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CUMULATIVE EFFECTS OF PROLINE AND SALICYLIC ACID
ON THE CADMIUM-INDUCED CHANGES IN CICER ARIETINUM L.
Shamsul Hayat1,2, *, Qaiser Hayat2, Mohammed Nasser Alyemeni1 and Aqil Ahmad2
1

Department of Botany & Microbiology, King Saud University, Riyadh-11451, Saudi Arabia
2
Department of Botany, Aligarh Muslim University, Aligarh-202002, India

ABSTRACT
The present study was designed with an objective to
elucidate the cumulative effect of the exogenous application of 20 mM proline and 10-5 M of salicylic acid (SA)
on the physio-morphological changes in chickpea plants
exposed to 0, 25, 50, or 100 mg cadmium (Cd) per kg of
soil. The exogenous application of proline and SA alleviated completely the ill effects generated by the presence
of metals in soil which was expressed in terms of increased
dry matter accumulation and nodulation, enhanced efficiency of nitrogen fixation, and its assimilation. The foliar
spray of SA and proline resulted in an increased stomatal
conductance and net photosynthetic rate in the Cd-stressed
plants. The oxidative stress generated in plants was completely overcome by the combined application of proline
(20 mM) and SA (10-5 M) by increasing the activity of
antioxidative enzymes [catalase (CAT), peroxidase (POX)
and superoxide dismutase (SOD)] coupled with an increased accumulation of endogenous proline which was
found to be maximum in the plants exposed to 100 mg Cd
per kg of soil, and also sprayed with proline and SA.
KEYWORDS: Antioxidative enzymes, chickpea, growth, nitrogen
metabolism, photosynthesis, yield.

1. INTRODUCTION
The distribution of cadmium (Cd) in the environment
mainly takes place through human activities as well as
mineralization processes of natural rocks enriched with
metals including cadmium [1]. The addition of Cd to
farming soils may occur mainly due to the excessive use of
phosphatic fertilizers [2], sewage sludge application, dust
from smelters, industrial waste, and bad watering practices in agricultural lands [3-5]. Increasing Cd concentration
in soil has posed a serious issue to the sustainable agriculture and human health worldwide [6]. Based on its solubility, Cd is one of the most toxic and mobile heavy metals present in the contaminated crop environment and has
been 7th-ranked among the top 20 toxins [7] because
* Corresponding author

it remains in the environment due to its long biological
half-life [8]. It is easily taken up by plants and accumulated to high levels in the aerial organs [9], thereby causing
potential damage. Cadmium preferentially accumulates in
the chloroplasts and disrupts chloroplast function by damaging its membrane, inhibiting the activities of the biosynthesis
of chlorophyll and CO2 fixation [10], or the aggregation of
pigment protein complexes of the photosystems [11].
Various physiological processes may be altered, including
growth retardation [12-14], and plant-water relations [15].
Cd-induced generation of superoxide (O2-) anions, hydroxyl
(OH-) radicals and H2O2 cause considerable membrane
damages. It induces the peroxidation of polyunsaturated
fatty acids [16], and also alters the activity of antioxidative
enzymes [14, 17]. Cd, directly or indirectly, interferes with
the nutrient uptake in plants [18].
Salicylic acid (SA), an endogenous plant growth regulator, acts as a signaling molecule, and is involved in the
expression of specific responses in plants to biotic and
abiotic stresses. SA is involved in the protection of plants
against multiple stresses like freezing, salinity, ozone and
ultra-violet radiation, water stress [19], and herbicides [20].
There are many reports which show that SA can ameliorate
the injurious effects of heavy metals on plants [19]. Furthermore, plants when exposed to abiotic stress respond
by accumulating a wide array of metabolites, particularly
amino acids like proline. At the time of stress, proline acts
as a protein-compatible hydrotrope [21], alleviating cytoplasmic acidosis by maintaining appropriate NADP+/
NADPH ratios compatible with metabolism [22]. Proline,
a multifunctional amino acid, besides acting as an excellent
osmolyte, is also known for stabilizing sub-cellular structures, such as proteins and cell membranes, scavenging
free radicals, balancing cellular homeostasis and signaling
events, and buffering redox potential under stress conditions [23]. Owing to considerable evidence of the adverse
effects of Cd on normal plant development and, simultaneously, the protective roles played by proline and SA at
the time of stress, it was hypothesized that the exogenous
application of proline (20 mM) in combination with SA
(10-5 M) can mitigate the injurious effects of Cd in chickpea, and enhance the physio-morphological and yield
characteristics of the plant. Thus, the primary objective of
this work was to examine whether or not cumulative ef-
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fect of the exogenous application of 20 mM proline and
10-5 M of SA could alleviate the damaging effects of
stress in the leguminous crop chickpea exposed to varying
doses of Cd.

2. MATERIALS AND METHODS
Certified seeds of Cicer arietinum L. cv. `Avarodhi`
were purchased from the Chola Beej Bhandar store, Aligarh, India. The seeds were surface-sterilized with 0.01%
mercuric chloride solution, followed by inoculation with
Rhizobium, and were sown in five sets of earthen pots
(10 inch diameter) filled with sandy loam soil and farmyard
manure (6:1) arranged under a simple randomized block
design. At the start of the experiment, out of these five
sets of prepared pots, four sets were supplemented with
different doses (0, 25, 50 or 100 mg per kg of soil) of Cd
in the form of CdCl2, respectively, and one set of pots was
left untreated serving as control. At the stage of 29 DAS,
the foliage of the resulting plants was sprayed with 20 mM
proline, except the control set, which received DDW instead of proline, and at 30 DAS, the plants were sprayed
with 10-5 M of SA, except the control set, which received
DDW instead of SA. The concentrations of proline and
SA were selected on the basis of our previous work [24].
The plant samples were collected at 60 and 90 DAS to
assess various parameters. All the parameters studied
followed a similar trend at both the sampling stages; however, the magnitude of the data for these parameters was
higher at 90 DAS and, therefore, the data at this stage are
shown in the present study.
2.1 Plant growth analysis

The plants were uprooted and washed under running
tap water. These plants were dried in an oven run at 80oC
for 72h and then weighed to obtain their dry mass.
2.2 Nodulation

The nodules from each plant were picked and counted
to note the number of nodules per plant. The nodules were
then transferred to petri dishes for overnight drying in an
oven run at 800C and then weighed to obtain dry mass of
nodules per plant.
2.3 Leghemoglobin content

The leghemoglobin was extracted in 0.1M sodium
phosphate buffer (pH 7.4). Three ml of pyridine reagent
(4.2 M pyridine in 0.2 M NaOH) was added to this extract
and leghemoglobin content was estimated following the
method described by Sadasivam and Manickam [25].

2.5 Assay of the enzymes of nitrogen metabolism

The nitrogenase (E.C 1.18.6.1) activity was assayed
by adopting the procedure of Hardy et al. [28]. Nodulated
roots were cut and shaken slowly to remove the adhering
soil particles. Samples were assayed in 30 ml glass tubes,
sealed with a subseal to allow it to be pierced by hypodermic needle. 10 % (v/v) of air was withdrawn from the
sample container and replaced by an equal volume of
acetylene gas. After 1 hour of incubation at room temperature, 0.5 ml of gas was injected into a gas chromatograph
(Nucon Series 5250, New Delhi), equipped with a flame
ionization detector to quantify the ethylene produced. The
result was expressed in terms of nano moles of ethylene
formed/g (nodule fresh mass)/hour.
Extracts for determination of glutamate dehydrogenase
or GDH (E.C 1.4.1.3) and glutamate synthase or GOGAT
(E.C 1.4.7.1) activities were prepared from nodules homogenized in 3 ml of extraction buffer containing 0.05 M
Tris HCl (pH 7.5), 0.4 M sucrose and 0.01 M β-mercaptoethanol. Homogenates were centrifuged at 10,000 × g for
20 min and the supernatant was used for assays, according
to the method described by Thimmaiah [29]. One ml of
the extract was added to the reaction mixtures consisting
of 0.1M Tris-HCl buffer (pH 7.5), 0.33M 2-oxoglutarate
(pH 6.0), 1 mM NADH and 3M NH 4Cl or 0.3M Lglutamine for GDH and GOGAT, respectively. The decrease in absorbance due to oxidation of NADH in the
reaction medium was read at 340 nm on a UV spectrophotometer (Elico, India). One unit of GDH or GOGAT oxidizes 1 µM of NADH per min under assay conditions.
Glutamine synthetase or GS (E.C 6.3.1.2) from the nodules
was extracted by grinding them in an extraction medium
containing 0.1 M potassium phosphate buffer (pH 7.8),
0.4 M sucrose, 10 mM dithiothreitol, 10 mM KCl, 1 mM
MgCl2 and 10 mM EDTA. The homogenate was centrifuged at 10,000 × g for 20 min and the supernatant was
used for the enzyme assay, according to the method of
Thimmaiah [29]. The enzyme extract (50 ml) was added to
a reaction mixture containing 50 mM Tris-maleate buffer
(pH 7.5), 67 mM hydroxylamine, 80 mM L-glutamine,
8 mM ATP and 4 mM EDTA. The absorbance was read
at 540 nm on a spectrophotometer and was compared with
a calibration curve plotted by using pure γ-glutamylhydroxamate.
The activity of nitrate reductase or NR (E.C. 1.6.6.1)
was measured following the method laid down by Jaworski
[30]. A mixture of fresh leaf samples, phosphate buffer (pH
7.5), KNO3 and isopropanol was incubated at 300C for
two hours. Sulphanilamide and N-1-napthyl ethylenediamine hydrochlorides solutions were added to the incubated mixture. The absorbance was read at 540 nm on a
spectrophotometer.

2.4 Carbohydrate content

The carbohydrate was extracted from the dried nodule powder, following the method of Yih and Clark [26]
and its content was estimated by adopting the procedure
of Dubois et al. [27].

2.6 Nitrogen content and nitrate content

The leaf nitrogen content was estimated by employing the method of Lindner [31] and the nitrate content in
roots was estimated following the method of Singh [32].
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2.7 Carbonic anhydrase (E.C. 4.2.1.1) activity

The carbonic anhydrase (CA) activity in the leaves
was measured by the method described by Dwivedi and
Randhawa [33]. The leaf samples were cut in small pieces
in cysteine dihydro-chloride solution. These leaf samples
were blotted and poured in a test tube, followed by addition of sodium phosphate buffer (pH 6.8), 0.2M NaHCO3,
bromothymol blue and the methyl red indicator. This
reaction mixture was titrated against HCl and activity of
the enzyme was expressed on fresh mass basis.
2.8 Photosynthetic measurements

The stomatal conductance (gs) and net photosynthetic
rate (PN) in intact leaves was measured by LI-6400 portable photosynthesis system (LI-COR Lincoln, NE, USA),
between 11:00 and 12:00 h.

started by switching on the light which was allowed to run
for 10 min. The reaction was stopped by switching off the
light. A measure of 50% inhibition by light was considered as one enzyme unit.
2.10 Proline content in leaves

The proline content in fresh leaves was estimated following the procedure used by Bates et al. [36].
2.11 Yield Characteristics

At harvest (160 DAS), three plants from each treatment were randomly sampled and counted for the number
of pods per plant. The pods from five plants, representing
each treatment, were crushed, cleaned to assess the seed
weight per plant and 100 seed mass.
2.12 Seed protein content

2.9 Assay of antioxidative enzymes

For the assay of antioxidative enzymes, leaf tissue
(0.5 g) was homogenized in 50 mM sodium phosphate
buffer (pH 7.0) containing 1% polyvinylpyrolidine. The
homogenate was centrifuged at 15,000 rpm for 10 min at
4 oC and the supernatant was used as the source of catalase (E.C. 1.11.1.6), peroxidase (E.C. 1.11.1.7) and superoxide dismutase (E.C. 1.15.1.1).
Peroxidase and catalase were assayed following the
procedure described earlier [34]. Catalase was estimated
by titrating the reaction mixture, consisting of phosphate
buffer (pH 6.8), 0.1 M H2O2, enzyme extract and 2% H2SO4,
against 0.1 N potassium permanganate solution. The reaction mixture for peroxidase consisted of pyrogallol phosphate buffer (pH 6.8), 1% H 2O 2 and enzyme extract.
Change in absorbance due to catalytic conversion of pyrogallol to purpurogallin was noted at an interval of 20
sec for two min, at 420 nm on a spectrophotometer. A
control set was prepared by using DDW instead of enzyme extract.
The activity of superoxide dismutase was assayed by
measuring its ability to inhibit the photochemical reduction of nitroblue tetrazolium following the method of
Beauchamp and Fridovich [35]. The reaction mixture,
containing 50 mM phosphate buffer (pH 7.8), 13 mM
methionine, 75 mM nitroblue tetrazolium, 2 mM riboflavin, 0.1 mM EDTA and 0-50 mL enzyme extract, was
placed under a 15W fluorescent lamp. The reaction was

The total protein content in the dry seeds, at harvest,
was estimated by adopting the method of Lowry et al. [37].
2.13 Statistical analysis

Each observation was replicated three times. The treatment means were compared by analysis of variance using
SPSS software version 10 (SPSS, Chicago, IL, USA). Least
significant difference (LSD) was calculated at 5% level of
probability. Standard error (±) due to replicates was also
calculated.

3. RESULTS
3.1 Dry mass per plant, nodule number and nodule dry mass

The exogenous foliar spray of proline (20 mM) and
SA (10-5 M) resulted in a significant increase of 59.5%
(dry mass), 77.5% (nodule number) and 75.6% (nodule
dry mass) over that of the control in unstressed plants.
Further, the proline and SA treatment increased significantly the values of dry mass per plant, nodule number
and nodule dry mass by 40.5%, 42.9% and 37.8% in 25 mg
Cd fed plants, and 18.9%, 22.4% and 17.8% compared
to control, in the plants grown on soil supplemented with
50 mg Cd per kg of soil. But in 100 mg Cd fed plants, the
value of these parameters was found to be statistically at
par with that of the control (Table 1).

TABLE 1 - Cumulative effect of proline (20 mM) and SA (10-5 M) on the Cd (0, 25, 50 or 100 mg per kg soil) induced changes in dry mass per
plant (g), nodule number, nodule dry mass (mg), nodule leghemoglobin content [m mol (g F.M)-1] and carbohydrate content (%) in Cicer
arietinum at 90 DAS. Data are the means of three independent replicates (± SE).
Treatments
Control
Cd (0) + Proline + SA
Cd (25) + Proline + SA
Cd (50) + Proline + SA
Cd (100) + Proline + SA
LSD @ 0.05

Dry mass
per plant
3.7±0.11
5.9±0.15
5.2±0.11
4.4±0.15
3.3±0.1
0.5

Nodule number
per plant
49±1.0
87±1.7
70±1.1
60±1.5
58±2.0
6.0
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Nodule
dry mass
45±1.7
79±2.1
62±2.6
53±1.7
42±1.0
4.2

Leghemoglobin
content
40±2.1
63±1.5
55±1.1
46±1.5
39±1.0
3.2

Carbohydrate
content
16.6±0.5
21.5±0.6
19.5±0.7
18.6±0.6
17.3±0.5
0.80
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3.2 Leghemoglobin content in nodules

3.3 Carbohydrate content in nodules

The application of proline and SA to the foliage cumulatively resulted in a significant increase of 57.5% (unstressed plants); 37.5% (25 mg Cd fed plants) and 15.0%
(50 mg Cd fed plants) in leghemoglobin content compared
to their respective controls (Table 1). Further, the leghemoglobin content in the nodules of plants fed with Cd at
the rate of 100 mg per kg of soil was found to be statistically equal to that of the control under the combined effect of proline and SA.

The carbohydrate content in nodules (Table 1) also followed the same pattern as was observed in case of dry mass
per plant and nodulation. The foliar application of proline
and SA resulted in a significant increase of 29.5%; 17.5%
and 12.0% in nodule carbohydrate content of unstressed
plants, those fed with Cd supplemented at the rate of 25 mg
per kg of soil and in those fed with Cd at the rate of 50 mg
per kg of soil, respectively, compared to the control. The
treatment however, brought the values of carbohydrate
content statistically equal to that of control (Table 1).
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FIGURE 1 - Effect of proline (20 mM) and SA (10-5 M) on the Cd (0, 25, 50 or 100 mg per kg of soil) induced changes in nitrogenase activity
(a), glutamine synthetase (GS) activity (b), glutamate synthase (GOGAT) activity (c) glutamate dehydrogenase (GDH) activity (d), Nitrate
reductase (NR) activity (e) and nitrate content (f) in Cicer arietinum. Data are the mean of three independent replicates. Vertical bars represent standard error (±). “Pro” represents Proline and SA represents salicylic acid.
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3.4 Nitrogenase activity in nodules

3.8 Leaf nitrogen content

The activity of enzyme nitrogenase, recorded at
90 DAS (days after sowing), was found to be significantly
higher by 18.0, 15.6% and 5.0% in unstressed plants and
in those fed with Cd at the rate of 25 or 50 mg per kg of
soil, respectively, over control when proline and SA was
sprayed exogenously to the foliage (Fig. 1a). Further,
the foliar spray of proline and SA to the plants initially
fed with Cd at the rate of 100 mg per kg of soil elevated
the nitrogenase activity to a level that was statistically
equal to that of control.

The exogenous application of proline and SA increased significantly the leaf nitrogen content of unstressed plants by 37.4% over control, but was found to
be statistically equal with the nitrogen content of plants
exposed to Cd at the rate of 25 mg per kg of soil (Figure
2a). Further, the spray of proline and SA to the foliage of
plants fed with Cd at the rate of 50 mg per kg of soil increased the nitrogen content by 4.8% over control, whereas,
the plants received 100 mg Cd per kg of soil and also
sprayed with proline and SA was found to be statistically
equal to that of the control (Figure 2a).

3.5 GS, GOGAT and GDH activities in nodules

The activities of GS, GOGAT and GDH (Figs. 1b-d)
also followed the same pattern as was observed in nitrogenase. Spraying of unstressed plants with proline and SA
resulted in a significant increase of 40.0% (GS activity),
57.7% (GOGAT activity) and 73.5% (GDH activity), respectively, over that of the control. The exogenous application of proline and SA to the foliage of plants earlier
fed with Cd at the rate of 25 mg per kg of soil resulted in
significantly higher activity of these enzymes, with regard
to control. Further, spraying of the foliage of plants (fed
with Cd at the rate of 50 mg per kg of soil) with proline
and SA elevated significantly the activity of GS, GOGAT
and GDH by 20.1%; 21.9% and 20.0%, respectively,
compared to the untreated control, whereas the activity of
these enzymes in plants supplemented with Cd at the rate
of 100 mg per kg of soil and sprayed with proline and SA
was found to be statistically equal to that of the control
(Figs. 1b-d).
3.6 Nitrate reductase (NR) activity in leaves

Like other enzyme activities, the NR activity in unstressed plants sprayed with proline and SA, was found to
be maximum (Fig. 1e). When compared with control, the
activity of this enzyme was found to be 29.2% higher but
statistically equal to that in the leaves of plants fed with
Cd at the rate of 25 mg per kg of soil. A significant increase of 11.3% was recorded in the plants treated with
proline and SA, and grown in earthen pots supplemented
with Cd at the rate of 50 mg per kg of soil. However, the
NR activity in the plants fed with 100 mg Cd per kg of soil,
and thereafter sprayed with proline and SA, followed the
same pattern as was observed in other enzymes (Fig. 1e).
3.7 Nitrate content in roots

The foliar application of proline and SA significantly
increased the nitrate content of roots by 29.9% (in unstressed plants) and 9.4% (in plants earlier fed with Cd at
the rate of 50 mg per kg of soil) over that of the control
(Fig. 1f). Further, the nitrate content in 25 mg Cd-fed
plants sprayed with proline and SA was also found to be
significantly higher compared to control whereas in 100
mg Cd-fed plants, sprayed with proline and SA, the nitrate content was found to be statistically equal to that of
the control.

3.9 Carbonic anhydrase (CA) activity in leaves

The CA activity was maximum in the unstressed
plants sprayed with proline and SA and differed significantly from that of control (Figure 2b). The enzyme’s
activity in the proline and SA treated plants exposed to Cd
supplied at the rate of 25 mg per kg soil was found to be
statistically equal to that of proline/SA-treated unstressed
plants. The foliar spray of proline and SA resulted in a
significant increase of 19.0% in the plants supplemented
with Cd at the rate of 50 mg per kg of soil, over control,
whereas the activity in 100 mg Cd fed plants was found to
be statistically equal to control (Fig. 2b).
3.10 Photosynthetic parameters

The stomatal conductance (gs) after proline (20 mM)
and SA (10-5 M) application increased significantly by
46.6% (unstressed plants), 41% (25 mg Cd fed plants),
and 12.8% (50 mg Cd fed plants) over their respective
control. Further, the net photosynthetic rate (PN) increased
significantly when proline and SA was applied exogenously showing 40% (unstressed plants), 27% (25 mg Cd
fed plants) and 13% (50 mg Cd fed plants) increase over
control, whereas gs and PN in plants fed with Cd at the
rate of 100 mg per kg of soil and also receiving foliar
spray of proline and SA generated the values for these
parameters that did not differ significantly from that of
control (Figs. 2c-d).
3.11 Antioxidative enzyme activities

The application of proline and SA to the foliage of unstressed plants resulted in a significant increase of 20.9%
(CAT), 51.5% (POX) and 34.6% (SOD) activity over
control (Figs. 3a-c). However, unlike other parameters,
the activity of these enzymes exhibited a sharp increase in
Cd-stressed plants sprayed with proline and SA, and this
increase was proportional with the concentration of the
metal and maximum in the plants receiving 100 mg Cd,
showing a significant increase of 49.2% (CAT), 120.9%
(POX) and 81.5% (SOD) over their respective controls.
3.12 Proline content in leaves

Foliar application of proline and SA to the unstressed
plants resulted in a significant increase of 50% in endogenous proline level, over control (Fig. 3d) but was found to

334

© by PSP Volume 23 – No 2. 2014

Fresenius Environmental Bulletin

6

CA activity [mol (CO2) Kg-1 leaf (F.M)]

5
(a)

4
3
2
1

4
3
2
1

0
12

(c)

(d)

0.5

)+
Pr
o+
SA
(1
00
)+
Pr
o+
SA
Cd

(5
0
Cd

nt
Co

Cd

Cd

(1
0

0)
+P
r

)+
Pr
(5
0

)+
Pr
Cd

Cd

(2
5

ro
l

(0
)+
Pr

Co

Cd

o+
SA

0

o+
SA

0.0

o+
SA

2

o+
SA

0.1

)+
Pr
o+
SA

4

o+
SA

0.2

6

(2
5

0.3

8

Cd

0.4

ro
l

Net photosynthetic rate
(m mol CO2 m-2sec-1)

10

nt

Stomatal conductance (mol m-2 sec-1)

0
0.6

(b)

(0
)+
Pr

Nitrogen content (%)

5

FIGURE 2 - Effect of proline (20 mM) and SA (10-5 M) on the Cd (0, 25, 50 or 100 mg per kg of soil) induced changes in nitrogen content (a),
carbonic anhydrase (CA) activity (b), stomatal conductance (gs) (c) and net photosynthetic rate (d) in Cicer arietinum. Data are the mean of
three independent replicates. Vertical bars represent standard error (±). “Pro” represents Proline and SA represents salicylic acid.

35

(a)

(b)

600

POX activity [units (g FM)-1]

500
400
300
200
100

30
25
20
15
10
5
0

0
300

25
(d)

100

5

l
Co

nt
ro

o+
SA

Cd

(1
00
)+
Pr

o+
SA

10

0

Cd

(5
0)
+P
r

o+
SA
Cd

(2
5)
+P
r

(0
)+
Pr

Cd

Co

nt
ro

l

0

o+
SA

50

15

o+
SA
(2
5)
+P
ro
+S
Cd
A
(5
0)
+P
ro
Cd
+S
(1
A
00
)+
Pr
o+
SA

150

20

Cd

Proline content [mg (g FM) ]

-1

200

Cd

-1

SOD activity [units g (FM)]

(c)
250

(0
)+
Pr

CAT activity
[µ mol H2O2 decomposed (g FM)-1]

700

FIGURE 3 - Effect of proline (20 mM) and SA (10-5 M) on the Cd (0, 25, 50 or 100 mg per kg of soil) induced changes in catalase (CAT)
activity (a), peroxidase (POX) activity (b), superoxide dismutase (SOD) activity (c) and proline content (d) in Cicer arietinum. Data are the
mean of three independent replicates. Vertical bars represent standard error (±). “Pro” represents Proline and SA represents salicylic acid.

335

© by PSP Volume 23 – No 2. 2014

Fresenius Environmental Bulletin

TABLE 2 - Cumulative effect of proline (20 mM) and SA (10-5 M) on the Cd (0, 25, 50 or 100 mg per kg soil) induced changes in yield at
harvest in Cicer arietinum. Data are the mean of three independent replicates.
Treatments

Number of pods plant-1

Control
Cd (0) + Proline + SA
Cd (25) + Proline + SA
Cd (50) + Proline + SA
Cd (100) + Proline + SA
LSD @ 0.05

22.50
37.80
36.50
29.33
24.75
1.5

Seed yield
(g Plant-1)
6.30
15.52
14.68
8.76
6.59
0.6

be statistically equivalent with that in the leaves of the
plants sprayed exogenously with proline and SA, and also
receiving 25 mg Cd per kg through the soil. The Cd fed
plants sprayed exogenously with proline and SA accumulated significantly higher contents of proline compared to
control, and this accumulation was proportional with the
increasing concentration of the metal in soil, where maximum response was generated in the plants exposed to a
Cd level (100 mg per kg of soil) which showed 105%
higher proline content compared to control
3.13 Yield characteristics

The foliar application of proline and SA enhanced
the yield quality of both stressed and non-stressed plants
(Table 2). Application of proline and SA to the foliage of
unstressed plants resulted in a significant increase of 68.0%
(number of pods per plant); 146.3% (seed yield per plant);
59.0% (100 seed mass) and 21.3% (seed protein content)
over control. The foliar treatment of 25 mg Cd fed plants
with proline and SA revealed the yield characteristics that
were almost comparable with that of unstressed plants
sprayed with proline and SA. In 50 mg Cd fed plants, the
spray resulted in a significant enhancement of 30.4%,
39.0%, 30.0% and 11.5% in the above-mentioned yield
attributes. However, the spray of proline and SA to the
foliage of 100 mg Cd fed plants generated a response that
did not differ significantly from that of control.
4. DISCUSSION
Plants are sessile organisms; therefore, they cannot
avoid adverse environmental conditions and are forced to
face the stress that prevents them from reaching their full
genetic potential, and limit crop productivity worldwide.
Soil contamination with heavy metals has become a
worldwide problem leading to losses in agricultural yield
and hazardous health effects as they enter the food-chain.
Among heavy metals, Cd is a ubiquitous environmental
pollutant and a non-essential highly toxic metal for plants.
It significantly damages general plant metabolism and
induces oxidative stress. The increasing concentration of
Cd in soil is, therefore, a menace for agricultural crops
that hampers their growth, physiology and yield.
In the present study cumulative effect of the exogenous application of 20 mM proline and 10-5 M of SA

100 seed mass (g)

Seed protein content (%)

20.00
31.80
28.33
26.00
21.80
2.2

17.95
21.78
21.45
19.33
17.50
1.5

resulted in an improved growth of plants exposed to varying doses of Cd, expressed in terms of increased dry matter accumulation (Table 1). In view of some earlier reports,
it is suggested that application of the lower concentration of
proline increases the endogenous proline content under the
heavy metal stress conditions which not only protects
enzymes [38], 3-D structure of proteins [39], organelle
and cell membranes by reducing the lipid peroxidation
[40], but also supplies energy for growth and survival,
thereby helping the plant to tolerate stress [23, 41] and
enhancing growth characteristics (Table 1). Spraying of
Cd fed plants with lower concentration (10-5 M) of SA
also results in enhanced growth characteristics which may
be due to the fact that SA acts at the level of transcription
and/or translation, thereby increasing the activity of various enzymes necessary for growth of plants [19, 42, 43].
The enhanced growth under cumulative effect of proline
and SA might be due to their fine regulation at different
points of plant machinery. This cumulative effect of proline
and SA in enhancing growth of plants is further supported
by the findings of Hussain et al. [44] who observed that SA
in combination with glycine betaine (another osmolyte exhibiting a similar role as that of proline) also showed pronounced growth.
Cd brings about the closure of stomata by decreasing
the partial pressure of CO2 in the stroma [45], which becomes a direct cause of reducing the photosynthetic attributes. Chlorophyll occupies the central part of the energy
manifestation of every green plant system and, therefore,
any significant alteration in its level is likely to cause a
marked effect on the entire metabolism of the plant. Cadmium is known to enhance the activity of enzyme chlorophyllase that brings about the degradation of chlorophyll
[46], and also declines the synthesis of δ-amino-levulinic
acid and protochlorophyllide reductase complex [47, 48]
leading to decreased pigment concentration [49], ultimately
decreasing the net photosynthetic rate [14, 50]. Carbonic
anhydrase (CA) is the second most abundant soluble zinccontaining enzyme [51] in chloroplasts of C3 plants, after
Rubisco [52]. CA facilitates the diffusion of CO2 across the
chloroplast membrane by catalyzing the hydration of
dissolved CO2 as it enters the most alkaline environment
of stroma [53], where CA catalyzes the reversible hydration of CO2 and maintains a constant supply of Rubisco.
Otherwise, the rate of CO2 generation from its reduced
form HCO3- will be relatively very slow that will natural-
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ly restrict the activity of Rubisco at the ambient concentration of CO2. The activity of this enzyme is largely
determined by photon flux density, concentration of CO2,
the availability of Zn [54], and the genetic expression
[55]. The stress generated by Cd decreases the partial
pressure of CO2 in the stroma by inducing the stomatal
closure [45] resulting in the loss of CA activity. However, the follow-up treatment of Cd-stressed plants with
lower concentration of proline (20 mM) and SA (10-5 M)
in combination resulted in enhanced CA activity, and
thereby PN. Proline is a well-known osmoprotectant which
protects the plants against stress by stabilizing the complex
II electron transport [56], membranes and 3-D structure
of proteins [57], and enzymes such as Rubisco and CA
[58], thereby increasing photosynthetic attributes. Spraying of Cd treated plants with 10-5 M of SA also result in
an increased activity of CA [14] which might be due to the
fact that SA is involved in the transcription and/or translation that may generate a significant impact on the activity
of CA. Exogenous SA is also known to increase pigment
concentration [43], activate Rubisco (ribulose-1,5-bisphosphate carboxylase oxygenase) and PEP carboxylase
[59]. The improvement of all these characteristics ultimately increases PN. The application of proline (20 mM)
and SA (10-5 M) in combination to the Cd stressed plants
might have imparted additive effects on CA and photosynthetic attributes (Figs. 2b-d).
The foliage of the plants exposed to Cd-stress exhibited a decline in the activity of NR which may be an inhibition and/or metabolic dysfunction of the enzyme protein
[19, 60]. Moreover, the metal also has a negative impact
on the activity of plasma membrane-bound ATP proton
pump [61] and the fluidity of membranes [62], thereby
restricting the uptake of nitrate, an inducer of NR [63];
therefore, it is obvious to decrease the nitrate content in
roots and, consequently, the activity of NR. As discussed
earlier, both proline and SA prevent auxin degradation
under stress; therefore, both enhance the activity of NR
which is promoted by auxins [64, 65] and this activity is
naturally expected to be much higher under the cumulative effect of proline and SA (Fig. 1e). Further, both proline
and SA elevate the endogenous proline level that provides a
high degree of tolerance to plants; a very good question
arises that if both SA and proline increase the endogenous proline level, why is their cumulative effect not
resulting in elevation of endogenous proline level to the
toxic level? A probable explanation for this question
comes from the studies of Hare and Cress [22], and
Hare et al. [66] who reported that proline level increases
to overcome stress, and when the stress is over, the breakdown of proline provides sufficient reducing agents to
support mitochondrial oxidative phosphorylation and
generation of ATP that supports the plant in rapid recovering of stress. In response to increased photosynthesis,
NR activity enhanced growth is likely to occur in response to exogenous proline and SA applied in combination, which resulted in the increased dry matter accumulation (Table 1).

Cadmium is known to decrease nodulation [67] by
affecting the establishment of symbiosis between host and
Rhizobium, thereby decreasing nodulation and ultimately
reducing the activity of enzyme nitrogenase and, consequently, total nitrogen content. Cd stress is also known to
induce nodule senescence [68], thereby decreasing the
nodulation and leghemoglobin content which protects the
O2 labile enzyme nitrogenase, thereby decreasing its activity as well. The leghemoglobin breakdown might be a
result of increased generation of ROS which is a characteristic feature of Cd toxicity [68]. The increasing concentration of Cd in soil inhibits the activity of the enzymes of nitrogen assimilation, GS, GOGAT and GDH,
either by interfering the transcription and/or translation
[69], or through the increased generation of ROS [14].
However, the follow-up treatment with proline and SA
(Figs. 1b-d) resulted in enhanced activity of these enzymes which may be due to the ROS scavenging potentials of proline [70] and SA [19], through enhancing the
activity of antioxidative enzymes i.e CAT, POX and SOD,
and the endogenous level of proline (Figs. 3a-d). These
results are further supported by previous findings where
exogenous proline [71] and SA [19, 43] elevated the free
proline content, and the activity of the antioxidative enzymes (CAT, POX and SOD) by acting at the level of
transcription and/or translation, thereby preventing the
oxidative damage to plants, in general, and nodules, in
particular, and increasing the nodule number and their
dry mass along with increase in leghemoglobin content
(Table 1) in the Cd-stressed plants. All these modifications
under the combined influence of exogenous proline and SA
will obviously result in increased nitrogenase activity
(Fig. 1a). As discussed earlier, both proline [23] and SA
[19, 72] are responsible for increasing the photosynthetic
efficiency of plants by increasing stomatal conductance
and enhancing the CA activity, resulting in increased production of photosynthates (chemical products of photosynthesis, herein carbohydrates). These carbohydrates are
translocated in bulk to the nodules for the use of rapidly
metabolizing bacteria which is consistent with the increased carbohydrate content in nodules. Such a bulk
translocation of carbohydrates to nodules due to increased
photosynthesis was also observed by Hayat et al. [65].
These reports are in conformity with the present results
where cumulative effect of 20 mM proline and 10-5 M of
SA resulted in a significant increase of carbohydrate content in nodules of the plants exposed to stress (Table 1).
The enhanced photosynthesis, efficient nitrogen fixation and assimilation will definitely increase the growth
characteristics (Table 1) under the cumulative influence of
proline and SA. This increased growth under the influence
of exogenous proline and SA is likely to increase the yield
characteristics (Table 2). The plausible reason for increasing the crop yield might be due to delayed senescence of
plant organs (particularly leaves and flowers) in response to
exogenous proline [68] and SA [73] that will automatically help the plant in extending the duration of photosynthetically active sites, and also prevent the premature loss of
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flowers and fruits. This, consequently, resulted in the observed increase in the number of pods per plant (Table 2). It
gets additional support from the observations of Marschner
[74] that phytohormones increase the degree of sink at the
level of seeds, directing the flow of metabolites to the developing seeds and, consequently, to an improvement in the
seed mass and seed yield per plant at harvest (Table 2).

[5]

Passariello, B., Giuliano, V., Quaresima, S., Barbaro, M.,
Caroli, S., Forte, G., Carelli, G. and Iavicoli, I. (2002). Evaluation of the environmental contamination at an abandoned
mining site. Microchemical Journal 73, 245-250.

[6]

Arthur, E., Crews, H. and Morgan, C. (2000). Optimizing
plant genetic strategies for minimizing environmental contamination in the food chain. International Journal of Phytoremediation 2, 1-21.

[7]

Yang, Y., Qi, M. and Mei, C. (2004). Endogenous salicylic
acid protects rice plants from oxidative damage caused by aging as well as biotic and abiotic stress. The Plant Journal 40,
909-919.

[8]

Chien, H.-F., Lin, C.C., Wang, J.-W., Chen, C.T. and Kao,
C.H. (2002). Changes in ammonium ion content and glutamine synthetase activity in rice leaves caused by excess cadmium are a consequence of oxidative damage. Plant Growth
Regulation 36, 41-47.

[9]

Kabata-Pendias, A. and Pendias, H. (2001). Trace elements in
soils and plants. CRC PressI Llc, USA.

5. CONCLUSION
It may be concluded from the present investigation
that the exogenous application of 20 mM proline in combination with 10-5 M of salicylic acid to the foliage of the
Cd-stressed plants plays a crucial role in stress mitigation
induced due to Cd-exposure. The exogenous application
of proline and SA to the Cd-stressed plants, and an additive effect in increasing the growth, photosynthesis, nitrogen fixation and its assimilation in the chickpea plants
exposed to varying doses of Cd. The activity of antioxidative enzymes (CAT, POX and SOD) and endogenous
proline level in Cd-stressed plants was synergized by the
exogenous proline (20 mM) application in combination
with exogenous SA (10-5 M) which increased proportionately with the increasing concentration of the metal in
soil. The proline and SA treatment also increased the
yield at harvest in the Cd-stressed plants. Thus, the exogenous application of 20 mM proline in combination with
SA (10-5 M) may prove to be an excellent tool in alleviating completely the stress generated by Cd exposure,
thereby improving the growth physiology and yield at
harvest in the plants exposed to Cd stress.
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ABSTRACT
This study aimed to determine the most suitable method
for modelling and mapping monthly precipitation using a
geographical information system (GIS) in northern Turkey. Models were constructed using Inverse Distance
Weighting (IDW), Spline, Simple Kriging, Cokriging and
Linear Regression and were comparatively analyzed for
effectiveness in interpolating precipitation data. Data was
divided into 2 groups, with 55 stations used for analysis
and 14 stations used for validation. Correlation coefficients
for estimated and measured mean monthly precipitation
varied between 0.69-0.98. Correlation coefficients for all
months were found to be statistically significant (p<0.01).
The method producing the best results varied by month,
as follows: Spline: January-April, October; IDW: June,
December (and annual results); Kriging: July-September,
November; Linear regression: May. With the exception of
linear regression, the differences between methods were
statistically insignificant, indicating that IDW, Spline and
Kriging (simple and cokriging) can all be used successfully in the preparation of monthly total precipitation maps
in the study area.
KEY WORDS: Precipitation; IDW; Spline; Simple Kriging;
Cokriging; Linear Regression Model

1. INTRODUCTION
Numerous external factors such as vegetation, water
surface and altitude have an influence on climate parameters, which may exhibit significant variation over very short
intervals, especially in areas of complex topography. Especially in topographically complex regions, a dense network
of meteorological stations is required for the accurate estimation of meteorological data. Without a sufficient number of observation stations to produce climate data, interpolation methods gain in importance. Data interpolation
* Corresponding author

plays a significant role in environmental management and
research. Environmental managers usually require data
across a region in order to confidently make effective decisions, and scientists need accurate data to make justifiable
interpretations. However, sufficient data may not be readily available and may often be difficult and expensive to
acquire, especially for mountainous or deep marine regions.
Environmental data from field surveys collected from point
sources may require supplementation with estimated data
for unsampled points. Through spatial interpolation, values for unsampled sites may be obtained using data from
existing observation points [1-3].
Interpolated data is more useful than data obtained by
the simple averaging of data from sampled points. However, different interpolation methods may produce different
estimates, making it important to identify the most appropriate method in interpolation [4, 5], particularly in mountainous areas where frequent data collection is difficult [6].
Accurate estimation of the spatial distribution of precipitation requires a very dense network of instruments,
which is very expensive in terms of installation as well as
operation. With low-resolution networks (i.e. <1 rain gauge
per 1000 km2), interpolation is necessary to compensate
for the lack of available precipitation data [7].
Various methods have been suggested for determining
the spatial variability of precipitation, with Kriging most
often identified as the most appropriate method [8, 9]. A
study by Attorre et al. [10] conducted in Italy, for example, found Kriging gave more accurate results than both
IDW and artificial neural networks. Moral [11] found
Cokriging and regression analysis gave more exact results
for precipitation when secondary data was taken into consideration, while Spadavecchia and Williams [12] found
none of the interpolation methods examined were capable
of successfully estimating precipitation values. In regions
where significant correlations exist between climate parameters and topographic features, station position and
elevation are usually considered as independent variables
[13-18]. Differences among study findings may be attributed to differences in temporal and spatial resolutions
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of climate data and differences in geographic characteristics among study areas.
The performance of spatial interpolation methods is affected by factors such as sampling density [19, 20], spatial
distribution of sampling [6], sample clustering [21], surface
type [22], data variance [6, 23], data normality [24],
quality of secondary information [25], stratification [22]
and grid size or resolution [25] as well as by the interaction of different factors [21].
This study compared the use of IDW, Spline, Kriging
(simple and cokriging) and linear regression modelling in
the interpolation of monthly precipitation in northern Turkey. In addition, this study attempted to identify topography-related external variables that could account for some
of the observed spatial variability in monthly precipitation
and then use these variables to increase the reliability of
interpolation.
2. MATERIALS AND METHODS

the coast and then gradually decreasing inland. Elevation
in the study area ranges from 2 m to 2990 m, with the
elevation of stations used in this study ranging from 4 m
to 1300 m.
A total of 81 observation stations exist in the study area; however, a number of these stations have been closed
for some time, and in general, the length of time over which
these stations were operational varied, as follows: 2-6 years:
12 stations; 7-10 years: 21 stations; 11-20 years: 27 stations;
21-30 years: 21 stations. After taking into account the size
and current condition of the study area, the need for observed
information at sufficient points and the observation periods used in previous similar studies, a 7-year cut-off point
was determined, and those observation stations with less
than 7 years of measured values were not used in this
study. Accordingly, the study utilized long-term monthly
average precipitation data obtained from 69 stations with
observation periods ranging from 7-30 years.
2.2 Spatial Interpolation Methods

2.1 Study Region and Dataset

The study was conducted in a 62219 km2 area in northern Turkey. The study area and distribution of stations used
in this study are shown in Fig. 1. The majority of the study
area is mountainous, with small patches of plains. Particularly in the southern part of the area, extreme topographic
changes are observable over short distances, beginning at

Spatial interpolation entails the use of mathematical
models to simulate precipitation information at unmeasured points. Among the various models that exist, this
study examined two deterministic methods – Inverse Distance Weighting (IDW) and Spline modelling – and two
stochastic methods – Simple Kriging and Cokriging– as
well as Linear Regression. Interpolation was performed in
line with Gomez and Gomez [26], Isaaks and Srivastava [27]

FIGURE 1 - Map of the study area showing the distribution of meteorological observation stations.
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and Webster and Oliver [28]. In the present study, precipitation values were defined as dependent variables and
longitude (A), latitude (B), elevation (C), slope (D), exposure (E), distance from sea (F), distance from stream (G),
sub-basin elevation (H) and sub-basin slope (I) were defined as independent variables in the regression model.
The function also included the following combinations of
independent variables: A2, B2, A*B, C2, D2, E2, F2, G2,
H2, I2. Similar studies have also used combinations of
these factors in regression models [16]. Independent variables used in the Linear Regression model were determined by stepwise selection [26]. Cokriging takes secondary information into account using a cross-variogram between primary and secondary variables. Cokriging usually
works well when co-variables are strongly correlated with
the primary variable [29]. In this study, elevation was defined as a co-variable. A digital elevation model was used
during the production of independent variables. Data layers
were produced using the spatial analysis modules of the
software program ArcGIS 9.2.
2.3 Results Evaluation Procedure

The use of an independent data set is acknowledged
to be a more rigorous procedure than crossvalidation. For
this reason, the present study used an independent data set
to evaluate the results obtained from the models. Different
studies have utilized different ratios (Wei et al. [8]:
80%/20%; Ninyerola et al. [14]: 60%/40%; Antonic et
al. [15]: 83%/17%; Marquínez et al. [16]: 60%/40%).
In the present study, of the 69 available measuring stations, 80% (n=55) were allocated to the training dataset
and 20% (n=14) to the evaluation dataset.
A number of different techniques may be used to examine the relationship between measured and estimated
values in order to determine the most appropriate method
among those tested. The performance of an inexact method is frequently evaluated using statistics of differences
(absolute and squared) between measured and estimated
values at sampled points [4] such as mean error (ME),
mean absolute error (MAE), mean squared error (MSE)
and root mean squared error (RMSE) [30-32]. This study
used the correlation coefficient between estimated and

observed values to select the most appropriate methods
for analysis. Correlation values were obtained using the
following Equation [26]:
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Where,
r is the correlation coefficient,
Pi is the estimated value at a specific point,
Oi is the value observed at the same point.
Spatial precipitation maps were produced for each
month using the method with the highest correlation coefficient for that month.
3. RESULTS AND DISCUSSION
Primarily, basic statistics of the data is determined.
Normal distribution tests were performed. Total monthly
precipitation values were found to vary greatly (Table 1),
with the lowest precipitation in August (0.60 mm) and the
highest in October (176.80 mm). October was also found
to have the highest standard deviation (37.48 mm). In
spite of this, precipitation values showed a normal distribution for all months, and no data transformation was
required.
Correlation coefficients for observed and interpolated
monthly precipitation values by month and by method are
given in Table 2. Monthly correlation coefficients ranged
between 0.49 and 0.98. The lowest correlation coefficient
was obtained for May with IDW (0.49), whereas the highest correlation coefficient was obtained for August and
September with Kriging (0.98). With the exception of the
month of May, all correlation values were significant at
0.01, and in most cases, monthly correlation coefficients
exceeded 0.85. However, for May, only linear regression
was significant at 0.01, whereas Kriging (simple and cokriging) was significant at 0.05 and IDW and Spline were
insignificant.

TABLE 1 - Descriptive statistics for monthly and annual precipitation data (mm).
Period
Mean
MNV
MXV
SD
VR
SK
KU
January
51.62
14.80
110.00
22.44
503.39
0.96
0.27
February
45.16
19.90
96.30
19.01
361.28
1.12
0.46
March
45.76
18.80
83.90
15.31
234.25
0.82
0.22
April
63.22
29.50
96.30
13.86
192.09
0.20
-0.29
May
67.84
34.00
111.80
16.28
265.09
0.90
0.58
June
52.21
18.60
108.50
17.55
308.01
1.09
1.20
July
25.83
6.10
104.00
20.59
423.82
1.87
3.57
August
21.55
0.60
105.50
24.42
596.45
1.94
3.43
September
29.27
4.70
89.00
23.65
559.44
1.27
0.32
October
59.86
19.40
176.80
37.48
1404.92
1.41
1.21
November
69.37
28.00
153.50
32.32
1044.52
1.05
0.05
December
61.72
30.60
125.50
23.90
571.27
1.18
0.49
Annual
593.41
356.10
1165.60
224.63
50459.68
1.27
0.52
MNV = Minimum value; MXV = Maximum value; SD = Standard deviation; VR=Variance; SK = Coefficient of skewness; KU = Kurtosis
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TABLE 2 - Validation results for monthly precipitation values.

Methods
IDW
Spline
Kriging
Cokriging
Regression

January
0.76**
0.77**
0.77**
0.74**
0.60**

February
0.91**
0.92**
0.92**
0.91**
0.68**

March
0.87**
0.88**
0.87**
0.84**
0.73**

April
0.76**
0.76**
0.73**
0.67**
0.64**

May
0.49
0.53
0.55*
0.54*
0.69**

June
0.81**
0.78**
0.80**
0.73**
0.77**

Months
July
August
0.91** 0.94**
0.92** 0.93**
0.95** 0.98**
0.94** 0.97**
0.79** 0.90**

September
0.98**
0.97**
0.98**
0.98**
0.91**

October
0.92**
0.92**
0.90**
0.91**
0.89**

November
0.91**
0.90**
0.91**
0.91**
0.85**

FIGURE 2 - Monthly precipitation maps produced using the most appropriate methods.
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December
0.87**
0.82**
0.86**
0.86**
0.87**

Annual
0.97**
0.96**
0.97**
0.97**
0.86**
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This study selected the most suitable method for interpolation based on correlation values, with the method
showing the highest correlation value for each month
selected as the most appropriate. Previous studies have
also been able to determine appropriate methods for the
spatial interpolation of monthly precipitation values despite variations in monthly estimates [30, 33]. The most
suitable models for January through April as well as for
October were obtained with Spline modelling, whereas
simple kriging gave the best results for July, August,
September and November, and IDW gave the best results
for June and December as well as for total annual precipitation.

could all be used successfully in the preparation of monthly
total precipitation maps of the study area.
Monthly total precipitation maps were produced using the methods identified as the most appropriate based
on correlation coefficients (Fig. 2). In general, precipitation was higher in coastal areas and decreased with
movement inland, with the highest precipitation values
observed in the Çarşamba plain and in Ordu and the lowest precipitation values observed in the province of
Yozgat.
The coefficients of the independent variables are given in Table 3. The lowest β value (0.43) occurred in
March, and the highest β value (0.76) in September. As
Table 3 shows, distance from the sea played an important
role in precipitation during the period from June to January, whereas distance from streams had an effect on precipitation in April and sub-basin elevation had an effect in
February and May.
With the exception of May and December, linear regression produced correlation values significantly lower
than the other models tested. Although linear regression
had the highest correlation coefficient for May, due to its
complex structure and difficulties in implementation,
which requires numerous independent variables, linear
regression is not recommended for determining the spatial
distribution of precipitation in the study region. However,
it may be useful to conduct additional research that uses
precipitation and distance from the seaside and stream as
independent variables.

Although the method with the highest correlation coefficient was selected as the most appropriate for the
corresponding month, it should be noted that differences
among methods with high correlation coefficients for a
particular month were in all cases statistically insignificant. For example, the Spline method, which was found to
be the most appropriate method for the month of February, had a correlation coefficient of 0.92, whereas IDW
and cokriging had correlation coefficients of 0.91 and
simple kriging had a correlation coefficient of 0.92 for the
same month. Similarly, Kriging, which was selected as
the most appropriate method for September, had a correlation coefficient of 0.98, whereas IDW and cokriging had
correlation coefficients of 0.98 and Spline had a correlation coefficient of 0.97 for that month. Thus, it was determined that IDW, Spline, simple kriging and cokriging

TABLE 3 - Results of linear regression analysis for monthly precipitation data.
Independet
Variables
Constant

Months
January
55.36

February March
-14.16

-52.09

A

April
-24.57

May
-459.18

July
481.19

August

September

October

November December

Annual

64.85

68.86

769.76

69.97

99.21

583.41

-0.0008

-0.0008

-0.0014

-0.0009

-0.0007

-0.006

-0.001
0.0001

A*B

2.57e-11 2.98e-11

C

0.05

F

1.56e-9

-0.0002

G

A

-0.0005

0.0005

H

-0.07
2

0.006
0.029

4.19e-11

6.73e-11

8.57e-10

8.022e-11

2

-1.76e-5

D2

-0.018

2

-0.00054

G

2

3.59e-8

H

2

β

5.32e-10

-3.09e-11

C2

F

54.59

0.0001

B

B

June

-0.024
1.38e-9

2.45e-9

2.28e-9

3.49e-9

3.22e-9

2.319e-9

1.75e-8

0.72

0.65

0.76

0.74

0.67

0.55

0.74

3.55e-5
0.60

0.55

0.43

0.55

0.55

0.44
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4. CONCLUSIONS
This study analysed and compared the use of deterministic methods (IDW, Spline), stochastic methods (Kriging,
Cokriging) and multiple linear regression in the interpolation of monthly precipitation values in northern Turkey.
High correlation coefficients were obtained for each
month for all methods tested. With the exception of May,
results for IDW, Spline and Kriging (simple and cokriging
methods) were significant at a level of 0.01. In most cases,
correlation values were above 0.85 percent, with the highest
correlation coefficient found to be 0.98 (August-September/
Kriging) and the lowest to be 0.69 (May/Linear regression).

it is clear that the number of monitoring stations in Turkey – 750 for the entire country – is insufficient. Accordingly, in addition to conducting diverse studies to determine the most appropriate interpolation methods for various data/regions and identifying spatial distributions of
rainfall as well as other climatic data, expanding the meteorological observation network remains an important
issue in Turkey.

The most suitable models for January through April
as well as for October were obtained with Spline modelling, whereas simple kriging gave the best results for July,
August, September and November, and IDW gave the best
results for June and December as well as for total annual
precipitation. Overall, high correlation coefficients were
obtained for all months and methods, with no statistically
significant differences observed among the different methods tested, with the exception of linear regression. Thus, it
may be concluded that IDW, Spline and Kriging (simple
and cokriging methods) may all be used successfully in the
preparation of monthly total precipitation maps in the study
area. In contrast to earlier studies [11, 34], this study found
linear regression to be less effective than the other methods
tested. Given the complex structure and substantial secondary data requirements of linear regression models, the use
of simpler methods with greater accuracy may be recommended for modelling precipitation in this study area.
Moreover, considering the conspicuous Bull’s eye pattern
obtained with IDW and Spline modelling, the use of
Kriging (simple or cokriging) may be preferable.
The point-based meteorological data used in the present study area are also relied on by many other studies.
In contrast to studies in which measured values are used
without any correction for topographical factors such as
altitude – for example, measured data from Samsun, at an
elevation of 4 m, may be used for estimates at a location
with an altitude of 1000 m – interpolation studies such as
the present one are able to produce detailed, high-resolution
spatial maps and are thus recommended for various meteorological applications.
Official institutions in Turkey generally rely on IDW
to produce weather maps, whereas the literature contains
numerous regional studies conducted in many countries
that rely on different models and interpolation methods. The
literature also includes studies conducted in different regions in which the frequency of observation stations vary,
with the frequency of observation stations tending to be
greater in developed countries than in developing countries. For example, a study by Goovaerts [35] used 36 rainfall monitoring stations to study a 5000 km2 area in Portugal, and Tellez et al. [30], used 446 observation stations to
study a 31895 km2 area in Spain. In light of these figures,
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ABSTRACT
A convenient method for quick mapping of crop nitrogen (N) status over large areas is the use of unmanned
aerial vehicles (UAV). Estimating plant nitrogen status by
remote sensing can be a useful tool in the timely diagnosis
of nitrogen deficiency or sufficiency within a field and, as
a result, lead to the optimization of nitrogen fertilizer inputs. In a well-fertilized area, the Sufficiency Index (SI)
values, i.e. the ratio of the Normalized Difference Vegetation Index (NDVI) divided by the NDVI value of the wellfertilized area (NDVIref), can be determined. This procedure is necessary for calibration of the remote sensing
data. In Greece however, the small size of the field parcels limits the implementation of UAV’s. Thus, a simple
equation was derived for indirect determination of the
NDVIref measurement in corn using soil nitrates as follows: Soil NO3-N = 35.18 SI2.561, R2 = 0.51 (1). The
NDVIref then can be calculated by dividing the mean
NDVI value measured by the field parcel using the remote
sensor to the SI value measured by equation (1) according
to the following equation NDVIref = NDVI/SI. Finally, a
quadratic function has been determined in order to translate SI values to N fertilization of corn: SI = 0.655 +
0.002(N rate) – 0.000003(N rate)2, R2 = 0.60.
KEYWORDS: Remote sensing, nitrogen requirements, corn,
NDVI, soil nitrates, sufficiency index.

1. INTRODUCTION
Soil nitrate analysis offers limited potential for site
specific crop management and in-season N monitoring
due to soil nitrate variability [1-6].
An alternative is the use of remote sensing [7-12].
This procedure requires a well-fertilized area in a field to
be established (not yield limiting) and Sufficiency Index
(SI) values to be determined. SI is the ratio of the Normalized Difference Vegetation Index (NDVI) of a plot or area,
* Corresponding author

divided by the maximum NDVI value from all N application rates [13]. NDVI is the most known vegetation index
used in remote sensing and is calculated by the following
ratio:

where:
RNIR is the canopy reflectance in the near infrared
(NIR) and RRED is the canopy reflectance in the red (R)
[14-16].
NDVI measurements taken from a field can be standardized compared to a well-fertilized area in order to
determine the SI values. However, the establishment of a
well-fertilized area in a field is difficult for the current
commercial practice in Greece, as the size of the field
parcels is relatively small. According to Clay et al. [17], it
is currently not clearly defined how many or where to
place well-fertilized control areas or strips for employing
the SI procedure, and obviously this procedure is generally difficult to be implemented (not only for fields having
a small size), limiting the potential of the remote canopy
spectral reflectance. Preliminary data presented in the
current work suggest that in-season nitrate analysis could
be used to fine-tune remote sensing measurements, eliminating the necessity of establishing a well-fertilized area
within the field and thus increase the precision of remote
sensing in practice.
The objectives of the present work are: (a) to develop
algorithms for appropriate fertilization management based
on plant spectral reflectance and (b) relate plant spectral
reflectance to soil N using remote sensing analysis.
2. MATERIALS AND METHODS
A corn (Zea mays L., Pioneer G44) experiment was
conducted at the Soil Science Institute of Thessaloniki
experimental area in 2011. Plots were sown on the 2nd of
May 2011. Corn yield response to N fertilization, canopy
spectral reflectance, soil NO3-N and four N fertilizer
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treatments were studied. Nitrogen was supplied in two
applications: one at the time of seeding, the other as top
dressing 6 weeks later. The experiment was comprised of
16 experimental plots each covering an area of 16 by 9 m,
and the row spacing was 80 cm. Four N fertilizer treatments were supplied as top dressing using ammonium
nitrate at: 0, 150, 250 and 350 kg N ha-1. N at seeding was
applied at the following rates: 0, 150, 150 and 150 for the
0, 150, 250 and 350 kg N ha-1 treatments, respectively.
15 days before the canopy spectral reflectance measurements, which took place at the V8 stage (Figure 1), 100
and 200 more kg N ha-1 were applied as ammonium nitrate for the 250 and 350 kg N ha-1 treatments, respectively. Water requirements were covered by sprinkler irrigation. The soil where the experiment was conducted was
medium textured having pH 7,98, EC 0.406, CaCO3 2,2%,
organic matter 0.98%, phosphorus 17,9 mg kg-1 soil, potassium 162 mg kg-1 soil and magnesium 30,4 mg kg-1 soil.

At the time of UAV flight 13 soil samples per plot
were taken and analyzed for nitrates. The NDVI was
calculated from the reflectance data, and then it was divided by the maximum NDVI value from all N application rates to calculate the sufficiency index (SI). The NO3N concentration was determined using a 0.5 M K2SO4 extract and a UV-VIS spectrophotometer (Hitachi, U-2900),
following the method proposed by Norman et al. [18] and
Norman and Stucki [19].
Imaging data were collected by Geoanalysis SA (a
remote sensing and GIS specialized company) with remote
sensing techniques derived from a standard multispectral
camera (Tetracam Mini MCA) fitted on an Unmanned
Aerial Vehicle (UAV helicopter) (Figure 2). The imaging
units were comprised of six sensor channels of 10 bit SXGA
data, and each sensor had its own band pass filter generating time-saving and synchronized images with no transla-

FIGURE 1 - Example of UAV image acquisition covering the experimental area, displayed as a normal Red-Green-Blue colour composition.

FIGURE 2 - The unmanned aerial vehicle used for the scopes of this study

349

© by PSP Volume 23 – No 2. 2014

Fresenius Environmental Bulletin

tion errors between images. Each sensor had its own band
pass filter (typically a spectroscope filter). Also, each sensor was able to calculate exposure requirements depending
on the band pass filter that was used. The camera's image
sensor's output was optimized for receipt of wavelengths
at approximately 800 nm dropping in a smooth curve to
20% peak output at 450 nm in the visible spectrum and
1050 nm in the near-infrared at the limits of its range.
The low-altitude flights performed by UAVs avoid
strong interactions of measured reflected light with the
atmosphere. They also provide scenes of higher radiometric homogeneity than aircraft or satellite sensors, and
thus a better overall quality of signal [20]. The canopy
reflectance measurements were made from recorded multispectral remote sensing data in the visible, near-infrared
and thermal domains with a 25o field of view. The measurements were made under a clear sky after calibration
with a 99% Spectralon panel and at a 40-50o solar zenith
angle in a nadir orientation. To determine the vigour of
vegetation on a field, the distinct colors (wavelengths) of
visible and near-infrared sunlight reflected by the plants
were used.
The use of the UAV mounted remote sensing sensors
need to resolve geometric correction, vignetting and raw
data calibration. After the preprocessing analysis, standard correction procedures were carried out. These procedures included radiometric correction to correct for uneven sensor response over the whole image and geometric
correction to correct for geometric distortion due to camera lenses, aircraft instability or non linear scanning and
other imaging conditions (such as oblique viewing). Pictures were processed with the Tetracam PixelWrench2
software. Also, the ERDAS software was used for georeferencing, the construction of orthophoto mosaics and the
conversion of the digital information into reflectance values.
Measurements taken from the camera and soil analysis data were used for deriving the regression equations.

The models were fitted based on the best-fit R2 values for
each relationship. Nitrogen treatment effects were analyzed
quantitatively by using the ANOVA procedure in the Genstat statistical package at a probability level of 0.05. All
statistical analyses were performed using the Genstat
(version 11, VSN International Ltd, Oxford, UK) statistical package.
3. RESULTS AND DISCUSSION
A higher N rate produced corn plants with a higher
NDVI (p<0.001). Hence, canopy spectral reflectance can
be used as an indicator of the N status of the corn plants,
and, as a result, the NDVI can be used as an indicator for
avoiding yield losses in corn crops by detecting N deficiency through remote sensing and also saving N when is
sufficient. Although canopy spectral reflectance data indicate the N status of plants (as they respond to N fertilization), they have to be converted into appropriate N fertilization rates in order to be useful to growers or scientists
who might want to use these data in practice. For this
reason, a canopy spectral reflectance algorithm was developed relating N fertilization and sufficiency index (SI)
data following the procedure outlined by Varvel et al. [13]
(Figure 3).
The SI can be correlated to N application data according to the following equation:
SI = 0.655 + 0.002×(Nrate) – 0.000003×(Nrate)2, R2
= 0.60
This algorithm can be used to calculate N application
rates as a function of the SI values and was derived employing standard regression techniques, where a quadratic
function was found to provide the best fit.
The model showed that the yield was maximized (when
the equation reached the maximum SI) at 333 kg N ha-1.

350

© by PSP Volume 23 – No 2. 2014

Fresenius Environmental Bulletin

FIGURE 3 - The canopy spectral reflectance algorithm based on the relationship between N fertilization rates and SI.

This value is much higher compared to the 179 kg N
ha-1 suggested by Varvel et al. [13], but it is not unexpected. This is because, for the scopes of the current work,
the standard commercial practice in Greece was followed,
which includes only two N applications (one at the time
of seeding and another one later in the season). It is important to point out that Varvel et al. [13] used six fertilizer N application rates. Karyotis et al. [21] reported that
growers in Greece need to apply 320-350 kg N ha-1, but
this could be reduced to 170-210 kg if N was applied at
10-13 doses through drip irrigation. However, even if N
was applied at 10 to 13 doses, the model would possibly
still work, as higher crop reflectance data from plants
supplied with lower N application rates but at frequent
intervals would result in higher SI values, and the recommended N dose would be reduced. However, this is only a
hypothesis and has to be confirmed by more data.
This algorithm indicates that the N fertilization rate
can be determined according to the following procedure:
data collected during the vegetative stages of corn growth
can be standardized against a well-fertilized area to calculate the SI. The SI is the ratio of the canopy spectral reflectance measurements taken at the field by the remote
sensor to the reflectance measurements of the well-fertilized
area, and this standardization is necessary because the levels
of chlorophyll content in tissues is dependent on several
factors, that they are not constant with time, such as type
of soil, climate, light, plant water condition, unique greenness of each hybrid and plant diseases [20] Varvel et al.
[13] showed that the equation did not change from V8 to
V12 corn growth stages, so that in our data we could
safely use a measurement during these stages to construct
an equation correlating SI and N application. Once the SI
values are obtained, the equation is solved for N, and this
represents the corn N fertilizer requirement. If, for example, we had a SI of 0.89, our model would provide an estimate of 153 kg N ha-1 (which theoretically have already
been supplied to plants) and recommend that 180 (333153) kg N ha-1 more are needed to obtain the maximum SI

(and thus the maximum yield). The corn grain yield response to N fertilizer application is presented in Table 1
and Figure 4. There was a trend that N fertilizer application increased corn yield, which just failed to be statistically significant at 5% level. Although statistically there
was not a significant effect of N fertilization on yield, an
assumption is made that by obtaining the maximum SI
any possible yield limitation can be avoided.
TABLE 1 - Effect of N application on corn yield
N application (kg N ha-1)
0
150
250
350

Corn yield (Mg ha-1)
7.81
8.67
9.50
9.65

The differences between the four N levels in soil nitrate-N of corn were statistically significant, as it was expected (p<0.001), and correlated well (r2 = 0.51) with SI
values (Figure 5):
Soil NO3-N = 35.18×SI2.56 (R2 = 0.51)
The equation in Figure 5 was developed based on data taken from this study, and was constructed in order to
tackle the problem of calibrating NDVI values, without
establishing well fertilized areas in field parcels (which is
difficult considering the size of the field parcels in the
Greek agricultural practice). This equation shows that once
a soil sample is analyzed for nitrates, SI values can be
determined. Thus, for example, if remote sensing measurements are taken from an area within the field and a
composite soil sample is taken from this part of the field
(including several subsamples) and analyzed for soil nitrate-N, a reference NDVI (NDVIref) can be determined
using the following equations:
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FIGURE 4 - Corn grain yield response to N fertilization.

FIGURE 5 - Relationship between the SI and soil NO3-N (mg/kg) in corn. Soil NO3-N measurements were a combination between data taken
from 13 samples per plot.

(2)

where SI is calculated by the equation in Figure 5 and
the NDVI is measured by the remote sensor. This in practice would mean that the establishment of a well-fertilized
area for the standardization of the SI within the field
could be omitted, as the SI values could be indirectly
determined by the determination of aNDVIref value. Thus,
the NDVIref value corresponds to a NDVI value taken by
a well-fertilized area. Since the SI values have been determined following this procedure, the SI values can be
put in the equation shown in Figure 3 for calculating the
N application rates.
Most investigations have used remote sensing so far
for measurement of crop N status [22-28]. To the best of
our knowledge there is only one work showing that canopy remote sensing can be a useful method for mapping N
availability in soil [29]. The present work shows that the
opposite procedure can be followed. Thus, soil nitrate
levels can be used to estimate the NDVIref of a hypothetic
well-fertilized area. The use of soil nitrates analysis can
be a handy, cost effective (the analysis of only nitrates in
a soil sample is not expensive) and indirect means of
standardization of the NDVI values. This would also
provide an opportunity for more efficient and accurate
implementation of remote sensing in practice, as remote
sensing is integrated with in-season soil analysis for precise crop N management. As mentioned above, soil analysis for in-season monitoring of crop N requirements is not
a common practice because soil nitrate levels rapidly
change during crop growing due to plant uptake. However, if soil analysis is integrated with remote sensing with

the aid of special algorithms (i.e. the equation presented
in Figure 5), it will provide useful information for more
accurate N management. Nevertheless, more data are
needed to validate this procedure, as the fitted curve in
Figure 5 is not the greatest prediction for SI values, with a
R2 of 0.51, and the present work is only preliminary for
the correlation of ground data and remote sensing measurements.
The equation in Figure 5 shows that if we had a theoretical SI of 0.89, this would result in an in-season NO3-N
of 26 mg kg-1 and would need to obtain a critical soil
NO3-N level of 33 mg kg-1 in order to reach the maximum
SI and thus yield. If the crop was very deficient in N and
had an SI of 0.6, this would indicate that the soil NO3-N
level would be at a deficient level of 9.5 mg kg-1. According to Magdoff et al. [30], if the pre-plant NO3-N level in
the soil is between 5 and 10 mg kg-1, the recommended
fertilizer rate for obtaining the maximum yield in corn is
157 kg N ha-1. This value is very close to the N application recommendation dose (180 kg N ha-1) found from our
model, taking into account that N was applied for the
scopes of the current work according to the standard
commercial procedure (only at two application rates).
Plots supplied with different N levels have been discriminated according to the NDVI values, as illustrated by
the NDVI map (Figure 6). This means that NDVI data
taken by a remote sensor can provide information about
the plant N levels at early stages of plant growth and
subsequently be used for predicting crop N requirements
in a fertilizer recommendation program.
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4. CONCLUSION

Results of correlation analysis between NDVI, N fertilization and soil nitrate-N seem to be promising, so that

FIGURE 6 – The NDVI map as taken by the remote sensor.

the remote sensing analysis in conjunction with soil analysis could be used as a crop monitoring technique in site
specific precision management of agriculture. N fertilization can be reduced without compromising yield when
there is observation of N sufficiency in crop through canopy spectral reflectance, resulting in N fertilizer savings
and environmental protection by reducing N leaching
[14]. As a result, remote sensing can be a smart technique
for a quick and non destructive sampling of crops, resulting in time and labor savings (as there is no need for destructive plant tissue sampling), timely correction of N
stress conditions, and making N management more efficient and economical. With the aid also of soil nitrate
analysis for the standardization of the SI, the necessity for
establishing a well-fertilized area could be omitted allowing for more efficient implementation of remote sensing
in practice. Soil nitrate analysis is currently used in practice for pre-planting fertilization of crops. In-season nitrate levels are only a snapshot of the soil nitrogen status
because nitrate concentration in soil changes rapidly due
to plant uptake and mineralization. However, according to
results presented here, in-season nitrate analysis can be
used for the fine-tuning of remote sensing and in conjunction with remote sensing can be a powerful tool for precision agriculture if there are equations correlating soil
nitrates, canopy spectral reflectance and N fertilization.

The authors have declared no conflict of interest.
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ABSTRACT
A series of modified nano-Fe0 and nano-Fe0/Cu were
synthesized by the liquid phase reduction method and
used to remove bromate from water. The results show that
the PVP or ethanol added in the synthesis of NZVI could
reduce nanoparticle aggregation, and then enhance its reactivity for bromate removal. The characterizations of BET
and TEM show that the nano-Fe0 and nano-Fe0/Cu particles with 25% ethanol addition during synthesis have
smaller diameter and higher surface areas of 64 m2/g and
92 m2/g, respectively, increasing significantly compared
with that without modification. Furthermore, the introduction of Cu plays a catalytic role in the process of bromate
reduction, which can enhance bromate removal efficiency.
About 60% bromate removal efficiency was achieved using
nano-Fe/Cu even under the DO value of 6.5 mg/L, which
was higher than that of using NZVI without ethanol addition during synthesis. Additionally, the influence of the
presence of anions on bromate removal efficiency followed
the order of PO43->SO42- >NO3- >ClO3- >NO2-. However,
bromate could completely be removed with a greater amount
of nano-Fe0/Cu under the presence of anions. This study
shows that nano-Fe0/Cu is a potentially efficient material
for the bromate removal.
KEYWORDS:
0
0
bromate reduction; ethanol; modification; nano-Fe ; nano-Fe /Cu

1. INTRODUCTION
Due to high specific surface area and high reaction
activity compared to commercial zerovalent iron (ZVI),
nanoscale zero valent iron (NZVI) has typically been
employed in the groundwater remediation and the treatment of the environmental contaminants [1-4]. NZVI has
been used as a reductant to remove chlorinated organic
compounds, brominated organic compounds, aze dye,
and nitrate [5-8]. Moreover, it has been found that bromate can be converted to bromide ion directly by Fe 0 .
* Corresponding author

Compared with ZVI, higher bromate removal rate can be
achieved using NZVI particles [9-12]. Chemical reduction
by NZVI seems to be a promising technology for bromate
removal.
However, due to the low redox potential, NZVI is easily oxidized. Therefore, a series of processes of the modification have been conducted to improve the stability of NZVI
particles through changing the surface properties, as well
as to keep its reaction reactivity [13]. Gao et al. [14] prepared the NZVI particles modified by polyvinlpyrrolidone
K30 (PVP-K30) or ethanol, and found that the surface area
of synthesized NZVI was influenced by ethanol or PVPK30 contents during synthesis. Chen and his coworkers [15]
successfully improved the removal rate of tetracycline from
wastewater to 98.4% with NZVI modified by PVP-K30,
under 0.1 mg/L NZVI addition and pH 6.5. Wang and his
coworkers [11] prepared the NZVI particles modified with
different concentrations of ethanol and investigated the
effects of particle size, pH, humic acid, and sonication pretreatment on bromate reduction, and found that the surface
area of synthesized NZVI was influenced strongly by
ethanol contents during synthesis. Additionally, bimetallic
iron prepared with adding another metal, such as Pd, Pt,
Cu, Ni, has been proposed as an effective way to enhance
the reactivity of ZVI. It was reported that using bimetallic
iron can achieve higher removal rates of nitrate, pentachlorophenol (PCP), trichloro ethylene (TCE), polychlorinated biphenyls (PCBs), and poly brominated diphenyl
ethers (PBDEs) than using NZVI alone [5, 6, 16, 17].
Chun et al. [18] investigated the characterization and reactivity of NZVI prepared with adding Cu, Pd and Ni, and
found that the presence of the metal additives facilitated
reduction by enabling greater utilization of Fe0. Xie and
Shang [19] investigated the effect of copper and palladium on the reduction of bromate by Fe0, and found that the
incorporation of copper led to an increase in the rate of
bromate reduction, while incorporation of palladium did
not show any effect on bromate reduction by Fe0.
As a consequence, we realized the necessity of addressing the effect of the incorporation of both bimetalic
iron and modification during synthesis on bromate reduction. However, to our knowledge, a systematic evaluation
of bromate reduction using modified NZVI, especially in
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bromate removal with nanoscale Fe/Cu particles modified
by ethanol, has not been performed. Therefore, the objective of this study is to investigate the effect of PVP or ethanol contents during synthesis and the deposition of Cu on
bromate reduction, in an effort to improve the characteristic
of NZVI and enhance bromate removal rate.
2. MATERIALS AND METHODS
0

2.3 Analysis Methods

BrO3-, Br-, NO3-, NO2-, ClO3-, SO42- and PO43- were
analyzed with a Dionex ICS-2000 ion chromatograph.
Ammonia was measured by a spectrophotometer at a wavelength of 420 nm after adding Nessler reagent. pH was
periodically monitored with an Orion 3 star pH analyzer
and DO was monitored with a inoLabOxi730 DO analyzer.
0

0

2.4 Nano-Fe and nano-Fe /Cu Characterization

0

2.1 nano-Fe and nano-Fe /Cu Preparation

One and two-step synthesis processes by modified liquid phase reduction method were employed for preparing
nano-Fe0 and nano-Fe0/Cu, respectively, in this study, as
following: 1) 0.036 mol/L FeSO4 and 0.089 mol/L sodium
borohydride (NaBH 4) were prepared with appropriate
amount of ethanol or PVP-K30 solution, which was purged
with purified nitrogen gas to reduce the concentration of
dissolved oxygen (DO); 2) NaBH4 solution was added
into FeSO4 solution drop by drop at room temperature,
and purified nitrogen gas was also purged during the whole
process; 3 Fe0 samples were collected and further washed
with nitrogen-purged, deoxygenated water several times
until supernatant pH reached about 7.0, then Fe0 samples
were gathered for further use or preparation of the Fe0/Cu
samples as following; 4) appropriate amount of CuCl2· H2O
solution was added into the prepared Fe0 solution drop by
drop; 5) After the completion of the metal reduction reaction, Fe0/Cu samples were thoroughly cleaned using deoxygenated distilled water, dried and stored in an anaerobic chamber for future use.

Properties of the nano-Fe0 and nano-Fe0/Cu were characterized using Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), X-Ray Diffraction (XRD). Nano-Fe0 synthesized in 25% ethanol-water
solution (nano-Fe0 for short) and 2.5% Cu loaded on nanoFe0 modified by 25% ethanol-water solution (nano-Fe0/Cu
for short) were characterized in this paper, respectively,
unless otherwise specified.
2.4.1 SEM and TEM

The morphology of nano-Fe0 and nano-Fe0/Cu samples was characterized by SEM (S4800) and TEM (JEM1200EX). The results could be seen in Fig. 1 and Fig. 2. It
showed that the average external diameter of the microsphere was about 78 nm for nano-Fe0/Cu, 85 nm for nanoFe0, a little smaller than that that of NZVI without 25%
ethanol addition during synthesis [12]. Furthermore, aggregated nanoparticles could be observed in the formation of
chain-like structures, which might result from nano-Fe0 or
nano-Fe0/Cu particles’ magnetic property and large specific surface area [20-22]. And Cu deposition on the nanoFe0 particles surface could also be observed in Fig. 2b.

2.2 Batch Experiments

Batch experiments were conducted to investigate the
performance of the modification of Fe0 particles in bromate removal. The experimental setup used in this study
was similar to the one in our previous study [12]. Sodium
bromate was used as a source of bromate ions and distilled water used as reaction medium, unless otherwise
specified. The batch experiments were carried out in a
1000 ml reactor under constant temperature and atmospheric pressure conditions. Prior to the experiments, a
certain concentration of bromate solution was filled in the
reactor and nitrogen gas was then introduced from the
bottom of the reactor through a diffuser, in order to strip
out dissolved and adsorbed oxygen and get a certain DO
value which the experiment needed. pH was conducted by
adding 0.1 mol/L NaOH or 0.1 mol/L HCl solution, and
without buffer addition during the experiments. At the
same time, a sonication pretreatment for 2 min was introduced using an ultrasonicator SK8200HP in order to improve nano-Fe0 or nano-Fe0/Cu dispersal, then predetermined quantity of nano-Fe0 or nano-Fe0/Cu was added to
the solution and suspended in the solution through stirring. The solution temperature was controlled using an
electric-heated thermostatic water bath. Samples were
periodically taken from the suspension and analyzed for
the concentration of bromate, bromide, and so on.
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3.1.1 NZVI modified with PVP-K30

NZVI particles were synthesized by borohydride reduction method and stabilized with 0, 0.25 and 0.50 g PVP
addition. Fig. 3a presents the bromate removal with above
three synthesized NZVI under DO value of 0.1mg/L. Rapid
bromate reduction with NZVI modified by PVP was observed, compared with that by NZVI without modification.
For NZVI modified by 0.25 and 0.50 g PVP, the bromate
removal rate increased from 87.77 to 93.31 and 97.26%
within 30 min, respectively.
(a) Fe0

120
2mg/L NZVI
100

2mg/L NZVI (0.25g PVP)

Bromate (µg/L)

2 mg/L NZVI (0.50g PVP)
80
60
40
20
0

(b) Fe /Cu

0

FIGURE 2 - TEM images of nano-Fe0 and nano-Fe0/Cu

0

10

20
t (min)

2.4.2 BET

30

40

(a ) DO=0.1mg/L

The Brunauer-Emmett-Teller (BET) surface area of
the prepared nano-Fe0 and nano-Fe0/Cu samples were also
calculated from the low pressure region of the nitrogen
gas adsorption isotherm by using a TriStar II 3020 analyzer surface area. It was investigated that the BET surface areas were 64 m2/g and 92 m2/g for nano-Fe0 and
nano-Fe0/Cu, respectively. The BET surface area of the
nano- Fe0 synthesized in 25% ethanol solution was higher
than that in 100% distilled water [12], and it further increased as Cu deposited on nano-Fe0 surface. This further
suggests that the physical property of the surface can be
changed and highly dispersed phases can be presented
while nano-Fe0 was modified by ethanol [11], and above
nano-Fe0 with Cu modification can further improve the
BET surface area, which is in good agreement with the
better results of this type of nano-particle.

120
5mg/L NZVI
100

5mg/L NZVI (0.25g PVP)

Bromate (µg/L)

5mg/L NZVI (0.50g PVP)
80
60
40
20
0
0

3. RESULTS AND DISCUSSION

10

20
t (min)

30

40

(b) DO=6.5mg/L
FIGURE 3 - Bromate removal with NZVI modified by PVP-K30

3.1 The modification of NZVI

The effects of modified material (PVP-K30, ethanol
or copper) on bromate removal under the different DO
values were conducted. Unless otherwise specified, the
experiments were carried out under the amount of nanoparticle, pH, DO, reaction temperature and initial bromate
concentration of 2 mg/L, 7.0, 0.1 mg/L, 20℃ and 100 µg/L,
respectively. However, the amount of nanoparticle increased
from 2 to 5 mg/L as the DO value increased from 0.1 to
6.5 mg/L.

However, bromate removal efficiency significantly decreased under the normal DO value of 6.5 mg/L, and only
less than 60% was removed within 30min, although the
amount of NZVI increased from 2 to 5 mg/L (Fig. 3b). It
also illustrates that NZVI modified by PVP can improve
the bromate removal efficiency under DO value of 6.5 mg/L.
This indicated that the PVP added in this experiment
played an important role in the dispersibility of the NZVI
by changing the charge distribution of the surface [14],
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then reduced nanoparticle aggregation and enhanced its
reactivity for bromate removal.

However, when the experiment was carried out under
the DO value of 6.5 mg/L, bromate removal efficiency
with NZVI modified by Cu did not increase but slightly
decreased. Furthermore, the reduction efficiency of the
system with 2.5% Cu coating on NZVI is indeed slightly
lower than that of the system with 1.0% Cu coating on
NZVI. This might be explained as following: when DO
value of the solution was 6.5 mg/L, Cu as a catalyst might
prompt the reaction between iron and oxygen; then passivated iron oxide will be precipitated on the surface of iron, and
pore space will also be clogged with oxygen, which result in
reducing bromate reduction.

120
2mg/L NZVI
100

2mg/L NZVI (1.0% Cu)
2 mg/L NZVI (2.5% Cu)

Bromate (µg/L)

80
60
40
20

3.1.3 NZVI modified with ethanol and Cu

0, 25 and 50% (volume) ethanol-water solution were
introduced during the synthesis of 2.5% Cu deposited on
NZVI, respectively. Batch experiments were conducted.
Fig. 5 presents that more rapid bromate reduction was
observed while ethanol was introduced during the synthesis nano-Fe/Cu than that without ethanol addition, which
may be explained that nanoparticles are more easily dispersed in a lower polarity solvent [11,24]. It further indicated that the particles are dispersed with higher surface
area of 64 m2/g for the nano-Fe0 synthesized in 25% ethanol-water solution than that of 21 m2/g for the nano-Fe0
synthesized in the 100% water solution [12].

0
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30
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t (min)

(a ) DO=0.1mg/L

120
5mg/L NZVI

100

5mg/L NZVI (1.0% Cu)
5 mg/L NZVI (2.5% Cu)

Bromate (µg/L)

and could help to transfer the electron from the kernel to the
NZVI surface, thus enhance the bromate removal rate.
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20
0
0
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20
t (min)

30

40

(b) DO=6.5mg/L
FIGURE 4 - Bromate removal with NZVI modified by Cu
3.1.2 NZVI modified with Cu

NZVI with copper deposition onto the surface to reduce bromate was conducted. Liou et al. [23] found that
excess amounts of copper loading led to a high degree of
copper particle agglomeration and a low exposure of iron
surface area in water, which led to a negative effect on the
initial nitrate reaction reactivity, so Cu bulk loading of 0,
1.0, 2.5% (w/w) was considered in this study. As expected,
Fig. 4 illustrated that Cu coating on NZVI particles exhibited more efficient in bromate removal than NZVI particles
without Cu coating under the DO value of 0.1 mg/L. This
result is consistent with [19]. Xie and Shang [19] also investigated that bromate reduction did not occur in a solution
containing 8 mg/L Cu(II) or 25 g/L Cu(0) in the absence of
Fe(0). This might be explained that Cu(I) or Cu(0)) is a critical parameter, which played a catalytic role in this process

Similarly, Fig. 5b illustrates that a certain concentration of ethanol modifing Fe0/Cu could also enhance its
reactivity under the DO value of 6.5 mg/L. About 60%
bromate removal rate was achieved using nano-Fe/Cu
even under the DO value of 6.5 mg/L, which was higher
than that of using NZVI without ethanol addition during
synthesis [12]. This further indicated that ethanol can
stabilize nanoparticle and prevent iron from oxidation.
However, the bromate removal rate did not increase but
decreased when 50% ethanol solution was used during
synthesis. This may be explained that smaller nanoparticles were synthesized when the polarity of ethanol-water
cosolvent decreased by increasing the ethanol concentration [11], moreover, the loading Cu might help to adsorb
dissolved oxygen, and led to the oxidation of iron, thus
resulting in reducing the bromate removal efficiency.
3.1.4 NZVI modified with PVP-K30 and Cu

As mentioned above, NZVI modified by PVP or Cu
could enhance the bromate removal efficiency, thus, the
nanoparticle was synthesized with the modification of 0.5 g
PVP and 2.5% Cu. The results (Fig. 6) show that the bromate remove efficiency decreased under the DO value of
0.1 mg/L when the NZVI modified by PVP and Cu simultaneously, compared with that NZVI modified by PVP or
Cu separately. However, when the experiments were carried out under DO value of 6.5 mg/L, the bromate removal
efficiency with NZVI modified by PVP and Cu simultaneously was between that modified by PVP or Cu separately.
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FIGURE 5 - Bromate removal with 2.5% Cu loading on NZVI
modified by ethanol

FIGURE 6 - Bromate removal with NZVI modified by 2.5% Cu and
0.5g PVP

3.2 Effect of operating conditions on bromate removal with
0
nano-Fe /Cu

ments. The results are presented in Fig. 7. It indicates that
no significant effect of pH was observed in the pH range
of 3.0-7.0. However, the bromate removal efficiency obviously declined as the pH value increased from 7.0 to 9.0, a
further decrease was observed when the pH value continued to increase to 11.0, and only about 20% removal
efficiency was found within 30 min at pH 11.0. Therefore,
low pH is beneficial to bromate removal with nano-Fe0/Cu,
and this can be explained that when the pH value decreased, the concentration of H+ increased, and then accelerated the bromate removal according the reaction mechanism under acidic condition:

Above research indicated that Cu deposited on the
surface of NZVI can improve the bromate removal rate
under the low DO value, and if above nanoparticle was
further modified with 25% ethanol-water solution, the
bromate removal rate further enhanced. Thus, the 2.5%
Cu deposited on the surface of NZVI modified by 25%
ethanol-water solution to remove bromate under the variable conditions were investigated, in an effort to optimize
this technique. Unless otherwise specified, the experimental conditions are the same as above.

BrO 3− + 2Fe + H + → Br − + 2Fe 3+ + 2H 2 O

3.2.1 Effect of pH

In order to investigate the influence of pH on bromate
removal rate, different initial pH values (3.0, 5.0, 7.0, 9.0,
and 11.0) were conducted by adding 0.1M HCl or 0.1M
NaOH, and without buffer addition during the experi-

Moreover, low pH can hinder the formation of iron
oxide layers covering, which in turn promote bromate
reduction. Nevertheless, bromate removal rate showed a
slightly decrease when pH value continued to decrease to
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3.0. This might be explained that the reaction between
NZVI and H+ enhanced at pH 3.0, the reaction between
iron and H+ happened at the surface of iron, which decreased the amount of NZVI, so it made the bromate
reduction slow down.

pH=3
pH=5
pH=7
pH=9
pH=11

80

60
40
20
0

60

0

10

20
t (min)

40

30

40

FIGURE 9 - Effect of reaction temperature on bromate reduction
(Nano-Fe0/Cu=2 mg/L, initial BrO3- =100 µg/L, pH=7.0, DO=
0.1mg/L)
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3.2.4 Effect of the presence of anion

40

t (min)

FIGURE 7 - Effect of pH on bromate reduction (Nano-Fe0/Cu =
2 mg/L, initial BrO3- =100 µg/L, temperature=293K, DO=0.1mg/L)
3.2.2 Effect of initial bromate concentration

The effect of the initial bromate concentration on the
bromate removal is shown in Fig. 8. It presents that the
initial bromate reaction rate increased with an increase in
the initial bromate concentration.
250
50 µg/L
200

100 µg/L
200 µg/L

The influences of the presence of anions on bromate
removal by nano-Fe0/Cu were conducted with 5 mg/L
Fe0/Cu addition, under the experimental condition of DO
0.1 mg/L, pH 7.0, 20 , and initial BrO3- 100 µg/L. The
concentrations of anions were chosen basing Drinking
Water Standard GB5749-2006 in China. Fig. 10 illustrates
the effect of the presence of nitrate (10 mgN/L) on bromate reduction. The results showed that the presence of
nitrate decreased the bromate removal rate, but bromate
could be removed completely within 10 min due to the
excess addition of nano-Fe0/Cu. Moreover, about 7% nitrate removal efficiency was also observed, and about 40%
nitrate was reduced to nitrite. This further indicated that
nitrate can be reduced by NZVI, as previous studies [23].
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FIGURE 8 - Effect of initial bromate concentration on bromate
reduction (Nano-Fe0/Cu=2 mg/L, pH=7.0, temperature=293K, DO=
0.1 mg/L)
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0.1
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0.05

0

3.2.3 Effect of reaction temperature

0
0

Chemical reaction is often sensitive to a change in
temperature, thus, the experiments were carried out at the
temperature of 10, 20 and 30 ℃, respectively. It can be
found from Fig. 9 that the bromate reduction rate by nanoFe0/Cu exhibited a close relationship with reaction temperature, namely, it increased with an increase in reaction
temperature, which is consistent with bromate removal by
ZVI [10].

Nitrite (mg/L)

Bromate (µg/L)

100

30℃
20℃
10℃

100
Bromate (µg/L)

120

120

10

20
t (min)

30

40

FIGURE 10 - Effect of the presence of nitrate on bromate reduction
(Nano-Fe0/Cu=5 mg/L, initial BrO3- =100 µg/L, pH=7.0, temperature=293K, DO=0.1mg/L)

The similar results can be found while the nitrite or
chlorate exists in the bromate solution, as shown in Table 1.
That is to say, the presence of nitrate, nitrite or chlorate
decreased the bromate removal efficiency, because the
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three above anions competed with bromate to be adsorbed
on the active sites and could be reduced by nano-Fe0/Cu.
And the removal efficiencies decreased as follows: BrO3>NO2->NO3->ClO3-. Under the experimental condition,
the removal efficiency was 100 % for BrO3-, 18% for
NO2-, 7% for NO3-, and 2% for ClO3-, respectively. This
result is not fully consistent with Westerhoof’s study that
anion removal rates with ZVI decreased as follows: BrO3>ClO3->NO3- [9], which can be explained that the addition
of Cu may affect the removal of chlorate, and the role of
the relationship between the addition of Cu and reduction
of chlorate still need to be further studied.

TABLE 2 - Main parameters of the tap water
Number
1
2
3
4
5
6
7
8
9

Component
Chloride (Cl-)
Nitrate (NO3--N)
Nitrite (NO2--N )
Chlorate (ClO3-)
phosphate (PO43)Sulfate (SO42-)
Carbonate (CO32- )
DO
TOC

120
Distilled water
100

Bromate reduction efficiency (%)
2min
5min
30min
NO3- 10 mgN/L
63.8
89.1
100
NO2- 1 mgN/L
68.6
93.9
100
ClO3 1 mg/L
67.2
92.4
100
PO43- 1 mg/L
14.4
17.0
69.8
SO42- 250 mg/L
58.2
84.4
100
*General operational conditions: Nano-Fe0/Cu=5 mg/L, initial BrO3=100 µg/L, temperature=293K, DO=0.1mg/L.

80

Bromate (µg/L)

TABLE 1 - Bromate reduction efficiency under the presence of
different anions
Anion

At the same time, the experiment of bromate removal
with 5 mg/L nano-Fe0/Cu under the presence of 1 mg/L
phosphate or 250 mg/L sulfate was also carried out. The
bromate removal efficiency decreased greatly with the
presence of phosphate or sulfate. Phosphate could react
with iron to form complexes, which adsorbed on the surface of nano-Fe0/Cu, and then reduced the bromate reduction [25, 26]. And under the experimental conditions, about
70% bromate removal efficiency and a 25% decrease in
phosphate concentration could be observed within 30 min.
Sulfate might destroy the surface passive film of nanoFe0/Cu, to accelerate its corrosion, and then decreased the
bromate removal efficiency. However, bromate was completely removed with 5mg/L nano-Fe0/Cu, and the concentration of sulfate remained the same as before reaction.
Under the experimental conditions, the influences of
the presence of anions on the bromate removal efficiency
followed the order of PO43->SO42- >NO3- >ClO3- >NO2-, as
shown in Table 1.
0

3.2.5 Bromate reduction from tap water with nano-Fe /Cu

Batch experiments were carried out using tap water to
replace distilled water to simulate the bromate polluted
water. The main parameters of the water sample were
summarized in Table 2. The results show that bromate was
completely removed with 5.0 mg/L nano-Fe0/Cu addition
for distilled water at DO value of 0.1 mg/L within 10 min.
However, the bromate removal efficiency decreased to
64% within 10 min due to the presence of anions such as
SO42-, PO43-, ClO3-, NO3-, and some organic matters in
tap water. Fig. 11 further indicated that the concentration of bromate can be reduced to less than 10 µg/L
within 30 min.

Concentration (mg/L)
56.82
2.26
ND
0.10
0.04
31.96
ND
0.10
1.71

Tap water

60
40
20
0
0

10

20
t (min)

30

40

FIGURE 11 - Bromate reduction using the tap water to prepare
bromate solution (Nano-Fe0/Cu=5 mg/L, initial BrO3- =100 µg/L,
temperature=293K, DO=0.1mg/L)

4. CONCLUSIONS
Nano-Fe0 particles or nano-Fe0/Cu modified by 25%
ethanol-water solution with higher surface areas of 64 m2/g
and 92 m2/g, respectively, were successfully synthesized.
Cu plays a catalytic role in the process of bromate reduction with nano-Fe0/Cu, and then enhances bromate removal
rate. The bromate removal efficiency increased with an
increase in the amount of nano-Fe0/Cu and reaction temperature. Lower pH value is helpful to improve the bromate removal efficiency. Bromate could completely be
removed with nano-Fe0/Cu even under the presence of
anions such as ClO3-, NO3-, NO2-, SO42-, provided that a
greater amount of nano-Fe0/Cu was added.

ACKNOWLEDGEMENTS
This research was supported by National Natural Science Foundation of China (No. 51108407), Key Special
Program on the S&T for the Pollution Control and Treatment of Water Bodies (2012ZX07403-003) and the Program for Zhejiang Leading Team of S&T Innovation (No.
2010R50037).

362

The authors have declared no conflict of interest.

© by PSP Volume 23 – No 2. 2014

Fresenius Environmental Bulletin

REFERENCES
[1]

[2]
[3]

Elliott D. W. and Zhang W. (2001) Field assessment of nanoscale bimetallic particles for groundwater treatment. Environ. Sci.Technol. 35, 4922-4926.
Zhang W. (2003) Nanoscale Iron Particles for Environmental
Remediation: An Overview. J. Nanopart. Res. 589, 323-332.
Lowry G. V. and Johnson K. M. (2004) Congener-specific
dechlorination of dissolved PCBs by microscale and nanoscale zerovalent Iron in a water/methanol Solution. Environ. Sci. Technol. 38, 5208-5216.

[4]

Hosseini S. M., Ataie-Ashtiani B., Kholghi M.(2011) Nitrate
reduction by nano-Fe/Cu particles in packed column. Desalination 276, 214-221.

[5]

Wang C. and Zhang W. (1997) Synthesizing nanoscale iron
particles for rapid and complete dechlorination of TCE and
PCBs. Environ. Sci. Technol. 31, 2154-2156.

[6]

Yang G. and Lee H. (2005) Chemical reduction of nitrate by
nanosized iron: Kinetics and pathways. Water Res. 39, 884894.

[7]

[8]

[9]

Fan J., Guo Y., Wang J., Fan M. (2009) Rapid decolorization
of azo dye methyl orange in aqueous solution by nanoscale
zerovalent iron particles. J. Hazard. Mater. 166, 904-910.
Shih Y. and Tai Y. (2010) Reaction of decabrominated diphenyl ether by zerovalent iron nanoparticles. Chemosphere
78, 1200-1206.
Westerhoff P. (2003) Reduction of nitrate, bromate, and chlorate by zero valent iron. J. Environ. Eng. 129, 10-16.

[19] Xie L. and Shang C. (2006) Effects of Copper and Palladium
on the Reduction of Bromate by Fe(0). Chemosphere 64,
919-930.
[20] Xing H., Xu G., Li A., Ma J. (2001) Development in dispersion of nanaoparticles and preparation of organic-inorganic
nonocomposites. Mater. Rev. 15, 62-64.
[21] Xu G., Ma J., Xing H.(2001) Dispersion of nanoparticles and
organic nonocomposites. Bull. Natl. Nat. Sci. Found. China
15, 109-112
[22] Nurmi J. T., Tratnyek P. G., Sarathy V., Baer D. R., J Amonette. E., Pecher K., Wang C., Linehan J. C., Matson D. W.,
Penn R. L., Driessen M. D. (2005) Characterization and
properties of metallic iron nanoparticles: spectroscopy, electrochemistry, and kinetics. Environ. Sci. Technol. 39, 12211230.
[23] Liou Y. H., Lo S.-L., Lin C.-J., Kuan W. H., Weng S. C.
(2005) Chemical reduction of an unbuffered nitrate solution
using catalyzed and uncatalyzed nanoscale iron particles. J.
Hazard. Mater. 127, 102-110.
[24] Pan D., Ji X., An L., Lu Y. (2008) Observation of nucleation
and growth of CdS nanocrystals in a two-phase system.
Chem. Mater. 20, 3560-3566.
[25] Tejedor-Tejeor M. I., Anderson M. A. (1990) Protonation of
phosphate on the surface of goethite as studied by CIR-FTIR
and electrophoretic mobility. Langmuir 6, 2170-2177.
[26] Tanboonchuy V., Grisdanurak N., Liao C. (2012) Background species effect on aqueous arsenic removal by zerovalent iron using fractional factorial design. J. Hazard. Mater.
205-206, 40-46.

[10] Xie L. and Shang C. (2007) The effects of operational parameters and common anions on the reactivity of zero-valent
iron in bromate reduction. Chemosphere 66, 1652-1659.
[11] Wang Q., Snyder S., Kim J., Choi H. (2009) Aqueous ethanol
modified nanoscale zerovalent iron in bromate reduction:
synthesis, characterization, and reactivity. Environ. Sci.
Technol. 43, 3292-3299.
[12] Zhang Y., Liu H., Liu R. (2013) Appropriate conditions of
oxidation by-product bromate removal from drinking water
by nano-particle zerovalent iron. (ASCE) J. Environ. Eng. in
press.
[13] Gao Y-F. and Gao N-Y. (2011) Application of nanoscale iron
and its modified materials on water treatment, Chinese Water
& Wastewater Eng. 37, 108-113.
[14] Gao S., Wang X., Qing L., Luo S., Zhao X., Liu S., Wang L.
(2007) Preparation of nano zero-valent iron particles by modified liquid phase reduction method. J. Nanjing Univer. (Nat.
Sci.) 43, 358-364.
[15] Chen H., Ren X., Luo H., Dong T., Hu B. (2011) Preparation
of modified nanoscale zero-valent iron particles and its application in removal of tetracycline from wastewater. Chinese J.
Environ. Eng. 5, 767-771.
[16] Su Y., Hsu C., Shih Y. (2012) Effects of various ions on the
dechlorination kinetics of hexachlorobenzene by nanoscale
zero-valent iron. Chemosphere 88, 1346-1352.
[17] Zhuang Y., Jin L., Luthy R. G. (2012) Kinetics and pathways
for the debromination of polybrominated diphenyl ethers by
bimetallic and nanoscale zerovalent iron: effects of particle
properties and catalyst. Chemosphere 89, 426-432.
[18] Chun C. L., Baer D. R., Matson D. W., Amonette J. E., Penn
R. E. (2010) Characterization and reactivity of iron nanoparticles prepared with added Cu, Pd and Ni. Environ. Sci.
Technol. 44, 5079-5085.

363

Received: June 10, 2013
Revised: September 26, 2013
Accepted: October 18, 2013

CORRESPONDING AUTHOR
Dr. Yan Zhang
Department of Civil Engineering
Zhejiang University
A509 Anzhong Building, 866 Yuhangtang Road
Hangzhou, Zhejiang Province 310058
P.R. CHINA
Phone: (86)571-88206753
Fax: (86)571-88208721
Email: zhangyan@zju.edu.cn
Zhang11@ualberta.ca
FEB/ Vol 23/ No 2/ 2014 – pages 355 - 362

© by PSP Volume 23 – No 2. 2014

Fresenius Environmental Bulletin

MORPHOLOGICAL AND BIOCHEMICAL RESPONSES OF
LEMNA MINOR L. (COMMON DUCKWEED) TO CIPROFLOXACIN
Łukasz Sikorski1, Barbara Adomas1, Malwina Dobiesz2, Michał Baciak1 and Agnieszka I. Piotrowicz-Cieślak2,*
1
Department of Environmental Toxicology, Faculty of Environmental
Management and Agriculture, University of Warmia and Mazury in Olsztyn, Poland
2
Department of Plant Physiology, Genetics and Biotechnology, Faculty of Biology and
Biotechnology, University of Warmia and Mazury in Olsztyn, Oczapowskiego 1A, 10-718 Olsztyn, Poland

ABSTRACT
Active substances of pharmaceuticals occur not only in
hospital waste or surface waters but also in rivers and seas
in concentrations exceeding 1µg/l. As far as research is
concerned, it is important to analyze the effect of pharmaceuticals on organisms other than their target organisms.
It was the aim of this study to determine the phytotoxicity of increasing concentrations of soluble and insoluble
ciprofloxacin (0; 0.0002; 0.0005; 0.0008; 0.001; 0.005;
0.01; 0.05; 0.1; 0.313; 0.63; 1.25; 2.5; 5; 10; 20; 40 mM)
towards lesser duckweed. The phytotoxicity was evaluated
on the basis of chosen morphological and biochemical
features. In line with increasing concentrations, both soluble and insoluble ciprofloxacin present in the water caused
reduction in yield, growth rate, amount of fresh mass, and
chlorophyll content in duckweed tissues, with dry mass
slightly growing. 1.25 mM of soluble ciprofloxacin was a
lethal dose for the duckweed, since it hindered the growth
rate and yield by 100%. Insoluble ciprofloxacin did not
induce such a toxic effect even in its highest dose. The toxic
effect of soluble ciprofloxacin also modified the content of
soluble carbohydrates. For concentrations above 1.25 mM
of soluble ciprofloxacin, the content of sucrose, D-chiroinositol and monosaccharides dropped to zero. In 5 mM
of soluble ciprofloxacin, acute dehydration of the tissues
(the growth rate inhibited by more than 100%) led to a rapid
increase in the content of myo-inositol. Yet, the content of
soluble carbohydrates in the tissues of lesser duckweed was
low and did not exceed 1% of fresh mass of the tissues.
KEYWORDS:
soluble and insoluble ciprofloxacin, duckweed, phytotoxicity

1. INTRODUCTION
In the last four decades, the world consumption of antibiotics has increased almost eighty times. 23,000 tons are
produced every year to use in human and veterinary medi* Corresponding author

cine [1]. In animal farming antibiotics are also used as components in fodder [2,3]. Almost 40% of all antibacterial
chemotherapeutics are used in intensive animal farming [4],
including fish farming. Veterinary antibiotics (VAs) are
applied to treat whole herds, not just single animals. They
play a therapeutic role, but also are growth promoters [5].
Quinolones are bacteriocides of wide range of activity
which are applied to treat numerous diseases [2]. One of
the fluoroquinolones – ciprofloxacin – is applied in both
human and veterinary medicine, and unlike other bacteriocides, such as beta-lactams, macrolides, tetracyclines and
aminoglycosides, it affects microbes more strongly [6]. In
human antibiotic therapy, a daily dose of ciprofloxacin may
range from 7.5 to 34.3 mg. It is estimated that 95% of the
administered dose are excreted unchanged or in the form
of reactive metabolites [7]. Veterinary medicines in liquid
manure are distributed on fields. Their concentration can
reach even 0.2 mg per kg of manure [1], while in soil it
exceeds 1 µg per kg of soil [8]. Chemotherapeutics become
then an uncontrolled source of environmental pollution.
Active substances of medicines are highly soluble and have
low biodegradation rate [5]. Some of them are characterized by acute biotoxicity towards water organisms in
the concentration lower than 1mg/dm3, which classifies
them as very toxic substances according to the European Commission Directive 93/67/EEC [9]. It has been
proved that theses substances occur not only in hospital
waste (ciprofloxacin 0.7-124.5 µg/l; [10]) and surface waters, but also in rivers and seas in concentrations exceeding
1µg/l [11]. As a result of anaerobic biotransformation and
adsorption, the content of chemotherapeutics in soil is
lower than in water. Water organisms are directly exposed to xenobiotics, and people using water resources
of all kinds are exposed to medicines and their metabolites present there [8].
Degradation products of fluoroquinolones from sonolysis are capable of reacting with other compounds present in
water or waste, which increases their toxicity towards plants
3-10 times [12]. In addition, ciprofloxacin is highly durable, and its level in the environment may be increasing,
e.g. due to accumulation in plans such as Cucumis, Lactuca, Phaseolus [3]. Research into medicines in hospi-
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tal waste proves that the level of ciprofloxacin found
there exceeds the PNEC (predicted no effect concentration), calculated on the basis of Selenastrum capriconutum algae reactions [13]. Such high levels of antibacterial medicines in waste result form the generally accepted
treatment methods.
In any research it is important to recognize the influence of pharmaceuticals on organisms other than those
targeted by their producers. Although fluoroquinolones are
present in water in negligible amounts (measured in ng/l),
they are continually released into the environment and
thus can be seen as pseudopersistent compounds. Absorbed by water plants, they lower the content of assimilation pigments [11]. The level of fluoroquinolones sorption
in plant tissues depends on their concentration in soil and
the plant species. Lettuce leaves may absorb 90 to 100%
of enrofloxacin from the soil, barley - 64-100%, and cucumber 70-100%. Accumulating in tissues, fluoroquinolones
preserve their antibacterial activity [14], and in mixture with
other chemotherapeutics are potentially genotoxic [10].
Plant response to the presence of medicines in their
environment consists in disturbed biochemical and physiological reactions such as: hindered germination, impeded
growth of both roots and stems [15]. A phytotoxic effect of
fluoroquinoles on lesser duckweed (Lemna minor L.) and
the assimilation pigments content was found [11].
It was the aim in this study to determine the phytotoxicity of ciprofloxacin towards lesser duckweed by assessing its morphological and biochemical characteristics.
2. MATERIALS AND METHODS
The toxicity of soluble (hydrochloride monohydrate,
Sigma-Aldrich) and insoluble (base form, Sigma-Aldrich)
ciprofloxacin to Lemna minor L. (common duckweed)
was tested according to the draft OECD 221 guidelines
for the testing of chemicals [16]. L. minor was grown in
10 ml of Steinberg medium in a plant growth chamber
(ALL -Round -AL 185 -4) illuminated with fluorescent
lights (140 µmol photon m−2·s−1 PAR) in a light-to-dark
cycle of 16 h:8 h (mean maximum temperature during
daytime was 20°C, and during nighttime 16°C, respectively)
for seven days. The response of common duckweed to soluble and insoluble ciprofloxacin concentrations (0; 0.0002;
0.0005; 0.0008; 0.001; 0.005; 0.01; 0.05; 0.1; 0.313; 0.63;
1.25; 2.5; 5; 10; 20; 40 mM) was determined by percent
inhibition of growth rate (Ir), percent reduction in yield (Iy),
chlorophyll a and b, carotenoids, soluble carbohydrates,
fresh and dry mass of plants. Ir and Iy were calculated
based on the number and frond area of duckweed according to OECD 221 [16]. Fresh weight of new fronds, dry
weight of all plants in the sample, frond area using the
computer program Lucia 5.0 were determined. Chlorophyll a, chlorophyll b and total carotenoids content were
analysed by spectrophotometer according to Lichtenthaler
and Wellburn [17].

2.1 Soluble carbohydrates

Monosaccharidres, cyclitols, sucrose and galactosyl
cyclitols content in common duckweed tissues were analysed by GC chromatography according to PiotrowiczCieślak [18]. Tissues (about 10mg fresh mass) were homogenised in ethanol:water, 1:1 (v/v) containing 300 µg
phenyl-α-D -glucose as internal standard. The homogenate
and the wash were combined in a 1.5 ml microfuge tube,
heated at 75°C for 30 min to inactivate endogenous enzymes and centrifuged at 15 000 g for 20 min. The supernatant was passed through a 10 000 MW cut-off filter
(Lida, Kenosha, WI USA). Aliquots of 0.3 ml filtrate were
transferred to silylation vials and evaporated to dryness.
Dry residues were derived with 300 µl of silylation mixture (trimethylsilylimidazole: pyridine, 1:1, v/v) in silylation vials (Thermo Scientifi c) at 70°C for 30 min, and
then cooled at room temperature. One µl carbohydrate
extract was injected into a split -mode injector of a Thermo
Scientific gas chromatograph equipped with flame ionisation
detector. Soluble carbohydrates were analysed on a DB-1
capillary column (15 m length, 0.25 mm ID, 0.25 µm film
thickness, J&W Scientific). Soluble carbohydrates were
identified with internal standards as present, and concentrations were calculated from the ratios of peak area, for
each analysed carbohydrate, to the peak area of respective
internal standard. Quantities of soluble carbohydrates were
expressed as mean ± SD for 3–5 replications of each treatment.
3. RESULTS
Percent inhibition of growth rate (Ir) and percent reduction in yield (Iy) were assessed on the basis of the
number of fronds of lesser duckweed and their area. The
conducted static tests with soluble and insoluble ciprofloxacin showed that the number of duckweed fronds as
well as their area after 7 days decreased, starting from
0.0005 mM concentration of the medicine (Fig. 1). It was
found that inhibition of growth rate (Ir) of the duckweed
exposed to soluble ciprofloxacin amounted to 4.53% (for
0.0002 mM) and 105.20% ( for 40 mM), which resulted
in reduction in biomass yield (Iy) from 7.49% in lower
concentrations of the medicine up to 103.32% in the highest concentration. High concentrations (from 1.25 mM of
ciprofloxacin) resulted in lack of new fronds of duckweed
(Figs 1Aa, 1Ca), as well as reduction of the area of the
already existing fronds (Figs 1Ab, 1Cb).
Inhibition of growth of new fronds (Figs 1Ba, 1Da)
with a decrease in frond area (Figs 1Bb, 1Db) was observed
also in the duckweed exposed to growing concentrations of
the insoluble form of the medicine. The concentration of
0.0005 mM inhibited the growth rate and yield by 33%
and 45%, while the highest concentration by 70% and
80% (Figs 1B, 1D). Unlike soluble ciprofloxacin, its insoluble form did not inhibit the growth of duckweed
fronds by 100%. New fronds appeared even in the highest
concentrations (Figs 1Ba, 1Da), and their area in concen-
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FIGURE 1 - Inhibition of growth rate A, B (a – frond number, b – leaf area) and inhibition in yield C, D (a – frond number, b – leaf area) of
common duckweed (Lemna minor L.) growing in medium supplemented with different soluble (left panel) and insoluble (right panel) ciprofloxacin concentration (1- 0.0002 mM; 2-0.0005 mM; 3-0.0008 mM; 4-0.001 mM; 5-0.005 mM; 6-0.01 mM; 7-0.05 mM; 8-0.1 mM; 9-0.313
mM; 10-0.625 mM; 11-1.25 mM; 12-2.5 mM; 13-5 mM; 14-10 mM; 15-20 mM; 16-40 mM). EC50 – effective concentration of ciprofloxacin
increased growth rate and yield by 50% to the control. Data points represent the means ± SD for four replicate samples.

trations ranging from 1.25 to 40 mM was higher by 29% on
average than when exposed to the soluble form of ciprofloxacin (Figs 1Bb, 1Db).
The fresh mass of duckweed exposed to low concentrations (0.0002 – 0.0008 mM) of soluble ciprofloxacin
was comparable to the fresh mass of control plants. Growing concentrations of the medicine inhibited development
of fronds, which resulted in a gradual decrease of the
fresh mass. The growth of fronds was observed only up to
the concentration of 0.625 mM, and the fresh mass of the
fronds was lower by 90% than in control plants (Table 1
and 2). The fresh mass of lesser duckweed exposed to insoluble ciprofloxacin in concentrations ranging from 0.0005 to
0.1 mM decreased faster than in plants exposed to the
soluble form of the medicine. Already the lowest concentrations (0.0005 and 0.0008 mM) caused a decrease of the
fresh mass by 60%. In the same concentrations of ciprofloxacin, the fresh mass of duckweed exposed to the insoluble form of the medicine was lower by more than 50%
than the fresh mass exposed to the soluble form. Increasing concentrations of the medicine caused a gradual de-

crease of the fresh mass, which at 0.05 mM amounted to
3.25 mg per one plant. The number of plants did not
change, only the number of fronds increased. The fresh
mass of duckweed exposed to insoluble ciprofloxacin
starting from 0.313 mM was more than four times higher
than in the case of its soluble form (Table 1 and 2).
The dry mass of duckweed increased under the influence of soluble ciprofloxacin 2.5 times, while under the
influence of its insoluble form it was growing at a slightly
lower rate (Table 1 and 2).
Soluble and insoluble ciprofloxacin inhibited development of lesser duckweed by 10, 20 and 50% in concentrations of 0.0003, 0.0035, 0.0067 and 0.0003, 0.004,
0.0076 mM, respectively. Soluble ciprofloxacin inhibited
growth of the plants by 100%. Such high inhibition of the
growth rate was not found in the case of insoluble ciprofloxacin. The EC50 toxicity index for duckweed growth
rate inhibition was 0.0097 mM and 0.0143 mM for soluble and insoluble ciprofloxacin, while in the case of crop
inhibition it amounted to 0.0036 mM and 0.0008 mM, for
soluble and insoluble form of the medicine (Fig. 1).
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The content of chlorophyll a in tissues decreased in
line with increasing concentrations of both soluble and
insoluble ciprofloxacin. In the control plants, its content
was 0.67 mg/g of fresh mass, and in the highest concentrations of soluble and insoluble ciprofloxacin decreased
by 75% and 18% respectively (Table 1 and 2). Similar
trends were observed for the content of chlorophyll b,
with the soluble form in the highest concentration decreasing its content by 75%, while the insoluble one - by
40%. Insoluble ciprofloxacin did not modify the content
of carotenoids, but the soluble one lowered their content
by 96% (Table 1 and 2).

At it was found, lesser duckweed contained monosaccharides (fructose, glucose and galactose), sucrose, cyclitols (myo-inositol and D-chiro-inositol) as well as galactosyl cyclitols (galactinol and ciceritol) (Fig 2). There
were also traces of raffinose family oligosaccharides, yet
due to their low content they were found negligible. The
analyzed soluble carbohydrates occurred in higher concentrations in the duckweed growing in the medium with insoluble ciprofloxacin, as compared with those in the duckweed growing in the medium with soluble ciprofloxacin.
Contents of sucrose, D-chiro-inositol and monosaccharides
dropped to zero in the concentration of the soluble medicine higher

TABLE 1 - Fresh mass, dry mass, chlorophyll a, b and total carotenoids content in common duckweed (Lemna minor L.) growing in medium
supplemented with different soluble ciprofloxacin concentration. Data points represent the means ± SD for four replicate samples.

Control

0.0002

0.0005

±SD

26.19
6.51

27.52
6.87

23.49
6.38

±SD

6.90
0.59

6.55
0.42

±SD

0.67
0.08

±SD

±SD

concentration

Ciprofloxacin soluble form, mM
0.0008
0.001
0.005

0.01

0.05

0.1

10.50
0.96

8.26
0.33

8.46
1.79

10.61
1.30

6.31
0.23

6.47
7.05
6.48
0.60
0.25
0.48
Chlorophyll a, mg/g fresh mass

7.07
0.69

6.72
0.47

9.46
0.99

0.50
0.08

0.33
0.16

0.38
0.41
0.44
0.08
0.04
0.00
Chlorophyll b, mg/g fresh mass

0.42
0.06

0.40
0.12

0.31
0.06

0.22
0.09

0.23
0.03

0.24
0.06

0.18
0.15
0.12
0.03
0.01
0.00
Carotenoids, mg/g fresh mass

0.13
0.01

0.13
0.02

0.11
0.01

0.25
0.03

0.19
0.04

0.13
0.05

0.15
0.16
0.17
0.03
0.01
0.00
Ciprofloxacin soluble form, mM
1.25
2.5
5

0.17
0.02

0.16
0.04

0.14
0.02

Fresh mass, mg
23.42
5.12

0.313

0.625

±SD

2.35
1.55

1.09
1.30

0 (*-0.88)
0 (*2.12)

±SD

12.15
0.06

11.41
0.77

11.28
0.80

±SD

0.26
0.03

0.21
0.00

±SD

0.10
0.01
0.12

10.01
1.81
Dry mass, %

10

20

40

0 (*-1.24)
0 (*1.45)

0 (*-2.86)
0 (*3.25)

0 (*-1.68)
0 (*1.90)

11.77
11.75
1.78
1.92
Chlorophyll a, mg/g fresh mass

13.68
1.23

15.62
1.81

16.96
2.85

0.13
0.01

0.09
0.04
0.01
0.01
Chlorophyll b, mg/g fresh mass

0.03
0.01

0.04
0.00

0.05
0.02

0.09
0.00

0.05
0.00

0.01
0.00

0.01
0.00

0.01
0.00

0.11

0.06

0.03
0.01
0.00
0.00
Carotenoids, mg/g fresh mass
0.04
0.02

0.01

0.01

0.01

Fresh mass, mg
0 (*-0.70)
0 (*-1.97)
0 (*2.27)
0 (*2.46)
Dry mass, %
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±SD
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
TABLE 2 - Fresh mass, dry mass, chlorophyll a, b and total carotenoids content in common duckweed (Lemna minor L.) growing in medium
supplemented with different insoluble ciprofloxacin concentration. Data points represent the means ± SD for four replicate samples.
Ciprofloxacin insoluble form, mM
Control

0.0002

0.0005

±SD

27.64
4.21

22.88
1.97

10.56
2.05

±SD

5.91
3.14

6.93
0.01

6.07
1.13

±SD

0.60
0.11

0.53
0.07

0.47
0.03

±SD

0.20
0.03

0.17
0.02

±SD

0.20
0.03

0.18
0.02

concentration

0.0008

0.001

0.005

0.01

0.05

0.1

7.29
0.99

4.20
0.48

4.00
0.59

9.97
0.74

9.10
0.45

9.79
1.01

0.52
0.54
0.57
0.10
0.13
0.16
Chlorophyll b, mg/g fresh mass

0.49
0.08

0.42
0.01

0.40
0.00

0.13
0.01

0.15
0.16
0.17
0.04
0.06
0.08
Carotenoids, mg/g fresh mass

0.14
0.04

0.11
0.00

0.11
0.00

0.17
0.01

0.19
0.19
0.20
0.03
0.04
0.04
Ciprofloxacin insoluble form, mM
1.25
2.5
5

0.18
0.02

0.16
0.00

0.16
0.00

Fresh mass, mg
9.56
7.46
1.29
1.04
Dry mass, %
7.36
8.91
13.07
1.09
0.91
1.73
Chlorophyll a, mg/g fresh mass
10.29
2.28

0.313

0.625

±SD

4.37
1.91

4.47
3.03

5.08
2.06

±SD

12.70
6.64

9.53
3.73

11.92
1.94

±SD

0.40
0.01

0.39
0.01

0.42
0.03

±SD

0.11
0.00

0.11
0.00

0.12
0.01

±SD

0.16
0.00

0.15
0.01

0.16
0.01

10

20

40

5.22
0.41

4.97
3.58

4.27
3.06

13.25
3.02

12.31
1.70

13.34
0.42

0.43
0.44
0.04
0.05
Chlorophyll b, mg/g fresh mass

0.42
0.09

0.45
0.01

0.49
0.07

0.12
0.12
0.01
0.01
Carotenoids, mg/g fresh mass
0.17
0.17
0.02
0.02

0.12
0.03

0.14
0.00

0.15
0.03

0.17
0.04

0.19
0.01

0.21
0.02

Fresh mass, mg
4.19
4.41
0.75
2.44
Dry mass, %
6.15
14.42
2.21
1.94
Chlorophyll a, mg/g fresh mass

than 1.25 mM. Above this concentration, inhibition of the
growth rate and yield exceeded 100% because the tissues of
duckweed shrank. Dehydration of tissues resulted in a rapid
increase of myo-inositol content. Yet, the content of soluble
carbohydrates in the tissues of lesser duckweed was very
low and did not exceed 1% of fresh mass of its tissues.
Insoluble ciprofloxacin in the medium did not decrease the
content of carbohydrates to trace amounts. On average, the
content of carbohydrates in the highest concentration of
insoluble ciprofloxacin was ten times higher compared to
the soluble form of the medicine (Fig. 2).

4. DISCUSSION
Duckweed is a plant most widely spread around the
world. It grows in reservoirs of still waters and slowly
running waters rich in nutrients on all continents, apart
from Antarctica. Because of its anatomical and physiological features, duckweed is thought to be a model plant – a
representative of vascular plants – applied in various
ecotoxicological studies [19]. It is also very often used as
a bioindicator to assess sweet water contamination, e.g.
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with pharmaceuticals. One of them, i.e. ciprofloxacin, is

at present the most commonly applied medicine from the

FIGURE 2 - Monosaccharides (glucose - ■, galactose - ▲, fructose - ●), B – sucrose, cyclitols (myo-inositol - ■, D-chiro-inositol - ▲) galactinol
and ciceritol content in common duckweed (Lemna minor L.) growing in medium supplemented with different soluble (left panel) and insoluble (right panel) ciprofloxacin concentration (c-control; 1- 0.0002 mM; 2-0.0005 mM; 3-0.0008 mM; 4-0.001 mM; 5-0.005 mM; 6-0.01 mM; 7-
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0.05 mM; 8-0.1 mM; 9-0.313 mM; 10-0.625 mM; 11-1.25 mM; 12-2.5 mM; 13-5 mM; 14-10 mM; 15-20 mM; 16-40 mM). Data points represent the means ± SD for four replicate samples.

group of quinolones [20,21]; it does not undergo biodegradation by microorganisms [22] and severely pollutes
domestic sewage [21].
The static tests performed with ciprofloxacin showed
that the growth rate and crop decreased as concentrations
of both soluble and insoluble ciprofloxacin were growing
(Fig. 1). The EC50 toxicity index for growth rate inhibition was 0.0097 mM for soluble ciprofloxacin, while for
its insoluble form it was 0.0143 mM (Fig. 1). High sensitivity of lesser duckweed to fluoroquinolone with reference to the growth rate was shown by Ebert et al. [23].
Concentrations causing 50% growth rate inhibition were
0.012 mM and 0.00089 mM for ciprofloxacin and enrofloxacin, respectively. Ciprofloxacin activity depends
on the degree of ionization, liophility and conformation.
What is especially important is solubility of the active
substance of the medicine. Solubility of pharmaceuticals,
including ciprofloxacin, as compared to their insoluble
forms, is two orders of magnitude lower [24].
Analogously to the growth rate, also fresh mass of
duckweed considerably decreased in line with growing
concentrations of the medicine. The highest of the tested
concentrations inhibited growth of biomass by more than
100% (which means that tissues of duckweed got dehydrated) in comparison with the control plants (Figs 1C, 1D).
Similar tendencies were observed by Brain et al. [25],
whose study showed that 0.0021 mM of ciprofloxacin inhibited fresh mass of gibbous duckweed by 50%. In our research, the EC50 for crop inhibition depended on the form
of applied ciprofloxacin, for the soluble form it was
0.0036 mM, while for the insoluble form it was 0.0008 mM.
The fresh mass of lesser duckweed (Lemna minor L.),
water fern (Azolla filiculoides Lam.) and water lettuce
(Pistia stratiotes L.) exposed to 0.161 mM to 1.45 mM of
sulfadimethoxine decreased [26]. Also a mixture of 8 pharmaceuticals (atorvastatin, paracetamol, caffeine, sulfamethoxazole, carbamazepine, levofloxacin, sertraline and trimethoprim) caused a decrease in fresh and dry mass of
gibbous duckweed, for whom EC50 was 17.8 and 21 µg/l
respectively [25].
The observed decrease in hydration of tissues of the
duckweed growing in the medium contaminated with growing concentrations of soluble and insoluble ciprofloxacin
resulted in a slight increase in dry mass. In the highest concentration (40 mM), dry mass increased by 3% in comparison with the control plants. A reverse response of duckweed is described by Ebert et al. [23], in whose study
0.0015 mM of ciprofloxacin caused 50% (EC50) inhibition
of dry mass of lesser duckweed (Fig 1).
The intensity of the color of duckweed fronds decreased in line with growing concentrations of both forms
of ciprofloxacin, and fronds were white in two highest
concentrations (20 and 40 mM). Visually, loss of green pigment was observed from 0.001 mM for the soluble form, and
from 0.01 mM for the insoluble form (Table 1 and 2). A

decrease in the content of chlorophyll a and b as well as
carotenoids was observed already in the first concentration of the medicine, irrespectively of its form (Table 1).
Gibbous duckweed responded to high concentrations of
ciprofloxacin, i.e. 0.038 mM and 0.029 mM, with a decrease
of the content of chlorophyll a and b. Additionally, the
medicine led to alterations in shapes of duckweed fronds,
which became round instead of oval, from tip to base
[25]. Fronds of lesser duckweed exposed to 0.00019 mM
to 0.038 mM concentrations of flumequine were smaller,
light green, and their roots were shorter and got separated
from the fronds [27]. Fronds of the duckweed exposed to
ciprofloxacin present in the water got white. Such clear
chlorotic changes can stem from the prokaryotic origin of
chloroplasts which have similar metabolic pathways to
microorganisms, thus the response of chloroplasts and
target organisms to chemotherapeutics is similar [22,
25]. Chlorosis of fronds in the duckweed exposed to soluble and insoluble ciprofloxacin appeared at frond margins,
yet if the period of exposure was longer it gradually encompassed whole fronds towards the central part of the
plant. An analogous response was observed by Tkalec et
al. [28], in whose study lesser duckweed responded to
cadmium activity. The element led to a decrease in contents of chlorophyll a and b, as well as carotenoids, and it
caused changes in the structure of chloroplasts. They contained starch and their thylakoids were widened, wavy and
underdeveloped.
1.25 mM of soluble ciprofloxacin was phytotoxic for
lesser duckweed and it caused that the photosynthetic
surface of the fronds shrank by 100% in comparison with
the control plants. Lesser duckweed is a very good bioindicator of pharmaceutical contamination of aquatic environment and its sensitivity is higher than that of plants
such as: Desmodesmus subspicatus, Anabaena and a dicotyledon macrophyte Myriophyllum spicatum [23]. Also,
Robinson et al. [22] found that the species Lemna minor L.
is more sensitive to pharmaceuticals than other aquatic
organisms.
Low concentrations of soluble ciprofloxacin resulted in
higher contents of myo-inositol and D-chiro-inositol in
duckweed tissues, while higher concentrations of the medicine, from 0.625 mM, led to lower content of D-chiroinositiol (Fig 2). It was proved that cyclitols such as Dpinitol (1D-3-O-methyl-chiro-inositol), L-quebrachitol
(1L-2-O-methyl-chiro-inositol), myo-inositol, D-chiroinositol and mannitol protect protein structures, thanks to
which their structural and thermal stability is improved
[29]. Cyclitols such as D-pinitol and L-quebrachitol have
a methyl group [30] in their molecules (O-methyl cyclitols) and are more effective at stabilizing protein than
cyclitols without this group, such as myo-inositol and Dchiro-inositiol. Moreover, trehalose and glucose fulfill a
protective function towards proteins [29]. The tissues of
lesser duckweed growing in the medium with 0 to 1.25 mM
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of both forms of ciprofloxacin had a higher glucose content
than those in the control environment. Higher contamination of water with the medicine led to a rapid decrease in
glucose contents in the tissues which lost the ability to protect their macromolecules, which in turn resulted in their
severe degradation. Among the analyzed sugars, sucrose
appeared in the duckweed tissues in the highest amount
(3.92 mg/g), which increased almost two times in plants
exposed to 0.63 mM concentration of the medicine (Fig. 2).
The content of sucrose in the tissues decreased in higher
concentrations of the medicine, and in samples with the
highest concentrations (5, 10, 20 and 40 mM) of soluble
ciprofloxacin there was only a trace amount of sucrose.
This sugar plays an important part in signal transduction
in plants and in osmoprotection of a cell, especially when
a plant grows in an environment with limited water resources [31].
In this study, the content of soluble carbohydrates and
cyclitols was for the first time determined in the tissues of
lesser duckweed, as well as assessing their role as osmoprotectancts in plants growing in the aquatic environment
contaminated with ciprofloxacin. Another innovative
aspect of the study consisted in identifying and determining the role of soluble carbohydrates and cyclitols in the
tissues of the organs directly exposed to contaminations in
water.
5. CONCLUSIONS
Summarising, 1.25 mM concentration of soluble
ciprofloxacin was lethal for lesser duckweed and it caused
a decrease in the growth rate and crop by more than
100%. Insoluble ciprofloxacin even in the highest dose
did not cause such a toxic effect. The study showed that
soluble carbohydrates are modified not only by environmental factors, such as: drought, temperature, oxidative stress or
salinity, but also by contamination of environment with
pharmaceuticals. On the basis of the assessed morphological
and biochemical features it can be said that lesser duckweed
(Lemna minor L.) is a very good phytobioindicator of
sweet water reservoirs contaminated with ciprofloxacin.
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ABSTRACT
The article focuses on the reliable screening analyses
of water quality of the Danube section near Novi Sad,
Serbia. Sampling of the wastewater discharged into the
Danube and the Danube surface water in Novi Sad surroundings was carried out in December 2011. The water
samples were analysed by GC-MS. The compounds occurring most frequently in the analysed water samples
were phthalates, PAHs, bisphenol A, caffeine, terpenes,
fatty acids, industrial and lubricant oils and defoaming
agents. Dibutyl phthalate, diethyl phthalate, dioctyl
phthalate and bisphenol A, which are on the NORMAN
list of emerging substances, and di(2-ethylhexyl)
phthalate, which is on the list of the WFD priority substances, were detected in all the examined samples. A
large group of terpenes, such as nerol, citronellol, menthol, ionone, and compounds as camphor, ethyl citrate or
methyl jasmonate that could be found in cosmetics, personal care products or home cleaning products were determined in all waste and river water samples. The presence of hormones in all the surface water samples indicates human or animal faecal pollution, while the detected
caffeine in all samples confirms an anthropogenic impact.
Such contamination of the Danube could affect the security of the drinking water supply, since the Drinking Water
Treatment Plant of Novi Sad is very close to the river
bank and the raw water is derived from the Danube or
from several groundwater reservoirs located in the direct
proximity of the wastewater discharge points.
KEYWORDS: water quality, emerging substances, the Danube,
gas chromatography

1. INTRODUCTION
Novi Sad, the second largest town in Serbia, is the
administrative, economic, industrial, cultural, agricultural
* Corresponding author

and university centre of the northern Serbian province of
Vojvodina with a municipal population of around 340,000.
The town is located in the southern part of the Pannonian
Plain, on the banks of the Danube and the Danube-TisaDanube (DTD) Canal.
Seventy percent of the groundwater abstracted in
Vojvodina (100% drinking water supplies) originates
from the complex of subartesian (partially artesian) aquifers or aquifers 50-250 m deep. The remaining part of 30%
belongs generally to alluvial groundwater aquifers [1]. The
municipality of Novi Sad faces a specific problem of
getting the drinking water and the irrigation water either
from the Danube or from several groundwater aquifers
that can easily be affected by wastewater discharges. The
acute problem is the main drinking water abstraction point
which is located only several hundred meters downstream
of two main municipal wastewater disposal sites. Several
groundwater abstraction points are also used; however, all
of them are located in densely populated urban areas,
while one of them is located near the national oil refinery
in the industrial zone. Unreasonably, there is no urban
Wastewater Treatment Plant (WWTP) in Novi Sad, not
even the primary one, which is an unimaginable fact in
contemporary Europe. Moreover, most of the industries
around Novi Sad are without wastewater treatment systems
and the extensive agricultural activities nearby present
another hazardous source of pollution. However, the destruction of all three bridges and the NATO bomb residues from 1999 bombing of Novi Sad are still in the Danube, which could affect the drinking water aquifers. Serbia, as a developing country and a candidate to become a
member of the European Union, is in the implementation
process of the European Water Framework Directive
(WFD) whose major goal is to secure a “good chemical
and ecological status” of the rivers and lakes by 2015 [2,
3]. The screening method, applied in this study, is rapid,
cost-effective and time-saving; it gives yes/no response
and is usually used for immediate decision-making [4].
The screening analysis, the first and the crucial step for
target analyses, was chosen as an adequate method for
the environmental pollution monitoring to get a deep,
comprehensive and reliable insight into the presence of
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the organic contaminants in the wastewater and in the
Danube surface water of the Novi Sad surroundings [5].

and waste disposal sites, unauthorized traffic and an old
industrial complex in the vicinity.

The Water Supply System of Novi Sad Municipality
is principally based on using the groundwater from alluvial aquifers (Qtot, av = 34x106 m3/yr [6]), tapped by
more than 20 horizontal wells situated at three locations
along the Danube. These aquifers belong to the so-called
“rapidly rechargeable aquifer” category, since they depend
on the hydrological regime of the river. The water abstraction is done using the bank filtrations, a well-established
and proven natural water treatment technology. Approximately 80-90 % of water in these layers originates from the
Danube, and 10-20 % from the backland groundwater [7].

The available information on the water pollution used
for the abstraction of the drinking water in the municipality of Novi Sad is insufficient. However, there is clear evidence that the numerous harmful organic substances, including detergents, pharmaceuticals, pesticide residues, and perfluorinated substances, chemicals in personal care products, heavy metals and microbial pollutants, were detected
in the Danube surface water, including the sampling sites
downstream of Novi Sad. The International Commission
for the Protection of the Danube River (ICPDR) has been
monitoring the physical, chemical and biological parameters in the Danube and its major tributaries since 1996.
The first Joint Danube Survey (JDS1) was conducted by
the ICPDR in 2001, as the most homogenous analysis of
the water quality and the ecological status of the Danube.
The second Joint Danube Survey (JDS2) was organized
during August and September of 2007. The most common
compounds that were identified [8, 10] in that period are in
the open list of more than 700 emerging substances defined
in the “Network of reference laboratories for monitoring of
emerging environmental pollutants, NORMAN” [9].

Currently, the existing wells are threatened by different kinds of the potential sources of anthropogenic pollution in all three water sources.
The location of the Strand water source (the oldest
water source, Qav = 6 x106 m3/yr) is virtually in the urban
area, and the indications of the anthropogenic influences,
such as organic pollutants and pathogens, were detected
in the groundwater. Due to the detected faecal microorganism infiltration, this groundwater well was frequently
out of operation during the 2005-2012 period. The drainage system is very old and poorly maintained in this part
of the town. However, it is quite impossible to change the
current situation without huge financial investments. The
other two groundwater sources, Petrovaradinska ada (Petrovaradin fluvial island) and Ratno ostrvo (War island),
are the backbone of the water supply system of Novi Sad,
since they provide almost 100% of the necessary quantities
at the moment. Both sources, Petrovaradinska ada on the
right bank and Ratno ostrvo on the left bank, are located
only a few km downstream of the discharges of the two
main sewers of the town, Cepelin and Beogradski kej.
Beside the potential influence of the quality of the
Danube water on groundwater, both water sources are
endangered by different forms of land-use in the backlands,
such as agricultural lands, drainage canal systems (the Danube-Tisa-Danube Canal) and industrial activities. Perhaps,
the most dangerous potential pollution sources on Ratno
ostrvo are the Oil Refinery, located in the Sever IV (North
IV), a town industrial zone, and the Thermal Power Plant
(TE-TO), both located only several 100 m from the nearest water supply wells.
The sewage system is located in the area of the Ratno
ostrvo water supply source, collecting the wastewater from
the refinery location and the atmospheric water from the
industrial and undeveloped suburban area.
In addition, the extensive agricultural production in
the backlands cannot be neglected, especially in the area
where the alternative groundwater sources of the regional
significance are planned.
Petrovardinska ada, the water source supply on the
right riverbank, is directly endangered by lots of illegal
settlements (Rokov potok – Roko stream) with septic tanks

The main objective of the study is to underline the
importance of the screening analyses of a huge number of
pollutants in order to recognize the most relevant, the most
toxic and the most frequent organic contaminants present in
the wastewater and the Danube surface water in the Novi
Sad vicinity. It is important to establish a coherent and
comprehensive quality overview of raw water used for a
drinking water production, to evaluate the risks for human
health in order to improve a good environmental management system (EMS) which generally requires identifying
and registering the environmental effects, while promoting
continual environmental improvements.
2. MATERIALS AND METHODS
2.1 Sampling

Eight individual 1-L water samples were taken for the
screening analysis in December 2011. The municipal and
industrial wastewaters were sampled directly from the
collectors of the sewage discharges of Cepelin, Beogradski
kej, Ratno ostrvo and Rokov potok, while the samples of the
Danube surface water were taken approximately 100 m
downstream of each discharge (Table 1, Fig. 1).
2.2 Water samples analysis

The screening analyses of the collected water samples
were carried out at the Institute of Analytical Chemistry,
Faculty of Chemical and Food Technology, STU in Bratislava, Slovakia. An 800-ml aliquot of water sample was
spiked with an internal standard (phenanthrene-D10) to
achieve the final concentration of 1 µg/L, and extracted
with two 50-ml portions of dichloromethane for 20 min.
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FIGURE 1 - Water sampling locations for screening analysis.

TABLE 1 - List of sampling sites for screening analysis.
No.
1
2
3
4
5
6
7
8

Location
Cepelin
Beogradski kej
Ratno ostrvo
Rokov potok
Collector Cepelin
Collector Beogradski kej
Discharge Ratno ostrvo
Collector Rokov potok

Code
GC1˝
GC2˝
RO˝
RP˝
GC1´
GC2´
RO´
RP´

Norten latitude
45°15'5.40"N
45°15'43.03"N
45°15'13.39"N
45°15'0.47"N
45°15'3.704"N
45°15'44.19"N
45°15'22.95"N
45°14'56.965"N

The liquid-liquid extraction into dichloromethane favours the transport of hydrophobic organic compounds
from water to an extraction solvent, while the extraction
efficiency depends on the compound partitioning coefficient.
After extraction, both extracts were combined and dried
with anhydrous sodium sulphate. Small aliquots of copper
powder were added into the obtained extract to remove
elementary sulphur. The addition of Cu was stopped when
the formation of black CuS was no longer observed. After
the filtration, the combined extract was evaporated using
the Kuderna-Danish apparatus to a final volume of 1 ml.
A 50-µl volume of the extract was injected into the gas
chromatography (GC) system by a large volume injection
in solvent vent mode. The GC-MS screening analysis was
performed using an Agilent 6890 gas chromatograph coupled to an Agilent 5973 mass spectrometric detector. The
GC system was equipped with a programmed temperature
vaporization (PTV) injector, known to be suitable for large
volume samples, which was raised from 60 to 260 ºC
(5 min) at a rate of 600 ºC/s. The capillary GC analysis
was done on a 30 m x 250 mm I.D., DB-XLB column

Eastern longitude
19°51'22.53"E
19°51'27.09"E
19°54'38.48"E
19°54'11.33"E
19°51'18.329"E
19°51'22.16"E
19°54'39.94"E
19°53'43.673"E

(0.25 mm film thickness). The oven was programmed from
50 ºC (2 min) by 12 ºC/min to 140 ºC, and 14 ºC/min to
310 °C (3 min). Helium was used as a carrier gas. The
mass selective detector (MSD) was used in the scan mode
(m/z 45-600) for all the samples. The identification of
compounds was done using Wiley7n and NIST08 mass
spectral libraries.

3. RESULTS AND DISCUSSION
Phthalates, PAHs, glycols and derivatives, caffeine,
bisphenol A, terpenes and fatty acids belong to the compounds occurring most frequently in the wastewater and
the Danube surface water near Novi Sad locality.
Phthalates, used as plasticizers, industrial and lubricating
oils, defoaming agents, cosmetics and insect repellents,
were detected in the samples. Dibutyl phthalate, diethyl
phthalate and dioctyl phthalate that are on the NORMAN
list of the emerging substances, and di(2-ethylhexyl)
phthalate that is on the priority substances list of the
WFD, were detected in all the water samples. Known as
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endocrine disrupting chemicals (EDCs), phthalates are of
potential health concern and their presence could implicate in the rise of birth defects of the male reproductive
system [11]. The problem is that the water wells near
certain hazardous waste sites could be contaminated with
phthalates.
The presence of caffeine in all the analysed samples
confirmed the existence of human household waste in the
Danube because of its unambiguous anthropogenic origin
[12]. The possible sources of the detected fatty acids in all
water samples could mainly derive from the degradation
processes of petroleum hydrocarbons [13], or from anaerobic biodegradation of organic matter, such as animal and
vegetable fats. Consequently, they are widely present in the
activated sludge, waste and landfill leachates and
wastewater. As the town of Novi Sad does not have a
WWT plant for the municipal wastewater, these data
should not be surprising. Although propylene glycol detected in almost all samples is a generally recognized as
safe (GRAS) food additive that is widely used in food and
tobacco products, pharmaceuticals, cosmetics and other
glymes registered in all samples should be of great concern
because of their wide use and toxicity. In 2011, the US
EPA regulated 14 glymes in order to limit the manufacture,
import and processing of these toxic chemicals in the USA.
The European Union restricts the use of monoglyme,
diglyme, and triglyme to the professional users (Directive
2003/36/EC), and limits their use in the manufacture of
cosmetics (Directive 76/768/EEC) and toys (Directive
2009/48/EC) [14]. The detected bisphenol A (BPA) in all
water samples should be of great concern because BPA is
identified as a suspected endocrine disrupter in the list of
priority substances for further investigation reported by
the US EPA and the European Union [15]. It is important
to point out that there is a general lack of the information
on the BPA levels in the countries of the Western Balkan
region.
The vast group of terpenes, such as nerol, citronellol,
menthol, ionone and other compounds like camphor, ethyl
citrate or methyl jasmonate, that are used in cosmetics,
care products and home cleaning products, was detected
in all the waste and river water samples. Camphor is on
the NORMAN list of the emerging substances and citronellol is on the list of the regulated allergens according
to the EU Directive 76/768/EEC. Wide variety of hormones, derivatives of benzene and polycyclic aromatic
hydrocarbons (PAHs) were also detected in the water samples [16]. In many cases, the detected compounds were
isomers, but their right identification was difficult.
More than 130 compounds were found in the
wastewater and the Danube river samples at the sampling
point of Cepelin. The compounds belonging to the group
of phthalates (diethyl phtalate, diisopropyl phtalate, dibutyl phtalate and dioctyl phtalate), PAHs (cyclopenta[g]-2benzo-pyran) and hormones (cholestan-3-ol and cholestan6-one), caffeine and alpha iso-methyl ionone, belonging to
the NORMAN list, were detected in both surface and

wastewater samples. Although it is non-toxic, hexagol
was found at high concentrations in the wastewater samples, indicating a high anthropogenic impact. The
wastewater samples contained chemicals of special concern that were not present in the Danube surface water
samples, such as 1-benzofuran, nicotine and its metabolite
cotinine, and the hormone androstane-17-one,3-hydroxy-.
Surprisingly, two mild hallucinogenic compounds,
myristicin and elemicin, were found in considerably high
concentration levels in the surface water. Biphenyl, 1,2benzisothiazole, benzothiazole, 2-(methylthio)-, the
PAHs perylene and benzoperylene, 12a-ß-rotenolone,
skatole and the pesticide fonofos were detected only in
the Danube surface water samples.
The significant quantity of the compounds,
phthalates, caffeine and hormones (cholestan-3-ol, cholest-5-en-3-ol, cholestan-3-one, cholestane, 3-ethoxy-,
(3.beta, 5.alpha)- and stigmast-5-en-3-ol) came from
the waste into the Danube at the sampling point of
Beogradski kej. The Danube water was also contaminated with 1,2-benzisothiazole, alkylated naphthalenes,
biphenyl, benzothiazole-2-(methylthio)- and cyclopenta[g]-2-benzopyran, which were not detected in the
wastewater samples.
Approximately 150 different organic compounds were
detected in the wastewater and the Danube surface water
samples at the sampling point of Ratno ostrvo. The chemicals like hydrocarbons, indols, nicotine, indigo, caffeine,
phthalates and hormones come from the discharge point of
Ratno ostrvo into the Danube. The substances that require
special attention and detected in the wastewater or the
Danube surface water samples were naphthalene as a
WFD pollutant, and further, ethylstyrene, alkyl-substituted
phenols and indols, dibutyl, diethylhexyl phthalates, PAHs,
caffeine and alpha-isomethyl ionone, which are on the
NORMAN list of the emerging substances. Phenol, 2,6bis(1,1-dimethylethyl)-4-methyl, better known as butylhydroxytoluene (BHT) for its controversy to be linked
to child hyperactivity and to cancer, was also found in the
analysed samples. However, BHT is advocated as a diet
supplement and antiviral drug useful against herpes family
viruses [17]. Special attention should also be paid to the
hormones (cholestan-3-ol, cholest-5-en-3-ol, cholestan-3one, stigmastanol and stigmast-5-en-3-ol) that could indicate faecal pollution.
Nearly 130 different organic compounds were analysed in the wastewater and the Danube samples at the
sampling point of Rokov potok. Caffeine, phthalates, PAHs,
nicotine and its metabolite cotinine came from the
wastewater to the Danube surface water. The substances,
requiring special attention and detected in the wastewater
or the Danube surface water samples, were 1,2benzisothiazole, caffeine, alpha-isomethyl ionone, phosphoric acid, triphenyl ester and butylated hydroxytoluene
(p-cresol), specified in the NORMAN list of the emerging
substances; furthermore, diethyl, dimethylpropyl and dibutyl phthalates, (bio)-pesticides 6a-beta,12a-beta-rotenolone,
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and a WFD pollutant benzo(a)pyrene. Pesticide fonofos,
detected only in the Danube surface water samples, indicated the pollution from agricultural activities near the
sampling point. The presence of the hormones androstane-17-one, 3-hydroxy-, androstan-17-one, 3hydroxy-, (3.alpha, 5.beta.), cholest-5-en-3-ol, cholestan3-one and stigmast-5-en-3-ol and coprostanol highlighted
the great impact of faecal pollution due to the lack of the
WWTP.
Hormones and EDCs are active at extremely low doses
and the recent epidemiological studies have shown that
environmental exposures to these chemicals are associated
with human disorders because they can interact with multiple hormone pathways or hormone receptors [18-20]. Accordingly, there is a link between the environmentally
relevant low concentrations and the disease prevalence.
Recently, with the development of biomonitoring, low
hormone effects have begun to receive much more attention, and they should be considered in the safety assessment of the chemicals.
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CYTOLOGICAL CHARACTERIZATION OF
TOBACCO PLANTLETS OBTAINED FROM ANDROGENIC
HAPLOIDS THROUGH CHROMOSOME DOUBLING
Nesrin Orcen* and Ulku Emiroglu
Department of Field Crops, Faculty of Agriculture, Ege University, Bornova, Izmir, 35100, Turkey

ABSTRACT
Chromosome doubling strategies are commonly used
as useful tool for plant breeding. Chromosome doubling
agents applied to meristem are able to penetrate to different parts of it. Using of antimitotic agents leads to chromosome doubling by acting on cells` dividing. The domain of
meristem layer in the plants with doubled chromosome
can be determined using cytogenetic methods. This study
is conducted to determine the cytological characterization
of tobacco plantlets obtained from anther culture through
chromosome doubling. The haploids produced from Nicotiana tabacum L. cv. Saribaglar (2n = 48) were used as
plant material. The chromosome doubling was carried out
using trifluralin and acenaphthene. The chromosome counting was conducted for 937 of treated (with trifluralin and
acenaphthene) and control plants. The chromosome counting of 422 treated plants with trifluralin, 185 haploid (2n =
24), 199 diploid (2n = 48), 3 tetraploid (2n = 96), 8
mixedploid (haploid and diploid series) and 27 aneuploid
plantlets were observed. In acenaphthene applied plantlets
(249), 225 haploid, 15 diploid and 9 aneuploid plantlets were
determined. Also, for determining treated plantlets ploidy
level, the guard cell lengths were used. Taking into consideration the stomata length, examined total plantlets
(956) were classified into three groups as haploid (572),
diploid (383) and tetraploid (1).

KEYWORDS: guard cell lengths, chromosome counting, pollen
diameter, chromosome doubling, antimitotic, Nicotiana tabacum

1. INTRODUCTION
Haploids containing half of the chromosome number
of cells are sterile and in order to get seeds, their chromosomes have to be doubled. The successful application of
haploid technology to plant breeding depends on both reliable methods for production of haploids in large number and
achieving a high frequency of chromosome doubling [1].
* Corresponding author

Chromosome doubling strategies are commonly used
by many breeders as useful tool in their mainstream programs for a large number of major crops [2]. Different agnates were applied to different plants for chromosome doubling e.g. colchicine in tobacco by Nakamura et al. [3]
trifluralin in onions (Allium cepa L.) by Grzebelus and
Adamus [4], and in roses (Rosa chinensis minima) by
Zlesak et al. [5], acenaphthene in tobacco (Nicotiana
tabacum L.) by Burun and Emiroglu [6], amiprophosmethyl in sugar beet (Beta vulgaris) by Hansen et al. [7], and
oryzalin in annatto (Bixa orellana) by Carvalho et al. [8].
Chromosome doubling agents applied to meristem are
able to penetrate to different parts of the meristem. Cell
layers of meristem tip in dicotyledonous plants are identified with names like L1, L2 and L3, and these layers are
the origin of different tissue and organ cells that will
occur later. As the ploidy levels in these cells differed
from each other, developing organs and tissues of these
cases may have a different level of ploidy [9]. Using of
antimitotic agents leads to chromosome doubling by acting on the cells dividing. The domain of meristem layer in
the plants with doubled chromosome can be determined
using cytogenetic methods. Guard cell length, pollen diameter, and root tip squashes of rooted cuttings were used to
detect polyploidy in meristematic layers L1, L2 and L3,
respectively [5].
The chance of chromosome doubling in the upper layer
of the meristem is higher than in the other layers due to the
direct contact of this layer with the chemical agent. The
stomatal parameters are useful devices for determining
the ploidy level of L1 of meristem. While the pollen size
gives information about the doubling status of chromosomes in L2 layer, chromosome counting is a good tool
for determination of ploidy levels of meristem in all layers. The aim of the present study is to determine the cytological characterization of tobacco plantlets obtained from
anther culture through chromosome doubling.
2. MATERIALS AND METHODS
Plant material: Nicotiana tabacum L. cv. Saribaglar
(2n = 48) was used as plant material.
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Culture medium: Sterilized anthers were cultured on
Nitsch and Nitsch [10] medium with 20 g.L-1 sucrose and
8 g.L-1 agar.
Culture conditions: Culture vessels were placed in a
culture room at 23-25 °C with 16 h 3500 lux illumination.
Cytological analysis methods: Ploidy level of androgenic plantlets was determined by chromosome countings
using leaf squashes and stoma guard cell size, pollen size
based on the method of Burun [11]. For leaf squashes, early
in the morning, leaves smaller than 1 cm in length were
collected from the plants grown in greenhouse and placed
in 2 mM 8-hydroxychinoline for 3.5 to 4 h. After rinsing 5 to
6 times with tap water, they were hydrolyzed in a mixture of
1 part conc. HCl plus 2 parts 96% ethyl alcohol for 6 min.
Following rinsing, 4 to 5 times with tap water, the leaves
were stored in distilled water in a refrigerator until use. For
chromosome counting, small lamina pieces were taken
from the base of the leaves and squashed in 2% acetoorcein. Pollen grains were stained with 1% aceto-orcein,
and stoma guard cell length measurements were conducted
on slides prepared from lower epidermal using prints made
with nail varnish. Stomata length was measured between
the junctions of the guard cells at each end of the stoma.
3. RESULTS AND DISCUSSION
The chromosome counting was conducted for 937
treated and control plantlets. The groupings of plantlets are
given in Table 1, based on ploidy levels. During examining
the control plantlets, only one (0.39%) diploid plant (spontaneous diploid) was observed. The chromosome counting was
successfully conducted to 422 of 441 treated plants with
trifluralin. Checking ploidy level showed that total number
of plantlets (422) treated with trifluralin, 185 haploid (2n
= 24), 199 diploid (2n = 48), 3 tetraploid (2n = 96), 8
mixedploid (haploid and diploid series), and 27 aneuploid

plantlets were observed (Fig. 1). In acenaphthene applied
plantlets (249), 225 haploid, 15 diploid and 9 aneuploid
plantlets were determined. In an experiment by Rey et al.
[12], a protocol for somatic embryogenesis and plant regeneration of Ilex paraguariensis St. Hil. from embryo cultures
was developed. Their results for trifluralin agent (1, 10
and 20 µM concentration of trifluralin) showed that only 2
plantlets out of 152 studied contained the tetraploid
number of the chromosomes (2n = 80); mean-while, the
rest of the plantlets had the normal diploid number
of chromosomes (2n = 40). The chimeric plantlet numbers
by treatments are given in Table 1. During chromosome
doubling, less chimeric plant production is a desirable
property for breeders. In some researches, the numbers of
produced chimeric plants were used as a parameter for
evaluating the chemical agent efficiency in chromosome
doubling [13, 14].
Also, for determining treated plantlets ploidy level,
the guard cell lengths were used. The length of guard cells
of haploid, diploid and tetraploid plantlets were determined to be 26.19 ± 0.125, 43.17 ± 0.144 and 61.60 ±
0.546 µm, respectively (Figs. 2a, b, c). Burun and Emiroglu [1] found stoma guard cell lengths as 27.35 ± 0.76
µm in haploids and 42.79 ± 0.07 µm in diploids for cv.
Karabaglar 6265, which is similar to our research results.
Also, the result of Volenikova and Ticha [15] study on
diploid tobacco stoma length is in agreement with our results. Taking into consideration the stomata length, examined
total plantlets (956) were classified into haploid (572),
diploid (383) and tetraploid (1) groups. From these 383
diploid plantlets, 86 plantlets did not set seeds. The results
of Emiroglu [16] showed that half of the plantlets classified as diploid, based on the guard cell lengths, did not
lead to seed setting. The reason for this reduction in seed
setting rate can be inferred by effecting of trifluralin just
on the first layer of cells (L1) but not on the L2 and L3
layers of meristem.

TABLE 1 - Ploidy levels of plantlets generated from androgenic plantlets treated with trifluralin and acenaphthene.
Agents

Treatments
Duration

Concentration
Total
h
Control
79
79
Trifluralin
24 h
10 µM
46
21
30 µM
77
27
50 µM
48
14
Control
78
77
Trifluralin
48 h
10 µM
42
13
30 µM
59
25
50 µM
33
18
Control
6
6
Trifluralin
72 h
10 µM
34
22
30 µM
59
39
50 µM
38
6
Control
89
83
48 h
100mg
98
92
Acenaphthene
72 h
100mg
63
57
96 h
100mg
88
76
(h) haploid, (d) diploid, (t) tetraploid, (a) aneuploid, (m) mixedploid, (c) chimera
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20
43
28
0
24
29
10
0
10
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1
3
4
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1
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FIGURE 1 - Chromosomes in a leaf cell of (a) haploid, (b) dihaploid, (c) tetraploid, and (d) mixedploid plantlets (x1000).

FIGURE 2 - Stoma and pollen of plantlets treated with trifluralin: (a) stomata guard cells of haploid plantlet, (b) stomata guard cells of
dihaploid plantlet, (c) a stoma with two pores, and (d) dihaploid plantlet pollens stained with aceto-orcein (x1000).

In our study, the 3 chimeric plantlets were observed
to be classified as one diploid and two haploid plantlets
based on the guard cell length. Thao et al. [17] observed
30 chimeric plantlets and found that 25 of them had diploid stoma guard cell length but only 5 had tetraploid cell
length specification.
Also, the pollen cell lengths were used for detecting
treated plantlets ploidy level. The length of pollen cells of
diploid plantlets was determined as 31.24 ± 0.426 µm

(Fig. 2d). In 5 diploid classified plantlets, based on their
pollen length, the seed setting did not occur.

4. CONCLUSION
As a conclusion for this study, it can be said that for
determining the ploidy level of plants, it would be very
useful to determine the length of guard cells and pollen
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besides the counting of the chromosomes. The obtained
data would be beneficial for breeding programs.
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ANTIMITOTIC EFFECTS OF ACENAPHTHENE AND
TRIFLURALIN ON ANDROGENIC TOBACCO HAPLOIDS
Nesrin Orcen* and Ulku Emiroglu
Ege University, Faculty of Agriculture, Department of Field Crops, 35100 Izmir, Turkey

ABSTRACT
In order to test the chromosome doubling effect of two
antimitotic chemicals “trifluralin” and “acenaphthene”, two
experiments were conducted separately, using androgenetic
haploid plantlets with 3 to 5 leaves of tobacco “Nicotiana
tabacum cv. Sarıbaglar”. Seed settings were considered in
distinguishing dihaploids.
In the trifluralin experiment, plantlets were treated in
flasks containing liquid Nitsch medium and 0, 10, 30 and
50 µM trifluralin for 24, 48 and 72 h on a 150 rpm shaker.
Fifty plantlets were used per treatment and experimental
design was split-plotted with three replications. The highest chromosome doubling was recorded for 24 h treatment
with 10 µM concentration.
Acenaphthene experiment was carried out with 3 replications of monofactorial randomized plots. About 100 mg
crystals were hanged into small sterilized cheesecloth bags
into culture vessels (6×7cm) containing 5 haploid plantlets,
for 48, 72 and 96 h. Fifty plantlets per treatment were
used, and treatment effects were not significant, although
average doubling ratios increased from 3.2 to 10.4% with
increasing durations.

Colchicine has been widely used for polyploidization
in plants since it was firstly reported in the 1930s [5]. Recently, using of antimicrotubule effect agents (e.g. tifluralin
and APM) raised but trifluralin with lower toxicity to humans and higher affinity for plant tubulin than colchicines
is the better choice to be used for chromosome doubling
in plants [6]. Also Yemetsi and Blume [7] stated that colchicine has high mutagenic effects. Chemicals like trifluralin have been indicated to perform in vitro chromosome
doubling at molar concentrations about 100 - 1000 times
lower than colchicine [8, 9]. Another advantage of trifluralin to colchicine is producing less mixploid and chimeric
plants [5].
The other chemical used as chromosome doubling
agent is acenaphthene vapor. Some advantages of
acenaphthene are no limitation in obtained resources,
less toxicity, multiple applicability for the same plant and
high potential for producing more fertile plants [7]. So, in
this study, also the effectiveness of chromosome doubling
was determined by using acenaphthene. The aim of this
study is to determine the appropriate concentration and
application durations of trifluralin and acenaphthene for
chromosume doubling in androgenetic tobacco haploids,
based on the seed setting rate.

KEYWORDS: Trifluralin, acenaphthene, doubled haploid, chromosome doubling, antimitotic, Nicotiana tabacum

1. INTRODUCTION
Microspore or anther culture is used in various species
to obtain the desired meiotic recombination. Haploids obtained are sterile; however, these haploids become dihaploid and fertile by chromosome doubling. Homozygous
lines were formed by chromosome doubled plants. These
lines are called as doubled-haploid and are also known as
dihaploid [1]. Methods of anther culture and chromosome
doubling are more advantageous than conventional breeding methods in terms of cost and time efficiency [2, 3].
Tobacco tissue culture found a wide range of applications
in the past, and nowadays is commonly used for genetic
transformations as a model system [4]. The tobacco plant
was used as a model system in this study.
* Corresponding author

2. MATERIAL AND METHODS
Nicotiana tabacum L. cv. Sarıbağlar (2n = 48) was
used as plant material. Sterilized anthers were cultured on
Nitsch and Nitsch [10] medium with 20 g.L-1 sucrose and
8 g.L-1 agar (the details of this method were explained by
Burun and Emiroglu [11]). Culture vessels were placed in
a culture room at 23-25 °C with 16 h of 3500 lux illumination.
In order to test the chromosome doubling effect of
two antimitotic chemicals “trifluralin” and “acenaphthene”,
two experiments were conducted separately, using androgenetic haploid plantlets with 3 to 5 leaves of tobacco
“Nicotiana tabacum cv. Sarıbağlar”. Seed settings were
considered in distinguishing dihaploids.
In the trifluralin experiment, plantlets were treated in
flasks containing liquid Nitsch medium and 0, 10, 30 and
50 µM trifluraline for 24, 48 and 72 h on a 150 rpm shaker.
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Fifty plantlets were used per treatment and experimental
design was split-plotted with 3 replications. Acenaphthene
experiment consisted of mono-factorial randomized plots
with three replications. About 100 mg crystals were hanged
in small sterilized cheesecloth bags into culture vessels
(6×7 cm) containing 5 haploid plantlets, for 48, 72 and 96 h.
Fifty plantlets per treatment were used. TARIS program
was used for statistical analysis of results [11]. The rate of
germination for anther culture-treated anthers was calculated using the following equation:
Rate of germination = (Number of germinated anthers/
Total number of anthers)
3. RESULTS AND DISCUSSION
To obtain haploid plantlets, anthers were cultured in first
and second growing season. The number and rate of germination, the elapsed time for germination, and the day on
which the maximum germination occurs, were determined
for anthers culture. The data obtained from anther culture are given in Table 1. In anther culture experiments,
3261 anther-formed plantlets (average value of 18.38%)
were obtained from the total number of 17622 anthers
(Table 1). The time duration beginning from taking anthers into anther culture to plantlets appearance has varied
widely in the year 2003; the germination started from 15th
day and was continued to 65th day, and the average dura-

tion was 26.5 days. In year 2004, this period started from
18th day and lasted to 70th day, and the average duration
was calculated as 31.48 days. Taking to consideration both
years, the minimum and maximum days necessary for
germination varied from 15 to 70 days, and the average
was 28.9 days (Table 1).
3.1 Dihaploidation rate

The average doubling rate (41.6%) was determined
for a 24 h treatment period. However, in the treatments
with the optimal concentration of trifluralin, the doubling
rate increased up to 49.6% (treated with10 µM concentration for 48 h). With increasing durations, number of treated
plants decreased because longer treatments affected the
surviving of plantlets. The effects of concentrations were
not significant, but the highest fertile plant rate (47.9%)
was observed at 10 µM concentration. The maximum
dihaploidation rate for acenaphthene was determined in a 4
day treatment period (10.4%), and the lowest rate (3.2%) for
a 48-h treatment (Table 2).
In the treatments with the optimal concentration of trifluralin and the most appropriate time of application, the
doubling rate increased up to 49.6% (treated with 10 µM
for 48 h). Rudolf et al. [13] reported that the high concentrations of trifluralin (4 mg/L) led to high rate of doubling
(52%) in white cabbage (Brassica oleracea). The result of
the best combination in our study was close to Rudolf et
al. [13] results. Gurel et al. [14] reported on trifluralin used

TABLE 1 - Number of cultured, germinated anthers, germination
rate (%) and the time duration till plantlet appearance (days), by the years.

Years

No of
cultured anthers

No of
germinated ant.

Average
germination rate

1
2
Tot/Ave

8505
9117
17622

1571
1690
3261

18.47
18.30
18.38

Time duration till plantlet appearance
Ave.
Min.
Max.
26.7
15
65
31.2
18
70
28.9
15
70

TABLE 2 - Average rate of dihaploidation.
NTP*
NFP*
Diploidation rate (%)
Concentration
37.5
15.1
40.2
10 µM
Trifluralin
24-hours
45.0
21.4
47.5
30 µM
25.0
9.3
37.2
50 µM
Ave.
35.8
15.2
41.6a
24.8
12.3
49.6
10 µM
Trifluralin
48-hours
32.6
13.6
41.7
30 µM
26.7
5.1
19.1
50 µM
Ave.
28.0
10.3
36.8a
29.1
7.6
26.1
10 µM
Trifluralin
72-hours
21.7
3.0
13.8
30 µM
26.3
8.8
33.4
50 µM
Ave.
25.7
6.4
24.4b
48-hours
100mg
39.6
1.3
3.2
Acenaphthene
72-hours
100mg
37.7
2.5
6.7
96-hours
100mg
38.2
4.0
10.4
Ave.
38.5
2.6
6.8
NTP* Number of treated plants; NFP* Number of fertile plants. Means with same letters are not significantly different (p< 0.05).
Agent

Treatment
Duration
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for doubled haploid production in pollination of sugar beet
(Beta vulgaris L.) and found ovules diploidization rate
was 18.2%. This rate is very lower than that obtained in
our study. Grzebelus and Adamus [15] stated that the
highest doubling efficiency was achieved for embryos
cultured on media supplemented with 50 M trifluralin.
In conclusion, trifluralin and acenaphthene showed
antimitotic effects and led to chromosome doubling in the
androgenetic tobacco haploids. The average rate of germination in anther culture was 18.38. For trifluralin application, the proper application period was found to be 24 h,
and the best concentration was 10 µM. Trifluralin average
doubling rate was higher than that of acenaphthene.

[14] Gurel, S., Gurel, E. and Kaya, Z. (2000) Doubled haploid
plant production from unpollinated ovules of sugar beet (Beta
vulgaris L.). Plant Cell Reports, 19 (12): 1155-1159.
[15] Grzebelus, E. and Adamus A. (2004) Effect of anti-mitotic
agents on development and genome doubling of gynogenic
onion (Allium cepa L.) embryos. Plant Scıence, 167 (3): 569574.
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ANALYSIS OF PHOSPHOLIPID
FATTY ACIDS (PLFA) AS A SOIL BIOINDICATOR
IN KARKAMıŞ/GAZIANTEP PISTACHIO ORCHARDS
Erdihan Tunç* and Ömer Gül
University of Gaziantep, Faculty of Arts & Science, Department of Biology, 27310 Şehitkamil, Gaziantep, Turkey

ABSTRACT
Microbial dynamics of soils are important indicators
of soil health. There is a strong relationship between microbial diversity, soil and plant quality and sustainability.
Studies in this area help farmers to take practical
measures to increase soil quality. This study aimed to
determine PLFA (phospholipid fatty acids) in Karkamış /
Gaziantep Pistacia Vera L. agricultural areas. In addition
to PLFA, which enables identification of community
structure in regional soils, the study evaluated organic
matter content, texture properties, salt ratio, calcium ratio,
lime ratio and pH contents in terms of microorganism
diversity. In addition to PLPA properties, some physicochemical properties of soils were analyzed. The findings
revealed 16 different fatty acids, which are 14:0, 15:0,
16:0, 17:0, 18:0, a15:0, i15:0, i16:0, i17:0, cy17:0,
cy19:0, 16:1ω7t, 18:1ω9c, 18:1ω9t, 18:2ω6, 20:0. Based
on these results, it was found that bacteria PLFA bioindicator ratio was higher than PLFA bioindicator ratio of
fungus. Furthermore, 1-2 % protozoa PLFA bioindicator
was identified. No actinomyces bioindicator PLFA was
identified. It was found that the soils had a high clay ratio,
showed alkali character and that the organic matter
amount was very low. This study is of great importance in
terms of contributing to more sustainable agricultural
practices. Appropriate measures for this region should be
taken to increase biodiversity. Periodic repetition of these
types of studies can be considered as an indicator in terms
of the follow-up of the health of terrestrial ecosystem.

KEYWORDS: Terrestrial ecosystem Pistacia Vera L., Microbial
dynamic, phospholipid fatty acids (PLFA)

1. INTRODUCTION
In the past, the organisms that are responsible for microbiologic processes were given less consideration and
* Corresponding author

only the processes were analyzed. However, in recent years
there has been a growing attention to soil microbial community structure and their functions. These types of studies
make it possible to make important evaluations on microbial diversity and the parts of diversity that can be defined,
classified and interpreted based on reciprocal interaction
[1]. Furthermore, evaluation of the changes that occur in
soil dynamism is of great importance for the sustainability
of ecosystem [2].Soil ecosystem is a critical component
not only for food and fiber production, but also for
world’s biosphere, which has a function to protect local,
regional and global environmental health [3]. The indicators that are used to monitor the condition of the environment should be able to reflect the structure and function
of ecosystem processes that are applicable at local and
national scale, easily measurable, reproducible, and sensitive to management and climatic changes [1]. It is not
possible to directly identify microbial growth in the soil
due to the difficulties of isolating microorganisms from
substrate. Zelles and Bai [4] have used indicator chemicals
such as fatty acids of phospholipids to estimate biomass
and to define microbial components of microbial communities. Although PLFA profiles provide a general outlook
of the community structure, in certain cases, the changes in
the concentrations of certain PLFAs can give information
about the variations of more specific groups of organisms
[5, 6]. Furthermore, PLFA analysis can be used to determine soil variations such as plantation activities [7], pollution [8], fumigation [9] and variations in soil quality
[10]. The component and effectiveness of microbial
communities in the soil largely determines matter cycles,
organic matter cycle processes, soil productivity and
quality. Soil microbial parameters are probably the first
indicators of the used soil quality. Therefore, quantitative
definition of microbial diversity in soils has drawn primary
attention. However, this is one of the most difficult subjects
that microbial ecologists encounter [11]. A review of the
literature found no study on PLFA in the soils of Turkey.
International studies conducted in different regions of the
world are summarized below. Bååth et al. [5] used phospholipid fatty acid samples to study biomass, pH tolerance and growth ratio of soil bacteria in Finland forest
areas that were polluted with alkali waste due to iron and
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steel works. The researchers reported that PLFA samplings showed variation in bacteria types; the greatest
proportional increase was determined in 10Me18:0 fatty
acids, which showed an increase in number of actinomyces in polluted areas; i14:0, 16:1ω5, cy17:0, 18:1ω7, and
19:1 fatty acid levels increased in polluted areas; however, 15:0, i15:0, 10Mel6:0, 16:1ω7t, 18:109, and cy19:0
fatty acid levels decreased in polluted areas when compared to unpolluted areas. Zelles and Bai [4] carried out a
study to determine microbial biomass and the structure of
the community. They developed and evaluated analytical
methods for quantitative measurement of fatty acids obtained from phospholipid (PL) and lipopolysaccharide
(LPS) in agricultural soil. The researchers found more
than 160 fatty acids derived from PL and several dozens
of hydroxyl fatty acids derived from LPS in agricultural soil. Total PLFA amount in the soil was reported as
23 µg/g dry soil; however OHFA amount obtained from
LPS reached 519 µg/g dry soil. Zelles and Bai [12] investigated different soil samples to determine phospholipid
and lipopolysaccharide fatty acid sequencing and characteristic structures of microbial communities. The researchers found that pasture soil showed high and medium chain hydroxyl fatty acid character, that saline
swamps lacked Basillus, fungi and plants, however contained significant amounts of Desulfovibrio strain indicators, that gram negative bacteria contained fatty acid composition, that forest layers showed high ratios of fungi and
fatty acids formed by very low ratios of gram negative
bacteria. Petersen and Klug [13] analyzed the effect of
storage, sieving and incubation temperature on PLFAs in
soil microbial community. The researchers observed that
in 7-week storage process at 4.5 0C, the variations in concentrations of individual fatty acids were not statistically
significant. However, some damages in fungi hypha in the
first sieving (<4 mm) was explained by a decrease in biomarker fatty acid 18:2ω 6c. The effects of temperature
were measured by keeping the soil at 4.5 0C, 10 0C and 25 0C
for up to 3 weeks. It was proved that a significant difference
occurred in PLFA formation at 25 0C in the first 2 weeks.
Rousk et al. [14] studied the effect on long term heavy
metal formation on microbial community structure and
tolerance level of bacteria community in two different
gradients of Scandinavian forest soil. PLFA analysis
determined significant changes in microbial community
structure of soil in both regions. The researchers reported
that ratios of the majority of PLFAs varied in both regions
due to metal pollution; that metal concentration of PLFA
br18:0, br17:0, i16:0 and i16:1 amounts increased; 20:4
and 18:2ω6 fatty acid concentration, which is dominant in
many fungi, decreased and that fungi part of microbial
biomass was more sensitive to heavy metals. Frostegård
and Bååth [15] identified 12 bacterial phospholipid fatty
acids (PLFA) in bacteria extracted from soil with homogenization/centrifuging. The researchers reported that PLFA
18:2ω6 fatty acid in the soil was consistent with ergosterol
content, which supported the use of PLFA as an indicator
of fungi biomass. Furthermore, they proposed 18:2ω6

fatty acid ratio and bacterial PLFA ratio as an indicator of
bacterial biomass ratio in soilfungi ratio. In a composting
study of Hellmann et al. [16] analyzed emission of trace
gases and the variation in microbial communities. The
researchers used fumigation extraction method and PLFA
analysis method to identify different indicators of microbial biomass, community structure and bioactivity. In the
study, the amount of branched-chain fatty acids increased
with decreasing temperature. It was reported that this increase resulted from the increase in concentration or activity of gram positive bacteria. Bossio at al. [17] measured
phospholipid fatty acid (PLFA) profiles in soils with low
organic matter, on which conventional agricultural systems
were applied. The study compared PLFA profiles and previous changes in microbial biomass to determine whether
they accompanied the variations in the formation of microbial biomass. In addition, they determined the effect of
environmental changes on PLFA profiles. The effects of
different environmental changes in the formation of microbial community were listed as follows: soil type> time>
special agricultural procedures>management system> variation. Olsson [18] found that indicator fatty acid 16:1ω5,
18:2ω6, 9 fatty acids were dominant for arbuscular mycorrhizal fungi (AM) and Ectomycorrhizal Fungi respectively. It was reported that first, phospholipid fatty acids
(PLFA) were suitable to estimate the biomass and that the
interactions between mycorrhiza micelles can be analyzed
using certain PLFAs. Steinberger et al. [19] used phospholipid fatty acid analysis to evaluate the changes in soil
microbial processes such as soil microbial biodiversity,
community structure and biomass during the climate
change in Judean Desert. Biomass, which is represented by
PLFAs, showed that biomass increased as much as the
increase of rain. Zelles [11] used PLFA analysis technique to explain different strategies used by the microorganisms in different soil types, management practices,
climate origins and irregularities under large intervals.
Hill et al. [20] concentrated on several microbial approaches on soil microbial communities and explained their
strong and weak aspects. The researchers presented traditional culture-based methods and culture-independent
methods in one perspective. [6] reported that the variations in PLFA sequence in humus was related with the
abundance of main groups of microorganisms, bacteria
and fungi and that gram negative and gram positive bacteria showed variations at relative ratios including actinomyces. Hackl et al. [21] used PLFA samples to define the
formation of microbial community in natural forests.
They determined with PLFA analysis that the microbial
community was different in wetlands and places in terms
of formation. It was reported that 16:1ω5, 17:0cy, a15:0
and a17:0 fatty acids were the most common in wetlands
with abundant minerals; that soil pH was responsible for
the differentiation of soil microbial community and that
soils of pine forest differed from other forest soils with
their high 18:2ω6,9 PLFA levels. Leckie [22] explained
community profiling methods. He reported that complex
and various microbial communities can be evaluated with
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the developments in molecular, biochemical and physiologic techniques; that these new approaches prevented
sample representative limitations in bacteria and fungi
isolated in laboratory and that these approaches were based
on DNA and phospholipid fatty acids in membrane. The
researchers also reported that this new information helped
to control microbial distributions and to understand the
effects of abundance of soil microorganisms, community
structure activities and distribution of soil organisms and
ecosystem processes. Langer and Rinklebe [23] studied two
long-term and two short-term flooded soils to characterize
microbial community in Elbe River (Germany). It was reported that all fractions of soil PLFAs of long-term flooded
soils were lower than those of short-term flooded PLFAs
and that polyunsaturated fatty acids (18:2ω6,9) bioindicator was 10 times lower than the PLFAs of long-term
flooded soils. Buyer and Sasser [24] analyzed 10 different
soil samples using PLFA analysis method and high efficiency method they developed. High efficiency method
found lower PLFA concentrations than standard PLFA
method; however lower standard deviation and lower
variation coefficients [25]. PLFA analysis to study bacterial
residue of a river bed polluted with polycyclic aromatic
hydrocarbons (PAH). As phospholipid fatty acids are found
in all living cells, they are practical indicators. Microorganisms are distinctively found in cell membrane. They are not
found in storage products or dead cells [26]. This is important because cell membrane is quickly breaks down
with cell death and PLFAs are degraded. In conclusion,
PLFAs are important indicators in active microbial biomasses. This is not the case for dead microbial biomass
[20]. PLFA analyses are used for microbial communities,
agricultural water use [27], heavy metal [28], pH [14],
water ratio [29], genetically modified products [30] and
various alternatives in the literature. This study aimed to
determine PLFA (phospholipid fatty acids) in Karkamış/
Gaziantep Pistacia Vera L. agricultural areas. In addition
to PLFA, which enables identification of community
structure in the soils of the region, the study evaluated
organic matter content, texture properties, salt ratio, calcium ratio, lime ratio and pH contents in terms of microorganism diversity.
2. MATERIALS AND METHODS
2.1 General characteristics of the study area

Soil PLFA investigations were conducted at four localities in Karkamış region, Province of Gaziantep province, which is located at the border of the Mediterranean
and south-eastern Anatolia and borders northern Syria in
the south (Figure 1). In general, the study area is marked by
hilly surfaces; limestone and gypsum are common substrates for soil genesis [31]. The climatic conditions of
south-eastern Anatolia are distinctly continental with dry
and hot summers and cold winter times. Mean annual precipitation is 579 mm in Gaziantep, 328 mm in Karkamış
[32]. Chromic Cambisols developed on more than 55 % of

the area, followed by colluvial soils (approx. 23 %). Further soil types (< 10 % of area) are Cambisols, soils from
basaltic parent rock, Regosol, Terra rossa, and Terra fusca
[31]. The natural vegetation mainly consists of grasslands
with dwarf shrubs and, to a smaller extent, also steppe,
garrigue. Several kinds of cash crops are cultivated, such as
pistachio, olives, lentils and on occasion also wine.
2.2 Analysis of soil physical and chemical parameters

Soil samples were taken with a soil core sampler
from 0-25 cm depth at the beginning of the vegetation
period in the years 2011 to 2012. The samples were
sieved (2 mm mesh size) and airdried for soil chemical
analysis. The pH was determined potentiometrically within
within a CaCl2-solution (0.01 M), using a Hanna pHelectrode (HI 83140 model) (according to Schlichting and
Blume [33], whereas determination of electrical conductivity (EC) followed Richards [34]. The CaCO 3 content was
measured by means of the Scheibler-method [35] by the
use of Eijkelkamp M1.08.53.D model calcimeter. Soil
organic C content (Corg, syn. SOM) was measured by dry
combustion at 550°C with a Leco-RC 412 analyser. [36].
Ca content was measured via AAS device (Perkin Elmer)
after Jackson [37]. Grain size analysis followed by means
of Retsch Model AS 200. Soil texture was determined
according to AG Boden [38].
2.3 PLFA: Determination and analysis of phospholipid fatty
acids

Determination and analysis of phospholipid fatty acids lipids were extracted according to Zelles and Bai [4].
Soil samples (15 g) were shaken for 2 h with a mixture
of phosphoric acid (pH 7.4), chloroform and methanol
(0.8:1:2 v/v/v). The resulting extracts were sequentially
fractionated into neutral-, glyco- and phospholipids using
silica gel filled solid phase extraction cartridges (Merck,
Darmstadt, Germany) and chloroform, acetone and methanol as eluents. The phospholipids (PLFA) were subjected
to alkaline methanolysis using 0.2 M methanolic KOH. An
internal standard, c19:0 (methylene nonadecanoate, SigmaAldrich, Taufkirchen, Germany) was added to quantify the
PLFAs. PLFAs were separated by a gas chromatograph
(Carlo Erba 8180, Milano, Italy) equipped with a 60 m ×
0.25 mm fused silica capillary column (Rxi-5ms Restek,
Bellefonte, PA) and detected with FID-80 (Thermo Electron, Rodano, Italy). Helium was used as carrier gas with
a flow rate of 1.5 ml min-1. The initial oven temperature was
80 °C for 2 min, ramped to 170 °C and increased to 290 °C
for 10 min. Peaks were identified using a bacterial acid
methyl ester CP-mixture (Supelco, Taufkirchen, Germany)
as external standard. The phospholipids i15:0, a15:0, i16:0,
i17:0 were used as indicators for gram-positive bacteria,
while the PLFAs 16:1ω7t, cy17:0 and cy19:0 were considered as gram-negative bacteria markers [39, 40, 41]. The
unsaturated PLFA 18:2ω6, 18:1ω9c and 18:1ω9t were used
as a fungal biomass indicator, while C14:0, C15:0, C16:0,
C17:0 and C18:0 PLFAs were considered as general bacterial markers [15]. The total amount of PLFA (PLFA total)
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FIGURE 1 - Natural landscape units and 4 study sites.

is the sum of all microbial phospholipids mentioned. Ratios of gram-negative/gram-positive bacteria PLFA markers
and of fungal/bacterial PLFA markers were used as indicators for changes in the relative abundance of these microbial groups [42].

The carbonate content ranged between 21 and 27.0 %
CaCO3,.With a mean value of range 1.032 - 1.601 g kg-1,
Corg (SOM) content within the Gaziantep province was
generally low. The total investigated soils were medium
clayey loam (Table 1).

2.4. Statistical analysis

3.2 Statistical analysis data for PLFA Content of the soil in
the study area

SPSS.16.0 software was used for statistical analysis
of the values obtained from gas chromatography. Independent sampling one way Anova was used. Analysis of
variance, post hoc multiple comparison LSD tests were
conducted to determine the groups that create variations.
3. RESULTS
3.1 Soil chemical properties and soil texture

Table 1 provides the analysis results in detail. The pHvalues of investigated soils ranged between 7.47 and 7.79,
which is in accordance with the generally high contents of
alkaline cations. EC varied between 0.03 and 0.06 mS cm-².

Statistical analysis showed that the value in significance
column of ANOVA table was 0.00. Considering that this
value is smaller than 0.01, it can be stated that the relationship between the values we found and standard was
statistically significant at p < 0.05 level. Analysis of the
results showed that the relationship between all groups was
significant at p < 0.05 level. Fatty acids we found in soil
samples collected from four villages can be grouped as
follows: 14:0, 15:0, 16:0, 17:0, 18:0 (Straight chain saturated fatty acids<20C; generally bacteria) [23], a15:0,
i15:0 , i16:0, i17:0 (terminal branched saturated fatty acids;
gram positive bacteria) [43], cy17:0, cy19:0 (unsaturated
cyclopropane fatty acids; gram negative bacteria) [44],
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16:1ω7t (unsaturated monoenoic fatty acids; gram negative bacteria) [44], 18:1ω9c, 18:1ω9t, 18:2ω6 (unsaturated
monoenoic fatty acids; fungi) [44], 20:0 (Straight chain
saturated fatty acids >20C, protozoa) [11]. Fatty acids we
found on soil samples collected from four villages in the
present study can be grouped as follows 14:0, 15:0, 16:0,
17:0, 18:0 (Straight chain saturated fatty acids <20C;
generally bacteria) [23], a15:0, i15:0 , i16:0, i17:0 (terminal
branched saturated fatty acids; gram positive bacteria) [43];
cy17:0, cy19:0 (unsaturated cyclopropane fatty acids; gram
negative bacteria) [44], 16:1 ω 7t (unsaturated monoenoic
fatty acids; gram negative bacteria) [44], 18:1ω9c,
18:1ω9t, 18:2ω6 (unsaturated monoenoic fatty acids;
fungus) [44], 20:0 (Straight chain saturated fatty acids
>20C, protozoa) [11]. Statistical evaluation showed that
in all regions where the soil samples were collected, a15:,
16:1 ω 7t, 16:0, 18:1ω9c, 18:1ω9t fatty acid ratios (between 10-19%) were higher than 19:0 (ISTD) fatty acid
(7-8%), which is the standard value. On the other hand,
the ratios of other fatty acids (14:0, i15:0, 15:0, i16:0,
i17:0, cy17:0, 17:0, 18:2ω6, 18:0, cy19:0, 20:0) (between
0-6%) were found to be generally lower than the standard
value (19:0).
According to Figure 1, total ratio of bacteria biomarker fatty acids (14:0, 15:0, 16:0, 17:0, 18:0, i15:0,
a15:0, i16:0, i17:0, cy17:0, cy19:0, 16:1 ω 7t) was 58%.
The total ratio of bioindicator fatty acids of gram positive
bacteria was 21%; total ratio of gram negative bacteria

bioindicator fatty acid was 16%. Fatty acid total ratio
which is generally a bacteria bioindicator was 22%. Total
ratio of fungi bioindicator fatty acids (18:1ω9t, 18:1ω9c,
18:2ω6) was 33%. 18:2ω6 fatty acid ratio was observed to
be 0%. Protozoa biomarker 20:0 fatty acid ratio is approximately 1% (Figure 2).
Total ratio of bacteria biomarker fatty acids (14:0,
15:0, 16:0, 17:0, 18:0, i15:0, a15:0, i16:0, i17:0, cy17:0,
cy19:0, 16:1ω7t) was found to be 57% in Kıvırcık village
soil samples. Among the fatty acids in Kıvırcık village
soil samples, total ratio of gram positive bacteria bioindicator fatty acids was 20% and total ratio of gram negative
bacteria bioindicator fatty acids was 15%. Total ratio of
general bacteria bioindicator fatty acids was found to be
22%. Similar to Akçaköy and Subağı village samples, total
ratio of fungi bioindicator fatty acids (18:1ω9t, 18:1ω9c,
18:2ω6) was found to be 33%. 18:2ω6 fatty acid was
found to be 0%. The ratio of protozoa bioindicator 20:0
fatty acid was 2% (Figure 3).
According to Figure 4, total ratio of bacteria biomarker fatty acids (14:0, 15:0, 16:0, 17:0, 18:0, i15:0,
a15:0, i16:0, i17:0, cy17:0, cy19:0, 16:1ω7t,) in Subağı
village soil samples was 58%. Among the fatty acids in
Subağı village soil samples, gram positive bacteria bioindicator fatty acid ratio was 20%; gram negative bacteria
bioindicator fatty acid ratio was 15%. General bacteria
bioindicator fatty acid ratio was 23%. On the other hand,
the ratio of fatty acids that represent fungi (18:2ω6,9c,

TABLE 1 - Physical and chemical properties of soil samples.
pH
Location
1
2
3
4

land-use
pistachio. olive
pistachio
pistachio. olive
pistachio. olive

7.58
7.64
7.57
7.48

EC
mS cm-²
0.04
0.06
0.06
0.04

Ca
mg kg-1
4233
3996
5634
3819

CaCO3
%
21
20
23
21

Corg
g kg-1
1.2
0.72
0.52
1

sand
%
21.81
21.98
23.95
18.02

silt
%
38.05
36.01
43.25
38.41

clay
%
40.14
42.00
32.80
43.57

FIGURE 2 - Distribution of fatty acids (%) in Akçaköy village soil samples
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medium clayey loam
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FIGURE 3 - Distribution of fatty acids (%) in Kıvırcık village soil samples.

FIGURE 4 - Distribution of fatty acids (%) in Subağı village soil samples

FIGURE 5 - Distribution of fatty acids (%) in Yolağzı village soil samples
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18:1ω9t, 18:1ω9c) was observed to be 34%. This ratio is
higher than those of other soil samples. Unlike the other
three villages, fungi biomarker 18:2ω6 fatty acid was
found to be 2%. The ratio of protozoa biomarker 20:0
fatty acid was observed to be 1%.
Total ratio of bacteria bioindicator fatty acids 14:0,
15:0, 16:0, 17:0, 18:0, i15:0, a15:0, i16:0, i17:0, cy17:0,
cy19:0, 16:1 ω 7t) in Yolağzı village soil samples was
found to be 62%. This ratio is higher than bacteria fatty
acids in soil samples of the other three villages. Among
Yolağzı soil samples, total ratio of gram positive bacteria
bioindicator fatty acid was 24%; total ratio of gram negative bacteria bioindicator fatty acid was 16% total ratio of
general bacteria bioindicator fatty acids was found to be
22%. Unlike the soil samples of other three villages, total
ratio of fatty acids that represent fungi (18:2ω6, 18:1ω9t,
18:1ω9c) was found to be 30%. No fungi bioindicator
18:2ω6 fatty acid was found in soil samples of this village. Protozoa bioindicator 20:0 fatty acid ratio was found
to be 1% (Figure 5). In this study cy17:0, cy19:0 fatty
acids were not found in soil samples. cy17:0, cy19:0 fatty
acids are unsaturated cyclopropane fatty acids and gram
negative bacteria bioindicator [44]. Cyclopropane fatty
acids are indicators of stress conditions [17]. It was observed that fatty acid amount of bacteria in all soil samples was higher than fatty acid amounts of fungi. On the
other hand, 16:0, 14:0, 15:0, 17:0, 18:0 fatty acids which
are normal saturated fatty acids are generally bacteria b
bioindicators [23]. The amount of gram negative bacteria
bioindicator a15:0, i15:0, i16:0, i17:0 fatty acid [43] was
found to be higher than the amount of 16:1ω7t, cy17:0,
cy19:0 fatty acid [23] which is gram negative bacteria
bioindicator. It was observed that in our soil samples
18:2ω6,9 (fungus) [18] fatty acid was present at a low
amount (2%) only in Subağı soil samples. We found no
18:2ω6,9 (fungus) [18] fatty acid in soil samples collected
from Akçaköy, Kıvırcık and Yolağzı villages. 18: 1ω9c
and 18:1ω9t fatty acids [44] which are other fungi bioindicators were found to be between 30-34% in general. In
soil samples collected from four villages, the amount of
20:0 [11] fatty acid, which is the symbol of protozoa,
was found to be much lower (1-2%) than bacteria and
fungi bioindicator fatty acids. 10Me16:0, 10Me17:0 and
10Me18:0 [15] fatty acid, which are generally actinomycet biomarker, was not determined in soil samples.
4. DISCUSSION
This study determined PLFA in agricultural areas in
Karkamış district. A total of 16 different fatty acids (14:0,
15:0, 16:0, 17:0, 18:0, a15:0, i15:0, i16:0, i17:0, cy17:0,
cy19:0, 16:1ω7t, 18:1ω9c, 18:1ω9t, 18:2ω6, 20:0) were
identified in Karkamış soil samples. These fatty acid
samples can be grouped as straight chain saturated fatty
acids (<20C) [23], terminal branched saturated fatty acids
[43] unsaturated cyclopropane fatty acids [44], unsaturated monoenoic fatty acids [44] Straight chain saturated

fatty acids (>20C) [11]. It was reported that an increase
was observed in cyclopropane (cy17 : 0 and cy19 : 0) fatty
acids in parallel to the increase in trans/cis ratio of unsaturated fatty acids under all mentioned stress conditions such
as increase of temperature [13], nutrient deficiency [45],
low pH [46] and heavy metal toxicity [8]. On the other
hand, an increase was observed in the production of cyclopropane fatty acids for pesticide application [9] and longterm agricultural practices [47]. In this study, the ratio of
cy17:0, cy19:0 and 16:1ω7t fatty acids, which are gram
negative bacteria bioindciators [44] are listed below respectively: 16% in Akçaköy soil samples, 15% in
Kıvırcık soil samples, 15% in Subağı soil villages and
16% in Yolağzı soil samples. cy17:0, cy19:0 fatty acids,
which are considered as stress indicators were determined
in all four villages. Bossio et al. [17] reported that cyclopropane fatty acids are indicators of stress conditions.
Kirchner et al. [47] reported that stress conditions such as
low pH, high temperature, low nutrition quality and oxygen consumption encouraged the production of cyclopropane fatty acids in pure cultures. Based on the presence of these fatty acids we can suggest that the places
where the soils were collected were significantly exposed
to stress factors such as temperature increase, nutrient
deficiency and heavy metal toxicity and one or more of
the factors such as pesticide application and long term
agricultural practices. It was reported that different stress
conditions such as pesticide application, heavy metal
toxicity and soil processing decreased gram positive bacterial PLFA [8, 1] and increased gram negative bacterial
PLFA abundance. Survival success of gram negative
bacteria under stress conditions can be largely attributed
to the presence of cyclo fatty acids in membranes [21]
and outer lipopolysaccharide layer that can better resist
stress. In this study the ratio of gram positive bacteria and
gram negative bacteria bioindicator fatty acids were found
to be 21%-16% in Akçaköy village soil samples; 20%15% in Kıvırcık village soil samples; 20%-15% in Subağı
village soil samples and 24%-16% in Yolağzı soil samples. In general, gram positive bacteria are observed to be
more common than gram negative bacteria. In this case,
we can conclude that different stress conditions such as
pesticide application, heavy metal toxicity and soil processing are not significant to change bacteria community
structure. It was observed that clay ratios in soils of the
villages where the samples were collected varied between
17%-26% (Table 1). Clay ratios in Akaçaköy, Kıvırcık,
Subağı and Yolağzı soil samples were found to be 18%,
17%, 26% and 26% respectively. Bossio et al. [17] reported that clayey soils have high levels of branched fatty
acids (i14:0, i15:0, a15:0, i17:0, and a17:0), mostly
straight chain fatty acids (14:0, 15:0, 16:0, 17:0, and
20:0), cy17:0 and other 10Me fatty acids (10Me16:0 and
10Me17:0). In our samples, the ratio of generally
branched fatty acids and straight chain fatty acids were
found to be higher than other fatty acids. In Akçaköy village soil samples, branched fatty acids, straight chain fatty
acids and cy17:0 ratio was 54%; in Kıvırcık soil samples,
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branched fatty acids, straight chain fatty acids and
cy17:0 fatty acid was 54%; in Subağı soil samples,
branched fatty acids, straight chain fatty acids and cy17:0
ratio was 55% and in Yolağzı village soil samples,
branched fatty acids, straight chain fatty acids and cy17:0
ratio was 56%. As can be seen in Table 1, the highest
clay ratios were found in Subağı and Yolağzı village
soils (26%). We can state that there is a consistency between fatty acid diversity and clay ratios.
We found that total ratio of fungi bioindicator fatty
acids (18:1ω9c, 18:1ω9t and 18:2ω6) was lower than
total ratios of bacteria bioindicator fatty acids (14:0, 15:0,
16:0, 17:0, 18:0, i15:0, a15:0, i16:0, i17:0, cy17:0,
cy19:0, 16:1 ω 7t) in soil samples collected from all villages. This ratio as found to be 33% fungus-59% bacteria
for Akaçaköy village soil samples; 33% fungus-57%
bacteria for Kıvırcık village soil samples; 34% fungus58% bacteria for Subağı village soil samples and 30%
fungus-62%bacteria for Yolağzı village soil samples. In
our study it was found that protozoa symbol 20:0 [11]
fatty acid amount was found to be much lower than those
of bacteria and fungi. Protozoa bioindicator fatty acid
ratios were found to 1%in Akçaköy, Kıvırcık and Yolağzı
soil samples and 2% in Subağı village soil sample. In this
case, we found no eukaryotes apart from fungi in the regions where we collected our soil samples. We can state
that our study area did not show much eukaryotic diversity. Bååth et al. [5] determined increasing ratios of
10Me18:0 fatty acid, which is an actinomyces marker, in
highly polluted soils. We found no 10Me in our soil samples. So, it can be stated that pollution was not in increasing ratios.
5. CONCLUSIONS
Fungi are known to be responsible for the breakdown
of lignin [48]. PLFA is 18:2ω6,9 fungi biomarker; they
are obtained from Ectomycorrhizal Fungi in pine forests
[18]. According to Wardle [49] it has long been believed
that bacteria provide higher productivity than fungi.
Therefore, we can state that the soils of Yolağzı village are
more productive than those of other villages. However,
Kaur et al. [2] reported that the events that damage soil
ecosystem such as grazing, fire and deep cutting reduced
fungi ratio. Therefore, it can be concluded that the regions,
where soil samples were collected, were exposed to events
such as grazing, fire and deep soil processing. Total ratio
of fungi biomarker fatty acids (18:1ω9c, 18:1ω9t and
18:2ω6) was found to be 33% in Akçaköy and Subağı
village soil samples and 30% in Kıvırcık and Yolağzı
village soil samples. We found 18:2ω6 fatty acid only in
Subağı village at a ratio of 2%. We found no 18:2 ω 6
fatty acid in soil samples of the other three villages. According to Figure 4, fungi bioindicator 18:1 ω 8t was the
most common fatty acid in Akçaköy, Subağı, Kıvırcık and
Yolağzı village soil samples. 18:1 ω 8t ratios were 19% in
Akçaköy and Subağı village; 185 in Kıvırcık village and

17% in Yolağzı village soil samples. Fungi bioindicator
18:1 ω 8c was the second most common fatty acid. 18:1 ω
8c ratios were found to be 14% in Akçaköy, Subağı and
Kıvırcık village soil samples and 13% in Yolağzı village
soil samples. Fungi play an important role in the functioning of the ecosystem. They encourage soil aggregation
[50] and significantly contribute to soil quality by increasing organic matter [2]. Our samples indicate that the study
area had a low organic matter content (Table 1). The fact
that fungi ratio was lower than bacteria ratio helps us to
explain low organic matter content. It was reported that
there was a clear relationship between reduced fungi bioindicator and physical breakdown as a reaction to deep sowing [13], soil processing [51], compaction [52], grazing
[53] and fire [55]. In this case, we can conclude that the
villages, where soil samples were collected, that were exposed to deep sowing, soil processing, compaction and fire
procedures, a reduction in fungi bioindicator and physical
breakdown was observed as a reaction to this. Recent
developments in molecular microbial ecology increase
our chance to define functional and physiologic diversity
and to monitor microbial community structure and dynamic changes in microbial community. PLFAs are quantitative measurable biomolecules in soil microorganisms.
They are considered to have high indicator value to evaluate and observe microbial community structure, physiologic and stress condition [54]. We believe that knowing
microorganism diversity in soils is an advantage in terms
of agricultural practices. Monitoring these organism activities in soils in different periods for bioindicator purposes
is of great importance both for soil health and for the
evaluation of terrestrial ecosystem. Agricultural methods
to be applied can be selected according to this diversity.
Thus, the soil can be used efficiently and product quality
can be increased.
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ANALYSIS OF HEAVY METALS AND IONS IN TAP WATER:
A CASE OF SHANGHAI P DISTRICT
Naoufel El Haraoui, Tao Tao*, Kunlun Xin and Qiuhua Wang
College of Environmental Science and Engineering, Tongji University, Shanghai 200092, China

ABSTRACT

indicator about the tap network state, especially for the
non PVC pipes network in old households [1-3].

Water is the most important substance for human beings and living organisms. The presence of heavy metals
and ions in the tap water with high concentrations is a serious health hazard. In this work, we evaluate the concentrations of Cr, Co, Ni, Se, Cd, Pb, Mn, Fe, Cu, and Zn and
Cl-, NO3, F- and SO4 in the tap water of Shanghai city.
The concentrations of heavy metals were measured by using
ICP-MS analysis, and an IC meter was used for ion determination. The obtained results were assessed by the WHO
guideline and the Chinese Standard for drinking water.
Furthermore, PCA was conducted to analyze the origins of
the studied heavy metals. Result showed higher concentrations for Se compared with the Chinese standard, as for Cd
regarding the WHO guideline for drinking water. PCA
analysis indicates four principal components: Mn-Fe-Cr,
Ni-Zn-Se, Cu-PB-Cd and Co. Most of the studied metals
originated from anthropogenic sources. We concluded that
paying attention to discharges into the water stream, pipes
maintenance and plumbing materials corrosion, combined
with long retention time, are of great importance to control the drinking water quality.

KEYWORDS: Anthropogenic, drinking water, discharges, heavy
metals, ions, pipe network

1. INTRODUCTION
Heavy metals and ions in tap water became a serious
issue in developing countries. The types and concentrations of these elements vary from one area to another, and
can affect the tap water’s taste, odor, and even the customer’s health. Heavy metals and ions can be infiltrated
into the tap water by many pathways and routes in different water life cycles, possibly occurring from the natural
environment or from pollution sources including discharges
and pesticides. However, the overload of heavy metals and
non-metal ions in tap water can also reveal the lack of
appropriate water treatment; therefore, it is an important
* Corresponding author

Studies have shown that the heavy metals raise at the
end of the 20th century, especially in developing countries
such as China, where it was demonstrated that the tap
water quality has deteriorated [4-6], but the main cause is
due to the pollution made by human beings [7].
Tap water has plenty of heavy metals and ions, which
are not dangerous below a desirable threshold, and can
even have a beneficial impact to sustain the life and satisfy the human needs for some element intake [8].
Contrarily, heavy metals and ions might engender
toxic or poisoning effects [9-13], such as F- and Ni, especially when they exceed the desirable concentrations in the
tap water. According to different studies, heavy metals
and ions are pointed out to be responsible for carcinogenic
effects, dermal lesions, bladder, kidney diseases, metabolic
disorders, neurologic effects, cardiovascular diseases and
hypertension [14-17]. For example, the blue baby syndrome is caused by exposing to elevated concentrations of
NO3 [17]. However, some chemicals like chloride can be
used to disinfect the water. So far, no studies have revealed the exact risks for human beings caused by the
chlorides used in such disinfection, but some of them
have noticed a hypertension or stomach cancers for experiment rats exposed to chloride [18].
It is not only a matter of the dose of heavy metals and
ions, but also a matter of the types of heavy metals or ions
that can cause a health hazard. Guidelines and legislations
have been approved to establish the maximum allowable
limits of heavy metals and ions in tap water. International
Guideline of the WHO is a great example that is impacting many national standards [17]. The Chinese National
standard (GB5749-2006) has been revised and established
in July 2007 [19], which regulates and sets the maximum
levels for many heavy metal elements and ions. For this
concern, this study has taken those legislations as a reference for drinking water.
Heavy metals and ions in tap water are a significant
indicator for natural and anthropogenic pollutant contamination in water, also reflecting the impact on human
health. The main objectives of the current study are to
measure the concentrations of the following heavy metals
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and ions: Cr, Co, Ni, Se, Cd, Pb, Mn, Fe, Cu, Zn, Cl-,
NO3, F- and SO4 in Shanghai P district, and to compare
the obtained data with the WHO guideline and the new
Chinese drinking water standard. In addition, PCA was
performed to investigate the main sources of the studied
heavy metals and ions.

from April to July 2012 (map), and the collections were
taken from the taps in restaurants, public administrations,
buildings and houses, at a temperature between 18 to 26 °C.
At each time, the collection was done between 24 to 48 h
before the analysis, and was stored at 4 °C. The samples
were not filtered to reflect the quality of the water as drunk.
An ICP-MS was used to analyze the following chemicals (Cr, Co, Ni, Se, Cd, Pb, Mn, Fe, Cu, Zn) and an IC–
Ion Chromatograph to analyze the following ions (Cl-,
NO3, F-, SO4).

2. MATERIALS AND METHODS
2.1 Sample collection

Shanghai city is located in the Yangtze River delta in
East China, It is one of the most populated cities in the
world with over 20 millions of inhabitants; P district was
selected in this study because it is one of the most populated areas, and for the proximity to the downtown, which
is a good sample (Fig. 1).

2.2 Analytical method

The average of 3 replicates for each sampling site
was calculated, and PCA analysis was performed to determine the major origins of the studied heavy metals.
Furthermore, a correlation analysis was initiated to investigate the correlation between the studied metal ions.
PCA is an important tool as a multivariable statistical
method, and is used to reduce data, to analyze the relationship among pointed variables, and to quantify the
contribution of the studied elements. First of all, eigenvalues were extracted from the correlation matrix. PCA
analyses have an added value to demonstrate the correlated value, making an easy interpretation through a multidimensional diagram displaying the correlation among the
entire studied elements included in the PCA.
3. RESULTS AND DISCUSSION
3.1 Concentrations of the heavy metals and ions

FIGURE 1 - Map of the studied area (S.A. = sampling area).

A total of 30 sample sites were chosen randomly and
replicated 3 times for each one; the collection period was

The statistical data showing the heavy metal average
concentrations with the standard deviation of each element of our samples for the following heavy metals and
ions: Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, Cd, Pb, SO4, NO3,
F- and Cl-, respectively, are listed in Table 1, which
demonstrates the average values with the standard deviation compared with the WHO guideline and the new Chinese standard for drinking water.

TABLE 1 - Heavy metal and ion average concentrations with standard deviation compared to the WHO guideline and the Chinese standards
for drinking water.
Elements
Cr
Mn
Fe
Co
Ni
Cu
Zn
Se
Cd
Pb
SO4
FNO3
Cl-

Units/L
µg/L

mg/L

WHO Guideline [17]
50
400
N.A
N.A
70
2000
N.A
40
3
10
N.A
1.5
50
N.A

Chinese Standard [19]
50
100
300
N.A
20
1000
1000
10
5
10
250
1
10
250

NA Not available

400

Tap Average
18.32
45.92
41.64
39.45
15.87
23.27
18.90
23.45
4.97
8.21
23.79
0.61
6.39
30.22

Standard Deviation
±
6.65
±
60.20
±
68.28
±
72.44
±
20.47
±
17.02
±
28.04
±
7.34
±
5.90
±
7.40
±
21.96
±
0.34
±
0.49
±
2.19

© by PSP Volume 23 – No 2. 2014

Fresenius Environmental Bulletin

The studied element average concentrations were
lesser than their threshold made by the WHO guideline
and the Chinese standard for drinking water, unless for
Se (23.45 µg/L) where the detected levels were higher than
the Chinese standard for drinking, but remain compliant
with the WHO guideline for drinking water; Cd average
(4.97 µg/L) is beyond the WHO guidelines but still lower
than the maximum allowable limit set by the Chinese
standards for drinking water quality.
Large standard deviations were reported in all the
measured heavy metals and ions unless for F- and NO3,
This indicates a wide difference in the measured sample
replications; consequently, the average concentration report
a global mean, the standard deviation provides more probable data, and thus, some element replicates can exceed the
WHO or Chinese standard allowable limit, with keeping an
acceptable average regarding to those legislations.

3.2 Correlation coefficient analysis of the studied metal ions

The Pearson’s correlation coefficients for the heavy
metals in the studied samples of tap water are listed in
Table 2. Inter-element correlation provides information
about the sources and pathways of the heavy metals. The
element pairs positively correlated at p<0.05 for Cu-Pb
(0.76) and Ni-Zn (0.67). However, Mn and Zn are negatively correlated (0.74), and the positive correlations were
recorded at p<0.01 between the following pairs of heavy
metals: Cu-Cd (0.453), Pb-Cd (0.50).
The correlation analysis of the studied ions is listed in
Table 3. The results show a single positive correlation at
p<0.01 between Cl- and F- (0.51), more likely due to the
discharge areas, which is penetrating the shallow water
[20-24].

TABLE 2 - Correlation coefficients between studied heavy metals in tap water samples.
Cr
Mn
Fe
Cr
Mn
-0.787**
Fe
-0.560**
0.743**
Co
0.013
0.083
-0.131
Ni
-0.182
0.330
-0.193
Cu
0.089
0.115
0.141
Zn
-0.615**
0.651**
0.281
Se
0.411*
-0.404*
-0.220
Cd
0.392*
-0.272
-0.175
Pb
0.067
0.042
-0.011
* Correlation is significant at p<0.05
** Correlation is significant at pP<0.01

co

Ni

cu

Zn

Se

Cd

0.138
-0.029
0.021
0.365***
-0.053
0.096

0.249
0.672**
-0.382*
0.473*
0.283

-0..037
0.073
0.453*
0.759**

-0.573**
0.051
0.044

-0.007
0.169

0.502*

TABLE 3 - Correlation coefficients between studied ions in tap
water samples.
SO4

F-

SO4
F0.28
NO3
0.29
0.21
Cl0.32
0.51*
* Correlation is significant at p<0.05

NO3

Cl-

0.17

TABLE 4 - Rotated component matrix for heavy metals.
Element

Component
1
2
3
4
Mn
0.90
0.35
0,04
0.07
Fe
0.88
-0.15
0,11
-0.19
Cr
-0.83
-0.32
0.18
-0.01
Ni
-0.06
0.91
0.29
0.12
Zn
0.45
0.82
-0.03
-0.01
Se
-0.27
-0.62
0.17
0.56
Cu
0.11
-0.03
0.92
-0.03
Pb
0.02
0.05
0.90
0.14
Cd
-0.44
0.33
0.67
-0.13
Co
0.00
0.08
-0.01
0.95
Eigen value
3.35
2.47
1.48
1.25
% of variance explained 27.42
22.54
22.52
13.03
% of cumulative
27.42
49.95
72.48
85.51
Extraction method: principal component analysis; rotation method:
Varimax with Kaiser normalization; rotation converged in six iterations.

Pb

3.3 Principal component analysis (PCA)

The obtained results of the PCA demonstrated four
components of Mn-Fe-Cr, Ni-Zn-Se, Cu-Pb-Cd and Co
(Table 2). PCA analysis was commonly used to quantify
the contributions of natural and anthropogenic sources for
building up the levels of heavy metals in the environment.
The results show that the four components explain
84.88% for the total variance. The first component explains 27.42%, the second one 22.54%, the third one
22.54%, and the last one 13.03%.
The first component of elements includes Mn-Fe-Cr,
and those elements are obviously in median concentration
regarding the WHO guidelines and the Chinese drinking
water standards. The concentrations of Cr can rise from
industrialization activities, the discharge impact, and the
long retention time in the piping system [12]. Mn and Fe
are correlated in the first group of PCA, suggesting that
Mn and Fe mainly originated from non-PVC pipe network
and corrosive plumbing materials of old buildings provided by lead pipes [21].
A second group was dominated by Zn, Ni and Se;
those element concentrations remain at the desirable
threshold made by the compared legislations, unless for Se
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which does not comply with the maximum allowable
limit reported by the Chinese standard for drinking water.
The reported measured levels show a low concentration
for both Zn and Ni; however, they closely joined in the
PCA. Based on the fourth WHO report [30], Se mainly
originated from the soils surrounding the water pipes.
Environment protection agency (EPA; report) pointed out
the route of industrial discharge areas combined with the
natural erosion which have a great impact on Se concentrations; in addition, the main occurrences of Zn and NI
can be explained by the cumulated corrosion, originating
from the corrosive materials largely used in the plumbing
for household water pipe network systems [26-29].

SO4) in the tap water collected from Shanghai P district
were measured and investigated in this study. The obtained average concentrations of heavy metals and ions
were compared with the WHO guidelines and the Chinese
National Standard. The results showed an over limit value
for Se exceeding the Chinese Standard, and also an overlimit for Cd which is higher than the WHO guidelines. All
the other elements remain in the suitable threshold levels
regarding both legislations. The PCA demonstrated 4 components for heavy metals according to their origin as follows: the first group of Mn-Fe-Cr has its pollution source
mainly originating from the corrosive non-PVC pipe
network system. A second group of Zn-Ni=Se originated
from the industrial discharge penetrating the surrounding
soils with a corrosive pipe network. A third group of CdPb-Cu has the mixed source of corrosive deteriorated
plumbing material combined with long retention time of
the water in the delivery network. All the above three
groups are occurring from anthropogenic sources; however, the fourth group involves only Co, which points to
natural occurrence in the water. The correlation coefficient between studied ions indicated a single pair of correlation recorded between the pair of Cl- and F-, which is
explained by the discharges penetrating the shallow water.
From the results herein, we conclude also that water pipe
delivery networks have a great importance on controlling
the water quality.
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Cobalt was dominant in the fourth component, and
not taken into consideration by both WHO guideline and
Chinese standard for drinking water. Measured Co has a
low concentration, and its single presence in this group
points to the natural route of occurrence in water [30-32].
4. CONCLUSIONS
The concentrations of heavy metals and ions (Cr, Co,
Ni, Se, Cd, Pb, Mn, Fe, Cu and Zn and Cl-, NO3, F- and
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ABSTRACT
In this study, we determined the heavy metal content
(Cd, Cr, Cu, Mn, Ni, Pb and Zn) in the soils and different
organs of Asphodelus aestivus Brot. (Walter). from degraded areas in the Mediterranean environment from Bursa,
Turkey. The last degradation stage of ecosystems in the
east Mediterranean Basin is dominated by this species.
Soils and different organs (roots, stems, leaves and flowers) of plant samples were analyzed by ICP-OES for determining the heavy metal content. The heavy metal contents were not high in the soils of all samples sites. In
general, the heavy metal contents of plant samples were
not higher than the comparable levels reported in literature. But we determined the high cadmium, chromium,
nickel and lead contents in plant samples compared to
normal levels which reported in some studies. These results may reflect the possible Cd, Cr, Ni and Pb accumulation capacity of this species. However, the contribution
of plant organs to accumulation capacity of this species
was specific to metal. The possible capability of A. aestivus for accumulating the Cd, Cr, Ni and Pb may help to
plant to become dominant on degraded areas in the Mediterranean environment.
KEYWORDS: Mediterranean environment, Asphodelus aestivus,
heavy metal, degraded areas

1. INTRODUCTION
Land Degradation Assessment in Dry Lands (LADA)
defines land degradation as a reduction in the capacity of
land to perform ecosystem functions and services that
support society and development [1]. It is one of the main
environmental issues of our time [2-4]. Generally climatic
variations and human activities are the main factors contributing to land degradation in arid and semi-arid environments [5]. Human pressures performed by different
* Corresponding author

ways such as intensive grazing, fires, cutting, unsuitable
agricultural practices and industrial activities and mining
cause habitat fragmentation, deforestation, biodiversity loss,
water shortage, soil erosion and salinization, decline in soil
organic matter and land degradation in Mediterranean
environments [6]. Enhanced heavy metal concentration
(Cd, Cr, Cu, Ni, Pb etc.) resulted from these anthropogenic
activities also can be discussed as the reason of land degradation in these environments [7]. That kind of degradation not only affects the plant cover and plant growth but
also affects the health of animals and human bodies upon
entering the food chain.
The response of a plant to enhanced heavy metal contents in the environment is specific to species. Some plant
species can be harmed by the increase of heavy metal
content in their environment whereas other plant species
called indicators; they can tolerate heavy metals reflecting
the external heavy metal content of the growth environment [8]. The third group of plants has the capability to
safely accumulate heavy metals [9-13]. These plants
are called accumulators and they have been reported from
different contaminated ecosystems in many studies [14,
15]. The accumulator plants have been recommended for
the remediation of heavy metal contaminated sites by
the phytoremediation approach [14, 11, 16]. Phytoremediation is defined as the use of plant-based processes to remove, decrease or render harmless these environmental
pollutants [17].
Vegetation disturbance by human pressure has been
responsible for the formation of many secondary or subseral communities such as the characteristic shrubland communities (maquis, phrygana, matorral, garrigue, etc.) that
form such a conspicuous part of Mediterranean environment [18-20]. Also, geophytes have an important role in the
re-vegetation on degraded areas in Mediterranean environment due to the high sprouting capacity. The last degradation stage of ecosystems in the east Mediterranean basin is
dominated by Asphodelus aestivus Brot. (Walter) and
these ecosystems are termed “asphodel geophyte-deserts”
or “asphodel-semi deserts” for different regions of the
world [18, 19, 21]. A. aestivus is a competitive ruderal
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and spreads on slopes in agricultural lands, around the
roads and calcareous soils in pastures. The ability of asphodel to spread all over the Mediterranean region and to
dominate in degraded areas reflects its capacity to face
not only the peculiarities (such as drought) of the Mediterranean climate [22], but also to resist the most common
disturbances (overgrazing and fire) in its habitat [23]. In
addition, seeds and tuberous roots have important roles in
the breeding capacity of asphodel and in the conservation
of degraded areas by its dominancy in such environments.
Root tubers play a most important role in storing and
utilizing water masses and nutrients, protecting the plant
from drought stress and environmental hazards [24].
Although, some ecological properties of A. aestivus
have been studied previously [22-24], the heavy metal
content of this plant was not studied. In this study, we
aimed (i) to understand the contribution of heavy metals
(Cd, Cr, Cu, Mn, Ni, Pb and Zn) in land degradation in
Mediterranean environments and (ii) to understand the
response of Asphodelus aestivus Brot. spread on these areas.
For this reason, we determined the heavy metal contents in
plant parts (tuberous roots, leaves, stems and flowers) and
soils of this species.
2. MATERIAL AND METHODS

around Bursa due to increased human activities such as
cultivation, industrialization, urbanization, pollution [28].
2.3 Methods

Sampling was made from four different sites around
Bursa, Turkey (10 x 10 m) (Figure 1). Sampling Site I and II
were selected from around the Taşpınar village (Figure 1).
Although, the agricultural practices are the main anthropogenic activities around this village, vehicle traffic on
the road connecting Taşpınar village to other village can
also contribute to land degradation on these areas. A. aestivus spreads on opened areas in degraded maquis which is
composed of shrub species such as Phillyrea latifolia L.,
Jasminum fruticans L., Pyrus amygdalus Vilm. on Site I.
Instead of these species, grass species form the plant
cover on Site II owing to the possible high soil moisture.
For this reason, the grazing and gathered animal manures
cause land degradation on this site (Figure 1). The third
sampling site (Site III) is near the highways connecting
Bursa and Izmir (Bursa-Izmir Road) and traffic intensity
is very high on this site (Figure 1). The last sample site
(Site IV) was on the grassland around the Uluabat village
(Figure 1). This site is located near the village road
among the agricultural lands. The Flora of Turkey and the
East Aegean Islands was used for the identification of A.
aestivus [29].

2.2 Study site

Soil and plant samples were collected from five
points of each sampling site in May 2008. Sampling of all
plants was performed in the flowering phase. Plant samples were harvested together with aboveground and belowground parts using a shovel. The surrounding soils of each
plant were also taken from 10 cm depth and they were
sifted with a standard 4-mm stainless steel sieve. Then, soil
and plant samples were transferred to the laboratory in
plastic bags. While soil samples were air-dried for heavy
metal analyses, plant samples were washed with tap water
and then with deionized water. They were carefully separated into different organs (tuberous roots, stems, leaves,
and flowers). Plant materials were dried in an oven (105°C)
until their weight became constant. Then, all plant material
was homogenized by grounding with a mortar and pestle.
Homogenized plant material (1.3-mm size) and soil samples
were stored in clear paper bags for heavy metal analyses.

Bursa city is characterized by Mediterranean climate
with wet and mild seasons from autumn to spring and with
dry and warm seasons from spring to autumn. The soils are
generally formed under Mediterranean climate characterized by hot summers and mild winters. The soil moisture
and temperature regimes are xeric and thermic [26]. In
general, precipitation is in the form of rain during winter
and spring with an annual precipitation of 697 mm. The
mean annual temperature is 14.6 ºC. January is the coldest
month with the mean minimum temperature of 1.7 °C and
August is the warmest month with the mean maximum
temperature of 30.9 °C [27]. Phytogeographically, Bursa
lies in the Eastern Mediterranean. The expanded land
degradation has been reported in the last two decades

Soil samples (0.5 g dry weight) were digested with
10 ml pure HNO3 (65%), using a CEM-MARS 5 (CEM
Corporation Mathews, NC, USA) microwave digestion
system. The digestion conditions were as follows: maximum power 1200 W, power was 100%, ramp was 20min,
pressure was 180 psi, temperature was 180 and hold time
was 10 min. After digestion, the volume of each sample
was adjusted to 25 ml using double de-ionized water [30].
Homogenized plant samples (0.5 g dry weight) were also
prepared using the same procedure for heavy metal analyses. The solution of soil and plant samples was analyzed
for Cd, Cr, Cu, Mn, Ni, Pb and Zn by inductively couple
plasma optical emission spectroscopy (Varian-Liberty II,
ICP-OES). All chemicals were of analytical reagent grade.

2.1 Study species

Asphodelus aestivus Brot. (A. microcarpus Viv.) belonging to the Liliaceae family is a perennial tuberous
root geophyte and it spreads all over the Mediterranean
basin [23]. Two major phenological phases are distinguished
within lifecycle of asphodel: a photosynthetic active phenophase from leaf emergence (early autumn) to the senescence of the above-ground plant parts (late spring) and an
inactive one which lasts until leaf emergence [24, 25].
Leaves (40-90 cm in length and 2-4 cm in width) appear
between January and March. Peduncle which is consisting
of 60-200 flowers occurs during April-May. Before the
fruit maturation, senescence happens in June but most of
the tuberous roots remain attached to the mother plant.
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FIGURE 1 - Location map of the study area and sampling sites around Bursa, Turkey

The difference between the study sites regarding heavy
metal contents of soils and plant organs (roots, leaves, stems,
flowers) were tested by one-way ANOVA. The difference
groups among sample sites were determined by Tukey
HSD post doc test (HSD, honestly significant difference).
Simple correlations between heavy metal contents of the
soils and plant organs were also tested. All tests were analyzed in the significance level of 0.05. Statistical analyses
were carried out by using the Statistica 5.0 software package [31].
Also, bioconcentration and translocation factors (BF
and TF) were calculated for each heavy metal. While the
BF was obtained by dividing the total content in shoots by
the total content in the soil, TF was calculated by dividing
the total element content in the shoots by the total element
content in roots [32].
3. RESULTS AND DISCUSSION
The mean heavy metal contents (Cd, Cr, Cu, Mn, Ni,
Pb and Zn) in of soils and different organs of A. aestivus
were given in Table 1 and Table 2. The bioconcentration
factor (BF) and translocation factor (TF) were also given

in Table 3. There were significant differences among sample sites regarding to soil heavy metal content (P< 0.05)
(Table 1). The highest Cd content was determined in the
soils of Site I (0.11 mg/kg dry weight) whereas the lowest
was determined in the soils of Site III (0.04 mg/kg dry
weight). The highest Cd value was not above the average
Cd range in soils (1-2 mg/kg dry weight) [33]. This suggests that the soils of A. aestivus were not contaminated
by cadmium. The mean Cd content of plant samples varied
between 0.40 and 0.20 mg/kg dry weight and it was lowest
in the plant samples taken from Site IV (Table 2). According to Maestri et al. (2010) [34], the average Cd range
in plant tissues was 0.03-0.5 mg/kg dry weight. If we
consider these values, we cannot say that accumulation of
Cd in A. aestivus plants occurred. On the other hand, it
was reported that the Cd content in a plant taken from
non-polluted environment varied between 0.01-0.03 mg/kg
dry weight [35]. The mean highest Cd content in A. aestivus plants taken from Site II (0.40 mg/kg dry weight)
may point out the high Cd uptake and accumulation in this
species. Also, high BF and TF factors (3.59 and 3.33;
respectively) (Table 3) can indicate the cadmium uptake
and translocation ability of A. aestivus. The mean Cd
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content in roots of all plant samples was lower than

the above

TABLE 1 - Comparison of the sampling sites according to mean values of elements (Cd, Cr, Cu, Mn, Ni, Pb and Zn) determined in soil solution digested in HNO3 (65 %). [For mean soil element values, different letters indicate significant differences between the sampling sites
according to Tukey’s HSD Test (rejection level 0.05) n= 5, Means ± Standard Deviation]
Sampling Sites
Elements
[mg/kg DW]
Cd
Cr
Cu
Mn
Ni
Pb
Zn

Site-I
0.11a
0.41ab
0.83a
5.10bc
2.19b
0.79b
8.38b

±
±
±
±
±
±
±

Site-II
0.07b
0.78a
0.83a
5.63b
2.61b
2.78a
12.47a

0.02
0.15
0.20
0.52
0.22
0.14
1.53

±
±
±
±
±
±
±

Site-III
0.04bc
0.45ab
0.39b
7.48ab
5.24a
3.38a
10.56ab

0.02
0.37
0.18
1.34
0.82
0.98
0.97

Site-IV

±
±
±
±
±
±
±

0.02
0.12
0.06
1.37
0.72
1.00
1.67

0.08ab
0.19b
0.18b
8.86a
1.10c
0.67b
7.50bc

±
±
±
±
±
±
±

0.01
0.03
0.04
0.89
0.16
0.16
1.12

TABLE 2 - Mean values of Cd, Cr, Cu, Mn, Ni, Pb and Zn determined in organs and whole plant (mg/kg DW) of Asphodelus aestivus Brot.
collected from different sites. [For mean soil element values, different letters indicate significant differences between the sampling sites according to Tukey’s HSD Test (rejection level 0.05). n= 5, Means ± Standard Deviation]
Plant
Cd

Cr

Cu

Mn

Ni

Pb

Zn

Sampling Sites

Organ
Flowers
Leaves
Stems
Aboveground total
Roots
Whole Plant

0.11b
0.10a
0.05a
0.26a
0.10a
0.36ab

Site-I
± 0.04
± 0.02
± 0.03
± 0.02
± 0.03
± 0.04

0.10bc
0.09ab
0.08a
0.26a
0.14a
0.40a

Site-II
±
0.02
±
0.05
±
0.06
±
0.01
±
0.02
±
0.08

0.13a
0.06ab
0.05a
0.18ab
0.03b
0.26ab

Site-III
±
0.08
±
0.08
±
0.02
±
0.14
±
0.01
±
0.14

0.04c
0.04b
0.05a
0.13b
0.07b
0.20b

Flowers
Leaves
Stems
Aboveground total
Roots
Whole Plant
Flowers
Leaves
Stems
Aboveground total
Roots
Whole Plant

0.07b
0.21ab
0.06b
0.34b
0.06b
0.40b
0.50a
0.50a
0.42a
1.43a
0.47a
1.90a

±
±
±
±
±
±
±
±
±
±
±
±

Flowers
Leaves
Stems
Aboveground total
Roots
Whole Plant
Flowers
Leaves
Stems
Aboveground total
Roots
Whole Plant
Flowers
Leaves
Stems
Aboveground total
Roots
Whole Plant

0.36b
1.17a
0.40b
1.92ab
2.09a
4.01a
0.73b
0.81a
0.68b
2.22b
0.60b
2.82b
1.42b
0.92c
2.34a
4.68a
1.50a
6.17a

Flowers
Leaves
Stems
Aboveground total
Roots

0.63a
0.63a
0.56a
1.82a
0.59a

0.02
0.10
0.01
0.10
0.02
0.10
0.23
0.21
0.17
0.32
0.09
0.25

0.07b
0.11b
0.73a
0.91a
0.05b
0.95a
0.49a
0.43a
0.42a
1.35a
0.16b
1.51b

±
±
±
±
±
±
±
±
±
±
±
±

0.02
0.03
0.18
0.21
0.03
0.19
0.10
0.17
0.09
0.24
0.05
0.21

0.08b
0.06bc
0.01b
0.15bc
0.02b
0.17bc
0.65a
0.46a
0.39a
1.50a
0.35a
1.85a

±
±
±
±
±
±
±
±
±
±
±
±

0.06
0.04
0.01
0.04
0.01
0.04
0.19
0.08
0.05
0.16
0.17
0.09

0.43a
0.27a
0.03b
0.74a
0.30a
1.04a
0.20b
0.17b
0.29a
0.66b
0.10b
0.76c

±
±
±
±
±
±
±
±
±
±
±
±

0.08
0.06
0.03
0.11
0.05
0.14
0.05
0.03
0.10
0.13
0.03
0.12

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.10
0.12
0.12
0.17
0.87
0.89
0.14
0.20
0.10
0.27
0.23
0.38
0.66
0.17
0.45
0.43
0.48
0.77

0.79a
0.84ab
0.68a
2.31a
1.53a
3.84a
1.52a
0.99a
0.98a
3.49a
0.55b
4.04a
0.97bc
1.11ab
0.92b
3.00b
0.23c
3.23b

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.23
0.34
0.20
0.61
0.47
0.40
0.53
0.35
0.21
0.55
0.15
0.49
0.33
0.17
0.14
0.16
0.06
0.11

0.64ab
0.55b
0.11c
1.30b
0.61b
1.91b
0.59b
0.39b
0.50b
1.48c
1.40a
2.88b
2.83a
1.45a
1.09b
5.37a
0.74b
6.11a

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.26
0.21
0.04
0.26
0.23
0.19
0.16
0.08
0.14
0.15
0.34
0.28
0.62
0.36
0.38
0.83
0.20
0.81

0.33b
0.33bc
0.46ab
1.12bc
0.19b
1.32b
1.48a
0.37b
0.10c
1.95bc
0.41b
2.36b
0.22c
0.29c
0.30c
0.81c
0.33bc
1.14c

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.02
0.08
0.16
0.15
0.04
0.14
0.25
0.07
0.04
0.23
0.07
0.24
0.04
0.08
0.09
0.15
0.08
0.11

±
±
±
±
±

0.29
0.27
0.17
0.39
0.11

0.61a
0.54a
0.47a
1.62a
0.22bc

±
±
±
±
±

0.12
0.21
0.18
0.24
0.07

0.67a
0.57a
0.36ab
1.60a
0.35b

±
±
±
±
±

0.17
0.11
0.13
0.13
0.20

0.36a
0.19b
0.17b
0.72b
0.13c

±
±
±
±
±

0.03
0.03
0.04
0.07
0.03

407

Site-I
±
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0.00
0.01
0.01
0.01
0.02
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2.41a

1.84b

± 0.31

±

0.20

1.95b

±

0.32

0.84c

±

0.06

TABLE 3 - Heavy metal average bioconcentration factor (BF) and translocation factor (TF) of A. aestivus Brot. (n= 20, Means ± Standard
Deviation]
Elements
Cd
Cr
Cu
Mn
Ni
Pb
Zn

BCF
[metal shoot/ metal soil (mg/kg-1)]
3.59
±
2.02
1.66
±
1.48
2.82
±
1.35
0.28
±
0.16
1.12
±
0.62
2.57
±
2.23
0.16
±
0.08

TF
[metal shoot/ metal soil (mg/kg-1)]
3.33
±
2.15
8.05
±
5.56
5.78
±
3.47
2.89
±
2.37
4.02
±
2.14
6.64
±
5.19
5.73
±
2.81

ground total cadmium contents (Table 2). But the dominancy was not detected among above ground plant parts
in regarding to Cd accumulation.
In our study, soil chromium levels varying between
0.78 ± 0.37 mg/kg dry weight and 0.19 ± 0.03 mg/kg dry
weight (Table 1) showed that the soils of A. aestivus
around Bursa (Turkey) were not contaminated by Cr, because these values were below than the average Cr range in
the soils (5-1000 mg/kg dry weight) [34]. The mean Cr contents in A. aestivus plant varied between 1.04 ± 0.14 mg/kg
dry weight and 0.17 ± 0.04 mg/kg dry weight and, the
highest Cr accumulation was determined in the plant samples taken from Site IV. By comparing these values with
the average Cr range in plant tissues (0.2-1 mg/kg dry
weight) [34], the Cr levels of A. aestivus are similar to Cr
levels of a normal plant. So, it can be said that Cd was not
accumulated by these plants. But, Allen (1989) [35] reported that the chromium level above 0.5 mg/kg dry weight
was toxic to plants. For this reason the highest Cr level in
plant samples taken from Site IV may reflect the Cr accumulation capacity of Asphodel plant. The average BF
and TF values (1.66 ± 1.48 and 8.05 ± 5.56; respectively)
also supported this result (Table 3). But we could not determine a clear Cr distribution model among plant parts.
Our results suggest that the copper, manganese and
zinc did not cause heavy metal pollution in destroyed areas
of Mediterranean environment around the Bursa City. For
instance, the average Cu range in soils is 2 - 60 mg/kg dry
weight [34] but the highest mean Cu contents in the soils
of A. aestivus varied between 0.83 ± 0.20 mg/kg dry weight
and 0.18 ± 0.04 mg/kg dry weight. Similar results can be
found for Mn and Zn (Table 1). Also, we determined low
Cu, Mn and Zn contents in the total phytomass of Asphodel plants. Maestri et al. (2010) [34] reported that the
average ranges in plant tissues for Cu, Mn and Zn are 2 20 mg/kg dry weight, 1-700 mg/kg dry weight and 15150 mg/kg dry weight, respectively. The mean contents
of three heavy metals were below these ranges. For example, the mean Cu contents 0.76 ± 0.12 mg/kg dry weight
and 1.90 ± 0.25 mg/kg dry weight in total phytomass of this
species were under the average Cu range in plant tissues
(Table 2). Similarly, the Mn and Zn contents did not exceed
the reported limits. Even if the Mn content of this species
reached up to 4.01 ± 0.89 mg/kg dry weight, this value is

much lower than that of a normal plant (200 mg/kg dry
weight) [36]. Due to low Cu, Mn and Zn concentrations,
we can conclude that these heavy metals cannot be accumulated by A. aestivus. Although the low Cu contents of
plant samples may indicate a low Cu accumulation capacity of this species, the high BF and TF factors (Table 3)
may point to the accumulation and translocation capability of this heavy metal. The significant positive correlation (P < 0.05) (Table 4) between copper contents of soils
and aboveground parts may support the Cu accumulation
capacity of A. aestivus.
Soil Pb contents of sample sites varied between 0.67
± 0.16 mg/kg dry weight and 3.38 ± 1.00 mg/kg dry
weight. These values were lower than the upper Pb limits
of non-polluted sites reported in literature (50 mg/kg dry
weight, 10-150 mg/kg dry weight) [34, 37]. Although the
soil Pb contents were low, the mean Pb contents of plants
taken from all sample sites were higher than the normal
Pb composition (1.0 mg/kg dry weight) [36]. The mean
Pb content of aboveground parts of plant samples taken
from Site III reached up to 5.37 ± 0.83 mg/kg dry weight
(Table 2). The mean Pb content of total phytomass of these
plants was 6.11 ± 0.81 mg/kg dry weight. These values
were also above the average Pb range in plant tissues
reported by Maestri et al. (2010) [34] (0.1- 5 mg/kg dry
weight). So, they can indicate the Pb accumulating capacity of Asphodel plant. In addition to high BF and TF
values determined for this heavy metal (Table 3), the
significant positive correlations (P<0.05) between Pb
content of soils and leaf, flowers and aboveground parts
support this result.
The average nickel ranges in soil and plant tissues were
given as 2 - 200 mg/kg dry weight and 0.4 – 4.0 mg/kg dry
weight by Maestri et al. (2010) [34]. If we compare the
mean Ni contents of A. aestivus and its soils with these
values, we can say that Ni was not accumulated in the soil
tissues of A. aestivus from degraded Mediterranean environment. Because the highest Ni contents determined in
the soils taken from Site III (5.24 ± 0.72 mg/kg dry weight)
were not above the upper limits of this range (Table 2). The
highest Ni content in Asphodel plants (4.04 ± 0.49 mg/kg
dry weight) was also not above the upper limits of reported range. In contrast, Markert et al. (1994) [36] reported
the Ni content of a normal plant was 1.5 mg/kg dry
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weight. The mean Ni contents of Asphodel plants taken

from all samples were higher than that of a normal plant.

TABLE 4 - Simple Correlation Coefficients (r2), significant levels (Possibility, P) and linear regression equations ( Y = a + bx ) between the
acid-soluble contents of elements in soil and different organs (mg/kg DW) of A. aestivus Brot. (n = 20, P < 0.05 significant correlation)
Parameters
Soil-Cd
Root-Cd
Stem-Cd
Leaf-Cd
Flower-Cd
Aboveground-Cd
Whole plant-Cd

r2

P

Y = a + bx

0.201
0.017
0.032
0.110
0.051
0.000

0.048
0.587
0.450
0.152
0.337
0.949

Root-Cd = 0.030108 + 0.7234 x Soil-Cd
Stem-Cd = 0.045960 + 0.1429 x Soil-Cd
Leaf-Cd = 0.104982 - 0.3126 x Soil-Cd
Flower-Cd = 0.140411 - 0.6100 x Soil-Cd
Aboveground-Cd = 0.291352 – 0.7796 x Soil-Cd
Whole plant-Cd = 0.321460 – 0.0563 x Soil-Cd

0.311
0.550
0.142
0.254
0.119
0.015

0.011
0.000
0.101
0.024
0.137
0.612

Root-Cr = 0.221210 - 0.2318 x Soil-Cr
Stem-Cr = -0.168133 + 0.8250 x Soil-Cr
Leaf-Cr = 0.224807 - 0.1366 x Soil-Cr
Flower-Cr = 0.296741 - 0.2912 x Soil-Cr
Aboveground-Cr = 0.33414 – 0.3972 x Soil-Cr
Whole plant-Cr = 0.564624 + 0.1654 x Soil-Cr

0.085
0.135
0.193
0.100
0.238
0.249

0.212
0.111
0.052
0.174
0.029
0.025

Root-Cu = 0.181803 + 0.1623 x Soil-Cu
Stem-Cu = 0.305770 + 0.1363 x Soil-Cu
Leaf-Cu = 0.247429 + 0.2575 x Soil-Cu
Flower-Cu = 0.334516 + 0.2236 x Soil-Cu
Aboveground-Cu = 0.887716 + 0.6174 x Soil-Cu
Whole plant-Cu = 1.069519 + 0.7797 x Soil-Cu

0.473
0.107
0.548
0.032
0.485
0.625

0.001
0.159
0.000
0.447
0.001
0.000

Root-Mn = 3.383622 - 0.3365 x Soil-Mn
Stem-Mn = 0.709482 - 0.0440 x Soil-Mn
Leaf-Mn = 1.752317 - 0.1524 x Soil-Mn
Flower-Mn = 0.702362 - 0.0254 x Soil-Mn
Aboveground-Mn = 3.164161 - 0.2219 x Soil-Mn
Whole plant-Mn = 6.547783 – 0.5583 x Soil-Mn

0.591
0.070
0.029
0.233
0.068
0.031

0.000
0.259
0.471
0.031
0.267
0.454

Root-Ni = 0.158589 + 0. 2087 x Soil-Ni
Stem-Ni = 0.405943 + 0. 0565 x Soil-Ni
Leaf-Ni = 0.736594 + 0. 0348 x Soil-Ni
Flower-Ni = 1.504671 - 0.1528 x Soil-Ni
Aboveground-Ni = 2.647207- 0.1311 x Soil-Ni
Whole plant-Ni = 2.805796 + 0.7755 x Soil-Ni

0.060
0.010
0.595
0.349
0.244
0.122

0.300
0.672
0.000
0.006
0.027
0.131

Root-Pb = 0.889372 - 0.0997 x Soil-Pb
Stem-Pb = 1.274743 - 0.0591 x Soil-Pb
Leaf-Pb = 0.438547 + 0.2640 x Soil-Pb
Flower-Pb = 0.489519 + 0.4567 x Soil-Pb
Aboveground-Pb = 2.202809 + 0.6616 x Soil-Pb
Whole plant-Pb = 3.092181 + 0.5618 x Soil-Pb

0.005
0.104
0.119
0.066
0.166
0.087

0.773
0.166
0.136
0.274
0.075
0.208

Root-Zn = 0.379857 - 0. 0062 x Soil-Zn
Stem-Zn = 0.129164 + 0.2695 x Soil-Zn
Leaf-Zn = 0.136010 + 0.0355 x Soil-Zn
Flower-Zn = 0.3447 + 0.0227 x Soil-Zn
Aboveground-Zn = 0.609900 + 0.0852 x Soil-Zn
Whole plant-Zn = 0.98978 + 0.0791 x Soil-Zn

Soil-Cr
Root-Cr
Stem-Cr
Leaf-Cr
Flower-Cr
Aboveground-Cr
Whole plant-Cr
Soil-Cu
Root-Cu
Stem-Cu
Leaf-Cu
Flower -Cu
Aboveground-Cu
Whole plant-Cd
Soil-Mn
Root-Mn
Stem-Mn
Leaf-Mn
Flower-Mn
Aboveground-Mn
Whole plant-Mn
Soil-Ni
Root-Ni
Stem-Ni
Leaf-Ni
Flower-Ni
Aboveground-Ni
Whole plant-Ni
Soil-Pb
Root-Pb
Stem-Pb
Leaf-Pb
Flower-Pb
Aboveground-Pb
Whole plant-Pb
Soil-Zn
Root-Zn
Stem-Zn
Leaf-Zn
Flower-Zn
Aboveground-Zn
Whole plant-Zn

Also, we found significantly high positive correlation
between Ni content of soils and roots (P<0.05) (Table 4).
These findings may suggest the Ni accumulation capacity
of this species.
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4. CONCLUSION

neering/Biotechnology. pp. 97-123. Springer-Verlag, Berlin,
Heidelberg

In this study, we determined that the Cd, Cr, Cu, Mn,
Ni, Pb and Zn did not cause heavy metal pollution in the
soils of A. aestivus spread on degraded areas from Mediterranean environment. Also, it was found that A. aestivus
generally has no effective heavy metal accumulating capacity. But if we compare the Cd, Cr, Ni and Pb levels with the
reported values of these heavy metals in literature, our
results imply the possible accumulation capacity of this
species. For this reason, this study contains a basic
knowledge about the heavy metal accumulation capacity
of A. aestivus and the contribution of this property in the
dominancy of species on degraded areas from Mediterranean environment. But there is a requirement to know the
response of asphodel plant’s growing under the heavy
metal abundance.
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ASSESSMENT OF SPATIO-TEMPORAL PATTERNS OF WATER
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THE WATER SUPPLY WATERSHED OF BEJING, CHINA
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ABSTRACT
In this study, 1376 samples for 12 water quality parameters were obtained from 50 monitoring sites across Beijing
City’s drinking water supply watershed from 2004 to 2010.
Multivariate statistical techniques and a Geographic Information System (GIS) were used to explore the spatial temporal variations of water quality and investigate the primary pollution sources. Moran’s I analysis indicated that
spatial autocorrelation had little impact on the explanation of
spatial variation of water quality. Kruskal-Wallis test and
coefficients of variation showed that total nitrogen, nitrate,
nitrite, and total phosphorus had significant temporal and
spatial differences. The factor analysis indicated that the
pollution degree was mainly attributed to agricultural activities, rural domestic sewage, and mining tailings runoff. Before and after rainy season, river conditions were influenced
by mixed source pollution (agricultural overland flow,
mining overland flow, and rural domestic sewage). During rainy season, non-point source pollution (agricultural
runoff) was the only dominate cause of water pollution.
Although the importance of parameters to river conditions
changed along with seasons, total nitrogen and nitrate
always had the greatest impact on water quality variation
and furthermore their concentrations exceeded lowest
surface water quality standard. Thus, suggestions regarding design and allocation of Best Management Practices
(BMPs) for reducing nitrogen pollutant yields from the
drinking water supply watershed of Beijing are presented.
KEYWORDS: Water quality, temporal and spatial variations,
factor analysis, Miyun Reservoir

from disordered development of agriculture and industry.
Therefore, characterization of spatio-temporal variations of
water quality is important for local decision-makers to
establish proper management policies [1-3]. However,
water quality monitoring programs involve huge financial
inputs. Thus, sampling location and frequency are usually
hard to cover a wide variation of landscapes and long time
periods [4]. Most research has qualitatively explored the
pollution sources, which is very useful in detecting the
reason of overall stream degradation. Few studies can provide quantitative information about the contributions of each
parameter to variation of water quality [5]. In addition,
adjacent sample sites in upriver or downriver of the same
reaches always make water quality to show similar trends
(spatial dependence) [6], which may influence the accuracy
of water quality assessment [7]. Similarly, a large body of
research is available on rural, urban, and industrial areas
[8-10], but fewer studies had been undertaken in natural
rivers in mountainous areas or drinking-water supply
watershed [1].
Miyun Reservoir is the only surface drinking water
resource for more than 18 million people in Beijing [11].
Due to the decrease in incoming water and pollution from
the upper stream basin, the water quality has been being
deteriorated [12]. However, our understanding is limited in
spatio–temporal change of water quality in the watershed of
Miyun reservoir. Therefore, the objectives of this work are
(1) to identify the spatio–temporal variations trends in
water quality; (2) to evaluate the impact of possible pollution sources on river conditions; and (3) to determine the
most important parameters for water quality variations
assessment.

1. INTRODUCTION

2. MATERIALS AND METHODS

Most developing countries have been suffering the
consequences of river conditions contamination resulting
* Corresponding author

2.1 Study area

The study area covers an area of 1754 km2, which is
located in Miyun County, northeast Beijing of China
(Fig.1). Chao River and Bai River are two main rivers,
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which flow through the study area and entry into Miyun
Reservoir [13]. This region reflects typically mountainous
drainage patterns in northern China. Hills and mountains
account for about 4.8% and 57.2% to the total watershed,
respectively. Forest (63.9% to the total area), grassland
(19.7%), agriculture (13.8%) and residential area (2.3%)
are the major landuse types. Most of the rains fall in July to
September and an average annual precipitation is 560 mm
over the last decade in the study area, which has a typical
continental climate. Brown earth and umber are the major
soil types. The economy is dominated by agriculture, and
industry is generally underdeveloped. Nearly all the agricultural activities and residences locate close to the banks
of the rivers[14]. Although, stated owned mining was
almost completely shut down for pollution control purpose
in 2000, private mining activities still exist in this region.

12 parameters were selected for representing the features of
the river conditions, including total nitrogen (TN), nitrate
(NO3-), nitrite (NO2-), ammonium (NH4+), total phosphorus
(TP), conductance (COND), water temperature (Temp), pH,
dissolved oxygen (DO), chemical oxygen demand (COD),
total organic carbon (TOC), and chlorophyll a (Chl). Temperature, pH, DO, COND and Chl were detected using a
Hydrolab MS5 multi-parameter monitoring instrument
(HACH Incorporated, USA). The TN, NO3-, NO2-, NH4+ and
TP were measured using national standard methods [15].
COD was detected with a NOVA 60 multi-parameter water
quality analyzer (Meck Incorporated, Germany). TOC was
determined by a multi N/C 3100 total organic carbon analyzer (Analytik Jena Incorporated, Germany).
2.3 Statistical analysis

All mathematical statistics analysis was done by SPSS
14.0 and OriginPro 8.0. Kolmogorov-Smirnov (K-S) statistics were applied to decide if the data were log-normally
distributed. The results revealed that the hypothesis that the
data were log normal could not be rejected at the 5%
significant level. Moran’s I- a global measure was conducted to identify the spatial autocorrelations of water
quality data, which was estimated based on the following
formula [7]:

Bai River

Chao River

N

sample site
river
Miyun Reservoir
boundary of study area
5

0

Moran' s I =

N

−

−

N ∑∑Wij ( xi − x)( x j − x)
i =1 j =1
N

N

N

(∑∑Wij )∑ ( xi − x) 2

10
km

i =1 j =1

i =1

where, x i and x j refer to water quality in station i and

FIGURE 1 - The study area and water quality monitoring sites.

station j, respectively. x represents the mean value, and
Wij represents the weight matrix. Spatio-temporal variations of water quality were assessed using the KruskalWallis analysis and coefficients of variation (CV), respectively [16]. For the CV analysis, mean annual water quality was calculated (2004-2010) to mitigate the latent impact of interannual hydro-meteorological variation. Spatial distribution of annual water quality indices was displayed through spatial analysis module of ArcGIS9.3
(ESRI Inc., USA). Water pollution sources interpretation
and critical index identification were solved by the factor
analysis (FA), which has been widely used to explore and
deal with huge mounts of environmental data [7, 17-19].

2.2 Data collections and analytical methods

There were 1376 samples obtained from 50 sites
within the study area in 2004 - 2010 (Fig.1). The sampling project was designed to overlay a wide range of land
covers, soil types, and river orders. Water quality was
evaluated semimonthly in May - June (before rainy season), July - September (during rainy season), and October November (after rainy season). Fig. 2 shows that the rivers
have the highest average flow during rainy season and have
the lowest discharge before rainy season. The rainy season
was the most important period for crop growth and fertilization due to high temperature and ample rainfall. The water
quality variables were averaged over the three periods. The
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3. RESULTS AND DISCUSSION

mum concentration mostly appeared during rainy season
(Table 1). High seasonality of the water quality constituents could be attributed to great seasonal changes in vegetation cover and flow rate. The non-significant difference
of COD, TOC, COND and NH4+ with seasons might
indicate the influence of anthropogenic disturbance in the
study area.

3.1 Temporal trends

The box-whiskers plots showed temporal variations
of the 12 indices (Figure 3). Results form the KruskalWallis test indicated that TN, NO3-, NO2-, TP, DO, and
Chl had significant temporal differences and the maxi-

TABLE 1 - Significance level of the temporal and spatial variation of the water quality, and p values derived from the Kruskal-Wallis test.
(n=50)
TN
NO3NO2NH4+
TP
COND
Temp
pH
CV(%)
151.06
161.33
97.63
133.16
136.46
22.50
24.27
3.70
p-value
<0.0001
<0.0001
<0.0001
0.94
<0.0001
0.54
0.93
0.20
a)
b)
Time
RS
BRS
RS
RS
RS
ARS
RS
ARS
a) The highest concentration occurred in this period.
b) BRS, RS and, ARS stand for before rainy season, rainy season and, after rainy season, respectively.
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FIGURE 3 - Temporal variations of water quality in the upstream of the watershed of Miyun Reservoir. (Refer to TABLE 1 for the meanings
of BRS, RS, and ARS)
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Fig. 3 shows that water temperature is obviously higher
before and during rainy season than after rainy season. It is
well known that warmer water contain less DO, which is
a natural process. However, low DO concentrations were
influenced by many factors before rainy season in this
region. For example, higher input of organic pollutants
(COD) could decrease the concentration of DO through
biodegradation. In addition, the warmth accelerates the
consumption of carbon and the conversion of excessive
ammonia to nitrate and the consequent consumption of
DO under low river flow [9]. During rainy season, greater
overland flow and human disturbance increased the nutrient
concentrations [20]. Thus, the maximum values of TN and
TP appeared in this period. It is noticeable that the concentration of TN (9 mg/l) was much higher than the surface waters quality standards (Class V, 2mg/l) of China
(GB3838-2002). Class V is the lowest quality rating for
useable waters in China. These waters may be used for
agricultural use and aesthetics only (i.e. these are non-contact
waters). The average concentration of NH4+ followed an
inverse pattern with flow rate of the streams, which showed
the dilution effect. Meanwhile, the average value of NH4+
was relatively low while its maximum value was high, denoting that it could stem from some point pollution sources
[5]. After rainy season, the average concentration of most
pollutants showed a declining trend due to the decrease in
discharge and in the intensity of agricultural activities.
3.2 Spatial autocorrelation of water quality trends

As shown in Table 2, water quality indices of neighboring sampling sites displayed different degree spatial autocorrelations. According to Chang et al. [7], Moran’s I absolute values >0.80, 0.50-0.80 and 0-0.50 were deemed to
be strong, moderate, and weak, respectively. Thus, the
Moran’s I values (-0.17 to 0.56) suggested that spatial
autocorrelation had little impact on the explanation of
water quality trends [21]. The weak spatial autocorrelation could be attributed to spatial heterogeneity in landscape, local environmental management plan, and sample
sites design in streams [1].
There were changes in Moran’s I values during three
seasons. While Moran’s I values increased for TN, NO3-,
TP, COND, Temp, and DO during rainy season, and it
decreased in NH4+, COD, and Chl. The increases indicated the water quality parameters were mainly influenced
by regional human actions (agricultural activity) or natural factors (overland flow), while the decreases in Moran’s I suggested that the parameters were impacted by
more localized anthropologic action (point pollution) [7].

3.3 Spatial trends

Based on the coefficients of variation (CV), it can be
seen that TN, NO3-, TP NH4+ and NO2- vary considerably
in the sub-watersheds (Table 1). pH varied slightly among
the sub-catchments and seasons. Fig. 4 shows spatial variations of water quality for the 2000s.TN and NO3- showed
similar geospatial features - high level in the northwestern
and southeastern parts of the watershed where more land
were headwater. The northwestern part, with higher soil
total nitrogen level and steep slope, allowed more nutrients to transport to the channels. The high levels of TN
and NO3- of the tributaries in southeastern part could be
explained by excessive nitrogen fertilizer use in upland
areas and orchard plantation [11]. NH4+ was high in the
eastern lower part where urban landuse dominated. The
high average concentration of NH4+ observed in the
northwestern part resulted from developed rural tourism
and fish farms [22]. TP concentrations exhibited very
complex spatial patterns, which might be the result of the
high potential for adsorption of phosphorus to clay minerals and clay humics in the watershed, as well as point
source pollution [23]. High concentrations of Chl occurred in the urban lands and low levels in the forest
lands. pH showed a very simple pattern, reflecting the
spatial homogeneity of geology. COND concentration
exhibited generally higher in western part where is mine
waste-located zone [24]. Temp was low in the western
higher part of the study area as a result of higher elevation. The high temperature of the main river reached in
the southeast part might be attributed to thermal pollution
from urban land. Relatively well maintained riparian vegetation makes water temperature cool in tributaries. DO is
mainly controlled by the temperature of water, which is
directly influenced by air temperature and is indirectly
affected by the degree of riparian vegetation through
shading [25]. However, the DO had the same spatial pattern
as Temp in the southeast part. This phenomenon was partly
due to the fact that constant release of water from upstream
dams made water aeration rate in the main river reach
higher. Biogeochemical cycles of nutrients from the orchards near-stream consumed a large mount of DO in the
tributaries. COD and TOC showed similar spatial patterns
in the whole study area except the northwestern part. The
high value areas are located in the intensive human activities areas and the low value regions are in the forest lands.
Together with its steep slope, relatively high intensive
development of iron mines contributed to the increase in
COD content in northwestern part of the watershed.

TABLE 2 - Moran’s I values of water quality data for the 50 sampling sites during three seasons within the upstream of the watershed of
Miyun Reservoir.
Time
TN
NO3NO2NH4+
TP
BRS
0.42
0.48
0.33
0.22
-0.078
RS
0.56
0.56
0.011
0.027
0.15
ARS
0.48
0.34
-0.17
-0.14
-0.024
Refer to TABLE 1 for the meanings of BRS, RS, and ARS

COND
0.49
0.53
0.64
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Temp
0.11
0.53
0.55

pH
0.31
0.60
0.27

TOC
0.23
-0.12
0.031

COD
0.19
-0.0048
-0.0041

DO
0.16
0.25
0.21

Chl
0.32
-0.008
0.27
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_

NO3 (mg/l)

TN (mg/l)

Reservoir

Reservoir
0.81 - 1.58
1.59 - 2.43
2.44 - 3.51
3.52 - 4.60
4.61 - 5.91

0

5

0.35 - 0.85
0.86 - 1.48
1.49 - 2.27
2.28 - 3.46
3.47 - 5.02

10
Km

0

5

10
Km

_

NH4+ (mg/l)

NO2 (mg/l)

Reservoir
0.004 - 0.011
0.012 - 0.020
0.021 - 0.036
0.037 - 0.064
0.065 - 0.092

0

5

10
Km

Reservoir
0.002 - 0.020
0.021 - 0.056
0.057 - 0.088
0.089 - 0.170
0.171 - 0.385

0

5

TP (mg/l)

Chl (µg/l)

Reservoir

Reservoir
0.011 - 0.016
0.017 - 0.023
0.024 - 0.052
0.053 - 0.110
0
0.111 - 0.174

5

10
Km

0.61
0.83
1.32
1.73
2.19

10
Km

-

0.82
1.31
1.72
2.18
2.99

0

5

10
Km

COND (ms/cm)

pH

Reservoir

Reservoir
0.241 - 0.268
0.269 - 0.441
0.442 - 0.518
0.519 - 0.586
0
0.587 - 0.794

5

7.71 - 7.93
7.94 - 8.08
8.09 - 8.22
8.23 - 8.43
8.44 - 8.73

10
Km

0

5

10
Km

FIGURE 4 - Spatial variations of water quality in the upstream of the watershed of Miyun Reservoir.
(The circles represent
DO (mg/l)
Temp ( the annual mean concentration value.)
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Temp (

Reservoir

Reservoir

15.95 - 17.77
17.78 - 19.24
19.25 - 20.91
20.92 - 22.62
22.63 - 26.51

0

5

7.34 - 8.40
8.41 - 8.98
8.99 - 9.62
9.63 - 10.22
10.23 - 12.05

10
Km

0

5

Reservoir

5
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Km
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COD (mg/l)

6.60 - 8.27
8.28 - 9.93
9.94 - 11.26
11.27 - 13.87
0
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4.40 - 5.02
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10
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10
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FIGURE 4 - (Continued)

3.4 Factor analysis of water quality

Following Huang et al. [7], the calculated eigenvalues
of 1.0 or greater were selected to extract the significant
corresponding factors. Thus, equal numbers of factors were
obtained for three seasons through FA. According to Zhou
et al. [26], absolute load values >0.75, 0.50-0.75 and 0.300.50 were deemed to be strong, moderate, and weak, respectively. Table 3 showed corresponding factors, cumulative
explained variance, and variable loads.
Before rainy season, the six varifactors explained
83.80% of the total variance. The first varifactor (VF1),
accounting for 23.00% of total variance, had strong positive loads on pH, NO2-, DO and moderate positive load on
Chl. The suitable temperature and low flow rate accelerated alga growth, which raised the values of DO and pH.
Thus, relatively more total ammonia changed into NO2and unionized ammonia, which had more damage to aquatic
animals and human heath, as the value of two physicochemical parameters increase. Therefore, this factor could
represent the biochemical pollution [26]. VF2, accounting
for 17.80% of the total variance, had strong positive loads
on TN and NO3-. This factor represented the influence of
diffuse pollution from plantation and upland areas. VF3,
accounting for 13.20% of the total variance, had strong
positive loads on COND and COD. This factor explained
the effect of the iron mine wastes including discarded rocks

and milling tailings [24]. Due to low vegetation coverage,
pollutants from the mine waste area are easily transported
to the streams and rivers via surface runoff or shallow
ground water before rainy season [27]. VF4, explaining
10.80% of total variance, had strong positive load on TOC.
VF5, explaining 10.20 % of total variance, had strong
positive load on TP. VF4 and VF5 could be attributed to
the soil erosion response associated spring ploughing in
the study area [11]. VF6, explaining 8.90% of the total
variance, had strong positive load on NH4+, which could
be considered as representing impact resulting from rural
domestic point source pollution. A project that transforms
conventional dry toilets into flush toilets launched by Chinese government increased domestic wastewater discharge
that resulted in NH4+concentration increasing in the low
flow rate season [28].
During rainy season, VF1, explaining about 19.40% of
total variance, had strong positive loads on TN and NO3-.
This factor represented the impact of diffuse pollution from
intensive agricultural activities. The heavy rainfalls and a
large amount of nitrogen fertilizer application occurred
simultaneously in this period, thus the rivers received excessive nitrogen pollutants via runoff and sediments [29].
VF2, explaining about 16.20% of total variance, had strong
positive load on DO and moderate positive pH. This factor
represented physiochemical source of variability. VF3, ex-
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plaining about 13.10% of total variance, had strong positive load on COD. This factor indicated the soil organic
matters from steep slope upland and forested areas owing
to high intensity rainfall event [18].VF4, explaining about
12.10% of total variance, had strong positive load on TP.
VF5, explaining about 10.88% of total variance, had strong
positive load on CNOD. The increase of vegetation coverage greatly mitigated tailing mine pollutants input to the
rivers. Thus, this factor mainly represented the soil
weathering effect. VF6, explaining about 9.10% of total
variance, had strong positive load on Chl. VF4 and VF6
could be attributed to nutrient input from surface agricultural runoff or percolation associated with fertilizer application.
After rainy season, VF1, explaining about 17.00% of
total variance, had strong positive loads on TN and NO3-.
This factor could be attributed to nutrients loss from soil
preparation and winter wheat sowing after autumn harvesting. VF2, explaining about 15.70% of total variance, had
strong positive loads on pH and NH4+. VF3, explaining
about 14.96% of total variance, had strong positive load
on COD. VF2 and VF3 suggested significant amounts of
input of domestic wastewater from “ Rural Tourism of
Farmhouse ” [20]. VF4, explaining about 11.17% of total
variance, had strong positive load on Chl representing
anthropogenic input. VF5, explaining about 10.54% of
total variance, had strong positive load on Temp.VF6,
explaining about 9.62% of total variance, had strong positive load on COND. VF5 and VF6 could be attributed to
natural sources impacted by seasonal changes [26].
In general, agricultural intensification and rural tourism had more influence on river conditions in the whole

study area. The results showed seasonal change in the
impact of the pollution sources on the water quality variation. Before and after rainy season, water quality variation
was mainly influenced by diffuse pollution (agricultural
and tailing mining overland flow) and some point sources
pollution (rural domestic sewage). With the development
of industrialization and urbanization, more and more
people from the megapolis went to the village for relaxing
and enjoying fresh food in China [30]. Thus, rural tourism
rapidly developed in the latest two decades. However,
excessive domestic wastewater from rural tourism hotels
caused domestic point source pollution for lack of sewage
plants in the country. Because a large number of tourists
were attracted by enjoying flowers and picking fruit before and after rainy season, the rural tourism pollution
became more serious in these two periods [20]. During the
rainy season, water quality variation was mainly associated
with diffuse pollutants from upland and orchard plantations, which could be largely attributed to the relatively
greater overland flow, intertillage and fertilization occurring simultaneously.
The number of pollution sources was impacted by the
quantity of water quality indices and the real pollution
degree. For example, Northern Greece rivers pollution was
attributed to six major pollution sources [31]. Water quality
in eastern Hong Kong (China) was impacted by five pollution sources [26]. The number of pollution sources (agriculture, rural tourism and iron mine wastes) in Chao and Bai
rivers was fewer than those in other rivers, which reflected
lower pollution degree and less pollution types.

TABLE 3 - Loads of 12 measured variables on VARIMAX rotated factors of three seasons.
Before rainy season
Variable

VF1

TN

-0.12 0.97

-0.06 0.02

-0.08 0.97

-0.04 -0.10 -0.11 -0.03 0.94

NO3

-

VF2

VF3

After rainy season

Rainy season
VF4

VF5

VF6

VF1

VF2

VF3

VF4

VF5

VF6

VF1

VF2

VF3

VF5

VF6

-0.11 0.11

0.91

0.03

-0.03 0.04

0.15

-0.14 0.93

0.02

-0.02 -0.09 0.08

0.11

-0.13 -0.05 0.92

0.03

0.04

-0.08 -0.02 0.08

NO2-

0.79

-0.11 -0.05 0.23

-0.19 0.10

0.09

+

0.03

0.06

-0.08 -0.15 0.64

NH4

0.45

0.65

VF4

-0.05 -0.14 0.00

-0.18 -0.03 -0.14 0.12

-0.05 0.61

0.48

-0.03 -0.17

0.80

0.02

0.04

0.07

-0.11 0.35

0.13

0.63

0.10

0.09

-0.07 0.97

TP

-0.15 -0.15 0.14

0.18

0.85

COND

-0.08 -0.01 0.83

-0.16 -0.12 0.15

Temp

0.34

-0.28 -0.44 -0.40 0.51

-0.10 -0.62 0.56

0.29

pH

0.82

-0.23 -0.22 -0.16 0.06

-0.11 -0.35 0.71

0.04

TOC

0.05

-0.07 -0.07 0.90

0.13

0.09

COD

0.05

-0.10 0.75

0.10

0.23

DO

0.85

0.15

-0.19 0.15

Chl

0.75

-0.22 0.19

0.36

-0.23 -0.18 -0.10 -0.10 0.06

-0.04 0.00

0.94

-0.16 -0.08 -0.08 0.85

-0.09 0.01

Eigenvalue

2.76

2.14

1.29

1.22

1.45

1.10

2.04

1.27

Variance（%）

23.00 17.80 13.20 10.80 10.20 8.90

Cumulative（%）

23.00 40.80 54.00 64.70 74.90 83.80 19.40 35.60 48.70 60.70 71.60 80.70 17.00 32.70 47.66 58.83 69.37 80.00

0.04
1.58

0.56

0.10

-0.26 0.35

-0.08 0.89

0.17

0.00

-0.01 -0.01 0.11

0.95

-0.01 0.25

0.12

0.00

-0.15 -0.03 0.16

-0.01 -0.09 0.89

-0.09

0.06

-0.46 -0.07 -0.19 0.83

-0.03 -0.17 0.16

-0.21

0.27

0.51

-0.32 -0.01 -0.03 -0.08 0.77

-0.09 0.32

-0.04 -0.16 -0.03 0.75

0.06

-0.06 0.29

-0.06 0.00

0.15
1.07

0.00

0.25
0.03
2.32

0.06

0.26
0.91
1.95

-0.01 0.08
1.57

0.08
1.31
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0.02

0.12

-0.24 0.04

-0.17 -0.15 0.76

0.14

0.24

0.80

-0.17 -0.33 -0.08

-0.04 -0.07 0.44

0.39

-0.39 0.41

19.40 16.20 13.10 12.10 10.90 9.10

VF, varifactor; Bold values represent strong loads.

-0.26 0.46

1.88

1.80

1.34

0.26
1.16

17.00 15.70 14.96 11.17 10.54 9.62
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TABLE 4 - Most important water quality parameters for each season.
Time

TN

NO3-

BRS

*

*

NO2-

NH4+

TP

*

*

COND

Temp

pH

TOC

COD

*

RS
*
*
*
*
ARS
*
*
*
*
* Load on VARIMAX rotated factor is more than 0.85; Refer to TABLE1 for the meanings of BRS, RS, and ARS

3.5 Identification of important seasonal water quality
parameter

As Table 3 illustrates, most of the water quality parameters could influence varifactors for all the three seasons, therefore preventing the identification which parameter has the greatest impact on water quality changes. In
this paper, absolute load value >0.85 was considered to
selection criterion of important seasonal variation parameters [10]. As can be seen in Table 4, before rainy season,
nutrient related parameters (TN, NO3-, NH4+, and TP), the
physical parameters (DO) and organic-related parameters
(TOC) had the greatest impact on water quality changes
in the watershed of Miyun Reservoir. During rainy season, the inorganic nutrients parameters (TN, NO3-, and
TP), physical parameters (DO) and mineral-related parameters (COND) were the most crucial parameters. After
rainy season, the inorganic nutrients related parameters
(TN, NO 3- NH 4+, and Chl) and physical parameters
(Temp) were considered as the most significant parameters. This study indicated that the importance of water
quality indices might change along with seasons.
However, Table 4 further indicates that TN and NO3always have the greatest influence on water quality variation in three seasons. In addition, Fig. 3 shows that TN
and NO3- concentrations exceeding the Class V surface
water standard is strong evidence that nitrogen is a serious
problem in the watershed of Miyun Reservoir. Some research indicated that the severe nitrogen pollution of
drinking water supply watershed resulted in not only water
acidification and eutrophication but also the human health
damage such as methemoglobinemia and digestive tract
cancers [32]. Therefore, with limited fund and resource,
nitrogen should be chosen as the targeted parameter for
establishment pollution load mitigation objective in the
study area. Fig.3 shows that TN and NO3-are high in the
upper river reaches and tributaries. This finding is consistent with the results of some studies that advocated
control of nitrogen exports from river networks for less
than 3rd-4th order streams because of their high ratios of
surface area to volume and large contribution to total river
length [33-35]. Thus, non-point source nitrogen pollution
control in these regions is critical to preventing water
quality deterioration for the whole watershed.
Given the ignorance of pollutant types and critical
sources areas, the expensive riparian buffers program generally had not produced measurable improvements in stream
water quality within the watershed of Miyun Reservoir in

DO

Chl

*
*

*
*

recent years [36]. Based on the results of this study, a
proper design of the riparian buffers should aim at accelerating denitrification process for permanently removing
nitrogen in the future. The key considerations are: soils
need to be wet or hydric and should have moderate to high
permeability to encourage infiltration, yet should be poorly
drained to have anaerobic conditions, etc [37]. In addition,
riparian buffers with reduced nitrogen fertilizer application
or conservation tillage may better improve water quality
in some conditions [38].

4. CONCLUSION
The results from Moran’s I analysis showed that spatial autocorrelation had little impact on the explanation of
water quality spatial trends. Most of the nutrients related
parameters had significant temporal and spatial differences.
The results from factor analysis suggested that the river
pollution levels were mainly impacted by upland overland
flow, rural domestic wastewater, and flow from mining
tailings. Before and after rainy seasons, mixed source pollution dominated; during rainy season, non-point source
pollution dominated.
Importance of parameters in contribution to water
quality variation was impacted by seasons. However, TN
and NO3- were always the most important in all three seasons and furthermore their concentrations exceeded lowest
surface water quality standard in China. Thus, nitrogen
should be chosen as the priority pollutants for water pollution control in the watershed of Miyun Reservoir. More
mitigation measures should be applied in the upper river
reaches and small tributaries where high concentrations of
TN and NO3- occurred.
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TRANSFER FACTORS AND BIOACCUMULATION OF
SOME HEAVY METALS IN MUSCLE OF A FRESHWATER
FISH SPECIES: A HUMAN HEALTH CONCERN
Özgür Canpolat*, Mücahit Eroğlu, Mehmet Zülfü Çoban and Mustafa Düşükcan
Firat University, Fisheries Faculty, 23119, Elazig, Turkey

ABSTRACT
In this study, some heavy metal concentrations (Fe,
Zn, Cu, Cd, Co, Cr, Pb, As, Hg and Ni) were determined
in water and in muscle of Aspius vorax to study to potential human risk of consumption, and the relationship between the heavy metal load of fish and some of their biological aspects (weight, length and sex). In addition,
transfer factors of heavy metals in A. vorax were determined. It was found that heavy metals accumulated in
muscle of A. vorax in concentrations higher than that in
water. The orders, in relation to the heavy metal levels in
muscle and water, were found to be Fe>Zn>Cu and Zn>
Fe>Cu. The results were discussed and compared with
tolerable values for heavy metals provided from EPA and
FAO to determine whether this species has any risk for
human consumption.
KEYWORDS: Transfer factor, Aspius vorax, heavy metals, human consumption, Turkey

2. MATERIALS AND METHODS
2.1. Site description

Karakaya Dam Lake (Figure 1) is the third largest
dam lake on the River Euphrates (in respect to the surface
area of the lake), right after Keban Dam Lake.
2.2. Reagents

1. INTRODUCTION
Pollution and contamination of soil, water, and air has
become inevitable as a result of anthropogenic activities.
Environmental pollution by toxic metals has increased
steadily since the industrial revolution, thereby causing
serious ecological problems [1]. Heavy metals occur in
minute concentrations in unpolluted natural systems. They
may exert beneficial or harmful effects on plants, animals,
and humans depending on their concentrations. These
elements are introduced to the environment through various
routes, including smelting processes, fuel combustion, and
industrialization [2]. The major sources of metal pollution
in marine and freshwater systems come from domestic
wastewater effluents (especially As, Cr, Cu, Mn, and Ni),
coal-burning power plants, power plants (As, Hg and Se,
in particular), non-ferrous metal smelteries (Cd, Ni, Pb
and Se), iron and steel plants (Cr, Mo, Sb and Zn), and
dumping of sewage sludge (As, Mn and Pb) [3]. Their
levels in natural water, have considerably increased with
* Corresponding author

the intensive activity of industrial and agriculture sectors [4]. So, it becomes very important to determine the
concentrations of heavy metals in commercial fish species
to assess the possible risk of fish consumption for human
health [5].
The aim of this study is to determine heavy metal
concentrations in muscle of Aspius vorax from Karakaya
Dam Lake (Turkey) to evaluate the possible potential
human risk of consumption of A. vorax, and to investigate
the relationships between some biological aspects of fish
and metal concentrations in the muscle, and also their
transfer factors.

All reagents were of analytical grade unless otherwise
stated. Distilled water was used for the preparation of
solutions. All the plastics and glassware were cleaned by
soaking, with overnight contact of 0.1 N nitric acid solution, and then rinsed with distilled water prior to use.
HNO3 used for digestion was supplied by Merck.
The concentrations of iron, zinc, copper, cadmium, cobalt, chrome, lead, arsenic, mercury and nickel were determined by ICP analysis (Perkin Elmer Optima 5300 DV).
2.3. Blank preparation

At each step of the digestion processes of the samples, acid blanks (laboratory blank) were done using an
identical procedure to ensure that the samples and chemicals used were not contaminated. They contain the same
digestion reagents as the real samples with the same acid
ratios but without fish samples. After digestion, acid
blanks were treated as samples and diluted with the same
factor. They were analyzed by ICP before the real samples, and their values were subtracted to check the equipment and to read only the exact values of heavy metals in
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FIGURE 1 - Study area at Karakaya Dam Lake, Malatya, Turkey.

real samples. Each set of digested samples had its own
acid blank for correction.

If TF is greater than 1.0, then bioaccumulation for
metals occurs by fish species.

2.4. Fish collection and analyses

2.6. Statistical analyses

The concentrations of metals were measured in the
muscles of fish collected by a gill net in the open water of
Karakaya Dam Lake. Captured fish were placed in plastic
bags and immediately transported to the laboratory in a
freezer bag with ice. Total length and weight of each fish
was measured to the nearest mm and g before dissection,
and then, approximately 5g muscle (cleaned from skin)
samples were dissected from a total of 80 Aspius vorax.
Muscle samples were individually transferred to 4-ml glass
vials previously washed (with 0.1 N nitric acid), dried,
weighed, and then, they were dried in an oven for 24 h at
105 ºC and kept in a desiccator for a few days until constant weight. Vials were again weighed to obtain dry weight
of tissues Acid digestion method was performed to digest
the samples which involved heating of 5 g of dried tissues
of fish in Teflon beaker with mixed concentrated acids
hydrogen peroxide (H2O3), nitric acid (HNO3), hydrochloric
acid (HCl) and sulphuric acid (H2SO4) in the ratio of 1:1.
Standard solutions for calibration graphs were prepared.
Blanks were also prepared using the procedure as above,
but without the samples. Diluted samples and blank solutions were ICP-analysed (Perkin Elmer, Optima 5300 DV)
for iron (Fe), zinc (Zn), copper (Cu), cadmium (Cd), cobalt
(Co), chromium (Cr), lead (Pb), arsenic (As), mercury
(Hg) and nickel (Ni) levels [6].

Graphpad Prism 5.0 package programs were used for
statistical analysis (t-test and one-way ANOVA, Duncan)
and graphs of the data obtained during the research.

2.5. Transfer factor (TF) (Accumulation factor)

The TF is the ratio between the accumulated concentration of a given pollutant in any organ and its dissolved
concentration in water. It gives an indication about the
accumulation efficiency for any particular pollutant in any
fish organ [7]. TF was calculated according to Aboul Ezz
and Abdel-Razek [8] using the following equation:
TF= Mtissue/ Mwater

3. RESULTS AND DISCUSSION
3.1. Heavy metals in water

Only Fe, Cu and Zn were detected in water samples.
Co, Cd, Pb, Cr, As, Hg and Ni were found to be at undetectable levels in water samples. In the water samples, the
concentration of Cu, Fe and Zn were 0.001, 0.06 and 0.08
mg L-1, respectively. Zn was highest but Fe lowest in
water. The order of heavy metal accumulation in water
was Zn> Fe> Cu.
Contamination of aquatic ecosystems with heavy metals has seriously increased worldwide attention [9]. By
comparing measured concentrations of metals with water
quality standards, it was found that all metal concentrations
were lower than the permissible limits (Table 1).
TABLE 1 - Heavy metal concentration in water and acceptable
values suggested by USEPA (2002).
Cu
Fe
Heavy metal concentrations
0.001
0.06
-1
(mg L )
Permissible limits (mg L-1)
MC
0.013
CC
0.009
1
MC: maximum concentrations; CC: continuous concentrations

Zn
0.08
0.12
0.12

3.2. Heavy metals in fish

Only Fe, Cu and Zn were detected in muscle tissue
samples analysed. Co, Cd, Pb, Cr, As, Hg and Ni were
found to be at undetectable levels in all samples.

423

© by PSP Volume 23 – No 2. 2014

Fresenius Environmental Bulletin

In this study, the order in relation to the concentration
of heavy metals in the muscle is found as Fe>Zn>Cu. In a
research about Fe, Mn, Cu, Zn, Cd, Cr and Pb accumulation in the organs and tissues of Capoeta capoeta umbla,
which lives in Lake Hazar, the order of these heavy metals in relation to their concentration in muscle was found
as Zn>Fe>Cu>Mn [10]. In a research about the accumulation of Cd, Cu, Mo, Fe, Mn, Ni, Pb and Zn in the gill,
liver and muscle of Cyprinion macrostomus in Atatürk
Dam Lake, the order in relation to the levels of these
heavy metals in the muscle was Zn>Fe>Cu>Mn. In the
search about the accumulation of Fe, Zn, Cd and Pb in
tissues of Capoeta umbla from Uzuncayir Dam Lake, the
order was found as Fe>Zn>Cd>Cu [11]. Findings in these
researches support those in this study.
Herein, the effect of the seasons on heavy metal accumulation in muscle tissue of A. vorax was determined
(Figure 2). In general, the concentration of the tested metals
was observed to be higher in winter and spring, while
being lower in autumn and summer.
Mansour and Sidky [12] investigated the accumulation of Zn, Cu, Cd, Pb and Sn in some species of fish
caught in Fayoum Governorate (Tilapia sp., Mugil sp. and
Solea sp.). They found out that the level of the heavy
metal accumulation changes according to the seasons. The
heavy metal accumulation level according to the seasons

0.03

was ordered as summer>autumn>winter>spring. Canpolat
and Calta [10] found out that seasons affect the accumulation of heavy metals in the organs and tissues. They also
found that the concentration of the same heavy metal in
the same organ and tissue also changes according to the
seasons. Canpolat and Calta [10] recorded the higher
values of heavy metals in spring and summer. Farkas et
al. [13] investigated the variation of heavy metal amounts
in the gills, liver and muscles of Abramis brama caught in
Lake Balaton (Hungary) according to season, their length
and ages. These researchers reported that seasons, pollution level of the station and the biological activities of the
living beings affect heavy metal levels in the tissues.
Zayed et al. [14] found that heavy metal accumulation
level is higher in summer as the activities of the fish rise
in summer. Riba et al. [15] made a research to investigate
the Fe, Mn, Zn, Cd, Pb and Cu accumulation in Liza
ramada which lives in Guadalquivir Estuary near the
Cadiz gulf; this gulf is under the effect of Aznalcollar
mine plant, and they found that in relation to the type of
the metal, seasonal metal accumulation also has variations
(while the highest concentration level of Zn and Cd in the
tissues was found to be in summer and winter, Cu and Pb
had the lowest one in winter). In this study, the concentration level of metals in the muscle of A. vorax from Karakaya Dam Lake was found to be higher in winter compared to other seasons.
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FIGURE 2 - Box-Whisker diagram dissemination of some heavy metal concentrations in the muscle of A. vorax in relation to seasons.
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3.3. Relationship between heavy metal concentrations and
body sizes

The concentration rates of all elements determined in
A. vorax muscle tissues differed according to the weight
demonstrating that heavy metal accumulation level changes
according to the weight groups. The highest levels of Fe,
Cu and Zn in the muscles of A.vorax were found in 11001299 weight groups (Figure 3). Positive relationship between heavy metal accumulation in muscle and fish weight
was observed (Figure 3). The relationships were found
between fish weight heavy metals and mineral levels
(P<0.05).The lowest concentration of all elements for
A.vorax was found in 400-499 mm length group of fish,
and as a result, it was found that accumulation of all elements in the muscle of A.vorax changes according to the
length groups (Figure 4). The relationships were found
between fish weight heavy metals and mineral level
(P<0.05). Positive relationship between heavy metal accumulation in muscle and fish lenght was observed
The concentration rates of Cu. Fe, Zn, Ca and Mg elements determined in A. vorax muscle tissues differed
according to the weight, and this documents that heavy
metal accumulation levels changed according to the weight
groups. The lowest heavy metal level in the muscles of A.
vorax was found in 100-299 weight groups. When length
was taken into account, the lowest Fe and Zn amounts for
A. vorax were found in 200-299 mm length group. The
lowest concentration of Cu for A. vorax was determined in
300-399 mm length group. As a result, it was found that
heavy metal accumulation in the muscle of A. vorax changes according to the length groups. In this study, the relationships were found between fish weight heavy metals and
mineral levels. Similarly, Zyadah [16] reported that the
organs tend to accumulate high concentrations of heavy
metals with the increase of fish size. Searches on the accumulation of heavy metals showed that accumulation level
may change according to the weight of the fish [10, 13].
Table 2 shows the concentration levels of heavy metals in some fish species examined by some researches and

those determined in the muscle of A. vorax in this study.
As it can be seen (Table 2), the rate of heavy metal concentration determined by Canlı and Atlı [17] and Ongeri
et al. [18] in some fish species are higher when compared
to the rate found herein. However, concentration rates determined in Micropterus salmoides [19] and Oreochromis
niloticus, Tilapia zilli, Serathrodon niloticus, Clarias
gariepinus and Ethmaliosa timbriata [20] were lower than
the rates determined in this study.
3.3. Relationship between heavy metal concentrations and
fish age

The relationship between fish ages and heavy metal
levels in muscle tissue was also determined (Figure 5). The
effect of fish age on heavy metals accumulation showed a
similar pattern to those of fish weight and length. Generally, the level of all metals analysed increased with fish age,
and all tested heavy metal levels were statistically significant (P<0.05).
As a result, mobility degrees, activities and the accumulation of heavy metals in the living organisms are
related to so many factors, such as pH, temperature, organic matter, processes of ionic changes, and microbial
activity [25] It is found out that the heavy metal accumulation level may change according to the size, age, life
period, nutrition type of the fish, and the season they were
caught [26].
It is found that heavy metals are hazardous for the
aquatic ecosystems, especially for the Cyprinidae species
which are nourished in deep water. As a result, it is determined that these species are more contaminated when
compared to the predator fish [27].
3.4. Transfer factor

The average concentrations of the metals detected
in fish muscles and the values of TF are summarized in
Table 3. It was found that the concentrations of heavy
metals in muscle are much higher than in the water. The

TABLE 2 - Some heavy metal concentrations (mg/kg) determined in the muscle tissue of A.vorax and some other fish species.
A. vorax
C. umbla
Acanthobrama marmid
Cyprinus carpio
Chondrostoma regium
Clarias anguillaris
Heterotis niloticus
Oreochromis niloticus
Tilapia zilli
Serathrodon niloticus
Clarias gariepinus
Ethmaliosa timbriata
Lates niloticus
Oreochromis niloticus
Ostrineobola arentia
Capoeta umbla
*: not detectable

Cu
0.009
3.51
3.18
2.83
3.13
0.63
0.68

3.56
2.73
6.94
1.35

Fe
18.367
18.13
9.31
19.02
22.51
0.75
1.50
0.80
1.97
2.84
18.01
6.20
51.4
53.1
154.5
19.96

Zn
10.536
46.59
13.28
27.87
38.66
1.24
9.96
1.41
1.04
3.80
10.80
1.85
38.3
39.4
284.5
13.28
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FIGURE 5 - Box-Whisker diagram dissemination of some heavy metal concentrations in muscle tissues of A. vorax fish species in relation to
fish age.

TABLE 3 - The accumulation factor (AF) from water in A. vorax
from Karakaya Dam Lake.
Heavy metal concentrations
(mg L-1) in water
Average heavy metal concentrations
(mg kg-1) in muscle
Transfer Factor (TF)

Cu

Fe

Zn

0.001

0.06

0.08

0.009

18.367

10.536

9.0

306.12

131.7

TF from water to fish, in case of A. vorax, was in the
order of Fe (306.12)>Zn (131.7)>Cu (0.9). Iron was most
accumulated by A. vorax from water, while the accumulation factor of Cu was the lowest one.
The presence of metals in high levels in fish environment does not indicate a direct toxic risk to fish, if
there is no significant accumulation of metals by fish
tissues [28]. On the other hand, all TF (except for Cu)
from water were higher than 1.00 which means that the A.
vorax accumulated metals from water. This result agrees
with many previous studies. Rashed [29] determined TF
for Co, Cr, Cu, Fe, Mn, Ni, Sr and Zn from water, sediment and plant in Tilapia nilotica fish in Nasser Lake, and
results indicated that only TF values from water for all
metals were >1.00, which means metal accumulation
from water by the fish. Also Abdel-Baki et al. [30] calculated TF of 5 heavy metals from water and sediment in
Tilapia fish, and observed accumulated of all metals in
fish tissues from water. Transfer factors of metals from

water into fish muscles were 41.789, 8.621, 11.923,
24.714, and 35.938 for Pb, Cd, Hg, Cu and Cr, respectively. Saygi and Atasagun [31] determined bioaccumulation
factor (BAF) values of Al (6024), Fe (1298), Cu (8600),
Zn (13361) and Mo (1118) being remarkably high in carp
tissues investigated. In particular, Pb and As levels in
muscle tissues of the carps were not within the safe limits
for human consumption.
Our results show that heavy metal levels in the muscle samples taken from A. vorax caught from Karakaya
Dam Lake were under the dangerous limits given by FAO
[32] and EPA [33], and there is no any risk for public
health when consuming A. vorax (Table 4).
TABLE 4 - Heavy metal concentrations in muscle tissues of A. vorax
and acceptable values suggested by EPA and FAO.

FAO [32] (mg/kg)
EPA [33] (mg/g)
A. vorax (mg/kg)

Cu
10.0
54
0.009

Heavy metals
Fe
Zn
150
410
410
18.367
10.536

Cr
4.1
-

Cd
0.2
1.4
-

4. CONCLUSION
This study was carried out to provide information on
heavy metal concentrations of muscle tissues in Aspius
vorax. There was a clear difference between the concen-
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trations of heavy metals within muscle tissues of fish.
However, there was no rather clear difference for some
metal levels between the comparable parameters, such as
fish size, sex and seasons. Sometimes, smaller fish showed
higher concentrations of a metal or bigger fish of another
metal. Heavy metal pollution affects not only aquatic organisms, but also public health as a result of bioaccumulation in the food chain. According to our results, the examined fish were within the limits for human consumption.
The levels of heavy metals in water were also low as
compared to the standard norms.
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EXPERIMENTAL STUDY OF SI ENGINE EMISSIONS
FUELED WITH DIFFERENT OXYGEN-FUELS
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ABSTRACT
This paper describes an experimental study on a modern passenger car engine in order to evaluate the emission
performance fueled with 6 gasoline fuels, 5 ethanol gasoline fuels and 1 methanol gasoline fuel. The results show
that the emissions do not show significant differences using
E10, M15 and normal gasoline fuels before the three-way
catalyst. The average emissions of oxygen-fuels is lower
than that of gasoline fuels, only the HC emission of
methanol gasoline in idling condition is an exception. After
the catalyst, the NOx emission of different fuels varied
remarkably, sulfur and arene contents are the main factors,
while the CO and HC emissions do not show significant
correlation with the organic compound in fuels. Specific
fuel consumption rate of ethanol and methanol gasoline
fuels are a little higher than that of normal gasoline fuels,
but using oxygen-fuel produced less CO2. Oxygen-fuels
have only a little effect on engine power. The maximum
power using ethanol and methanol gasoline fuels are a bit
lower than normal gasoline.

KEYWORDS:
Emissions, Ethanol gasoline, Methanol gasoline.

1. INTRODUCTION
The conflict between growing energy demands and
shrinking petroleum fuel supplied is one of the biggest
challenges for human worldwide. The fluctuant oil price,
MTBE ban for gasoline additive, global climate change,
all request for alternative fuels [1]. In 2010, the world
market for ethanol fuel totaled 58 billion liters, 25 billion
for US, 21 billion for Brazil, 4.85 billion for China,
3.4 billion for EU, and 2.9 billion for India respectively
[2]. Ethanol was used as automotive fuel in Brazil in the
1930s [3], either as additive or substitute for gasoline. In
China, the vehicle population has increased sharply; emissions and energy consumption are the major obstacles to
* Corresponding author

the future development of China. In order to cope with
these problems, especially the latter one, ethanol gasoline
(E10) has been promoted by the government in several
regions of northern China since 2004. In Shanxi province
and other coal-rich regions, methanol gasoline (M15) has
been used because of its low price compared with ethanol
gasoline [4].
For SI engine, alcohols burn with lower flame temperature and luminosity, which decrease the peak temperature in the cylinder. Both ethanol and methanol have
good anti-knock characteristics [5]. Hsieh et al. [6] studied the engine performance of a spark ignition engine
with closed-loop control system using ethanol gasoline of
E5, E10, E20 and E30. It was shown that both the engine
torque and the specific fuel consumption slightly increased using the ethanol gasoline. CO and HC emissions
decreased to about 10-90% and 20-80% respectively, but
NOx emission depended on the operation situation rather
than the ethanol content [6]. Al-Hasan [7] studied the
effects of using unleaded gasoline-ethanol blends on engine
performance and emissions with a Toyota engine, the data
showed that using ethanol increased power, torque, fuel
consumption, volumetric and brake thermal efficiencies, but
decreased the brake specific fuel consumption, equivalence
air-fuel ratio, CO and HC emissions. Guerrieri et al. [8]
studied the effect of ethanol on emissions and fuel economy
using six in-use cars, the results showed that HC and CO
emissions as well as fuel economy decreased with the
increasing ethanol in fuel. For E40 fuel, HC, CO and fuel
economy decreased by 30%, 50% and 15% respectively.
Abdel-Rahman [9] investigated performance on variable
compression ratio using different amount of ethanol in
gasoline up to 40%. The best compression ratios were found
to be 10, 11 and 12 for 20%, 30% and 40% respectively to
obtain maximum power. Koç et al. [10] in-vestigated the
effects of unleaded gasoline, E50 and E85 on engine performance and emissions in a single cylinder SI engine, the
test showed that ethanol increased the engine torque and
fuel consumption, reduced CO, HC, and NOx emissions.
Costa and Sodré [11] compared the performance of engine
fuelled by hydrous ethanol and E22 blend, the results
showed that hydrous ethanol produced higher thermal
efficiency, specific fuel consumption, CO2 and NOx, while
reduced CO and HC. Celik [12] studied emissions of a small
gasoline engine using E50 at constant load and speed, he
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found that CO, CO2, HC and NOx emissions reduced by
3%, 53%, 10%, 12% and 19% respectively.
Many studies focus on the toxic emissions of SI engine with alcohols fuel. Matsumoto et al. [13] studied the
non-regulated emissions with a three cylinder, port injection engine using M10, M15, M20, M25 and M30, the
experiments showed that non-regulated emissions, such as
unburned methanol and formaldehyde, increased with the
fraction of methanol, the conversion efficiencies of threeway catalyst for HC, CO and NOx rised, meanwhile, the cold
start emissions improved.
There are some disputes about whether using ethanol
and methanol as additive in SI engine could reduce the
emissions, especially for NOx. The emission may be influenced by many factors, such as three-way catalyst, engine
condition, fuel. In order to investigate the engine performance in the real condition, we used gasoline, ethanolgasoline and methanol-gasoline bought from the market.
2. MATERIALS AND METHODS
A four-cylinder, 1.4L, Double Overhead Cam (DOHC),
Multi Points Injection (MPI), common rail, Euro3, electronic
controlled gasoline engine equipped with cordierite threeway catalyst (TWC) was used in the experiments. The detailed parameters are shown in Table 1. Both the exhaust
gas before and after the TWC were sampled and tested
(Figure 1).
TABLE 1 - Parameters of the test engine
Diameter (mm)

75.5

Stoke (mm)
Rate Speed (rpm)

78.1
6300

Rate Power (kW)
Max Torque (N.m)

78.7
135

MEXA1600D emission analyser produced by
HORIBA was used to detect CO, uHC, CO2 and NOx
contents in exhaust gas. JW100 microcomputer dynamometer and BYH fuel consumption instrument produced
by Xiangyi-Power were used to test engine torque and
fuel consumption. The BYH instrument had been improved in order to adapt excessive air bubbles in the fuel
tank, which comes from the fuel pump for common rail,
and brings errors to the classical gravimetric fuel consumption instrument.
There are no standard test circles for passenger car
engine on the dynamometer test bench, while the load
characteristic is widely used by the automobile industry
because of its facile operation. It is well known that for
the urban working condition, the engine speed is much
lower than its rated speed. The rated speed of this engine
is 6000 r/min, so the speed 2800 r/min was chosen for the
load characteristic test, the engine brake torque of these
tests were 0 Nm, 20 Nm, 40 Nm, 60 Nm, 80 Nm, 100 Nm
and 120 Nm respectively. The engine emission performance of idling condition was also tested.
Five ethanol gasolines (E10), 1 methanol gasoline
(M15), 6 gasolines were bought from the market in
northern China, named E1-E5, M1, G1-G6 respectively
for convenience. The energy dispersive X-ray fluorescence
spectrometry method has been used for analyzing the
sulfur content in the fuels. Results are shown in Table 2.
Organic compounds in fuels have been tested by analytical chemistry method. Gas chromatography has been
used to analyze organic compounds in gasoline G2-G6,
and multidimensional chromatography method for ethanol
gasoline E1-E5. The results are shown in Tables 3 and 4.
Furthermore, the oxygen contents in fuel were calculated
based on the ethanol and methanol contents and they are
shown in Table 5.
TABLE 2 - Sulfur contents in fuels
Fuel No.
E1
E2
E3
E4
E5
G1
G2
G3
G4
G5
G6
M1

Sulfur content in fuels (ppm)
308.2
182.6
306.7
310.9
324.0
1037.8
1092.4
1199.9
315.6
428.3
129.7
171.7

TABLE 3 - Organic compounds in gasoline

FIGURE 1 - Experimental apparatus

Mass fraction (%) G1
N-alkanes
5.35
Isoparafin
30.64
Olefin
16.4
Naphthene
8.85
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G2
6.92
27.77
30.17
11.96

G3
5.53
27.66
29.69
9.86

G4
5.42
24.71
25.43
10.81

G5
6.54
26.98
20.16
10.21

G6
6.41
29.37
18.44
14.45
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FIGURE 3 - HC emission of idling

Arene
38.76 23.18 27.25 33.63
36.11 31.33
TABLE 4 - Organic compounds in ethanol gasoline and methanol
gasoline
Mass fraction (%)
Parafin
Olefin

E1
26.42
22.59

E2
27.68
22.47

E3
26.56
22.24

E4
28.6
21.02

E5
30.09
20.37

M1
25.69
21.85

Naphthene
Arene
Ethanol

7.11
33.9
8.87

7.84
31.78
9.23

7.92
32.85
9.43

7.25
32.75
9.38

7.85
30.81
9.83

7.03
30.76
-

Methanol

-

-

-

-

-

13.68

E5
3.42

M1
6.84

TABLE 5 - Oxygen contents in fuels
Fuel No.
Oxygen contents (%)

E1
3.09

E2
3.21

E3
3.28

E4
3.26

FIGURE 4 - NOx emission of idling

3. RESULTS AND DISCUSSION
Idling condition is very important for the passenger
car engine. The emissions before and after TWC are
shown in Figures 2-4.
Before the TWC, the average CO, HC and NOx emissions using gasoline are about 10%, 8% and 6% higher
than ethanol gasoline respectively. While using methanol
gasoline, the CO and NOx emissions are about 3.5% and
9% lower than the emissions when using gasoline, but the
HC emission is around 4% higher.

FIGURE 5 - TWC convert rate of idling

After the TWC, the average CO and HC emissions
using gasoline are about 46% and 247% higher than the
emissions using ethanol gasoline, but NOx is 18% lower.
The CO and NOx emissions using methanol gasoline are
nearly equal to that of gasoline, but the HC emission is
much lower. The CO and HC emissions varied conspicuous when using different gasoline.
The catalyst convert rate for idling condition calculated by the date above is shown in Figure 5. Generally
speaking, the convert rate using gasoline is lower than
that of ethanol and methanol gasoline, especially for NOx
emission.
FIGURE 2 - CO emission of idling

The CO, HC and NOx emissions before and after TWC
in 2800 r/min load characteristic experiments are shown in
Figures 6-11.
At 120 Nm operation point, the engine reached its
maximum power for speed 2800 r/min, the air/fuel ratio
was under 13, which means fuel-rich combustion in the
cylinders. Therefore the CO emission was about ten times
higher than that at 100 Nm point. In order to show the
emissions date clearly, the test results for 120 Nm were
not included in Figure 6.
Before TWC, the CO emissions of ethanol and methanol
gasoline were lower than those of gasoline. Generally speaking, the average CO emission for ethanol gasoline is about
6.7% lower, while around 10% lower for methanol gaso-
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line, compared with the average value of these 6 gasolines. Obviously, the lower stoichiometric ratio for ethanol and methanol gasoline contributes to the lower CO
emission. But, after the TWC, these fuel show quite different performance. The methanol gasoline has a
smooth CO emission curve, while curves for ethanol gasoline and gasoline fluctuate sharply. Most of these fuels show

a degressive CO emission curve with the increased engine
torque. The temperature of the exhaust gas get higher with
increased torque, and the catalyst has a better performance
with higher temperature. The convert rates of the TWC for
all these fuels are quite different. They vary from 66% to
90%, which shows that fuel is the critical factor for CO
emission after the TWC.

FIGURE 6 - CO emissions before TWC

FIGURE 7 - CO emissions after TWC

FIGURE 8 HC emissions before TWC

FIGURE 9 HC emissions after TWC

FIGURE 10 NOx emissions before TWC

FIGURE 11 NOx emissions after TWC
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FIGURE 12 Fuel consumption rate

FIGURE 13 Maximum torque for different speed

The HC emissions of all fuels are similar before the
TWC. The average HC emission of gasoline fuels are a
little higher than that of ethanol gasoline in low torque
conditions, but lower for maximum torque conditions. While
in the other conditions, the HC emission fluctuations for
ethanol and methanol gasoline are larger than that of
gasoline fules. After the TWC, the HC emission curves are
quite the same, showed that the catalyst is the critical
factor except for the maximum torque conditions.
The NOx emissions for all fuels are nearly coinciding
before the TWC, especially for the minimum and maximum torque conditions. Considering the remarkable component differences between these fuels, the results show
that these fuels hardly had any effects on NOx emission
before the TWC. To the contrary, the NOx emission curves
show apparently differences between all these fuels. The
G3 gasoline, with the highest sulfur content, has a sharp peak
in 20 Nm torque condition, and higher emission than all the
other fuels. While the G6 gasoline, with the lowest sulfur
content, has a much lower emission value. Many documents show that sulfur has a negative influence on popular Pt/Rh/BaO/Al2O3 TWC, the sulfur is oxidized to SOx
in the combustion process, and then reacts with the NOx
storage components such as barium of the TWC, formed
sulfate to impede normal NOx storage-reduction process.
Another interesting phenomenon is that for normal gasoline, the NOx emissions show a positive correlation with
the arene compounds content in the fuels. Notice the NOx
emission and arene content of G5, G4, G2.
Fuel consumption rates for all these fuels are shown
in Figure 12. The average fuel consumption rate for ethanol gasoline is a little higher than that of gasoline, varied
from 2.5% to 3.5% in different conditions. The consumption rate for methanol gasoline is between the other two
fuels in all working conditions. According to the data from
Alternative Fuels & Advanced Vehicles Data Center
(AFDC), the calorific value of ethanol is equal to 66% of
gasoline, while that number for methanol is 49%. From
our results, we could calculate out that the thermal effi-

ciency of the engine is quite the same when using different fuels. And the CO2 emission using E10 ethanol gasoline
is about 2% less than using gasoline, while M15 methanol
gasoline is about 5% less. Using ethanol or methanol
gasoline will be beneficial to reduce greenhouse gas.
Figure 13 shows the power performance by the
maximum torque for different engine speeds using different fuels. The torque curves show quite similar sharp, and
most fuels reach the same maximum torque 140 Nm at
speed 4000 r/min, the torque curve of E3, G1 and M1 are
a little lower than the others. The experiment dates indicate
that oxygen-fuel has only a little effect on engine power.
4. CONCLUSIONS
The performance of a modern passenger car engine using 6 gasoline fuels, 5 ethanol gasoline fuels and 1 methanol
gasoline fuel was investigated in the experiments, including
engine emissions, fuel consumption and power performance. The results show that:
Before the three-way catalyst, the emission characteristics for different working conditions do not show significant differences when using E10, M15 and normal gasoline.
The average emissions of oxygen-fuel is a little lower than
that of gasoline, only the HC emission of methanol gasoline
in idling condition is an exception.
After the catalyst, the NOx emission characteristics
for different fuels varied remarkably, sulfur and arene
contents are the main factors. While the CO and HC
emissions do not show significant correlation with the
organic compound in fuels.
Specific fuel consumption rate of ethanol and methanol gasoline are a little higher than that of normal gasoline. But using oxygen-fuel produced less CO2.
Oxygen-fuel has only a little effect on engine power.
The maximum power using ethanol and methanol gasoline is a bit lower than using normal gasoline.
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ABSTRACT
The removal of fluoride from an aqueous solution by
natural zeolite modified with a cationic surfactant was
studied in a batch system. Hexadecyltrimethylammonium
(HDTMA) bromide was used for zeolite modification. In
the current study, the influence of several variables including
pH of solution, initial concentration of fluoride, dose of surfactant-modified zeolite (SMZ), contact time, effects of
competing ions, and effect of temperature were investigated.
SMZ was characterized using XRD, XRF and SEM analyses. The equilibrium isotherm for fluoride uptake corresponded to the Langmuir model, and maximum fluoride
adsorption capacity was found to be 0.96 mg/g. Kinetic
studies have shown that the adsorption followed the pseudo-second-order model. When the pH was increased from
3 to 9, the fluoride removal efficiency decreased significantly. By increasing the concentration, the adsorption
capacity of fluoride was increased. The best dosage of
SMZ was found to be 0.2 g. The anion competition effect
on fluoride adsorption by SMZ was very significant, as
defluoridation in solutions containing Cl−, I-, and HCO-3
ions was higher than in those containing H2PO-4, NO-3
and SO2-4 ions, and they were in the order of Cl-> I->
HCO-3> H2PO-4> NO-3> SO2-4.
KEYWORDS:
Adsorption, fluoride removal, surfactant modified zeolite (SMZ)

1. INTRODUCTION
Excess fluoride in water causes health hazards to the
natural environment. The high fluoride levels in drinking
water and their impact on human health have increased
the importance of fluoridation studies in many parts of the
world. In groundwater, natural fluoride concentrations
range from trace quantities to more than 2.5 mg/L [1]. In
groundwater, the natural concentration of fluoride depends
on the geological, chemical, and physical characteristics of
* Corresponding author

the aquifer, the porosity and acidity of the soil and rocks,
temperature, the action of other chemical elements, and
the depth of wells. The maximum acceptable concentration of fluoride in water is 1.5 mg/L [1]. The major sources
of fluoride in groundwater are fluoride-bearing rocks, such
as fluorspar, cryolite, fluorapatite and hydroxylapatite. The
fluoride content in the groundwater is a function of many
factors, such as availability and solubility of fluoride minerals, velocity of flowing water, temperature, pH, and
concentration of calcium and bicarbonate ions in water [2],
and it enters the soil through weathering of rocks, precipitation or waste run off. Surface waters generally do not contain more than 0.3 mg/L of fluoride, unless they are polluted from external sources [3].
In Iran, fluoride is the major inorganic pollutant originating from groundwater. It is necessary to remove excessive fluoride from drinking water if its concentration is
higher than 1.5 mg/L. To control fluoride concentrations in
drinking water, several treatment options have been studied.
Several defluoridation processes, such as adsorption, ion
exchange, precipitation, electrodialysis, reverse osmosis,
and electrochemical methods have been investigated to
remove the excessive fluoride [4, 5]. Adsorption technology is frequently used as a robust technique to remove watersoluble ions from aqueous solutions, especially when these
ions exist in low concentrations. Thus, a lot of studies have
been reported on the use of various adsorbents for fluoride removal from drinking water. These studies have
mainly been motivated by the need to have alternative
low-cost adsorbents which have local availability; require
little processing, and are superior in performance [6].
Natural zeolites are hydrated aluminosilicate materials
having cage-like structure with internal and external surface
areas of up to 1000 m2/g and a cation exchange capacity of
up to several milliequivalent per gram (meq/g). Most
natural zeolites consist of a framework built up of SiO4
and AlO4 tetrahedra. Aluminum is in trivalent state and
silicon is in tetravalent state, which makes them to be in
negatively charged framework structures. Therefore, each
mole of aluminum can produce one equivalent of cation
exchange capacity to do a zeolite framework. As a matter
of this characteristic, anions cannot be exchanged by zeo-
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lite [7-10]. It is possible to improve highly the anion exchange capacity (AEC) of natural zeolites by upgrading
their surface chemical properties using selected organic
compounds [11]. Natural zeolite modified by different reagents has already been tested as sorbent material for inorganic anions and organic contaminants [12].
The cationic surfactants, which are most commonly
used to modify natural zeolite, are usually quarternary
ammonium molecules characterized by long alkyl chains
like HDTMA bromide [13]. Use of surfactants modified
by clay minerals to remove water contaminants was firstly proposed by Boyd [14].
The sorption of a cationic surfactant on the external
surface of a natural zeolite can be governed mainly by cationic exchange and hydrophobic interaction [15]. Using a
low concentration of surfactants, the cationic surfactants are
replaced with the exchangeable cations in natural zeolites.
By this, a monolayer of cationic surfactants will be formed
on the outer surface of zeolites. Application of much higher
concentrations of surfactants as the critical micelle concentration (CMC), a double layer of surfactant molecules
(admicelle) will be attached to the outer surface, where
this layer of surfactant molecules is bound by hydrophobic interactions [16]. The formation of bilayers or hemimicelles creates a hydrophobic region in the solution.
Thus, the original negative charge of the natural zeolite is
reversed by surfactant modification. From the positively
charged head groups, anionic contaminants can be removed from aqueous solutions. Several inorganic pollutants
can be successfully eliminated from water solution by
adsorption methods, such as chromate, nitrate, arsenate and
phosphate. In turn, some toxins, including phenol, benzene,
pyrene and naphthalene, can be adsorbed by modified
zeolite [17, 18].
Recently, the utilization of natural zeolite for defluoridation, particularly clinoptilolite modified with cationic
surfactant, has been studied by many researches [19-22].
Modified zeolite method for defluoridation was observed to
be an appropriate system when fluoride concentration in
groundwater was low. The aim of the research was to study
the adsorption properties of an Iranian modified zeolite
with a cationic surfactant to be used for the effective sorption of fluoride anions in water.
The main aim of the research was to study the preparation of SMZ, and the investigation of its efficiency as an
adsorbent for the removal of fluoride from water solutions. The effects of different variables including pH of the
liquid, concentration of fluoride, dosage of SMZ, reaction
time, effect of competing ions, effect of CMC, effect size
of SMZ, and effect of temperature were investigated.
2. MATERIAL AND METHODS

All compounds including sodium fluoride and surfactant hexadecyltrimethylammonium bromide (HDTMABr) were collected by Merck Company.
2.2 Zeolite source

Natural Iranian zeolite was collected from the south
part of Semnan.
2.3 Pre-treatment of zeolite

The treatment of zeolite with NaCl caused 7-fold increase of its sodium content at the expense of K+, Ca2+,
Mg2+ and Fe2+ [23]. Zeolite was agitated by 1 mol NaCl
solution for 24 h. Then, it was washed by distilled water
until it was free of chloride ions using AgNO3 test, and
finally, dried at 80 °C for 24 h.
2.4 Treatment of zeolite

30 g of Na-form of zeolite was mixed with 180 ml of
a 60 mmol/L solution of HDTMA-Br. The solution was
placed at 25 °C under stirring, and pH was kept constant
at 6 for 24 h. Then, the zeolite was washed by distilled
water several times under stirring until foam was formed,
and dried at 80 °C for 24 h.
2.5 Characterization of natural and modified zeolites

The mineralogical phases and crystallinity of the natural
and modified zeolites were obtained by X-ray diffraction
using a multipurpose diffractometer (X´Pert PRO MPD).
The mineral contents of natural zeolite and SMZ were determined based on the XRF technique using a PW2404 Xray spectrometer. The internal characteristics, including
surface area, average pore diameter and pore volume of
natural zeolite and SMZ, were determined by N2-adsorption
BET method (Belsorp-mini II) and by using a scanning
electron microscope (SEM; XL30 Philips Company).
2.6 Fluoride removal experiments
2.6.1 Adsorption experiments

Adsorption experiments were carried out by shaking
50-ml flasks containing fluoride solutions of desired initial
concentration and pH at 150 rpm and 21 °C. A weighted
mass of the SMZ was added to the fluoride solution and
then stirred at 21 °C. After stirring for a predefined time,
the samples were filtered and the fluoride concentration in
the residual solution was analyzed by SPADNS (sodium
2-(parasulfophenylazo)-1,8-dihydroxy-3,6-naphthalene disulfonate) method. Similar procedures were followed to
investigate the effects of pH, initial concentration of fluoride, adsorbent dose, contact time, presence of interfering
ions, and temperature.
2.6.2 Analytical procedures

Solution pH was measured by a pH-meter (Sense Ion
378, Hack). The concentration of fluoride ions in the
solution was determined using a SPADNS method.

2.1 Chemical and reagents
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3.2 Textural properties of natural zeolite and SMZ

3. RESULTS AND DISCUSSION
3.1 Characteristics of SMZ

The X-ray diffraction pattern of natural zeolite is
shown in Fig. 1. The X-ray pattern of natural zeolite shows
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The surface and textural morphology of the natural
zeolite and SMZ are given in Figs. 2a and 2b. The SEM
image showed characteristic surface natural zeolite as well
as crystalline laminar habits and fibers (Fig. 2a). Fig. 2b
shows the apparent covering of SMZ with the surfactant
appearing as big agglomerates on SMZ, probably due to
the surfactant modifier. It is clear that the organic layer of
surfactant was formed on the surface of zeolite when
natural zeolite was modified by HDTMA-Br solution.
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FIGURE 1 - XRD pattern of natural zeolite

crystalline peaks at 2θ = 10-15, 20-25, 30-35, respectively, suggesting that it has crystallinity. It was found that
the largest intensity peaks correspond to clinoptilolite and
quartz. Physico-chemical properties of natural zeolite and
SMZ were determined using XRF technique is illustrated
in Table 1. The concentrations of 10 major elements were
reported as the weight percentage of oxides, recalculated
to 100%. The LOI method has been used to estimate organic matter in natural zeolite and SMZ. The results show
that the structural parameters of the SMZ were near the
natural zeolite, and that the crystallinity of the samples
was preserved after the treatment. Si/Al ratios in the
natural zeolite and SMZ implied that the framework Al
atoms could still generate native cationic ion exchange
sites (–Al–O(C+)–Si–; C+ = cations), which also constituted
adsorption centers for the surfactant sorption [24-26].

Equilibrium studies were carried out in order to determine the equilibrium conditions for maximum fluoride
removal by SMZ. Figure 3 shows the equilibrium isotherm, which indicates that the amount of adsorbed fluoride at equilibrium increases with increasing equilibrium
concentration of fluoride. Two general-purpose equilibrium
models [27] were used in an attempt to fit the experimental data, the Langmuir model (Eq. 1), and the Freundlich model (Eq. 2)
qe = Qº bc e
(1)
1 + bc e
qe = KFCe1/n
(2)
Where, sorption capacity (Qº) is the amount of adsorbate at complete monolayer coverage (mg/g) giving
the maximum sorption capacity of sorbent, b (L/mg) is the
Langmuir isotherm constant that relates to the energy of
adsorption. Qº and b were determined from the slope and
intercept of the straight line plot of Ce/qe versus Ce, respectively. The Langmuir sorption isotherm assumes that
sorption takes place at specific homogeneous sites within
the adsorbent.

TABLE 1 - Physico-chemical properties of natural zeolite and SMZ
Composition
SiO2
(WT %)
Natural zeolite
68.61
SMZ
64.06
(a)
Loss on ignition

Al2O3

K2 O

Na2O

Fe2O3

MgO

CaO

P2 O5

SO3

LOI (a)

9.85
9.33

3.618
2.24

3.727
3.563

1.026
0.869

0.507
0.727

1.3
0.635

0.023
0.028

0.129
0.17

12.83
18.62

a

b
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FIGURE 2 - a. SEM image of natural zeolite, b. SEM image of SMZ
TABLE 2 - Adsorption isotherm parameters on SMZ.

In the linear form of Freundlich isotherm, qe is the
amount of fluoride adsorbed per unit weight of the
sorbent at equilibrium (mg/g), Ce is the equilibrium concentration of fluoride in the solution (mg/L), KF is a
measure of adsorption capacity, and 1/n is adsorption
intensity.

The Freundlich isotherm constants, KF and n, were
calculated from the slope and intercept of the plot of log
qe versus log Ce. The values 1-10 confirm the favorable
conditions for adsorption. The Freundlich isotherm presents an empirical power function for non-ideal sorption
of heterogeneous surfaces. The Freundlich equation has been
derived by assuming an exponentially decaying sorption
site energy distribution [24].
In order to find out the feasibility of the isotherm, the
essential characteristics of the Langmuir isotherm can be
expressed in terms of a dimensionless constant separation
factor, or equilibrium parameter, RL [26], where, b is the
Langmuir isotherm constant and Co is the initial concentration of fluoride (mg/g). The value of RL indicates the
type of isotherm to be irreversible (RL = 0), favorable (0 <
RL < 1), linear (RL = 1), or unfavorable (RL > 1).
RL =

1
1 + bc o

(3)

The isotherm studies were conducted with aqueous
solution using the batch method. The experiment for estimating the adsorption isotherm of fluoride onto SMZ
was performed by adding various concentrations of fluoride in the range of 2.5-30 mg/L to a series of Erlenmeyer
flasks containing 100 ml of solution with a fixed 0.2 g
amount of SMZ. The pH of fluoride solution was kept at
6. It was then shaken at room temperature using a thermostated shaker rotating at a speed of 120 rpm for 24 h (a
period shown to be sufficient to reach adsorption equilibrium). The solution was then filtrated and analyzed for
concentration of the residual fluoride. Langmuir model
gives a better fit to the experimental isotherm than Freundlich isotherm (Fig. 3), on the basis of regression coefficients (Table 2). This indicates that the surface of SMZ
was covered by a monolayer of fluoride molecules.

fluoride

Langmuir isotherm
R2
b
qmax

Freundlich isotherm
R2
n
KF

0.99

0.96

1.1

13.33

2

5.37

3.4 Kinetic studies

In order to investigate the adsorption processes of fluoride on the SMZ, pseudo-first-order and pseudo-secondorder models were used. The pseudo-first-order equation
can be expressed as follows:
ln (qe-qt) = lnqe – k1t
(4)
The pseudo-second-order model is based on the assumption of chemisorption of the adsorbate on the adsorbents .This model is given as Eq. (5):
(5)
Where, qt is the amount of adsorption fluoride (mg/g)
at time t (min), and k1 (min−1) and k2 (g/mg/min) are the
adsorption rate constants of pseudo-first-order, and pseudosecond-order adsorption, respectively. Each model can be
validated by preparing the graphs related to the linear plots
of ln (qe-qt) versus t, and (t/qt) versus t, respectively. The
rate constants k1 and k2 can be obtained from the plot of
experimental data. The rate constants and the correlation
coefficients of the two kinetic models are shown in Table 3.
It is clearly seen that the pseudo-first-order model, compared with pseudo-second-order kinetic model, describes
the adsorption of fluoride on SMZ very well, demonstrating that the assumption of chemisorptive nature of adsorbate–adsorbent system for the pseudo-second-order model is
valid for this investigation [28].
TABLE 3 - Parameter of kinetic models of fluoride adsorption on
SMZ.
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fluoride

Pseudo-first-order model
k1
qe
R2
0.08

6.35

0.95

Pseudo-second-order model
K2
qe
R2
0.0048

12.5

0.99
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FIGURE 3 - Isotherm plots of fluoride adsorption on SMZ: (a) Langmuir isotherm and (b) Freundlich isotherm (SMZ dosage = 0.2 g, fluoride concentration = 10 mg/L, pH= 3).

FIGURE 4 - Plot of kinetic models of fluoride adsorption on SMZ: (a) pseudo-first-order model and (b) pseudo-second-order model.

a

b

FIGURE 5 - a. Effect of pH on fluoride removal by SMZ (sorbent dose = 0.3 g, initial fluoride concentration = 10 mg/L, contact time = 20
min); b. Determination of pHpzc of SMZ

3.5 Effect of solution pH

Generally, the pH is an important variable affecting
defluoridation at water-adsorbent interfaces [27]. Therefore, the removal of fluoride by SMZ was examined at
different pH values ranging from 3 to 8. The initial concentration of fluoride and SMZ dosage were 10 mg/L and
0.3 g. The solution pH was controlled by adding
HNO3/NaOH. Figure 5a shows the effect of pH value on
the fluoride removal efficiency. It is evident from Fig. 5
that the removal efficiency of fluoride increased from 77 to
94% as pH decreased from 6 to 3; when the pH value of

fluoride solution was below 6, the electrostatic attraction
between the fluoride and SMZ surface might be the predominant ad-sorption mechanism [29], and also protonated
surface sites are normally responsible for anion adsorption,
under acidic pH conditions [30]. Lower removal efficiency
of fluoride in alkaline pH conditions (pH 6) can be explained by the fact that the surface acquires negative charge
in alkaline pH and, hence, there is repulsion between the
negatively charged surface and fluoride anions [26]. Lv et al.
[27] examined fluoride removal by the LDHs at different
pH values ranging from 5 to 10, and observed that fluoride
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was removed much faster at lower pH [27]. A similar observation has been reported by Tor et al. [4] when using
granular red mud. Tang [26] and Sundaram [30] observed
that maximum adsorption was achieved in the pH range of
3-6.5.
The surface charge of an adsorbent is indicated by its
point of zero change (pHpzc), at which the net absorption of
potential determining ions on the adsorbent is zero [31].
The pHpzc of SMZ was found to be 7 using the pH drift
method (Fig. 5b). The pHpzc of adsorbent also has some
influence on fluoride adsorption by the SMZ [25]. The
SMZ surface was negatively charged at pH 7, and the anionic fluoride species were repelled by SMZ surface. The
SMZ surface was positively charged at pH<7, and the
anionic fluoride species were attracted to the SMZ.

FIGURE 7 - Effect of sorbent dose on fluoride removal by SMZ
(initial pH = 3, initial fluoride concentration = 10 mg/L, contact time=
20 min)

3.6 Effect of initial concentration

3.7 Effect of SMZ dosage on fluoride removal

Generally, the fluoride concentration in groundwater
varies significantly due to seasonal, temporal and geological variations [32]. Therefore, effect of initial fluoride
concentration on fluoride removal by SMZ was examined
by varying concentrations (2.5-30 mg/L) at solution pH 3
for 20 min. The results in Fig. 6 reveal that the adsorption
capacity of fluoride increases with increasing concentration. At low initial concentration of fluoride (2.5 mg/L),
the sorption capacity is 2.4 mg/g and removal efficiency
is 96%. The available sorption sites were easily occupied
by fluoride resulting in high removal efficiency. However, as the initial concentration of fluoride anions increased, most of available sorption sites become occupied, resulting in a decrease of removal efficiency (96 to
77%). This is as a result of the increased number of fluoride ions being available for the adsorption in the solute
and, in fact, that the higher initial sorbate concentration
can maintain higher driving force to overcome any resistances while transferring the fluoride ions from solution to the solid phase, which can result in possible collisions between fluoride and active sites [33]. Additionally,
the increase of adsorption capacity from 2.4 to 11.74
mg/g is caused by the interaction of more fluoride ions at
a limited number of surface sites.

The effects of the SMZ dosage on fluoride removal were
examined by agitating 100-ml fluoride solutions (10 mg/L,
pH 3) with addition of 0.05-0.5 g SMZ. The effect of SMZ
dosage on fluoride anions removal is shown in Fig. 7. The
increase in sorbent dose from 0.05 to 0.2 g resulted in a
rapid increase in removal efficiency of fluoride anions
from 34 to 93%, because of the availability of more binding sites for complexation of fluoride anions. In addition,
any increase in sorbent concentration from 0.3 to 0.5 g did
not improve the adsorption and removal efficiencies, which
could be as a matter of low concentrations of fluoride being
available at higher adsorbent dose [32]. In contrast, a reverse trend in fluoride uptake values resulted. So, the adsorption density of fluoride decreased with an increment
in SMZ dosage [33]. Hence, the optimum dosage of SMZ
for removal of fluoride anions was found to be 0.2 g.
3.8 Effect of contact time

The contact time between adsorbate and adsorbent is
the most important parameter that affects the performance
of adsorption processes. In this work, the sorption of fluoride on SMZ was investigated as a function of contact time
in the range of 2-60 min, with the initial fluoride concentration of 10 mg/L at room temperature. The solution pH
and SMZ dosage were fixed at optimum values. Figure 8
shows the effect of contact time on removal efficiency of
fluoride. The removal efficiency of fluoride increased from
27% in 2 min to 94% in 10 min. It is evident that saturation
was reached for first time after 10 min. Hence, 10 min
was fixed as the period of contact time for further studies.
Since, at the initial periods of the test, a large number of
vacant surface sites are in access for adsorption, and after
some times, at the end of the test period, the few remaining vacant surface sites will be difficult to be found, decrease in adsorption capacity can result [34].

FIGURE 6 - Effect of initial fluoride concentration on fluoride
removal by SMZ (initial pH = 3, sorbent dose =0.2 g, contact time =
20 min)
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FIGURE 8 - Effect of contact time on fluoride removal by SMZ
((initial pH = 3, sorbent dose =0.2 g, initial fluoride concentration =
10 mg/L).

FIGURE 9 - Effect of competing ions in the percentageof fluoride
removal by SMZ.
3.12 Effect of temperature

3.9 Effect of anions

The drinking water contains many anions which may
interfere with the adsorption process. In this case, the fluoride concentration was fixed at 100 mg/L while that of
coexisting ions was 100 mg/L with the afore-mentioned
optimum conditions. In this study, effects of SO42-, HPO4, HCO3-, NO3-, I- and Cl- were examined at pH = 3. The
result of this study is given in Fig. 9. The results obtained
showed that the examined interfering anions influenced
the fluoride adsorption in the following order: Cl > I >
2HCO 3> H2PO 4> NO 3> SO 4. Fluoride adsorption also
decreased substantially when bicarbonate was present in
the system. Bicarbonate acted as a pH-buffering agent in
the solution. Presence of bicarbonate in the solution increased the buffering capacity of the system and increased
the pH, which resulted in reduction of the fluoride uptake.
Cl- had less impact on fluoride adsorption compared to
SO42-, which is related to the outer-sphere surface complexes of Cl-, compared to both outer-sphere and innersphere surface complexes of SO42- [30]. Sulphate, in contrast to chloride or nitrate, had more effect on fluoride
adsorption, which could be as a matter of its higher negative charges compared to the other anions. With regard to
the Lewis classification of bases and acids, the arrangement of anions from the weakest to the strongest is as
- follows: Cl , I , HPO4 , NO3 and SO42-. Strong acids react
much more likely and rapidly with soft bases while weak
acids similarly react with soft bases. Chloride is very
weak to react with surface functional groups while sulphate is being much stronger and can compete with fluoride, but, since it needs two close surface groups, its effects would be reduced [35]. It seems that the anions in
the solution can enhance coulumb repulsive forces between the anions and fluoride, or can compete with fluoride for the remaining active sites. Lv et al. [27] observed
fluoride removal in presence of other ions decreasing in
the order HCO 3> Cl >H2PO 4> SO2-4.

To evaluate the thermodynamic feasibility of the process, and to confirm the nature of the adsorption reaction,
the thermodynamic constants, Gibb’s free energy (ΔGº),
enthalpy change (ΔHº), and entropy change (ΔSº) should
be calculated. The Gibb’s free energy change of the process is related to equilibrium constant (Ko) by equation 6
as below:
ΔGo = - RT ln Ko

(6)

The relation between the Gibb’s free energy change,
and the enthalpy change (ΔHº) and entropy change (ΔSº)
is given as below:
Ln Ko = ΔSo/ RT + ΔHo/ RT

(7)

Where, Ko is equilibrium constant that is calculated
from the Langmuir constant b, T is the solution temperature (K), and R is the gas constant [36]. Effect of temperature on the fluoride removal by SMZ was investigated at
three temperatures including 21, 31 and 41 °C, at optimum
previous conditions. The values of enthalpy change (ΔHº)
and entropy change (ΔSº) are calculated from the slope and
intercept of the plot of ln Ko versus 1/T. The parameters as
calculated are also reported in Table 4. The calculated negative values of ΔGº (-3.5 KJ mol -1 , -3.85 KJ mol -1 and
-4.19 KJ mol-1) admit the feasibility of the adsorption process, and also its spontaneous nature of the adsorption. With
regard to the calculated positive value of ΔHº (10 KJ mol-1),
it can be concluded that the fluoride adsorption process is
endothermic. In addition, the positive quantity of ΔSº
(0.026KJ mol-1 K-1) indicates the affinity of the adsorbent
for fluoride.
The result of this study is in accordance with the results obtained using FO36 hybrid resin [37].
TABLE 4 - Thermodynamic parameters of fluoride adsorption on
SMZ.
ΔG(KJ mol-1)
294 K
304 K

314 K

ΔH° (KJ mol-1) ΔS°(KJ mol-1 K-1 )

-3.5 KJ mol-1 -3.85 KJ mol-1 -4.19 KJ mol-1 10 KJ mol-1
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4. CONCLUSIONS
i.

The high capability of removing fluoride at low concentration, satisfactory capacity in batch adsorption.

ii.

The equilibrium isotherm for fluoride uptake corresponds to the Langmuir model.

iii.

Kinetics data were fitted with pseudo-second-order
model.

iv.

The solution pH was the most important parameter
affecting adsorption. The optimum pH for maximum
adsorption was determined to be 3.0 for fluoride.

v.

The optimum dosage of SMZ for removal of fluoride anions was found to be 0.2 g.

vi.

Fluoride removal in presence of other ions decreased
2in the order Cl > I > HCO 3> H2PO 4> NO 3> SO 4

vii.

Thermodynamic calculations indicate that the adsorption of fluoride on SMZ is spontaneous and
endothermic.
The authors have declared no conflict of interest.
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ABSTRACT
In this study, the effects of Reactive Phthalocyanine
Blue (RPB) changes on peroxidase, malondialdehyde
(MDA) content and total chlorophyll content of
Phaseolus vulgaris L. (bean) were examined. The
beans were exposed to different concentrations of RPB
between 200-1255 mg/L. In the analyzed plants, different
effects were observed on peroxidase activity. When compared to the control group, a significant decrease was
identified in the plants which were treated with RPB except for the 1255 mg/L application group. Besides the
effects of RPB on MDA content were analyzed. MDA
content was found to be lower in all application groups
except for 439 mg/L. In addition, total chlorophyll content
increased in all application groups except for 338 mg/L
when compared to the control group. These findings indicated that RPB caused significant changes in peroxidase
activity, MDA content and total chlorophyll. It was shown
that the textile dye had a toxic effect on the plants.
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1. INTRODUCTION
Global enviromental pollution started centuries ago
and it became a much more complicated problem as a result of interrelated events. Chemical contamination of air,
water, sediment and soil by various pollutants and potential toxic effects of these chemicals on organisms and humans cause serious problems [1]. Many industries produce
wastewaters that contain organic and inorganic pollutants.
* Corresponding author

For instance, the textile industry uses excessive amounts
of water during the washing processes and as a result,
wastewaters contain excessive amounts of dissolved dyes,
etc. [2-4]. Textile wastewaters are defined as wastewaters
with high volumes, in which their contents can present great
changes. Having high probability of biologically nondegradable dye materials, toxic compounds bring about
potential risks in terms of environment [5]. Some dyes are
toxic or carcinogenic and most dyes can produce aromatic
amines having toxic and carcinogenic biodegradation [6].
Furthermore, dyes can accumulate especially in regions,
where wastewaters are drained. They cause problems to the
ecological balance of the environment. Besides, underground waters can be affected by these pollutants by infiltration into soil [2].
Plants either tolerate stress or avoid it. Stress factors
cause structural and metabolic damages. These damages
can be reversible or irreversible. Plants develop the same
or similar defense mechanisms against different stress
factors [7, 8]. Free radicals can be defined as types containing one or more unpaired electrons. A radical can transfer an unpaired electron into another molecule or can take
electron from another molecule to pair [9]. Under normal
circumstances, the formation and catabolism of these free
radicals are organized in plant cell. Nevertheless, as a result
of environmental stresses (high density of light, herbicides,
pathogen attacks, drought, salinity, air pollution etc.), the
balance between free radicals and the activity of the antioxidant system is destroyed and oxidative damages such
as protein denaturation, lipid peroxidation and DNA mutation occur [10]. The peroxidation of lipids is considered
as the most damaging process known to occur in every
living organism. Membrane damage is sometimes taken as
a single parameter to determine the level of lipid destruction under various stresses. Now, it has been recognized
that during lipid peroxidation, products are constituted by
polyunsaturated precursors including small hydrocarbon
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fragments such as ketones, MDA and related compounds
[11, 12].
In cases of stress, plant tissues contain low molecular
weight antioxidants and various enzymes (SOD, CAT,
peroxidase etc.) that clean reactive oxygen species (ROS)
from environment in order to protect cells and to keep the
levels of ROS under control [13]. In plants and animals,
free radicals are neutralized by antioxidants. Even in very
low concentrations, antioxidants play a role as the inhibitor of oxidation processes. Plants have developed defense
mechanisms to deal with oxidative stress. The antioxidative system comprises enzymatic and non-enzymatic systems. Peroxidases are enzymatic antioxidants and they play
a part in the regulation of ROS concentration with the activation and deactivation of H2O2 [14]. Along with the elimination of H2O2 as their fundamental duties, they also catalyze the formation of O2·¯ and H2O2 [15]. These ROS are
deemed undesirable in cellular metabolism because of
their ability to oxidize a number of biochemical substances
such as enzymes and membrane lipids [16].
There are very few studies related to the impact of textile factory wastes on plants. The textile industry generally
utilizes reactive dyes to dye cellulose fibril. Reactive dyes
have shiny colors and their dyeing processes are simple
[17]. RPB is a significant commercial reactive dye widely
used in textile industry. It contains copper phthalocyanine
as chromophore and one monochlorotriazin group as a
reactive region [18]. Reactive dyes have good technical
characteristics, but it has been observed that they cause
negative impacts on environment and factory workers [19].
In this study, the effect of reactive phthalocyanine
blue (RPB) textile dye on plants were analyzed. For this
purpose, Phaseolus vulgaris L. cv. “Gina” was chosen as
test plant. In order to determine the membrane damage,
the possible effects of RPB textile dye were analyzed in
terms of peroxidase activity, total chlorophyll content and
MDA level as an indicator of lipid peroxidation.
2. MATERIALS AND METHODS
2.1 Preparation of plant samples

In the present study, P. vulgaris L. cv. “Gina” was obtained from May Seed Company and RPB as textile dye
was selected. Perlite was used as the plant growth media.
The studies were carried out in climate room (a photoperiod of 16 h, and a light intensity of 12.000 lux). The temperature of the climate room was adjusted to 23 oC ± 2 oC
and humidity was adjusted as 60%. The doses used were
determined from the toxicity testing (200, 260, 338, 439,
571, 743, 965 and 1255 mg/L). The trials were performed
with three replications. In the first three irrigations, the
plants were treated with a test solution containing dye.
After that, Hoagland solution was used in the subsequent
irrigations till the 21st day. The Hoagland solution was
prepared according to Hoagland and Arnon (1938) [20].

Leaves of plant taken at the 21st day were frozen in liquid
nitrogen and were kept at -80 oC.
2.2 Identification of peroxidase activity

For identification of peroxidase activity, 0.5 g polyvinylpyrrolidone (PVP) was added to 0.5 g leaf samples
and was homogenized in 3 mL 66 mM potassium phosphate buffer and 3 mL 100 mM KCl [21]. The homogenate was centrifuged at 10.000 rpm at 4 oC for 10 min.
Three mL 0.1 M (pH 6.0) potassium phosphate buffer was
mixed with 0.04 mL 0.03 M H202 and 0.05 mL 0.2 M
guaiacol vortex. After preparing a homogenous solution,
0.9 mL of the prepared solution was added 0.1 mL extract
and the reaction was initiated. The change in enzyme activity was measured with spectrophotometer (UV-1201V Shimadzu) for 1 minute at 436 nm [22].
2.3 Malondialdehyde (MDA) analysis

The method was performed according to Heath and
Packer (1968) [23]. 0.5 g leaf tissue was homogenized in
1.0% 5 mL trichloroacetic acid (TCA) and the homogenate was centrifuged at 10.000 rpm for 5 minutes. 2 mL
of this solution was boiled in water bath with 0.5 % thiobarbituric acid (TBA) at 95 oC for 30 minutes (TBA was
prepared in 20% TCA). After boiling, the samples were
cooled in ice bath. The final mixture was centrifuged at
10.000 rpm for 15 minutes and absorbance of the supernatant was measured at 532 nm and 600 nm. The measurements made at 600 nm were deducted from the measurements at 532 nm. MDA amount was calculated with
155 mM -1 cm-1 extinction coefficient.
2.4 Total chlorophyll content

Pigment extraction was performed according to De
Kok and Graham’s (1980) method [24]. 1 g leaf tissue
was homogenized in a blender with 50 mL acetone (100%
Merck). 100 mL of acetone was added on homogenized
samples. The samples were shaken for 30 minutes. Then,
they were kept in a refrigerator at 4°C for 24 hours. The
samples were filtered after they had been removed from
the refrigerator and water was added into them at a ratio
of 1/5. The samples were re-homogenized in the shaking
oven for 15 minutes. Thereafter, they were filtered and
centrifuged for 10 minutes at 3000 rpm. Absorbance values
of the centrifuged samples were read according to Lichtenthaler and Welburn (1983) at 662, 645 and 470 nm [25].
2.5 Identification of total soluble protein

Total soluble protein amount was identified by Bradford (1976) method, using microplate reader system (Molecular Devices Corp., Versamax). Each well of microplate
was added 5 µL prepared homogenate and 250 µL Bradford reagent and they were kept at a dark place at room
temperature (25 oC) for 15 minutes. Later, absorbance
change depending on color change was measured at 595 nm
wavelength. Obtained OD (Optical Density) values were
compared with standard graphic values drawn using bo-
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vine serum albumin (BSA). Total protein amounts in the
specimens were calculated using package program (Slide).
The measurements were performed in three replications [26].
2.6 Statistical analysis

Statistical analyses were performed using SPSS 15.0
for Windows. Duncan’s (1955) Multiple Range Test was
used to determine the statistical significance of differences
averages [27].
3. RESULTS AND DISCUSSION
Wastes from industrial facilities affect surrounding
agricultural lands and devastate forests. Due to the pollution of available and potential underground and terrestrial
water resources, possibilities of utilization of these resources
for drinking and irrigation have been decreasing. They
may also cause pollution in agricultural enterprises within
the environment of facilities, deposition of trace element
and heavy metal on soil, losses in productivity and quality
of crops and decrease in numbers of cultivatable crops [28].
In textile industry, vast amounts of water and chemicals are
consumed for textile wet processings. In textile industries,
characteristics of wastewaters depending on the diversity
of organic and inorganic compounds used in both dyeing
and other processes are also diverse. Dumping unrefined
colored wastewaters into the environment decreases light
permeability within water and it inevitably has a negative
impact on photosynthetic activity [5].
Besides, environmental pollutants may cause physiological and oxidative stress on plants [29, 30]. A general

symptom that is seen in plants under stress is an inhibition
of growth [31]. In addition, development was not inhibited in the RPB applied plants in this study, on the contrary,
it was found that development in the RPB applied groups
is generally higher than the control group. In the RPB
applied plants, inhibition in plant development was determined in the 439 mg/L application group. In some
increasing concentrations, positive development in plant
was reobserved (Figs. 1 and 2). A similar result to the
impact of RPB was indicated in a study completed by
Araujo and Monteiro (2005) [32]. In their study, seed germination and development tests were applied in order to
determine the toxicity of textile sludge compost. As a result
of seed germination test, it was reported that textile sludge
compost did not affect germination negatively in all applied
concentrations, as a matter of fact, germination index was
found to be higher in the highest concentration compared
to other concentrations [32].
In another study regarding the impact of dyes on
plant development, the impacts of different dyes on clover, lettuce, wheat and tomatoes commonly cultivated in
Nile Delta in terms of seed germination, root elongation
and genotoxicity were studied by Moawad et al. (2003)
[33]. As a result of the study, it was found that germination ratio in seeds decreased in increasing dye concentrations. Besides, it was determined that high dye concentrations inhibit seedling formation. Rootlet elongation was
also inhibited in high concentrations. It was observed that
among all plants used in the study, wheat resisted more to
the toxic effect of dye compared to other plants. These
results were parallel to the results observed regarding the
regression of growth in RPB exposed plants. Except for

FIGURE 1 - Changes in peroxidase activity in P. vulgaris L. cv. “Gina” leaves exposed to RPB textile dye. Vertical bars represent standard
error of average of three replications. Data followed by different letters are significantly different from each other (P<0.05) according to
Duncan’s test.
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FIGURE 2 - Changes in MDA levels in P. vulgaris L. cv. “Gina” leaves exposed to RPB textile dye. Vertical bars represent standard error of
average of three replications. Data followed by different letters are significantly different from each other (P<0.05) according to Duncan’s test.

FIGURE 3 - In the reactive phthalocyanine blue applied plants, depression in plant development was detected in the 439 mg/L implementation group.

the 1255 mg/L RPB application group in which this dye
was applied, peroxidase activity in other groups was determined to be lower than in the control group. This decrease was found statistically significant (p<0.05). The
highest peroxidase activity was determined as 1.73 U/mg
protein in the 1255 mg/L application group and the lowest
peroxidase activity was determined as 0.19 U/mg protein
in the 571 mg/L application group. When application groups
were evaluated within themselves, no difference in peroxidase activity among the 200, 260 and 439 mg/L application groups was observed. Additionally, the obtained results from the 338 and 571 mg/L application groups were
statistically found as close values (p<0.05) (Fig. 3).

In the RPB application groups, MDA content in other
concentrations, except for the 439 mg/L application group,
showed a decrease compared to the control group and this
decrease was found statistically significant (p<0.05). The
highest MDA value was detected as 6.78 µmol MDA/g Fw
in the 439 mg/L application group and the lowest MDA was
determined as 0.89 µmol MDA/g Fw in the 965 mg/L
application group. In addition to this, no difference was
determined statistically in the obtained values from the
200, 260, 571, 965 and 1255 mg/L application groups
(p<0.05) (Fig 4). In dye applied groups, total chlorophyll
amounts also showed an increase compared to the control
group and this increase was found to be statistically sig-
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nificant (p<0.05). The highest total chlorophyll content
was observed as 16.33 µg/g in the 260 mg/L application
group and the lowest chlorophyll content was observed as
13.81 µg/g in the 338 mg/L application group. In addition to
this, no difference among total chlorophyll amounts in the
260, 439 and 1255 mg/L application groups was observed
(p<0.05). Total chlorophyll content in the 200, 571 and 965
mg/L application groups was found close (p< 0.05). No
statistically significant difference was found between the
control and 743 mg/L application groups (Fig. 5).
The data obtained by the researchers regarding the parameters considered to be important in the defense system
of plants demonstrated that different stress conditions had
also an important phytotoxic effect in plants.

The literature contains many studies analyzing the effects of stress conditions on peroxidase activity, lipid peroxidation and total chlorophyll content in plants [34-38].
In this study, in comparison to the control group, there was
a decrease in the peroxidase activity of plant groups exposed to low concentration dye application. On the contrary, peroxidase activity increased with higher concentrations (Fig. 3). This change was found to be statistically
significant (p<0.05). In addition, MDA content in other
RPB applied plant groups except for the 439 mg/L application. group was found to be lower than in the control
group. In RPB application groups, in 439 mg/L, there was
a regression in plant development as well. In increasing
concentrations, a recurrence of positive development in
plant along with decrease in MDA content drew attention
(Fig. 4).

FIGURE 4 - With increasing concentrations a positive development in plant was observed.
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FIGURE 5 - Changes in total chlorophyll content in P. vulgaris L. cv. “Gina” leaves exposed to RPB textile dye. Vertical bars represent
standard error of average of three replications. Data followed by different letters are significantly different from each other (P<0.05) according to Duncan’s test.
[8] Aydın, B., Ozdener, Y. and Akar, A. (2011) Effects of radiofWhen total chlorophyll content was analyzed, an increase in
requency electromagnetic fields on oxidative stress and physRPB treatment groups was generally pointed out compared
iological parameters of wheat (Triticum aestivum L. cv. Goto the control group. In this study, the total chlorophyll
lia). Fresenius Environ. Bull. i20:11, 2815–2823.

content generally increased and peroxidase activity and
MDA contents decreased in plant groups exposed to RPB.
Based on these results, RPB did not generally cause stress
in plants, however, it displayed toxic effects at certain
concentrations (Fig. 5).
4. CONCLUSION
As a result, it was determined in this study that although textile dyes can bring about the acceleration of
plant development in middle concentrations, they cause
significant pyhtotoxic effects on P. vulgaris in some concentrations It was showed depending on our findings that
textile dye caused toxic effects on plants. For this reason,
textile wastewaters should not be directly dumped into
environment as in other industrial wastes, so requirement
of their refinement draws attention.
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ABSTRACT

KEYWORDS: naphthalene, Sinocalanus tenellus, survival, reproduction, feeding, respiration, antioxidant enzyme

Naphthalene, as a type of polycyclic aromatic hydrocarbon (PAHs), is an important component of marine oil
pollution whose impact on the marine ecosystem is urgently to be evaluated. To investigate the biological effects
of PAHs on the marine ecosystem, copepods being the main
contributor of secondary productivity in marine ecosystem, were selected as target animals. The influence of naphthalene on the feeding, respiration, survival, and reproduction of Sinocalanus tenellus (S. tenellus) was analyzed and
the antioxidant enzymes activities in the individuals were
measured under different exposure concentration of naphthalene. The 48 hr–median lethal concentration (LC50) and
96 hr-LC50 of naphthalene to S. tenellus were 5946.34 µg/L
and 1935.31 µg/L, respectively. The filtration rates, ingestion rates, and respiration of S. tenellus decreased apparently with increased naphthalene concentrations. Under
lower concentration (<500 µg/L) of naphthalene, the activities of the antioxidant enzymes, including superoxide dismutase and catalase in the animals increased significantly
compared with those in the animals without any exposure
to naphthalene, which suggested that the antioxidant enzymes can protect the animals from oxidative damage.
However, the activities of the antioxidant enzymes decreased when the animals were exposed to higher concentration (1000-2000 µg/L) of naphthalene. The survival rate
of both females and males was reduced when they were
exposed to naphthalene less than 200 µg/L, but females
showed higher survival rate than males when they were
under the same concentration. The hatching ratio and the egg
diameters of S. tenellus decreased significantly when they
were exposed to NAPH with concentration of 20-200 µg/L,
however, the cumulative egg production did not show any
significant variation when the animals were exposed to
above naphthalene concentration. These data in the preset
study suggested that exposure to naphthalene can cause the
variation of the species composition of copepods, and further affect the marine ecosystem.
* Corresponding author

1. INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are one type
of main contaminants in the marine ecosystems which have
endocrine-disrupting activity on aquatic organisms [1-3].
PAHs in oceans originate from oil spills, tank cleaning,
combustion of fossil fuels, or atmospherically mediated
transport from industrial sources. According to the United
States Environmental Protection Agency and the Water
Framework Directive 2000/60/EC, several PAHs are carcinogenic and considered as priority pollutants because of
their environmental behavior and toxic effects [2, 4]. PAHs
are characterized by high toxicity, high lipophilicity and
high stability in the environment, which make up the most
persistent toxicity of petroleum hydrocarbons [5, 6]. Both
petroleum utilization and incomplete combustion can cause
PAHs contamination to the aquatic environment [7-9],
which might pose a high risk to the aquatic ecosystem.
In marine environments, copepods play a very important role in the transfer of material and energy between
primary producers and higher trophic levels in coastal,
shelf, and oceanic waters [10]. Copepods are considered
as ideal animals for the study of aquatic ecotoxicology,
and are used to monitor water contamination [6, 11]. The
calanoid copepod Sinocalanus tenellus, a predominant species in Chinese estuaries [12-13], can be easily cultured
under laboratory conditions [14-15] and can therefore be
used as a potential model animal for ecological risk assessment studies. Although there are some reports about
the effects of PAHs on the survival and reproduction of
some marine copepods [11, 16-17], the effects of PAHs
on the physiology and reproduction and antioxidant enzyme activities of S. tenellus are not fully understood.
Naphthalene (NAPH), a type of PAHs, is regarded as
the most abundant and toxic hydrocarbons dissolved in
oil-contaminated waters [5-6, 18]. In the current study, the
effects of naphthalene on the feeding, respiration, survival,
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and reproduction of S. tenellus was analyzed, and the data
will provide a good reference for evaluating the consequence of PAHs to marine ecosystem.
2. MATERIALS AND METHODS
2.1 Algal culture

Algae Isochrysis galbana (I. galbana) and Phaeodactylum tricornutum (P. tricornutum) were obtained from
the College of Fisheries, Ocean University of China. The
algae were grown in 20℃ natural seawater with f/2 nutrients [19] in 3 L flasks, and harvested when the cultures
were in the exponential growth phase to feed the copepods.
2.2 Copepod collection and maintenance

The copepods were collected with a 500 µm-mesh
plankton net from a shrimp pool of Jiaonan, Shandong
Province, China (36°02′60″N, 120°20′52″E). They were
transported to the laboratory within 1–2 hr, and adults of
S. tenellus were picked out and sorted into males and females for continuous stock cultures. Two hundred of copepods for the stock culture were maintained in 2 L beakers
with 20 g/L seawater at 25℃, and fed with mixed I. galbana and P. tricornutum algae (1:1 at cell concentration) at
a final concentration of 105 cells/mL. The offspring of the
parental generation were used as experimental animals.
2.3 Preparation of test solutions

NAPH (98%) was purchased from the Aldrich Chemical
Company, Inc (USA). Acetone (analytical grade) stock solution (50 g/L) was prepared before the experiment and stored
at 4℃. Working solutions were prepared by dissolving the
acetone stock solution in pre-heated (80℃) 20 g/L seawater
filtered with Millipore membrane of 0.45 µm. The same
concentration of acetone with those in the working solution
was used as the solvent control in all chronic experiments.
2.4 Acute exposure test

Preliminary acute toxicity tests were conducted to
calculate the NAPH median lethal concentration (LC50)
by Karber method [20]. Different test concentration levels
(650, 1300, 2600, 5200, 10400, and 20800 µg/L) and the
solvent control were used, and each treatment had three
replicates. Ten females were placed in 140 mL glass beakers
containing 100 mL of each test solution and the control.
Mortality was recorded at 48 hr and 96 hr.
2.5 Feeding of animals under exposure to NAPH

Feeding experiments were carried out to study the effects of NAPH on the filtering and ingestion rates of S.
tenellus at 25℃. Different test concentrations (125, 250,
500, 1000, and 2000 µg/L) and the solvent control were
set. To simplify the experiments, only females were used.
Three experimental and two control bottles (140 mL)
were set up in each concentration, with five females in each
experimental bottle and none in the control bottles. Each

bottle was filled with 20 g/L seawater containing I. galbana at 105 cells/mL. The bottles were closed to prevent any
air bubbles and were placed on a rotating plankton wheel
(1 r/min) to maintain a uniform cell distribution in the
thermally controlled rooms. The experiments were continued
for 24 hr under a 12 hr light:12 hr dark photoperiod. The
algal concentration in each bottle was measured at the
beginning and the end of the experiments. The filtration rates
(F, mL/(copepod·hr)) and the ingestion rates (I, cells/ (copepod·hr)) of the animals were calculated according to the
following formula [21]: F = V/N × (ln Ct - ln Ctf)/t, I = F×
(Ctf - C0)/(ln Ctf - ln C0), where V is the volume of the
bottle, N is the number of copepods, C0 is the initial algal
concentration in each experimental bottle, Ct is the final
algal concentration in each control bottle, and Ctf is the
final algal concentration in each experimental bottle.
2.6 Respiration of animals exposed to NAPH

Respiration experiments were carried out at 25℃.
Different test concentrations (125, 250, 500, 1000, and
2000 µg/L) and the solvent control were set. Three experimental and two control bottles (140 mL) were set up in each
concentration, with five females in each experimental bottle
and none in the control bottles. Each bottle was filled with
20 g/L seawater containing I. galbana at 105 cells/mL. The
bottles were closed to prevent any air bubbles. The experiments were continued for 24 hr in a 12 hr light:12 hr dark
photoperiod. The oxygen concentration in each bottle was
monitored at the end of the experiments. The respiration (R,
µL/(copepod·hr)) of the animals were determined according
to the method described by Omori and Ikeda [22].
2.7 Detection on the activity of antioxidant enzymes

Different test concentrations (125, 250, 500, 1000, and
2000 µg/L) and the solvent control were set. Triplicates
were set up for each treatment with 100 females at 25ºC.
Female S. tenellus were cultured in 1 L beakers with 20 g/L
seawater, fed with I. galbana at 105 cells/mL for 24 hr in a
12 hr light:12 hr dark photoperiod. The individuals cultured under each concentration were collected to detect
antioxidant enzyme activities. The antioxidant enzymes
and protein activities were determined using the ultraviolet spectrophotometric methods as described in the manufacturer’s protocols provided by NJBIC (Nanjing, China).
The SOD activity was determined based on its ability to
inhibit the reduction in cytochrome c by the O2- generated
through the xanthine oxidase/hypoxanthine system [23].
The CAT activity was determined based on the measurement of the initial rate at which oxygen is released by
catalase in an oxygen-free buffer [24]. The protein concentrations were determined according to the Bradford
method in which a dye reagent from Bio-Rad was utilized
with bovine serum albumin as the standard. Three replicates were prepared for each experiment [25].
2.8 Survival of animals under exposure to NAPH

Based on acute toxicity results, the copepods were
exposed to the following sublethal NAPH concentrations:
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2, 20, 200 µg/L (equivalent to approximately 1‰, 1%,
and 10% of 96 hr LC50 and LC0) and 0 (solvent control).
Triplicates were set up for each treatment with 20 copepods (♀/♂ 1:1) in each beaker. All beakers containing
200 mL of seawater (20 g/L salinity) were used in the
experiments. All exposure experiments were conducted at
25℃ under a 12 hr light: 12 hr dark photoperiod in an
illuminated incubator without aeration for 31 days. The
copepods were fed with mixed I. galbana and P. tricornutum (1:1 at cell concentration) at a final concentration of
105 cells/mL. Different concentrations were tested for their
effects on survival rate. The copepods were checked and
the culture medium was refreshed daily.
2.9 Reproduction of animals under exposure to NAPH

The copepods were exposed to the following sublethal NAPH concentrations: 2, 20, 200 µg/L and 0 (solvent
control). Triplicates were set up for each treatment with
20 copepods (♀/♂ 1:1) in each beaker. All beakers containing 200 mL of seawater (20 g/L salinity) were used in
the experiments. All exposure experiments were conducted at 25℃ under a 12 hr light: 12 hr dark photoperiod in
an illuminated incubator without aeration for 31 days. The
copepods were fed with mixed I. galbana and P. tricornutum (1:1 at cell concentration) at a final concentration of
105 cells/mL. Different concentrations were set for testing
the effects of NAPH on egg production, hatching rate and
egg diameter. The copepods were removed after 24 hr and
the eggs in the culture medium were checked, and hatching rate was determined after another 24 hr incubation of
the eggs. All eggs were counted and the diameters of
them were measured under a stereomicroscope every
three days. The culture medium was refreshed daily.
2.10 Statistical analyses

The groups for all experiments were compared by oneway ANOVA. Tukey’s multiple range test was applied to
ascertain any differences between groups. The statistical
analyses were performed using the SPSS statistical software. The level of significance for all of the critical ranges
was set to P < 0.05.
3. RESULTS AND DISCUSSION
3.1 Acute toxicity of NAPH to S. tenellus

Mortality from the acute toxicity test on the adult S.
tenellus with NAPH is shown in Table 1. The NAPH LC50

value for S. tenellus at 48 hr was 5946.34 µg/L and that at
96 hr was 1935.31 µg/L. PAHs are classified as persistent
organic pollutants and endocrine-disrupting chemicals,
which are accumulated in marine organisms at various
trophic levels in the food chain [6, 26]. Different species
showed quite different sensitivities to NAPH. The 48 hr LC50
of NAPH for cladoceran Daphnia magna was 8600 µg/L
[27], the 96 hr-LC50 for NAPH against the amphipod Grandidierella japonica was 5300 µg/L [28]. For copepods,
also different LC50 to NAPH are shown. The24hr LC50
for NAPH against the copepod Eurytemora affinis was
3798 µg/L [16], and the 48 hr-LC50 for Paracartia grani
was 2535 µg/L [17], the 48 hr LC50 for Oithona davisae
was 7190 µg/L [29] and the 96 hr-LC50 Calanus finmarchicus was 7000 µg/L [30]. In the present study, the 48 hr
LC50 for S. tenellus was 5946 µg/L, and 96 hr-LC50 was
1935 µg/L, which suggested that S. tenellus might be a
sensitive species to NAPH. Therefore, this species might be
a promising candidate marine organism for marine environmental monitoring and ecological risk assessment studies.
3.2 Effects of NAPH on the feeding and respiration of animals

The filtration and ingestion rates of copepods at different concentrations of NAPH are shown in Fig. 1. The
ingestion and filtration rates showed no variation when the
animals were exposed to NAPH with a concentration of
less than 125 µg/L compared with those of the solvent
control (P > 0.05), while the ingestion and filtration rates
decreased significantly when they were exposed to NAPH
with concentration from 500 µg/L to 2000 µg/L (P < 0.05) .
Copepod respiration rate at different concentrations
of NAPH is shown in Fig. 2. Respiration rates demonstrate
a decreasing trend with increasing naphthalene concentration
from 125 µg/L to 2000 µg/L compared with that of the
control group. The respiration rate of the copepods exposed to 2000 µg/L NAPH was significantly reduced
compared to those in the control (P < 0.05).
The feeding and respiration of copepods are affected
by numerous factors, including temperature, salinity, prey,
pollution, and the character of mesozooplankton [31]. In the
present study, the ingestion and filtration rates decreased
with increasing NAPH concentration. The filtration and ingestion rates of S. tenellus exposed to 500 µg/L, 1000 µg/L
or 2000 µg/L of NAPH were significantly reduced compared
to those in the control, and its respiration rate decreased
when they were exposed to 2000µg/L. This suggests that
the physiology of S. tenellus was changed by exposure to
NAPH. Calbet et al. [17] demonstrated that the effects of
PAHs on copepod reproductive activity are mediated by

TABLE 1 - Mortalities of S. tenellus exposed to different concentrations of NAPH. Values are means ± SD (%)
Exposure time
48 hr
96 hr

Mortality (%)
0 µg/L
0.0 ± 0.0
0.0 ± 0.0

650 µg/L
12.5 ± 3.0
31.3 ± 1.5

1300 µg/L
18.8 ± 4.5
50.0 ± 0.0

2600 µg/L
37.5 ± 3.0
62.5 ± 3.0
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5200 µg/L
43.8 ± 7.5
68.8 ± 1.5

10400 µg/L
50.0 ± 0.0
81.3 ± 4.5

20800 µg/L
68.8 ± 4.5
100.0 ± 0.0

© by PSP Volume 23 – No 2. 2014

Fresenius Environmental Bulletin

Ingestion rate

Filtering rate
4.5

4.5

Ingestion rate (x103cells/(ind·h))

Filtering rate (x10 2 ml/(ind·h))

5

4

4

3.5

3.5

3

3

2.5

2.5

2

2

1.5

1.5

1

1

0.5

0.5
0

0
0

125

250

500

1000

2000

NAPH concentration (µg/L)

FIGURE 1 - The filtration rates (F) and ingestion rates (G) of S. tenellus exposed to NAPH for 24 hr.
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FIGURE 2 - The respiration rate of S. tenellus exposed to NAPH for 24 hr (*P < 0.05).
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FIGURE 3 - Detection on the activity of SOD and CAT in S. tenellus exposed
to different concentration of NAPH for 24 hr. a. SOD; b. CAT (**P < 0.01).

the reduction of feeding rates. Therefore, the variation of
physiology might subsequently affect the survival and
reproduction of S. tenellus.
3.3 Effects of NAPH on the activities of antioxidant enzymes

SOD activity of copepod at different concentrations
of NAPH was shown in Fig. 3a. The SOD activity in-

creased at low NAPH concentrations, peaked at 500 µg/L,
and subsequently declined at higher concentrations. The
SOD activity of the copepods exposed to 2000 µg/L of
NAPH was lower than those in the control (decreased by
45.2%, P < 0.01). The CAT activity of copepods at different concentrations of NAPH was shown in Fig. 3b. The
level of CAT activity increased rapidly from the begin-
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ning, and continued to rise until it peaked at 500 µg/L
NAPH. Subsequently, the CAT activity decreased until it
reached the minimum level at 2000 µg/L (decreased by
43.9% as compared with the control, P < 0.01).
SOD and CAT are considered the most important antioxidant enzymes in invertebrate [32]. Under lower concentration (<500 µg/L) of NAPH, the SOD and CAT activities of the copepod S. tenellus significantly increased
compared with that in the animals without any exposure to
NAPH, while the activities decreased under high NAPH
concentrations. The increase in the antioxidant enzyme
activity was attributable to a response mechanism to oxidative stress [32], which suggested that antioxidant enzymes
can protect the animals from oxidative damage. However
exposure to higher NAPH concentration led to decrease of
the antioxidant enzyme activity. These data indicated that
high concentration of NAPH resulted in irreversible toxicity to the animals which could not be regulated by themselves, and therefore further affect the survival of the animals. Therefore, antioxidant enzymes play an important
role in protecting S. tenellus against the damage induced by
NAPH. Since many environmental contaminants exert toxic

effects related to oxidative stress, antioxidant enzymes
might have a potential biomarker for PAH pollution.
3.4 Survival of animals exposed to NAPH for long duration

The survival rates of copepods at different concentrations of NAPH are shown in Fig. 4. The survival rates of
both males and females showed a decreased trend with
increasing NAPH concentration from 2 µg/L to 200 µg/L
compared with those in the control group. The survival
rates of the females exposed to 200 µg/L naphthalene were
significantly lower than those in the control (P < 0.05). The
survival rates of the adult females were higher than those
of the adult males exposed to 2 µg/L - 200 µg/L of NAPH
(P > 0.05). Our study indicated that the survival rate of
both females and males was reduced when they were exposed to naphthalene, but females showed higher survival
rate than males when they are under the same concentration. Lotufo [33] demonstrated that approximately 50% of
fluoranthene in the body residue of a female copepod is
released by egg extruding. This could explain the higher
survival rates in females compared with males in the current study.
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30
20
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0
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FIGURE 4 - Survival rate of S. tenellus exposed to NAPH for 31 days (*P < 0.05).
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FIGURE 5 - The cumulative egg production of S. tenellus exposed to NAPH for 31 days.
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FIGURE 6 - The egg hatching rate of S. tenellus exposed to NAPH for 31 days (**P < 0.01).
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FIGURE 7 - The egg diameter of S. tenellus exposed to NAPH for 1 day, 16 days and 31 days (*P < 0.05; **P < 0.01).

3.5 Effects of NAPH on the reproduction

The cumulative egg production of copepods exposed to different concentrations of NAPH is shown in
Fig. 5. The average cumulative egg production of copepods
at 0 µg/L, 2 µg/L, 20 µg/L and 200 µg/L concentration were
144.7 eggs, 96.7 eggs, 131.3 eggs and 114.7 eggs respectively. No significant dose-related trends were observed in
the cumulative egg production when the copepods were
exposed to 2 µg/L, 20 µg/L and 200 µg/L of NAPH compared with those of the control after 31 days (P > 0.05).
The egg hatching rate of copepods exposed to different concentrations of NAPH is shown in Fig. 6. No significant variation was detected in the hatching rates of eggs
when the copepods were exposed to 2 µg/L of NAPH compared with those of the control, while the hatching rates of
the copepods exposed at 20 µg/L or 200 µg/L concentration
decrease compared with those of the control group
(P < 0.01) after 31 days exposure.
Copepod egg diameters at different concentrations of
NAPH are shown in Fig. 7. Significant dose-related
trends were observed in the egg diameters in 31 days. Egg
diameters on days 1, 16, and 31 decreased with increasing
NAPH concentration from 2 µg/L to 200 µg/L. No signif-

icant changes in egg diameter were found between the
copepods at 2 µg/L concentration and the control, and the
egg diameters at 20 µg/L and 200 µg/L concentration
were reduced compared with the control group (P < 0.05).
The egg diameters of S. tenellus decreased with increasing NAPH concentration. Meanwhile the egg diameters of the control were significantly larger than those
exposed to 20 µg/L and 200 µg/L NAPH. The fecundity
of copepods depends on egg production and egg hatching.
In the present study, the egg hatching rate decreased with
increasing NAPH concentration and exposure time. Andersen et al. [34] found that 17β-estradiol and bisphenol A
stimulate the maturation of ovaries, which was detected as
an increase in the egg production. In the present study, we
observed a similar phenomenon. The NAPH exposure could
increase the egg production. These results are probably
attributed to compensatory mechanisms, where the unaffected individuals in lower concentrations are able to maintain and increase fecundity [35]. The life span of an adult S.
tenellus was about 70 days and this copepod could produce multiple generations each year in situ [36]. PAHs
may affect reproduction by impairing the hatching of eggs
[17, 37]. The toxic effects of PAHs are dependent on the
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period of exposure; therefore, chronic exposure to low
levels of pollutants can have effects on copepod abundance and dynamics [6, 16-17, 33, 38]. Zhang et al. [39]
reported that the highest concentration of PAHs could be
474 µg/L in coastal water of China. Consequently, PAHs
pollution would affect population growth rate, which may
have dramatic effects on the copepod population and the
zooplankton community structure in the environment on a
long-term basis..

[6]

Saiz, E., Movilla, J., Yebra, L., Barata, C. and Calbet, A.
(2009) Lethal and sublethal effects of naphthalene and 1,2dimethylnaphthalene on naupliar and adult stages of the marine cyclopoid copepod Oithona davisae. Environmental Pollution, 157(4), 1219--1226.
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4. CONCLUSIONS
Copepods S. tenellus are sensitive to NAPH exposure. The exposure of copepods to higher NAPH concentrations can inhibit the feed, respiration, survival and reproduction. Therefore, chronic exposure of copepods to NAPH
can lead to the variation of population dynamics. Copepods, as a link between primary producers and higher consumers, the variation of population dynamics will affect the
whole marine ecosystems, therefore, the effects of PAH
pollution should be paid more attention for management.
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ABSTRACT

1. INTRODUCTION

In this study, bentonite nanoparticles with different
dosages were incorporated into polyacrylonitrile (PAN)
matrix for modification via the non-solvent induced phase
separation (NIPS) method. The effect of nano-bentonite
particles concentration in the casting solution on the
membrane physicochemical characteristics was investigated. A series of tests, such as field emission scanning
electron microscopy (FESEM) analysis, pure water flux,
contact angle (CA), zeta potential and membrane fouling
rate tests were used to characterize membrane performance.
It was found that the addition of nano-bentonite particles
could improve the membrane performance effectively. The
membrane surface pore morphologies changed little with
the addition of nano-bentonite and the mean pore size and
surface porosity of the PAN membranes were increased
with the addition of nano-bentonite 0.05–0.2 wt%. Moreover, the addition of nano-bentonite particles could improve the membrane permeability. Certain amount of nanobentonite additive was able to enhance the membrane surface hydrophilicity and made the modified membrane surface charge more negative while excessive addition could
not improve the membrane performance. Additionally, the
amount of 0.05 wt% was deemed to be optimal in terms
of membrane fouling because this membrane showed the
lowest fouling rate in a membrane bioreactor (MBR). Soluble microbial products (SMP) of MBR was fractionated into
four components and introduced to filter the virgin membrane and the modified membrane to understand the mechanism of fouling mitigation. The membrane anti-fouling performance for the charged hydrophilic (HPI-C) fraction of
modified membrane was substantially enhanced due to the
negatively charged surface which was the main reason of
the fouling mitigation compared with the virgin membrane.
KEYWORDS: Polyacrylonitrile; bentonite; nanoparticle; fouling
mitigation; SMP fraction

* Corresponding author

Membrane technology has emerged as a viable and costeffective alternative for water and wastewater treatment over
the past few years. The membrane-assisted biological treatment, e.g., membrane bioreactor (MBR), has been widely
employed for municipal and industrial wastewater treatment
due to the reduced footprint, higher biomass concentration
and reliable effluent quality, etc. [1-3]. However, membrane fouling in an MBR process is inevitable and hence
hinders the large-scale practical application of MBR.
A great variety of researches have been carried out to
limit membrane fouling, e.g. membrane modification. Surface coating, surface grafting and blending are commonly
used to modify the membrane characteristics [4]. Among
them, blending method is the most practical way due to
the mild conditions and high applicability. The main types
of blending additives are hydrophilic polymers or pore
forming additives, amphiphilic copolymers, and inorganic
particles [5-7]. Of the aforementioned additives, blending
with inorganic materials, into the organic polymer matrix,
especially nanoparticles, has attracted much interest because
the modified membrane can combine basic properties of
organic and inorganic materials and enhance the membrane anti-fouling property [8, 9]. The mainly used nanoparticles were metal materials, e. g., Al2O3, TiO2 and ZnO
nanoparticles [10-13]. Maximous et al. [10] immobilized
Al2O3 nanoparticles on flat-sheet polyethersulfone (PES)
membranes and investigated the fouling mitigation effect
of Al2O3 immobilized membrane during the activated sludge
filtration. It was found that PES membrane characteristics
were changed by the addition of Al2O3 nanoparticles and
the fouling rate of Al2O3 entrapped membrane was declined
compared to previous PES membrane. TiO2 nanoparticles
have been used to modify PES membrane by Li et al. [11].
It was found that the permeation performance of the composite membranes was improved greatly and the mechanical strength of composite membranes was also enhanced.
Liang et al. [13] introduced nano-ZnO as an additive into
the polyvinylidene fluoride (PVDF) membrane and observed
that the membrane anti-irreversible fouling performance
was improved in the case of modified membranes.
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Generally speaking, the incorporation of nanoparticles into the organic polymer matrix with blend strategy
has been proved to be feasible and effective. Nevertheless,
the mainly used nano-materials in previous studies, such as
Al2O3 and TiO2 nanoparticles, are relatively expensive for
practical applications. Bentonite, which is predominantly
montmorillonite clay, is characterized by one Al octahedral sheet placed between two Si tetrahedral sheets. The
isomorphous substitution of Al3+ for Si4+ in the tetrahedral
layer and Mg2+ for Al3+ in the octahedral layer result in a
net negative surface charge on the bentonite [14]. The
bentonite also has a hydrophilic surface and micro-porous
structure [15]. Meanwhile, the bentonite is a low-cost material and has abundant storage. PAN is one of popular membrane materials due to its good solvent resistance, strong
chemical stability and high mechanical strength [16]. However, the related application of nano-bentonite for membrane modification has not been reported.
In this study, bentonite nanoparticles were introduced
to modify polyacrylonitrile (PAN) membranes via blending method. The pure PAN membrane and bentonite-PAN
composite membranes were prepared using the non-solvent
induced phase separation (NIPS) method [17]. The effect
of nano-bentonite particles concentration in the casting
solution on the membrane physicochemical characteristics
was investigated. Field emission scanning electron microscopy (FESEM) analysis, pure water flux, contact angle (CA),
zeta potential and membrane fouling rate were used to
characterize membrane performance. The optimum dosage of nano-bentonite was proposed and the mechanism
of membrane fouling mitigation of modified membrane
was also studied.
2. MATERIALS AND METHODS
2.1 Materials

PAN polymer with molecular weight (MW) 70,000 Da
was used as the membrane-forming polymer which was
supplied by the Sinopec Shanghai Petrochemical Co. Ltd.
(China). N, N-dimethylformamide (DMF) of reagent grade
(Sinopharm Chemical Reagent Co., Ltd., China) was used
as solvent without further purification. Bentonite nanoparticles were purchased from the Zhejiang Tianlong Bentonite Co., Ltd., China.
2.2 Membrane preparation

Vrigin PAN flat sheet membrane and composite membranes with different dosage of nano-bentonite ranging
from 0.05 to 0.30 g were fabricated. Table 1 shows the
different casting solution compositions. A certain quantity
of bentonite was firstly dissolved into the DMF solution in
an ultrasonic bath at 30 ◦C for 4 h. Subsequently, 13 wt%
polymer was added and the mixture was then dissolved
at 60 ◦C for 5d to insure the completely dissolved and
bubble removing. The casting solution was then sprinkled and cast into a film with 150 µm on the non-woven

fabric at a certain speed of 1.8 m/min using a motorized film
applicator (Elcometer 4340, Elcometer Instruments Ltd.,
UK). The cast film was exposed to air for 15s, and then,
immersed into a coagulant bath of distilled water to form
the porous membrane. The prepared membrane was dried at
room temperature after immersed into water/glycerin solutions.
TABLE 1 - Casting solutions of different nano-bentonite concentrations

Mem-0

PAN weight
(g)
13

DMF weight
(g)
87

Nano-bentonite weight
(g)
0

Mem-1

13

87

0.05

Mem-2

13

87

0.10

Mem-3

13

87

0.15

Mem-4

13

87

0.20

Mem-5

13

87

0.30

Membrane

2.3 Membrane characterization
2.3.1. Field emission scanning electron microscopy (FESEM)
analysis

FESEM (S-4800, Hitachi, Japan) was used to investigate the surface morphologies of neat and modified membranes. The membranes were freeze-dried in vacuum and
gold sputtered for producing electric conductivity. The
micrographs were observed and the average pore sizes
were obtained from the images using Image-Pro Plus 6.0
software.
2.3.2 Pure water flux measurement

The membrane pure water flux was measured by a
dead-end filtration apparatus. The area of tested membrane was 12. 6 cm2. Each sample was soaked in distilled
water for 24 h before testing and pre-compacted for 30
min at 0.08 MPa. Then, the trans-membrane pressure was
lowered and the pure water flux (J) was obtained at 0.03
MPa by measuring filtrate volume within a certain period
of time. To minimize the experimental error, each membrane was measured at three random locations and the
average of three values was reported. The pure water flux
was calculated according to the following equation.

J = V /(S ⋅ t )

(1)

Where J is the pure water flux (L/ (m2·h)), V volume
of permeated water (L), S effective area of tested samples
(S = 0.00126 m2), and t record time (h).
2.3.3 CA analysis

The hyrophilicity is one of important properties of
membrane and it was characterized on the basis of a water
contact angle system (OCA20, Dataphysics,Germany)
equipped with video capture at room temperature. To
minimize the experimental error, the contact angles were
measured at five random locations for each sample and
the average value was reported.
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2.3.4 Zeta potential measurement

Zeta potential of the membrane surface was determined by a streaming potential analyzer (EKA 1.00, Anton-Paar, Switzerland) following the procedure described
by Childress and Elimelech [18]. Before measurement,
the membrane was equilibrated by soaking in 0.010 mol/L
KCl solution. The streaming potentials of membranes
were measured using 0.010 mol/L KCl solution within the
pH range 3-10 at 25±1 °C.
2.3.5 Membrane fouling rate determination

Membrane fouling rate in a mini-MBR (an MBR cell)
was carried out to determine the membrane performance
according to the literature [19-21]. The prepared virgin
and PAN-bentonite flat-sheet membranes were firstly processed into modules with a filtration area of 0.01 m2. Then
the modules were put into a mini-MBR (as seen in Fig.1)
with an effective volume of 2.5 L in which the activated
sludge was taken from a long-term stable pilot-scale bioreactor. Filtration performance of the mini-membrane module was conducted with the constant flux of 40 L/ (m2·h),
and the change of trans-membrane pressure (TMP) was
monitored within 30 min. The aeration rate was controlled
at 15 m3/ (m2·h). The tests were carried out at the water
temperature of 19℃. The membrane fouling rate was evaluated by membrane filtration resistance, which was calculated by the following equation.

R=

TMP30 − TMP0
µ ⋅ J ⋅ Δt

(2)

Where TMP30 and TMP0 are the TMP values of
membrane samples at starting time and after a 30-min
filtration (Pa), respectively, J is the membrane permeate
flux (m3/ (m2·s)), µ is the viscosity of filtrate (Pa·s), and
Δt is filtration time (h).
Mercury gauge

further understand the mechanism of anti-fouling improvement of modified membranes. SMP from a long-term operating MBR was fractionated into four components according
to the method described by Leenheer [22]. All the samples
were adjusted to pH 2, and adsorbed by DAX-8 (Supelco
Company, PA, USA) and XAD-4 resins (Supelco Company,
PA, USA) sequentially. The hydrophobic (HPO) and transphilic (TPI) fractions were obtained by eluting the DAX-8
and XAD-4 resins with 0.1 M NaOH solution, respectively.
The effluent of XAD-4 was adjusted to pH 8 and fed onto
Amberlite IRA-958 resin (Amberlite, Rohm & Hass Company, PA, USA), which retained the charged hydrophilic
(HPI-C) fraction. This fraction was eluted with a NaOH/
NaCl mixture. The remaining neutral hydrophilic (HPI-N)
fraction was not adsorbed by any of the resins.
2.4.2 Batch filtration experiments

The virgin membrane and the modified membrane were
filtered in a dead-end cell using SMP fractions to evaluate
the fouling propensity of each membrane. The DOC concentration of the fractionated components was adjusted to
2 mg/L with milli-Q water (Milli-Q Gradient, MILLIPORE, USA) and the pH was adjusted to 7 with HCl and
NaOH solution before the fouling potential tests. The
membranes used in each test were fresh and each of new
membranes was soaked in milli-Q water for 24 h. Before
measuring the fouling potential of the samples, 300 mL
milli-Q water was filtered to remove any impurities. The
TMP was kept at 10 kPa by a vacuum pump during the test.
All experiments were conducted at room temperature.
3. RESULTS AND DISCUSSIONS
3.1 Surface morphology of prepared membranes

The FESEM micrographs of the virgin and modified
PAN membranes are shown in Fig. 2.

2.4 Filtration experiments

The magnification of each SEM images was 50,000×.
It can be observed that the surface pore morphologies of
PAN-bentonite composite membranes changed little and
the cellular pore formed on top surface of both virgin and
modified membranes. The average pore sizes and surface
porosity of prepared membranes were obtained from the
images using Image-Pro Plus 6.0 software and the results
are listed in the second and third column of Table 2. It can
be observed that the concentration of bentonite nanoparticles had a significant effect on the membrane pore size and
surface porosity. The mean pore size and the surface porosity of the PAN membranes were increased when the addition dosage of bentonite nanoparticles was 0.05–0.2 wt%
and Mem-2 showed the largest pore size and surface porosity. When the nano-bentonite amount was added by 0.3
wt%, the mean pore size and the surface porosity decreased.

2.4.1 Soluble microbial products (SMP) of MBR fractionation
method

3.2 Membrane pure water flux

SMP has been considered to have a big contribution
on the membrane fouling and SMP fraction can help to

The membrane pure water flux is an important parameter to assess the membrane permeability. Table 2 shows the

Effluent pump

Flow meter
Blower

Membrane module

Air diffuser

FIGURE 1 Diagram of the mini-MBR
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Mem-0m

Mem-1m

Mem-2m

Mem-3m

Mem-4m

Mem-5m

FIGURE 2 - FESEM images of prepared membrane surfaces. The preparation parameters for Mem-0, Mem-1, Mem-2, Mem-3, Mem-4 and
Mem-5 can be seen in Table 1.

TABLE 2 - Characteristics of fabricated membranes
Membrane

Mean pore size
(nm)

Surface porosity
(%)

Mem-0
Mem-1
Mem-2
Mem-3
Mem-4
Mem-5

16.9
18.7
28.5
17.5
18.9
16.6

3.27
4.52
16.43
3.90
6.20
2.65

Pure water flux
(L/ (m2·h))

CA
(°)

Zeta
(mV)

543.5
814.0
867.5
745.5
633.0
580.0

68.0
58.5
54.6
62.9
66.3
66.5

-66.15
-70.07
-77.64
-72.28
-58.94
-51.78
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Potential

Membrane
fouling rate
(107 (m-1/s))
1.86
0.41
0.69
0.55
1.24
2.07
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pure water flux of the virgin and PAN-bentonite composite membranes. It can be observed that the modified
membranes had higher pure water flux compared with the
virgin membrane, indicating that the addition of nanobentonite particles was able to increase the membrane
permeability. Moreover, the nano-bentonite concentration
had a certain impact on the membrane pure water flux and
Mem-2 showed the highest pure water flux which was
mainly due to its large surface pore size and porosity. When
the addition amount of bentonite nanoparticles was more
than 0.1 wt%, the pure water flux presented a declining
trend.
3.3 Membrane hydrophilicity and Zeta potential

CA is an important parameter in evaluating the surface
hydrophobicity. In general, the higher the contact angle, the
higher the hydrophobicity of the membrane surface. CA
values of PAN membranes are presented in the fifth column of Table 2. It can be observed that all the prepared
PAN membranes showed a hydrophilic surface and the addition of bentonite nanoparticles could increase the membrane hydrophilicity to some extent. When the addition
amount of nano-bentonite was 0.05 wt% and 0.1 wt%, the
PAN-bentonite composite membranes presented the most
hydrophilic property, especially for Mem-2 with an angle
of 54.6°. However, when the addition amount of nanoparticles was more than 0.1 wt%, the CA values of composite
membranes changed a little compared to Mem-0, illustrating that excessive addition could not improve the hydrophilicity of the membrane effectively. As for membrane
zeta potential, it can be observed from Table 2 that all the
prepared membranes exhibited negatively charged surfaces. The addition of nano-bentonite could alter the surface
charge of virgin PAN membrane and when the addition
amount was less than 0.15 wt%, the modified membrane
surface charge became more negative especially for
Mem-2. That could be attributed to the negative electrical
characteristics of benonite.

3.4 Membrane fouling rate

The membrane fouling rate is an index directly reflecting the practical performance of the membranes in
MBR, and lower fouling rate indicates better performance
of the membranes. Fig. 3 shows the TMP variations of
prepared membranes in an MBR during the membrane
fouling rate test process, and the final fouling rate is presented in the last row of Table 2. It can be seen that all the
TMP changes showed linear growth trend while the fabricated membranes presented different growth slope. The
appropriate amounts of nano-bentonite could effectively
reduce the membrane fouling rate. When the additive
amount was less than 0.2 wt%, the membrane fouling rate
is very low compared with the virgin membrane Mem-0.
Moreover, Mem-1, Mem-2 and Mem-3 demonstrated the
smallest TMP changes within the certain time (<1.5 kPa),
especially for Mem-1, which substantially reduced the
membrane fouling rate by 78%. Therefore, Mem-1 with
nano-bentonite amount of 0.05 wt%, which had a high pure
water flux, strong surface hydrophilicity and negative surface charge, was taken as the best modified PAN membrane due to its lowest fouling rate in a practical MBR.
3.5 Fractions of SMP and membrane filtration tests

It has been proven by the above experiments that the
addition of nano-bentonite into PAN membrane could
effectively improve membrane anti-fouling ability. To get
a further understanding of the mechanism of membrane
performance improvement, the main pollutant in MBR
fouling, SMP, was fractionated into four components. The
recovery rate of SMP fractionation was 110%. Table 3
shows the concentrations of each fraction in the SMP. It
can be observed that HPI-N was the most abundant fraction, accounting for nearly half of the total while the HPO
was the second large component. That is in agreement with
the previous reports [23, 24]. Mem-1 was used for the
SMP fraction filtration compared with the neat membrane
Mem-0 due to its lowest fouling rate. The fouling propen-

7.00

TMP (kPa)

6.00
5.00

Mem-0
Mem-1

4.00

Mem-2

3.00

Mem-3
Mem-4

2.00

Mem-5

1.00
0

5

10

15

20

25

30

Filtration time (min)
FIGURE 3 - TMP variations of prepared membranes in membrane fouling rate test process.
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sity of each fraction of SMP for the two membranes is
illustrated in Fig. 4. It can be obviously seen that the two
membranes showed different fouling propensity in the
filtration of four SMP fractions. As for neat Mem-0, HPO
and HPI-N fractions performed the highest fouling trend
which is consistent with some other reports due to the
large molecular weight of HPI-N [25] and hydrophobic
property of HPO [26].Moreover, HPI-C fraction showed
higher fouling potential and TPI fraction had the lowest
fouling propensity.
TABLE 3 - TOC concentrations of SMP fractional components.
SMP fractions

HPO

TPI

HPI-C

HPI-N

TOC concentration (mg/L)

2.12

1.71

2.47

6.25

For Mem-1 blended with nano-bentonite, HPI-N performed the strongest fouling potential and followed by
HPO. It is worth noting that the fouling potential of HPO
for Mem-1 was lower than that for Mem-0. That was mainly
ascribed to the membrane hydrophilicity enhancement of
the PAN-bentonite composite membrane. There has been
the prevalent view that membranes with hydrophilic surface had mitigated fouling potential by weakening hydro-

Filtration resistance (10^10 m -1 )

10.0

phobic interaction [27]. In addition, the most significant
difference between the two membrane filtration processes
in Fig. 2 was the fouling potential of HPI-C fraction. The
membrane resistance increasing rate of modified membrane Mem-1 when filtering HPI-C was greatly declined
by 84% compared with virgin Mem-0. It can explain why
the PAN-bentonite composite membrane showed the best
anti-fouling performance in an MBR. It is well known
that the membrane charge property played an important
role in membrane fouling and the sludge flocs had negatively charged surfaces [28, 29]. The addition of nanobentonite into PAN membrane could increase the negative
charge on the membrane surface according to section 3.3
and hence the electrostatic repulsion between modified
membrane surface and sludge could be enhanced for
further fouling mitigation.
It can be concluded that the appropriate increase of
membrane surface negative charge could alleviate the
fouling caused by the HPI-C, as well as the bacterial adsorption. That could be achieved by the addition of negative charge components into the membrane preparation
solution, i.e., inorganic particles.

(a)

8.0
HPO

6.0

TPI
HPI-C

4.0

HPI-N
2.0
0.0

0

Filtration resistance (10^10 m -1 )
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30
Filtration volume (mL)
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(b)
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Filtration volume (mL)
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FIGURE 4 - (a) Variations of neat Mem-0 filtration resistance during filtration of MBR SMP fractions; (b) Variations of Mem-1 filtration
resistance during filtration of MBR SMP fractions.
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4. CONCLUSIONS
In this study, a novel additive, bentonite nanoparticles
with different dosages was blended with PAN membrane
matrix for membrane modification. The variations of membrane pore size, porosity, pure water flux, CA, surface
charge and membrane fouling rate were analyzed. Meanwhile, the mechanism of anti-fouling performance was also
investigated. Major findings from this study are drawn as
follows.
1) The membrane surface pore morphologies changed
little with the addition of nano-bentonite and the mean
pore size and surface porosity of the PAN membranes
were increased when the addition amount of nanobentonite was 0.05–0.2 wt%.
2) The addition of nano-bentonite particles could improve the membrane permeability and the permeability dropped when the addition amount was more than
0.1 wt% (but still better than Mem-0).
3) Certain amount of nano-bentonite additive was able to
enhance the membrane surface hydrophilicity and made
the modified membrane surface charge more negative
while excessive addition could not improve the membrane performance.
4) Mem-1 showed the lowest fouling rate in an MBR and
hence the amount of 0.05 wt% was deemed to be optimum in terms of membrane fouling. The PANbentonite composite membrane Mem-1 showed an excellent anti-fouling performance for HPI-C fraction due
to the negatively charged surface. Moreover, Mem-1 also presented a good anti-fouling performance for HPO
fraction due to the enhancement of membrane hydrophilicity.
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PROCESS PARAMETERS ON THE COAGULATIONFLOCCULATION TREATMENT OF TEXTILE WASTEWATER
USING THE TAGUCHI EXPERIMENTAL METHOD
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ABSTRACT
The aim of the study is to determine the optimum
values for chemical coagulation such as initial pH, coagulant concentration, slow mixing rate, rapid mixing rate,
initial wastewater concentration and coagulant aid concentration on color and turbidity removal by using the
Taguchi method. The contribution ratios of each operating
parameters on color and turbidity removals were determined by the analysis of variance (ANOVA). The optimum results were found to be: pH 9, coagulant dosage =
400 mg/L, slow mixing rate=15 rpm, rapid mixing rate=
60 rpm, initial wastewater concentration = ¼ diluted and
polyelectrolyte dosage=1 mg/L for color removal and pH 9,
coagulant dosage = 400 mg/L, slow mixing rate = 45 rpm,
rapid mixing rate = 150 rpm, initial wastewater concentration = ¼ diluted and polyelectrolyte dosage = 2 mg/L for
turbidity removal.
KEYWORDS: Chemical coagulation, coagulant aid, textile
wastewater, Taguchi, optimization.

1. INTRODUCTION
It has become evident that large amounts of dyecontaining industrial wastewater discharged into streams
and rivers are one of the major sources of water pollution.
Colored wastewater is one of the most important problems because this type of wastewater reduces the light
transmittance and prevents the photosynthetic activity of
aqueous environment [1,2]. Textile industry wastewater
contains a wide range of dyes. These dyes have high molecular weight and complex structures, so, it is difficult to
biologically treat them. In addition, untreated discharge of
this industrial effluent into sewage causes several problems
in biological treatment processes [3-5]. There are several
conventional methods including chemical coagulation, ad* Corresponding author

sorption, oxidation, ozonation, Fenton process that have
been widely used to treat textile wastewaters [6-9]. Among
them, coagulation is the most frequently applied method,
which is used mainly in wastewater decolorization and
reduction of the total load of suspensions and organic pollutants [10]. The most widely used coagulants are iron
salts, alum, and lime [11-14].
When these coagulants and coagulant aids are added
to wastewater, they destabilize the colloidal materials and
consist of larger settleable flocs from the small particles
[15]. Electrolytes can also be added to coagulate colloidal
suspensions. Increased concentration of a given electrolyte will cause a decrease in zeta potential and a corresponding decrease in repulsive forces. Depending on
whether their charge, when placed in water, is negative,
positive, or neutral, these polyelectrolytes are classified as
anionic, cationic, and nonionic, respectively [16]. The effectiveness of the coagulation-flocculation method depends
upon the coagulant dosage, pH, concentration, coagulant aid
dosage (if needed) and characteristics of the raw water [1719]. Appropriate combinations of these factors are desirable
to obtain a high efficiency of treatment [20]. Classically,
optimization of the factors affecting the performance of a
system is changing the levels of one factor and keeping
the others constant, and the same procedure continues
for the next factor [20, 21]. But this procedure is very
time-consuming and costly. There are some optimization methods, such as the response surface, full or partial
factorial and the Taguchi method that have been used to
reach better operational conditions [22]. Among them,
Taguchi’s orthogonal array (OA) analysis is used to obtain the best parameters for the optimum process design
with the least number of experiments [23]. But the Taguchi
method is an economical optimization type for complex
processes since both mathematical and statistical techniques are used. By using this method, lesser experiments
are needed to study different levels of all parameters [24].
Variability of parameters is expressed by the signal-to
noise (S/N) ratio in the method, which represents the ratio
of desirable results (signal) to undesirable results (noise).
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In the Taguchi method the S/N ratio is used to measure
the quality characteristic derivation from the desired value.
The maximum S/N ratio is considered as the optimal condition as the variability is inversely proportional to the S/N
ratio [25].
This paper deals with parameter design for chemical
coagulation by aluminum sulphate (alum) for real textile
wastewater. In the study, an attempt has been made to
optimize the key factors of initial pH (pHi) coagulant concentration (dosage), slow mixing rate (SMR), rapid mixing
rate (RMR), initial wastewater concentration (Co) and
coagulant aid concentration (C p), using an experimental design approach of Taguchi. In this way, the optimum operating conditions among experimental variables are
studied and, therefore, a real optimum is achieved.

2.2 Taguchi experimental design

2. MATERIALS AND METHODS
The wastewater samples were obtained from a textile
mill, which produces denim and has an indigo dying process. It is located in Kayseri, Turkey. Table 1 presents the
characteristics of the untreated wastewater. The sample
was stored at room temperature to avoid any changes in
their physico-chemical characteristics before use.

The variables chosen for this investigation are initial
pH and concentration of wastewater, coagulant dosage
(Al3+), polyelectrolyte dosage, rapid mixing rate, slow
mixing rate. The effect of experimental variables on process performance and their levels were determined according to preliminary tests. In Table 2, all variables and
their levels in chemical coagulation process are depicted.
TABLE 2 - Parameters and their values corresponding to their
levels.

TABLE 1 - Textile wastewater characteristics
Parameters
pH
Filtered COD (mg/L)
Total COD (mg/L)
SSa (mg/L)
Conductivity (ms/cm)
Turbidity (NTU)
λmaxb (nm)
Initial absorbance value at 600 nm
a
suspended solid
b
wavelength at maximum absorbance

electrolyte was used as coagulant aid in the range of 14 mg/l. The experiments were carried out at room temperature (24 ± 2 °C) using 250 mL wastewater samples, by
applying six different coagulant concentrations ranging
from 0 to 400 mg/L (as Al3+). NaOH and H2SO4 solutions
were added for any subsequent pH adjustment. During the
tests, coagulant was first rapidly dispersed using mechanical stirring at different rotation speeds in the range of 60 200 rpm for 2 min in all the experiments. Then, chemical
coagulation was studied at slower stirring speeds in the
range of 15 – 90 for 20 min. At the end of the coagulation
step, samples were centrifuged at 4.000 rpm for 10 min
and then analyzed to determine turbidity and color values.
All experiments were performed in duplicate. COD (2120
C. Spectrophotometric Method) was measured according to
Standard Methods by APHA, AWWA, and WEF [26].

Concentration
12.85
1925
2233,34
453.33
12.02
231
600
1.553

Parameters

1
4

2
5

Levels
3
6

pHi
Coagulant Dosage
0
50
100
(mgAl+3/L)
SMR (rpm)
15
30
45
RMR (rpm)
60
90
120
Co a
Co
Co/2
Co/4
Cp (mg/L)
1
2
3
a
Dilutions of the initial concentration, i.e. Co, Co/2,
were performed by ultra pure water.

The initial pH of the wastewater was adjusted to the
desired value using 1 N NaOH (Merck) or 1 N H2SO4
(Merck). Al3+ stock solution used as coagulant was prepared weekly (Carlo Erbaa). All optimization experiments
(such as pH, coagulant dosage, etc.) of textile wastewater
were carried out with a jar test apparatus (Velp VC6S).
Turbidity was measured by a turbidimeter (WTW TURB
430 IR) with a range of 0–1000 NTU (Nefolometric turbidity unit). The wavelength at maximum absorbance of
textile wastewater was determined as 600 nm by a HachLange spectrophotometer (DR 2500) between 300 and 800
nm. The pH was measured with a multi parameter (HachLange HQ40D).

4
8

5
9

200

400

60
90
150
200
Co/8
Co/10
4
5
Co/4, Co/8, Co/10

The procedure of the Taguchi method proceeds in following steps to optimize a process with multiple performance characteristics [27, 28]:
a. Selection of process parameters which have effect of
process performance
b. Determination of the parametric levels of variables
and potential interactions among themselves.
c. OA selection and determination of appropriate levels
of parameters according to the OA.
d. Conducting the experiments in accordance with the
OA.

2.1 Experimental procedure

e. Computing of the performance characteristics

Chemical coagulation tests were performed using a
jar-test apparatus with aluminum sulphate octodecahydrate
(Al2(SO4)3 18H2O or Al3+) from Carlo Erbaa as the chemical coagulant. Also, in order to investigate the effect on
chemical coagulation efficiency, commercial anionic poly-

f. Analysis of the experimental results by using the performance characteristics and ANOVA,
g. Selection of the optimal levels of process parameters
h. Verification of the experimental results.
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TABLE 3 - Experimental plan of L25 (56) and removal percentages
Variables and their levels

Exp.
No

pHi

Dosage

SMR

RMR

Co

Cp

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

1
1
1
1
1
2
2
2
2
2
3
3
3
3
3
4
4
4
4
4
5
5
5
5
5

1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

1
2
3
4
5
2
3
4
5
1
3
4
5
1
2
4
5
1
2
3
5
1
2
3
4

1
2
3
4
5
3
4
5
1
2
5
1
2
3
4
2
3
4
5
1
4
5
1
2
3

1
2
3
4
5
4
5
1
2
3
2
3
4
5
1
5
1
2
3
4
3
4
5
1
2

1
2
3
4
5
5
1
2
3
4
4
5
1
2
3
3
4
5
1
2
2
3
4
5
1

I
26.94
80.26
89.25
93.26
92.41
19.79
93.65
88.76
96.79
96.50
17.01
96.88
96.02
94.77
96.26
14.60
49.15
96.28
98.31
97.33
34.46
96.57
91.14
96.15
97.43

The L25 (56) OA experimental matrix was selected the
most suitable method for this study [28]. The experimental parameters, their levels and the results of performed experiments are shown in Table 3.
All experiments in the matrix were duplicated at different times in order to avoid experimental errors and observe the effects of parameters on the chemical coagulation
process. The removal rates (performance characteristics)
are the optimization criteria in this study. There are three
types of performance characteristics and these are as follows;
- The larger the better
- The smaller the better
- The nominal the better.
The larger the better category was used to evaluate the
system performance based on color and turbidity removal
efficiencies. The experimental results were evaluated by
using Equation (1 and 2) [28].

Yi = m + Xi + ei

Smaller is better

⎛ 1 n
⎞
SNS = −10 Log10 ⎜ ∑ Yi 2 ⎟
⎝ n i =1 ⎠

(2)

Here SNL and SNS symbolize the performance characteristics, n is the number of the duplications made for
each experiment serial and Yi is the performance value of

(3)

Here Xi is the fixed effect of the parameter level
combination used in the ith experiment, m is the general
mean of performance value, and ei is the random error in
the ith experiment.
If experimental results are given in percentage (%),
an omega (Ω) transformation should be made to the results before applying Equation (3). Then, the predicted Ω
values at optimum conditions can be determined by using
Equation (4). After calculations are made, a reverse transformation is performed by using Equation (4). [29].

⎛ 1 ⎞
Ω(db ) = −10 Log ⎜ − 1⎟
⎝ P ⎠

n

(1)

Aver.
27.83
82.04
89.22
92.55
92.53
19.83
95.24
89.94
95.77
96.66
18.75
96.45
96.02
95.48
96.03
17.91
48.21
96.22
98.20
97.70
29.81
95.70
93.75
96.70
98.33

Turbidity removal
(%)
I
II
Aver.
25.00
30.58
27.79
79.92
85.23
82.58
90.11
91.35
90.73
95.61
93.59
94.60
97.00
97.79
97.39
28.78
28.57
28.68
97.24
97.41
97.33
88.42
92.04
90.23
97.35
95.60
96.48
96.76
97.44
97.10
26.99
34.95
30.97
96.61
96.61
96.61
98.40
97.77
98.08
96.80
97.60
97.20
95.62
96.07
95.85
19.48
36.32
27.90
52.28
53.47
52.88
92.16
93.13
92.65
97.24
97.84
97.54
96.48
98.35
97.41
43.93
39.72
41.82
95.35
98.71
97.03
93.62
97.35
95.49
90.12
93.49
91.81
96.92
96.89
96.91

the ith experiment. The conditions belonging to the confirmation experiment have not been made during the
whole period of the experimental stage in the Taguchi
method. In some instances, the performance value corresponding to the confirmation experiment conditions can be
predicted by utilizing the balanced characteristic of OA.
Therefore, the following extra model may be used;

Larger is better

⎛ 1
1 ⎞
SNL = −10 Log10 ⎜⎜ ∑ 2 ⎟⎟
⎝ n i =1 Yi ⎠

Dye removal
(%)
II
28.72
83.82
89.20
91.85
92.64
19.87
96.83
91.13
94.75
96.82
20.49
96.02
96.03
96.18
95.80
21.21
47.27
96.15
98.08
98.06
25.16
94.84
96.36
97.25
99.23

(4)

Here, P is the percentage of the color or turbidity removal and Ω (db) is the decibel value of percentage value
for omega transformation. Since Equation (3) is a point
estimation which is calculated by using experimental data
in order to determine whether the extra model is adequate
or not, the confidence intervals for the prediction error
must be evaluated [28]. The prediction error is calculated
by subtracting the observed Yi from the predicted Yi. The
confidence intervals for the prediction error are:
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(5)

sum of squares due to error
(6)
deg rees of freedom for error

1 1 ⎡ 1 1 ⎤ ⎡ 1 1 ⎤ ⎡ 1 1 ⎤
= + ⎢
− ⎥ + ⎢
− ⎥ + ⎢
− ⎥... (7)
n0 n ⎣ n Ai n ⎦ ⎣ n Bi n ⎦ ⎣ nCi n ⎦
Here, Se is the standard deviation confidence interval,
n is the number of rows in the matrix experiment, nr is the
repetition number of confirmation experiments and nAi,
nBi, nCi,… are the replication numbers for the parameter
levels Ai, Bi, Ci,… If the prediction value exceeds the
confidence interval, there is a possibility that the extra
model does not give accurate results. Otherwise, if the
result is within the confidence interval, then the model is
reliable. A confirmation test is used to determine whether
there are interactions among the control parameters or not. If
the predicted response under the optimum conditions does
not match the observed response, it means that the interactions are important. If the predicted response matches the
observed response, it then means that the interactions are
probably not important and that the extra model is a good
approximation [30].
3. RESULTS AND DISCUSSION
The experimental data obtained according to the
Taguchi experimental design were analyzed by using
Minitab 13.20 software package to determine the effects of
each parameter on color and turbidity removals. The
results of S/N ratios are shown in Figures 1 and 2. The
S/N ratios separately depict the effect of each level of
each factor on response. For instance, it could be seen in
Figures 1 and 2 that the dosage has an important effect on

color and turbidity removal by chemical coagulation process.
3.1 Determination of optimum parametric levels for color
removal

Figure 1 shows the effect of tested parameters on color
removal. It can be seen clearly that the most effective parameter on color removal performance is the coagulant
concentration (the highest S/N ratio). The best fitted levels for tested parameters were 5th levels of pH and dosage,
1st levels of SMR and RMR, 3rd level of Co and 1st level of
Cp. The values of these levels are 9, 400 mg/L, 15 rpm,
60 rpm, Co/4 and 1 mg/L for pH, dosage, SMR, RMR, Co
and Cp, respectively.
Hydrolysis of aluminum can lead to the formation of
an aluminum hydroxide Al(OH)3 precipitate which has a
large surface area. So it traps colloids in suspension and
makes liquid–solid separation easier during the settling
phase. This is the mechanism of flocculation by sweeping.
At the flocculation optimum, conditions always correspond
to the area of hydroxide precipitation. It appears that at pH
8.4, the flocculation mechanism by sweeping dominates
[31]. When the optimum pH values in the study are considered, the obtained results are in agreement with the
literature.
If SMR and RMR are evaluated according to Figure 1,
it can be seen that best color removal efficiencies were
obtained at minimum parametric levels for both SMR and
RMR. The results can be explained by this way; floc size
was inversely proportional to the hydraulic gradient. Generally, the floc size decreases with the average hydraulic
gradient (G). Increased floc size is a result of the increased
floc strength. This is because floc size is a balance between
growth and breakage [32].
The highest color removal efficiency was obtained at
3rd parametric level (Co/4) in terms of initial wastewater
concentration. It is clear from the Figure 1 that high initial
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FIGURE 1 - The effects of experimental parameters on the S/N ratio for color removal.

FIGURE 2 - The effects of experimental parameters on the S/N ratio for turbidity removal.

dye concentrations decreases color removal efficiencies.
On the other hand, the dilution of dye concentration more
than Co/4 does not significantly affect the color removal
performance. This is because of the fact that water-soluble
structure of dye is contained in the wastewater depending
on the typical properties, and occurrence non-removal
consistent color after a certain removal rate. For example,
disperse dyes are low soluble dyes and can easily be adsorbed and flocculated by coagulants; on the other hand,
high soluble dyes such as reactive dyes cannot be removed well by the coagulation. Solubility differences are
attributed to different chemical structures [33].
Coagulant aids can help to reach better removal results
in coagulation flocculation process. In water and
wastewater treatment study, polyelectrolites are used for
faster floc formation and to produce denser and stronger
flocs [34]. In the study, 1 mg/L polyelectrolyte concentration (1st parametric level) was sufficient for effective color
removal, and polyelectrolyte concentrations higher than
1 mg/L caused the decrease in color removal performance.
3.2 Determination of optimum parametric levels for turbidity
removal

Another performance criterion is turbidity in the study.
As seen from Figure 2, similar to color removal, the most
effective parameter on turbidity removal is dosage. In the
literature [35], it is stated that according to chemical coagulation experiment results for alum, ferric chloride, and
ferric sulfate between pH 6–9.5, the efficiency of turbidity
removal increased with increasing pH. Considering the
results, it can be concluded that at pH 9 (5th parametric level)
best turbidity removal is provided in this study. Unlikely, the
results for the color removal, the optimum parametric
levels of turbidity removal were determined as 3rd and 4th
in terms of SMR and RMR, respectively. Also, the best

polyelectrolyte concentration to remove turbidity removal
was determined as 2nd parametric level (2 mg/L).
To the formation of an aluminum hydroxide Al(OH)3
precipitate, pH values must be higher than 4 [36]. According to Figure 3, experiments corresponding to this level of
pH e are numbers 22, 23, 24 and 25. Accordingly, the
removal efficiency values obtained from those experiments reached higher than 90% for both color and turbidity removals.
Figure 4 shows the relation between dosage, effluent
pH (pHe) and removal efficiency. When coagulants such
as Al3+ or Fe3+ (except sodium aluminates) added to water,
the pH value of the water decreases. That is, those coagulants
are in acidic characteristics. Chemical reaction is as follows;
Al3+ + 3H2O

Al (OH)3 + 3H+

(8)

pH>4
3.3 ANOVA and determination of contribution ratios (Cr)

ANOVA is a statistical method used to interpret experimental data and make necessary decisions [37]. In order to
test the predicted results, confirmation experiments were
carried out once at the same working conditions. Thus, some
confirmation runs also including the optimum working conditions were made. By using Equation (4), the Ω transformation was applied to the estimated results (predicted) to
be able to express the results as percentages.
The effect of each parameter on color and turbidity
removal is illustrated in Figure 4. Contribution ratios
show the effect of each parameter on total process performance. High percentage of contribution ratio means
that the factor has high effect on system performance.
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lows; Cp>RMR>pH>Co>SMR for color removal and
Co>pH>RMR>Cp>SMR for turbidity removal. According
to the confirmation experiments that were performed,
obtained results at optimum and some alternative conditions are as in Table 4.

pHe

removal efficiency (%)

As seen clearly on Figure 4, coagulant dosage has approximately 90% contribution ratio for both color and turbidity removals. This means that the coagulant dosages manage almost all of the chemical coagulation process
within investigated range.
If the other factors are given in descending order in
terms of contribution ratios, the sorting will be as fol-

pHe
turbidity
Experiment No.

color

FIGURE 3 - The relation between dosage, effluent pH (pHe) and removal efficiency.

Contribution Ratio (%)

Contribution Ratio (%)

(a)

(b)

FIGURE 4 - The contribution ratios of each parameter to color (a) and turbidity (b) removal.

TABLE 4 - Optimum and some alternative experimental conditions predicted and observed removal efficiency values
Perfor.
Criteria
Color1a
Color2
Color3

pHi
Level
5
2
2

Value
9
5
5

Dosage
(mg Al3+/L)
Level Value
5
400
3
100
3
100

SMR
(rpm)
Level Value
1
15
4
60
4
60

RMR
(rpm)
Level Value
1
60
4
150
4
150
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Co
Cp
(mg/L)
(mg/L)
Level Value Level Value
3
Co/4
1
1
2
Co/2
4
4
5
Co/10
5
5

Obs.
(%)

Pred. Conf. Limit
(%)
(%)

98.68
96.10
91.45

99.61 95.21-100
91.94 87.54-96.34
95.51 91.11-99.91
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Turb1a
5
9
5
400
3
45
4
150
3
Co/4
2
2
96.79
Turb2
5
9
3
100
4
60
5
200
5
Co/10
4
4
96.10
Turb3
2
5
5
400
4
60
4
150
5
Co/10
5
5
94.11
a
The Color1 and Turb1 are compulsory experiments, and, the others are alternative experiments
TABLE 5 - COD removal performances at optimum color and turbidity removal levels.

98.30
95.99
98.25

91.73-100
89.42-100
91.68-100

Dosage
SMR
(mg Al3+/L)
(rpm)
Level Value Level Value Level Value
1
5
9
5
400
1
15
2
5
9
5
400
3
45
1
Optimum parametric conditions for color removal
2
Optimum parametric conditions for COD removal

Final
COD
(mg/l)
370.13
327.12

COD
removal
(%)
38.15
44.62

Exp. No

pHi

RMR
(rpm)
Level Value
1
60
4
150

Consequently, the obtained experimental data as a result of the confirmation experiments are within the calculated confidence intervals. It can be said that the experimental results are within a ‘‘5% error”. These results show
that the interactive effects of the parameters are, indeed,
negligible and also prove that the Taguchi method can be
applied successfully for the determination of optimum
color and turbidity removal with chemical coagulation
process, with only a very limited number of experiments
and shorter time needed to obtain the optimum values of
the influential parameters. However, this paper is based on
optimization of color and turbidity removal, it was also,
several COD measurements were made for treated
wastewater samples at optimum color and turbidity removal conditions and the obtained results can be seen in
Table 5.
Dissolved COD and total COD concentrations of the
wastewater which is the subject of the study, are close to
each other (Table 1). Therefore, the achievable COD removal percentages by physicochemical methods are not
high as color and turbidity removals. Similarly, Gohary et
al. [38] investigated decolorization and COD reduction of
disperse and reactive dyes wastewater using chemicalcoagulation followed by sequential batch reactor. Their
results showed that coagulation process using coagulant
aid, COD and color removals were obtained 44 and 94%
respectively.

Co
Cp
(mg/L)
(mg/L)
Level Value Level Value
3
Co/4
1
1
3
Co/4
2
2

Initial
COD
(mg/l)
598.44
590.68

mum results for the process were found to be pH = 9, dosage = 400 mg/L, SMR = 15 rpm, RMR = 60 rpm, Co=
Co/4 and Cp=1 mg/L for color removal and pH = 9, dosage = 400 mg/L, SMR = 45 rpm, RMR = 150 rpm, Co=
Co/4 and Cp=2 mg/L for turbidity removal.
The results showed that the most significant parameter is coagulant dosage in the total process efficiency and
there is not necessarily to perform all experiments (56=
15.625) to achieve the best working conditions for both
color and turbidity removal. The Taguchi experimental
design seems to be a suitable solution for similar
wastewater treatment studies in terms of time and cost.
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EFFECT OF SUPERCRITICAL WATER OXIDATION ONTHE
PCDD/FS AND HEAVY METALS IN INCINERATION FLY ASH
Daoan Zou, Yong Chi*, Jun Dong, Fei Wang and Mingjiang Ni
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ABSTRACT
Municipal solid waste incineration fly ash is a typical
hazardous waste, contaminated both by dioxins and heavy
metals. Supercritical water oxidation (SCWO) has proved
to be a promising treatment technique for many toxic
waste streams, including fly ash. The destruction of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs)
and the stabilisation of heavy metals are investigated in the
present work. The concentration of the 17 toxic PCDD/Fs
in fly ash decreases from 30.2 to 3.2ng/g; its degradation
yield attains 90 %, at 500 °C with an oxidant to water ratio
of 2:3; the corresponding destruction efficiency reaches
only 83 %, however, when based on toxic equivalency units.
Dechlorination of PCDD/Fs is promoted by rising reaction
temperature and amount of oxidant (hydrogen peroxide).
Analysis of the seventeen toxic congeners indicates that
the degradation efficiency of PCDDs is higher than that of
PCDFs. In addition, the leaching of Cr, Mn, Zn and Pb
from fly ash decreases dramatically after SCWO treatment:
allleachate concentrations determined according to the
toxicity characteristic leaching procedure meet the regulatory limits required for landfill. A sequential extraction
procedure is used to evaluate the speciation of heavy metals
in raw and treated ash; the heavy metals in exchangeable
and organic matter fractions are converted into more stable
forms, e.g., oxides and residual fractions. X-ray diffraction
analysis reveals that crystalline CaSiO3 is newly formed in
the treated ash, confirming the stabilisation of heavy metals
by means of complex processes specific to each metal.
KEYWORDS: Supercritical water oxidation (SCWO); incinerator
fly ash; dioxins; heavy metals; stabilisation.

1. INTRODUCTION
Incineration is one of the mainstream technologies for
treating municipal solid waste (MSW), and achieves a large
reduction in volume, recycling of the energy content and
destruction of the most harmful substances of MSW [1].
Incineration fly ash (IFA),a by-product of MSW incin* Corresponding author

eration, is a secondary pollutant: it is indeed contaminated
with toxic components including persistent organic pollutants (POPs)and heavy metals. These will cause significant harm to the environment and to human health unless
treated appropriately [2].
Currently, there are several methods developed and
used for the treatment of fly ash, mainly focusing on the
thermal degradation of PCDD/Fs or the stabilisation of
heavy metals [3].Until now, it is difficult to find a treatment
method, which realises simultaneous degradation of hazardous organic pollutants, such as PCDD/Fs, and stabilisation of heavy metals in fly ash. Among the above technologies, hydrothermal treatment at high temperature and pressure has been considered to be a promising process.
Water above its critical point is a unique hydrothermal medium for treating toxic organic pollutants, because
it is miscible with organic compounds and oxygen [4, 5].
Even highly stable POPs such as PCDD/Fs can be destroyed
rapidly and efficiently in the presence of oxidiser, due to the
formation of a homogeneous phase and the occurrence of
complex free radical reactions [6]. SCWO is an environmentally friendly treatment process, considering the following three criteria: (i) no organic solvents or additives
are needed during oxidation; (ii) ash precipitated in SCWO
is often no longer soluble and toxic; (iii) it is conducted in a
closed system[7]. It is observed in some research that the
heavy metals in fly ash could be stabilised during hydrothermal processing [8, 9].
The objective of this research is to investigate the detoxification of fly ash based on the destruction of PCDD/Fs,
along with the stabilisation of heavy metals by SCWO. This
study focuses on the influence of two key parameters, i.e.
temperature and amount of oxidant (hydrogen peroxide).
Degradation efficiency and distribution of the toxic isomers of PCDD/Fs as well as the speciation of heavy metals in IFA is investigated during the process.
2. MATERIALS AND METHODS
2.1. Materials

The fly ash tested was sampled from a large scale
MSW circulating fluidized bed (CFB) incineration plant in
Hangzhou, Zhejiang province; it was sampled from the

478

© by PSP Volume 23 – No 2. 2014

Fresenius Environmental Bulletin

fabric filter located after a spray scrubber and activated
carbon injection. The ash sample was a porous powder,
and irregular in shape. It was dried in an oven at 105°Cfor
24h before each experiment. The 2,3,7,8-PCDD/Fs concentration of raw sample was 30.2ng/g and its TEQ value
was 1.53ng/g. The elemental composition, including heavy
metals, is listed in Table 1. Hydrogen peroxide solution, with
a concentration of 30wt. % in water, was used as oxidant; it
was obtained from Shanghai Ziyi Reagent.

sure 550°C and 35MPa; a thermocouple and a pressure
sensor were connected to a PID controller.

2.2. SCWO experiments

For each experiment, 6 g of raw IFA was loaded. Experiments were performed at temperatures of 400-500°C
and a pressure around 23-29MPa, with or without hydrogen peroxide. The experiments with variable amount of
oxidant are subdivided into three groups:(i) water with no
H2O2, (ii) water to H2O2 solution ratio 3:1 and (iii) water
to H2O2 solution ratio 3:2. The experimental conditions
are presented in Table 2.

The SCWO batch reactor system is shown in Figure 1:
it features a 500 mL autoclave made of hastelloy C276 (Parr
Instruments, USA), with maximum temperature and pres-

The pressure in the reactor was determined by liquid
volume and temperature. Some 6 g IFA sample was slurried with water and thus loaded into the reactor, and then

TABLE 1 - Elemental component of the MSW fly ash treated (fluidized bed incineration).
Elements
C
Wt.%
8.76
Heavy metals
mg/kg

O
37.4
Cr
143

Na
4.32
Mn
204

Mg
3.28
Cu
192

Al
4.15
As
9.4

Si
7.56
Cd
18.4

S
2.18
Pb
122

Cl
7.62

K
1.61

Ca
20.4

Ti
0.23

Fe
1.96

Zn
0.44

TABLE 2 - Experimental SCWO conditions used for fly ash treatment.
Experiment No.
1
2
3
4
5
6
7
8
9

Temperature, °C
400
450
500
400
450
500
400
450
500

Pressure, MPa
23.4
24.8
27.7
24.4
27.2
28.1
24.3
23.7
28.6

H2O2,mL
24
20
20
40
34
30
0
0
0

Water, mL
72
60
60
60
51
45
96
80
75

FIGURE 1 - Experiment setup of the SCWO batch reactor system.
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H/W ratio
1:3
1:3
1:3
2:3
2:3
2:3
0
0
0
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the autoclave was sealed and nitrogen was used to purge
the reactor for 5 min. After that, hydrogen peroxide was
charged quantitatively into the reactor. The reactor was
heated to setpoint temperature at a heating rate of 10°C/min
through a ceramic electric heating unit; then it was held
for 30 min. at the final temperature. When the reaction
time was completed, the effluent was discharged. Cooling
water flows into the coil through a solenoid valve, to cool
down the reactor. The treated fly ash after SCWO was
recovered from the reactor, separated from water, and
dried at 105°C for 24h before further analysis.
2.3 Analytical methods
2.3.1 PCDD/Fs analysis

The analytical procedure of PCDD/Fs in fly ash followed US EPA method 1613 [10]. The detailed pretreatment process was according to Chen et al. [2]. The 136
tetra-CDD/Fs to octa-CDD/Fs congeners of PCDD/Fs were
determined, yet only the toxic seventeen types of congeners
were chosen to discuss in this study. The degradation
efficiency of PCDD/Fs was defined as the ratio of the
reduced PCDD/Fs concentration after treatment to the
original PCDD/Fs concentration in fly ash.
2.3.2 Leaching test of heavy metals

The leaching test for the determination of leachable
metals from raw fly ash and the solid residue is based on
TCLP analysis (Toxicity Characteristic Leaching Procedure, EPA method 1311). Diluted acetic acid solution (pH
2.64) and ash were placed in a 50 mL PE bottle, with a
liquid-to-solid ratio of 20:1 mL/g. The TCLP experiments
were performed on a flip-oscillator, rotating with a con-

stant rate of 30 rpm for 18h. The extraction solution was
filtered through a 0.45µm membrane filter before analysis
based on Inductively Coupled Plasma Mass Spectrometry
(ICP-MS).
2.3.3 Sequential extraction procedure

The sequential extraction procedure was performed to
obtain information on the speciation of heavy metals in
IFA, and based on the method suggested by Ure et al. [11].
Heavy metals were classified into four fractions: exchangeable and carbonates, Fe-Mn oxides, organic matter and
residual fraction. For each extraction step, the solid/
liquid separation was achieved in a centrifuge operating at 3000 rpm for 20 min, and the supernatant liquid
was filtered through a 0.45µm membrane. Finally, the
heavy metal concentrations were analysed in each fraction
in the liquid fraction by ICP-MS.
3. RESULTS AND DISCUSSIONS
3.1 Degradation of PCDD/Fs in SCWO

Both the mass and TEQ concentrations (cumulative concentration of the toxic tetra- to octa-chlorinated PCDD/Fs)
in raw ash and their corresponding fingerprints are
shown in Fig. 2. The PCDD/Fs concentration in raw fly
ash is 30.2 ng/g and its TEQ reaches1.53ng/g. Among all
toxic isomers, 2,3,4,7,8-pentachlorodibenzofuran (2,3,4,7,8P5CDF) is the predominant contributor to the toxic equivalent: with a concentration of 695ng-TEQ/kg it accounts
for 46 % of the total TEQ concentration. Hepta-chlorinated
dibenzofuran (H6CDF) is also a major contributor to this

FIGURE 2 - (a) Mass and TEQ concentrations of PCDD/Fs in raw ash; (b) Fingerprints of PCDD/Fsin raw ash
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radation efficiency of OCDD, ca. 86 %, is much higher
than that of tetra-chlorinated dibenzo-p-dioxin, 35 %, for
a ratio H/W 0. The same tendency is found for PCDFs at
all H/W ratios. This indicates that de-chlorination may be
fundamental during the degradation of PCDD/Fs in SCWO.
Dechlorination becomes more efficient with rising amount of
oxidant (no hydrogen peroxide; H/W 1:3 and 2:3). The gap
of degradation efficiency between H/W 1:3 and 2:3 becomes
smaller compared with that between H/W 0 and 1:3.

FIGURE 3 - Effect of oxidant and temperature on the PCDD/Fs
concentration.

TEQ value. Also, the 2,3,7,8-concentration of PCDFs is
much higher than that of PCDDs, with a PCDFs/PCDDs
ratio of 5.5:1. Our result supports that PCDFs are generated more than PCDDs during the incineration of MSW in a
fluidized bed incinerator.
A comparison of the PCDD/Fs concentration and the
TEQ value in raw and treated fly ash under different conditions is presented in Fig. 3. At 400, 450 and 500 °C the
PCDD/Fs concentration decreases to 7.6, 4.9 and 3.8ng/g,
respectively. The corresponding TEQ values amount to 0.51,
0.34 and 0.25ng-TEQ/g. The corresponding degradation
efficiencies of total PCDD/Fs are about 74, 83 and 87 %,
based on mass concentrations at 400, 450 and 500 oC, respectively. Generally, the degradation efficiency of 2,3,7,8PCDD/Fs increases with higher reaction temperature and
hydrogen peroxide concentration.
The oxidant concentration in this work is considered as
the proportion of hydrogen peroxide in the reaction system;
thus the H2O2/water ratio is used to reflect the amount of
oxidant. The degradation efficiency of the PCDD/Fs concentration is greatly enhanced at H/W 1:3 and 2:3, compared with that under non-oxidative conditions. The
PCDD/Fs concentration decreases to 13.9, 6.4 and 3.8 ng/g
at H/W values of 0, 1:3 and 2:3, respectively, at a temperature of 500oC; and the corresponding degradation efficiency is 53, 78 and 87 %. Meanwhile, the TEQ value decreases to 0.95, 0.44 and 0.26ng-TEQ/g at an H/W ratio of 0,
1:3 and 2:3, respectively. The positive effect of hydrogen
peroxide on PCDD/Fs degradation is also obvious at
lower temperature, i.e.400 and 450oC.
The degradation efficiencies of the 17 toxic PCDD/F
isomers are shown in Fig. 4 at various temperatures and
amount of oxidant. Since the OCDF concentration in raw
fly ash is rather low (only 15.8pg/g) and no OCDF is detected any more after reaction in the treated ash, the degradation efficiency of OCDF is shown as 100 %. The degradation efficiencies of higher chlorinated PCDDs are much
higher than those of lower chlorinated ones: e.g. the deg-

FIGURE 4 - Effect on the PCDD/Fs homologue profiles: (a) for
different H2O2/water ratios; (b) at different temperatures.

The degradation of PCDD/Fs is also controlled by
temperature. This trend is especially obvious when temperature rises from 400 to 450oC: the degradation efficiency of 2,3,7,8-TCDD increases from 20 to 67 and to
85 % as temperature changes from 400 to 450 and 500oC.
Other congeners exhibit the same beneficial result at higher
reaction temperature. In addition, there is some difference
between the degradation efficiency of PCDDs and that of
PCDFs. For PCDDs, the higher chlorinated congeners exhibit higher degradation efficiency than lower chlorinated
isomers (Fig. 4b). The Degradation efficiency of pentachlorinated dibenzo-p-dioxin (1,2,3,,7,8-PCDD) is 57 %;
and the degradation efficiencies of hexa-chlorinated
(1,2,3,4,7,8-HCDD), hepta-chlorinated (1,2,3,4,6,7,8-
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HCDD) and OCDD increase to 75, 92 and 97 %, respectively, at a temperature of 450oC.However, the degradation efficiency of PCDFs congener is not evolving as regularly as that of PCDDs. Higher chlorinated PCDFs such as
hexa-CDF and hepta-CDF show lower degradation efficiency than lower chlorinated isomers like tetra-CDF and
penta-CDF. Also, the residual PCDFs concentration in
treated fly ash is higher than PCDDs concentration. A previous study reported that PCDDs were much more susceptible than PCDFs during chemical treatment from chemical
stability of PCDDs and PCDFs [12]. The roughly equal
degradation efficiency of PCDDs and PCDFs in this study
may be due to the fact that in the original fly ash the
PCDFs concentration is much higher than that of PCDDs.
3.2 Effect of SCWO treatment on leachate concentration and
heavy metal fractions

The elemental composition of the raw ash is presented
in Table 1. The major elements are O and Ca, accounting
for 37.4 and 20.4wt. %, respectively. The elements Na, Al,
Si, Cl and C are the next most abundant elements, with
concentrations in the range of 4.3-8.7wt. %. The high
concentration of Al (4.15wt. %) and Si (7.56wt. %) in the
original fly ash, mainly in the form of Al2O3 and SiO2, is
related to the MSW CFB incineration system. Trace heavy
metals such as As, Cu,Cr, Mn, Pb and Cd are detected after
digestion by ICP-MS. Among the heavy metals studied
later, Zn (0.44wt. %) is the most abundant and the other
concentrations are in the range of 9.4-204mg/kg. As for
non-metallic elements, Cl is largely represented (7.62wt. %).
This may result from the high concentration of soluble
salts such as NaCl and KCl.
Generally, TCLP is widely used for evaluating the
mobility, toxicity and environmental risk of heavy metals
in hazardous solid waste, also including MSW incineration fly ash. This method is based on determining the total
metal concentration in the extract of fly ash. Yet the
measurement of the concentration of extracted metals
does not reflect the metal toxicity and mobility directly,
and the TCLP analysis hardly provides any detailed information about the distribution of specific heavy metals.
Fortunately, a sequential extraction procedure (SEP) provides an assessment method of the metal fraction and the
mobility of heavy metals contaminated solid matter, like
fly ash. Thus, both TCLP and SEP procedures are applied
to examine the leachate concentration and speciation of
heavy metals in raw and treated fly ash.
TABLE 3 - TCLP results of fly ash before and after SCWO treatment
Leachability ( mg/l)

As

Cd

Landfill limit

0.3

0.15 0.25 5

Original fly ash

0.43 0.62 1.87 0.6

400oC, H/W=0

0.02 0.13 1.0

400oC, H/W=1:3

0.15 0.16 1.06 0.15 5.82 9.6

54.4

400 C, H/W=2:3

0.16 0.1

0.54 0.23 3.35 6.63

29.2

500oC, H/W=1:3

0.07 0.06 0.85 0.06 1.99 14.9

14.5

o

Pb

Cr

Mn

Cu

Zn

N/A 40

100

9.03 17.3

127.6

0.31 3.06 11.12

87.8

The leaching ability of As, Cd, Pb, Cr, Mn, Cu and
Zn from both original MWI fly ash and after SCW treatment with and without oxidant are determined with leaching tests, as presented in Table 3. The corresponding metal
stabilisation efficiency, as calculated based on the initial
and final leaching concentration, is shown in Fig. 5. Stabilisation efficiency is introduced here to evaluate the prevention effect of SCWO on mobility of metal components
transferring from solid ash toward environment. For the
raw ash sample, the leachate concentrations of As, Cd, Pb,
and Zn, with a value of 0.43, 0.62, 1.87 and 127.6 mg/l,
respectively, surpass the permitted limits for fly ash landfill issued by the Chinese government. After SCW/O treatment, the leachate concentration of all selected heavy metals
greatly decreased. The concentration of As, Cd, Pb, and Zn
remarkably declined to 0.07, 0.06, 0.85 and 14.5 mg/l,
respectively, at 500oCand with the presence of hydrogen
peroxide. It is proved that the leachate concentration of
treated ash is lower than the permitted limit. The corresponding stabilisation efficiencies are 84, 89, 53 and 90 %,
respectively.

FIGURE 5 - Stabilisation efficiency of heavy metals under various
SCWO operating conditions.

According to the data in Table 3 and Fig. 5, higher
reaction temperature and hydrogen peroxide concentration seem to contribute to lower leachate concentration of
all selected heavy metals. The leachate concentration of Zn
from treated ash decreases from 87.8 to 14.5 mg/l when the
temperature rises from 400 to 500oCatan H/W value of 1:3.
The stabilisation efficiencies of Cu and Zn exhibit an obvious growing tendency with rising amount of oxidant.
Additional stabilization yield of 27 and 44 % is obtained
for Cu and Zn, respectively, as the hydrogen peroxide load
is changed from H/W 0 to 2:3. Stabilisation effect of As
and Mn seems to be not so regular as that of Cu and Zn.
Yet, a positive effect of hydrogen peroxide on leachate concentration of Cd, Pb and Cr can still be found from Fig. 5.
Fig. 6 presents the fractional distribution of heavy
metals in raw and treated ash analyzed by the sequential
chemical extraction procedure. Among the four specific
fractions, heavy metals in exchangeable and carbonate
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FIGURE 6 - Distribution of heavy metals in fly ash before and after treatment(a) raw fly ash (b) fly ash treated at 450oC and H/W 2:3.

fraction possess relatively high mobility and leachate concentration, compared with those in the other three fractions.
Heavy metals bound to Fe-Mn oxide have a better stability. They may not be chemically reactive immediately, yet
their potential mobility and availability still can be easily
affected by a change of environmental conditions [13].
Metals bound to organic matter are relatively stable, and
their leaching behaviour can only be induced by a strong
oxidative environment. As for the most-stable residual
fraction, metals are combined now with silicate minerals
and their mobility is rather weak due to their long-term
stability in the natural environment [14].
The dominant fraction of Pb, Mn and Zn in raw fly
ash is exchangeable/carbonate, accounting for 40, 68, and
52 %, respectively; while a large proportion of As, Cr and
Cu is bound to residual fraction, and about 60 % of Cd is
associated with organic matter. The high concentration of
heavy metals in exchangeable and carbonate fraction indicates the great potential leachability. The residual fraction
is due to the combination of heavy metals and minerals in
the fly ash, such as glass phase, quartz, silicates and calcite, during the MSW incineration process.
After treatment, all selected heavy metals (except As)
are transformed from exchangeable and carbonate fraction
to more stable fractions. The residual fraction of Cd, Pb,
Cr, Mn, Cu and Zn increases by 76, 10, 5, 31, 4 and 28 %,
respectively, compared with that in the raw sample. Meanwhile, the exchangeable and carbonate fraction decreases to
a much lower percent, around 2 to 10 %. This indicates
that the heavy metals in fly ash have been stabilised under
SCWO condition.
The transformation and stabilisation process of heavy
metals can be illustrated as follows. Heavy metals inexchangeable and carbonate fraction first are dissolved into
the water phase in the subcritical region and then precipitate when temperature and pressure reach the critical point.

Besides, metals bound to organic matter are released due
to the dissolution of organic compounds into supercritical
water. With the presence of hydrogen peroxide, heavy metals
could be oxidized to oxides or oxide aggregates and then
co-precipitate with Fe-Mn oxides. It is well known that
Fe-Mn oxides are not stable in an acidic environment, but
they are thermo-chemically stable under oxidising conditions [15]. As a result, a large proportion of these heavy
metals are transformed after SCWO treatment into Fe-Mn
oxides and residue fraction.
More than 50 % of the Cd is bound to organic matter
in the raw ash, yet the residual fraction becomes predominant (nearly 98 %, and the exchangeable/carbonate accounts for 2 %) in the treated ash, and the other two fractions of Cd somewhat disappear. The speciation of Pb is
similar to that of Cr. For these two metals, exchangeable/carbonate fraction decreases to some extent, while the
other three fractions slightly increase. The main distribution
of Mn is residual fraction and bound to organic matter in
raw and treated fly ash, respectively. For Cu, the Fe-Mn
oxide fraction is about 17 and 35 % in ash before and
after treatment, respectively. The mobility of Cu is therefore affected by the Fe-Mn oxides, which are not stable
under reductive chemical reaction. Zn is extracted mainly
in the form of exchangeable and carbonate fraction in the
original fly ash, accounting for 52 %. However, this fraction is reduced to 11 % after treatment; and fraction of FeMn oxides and residual increases to 25 and 36 %, respectively.
Further XRD analysis is carried out to obtain detailed
information about the mineral composition of the fly ash
before and after treatment. For raw ash, SiO2 and CaCO3
is the main identified component. It is found that new crystal calcium silicate (CaSiO3) is formed in the ash obtained
at run 2, which confirms that stabilisation of heavy metals
probably undergo complicated process.
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4. CONCLUSIONS
The results of our study prove that the detoxification
of MSW incineration fly ash under SCWO conditions is
feasible, because both an efficient degradation of PCDD/Fs
and a stabilisation of heavy metals is simultaneously obtained during the process.
The degradation efficiency of PCDD/Fs highly depends on reaction temperature and amount of oxidant.
The TEQ value of fly ash decreased from the original1.53down to 0.25ng/g,at 500°C and an oxidant to water ratio (H/W) of 2:3. The degradation efficiency of the
PCDD/Fs concentration the PCDD/Fs concentration increased from 53, 78 and 87 %, respectively, when H/W
ratio varied from 0 to 1:3 and 2:3 at 500°C. It means that
oxidative conditions were much more efficient than those
without oxidant with respect to the destruction and dechlorination of PCDD/Fs. For PCDDs, higher chlorinated
congeners exhibited higher degradation efficiency than
lower chlorinated isomers. The residual PCDFs concentration in treated fly ash was higher than the PCDDs concentration.
At the same time, heavy metals in fly ash were stabilised and had lower leachability after treatment, making it
more environmentally friendly. The leachate concentration
of As, Cd, Pb and Zn remarkably decreased to 0.07, 0.06,
0.85 and 14.5 mg/l, respectively, at a temperature of 500°C
with the presence of hydrogen peroxide. It was proved
that the leaching toxicity of treated ash was lower than the
permitted limit for landfill. Most of the selected heavy
metals were greatly transformed from exchangeable and
carbonate fraction to more stable fractions. Residual and
Fe-Mn oxides were the major fractions of the heavy metals in treated fly ash. Besides, XRD pattern showed that
crystal calcium silicate was formed in treated fly ash.
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ABSTRACT
Water, as one of the crucial resources for the sustainability of vital activities of humans, is under a big pressure in the global context due to water scarcity, global
warming and intense anthropogenic effects. In consequence
of those changes on the environmental conditions, water
resource management becomes crucial for the sustainability of human life. In this context, the paper focused on the
Karasu River in Turkey, as one of the main tributaries of
Euphrates crossing many provinces of Turkey, Syria, and
Iraq. It has an international importance due to its geographical settings and is needed to be protected for the
health and life of people living in those regions. Using
this general information, the research on Karasu River has
been designated to investigate and define anthropogenic
factors effective on the pollution of the river in Erzurum
Plain. This paper concluded with the proposal focused on
alternative approaches for reducing levels of pollution.

KEYWORDS: Water pollution, water management, Karasu river,
the city of Erzurum, GIS

1. INTRODUCTION
Water is a vital element for all forms of life. It is a resource that has many attributes, such as aesthetics, recreation, transportation, hydroelectric power, agriculture, domestic, industry, manufacture, landscape irrigation, sanitation, drinking and commerce. Water supports all forms of
life and affects our health, lifestyle, and economic well
being [1].
At the beginning of the 20 th century, significant
changes, such as population rise, technological development, ease of transportation and urbanization, happened
in the world. Various technological, social, and economic
developments led many people to live in cities. Today, the
rising stress of urban population causes a change of water
quality [2].
Due to the population increase, land-misuse and climate change, water scarcity has become one of the most
* Corresponding author

important global issues. Accordingly, protection of water
resources, water-related and environmental regulations, and
drought prevention are on the agenda of most countries.
Therefore, issues related to water resource management
and numerous global events are arranged for sustainable
use of water resources.
Providing safe freshwater and sanitation have high
priority for societies. The withdrawal of freshwater from
rivers, lakes, and underground reservoirs for human consumption has grown tremendously since the end of the
century. Increasing population, urbanization and rapid
growth of economic activities is imposing intense demand on
limited freshwater. The growing imbalance between supply and demand has already led to shortages owing to
commercial purposes, which is likely to become more
critical in time [3].
Freshwater ecosystems have been affected by numerous types of human interventions that have a negative impact on water quality and ecological status of those ecosystems. Fortunately, in most Western countries discharging
sewage to freshwater systems has been reduced, but hydromorphological alterations, eutrophication-related turbidity and loss of biodiversity remain as major problems
in many parts of the world. Such impacts prevent the
achievement of good ecological state [4].
Today, an estimated 1.2 billion people lack access to
a clean drinking water, and 2.4 billion lack access to adequate sanitation. About one-third of the world's population already lives in countries with moderate to high water
stress (i.e., where water consumption is more than 10
percent of the renewable freshwater supply). According to
the United Nations, if present consumption patterns continue, two-thirds of the world’s population will live in
water-stressed conditions by the year 2025. Lack of clean
drinking water leads to nearly 250 million cases of waterrelated diseases, and between 5 and 10 million deaths
each year. Merely to meet the Millennium Development
Goals, the number of people served by water supply must
increase by 1.6 billion (32%), and those served by sanitation must increase by 2.2 billion (59%) [5].
Countries regarded as being rich in water resources
have 8-10,000 m3 water per capita/year. The available water per capita/year in Turkey is about 1/5 of the water-rich
countries. It should be noted that Turkey, contrary to the
prevailing belief, is not a water-rich country. Furthermore,
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Turkey is not the richest country of the region in terms of
water resources. The available water per capita in Turkey
is less than the world average. Besides, it is estimated by
experts that, in 2023, the amount of available water will
likely to be less than 1,000 m3/capita/year [6].
One of the world's most important debates in recent
years is the effect of global climate change on water resources. This threatens ecological stability, human and
environmental health. Climate change influences the capacity of water resources in many fields. Global warming
threatens to disrupt traditional rainfall and runoff patterns,
and could increase the frequency and severity of both
drought and floods. Changes in natural water availability
will affect water management, allocations, prices, and
reliability. Climate change may lead also to degradation
of water quality by changing water temperatures, flows,
runoff rates and timing, with significant potential impacts
on water users. By increasing temperatures in lakes and
streams, melting permafrost, and reducing water clarity,
climate change can also seriously threaten fish and other
aquatic organisms, as well as harm critical habitats like
wetlands [5].
There are numerous studies releated to pollution, prevention and conservation of water resources. Xiaoyu et al.
[7] investigated the effect of landscape changes on water
resources. They found that utilization of surface water
decreased and exploitation of groundwater increased remarkably. Dahal et al. [8] investigated the effects of crop
intensification on stream water quality in Midhill watersheds of Nepal. They found that agricultural intensification
polluted the water sources. Mengü and Akkuzu [9] studied
water harvesting techniques, which have a quite important
place in terms of soil and water conservation in arid and
semi-arid regions, and which make it possible to make use
of rainwater effectively, along with the water crisis that is
one of the most important global environmental problems
in the present century. Ayotamuno and Kogbara [10] have
pointed out that industrialization has negative effects on
environmental characters. They analyzed the effects of
industrialization on the environmental characteristics of a
typical rural setting after a decade of increased industrial
activities in the area of Onne Oil and Gas Free Zone,
Nigeria. It was observed that the concentration of the contaminants in groundwater bodies was higher during the dry
season than during the wet season. This was attributed to
groundwater recharge during the wet season which brings
about dilution of the contaminants. The research of Joo et
al. [11] estimated anthropogenic pollution of groundwater
in Han River Watershed, South Korea. At the end of the
study, they determined that the most important causes of
groundwater pollution are overused agrochemicals (particularly nitrogen fertilizers) and domestic sewage. Miserendino et al. [12] reported that urbanization resulted in
habitat degradation, sedimentation and nutrient enrichment, reflected by the macroinvertebrate assemblages,
which can be used effectively to monitor the effects of
urban communities on Patagonian mountainstreams. Ra-

leigh and Urdal [13] assessed the impact of climate change
on environment by using GIS data and developed a suitable
model. According to the results, climate change is expected
to bring about major change in freshwater availability, the
productive capacity of soils, and in patterns of human
settlements. Global warming strongly influences land
degradation, freshwater availability, and population density and change.
Gill et.al [14] pointed out that global warming altered
urban hydrological processes, such as an increase in the
rate and volume of surface runoff. This situation leads to
pollution of surface waters. To prevent negative effects of
climate change in urban areas, it is important to increase
green areas.
Atici and Ahiska [15] examined the pollutant factors
of Ankara Stream. According to the results of this research, pollution of Ankara Stream is generally of organic
origin. Ankara Stream is very important for Ankara; however, it cannot used for requirement. The stream has been
used for irrigation, which is dangerous to human health. It
is necessary to reduce or stop industrial and home discharging to Ankara Stream.
As many countries around the world, Turkey is facing
environmental pollution. This pollution due to humaninduced wastes affects air, water and soil. It also causes
health problems, puts humans and ecosystems at risk and
lowers the quality of life. The city of Erzurum is among
Turkish cities, where the pressure is increasing on the
natural resources, particularly on streams in parallel to the
economic development, population growth and migration
from rural areas to the city. Uncontrolled land-use changes
and management problems lead to water pollution in the
city of Erzurum.
Subject of the case study, Karasu River, passes through
the city of Erzurum and flows into the Euphrates River,
which is one of the most important rivers in Turkey. It
crosses some provinces (Erzincan, Tunceli, Elazığ, Malatya,
Adıyaman ve Gaziantep) in Turkey, Syria, Iraq and empties
into the sea through the Arabian Gulf. The total length is
2800 km, and a section of 1263 km length is within the
borders of Turkey. The aim of this study is to determine
the pollutant factors of Karasu River discussing topics
like human health, fresh water supply, agricultural, industrial, economic and social development, sustainable natural resources, and water-bodies management.
2. MATERIALS AND METHODS
The city of Erzurum is located in the northeastern part
of Turkey at an elevation of 1850 m (39.57 N, 41.10 E). It
has a surface area of 25.066 km², being the 4th largest city
and covering 3.2% of the country’s whole area. Erzurum
Plain’s bowl-shaped area covers 825 km2. It is surrounded by
different high mountain series. These mountains are Dumlu
Mountain (3169 m), Kargapazarı Mountain (3045 m), and
Palandöken Mountain (3176 m) in the north of the city.
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Karasu River passes in the middle of the plain surrounded
by these mountains (see Fig. 1). Erzurum, which is one of
the important cities of Turkey, is located in the center of
Çoruh, Aras and Euphrates river basins. All of these basins get their main water sources from Erzurum mountains. The main rivers are Karasu, Aras and Çoruh. Karasu
River is one of the most important tributaries of Euphrates, and starts in the north from Dumlu Mountain. After
covering 140 km within the borders of Erzurum Province,
it merges with Serçeme Stream and creates the Euphrates
River in the West of the plain [16]. Karasu riverbed was a
wetland area until 1960s, but was converted to the recent
river-bed by the General Directorate of State Hydraulic
Works in order to acquire agricultural fields (see Fig. 2).
Conversion work began in 1949 and was completed in

1964. 4360 hectares of wetlands in Erzurum plain have been
dried, and the total length of the channel is 43.21 km [17]
There are bridges on the old bed of the Karasu River (see
Fig. 3). Today, these historic bridges are out of use. In
recent years, this river has been polluted intensively by
anthropogenic impacts.
The method of the study was based on surveys for data gathering, analysis, synthesis and evaluation as used
before by [2, 18, 19]. Data about the natural, social and
cultural values of the research area are obtained from the
plans, maps, documents, public institutions, literatures
and observations. All of these data were evaluated in terms
of landscape architecture.

FIGURE 1 - Location of research area.

FIGURE 2 - Present-day converted Karasu River bed.
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FIGURE 3 - Historical bridge on the river bed.

3. SOURCES OF POLLUTION
3.1. Urbanization

One of the main factors that cause environmental pollution due to urbanization and population growth has a
pressure on natural resources. Especially the rivers situated near cities are affected by urbanization and sewage
systems. Karasu River is passing near the city of Erzurum. The population of the city of Erzurum is growing
due to urbanization and migration from rural areas. The
city's population growth has approximately doubled in the
last thirty years (see Table 1).
TABLE 1 - Population growth in the City of Erzurum [21].
Year
1980
1990
2000
2010

Population
190.241
242.391
361.350
367.250

Urbanization process and construction of new housing areas increased the amount of impervious surfaces,
such as residential and commercial rooftops, roadways,
sidewalks and parking lots. This has caused urban stormwater runoff that often contains a wide variety of other
pollutants, such as nutrients, pathogens, road salts, petroleum hydrocarbons and heavy metals transferred to the
rivers and streams, and resulting in heavy pollution of
Karasu River near the city.
3.2. Industrial Pollution

Erzurum, the largest city in Eastern Anatolia, has
been in a trend of developing for the last three decades.
Depending on this trend, environmental pollution is gradually becoming an important issue. Particularly, an increase
in industrial facilities and untreated wastewater are important phenomena of freshwater resources pollution.
TABLE 2 - Sectoral distribution of industrial facilities in the Province of Erzurum.

Depending on the rapid growth in recent years, landuse patterns have changed and new residential areas were
built. To meet the growing need for housing, Yenisehirresidential area was built in the south of Erzurum in 1980,
Yıldızkent was built in the west of Erzurum city center in
1985, and Dadaskent was founded in a distance of 7 km
from downtown in 1993. Additional residential areas were
established in Şükrüpaşa, the Station and Kayakyolu between 1995 to 2000 (see Fig. 4). In recent years, housing
needs were tried to be met through public housing areas
of Hilalkent and TOKI, in parallel to population growth.
Currently, existing settlements have been expanding with
construction of housing units, and urban population continues to increase. This situation leads to changes in landuse, energy and water consumption. As not enough precautions were taken, Karasu River was highly polluted,
especially caused by the city's environmental pollution and
urban wastewater. Untreated urban sewage water was
discharged to Karasu River (see Fig. 5). Total amount of
discharged wastewater is 26,281 m3 (1000 m3/year) [20].

Sectors
Food
Feed
Rubber-Plastics
Chemistry
Cement
Clay products
Orman Ürünleri
Non-Ferrous Metals
Machinery Manufacturing
Woven Clothing
Steel
Glass
Leather
Tourist Goods
Lime
Furniture
Others
Total

Numbers
29
6
12
7
1
6
7
8
2
5
1
2
1
1
3
6
97

There are 97 industrial plants in the province of Erzurum.
Among the industrial facilities, the food sector with 29
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plants takes the biggest part; the most important role plays
the rubber-plastic industry with 12 units, and the metal

sector with 8 units (see Table 2). These facilities were
established in the industrial site of Erzurum [22].

FIGURE 4 - New residential areas.

FIGURE 5 - Sewage canal about 5 km from the District of the Kombine that reaches to Karasu River.
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TABLE 3 - Large-scale industrial plants located near Karasu River [16].
Name and location of the industry
Cement Industry in Askale district
Sugar Factory in Ilıca district
Meat Combine in the centre of Erzurum
Doyasan Oil Industry in Ilıca district
Ergaz Likitgaz LPG filling Co.
Sadakat Trade co.
Erzurum. Metropolitan Municipality Hilal steel pipe factory
Bayramoğlu Feed and Flour Trademar. Co.

Activity field
Cement production
Sugar factory
Meat and by products
Margarine and sunflower oil
T LPG tubes
Furniture
Steel pipe
Fattening Food

Capacity
600.000 Ton/Year
40650 Ton/Year
5.217 Ton/Year
64000 Ton/Year
30.000 Ton/Year
78000 Pieces/Year
2900 Ton/Year
64.800 Ton/Year

FIGURE 6 - The most pollutant industrial facilities around Karasu River

TABLE 4 - The rate of motor vehicles in the City of Erzurum between 2002 and 2010 [24].

Tranport vehicles
Cars
Minibus
Bus
Van
Truck
Total

Years
2000
21650
377
632
1793
1805
26257

2005
28559
2835
846
8299
4908
45447

490

2009
36046
2953
1020
13714
5467
59200

2010
39419
2982
1047
16303
5622
65373
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The most significant factors causing pollution in
Karasu River are the plants established around the river,
and large-scale industrial facilities in the region (see Table 3 and Fig. 6) [23].
As given in Fig. 6, the large-scale industrial plants are
founded near Ilıca District. These plants discharge untreated wastewater to the Karasu River causing bacteriological contamination. According to Güclü et al. [22], the
amount of dissolved oxygen and organic substances were
reported as being over the allowable limits in Karasu River.
These factors maintain threatening the aquatic life of the
river.

highway transportation. D-052 highway passes along the
river in the plain of Erzurum. This highway connects the
city of Erzurum to other Turkish cities, and reaches to
Iran in the east of Turkey. Besides this highway, there are
two other main roads (D-100 and D-950). Passing vehicles on these main roads cause river pollution in the plain
of Erzurum (see Fig. 6). The average daily numbers of
vehicles passing on these roads are given in Table 5 [6].
TABLE 5 - Daily average number of motor vehicles on highways of
Erzurum.
Transport
vehicles

3.3. Pollution Caused by Transportation

The ability to move people and goods from one location to
another is very important for sustaining human life. In
order to maintain an operating economy, people must be
able to circulate transport goods between the various
places. Transportation of goods and people can be realized
on highways, railroads, marine and air-based systems.
These systems are necessary elements in sustaining the life
of contemporary societies. It is also a crucial part of economic growth and has a significant influence on the social
interaction of communities in most countries. Depending
on population growth, improvements in the economic
structure, urbanization and industrialization are accelerating
the use of transportation vehicles. These transportation
systems usually use fuels that have harmful effects on
surface water and groundwater. They cause contamination
of drinking water, damage of wildlife habitats, reduce in
fish stocks, loss of unique natural features, and loss of
aesthetic values.
The city of Erzurum is a developing city in the manners of social and economic growth. Due to developing
transport systems and, consequently, rising of the car ownership, the quantity of the motor vehicles has been nearly
doubled in the last decades (Table 4).
Motor vehicles are one of the major pollutant sources
emitting harmful chemicals to air, soil and aquatic ecosystems. This affects the human and environmental health.
The substances contain lead, carbon monoxide, nitrogen
monoxide, and photochemically reactive hydrocarbons.
Suspended particulate substances, including sulphuric
acid aerosol, are produced by the combustion of fuels.
These emission components are thought to be the main
cause of the excess mortality [25]. Some of the toxic
substances emitted into the atmosphere by motor vehicles,
were deposited on plants, soil, roofs and impervious surfaces including roads, highways, parking lots and pavements [26]. Runoff from roads and parking lots has a high
concentration of toxic metals, suspended solids, and hydrocarbons, which are mainly originating from automobiles. These accumulated harmful pollutants on impervious surfaces enter into river systems through different
ways, such as runoff or atmospheric deposition.
In addition to urban vehicle traffic, one of the main
causes of the Karasu River pollution in the study area is

Cars
Minibus
Bus
Van
Truck
Total

Highway 1
(D-052)
(Airport)
3297
311
112
837
677
5234

Highway 2
(D-100)
(Ilıca)
2376
352
127
711
222
3788

Highway 3
(D-950)
(Dumlu)
2186
305
60
622
56
3229

Besides motor vehicles, airports are known to be another one of the major sources of noise, water, and air
pollution. They pump carbon dioxide (CO2), volatile organic compounds (VOCs), and nitrogen oxides (NOX) into the
atmosphere, as well as dump toxic chemicals. In addition,
deicing/anti-icing fluids used during the winter months
end up as contaminants in local waterways [27].
In the last decade, by the increase in the number of
airline companies in Turkey and competition among airlines, more and more people find it convenient to travel
by air for business and leisure. Due to increased air traffic, environmental pollution is becoming more important
because they discharge harmful emissions to the environment and cause an annoying noise. The other important river contaminant source in Erzurum Plain is the
international airport. It is the biggest airport of Eastern
Anatolia region in Turkey. This airport also serves for the
nearby cities including Bayburt, Ağrı, Kars, Igdır and
Ardahan.
Erzurum International Airport is located in the south
of the city of Erzurum, and only 11 km away from the city
center. The airport was built on the D-052 State Highway,
and only 726 m away from the Karasu River. All the
wastewaters of the airport are dumped into the river
through many channels. As shown in Table 6, airport traffic
density and the number of passengers has increased in
recent years [28].
As seen in Table 6, the airplane take-offs and landings annually changed to 30% in the last two years. The
TABLE 6 - Annual increase of aircraft density and passengers in
Erzurum International Airport.

Aircraft take offs
and landings
Number of Passengers
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Years
2006

2007

2008

2009

2010

4476

5422

4842

5220

6828

470379 586948 527605 597449 765222
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local environmental pollution is increasing in parallel
with the number of aircrafts. As a result of this, the surrounding water resources are contaminated. According to
Georgii [29], airplanes and aviation are responsible for the
emissions of nitrogen oxide, hydrocarbons, sulfur dioxide,
naphthalene, benzene, formaldehyde, and dust particles.
The CO2 emissions of aircraft are much greater than those
from cars. All these chemicals are harmful for the environment and human health, and their effects may occur at
a distance of 30 miles from an airport.
3.4. Agricultural Pollution

Agricultural wastes are characterized by excessive
amounts of phosphorus and nitrogen, being part of ferti-

lizers and cattle breeding wastes, as well as by high concentrations of pesticides and herbicides [30]. Karasu
River passes through the center of the Erzurum Plain. Its
surface is generally covered with intensively cultured
agricultural areas. According to Kilic and Öztas [31], the
total area occupied by agricultural land is 283.478 ha.
Land-use capability classification in Erzurum Plain is
given in Table 7.
With respect to acquired data from Erzurum Provincial Directorate of Agriculture, in 2010, total fertilizers
and agricultural chemicals used annually in the official
border of the city are presented in Tables 8 and 9.

TABLE 7 - The distribution of agricultural land considering land-use capability classes in Erzurum Plain [31].
Land-use form
Dry agriculture
Irrigated agriculture
Grassland
Forest-shrub
Other
Total

Land-use capability classification
I
II
III
7793
18458
7443
6988
8789
5320
472
1410
5386
665
1506
198
15918
40163
18347

IV
12012
1158
23655
-

Total
45706
22255
40923
2369
111253

36825

VI
8368
413
32351
244
41376

VII
3774
123892
3183
130849

Total
Ha.
57848
22668
197166
3183
2613
283478

%
20.4
8.0
69.6
1.0
1.0
100

TABLE 8 - Amount of fertilizer consumption in Erzurum, 2010 [32].
Agricultural fertilizer

A. sulfate

A. nitrate

D.A. phosphate

Total Agricultural Fertilizer
235,050
7777.94
2.50,10
(Tonne)
A: ammonium, D.A: diammonium, T.S: triple super, C: compound

Urea

T.S. phosphate

C. fertilizer
15-15-15

C. fertilizer
20-20-20

3.113,80

179,70

1.055,10

826,02

TABLE 9 - Amount of agricultural chemical consumption in Erzurum, 2010 [32].
Agricultural Chemicals
Total Agricultural Chemicals (L)

Insecticides
4129.97

Fungicides
10025.3

Herbicides
1903.87

FIGURE 7 - Animal husbandry activities near Karasu River.
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Rodenticides
14.36

Acaricides
6762.00
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Agricultural fertilizers and chemicals are concentrated
in Erzurum Plain, infiltrated to the soil and groundwater by
rain, and ultimately flow into Karasu River.
In addition to fertilizer and agricultural chemicals, the
river also is polluted by cattle breeding wastes. 54 villages
are located in the vicinity of the River Karasu. Livestock
constitutes an important part of the main sources of livelihood of these villages. The villagers graze their livestock
in meadows and grassland areas, except during winter
months (see Fig. 7).
Pollution caused by animal droppings reach the water
in various ways. This situation causes biological pollution
in water. According to the Provincial Directorate of
Regional Agriculture in Erzurum, there are 116.883 large
and small cattle in the region [31].
These animal wastes spill to the freshwater bodies
directly or indirectly, and cause pollution due to high
nutrient concentrations, such as ammonia, phosphorus,
and organic carbon, and high densities of pathogenic microorganisms.
4. RESULTS AND DISCUSSION
Karasu River was polluted from various contaminant
factors, such as urbanization, industrilization, transportation and agricultural pollution. As mentioned before, in
the study area, one of the main significant pollutant factors of Karasu River pollution is urbanization. In parallel
with the rapid growth in the city of Erzurum’s economic,
social and cultural life accelerates the population growth
due to migrations from rural to urban area, to be able to
have a better living standard. More population growth
means more waste to be discharged to water bodies. In the
study area, consumed domestic sewages without purification are emptied to an open channel, which reaches the
river after 5 km. Thus, the environmental and human
health, and the biological life of Karasu River are threatened. Therefore, the sewage primarily should be purified,
the channel should be closed and delivered to the river.
Besides urbanization, the other important pollutant factor
of Karasu River is industrialization. Numerous large-scale
industrial plants, such as cement industry, sugar factory,
meat combine, oil industry and LPG filling factories are
established near the river. These plants discharge their
chemical wastes to the river without performing any purification process. Purification systems for these facilities
should be established urgently in order to prevent water
pollution and this must be controlled periodically by local
authorities. Because these large-scale industries’
wastewater commonly contains great amounts of organic
and inorganic materials, oil, suspended solids and chemical compounds [33-35].
In the last decade motor vehicle ownership rate in the
city of Erzurum increased by 40%. This means, the exhaust gases emitted into the air have been 10-fold increased. Particles in exhaust gases contain toxic organics

and heavy metals. These substances are deposited in various ways on hard surfaces (streets, parking lots, paved
areas, roofs etc.) and washed through runoff to streams
and urban drainage systems entering the main river aftermost. According to Sartor et al. [36], stormwater runoff is
a more serious source of pollution than municipal wastes.
A study carried out along the D-052 highway in Erzurum
referred that soils within 40-m distance from the motorway had at least 2 to 6 times higher amounts of lead than
the outer of this boundary. It was also reported that the
amount of contamination depends on the predominant
wind direction [37]. In order to reduce, improve or eliminate the water pollution of Karasu River, it is needed to
increase the amount of green areas in urban periphery,
because green areas filtrate and absorb gas and pollutant
particulates [38-40].
D-052 highway passed close to the river in the plain
of Erzurum. On this highway, there are 4083 pieces of
heavy duty trucks, busses and small tonnage motor vehicles in average, passing per year. Thus, transportation
creates a high proportion of the harmful emissions. This
traffic pattern produces relatively high CO2 emissions.
The exhaust gases dispersing with wind may negatively
affect the land surfaces, such as agricultural fields, grasslands, pasture areas, and water resources. Contaminants
accumulate on these surfaces over time with rainfall,
water runoff and pipe drainage, finally entering the river.
Forman et al. [41] reported that roads have an impact on
streams and other aquatic systems. According to the finding of Sartor et al. [36], the most accumulated pollutant
chemical elements on the roads due to motor vehicles are
zinc and lead. These contaminants have the potential of
being highly detrimental to biological systems. Another
factor causing pollution of Karasu River is Erzurum International Airport because it is located only 726 m away
from the Karasu River. The city is one of the places where
harsh climate characteristics are seen in Turkey due to its
elevation and inland location. Long (nearly eight months
from late September to early May) and extremely cold
(ever recorded minimum temperature is -37.2 ºC) winters
are dominant weather features in the area [42]. Due to
long-term winter periods, large amounts of deicing/antiicing fluids are used in the region during winters. All of
the chemical wastes and sewage from airport are discharged to the river. Therefore, the essential measures and
precautions should be taken to prevent pollution generated by airport.
As it is stated above, Karasu River passes in the middle of the Erzurum Plain in which 54 villages are located.
Agriculture and animal husbandry are the main source of
income for the people living in these villages. According
to the data in the study of Kilic and Öztas [31], the total
area used for agricultural activities is 283478 ha. while
the total area of arable land is only 62546 ha. Fertilizers
and pesticides are used in these areas due to the agricultural activities. These agricultural chemicals affect the
water resources directly or indirectly (as pollutant factors).
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FIGURE 8 - Wetlands in the study area.

In order to solve this problem, the farmers should be informed about the water pollution due to use of agricultural chemicals, and new approaches should be introduced to
them.
This study shows that contaminants on impervious
surfaces contain high concentrations of materials known
as the reason of water pollution. Heavy metal compounds
are accepted as highly detrimental to biological systems
depending on their specific chemical form. In conclusion,
Karasu River is important for both Erzurum and the region (Erzincan, Tunceli, Elazığ, Malatya, Diyarbakır,
Adıyaman and Gaziantep). In addition, Euphrates, of
which Karasu River is a main tributary, has an international significance while it passes through Syria and Iraq.
According to a study by the Wild Life Conservation Association, wetlands host various species of birds and other
animals (see Fig. 8). In the report of Bulut [43], it is revealed that 213 bird species have been identified in the
region. As it is stated above, water is crucial for sustaining life and keeping ecological balance. Therefore,
measures for the protection and conservation of water resources must be taken by local and national managers.
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