. Nevertheless,
for each cyanobacterial species considered to be toxic there
may be toxic and non-toxic strains and in toxic strains
toxicity also may vary [10-12]. Cyanotoxins (dermatotoxins, neurotoxins or hepatotoxins [8, 9, 13]) have shown to
cause adverse effects on numerous organisms [1, 7, 13-15],
including humans [16, 17].
Many strains of the N-fixing filamentous cyanobacteria Aphanizomenon flos-aquae are able to produce hepatotoxins such as microcystin [18, 19] and neurotoxins such
as anatoxin-a [20] and saxitoxins [21, 22]. In Portugal,
Aphanizomenon flos-aquae blooms have been recorded
with production of saxitoxins [also named PSP (Paralytic
Shellfish Poisoning) toxins] in several reservoirs such as
Crestuma reservoir (northern Portugal) [22] and Montargil reservoir (central Portugal) [21].
This study presents the effects of different nutritional
conditions (N and P) on the growth of a potentially toxic
cyanobacterial strain of A. flos-aquae isolated from a bloom
in Vela Lake, during May 2001 [23]. The potential effects
of this cyanobacterial strain exudates on growth of two
green algae (Chlorella vulgaris and Pseudokirchneriella
subcapitata), considered highly edible for zooplankters
(namely cladocerans), were also assessed.

INTRODUCTION
The eutrophication of superficial freshwater bodies
used as recreational waters and/or as drinking waters has
become more frequent worldwide [1, 2]. Cyanobacteria are
known to develop massively in eutrophic lakes and reservoirs with high nutrient levels, low turbulence intensity,
but high temperature and pH, leading to formation of surface blooms accumulating as scum [3-5]. Cyanobacterial

MATERIALS AND METHODS
Cyanobacterium cultures

The strain used in this assay was isolated in May
2001 from a bloom in a Portuguese eutrophic shallow
lake (Vela Lake, Figueira da Foz, Portugal) [23] and it
was identified as belonging to the species Aphanizomenon
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flos-aquae (L.) Ralfs [24]. Unialgal cultures were obtained by repeated isolation steps in sterilized liquid
Woods Hole culture medium [25]. During the one year
monitoring period in Vela Lake (Portugal), water body
from which the A. flos-aquae strain was isolated, the
nitrate concentration varied from 0.3 to 6.6 mgNO3-.L-1,
corresponding to the sampling dates of 2nd May 2001 and
4th January 2001, respectively [23]. The wide nitrate concentration range chosen for the laboratory nutritional experiments (0.00 mgNO3-.L-1 to 85.01 mgNO3-.L-1) included the
ranges that usually occur in most of the environmental
aquatic systems [26 - 28]. For the experiments using different phosphate levels, the concentrations ranged from 0.00 to
8.71 mgPO43-.L-1, including the environmental phosphate
concentration ranges usually found [26-28]. In Vela Lake
the phosphate concentration ranged from 0.00 (corresponding to the sampling dates from 12th June until 29th November 2001) to 1.65 mgPO43-.L-1 (corresponding to the sampling date of 20th December 2000) [23]. The cultures` media
used for the nutritional experiments were based on sterilized
Woods Hole culture medium (MBL) [25], but with some
modifications concerning nitrogen and orthophosphate
concentrations, in order to study the cyanobacterial strain
growth under different nutritional conditions. Cyanobacterial cells were grown in triplicate for different concentrations
of nitrate (0.00, 0.85, 8.50 and 85.01 mgNO3-.L-1, referred
as APH0N, APH0.85N, APH8.5N and MBL, respectively)
and phosphate (0.00, 0.55, 2.18, 4.36 and 8.71 mgPO43-.L1
, referred as APH0P, APH0.5P, APH2P, APH4P and
MBL, respectively) in 500 mL Erlenmeyer flasks with
500 mL sterilized growth medium (modified MBL medium). The tests were performed in an incubation chamber
under controlled laboratory conditions: temperature was
maintained at 24 ºC under a constant illumination (using
cool white fluorescent lights MazdaFluor Lumiére du Jour
54 9JTF 36W/LJ) and no bubbling was applied to the
cultures, but they were continuously agitated in the same
chamber at 40 rpm. Initial cell density was 105 cells.mL-1
for all cultures.
Biomass was assessed by dry weight (filtering 20-30 mL
of the cultures, depending on the development stage, through
tarred Whatman GF/C filters, which were then dried for 24h
at 60 ºC), chlorophyll a (filtering 10 -30 mL, depending also
on cell number, through a Whatman GF/C filter, performing a 90 % acetone treatment and measuring it spectrophotometrically with a JENWAY 6505 UV/Vis. spectrophotometer) and optical density at 440, 620 and 750 nm
(measured also spectrophotometrically). From day 0 to day
13, optical density was measured with a 2-3 days interval
and from that day on, optical density was measured everyday to assess the beginning of the stationary phase in each
culture. Chlorophyll a and dry weight were determined less
frequently in the beginning of the tests due to volume limitation. At the late stationary phase, an aliquot of each culture was taken and frozen for later further measurements of
cyanotoxin contents. Cell counting was not performed because it is a time-consuming technique and may not be as
accurate as biomass analytical determinations due to the

extrapolation of the total cell number by counting the filaments (using a median cell number per filament). Nevertheless, on preliminary nutritional experiments (unpublished
data), optical density at 440 nm showed also a good positive
correlation with cell counting (r = 0.994, P<0.001, n=27).
Green algae growth experiments

The green algae used for the growth inhibition tests
were Chlorella vulgaris Beijerinck and Pseudokirchneriella
subcapitata (Korshikov) Hindak (formerly known as
Selenastrum capricornutum Printz and currently used as
standard species for algal toxicity tests [29]), due to their
importance as highly edible food sources to zooplankton,
namely daphnids. The potential inhibitory effects of the
released cyanobacterial compounds on the growth of these
two green algae were assessed. The tests were conducted, in
triplicate, using sterilized MBL medium as the main culture
medium. The algae were exposed, during a 96 hours period
to the exudates (growth medium and associated algal products, after filtration through a Whatman GF/C filter) obtained from the stationary phase cultures of A. flos-aquae
grown in P deficiency, P and N saturation and N depletion
conditions, to check if this cyanobacterial strain released
some noxious compounds towards the tested green algae.
The source culture of each exudate or filtrate is referred as
0.5Pf (filtrate of A. flos-aquae grown in 0.55 mgPO43-.L-1
and 85.01 mgNO3-.L-1), MBLf (filtrate of A. flos-aquae
grown in 8.71 mgPO43-.L-1 and 85.01 mgNO3-.L-1) and
0Nf (filtrate of A. flos-aquae grown in 8.71 mgPO43-.L-1
and 0.00 mgNO3-.L-1). The exudate treatments were performed with 30 mL exudate added to 70 mL MBL and
control experiments were also performed at the same time:
control 1 corresponds to the green algae grown in 100 mL
nutrient saturated MBL medium and control 2 corresponds
to the algae grown in 30 mL distilled water added to 70 mL
MBL in order to exclude any possible effect from nutrient
deficiency due to the dilution caused by the added filtrate
(exudate) volume. The tests were conducted in glass vessels of 250 mL with 100 mL of final test solution, and the
cultures handling was aseptic. The vessels were randomly
located in the growth chamber and cultures were maintained
at 24 ºC, with continuous light and at 100 rpm. The pH was
measured to ensure there were no relevant oscillations. The
growth was quantified by measuring the algal biomass density (by optical density) over time and during the test period
in control cultures at least a 16-fold increase has been observed. The initial cell concentration was approximately
5x104 cells.mL-1 for both C. vulgaris and P. subcapitata.
The nomographs used to establish the relationship between
absorbance (at 440 nm) and cell density for C. vulgaris (1)
and P. subcapitata (2) were already prepared in our laboratory for daphnids algal feeding procedures:
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Cells.mL-1 = -155820 + Abs x 1.3144324 x 107 (1)
Cells.mL-1 = -17107.5 + Abs x 7.92535 x 106

(2)

where Abs is the absorbance value measured at 440 nm.
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Data analysis

In the cyanobacterial growth experiments, the Pearson correlation coefficient was used to compare the different methods of biomass determination: dry weight,
optical density and chlorophyll a. A one-way analysis of
variance (ANOVA) was used to assess significant differences among the A. flos-aquae nutritional treatments and
also between the control and exudates treatments over the
green algae. This one-way ANOVA was followed by a
post-hoc multiple comparison Tukey HSD test, where
applicable [30], and statistically significant differences in
growth were reported for P<0.05.
RESULTS
A. flos-aquae growth under N and P limitation

In the set of nutritional experiments, the limitation of
nitrate availability did not show an inhibitory effect on the
growth of A. flos-aquae (Fig. 1). In fact, this cyanobacterial strain grew even better in nitrate depleted medium
rather than in the other media with nitrate availability
(Fig. 1), showing statistically significant differences towards the growth in APH0.85N and MBL cultures.
On the other hand, the A. flos-aquae strain proved to be
very sensitive to phosphorus variation, presenting a reduced growth under low phosphorus concentration and
almost no growth in phosphorus depleted medium (Fig. 2).
The APH2P, APH4P and MBL cultures all showed a
better growth than the APH0.5P and APH0P cultures. The
growth rates obtained for this experiment were 0.19, 0.18

and 0.17 d-1 for APH2P, APH4P and MBL, respectively.
For APH0.5P, the growth rate was lower (µ = 0.16 d-1)
and for APH0P the cyanobacterial strain almost did not
grow at all (µ = 0.05 d-1). After the optical density values
obtained for the last day of experiments (Fig. 2), there was
a significant difference between the treatments APH2P,
APH4P and MBL in relation to the treatments APH0.5P
and APH0P. The phosphate concentrations of 2.18 and
4.36 mg.L-1 have not limited the A. flos-aquae growth.
The optical density showed a positive correlation
with dry weight (r = 0.948, P<0.001, n=30) and chlorophyll a concentration (r = 0.758, P<0.001, n=30). Between the optical density measurements at different λ, the
440nm absorbance values were highly positively related
to the absorbance values for 620nm (r = 0.997, P<0.001,
n=154) and 750nm (r = 0.994, P<0.001, n=154).
Effects of A. flos-aquae culture exudates
on growth of green algae

The A. flos-aquae strain proved to have some influence on the growth of the two green algae tested, meaning
there is something in the cyanobacterium culture exudates
that interferes with their growth. For P. subcapitata, its
average growth rate was not decreased by diluting 70 mL
of MBL growth medium with 30 mL of distilled water
(control 2) and the growth rate values in controls 1 and 2
were 1.218 and 1.223 d-1, respectively. After 72h and 96h,
there was only a slight inhibition of growth (although not
statistically different from the control treatments) when the
A. flos-aquae exudates were present in the growth media
(Fig. 3), specially the APH0.5P exudate (µ = 1.195 d-1).

the A. flos-aquae cultures

Optical density (440 nm) of

0.25

a

0.20

0.15

a,b

APH0N
APH0.85N
APH8.5N
MBL

b

b

0.10

0.05

0.00
3

5

8

13

16

Days
FIGURE 1
Optical density of A. flos-aquae under different concentrations of nitrate (0.00, 0.85, 8.50 and 85.01 mg NO3-.L-1, referred as
APH0N, APH0.85N, APH8.5N and MBL, respectively, all with 8.71 mg PO43-.L-1) during the 16-day experiment period. Error
bars represent the standard deviation with the different letters representing significant differences between the treatments (P<0.05).

661

© by PSP Volume 13 – No 7. 2004

Fresenius Environmental Bulletin

the A. flos-aquae cultures
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FIGURE 2
Optical density of A. flos-aquae under different concentrations of phosphate (0.00, 0.55, 2.18, 4.36 and 8.71 mg PO43-.L-1, referred as
APH0P, APH0.5P, APH2P, APH4P and MBL, respectively, all with 85.01 mg NO3-.L-1) during the 16-day experiment period. Error
bars represent the standard deviation with the different letters representing significant differences between the treatments (P<0.05).
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FIGURE 3
Effect of the exudates from the A. flos-aquae cultures on optical density of Pseudokirchneriella subcapitata over the 96-h experiment
period. The source culture of each exudate (30 mL added to 70 mL MBL) are referred to as 0.5Pf (filtrate of A. flos-aquae grown in
0.55 mg PO43-.L-1 and 85.01 mg NO3-.L-1), MBLf (filtrate of A. flos-aquae grown in 8.71 mgPO43-.L-1 and 85.01 mg NO3-.L-1) and 0Nf
(filtrate of A. flos-aquae grown in 8.71 mg PO43-.L-1 and 0.00 mg NO3-.L-1). The control 1 corresponds to 100 mL MBL and control 2
to 30 mL distilled water added to 70 mL MBL. Error bars represent the standard deviation with the different letters representing
significant differences between the treatments (P<0.05).

For C. vulgaris, the addition of 30 mL distilled water
to 70 mL of MBL growth medium did not affect the growth
rates of the cyanobacterium and average values of 1.046
and 1.053 d-1 in the controls 1 and 2 could be achieved,
respectively. At 72h, an obvious growth inhibition of this
alga under the A. flos-aquae exudates was observed, but
only after 96h the differences between control 2 and the

0.5Pf or the MBLf treatments turned to be statistically
significant (Fig. 4). At 96h, the average growth rates of
0.5Pf and MBLf treatments were 0.970 d-1 and 0.992 d-1.
The exudate from the APH0.5P culture was the inhibitoriest for the C. vulgaris growth, following the exudates
from cyanobacterial cultures MBL and APH0N.
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FIGURE 4
Effect of the exudates from the A. flos-aquae cultures on optical density of Chlorella vulgaris over the 96-h experiment period. The
source culture of each exudate (30 mL added to 70 mL MBL) are referred to as 0.5Pf (filtrate of A. flos-aquae grown in 0.55 mg
PO43-.L-1 and 85.01 mg NO3-.L-1), MBLf (filtrate of A. flos-aquae grown in 8.71 mg PO43-.L-1 and 85.01 mg NO3-.L-1) and 0Nf (filtrate
of A. flos-aquae grown in 8.71 mg PO43-.L-1 and 0.00 mg NO3-.L-1). The control 1 corresponds to 100mL MBL and control 2 to 30 mL
distilled water added to 70 mL MBL. Error bars represent the standard deviation with the different letters representing significant
differences between the treatments (P<0.05).

DISCUSSION
A. flos-aquae growth under N and P limitation

From the one year monitoring study in Vela Lake
(Portugal) [23], it could be observed that the lowest nitrate
concentration preceded the A. flos-aquae bloom development (reaching its highest cell density in 16th May 2001)
and the phosphate depletion recorded from the 12th day in
June on was related to lower densities of this cyanobacteria.
The A. flos-aquae strain studied is a filamentous cyanobacterium, capable of fixing atmospheric nitrogen (N2) in
specialized cells called heterocysts when the ammonia or
nitrate levels are low. This should explain the results obtained for the different nitrate concentrations, where this
strain could normally grow even in total nitrate depleted
medium. But in the highest TN:TP (total nitrogen: total
phosphorus) ratio conditions (APH0.5P) this strain grew
worse and almost did not grow in phosphate depleted
medium (with nitrate saturation conditions) as observed by
Saadoun et al. [6] for another N-fixing filamentous cyanobacterium. Several studies have reported that the growth of
N-fixing filamentous cyanobacteria is highly dependent on
phosphorus concentrations [31, 32] and the development
of A. flos-aquae, in particular, is related to low TN:TP
ratios [5, 33]. The non-occurrence of nitrogen-fixing cyanobacteria blooms in environments with high N:P ratios
may be explained by the low competitive advantage of
these filamentous cyanobacteria under phosphorus limitation [5, 34]. The same factors may explain the high dependency of the cyanobacterial strain studied in the present
work on phosphate concentrations (below 2 mgPO43-.L-1)

and its success to grow under nitrate depletion. In previous
A. flos-aquae nutritional experiments in our laboratory, the
high demand of this strain for phosphate was also highlighted by its quick consumption until total depletion in the
media, while the other parameters had no significant variation during the growth period.
In laboratory, there is evidence that factors such as
light, temperature and nutrient levels influence cyanobacterial development [6, 35]. Thus, the low growth rates observed for the nutritional experiments (below 0.21 d-1 for
all cultures) may have been due to insufficient cultures`
agitation (40 rpm proved to be low for the 500 mL Erlenmeyer flasks, by causing the settlement of cells) probably
interfering with the availability of CO2 to the cultures. The
continuous high light intensity, along with high temperature and low cultures` aeration may have caused the low
growth rate. Studies using A. flos-aquae from the Baltic
Sea [31] have reported that it grew best between 16 and
22ºC and at low light intensity (25 to 45 µmol.m-2.s-1).
Nevertheless, the choice of the experimental conditions
was based on the assumption that the temperatures between
20 and 25ºC and high light intensities (42 µmol.m-2.s-1)
seem to favour the production of anatoxin-a and microcystin
variants in N-fixing filamentous cyanobacteria [32, 36].
Effects of A. flos-aquae culture exudates
on growth of green algae

Cyanobacteria have shown to cause growth inhibition
or settlement over microalgae [15, 37, 38]. With respect
to the present work, an inhibition to some extent was
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recorded in the green algal growth by the cyanobacterial
exudates. By the controls, the growth rate was not affected by dilution with 30 mL distilled water aliquots (see
above), except a potential nutrient deficiency in the treatments. Hence, it must be the presence of a certain compound(s) in the A. flos-aquae exudates that causes the
inhibition of the green algal growth. The exudates from A.
flos-aquae cultures were taken in the late stationary
phase, when levels of potentially produced extracellular
cyanotoxins may be higher as for other filamentous cyanobacteria [36], due to the beginning of cell lysis.
For both green algae, the greater growth inhibitory effects were caused by the exudate of A. flos-aquae grown in
phosphate limitation (0.5 mgPO43-.L-1), indicating that the
inhibition factor was stronger in this cyanobacterial exudate. Nevertheless, the cyanobacterial density of the culture
APH0.5P was 1.35 and 1.93 fold lower than in MBL and
APH0N cultures, respectively. C. vulgaris proved to be
more sensitive than P. subcapitata to all the A. flos-aquae
culture exudates tested, suggesting that it could be used as
a species more suitable to assess the toxicity of this cyanobacterium, compared to P. subcapitata. However, C.
vulgaris had a lower growth rate than P. subcapitata,
perhaps needing a longer test period (96h) than that (72h)
usually followed for P. subcapitata [29]. Moreover, the
differences between the controls and the 0.5f and MBLf
treatments only became statistically significant at 96h for
C. vulgaris. Generally, the strength of the growth inhibitory effect was related, in particular, to phosphate limitation in the culture source of the exudate, suggesting that
the inhibitory compound is produced by A. flos-aquae to a
higher extent in media with phosphate limitation.
Many strains of A. flos-aquae are able to produce microcystin [17, 18], but the synthesis of this hepatotoxin by
filamentous cyanobacteria is usually enhanced by high P
levels [32]. Thus, the production of microcystin should not
be the main cause of the green algal growth inhibition by
the 0.5Pf exudate. Anatoxin-a production by Aphanizomenon does not seem to be altered by phosphate concentration variation, although the cyanobacterial growth is
limited to lower phosphate concentrations [19]. Thus, the
production of this cyanotoxin may not be also the main
factor responsible for the green algae growth inhibition
under the 0.5f treatment. On the other hand, nitrogen has
shown to decrease anatoxin-a concentration in Aphanizomenon [19]. Dias et al. [39] have reported that the production of saxitoxins by Aphanizomenon sp. seems to be
restricted under phosphate limitation, but increased under
nitrate limitation. Thus, in nitrogen depletion, the production of anatoxin and saxitoxins could be higher, possibly
explaining the growth inhibition by the APH0N culture
exudate.

which cyanotoxins are being potentially produced by this
cyanobacterial strain and, by using both toxic and non-toxic
A. flos-aquae strains` exudates, compare and assess if the
effects on growth of the green algae tested are indeed due
to cyanotoxin production or not. Nevertheless, many other
factors rather than the presence of cyanotoxins in the exudate may be responsible for the green algal growth inhibition, such as cyanobacterial chelators [40].

CONCLUSIONS
According to the results obtained for the growth of
Aphanizomenon flos-aquae under different nutrient concentrations, the cyanobacterium proved to be highly dependent on phosphorus availability rather than nitrogen
availability in the cultures media, which can be explained
by its ability to fix nitrogen. These results are in accordance with those of other studies on this filamentous cyanobacterium [31, 33] and other filamentous cyanobacteria
[5, 32] in which their growth is promoted by high phosphate concentrations and low N:P ratios. The present
study shows that the same A. flos-aquae strain may significantly inhibit the growth of the green alga Chlorella
vulgaris, which is a highly edible food source for zooplankton, namely cladocerans. The growth inhibition
effects were stronger for the exudate of the cyanobacterial
culture under phosphate limitation. The green algal
growth inhibition observed is difficult to explain with the
available data, but it should be related to the presence of a
certain substance (or more), whose production is promoted by phosphate limitation in the A. flos-aquae cultures.
Thus, the assessment of cyanotoxins` production potential
by this strain should be the immediate step to take in a
subsequent study. Then, the experiments using toxic and
non-toxic strains of A. flos-aquae should be conducted to
clarify if growth inhibition is indeed caused by these
cyanobacterial toxic secondary metabolites.

Hence, it may be suggested that the higher growth effects obtained for the APH0.5P exudate can be mainly
due to the production of other growth inhibiting substances rather than microcystin, anatoxin-a or saxitoxin. Thus,
further investigation should be conducted to determine
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CHRONIC EFFECTS OF Aphanizomenon flos-aquae
ON THE SURVIVAL AND REPRODUCTION OF DAPHNIDS
Daniela R. de Figueiredo, Sara C. Antunes, Mário J. Pereira and Fernando Gonçalves
Departamento de Biologia, Universidade de Aveiro, 3810-193 Aveiro, Portugal

SUMMARY
The ingestion of filamentous cyanobacteria by zooplankton has shown to be affected by several factors such
as mechanical interference and cyanotoxins production.
The aim of this study was to evaluate the effects of a
potentially toxic strain of Aphanizomenon flos-aquae,
given as a food source, on the survival and reproduction
of Daphnia magna and D. longispina. Test organisms
were fed with A. flos-aquae (grown in different concentrations of phosphate) and their life history traits were
compared to a control, using Pseudokirchneriella subcapitata as the food source. Results showed that the daphnids
tested ingested A. flos-aquae and were able to survive and
reproduce during the bioassays, in spite of the significant
reproductive impairment on both Daphnia spp.. Results
suggest that food quality may not be the main factor controlling the reproductive rate of these daphnids, and cyanobacterial toxins production may be also involved.

KEYWORDS:
Aphanizomenon flos-aquae, phosphorus limitation, Daphnia
magna and D. longispina, life history.

essential fatty acids` content [11]. Besides food quality,
food limitation in zooplankton may also be due to feeding
inhibition. Filamentous cyanobacteria may inhibit feeding
by mechanical interference with the filtering apparatus (by
filaments rigidity or large size), but also by cyanotoxins’
production [12, 13]. Most of the recent studies on cyanobacterial toxicity towards daphnids are mainly focused on
hepatotoxic microcystin production by colonial Microcystis
spp. [14 - 18]. However, many strains of filamentous cyanobacteria, such as A. flos-aquae are able to produce microcystin [19, 20], but also neurotoxins such as anatoxin-a [21]
and saxitoxins [also named PSP (Paralytic Shellfish Poisoning)-type toxins] [22, 23]. Aphanizomenon flos-aquae
blooms have been recorded, with production of saxitoxins,
in several Portuguese reservoirs [22, 23].
This work presents the results of laboratory tests using a
strain belonging to the filamentous and potentially toxic
cyanobacterium Aphanizomenon flos-aquae (L.) Ralfs, isolated from a natural bloom, and two cladocerans (Daphnia
magna and D. longispina). This study aimed to assess the
potential effects of this cyanobacterial strain, grown in
different phosphorus concentrations, on the survival and
reproduction of these daphnids, when given as an exclusive
food source.

INTRODUCTION
Cyanobacterial blooms are becoming more common
worldwide and the frequent production of toxic secondary
metabolites by several cyanobacteria [1, 2], causes noxious
effects on many organisms, including humans [1, 3 - 6].
Daphnids, in particular, have shown to be affected in
their reproduction when cyanobacteria dominate the phytoplankton community [7, 8]. This could be due to the
unfavourable nutritive conditions for zooplankton (lack of
alternative phytoplankton for food), since cyanobacteria
are known to be nutritionally poor [9, 10] and Daphnia
spp. have high requirements for nutrients such as P
(phosphorus) [8]. The P-limitation is also known to affect
(indirectly) the cladocerans` development through the
alteration of algal biochemical composition, by reducing the

MATERIALS AND METHODS
Microalgae cultures

The cyanobacterial strain used in this assay was isolated from a bloom that occurred in a Portuguese eutrophic
shallow lake (Vela Lake, Figueira da Foz, Portugal) in May
2001 [24] and it was identified as belonging to the species Aphanizomenon flos-aquae (L.) Ralfs [25]. The
culture medium was based on sterilized Woods Hole
culture medium [26]. For the experiments, some modifications concerning orthophosphate concentration were
made. Cyanobacterial cells were grown in 2 L flasks with
1.8 L growth medium with three different concentrations
of phosphate (2.18, 4.36 and 8.71 mgPO43-.L-1, referred as
APH2P, APH4P and APH8P, respectively) and a constant
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nitrate concentration (85.01 mgNO3-.L-1). The green alga
Pseudokirchneriella subcapitata (Korshikov) Hindak
(formerly known as Selenastrum capricornutum Printz)
was also cultured in Woods Hole (MBL) medium, and it
was used as a control for food source experiments. All
cultures were grown at 21 ºC under constant illumination
(40 µmol of photons.m-2.s-1) using cool white fluorescent
lights, positioned vertically, and cultures` continuous
aeration was assured by a single air pump (through sterile, 0.45-µm-pore-size filters).

daphnids cultures. Animals’ survival and offspring were
analysed everyday and juveniles removed and counted.
To evaluate reproduction during the test, parameters such
as the age at first reproduction, total number of neonates
(total offspring) and number of broods were recorded.
Survival was assessed by observing the mortality of the
parent animals daily. The rate of population increase (r,
day-1) was estimated by the Euler-Lotka equation:
n
1 = Σ e–r.x.lx.mx
x=0

A. flos-aquae feeding table for the daphnids

The correlation between optical density (at 440 nm)
and cell number (using a Sedgwick-Rafter counting chamber [27]) was assessed by following A. flos-aquae growth
in MBL medium. These measurements were performed
everyday, in quadruplicate, during 13 days and evaluated
by linear regression analysis. After the results obtained,
an A. flos-aquae feeding table was established for the
daphnids tested.
Daphnids cultures

The testing daphnids included an autochthonous species, D. longispina [EM7 clone sensu Antunes et al. [28],
isolated from a eutrophic lake (Mira Lake, central Portugal)], and a standard species, Daphnia magna [clone A
sensu Baird et al. [29], frequently used as a test organism
in many ecotoxicological studies]. Parent cladocerans of
both species were reared in ASTM hard water culture medium with an organic additive [30, 31]. The cultures were
maintained at a temperature of 20 ± 2 ºC and a 16L:8D photoperiod. Medium renewal was performed every two days
and animals were fed everyday with the green alga Pseudokirchneriella subcapitata at a concentration of 3.00 x
105 cells.mL-1 for D. magna but only 1.50 x 105 cells.mL-1
for D. longispina as justified by Antunes et al. [28]. The
cultures were cyclically renewed for individuals by replacement of the progenitor by neonates from the third or
forth clutch. The experimental tests were conducted using
neonates from the third to the fifth brood of the partenogenic cycle, with all animals ageing less than 24 h old.
Food source experiments

To assess the potential chronic effects of A. flosaquae, grown under different phosphate concentrations
and given as an exclusive food source, on the chosen
daphnids, preliminary life history experiments were performed during 15 days [32]. A. flos-aquae grown in three
different phosphate concentrations (APH2P, APH4P and
APH8P) was given as food source to the test daphnids.
Before feeding, the cyanobacterium cultures were centrifuged and resuspended in ASTM medium at the same
concentration previously described for the usual food
source Pseudokirchneriella subcapitata (used in the control
test). For the control and for each treatment, ten replicate
glass vessels were prepared with one organism in 50 mL of
ASTM medium and maintained as already described for

where r is the rate of population increase (d-1), x is the
age class (days; 0...n), lx is the probability of surviving at
age x and mx is the fecundity at age x. Standard deviation
for r was determined according to the Jack-knife technique [33].
Data analysis

The relationship between optical density and cell
number, during A. flos-aquae growth in MBL medium,
was assessed by linear regression analysis.
Daphnids mortality values obtained for the different
treatments were compared by the Fischer exact test. A
one-way analysis of variance (ANOVA) was used to
assess significant differences among the food source regimes, for each species, considering the test parameters:
age at first reproduction, total number of offspring, number of broods and rate of population increase. This oneway ANOVA was followed by a post hoc multiple comparisons Tukey HSD test [34]. For all analysis, a statistically significant difference in reproduction or growth is
reported for P<0.05.
RESULTS
A. flos-aquae feeding table for the daphnids

After the results obtained for the optical density and
cell counting during the cyanobacterial strain growth over
the 13 days, the equation achieved (R2 = 0.9775) was as
follows:
Cells.mL-1 = -1206666.7 + Abs x 1.6667x107

(1)

where Abs is the absorbance measured at 440 nm.
This equation (1) allowed the construction of a feeding
table using this cyanobacterium as food source for the
tested daphnids, considering the required cell concentrations for each test (3.00 x 105 cells.mL-1 for D. magna and
1.50 x 105 cells.mL-1 for D. longispina).
Food source experiments

At the end of the 15 days experiment, after applying
the Fischer Exact Test, the mortalities obtained in the
food source treatments using A. flos-aquae for both daphnid clones were not statistically higher than in the control
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(P<0.05). Nevertheless, D. longispina fed on A. flosaquae (APH) grown in higher concentrations of phosphate (APH4P and APH8P) attained the highest mortality
percentages (30 % for both).
The food source had also a significant effect on the
reproduction and rate of population increase (Fig. 1). For
D. magna, the average age at first reproduction was significantly higher than the control when animals were fed
with APH. Between APH treatments, the age at first reproduction was significantly higher for APH4P and
APH8P food sources. For D. longispina, the age at first
reproduction was significantly higher for all feeding regimes using APH and, between the APH food source
regimes, this same parameter was significantly higher for
APH4P and APH8P treatments in relation to APH2P
feeding regime.
The total number of offspring (number of neonates
produced per female), for both species, was significantly
negatively affected by all the feeding regimes using APH,
in relation to the food source used in control (Fig. 1).
Moreover, for D. longispina, by comparison to APH2P,
both APH4P and APH8P regimes significantly decreased
the total number of offspring and, between these last,

there is a tendency indicating a gradual decrease in this
parameter towards APH8P.
For D. magna, there were no significant differences between the number of broods at the control and at APH food
source treatments, in spite of a gradual decrease in number
of broods from the control to the APH grown in higher
phosphate concentrations (Fig. 1). However, for D. longispina, the number of broods was significantly affected
when the animals were fed with APH4P and APH8P, in
relation to the food source used in control (Fig. 1). Between
the APH food source treatments, APH8P regime caused a
significant decrease in the number of broods by comparing
with APH2P and APH4P regimes.
The survival and reproduction effects accumulated during the 15 days experiment are expressed in the population
intrinsic growth rate (r) for which values are significantly
lower at APH regimes in relation to control, for both species (Fig. 1). Among the APH treatments, D. longispina did
not show significant differences, although there was a decreasing tendency towards the APH grown in higher phosphate concentrations. On the other hand, for D. magna, r
was significantly lower for APH4P and APH8P, by comparison to APH2P treatment.
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FIGURE 1
Age at first reproduction (days), total number of offspring, number of broods and population growth rate during the 15 days experiment
using D. magna and D. longispina fed on a cyanobacterial strain of A. flos-aquae grown in different phosphorus concentrations. Error bars
represent the standard deviation and the different lower case letters represent significant differences among the food sources (p<0.05).
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DISCUSSION
In general, both species showed to be affected when
fed with A. flos-aquae, no matter under what conditions of
phosphorus availability the cyanobacterium was grown.
The exposure of the tested cladocerans to A. flos-aquae led
to mortality, delayed maturation of females and decreased
offspring production and population growth rate. D. longispina showed to be more sensitive for the experiments
using the most P-saturated algae (APH8P) as food source.
The mortalities obtained for all treatments using APH as
food source indicate that these daphnids are not very well
adapted to this food source, in spite of ingesting it and
achieving considerable survival percentages and reproduction output. The fact that average age at first reproduction
was higher for all feeding treatments using APH (in particular APH4P and APH8P) indicates a delayed maturation of
daphnids. A. flos-aquae strongly reduced the total offspring
of both cladocerans, suggesting an important effect of this
food source on their reproduction. The number of broods,
by comparison to control, is also significantly lower for Psaturated algae (APH4P and APH8P).
The effects observed over the survival and reproduction of both daphnids, when fed on A. flos aquae, may be
due to feeding inhibition, low nutritional value of cyanobacteria and/or the potential toxicity by intracellular cyanotoxins after filaments ingestion. First, feeding inhibition may be caused by mechanical interference due to
filaments rigidity, large size or aggregation, reducing the
feeding rates or blocking the filtering apparatus, although
daphnids have shown to possess a phenotypic plasticity
towards filamentous cyanobacteria [35] by enlarging the
area and mesh size of their filtering apparatus. Filamentous cyanobacteria seem also to inhibit feeding through
cyanotoxins synthesis [12, 13], as a chemical defence. A
study concerning the grazing of D. magna over a potentially toxic strain of the cyanobacterium Aphanizomenon
flos-aquae showed to have a limiting impact on grazing
intensity [13]. Kurmayer and Jüttner [12] found that, for a
microcystin producing strain of the filamentous
Planktothrix rubescens, grazing resistance (food avoidance) should be mediated by chemical defences (toxin
production) rather than by the large size and rigidity of
filaments. Thus, this factor should be considered in the
present discussion, because many strains of A. flos-aquae
are able to produce microcystin [19, 20]. However, feeding inhibition should not be the only factor behind the
differences observed between the control and APH treatments, since the animals survived and reproduced, indicating they ingested and digested enough A. flos-aquae
filaments to achieve that performance level, as observed
by Kurmayer [36] using Aphanizomenon flexuosum (nontoxic) as a source of energy. This also means that these
Daphnia clones may feed on A. flos-aquae as an alternative
food source when an edible food source is lacking. Therefore, taking into consideration that food quantity was approximately the same, food quality should be another im-

portant factor to consider, due to the low nutritional value
of cyanobacteria [9, 10], with lack of essential fatty acids
used as energy source. As already mentioned, there are
several strains of A. flos-aquae able to produce toxins such
as microcystin [19, 20] and this cyanotoxin as proved to
cause toxic effects on Daphnia spp., after ingestion [17],
decreasing the survival and population density, and delaying animals maturation. Other filamentous toxic cyanobacteria (such as Anabaena spp.), with anatoxin-a production,
have shown to influence both survival and fecundity in
Daphnia pulex [37], by affecting brood size and number,
age at first reproduction and interclutch interval.
Neither mechanical interference nor food nutritional
value seem to be relevant for the differences observed
between the APH treatments, since filaments size or rigidity was similar between APH treatments and P-limited
algae should lead to negative effects if food quality would
be the most important parameter. The P-limitation has
shown to indirectly affect the cladocerans development
through the reduction of the essential fatty acids content
of algae [8, 11]. In the present case, as the A. flos-aquae
grown under the lowest P concentration showed the
weakest effects on survival and reproduction of the tested
daphnids, P-limitation should not be one of the factors
determining the differences obtained among the APH
treatments. These differences might have been influenced
by the possible microcystin (or other cyanotoxins) synthesis, since the most intense effects on the daphnids were
obtained for animals fed on A. flos-aquae grown under the
highest P concentrations, which have shown to enhance
microcystin production in toxic filamentous cyanobacteria [38]. In N-fixing cyanobacteria, microcystin synthesis
seems to be considerably more dependent on P rather than
on N, due to the referred capability of N fixation. Thus,
microcystin content increases with P concentration [38]
and if this was a relevant factor modulating our results,
APH4P and APH8P should have more microcystin production and could, therefore, induce stronger toxic effects
on daphnids such as those observed in this study and also
reported by DeMott [7] and Rohrlack et al. [17] after
microcystin ingestion.
However, further research, including a set of experiments involving toxic and non-toxic strains of A. flosaquae, should be conducted in order to evaluate if there is a
feeding inhibition due to mechanical interference and/or to
cyanotoxins production and also which cyanotoxins are
being produced (check for microcystins, anatoxin-a and
saxitoxins). Furthermore, toxicity of a cyanobacterial strain
depends on cellular toxin content, but also on the rate with
which the daphnid is feeding on that strain [17]. In this
case, however, the strongest effects on APH8P can be due
to toxic effects, but also to a higher inhibition of ingestion
as referred by Rohrlack et al. [17] for Microcystis. Thus,
ingestion rate should also be monitored to check this toxinmediated feeding inhibition hypothesis for differences
observed between the APH treatments. Nevertheless, the
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inhibition of growth and reproduction may be due to the
combined occurrence of more than one inhibition factor.
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SUMMARY
In order to assess the potential environmental impacts
due to the installation of an offshore gas platform located
in the Central Adriatic Sea, the Central Institute for Marine Research (ICRAM) worked out a long-term monitoring plan.

A four-years monitoring plan, elaborated by the Central Institute for Marine Research (ICRAM), was initiated
in December 2002 with the aim of assessing the environmental impacts of the offshore structure on the marine
ecosystems.

The plan encompasses multidisciplinary investigations aimed at evaluating the possible biotic and abiotic
environmental alterations.

The proposed monitoring plan takes into consideration a variety of biotic and abiotic parameters, encompassing chemical and physical analyses of water and
sediments, benthic fauna analysis, bioaccumulation testing, fish stock assessment and indirect acoustic investigations [2, 3].

The present work reports the preliminary results of
the acoustic investigations carried out by using a Side
Scan Sonar and a Multibeam in the study area.

The present paper reports and discusses the preliminary results of the acoustic surveys.
KEYWORDS:
Environmental monitoring, offshore platform, pipelines, multidisciplinary study, acoustic investigations, bathymetric survey, morphological survey, Side Scan Sonar, Multibeam, Adriatic Sea.

INTRODUCTION
In 1999, the Italian Ministry of Environment gave the
authorization to get under way a project presented by Eni
S.p.A – E & P Division related to the installation of the
offshore structures for the exploitation of a marine liquid
petroleum gas field, in an area of the Central Adriatic Sea
(Mediterranean Sea).
The project foresaw the installation of the platform
“Emilio” and two connection pipelines (13 km long)
connected to the “Eleonora” platform.
The production operations are being carried out using
low-impact technologies and ensuring that no discharges of
produced waters or other oil-containing wastes occur. After
the conclusion of the operations, the Ministry of Environment requested to perform a long-term monitoring study in
accordance with the prescriptions of an Environmental
Impact Evaluation Ministerial Decree (DEC/VIA/5222) [1].

MATERIAL AND METHODS
The area of interest is located in the Adriatic Sea, at
approximately 29 km from S. Benedetto del Tronto coastline and a depth of 60 to 87 m (Fig. 1).
The study area includes the “Emilio” platform and the
connection alongside pipelines (13 km long) to the “Eleonora” platform. The “Eleonora” platform is connected by
existing pipelines to the gas processing facilities of the
Pineto plant (Abruzzo Region).
The “Emilio” platform (Lat. 42°55’59’’.807 N; Long.
14°14’38’’.292 E) is included in a wider area of AGIP oil
concession called “B.C3.AS Emilio” or “Emilio Field”,
discovered in 1971, where several oil wells were drilled for
the exploitation and production of gas and oil deposits [4].
The acoustic investigations were included in the monitoring project in order to study the bathymetrical and
morphological characteristics of the sea bottom, thus
highlighting the natural features and the presence of anthropic offshore structures.
Multibeam and Side Scan Sonar surveys were performed in a 4 km2 area surrounding the “Emilio” platform,
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while the area along the sealines (1 km wide x 13 km
long) was investigated only by Side Scan Sonar.
The detailed bathymetric survey started up in January
2003. The area was investigated by means of a Multibeam
Echosounder EM 300, that provides great accuracy and a
high-resolution bathymetry over wide areas, together with
detailed sea floor maps.

Scan Sonar instrument provides a view map of the seafloor’s topographical features, giving high quality and
high resolution images [5].
The “Emilio” area (4 km2) was completely covered by
12 parallel NW-SE navigation lines, while the “sealines”
area (13 km2) was covered by 6 parallel NE-SW navigation
transects. For both areas, the transects were set at a spacing
of 150 m to ensure overlapping coverage.
An Octopus 461 software was used to process the data, elaborate the mosaic of the images acquired and obtain
the morphological maps of the seafloor.
RESULTS AND DISCUSSION
The Multibeam and Side Scan Sonar data were plotted on 1:5000 and 1:2000 maps: the bathymetric maps were
represented with depth intervals of 0.50 m and 0.25 m and
Side Scan Sonar maps as sonograph mosaics.
The Multibeam results showed that the area sorrounding the “Emilio” platform is characterized by a regular
bathymetric trend; the isobaths are approximately parallel
and NW-SE oriented.
The “Emilio” platform is located at a depth of 85.75 m
and the investigated area covers a depth range between
84 and 88 m.
The area is located inside the “Emilio Field”, and
several marks related to the installation and exploitation
of oil and gas deposits, others than those attributable to
the “Emilio” platform, were found.

FIGURE 1
The location of the study area.

The survey was conducted using a frequency of 300 kHz
and data were collected under highly accurate controls. The
bathymetric data were accurate to about 5-10 cm, and navigation accuracy was estimated to be within 1 m.
The Multibeam data were processed using the software Neptune (Simrad) for correction of the positioning
and the tidal data; the software C-Floor (Roxar) was used
to elaborate image maps and derivative products under
different scales and bathymetric ranges.
The survey was conducted along 14 NW-SE navigation transects (2.4 km long) at the specified spacing of
150 m in order to achieve 100% coverage of the area. The
two transects closest to the “Emilio platform” were set at
a distance of 20 m.
The morphological survey started up in August
2003. The investigation was performed with a Side Scan
Sonar C-Max 800 Hf/Lf Digital, using a high frequency
of 325 kHz. The lateral range was 100 m for the “Emilio”
area and for the area surrounding the sealines. The Side

The bathymetric trend, in the proximity of the “Emilio” platform, indicates the presence of jack up marks. The
jack up rig is a structure used for the drilling of the wells
and consists of a floating offshore platform with three
retractable legs that stand on the seabed.
Three jack up marks were found very close and on
the left side of the platform, located at the vertices of an
equilateral triangle at 89 m depth (Fig. 2).
Ten more jack up marks are distributed in a surrounding area approximately 87 m deep. Three of those, located
in a southern side of the platform, again at the vertices of
an equilateral triangle, coincide with the location of the
jack up of the “Emilio 7” oil well, whose production cycle
for the exploitation of the oil- field ceased in 1990.
In addition, we identified the marks left by the “wellheads” of “Emilio 3” and “Emilio 4” respectively drilled
in 1971 and in 1976, the anchor scars left by the pontoon
during the production activities of “Emilio 4” (Fig. 3),
and the jack up marks of “Emilio 5” drilled in 1985.
The Side Scan Sonar surveys revealed the presence,
at the centre of the 4 km2 area, of a dark rectangular zone
with high backscatter that corresponds to the “Emilio”
platform (Fig. 4).
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(Fig. 5); these marks are clearly visible for the entire
length of the sealines until the “Emilio” platform [6].

FIGURE 2
A bathymetric detail of the area around the “Emilio” platform.
Some marks left by the jack up can be observed.

FIGURE 4
A detail of the sonograph mosaic. The “Emilio” platform and the marks of the jack up are recognizable.

FIGURE 3
The bathymetric details of the marks left by the
pontoon during the production activities of “Emilio 4”.

The depressions left by the jack up of “Emilio 7” and
the “Emilio” platform are recognisable by circular morphologies with a low backscatter (Fig. 4).

FIGURE 5
A detail of the sonograph mosaic. “Eleonora” platform and the connection sealines can be observed.

The Side Scan Sonar investigation allowed to observe
the same offshore structures already highlighted with the
Multibeam survey.

Finally, in the two investigated areas, but in particular
in the sealines area, several marks left by trawl fishing
activities were observed.

The sonograms recorded in the “sealines” area clearly
showed a zone with a high backscatter that coincides with
the “Eleonora” platform (Fig. 5).
The two connections alongside sealines in the proximity of the “Eleonora” platform area are also evident

CONCLUSIONS
The integration between Multibeam and Side Scan
Sonar data is necessary, because they provide a different
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type of information; while the Multibeam provides output
data in the form of depths, the Side Scan Sonar welldepicts the shape of the seafloor and reveals the presence
of objects, but cannot provide any information on depth.
The acoustic investigations can also provide the
background information necessary for a correct planning
of sampling activities and represent the basis for a longterm monitoring study.
These surveys allowed elaborating some preliminary
considerations on the characteristics of the sea floor, that
need to be substantiated by further long-term acoustic data.
For this reason, additional Multibeam and Side Scan
Sonar surveys are planned for the next three years, that
will enable to obtain further geological information on the
modifications of the sea bottom over time, also taking
into consideration other possible drilling activities that
could have occurred in the study area.
These long-term acoustic data, together with the results of the multidisciplinary study, will provide more
information on the potential environmental impact due to
the installation of the platform.
These data will be particularly useful to public administrations and decision makers, especially needed for a
sustainable use of the marine coastal environment.
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SUMMARY

mended, followed by one or two applications of this
herbicide on

Residue levels of endosulfan, endosulfan sulphate,
glyphosate, and aminomethylphosphonate (AMPA) in
green turgescent immature seeds of glyphosate-tolerant
and non-tolerant soy beans were studied in Argentina. To
establish the incidence of pesticides` spraying, one control
and two plots that varied in glyphosate and endosulfan
treatments in two different fields, located in Entre Ríos
Province (Argentina), were studied. Endosulfan, glyphosate and AMPA are present in immature soybeans and
analyses revealed that the concentration of endosulfan
residues were similar between soy varieties, but statistical
differences were observed between the two treatments.

KEYWORDS:
Immature soybean, pesticide residues, endosulfan, glyphosate.

INTRODUCTION
Despite most soybeans are harvested at the mature
stage and further processed into a variety of products for
human or animal uses, in certain areas of the world, such
as oriental countries, considerable quantities are harvested
at the immature stage for direct human consumption [1].
The immature soybeans refer to those harvested at 80 %
of maturity and their seeds have low dried matter [1, 2].
This maturity level is equivalent to R6 stage [3].
The immature soybean is often used directly as human food in Asia, because of the high level of nutrients,
carbohydrates, vitamins, and isoflavones. Actually, soy is
a global staple food and more than 110 million tons of
beans are produced, mainly in the United States, Brazil,
Argentina, and China [4].
In soy production, a pre-planted application with
glyphosate ((N-(phosphonomethyl)glycine) [5] is recom-

pre-flowered glyphosate-tolerant (GT) soybeans [6], but
anyone on conventional (CN) soybeans [7]. Moreover, an
organochlorine pesticide (endosulfan) is also applied
twice or even more times in the seeding stage to control
sucking, chewing and boring insects and mites [8, 9].
Recent research reports and articles on the agronomic
and environmental benefits and risks of GT-soybean have
been published [10]. In this context, soybean has been
recognised to have a very significant contribution in nutrition and human health suggesting that consumption of
soybean products is associated with lower blood cholesterol, gives protection against cardiovascular disease, and
reduces risk of certain cancers and osteoporosis [11]. On
the other hand, preliminary studies observed that pesticides` residues usually used in soy cultivation are present
in milk, dairy products, and wild fauna [12-15] and have
negative effects on human and wildlife health [16].
Therefore, we analyzed pesticide residues present in
immature soybeans (IS) and compared GT-soybean vs. CNsoybean. In addition, a new technique was used to evaluate
endosulfan, endosulfan sulphate, glyphosate, and alphaamino-3-hydroxy-5-methylisoxazolepropionate
(aminomethylphosphonate, AMPA). The study was conducted
to assess whether the use of glyphosate on GT-soybean
and endosulfan on GT- and CN-soybean affect the residues` concentration of pesticides in immature seeds. This
study is part of a major project, which investigates the
persistence of pesticides used in agricultural production and
the biomagnification of residues through the highest food
chain.

MATERIALS AND METHODS
Spray treatments
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The study was conducted at the Entre Ríos province
(Argentina) in two experimental fields located at Sauce Pinto
(31°52’S; 59°30’W) and Diamante (31°58’S; 60°32’W)
through the soy seasons from November 2000 to March
2001. During the study the average minimum and maximum temperatures ranged between 17.9 °C - 32.3 °C in
2000, and 30.4 °C - 19.2 °C in 2001. GT-soybean in Diamante (20 ha) and CN-soybean in Sauce Pinto (30 ha),
both seeding in December. Glyphosate (Roundup, Monsanto, Argentina) was applied seven days after seeding
(2500 g ha-1) on GT-soybean, and no spraying on CNsoybean. In each experimental field were considered
three plots, Plot 1: endosulfan free (control plot), Plot 2:
endosulfan applied once on soy 92 days after seeding, and
Plot 3: two endosulfan sprayings on 60th and 92nd day after
seeding (R6 stage). In all the cases the spraying solution
was applied at 1000 g ha-1. The endosulfan (Agarcros,
Argentina) was prepared by appropriate dilution with water
of the commercial herbicide Piastra, 350 g litre-1.

GC results (operational conditions: oven 210°C, injector
230 °C, ion trap mass spectrometer operating in electron
ionization (EI) mode and using MS/MS option.
HPLC analysis: Waters 600 with IC-Pack ionexclusion 50 Å - 7µm (7.8 x 150 mm) column; mobile
phase phosphoric acid 0.05% at 55 °C, fluorescence detector at excitation 339 and emission 345 nm, and Millenium 2000 data processor software.
Chemical pesticide standards, α and β-endosulfan,
endosulfan sulphate (99.0% purity) glyphosate and AMPA (99.2% purity, Applied Science, USA) were used.
Statistical analysis

Analyses of variance (ANOVA) were carried out on
the data obtained experimentally (residue concentrations)
to evaluate the influence of soy transgenic and nontrangenic variety (variety factor) and number of endosulfan spraying on soy samples (treatment factor).

Sampling procedure

For the study, both soybean crops were harvested at
random 100 days after seeding from the field at the R6
stage of development. Replicate bean samples were collected in each plot and analyzed separately to determine
the pesticide residues (α+β-endosulfan, endosulfan sulphate, glyphosate, and AMPA). Immediately after picking
each sample, the beans were packed in polyethylene bags,
transported to the laboratory to be worked up or frozen at
– 18 °C within 90 min.
Analytical procedure

Twenty grams of samples of immature beans were extracted as follows: weighed sample was macerated in a homogeneizer at 17,000 rpm. with ultra-pure water (100 ml) to
extract glyphosate and AMPA, transferred into a centrifuge tube with 10 ml ultra-pure tap water and then 50 ml
ethyl acetate were added. After been shaken for 10 min,
the samples were centrifuged at 7,000 rpm for 10 min at
room temperature.
From the clarified supernatant, an aliquot from the
organic layer (40-45 ml) was taken and filtered through
anhydrous sodium sulfate, concentrated to 1-2 ml by
rotary evaporator (Büchi, Switzerland or similar) at 40 °C
and analyzed by gas chromatography (GC) for endosulfan
and endosulfan sulphate. Aliquots of water layer (5ml),
filtered by using 0,45 µm pore size, was analyzed for
glyphosate and AMPA by high performance liquid chromatography (HPLC).
GC and GC/MS analysis: Varian; model 3400, with electron-capture detector (ECD) Ni63, DB-5 capillary column
30 m x 0.25 mm ID (J&W Scientific CA, USA), injector
220 °C, oven 250 °C and ECD detector 320 °C. Mass spectra were made with a Varian 2000 chromatograph-mass
selective detector (MSD) combination, equipped with an
HP-5 capillary column (30 m x 0.25 mm ID) to confirm

RESULTS AND DISCUSSION
In order to obtain the calibration linearity, standard
solutions at 0.2, 0.5, 1.0, 10.0 and 50.0 µg litre-1 were
used for endosulfan isomers (α and β) and endosulfan
sulphate, with dieldrin as internal standard. Nevertheless,
0.5, 1.0, 2.0 and 8.0 µg litre-1 of glyphosate and 0.45, 1.0,
2.0, and 3,6 µg litre-1 of AMPA were used. Three replicates of each concentration were analyzed and detection
limits calculated. The data revealed no statistical differences in the intercept and slopes obtained for each one of
the five analytes studied (p > 0.05).
Recovery studies were performed using clean soybean samples (20 g) fortified with two concentrations of
endosulfan and endosulfan sulphate, (20 and 40 µg kg-1)
glyphosate and AMPA (3.2 and 6.0 mg kg-1).
A rapid and efficient method for simultaneous extraction and quantification of pesticide residues has been
applied for the analysis of immature soy seeds (IS), in a
routine pesticide residue laboratory [18, 23]. Good recoveries were obtained for endosulfan isomers, endosulfan
sulphate, glyphosate and AMPA (92.3%; 96.1%; 92.1%;
95.1%, respectively) with a relative standard deviation
(RSD) lower than 11.7%. The detection limits were found
to be 5 10-4 mg/kg for endosulfán group and 5 10-3 mg/kg
for the other herbicides and metabolites.
Residues found in the IS samples after one and two
endosulfan applications on GT- and CN-soybeans are
shown in Table 1. The residues of endosulfan applied as
spray on the plants, were found in the immature beans,
but endosulfan sulphate was no detected (n.d.).
The effect of “variety” was calculated only for endosulfan residues. This effect was not significant to endosulfan residues, because analysis of variance showed no
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significant difference between GT- and CN-soybeans (p =
0.8832). On the contrary, “treatment” significantly affected

endosulfan concentrations (p < 0.01), but the effect was not
significant for glyphosate residues (Table 2), as expected.

TABLE 1
Residues (mg/kg) in immature GT-soybean and CN-soybean. SD = standard deviation; n.d. = not detected; Plot 1: endosulfan-free
(control plot); Plot 2: 92 days after seeding; Plot 3: 60 and 92 days after seeding (R6 stage); a, b indicate significant differences at p < 0.05.

Residues
Soy

Endosulfan spraying

GT
GT
GT
CN
CN
CN

Plot 2
Plot 3
Plot 1
Plot 2
Plot 3
Plot 1

Endosulfan
mg/kg
SD
0.18 a
0.03
0.24 b
0.04
n.d.
0.19a
0.05
0.23ab
0.04
n.d.
-

Endosulfan sulphate
Mg/kg
SD
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
-

Glyphosate
mg/kg
SD
0.31a
0.04
0.30a
0.05
n.d.
n.d.
n.d.
n.d.
-

AMPA
mg/kg
SD
0.33
0.03
0.32a
0.04
n.d.
n.d.
n.d.
n.d.
-

TABLE 2
Effect of number pesticide treatment on endosulfan and glyphosate residues. Effect of soy variety
(transgenic or conventional) on endosulfan residues in immature soybeans are also shown; (p < 0.05).

Endosulfan
Treatment
Variety

F
7.96
0.02

Glyphosate
“p”
0.0079
0.8832

F
8.09
-

“p”
0.0120
-

- not calculated

Many studies were carried out to establish the curve of
decline of the insecticide in vegetables for human consumption [17,18] Thus, Soto [19] and Lu [20] suggested that
endosulfan has estrogenic effects on human estrogensensitive cells. We found that the GT-soybeans accumulated
glyphosate in their immature seeds (0,3 - 0,31 mg/kg) and
AMPA metabolites were also generated (0,32-0,33 mg/kg),
whose toxicity is discussed elsewhere [21]. In CN-soybeans
herbicide residues and corresponding metabolites were
absent. The glyphosate and AMPA residues found in GTsoybean were quite similar, and higher than the limits
permitted by European legislation (0.2 mg/kg) in the Codex
Alimentarius [22], while the Federal Register of Argentina [23] contains no regulations.

glyphosate should be reduced and the weeds extraction
may be carried out manually in small fields and in countries with low-cost workmanship standards, in order to
reduce the toxic concentrations of biocides.
Argentinean farmers seek to maximize production, on
the one hand, and lower production costs, on the other,
because the growing conditions vary considerably from
one area to another. In deed, from farm to farm, production cost and corresponding savings can vary substantially
in this context. Therefore, the disjunctive use of GTsoybean or CN-soybean depended on its world-wide differing acceptance, taking into consideration also the current debate on transgenic herbicide-resistant soybean
varieties and their ban, particularly in Europe.

The α+β endosulfan residues (0.18 to 0.24 mg/kg)
were found to be below those recommended by European
legislation for dry soybean [22], but there is no regulation
with regard to IS. Moreover, the endosulfan sulfate metabolite, which is known as degradation product in mature
vegetables, was not detected in this study.
The market outlook concerning IS shows increasing
tendencies to be incorporated in Asian and American
foods. In this context, an effort should be made to regulate
the production, processing and marketing of IS. Similarly,
it is necessary to study the possible replacement of endosulfan by a pyrethroid in order to reduce contamination
and cost in the production of IS. In addition, the use of
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SUMMARY
The aim of this work was to develop a fractionation
procedure to separate PCBs and PAHs in wastewater extracts, while simultaneously eliminating the interfering
substances, a necessary precondition for analysis with nonselective GC detectors. This was carried out by optimizing
the fraction cut-off volume of the eluting solvent and deactivation levels of different adsorbents for column chromatography. Using a combined column (5 g aluminum oxide,
deactivated with 5% H2O plus 5 g fully activated silica gel)
and cutting off PCB collection, after elution with 50 mL
n-hexane, led to satisfactory separation of PCBs and PAHs.
The approach of this study was to decrease solvent volume
and analysis time during cleanup procedure compared to
the US EPA standard methods (EPA Methods 610 and 608
for PAHs and PCBs, respectively).

On the contrary, their PCB analysis was not specific.
Namely, Aroclor 1254 does not contain mono or dichlorinated PCB congeners and only 1% (by weight) of trichlorinated biphenyls. Recently, a two-dimensional high
pressure liquid chromatography procedure has been developed to separate the PCB from PAH pollutants after
cleanup with silica-gel columns.
This investigation was focused on the development of
a consecutive fractionation procedure using column chromatography to separate the PCBs and PAHs, thus enabling
the use of a one-step cleanup to prepare two sub-samples
for the analysis of PCBs and PAHs with GC-ECD and GCFID, respectively. Additionally, this clean-up procedure
was optimally adapted and considerably speeded up by
reducing consumption of solvent and sorbent.

KEYWORDS:
PCB, PAH, fractionation, column chromatography.

MATERIALS AND METHODS

INTRODUCTION
Extraction procedures described in EPA standard
methods 608 and 610 for the analysis of PCBs and PAHs
in wastewater, respectively, are not specific to each analyte group [1, 2]. Therefore, PCBs and PAHs can be extracted as mixtures from the same sample. However,
cleanup procedure is completely different for these two
groups of pollutants. For instance, in EPA methods fully
activated florisil is used, when the target compounds are
PCBs, while activated silica-gel should be used for PAHs.
There are some researches to develop common procedures to fractionate samples into chemical groups for GC
analysis. For example, Aceves et al. [3] tested different
clean-up procedures with sediment extracts to design a
general method for PAHs, Aroclor 1254 and some chlorinated pesticides. Their results showed the possibility of separating PAHs from PCBs, but not from chlorinated pesticides.

Silica-gel (10 g, deactivated with 5% H2O) and aluminum oxide (10 g, deactivated with 5% H2O) were first
tested as column sorbents and n-hexane was chosen as
mobile phase. n-Alkanes, PCBs and PAHs mixed standards (3 µg of each compound in 1 mL n-hexane) were
transferred onto the glass column and elution was carried
out with 10 mL of n-hexane. After the selection of the
most suitable sorbent combination using 5% deactivated
silica-gel and aluminum oxide separating the target analytes, PCBs and PAHs, optimization was performed by
changing their deactivation levels. The details of optimization are given in Table 1.
Sorbent materials were activated at 210 oC for 4 h.
They must be allowed to cool down in a desiccator and
then deactivation and homogenization were carried out by
adding certain amounts of deionized water and shaking
the sorbents with a horizontal shaker at 220 rpm for 3 h.
Columns were prepared according to the slurry-packed
technique and, finally, activated anhydrous Na2SO4 (approx.
2 g) was added on the top of the adsorbent.
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TABLE 1
The details of optimization for column chromatography to separate PCBs and PAHs.

Features of sorbent material
Cutting off volume for elution profiles
10 g, 5 % deactivated silica gel
n-Hexane (each fraction consisted of 10 mL, total volume: 100 mL)
10 g, 5 % deactivated aluminum oxide
n-Hexane (each fraction consisted of 10 mL, total volume: 100 mL)
10 g, 2 % deactivated silica gel
n-Hexane (each fraction consisted of 10 mL, total volume: 100 mL)
10 g, 0 % deactivated silica gel
n-Hexane (each fraction consisted of 10 mL, total volume : 100 mL)
10 g, fully activated silica gel
Ethyl acetate (each fraction consisted of 10 mL, total volume: 100 mL)
5 g, 5 % deactivated aluminum oxide + n-Hexane (10 mL of each fraction, total volume: 50 mL),
5 g, fully activated silica gel
n-hexane/ethyl acetate (1:1, v/v) (10 mL of each fraction. total volume: 50 mL)

After determining the fraction cut-off volume, which
completely contained the PCB group, collection of PAHs
began and was performed with respect to its cutting-off
volume. Each eluted fraction was reduced to 2 mL by
rotary evaporation at 40 oC and adjusted exactly to 1 mL
with a gentle stream of nitrogen.
GC (HP 5890 Series II) equipped with 63Ni-ECD and
FID, GC-MS with MSD, split-splitless injector, helium as
carrier gas, DB-5 fused silica capillary column (30 m
length, 0.25 mm i.d. and 0.25 µm film thickness, J&W
Scientific), injection volume: 1 µl, nitrogen as make-up
gas, and integrator: HP 3396 A were used for analysis.
The temperature programs for n-alkanes, PCB and PAH
were as follows:
n-Alkanes and PAH analysis with GC-FID

Carrier gas flow rate: 2.39 ml/min; oven temperature
program: 60 oC (2 min) → 10 oC /min → 200 oC (2 min) →
4 oC /min → 300 oC (10 min); injector and detector temperatures: 280 oC; make-up gas flow rate: 48.3 ml/min.
n-Alkanes and PAH analysis with GC-MS in SIM Mode

Carrier gas flow rate: 0.8 ml/min; oven temperature
program for n-alkanes and PAHs: 40 oC (1 min) → 15 oC /
min → 170 oC → 5 oC /min → 250 oC → 12 oC /min→
310 oC (10 min), and 60 oC (4 min) → 15 oC /min → 160 oC →
3 oC /min → 280 oC (10 min); injector temperature: 80 oC →
12 oC /s → 350 oC (2 s); interface zone temperature: 300 oC
(m/z values for n-alkanes and PAHs in SIM modus were
selected according to Wolska [4]).
PCB analysis with GC-ECD

Carrier gas flow rate: 1.04 ml/min; oven temperature
program: 60 oC → 40 oC /min → 200 oC → 2 oC /min →
260 oC → 20 oC /min → 300 oC (10 min); injector and
detector temperatures: 280 oC and 300 oC; make-up gas
flow rate: 46.6 ml/min.
All chemicals used were of analytical grade. PCB
(PCB 28, 52, 101, 138, 153 and 180) single standards were
from Promochem (Wesel) and 16 EPA PAH mix standard

from Supelco Inc. (Bellefonte). Acetone, n-hexane, and
ethyl acetate from E. Merck (Darmstadt, residue grade)
were used as solvents. Na2SO4, silica gel 60 [(0.063 0.200 mm; 70-230 mesh ASTM)] and alumina 90 active,
neutral, [(0.063 - 0.200 mm; 70-230 mesh ASTM)] were
also purchased from E. Merck (Darmstadt).
RESULTS AND DISCUSSION
Separation of PCBs and PAHs

By using not only silica gel, but a special mixture with
aluminum oxide, almost all PCBs could be eluted before
the PAHs (see Figure 1). The cumulative recovery term
used in Figure 1 was calculated by adding the recovery
rates of compounds in each 10 mL fraction. The faster
elution of all PCBs and most of the n-alkanes can be attributed to the stronger interactions between PAHs and
sorbent causing longer retention of these higher polarizable pollutants. Elution orders of n-alkanes, PCBs and
PAHs depend on the molecular weight of the compounds,
but in different patterns. Higher molecular weight PCB
isomers, such as PCB 153 and PCB 180, were eluted more
quickly than those with lower molecular weights (see
Figure 1), which were completely eluted from the column
with 40 mL of n-hexane. PCB 153 and PCB 180 required
only 30 mL for complete elution from 5% deactivated silica
gel. However, when using 5% deactivated aluminum oxide,
all PCBs eluted with 30 mL of n-hexane. This situation
can be explained by the pore sizes of the sorbents, respectively, 60 nm for silica gel and 90 nm for aluminum oxide. According to Unger [5], smaller pore size means
higher inner surface and, therefore, sorption capacity of
silica gel is higher than that of aluminum oxide.
The reason why n-alkanes were tested together with
PCBs and PAHs is to investigate the distribution of nalkanes among the PCB and PAH eluates and achieve
their elution from the column with the PCBs to be selectively analyzed with the ECD. When n-alkanes were eluted with the PAHs, both GC-FID identification and quantitation are getting increasingly difficult.
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As can be seen in Fig. 1, the results of GC-ECD and
GC-MS analyses using silica gel were better than that with

(a)

(b)

FIGURE 1 - Elution order and recovery of n-alkanes, PCBs and PAHs.
(a) 10 g, 5 % deactivated silica gel;
(b) 10 g, 5 % deactivated aluminium oxide; elution solvent: n-hexane

(a)

(b)

FIGURE 2 - Elution order and recovery of n-alkanes, PCBs and PAHs.
(a) 10 g, 2 % deactivated silica gel;
(b) 10 g, 0 % deactivatedsilica gel; elution solvent: n-hexane.

aluminum oxide concerning their separation capability for
n-alkanes, PCBs and PAHs. Therefore, further optimization was focused on silica gel as sorbent, changing its
deactivation levels and the elution solvents.
2% and 0% (fully activated) deactivation levels of silica gel were examined, additionally to 5% deactivation
using the combined standards of n-alkanes, PCBs and
PAHs. Increasing moisture contents of the sorbents used
generally decreased the retention times of all compounds,
which means that higher silica gel activation levels caused
longer elution times (see Fig. 2). These results were in
agreement with those of Aceves [3] and Later [6]. They
increased the water content of silica gel and have found
decreased retention times, especially for high-molecular
PAHs compared to low-molecular weight ones. Other
authors [3, 6, 7] observed similar results.

As mentioned before, the aim of this work was the collection of PCBs and PAHs in two different fractions.
Therefore, PCB 28, PCB 52 and naphthalene (Nap) were
used as marker compounds to determine the cutting off
volume for both groups. When using 0% deactivated silica
gel, the least overlap between both PCBs and Nap was
found. It could be deduced that lower deactivation levels of
silica gel decrease overlapping of PCBs and PAHs during
elution. With particular emphasis on n-alkanes, the best
results were obtained with 5% deactivation levels, when
eluting them together with PCBs. The effects of deactivation levels of sorbents on separation efficiency of organic
compounds were already extensively investigated by Later
[6] and Aceves [3]. They have shown that increasing deactivation levels decreased the band broadening, thus complicating separation of the compounds used. Similar results
were observed for silica gel used in this study. Although
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the deactivation levels of the sorbent are of importance
regarding sorbent-catalyzed solute degradation, the degradation during cleanup is not of primary concern for both,
PCBs and PAHs. From Figs. 1 (a), 2 (a) and 2 (b) it can be
seen that band-broadening indeed decreased with increasing the deactivation levels of silica gel for n-alkanes, PCBs,
and PAHs.

were chosen as mobile phases to include the observed
advantage that the heavier PAHs could be more eluted
easily out of the column using ethyl acetate. The elution
profile for this column system is given in Figure 4.

In order to investigate the effects of eluting solvent
on the separation of PCBs and PAHs from fully activated
(0 % water for deactivation) silica gel, ethyl acetate was
tested alternatively to n-hexane. It evidenced an increased
elution strength for all PCBs and PAHs, which were eluted earlier than with n-hexane (Fig. 3).
FIGURE 4
Elution order and recovery of n-alkanes, PCBs and PAHs.
(5 g, 5 % deactivated aluminum oxide + 5 g, 0 % deactivated silica gel; elution solvent: 5x 10 mL n-hexane and 5x 10
mL of n-hexane : ethyl acetate = 1:1, v/v).

The combined column described above served better
than all others examined for the aims of this study. When
50 mL of n-hexane was used as cut-off volume for this
combined column, again only naphthalene as PAH family
member will be found in the PCB fraction with RF of
10% (±2) [n = 4].
FIGURE 3
Elution order and recovery of n-alkanes, PCBs and PAHs.
10 g, 0 % deactivated silica gel; elution solvent: ethyl acetate.

When ethyl acetate was used for elution, it can be
stated that overlapping effects of PCB and PAH fractions
increased. Therefore, it was decided to use n-hexane as
mobile phase in column system. Moreover, also retention
of n-alkanes was going up. This result can be explained
by the “like solve like” phenomenon [8]. Furthermore,
n-hexane with its lower boiling point (69 °C), compared
to that of ethyl acetate (78 °C), needs less vacuum and
time to be evaporated during concentration steps. This can
be also accepted as an additional advantage of n-hexane
compared to ethyl acetate.
In a run with fully activated silica gel and using ethyl
acetate as eluting solvent, the cut-off volume of the fraction containing all PCBs was determined to be 50 mL.
Within this 50 mL fraction 45% of total PAHs could be
found. On the contrary, when 70 mL of n-hexane was
used as the cut-off volume, only naphthalene, the simplest
member of PAH family, was found in the PCB fraction
showing RF value of 13% (±2), [n = 4].

The separation efficiency for PCBs and PAHs in all
column systems tested can be ordered as follows: combined
column > fully activated silica gel (elution solvent:
n-hexane) > 2% deactivated silica gel > 5% deactivated
silica gel > 5% deactivated aluminum oxide > fully activated silica gel (elution solvent: ethyl acetate). In addition,
the columns providing “as much as possible” collection of
n-alkanes in PCB fraction can be also arranged in an order:
5% deactivated aluminum oxide > combined column > 5%
deactivated silica gel > 2% deactivated silica gel >> fully
activated silica gel (elution solvent: n-hexane) > fully activated silica gel (elution solvent: ethyl acetate).
Therefore, the combined column system was used for
further experiments of this study. When adding the elution volume of 50 mL n-hexane completely instead of
using five 10 mL-fractions, neither the elution order of all
the compounds checked nor any other changes were
found. The recovery factors (RF) of the compounds quantified by GC-ECD and GC-FID analysis for the combined
column system are given in Figure 5.

As mentioned earlier, another important issue was to examine and minimize the n-alkane amount collected in PCB
fraction. Least of n-alkanes was found to be in PAHs fraction
when using 5% deactivated aluminum oxide. Therefore, a
combined column was packed with 5 g of fully activated
silica gel as bottom layer and 5 g of 5% deactivated aluminum oxide onto the top and tested. At first 5 x 10 mL aliquots of n-hexane and then n-hexane : ethyl acetate (1:1, v/v)
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Fraction 1 = 50 mL of n-hexane;
Fraction 2 = 50 mL of n-hexane : ethyl acetate (1:1, v/v).

FIGURE 5
RF values of compounds obtained with combined column.

Overall, the separation of PCBs and PAHs using the
above combined column was satisfactory. As shown in
Fig. 5, the RF values for PCBs and PAHs were found to
be in the ranges of 95–101 % (± 2) and 80–97 % (± 7),
respectively. The amount of sorbent material must be
properly admitted to be sufficient in order to achieve the
desired separation between both chemical groups. This
separation efficiency could not be attained with commercial SPE cartridges, which contain insufficient amounts of
adsorbent.

(a)

(b)
FIGURE 6 - RF values of the target compounds.
(a) Fraction 1, elution volume 50 mL n-hexane for PCBs;
(b) Fraction 2, elution volume 50 mL n-hexane/ethyl acetate (1:1, v/v) for PAHs;
Fractions 1 and 2 were analyzed by GC-ECD and GC-FID, respectively.

(a)

(b)
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(c)

(d)

FIGURE 7 - The chromatograms of the column fractions.
(a) GC-FID analysis before cleanup; (b) GC-FID analysis of fraction 1;
(c) GC-FID analysis of fraction 2 and (d) GC-ECD analysis of fraction 1.
Examination of Matrix Effects

In order to evaluate the matrix effects and observe the
cleanup performance of the column, non-spiked 200 mL
volumes of wastewater were extracted two times with 20 mL
n-hexane and one time with 10 mL [9]. Then the combined
extracted volume was reduced to less than 1 mL and then
PCB and PAH standards were added (final concentration =
3 ng/µL of each compound) and volume was adjusted
exactly to 1 mL. The spiked extract was transferred onto
the top of the column and fractionation was carried out
consecutively using 50 mL n-hexane and 50 mL n-hexane :
ethyl acetate (1:1, v/v). The RF values for the target compounds are given in Figure 6.
The RF values of PCBs and PAHs in the spiked extract
were comparable to those of the only-standard sample. This
means that the deteriorative effects of other co-extracted
substances on both fractionation/cleanup process and qualitative/ quantitative analysis of target compounds by GC
system were eliminated. The column performance for the
elimination of matrix effects is given in Figure 7.
The hump observed in Figure 7 (a) is formed by the
unresolved complex mixture (UCM) in wastewater extracts, which makes the chromatogram difficult to analyze. By using fraction 1 step, most of the interfering
compounds were eluted from the column and the chromatogram resulting from fraction 2 was made clear. Therefore, PAH analysis with GC-FID could be carried out
easily and no problem will be faced with the selective
GC-ECD analysis of fraction 1.

ysis. This helps to support an easy and clean GC instrument
operating system. The overall RF values and their repetition for PCBs and PAHs were found to be within the expected ranges (80% < RF < 110%; RSD < 10%). The matrix effects on separation and recovery of PCBs and PAHs
were not of significance.
The economic advantages of this research compared
to EPA Methods 610 and 608 can be ordered as follows:
• The sorbent material used in column as stationary
phase could be reduced to 60%.
• The solvent volume used in column as mobile phase
was reduced to 80%.
• The time needed for activation and deactivation of the
sorbent was reduced by 40%.
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CONCLUSION
The combined column procedure (5 g each of 5% deactivated aluminum oxide and fully activated silica gel
plus collecting PCBs with 50 mL n-hexane) developed
here separated PCBs and PAHs into two solvent fractions
and interfering substances were removed prior to GC anal-
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STUDY ON THE APPLICATION OF PULP BLEACHING EFFLUENTS
IN GLA PRODUCTION BY Cunninghamella echinulata
Hongxun Wang, Song Liang and Xiaoyu Zhang
The School of Life Science and Technology, Huazhong University of Science and Technology (HUST), Wuhan, P.R. China

SUMMARY
Some filamentous fungi can produce gamma linolenic
acid (GLA) during fermentation. The feasibility of the
application of pulp bleaching effluents in GLA production
by Cunninghamella echinulata was studied. Adding 50%
pulp bleaching effluent in the PDY media had the best
effect on growth, lipid accumulation and GLA synthesis
of Cunninghamella echinulata, namely, the lipid content
(4.307g/L), lipid (55.86%) and GLA (13.0463%) percentages, respectively, whereas those of control sample without addition (ck) were 3.035g/L, 39.25% and 8.0299%.
During a 10-day fermentation period lipids in PBE media
were higher than in PDY media. A new methodology for
GLA fermentation by fungi and simultaneously an approach in pulp bleaching effluent utility were proposed in
this study.

KEYWORDS: Gamma linolenic acid (GLA), fermentation, pulp
bleaching effluent.

INTRODUCTION
Pulp bleaching effluents are very complex aqueous
industrial wastewater mixtures [1,2] consisting of many
organic matters [3], such as chlorinated phenols or dioxins, which have been already identified and become a
matter of concern in the process [4].
Gamma linolenic acid (GLA) is an ω-6 polyunsaturated fatty acid with very important physiological functions and cannot be synthesized by human beings and
mammals [5, 6]. The production from plants cannot satisfy the market demand, because it is restricted by many
disadvantages [7]. However, people begin to pay much
attention to microbial fermentations producing GLA because of the low costs, the short culture period and the
steady content.
No study on the application of pulp bleaching effluents in GLA production by fungi has reported until now

and, based on screeninga strain of the filamentous fungus
Cunninghamella echinulata producing high yields of
GLAthe feasibility to combine the utility of pulp bleaching effluents and GLA fermentation was discussed.

MATERIALS AND METHODS
Microorganisms maintenance and inoculum preparation

The filamentous fungal species F, belonging to
Cunninghamella, was screened and identified by our
laboratory. The inoculum used was grown on PDA slant
media for 7 days at 25 °C. The activated slants were
carved into blocks and inoculated into the liquid fermentation media: PDY media (200 g potato, 20 g glucose, 1000 ml H2O; rotated at 150 rpm and incubated
for 48 hrs at 25 °C).
Pulp bleaching effluent media (PBE media)

PDY media were diluted with pulp bleaching effluents in different experiments. According to different concentrations, definite volumes of pulp bleaching effluents
were added to the condensed PDY media, keeping the
potato and glucose contents unchanged.
Cultivation in rotated flasks

Both PDY and PBE media received a 10.0% (v/v)
liquid inoculum (200 ml/500 ml) rotating at 150 rpm in
500 ml flasks and were incubated at 25 °C. The time for
culturing in the concentration selection media was chosen
as 4 days and that of the other experiments as 10 days.
Analysis methods

The fermentation liquid was filtered with filter cloth
and rinsed with distilled water. The tore mycelium was
dried at 35 °C to constant weight to get the biomass. The
lipids were extracted by the Folch Method. The percentage of GLA in fatty acid fraction was measured by gas
chromatography and lipid% calculated as the ratio of
lipids to biomass.
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TABLE 1
The effects of different concentrations of bleaching effluents on strain F.

CK
10%
20%
30%
40%
50%
60%

Lipids
(g/L)
3.035
5.733
5.182
4.758
4.563
4.307
3.990

RESULTS AND DISCUSSION
Different concentrations of pulp bleaching effluents

Table 1 shows that bleaching effluents could increase
both lipid and GLA values, and had great effects especially on lipid accumulation resulting in far higher lipid percentage compared to the control sample (ck). GLA and
lipids continuously increased until bleaching effluent
addition reached 50%. The lipids and GLA values were
lower under 60% bleaching effluents. It might be possible
that the high amount of bleaching effluents contained too
much organic matters that were harmful to GLA accumulation. Therefore, it indicated a possible way to augment
lipid and GLA contents by adding bleaching effluents in
media. Considering the best biomass, lipid, GLA content
of strain F and the highest availability of bleaching effluents, PBE media with 50% bleaching effluent were chosen in the following experiments.

Lipids
(%)
39.25
62.03
58.81
53.09
52.18
55.86
49.8

GLA
(%)
8.0299
11.5365
11.7266
13.6735
13.4426
13.0463
9.186

were 4.747g/L and 60.237%, respectively, while the highest in PDY media were only 3.445g/L and 32.87%. This
fact clearly demonstrates that pulp bleaching effluents can
be used to increase lipids in GLA fermentation.
lipid(g/L)

Biomass
(g/L)
7.732
9.242
8.812
8.962
8.745
7.710
8.012

PBE
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FIGURE 2
Lipid content of F in PBE media and PDY media.

The synthesis law of strain F in PBE and PDY media

biomass(g/L)

PBE

Lipid(%)

The biomass content in PBE media was just a little bit
lower than in PDY media. This might be the result of the
toxicants in bleaching effluents that were disadvantageous
for the growth of strain F (Fig. 1).
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12
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FIGURE 3
Lipid% of F in PBE media and PDY media.

6
4

The increase of lipids in PBE media lasted five days,
whereas in PDY media the accumulation of lipids already
decreased from the fourth day, possibly indicating that the
matters in pulp bleaching effluents had the ability to prolong lipid accumulation.

2
0
1

2

3

4 5 6 7 8 9 10
FIGURE 1
time (d)
Biomass of F in PBE media and PDY media.

From Figs. 2 and 3 can be seen that almost all lipids
and lipid percentages in PBE media were obviously increased, some of them being twice as much as in PDY
media. The highest lipid and lipid% values in PBE media

GLA values remained relatively high in PBE media,
because pulp bleaching effluents did not augment or decrease GLA content significantly and, therefore, its addition had no disadvantages on GLA production by Cunninghamella echinulata.
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FIGURE 4
GLA of F in PBE media and PDY media.

[6]

Conti, E. and Stredansky, M. (2001) γ-Linolenic Acid Production by Solid-fermentation of Mucorales Strains on Cereals, Bioresource Technology, 76, 283-286.

[7]

Chen, H.C. and Liu, T.M. (1997) Inoculum effects on the
production of r-linolenic acid by shake culture of Cunninghamella echinulata CCRC 31840, Enzyme and Microbial
Technology, 21, 137-142.

[8]

Gema, H. and Kavadia, A. (2002) Production of GammaLinolenic Acid by Cunninghamella echinulata Cultivated on
Glucose and Orange Peel. Applied Microbiology and Biotechnology, 58(3), 303-307.

CONCLUSIONS
This study provides a modified way of GLA fermentation by fungi, using pulp bleaching effluents simultaneously. Because of the protection of the cell walls, the
toxic ingredients might not enter the mycelium polluting
the lipids. After fermentation, the pollution matter might
be reduced to a certain degree being helpful for the later
treatment of the fermentation liquid.
Pulp bleaching effluents showed a great promoting
effect on lipid accumulation. During the fermentation, the
fungus would utilize synthesized lipids as a energy source
for further desaturation [8], thus increasing the ratio of
GLA rapidly and continuously. The matters in PBE
seemed to be like a precursor initiating the promoting
effects on the synthesis of lipids and GLA, which directly
participated in the synthesis and metabolism of lipids
promoting their yield. In addition, it could decrease the
energy of synthesis, delay the decrease of lipids and prolong their accumulation. After the accumulation period of
lipids, GLA content would be increased by prolonging the
fermentation period and it will also be helpful to obtain
high contents of both lipids and GLA.
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