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THE COMBINATION OF OZONE WITH
ULTRASOUND OR HYDROGEN PEROXIDE
FOR THE DEGRADATION OF C.I. ACID ORANGE 7
Hui Zhang*, Wenjie Wang, Yujuan Lv, Fang Liu and Daobin Zhang
Department of Environmental Engineering, Wuhan University, P.O. Box C319 Luoyu Road 129#, Wuhan 430079, P. R. China

ABSTRACT
The effect of various operating conditions on the degradation of C.I. Acid Orange 7 by ozone, combined with ultrasound (US/O3) or hydrogen peroxide (H2O2/O3), was investigated. The decolorization of C.I. Acid Orange 7 fits the
pseudo-half-order kinetic model in H2O2/O3 system. The
rate constant increased with the increase of pH, hydrogen
peroxide concentration, and gas flow rate. The presence of
carbonate inhibited the decolorization rate, and the rate constant decreased with increasing carbonate dosage as well as
initial dye concentration. The combination of ozone with
hydrogen peroxide achieved a higher COD removal efficiency than ozonation alone. The synergistic effect of C.I.
Acid Orange 7 mineralization by sonolytic ozonation was
also significant when the system temperature was raised due
to the heat effect of ultrasonic irradiation. The increase of
ultrasonic power and gas flow rate would lead to the increase of TOC removal rate by the combined US/O3 system.
Initial pH has little effect on TOC removal. The presence of
sodium carbonate would improve TOC removal when sodium carbonate to dye molar ratio investigated was not
higher than 10.

KEYWORDS: C.I. Acid Orange 7, degradation, ozone, hydrogen
peroxide, ultrasound.

cient for the reduction in chemical oxygen demand (COD)
or total organic carbon (TOC) due to the limited oxidizing
power of ozone (E0 = 2.07 v) [4]. The combination of ozone
with ultrasonic radiation [2, 5] or hydrogen peroxide [6, 7],
which are two of the advanced oxidation processes (AOPs),
could generate hydroxyl radicals in sufficient quantity to
affect wastewater treatment [8]. Hydroxyl radical is a more
effective oxidant (E0 = 2.87 v) than ozone, which could
oxidize almost all the organic compounds. Therefore, in this
study, the oxidation of C.I. Acid Orange 7 by peroxone
(H2O2/O3) as well as “sonozone” (US/O3) process was conducted in water, and the effect of operation conditions on
the degradation of C.I. Acid Orange 7 was investigated.
MATERIALS AND METHODS
H2O2/O3 experiment

Stock solution of C.I. Acid Orange 7 was prepared in
distilled water before each run. H2SO4 or NaOH was used
to adjust the pH of dye solution. The stock solution was fed
into a 500-ml glass reactor. A magnetic stirrer provided
complete mixing of the solution in the rector. Hydrogen
peroxide was applied into the reactor all at once. Then,
ozone was bubbled into the solution using an ozone generator (XFZ-5QI, China). The ozone gas flow rate Q was
determined with a bubble flow-meter. The gaseous ozone
concentration [O3]g was monitored by the iodometric method
with potassium iodide solution [9] and fixed at 1.25 mmol
l 1. At different time intervals, a predetermined amount of
aliquot was removed from the reservoir and the absorbance
was measured using a Rayleigh UV-9100 spectrophotometer (Rayleigh, China) at maximum absorption wavelength
of 485 nm. Chemical oxidation demand (COD) was determined by using microwave-assisted potassium dichromate
method after residual hydrogen peroxide was destructed
[10,11].
−

INTRODUCTION
Due to the complexity of textile wastewater and, in
particular, residual color associated with reactive dye, color
removal is a major concern for the textile industry [1]. Most
of the dyes are found to be resistant to normal treatment
process as they are designed to resist chemical and photochemical degradation [2]. Ozone has proven to be by far the
most effective and fastest chemical oxidation method to
meet the strict color discharge limits of many industrialized
countries [3]. However, ozonation alone was rather ineffi-

US/O3 experiment

The stock solution of C.I. Acid Orange 7 was fed into a
rectangular air-lift reactor made of plexy glass (see Fig. 1).
This reactor consists of a square column (50 mm×30 mm)
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with the height of 120 mm, divided into a riser and a downcomer section by a plexy glass baffle (width: 30 mm; thickness: 4 mm; total height: 55 mm). The riser-to-downcomer
cross-sectional area ratio was equal to 1.56. The baffle was
located at a distance of 5 mm from the bottom of the reactor. The gas distributor at the bottom of the riser was a
perforated tube with 6 orifices of 1 mm diameter.

where C is the dye concentration at time t and k0.5 is the
pseudo-half-order decolorization rate constant. This is in
agreement with the reports when Rhodamine B and C.I.
Acid Orange 7 were decolorized by ozonation in a magnetic stirred reactor and rectangular air-lift reactor, respectively [13, 14].
1.0
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0.5
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FIGURE 2 – The effect of pH on the degradation of
C.I. Acid Orange 7 in the peroxone process (C0 = 0.23 mmol·l 1,
[O3]g = 1.25 mmol l 1, [H2O2] = 0.227 mmol l 1, Q = 100 ml min 1).
−

30 mm

−

50 mm

FIGURE 1 –The experimental apparatus of US/O3 process.

−

−

As can be seen in Fig. 2, the decolorization rate increased with increasing pH value. The apparent rate constants were 0.128, 0.144 and 0.160 mmol0.5 l 0.5 min 1 when
pH values were 6, 8 and 10, respectively. In the O3/H2O2
system, the formation of hydroxyl radicals is initiated by
the reactions between ozone and hydroperoxide anion, the
ionic form of hydrogen peroxide as well as hydroxide
ion [6]:
−

Sonication was performed with a KS-250 ultrasonic
generator (250 W, 20 kHz, Ninbo Kesheng Instrument Co.,
China) equipped with a titanium probe transducer. The tip
of the probe was 1 cm in diameter, and placed 1.5 cm into
the liquid layer. The sonication was administered in pulses
with a 50% duty cycle. The acoustic power was determined
calorimetrically [12].
Ozone was bubbled into the solution and the gaseous
ozone concentration was monitored by the iodometric
method with potassium iodide solution [9]. A predetermined
amount of aliquot was removed with a pipette at different
time intervals, and total organic carbon (TOC) was determined using a Multi N/C 2100, Analytik Jena AG.
®

RESULTS AND DISCUSSION

H 2 O2 É

•

OH + O3 → HO2 + O2
−

(2)
•−

(3)

•−

(4)

Therefore, the increase of pH is in favor of the generation of hydroxyl radicals to decolorize C.I. Acid Orange
7. The effect of pH on COD removal was similar to that
on decolorization. As can be seen in Table 1, COD removal efficiency after 120 min reaction was 40.9%,
45.4% and 52.2% at pH values 6, 8 and 10, respectively.

−

dC
= k0.5C 0.5
dt

•

HO2 + O3 → HO2 + O3

different initial pH values when initial dye concentration
was 0.23 mmol l 1 , hydrogen peroxide concentration
was 0.227 mmol l 1 and gas flow rate was 100 ml min 1. It
can be seen that the decolorization follows apparent pseudohalf-order kinetics according to the following rate equation:

−

HO 2 − + H +

−

H2O2/O3 oxidation
The effect of pH on the degradation of C.I. Acid Orange
7. Fig. 2 displays decolorization of C.I. Acid Orange 7 at

−

−

−

(1)

234

TABLE 1 − COD removal efficiencies (η) under various
operating conditions in the peroxone process ([O3]g = 1.25 mmol l 1).
−

Run
1
2
3
4
5
6
7
8
9
10

C0
(mmol l 1)
0.23
0.23
0.23
0.23
0.23
0.23
0.23
0.23
0.45
1.14
−

pH
6
8
10
6
6
6
6
6
6
6

Q
(ml min 1)
100
100
100
100
100
100
40
200
100
100
−

H2 O2
(mmol l 1)
0.227
0.227
0.227
0
0.114
0.454
0.227
0.227
0.227
0.227
−

η
(%)
40.9
45.4
52.2
18.2
36.4
45.4
22.7
72.7
27.9
18.8
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The effect of hydroxyl radical scavenger on the degradation of C.I. Acid Orange 7. Sodium carbonate to dye molar

ratios investigated were 1, 5 and 10, respectively, when
initial dye concentration was 0.23 mmol l 1, hydrogen peroxide concentration was 0.227 mmol l 1, gas flow rate was
100 ml min 1 and initial pH was 6.0. Fig. 3 shows that the
presence of hydroxyl radical scavenger would significantly inhibit the decolorization rate, which decreased with
increasing carbonate dosage. The pseudo-half-order rate
constant was 0.128 mmol0.5 l 0.5 min 1 in the absence of
carbonate, whereas the rate constant dropped to 0.070,
0.058 and 0.046 mmol0.5 l 0.5 min 1 when carbonate dosage
was 0.23, 1.14 and 2.27 mmol l 1, respectively. This illustrates that the decolorization of C.I. Acid Orange 7 by
peroxone process is mainly a radical reaction.
−

−

then the increase of hydrogen peroxide concentration would
also promote the formation of hydroxyl radicals. Therefore,
both the apparent rate constant and COD removal efficiency increased with the increase of hydrogen peroxide
concentration.

−

−

1.0

0.8

−

0.6
0.5

−

(C/C0)

−

−

0.4
-1
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-1
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0.2
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FIGURE 4 – The effect of hydrogen peroxide concentration on
the decolorization of C.I. Acid Orange 7 in the peroxone process
(C0 = 0.23 mmol l 1, [O3]g = 1.25 mmol l 1, Q = 100 ml min 1, pH0 6.0).
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FIGURE 3 – The effect of hydroxyl
radical scavenger on the decolorization of C.I. Acid
Orange 7 in the peroxone process (C0 = 0.23 mmol l 1, [O3]g =
1.25 mmol l 1, [H2O2] = 0.227 mmol l 1, Q = 100 ml min 1, pH0 6.0).

0.4
-1

−

−

−

0.0

The effect of hydrogen peroxide concentration on the
degradation of C.I. Acid Orange 7. Fig. 4 illustrates the decol-

orization of C.I. Acid Orange 7 at different hydrogen peroxide concentrations when initial dye concentration was
0.23 mmol·l 1, gas flow rate 100 ml min 1 and initial pH
was 6.0. It can be seen that the presence of hydrogen peroxide promotes the decolorization. The pseudo-half-order rate
constant was 0.112 mmol0.5 l 0.5 min 1 in ozone alone system.
But it increased to 0.122, 0.128 and 0.150 mmol0.5 l 0.5
min 1 when hydrogen peroxide concentrations were 0.114,
0.227 and 0.454 mmol l 1, respectively. Similarly, COD
removal efficiency at 120 min was only 18.2% in ozone
alone system, but it increased to 36.4, 40.9 and 45.4% when
hydrogen peroxide concentrations were 0.114, 0.227 and
0.454 mmol l-1, respectively (see Table 1). In the presence
of hydrogen peroxide, the generation of hydroxyl radicals would be initiated by the reactions between ozone and
hydroxide ions as well as hydroperoxide anions. The
generation rate of hydroxyl radicals would increase compared with ozonation alone and, hence, the decolorizaiton
rate would increase. In addition, the initiation step (reactions 2 and 3) was influenced by hydrogen peroxide, and
−

0

−

40

60

80

100

120

FIGURE 5 – The effect of gas flow rate on the decolorization of
C.I. Acid Orange 7 in the peroxone process (C0 = 0.23 mmol l 1,
[O3]g = 1.25 mmol·l 1, [H2O2] = 0.227 mmol l 1, pH0 6.0).
−

−

−

−

−

−

20

Time (min)

−

−

40 ml min
-1
100 ml min
-1
200 ml min

0.2

−

The effect of gas flow rate on the degradation of C.I. Acid Orange 7. Fig. 5 shows the decolorization of C.I. Acid

Orange 7 at different gas flow rates when initial dye concentration was 0.23 mmol l 1, that of hydrogen peroxide
was 0.227 mmol l 1 and initial pH was 6.0. It can be seen
that the decolorization rate increased with the increase of
gas flow rate. The pseudo-half-order rate constants were
0.056, 0.128 and 0.162 mmol0.5 l 0.5 min 1 when gas flow
rates were 40, 100 and 200 ml min 1, respectively. Increasing the flow-rate corresponds to a larger net surface
area for mass transfer of ozone to the aqueous phase [15],
and, hence, increases the volumetric mass transfer coefficient of ozone. This leads to the increase of mass transfer
rate of ozone from gas to liquid phase, and the decoloriza-
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tion rate increased accordingly. Accordingly, COD removal
efficiency at 120 min increased from 22.7 to 72.7% when
gas flow-rate increased from 40 to 200 ml min-1 (see Table 1).
The effect of initial dye concentration on the degradation
of C.I. Acid Orange 7. Initial dye concentrations investigat-

ed were 0.23, 0.45 and 1.14 mmol l 1, respectively, when
hydrogen peroxide concentration was 0.227 mmol l 1, gas
flow rate was 100 ml·min 1 and initial pH was 6.0. As
shown in Fig. 6, the decolorization rate decreased with the
increase of initial dye concentration. The apparent rate
constants were 0.128, 0.119 and 0.080 mmol0.5 l 0.5 min 1
when initial dye concentrations were 0.23, 0.45 and 1.14
mmol l 1, respectively. The corresponding COD removal
efficiency after 120 min reaction was 40.9, 27.9 and 18.8%,
respectively (see Table 1).
−

−

−

−

−

−

1.0

0.8

As the enhancement of ultrasonic irradiation was more
significant without the adjustment of system temperature,
cooling water was no longer provided to keep temperature
constant in the following experiments.

0.5

0.6
(C/C0)

irradiation, but decolorization rate was much higher than
with ozone system alone, even if the system temperature
was raised from 16 to 28 °C [17]. This indicates that there
are other mechanisms leading to the enhancement of
decolorization rate, apart from the mechanical and temperature effects of ultrasound [17]. Sierka [18] also observed that compared with ozone system alone, 10%
more TOC was removed when trinitrotoluene (TNT)
was treated by the coupled US/O3 process for 60 min,
and reaction temperature increased from 29 to 41 °C.
Therefore, the mineralization in the combined US/O3
system was tested without using cooling water to keep
temperature constant. As can be seen in Fig. 7, C.I. Acid
Orange 7 was almost completely mineralized after a reaction of 90 min, and system temperature rose from 29 to 61
°C. The enhanced removal of TOC was due to the increased mass transfer of ozone into the solution and the
enhanced decomposition rate of ozone to free radicals.
These radicals have oxidation potentials far in excess of
ozone and, therefore, should dramatically in-crease reaction rate [18].
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FIGURE 6 – The effect of initial dye concentration on the ‚
decolorization of C.I. Acid Orange 7 in the peroxone process ([O3]g =
1.25 mmol l 1, [H2O2] = 0.227 mmol l 1, Q = 100 ml min 1, pH0 6.0).
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The synergistic effect of C.I. Acid Orange 7 mineralization by sonolytic ozonation. The system temperature during

sonolysis could be raised due to the heat effect of ultrasonic
irradiation. The temperature effect on sonochemical and
chemical reaction is different, and reactor cooling was
usually provided in most of the reports as the most important sonochemical effect, observed at lower temperatures [16]. Therefore, the experiments were performed at a
constant temperature of T = 29 °C with ozonation alone,
ultrasound alone, and the combined US/O3 system, respectively, to investigate the enhancement of sonication on the
mineralization by ozonation. No mineralization was observed under sonolysis (data not shown), and ultrasound
irradiation could not significantly increase the mineralization rate of C.I. Acid Orange 7 by ozonation (see Fig. 7).
Our previous work showed that ultrasonic irradiation could
en-hance decolorizaiton rate when C.I. Acid Orange 52
was treated by US/O3 system, and the system temperature
rose from 16 to 28 °C due to the heat effect of ultrasonic

20
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FIGURE 7 − Mineralization of
C.I. Acid Orange 7 in different systems.
The effect of ultrasonic power on the mineralization of
C.I. Acid Orange 7. Fig. 8 displayed mineralization of C.I.

Acid Orange 7 in the coupled US/O3 system at different
ultrasonic powers. It can be seen that TOC removal rate increased with increasing ultrasonic power. The temperature
increased around 0, 5, 17, and 32 ºC after 90 min reaction
when power densities were 0, 54.3, 103, 141 and 201 W l 1,
respectively. The ozonation of azo-dyes in water was observed to be in mass transfer limited region [19], and the
controlling resistance of mass transfer is in the liquid film
[20]. When gas bubbles containing ozone enter the ultrasonic reactor, the intensified mixing due to ultrasonic irradiation leads to the turbulence [21], which reduces the liquid film thickness [22]. According to the two-film theory,
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mass transfer coefficient kL is inverse proportional to the
liquid film thickness. The decrease of the liquid film thickness would result in the increase of kL. In addition, one of
the mechanical effects of ultrasound is the break-up of gas
bubbles containing ozone [21], which leads to a larger specific surface area a. Therefore, volumetric mass transfer
coefficient kLa would increase in the presence of ultrasonic
irradiation. For example, Dahi [13] reported that 15-45%
kLa values were obtained due to 20 kHz ultrasonic treatment, and Olson and Barbier [21] observed that in the
presence of ultrasound, kLa was 57% higher than without
ultrasound. Our previous work illustrated that a 19.1–
34.6% higher kLa was achieved in the presence of ultrasonic radiation [23].
An increase in ultrasonic power would increase turbulence and enhance the mechanical effect to break up ozone
bubbles, which would increase the mass transfer rate of
ozone in aqueous phase. Weavers and Hoffmann [15] reported that kLa increased linearly with power density. Therefore, more gaseous ozone would be transferred into the
aqueous phase, and decomposed into radicals under stronger
ultrasonic irradiation. These hydroxyl radicals have oxidation potentials far in excess of ozone to mineralize azo dyes.
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bined US/O3 system were 603, 709, and 833 ml min 1,
respectively, when the dye concentration was 0.91 mmol
l 1, ozone concentration was 0.81 mmol l 1, initial pH was
7.0, and ultrasonic power density was 201 W l 1. Fig. 9
shows that the mineralization rate increased with the increase of gas flow-rate. Increasing the flow-rate corresponds
to a larger net surface area for mass transfer of ozone to the
aqueous phase [15], and, hence, increases the volumetric
mass transfer coefficient of ozone. This results in the increase of mass transfer rate of ozone from gas to liquid
phase, and thus the mineralization rate. Defining ozone
effectiveness as the ratio of TOC removal to ozone consumption [24], we can obtain ozone effectiveness values
of 0.034, 0.038 and 0.053 mg TOC/mg gaseous ozone at
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system were 4.5, 5.3, 7.0, 8.5 and 9.4, respectively. when
dye concentration was 0.91 mmol l 1, ozone concentration
was 0.81 mmol l 1, the gas flow-rate was 833 ml min 1,
and ultrasonic power density was 201 W l 1. Although
TOC removal rate was a little higher at pHs below 7.0,
the effect of initial pH on TOC removal was not significant (see Fig. 10). Phosphate buffer was not used to regulate pH in this study due to the scavenging effect of phosphate on hydroxyl radicals [25]. In this case, even if initial
pH varied from 4.5 to 9.4, pH dropped rapidly due to the
formation of carboxylic acids. Hence, pH values were
nearly the same for most of the reaction times under all
initial pH conditions, which would lead to similar TOC
removal.
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gas flow-rates of 603, 709, and 833 ml min 1, respectively.
This indicates that when ozone was consumed per unit
weight, more TOC was removed with increasing gas flowrate.
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The effect of sodium carbonate on the mineralization of
C.I. Acid Orange 7. Sodium carbonate to dye molar ratios

tested were 1 and 10, respectively, when dye concentration
was 0.91 mmol l 1, ozone concentration was 0.81 mmol l 1,
the ozone gas flow-rate was 833 ml min 1, initial pH was
9.4, and ultrasonic power density was 201 W l 1. The results showed that the presence of carbonate would improve TOC removal rate (see Fig. 11). This may be due
to the fact that the concentration of carbonate was only
9.1 mmol l 1, even if sodium carbonate to dye molar ratios
were as high as 10. In this case, the low buffer capacity of
carbonate could not keep pH at 9.4 during the whole reaction time. The pH value dropped around 2 during the first
15 min due to the formation of carboxylic acids, and carbonate would turn into carbonic acid and gaseous carbon
dioxide. Therefore, little scavenging effect of carbonate
was observed. In addition, inorganic salts were found to
reduce bubble coalescence which leads to the increase of
mass transfer rate by enlarging the contact surface [26].
Hence, there was a little improvement of TOC removal
during the first 15 min when carbonate was present in the
solution.
−

sonic power, gas flow-rate and sodium carbonate concentration. Initial pH has little effect on TOC removal.
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THE EFFECT OF REACTION TEMPERATURE AND
TIME ON THE ZEOLITISATION OF NATURAL KAOLINITE
Mahir Alkan, Zürriye Yılmaz*, Çiğdem Hopa and Halil Güler
Balikesir University, Faculty of Science and Literature, Chemistry Department, 10100 Balikesir, Turkey

ABSTRACT
A locally avaliable kaolinite has been decomposed by
the hydrothermal technique. Kaolinite activated at 600 oC
was subjected to hydrothermal treatment with NaOH solution in aqueous media for different reaction times at various
temperatures. Both kaolinite and the final experimental
products after the treatment were characterized by XRD and
FT-IR spectra. It has been concluded that calcination at
600 oC was the key step for the process and, metakaolinite,
the calcined product from kaolinite, is a convenient starting
material for the hydrothermal treatment. The influence of
time and temperature on the reaction products were evaluated in terms of composition of the final products
formed in the metakaolinite-alkaline system. Hydrothermal treatment of metakaolinite proved that the reaction
products were found to be zeolite NaA and hydroxy sodalite.

KEYWORDS: kaolinite, metakaolinite, hydrothermal treatment,
zeolite NaA, hydroxy sodalite.

INTRODUCTION
Kaolinite, having a chemical formula Al2O3.2SiO2.2H2O,
is one of the most versatile industrial minerals and is used
extensively for many applications. Its structure consists of
a single silica tetrahedral sheet and a single alumina octahedral sheet combined to form the unit kaolinite layer [1].
Reactions of kaolinite at elevated temperatures have found
many applications. In recent years there has been considerable interest in the use of metakaolinite, obtained by heating kaolinite, as a starting material in zeolite synthesis. If
the transformations from kaolinite to zeolites or to feldspathoids involve structural inheritance, it may be reasoned
that they would be facilitated by reactions which reduce
the coordination of Al from 6 to 4 and result in a network
of linked (Si,Al)O4 tetrahedra [2]. Thermal and structural
characterization of Brazilian South-Eastern kaolinitic clays
were investigated by Souza et al. [3].

Zeolites are crystalline aluminasilicates with uniform
pores, channels and cavities. The unique properties of low
silica zeolites (zeolites NaA (4A) and NaX) such as ion exchange capacity, sorption and catalytic activity, make them
ideal for various industrial applications [4]. Zeolite NaA has
been accepted as a better water softening agent in detergent formulations because of its high eco-friendliness, so
brightness studies on kaolin based Zeolite NaA has been
discussed and investigated [1]. Zeolites have generally been
synthesized from sodium alumino silicate gel prepared from
various silica and alumina sources. Kaolinite has been reported as an ideal, combined source for silica and alumina
for the synthesis of zeolites [5]. Formation of zeolite from
the system Na2O-Al2O3-SiO2-H2O in alkaline medium (pH>
10) was studied [6]. Novembre et al. [7] investigated the
synthesis of zeolitic minerals (Na-X and HS) using natural materials (naturally zeolitised alkaline volcanic rocks
and “Tripoli”). Synthesis was conducted at hydrothermal
conditions (80 oC) by use of alkaline silicates (NaxSiyOz)
and alkaline aluminates (NaxAlyOz). They showed that NaX zeolite synthesis begins after 5 h and reaches its crystallization climax at 18 h, with a broad field of existence
(about 500 h) of Na-X phase [7]. Furthermore, coal fly ash
was modified to zeolitic materials by hydrothermal treatment at 90 oC. The zeolite synthesis was studied as a function of the mole ratio of Na2O/SiO2 in the reaction mixtures. The results showed that NaP1 zeolite is obtained
when Na2O/SiO2 mole ratio was 0.7. Hydroxy sodalite is
the dominant zeolite phase in modified fly ash treated with
a higher Na2O concentration solution (Na2O/SiO2=1.3) [8].
The synthesis of Zeolite NaA from kaolinite essentially consists of two steps:
i) Thermal pre-activation of the kaolinite to get a dehydroxlated X-ray product called metakaolinite (metakalinisation) and ,
ii) Hydrothermal reaction of metakaolinite with aqueous alkaline solution (Zeolitisation).
It has been reported that the yield of Zeolite NaX
produced from metakaolinite is influenced by the firing
temperature of the kaolinite precursor. It has been ob-
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served that ancillary minerals like quartz and mica present
in the kaolinite remain intact during metakaolinisation
and further conversion to Zeolite NaA [9]. Zeolite 4A has
been recognised as a substitute for sodium tri-polyphosphate
(STPP), which is the traditional water softening agent in
detergents [1]. A report commissioned from the consulting firm WRc by the European Commission has confirmed
that a proposed ban on phosphates in detergents is justified on both environmental and economical grounds. Zeolite A should be used to replace phosphates such as sodium tripolyphosphate (STPP) in detergents. Phosphates in
household detergents can contribute around 50% of the
bioavailable phosphorus that helps to create toxic algal
blooms in waterways [10].
We have previously studied the effects of alkali concentration and solid/liquid ratio on the hydrothermal synthesis of zeolite NaA from natural kaolinite [11]. In this
study we have found the following results;
The higher NaOH concentration results in a higher ratio of hydroxy sodalite formation in the reaction mixture.
The product with 4N NaOH consisted of mainly zeolite
NaA while hhydroxy sodalite formation increased in the
product through 6 and 8N NaOH solutions.
With solid/liquid ratio 1.25g/25ml, 2.50g/25ml and
5.00g/25ml, the product was mainly zeolite NaA, while
hydroxy sodalite formation was observed with 7.50g/25ml
ratio.
The present paper deals with the reaction of kaolinite
with NaOH solutions under hydrothermal conditions. The
influence of metakaolinisation temperature, reaction time
and temperature have been investigated. All reactions were
carried out under hydrothermal conditions and the products obtained at different experimental conditions have been
characterized by XRD (X-Ray Powder Diffraction) and FTIR (Fourier Transform Infra Red Spectroscopy) analyses.

MATERIALS AND METHODS
Raw Material

The kaolinite used was a natural geological sample
was obtained from Kalemaden Ltd., Balikesir which is the
one of the largest kaolinite processors in Turkey. It was
grounded and sieved to 106 µm particle size and analysed
by XRF (X-Ray Fluorescence Spectroscopy ARL-9400XP). The chemical composition of kaolinite is given in
Table 1 and the XRD pattern of kaolinite is shown in Figure 1. The XRD analysis indicated that the typical natural
clay materials from the ceramic industries in the west of
Turkey are mainly composed of kaolinite with muscovite
and quartz as impurity. The sodium hydroxide used as main
reactant was of Merck grade.
TABLE 1 - Chemical analysis of the kaolinite used.
Component
SiO2
Al2O3
TiO2
Fe2O3
CaO
MgO
Na2O
K2 O
LoI *
*: Loss of Ignition

Weight (%)
48.70
36.73
0.33
0.57
0.32
0.27
0.01
0.88
12.59

Metakaolinisation

The kaolinite with a particle size of 106 µm was thermally activated in a muffle furnace at 600 oC for 2 h. The
metakaolinite formed after calcination was kept in a polyethylene bottle and characterized with FT-IR and TG/DTA
(Thermo-Gravimetric/Differential Thermal Analyzer) analyses.

FIGURE 1 - XRD pattern of kaolinite sample (K=Kaolinite, Q=Quartz, M=Muscovite).
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RESULTS AND DISCUSSION

Zeolitisation

In order to study the effect of the reaction time and
temperature on the products, the calcined kaolinite samples were mixed with 25 mL of 6 M NaOH solutions.
Solid:liquid ratio of all samples were 1.25 g/25 mL and,
no ageing was carried out. The reaction mixtures ( kaolinite + 25 mL of 6M NaOH) were then heat-treated in separate identical sealed bottles in an air oven for 2, 4 and 12 h
at 105 oC to investigate the effect of reaction time. To
examine the effect of temperature, the reaction mixtures
(kaolinite + 25 mL of 6 M NaOH) have been heat-treated
at 105, 95 and 85 oC for 2 h in a muffle furnace. The
reaction parameters are presented in Table 2. The resulting solutions were filtered and washed with distilled water
and ethyl alcohol. The products were dried at 105 oC for 2 h
in a drying oven. All final products were encoded as P1 –
P5 (P1-P5 as coded for the Product1- Product5) as given
in Table 2 and characterized by using XRD and FT-IR
techniques.
Characterization

Powder XRD patterns of kaolinite, intermediates and
products were recorded on a X’Pert PRO Panalytical diffractometer with CuKα radiation (40kV, 30 mA and λ=
1.5405 Å). The phases were identified from peak positions of products comparing them with the reference data
from the ICDD (International Centre for Diffraction Data)
database. FTIR spectra were obtained with a Perkin-Elmer
BX 2 IR spectrophotometer in a scanning range 4000400 cm-1 using KBr pellets. Thermal analyses were executed with a Perkin-Elmer Diamond TG/DTA instrument.

Thermal Treatment of Kaolinite Sample

The aim of the thermal treatment of kaolinite was to
prepare the samples for subsequent hydrothermal treatment of kaolinite in order to convert to zeolite. Although
the thermal behaviour of kaolinite has been subjected of
several studies it would be useful to discuss briefly the
effect of heat treatment on the structure of kaolinite.
Figures 2 and 3 present the DTA/TG curves of the
original kaolinite and calcined kaolinite at 600 oC used in
this study, respectively.
With differential thermal analysis (DTA) two endothermic peaks at 120 °C due to the removal of physically
adsorbed moisture, and at 550–650 °C due to the loss of
structural water and an exothermic peak at 980 °C (first
exotherm) related to crystallization of Al–Si spinel phase
at the medium scale of temperature were observed.
As discussed in our previous study in detail, in the
first step of transformation, kaolinite forms metakaolinite
with loss of structural hydroxyl groups during the occurrence of endotherm as noted in DTA. In the second step,
metakaolinite decomposes and forms spinel phase generally during heating around the first exothermic peak temperature [11]. However it would be useful and gives a tool
for understanding the changes during the heating to discuss the IR spectra and XRD patterns of the products
obtained during the reactions.

FIGURE 2 - DTA/TG curve of uncalcined kaolinite.
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FIGURE 3 - DTA/TG curve of kaolinite calcined at 600 oC.

Figure 4 presents the IR spectra of the calcined and
uncalcined kaolinite. The IR spectra reflect the structural
degradation of the clay components and formation of
phases during the thermal treatment. In Figure 4, the band
located at 3696 and 3621 cm -1 is related with the OHstretching which has been reported in Mg and Al-enriched
dioctahedral smectite [12]. Reported IR data for the dioctahedral smectites show a band near 1030 cm-1 due to SiO stretching vibrations of the tetrahedral layer and bands
at 538 and 467 cm-1 are due to the Si-O-Al (octahedral) and
Si-O-Si bending vibrations, respectively [13]. The weak absorption band at 621 cm-1 can be identified as the perpendicular vibration of the octahedral cations (R-O-Si) (R=
Al, Mg, Li) where the intensities are weak [14] and the
band at 798 cm-1 is attributed to Si-O-Si stretching vibration [15].
Some drastic changes were observed for the kaolinite
samples calcined temperature at 600 oC in Figure 4-b. The
broad band of metakaolinite, located at 798 cm-1 was
assigned to the Al–O bonds in Al2O3. The vibration band
at 1072 cm-1 for metakaolinite is due to the Si–O bonds in
SiO2. These specific bands confirmed the calcination of
kaolinite to metakaolinite phase.
Evaluation of Products

Although the heating temperature for the metakaolinisation was reported to be 900 oC in most studies [9], the
experimental results showed that kaolinite is subjected to
structural deformations at 600 oC and therefore it is expected to be convenient to use the sample obtained by ther-

mal treating at 600 oC in further experiments of zeolitisation.
Experimental conditions were given in Table 2, in order to observe the effect of reaction time and temperature
parameter on the zeolitisation of metakaolinite. The IR
spectra of the products which were obtained under different conditions for different reaction times and temperature
parameters are shown in Figures 5 and 6.
The range below 1200 cm-1 was studied in relation to
structural properties of the zeolite framework. The IR spectra of synthesized samples obtained after 2 h reaction times
are almost consistent with that of reference zeolite NaA and
the literature referred [9].
Band assignments have been given in terms of structure unspecific SiO4, AlO4 vibrations and vibrations of
larger entities which are dependent on the actual zeolite
structure [16]. In Figure 5 and 6 the broad bands at about
3400 and 1650 cm-1 are attributed to zeolitic water [16]. The
band of metakaolinite at 1072 cm-1 was shifted to 996 cm-1
(Figure 5) which could be assigned to anti-symetric stretching of T-O bonds (T: Si or Al) in alumina silicates with zeolite or sodalite structure. Absorptions at 996 and 665 cm-1 are
the characteristic of the (Si, Al)O4 tetrahedral frameworks
of zeolitic structures [2]. The weak band at about 553 cm-1
could point to beginning of the crystallization of a zeolite
with double rings [8].
At the curve (c) in Figure 5, in the spectral zone 750650 cm-1 there are three well defined bands at 733, 709
and 665 cm-1; they are in good agreement with the bands
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at 734, 707 and 664 cm-1 for hydroxy sodalite zeolite reported by Flaningen et al. [18]. Absorption at 465 cm-1
refers to Si-O-Si bending vibration which is present in the
IR spectra for all experimental products. In the sector 500420 cm-1, related to deformation vibration of T-O-T bond
[18] there is evidence of two well defined symmetric bands
at 461 and 435 cm-1; they are in consistent with reported
values for hydroxy sodalite zeolite at 463 and 435 cm-1 [18].
XRD pattern of reference zeolite NaA was given in
Figure 7 for comparison of products obtained in the experiments. XRD patterns of P1, P2 and P3 products obtained
from experiments at 105 oC with 6 M NaOH solutions for
2, 4 and 12 h, respectively, are given in Figures 8-10. The
XRD patterns confirmed the presence of the crystalline
phase of zeolite NaA and hydroxy sodalite which was

formed in the products, P1, P2 and P3. The positions and
relative intensities of the diffraction peaks for products
obtained under the conditions given in Table 2 are consistent with the reference data of zeolite NaA (ICDD 39222) and of hydroxy sodalite (ICDD 11-401) and with
XRD pattern of reference zeolite NaA (Figure 7). The
quartz which has already been in natural kaolinite is also
present in all the products without reacting with any
reagents (ICDD 33-1161). When compared the XRD patterns (Figures 8-10), the peak intensities of hydroxy sodalite phase increased with increase in reaction time. For
long reaction times (12 h) it was clearly seen that the
phase, zeolite NaA has almost converted to hydroxy sodalite (Figure 10) since the XRD peak intensities of hydroxy
sodalite increases in that progress.
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FIGURE 4 - IR Spectra of ; (a) kaolinite uncalcined, (b) kaolinite calcined at 600 oC.

TABLE 2 - Reaction parameters used for hydrothermal treatment of kaolinite with NaOH solutions.
Calcination
Temp./Time
(°C/h)
600/2
600/2
600/2
600/2
600/2

NaOH conc.
(M)

Reaction Temp.(°C)

Reaction
Time (h)

Product
Code

6
6
6
6
6

105
105
105
95
85

2
4
12
2
2

P1
P2
P3
P4
P5
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a
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FIGURE 5 - IR Spectra of (a) P1 (b) P2 (c) P3 (d) Reference zeolite NaA.
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FIGURE 6 - IR spectra of (a) P1, (b) P4, (c) P5, (d) Reference Zeolite NaA.
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FIGURE 7 - XRD pattern of reference Zeolite NaA (Z=Zeolite NaA).

FIGURE 8 - XRD pattern of P1 ( Z=Zeolite NaA, S=Hydroxy Sodalite, Q=Quartz).

FIGURE 9 - XRD pattern of P2 ( Z=Zeolite NaA, S=Hydroxy Sodalite, Q=Quartz).
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FIGURE 10 - XRD pattern of P3 ( Z=Zeolite NaA, S=Hydroxy Sodalite, Q=Quartz).

FIGURE 11 - XRD pattern of P4 ( Z=Zeolite NaA, S=Hydroxy Sodalite, Q=Quartz).

FIGURE 12 - XRD pattern of P5 (Z=Zeolite NaA, S=Hydroxy Sodalite, Q=Quartz).
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The phases of the products obtained at different temperatures were evaluated with the XRD technique. The
XRD patterns of the samples (P1, P4 and P5) (Figures 8,
11 and 12) which are synthesized at 105, 95 and 85 oC,
show that there was no significant changes in the formation of sodalite and zeolite phases for the reactions
occured at 105 and 95 oC. But at 85 oC it was clearly seen
that the sodalite formation increased in great quantity.
CONCLUSIONS
The conclusions after hydrothermal process could be
summarized as follows;
i) In order to activate a natural kaolinite, temperature
value of 600 oC seems to be the most convenient one for
the calcination of kaolinite before hydrothermal treatment. The activated material called metakaolinite was
ready to react with alkaline solutions.
ii) Zeolite NaA can be obtained from kaolinite by hydrothermal method with 6M NaOH solution at 105 oC for
2, 4 and 12 h. But as the reaction time increases, hydroxy
sodalite was observed to form with the zeolite NaA.
When the reaction temperature was decreased from
105 to 85 oC, the hydroxy sodalite formation was increased. So the hydrthermal reaction temperture 105 oC
should be preferred for the synthesis of zeolite NaA from
the natural kaolinite.
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ABSTRACT
The effects of saponin on amylase and polyphenol oxidase (PPO) activities in embryo and endosperm tissues of
wheat seeds during germination were investigated. Germination of wheat seeds was inhibited by saponin from beginning of germination up to 48 h. Amylase activity was
found to be higher in endosperm than in embryo of wheat
seeds, whereas it was contrary in the case of PPO activity.
The effects of saponin on amylase and PPO activities were
found to be different during seed germination. While saponin
decreased amylase activity, it increased PPO activity. Amylase activity was lower in saponin-treated seeds than in
control 0 up to 24 h of germination. On the other hand, PPO
activity was higher in saponin treatment than in control
between 0-12 h of germination time.

KEYWORDS: Amylase, polyphenol oxidase, saponin, seed germination, wheat.

INTRODUCTION
Allelochemicals, which have a special emphasis as
natural compounds, are major agents of allelopathy in nature. The chemicals` interactions that occur among living
organisms, including plants, insects and microorganisms,
are called allelopathy, and the organic compounds involved
in allelopathy are called allelochemicals. It is well-known
that application of synthetic pesticides and herbicides can
cause environmental and public health risks; hence, efforts
are made to limit their use. Some approaches to overcome
this problem may be based on the use of allelochemicals.
Because allelochemicals have a short half-life and are biodegradable, they are considered to be environmentally and
toxicologically safer than synthetic compounds. However,
it is necessary to further establish physiological and biochemical effects of allelochemicals on plants [1-4].

Saponins are a group of allelochemicals present in
many plant families. Differential synthesis and/or accumulation of saponins is observed in different plant tissues and
organs depending upon species, age and enviromental conditions. Saponins may be exuded from plant tissues or be
released during mechanical injury or decay of vegetative
material, thereby posing a potential for allelopathic interactions. The ecological/physiological roles of saponins have
been defined with regard to certain plant-plant, plantmicrobe or plant-insect interactions [5-8]. Especially their
antifungal activity of medicagenic acid glycosides is wellknown [9]. Saponins may be phytotoxic through their effects on membrane lipids or on specific enzymes [10]. However, roles of saponins are hypothetical, and their mode of
biological action is still not totally understood.
Amylase and polyphenol oxidase (PPO) enzymes exist both in embryo and nutritional tissues of all the seeds
studied up to now. Amylase is a major enzyme playing a
role especially in germination of cereal seeds by breaking
down starch to sugar in endosperm. PPO has been suggested to play roles in seed germination and to overcome
several stresses by producing quinones from phenols [1115]. Although both amylase and PPO activities are known
to play an important role in seed germination, whether or
not saponin influences the activities of either enzyme has
not yet been studied in any species. Therefore, the aim
herein was to investigate the effects of saponin on amylase and PPO activities during wheat seed germination.
MATERIALS AND METHODS
In this work, wheat seeds (Triticum durum cv. Altar)
were supplied from Department of Plant Breeding, University of Ege, Izmir, Turkey. The seeds were surface sterilized with 1 % sodium hypochloride. One-hundred seeds
were placed in 12 cm Petri dishes lined by two sheets of
Whatman no 1 filter paper, moistened with 10 ml distilled
water (as control), or with saponin solution at 0.5 % concentration, which was chosen since several previously re-
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ported studies have shown that this concentration was inhibitory on several species including wheat [8, 16-18].
Saponin (Sigma) solution was prepared by dissolving it in
distilled water, then the dishes were left in an incubator at
25 0C under continuous dark. The seeds were presoaked
in distilled water for 6 h, then soaked in Petri dishes, and
this was accepted as beginning of germination. Germination of the seeds was followed up to 48 h, and percent germination recorded at 12-h intervals. Radicle emergence was
assumed as criterion of seed germination.

[19-21]. Nevertheless, effects of saponin on amylase and
PPO enzymes, which play role(s) in seed germination, are
not known.

Seed fractions, embryo and endosperm, were separately
weighed (0.5-2g) and homogenized with 10 volumes of
cold phosphate buffer (0.1M, pH 6.5). The homogenates
were centrifuged for 10 min at 4000 rpm. The supernatants
were used for determination of enzyme activities.
Amylase activity was determined by the starch-iodine
method [12], with some modifications. The assay mixture
was containing 1 ml of a soluble starch substrate (0.3g /
50 ml containing 1.5 ml of 1M acetate buffer pH 5.2) and
1 ml enzyme extract. Aliquots (0.1 ml) were withdrawn
after 2 and 5 min of incubation at 30 0C and added to 5 ml
of iodine solution (0.25g I2 and 4g KI/L). Absorbance was
measured at 608 nm and the activity was expressed as
change in absorbance per g seed fraction (∆ A 608 / min / g
tissue).
DOPA-oxidizing PPO activity was determined spectrophotometrically by measuring absorbances of reaction products at 490 nm [15]. The reaction mixture contained 4 ml
of substrate solution (10 mM) DOPA and 0.2 ml of enzyme
extract. The mixture was incubated at 30 0C for 3 min. Then
absorbance was recorded, using substrate solution as a blank.
Under the assay conditions, the absorbance value was expressed as the PPO activity unit per g seed fraction of fresh
weight (A 490 / min/g tissue). The experiment was repeated
three times, and the mean values were presented on the
figures with standard errors. In addition, correlation test
was applied on the values of seed germination and enzyme
activities to define relation between germination + amylase activity and germination + PPO activity.
RESULTS AND DISCUSSION
Germination of wheat seeds in both control and
saponin-treated seeds was increased rapidly during first
24 h, but then slowly up to 48 h. For example, while germination percentage in control was 8 % at 6 h, it increased
9-fold and reached 72 % at 24 h, whereas it only was increased up to 85 % at 48 h. However, germination of wheat
seeds was inhibited by saponin from beginning of the germination up to 48 h.
The suppression was seen to be almost 2-fold at 48 h
(Fig. 1). As seen in the present study, several articles have
also reported that saponins are physiologically active phytotoxic compounds, and germination and seedling growth
of wheat are shown to be decreased by saponin treatments

FIGURE 1 - The effect of saponin on the time
course of wheat seed germination. Vertical bars represent
standard error of means of three independent experiments.

In this study, amylase activity was found to be higher
in endosperm than in embryo of wheat seeds, whereas it
was opposite in the case of PPO activity, which was found
to be higher in embryo than in endosperm. For example,
when comparing 24 h of germination of control seeds, amylase activity was eight-fold higher in endosperm than
embryo; PPO activity was about fifteen-fold higher in
embryo than endosperm, respectively. In a previous
work, PPO activities using catechol, DOPA, caffeic acid
and tyrosine substrates were also found to be higher in
embryo than in endosperm, or in cotyledons of chickpea,
soybean, bean, barley, wheat and corn seeds [15]. However, in the present study, amylase activity in embryo
and PPO activity in endosperm were found to be much
lower, and the activities showed no significant changes
during seed germination. Therefore, the values of amylase
activity in embryo and PPO activities in endosperm were
not presented.
Amylase and PPO activities showed an increase from
0 up to 24 h of seed germination, but later they showed a
sharp decline in control samples (Figs. 2 and 3). As seen
in Fig. 1, germination percentage showed also an increase
with time period, which was relatively higher during the
same time period and slowed down later. So, the parallelism between seed germination and enzyme activities during
0-24 h of germination implies that amylase and PPO enzymes may play role(s) in the beginning of germination of
wheat seeds.
So far, researches about saponin effects were focused
on its fungicidal activity [9]. Its physiological actions on
amylase and PPO enzymes are not known. Saponin inhibited markedly amylase activity in endosperm of the seeds
during 0-24 h of germination, with respect to control. However, this inhibitory effect disappeared between 36-48 h
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of germination (Fig. 2). In the case of PPO, it was contrary.
That is, PPO activity was increased by saponin from 0 up
to 12 h, and then it started to decline, below control level.
In other words, PPO activity in saponin-treated seeds began
to increase markedly after 6 h, reached a maximum at 12 h,
and then started to decrease gradually with time below the
6-h level (Fig. 3).

during 0-24 h could be found. Also, from 24 h of germination up to 48 h, no significant correlations were detected between germination and both enzyme activities.
Therefore, it can be said that suppressive effects of saponin on wheat seed germination may be related to its inhibitory effect on amylase activity during 0-24 h of germination. However, suppressive effect of saponin continues
after 24 h up to 48 h, but this effect can not be seen on
amylase activity in this period. This may be because of
the completion of amylase action on starch breakdown in
endosperm until 24 h of ger-mination. Then, saponin may
inhibit other enzymes in en-dosperm, such as proteases
and lipases, or other mechanism(s).
On the other hand, a temporary increase in PPO activity at the beginning of seed germination (during the first
12 h) caused by saponin may be due to an increase in gene
transcription or protein synthesis activity, resulting in an
increase of PPO level. It is also possible that the increase
in PPO activity may be due to an allosteric regulation or a
decrease in proteolytic degradation activity, which needs
to be further investigated. The decrease at later time points
may simply be an account of negative regulation by PPO
products. Similarly, in previous works, increases in PPO
activity during seed germination of spruce [22] and cucumber [23], as a result of oxidative stress induced by juglone
(5-hydroxy-1,4-naphthoquinone) allelochemical responsible for walnut allelopathy, have been indicated.

FIGURE 2 - The effect of saponin on the time course of
amylase activity in endosperm of wheat seeds. Vertical bars
represent standard error of means of three independent experiments.

An observation in this study is the browning of radicle
tip in saponin-treated seeds. Although the reason of this is
not known, it may occur as a result of PPO activity stimulated by allelochemical stress of saponin. Apart from allelochemical stress, this has also been reported in salt stress
of bean and corn related to PPO activity which oxidizes
some phenols to quinines, which are coloured ranging from
yellow to dark-brown depending on phenolic substrate [14].
In conclusion, wheat seed germination was inhibited by
saponin during 48-h germination, with respect to control.
The effects of saponin on amylase and PPO activities during seed germination were found to be different; that is,
while amylase activity was lower in saponin-treated seeds
than in control from 0 up to 24 h of germination, PPO activity was higher in saponin treatment than in control between
0-12 h of germination time. On the other hand, amylase
activity was found to be higher in endosperm than in embryo of wheat seeds, contrary to PPO activity.

FIGURE 3 - The effect of saponin on the time course
of PPO activity in embryo of wheat seeds. Vertical bars
represent standard error of means of three independent experiments.

Effects of saponin on amylase and PPO activities were
found to be different during germination. Saponin inhibits
amylase activity but stimulates PPO from 0 up to 24 h of
seed germination. Most of the biochemical events responsible for the germination, such as starch breakdown in endosperm and respiration in embryo tissues, occur during this
time [13]. Thus, in the study, a positive correlation between
germination and amylase activity in endosperm was found
to be significant (P <0.01) during 0-24 h of the experimental time points, whereas no significant positive correlation between germination and PPO activity in embryo
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ABSTRACT

INTRODUCTION

A seasonal air temperature forecasting is attempted by
using statistical methods. The data basis consists of seasonal surface air temperature values at 514 grid points of
the northern hemisphere, for the period 1948-2006. At first,
grid points with covariant seasonal air temperatures for the
period 1948-1996 are objectively grouped, by using Factor
Analysis. Then, Canonical Correlation Analysis is applied
on the time series of factor scores for each of the 4 pairs
of sequential seasons as well as for the 4 pairs of ‘crosswise’ seasons. The results show that the number of the statistically significant pairs of canonical variates (Wi, Vi)
ranges between 4 and 9 and the correlation coefficients between the canonical variates are higher than 0.92. Then, for
every analysis, the Wi time series is correlated to the air
temperature ones of the predictor season and the Vi time
series to the air temperature ones of the predictant season
for all the grid points. By plotting the correlation coefficients on maps, the isopleths indicate the areas where seasonal air temperature can be forecasted. The best results (r>
0.70) are found for three low latitude areas, where persistence prevails: a) autumn-winter: western Indian Ocean central and eastern Indian Ocean, b) autumn-winter: central
Pacific - eastern Pacific and c) spring-autumn: eastern
Pacific - eastern Pacific. The results in the middle and high
latitudes are less significant and practically they cannot be
used for a seasonal air temperature forecast. Finally, for the
areas characterized by high correlation coefficients between
the canonical variates and the temperature time series, a
validation process is carried out by comparing the temperature anomalies time series of the corresponding seasons
for the period 1997-2006. The results confirm that prediction may be considered practically satisfactory for some
low latitude areas of the Indian, the Atlantic and the Pacific
Oceans.

KEYWORDS: Air Temperature, Seasonal Forecasting, Multivariate Statistical Methods

Long-range weather prediction has been one of the
basic aims of meteorologists since the middle of the 20th
century. As the pure dynamical prediction methods were
not applicable for many years, statistical methods were
developed and applied, leading to interesting, but not
always satisfactory, results. An improvement in statistical
weather prediction has been achieved during the last decades with the revelation and study of some quasi-periodic
phenomena, as for example the El Nino - Southern Oscillation, the North Atlantic Oscillation, the Pacific - North
American teleconnection, etc. Sea-Surface Temperature
(SST) is one of the principal factors that influence seasonal climate variability and most seasonal prediction
schemes make use of information regarding SST anomalies [1]. The persistence of SST anomalies contributes
significantly to seasonal forecasting skill. The latter is found
to be higher when predicting autumn and winter conditions, compared to spring and summer ones, due to the
seasonal cycle of the mixed layer depth [2-4]. The El
Nino phenomenon can be satisfactorily predicted and
thus, the weather of the neighbouring areas can also be
predicted with the same degree of accuracy. The areas
mostly affected by the El Nino variability are the low latitude areas of the Pacific and South America, while for middle and high latitude areas the correlation has been found
to be low [5-6]. Some of these areas are affected by the
North Atlantic Oscillation, which mainly affects the
weather of Europe and the Mediterranean [7-10].
During the last decades, seasonal temperature prediction has been a subject of extensive research [11-12]. From
a statistical point of view, long-term air temperature prediction demands the study of air temperature variability and
covariability in an extended area of the earth surface. The
variability and covariability of air temperature and other
meteorological parameters have already been studied by
many researchers [13-16]. By applying Factor Analysis, a
multivariate data reduction technique, the area under study
is divided into sub-areas presenting a uniform and characteristic temperature variability. It is well known that air
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temperature has generally increased since the middle ’70s
in most areas of the Northern Hemisphere. This temperature increase has been found to be much higher in continental areas (e.g. Siberia 1960-1995: 1.5ºC) [14]. However,
especially for the east Mediterranean, this increase starts
with a significant delay (in 1990s) due to a persisting anticyclonic circulation in central Mediterranean favouring
northerly air currents from NE Europe [17-18].
Apart from the clarification of the main modes of climatic variations, the application of the so-called “objective” statistical methods (including Factor Analysis), leads
to another significant research product: the revelation of air
temperature teleconnections [19-20]. One of the most significant teleconnections refers to the El-Nino area. In this
case, air temperatures in the East Equatorial and Tropical
Pacific, South America and the Far East are covariant.
In the present work, the correlation of air temperature
between different seasons is studied in the northern hemisphere, taking into account the above findings. The appropriate methodology for this kind of statistical approach involves Canonical Correlation Analysis (CCA), a multivariate statistical method investigating the degree of covariability between two fields of data (in this case seasonal air
temperature of two seasons). By applying CCA, statistically significant correlation coefficients can be revealed between air temperatures of different seasons in the same
and/or different areas. Thus, a seasonal air temperature
forecast is possible in some areas of the northern hemisphere. If this is not the case, the air temperature time series
are linearly independent variates and such a prediction is
not possible. Finally, for a validation of the findings, the
achieved seasonal forecasts are tested for the last 10-year
period.
MATERIALS AND METHODS
Monthly values of surface air temperature in 514 grid
boxes (10º longitude x 5º latitude), covering the northern
hemisphere, are used, for the periods 1948-96 and 19972006 (validation period) as anomalies from the mean values of the period 1951-90, kindly provided by the University of East Anglia (United Kingdom). These values are
transformed into seasonal values: winter (DJF), spring
(MAM), summer (JJA), and autumn (SON).
By applying Factor Analysis (FA), the grid boxes that
present common temperature variability during the 49-year
period 1948-96 are objectively grouped, separately for each
of the four seasons of the year. In this way, the 514 initial
time series are reduced according to the Guttman rule [21]
into m (20<m<30) factors and their further study becomes
easier. The percentage of the total variance explained is
higher than 80% in each case. In this work, FA is applied
only as a data reduction tool and the FA results are not presented, since they have been reported by Metaxas et al. [5].

Next, CCA is applied to the new standardized time
series produced by FA (factor scores) for: i) the 4 combinations of sequential seasons: spring-summer, summerautumn, autumn-winter and winter-spring and ii) the 4 combinations of crosswise seasons: spring-autumn, summerwinter, autumn-spring and winter-summer. The statistical
method CCA has been described analytically by many
researchers [22-24]. Here, its is briefly noted that CCA is
a multivariate statistical method that investigates the possible existence of covariability between two sets of variables, X1, X2, …, Xp and Y1, Y2, …, Yq. This is achieved
by creating at first two linear combinations of these variables W1 and V1 such as: W1=a11X1+a12X2+…+a1pXp and
V1=b11Y1+b12Y2+…+b1qYq. The coefficients a11, a12, …,
a1p and b11, b12, …, b1q are properly selected in a way that
the correlation coefficient between W1 and V1 is maximum. These equations are called canonical equations, the
W1 and V1 are called canonical variates and the corresponding correlation coefficient C1 between W1 and V1 is
called canonical correlation. The above procedure continues by assuming a new pair of variates (W2, V2) in a way
that the correlation coefficient between W2 and V2 is maximized, provided that the pair of variates (W2, V2) is uncorrelated to the pair (W1, V1). Finally, the method results
in m pairs of canonical variates, being uncorrelated and
statistically significant. In the present work, the results
show that the number of statistically significant (95%
confidence level) pairs of canonical variates ranges from
4 (summer-winter) to 9 (winter-spring) and all the canonical correlations exceed 0.92. The last and most important
stage of the methodology is the identification of the relation between each of the canonical pairs (Wi, Vi) and the
real data time series (grid box seasonal temperatures).
Therefore, the correlation coefficients i) between Wi and
the temperature time series of the predictor season and ii)
between Vi and the temperature time series of the predictant season for all the grid boxes are calculated. By
constructing the corresponding canonical maps, the areas
of maximum correlation in both fields are identified. In
these areas, seasonal air temperatures are covariant to a high
degree, inasmuch as Wi and Vi are also highly correlated.
Hence, in this work, there may exist cases where the mean
air temperature for a specific season can be adequately predicted, by using the air temperature of a previous season,
in the same or/and another area.
RESULTS AND DISCUSSION
Results of CCA and Seasonal Prediction

In this work, the time series of the canonical variates
revealed, W and V, are not presented analytically; it is only
mentioned that all of them are highly correlated, r> 0.92.
The canonical correlation maps are presented only, viz.
the maps representing the spatial distribution of the correlation coefficients between the canonical variates and the
original data time series. Each correlation coefficient corresponds to one grid box in the northern hemisphere and the
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isopleths of correlation for r>0.30 (0.05 statistical significance threshold) are drawn. For each of the canonical pairs,
(Wi, Vi), the corresponding pair of correlation maps shows
the areas presenting high correlation coefficient values.
These are the areas that may be used for prediction of
seasonal mean air temperature, provided that such areas
exist on both canonical maps.
Prediction: Winter from Autumn

In this case, CCA revealed 7 statistically significant
canonical pairs. Only the first canonical pair is presented
here (Figure 1). This canonical pair can be characterized
as the most important finding of the present work, as the
correlation coefficients between the canonical variates W1
and V1 and the temperature time series in autumn and win-

ter, respectively, are found to be higher than 0.70 in extended areas, while in some cases (autumn, Indian Ocean)
they exceed 0.80. In Figures 1a and 1b, the strong spatial
and temporal temperature teleconnection between the tropical and equatorial Pacific Ocean and the Indian Ocean is
apparent. This can be attributed to the air temperature persistence, characterizing mainly the low latitude areas and
it is in agreement with the results of most of the seasonal
forecasting studies, showing that the predictability is highest in the low latitudes [25]. According to the Figures 1a,
1b, it is obvious that there is a thermal influence (or interaction) of the El Nino area on the other areas, but it is also
evident that there are areas that are not influenced by El
Nino. A comparison between Figures 1a and 1b leads to the
conclusion that the center of the high value areas presents
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FIGURE 1 - Isopleths of correlation coefficient between:
(a) W1 and air temperature for autumn and (b) V1 and air
temperature for winter (isopleths of negative values are dashed).
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FIGURE 2
As in Fig. 1, but for (a) W1 – winter and (b) V1 – spring.
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an eastward displacement from autumn to winter. Consequently, the better possible air temperature prediction for
winter can be succeeded for the east tropical Pacific Ocean
and the central and east Indian Ocean, based on the autumn air temperature in the central tropical Pacific and the
west Indian Ocean.
According to the second canonical pair (W2, V2) (figures not shown), a temperature correlation between the
central Atlantic (NAO area) and the central Mediterranean
is found, but with generally rather low correlation coefficients (0.40-0.50). Low correlation coefficients are also
found for the rest of the canonical pairs (Wi, Vi), not being presented.

oscillations and the correlation coefficient values are satisfactorily high. The canonical pair (W1, V1) (Figures 2a, 2b)
corresponds to 3 teleconnected areas, being almost identical for both seasons. According to the correlation coefficient values, the seasonal prediction seems to be possible for the following areas: the area of the north Atlantic
around the Icelandic low, the area of the north Pacific
affected by the Pacific-North American Oscillation [19,
26] and, with an opposite sign (see-saw teleconnection), the
Indian Ocean. The maximum correlation coefficients are
above 0.60. For W2 and V2 (Figures 3a, 3b), there are some
relatively high correlation coefficients (r>0.70) in the west
tropical Atlantic, but the predictability seems to be low, as
these high coefficients appear only for winter (Figure 3a),
while the corresponding coefficients for spring are below
0.60. Finally, the canonical pair (W4, V4) (figures not
shown) presents the maxima of correlation coefficient in the
same areas revealed by the first canonical pair in the winter-autumn prediction, but to a lesser degree.
Prediction: Summer from Spring

In spring (7 statistically significant canonical pairs), the
air temperature in coastal California is teleconnected to the
air temperature in the Canadian coasts and Alaska and furthermore to that of the tropical Indian Ocean (|r|>0.70). Also,
it is teleconnected, with an opposite sign (see-saw), to that
of the central Pacific (|r|>0.60). In summer, the teleconnections of the Pacific Ocean appear to be weaker, while in the
Indian Ocean, which is characterized by the monsoon circulation during this season, the teleconnection centers seem
to be transferred eastwards (Figure 4b). Finally, it is noted
that there is another relatively high correlation area, |r|>
0.60, in the central equatorial Pacific (W2, V2) (figures not
shown).
Prediction: Autumn from Summer

All the correlation coefficients on the 16 maps, corresponding to the 8 statistically significant canonical pairs,
are found to be lower than 0.70. Their maximum values
hardly exceed 0.60, but even in these cases they do not
appear on both maps (Wi, Vi), with one exception only: the
canonical pair (W3, V3) (figures not shown), where a correlation in the air temperature between two small areas in the
equatorial central Pacific and the east Pacific Ocean respectively is revealed.
Prediction for “crosswise” seasons

FIGURE 3
As in Fig. 1, but for (a) W2 – winter and (b) V2 – spring.
Prediction: Spring from Winter

In this analysis (9 statistically significant canonical
pairs), the results can also be considered significant, since
they refer to areas being influenced by known atmospheric

As in the case of sequential seasons, the seasonal high
predictability in the case of “crosswise” seasons is restricted mainly in the low latitude areas of the oceans,
where the temperature persistence is high. In the high latitudes, the correlation coefficients are relatively low and
their maximum values do not exceed 0.50. Generally, the
results of the analyses of “crosswise” seasons are somewhat weaker than these of “sequential” seasons, but there
is one remarkable exception: the prediction of autumn air
temperature from the spring one. In Figure 5, it can be seen
that the high correlation coefficient areas and the corre-
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sponding temperature covariant areas are similar to these
detected for the summer-autumn prediction analysis. The
safest conclusions can be derived for the area of the east
Pacific Ocean near the California coasts. The spring and
autumn air temperature in this area is highly correlated to
W2 and V2, respectively, with the correlation coefficients
exceeding 0.70. It is also noted that there is an increase, of
about 0.10, in the coefficient values relatively to the corresponding values of the spring-summer analysis, but this
increase is not found to be statistically significant (95%
confidence level). It seems that in this area, the spring air
temperature presents the most significant persistence, as it
is equally highly correlated to both summer and autumn
air temperatures. The latter is not detected for any other
areas of the earth surface or any other seasons.

FIGURE 5
As in Fig. 1, but for (a) W2 – spring and (b) V2 – autumn.
Validation

FIGURE 4
As in Fig. 1, but for (a) W1 – spring and (b) V1 – summer.

The results of CCA reveal the areas that present high
correlation coefficients between the canonical variates and
the air temperature time series. Thus, it can be inferred that
the corresponding seasonal air temperature time series referring to different seasons in different and/or the same areas
are found to be covariant. This means that the seasonal air
temperature prediction may be possible for the above areas.
In order to verify this conclusion, a validation process is
carried out. Specifically, the average seasonal air temperature anomalies are calculated for the areas presenting high
correlation coefficients between air temperature and canonical variate time series (Figures 1-5), for the last 10-year
period 1997-2006. The areas are defined, by using 0.5, 0.6
or 0.7 isopleths, depending on the general magnitude of the
correlation coefficients for each specific case. The above
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seasonal air temperature values are compared according to
the CCA findings. It is seen that there is a good agreement
in temperature anomalies time series for two cases referring
to the autumn - winter prediction, one case for the winter spring prediction and two cases for the spring - summer
prediction.
In particular, for autumn - winter (Figure 1), the prediction is satisfactory for the core areas in the equatorial
Pacific Ocean and the Indian Ocean, where the autumn and
winter air temperatures covary to a high degree and generally present anomalies of the same sign (Figure 6). For the
winter - spring prediction, the predictability in the subtropical Atlantic core-areas (Figure 3) is satisfactory for

the first half of the validation period, i.e. 1997-2001, where
the anomalies are of the same sign and about the same magnitude, though it seems to be lower during the second half
of the period (Figure 7). Finally, for the spring - summer
prediction, the predictability of the summer air temperatures in Indonesia and the east Pacific core-areas from the
corresponding spring temperatures in the Indian and the
east Pacific areas respectively (Figure 4) is satisfactory
almost for the whole validation period, as the difference between the spring and summer anomalies does not generally
exceed 0.5 degrees of Celsius (Figure 8).

FIGURE 6 - The variations of autumn and winter air temperature anomalies
(a) in the equatorial Pacific Ocean and (b) in the Indian Ocean, for the validation period 1997-2006.

FIGURE 7 - As in Fig. 6, but for winter and spring temperature anomalies in the subtropical Atlantic.
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FIGURE 8 - As in Fig. 6, but for spring and summer temperature anomalies
(a) in the east Pacific Ocean and (b) in the Indian Ocean and Indonesia respectively.

CONCLUSIONS
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ABSTRACT
The Omerli dam is the major drinking water reservoir
of the Istanbul Metropolitan City. Its basin area experiences
a rapid increase of the urbanized area and updated information is needed to assess and manage the impacts of landuse changing on water quality. Results of increasing rapid
population are unplanned and illegal housing, irrelevant
industries and motorways passing through the protection
zones of the catchments area, together with insufficient infrastructure. One important drinking lake is taken as study
area for this paper. The study is focused on the assessment
of urbanization in relation to land-use and water quality
using Remote Sensing and GIS techniques for all protected
zones of the Omerli Water Basin Area, and a time variant
analyzing model is obtained. The project uses SPOT-PAN,
XS and IRS-1C/D PAN and satellite data of 1992, 1996 and
2000 for urban analysis, as well as LISS-III satellite data of
1996 and 2000 for water quality. For calibration and validation, ground truth samples are collected from the experimental area.

KEYWORDS:
Remote Sensing, Geographic Information System (GIS), landuse, water quality, drinking water, water resources management.

INTRODUCTION
Some drinking water reservoirs are located close to expanding urban areas or to commercial agricultural activities, or are the downstream recipients of sediments, nutrients, and other discharges generated from inland sources.
Especially in these cases, they are being impacted negatively by the waste discharged from the industrial plants and
residential areas, in addition to other natural phenomena. It
is important to understand the impact of these stresses on
the drinking water dams. However, it has been difficult to

develop methods and strategies that facilitate monitoring
and assessment of catchments. In order to ensure a clean
water supply to the cities, a technique needs to be developed
that can be used to obtain reliable data, permitting an assessment for monitoring water quality in the support of the
management of water resources using satellite data [1-4].
Nowadays, RS and GIS techniques are important tools
to respond to this problem, through an identification of the
change dynamics of land-use in the catchment area and
water quality at the dam. Transparency assessments of water-bodies can be expressed in terms of suspended sediment
concentrations, turbidity, or Secchi disk depth [5-10].
Istanbul is the city with the largest population in Turkey. According to the Turkish Statistical Institute for the
year 2000, Istanbul’s population had reached over 10 million persons [11]. The large population is producing some
problems of administrative, social and economic character
in Istanbul, as well as pollution problems of the surface
water reserves [12]. Periodically repeated field inventories
are necessary for the protection of the drinking water dam
catchment areas.
One of the major drinking water dams is the Omerli
dam, which supplies 40% of total drinking water to Istanbul. Irrigation, agriculture, urbanization and other natural
impacts have influenced the water quality conditions in the
Omerli Drinking Water Catchments. Its annual population
increase rate of 4.6% is twice the average of the country
[12].
The main purpose of this paper is to describe the application of multi-temporal satellite data for monitoring the
land-use of the Omerli Catchments and water quality
changes of the Lake using RS techniques.
STUDY AREA
One of the major drinking water reservoirs of Istanbul, the Omerli Lake, is located on the Asian side of the
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FIGURE 1 - Study area consists of Omerli water basin and dam which is given with
arrow on georeferenced vector data with streams and includes all Istanbul water basin area.

Bosphorus, near the Black Sea coast. It provides 40% of
the water demand of the Istanbul Metropolitan Area, where
there are seven more drinking water dams. It has a reservoir area of 23 km2 and a total drainage area of 621 km2.
Its annual average water inflow is 189 million m3 with a
reservoir capacity of 214.392 million m3. Omerli Water
Basin and Dam are shown in Fig. 1 as geo-referenced vector data with streams, and including the whole Istanbul
Water Basin Area [13]. The southwest part of the Omerli
catchments has experienced an impressive and unplanned
urbanization, with an increase of the population as large as
35.67% between the years 1985-1990 [14].
GROUND TRUTH DATA
In Istanbul, the regulations created by the Istanbul Water and Sewerage Administration (ISKI) have led to the
establishment of four types of protected areas around dams:
absolute (0-300 m), short (300-1000 m), medium (10002000 m), and long distance protected areas (2000 m-Water
Basin Border).
Current significant problems associated with these areas include unplanned and illegal housing, illicit industries
and motorways passing through the protection zones. There

are 26 urban settlement areas, of which 74% are located
within the long-range protection zone, 10% at the medium
range, 9% at the short range, and 7% at the absolute protection zones. The settlements within the absolute and shortrange protection zones have a major impact on the deterioration of the water quality, and on the ecology of the catchment area. This is contrary to the current Turkish Regulations that prohibit the use of these highly protected areas
for any type of settlement [12].
The high rate of population increase in the catchment
area of the Omerli Dam Lake is remarkable, and a decreasing water quality in the lake is the response to this. As can
be seen from Table 1, there are three settlements in the absolute protection zone. This contradicts with the regulation,
and 1% of the population of the catchment area lives there.
The amount of settlements in the short and medium range
protection is negligible, and 96% live in the long-range
protection zone.
There are about 244 industrial plants in the area belonging to 27 different categories. Evaluation of the conventional pollutant loads originating from the industries
indicate that almost three-quarters of the biological oxygen demand (BOD5), total nitrogen (T-N), and total phosphorus (T-P) loads are due to the animal breeding sector,
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followed by the metal-finishing industries with 10 percent.
The nutrient loads also arise from non-point sources of
pollutants, such as those from forests and meadows, from
use of fertilizers in agricultural land and from urban runoff and, finally, through atmospheric deposition. In terms
of actual land-use, according to the ground truth measurements, 51% of the catchment area is covered by forests and
35% by meadows or agriculture, 10% consist of the settlements, and the lake itself takes up 4%. Agricultural land is
spread all around the reservoir. The environmental evaluation of the basin emphasizes the significance of the point
sources, especially those of domestic origin, as the most
relevant polluting sources considered to non-point sources
(Table 2).

standards also list the suitability of each class for various
beneficial uses. Based on overall quality classes, Class 1 is
assumed to be a water quality that can be used for supplying drinking water after filtration and disinfecting. Class 2
will be useable for drinking after a typical water treatment
scheme and Class 3 may only be used for drinking after
complex advanced treatment techniques. Any other body
with an overall quality class exceeding that of Class 3 cannot be used for this purpose.

The classification (Table 3) is carried out using three
categories of criteria, including various subcategories,
namely:

In this study, multispectral digital satellite data set of
SPOT-PAN, XS and IRS1-C/D, IRS-LISS was used for the
Omerli Water Basin land-use and water quality investigation dated of June 1993, July 1996, and July 2000, respectively. The spatial resolutions for SPOT-PAN, XS are 10 m
and 20 m, for IRS1-C/D, IRS LISS are 5.8 m and 23.5 m.

• Hydrographic and territorial criteria, reflecting the characteristics of the catchment area,
• trophic criteria, and
• salinity, special and hygienically relevant criteria.
The overall quality class is determined from the average of the classes of the three categories. The technical

METHOD
Image Processing

In this investigation, some ground truth measurements
were taken from orthophotos, aerial photographs up to
convenient date, 1:5000-scaled digital topographic maps,
digital form of protected bands and rivers, fieldworks and

TABLE 1 - Area and settlement characteristics of the Omerli drinking water reservoir.
Protection
Zone
Absolute
Short
Medium
Long
Total

Area

Area
km2
40
55
63
440
598

%
7
9
10
74
100

Settlements
(N)
3
2
4
17
26

Population
(N)
1.438
2.545
963
145.964
150.910

%
1
2
1
96
100

Density
(persons/km2)
36
46
15
332
252 (overall)

Industries
(N)
3
5
10
226
244

TABLE 2 - Distribution of the point and non-point sources of pollutants in the Omerli catchment area [12].

Domestic
Industrial
Sub-total (Point Sources)
Forests and meadows
Agricultural land
Urban run-off
Atmospheric deposition
Sub-total (Non-Point Sources)

Total nitrogen
(kg/day)
2700
179
2879
263
420
48.5
16
747.5

Percent

79

21

Total phosphorus
(kg/day)
660
127
787
4.4
12
8.1
1.3
25.8

Percent

97

3

TABLE 3 - Classification of the drinking water reservoirs of Istanbul according to the technical standards [15].
Hydrographic and
Trophic criteria
Salinity, special criteria, and
territorial criteria
hygienically relevant criteria
a
Omerli
2
3(2.9)
2
Terkos
2
3(2.5)
3
B.Cekmece
3
2(2.0)
3
b
Darlik
1
2
Alibeykoy
3
3(2.5)
2
Elmali
3
4(4.3)
3
a
Numbers in parentheses indicate averages of subgroups of trophic criteria, not rounded off.
b
Not evaluated due to insufficient data.
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2
2
3
2
3
3
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various thematic maps. Some of vector data was merged
using GIS software. First, the digital satellite data set was
transformed into the UTM coordinate system using the
1:5000 digital topographic maps in order to achieve the
necessary geometric registration. Taking 400 ground control points from the maps, the images are geometrically
corrected before applying image merging and classification.
From a test of the registration accuracy on the test
points, the resulting root mean error (RMSE) amounted to
±0.1 pixels (Fig. 2). A coordinate transformation was applied using a polynomial transformation equation, and
resampling is done using the cubic convolution algorithm.
The IHS transformation method was used to obtain merged,
multi-sensor images. High-resolution PAN digital satellite
data is combined with multi-spectral data.
Classification
Land–use analysis

The rectified and merged images were subjected to a
classification procedure with 13 classes, using the supervised Maximum Likelihood Classification algorithm. These
13 classes were verified using pattern recognition, referring
to the ground truth data and fieldwork. The classification
results were evaluated in an accuracy assessment. In this

accuracy assessment, for each classification up to 3 different years, 100 random pixels were chosen, and these pixels
were compared with the results of the fieldwork. Accuracy assessment results for all classes at SPOT (1993) and for
IRS (1996 and 2000) satellite data are 76.00%, 83.00% and
80.00%, respectively, for the years. Figs. 3a and 3b
show the result images of the land cover classification for
the years of 1993 and 2000 in Omerli Catchment.
The classification results were evaluated as area of protected bands for urban units in hectares (Table 4a), and
differences according to years are shown in Table 4b. As
can be seen from these tables, urban area increased 1256.19
hectares in the long protection zone, from 1993 to 1996.
From 1996 to 2000, there is a decrease in that zone with
66.60 hectares due to the evacuation of illegal housing by
Istanbul Water and Sewerage Administration (ISKI). However, the urban increase of 1189, 60 hectares between
1993-2000 dates shows that this evacuation process is not
enough. The study was performed for all protection boundaries of the Omerli Basin. Fig. 4 shows the medium protected band of merged and classified result images of the
Omerli water basin area of 26-July-2000 IRS-1C and IRS
LISS satellite data with GIS query table.

FIGURE 2 - Result of a merged satellite image: merged image of IRS LISS and IRS-1C dated
26-July-2000 using MAP-INFO 6 GIS software to fit the streams in the study area to UTM coordinates.

267

© by PSP Volume 18 – No 3. 2009

Fresenius Environmental Bulletin

FIGURE 3 - Classified images of the water basin area of a) 21-June-1993 dated
merged SPOT-PAN and SPOT-XS and b) 26-July-2000, merged IRS-1C and IRS LISS image.

FIGURE 4 - Medium-protected areas with fitted streams on the Lake Omerli area classification result as
georeferenced UTM coordinate system with the query GIS window, which shows urbanization analysis in hectare units.
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TABLE 4a - The analysis of the urban areas for protected bands of the Omerli Catchment for the years 1993, 1996 and 2000.

Total Area
Long Protected
Medium Protected
Short Protected
Absolute Protected

Protection Zone
Area (WBA)
58695.58
43449.59
5744.80
5370.19
4120.26

93 Urban
(U)
1608.25
1405.77
90.60

%
(WBA/U)
2.74
3.24
1.58

69.15
5.01

96 Urban
(U)
2932.82
2661.96
133.85

1.29
0.12

100.49
8.17

%
(WBA/U)
5.00
6.13
2.33
1.87
0.20

00 Urban
(U)
2916.05
2595.37
175.85
115.51
3.79

%
(WBA/U)
4.97
5.97
3.06
2.15
0.10

TABLE 4b - The analysis of the urban areas differences for the protected bands of the Omerli Catchment for the years 1993, 1996 and 2000.

Total Area
Long Protected
Medium Protected
Short Protected
Absolute Protected

96-93
Urban Difference
(ha)
1324.57
1256.19
43.25
31.34
3.16

2000-96
Urban Difference
(ha)
-16.77
-66.60
42.00
15.02
-4.38

Water quality analysis

The water quality classification procedure is a specific
subject, for which the proper satellite bands were chosen
for unsupervised and supervised min-distance classification
with 12 classes. The 8 main creeks feeding the Omerli Lake
can clearly be observed, each one carrying some substances
of which the location can easily be determined. Each of the
creeks includes different substances depending on the surrounding area, for instance, loading it with total suspended
sediments, residential fall out, nutrients, phosphorus and
others. When a creek is passing through a forest area, the
phosphorus load will show a higher concentration than the
other substances present in surface water, and nutrients will
be formed from agriculture.
According to this reality and considering the land-use
classification results, new samples are taken and added to
the existing signature file, and supervised minimum distance
classification is applied. Finally, all of the classes are reduced
to 4 spectral classes with recode operation according to
ground truth information for IRS-LISS data of the years
05 July 1996 and 26 July 2000. These classified images are
combined to GIS to fit the georeferenced vector data of
streams (Figs. 5a, 5b).
Legend for water quality classification can be explained
as nutrient pollution loaded agricultural waste-water, phosphorous pollution-loaded water which comes from forest
areas, TSS pollution-loaded water mixed of the urbanization, agriculture and industry wastewater discharges, and
natural lake water.
GIS Modeling Using Raster-Vector Integration

Nowadays, scientific studies on the water management
need a combination of remote sensing (RS) image data
and vector data, with GIS for updating data. For the land-

2000-93
Urban Difference
(ha)
1307.80
1189.60
85.25
46.36
-1.22

use, the protected zones are presented as fitted vector data
in the classified images, and for water quality, the vector
data is displayed as the creeks fitted with the classified
images of the dam lake.
RESULTS AND DISCUSSIONS
Istanbul has 8 lakes, and 6 of them are drinking water
reservoirs. One of the major Drinking Water Dams is the
Omerli, which supplies 40% water demand of the mega
city. The Omerli catchments area was used to investigate
the feasibility of an integration of GIS techniques with RS
methods as a tool for monitoring and analysis of water quality and land-use. Up-dated systematic information on land
cover changes in the area helps to ensure the quality of
drinking water. This study reports on the use of temporal
satellite data for monitoring of urban development in a
water basin and water quality in two parts.
The first part is land cover analysis for the years 1993,
1996 and 2000. The urban features are more easily delineated using satellite data with higher geometric resolution.
For this reason, multispectral data with high spectral resolution is combined with panchromatic data with high spatial resolution using IHS merge techniques. The supervised
classification results of merged data presented an improved
separation of land-cover classes. RS and GIS methods are
applied for illustration in established models on the protected 4 zones of the Omerli Water Basin. The measurement of land-use change is presented in hectares as a basis
for planning the future development of the basin. As can
be seen from Tables 4a and 4b, urban area has increased
by 1256.19 hectares in the long protection zone from 1993
to 1996. From 1996 to 2000, there is a decrease in that zone
with 66.60 hectares due to the evacuation of illegal hous-

269

© by PSP Volume 18 – No 3. 2009

Fresenius Environmental Bulletin

ing by Istanbul Water and Sewerage Administration (ISKI).
However, the urban increase of 1189, 60 hectares between
1993-2000 dates shows that this evacuation process was
not enough.
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FIGURE 5 - Resulting satellite images of the Omerli water dam with supervised classification and applied
GIS to fit the georeferenced vector data of streams dated of: (a) 05 July 1996 IRS-LISS; (b) 26 July 2000 IRS-LISS Image.
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The second part is the supervised minimum distance
classification of multispectral IRS - LISS satellite data with
high spectral resolution for the monitoring of water quality from 1996 to 2000. Ground truth data and land-cover
analysis results are used for this classification step. Irrigation, agriculture, urbanization and other natural impacts
have influenced the water quality conditions in the Omerli
Drinking Water Catchments. Its annual population increase
rate of 4.6% is twice the average of the country. The water
quality classification results demonstrate a changing quality on the Dam. The resulting images can also be used for
management of wastewater treatment plants and other planning facilities.
There is no direct pollution discharge from urban, industry and forestry sources into the Omerli Lake, but small
streams carry this pollution load to the lake. Wastewater
from unplanned and illegal constructions which do not
have the required infrastructure, and wastewater from industrial plants that carry out illegal production via streams
caused the death of many species in the lake due to their
quality and quantity.
According to land-use analysis, there is an increase in
the forest areas between 1993 and 2000 which can be visually interpreted in the land-use classification results. The
effect of this change can be seen on water quality classification results as phosphorus load increase.

certain urgent and short-term measures. The basic strategy
and guidelines of a new land-use plan, as developed in this
specific case study, will lead to the creation of similar plans
for sustainable management of drinking water reservoirs
suffering from deterioration, all around the world.
In the study area of the Omerli Dam never before
georeferenced samples were taken for determination of
water quality parameters. Measured hydro-chemical substances taken from each of the dams do not include the
coordinates of the sampling location, and these measurements are only mean values. No statistical analysis (correlation) was done between the images and pollution
sources. New research must take care of the above omissions.
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Therefore, in the Sultanbeyli region, at the east-side of
Omerli Dam’s left leg, the East Sultanbeyli Wastewater
Collection and Pumping Station was constructed by Istanbul Water and Sewerage Administration (ISKI). The aim of
this station was to collect the wastewater of the Sultanbeyli
Creek and to relay this water to the Pasakoy biological
wastewater treatment plant. Before, this water came directly
to the Omerli Dam Lake via the Uzundere Creek. The wastewaters that are purified in the biological treatment plant,
now are disposed without any damage to the environment.
This system started working in March 2000. The effect of
the water cleaning on the left leg of the Omerli Dam Lake
can be seen clearly on the classified image of July 2000
(Fig. 5b).
Comparison of the present population of 200,000 and
a projected population in the year 2012 of around 1 million, heeds a warning that if no short- and long-term precautions are taken, the reservoir will, in the near future, be
under the threat of eutrophication, along with health risks.
The population increase is at a very high rate and must
be kept under strict control.
Land-use plans should be prepared in accordance with
a protection strategy. Local governments, relevant administrations, municipalities, planning and environmental protection agencies must protect the catchment area and this
precious reserve of good drinking water. They must cooperate with universities and scientific organizations, working in harmony under good co-ordination, rather than attempting isolated solutions on an individual basis. Adaptation of the protection strategy to the current status requires
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ABSTRACT
In this study, heavy metal concentrations of Gediz
River were determined between July 2001 and April 2002.
Cu, Fe, Mn, Zn, Cd, Co, Cr, Ni and Pb content of water and
sediment samples were investigated. The values obtained in
this study were compared with permitted maximum heavy
metal concentrations for irrigation. All metal concentrations
found were low ( Cu 0.10, Fe 0.28, Mn 0.19, Zn 1.32, Cd
0.004, Co 0.006, Ni 0.12, Pb 0.22 mg L-1) but chromium
(0.12 mg L-1) was at limit concentration at some stations.
According to these results, the water is acceptable for irrigation. Furthermore, water sample results were compared
with inorganic pollution limit amounts announced by the
Water Pollution Control Regulation. It is obvious that the
water pollution at Gediz River reached levels threatening
public health, because of the high chromium (0.12 mg L-1)
and lead (0.22 mg L-1) levels.

mental persistence, toxicity and ability to be incorporated
into food chains [5]. The presence of heavy metals in different foods constitutes serious health hazards, depending
on their relative levels. For example, cadmium injures the
kidney and cause symptoms of chronic toxicity, including
impaired kidney function, poor reproductive capacity, hypertension, tumors and hepatic dysfunction [6]. The metals
can be either adsorbed onto sediments or accumulated in
benthic organism, sometimes to toxic levels [7].
Besides trace elements which contaminate seas in various wastewaters by different ways, play important roles in
physiological activities of organisms at low concentrations,
but when it goes beyond their natural concentration levels,
it may become hazardous to the ecosystem. Thus, in this
study, is was aimed to detect the pollution level of Gediz
River by measuring heavy metal concentrations of water
and sediment samples using Atomic Emission Spectrophotometer.
MATERIALS AND METHODS

KEYWORDS:
Heavy metal, Environment, Pollution, Water, Sediment.

In this research, with the aim to determine heavy metal
pollution in Gediz River, water and sediment samples
were taken monthly from nine stations (Figure 1).

INTRODUCTION
In recent days, the continuous discharge of factories
and city wastes into the rivers, led to a decrease of existing species and some of them are in danger of extinction.
Therefore it is mandatory to research the pollution levels
in rivers.
Heavy metals originate from three sources, namely,
industrial emission, wastewaters and solid wastes, sometimes polluting environments, such as soil, water and air
[1-2]. Industrial effluents, agricultural runoffs, transport,
burning of fossil fuels, animal and human excretions and
geologic weathering and domestic waste contribute to the
heavy metals in the water bodies [3-4]. Heavy metals such
as cadmium, lead, copper and zinc are regarded as serious
pollutants of aquatic ecosystems because of their environ-

Water samples were put into 100 cc cleaned and labeled polyethylene bottles for metal analyses of water. As
soon as the water samples were taken for analyses, the bottle
content was acidified by adding 1cc HCl (37%, Merck). By
doing that, biological activities of the present microorganisms and bacteria were immobilized and metal conversion
was prevented [8]. Samples were kept at a refrigerator till
the time of analysis.
Sediment samples were dried in sterile and tared Petri
dishes at 100 °C in an incubator for 24 hours. Each of the
dried samples was powdered by a porcelain mortar and
passed through a 100 µm sieve. By taking one gram from
these samples, HF (Hydrogen florur or fluoric acid): HClO4
(Perchloric acid): HCl (chloric acid or hydrogen florur)
were added in (1:1:6) proportion. Samples were mineral-
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FIGURE 1 - Research stations [Istanbul Road Gediz Bridge (1), Place that Valleys United (2),
Nif Gediz Bridge (3), Municipality Wastewater Treatment Plant Exit (4), Industrial Wastewater
Treatment Plant Exit (5), Karaçay 1 (6), Karaçay 2 (7), Muradiye Gediz Bridge (8), Gediz Izmir Frontier (9)]

ized by evaporating, slowly. By adding N/10 HCl onto
mineralized samples, volume completed to 50 ml for analysis [9].
The analyses of prepared water and sediment samples
were made in Varian – Terra Model Liberty II ICP (Inductively Coupled Plasma) – AES (Atomic Emission Spectrophotometer). Heavy metal concentrations of samples were
given as mg L-1. Average values and standard deviations
of all data were calculated by Excel program. Graphad Prism
for Windows software package was used for statistical

analyses. Analysis of variance (one-way ANOVA) was
used to determine whether significant difference exists between stations.

RESULTS AND DISCUSSION
The arithmetic averages of the data obtained from the
analyses of water samples collected from 9 stations in the
study area are shown in Table 1.

TABLE 1 - Arithmetic average of water analysis results (mg L-1).

Cu
Fe
Mn
Zn
Cd
Co
Cr
Ni
Pb

St.1
0.0216
±0.0194
0.1759
±0.1054
0.0148
±0.0054
1.2474
±0.2413
0.00358
±0.0002
0.00652
±0.0005
0.1136
±0.007
0.0236
±0.001
0.2201
±0.0057

St.2
0.0147
±0.0009
0.139
±0.1318
0.0149
±0.0072
1.1699
±0.5382
0.00353
±0.0002
0.0063
±0.0002
0.1196
±0.0048
0.0246
±0.0024
0.2191
±0.008

St.3
0.0148
±0.0006
0.2826
±0.2309
0.191
±0.1854
1.3222
±0.5593
0.00348
±0.0002
0.00651
±0.0005
0.1165
±0.0076
0.0224
±0.0029
0.2219
±0.0044

St.4
0.0161
±0.0025
0.0103
±0.007
0.0075
±0.008
1.0579
±0.719
0.00359
±0.0003
0.00634
±0.0002
0.1055
±0.0169
0.0796
±0.0754
0.2183
±0.0053

St.5
0.1007
±0.1047
0.0756
±0.0271
0.055
±0.0284
1.3806
±0.4681
0.00369
±0.0005
0.00656
±0.0004
0.0692
±0.0276
0.1217
±0.1021
0.2061
±0.0314
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St.6
0.0616
±0.027
0.0856
±0.0681
0.0411
±0.0276
1.0327
±0.6484
0.00391
±0.0002
0.00625
±0.0004
0.057
±0.0348
0.1144
±0.0834
0.2171
±0.0075

St.7
0.0444
±0.0241
0.0522
±0.0244
0.0394
±0.0279
1.1408
±0.8854
0.00382
±0.0004
0.00634
±0.0003
0.078
±0.0298
0.1013
±0.0679
0.2217
±0.0035

St.8
0.0149
±0.0006
0.1337
±0.1423
0.0671
±0.0418
1.1442
±0.7477
0.0035
±0.0001
0.00656
±0.0004
0.1157
±0.0058
0.0503
±0.0727
0.2221
±0.0069

St.9
0.0156
±0.0016
0.139
±0.1297
0.0484
±0.0415
1.1361
±0.4096
0.00343
±0.0002
0.00632
±0.0005
0.1151
±0.0036
0.0236
±0.0027
0.2202
±0.0077
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TABLE 2 – Mean concentrations of some heavy metals in sediment samples (mg L-1).

Cu
Fe
Mn
Zn
Cd
Co
Cr
Ni
Pb

St.1
20.4±10.5
5001±699
237±78.6
136±94.7
0.73±0.34
1.84±1.22
27.7±15.6
31.1±10.8
3.76±3.46

St.2
30.4±3.4
5586±60
318±43
129±42.9
0.81±0.15
2.36±1.2
35.4±6.86
39.9±6.46
2.6±1.77

St.3
34±5.3
5727±810
662±199
164±48.7
0.85±0.56
2.33±1.29
30.9±6.75
33.7±3.26
4.43±2.99

St.4
346±88.8
3072±219
145±25.5
631±61.3
0.95±0.23
0.98±0.46
159±78.7
135±62.4
25.5±12.2

St.5
735±808
5434±310
212±40.6
533±289
0.4±0.19
1.35±0.98
356±458
90.8±67.7
53.1±99.4

Based on the results of one-way ANOVA test carried
out to heavy metal concentrations of water samples showed
variations among stations. According to the variance analysis, no statistically significant difference was among stations
for cadmium, cobalt, chromium and lead concentrations (p>
0.05); whereas the differences for copper, iron, manganese,
zinc and nickel were found to be significant (p<0.05).
The heavy metal concentrations of the sediment samples
showed differences among stations. The average values of
results are shown in Table 2. As a result of variation analysis it was found out that, except for iron, all heavy metal
concentrations of the sediment samples showed statistically
significant differences among of stations (p<0.05 ).
In the study, water quality measurements of Gediz
River was made and the pH value, the quantity of dissolved oxygen and the temperature were found to be 8.11,
6.0 mg L-1 21.2 °C respectively. In the frame of the Regulation of Water Pollution Control these results were compared with “Quality Criteria According to Classes of Continent Interior Water Sources” [10]. Overall, the river water
takes place in the Class II quality water. Inorganic pollution parameters of the Class II quality water are given in
Table 3. These parameters were compared to the average
values of heavy metal concentrations of the water samples
taken from stations.

Pollution limit values(mg L-1)
0.05
1
0.5
0.5
0.005
0.02
0.05
0.05
0.02

According to this; it was determined that the copper
level was high at station 5 (Industrial Wastewater Treatment Plant Exit) and station 6 (Karaçay 1). In all stations
the concentrations of zinc was found at high levels and it
was determined that the river water is polluted with zinc
according to quality criteria. Although, the average concentration of zinc is 1.14 mg L-1, it was determined that it
does not pose a danger to human health since 5 mg L-1

St.7
690±529
5125±265
196±34.6
532±205
0.26±0.16
1.54±1.21
221±178
94.9±61.3
39.6±30.3

St.8
83.7±45.5
5106±810
249±77.8
202±93.5
0.7±0.26
2.44±0.73
202±136
37.5±9.73
15.9±14.1

St.9
60.8±30.9
5260±611
195±40.1
158±66.7
0.69±0.27
1.96±0.89
142±101
29.7±8.19
7.78±5.9

zinc in drinking water is regarded as harmless. When the
concentrations of chromium and lead are compared with
the criteria, both heavy metals were found at high levels at
all stations; it was determined that the values are higher
than the 0.05 mg L-1, value stated by the regulation of
American Health Organization (PHS) for maximum chromium and lead value in waters. In other words, river water
is polluted in account of chromium and lead. It was determined that nickel concentrations are higher than the criterion
values at station 4 (Municipality Wastewater Treatment
Plant Exit), station 6 (Karaçay 1) and station 7 (Karaçay 2).
Also, it was determined that iron, manganese, cadmium and
cobalt concentrations are low according to water quality
criteria.
In the report given as the result of the Gediz Riverbasin study, the maximum heavy metal concentrations
allowed for irrigation waters were reported (Table 4) [11].
These values and our study results were compared and our
concentrations were found to be lower. In this case, the
water taken from Gediz River can be offered for irrigation.
TABLE 4 - Maximum heavy metal concentrations
that can be allowed in irrigation waters [11].
Elements
Copper
Iron
Manganese
Zinc
Cadmium
Cobalt
Crom
Nickel
Lead

TABLE 3 - Inorganıc pollution parameters (mg L-1) [10].
Inorganıc pollution parameters
1. Copper
2. Iron
3. Manganese
4. Zinc
5. Cadmium
6. Cobalt
7. Crom
8. Nickel
9. Lead

St.6
315±193
5289±323
217±35.5
481±85.1
0.34±0.27
1.94±1.08
86.3±39.7
52.2±9.88
17.8±18.9

Maximum concentrations (mg L-1)
0.2
5.0
0.2
2.0
0.01
0.05
0.1
0.2
5.0

The metal concentrations reported by other researchers on some of the major rivers of the world are summarized in Table 5. According to the table, the average Cu,
Fe, Zn, Cr, Ni and Pb concentrations determined in Gediz
River was found to be higher compared to the other studies.
Kinler and Sevim [15] have studied the heavy metal
concentrations of some river sediments of Turkey. As the
result of the comparison of the average values that were obtained from Gediz River sediments and our sediment research results, it was seen that copper, iron and zinc concentrations that were determined in our study were higher

276

© by PSP Volume 18 – No 3. 2009

Fresenius Environmental Bulletin

TABLE 5 - Comparison of heavy metal concentrations (mg L-1) in water of different rivers of the world.
Rivers
Gomti River
Dzindi River
Madanzhe River
Mvudi River
Büyük Menderes River
Gediz River
BDL: Below Detection Limit

Cu
BDL
0.0026
0.0025
0.003
0.011
0.034

Fe
0.07
0.006
0.121

Mn
0.0037
0.09
0.053

Zn
0.02
0.021
0.023
0.025
0.051
1.181

Cd
BDL
0.0033
0.0048
0.0093
0.0036

Co
0.08
0.006

Cr
0.0025
0.012
0.099

Ni
0.013
0.01
0.062

Pb
0.03
0.012
0.02
0.016
0.011
0.218

Reference
[12]
[13]
[13]
[13]
[14]
This study

TABLE 6 - Comparison of heavy metals concentrations (mg L-1) in sediments of different rivers of the world.
Rivers
Gomti River
Neckar River
Guadaira River
Ganga River
Toyohira River
Illinois River
Yamuna River
Odiel River
Tinto River
Guadiamar River
Average shale value
Gediz River

Cu
5.0
108
25
10.8
22
19
22.2
1280
846
165
45
257

Fe
2660.9
23700
25000
46700
5066

Mn
148.13
496
477
850
270

Zn
41.67
74
51
36.1
152
81
59.2
954
1754
1421
95
329

but, all the other heavy metal concentrations were comparatively at lower levels.
When we compared the values with the result of Karapire’s study [16] which investigated the heavy metal levels
(Cu, Fe, Mn, Zn, Cd, Co, Cr, Ni, Pb) of Gediz River sediments, we found higher values for Cu, Fe, Zn and Ni metals and lower amounts for Mn, Cd, Co, Cr and Pb.
All over the world, lots of studies were reported on
the average heavy metal concentrations of river sediments
and some of the world reports of major rivers are summarized in Table 6. According to the table, the sediment of
Gediz river displays the highest Cr and lowest Pb levels.
In the recent years, pollution of rivers is considered to
be the main problem for the diminishing the crop yield of
farmers since it is used for irrigation. Gediz River is
important for the region because of its rather extensive
basin and the people mostly earn their lives from farming.
However, residues of toxic chemicals from the industrial
sectors cause the river to become more polluted. In this
sense the pollution in different locations along with the
river should be monitored in certain periods.
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DECOLORIZATION OF C.I. ACID ORANGE 52 BY
OZONATION IN A HOLLOW FIBER MEMBRANE REACTOR
Hui Zhang*, Jianghua Zhang, Fang Liu and Daobin Zhang
Department of Environmental Engineering, Wuhan University, P.O. Box C319 Luoyu Road 129#, Wuhan 430079, P. R. China

ABSTRACT
A simulated wastewater containing C.I. Acid Orange 52
was treated by ozone in a polyvinylidene fluoride (PVDF)
hollow fiber membrane reactor. Ozone-containing oxygen
was passed through the tube side of the module continuously, while the aqueous feed was passed through the shell
side of the membrane reactor in recirculation mode. The
effect of pH, liquid flow rate, gas flow rate, and initial dye
concentration on the decolorization was investigated. The
results showed that decolorization efficiency increased with
the increase of liquid and gas flow rates, but decreased with
increasing initial dye concentration. When pH varied from
5.6 to 8.6, it had little effect on the decolorization efficiency,
indicating the decolorization of C.I. Acid Orange 52 by
ozonation in the membrane reactor is mainly a direct reaction rather than a radical reaction.

KEYWORDS: Hollow Fiber Membrane Reactor; Ozone; C.I. Acid
Orange 52; PVDF.

INTRODUCTION
Azo dyes are the most widely used commercial dyes in
the textile industry, accounting for over 50% of all commercial dyes [1]. Most of the dyes are found to be resistant
to conventional treatment process as they are designed to
resist chemical and photochemical degradation [2]. Ozone
has proven to be by far the most effective and fastest
chemical oxidation method to meet the strict color discharge
limits of many industrialized countries [3]. However, the
low solubility of ozone in water limits the mass transfer
driving force of gaseous ozone into aqueous phase, and the
mass transfer coefficient achieved in conventional gasliquid contactors, such as bubble column, is also limited as
a result of low specific surface area [4]. In addition, some
problems from bubble column have been found, for example flooding, uploading, emulsion, and foaming [5]. These
disadvantages can be overcome by using gas-liquid membrane contactors [6], which have been used for wastewater
treatment [6−9]. Compared with conventional gas-liquid
contactors, membrane reactors have a much higher specific
surface area that results in a higher mass transfer rate, and

a bubble-free or non-dispersive operation by means of nonporous or porous membranes, thus avoiding the problems
from flooding, uploading, or foaming [5, 10]. Therefore, the
use of membrane ozone contactors for oxidation of refractory organic pollutants, such as phenol [4, 11], acrylonitrile [4, 11], nitrobenzene [4, 11], humic substances (HS)
[5, 12], natural organic matter (NOM) [5, 13], and potassium hydrogen phthalate [14], was investigated. Shanbhag
et al. [4] obtained 5.8×10−3 s−1 as mass transfer coefficient in
one module, compared to calculated values of 1.058×10−3
s−1 for a packed column containing 1.3 cm Raschig rings and
3.22×10−4 s−1 for a bubble column operating under comparable superficial gas and liquid velocities. However, there is
no report on the decolorization of azo dyes by ozone in a
membrane reactor, at present. In addition, the continuous
mode of liquid was usually employed by these researchers. In this case, increasing the aqueous flow-rate reduced the mass transfer resistance for the diffusion of
ozone, but also reduced the residence time of a liquid element exposed to ozone in the membrane device [11]. Therefore, in this study, C.I. Acid Orange 52, as a model azo dye,
was oxidized in a hollow fiber membrane ozone contactor.
The recirculation mode of aqueous phase was conducted
by recycling the liquid using a peristaltic metering pump
so that the liquid flow-rate could be adjusted without changing the residence time of a liquid element in the mem-brane
reactor. Polyvinylidene fluoride (PVDF) was used as membrane material as it is ozone-resistant and has been already
employed by other researchers [5, 12, 13, 15]. The effects
of operation conditions, such as pH, liquid flow-rate, gas
flow-rate, and initial dye concentration, on the decolorization of C.I. Acid Orange 52 were investigated.
MATERIALS AND METHODS
Experimental

The experimental setup of ozone membrane contactor
system is illustrated in Fig. 1. It consists of a hollow fiber
membrane reactor (Tianjin Tianfang Membrane Separation Engineering Company, China, see Table 1 for details),
a peristaltic metering pump (D100B, China) to recirculate
the liquid, and a reservoir.
Stock solution of C.I. Acid Orange 52 (the chemical
structure is indicated in Fig. 2) was prepared in distilled
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Na2S2O3 wash

Membrane module

Tubing
pump

Oxygen cylinder
3-way valve

Reservoir
Ozone generator

KI trap

Magnetic stirrer

FIGURE 1 - Schematic diagram of the experimental setup.

TABLE 1 - Details of membrane reactor.
Hollow fiber ID/OD
(mm)
0.8/1.4

Pore size
(µm)
0.1~0.4

Active length
(cm)
25

No. of membranes
100

Shell volume
(cm3)
63.58

a
(cm2/cm3)
17.28

centration was 120 mg L 1, gas flow-rate was 100 ml min 1,
and liquid recirculation rate was 70 ml min 1. As can be
seen in Fig. 3, there was little difference in the decolorization efficiency at either pH, which is similar to the observation in our previous study when C.I. Acid Orange 52
was oxidized by ultrasound-enhanced ozonation [17]. Generally, ozone reacts with organic pollutants via two mechanisms. One is direct ozone reaction; the other is an indirect
free radical reaction in which hydroxyl radicals are generated from ozone decomposition catalyzed by hydroxide
ions at higher pH [18]. However, the radical contribution to
−

N N

N(CH3)2

−

−

FIGURE 2 - The chemical structure of C.I. Acid Orange 52.

water, and pH was adjusted using phosphate buffer solution (0.02 mol L 1). The aqueous feed was passed through
the shell side of the membrane reactor in recirculation
mode by recycling 300 ml liquid using a peristaltic metering pump. A magnetic-stirred bar was used to keep the
solution in the reservoir homogenized. Ozone was generated from dried oxygen (99.9%) by electric discharge using
an ozone generator (XFZ-5QI, China). Ozone-containing
oxygen was passed through the tube side of the module.
The gas flow-rate QG was determined with a bubble flowmeter. The gaseous ozone concentration [O3]G was monitored by the iodometric method [16]. At different time intervals, a predetermined amount of aliquot was removed
from the reservoir. The absorbance of the solution was
measured using a Rayleigh UV-9100 spectrophotometer
(Rayleigh, China) at maximum absorption wavelength of
465 nm.
−

1
0.8

C/C0

SO3Na

0.6
0.4
0.2
0

RESULTS AND DISCUSSION

0

The effect of pH on the decolorization of C.I. Acid Orange 52

The pH values were 5.6, 7.5 and 8.6, respectively, when
the dye concentration was 100 mg L 1, gaseous ozone con−
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FIGURE 3 - The effect of pH on the decolorization efficiency.
(C0=100 mg L 1; [O3]G=120 mg L 1; QG =100 ml min 1;
QL =70 ml min 1; pH: ○ 5.6; △ 7.5; □ 8.6).
−

−
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−
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the decolorization of azo dyes could be neglected during
ozonation because azo dyes present in their structure functional groups and double bonds very prone to the direct
ozone attack [19]. Therefore, pH had little effect on the decolorization efficiency.
The effect of liquid recirculation rate on
the decolorization of C.I. Acid Orange 52

The effect of gas flow-rate on the
decolorization of C.I. Acid Orange 52

Gas flow-rates investigated were 50, 100 and 200 ml
min 1, respectively, when the dye concentration was 100 mg
L 1, gaseous ozone concentration was 108 mg L 1, liquid
recirculation rate was 70 ml min 1 and pH was 7.5. The
decolorization efficiency increased with the increase of
gas flow-rate (see Fig. 5). As mentioned above, the overall mass transfer resistance of ozone from the gas to the
liquid phase is the sum of the local mass transfer resistance in the gas phase, in the membrane, and in the
liquid phase [5, 13]. Increasing aqueous flow-rate would
lead to the increase of Graetz number (Gz), and kG∝ Gz1/3
[6]. Then, the local mass transfer resistance in the gas phase
would be reduced, which resulted in the increase of the
overall mass transfer coefficient KL based on Equation (1).
Therefore, the mass transfer rate of ozone from gas phase
to liquid phase would increase, and the decolorization
efficiency would in-crease accordingly. As can be seen in
Fig. 5, the decolorization efficiencies were 48.4%, 67.0%
and 82.8% at gas flow-rates of 50, 100 and 200 ml min 1,
respectively. Defining ozone effectiveness as the ratio of 4nitrophenol removal to ozone consumption [20], we obtained ozone effectiveness values of 0.045, 0.031 and 0.019
mg C.I. Acid Orange 52/mg ozone, respectively. This indicates that when per unit weight ozone was consumed, less
C.I. Acid Orange 52 was decomposed with the increasing
gas flow-rate.
−

−

−

−

−

1
1
1
1
=
+
+
K L kG H kM H Ek L

(1)

where KL is the overall mass transfer coefficient, kG is
the mass transfer coefficient in the gas phase, kM is the
membrane transfer coefficient, kL is the mass transfer coefficient in the liquid phase, H is the Henry constant, and E
is the enhancement factor. Increasing aqueous flow-rate
would lead to the increase of liquid side Reynolds number
(Re), and, in consequence, reduce the local mass transfer
resistance in the liquid phase [5, 15]. For example, Leiknes
et al. [5] reported kL∝ Re1/3 in a hollow fiber PVDF ozone
membrane contactor when liquid passed through the shell
side, and Pines et al. [15] observed kL∝ Re0.64 in a flat sheet
PVDF ozone membrane contactor. Hence, the overall mass
transfer coefficient KL would increase based on Equation
(1), meaning that more ozone molecules would transfer
into the aqueous phase. In the meantime, the recirculation
batch mode was employed in this study, which indicates the
contact time of liquid exposed to ozone in the membrane
device is independent of recirculation rate. Therefore, at

−

−

−

1
0.8
0.6

C/C0

Liquid recirculation rates investigated were 30, 50, 70
and 90 ml min 1, respectively, when the dye concentration
was 100 mg L 1, gaseous ozone concentration was 86.4
mg L 1, gas flow-rate was 100 ml min 1 and pH was 7.5. As
can be seen in Fig. 4, the decolorization efficiency increased
with the increase of liquid recirculation rate. Ozone
transport in a gas-liquid membrane reactor from the gas
phase through a membrane into the liquid phase can be
described by the resistance-in-series model, expressed by
Equation (1) [5,13], as follows:
−

the same reaction time, decolorization efficiency would increase with the increasing liquid recirculation rate.
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FIGURE 5 - The effect of gas flow-rate on the
decolorization efficiency (C0=100 mg L 1; [O3]G=108 mg L 1;
QL =70 ml min 1; pH 7.6; QG/ml min 1: ○ 50;△ 100; □ 200).
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The effect of initial dye concentration on
the decolorization of C.I. Acid Orange 52
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FIGURE 4 - The effect of liquid flow-rate on the decolorization
efficiency. (C0=100 mg L 1; [O3]G=86.4 mg L 1; QG =100 ml min 1;
pH 7.6; QL/ml min 1: ◇ 30; ○ 50;△ 70; □ 90).
−

−

Initial dye concentrations investigated were 50, 100,
and 150 mg L 1, respectively, when gaseous ozone concentration was 117 mg L 1, gaseous ozone flow-rate was 100 ml
min 1, liquid recirculation rate was 70 ml min 1 and pH
was 7.5. As can be seen in Fig. 6, the decolorization efficiency decreased with the increase of initial dye concen-
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tration. It is known that the overall mass transfer resistance of ozone from the gas phase to the liquid phase is
the sum of the local mass transfer resistance in the gas
phase, in the membrane, and in the liquid phase [5, 13].
The occurrence of chemical reactions in the aqueous phase
would enhance mass transfer of ozone from gas to liquid
phase, which is expressed as enhancement factor E [21].
The latter is dependent on Hatter number (Ha). The decolorization of C.I. Acid Orange 52 has proven to be a direct
ozone attack, and the reaction between ozone and dye is a
second-order irreversible reaction, specifically, first-order
with respect to both reactants [19]. In this case, Hatter
number can be expressed as follows [22]:

k1,1 Dozone C

Ha =

(2)

kL

where k1,1 is the intrinsic rate constant of irreversible
second-order reaction, and Dozone is molecular diffusion
coefficient of ozone in the liquid. Based on Equation (2),
the increase of initial dye concentration would result in
the increase of Hatter number. Generally, the enhancement factor E would increase with the increasing Ha [22].
This leads to the reduction of local mass transfer resistance in the liquid phase, and, in consequence, the
overall mass transfer coefficient KL would increase based
on Equation (1). Therefore, more ozone is available in the
liquid phase to react with C.I. Acid Orange 52. At initial
dye levels of 50, 100 and 150 mg L 1, 40.6, 68.6 and 81.5
mg L 1 of dyestuff were removed (Fig. 6). However, the
increase of initial dye concentration was not compensated
by the enhancement of ozone mass transfer due to the
increase of enhancement factor. Hence, as can be seen in
Fig. 6, the decolorization efficiency decreased with the
initial dye concentration.

CONCLUSION
C.I. Acid Orange 52 could be efficiently decolorized
by ozone in a hollow fiber membrane reactor. The decolorization efficiency increased with the increase of liquid
flow-rate due to the recirculation mode of the aqueous
phase. This is contrary to the report by Shanbhag et al. [4],
in which the aqueous feed was passed through the shell
side of the membrane reactor in continuous mode. The
increase of gas flow-rate would lead to the increase of decolorization efficiency, but increasing initial dye concentration would result in the decrease of decolorization efficiency. There was little difference of decolorization efficiency when pH varied between 5.6-8.6, indicating that this
process in the membrane reactor is mainly via direct ozone
attack.
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ABSTRACTS
Castilla La Mancha, situated in central Spain, presents
a notable pedodiversity, with more than 50% of its surface
dedicated to agriculture. Soil acidity does not represent a
problem for agriculture in the region, due the predominance
of calcareous substrates. However, possible effects of agricultural practices dictate acid additions. Three tests were
applied to investigate the susceptibility of soil acidification,
or ability to supply bases. Quantitative and qualitative
analyses of mineral composition, determination of abrasion pHs, base cations concentrations in extracts for obtaining these abrasion pHs and elemental base cations were
analysed in 72 soil samples, corresponding to 24 soil profiles of Castilla La Mancha. The results follow a similar
pattern between both measurements of bases, although with
a much higher concentration in total bases than in extract of
abrasion pHs. High abrasion pHs were found. The results
obtained reinforce the idea of the central role played by
the content of base cations in the acid neutralization capacity. Given the observed relations with abrasion pHs, we
propose measuring this as a simple criterion of Acid Neutralization Capacity (ANC) valuation.

KEYWORDS: acid neutralization, abrasion pH, base cations,
soils, Castilla La Mancha, Spain.

chemical (neutralization, adsorption, absorption, precipitation, complexation) or biological (biodegradation) processes, in which clay and organic matter play a key role
[135]. However, soil has a finite retention capacity, so that
when it is exceeded it becomes a potential source of contamination [2] The massive deposition of acid tends to move
the exchangeable base cations, with the resulting acidification, so that if the mineral alteration does not compensate
losses of basic cations, the soil may acquire unfavourable
properties for its use, especially increasing the phytotoxic
aluminium content.
To identify the critical level of provision of acidity that
the soil can buffer without reducing its functionality, several models have been developed. These attempted to explain the past and predict the future acidification [3-11].
There is a huge number of works that model soil behavior, for example [9]. Simulations of the key processes involved in the response of the soil to acid incorporation were
conducted, including the ability of cationic exchange, adsorption of sulfates and their dissolution under leaching
conditions. They also include mineral alteration processes
which increase the level of complexity (or difficulty) to
the study. Jiménez Ballesta et al. [18] have applied some
of these simulation models to certain soils of central Spain.
The models turned out to be applicable though with a degree of uncertainty.

INTRODUCTION
The soil characteristics play a key role in the preservation of agricultural and forest ecosystems. It has an absorbent effect, acting as a reactive filter, so it can "retain
or accumulate" certain pollutants. This function is performed through a series of physical (filtration), physico-

The acid neutralization mechanism includes several
processes. In response to the "acid rain" or to any external
input of protons (vinasse or other potential acid addition),
leachate of base cations takes place, followed by an acceleration of mineral alteration, mobilization and increased
plant availability of aluminium and heavy metals and, ulti-
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mately, a decline in soil pH. But all these processes are
influenced by a number of soil properties, like organic
matter content, mineralogy (especially that of clay), cation
exchange capacity and base saturation. All these properties provide the soil with capacity to buffer protons, and
therefore, increasing its acid neutralization capacity (ANC).
It is understood that the ANC refers to the amount of acid
that must be added to the soil to lower the pH value to a
standard of reference [26, 33]. Therefore, this parameter
can be used to measure the susceptibility of soils to acidification, that is, the potential effect of acid rain on soils [7,
10].
In soils, acidity is consumed by chemical weathering
reactions with minerals. The rate of neutralization is depedent on the chemical and physical properties of the soil,
as well as the chemical condition. The weathering of the
mineral matrix will be the major long term source of alcalinity to neutralizate acidity in the systems [26, 27], as
well as the major supply of base cations to replace removed base cations, and an important factor for determining the chemical status of the soil.
The weathering rate is one of the key parameter for
the critical load. The following methods can be used: the
PROFILE calculation from mineralogy and texture; total
soil base cation content correlation; mineralogy correlation;
base mineral index correlation; and aproximation using the
water chemistry method.
Acid inputs induce buffering responses related especially with the solid phase of the soil. Thus, hydrolisis and
the release of base cations is the main mechanism to maintain pH level, while the ANC in liquid can be insignificant
compared to the solid phase. The knowledge of the capacity of soils to supply bases that buffer the acidity can be
gained by different approaches [27], but essentially two can
be considered:
• Knowledge of the immediate rate with which the soil
is able to absorb the acid deposition (short-term).
• Knowledge of the non-inmediate rate, (long-term), of
this capacity.
While the former is determined by the soil solution
and the colloidal materials (mainly clay and organic matter), the potential state depends on mineral reserves. In
any case, buffer ability (or capacity) is interdependent on
the mineralogical composition. The release of base cations
from the mineral structures involves at least three equilibrium reactions, namely: a) balance between active and inactive sites within the mineral; b) balance between free and
absorbed hydrogen ions and c) balance between free cations
(other than hydrogen). Feldspars and micas are important
sources of potassium [1, 12, 22] Feldspars are also sources
of sodium, calcium and many other trace elements such as
barium, copper, rubidium, etc. [2] Magnesium is an element that usually comes from biotites and chlorites [34]
while intergrades illite-vermiculite and hydroxyaluminic

vermiculites can be responsible for the presence of aluminium and soil acidity.
There are many research projects on soil acidity (on
how to manage it and how to improve it) and on the alteration processes. Given that it is laborious to obtain mineralogical data, parameters that indicate their presence have
been searched for. In this sense, the abrasion pH level developed in the early 1930’s [28] - has been used more
often in Geology. On the other hand, there are few research projects that make use of the abrasion pH level
measurements: Gilman et al. [13] for instance use the saprolite’s abrasion pH level and clay mineralogy to measure
absolute weathering intensity; Thornbush and Viles [30]
determine the rate and nature of dissolution of limestone.
The abrasion pH, which is defined as the pH value of
a finely crushed soil suspended in water, is related to the
mineralogy and ultimately to the elemental chemical composition of the soil. In addition it is dependent on the physico-chemical conditions of the new reactive positions created in the process of crushing. Stevens [28] measured the
pH of silicates crushed and suspended in water. The same
Stevens along with Carron [29] used the pH value as a useful index to identify different minerals. Experimental research was sometimes carried out on the abrasion of minerals and rocks by water leaching, finding that when a rock
was disaggregated, micas are those that break up first,
followed by feldspars, amphiboles and pyroxenes.
In 1969, Grant [14] suggested that the abrasion pH can
be used as an index of the level of chemical alteration of
rocks, concluding that this pH is controlled not only by
the ions released from the primary minerals, but also by
the amount of clay, as weathering decreases the amount of
primary minerals and fewer cations are released in the abrasion solution. In the same line, Ferrari and Magaldi [11]
proposed the use of the abrasion pH as a measure of weathering, allowing discussions on the soil formation.
The most widely used approach to identify the buffering ability of the soil is based on titration with a strong
acid (HCl, HNO3, H2SO4, for example). But what is the influence of intrinsic properties on the capacity to neutralize
acidic soils? Can the abrasion pH (which has been used as
an index of of the level of alteration) be used as a criterion
for determining the amount of base cations concentrations
that could potentially be able to neutralize the incorporation of acidifying components?
A test to determine the ability of minerals to release
bases is the characterization of the contents of total base
cations, or the mineralogy, as it is the lattice from where
these can be released in the long term. In the short and
medium terms, the buffering capacity is based on the
abrasion pH or base cation concentrations obtained from
the crushing extracts. Under this scenario, the aim of this
study was to evaluate the acid neutralization capacity
(ANC) of soils from Castilla La Mancha. This paper discusses a procedure for an approximate characterization of
the base cation concentrations that could potentially buffer
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protons from the soil. Therefore it is intended to investigate the acid neutralization capacity (ANC) using an alternative to more complex models. These goals can be broken
down into:
1. Quantitative and qualitative analysis of the mineral
composition of soils of Castilla La Mancha (central region
of Spain), originated from different lithologic sources by
X-Ray Diffraction.
2. A second objective is to identify abrasion pHs of the
soil samples. The base cation concentrations were measured in the extracts. These cations are responsible for the
buffering capacity in the short or medium term.
3. The third objective is to analyse the total elemental
composition of base cations, as they represent a potential
source that can buffer the protons input at a slow pace.
MATERIALS AND METHODS
Study area and sampling procedure.

The area of study (Figure 1) is a region of 79226 Km2
situated in the center of the Iberian Penninsula: Castilla
La Mancha. It has a great geodiversity (Figure 2), with a
geological record from the Precambrian to the Quaternary,
resulting from the superposition of several sedimentary and
orogenic episodes. In view of its mean altitude of about
830 m, maximum altitudes of 2200 m and minimum altitudes on the order of 280 m, its basic physiographic fea-

tures may be summarised as a large flat or nearly flat central area surrounded by moderate relief. Lithologically one
can find from sedimentary rocks of Cretaceous-Tertiary
age, (confined to the interior basins), such as limestone,
marls, argillites, etc. to gneisses, migmatites, metasediments
and granitic rocks, which have been subjected to several
episodes of deformation and metamorphism. With a continental Mediterranean climate, (Figure 3) the annual mean
temperature follows and tendency from 13-14 ºC to 6-7 ºC.
Evapotranspiration declines simultaneously from 700-750
to 150-200 mm. Maximum precipitation occurs during the
winter months and the dry period from the last half of
June to the first half of September (Figure 3). One can observe different types of ecosystems ranging from deciduous forests, Mediterranean forests, coniferous forests,
steppes, moors, salt marshes and wetlands, although a
substantial part (> 50%) is dedicated to agricultural use.
The vegetation is of a continental Mediterranean type. The
potential plant communities are represented by forest of
Quercus rotundifolia, Quercus faginae and Juniperus
Thurifera. At higher altitude these are replaced by forest
of Quercus Pyrenaica. The potential vegetation is very
degraded. Afforestation is currently being carried out with
Pinus Pinaster and Pinus Sylvestris. The land is basically
used for high agricultural productivity. Irrigated land is
located on the floodplain and low terraces. Cereals alternate with olive trees and vineyards. The accelerated erosion,
increase of compost addition, among other things has
affected the soils in several degradation stages.
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FIGURE 1 - Location map of studied area.
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9. Erosion surfaces
III. MORPHOLOGY (páramo, glacis, scarps etc.)
10. Fluvial terraces

FIGURE 2 - Geomophologic scheme (modified by Gonzalez-Martín).
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Gypsisols, Calcisols, Acrisols, Luvisols, Umbrisols, Cambisols and Regosols, and to a lesser extent Histosols, Antrosols, Technosols, Solonchaks, Chernozems, Phaeozems
and Arenosols. More rare or absent are Solontezs, Podsols, Nitisols, Ferralsols, Planosols, Stagnosols, Albeluvisols, Alisols and Lixisols. There are no Cryosols, Andosols,
Plinthosols or Durisols. According to Soil Taxonomy criteria, there are: Entisols, Inceptisols, Alfisols, Molisols and
to a lesser extent Aridisols, Histosols, Vertisols and Ultisols,
while Podsols are rare. No Andosols (despite the existence
of various volcanic material), Oxisols nor Gelisols were
found. Therefore one can say that Castilla La Mancha has
great soil diversity. Accelerated erosion, increase of addition of waste compost, sewage sludge, etc has affected the
soils in several degradation stages.
Descriptions have been made and samples have been
taken from 24 soil profiles of Castilla La Mancha (Figure
4), following FAO criteria [8] and FAO classification [9]
The soils developed from different source rocks (or lithologies) (Table 1), presenting different characteristics and
properties. Sampling site locations were widely distributed, and for each soil 3 horizons were sampled per profile
(type A, B and C or R). The sampled soil essentially consisted of Cambisoles, Leptosoles, Regosols, Calcisols,
Vertisols, Fluvisols, Umbrisols, Acrisols and Luvisols
developed under varying vegetation types.

FIGURE 3 - Climatic diagram.

It is impossible to show a soil map of Castilla La Mancha due to the vast surface of the region. There is a great
diversity of soils. According to the criteria of the FAO [9],
one can find Leptosols, Vertisols, Fluvisols, Kastanozems,
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FIGURE 4 - Soil profiles situation localization.
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TABLE 1 - General and pedological characteristics of investigated soils.
Profile
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Soil Type (FAO, 2006)

Location

Leptic Regosol
(Gypsiric, Siltic)
Haplic Luvisol
(Chromic, Profondic)
Vertic Luvisol
(Profondic, Rhodic)
Haplic Calcisol
(Ruptic,Chromic)
Haplic Leptosol
(Skeletic, Novic)
Cutanic Luvisol
(Clayic, Rhodic)
Leptic Luvisol
(Humic, Chromic)
Endogleyic Cambisol
(Humic, Dystric)
Calcic Luvisol
(Chromic, Abruptic)
Haplic Leptosol
(Calcaric, Skeletic)
Leptic Cambisol
(Calcaric, Chromic)
Haplic Regosol
(Gypsirc, Calcaric)
Cutanic Luvisol
(Chromic , Clayic)
Haplic Cambisol
(Calcaric, Yermic)
Leptic Cambisol
(Dystric, Skeletic)
Calcic Luvisol
(Rhodic, Profondic)
Calcic Vertisol
(Humic, Pellic)
Calcic Luvisol
(Skeletic, Rhodic)
Haplic Fluvisol
(Calcaric, Skeletic)
Leptic Cambisol
(Humic, Dystric)
Cambic Umbrisol
(Humic, Arenic)
Haplic Acrisol
(Ruptic, Profondic)
Umbric Leptosol
(Humic, Dystric)
Rendzic Leptosol
(Humic, Brunic)

Ontigola
(Toledo)
Madridejos
(Toledo)
La Solana
(C. Real)
Villahermosa
(C. Real)
Alcaraz
(Albacete)
Povedilla
(Albacete)
El Bonillo
(Albacete)
Velada
(Toledo)
Mirabueno
(Guadalajara)
Torremocha
(Guadalajara)
Alcolea del Pinar
(Guadalajara)
Tarancón
(Toledo)
Belmonte
(Cuenca)
Olivares del Jucar
(Cuenca)
S. Cruz De Mudela
( C. Real)
Bazán
(C. Real)
Valverde
(C. Real)
Ocaña
(Toledo)
Balazote
(Albacete)
Almadén
(C. Real)
Almorox
(Toledo)
Viñuelas
(Guadalajara)
Valdepeñas de la S.
(Guadalajara)
El Bonete
(Albacete)

Parent
Material

Land Use

Gypsums

Uncultivated

Marls

Dry farming

Argillites

Dry farming

Sandstones/ quarcites

Forest/
dry farming

Quarcites

Pasture

Argillites

Dry farming

Limestones

Forest/
Reforestation

Granites

Pasture

Limestones/
marls
Limestones/
calcarenites
Poligenic/
calcarenites
Marls/
gypsums
Limestones/
calcarenites

Dry farming/ pasture
Uncultivated
Dry farming
Forest

Slates/
quarcites
Quarcites/
slates

Uncultivated/
Dry farming

Basalts

Dry farming

Limestones

Uncultivated

Fluvial sediments

Dry farming

Granites

Characterisation by XRD was carried out using the
random powder method for the bulk sample and the oriented slides method for the fine fraction. The X-ray
difractometer is a PHILIPS 1700 PW with a Cu anode,
operated at 30 mA and 40 kV using divergence and reception slits of 2 and 0.6 mm, respectively. For the clay fraction, oriented aggregates were air dried, glycolated with

Scrub/ pasture

Marls

Slates

The samples were air-dried (crushed) with a roller and
passed through a 2 mm sieve as usual for soil analyses.
An aliquot of the samples were finally ground into agate
mortar reaching analysis size (<74 µm). The following
analyses were carried out:

Forest

Dry farming

Uncultivated/
Pasture
Forest/
Reforestation

Rañas

Forest

Quarcites/
slates

Forest

Limestones

Scrub/
Forest

Coordinates
0450766 (X)
4425763 (Y)
304534 (X)
4370675 (Y)
0479715 (X)
4306634 (Y)
519091 (X)
4288625 (Y)
544057 (X)
4211625 (Y)
0540151 (X)
4282000 (Y)
0537754 (X)
4310260 (Y)
331058 (X)
4431848 (Y)
0521246 (X)
4531563 (Y)
0591915 (X)
4540195 (Y)
543521 (X)
4543529 (Y)
0504409 (X)
4430745 (Y)
0519693 (X)
4380744 (Y)
0554157 (X)
4406257 (Y)
459873 (X)
4278354 (Y)
0457194 (X)
4270927 (Y)
409417 (X)
4316228 (Y)
455084 (X)
4423063 (Y)
0580442 (X)
4307137 (Y)
340446 (X)
4290941 (Y)
0383535 (X)
4460106 (Y)
0470537 (X)
4515645 (Y)
0466594(X)
4529098 (Y)
0642565 (X)
4306691 (Y)

ethylene-glycol and heated at 550ºC for 2 h. Semiquantitative mineralogical analysis was based on the difraction
peaks.
Measurement of abrasion pH of these samples, using
the method proposed by Ferrari and Magaldi [11] which
measures the pH once the soil has been crushed, which
causes the fracture of crystals thereby enlarging the active
surface. In the extracts the base cation concentrations were
determined (NaA, KA, MgA and CaA) by ICP/AES spectrophotometry using a Varian Vista-MPX equipment. The
selected lines were: Na, 588.995; K, 769.897; Mg, 279.078,
and Ca, 317.933 nm. The standards concentrations ranged
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between 1.25 and 500 µg/mL. The power was 1.2 kW, with
10 s counting time (5 replicates). The measured intensities
were background corrected and no significant spectral interference was found. For assessment standard reference
solutions were used.
Measurement of the chemical composition of total
base cation concentrations (NaT, KT, MgT and CAT) was
determined after fusion with lithium tetraborate by X-Ray
Fluorescence using a Panalytical Magix Spectrometer with
Rh tube and Super Q software.
RESULTS AND DISCUSSION
In this paper we did not study the evolution of the
original materials to saprolite, which reaches a pedological stage. This paper is mainly concerned with the possible use of abrasion pH in evaluation acid deposition in
soils used mainly in agricultural purposes.
Conceptual models of acid neutralization suggest that
the dissolution of aluminosilicate minerals is substantially
slower than the dissolution of carbonate minerals [27]. In
general, calcium carbonate is a normal component of soils
(in the soils of Castilla La Mancha the content ranged between 0 and sometimes higher values than 34%. The reactions represent the dissolution of calcium carbonate are
shown [25]:
Soil acidification can result from an excessive application of chemical fertilizer or acid deposition rain. Under
these conditions, after the soluble carbonates have been
neutralized, the dissolution of other minerals (aluminosilicate minerals) becomes the principal source of base cations.
Dissolution begins at near-neutral pH values.
The critical acid load to an ecosystem is defined as
(Skoloster Critical Load Workshop 1988) as the maximun
deposition of acidifying compounds that will not cause
chemical changes leading to long harmful effects on ecosystem structures and function. The purpose of determining critical loads is to set goals for future acid deposition
rates such that the environmental is protected. In an effort
to learn more about the susceptibility of soil to acidification in the Castilla La Mancha region, a set of parameters
can be addressed. The studied soils have low organic

matter content, pH between 5 and 8.5 and varying carbonate contents. Table 2 shows statistical data of the properties of the soil samples investigated. Abrasion pHs
ranged be-tween 5.4 and 9.1, showing that the soils of
Castilla La Mancha are not very weathered. According to
Burke [5], unweathered granitic rocks have an abrasion
pH level near 7. This fact has also been checked by [1] in
soils of central Spain. Chemical weathering intensity was
measured through abrasion pH level [5]. In the latest researches, authors attribute the difference between abrasion
pH level and clay mineralogy to the differences between
kinetic properties and qualitative mineralogy of saprolite. The pH values indicate more extensive weathered
conditions. The abrasion pH of soils is usually alkaline
because grinding produces an increase in the surface area
that favours the dissolution of cations from mineral crystalline networks. This is related on the one hand, to the
chemical and mineralogical composition of the soil, and
on the other, to the physicochemical behaviour of the new
surfaces created during the grinding process. The high
pH values of the crushed samples reflect the predominance of unweathered primary minerals, as confirmed by
mineralogical analysis (Table 3), which indicates that the
mineral constituents of the soils are the same as the source
rocks. The region is characterized by generally warm
temperatures, with winter or spring cold-rainfall, and dry
and hot summers. Temperature varies widely with latitude,
altitude and continentality (Figure 3).
The release occurs as a result of the fracture of crystals, which leads to increased surface, so that the broken
bonds on these faces easily retain exchange protons. In this
case ranks are very narrow. Concerning total base cation
concentrations (NaT, KT, MgT and CaT) of the soil samples, they were dissimilar to base cations concentration in
abrasion pH extract The results follow a parallel behaviour between both measurements of bases, although with
a much higher concentration in total bases than in extract
of abrasion pHs. It is noted that the most abundant total
base is Ca, followed by Mg, K and Na. Indeed so far the
ranges found are: NaT between 311.1-17377.8; KT between 208-47883.3; CaT between 321.4-393700.0; MgT
between 524.1-92644.6. Results coincided on the amount of
basic cations values throughout all the soils analysed. These
results indicated that the amount of released cations is in
fact associated to the exchange complex.

TABLE 2 - Some statistical dates in relation with total and extractable bases and abrasion pH.

Mínimum
Mediane
Máximum
Range
Arithmetical mean
Assimmetry
CV (desviation typic/mean)
Variance of samples
Stimated variance

NaT
311.1
1407.4
17377.8
17066.7
3017.1
2.1

KT

321.4
84939.2
393700.0
393378.6
118301.9
0.6

MgT
524.1
5930.7
92644.6
92120.5
13136.2
2.7

1.2
0.7
1.0
14482535.729 162953336.614 14860228985.269
14686515.105 165248454.031 15069527985.061

1.4
354991032.7
359990906.4

208.3
16358.3
47883.3
47675.0
17637.2
0.4

CaT
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pH
5.4
8.1
9.1
3.6
7.9
-1.3

NaA
0.0
0.0
0.0
0.0
0.0
6.5

KA
0.0
0.0
0.0
0.0
0.0
3.0

CaA
0.0
0.0
0.0
0.0
0.0
2.8

MgA
0.1
1.4
23.1
23.0
3.2
2.7

0.1
0.6
0.6

2.9
0.0
0.0

1.0
0.0
0.0

2.1
0.0
0.0

1.4
22.1
22.4
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TABLE 3 - Correlation coefficients between the mineralogy, total and extractable
bases and abrasion pH, for soils in Castilla La Mancha (correlation significant at p<0.05).
Q
Q
KF

KF CaNaF CLAY Ca

Do

GY

I

K

S

I-S

CL

NaT

KT CaT MgT pH

NaA KA

1
0.370

1

CaNaF 0.292 0.527

1

CLAY 0.127 -0.167 0.048

1

Ca

-0.511 -0.355 -0.351 -0.430

Do

-0.263 -0.173 -0.185 -0.178 -0.023

GY

-0.313 -0.196 -0.176 -0.278 -0.229 -0.086

1
1
1

I

0.301 0.202 0.363 0.273 -0.156 0.085 -0.488

K

0.434 0.054 -0.045 0.219 -0.174 -0.089 -0.264 -0.094

1
1

S

-0.162 0.154 -0.152 -0.003 0.033 0.145 -0.128 -0.292 -0.118

I-S

1

-0.141 -0.121 -0.045 0.049 0.160 -0.003 -0.068 -0.186 -0.034 -0.029

1

CL

0.419 0.090 0.132 -0.104 -0.158 -0.063 -0.066 -0.100 0.228 -0.077 -0.045

NaT

0.302 0.612 0.892 0.125 -0.429 -0.152 -0.188 0.323 0.018 -0.087 -0.030 0.046

KT

0.511 0.549 0.571 0.498 -0.551 -0.224 -0.381 0.597 0.129 -0.175 -0.056 0.053 0.656

1
1
1

-

CaT

-0.732 -0.450 -0.459 -0.581 0.805 0.195 0.269 -0.423 -0.369 0.017 0.103 -0.200 -0.533 -0.793

1

MgT

-0.349 -0.132 -0.236 -0.077 -0.041 0.886 -0.077 0.032 -0.158 0.359 0.091 -0.100 -0.197 -0.228 0.173

pH

-0.476 -0.477 -0.369 -0.154 0.398 0.242 0.136 -0.129 -0.410 0.164 0.125 -0.215 -0.442 -0.517 0.555 0.330

NaA

-0.165 -0.093 -0.076 -0.111 -0.165 -0.069 0.554 -0.244 -0.152 -0.049 -0.042 -0.041 -0.069 -0.189 0.113 -0.061 0.123

KA
CaA

CaA MgA

1
1
1

0.016 0.074 -0.051 -0.248 -0.168 -0.017 0.439 -0.014 -0.206 -0.127 -0.079 -0.112 -0.094 -0.064 0.044 -0.062 0.018 0.600

1

-0.348 -0.230 -0.202 -0.256 -0.110 -0.023 0.836 -0.455 -0.261 -0.121 -0.059 -0.094 -0.225 -0.386 0.282 -0.052 0.103 0.483 0.518

1

MgA -0.349 -0.132 -0.236 -0.077 -0.041 0.886 -0.077 0.032 -0.158 0.359 0.091 -0.100 -0.197 -0.228 0.173 1.000 0.330 -0.061 -0.062 -0.052
1
Q= quartz. KF = feldspar potasic; CaNaF = feldspar calcosodic, Ca = calcite, Do = dolomite, GY = gypsum, I = illite, K = kaolinite, S = smectite, I-S
= inters. illite-smectite, Cl = chlorite, (NaT, KT, CaT and MgT) = total bases concentration, (NaA, KA, CaA and MgA) = bases concentration in
abrasion pHs extract.
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FIGURE 5a - Percentage of clay minerals in subsurface horizons of investigated soil profiles
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The mineralogical composition of the samples in the
fine fraction was determined by XRD (Table 3). Clay minerals are shown in Figure 2. It is noted that Quartz, Feldspars, Phyllosilicates and Calcite or Gypsum are present
in varying amounts in the total fraction, while IIlite, Kaolinite and Smectite are the most abundant minerals in the
clay fraction. It was also observed that the mineralogy of
the surface horizons is qualitatively and quantitatively
similar to that of the source lithology, so that one can talk
about a lithodependent character. This is true despite the
fact that there are changes from the rock to the soil; much
of it is inherited. The abundance of feldspars and micas
indicates nascent stages of development or conservation,
(the abundance of feldspars is an indication of soils with
little alteration, [24]. The abundance of micas also indicates that we are dealing with incipient stages of evolution. The very existence of integrated towards vermiculitization suggests that nascent state. We are therefore dealing
with soils where chemical processes are of little intensity.
A principal component analysis (PCA) was carried out
in order to establish possible influences, intrinsic relationships or similarities. Taking into account the variables, one
can observe that total base cations and the abrasion pH
level define the axis 1, which in turn explains over 36.4%
of the total variance (Figure 6a). Total Ca and abrasion
pH define the negative axis, and Na and K define the posi-
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-- axis F1 (36,40 % ) -->
-- axis F2 (24,52 %) ->

The analysis of the correlation between the abrasion
pH values and the amounts of dissolved elements, considering all of the samples, (Table 3) revealed the coefficient
corresponding to Ca to be highest (r = 0.55, P < 0.05); for
Mg (r = 0.60, P < 0.01) and negative for Na (r =- 0.44,
P < 0.05) and K ((r =- 0.51, P < 0.05).

-- axis F2 (24,52 %) -->

FIGURE 5b - Percentage of clay minerals in subsurface horizons of investigated soil profiles.

FIGURE 6a - PCA applied to total
and extractable basis and pH of abrasion.
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FIGURE 6b - PCA applied to 72 soil samples (of 24 soil profiles).
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FIGURE 7a - Clustering of variables: total and extractable bases and abrasion pH.
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FIGURE 7b - Clustering of variables: total and extractable basis and pH abrasion.
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FIGURE 8 - Clustering of 72 soil horizons (of 24 soil profiles).
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tive axis, while Mg barely has an influence. Instead, the
axis 2 (that explains over 24.52 % of the total variance), is
defined by Mg (either in the total fraction or in the extract) opposite to Ca, Na and K (extracts). Therefore, the
abrasion pH can only be associated to the elements released
in the long term. In conclusion, the abrasion pH level can be
used as a step in the long term release of bases. The same
PCA applied to the samples (Figure 3b) indicates that profiles 10, 12, 19 and 21 play an important role in the axes.
These are calcareous soils (10, Leptosol; 12, Regosol and
19, Fluvisol), very young, versus non-calcareous (21)
Umbrisol. This reinforces the idea that the presence/
absence of carbonate is the key to the buffer capacity.
The dendrogram of Figures 7a,b shows that Na and K
follow parallel paths and that total Mg is associated with
the abrasion pH, the latter with less intensity. The figure
shows a clear interaction between abrasion pH and total Ca,
and also of those with both totals Mg and extracted. The
same dendrogram shows a parallel behaviour of each cation
in the total extract and extract of abrasion pH. Concerning
the dendrogram of Figure 8, horizons appear mixed. It
detects multiple profiles (numbers 1, 15, 17, 19, 20, 21, 22
and 23) with very similar horizons, so that compared to an
acid deposition, they assumed a similar capacity to respond throughout the profile. In other cases, coinciding
with contrasting morphologies, as when there are lithological discontinuities or abrupt textural change (such as profiles 4, 9, 11 and 16), there is a clear separation of horizons
of the same profile in the hierarchical cluster. Consequently,
the profile does not have a model similar response in the
vertical when there is acid deposition.
Recent environmental research is increasing its attention on the assessment of analytical impact indicators found
on soil and extensive degradation practices on ecosystem.
Certain pedological ecosystems can be potentially affected,
either by acidification driven from natural processes or from
the pollution generated by industries, agriculture, transportation, etc. In order to establish strategies to reduce pollutant emissions, several methodologies have been proposed.
These methodologies allow quantification of the Critical
Loads (CL) for acid deposition. The sensitivity of the soil
to acidification is related to the buffer capacity of the soils
and can be therefore estimated through buffer mechanisms.
In this sense, the results obtained reinforce the idea that the
presence / absence of carbonate is a key factor to calculate
the buffer capacity.

for ANC evaluation. In the future a mathematical formulation should be found to serve as a criterion or soil quality index in a hypothetical scenario of acid pollution of the
region.
CONCLUSIONS
In soils of Castilla La Mancha, the most abundant total base cation is Ca followed by Mg, K and Na. Indeed,
the ranges found so far are: NaT between 311.1-17377.8;
KT between 208.-47883.3; CaT between 321.4-393700.0;
MgT between 524.1-92644.6. The base cations releases of
short-medium term occur in short ranges. The gradient or
ranking is total bases > bases in the extract. A similarity is
detected between each cation in the total extract and extract of abrasion pH.
When a potential acid addition (contamination) is possible, a similar capacity to respond is observed throughout
the profile in some soils. In other cases, coinciding with
contrasting morphologies, as when there are lithological
discontinuities or abrupt textural change, the profile does
not have a model similar response.
We have shown the clear interaction between abrasion pHs and total Ca; as well as of those with both Mg
total and the extract. The abrasion pH is correlated positively and significantly with total Ca and Mg, and negatively with total Na and K. The abrasion pH can be estimated as a step in the long term release of base cations.
This reinforces the idea of the central role of content in
base cations and carbonates in the acid neutralization capacity. Given the observed relations with abrasion pHs, it
is proposed to measure it as a simple criterion of ANC
valuation.
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Soil acidity does not represent a soil problem for agriculture in the region, where the soils under study, due to
the predominance of calcareous substrates, present normally
alkaline pHs values and high base saturation. The study of
acidity and of the mechanisms of acid neutralization in the
soil is very complex, as has been shown by many researchers [17-21]. As ANC is concerned, there is not a common
approach. The results obtained by us reinforce the idea of
the central role of the content in bases in the acid neutralization capacity. Given the observed relations with abrasion
pHs, it is proposed to measure this as a simple criterion
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ABSTRACT

INTRODUCTION

To discover how a lake converts from a turbid state to
clean state, and what drives this process, we constructed
controlled enclosure ecosystems and used the ecological
remediation method to force ecosystems to convert from
the turbid state to the clean state. Our results show that the
driving forces include temperature, macrophyte, silver carp
and mussel, which form a combined force to drive the controlled ecosystem to switch. There is a threshold existing in
treated enclosure ecosystem during the conversion from
turbid to clean state. When TP <0.09 mg.L-1, Chl-a <0.036
mg.L-1, transparency >62 cm, TN <2.15 mg.L-1, CODMn
<13.7 mg.L-1, tubidity <10, and the number of algal cells
<106 cells.L-1, the treated ecosystem changes sharply from
turbid to clean state. The conversion process can be divided
into three phases: turbid state, clean-turbid transitional state
as well as clean state, and described with the power function Y = a*Xb (where Y is water parameter, X is time, a
and b are constants), which indicates that the shift in the enclosure ecosystem from turbid to clean state is discontinuous.

KEYWORDS:
regime shift, alternative stable states, eutrophication

The term “regime shift” was firstly used to describe the
concurrent alternations between sardine and anchovie populations in several parts of the world [1]. Following the signature 1976–1977 regime shift in the North Pacific [2], the
term has been used commonly to describe abrupt changes
over time in the abundance of a particular component (often a commercially important fish species) of an ecosystem. Bakun [3] defines a regime shift as a persistent radical shift in typical levels of abundance or productivity of
multiple important components of a marine biological community structure, occurring at multiple trophic levels and on
a geographical scale that is, at least, regional in extent.
Jeremy S. Collie [4] considers regime shifts to be of low
frequency, high-amplitude changes in oceanic conditions
that may propagate through several trophic levels, and be
especially pronounced in biological variables. Theoreticians think that a tiny incremental change in conditions can
trigger a large shift in some systems if a critical threshold
is passed [5, 6]. There are three models for regime shift
theory: smooth, abrupt and discontinuous [6-8]. Smooth
regime shift is characterized by a quasi-linear relationship
between the forcing and response variables (Fig. 1a). Abrupt
regime shift is characterized by an abrupt change between
the forcing and conditional variables (Fig. 1b), which means
that when conditions approach a critical level, there will be
an abrupt response. There is an amplified function through
ecosystem accumulation. Discontinuous regime shift oc-

FIGURE 1
(a) indicates an ecosystem that responds to change smoothly; (b) indicates that when conditions approach a critical level, an ecosystem
changes abruptly; (c) indicates that some ecosystems respond in a less linear way and the response is not a fixed property of the system [6].
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curs when the forcing variable exceeds a threshold value
and the response variable passes through an unstable equilibrium to a lower stable equilibrium. When the forcing
variable is decreased, the response variable will follow a
different trajectory to the upper equilibrium, thus exhibiting hysteresis. Single transitions from high to low (or the
reverse) look identical for the abrupt and the discontinuous cases [8].
Lakes shift between alternative stable states [9-11]. The
natural state of most shallow lakes is clear with rich submerged vegetation. However, nutrient loading has changed
this situation in many lakes. For example, transparency is
suddenly lost and vegetation quickly disappears in shallow lakes due to human-induced eutrophication [12, 13]. The
speed of this change is due to the effect of critical nutrient
concentration threshold. Water clarity appears to be hardly
affected by increased nutrient concentrations until that critical threshold is passed. Once it is passed, the likely response is increased lake turbidity, a rapid disappearance
of submerged plants, a rapid decrease in animal diversity,
and a sharp increase in algal biomass. The lake will then
shift abruptly from clear to turbid state. In this situation,
reducing nutrient concentrations to the original threshold
values is often insufficient to restore the lake. In order to
prompt a return to the clean state, it is necessary to reduce
nutrient levels to another lower threshold.
The theory above is usually driven by a descriptive
model. We seek to determine if it is possible to quantitatively describe regime shifts, with the goal of discovering
how a lake converts from the turbid to clean state. We further seek to discover if a threshold really exists, and if it
does, what that threshold is. Traditionally, total phosphorus (TP) has been used as an indicator of the nutrient status
of a lake, but there are some drawbacks to that approach.
There are good reasons to believe that there is not one single
critical nutrient level for maintaining clear water [14]. If this
is true, we seek to determine which additional nutrients can
be used as indicators.
MATERIALS AND METHODS
In order to make a controlled enclosure ecosystem similar to a natural lake, we chose an eutrophicated pond near
Dianchi Lake, which is heavily an eutrophic lake located in
Yunnan province, China. The small pond has hydrological
contact with Dianchi Lake. Therefore, the aquatic chemical
environment, sediment, and ecosystem structure are all similar to Dianchi Lake. Even so, we pumped out the pond
water and replaced it with water from Dianchi Lake to make
the chemical environment more similar to each other, then
constructed enclosures 1-3 (10×10 m2). Enclosure 1 was
considered as control, and enclosures 2 and 3 were treated
with the same methods. The treated enclosures were designed as follows: in each enclosure, we planted 15 kg (wet
weight) of Elodea nuttallii, cultured 13 silver carps of
13 cm average length; and added 30 kg of mussels of about

0.2 kg average weight. The enclosures were sampled from
October 2006 to September 2007. At the beginning of the
conversion and during the critical period, the treated enclosure ecosystems changed quickly, and we sampled every
week. Later, the interval was extended to 10 or 20 days.
After conversion completion, the interval was one month or
more. Throughout the sampling period, we observed changes
in the enclosure ecosystems and measured chemical and
biological factors to search for the critical threshold during
conversion. TP was analyzed colorimetrically at 220 nm,
after digestion of the total samples with K2S2O8+NaOH to
orthophosphate [15]. Total nitrogen (TN) digested with TP,
was measured as nitrate concentration at 275 nm. Chemical
oxygen demand (CODMn) was measured using the titrimetric method after reaction with KMnO4 in boiling water at
acidic conditions for half-an-hour. Turbidity was analyzed
by absorbance at 680 nm. Chlorophyll a (Chl-a) samples
were filtered on Whatman GF/F-filters, which were airdried, stored frozen, then extracted with ethanol and measured spectrophotometrically [16]. Phytoplankton samples
were preserved with Lugol’s solution and concentrated to
60 ml after 48-h sedimentation. Then, 0.1 ml of the concentrated samples was counted using a microscope at 400 ×
magnification after being fully mixed [17]. Phytoplankton
species were identified and counted according to Junru Hu
et al. (1979) [18].
RESULTS AND DISCUSSION
The controlled enclosure ecosystem

Ecosystem 1 is the control, without any treatment and
only influenced by climate [14]. As a result, it did not finish conversion from turbid to clean state. The environmental
factors and biological components fluctuated based on temperature changes within limits (Fig. 2). In winter, temperature was low and algal growth accordingly decreased, which
directly led to a decrease in Chl-a but an increase in transparency. Dead algae contained nutrients that precipitated
into mud and reduced the nutrient level of the ecosystem.
Therefore, as shown in Fig. 2, TP ,TN, CODMn, Chl-a as
well as the number of algal cells decreased with temperature, while turbidity and transparency increased. After winter, temperature went up gradually and algal growth increased. Particularly during June to August, microcystis
blooms broke out, causing transparency to decrease while
turbidity, TP, TN, Chl-a, CODMn, and number of algal cells
increased. Water quality became worse. Transparency, TN,
Chl-a, and turbidity all significantly correlate with temperature at the 0.01 level, while TP significantly correlates at
the 0.05 level, which indicates that the chemical and biological factors are mainly influenced by temperature (Table 1). Temperature was the main driving force of change
in the control enclosure ecosystem. Consequently, the environmental and biological factors only fluctuated within
specified limits but did not reach the critical threshold
necessary to drive conversion completion, leading the control ecosystem still to stay in the turbid state.
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FIGURE 2 - Chemical factors and biological factors of the control ecosystem vs. time (Each graph describes a different factor:
a is transparency, b is CODMn, c is turbidity , d is TN, Chl-a, e is TP, f is temperature, g is Chl-a, h is the number of cells of algae).

TABLE 1 - Correlations between different factors of the control ecosystem.
Transparency
T
TP
TN
CODMn
Chl-a
Turbidity

Pearson Correlation
Sig.(2-tailed)
N
Pearson Correlation
Sig.(2-tailed)
N
Pearson Correlation
Sig.(2-tailed)
N
Pearson Correlation
Sig.(2-tailed) (2-tailed)
N
Pearson Correlation
Sig.(2-tailed)
N
Pearson Correlation
Sig.(2-tailed) (2-tailed)
N
Pearson Correlation
Sig.(2-tailed)
N

Transparency
1
21
-.673 (**)
.001
21
-.762 (**)
.000
21
-.295
.194
21
-.215
.362
20
-.553 (*)
.011
20
-.589 (*)
.010
18

T
-.673 (**)
.001
21
1
22
.516 (*)
.017
21
.559 (**)
.008
21
.278
.223
21
.769 (**)
.000
21
.879 (**)
.000
18

TP
-.762 (**)
.000
21
.516 (*)
.017
21
1
21
.234
.307
21
.095
.692
20
.382
.096
20
.467
.051
18

TN
-.295
.194
21
.559 (**)
.008
21
.234
.307
21
1
21
.539 (*)
.014
20
.767 (**)
.000
20
.470 (*)
.049
18

** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (2-tailed).
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CODMn
-.215
.362
20
.278
.223
21
.095
.692
20
.539 (*)
.014
20
1
23
.597 (**)
.005
20
.154
.555
17

Chl-a
-.553 (*)
.011
20
.769 (**)
.000
21
.382
.096
20
.767 (**)
.000
20
.597 (**)
.005
20
1
21
.640 (**)
.006
17

Turbidity
-.589 (*)
.010
18
.879 (**)
.000
18
.467
.051
18
.470 (*)
.049
18
.154
.555
17
.640 (**)
.006
17
1
18
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FIGURE 3 - Environmental factors and biological components of treated ecosystems change vs. Time
(The values are averaged from enclosures 2 and 3; each graph decribes a different factor: a is transparency,
b is TP, c is TN, d is Chl-a, e is CODMn, f is the number of algal cells, g is turbidity, and h is temperature).

The treated enclosure ecosystem

In Fig. 3, the environmental factors and biological
components of the treated ecosystems changed faster than
the control ecosystem, a threshold existed, and when values
passed the critical threshold, the treated ecosystem switched
to the clean state. The treated ecosystems fully converted
from the turbid to the clean state. The conversion started at
about the beginning of November and lasted until the middle of February. During this time, environmental and biological factors changed sharply. For example, transparency
increased 7.5-fold from 10 to 75 cm, while, at the same

time, TP, TN, Chl-a, CODMn,and the number of algal cells
decreased from 0.33 mg L-1, 5.31 mg L-1, 0.272 mg L-1,
21.23 mg L-1, and 714816000 cells L-1 to 0.08 mg L-1,
2.52 mg L-1, 0.031 mg L-1, 11.04 mg L-1, 3601447 cells L-1,
respectively, corresponding to 76, 53, 45, 88, and 95%.
Simultaneously, submerged macrophyte coverage increased
from about 10% to more than 80%. After February, although
the temperature went up, the water parameters tended to
stabilize, and only fluctuated within little specified limits.
This indicates a very healthy ecosystem due to communicate structure perfection. Ecosystem resilience was greatly
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enhanced. During conversion, there are two thresholds.
Above the first threshold, the aquatic ecosystem is in turbid
state, characterized by abundant phytoplankton and relatively
high nutrient concentrations; but below the second threshold, the aquatic ecosystem is in clean state, characterized
by abundant macrophyte coverage and relatively low nutrient concentrations. Between these thresholds, an aquatic ecosystem is in a transitional state. The transitional state is
not stable, and will turn to one state depending on existing
conditions. The threshold data are listed in Table 2.
DISCUSSION
The forces driving ecosystem change

Transparency, TN, Chl-a, and turbidity significantly
correlate with temperature at the 0.01 level, but TP at the
0.05 level (Table 1). However, in Table 3, neither of the
environmental factors significantly correlates with temperature, indicating that temperature is one force with limited
function that drives the ecosystem to convert. In the control
ecosystem, there was no treatment, and it was only influenced by temperature. Therefore, the role of temperature is
significant, as corroborated by correlation analysis. However, we planted Elodea nuttallii, cultured silver carps and
mussels in the treated ecosystems. These macrophytes can
absorb nutrients [19-21]. If the biomass of submerged

aquatic vegetation over large areas is high, they will potentially cause large-scale reductions of nutrient concentrations
and phytoplankton in the water column, and increased transparency [22-24]. This is because plant beds can stabilize
sediments [25], support epiphyton that sequester nutrients
[26, 27], and cause physical and chemical conditions that
lead to the removal of both particulate and soluble nutrients from the aquatic ecosystem [28].
In the treated ecosystems, silver carps and mussels can
eat algae, decreasing phytoplankton biomass and reducing
the level of nutrients [29, 30]. Therefore, the forces driving
the ecosystem to evolve were not only temperature but also
macrophytes (silver carp and mussels). The correlation coefficient of environmental factors and temperature decreases,
simultaneously indicating that both macrophytes play a
more important role than temperature in driving ecosystem
conversion. Another noteworthy phenomenon is that in the
altered ecosystem the relationships between different environmental factors are strengthened. While TN and turbidity are significant at the 0.05 level, transparency, TP, TN,
turbidity, Chl-a, and CODMn all are significantly related to
each other at the 0.01 level. This indicates that when the
different components of the treated ecosystem get closer, the
inner connections of the ecosystem become reinforced. It
confirms that the treated ecosystem completed the whole
conversion from the turbid to the clean state, and functions as a healthy ecosystem.

TABLE 2 - The threshold values during conversion.
Threshold
First
Second

Transparency (cm)
22
62

TP (mg/L)
0.27
0.09

TN (mg/L)
3.59
2.15

Chl-a (mg/L)
0.211
0.036

CODMn (mg/L)
24
13.7

Turbidity
18
10

The number of cells
3.4×108
1.7×107

TABLE 3 - The relation of different environmental factors in treated ecosystem.

Transparency
T
TP
TN
CODMn
Chla
Turbidity

Pearson Correlation
Sig.(2-tailed)
N
Pearson rrelation
Sig. (2-tailed)
N
Pearson Correlation
Sig.(2-tailed)
N
Pearson Correlation
Sig.(2-tailed)
N
Pearson Correlation
Sig.(2-tailed)
N
Pearson Correlation
Sig.(2-tailed)
N
Pearson Correlation
Sig.(2-tailed)
N

Transparency
1
22
.237
.288
22
-.884 (**)
.000
21
-.812 (**)
.000
22
-.742 (**)
.000
21
-.825 (**)
.000
21
-.727 (**)
.001
18

T
.237
.288
22
1
23
.058
.799
22
-.185
.410
22
.078
.730
22
.111
.623
22
-.435
.071
18

TP
-.884 (**)
.000
21
.058
.799
22
1
23
.835 (**)
.000
21
.579 (**)
.005
22
.838 (**)
.000
23
.743 (**)
.000
18

TN
-.812 (**)
.000
22
-.185
.410
22
.835 (**)
.000
21
1
22
.580 (**)
.006
21
.855 (**)
.000
21
.511(*)
.030
18

** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (2-tailed).
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CODMn
-.742 (**)
.000
21
.078
.730
22
.579 (**)
.005
22
.580 (**)
.006
21
1
23
.797 (**)
.000
22
.624 (**)
.007
17

Chl-a
-.825 (**)
.000
21
.111
.623
22
.838 (**)
.000
23
.855 (**)
.000
21
.797 (**)
.000
22
1
23
.817 (**)
.000
18

Turbidity
-.727 (**)
.001
18
-.435
.071
18
.743 (**)
.000
18
.511 (*)
.030
18
.624 (**)
.007
17
.817 (**)
.000
18
1
18
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FIGURE 4 - The fitted curve of different environmental factors (a is the transparency fitted curve, b is the TP
fitted curve, c is the CODMn fitted curve, d is the Chl-a fitted curve, e is the turbidity fitted curve and f is the TN fitted curve).

Curve estimation

The conversion mainly occurred during the beginning
of November and the middle of February, so we chose the
rule of dynamics of environmental factors in this period to
describe the conversion from turbid to clean state. We used

SPSS to fit a curve (Fig. 4). Particularly, the R2 values of
transparency and TP, which are 0.963 and 0.927, respectively, fit very well to conversion. In an aquatic ecosystem, transparency, TP, TN, Chl-a, CODMn, and turbidity are
important parameters to describe water quality and state.
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Particularly, when the TP is low enough, it will become a
limited factor of algal growth, which further limits eutrophication, and may even determine ecosystem conversion. The concentration of Chl-a will directly influence
turbidity, and further transparency. The relationships among
these factors must be included when trying to mathematically describe the ecosystem. During the conversion from
turbid to clean state, we can use the power function Y =
a*Xb to describe this course, where Y represents environmental factors (transparency , TP, TN, Chl-a, turbidity,
CODMn), X is time, and a and b are constants, varying
depending on different environmental factors. The details
of this function, reflecting different environmental factors, are shown in Table 4.
The regime shift of the treated ecosystems fits a power
function well, which is in accordance with the existing models. For example, when comparing Fig. 1c and Fig. 5 [31],
the power function curve is similar to Fig. 5b recovery curve,
and the threshold in our experiment is equal to E1 point in
Fig. 5b. Just as in Fig. 5, when environmental factors passed
the critical threshold E1 in our experiment, the ecosystem
changed sharply into the clean state. Therefore, our simulating experiment supports the proof for the existing model
and further supplies the exact value for E1 during the conversion of treated ecosystems.
The threshold value

According to our experiments, the aquatic ecosystem
changed sharply when TP passed 0.09 mg/L. When our enclosure ecosystem was in the clean state, the TP level was

below 0.09 mg.L-1. This is reflected in other real examples.
For instance, Donghu Lake in China experienced eutrophication at the end of the 1970s [32]. The TP level during
1973-1975 was less than 0.1 mg/L, then TP level increased
rapidly, up to more than 0.2mg/L during 1980-1985 (Fig. 6).
Other case studies of shallow lakes also have shown a shift
within certain nutrient regimes [33]. Biomanipulation is
never successful when phosphorus concentrations are above
0.1 mg L-1 [34]. Jørgensen and de Bernardi [35] thought
regime shift occurs at TP concentration approx. 0.12 mg L-1,
while Sagrario, et al. [36] used an enclosure experiment to
find that the shift to a turbid state with low plant coverage
occurred at TN >2 mg L-1 and TP >0.13–0.2 mg L-1. Empirical findings from Danish lakes show that a shift from a
clear to a turbid state usually occurs when TP exceeds
0.05–0.15 mg L-1 [37]. Our results are similar to these
studies.
In fact, the threshold varies in different lakes according to depth, size, climate [14], presence of macrophytes
and their coverage, as well as other biological factors,
particularly when top-down function is different. Differences in the above factors cause lakes to have different
nutrient level tolerances and different resilience to disturbances. A lake with high macrophyte coverage and
complete community structure may keep clean state, even
if nutrient levels are high. Particularly in relatively small
lakes(<3 ha), alternative stable states were still observed
when P level was as high as 0.65mg L-1 [37]. With this in
mind, it is necessary to determine the particular threshold
of a given lake before undertaking lake eco-remediation.

TABLE 4 - The details of fitted curve of environmental factors.
Name

Equation

Model Summary
R Square
F

df1

df2

Sig.

Parameter Estimates
Constant
b1

Transparency

Y=0.725*x0.950

0.963

206.957

1

8

.000

0.725

0.950

TP
CODMn
Chl-a
Turbidity
TN

Y=4.887*x-0.855
Y=308.064*x-0.689
Y=8.940*x-1.209
Y=331.163*x-0.749
Y=15.915*x-0.401

0.927
0.691
0.850
0.629
0.699

101.851
17.866
45.215
13.572
27.906

1
1
1
1
1

8
8
8
8
12

.000
.003
.000
.006
.000

4.887
308.064
8.940
331.163
15.915

-.855
-.689
-1.209
-.749
-.401

FIGURE 5 - The model of ecosystem collapse and restoration (At S1, a shift in environmental conditions
below E2 will always result in the system`s return to the ‘green’ ecosystem state S1. However, if environmental
conditions are shifted above E2, the system collapses to S2 (the ‘white’ state). At environmental conditions between
E1 and E2, the system could return to either the green S1 or the white S2 state, depending on the initial conditions [31]).
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TABLE 5 - Thresholds in the treated enclosure ecosystem.
Threshold
First
Second

Transparency (cm)
22
62

TP (mg L-1)
0.27
0.09

TN (mg L-1)
3.59
2.15

Chl-a (mg L-1)
0.211
0.036

CODMn (mg L-1)
24
13.7

Turbidity
18
10

The number of cells
3.4×108
1.7×107

FIGURE 6 - Changes of TP of DongHu lake during 1956-1998 [38].

Conversion analysis

We can divide the conversion process from turbid to
clean state into 3 phases: turbid state, clean-turbid transitional state and clean state. In our enclosure, the first phase
took place from the middle of October to the beginning of
December. During this time, algae dominated in the structure and macrophytes were inferior. Therefore, transparency was low, and concentrations of TP, TN, and CODMn
were high. The second phase lasted from the beginning of
December to the beginning of March. Macrophytes grew
quickly and algae dominated increasingly. Transparency increased rapidly, while concentrations of TP, TN, and CODMn
decreased, and the ecosystem structure gained integrity. The
third phase began after March and the treated ecosystem
transformed into the clean state. The ecosystem structure
was completely constructed and remained stable, while the
flexibility of the ecosystem was strengthened and could
withstand interference.
CONCLUSION
1. There are three phases from the turbid to the clean
state in our treated enclosure ecosystem,. and a transitional
state exist between turbid and clean state. The ecosystem’s
switching to turbid or clean state depends on its driving
forces. If that to clean state is more powerful, the ecosystem will switch to clean state, and vice-versa.

3. Regime shift is a complicated process that correlates
with improved community structure. The whole conversion
can be described with power function Y = a*Xb. (where Y is
the water parameter or biological factor, X is time, a and
b are constants).
4. Combining our experimental results with others’ results, we conclude that clean state in our treated enclosure
ecosystem possesses the following characteristics: TP <
0.09 mg L-1, Chl-a < 0.036 mg L-1, transparency > 62 cm,
TN < 2.15 mg L-1, CODMn < 13.7 mg L-1, tubidity < 10, and
algal cell number < 106 L-1.
ACKNOWLEDGEMENT
This work was financially supported by a knowledge
innovation project of the Chinese Academy of Sciences
(kzcx2-yw-426) and another 973 project (2008CB418002).
Particularly, I want to show my thanks to Wyatt Golding
and Julia from Yale University, Prof. Renhui Li from Institute of Hydrobiology, and Dr. Wei Xing from Wuhan Botanical Garden for giving good advice to rectify my paper.

2. The driving forces include temperature and macrophytes (silver carp and mussel), which form a combined
force to drive the controlled ecosystem to switch from turbid
to clean state. Temperature is a factor that should not be
neglected, particularly with regard to eutrophic lakes when
nutrients are rich and not limiting, temperature will be the
factor that limits algal growth. Therefore, annual temperature variations may influence the degree of water bloom.
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ABSTRACT

physiological and biochemical properties of leaves, stems
and roots [5, 6-10].

The effects of cadmium sulfate on cadmium accumulation and phytochelatin synthesis were investigated in leaf,
stem and root tissues of two sunflower cultivars, cadmium
tolerant Helianthus annuus cv. Meriç and sensitive Tarsan
1018. The seedlings were grown for 15 days in Hoagland
solution and then exposed to CdSO4 at 150 µM, 200 µM,
250 µM and 300 µM for 4 days. Most cadmium accumulations were determined in the roots of both cultivars on the
2nd and 4th day. The cadmium sensitive cultivar, Tarsan 1018,
accumulated more Cd in all tissues compared to the tolerant cultivar. Phytochelatin synthesis was induced by Cd
exposure in both cultivars at the 2nd and 4th day. Higher
phytochelatin accumulation was observed in root tissues
of Tarsan 1018 cultivar at the 4th day. Phytochelatin levels
in all tissues of both cultivars increased depending on Cd
accumulation in those tissues.

KEYWORDS: Heavy metal, cadmium stress, cadmium accumulation, phytochelatin, sunflower, Helianthus annuus.

INTRODUCTION
Cadmium is a very toxic heavy metal that cannot be
biologically or chemically degraded and therefore is indestructible. It is naturally present in soils in low concentrations [1] and enters agricultural soils mainly from industrial processes, such as mining and smelting of metalliferous ores, electroplating, fertilizers, pesticides, batteries,
pigments, and is then transferred to the food chain [2, 3].
Cadmium is easily taken up by plant roots and translocated
to above ground parts and excessive concentrations affect
plant growth, development and yield [4, 5]. In plants, symptoms of cadmium stress are root damage, stunted growth,
chlorosis and alteration of the anatomical, morphological,

Plants respond to cadmium exposure by the production
of phytochelatins (PCn), small heavy metal binding peptides, which are synthesized from glutathione by phytochelatin synthase (PCS). The structure of PCs are (γGluCys)nGly with n often being 2-5 [10]. These molecules are
found plants, certain microorganisms and nematodes [1113]. Phytochelatins efficiently detoxify by complex formation and vacuolar sequestration of cadmium [14-16]. It
has recently been demonstrated that plants exposed to Cd,
produce significantly higher concentrations of Cd-PC complexes [17-21]. But the role of phytochelatins in Cd tolerance is still controversial. Although some authors reported
that Cd tolerant plants accumulated more PC than Cd sensitive plants, others reported the converse results. For example, Cd tolerant Silene vulgaris plants accumulated less
PC than Cd sensitive plants [22-24]. However, Verkleij et
al. [25] reported that Cd tolerant Silene vulgaris plants
accumulated more PC than sensitive plants. Cd sensitive
Adenophora lobophylla accumulated more Cd and PC than
Cd tolerant A. potaninii [26]. Ebbs et al. [27] reported that
Cd tolerant Thlaspi caerulescens plants accumulated more
PC and less Cd than sensitive T. arvense plants. It was also
found that Cd tolerant Brassica juncea roots accumulated
more PC than Brassica napus [21].
In this study we determined the differences for cadmium and PC accumulation capacity in the leaf, stem and
root tissues of Cd tolerant Helianthus annuus cv. Meriç and
Cd sensitive H. annuus cv. Tarsan 1018 plants. Plants were
exposed to different concentrations of CdSO4 and the interaction between Cd accumulation and phytochelatin synthesis in plant tissue was established.
MATERIALS AND METHODS
Plant material and growth conditions

The 11 most common cultivars of sunflower (H. annuus L.) grown in Turkey: Isera, C-70165, Alhaja, AS 6310,
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Coban, Meriç, Tarsan 1018, Sanbro, Vanko, Sirena and
Ozdemirbey, were obtained from Trakya Agricultural Research Institute (Edirne, Turkey). Seeds of each cultivar
were soaked in half strength Hoagland culture solution [28]
for 24 h, then transferred to germination containers and
kept in a growth chamber for 3 days. Sunflower seedlings
were grown first hydroponically at 25±1°C under a 15 h
photoperiod (200 W m-2; 90% cool white fluorescent and
10% incandescent bulbs) and 65±5% relative humidity for
15 days. Firstly, the 11 sunflower cultivars were tested,
and Tarsan 1018 and Meriç were selected as the relatively
sensitive and tolerant varieties based on their differences
in morphogenesis and growth in response to Cd exposure,
respectively [29]. After the 15th day of growth, Meriç and
Tarsan 1018 cultivars exposed to 150, 200, 250 and 300 µM
CdSO4 then grown for 4 more days in same conditions. The
first expanded leaf, stem and root tissues of the seedlings
were analysed after 2 and 4 days after adding the metal.
Metal analysis

After harvesting, Cd contents of leaf, stem and root tissues of plants were determined by ICP (Inductively Coupled Plasma) (Varian Liberty Series 2) after they were wet
digested by concentrated HNO3-HClO4 (4:2).
Determination of phytochelatin content

Analysis of phytochelatin content was performed according to Inohue et al. [30] and as modified by Klapheck
et al. [31] as follows. Frozen tissues were extracted with 1
mL g–1 FW 10% (w/v) 5-sulfosalicylic acid at 0 °C. Extracts were centrifuged at 8.000 g for 5 min and supernatants were kept at 0 °C for 30 min immediately before
HPLC. Samples (20 µL) were injected to a reversed-phase
LC18 column (250 4.6 mm, 5 m) (Supelco) connected to a
HPLC pump (Cecil 1100, Cambridge, UK) and the column was eluted with a linear gradient of acetonitrile in
0.1% (w/v) aqueous trifluoroacetic acid at a flow rate of 1
mL min–1. The column eluent was derivatized with 75 µM
5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB) in 50 mM
potassium phosphate (pH 7.6) at a flow rate of 1 mL min–
1
and monitored at 410 nm. Phytochelatin concentrations
were expressed as mol g-1 FW, based on peak areas of the
glutathione (GSH) standard.
Statistical Analysis

Differences in Cd and PC accumulation in leaf, stem
and root tissues of the tolerant and sensitive variety at
different exposure concentrations were compared using
ANOVA, with means separation by Duncan’s test using
SPSS 11.5 software at a significance level P≤ 0.05. Differences between means of the tolerant and sensitive variety and between the effect of 2nd and 4th days treatment
were determined by student T test (P≤ 0.05). The relationship between Cd accumulation and PC synthesis were determined using linear models. Calculations were made using
the SPSS 11.5 (SPSS Institute, 2002) and the formula was
written by Excel (Microsoft Corporation).

RESULTS
We selected the Meriç and Tarsan 1018 varieties as the
most tolerant and sensitive sunflower cultivars in according
to the morphological symptoms, respectively. The root
brownish, chlorosis and growth inhibition were observed
the most distinctive symptoms in sensitive Tarsan 1018
among all other cultivars. However the growth and other
morphological properties of Meriç cultivar were the least
affected by Cd exposure.
Cadmium accumulation in sunflower tissues showed
differences based on exposure time and CdSO4 concentration. Cd accumulations in the leaf, stem, and root tissues
of Meriç and Tarsan 1018 cultivars 2 and 4 days after the
different CdSO4 treatments is shown in Table 1. The Cd
accumulation in leaf, stem and root tissues of tolerant Meriç
was significantly affected by different CdSO4 treatments
at 2nd day (F2Meriç leaf= 0.458; df= 3, 11; P=0.007, F2M stem=
5.478; df= 3, 11; P= 0.024; F2M root= 283.432; df= 3, 11;
P= 0.000). Similarly, in sensitive Tarsan 1018, cadmium
accumulation in all tissues were significantly influenced
by CdSO4 concentrations (F2Tarsan1018 leaf= 25.082; df= 3,
11; P= 0.000; F2T stem= 1.607; df= 3, 11; P= 0.026; F2T
nd
root= 313.817; df= 3, 11; P= 0.000). As seen Table 1, 2
th
and 4 days after treatment, Cd accumulation in leaves,
stems and roots generally increased with an increase in
applied metal concentration both Meriç (except 200 µM
2nd day and 300 µM 4th day in leaf tissue) and Tarsan 1018
(except 300 µM 2nd day in leaf and stem tissues) cultivars.
Cd accumulation increased in all plant parts of both varieties, resulting in high Cd accumulation in roots followed
by stems and leaves (Meriç: F2 150µM= 3010.59; df= 2, 8; P=
0.000; F2 200µM= 13552.21; df= 2, 8; P= 0.000; F2 250µM=
366061.1; df= 2, 8; P= 0.000; F2 300µM= 3407.853; df= 2,
8; P= 0.000; Tarsan 1018: F2 150µM= 13498.38; df= 2, 8;
P= 0.000; F2 200µM= 15114.14; df= 2, 8; P= 0.000; F2 250µM=
5045.299; df= 2, 6; F2 300µM= 252.214; df= 2, 8; P= 0.000).
There were significantly differences determined between
leaf, stem and root tissues of both Meriç and Tarsan 1018
plants.
In both varieties, the similar patterns of tissue Cd accumulation were determined in 4th day of treatment compared to 2nd day of treatment (F4M leaf= 70.783; df= 3, 11;
P= 0.000; F4M stem= 61.475; df= 3, 11; P= 0.000; F4M root=
895.419; df= 3, 11; P= 0.000). Similarly, the highest and
less cadmium accumulations were significantly detected in
root and leaf tissues of both varieties, respectively (Meriç:
F4 150µM= 21812.52; df= 2, 8; P= 0.000; F4 200µM= 58410.41;
df= 2, 8; P= 0.000; F4 250µM= 43961.01; df= 2, 8; P= 0.000;
F4 300µM= 88407.07; df= 2, 8; P= 0.000; Tarsan 1018: F4
150µM= 4389.573; df= 2, 8; P= 0.000; F4 200µM= 5281.658;
df= 2, 8; P= 0.000; F4 250µM= 28671.89; df= 2, 8; P= 0.000;
F4 300µM= 4698.875; df= 2, 8; P= 0.000).
In the different Cd concentrations, effect of the variety differences and exposure times on the Cd accumulation
in leaf, stem and root tissue of both Meriç and Tarsan
1018 plants were given on Table 1. It was detected similar
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accumulation of Cd in leaf and stem tissue for each Meriç
and Tarsan 1018 variety in 150 µM concentration at 2nd
and 4th days of exposure (except leaf tissue and 2nd day of
exposure) while the more Cd amounts were determined in
root tissues of Tarsan 1018 than Meriç. There were significantly differences between the exposure times in all plant
tissue, except leaf of Meriç. In both exposure times, upon
treatment with 200 µM concentration of Cd the increased
of Cd accumulation in leaf and root tissues of Tarsan 1018
was significantly higher than that of Meriç. There were no
significant differences between the varieties in terms of
total Cd accumulated in stem tissues. The Cd accumulations depend on exposure times significantly increased,
except leaf tissue of Tarsan 1018 and the same pattern

TABLE 2 - Accumulation of PC in leaf, stem and root
of Helianthus annuus L. cv. Meriç and Tarsan 1018 exposed
for different concentration and exposure periods (µm/g F.W).
(All the values are mean of triplicates ± S.E.).

TABLE 1 - Accumulation of cadmium in leaf, stem and root
of Helianthus annuus L. cv. Meriç and Tarsan 1018 exposed
for different concentration and exposure periods (µg/g F.W.).
(All the values are mean of triplicates ± S.E.).

were shown at the 250 µM Cd treatment. The Cd accumulations in all plant tissues of Tarsan 1018, applied 250 µM
Cd concentration were found more than Meriç, except
leaf tissues at 4th day of exposure. The Cd accumulation in
leaf and stem tissues on which respond the 300 µM Cd
concentration were not found significantly differ. But
there were significantly differences the Cd accumulations
in the root tissue of both varieties under influence of the
same procedure, and Cd content of Tarsan 1018 were found
more than Meriç. Under the effect of 4th days of exposure,
Cd tolerant Meriç tented to have less Cd accumulation
than the sensitive Tarsan 1018. In both sunflower varieties, upon treatment with 300 µM concentration of Cd the
increased of Cd accumulation in all leaf and root of 4 days
treatment was significantly higher than that of 2 days. But
there were adverse response in stem tissues.
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FIGURE 1 - Amount of PC in leaves, stem and roots of Helianthus annuus L. cv. Meriç and Tarsan 1018
treated with cadmium at 2nd day. (All the values are mean of triplicates ±S.E.). ANOVA significant at P≤ 0.01.
(Different letters indicate significantly different values at a particular Cd concentration)
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FIGURE 2- Amount of PC in leaves, stem and roots of Helianthus annuus L. cv. Meriç and Tarsan 1018
treated with cadmium at 4th day. (All the values are mean of triplicates ±S.E.). ANOVA significant at P ≤ 0.01.
(Different letters indicate significantly different values at a particular Cd concentration)

TABLE 3 - Parameter estimates from regression of PC level depend on
Cd accumulation in leaf, stem and root tissues of two different sunflower varieties.

* Regression (p< 0.05) are based on mean rates over four Cd accumulation (150 µM-300 µM)
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Phytochelatin accumulation in the leaf, stem, and root
tissues of Meriç and Tarsan 1018 cultivars, 2 and 4 days
after the different CdSO4 treatments, is shown in Table 2,
Fig.1 and Fig. 2. Phytochelatin (PC) content was not
detectable in the sunflower plant, grown in Cd free hydroponic solution (data not shown). The PC accumulation
in leaf and stem tissues generally showed irregular growth
with an increase in metal concentration. The PC content
based on Cd accumulation in roots of both sensitive Tarsan 1018 and tolerant Meriç significantly increased with
an increase in applied metal concentration (F 2M root=
1425.638; df= 3, 11; P= 0.000; F2T root= 657.351; df= 3,
11; P= 0.000). The PC accumulation increased in all plant
parts of both varieties, resulting in high PC accumulation in
roots followed by stems and leaves (Meriç: F2 150µM=
459.844; df= 2, 8; P= 0.000; F2 200µM= 1104.618; df= 2,
8; P= 0.000; F2 250µM= 3320.090; df= 2, 8; P= 0.000; F2
300µM= 3620.335; df= 2, 8; P= 0.000; Tarsan 1018: F2
150µM= 1118.429; df= 2, 8; P= 0.000; F2 200µM= 1877.235;
df= 2, 8; P= 0.000; F2 250µM= 16469.461; df= 2, 8; P=
0.000; F2 300µM= 2593.133; df= 2, 8; P= 0.000). The PC
accumulation were significantly increased after exposure
150, 200, 250 and 300 µM Cd in all tissues of tolerant
Meriç and sensitive Tarsan 1018 during the 4 days (except
leaf tissue of Meriç at 2nd days).
Linear regression analysis was used to evaluate the
relationship between Cd concentration in tissue and PC
amounts in leaf, shoot and root tissues of Meriç and Tarsan 1018 plants. The relationships between the Cd and PC
amounts in the tissues are presented in Table 3 on the 2nd
and 4th day. Significant positive correlations between Cd
and PC were found in stem and root tissues in Meriç cultivar at the 2nd day, and they were found in all tissues at
the 4th day. In Tarsan 1018 cultivar, the positive correlation was found only in root tissues at 4th days.
DISCUSSION
In this study, the effect of different Cd concentrations
and exposure times on Cd accumulation and phytochelatin synthesis in leaf, stem and root tissues of two sunflower varieties were investigated. Moreover, two sunflower
varieties were compared regarding their Cd and PC accumulation. While there were no signs of phytotoxicity in
tolerant Meriç variety after 2nd and 4th days exposure to
Cd among 150-300 µM, the symptoms of the toxic effect
of the metal were observed on the all tissue of sensitive
Tarsan 1018 variety. The concentrations of Cd in all tissues of Meriç and Tarsan 1018 varieties increased significantly (P<0.05) with increasing Cd concentration in the
nutrient solution. The concentrations of Cd in the roots
were greater than those in the stems and leaves. In accordance with the present study, Cd accumulation levels
of different plant tissues by Cd stress has been documented previously for Triticum aestivum treated with Cd and
Pb [20] and Brassica juncea treated with Zn [32]. Additionally, in a study on maize lines [33] two groups were

distinguished one with low Cd concentration in the shoots
and high values in the roots, and the other with similar Cd
concentrations in the shoots and roots. Accumulation was
higher in root tissues, perhaps the result of a tolerance
mechanism developed by the plant in order to reduce
heavy metal stress. This was in agreement with a number
of recent reports in such plants tissues [34, 35].
Wojcik et al. [36] reported that one of the plant tolerance mechanisms is that limitation of metal uptake and
translocation. It is well characterized that tolerant populations of same genus or species were less heavy metal accumulated than sensitive plants. In our study we observed
that all Cd concentrations and treatment groups, sensitive
Tarsan 1018 variety was more Cd accumulated than tolerant Meriç variety (Table 1). It is apparent that Meriç
achieved tolerance via preventing uptake and accumulation of Cd in their tissues. Hence, it was thought that the
tolerant Meriç under the Cd effect have two strategies for
Cd, the high level of accumulation in root tissue and restricted translocation to stem and leaves. However, Cd was
easily translocated from the root to the shoots and leaves
in sensitive Tarsan 1018 plants. Because of this situation
Tarsan 1018 damaged with toxic effect of Cd. Our results
are in good agreement with the findings of Wu et al. [25],
they determined that the sensitive Adenophora lobophylla
roots accumulated more Cd than tolerant A. potaninii roots,
Gadapati and Macfie [21] also reported that Cd tolerant
Brassica juncea roots accumulated less Cd than sensitive
Brassica napus roots.
In this experiment, both Meriç and Tarsan 1018 varieties were exposed to 150-300 µM Cd for up to 4 day.
The Cd accumulation by especially root and leaf tissue of
sunflower varieties increased with exposure time. But the
Cd accumulation in the shoot tissue of both Meriç and
Tarsan 1018 were affected by the exposure times. The similar result was shown in the Cucumis sativus cell lines
which were subjected to 100 µM Cd for 3, 24h and 5 days.
The Cd accumulations in cells of both tolerant and sensitive lines increased in the course of exposure to the metal
and were only slightly lower in tolerant cells [37].
Plants, which were subjected to heavy metals, chelated
them in vacuoles by heavy metal binding complexes so
called phytochelatins [25]. In this study, the vertical distributions of the PCs in the sunflower plant are connected
with the Cd accumulations (Table 2). The highest levels of
PC synthesis were determined in root tissues. In all exposure times and treated concentrations, the PC amounts were
found low level in tolerant variety. It was thought that, the
low level of Cd accumulation in tolerant variety may
cause the less PC synthesis. Additionally, the sensitive
Tarsan 1018 variety accumulated more Cd than Meriç in
all tissues (Table 1), at the same time the PC amounts of
plant tissues were highly determined in sensitive plant
compared to tolerant variety (Fig. 1 and 2). According to
our results, it was thought that PC amounts are not an
effectual criteria alone to determine the plant tolerance
against heavy metals. Studies in the different plant species
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showed that synthesis of PCs is one of the typical responses of cells to Cd exposure [14, 18]. Additionally our
results described above are consistent with the studies of
de Knecht et al. [23, 38]. They reported that a low level of
PC synthesis and accumulation was observed in the tolerant strain of Silene vulgaris after Cd treatment. Studies of
Cd sensitive and Cd tolerant cell lines of Datura innoxia
[39] and tomato [40] also showed that tolerance to this
metal was not accompanied with increased accumulation
of PCs.
The interesting results in our study, the PC amounts
depending on Cd accumulation, are closely related in Meriç
variety. This interaction was shown in Table 3. In tolerant
variety, the synthesis of PC depending on Cd exposure
was determined at low levels in Meriç compared with the
Tarsan 1018 (Fig. 1 and 2). However, the strong relationships between raising PC level in response to increased
Cd accumulation and amount of Cd in tissue were found
all tissues of Meriç variety for both exposure times. However, the correlation between the PC synthesis and Cd
accumulation was not significantly determined in sensitive
variety, except in root tissue for 4th days of application.
For that reason, it was considered that, there is a triggered
mechanism to PC synthesis in tolerant plants, under Cd
stress. Perhaps, in this way, the tolerant plants may limit
the entering to their own tissue and translocation to other
plant parts of Cd. From this point of view, according to
our results, the PCs have a primary role on the tolerance
mechanisms for Cd.
The results of this study demonstrated that fluctuation
of PC synthesis in relation to Cd effect in plant tissues is
generally secondary mechanism by which Cd tolerance is
achieved in the our tolerant and sensitive sunflower cultivars. But the primary role of PCs in the tolerance mechanism of sunflower plant was significantly revealed by strong
relationships between PCs and Cd accumulation in all tissues of tolerant Meriç variety. In conclusion, further studies on PCs need to explain the function of PCs in the
mechanism of the Cd tolerance in different plant tissue.
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ABSTRACT
The Corallinales of the Aegean coasts of Turkey have
been relatively little studied, from both the floristic and
the ecological point of view. The Turkish coasts offer a
wide variety of environmental conditions, and the present
study identifies and characterizes not only the presence or
absence of these species, but also assesses their value as bioindicators. Qualitative collection of Corallinales was performed at 14 sites in a bathymetric range from 2 to 5 m
depth, where, at the same stations, the main environmental
variables were recorded. The subsequent data analysis proceeds in the following three-phase procedure: i) identification of well-characterized sample groups with regards
to the ecological factors mostly influencing their floristic
composition; ii) identification of ecological species groups
on the basis of their frequency in the sample groups; iii)
ecological gradient analysis based on a reciprocal ordering
method. From an ecological viewpoint, the bioindicator
value of Corallinales was shown by the fuzzy c-means
clustering data analyses. These species of Corallinales seems
to be linked to two main environmental factors: salinity and
temperature.

studied. For this reason, the actual occurrence and diversity of Corallinales could be an underestimate, especially in the Eastern basin [3].
Along the Aegean coasts of Turkey, phycological
studies for Corallinales have mostly addressed the floristic aspects [4-6], and only a handful of ecological studies
have been made [7, 8]. An important constraint of an ecological study of Corallinales in the Mediterranean Sea is the
well-known difficulty in taxonomic identification both at
structural and ultra-structural levels [9].
Furthermore, it is known that the Corallinales have a
high adaptive capacity to environmental conditions, due to
various strategies, and morpho-functional differentiation at
the anatomic-cytological level. They also have a particularly
slow metabolism. The Corallinales are present in all seas of
the world, at every latitude, and amongst the deepest living
algae [9]. Some Corallinales require a narrow range of environmental factors, especially climatic ones, such as light,
temperature and salinity. Therefore, the bioindicator value
of these Corallinales may be high not just in terms of presence/absence, or of abundance/dominance, but also in luxuriance, fertility and survival [10-14].
The aims of the present research are as follows:

KEYWORDS: Corallinales, Aegean Sea, Turkey, sublittoral belt,
plant ecology, bioindicators, climatic seasonal patterns.

- to study the seasonality of some hydrological factors
like water temperature, salinity, pH, dissolved oxygen
and turbidity.
- to identify ecological species groups of Corallinales
which characterize certain sets of environmental conditions.

INTRODUCTION
The majority of red calcareous algae have been attributed by Silva & Johansen [1] to the order Corallinales,
on the basis of a set of well-defined diacritic taxonomic
characters. The species occurring in the Mediterranean
Sea are represented by 3 families (Corallinaceae, Hapalidiaceae, Sporolithaceae) that include 5 subfamilies (Corallinoideae, Choreonematoideae, Lithophylloideae, Mastophoroideae and Melobesioideae) [2]. It might be thought
that this inventory is sufficiently reliable; however, few
parts of the Mediterranean Sea were homogeneously

MATERIALS AND METHODS
Study Area

The Aegean coast of Turkey is ca. 2805 km long. We
examined a ca. 2000 km long section extending from Lat.
39°29’N - Long. 26°20’E to Lat. 36°33’N - Long. 29°05’E.
We had 14 sampling sites (Fig. 1), namely; Assos, Pelitköy,
Ayvalık, Dikili, Foça, Urla, Karaburun, Sığacık, Özdere-
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FIGURE 1 - Map of the survey area, with sampling location (The numbers indicate the sites as in Table 1).

Kalemlik, Dilek Peninsula, Didim, Bodrum, Datça, and
Fethiye. Samples were collected from 2-5 m depth, corresponding to the photophilic infra-littoral shelf zone of the
Mediterranean Basin [15].
Sampling Method

In the choice of the sampling sites, the following criteria were taken into consideration:
I. to represent the broadest possible algae in terms of biological and ecological variation in this area i.e. biodiversity.
II. the homogeneity of the selected sites regarding the physical features of the coast like rocky, sandy, muddy, waved
action.
All the Corallinales species were collected at each
site to describe the diversity of this algal group.

graphic system), and at the Polyvalent Services Center
(CSPA) – University of Trieste (using a Leica Stereoscan
430i scanning electron microscope).
These taxonomic analyses led to the identification of
40 species, determined according to the specialized scientific literature [2, 16-19].
The following environmental factors were recorded
during the first year of the biological sampling: water temperature, salinity, pH, dissolved oxygen, and turbidity using
a water quality-meter (TOA Electronics Ltd.).
Data Analysis

The data analysis consisted of the following steps,
which are explained in detail below for better understanding of their significance:

The algal specimens were taken each month from
February 2002 to July 2003 in order to record the seasonal
variation of the Corallinales populations. The same scientist (Oğuz Kurt) collected the specimens by SCUBA diving and snorkeling to ensure consistent data set. Algal
specimens were kept in the laboratories of the Department
of Biology, Faculty of Sciences and Letters, Celal Bayar
University (Turkey), where they were preserved in formaldehyde solution (4% in seawater) in jars, and in the
TSB herbarium (Nova Collectio G. Bressan) of the Biology Department of the University of Trieste (Italy).
The algal specimens were analyzed at the Phycological Laboratory of the Biology Department – University of
Trieste (using a Leica MZ6 stereomicroscope, a Nikon
Labophot microscope equipped with HFX photomicro-
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1.

Classification of the sites on the basis of the monthly
values of the recorded ecological factors. The monthly
data of each ecological factor have been normalized
between 0 (min. value) and 1 (max. value) in order to
classify the sites on the basis of the matrix monthly
values × sites (12×14). The method employed for
these classifications is based on the Minimization of
the Increase of error Sum of Square (MISSQ) [20]
applied to the Euclidean distance matrix of the samples [21].

2.

Quantification of the floristic significance of the site
classifications obtained in step 1. This comparison was
based on a randomization testing according to a permutation method (PM) [22]. The number of permutations was 5000 in order to test the classifications at
a 1% significance level [23].
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3.

Joint clustering of the sites on the basis of the ecological factors linked to a significance level = 1% in
step 2.

4.

Visualization of the annual trend of the more significant ecological factors in step 2. For each ecological
factor, the mean monthly values in the site groups
were computed. These values have been per equated
according to Vercelli [24].

5.

Classification of the species on the basis of the different climatic seasonal patterns visualized in step 4.
The matrix species × site groups were submitted to a
non-hierarchical clustering method in order to obtain
climatic categories of species. The data in this matrix are the relative frequencies of the species records in the site groups defined in step 3, standardized
by the maximum value for each row. The method of
classification employed was the fuzzy c-means
clustering (FCMC) [25]. The number of clusters specified in advance was “number of site groups + 1” and
the coefficient of fuzziness used was f = 1.5.

6.

Indirect gradient analysis of the sites as regards the
climatic seasonal patterns. For this purpose, the matrix species × sites (40×14) in Table 1, normalized to
a sum of rows equal to 1, was transposed and so multiplied by the matrix species × their membership
weights (Table 4) for the fuzzy sets individuated in
step 5. The resulting matrix sites × species groups
were submitted to correspondence analysis (CA) [26].
This ordering method treats the matrix as a contingency table, and analyzes the data structure in terms
of deviation from random expectation. The CA allows
the simultaneous ordering of objects (sites) and attributes (species groups) in a space defined by ordination axes that are canonical variates (Fig. 4).
RESULTS AND DISCUSSION

The taxonomic analyses led to the identification of 40
taxa from the Aegean coast of Turkey. The number of
occurrences of the 40 taxa in each sampling station during
the 18-month period is presented in Table 1.

TABLE 1 - Table of biological data. For each site, the values indicate the times of species occurrence in the set of 18 monthly samples. The
numbers indicate the sites as in Fig. 1. Abbreviations: Families: Cora = Corallinaceae; Hapa = Hapalidiaceae. Subfamilies: Chor = Choreonematoideae; Cora =
Corallinoideae; Lithop = Lithophylloideae; Mast = Mastophoroideae; Melo = Melobesioideae. Chorological groups: Ab = boreal-Atlantic; Abt = boreal-tropical-Atlantic;
AP = Atlantic-Pacific; APo = holo-Atlantic-Pacific; At = temperate-Atlantic; C = cosmopolitan; CB = circumboreal; IA = Indo-Atlantic; IAtf = cold-temperate-IndoAtlantic; M = mediterranean; Sc = subcosmopolitan; ? = unknown.
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Lithophyllum stictaeforme

7

6

8

11

12

7

11

7

9

4

108

13

HLP ATT

Cora

Cora

M

Haliptilon attennuatum

7

3

12

7

11

5

9

10

8

106

13

AMP RBR

Cora

Lithop

?

Amphiroa rubra

9

10

3

3

4

15

73

13

HDR CRC

Cora

Mast

Sc

Hydrolithon cruciatum

5

7

6

4

4

66

13

AMP BVS

Cora

Lithop

Sc

Amphiroa beauvoisii

11

6

7

9

12

103

12

67

12

2

4

59

11

4
6
9

9

8

9

14

11

5

3

2

4

7

2

6

5

7

4

3

5

2

11

2

3

8

15

5

5

9

7

4

5

7

7

3

5

3

3

7

4

2

3

3

7

14

12

4

4

7

13

HDR FRN

Cora

Mast

C

Hydrolithon farinosum

JNA ADH

Cora

Cora

C

Jania adhaerens

PNP CLR

Cora

Mast

Sc

Pneophyllum caulerpae

4

6

3

6

4

4

4

4

2

37

9

HDR BRL

Cora

Mast

C

Hydrolithon boreale

8

6

5

1

4

3

4

3

2

36

9

LTP RCM

Cora

Lithop

Sc

Lithophyllum racemus

1

1

1

1

17

8

TTN PST cnf

Cora

Lithop

IA

Titanoderma pustulatum var. confine

2

6

2

3

2

2

19

7

PNP CNF

Cora

Mast

Sc

Pneophyllum confervicola

5

3

1

2

1

4

1

17

7

LTT CRS

Hapa

Melo

M

Lithothamnion crispatum

1

1

3

3

1

3

5

17

7

LTT PHL

Hapa

Melo

At

Lithothamnion philippii

2

1

21

6

MSP ALT

Hapa

Melo

Ab

Mesophyllum alternans

2

14

6

6

4

6

4

40

3

8

3

9

2

7

2

4

2

8

1

4

1

1

1

5

LTT VLN

Hapa

Melo

M

Lithothamnion valens

TTN PST mcr

Cora

Lithop

Ab

Titanoderma pustulatum var. macrocarpum

TTN TRC

Cora

Lithop

M

Titanoderma trochanter

2
2

4

1
1

1

3
3
1

2

4

6

1

6
3

2
10

MSP LCH

Hapa

Melo

Abt

Mesophyllum lichenoides

JNA RBN crn

Cora

Cora

IA

J.rubens var. corniculata

4

HLP SQM

Cora

Cora

CB

Haliptilon squamatum

4

TTN PST cnl

Cora

Lithop

IA

Titanoderma pustulatum var. canellatum

1

LTP DNT

Cora

Lithop

Ab

Lithophyllum dentatum

TNR TRT

Cora

Lithop

M

Tenarea tortuosa

PHM CLC

Hapa

Melo

AP

Phymatolithon calcareum

5

3

2

1

2

2

1

16

14

3

4
3
3
8
4

total occurrence
number of species
depth (m)

1

114 242 185 219 194 126 240 223 244 225 220 228 178 205 gr.total
21 32 23 28 30 28 29 27 30 30 26 25 23 24 occurr.
2
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3

3

5

5

2

4

3

3

3

4

3

4

4
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TABLE 2 - Clusters of sites obtained by the mean monthly values of the following ecological factors: water temperature, salinity, pH, dissolved oxygen and turbidity. The values of the ecological factors involved in these five classifications (mean and standard error in the year, in
the first half year and in the second half year) are reported for each cluster. The composition of the clusters is visualized too.
CLUSTER
Factor

Temperature

I

Period

[°C]

year
Jan - Jun
Jul - Dec
sites

Salinity [‰]

year
Jan - Jun
Jul - Dec

38.9
38.7
39.2

Turbidity [mg/l]

year
Jan - Jun
Jul - Dec

SE
0.5
0.6
0.7

39.8
39.8
39.7

0.1
0.1
0.1

7.73
7.85
7.61

0.04
0.03
0.06

7.86
7.87
7.85

0.02
0.03
0.03

3,5,6,7,

8,9,10

1,2,4,11,12,

13,14

8.99
8.86
9.12

0.11
0.19
0.13

9.20
9.31
9.08

0.06
0.08
0.08

12,13,14

3,5,6,9

7,8,10,11,

year
Jan - Jun
Jul - Dec

316
0
316
1
317
0
1,2,3,7,8,9,10,
11,12,13,14

303
305
300

Table 2 shows the results of the site classifications
based on the measured environmental variables and presents the means and standard errors for each sample category. The clustering processes identify either two or three
main categories of samples for each ecological factor. These
clusters could be interpreted as different types of seasonal
patterns, with regard to the variation of the recorded parameters in the year. It can be also seen in Table 2 that the
combination of the clustering based on water temperature
and salinity gives rise to a five-category classification
which shows their potential as bioindicators.
Table 3 shows the results of the randomization testing
carried out on these classifications in terms of floristic
differences. According to the data in Table 3, salinity
[p(Qb0≥Qb) = 0.005] and water temperature [p(Qb0≥Qb) =
0.011] appear to be more important in determining the floristic differences between the site groups. The plots in Fig. 2
depict the mean annual trend of both water temperature
(Fig. 2a) and salinity (Fig. 2b) in the two sets of sample
categories resulting from the classifications based on these
environmental parameters. It is noteworthy that the bimodal annual trend of the salinity in the site group I (Fig.
2b) appears to reflect negatively the annual trend of the
precipitation on the Anatolian Peninsula. These sites are

mean
18.7
16.6
20.7

SE
0.4
0.5
0.5

1,2,3,4,5,6,9

0.1
0.2
0.1

sites

sites

III

mean
20.1
18.1
22.0
7,8,10,11

3,4,8,9,10

year
Jan - Jun
Jul - Dec
sites

Dissolved
oxygen
[mg/l]

SE
0.5
0.6
0.8

12,13,14

sites

pH

II

mean
20.6
19.3
22.0

39.2
39.2
39.3

0.1
0.1
0.1

1,2,5,6,7,11

12,13,14

10.17
10.52
9.82

0.15
0.26
0.13

1,2,4

2
2
2
4,5,6

located at river mouths and the salinity values are strongly
related to the input of freshwater.
TABLE 3 - Randomization testing of the site groups individuated in
Table 2. The groups are compared on the basis of the biological data
in Table 1. Further explanation can be seen in the text.
Factor
Qt
Qw
Qb
perm. Nr.
p(Q b°≥Qb)
Salinity
3048 1344
0.005
Temperature
3130 1263
0.011
Dissolved
5000
4392 3423
969
0.077
oxygen
[α = 0.01]
Turbidity
4040
353
0.349
pH
4061
332
0.465
Qt
= total sum of squares between the sites
Qw
= sum of squares within the site groups
Qb
= sum of squares between the site groups
p(Q b°≥Qb) = probability of rejecting a true Null Hypothesis

Table 4 shows the results of the FCMC of the species.
In this analysis, the number of fuzzy sets specified is six.
Table 4 reports the floristic composition and the membership weights of the species of each fuzzy set. Species group
F in Table 4 is made up of 19 species which are equally
distributed from a geographical standpoint, since they are
present at almost all stations, even though with different
temporal occurrence (Table 1). On the other hand, the remaining 5 fuzzy sets of species (from A to E in Table 4)
are well typified from specific annual trend of both water
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temperature and salinity. The climatic diagrams in Fig. 3
show the joint variation of these two parameters in the year
a)

for climatic seasonal pattern regarding salinity and water
b)

FIGURE 2 - Annual trend of water temperature (a) and salinity (b) in the main clusters of sites (I, II and III indicate the site groups defined
on the basis of the mean monthly values, respectively, of temperature (a) and salinity (b) (see Table 2). In (b) the mean monthly values of
precipitation in Ankara is reported too. Further explanation can be seen in the text).

TABLE 4 - Floristic composition of the fuzzy sets of species. For each species is reported its acronym (as in Table 1) and
the values of its membership weights for the six fuzzy sets. The higher values of membership weight are marked in bold.
Fuzzy set
A

B

C

D

E

F

Species
TTN TRC
TNR TRT
LTT VLN
TTN PST cnl
LTP RCM
PHM CLC
MSP LCH
HDR CRC
LTT PHL
HDR BRL
PNP CNF
TTN PST cnf
PNP CLR
HDR FRN
JNA RBN crn
LTT CRS
JNA ADH
MSP ALT
HLP SQM
TTN PST mcr
LTP DNT
NGL BFL
HLP VRG
NGL MML
LTP STC
JNA RBN
TTN PST
CHR THR
JNA LNG
AMP RGD
CRL ELN
TTN CRL
LTP INC
AMP BVS
CRL OFF
AMP RBR
SPN FRT

A
1.00
1.00
0.95
0.01
0.02
0.01
0.01
0.18
0.01
0.07
0.01
0.01
0.02
0.01
0.01
0.01
0.01

Membership weights of species for fuzzy sets
B
C
D
E
0.01
0.01
0.01
0.01
0.97
0.01
0.01
0.01
0.93
0.04
0.01
0.01
0.92
0.02
0.02
0.01
0.84
0.11
0.01
0.01
0.83
0.05
0.03
0.01
0.40
0.06
0.09
0.03
1.00
1.00
0.03
0.95
0.01
0.01
0.02
0.88
0.02
0.06
0.04
0.79
0.03
0.03
0.11
0.63
0.08
0.09
0.01
0.01
0.97
0.01
0.01
0.01
0.91
0.03
0.01
0.03
0.82
0.12
0.03
0.10
0.78
0.04
0.02
0.03
0.94
0.01
0.01
0.01
0.97
0.01
0.01
0.01
0.01
0.02
0.02
0.01
0.01
0.01
0.03
0.01
0.01
0.01
0.05
0.01
0.01
0.01
0.05
0.01
0.02
0.06
0.03
0.01
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F
0.01
0.01
0.01
0.01
0.07
0.24
0.02
0.09
0.02
0.01
0.04
0.02
0.02
1.00
1.00
1.00
1.00
1.00
0.99
0.99
0.99
0.99
0.99
0.97
0.95
0.94
0.92
0.91
0.88
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0.03
0.03
0.01

0.13
0.02
0.19

0.04
0.04
0.15

0.04
0.27
0.07

0.02
0.03
0.03

0.74
0.61
0.54

A)

B)

C)

D)

E)

FIGURE 3 - Joint variation of water temperature-salinity values during the year in the sites
characterized by the occurring of the different species fuzzy-sets (from A to E). The roman numerals indicate
the months of the year. The dashed lines are interpreted as different CSPs,t. Further explanation can be seen in the text.

temperature (CSPs,t) for the fuzzy sets from A to E. We can
recognize the following three CSPs,t -types:

1. concave type (Fig. 3a) that is linked to sites characterized by both negligible contribution of freshwater and
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high evaporation: the salinity values are high all year
round and increase, particularly in the summer season
when the temperature and/or evaporation are higher;
2. convex type (Figs. 3b and 3c) that is typical of sites
characterized by both contribution of freshwater and low
evaporation: in the first four months of the year, the
freshwater from short river basin reduces the increase
in water temperature whereas, in the same period, the
salinity values increase because of the constant reduction of the rainfall from January to April;
3. lemniscate type (Figs. 3d and 3e) that is linked to sites
near the mouth of great river basins: a comparison with
the convex type shows that this pattern is characterized
by a greater decrease of salinity from August to January, and a constant low salinity from April to June. This
is probably due to the freshwater contribution of great
rivers: their flux density reflects the annual trend of the
precipitation on the inside of Anatolian Peninsula (Fig.
2b) and not on the Aegean coast.
From an ecological point of view, the bioindicator
value of Corallinales of the Aegean coasts of Turkey was
examined with reference to the characterization of some
ecological groups generated by the electiveness of these
species towards two main environmental factors, salinity
and temperature:
• a group of markedly stenoecious species, mostly under
the threat of extinction, as already reported by Boudouresque et al. [4] and included in Annex V of the EC
Habitats Directive (Council Directive 92/43EEC) regarding protected species [27]; for example, they are Titanoderma trochanter and Tenarea tortuosa [2, 28],
southern Mediterranean with regard to the portion of
coast considered (species group A, Table 4), which are
characteristic of the midlittoral overhangs and are
equipped with considerable electiveness toward relatively high and constant (stenohaline) salinity, and also
with fairly high, but relatively stable temperature (stenothermic). It should be emphasized that in two periods
of the year, namely winter (December, January and
February) and summer (July and August), these two
parameters vary very little, thereby contribute significantly to the stability of environmental factors. The
same might be said of Lithothamnion valens, though
little is known regarding this taxon. Other stenoeceous
species showing marked selectivity, such as Phymatolithon calcareum and Lithophyllum racemus, which directly respond to the sea-floor bottom energy, live unattached, are mobile, and referred by the scientific literature to sciophilous soft bottoms and sciophilous rheophilous, respectively [29], epiphytic species Titanoderma pustulatum var. canellatum, which is typical
of environments exposed to the motion of waves where
the water temperature is relatively cold [29] are found
in some central stations (species group B, Table 4). In
the same species group B, Lithothamnion philippii and
Mesophyllum lichenoides are found, but with lesser

membership weight (Table 4); these sciophilous species
of the infra-circalittoral are found in the same environment, even as an epiphyte of Hydrolithon cruciatum in the calmer ravines.
• The stenoecious Corallinales of the species groups A
and B are those that have attracted the attention of the
scientific community most due to very subtle differences
between these species, both from the taxonomic and
ecological standpoints; thus, the support of specialized
scientific literature affords further comfort and verification.
• A group of epiphytic species in group C, such as Hydrolithon boreale (Cosmopolitan), Pneophyllum confervicolum (sub-Cosmopolitan) and Titanoderma pustulatum var. confine (Indo-Atlantic) adapted to certain
variability both in salinity and temperature (Table 4).
• Two groups, species groups D and E, were formed by
4 and 2 markedly eurythermic and euryhaline species,
respectively (Table 4). In these cases, the variations in
salinity and temperature evolve according to a CSPs,t
that are here defined as “lemniscate”. A fundamental
role is played by the seasonal transport of freshwaters,
to which these plants must adapt, both of which are
sensitive to variations in temperature and salinity.
Prominent among these species is Lithophyllum dentatum (boreal Atlantic), which, in its free forms (observed only in a northern station) usually lives in acute
metabolic conditions.
• A final species group (F, cf. Table 4) includes a certain
number of species, somewhat equally distributed over
the stations considered. Probably, this species group
could be typified as “euryecious” regarding the seasonal variation in both temperature and salinity. With
their presence they emphasize the relevant adaptive
capacity of these plants to various types of habitat, and
hence not just at a Mediterranean level, but also along
the Turkish coasts where some environmental factors
(in particular, salinity and temperature) vary considerably, as they do in the whole Aegean Sea. The information provided by the presence of these species, at
different degrees of frequency, lends further support
for the fact that, from a chorological point of view,
they are mostly Cosmopolitan and sub-Cosmopolitan
species (7 out of 12) (Table 1).
Fig. 4 shows the results of the CA carried out on the
matrix samples × species groups (euryecious fuzzy set F
excluded). This scatter diagram is based on the values of
the first two canonical variates (I and II) that together represent 81.5% of the total chi-square of the analyzed matrix.
The environmental factors generating the gradients are:
1. Temperature. A first gradient (see Fig. 4: curved line)
from species group A to species group C seems to show
an average temperature decrease (from 20.6 to 20.1
and 18.7 °C) as well as an increase in the temperature
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range between the maximum and minimum values (δT
from 7.6 to 8.2 and 8.7 °C).
2. Salinity. A second gradient (see Fig. 4: oblique line)
from species group D and E, to B and C, and to A seems
to emphasize an average salinity increase (38.9‰ to
39.2‰ to 39.8‰) as well as a decrease in the salinity
range between the maximum and minimum values (δS
from 1.3 to 1.1 and 0.7‰).

nent of the marine biocoenoses, and is a point of great
interest geologically. Their geographic distribution, on the
basis of their capacity to adaptation and their significance
as bioindicators, should be addressed in the future research.
In fact, in this context studies based on the phytosociological approach by the qualitative aspect will represent the
basis for those statistical studies. These studies should aim
to identify and quantify their relationships between the
various biotic and abiotic environmental factors determining the life of these red calcareous algae.
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ABSTRACT
Adsorption of thiols on metallic surfaces is one of the
methods used for their removal from the environment.
Alkanethiols and their degradation products have been
detected in the environment and classified as highly toxic
with distinctive odor at very low concentrations. 1-octadecanethiol is a representing example of this family and its
adsorption on polycrystalline gold surface serves as a model
for the study of its adsorption on metals prior to their
removal from polluted water. The adsorption extent was
evaluated by measuring the sticking probability of selfassembled 1-octadecanethiol on the surface of polycrystalline Au using the electrochemical method of cyclic voltammetry. A Langmuir-like adsorption kinetics was observed
for the 1-octadecanethiol adsorption on Au at high micromolar concentrations which became more precursor-like at
7.0-10.0 x 10-4 mM concentrations. At 5.0 x 10-4 mM concentration, the adsorption isotherm revealed an additional
feature which could be explained by the initial adsorption
of the solvent and subsequent removal by the strong Au-S
bond formation. The formation of such bonding could be
also explained by the formation of a "lying down" phase of
the 1-octadecanethiol on Au surface. The results compare
well with data obtained employing other methods reported
in the literature.

KEYWORDS:
adsorption, adsorption isotherm, thiols, gold surface.

INTRODUCTION
Pollution by thiols (sulfur-containing compounds) is
an endless challenge faced by environmental chemists and
engineers due to their toxicity and undesirable odor. Odor
control, a severe problem common to many wastewater
treatment operations, is particularly significant at urban
treatment facilities [1]. Thiols are among the most commonly reported odorous compounds in water treatment
plants due to their very low odor threshold [1,2]. Several
methods are used to reduce the contamination of

wastewater by thiols such as adsorption. One of the common forms of these pollutants is the alkanethiols family
which is produced as a by-product in a large number of
industries [3]. In the petroleum industry and at high temperatures, thiols release hydrogen sulfide, a dangerous
and toxic pollutant. It is considered as hazard to health
and corrosive to metallic materials used in ground drilling
[4, 5]. It also contaminates a large number of wastewaters
resulting from industries such as tanneries, petroleum refineries, iron and steel industry, photoprocessing and
textiles.
Efforts have been focused at the development of
techniques to detect, control and remove thiols from the
environment. These include chemical, biological, electrochemical and adsorption [6-8].
Alkanethiols and their degradation products have been
detected in groundwater, seawater, sediments, soil and
atmospheric samples. Their high toxicity at low concentrations necessitates the need for studying such chemicals. 1octadecanethiol is an industrial material and used in the
production of dyes, rubber and plastics. Adsorption of thiols
on metal surfaces is considered as an effective and affordable technique for their removal from the environment.
The most fundamental way to express an adsorption
rate constant is in terms of a sticking probability, defined as
the probability that a molecule will adsorb upon its collision
with a surface. Organic monolayer formation is generally
performed by two methods: Langmuir-Blodgett or selfassembly, the latter yielding more stable monolayers [9].
An understanding of the growth and the structures of selfassembled monolayers (SAM's) is a prerequisite for a
successful use in technical applications such as water
treatment.
Alkanethiolate SAM's are densely packed films and
their structure has been well established [9]. Kinetics of
their assembly from solution have been investigated by a
wide range of surface techniques [10-15]. n-alkanethiols
have attracted much attention due to their stability, ease of
preparation and availability [12].
Sticking probabilities are dimensionless with values
ranging from 0 to 1. Jung and Campbell employed the gas
phase adsorption equation for sticking probability deter-
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mination for alkanethiol assembly from ethanol on thin Au
films, monitored by in-situ Surface Palsmon Resonance
(SPR). Initial sticking probabilities ranged from 10-8 to
10-6 for alkanethiol chains possessing 3 to 19 carbons,
accounting for diffusion depletion in a quiescent assembly
solution [16-18].

tions were prepared using HPLC grade methanol (99.9%
purity, LabScan) from which serial dilutions were accordingly prepared. 0.1 M l-octadecanethiol (CH3(CH2)17SH)
(99% purity, Aldrich) such that due to the lower apparent
solubility stirring on a hotplate and intermittent sonication
(at 35 °C) has been applied.

In this work, 1-octadecanethiol is used as a model
compound for the study of the adsorption of the pollutant
family alkanethiols. Polycrystalline gold (Au) is used as the
adsorbing surface due to its high affinity towards sulfur
and also to its inertness and stability. Cyclic voltammetry is a
versatile, convenient and relatively inexpensive technique of
surface science, compared to other sophisticated techniques.
Its use permitted the evaluation of sticking probabilities
under a range of different conditions for the 1-octadecanethiol assembly at room temperature from solution onto a
polycrystalline Au electrode. The most part of the present
approach is basic science that is intended to extend to the
quantitative detection and analysis of thiols in waste water
on a larger scale.

Diluted alkanethiol solutions were used as dipping
solutions in the preparation of self-assembled layers. A
cumulative dipping method was performed in each experiment in which the electrode was initially flame-annealed in
N 2 atmosphere only at the start of each run. The Au
electrode was extracted from the electrolyte, dipped in the
dilute alkanethiol solution with rapid stirring for a defined
period recorded using a digital timer, washed immediately
for a few seconds with doubly distilled water then immersed in the electrolyte.

MATERIALS AND METHODS
Materials and Apparatus

Doubly distilled water was used in all preparations.
All chemicals used in this study were of the highest purity
possible. Sulfuric acid (95-97%, Allied Signal), KMnO4
(99.9% purity, Aldrich), H2O2 (30%, Aldrich). All glassware was submerged and soaked overnight in a concentrated sulfuric acid-K2Cr2O7 mixture and then rinsed thoroughly and partially filled with doubly distilled water. Glassware was steamed for one hour to remove any trace acid
wash.
All electrochemical experiments were performed in a
two-compartment conventional three-electrode Pyrex glass
cell constructed according to designs in the literature. One
compartment of the cell contained the polycrystalline Au
rod as the working electrode (Goodfellow, Cambridge, UK).
A 0.25 mm diameter of 99.999% pure Pt wire (Goodfellow, Cambridge) supported on a Teflon plug connected to
a Pt mesh was used as the auxiliary electrode. The second
compartment contained a 99.999% pure Cu wire (Goodfellow, Cambridge) as the reference electrode. All electrode
potentials were measured and are quoted against the
CuO/Cu2+ reference electrode.
The supporting electrolyte was 0.1 M H2SO4, prepared
using ultra pure grade sulfuric acid (99.99% purity,
Aldrich). The 1 mM Cu2+ solution was prepared by dissolving 0.0624 g of CuSO4.5H2O (99.9% purity, Aldrich)
in 250 cm3 of 0.1 M H2SO4. The electrolyte was de-oxygenated for 10 minutes with high purity N2 gas (National
Gas Company, filtered through a Supelco filtering system). The solution was blanketed using N2 gas during all
readings. The alkanethiol used was obtained from Aldrich
and used directly without further purification. Stock solu-

The polycrystalline Au electrode with a strong Au(111)like surface was initially cleaned by immersion in concentrated nitric acid (69% purity, Analar grade, Allied Signal)
to remove Cu deposits which could alloy with the Au sample
on subsequent flaming. The electrode was then annealed
and cooled to room temperature under a stream of N2.
The copper reference electrode was cleaned by a quick
immersion in concentrated HNO3 and then rinsing with
doubly distilled water. Cyclic voltammetry was performed
using a Voltalab-10 potentiostat (Radiometer, France). General parameters employed for Cu upd/probing experiments
were: initial potential: 550 mV; upper potential limit:
550 mV; lower potential limit: 0 mV; scan rate: 20 mV.s-1;
number of segments: 2; initial direction: negative; wait time:
10 s; sensitivity: 10 mA/V. For Cu uptake experiments or
Au oxidation/reduction cycling, the same analyses as above
were employed, except different potentials were scanned as
indicated on the abscissa of voltammograms. For Cu uptake experiments, only 0.1 M H2SO4 was present in the cell.
The initial sticking probability of 1-octadecanethiol was
measured by following the change in the fractional coverage of the 1-octadecanethiol molecule at different concentrations taking into account the possible diffusion depletion during the solution phase assembly using the electrochemical method of copper underpotential deposition (Cu
upd) with sulfate co-adsorption or sulfate anion deposition.
Data analysis

Cyclic voltammograms were produced and treated using the software VoltaMaster 4 provided for Voltalab-10
potentiostat. MicrocalTM Origin data analysis software (ver.
6.0) was used to treat all results. Absolute integrated areas
at positive and negative sides of the zero current line
between the potential limits of 0 mV and 550 mV were
obtained. Subsequent processing of the integrated areas involved normalizing and averaged normalized area between
replicate runs plotting against the corresponding averaged
dipping times and areas used to determine the average
fractional coverage of alkanethiol adsorbed on the Au surface, assumed to be inversely proportional to the Cu deposition/desorption peak area (i.e. the blocking of copper
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interaction signal with Au decreasing with increasing adsorbed alkanethiol. Fractional coverage was calculated
using the following equation:
⎛ Integrated area t =0 − Integrated area t =n
Fractional coveraget = n = ⎜⎜
Integrated area t =0
⎝

⎞ ⎛ Coverage of one
⎞
⎟ × ⎜⎜
⎟ alkanethiol monolayer ⎟⎟
⎠
⎠ ⎝

where the coverage of one monolayer was assumed to
be 4.8 x 1014 alkanethiol molecules.cm-2 [16]. Averaged
normalized areas and fractional coverages were then plotted against the corresponding average dipping times. A
polynomial was fitted to the data points whose equation was
employed to obtain fractional coverage, and through differentiation, the slope at any dipping time. The slope equaled
the rate of adsorption (Rad.) and was converted from molecules.cm-2.s-1 into moles.m-2.s-1. The latter was used to
calculate the sticking probability (S) of alkanethiol onto
the Au surface at any dip time where the initial sticking
probability at time zero is denoted So applying the following equation:
Rads Rads
=
Js
Cs

2.π .m
k B .T

where Js = collision frequency, i.e. the number of
specific alkanethiol molecules assuming negligible impurities which collide with the surface per second per unit
area; Cs = the concentration of the solute in that liquid
nearest to the electrode surface (moles/m3); kB = Boltzmann's constant (1.3807 x 10-23 J.K-1); T = temperature
(assumed 298 K); m = molecular mass of alkanethiol
surfactant (kg/molecule).
RESULTS AND DISCUSSION
Figure 1 illustrates a set of cyclic voltammograms (CVs)
obtained for periodic Cu underpotential deposition (upd)
during the adsorption of 1-octadecanethiol (C18-SH) at different dipping times. Hagenstrom et al. [19] and Oyamatsu
et al. [20] detailed the kinetic hindrance effects of such adsorption. The disappearance of the absolute area under the
curve was monitored as well as the area of the underpotential deposition peaks due to the difficulty of adsorption/ desorption peak separations.

I ( µ A)

The averaged normalized integrated areas for the CV at
different dipping times were evaluated and plotted in Figure 2. It is clear that the monolayer formation starts around
40 seconds of dipping. These data were utilized to calculate
the average fractional coverages.
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Average fractional coverage as a function of dipping time.
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Figure 3 shows the fractional coverage function with
time which appears to be in direct proportion similar to
that found by Karpovich and Blanchard [21] who studied
C18-SH uptake from n-hexane, thus adopting a Langmuir
adsorption kinetics. A polynomial was fitted to the data as
it endured easier integration than a Langmuir model. It is
clear that rapid initial near monolayer formation occurred
followed by a slower rearrangement/crystallization process
leading to a more consolidated monolayer and little coverage change.
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FIGURE 1
Cu upd cyclic voltammograms of 3 x 10-3 mM 1-Octadecanethiol
on polycrystalline Au at dipping times of 0, 10, 40 and 80 seconds.
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The CV at dipping time of 80 and longer (not shown
on the figure) revealed that the Cu upd signal never de-
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pleted completely but was still apparent in the nano-ampere
range (nA) as was the case for all Cu probing uptake runs,
probably due to a low density of defect sites as once suggested in the literature [22]. Saturation coverages were
generally reached for all uptake runs at approximately
4.6xl014 Thiol molecule/cm2 which is close to 95% of the
full monolayer formation. All polynomials fitted to fractional coverage versus time data had high correlation
coefficients (R2>0.99%) such that they were generally
preferred to Langmuir model fits due to applicability and
ease of differentiation.
Error bars in the area/factional coverage versus time
plots were based on the deviation in the averaged replicate
run data (three or more) and the reproducibility of dip height.
Averaging facilitated a decrease in the signal-to-noise (S/N)
ratio. Fractional coverage data up to 50 seconds were employed to calculate the sticking probability which is illustrated in Figure 4, in which near linear associative Langmuir adsorption was followed up to ~ 3 to 4 x 1014 C18
thiols/cm2, followed by a second consolidation step.
Jung and Campbell [16] have found a similar S (sticking probability) versus θ (fractional coverage) plots for mM
alkanethiol adsorption from ethanol. It was noticed immediately that unlike So values from gas phase alkanethiol adsorption approximating unity [15,23], So was approximately
six orders of magnitude lower. This may be the result of
large gas to liquid viscosity differences, a methanol solvation shell surrounding the alkanethiol, and the influence of
methanol molecules which need to be physically displaced
from the surface by incoming alkanethiol molecules.

3.5

-6

Sticking Probability (10 )

3.0
2.5
2.0
1.5
1.0
0.5
0.0
0

1

2
3
4
Fractional Coverage
14
2
(10 C18 thiol molecule/cm )

5

FIGURE 4 - Sticking probability versus
fractional coverage for the 1-octadecanethiol on Au.

The heat of desorption of a methanol molecule on a
Cu(111) surface was estimated by density functional theory
as 34.7 kJ/mol [24], such that displacement of one or two
methanol molecules could cause Sliquid to decrease to 8.27 x
l0-7 or 6.84 x 10-13 of that Sgas value, respectively. This decrease was an estimate from theory, such that at 30 kJ/mol,
Sliquid= 5.51 x l0-6 x Sgas. The activation energy of methanol

desorption from Au(110) was estimated as 58 kJ/mol [25],
translating to Sliquid = 1.56 x 10-9 x Sgas. These are merely
simple estimates used in an effort to explain such a large
decrease in So observed here and by Jung and Campbell
[16].
The 3 x 10-3 mM solution was then diluted to 2 x 10-3
mM C18-SH. For the diluted slow blocking up to 15 seconds
was observed leading to a large unexpected S increase (from
So ~ 10-3) as the electrode initially offered the largest surface area. Three individual runs were performed and showed
similar behavior. A sensitive polynomial thus yielded an
S versus θ curve which behaved unlike even precursor state
adsorption isotherms [26]. This behavior may have been
due to (1) contaminant presence e.g. in glassware [13, 27,
28], (2) temperature variations in the electrode at early
stages of uptake analysis or (3) thiol molecule break-up at
special defect sites like kinks (dissociative adsorption).
Thus, although thiol molecules hit and stick, because they
break up, they do not block Cu upd like a full thiol molecule does. A Langmuir adsorption isotherm with near-linear
S decrease versus θ up to 55 seconds dipping time was observed. This adjusted data was normalized with respect to
time and fractional coverage, and was included in subsequent concentration versus So profiling.
Analysis of 1x10-3 mM and 6.67x10-4 mM revealed
non-Langmuir adsorption, but precursor state like kinetics
[29]. Polynomial fitting revealed a more severe S increase
initially with θ compared to the precursor adsorption recorded by Kreuzer [26]. At each of these concentrations, a
linear trend line could a1most be fitted up to ~ 80 and 100
seconds, respectively, which would result in S constancy
prior to a sharp decrease towards the end. Precursor adsorption has not yet been shown in the literature for straight
chain alkanethiol adsorption from solution/gas phases, but
was proposed by Whelan et al. [30] for the formation of two
dimensional benzenethiolate islands assembled from gas
phase on Au(111) on increasing benzenethiol exposure. It
was accepted that the technique in this work was subject
to more noise and less accuracy in the data collected than
by the use of in-situ techniques like SPR spectra which
have been sampled at a rate of up to 300/minute [28]. However, the polynomial closely followed averaged data points
picking up a small decrease in S at the start of assembly.
At 5 x 10-4 mM C18-SH, this apparent initial S decrease
became more noticeable, i.e. a linear Langmuir-like S decrease with θ, to ~ 1.3 x 1014 C18/cm2 followed by a similar
S vs. θ shape as observed previously. Two possibilities were
proposed for this occurrence: (1) the effect of methanol on
the uptake becomes more apparent as the C18-SH concentration is lowered and (2) an additional lying down phase
formation occurred at the lower µM thiol concentration as
has been more commonly observed for gas phase alkanethiol adsorption [12], and more recently reported by others
from solution [13,14,31]. Using STM monitoring of decanethiol growth on thin Au film from heptane Yamada
and Uosaki [31] revealed that at 3 µM the lying down
phase was hardly observed and standing up islands cov-
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ered the surface quickly which could support the lying down
phase absence here at higher concentrations. Also at 0.2 µM
decanethiol, island formation was suppressed facilitating
STM investigation of the low coverage phases. At 0.5 µM
decanethiol, stripe lines were observed but standing up
phase STM imaging was not possible due to an insufficient
tunneling gap impedance and the structure being destroyed
by the tip. An 'S' shape in S versus θ was reproduced at a
lower concentration in duplicate and runs performed on
concentrations down to 5 x l0-4 mM were prepared from
serial dilution of the 3 x l0-3 mM solution originally prepared, unlike the 2 x l0-4 mM solution which produced
relative block times out of line with those expected. Figure 5 shows data at 2 x l0-4 mM C18-SH. An inverse relationship between concentration and rate constants for adsorption has been employed similar to that reported by
other research groups [14, 32].
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Finally, a preliminary analysis of the C18-SH assembly
onto the single crystal surface of Au(111) electrode from
methanol resulted in large error bars in the data and were
believed to have arisen from imperfection of crystal quality
or problems with meniscus contact or electrode cleanliness.
Therefore, polycrystalline Au data appear to be more convenient to study the adsorption of alkanethiols on Au surfaces.
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analysis. At each concentration analyzed, loss of ~ 0.76 %
(after 2 runs) to ~ 1.15% (after 3 runs) of the initial
alkanethiol number of moles was incurred. Not accounting
for alkanethiol coating of higher electrode areas during
dipping, such that greater thiol loss would occur at successively lower concentrations whose block times were then
compared to analysis of a solution in which no thiol loss
had occurred. Methanol and ethanol have viscosities of 0.60
and 1.20 mNsec.m-2, respectively [32]. So was calculated as
~ 1 x 10-6 for C18-SH adsorption at room temperature from
ethanol accounting for diffusion depletion [16]. According
to the inverse linear rate constant versus viscosity relationship by Dannenberger et al. [32], So may be increased to
~2 x 10-6 to approximate the average So value of 3.54 x
10-6 at 3 x 10-3 mM measured here. This further supports
the absence of depletion at higher C18-SH concentrations,
where the rate at which depletion occurs appears to be
slower than the speed at which the sample is moved in the
assembly solution.

CONCLUSIONS

3.0

[1-Octadecanethiol] (µM)

FIGURE 5 - Theoretically expected and experimentally calculated
relative block times versus 1-octadecanethiol concentration and
change in the initial sticking probability versus concentration. Lines
with square points represent the relative block time ratio and lines
with circles represent the initial sticking probability.

Results of Figure 5 were compiled by best-fit polynomial on the basis of highest correlation coefficient to
data of each individual run. From 6.67 x l0-4 mM to 3.0 x
10-3 mM, 50% relative block time was found experimentally, generally at half of ~ 4.6 x1014 molecules/cm2 saturation coverage, which agreed well with those expected and
calculated by inversely scaling up the 12 second average
50% relative block time at 3 x 10-3 mM, linearly with concentration although a small difference occurred at 5x10-4
mM (Figure 5), possibly due to a small plateauing effect,
not observed at other concentrations.
So at concentrations < 2 x l0-3 mM appeared to continually decrease to 5 x 10-4 mM, suggesting that in weaker
solutions, the thiol concentration close to the Au surface
may have been depleted to a small extent, i.e. the concentration assembled from, may not have been that of the
bulk solution but of the solution close to the gold surface
depleted in thiol.

The adsorption behavior of 1-octadecanethiol, a pollutant to the environment, on the surface of polycrystalline Au is shown to be highly dependent on its concentration and on the solvent interactions. The adsorption extent
has been evaluated by measuring the sticking probability
of self-assembled 1-octadecanethiol on the surface of
polycrystalline Au using the well established electrochemical method of cyclic voltammetry. A Langmuir-like
adsorption kinetics was observed for the 1-octadecanethiol adsorption on Au at high micro-molar concentrations which became more precursor-like at lower concentrations. The formation of a "lying down" phase of the 1octadecanethiol on Au surface was discussed. The application of the outcomes of this study to the quantitative
detection and analysis of thiols in waste water on a larger
scale is at least one step easier.
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It should be noted that thiol uptake from serially diluted solutions would presumably have some effect on this
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ABSTRACT
The copper complexing capacities (CuCC), i.e. organic
ligands capable to form stable organic complexes with copper ions, were measured in the Krka river estuary. Krka
river estuary is a karstic, salt wedge estuary situated on the
Eastern coast of middle Adriatic area. The measurements
have been done in 1983, 1984 and 2008 at the same sampling stations along the estuary. The measurements were
performed with electrochemical method of differential
pulse anodic stripping voltammetry (DPASV). It has been
found that the copper-complexing capacity of the fresh
water layer is several times higher (from 100 up to 270 nM)
than that of the saline layer beneath it (from 10 up to
130 nM). The concentrations of surface-active substances
(SAS) were also higher in the layer above halocline (0.120
to 0.170 mg dm-3 eq. Triton-X-100), while below it, the
values were lower (0.085 to 0.127 mg dm -3 eq. TritonX-100). The average result for CuCC measured in 2008
(103 nM) is not different from the average value measured
by the same technique 25 years ago (the average value of
all measurements in 1983 and 1984 is 105 nM). This indicates that there is no change in the amount of dissolved
ligands capable to complex copper ions in this long period
of time. The speciation modelling has shown that more than
99% of copper is present as organic complexes while free(hydrated) copper ion concentration is below the toxicity
threshold of 10 -11 M, although in some situations total free
(hydrated) + inorganically complexed copper could be above
this threshold level.

KEYWORDS: copper ion, complexation, organics, estuary, Krka
river, electroanalytical methods

INTRODUCTION
The chemical speciation of copper and several other
metals in natural waters is controlled by organic ligands
[1, 2]. Copper has been extensively studied, and it has been
suggested that relatively low Cu2+ concentrations in their
hydrated form are toxic to bacteria and phytoplankton.

Besides that, copper ions form stable organic complexes
in waters from oceanic, coastal, estuarine and freshwater
origin. Some authors reported that more than 99% of copper ions in seawater is complexed with organic ligands
which form inert complexes [1, 2]. Valuable information
concerning the nature and properties of organic substances
in natural waters can be obtained by studying the interaction of copper ions with organic matter [2-4], which could
influence their availability to aquatic organisms and their
association with particles and sediments in the system.
There are, at least, two major groups of organic ligands
participating in complexation of copper(II) (L1 and L2) [1].
Several studies indicate that strong organic ligands (L1)
dominate the copper complexation in open ocean surface
waters, whereas the weaker ligands (L2) are involved in the
complexation in coastal waters. By applying high performance size-exclusion chromatography in combination
with mass spectrometry, Vachet and Callaway [5] found
that the weaker binding ligands have molecular weights
that range from about 230 up to > 20000 Da, while
stronger binding ligands are significantly more narrow with
molecular weight values that are less than 1600 Da. The
composition of the ligands is still the matter of elucidation. Thiols are likely ligands for copper complexation
in estuarine waters [6, 7], but humic and fulvic acids also
act as strong copper-binding ligands in coastal waters [2,
8]. There are many authors dealing with the interpretation
of metal speciation data regarding the presence of dissolved organic ligands applying different computational
programs which are helpful in evaluating chemical processes controlling speciation and bioavailability of Cu to
aquatic organisms [9-12]. In addition to organic ligands,
sulfide clusters in freshwater and sulfides in seawater
could also act as metal-binding ligands [13]. The usual
method to determine the concentration of natural complexing ligands (L) and their complex stability is by
means of a titration with the copper ions while following
the free (not complexed by L) concentration by anodic
stripping voltammetry (ASV) ([14-17]) or cathodic stripping voltammetry (CSV) [18, 19] with competitive ligand
equilibration (CLE) [20]. Intercomparison of different
voltammetric techniques to determine the chemical speciation of dissolved copper have been done [21, 22] dis-
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cussing a range of analytical competition strengths,
which is important if predictions of speciation over a
range of copper concentrations are needed. The existing
speciation methods titrate ligands one after the other by
adding copper ions. Ligands with similar complex stability are titrated to some extent in parallel. It is wellknown that starting a titration at a different detection
window (which includes either using a different range of
copper concentrations or a different concentration of the
added competing ligand) tends to give different detected
concentrations of natural ligands, with lower complexing
stabilities for the ligands of higher concentrations detected
at higher metal concentrations. During the titration with
copper, the strong species are formed first, followed by
the weaker ones present in higher concentrations [20]. According to some studies, the limitation of ASV for metal
speciation is that it is a kinetically dependent technique,
i.e. some inert complexes [23] may dissociate during the
accumulation period, which could lead to underestimation
of complexing parameters, although this could be checked
by using the model ligands of known concentration, which
has been done regarding our method [16].

and mariculture are also developed. Agriculture activities
are negligible. Krka river is a National Park.
Five stations along the estuary were selected (Fig. 1).
Stations E1, E2 and E3 represent the upper estuary within
the Krka National Park, E4 and E5a are the middle stations
and station E5 represents the lower estuary. Station E4 is
located 500 m west of the sewage outlet of the city Šibenik
(in Šibenik Bay). Densely populated area of Šibenik city
is marked with stripes. A surface layer of brackish water
(salinity 3-18) was evident at estuarine stations E2-E5a.
At all stations, salinity was high (37.5-38.3) at 4 m depth,
marking the lower edge of the freshwater. All sample pHs
were between 7.8 and 8.2.

The aim of this work is to try to elucidate the mechanism controlling copper complexation by organic ligands in
a salt-wedged Mediterranean estuary. The results measured
25 years ago at the same sampling stations will be compared with recent measurements.
MATERIALS AND METHODS
Description of the sampling site-Krka river estuary

The estuary of the karstic river Krka is a salt-wedge,
highly stratified one, located in the central part of the
eastern Adriatic coast in Croatia (N 430 50', E 150 50').
The Krka river is one of the most pristine European rivers
[24-29], characterized by low concentrations of nutrients
and extremely low input of terrigeneous material [25]. The
estuary is 22 km long and of complex morphology, with
several channels, Lake Prokljan and Šibenik Bay. High
stratification of the estuary is supported by low tidal amplitudes up to 50 cm. The estuary is relatively narrow except
for two wider parts, Prokljan Lake and Šibenik harbour.
The depth gradually increases from 5 m below the waterfalls ( Skradinski Buk) to 43 m at the mouth. The average
flow of the Krka river varies between 40 and 60 m3 s-1
[27]. Due to relatively stable water masses below the halocline, the Krka salt-wedge estuary is well-suited for vertical flux studies [26, 28]. Most of the primary production
takes place in the brackish layer above the sharp halocline, while the underlying saline layer has low production rates and longer retention times. In the estuary, there
are very small amounts of suspended matter (1-4 mg dm-3)
[25]. About 53000 inhabitants live in the region, most of
whom are concentrated in the lower part of the estuary in
the town of Šibenik (about 51000 inhabitants). Tourism

FIGURE 1 - Krka river estuary with the denoted sampling stations.
Sampling

Water samples were directly collected in precleaned
FEP (fluorinated ethylene propylene) bottles with a total
volume of 1 L, by scuba diving according to [29]. The vertical profiles in the water columns of the E1 to E5a stations
were taken on March 25, 1983 and March 10, 1984, as well
as on February 05, 2008. Bottles were previously cleaned
with supra-pure nitric acid and rinsed with Milli-Q water.
Sampling by scuba diving becomes particularly useful in
estuarine environments and is imperative if meaningful
results are to be obtained in highly stratified estuaries, such
as the Krka River Estuary. The vertical and temporal variability in major properties, particularly temperature, salinity and density, are more pronounced at estuarine stations,
and the need to directly observe the boundaries between
incoming river water and seawater so as to adjust accord-
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ingly the sampling position with respect to these oscillating interfaces, practically excludes any sampling technique
other than by a diver. Distinctive features of detailed vertical concentration profiles for various trace metals will be
observed only if proper precautions are taken and meticulous care is exercised by the diver when performing the
sampling.
Sampling locations were spotted by the GPS device
(Garmin GPS Map 76CSx with the accuracy of ± 5 m).
Methods
Measurements of complexing
capacity for copper ions (CuCC)

Experiments were performed in the time span of 25
years. So, a first set of the results (never published until
now) was measured in the years 1983 and 1984. The instrument used at that time was a PAR 174 polarograph
(Princeton Applied Research, USA). The method used was
differential pulse anodic stripping voltammetry (DPASV),
and the cell was a modified universal voltammetric cell
made from quartz glass. The working electrode was a
hanging mercury drop electrode (HMDE), commercial
type 60335.000 by Metrohm Herisau, with surface area
1.39 mm2, counter electrode was a Pt wire, and an Ag/AgCl
reference electrode was used. The recent experiments were
performed on the voltammetric system consisting of a
Metrohm VA-Stand (663 VA-Stand, Metrohm, Switzerland) connected via an IME-663 module to a computercontrolled voltammeter (Eco Chemie, Netherlands). The
working electrode was a static mercury drop electrode
(SMDE, drop surface area 0.54 mm2). The reference electrode was a double-junction Ag/AgCl (3 M KCl) electrode,
and the counter electrode was a glassy carbon rod. The
solutions were stirred by a rotating Teflon rod during deposition step of measurements. Potential of deposition was
-0.6V vs. Ag/AgCl ref. electrode, while the deposition time
was 60 s.
The complexing capacity was determined in nonfiltered (untreated) samples comprising both particulate and
dissolved ligands. Determination was performed by the
direct titration method of the sample with increasing
amounts of copper ions and their electrochemical determination by the method of DPASV [16]. The peak currents,
resulting from the oxidation of voltammetrically labile copper, are plotted against the added copper concentration
yielding a titration graph. The labile copper fraction detected by this technique is hydrated Cu2+ or Cu ions bound
to inorganic or organic complexes whose dissociation kinetics are so rapid for the applied method (depending on
the electrode diffusion layer thickness) that they are detected to be electro-active. Strong metal–ligand complexes
do not dissociate and are not reduced at the chosen fixed
potential. This provides for labile/inert discrimination data.
To obtain complexing capacity values and conditional stability constant, titration data are linearly transformed assuming 1:1 metal to ligand complexes [18, 30]. The equation
used for calculation is:

[Cu] /[CuL]=[Cu] /LT+1/KLT, where Cu is the copper
ion detected by anodic stripping voltammetry, CuL is the
copper ion bound in a complex, LT is the concentration of
binding ligands (i.e. complexing capacity) and K is the
conditional stability constant. [Cu] and [CuL] are calculated
from the titration data, where [Cu] = Ip /S and [CuL] =
[CuT]−[Cu]. In that equations, Ip is the height of DPASVdetected copper peak, S is the sensitivity of the DPASV
method to labile copper which corresponds to the slope of
the linear portion of the titration graph after all complexing sites are saturated with copper ions, [CuT] is the concentration of copper ions added + copper ions originally
present in the sample. The plot of [Cu] / [CuL] versus [Cu]
yields a straight line with a slope of 1/LT and intercept
1/KLT. The detailed procedure [31, 32] and calculations [16,
18, 30], have been described. The same method of calculation is applied in other papers, e.g. Andrade et al. [33].
Measurements of surface active substances (SAS)

Surface-active substances were determined by phase
sensitive alternating current voltammetry using out-of phase
mode [34]. This electrochemical method is simple, nondestructive, and does not need any pretreatment before
measurements. The principle of the method is that SAS,
when adsorbed on the mercury electrode surface, decrease
interface capacitance. The concentration of SAS in the
sample is expressed as the equivalent concentration of the
nonionic surfactant Triton-X-100 (T-X-100), which produces the same effect as natural organic substances in the
sample. The lower detection limit, expressed as T-X-100
concentration, is 0.02 mg L−1.The electrochemical instrumentation was the same as for the CuCC determinations.
Potential of deposition was -0.6 V vs. Ag/AgCl ref. electrode, and the frequency was 75Hz.
RESULTS
In Fig 2, the complexing capacity values for copper
ions are plotted vs. salinity and depth for the station E3
taken in March, 1983 when the good stratification of the
layers occurred, i.e. the freshwater-seawater interface
(FWSWI) was pronounced. The values for the complexing
capacities of copper ions varied between 20 and 200 nM.
From the Fig.2, it is also obvious that the complexing
capacity, in general, decreased from fresh layer to salt
layer, although some disagreement exists in the intermediate-mixing layer. In Fig. 3, the complexing capacities
for the sampling stations E1-E5a, the years 1983, 1984
and 2008, and for the fresh (depth = 0.5m) and saline
layer (depth = 8m) are presented. Salinities of the salt and
fresh water layer are indicated in the legend as well. The
CuCC for these samples varried between 10 and 250 nM.
Apparent stability constants varied between 7.2 and 7.9
being, in general, higher for saline layer (Table 1), pointing
to the possible explanation that below halocline more specific binding places on the organic ligands for Cu ions are
present, in comparison to the water layer above the halo-
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cline where more humic material of terrestrial origin might
be present, with less specific binding places [2].
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FIGURE 3 - Complexing capacity values for the Krka estuarine stations E1 to E5a
(measured in March 1983, March 1984 and February 2008) with the denoted salinities and depths.

TABLE 1 - Salinity, total copper ion concentrations, CuCC values, apparent stability constants (log Kapp),
SAS and SAS values normalized to CuCC, for different stations and depths in the Krka river estuary for 2008.
Stations,
depths
E2, 0m
E2, 8m
E3, 0m
E3, 8m
E4, 0m
E4, 8m
E5a, 0m
E5a, 8m

salinity

CuT / nM

CuCC / nM

log Kapp

SAS

CuCC/SAS

3
38
6
38
18
38
15
38

1.4
13
9.2
29
8.5
10
11
18

179
58.1
100
71.4
125
56.8
149
91.7

7.8
7.9
7.5
7.5
7.2
7.6
7.3
7.4

0.135
0.127
0.125
0.095
0.120
0.085
0.170
0.093

1326
457
800
751
1040
689
877
986
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The average result for CuCC measured in 2008 is 103 nM,
and it is not different from the results measured by the
same technique 25 years ago. The average of all CuCC
measurements in 1983 and 1984 is 105 nM. The average
error of CuCC measurements calculated from 95% confidence interval for the measurements is 10 nM. The concentrations of SAS in the fresh water layer (0.107-0.135 mg/L
eq. T-X-100) are also higher than in the saline layer below
the halocline (0.085-0.127 mg/L eq. T-X-100). SAS values normalized to CuCC values (Table 1) showed that generally more ligands with surface-active properties are available in fresh water layer (values 800 to 1326) than in the
saline water layer (values 457 to 986). That means that the
ligands in the fresh water layer, which are present in higher
concentrations, in the same exhibit the properties of surface activity to higher extent than the ligands in the saline
layer. The only exception is station E5a, which is a station
outside the main water currents in the estuary.
The vertical profile of copper ion concentrations in the
Krka river estuary also showed the particular relationship
with the salinity [35, 36]. We obtained higher concentrations of copper ions in the samples from saline layers (Table 1) which is in accordance with our lower CuCC values
in these layers. For E3 sample in 8 m depth, the copper
ion concentration is 29 nM, while at 0 m, it is 9.2 nM. The
complexing capacity values show the opposite trend. At 0 m
depth, the CuCC is 100 nM while at 8 m, it is 71.4 nM.

Results of speciation modelling of dissolved copper ions

For the estuary of the Krka river, the major ion composition (Ca and Mg ions) was either measured and/or
calculated from the linear relationship with salinity [27]:
Ca tot = 0.00024 S + 0. 00225
Mgtot = 0.00157 S + 0.00012
given in the Table 2a. It is determined that Br, Sr, F, K
and borate ions at the concentrations present in seawater
(salinity 38) have minor influence onto speciation of copper [37]. The concentrations of these ions are not available
for the Krka river estuary, and they are excluded from the
model speciation calculation.
Visual minteq is used for the prediction of copper ion
speciation according to the major and trace metal composition representing Krka river estuarine water samples (depending on the chosen salinity).We have chosen three salinities, i.e 10, 20 and 38. This range covered the salinities
from brackish to seawater. The concentration of copper was
taken to be 10 nM. A Stockholm humic model (SHM) was
used for the trace metal-organic interactions. Typical fulvic
acid (FA) and humic acid (HA) parameters offered by the
program were used in calculation. It is assumed that 70%
of active dissolved matter (DOM) is FA and HA (Table
2b.). The concentration of DOM in the model calculation
was 0.7 mg/L. Speciation modelling shows that copper ions
are strongly complexed with organic matter. More than 99%

TABLE 2a - Major ion composition at different salinities used for the
speciation modelling of dissolved copper distribution in the Krka river estuary.
Ions
Salinity
Cu
pH
Mg
Ca
Na
Chloride
Carbonate
Sulphate
DOC (mg L-1)

Concentration (mol L-1)
20
10-8
8.1
0.0315
0.0071
0.252
0.295
0.00339
0.0155
0.70

10
10-8
8.1
0.0158
0.0047
0.126
0.147
0.00395
0.0081
0.70

38
10-8
8.1
0.0598
0.0114
0.478
0.560
0.00240
0.0290
0.70

TABLE 2b -Model distribution of dissolved copper species at
different salinities relevant for the conditions in the Krka river estuary.
Chemical species
Salinity
free Cu2+
CuOH+
CuCl+
CuCO3 (aq)
Cu(CO3)22FA-Cu
FA-CuOH
HA-Cu
HA-CuOH
Inorganic part
Organic part

% of total copper
20
0.03
0.05
/
0.59
0.07
16.5
49.2
8.2
25.4

10
0.02
0.04
/
0.65
0.09
17.3
48.2
8.6
25.1
0.80 (8.0×10-11 M Cu)
99.18

0.74 (7.4×10-11 M Cu)
99.24
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38
0.04
0.06
0.01
0.46
0.04
16.1
50.0
7.9
25.4
0.60 (6.0×10-11 M Cu)
99.37
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of copper ions is present as organically complexed (Table
2b). Free copper ion concentration for all the three salinities is below the concentration which is regarded as toxicity threshold (10-11 M Cu2+) for ambient microorganisms
[38, 39]. It can be observed (Table 2b) that inorganic complexes of copper ions, which, in general, together with the
free (hydrated) copper ions are regarded as bioavailable
part (and on that way – the toxic one) of metal ions, are
above the threshold concentration.
Speciation modelling of dissolved trace metals (Cu,
Cd, Zn and Pb) for Krka river water (upstream of the
Skradinski Buk) has been performed by Cukrov et al. [37].
In river water [37], the carbonate is the main inorganic
species for lead, while free (hydrated) ions and carbonate
are predominant inorganic species for cadmium and zinc.
Copper is mainly present as organically complexed. Part
of the dissolved species could co-precipitate, as the river
water is oversaturated with respect to calcite and aragonite,
and this can contribute to the self-purification process.
DISCUSSION
The average result for CuCC measured in 2008 (103
nM) is not different from the results measured by the
same technique 25 years ago (average of all measurements in 1983 and 1984 for CuCC was 105 nM). This
indicates that there is no change in the amount of dissolved ligands capable to complex copper ions during this
long period of time.
There is no clear explanation of the complexing capacity value discrepancies and changes in the intermediate salinities of the estuary. A part of the complexing
ligands could be injected into the samples by mixing of
waters of different salinities due to the release of some
additional ligands on changing salinity. Up to this point,
these ligands were bound to some colloidal particles. Some
of the ligands could be removed by precipitation onto the
colloidal particles formed due to changed salinity conditions [40]. The maximal apparent complexing capacity for
mercury in the Krka river estuary was found to be 2.7 ng/L
[41]. In that paper, it was assumed that mercury is associated with colloidal material via thiol-type binding functional groups. A disagreement for the mixed layer in our
experiments was obtained in unfiltered water, so the explanation that formation/dissolution of colloids and particles play a dominant role in intermediate salinities of the
estuaries is plausible. Nelson [42, 43] found out that the
extent of copper ion-binding by humic material decreases
down the estuary because of dilution and increased competition from metal ions (Ca and Mg). Nelson supposed
that the lower concentration of ligands might represent
separate binding sites for copper (II) complexation on
humic macromolecules, and that these ligands dominate
copper speciation at the seaward end of the estuary [42,
43]. The change in chloride ions could influence the redox

processes of copper ions due to the possible stabilization
of Cu(I) state, or alternatively Cu(II) state [42-44], especially in the presence of surface-active substances.
It is known from the literature that a part of the organic matter is removed during estuarine mixing but this
fraction is the high molecular weight component of the
dissolved humic acids, which represents only 3-11 % of
the DOM in the river water according to Sholkovitz [45],
or 20% according to Fox [46] and Duursma [8], who indicated that, for the estuary of the Wadden Sea, DOC parameter behaved conservatively. He also claimed that there
is no measurable precipitation of DOC from the river water
when it is mixed with seawater. It is known that for copper-binding the lower molecular-weight organic matter is
responsible [5, 47]. The lower molecular weight organic
matter remains in the solution (dissolved phase), and it is
diluted when it meets the seawater with lower amount of
organic matter. This could be the possible explanation why
the complexing capacity parameter in an estuary can be
controlled by the physical process of dilution, and in the
layers with intermediate salinities, i.e. on the FWSWI,
could be governed by the oxido-reduction processes in
which one of the oxidation states of copper ions could be
stabilized influencing the CuCC values. Ligands` degradation by UV light is also one of the processes which control
the speciation and bioavailability of copper ions, especially
significant in Cu-sensitive and shallow regions like estuaries and coastal seas [48-50]. Speciation modelling of dissolved copper ions has shown that organic ligands strongly
bound copper ions (more than 99%), but in certain conditions, the dissolved copper ion concentration could reach
10-11 M Cu2+, which is the possible toxicity threshold for
ambient microorganisms according to the authors [38, 39].

CONCLUSION
It has been found that the copper complexing capacity
of the fresh water layer is several times higher (from 100
up to 270 nM) than that of the saline layer (from 10 up to
130 nM) beneath it. The concentration of SAS was also
higher in fresh water layer. In the intermediate (i.e.
FWSWI) layer, there exist some disagreements,and either
increase or decrease of copper complexing capacity value
is not systematically measured there. The average result
for CuCC measured in 2008 (103 nM) is not different
from the results measured by the same technique 25 years
ago (average of all measurements in 1983 and 1984 for
CuCC is 105 nM). This indicates that there is no change
in the amount of dissolved ligands capable to complex
copper ions in this long period of time. The results of the
speciation modelling of dissolved copper ions have shown
that copper ions are strongly bound in organic complexes
(more than 99%) in the estuary, but in certain cases, hydrated Cu2+ ions + their inorganic complexes could reach
the concentration of 10-11 M which is regarded as threshold level of toxicity to aquatic microorganisms.
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The karstic, salt-wedge estuary of the Krka river represents a unique environment for studying the biogeochemical processes of micro-constituents during estuarine
mixing.
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REUSE OF WASTEWATER AND SLUDGE UTILIZATION
ON Pinus pinea L. and Pinus halepensis Mill
Vasilios N. Pantazis, Ionnis K. Kalavrouziotis* and Yiannis Deligiannakis
Department of Environmental and Natural Resources Management, University of Ioannina,G. Seferi 2, 30100, Agrinio, Greece

ABSTRACT

INTRODUCTION

The present paper reports on the experimental results
of wastewater and sludge application in irrigation and fertilization of forest species grown under greenhouse conditions. The sludge was taken from Agrinio W.W.T.P. A randomized block design was used which included 5 treatment
combinations composed of a) control (irrigation water only),
b) wastewater (WW), c) sludge and wastewater, d) sludge
and irrigation water, and e) diluted sludge (20%) and
wastewater, in two replications and two forest species i.e.
Pinus pinea L. and Pinus halepensis Mill.. Each experimental plot included 10 plants, grown in plastic bags, with
a total of 5x2x2x10 =200 plants. Soil and plant samples
were analyzed, and the following was found: The combination of “WW and sludge” treatment increased the mortality of Pinus pinea L. due to low availability of Fe,
attributed to the fixation of this element, in the alkaline
environment of the sludge (pH 7.5). On the other hand,
plain sludge improved plant growth. Similarly, sludge and
WW (pH 7.45) increased the mortality of Pinus halepensis
Mill, while application of sludge alone affected favorably
plant growth. The distribution of macro- and microelements between soil and plants was found to vary, depending on the kind of the element and the plant species. As a
general trend, the macro- and micronutrient content of
each forest species studied was correlated to its respective
accumulation in the soil. The interrelationships between
the macro and micronutrients, however, were found to be
dependent on: a) the extent of the element’s accumulation in the soil, b) the physical and chemical characteristics
of the soil, c) the intensity of the interacting elements, and
d) the genotypical characteristics of the forest species.
Manganese (Mn) was accumulated mainly in the soil as
well as in the roots, with only a small fraction of it being
concentrated in the leaves. Most likely, the adverse conditions (high pH) prevailing in the soil, and the observed Mn
versus Fe antagonism, may have contributed to Fechlorosis of plants, observed during the early stages of
growth.

KEYWORDS: Reuse, wastewater, sludge, irrigation, forest species, heavy metals.

During the past decade, an increasing number of countries have been exploring the possibility of municipal wastewater reuse. The use of municipal wastewater for irrigation,
and sludge utilization is becoming widely practiced not
only in countries with a water deficit, but even in countries
with more temperate climate. The method as well as the
extent of reuse, however, varied according to the infrastructure and the local conditions prevailing in each country [1-4].
In southern Sweden, reclaimed water, sludge, and trickling filter liquids were used on a poplar plantation (Salix
sp.) for comparison with the traditional methods of irrigation [5]. In an area of eastern Montreal, Canada, an experiment was carried out with Acer sacharrinum L, Fraxinus
pennsylvanica Marsh, and Salix discolor Muhl. The top
soil was enriched with wood chips and, with constantly
increasing N content, sludge from a W.W.T.P. The results
showed that the survival rates of Acer sacharrinum L. and
Fraxinus pennsylvanica were 96 and 99 %, respectively.
For Salix discolor, the survival rate was 70% for the first
year, and reduced to 57% during the second year. Also,
during the second year, the height of Acer sacharrinum L.
increased by 35% and that of Fraxinus pennsylvanica by
33%, while the diameter of the two plants increased by 93
and 100%, respectively, and height of Salix sp. by 86 %.
N and P concentrations in the leaves of the plants were
proportional to those in the sludge added to the soil [6].
In Upper-Saint Laurent, South Quebec, Canada, Salix
viminalis L. and Salix discolor Muhl. were planted in three
locations, in two clay and one sandy soil, supplied with
varying quantities of sludge. It was found that the sludge
enhanced the growth of Salix viminalis L., more than that
of Salix discolor Muhl. [7]. In Ojinaga, Chihuahua, Mexico, saplings of Eucalyptus camaldulensis, Populus sp, and
Robinia sp, were planted and irrigated with municipal
wastewater, 1-1.36 times more than the quantity required
by control. The saplings exhibited very good growth in
comparison to control, and their height and diameter were
increased, respectively. In general, the model used, correctly predicted the experimental data obtained [8].
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In Guyla (South Hungary), a plantation of Populus
euramericana, Populus robusta and Populus sp. was irrigated with municipal wastewater. It was found that the
growth of the trees was considerable and fast. Wood production was just about the same as that of control, but when
trees were irrigated with wastewater, it was 4-7 times higher
than that of control [9].
In Irakleion (Crete, Greece), the effects of municipal
wastewater on various forest plant species were studied including one-year old saplings of Eucalyptus camaldulensis, Acacia cyanophylus, and Populus nigra replanted in
October, 2000. Plants of Arundo donax were also planted
in February, 2001. The plants were irrigated with treated
municipal wastewater. The Populus nigra plants showed
the greatest growth in height, and those of Acacia cyanophylus that in diameter. Also, the highest biomass production was attained by Acacia plants, followed by Arundo
donax, while the lower biomass production was attained by
Eucalyptus sp,, and the lowest one by Populus nigra [10].
In Upsala (Sweden), plants of Salix viminalis were
planted in 8 lysimeters, and in three pairs, one of which
was irrigated with municipal wastewater, while the other
two with water, containing the same concentration of nitrogen as that of the treated wastewater. Half of the lysimeters contained clay, and the other half sand. The plants
grown in clay-rich soil showed higher growth than those
grown in sandy soil, and wood production was doubled in
the lysimeters with clay [11].
In the area at Rabbit Island, near Nelson city, New
Zealand, treated municipal sludge was applied in a 1000-ha
plantation of Pinus radiata. A significant growth in diameter, basal area and volume was observed, whereas a lesser,
but still significant response in the increase of height. With
regard to volume and branch diameter, the response to
sludge over the control treatment was highly significant.
Both sludge treatments produced significantly larger branches than the control treatment. Mortality was negligible.
The sludge-treated trees had shown similar growth response
tendency with that of control. [12].
In the area of Pistoia,in central Italy, municipal
wastewater was applied to one-ear old saplings of Cupressus sempervirens, Juniperus horizontalis, Myrtus
communis, Arbutus unedo, Spiraea japonica, and Weigelia florida . It was concluded that this municipal
wastewater can be reused without any restrictions for the
irrigation of forest plantations [13].
In a recent work, the feasibility of the use of
wastewater and sludge from secondary sewage treatment
plants has been studied in forest plant species of Pinus
brutia (Greek origin) and Pinus maritima from Corsica
[14]. The experiment consisted of the following treatments: plot 1, sludge and irrigation with reclaimed
wastewater; plot 2, irrigation with reused water without
sludge; plot 3, sludge and irrigation with ordinary water;
and plot 4, irrigation with ordinary water. It was found that
Pinus brutia suffered low mortality rates, but no statisti-

cally significant differences were noted among the various treatments used. The highest mortality was observed
in the plot where sludge and ordinary water were used.
Pinus maritima exhibited high mortality rates which
were associated with the use of sludge. The smallest increase in height was recorded with sludge and reused
wastewater, while the greatest increase took place in the
plots where only sludge was applied, or only reused
wastewater was used in the irrigation of the plants. The
use of sludge or reused wastewater alone resulted in greater
plant height, even when compared with plant height in
plots where ordinary wastewater was used for irrigation
[14].
The present paper reports on the results of experiments
conducted in the Agrinion area, where the effect of various
treatment combinations of wastewater, sludge and fresh
irrigation water on forest species, grown in a greenhouse,
were studied. The main objectives of the present research
were: (a) to study the possibility of irrigating certain forest species with wastewater and fertilizing with sludge, and
(b) to investigate the distribution of heavy metals in soil
profile and plant tissues, and (c) to examine the relationship between the heavy metal distribution and plant mortality rates.
MATERIALS AND METHODS
The effect of five treatment combinations of sludge,
treated wastewater, and irrigation water on the growth and
inorganic composition, as well as on the plant mortality
rate of two forest species, was studied in an experiment
carried out in a green-house in Agrinion, Greece.
A randomized block design was used, including the
following 5 treatment combinations, in 2 replications, using
2 forest species, with 10 plants in each plot, the total number of plants being 5x2x2x10 = 200. The treatments applied were as follows:
Treatment 1: Control (irrigation water only)
Treatment 2: Wastewater only
Treatment 3: Sludge and wastewater
Treatment 4: Sludge and irrigation water
Treatment 5: Diluted sludge (20%) and wastewater
Two different forest plant species were studied, i.e.
Pinus pinea L. and Pinus halepensis Mill.
The data obtained during the first year of the experimentation are presented below. The effect of the applied
treatment combinations, from the forestry point of view,
was studied on the following aspects of plant development: a) survival and mortality rates, b) growth (plant height
and diameter), and c) macro- and micronutrient accumulation in soil and plant tissue.
Wastewater for irrigation and sludge for fertilization were supplied by the Wastewater Treatment Plant
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(W.W.T.P.) of the city of Agrinion in Western Greece,
and it was obtained just after chlorination, i.e. at the end
of the 2nd degree of processing.
The plants were provided by the Forest Service of
Agrinio and planted in December 2003.
The saplings were grown in plastic bags filled with
1.5 kg/bag of normal soil, sampled from the area of Agrinion. Plants were grown for a period of 12 months. The
chemical analysis of plant material, soils, wastewater, and
irrigation water was done as follows.
Plant analysis

Plant samples were thoroughly washed with a solution
of 0.005% HCl and distilled water, and allowed to drain
dry on special absorptive paper for a period of 1-2 h. The
samples were then transferred into a special dryer to dry at
70 0C under ventilation. One g of the sample was placed in
a porcelain crucible and burned at 560 0C in an oven for
48 h. The ash was allowed to cool and diluted with a solution of water to HCl (2 ml of water and 3 ml HCl 6N),
filtered into a glass flask, and filled with distilled water up
to 100 ml. Then, the filtrates were subjected to successive
atomic absorption analysis for the determination of Mn, Fe,
Cu, Zn using an AAS 700 Perkin Elmer spectrometer [15].
Soil analysis

Mn, Zn, Cu, and Fe were determined by extracting
the soil with DTPA (diethylene-triaminopentaacetic acid)
solution as follows: To 10 g of soil, 20 ml of DTPA solution were added. The mixture was shaken for 2 h and left
to stand for 30 min. The supernatant liquid was filtered and
subjected to AAS analysis [15]. Available P was determined
by the method of Olsen et al. [16], while B was extracted by
boiling water and determined by the curcumin method [17].
Analysis of wastewater and irrigation
Water and TMWW analysis

pH was determined by means of a commercial pH-meter,
while SAR was calculated according to Richard [19].
Calcium (Ca) and magnesium (Mg) were measured by
titration with ethyldiaminetetraacetic acid (EDTA) [19].
The total wastewater Fe, Mn, Zn Cu and Cr contents
were determined by filtering a known volume of the sample through a 0.45-µm membrane filter keeping the filtrate
to measure the dissolved metals. In the meantime, the membrane with the residue was transferred into a 250-ml beaker,
and 3 ml of nitric acid (HNO3) were added. Then, covered
with watch glass, the beaker was heated gently to dissolve
the membrane. The temperature was then increased to evaporate the solution to dryness. After cooling, 3 ml of HNO3
were added until digestion was complete. Then, 2 ml of
HCl (1+1) were added and the mixture was reheated gently
to dissolve the residue. The watch glass and the beaker
were washed with H2O, and the solution was filtered. The
filtrate was diluted to a concentration within the range of
the instrument. Then, the metals in solution and the original
filtrate were determined respectively by AAS, using the
following wavelengths: Fe = 248.34 nm, Mn = 6274.5 nm,
Zn = 213.9 nm, Cu = 324.7nm and Cr = 357.9 nm. K and
Na were measured by means of flame-photometry. The
total concentration of each metal was found by the sum of
its concentration in the original filtrate (water- soluble form)
plus the metal concentration in the solid phase (or-ganically
bound form).
The N and P levels were not determined, because the
present work aimed at studying only heavy metals.
The obtained analytical data are given in Table 1.
As shown in Table 1, the differences between the control and the wastewater with respect to electric conductivity and SAR (Sodium Adsorption Ratio), are statistically significant , whereas those in pH and Cu, Ca and Mg
are non-significant. On the other hand, the Fe, Mn, Cr and
Zn contents are statistically significant.

Both ordinary (fresh) well irrigation water (control)
and the TMWW were analyzed according to [15, 18]. The

TABLE 1 - Chemical characteristics and mineral composition of the control and wastewater.
Chemical properties
and elements
Electrical Conductivity
µS/cm (25 oC)
SAR
pH
Cu (mg/L)
Zn (mg/L)
Fe (mg/L)
Cr (mg/L)
Mn (mg/L)
Ca (mg/L)

Irrigation water
Control (n=31)
Mean
465.45

S.D.
80.83

Wastewater (n=31)
Mean
573.22

S.D.
48.87

0.000

0.097
7.40
0.009
0.16
0.019
0.012
0.006
505

0.03
0.26
0.007
0.15
0.019
0.01
0.006
500.9

0.52
7.45
0.013
0.099
0.029
0.025
0.016
436.61

0.18
0.24
0.01
0.07
0.016
0.018
0.015
407.32

0.000*
0.506
0.058
0.048*
0.042*
0.001*
0.001*
0.558
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13.74

3.26

13.49
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RESULTS AND DISCUSSION
Mortality

After a period of 60 days from planting date, needed
for adaptation of the saplings, the plant survival was assessed, at the beginning, the middle, and the end of the
growing season. Three measurements were made in total.
The mortality rates for the two forest species are presented
in Figs. 1 and 2. It can be seen that, in the case of Pinus
pinea L., the mortality rates were small under the control
and the wastewater, respectively, while being much higher
under the sludge + wastewater, sludge + control and diluted sludge (20%) + wastewater treatments. The plants of
Pinus pinea L. irrigated with wastewater, showed the highest survival, i.e. lowest mortality rate. Thus, the mortality

seems to be related to the presence of sludge in the treatment. The use of wastewater alone seems to have no effect
on the mortality, but the combination with sludge gave
higher rates of mortality.
The mortality rates of Pinus halepensis Mill. were
lower under that of control and the sludge + control treatments, but much higher under sludge + wastewater,
wastewater only, and diluted sludge (20%) + wastewater
treatments. Similarly, the higher mortality rates seem to be
correlated with the existence of sludge in the treatments. In
general, Pinus pinea L. has smaller mortality rates than
Pinus halepensis Mill. under all treatments. Nevertheless,
more elaborated silvicultural analyses related to root development must be carried out in order to verify this finding.

70%
60%
50%
40%
30%
20%
10%
0%

June
October

Sludge
(20%) +
Wastewater

Sludge +
Control

Sludge +
Wastewater

Wastewater
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Mortality rates of Pinus Pinea L.
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FIGURE 1 - Mortality rates of Pinus Pinea L.

80%
70%
60%
50%
40%
30%
20%
10%
0%

June
October

Sludge
(20%) +
Wastewater

Sludge +
Control

Sludge +
Wastewater

Wastewater

December

Control

Percentage

Mortality rates of Pinus Halepensis Mill

Treatments

FIGURE 2 - Mortality rates of Pinus Halepensis Mill.
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Tree growth

The growth of the plants is expressed in terms of height
increase, and was measured three times i.e. at the beginning,
the middle and the end of the growing season. The growth
was assessed by measuring the height of all surviving plants
from a marked point close to the soil surface up to the top
of the crown. The mean height and growth of the two forest
species are presented in Tables 2 and 5. Based on ANOVA
analysis, it is evident that in the case of Pinus pinea L., at
the end of the growing season, sludge and control treatments,
increased statistically significantly the height, compared to
the control, wastewater and sludge + wastewater samples,
respectively. Moreover wastewater, control, sludge + wastewater, and sludge +control treatments, increased statistically
significantly the height, in comparison to diluted sludge
(20%) + wastewater. It must be pointed out that the sludge
+ control treatments resulted in higher plant growth, than
any of the other treatments studied.
At the end of the growing season, sludge and
wastewater treatment significantly affected the growth of
Pinus pinea L., as compared to the effect of control +
wastewater. Also, sludge + control treatment affected
significantly plant growth, with regard to control, control

+ wastewater, and sludge (20%) + wastewater treatments,
respectively. Thus, sludge + control treatments increased
plant growth (height), followed by sludge + wastewater,
control, control+ wastewater, and sludge (20%),
wastewater and control treatments. The pertinent data of
the effects of all treatments on plant height at the end of
the project, and on the total growth, are summarized in
Tables 2-4, respectively.
For Pinus halepensis Mill., at the end of the growing
season, sludge + control treatment resulted in statistically
significant increase of plant height, compared to the control, control + wastewater and diluted sludge (20%) and
wastewater treatments. Sludge and wastewater treatment,
respectively, showed statistically significant increase of
height, compared to control, sludge and sludge (20%) +
wastewater treatments. Also, the effect of sludge (20%) +
wastewater on plant height was lower than in all treatments studied, respectively (Table 2). Thus, sludge and
control increased plant height more than any other treatment, followed by sludge + wastewater, wastewater, control, and sludge (20%) + wastewater treatments, respectively.

TABLE 2 - Mean height and growth of Pinus pinea L. under the effect of the treatments studied.
Height (cm)
June
October
December
Growth Period
October-June
Growth Period
December-October
Growth Period
December-June

Control

Wastewater

Treatments
Sludge + Wastewater

Sludge + Control

20.33
28.00
30.22
7.67

22.40
29.50
29.70
7.1

20.75
33.25
35.00
12.50

24.83
32.80
41.20
7.97

Sludge (20%) +
Wastewater
14.60
19.00
20.50
4.40

2.22

0.20

1.75

8.40

1.50

9.89

7.3

14.25

16.37

5.9

TABLE 3 - Statistical significance (F-value) of the treatment effects on the
differences in height of Pinus pinea L. at the completion of the experiment (ANOVA).
Treatment

Control

Wastewater

Treatment
Sludge + Wastewater

Sludge + Control

Control
0.52 ns
Wastewater
Sludge + Wastewater 4.78 ns
5.30***
Sludge + Control
10.98***
11.50***
6.20***
Sludge (20%) +
Wastewater
*** Denotes that difference of means is statistically significant at the 5 % level; ns = not significant.

Sludge (20%) +
Wastewater
9.72***
9.20***
14.50***
20.70***

TABLE 4 - Statistical significance (F-value) of the treatment effects on Pinus pinea L. total growth (ANOVA).
Treatment
Treatment
Control
Wastewater
Sludge + Wastewater
Sludge + Control
Control
2.59 ns
Wastewater
Sludge + Wastewater
4.36 ns
6.95***
Sludge + Control
7.11***
9.70***
2.75 ns
Sludge (20%) + Wastewater
3.639 ns
*** Denotes that difference of means is statistically significant at the 5 % level; ns = not significant.
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3.64 ns
1.05 ns
8.00***
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TABLE 5 - Mean height and growth of Pinus halepensis L. under the effects of the treatments studied.
Height (cm)
June
October
December
Growth Period
October- June
Growth Period
December- October
Growth Period
December- June

Control

Wastewater

Treatment
Sludge + Wastewater

Sludge + Control

15.16
29.50
29.66
14.34

17.50
34.00
35.75
16.5

20.20
35.20
39.80
15.00

23.57
44.85
53.71
21.28

Sludge (20%) +
Wastewater
6.75
18.00
21.66
11.25

0.16

1.75

4.6

8.86

3.66

14.5

18.25

19.6

30.14

14.91

TABLE 6 - Statistical significance (F-value) of the treatment effects on
Pinus halepensis Mill differences in height at the completion of the experiment.
Treatment

Control

Treatment
Sludge + Wastewater

Wastewater

Sludge + Control

Control
Wastewater
6.08 ns
Sludge
+ 10.1***
4.05 ns
Wastewater
Sludge + Control
24.05***
17.96***
13.91***
Sludge (20%) +
Wastewater
*** Denotes that difference of means is statistically significant at the 5 % level; ns = not significant.

Sludge (20%) +
Wastewater
8.00 ns
14.08***
18.13***
32.04***

TABLE 7 - Statistical significance (F-value) of the treatment effects on the differences in the total growth of Pinus halepensis Mill (ANOVA).
Treatment

Control

Treatment
Sludge +
Wastewater

Wastewater

Control
Wastewater
4.00 ns
Sludge
+ 4.30 ns
0.30 ns
Wastewater
Sludge + Control
15.36***
11.36***
11.06***
Sludge (20%) + 1.17 ns
Wastewater
*** Denotes that difference of means is statistically significant at the 5 % level; ns = not significant.

At the end of the growing season, the sludge + control
treatment affected statistically significant the total plant
growth of Pinus halepensis Mill., in relation to the control, wastewater, sludge + wastewater, and diluted sludge
(20%) + wastewater treatments,. respectively. It is concluded
that sludge + control treatment caused the highest total
growth, followed by sludge + wastewater, wastewater,
diluted sludge (20%) + wastewater, and control treatments,
respectively. The data of all treatment combination effects
on plant height at the end of the project, and on the total
growth are presented in Tables 4-7, respectively.
Εffects of wastewater and sludge on
macro- and microelement accumulation in soil

The physicochemical and analytical data of the soil are
presented in Table 8 and Figs. 3 and 4.
From the statistical analysis, it can be seen that the
differences between the treatments, as well as between the
characteristics of the two plant species studied in relation

Sludge + Control

Sludge (20%) +
Wastewater
2.83 ns
3.13 ns
14.19***

to all soil parameters examined, i.e. TC, EC, Cu, Fe, Mn,
Zn, Ca, B, P and Mg, are statistically significant.
The treatments used in this experiment seem to play
an important role in the accumulation of Fe, Ca, B, P, Cu
and Zn in the soil. This observation should be taken into
account during the wastewater and sludge application in
forest plants. For example, it was observed that a high Mn
accumulation occurred under both the control and the sewage sludge (Table 8) A possible explanation may be the
soil`s indigenous acidity and aeration relationships, which
are functions of the soil structure and percent clay content.
Mn is generally more available under conditions with
relatively restricted drainage [20]. The Mn availability in
soil may be increased by local accumulations of CO2 in
the root zone and other microsites [20]. Alkaline pH is increasing the sorption of metal cations onto Fe-oxide as
well as on soil organic matter, while their mobility in soil
is decreasing. In addition, high clay content is increasing

349

© by PSP Volume 18 – No 3. 2009

Fresenius Environmental Bulletin

ion exchange for trace metals and, as result, their mobility
in soil is decreasing. In the present study, high Mn concentration in soil resulted in lower concentration of Fe, indicating a strong antagonism between these two elements
[21]. The high level of phosphorus (P) in the soil containing sewage sludge is a problem associated with the degree
of wastewater treatment [1]. P removal is a necessary prac-

tice applied in many treatment plants [22]. Though P is an
essential element for plant growth, the repeated use of
sludge or wastewater may lead to high P accumulation in
soil, with undesirable effects on plant growth, such as antagonisms between elements or eutrophication in surface
waters due to run-off and leaching [23].

TABLE 8 - Physicochemical characteristics (pH, EC, TC) and elemental concentrations of
Cu, Fe, Mn, Zn, B, Ca, P and Mg (mg/kg) of the soil of Pinus pinea L. and Pinus halepensis Mill.

Microelements
(mg/Kg)
TC
(mg/Kg)
pH

1

2

30.7

60.5

7.97

7.92

Pinus pinea L
Treatments
3

Pinus halepensis Mill
Treatments
3
4

4

5

1

2

5

P

304.8

380.9

548.8

52.9

88.9

237.6

468.1

325.3

7.27

7.42

7.29

3.83

2.91

2.72

*0.045
**0.025
*0.049
**0.408
*0.048
**0.001

7.55

7.69

7.91

8.09

7.87

EC (ds/m)
0.16
0.37
3.42
3.57
2.43
0.30
0.46
(Electrical
conductivity)
Cu
7.89
11.35
2.58
1.98
2.54
6.13
13.38
(mg/Kg)
Fe
4.88
4.04
1.99
1.95
1.11
2.82
3.09
(mg/Kg)
Mn
10.86
9.6
13.17
13.78
25.6
10.23
9.89
(mg/Kg)
Zn
5.98
8.36
5.46
4.22
2.25
5.34
7.78
(mg/Kg)
Ca
33.06
30.29
21.7
27.6
27.7
31.68
34.6
(mg/Kg)
B
0.45
0.34
0.23
0.26
0.46
0.43
0.4
(mg/Kg)
P
2.03
3.16
5.29
6.22
5.19
1.27
1.69
(mg/Kg)
Mg
1.65
3.02
2.24
2.57
3.97
2.09
2.53
(mg/Kg)
(*) (**) (***) = Statistically significant at P 0.05, P 0.01 and P 0.001 level, respectively.

5.91

4.78

3.42

0.83

2.41

0.51

13.38

15.21

12.27

10.22

8.62

4.29

17.6

33.2

26.7

0.15

0.3

0.42

6.03

5.30

4.86

2

3.36

2.93

*0.027
**0.012
*0.032
**0.032
*0.441
**0.445
*0.047
**0.227
*0.001
**0.046
*0.003
**0.012
*0.008
**0.006
*0.012
**0.151

Fe

Diluted
sludge(20%)+waste
water

Sludge+control

Sludge+wastewater

Mn

wastewater

30
25
20
15
10
5
0

Control

ppm

Pinus pinea L.

Treatments
FIGURE 3 - Concentrations of Fe, and Mn (mg/l) in the soil for Pinus pinea L.
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Fe

Treatments

Diluted
sludge(20%)+waste
water

Sludge+wastewater

Sludge+control

Mn

wastewater

16
14
12
10
8
6
4
2
0

Control

ppm

Pinus halepensis Mill.

FIGURE 4 - Concentrations of Fe and Mn (mg/L) in the soil for Pinus halepensis Mill.

Εffects of wastewater and sludge on
macro- and microelement accumulation in plant tissues

The analytical data of the plant tissues are presented in
Table 9 and Figs. 5 and 6. According to the data obtained,
the elemental content of the plants is generally directly related to the levels of the corresponding nutrient accumulation in
soil (Table 8). From the statistical analysis of the data, it
is shown that there is a statistically significant difference
both in Fe, Mn, Cu and Zn dry matter leaf and root content between the 5 treatments applied, as well as between
the two plant species studied.
Increase in the content of the dry matter of Pinus pinea
L. leaves, increased the Fe/Mn ratio from 2.43 in the control
to 2.98 in the wastewater, while the corresponding Fe/Mn
ratios attained by the treatments applied were as follows:
sludge + wastewater 0.35, sludge + control 0.46 and diluted sludge + wastewater 0.35. Nearly similar Fe/Mn ratios
for the Pinus halepensis Mill. leaves were attained, i.e.
2.67 under control, 2 under wastewater, 0.37 under sludge
+ wastewater, 0.53 under sludge + control, and 0.35 under
the diluted sludge + wastewater treatment. In general, Fe
and Mn are interrelated in the plants metabolic functions,
and the optimum Fe/Mn ratio is in the range of 1.5-2.5
[20]. Below this range, symptoms of Mn toxicity and Fe
deficiency may occur, and above 2.5, toxic effects of Fe
may be experienced by the plants, associated with Mn deficiency [21, 24]. The present results showed that irrigation
of the plants with wastewater treatment effluents resulted in
slightly elevated concentrations of Fe and Mn in the soil.
The accumulation of Mn was much higher in the roots than
in the leaves of the plants. Generally, most plants are affected by a dry matter Mn content of around 500 µg/g dry
matter. According to the present results, the concentration of Mn was not high enough to cause Mn toxicity to
the plants.

chlorosis in plants reflecting a low soil Fe availability which
seems to be possibly related to the increased concentration
of Fe in ferric (trivalent) form, which is easily precipitated
at pH>2.8 into insoluble iron compounds that can not be
taken up by the plants. The variation of Fe uptake among
plants is affected by the soil physicochemical conditions,
climate and the stages of plant growth [21]. The treatment
combinations applied in this experiment, seem to play a
very important role in the accumulation of the microelements in the leaves of the plant species. Accordingly, it
may be possible with an appropriate sludge/soil ratio in the
bags, to determine the necessary microelement quantity for
a healthy growth. Macro and microelement uptake, and their
respective plant dry matter content, were directly related to
their corresponding accumulation in the soil. This relation,
however, is being modified by the extent of accumulation,
the genotypical plant characteristics and the soil physical
and chemical properties, and antagonistic interactions between elements. In spite of the increase of Zn in soil, there
was a small accumulation of this element in the leaves of
the plants. This may be explained on the basis of the antagonistic effect of P on Zn [24].
The differences in concentration of various elements
between the two plant species studied, can be attributed to
the fact that the distribution and accumulation patterns of
trace elements in plants can vary considerably per each
element and plant species [20]. The present results showed
that the macro and microelements added to the soil through
the application of wastewater or sewage sludge, accumulate in the plant tissues to an extent which is governed by
a) the level of the accumulation and the particular soil
physical and chemical characteristics, b) the kind of nutrients and their interactions, and c) the uptake and distribution of the nutrient in the plant itself, which is determined
by the genotypic differences.

On the other hand, the accumulation of Fe was very
low, especially in the leaves of the plants. The observed
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TABLE 9 - Plant and root tissue concentrations of Cu, Fe, Mn, and Zn (µg/g) in Pinus pinea L. and Pinus halepensis Mill.
Pinus pinea L
Heavy metals
(µg/g)
Cu
(µg/g)
Fe
(µg/g)
Mn
(µg/g)
Zn
(µg/g)

1
11.66
69

2
4.3
66.70

Pinus halepensis Mill
Concentrations of heavy metals in leaves
Treatments
4
5
1
2
3
4
2.28
1.57
9.71
4.67
3.48
3.50

Treatments
3
2.06

5
2

24

28.20

18.32

74

54.50

35.6

38.14

16.46

28.33

29.2

68.5

61.2

73.75

27.66

27

94.6

71.71

46.33

26.66

24.4

15.40

13.36

5.75

25.66

22.8

15.36

17.57

9.46

15.28

17.96

64.42

51.33

175.57

144.6

28.71

5.23

Concentrations of heavy metals in Roots
Cu
11.77
15.6
17.67
15.44
18
15.21
12.35
14.92
(µg/g)
Fe
280.22
98.1
73
109.2
59.75
239
140
75.6
(µg/g)
Mn
53.88
49.1
128.75
222.4
138.25
52.16
39.5
148.6
(µg/g)
Zn
16.88
37.8
63
72.6
7.82
22.16
30.75
30.8
(µg/g)
* Denotes that difference of means is statistically significant (P<0.05) between treatments.
** Denotes that difference of means is statistically significant (P<0.05) between two different plant species.

30
25
20
15
10
5
0

Cu

Diluted
sludge(20%)+
wastewater

Sludge+control

Sludge+waste
water

wastewater

Zn

Control

ppm

Cu-Zn in leaves of Pinus pinea L.

Treatments

80
60
40
20
0

Cu

Diluted
sludge(20%)+w
astewater

Sludge+control

Sludge+waste
water

wastewater

Zn

Control

ppm

Cu-Zn in roots of Pinus pinea L.

Treatments
FIGURE 5 - Concentrations of Cu, and Zn (mg/l) in the leaves and roots of Pinus pinea L.
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P
*0.049
**0.003
*0.015
**0.006
*0.015
**0.049
*0.006
**0.003
*0.027
**0.284
*0.033
**0.006
*0.018
**0.004
*0.082
**0.146
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Cu-Zn in leaves of Pinus halepensis Mill.

Cu

Diluted
sludge(20%)+
wastewater

Sludge+control

wastewater

Sludge+waste
water

Zn

Control

ppm

30
25
20
15
10
5
0

Treatments

Cu

Diluted
sludge(20%)+
wastewater

Sludge+control

Sludge+waste
water

Zn
wastewater

35
30
25
20
15
10
5
0

Control

ppm

Cu-Zn in the roots of Pinus halepensis Mill.

Treatments
FIGURE 6 - Concentrations of Cu and Zn (mg/L) in the leaves and roots of Pinus halepensis Mill.

CONCLUSIONS
The use of wastewater and sludge for irrigating and
fertilizing forest species is related to the most important
silvicultural aspects, and to the selection of appropriate
forest species. However, there is not a scientifically valid
technique for species selection other than field trial-anderror. The present experiment has shown that the use of
sludge and wastewater increases the mortality rates of
Pinus pinea L., due to the low level of available Fe in the
soil, while the use of sludge alone increases significantly
the height of the trees. Similarly for Pinus halepensis
Mill., the use of sludge and wastewater increases the
mortality due to the same reason, while the later treatment
has a significant beneficial effect on tree’s height. Both
forest species should be regarded as “equally suitable test
plants” for such experiments. With regard to biomass production, Pinus halepensis Mill. had the higher total growth
and should be preferred. Both forest species are adapted to
the Greek environment; therefore, the observed differences
are rather due to the individual characteristics of the species. Of course, it is very early to expect that possible
pollution will be detected, since toxicity was not observed.
There was a high accumulation of Mn in soil and, espe-

cially, in the roots of the plants, most probably due to the
poor aeration in the root zone, which increased the availability of Mn and reduced significantly the availability of
Fe. Chlorosis was observed in the plants at the beginning
of the growing season, and this was responsible for the
high mortality rates of the saplings of both forest species
studied.
Municipal Reclaimed Wastewater (MRWW) from a
Wastewater Treatment Plant (WWTP) may be possibly used
extensively for forest areas irrigation, provided that the
following topics are taken into consideration:
Continuous control of the accumulating elements, by
a) regular MRWW and soil analysis, b) application of the
basic health considerations, as they are dictated by the respective official guidelines, c) a comprehensive plan which
will take into consideration the plant, soil and climatic
conditions as well as the infrastructure of the area, and
d) control of soil physico-chemical conditions by applying
rational management programmes of forest plants and soils.
The need for more research is obvious as more data
are necessary in order to fully establish the basic
knowledge, adapted to the soil and climatic conditions of
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Greece, with an aim to secure the highest safety with respect to the reuse of wastewater and sewage sludge.

[15] AOAC (1996) Official Methods of Analysis of AOAC Interna-

tional, 16th ed. Publ. International Suite AOAC 481 North Fredirick Avenue Gaithersburg, Maryland 2027-2417 U.S.A.

[16] Olsen, S.R., Cole, J.V., Watanabe, F.S., and Dean, L.A.
(1954)‘Estimation of available phosphorus in soils by extraction
with sodium bicarbanate’, Circular 939 USDA.
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COMPARATIVE STUDY OF THE ADSORPTION CAPACITY
OF PEAT HUMIC ACID (PHA) AND SOIL HUMIC ACID
ON NANO-SiO2 AND NANO-KAOLIN
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ABSTRACT
Adsorption of Peat humic acid (PHA) and soil humic
acid by nano-SiO 2 and nano-kaolin was comparatively
studied. Two typical HAs were systematically characterized by using atomic force microscopy (AFM), elemental
analysis and liquid-state 1HNMR respectively. Adsorption
experiments were performed in various concentrations of
NaNO3 and at pH between 4±0.5 and 10±0.5. AFM images
show the existence of small nanometer scale ring-shaped
aggregates and sheet-like aggregates in soil HA and PHA,
respectively. Elemental analysis indicates that soil HA presents higher aliphaticity, while PHA exhibits higher aromaticity. NMR spectra analysis shows that the soil HA has
higher hydrophobic index (HB/HI). Adsorption data under various conditions are fit well by Freundlich models
and the adsorption of HAs increases with increasing concentration of HAs. Adsorption of HAs on the two nanoparticles decreases with the increase of pH and decrease of
ionic strength. Relative change of the adsorption with pH
is more significant at low pH. It can be partly explained by
the configuration changes of HA molecules with pH and
ionic strength. Adsorption process of HA on nano-SiO2 and
nano-kaolin can be explained via ligand exchange mechanism. Adsorption capacity is determined by the concentration of hydroxyl on nano-particles and the physiochemical
properties of HAs.

KEYWORDS:
Adsorption; humic acids; Nano-SiO2; Nano-kaolin

nano-SiO2 could inhibit bacterial growth although SiO2 was
often used as background particle for its lack of toxicity to
bacteria [2]. Kaolin, a naturally abundant mineral, has been
widely studied as adsorbent for removal of metal ions and
organic pollutants from water [3-6], but only few studies
explored the HA adsorption process.
Generally, HA and FA (fulvic acid) constitute 30-50 %
of dissolved organic matter in natural aquatic systems [78]. Many interfacial processes may happen between HA
and particles and adsorption is one of the most important
processes. Many mechanisms have been used to interpret
the interaction of HA with minerals and other substances
[9-13]. Only very recently has it become possible to model
adsorption data on oxides (goethite) taking the variable
charge nature of both the humic and the oxide into account,
which is the work of Weng et al. [14]. The adsorption of
HA to various materials in aqueous solutions can influence
a series of important surface-dependent physic-chemical
processes such as flocculation/coagulation, dissolution, and
interaction with hydrophobic organic compounds (HOC),
which has been extensively studied by many researchers
[15-22]. But very few studies have dealt with adsorption of
HA by nano-particles in aqueous systems to date [23]. It is
still uncertain how the nano-particles interact with HA.
The focus of the current study was to (1) test the surface properties of the two nano-materials, (2) investigate the
adsorption characteristics of typical HAs on nano-materials, (3) determine the influence of ionic strength and pH
on adsorption behaviors, and (4) provide possible mechanisms that can reasonably explain the adsorption process of
HA on nano-SiO2 and nano-kaolin.
MATERIALS AND METHODS

INTRODUCTION
Nano-SiO2 and nano-kaolin are widely used for upgrading of products such as rubber, plastics, papermaking
and dope. The potential ecotoxicity of nano-SiO2 has been
investigated by Adams et al. [1]. Their results showed that

Materials

Nano-kaolin and nano-SiO2 obtained from Xiamen Zhijin Science & Technology CO. (Xiamen, China) and Degussa (Aerosil 200, Degussa, Germany) respectively were

355

© by PSP Volume 18 – No 3. 2009

Fresenius Environmental Bulletin

used as received. Purity of nano-kaolin and nano-SiO2 was
determined to be greater than 95 % and 99 % respectively.
The physicochemical properties of the samples including
cation exchange capacities (CEC, ICP-AES ULTIMA,
USA), specific surface areas (SSA, APAS2000, Micromeritics Co., USA) and particle-size distributions
(Malven Mastersizer2000, U.K.) were measured. Selected
physical and chemical properties of these nano-particles
are listed in Table 1. The BET surface areas were determined by triple-point N 2 (g) adsorption and the CEC was
determined by MgCl2 and BaCl2 exchange system recommended by WILLIAM [24]. pHPZNPC was estimated by
Zetasizer (Zeta-sizer 2000, Marlevn, U.K.).
TABLE 1 - Properties of nano- adsorbents.
Adsorbent

Purity
Advertised
d50a BET
CEC
(%) particle size (nm) (µm) (m2/g) (cmol/kg)

Nano>99.8
20-30
53.6
SiO2
Nano≤100 (at least one
>95.0
3.0
kaolin
dimension)
a
Actual particle size in suspension.

pHPZNPC

200

2.81

3.5

20.5

1.25

3.6

Two types of HAs were investigated in the experiment.
The first was a PHA (peat humic acid) that purchased from
Tianjin Chemical & Engineer Co. (Tianjin, China). The
second was a soil HA that was isolated from Beijing soil
(Beijing, China) according to the method recommended by
the International Humic Substances Society (IHSS). A Vario
EL Elemental Analyzer (Germany) was employed to determine the element composition of HAs. 1H NMR spectra
of the dissolved HAs were obtained by VARIAN UNITYINOVA 500 (USA). Briefly, 0.2 g HAs were dissolved in
1 ml 99.9% D2O and subsequently stirred with a magnetic
stirrer for 13 h at 25±1 ℃ to allow full equilibration, then
the suspension was centrifuged for 30 min at 8000 rpm by
a refrigerated centrifuge (Beckman Co., Germany) to remove insoluble HA before NMR analysis.
AFM observation

To image HAs by AFM, the HAs were firmly attached
to muscovite mica by adsorption. Muscovite mica was
freshly cleaved to get a basal-plane surface. The dissolved
HAs were prepared as adsorption experiment except that no
NaN3 was added. The samples were prepared by immersing freshly cleaved muscovite into 10 mg/L C dissolved
HA solutions for 13 h, then the muscovite was carried out
and rinsed carefully by MilliQ water before sitting for several ten minutes under ambient conditions (50 % - 60 %
relative humidity). AFM images were obtained using NanoScope шa Multimode Scanning Probe Microscopy and
Nanoprobe cantilevers with silicon nitride tips (Digital
Instruments, Santa Barbara, CA).
Adsorption experiment

Dissolved HAs were prepared by dissolving 1.6 g HAs
in 1 L of 0.01 mol/L NaOH solution containing 100 mg/L
NaN3. A certain concentration of NaNO3 (0.001, 0.01, 0.1

mol/L) was employed as background electrolyte to control
ionic strength, NaN3 was used to inhibit biotransformation
of HA in the experiment and no effect on sorption was observed at the dose [25]. The mixture was subsequently
stirred with a magnetic stirrer for 13 h at 25±1 °C. Then the
suspension was centrifuged for 30 min at 8000 rpm in a
refrigerated centrifuge (Beckman Co., Germany) to remove
insoluble HA. The supernatants were transferred into a
tightly capped light-excluding containers and stored at 4 °C
in the dark for at least 24 h prior to further dilution. Stock
solutions were used within a maximum of 2 weeks. Test
HA solutions with concentration ranging from 5 mg/L C to
80 mg/L C were prepared by diluting stock solutions with
solutions containing corresponding concentration NaNO3
and 100 mg/L NaN3.
Batch adsorption experiments were conducted by
weighing 0.05 g nano-SiO2 or nano-kaolin into 40 ml glass
centrifuge tubes. Subsequently, 10 ml diluting solution of
known ionic strength was added and the tubes were tightly
closed with Teflon-lined screw caps. The suspensions were
equilibrated on a reciprocating shaker for 13 h at 25 °C, then
centrifuged for 30 min at 8000 rpm by refrigerated centrifuge (Beckman Co., German) at 25±1 °C. The residual HA
in the supernatant was verified by measuring DOC (dissolved organic carbon) value. For each adsorption experiment, a mineral blank and a “no adsorbent blank” were
conducted. Mineral blanks were used to assess the amount
of background DOC released by adsorbents and “no adsorbent blank” was used to determine the possible loss of
HAs during courses of adsorption and centrifugation. The
adsorption experiments and blanks were all run in duplicate and the data from duplicates were also shown on the
isotherms. The amount of adsorbed HAs was obtained by
calculating the difference between the solution of adsorption and the two blanks. Preliminary tests indicated that
the adsorption equilibrium occurred within 7-9 h on nanoSiO2 and nano-kaolin. Desorption of HA was not measurable over the course of these experiments. HA adsorbed
was calculated by the following equation:

Q=

(C0 -‐ Ct )V

Where

(1)

m

Q (µg/g) is the amount of adsorbates ad-

sorbed by adsorbent;

C0

(mg/L) and

Ct

(mg/L) is the

initial concentration of HA and the equilibrium aqueous
concentration of HA respectively.
The pH influence experiments were carried out at a pH
from 4 to 10 in a concentration of 0.1 mol/L NaNO3. The
pH was adjusted by adding predetermined volumes of dilute
NaOH or HNO3 to the desired HA and nano-particle solutions of different concentrations to a desired value. The
final pH was recorded following the equilibration of mixture of the sample for at least 24 h as preliminary time
course study indicated that no significant pH change happened over the course of experiments after 24 h.
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RESULTS AND DISCUSSION

TABLE 2 - Elemental compositions and
C/N, C/O, and C/H ratios of the humic acids.

Physico-chemical properties of HAs

AFM imaging of HAs: AFM technology was used to
directly examine the shape and structure of the adsorbed
HAs (shown in Fig.1). Under the experimental conditions,
small nanometer scale ring-shaped aggregates which potentially represent hydrophobic domains could be found in soil
HA. The observations were consistent with the results of
elemental analysis which indicated that the soil HA exhibits higher hydrophobicity [26]. While almost no nanometer ring-shaped aggregates were found in peat HA.
The structure of the peat HA was more like perforated
sheet. It is possibly resulted from the strong affinity or
fast adsorption of the HA forming large aggregates.

Sample C (%) H (%) N (%) C/Oa C/Hb C/Nc
Peat HA 59.29
3.56
1.58
3.27 1.39 43.78
Soil HA 29.32
4.42
3.53
1.85 0.55 9.69
a
Atomic ratio of carbon to oxygen.
b
Atomic ratio of carbon to hydrogen.
c
Atomic ratio of carbon to nitrogen.
d
Atomic ratio of sum of nitrogen and oxygen to carbon.

(N+O)/Cd
0.43
0.84

FIGURE 2 - 1H NMR spectra of dissolved HAs.
(A) Tianjin PHA. (B) Soil HA
TABLE 3 - Distribution of 1H NMR
spectra of the two typical dissolved HAs
Chemical Shift Intervals (ppm)
0-3.0
3.0-6.5
6.5-8.5
Soil HA
16.4
82.6
1.0
Peat HA
0.9
99.0
0.1
a
HI=percent of hydrophilic carbon: (3.0-6.5).
HB=percent of hydrophobic carbon: [(0-3.0) + (6.5-8.5)].
HB/HI=degree of hydrophobicity[28].
Sample

FIGURE 1 - AFM images of PHA (A) and soil HA (B) adsorbed
on mica: 10 mg/L HA solutions, 0.001 mol/L NaNO3, pH 8.0±0.5.

Elemental analysis of HAs: Elemental compositions of
the two HAs are given in Table 2. Soil HA presents higher
N content and lower C/O ratio, indicating higher aliphaticity. While the peat HA exhibits higher organic carbon contents, higher C/H ratio and lower polarity, defined as atomic
ratio of (N+O)/C, indicating higher aromaticity [27].
1H NMR of HAs: The results of 1HNMR for dissolved HAs are presented in Fig. 2, Table 3, The hydrophobic index (HB/HI) of the two dissolved HAs is greatly
different. It can also be seen that the soil HA has higher
hydrophobic index than the peat HA.

HB/HIa
0.21
0.01

Adsorption isotherms

In this paper, isotherms for the adsorption of two typical HAs were fit to the Freundlich and Langmuir-curve
respectively.
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Q=

Q max bCe
1 + bCe

(2 a)
(2 b)
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Q (mg/kg) is the amount of HAs adsorbed by

Ce (mg/L) is the equilibrium
aqueous concentration of HAs, K f (mg (1-n) Ln /kg) is the
adsorbents per unit weight,

Freundlich sorption coefficient representing the adsorption capacity and n (unitless) is the Freundlich exponent
denoting the isotherm linearity. The constants Qmax and b
are characteristics of Langmuir-model. Qmax represents the
maximum adsorption capacity. The adsorption characteristics of HAs were tested on nano-SiO2 and nano-kaolin.
Non-linear adsorption isotherms were observed with all
HAs adsorptions. The fitting results from Freundlich and
Lagmuir models are presented in Table 4. Obviously, the
regression correlation coefficients from Freundlich model
are greater than those from Langmuir model and these
values are well above 0.90, which indicates that Freundlich
model is better for the fitting of adsorption data. It is not
consistent with previously reported isotherms for HAs adsorption to mineral surfaces [15, 28-29], where Langmuir
model is sufficient for fitting the adsorption data. The discrepancy maybe results from the differences of pore size
and pore distributions between common mineral particles
and nano-particles. Since pore size and pore distribution, as
well as surface area, are major factors influencing the adsorption process. Nano-particles usually take the form of
large aggregates, and thus pores with various sizes exist
within the aggregates, which is a characteristic distinct from
mineral particles in micro-meter size levels.
TABLE 4 - Comparison of the fittings of adsorption
of soil HA on nano-SiO2 in various ionic strengths.
Ionic strength
(mol/L NaNO3)
0.001
0.01
0.1

Freundlich model
Kf
n
98.58
0.57
109.17
0.58
173.18
0.90

R2
0.91
0.95
0.94

Langmuir model
Qmax
b
1250 0.04
1250 0.06
20000 0.01

R2
0.79
0.89
0.98

Fig. 3 showed the effect of ionic strength on HAs adsorption. The amount of HA adsorbed by nano-SiO2 and
nano-kaolin increased with increasing equilibrium aqueous HA concentration. For the adsorption of soil HA onto
nano-kaolin, the adsorption could reach as high as 7091
ug/g. It needs to note that the adsorption amount increased
with increasing NaNO3 concentrations and the adsorption
capacity of peat HA to nano-SiO2 was higher than that of
soil HA to nano-SiO2 under the same NaNO3 concentrations, which were consistent with the results reported by
Murphy [16]. A possible explanation may be the configuration feature of humic acid. Its results indicate that besides electrolyte cation valence, ionic strength also can
affect the configuration of HAs in solution. Relative size
distribution chromatograms indicate that PHA is in “coiled”
form at higher ionic strength and become stretched out at
lower ionic strength. At low ionic strength, the electrostatic repulsion between adjacent functional groups of HA is
maximized, expanding its structure and thus increasing its
molecular size. In this experiment, the most coiled HA
configuration occurred at I= 0.1 mol /L NaNO3.

FIGURE 3 - Adsorption isotherms of PHA and soil HA
on nano-SiO2 (A, B) and nano-kaolin (C, D) at various ionic
strengths. All suspensions contained 5 g /L nano-particles and
100 mg /L NaN3. [NaNO3] in mol/L: 0.001(□), 0.01(○),
0.1(△).

In order to understand the effect of pH on the adsorption of HAs to nano-particles, batch adsorption experiments
were also conducted under different pH values at fixed ionic
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strength of 0.1mol/L. The adsorption data and Freundlich
fitting coefficients are given in Table 5, Fig 4. It should
be pointed out that the DOC of “no adsorbent blank” was
significantly lower than the initial HA concentration when
the pH was below 6.0, which could be attributed to the
aggregation of HA molecules and consequent separationout from solution with the reduction of pH [30]. From the
results shown in Table 5, the adsorption capacities for HAs
were strongly dependent on the solution pH and decreased
with increasing pH.

HA adsorption should be occurred at pH 4.0 and 0.1 mol /L
NaNO3 in this study.

As can be seen in Table 1, the actual size of nanoparticles in water system and the advertised particle size
were significantly discrepant due to the aggregation of
nano-particles or some uncertainties in their manufacturing process. The nano-particle sizes in experimental system were more than one order larger than the advertised
particle size. This phenomenon was also found by many
other researchers [1]. The aggregation property of nanoparticles has been discussed by Katherine et al. [31]. Their
results indicate that the aggregate size of nano-particles is
subject to pH variations because pH could affect the charge
density of nano-particle surfaces and consequently change
the inter-particle forces. Nano-particle aggregate sizes increase as the pH approach the point of zero charge (pHPZNPC)
which is consistent with the expectation that the repulsion
would be minimized as one approaching the pHPZNPC.
Above titration experiments have shown that the pHPZNPC
of nano-SiO2 and nano-kaolin was 3.5 and 3.6 respectively.
There-fore in the experimental pH range (from 4.0±0.5 to
10.0± 0.5), aggregate sizes of the suspended particles decreased with the increase of pH.
The effect of ionic strength and pH on the adsorption
of HA onto nano-particles could be explained based on the
configuration of HA molecules under specific circumstances.
The conformation of dissolved HA is largely dependent
on pH, ionic strength and the presence of divalent cations
[32, 33]. At low ionic strength, or high pH, the strong electrostatic repulsion among some negative charged functional
groups, such as –COOH and –OH groups will favor an
out-stretched conformation in solution, an unfavorable
configuration for adsorption. On the other hand, at high
ionic strength or low pH, the electrostatic repulsion of
negatively charged functional groups will favor a coiled
conformation due to the compression of electrical double
layers or the protonation of these functional groups. It is
evident that a single HA molecule with out-stretched configuration has large molecular size and will cover more
surface area of nano-particles than that with coiled configuration. In addition, the reduced repulsion among coiled HA
molecules might be more inclined to induce multiplayer
adsorption. On the other hand, the surfaces of the two
nano-particles are negatively charged within the pH range
used in this study, the increase of ionic strength and decrease of pH could reduce the repulsion force between
nano-particles and HA molecules, which is also favorable
for HA adsorption. It could be deduced that the highest
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FIGURE 4 - Adsorption isotherms of PHA and
soil HA on nano-SiO2 (A, B) and nano-kaolin (C, D) at various
pHs. All suspensions contained 5 g /L nano-particles, 0.1mol/L
NaNO3 and 100 mg /L NaN3. pH: 4(□),6(○),8(△), 10(﹡).
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Ligand exchange mechanism was used to explain the
adsorption of HAs by nano-particles. As reported by Tipping et al. (1982) [32] and Murphy et al. (1992) [15], adsorption of HAs are believed to occur in the following
steps: (1) protonation of the surface hydroxyls; (2) outersphere complexation of the carboxyl groups with the protonated hydroxyl groups; (3) and ligand exchange forming
inner-sphere complexes. Taking the nano-SiO2 suspension
system as an example, the following ligand exchange process may occur:

The release of hydroxyl ion during the adsorption of
humic substances to hematite has been measured by Murphy et al. [16] and is taken as direct evidence for ligand
exchange mechanism. Although the first step of ligand
exchange process initiates the reaction, it is found that reactions of humic carboxyl groups with unprotonated hydroxyl
groups also results in the release of hydroxyl ion during
ligand exchange process [15]. Protonation step of the surface hydroxyl indicates that less –OH2+ and –OH would
bind with the functional groups of HA at higher pH in the
ligand-exchange reactions, which is consistent with the experimental results of pH variation. According to Eq.(3a),
the equilibrium will be driven to the right at low pH and
therefore lead to the increasing outer-sphere complexation. On the other hand, the increase of solution pH forces
the equilibrium to shift to left. The adsorption enhanced
with decreasing pH. However the extent of enhancement
is greater for pH 4.0±0.5.

tested by AFM, elemental analysis and liquid-state 1HNMR
respectively. The main findings are as follows:
The two HAs are significantly different in physiochemical characteristics. Adsorption capacity was determined by concentration of hydroxyl on the nano-particles
and the physiochemical properties of the HAs. The adsorption data under various conditions were fitted well by
Freundlich models. Adsorption of HA on the two nanoparticles was strongly dependent on pH and ionic strength.
Increasing quantities of HA in solution increased adsorption amount. Adsorption of HA on the two nano-particles
decreased with increasing pH and with decreasing ionic
strength. Adsorption of HA on nano-SiO2 and nano-kaolin
could be explained by ligand exchange mechanism. Ionic
strength and pH affected the electrostatic repulsions between or within HA molecules, and consequently influenced the configuration of dissolved HA molecules and the
subsequent interactions of HAs with nano-particle surfaces.
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ABSTRACT
The goal of this study was to apply and to compare two
Lepidium root elongation tests, the traditional test and the
commercial kit - Phytotoxkit™ microbiotest, to evaluate
the phytotoxicity of long-term contaminated soils and the
suitability of root elongation tests as phytotoxicity endpoint. The soil samples were collected from three long-term
contaminated industrial sites containing heavy metals (two
sites, named TG-site 1 and P-site 2) or petroleum hydrocarbons (named R-site 3). Statistically significant correlations (p<0.05) between the results obtained from the two
investigated tests were not found. One-way ANOVA analysis showed that the results obtained with the standard
Lepidium test and the Phytotoxkit™ microbiotest were
statistically significantly (p<0.05) different. The soils from
all three sites could be classified as toxic. The results obtained showed large differences between all investigated
parameters in the investigated soils, which were attributed
to soil heterogeneity.
This paper promotes the application of the root elongation method for ecological risk assessment of contaminated sites. Our results could represent a step toward the
selection of a proper phytotoxicity test to characterize the
soil ecotoxicological risk.

KEYWORDS: Soil quality, phytotoxicity, standard Lepidium test,
Phytotoxkit™ microbiotest

of soil, including the ecological processes in soil. This should
result in an established equivalent regulation of soil quality and soil use in EU countries. In order to develop national as well as international policies there is an urgent
need for suitable indicators of the ecological status of soil
in relation to soil contamination and use. Sustainable use
of the soil can be indicated by an ecological indicator for
soil quality that integrates data on physical, chemical and
biological characteristics of the soil. Such an indicator,
called the Biological Indicator for Soil Quality (BiSQ), has
been developed and tested [1].
There is increasing interest for incorporation of toxicity tests (with a battery of different assays) for ecological assessment at hazardous waste sites and for supporting management decisions for remediation [2-4]. The use of
bio-logical endpoints can help to appropriately define
acceptable cleanup standards [5-7].
Plant seed toxicity tests (seed germination and root
elongation tests) have recently become an important part of
ecotoxicology to evaluate hazardous waste sites, effluents
and industrial chemicals, and to monitor the efficiency of
remediation technologies [3, 4, 7, 8-16]. Several species of
higher plants have been used to test phytotoxicity in contaminated soils. The common plant species for the seed
germination and root elongation tests are recommended
by the US Environmental Protection Agency [17], the US
Food and Drug Administration [18], and the Organization
for Economic Cooperation and Development [19].
The aim of the present study was to apply and to compare two Lepidium root elongation tests, the traditional test
and the Phytotoxkit™ microbiotest, in order to evaluate
the phytotoxicity of long-term contaminated soils.

INTRODUCTION
On 19 November 2003, the European Parliament
adopted a resolution of the European Commission communication: ”Towards a Thematic Strategy for Soil Protection (EP, 2003)”. This resolution is aimed at the formulation of a European soil policy oriented to sustainable use

MATERIALS AND METHODS
Study sites
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The three sites contaminated by metals or petroleum
hydrocarbons were located in the Upper Silesia Industrial
Region in southern Poland:

oughly mixed, and stored at field humidity in polyethylene bags at 4°C until processing. Each sample was
examined for physico-chemical parameters.

(1) The Tarnowskie Góry megasite (TG) is one of Poland`s most serious sources of soil and groundwater contamination [20], and has been recognized as the top priority of land management. For centuries, this area was well
known for extraction of silver, zinc and lead ores and the
development of chemical industry. Before the II World
War, in the Chemical Plant plenty different chemicals
were produced, e.g. oil paint pigments, sodium dichromate
(Na2Cr2O7), barium chloride (BaCl2), boric acid (H3BO3),
borax (Na2B4O7·10H2O), barium nitrate (Ba(NO3)2), zinc
oxygen (ZnO), zinc sulphate (ZnSO4) as well as sodium
perborate (NaBO3), aluminium sulphate (Al2(SO4)3), copper sulphate (CuSO4), zinc sulphate (ZnSO4) and potassium aluminium sulphate (KAl (SO4)2·12H2O). In the following years, the production of different compounds was
increased. Barium salts and lithopone (ZnS·BaSO4) white
pigments, strontium carbonate (SrCO3) and chemical soot
(black carbon) were produced. In the course of this manyyear industrial activity, several uncontrolled dumps were
created. In 1997 the liquidation process of the chemical
plant was initiated. A plan of the site reclamation was developed and is currently under realization [21, 22].

Physico-chemical analyses

(2) The Piekary Site (P) is a former mine and smelter
area, situated between the towns of Bytom and Piekary
Ślaskie, at Upper Silesia Industrial Region. The primary
minerals of concern were zinc, lead and cadmium ore,
dolomite, silt and grave. The enterprise operated for 70
years, and in 1989 the production was closed down and
activities towards the revitalisation of a 460 ha property
were started [23]. The area of concern is situated in the
immediate vicinity of the former smelter.
(3) The Czechowice-Dziedzice Oil Refinery (R ) site
is heavily contaminated with petroleum waste. This refinery was named by the State Environmental Protection Inspectorate of Poland as one of the top 80 biggest polluters
in Poland. More than a century of continuous use of a sulphuric acid-based oil refining method by the Czechowice
Oil Refinery produced an estimated 120,000 tons of acidic,
highly weathered petroleum sludge. The sludge was composed mainly of high molecular weight paraffinic and polyaromatic hydrocarbons. This waste was deposited into
three open waste lagoons of 3 m depth and of a total surface of 3.8 ha. The disposal practices for process wastes
generated by the refining of crude oil have created conditions that are unacceptable under today’s environmental
standards. One of the waste lagoons (0.3 ha) was chosen
for a demonstration study on an aerobic biopile [24, 25].
Soil sampling

Composite soil samples were collected from the upper
30-40 cm, and immediately transported to the laboratory.
All soil samples were gently crumbled and sieved through
an 8-mm screen in order to eliminate rough materials, thor-

Soil dry mass content was determined after 24 h at
105°C; Loss on ignition was determined after heating dry
samples for 1 h at 600°C (EN 12879). The following analyses were conducted on air-dried samples according to
Polish standards and [26]: pH (CaCl2), conductivity, cation exchange capacity (CEC), total organic carbon, total
N, total P, particle size distribution.
Total heavy metal contents were determined after extraction with aqua regia (HCl:HNO3 = 3:1; soil to extract
ratio 1:5), heated to 120°C for 2 h. The water-soluble concentrations of heavy metals were extracted by shaking 10 g
of soil samples in 100 ml deionized water (pH 6.5) for 1 h,
and the extracts were filtered using filter paper (390, FILTRAK GmbH). As, Zn, Cd, Pb Cr, Cu, Ni were measured by
atomic absorption spectrometry (AAS; PN-EN ISO 11885:
2001 & EPA 6010 B); Ba, B, Sr, Fe, Co were measured by
inductive coupled plasma-atomic emission spectrometry
(ICP-AES).
TPH was evaluated by infrared spectrometry (FT-IR).
30 g of soil were dehydrated with Na2SO4, and then were
extracted with 50 ml of CCl4 (J.T. Baker) in a Soxtherm
2000 (Gerhardt) for 30 min. The interfering substances
were removed by passing the extract through a column
filled with Florisil. The extract was quantitatively measured
after calibration with five standards. The standard substance
was a mixture of 37.5% (v/v) n-hexadecane, 37.5% (v/v)
isooctane and 25% (v/v) benzene, and the spectrum was
recorded between the 3000-2800 cm-1 range. The absorbance value was measured at 2926 cm-1 with a IR spectrophotometer Unicam SP1000 (UNICAM, UK). The TPH
content was related to the CH2 group number.
BTEX (benzene, toluene, ethylbenzene, xylene) hydrocarbons concentrations were determined according to the
method described by Wypych and Mańko [27] using HeadSpace Solid Phase Microextraction-Gas Chromatography/
Mass Spectrometry (HS-SPME-GC/MS) technique.
Polyaromatic hydrocarbons (PAHs; 16 PAHs of the
US EPA list compounds) [16] were determined by HPLC
with fluorescence detection. 10 g of soil were extracted
with 10 ml of dichloromethane (HPLC-grade) using Soxtherm 2000 (Gerhardt), and the extract was cleaned by
passing through a column filled with Florisil. The dichloromethane extract was concentrated to 1 ml under nitrogen.
HPLC was performed on a Hewlett-Packard HP 1050 with
FLD 1046A detector and Bakerbond PAH-16 Plus column
(250 mm x 3 mm) at a flow rate of 0.5 ml min-1. The mobile phase was 75% methanol; the sample injection volume
was 2 µl; the column temperature was 27°C.
Traditional root elongation test
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Seeds from cress (Lepidium sativum L.) were purchased
from a local company. Their germination potential was examined at 20 ± 1°C in darkness prior to the assays as a control for the (90% guaranteed) viability of the seeds. Root
elongation test was performed following the procedures
described by Braud-Grasset et al. [5] and Wang [11], with
minor modifications [9]. The tests were conducted by placing 50 g soil in Petri dishes covered with a Whatman No. 1
filter-paper moistened with distilled water. Twenty seeds
were subsequently placed on the filter-paper. Immediately
prior to the assay, the seeds were soaked for 20 min in a
10% solution of Clorox, then rinsed 5 times with distilled
water. Controls using sand and filter-paper wetted with
distilled water were prepared in the same way as the soil
samples. Incubation was performed at 25°C (± 1°C) in darkness. Incubation parameters (e.g. temperature and incubation time) were selected to meet the root length criteria in
the controls. All the experiments were carried out in five
replicates.

tested soil sample saturated to the water holding capacity.
The soil was covered with the filter plate and 10 seeds of
Lepidium sativum L. were placed on top of the filter in
one row. After closing the test plates with the transparent
cover, the plates were placed vertically and incubated for
72 h at 25°C. Pictures of the test plates were analyzed with
the free image analysis programme (ImageTools) provided
by the MicroBioTests.
Statistical analysis

Statistical analysis of the results was performed with
the STATISTICA 5.1 Windows program. Statistically significant differences between variables were analyzed by
ANOVA. Correlations were tested by Pearson correlation
and Spearman rank order correlation.
RESULTS AND DISCUSSION
Soil characterization

Phytotoxkit microbiotest

The Phytotoxkit™ microbiotest [28] was carried out in
flat and shallow transparent test plates composed of two
compartments, the lower one of which contained 90 ml of

Results of physico-chemical analyses of the metal-contaminated soils (sites 1 and 2) and petroleum-contaminated
(site 3) are presented in Tables 1 and 2. Considerable differences in soil metal concentrations were noted between

TABLE 1 - Physico-chemical characteristics of metal-contaminated soil
samples (TG – site 1 and P – site 2) (mean, minimum and maximum values of 5 samples per site)
Parameter
Dry mass (%)
pH(CaCl2)
CEC (cmol+/kg d.w.)
Conductivity (µs/cm)
NTOT (%)
PTOT (%)
CORG (%)
Loss on ignition (%)
Sand (2-0.05 mm; %)
Silt (0.05-0.002 mm; %)
Clay (<0.002 mm; %)

Mean

Site 1 (TG)
Min

Max

Mean

Site 2 (P)
Min

Max

89.7
7.4
5.7
347
0.095
0.007
2.5
7.2
83.8
8.5
7.8

76.8
7.3
2.2
154
0.010
0.003
0.8
2.5
68.0
2.0
7.0

97.6
7.5
13.7
518
0.260
0.011
6.4
17.8
90.0
24.0
8.0

87.0
6.4
6.9
143
0.156
0.114
3.0
11.2
56.0
36.4
7.6

84.4
6.2
4.7
121
0.110
0.026
1.7
7.3
52.0
28.0
7.0

89.4
6.7
10.6
158
0.210
0.218
5.8
15.6
64.0
41.0
8.0

Total metal contents
(mg/kg d.w.)
As
Ba
B
Zn
Pb
Cd
Sr
Ni
Cr
Co
Cu
Fe

9.0
57429
66.28
627
81
1.35
3153
3.73
7.70
0.83
39
3825

2.8
883
5.5
91
67
2.1
42
1.24
6.19
0.86
9
1545

21.4
219618
228
1404
97
5.39
11646
6.59
9.65
2.13
74
5274

102
146
10,6
11713
9543
361
31
10
17
6.11
26
9012

66
109
9.0
8930
6287
262
17
8.82
14
5.42
19
7915

146
186
11.8
16231
15303
467
36
12
25
6,79
40
9883

Water soluble metal contents
(mg/kg d.w.)
As
Ba
B
Zn
Cd
Sr

0.31
323
8.41
2.00
0.53
50

0.02
2.94
0.26
1.8
0.25
1.16

0.98
1267
29
3.54
0.93
188

0.17
0.31
0,19
29
0.95
0.02

0.13
0.20
0.063
14
0.53
0.008

0.22
0.49
0.32
53
2.58
0.03
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4.29
2.79
0.20
1.52
8.47

4.29
2.79
0.20
1.52
2.08

365

4.29
2.79
0.20
1.52
12

0.03
0.01
0.08
0.044
4.87

4.29
0.001
0.000
0.001
0.000

0.08
0.03
0.14
0.09
7.14
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the two sites. Considering the total concentrations of metals, the soils from site 1 (TG) were mainly contaminated by
Ba (57429 mg/kg d.w.), B (66.8 mg/kg d.w.), Zn (627 mg/
kg d.w.), Sr (3153 mg/kg d.w.) (Table 1). The soils from
site 2 (P), were mainly contaminated by the following
heavy metals: Zn (11713 mg/kg d.w.), Pb (9543 mg/kg
d.w.) and Cd (361 mg/kg d.w.). Two soils showed neutral
pH and a similar texture (sandy loam). Water soluble metal
contents were low in all soils from both sites. The soils from
site 3 (R) were contaminated by petroleum hydrocarbons.
The mean values of concentrations of TPH, PAH total and
BTEX total were 47981 mg/kg d.w., 40 mg/kg d.w. and
13 mg/kg d.w., respectively. Some physico-chemical parameters of the investigated soils from site 3 (R) are presented in Table 2.
TABLE 2 - Physico-chemical characteristics of
petroleum hydrocarbon contaminated soils (Site 3 – R)
(mean, minimum and maximum values of 5 samples).
Parameter
Dry mass (%)
pH(CaCl2)
CEC (cmol+/kg d.w.)
Conductivity (µs/cm)
NTOT (%)
PTOT (%)
CORG (%)
Loss on ignition (%)
Sand (2-0.05 mm; %)
Silt (0.05-0.002 mm; %)
Clay (<0.002 mm; %)
Hydrocarbons (mg/kg d.w.)
TPH
PAH total
BTEX total

Mean
86.4
4.6
5.2
618
0.190
0.016
5.1
17.3
53.2
34.4
12.4

Min
77.9
3.7
2.1
128
0.180
0.009
1.9
10.1
28.0
8.0
8.0

Max
93.5
5.1
6.5
2059
0.200
0.026
7.0
24.4
84.0
56.0
16.0

47981
40
13

24212
2.4
0.178

93754
146
56

Root elongation methods

The results of the root length measurements presented
in Figure 1 and Table 3 clearly show the differences between the two methods. No significant (p<0.05) correlations between the results of two investigated tests were ob-

Phytotoxkit

served One-way ANOVA analysis showed that the results
obtained from the standard test and Phytotoxkit™ were
statistically significantly (p<0.05) different in 4 of the 16
samples (Table 3, column 11). The opposite results were obtained in 4 soil samples form different sites. In our study,
different numbers of replicates were used; 100 seeds (5
replicates with 20 seeds) for the standard test and 10 seeds
pre one replicate for the Phytotoxkit™ microbiotest. Different replicates in the tests were used in this work according to the original description of the methods. The concept
of the Phytotoxkit™ is to bypass the laborious manipulations of the germinated plants by direct length measurements of roots by image analysis. This method enables to
perform much more screening tests in one working day.
Additionally, the scans (photographs of the germinated
plants) can be stored and/or send for analysis. However,
for the future research to compare the two Lepidium tests,
it is very important to establish the same (universal) number of replicates. A high number of replicates are needed
to compare the results of both Lepidium tests.Generally, the
soils from all three sites were toxic. Most of the soil samples from three sites inhibited the root length in both tests
compared to the control. However, which measured physico-chemical parameter of the investigated soils was responsibility for the inhibition were not found. No positive
results were obtained by the statistical analysis. Large differences between all analyzed parameters in the investigated soils were attributed to soil heterogeneity.
The root elongation endpoint appeared to be a better
indicator for toxicity than seed germination from our data
obtained previously [9]. Our finding that root elongation is
a better criterion for the evaluation of soil toxicity than
germination is apparently in contradiction with the suggestion of Saterbak et al. [4] to use seed germination rather
than root elongation for phytotoxicity tests. According to
this author germination tests have a similar sensitivity to
root elongation for most seeds and soils but a lower variability. Most of the literature is written on the application

"Traditional" test

6

Root lenght [cm]

5

4

3

2

1

0
REF

TG

P

R

FIGURE 1 – Differences between standard Lepidium test and Phytotoxkit™
microbiotest (mean values of 5 samples per site with standard deviations values).
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TABLE 3 – Results of the statistical analysis – differences between traditional Lepidium test and Phytotoxkit™ microbiotest.
Traditional test Phyto toxkit
Soil
samples
Root length (cm)
REF
2,603
2,050
TG1
4,012
4,577
TG2
1,278
1,172
TG3
2,108
1,151
TG4
6,004
0,933
TG5
5,765
6,459
P6
6,387
4,429
P7
2,002
3,760
P8
4,107
4,669
P9
4,160
5,297
P10
2,103
1,544
R11
1,465
4,779
R12
2,388
3,063
R13
1,853
1,612
R14
3,350
4,574
R15
3,430
4,493

Statistical
differences
/4/
*

*
*
*
*
*
*
*
*
*
*

Traditional test Result of Statistical differ- Phyto toxkit
x1 - Ref
traditional test ences (ANOVA)
x1 - Ref

Result of
Phyto toxkit

/5/

/6/

/7/

/8/

/9/

1,409
-1,325
-0,495
3,401
3,162
3,784
-0,601
1,504
1,557
-0,500
-1,138
-0,215
-0,750
0,747
0,827
Stimulation
Inhibition

1
-1
-1
1
1
1
-1
1
1
-1
-1
-1
-1
1
1
8
7

*
*

2,527
-0,878
-0,899
-1,117
4,409
2,379
1,710
2,619
3,247
-0,506
2,729
1,013
-0,438
2,524
2,443

1
-1
-1
-1
1
1
1
1
1
-1
1
1
-1
1
1
10
5

*
*
*
*
*
*
*
*
*
*

Statistical
differences
(ANOVA)
/10/

Difference of the
results between
both tests
/11/

*

1
1
1
-1
1
1
-1
1
1
1
-1
-1
1
1
1

*
*
*
*
*
*

*
*

REF = uncontaminated reference soil
/4/ - * - statistically significant (p<0.05) differences between the two analyzed methods;
/5/ and /8/ - x1-Ref: difference between the root length of the tested soil and the reference soil
/6/ and /9/ : 1 = stimulation; -1 = inhibition
/7/ and /10/- results of one-way ANOVA for standard test and Phytotoxkit™, respectively; 1 = stimulation; -1 = inhibition
grey background – statistically significant differences between the two methods, opposite effect

of traditional phytotoxicity tests. Wang et al. [12] evaluated the suitability of seed germination rate and root elongation method with Cucumis sativus seeds as phytotoxicity test endpoints for halogen substituted phenols and anilines. For all tested compounds, C. sativus showed excellent stability and reproducibility in both germination rate
and root growth. The root elongation test is sensitive and is
suitable as phytotoxicity endpoint test and could be applicable in ecological risk assessment. The millet root elongation for toxicity tests of phenolic compounds was used
by Wang [10, 11]. The results of his study using root elongation as the toxicity indicator showed more sensitivity than
results of biomass determination, and was recommended by
the author, although more time consuming. Beltrami et al.
[14] used seed germination and root elongation tests to
evaluate the contamination of liquid and solid phases of
sediments of Lake Orta (Italy). They used commercially
available seeds of Cucumis sativus, Lactuca sativa and
Lepidium sativum. The three plant species responded differently to the evaluated samples, and it was difficult to
compare the sensitivity of the plants.
Phytotoxicity tests using plants look like a promising
tool for screening and have many advantages compared
with toxicity tests using animals and algae, which make
them suitable as a standby test method or as a part of a test
battery. These bioassays are cost-effective, relatively easy
to perform, easy of obtaining seeds, possibility of testing
both liquid and solid samples; they require limited space
and minimum equipment. Therefore, a high number of replicates are needed to detect small differences between tested
samples and the sensitivity of most seeds to toxicants is not
well known.

CONCLUSIONS
In this study, the suitability of the root elongation
method with Lepidium sativum L. seeds as phytotoxicity test
endpoint was tested by comparing the traditional test and the
Phytotoxkit™ microbiotest. L. sativum L. showed excellent
stability and reproducibility of root growth as well as high
sensitivity and short exposure time; this demonstrates that
the root elongation method using L. sativum L. is suitable
as phytotoxicity test endpoint and is applicable in ecological risk assessment. Our research does not confirm which
test looks to be more sensitive and accurate, the traditional
Lepidium or the commercial kit - Phytotoxkit™ microbiotest. Further research should be taken in to account to
evaluate and compare results of both tests. However, the
obtained findings confirm the necessity to involve the
phytotoxicity test in a battery of tests in order to evaluate
not only the effects of different kind of pollutants on different organisms, but also the brief-and long-term effects of
contamination. The results of the present study highlight
the importance of phytotoxicological tests to evaluate the
effect of inorganic and organic pollutants on soil organisms
of different trophic levels. Among all the ecotoxicological
tests, the phytotoxicity tests are sensitive tests and should
be selected to the battery of biotests to improve its sensitivity. The research data confirm that further investigations would be useful to select proper phytotoxicity test.
In order to streamline future investigations on contaminated/
remediated sites, standardized batteries of biotests including phytotoxicity tests are needed.
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ABSTRACT
Soil and plant samples were taken from different areas around the tailing ponds of CMC (Cyprus Copper
Mines), an abandoned site from the Lefke region of Cyprus. The determination of the trace metals was carried out
using a Varian ICP-AES. In the soils supporting these
plants, the values varied between 1.4000-25.380 (Fe++);
43-217 (Zn++); 0-67 (Pb++); 1-8 (Cd++); 0.77-28.60 (Cu++);
20-89 (Ni++); 0.05-0.29 (Cr++) µg/g dry weight. In the aboveground parts of the plants, the concentrations varied between 275-4,120 (Fe); 9.5-67 (Zn); 0-13 (Pb); 0-4 (Cd);
0.12-1.85 (Cu); 10-18 (Ni); 0.11-0.28 (Cr) µg/g. The values in the soils are higher than that in above ground parts.
These results show that there are serious trace metal problems in the soil, and these keep on accumulating in the
plants in the vicinity of tailing ponds.

the typical examples. It started operating in Foucassa Hill
in 1913. The mining works primarily produced copper at
the beginning, and later secondary products like copper
sulfate (CuSO4), hydrosulfuric acid (H2SO4). Later, gold.
was purified/produced by cyanide leaching method. Although Lefke changed into an important central town in
the northeastern part of the island, after the abandonment
of mining industry in 1974, the area became one of the
biggest and most important environmental problems in
Cyprus. The levels of arsenic, barium, cadmium, chromium
and selenium in the coastal ecosystem of Lefke are very
high [8]. Some investigations have been undertaken in this
area, earlier notable and among these [9-11]. The aim of
this paper is to present an evaluation of the latest situation
of the trace metal pollution in the soil–plant systems in
the vicinity of tailing ponds of CMC Lefke.

MATERIALS AND METHODS
KEYWORDS:
copper mines, Cyprus, trace metals, soils, plants.

Study area

INTRODUCTION
Heavy industrialization followed by waste disposal has
resulted in serious environmental contamination affecting
our ecosystems adversely [1, 2]. In particular, the trace
metals, such as cadmium, lead, chromium, and aluminum,
proved to be dangerous [3]. Chronic exposure to these trace
metals can produce detrimental effects on human health
[2]. However, the movement of trace metals depends on
their amount in the soils, reaction with soil components,
soil properties, nutrients, age, species interactions, uptake
rate by plants, as well as their solubility equilibrium [4-6].
Large areas of land are contaminated with trace metals deriving from agricultural-urban activities and industrial processing, such as metalliferous mining and smelting industry [7]. Cyprus Mines (CMC) in Lefke is one of

Cyprus is the third-largest island after Sicily and Sardinia in the Mediterranean Basin, exhibiting striking alternation of complex stream-eroded mountains, hills, and
alluvial plains. The area enjoys a typical Mediterranean
climate with dry, hot rainless summers, and mild and wet
winters. The average annual rainfall is about 450 mm and
most of it occurs in winter. In the Pentadactylos, rainfall
is over the average and the central plain receives rainfall
below the average [12]. The Lefke region has been host to
both agriculture and heavy industrial activities for many
years. It is the region where the best quality citrus was grown
and where the mining industry attracted people from other
regions of the island. After the severe mining activity, the
crude gem of the copper mining area, accumulated chemical wastes and tailing ponds started creating serious pollution problems during the last few decades. Keeping this in
view, in this study, 16 sampling stations were selected
around the tailing ponds (Fig. 1).
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FIGURE 1 - Map of Cyprus and location of sampling sites.

TABLE 1 - List of the species and locations of the sampling sites.
Locality
Number
1
2
3
4
5
6
7
8
9
10

Location

Name of the Species

West side of tailing pond
West side of tailing pond
West side of tailing pond
West side of tailing pond
Middle side of tailing pond
South side of tailing pond
South side of tailing pond
South side of tailing pond
South side of tailing pond
East side of tailing pond

11
12
13
14
15
16

South side of tailing pond
South side of tailing pond
East side of tailing pond
East side of tailing pond
East side of tailing pond
East side of tailing pond

Pistacia lentiscus L.
Pistacia terebinthus L.
Capparis spinosa L.
Corchorus olitorius L.
Eucalyptus camadulensis Dehnh.
Olea europaea L.
Citrus x limon (L.) Burm.f.
Vitis vinifera L.
Ziziphus lotus (L.) Lam.
Prosopis farcta (Banks & Soland.)
J.F. Macbr.
Tamarix tetragyna C. Ehrenb.
Dodonaea viscosa (L.) Jacq.
Arundo donax L.
Inula viscosa ( L.) Ait
Pinus brutia Ten.
Acacia cyanophylla L.

The above ground parts of 16 different plant species
(Table 1) were collected around the tailing ponds of our
study area in July 2006. The soil samples were also collected from the same sites. The plant and soil samples were
brought to the laboratory. The samples of Corchorus
oliterius, Olea europaea and Citrus limon were collected
from the cultivated plantations on the fringe of the tailing
ponds.
Sample preparation

Soil samples were collected with a stainless steel crab,
air-dried and passed through a 2-mm sieve. The plant samples were collected from the same area, thoroughly cleaned
with freshwater, followed by distilled water, for quantitative removal of soil and other foreign particles. All plant
samples were air-dried for 12 h, and then oven-dried at
80 °C for 24 h. The drying of collected material is important because it ensures a constant reference value in
con-trast to fresh weight, which is difficult to quantify [13].

Abbreviations used
in the figures
PL
PT
CS
CO
EC
OE
CL
VV
ZL
PF
TT
DV
AD
IV
PB
AC

To ensure uniform distribution of metals in the plant samples, the material was milled in a micro-hammer cutter and
sieved through a 1.5-mm sieve. After homogenization, the
plant and soils were placed in clean paper bags.
Analytical methods

Samples of dried and sieved soils and dry milled plant
materials were ashed in a muffle furnace at 460 °C for 24 h.
These were then analyzed according to the methods outlined in detail by Aksoy and Ozturk [14, 15]. The determination of the trace metals (Fe++, Zn++, Pb++, Cd++, Cu++,
Ni++, Cr++) in all samples was carried out using a Varian
ICP-AES.
RESULTS AND DISCUSSION
The name of the island “Cyprus” is said to have originated from the words Cyprium or Cuprum which all mean
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“copper”. Cyprus is known to be the place where copper
has been produced in metal form for the first time in the
world (3000 BC) [16]. Copper mining area located around
Gemikonağı (Karavostasi) Harbour of Lefke Region has a
history of 5000 years. After the abandonment of the mining area in 1974, the effect of pollution on the ecosystem
functions has been severe resulting in a loss of species diversity as well as agricultural productivity. Although CMC
mining industry has contributed a lot to the economic and
social development of the Lefke Region on short-term basis,
but in the long run the facility has resulted in environmental
degradation. An unsustainable use of available resources
due to a lack of integrated management policy is threatening now the economic and social activities of the future
generations in this area.
Soils and Trace Metals

Soils are heterogeneous mixtures of different kinds of
minerals, which include trace metals as well [17, 18].
However, human activities are leading to significant increases in the concentration of these metals in the environment, and soils are acting as a sink for them [2]. Very
high contamination of the soils is caused by mining activities resulting in a significant buildup in the levels of
lead, cadmium, zinc, copper, chromium, aluminum, fluorine, mercury, selenium, arsenic, and so on [9, 11].
An analysis of the soils taken at the fringe of the tailing pond, in general, showed a silty-clayey-loam texture
and highly acidic pH, with a very high amount of total
soluble salts (Table 2). According to Altinbas et al. [9],
during the mining process of CMC ore, 1/20 percent of
the potential Cu has been drained into the tailing ponds
resulting in a concentration of Cu 10 times higher than the
percentages in the lithosphere. Highly acidic pHs in the
tailing ponds resulted in the release of trace metals, later
entering underground waters, surface waters, seawater and
nearby-lands. The area has an intense sulphur-like odor.
In addition, the winds carry the dust clouds from the tailing ponds creating environmental pollution which is rich
in trace metals and sulphur [9].

TABLE 2 - Analysis of soil taken from the fringe of the tailing pond.
pH
Total soluble salt in Water (%)
Organic matter (%)
Zn (µg/g)
Cu (µg/g)
Fe (%)
Cd (µg/g)
Pb (µg/g)
Cr (µg/g)

2.34
1.3
2.65
77.5
672.5
8.2
1.2
34.8
32.2

An analysis of the soils from CMC Lefke around the
tailing ponds has revealed that Fe content there is very
high. The lowest Fe concentration was observed in Chorchorus oliterius (14,000 µg/g) and highest in Pinus brutia
(26,070 µg/g) soils (Fig. 2a). The soil under Inula viscosa
(a herb) (217 µg/g), Citrus limon (a tree) (161 µg/g) and
Dodonea viscosa (shrub) (148 µg/g) had the highest Zn
concentrations, and lowest concentrations were observed
under Acacia cyanophylla (tree) (44 µg/g) and Chorchorus
oliterius (herb) (43 µg/g) (Fig. 2b). All the soil samples
showed Zn levels which were several times more than the
amounts allowed internationally (Fig. 2b).
Pb concentrations were highest in the soil under
Prosopis farcta (a herb) (67 µg/g) and Eucalyptus camaldulensis (a tree) (59 µg/g) (Fig. 3a). Nine of the soil samples
had more lead than the allowed limits, and in 7 samples lead
levels were below the limit values. These results coincide
with those of Altinbas et al. [9] who have reported concentrations of Pb ranging between 11.25-82.75 µg/g in
soil samples. The highest Cd concentration in the soil was
observed under Ziziphus lotus (shrub) (8 µg/g) and the
lowest under Chorchorus oliterius (1 µg/g) (Fig. 3b). The
results of Cd analysis reported by Altinbas et al. [9] from
CMC showed that the values range between 1-1.5 µg/g.
These are very lower than those obtained by us, except in
the soil under Chorchorus oliterius, which is very similar
to our results. According to international standards, levels
above 1 µg/g of Cd in the soil cause harm to health. In our
study, all the samples show Cd levels above the allowed
limits, except under Chorchorus oliterius.
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FIGURE 2a - Concentrations of Fe in the soils of different plant species.

FIGURE 2b - Concentrations of Zn in the soils of different plant species.

FIGURE 3a - Concentrations of Pb in the soils of different plant species

FIGURE 3b - Concentrations of Cd in the soils of different plant species.

The highest Ni concentrations were observed in the soil
under Citrus lemon (a tree) (89 µg/g) and Olea europaea (a

tree) (82 µg/g), and the lowest in the soil under Eucalyptus
camaldulensis (a tree) (20 µg/g) (Fig. 4a). The highest Cu
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levels were found in the soils under Inula viscosa (a herb)
(28,6 ppm), Pinus brutia (a tree) (15.10 µg/g) and Pistacia
terebinthus (shrub) (11.70 µg/g), and the lowest under Olea
europaea (tree) (2.02 µg/g) and Chorchorus oliterius (herb)
(0.77 µg/g) (Fig. 4b). The Cu concentrations reported by
Altinbas et al. [9] were between 280.50-1102.87 µg/g, being
higher than those obtained in our study.
Cr concentrations were highest in the soil under Ziziphus
lotus (a shrub) (0.29 µg/g), Pinus brutia (a tree) (0.26 µg/g)
and Arundo donax (herb) (0.25 µg/g), and the lowest under
Pistacia terebinthus (shrub) (0.07 µg/g) and Chorchorus
oliterius (herb) (0.05 µg/g). All soil samples show Cr levels
less than internationally allowed limits. The Cr concentrations reported by Altinbas et al. [9] varied between 9.559.62 µg/g, which are higher than our results.
Plants as Biomonitors of Trace Metals

Flowering plants are frequently used for biomonitoring trace metals [10]. However, which group or species has
to be chosen depends on the purpose of monitoring and on

the type of ecosystem. In general, areas with a vegetation
cover accumulate trace metals 4 times more than bare ones.
In fact, 90% of the trace metals are retained by plants and
only 10% go to the lower horizons of soil [2]. Among the
plants, accumulation rates in the herbaceous cover under
trees are twice as high as in herbs growing in a treeless
zone. Sometimes, a specific plant cover develops on some
ore outcrops and trace-metal-rich spoil heaps, which embodies metal-resistant populations, such as Viola
calaminaria, Thlaspi coerulescens, Armeria maritime,
Agrostis capillaris, Silene vulgaris, Festuca ovina, and F.
rubra. For example, in some mining areas, only metaltolerant genotypes of Agrostis capillaris and Agrostis canina grow, whereas Molinia coerulea and Agrostis capillaries usually cover the area around the zinc–cadmium smelter [19].
In our studies, highest Fe concentration among trees was
observed in Eucalyptus camaldulensis (615.5 µg/g), among
shrubs in Dodonea viscosa (1540.25 µg/g) and among herbs

FIGURE 4a - Concentrations of Cu in the soils of different plant species.
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FIGURE 4b - Concentrations of Ni in the soils of different plant species.

FIGURE 5a - Fe accumulation in the above ground parts of different plant species.

FIGURE 5b - Zn accumulation in the above ground parts of different plant species.

in Inula viscosa (2333.75 µg/g). The lowest trace metal concentration was observed in Citrus lemon (a tree) (295.5 µg/
g), Ziziphus lotus (shrub) (371.25 µg/g) and Capparis spinosa (a herb) (177.5 µg/g) (Fig. 5a). Fe concentrations reported by Baycu [10] in Inula viscosa (652.1 µg/g) and Pis-

tacia lentiscus (shrub) (517.6 µg/g) were lower than the
values obtained in our study.
Zn concentrations in different parts of plants varied
considerably. Generally, roots accumulate more Zn than
stems and leaves. According to Ozturk et al. [2], Zn occurs
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in 7 to 8 times higher levels in roots than other organs.
Highest Zn levels were recorded in Eucalyptus camaldulensis (a tree) (99.75 µg/g), Chorchorus oliterius (herb)
(48.75 µg/ g) and Acacia cyanophylla (tree) (50.5 µg/g),
whereas Pistacia lentiscus (shrub) (24.5 µg/g) and Citrus
limon (tree) (27 µg/g) accumulate the lowest concentrations
(Fig. 5b). Normal Zn levels for plants are 10-100 ppm, and
values above are considered to be poisonous [2].
Lead is not an essential element for plant growth, but
is absorbed by the plant with other elements. It exists in
industrial sludge, wastewaters and in exhaust gases. Citrus
lemon (a tree) (28 µg/g) and Acacia cyanophylla (a tree)
(30 µg/g) accumulate the highest Pb concentration, whereas
Ziziphus lotus (shrub) (5.25 µg/g) and Tamarix tetragyna
(shrub) (4.75 µg/g) accumulate lower Pb concentrations
(Fig. 6a). Generally, 30-300 µg/g Pb levels are considered to
be toxic to plants [20]. The results reported by Baycu
[10] for Pb concentrations in Inula viscosa (0.045 µg/g)
were lower than ours, but Pb for Pistacia lentiscus (shrub)
(0.015 µg/g) was higher than our value.

Arundo donax (herb) (0.28 µg/g), Vitis vinifera (a tree)
(0.22 µg/g), Tamarix tetragyna (a tree) (0.20 µg/g) and
Citrus limon (tree) (0.20 µg/g) accumulate more Cr, and
Pistacia lentiscus (shrub) (0.11 µg/g) and Olea europaea
(tree) (0.11 µg/g) the least amounts. Ozturk et al. [2] noted
that 0.5 µg/g Cr may be considered as toxic to plants.
The trace metal levels in the plants show marked seasonal variations. In particular, hairy surfaces of leaves appear to be the most active accumulators as compared to
smooth ones [2]. For example, Thymus capitatus with its
hairy leaves accumulates lead three times more than the
smooth-leaved Quercus coccifera in the same habitat [20].
Our results show that hairy leaves of Inula viscosa accumulate very high levels of Fe (4120 µg/g), Ni (13.5 µg/g),
Zn (67 µg/g) and Cd (2.5 µg/g). The same is true for the
densely branching Pinus brutia.

Cadmium is a toxic element and exists together with
Zn in nature. The most important sources of Cd pollution
are metal industry, plastics and sewers. Cadmium is taken
up metabolically and easily transported to the other parts
of the plant [2]. In our study, the highest Cd concentration
was recorded in Citrus lemon (a tree) (4.5 µg/g), Ziziphus
lotus (a shrub) (4 µg/g) and Capparis spinosa (a herb)
(2.25 µg/ g), and the lowest in Tamarix tetragyna (a tree)
(1.5 µg/g), Pistacia lentiscus (shrub) (1.5 µg/g), and Chorchorus oliterius (a herb) (1 µg/g) (Fig. 6b). These values are
lower than those obtained by Baycu [10] in Inula viscosa
(5.11 µg/g) and Pistacia lentiscus (shrub) (11.875 µg/g).
Copper occurs naturally in rocks, water and air, and it
is an essential element for plant growth. It is an important
constituent of many enzymes of oxidation-reduction reactions. The most important reason for Cu pollution is metal
manipulating, timber industry and ashes. Chorchorus
oliterius (herb) (0.6 µg/g) Prosopis farcta (a herb) (0.43
µg/g) and Inula viscosa (herb) (1.85 µg/g) accumulate more
Cu as compared to Pistacia lentiscus (shrub) (0.12 µg/g)
and Olea europaea (tree) (0,14 µg/g) (Fig. 7a). Cu concentrations in plants above 5-20 µg/g are regarded as poisonous [2].
Eucalyptus camaldulensis (a tree) (15.75 µg/g), Pistacia lentiscus (shrub) (9.75 µg/g) and Chorchorus oliterius
(herb) (11.75 µg/g) were found to be high accumulators of
Ni. Capparis spinosa (a herb) (8 µg/g) and Acacia cyanophylla (tree) (8.5 µg/g) accumulate the lowest Ni concentrations (Fig. 7b). Normal Ni levels in plants range between
0.5-5 µg/g, and values above are poisonous [2]. Baycu [10]
observed Ni concentration in Inula viscosa (2.105 µg/g)
which is lower than our results, but higher concentrations
for Pistacia lentiscus (shrub) (31.155 µg/g) have been reported by her, with regard to our values.
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FIGURE 6a - Pb accumulation in the above ground parts of different plant species.

FIGURE 6b - Cd accumulation in the above ground parts of different plant species.

FIGURE 7a - Cu accumulation in the above ground parts of different plant species.
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FIGURE 7b - Ni accumulation in the above ground parts of different plant species.

CONCLUSIONS
The levels of trace metals play an important role in
the environmental pollution. The best way to overcome this
problem is to undertake periodic control of their levels in
soils and plants, which can serve as cheap biomonitors [2].
Phytoremediation is a new technology employed for removing excessive toxic elements from the soil [21]. Hyper-accumulators are a special class of plants which have
acquired the ability to accumulate trace metals with higher
than 1% concentration in the foliar dry matter. The Thlaspi
species is known as a hyper-accumulator, because it can
extract and accumulate very high levels of toxic trace metals from the soil. Similarly, Pteris vittata is reported as a
hyperaccumulator for arsenic [22]. Marigold is able to take
up chromium in quite large quantities and could be suitable for phytoremediation of Cr-affected soil. Monitoring
of trace metals in an ecosystem with the help of soils and
plants gives realistic results because they are immobile,
cheap, always available, and need no servicing. The disadvantage with the plant systems is that their reaction not
only depends on the quantity of the substance to be monitored but also on their age, state of health, soil type, soil
moisture, nutrient status of the soil, precipitation, relative
humidity, topography, and temperature [2]. In spite of this,
they are better suited for monitoring ecosystem input and
element fluxes than animals because they act as a quantitatively important sink and source [23].
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ADSORPTION REMOVAL OF METHYLENE BLUE
FROM AQUEOUS SOLUTION BY USING BAMBOO CHARCOAL
Yinian Zhu*, Dunqiu Wang, Xuehong Zhang and Hongdong Qin
Department of Resources and Environmental Engineering, Guilin University of Technology, Jian-Gan Road 12, Guilin 541004, P.R. China

ABSTRACT
The adsorption removal of methylene blue from water by bamboo charcoal was studied in a batch adsorption
system. Experiments were carried out as function of contact time, temperature, adsorbent dose and particle size,
initial adsorbate concentration, and solution pH. The dynamical data fit well with the pseudo-second-order kinetic
model (R2>0.9968), which was indicated with the apparent
activation energy of 27.634 kJ/mol. The Langmuir model
agrees very well with the experimental data (R2>0.9995).
On the basis of the Langmuir analysis, the maximum adsorption capacities were determined to be 58.48 mg/g at
30 oC, 64.10 mg/g at 40 oC and 69.93 mg/g at 50 oC. The
negative values of Gibbs free energy (-12.382 - -15.625 kJ/
mol) indicate the spontaneous nature of the adsorption. It
is suggested that the adsorption is likely to be at the state
between physical and chemical adsorption.

KEYWORDS: bamboo charcoal; methylene blue; adsorption removal; kinetics; isotherm.

INTRODUCTION
Dye pollution is a significant problem in industry. It
is estimated that 10-15% of dye throughput is discharged
into wastewater. Due to the stability of modern dyes, conventional physicochemical and biological water purification methods are inefficient for removing dyes [1]. The
conventional methods, such as coagulation and flocculation, used for the removal of dyes from water-introduced
metallic impurities producing a large amount of sludge
which requires further disposal. The sludge-free treatments
are, therefore, gaining importance. Dye removal from wastewater has received considerable attention with several adsorbents and several classes of dyes being investigated [2].
The successful prediction of adsorption isotherms of
dyes on activated carbon has been reported [3]. The recent
studies on methylene blue adsorption onto peach stones [1],
activated carbon from oil palm wood [4], phoenix tree’s
leaves powder [5], chitosan [6], coir pith carbon [2], sepio-

lite [7], activated carbon [8], pumice powder [9], basic and
acid dyes onto activated carbon [10], cationic and anionic
dyes on a cyclodextrin polymer [11], have been reported.
The conventional methods for removal of dyes using
alum, ferric chloride, coconut shell-based activated carbon
etc., are not economical [2]. Research is, therefore, needed
to develop new alternative environmental-friendly applications that can further exploit various kinds of low-cost adsorbents for removal of dyes, organics and heavy metals
from waters.
Bamboo charcoal is a novel material that has been recently developed. Bamboo is a tropical plant and common
in China, Thailand and Vietnam. Bamboo grows rapidly
and matures in 4 to 8 years. Since we can harvest bamboo
culms every year, bamboo is a sort of renewable organic
resource for sustainable development. The bamboo cane can
be carbonized in a furnace at high temperatures in the absence of oxygen to produce carbon chars. Due to its porous structure and strong adsorption capacity, bamboo
charcoal can be expected to find uses as treatment of gaseous and liquid pollutants in industrial effluents and drinking
water filtration application. The purpose of this work was
to investigate the adsorption removal of methylene blue by
bamboo charcoal. Studies concerning the effects of contact
time, temperature, adsorbent dose and particle size, initial
dye concentration, and solution pH are presented and discussed. Experimental data were analyzed using kinetic equations and equilibrium isotherms. The characteristic parameters for each model have been determined.
MATERIALS AND METHODS
Materials

Bamboo charcoal produced by Guilin Daizen Carbon
Corporation, China was selected as the adsorbent. The fixed
carbon content, the ash content and the specific surface
area of the bamboo charcoal are 67-86.2%, 2-2.4% and
402 m2/g, respectively. The slurry pH of the bamboo charcoal was determined to be 9.1. Prior to its use, the bamboo
charcoal was crushed and screened to a series of particle
sizes (0.125-0.2, 0.2-0.25, 0.25-0.6, 0.6-1.0 mm). It was
then washed thoroughly in distilled water to remove fines.
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Afterwards, it was dried at 110 oC for 24 h and stored in
desiccators for adsorption studies.
Analytical pure methylene blue (MB) supplied by
Guangzhou Chemical Reagent Factory (GCRF), China was
used as an adsorbate. Ultrapure water was employed for
preparing all the solutions and reagents. MB has a molecular weight of 373.9 g/mol, which corresponds to
methylene blue hydrochloride with three groups of
water (C16H18ClN3S·3H2O). A stock solution of MB was
prepared by dissolving 1.0 g in 1 L of ultrapure water, and
the solutions for adsorption tests were prepared from the
stock solution to the desired concentrations by successive
dilutions.
Adsorption removal experiments
Effects of adsorption conditions

The experiments were carried out in a set of conical
flasks (150 ml) by agitating desired amounts of bamboo
charcoal particles with 50 ml of dye solutions of desired
concentration and pH, in an isothermal shaker (30, 40 or
50 oC) at the agitation speed of 150 rpm for 6 h to reach
equilibrium of the solid-solution mixture. Bamboo charcoal particles of four different diameters (0.125-0.2, 0.20.25, 0.25-0.6, 0.6-1.0 mm) were used for the study of
particle size effects at 30 oC. Nine initial concentrations for
MB (100, 150, 200, 250, 300, 350, 400, 450, 500 mg/L)
were employed for the study of initial concentration effect
on adsorption at 30 oC. Effect of adsorbent dosage was
studied with different adsorbent doses (30, 50, 70, 80,
90, 100, 110, 120, 130, 140, 150, 200 mg) and 50 ml of
100 mg/L MB solutions at 30 oC. Effect of pH was studied by adjusting the initial pH of dye solutions using diluted HCl and NaOH solutions (pHs 2, 3, 4, 5, 6, 7, 8, 9)
and the solutions were agitated with 0.1g/50 ml adsorbent
dose for 100 mg/L dye concentrations at 30 oC. All samples were filtered, and MB concentrations in aqueous solutions were determined by measuring the absorbance at
665 nm using a spectrophotometer (Lambda 25 UV/VIS,
Perkin Elmer).

where Co and Ct (mg/L) are the liquid-phase concentrations of MB at initial and at any time t, respectively. V
is the volume of the solution (L) and W is the mass of
bamboo charcoal used (g).
Adsorption isotherm

Adsorption isotherms were performed in a set of conical flasks (150 ml), where solutions of dye (50 ml) with
different initial concentrations (100-500 mg/L) were placed.
Equal masses of 0.1 g bamboo charcoal particles (particle
size 0.125-0.2 mm) were added to dye solutions, and each
sample was kept in an isothermal shaker (30, 40 or 50 oC)
at a stirring speed of 150 rpm for 6 h to reach equilibrium
of the solid-solution mixture. The flasks were then removed
from the shaker, and the final concentration of dye in the
solution was analyzed. The amount of adsorption at equilibrium, qe (mg/g), was calculated as follows:
qe = (Co-Ce)V/W

(2)

where Co and Ce (mg/L) are the liquid-phase concentrations of MB at initial and equilibrium, respectively. V is
the volume of the solution (L) and W is the mass of bamboo charcoal used (g).
RESULTS AND DISCUSSION
Effects of adsorption conditions

Adsorption equilibrium is governed by several operational factors, such as the nature of solute and adsorbent
as well as the pH and temperature of the medium. In this
study, the effect of the solution temperature and pH, the
mass of bamboo charcoal, the particle size of bamboo
charcoal, and the initial concentration on adsorption kinetics was investigated. The particle size and the initial concentration are more directly connected with intra-particle
diffusion than the mass of bamboo charcoal and agitating
speed are, the latter playing a more important role in the
hydrodynamic condition of the liquid phase [12].

Adsorption kinetics

Contact time and temperature

Kinetic studies were carried out in a set of 150-ml glass
conical flasks at constant temperatures of 30, 40 or 50 oC,
by shaking 0.1 g bamboo charcoal particles (particle size
0.125-0.2 mm) with 50 ml of 100 mg/L MB solutions in
each capped conical flask at the stirring speed of 150 rpm.
The aqueous samples were taken from different conical
flasks at different time intervals of 15, 30, 60, 90, 120, 180,
240, 300, 360 and 480 min, respectively. All samples
were filtered similarly through a 0.45-µm membrane filter
in order to remove the carbon fines. And then, MB concentrations in aqueous solutions were determined by measuring the absorbance at 665 nm using a spectrophotometer
(Lambda 25 UV/VIS, Perkin Elmer). The amount of adsorption at time t, qt (mg/g), was calculated as follows:

The adsorption rate denoted by dq/dt shows how much
adsorbate can be adsorbed from the liquid phase onto the
adsorbent within a unit of time. In a diagram depicting the
qt–t relationship, the slope at each point of the curve represents the instantaneous adsorption rate dq/dt [12]. The effect
of the contact time and temperature on the adsorption
kinetics is shown in Fig. 1, in terms of the qt–t relationship. The initial dye concentration decreased rapidly with
the contact time and this confirmed strong interactions between the dye and the adsorbent. In other words, the adsorption capacity increased with contact time. Fig. 1 reveals that the amount of dye adsorbed (mg/g) increased
with the contact time until it gradually approaches the
equilibrium state due to the continuous decease in the
driving force (qe-qt). The equilibrium time was 300 min
for 100 mg/L dye concentration at 30-50 oC. After that, the

qt = (Co-Ct)V/W

(1)
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amount of dye adsorbed and the concentration of dye in
the liquid phase remained almost constant. The amount of
dye adsorbed at equilibrium increased from 42.5 to 49.5
mg/g with the increase in temperature from 30 to 50 oC.

FIGURE 1 - Effect of contact time and temperature on methylene
blue adsorption onto bamboo charcoal (initial dye concentration
100 mg/L, initial solution pH 5.30, adsorbent dose 0.1g/50 ml, adsorbent size 0.125-0.2 mm, stirring speed 150 rpm).

It is also observed that for an initial dye concentration
of 100 mg/L at 50 oC, the maximum amount of dye was
adsorbed within the first 120 min at an average adsorption
rate of 0.369 mg/(g·min) (approx. 90% of total amount of
dye adsorbed) and, thereafter, the adsorption rate tends to
decrease and proceeds at an average adsorption rate of
0.015 mg/(g·min). A similar trend was observed for the
initial dye concentrations (100 mg/L) at 30 and 40 oC. The
contact time between adsorbate and the adsorbent is of
significant importance in adsorption. In physical adsorption, most of the adsorbate species are adsorbed within a
short interval of contact time. However, strong chemical
binding of the adsorbate with adsorbent requires a longer
contact time for the attainment of equilibrium. Available
adsorption studies in literature reveal also that the uptake
of adsorbate species is fast at the initial stages of the contact
period, and, thereafter, it becomes slower near the equilibrium [7]. The initial rapid uptake of adsorbate species may
be due to large numbers of available vacant sites on the
adsorbent surface at the initial stage [2].
Also from Fig.1, the adsorption capacity increased with
the increase of adsorption temperature; therefore, the dye
adsorption was an endothermic reaction in this study. Increasing the temperature is known to increase the rate of
diffusion of the adsorbate molecules across the external
boundary layer and in the internal pores of the adsorbent
particles, owing to the decrease in the viscosity of the
solution. In addition, changing temperature will change
the equilibrium capacity of the adsorbent for a particular
adsorbate [7].

Adsorbent dose

The adsorption of methylene blue onto bamboo charcoal was studied by varying the adsorbent quantity (30,
50, 70, 80, 90, 100, 110, 120, 130, 140, 150, 200 mg/50
ml) in the test solution while keeping the initial dye concentration, pH and contact time constant at different temperatures (Fig. 2).

FIGURE 2 - Effect of adsorbent dose on methylene blue
adsorption onto bamboo charcoal (solution volume 50 ml,
initial dye concentration 100 mg/L, initial solution pH 5.30, adsorbent size 0.125-0.2mm, stirring speed 150 rpm and contact time 6 h).

Increase in adsorption with adsorbent dose can be attributed to increased adsorbent surface area and availability of more adsorption sites. But unit adsorption decreased
with increase in adsorbent dose. This may be attributed to
overlapping or aggregation of adsorbent surface area available to methylene blue, and an increase in diffusion path
length [13]. The actual amount of dye adsorbed per unit
mass of adsorbent decreased with increasing adsorbent quantity in test solution from 47.47 to 24.97 mg/g at 30 oC,
from 55.80 to 24.99 mg/g at 40 oC, and from 64.80 to
24.99 mg/g at 50 oC. On the contrary, the percentage of dye
removed from solution increased continuously from 27.35
to 99.88% at 30 oC, from 33.48 to 99.96% at 40 oC, and
from 38.88 to 99.97% at 50 oC with increasing adsorbent
dosages from 30 to 200 mg in 50 ml test solution. Under
the experimental conditions, the percentage of dye removed
from solution had already been >90% at 30 oC, >95% at
40 oC and >99 at 50 oC when the adsorbent dosage was
0.1g/50 ml. After that, further increase in sorbent dosage
had little effect on sorption.
Particle size of adsorbent

Kd is defined as the intra-particle diffusion rate constant and is related to the intra-particle diffusivity in the
following way:
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where r (cm) is the particle radius and qe (mg/g) is the
solid phase concentration at equilibrium. The equation
clearly shows that Kd depends reciprocally on the adsorbent radius. The increase of the adsorbate uptake qe with
decreasing particle size is also expected, as smaller particles have larger external surface area which increases the
opportunities for collision between the adsorbate and the
adsorbent, causing the adsorption rate on smaller particles
to be faster than on larger ones.

tration. However, if the results are expressed in percentage of dye removed from solution, the percent adsorption
decreased continuously from 83.82 to 23.51% at 30 oC,
95.01 to 26.22% at 40 oC and 98.94 to 28.19% at 50 oC, with
increase in initial dye concentration from 100 to 500 mg/L.

The influence of particle size on dye sorption was
investigated by using 4 different size ranges. Sorption
increases with decreasing particle size in dye solutions
(Fig. 3). This suggests that surface activity and, thus, surface area of the sorbent play an important role in the sorption of dye molecules. In addition, small particles move
faster in solution than large particles, and there is more
shear on their surface. It follows that the boundary layer
thickness is thinner than that on the larger particles, and
this results in faster rate of sorption [14].

FIGURE 4 - Effect of initial dye concentration on
methylene blue adsorption onto bamboo charcoal
(initial solution pH 5.30, adsorbent dose 0.1 g/50 ml, adsorbent
size 0.125-0.2 mm, stirring speed 150 rpm and contact time 6 h).

FIGURE 3 - Effect of particle size of adsorbent on methylene
blue adsorption onto bamboo charcoal (initial dye concentration
100 mg/L, adsorbent dose 0.1 g/50 ml, initial solution pH 5.30,
temperature 30 oC, stirring speed 150 rpm and contact time 6 h).
Initial concentration of MB

The kinetic dependencies were also measured for various initial dye concentrations at 30, 40 or 50 oC, whereas
the other experimental parameters were kept constant.
The dependencies of the amount of MB adsorbed, qe, and
the removal percentage versus the initial concentration are
shown in Fig. 4.

pH value

The overall trend for different temperatures was similar,
i.e., with increasing dye concentrations in test solution from
100 to 200 mg/L, the actual amount of dye adsorbed per
unit mass of adsorbent increased from 41.74 to 58.44 mg/g
at 30 oC, from 47.22 to 63.64 mg/g at 40 oC and from
49.37 to 69.28 mg/g at 50 oC, which confirmed strong
physical and chemical interactions between MB and bamboo charcoal. When the initial dye concentration was higher
than 200 mg/L, the unit adsorption for MB remained almost constant and did not increase with initial dye concen-

The pH of the solution plays an important role in the
whole adsorption process, influencing not only the solution dye chemistry, but also the surface charge of the adsorbent [7, 11]. Effect of pH on the adsorption of methylene blue is shown in Fig. 5. The initial pH of the solution has more influence than the final pH. Methylene blue
upon dissolution released colored dye cations in solution.
The adsorption of these charged dye groups onto the adsorbent surface was primarily influenced by the surface
charge on the adsorbent which, in turn, was influenced by

FIGURE 5 - Effect of initial pH on methylene blue
adsorption onto bamboo charcoal (initial dye concentration
100 mg/L, adsorbent dose 0.1 g/50 ml, adsorbent size 0.125-0.2 mm,
temperature 30 oC, stirring speed 150 rpm and contact time 6 h).
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pH of the solution [13]. After adsorption, the solution pH
increased under acidic conditions or decreased under basic
conditions. The MB adsorption was lowest at neutral initial
pH 7. The amount of MB adsorbed and the percent removal
were more than 46 mg/g and 92% in the initial pH range
2-4, respectively.
Either high or low pH favors the adsorption of MB onto
bamboo charcoal. Earlier work has also indicated that at
low pH, though positively charged surface sites on the adsorbent do not favor the adsorption of dye cations due to
the electrostatic repulsion, dye removal was still high [2].
The constant adsorption capacity of bamboo charcoal for
MB under acidic conditions was an indication that the
electrostatic mechanism was not the only mechanism for
dye adsorption in this system. Bamboo charcoal can also
interact with dye molecules via hydrogen bonding and
hydrophobic-hydrophobic mechanisms [15].
As the pH increased from 7 to 9, the adsorption increased slightly. Several investigations have reported that
methylene blue adsorption usually increases as the pH is
increased [16]. Basically, methylene blue and other cationic
dyes produce an intense molecular cation (C+) and reduced
ions (CH+). At high pH, OH- on the surface of adsorbent
will favor the adsorption of cationic dye molecules [2].

FIGURE 6 - Pseudo-second-order kinetics for
methylene blue adsorption onto bamboo charcoal.

The pseudo-second-order rate constants (k2) listed in
Table 1 have been used to estimate the apparent activation
energy of MB adsorption on bamboo charcoal using the
Arrhenius equation [7, 17]:

k 2 = ko e

Adsorption kinetics

The study of adsorption equilibrium and kinetics is essential in supplying the fundamental information required
for the design and operation of adsorption equipments for
wastewater treatment. In order to investigate the mechanism
of adsorption, this paper employs the 4 different kinetic
models, namely the pseudo-first-order, the pseudo-secondorder, the intra-particle diffusion model, and the modified
pseudo-first-order kinetic model.
Among the 4 kinetic models, the pseudo-second-order
equation generates the best fit to the experimental data
of the three investigated adsorption systems at 30, 40 and
50 oC for the entire adsorption period, with regression
coefficients higher than R2>0.9968 for the concentration
range used in this study (Fig. 6 and Table 1). The calculated qe values from the model were also in good agreement with the experimental values. This indicates that the
pseudo-second-order equation is potentially a generalized
kinetic model for adsorption study. Kinetics of MB adsorption onto bamboo charcoal followed the pseudo-second
order model, suggesting that the rate-limiting step may be
chemisorption [17]. This confirmed that adsorption of dye
takes place probably via surface exchange reactions until
the surface functional sites are fully occupied; thereafter,
dye molecules diffuse into the adsorbent network for further interactions [11].

−

Ea
RT

(4)

where ko is the temperature-independent factor in g/
(mg·min), Ea is the apparent activation energy of the
reaction of adsorption in J/mol , R is the gas constant,
8.314 J/ (mol·K) and T is the adsorption absolute temperature, K. The linear form is:

ln k2 = −

Ea
+ ln ko
RT

(5)

When lnk2 is plotted versus 1/T, a straight line with
slope -Ea/R is obtained.
The magnitude of activation energy may give an idea
about the type of adsorption. There are two main types of
adsorption: physical and chemical. Chemical adsorption is
specific and involves forces much stronger than physical
adsorption. There are two kinds of chemical adsorption including activated and non-activated ones. Activated chemical adsorption means that the rate varies with temperature
according to finite activation energy in the Arrhenius equation. In non-activated chemical adsorption, the activation
energy is near zero [18]. The energy of activation (Ea) was
determined from the slope of the Arrhenius plot of lnk2
versus 1/T according to Eq. (5) and was found to be
27.634 kJ/mol. The positive values of Ea suggest that rise
in temperature favors the sorption and the process is an
endothermic one.

TABLE 1 - Pseudo-second-order kinetic parameters for methylene blue adsorption onto bamboo charcoal.
Temperature (oC)
30
40
50

k2/(g/(mg·min))
0.000557
0.000723
0.001100

qe(mg/g)
45.87
51.02
51.55

384

h/(g/(mg·min))
1.1725
1.8822
2.9240

R2
0.9968
0.9985
0.9996
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Adsorption isotherm

To optimize the design of an adsorption system for
the adsorption of methylene blue, it is important to establish the most appropriate correlation for the equilibrium
curves [2]. In this study, the equilibrium data of the adsorption of methylene blue onto bamboo charcoal at 30, 40
and 50 oC were fitted with the Langmuir equation (Fig. 7
and Table 2), and the Freundlich equation.
The Langmuir isotherm could yield good fits over the
whole concentration range for the adsorption of MB onto
bamboo charcoal, with R2 values of 0.9995, 0.9996 and
0.9997 for the adsorption at 30, 40 and 50 oC, respectively.
Conformation of the experimental data into Langmuir isotherm model indicates the homogeneous nature of the
bamboo charcoal surface. Raising the temperature improves the adsorption capacity from 58.48 mg/g at 30 oC,
64.10mg/g at 40 oC to 69.93 mg/g at 50 oC.
FIGURE 7 - Langmuir plots for
methylene blue adsorption onto bamboo charcoal.

RL values indicate the type of isotherms to be either unfavorable (RL>1), linear (RL=1), favorable (0<RL<1) or irreversible (RL<0) [1, 11]. Table 2 also shows that RL values
between zero and one confirm the favorable uptake of the
dye process, which indicates favorable adsorption [1, 2].

TABLE 2 - Langmuir isotherm parameters for methylene blue adsorption onto bamboo charcoal.
Temperature (oC)
30
40
50

qm(mg/g)
58.48
64.10
69.93

KL (L/mg)
0.3646
0.6724
0.8994

R2
0.9995
0.9996
0.9997

RL
0.0055~0.0267
0.0030~0.0147
0.0022~0.0110

TABLE 3 - Thermodynamic parameters of the adsorption of methylene blue onto bamboo charcoal.
T (oC)
30
40
50

KL (m3/mol)
136.33
251.42
336.27

ΔG (kJ/mol)
-12.382
-14.384
-15.625

Increase of temperature increased the adsorption capacity. The changes in free energy, enthalpy and entropy of
adsorption were calculated from the experiments carried
out at different temperatures using the following equations:
ΔGo = -RTlnKL

(6)

where R is gas constant and KL is the Langmuir constant, and T is the temperature (K).
According to van’t Hoff equation,
ΔGo = -RTlnKL = ΔH°-TΔS°

(7)

the values of ΔH° and ΔS° were determined from the
slope and the intercept of the linear plot of ΔGo vs. T. As
shown in Figs. 1 and 2, the adsorption capacity of MB increased at higher temperatures, which indicates also that
adsorption of MB is an endothermic process. The negative values of ΔGo (-12.382, -14.384 and -15.625 kJ/mol)
indicate the spontaneous nature of adsorption for meth-

ΔH° (kJ/mol)

ΔS° (kJ/(mol·K))

36.61

0.1621

ylene blue at 30, 40 and 50 °C, and confirmed affinity of
sorbent for the dyes. The positive calculated values of
ΔH° (36.61 J/mol) show the endothermic nature of adsorption (Table 3). The positive values of ΔS° (0.1621kJ/
(mol·K)) suggest the increased randomness at the solid/
solution interface during the adsorption of dye on bamboo
charcoal [8].
Physical adsorption and chemisorptions can be classified, to a certain extent, by the magnitude of the enthalpy
change. The range of 5-40 kJ/mol of activation energies
correspond to a physisorption mechanism, or the range of
40-800 kJ/mol suggests a chemisorption mechanism [19].
Based on this, the adsorption of MB on bamboo charcoal with the enthalpy of 36.61 kJ/mol appears to be a physisorption process. However, the calculated enthalpy is near
the range of 40-800 kJ/mol for chemisorptions. Therefore,
dye adsorption is at the state between physical and chemi-
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cal adsorption. Some researchers have suggested that MB
sorption from aqueous solution onto activated carbon is by
a different adsorption mechanism, which may not be described as either physical adsorption or chemisorption [15].
CONCLUSIONS

the research assistance and financial supports from the Program to Sponsor Teams for Innovation in the Construction
of Talent Highlands in Guangxi Institutions of Higher
Learning and the Special Research Program for Excellent
Talents in Guangxi (GuiKeRen 2007-71, No. 2004217).
Financial assistance for this research was also provided
through the Provincial Natural Science Foundation of
Guangxi (GuiKeZi 0832020Z).

(1) MB adsorption onto bamboo charcoal was shown
to be strongly influenced by several operational factors,
such as the nature of solute and adsorbent as well as the pH
and temperature of the solution. The amount of dye adsorbed increased with the contact time until it gradually
approaches the equilibrium. The amount of dye adsorbed
at equilibrium increased from 42.5 to 49.5 mg/g with the
increase in temperature from 30 to 50 oC. The actual amount
of dye adsorbed per unit mass of adsorbent decreased with
increasing adsorbent quantity in test solution. On the contrary, the percentage of dye removed from solution increased continuously with increasing adsorbent dosage from
30 to 200 mg in 50 ml test solution. Sorption increases with
decreasing particle size in dye solutions. With increasing initial dye concentrations in test solution from 100 to
200 mg/L, the actual amount of dye adsorbed per unit mass
of adsorbent increased; when the initial dye concentration
was higher than 200 mg/L, but the unit adsorption for MB
remained almost constant. However, the percent adsorption decreased continuously with increase in initial dye concentration for the concentration range used. Either high or
low pHs favor the adsorption of MB onto bamboo charcoal. The MB adsorption was lowest at neutral initial pH.
(2) The dynamical data fit well with the pseudosecond-order kinetic model (R2>0.9968). The pseudo second-order kinetic model was indicated with the apparent
activation energy of 27.634 kJ/mol. The positive values of
Ea suggest that rise in temperature favors the sorption, and
the process is endothermic. The plots of the amount of dye
adsorbed versus t1/2 for intra-particle transport appeared to
present a multilinearity which indicates that more steps
occurred in the adsorption process.
(3) The Langmuir model agrees very well with experimental data (R2>0.9995). On the basis of the Langmuir
analysis, the maximum adsorption capacities were determined to be 58.48 mg/g at 30 oC, 64.10 mg/g at 40 oC
and 69.93 mg/g at 50 oC. The values of ΔH° and ΔS° of
adsorption were calculated to be 36.61 J/mol and 0.1621kJ/
(mol·K). The negative values of Gibbs-free energy (12.382- 15.625 kJ/ mol) indicate the spontaneous nature of
the ad-sorption. It is suggested that the MB adsorption is
an en-dothermic reaction and likely to be at the state between physical and chemical adsorption.
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and Solutions”. This overarching theme will be discussed
in sessions dealing with the following specific topics:

Press Releases

•	
  Agricultural, domestic and industrial wastes
•	
   Soil quality and pollution by metals, pesticide residues
and other chemicals
•	
  Soil degradation and desertification

MESAEP
15th International Symposium on Environmental
Pollution and its Impact on Life in the Mediterranean Region
October 7 to 11, 2009, Bari – Italy

•	
  Water quality and pollution
•	
  Outdoor and indoor air quality and pollution

with focus on Environmental Threats in the Mediterranean Region: Problems and Solutions Organized by
MESAEP (Mediterranean Scientific Association of Environmental Protection) in collaboration with European
Commission - Joint Research Centre, International
Union of Pure and Applied Chemistry (IUPAC) (requested), European Confederation of Soil Science Societies (ECSSS), Società Italiana della Scienza del Suolo
(SISS) (requested), Balkan Environmental Association,
University of Bari, Italy (requested), University of Ioannina, Greece, Akdeniz University Turkey, Politecnico di Torino, Italy, Helmholtz Zentrum München, Germany, General
State Chemical Laboratory, Cyprus, Regione Puglia (requested), Provincia di Bari (requested), Comune di Bari
(requested), Italian Ministry of the Environment (requested), Istituto Agronomico Mediterraneo (IAM)-Bari (requested), Agenzia Regionale per l'Ambiente (ARPA)
Puglia (requested), SELECTO srl, Bari
Previous symposia were held in Athens, Greece (1981),
Crete, Greece (1983), Istanbul, Turkey (1985), Kavala,
Greece (1987), Blanes, Spain (1989), Como, Italy (1991),
Antibes, France (1993), Rhodes, Greece (1995), Sorrento,
Italy (1997), Alicante, Spain (1999), Limassol, Cyprus
(2001), Antalya, Turkey (2003), Thessaloniki, Greece (2005)
and Seville, Spain (2007).

•	
  Intercompartmental element fluxes
•	
  Crops and food quality and pollution
•	
  Environment and human health
•	
  Animal health risks
•	
   Climate changes and effects on the ecosystem and human health
•	
  Biodiversity
•	
  Sustainable mobility
•	
  Renewable energy use to combat pollution
•	
  Natural and artificial radioactive pollution
All of the above topics will be addressed in an interdisciplinary manner, including aspects of science, technology, policy and
ORAL AND POSTER PRESENTATIONS

The program of the symposium will include plenary
and keynote lectures, and voluntary oral and poster
presentations. Oral and poster contributions will be regarded as scientifically equivalent in the program. Selected posters will be invited to be presented briefly in full
audience sessions. All presentations (oral and posters)
should be in English.

The Executive Committee of MESAEP has the pleasure to present a warm invitation to attend the 15th International MESAEP Symposium that will be held in Bari, Italy,
from October 7 to 11, 2009.

PAPERS PUBLICATION

OBJECTIVES

The book of abstracts will be printed before the opening of the Symposium and distributed to all participants
upon registration at the Symposium.

The objectives of the symposium are to offer opportunities for scientists of different countries to:
•	
   exchange recent results related to environmental pollution processes and their effects on natural resources, public
health and economy in the Mediterranean region
•	
  discuss current scientific, technological and legal issues to
avoid or reduce the degradation of the Mediterranean environment
•	
  provide suggestions and recommendations to regulatory
authorities on environmental quality and safety in the
Mediterranean and other neighboring countries.
MAIN SUBJECTS

The General Theme of the Conference is: “Environmental Threats in the Mediterranean Region: Problems

For both oral and poster contributions, a one-page abstract should be submitted by e-mail, as an attached file,
to the following address: symp09@mesaep.org not later
than March 31, 2009.

Poster or oral presentations will be accepted if at least
one of the authors is registered and present at the symposium.
The Steering Committee of the Symposium will notify the authors on the acceptance and on the form of
presentation by May 31, 2009.
All papers presented at the symposium will be eligible, upon refereeing, for publication in the peer reviewed
international journal FRESENIUS ENVIRONMENTAL
BULLETIN (FEB), the official journal of MESAEP.
SPECIAL EVENTS
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•	
  Welcome reception
•	
  General Assembly of MESAEP
•	
  Gala Dinner
•	
  Social and cultural events

small squares permeated by a suggestive ancient atmosphere, and several small restaurants, pubs and bars.
The active and crowded city centre surrounds the old
city featuring long strait streets, several buildings of the
18th-19th century, including the central University building, the Ateneo, and elegant shops for all needs, restaurants of all types, pubs and bars. A typical feature of Bari
is the impressive boulevard along the seashore (Lungomare), about 2-km long, with the old small harbor where
still are small fishing boats.

REGISTRATION FEES
MESAEP Members

Before June 30, 2009 350 €
After June 30, 2009 or on-site 400 €
Non members

The modern, wider city surrounds the city centre, and
includes the scientific Campus of the University of Bari,
buildings hosting several other University Faculties and
Research Institutes, and the Polytechnic of Bari.

Before June 30, 2009 450 €
After June 30, 2009 or on-site 500 €
Students

The beaches south and north of the city are renowned
for their fine white sands often surrounded by pine woods
and cliffs of calcareous rock.

Before June 30, 2009 180
After June 30, 2009 or on-site 220 €
Accompanying persons

Before June 30, 2009 150 €
After June 30, 2009 or on-site 180 €
The registration fee includes the final program, the
book of abstracts, access to the hospitality desk, coffee and
refreshments during the symposium, the welcome reception, social and cultural events (excursion fee not included)
and Certificate of participation (on request). Accompanying guests will be entitled to all the above receptions and
activities.
The Gala dinner will cost 60 € and the excursion will
cost 60 € for each participating person.
Please use the recommended on-line registration on
the homepage of MESAEP:
http://www.mesaep.org/mesaep/symposium-2009bari-italy/registration-form/

The Symposium will take place at the Palace Hotel in
the city centre. The 2nd circular will include detailed information on the venue and the facilities available to participants.
ACCOMODATION

Rooms at a favorable price have been reserved at the
Palace Hotel (Symposium venue) and other central hotels.
The 2nd circular will include detailed information on hotel
reservation and transportation.
VISA

DEADLINE SCHEDULE
March 31, 2009

The province of Bari and the region of Puglia offer a
number of beautiful towns, both on the coast and on the
hills, rich of culture, monuments and architectural features, and an agricultural land rich of centuries-old olive
trees, vineyards and orchards.

Registration on-line and e-mail sub-

mission of abstracts
May 31, 2009 Notice to authors on the acceptance and
form of presentation
June 30, 2009 Payment of early registration fee
October 7-11, 2009 Symposium, on-site registration
and submission of full papers for publication
SYMPOSIUM LOCATION

The city of Bari is located in Southeastern Italy on the
sunny and warm Adriatic coast, in the Region of Puglia of
which is the regional capital. Bari counts around 400,000
inhabitants and is a very active commercial and touristic
port featuring several daily ferry connections with Greece,
Albania, Montenegro and Croatia.
The city features an old medieval area rich in renowned
monuments, including the romanic Basilica of San Nicola
and the Cathedral of the 10th-11th century, several other
churches and buildings of various styles, narrow streets and

Visa is required for some countries. Please check
with the Italian Consulates or the official representatives
of the Italian Government in your country. No visa is
required for citizens of the European Union and several
South-Mediterranean countries.
FELLOWSHIPS

A limited number of fellowships will be available for
young scientists from Balkan, Asian and African countries upon specific request, and on the basis of their CV
and the scientific quality of the paper submitted.
INFORMATION AND CONTACTS
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Prof. Nicola Senesi
President of MESAEP
Dipartimento di Biologia e
Chimica Agroforestale e Ambientale
Università degli Studi di Bari
Via G. Amendola 165/A
70126 BARI - ITALY
Tel.: +39-080-5442853
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Fax: +39-080-5442850
e-mail: senesi@agr.uniba.it
Dr. Dimosthenis A. Sarigiannis
Secretary General of MESAEP
European Commission – Joint Research Centre
Institute for Health and Consumer Protection
Via E Fermi 1, 21027, Ispra (VA), ITALY
Tel.: +39-0332-785294
e-mail: dimosthenis.sarigiannis@ec.europa.eu

Assist. Prof. Dr. Zehra Can, YTU, Turkey
Dr. Ahmet Öztopal, ITU, Turkey
Dr. Funda Dökmen, KOU, Turkey
Dr. Nafiz Ünlü, BLMYO, Turkey
M.Sc. M. Karaoğlu, BLMYO, Turkey
M.Sc. Sinan Çetin, KOU, Turkey
M.Sc. Yeliz Karaca, ITICU, Turkey
INTERNATIONAL COORDINATORS

Prof. Dr. Pammy Manchanda GNDU, India
pmanch2k1@yahoo.co.in
Dr. Funda Dökmen, KOU, Turkey
f_dokmen@hotmail.com
Dr. Sajid Mahmood CEWRE, Pakistan
smahmoodpk@yahoo.com
Gökhan Erdemir, IAU, Turkey
gokhanerdemir@aydin.edu.tr

Address for Registration and Abstracts

Mr. Werner Bergheim
Helmholtz Zentrum München - IOeC, P.O. Box 1129
85758 Neuherberg, Germany
Fax: +49 89 31873371
E-mail: symp09@mesaep.org
Steering Committee

Nicola Senesi (IT), George Pilidis (GR), Bulent
Topkaya (TR), Massimo Zucchetti (IT), Dimosthenis
Sarigiannis (GR) Manfred Kirchner (D), Werner
Bergheim (D) Stella Kanna-Michaelidou (CY), Sazan
Pakalin (B)
National Organizing Committee

Nicola Senesi (President), Teodoro Miano, Gennaro
Brunetti, Claudio Cocozza,Valeria D’Orazio, Elisabetta
Loffredo M. Rosaria Provenzano, Donato Mondelli (Università di Bari, IT), Claudio Zaccone (Università di Foggia, IT), Lucia Bonavigo, Andrea Ciampichetti, (Politecnico di Torino), Other members to be added

th

IV International Workshop on Applications of
Wavelets to Real World Problems: IWW2009
June 5-7, 2009, Kocaeli/TURKEY

ORGANIZING COMMITTEE

Prof. Dr. M. Şakir Ersoy, GSÜ, Turkey
Prof. Dr. Zafer Aslan, BLMYO, Turkey
Assoc. Prof. Dr. Ahmet D. Şahin, ITU, Turkey
Assoc. Prof. Dr. Nil Pembe Özer, KOU, Turkey
Assoc. Prof. Dr. Sibel Menteş, ITU, Turkey
Assist. Prof. Dr. Ahmet Tokgozlu, SDU, Turkey
Assist. Prof. Dr. Baki Aksu, BLMYO, Turkey
Assist. Prof. Dr. Cankut Dağdal İnce, KOU, Turkey
Assist. Prof. Dr. Hasan Akbayrak, BLMYO, Turkey
Assist. Prof. Dr. Halil Samet, KOU, Turkey
Assist. Prof. Dr. Hülya Kodal Sevindir, KOU, Turkey
Assist. Prof. Dr. Hüseyin Toros, ITU, Turkey,
Assist. Prof. Dr. Nüket Sivri, IU, Turkey
Assist. Prof. Dr. Ozan Arslan, KOU, Turkey
Assist. Prof. Dr. Önder Ekinci, KOU, Turkey
Assist. Prof. Dr. Turhan Karagüler, Beykent U., Turkey

STEERING COMMITTEE

Assist. Prof. Dr. Guven Ozdemir, IU, Turkey
Assist. Prof. Dr. İrfan Ertuğrul, Pamukkale University,
Turkey
Assist. Prof. Dr. Selçuk Burak Haşıloğlu,
Pamukkale University., Turkey
Dr. Deniz Okçu, BU, Turkey
MBA. Ayfer Serap Söğüt, BU, Turkey
MBA Tuğba Altınbas, IAU, Turkey
M.Sc. Bahar Oğuzhan, BU, Turkey
M.Sc. Güray Tonguç, SDÜ, Turkey
M. Sc. Lutfiye Kuşak, IAU, Turkey
M.Sc. Nail Yeniçeri, BU, Turkey
M.Sc. Nevin Z. Çağlar, BU, Turkey
M.Sc. Ömer Çolak, Akdeniz U., Turkey
WORKSHOP TOPICS

* Applications of Wavelet to Real problems
* Applications of Fuzzy Logic
* Mathematical Physics
* Computer Simulation
* Mathematical Modelling of Environmental Problems
* Mathematical Modelling of Agricultural Problems
* Mathematical Modelling of Engineering Problems
* Mathematical Modelling of Economical and Logistical
Management Problems
* Miscellaneous
PROGRAMME
Thursday, 4 June 2009

- Pre-registration and welcome reception
Friday, 5 June 2009

- Registration
- Opening session
- Keynote speakers
- Technical sessions
Saturday, 6 June 2009

- Technical sessions
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- Poster sessions
- Closing session
- Workshop dinner
Sunday, 7 June 2009

- Workshop excursion
DEADLINES

Submitting abstracts: 15 April, 2009
Notification of acceptance: 30 April, 2009
Deadline for registration: 15 May, 2009
Short paper due: 20 May, 2009 (for registered and accepted
papers)
Registration fee: 50 EUR (100TL), included Café break,
lunch and dinner during the workshop days, abstract’s booklet and CD. Registration fee does not cover hotel accommodation. Registration fee for students is 25 EUR (50 TL).
Web Page:

http://iwww2009.kocaeli.edu.tr
http://www.beykoz.edu.tr
COMMITTEES
HONORARY CHAIRPERSON

Prof. Dr. Sezer Şener Komsuoğlu, Rector,
KOU, Turkey
R. Engin Özmen, Head of Board of Trustees, BLMYO,
Turkey
Dr. M. Melek, V. Head of Board of Trustees, BLMYO,
Turkey
CHAIRPERSON

Prof. Dr. Abul Hasan Siddiqi (Dean, Academics, BMAS
Engg, College, India)
siddiqi.abulhasan@gmail.com

Prof. Dr. Donald Gabriels, Gent Univ., Belgium
Prof. Dr. Edward Hindman, CUNY, USA
Prof. Dr. Emin Özsoy, ODTÜ, Turkey
Prof. Dr. Filiz Sunar, ITU, Turkey
Prof. Dr. Halil Kırnak, Harran University, Turkey
Prof. Dr. Haluk Konak, KOU, Turkey
Prof. Dr. Hami Öz, IAU, Turkey
Prof. Dr. İdris Bahçeci, Harran University, Turkey
Prof. Dr. Luis M.S. Ruiz, UPV, Spain
Prof. Dr. Mahir Resulov, Beykent University, Turkey
Prof. Dr. Mete Tayanç, Cyprus International University,
Turkey
Prof. Dr. Mithat Fırat Özer, KOU, Turkey
Prof. Dr. M. Salih Çelikkale, IAU, Turkey
Prof. Dr. Muhammed Latif, Univ. of Lahore, Pakistan
Prof. Dr. Mümin Yamankaradeniz, IAU Turkey
Prof. Dr. Nizamettin Aydın, Bahcesehir Univ., Turkey
Prof. Dr. Orhan Yenigün, Boğaziçi University, Turkey
Prof. Dr. Osman Ucan, IU, Turkey
Prof. Dr. Omer Oguz, BU, Turkey
Prof. Dr. Oya Oguz, ITICU, Turkey
Prof. Dr. Pammy Manchanda (GNDU), India,
Prof. Dr. Paola Ceccon, Udine University, Italy
Prof. Dr. Selahattin İncecik, ITU, Turkey
Prof.. Dr. Serpil Pehlivan, SDU, Turkey
Prof. Dr. Sezgin Alsan, ITICU, Turkey
Prof. Dr. Yahya Yoğurtçu, IAU, Turkey
Prof. Dr. Yasemin Kahramaner, ITICU, Turkey
Prof. Dr. Zafer Aslan, BLMYO, Turkey
Prof. Dr. Zekai Şen, ITU, Turkey
Prof. Dr. Zeynel Cebeci, ÇU, Turkey
Assoc. Prof. Dr. Nevcihan Duru, KOU, Turkey
Assoc. Prof. Dr. Yurdanur Ünal ITU, Turkey

CO-CHAIRS

Assoc. Prof. Dr. Nil Pembe Özer (KOU,
Turkey), npozer@kocaeli.edu.tr
Prof. Dr. Zafer Aslan, (BLMYO, Turkey)
zaferaslan@beykoz.edu.tr
SECRETARY GENERAL

Dr. Funda Dökmen, (KOU, Turkey)
f_dokmen@hotmail.com, fun@kocaeli.edu.tr
iww2009@kocaeli.edu.tr
SCIENTIFIC COMMITTEE

Prof. Dr. Abul Hasan Siddiqi, BMAS Engg,
College, India
Prof. Dr. A. Nejat Evsahibioğlu, AU, Turkey
Prof. Dr. A. Turan Gürkanlı, OMU, Turkey
Prof. Dr. Bekir Karaoğlu, BLMYO, Turkey
Prof. Dr. Carlo Cattani, Universita di Salerno, Italy
Prof. Dr. Celal Kepekçi, BLMYO, Turkey
Prof. Dr. Cemal Saydam, Hacettepe University, Turkey
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