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THE EFFECTS OF HUMIC ACID ON ABOVE-GROUND PARTS OF
BROAD BEAN (Vicia faba L.) SEEDLINGS UNDER AL3+ TOXICITY
Tamer Büyükkeskin1 and Şener Akinci2,*
1

Marmara University, Institute for Graduate Studies in Pure and Applied Sciences, 34722 Göztepe, İstanbul, Turkey
2
Marmara University, Faculty of Arts and Sciences, Department of Biology, 34722 Göztepe, İstanbul, Turkey

ABSTRACT

ABBREVIATIONS

This study has emphasized the effect of humic acid
(HA) on the growth, development and uptake of certain
nutrients in broad bean (Vicia faba L. cv. ERESEN 87)
seedlings grown in aluminum-contaminated compost in pots
during 2007/2009 under greenhouse conditions. Concentrations of Hoagland-Arnon (HO) solutions were prepared
with 50 and 100 µM AlCl3 only for controls of HO, and
additionally with HA for experimental treatments. The
application of HA 50 solution caused a significant increase
(compared to controls) in plant height (PH-cm), number
of leaves (NL-No), leaf area (LA-cm2), fresh weights of
leaf (LFW-g), stem fresh weight (SFW-g), dry weights of
leaves (LDW-g) and stem dry weight (SDW-g). HA 100
caused significant increases in (NL-No), (LFW-g) (LDW-g),
and all related growth parameters increased, but were not
significantly different from HO-treated ones in broad
bean seedlings.
Flame photometry (FP) and inductively coupled plasma
atomic emission spectrometry (ICP-AES) analyses of nutrients indicated that the concentration of potassium was
higher than that of all other nutrients. HA caused reductions in Al3+, Cu2+ and Zn2+ contents of the above-ground
parts of organs in both HA treatments (50 and 100 µM),
but only being significant for Al3+ content in HA50. Mn2+,
Fe3+, Na+, K+ and Ca2+ levels increased in both concentrations, however, results were only significant for Na+ and
Ca2+ in HA100, and for K+ in both HA50 and HA100
treatments. So, it can be suggested that HA contributes to
the development of above-ground parts of broad bean seedlings effectively by balancing the nutrients tested in the
current experiment as well as decreasing the toxic effects
of Al3+.

KEYWORDS: Humic acid, nutrients, broad bean (Vicia faba L.),
aluminum toxicity

* Corresponding author

HA: Humic acid, HO: Hoagland-Arnon solution, FP:
Flame photometry, ICP-AES: Inductively coupled plasma
atomic emission spectrometry, cv. : Cultivar, v. : Variety.

1. INTRODUCTION
Humic acids can be found in varying concentrations in
a number of different sources from soils (turf, compost),
sewage, marine and lake sediments, rivers, peat bogs,
animal fertilizers, leonardite and lignite [1]. Humic substances have long been recognized to have many beneficial effects on soil and, consequently, on plant growth and
yield. HAs make soil more fertile and productive, increase
the water holding capacity of soil [2], and may increase soil
cation exchange capacity (CEC), thereby increasing soil
fertility [3]. HAs help to retain water-soluble inorganic fertilizers, releasing them, as needed, to the growing plants. In
particular, humic substances decrease the negative effects
of chemical fertilizers [2].
Humic substances usually contain large quantities of
trace minerals derived from decayed matter. They promote
the conversion of mineral elements into forms available to
plants from those bonded to HA. By breaking this bond,
elements can be released and transported to the plant from
the root membrane [4-6]. The effect of HA on plant growth
is a subject that has been much reported. The positive effect
of HA can be seen in corn (Zea mays L.) [7, 8], sunflower
(Helianthus annuus L.) [9], marigold (Tagetes patula L.
v. Antigua Gold), pepper (Capsicum annuum L. var. grossum v. King Arthur), strawberry (Fragaria x ananassa Duch.
ex Rozier v. Tribute) and tomato (Lycopersicon esculentum Mill. v. Rutgers) [10], and in common wheat (Triticum
aestivum L.) [11] indicating that HA causes increased
weights of various plant parts.
While the subject of HA effect on nutrient uptake has
been much studied, the data presented by the studies has
varied greatly depending on HA quantities, growth conditions and plant species. The findings of Eyheraguibel et
al. (2008) [7] showed that HA prolonged the availability of
N, P, K+, Ca2+, Cu2+, Mn2+, Zn2+ and Fe3+ in maize. Others
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have reported increased nutrients, such as the macro nutrients (N and P), and micronutrients (Zn2+, Fe3+, Mn2+
and Cu2+) in maize stem [12], N, P and K+ in maize and
tomato stems [13], and in melon (Citrullus lanatus (Thunb.)
Matsum. & Nakai) leaves [2], P, K+, Na+, Mg2+, Ca2+, Mn2+,
Fe3+, as well as Zn2+ and Cu2+ in tomato and egg plant
(Solanum melongena L.) [14]. According to Adani et al.
(1998) [15], in tomato seedlings, fertilizer-sourced HA increased N, P, Fe3+ and Cu2+ whereas leonardite-sourced
HA increased N, P, Fe3+ and Cu2+ uptake. David et al.
(1994) [16] reported that different concentrations of HA
solutions increased the accumulation of P, K+, Ca2+, Mn2+,
Fe3+, Mg2+ and Zn2+ significantly in tomato stem; Tan and
Nopamornbodi (1979) [8] stated that phosphorus concentration decreased while zinc content increased in maize
stem. Fagbenro and Agboola (1993) [17] revealed that in
Tectona grandis L. (common teak), HA increased the uptake of N, P, K+, Mg2+, Ca2+, Zn2+, Fe3+ and Cu2+ while it
decreased Mn2+ absorption.
Although aluminum is not regarded to be an essential
plant nutrient, it occurs as the third most abundant metal in
the earth, comprising some 7% of its mass [18]. Al3+ toxicity depends on various factors, such as water, pH and organic matter content of the growing medium [19], and increases with decreasing pH <5, in which its solubility increases. The toxic effect of aluminum on plants is increased
by decreasing soil pH [20], possibly resulting from industrial pollution and fertilizers used in agriculture [21]. Von
Uexküll and Mutert (1995) [22] reported that approximately 30% of the world’s ice-free land area was occupied
by acidic soil, and combination of aluminum toxicity is
one of the reasons of the poor fertility of acid soil because
only 4.5% of acid soil area is used for arable crops production.
Even macromolar concentrations of Al3+ are toxic to
most plants. It rapidly inhibits root length, changes the
electrical potential of root cell membranes, decreases HATPase activity and, by blocking canal proteins, affects
uptake of water and nutrients, such as phosphorus, calcium and potassium [23-27]. HA prevents the absorption of
Al3+ to the root cells following binding. Although, the
effect of aluminum on various plant organs has been studied recently, the focus of these studies has been on root
system changes, rather than effects on the above-ground
parts of plants. For instance, Blamey et al. (1983) [28]
reported that Al3+ or Al(OH)2+ is responsible for decreasing root length in soybean (Glycine max (L.) Merr.). According to Alva et al. (1986) [29] and Kinraide and Parker
(1990) [30], Al(OH)3 has a much stronger affect than Al3+
on plant growth. The most common symptom is inhibition
in root growth. The roots tend to shorten, thicken and turn
brown, with lateral root development supressed [23].
According to Kochian, (1995) [31] and Ryan et al. (1993)
[32], inhibition of root growth accompanies the prevention of cell elongation and cell division.
The toxic effect of aluminum resembles the effects of
lack of phosphate in plants [33, 34], and particularly af-

fects the uptake of some elements, such as calcium and
phosphorus [24]. Nichol et al. (1993) [25] reported that
Al3+ decreased Ca2+ uptake by 69%, NH4+ by 40%, and
K+ by 13% in aluminum-sensitive barley (Hordeum vulgare L.). In cacao (Theobroma cacao L.), K+, Ca2+, Cu2+,
Fe3+, Mn2+ and Zn2+ [33] were decreased, and in peach
(Prunus persica (L.) Batsch), phosphorus, calcium, magnesium, iron and molybdenum were decreased [36]. Aluminum also decreases Ca2+, Mg2+ and K+, inhibiting plant
growth and causing plant biomass reduction [26]. Aluminum causes the inhibition of K+ uptake in broad bean
guard cells [37]. In silver birch (Betula pendula Roth),
low-level Al3+ concentration increased leaf development,
but high levels (25 mg/L) of Al3+ decreased leaf development and reduced Ca2+, Mg2+ and Fe3+ transport in stems,
although there was no change in phosphorus content [38].
There are many reports of aluminum toxicity on various plants, and effects on nutrient uptake, and a few of
them have focused on the subject of HA and aluminum
interactions [18, 19, 39, 40].
Broad bean is an important nutritious vegetable all
over the world for human and animal consumption, containing 20-36% protein [41, 42], and statistically, in Turkey
21,150 tonnes of dry broad bean are produced, whilst total
world production is up to 4,096,682 tonnes in 2009 [43].
Since there are no reports on HA effects on Al3+ toxicity to broad bean, this paper is aimed to contribute to
this subject. Therefore, the objectives of this experiment
were (i) to assess the effect of leonardite origin HA acid on
broad beans grown in AlCl3 treated pots, and (ii) to determine the uptake of the elements (Na+, K+, Ca2+ and Al3+,
Cu2+, Fe3+, Mn2+ and Zn2+) from the full strength and humic-treated HO nutrients in the above-ground parts of broad
bean (Vicia faba L.) grown in aluminum-contaminated compost in pots during 2007/09.
2. MATERIALS AND METHODS
2.1. Growing method under growth room conditions

The experiments were conducted with broad bean
(Vicia faba L. cv. ERESEN 87) in the growth room of the
Department of Botany, Marmara University, during the
period from November 2007 to 2009. The seeds were obtained from the Aegean Agricultural Research Institute,
Izmir. The ingredients of a commercial product of HA, derived from leonardite and called “Black Gold”, was kindly
provided by HEKTAŞ LTD., Gebze-Kocaeli. Seeds were
soaked in distilled water, than placed in germination media for 2 weeks in petri dishes, each having a disk of filterpaper in the base, and arranged for randomized treatment
with HO’s nutrient solution (Hoagland-Arnon, 1950) [44],
either as control treatment (HO), or with HO’s solution, containing 10 ml HA/L as HA treatment. The solutions used
in the experiment are shown in Tables 1 and 2. After germination, the seeds were transferred into single pots containing 280 g sterilized Gardol compost medium with its
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pH stabilized at 4.5 by adding H2SO4. The pH of the compost was checked once every 2 days. The pots were set up
in a completely randomised block [45] at 23±2 ºC [46],
and the moisture level of the compost was maintained at
55% ± 5 moisture content. The seedlings were exposed to
4000-4200 lux light intensity for 14/10 h day and night
periods, respectively [47].

dissolved in distilled water and made up to 100 ml in the
bottles. In the samples, Na+, K+, Ca2+ and Cu2+, Fe3+,
Mn2+, Zn2+ and Al3+ were determined by flame photometry
(Jenway, PFP7) and ICP-AES (Varian Liberty Series II),
respectively.

The seedlings assigned to aluminum treatment were
irrigated with Hoagland solutions containing aluminum and
HA at concentrations of control (namely, 50 or 100 µM
AlCl3) (as in Table 2). During 2-months treatment, these
concentrations were applied to the control and experimental
plants, at 3-day intervals in 30 ml Hoagland (HO) and Hoagland + 10 ml/L humic acid (HA) solutions, respectively.

All obtained data, from the experiments with 6 replicates set up randomly, were subjected to NCSS (2004)
(Statistical software program) for two-sample t-test. Terms
were considered to be significant at the level of P <0.05
(range test 5% to determine significance of differences
between means). Means are indicated with standard error
(± s.e.).

At the harvesting time, after two months of growth,
the shoots were cut from each plant, fresh and dry weights
of each sample were recorded, and the samples were prepared by the methods of Roberts et al. 1993 [48]; Beadle,
1993 [49] and Mackey and Neal, 1993 [50] for determination of the nutrient contents of the aerial parts of broad
bean (Vicia faba L.) seedlings.
TABLE 1 - Used HA components.
Components
Total organic substances
Total HA + fulvic acid
Water-soluble K2O
pH value

Volume (%w/w)
9.5
18.4
4.0
10-12

TABLE 2 - Used HO - HA and their preparations.
Used HAs
HO50 and HO100
(Control)
HA50 and HA100

Preparation
50 and 100 µM AlCl3 added to 1 L HO solutions
50 and 100 µM AlCl3 added to 1 L HO solutions
containing 10 ml liquid HA

2.2. Nutrient analyses

For the nutrient analyses, samples were prepared by
the wet-ashing method described by Kacar (1972) [51]. The
dried samples were crushed using mortar and pestle. The
powder was placed in an Erlenmeyer flask to which was
added 6 ml nitric acid + perchloric acid solutions. The
samples were kept for 30 min at 40 oC in a water-bath for
digestion, and the solution was removed by heating at
150-180 °C until 1 ml extract remained. This residue was

2.3. Statistical analysis

3. RESULTS AND DISCUSSION
3+

3.1. Effect of HA on some growth parameters of Al
in broad bean seedlings

treated

The results of growth parameters at two different aluminum concentrations and their controls are presented in
Table 3.
The application of 50 or 100 µM AlCl3 + HA increased broad bean seedlings height (cm) by 71 and 26%,
respectively, compared to controls. Many studies have reported that lower aluminum concentrations increase plant
height, whereas higher ones decrease plant height (cm), for
various plants, including silver birch [38], soybean [52],
peach [53], tomato (Lycopersicon esculentum Mill.) [54],
and cacao (Theobroma cacao L.) [35]. According to the
reports of Ergene (1987) [55], Önder and Yentürk (1997)
[56], and Bozcuk (2000) [57], the lack of Ca2+, K+ and
Mn2+ causes reduced plant height with uptake and transportation of these nutrients reduced by Al3+ toxicity [58].
The mean number of leaves (NL) increased by 96% in
HA50; the figure was 49% in HA100. The increase in HA
in both treatments differed significantly at the level of α =
0.05. Aluminum effects reported by Kidd and Proctor
(2000) [38] stated that four varieties of silver birch grown
in aluminum-contaminated media had more leaves than
controls. Chibiliti and Byrne (1990) [53] and Graham (2001)
[36] stated that the number of leaves decreased in peach
seedlings compared to control plants due to aluminum
toxicity. These researches revealed that aluminum causes a

TABLE 3 - The effect of different treatments on some growth parameters in broad bean (Vicia faba L.).
Treatments
Parameters
HO50
HO100
HA50
HA100
Plant height (PH) (cm)
34.43 ± 3.94
57.88 ± 7.11
58.86 ± 9.52 *
73.13 ± 7.12
No of leaves (NL)
12.14 ± 1.55
21.75 ± 4.31
23.86 ± 3.86 *
32.38 ± 4.12 **
Leaf area (cm2)
27.60 ± 4.38
51.04 ± 10.54
49.06 ± 12.54
65.52 ± 11.28
Leaves fresh weight (LFW) (g)
0.87 ± 0.17
1.25 ± 0.26
1.99 ± 0.57 *
2.09 ± 0.21 **
Leaves dry weight (LDW) (g)
0.11 ± 0.02
0.16 ± 0.02
0.22 ± 0.05 *
0.20 ± 0.02 **
Stem fresh weight (SFW) (g)
1.79 ± 0.24
4.11 ± 1.01
4.18 ± 1.23 *
6.30 ± 1.12
Stem dry weight (SDW) (g)
0.18 ± 0.02
0.35 ± 0.08
0.37 ± 0.10 *
0.47 ± 0.09
HO 50 and HO 100 (Hoagland and AlCl3 treated seedlings), HA50 ve HA100 (Humic acid and AlCl3 treated seedlings),*: Significantly different from
HO50; **: Significantly different from HO100. Means are indicated with standard error (± s.e.). (P< 0.05).
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reduction in the number of leaves. Our results suggest that
HA might reduce the toxic effect of aluminum by increasing uptake of certain nutrients, and causing a significant
increase in the number of leaves compared to broad bean
seedlings treated with aluminum alone.
The mean leaf area increased (78%) in the treatment
of HA50 compared to controls, but this was not significantly different at the level of α = 0.05, because of high
variability among the samples. On the other hand, plants
grown in HA100 showed an area increase in the leaves
(28%) compared to HO100 media, but it did not differ significantly at the level of α = 0.05.
There is no existing data on the influence of humic
acid on Al3+ toxicity, although there are some published
studies reporting the effect of aluminum alone on leaf areas. For instance, Kidd and Proctor (2000) [38] stated that
low Al3+ concentration caused increased leaf area in silver
birch trees, whereas a high content decreased leaf area. A
reduction in leaf area is also reported in honey locust
(Gleditsia triacanthos L.) [59], and in tomato [54]. The
results suggest that aluminum toxicity harms roots, such
that nutrient absorption is prevented. Insufficient uptake
of nutrients, such as K+ and Zn2+, reduces leaf area and
may cause leaves to roll over on the upper side [56, 57, 60].
Our results suggest that HA increases K+ and Zn2+ (Figs. 1 b,
1 g), possibly contributing to the expansion of leaf areas in
treated leaves compared to controls.
The present experiment produced leaf fresh weights
of 0.87 g and 1.99 g in HO50 and HA50, respectively. This
increase (129%) in HA-treated leaves was significant at
the level of α = 0.05. Similarly, the increased LFW (g) in
HA100 (67%) was also significantly different from HO100.
The dry weights of leaves were significantly different in
both HA 50 and HA100 media, increasing by 100 and
25%, respectively, compared to HO treatments. Aluminumtreated corn plants have been decreased by increasing
aluminum concentration showing aluminum symptoms in
the leaves [19]. Our results suggest that HA content, such
as carbocyclic phenolic –OH functional groups, can form a
stable compound with monomeric Al3+, reducing the concentration of Al3+. This allowed plants grown under HA
treatment to have more developed roots, increasing water
and nutrient absorption. Our results also suggest that, without HA, Al3+ caused symptoms of toxicity in the leaves,
which were then small, of dark green colour, late maturating, with darkened leaf tips, becoming dry, and with young
leaves rolled.
Stem fresh weight increased significantly, by 134%,
in HA50, compared to controls. An increase of 53% occurred in HA100, although this was not significant at the
level of α = 0.05. SDW also increased significantly in
HA50, by 135%, however, the increase in 100HA (34%)
was not significant at the same level of α = 0.05. Regarding
aluminum effects on plants, some reports state that stem
weight decreased in both aluminum-tolerant and sensitive
soybean [52], in peach [53], in tulip-poplar (Liriodendron

tulipifera L.) seedlings [61], and in cacao [35]. These results agree with our experimental findings of broad bean
fresh and dry weight decreasing without HA (controls) for
both concentrations. However, the study of Gardner and AlHamdani (1997) [40] reports that HA added to the media
of water fern (Salvinia minima Willd.) increased dry matter of plants, which also supports our results. In our research, HA significantly increased fresh and dry weight in
HA50 compared to HA100. The results suggested that while
aluminum concentration increased 2-fold, HA rate did not
change (it was stabilized) in our experiments.
3.2. Effect of HA on nutrient content of the above-ground parts
of broad bean seedlings

The concentration of different nutrients, namely
aluminum, potassium, copper, sodium, calcium, iron, zinc
and manganese, were determined in broad bean plants
grown in HO and HO+ HA solutions with either 50 or
100 µM AlCl3.6 H2O added. And, all obtained results
were determined at the harvesting stage of growth and
evaluated on a percentage basis. The nutrient concentrations among controls and experimental treatments are
presented in Fig. 1.
3.2.1. Potassium/Sodium

The results of nutrient analyses indicated that the concentration of potassium was higher than that of all other
nutrients (K content was on average approx. 4.5 times
higher in HO, and 6.7 times higher in HA than Na, the nutrient with second-highest content) (Fig. 1 b). In the aboveground parts of broad bean, K+ content increased significantly in both HA50 and HA100 treatments, by 78.3 and
138.9%, respectively.
Chibiliti and Byrne (1990) [53] reported that in peach
seedlings, K+ content decreased significantly in stems only
Al3+ treated plants. Simon et al. (1994) [54] observed that
K+ content decreased in stems and leaves of aluminumaffected tomato seedlings. Baligar and Fageria (2005) [35]
reported that increased aluminum content decreased K+ uptake in cacao. As is clear from the above studies, aluminum treatment causes a decrease in K uptake. K+ increasing under HA treatment agrees with the result of Tan and
Binger (1986) [19]. Al3+ can inhibit the H-ATPase activity
in the plasma membrane, thereby decreasing cation uptake
[27]. Therefore, we suggest K+ content might decrease
through the effects of aluminum by virtue of forming a
complex with Al3+, humic acid may decrease Al3+ concentration and, therefore, aluminum toxicity.
Sodium ions are not required for the growth of most
land plants, which do not seem to have transport systems,
specifically for Na+ uptake. However, Na+ can still enter
plant cells via several routes. Current evidence suggests
that Na+ enters root cells mainly through various cation
channels. These channels could be voltage-dependent cation
channels or voltage-independent cation channels (VIC). Of
these, VIC channels are considered to be the major route for
Na+ entry into plant cells [62-65]. There are no reports of
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Na+ uptake under Al toxicity. In our experiment, Na+ content increased slightly (5.7%) in HA50 treatment compared
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FIGURE 1 - Nutrient contents in broad bean (Vicia faba L.) seedlings (HO 50 and HO 100 (Hoagland and AlCl3 treated seedlings), HA50 ve
HA100 (Humic acid and AlCl3 treated seedlings),*: Significantly different from HO50; **: Significantly different from HO100. Bars are
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to HO (Fig. 1 a). However, in HA100, Na+ content increased by 86% compared to controls (HO100) at the same
level of α =0.05. This increase in the above-ground parts
of broad bean agrees with findings from tomato and aubergine [14].
3.2.2. Calcium

The concentration of calcium showed no significant
differences among the treatments of HO50 and HA50. Despite that, Ca2+ content increased by 58% in HA50 but
without any significance, and it increased by 387% in
100HA which was significant compared to 100HO at
the level of α = 0.05 (Fig. 1 c).
There are no reports on the interaction between Al3+
and HA; the available studies report only of the effect of
aluminum on uptake of nutrients. The reports from Kidd
and Proctor (2000) [38] for silver birch trees stems; Shamsi
et al. (2007) [52] for soybean stems; Yoshida et al. (2005)
[66] for Japanese-momi fir leaves; Chibiliti and Byrne
(1990) [53] for peach stems; Simon et al. (1994) [54] for
tomato stems and leaves and Lux and Cumming (1999)
[61] for tulip-poplar seedlings all state that Ca2+ decreased
on exposure to aluminum. These reports that Al3+ in the
growth media can cause decreased Ca2+ in above-ground
parts of organs, agreed with our findings that Ca2+ content was reduced in both 50 and 100 HA treatments. HA
treatment can block the effect of aluminum toxicity, especially the blocking by Al3+ of channel proteins in plasma
membrane which decreases K+ and Ca2+ uptake [67]. Our
results suggest that HA can chelate toxic Al3+, forming a
HA-aluminum complex and reducing the negative effect
of Al3+ on Ca2+ uptake.
3.2.3. Aluminum

The aluminum content of plants varies greatly depending on soil and plant factors. Although there is some
evidence that low levels of Al3+ can have a beneficial
effect on Al3+ tolerant plant growth, in general, its physiological function in plants is not clear [68]. Several reviews
have emphasized that Al3+ toxicity and injury appeared in
plants grown in acidic soil, and Al3+ is one of the limiting
factors in the production of most field crops [69-71].
Aluminum toxicity featured in several interactions
with the uptake of nutrients, such as P, N, Ca2+, Mg2+ and
K+. In acidic soil, Al3+ is also associated with increased
levels of Fe3+ and Mn2+ [68]. However, according to Foy et
al. (1978) [70], Al3+ toxicity in some plants leads to iron
deficiency, with chlorosis due to impaired iron metabolism, and is accompanied by lower Ca2+ and Mg2+ in both
soils and plants.
3+

In the present investigations, Al concentrations differed significantly between the treatments in 50HO and
50HA, with a decrease of 63% in HA (Fig. 1 h). Al3+ content in broad bean leaves also decreased in 100HA by
38% but this was not significant at the level of α = 0.05.
Available studies stated that Al 3+ content increases in

soybean stem [52] and Japanese-momi fir needles in the
absence of HA [66]. According to Tan and Binger (1986)
[19], in corn, increased HA concentration decreased aluminum uptake. This result supports our data showing that HA
can decrease Al3+ toxicity. This might be related to functional groups of HA which contain high levels of oxygen,
which may bind relatively strongly to monomeric Al3+, so
inhibiting uptake by the roots.
3.2.4. Copper

Despite numerous studies explaining Cu2+ mechanisms
in plants, this process of absorption is still far from clear
[68].
The concentration of copper showed that there were
significant differences among the treatments HO50 and
HA50. While the significant decrease in HA 50 was 41%,
there was a 23% decrease in HA100 but this was not significant at α = 0.05 (Fig. 1 d). The results without HA confirm that aluminum causes a reduction of Cu2+ levels in soybean stems [52]; Japanese-momi fir needles [66]; sorghum
(Sorghum bicolor (L.) Moench) leaves [72]; peach stems
[53], and decreases transport in the stems of tomato [54].
3.2.5. Iron

Many reports have stated that there are some differences in Fe3+ content in various plants, however; generally,
legumes are known to accumulate more Fe3+ than grasses.
The Fe3+ concentration did not show any significant
changes in either treatments of HA50 and HA100 despite
the values increasing by 28 and 23%, respectively,
compared to plants grown in HO (Fig. 1 e). Available
reports found some Fe3+ reduction during Al3+ treatment
without HA in soybean stems [52], peach stem [53], or
tomato leaves and stems [54]. On the contrary, Yoshida et al.
(2005) [66] reported that there was no change in Fe3+
content in Japanese-momi fir needles, and Ohki (1987)
[72] observed that Fe3+ content increased in sorghum leaves
by increasing Al3+ concentration.
The literature demonstrates that iron and manganese
are both toxic to plants. Our study found that both elements
increased in equal amounts in the plants, but the level of
toxicity was less than expected. We suggest that humic
acid may have reduced the toxicity of these elements.
3.2.6. Manganese

The solubility of Mn2+ found in soil depends mainly
on the soluble Mn2+ pool and well-drained soils and increased soil acidity, as in HA, always increase Mn2+ solubility.
Despite Mn2+ concentration increasing in both HA50
and HA100 treatments, by 15 and 16%, respectively, compared to HO treatments, the differences were not significant
(Fig. 1 f). Previous studies have looked at changes in Mn2+
content under treatments with aluminum alone. Shamsi et
al. (2007) [52] in soybean stem, Chibiliti and Byrne (1990)
[53] in peach stem, Simon et al. (1994) [54] in tomato stem
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and leaves, and Graham (2001) [36] in peach seedlings
report that Mn2+ content decreased under aluminum treatment. Our results show that HA can cause increasing Mn2+
content in above-ground parts of broad bean, possibly by
breaking the bonds by which aluminum binds to Mn2+,
releasing Mn2+ in the rhizosphere.
3.2.7. Zinc

Zn2+ in soluble form is found in the soil, with availability to plants depending on its concentration in the nutrient solution. Zn2+ adsorption processes are not yet fully
understood despite some generalizations reported by
Farrah and Pickering (1977) [73], Wada and Abd-Elfattah
(1978) [74], and Kuo and Mikkelsen (1979) [75].
The Zn2+ concentrations in both 50HA and 100HA
decreased by 13 and 18%, respectively, but the reductions
were not significant compared to HO treatments (Fig. 1 g).
Reports are only available for treatments with Al3+ alone in
plants, such as Japanese-momi fir [66], peach seedlings
stems [53], tomato stem and leaves [54], and in all of
which Zn2+ content decreased. These researches state that
aluminum might cause root deformation and decrease Zn2+
uptake and transport to the above-ground parts.
4. CONCLUSION
Humic substances have direct effect absorbed by plants
affecting membrane permeability, activity of certain enzymes etc. [76, 77], and indirectly by changing soil structure, increasing solubilization of soil ions etc. [78, 79]. In
both cases, HA enhances plant growth and increases yield
at different values in different crops [80, 81] and affects
growth processes of various plants, such as common wheat
[82, 11], pea (Pisum sativum L.) [83], chicory plant (Cichorium intybus L.) [84], corn [7, 8], sunflower [9], marigold, pepper, strawberry and tomato [10].
Humic substances, being organic matter, act as an important regulator of the mobility of trace elements in soils.
Nevertheless, since organic matter does not exceed 2% of
total soil weight, it cannot be the main factor influencing
trace element behavior in soils.
The stability of metal complexes with humic acids increases, in many cases, with increasing pH from 3 to 7.
The stability index for pure HA shows that heavy metals
(copper, zinc, lead and manganese) form complexes several times more readily, and that the highest proportion of
copper is fixed with HA over the range of pH 4 to 5. Low
levels of aluminum have a beneficial effect on plant growth
in aluminum-tolerant plants, and it is believed that it activates some enzymes and maintains physical properties of
plasma and membrane permeability. The effect of aluminum on physiological function is still not clear, however,
aluminum injury is often reported for plants grown in acidic soil. Regarding growth condition, aluminum is likely to
be concentrated in the roots, with the first symptoms of
negative effect of aluminum appearing here. Our results

suggest that humic acid can chelate and reduce Al3+ in the
root cell wall and membrane, leading to increased uptake
of these nutrients [19].
Plants in acid soils also suffer from deficiencies in
phosphorus, nitrogen, calcium magnesium and potassium.
For legumes, acid soils pose an additional challenge because their symbiotic rhizobia are acid-sensitive [85]. In
most mineral soils, there is sufficient aluminum present to
buffer the soil to around pH 4. Organic acid soils, consisting of large amounts of HA and partially decomposed plant
matter, typically have little aluminum buffering, and the pH
of these soils can fall well below pH 4 [38].
Although many available reports state that HA affects
nutrient uptake in various plants and their above-ground
parts, such as Eyheraguibel et al. (2008) [7], Sharif et al.
(2002) [12], Abdel-Mawgout et al. (2007) [13], Salman et
al. (2005) [2], Dursun et al. (1999) [14], Adani et al.
(1998) [15], David et al. (1994) [16], Ulukan (2007 and
2008) [80, 81], and Valdrighi et al. (1996) [84], there are
no previous reports of the effects of HA on aluminum
toxicity.
The results of the current experiments revealed that
the aluminum might be bound by HA, and HA treatment
releases other nutrients more freely than control conditions. Our results proved that HA can prevent the effects
of Al3+ toxicity on plant growth, and balance nutrient composition in broad bean seedlings.
The results revealed that HA treatment decreased Al3+
content, which may cause adverse effects on plant growth
and development. The application of both concentrations
(50 and 100 mM) of HA decreased Al3+ content. Broad
bean is accepted as an aluminum-sensitive plant, and HA
seems to remove the toxic effect of Al3+ on plant growth.
Plants in 50 mM HA differed significantly in all growth
parameters, except LA, which also increased by 78% but
without any significant differences. Plants in 100 mM concentration showed an increase in all growth parameters,
with significant differences in NL (no), LFW (g) and LDW
(g). The HA treatment was found to be more effective at the
50 mM concentration. The effect on growth was increases
of up to 135% in more than half the growth parameters,
whereas 100 mM-treated plants showed maximum increases
of 67% compared to controls. This result supports the findings of Samac and Tesfaye (2003) [86] who state that humic molecules and organic acids complex with aluminum
in the soil, rendering it non-toxic.
According to Kabata-Pendias and Pendias (2001) [68],
aluminum toxicity in plants is reflected in several interactions with the uptake of nutrients, such as phosphorus, nitrogen, Ca2+, Mg2+ and K+. Generally, excessive aluminum
causes reduction in cation uptake by plants, and is also
frequently associated with increased levels of Fe3+ and
Mn2+ which are readily available in acid soils.
A high organic matter content of soil has a complex
influence on the behavior of trace elements. In the current
experiment, HA caused the increase of Na+, K+, Ca2+, Fe3+
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and Mn2+ content at both concentrations. K+ is the nutrient
with the highest concentration. K+ content significantly increased in both HA concentrations, increasing up to 138%
in 100 mM.
2+

2+

In the current experiments, Cu and Zn levels were
decreased in both HO and HA treatments. This decrease
might be due to Cu2+ and Zn2+ being preferentially absorbed when biological and structural properties of root
cells are altered. However, all elements are taken up passively [68]. In general, for transport from roots to aboveground parts, Mn2+ and Zn2+ are moderately mobile while
Cu2+ and Fe3+ are strongly bound in root cells.
In summary, HA treatment regulates plant growth and
contributes to the development of above-ground parts of
broad bean seedlings by balancing the nutrients tested in
the current experiments, and decreasing the toxic effects of
aluminum.
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SOIL CONTENT OF MINERAL NITROGEN AFTER
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ABSTRACT
The paper presents the results of studies carried out
over 2004-2007, whose aim was to determine the effect of
undersown crops and stubble catch crops used for mulching on the content of nitrogen mineral forms in the soil
profiles of autumn and spring. The field experiments were
conducted at the Experimental Farm in Zawady, owned
by the University of Natural Sciences and Humanities in
Siedlce. The following treatments were examined: control
(no undersown or catch crops), an undersown crop with
its biomass plowed down in autumn (red clover, red clover + Italian ryegrass, Italian ryegrass), stubble catch crop
with its biomass plowed down in autumn (phacelia), and
stubble catch crop whose biomass was used as a springincorporated mulch (phacelia). The content of nitrate and
ammonia ions was determined in two soil layers (0-30 and
30-60 cm) twice, i.e. in autumn and spring. The results
demonstrated that the undersown crops and catch crops
reduced the soil amount of mineral nitrogen in autumn,
but increased the mineral nitrogen content in spring. The
highest soil concentration of nitrate and ammonia ions
was recorded in spring following red clover incorporation.
When the soil surface was mulched with a stubble catch
crop of phacelia in autumn and winter, the mineral nitrogen content significantly dropped in spring as compared
to autumn incorporation. The topsoil had a higher content
of mineral nitrogen compared with the subsoil.

KEYWORDS:
mineral nitrogen, soil, undersown crop, stubble catch crop, mulch

1. INTRODUCTION
At present, more and more attention is being paid to
protection of the soil environment. A special role is attributed to catch crops, which absorb the nutrients not
used by the main crop, thus preventing them from being
leached, not taking place in uncropped fallows [1-5].
* Corresponding author

Stubble catch crops provide a long-term cover, while
undersown crops increase the stand density. It may indicate that undersowing and catch cropping do not cause as
much contamination of groundwater and water-bodies as
farming which relies exclusively on growing main crops
[2, 5, 6, 7]. As a result, the plants used as a mulch, which
cover the soil from autumn to spring, seem to be particularly valuable as they slow down the organic matter mineralization process and prevent nutrients, in particular
nitrogen, from being leached into deeper soil layers [2, 810]. There seems to be a paucity of information in literature on the issue in question. Therefore, this paper aims at
filling in this gap by attempting to determine what effect
undersowing and stubble catch cropping may have on the
soil content of mineral nitrogen in autumn and spring.
2. MATERIAL AND METHODS
The field experiments were carried out in 2004-2007
at the Experimental Farm in Zawady, owned by the University of Natural Sciences and Humanities in Siedlce. The
experiments were established on Stagnic luvisol. The soil
belongs to a very good rye complex, quality class IVa. The
pH in KCl of the topsoil was from 6.5 to 6.6 and the
soil contained 0.685 – 0.693 g kg-1 Nog,, including 4.40 –
4.48 mg kg-1 N-NH4 and 7.20 – 7.25 mg kg-1 N-NO3, and
the following available forms: P, K and Mg at the respective amounts of: 50.4 – 50.7, 112.6 – 113.5, and 53.7 –
54.3 mg kg-1 [11]. The experiment was established as a
randomized complete block design with three replications.
The size of a plot was 20 m2 and the harvested plot area
was 15 m2. The following treatments were used: control
(without undersown or catch crops), undersown crops
with their biomass plowed down in autumn (Trifolium
pratense 20 kg ha-1, Trifolium pratense + Lolium multiflorum 10+15 kg ha-1, Lolium multiflorum 30 kg ha-1), stubble catch crop with its biomass plowed down in autumn
(Phacelia tanacetifolia 12 kg ha-1) and stubble catch
crop and its spring-incorporated mulch biomass (Phacelia tanacetifolia 12 kg ha-1). The undersown crops were
sown into the plot of spring barley grown for grain, while
the stubble catch crops were planted after harvest of the
cereal. In early spring, mineral fertilizers were used at the
following rates: 60 kg N, 39.6 kg P and 99.6 kg K per l ha.
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Spring barley was sown in early April. The undersown
crops were seeded across the rows of spring barley with a
seeder. The plantings were performed on the same day.
Spring barley was harvested in late July. After the harvest
of spring barley, mineral fertilization was applied into
each plot to which undersown crops had been assigned.
The following rates were used: 60 kg N ha-1, 13.2 kg P ha-1
and 49.8 kg K ha-1. The stubble catch crop of phacelia
was sown in early August. In late October, samples of
undersown and catch crop fresh mass and harvest residues were collected from a 1-m2 area of each plot with
the roots from a 30-cm soil layer to determine fresh
mass yield. Then, each fresh mass sample (30 samples in total, including 15 samples of fresh mass and
15 samples of residues) was ground down, 0.5 kg was
weighed out and dried in an electric oven with air circulation. Initially, a temperature of 30 °C was maintained,
and at the end of drying, it was increased to 60 °C and maintained until air-dry mass of plant material was achieved.
When the samples were taken out of the oven, they were
kept at room temperature for 24 hours to let the samples
reach the air humidity. Next, each sample was weighed
with its container and the dry mass content was computed.
Dry mass yield was calculated by multiplying the fresh
matter yield by the dry matter content. The undersown/
catch crops produced the following quantities of dry mass
per l ha: red clover 5.4 t ha-1, red clover/Italian
ryegrass mixture 6.3 t ha-1, Italian ryegrass 6.0 t ha-1
and phacelia 4.7 t ha-1. The control was a “black” fallow tilled from spring barley harvest to late spring. Soil
samples were collected twice, i.e. in autumn (late October) and in spring (early April), from two soil layers (030 and 31-60 cm) of each plot in order to determine the
content of ammonium and nitrate ions using the colorimetric method [11]. The soil samples were collected with a
soil auger. After soil samples (about 200 g) had been
collected, they were placed in a plastic bag and kept frozen until analysis.
Data for each of the characteristics examined were
subjected to variance analysis. Mean separation between
variables was obtained by Tukey’s test.

Climatic conditions in Poland are closely related to the
predominantly temperate climate in Europe. The weather
conditions are influenced by vast areas of land to the east
and waters of the Atlantic Ocean. The weather conditions
in the studied years are presented in Table 1. The year
2004 was the most favourable for growing undersown and
catch crops. Slightly worse weather conditions were observed in 2005, but the worst was the weather in 2006. In
autumn and winter, the lowest precipitation was recorded
in the years 2005/2006; it was higher in 2004/2005, and
the highest was the rainfall in 2006/2007.
3. RESULTS AND DISCUSSION
The mineral nitrogen content determined in the soil
profile in autumn was significantly influenced by the crops
studied (Table 2). The highest soil content of mineral
nitrogen was recorded in the control where no undersown
or catch crops were cultivated. It is consistent with the
results of Fotyma [12], Nowakowski and Krűger [4],
Blombäck et al. [13] and Nykänen et al. [14] who have
shown that the soil content of this element may increase
again in autumn due to reduced uptake of nitrogen and
mineralization of organic nitrogen, once the plants have
terminated their growth. In our study, the crops, particularly those of non-legumous plants (Italian ryegrass and
phacelia), significantly reduced the soil content of mineral
nitrogen. The nitrogen content was also significantly
lower, following the Italian ryegrass/red clover mixture
and red clover, compared with the control. However, it
was higher than the content determined after Italian
ryegrass. A decrease in the soil content of mineral nitrogen
in late autumn following the examined crops was noticeable, although far smaller than values reported in foreign
works [9, 10, 15-18]. It may follow from the fact that,
under conditions of intensive agriculture, the mineral
nitrogen pool available in the soil following grain crops is
large, hence the greater impact of undersown and catch
crops. Moreover, under favourable habitat conditions (better soils, a longer growing season) both types of crops
produce greater biomass, which requires a higher uptake of
nitrogen.

TABLE 1 - The weather conditions over the study period according to the Meteorological Station in Zawady.
Temperature, °C
Months
I
II
III
IV
V
VI
VII
VIII
IX
X

2004
-5.6
-1.0
2.7
8.0
11.6
15.4
17.5
18.9
13.0
9.4

2005
0.4
-4.0
-0.7
8.7
13.0
15.9
20.2
17.5
15.0
8.5

2006
-7.7
-4.7
-1.7
8.4
13.6
17.2
22.3
18.0
15.4
9.9

2007
2.6
-2.4
6.3
8.6
14.6
18.2
18.9
18.9
13.1
7.8

Rainfall, mm
Mean for
1951-2000
-1.7
-0.9
2.7
8.2
14.2
17.6
19.7
19.1
12.9
8.0
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2004
11.5
21.0
19.6
35.9
97.0
52.8
49.0
66.7
19.5
29.5

2005
13.2
13.2
11.7
12.3
64.7
44.1
86.5
45.4
15.8
0.0

2006
0.6
8.1
6.7
29.8
39.6
24.0
16.2
227.6
20.9
22.0

2007
86.4
31.8
23.6
21.2
59.1
59.0
70.2
31.1
67.6
16.3

Average sum for
1951-2000
15.7
14.0
20.4
37.4
47.1
48.1
65.5
43.5
47.3
29.0
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XI
3.1
2.7
5.0
0.8
2.6
20.4
13.8
22.3
28.3
23.4
XII
1.2
-0.9
3.2
-0.3
-2.1
7.6
32.9
10.6
12.4
17.6
TABLE 2 - The effect of undersown/catch crops on the content of mineral nitrogen forms in the soil determined in the autumn, mg kg-1 dry
mass of soil (average for 2004-2006).
N-NH4+

N-NO3Depth of soil layer, cm
0-30
31-60
7.18
4.76
4.77
2.29
4.10
2.00
3.41
1.73
3.62
1.78
3.58
1.75
0.43
0.28

Undersown/catch crop
Control
Red clover
Red clover + Italian ryegrass
Italian ryegrass
Phacelia
Phacelia - mulch
LSD0.05

0-30
4.78
2.07
1.68
1.25
1.42
1.39
0.21

31-60
2.32
1.33
1.17
1.00
1.03
1.04
0.17

Total
0-30
11.96
6.84
5.78
4.66
5.04
4.97
0.90

31-60
7.08
3.62
3.17
2.73
2.81
2.79
0.46

TABLE 3 - The effect of undersown/catch crops on the content of nitrogen mineral forms in the soil determined in the spring, mg kg-1 dry
mass of soil (average for 2005-2007).
N-NH4+

N-NO3Depth of soil layer, cm
0-30
31-60
8.80
6.82
19.23
5.73
16.54
4.72
13.81
3.78
15.17
3.99
10.80
2.70
1.28
0.28

Undersown/catch crop
Control
Red clover
Red clover + Italian ryegrass
Italian ryegrass
Phacelia
Phacelia - mulch
LSD0.05

0-30
5.32
7.13
6.67
6.39
6.52
5.65
0.32

31-60
3.71
2.74
2.41
2.32
2.40
1.87
0.17

In our experiment, the analysis of mineral nitrogen
content in the two soil layers demonstrated a markedly
higher concentration of the element in the upper soil layer
than in subsoil, which has also been reported by Kuś and
Jończyk [2]. The present study, similarly to the research
by Mazur et al. [19] and Trawczyński [20], revealed a
higher nitrate ion content in the two layers of soil compared
with ammonium ions. In the control, in both the upper
and lower soil layer, the concentration of these ions was
the highest. The introduction of undersown and catch crops
into cultivation caused a significant decline in N-NH4 and
N-NO3 contents, compared with their concentrations recorded in the two layers of soil in the control where no
undersown or catch crops were grown [21]. The highest
content of nitrate and ammonium ions was determined in
both the soil layers after Italian ryegrass and phacelia.
The mineral nitrogen concentration determined in the
soil profile in spring was significantly affected by the
experimental factor (Table 3). Undersown and catch crops
significantly increased the mineral nitrogen content in the
upper soil layer, in particular after an incorporation of red
clover. This positive impact, which stimulated the processes of organic nitrogen mineralization in the soil, is referred
to as a “priming effect” [10, 12, 18, 22, 23]. A significantly
lower soil content of mineral nitrogen was recorded after
plowing down of the Italian ryegrass/red clover mixture
followed by an incorporation of the non-legumous
plants, particularly when the soil was amended with phacelia in spring. Kuś and Jończyk [2], Nowakowski and

Total
0-30
14.12
26.36
23.21
20.20
21.69
16.45
1.25

31-60
10.53
8.47
7.13
6.10
6.39
4.57
0.87

Krűger [4], Thorup-Kristensen [24] and Sainju and Singh
[25] have claimed that the decomposition of the undersown/catch crop biomass left till spring on the soil surface
is slower compared with incorporation by ploughing. It
was demonstrated in the present work that such a solution
reduced the risk of potential nitrogen loss from the soil
during the autumn-winter period. The lowest mineral nitrogen content in the upper soil layer was determined in the
control. Analysis of the content of mineral nitrogen forms
in the soil showed a higher concentration of nitrate ions in
spring and autumn compared with ammonium ions [26].
Similar findings have been reported by Mőler and Stinner
[10] as well as Mazur [14]. In our study, mineral nitrogen
content in the lower soil layer was the highest in control,
and the lowest after phacelia mulch incorporation in
spring. It should be emphasized that the issue of reducing
nitrogen losses in the soil by using undersowing/catch
cropping has been gaining more and more importance
recently.
4. CONCLUSIONS
Cultivation of undersown/catch crops significantly reduced and increased the mineral nitrogen content in the
soil, respectively, in autumn and spring, which is particularly important for the protection of the soil environment.
The highest soil concentration of nitrate and ammonium
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ions was recorded in spring following an incorporation of
red clover.
Surface mulching with a stubble catch crop of phacelia during the autumn-winter period significantly reduced
the soil content of mineral nitrogen in spring compared
with the undersown and catch crops which were plowed
down in autumn, indicating that the process of organic
matter mineralization was inhibited.
The upper soil layer was characterized by a higher
mineral nitrogen content compared with the lower layer.
Moreover, a higher concentration of nitrate than ammonium ions was recorded in each plot in autumn and spring.
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ABSTRACT

caused growing ecological, environmental and health
problems both on regional and global scales [4].

Vertical distribution and Diel migration patterns of
phytoplankton in Xiangxi Bay, Three Gorges Reservoir of
China, were investigated during the summer Microcystis
bloom period (July 1, 2-3 and 7, 2008). Phytoplankton
appeared to aggregate at daytime while be uniformly distributed at nighttime in the monitoring period, based on
Morisita’s index (MI) and the mean residence depth (MRD).
Statistical analysis showed phytoplankton performed Diel
vertical migration on July 1 and 2-3, but not on July 7. The
results showed that solar irradiance was significantly correlated with MI and MRD (R2>0.6, p<0.001) while relative
water column stability accounted for more variations of
both parameters (R2>0.7, p<0.001). It indicated that solar
irradiance and relative water column stability greatly affected vertical distribution patterns of phytoplankton in the
Microcystis bloom period of Xiangxi Bay. The impact of
wind velocity on vertical distribution of phytoplankton was
not significant (p>0.05) in the monitoring period.

KEYWORDS: Microcystis bloom, phytoplankton, vertical distribution, Xiangxi Bay, Three Gorges Reservoir

1. INTRODUCTION
Microcystis, as a cosmopolitan cyanobacterium in eutrophic freshwaters, commonly thrives in eutrophic lakes
and dammed reservoirs, and frequently dominates the
phytoplankton community in summer [1-2]. Cyanobacterial
blooms are toxic, often smell bad, complicate water purification, cause oxygen depletion [3], and, consequently, bring
about a series of social, economic and ecological problems.
Toxic freshwater cyanobacteria, such as Microcystis, have

* Corresponding author

It will contribute to understand the process of initiation, development and disappearance of blooms at community level to study vertical distribution patterns of phytoplankton in Microcystis bloom period. To recognize the
most important ecological characteristics of dominant species in the bloom period is very necessary. The unique
feature of cyanobacteria is that they possess gas vesicles
which provide buoyancy [5]. The regulation of buoyancy
enables them to access spatially separated resources, light
and nutrients, and provides a means of escape damagingly
high irradiance at the water surface [5-6]. In other words,
the buoyancy regulation enables these organisms to migrate vertically. Vertical distribution and Diel migration of
Microcystis have attracted broad attention for a long time
[2, 4, 6-10]. The vertical distribution of Microsystis seems
to differ in different water-bodies, depending on the characteristics of water mixing and light penetration [8, 11].
Nitrogen and phosphorus may influence buoyancy response of Microcystis aeruginosa, and then affect their
vertical distribution [8, 10]. The wind velocity may also
exert a strong influence on the vertical distribution of M.
aeruginosa [9].
The large and subtropical Three Gorges Reservoir
(TGR) is affected by strong artificial interference. A largescale cyanobacterial bloom occurred for the first time in
summer of 2008 in Xiangxi Bay of the TGR, dominated by
Microcystis aeruginosa [12-13]. Many researches concerning phytoplankton and bloom in the TGR have been carried out, but most of them with regard to spring [14-20].
The in situ growth rate of Microcystis in this bloom period has been reported [12]. The vertical distribution and
Diel migration patterns of phytoplankton have not been
studied yet. In order to understand the bloom processes,
and supply the basic information for reservoir water quali-

554

© by PSP Volume 20 – No 3. 2011

Fresenius Environmental Bulletin

ty purification and management, the important problems
are performance of Diel vertical migration as well as influence of light, water mixing and wind velocity on vertical distribution patterns of phytoplankton. To respond these
problems, the present study describes the temporal dynamics of phytoplankton vertical distribution patterns firstly,
and then discusses the response of patterns to the environmental variables.
2. MATERIALS AND METHODS
The sampling site was at Xiangxi Ecosystem Station
of the Three Gorges Reservoir (Institute of Hydrobiology,
Chinese Academy of Sciences/China Three Gorges Corporation; Fig. 1). In the monitoring periods of 8:00-22:00
July 1, 10:00 July 2-22:00 July 3, and 5:00-22:00 July 7
in 2008, hourly measurement of chlorophyll a (chla) and
water temperature (WT) was set at 0.5 m intervals from
0.5 m below the surface to 9 m (near to the bottom), with
Environmental Monitoring Systems (YSI 6600EDS, USA).
Meanwhile, we sampled the water of 0.5 m below the surface for nutrient (total nitrogen (TN), nitrate-nitrogen
(NO3N), ammonium-nitrogen (NH4N), total phosphorus
(TP), and phosphate-phosphorus (PO4P)) analyses by the
segmented flow analyzer (Skalar SAN++, The Netherlands), according to Protocols for Standard Observation and
Measurement in Aquatic Ecosystems of Chinese Ecosystem Research Network (CERN) [21-22]. Additionally, we
sampled the water at depths of 0.5, 2, 4, 6, 8 and 10 m at
10:00 on July 3 for phytoplankton quantitative analysis.
Phytoplankton samples were fixed with neutral Lugol’s
solution immediately after sampling. Phytoplankton was
quantitatively analyzed with an Olympus CX21 microscope (Olympus Corporation, Japan) at 400× magnification, in accordance with Hu and Wei (2006) [23]. Phytoplankton biomass was calculated using formulae for geometric shapes and assuming the fresh weight unit expressed in mass, where 1 mm3/L = 1 mg/L [22].

EcoTech Monitoring Stations of Xiangxi Ecosystem Station (EcoTech Umwelt-Meßsysteme, GmbH, Germany).
Solar irradiance incident upon water surface (SI, µmol s-1
m-2) was measured by a quantum sensor (Li-192SA, USA).
An established single-sample index of dispersion
(Morisita’s index, MI) was used to investigate the dispersion patterns for each species [24], and herein we used it
to determine the dispersion patterns of the total phytoplankton (indicated by chlorophyll a) in the water column. MI index was calculated as folows:

MI = n × (∑ ( xi ) 2 − ∑ xi ) /((∑ xi ) 2 − ∑ xi )
where xi is chlorophyll a concentration in a given sampling unit and n is the number of sampling units. The index
is greater than 1 for an aggregated distribution, equal to 1
for a random distribution, and less than 1 for a uniform
distribution [24]. Although useful for quantifying the degree of aggregation in biological populations, dispersion indices do not provide any information on the residence
depth of organisms. For this purpose, the mean residence
depth (MRD) was developed to quantify the average depth
of vertical distribution for plankton species [25, 26]. We
used MRD values to quantify the mean residence depth of
vertical distribution for the total phytoplankton, calculated
as follows:

MRD = ∑ ( xi × d i ) /(∑ xi )
where xi is chlorophyll a concentration in a given
sampling unit, n is the number of sampling units, and di is
the depth of ith sample. For determining the presence or
absence of Diel vertical migration behaviour, two-sample

Data of water level (July 1-7) was obtained from the
China Three Gorges Corporation. Air temperature, precipitation and wind velocity (WV) data was derived from
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FIGURE 1 - Location of the sampling site
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Kolmogorov-Smirnov nonparametric test statistic (K-S
test) were chosen to test the null hypothesis of equal depth
distributions between day and night vertical MRD [26].
The behaviour of Diel vertical migration could be determined by significant difference between day and night
MRD.
The dimensionless parameter relative water column
stability (RWCS) was calculated by comparing the density gradient of the whole water column to the density
difference between 4 and 5 °C pure water using the following formula [27]:

RWCS =

Db − DS
D4 − D5

where Db, Ds, D4, and D5 is the density of the bottom
waters, the density of the surface water, and the densities
of water at 4 and 5 °C, respectively. In this study, the
depth of 1 m was considered as “surface”, and that of 9 m
as “bottom”.
Linear regression was used to analyse the relationships between the density of Microcystis aeruginosa and
chlorophyll a, and also MI (and MRD), SI, RWCS, and
WV relationships. Prior to analysis, SI data was log10(x+1)
transformed. Pearson correlation test was used to explain

the impact of WV on chlorophyll a at 0.5 m below the
water surface. Regression and correlation analyses were
performed with the software SPSS 16.0.
3. RESULTS
3.1. Environmental variables

Water level varied from 144.96 to 145.94 m in the period of July 1-7 (Fig. 2). It decreased slowly from 0:00
July 1 to 11:00 July 2, ascended and descended quickly
from 12:00 July 2 to 17:00 July 3, and then ascended until
6:00 July 5; nevertheless, it fluctuated at high water level
on July 7. It rained from afternoon July 1 to forenoon July
2, and from forenoon July 3 to afternoon July 5 (Fig. 2),
with the maximum precipitation of 18.59 mm from 6:00
to 7:00 July 5. Then, the daily average air temperature gradually decreased from July 1 to 5, but afterwards, it was
weakly elevated (Fig. 2). The wind velocity changed between 0.38-4.42 m/s, and the maximum value occurred at
16:00 on July 2. The maximal value of SI in the monitoring period was 1751.3 µmol s-1 m-2 (11:00 July 7), and
then 1596.2 µmol s-1 m-2 (13:00 July 2), and the maximal
value during the day occurred in the period of 10:0015:00.

FIGURE 2 - Temporal dynamics of environmental variables in the monitoring period
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In lakes and the oceans, solar radiation generates thermal stratification in a water column [28]. While in the Three
Gorges Reservoir suffered strong interference of water
level fluctuations, sustained and steady thermal stratification condition was not generated in the summer Microcystis bloom period. The mean and range of average
water temperature in water column, surface water temperature and nutrient concentrations are shown in Table 1. Mean
value of average water temperature in water column was
25.76 °C, ans varied from 24.56 to 26.57 °C. Mean values
of TN, NO3N and NH4N at the surface water were 1.29,
0.94 and 0.20 mg/L, with the ranges of 0.93-2.08, 0.57-1.71
and 0.02- 0.46 mg/L, respectively. Mean values of TP and
PO4P were 0.06 and 0.03 mg/L, ranging between 0.020.15 and 0.01-0.08 mg/L, respectively.
TABLE 1 - Average water temperature (WT) in water column,
surface WT and nutrient concentrations in the monitoring period
Mean

Range

Average WT in water column (°C)

25.76

24.56-26.57

Surface WT (°C)

27.09

24.99-28.38

TN (mg/L)

1.29

0.93-2.08

NO3N (mg/L)

0.94

0.57-1.71

NH4N (mg/L)

0.20

0.02-0.46

TP (mg/L)

0.06

0.02-0.15

PO4P (mg/L)

0.03

0.01-0.08

3.2. Vertical distribution and Diel migration of phytoplankton

The biomass and density of phytoplankton in the vertical direction (Fig. 3) showed that total biomass and total
density of phytoplankton reached maximal values at 0.5 m
depth (12.0 mg/L and 1.02×108 cells/L). The dominant
species was Microcystis aeruginosa, accounting for 49.083.2% of the total biomass and 83.7-94.8% of the total
density. The relationship between density of M. aeruginosa
(Density) and chlorophyll a (chla) could be expressed as
follows:
Density = 6.674*106chla+3.290*107, R2=0.701, p<
0.05

Therefore, in the following analysis, the dynamic of
chlorophyll a could be regarded as the changing situation
of M. aeruginosa density.
Depth-time isopleths of chlorophyll a (Fig. 4) showed
the distribution patterns of chlorophyll a in the water column. Fig. 4 also indicated that, most of time (8:00-22:00
July 1, 10:00-18:00 July 2, 8:00-19:00 July 3 and 6:0019:00 July 7), the maximal chlorophyll a predominately
occurred in the upper 1 m; while from 19:00 July 2 to
2:00 July 3, the depth of maximal chlorophyll a increased,
and decreased from 3:00 to 7:00 July 3. Along with the
decreased tendency of chlorophyll a in the total water
column, the distribution of chlorophyll a on July 7 appeared
to be uniformly distributed.
The temporal dynamics of MI and MRD (Fig. 5) further quantified the vertical patterns of chlorophyll a in the
water column. In the periods of 19:00-22:00 July 1, 21:00
July 2-8:00 July 3, 20:00-22:00 July 3, 5:00-15:00 and
22:00 July 7, phytoplankton was uniformly distributed in
the water column, while in the other periods it evidenced
aggregated distribution patterns: upwards from 8:00 to
14:00 July 1 and from 9:00 to 15:00 July 3, downwards
from 15:00 to 18:00 July 1 and from 17:00 to 19:00 July
3. In general, chlorophyll a tended to be more uniformly
distributed over time in the monitoring period. K-S test between day and night verified that significant MRD differences occurred on July 1 (shallower in 8:00-18:00, and
deeper in 19:00-22:00, p=0.006), and July 2-3 (shallower
in 10:00-18:00 July 2 and 6:00-18:00 July 3, while deeper
in 19:00 July 2-5:00 July 3 and 19:00-22:00 July 3, p<
0.001). Nevertheless, there was no significant difference
on July 7 between 6:00-18:00 and 19:00-22:00 (p>0.05).
These results indicated that phytoplankton performed Diel
vertical migration on July 1 and 2-3, while not on July 7.
3.3. The correlation and regression analysis between MI,
MRD and SI, RWCS and WV

The Pearson correlation analysis (Table 2) showed
that SI (log-transformed) was significantly correlated with
MI and MRD on July 1 and 2-3; WV was significantly

FIGURE 3 - Vertical distribution of phytoplankton biomass and density at 10:00 on July 3
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FIGURE 4 - Depth-time isopleths of chlorophyll a and the depth of maximal chlorophyll a in the water column (dashed lines)

FIGURE 5 - Temporal dynamics of Morisita’s index (MI, dotted line) and the mean residence depth (MRD, bars) in the monitoring period
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TABLE 2 - The Pearson correlations among MI, MRD, log10(SI+1), RWCS and WV on July 1, 2-3 and 7
(the upper triangle displayed correlation coefficients, and the lower triangle displayed significant levels)
MI
July 1

July 2-3

July 7

MI
MRD
log10(SI+1)
RWCS
WV
MI
MRD
log10(SI+1)
RWCS
WV
MI
MRD
log10(SI+1)
RWCS
WV

0.000
0.000
0.119
0.388
0.000
0.000
0.092
0.003
0.000
0.859
0.000
0.774

MRD
-0.963
0.000
0.099
0.401
-0.914
0.000
0.069
0.010
-0.924
0.975
0.000
0.578

correlated with MI and MRD on July 2-3; while RWCS
was significantly correlated with MI and MRD on July 7.
Linear stepwise regression analysis was applied to explore the impact of SI, RWCS and WV on MI and MRD.
On July 1, SI had greatest influence on both MI and MRD,
accounting for 67.8 and 83.3%, respectively. The linear
equations were as follows:
MI = 0.224log10(SI+1)+0.880, R2=0.678, p<0.001
MRD = -0.355log10(SI+1)+3.964, R2=0.833, p<0.001
On July 2-3, SI was also the most important variable
for the variations of MI and MRD, accounting for 63.6 and
64.4%, respectively. The linear equations were as follows:
MI = 0.148log10(SI+1)+0.849, R2=0.636, p<0.001
MRD = -0.300log10(SI+1)+4.048, R2=0.644, p<0.001
With respect to July 7, RWCS appeared to be more
important, accounting for 83.2% of the MI variations and
79.1% of the MRD variations, with the linear equations as
follows:
MI = 0.010RWCS+0.460, R2=0.832, p<0.001
MRD = -0.027RWCS+5.008, R2=0.791, p<0.001
Taken together, linear stepwise regression analysis
for July 1, 2-3 and 7 showed that SI and RWCS were the
main influencing factors of MI and MRD, as they accounted for 58.8% of the total variations of MI and 55.3%
of the total variations of MRD. The stepwise regression
equations were:
MI = 0.123log10 (SI+1)+0.006RWCS+0.345, R2=0.588,
p<0.001
MRD = -0.243log10(SI+1)-0.010RWCS+4.859, R2 = 0.553,
p<0.001
4. DISCUSSION
The general view of diurnal vertical migration for
cyanobacteria which possess regulation of buoyancy is

log10(SI+1)
0.823
-0.913
0.473
0.255
0.797
-0.803
0.342
0.012
-0.047
0.008
0.676
0.597

RWCS
0.420
-0.443
0.201
0.801
0.285
-0.307
0.163
0.000
0.912
-0.889
0.109

WV
0.240
-0.234
0.314
-0.071
0.487
-0.426
0.409
0.660
-0.075
0.145
-0.138
-0.080

0.761

that, during daytime, they sink within the water column
because high rates of ballast formation by photosynthesis
at the surface decrease their buoyancy, and at night, they
rise up the water column [29], while in Lake George, Microcystis colonies were evenly distributed during the night
and early morning but sank to the bottom during mid-day
[8, 30]. The situation was different from the above results
in Xiangxi Bay during summer Microcystis bloom: the
phytoplankton dominated by Microcystis aeruginosa migrated upwards at forenoon, downwards at afternoon, and
was uniformly distributed in the water column at night. A
simulation study indicated that the daily migration pattern
of Microcystis varied at different concentrations of Microcystis in a water column; when the concentration was
higher, Microcystis tended to move to the upper layer [8].
This conclusion can clarify the investigation in Xiangxi
Bay to some extent: phytoplankton tended to move upwards at noon and afternoon of July 1 and 2-3 when chlorophyll a concentration was quite high.
The position of cyanobacterial cells or colonies in the
water column depends on both the buoyancy of the cyanobacteria and the water motions [6]. Cyanobacteria regulate
buoyancy in response to light intensity [8]. The water motions can result in variations of water column stability. It
was reported that the vertical distribution of phytoplankton
is associated with water column stability [31-32]. During
summer Microcystis bloom in Xiangxi Bay, solar irradiance and water column stability took very important influence on the patterns of phytoplankton vertical distribution,
but the relative importance of both factors were distinct in
different periods. Phytoplankton performed Diel vertical
migration on July 1 and 2-3 when chlorophyll a concentration was high in the water column, and, in this period,
solar irradiance became the dominant factor determining
the vertical distribution patterns of phytoplankton. Nevertheless, on July 7, when chlorophyll a concentration in the
water column was low because of great precipitation and
temperature reduction, phytoplankton tended to be uniformly distributed, and during this period, the impact of
water column stability started to appear.
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From the perspective of colony formation of Microcystis under field conditions, it may be attributed to synergic effect of abiotic and biotic factors like temperature,
light, nutrients, wind-induced turbulence, and chemical
secretions by zooplankton [33]. In Taihu Lake of China,
vertical distribution of Microcystis aeruginosa colonies
of different sizes indicated that small colonies are easily
affected by the wind-induced mixing, while large colonies
tend to show little diurnal repositioning to light intensity
and, thereby, are mainly concentrated in the surface layer
[34]. In Xiangxi Bay, the colony formation of Microcystis
may affect the temporal changes of residence depth, so it
is well worth further studies.

[3]

Delbanco, A.S., Hansson, L.A. and Gyllström, M. (2003) Recruitment of resting stages may induce blooms of Microcystis
at low N: P ratios. Journal of Plankton Research 25, 10991106.

[4]

Howard, A. (2001) Modeling movement patterns of the cyanobacterium, Microcystis. Ecological Applications 11, 304310.

[5]

Brookes, J.D., Ganf, G.G. and Oliver, R.L. (2000) Heterogeneity of cyanobacterial gas-vesicle volume and metabolic Activity. Journal of Plankton Research 22, 1579-1589.

[6]

Wallace, B.B., Bailey, M.C. and Hamilton, D.P. (2000)
Simulation of vertical position of buoyancy regulating Microcystis aeruginosa in a shallow eutrophic lake. Aquatic
Sciences 62, 320-333.

In the Nakdong River, Korea, the concentration of
chlorophyll a reached its highest level when the wind
velocity was low at the surface; on the contrary, chlorophyll a concentration increased towards deeper water as
high wind velocity was encountered [9]. So the authors
suggested that a management scheme incorporating the
impact of wind velocity on the vertical distribution of
Microcystis may be a way of improving river water quality [9]. Unfortunately, it may be infeasible in Xiangxi Bay,
because the effect of wind velocity on chlorophyll a concentration at the surface was not significant (p>0.05), and
only accounted for a small amount of MI and MRD variations. In other words, the importance of wind velocity on
temporal dynamics of surface chlorophyll a concentration
and phytoplankton vertical distribution patterns was not
obvious in the summer Microcystis bloom period of Xiangxi
Bay.

[7]

Reynolds, C.S. and Rogers, D.A. (1976) Seasonal variations
in the vertical distribution and buoyancy of Microcystis aeruginosa Kütz. Emend. Elenkin in Rostherne Mere, England.
Hydrobiologia 48, 17-23.

[8]

Takamura, N. and Yasuno, M. (1984) Diurnal changes in the
vertical distribution of phytoplankton in hypertrophic Lake
Kasumigaura, Japan. Hydrobiologia 112, 53-60.

[9]

Ha, K., Kim, H.W., Jeong, K.S. and Joo, G.J. (2000) Vertical
distribution of Microcystis population in the regulated Nakdong River, Korea. Limnology 1, 225-230.
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EQUILIBRIUM, KINETIC AND THERMODYNAMIC
STUDIES ON ADSORPTION OF REACTIVE DYES
ONTO ACTIVATED GUAVA LEAF POWDER
Himanshu Patel* and R. T. Vashi
Department of Chemistry, Navyug Science College, Rander Road, Surat – 395009, Gujarat, India

ABSTRACT
Due to excessive consumption of reactive dyes, textile industrial wastewater having high quantity of these
contaminants causes pollution problems. Adsorption is an
efficient method for removal of dyes and other contaminations using natural adsorbent as well as activated carbon materials. In this investigation, the removal of Reactive Black 5 and Reactive Green 12 has performed by adsorption method using activated guava leaf powder from
dye concentrations of 50 gm/L prepared in deionized water.
The equilibrium isotherm and kinetic model were studied by
altering different process parameters like adsorbent dosage and contact duration, respectively. Freundlich, Langmuir, Redlich-Peterson, Dubinin-Raduskevich and Temkin
isotherms were utilized to describe the equilibrium characteristics of adsorption. The data were analyzed using
kinetic models viz. pseudo first- and second-order, intraparticle and Elovich equations. Among all, Freundlich and
pseudo isotherm second-order equation were best fitted with
the resulting data. The thermodynamic parameters, such as
free energy of adsorption (ΔG°), enthalpy change (ΔH°)
and entropy change (ΔS°) were also determined and evaluated by varying temperature of a system.

KEYWORDS:
Activated guava leaf powder, Reactive dyes, Adsorption equilibrium isotherms, Kinetic models, Thermodynamic study

1. INTRODUCTION
Adsorption is of considerable industrial importance
and a major part of many different processes throughout the
chemical and process industries, including many reactions
mechanisms - chemical and biochemical, purification and
filtration, gas and liquid processing, and catalysis [1]. Acti* Corresponding author

vated carbon (powdered or granular) is the most widely
used adsorbent because it has excellent adsorption efficiency for organic compounds and heavy metals, but its
use is somewhat limited due to its high cost which led to
search for low-cost adsorbents or preparation of low-cost
materials [2]. Hence, low-cost adsorbents especially made
from natural sources like plant root, leaf, seed, peel, etc
are being investigated. Ulmus leaves and their ash [3],
rubber (Hevea brasiliensis) seed shell [4], Platanus orientalis leaves [5], rich husk [6], sunflower stalks [7], and
Neem leaf powder [8] have been used for wastewater treatment, and adsorption has emerged as a cost-effective and
efficient alternative for the removal of hazardous contaminations including dyes from low-strength wastewaters.
Also, some acids were also utilized for activation of adsorbents [9, 10].
Investigations have evaluated inexpensive alternative
adsorbents, such as naturally occurring materials and wastes
which are environmentally acceptable for pollutants and
colored compounds [11]. Reactive dyes are typically azobased chromophores combined with different types of reactive groups. They differ from all other classes of dyes in
that they bind to the textile fibers, such as cotton to form
covalent bonds. The expanded use of reactive dyes during
the last decade has made an impact on conventional methods for treating textile effluents due to the generally poor
biodegradation of such dyes (especially those containing
azo-groups) under aerobic conditions [12]. Various types of
adsorbents [13-22] were utilized for removal of responding
reactive dyes is shown in Table 1.
Previously, we compared guava (Psidium guajava)
and mango (Mangifera indica) leaf powder for removal of
methylene blue, and out of these two, guava leaf powder
had been proven to be an efficient adsorbent [23]. Present
study aimed to investigate the adsorption process onto
activated guava leaf powder (a-GLP) for removal of Reactive Black 5 (RB5) and Reactive Green 12 (RG12) from
aqueous solutions. The experimental data were applied to
adsorption isotherm and kinetic models. The thermodynamic studies were also investigated to predict the nature
of adsorption.
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TABLE 1 - Natural material used as adsorbent in the removal of reactive dye.
Sr. No.
1
2

Name of Reactive Dye
CI reactive green 12 and CI direct green 26
Everzol Black B, Everzol Yellow 3RS H/C and Everzol Red 3BS

Adsorbent
Squid pen, sepia pen , Anodonta shell, chitin [13]
Sepiolite [14]

3
4
5

Reactive Red 141
Reactive Red 222
Reactive Yellow 2, Reactive Black 2

Narrow-leaved cattails (Typha angustifolia Linn.) [15]
Activated Charcoal [16]
Activated Sludge [17]

6
7

Reactive Red 189
Reactive Red 158

Chitosan bead (cross linked) [18]
Chinosan flake [19]

8
9
10

Remazol Black B, Remazol Brilliant Blue R and Remazol Brilliant Red F3B
Reactive Orange 16
Rhodamine-B

Bagasse fly ash [20]
Sugar cane bagasse [21]
Dried activated sludge [22]

2. MATERIALS AND METHODS
2.1 Dye

The structures of synthetic textile dye Reactive Black 5
(C.I. Reactive Black B – RB 5) and Cibacron Green T3G-E
(CI Reactive Green 12 – RG12) obtained from Merck,
India are illustrated in Figs. 1 and 2, respectively. The purity
of these dyes was 90-95 %. The purposes of selection of
these dyes are due to their extended regional use in textile industry. The molecular formulae and weights are
C26H25N5O19S6Na4 and 992 g/mol for RB5, respectively,
and C60H29Cl3N16NiO21S7:6Na and 1837.7 g/mol for RG12,
respectively. A synthetic test dye solution was prepared
by dissolving an amount of dye (1 g/L) in distilled water,
subsequently diluted to the required concentration. Concentrations of the dye solutions were determined from the
absorbance of the solution at the characteristic wavelengths, λmax = 592 and 612 nm of RB5 and RG12, re-

spectively, using a Double Beam UV–VIS spectrophotometer (ELICO SL 164). Samples were diluted if the absorbance exceeds 0.8. Final concentration was then determined from the calibration curve. The quantity of dye
adsorbed, qe (g/g) by the a-GLP was calculated using the
following formula:
qe = (Co - Ce) V / W

(1)

where, Co and Ce are the initial and equilibrium time
solution concentrations of the dye (mg/l), respectively, V
is the volume of the solution (L), and W the weight of the
a-GLP used (g).
2.2 Adsorbent

The guava (Psidium Guajava; Family: Myrtaceae)
trees are easily available in Indian region. The mature guava
leaves used in the present investigation are collected from
the available trees near Navyug Science College, Gujarat.

FIGURE 1 - Structure of Reactive Black 5 (C.I. Reactive Black B – RB 5).
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FIGURE 2 - Structure of Cibacron Green T3G-E (CI Reactive Green 12 – RG12).

They are washed thrice with water to remove dust and
water-soluble impurities, and are dried until the leaves become crisp. The dried leaves are powdered and further
washed with distilled water till the washings are free of
color and turbidity. Then, the guava leaf powder is dried and
preserved in glass bottles. For activation guava leaf powder, it was stirred with 0.1 N sulphuric acid for 30 min.
Thenafter, it was washed with de-ionized water to remove
untreated acid, and dried in an oven at 60 ± 2 °C. To analyze feasibility of a-GLP for adsorption technique, the surface properties of a-GLP were performed by Fourier Transform Infrared (FTIR) spectroscopy, particle size analysis
and Scanning Electron Microscopic analysis using instruments viz. Shimadzu, Japan (Model 8400S), Sympatic, Germany (Model Helos-BF) and Philips, The Netherlands
(Model XL-30 ESEM), respectively.
2.3 Sorption Isotherm Model

The equilibrium sorption isotherm is fundamentally
important in the design of sorption systems. Equilibrium
studies in sorption give the capacity of the sorbent. It is
described by sorption isotherm characterized by certain
constants whose values express the surface properties and
affinity of the sorbent (Samsun clone). Different equilibrium models were available to predict the sorption behav-

ior. The most commonly available models are Freundlich,
Langmuir, Redlich-Peterson, Dubinin-Raduskevich and
Temkin Isotherms. For analyzing these isotherms, synthetic wastewater, containing 60 mg/L of both reactive
dyes, RB5 and RG12, was treated with 1.0 to 10.0 mg/L aGLP at 300 K for 4 hrs.
2.3.1 Freundlich Isotherm

The Freundlich expression [24] is an empirical equation based on multilayer sorption to a heterogeneous surface and is expressed by the following equation:
qe = KFCe1/n or log qe = log KF + 1/n log Ce
(2)
where qe and Ce are the amount of adsorbed adsorbate
per unit weight of adsorbent and unadsorbed adsorbate
concentration in solution at equilibrium, respectively. And
KF and 1/n are Freundlich constant characteristics of the
system, which are determined from the log qe vs. log Ce.
2.3.2 Langmuir adsorption:

Langmuir monolayer adsorption isotherm is very useful for predicting adsorption capacities and also interpreting into mass transfer relationship. The isotherm can be
written as follows:
qe = kLCe/(1+aLCe) or (Ce/qe) = (1/KL)+(aL/KL) Ce (3)
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The constant KL (L/g) is the Langmuir equilibrium
constant, and the KL/aL gives the theoretical monolayer
saturation capacity, Q0. These Langmuir parameters were
obtained from the linear correlations between the values
of Ce/qe and Ce. Generally, the Langmuir equation applies
to the cases of adsorption on completely homogeneous surfaces where interactions between adsorbed molecules are
negligible [25].
2.3.3 Dubinin-Raduskevich Isotherm

This isotherm can be used to describe adsorption on
both homogenous and heterogeneous surfaces. The Dubinin– Radushkevich equation has the following form:
q e = q me

-βε2

or In qe = In qm - βε

2

…

(4)

where qm is the Dubinin–Radushkevich monolayer capacity (mmol/g), β a constant related to sorption energy,
and e is the Polanyi potential which is related to the equilibrium concentration as follows:
ε = RT In (1 + 1/Ce)

………

(5)

where R is the gas constant (8.314 J/mol K) and T is
the absolute temperature. The constant b gives the mean
free energy, E, of adsorption per molecule of the adsorbate when it is transferred to the surface of the solid from
infinity in the solution and can be computed using the
relationship:
E = 1/ (2β) 1/2

(6)

The magnitude of E is useful for estimating the mechanism of the adsorption reaction. In the case of E < 8 kJ/mol,
physical forces may affect the adsorption. If E is in the
range of 8–16 kJ/mol, adsorption is governed by ion exchange mechanism, while for the values of E >16 kJ/mol,
adsorption may be dominated by particle diffusion [25].

2.4.1 Pseudo first-order equation

The pseudo first-order equation of Lagergren [27] is
given as follows:
ln(qe − qt ) = ln qe − k1t

where qt and qe are the amounts of TBC adsorbed at
time t and equilibrium (mg/g), respectively, and k1 is the
pseudo first-order rate constant for the adsorption process
(1/min). The linear graph of ln(qe − qt ) vs. t shows the
applicability of first order kinetic.
2.4.2 Pseudo second-order equation:

This chemisorption kinetic rate equation is expressed
as follows:
t / qt = (1/ k2qe2) + (1/qe)t

qe = RT ln(ACe)/b or qe = B lnA + B lnCe

2.4.3 Intra-particle equation

Kinetic data can also be analyzed by an intra-particle
diffusion kinetic model [28], formulated as follows:
qt = kp t1/2 + C

(10)
-1

-1/2

where kp (mg.g .min ) is the intra-particle diffusion
rate constant, and C is the intercept of the plot of qt versus
t1/2. If this linear plot passes through the origin, then intraparticle diffusion is the rate-controlling step. The plots of
intra-particle diffusion do not pass through the origin.
2.4.4 Elovich equation

The adsorption data may also be analyzed using the
Elovich equation [29], which has the form:
(dqt / dt) = α e- qt or qt = 1/β ln (αβ) + 1/β ln t
β

(7)

where RT/b = B, the adsorption data can be analyzed
according to the above equation. Therefore, a plot of qe
versus ln Ce enables to determine the constants A and B
[26].
2.4 Kinetic Studies

The adsorption kinetics is important as it can predict
the rate at which a pollutant is removed from aqueous
solutions, and provide valuable insights into the mechanism of sorption reactions. To study the rate constant for
the adsorption of RB5 and RG12 on a-GLP, the following
kinetic models were tested to fit experimental data obtained
from dye removal (Main group). The synthetic wastewater
having 60 mg/L of initial concentration of RB5 and RG12
was treated at different contact durations of 15 to 90 min
at 300 K and adsorbent dosage of 5 mg/L.

(9)

where k2 is the equilibrium rate constant of pseudosecond order equation (g/mg min). The linearity of t / q t
vs t suggests the best fitted with pseudo-second order
kinetic [6].

2.3.4 Temkin Isotherm

This isotherm describes the behavior of adsorption
systems on heterogeneous surfaces, and it has generally
been applied in the following form:

(8)

(11)

where α is the initial adsorption rate constant (mg/g
min) and the parameter β is related to the extent of surface
coverage and activation energy for chemisorption (g/mg).
The Elovich equation can be simplified by assuming that
αβt>>1, and the integration of the rate equation with the
same boundary conditions as the pseudo first- and secondorder equations become the Elovich equation.
2.5 Thermodynamic studies

Thermodynamic parameters, Gibbs-free energy (ΔG°),
change in enthalpy and (ΔH°) change in entropy (ΔS°),
were obtained from the experiments carried out at different temperatures. The free energy of adsorption (ΔG°) can
be related with Langmuir adsorption constant [30] by the
following equation:
ΔG°= -RT lnKL or
InKL= -ΔG°/RT= (ΔS°/R)-(ΔH°/RT)

(12)

Thus, a plot of lnKL versus 1/T should be a straight
line. ΔH° and ΔS° values were obtained from the slope
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and intercept of this plot, respectively. The thermodynamic studies were carried out using adsorbent dosage of
5 mg/L at different temperatures of 300-360 K, and dye
initial concentration of 60 mg/L for RB5 and RG12.
3. RESULTS AND DISCUSSION
3.1 Surface characterization of a-GLP

Figure 3 depicted the FTIR spectra of a-GLP, in which
large stretching between 3000–3500 cm-1 was found due to
carboxylic acid and amino group, band at 3000-2800 cm-1
due to the aliphatic CH-stretching of methyl group, and

sharp bands around 1700 and 1653 cm-1 which are due to
stretching frequency of C=O and bending N-H groups,
respectively. Bands around 1365 and 1240 cm-1 were due
to phenolic OH and -SO3H groups, respectively. Some
bands near 1000 cm-1 were also exposed due to aliphatic
and/or vinyl C-H group. Such types of materials were
utilized as adsorbents [29, 31]. The particle size of a-GLP
was found to be 120-150 µm. The SEM images of a-GLP
(Fig. 4) were taken at lower magnification (300X), and also
higher magnification (2000X), showing a highly porous surface. From all discussion, we can say that a-GLP is suitable
for adsorption process to remove dyes and other contaminations.

FIGURE 3 - FT-IR spectra of a-GLP (guava leaf powder).

FIGURE 4 - SEM Image of a – GLP (guava leaf powder).
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3.2 Equilibrium isotherm model

Equilibrium data, commonly known as adsorption isotherms, are basic requirements for the design of adsorption
systems. Adsorption isotherm also usually describes the
equilibrium relationship between adsorbent and adsorbate.
The equilibrium parameters for all these isotherm are mentioned in Table 2, in which maximum adsorption capacities
(Qmax) of linear equation Langmuir isotherm were found
to be 0.7842 and 0.9282 g/g for RG12 and RB5, respectively. Many investigations were conducted for adsorption
of RB5 removal using various adsorbents, like modified
sepiolite [14], Palm Kernel Shell Activated Carbon (PKSAC) [32], Biomasses [33] and Powdered Activated Charcoal (PAC) [12], and their Qmax values were 0.0612, 0.0998,
0.352-0.282 and 0.05882 g/g respectively. And also, for
adsorption of RG12, adsorbents like chitin [13], sepia pen
and squid pen [34] were used, and their Qmax values were
0.123, 0.119 and 0.202 g/g respectively. The correlation
coefficient (r2) value for the equilibrium curve is the most
significant parameter to optimize the design of an adsorption system to remove dyes from effluents. Hence, the
correlation of equilibrium data using either a theoretical or
empirical equation is essential for the adsorption interpretation and prediction of the extent of adsorption. Therefore,
the equilibrium experimental data for adsorbed RG12 and
RB5 on a-GLP were analyzed using the Langmuir, Freundlich, Dubinin-Raduskevich and Temkin isotherms mentioned in Table 1. The Freundlich isotherm was found to
be linear over the entire concentration range studies, with
good linear correlation coefficients (r2 = 0.9952 and 0.9962)

for RG12 and RB5, respectively, with respect to other isotherm models, showing that data correctly fit the Freundlich isotherm. So, the Freundlich equation represents the
best fit of experimental data with regard to the other isotherm equations, proving homogeneous and multilayer surface. The same pattern was observed for absorption of
various types of dyes onto adsorbents [35, 36]. In DubininRaduskevich isotherm, the value of E was found to be less
than 8.0, so, so it can be concluded that physical forces
affect the adsorption mechanism.
3.3 Kinetic studies

Values of correlation coefficients for these equations
determined by non-linear regression for all kinetic models, pseudo-first and pseudo-second order, intra-particle
equation and Elovich equation for adsorption of RG12 and
RB5 onto a-GLP are listed in Table 3. High r 2 (>0.99)
implies that the correlations fit well with the experimental
data. It can be observed that correlation coefficient values
i.e. 0.9999 and 0.9980 of pseudo-second order equation,
for RG12 and RB5, respectively, were higher than other
ki-netic equations. So, pseudo-second order equation is
most fitted with respect to other equations. Similar views
have been expressed earlier [37, 38].
3.4 Thermodynamic studies

Table 3 presents the values of thermodynamic parameters. Positive values of ΔH° suggested the endothermic
nature of the adsorption, and the negative values of ΔG° indicated the spontaneous nature of the adsorption process.

TABLE 2 - Adsorption isotherm parameters for the adsorption of reactive dyes onto a-GLP.
Equilibrium isotherm
Freundlich

Langmuir

Dubinin-Raduskevich

Temkin

Equilibrium parameters
n
KF (L/g)
r2
Qmax (g/g)
KL (L/mg)
r2
qm (g/g)
β (mmol2/J2)
E (kJ/mol)
r2
A
B
r2

Reactive Dye
RG12
1.0429
9.0965
0.9952
0.7842
0.0315
0.9337
11.7569
2.1972
0.4814
0.9810
811472
3.7119
0.9799

RB5
1.033
9.2726
0.9962
0.9282
0.02637
0.9228
10.8173
2.1353
0.4889
0.9836
4504753.8
3.5725
0.9833

TABLE 3 - Correlation coefficient values of kinetic models for the adsorption of reactive dyes onto a-GLP.
Adsorption kinetics
Pseudo first order equation
pseudo second order equation
Intra-particle equation
Elovich equation
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Reactive Dye

r2 Value

RG12
RB5
RG12
RB5
RG12
RB5
RG12
RB5

0.9367
0.9893
0.9999
0.9980
0.9731
0.9896
0.9960
0.9973
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TABLE 4 - Thermodynamic parameters for the adsorption of reactive dyes onto a-GLP.
Reactive Dye

RG12

RB5

Temperature (K)
300
310
320
330
340
350
360
300
310
320
330
340
350
360

ΔG° (kj/mol)
- 16.6352
- 17.2069
- 17.7754
- 18.3498
- 18.9218
- 19.5000
- 20.6352
- 17.0559
- 17.6357
- 18.2180
- 18.7984
- 19.3782
- 19.9623
- 21.0559

However, the value of ΔG° decreased with an increase in
temperature, indicating that the spontaneous nature of adsorption is inversely proportional to the temperature. The
positive values of ΔS° show the increased randomness at
the solid/solution interface during the adsorption process.
The adsorbed water molecules, which are displaced by the
adsorbate species, gain more translational energy than the
energy lost by the adsorbate ions, thus allowing the prevalence of randomness in the system. The enhancement of
adsorption at higher temperatures may be attributed to the
enlargement of pore size and/or activation of the adsorbent surface [6].

Thermodynamic parameters
ΔS° (j/mol K)

57.25

543.25

58.11

377.86
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GROWTH OF FIVE COHORTS OF LARVAL AND EARLY
JUVENILE SPOTTED SEA TROUT, Cynoscion nebulosus
Müge Aliye Hekimoğlu1,* and M. Refik Orhun2
2

1
Ege University, Faculty of Fisheries, Aquaculture Department, Izmir, Turkey
University of Miami, Rosenstiel School of Marine and Atmospheric Sciences, USA

ABSTRACT
Analysis of empirical laboratory data of larval growth
rate variation of five cohorts of larval and early juvenile
spotted sea trout from hatching to 30-37 day emphasizes
the differentiation during early-life history stages. Batch
growth-rate variability increased steadily with developmental stage from hatching process by flection in terms of
standard length and dry weight variations. Results revealed
age- and developmental stage. Specific growth rates show
a curvilinear relationship with an intermediate maximum
end of the flection stage extending into the post-flection
stage. Growth rates of older flection and post-flection larvae are more determinative about overall average of larval
batch growth rates but less determinative about younger
pre-flection or early flection larval growth rates.

KEYWORDS:
Cynoscion nebulosus, spotted sea trout, larval growth

1. INTRODUCTION
The spotted sea trout, Cynoscion nebulosus (Cuvier in
Cuvier and Valenciennes, 1830), which is a member of
the family Sciaenidae, is a part of an important portion of
inshore bottom fishery in coastal temperate zones and
tropical environments. Spotted sea trout is an euryhaline
species that can endure a wide variety of salinities during
adulthood as well as during its early life history stages [1,
2]. Even though, in terms of its spawning habitat requirements, it is presumed that it is an estuarine-dependant species [3]; ichthyoplankton surveys put forward the importance of coastal spawning, which is also proven by the
distribution of younger larvae in coastal plankton assemblages [4]. Older, late larvae and early juveniles are thought
* Corresponding author

to be utilizing tidal stream currents by passing as transport
mechanisms and to be settling on sea grass beds in inshore nursery areas at around 20 mm standard length (SL)
[5, 6]. The literature survey has demonstrated that, despite
the availability of a considerable amount of studies on
biomass and productivity of eusterine species, comprehensive studies about pertaining to estuarine trophic levels and
estuarine communities are rare [5]. The review of literature available on the living resources of macrobenthic
communities has indicated that the detailed knowledge,
specifically that to estuarine systems, is insufficient.
The ability to initiate voluntary spawning of adult sea
trout under laboratory conditions by manipulating photoperiod and temperature [7, 8], and the relative ease of its
larval rearing, makes it to be considered as an excellent
species being useful for laboratory experiments. Analysis
of growth parameters in laboratory-reared larvae can provide insights into age-, size-, and stage-specific growth
rates, as well as behavioural patterns that may be valuable
for the assessment of the conditions and growth of wildcaught larvae [9].
The purpose of the current study is to quantify the
variability of growth rates in larval spotted sea trout for
the larval period as a whole, and also to determine growth
rates within the various developmental life history stages.
Growth rates of larvae both from within and between cohorts are considered on a comparative basis, aimed to add
to the “stage duration hypothesis” [10, 11].
2. MATERIALS AND METHODS
In the morning after spawning, eggs are obtained, from
a captive broodstock of spotted sea trout, held at the University of Miami’s experimental hatchery. They involved
initial stocking of 380-L rearing tanks with 5 eggs per L.
Water temperature of laboratory tanks is maintained at
28±0.5 °C. Rearing tanks are kept under natural photoperiod and lighting through southward windows. Marine rotifers of the species Brachionus plicatilis, are enriched overnight with Isochrysis sp., before being food for the larvae
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[12], and are added to the rearing tanks once daily. As soon
as larvae have pigmented eyes and a functional mouth,
their diet is adjusted via the addition of Artemia sp. metanauplii. The more the rotifer additions are reduced, the
more Artemia sp. meta-nauplii concentrations in the diet
are increased. In this period, the Artemia sp. meta-nauplii is
provided once a day as well. In post-flection (larvae >8 mm
standard length (SL)), meta-nauplii concentrations are
adjusted twice a day, in the morning and the afternoon, due
to the threat of cannibalism. These late larvae are “weaned”
slowly with frozen Artemia sp., whereas adults and early
juveniles are fed with minced frozen shrimp meat once a
day.
Sub-samples of eggs, yolk-sac, pre-flection, flection,
and post-flection larvae, as well as early juveniles, are
taken from five separate cohorts for determinations of SL,
total length (TL), wet weight (only late larvae and early
juveniles) and dry weight (Table 1). Egg diameters and
larval lengths are measured to the nearest ± 0.1 mm under
a dissecting microscope by a calibrated ocular scale, and
calibrated calipers are used for measurements of late postflection larvae and early juveniles. Measurements of egg
diameters and all larval lengths are taken from living individuals. Samples of eggs and larvae are dried to weight
constancy for 48 h at 55-60 °C in a drying oven. Samples
are held subsequently in a desiccator before weighing on
an electronic Cahn micro-balance model C35 with an
accuracy of ± 0.0001 mg. Dry weights of early juveniles
are measured by an electronic Mettler balance with an
accuracy of ± 0.01 mg. Wet weights of early juveniles are
also measured by an electronic Mettler balance with an
accuracy of ± 10 mg.
The current analysis demonstrated that the condition
factor (weight/L3) is inherent in the length-weight relationship of larvae, and that they could be used as one of the
parameters for comparison of differences between cohorts
and differences between developmental stages within and
between cohorts. Due to cubical nature of the relationship
between length and weight, similar to one linear measure
versus the volume, the data from a given larval sample are
log-transformed before the linear regression. Linear regressions are fitted to the natural logarithm which is transformed into lengths and dry weights of each sample of
larvae by using least-square methods [13]. For the whole
experimental period, average instantaneous growth coefficients in length and dry weight are also determined for
each of the five cohorts as well as an instantaneous growth
coefficient using all individuals from all cohorts that are
combined.
Descriptive statistics of lengths and weights are determined on each sample from each batch, and they include
the average, standard deviation, coefficient of variation
(COV), and the range between minimum and maximum. In
addition, coefficients of variation of standard lengths and
dry weights from each sample of larvae taken from each
batch are plotted as functions of length and weight from
hatching up to the early juvenile stage.

3. RESULTS
The average dry weight of the egg is 31±5 µg. Chorion
weight is estimated as 7 µg and about 22% of the egg dry
weight. The yolk-sac is visible in the larvae at about 60 h
after hatching (28 °C). Forty-eight hours after hatching
(28 °C), eyes become fully pigmented, mouths are opened
and became functional, and shortly afterwards, larvae begin
capturing and ingesting rotifers. There is an apparent mixedfeeding on endogenous yolk-sac reserves as well as exogenous food (rotifers) for about a period of 12 or more h.
Initial swim bladder inflation is obvious in most larvae
shortly after mouth-opening, and does not depend on initiation of first exogenous feeding. The (feeding) pre-flexion
stage larvae with primal fin fold and initial pectoral fin
buds extended to about 5 mm SL, or to notochord length
(NL). In larvae >5 mm SL, at first, formation of caudal fin
rays is observed, continued with subsequent upward flection of the forming caudal fin rays. The flection process
and completion of caudal fin formation are finalized when
larvae reach about 7.5-8 mm SL. Metamorphosis from
post-flection larvae to early juveniles occurs between 1520 mm SL, as it is proven by changes in pigmentation
patterns, i.e. scale formation with guanine crystals that
gives juveniles a silvery adult-like appearance, as well
behavioural patterns, such as benthic orientation and thigmotaxis.
Newly hatched yolk-sac larvae from the fourth batch
had a mean notochord length NL of 1.84 ± 003 mm, and
average dry weight of 24 ±5 µg. Growth rates of larvae in
the yolk-sac and first feeding stages at SL and dry weight
are linear, and as a result, non-transferred data are depicted
on the linear regression curve (Figs. 1a, 1b).
Standard lengths increased at 0.98 ± 0.02 mm/day
from hatching to 1 DAH (for the first 24 h of the yolk-sac
period) and decreased at 0.25 ± 0.16 mm/day for the second day of the yolk-sac period. Length in the transitional, first-feeding larvae (i.e. mixed feeding, see above)
increased again at a rate of 0.46 ± 0.12 mm/day. Dry
weight patterns are governed by the fact that there is only
one endogenous feeding on the yolk-sac reserves for the
first 48 h after hatching, resulting in a net loss of total
body weight. However, while subtracting the yolk-sac
weight from the total weight; the actual weight of the
larva has increased [14]. Only total weight patterns are
considered, and they show a steady linear decrease for the
yolk-sac period of 4.1 ± 0.32 µg/day and 4.8 ± 2.0
µg/day for the 1 DAH and 2 DAH yolk-sac larvae, respectively. During the transition from endogenous to the
exogenous feeding from 2 DAH to 3 DAH, larvae show
dry weight increase rates of 13.8 ± 0.97 µg/day.
3.1. Descriptive statistics

Variations in SL and dry weight exhibit different patterns for different cohorts of spotted sea trout larvae and
early juveniles (Table 1; Figs. 2a, 2b). Variability in SL
and dry weight, as it is indicated by the coefficients of
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FIGURE 1a - Standard Length (SL) of larvae from hatching to 1 day after hatching (DAH).
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FIGURE 1b - Daily loss in body dry weight from newly-hatched to 1-day yolk-sac larvae.

variation (COVs), increase with increasing length and weight
throughout the experimental period for cohorts 1 and 2, and,
to a lesser degree, among individuals from cohort 3. In cohorts 4 and 5, variability and COVs also increased initially throughout the flexion stage (~5-8 mm SL), but they
decreased thereafter being lower than those of cohorts 1
and 2 for late post-flection larvae and early juveniles. At
SL, COVs are around 2% in newly hatched yolk-sac larvae of all five cohorts.

Samples of 1 and 2 DAH yolk-sac larvae and 3 DAH
feeding larvae are only taken for the batch 4, and COV’s
were low (1.9 and 3.1% in 1 DAH yolk-sac and 3 DAH
first-feeding larvae), but increase intermittently up to 9.9%
in 2 DAH yolk-sac larvae that is just prior to the onset of
first exogenous feeding. COV’s lengths are between 1018% for flection larvae of all cohorts, and for the larvae
especially at an early pre-flection, between 4-6 DAH (cohorts 2, 3, and 5, i.e. 2.4-3.7 mm SL), showing COV’s
between 3.8 and 7.6%. At the end of the experimental period, COV’s lengths climb to 18.2 and 35.7% for cohorts 1
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and 2 at ages 31 DAH and 37 DAH, respectively, and to
14.8% for the batch 3 at 32 DAH, but dropped to 5.6 and
7.4% for the cohorts 4 and 5 at 35 DAH and 30 DAH,
respectively.

Increase in variation (COV) in dry weight from newly
hatched larvae to the early juveniles is considerably greater
than the variation (COV) in SL for the same growth period
(Figs. 2a, 2b). COV values increase in pre- flection larvae
older than 8 DAH, flection and early post-flection larvae

TABLE 1 - Descriptive statistics summary of standard lengths and dry weights at age in days after hatching for five different cohorts of
larval and early juvenile spotted sea trout.

Mean
1.88
4.18
8.47
20.8
33.2
1.84
2.41
4.34
6.86
28.1
1.85
2.37
3.49
6
26.7
1.84
2.83
2.58
4.93
8.68
13.8
21.0
1.88
3.69
4.74
18.5

SD
0.04
0.49
0.89
5.89
10.89
0.04
0.10
0.52
0.86
5.10
0.03
0.09
0.46
1.05
3.95
0.03
0.04
0.25
0.54
1.51
0.85
1.18
0.03
0.28
0.55
1.37

Min
1.82
3.29
6.56
13.4
19.4
1.78
2.25
3.44
5.49
22.2
1.80
2.24
3.25
4.71
21.2
1.80
2.78
2.29
4.07
6.65

Max
1.95
4.80
10.5
35.7
56
1.91
2.55
4.80
9.08
40.7
1.92
2.51
4.31
7.76
36.9
1.90
2.90
3.07
5.71
10.9

19.1
1.86
3.21
3.84
15.2

23.5
1.94
4.07
5.71
21.3

Dry Weight [µg]
Mean
SD

Min

Max
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3764
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27
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4
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102
515
31390
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307
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25
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70601
24
20
16
139
994
3450
23912

4
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40169
4
4
4
47
461
709
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15
14
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418
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10059

16
88
2745

32
111
7390

78
416
13190

35
30
25

Coefficient of variation [%]

Standard Length [mm]
Cohort
Age
1
0
1
12
1
18
1
31
1
37
2
0
2
5
2
12
2
18
2
32
3
0
3
4
3
11
3
17
3
31
4
0
4
1
4
2
4
8
4
16
4
22
4
35
5
0
5
6
5
14
5
30

Cohort 1
Cohort 2
Cohort 3
Cohort 4
Cohort 5

20
15
10
5
0
0

5

10

15
20
25
Age [Days After Hatch]

30

FIGURE 2a - Coefficient of variation in length vs. age.
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with average dry weights which are between 55-1860 µg,
and between 28.7-59.7% for all cohorts. COV of young
pre-flexion larvae 4 to 6 DAH (cohorts 2, 3 and 5, i.e. 2.43.7mm SL) are between 15.6 and 28.7%. Similar to the
observed trend of the variation in length, the variability
(COV) in dry weights diverges among cohorts 1, 2 and 3
versus the cohorts 4 and 5. COV increased to 131.6 and
107.2% for batch 1 at 31 DAH and 37 DAH, respectively,
and to 58.9 and 56.9% for the cohorts 2 and 3 at 32 DAH
and 31 DAH, respectively. In the cohorts 4 and 5, COV
values decrease to 19.1 and 27.3% at 35 DAH and 30 DAH,
respectively.
Length (SL) of larvae over the 30-37 day period from
hatching to the late post flection and early juvenile phase
increased at about 0.8-1.3 orders of magnitude, i.e., from
about 1.9 mm SL at hatching to 15.2–56 mm SL (Fig. 3a).
Increase in dry weight over the same period is considerably higher, and at about 2.3-3.9 orders of magnitude, i.e.,
from about 24 µg at hatching to between 7390-590,639 µg
at 30-35 DAH (Fig. 3b). Greater increases in length are reflected by the difference in the overall instantaneous growth
rate coefficients in the equation for growth in length and
weight of 0.0762 and 0.2561, respectively (Figs. 3a, b).
Average daily increases are approximately 7.6 and 25.6%
for length and weight, respectively.
4. DISCUSSION
This study provides new information about growth of
spotted sea trout larvae and early juveniles that are formerly not available. Larval growth estimates are performed in
length both [15, 16] predicted as 7 mm SL and about 17
days old, representing a linear growth rate of 0.30 mm/ day
and an instantaneous length-growth coefficient of 0.078
(these growth rate estimates are assumed to be 1.85 mm SL
as the initial larval length at hatching). Both values are close
to the overall average linear growth rate which is estimated
by the current study of 0.31 mm/day, and the average instantaneous length-growth coefficient of 0.074 is fitted
with data of all sampled larvae from hatching to 18 DAH.
Compared with the length-growth coefficients of the faster
growing cohorts 1, 2 and 3, their estimates are lower and at
about 7 to 12%. When the early juvenile phase is considered, even greater differences in length-growth coefficients
are found between the current study and the estimates in
field studies [15]. They indicate that at 25 mm SL early
juvenile spotted sea trout should be around 54 days old.
When an initial size at hatching of 1.85 mm SL is considered, their estimated growth rates convert into a linear
growth rate of 0.44 mm/day, and into an instantaneous
length-growth coefficient of 0.046. In comparison, overall
linear growth rate in the current study is estimated to be
0.72 mm/day with an instantaneous length-growth coefficient of 0.076, and it is predicted that a 25-mm SL early
juvenile is about 30 or 34 DAH old, depending on linear
or log-linear length fit, respectively. The range of age estimates for a 25-mm SL early juvenile grown in the labora-

tory are between 31 to 42 DAH for the linear fit, and 31 to
35 DAH for the log-linear fit. This represents on average
only about 60% of the time estimated in the earlier study
for an individual that reaches 25 mm SL. These values
imply much higher growth rates of late larvae and early
juveniles than the ones previously reported. One confounding factor is that field studies, such as the one [15], which
may have used the length of the preserved larvae rather
than the length of alive individuals as in the current study.
It is presumed that older early life history stages of
marine fish, such as the late post-flection larvae and early
juveniles, collected from the wild may represent a very
small percentage of the possible fastest growing “survivor”
individuals, originating from much greater initial numbers
of spawned eggs. The fact that laboratory reared juveniles
demonstrate considerably higher growth rates (in length)
suggests that the age estimates of early juveniles from field
collections may have to be revisited.
The age-, length and weight-specific increases in variance, that are expressed as the coefficient of variation in
cohorts of fish larvae and juveniles, is a common and welldocumented phenomenon for the cohorts of young fishes
[17-21]. However, in most studies, concerned with size and
growth rate variabilities, length measurements were done
and, therefore, they make it significant that only the lower
variance structure is exhibited by lengths. The COVs in
dry weight, which are realized mainly in the early juvenile
phase, are about 3 to 4 times greater than those in length.
There are exceptions in the increasing trend of variance,
such as the cohorts 4 and 5, which exhibit a decrease of
variance after flection as well as through the late postflection and early juvenile stages. In these two cohorts,
survival rates are between 7-13%, and they are much higher
than 1-3% exhibited by cohort 1, 2, and 3. This pattern may
suggest a density-dependent repression of growth rates in
cohorts 4 and 5, even though feeding levels of zooplankton
suggest that these groups are considerably higher due to
their higher consumption rates. It is important to note that
there are no signs of significant occurrence of cannibalism
in cohorts 4 and 5, whereas in cohort 1, 2 and 3, shortly
after 20 days, piscivorous “super-individuals” emerge, and
the number of larvae in these cohorts is quickly decimated.
If the density-dependent reduction of growth rates from a
food availability perspective is considered, then one has
to consider not just the amount of food that is available
but the size of the available food has to be considered.
Optimal feeding theory would predict that post-larvae (>8
mm SL and 1 mg dry weight) may give the choice, and
prefer to ingest a single particle of 0.1-0.4 mg dry weight
(a smaller sibling) rather than preferring 100 particles of
0.001-0.004 mg dry weight (types of zooplankton consumed in earlier larval life). Significant effects of cannibalism on the batch growth and survival rates have been
previously reported by other authors [22]. Growth rates and
size variances in the cohorts 1, 2 and 3 suggest a possibly
significant influence of cannibalism on size structure. Cannibalism in cohorts of spotted sea trout in the laboratory
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has been reported [7], however, its importance for wild
sea trout stock remains unknown. Cannibalism may indicate that piscivory is important in spotted sea trout early
life history stages, especially after flection, when absolute
daily specific growth rates may demand increased food
consumption, and daily rations may not be met by consuming zooplankton alone. The ability of spotted sea trout
post-flection larvae and juveniles is to expand the energy
intake through piscivory, and cannibalism may have significant implications on growth rates of individuals as well as
on the growth in batch biomass. Cannibalism is still being
recorded among spotted sea trout juveniles at 60 and 90
DAH, and one can speculate that cannibalism may occur
during the run of juvenile and sub-adult “schooling” spotted sea trout in certain inlets and passes. From an aquaculture perspective, it is important to note that the cohorts 4
and 5, exhibiting hardly any cannibalism, have low variance in size, and have relatively high survival rates.
The overall length-weight relationship may be useful
to illustrate the magnitutional changes in length and weight
during the early life history. However, the changes in the
length-weight coefficients over the duration of larval and
early juvenile phases reveal the dynamics of growth in
length and weight during larval ontogeny. In general, fish
larvae exhibit that the length-weight coefficients (exponents) are higher than 3, and many fish larvae show values
around 4 or higher [23, 24]. Age- or size-specific (length or
weight-) length-weight coefficients reveal the separation
between faster and slower growing cohorts, i.e., 2 and 3,
versus 4 and 5, and faster growing cohorts which show
higher length-weight coefficients and, therefore, higher
condition factors. In yolk-sac larvae, it is obvious that the
increase in length has a greater effect on the length-weight
relationship than the weight itself, causing an increase in the
coefficient from newly hatched yolk-sac larvae (0 DAH) to
fed 3 DAH yolk-less larvae. This behaviour in the lengthweight coefficient may be predictable since larval length
increases by 50-60% from hatching to 3 DAH, from 1.9 mm
SL to around 3 mm SL, whereas larval dry weights are still
below the weight at hatching.

[25]. In the current study, weight-growth patterns have
revealed a dome-shape pattern for the cohorts 1, 2 and 3,
whereas in cohorts 4 and 5, it appears to be almost constant
or only slightly decreasing. Increase in weight-growth
coefficient in batch 5, from flection to post-flection larvae,
may actually evidence some compensatory growth occurring in this batch during the post-flection stage. It is important to note that pre-flection growth rates of cohorts do
not correlate well with the absolute size in the juvenile
stage but with the flection (and probably early post-flexion)
growth rates.
5. CONCLUSIONS
The question why growth rate variability occurs remains difficult to answer. Food supply in the laboratory is
manipulated on a communal basis and a group of larvae is
getting controlled amount of food for the larval group as a
whole. Despite high food concentrations, each larva may
not get the same amount. Actually, variability in feeding
success of larvae of same length (and weight) is quite
common, and it is observed right from the onset of feeding
[14] when coefficients of variation are still low. Although
the differences in feeding success of surviving larvae may
diminish over time with possible losses of individuals with
lower feeding success from the population of pre-flection
to the flexion stage, coefficients of variation still show a
generally increasing trend through the larval stages. It may
be speculated that the variation in feeding success during
the first days of feeding may set the stage for the development of size variation, although the ultimate stageduration parameter, time to reach metamorphosis (20 mm
SL in spotted sea trout), may be determined by larval performance in later flexion and post-flection stages. In order
to detect differences in larval feeding success and growth
rates in the field, larval cohorts may have to be sampled at
least at weekly intervals.

Weight-growth coefficients for sea trout show clearer
separation of growth rates among cohorts, especially for
the flection and post-flection stages. The great difference
in early pre-flection stages between the cohorts 2 and 3
versus 4 and 5 remains unexplained, and it may be due to
the fact that cohorts 2 and 3 exhibit low growth rates
around first feeding as well as shortly after 4 and 5 DAH,
whereas the cohorts 4 and 5 show obviously high growth
rates at 6 and 8 DAH. The age difference between the
sampled ages for the different batches may be small, but
the timing of the sample can also affect the calculated
growth rates, especially when the growth increases rapidly
after first feeding. The question whether the instantaneous
weight-growth coefficients increase, decrease, stay constant, exhibit a dome-shaped relationship over the larval
period, may not remain a source for debate, when it appears that they may actually vary from species to species
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ABSTRACT
The compound photocatalysts system, bismuth vanadium loaded with silver and titanium dioxide (Ag-BiVO4TiO2), was prepared by ultrasonic method, followed by calcination at 450 °C. The degradation effect of methylene
blue and mechanism of synergism were studied through
advanced oxidation technologies/processes (AOTs/AOPs),
such as different combinations of ultrasound, ozone, photocatalysis, using this compound photocatalysts system, and
photocatalytic experimental results demonstrated that it
could effectively photodegrade methylene blue under ultrasound, ozone and visible/ultraviolet illumination. For the
mass concentration of 10 mg/L in methylene blue solution
with the reaction time of 120 min, the degradation rates of
ultrasound, ozone, visible/ultraviolet photocatalysis were
11.6%, 38.0%, 22.4% and 29.0%, respectively. Combined
effects of ultrasound, visible photocatalysis or ultraviolet
photocatalysis showed that the degradation rates were
40.8% and 50.7%, respectively; while synergistic effects
of ozone, visible photocatalysis or ultraviolet photocatalysis revealed that the degradation rates were 59.2% and
70.5%, respectively. Synergism of ultrasound, ozone and
visible photocatalysis suggested that the degradation rate
was 80.9%; and the degradation rate was 91.0% over simultaneous synergism of ultrasound, ozone and ultraviolet
photocatalysis. This was due to the mechanical effect of
ultrasound improving ozone dispersion and ultrasoundphotocatalysis producing H2O2, which generated hydroxyl
free radicals.

KEYWORDS: Advanced oxidation technology; ultrasound; ozone;
photocatalysis; methylene blue; hydroxyl free radical

droxyl free radical (•OH) to attack and react with organic
molecules, undermining the organic molecular structure
to achieve the purpose of removing organic matter by oxidation. The exposure of water to ultrasound results in local
hot spots (T = 4000–5000 K) as a consequence of the formation, growth and collapse of cavity bubbles containing
entrapped gases and vapors of the surrounding water [2].
At collapse, chemical reactivity is initiated through thermolytic decomposition of bubble contents into free radical species, and/or through free radical oxidation of dissolved solutes at the gas–liquid interface or the bulk liquid
[3, 4]. Most common AOP techniques involved the use of
ultraviolet light in the presence of H2O2, ozone, Fenton’s
reagent or a semi-conductor surface [5, 6]. Less common
methods were γ-radiolysis and sonolysis, by which hydroxyl radicals were generated in the aqueous and gas
phases, respectively [7, 8]. Using advanced oxidation
technology in biological refractory organic wastewater treatment is a trend of the future, but the main problem hindering
the application of this technology is that the operating
cost of advanced oxidation technology was still relatively
high. To overcome this problem, a growing number of combined advanced oxidation technologies have been developed. In general, the methods of advanced oxidation [9] included application of the following agents: ozone [10, 11],
UV radiation [12], ozone and UV radiation together [13].
All the methods listed above were used in the investigation of the oxidation, and some of them were applied in the
treatment of various kinds of wastewater [14]. Typically,
the combination of ultrasound, ozone and photocatalysis
had a small number of reports [15, 16]. The pur-pose of
these advanced oxidation technologies was to achieve the
maximum quantity production of strong oxidative hydroxyl free radicals. Therefore, the effects of the reported
advanced oxidation technologies require improvement.

Advanced oxidation technology is becoming a research
focus in the field of wastewater treatment today, for conventional methods causing secondary pollution inevitably
[1]. The efficient oxidation utilizes the highly active hy-

The applications of nanotechnology were mainly aimed
at improving the existing treatment efficiencies in the field
of water and wastewater treatment. Current research attempts in water and wastewater treatment aimed at using
the photocatalytic property of TiO2 nanoparticles in the
removal of nitrates or non-biodegradable organics [17].

* Corresponding author

Bismuth vanadium is considered as a new energyefficient photocatalyst, photolyzing water and photocata-

1. INTRODUCTION
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lyzing organic pollutants. Through surface modification
of bismuth vanadium, especially modification with silver,
the photocatalytical activities of the existing system will
in-crease. Meanwhile, surface recombination of composite oxide and titanium dioxide is now a research hotspot.
The purpose of this study was to synthesize bismuth
vanadate by high temperature solid-state method, bismuth
vanadium loaded with silver by impregnation method,
bismuth vanadium loaded with silver and titanium dioxide
by ultrasonic method. Moreover, comparisons of degradation effects of methylene blue in water were made using
different combinations of these three kinds of advanced
oxidation technologies. Additionally, mechanism of synergism was investigated.
2. MATERIALS AND METHODS
2.1. Experimental

Bismuth oxide (Bi2O3), vanadium pentoxide (V2O5),
silver nitrate (AgNO3), tetra-n-butyl titanate (C16H36O4Ti),
anhydrous ethanol (C2H6O), acetic acid (C2H4O2) and methylene blue (C6H18N3SCl¡3H2O) (above all analytical grade)
were obtained from Shanghai Chemical Reagent Company
(Shanghai, China), and distilled water was used to prepare
the solutions.
2.2. Preparation of compound photocatalysts system-bismuth
vanadium loaded with silver and titanium dioxide

The bismuth oxide (0.01 mol) and the vanadium
pentoxide (0.01 mol) were mixed by 1:1 molar ratio,
ground sufficiently to become fully uniform, then were
put into crucible and were placed into a muffle furnace
with the temperature gradually rose to 750 °C, finally
were baked for 10 hours. The sample material was
ground, so that bismuth vanadate was obtained.

ring and ultrasonic treatment in a constant temperature
water-bath. Then, the mixture was dried and calcined at
450 °C. Compound photocatalysts system, bismuth vanadium loaded with silver and titanium dioxide, was obtained.
2.3. Procedure

One gram compound photocatalyst was accurately
weighed, and was put into a Pyrex reaction flask. Then,
100 mL methylene blue solution (10 mg/L) was added, and
the reaction flask was placed in the self-made reactor with
magnetic stirring for several minutes under darkness reaction conditions, so that solid-liquid interface reached equilibrium. Moreover, the measured absorbance value was the
initial one. Temperature was 25 °C; and the air flow-rate
was 2 L/min. Ultrasonic generator was turned on. The frequency was 28 kHz and sound intensity was 9.73 W/cm2.
Ozone generator was turned on. The ozone output was
60 mL/min and ozone concentration was 0.72 mg/L. The
photochemical reaction device was turned on with the
300 W×2 tungsten lamp (λ>400 nm) or 250 W×2 medium
pressure mercury lamp (254 nm<λ<400 nm). Throughout
this process, condensated water was imported continuously to control reaction temperature at about 25 °C. The
sampling interval was 10 min (about 5 mL each time). All
of the sample solutions were centrifuged (3000 rpm). The
supernatant of sample solutions was poured into a colorimetric dish after 10 min, and measured in the UV-visible
absorbance spectrophotometer.
The maximum absorption wavelength of methylene
blue was 664 nm, shown in Fig. 1. The structure of methylene blue is shown in Fig. 2.
1.8

1.4

Absorbance

One gram bismuth vanadate and silver nitrate solutions
with a certain concentration (0.0115 mol/L) were transferred into the beaker with a glass rod to be mixed evenly,
and were placed into a automatic electric oven at 100 °C
for 10 h. Then, bismuth vanadium loaded with silver was
obtained.

1.2

291
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0.8
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The volume of 105 mL tetra-n-butyl titanate was taken
into a 3-mouth flask (1 L). The anhydrous ethanol (275 mL)
was poured into the funnel, and the tetra-n-butyl titanate
was dropped in with strong stirring. Then, 50 mL acetic
acid was poured into the funnel, dropped into the mixture
of tetra-n-butyl titanate and anhydrous ethanol. The anhydrous ethanol (125 mL) and the distilled water (25 mL)
were mixed, poured into the funnel, and dropped in the
above mixture controlling the flow so that the trickle was
limited in 30 min. After then, this mixture had been adequatly stirred for 2 h; and titanium dioxide colloid was
obtained.
Titanium dioxide colloid and bismuth vanadium
loaded with silver were mixed with electromagnetic stir-
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FIGURE 1 - Absorption spectra of methylene blue.
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FIGURE 2 - Structure of methylene blue.

The concentration of dye and the absorbance values
were directly proportional at 25 °C within a certain range.
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According to the Lambert-Beer law, the degradation ratio
= (1-A/A0)×100%, where A0 and A were the absorbance
values before and after degradation, respectively.
Degradation Rate (%)

50

3. RESULTS AND DISCUSSION
3.1. Single advanced oxidation technology

Only ultrasound, ozone, visible or ultraviolet photocatalysis with Ag-BiVO 4-TiO 2 system was used in the
degradation of methylene blue. The results are shown in
Fig. 3.
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FIGURE 4 - Effects of combinative ultrasound and photocatalysis
with Ag-BiVO4-TiO2 system on methylene blue degradation.
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The degradation capacities of TiO2 and BiVO4 are
listed as follows:
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TABLE 2 - Degradation efficiencies of TiO2 and BiVO4 by ultrasound and photocatalysis combination over 120 min.
No.
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3
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FIGURE 3 - Effects of single ultrasound, ozone, visible and ultraviolet photocatalysis with Ag-BiVO4-TiO2 system on methylene blue
degradation.

Only ultrasound or ozone did not play an important
role in degradation of methylene blue (see Fig. 3). After
60 min and 120 min, the degradation rates were 8.3% and
11.6% with ultrasound as well as 20.5% and 38.0% with
ozone, respectively. And the degradation rates were 12.7%
and 16.5% with visible photocatalysis for 60 min as well
as 22.4% and 29.0% with ultraviolet photocatalysis for
120 min, respectively.
The degradation efficiencies of TiO2 and BiVO4 are
listed as follows:

Photocatalyst
TiO2
BiVO4
BiVO4

Technology
ultraviolet photocatalysis
visible photocatalysis
ultraviolet photocatalysis

Degradation rate
52.5%
42.1%
56.4%

The reason beloned to the synergy between ultrasound
and photocatalysis [18, 19]. In the whole reaction system,
due to ultrasonic effects, they accelerated mass transfer rate
from organic matter to the surface of the powder catalyst,
dispersed catalyst particles, and resulted in cavitation and
produced a variety of strong oxidizing free radicals. There
was synergy between sound and light, which increased
the degradation rate of methylene blue.
3.3. Ozone and photocatalysis combination

Combinations of ozone and photocatalysis with AgBiVO4-TiO2 system were used in the degradation of
methylene blue. The results are shown in Fig. 5.
80

No.
1
2
3

Photocatalyst
TiO2
BiVO4
BiVO4

Technology
ultraviolet photocatalysis
visible photocatalysis
ultraviolet photocatalysis

Degradation Rate (%)

TABLE 1 - Degradation efficiencies of TiO2 and BiVO4 by single
advanced oxidation technology over 120 min.
Degradation rate
25.8%
21.5%
27.4%

3.2. Ultrasound and photocatalysis combination

Combinations of ultrasound and photocatalysis with
Ag-BiVO4-TiO2 system were used in the degradation of
methylene blue. The results are shown in Figure 4.
After 60 min, degradation rates of methylene blue with
combinative ultrasound and visible/ultraviolet photocatalysis were 20.0% and 27.4%, respectively. And they became 40.8% and 50.7% after 120 min, respectively.
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FIGURE 5 - Effects of combinative ozone and photocatalysis with
Ag-BiVO4-TiO2 system on methylene blue degradation.
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After 60 min, degradation of methylene blue with combinative ozone and visible/ultraviolet photocatalysis was
32.8% and 38.4%, respectively; and they became 59.2%
and 70.5% after 120 min, respectively.

100

Degradation Rate (%)

The degradation efficiencies of TiO2 and BiVO4 are
listed as follows:
TABLE 3 - Degradation efficiencies of TiO2 and BiVO4 by ozone
and photocatalysis combination over 120 min.
No.
1
2
3

Photocatalyst
TiO2
BiVO4
BiVO4

Technology
ultraviolet photocatalysis
visible photocatalysis
ultraviolet photocatalysis

Degradation rate
62.9%
52.4%
56.8%

Q (mg/g)

60

80

100

120

TABLE 4 - Degradation efficiencies of TiO2 and BiVO4 by ultrasound, ozone and photocatalysis combination over 120 min.
No.
1
2
3

Photocatalyst
TiO2
BiVO4
BiVO4

Technology
ultraviolet photocatalysis
visible photocatalysis
ultraviolet photocatalysis

Degradation rate
94.0%
58.7%
72.3%

3.5. Kinetic studies of the degradation

From the kinetic equation in Table 5, the degradation
process followed first-order kinetics.
TABLE 5 - Apparent kinetic values for degradation on methylene
blue by Ag-BiVO4-TiO2 synthesized at different temperatures.

1
2
3
4
5

0.8
0.6

Temperature ( )
150
250
350
450
550

Kinetic equation

k (h-1)

R2

T1/2(h)

ln(C/C0) = -0.1497-0.3721 t
ln(C/C0) = -0.1384-0.7181 t
ln(C/C0) = -0.0819-0.4792 t
ln(C/C0) = -0.0749-0.5756 t
ln(C/C0) = -0.1282-0.8159 t

0.3721
0.7181
0.4792
0.5756
0.8159

0.9894
0.9751
0.9851
0.9688
0.9714

0.52
1.07
1.41
1.80
1.65

Ag-BiVO4-TiO2

3.6. Degradation mechanism of synergism

TiO2

It was demonstrated that under the conditions of these
experiments, only ultrasound did not significantly affect
degradation of methylene blue. However, the degradation
had obvious improvement by adding ozone to the reaction
system (see Fig. 6). This is due to the presence of ultrasound promoting the effect of ozone. On the one hand,
ultrasonic mechanical shearing crushed bubbles containing ozone into "micro-bubbles" to increase the contact
area between the ozone and water, to increase the mixing
degree and turbulence intensity of water, to reduce the film
thickness and resistance, to enhance mass transfer rate of
the ozone, and to increase the concentration of ozone in
liquid phase; on the other hand, under the action of ultrasonic cavitation, ozone in the cavitation bubbles pyrolyzed, so higher active free radicals were produced, such
as •OH. Thereby, the rate of degradation of pollutants was
accelerated [19, 23].

BiVO4

0.0
15

40

The degradation efficiencies of TiO2 and BiVO4 are
listed as follows:

No.

10

20

FIGURE 7 - Effects of combinative ultrasound, ozone and photocatalysis with Ag-BiVO4-TiO2 system on methylene blue degradation.
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Figure 6 shows the adsorption isotherms of methylene
blue.

0
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3.4. Ultrasound, ozone and photocatalysis combination

0.2

60

0

In addition to only photocatalytic oxidation or the direct oxidation of ozone, their synergy had produced more
hydroxyl radicals [20]. The mechanism included two aspects. Firstly, ozone and visible/ultraviolet had interaction
that electron-hole pairs were formed by Ag-BiVO4-TiO2
system under visible/ultraviolet irradiation. Secondly, AgBiVO4-TiO2 and ozone had interactive effects. Because of
strong electro-affinity, ozone could capture photo-induced
electrons (e-) generated in the process, generating more
strong oxidant hydroxyl radical (•OH), inhibiting the simple composition of electron and hole, and improving the
optical quantum efficiency [18, 21, 22]. Therefore, the degradation rate of organic matter in water had been higher.

0.4

US+Ozone+Visible
US+Ozone+UV

80

20

25

C (mg/L)
FIGURE 6 - Adsorption isotherms of methylene blue onto Ag-BiVO4TiO2, TiO2 and BiVO4.

Combinations of ultrasound, ozone and photocatalysis with Ag-BiVO4-TiO2 system were used in the degradation of methylene blue (see Fig. 7).
The degradation rates of methylene blue with combinative ultrasound, ozone and visible/ultraviolet photocatalysis were 47.2% and 55.9% (after 60 min) as well as
80.9% and 91.0% (after 120 min), respectively.
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Effects of combinative ultrasound, ozone and photocatalysis with Ag-BiVO4-TiO2 system on methylene blue
degradation were significant. Firstly, H2O2 generated strong
oxidative free radicals formed by synergism of ultrasound
and photocatalysis. Secondly, ultrasound had promoted the
utilization of ozone. Thirdly, there was a certain synergy between photocatalysis and ozone. From the above three effects, remarkable degradation of methylene blue was reached
due to mutually reinforcing effects. Tezcanli and Ince [16]
confirmed that the 3-joint combination had the highest decolorization, mineralization and rates for both chemical
and biological degradation in examining the only use or
combinations of ultrasound, ultraviolet light, ozone degradation of textile dyes.
4. CONCLUSIONS
Ag-BiVO4-TiO2 photocatalyst was successfully synthesized by ultrasound method and calcination at 450 °C.
The degradation rate of combinative ultrasound, ozone
and photocatalysis with Ag-BiVO4-TiO2 system on methylene blue reached 91%. Ultrasonic radiation promoted
the photocatalytic degradation rate of methylene blue. There
was synergy between ultrasound and photocatalysis.
The mechanism of synergism was ascribed to five aspects: cleaning the catalyst surface; dispersing catalyst particles; accelerating mass transfer rate from organic matter
to the surface of the powder catalyst; promoting the mass
transfer rate of ozone in the solution; and generating strong
oxidative free radicals.
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ABSTRACT
The aim of this paper was to examine colonization of
the substrate of Fomitopsis pinicola under natural conditions relative to other wood destructor fungi, such as
Trametes versicolor and Coniophora puteana. T. versicolor
was used as test species for fir, while C. puteana was used
for beech. Both strains of F. pinicola (isolated from fir
and beech) were found to develop in the range between 534 °C, with the optimum at 29 °C. The optimal temperature
for C. puteana was lower at 21 °C, while the optimum for T.
versicolor was 29 °C. At constant pH values of the substrate, mycelium of both strains F. pinicola had a maximum
increase in a weakly acidic substrate (pH 4.8). Mycelium
C. puteana and T. versicolor had a faster growth than the
re-searched fungi on all substrates, with a maximum increase at pH 4.8. Tests on unbuffered bases showed that the
mycelium of F. pinicola changed pH to 2.3, where the
highest weight of mycelium dry mass was recorded. Test
species C. puteana tended to change the pH to 2.2, while
the less acidic substrate (close to pH 5.4) was more favorable for the development of T. versicolor.

tion of the impact of fungi on the decay of heartwood as
the most valuable part of the stem. One of the most common wood-decaying fungi in the Western Balkans region
is Fomitopsis pinicola (Sw.:Fr.) P. Karst, which causes the
most destructive type of decay- brown cubical rot. In the
initial stage of decay, wood changes its color to yellowbrown and later splits into cubical fragments of crumbling
structure which are generally lighter in color than caused
by the majority of other agents of brown decay. According
to Karadžić and Anđelić [1], F. pinicola is developed both
as a saprophyte and parasite on softwood and hardwood.
In order to reveal more about the nature of the fungus
Fomitopsis pinicola (Sw.:Fr.) P. Karst as the destructive
agent in wood, investigations were carried out to determine
the basic conditions which enable the fungi to perform the
infection. Under natural conditions, the main determinants
of this process are temperature, pH of substrate, the level
of inoculum, virulence and competition from other microorganisms [2]. In that sense, the impact of the temperature
and hydrogen ions concentration in the substrate were studied as the basic parameters of the environment, in which all
processes of infection and rot development are performed
during a certain period of time.
The aim of this paper is to examine colonization of the
substrate of Fomitopsis pinicola under natural conditions
relative to other wood destructor fungi, such as Trametes
versicolor and Coniophora puteana.

KEYWORDS:
temperature, pH, wood destructor, mycelium, beech, fir

1. INTRODUCTION
Familiarity with the basic physiological characteristics of the destructive agent in wood is a necessary stepping-stone for a rational fight against the factors of destruction. Special importance is placed on the investiga* Corresponding author

2. MATERIALS AND METHODS
Dikaryotic mycelium of the fungus Fomitopsis pinicola ( Swartz:Fr.) P. Karst, used in the experiments, was
isolated from the fruiting bodies taken from the beech and
fir trees at the national park Tara in western Serbia using
standard methods. Isolates were subcultured after every
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two months and cultivated in the mycotheca of the Institute for Forestry.
Isolates of fungi Coniophora puteana (Schumm. ex
Fr.) Karst and Trametes versicolor (L. ex. Fr) Quel, which
were used as test species for broad-leaved as well as conifer trees, were obtained from the Department of Forest
Protection, Trees and Ornamental Plants of the Faculty of
Forestry, University of Belgrade.
2.1. The influence of temperature on the growth of Fomitopsis pinicola mycelium.

The experiments were set in a poly-thermostat at temperatures of 5, 8, 12, 16, 21, 25, 29 and 34 °C. The base of
malt and agar of standard concentrations was used as the
nutritive substrate. Inoculation with F. pinicola (isolates
from beech and fir) was performed in a laminar chamber,
with mycelium fragments of circular shape (D = 11 mm),
taken from the growing part of mycelium and set by the
rub of a Petri dish with a base. The growth of the mycelium was marked every 24 h, and the average daily growth
was calculated as the mean value of the daily growth
lengths in three directions - in the direction of the radius of
the dish as well as to the left and right under the angles of
22.5°. For each fungus and each investigated temperature,
three replications were used. At 34°C, Petri dishes were
wrapped with paraffin film to slow down the drying of the
base.
At the same time and under the same conditions, test
species C. puteana (for beech) and T. versicolor (for fir)
were examined.
2.2. The influence of substrate pH on the growth of F.pinicola
mycelium as well as test species C. puteana and T. versicolor on buffered bases.

The buffered media were prepared for the investigation of the influence of different constant pH values on the
development of F. pinicola mycelium (isolates from beech
and fir), and test species C. puteana and T. versicolor. In
order to equalize the quantity of nutrients in the certain
parts of the buffer, the buffered system was prepared as
stated in the illustrated recipe according to the Wolpert

method, which was used by several authors [3, 4]. By mixing the 3 different volumes of 0.3 molar suspensions of
phosphates–phosphoric acid (H3PO4), potassium-hydrogenphosphate (K2HPO4) and potassium-dihydrogen-phosphate,
the bases with different pH values were obtained, but with
the same quantity of phosphates, so that their different
quantities would not influence the results. In this way, five
series of phosphates of 187.5 ml were obtained, which
were poured into 5 Erlenmeyer flasks, each with the volume of 300 ml.
A 1-L portion of the double-concentrated malt base was
separated and prepared on malt (Bé sugar) and agar (4%),
and poured into 5 Erlenmeyer flasks, each with the volume
of 300 ml (holding 187.5 ml of the base). This base was
autoclaved independently of 0.3 M suspensions of phosphate, and upon check of the pH mixed under sterile conditions. The pH was controlled after the sterilization in
order to determine the stability of buffered systems. In this
way, the base of the standard concentration (5 Bé sugar and
2% agar) was obtained, with the physiologically equal percentage of buffer (0.15 M). Check of the stability of the
buffered system (pH substrate) was carried out at the end
of the investigation on liquid base, which was prepared
simultaneously, inoculated and incubated under the same
conditions. The recipe for preparation of buffered (solid)
bases is presented in Table 1.
2.3. The influence of F. pinicola and test species, C. puteana
and T. versicolor, on the change of pH nutrient substrate on
unbuffered bases.

For the study of the influence of F. pinicola on the
change of nutritive substrate pH, the unbuffered (liquid)
medium was prepared according to Schmidt and Liese
method [3]. A volume of 2.600 L of the double-concentrated malt base (10 Bé sugar) was prepared with distilled
water. Then, 408 ml were poured into 6 500-ml Erlenmeyer
bottles (for 6 series), adding defined quantity of distilled
water and 1M HCl or 1M NaOH, providing the needed
liquid nutritive malt base atstandard concentration (5 Bé
sugar). The recipe for preparation of unbuffered (liquid)
bases is presented in Table 2.

TABLE 1 - Recipe for preparation of buffered (solid) bases.

No. of
series
Parts of 0.3 M solution (ml)
H3P04 KH2PO4 K2HPO4

1
2
3
4
5

32.5
11.5
-

155
176
186.7
156.2
42

0.75
31.3
145.5

Parts of solution
of doubleconcentrated base pH buffer
of malt (1 0 Be)
and agar 4% (ml)
pH of base
after sterilization at the end of the experiment
F.pinicola F.pinicola
C.puteana
(from fir) (from beech)
187.5
2.9
3.2
2.8
2.8
3.2
187.5
3.3
3.8
2.9
3.0
3.7
187.5
4.5
4.8
2.9
3.8
4.5
187.5
6.0
6.0
5.0
5.7
5.6
187.5
7.2
7.2
6.9
6.9
6.9
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T.versicolor
3.1
3.6
4.1
5.0
6.5
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TABLE 2 - Recipe for preparation of unbuffered (liquid) bases.
No. of
series
I
II
III
IV
V
VI

Parts of solution (ml)
MHC1
9.60
0.56
-

MNaOH

Distilled water
(ml)

-

400
408
408
408
405.6
389.6

0.80
3.24
25.60

pH values of base
Parts of solution of doubleconcentrated malt base (10 Bé)
before sterilization
(ml)
408
2.2
408
2.9
408
4.2
408
4.8
408
5.9
408
6.4

The pH values of each series were measured before
sterilization. Out of each series, 120 ml of base was poured
into 12 300-ml Erlenmeyer (for each of the four fungi, in
3 replications), so that the base from 6 series was poured
into 72 Erlenmeyers, which were sterilized in the autoclave for 20 min at 120±1 °C and 1.4 bar. After sterilization, pH values were re-measured and treated as initially.
The inoculation of F. pinicola and test species was performed in the laminar chamber by circle-shaped mycelium
fragments (D = 11 mm). For each series (initial pH), the
bases were inoculated in 3 Erlenmeyer flasks. The incubation lasted for 21 days at 21 °C. During incubation, the pH
was measured after every 7 days. For each measurement,
10 ml of base was extracted under aseptic conditions with
sterile syringe needles, poured into test tubes, and pH
values were measured using a digital pH-meter.
3. RESULTS AND DISCUSSION
The basic preconditions for understanding the conditions enabling the fungus to colonize in woods, is the
knowledge of its main physiological characteristics [5]. The
fungi isolated from the natural habitats, were then moved
and grown under laboratory conditions (unusual conditions
possibly causing their somewhat different physiological
activity) [6]. This results from the difficulty to recreate
conditions in the laboratory adequately reflecting those of
the environment, and variation in only one factor without
any mutual influence. Therefore, the results obtained by
the most accurate laboratory methods cannot be directly
applied for natural conditions, and they should be accepted
only as probable indicators of possible phenomena.

after sterilization (initial
pH)
2.2
2.8
4.2
4.8
5.4
6.2

3.1. The influence of temperature on the growth of F. pinicola
mycelium.

Temperature, among other factors, influences the growth
and development of all living organisms. Organisms with
the same temperature requirements can rarely be found in
the nature. According to the literature data, the temperature
interval of the development of epixylous fungi ranges from
0-40° (exceptionally from ±2-46 °C). Each fungus has limiting temperatures (minimal and maximal at which the development stops), and optimum temperatures of development,
which are closer to maximal than minimal ones. The absolute maximal and minimal temperatures are lethal and do
not allow the reverse process. Certain authors stated that the
real temperature values are always by 2 or 3 degrees lower
than those obtained under laboratory conditions [7].
Some fungi can keep the vitality at very high and very
low temperatures over short periods of time. For example,
C. puteana can sustain ± 30 °C for a few hours [8], and has
the ability to survive several weeks at a temperature of
50-60 °C [9].
Results of laboratory testing of the influence of different temperatures on the mycelial growth of F. pinicola
and test species C. puteana and T. versicolor are shown in
Table 3.
Based on the results of the laboratory testing of the influence of different temperatures on the growth of F. pinicola mycelium from fir and beech, it can be concluded
that the lower boundary temperature for the development
of F. pinicola is 5 °C (the growth was only 0.31 mm/day).
In the range between 5-21°C, there is an almost linear
acceleration of growth, and at 21 and 25 °C, the growth is
almost the same (in isolates from fir, there is only a slight

TABLE 3 - The average daily growth of mycelium F. pinicola from fir and beech, and test species T. versicolor and C. puteana at different
temperatures (mm/day).
Temperature (°C)
5
8
12
16
21
25
29
34

F. pinicola (fir)
0.31
0.88
1.52
1.90
4.30
4.45
5.64
1.25

The average daily growth of mycelium (mm/day)
F. pinicola (beech)
C. puteana
0.34
0.64
0.78
1.62
1.72
3.30
2.47
5.10
3.67
7.39
4.39
4.97
6.11
4.22
1.20
0.00
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T. versicolor
0.78
1.18
2.26
3.25
4.73
5.57
8.38
6.05
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increase from 4.3 to 4.39 mm/day; in isolates from beech,
the growth is slightly more distinguished and was from
3.67-4.39 mm/day), whereas between 25-29° there is a
sudden increase to 5.54 or 6.11 mm/day, respectively. The
upper boundary temperature (maximum) is at about 34 °C
(growth is suddenly reduced to only 1.25 or 1.20 mm/day,
respectively). On the basis of the highest average daily
growth of F. pinicola mycelium, the optimum for growth
was determined to be 29 °C, which coincides with literature data. This fungus developed at all investigated temperatures, which means that the range of development of F.
pinicola was from 5 (minimum) - 34 °C (maximum). Both
minimum and maximum for fungal development cannot be
defined precisely but only approximately as the range between the investigated temperatures was more than 1 °C.

perature for all species was 34 °C, except for C. puteana
(slightly above 29 °C). The optimum temperatures of F.
pinicola and T. versicolor were roughly 29 °C, while for
C. puteana it was about 21°C.

The results of the test species C. puteana lead to the
conclusion that lower temperatures favor fungal development more than in the case of F. pinicola (Table 3).
C. puteana had a faster growth (maximum amount of
7.39 mm/day at 21 °C, according to literature data).
Rypaček [4] and Rayner and Boddy [9] note that the optimal temperature for the development of C. puteana is 23
°C. The upper limit (maximum) for the development of
C. puteana is below 34 °C, since at this temperature there
was no mycelium increase.

Rypachek [4] noted that the neutral reaction of the
base favors most wood-rotting fungi in the phase of substrate colonization, but during development of mycelium,
initial pH values change towards acidic as a result of the
fungal metabolism. According to Rayner and Boddy [9],
the lower threshold of growth of wood-rotting fungi is
within the pH range 2-3, the optimum between 4-6, and
the causal agent of brown rot requires lower pH values than
the causal agent of white rot. Epixylous fungi develop in a
substrate with pH 2-8.5, with an optimum between 4-6,
the natural value of pH of most tree species [8]. For the
species from the Fagaceae family, the natural values of
pH are between 3.35-6.05 [9].

Maximum of temperature for development of this fungus varies depending on the isolates and Rypáček [4] reported 29 °C, whereas Rayner and Boddy [9] concluded
that the only maximum is at 35 °C. These differences may
be the result of application of different methods in the investigation and/or use of geographically different isolates.
The optimal temperature of development of test species T. versicolor is also 29 °C (as for F. pinicola). At
this temperature, the increase of the mycelium of T. versicolor is 8.38 mm/day. Although this fungus grows at all
tested temperatures, its growth was much slower at lower
temperature (at 5 °C = 0.78 mm/day, but at 34 °C = 6.05
mm/day). According to a research conducted by other
authors [10], the optimal temperature for development of
T. versicolor is around 30 °C.
Based on the presented results, we can conclude that
test types C. puteana and T. versicolor have a faster growth
of mycelium than F. pinicola. The minimum temperature
for all the tested fungi was about 5 °C. Maximum tem-

3.2. Influence of pH values of substrates

Value of pH (negative logarithm of the concentration
of hydrogen ions in mol/Lwater) is the measurement of
acidity and alkalinity in the environment [11]. The concentration of H-ions influences the growth and metabolism of the rot fungi, as well as the development of all plant
species [4]. Substrate acidity can influence the stimulation
or inhibition of the growth of epixylous fungi, and the
change of pH has the important influence on the speed of
nutrient consumption and substrate decomposition [3].

3.2.1. The influence of pH values of the substrate on the
growth of F. pinicola mycelium.

On the basis of the results in Table 4, it can be seen
that mycelium of all investigated fungi developed on all
bases with different tested substrate pH values, and that
the growth on bases of certain constant pH values was
different.
The mycelium of F. pinicola from beech had a maximum growth on a less acidic substrate (pH 4.8), whereas
the isolate F. pinicola from fir had a maximum growth in a
slightly more acidic environment (pH 3.8).
At pH 7.2, the growth of the isolates F. pinicola on
beech and C. puteana on fir was almost completely reduced (F. pinicola on fir =0.89 mm/day; T. versicolor =
1.15 mm/day).

TABLE 4 - Average daily growth of mycelium F. pinicola (from fir and beech) and test species on buffered (solid) bases (mm/day).
Series
no.

1
2
3
4
5

Initial pH (after
sterilization)
3.2
3.8
4.8
6.0
7.2

pH of base
pH at the end of experiment
F. pinicola
(fir)
2.8
2.9
2.9
5.0
6.9

1
2
3
4
5

F. pinicola
(fir)
2.8
2.9
2.9
5.0
6.9

3.2
3.8
4.8
6.0
7.2
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1
2
3
4
5

Average growth of mycelium (mm/day)
F. pinicola
(fir)
3.2
2.8
1
3.8
2.9
2
4.8
2.9
3
6.0
5.0
4
7.2
6.9
5
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The mycelium of C. puteana has a faster growth than
F. pinicola from beech in all media at all tested pH values. The maximum increase of C. puteana mycelium was
recorded in less acid substrates (at pH 4.8 = 7.84 mm/day).
On the base substrate (pH 7.2), no growth was recorded on
either isolate. On a very acidic substrate (pH 3.2), increase
in isolates of F. pinicola from beech is strongly reduced and
amounts to 2.11 mm/day, while the isolates of C. puteana
have a much higher growth (5.90 mm/day).
The mycelium of T. versicolor has a faster growth than
F. pinicola on a less acidic substrate (3.81 mm/day compared to 2.46 mm/day), while the isolate of F. pinicola
from fir has increased faster than the stronger test acidtype substrate (pH 3.2), i.e. 2.14 mm/day compared to
1.59 mm/day. The slowest growth of both isolates was
registered on the base substrate (pH 7.2), amounting to
0.89 mm/day (F. pinicola from fir) and to 1.15 mm/day
(T. versicolor).
Acidity of the substrate that prevents development of
the mycelium has been roughly determined for F. pinicola
from beech, as there is no growth of the mycelia on substrates with pH 7.2. On this substrate, the growth of the
isolate F. pinicola from fir was also extremely small.
It should be noted that the range of tested pH values
between 3.2-7.2 is relatively large, and that there is a possibility that all the tested fungi had a higher growth rate of
the mycelium at pHs values between the above limiting
values.
On the basis of the control series in liquid basis, set to
check the stability of the buffered system, it was determined that, at the end of the experiment, all fungi changed
the initial pH values of the substrate, shifting them by 0.11.9 towards the optimal values. As this is within the range
of tolerance, all buffered systems may be considered to be
stable throughout the experiments (Table 5).

The biggest change in pH (1.9 %) was recorded in the
third series on isolates of F. pinicola from fir. Major
changes of pH (between 0.7-1.0) were registered on isolates of F. pinicola from fir in the 4th series, and the isolates
from beech in the 3rd and 2nd series, as well as on isolates
of T. versicolor in the 3rd and 5th series. In other series,
changes in pH amounted to values between 0.1-0.4.
3.3. Influence of mycelium of F.pinicola on the change of pH
in nutritive substrate (unbuffered base).

Table 6 shows the changes of pH of the nutritive malt
base of standard concentration under the influence of F.
pinicola mycelium from fir.
On the base with the initial pH of 2.2, there was actually no change in pH (reduced only by 0.1) until the end
of the experiment. The greatest changes in pH were recorded in bases with initial values of 6.2 and 5.4 (pH reduced by 4.1 and 3.1 in 21 days). With the exception of
the initial value of 2.2, on which mycelium of F. pinicola
from fir had almost no influence, the pH was reduced to
2.2-2.3 at the end of the experiments with all other initial
pH values.
After the 21st day of the influence of the fungus F.
pinicola from fir on the substrates with initial pH 2.8-6.2,
pH of the base was reduced to the narrow range of 2.2-2.3.
This can, therefore, be interpreted as a relatively favorable
pH for the development of F.pinicola from fir. Moreover,
this is obvious from the weight of the dry mass of mycelium, which is highest in series 3 and 4 where the pH of the
base is reduced to 2.2 and 2.3 after 21 days.
Table 7 shows the change in pH of the nutritive malt
base of standard concentration under the influence of F.
pinicola mycelium from beech. For this isolate, as well as
for the previously mentioned one, the greatest change of
pH was recorded in the initial pH 6.2 sample (pH reduced
by 3.8).

TABLE 5 - Buffered system stability (change of pH values at the end of the experiment).
Number of series
1
2
3
4
5

Change of pH values at the end of the experiment
F. pinicola (fir)
F. pinicola (beech)
-0.4
-0.4
-0.3
-0.8
-1.9
-1.0
-1.0
-0.3
-0.3
-0.3

C. puteana
0.0
-0.1
-0.3
-0.4
-0.3

\

T. versicolor
-0.1
-0.2
-0.7
-1.0
-0.7

TABLE 6 - Change of pH values of base under the influence of mycelium F.pinicola (isolate from fir), regarding the time of action.
Series
no.
I
II
III
IV
V
VI

Initial pH
(after sterilisation)
2.2
2.8
4.2
4.8
5.4
6.2

After 7 days
2.4
3.0
4.5
4.2
5.4
5.5

Change in pH of the base
After 14 days
After 21 days
2.1
2.1
2.3
2.2
2.2
2.2
2.5
2.3
2.7
2.3
3.2
2.3

590

Total change of pH
-0.1
-0.6
-2.0
-1.5
-3.1
-4.1

Weight of the dry mass
of mycelium (g)
0.328
0.387
0.571
0.578
0.451
0.366
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TABLE 7 - Change of pH values of base under the influence of mycelium F. pinicola (isolate from beech) regarding the time of action.
Series no.
I
II
III
IV
V
VI

Initial pH
(after sterilisation)
2..2
2..8
4..2
4..8
5..4
6..2

After 7 days
2..6
2..9
4..3
4..7
5..3
5..2

Change of pH of the base
After 14 days
After 21 days
2..0
2..1
2..3
2..3
2..2
2..3
2..4
2..1
3..4
2..3
2..4
2..4

Total change of pH
-0..1
-0..5
-2..1
-2..7
-3..1
-3..8

Weight of dry mass of
mycelium (gr)
0..413
0..358
0..493
0..534
0..417
0..352

TABLE 8 - Change of pH values of base under the influence of mycelium C. puteana. regarding the time of action.
Series
no.
I
II
III
IV
V
VI

Initial pH (after sterilization)
2.2
2.8
4.2
4.8
5.4
6.2

After 7 days
2.3
2.9
4.0
4.4
5.4
5.4

The change of pH base after the certain number of days
After 14 days
After 21 days
Total change of pH
2.2
2.2
0.0
2.8
2.2
-0.6
2.6
2.5
-1.7
2.9
2.6
-2.2
3.7
2.1
-3.3
3.1
2.3
-3.9

Weight of the dry mass
of mycelium (g)
0.057
0.157
0.287
0.332
0.251
0.382

TABLE 9 - Change of pH values of base under the influence of mycelium T. versicolor. regarding the time of action.
Series
no.
I
II
III
IV
V
VI

Initial pH (after sterilization)
2.2
2.8
4.2
4.8
5.4
6.2

After 7 days
2.4
2.9
4.5
4.8
5.5
5.4

The change of pH base after the certain number of days
After 14 days
After 21 days
Total change of pH
2.1
2.2
0.0
2.9
2.5
-0.3
4.1
3.8
-0.4
3.8
3.8
-1.0
4.1
3.9
-1.5
4.0
4.1
-2.1

The smallest change of pH (only 0.1) occurred on the
base with the initial pH of 2.2. After 21 days, pH of the
base for all the initial pH values (from 2.2-6.2) was reduced
to a narrow range between 2.1-2.4, with 2.3 being the most
frequent final pH of substrate, which can be considered
close to the optimum for the development of the isolate.
This is obvious from the dry mass of the mycelium, which
is also highest in series 3 and 4 (after 21 days, pH of substrate reduced to 2.1 and 2.3, respectively).
Table 8 shows the change in pH of nutrient medium
malt standard concentration under the influence of mycelium of C. puteana. Once again, the biggest change in pH
was recorded on the substrate at pH 6.2 (pH decrease by
3.9), and there was no change of pH at initialpH 2.2, which
can be considered to be optimal for the development of
the fungus C puteana. On the other initial pH values after
21 days of the experiment, the pH of substrates amounted
to 2.1, 2.2, 2.3, 2.5 and 2.6. It can be said that after a
prolonged time of exposure, pH of the substrate and the
other initial pH values were close to optimum for the
development of this fungus.
Dry weight of mycelium is the largest in the 6th series,
where the pH was reduced to 2.3 after 21 days of fungal
action, hence confirming the previous conclusions.

Weight of the dry mass
of mycelium (g)
0.048
0.227
0.447
0.359
0.581
0.488

According to the research conducted by other authors
[12], the optimum for development of similar wood decaying fungi is close to the value of pH 3.
Table 9 shows the change in pH of nutrient medium
malt standard concentration under the influence of T. versicolor mycelium. The greatest change of initial pH, amounting to 2.1, occurred at initial pH 6.2. With this fungus,
initial pH 2.2 was not changed after 21 days of exposure,
but the metabolic processes of the fungus at the beginning
of exposure caused mild changes of pH.
The weight of the dry mass of mycelium is highest in
the 5th series, and smallest in the 1st one, in which there
were no changes of pH. It means that this fungus poorly
develops on extremely acidic substrates and that in this
case, there would certainly be a change of the pH, but after
a longer period of action. It can be said that the less acidic
substrate close to pH 5.4 are more favorable for the development of T. versicolor.
4. CONCLUSION
Temperatures which are optimal for the development
of the investigated fungi are simultaneously favorable for
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the growth and development of numerous species of rot
fungi. Therefore, one has to take into account that F. pinicola has a great number of rivals in food and environment,
which also develop under temperatures that favor this
fungus.
The change of substrate pH with F. pinicola, into the
direction of a mildly acidic reaction, points to the fact that
it prefers a weak acidic base, as do most rot fungi. This
fact, along with the previous one related to temperature,
implies that in competition with other rot fungi, F. pinicola conquers the substrate with equal chances for success,
at least regarding the temperature and concentration of Hions.
With regards to the influence of temperature and Hions on growth and production of mycelial mass of F. pinicola, as well as the change of pH substrate under the influence of this fungus, from the viewpoint of the possibility
for successful colonization of the nutritive base under natural conditions, it can be concluded that the studied species
is neither favored nor inhibited by environmental factors
in comparison with rival rot fungi. The competition of microorganisms on the same substrate, inhibition of growth, or
occurrence of antagonism represent a phenomenon that may
be the consequence of the metabolism of the rival fungal
species, excretion of mycotoxins or antibiotics before the
growing front of the mycelia, and sensitivity, i.e. the reaction of the rival species thereafter.
This phenomenon has a direct impact on the speed,
course and consequences of decomposition of wood not
only as a substrate and food source, but also as a raw
material crucial for industrial processing in all world’s
economies, as its organic origin makes it a suitable source
of nutrition for a great number of organisms and microorganisms. For this reason, it is necessary to investigate the
competitive relations of this and other rot fungi under controlled conditions, in so-called mixed cultures (conditions
of humidity, temperature and H-ion concentrations) which
are favorable for all species of the competitive fungi.
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IN VITRO EFFECTS OF SOME PESTICIDES ON PON1Q192
AND PON1R192 ISOENZYMES FROM HUMAN SERUM
Nahit Gençer* and Oktay Arslan
Balikesir University, Science and Art Faculty, Department of Chemistry/Biochemistry Section, 10100 Balikesir, Turkey

ABSTRACT
Human serum paraoxonase 1 (PON1) contains two
polymorphic forms, Q (glutamine) or R (arginine) located
at codon 192. The Q isoform has a higher activity for hydrolysis of diazoxon, sarin, and soman; whereas the R isoform has a higher activity for hydrolysis of paraoxon and
chlorpyrifos oxon. In this study, the in vitro effects of
commonly used pesticides (Purtapyr, Roundup, Agrofarm
and Practicur) on purified human serum Q and R isoenzymes were investigated. Q and R isoforms were separately
purified with ammonium sulphate precipitation and hydrophobic interaction chromatography, and the in vitro
effects of the pesticides on purifying Q and R were determined using paraoxon as a substrate. IC50 values of these
pesticides ex-hibiting inhibition effects were found from
graphs of paraoxonase activity percentage by plotting their
concentrations. The inhibition kinetics (Ki) interaction of
these pesticides with the human serum Q and R isoenzymes were also determined.

KEYWORDS:
PON1; phenotype; inhibition; pesticides.

1. INTRODUCTION
PON 1 is a calcium-dependent HDL-associated (apoprotein A-1) glycoprotein, catalyzing the hydrolysis of aromatic carboxylic acid esters, organophosphate (OP) insecticides and nerve gases [1, 2]. In addition, PON1 is involved
in lipid metabolism, since it probably hydrolyzes multiple
oxygenated forms of polyunsaturated fatty acids of lowdensity lipoproteins associated with phospholipids. For this
reason, paraoxonase can be defined as an antioxidant enzyme [3, 4]. But its native substrates, in vivo mechanism of
action, and also molecular target(s) of PON1 remain unknown.
The gene for PON1 shows two common polymorphisms: Q (glutamine) or R (arginine) at codon 192 [5, 6].
* Corresponding author

This polymorphism is substrate-dependent. The PON1Q192
isoform has a higher rate of in vitro hydrolysis of diazoxon,
sarin, and soman [7], whereas the PON1R192 isoform has
higher activity for the hydrolysis of paraoxon and
chlorpyrifos oxon [8]. Both hydrolyze phenylacetate
approximately at the same rate [9]. In addition, the ability
of HDL to protect LDL against peroxidation in vitro is
significantly lower in HDL particles containing PON1R192
than in those with PON1Q192 [10]. Polymorphism of the
PON1 gene in-fluences the blood levels of PON1 and its
catalytic efficiency; both factors strongly affect individuals
susceptible to arteriosclerosis, pollutants and insecticides
[11, 12]. In addition, it showed that mice lacking PON1
are highly susceptible to arteriosclerosis and organophosphate poisoning [12].
Many pesticides are being used in agriculture to improve the yields. Although the use of these chemicals had a
positive effect on crop production, certain pesticides, their
residues, metabolites and/or contaminants created many
unforeseen adverse effects on the environment [13].
The purpose of this study was to investigate the in
vitro effects of 4 commonly used pesticides: (RS)-5-ethyl2-(4isopropyl-4-methyl-5-oxo-2-imidazolin-2-yl)nicotinic
acid (Purtapyr), N-phosphonomethyl-glycine (Roundup),
2.4-dichlorophenoxyacetic acid (Agrofarm) and propyl-3(dimethylamino) propylcarbamate monohydrochloride
(Practicur) on purified human serum paraoxonase Q and
R allozymes activity. However, to our knowledge, no
study is available on the in vitro effects of these pesticides
on paraoxonase Q and R allozymes activity.
2. MATERIALS AND METHODS
The materials used (Sepharose 4B, L-tyrosine, 9-aminophenanthrene, paraoxon, protein assay reagents and chemicals for electrophoresis) were obtained from Sigma Chem.
Co. All other chemicals used were of analytical grade. The
pesticides were of commercial origin, and at the highest
available purity level (99%).
2.1. Paraoxonase enzyme assay

Paraoxonase enzyme activity towards paraoxon was
quantified spectrophotometrically with the method de-
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scribed by Adkins et al. [5]. The reaction was followed
within 2 min at 37 °C by monitoring the appearance of pnitrophenol at 412 nm in a Biotech automated recording
spectrophotometer. A molar extinction coefficient (ε) of
p-nitrophenol at pH 8.0 in 100 mM Tris–base buffer of
17,100 M−1 cm−1 was used for calculation. PON1 activity
(1 U /L) was defined as 1 µmol of p-nitrophenol formed per
min.
2.2. Phenotyping and purification of human PON1 types Q
and R

In order to classify individual phenotypes, two parameters were used. According to Eckerson et al. [14], phenotypic distribution of the paraoxonase activity was determined through the basal stimulation of paraoxonase activity by 1 M NaCl. Individuals were classified for paraoxonase phenotype using the antimode at 60 % stimulation as
the dividing point between the non-salt-stimulated Q type as
well as the salt-stimulated QR (60-200 %) and R (>200 %)
types.
2.3. Ammonium sulphate precipitation

Human serum was isolated from fresh human blood
taken to a dry tube. The blood samples were centrifuged at
1500 rpm for 15 min, and the serum was removed. Firstly,
serum paraoxonase was isolated by ammonium sulphate
precipitation (60–80%) [15]. The precipitate was collected
by centrifugation at 15000 rpm for 20 min, and redissolved
in 100 mM Tris–HCl buffer (pH 8.0).
2.4. Purification of PON1 Q and R isoforms from human serum
by hydrophobic interaction chromatography

The pooled precipitate obtained from human serum
by using ammonium sulphate precipitation was subjected to
hydrophobic interaction chromatography. The final saline
concentration of the precipitate was adjusted to 1 M ammonium sulphate. Prior to that, it was loaded onto the
hydrophobic gel column, prepared from Sepharose-4B/Ltyrosine/9-aminophenanthrene. The preparation of hydrophobic column for the purification of human serum paraoxonase is as follows [16]: 10% CNBr was prepared in
1:1 dilution of Sepharose-4B and water. The mixture was
titrated to pH 11 in an ice-bath and maintained at that pH
for 8–10 min. The reaction was stopped by filtering the
gel on a Buchner funnel and washing it with cold 0.1M
NaHCO3 buffer (pH 10). L-Tyrosine (by using a saturated
L-tyrosine solution) in the same buffer was coupled to
Sepharose-4B activated with CNBr. The reaction was completed by magnetic stirring for 90 min. In order to remove
excess L-tyrosine from the sepharose-4B/L-tyrosine gel,
the mixture was washed with distilled water. The hydrophobic gel was then obtained by diazotization of 9-aminophenanthrene, and coupling of this compound to Sepharose-4B/L-tyrosine. The pH was adjusted to 9.5 with
1M NaOH and, after gentle stirring for 3 h at room temperature; the coupled red Sepharose derivative was
washed with 1 L water and then, 200 ml of 0.05 M Tris–
sulphate (pH 7.5). The column was equilibrated with 0.1 M

Na2HPO4 buffer (pH 8.0) including 1 M ammonium sulphate. The paraoxonase was eluted with ammonium sulphate gradient using 0.1 M Na2HPO4 buffer, with and
without ammonium sulphate pH 8.0. The purified PON1
enzyme was stored in the presence of 2 mM CaCl2 at +4
°C, in order to maintain activity.
2.5. Total protein determination

The absorbance at 280 nm was used for monitoring
the protein in the column effluents and ammonium sulphate precipitation. Quantitative protein determination was
achieved by absorbance measurements at 595 nm according to Bradford [17], with bovine serum albumin standard.
2.6. SDS polyacrylamide gel electrophoresis

SDS polyacrylamide gel electrophoresis was performed
after purification of the enzyme. It was carried out in 10 and
3 % acrylamide concentrations for the running and stacking
gel, respectively, containing 0.1% SDS according to
Laemmli [18]. A 20-mg sample was applied to the electrophoresis medium. Gel was stained overnight in 0.1 %
Coomassie Brilliant Blue R-250 in 50 % methanol and
10 % acetic acid, and then destined by frequently changing the same solvent, without dye. The electrophoretic
pattern was photographed with the system to produce an
image of the gel.
2.7. In vitro inhibition kinetic studies and determination of Ki
values

For the inhibition studies of the above pesticides, different concentrations of them were added to the enzyme. Q
and R isoenzymes activities with pesticides were assayed
by following the hydration of paraoxon. Activity % values of paraoxonase for 5 different concentrations of each
pesticide were determined by regression analysis using
Microsoft Office 2000 Excel. Paraoxonase activity without
a pesticide was accepted as 100 % activity. For the pesticides having an inhibition effect, the inhibitor concentration causing up to 50 % inhibition (IC50 value) was determined from the graphs. In addition, Ki values of these
pesticides were determined relative to Q and R activity. In
order to obtain K M and Vmax values, the enzyme for
paraoxon at optimum pH (pH 8.0) and temperature (37 °C)
was measured at 7 different substrate concentrations (0.2,
0.4, 0.6, 0.8, and 1 mM). KM and Vmax values were determined by means of Lineweaver–Burke graphs. Two different concentrations of these pesticides were added to the
mixture, and reactions resulting were determined. Ki values
were calculated from Lineweaver–Burke graphs.
3. RESULTS AND DISCUSSION
In this study, the effects of commonly used pesticides,
namely (RS)-5-ethyl-2-(4isopropyl-4-methyl-5-oxo-2-imidazolin-2-yl) nicotinic acid, N-(phosphonomethyl)-glycine,
2.4-dichlorophenoxyacetic acid and propyl-3-(dimethylamino) propylcarbamate monohydrochloride, on purified
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human serum Q and R isoenzymes were investigated in
vitro. In order to investigate these effects, human serum
paraoxonase Q and R were purified by ammonium sulphate
precipitation at 60—80% intervals, and subjected to hydrophobic interaction chromatography. We previously reported a purification strategy designed for the human PON1
enzyme consisting of 2-step procedures resulting in a shorter
and more straightforward approach, in contrast to other
purification procedures [16].
The gel for hydrophobic interaction chromatography
was synthesized using Sepharose 4B, L-tyrosine and 9aminophenantrene. Overall purification rate of our method
was found to be 901-fold for R isoenzyme and 453-fold for
Q isoenzyme. The Vmax and KM values of purified enzyme
were determined to be 55 EU and 0.599 mM for Q isoenzyme, but 50 EU and 0.492 mM for R isoenzyme, respectively [16]. Several studies also reported that KM values
for paraoxon from different labs can show quite similar
values. Eckerson et al. [14] found KM values of 0.43 and
0.46 mM for paraoxonase type Q and type R enzymes. The
purity of the isoenzymes was confirmed by SDS-PAGE.
As seen in Fig. 1, a single band, 43 kDa, was obtained,
which corresponds to the results of previous studies [1921].

FIGURE 1 - SDS-PAGE of human serum paraoxonase. The pooled
fractions from ammonium sulfate precipitation and hydrophobic
interaction chromatography (Sepharose-4B, L-tyrosine, 9-aminophenanthrene) were analyzed by SDS-PAGE (12% and 3%) and
revealed by Coomassie Blue staining. Experimental conditions were
as described in the method. Lane 3 contained 3 µg of various molecular mass standards: ß-galactosidase, (116,0), bovine serum albumin (66.0), ovalbumin (45.0), carbonic anhydrase, (33,0), ∞lactoglobulin (25.0), lysozyme (19.5). Thirty microgram of purified
human serum paraoxonase Q type (lane 1) and paraoxonase R type
(lane 2) migrated with a mobility corresponding to an apparent Mr
(relative molecular mass) of 43.0 kDa.

As can be seen in Fig. 2, all of the selected pesticides
inhibited the human serum PON1Q and R activities in
vitro. The kinetic parameters for the various pesticides are
presented in Table 1. The IC50 values for the pesticides on

purified Q and R isoenzymes were determined to be quite
different because they were more inhibiting purified human serum PON1Q192 activity than that of PON1R192.
The next step was to study the kinetics of interaction
of these pesticides with the purified human Q and R isoenzymes. Two different concentrations of these pesticides
were used for the determination of inhibition types. Inhibition properties of purified Q and R isoenzyme solution
by the pesticides were investigated with paraoxon as substrate at pH 8.0 (see Table 1). The corresponding inhibition
types were determined by the method of Lineweaver–Burk
(Fig. 3). The Lineweaver-Burk double-reciprocal plot was
analyzed with a range of paraoxon concentrations (0.6 –1.2
mM). The data indicate different inhibition of PON1
activity by the pesticide types (Table 1). Agrofarm is a
competitive inhibitor and the other pesticides are non-competitive inhibitors for R isoenzyme, whereas Purtapyr is
non-competitive and the others are competitive for Q isoenzyme. Relative studies have not reported investigations of the inhibition of paraoxonase Q and R isoenzymes
as substrate using paraoxon.
Individual response to pesticide exposure may be affected by polymorphisms in genes affecting pesticide metabolism. Animal studies suggested that changes in serum
paraoxonase activity alter susceptibility to organophosphate
(OP) toxicity [22]. The role of genetic polymorphisms as
determinants of health was explored in many areas of public health research, including epidemiological and toxicological studies [23]. The evidence of the wide variation in
serum PON1 activity among individuals [9] raised the hypothesis that subjects with low PON1 activity might be
more susceptible to the toxicity of some OPs, such as
methyl parathion and chlorpyrifos, which are hydrolyzed
faster by the R alloenzyme. Epidemiological studies have
explored the role of PON1Q192R genotype or phenotype
on the susceptibility to OP exposure to develop neurological toxicity and health problems [24-27], and DNA damage in somatic cells [28].
The Vmax and KM values (Q isoenzyme: 55 EU and
0.599 mM; R isoenzyme: 50 EU and 0.492 mM) were quite
similar as in several studies from different labs [16]. Eckerson et al. [14] reported 0.43 mM for the paraoxonase type
Q enzyme and 0.46 mM for the paraoxonase type R enzyme.
Many pesticides, at relatively low dosages, affect the
metabolism of biota by altering normal enzyme activity.
The pesticides employed in this present study showed inhibitory effects on the activity of Q and R isoenzymes to
various degrees. Turan et al. [29] reported that some pesticides (Folidol, Amina, Trimidal, Fusilade and Rubigan)
were effective inhibitors for carbonic anhydrase enzyme.
Verep [30] reported from bioassay tests of Leuciscus
cephalus with some pesticides; deltamethrin was the most
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toxic compound in that study, when compared to malathion
and carbaryl (1-naphthyl methylcarbamate).
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FIGURE 2 - Inhibition of pesticides on paraoxonase enzyme R and Q types, respectively.
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TABLE 1 - IC50 values and type of inhibition (mM) of pesticides on paraoxonase enzyme Q and R types.
Phenotype

R

Q

Pesticides
Roundup
Practicur
Purtapyr
Agrofarm
Roundup
Practicur
Purtapyr
Agrofarm

IC50 (mM)
2,935
35,011
4,268
2,588
0,709
34,067
3,046
1,167

Ki (mM)
2,861±1,534
54,6±300
0,302±0,151
0,778±0,476
0,259±0,038
50,02±17,27
0,736±0,285
0,088±0,037

In agriculture, pesticides are widely used against possible harmful factors in order to minimize the loss of crops.
However, it is known that pesticides with long half-life are
a potential risk to animals and human health, since they can
be taken into the organisms by various food chains. In most
of the countries, the inappropriate use of pesticides make
this issue more important to deal with. The results obtained
in this work also confirmed the importance of the use of
pesticides consciously under the control of specialists.
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EFFICIENCY OF FILTRATION PROCESS IN THE
PRETREATMENT OF OLIVE OIL MILL WASTEWATERS (OMWW)
Ezgi Oktav Akdemir* and Adem Ozer
Dokuz Eylul University, Faculty of Engineering, Department of Environmental Engineering, Tinaztepe Campus, 35160 Buca, Izmir, Turkey

ABSTRACT
Removal of particulate matter from OMWW using
cartridge filtration seems to be more reasonable compared
to sedimentation and sand filtration, because the bulky
structure and flotation of the settled sludge makes the sedimentation process inefficient. Sand filtration is not a feasible solid separation process for OMWW due to rapid clogging and enormous sludge volume coming from backwashing. In this study, cartridge filter filtration of OMWW
using 20 µm and 5 µm cartridge filters after acid cracking
was applied as pretreatment step. A Box-Wilson statistical
experiment design method was used to investigate the
effects of operating parameters such as pH of OMWW and
filtration time on TOC and TS removal efficiencies. Both
cartridge pore sizes gave satisfactory results. Low pH value
and long filtration time improves the removal efficiencies
of TOC and TS.

KEYWORDS: Olive oil mill wastewater; pretreatment; filtration;
cartridge filter; Box-Wilson experimental design

1. INTRODUCTION
Treatment and disposal of olive oil mill wastewater
(OMWW) is a serious environmental problem in the Mediterranean countries [1]. Turkey is one of the top olive oil
producing countries [2]. Environmental hazards of OMWW
are becoming more dangerous, because olive oil mills are
small and dispersed throughout the countries and OMWW
is discharged directly to surface water or disposed somewhere without any care [3]. With the increasing olive oil
production in recent years, treatment of OMWW has become a serious and urgent problem [4].
OMWW is composed of the olive fruit vegetation water, the water used for washing and treatment, olive pulp
and residual oil [5]. It is characterized by high concentrations of several organic compounds, such as organic acids, sugars, tannins, pectins, polyphenolic substances and
* Corresponding author

they make the treatment of OMWW difficult. Besides,
OMWW contains also inorganic compounds such as chloride, sulfate and phosphoric salts of potassium as well as
calcium, iron, magnesium, sodium, copper and traces of
other elements [6].
Physical processes such as dilution, evaporation, sedimentation, filtration and centrifugation have been employed
to treat OMWW [7,8]. However, these processes are not
able to reduce the organic load and toxicity of OMWW to
acceptable limits [9]. Evaporation and sedimentation can
concentrate OMWW to the extent of 70–75%. In the case
of sedimentation, the remaining concentrate and the supernatant need further treatment. Similarly, in evaporation
processes the remaining concentrate and the distillate need
further treatment. Moreover, there are considerable odour
problems in open sedimentation/ evaporation areas [3,10].
Several coagulation and flocculation experiments have
also been done with OMWW. Mitrakas et al. [11] used
acidification and centrifugation together. They obtained a
47 % oil recovery and 68 % COD removal at pH = 2 (acidification by H2SO4) [11]. Aktaş et. al. [12] investigated the
effect of lime treatment on OMWW and they observed a
COD removal of more than 40% and an oil and grease recovery of about 95% [12].
Also many works have been done using membrane
technologies such as microfiltration, ultrafiltration and
nanofiltration [2,13-16].
In this study, the combination of pH adjustment and
cartridge filter filtration was used for pretreatment of olive
oil mill wastewater for the presumed following membrane
filtration steps. In order to investigate the effects of the
operating parameters (pH of OMWW and filtration time)
on filtration process efficiency, a Box–Wilson statistical
experiment design method was used.
2. MATERALS AND METHODS
2.1. Olive Oil Mill Wastewater Characterization

Fresh OMWW used in this work was taken from a
three phase continuous plant in Izmir, Turkey. Samples were
taken after the separator. Therefore most of the particulate
matter was captured in the separator coming from the de-
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canter. OMWW was collected in a closed plastic container and stored at 4 °C. The main characteristics of the
OMWW are presented in Table 1.
TABLE 1 - The main characteristics of OMWW used in this study.
Parameter
pH
COD
TOC
TS
TSS
Oil and grease

Unit
mg/L
mg/L
mg/L
mg/L
mg/L

Value
5.5
88 000
19 910
62 120
11200
2510

2.2. Experimental System

The filtration experiments were carried out in a laboratory-scale cartridge filter filtration system. Acid cracking
was applied in the 5 L feed vessel to raw OMWW samples
by adjusting pH manually to different pH values using sulphuric acid (98% solution). After pH adjustment, OMWW
was put in the vessel and recirculated through the cartridge
filter. Circulation discharge was constant and cartridge filter
inlet pressure was around zero at the beginning of the experiment. After 300 minutes, pressure increased up to 0.3 bar
and discharge did not significantly decrease. The formation
of cake layer on the surface of cartridge filter caused the
decrease of discharge due to increasing headloss. Pressure
was monitored by gauge. A heat exchanger in the feed
vessel was used in all filtration experiments to keep the
temperature at around 22-24°C. The schematic diagram of
the cartridge filtration system is shown in Figure 1. Cartridge filters with 20 µm and 5 µm pore size were supplied
from Aqua-SPA Water System Company. They were made
from polypropylene material.
Temperature
controller

A Box–Wilson statistical experimental design method
was used to determine the effects of pH and filtration time
on filtration efficiency. The Box–Wilson design is a response surface methodology, which is an empirical modeling technique, devoted to the evaluation of the relationship of a set of controlled experimental factors and observed
results. Basically this optimization process involves three
major steps: performing the statistically designed experiments, estimating the coefficients in a mathematical model,
and predicting the response and checking the adequacy of
the model [13].
Two important operating parameters; pH and filtration
time were chosen as the independent variables and designated as X1 and X2, respectively. pH value (X1) was varied between 2 and 4, while filtration time (X2) was ranged
from 10 to 120 minutes (from 2 pass to 24 pass). Total Organic Carbon (TOC) and Total Solids (TS) concentrations
in filtrate after filtration process were chosen as system
responses. The experimental works consist of four axial (A),
four factorial (F) and center (C) points. The center point was
repeated three times for the estimating experimental error.
The TOC or TS removal efficiency (Y) was correlated with
the other independent parameters (X1, X2) using Eq. (1).
Y = b0 + b1X1 + b2X2 + b12X1X2 + b11X12 + b22X22

(1)

where Y = the predicted response function, b0 = the
constant, b1, b2 = the linear coefficients, b12 = the cross product coefficient, and b11, b22 = the quadratic coefficients.
The coefficients of the response functions were determined
by using the experimental data and the Statistica 5.0 computer program for regression analysis. Experimental conditions determined by the Box–Wilson statistical design
are presented in Table 2. The circulation period of OMWW
is longer than 120 minutes. But only the data points observed before 120 minutes are used according to experimental design. It is discussed in Chapter 3.
TABLE 2 - Experimental data points used in Box–Wilson statistical
design

Feed
vessel

Cooling system
(tap water)

2.4. Box–Wilson Experimental Design Method

Experiment no
Axial points
A1
A2
A3
A4
Factorial points
F1
F2
F3
F4
Center point
C

Cartridge
filter
Pump

FIGURE 1 - Schematic diagram of the filtration unit.

pH

Time (minute)

4
2
3
3

65
65
120
10

3.7
2.3
3.7
2.3

104
104
26
26

3

65

2.3. Analytical Methods

The carbon concentration was monitored using a
DOHRMAN DC 190 TOC analyzer. The measurement of
pH was carried out with a bench scale pH meter (NEL pH
meter 890). COD, TS, TSS, oil and grease parameters presented in Table 1 were determined using the standard methods of analysis [17].

3. RESULTS AND DISCUSSION
Experimental data was used for determination of the
response function coefficients. The estimated coefficients
of the response functions are presented in Table 3. Pre-
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dicted values of TOC and TS removal efficiencies using
the estimated coefficients are compared with the experimental results in Table 4. Response function predictions
were in good agreement with the experimental data.
According to general characteristics of OMWW, oil
hydrolysis and colloid neutralization occurs to some extent
at low pH values. So, acid cracking was applied at different
pH values from pH= 4 to pH=2. 1.2 ml/L and 14 ml/L
H2SO4 was used respectively for pH adjustment to pH=4
and pH=2. Two cartridge filters with different pore size
(20 µm and 5 µm) were used separately. Variation of TOC
removal efficiency at different pH values for 20 µm cartridge filter is given in Figure 2. After 10 minutes filtration
(2 pass), 17% and 53% TOC removal efficiencies were
achieved for pH=4 and pH=2, respectively. After 120
minutes filtration (24 pass), 24% and 55% removal efficiencies were obtained for the same pH values. Decreasing pH values results in considerable increment in TOC
removal efficiencies at the beginning of the experiment. On
the other hand, TOC removal efficiencies were slightly

increased with increasing filtration time. Because, at the
beginning of the filtration period, cake layer occurred
quickly on the filter surface. Therefore some particulate
pollutants were captured on the filter surface and, removal
efficiencies remained almost constant during the filtration
period. 2 pass is sufficient for cake formation. These circulations may not be prerequisite during field operation. It
is possible formation of cake layer with circulation of
OMWW in separate chamber before filtration period.
TABLE 3 - Coefficients of the response functions.
20 µm
YTOC
YTS
0.957
0.934
0.7821711
0.770752
-0.096758
-0.25741
-0.001046
0.000163
0.0001995
0.000201
-0.01379
0.026661
0.0000066
-0.000028

R2
B0
B1
B2
B12
B11
B22

5 µm
YTOC
YTS
0.939
0.927
0.9879252
0.717488
-0.283287
-0.24216
-0.0006187
0.000485
-0.0000011
-0.00013
0.0269006
0.030192
0.0000087
0.0000005

TABLE 4 - Observed and predicted TOC and TS removal efficiencies.
20 µm

5 µm

YTOC

TOC Removal Efficiency (%)

A1
A2
A3
A4
F1
F2
F3
F4
Center (avg)

Predicted
0.186
0.519
0.409
0.364
0.275
0.497
0.232
0.476
0.367

YTS
Observed
0.145
0.522
0.393
0.340
0.307
0.499
0.270
0.483
0.367

Predicted
0.209
0.378
0.272
0.244
0.232
0.339
0.201
0.330
0.267

YTOC
Observed
0.198
0.406
0.280
0.254
0.238
0.317
0.206
0.307
0.266

Predicted
0.279
0.524
0.428
0.375
0.334
0.506
0.297
0.468
0.375

YTS
Observed
0.245
0.550
0.432
0.361
0.353
0.483
0.329
0.458
0.375

Predicted
0.230
0.369
0.276
0.264
0.236
0.341
0.235
0.325
0.269

Observed
0.212
0.390
0.280
0.262
0.247
0.323
0.250
0.312
0.269

60
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0
0

20

40

60

80

100

120

140

Time (minute)
FIGURE 2 - Variation of TOC removal efficiency with time as a function of pH for 20 µm cartridge filter, (♦) pH=2; (■) pH=2.5; (−) pH=3;
(▲) pH=3.5; (x) pH=4.

603

© by PSP Volume 20 – No 3. 2011

Fresenius Environmental Bulletin

TOC Removal Efficiency (%)

Using the same OMWW sample, the second experiment was carried out with another cartridge filter with
smaller pore size (5 µm) and results are given in Figure 3.
Similar results were obtained with 5 µm cartridge filter.
TOC removal efficiency increased for 5 µm cartridge filter
after 10 minutes filtration time compared to 20 µm cartridge
filter but did not gave considerable increase for 120 minutes
filtration. 28% and 52% TOC removal efficiencies were
achieved for pH= 4 and pH= 2, respectively after 10
minutes filtration. After 120 minutes, 33% and 58% TOC
removal efficiencies were achieved for the same pH values.
There were no big differences in TOC removal efficiencies
between two cartridge filters after 120 minutes filtration
time. It is thought that, structure and properties of cake
formed on the filter surface is more effective than the filter
pore size during the entrapment of particles present in

OMWW. It should be noticed that OMWW coming from
separator is subjected to oil recovery, therefore TOC removal efficiency such as 58% for this water stands for the
organic particulate matter removal. Oil entrapment is negligible in this TOC removal.
Figure 4 depicts the variation of TS removal efficiency
with time as a function of pH for 20 µm cartridge filter. TS
removal efficiencies were similar to TOC removal efficiencies. Maximum TS removal efficiencies were achieved at
pH=2. Increasing filtration time slightly changed removal
efficiency. Approximately 34 % removal efficiency was
achieved during whole filtration period at pH=2. When the
pH=4, TS removal efficiency was around 20%. Slight decrease in TS removal efficiency between 90 and 120
minutes for pH=2 is negligible.
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80

100

120

140

Time (minute)

TS Removal Efficiency (%)

FIGURE 3 -Variation of TOC removal efficiency with time as a function of pH for 5 µm cartridge filter, (♦) pH=2; (■) pH=2.5; (−) pH=3;
(▲) pH=3.5; (x) pH=4.
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FIGURE 4 - Variation of TS removal efficiency with time as a function of pH for 20 µm cartridge filter, (♦) pH=2; (■) pH=2.5; (−) pH=3; (▲)
pH=3.5; (x) pH=4.

604

TS Removal Efficiency (%)

© by PSP Volume 20 – No 3. 2011

Fresenius Environmental Bulletin

50
40
30
20
10
0
0

20

40

60

80

100

120

140

Time (minute)
FIGURE 5 - Variation of TS removal efficiency with time as a function of pH for 5 µm cartridge filter, (♦) pH=2; (■) pH=2.5; (−) pH=3; (▲)
pH=3.5; (x) pH=4.

The last experiment was done with 5 µm cartridge filter and the variation of TS removal efficiency with pH
and time is given in Figure 5. TS removal efficiency increased steadily with increasing filtration time at pH=4.
Removal efficiency of 22% was obtained at 10 minute
filtration at pH=4. When pH was decreased to pH=2, TS
removal efficiency was increased to 37%. The most important factor for TS removal efficiency of cartridge filter
was pH. Filtration time and cartridge filter pore size did
not effectively change TS removal efficiencies.
4. CONCLUSIONS
Combination of acid cracking and cartridge filter filtration was used in the content of this study. A Box–
Wilson statistical experiment design was used to investigate the effects of major operating variables (pH and
filtration time) on removal rates of TOC and TS.

size were ineffective parameters for TS removals. Maximum TS removal efficiencies were 34% for 20 µm pore
size and 37% for 5 µm pore sizes, respectively.
After acid cracking, cartridge filter filtration with 20 µm
pore size gave the optimum pretreatment conditions for
the OMWW sample taken from separator effluent.
The use of cartridge filters with cake layer is more efficient pretreatment step compared to sedimentation and
sand filtration. Because bulky structure and flotation of settled sludge makes the sedimentation process inefficient.
Sand filtration is not feasible solid separation process for
OMWW due to rapid clogging and enormous sludge volume coming from backwashing.
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ABSTRACT
This study used batch adsorption techniques to evaluate the potential suitability of tea waste as an environmentally friendly adsorbent for the removal of indium ions
from aqueous solution. In addition, we also investigated
the effects of process parameters, such as the solution pH,
initial concentration of indium ions, adsorbent dose and
temperature on adsorption performance. The experimental
data were fitted with several adsorption isotherm models to
describe the adsorption process of indium ions onto the tea
waste. The predictions of the Freundlich isotherm model
satisfactorily matched the experimental observations. In
addition, the kinetic data obtained at different initial concentrations were analyzed using pseudo-first-order and
pseudo-second-order kinetic models. A pseudo-second-order
model provided a good fit to the experimental results with
correlation coefficients greater than 0.99. Thermodynamic
parameters, including the Gibbs free energy, enthalpy, and
entropy, indicated that the indium adsorption of aqueous
solutions onto tea waste was feasible, spontaneous and
endothermic in the temperature range of 288 K to 318K.
This study indicated that tea waste could be used as an
effective and environmentally friendly adsorbent for the
treatment of indium-containing aqueous solutions.

KEYWORDS: adsorption; indium ions; tea waste; isotherms;
kinetics; thermodynamics.

1. INTRODUCTION
Indium is a group IIIA metallic element and has
emerged as an important strategic metal that is extensively used in high-tech industries. Indium and its compounds exhibit semiconductor or optoelectronic characteristics, which are used in the production of liquid crystal
display, semiconductor, and infrared photo detector [1].
More than one-half of the world’s indium consumption is

for indium tin oxide (ITO) coatings. ITO is an excellent
transparent and conductive material that has been widely
used in the making of thin-film transistor liquid crystal display (TFT-LCD) for television screens, portable computer
screens, and cell phone displays. Because of the demand
for TFT-LCD, and semiconductor materials, the consumption of ITO and indium is increasing. Indium and its compounds have been found in the etching wastewater discharged from optoelectronic plants, and they are suspected
to be carcinogenic to humans and damage the heart, kidney, and liver [2]. Therefore, the removal of indium from
aqueous solutions has become an important issue.
Most studies related to the extraction of metal ions
from solid and liquid samples have employed chelation
combined with solvent extraction [3]. However, these solvent extraction procedures are usually time consuming and
labor intensive. This method is also unfavorable because of
the environmental contamination associated with the use of
chemical solvents and the resulting health risks. Membrane
filtration is also a proven way to remove metal ions but its
high cost limits the use in practice [4]. Adsorption is a
promising alternative for the removal of metals from aqueous effluents. The most widely used industrial adsorbent is
activated carbon. Activated carbon has shown good metal
ion adsorption capacities [5, 6]. However, these methods
have been found to be limited because they often involve
high capital as well as operational costs and may be associated with the generation of secondary wastes, which present treatment problems [7]. In addition, strict new regulatory requirements on the use of organic solvents worldwide,
motivated by health and environmental concerns, have
prompted studies relating to the removal and separation of
indium ions using methods such as electroanalytical techniques [8], coprecipitation [9], nanofiltration membranes
[10], solid phase extraction [11], supercritical CO2 extraction [12], extraction resin [13] and electrocoagulation techniques [14, 15]. More recently, great effort has been contributed to the development of new adsorbents that are
byproducts of wastes from large-scale industrial operations
and agricultural waste materials. However, to date, there
has been scarce research on the adsorption treatment for
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the removal of indium from aqueous solutions using agricultural waste materials as adsorbents.
A number of investigations have developed alternative
and economic adsorbents for heavy metal ions removal.
For example, plant materials are mainly comprised of cellulose materials that can adsorb heavy metal ions in aqueous
solutions [16]. A number of agricultural waste materials
used as low-cost adsorbents are available in different parts
of the world. Such available adsorbents include corn cobs
[17], peanut shells [18], saw dust [19], coir dust [20], coffee waste [21], rice and wheat bran [22], and tea waste [23,
24], used in heavy metal removal from wastewaters. Recently, tea waste has also gained attention due to its potential to remove heavy metal ions from aqueous solutions.
Insoluble cell walls of tea leaves are composed of lignin,
condensed tannins, structure proteins, cellulose and hemicelluloses as major constituents and may include other polar
functional groups of lignin and tannin, including alcohols,
aldehydes, ketones, carboxylic, phenolic and ether groups.
These groups serve as metal scavengers in aqueous solutions and have the ability to bind heavy metals by donation of an electron pair from these groups to form complexes with the metal ions [25]. Most available studies in
the literature have used tea waste as an adsorbent for the
removal of heavy metals such as chromium, zinc, copper,
lead, nickel, iron, cadmium, and gallium [26-29]. However,
there are currently no studies on the removal of indium
using tea waste as a potential adsorbent. Therefore, this
study evaluated the adsorption potential of tea waste for
the removal of indium ions from aqueous solutions. The
optimum operating conditions, equilibrium data, and kinetic
data were processed to understand the adsorption characteristics of indium ions onto tea waste.

2. MATERIALS AND METHODS
2.1. Experimental device

The reactor cell equipped with a water jacket, having
a dimension of 5 cm inner radius×12 cm depth was composed of Pyrex glass. The temperature of the water jacket
cell was controlled by continuously circulating water from
a refrigerated circulating bath. The magnetic stirrer (Suntex,
SH-301, Taiwan) was used in the reactor to maintain
adequate mixing the indium ions solution during the adsorption process. The characteristics of the indium ions
aqueous solution was determined using a pH meter (Sartorius, Professional Meter PP-20, Germany) and by measuring conductivity (Eutech, CyberScan 510, Singapore).
Fourier transform infrared spectroscopy of the tea waste
was done by using an FTIR spectrophotometer (PerkinElmer, Spectrum one, USA), the resulting spectra were the
average of 32 scans. Physical characteristics of the prepared
tea waste was carried out by nitrogen adsorption isotherms
were obtained using BET surface area apparatus (Micromertics, Gemini V, USA), surface area and porosity
analyzer. A Malvern zeta potential and size analyzer

(Malvern Instruments, Zetasizer Nano Series, UK) was
used to determine the zeta potential of the tea particles in
aqueous solutions.
2.2. Chemical and reagents

The standard reference material used in the experiments was an indium standard solution (from NIST, 2%
In(NO3)3 in HNO3) from High-Purity Standards (South
Carolina, USA) with purity of at least 99%. Aqueous solutions containing indium ions were prepared by dissolving
an appropriate quantity of indium nitrate in de-ionized water
for adsorption tests. The pH of the aqueous solution was
adjusted by adding NaOH by Aldrich (St. Louis, MO,
USA).
2.3. Adsorbent

The rejected tea waste collected from high-altitude
mountainous tea plantations in central Taiwan was used for
the experiments. The collected tea waste was washed several times with boiled water to remove any soluble dirtiness and colored components. The wet tea leaves were then
washed with de-ionized water and were dried at 85 °C inside a convection oven for 24. The dried tea waste was
crushed and sieved to obtain the particle size in the range
150-250 µm used in the adsorption experiments without
any further modification. Finally, the resulting product was
stored in air-tight container for further use. No other chemical or physical treatments were applied prior to adsorption
experiments.
2.4. Experimental procedure

During each test run, 0.5 L of aqueous solution containing indium ions was placed into the reactor. The magnetic stirrer stirred the wastewater at a speed of 300 rpm.
The adsorbent dose amount of 0.1, 0.3, 0.5 or 0.7 g L-1 was
added to the wastewater used the adsorption treatment
process. The initial concentration used was in the range
between 10 and 80 mg L-1. A steady temperature of 288 to
318 K was maintained by circulating water from the refrigerated circulating bath through the water jacket. After
adsorption treatment, the conductivity and pH of synthetic
wastewater were measured with a multimeter and pH meter, respectively. The concentration of indium ions in each
sample was measured three times with a flame atomic absorption spectrophotometer (Perkin-Elmer, AA-200, USA).
An indium hollow cathode lamp operated at 20 mA was
used as the light source. The wavelength was set at the
303.9 nm resonance line for indium. The amount of indium ions adsorbed by tea waste was calculated from the
difference between the indium ions quantity added to the
tea waste and the indium ions content of the supernatant
using the following equation:

qe =

V (C0 − Ce )
M

(1)

where qe is the indium ions uptake (mg g-1), C0 and Ce
are, respectively, the initial and final or equilibrium indi-
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um ions concentrations in the solution (mg L-1), V is the
volume of the solution (L) and M is the mass of the tea
waste.
In adsorption (%)

100

3. RESULTS AND DISCUSSION
3.1. Effect of solution pH

The solution pH is a significant parameter in the metal
adsorption process and thus the hydrogen ion concentration of the aqueous solution was examined at different
pH, covering a range of 2.3 to 6.2. As seen in Fig.1, at pH
2-3 range the adsorption is very low and rapidly increases
between pH 4 and 6. This phenomenon can be explained
by the surface charge of the adsorbent and the H＋ ions
present in the solution. At lower pH values, the H＋ compete with metal cation for the active sites of waste tea and
therefore lower adsorption. The removal of indium ions
increased rapidly at pH 4.0-6.0 and reached up to 90.45 %.
However, a previous study reported that the indium ions
get precipitated due to the formation of indium hydroxide
at pH 6 [30]. A series of experiments were carried out to
identify the dominant process indium ion removal between
adsorption using the tea waste and hydroxide anions by
pH adjustment using sodium hydroxide. As can be seen in
Table 1, the indium ion removal efficiency were 2.45, 4.05,
13.73, and 22.53 % when the pH value of solution was adjusted using sodium hydroxide to different values of 3.2,
4.2, 5.2., and 6.2, respectively. Under the same pH value
of solution, the corresponding indium ions removal efficiency by adsorption using the tea waste was 37.71, 78.31,
76.76, and 60.56%, respectively. Consequently, as the pH
value was greater than 6.1, the indium hydroxide forms
and results precipitation and therefore the separation may
not be due to adsorption. Since the maximum pH value
was selected to be lower than 6.1. In addition, the surface
charge of the biomass materials is the pH dependence.
The zeta potential values of tea waste particles at pH 3, 4,
5 and 6 are -14, -24, -23 and -22 mV, respectively; this
observation was also described by Malkoc and Nuhoglu
[24]. These data indicated at high pH values surface of the
tea waste has a higher negative charge which results higher
attraction between active sites and positive charges of indium ions. The tea waste at pH 4.0 gave the greatest zeta
potential value. Therefore, adsorption of indium ions onto
tea waste is at optimum in the pH range 4-5.
3.2. Effect of adsorbent dose

The effect of adsorbent dose on the kinetics of indium
ions adsorption is shown in Fig.2. The experimental results for all absorbent doses showed a rapid initial adsorption rate followed by a slower rate. Initially, the adsorption
sites are open and the indium ions interact with accessible
sites, thereby leading to an observed higher adsorption rate.
Furthermore, the concentration gradient between the bulk
solution and the solid-liquid interface was initially higher,
also resulting in a higher adsorption rate. However, after
the initial period, slow adsorption may be due to slower

80
60
40
20
0

2.3

3.2

4.2

5.2

6.2

pH
FIGURE 1- Effect of pH on the adsorption efficiency of indium ions
(C0 = 20 mg L-1, adsorbent dose = 0.5 g L-1, t = 480 min, T = 298 K,
ionic strength = 3.227 M, standard deviation = 0.82–1.37).
TABLE 1 - Comparison of indium ions adsorption efficiencies
between tea waste and sodium hydroxide at various pH values of
solution. (C0 = 20 mg L-1, adsorbent dose = 0.5 g L-1, t = 480 min, T =
298 K, agitation speed = 300 rpm).
Parameters
(%)
Sodium
hydroxide
Tea waste
Total

2.3
0.00

pH values of solution
3.2
4.2
5.2
2.45
4.00
13.70

22.50

9.70
9.70

37.70
40.15

60.56
83.06

78.31
82.31

76.72
90.42

6.2

FIGURE 2 - Effect of adsorbent dose on the adsorption efficiency of
indium ions (C0 = 20 mg L-1, pH = 4.2, t = 480 min, T = 298 K, ionic
strength = 3.227 M).

diffusion of solute into the interior of the adsorbent. As
expected, an increase in the tea waste quantity caused a
decrease in the residual indium ions concentration at equilibrium, thereby increasing the adsorption removal efficiency from 49% to 81% as the tea waste dose was increased from 0.1 to 0.7 g L-1. This trend can be explained
by the fact that the number of adsorption sites or surface
area increased with the quantity of adsorbent, resulting in
a higher percent of metal removal at a high dose. However, as shown in Fig. 3, the amount of indium ions adsorbed per unit weight of adsorbent (q) decreased from
99.2 to 23.8 mg g-1 when the adsorbent dose increased
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from 0.1 to 0.7 g L-1. These findings were observed because at higher adsorbent doses the indium ions concentration in solution dropped to a lower value, and the system reached equilibrium at lower values of q, indicating
the adsorption sites remained unsaturated.

FIGURE 3 - Effect of adsorbent dose on the adsorption capacities of
indium ions (C0 = 20 mg L-1, pH = 4.2, t = 480 min, T = 298 K, ionic
strength = 3.227 M, standard deviation = 0.87–1.21).

creasing temperature caused an increase in the diffusion
rate of the adsorbate molecules across the external layer
and within the internal pores of the adsorbent particle due

FIGURE 4 - Effect of initial concentration on the adsorption efficiency of indium ions (adsorbent dose = 0.3 g L-1, pH = 4.2, t = 480
min, T = 298 K, ionic strength = 3.226–3.231 M).

3.3. Effect of initial concentration

The initial concentration provides an important driving force to overcome mass transfer of the pollutant between the aqueous and solid phases. The relationship between contact time and adsorption removal efficiency of
indium ions onto tea waste at different initial indium ions
concentrations is shown in Fig. 4. The experimental results
for all initial concentrations show rapid initial adsorption
rate followed by a slower rate. The absorption removal
efficiency changed rapidly between 0 and 30 min, increasing from 22% to 78%, with an initial concentration
ranging from 10 to 80 mg/L at a contact time of 30 min.
This result was due to open adsorption sites allowing easy
interaction with the metal ions. As time increased the
adsorption removal efficiency proceeded at a slower rate,
and eventually the adsorption removal approached equilibrium within 240 min in all cases. The removal efficiencies corresponding to equilibrium adsorption increased from
29% to 86% when the initial concentration decreased from
80 to 10 mg L-1. These observations imply that the ratio of
surface active sites to the total metal ions in the solution
at low initial concentration is high, and therefore, all metal
ions may interact with the adsorbent and be removed from
the solution. However, as shown in Fig. 5, the equilibrium
adsorption capacity increased from 29.6 to 80.3 mg g-1
with an increase in the initial concentration from 10 to 80
mg L-1. These findings were observed because as the initial
concentration increased; the mass transfer driving force
became larger, resulting in higher indium ions adsorption.

FIGURE 5 - Effect of initial concentration on the adsorption capacities of indium ions (adsorbent dose = 0.3 g L-1, pH = 4.2, t = 480
min, T = 298 K, ionic strength = 3.226–3.231 M, standard deviation
= 0.92–1.62).

3.4. Effect of temperature

The major effect of temperature on the adsorption process is influenced by the diffusion rate of adsorbate molecules and the internal pores of the adsorbent particle. In

FIGURE 6 - Effect of temperature on the adsorption efficiency of
indium ions (C0 = 20 mg L-1, adsorbent dose = 0.3 g L-1, pH = 4.2, t =
480 min, ionic strength = 3.227 M).
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to a decrease in the viscosity of the solution. Furthermore,
changing the temperature can alter the equilibrium capacity of the adsorbent for the adsorbate [31]. Fig. 6 illustrates the relationship between contact time and adsorption
removal efficiency of indium ions onto tea waste at different temperatures. As time increased, the adsorption removal
efficiency proceeded at a slower rate, and the adsorption
removal approached equilibrium within 240 min in all cases.
As seen in Fig. 6, the removal efficiencies corresponding to
equilibrium adsorption increased from 55% to 88% when
the temperature increased from 288 to 318 K. Similar results were observed for equilibrium adsorption capacity,
which increased from 38.4 to 60.9 mg g-1 with increasing
temperature from 288 to 318 K, as shown in Fig. 7. This
phenomenon indicates that indium ions removal by adsorption processes on tea waste is endothermic in nature
and favors a high temperature. This may be due to the mobility of indium ions, which increases generally with increasing temperature. An increasing number of molecules may
also gain enough energy to interact with active sites at the
surface. In addition, increasing temperature may generate
a swelling effect through the internal structure of the tea
waste prompting metal cation to penetrate further [32].

ΔG o = ΔH o − TΔS o

(3)

Combining Eqs. (2) and (3) leads to:

ln K d =

ΔS o ΔH o
−
R
RT

(4)

The effect of temperature on the adsorption efficiency
of the indium ions from the aqueous solution was evaluated at temperatures ranging from 288 K to 318 K. At each
temperature, the corresponding Ce values, at different
fixed values of qe, were calculated. The thermodynamic
o

o

parameters of ΔH and ΔS were calculated from, respectively, the slope and intercept of a plot of lnKd versus
1/T, respectively. The Gibbs free energies at different
temperatures were calculated from Eq. (2). The values
o

o

o

of ΔG , ΔH , and ΔS for the indium ions adsorption
onto the tea waste at different temperatures are given in
o

Table 2. At all temperatures, ΔG was negative, indicating the feasibility of the process and spontaneous nature
of the adsorption of indium ions on tea waste. The ino

crease in the absolute magnitude of ΔG with increasing
temperature indicated that these processes were favored at
o

high temperatures. The positive value of ΔH indicated
that the adsorption process was endothermic, further con-

80

o

firmed by the positive ΔS values. The adsorption of
indium ions on tea waste resulted in an increase in disorder, which may be interrelated to the extent of hydration
of the indium ions. The positive entropy change may also
be attributed to the increasing disorder because the number of water molecules surrounding the indium ions decreased, and thus, the degree of freedom of water molecules increased. Consequently, the positive value of

-1

qe (mg g )

60

40

20

ΔS o suggests increased randomness at the solid-solution

0

288

298

308

interface during the adsorption of indium ions from solution onto tea waste.

318

Temperature (K)
FIGURE 7 - Effect of temperature on the adsorption capacities of
indium ions (C0 = 20 mg L-1, adsorbent dose = 0.3 g L-1, pH = 4.2, t =
480 min, ionic strength = 3.227 M, standard deviation = 0.92–1.58).
3.5. Thermodynamic studies

Thermodynamic parameters, including the Gibbs free
energy change ( ΔG o ), enthalpy change ( ΔH o ), and entropy change ( ΔS o ), were calculated and used to determine
whether or not the adsorption process was spontaneous.
The ΔG o was calculated by the following equation:
o

ΔG = − RT ln K d

(2)

where R is the universal gas constant (8.314 J mol-1
K ), T is the temperature (K), and Kd is the distribution
coefficient (qe /Ce) (L g-1), qe and Ce are the equilibrium
concentrations of indium ions for the adsorbent (mg L-1)
and the solution (mg L-1), respectively. The relationship
between ΔG o , ΔH o and ΔS o can be expressed by the
following equation:
-1

TABLE 2 - Thermodynamic parameters of the indium
ions adsorption on the tea waste at different temperatures.
Temperature
(K)
288
298
308
318

Thermodynamic
equilibrium
constant (Kd)
4.104
5.505
12.364
23.164

ΔG˚
ΔS˚
ΔH˚
(kJ mol-1) (J mol-1 K-1) (kJ mol-1)
-3.381
-4.227
-5.501
-8.309

180.55

49.51

3.6. Adsorption isotherms

Analysis of the equilibrium data is important to develop an adsorption isothermal equation, which would accurately represent the results and be used for design purposes
[7]. The equation parameters and the essential thermodynamic assumptions of these equilibrium models often provide some insight into both the adsorption mechanism and
the surface properties and affinity of the adsorbent. Several isotherm equations have been used for the equilibrium modeling of adsorption systems. In this study, two of
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the most commonly used adsorption isotherms, Langmuir
and Freundlich, were applied to establish the relationship
between the amounts of indium ions adsorbed onto the tea
waste. The Langmuir model was originally developed to
represent chemisorption at a set of well-defined localized
adsorption sites with the same adsorption energy, independent of the surface coverage, and with no interaction
between adsorbed molecules. This model assumes that a
monolayer deposition is formed on a surface with a finite
number of identical sites and that there is no interaction
between metals adsorbed on adjacent binding sites. The
mathematical expression for the Langmuir iso-therm is
[33]

a K C
qe = L L e
1 + K L Ce

(5)

where aL (mg g-1) is a constant related to the area occupied by a monolayer of adsorbate, reflecting the maximum adsorption capacity, Ce (mg L-1) is the equilibrium
liquid-phase concentration, KL (L mg-1) is a direct measure of the intensity of adsorption, and qe (mg g-1) is the
amount adsorbed at equilibrium. From a plot of 1/qe versus 1/Ce, KL and aL can be determined from the slope and
intercept of the resulting straight line.
The Freundlich adsorption isotherm is typically based
on adsorption on the heterogeneous surfaces and exponential distribution of the active sites and their energies.
The isotherm model has theoretical implications that are
not restricted to monolayer formation and provide a basis
for understanding non-linear adsorption. The mathematical expression for the Freundlich mode is [34]:
1/ n
e

qe = K f C

(6)

where Kf ((mg g-1)(L mg-1)1/n) and n (dimensionless)
are Freundlich constants, which account for all factors
affecting the adsorption capacity and intensity, respectively.
Kf can also be defined as the adsorption coefficient and represents the quantity of indium ions adsorbed onto adsorbent per unit equilibrium concentration. 1/n is the heterogeneity factor, and n is a measure of the deviation from
linearity of adsorption [35]. The Freundlich constants Kf
and 1/n are determined from the intercept and slope, respectively, of the linear plot of ln qe versus ln Ce.
The applicability of the two isotherm equations was
compared using the correlation coefficient (R2). The Langmuir and Freundlich constants for the adsorption of indium
ions onto tea waste are presented in Table 3. It can be seen
from the R2 values, which are a measure of goodness-offit, that the Freundlich isotherm model provided a better fit
to the experimental data (R2=0.99) compared to the Langmuir model for indium ion adsorption. The variable Kf in
the Freundlich equation is related to the adsorption capacity of the adsorbent, and n gives the extent of the deviation from linearity of the adsorption. When the value of n
is equal to unity, the adsorption sites have equal energy,
and no interaction occurs between the adsorbed species. If

n <1, the adsorption process is largely physical. If n >1,
the adsorption process is chemical [35]. Since the value of
n at equilibrium was 3.68 at 298 K in this study, this indicated that adsorption of indium ions onto tea waste is a
favorable chemical process.
TABLE 3 - Langmuir and Freundlich isotherm
constants for adsorption of indium ions onto the tea waste.
Langmuir isotherm
KL (L mg-1)
aL (mg g-1) R2
0.57
62.83
0.88

Freundlich isotherm
KF ((mg g-1) (L mg-1)1/n) n
R2
25.44
3.68 0.99

3.7. Adsorption kinetic modeling

The adsorption kinetic is one of the most important
characters that determines the solute uptake rate and describes the adsorption efficiency of the adsorbent, thereby
governing its potential applications. The kinetic parameters,
which are also helpful for the prediction of adsorption rate,
give important information for designing and modeling the
adsorption processes. The kinetics of indium ions adsorption onto the tea waste determined with different kinetic
models which are a pseudo-first-order model and a pseudosecond-order model. The conformity between experimental
data and the model-predicted values was expressed according to the linear regression correlation coefficient value R2.
3.8. Pseudo-first-order model

The first-order rate equation of the Lagergren model
is one of the most widely used expressions for describing
the adsorption of a solute from a solution [37]. The pseudofirst-order equation can be expressed by Eq. (7):

ln(qe − qt ) = ln qe − k1t
-1

(7)
-1

where qe (mg g ) and qt (mg g ) are the amounts (here,
of indium ions) adsorbed on the adsorbent at equilibrium
and at any time t, respectively, and k1 (min-1) is the rate
constant of the pseudo-first-order model.
The pseudo-first-order model considers the rate of occupation of the adsorption sites as proportional to the number of unoccupied sites. The values of k1 and qe can be obtained from the slope and intercept, respectively, of a
linear plot of ln(qe −qt) versus t. The adsorption rate constants determined from the pseudo-first-order model for
different initial indium ions concentrations are listed in
Table 4. We observed that the correlation coefficients for
the first-order kinetic model were relatively lower than
those obtained for the second-order kinetic model for all
different initial indium ions concentrations. Furthermore,
the calculated qe values are all low compared with experimental qe values. These results indicate that the pseudofirst-order kinetic model might be insufficient to describe
the mechanism of indium ions adsorption onto the tea
waste.
3.9. Pseudo-second-order model

The pseudo-second-order kinetic model is based on the
adsorption equilibrium capacity and can be given by Eq. (8)
[38]:
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t
1
t
=
+
2
qt k 2 qe
qe

(8)

where k2 (g mg-1 min-1) is the rate constant of the
pseudo-second-order equation, qe (mg g-1) is the maximum adsorption capacity, and qt (mg g-1) is the amount of
adsorption at time t (min).
The second-order rate constants were used to calculate
the initial adsorption rate, given by the following Eq. (9):

h = k2qe

2

(9)

Equilibrium adsorption capacity qe and k2 values were
calculated from the slope and intercept of the plots of t/qt
versus t, respectively. The values of the correlation coefficients R2 for the pseudo-second-order kinetic model ob-

tained in all cases were above 0.99, and the calculated qe
values were in agreement with the experimental qe values.
The initial adsorption rate practically increased with the
increase in initial indium ions concentrations from 10 to
80 g L-1 onto tea waste. This increase can be explained by
the fact that the difference between the metal ion concentration in the solution and at the solid-liquid interface at
high initial concentration is large. The adsorption rate constants and initial adsorption rate determined from the
pseudo-second-order model for the different initial indium
ions concentrations are also listed in Table 4. Higher correlation coefficients were obtained for the second-order kinetic model than for the first-order model. These results
indicate that the second-order kinetic model can suitably
be applied to predict the adsorption process of indium
ions onto tea waste.

TABLE 4 - Comparison of the pseudo-first-order, pseudo-second-order adsorption
rate constants and calculated and experimental qe values at different initial concentrations.
Initial concentration
(mg L-1)

qe,exp
(mg g-1)

10
20
40
80

28.40
40.08
59.57
74.77

k1
(min-1)
0.014
0.012
0.014
0.013

First-order model
qe
(mg g-1)
7.81
18.33
23.40
37.10

4. CONCLUSIONS
The results of this study indicate that tea waste is an
environmentally friendly adsorbent for the removal of indium ions via adsorption from aqueous solution. The following conclusions were drawn based on the presented
information:
(1) The adsorption removal efficiencies of indium ions
were significantly influenced by the solution pH, adsorbent dose, the initial concentration, and temperature using
tea waste as an adsorbent.

R

2

0.66
0.78
0.75
0.80

k2
(g mg-1 min-1)
0.011
0.006
0.003
0.002

Second-order model
qe
h
(mg g-1)
(mg-1 min-1)
28.90
9.187
41.32
10.244
61.35
11.291
78.74
12.299

R2
0.99
0.99
0.99
0.99

(4) The adsorption rate was rapid over an initial period
and then decreased gradually, indicating that the indium
ions adsorption of the aqueous solution onto tea waste
was best described using the pseudo-second-order kinetic
model at the different initial concentrations.
ACKNOWLEDGEMENTS
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(2) The thermodynamic values ( ΔG o , ΔH o and ΔS o ) indicated that the adsorption process was favorable, spontaneous, and endothermic in nature. As the temperature increased from 288 K to 318 K, ΔG o became less negative,
indicating a stronger driving force, resulting in a greater
adsorption capacity at higher temperatures. The positive
value of ΔH o confirmed that the process was endothermic,
meaning that the reaction consumed energy. The positive
value of ΔS o suggested that increased randomness at the
solid-solution interface occurred during the indium ions
adsorption from the aqueous solution onto tea waste.
(3) The indium ions adsorption process was modeled
using adsorption isotherm models. The adsorption equilibrium data showed best fit with the Freundlich adsorption isotherm, confirming that the adsorption process was
heterogeneous, non-specific and non-uniform in nature.
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BEHAVIOUR STUDY OF CR DURING MELTING
SEPARATION PROCESS OF MSW INCINERATION FLY ASH
Chunmei Wei*, Qingcai Liu, Jian Yang, Juan Wen, Zhipeng Xu
Chongqing University, Chongqing 400044, P.R. China

ABSTRACT
Municipal solid waste (MSW) incineration fly ash is
classified as a hazardous waste because it contains amounts
of heavy metals and dioxins, which cause environmental
pollution. So it should be specially treated. Thermal treatment is one of the promising solutions among the various
available technologies. However, Cr remaining in the residue of the heat-treated fly ash would become more soluble.
The Cr solubilisation is of concern if it exceeds the regulatory limit for hazardous waste. Hence, the behaviour of
Cr was investigated. This work provided an approach to
remove element Cr from heat-treated fly ash, which is to
add iron powder during thermal treatment process. Cr could
be transferred from slag phase to iron phase. The behaviour
of Cr during the iron-bath melting separation process was
characterized. In addition, the controlled ex-periment was
carried out and the behaviour of Cr during this process
was also investigated. The results showed that iron–bath
melting separation promoted Cr transfer from the slag phase
to the iron phase indeed. The leaching concentration of Cr
was lower than the Chinese regulatory thresholds.

KEYWORDS: MSW incineration fly ash; Iron – bath melting;
chromium; distribution characteristic

1. INTRODUCTION
Due to growing urbanization and industrialization,
municipal solid waste has increased very rapidly every
year, and it is expected to increase to 250 million tons in
2010 in China. Because of landfill sites limitation and the
high disposal costs, currently, incineration is one of the
most popular waste disposal methods. However, incineration produces fly ash which is 3 to 5 wt % of the original
waste. Fly ash is a hazardous waste as it contains excessive
heavy metals and potential dioxin pollutants which may
leach into soil and groundwater if land-filled. So it should
be specially treated.
* Corresponding author

These metals must be either immobilized or removed
if fly ash is to be made environmentally safe [1]. Currently,
two methods are used to treat fly ash [2-6]. The first involves stabilizing heavy metals in the fly ash, but there are
some disadvantages. For example, the volume of the fly
ash will be increased if cement is used. Because of landfill
sites limitation, it is not a good method for fly ash treatment
from the view-point of long-term sustainability. The second
method involves extracting the heavy metals from the fly
ash. However, the efficiency is usually not good, and secondary problems will be caused.
Thermal treatment is one of the promising solutions
among the various available technologies. It has the advantages of high destruction efficiency of organic and toxic
compounds, such as dioxins and furans, high immobilization of environmental harmful elements, and significant
volume reduction [7]. However, this method also has shortcomings. Kirk [8] reported that Cr remaining in the residue of the heat-treated fly ash becomes more soluble. Cr
was found in a number of concentrated, more easily located
regions, and the leachable Cr increased to about 12% of the
Cr content with thermal treatment. Cr leaching concentration must be monitored so that it does not exceed the
regulatory limit for hazardous waste.
Cr is an important element, and Cr is present in several different forms in the environment, the most common
being trivalent and hexavalent Cr. In fact, trivalent compounds do not cause any serious damage to body tissue.
Trivalent Cr is comparatively insoluble while hexavalent
Cr is quite soluble and readily leached from soil to ground
or surface water. The toxic action of Cr is confined to the
hexavalent compound, which is highly toxic and carcinogen,
and may cause death to humans and animals if ingested in
large doses. Due to significance of Cr, most attention has
been given to the metal Cr. Soco and Kalembkiewicz [9]
researched Cr chemical fractions and environmental mobility in ash-solution system. The obtained results indicate
that coal fly ash is a source of environmental contamination
by Cr, especially in soils where its utilization is inadequate.
Zhang [10] reported mineralogy and microstructure of
alkali-activated fly ash and binders which contain heavy
metal hexavalent Cr ions, and the effect factors on metal
immobilization efficiency. For the thermal treatment of
the fly ash, the effort was focused on the immobilization
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of heavy metals, and the environmental characterization
and properties of the vitrified slag. Specific research on
behaviour of Cr during melting separation process was
rarely reported.

The only difference was that there was no iron powder
during the second group experiment.

In the present research, to make use of advantages of
thermal treatment and to avoid its limitations, a new method
was proposed that iron was added during thermal treatment
process, which could make Cr be transferred from slag
phase to iron phase to form solid solution. This process
is called iron-bath melting separation process. In addition,
the paper also provided melting experiment to immobilize
elemental Cr from fly ash as controlled group. Based on the
results, the behaviour of Cr with and without iron-bath
melting separation was investigated, and phase diagram was
introduced to explain the results. The leaching concentration of Cr was also studied. This method has the same advantages of thermal treatment, high destruction efficiency of
organics and toxic compounds, high immobilization of environmental harmful elements, and significant volume reduction. Besides, it also can solve the problem of Cr.

The concentrations of the trace metals were determined
with an Alpha 4000 XRF Analyzer (Innov-X systems Corporation, Woburn, Massachusetts, USA) equipped with
X-ray tubes, W anodes, 10-40KV, 10-50 µA, and resolving power Si PIN detector <210 ev, FWHM (Full Width
Half-Maximum) 5.95 kev.

2. MATERIALS AND METHODS
2.1 Sample and sample treatment

MSW incineration fly ash used in this study was from
Chongqing Tongxin MSW Incineration Plant in China. The
fly ash was collected from the electrostatic precipitator.
The major chemical composition of the fly ash is shown
in Table 1. On the left, the major elements were in the form
of silica dioxide, calcium oxide, alumina and sodium oxide.
Their abundances were similar to those found in plagioclase feldspar which was the most common mineral in the
earth’s crust. In contrast, the species on the right hand side
were very unusual in crustal matter but were the environmentally important species.
TABLE 1 - Chemical composition of the fly ash (%).
Major elements as oxides
SiO2
Al2O3
Fe2O3
CaO
MgO
K2 O
Na2O
TiO2

Wt.%
15.24
5.7
4.83
23.79
4.17
3.86
7.29
1.02

Other elements
ClZn
Pb
Cr
Cu
Mn
SO3
other

Wt.%
8.37
0.4653
0.1481
0.1356
0.0623
0.0915
8.16
17

In this paper, two group experiments were carried out.
The whole experimental process had been described in a
previous study [11]. Little change occurred. The only difference was the distribution of Cr. In the first group experiment, fly ash, water, and binder were first made into
pellets. Then, iron powder was melted and pellets fed into
the furnace. The iron phase and slag phase will separate
due to gravity. This process was called iron-bath melting.
To obtain enough information, the controlled experiment
was also carried out. Fly ash, water, and binder were first
made into pellets. Then, pellets were fed into the furnace.

2.2. Analytical apparatus

2.3. Toxicity characteristic leaching procedure

Leaching toxicity of Cr was determined, according to
the Chinese Standard Method, for leaching toxicity of solid
wastes rollover leaching procedure (GB50086.1-1997).
Firstly, 40.0 g dried sample (<5 mm particle size) was
mixed with 400 ml deionized water in a 1-L polyethylene
bottle, at a solid to liquid ratio of 1:10; secondly, the bottle containing the mixture was fixed in a rolling agitator
and rolled at a speed of 30 rpm for 18 h continuously,
then it was left for settling down for 30 min; thirdly, the
soluble component was separated by vacuum filtration,
using a filtrate membrane with 0.45 µm micropores. Finally, the filtrate was adjusted to a given volume, and then
the concentration of Cr in it was determined by XRF.
3. RESULTS AND DISCUSSION
3.1. Characterization

The untreated fly ash was light-gray in appearance,
and interspersed with white specks. There were also black
particles present, indicative of unburned carbon arising from
the incineration process. Once thermal treatment was complete, there was a change in appearance of the fly ash. The
light-gray ash became golden-brown and was also coarser
in texture than the initial residue. The loss in mass due to
thermal treatment was approximately 5%.
Kirk [8] reported that in the untreated but leached fly
ash, Cr was only found in a small, rounded porous particle
whose borders were irregular and ill-defined. Light microscopy confirmed the presence of Cr as the green chromic
oxide with some iron phase. The Cr was not found within
any other particles in the untreated residue either as discrete high concentrations or as regions of lower yet detectable concentrations prior to heat treatment. However, Cr
from the thermally treated fly ash was found in a number
of concentrated, more easily located regions.
3.2. Effect of treatment temperature

Melting points of Fe, SiO2-Al2O3-CaO, SiO2-Al2O3Fe2O3, and SiO2-CaO-Na2O are about 1530 °C, 1200 °C,
1073 °C, and 720 °C, respectively. According to theory of
melting point, it only needs take less energy to disrupt
crystal lattice when impurities are present, and melting
point will be lower [12]. So the setting temperature during
melting experiments was from 1200 °C -1500 °C.
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For iron-bath melting separation process, Fig. 1a displayed the distribution of Cr in slag phase, iron phase, and
gas phase, respectively. The percentage of Cr in the iron
phase increased with treatment temperature, and the percentage of Cr in the slag phase decreased as treatment
temperature increased. The practical temperature was estimated to be 1350 °C.

centage of Cr in iron phase increased with time. In addition, the treatment time has little effect on the percent of Cr
in each phase beyond 35 min. Because it was in a dynamic
balance, and the exchange among matters, and chemical
reaction completed at 35 min. More than 50% of Cr in the
fly ash can be significantly reduced through its extraction
into Fe-Cr phase.

As for controlled experiment, the percentage of Cr in
the slag phase increased with treatment temperature as
shown in Fig. 1b. However, it decreased when treatment
temperature exceeded 1350 °C. About 91.3% of Cr was
stabilized in the slag phase at 1350 °C. Iron-bath melting
promoted Cr transfer from the slag phase to the iron phase
indeed in comparison with Fig. 1b.

(a)

(a)

(b)
FIGURE 2 Effect of treatment time on the distribution of chromium
(b)
FIGURE 1 - Effect of treatment temperature on the distribution of
chromium.
3.3 Effect of treatment time

Along with temperature, treatment time also played
an important role in determining the extent of decontamination of chromium contaminants. The treatment time
was calculated from an initial heating period. This period
concluded heating the sample from room temperature to
the setting temperature. The setting time was from 15 to
40 min.
As seen in Fig. 2a, the percentage of Cr in slag phase
and gas phase decreased as time increased during the ironbath melting separation process. Correspondingly, the per-

Fig. 2b illustrates the solidification ratio of Cr about
controlled group. The solidification ratio of Cr increased
distinctly when treatment time was less than 25 min. However, when treatment time was more than 25 min, it enhanced very slowly.
3.4 Phase diagram analysis

To better understand the distribution of Cr during melting separating process, phase diagram was introduced. A
phase diagram in physical chemistry, engineering, mineralogy, and material science is the common way to represent the various phases of a substance and the conditions
under which each phase exists at equilibrium. In the simplest phase diagrams of binary system, equilibrium between two phases will have only a single degree of freedom. If the temperature is fixed, the compositions and
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proportions of two phases are automatically also defined.
For example, in a temperature/composition diagram, the
equilibrium between the solid and liquid phases is described by two points at the same temperature.
Phases were to be expected at equilibrium for different combinations of Cr content and temperature as shown
in Fig. 3. Notice that above approximately 13 wt. % Cr,
the binary Fe-Cr alloys are ferritic over the whole temperature range. A narrow (α + γ) range that exists between
approximately 12 and 13 wt. % Cr is also worth-noting. In
addition, the ratio of Cr to iron from the fly ash was less
than 12% (Table 1). Fe and Cr exhibited complete solid
solution. In other words, all the Cr could thoroughly dissolve in Fe because enthalpy change of solution is zero in
the ideal state. So the result should be on the left. More
important, Fe and Cr exhibited complete solid solution,
which made iron-bath melting separation experiments possible.

Temperature oC

Fe2O3-Cr2O3 phase diagram also exhibited complete
solid solution in Fig. 4. That is to say, iron-bath melting
experiment could totally make Cr transfer from slag phase
to iron theoretically. It is because the phase diagram is
based on ideal conditions. When phase diagrams were
analysed, several assumptions and limitations were fixed.
In fact, iron-bath melting experiment is a very complicated
process. There is a slight discrepancy between results and
theory. In any case, the above results have proven that the
hypothesis was valid.

3.5. Toxicity characteristics leaching procedure (TCLP) tests
of slag

As shown in Table 2, the leaching concentrations of
Cr in the slag were lower than Chinese regulatory thresholds. According to the research by Pan et al. [13], heavy
metals should be embedded in the unsaturated polyester
glass. Usually, most of the heavy metals could be fixed in
this net-like structure, and thus were not easy extracted.
Based on these results, the leaching concentration for Cr
of all slag could meet the Chinese regulatory thresholds
well.
TABLE 2 - Leachable toxicity of slag (mg L-1).
Cr
1
2
3
4
5
6
IS
1st group
0.725
0.637
0.803
0.884 5
0.923
0.975
nd
2 group
0.397
0.348
0.425
0.314
0.502
0.487 5
ND: not detected; IS: Identification Standard for hazardous wastes (GB
5086.1-1997)

4. CONCLUSIONS
This study provided iron-bath melting experiment to
separate Cr from fly ash, and make Cr transfer from slag
phase to iron phase, which solved the problem that Cr
remaining in the residue of the heat-treated fly ash becomes more soluble. In addition, the leaching data of
heavy metals from leach tests met the regulatory thresholds. The behaviour of Cr with and without iron-bath has
been investigated. The results showed that over 50% of Cr
was retained in the iron phase but about 40% in the slag
phase. In the meantime, the controlled experiment was
also carried out. The results indicated that the solidification ratio of Cr was above 90% during thermal treatment.
Finally, phase diagram analysis explained these results.
Iron–bath melting promoted Cr transfer from the slag
phase to the iron phase indeed.
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ABSTRACT
Ten undisturbed soil monoliths were collected and irrigated with bromide tracer (KBr) to investigate tracer
transport under different initial conditions. Some columns
were left at their natural humidity and some were ovendried. A fixed amount of tracer was applied to the humus
layer, creating three experimental variants: application of
tracer of low concentration to (i) humid and (ii) dry columns and of ten times higher concentration to (iii) dry
columns. Breakthrough curves (BTC) indicate different
pore water velocities as well as dispersion coefficients.
The recovery rate of the last experiment (dried soil and
high tracer concentration) is lowest (mean: 57%). At the
peak of the breakthrough merely 1.6% of the original tracer concentration reached the bottom of the columns. Breakthrough curves of dried columns show generally steeper
peaks and longer tailing. Data was fitted using an analytical solution of the convection dispersion equation (CDE).
Different approaches were tested. A bimodal estimation
resulted in best fit i.e. optimal results. It supports the
idea of two overlaying transport phenomena, a fast one
through macropores and a slow one through micropores.
Dispersion and dispersivity values of the slow breakthroughs are generally higher than those of the fast. Slow
breakthroughs show higher heterogeneity of flow paths.
Dispersion values of both breakthroughs with high concentration on dried columns (type 3) showed the same
level, thus similar flow paths.
KEYORDS: tracer transport, bimodality, CDE, dispersion coefficient, dispersivity, BTC

1. INTRODUCTION

* Corresponding author

irreplaceable. Boundary conditions can be set and manipulations are possible. Normally, tracer transport experiments
are carried out under saturated soil conditions. However, in
tropical and subtropical regions these conditions are rarely
to be expected. On the other hand, the greatest use of toxins
is noticeable in these parts of the world. Even in temperate
zones, drought conditions are imaginable in future. Our aim
is to investigate tracer transport under humid and drought
conditions, with strong and normal precipitation events. To
simulate such boundary conditions three experiments were
realised: Strong irrigation (every two hours over a period of
24 hours) using a low concentration of tracer and moderate
irrigation (once a time over a period of 24 hours) using a
higher concentration of tracer. Recovery rates are to be
estimated and have to be compared for these different conditions. By fitting the original breakthrough results several
transport parameters such as velocity, dispersion and
dispersivity can be estimated. The chosen soil type is a
clayey Pelosol (Vertic Cambisol), with well expressed
swell-shrink characteristics.

2. MATERIAL AND METHODS
2.1. Site description and soil columns

Ten soil columns were taken undisturbed from an area
of about 4 m2. They had a diameter of 14.7 cm and a height
of about 25 cm. Soil type is a Pelosol (Vertic Cambisol),
developed from a Muschelkalk plateau, which derived its
sediment layers during Trias. The soil has a high clay content and a polyedric structure. Mineral composition shows
quartz, illite, corrensite, orthoclase, aAlbite and goethite.
Swelling clay minerals accounted for 26±5% [2].

1.1 Tracer transport in soil columns

2.2 Experimental design and chemical analyses

Laboratory experiments are essential for investigating
solution transport through soil. Although idealised conditions have to be presumed and a transfer to field conditions is generally difficult [1], laboratory experiments are

Four columns (1-4) were kept at their natural mean water content of about 37.5% (mean value, n=4). Columns 5-7
and 10-12 were oven-dried at 105ºC, showing a mean water content of about 30.7% (n=6). All columns were irrigated in a vacuum packed plexiglas container, a complete
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soil microcosm (Fig. 1, [3]). “Irrigation” was given with an
electronic device every two hours (Fig. 2). At the bottom
of each monolith, unsaturated flow was adjusted to 300hPa.
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FIGURE 2 - Picture of the laboratory set-up.

FIGURE 1 - Schematic diagram of the soil microcosms.

TABLE 1 - Description of experimental design.
Column number
1-4
5-7
10-12

Treatment
(type)
natural humidity
(1)
oven-dried
(2)
oven-dried
(3)

water content (%) (mean)
37.5
30.7
30.7

At the beginning of the experiment, a bromide pulse
(KBr) of 15mg was applied at each column. Four humid and
three dried columns (1-4 and 5-7) were irrigated 10 times
within a period of 24 hours with a concentration of 130mg/l
(total pulse duration of 0.833). Three columns (10-12) received a single irrigation with ten times higher concentration (1300mg/l, total pulse duration of 0.0833). Table 1
gives a short description of the experimental variants. Thus,
three experiments can be considered including variation of
soil water content and applied bromide concentration: (i)
four soil columns at natural humidity and a low bromide
concentration, (ii) dried soil with low, and (iii) dried soil
with high bromide concentration. After bromide application, regular irrigation with CaCl2 was started and lasted for
at least 30 days, until no more bromide was found in flow
off.
All solution samples collected at the bottom of each
column were analysed for chloride and bromide. Analyses
were done by HPLC ion chromatography, using a dionex
2000i, autosampler Gilson 231, Dionex AS4A 4mm col-

Br-Pulse

[day]

(Br amount [mg])
0.833
(14.9 - 16.4)
0.833
(15.8 - 18.3)
0.0833
(15.3 - 17.3)

recovery rate [%]
76.9 - 85.9
55.2 - 91.1
46.6 - 68.0

umn. Elution mixture contained Na2CO 3 (2mmol) and
NaHCO3 (0.75 mmol). Detection limit of both elements
was 300 µg/l.
The whole statistical analysis was done using SAS
(Statistical Analysis System, SAS Institute Inc., Cary).
The procedure “nlin” of SAS was mainly used providing least squares iteration. Numerical problems with
vz
⎛ Rz + vt ⎞ were solved using a Chebychev
exp⎛⎜ ⎞⎟ erfc⎜
⎟
⎝ D ⎠
⎝ 2 DRt ⎠
approximation according to [4].
2.3 Data analysis (Convection Dispersion Equation)

The most important model for solution transport in
soil describes concentration changes in time and space
using the Convection Dispersion Equation (CDE) according to [5]:
∂C
∂ 2C
∂C
R
= D 2 −v
∂t
∂x
∂x
C concentration [M L-3]
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2.3.2 Estimation of model parameters using bimodality

time [days]
spatial distance [L]
dispersion coefficient
average pore velocity [L T-1]

R retardation (dimensionless) R = 1 + ρ b K d
θ

ρb

soil density [M L-3]

K d constant factor [L3 M-1]
θ volumetric water content [L3 L-3]
According to [6] R can be set on 1.
Starting (1.0) and boundary conditions (1.1 and 1.2) are:
C ( x ,0 ) = C i
∂C ⎞
⎧vC0
⎛
+ v⎟ x = 0 = ⎨
⎜ − D
⎝
⎠
∂x
⎩ 0
∂C
( ∞, t ) = 0
∂x

0 < t ≤ t0
t > t0

(1.0)
(11
.)
(1.2)

Assuming altered infiltration and disturbed water
flow due to soil drought the conditions for application of
the CDE on treatment type 2 and 3 (table 1) were incomplete. But concentrating on the aim of the investigation - a
comparison between different experimental variants of
dried and humid soils - the same methods of data analysis
had to be chosen.
To consider different flow behaviour of dried and
non-dried soil some new boundary conditions for the use
of an analytical solution of the CDE were involved (see
section 2.3.2).

Different approaches were tested: a monomodal fit, a
bimodal estimation, an integrational solution and a cumulative approach using different infiltration. The bimodal
estimation resulted in best fitting, thus optimal results. The
idea behind can be described as follows: We expect a difference between the humid and dried groups concerning
the performance and existence of macropores and preferential flow [13], the latter results in faster transport than
normally possible within micro pores. A sort of „bimodal“
transport is assumed [14]. It contains the idea of two
transport types, a fast one and a slower one, which is described as being typical for soils with macropores [15].
This transport is characterised by different dispersion coefficients and pore water velocities. It can be imagined either
as a simultaneous transport within spatially different areas
or as time-shifted transport of different velocities within
an identical spatial area. Thus, transport can be described
either using fixed factors like f1 and f 2 , which are

= 1) or different starting conditions can
be assumed. We decided to vary t 0 as t1 and t 2 , so as to
the mean value of t1 and t 2 is t 0 . t1 describes the slow
breakthrough, t 2 the fast one (see Table 2).
weights:

( f1 + f 2

The following boundary conditions were used for the
bimodal fit:
If t1 + t 2 = 2t 0 and t1 > t 2 then

2.3.1 Analytical solution of the convection dispersion equation

In order to fit the breakthrough curves of the experiment, an analytical solution of the CDE was used (by [7],
according to [8], [9], [10]):
⎧
Ci + (C0 − Ci ) A( x, t )
C( x, t ) = ⎨
C
+
C
⎩ i ( 0 − Ci ) A( x, t ) − C0 A( x, t − t 0 )

The function

A( x, t ) =

( Rz − vt ) 2
4 DRt

3.1 Water flow

⎛ vx ⎞

1 ⎛ vx v 2t ⎞ ⎜⎝ D ⎟⎠
⎛ Rx + vt ⎞
− ⎜1 + +
⎟ e erfc⎜ (2.1) ⎟
⎝ 2 DRt ⎠
2 ⎝
D DR ⎠

As Ci = 0 and C0 is known in our case, parameters
to be estimated are: dispersion coefficient D and velocity
v . According to [11] the hydrodynamic dispersion coefficient describes effects of transport due to convection and
molecular diffusion. It is given as

D = Dm + De
Dm = mechanic dispersion coefficient [L2T-1]
De = effective dispersion coefficient [L2T-1]
The relation between dispersion and pore water velocity is defined as dispersivity [L] with

δ=

⎧
AD1, v1 ( x, t ) + AD2 , v 2 ( x, t )
0 < t < t2
C0 ⎪
AD1, v1 ( x, t ) + AD2 , v 2 ( x, t ) − AD2 , v 2 ( x, t − t 2 )
t 2 < t(3.1)
< t1
⎨
2 ⎪
t > t1
⎩ AD1, v1 ( x, t ) − AD1, v1 ( x, t − t1 ) + AD2 , v 2 ( x, t ) − AD2 , v 2 ( x, t − t 2 )

3. RESULTS AND DISCUSSION

0 < t < t 0 (2.0)
t > t0

is given:

1
v 2t −
⎛ Rx − vt ⎞
erfc⎜
e
⎟ +
⎝ 2 DRt ⎠
2
πDR

C( x , t ) =

D
. Assuming a homogeneous porous transport
v

medium, the dispersivity has to have values of about the
average corn diameter of this porous medium [12].

Two factors turned out to be important concerning water flow:
1. Effect of drought on adjustment of stationary flow
2. Interpretation of positive and negative water balances
Water balances of all columns (cumulative output
against cumulative irrigation) are shown in Figure 3. After
a short time all columns reached a straight line with a slope
of 1, implicating stationary flow. The dried columns needed
about 3-6 days for saturation, therefore a convex course is
observable within the first 300ml.
Furthermore, most dried columns have a positive balance with higher input than output, explainable by adsorbing effects. In contrast, columns 3 and 10 show a negative
balance with higher output than irrigated input. The initially
once measured irrigated water amount must have changed
during the experiment. But the differences in water balances are small compared to the total water amounts, thus
the effect was neglected.
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Summarising, stationary flow was reached more or less
fast during experimental time. An analytical solution of the
CDE seems to be applicable.

flow due to continuous macropores [13]. A clear difference
in bromide concentration is visible between type 2 and 3
(Figure 5 and 6).

FIGURE 4 - Breakthrough curves of moist columns 1,2,3 and 4.
Tracer application with 130mg/l KBr.

FIGURE 3 - Cumulative input (irrigation) versus cumulative output
(unsaturated flow due to subpressure). All columns.
3.2 Tracer

Table 1 summarises parameters of the tracer irrigation. Bromide recovery rates were estimated using measured breakthrough values (partly shown in Figs. 4, 5 and
6). Mean values of the recovery rates are quite different
but not significant because of the merely few values. The
different treatment types (type 1 = columns 1-4, type 2 =
columns 5-7, type 3=columns 10-12) vary from 82.4%
(n=3, type 2) to 57.4% (n=3, type 3). Type 1 shows a mean
value of 80.2%, between type 2 and 3. Variation within one
treatment is highest at type 2 and 3. Though, it seems that
the highest tracer amount remains in soil under drought
conditions and a high concentrated tracer application. The
difference between moist and dry columns at the same
tracer application is smaller. It may be that especially dried
soils have convective transport, but only few diffusive
movement takes place for the transport back to macropores.
This could explain the low recovery rates at type 3.

FIGURE 5 - Breakthrough curves of dried columns 5,6 and 7.
Tracer application with 130mg/l KBr.

Breakthrough curves of all types are different (see
Figs. 4-6). Columns of type 1 with natural humidity are
shown in Figure 4. Pore volumes were estimated using
volumetric water content, length and diameter of the columns. All humid columns show typical breakthrough curves
with relatively long rising and falling phases. The relation
C/C0 has values between 0.08 and 0.15. The breakthrough
generally ends at pore volumes (PV) of 1.2. Later values
of about 1.5 PV show again slightly rising bromide concentrations. That means bromide is released with delay.
In contrast to the humid columns all breakthroughs of
the dried ones show narrow but high peaks with slowly
ending curves at low concentrations, indicating prefential

FIGURE 6 - Breakthrough curves of dried columns 10, 11 and 12.
Tracer application with 1300mg/l KBr.
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If low tracer concentration (with higher water amount)
is applied, the relation C/C0 reaches values between 0.6 and
0.9. That means, rather the same concentration (up to 90%)
as precipitated reaches the outflow. The tracer in 10 fold
higher concentration reaches the bottom of the column in
merely low concentration. Consequently the relation C/C0
is low with concentrations between 0.014 to 0.016. C/C0
= 0.016 means, only 1.6% of the original concentration
was found in outflow. If it had been a concentration of
130mg/l (like type 1 and 2), even then only 16% of the
original concentration would have reached the bottom
during the breakthrough.

As a consequence, recovery rates are very low for
type 3. Most of the tracer seem to be fixed in ending pores
or due to adhesion forces.

FIGURE 7 - Original data and fit results of bimodal model for
column 2.

FIGURE 9 - Original data and fit results of bimodal model for
column 7.

FIGURE 8 - Original data and fit results of bimodal model for
column 3.

FIGURE 10 - Original data and fit results of bimodal model for
column 10.

3.3 Estimation of bimodal fits to breakthrough curves

Figs. 7-11 show the original and estimated values of
several columns. Each treatment is represented by 1 or 2
examples. Type 1 and 3 show the best fit results. Type 2
does not reach any good fit, caused by extreme concentration maxima (see Fig. 9). The bimodal description of the
experiment gives insufficient results, if extreme high tracer
values are recorded. It may be that even more than two
breakthroughs were evident.
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Estimation parameters of the moist columns show
few variability in comparison to the dried ones.
and
of these columns are lower, also standard deviation
and variation coefficient (CV = 18% (
(

), moist columns; CV = 80% (

) and CV = 44%
) and CV = 175%

(
), dried columns). High values indicate insufficient fit
results.
Dispersivity values of the fast breakthroughs are lower
than those of the slow. That means, slow breakthroughs
show higher heterogeneity of flow paths (Table 2). A comparison between slow breakthroughs of undisturbed columns with those of packed columns of the same soil type
shows that the latter have more homogenous flow (dispersivity of 0.5 - 3.5 cm, [2]).
Fig. 12 shows the dispersivity values for fast and
slow breakthroughs (
and
, in relation to velocities
FIGURE 11 - Original data and fit results of bimodal model for
column 12.

Table 2 summarises the results of the bimodal parameter estimations. As mentioned above, transport is divided
into fast and slow breakthroughs, thus
represents the
slower one.

represents the higher dispersivity together

with the longer pulse signal

.

and
) of all columns, thus each column is represented by two symbols. There are clear differences between moist and dried columns. Experimental types are
identifiable, thus marked with different circles. Fast and
slow breakthroughs of the moist columns are narrower
than that of the dried ones. Experiment type 3 (dried columns and high concentration) shows extremely fast and
slow breakthroughs. But this treatment has the same dispersion level as type 1. It seems that both breakthroughs
of type 3 used similar flow paths.

TABLE 2 - Results of bimodal parameter estimation. Values show minima and maxima. Retardation R = 1, D = dispersion coefficient, v =
mean pore water velocity, D*/v* = dispersivity.
Treatment
type 1
type 2
type 3

v1
[cm/day]
4.5 - 6.6
5.8 - 24.3
3.8 - 6.3

D1
[cm2/day]
25.5 - 73.7
92.4-3058
50.0 - 146

D1/v1
[cm]
5.7 - 14.5
16.0 - 125
12.9 - 24.4

t1
[%]
87.6 - 92.4
51.0 - 87.0
78.0 - 90.0

v2
[cm/day]
9.1 - 9.2
9.7 - 29.9
13.6 - 18.1

D2
[cm2/day]
1.7 - 5.8
0.1 - 3.3
4.6 - 11.0

D2/v2
[cm]
0.18 - 0.63
0.01 - 0.34
0.26 - 0.81

t2
[%]
7.6 - 12.4
0.4 – 49.0
10.0 - 22.0

4. CONCLUSIONS
Some quite interesting conclusions may be drawn:

FIGURE 12 - Results of the fit parameters: Dispersivity of all columns. Logarithmic y-axis.

1. Stationary flow was reached more or less fast during experimental time. Thus, an analytical solution of the
CDE seemed to be applicable.
2. Type 3 shows the lowest mean recovery rate (57%,
n=3). Type 1 and type 2 show similar recovery rates (80.2%
and 82.4%). At dry soil conditions and a high concentrated
tracer application the highest tracer amount remains in
soil. At type 2 most of the tracer was found in outflow.
This would mean the highest and immediate effect to
ground water pollution.
3. Dried columns show generally steeper peaks and
longer tailing than humid columns.
4. During the higher concentration tracer experiment
(type 3), a daily maximum of 1.6% of the original concen-
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tration was recorded in outflow. In contrast, humid columns had a maximum of 16% and dried columns with low
concentration even about 90%.
5. Type 1 and 3 showed best fit results using a bimodal approach with an analytical solution of the CDE.
This approach indicates a fast and a slow breakthrough,
i.e. separation in slow and fast parts of transport. A bimodal description of the experiment gives insufficient
results, if extreme high tracer values are reached in output. This applied to type 2.
Other approaches like an integrated solution according to [16] or a cumulative estimation (according to [17])
were tested but proved to be unsuccessful.
6. Dispersion and dispersivity values of the slow breakthrough are generally higher than those of the fast. Slow
breakthroughs show higher heterogeneity of flow paths.
Generally all velocities of type 2 had highest values. Thus,
higher tracer concentration could reach the columns’ output.
7. Experimental type 3 (dried soil and 10 fold higher
tracer concentration) showed extreme fast and slow breakthroughs. But dispersion values of both breakthroughs had
the same level, thus, similar flow paths.
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EFFECTS OF AGING AND FLOODING ON
SORPTION OF PAHS IN MANGROVE SEDIMENT
Liu Bei Bei, Wang Ping, Chen Li and Zhang Yong*
State Key Laboratory of Marine Environmental Science, Environmental Science Research Center, Xiamen University, Xiamen 361005, China

ABSTRACT
Polycyclic aromatic hydrocarbons (PAHs) pollution
in mangroves has drawn much attention, but knowledge
of the sorption of PAHs in mangrove sediment is limited.
For the first time, this study investigated the sorption of
three typical polycyclic aromatic hydrocarbons (PAHs),
naphthalene, anthracene and benze[a]pyrene, in mangrove
sediment of Jiulong River Estuary and the effects of aging
and flooding on the sorption. Our study confirmed that
aging can strengthen the sorption of PAHs in the sediment
and found that flooding had great influence on PAHs sorption both in aged and unaged sediments. The influence in
unaged sediment was more significant than those in 100d
aged sediment. Our research also showed that the effects
of aging and flooding on PAHs sorption had relationship
with the physical and structural properties of the mangrove
sediment. It was observed that the main sorbents of mangrove sediment were carbonized particles and clays. The
porous structure of carbonized particles made it easy to
sequestrate the PAHs, and the aging made the PAHs come
into deeper sites of the carbonized particles, thereby causing the PAHs was difficult to be desorbed after aging; clays
had good PAHs-fixing capacities and they always combined
by organic matters and formed aggregates; we demonstrated
that flooding damaged the aggregate stabilities to some
extent, thereby causing the PAHs to be released as the
flooding was done.
KEYWORDS:
PAHs; aging; mangrove sediment; flooding; sorption; aggregate

1. INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) as persistent organic pollutants are of great concern because they
are teratogenic, carcinogenic and mutagenic [1]. Mangroves are important inter-tidal estuarine wetlands along
the coastlines of tropical and subtropical regions [2]. They
are natural barriers preventing pollutants from getting
into sea [3]. Human activities in costal areas gradually in* Corresponding author

creased in recent years and made mangroves suffer great environmental pressures. Elevated concentrations of PAHs (>
1500 ng g−1) have been recorded in mangrove sediments [4].
Predicting the fate of PAHs in sediment is a key issue
for risk assessment or to evaluate the feasibility of remediation technologies. Sorption of PAHs in sediment is an
important factor to determine their fates. However, many
previous studies only focused on investigating the contents
and sources of sediment PAHs [5-8] and the extraction and
examination of their decomposing microorganisms [9-14],
and studies of the sorption behaviours of PAHs in mangrove sediment were rarely [15]. Although most studies
have been carried out on the sorption of PAHs in sediment
and soil, but mangrove sediment is unique and different
from other soil and sediment type because it is often under
alternate wet and dry cycles and rich in organic matter [15].
Aging (the decreased availability of organic pollutants
with increasing contact time) can influence the sorption of
PAHs in sediments, and thereby change the bioavailability
and mobility of PAHs [16-18]. Most studies have been
carried out on the effects of aging on PAHs sorption in
soils and sediments, but the extent of aging differs because
of the distinction of soils and sediments properties and environmental conditions [19-23].
Flooding is an important environmental factor for mangrove sediment which subject to tidal flushing. However,
only a few studies have been carried out on the effects of
flooding on the sorption of organic pollutants in sediment
[24], and the mechanisms are still unknown.
The objectives of this study therefore were to (i) investigate the sorption behaviours of PAHs in mangrove sediments and three typical PAHs, naphthalene (NAP), anthracene (ANT) and benze[a]pyrene (BaP) were chosen as test
molecules. (ii) study the effects of aging and flooding on
the sorption of the three PAHs in sediment and preliminarily probed into their mechanisms by analyzing the physical
and structural properties of the mangrove sediment.
2. MATERIALS AND METHODS
2.1 Chemicals

Standards of NAP, ANT and BaP (> 99 % purity)
were purchased from Sigma Aldrich (USA). HPLC-grade
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solvents were purchased from Tedia (USA). The stock
solution of each PAHs compound was prepared by dissolving an appropriate amount of the standard in anhydrous
ethanol, with a final concentration of 100 mg L-1. All solutions were kept in a brown bottle at 4 °C and wrapped with
aluminium folds to avoid any light exposure prior to use.
2.2 Sediment

The surface (0-10 cm) sediment sample was collected
from the mangrove wetland (24˚29′N，117˚55′E) in Jiulong
river estuary, which is one of the largest river/estuary systems in south China and is the major drinking water source
for Xiamen and the main freshwater source for its sea area
[13].
The sediment was air dried and passed through a 2 mm
sieve. Selected properties of the mangrove sediment were
determined [25] and as follows: pH (in H2O) 6.66, organic
matter 28.4 g kg -1, total N 1.13g kg -1, total P 0.85 g kg -1,
and total K 19.2 g kg -1. The background concentrations of
the studied PAHs in the sediment proved to be < 2 % of
the lab-added concentrations.
2.3 Spiking

The PAHs contaminated sediments were prepared according to the method described in the reference [26]. The
dry sieved sediments were sterilized by an autoclave at
103.4 kPa and 121.3 °C for 2 h to prevent any microbial
activity during the sorption experiment. A PAHs mixed
solution containing 500 ng mL-1 NAP, 500 ng mL-1ANT,
and 500 ng mL-1BaP was prepared by taking 250 µL of
each PAHs stock solutions to a 50 mL brown volumetric
flask, methanol was added to the mark after allowing evaporation of the solvent by a gentle flow of high-purity nitrogen gas (≥ 99.99 %). Then 20.00 g portions of sterilized
sediments were added to sterilized 50 mL screw cap test
tubes. To each tube was added 2 mL PAHs mixed solution.
The liquid was added dropwise to bring the NAP, ANT and
BaP concentration to all 50 ng g-1 dry weight (dw) sediment. The tubes were placed in a hood for 1 h, and the
samples were shaken to allow the methanol to evaporate
and to ensure thorough mixing of PAHs with the sediments. Autocalved deionized water was then added to
bring the moisture level of sediments to 50 % (W/W).
2.4 Aging

Several tubes with PAHs contaminated sediments
(50 ng g-1Na, 50 ng g-1ANT and 50 ng g-1BaP) were prepared as described above and sealed with sterile screw caps
fitted with silicone-backed Teflon liners and incubated in
the dark at 20 ± 1°C for aging 100 d [20, 27].

to the tubes to simulate static flooding process. The flooding time was 24 h.
2.6 Sample extraction

For flooded sediments, the overlying water of each
tube was transferred and 20 mL of each overlying water
was taken and put into a 100 mL conical flask, 25 mL
hexane was added, and ultrasonically extracted for 10 min,
and repeated twice to achieve maximum extraction [30].
A two-step extraction according to the reference [31]
and [32] were used to extract different sorption forms of
PAHs in the sediments. The sediments (20.0 g dw) in each
tube were all transferred into a 250 mL conical flask. Firstly,
the sediments were extracted with 100 mL methanol, shook
for 1 h at room temperature, the extracts were centrifuged
at 4000 rpm for 15 min, and then the supernatant liquids
were used for PAHs determination. This method can only
be employed to extract the PAHs that weakly bind with
solid sediments [31], thus the study defined the PAHs
extracted by this step as “weakly sorbed PAHs”, and the
PAHs held in the sediment pores were also included in
this fraction. Secondly, the remained PAHs of the sediments were ultrasonically extracted using 100 mL acetone
for 20 min, shaken for 1h, and again ultrasonically extracted
for 20 min, the extracts were then centrifuged as in the first
step, and the supernatant liquids were used for PAHs determination. The second step can extract the remained strongly
sorbed PAHs in the sediment [32], therefore, the study defined the PAHs extracted in the second step as “strongly
sorbed PAHs”.
2.7 Analysis

The obtained extracts were dehydrated with anhydrous
sodium sulfate, then reduced by rotary evaporator to about
1 mL and cleaned up with silica gel columns [5], and then
determined by a GC-MS (Thermo TSQ Quanum GC, USA).
The determination conditions were as follows, the column
was TR-5MS (30 m × 0.25 mm × 0.25 µm), the injector
temperature was 260 °C, the oven temperature was to increase from 60 °C to 200 °C at 25 °C min-1 and then to
310 °C at 8 °C min-1, under the selected ions monitoring
mode, the mass to charge ratio was set at 128 m/z in the
first eight minutes, at 178 m/z from the eighth minute to
the fourteenth minute, and 252 m/z from the fourteenth
minute to the twenty third minute, the solvent delay was
set at four minutes, helium was used as the carrier gas,
and the flowing rate of carrier gas was 1 mL min-1. As
determined, the mass balances (ratios between total mass
of extracted PAHs and the initial added mass of PAHs)
were 80-120 %.
2.8 Size and density separation

2.5 Flooding

Several tubes with fresh and aged sediment were prepared as described above, and then added 25 mL artificial
seawater (17 ‰, prepared as described in [28] ) containing 100 µg mL-1 HgCl2 (to inhibit microbial activity [29])

Several fresh and aged ANT contaminated sediments
(50 ng g-1) were prepared by the same method as described
above and then the sediments were size and density separated by the method described in literature [33]. The sediments were size fractionated by wet sieving, and four size
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fractions, <0.063 mm, 0.063-0.25 mm, 0.25-1.0 mm, and
>1.0 mm were obtained. Sediments in each fraction were
then separated into two density fractions (light and heavy
fracions) by flotation in cesium chloride solution (gravity
1.8 g mL-1). Each of these size and density separated
fractions were then weighted, analyzed for ANT concentration by GC-MS [5], and investigated for particle structures by a scanning electron microscope (SEM, HITACHI
S-4800 FE-SEM).

80

All the above experiments were performed with three
replications and the averages were used for results analysis.
3. RESULTS AND DISCUSSIONS

60

% of the total PAHs

2.9 Aggregate size distribution analyses

Several unflooded and flooded sediments were prepared as described above and then the sediments were analyzed for aggregate size distribution by a wet sieving and
gravitational sedimentation method [34]. Four aggregate
size fractions were obtained: > 0.25 mm, 0.01-0.25 mm,
0.001-0.01 mm and < 0.001 mm. The aggregates in each
size fraction were oven dried and weighed, and the proportions of the aggregates in different size fractions were
then calculated. Particles size distribution of the sediment
was also measured by a Particle Size Analyzer (Mastersizer
2000, UK) to calculate sediment dispersion index which is
the ratio of the content of < 0.001 mm sediment particle
to the content of the < 0.001 mm aggregates [34].

50
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0
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FIGURE 1 - The proportions of different sorption forms of unaged
PAHs in the sediment.
3.2 Effect of aging

The proportions of the different sorption forms of the
uaged and aged PAHs in the sediment were compared, as
Fig. 2 shows. It can be seen that, after aging, the proportions of weakly sorbed NAP, ANT and BaP were decreased, but the strongly sorbed fractions were increased,
which from 48.6, 47.1 and 70.3 % to 50.5, 54.1 and 73.5 %
respectively. This indicated that aging can strengthen the
sorption of PAHs in the sediment. The results are similar
to some reported studies. In former studies, the extractabilities of pollutants in soils and sediments decreased with
aging [20-22].

3.1 PAHs sorption

60

PAHs in sediments exists as different sorption forms,
the weakly sorbed PAHs are easily desorbed and bioavailed, the strongly sorbed PAHs are difficult to extracted
and bio-utilized, and researchers generally use different
extraction methods to analyze the sorption forms [35-37].
In this study, weakly and strongly sorbed PAHs in sediments were extracted by a two-step extraction. The proportion of the different forms of the unaged PAHs in the
sediment is shown in Fig 1. From the figure, it can be seen
that, for NAP and ANT, the proportions of weakly sorbed
fractions were slightly higher than those of strongly sorbed
fractions (weakly sorbed NAP was 51.3 %, and strongly
sorbed NAP was 48.6 %; weakly sorbed ANT was 52.9 %
and strongly sorbed ANT was 47.1 %), but for BaP, the
proportions of strong sorbed fraction was obviously
higher than that of weakly sorbed fraction (the former was
70.3 %, and the latter was 29.6 %).

Unaged PAHs

Aged PAHs

% of the total PAHs
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It is reported that partitioning is the main factor affecting the sorption of hydrophobic organic contaminants
in sediment [33]. This is related to the characteristics of
PAHs, including molecule size, structure and octanol-water
partition coefficient (Kow). The number of benzene rings (2,
4 and 5), molecule size(126.9, 170.3, 228.6 Å3）and the
logKow (3.45, 4.54, 5.78) of Na, An and BaP increase and,
as a result, the sorption of BaP by the sediment is stronger
than that of the others.

Weakly sorbed PAHs
Strongly sorbed PAHs

70
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FIGURE 2 - The proportions of different sorption forms of unaged
and aged PAHs in the sediment. (a) weakly sorbed PAHs (b) strongly
sorbed PAHs.
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The physical structure of soil and sediment is important to the interpretation of aging effects [38-40]. The
mangrove sediments are different with other soils and
sediments as introduced above, but the physical composition and structural properties of the mangrove sediments
were not reported and its relationship with the sorption of
PAHs in the sediments and the aging effects was unknown.
In this study, the physical composition and structural
properties of the mangrove sediments were analyzed by
size and density separation. Table 1 presents the proportions of each size and density separated fraction in the
sediment mass. The heavy, <0.063 mm size fraction is the
most abundant component in the sediment at about 92 %.
The sum of all heavy fractions in the sediment constitutes
about 99 % of the sediment mass. The light fractions
constitute the remaining 1% of the sediment weight.
TABLE 1 - Proportions of each size and density separated fraction
in the sediment mass.
Size (mm)
<0.063
0.063-0.25
0.25-1.0
>1.0
Sum

% of the sediment mass
Heavy
light
91.8
5.92
0.735
1.32
0.165
0.310
0.118
99.3
1.02

The concentrations of unaged and aged ANT in each
size and density separated fraction were analyzed and the
results are shown in Table 2. The heavy fractions sorbed
83 % of ANT and the light fractions sorbed 17 % of ANT.
But from the weight of each component, the amounts of
sorbed ANT per light fraction unit were much higher than
that of heavy fraction. After aging, the proportion of sorbed
ANT in < 0.063 mm fraction decreased, but the proportion
of sorbed ANT in > 1.0 mm heavy fraction obviously increased. The proportion of sorbed ANT in each light fraction all increased.

a

TABLE 2 - Distribution proportions and weight values* of unaged
and aged ANT in different size and density separated fractions.
Size and density
separated fractions

Unaged ANT
Aged ANT
% of the total Weight % of the total Weight
amount
amount
Heavy < 0.063 mm
78.56
0.86
72.80
0.79
Heavy 0.063-0.25 mm
0.96
0.16
0.59
0.10
Heavy 0.25-1.0 mm
0.38
0.29
0.30
0.22
Heavy >1.0mm
3.25
10.50
4.97
16.04
Sum of
83.16
11.80
78.66
17.15
heavy fractions
Light 0.063-0.25 mm
7.59
10.33
9.07
12.35
Light 0.25-1.0 mm
4.29
26.00
5.06
30.65
Light >1.0 mm
4.96
42.08
7.21
61.13
Sum of
16.84
78.40
21.34
104.12
light fractions
*Weight = Proportions of ANT distributed to each fraction (%) / Proportions of each fraction in sediment mass (%)

Particle structures in each size and density separated
fraction were then investigated using SEM. It was observed
that, particles in light fractions were mainly plant residues
and detritus and coal-derived particles, as shown in Fig. 3.
Plant residues and detritus had large sizes and visible
porous structures, as shown in Fig. 3 a, and b. Coalderived particles had smaller sizes (mostly existed in the
0.063-0.25 mm fractions), and deeper pores (Fig. 3 g, and
h). The large surface area and porous structures of these
particles were easy to sequestrate PAH molecules, and
this is why light fractions absorbed more PAHs than heavy
fractions. Yang et al. [41] also found coal and coal-derived
particles were dominant geosorbents for PAHs in a river
floodplain soil. And with the time increased, PAH molecules may move into deeper positions of the particles and
difficult to be extracted, thus, the contents of the PAHs in
this fraction increased after aging.
In heavy fractions, sand, silt and clays were observed,
as shown in Fig 4. The main particles in 0.063-0.25 mm
and 0.25-1.0 mm heavy fractions were sand and silt

b

500µm

e

c

200µm

f

100µm

d

g

25µm

100µm

250µm

h

100µm

FIGURE 3 - Photos of the typical particles in heavy fractions of the mangrove sediment by the SEM.
(a) is sand; (b) is microstructure photo of (a); (c) is clay; (d) is microstructure photo of (c).
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(Fig. 4 a) and their structures (Fig. 4 b) were not easy
to absorb PAHs. That is why the contents of PAHs in these
fractions were smaller than others. Clays existed in
< 0.063 mm fraction have stratified structures and large
sur-face areas, thus easy to absorb PAHs. Moreover, the
clays made up a high proportion in the mangrove sediment and thus they absorbed most of PAHs.
a

b

500µm

10µm
d

c

20µm

Studies about the effects of flooding on organic pollutants sorption in sediments are few and the impact mechanism is not clear. Some studies show that water content is
an important factor affecting sediment aggregate stability
[42], and the stability of aggregates is likely to influence
sediment pollutants mobility. Consequently, the effect of
flooding on the sorption of PAHs in the mangrove sediment is probably related to the changes of sediment aggregates. Upon this, the composition of aggregates with
different sizes in the unflooded and flooded sediment was
analyzed by wet sieving and gravitational sedimentation.
The results were shown in Table 3. It can be seen that after
flooding, the proportion of large aggregates (with sizes of >
0.01 mm) decreased and the proportion of small aggregates
(with sizes of < 0.01 mm) increased. It was also shown that
PAHs in overlying water
Weakly sorbed PAHs in the sediment
Strongly sorbed PAHs in the sediment

2µm

% of the total PAHs
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FIGURE 4 - Photos of the typical particles in heavy fractions of the
mangrove sediment by the SEM. (a) is sand; (b) is microstructure
photo of (a); (c) is clay; (d) is microstructure photo of (c).

% of the total PAHs

In >1.0 mm, heavy fractions, sediment aggregates particles were observed. The mangrove sediment had a high
content of organic matters and clays, thus it is easy to form
organic substance-inorganic mineral aggregates. It can be
inferred from the results in Table 2 that after aging, the
contents of the PAHs decreased in < 0.063 mm fraction,
but increased in >1.0 mm, heavy fraction, which was probably because aging caused the PAHs to penetrate deeper into
sediment aggregates.
3.3 Effect of flooding

(a)

unaged, unaged,
unflooded flooded

aged,
aged,
unflooded flooded

60
50
40
30
20
10
0

(b)

unaged, unaged, aged,
aged,
unflooded flooded unflooded flooded
ing
re flood
aging, befo
without

% of the total PAHs

Fig 5 presents the distribution of unaged and aged
PAHs among overlying water and different sorption forms
in unflooded and flooded sediment. The results showed
that flooding made both uaged and aged PAHs release from
the sediment to overlying water, but the released proportions of unaged NAP, ANT and BaP, which were 30.3 %,
16.8 % and 3.46 %, were higher than aged NAP, ANT
and BaP, which were 18.4 %, 9.01 % and 0.710 %. It also
can be seen that NAP and ANT were easy to desorb than
BaP in sediment. For unaged NAP and ANT, their distribution among overlying water and different sorption forms in
sediment after flooding had two obvious changes, which
were from the strongly sorbed form to the weakly sorbed
form and from sediment to the overlying water. While for
aged NAP and ANT, the changes main happened in the
latter. For both unaged and aged BaP, they mainly released from weakly sorbed form to overlying water. The
difference was that the released content of aged BaP was
less than that of unaged BaP. These results proved that
flooding made PAHs released from the sediment to overlying water, but aging was helpful to sediment fixation of
PAHs.
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FIGURE 5 - The distribution proportions of unaged and aged NAP
(a), ANT (b) and BaP(c) among overlying water and different sorption forms in unflooded and flooded sediment.
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Aggregate
diameter
> 0.25 mm
0.25-0.01 mm
0.01-0.001 mm
< 0.001 mm
Dispersion index

Proportion of
aggregates before
flooding (%)
2.01
55.6
39.7
2.71
79.2
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Proportion of
aggregates after
flooding (%)
1.93
44.1
50.9
3.08
95.0

the dispersion index of the sediment obviously increased
after flooding. High dispersion index means that the sediment aggregates are lowly water stable and flooding can
damage sediment aggregate stability, with consequence
that the PAHs fixed in sediment aggregates are easy to be
released, which is probably one important factor that causes
the release of PAHs in sediment after flooding.
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ABSTRACT
This study analyzed the zinc transport in supported
liquid membrane (SLM) systems in which different anionic (Aliquat336) and cationic (D2EHPA) carriers, different solvents (kerosene and toluene) and different feed
(deionized water and HCl) / stripping solutions (H3PO4, HCl
and H2SO4) were used. The results were modeled according
to steady state (Fick’s first law) and non-steady state kinetics approaches and the concordance of the models was discussed. It was observed from the experimental studies that
80.4 % zinc transport could be achieved when deionized water was used as feed solution, kerosene/ D2EHPA
(0.01 M) as membrane solution combination and H3PO4
(0.5 M) as stripping solution. Whilst the zinc transport
efficiency was found to be 86.5 % when HCl (1.0 M) was
used as feed solution, toluene-Aliquat336 (0.02 M) as
membrane solution combination and HCl (0.5 M) as stripping solution. Modeling studies established that the nonsteady state approach better represented zinc transport. It
was therefore concluded that the zinc transport mechanism was affected by interface reactions rather than diffusion.

KEYWORDS: Supported liquid membrane, zinc, transport, Aliquat336, metal removal

1. INTRODUCTION
Zinc is a heavy metal which plays a key role in environmental, medical and biological processes [1]. The use
of zinc is therefore increasing, as it is used in many industrial applications. The waste products of many industrial
processes, such as mining and photo-etching wastewater,
electro-plating rinse liquors and pickling solutions, can
contain significant quantities of zinc [2-4]. The discharge of
* Corresponding author

wastewater containing heavy metals into aquatic environments causes acute and chronic poisoning of living organisms and leads to bio-accumulation throughout the food
chain. High concentrations of zinc weaken the human immune system and displays cancerogenous effects. Simultaneously, mineral reserves containing high rates of ore are
becoming depleted. Therefore, it has become imperative to
develop technologies for the selective separation of metals
from low grade ores, diluted water solutions and wastewater, and their transformation into a reusable state [2].
Presently, removal or acquisition of metal from
wastewater or diluted solutions is generally performed
using traditional methods such as liquid-liquid extraction,
sedimentation, adsorption, and ion exchange [3-5]. However, most of these methods have limited use, as they
are not selective towards a certain type of metal. The
selective and economical nature of SLMs increases the
viability of these processes in the recycling of heavy metals [1-3,5-9].
SLMs are generally formed through the immobilization of an organic liquid into the spaces of the hydrophobic
microfiltration membrane [5]. Organic solvent contains
a carrier which facilitates transport. The carrier creates a
complex in the interface between the transported substance
and membrane-feed phase and enables the substance to permeate through the membrane into the stripping phase.
Solute permeation is due to the chemical gradient existing
between the two sides of the membrane [5]. To achieve
efficient transport, the organic solvent and carrier which
form the membrane solution, and the properties of the feed
and stripping phases, need to be completely compatible.
In previous studies conducted on zinc, D2EHPA (Di (2ethyl
hexyl) phosphoric acid) containing kerosene [2, 3, 5, 10,
11], DC18C6 (dicyclo hexano 18crown6) containing nitrophenyloctylether [1] and Aliquat336 (Tricapryl methyl
ammonium chloride) containing kerosene [4] were used as
membrane solution.
Transport efficiency in the SLM depends on diffusion
through the membrane and reactions on the membrane interfaces. In order to determine efficiency of a membrane,

637

© by PSP Volume 20 – No 3. 2011

Fresenius Environmental Bulletin

the parameters effecting the diffusion as well as the parameters affecting the interface reactions should be investigated. The main purpose of this work is to investigate the
above mentioned parameters for the zinc transport in the
SLM. Besides, another purpose is to present the importance
of membrane phase, carrier stripping combinations in the
SLM on the transportation. This experimental approach is
the difference of our work from previous studies in the
literature. The final purpose is to investigate the match
between the experimental data and the two transport models (steady state and non- steady state) used in the SLM.

Aliquat336, which is the second carrier in this study, is as
follows:

The present study compares the transport efficiencies
of membrane solutions comprising of different carrier
(D2EHPA and Aliquat336) and solvents (kerosene and
toluene) for different feed (deionized water and HCl) and
stripping solutions (H3PO4 and HCl). The effect of stripping phase solution and carrier concentration on transport
efficiency was determined using two different carriermembrane-stripping solution combinations with high
transport efficiency. In the final stage of the study, the experimental results were modeled for both steady state
(Fick’s first law) and non-steady state kinetics approaches, which are often used to express transport in liquid membrane systems. The concordance of the models was discussed.

2.1.2 Modeling of Metal Transport in SLM by Steady State
Kinetics (Fick’s First Law)

2. MATERIALS AND METHODS
2.1. Theoretical Background
2.1.1. Carriers in Zinc Transport by SLM

Since organic salts of metallic ions are only soluble to
a limited extent in the organic phase of the membrane,
different types of organic carriers are used to enhance
their solubility and to improve the ion permeability of the
membrane [12].
The reaction between the metallic ions and D2EHPA
at the interface between the aqueous feed and the organic
membrane, taking into account that this ligand has been
reported to exist in a dimer form in non-polar solvents [13]
could be described as:

[ZnCl4 ]2n− + 2R4 NCl(org) ⇔ (R4 N )2 [ZnCl4 ]org + 2Cl n−

(2)

The above reactions are reversible and the direction of
the reactions depends on the concentration of the solutes.
At the feed-organic interface, the reactions are mainly directed to the right, whereas at the other side of the membrane, at the organic-strip interface, the reactions go from
right to left.

Steady state is the diffusion from the membrane which
is the speed restricting step in substance transport and is
explained by Fick’s First Law [5,15-17]. Assuming that
the transport of metal ions occurs at the steady state and
the concentration gradients are linear, the flux(J) of a
carrier-assisted transport in a SLM system is given by an
appropriate formulation of Fick’s First law of diffusion.

J =−

V f dC f
Adt

=

D
(C fi − Csi )
L

(3)

Where, V f is the aqueous feed volume, D is the diffusion coefficient of the complex, L is the membrane
thickness and Cfi and Csi are the concentration of metal
ions at the membrane/feed interface and stripping/ membrane interface, respectively. Under efficient stripping
conditions (Cfi>> Csi) and ignoring the aqueous diffusion
layer (Cf ~ Cfi) , Equation (3) is simplified to:

P=

J
Cf

(4)

where Cf is the concentration of metal ion in the feed
and P is the permeability coefficient. P can also be obtained using the following equation [18-20]:

ln(

Cf
C fo

)=−

Ae
Pt
Vf

(5)

(1)

where, C f and C fo are the concentration of metal
ions in aqueous feed phase at time t and the initial con-

where the overbar indicates the substances in the organic phase and HR represents D2EHPA.

centration of metal ions (at t=0) respectively. Ae is the

Zn(2aq+ ) + 2( HR) 2( org ) ⇔ ZnR2 ( HR) 2( org ) + 2 H (+aq )

Anionic metal complexes may form in solutions with
zinc chloride. Therefore, solvent extraction can be performed
with anion exchanger reagents. These reagents are protonated amine or quaterner ammonium cations. Amines require low pH to be protonated. On the other hand, quaterner
ammonium salts are found as stable cation-anion pairs
within a wide pH range. Therefore, quaterner ammonium
salts can be used as anion exchangers in the extraction of
metal-chloride complexes without any pH restrictions [14].
The proposed reaction for zinc chloride complexes with

effective area ( Ae = Aε ) ε is the porosity of the membrane material.

ln

Cf
C fo

- t is possible to find an average P (permea-

bility coefficient) from the gradient of the t graphic.
2.1.3. Modeling of Metal Transport in SLM by Non-steady
State Kinetics

In this approach, it was assumed that consecutive irreversible first order reactions occurred in the carrier
mediated liquid membrane systems (Eq.6) [21-23].
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k

ks
f
F ⎯⎯→
M ⎯⎯→
S

(6)

Where, F, M and S represent the feed, the membrane
and the stripping phases, respectively.
The consecutive reactions’ kf and ks speed constants
are determined from Equations (7), (8) and (9), given below [2].

R f = exp( − k f t )
Rm =

kf
ks − k f

Rs = 1 −

(7)

[exp(− k t ) − exp(− k t )]
f

s

1
[ks exp(− k f t ) − k f exp(− ks t )]
ks − k f

(8)

(9)

The flux in the membrane system can be determined
by using the “k” values obtained from Equations (7), (8)
and (9).
kf

⎡ k f ⎤ (k f −ks )
J f = −k f ⎢ ⎥
⎣ k s ⎦
(10)

⎡ k f ⎤
J s = k s ⎢ ⎥
⎣ k s ⎦

− ks

(k f −k s )

FIGURE 1 - Experimental apparatus.
2.2.3. Experiment Procedure

The membrane was cut as appropriate to the size of the
SLM cell and soaked in the carrier solution for 24 hour.
The membrane was then placed between the two half cells
of the SLM apparatus and fixed. The feed and strip solutions (150 mL each) were placed in each compartment of
the cell. The aqueous phases were stirred at 400 rpm to ensure homogeneity of the phases. All experiments were performed at ambient temperature (25 oC). Samples (1.0 mL)
were taken at regular time intervals from both feed and
strip compartments and zinc ion concentrations in the feed
and stripping phases were analyzed with an atomic absorption spectrophotometer (Perkin Elmer 1100B model and
under detection wave lengths: 213,9 nm).
2.2.4. Modeling of Zinc Transport

2.2. Experiments
2.2.1. Reagents and Materials

D2EHPA (di2ethylhexylphosphoric acid), and Aliquat336 (tricapryl methyl ammonium chloride) (Aldrich
Chemical Company) were used as carriers. Reagent grade
kerosene (Aldrich) and toluene (Merck) were used as organic membrane solvents. All other chemicals (H3PO4,
HCl, ZnCl2, H2SO4) used in this study were of the highest
purity available from either Merck or Fluka chemical companies. A microporous membrane (Celgard 2500 with pore
size 0.22 µm, a thickness of 25 µm and a porosity of
55%) was used as a supporting medium to hold toluene or
kerosene solution containing D2EHPA or Aliquat336.

Within the scope of this study, the zinc transport from
the stripping phase to the membrane was modeled for both
the concentration of the stripping solution and the carrier’s
concentration, using the steady state (Fick’s first law) and
non-steady state kinetic approaches. During the modeling
studies, all data obtained from the experiments were applied to both models using an iteration program. Permeability (P) and flux (J) values were determined for the steady
state approach (Eq.5), and; flux (Jf) and other kinetic coefficients (kf and ks) were determined for the non-steady
state approach (Eq.10).
The concordance of the models derived from the experimental data was indicated with ln(C/Co)-t graphic for
steady state approach, and with Rf-t graphic for the nonsteady state approach.

2.2.2. Supported Liquid Membrane (SLM) Cell

3. RESULTS AND DISCUSSION

The liquid membrane cell used for this study was fabricated in Teflon material. The cell consisted of two compartments, each having a volume of 150 mL. Membranes
with an area of 17.6 cm2 could be fixed in between the
two compartments. Each compartment was stirred with a
digital magnetic stirrer (Heidolph MR 3004S). Figure 1
shows the experimental apparatus used in this procedure.

3.1. Effect of Solvent-Carrier Combination (binary) and Stripping Solution

The experiment program, created in order to determine
the suitable solvent-carrier combination and stripping solution, is shown in Table 1. In the experiments in which
Aliquat336 was used as the carrier, the feed phase was
1.5x10-3 M ZnCl2 in 1.0 M HCl; in experiments in which
D2EHPA was used as the carrier, the feed phase in deionized water was 1.5x10-3 M ZnCl2.
TABLE 1 - Experiment Program for Solvent-Carrier Selection.
Feed solution*
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(0.1 (concentrated)

(0.001 M in solvent)
D2EHPA
Aliquat336
D2EHPA
Aliquat336
D2EHPA
Aliquat336
D2EHPA
Aliquat336

Kerosene
Kerosene
Toluene
Toluene
Kerosene
Kerosene
Toluene
Toluene

Stripping solution: HCl (0.1 M)
100
Toluene-D2EHPA
Toluene-Aliquat 336
Kerosene-D2EHPA
Kerosene-Aliquat 336

60

40

40

0

0

100

200

300

400

Time (min.)

FIGURE 2 - The effect of solvent-carrier combinations on zinc
transport when 0.1 M HCl and 0.1 M H3PO4 are used as stripping
solution.

Kerosene and toluene are non-polar solvents; D2EHPA
is an anionic carrier, whilst Aliquat336 is cationic. D2EHPA,
when dissolved in the membrane, has different dimerization degrees, according to the type of membrane solvent.
As kerosene is a suitable solvent for the dimerization of
D2EHPA [24], its transport efficiency is also higher. Similarly, despite Aliquat 336 also preferring non-polar solvents, the interaction of the “p” electrons found in the
ringed structure of toluene with amine complex has a positive effect on solvation. Therefore, Aliquat336 has superior
extraction efficiency in toluene [25]. The dielectric constant
of the solvent also affects polarity. Whilst the high dielectric constant (2.38) of toluene positively affected the solvation of Aliquat336, kerosene’s low dielectric constant
(1.80) facilitated the solvation of D2EHPA.
The experimental zinc transport efficiencies are shown
in Figure 3. In these experiments, 0.1 M H2SO4 was used as
stripping solution in addition to the previously tested 0.1 M
HCl and 0.1 M H3PO4 solutions.

20

0

60

20

0

100

200

300

400

Membrane solution: Kerosene - D2EHPA

Time (min.)

100
H2 SO4
H3 PO4
HCl

80

Zn (II) removal (%)

Zn (II) removal (%)

80

Kerosene-D2EHPA
Toluene-Aliquat 336
Toluene-D2EHPA
Kerosene-Aliquat 336

80

In the solvent-carrier combinations shown in Table 1,
the time-dependent exchanges of the zinc concentration in
the feed solution were determined for different stripping
solutions (Figure 2).
Comparison of the values in Figure 2 indicated that
toluene-Aliquat336 was more effective in experiments in
which HCI was used as the stripping phase, and that the
kerosene-D2EHPA solvent-carrier combination was more
effective in experiments in which H3PO4 was used. It is
seen that, in supported liquid membranes, transport efficiency is closely related to the structure of the carrier and
the solvent in which it is dissolved. The reactions between
the solvent and the metal-carrier can be explained by general solvation or specific interactions [24].

Stripping solution: H3PO4 (0.1 M)

100

Zn (II) removal (%)

Deionized water
HCl (1.0 M)
Deionized water
HCl (1.0 M)
Deionized water
HCl (1.0 M)
Deionized water
HCl (1.0 M)

solution*
M)
H3PO4
H3PO4
H3PO4
H3PO4
HCl
HCl
HCl
HCl
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Membrane solution: Kerosene-D2EHPA

Membrane solution: Toluene - Aliquat 336
100

100
H2 SO4
H3 PO4
HCl

80

Zn (II) removal (%)

Zn (II) removal (%)

80

60

40

60

40

0.50 M H3 PO4

20

20

0.10 M H3 PO4
0.05 M H3 PO4
0.01 M H3 PO4

0

0

0

100

200

300

400

0

100

200

300

400

Time (min.)

Time (min.)

FIGURE 3 - The effect of kerosene-D2EHPA and toluene-Aliquat336
membrane solution combinations for different stripping solutions on
Zn(II) transport.

In the SLM, since there is a hydrophobic organic phase
between to liquid phase the interaction between the two
liquid phases is not possible. Therefore, it is concluded that
ionic strength of the liquid phases doesn’t affect the material transportation. A study by Pei et al. [27] also presented
that the ionic strength could be neglected due to a similar
reason.
3.2. The Effect of Stripping Solution Concentration on Zinc
Transport

Figure 4. shows permeability values calculated from the
experiments conducted using various concentrations (0.01,
0.05, 0.10 and 0.50 M) of the stripping solution acid
(H3PO4 for D2EHPA-kerosene membrane, and HCl for
Aliquat336-toluene).

0.50 M HCl
0.10 M HCl
0.05 M HCl
0.01 M HCl

80

Zn (II) removal (%)

Figure 3 indicates that, as a membrane solution, H3PO4
(for D2EHPA-kerosene combination), and; HCl (for Aliquat336-toluene combination) were observed to be the most
efficient stripping phases. The efficiency ranking of stripping phases for D2EHPA-kerosene combination was determined as H3PO4>H2SO4>HCl. This may be related to the
H+ number of the acid used as a stripping solution to dissolve the D2EHPA-metal complex (dimer) in the membrane/
stripping interface. A similar result was reported in the
study by Khorfan et al. [26]. When HCl was used as the
stripping solution, the most transport efficient was obtained
for toluene-aliquat336 membrane solution. This may be
linked to the high substitution ability of the acid’s anion
with the Aliquat336-anionic metal complex.

Membrane solution: Toluene - Aliquat 336
100

60

40

20

0

0

100

200

300

400

Time (min.)

FIGURE 4 - The effect of the concentration of the stripping phase
on Zn(II) transport for kerosene-D2EHPA and toluene-Aliquat336
membrane solution combinations.

Figure 4 indicates that increasing the concentration
of H 3PO 4 in the stripping solution facilitates the
ZnR2 ( HR)2( org )
complex accumulating H+ in the membrane/stripping interface (Eq.1) and releases the metal
bound to it, thus increasing the transport efficiency [2].
However, beyond a certain value, no change occurs in
transport efficiency, as the speed of the reaction does not
change even if the acid concentration is increased. When
the HCl concentration in the Aliquat336/toluene membrane increased, transport also increased. The increased
Cl- concentration in the stripping solution may have posi[ZnCl4 ]2−
tively affected the substitution reaction with the
complex in the membrane/stripping interface. In both
situations, it may be said that zinc transport is linked to
interface reactions to a great extent.
3.3. The Effect of Carrier Concentration on Zinc Transport

The effect of carrier concentration on transport efficiency was investigated using various D2EHPA and Aliquat336 carrier concentrations (0.001, 0.005, 0.010 and
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ing to Figure 5, when carrier concentration in D2EHPA/
kerosene membrane was increased, permeability first increased then decreased. This situation is a typical feature
of a process controlled by diffusion in the film of the feed
phase [28]. As the feed/membrane interface does not reach
full saturation in low carrier concentrations, the flux increases with the increase in the carrier concentration [9, 29].
However, at higher concentrations, metal transport decreases. This is due to the increase in the viscosity of the
membrane solutions and consequently the movement of
the complex in the membrane becoming more difficult. In
other words, the resistance of the membrane increases.
Another reason is that, with the increase in the carrier concentration, the complex in the membrane becomes in
steady state and interface reactions are hindered [29].

Membrane solution: Kerosene-D2EHPA
100
0.001 M D2EHPA
0.005 M D2EHPA
0.010 M D2EHPA
0.020 M D2EHPA

Zn (II) removal (%)

80

60

40

20

0

0

100

200

300

400

In Aliquat336/toluene membrane, as the carrier concentration increases, permeability values also increase, in
the assayed concentration range, being no high as to increase the viscosity of the organic phase [22, 27, 29].

Time (min.)

Membrane solution: Toluene - Aliquat 336
100

Zn (II) removal (%)

80

3.4. Experimental Data Interpretation through Two Models of
Mass Transport

Two different models are generally used to define mass
transport in supported liquid membranes. These are steady
state (Fick’s first law) and non-steady state kinetic approaches. In this study, the experimental data obtained
for both the concentration of the stripping solution and
the concentration of the carrier were applied to both models
and consolidated results are shown in Table 2 and Table 3.

60

40

0.001 M Aliquat 336
0.005 M Aliquat 336
0.010 M Aliquat 336
0.020 M Aliquat 336

20

0

0

100

200

300

400

Time (min.)

FIGURE 5 - The effect of carrier concentration on zinc transport
for kerosene-D2EHPA and toluene-Aliquat336 membrane solution
combinations.

0.020 M). Stripping solutions 0.5 M H3PO4 (for D2EHPAkerosene membrane solution) and 0.5M HCl (for Aliquat336-toluene membrane) were used. Figure 5 shows the
effect of carrier concentrations on permeability. Accord-

The calculated flux values show there were not large
differences between the fluxes determined by both models
(Table 2 and Table 3). But, when the R2 values are considered, the transport is more suitable for non-steady state
approach. The validity of non-steady state approach present that the determining step is the interfaces reactions
[20,30].

TABLE 2 - Flux (J and Jf), permeability (P) and kinetic coefficients (kf and ks) calculated for the D2EHPA-kerosene membrane solution
according to Fick’s First Law and non-steady state approach.
H3PO4 concentration (M)
0.01
0.05
0.10
0.50
D2EHPA concentration (M)
0.001
0.005
0.010
0.020

Px106
(cm3/cm2.s)
284
369
813
834

Jx1010
(mol/cm2.s)
4.26
5.53
12.19
12.51

R2

ksx102
(min-1)
2.26
9.34
3.54
2.87

Jfx1010
(mol/cm2.s)
3.41
5.64
9.79
12.17

R2

0.61
0.64
0.82
0.69

kfx103
(min-1)
2.03
2.96
6.80
10.052

109
729
813
317

1.63
10.93
12.19
4.75

0.67
0.73
0.82
0.68

0.80
0.70
0.68
2.53

4.03
5.08
3.54
3.63

1.56
10.91
9.79
4.41

0.96
0.97
0.95
0.98

0.99
0.98
0.95
0.99

TABLE 3 - Flux (J and Jf), permeability (P) and kinetic coefficients (kf and ks) calculated for Aliquat336-toluene membrane solution according to Fick’s First Law and non-steady state approach.
HCl concentration (M)

Px106

Jx1010

R2
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kfx103

ksx102

Jfx1010

R2
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0.01
0.05
0.1
0.5
Aliquat336 concentration (M)
0.001
0.005
0.01
0.02
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(cm3/cm2.s)
116
235
408
646

(mol/cm2.s)
1.74
3.52
6.12
9.69

331
646
715
893

4.65
9.69
10.72
13.39

0.55
0.57
0.62
0.73

(dk-1)
0.84
1.84
3.34
5.47

(dk-1)
4.98
4.19
6.44
6.38

(mol/cm2.s)
1.66
3.06
6.04
9.26

0.99
0.94
0.97
0.98

0.76
0.65
0.66
0.76

2.53
5.47
6.18
7.61

4.48
6.38
6.42
6.47

5.02
9.26
10.26
12.18

0.99
0.93
0.95
0.94

4. CONCLUSIONS

-

The selection of an adequate organic phase (solvent
and carrier) is one of the most important factors affecting
transport efficiency in supported liquid membrane systems.
If the membrane solution is selected correctly, the resistance of the membrane during the transport of the metal
is minimized and diffusion is facilitated. In this study, it
was determined that for the effective transport of zinc
ions, kerosene-D2EHPA and toluene-Aliquat336 combinations were appropriate membrane solutions. However, it was seen that in this combination, a highconcentration carrier may hinder diffusion by increasing
the viscosity of the organic phase.
In this study, toluene (0.47 g/L at 20oC), kerosene
(none), aliquat336 (0.12 g/L at 30oC) and D2EHPA
(<0.1g/L at 20oC) which are only slightly soluble in water
were used. Therefore, they last for a longer time in hydrophobic membrane support and they increase the membrane stability. That is, organic interferences are not observed in the metal analyses performed at the aqueous
phases. Therefore, it is accepted that the membrane is stabile during the time of the in our work. For a longer process
time, the membrane stability can be affected.

As a result of the application of the experiment data
to two different transport models (steady state and nonsteady state approaches). As appears from Table 2 and 3,
the non-steady state approach better represented zinc
transport. This situation demonstrated that, for the membrane solution used, the zinc transport mechanism was
affected more by the interface reactions. In addition,
diffusion through the membrane is important for the
transport and can not be neglected. Occurring of interfaces
reactions depend on diffusing of the complex through the
membrane. Thus, the carrier concentration and the property of the membrane solvent which affect the mobility of
complex effect on the transport efficiency.

In supported liquid membranes, the type of stripping
solution also affects transport. In this study, it was seen
that when a cationic carrier (D2EHPA) was used, the H+
number of the acid used as stripping solution had a positive effect on resolving the carrier-metal complex in the
membrane/stripping phase interface. However, it was determined that when anionic carriers were used (Aliquat336),
the high substitution capability of the anions of the acid
used in the stripping phase with the metal complex was
more effective on transport efficiency.
As a result of the study, it was seen that the zinc in
the feed solution could be successfully transported with
cationic and anionic carriers under the system conditions
provided below. The transport efficiencies achieved under
these conditions are 80.4 % and 86.5 % respectively:
-

Feed phase 1.5x10-3M ZnCl2 in 1.0 M HCl; stripping
phase 0.5 M HCl; membrane solution 0.02 M
Aliquat336 in toluene.

Feed phase 1.5x10-3 M ZnCl2 in distilled water;
stripping phase 0.5 M H3PO4; membrane solution 0.01
M D2EHPA in kerosene.
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ABSTRACT
This study aims to investigate the effects of electromagnetic radiation (EMR) delivered by mobile phones on
oxidative stress, histological damage and sperm characteristic in rats. For this purpose, 18 male rats (9 in the study
group and 9 in the control group) were used. The rats in experimental group were exposed to EMR from an active
(1.9-2.2 GHz) mobile phone (MP) for 20 min per day for
20 days. The rats in control group were exposed to an MP
without a battery for the same period. The results showed
that there was no significant differences in oxidative stress
parameters (TBARS, GSH, SOD, CAT, GSH-Px), testis
histology and reproductive organ weight (testis, epididymis,
prostate weight) between the control and the study groups.
On the other hand, it was observed that the use of MPs may
have negative effects on the sperm characteristics (especially sperm motility) in rats. In conclusion, it was suggested that the exposure of EMR caused a decrease of fertility capacity due to their effects on sperm characteristics.
KEYWORDS: 3G Mobile Phone, Sperm Characterisitics, Testicular Damage, Oxidative Stress, Electromagnetic Field

1. INTRODUCTION
Mobile phones (MPs) have become indispensable devices in our daily lives. MPs emitting 900 Mhz EMR are
commonly used in Turkey as well as in other countries. It
is strongly suggested that the MP is becoming ubiquitous
in our lives. The increase in the use of MPs also raises
concern about risk of health and quality of life.
Some studies showed that MPs might caused headaches, extreme irritation, increased carelessness, forgetful* Corresponding author

ness and, decreases in reflexes, together with clicking sounds
in the ears, inner ear damage, blurring of vision and inflammation in the eyes, endometrial apoptosis, retinal
oxidative stress, brain tumors and cancers [1-4].
The third generation (3G) mobile telecommunication
system is the general name of next-generation mobile telecommunications technology which requires high speeds and
bandwidths and which is developed for a variety of services
such as voice and high speed data transmission, internet
and multimedia [5-7]. The fast-growing 3G-specific MP
has become the world’s largest mobile telecommunications
system. In addition, 3G launched applications such as video
calling, video messaging and video conferencing, and so
on; thus it can emit increased uninterrupted EMR into the
environment. However, 3G-specific MP is usually used a
little distant from speakers or listeners’ ears. Therefore, 3G
seems safer than others systems which are generally used
in close contact to the ear or head. On the other hand, 3G
cell phones work on a higher frequency as compared to
2G cell phones. This higher frequency means that they carry
much more energy [6,7].
Within the last decade, in vivo studies have shown that
oxidative stress develops in response to MP-induced EMR
which might disturb antioxidant protection systems by the
increasing production of reactive oxygen species (ROS) or
by the decreasing antioxidant enzyme activities [8-10].
In spite of many studies about the effect of EMR
emitted by male reproduction functions, the results are contradictory [11-14]. Although, some studies [14] claimed
that there is no negative effect, others [11-13] indicate that
MP-induced EMR may have a wide spectrum of detrimental effects on sperm parameters and testicular structure.
As far as we are aware there is no study about the correlation between 3G-specific MPs and their effect on reproduction. Consequently, the current study is aimed to
answer the question of whether or not the EMR from 3G-
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specific MPs may cause acute changes in oxidative stress,
histological damage and sperm characteristics.
2. MATERIALS AND METHODS
2.1. Animals and groups

Eighteen male Sprague Dawley rats weighing 300350g reproduced by the Inonu University Experimental
Animal Research Center were placed in a quiet and temperature (21±2°C) and humidity (60±5%) controlled room
which maintained a 12-12h light-dark cycle. All rats were
housed into polypropylene cages on wood-chip bedding
and allowed free access to pelleted diet and drinking water.
The animals were maintained and used in accordance with
the “Animal Welfare Act and the Guide for the Care and
Use of Laboratory animals prepared by the Inonu University, Animal Ethical Committee, Malatya, Turkey”.
The rats were randomly separated into 2 groups of
9 rats where group 1 experienced 3G applied with device
only and group 2 was controlled with device only, both
for 20 days (experimental period).
2.2. 3G Application and conditions

At the beginning of the experiment, two persons (a girl
and a boy) separately read the same chapter from a textbook recording their sounds for 20 min in a silent room
[15]. These records were used when a 3G-linked video
profile of an MP was displayed for imitating interactive
conversation. Between 2nd and 21st days, a 3G-linked MP
or only a tape recorder were applied to the study groups for
20 days (20 min/day, 17:00-19:00 daily) as follows: essentially two situations were evaluated: the exposure group and
the control groups either with two Nokia N-60 MP (900,
1800, and 1900 MHz with GPRS and EGPRS (EDGE) data
capabilities, Nokia Corporation, Helsinki, Finland) and two
tape recorders compatible with a computer.
Each MP was in a standby position for 23 h and 20 min
and the battery was charged continuously. The MPs were
turned on to the speech position for each exposure group
member for 40 min in total (20 min each speaking and
listening positions respectively) and the devices placed just
under and in contact with the cages during the experiment.
In the second group the MP was kept off, but in standby
mode and the batteries of the MP were charged continuously. The group was not subject to any exposure to active 3G
video application apart from 20 mins of interactive boy to
girl conversation by tape recorder to eliminate any possible
effect of the recorder device and sound. For each group, a
separate plastic cage without wood-chip bedding (length: 40
cm diameter: 30 cm, height: 15 cm) was used apart from
their housing cage. Additionally the rats were placed in
close contact above the cell phone and the cage ventilated
to decrease the stress of the rats while in the cage. In the
study group, the cage was placed at 10 meters distant from
each one and all procedures were applied at the same time
in a separate, similar room. In the 3G video call applica-

tion, a 3G compatible an MP was used and the tape recorder was connected to the phone to produce continuous stimulation with incessant conversation. Thus, the aim was to
transmit uninterruptible maximal electromagnetic waves
emitted by the phone to the whole body.
All the experimental sessions were conducted at an
ambient temperature comfortable for all subjects to reduce
the effects of electromagnetic fields from other sources, all
cellular phones and electronic instruments were turned off
and computers were removed from the exposure zone of the
experimental room. The MP was set into silent mode (not to
vibrate or illuminate) during the experiment and turned on
manually when answered. To achieve the same experimental protocol conditions in all groups, the following considerations were taken into account:
1. Equipment and tools did not contain metal or iron
which could affect electromagnetic conduction;
2. Fluorescent lights were powered off during the experiment;
3. The Experimenter’s MP was turned off.
Due to technical insufficiency, we could not measure
the amount of microwave emitted by the MP. Since there
is no reported experimental or human study related with
3G-specific MPs and very variable classic MPs, (other
generations) exposure duration schemes (15 min-1.5 h for
4 day-4 week) reported in literature [8-10,16-19]. In the
current study exposure time was chosen to be an average of
40 min per day, made up of 20 min active (speech position)
and 20 min passive (listening position).
2.3. Biochemical assay

The levels of homogenized tissue Thiobarbituric acid
reactive substances (TBARS), as an index of lipid peroxidation, were determined by thiobarbituric acid reaction
using the method of Yagi [20]. The product was evaluated
spectrophotometrically at 532 nm and results are expressed as nmol/g tissue.
The reduced GSH content of the testis homogenate was
measured at 412 nm using the Sedlak and Lindsay method
[21]. The GSH level was expressed as nmol/ml tissue.
CuZn-SOD activity was measured by the inhibition
of nitroblue tetrazolium (NBT) reduction due to O2− generated by the xanthine/xanthine oxidase system [22]. One
unit of SOD activity was defined as the amount of protein
causing 50% inhibition of the NBT reduction rate. The
product was evaluated spectrophotometrically at 560 nm.
Results are expressed as IU/mg protein.
CAT activity of tissues was determined according to
the Aebi method [23]. The enzymatic decomposition of
H2O2 was followed directly by the decrease in absorbance
at 240 nm. The difference in absorbance per unit time was
used as a measure of CAT activity. The enzyme activities
are given in k/mg protein.
GSH-Px activity was measured by the Paglia and Valentina method [24]. In the presence of glutathione reductase and NADPH the oxidized glutathione (GSSG) is im-
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mediately converted to the reduced form with a concomitant oxidation of NADPH to NADP. The decrease in absorbance at 340 nm was measured. GSH-Px activity is expressed as IU/mg protein.

total of 300 spermatozoa were examined on each slide
(3000 cells in each group), and the head, tail and total
abnormality rates of spermatozoa were expressed as percentage [28].

2.3.1. Determination of protein content

2.5. Pathologic examinations

Tissue protein content was determined according to
the method developed by Lowry et al. [25] using bovine
serum albumin as standard.

Testes were removed for histopathological examination. One testis was bisected and placed in a solution of
formaldehyde. The testis was embedded in paraffin wax,
sectioned at 5 µm, and stained with Hematoxylin eosin
(H-E). Histological assessments were done by light microscope.

2.4. Evaluation of sperm parameters

The epididymal sperm concentration was determined
with a hemocytometer using a modified method described
by Aydin et al [26]. The right epididymis was finely minced
by anatomical scissors within 1 ml of isotonic saline in a
Petri dish. It was completely squashed by a tweezers for
2 min, and then allowed to incubate at room temperature for
4 hours to provide the migration of all spermatozoa from
epididymal tissue to the fluid. After incubation, the epididymal tissue-fluid mixture was filtered via strainer to
separate the supernatant from tissue particles. The supernatant fluid containing all epididymal spermatozoa was drawn
into the capillary tube up to 0.5 lines of the pipette designed
for counting red blood cells. The solution containing
0.595 M sodium bicarbonate, 1% formalin and 0.025%
eosin was pulled into the bulb up to 101 lines of the
pipette. The contents of the pipette were mixed by holding the ends of the pipette between the thumb and the
index finger and shaking it vigorously in 100 back-andforth 30cm movements. The bulb of the pipette contains a
small glass bead that makes thorough mixing possible.
Sufficient solution was then blown from the pipette to
ensure that the diluents containing no sperm were flushed
from the capillary. This gave a dilution rate of 1:200 in
this solution. Approximately 10 µl of the diluted sperm
suspension was transferred to both counting chambers of
an Improved Neubauer (1/10 mm deep, LABART, Darmstadt, Germany) and allowed to stand for 5 min. The sperm
cells in both chambers were counted by light microscope
at 200× magnification. The percentage of sperm motility
was evaluated using a light microscope with heated stage
as described by Sönmez et al. [27] For this process, a
slide was placed on a light microscope with a heated stage
warmed up to 37 °C, and then several droplets of Tris
buffer solution [0.3 M Tris (hydroxymethyl) aminomethane, 0.027 M glucose, 0.1 M citric acid] were
dropped on the slide and a very small droplet of fluid
obtained from left cauda epididymis with a pipette was
added to the Tris buffer solution and mixed by a coverslip. The percentage of sperm motility was evaluated
visually at 400× magnification. Motility estimates were
performed from 3 different fields in each sample. The
mean of the 3 successive estimations was used as the final
motility score. To determine the percentage of morphologically abnormal spermatozoa, the slides stained with
eosin–nigrosin (1.67% eosin, 10% nigrosin and 0.1 M
sodium citrate) were prepared. The slides were then
viewed under a light microscope at 400× magnification. A

2.6. Statistical analysis

Data are presented as mean±standard error of means
(SEM). The degree of significance was set at P< 0.05. The
changes in body weights were analyzed by two-way analysis of variance for repeated measures in the General Linear
Model (GLM) procedure. One-way analysis of variance
(ANOVA) and post hoc Tukey-HSD test were used to determine the differences among the groups in terms of all the
sperm characteristics. All the analyses were carried out
using the SPSS/PC (Version 10.0; SPSS, Chicago, IL) software package program.
3. RESULTS
The effects of electromagnetic fields transmitted by 3G
phones, on epididymal sperm concentration, sperm motility
and abnormal sperm rate are presented in Table 1. When
the 3g group compared with the control group the magnetic field did not significantly affect on organ weight,
epididymal sperm concentration and the rate of abnormal
sperm. However decrease in sperm motility of rats in the
magnetic fields 3G group was statistically significant in
comparison to the control group (P< 0.05).
Testis CuZn-SOD, GSH-Px, CAT, GSH and TBARS
levels in rats exposed 3G are given in Table 2. There was
no statistical difference between the control and the experimental groups in any points evaluated. However the
change in all groups was a numerical one.
TABLE 1 - Reproductive organ weights, epididymal sperm concentration, sperm motility, abnormal sperm rate in rats.
Examining organs
Testes Weight (g)
Epididymis Weight (g)
Seminal Vesicules(g)
Prostate(g)
SpermConcentration
(million/cauda)
Sperm Motility (%)
Abnormal Sperm Rate (%)
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Right
Left
Right
Left

Head
Tail
Total

Control

3G

1.417±0.03
1.420±0.03
0.590±0.02
0.573±0.02
0.864±0.06
0.450±0.02
73.22±1.61

1.372±0.04
1.341±0.04
0.573±0.02
0.557±0.02
0.853±0.06
0.452±0.02
68.98±1.55

80.70±1.61a
4.66±0.52
4.00±0.57
8.66±0.88

75.55±1.33 b
5.89±0.35
5.33±0.52
11.22±0.59
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Means bearing different superscripts within same row were significantly
different (P<0.05)
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TABLE 2 - Changes in SOD, CAT, GSH-Px activity and GSH, TBARS levels in testis tissue of rats. (mean ± SEM).

Control
3G
Significant (P≤)

TBARS
(nmol/g tissue)
8.72±0.59
8.44±0.75
0.779

Reduced GSH
(nmol/ml tissue)
130.7±17.5
158.2±14.6
0.263

CAT
(k/mg protein)
26.01±2.21
31.18±3.12
0.272

CuZn- SOD
(IU/mg protein)
28.14±4.06
30,07±1.35
0.665

GSH-Px
(IU/mg protein)
0.93±0.05
1.02±0.02
0.151

No differences were observed between the control and
experimental groups in terms of histological examinations.
Seminifer tubules, sertoli cells and interstitium seemed to
be regular and no diagnosis was discovered. Spermatogenesis was watched and mature sperms observed in seminiferous tubule’s lumens (Figure 1 A-B). In order to evaluate
apoptosis; Caspase 3 (Neomarker California) antibody was
applied immunohistochemically to sections of 3µm thickness according to the staining procedures training due to
Caspase 3 antibody was not observed in any group (Figure
1 C).
4. DISCUSSION
This study was done to verify whether EMR emitted
by MPs may impair testicular damage in rats. Our results
showed that the some sperm characteristics significantly
changed with 3G exposure. However, it was observed that
no statistically significant differences in oxidative and histological examination.

FIGURE 1 - Histological testiculer section of rat exposed to EMR
emitted from 3G mobile phone shows regüler and normally organized seminiferous tubuls Hematoxylin Eosin staining, reduced from
X200 (A) Sertoli’s cell and presence of elongated spermatid in the
lumen (B, H-E X400). Caspase 3 antibody negativity in Sertoli’s cell
3-amino 9-ethyl carbazole staining (AEC) reduced from X400 (C).

The effects of MP exposure on male fertility have been
studied exhaustively in recent years [1-13, 19, 29]. Results
in these studies are mostly difficult to compare because
they had several procedural variations. In the present study,
our findings demonstrated that sperm motility was reduced
with 3G exposure. But other sperm characteristics (abnormal sperm rate, sperm concentration) were not affected significantly as well as reproduction organs weight. Yan [30]
reported that exposure of rats to EMR from an MP for
6 hours a day was associated with a higher incidence of
decrease in sperm motility. Another study [19] has shown
that 0.971.8 GHz can affect sperm motility in rats. Similarly, Erogul et al. [11] found a decrease in sperm motility
in semen samples of 27 men exposed to 900 MHz MP for
5 minutes. These studies confirmed our findings. On the
other hand, another study by the same group found no
changes in testicular function in rats exposed to 900 MHz
EMR for 20 minutes per day for one month [14]. In a study
involving 371 men presenting for an infertility workup,
duration of possession and daily transmission time of MPs
correlated negatively with the proportion of motile sperm
[12]. It was thought that this difference between our results and some other studies may be due to exposure time
and amount.
Oxidative stress refers to an imbalance between the intracellular productions of Reactive oxygen species (ROS)
and cellular defence mechanism. This species formation
and oxidative damage may contribute to spermatogenesis
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impairment. Unfortunately, the precise mechanism involved
in this effect is not clear. In the current study, it was determined that there was no significant change in oxidative
stress parameters. For this reason we suggested that the
EMR exposed daily 20 minutes for 20 days not caused
oxidative damage in testis tissue of rats. Similarly, Riberio
et al. [29] showed that there was no statistical difference
16 male rats exposed to MP EMR (1835 MHz) for 1h/30
11 weeks compared to the control group in terms of oxidative stress. Similarly, Dasdag et al. [14] determined that
any changes in MDA levels with exposure of microwaves
emitted from a cell phone in rats. These findings were in
agreement with our results. However, some studies showed
that cell phones caused oxidative stress in some tissues
such as heart and brain in rats [31, 32]. It was thought that
this disagreement between our and other study may be due
to the short exposure time of EMR in our study.
Our results showed that the exposure of EMR exposed 20 min daily did not cause histological adverse effects in testis tissue of rats. Similarly, Akdag et al. [33] have
reported in cases of chronic period and low concentrated
exposure that they did not observe any effect on testicle
and epididymal tissues on the 13th day, but they observed
interstitial edema, necrosis and atrophy at tubules, metaplasia, and increase in fibroblastic activity on 26th, 39th
and 52nd days [33]. Likewise, Cairnie and Harding [34]
found no significant differences in histological evaluations of testes between controls and study groups exposed
to 2.45 GHz MW 16 h per day for 1-30 days. On contrary,
some of the researchers consider that a high dose of acute
effect causes testicle degeneration and decrease in reproductive capacity [35].
The histological effects of EMR exposure could be
change due to the quality (species of energy) and quantity
(time) of the electromagnetic exposure.
5. CONCLUSION
Our results obtained from the current study demonstrated that exposure of EMR (20min/20 day) caused a
decrease of sperm motility in rats. On the other hand, EMR
exposure did not cause adverse effects on some sperm characteristics (sperm concentration and abnormal sperm rate),
oxidative stress (TBARS, GSH, CAT, SOD, GSH-Px) and
histological alterations in rats. More studies are needed to
identify the mechanism involved in the reduction of sperm
motility.
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ABSTRACT

1. INTRODUCTION

The present study was carried out in the wider area of
Velike Soline, abandoned salina located on the eastern
shore of the Adriatic Sea (Northern Dalmatia, Croatia).
Samples were collected at six stations from February 2005
to January 2006. To characterize the habitat, physicochemical parameters of water and sediment (temperature, salinity,
sediment grain size and organic matter content) were measured on a monthly basis. In order to assess spatio-temporal
distribution of meiofauna, samples were collected quarterly
in all four seasons. The paper provides a data on intraannual variability of abiotic factors relevant for characterization of Velike Soline habitat, as well as data on the
seasonal variability of associated meiofauna. The structure
and dynamics of meiofauna in the environment of high
temperature and salinity fluctuations has been studied in relationship with spatio-temporal variability of relevant environmental factors and results were compared with those
obtained from marine stations in Podsolarska bay and the
communication channel that connects salina with a nearby
sea. A total of 12 taxa were found. The average annual
density values of meiofauna range from 142.5 to 1740.8 individuals per 10 cm2. A negative correlation between total
meiofaunal density and temperature and salinity fluctuations has been noted. The distribution pattern of the meiofauna community is governed by a different set of environmental variables in particular seasons and it is discussed
in detail.

KEYWORDS: salina, meiofauna structure, spatio-temporal variability, salinity and temperature fluctuations, Adriatic Sea
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Meiofauna are an important component of marine benthos. Their members occupy all types of marine benthic
habitats, including those with unfavourable environmental
conditions and pronounced variability of abiotic factors [1].
Such environments are salinas (salterns, salt pans, salt
ponds, salt fields), anthropogenic habitats that occur in a
limited number around the Mediterranean and Atlantic
coastline. Salinas are generally associated with coastal wetlands, but also occur in non-wetland regions, e.g. coastal
lagoons - where high evaporation rates under hypersaline
conditions facilitate the precipitation of salt [2-4] The use
of coastal lagoons and depressions for salt production is a
widespread activity, especially in the Mediterranean, where
warm dry summers are particularly suitable for salt production. Man-modified salinas appear in five distinctive forms
as defined by Wamsley [3]: primitive, rudimentary, industrial, artisanal and non-productive or abandoned salinas.
Regardless of difference in type and size, as well as presence or absence of wetland vegetation, Mediterranean salinas distinguish with similar set of environmental features
such as low depths (30-50 cm) and pronounced seasonal
variability of sea water temperature (-10°C in winter to
+33°C in summer ) and salinity (30 to 320) [3, 5]. In abandoned salinas, where salt production has been phased out,
high salty ponds and the crystallization ponds are out of
function, salinity gradient is substantially reduced, but it
is still much higher than in the nearby sea. In this respect,
from an ecological standpoint, abandoned salinas within
or outside of wetland regions are comparable with brackish/salt marshes and/or with poly-hyperhaline Mediterranean lagoons.
Each salina has its own chemical and physical environment and the species which are present vary between
individual salinas with water salinity being of over-riding
importance [6]. Also, each salina has its own ecological

654

© by PSP Volume 20 – No 3. 2011

Fresenius Environmental Bulletin

and conservation interest which includes salt tolerant plants
and invertebrates, presence of some rare and endangered
species, breeding and over-wintering habitat for seabirds
and shorebirds as well as feeding and resting habitat for
migratory birds [2, 3, 5, 6]. High conservation value of
artisanal, industrial and abandoned salinas has been recognized only recently, thus during last two decades studies on the wildlife of these peculiar habitats has achieved
a significant increase. However, the vast majority of scientific papers addressed conservation of waterbird population as well as habitat conservation of wetland type salinas
but there is very scarce literature that refers to the invertebrate fauna [4 6-9]. To our knowledge, there is no research
papers on the meiofauna associated with these peculiar
habitats. Despite its ecological importance, abandoned salinas along the Mediterranean coast are under-investigated
and in terms of benthic ecology completely neglected, so it
is very hard to find similar investigations to compare with.
This study concerns spatio-temporal distribution of
meiofauna in abandoned salina Velike Soline. It is shallow
poly-hyperhaline water body situated close to Krka river
estuary, but located out of the wetland area. In some geomorphological and most of environmental features Velike
Soline is comparable with poly-hyperhaline Mediterranean
lagoons, so in lack of published data on the meiofauna
communities associated with salina’s habitats our results
will be compared and discussed with results concern similar Mediterranean lagoons.

ated with this poorly investigated habitat. The present study
aimed: to provide physicochemical characterization of Velike Soline habitat; to provide information on the meiofauna community in the environment with high temperature
and salinity fluctuations; to examine how fluctuations of
abiotic factors influence spatio-temporal distribution of
meiofauna.
2. MATERIALS AND METHODS
2.1. Study area

The study area is located on the Garmina peninsula
(eastern coast of the Adriatic Sea, northern Dalmatia, Croatia), near the lower part of the Krka river estuary, about
1.5 km southeast of the river mouth and 5 km southwest
of the town of Šibenik. It comprises two adjacent habitats
- the abandoned salina Velike Soline (stations S4, S5 and
S6) and shallow soft bottom sediments in the Podsolarska
bay (S1 and S2), including communication channel between
them (S3) (Fig. 1).

Both type of habitats are partly separated from the
open sea and are characterized as mostly shallow soft bottom areas with frequent and unpredictable fluctuations of
abiotic factors, especially salinity and temperature fluctuations. Water in such habitats can vary from brackish to hypersaline depending on precipitation, atmospheric temperature, evaporation, fluvial inputs and tidal exchange [3, 5,
10-12]. Peculiar environmental conditions affect structure
and distribution pattern of organisms [13] and supports the
occurrence of unique organisms and communities [11].
Such conditions also influence meiofauna [14, 15] probably
reducing the number of species and changing the dominant
species [16-19]. Unlike the open seas where meiofauna is
dominated by Nematoda and Copepoda [1], in such environments other taxa like Turbellaria or Ostracoda can be
more significant [16].
There has been limited research on meiofauna in lagoons of the Mediterranean Sea comprising lagoons of
Morocco [14] and France [15, 20] in the West Mediterranean, Venice lagoons [18, 19, 21, 22] in the northern part of
the Adriatic Sea and Greek lagoons [23, 24] in the Eastern
Mediterranean. The structure of meiofauna in the same
lagoon can show a great variety on temporal and spatial
scale [25]. Probably the same can be applied for salinas.
Lagoons are very rare along the eastern Adriatic coast and
completely unknown from ecological point of view.
The overall objective of this study is to contribute to
the knowledge on the ecology of marine salinas and to
provide information on the meiofauna community associ-

FIGURE 1 – Study area, indicating stations for abiotic parameters
and meiofaunal analysis.

Velike Soline (43˚42'; 15˚53'; 70000 m2 surface area,
up to 1 m depth) is a shallow coastal depression connected
by an artificial channel to the adjacent sea and converted
into artisanal salina 500 years ago. Three hundred years ago
salt production was abandoned, but 700 m long and 2 m
wide channel remained operational. It still supplies that
area with salt water from the Podsolarska bay, transforming
Velike Soline into a semi-natural marine habitat, main-
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tained by the tidal currents (micro tidal geographic area)
and greatly influenced by atmospheric conditions. During
the winter high precipitation and cold northern wind decreases salinity and temperature values. In contrary, during
the warmer period of the year due the high air temperature
and high evaporation the values of temperature and salinity can reach very high values. According recent typology
of the Mediterranean salinas [3], Velike Soline can be defined as inactive or abandoned salina. This salina is characterized by high temperature and salinity fluctuations and it
is inhabited by euritherm and euryhaline organisms like
sea grasses Ruppia maritima, Zostera noltii, invertebrates
like Cerastoderma glaucum, Abra alba, Tapes spp., Rissoa spp., Cyclope neritea, Carcinus maenas etc.
2.2. Field sampling and processing

All measurements and sampling were carried out by
snorkelling in the period from February 2005 to January
2006. To characterize the salina habitat, physicochemical
parameters of water and sediment (depth, temperature, salinity, sediment grain size and organic matter content) were
measured on a monthly basis. In order to assess spatiotemporal distribution of meiofauna, samples were collected quarterly in all four seasons.
The temperature of the sea water was measured in
situ using a reversing thermometer. Water salinity was
measured in the laboratory using YSI 63 probe. The sediment for grain size analysis and organic matter content was
collected using a cylindrical plastic corer of 60 mm internal
diameter. Sediment grain size was measured according to
Casagrande [26], while classification of sediments was done
according to Shepard [27]. Total organic matter content of
marine sediments was determined by ignition loss according to Parker [28].
At each station three replicate sediment samples for
qualitative and quantitative analyses of meiofauna were
collected seasonally (March, June, September and December 2005) using the plastic corers (3.6 cm in diameter).
Samples were preserved with 4% formaldehyde solution
and stained with Rose Bengal. In the laboratory, meiofauna
was extracted from the sediment samples by the method
of elutriation using separator funnel (500 ml) and 63 µm
sieve [29]. Identification of meiofauna was done to the level
of major taxonomic groups. Specimens of each taxa sample
were counted and the density was expressed as number of
individuals per 10 cm2. Total density at the station represents a mean value of three replicates.
2.3. Data analysis

Statistical analyses were based on meiofauna density
values. One-way ANOVA was applied to test differences
in meiofauna density between investigated stations. Prior
to analysis data were transformed to log(x+1) to assure
variance homogeneity and normal distribution [30] and
then tested for normality by the Kolmogorov-Smirnov test
(p>0.05). Post hoc comparison was done with multiplecomparison Scheffé’s test, applied to every single pair of
treatments when ANOVA revealed statistically significant

differences. Kruskal-Wallis non-parametric test was obtained to test difference of meiofauna density between seasons on each station. Correlations between density of meiofauna and abiotic factors were tested on annual and seasonal level by Spearman's correlation (p<0.05).
Multivariate analyses, non-metric multidimensional
scaling (nMDS) and principal components analysis (PCA),
were done using PRIMER 5 software package [31]. Meiofaunal densities were subjected to the fourth root transformation and processed by PCA and nMDS method based on
Bray-Curtis similarity matrices. The differences in meiofauna structure between stations were tested using one-way
ANOSIM test. Ordination of environmental variables was
carried out by PCA analysis, after the all variables, except
depth, were log10(x+1) transformed and normalised. All
multivariate analyses were done on annual and seasonal
levels.
3. RESULTS
3.1. Abiotic data

All investigated abiotic factors are shown in Tables 1
and 2. Intraannual variability of environmental variables,
the most susceptible to seasonal fluctuations (temperature,
salinity, organic matter content), are shown in Figure 2.
Annual fluctuations of temperature and salinity (difference
between maximal and minimal annual values) showed both
temporal and clear spatial trend, increasing with the isolation of the area from station S1 to S6 (Table 2). PCA analysis based on mean seasonal values of relevant environmental variables (Fig. 3) pointed out differences between
stations located in the Velike Soline (S4, S5 and S6) comparing to stations situated in the adjacent area (S1, S2 and
S3). However, PCA also indicated differences between two
groups of stations (S4 and S5 vs. S6) within Velike Soline
(Fig. 3, Tables 1, 2). That difference could be explained by
influence of higher organic matter content at stations S4
and S5 compared to S6, as well as by higher salinity and/or
temperature values at station S6 in all seasons, except the
winter. The influence of temperature is more pronounced in
spring, the influence of salinity in autumn and the influence
of both variables during the summer. Sampling sites from
Velike Soline differs from surrounding area by higher organic matter content, higher summer temperatures, higher
summer-autumn salinities, lower winter salinities and
smaller mean diameter of sediment particles. Generally,
stations located in Velike Soline were characterized with
considerably smaller grain size related to stations in the
adjacent area, but within the later group mutual differences
among grain size particles were much more pronounced.
Station S1 differs from all other stations (including S2 and
S3) mainly by greater depth, as well as by higher temperature and salinity values during the winter. During the winter, when the higher precipitation was observed, stations
inside Velike Soline (S4, S5 and S6) are grouped together
because of lower salinity and higher values of organic
matter (Fig. 3, Tables 1, 2).
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3.2. Faunal analysis

In the study area, over the one year period of sampling, a total of 12 major taxa were identified: Nematoda,
Copepoda, Ostracoda, Acarina, Polychaeta, Turbellaria,
Kinorhyncha, Bivalvia, Amphipoda, Tardigrada, Solenogastres and Isopoda. Number of taxa varied both between
stations and within the same station in relation to seasons
(Table 3). Only Nematoda, Copepoda and Turbellaria were
recorded at all the stations and in all seasons. Nematoda
were the most abundant at stations S1, S2 and S3 where
Copepoda were second in abundance. Turbellaria were
the most abundant at station S5, followed by Polychaeta
and Nematoda, while at the station S6 the most abundant taxa were Copepoda, followed by Ostracoda and
Acarina. The annual mean of meiofauna densities decreased
from station S1 to S6 with the exception of station S5 where

the total density values were much lower than at all other
stations (Table 3).
The Kolmogorov-Smirnov test carried out on meiofauna data confirmed a normal distribution (p>0.05) at all
investigated stations. ANOVA figured out statistically significant differences in density of total meiofauna, Nematoda, Copepoda and “Varia” (all other taxa pooled together) among investigated stations (p<0.05). Scheffé's test
revealed statisticaly significant differences between following pairs of samples, for total meiofauna: S1 vs S4, S5, S6;
S5 vs S2, S3; for Nematoda: S1 vs S4, S5, S6; S5 and S6
vs S2, S3, S4; for Copepoda: S1 vs S4, S5; S5 vs S2, S3,
S6. Kruskal-Wallis non-parametric test showed statistically
significant difference for Copepoda between seasons at all
stations except S5, and for “Varia” only at stations S1 and
S6 (p<0.05).

TABLE 1 – Mean seasonal values with standard deviations and annual fluctuation of temperature (°C) and salinity of bottom water at each
station in the study area.
Winter
T (°C)
S
11.7±2.1
36.5±1.6
7.2±2.8
31.7±5.1
4.0±2.7
29.3±3.1
3.8±2.8
29.1±3.3
4.0±2.7
29.6±3.7
5.7±2.1
28.5±3.9

Station
S1
S2
S3
S4
S5
S6

Spring
T (°C)
S
15.0±4.4
36.7±1.0
15.7±5.9
34.7±2.6
14.0±7.8
32.8±1.6
15.0±7.8
32.9±1.7
15.0±7.8
33.0±1.3
17.0±8.2
32.6±1.4

Summer
T (°C)
S
22.3±0.6
39.0±2.4
23.0±1.0
39.0±1.5
23.3±1.5
38.7±1.7
25.3±1.2
44.4±5.9
25.3±1.2
45.7±6.6
30.3±3.8
49.4±5.5

Autumn
T (°C)
S
21.0±4.4
38.5±1.1
21.0±4.4
37.8±0.4
21.0±4.4
37.8±0.6
20.5±5.8
41.5±3.5
20.3±5.9
43.7±6.0
21.3±4.5
44.8±8.2

Annual fluctuation
T (°C)
S
16
6.7
22
13.1
24
13.9
25.5
23.8
25
25.7
29
28.7

TABLE 2 – Mean seasonal and annual values with standard deviations of diameter of sediment particles (µm), percentage of gravel (%),
sand (%), silt (%), clay (%) component, organic matter (%) in sediment, and water depth at each station in the study area.

Total

Autumn

Summer

Spring

Winter

Station
S1
S2
S3
S4
S5
S6
S1
S2
S3
S4
S5
S6
S1
S2
S3
S4
S5
S6
S1
S2
S3
S4
S5
S6
S1
S2
S3
S4
S5
S6

Mean diameter
of sediment
particles (µm)
463.8±111.9
108.2±85.3
497±522.3
24.5±26.4
47.2±18.3
5.1±0.6
284.3±168
119.2±77.2
379.8±296.8
11.4±5.4
45.5±23.9
5.5±1.9
382.3±96.3
169±109.5
302.3±36.8
15.2±8.6
79.5±84.8
52.7±83.1
402.1±119.8
101±70.7
899.5±580.2
28±24.2
67.5±33.1
14.5±5.1
383.1±127.4
124.5±79.1
519.7±429.9
19.8±17.4
59.9±43.5
19.4±41.0

Gravel (%)

Sand (%)

Silt (%)

Clay (%)

Organic matter
(%)

Depth (m)

21.3±10.6
3.5±3.7
43.1±8.5
0.5±0.2
14.3±4.5
4±0.1
6.6±4.5
7.5±4.8
42.6±26
2.3±2.2
15.2±4.5
2.7±1
9.9±6.4
9.9±6.4
48.8±5.1
3.9±1.4
14.6±8
11±11.5
7.1±5.7
4.9±3.9
61.2±9.6
3.9±2.5
20.4±10
5.2±3
14.1±13.8
6.5±4.9
48.9±14.8
2.7±2.1
16.1±6.6
5.7±6.1

65.2±13.2
79±9.2
28.5±9.2
16±2.3
39.3±10.3
20.1±2.7
79.3±4.8
72.1±2.4
29±12
20.3±18.4
33.6±2
21.3±5.5
82±7.6
72.4±9.2
22.3±3.6
17.9±5.1
37.5±7.6
24.6±1.4
85.6±4.8
72.3±6.1
20.1±7.9
11.6±9.2
31.1±5.8
30.5±4.5
74.9±15.9
73.9±6.9
25.0±8.4
16.5±9.7
35.4±6.9
24.1±5.4

2.6±3.5
7.2±2.5
8.1±9.1
59.3±20.2
26.9±16.5
15.6±2.2
6.7±8
6.6±3.5
9.1±8
48.4±18.1
26.2±3.3
16.6±6.8
1.1±1
4.2±3.6
6.4±2.8
49.9±14.9
25.8±6.2
19.6±18.4
2.5±0.1
8.5±8.7
4.7±4.4
65.1±14.1
25.5±8.6
25±5
3.5±4.3
6.6±4.7
7.1±5.9
55.7±16.2
26.1±8.5
19.2±9.5

11±0.9
10.3±3.4
20.3±7.5
24.2±18.8
22.8±6.8
60.3±2
7.5±1.8
13.8±1.8
19.3±6.3
29±3.3
25±2.2
59.3±5.8
7±3.5
13.5±2.5
22.5±0
28.3±9.8
22.2±11.1
44.8±28.6
4.8±2.4
14.3±3.5
14±3
19.3±16.6
23±2.2
39.3±6.4
7.5±2.9
13.0±3.0
19.0±5.5
25.2±12.2
23.3±5.8
51.0±15.9

5.8±1.4
6.1±2.3
8.5±1.2
14.4±1.3
11.8±1.4
10.9±2.2
4.9±1
5±1.4
9.6±0.6
16.3±2.7
14±2.3
9.3±1.5
4.5±0.9
5.4±0.9
9.5±0.6
14.1±1.1
11.9±0.3
9.5±2.6
3.7±0.9
4.5±0.4
9.8±0.8
14±1
12.3±3.1
9.7±0.3
4.7±1.2
5.2±1.4
9.4±0.9
14.7±1.7
12.5±2.0
9.9±1.7

2.7±0.2
0.5±0.1
0.7±0.1
0.4±0.1
0.6±0.1
0.1±0.1
2.7±0.1
0.5±0.1
0.7±0.1
0.3±0.1
0.7±0.1
0.3±0.1
2.6±0.3
0.5±0.2
0.7±0.1
0.5±0.1
0.7±0.1
0.2±0.2
2.7±0.1
0.5±0.1
0.7±0.2
0.4±0.1
0.7±0.2
0.2±0.1
2.7±0.1
0.5±0.1
0.7±0.1
0.4±0.1
0.7±0.1
0.2±0.1
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FIGURE 2 – Salinity, temperature and organic matter fluctuation during the period of investigation at each station in the study area.
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FIGURE 3 – a) Principal components analysis (PCA) plots based on mean annual values (Variability: PC1: 48.3%, PC2: 38.4%) and b)
principal components analysis (PCA) plots based on mean seasonal values of investigated abiotic parameters for spring (variability: PC1:
63.3%, PC2: 26.4%), summer (variability: PC1: 75.2%, PC2: 13.3%), autumn (variability: PC1: 61.3%, PC2: 20.0%) and winter (variability: PC1: 74.9%, PC2: 13.4%) for all stations in the study area.
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FIGURE 4 – a) Non-metric multidimensional scaling (nMDS) plots based on mean annual values of meiofauna density and b) plots for each
season based on replicate values for all stations in the study area.

The nMDS ordination of all stations over the year,
based on mean meiofaunal densities, indicated spatial differences in the meiofaunal community structure between
different parts of investigated area, separating stations S5
and S6 from other stations and from each other (Fig. 4).
Although station S4 is located inside Velike Soline, according to nMDS ordination it was more similar with sta-

tions from the surrounding area. One-way ANOSIM test
showed significant differences in community structure between stations (Global R=0.423; p=0.001): RS1:S5=0.64;
R S1:S6= 0.84; RS2:S5=0.63; RS2:S6=0.72; RS3:S5=0.56; RS3:S6=
0.81; RS4:S6=0.52; RS5:S6=0.66. Considering nMDS based
on replicates in each season (Fig. 4), separation of stations
S5 and S6 was the most pronounced in spring and sum-
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mer. During autumn and winter these stations became more
similar to each other and to the rest of the stations (Fig. 4).
PCA analysis on the same data (not shown here) showed
that the separation of the stations S5 and S6 from the
others was mainly influenced by Nematoda, present with
small number of specimens at both stations, and Ostracoda, which were most abundant at station S6. The greatest
contribution in separation of stations S5 and S6 from each
other had Ostracoda and Copepoda, which were more
abundant at station S6, and Polychaeta, which were more

abundant at station S5 (Table 3). Correlation between abiotic data and faunal data were analysed on annual and
seasonal level. Statistically significant correlation (p<0.05)
occurred on annual level between density of total meiofauna and annual fluctuation of salinity (r=-0. 95) and
temperature (r=-0.85). Additionally, density of Nematoda
showed negative correlation with annual fluctuation of
salinity (r=-0.85). Statistically significant correlation between any other variables was not observed.

Total

Autumn

Summer

Spring

Winter

TABLE 3 – Mean density and standard deviation (ind/10cm2) of each taxa, number of meiofaunal taxa and total density of meiofauna (∑) per
stations during the period of investigation at each station. Ne, Nematoda; Co, Copepoda; Os, Ostracoda; Ac, Acarina; Po, Polychaeta; Tu,
Turbellaria; Ki, Kinorhyncha; Bi, Bivalvia; Am, Amphipoda; Ta, Tardigrada; So, Solenogastres; Is, Isopoda
Station

Ne

Co

Os

Ac

Po

Tu

Ki

Bi

Am

Ta

So

Is

∑

No. of
taxa

S1

1191±10

660±60

0

457±94

15±1

38±7

0

2±2

0

62±28

0

0

2423±200

7

S2

841±220

41±6

0

20±21

1±1

6±8

0

0

0

0

0

0

909±255

5

S3

1080±448

90±37

0

214±47

13±8

5±3

0

3±3

1±2

0

2±2

0

1408±551

8

S4

115±29

5±5

0

0

8±7

10±2

0

0

0

0

4±4

0

142±47

5

S5

18±13

9±1

<1±1

11±13

10±13

7±6

0

0

0

0

0

0

55±46

6

S6

78±19

45±17

23±20

5±9

0

<1±1

0

<1±1

0

0

0

0

152±66

6

S1

955±220

365±87

0

36±21

191±31

35±8

0

1±2

0

0

0

0

1584±370

6

S2

1311±187

317±53

0

4±3

8±10

6±10

0

0

0

0

0

0

1647±263

5

S3

768±301

59±32

0

7±6

3±4

1±2

0

0

0

0

0

0

838±344

5

S4

694±261

282±105

13±15

46±47

22±23

11±11

0

2±4

0

0

0

0

1071±464

7

S5

35±32

7±7

32±49

16±13

53±35

45±29

0

0

0

0

0

0

188±166

6

S6

16±9

56±10

341±29

61±16

1±2

5±7

0

0

0

0

0

0

477±73

6

S1

784±309

443±233

0

277±158

61±16

23±8

2±3

0

0

0

0

0

1589±727

6

S2

564±393

322±48

0

257±56

15±5

26±14

0

3±3

0

0

0

0

1186±519

6

S3

964±700

189±17

0

143±13

74±37

16±6

0

0

0

0

0

0

1386±773

5

S4

526±261

122±29

4±4

115±86

11±13

54±4

0

0

0

0

0

0

831±396

6

S5

25±16

44±26

0

42±9

14±19

44±2

0

0

4±5

0

3±6

4±3

181±85

8

S6

16±8

309±181

15±7

282±149

2±4

3±5

0

0

0

0

0

0

628±354

6

S1

1205±481

143±13

0

16±9

1±3

2±2

0

0

0

0

0

0

1367±504

5

S2

865±662

16±10

0

0

0

7±8

0

3±3

0

0

0

0

891±683

4

S3

512±265

184±54

0

56±20

114±32

8±2

0

0

0

0

0

0

874±372

5

S4

489±124

27±1

6±10

3±5

9±16

33±6

0

0

0

0

0

0

568±161

6

S5

23±26

10±17

3±6

7±6

32±6

71±16

0

0

0

0

0

0

146±77

6

S6

114±50

308±73

22±14

26±14

0

10±9

0

0

0

0

0

0

479±161

5

S1

1034±202

403±213

0

196±210

67±87

24±16

<1±1

<1±1

0

16±31

0

0

1741±466

8

S2

895±309

174±168

0

70±125

6±7

11±10

0

1±2

0

0

0

0

1158±353

6

S3

831±248

131±66

0

105±92

51±52

7±7

0

1±1

<1±1

0

1±1

0

1126±313

8

S4

456±244

109±126

6±6

41±54

13±6

27±21

0

1±1

0

0

1±2

0

653±398

8

S5

25±7

17±18

9±16

19±16

27±20

42±26

0

0

1±2

0

1±2

1±2

143±61

9

S6

56±49

179±149

100±159

94±128

1±1

5±4

0

<1±0

0

0

0

0

434±201

7

DICUSSION
Mediterranean salinas (solar saltpans) are man modified habitats, that vary considerably in their overall characteristics and differ from adjacent sea by pronounced gradient of physico-chemical factors, primarily those governed
by evaporation-precipitation ratio, i.e. sea water salinity
and temperature [3, 5]. According to a recent typology [3]
Velike Soline can be classified into a type of abandoned

salinas. It is enclosed body of water that differs from the
adjacent sea by sedimentological features, e.g. smaller
median grain size (20-59 vs 125-520 µm), higher silt-clay
content (49-81% vs 11-30%) and total organic matter
content (9.9-14.7% vs 5.2-4.7%), but before all by considerably higher intra-annual variability of the temperature
(26.5 vs 15.8˚C) and salinity (34 vs 7.3). Unlike the Podsolarska bay which is typical euhalyne marine habitat, Velike Soline undergo shift of salinity regime over the year
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changing from polyhaline (winter), trough euhaline (spring)
to hyperhaline (summer-autumn) water body. Based on the
geographic position, geomorphological and hydrological
properties, Velike Soline can be defined as: temperate,
shallow, enclosed, poly-hyperhaline body of water, and
due to a long period of inactivity it could be considered as
marine semi-natural habitat. In terms of prevailing environmental conditions, as well as macrobenthic biota this
habitat is similar and comparable with poly-hyperhaline
Mediterranean lagoons [13, 23, 24].
In the study area, spatio-temporal distribution of meiofauna largely overlaps with spatial distribution of microhabitats, separated from each other on the basis of common set of environmental features. Results concerned biotic
data sets pointed out an obvious difference in meiofaunal
community’s structure between stations inside Velike Soline
(S5 and S6) and adjacent area. Although, station S4 is inside Velike Soline according to meiofauna structure is very
similar to stations in surrounding area during the whole
year except in winter period when is more similar to the
structure of meiofauna inside Velike Soline. These results
suggested that meiofauna assemblages were largely structured by distinctive sets of environmental factors occurring in different parts of the investigated area. However,
spatial distribution patterns based on an analysis of abiotic
and biotic factors did not overlap completely. In terms of
meiofauna communities structure there were no difference
among the station located in the area adjacent to Velike
Soline, although an outher marine station (S1) was separated from two other sites on the basis of environmental
parameters, i.e. greater depth and higher winter temperature. Considering meiofaunal structure, these stations were
characterized by typical marine community of mixed sediments with domination of Nematoda followed by Copepoda and Acarina [1, 32], while stations in Velike Soline,
especially two inner sites were characterized with lower
abundance and heterogeneous meiofauna, as typically occurs in lagoons with pronounced variability of temperature and salinity [25]. Also, the meiofauna assemblage
associated with the salina site located close to the channel
entrance (S4) was characterized by higher meiofauna density compared to inner salina stations and did not obviously
differ from the marine and transitional station. Taking into
account such a findings, as well as an obvious differences
in grain size composition along S1-S4 stations profile, we
suppose that upper mentioned factors neither granulometric composition have a decisive effect on meiofauna
structuring in the investigated area.
Considering only values of mean annual density of total meiofauna it can be concluded that meiofauna is more
abundant in the marine ecosystem and transitional zone of
the channel than inside of Velike Soline. Density of meiofauna was decreasing with the distance from the sea, with
the exception of station S5, characterized with low meiofaunal density over the entire sampling period. A low density at this site could be related to unfavourable nature of
substratum which is consisted of a thin layer of sediment

deposited over the hard bottom and covered with particulate organic matter of snow like consistence. Such a flocculent substrate is extremely unstable and unfavourable for
meiofauna communities [33].
Generally, increasing of silty-clay content in sediment to favourable value is usually followed by increasing of meiofauna abundance [32, 34, 35], but this was not
the case at Velike Soline area where the total mean density of meiofauna was lower at stations with higher silt-clay
content. This finding supports our opinion that some other
abiotic parameters rather than sediment grain size and
composition had a main influence on the distribution of
meiofauna in the area of Velike Soline. Similar results
have been previously observed in some lagoons of Greece
and Australia [23, 16, 24]. Since the negative correlation
between density of meiofauna and annual fluctuation of
temperature and salinity has been recorded, we assume that
these factors had strong influence on meiofauna in the investigated area. Additionally, increased volume of organic
matter could possibly cause the decrease of meiofauna
abundance at the stations inside Velike Soline. Decreasing
of density of meiofauna could be connected with decrease
of oxygen in the sediment due to large amounts of organic
matter [36, 37, 38, 39] even signs of anoxic conditions
were not observed in the Velike Soline. The abiotic factor
that could also have an important role on meiofauna composition is isolation [23, 40, 41].
As expected, meiofauna at Velike Soline showed large
spatial and temporal variability on micro scale due to the
patchy distribution which is common in meiofauna community [1], especially in lagoonal ecosystems [23-25].
Some seasonal regularity could be seen only inside of Velike Soline where low temperatures in winter months could
have caused the decreasing of meiofauna density.
Additionally, the density of Nematoda decreased with
the isolation from the sea environment, as was previously
recorded in Gialova lagoon in Greece where it was found
that the level of isolation had the greatest influence on
Nematoda [23], and the observed zonation of that lagoon
was similar as in Velike Soline area. Normally, abundance
of Nematoda increases with increasing of silt-clay content
in the sediment up to a point [42], but this was not the
case in this study. Among all investigated factors, Nematoda showed negative correlation only with salinity fluctuations. If station S5 is excluded from correlation test, the
correlation with temperature fluctuation is also present. We
can assume that increasing temperature and salinity fluctuations causes decrease of Nematoda density.
Another important component of the meiofauna, Copepoda, did not show a correlation with any investigated
abiotic parameters nor with annual fluctuation of temperature and salinity. Density of Copepoda was greatest in
localities with coarse sediments [43, 44] and with moderate
amount of organic matter [45] as existed in the marine area
of Velike Soline, where the greatest density of Copepoda
was recorded during our investigation. Many Copepod
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species tolerate wide range of salinity [46] and temperature
[47]. Due to the lack of correlation with fluctuation of
temperature and salinity we assume that highly eurytherm
and euryhaline Copepod species live in Velike Soline area.
Additionally, Ostracoda, as common inhabitants in lagoonal
ecosystems [15, 23, 24, 48], were found at stations inside
of Velike Soline with the silty sediment with higher amount
of organic matter that many of them prefer [32].
Although Velike Soline, due to its origin and morphological properties cannot be defined as a lagoon, all above
mentioned indicate lagoonal characteristics of that abandoned salina. Structure and dynamic of lagoonal meiofauna
depends on different parameters which differ from one
lagoon to the other and it is very hard to set apart any one
of them. The same could be said about salinas. In the salina
which is discussed in this paper fluctuation of temperature
and salinity had the greatest influence on the structure and
spatio-temporal distribution of meiofauna.
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ABSTRACT
Crataegus L. (Hawthorn) taxa have approximately
200 species around the world. Some regions in Turkey are
accepted by Dönmez [12] as genetic diversity centers for
these taxa, and Western Black Sea Region is one of them.
From this regard, Karabük, Yenice and Bartın in Western
Black Sea Region were selected as study areas. The main
aims of the study are to determine Crataegus L. taxa naturally dispersed in the study areas, and to establish their
usage opportunities in landscape applications. In this context, Crataegus L. samples collected in the study areas were
identified. In accordance with classification criterias, functional and aesthetic features in planting design were determined by performing examinations on Crataegus L. taxa
used in different landscape applications (campus and refuge
arrangements) in Ankara. Consequently, eight Crataegus
L. taxa, of which two were endemic, were detected in the
study areas. In addition, the importance and necessity of
benefiting from functional, aesthetic and economic aspects
of natural Crataegus L. taxa were emphasized to improve
the success rates of landscape applications in Western
Black Sea Region.

KEYWORDS: Crataegus, Hawthorn, landscape, planting design,
natural plants, endemic plant, Western Black Sea Region, Ankara, Turkey.

1. INTRODUCTION
Turkey, with its diverse geography and ecology, has a
rich composition in terms of natural flora and plants suitable to different environments and purposes [1]. The number of seeded plants is more than 10,000, of which over
3,000 are endemic [2]. From this regard, there are some
scientific studies aiming to benefit from natural flora in
* Corresponding author

Turkey. Demirörs [3] investigated the region between
Zonguldak-Karabük-Bartın considering phytosociological
aspects. Korkut [4] determined the natural plant species in
natural flora of Thrace Region which could be used in
landscape applications, and Altınçekiç [5] performed a
similar study in Çilingoz Bay (Trakya), as well as Sarıbaş
et al. [6] in Western Black Sea Region.
From urban developments to rural properties, designers are beginning to use more sustainable design and
management techniques, which include the expanded use
of regional native plants. In addition to using native plants
strictly for conservation measures, landscape architects
have found local species to be better suited to difficult or
unique site conditions [7]. Furthermore, working with natural species in natural flora increases the possibility of success, and is usually more economical [8]. Inventory, protection and evaluation of the valuable plant materials in natural flora considering functional, aesthetic and economic
aspects are especially important for sustainable designs
[6, 9].
At present, scientific studies aiming to determine and
protect the potential of natural flora, which is in danger of
rapid deterioration due to urbanization and agricultural
production pressures, have gained more and more importance. From this regard; Karabük, Yenice and Bartın in
Western Black Sea Region, known as the richest areas of
natural flora in Turkey and containing many endemic plants,
are chosen as the study areas. In this article, it was aimed
to determine the Crataegus L. taxa naturally dispersed in
Western Black Sea Region, and to establish their usage
opportunities/potentials in landscape applications regarding functional, aesthetic and economic aspects.
2. MATERIALS AND METHODS
Crataegus L. taxa, which grow in the natural flora of
the Western Black Sea Region, were selected as the main
species of this study. The study area consists of three different analysis points existing inside an A4-quadrat accor-
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FIGURE 1 - The study areas.

TABLE 1 - Qualitative features of planting design and use of plant material in the design [9].
Qualitative features of planting design
1. Sites where plants live on,
2. Dendrological features
ecology of plant material
of plant material
a. Sites where plants live
a. Size
b. Ecology
b. Texture
c. Form
d. Color

Use of plant material in the design
1. Functional uses
2. Aesthetic uses
a. Visual control
b. Physical control
c. Climate and environmental control
d. Noise control
e. Pollution control
f. Erosion control

ding to Davis [10], and belonging to Zonguldak City Forests’ Regional Directorate (Fig. 1.). These areas are: 1.
Region of Karabük-Keltepe and Eğriova, 2. Region of Yenice-Kavaklı (Karabük), 3. Bartın-Abdipaşa-Kumluca
roadside.
In the study areas, plants were observed during vegetation period between April 2000 and April 2001, and features including blooming times, blooming periods, gradation conditions, plant forms, other accompanying plant
species and growing habitat were separately noted. Collection of plant samples from study areas, drying and labeling processes were carried out in accordance with the
regulations reported by Yaltırık and Efe [11]. Exact identification of Crataegus L. samples collected from the study
areas were performed in herbariums of Biology Departments in Faculty of Science and Letters of Ankara and Gazi
Universities. Moreover, it has benefited from plant identification keys in “Flora of Turkey” by Davis [10], and comparison between photographs taken in herbariums and
fruited photographs taken in natural habitat.
In the determination of both morphological and dendrological features of Crataegus L. taxa, locations and
ecologies of natural taxa were observed in field studies,

a. Complementors
b. Unifiers
c. Emphasizers
d. Acknowledgers
e. Softener
f. View enframement

and also the works prepared by Davis [10]; and Dönmez
[12] were used.
Using the studies of Booth [13], Yıldızcı [14], Theodore [15], Ayaşlıgil [16], and Leszczynski [17], Table 1
was developed by Cengiz [9] to determine the use of
Crataegus L. taxa in plant designs regarding “Qualitative
Features of Planting Design and the Use of Plant Material
in Design”. In addition, the studies of Chevallier [18] and
Dönmez [12] were used to determine the usage opportunities of taxa from economic respect.
3. RESULTS AND DISCUSSION
Crateagus L. taxa are parts of the Pomoideae subfamily of Rosaceae family. They are ligneous plants in form
of shrubs or small trees, that lose their leaves in winter
and are few semi-evergreens in number. Davis [10] found
17 naturally indigenous Crataegus L. taxa in Turkey. Ten
of them are indigenous in the A4-quadrat covering the
study area, and listed below:
Crataegus pentagyna Waldst. and Kit.
Crataegus tanecetifolia (Lam.) Pers.
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3.1. Qualitative features of Crataegus L. taxa in Western
Black Sea region natural flora

Crataegus x bornmuelleri Zabel.
Crataegus orientalis Pallas ex Bieb. var. orientalis
Crataegus orientalis Pallas ex Bieb. var. obtusata
Crataegus szovitsii Pojark.
Crataegus dikmensis Pojark.
Crataegus curvisepala Lindman.
Crataegus monogyna Jacq. subsp. monogyna
Crataegus microphylla C. Koch.

Crataegus L. taxa have been found in the natural flora
of the study areas and their qualitative features have been
noted as follows:
3.1.1. The areas in which they are naturally grown and their
ecologies

Eight of the Crataegus L. taxa, which are indigenous
in the study area, were identified and two of them, Crataegus
tanecetifolia (Lam.) Pers. and Crataegus x bornmuelleri
Zabel., are endemic plants in Turkey. Crataegus tanecetifolia (Lam.) Pers. and Crataegus x bornmuelleri Zabel.
are indigenous in Keltepe (Karabük) and Crataegus orientalis Pallas ex Bieb. var. orientalis and Crataegus
orientalis Pallas ex Bieb. var. obtusata are indigenous
in Eğriova (Karabük). The locations of Keltepe and Eğriova
were in the region inland from the coast of Black Sea region
and a transition area through the Central Anatolian Steppe.
Crataegus monogyna Jacq. subsp. monogyna as well as
Crataegus pentagyna Waldst. and Kit. taxa, which are
seen in sub-flora vegetation and bare areas caused by the
destruction of vegetation in Bartın and Yenice regions,
are elements of flora of the Black Sea coastal zones. Crataegus curvisepala Lindman., Crataegus microphylla C.
Koch. and Crataegus orientalis Pallas ex Bieb. are indigenous in the coastal Black Sea region and the region inland from the coast of Black Sea region (Fig. 2.).

Crataegus L. taxa identified in field studies, the areas
in which they are naturally grown, and their ecologies are
listed in Table 2.
Crataegus L. taxa can thrive in many different climatic
conditions, soil types, and diverse lighting conditions. They
will grow well in colder climates, in sandy, limey or moist
clay soils, in low light areas, and tolerate drought conditions [12].
3.1.2. Dendrological features of Crataegus L. taxa
3.1.2.1. Crataegus L.

Deciduous trees and shrubs, usually with thorns. leaves
alternate, simple, lobed to subpinnate, entire or serrate.
Inflorescence, corymbose, borne on spur shoots. Flowers 5merous, epicalyx absent; hypanthium adnate to the carpels; petals white or pinkish, usually longer than the persistent sepals; stamens 5-25; carpels 1-5, united on the
inner margin, at least near the base. Fruit drupaceous, yellow red, dark purple or black, usually with a mealy flesh; 15, bony [10]. Irregular form and medium texture.

FIGURE 2 - The nationwide distributions of Crataegus L. taxa which are indigenous in the study area (developed by Davis [10]).
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TABLE 2 - The areas in which Crataegus L. taxa are naturally grown and their ecologies.
Crataegus L. taxa
Crataegus monogyna Jacq. subsp. monogyna
Crataegus pentagynae Waldst. and Kit.

Crataegus tanecetifolia (Lam.) Pers.
Crataegus x bornmuelleri Zabel.
Crataegus orientalis Pallas ex Bieb. var.
orientalis
Crataegus orientalis Pallas ex Bieb. var.
obtusata

Crataegus curvisepala Lindman.
Crataegus microphylla C. Koch.

Sites where plants live on, ecology of plant material
Geriş Location 500 m, Yenihan-Bartın.
Hillsides, maquis.
Together with Quercus sp., Rosa canina, Hedera helix, Carpinus betulus and Acer campestre.
Öküzgölü Bridge Location 150 m, Yenihan-Bartın.
Roadsides, forest openings, dry and stony hillsides fit slope of ground.
Together with Carpinus betulus, Quercus sp., Platanus orientalis, Rosa canina, Pyracantha coccinea
and Cotinus coggygria.
Dede Plateau 1600 m, Keltepe-Karabük.
Rocky limestone slopes, between 800 and 1800 m.
Together with Pinus silvestris, Quercus sp. and Juniperus excelsa.
Çiğdemler Location 1000 m, Keltepe-Karabük.
Hilly areas, often in mixed forests at 1000 m.
Together with Juniperus excelsa, Pyracantha coccinea, Cotinus coggyria and Rhus sp.
Sipahiler Location 1000 m, Eğriova-Karabük.
By roadsides in forest clearings in agriculture areas under shallow soil conditions on sunny slopes
between 750 and 2240 m.
Together with Crataegus orientalis var. obtusata, Pinus nigra, Quercus sp. and Pyracantha coccinea.
Sipahiler Location 1000 m, Eğriova-Karabük.
By roadsides in the forest clearing in agriculute areas found in shallow soil conditions on sunny
slopes. Open fields, degraded forest, between 450 and 1200 m.
Together with Crataegus orientalis var. orientalis, Pinus nigra, Quercus sp. and Pyracantha coccinea.
Kavaklı Location 1100 m, Yenice-Karabük.
In deciduous and mixed forests, bushy slopes, between 50 and 1800 m.
Together with Abies bornmuelleriana and Pinus nigra subsp. pallasiana.
Sorkun Plateau 1300 m, Keltepe-Karabük.
Together with Abies nordmaniana subsp. bornmüelleriana, Pinus sylvestris, Rubus hirtus, Ruscus
hypoglossum, Daphne pontica and Vaccinium arctostaphylos.

According to Dönmez [12], some important features
of Crataegus L. taxa are listed below:
3.1.2.1.1. Crataegus monogyna Jacq.

This species is widespread in Turkey. It has been given as C. monogyna Jacq. subsp. monogyna.
3.1.2.1.2. Crataegus pentagyna Waldst. and Kit.

This species is easily distinguished from the other
Crataegus species growing in Turkey by its rich flowered inflorescence, smaller flowers, 5 styles, black fruits
and small pyrenes.
3.1.2.1.3. Crataegus tanacetifolia (Lam.) Pers.

The species is characterised by persistent bracts. The
species grows well in the transition zone of the EuroSiberian and Irano-Turanian phytogeographical regions. Its
distribution area also extends to Central Anatolia. Local
populations are found close to Quercus scrub or clearing
areas of deciduous scrub. The species prefers relatively
humid scrubby areas. It is a distinct species taxonomically. Fruits are commonly used by local people as food.
3.1.2.1.4. Crataegus x bornmuelleri Zabel

The species is a hybrid of C. orientalis and C.
tanacetifolia. It is distinguished from C. orientalis by
glandular bracts, and from C. tanacetifolia by deciduous
bracts on mature fruit. The distribution pattern of the species is similar to that of C. tanacetifolia, but its distribution
area is narrower than that of the latter. It prefers relatively
humid habitats.

3.1.2.1.5. Crataegus orientalis

The species is represented by two subspecies, namely
subsp. orientalis and subsp. szovitsii (Pojark.) K.I.Chr. in
Turkey, and C. orientalis var. obtusata is reduced to a
synonym. C. orientalis prefers man-made habitats, clearing
areas in the steppe, and other open places. The species has
many local types and extreme forms. Fruits are commonly
used as food.
3.1.2.1.6. Crataegus curvisepala Lindman.

It is common in Turkey and characterised by leaf serration and lobes. However, it is frequently confused with
C. monogyna.
3.1.2.1.7. Crataegus microphylla C. Koch.

The species is common in Turkey. It is characterised
by erect sepals in fruits and smaller leaves.
3.2. The use of cultivars of Crataegus L. taxa in planting
designs of different landscape applications in Ankara
3.2.1. Functional uses

Cultivars of Crataegus L. taxa may be used for their
advantages: control, prevention of physical, climate, environmental and noise pollution, and prevention of erosion.
This particular species has these assets being advantageous with regard to planting designs.
3.2.1.1. Visual control

They can be used on or in street intersections. Roadside plantings may enhance traffic and pedestrian safety
by reducing the glaring visual effects of headlights, sun-
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light, walkways, and façades of buildings. Due to their
dense branching in shrub form and smaller tree size, as well
as the ease with which they can be trimmed or cut, they can
also be used to maximize privacy in home gardens, create
peaceful places for sunbathing, and screen undesirable
views in city parks.
Plant composition of Crataegus monogyna, Salix babylonica, Cornus alba, Picea abies and Spirea x vanhouttei
provides visual control in the camouflage of buildings,
and creates a softening effect in corners of Beytepe campus of Hacettepe University in Ankara (Fig. 3).
3.2.1.2. Physical control

Crataegus L. taxa are produced for the purpose of
natural (living) fences in especially agricultural fields as
they are effective in directing, slowing and stopping movements [19-21].
Functions of forestation of highways considering traffic technique are stated to provide a safe traffic flow, preventing or reducing accidents by forming a curtain against
the headlights, protecting highways against wind-related
hazards like a wind shield, and camouflaging places and any
objects which are not to be included in sight [15;21].
From this regard, Crataegus monogyna is one of the plant
species suitable for the forestation of highways and refuges in Ankara (Fig. 4).

2

3.2.1.3. Climate and environmental control

Due to its deep root system resisting, this species
could be used ideally in planting protection screens [22].
Trees planted in this manner can produce favorable microclimates in a given area, controlling the speed and direction of wind. Furthermore, Crataegus L. taxa tolerate the
conditions or environments of urban areas as well as opposed to the climate and, because not being affected by
SO2 gases, they can be used at intersections, as well as in
urban designs [20].
3.2.1.4. Noise control

Because this is a deciduous tree species, the annual loss
of leaves is a disadvantage in noise reduction; nevertheless,
the branches are dense and, therefore, beneficial with regard
to noise reduction. Crataegus monogyna can reduce noise
levels by 2-4 decibels, and has been used to produce screen
planting that significantly reduces noise [23].
3.2.1.5. Pollution control

Crataegus L. taxa having dense branches and flossy
leaves cannot only filter air but also catch pollutants, such
as soot and dust. As a result, they can help raise the O2
content in the air. The relationship of water and humidity
in urban climates is more irregular than in rural areas. Although the taxa have a high power of reflecting sunlight, the
taxa with hard, glossy and flossy leaves are more suitable
for urban climate [20, 21]. Furthermore, the taxa are one of
the most durable species in urban green belt plantings
against damages caused by gases, and can be used in
industrial settings.
3.2.1.6. Erosion control

They can significantly 1reduce erosion because of their
1 soil and controlling surface
strong root systems, retaining
flow. Accordingly, they are in a plant group adapting themselves to rocky, stony, sloping and sunlit places. According to the field surveys in the study area, Quercus sp. and
Pinus sp. forests in rocky, sloping, maquis areas exist in
sub-flora.

1
4
5

3

FIGURE 3 - (1) Crataegus monogyna, (2) Salix babylonica, (3) Cornus alba, (4) Picea abies, (5) Spirea x vanhouttei.

3.2.2. Aesthetic uses

Aesthetic uses of cultivars of Crataegus L. taxa in
planting designs are given below according to Cengiz [9].
3.2.2.1. Complementors

1

Cultivars of Crataegus L. taxa have a complementary
feature for design in creating relation between buildings
and environment in outer spaces. Plant composition of
Crataegus monogyna, Acer platanoides and Pinus nigra
has a complementary effect in separating buildings from
parking lots, and softening effect in the corners of buildings
(Fig. 5).
3.2.2.2. Unifiers

FIGURE 4 - (1) Crataegus monogyna.

Cultivars of Crataegus L. taxa produce an intense tree
mass, and may have a combining effect on a street consisting of buildings each having different architectural style. A
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unifier effect was obtained with the plant composition of
Crataegus monogyna and Liqustrum sp. species in connecting buildings with different architectural styles (Fig. 6).
3.2.2.3. Emphasizers

The most striking dendrological features of Crataegus
L. taxa are flowering and blooming, and the cultivars can
be used for solitary aims on grass emphasizing the entrance
of buildings (Fig. 7).

3.2.2.4. Acknowledgers

Cultivars of Crataegus L. taxa are effective acknowledging the significance and place of the environment and
the object in design. Plant composition of Crataegus monogyna, Juniperus sabina, Picea abies, Platanus orientalis,
and Lonicera sp. species has an acknowledger effect in
separating highways from parking lots (Fig. 8).

3

2
1

1

2

FIGURE 5 - (1) Crataegus monogyna, (2) Acer platanoides,
(3) Pinus nigra.

FIGURE 6 - (1) Crataegus monogyna, (2) Liqustrum sp.

4

1

1

3
2
5

FIGURE 7 - (1) Crataegus oxyacantha “Kermesiana Plena”.

4

FIGURE 8 - (1) Crataegus monogyna, (2) Juniperus Sabina,
(3) Picea abies, (4) Platanus orientalis, (5) Lonicera sp.

3

3
1

1

2

2

FIGURE 9 - (1) Crataegus monogyna, (2) Symphoricarpos albus,
(3) Pinus nigra, (4) Prunus sp.

FIGURE 10 - (1) Crataegus monogyna, (2) Symphoricarpos albus,
(3) Cedrus libani.

670

© by PSP Volume 20 – No 3. 2011

Fresenius Environmental Bulletin

3.2.2.5. Softener

Cultivars of Crataegus L. taxa have positive effects in
the softening of solidity of architectural buildings, breaking
the monotonous routine in outer space thanks to their dendrological features. Crataegus monogyna is used in arrangement with Symphoricarpos albus, Pinus nigra and
Prunus sp. to soften the architectural lines of buildings.
Thanks to this composition, it created a softening effect
by forming a visual curtain (Fig. 9).
3.2.2.6. View enframement

Cultivars of Crataegus L. taxa provide an enframement effect for partial or complete camouflage of negative
views of design. Crataegus monogyna created a plant composition in arrangement with Symphoricarpos albus and
Cedrus libani species, which is an example for areas with
two different elevation levels and view enframement effect
(Fig. 10).
Figs. 5 and 6 and Figs. 8-10 present the Beytepe campus of the Hacettepe University, while Fig. 7. presents the
campus of the Agriculture Faculty of Ankara University.
In addition, various planting design samples composed
of cultivars of Crataegus L. taxa are presented in Ankara

and Hacettepe Universities campuses. Planting design composed of Crataegus monogyna and Betula pendula species
is presented in the campus of Agriculture Faculty of Ankara University (Fig. 11.); planting designs of Crataegus
monogyna and Pinus nigra, Thuja orientalis species (Fig.
1
12.) as well as those of Crataegus monogyna
and Pyracantha coccinea, Buxus sempervirens, Acer platanoides, Salix
babylonica species (Fig. 13.) are presented in the campus
of the Science Faculty, Ankara University, and planting
design of Crataegus monogyna, Cedrus libani and Acer
negundo species is2 presented in the Beytepe campus of
Hacettepe University (Fig. 14.).
3.3. Uses for economic aspects

Fruits of Crataegus tanacetifolia (Lam.) Pers are yellow with red stains and edible, and their diameters range
between 18-20 mm. Fruits of Crataegus orientalis Pallas
ex Bieb are also edible and reddish orange, with diameters
between 10-12 mm. The fruits of Crataegus monogyna are
red or dark red, with diameters of approx. 6-10 mm, but not
edible.
Hawthorn is an extremely valuable medicinal herb [18].
Some important compounds have been obtained from the
2
2

1
2

2

1
3

FIGURE 11 - (1) Crataegus monogyna, (2) Betula pendula.

FIGURE 12 - (1) Crataegus monogyna, (2) Pinus nigra, (3) Thuja
orientalis.

5
2

1

4

3
1

2
3
FIGURE 13 - (1) Crataegus monogyna, (2) Pyracantha coccinea,
(3) Buxus sempervirens, (4) Acer platanoides, (5) Salix babylonica.

FIGURE 14 - (1) Crataegus monogyna, (2) Cedrus libani,
(3) Acer negunda.
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leaves, flowers and fruits of this species. Crataegus monogyna and Crataegus pentagyna were extensively studied
for their pharmacological peculiarities. In addition to these
species, Crataegus orientalis, Crataegus tanacetifolia and
Crataegus monogyna were studied in detail with respect to
heart disease. Flavonoid compounds, oligomers, procyanidins and chardiotonic amines are the main chemical compounds used for heart disease [12].
Furthermore, the woods of Crataegus L. taxa from the
Rosaceae family are heavy, thin-tissued and dark-colored,
and can be used in furniture manufacturing. Branches of
the hawthorns, which is a species of this family, have
been used to manufacture walking staffs.

[3]

Demirörs, M. (1986) A phytosociological study on the vegetation of the area of Zonguldak, Karabük and Bartın. Ph.D.
thesis, Ankara University, Graduate School of Natural and
Applied Sciences, Department of Biology, Ankara (in Turkish).

[4]

Korkut, A.B. (1987) Determination of some plant material in
Thrace Region natural flora for landscape planning.
TUBİTAK (The Scientific and Technological Research
Council of Turkey) Project: TOAG-581, Tekirdağ .(in Turkish).

[5]

Altınçekiç, H. (1996) Plant material determination of
Çilingoz Bay (Thrace) for landscape planning. Review of
Faculty of Forestry, University of İstanbul. Series A, 46 (1);
51-81. İstanbul (in Turkish).

[6]

Sarıbaş, M., Kaya, Z., Başaran, S., Yaman, B. and Sabaz, M.
(2007) The use of some natural plant from Western Black
Sea Region of Turkey for landscape design. Fresenius Environmental Bulletin. 16 (2); 193-205.

[7]

Brzuszek, R.F., Harkess R.L. and Mulley S.J. (2007) Landscape architects’ use of native plants in the Southeastern
United States. HorTechnology January-March 2007 17 (1);
78-81.

[8]

Sarıbaş, M. and Kapuci, C. (2001) Some of the exotic wooden
plants, perennials, seasonal flowers in the Western Black Sea
Region for the aim of the landscape designs. Journal of The
Bartın Faculty of Forestry 3 (3); 18-28 Bartın (in Turkish).

[9]

Cengiz, B. 2001. Determination of some of the Crataegus L.
taxa in Western Black Sea Region natural flora for the purposes of landscape applications. M.Sc. thesis, Zonguldak
Karaelmas University, Graduate School of Natural and Applied Sciences, Department of Landscape Architecture,
Bartın (in Turkish).

4. CONCLUSIONS
Natural plant flora is not adequately used in landscape application of Turkey. The main reasons of this are
the lack of inventory for natural plant flora, lack of plant
adaptation and lack of supply in nursery gardens, and the
preference of unnatural/exotic species in landscape applications.
It is possible to use natural Crataegus L. taxa in urban
and rural landscape applications as they require minimum
care and expenditure from functional, aesthetic and economic respects. Crataegus L. taxa should be cultured, especially the endemic species should be produced and adapted,
and their sale in nursery gardens should be provided in
order to extend their use. Nursery catalogue and plantavailability lists were the primary sources of information
for landscape professionals; therefore, better descriptions
and information in these publications could better inform
designers of the value of Crataegus native plants. In this
way, sustainable designs could be created effectively and
consciously using natural plant flora in landscape applications.
Moreover, Western Black Sea Region, which embraces the study areas, should be considered in the context
of eco-tourism, with special emphasize on the preservation-usage balance, as it has a rich floristic composition in
terms of natural flora. Therefore, the current potential of
natural flora in the region could both be protected and used
for recreational, aesthetic, scientific and educational purposes.

[2]

[11] Yaltırık, F. ve Efe, A. (1989) Systematic of herbaceous
plants. University of İstanbul, Faculty of Forestry Press,
Number: 3568/3, İstanbul (in Turkish).
[12] Dönmez, A.A. (2004) The Genus Crataegus L. (Rosaceae)
with special reference to hybridisation and biodiversity in
Turkey. Turk J Bot 28, 29-37.
[13] Booth, N.K. (1983) Basic elements of landscape architectural
design. Waveland Press.
[14] Yıldızcı, A.C. 1988. Planting design. Atlas Press, İstanbul (in
Turkish).
[15] Theodore, D.W. (1991) Planting design. Van Nostrand Reinhold.
[16] Ayaşlıgil, Y. (1992) Planting design. University of İstanbul,
Faculty of Forestry, Department of Landscape Architecture
Press, İstanbul (in Turkish).
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DRYNESS CHARACTERIZATION:
A CLIMATIC WATER DEFICIT APPROACH IN TURKEY
Ulker Guner Bacanli*
Pamukkale University, Faculty of Engineering, Civil Engineering Department, Kınıklı Campus, Denizli, Turkey

ABSTRACT
Drought has several negative impacts on economy,
society and ecology. The drought duration, magnitude and
severity is of great importance and can be expressed by
using different indexes which could give different information for the drought analysis. In this study, drought is
analyzed using the concept of standardized precipitation
index (SPI) and run analysis.
This paper is to assess the temporal and spatial characteristics of meteorological droughts in the Aegean and
Central Anatolian regions of Turkey for providing a guide
for sustainable water resources management. Long-term
precipitation and temperature data observed in 77 raingauge
stations in these regions of Turkey are evaluated for the
period of 1973-2006.

Drought is a complex phenomenon, which is difficult
to define. More than 150 definitions have already been
given for drought [1]. Drought is used to refer to deficiency
in rainfall, soil moisture, vegetation greenness, ecological or
socioeconomic conditions, and different drought types can
be inferred [2]. Both aridity and drought are widespread in
the world. This study is focused on meteorological drought.
Droughts are difficult to detect and monitor due to the
complexity of their nature. Researchers use different types
of drought indices. Drought indices, such as the Palmer
Drought Severity Index (PDSI) [3], Decile Index (DI) [4],
China-Z Index (CZI) [5], Surface Water Supply Index
(SWSI) [6], Standardized Precipitation Index (SPI) [7],
Bhalme and Mooley Drought Index (BMDI) [8] and Reconnaissance Drought Index (RDI) [9, 10], are the most
common tools for detecting and monitoring droughts.

Water deficit (WD) was calculated as difference between precipitation and evapotranspiration. SPI was calculated from precipitation values. There is a clear difference
between drought and aridity. The dryness analysis by run
analysis is based on water deficit (WD) data and identifies
various aridity properties. Frequencies present a small reduction moving from north to south and from west to east
within a region. In this study, through scatter diagrams
between dryness magnitude and length are provided, and
the link between SPI and WD run analysis is assessed. In
addition, kriging is used as a spatial aridity analysis for
mapping. Dryness period, magnitude and standardized
precipitation index values are presented to depict the
relationships between dryness duration and magnitude.

McKee et al. [7, 11] developed the SPI to compare
the precipitation anomalies with mean values for various
periods (commonly 1-24 months), which reflect the impact of drought on the availability of different water resources. It has been used in many studies [12-16], and has
become an important component in many drought monitoring efforts [17]. The principal advantage of the SPI is
that it represents the same probability of drought occurrence irrespective of season, climate or location. Cognitively, SPI is the number of standard deviations by which
the precipitation values recorded for a particular location
would differ from the mean over certain periods. In statistical terms, SPI is equivalent to the Z-score. Precipitation
is not normally distributed [18]. Yevjevich [19] presented
the first objective definition of temporal droughts. Its
applications have been performed by Sen [20-26].

KEYWORDS: drought, aridity, dryness, standard precipitation
index, water deficit (WD), intensity, magnitude, Turkey

Scientific researches on droughts started in the 1940s
in Turkey. Located in a semi-arid region, Turkey experiences frequent drought events resulting from atmospheric,
geographic, and climatic factors. The number of drought
months across Turkey was investigated by Tümertekin and
Cöntürk [27]. Later, Erinç [28] prepared drought maps for
Turkey with the use of a drought index based on the ratio
of total precipitation to temperature. Aydeniz [29] evaluated and determined the drought categories of each geographical region of Turkey based on the relative humidity
and sunshine hours. Türkeş [30] investigated the drought
regions in Turkey, the major drought events and periods.

1. INTRODUCTION
Drought is a natural disaster that may adversely affect
the social, economic, cultural, political, and other functions of a region. Aridity increases with global warming.
* Corresponding author

674

© by PSP Volume 20 – No 3. 2011

Fresenius Environmental Bulletin

There are studies examining the temperature trends of
Turkey. Some other studies focused on the precipitation
and runoff records in Turkey [31-33]. Sırdaş [25] prepared
drought maps for Turkey using precipitation, temperature
and humidity data between 1930 and 1990 from 60 meteorology stations. Sırdaş and Şen [26] presented a spatial
and temporal drought analysis in the Trakya region of
Turkey. Using the SPI method and the run analysis, the
authors determined the drought magnitude, duration and
intensity of the selected stations in the region, and they
also prepared drought maps for the entire region. Ünal
and Karaca [34] made a study for clustering the climate
zones in Turkey and found 6 different zones. Yeğnidemir
[35] obtained drought characteristics of 26 meteorology
stations in the Central Anatolian region from the monthly
precipitation data between 1953 and 2003, with the use of
the SPI method and the run analysis. Yıldız [36] investigated the temporal and spatial characteristics of meteorological droughts in order to provide a guide for sustainable water resources management. For this purpose, a
drought intensity-areal extent-frequency curve was developed using the SPI [36]. Bacanli et al. [37, 38] analyzed
different drought indices. Mengü [39] investigated analysis of drought in the Marmara Region using the SPI.
Keskin and Sorman [40] analyzed severe and longer duration of drought events, and examined the change patterns
for different return periods of drought events.
In this study, it was aimed to assess the temporal and
spatial characteristics of meteorological droughts in the
Aegean and Central Anatolian regions of Turkey to pro-

vide a guide for sustainable water resources management.
The aims of this paper were: (1) to analyze drought using
the concept of standardized precipitation index (SPI), and
(2) to analyze aridity using the concept of run analysis
which is based on water deficit (WD), and (3) to provide
through scatter diagrams between the aridity magnitude
and length, and (4) to assess the link between SPI and WD
run analysis.
2. MATERIAL AND METHODS
2.1. Description of study area and data base

In this study, the long-term precipitation and temperature data observed in 77 raingauge stations in the Aegean
and Central Anatolia regions of Turkey were evaluated in
the period 1973 to 2006. The analyses were performed
through the inference of drought concept from a wide dataset of rainfall, and temperature measurements were recorded. The evaluated monthly rainfall and temperature
data were measured by the Turkish State Meteorological
Services [41].
2.2. Aegean region

With its 79,000 square kilometers of land, the Aegean
region occupies 11% of the total area of Turkey (Fig. 1).
Most of the population and cities are concentrated on the
coast line. The Aegean coastal plain has an exceptionally
mild climate, with soft, verdant springs, hot summers, sunny
autumns and warm winters marked by occasional showers.

FIGURE 1 - Aegean and Central Anatolia
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The Aegean region has perpendicular mountains to its
shores and many valleys between them, thus permitting the
sea climate reach inner parts of the region, although some
of the provinces inland show also characteristics of continental climate [28].
Turkey's diverse regions have different climates because of irregular topography. Turkey’s climate types are
defined as Mediterranean, Black Sea and Terrestrial [41].
Central Anatolia

The Central Anatolia region occupies 20 % of the total area of Turkey with 151,000 square kilometers of land
(Fig. 1). The temperature difference between summer and
winter is high, the precipitation generally occurs in spring
and winter, and dry periods dominate summers. This cli-

mate is experienced in Central, East, Southeast Anatolia
and Trakya region. The climate of Central Anatolia has
the following properties: the weather in summer is characterized by extreme heat and virtually no rainfall whereas
winters are cold and receive heavy, lasting snows. The
severity of cold weather increases towards the east parts
of Central Anatolia. Natural flora consists of steppes in the
lower regions and dry forests in the higher regions because
of summer droughts. Mean temperature of January, the
coldest month, is 0.7 °C, and it is 22 °C in July, the hottest
month. The annual mean temperature is 10.8 °C. Mean
annual precipitation is 413.8 mm and most of the precipitation occurs in winter and spring seasons. The percentage
of summer rains among the annual total is 14.7%. The
annual mean proportional moisture in the region is 63.7%.

TABLE 1 - Raingauge stations in the Aegean and Central Anatolia regions.
Raingauge Stations
Acıpayam
Afyon
Akhisar
Aksaray
Amasya
Ankara
Aydın
Ayvalık
Balıkesir
Bergama
Beypazarı
Beyşehir
Bodrum
Bogazlıyan
Bolu
Bozüyük
Burhaniye
Cankırı
Cerkez
Cicekdağı
Cihanbeyli
Corum
Çankırı
Demirci
Denizli
Develi
Dinar
Divriği
Dursunbey
Edremit
Eskisehir
Gediz
Güney
Ilgaz
Ilgın
İzmir
Kangal
Karaman
Karapınar
Kayseri
Keles
Keskin
Kırıkkale
Kırsehir
Kızılcahamam

Latitude
37.25
38.44
38.54
38.22
40.39
39.58
37.50
39.19
39.39
39.08
40.10
37.41
37.03
39.12
40.44
39.55
39.3
40.36
40.49
39.37
38.39
40.33
40.37
39.03
37.45
38.23
38.04
39.23
39.35
39.36
39.45
39.03
38.09
40.55
38.17
38.23
39.14
37.10
37.43
38.43
39.55
39.41
39.50
39.9
40.28

Geographic coordinates
Longitude
Elevation (m)
29.20
941
30.34
1034
27.49
92.03
34.2
961
35.51
411.69
32.51
891
27.50
56
26.42
3.55
27.52
153
27.11
53
31.56
682
31.44
1148
27.26
26.47
35.15
1067
31.36
742.92
30.02
754
26.58
20
33.36
751
32.54
1126
34.25
900
32.57
968.73
34.58
775.91
33.37
751
28.30
855
29.5
425
35.30
1180
30.10
864
38.07
1120
28.37
637
27.01
20.66
30.33
801
29.25
736
29.04
825
33.38
31.54
1034
27.40
29
37.23
1541
33.13
1023
33.32
1004
35.29
1092
29.04
1063
33.35
1140
33.31
751
34.9
1007
32.39
1033

Raingauge Stations
Konya
Kulu
Kütahya
Manisa
Marmaris
Milas
Muğla
Nallıhan
Nazilli
Nevşehir
Nigde
Ordu
Ödemiş
Pınarbası
Polatlı
Sarız
Sebinkarahisar
Seferıhisar
Selcuk
Seydisehir
Simav
Sivas
Sivrihisar
Susehri
Tavsanlı
Tokat
Tomarza
Uşak
Yozgat
Yunak
Zara
Zile
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Latitude
37.52
39.05
39.25
38.36
36.51
37.19
37.17
40.11
37.55
38.37
37.58
40.59
38.14
38.43
39.35
38.29
40.17
38.12
37.57
37.26
39.05
39.44
39.27
40.09
39.33
40.18
38.27
38.40
39.49
38.49
38.49
40.18

Geographic coordinates
Longitude
Elevation (m)
32.28
1029
33.05
1010
29.59
969
27.24
71
28.15
16.19
27.47
52
28.22
646
31.22
650
28.20
84
34.43
1260
34.41
1211
37.54
4.13
27.58
111
36.24
1500
32.09
886
36.30
1500
38.25
1364
26.51
22
27.22
17
31.51
1131
28.59
809
37.1
1285
31.32
1070
38.04
1163
29.30
833
36.24
607.6
35.48
1397
29.24
919
34.48
1298
31.44
1140
31.44
1347
35.53
717
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Table 1 shows the geographic coordinates of the
raingauge stations chosen in the Aegean and Central Anatolia regions. The precipitation and temperature data of
these stations for the 34 years between 1973-2006 were
obtained from the Turkish State Meteorological Service
[41].

served precipitation probabilities are assessed. Gamma distribution is the most suitable distribution to the climatological time series. The Gamma distribution is defined with the
frequency of the distribution or the probability distribution function [42].

g ( x) =

Standard Precipitation Index Method (SPI)

SPI Method was developed by McKee et. al. [7, 11]
to quantify the precipitation deficit for multiple time scales.
SPI has some advantages and disadvantages over the other
drought indexes. The most important benefit of using SPI
is that it may be calculated for various time periods like 3,
6, 9, 12, 18, 24, 36, 48, 60 and 72 months. The periods
may vary according to the conditions of usable water resources in the region. For example, while the decrease in
precipitation in a month may directly influence soil moisture, the influence on groundwater and rivers may take a
longer time. The SPI is simple, flexible with time, and
allows monitoring of water resources for all time periods
[26]. SPI is obtained by dividing the difference between
precipitation and mean at a selected period to standard
deviation (Equation 1):

SPI =

xi − xi

(1)

σ

The SPI is produced by standardizing the probability
of observed precipitation for any duration. The calculation
of the SPI index is complicated because the precipitation
does not fit to normal distribution at periods of 12 months
or shorter, and for this reason, the precipitation series are
fitted to normal distribution. The obtained SPI values show
an increasing or decreasing trend according to the deficiencies of precipitation. A drought event occurs any time the
SPI is continuously negative, and reaches an intensity
of -1.0 or less.
As a result of the normalization of the SPI values, both
the dry and wet durations in the selected period are represented in the same way. In an evaluation of drought made
with SPI, the period in which the index has a negative
value is defined as a dry period (Table 2). The month in
which the index value drops to negative is evaluated as the
start of drought, and the month in which the index increases
to positive values is defined as the end of drought [11].
TABLE 2 - Classification according to SPI values.
SPI
2≤
1.99~1.5
1.49 ~ 1.0
0.99 ~ (-0.99)

Drought
Category
Extremely Wet
Very Wet
Moderately Wet
Near Normal

SPI
( -1.0) ~(-1.49)
( -1.5) ~ (-1.99)
-2≥

Drought
Category
Moderately Dry
Severely Dry
Extremely Dry

1
xα −1e x β
β Γ(α )

for x>0.

α

(2)

where α is the shape parameter; β is the scale parameter; x is the precipitation amount and Γ(α) defines the gamma function. Again in the estimation of α and β, maximum
probability solutions are used as follows:

α=

x
1 ⎛
4 A ⎞
⎜1 + 1 +
⎟ and β =
α
4 A ⎜⎝
3 ⎟⎠

(3)

In these equations:

A = ln(x ) −

∑ ln(x )

(4)

n

n is the number of precipitation observations. These
probability definitions obtained from the data in hand may
be used to calculate the cumulative probability of a value
to be observed at any month. The cumulative probability
distribution function may be defined as follows:
x

x

1
G(x ) = ∫ g (x )dx = α
xα −1e − x β dx
∫
β Γ(α ) 0
0

(5)

The Gamma function is undefined for x = 0 and precipitation distribution might include zero values; in this
situation, the cumulative probability distribution is defined
as:

H (x) = q + (1 − q)⋅ G(x)

(6)

In the expression above, q defines the probability for
zero value. If m is used for denoting the zero values in
any precipitation series, then q = m/n can be written. The
cumulative probability value, H(x), is transformed to a
standard normal random valued Z variable which represents the SPI with a mean value of 0 and variance value of
1. H(x) is the value of SPI. This situation is required
properly to transform the form defined by Panofsky and
Brier {43] to a new distribution as a variation. By normalizing the SPI values, it is enabled to consider the variability of the precipitation series of that station with both time
and location [11, 44, 45].
Run Method

The data series in each period have a drifting structure, and the index value of the present month is calculated according to the previous ith month’s values. Later,
Gamma distribution is fitted to each data set, and thus ob-

We used the mean monthly precipitation and temperature values from 77 raingauge stations located in Aegean
and Central Anatolia regions of Turkey. The period of investigation was from 1973 to 2006, for which reliable and
continuous precipitation and temperature records exist [41].
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The Thornthwaite reference evapotranspiration (ET,
mm) was firstly computed, and then, the climatic water
deficit (WD) was calculated as the difference between
precipitation (P, mm) and ET [46] as mean monthly values:
WD = P - ET

(7)

ET was calculated using the equation reported by
Thornthwaite [47] who 1948 correlated mean monthly
temperature with ET, as determined from water balance
for valleys in the eastern USA where sufficient moisture
water was available to maintain active transpiration.
The basic Thornthwaite empirical formula is [48]:
PET = 1.6 (10 t/TE)a

(8)

where PET is the monthly potential evapotranspiration (cm/month), t is the monthly mean temperature (°C),
TE is the annual heat index, and a is an exponent which is
a function of TE and calculated as follows:
a = (6.75 × 10−7 × I3 ) − (7.71 × 10−5 × I2 )+ (1.79 ×
10 × I )+ (0.49)
(9)
−2

To compute the monthly potential evapotranspiration,
instructions and tables given by Thornthwaite and Mather
were used [49].
Later, the z-score for water deficit (WD) is simply the
standardization of a given time series, WDi as WD1, WD2,
..., WDn. The standardized water deficit series, WDi is:

WDi =

WDi − WD
Sx

procedure in the statistical literature. It is equivalent to zscores in the meteorological literature [5].
Then, drought descriptions are determined using the
run analysis. 1967, Yevjevich [19] proposed the use of ‘run
theory’ to define hydrologic drought characteristics, as
shown in Fig. 2. A run is defined as a portion of time series
of drought parameter Xt, in which all values are either
below or above the selected truncation level of Xo; accordingly, it is called either a negative run or a positive run.
Yevjevich [19] and Dracup et al. [50] have indicated major
components of a hydrologic drought event as shown in
Fig. 2.
Drought initiation time (ti) is the starting of the water
shortage period, which indicates the beginning of a drought
event. Drought termination time (te) is the time when the
water shortage becomes sufficiently small so that drought
conditions no longer persist. Drought duration (Lj) is expressed in years/months/weeks, etc., during which a drought
parameter is the time period between the initiation and
termination of a drought event. Drought magnitude, (Mj) indicates a cumulative deficiency of a drought parameter
below the critical level.
m

M j = ∑ X o − xi

Finally, the drought intensity Ij of the jth dry period is
defined as the ratio of drought magnitude to drought duration, Lj, as follows:

(10)

Ij =

where WD is the arithmetic mean and Sx is the
standard deviation of the series.
z-scores are referred to as “standard scores”. The zscore transformation is useful when seeking to compare
the relative standings of items from distributions with different means and/or different standard deviations. The procedure in equation (7) is referred to as the standardization

(11)

i =1

Mj
Lj

(12)

We obtained WD values which were specific for each
location and type of drought. Different truncation levels
were evaluated, and optimum value was detected. We combined SPI and WD concepts to obtain and detail the WD
values for various types of drought.
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FIGURE 2 - Drought characteristics using the run theory
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3. RESULTS AND DISCUSSION

Anatolia regions in Turkey within each time interval considered were fairly uniformly distributed about the means.

3.1. SPI Classes

The SPI values were estimated separately for all 77
raingauge stations on 3, 6, 9, 12 and 24 months time-scale
conditions. Table 3 shows the distribution of SPI class values in Aegean and Central Anatolia regions of Turkey.
Extremely wet periods with potentially severe flooding occurred in 1.3–1.8% of years in the Aegean and 1.3–
1.6% of years in the Central Anatolia region. Very wet
periods also subject to potential flooding happened in 3.8–
4.5% of the years in the Aegean and 2.9–4.0% of the years
in the Central Anatolia region. Moderately wet periods
occurred in 9.2-10.1% of the years in the Aegean region and
in 8.4–9.5% of the years in the Central Anatolia region
whereas nearly normal periods occurred in about 70.471.4% of years in the Aegean region and in 69.1–74.2%
of years in the Central Anatolia region
As shown in Table 3, 7.0–8.0, 3.5-4.7 and 2-2.6% of
the years` periods in the Aegean region but 7.8–8.5, 2.83.8 and 1.8-2.6% of them in the Central Anatolia region
were moderately, very and extremely droughty.
Table 3 shows that the coefficient of variation (CV) of
SPI increases with increasing length of intervals. SPI values are expected to show a normal distribution [51]. We
have found that the SPI values for Aegean and Central

3.2. SPI analysis assessment

The SPI values were estimated separately for all 77
raingauge stations on 3, 6, 9, 12 and 24 months time-scale
conditions. On the one hand, 3-month SPI is a suitable representation of short and medium-term moisture conditions offering a seasonal estimation of precipitation deficit
or surplus that is particularly useful in agricultural activities. On the other hand, the 12-month time-scale avoids
intra-annual frequency variations and allows the identification of the main hydrological droughts and dry/wet periods
[15]. This suggests that the most appropriate period in calculating SPI is the 12-month interval, as previously suggested by Pereira et al. [52] and Paulo et al. [53], though
values for the other intervals need to be examined to assess the stability of SPI over time.
The graphs of different stations which selected Ankara and Kayseri stations from Central Anatolia regions;
Aydın and Usak stations from the Aegean region with
different altitudes are plotted as Figs. 3, 4, 5, 6 and 7. As
can be seen, there are differences between the regions.
On 24-months time-scales for Uşak and Aydın station
in Aegean Region drought began in October, 1985 in
Uşak station but the same drought began in April, 1986 in

Period

TABLE 3 - Percentage, magnitude and range of SPI classes for intervals of 3, 6, 9, 12 and 24 months derived from data for the 1973-2006
period at all 77 raingauge stations in Aegean Region (AR) and Central Anatolia Region (CAR).
Statistical
parameter

Extremely
Very wet
wet
AR
CAR
AR
CAR
3
Max
2.6
3,9
6.0
5,7
Min
0.7
0,0
2.9
0,0
Mean
1.8
1,6
4.5
4,0
SD
0.5
0,6
0.7
1,0
Cv %
29.9
38,7
15.8
23,9
6
Max
2.9
4,1
6.3
6.9
Min
0.4
0,0
2.1
1.3
Mean
1.5
1,4
4.4
3.8
SD
0.7
0,9
1.0
1.1
Cv %
49.5
59,9
23.1
29.1
9
Max
3,5
4,5
5,8
5,5
Min
0,0
0,0
1,7
0,9
Mean
1,3
1,3
4,0
3,4
SD
0,9
1,0
1,2
1,2
Cv %
68,9
74,9
29,9
36,0
12
Max
3,3
5,0
6,5
5,4
Min
0,0
0,0
1,3
0,2
Mean
1,3
1,3
3,9
3,0
SD
0,9
1,2
1,6
1,5
Cv %
69,4
90,3
40,7
50,6
24
Max
5,1
3,9
6,8
6,8
Min
0,0
0,0
0,0
0,0
Mean
1,4
1,3
3,8
2,9
SD
1,4
1,3
1,9
2,1
Cv %
98,3
104,2
50,6
72,5
*AR: Agean Region *CAR: Central Anatolia Region

Range and values of SPI (%)
Moderately
Near normal
Moderately
wet
drought
AR
CAR
AR
CAR
AR
CAR
11.5
12,5
87.1
84,5
13.0
17,1
7.0
0,0
66.6
25,1
0.0
0,0
9.2
9,5
71.4
69,1
7.4
8,4
1.3
2,1
5.5
8,5
3.1
3,4
13.8
21,6
7.6
12,3
42.1
41,2
13.3
11.8
87.6
84.8
10.2
17.4
7.3
4.5
65.0
65.6
0.0
0.0
9.8
9.5
71.1
71.3
7.0
8.3
1.6
1.6
6.4
4.7
2.9
3.7
16.3
17.1
9.0
6.6
41.1
44.3
13,5
12,7
88,6
86,1
10,8
17,2
5,5
3,7
63,6
64,4
0,0
0,0
10,1
9,4
71,3
72,1
7,3
8,3
2,2
2,1
6,2
6,0
2,5
4,3
21,3
21,9
8,8
8,3
34,0
51,2
15,4
14,3
89,3
88,6
16,1
17,5
5,0
1,9
62,1
64,0
0,0
0,0
9,9
8,9
70,9
73,0
7,7
8,5
2,5
2,3
6,7
6,5
3,4
4,2
25,7
26,2
9,4
8,9
44,6
49,1
14,2
15,9
90,6
89,3
17,1
16,4
2,6
0,4
61,9
59,8
0,0
0,0
9,4
8,4
70,4
74,2
8,0
7,8
2,7
3,7
6,8
7,9
3,6
4,2
29,1
43,4
9,6
10,6
44,6
53,8
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Severely
drought
AR
CAR
5.6
7,6
-0.2
0,0
3.6
3,8
1.7
2,3
46.8
61,4
5.9
7.0
-0.2
0.0
3.8
3.6
1.7
2.1
45.5
59.6
7,4
7,7
-0,2
0,0
3,5
3,3
1,8
2,1
52,4
64,0
8,8
7,9
-0,2
0,0
3,9
3,0
2,2
2,1
55,6
69,7
8,3
8,3
-0,2
0,0
4,7
2,8
2,1
2,1
45,3
75,3

Extremely
drought
AR
CAR
3.7
3.8
0.0
0.0
2.0
1.8
1.3
1.3
61.9
74.2
4.6
5.2
0.0
0.0
2.4
2.1
1.2
1.4
52.3
66.6
5,8
5,3
0,0
0,0
2,6
2,1
1,4
1,5
55,0
68,6
5,9
5,3
0,0
0,0
2,3
2,2
1,4
1,5
59,9
67,6
6,8
8,5
0,0
0,0
2,4
2,6
1,5
2,0
65,4
79,9
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Aydın station. As noted, there are 7 months different between Usak and Aydın stations.

erally show the effect on groundwater table and groundwater recharge. Due to the high fluctuations in 1-3 month
SPI, it is hard to examine the graphs. As it can be seen from
Figs. 3 and 4, the dry and wet periods generally continue to
3-4 months, and then the graph goes to the inverse direction. In some years, the fluctuations continue up to 910 months. So, it is sometimes better to eliminate the 34 fluctuations for a better understanding of the pattern.

On the same time-scales in Central Anatolia region,
the droughts that occurred in 1971-1975, 1983-1985, 19911992, 1994-1996, 2001-2002, and 2005-2006 had SPI values as low as -2.5, as a result of precipitation deficits, especially during summer and fall seasons. Severe drought was
observed in 1995.

In the shorter periods, for example 3-6 months, the
duration of wet or dry periods of SPI values are shorter
(Figs. 3, 4). In longer periods, the duration of wet or dry
periods are longer (Figs. 5-7). These situations can be
expanded in different approaches according to different
water users.

On 24-months time-scales in Aegean region, the
droughts also occurred in 1973-1975, 1986-1998, 2001, and
2005-2006. The extreme drought was observed in 1991.
When the SPI values graphs are analyzed, it can be
seen from Figs. 3-7 that when period increases drought is
less but it lasts longer. In the 3-months time-period, drought
is more frequent but shorter, and as the period increases, the
duration of drought also increases but frequency decreases
(Fig. 3). The seasonal droughts give rise to crop loss in
agricultural production. In the recent years, winter droughts
are beginning to occur in the class of “severe”, and 612 months SPI values show the drought on reservoirs’
levels and on river discharges if there is snow depletion and
melting at the upstream of the river. 12-24 months SPI gen-

Regarding the 3, 6, 9, 12 and 24 months time-scales
for each station, the relative frequencies of drought events
were calculated according to the classification proposed
by Mc Kee et al. [11]. The percentage distributions of
drought severities in different categories for the investigated
stations in the Aegean and Central Anatolia regions were
analyzed. For example, analysis results for Aydın and
Kırıkkale are given in Tables 4 and 5.

3
2

SPI

1
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-3
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2000
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Aydın
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Kayseri

FIGURE 3 - SPI values of Aydın, Usak, Ankara, Kayseri city for 3-months period.
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FIGURE 4 - SPI values of Aydın, Usak, Ankara, Kayseri city for 6-months period.
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FIGURE 5 - SPI values of Aydın, Usak, Ankara, Kayseri city for 9-months period.
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FIGURE 6 - SPI values of Aydın, Usak, Ankara, Kayseri city for 12-months period.
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FIGURE 7 - SPI values of Aydın, Usak, Ankara, Kayseri city for 24-months period.

While mild degree drought distribution in the evaluated stations in the 3-months periods vary between 30.6
and 34.9 %, the range for 6-months period is between
29.2 and 36.4 %, between 27.7 and 36.4 % for 9-months
periods; between 26.2 and 37.0 % for 12-months periods,

and between 26.5 and 36.0 % for 24-months periods.
While moderate degree drought distribution in the evaluated stations in the 3-months periods varies between 6.3
and 9.5 %, the range for 6-months period is between 6
and 9.3 %, between 6.8 and 10.9 % for 9-months periods,
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between 5.6 and 12.3 % for 12-months period and between 4.7 and 11.8 % for 24-months periods. Severe level
drought distribution varies between 2.1 and 8.8 % for the
periods of 3-24 months while the distribution of very severe drought is between 1.9 and 3.7 % for 3 and 6-months
periods, but between 1.8 and 4.2 % for 9, 12 and 24 months.
The drought modal frequencies in some of the investigated stations in the Aegean and Central Anatolia regions
of SPI values for periods of 3, 6, 9, 12 and 24 months are
given Table 6.
3.3. Run analysis assessment

A lot of studies carried out by researchers were finished on drought analysis while using only precipitation
data. Precipitation alone is not enough to characterize a
region climatically. WD does provide useful information on
drought topics (as written in Material and Method section).

All monthly z-score time series have values above the
zero level. In this study, the least-squares method is used
to find a linear equation. Run analysis values using water
deficit data are taken into account. This approach not only
gives some climatic variations but also allows one to estimate dryness intensity depending on water deficit. Table 7
shows relationships between dryness duration (L) and
magnitude (M) based on run analysis values at standard
truncation levels of 0.0, -0.5, -1.0 and -1.5, respectively.
These relationships were tested by regression analysis
using a 5% significance level.
Optimum relation between dryness duration and magnitude is observed on truncation level -1.5, except from
Kayseri and Kırşehir stations in Central Anatolia region,
and on truncation level -1 in Aegean region (Table 7). This
case shows that characteristics like dryness duration, magnitude and frequency for a region are interconnected. For

TABLE 4 - The relative frequencies of Aydin city SPI values for time periods of 3, 6, 9, 12 and 24 months.
SPI RANGE

AYDIN

2 or more
1.5 to 1.99
1 to 1.49
0.99 to 0.0
0.0 to -0.99
-1 to -1.49
-1.5 to -1.99
-2 and less

Extremely wet
Very wet
Moderately wet
Normal
Near normal
Moderately dry
Severely dry
Extremely dry

3
0,021
0,044
0,089
0,384
0,315
0,076
0,038
0,032

6
0,016
0,044
0,109
0,340
0,355
0,052
0,054
0,029

MONTHS
9
0,010
0,053
0,095
0,339
0,376
0,052
0,037
0,038

12
0,015
0,053
0,071
0,383
0,351
0,045
0,039
0,043

24
0,002
0,039
0,118
0,375
0,327
0,039
0,032
0,068

TABLE 5 - The relative frequencies of Kirikkale city SPI values for time periods of 3, 6, 9, 12 and 24 months.
SPI RANGE

KIRIKKALE

2 or more
1.5 to 1.99
1 to 1.49
0.99 to 0.0
0.0 to -0.99
-1 to -1.49
-1.5 to -1.99
-2 and less

Extremely wet
Very wet
Moderately wet
Normal
Near normal
Moderately dry
Severely dry
Extremely dry

3
0.020
0.030
0.114
0.351
0.317
0.086
0.060
0.024

6
0.024
0.044
0.086
0.355
0.317
0.106
0.044
0.024

MONTHS
9
0.032
0.046
0.077
0.296
0.409
0.085
0.032
0.022

12
0.037
0.053
0.081
0.272
0.420
0.077
0.053
0.008

24
0.023
0.075
0.094
0.285
0.347
0.129
0.044
0.004

TABLE 6 - The modal frequencies of SPI of the selected raingauge stations in Aegean and Central Anatolia regions.
Station
Name
Afyon
Aydın
Denizli
İzmir
Kütahya
Manisa
Muğla
Uşak
Aksaray
Ankara
Çankırı

3
months
48.4
46.5
47.3
49.7
48.6
47.5
48.8
48
47.1
48.9
47.9

6
months
50.1
46
48.1
48.6
50.5
49.2
46.9
48.8
48.7
48.5
47.9

9
12 months 24 months Station Name
months
48.8
47.6
47.1
Eskişehir
45.8
46.3
45.3
Karaman
47.5
47.6
48.5
Kayseri
49.1
47.5
45.1
Konya
49.9
49.2
49.2
Kırıkkale
50.5
50.7
47.1
Kırşehir
46.2
46.6
45.5
Nevşehir
49.8
49.8
50.5
Niğde
51.0
50.9
50.9
Sivas
49.8
50.5
53.5
Yozgat
48.3
49.3
48.5
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3
months
49.2
49.7
49.0
47.1
48.6
47.0
45.2
46.9
46.9
47.1

6
months
46.4
48.0
48.2
46.8
49.1
47.9
47.8
43.7
46.7
46.5

9
months
46.1
47.9
48.1
48.7
54.8
47.7
45.3
44.8
47.0
46.7

12
months
44.8
48.7
48.7
51.3
55.8
49.0
44.8
46.5
47.8
47.1

24
months
44.0
53.0
54.3
50.8
52.4
46.8
47.7
46.7
50.1
48.3
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TABLE 7 - Water Deficit (WD = P-ET) relationships between dryness magnitude (M) and duration (L) for the selected raingauge stations.
Truncation
Level

0

-0.5

-1

-1.5

AKSARAY

M = 1.1075L - 0.5914

M= 1.1992L + 0.3348

M = 1.4002L + 0.3638

M = 1.889L - 0.1434

R2
ANKARA
R2
ÇANKIRI
R2
ESKİŞEHİR
R2
KARAMAN
R2
KAYSERİ
R2
KIRŞEHİR
R2
KONYA
R2
YOZGAT
R2
AYDIN
R2
DENİZLİ
R2
İZMİR
R2
KÜTAHYA
R2
MANISA
R2
MUGLA
R2
USAK
R2

0.8399
M = 1.1262L - 0.7261
0.794
M = 1.1197L - 0.7968
0.818
M = 1.0612L - 0.6762
0.7716
M = 1.1298L - 0.8421
0.9067
M = 0.943L - 0.4738
0.8335
M = 0.863L - 0.4027
0.8093
M = 1.1897L - 0.9401
0.8485
M = 1.0453L - 0.6012
0.8023
M = 0.7653L - 0.3456
0.9176
M = 0.8169L - 0.3628
0.8662
M = 0.6679L - 0.3136
0.9521
M = 0.9783L - 0.6374
0.8601
M = 0.7061L - 0.2979
0.9164
M = 0.6808L - 0.343
0.9163
M = 0.9858L - 0.5922
0.8781

0.753
M = 1.27L + 0.0124
0.7842
M = 1.2973L + 0.0209
0.7852
M = 1.3849L - 0.232
0.7893
M = 1.0503L + 0.6522
0.5778
M = 1.1629L - 0.3528
0.9458
M = 1.1104L - 0.3774
0.8829
M = 1.0381L + 0.8461
0.5024
M = 1.0843L + 0.5116
0.7387
M = 0.8998L - 0.1596
0.9749
M = 1.0596L - 0.32
0.954
M = 0.8192L - 0.0875
0.9798
M = 1.0478L + 0.2185
0.8588
M = 0.8873L - 0.1546
0.965
M = 0.8323L - 0.2032
0.9644
M = 1.1868L - 0.1853
0.8778

0.7607
M= 1.4745L + 0.1715
0.8289
M = 1.3392L + 0.3719
0.7482
M = 1.705L - 0.3776
0.8962
M = 1.4446L + 0.0921
0.908
M = 1.2967L - 0.0576
0.9778
M = 1.2261L - 0.0302
0.9893
M = 1.477L + 0.1225
0.7415
M = 1.2778L + 0.4188
0.8825
M = 1.0409L + 0.0154
0.9882
M = 1.1842L + 0.0094
0.971
M = 0.9994L + 0.0161
0.9988
M = 1.3652L + 0.0458
0.9534
M = 1.0691L - 0.0155
0.9873
M = 1.5538L - 0.6021
0.9277
M = 1.3466L + 0.0711
0.8558

example, one can find dryness magnitude, which corresponds to a given dryness duration. It is clear that increases
in the dryness duration result in increased dryness magnitude.
Figures 8, 9 and 10 are presented in maps of M (dryness magnitude), L (dryness duration), and I (dryness intensity) for each of the stations. In this study, kriging
method was used for maps, and, additionally, NETCAD
programs.
This graphic approach establishes the following:

-

0.9188
M = 1.8318L + 0.0661
0.8824
M = 1.9206L + 0.0174
0.8357
M = 1.9646L - 0.2114
0.9616
M = 1.7631L + 0.0161
0.9028
--------M = 2.1264L - 0.3693
0.9325
M = 1.6231L + 0.1857
0.9235
------------M = 1.765L - 0.0836
0.9691
--------M = 1.9613L - 0.3084
0.8243

examination of their common behavior in a two- dimensional domain as contour maps
related variables
linear model relationships derived between two variables.

The maps show parallel characteristics of dryness intensity (Fig. 8), with a value > -0.5 at a truncation level of
–1 in Aegean and Central Anatolia region. This is because
dryness magnitude increases with truncation level, and dryness intensity has a linear relationship to dryness magnitude.

(a)

(b)

FIGURE 8 - Map of dryness intensity (I) at truncation level (a) 0 and (b) -1.
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(a)

(b)

FIGURE 9 - Map of dryness duration (L) at truncation level (a) 0 and (b) -1.

(a)

(b)

FIGURE 10 - Map of dryness magnitude (M) at truncation level (a) 0 and (b) -1.

Maximum dryness duration is also longer in western
parts of the Aegean region but dryness duration in western parts of the Central Anatolia region. For example,
maximum dryness duration in the Aegean region is 10-11
months; maximum dryness duration in the Central Anatolia region is 10-12 months. Maximum dryness duration is
changed according to a truncation level.
Dryness magnitude increases with truncation level
and has small values. Dryness magnitude depends on the
amount of water deficit. The maps show that dryness magnitude values are higher towards eastern from western parts
of the Aegean region. However, dryness magnitude values are greater to outward from inward parts of the Central Anatolia region (Fig. 10).
Figures 8, 9 and 10 show that dryness intensity (I) and
dryness magnitude (M) increase from Aegean to Central
Anatolia region (from west to east). Dryness duration (L)
increased more in Central Anatolia than Aegean region.
4. CONCLUSION
In this study, meteorological dryness analysis has been
carried out with monthly precipitation and water deficit
data for the period 1973-2006. SPI was considered as short
term or seasonal variation for 3 and 6-months periods, for
drought with average duration in 9 and 12-months periods
and as a long-term drought index for 24-months period.

Assessments for each station were made according to the
SPI classifications in these periods. The modal frequencies of the drought vary between 43.7 and 55.8 % for the
periods of 3, 6, 9, 12 and 24-months in all cities.
For different time periods according to SPI values in
all stations, the highest ranges are in the normal and mild
drought degrees. Besides, severe and extreme droughts are
also seen intensely. The investigation of SPI values show
that when period increases, drought occurs less frequently
but has a longer duration. For example, drought is more frequent in the 3-months period but has a shorter duration, and
when period increases, the duration of drought increases
but the frequency decreases. When the periods are taken
short, the shift between positive and negative values are
seen more frequently, but when the period increases, it
is observed that the SPI values respond slower to the varying precipitation conditions.
Furthermore, in this study, run analyses are used for
identification of various dryness characteristics and given
for drought features. Run analysis applications are presented
for water deficit (WD) data. The relationships between dryness duration and magnitude are provided in the form of
scatter diagrams with the best straight-line fits for different truncation levels of 0, -0.5, -1 and -1.5.
Dryness by run analysis according to water deficit (precipitation – evapotranspiration) data is compared to drought
by run analysis according to precipitation data, and that
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according to water deficit reflected better drought analysis.
Maximum severe duration and maximum extreme duration
are both 12 months. Frequencies present a small reduction
moving from north to south and from west to east within a
region.
Monitoring drought and dryness requires multiple indicators or indices. The severe drought indicators for the
region should be taken into consideration, and drought management plans should urgently be prepared for this agriculturally important region. It is needed to establish a drought
center with researchers from different disciplines for
decreasing the drought influences, taking precautions and
continuous monitoring. New approaches, such as numerical
hydrological models, can be used for monitoring drought
together with drought indexes. The investigation of drought
in the basin-scale will have important contribution in the
determination of the priorities for planning, design and
construction of water structures.

[11] McKee, T.B., Doesken, N.J. and Kleist, J. (1995) Drought
monitoring with multiple time scales. Presented at the Ninth
Conference on Applied Climatology. American Meteorological Society: Dallas, TX; 233–236.
[12] Lana, X., Serra, C., and Burgue˜ no, A. (2001) Pat terns of
monthly rainfall shortage and excess in terms of the Standardied Precipitation Index for Catalonia (NE Spain). International Journal of Climatology 21:1669–1691.
[13] Hayes, M., Wilhite, D. A., Svoboda, M. and Vanyarkho, O.
(1999) Monitoring the 1996 drought using the standardized
precipitation index. Bulletin of the American Meteorological
Society 80, 429–438.
[14] Seiler, T. P., Drobney, R. D. and Dailey, T. V. (2002) Use of
weather variables for predicting fall covey calling rates of
northern bobwhites. Proceedings of the National Quail Symposium 5:91–98.
[15] Vicente-Serrano, S. M. (2005) Differences in spatial patterns
of drought on different time scales: An analysis of the Iberian
Peninsula. Water Resources Management, 20(1):37-60.
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