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SEASONAL CHANGES IN DISTRIBUTION AND
ABUNDANCE OF THE CLADOCERAN SPECIES
IN RELATION TO ENVIRONMENTAL FACTORS IN
GÖKOVA BAY (MUGLA, AEGEAN SEA, TURKEY)
Nurçin Gülşahin1,* and Ahmet Nuri Tarkan1
1

Department of Hydrobiology, Faculty of Fisheries, Muğla Sıtkı Koçman University, 48000 Kotekli, Mugla, Turkey

ABSTRACT

1. INTRODUCTION

Seasonal distribution and abundance of zooplankton
species belonging to Cladocera were investigated and some
physical and chemical characteristics of Gökova Bay were
determined between March 2007 and February 2008. During this period, zooplankton samples were collected monthly
by vertical hauls at 15 stations and by horizontal hauls
at 3 stations by WP2 standard plankton net. Annual average
temperature value was 21.03°C at surface and 20.98°C at
10 m depth. Also, surface water average salinity value was
determined as 35.90‰ and 38.56‰ at 10 m depth. From
March 2007 to February 2008, average dissolved oxygen
value was found as 7.37 mg/L at surface and 7.41 mg/L at
10 m. Average concentration of the chlorophyll-a was
measured as 0.165 mg/L during study period. 5 Cladoceran
species were determined; Penilia avirostris, Evadne spinifera, Pseudevadne tergestina, Pleopis polyphemoides and
Podon intermedius. P.avirostris was the most abundant
species, followed by E.spinifera. Abundance of P. avirostris reached maximum value (2315.94 ind./m3) in September. Abundance of E.spinifera showed maximum value
(1704.75 ind./m3) in August and minimum in November.
P.tergestina was showed maximum abundance value in
August. P. polyphemoides was found in a few numbers in
July, October and November whereas P. intermedius was
determined only in April. Cladocera species were showed
maximum abundance in autumn months and formed 7%
of total zooplankton. Temperature and dissolved oxygen
of the surface and 10 m depth seem to be the main factors
affecting distribution of the cladoceran species.

KEYWORDS: Cladocera, seasonal, Gökova Bay, Aegean Sea,
coastal, zooplankton.

* Corresponding author

Coastal waters are unique ecosystems and they are very
important in terms of living resources and oceanographic
processes [1]. Marine cladocerans are one of the dominant
groups in coastal ecosystems and play an important role
in zooplankton community when they become abundant
in favorable conditions from early spring to late autumn
[2-4]. Although there are more than 600 recorded cladoceran species [5], only eight of them are marine habitant
[6]. These belong to the three genera Penilia, Pleopis and
Pseudoevadne [6, 7]. Cladocerans are very important in
the food chain because they constitute mainly food for the
zooplankton, fish larvae and fishes [8]. Therefore, it is
crucial to have information about cladoceran abundance
and distribution [8].
As in the freshwater cladocerans, parthenogenetic reproduction makes marine cladocerans to reach high population densities. Generally in winter, they decline and
disappear from the plankton at high latitudes [9]. Marine
cladocerans were determined as the secondary abundant
group following the copepods throughout the year and
numerically compose of 90% of the total zooplankton
during summer [10, 11].
There are many studies about abundance and distribution of the marine cladocerans in various regions of the
world [12-14]. Various researchers have done many studies
about ecology, seasonal distribution and feeding of cladocerans in the Aegean Sea [13, 15], in the Ionian Sea [16], in
Lebanon coastal area [17] and in Hong Kong Bay [18]. The
spatial and seasonal distribution of the cladoceran species
was studied in İzmir Bay [19-21] as well as in a coastal
area of Marmara Sea [22]. There is seasonal study in the
Turkish coastal area of the South Aegean Sea. Hence, in
the present study, we examined seasonal changes in
abundance and distribution of Cladocera which is one of
the most important groups of the plankton in Gökova
Bay, and aimed to determine their bioecological features.
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2. MATERIALS AND METHODS
Two small streams, namely the Kadın Creek and
Akçapınar Creek, flow into the bay rising in the Akyaka
region [23]. Water flow of the Kadın Creek is high with
the rate of approximately 2-3 m3/s, however this value is
0.6 m3/s in the Akçapınar Creek [24].
Samplings were carried out monthly between March,
2007 and February, 2008 at 15 stations in the Gökova Bay
(Fig. 1). Depths of sampling stations varied from 14 m to
49 m.
Zooplankton was sampled every month vertically
from 20 m depth to the surface at all stations and horizontally between stations 5-6 (H1), 9-10 (H2) and 13-14 (H3)
which were in median line of the region for a period of
15 minutes, by a 200µm WP-2 net. Samples were stored

in 330 ml plastic jars and fixed in 5% formaldehyde solution. Three 5 ml subsamples were taken from homogenized each sample jar and their taxonomic identification
and counting were accomplished under Olympus SZX16
stereozoom microscope at the laboratory of Faculty of
Fisheries, Muğla Sıtkı Koçman University.
Water samples were taken from the surface and at 10 m
depth from each station with Nansen Bottle. Temperature
and salinity were measured by YSI Multiprobe System. DO
content was measured with Winkler Method. Color and
transparency were determined with Forell Scale and Secchi
disc. Chlorophyll-a samples were taken at the surface
water of the stations 3, 6, 10 and 13 which covers all
sampling lines, from April to February. In October, chl-a
was not sampled because of inproper weather conditions.

FIGURE 1 - Gökova Bay and sampling stations.

TABLE 1 - Coordinates and depths of the sampling stations.
Stations
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Latitude
N 37° 02' 43"
N 37° 02' 19"
N 37° 01' 53"
N 37° 02' 43"
N 37° 02' 19"
N 37° 01' 53"
N 37° 01' 26"
N 37° 02' 43"
N 37° 02' 19"
N 37° 01' 53"
N 37° 01' 26"
N 37° 02' 19"
N 37° 01' 53"
N 37° 01' 26"
N 37° 00' 55"

Longitude
E 28° 19' 16"
E 28° 19' 16"
E 28° 19' 16"
E 28° 17' 53"
E 28° 17' 53"
E 28° 17' 53"
E 28° 17' 53"
E 28° 16' 50"
E 28° 16' 50"
E 28° 16' 50"
E 28° 16' 50"
E 28° 15' 43"
E 28° 15' 43"
E 28° 15' 43"
E 28° 15' 43"

1854

Depth
14 m
16 m
17 m
26 m
36 m
34 m
22 m
26 m
41 m
42 m
38 m
49 m
49 m
48 m
45 m
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TABLE 2 - Monthly average values over stations of the temperature, salinity, dissolved oxygen and chlorophyll-a at surface water and 10 m
depth in Gökova Bay (SD=Standard deviation, X=Average value).

March
April
May
June
July
August
September
October
November
December
January
February
X
SD

Surface
Temp.(°C)

10 m Temp.(°C)

Surface
Sal.(‰)

10 m Sal.(‰)

Surface
D.O.(mg/L)

10 m D.O.(mg/L)

Chl-a
(mg/L)

15,77
17,61
23,05
23,83
28,93
27,09
24,58
22,16
18,79
17,57
17,04
15,99
21,03
4,498566

15,88
17,30
22,05
23,63
26,64
27,65
25,40
22,79
19,61
17,94
16,86
16,08
20,98
4,255043

37,50
35,55
37,96
34,69
36,08
34,58
35,23
36,05
35,45
36,72
35,38
35,70
35,90
1,036648

38,26
38,86
39,48
38,54
38,39
38,67
38,81
38,79
38,50
38,14
38,29
38,03
38,56
0,395068

6,15
8,05
7,26
6,73
6,4
7,10
6,85
7,97
8,26
8,03
8,31
7,37
0,782806

6,12
7,86
7,85
6,77
6,78
6,96
6,97
7,93
8,22
7,93
8,09
7,41
0,701571

0,08
0,02
0,18
0,06
0,23
0,14
0,54
0,07
0,14
0,19
0.165
0,14729

Statistical analysis of physical and chemical variables
such as temperature, salinity, dissolved oxygen content,
chlorophyll-a, colour and transparency of the water were
performed by using the Principal Component Analysis
(PCA). Correlation between cladoceran species and environmental variables was determined using the Canonical
Correspondance Analysis (CCA) [25]. Significance of the
results for first two axes of both tests was found with
Pearson Product Moment Correlation [26].
3. RESULTS
3.1. Enviromental conditions

stations 7, 11 and 15. Average salinity at 10 m depth was
relatively constant (Table 2).
Dissolved oxygen values of Gökova Bay were low in
summer months comparatively to other seasons. At the
surface average value of the dissolved oxygen (DO) was
7.37 mg/L and 7.41 mg/L at 10 m depth. At the surface
minimum DO value was measured in March (3.61 mg/L)
at the station 6, and maximum DO value was 9.02 mg/L
in April at station 2. At 10 m depth minimum DO value
was 3.16 mg/L at station 7 in March, maximum value was
9.11 mg/L at station 9 in January. Average concentration
of the chl-a was 0.165 mg/L during the study period.
Maximum chl-a value was 1.501 mg/L at station 10, in
November (Table 2).

The enter of Gökova Bay is quite wide so the bay is
effected from Aegean open water system and has high
potential of waves and currents. Sea water temperature of
Gökova Bay showed typical Mediterranean Sea characteristic that mean value of temperature was not below 15°C
in the bay. Temperature values of the bay were maximum
in summer months (Table 2). Annual mean measured
temperature value was 21.03°C at surface and 20.98°C at
10 m depth. Minimum surface water temperature was
15.2°C in January at station 3; maximum temperature was
29.6°C in July at station 15. At 10 m depth, minimum
temperature was 15.3°C in March at station 6 and maximum temperature was 27.9°C in August at station 15.
Minimum temperatures at the surface water were found at
the first three stations which are near inlets of the Kadın
Creek and Akçapınar Creek.
Annual mean of the salinity was 35.90‰ at surface
water and 38.56‰ at 10 m depth. At the surface, minimum water salinity was 12.50‰ in September, maximum
salinity was 40.59‰ in June. At 10 m depth, minimum
salinity was 31.81‰ in March and maximum was 40.60‰
in June. Low values of the salinity were observed at the
stations 1, 2 and 3 as these stations were nearby the creeks.
Maximum average values of salinity were determined in

FIGURE 2 - PCA1 ordination of environmental parameters. Variables abbreviations are: DO: dissolved oxygen, T: temperature, Sal:
salinity, Trans: transparency, Col: water color.
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PCA analysis was applied on environmental parameters and correlation values of DO at the surface and 10 m
with temperature and salinity at 10 m were high. (Fig. 2).
All of these variables had remarkably high negative loadings on PCA1.
3.2. Cladoceran species occurrence and relation to environmental conditions

Five cladoceran species; Penilia avirostris Dana, 1849,
Evadne spinifera Muller, 1867, Pseudoevadne tergestina
(Clauss, 1877), Pleopis polyphemoides (Leuckart, 1859)
and Podon intermedius Lilljeborg, 1853 were determined
from 15 stations in Gökova Bay. Other zooplankton was
given as groups as follow; Copepoda, Appendicularia,
Chaetognatha, Polychaeta larva, Decapoda crustacean
larva, Thaliaceae, Ostracoda, Siphonophora (Figure 9).
Total zooplankton abundance was highest in summer
(166959.55 ind./m3) followed by autumn (86890.29 ind./
m 3). Some species disappeared or decreased in winter
because of the temperature downfall. Cladoceran species
were formed 7% of total zooplankton. P.avirostris was
determined as dominant between cladoceran species.

Cladocerans abundance values (as summarized values
of samples collected vertically and horizontally) were low
in winter and spring. Their numbers started to increase in
summer and became highest in autumn (Fig. 3). Penilia
avirostris was found at all stations and months except in
June (Table 3). Abundance of P. avirostris started to increase in July and reached maximum value (2315.94 ind./m3)
in September. The highest abundance value between stations was 1258.82 ind./m3 at station 7 in September (Fig. 4).
Also, P. avirostris had high abundance in October and
November but decreased starting from December (Fig. 4).
E. spinifera was found in the water column all over the
year (Table 3) and at all stations (Fig. 5). E. spinifera had
low abundance in November, December, January and
February. Its abundance became highest (average over
stations: 1704.74 ind./m3) in August (Table 3). In this
month, the highest abundance value of E.spinifera was
found at station 10 (658.82 ind./m3) (Fig. 5). Its minimum
abundance value was only one individual in November at
station 5. P. tergestina was observed in the water column
only in June, July, August

TABLE 3 - Monthly abundance (sum of values from samples collected horizontally and vertically) of the cladoceran species in Gökova
Bay (ind./m3).

P. avirostris
E. spinifera
P. tergestina
P. polyphemoides
P. intermedius
Copepoda
Appendicularia
Chaetognatha
Polychaeta larva
Dec. Crust. larva
Thaliaceae
Siphonophora
Ostracoda

M
46,95
276,53
0
0
0
36281,78
147,14
270,94
76,6
65,07
2315,14
105,87
0

A
35,28
76,83
0
0
0,25
7758,36
235,39
64,68
141,61
35,28
105,85
165,02
0

M
5,88
388,21
0
0
0
31095,11
327,8
170,79
452,89
23,52
0
153,15
0

J
0
350,07
6,65
0
0
31636,29
88,36
182,46
52,92
41,48
0
53,24
0

J
282,27
203,2
94,58
11,76
0
72294,82
320,96
682,67
247,4
50,84
11,76
182,73
0

A
1712,47
1704,74
88,22
0
0
53847,45
2170,53
305,93
188,19
82,83
0
64,68
0

S
2315,94
294,68
11,76
0
0
26551,42
526,2
840,4
288,66
48,49
0
88,46
0

O
1389,07
142,09
0
7,84
0
32703,8
2186,64
406,13
1165,76
123,93
318,06
261,08
11,76

N
973,38
6,26
0
5,88
0
13446,07
278,83
117,61
1859,54
35,28
284,82
147,34
53,11

D
189,25
29,78
0
0
0
25834,55
2379,4
189,26
1923,75
24,28
67,22
321,32
17,64

J
30,16
23,71
0
0
0
5805,58
174,2
29,59
376,99
0
85,17
145,2
5,88

F
52,92
47,42
0
0
0
4216,15
111,73
47,04
2171,12
0
106,23
70,56
0

FIGURE 3 - Seasonal variability of the cladoceran species abundance (average values of samples collected vertically and horizontally) in
Gökova Bay.
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FIGURE 4 a, b, c - Monthly abundance of P. avirostris at stations where vertical sampling was performed.
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FIGURE 5 a, b, c - Monthly abundance of E. spinifera at stations where vertical sampling was performed.
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FIGURE 6 a, b - Monthly abundance of P. tergestina at stations where vertical sampling was performed.

August and September (Table 3) and at the stations 5, 6,
7, 10, 11, 13, 14, 15 (Fig. 6). Though P. tergestina was
found at more stations in July (average over stations 94.58
ind./m3) than in other months, its high abundance values
were detected at stations 5 and 15 (Fig. 6). P. polyphemoides was found in a few numbers in July, October and
November and only at stations 1, 6 and 13. P. intermedius
was determined as only one individual between the stations 9 and 10 in April.
The same species were found both in samples collected by vertical and horizontal hauls. Stations 5, 6, 7, 10,
11, 13, 14, 15 had more cladoceran species than the other
stations (Figures 4, 5, 6). P. avirostris and E. spinifera
were determined at all samples collected by vertical and
horizontal hauls. The abundance of E. spinifera was higher than the abundance of other cladoceran species in the

samples collected by horizontal hauls (Fig. 8). P. polyphemoides was not found in the above samples while P.
intermedius was not detected in the samples collected by
vertical hauls.
PCA analysis of zooplankton groups is presented in
Figure 9. P. avirostris and Appendicularia had the highest
positive scores on the first axis, while, E. spinifera, P.
tergestina, P. polyphemoides and other detected zooplankton groups (Copepoda, Appendicularia, Chaetognatha, Siphonophora, Ostrocoda, Polychaeta larva, Decapoda crustacean larva) had also positive scores. P.intermedius had
negative score on this axis. We could assume that the first
axis is related to temperature since P. avirostris was abundant during August when the maximum temperature was
recorded.
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FIGURE 8 - Abundance value (ind./m3) of Cladocera species collected by horizontal hauls.

groups and environmental parameters. CCA ordination of
zooplankton groups and environmental parameters is
presented in Figure 10. P. avirostris, E. spinifera, P.
tergestina, Copepoda and Chaetognatha were found to be
related with temperature at the surface and at 10 m. These
groups displayed maximum abundance in summer and
autumn months when the water temperature is high.
According to the Table 4, the distribution of the zooplankton groups has been havily affected by temperature
and dissolved oxygen of the surface and 10 m depth (p<
0.001). Parthenogenetic females of the cladocerans were
found in spring, summer and autumn months of the year
and had high abundance. In August and September with
maximum temperature at surface water, the abundance of
P.avirostris and E.spinifera had increased (Fig. 10). In
Table 4, Significance level of the salinity at 10 m was
highest for second axis (Table 4). Transparency and color
of the sea were the other parameters which affected zooplankton distribution but correlation between these parameters and cladocera species was found to be lower.
TABLE 4 - Weighted correlation index between CCA axes and
environmental parameters.

FIGURE 9. PCA2 ordination of zooplankton groups. Abbreviations:
Cop: Copepoda, Cha:Chaetognatha, App: Appendicularia, Tha:
Thaliaceae, P. larv: Polychaeta larva, Sip: Siphonophora, Ost:
Ostracoda, dcl: Decapoda crustacean larva, Pen: Penilia avirostris,
E. spi: Evadne spinifera, E. ter: Evadne tergestina, P. pol: Podon
polyphemoides, P. int: Podon intermedius

Correlation between zooplankton groups and environmental parameters was determined with CCA analysis
and was found 4 correlation axes. In the first two axes,
correlations were r2= 0.770 ve r2 = 0.431. These values show
that there was a high correlation between zooplankton

Axis 1

Axis 2

Axis 3

Axis 4

T (surface)

0.7180**

0.0257

-0.0180

0.0031

T (10m)

0.4667**

-0.1929**

-0.0950

-0.1599*

Sal (surface)

-0.0904

0.0233

-0.0501

-0.0085

Sal (10m)

-0.0369

-0.2423**

-0.0995

-0.1836*

DO (surface) -0.1601*

-0.0002

0.1372

-0.0133

DO (10m)

-0.2833**

-0.0958

0.0239

-0.0450

Chl-a

0.0182

-0.0162

0.0783

-0.0592

Transparency 0.0862

-0.2419**

0.0195

0.1319

Color

-0.0061

0.1885*

-0.0479

0.0209

p<0.05 = *, p<0.001 = **
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FIGURE 10 - CCA ordination of zooplankton groups and cladoceran species. Abbreviations: Cop: Copepoda, Cha:Chaetognatha, App:
Appendicularia, Tha:Thaliaceae, P. larv: Polychaeta larva, Sip: Siphonophora, Ost: Ostracoda, dcl: Decapoda crustacean larva, Pen: Penilia
avirostris, E. spi: Evadne spinifera, P. ter: Pseudoevadne tergestina, P. pol: Pleopis polyphemoides, P. int: Podon intermedius.

4. DISCUSSION
Previous studies showed that, temperature may be an
important factor for the cladoceran seasonal distribution
[27]. According to Christou and Stergiou [28], abundance
of cladocerans was high from second part of June to end of
October in the Aegean Sea. Cladoceran species were determined in high abundance in summer and autumn months
in Gökova Bay and they were second group following the
copepods. Summer and autumn maxima of the cladoceran
species have also been found in Trieste Bay [29], in Saronikos Gulf [30], in the Northern Aegean Sea [31], in
Black Sea [2, 32, 33] and in Brazil [9].
P. avirostris, E. spinifera, P. tergestina, P. polyphemoides and P. intermedius were detected in Gökova
Bay. P. avirostris was found almost all over the year (it
was absent in June); it started to increase in July in the
water column and became highest in August and September but its abundance was found decreased from December till May. E. spinifera was found during all months, but
it showed maximum abundance in August. P. tergestina
was determined in the water column only in June, July,

August and September, with maximum in July and August. P. polyphemoides and P. intermedius were found in
a few numbers.
Cladocerans of the Aegean Sea may divide in two
categories: P. avirostris, E. spinifera and P. tergestina are
thermophilic, and P. intermedius is psychrophilic [13]. Inside of Gökova Bay which is affected by rich freshwater
inputs and open water, is an oligotrophic region. Also,
Gökova Bay which has high average annual temperatures
is suitable habitat for thermophilic species. P. leuckarti
and E. nordmanni were not found because they are cold
water species. On the other hand, abundance of cladoceran
species were determined as low values at stations 1 and 2.
These stations were near the creeks and water flows of the
creeks may be reduced salinity under the optimum values
of the cladoceran species.
Results of the present study were very similar with
those previous studies showing that temperature is the
most limiting factor on cladoceran species. P.avirostris
has distributed in temperature range between 12°C and
23°C, although the optimum population density of P.
avirostris has been reached as 22°C -23°C [34]. In terms
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of seawater temperature in summer, surface water temperature of Gökova Bay is reaching 27°C. In winter the
surface water temperature is not below 15°C. These temperature intervals were explained that P.avirostris found
in high abundance in all the seasons.
E. spinifera is a warm water species. It is the most
common species among cladocerans in the Aegean Sea.
E. spinifera has always high abundance in summer in the
Northern Aegean Sea. Abundance of this cladoceran species decreases in autumn and almost disappears in winter.
P. tergestina is also a warm water species. P. tergestina has
less abundance than that of E. spinifera in summer in the
Aegean Sea [13].
In Saronikos Gulf, the abundance of P. avirostris
reached great numbers during summer-early autumn, while
E. spinifera presented fluctuating abundance from May to
September. The presence of E. nordmanni was delimited
in March-April and P. tergestina was found in the samples from June to November [35]. In Gökova Bay which
has oligotrophic character, E. nordmanni was not found in
the samples because mean value of temperature was not
lower than 15 °C in the bay.
Gökova Bay is affected by the Aegean open water system. The current comes from the open water enters to
Gökova Bay from the north, turns and gets out through
mid-line of the bay. The species come from the open water
can settle in the bay under optimum conditions. Because of
this situation, biodiversity and abundance of Gökova Bay
which shows oligotrophic character is increased.
According to Aker and Özel [21] six cladoceran species, P. avirostris, E. spinifera, P. tergestina, E. nordmanni, P. polyphemoides and P. intermedius were detected in İzmir Bay. P. avirostris, E. spinifera and P.
tergestina reached the highest abundances in spring and
especially in summer. Distribution of P. intermedius and
P. polyphemoides showed fluctuating abundances in all
seasons with the exception of E. nordmanni in summer.
Similar cladoceran species were found in Gökova Bay
with that in İzmir Bay, except E. nordmanni. The abundance of cladocerans in İzmir Bay was higher than that of
in Gökova Bay.

Five cladoceran species were reported in Kepez Harbour, Dardanelles from April, 2005 to April, 2006. These
were Penilia avirostris, Pleopis polyphemoides,
Pseudoevadne tergestina, Evadne nordmanni and Evadne
spinifera. In warm season, P. avirostris and P. tergestina, in
winter P. polyphemoides and in spring E.nordmanni were
found [39].
Okuş and Yüksek [40] cited that average temperature
was approximately 27°C, and salinity was about 36-39‰
inside of Gökova Bay in May, June and July. Average DO
values were 7.70 mg/L, surface water chlorophyl-a values
were 0.07-1.31 mg/L in June and July, 2006. Higher chlorophyl-a values found in inner part of Gökova Bay might
cause higher abundance of cladocerans and that of zooplankton. According to Okuş and Yüksek [20], in Gökova
Bay, copepods were dominant zooplankton group all over
the year and four cladoceran species, P. avirostris, E. spinifera, P. tergestina and P. intermedius were reported.
E.spinifera was determined to have highest abundance
among cladoceran species in May and July.
Cladoceran species revealed different seasonal distribution in the Gökova Bay and the main factor for this
differentiation is water temperature. Some factors may be
caused this situation as follows: (i) the enter of the bay is
quite wide, (ii) the potential of wave and current of the
bay is high, and (iii) the effect of Aegean open water
system on the bay.
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Seasonal distributions of cladocerans of Gökova Bay
showed similar pattern with that in Black Sea and Aegean
Sea. Siokou-Frangou et al. [33] compared zooplankton distribution of Black Sea with that of Aegean Sea and encountered Podon leuckarti which is a cold water species,
in the western Black Sea in the late winter-early spring
[36, 37]. P. avirostris, E. spinifera, P. polyphemoides and
P. tergestina were reported in the coastal regions in late
spring-early summer [36]. P.avirostris was dominant in
late summer-early autumn [36, 32]. In the Aegean Sea,
P.avirostris, E. spinifera, P. tergestina were found in late
winter-early spring [33, 35]. E. nordmanni was dominant
species among cladocerans in April and May. P.avirostris,
P. tergestina and E.spinifera were dominant species in
zooplankton from June to September [38].
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ABSTRACT
This investigation was focused towards examining the
potential of Ganoderma lucidum IBL-05 and Phanerochaete chrysosporium IBL-03 co-culture for bioremediation of textile industry effluents. The screening of single
and co-inoculated cultures was carried out for 10 days on
4 industrial effluents of different colors collected from
Sitara textile industry (SIT), Nishat textile industry (NIT),
K&N textile industry (KNT), and Cresent textile industry
(CRT) of Faisalabad. The co-culture gave maximum decolorization results (48%) for SIT effluent. The decolorization process for SIT was optimized, and almost complete
decolorization (98.4 %) of the effluent could be achieved
with the co-culture, within only 3 days after incubation at
pH 3.5 and 35 °C using 5 ml inoculum as well as fructose
and urea as carbon and nitrogen sources, respectively, in
15:1 ratio, and MnSO4 as mediator. The co-culture produced all the 3 major ligninolytic enzymes, namely,
manganese peroxidase (1223 IU/ml), lignin peroxidase
(569 IU/ml) and laccase (102 IU/ml). The analysis of the
treated effluent for COD, BOD, formaldehyde and nitroamines showed that all the toxicity parameters were
below the permissible limits of non-toxic reusable water.
KEYWORDS: Textile industry effluents, bioremediation, fungal
co-culture, decolorization, ligninases, toxicity tests

1. INTRODUCTION
Wastewater from the dye manufacturing and textile
processing industries is a complex mixture of many polluting substances ranging from residual dyestuffs to heavy
metals associated with the dyeing and printing process. The
efficient and economical removal of dyes from textile
industry effluents is an environmental challenge [1], because of its difficulty [2], and a great potential of white rot
fungi WRF) for bioremediation of textile dyes and industrial wastewaters has been suggested [3-5].

* Corresponding author

The success of a biological process for color removal from
a given effluent partly depends on the utilization of microorganisms that effectively decolorize synthetic dyes of
different chemical structures.
WRF have the capability for aerobic lignin depolymerization and mineralization due to their capacity to produce one or more extracellular lignin-modifying enzymes
(LME). The LMEs of WRF, including lignin peroxidase
(LiP), manganese peroxidase (MnP), laccase, cellobiose
dehydrogenase and H2O2-generating enzymes [5, 6], can
also degrade a wide range of xenobiotics including synthetic dyes due to lack of substrate specificity [7]. Various
isoforms of LMEs are produced by WRF, which are involved in the degradation of lignin in their natural lignocellulosic substrates. In recent years, a considerable number of studies have been reported on decolorization and
degradation of individual dyes by individual/single cultures of WRF [5, 8-10], with only a few reports on industrial effluents. Decolorization of dye-based effluents is
problematic due to the use of mixtures of dyes by the industry for creating different colors and shades for their products. The presence of dyes with different chemical structures creates a problem in selection of WRF strains for
complete color removal [11].
Phanerochaete chrysosporium is an efficient producer
of ligninolytic enzymes. Hundreds of sequences in Phanerochaete chrysosporium genome are predicted to encode
extracellular enzymes including an impressive number of
oxidative enzymes (extracellular LiPs and MnPs) that are
potentially involved in lignocellulose and xenobiotic degradation [12]. Ganoderma lucidum is a world-known
medicinal mushroom. However, its dye degradation and
ligninolytic enzyme production have also recently been
ex-plored. It produces high activities of LiP, MnP and
laccase during the decolorization of textile dyes [13].
Most of the studies have been carried out on single
fungal cultures and dye solutions. The single cultures have
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been found to show good decolorization efficiency on
some dyes but limited efficiency on others [4], leading to
their limited use for bioremediation of practical industrial
effluents that contain mixtures of unused dye types [10].
The aim of our present study was to evaluate the bioremediation efficiency of a co-culture of two indigenous WRF
strains for treatment of textile wastewater, as an effort to
widen the application of WRF in bioremediation of dyes
containing colored textile effluents.
2. MATERIALS AND METHODS
2.1. Effluent Collection

Different dye-containing textile industry effluents of
different colors were collected from Sitara textile (SIT),
Nishat textile (NIT), K&N textile (KNT) and Crescent
textile (CRT) units of Faisalabad, Pakistan. These textile
effluents were mixtures of different dye types with different pH values, colors and wavelengths of maximum absorbance (λmax) (Table 1).
TABLE 1 - Characteristics of textile industry effluents used in the
present decolorization studies.
Source Industry

Color

Sitara Textile (SIT)
Nishat Textile (NIT)
K&N Textile (KNT)
Crescent Textile (CRT)

Navy blue
Black
Greenish blue
Red

λmax
(nm)
590
615
667
515

Initial pH
9.2
6.8
6.0
8.7

Ganoderma lucidum IBL-05 and Phanerochaete
chrysosporium IBL-03 (available in the Industrial Biotechnology Laboratory, Department of Chemistry and Biochemistry, University of Agriculture, Faisalabad) were
used in this investigation. Cultures of Ganoderma lucidum
IBL-05 and Phanerochaete chrysosporium IBL-03 were
added to the respective sterilized inoculum flasks which
were incubated (120 rpm) at 30 °C for 5 days to get homogenous spore suspensions of individual fungi (1×106108 spores/ml).
2.3. Experimental procedure

Sets of triplicate flasks were prepared for screening of
Ganoderma lucidum IBL-05, Phanerochaete chrysosporium IBL-03, and their co-culture on the four effluents
used. Each flask contained 90 ml of respective textile industry effluent and 10 ml of Kirk’s nutrient medium. For
single cultures, 5 ml spore suspension of the respective
fungus was added to the effluent flasks. In case of cocultures, 2.5 ml spore suspension of each fungus was added
to the effluent flasks (total 5 ml, 1:1 ratio). The single- and
co-culture-inoculated flasks were incubated for 10 days at
30 °C in a shaking incubator (120 rpm).
2.4.1. Effect of inoculum size

2.4.2. Effect of pH

The selected SIT effluent was adjusted to varying initial pH values (3, 3.5, 4, 4.5, 5, 5.5 and 6) before inoculation (5 ml) and incubated for 6 days. Maximum percentage decolorization of the textile effluent was achieved at
pH 3.5 after 4 days.
2.4.3. Effect of temperature

To study the effect of varying temperature on dye decolorization efficiency of the fungus, the media were adjusted to initial optimum pH 3.5 and incubated at 25, 30,
35 and 40 °C for 4 days. Maximum decolorization of SIT
effluent by co-culture was observed at 35 °C.
2.4.4. Effect of carbon and nitrogen sources

To select the most effective combination of carbon
and nitrogen sources, different carbon (1%) and nitrogen
sources (0.2%) were used under optimum conditions.
Glucose, fructose, lactose, molasses and starch were used
as carbon sources, and yeast extract, ammonium sulphate,
urea, peptone and corn steep liquor as nitrogen sources.
2.4.5. Effect of carbon: nitrogen ratio

2.2. Fungal strains and inocula

2.4. Optimization of decolorization process

For optimization of inoculum size, SIT effluent (90 ml)
containing Kirk’s basal medium (10 ml) was inoculated
with varying volumes (1-5 ml) of inoculum. In each case,
both fungal inocula were added in 1:1 ratio. After inoculation, all flasks were incubated under continuous shaking
conditions (120 rpm) at 30 °C for 6 days (optimum time
of screening experiment).

After selection of best carbon (fructose) and nitrogen
(urea) source combination, carbon to nitrogen ratio (C: N)
was also optimized using different concentrations of fructose and urea under pre-optimized conditions. C: N ratio
was adjusted at 10:1, 15:1, 20:1, 25:1, 30:1 and 35:1.
2.4.6. Effect of mediators

Low molecular weight mediators are natural fungal
metabolites and have a profound effect on WRF growth
and activities of ligninolytic enzymes. In order to select
the most suitable mediator, the media flasks were supplemented with different volumes of 1 mM solution of
different low molecular mass mediators, such as ABTS,
veratryl alcohol, MnSO4, oxalate and malate, and the
flasks were processed under optimal conditions.
2.5. Analytical procedures
2.5.1. Effluent color analysis

Experimental flasks were harvested after 24 h by filtration. The filtrates were centrifuged at 10,000 rpm for
15 min at room temperature. Supernatants were carefully
collected and analyzed spectrophotometrically at respective λmax of each effluent. Percent decolorization of effluents was calculated by comparing the absorbance of samples and their respective standards. The standards contained respective effluents with all ingredients, except
microbial inoculum.
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2.5.2. Study of enzyme system

Laccase activity was measured by monitoring the oxidation of 2, 2’-azinobis (3-ethylbenzthiazoline)-6 sulphonate (ABTS) [14] by culture supernatants. For the determination of MnP, the method of Wariishi et al. [15] was
used. Lignin peroxidase was assayed by the method of
Tien and Kirk [16] as described previously [10].
2.6. Toxicity tests
2.6.1. Chemical oxygen demand

Chemical oxygen (COD) demand was measured with
a digital COD meter (model HC-507, Central Kagaku
Corp., Japan) by following the procedure given in the manual. The instrument range key was adjusted to 1000 mg/L.
The value of COD (mg/L) was displayed on the screen.
2.6.2. Biochemical oxygen demand

The biochemical oxygen demand (BOD) is a measure
of oxygen taken up by the bacteria during the oxidation of
organic matter. BOD of the bioremediated and un-treated
effluents was determined at 600 nm by the method of
Yoshida et al. [17]
2.6.3. Nitroamines

Treated and untreated wastewater samples were examined using HPLC method [18]. A 10-ml sample was filtered (Millipore, FGLPO1300), and 50 µg of meta-nitrophenol as internal standard (IS) were added per ml of filtered water. Then, 100 µl of the filtered wastewater sample
was analyzed at 230 nm with a variable-wavelength UV
detector.
2.6.4. Formaldehyde

A spectrophotometric analytical method for determination of formaldehyde in commercial samples was designed, based on formaldehyde reaction with chromotropic
acid in the presence of magnesium sulphate producing a
stable complex Mg2+/cyclotetrachromotropylene (λmax =
535 nm). Beer’s Law was obeyed in a concentration range
of 3-11 mg L-1 of formaldehyde with a correlation coefficient of 0.999 [19]. Sample filters were desorbed using
deionized water. Solutions were acidified, and chromotropic acid was added. The color complex formed was
analyzed using a UV/Vis spectrophotometer (T60, PG
Instruments, UK) at 535 nm.
3. RESULTS AND DISCUSSION
3.1. Screening of mixed fungal culture on textile effluents

The colored textile industry effluents (IT, NIT, KNT,
CRT) were inoculated by individual and co-cultures (5 ml;
1:1 ratio) of G. lucidum IBL-05 and P. chrysosporium
IBL-03, and incubated at pH 4.5 and 30 °C for 6 days.
Single culture of G. lucidum IBL-05 removed only 37.8%
of SIT, 39.8 % of Crescent, 44 % of KNT and 27.6 % of
NIT color effluent whereas P. chrysosporium IBL-03
caused 45.6% decolorization of SIT, 41% of CRT, 48.8 %

of KNT and 23.2 % of NIT effluent, after different incubation times. The co-culture exhibited better decolorization potential for different textile industry effluents as
compared to single cultures (Table 2). The maximum decolorization of SIT (48.9 %), followed by KNT (43 %),
CRT (40%) and NIT (23.4 %) effluents, was shown by the
co-culture in 6 days. The decolorized filtrates were also
assayed for laccase, MnP and LiP to study ligninolytic
enzymes involved in the decolorization of effluents by
single and co-culture. The co-culture was found to secrete
all the three ligninolytic enzymes; highest activities of MnP
were noted, followed by LiP and laccase. Single culture of
G. lucidum also produced all the three enzymes but in
lower activities than co-culture. However, single culture
of P. chrysosporium produced only LiP and MnP with no
detectable laccase activity. The ability of single and cocultures of G. lucidum IBL-05 and P. chrysosporium IBL03 to decolorize textile industry effluents was investigated.
The co-culture showed better effluent color removal efficiency as compared to single cultures. The ability of WRF
to degrade dyes in industrial wastewaters is correlated to
their ability to produce ligninolytic enzymes in the presence of different dye structures [20, 21]. The variation in
effluent composition is, therefore, responsible for the difficulty of decolorization of a particular effluent [7, 22, 23].
P. chrysosporium has been found to produce LiP and MnP
during dye decolorization [24]. The co-culture had better
decolorizing capability than single cultures due to the
contribution of enzymes and low molecular mass mediators from both fungi. The enzyme yields and their ratios
in enzyme preparations significantly depend on the fungal
species present in the co-culture [25]. Crude laccase from
G. lucidum has been reported to show high thermostability and maximum decolorization activity. Recent studies
[26, 27] have suggested those co-cultures to be more
appropriate for decolorization of azo dyes.
3.2. Optimization of parameters for SIT effluent decolorization by co-culture
3.2.1 Effect of inoculum size

Varying volumes (1-6 ml; 1:1 ratio from both fungi) were
used to inoculate the triplicate decolorization flasks of
SIT effluent (pH 4.5), and triplicate flasks were incubated
for 6 days at 30 °C. The maximum effluent color loss
(49.38%) was observed in the flasks receiving 5 ml inoculum. The production of enzymes and effluent decolorization rate increased with an increase in inoculum size from
1 to 5 ml. However, a further increase in spore density
decreased the decolorization efficiency of the co-culture
(Table 3). Statistical analysis of the data revealed a significant (P≤0.05) effect of varying inoculum sizes on effluent
color removal. The enzyme profiles of the optimally decolorized culture supernatants revealed higher MnP (1144 IU/ml)
activities, followed by that of LiP (526.7 IU/ml) and laccase
(25.5 IU/ml). The biotechnological processes involving
microorganisms require an optimum amount of the microbial spores/cells [28, 29] for best enzyme production
and dye decolorization. Lower inoculum levels do not pro-
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vide enough fungal spores to initiate growth quickly, thereby resulting in longer lag phases, whereas higher inoculum volumes in addition to increasing water content also

increase spore density that causes faster depletion of available nutrients [30, 31].

TABLE 2 - Screening of single cultures and co-culture of G. lucidum IBL-05 and P. chrysosporium IBL-03 for decolorization of different
textile industry effluents
Effluent Decolorization (%)
Day-2
Day-4
G.L*
37.78±0.7
37.30±0.3
SIT (Navy Blue)
P.C*
44.47±1.2
45.32±0.7
Co-culture
35.72±0.9
44.10±1.5
G.L*
20.48±0.8
23.62±1.1
NIT (Black)
P.C*
21.83±1.3
22.80±0.6
Co-culture
20.62±0.9
22.99±0.8
G.L*
44.34±0.7
43.32±1.3
KNT (Bluish Green)
P.C*
48.81±1.1
45.58±0.9
Co-culture
38.01±2.3
37.45±0.8
G.L*
31.50±0.8
32.98±0.9
CRT (Red)
P.C*
21.95±0.9
22.41±0.6
Co-culture
26.52±1.2
26.03±1.3
* G.L= Ganoderma lucidum IBL-05; *P.C = Phanerochaete chrysosporium IBL-03
Effluent Source

WRF culture

Day-6
36.69±0.5
32.73±0.6
47.08±0.8
27.10±0.9
22.97±1.1
25.25±2.3
41.45±0.8
42.78±0.5
36.15±1.3
30.43±0.6
22.70±0.8
26.62±0.9

Day-8
22.72±0.8
43.98±0.5
47.51±0.3
27.58±0.8
23.18±0.7
24.15±0.4
40.49±1.3
40.95±0.8
35.75±0.3
39.76±0.7
30.62±0.2
35.65±0.3

Day-10
26.91±1.4
45.63±0.8
48.88±0.7
21.64±0.3
22.65±0.4
23.41±0.6
38.12±1.2
39.58±0.9
43.21±0.2
39.00±0.3
41.05±1.1
40.01±0.9

TABLE 3 - Activities of ligninolytic enzymes produced during decolorization of SIT effluent by a fungal co-culture with varying inoculum
size.
Inoculum size
(ml)

Decolorization (%)
Mean ±S.E.

1
2
3
4
5

24.94±0.385
27.05±0.075
33.80±0.445
45.14±0.82
49.38±0.365

Enzyme activities (IU/ml)
Mean ±S.E.
Lac
MnP
10.8±1.65
551.61±2.90
12.75±3.93
764.51±2.62
9.76±1.33
793.35±3.54
16.51±2.78
1006.45±5.61
25.51±1.74
1144.08±3.22

3.2.2. Effect of pH

Triplicate effluent flasks adjusted to varying pH levels were autoclaved, inoculated (5 ml) and incubated at
30 °C for 6 days. The enzyme synthesis and effluent decolorization gradually increased with increasing the medium pH, and peaked at pH 3.5. Maximum decolorization
(67.95 %) was observed within 4 days in the flasks processed at pH 3.5, while 48.6, 51.4, 57.5, 55, 57 and 52 %
color removals were observed at pH 3, 4.0, 4.5, 5, 5.5 and
6.0, respectively (Fig. 1). The culture supernatant of the
media processed at varying pH values showed that MnP
was the major enzyme secreted by co-culture for decolorization of SIT. The analysis of variance of the data showed
that pH variation had a significant (P<0.05) effect on the
decolorizing efficiency of the co-culture. Production of
ligninolytic enzymes by most WRF and degradation of
dyes having different chemical structures was favored in
pH 3-6 range [4, 5], but it also depends on the dye present
in the medium and its nutrient composition [32, 33]. Phanerochaete chrysosporium produces high titers of LiP and
MnP at pH 3.5-4.5 under the effect of different inducers [34],
and dye uptake by the fungus is higher at lower pH [35].
3.2.3. Effect of temperature

To evaluate the effect of temperature on ligninolytic
enzyme formation by the co-culture and effluent color removal, triplicate SIT effluent flasks, adjusted at optimum

LiP
235.32±0.69
323.36±0.89
469.58±1.265
367.32±1.235
526.67±2.35

pH 3.5, were inoculated and incubated at varying temperatures for 4-day periods. Results (Fig. 2) indicated maximum effluent color loss (70.6 %) at 35 °C within 4 days,
which decreased at further higher temperatures. Consistent
with color loss, the maximum MnP (1312 IU/ml), LiP
(234 IU/ml) and laccase (24 IU/ml) activities were also
noted in culture filtrates of the effluents incubated at 35 °C.
The analysis of variance of the data revealed that the temperature had significant (P<0.05) effects on enzyme activities and effluent decolorization. It has also been reported
that Phanerochaete chrysosporium gives maximum dye decolorization around 35 ºC, but temperatures below 25 °C
and above 40 ºC inhibit fungal growth and decrease enzymatic activities [36]. On the other hand, several studies
have shown that optimum temperature for P. chrysosporium BKM-F-1767 varies between 37- 40 °C [37, 38].
3.2.4. Effect of carbon and nitrogen additives and C: N ratio

To investigate the effect of carbon and nitrogen supplements, different C and N combinations were added to
the effluent decolorization media, under optimum conditions of inoculum size, pH and temperature. Maximum dye
degradation (82.9 %) was observed in the flasks receiving
the combination of fructose (1%) and urea (0.2%). Glucose and urea combination also showed good dye degradation (80.1 %) results (Table 4). Maximal production
rates of MnP (1423 IU/ml), LiP (862 IU/ml) and laccase
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(33.2 IU/ml) were also noted in the flasks receiving fructose and urea as C and N sources, respectively. In a sub-

sequent experiment, varying concentrations of fructose and
urea were used to prepare media with varying C: N ratios.

FIGURE 1 - Effect of pH on enzyme activities and decolorization of
SIT effluent by a co-culture of G. lucidum IBL-05 and P. chrysosporium IBL-03

FIGURE 2 - Effect of temperature on enzyme activities and decolorization of
SIT effluent by a co-culture of G. lucidum IBL-05 and P. chrysosporium IBL-03

TABLE 4 - Activities of ligninolytic enzymes produced during decolorization of SIT effluent by a co-culture of G. lucidum IBL-05 and P.
chrysosporium IBL-03 with different carbon and nitrogen sources.
Mediators (1 mM)
(ml)

Decolorization (%)
Mean ±S.E.

MnSO4
ABTS
Veratryl alcohol

98.41±1.46
75.92±3.60
89.71±1.29

Enzyme activity (IU/ml)
Mean ±S.E.
Lac
MnP
53.65±2.56
1223±3.65
102.56±1.48
1168.8±2.04
52.45±1.59
1098.2±1.12
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526.32±3.26
545.23±2.35
569.32±1.99
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74.42±1.37
67.32±2.44

49.32±2.31
34.62±1.39

833.33±1.27
898.31±1.05

485.26±2.26
449.26±2.12

FIGURE 3 - Effect of varying carbon: nitrogen ratios on enzyme activities and
decolorization of SIT effluent by a co-culture of G. lucidum IBL-05 and P. chrysosporium IBL-03.

TABLE 5 - Activities of ligninolytic enzymes produced during decolorization of SIT effluent by a fungal co-culture with different mediators.
Nitrogen sources
Yeast extract
(N1)
Ammonium
sulphate
(N2)
Urea
(N3)
Peptone
(N4)
Beef extract
(N5)

MnP
Enzyme
Activities
LiP
(IU/ml)
Laccase
Decolorization (%)
MnP
Enzyme
Activities
LiP
(IU/ml)
Laccase
Decolorization (%)
MnP
Enzyme
Activities
LiP
(IU/ml)
Laccase
Decolorization (%)
MnP
Enzyme
Activities
LiP
(IU/ml)
Laccase
Decolorization (%)
MnP
Enzyme
Activities
LiP
(IU/mL)
Laccase
Decolorization (%)

Carbon sources
Glucose (C1)
1205.6±4.32
325.69±1.68
20.36±0.69
77.92±1.615
965.54±1.64
325.95±0.124
19.35±3.25
39.9±1.49
746.54±1.37
965.12±2.24
25.73±1.69
80.09±1.00
325.96±2.54
543.21±1.48
12.32±1.96
62.575±1.185
546.38±0.84
352.10±0.48
32.11±1.91
77.32±1.98

A C:N ratio of 15:1 was found to show higher effluent
de-colorization (91.99%) and ligninolytic enzyme synthesis (Fig. 3) as compared to other C:N ratios. Different
WRF respond differently in N-limited and N-enriched
media. N supplementing of the medium during cultivation
represses MnP activity but can stimulate LiP production.
Nitrogen-limited culture of P. chrysosporium had better
performance on different dyes removing 90 % of the initial
color from all dyes [39]. Additional carbon sources have

Fructose (C2)
1010.95±3.25
543.78±2.85
16.22±1.54
66.64±1.36
965.36±2.58
123.15±2.16
24.15±2.68
39.62±3.26
1423.25±3.69
862.23±0.45
33.17±2.95
82.90±0.63
769.65±1.68
123.35±2.58
16.95±2.85
69.35±1.32
989.32±2.54
653.01±22.54
21.36±0.23
58.13±2.36

Molasses (C3)
964.35±1.65
235.95±0.48
18.32±1.25
35.65±1.23
854.62±2.35
190.23±1.84
18.36±0.65
22.98±0.69
564.32±1.98
352.10±0.48
11.25±0.45
46.35±0.86
1198.16±1.95
982.36±1.45
21.48±0.85
69.32±1.58
689.51±2.36
358.12±1.25
14.32±0.62
54.36±1.65

Lactose (C4)
1123±3.66
563.12±1.11
32.58±0.89
72.558±1.36
856.35±1.65
486.25±4.36
21.96±0.56
54.418±0.69
956.32±1.24
124.36±2.59
29.64±0.96
44.651±1.54
1028.54±1.69
653.24±3.97
14.96±0.36
32.093±0.98
1123.094±3.54
292.14±0.94
10.23±1.64
49.76±1.65

Starch (C5)
986.10±0.69
254.52±2.54
19.36±1.68
75.348±1.58
748.36±.37
386.25±1.48
26.35±1.95
66.97±1.65
1325.59±1.05
258.17±1.94
27.13±1.67
65.581±2.57
864.058±0.89
268.46±2.73
21.65±1.58
74.882±1.68
854.32±1.82
248.36±0.14
25.15±1.36
60.930±0.76

also been reported to enhance ligninase formation by WRF
for achieving maximum decolorization of various dyes [4042]. The enzyme system of Phanerochaete chrysosporium
is adaptive, and thus sensitive to carbon catabolite repression at higher carbon concentrations [43]. Optimum
C:N ratio is a critical factor for LiP and MnP production
[44]. At low C:N ratio, the fungi are carbon-starved and
do not exhibit good growth and formation of manganese
peroxidase [45].
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3.2.5. Effect of mediators

Low molecular mass mediators have a profound effect
on microbial growth and ligninolytic enzyme activities that
catalyze the dye oxidation process during fungal secondary
metabolism. The effluent flasks were supplemented with
1 mM solutions of ABTS, veratryl alcohol, MnSO4, oxalate
and glycoxylate, and processes were carried out under preoptimized conditions. Maximum decolorization (98.4%) was
achieved in the decolorization flasks supplemented with
MnSO4 as a mediator with enhanced activities of MnP (Table 5). On the other hand, veratryl alcohol and ABTS had
enhancing effects on LiP and laccase, respectively. Low
molecular mass mediators had a profound effect on
ligninolytic enzyme synthesis by the co-culture catalyzing
the dye oxidation process during fungal secondary metabolism. Low molecular mass mediators like veratryl alcohol,
oxalate and glyoxalate are natural fungal metabolites that
mediate/enhance the catalytic action of different peroxidases [46-48]. ABTS and MnSO4 also play mediator roles
for laccase and MnP, respectively, during degradation of
phenolic compounds, synthetic dyes and other organic pollutants [49-52].
3.3. Toxicity tests
3.3.1. Chemical oxygen demand (COD)

Treatment of SIT effluent with co-culture caused a significant reduction in COD. The COD values for untreated
and co-culture-treated samples were 2354 and 995 mg/L,
respectively. Although fungal treatment removed almost
98.41% color from wastewater, only about 70.4% of COD
removal was achieved, suggesting the presence of dye metabolites and other organic compounds in fungal-treated
SIT effluent. Treatment of SIT effluent with fungal coculture resulted in COD and BOD reduction. High COD
levels imply toxic conditions, and the presence of biologically resistant organic and inorganic substances [53]. After
fungal treatment, up to 80 and 67% of dye containing effluent color and COD removals have been reported within
48 h [54, 55]. However, COD and color have been reduced
by 95.4 and 98.5% with the combined process of biological treatment and chemical coagulation [56].
3.3.2. Biochemical oxygen demand (BOD)

BOD of both treated and untreated solutions was determined. The BOD value was 670 mg/L for untreated SIT
effluent and reduced to 231 mg/L after bioremediation by
the fungal co-culture. By fungal treatment, 98.4% dye color
was removed from the effluent with BOD reduction of
65.5%. The BOD closely models an aerobic wastewater
treatment system and the natural aquatic ecosystem. It
measures oxygen taken up by the microorganisms during
oxidation of organic matter. High BOD levels are an indication of lower availability of oxygen for utilization of
organic matter by the microorganisms, in a way, describing the pollution strength of the wastewater. Most of the
previous studies on the biological treatment of dyes deal
with decolorization but only a few reports with toxicity

reduction, biodegradation products or intermediates of
degradation [57]. The white rot fungus Irpex lacteus has
also been reported to significantly reduce BOD and COD
values of textile industry effluents.
3.3.3. Nitro-amines and formaldehyde

The treated and untreated SIT effluents were analyzed
for the detection of nitro-amines. Only traces of them were
found in fungal co-culture treated samples, indicating that
they were produced as intermediates or secondary metabolites during microbial degradation of dyes and other
chemical compounds in the SIT effluent. Treated and untreated samples were analyzed for formaldehyde produced
during fungal degradation of the effluent. The formaldehyde value was 11.99 mg/L for untreated SIT effluent, and
reduced to 4.36 mg/L after bioremediation by the fungal
co-culture. Significantly lower quantities of formaldehyde
in the fungal-treated SIT effluent, with regard to the untreated effluent, indicated the formation of formaldehyde
as transient intermediate during microbial oxidation of dyes
present in the effluent. Only minor quantities of nitroamines and formaldehyde in the fungal co-culture treated
effluent suggest their formation as intermediates in the
mechanism of degradation of dyes and other chemical
compounds present in the SIT effluent. During microbial
decolorization and biodegradation of reactive groups of
azo dyes, some reaction intermediates including aromatic
amines and formaldehyde may be formed that are even
more toxic than the parent compound [58, 59]. The extracellular and non-specific ligninolytic enzymes with their
low-molecular-mass mediators enhance the bioavailability
of pollutants to WRF leading to aerobic degradation of
dyes and pollutants that does not result in the formation of
aromatic ammines [60].
4. CONCLUSIONS
The co-culture of two indigenous white rot fungi, G.
lucidum IBL-05 and P. chrysosporium IBL-03, for bioremediation of four textile industry effluents was investigated. The co-culture displayed better effluent decolorization potential as compared to single fungal cultures, and
also showed better decolorization efficiency on Sitara Textile Industry (SIT) effluent, with respect to the other effluents. The decolorization process for SIT effluent using
fungal co-culture was optimized achieving almost complete
decolorization (98.4 %) of the effluent after 3-days incubation at pH 3.5 and 35 °C using 5 ml inoculum, fructose
and urea as carbon and nitrogen sources (15:1 ratio), and
MnSO4 as mediator. The co-culture produced all the three
major ligninolytic enzymes. MnP was produced in higher
activities (1223 IU/ml), followed by LiP (569 IU/ml) and
laccase (102 IU/ml). Analysis of the treated effluent for
COD, BOD, formaldehyde and nitro-amines showed that all
the toxicity parameters were below the permissible limits of
non-toxic reusable water.

1870

© by PSP Volume 21 – No 7a. 2012

Fresenius Environmental Bulletin

erochaete chrysosporium. The Journal of Biological Chemistry,
267, 23688-23695.
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WATER SAMPLES USING IONIC LIQUID
IMMOBILIZED ON ALUMINA AS A NEW ADSORBENT
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ABSTRACT
In this research, 1-butyl-3-methylimidazolium hexafluorophosphate, BMIM.PF6, immobilized on the basic
alumina was used as a novel adsorbent for removal of indigo carmine (an anionic dye). Indigo carmine was adsorbed
quantitatively on adsorbent due to its interaction with the
ionic liquid. The effects of different parameters such as
pH of the aqueous phase, buffer effect, concentration of
KCl solution, the amount of ionic liquid loaded on basic
alumina and effect of other dyes on the removal efficiency
(R %) of indigo carmine were studied. The removal percent
(R%) of indigo carmine was strongly affected by the pH of
the aqueous phase and temperature. In the presence of KCl,
R% of dye was increased. Presence of large amounts of
other dyes (pigment, cationic or anionic dyes) in aqueous
phase was not interfering in the removal and recovery of
indigo carmine.

KEYWORDS: Ionic liquid, Removal of Indigo carmine, Basic
alumina, BMIM.PF6

1. INTRODUCTION

Dye-containing effluents are typically treated by physical, chemical, electrochemical and biological methods.
Chemical treatments for decolorization of wastewater include reduction, oxidation by hydrogen peroxide and
ozone, complexation reactions, ion-exchange and neutralization. Electrochemical processing is another method for
the treatment of dye effluents [7-11]. Micellar enhanced
ultrafiltration has recently been used to remove methylene
blue from wastewater [12]. Basu and Pandit [13-15] investigated the application of reverse micelles in the removal
of ionic dyes from wastewater. Muthuraman and Palanivelu [16] studied the separation of anionic dyes using
tetrabutylammonium bromide. Purkait et al. [17] separated toxic eosin from wastewater with cloud point extraction by using Triton X-100 [17].
All these methods have different color removal efficiencies, costs and operating rates. The adsorption process
provides an attractive and alternative treatment, especially
if the adsorbent is inexpensive and readily available. Suitable adsorbents for wastewater treatment include charcoals, activated carbons, clays, soils, diatomaceous earth,
activated sludge, compost, living plant communities, biomass, microbial biomass and chemically modified cellulose [18-20].

Different industries such as dyeing, carpet manufacturing, textile and paper-making are using large quantities
of dyes. They constitute one of the most problematic wastewaters to be treated not only for their high chemical oxygen demands and suspended solids but also for content of
toxic compounds, which may be harmful to some aquatic
life. The treatment of wastewater has long been a major
concern in the environmental science. The total dye consumption of the textile industry worldwide is in excess of
107 kg per year, and an estimated 90% of this ends up on
fabrics. So, approximately one million kg per year of dyes
are discharged into water streams by textile industries.
Therefore, these dyes should be removed from the large
volume of aqueous effluent before being discharged [1-6].

In the last decade, room-temperature ionic liquids
(RTILs) have attracted much attention in different areas
due to their interesting properties such as non-volatility,
non-flammability, wide liquid range, thermal stability, and
wide electrochemical window [21, 22]. RTILs have shown
significant promise as media for organic synthesis [23,24],
biphasic catalysis [25] and separations [26-28]. Application
of RTILs in separation and their mechanisms have been
investigated in several research groups during the past
few years [29-37]. Rogers and co-workers have done the
extraction of metal ions using RTILs [31]. They incorporated thiourea, thioether, and urea into derivatized imidazolium cations and used these functionalized RTILs as
the extractant in liquid–liquid extraction of Hg2+ and
Cd2+.

* Corresponding author

In this study, the hydrophobic ionic liquid (BMIM.PF6)
was immobilized on basic alumina and used as a new
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adsorbent for the removal of an anionic dye "indigo carmine". The effect of different parameters such as pH of
the aqueous phase, concentration of KCl solution, the adsorbent dose and other dyes on the removal efficiency (R
%) of indigo carmine was investigated. It was found that
the dye can be subsequently recovered from the adsorbent
by washing with a small quantity of a mixture of isopropyl alcohol-water (1:1 by volume) as eluting agent.
2. MATERIALS AND METHODS
2.1. Reagents

1-Butyl-3-methylimidazolium hexafluorophosphate
used in the experiments was purchased from Merck. Analytical grade of indigo carmine (5, 5 – ׳indigo disulfonic
acid sodium salt), isopropyl alcohol, acetone and other
materials were used as received. De-ionized water was
used for preparation of solutions. Basic alumina (Himedia,
India) of pore diameter 20–50 mesh was used for adsorption. The pH of aqueous solutions was adjusted by 0.1 M
of HNO3 or NaOH.

R% = 100[(Ci – Cf)/Ci]
where Ci and Cf are the concentrations of indigo carmine in the aqueous phases before and after passing through
the column. The procedure was performed in a water bath at
25(±0.1)◌ْ C.
3. RESULTS AND DISCUSSION
Ionic liquid BMIM.PF6 was immobilized on basic
Al2O3 by the procedure described above and used as a new
adsorbent for the removal of indigo carmine. The structures
of BMIM.PF6 and indigo carmine are shown in Fig.1. SEM
images and elemental analysis using X-Ray spectra shows
that ionic liquid has been coated on γ-Al2O3 (Fig. 2).

(a)

2.2. Apparatus

The pH of the solutions was measured using a digital
pH meter Metrohm 632. The absorbance of dye in the
aqueous phase was measured by UV-visible spectrophotometer GBC model Cintral 101 using 1-cm matched glass
cells. The physical properties of surface of γ-Al2O3 containing immobilized ionic liquid were examined using a scanning electron microscope (SEM) LEO model 1455 VP.
The rotary evaporator of Heidolph model Labrota 4000
has been applied for immobilization of the ionic liquid on
γ-Al2O3.

O

H

NaO3S

N

N

SO3Na
H

O
(b)

FIGURE 1 - Structures of (a) BMIM.PF6 and (b) indigo carmine

2.3. Preparation of ionic liquid coated γ-Al2O3

3 g of γ-Al2O3 was exposed to microwave with maximum radiation for 20 min. Then, it was added to the solution of BMIM.PF6 that was prepared by dissolving of 1 mL
of BMIM.PF6 in 20 mL of acetone. The mixture was stirred
for 10 minutes. After evaporating the solvent by rotary
evaporator and drying at 90 ºC in vacuum for 20 minutes,
BMIM.PF6 – coated Al2O3 as white powder was obtained.
The powder was used as an adsorbent for the removal of
indigo carmine. The IL coated alumina is stable for at least
six months.
2.4. Removal Procedure

A mini column (8 mm id, 10 cm length) was filled up
with a 0.1 g of adsorbent. 90 mL of 88 µg mL-1 solution
of indigo carmine was passed through the column. The
absorbance of indigo carmine in the aqueous phases before and after passing the column were measured at λmax =
610 nm. The concentration of indigo carmine in the final
solution was determined by using a calibration curve. Finally, R% was calculated using the following equation:

3.1. Effect of pH

The pH of the aqueous phase affects the degree of
ionization of indigo carmine. The R% of indigo carmine
is higher in acidic conditions and decreases by increasing
pH. This pH dependency results from the variation of
charged characteristics of indigo carmine with pH of
aqueous phase (Fig. 3). The effect of pH on the R% was
studied and pH =3 (formate buffer) was chosen as optimized pH. In acidic medium the surface of the adsorbent
is protonated and there will be more electrostatic interaction between the anionic dye and protonated adsorbent
sites. Thus the removal percentage is increased at lower
pH values. Due to limited sites on the adsorbent R% of
the dye is decreased at large volumes of dye.
3.2. Effect of the amount of ionic liquid loaded on basic alumina

In order to investigate the effect of ionic liquid amount
on the removal of indigo carmine, the removal procedure
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was conducted by varying the amount of adsorbed ionic

liquid on γ-Al2O3. The results are shown in Fig. 4. By in-

(a)

(a)

(b)
FIGURE 2 - SEM images and Elemental analysis using X-Ray spectra of γ-Al2O3 before coating RTIL, (b) after coating RTIL

FIGURE 3 - Effect of pH on the removal efficiency of
ْ
mine 88 µg mL-1 at 25 ◌ C
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FIGURE 4 - Effect of the amount of ionic liquid loaded on basic
alumina on Removal efficiency of indigo carmine 88 µg mL-1 at 25o C

creasing amount of ionic liquid up to 1 mL of the ionic
liquid loaded on 3 g of alumina an excellent increase in
R% was achieved.

15, 25, 35, and 45°C. The results were shown in Fig. 5. It
is observed that R% of the dye was increased partially at
higher temperature.
3.5. Effect of volume of aqueous phase

The effect of volume of aqueous phase in the removal
procedure was investigated under following conditions:
indigo carmine 44 µg mL-1, pH 3, KCl 0.1M and 45◌ْ C. It
was observed that with increasing the volume of aqueous
phase up to 180 mL, R % was remained nearly constant
(>99%).
3.6. Recovery of column and indigo carmine

FIGURE 5 - Effect of temperature on the removal efficiency of
indigo carmine 88 µg mL-1 at pH=3 and 0.1M ACL
3.3. Effect of salt

In actual wastewaters, dyes are frequently present
along with different salts. To understand the effect of salt
concentration on the removal of indigo carmine, the effect
of KCl salt concentration on the removal of the dye was
investigated. The results are showed that in the presence
of KCl, R% of indigo carmine was increased; which may
be due to salting out effect. The optimized concentration
of KCl was selected 0.1 M in following experiments.
3.4. Effect of temperature

ILs are relatively high cost substances, thus, their recovery is very important problem. The used column was
recovered by washing with a small quantity of a mixture
of isopropyl alcohol and water (1:1 by volume) as eluting
agent. This mixture remains immiscible with the RTIL;
therefore, both RTIL and indigo carmine can be separated
and reused. The boiling point of the mixture of isopropyl
alcohol and water is low; thus, indigo carmine can be
recovered simply. In this study, 100 ml of indigo carmine
22 µg mL-1 was passed through the column. Then, the
column was washed with 20 mL of a mixture of isopropyl
alcohol and water (1:1 by volume) as eluting agent. This
process was repeated many times. It was observed that
R% of indigo carmine was decreased very slightly by
increasing n (Extraction number). Thus, the column containing alumina and RTIL was regenerated and reused for
ten times.

To evaluate the effect of temperature on the removal
procedure, a series of experiments were performed at 5,
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(a)

(b)

(c)

(d)
(e)
(f)
FIGURE 6 - (a) The dyes before mixing, left to right: indigo carmine, copper phthalocyanine green, fuchsine; (b) The dyes after mixing; (c)
separation of dyes on the column; (d) fuchsine dye after passing through the column; (e) indigo carmine after washing the column by a mixture of isopropyl alcohol and water (1:1 by volume); (f) copper phthalocyanine green after washing the column by Ethyl acetate.
3.7. Effect of presence of other dyes on the removal of indigo
carmine

The effects of other dyes in removal of indigo carmine (anionic dye), such as fuchsin (cationic dye) and copper phthalocyanine green (neutral dye) were investigated. A
mixture of dyes (50 mL of indigo carmine 88 µg mL-1,
50 mL of fuchsin 20 µg mL-1 and 50 mL of copper phthalocyanine green 66 µg mL-1) at pH 3 was prepared and was
passed through the column. It was observed that neither of
the dyes had influenced the removal of indigo carmine.
Fuchsin (cationic dye) passed on the column completely
without interaction with the column. Copper phthalocyanine green (neutral dye) and indigo carmine (anionic dye)
were adsorbed on the column. Then, separation of adsorbed
dyes was carried out with selective elution. A mixture of
isopropyl alcohol and water (1:1 by volume) and ethyl
acetate as eluting agents were applied for separating and
washing out of indigo carmine and copper phthalocyanine
green from column, respectively (Fig. 6).

of the dyes from aqueous solution. The conditions of
maximum adsorption of indigo carmine dye were optimized. It was seen that under optimized conditions, indigo
carmine can be removed quantitatively (>95%) from the
water solutions. On the basis of results obtained, it can be
concluded that BMIM.PF6 – coated Al2O3 acts as a potential adsorbent for the removal of indigo carmine from
water samples. The developed adsorbent is very useful
and economical adsorbent for the removal of indigo carmine because it can be used many times without any loss
in the removal efficiency.
ACKNOWLEDGEMENT
The financial support of this work by Shahid
Chamran University Research Council is greatly
acknowledged.

3.8. Applications

In order to evaluate the applicability of the proposed
method, the procedure was applied to the removal of indigo
carmine spiked to river water samples. For this purpose,
90 mL of the water samples containing different concentrations of indigo carmine were treated under the general
procedure. The results showed that quantitative removal
efficiencies (>95%) are obtained for all samples.
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ABSTRACT
The effects of the application of 3 mmol kg-1 synthetic
chelators (ethylenediaminetetraacetic acid (EDTA) and nitrilotriacetate (NTA)) and low molecular weight organic
acids (LMWOAs: citric, malic and tartaric acid), respectively, on the uptake of Cd by two amaranth cultivars
(Amaranthus hypochondriacus L. Cvs. K112 and R104)
from soil contaminated with 5 mg kg-1 Cd were evaluated
by pot experiments. The addition of EDTA increased the
concentrations of Cd in leaves and stems of K112 by 19.9
and 30%, and that of R104 by 24.3 and 148%, respectively.
EDTA was more effective than NTA and LMWOAs at
enhancing the accumulation of Cd in both amaranth cultivars. The application of NTA and citric acid significantly
decreased the accumulation of Cd in both amaranth cultivars. Application of the LMWOAs had no effect on Cd
phytoextraction, which might be due to the rapid degradation of LMWOAs. The results suggest that EDTA can
increase phytoextraction of Cd from soil effectively by A.
hypochondriacus, a high-biomass Cd-hyperaccumulator.

KEYWORDS: Amaranth; cadmium; phytoremediation; organic
acids; NTA; EDTA

1. INTRODUCTION
Phytoremediation of contaminated soil is seen as a
cost-effective and environmentally friendly in-situ remediation technique, which aims to maintain soil fertility
and structure [1]. Robinson et al. [2] recommended that
plants used for phytoremediation should be fast growing,
deep-rooted, easily propagated, have a high biomass, and
accumulate the target metal. We recently found that Amaranthus hypochondriacus is suitable for phytoremediation
* Corresponding author

of Cd-contaminated soil [3]. Amaranthus hypochondriacus is widely used as forage for cattle, as it is very fast
growing with a very high biomass. In China, depending on
environmental conditions and cultivation systems, field
production may yield 2200–5500 kg ha-1 of amaranth grain,
and 90,000–180,000 kg ha-1 of fresh plants (silage) [4]. In a
mono-culture experiment, A. hypochondriacus accumulated more than 100 mg kg-1 Cd from soil containing 5 mg
kg-1 Cd [3]. Another experiment evidenced that A. hypochondriacus intercropped with maize accumulated more
than 50 mg kg-1 Cd in the shoots and over 90 mg kg-1 Cd in
the roots from soil containing 3 mg kg-1 Cd [5]. In phytoextraction, amaranth cultivars may be superior to another Cd
hyperaccumulator, Solanum nigrum L. [6], which is known
to accumulate 103.8 mg kg-1 Cd in stems and 124.6 mg kg-1
Cd in leaves from soil containing 25 mg kg-1 Cd (lower
extraction efficiency than A. hypochondriacus).
Chelators have shown an ability to enhance the phytoremediation of heavy metals from contaminated soil. Some
synthetic chelators, such as EDTA, have been found to enhance the shoot accumulation of heavy metals [7, 8]. Other
chelators, such as NTA and S,S-ethylenediaminedisuccinic
acid (EDDS), have been effective with different plants [911]. LMWOAs, which can be exuded from plant roots
into the soil may also enhance the accumulation of heavy
metals [12-14].
In this study, we compared the effects of synthetic
chelators (EDTA and NTA) and LMWOAs (citric, malic
and tartaric acid) on metal solubility, and the ability to enhance the phytoextraction of Cd by two amaranth cultivars (K112 and R104) from a contaminated soil. The
purpose of the study was to find the best agent to maximize phytoremediation efficiency of A. hypochondriacus.
2. MATERIALS AND METHODS
2.1. Soil characterization and preparation

The soil used in the experiment was taken from the
surface layer (0-20 cm) of cultivated land at the South
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China Botanical Garden, Guangdong Province, China.
The soil had a long rotation history of vegetables and rice,
and was developed from the sedimentary materials of the
Pearl River Delta. It was collected, air-dried, well mixed
and crushed to pass through a coarse 1-cm sieve. Three
samples were taken from the bulk soil for lab analysis.
The soil samples were ground to pass a 20-mesh sieve for
analysis of pH and exchangeable cations, and further
passed a 100-mesh sieve for other chemical analyses. The
physical and chemical properties of the soil analyzed in
this study are shown in Table 1.
TABLE 1 - Physicochemical properties of soil used in the study.
Properties

Values

pH
Organic matter content (g kg-1)
Cation exchange capacity (cmol kg−1)
NO3-N (mg kg-1)
NH4-N (mg kg-1)
Available P ( mg kg-1)
Exchangeable K ( mg kg-1)
Total Cd concentration after amendment (mg kg−1)

7.1
15.4
7.82
2.25
19.4
0.13
32.1
5.0

2.2 Pot experiment design

The soil was artificially contaminated with Cd using a
solution of 3CdSO4.8H2O to a level of 5 mg kg-1 Cd. The
soil moisture content was regularly adjusted by weight to
about 60% of the water holding capacity (WHC), and the
soil was equilibrated for 1 year. About 7.5 kg (dry weight)
of contaminated soil was transferred into pots for the pot
trial. Basal fertilizer (150, 75 and 95 mg kg-1 of N, P and
K, respectively, supplied from NH4NO3 and KH2PO4) was
also applied. The two amaranth cultivars employed for
this trial were K112 (A. hypochondriacus L. Cv. ‘K112’)
and R104 (A. hypochondriacus L. Cv. ‘R104’). Two synthetic chelators (EDTA and NTA) and three LMWOAs
(citric, malic and tartaric acid) have been used as treatments, and each treatment was replicated four times.
Amaranth seeds were thoroughly rinsed with water,
and germinated on a filter paper (36 h at 20 °C in the dark).
Uniformly germinated seeds with an emerged radical were
transferred to the pots. After the first pair of true leaves
appeared, the seedlings were thinned to 5 plants per pot.
The soil moisture content was maintained at 60% (w/w)
of the soil WHC by adding de-ionized water every 2 days.
The plants were grown in a greenhouse under natural light
for 60 days.
After 40 days of growth, 3 mmol kg−1 of EDTA, NTA
or the LMWOAs (citric, malic and tartaric acid) was applied to the soil surface in solution (100 ml). After 10 days,
the chelators and the LMWOAs were applied a second
time using the same method as in the initial application.
After application of the chelators, the soils were irrigated
on a daily basis. A control (CK) with no chelator was also
included. The two amaranth cultivars were harvested on
the 60th day.

2.3 Plant and soil analysis

The plant material was divided into root, stem and
leaf tissues, each of which was weighed separately for
both fresh and dry biomass. The plant samples were
washed briefly with tap water, and then deionized water, to
remove surface dust and soil, and completely oven-dried at
75 °C, before being weighed and ground to <0.5 mm. Subsamples (0.5 g) of the finely ground plant tissues were
digested with concentrated HNO3 and HClO4 (5:1 v/v ratio)
and then diluted to 25 ml with deionized water, before
being analyzed for total Cd by flame atomic absorption
spectrometry (FAAS, Hitachi Z-5300). Quality control
was addressed by routinely analyzing plant standard reference materials (GBW 07602) and including blanks in
digestion batches. The data are presented as means of four
replicates plus or minus the standard deviations.
After the plants were harvested, a composite soil sample was taken from each pot. The soil pH was measured in
a solution with a soil/deionized water ratio of 1/2.5 (w/v)
using a pH-meter. The soil-extractable Cd concentration
was measured in a CaCl2 extract (2.00 g of air-dried soil
added to 20 ml of 0.01 mol L-1 CaCl2) in a 50-ml polypropylene centrifuge tube. The tube was shaken end-overend for 16 h at 25 °C, and then centrifuged at 4000 rpm for
10 min. The total soil Cd concentration was measured from
an acid digest where the soils were digested with a mixture
of concentrated HNO3/HClO4/HF (3:1:1; concentrations of
HNO3, HClO4 and HF were 15.6, 11.7 and 19.7 mol L-1).
The extractable and total Cd values were determined from
FAAS analysis of the digests (Hitachi Z-5300).
3. RESULTS AND DISCUSSION
3.1. Effect of synthetic chelators and LMWOAs on plant
growth

One barrier to phytoremediation implementation is the
potential growth of the plant before and after chelator addition. High concentrations of chelators are known to decrease the plants growth [15], and this was also observed
in our study. The shoot (sum of leaves and stem) and root
dry matter yields are shown in Fig. 1. The application of
synthetic chelators and LMWOAs to the soil did not adversely affect the root production of the amaranth. The
shoot dry weights decreased slightly but not significantly
for both amaranth cultivars after treatment with EDTA,
NTA, malic and citric acid compared with CK. However,
application of tartaric acid significantly (p<0.05) decreased
the dry biomass yields of the two amaranth cultivars (K112
and R104) by 19.0 and 11.0%, respectively, compared to
the control.
The effect of the chelators on the plant biomass may
be related to different experimental conditions, such as
soil properties, metal concentration and soil components,
and to chelator application dosages and methods. Luo et
al. [16] found that the application of citric acid did not
have any significant effect on the shoot growth in bean
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FIGURE 1 - Effect of synthetic chelators and LMWOAs on the dry biomass of two amaranth cultivars (mean±SD, g plant-1, n=4; values with
different letters indicate a significant difference at p < 0.05 based on the least significant difference (LSD) test).

plants. Some studies indicated that although chelator
addition could significantly increase the accumulation of
heavy metals in plants, it could also have negative effects
on the plant biomass [17, 18]. In this study, the tartaric
acid decreased the shoot dry biomass of both amaranth
cultivars compared to the control, which indicates that
amaranth is sensitive to tartaric acid.
3.2 Effects of synthetic chelators and LMWOAs on Cd concentrations and bioconcentration factor

Two indices were calculated to evaluate the ability of
the plants for phytoextraction of Cd. The bioconcentration
factor (BCF) was calculated as follows:

BCF =

C aboveground
C soil

(1)

where, Caboveground is the metal concentration in stem
and leaf tissues (as the tissue types were analyzed independently, we calculated the total amount of Cd in each
tissue type and divided it by the total stem and leaf mass)
and Csoil is the metal concentration in soil [19]. The transfer factor (TF) was calculated as follows:

TF =

C aboveground
Croot

(2)

where, Caboveground is the metal concentration in the
stem and leaf tissues as described above, and Croot is the
metal concentration in the root.
There were significant differences in the Cd concentrations of leaf, stem and root of the two amaranth cultivars (Table 2). After addition of EDTA, the Cd concentration in the leaves of the two amaranth cultivars increased
significantly to 235.2 and 256.1 mg kg−1, which were both
1.2 times higher than the control (p<0.05). Treatment with
citric and malic acid decreased the Cd level in the leaves
of K112 significantly (p<0.05), but decrease in the leaves
of R104 was moderate and not significant. The addition of
NTA was more effective in decreasing the Cd concentration in the leaves than citric or malic acid, with the lowest
Cd concentrations of 114.2 and 141.8 mg kg−1 found in the
leaves of K112 and R104 treated with NTA, respectively.
The EDTA and malic acid treatments increased Cd
level in the stems of both cultivars by about 30 and 22.5%
for K112, and 148.2 and 143.7% for R104, respectively,
with regard to the control. The NTA treatment decreased
the Cd content in the stem significantly, by about 57.7
and 52.2% for K112 and R104, respectively, compared to
the control. The amaranth root Cd content was not strongly affected by addition of citric, malic and tartaric acid,
which generally increased or decreased amaranth root Cd
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TABLE 2 - Effect of different synthetic chelators and LMWOAs on Cd concentration in the tissues of two amaranth cultivars (mean±SD, mg
kg-1, n=4).
Species

Tissue
CK
NTA
EDTA
Citric
Leaf
196.4±22.6b
114.2±9.6d
235.2±12.3a
142.7±14.4c
K112
Stem
50.7±9.7ab
12.5±1.6c
65.9±5.8a
41.6±8.5b
Root
93.9±5.3a
53.1±3.8b
101.5±5.6a
87.9±6.9ab
Leaf
206.6±29.7b
141.8±13.1c
256.1±11.3a
181.7±12.3b
R104
Stem
24.7±1.3c
11.8±1.9d
61.3±5.2a
38.4±8.0b
Root
126.7±14.4a
65.8±2.6b
117.8±3.5a
85.1±6.7b
Values with different letters indicate a significant difference at p < 0.05 based on the LSD test.

Malic
174.5±9.9c
62.1±4.1a
101.3±4.3a
185.3±16.9b
60.23±14.3a
105.1±8.4ab

Tartaric
199.3±18.2b
44.5±6.36b
111.0±7.7a
149.4±8.5c
29.4±7.0c
118.2±11.7a

TABLE 3 - Bioconcentration factor (BCF) and transfer factor (TF) of Cd in two amaranth cultivars with different treatments (mean±SD,
n=4).
Species
K112
R104

BCF
TF
BCF
TF

CK
27.3 ±2.4
1.5 ±0.2
33.2 ±2.9
1.3 ±0.2

NTA
14.2 ±1.0
1.4 ±0.1
17.5 ±1.4
1.3 ±0.1

EDTA
32.9 ±1.6
1.6 ±0.1
35.4 ±1.5
1.6 ±0.2

only slightly. The NTA treatments decreased the root Cd
content significantly, by about 43.4 and 48.1% for K112
and R104, respectively, with respect to the control.
Previous studies have shown that EDTA is one of the
most efficient chelating agents for increasing the uptake of
metals, especially Pb [20, 21]. NTA usually has a lower
efficiency for solubilizing metals from soils, and is typically less effective at enhancing the uptake of metals by
plants than EDTA [22-23]. In this study, EDTA enhanced
the accumulation of Cd in the amaranth shoots, while
NTA decreased the Cd concentration in shoots and roots,
and had a lower uptake of heavy metals than the control.
Citric, malic and tartaric acid had little effects on the
heavy metal uptake. These LMWOAs may not be suitable
to enhance plant accumulation of Cd during phytoremediation. The LMWOAs were degraded more quickly than
the synthetic chelators, which is consistent with previous
reports [13, 24].
The Cd concentrations in the plant tissues were in the
order of leaf > root > stem, with Cd levels in leaves being
much higher than in roots and stems. Almost all treatments
had leaf Cd concentrations >100 mg kg-1, which confirms
the results of previous studies that identified the ability of
A. hypochondriacus L. to accumulate Cd in leaves to concentrations exceeding 100 mg kg-1 (the criteria for a Cdhyperaccumulator) with the ratios of shoot to root Cd
concentrations being higher than 1.0 (Table 3). In our previous study, A. hypochondriacus also accumulated more
than 100 mg kg-1 Cd from soil containing 5 mg kg-1 [3].
As this plant has long been used as a forage species, the
cultivation systems for this crop are well established and
highly mechanized. Consequently, A. hypochondriacus
has a great potential to efficiently extract Cd from contaminated soils.
The average BCFs of the two amaranth plants ranged
from 14.2 to 35.4 (Table 3). A high biomass and high BCF
values are two key factors which have been identified for

Citric
19.9 ±1.9
1.2 ±0.2
24.2 ±1.9
1.4 ±0.2

Malic
25.3± 0.8
1.3 ±0.1
26.2± 1.6
1.3 ±0.2

Tartaric
26.7 ±2.7
1.2 ±0.1
19.5 ±1.5
0.8 ±0.1

a successful phytoextraction [25]. Generally, most hyperaccumulators have a high BCF but have low biomasses,
leading to relatively low amounts of extracted metals. For
example, Thlaspi caerulescens L., a Cd-hyperaccumulator,
accumulated 600 mg kg-1 Cd in shoots with a BCF of up
to 29.6, but only 240 µg Cd was extracted per plant [26].
Chemically enhanced phytoextraction of soils contaminated with heavy metals is a potential method for
removing heavy metals from soils using high biomass
plants [27]. In this study, we found that the application of
EDTA to soils led to a significant increase in Cd concentrations in the shoots of both amaranth cultivars. However, it should be noted that EDTA application can lead to
soil and groundwater contamination [28].
3.3 Effect of chelator addition on total metal accumulation by
A. hypochondriacus

The five chemical amendments used in this study significantly decreased the overall Cd accumulation by the
two amaranth cultivars compared to the control, with the
exception of EDTA (Fig. 2, p<0.05). This reduction was
due to the decrease in shoot biomass and leaf Cd concentration. For the successful enhancement of phytoremediation using chelators, a strategy is required to protect plant
biomass from significant losses [29]. Application of NTA
led to the greatest decrease in total Cd uptake (2296.1 µg
plant-1 and 2550.9 µg plant-1 by K112 and R104, respectively). In contrast, the EDTA treatment increased the
total amount of Cd uptake by K112 and R104 compared
to control, but these changes were not significant. These
results indicate that a chelator dosage of 3 mmol L-1 may
be too low.
3.4 pH and CaCl2-extractable Cd of the soil at the end of the
culture

In soils, most heavy metals have low phytoavailability because they are usually strongly associated with or-
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FIGURE 2 - Effect of synthetic chelators and LMWOAs on the total amount of Cd taken up by two amaranth cultivars (mean±SE, µg plant-1,
n=4; values with different letters indicate a significant difference at p < 0.05 based on the LSD test)
TABLE 4 - pH and CaCl2-extractable Cd in the soil after amaranth growth (mean±SD, n=4).
Species
K112
R104

pH
extractable Cd
pH
extractable Cd

CK
6.07±0.22
0.65±0.5
5.99±0.07
0.71±0.3

NTA
5.98±0.19
0.79±0.15
5.91±0.45
0.75±0.29

ganic matter, Fe–Mn oxides, and clays, and as carbonate,
hydroxide and phosphate precipitates [30]. Lower soil pH
has been widely observed to be responsible for higher Cd
uptake by plants [31, 32]. As shown in Table 4, the application of EDTA significantly decreased the pH of the soil
but significantly increased the extractable Cd in the soil
compared with control (p< 0.05). The pH of soil growing
the K112 and R104 cultivars with added EDTA (pH 5.05
and pH 5.01, respectively) was generally <1.0 pH units
lower than the controls (pH 6.07 and pH 5.99, respectively). The application of NTA and LMWOAs had no statistically significant effect on pH and extractable Cd of the
soil, possibly due to the rate of degradation of NTA and
LMWOAs. Ensley [33] reported that once a chelator is
applied to soils, it will solubilize metals from the soil and
transfer them to the roots, which is described as the stage
I process. This is followed by the stage II process which
involves the enhanced transfer of the mobilized metals to
the shoots within the plant. The pot trial showed that
EDTA was able to mobilize Cd from the polluted soil,
thus increasing its concentration in the plants. This mobilization ability, along with the ability of EDTA to increase
the root-to-shoot Cd transfer, can explain the success of
EDTA in enhancing Cd phytoextraction [18].

EDTA
5.05±0.07
1.14±0.03
5.01±0.11
1.13±0.06

Citric
6.08±0.25
0.68±0.08
6.13±0.23
0.7±0.11

Malic
6.28±0.19
0.72±0.07
6.33±0.28
0.77±0.04

Tartaric
6.29±0.56
0.66±0.1
6.47±0.43
0.82±0.13

4. CONCLUSIONS
The results of the study indicate that treatment with
NTA significantly decreased the Cd accumulation by the
two amaranth cultivars examined. The application of
LMWOAs (citric, malic and tartaric acid) showed no
enhancement of Cd phytoextraction; but EDTA increased
the Cd concentration in the plants and slightly increased
the total uptake of Cd. This experiment suggests that the
uptake of Cd by A. hypochondriacus is not increased by
the addition of chelating agents. However, further study is
required to examine the effect of higher chelator dosages
to draw a more complete conclusion.
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ABSTRACT

1. INTRODUCTION

Most techniques for the recycling of coal fly ash involve thermal treatment. Mercury adsorbed onto the fly
ash could cause secondary emissions resulting from the
increased temperature, potentially causing increased gaseous mercury pollution. In this work, mercury emissions
from coal fly ash and the influence of unburned carbon
during thermal treatment were investigated. The coal fly
ash, collected from the Zhujiang Power Plant in Guangzhou, was screened into four size fractions (>150 µm,
150–75 µm, 75–48 µm, and <48 µm). The samples were
digested according to EPA Method 3200 and heated from
473.15 to 1473.15 K using 100-K intervals. Gaseous mercury species (Hg0 and Hg2+) emitted during thermal treatment were absorbed using the Ontario Hydro Method. A
novel method to calculate contents of unburned carbon in
the samples was put forward with weight differences between prior to and after thermal treatment, based on thermogravimetry plots. The results demonstrated there was a
clear correlation between the concentrations of mercury
emitted from the coal fly ash and the contents of unburned
carbon, with a correlation coefficient of r2 = 0.8512. During the thermal treatment, gaseous mercury emissions from
coal fly ash began at 473.15 K and ended at 1073.15 K.
The maximum mercury emission temperature was highly
dependent on the contents and characteristics of unburned
carbon. A distinct Hg0 oxidization was observed during
the carbon combustion process. This phenomenon became
more apparent in the more carbonaceous, coarse fly ash
grades than in the less carbonaceous, finer fly ash grades.

KEYWORDS: coal fly ash; mercury emissions; unburned carbon;
thermal treatment

* Corresponding author

Mercury is a hazardous pollutant that has received increased interest recently because of its volatility, persistence and bioaccumulation [1]. According to global statistics, anthropogenic mercury emissions can reach up to
2190 tons [2], with coal combustion in power plants releasing up to 879 tons of mercury annually, making power
plants the largest anthropogenic sources of mercury [3, 4].
Coal fly ash, which is discharged from coal-fired
power plants, is a fine ash collected during the process of
flue gas dedusting. In general, coal fly ash possesses a
stronger absorption capacity for gaseous mercury, increasing the likelihood of mercury enrichment. Mercury concentrations in coal fly ash were estimated to be about 1.0–
10 times higher than in bottom ash [5], and 4.692–10.646
times higher than in raw coal [6].
Emissions of coal fly ash have reached astonishing
levels worldwide. Emission loads in the United States are
estimated to be more than 70 Mt and more than 64 Mt in
Europe [7]. In China, fly ash emissions were up to 375 Mt
in 2009, twice the discharge from Chinese municipal solid
waste treatment plants [8].
To recycle coal fly ash, many processes involve thermal treatment of the fly ash. Because of its high volatility,
mercury enriched in the fly ash is easily released with increasing temperatures, making it a potential threat to the
environment. Typical thermal treatment processes include
fly ash cement, fly ash blocks and brick making, and metallurgy.
Since the 1980s, researchers have focused on the
physiochemical characteristics of mercury in coal fly ash.
Kaakinen et al. [9] calculated mercury enrichment factors
in coal fly ash, bottom and raw coal, concluding that the
mercury enrichment factor in coal fly ash was the highest
of the three sample types. Recently, research in this area
has become more intensive and quantitative. Galbreath
and Zygarlike [10] demonstrated that mercury in coal fly
ash was largely in the form of Hg0 and Hg2+. The Hg2+
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existed mainly as HgCl2 and HgO, which were adsorbed
on the carbon surface in the coal fly ash. Hassett & Eyland [11], Serre & Silcox [12] and Hutson [13] indicated
that coal fly ash can be used as a mercury adsorbent,
removing gaseous mercury from flue gas, because many
unburned carbon particles are present in the fly ash. Their
results demonstrated that the higher the carbon content in
fly ash, the higher the mercury concentration would be
[14]. Kostova et al [15] found that some carbon was isolated from the flue gas stream and did not contribute to
Hg capture. Lu et al. [16] developed a sulfur-loaded activated carbon to remove mercury in flue gas from coal-fired
power plants more effectively. Variability in the carbonaceous species characteristics influences the amount of
mercury retained on the fly ash [17], and it captures different mercury species based on the characteristics of the
carbonaceous particles [18].
At atmospheric temperature and pressure, mercury
adsorbed onto fly ash is unlikely to enter the atmosphere
[19]. This is not the case when fly ash is thermally treated.
Mercury present in coal fly ash is gradually released with
increasing temperatures [20]. At present, there have been
no correlative and systematic studies on the release of mercury from coal fly ash and the effects of other species present in fly ash, particularly unburned carbon, under heating conditions. Two reports have focused on mercury emissions from flue gas desulfurization byproducts (FGDBs)
during thermal treatment [21, 22]. However, the physicochemical characteristics of coal fly ash are completely
different to those of FGDBs. FGDBs are composed of
gypsum (CaSO4·2H2O), and have few unburned carbon
particles. Because of this, mercury enrichment factors in
FGDBs were lower than those of raw coal fly ash. On the
other hand, the most prevalent oxidation states of mercury
in coal fly ash are different than in raw coal. Mercury in
raw coal is mostly in the form of sulfide minerals (pyrite
and sphalerite) and selenides [23, 24]. In coal fly ash, mercury exists as elemental mercury Hg0 and mercury compounds HgCl2 and HgO on the surface of carbon particles,
with the oxidation state dependent on the physical and
chemical state of the coal fly ash [10]. As a result, during
thermal treatment, the characteristics and mechanism of
mercury emissions from fly ash are different than in coal
combustion.
The aims of this research were to evaluate the pollutants emitted by industries using thermal treatment for the
recycling of coal fly ash, and to provide fundamental
measures for future research. This work further improves
the understanding of mercury emissions from coal fly ash
during thermal treatment.
2. MATERIALS AND METHODS
2.1. Sample collection and size-segregation

Fly ash samples were collected from the Zhujiang
Power Plant, located in the Nansha Economic Develop-

ment Zone, Guangzhou, PR China. The power plant is
located 70 km southeast from Guangzhou. The power plant
is the largest coal-fired power station in Guangzhou, with a
gross installed capacity up to 4×300 MW. Raw fly ash
samples were screened into four size fractions: >150 µm,
150–75 µm, 75–48 µm, and <48 µm, with the aid of sieves
of 100 (150 µm), 200 (75 µm), and 300 mesh (48 µm).
2.2. Fly ash analysis

Surface areas of the fly ash samples were determined
using a Micromeritics ASAP2020M apparatus, and the
Brunauer-Emmett-Teller (BET) equation was used to calculate the surface areas. The microstructures of the sizeresolved fly ash samples were observed using a S-3700
Scanning Electron Microscope (SEM, Hitachi Instrument)
and an Axios X-ray fluorescence spectrometer (XRF,
PANalytical Corporation) was used to determine the elemental compositions. Contents of unburned carbon in the
fly ash samples were calculated with the weight differences
between carbon contents before and after unburned carbon
combustion from TG plots obtained using a TGA R5000 IR
for thermogravimetric analysis (TGA, Leco Corporation).
The samples were digested according to EPA Method
3200. At first, fly ash samples (2 g) were weighed into a
vessel and 5.0 ml of a 1:6:7 (v/v) HCl:HNO3:reagent H2O
mixture was added for extraction. Next, the sample was
vortexed for 1 min, heated for 20 min at 368.15 ± 2 K in a
water-bath, and the supernatant was transferred into another vessel. After transferring the supernatant, 5.0 ml of
the extraction solution was added to the residual insoluble
material and the vortex, and heating processes were repeated twice more. All of the extracted supernatants were
collected into the same vessel. Finally, the insoluble material was washed with 5 ml reagent water. After the vortexing and centrifuging process, the rinsing water was
decanted and combined with the extracted supernatants.
The combined extracts (20 ml) were diluted to 100 ml using
deionized water.
The mercury concentrations were calculated using
Equation 1:
Mercury concentration (µg/g) = C1 × V1

(1)

M1

where, V1 is the diluted supernatant volume (L), C1 is
the mercury concentration in the extraction solution
(µg/L), and M1 is the mass of the dispelled sample (g).
The Ontario Hydro Method (OHM) was used to absorb gaseous mercury species (Hg0 and Hg2+) emitted from
the samples during thermal treatment in a tubular furnace.
The mercury concentration was determined using an AFS830 atomic fluorescence spectrometer (CVAFS, Titan
Instrument), and its mercury detection limit (DL) was
0.001 µg/L.
The fly ash samples were heated at ambient pressure at
temperatures ranging from 473.15–1473.15 K for 30 min.
A schematic view of the experimental setup is presented
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In Equation 2, V2 is the diluted volume of the KCl solution (L), C2 is the mercury concentration in the KCl solution (µg/L), and M2 is the mass of the sample (g).
Hg0 emission concentration (µg/g) = C3 × V3 + C4 × V4

M2

(3)

In Equation 3, V3 is the volume of the diluted HNO3H2O2 solution (L), C3 is the mercury concentration in the
H2O2-HNO3 solution (µg/L), V4 is the volume of the
diluted KMnO4-H2SO4 solution (L), C4 is the mercury
concentration in the KMnO4 solution (µg/L), and M2 is
the mass of the samples (g).
3. RESULTS AND DISCUSSION

FIGURE 1 - Schematic view of the mercury absorption device.

in Fig. 1. Oxidized mercury (Hg2+) in the flue gas was absorbed by the first three impingers, which contained chilled
aqueous potassium chloride solutions (1 mol/L). Elemental
mercury (Hg0) in the flue gas was absorbed by the subsequent impingers (one impinger consisted of a chilled aqueous solution of nitric acid and hydrogen peroxide (5 % v/v
HNO3 - 10 % v/v H2O2), and three impingers consisted of
aqueous solutions of potassium permanganate and sulfuric acid (4 % w/v KMnO4 - 10 % v/v H2SO4)). Samples of
fly ash (1.5 g) were heated in the tubular furnace at different temperatures. The absorption solutions were processed
before the mercury analysis. The KCl solutions (90 ml)
were diluted to 200 ml using an aqueous solution of potassium dichromate and nitric acid (5% v/v K2Cr2O7 - 5%
v/v HNO3). The HNO3-H2O2 solution (30 ml) was diluted
to 100 ml using nitric acid (5% v/v HNO3). The KMnO4H2SO4 solutions (90 ml) were diluted to 200 ml using
deionized water. The processed solutions were stored
below 277.15 K, and the analyses were completed within
48 h of processing. The concentrations of emitted mercury were calculated using Equations 2 and 3.
Hg2+ emission concentration (µg/g) = C2 × V2

(2)

3.1. Physical characteristics of the fly ash

The raw fly ash was gray in color, and had a cementlike appearance. The density was 2.13 g/cm3, its BET
surface area was 3.3454 m2/g, and the average particle
size was 26.850 µm. The percentages of particles in the
size ranges <48, 48–75, 75–150 and >150 µm were calculated to be 39.2, 41.7, 17.3 and, 1.7%, respectively.
SEM images of the different size categories of fly ash
are presented in Figs. 2–5 demonstrating that the fly ash
particles generally had two different shapes. The first
shape type was spherical with a glazed surface and low
porosity. The other shape type was irregular, with a rugged surface and dense porosity.
The SEM image of the >150 µm size fraction (Fig. 2)
shows that the spherical particle morphology was uncommon, with most of the particles having a rough edge
and an irregular surface shape. The unburned carbon had
a loose structure and high porosity, with pore sizes ranging from 2 to 25 µm.
In the 150–75 µm size fraction (Fig- 3), more spherical
particles were observed than in the >150 µm size fraction,
but the irregular morphology was still predominant.

M2

FIGURE 2 - SEM images of the >150 µm size fraction.
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FIGURE 3 - SEM images of the 150–75 µm size fraction.

FIGURE 4 - SEM images of the 75–48 µm size fraction.

FIGURE 5 - SEM images of the <48 µm size fraction.

Some ragged and loosened structures could be observed on the surface of the particles, but not to the same
extent as in the >150 µm size fraction. Numerous tiny

glass beads (with diameters from 0.5 to 3 µm) were interspersed, and found to be attached to the surface of some
of the larger fly ash particles.
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In the 75–48 µm size fraction (Fig. 4), more spherical
particles were apparent which had glazed surfaces with
small pores (0.1–2 µm). Irregular particles with materials
adsorbed to them were also observed.
In the <48 µm size fraction (Fig. 5), the spherical
morphology was the most abundant, and the particles had
a bead-like appearance. The particle sizes in this fraction
ranged from <1 to 50 µm. These particles appeared to
have glazed surfaces, and the finest particles appeared to
be enveloped by layered irregular chips.
3.2. Chemical characterization of the fly ash

The fly ash largely consisted of SiO2, Al2O3, MgO,
Fe2O3, CaO, K2O, Na2O, and TiO2 (translated into oxides).
SiO2 accounted for nearly half (49.3 %) of the total fly
ash mass. The second highest contributor to the fly ash
mass was Al2O3 (28.5 %). CaO, Fe2O3 K2O, Na2O, MgO,
and TiO2 made up 4.5, 5.9, 1.2, 0.7, 1.0, and 1.0 %, respectively, of the fly ash mass. In comparison with the
average chemical composition of fly ash in China [24],
the fly ash sample in our study had lower calcium content
and a higher Al2O3 content.
Differences in the chemical compositions between the
fly ash size fractions are presented in Fig. 6. From Fig. 6
it is evident that the concentrations of the 8 oxides gradually decreased with increasing particle size. For example,
the percentage of Fe2O3 in the >150 µm size fraction was
2.9 %, while it was 5.1 % in the <48 µm size fraction.
The percentages of CaO increased (2.6, 3.4, 6.1, and 6.5
%) as the fly ash particle size decreased. The percentage
of CaO in the 75–48 µm size fraction was nearly identical
to that of raw fly ash. Variations in the concentrations of
K2O, Na2O, TiO2, and MgO also demonstrated similar
enrichment trends, but their oxide concentrations were all
low in the fly ash.

to carbon combustion, but also to volatilization of other
components, such as raw gypsum (CaSO4·2H2O), slaked
lime (Ca(OH)2, limestone and calcium sulfite (CaSO3), and
so on, which will result in a larger error in carbon contents determined using the LOI test [29]. To obtain more
precise carbon contents, a novel method to determine carbon contents in fly ash was put forward. A weight difference before and after carbon combustion within a thermogravimetric spectrum was calculated and considered as
the content of unburned carbon in the fly ash.
Generally, the carbon content determined with the
LOI test was larger than that calculated by a weight difference before and after carbon combustion. This is because the weight difference in the TGA method was only
calculated carbon combustion loss. Other impurity compositions could be eliminated effectively. Compared with
the traditional method, the determination of results for
carbon content in raw fly ash using the TGA method was
more precise.
Figure 8 presents carbon contents determined using
ΔTG values in raw and size-segregated fly ash samples. In
the raw fly ash, carbon made up 2.84 % of the mass. In
the size-segregated fly ash samples, carbon contents decreased with decreasing particle size. Carbon made up
8.92, 5.02, 2.69 and 1.40 % in the >150 µm, 150–75 µm,
75–48 µm and <48 µm size fractions, respectively. In
comparison with the LOI test, LOI error ranged from
14.46 to 37.86 % (Table 1).
In the TGA curve (Fig. 7) of the >150 µm size fraction, unburned carbon began to combust at a lower temperature (773.15 K) than in the other size fractions
(873.15 K). This result demonstrates that the carbon contents influenced combustion temperatures, and indicated
that some impurities may be present in the unburned carbon that resulted in an increase of the ignition temperature.

2

1.5

1.00

ΔTG<48

<48µm
75-48µm

1

0.98

ΔTG(%)
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0.5
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FIGURE 6 - Composition ratios (Cs/Co) of oxides in fly ash (Cs oxides content in the size-segregated fly ash, C0 -oxides content in the
raw fly ash).

473.15

673.15

873.15

1073.15

1273.15

Temperature(K)

FIGURE 7 - Thermogravimetric analysis of fly ash samples.

Traditionally, the loss-on ignition (LOI) test was a
standard method to determine unburned carbon content in
the raw fly ash from coal-fired boilers [26-28]. But the
measured weight loss in the LOI test not only came down

For all the samples, the relationship between carbon
contents and the BET surface areas were investigated and a
correlation coefficient of r2 = 0.7593 was obtained (Fig. 8).
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>150, 150–75, 75–48 and <48 µm size fractions, respectively. Mercury concentrations in the 150–75 µm and <48
µm size fractions, which made up the majority of the
particles, were similar to the mercury concentration in
raw fly ash. No clear relationship among the mercury and
carbon contents and the BET surface area was apparent.
3.4. Mercury emission characteristics during thermal treatment

Table 2 presents emitted mercury concentrations during
thermal treatment for raw fly ash and the different size fractions. In raw fly ash, gaseous mercury emissions began at
473.15 K, but the emissions were low (0.038±0.003 µg/g),
accounting for 6.91% of the total mercury in the fly ash.
Mercury emissions increased when the temperature was
increased to 573.15 K, where the mercury emission concentration was 0.123±0.009µg/g, or 22.36 % of the total
mercury in the fly ash. Mercury emissions reached a
maximum concentration of 0.168±0.011µg/g at 873.15 K,
accounting for 30.55 % of the total mercury in the fly ash.
No further mercury was released when the temperature
was increased to 1073.15 K. The total concentration of
mercury emitted was 0.173±0.008 µg/g, with 31.45% of
mercury being emitted. In the >150, 150–75,75–48 and
<48 µm size fractions, the emitted mercury concentrations were 0.178±0.004, 0.188±0.009, 0.169±0.004 and
0.155±0.005µg/g, respectively, and the emission percentages were 42.08, 40.43, 30.45 and 27.53%, respectively.
The percent emission, which was calculated by the ratio of
the emitted mercury to the total mercury, was lower from
the smaller size fractions (Fig. 9) because of their low carbon contents. Percentages of mercury emitted were wellcorrelated with carbon contents, with a maximum correlation coefficient of r2 = 0.8512 (Fig. 10). In coal fly ash,
adsorbed mercury on the unburned carbon surface was
easily removed during thermal treatment.

FIGURE 8 - Plot of BET surface areas (m2/g) versus carbon concentrations (%).

This result is in agreement with previous research
[25]. Generally, the larger fly ash size fractions had larger
BET surface areas. For example, the >150 µm size fraction had the most carbon (8.92 %) and the largest surface
area having a loose, porous structure. The unburned carbon in larger size fractions had irregular shapes and little
aggregation (Fig. 2). In the other smaller size fractions,
unburned carbon was usually associated with silicates,
resulting in lower carbon contents (Figs. 3–5).
3.3. Mercury in coal fly ash

Mercury concentrations in the fly ash samples are presented in Table 2. In raw fly ash, the total mercury concentration was 0.550±0.037 µg/g. In the size-segregated
samples, mercury concentrations increased with decreasing particle size, with concentrations of 0.423±0.024,
0.465±0.015, 0.555±0.018 and 0.563±0.029 µg/g in the

TABLE 1 - BET surface areas, carbon contents from the TGA, and LOI analyses and LOI errors for the different fly ash size fractions.
Fly ash size fractions

BET surface area (m2/g)

Carbon content (%)

>150 µm
75–150 µm
48–75 µm
<48 µm
Raw fly ash

4.3619
2.9117
2.5826
1.6081
3.3454

8.92
5.02
2.69
1.40
2.84

LOI
(%)
10.21
6.24
3.27
1.93
3.61

LOI Error
(%)
14.46
24.30
17.73
37.86
27.11

TABLE 2 - Total, emitted and residual mercury concentrations (µg/g) and percent errors (%) during thermal treatment of the fly ash
samples.
Fly ash size
fractions
>150 µm
75–150 µm
48–75 µm
<48 µm
Raw fly ash

Total mercury
(µg/g)
0.423±0.024
0.465±0.015
0.555±0.018
0.563±0.029
0.550±0.037

Emitted mercury
(µg/g)
0.178±0.004
0.188±0.009
0.169±0.004
0.155±0.005
0.173±0.008

Percent emission
(%)
42.08
40.43
30.45
27.53
31.45

1893

Residual mercury
(µg/g)
0.203±0.015
0.254±0.011
0.348±0.023
0.361±0.019
0.357±0.016

Percent residual
mercury (%)
47.99
54.62
62.70
64.29
64.91

Percent error
(%)
9.93
4.95
6.85
8.18
3.64
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smaller size fractions, resulting from mixing of the unburned carbon with silicate, the ignition temperature of
the carbon increased, resulting in an increased Tmax. Mercury adsorbed to the carbon was almost completely desorbed at
673.15 K while, from 673.15 to 873.15 K, mercury was
desorbed from unburned carbon mixed with silicate.

unidentified
emitted
remaining

0.45

0.30

Tmax=673.15K

0.15

0.00

>150µm

Raw

75-150µm

<48µm

48-75µm

FIGURE 9 - Concentrations (µg/g) of emitted and remaining mercury in raw and size-segregated fly ash.

Percent Mercury Emitted (%)

Mercury (µg/g)

0.60

Tmax=873.15K

45
>150µm
75-150µm

Raw fly ash
48-75µm
<48µm

30
Tmax=923.15K

15

2

r = 0.8512

473.15

673.15

873.15

1073.15

1273.15

1473.15

Temperature(K)

FIGURE 11 - Mercury emitted (%) at different temperatures (K) in
the raw and size-segregated fly ash samples.
35

3.4. Valence states of mercury during thermal treatment

28

0

3

6

9

Carbon Content (%)

FIGURE 10 - Plot of mercury emitted (%) versus carbon content
for the fly ash samples.

The mercury emission results are presented in Fig. 11.
In Fig. 11, we defined the maximum mercury emission
temperature (Tmax) as the temperature at which 95 % of
the total emitted mercury was released.
Emissions from raw fly ash were complex because
they were the result of emissions from many different size
fractions. As can be seen from Fig. 11, the T max was
873.15 K for raw fly ash. Mercury emissions were rapidly
enhanced from 473.15K to 673.15K, and have been sustained at higher emission amount after heating temperature
of 673.15K. In the most carbon-rich size fraction (>150 µm),
the Tmax was 673.15 K. In the 150–75µm size fraction, Tmax
increased to 873.15 K, while in the 75–48 and <48 µm size
fractions, Tmax further increased to 923.15 K.
Mercury emissions were highly dependent on the
contents and characteristics of the unburned carbon present
in the samples. For example, in the >150 µm size fraction
that contained the highest content of unburned carbon,
mercury emissions reached a maximum at a lower temperature (673.15 K) than in the other size fractions. It is
likely that carbon in the >150 µm size fraction had the
largest surface area and a more porous structure, being
favorable for the emission of adsorbed mercury. In the

Figures 12–15 present the valence state analyses of
mercury in the raw and size-segregated fly ash samples.
At temperatures from 873.15 to 1073.15 K, despite only a
small increase in mercury emissions, significant oxidation
of Hg0 to Hg2+ was apparent.
To evaluate the oxidation of Hg0 more precisely,
temperatures were increased in increments of 50 K from
873.15 to 1073.15 K. The carbon combustion periods are
also indicated in Figs. 12–15. The temperature range of
Hg0 oxidization varied among the particle size fractions.
The >150 µm size fraction had the lowest Hg0 oxidization
temperature. At temperatures from 673.15 to 873.15 K in
Fig. 12, Hg0 concentrations decreased. Mercury oxidization was very apparent at 873.15 K, and was complete
above 1123.75 K. In Figs. 13–15, mercury oxidization
was not as apparent and the oxidization temperatures
increased slightly, ranging from 913.75 to 1273.15K.
0

2+
Hg
Hg
Carbon combustion period
Intense combustion period

0.20

Emission Concentration (µg/g)

Percent Mercury Emitted (%)

y = 2.0614x + 25.594
42

0.16

0.12

0.08

0.04

473.15

673.15

873.15

1073.15

1273.15

1473.15

Temperature (K)

FIGURE 12 - Emission concentrations (µg/g) of Hg0 and Hg2+ in the
>150 µm size fraction.
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relationship between unburned carbon content and Hg0
oxidization was most obvious in the >150 µm size fraction, and became less obvious with the decreasing carbon
contents in the smaller size fractions.

2+

0
Hg
Hg
Carbon combustion period
Intense combustion period

Emission Concentration (µg/g)

0.20

0.16

0.12

4. CONCLUSIONS
0.08

0.04

473.15

673.15

873.15

1073.15

Temperature (K)

1273.15

1473.15

FIGURE 13 - Emission concentrations (µg/g) of Hg0 and Hg2+ in the
150–75 µm size fraction.
0
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Emission Concentration (µg/g)

0.20

0.16

0.12

0.08

0.04

473.15

673.15

873.15

1073.15

1273.15

1473.15

Temperature (K)
0

FIGURE 14 - Emission concentrations (µg/g) of Hg and Hg2+ in the
75–48 µm size fraction.
2+
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Emission Concentration (µg/g)
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873.15

1073.15

1273.15

1473.15

Temperature (K)
0

FIGURE 15 - Emission concentrations (µg/g) of Hg and Hg2+ in the
<48 µm size fraction.

Two main factors influenced the Hg0 oxidization,
temperature and content of unburned carbon. Li et al. [30]
reported that high temperatures enhanced mercury oxidation within a temperature range of 1073.15–1473.15 K,
slightly higher than in this study. Unburned carbon present in the samples acted as a catalyst for the Hg0 oxidization, since a distinct Hg0 oxidization was observed during
the carbon combustion process. Upon complete combustion of the carbon present in the samples, the oxidization
of Hg0 decreased sharply. The percent mercury oxidized
decreased gradually with decreasing carbon contents, with
values of 48.3, 24.4, 27.9 and 25.7 %, in the >150, 150–
75, 75–48 and <48 µm size fractions, respectively. The

Coal fly ash sample was detected with an average
density of 2.13 g/cm3 and an average BET surface area of
3.3454 m2/g. A novel method to calculate content of unburned carbon in the samples was put forward with weight
differences between prior to and after thermal treatment.
Comparing with the LOI results, both errors ranged from
14.46 to 37.86 %. The method could reflect the content of
the carbon in coal fly ash more precisely. The carbon
content in the raw fly ash was 2.84 %, and decreased with
decreasing particle size.
Gaseous mercury species (Hg0 and Hg2+) emitted during thermal treatment were absorbed using the Ontario
Hydro Method. Afterwards, mercury concentrations and
valence states were determined. In the raw fly ash, the total
mercury concentration was 0.550±0.037 µg/g; the conentration of emitted mercury was 0.173±0.008 µg/g, corresponding to a percent emission of 31.45%; the residual
mercury and its percent to the total mercury were
0.357±0.016 µg/g and 64.91%, respectively. The mercury
percent emission decreased with decreasing particle size,
and the mercury percent emitted was well-correlated with
carbon content (r2 = 0.8512). In the environmental safety
evaluation, the mercury in the more carbonaceous, coarse
fly ash should be given rise to more concern.
During the thermal treatment of coal fly ash, gaseous
mercury emission began at 473.15 K, and the adsorbed
mercury was almost completely emitted at 1073.15 K. The
maximum mercury emission temperature was highly dependent on the contents and characteristics of unburned
carbon, and the Tmax was raised with the decreasing particle size. A distinct Hg0 oxidization was observed ranging
from 873.15 to 1273.15K, during the carbon combustion
process. This phenomenon was more apparent in the more
carbonaceous, coarse fly ash grades. Unburned carbon in
the samples played a crucial role, acting as a catalyst for
Hg0 oxidization.
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ABSTRACT

1. INTRODUCTION

Nutrient transportation from agricultural land to surface water has received much attention throughout the
world since it plays an increasingly important role in affecting the water environment. Understanding the nutrient
cycle in agricultural systems is essential to reduce nonpoint pollution for improving water quality. This paper
describes the preliminary evaluation of the XinanjiangPhosphorus (XAJ-P) model for suspended sediment (SS)
and phosphorus (P) estimation in the Xitiaoxi catchment
in south-eastern China. It estimates the sediment yields and
phosphorus loads on a cell-by-cell basis with a daily time
step. The results show that an average of 127.4 ton/yr P
was exported to the river in the catchment. Spatial distribution of P loads indicates that the non-point source load
from arable land had a dominant contribution with an
export rate of 1.63 to 4.92 kg/(ha·yr). It is also found that
an annual average P load of 63.7 t was exported from
point sources to the rivers. P budget analysis indicate that
average P input and output were 71.3 kg/(ha·yr) and 46.2 kg/
(ha·yr) respectively, while the total P utilization efficiency
was 59.3%, leading to an average P surplus of 25.1 kg/
(ha·yr) in the arable land of the Xitiaoxi catchment. The
application of XAJ-P in the catchment shows that the
developed model can be used as a major tool to simulate
long-term daily P loads at the catchment scale.

KEYWORDS: phosphorus load; sediment yield; PCRaster; Xinanjiang-Phosphorus (XAJ-P) model

* Corresponding author

Since a large amount of nutrients are discharged into
surface water, the aquatic ecosystems have been and still
are confronted with serious water environmental problems.
Eutrophication of water bodies is one of the global environmental problems, which may largely be attributed to the
nutrient input from agricultural non-point sources (NPS)
and point sources [1, 2].
Numerous models have been developed and applied
to quantify NPS pollution, e.g., SWAT [3], AGNPS [4]
and HSPF [5]. These models are capable of simulating the
nutrient cycles, however, the input data sets to set up the
models are rarely available in most developing countries.
It is then necessary to adapt the model structure to the
data base and to develop a model with simpler structure
and less data requirements.
Taihu Lake is one of the three most eutrophicated lakes
in China. In recent years, serious water pollution problems
have received much attention due to frequently occurred
algae blooms [6]. The Xitiaoxi River is one of the main
tributaries draining into Taihu Lake, and contributes a
large amount of water and nutrient. A better understanding of the P cycle and its critical sources are essential and
necessary to improve the aquatic ecosystem and to control
the lake eutrophication.
Most previous studies presented spatial and temporal
characteristics of annual nutrient loads in the Taihu Basin
[7-9], however, the studies on the nutrient dynamics in
soil and water and nutrient loads from different land use
components are still limited. Thus, the objectives of this
study are: a) to develop a simple phosphorus transport
model based on the Xinanjiang rainfall-runoff model
[10, 11]; b) to apply the XAJ-P model to understand the
characteristics of P flows and to assess various contributions of P fluxes to the water in the Xitiaoxi catchment.
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2. MATERIALS AND METHODS

2.1.1 Sediment yield and transport

2.1. Model development

The Xinanjiang-Phosphorus (XAJ-P) model is a hybrid
model implemented in PCRaster (http://pcraster.geo.uu.nl/)
consisting of three different modules (Figure 1). The first
module analyses the quantity of surface and groundwater
in the catchment using the PCR-XAJ model [12]. As
shown in Figure 1, it calculates runoff generation and separation based on the Xinanjiang model concept [10, 11].
The second module uses the data generated by the first module as input data to estimate phosphorus transport based on
the Integrated CAtchments model of Phosphorus dynamics
(INCA-P) [13], and the third module applies the Modified
Universal Soil Loss Equation (MUSLE) [14] to estimate
the sediment yield and particulate phosphorus.
The XAJ-P model simulates P transport at the catchment scale with a 200×200 m grid and daily resolution.
The model simulates several key processes by which suspended solids (SS), particulate phosphorus (PP) and dissolved phosphorus (DP) are mobilized in the soil store and/
or groundwater store, and transported via different pathways and drains to watercourses. The model has been implemented in the PCRaster environmental modelling language [15]. It requires input data of hydro-climatic time
series, soil types, slope, land use and P input from inorganic and organic fertilizers in each grid cell. Although
the model was developed primarily to predict diffuse pollution at catchment scale, point sources are also taken into
account based on industrial production and the number of
people and livestock.

Mostly, soil erosion is a hydrologically driven process and plays an important role in the PP transport from
fields to rivers. In this study, a simple conceptual sediment
modelling approach, the Modified Universal Soil Loss
Equation (MUSLE) is coupled to the Xinanjiang model to
predict daily soil erosion (Figure 1). The in-stream processes consist mainly of sediment deposition and degradation. MUSLE has a comparably improved accuracy of soil
erosion estimation over the Universal Soil Loss Equation
(USLE) and the Revised Universal Soil Loss Equation
(RUSLE) by including the runoff as an independent factor
in erosion simulation [14, 16]. In general, the sediment
yields in each grid can be calculated as follows:
0.56

Sed = 11.8 (Qsur qpeak A)

⋅ K usle ⋅ Cusle ⋅ Pusle ⋅ LSusle ⋅ CFRG (1)

where, Sed (tons) is the sediment yield, Qsur (m3) is the
surface runoff volume, qpeak (m3/s) is the peak runoff rate, A
(ha) is the area of the grid, Kusle, Cusle (Mg/(MJ·mm)), Pusle,
LSusle and CFRG are respectively, the soil erodibility factor, the crop management factor, the erosion control practice factor, the topographic factor and the coarse fragment
factor. The details of the USLE factors and the descriptions
of peak runoff rate calculation can be found in Neitsch et
al. [16].
The in-stream processes of sediment transport consist
of two components operating simultaneously: deposition
and degradation. To determine whether deposition or degradation occurs, the maximum concentration of sediment
(transport capacity) is calculated by:

FIGURE 1 - The framework of the Xinanjiang-Phosphorus (XAJ-P) model in PCRaster
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Smx = ∂ ⋅ vmx λ 1000

(2)

where, Smx is the transport capacity (kg/m3), ∂ is a user
defined coefficient, λ is an exponent parameter for calculating sediment reentrained in channel sediment routing.
The peak velocity vmx (m/s) in a reach segment/grid at
each time step can be calculated from Manning’s equation
[17]:

vmx

α
= ⋅ Rch 2 / 3 ⋅ Sch1/ 2
n

(3)

where, α is the peak rate adjustment factor, n is Manning’s roughness coefficients in the channel, Rch (m) is
the hydraulic radius, and Sch (m/m) is the channel invert
slope. If sediment load in a channel segment is larger than
its sediment transport capacity, channel deposition will be
the dominant process, and the net amount of sediment
deposited Seddep (kg) equals to:

⎧( Si − Smx ) ⋅Vch
0
⎩

Seddep = ⎨

Si > Smx
Si ≤ Smx

(4)

where, Si (kg/m3) is the initial sediment concentration
in the channel, and Vch (m3) is the volume of water in the
channel segment calculated in the hydrological model.
Otherwise, channel degradation occurs in the channel
segment, and the net amount of sediment degradation
Seddeg is calculated by:

Seddeg

0
⎧
= ⎨
⎩( Smx − Si ) ⋅Vch ⋅ Kch ⋅ Cch

Si ≥ Smx
(5)
Si < Smx

where, Kch is the channel erodibility factor
(cm/(hr·Pa)), and Cch is the channel cover factor.
The final amount of sediment in the reach is determined by:

Sedi+1 = Sedi − Seddep + Seddeg

(6)

where, Sedi+1 and Sedi are the in-stream sediment at
time i+1 and i respectively.

where, Rsr (mm) is surface runoff and calculated in
the Xinanjiang rainfall-runoff model [12]. Hydrologically
effective rainfall HER, defined as that part of total incident precipitation which reaches river channels, is used to
drive the water flow and nutrient fluxes. In the hydrological model, it is expressed as:

HER = ( Pr + M ) − ET − ΔS

where, Pr (mm) is liquid precipitation, M (mm) is
snowmelt, ET (mm) is evapotranspiration and ∆S (mm)
denotes the water infiltrated from surface soil to groundwater in a fixed day.
The soil retention volume Vsoil (mm) represents the
water volume stored in the soil that responds more slowly
and may make up the majority of water storage in the soil,
which is linearly dependent on the soil moisture deficit
[13].
As shown in Figure 1, different processes of P mobilization and transport in the soil store are considered,
whereas in the groundwater, it is assumed that no biogeochemical reactions occur due to low mobility of P.
In the soil, organic P by plant uptake Pup,org
((kg·P)/ha) is assumed to be temperature and soil moisture dependent:

Pup,org =

Cup,org ⋅ Ssmd ⋅ Splant ⋅ Psoil,org
Vret + Vsoil

(9)

where, Psoil,org ((kg·P)/ha) is the organic P mass in the
soil store, Cup,org (m/day) is the plant uptake rate, which
has seasonal relationship dependent on air temperature.
The soil moisture factor Ssmd, is calculated by the soil
moisture deficit [12], and the parameter Splant is a seasonal
plant growth index, which simulates an increase and decrease in plant nutrient demand based on its growth.
The fluxes of P associated with leaching Pleach,org
((kg·P)/ha), mineralization Pmir,org ((kg·P)/ha) and immobilization Pimb,org ((kg·P)/ha) are defined as:

Rsr ⋅ Psoil,org
Vret + Vsoil
Cmir ⋅ Ssmd ⋅ Psoil,org
Pmir,org =
Vret + Vsoil
Cimb ⋅ Ssmd ⋅ Psoil,inog
Pimb,org =
Vret + Vsoil

Pleach,org =

2.1.2 Phosphorus processes

The XAJ-P model integrates the Xinanjiang rainfallrunoff model and the Integrated CAtchments model of
Phosphorus dynamics model [13] using PCRaster. The
INCA-P model is a semi-distributed, dynamic nutrient
model, which simulates the phosphorous dynamics in
soils, groundwater stores and streams of large catchments,
considering different sources of P (deposition, manure,
fertilizers) and different land use components.
Firstly, some hydrologic variables are presented as
following to better understand the integration of Xinanjiang rainfall runoff model and the INCA-P model. The
drainage volume in the soil Vsoil, representing the water
volume stored in the soil that responds rapidly to water
inflow, is calculated as:
(7)
Vsoil = HER − Rsr

(8)

(10)

(11)

(12)

where, Psoil,inog ((kg·P)/ha) is inorganic P mass in the
soil store. The constants, Cmir and Cimb, are the rates of
mineralization and immobilization, respectively.
Thus, the change in readily available organic P mass
∆Psoil,org ((kg·P)/ha) in the soil becomes:
(13)
ΔP
= P −P
−P
−P
+P
− ΔP
soil,org

ip,org

leach,org

up,org

imb,org

mir,org

fb,org

where, Pip,org is the input of organic P ((kg·P)/ha),
∆Pfb,org denotes the change of firmly bound organic P
mass ((kg·P)/ha), and can be calculated as follows:
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Ctr,org ⋅ Psoil,org
Vret + Vsoil

−

Ctr,forg ⋅ Pfb,org
Vret + Vsoil

(14)

where, Ctr,org and Ctr,forg are the transfer rates between
organic P and firmly bound organic P. Pfb,org denotes firmly
bound P mass ((kg·P)/ha) in the soil store.
The change of organic P in the groundwater store
∆Pgw,org ((kg·P)/ha) is calculated by:

ΔS ⋅ Psoil,org

ΔPgw,org =

Vret + Vsoil

−

Rgw ⋅ Pgw,org
Vgw

(15)

where, Rgw is the groundwater flow (mm), which is
estimated in the Xinanjiang model. Pgw,org is organic P
mass in the groundwater store ((kg·P)/ha), and Vgw is the
groundwater volume (mm).
As for the inorganic P, the fluxes of P associated with
leaching P leach,inog ((kg·P)/ha) and plant uptake P up,inog
((kg·P)/ha) are respectively calculated as:

Pup,inog =

Cup,inog ⋅ Ssmd ⋅ Splant ⋅ Psoil,inog
Vret + Vsoil

(16)

Pleach,inog

Rsr ⋅ Psoil,inog
=
Vret + Vsoil

(17)

(18)

where, Pip,inog is the input of inorganic P ((kg·P)/ha),
and ∆Pfb,inog is the change of firmly bound inorganic P
mass ((kg·P)/ha) in the soil, which can be calculated as:

ΔPfb,inog =

Ctr,in ⋅ Psoil,inog
Vret + Vsoil

−

Ctr,fin ⋅ Pfb,inog
Vret + Vsoil

(19)

where, Ctr,in and Ctr,fin are the transfer rates between
inorganic P and firmly bound inorganic P. Pfb,inog denotes
firmly bound P mass ((kg·P)/ha) in the soil store.
The changes of inorganic P in the groundwater store
∆Pgw,inog ((kg·P)/ha) is:

ΔPgw,inog =

ΔS ⋅ Psoil,inog

Vret + Vsoil

−

Rgw ⋅ Pgw,inog
Vgw

(20)

where, Pgw,inog is inorganic P mass in the groundwater
store ((kg·P)/ha).
Particulate P attached to soil particles is transported
by surface runoff from fields to the main channel. This
form of phosphorus is associated with the sediment load
from the field. It was assumed that only PP in the top 10 mm
of the soil can be transported attached with soil particles.
Thus, the amount of P transported in particulate form by
surface runoff is estimated by:

Ppsr = 1000 ⋅ Sed ⋅ Cpp,top ⋅ ε p

ε p = exp ( 2 − 0.2 ⋅ lnSed )

(22)

A two retention parameters method was used for
modelling in-stream attenuation, which is described in
more detail in Loos et al. [19].
2.2 Data input and model initialization
2.2.1 Study area

The Xitiaoxi catchment, covering about 2271 km2, is
located in the upstream of Taihu Lake in southeastern
China (Figure 2). The Xitiaoxi River, with its length of
157 km, supplies 27.7% of the inflowing water volume of
Taihu Lake. The annual average rainfall is approximately
1465 mm. High mountainous and hilly areas occur in the
southwest, whereas low alluvial plains lie in the northeastern parts with a well-developed drainage network (Figure 2).
2.2.2 Available database

And the change in readily available inorganic P mass
in the soil store ∆Psoil,inog ((kg·P)/ha) is:
ΔPsoil,inog = Pip,inog − Pleach,inog − Pup,inog + Pimb,org − Pmir,org − ΔPfb,inog

where, C pp, top is the concentration of PP in the top
10 mm of the soil (kg/kg), which is estimated based on
soil texture, and εp is the enrichment ratio of P. The
enrichment ratio of P in sediment decreases markedly with
the amount of eroded sediment and a logarithmic relationship suggested by Menzel [18] is used in the model:

(21)

The details of basic input data including land use maps,
digital elevation model (DEM), hydro-meteorological data
(e.g. rainfall, evaporation) have been described in Zhao et
al. [12]. The land use map with 30 m resolution was extracted from the Enhanced Thematic Mapper (ETM) images acquired on October 11, 2001. The images were interpreted by unsupervised classification method. Compared
with field observation, the higher Kappa [20] value of
0.87% suggests well interpreted land use information. In
addition, the land use did not vary largely and only urban
area sprawled from arable land in a slight speed [21]. The
current agricultural practice in the study area is an intensive double-cropping system with irrigated summer rice
and uplands winter wheat, occasionally rapeseed. In addition, bamboo production, tea garden, fruits and vegetables
cover small area in the upland of the catchment. Diffuse
emission data such as fertilizer and manure application,
population distribution and livestock number are collected
from yearbooks of Zhejiang Provinces (2005). The amount
and date of fertilizer application are in conformance
with the conventional cultivation [22]. Typically, about
75-140 (kg·P)/ha is applied as fertilizer on arable
lands. In contrast, P fertilizer application rates are much
higher in most areas producing economic crops, such as
flowers and vegetables, especially in the suburban areas
of big cities and can amount to 400-600 (kg·P)/(ha·yr).
Atmospheric deposition of P was estimated from the
observed data by Luo et al. [23] and reconstructed according to the annual precipitation. Figure 3 shows the spatial
distribution of P input from the atmospheric deposition
and fertilizer application
The sewage from rural areas is regarded as surface
point source pollution, because there is no drainage system.
Human sewage load to the catchment is calculated by
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FIGURE 2 - Location of the study area and monitoring sites
.

FIGURE 3 - Spatial distribution of average annual P application and deposition rates in the catchment

multiplying the resident population in each grid by typical
excretion rates for humans (0.6-1.2 (kg·P)/(person·yr)) [7,
24, 25]. The P load from livestock mainly includes big
cattle, pigs, sheep and poultry (chickens and ducks). The
annual livestock export rates are shown in Table 1. The P

load from point sources was calculated according to the
relationship between P export rates and industrial productions in 1999 for the catchment [7], and then spread up to
the grids in the correspondingly region.
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TABLE 1 - TP export rates from livestock excretion per year
Values in this study Values in references
(kg·P)/(head·yr)
(kg·P)/(head·yr)
Big livestock
10.2
9.20-11
Sheep
2.0
1.9-2.22
Pigs
3.2
3.12, 3.5
Poultry
0.2
0.2-0.24
Livestock

References
[24, 25]
[19]
[7, 25]
[8, 24]

2.2.3 Model initialization and calibration

The model outlined in methodologies section involves
a total of 20 parameters (Table 2). The parameters were
firstly initialized with literature values (Table 2), and then
adjusted by trial-and-error methods until model simulations satisfactorily matched the measured data. Furthermore, a hindcast method based on mass balance was applied to control the main processes of P transport and
mobilization [26]. In the present study, the XAJ-P model
mainly considers six land use types (i.e. forest, paddy,
grassland, farmland, water body, urban area). Most pa-

Parameter

rameters for P transportation are land use dependant, which
are initialized from literatures [13, 15]
Model calibration attempts to fit simulated to measured values at the main gauging stations. Streamflow calibration was conducted with daily values. The observed
suspended solid concentration and nutrient data surveyed
bi-monthly at six sites of the catchment (Figure 2) from
1999 to 2007 were used for model performance evaluation. Due to the limitation of the available measured data,
we divided the six monitoring sites into two parts for
model calibration (Laoshikan, Tangpu and Jingwan) and
validation (Chiwu, Dipu and Chaitanbu), respectively.
The simulation results were evaluated by visual inspection of plots of the range between observed and simulated
values. The Nash-Sutcliffe efficiency (NE) [30] and correlation coefficient R2 were both computed as criteria for
goodness-of -fit. The objective for both calibration and
validation was to maximize the coefficients NE and R2.

TABLE 2 - Parameters in the sediment yields and P transportation modelling
Calibrated
Values ranges
values

Definition (unit)

Sediment
Kusle
Cusle
Pusle

Soil erodibility factor
Crop management factor
Erosion control practice factor
Coefficient for in-stream sediment transport
∂
λ
Flow velocity coefficient
Kch
Channel erodibility factor (cm/(h·Pa))
Cch
Channel cover factor
α
Peak rate adjustment factor
n
Channel Manning’s roughness coefficients
In-stream attenuation
p
Temperature attenuation relationship
ps1
Parameter for overall loss within stream
ps2
Exponent coefficient for headwater loss
Phosphorus
Cup,org
Organic P plant uptake rate (m/day)
Cup,inog
Inorganic P plant uptake rate (m/day)
Cimb
Immobilization rate (m/day)
Cmir
Mineralization rate (m/day)
Ctr,org
Transfer rate of organic P to firmly bound P (m/day)
Ctr,forg
Transfer rate of firmly bound P to organic P (m/day)
Ctr,in
Transfer rate of inorganic P to firmly bound P (m/day)
Ctr,fin
Transfer rate of firmly bound P to inorganic P (m/day)

3. RESULTS AND DISCUSSION
3.1. Hydrological modelling

Owning to strong linkage between water and nutrients transportation, accurate simulation on hydrological
processes is extraordinarily important for soil erosion and
phosphorus estimation. A brief description about hydrological modelling will be given here since the results have
been presented in detail in Zhao et al. [12]. Figure 4
shows the hydrographs of the observed and modeled daily
runoff at Hengtangcun station. In general, the model presents satisfactory results for both calibration (2000-2004)
and validation periods (2005-2007). It can be clearly seen

References

0-1
0-1
0.2-1
1-1.5
0.0001-0.01
0-1.0
0.001-0.6
0-1
0.008-0.3

0.01-0.13
0.001-0.47
0.3-0.9
1.35
0.0046
0.035-0.3
0.21-0.35
0.8-1
0.002-0.3

1-3
50
3

2
45
3

[19, 28]

0-2
0-6
0-0.1
0-0.25
0-5
0-5
0-0.1
0-0.1

0.03-1.8
0.01-3.5
0.0001-0.05
0.0001-0.19
0.001-0.2
0.001-0.05
0.001-0.1
0.001-0.1

[13, 29]

[27]

[17]

that good agreement between observed and modeled daily
discharge exists at Hengtangcun station during two periods with high values of NE and R2 near or higher than
0.80. However, it should be noted that there are some
flood peaks overestimated in the rainy season, which may
be resulted from trapping effects of two reservoirs in the
upstream of the catchment.
3.2. Sediment simulation

Sediment yields are associated with the overland soil
erosion in the whole catchment, which reflects the integrated response of sediment generation processes in the
field and in-stream processes at the catchment scale.
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FIGURE 4 - Hydrological model calibration and validation at Hengtangcun station

FIGURE 5 - Daily observed and simulated suspended solid concentration at six monitoring sites

Figure 5 shows the observed and modeled suspended
solid concentration along with 1:1 line at six monitoring
sites along the river. The simulation values match consistently well with the measured values for both calibration
and validation at different sites. The high coefficients (Figure 5) indicated a positive relationship between the simulated and measured sediment concentration. Relatively high
NE and R2 showed that the model performed satisfactorily.
However, the daily sediment simulation indicates that
modeled SSC are comparably lower than the measurements
at Jingwan and Chaitanbu in the downstream parts of the
catchment. The observed daily SSC during the period for
which measured data was available (1999-2000 and 2003)
ranged between 4.1 and 100 mg/L at these two sites,
whereas the modeled SSC for the same period had a
slightly narrower range of 3.5 to 61 mg/L.
Generally, the simulation results for suspended solid
concentration in the downstream sites showed broader
range compared with the sites in the upper reaches, and the

SSC are underestimated in the downstream parts. The slope
in the lower alluvial plain is featureless and the dominant
in-stream process for sediment is deposition, but the observed SSC at Chaitanbu and Jingwan are much higher.
Previous studies concluded that the average sediment
concentration should decrease in the downstream direction, that is, sediment discharge would increase less than
water discharge [31]. This can not explain the phenomenon in the Xitiaoxi catchment, one possible reason is the
frequent sand mining activities in downstream catchment,
which may lead to more sediment re-suspension.
3.3 Phosphorous modelling

Figure 6 shows the modeled and observed TP loads at
Chaitanbu from 2002 to 2007. The model simulates reasonably for both the range and the dynamics of the TP
load with a model efficiency NE of 0.43, and the seasonal
variation of TP load is in agreement with the observed
values. At the annual scale, TP loads estimated from XAJ-P
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model are in a range of 97.3 to 152.4 t/yr at Chaitanbu
from 1999 to 2007 (with an average of 127.4 t/yr), which
is consistent with the results found by Li et al. [7].
The daily observed TP load shows a range of 0-751.8
(kg·P)/day, while the simulation illustrates a broader
range from 2.4-2013.2 (kg·P)/day. The significant discrepancies between the measurements and simulation are
partly attributed to the over/under prediction in streamflow. In general, phosphorus movement in soils is present
in both dissolved and particulate forms. Particle P is eroded
during heavy rainfall events and constitutes a significant
proportion of P transported from most cultivated lands.
This may lead to a large amount of particulate P washed
off by surface runoff and being discharged into the river.
However, it is not possible to compare extreme TP load
events/peaks with the observed values due to limited
available measurement data.
Figure 7 illustrates the observed and simulated TP
concentrations along with 1:1 line at six sites. During
calibration (Laoshikan, Tangpu and Jingwan) the NE and
R2 values are in a range of 0.29 to 0.41 and 0.29 to 0.52,
respectively. In contrast, model efficiencies for both NE
and R2 show similar range during validation (Chiwu,

Dipu and Chaitanbu). The simulation results indicate that
the model performed acceptable but need further improvement.
Phosphorus concentrations display spatial variances
of nutrient export in different river sections in the catchment. Both modeled and observed P concentrations present narrow ranges in the upstream sites (Chiwu, Tangpu
and Laoshikan), especially at Laoshikan site (Figure 7a),
since this region is mostly covered by forests. In contrast,
higher P concentration at Dipu, Jingwan and Chaitanbu
indicates that a large amount of P flux is coming from
upstream croplands and domestic wastewater (Figure 7b).
For example, the observed values at Dipu have a much
wider range from 0.025 to 0.543 mg/L for TP (Figure 7c),
which is largely attributed to the point source pollution
from Anji County (Figure 2). The broader concentration
ranges also indicate a high degree of variability in surface
runoff losses since particulate P is highly dependent on
rainfall events. It means that the P concentration is much
higher in drainage water if rainfall occurs shortly after P
fertilizer application. Thus, an abnormal rise of P concentration can be recorded for unexpected rainfall occurrence
in the tillage period [22].

FIGURE 6 - Daily observed and modeled TP load at Chaitanbu station

FIGURE 7 - Daily observed and simulated TP concentration at six monitoring sites in the Xitiaoxi catchment (a) TP simulation at upstream
sites, (b) TP simulation at downstream sites, (c) residuals between observed and modeled TP concentration at different sites
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(a)

(b)
FIGURE 8 - Spatial distribution of P loads from different sources

3.4 Spatial distribution of phosphorus loads

3.5 Phosphorus budget analysis

Figure 8a shows the simulated spatial distributions of
diffuse P loads in the catchment. The TP loads vary significantly among different land-use types, especially between forests and arable lands. The TP export of the dominating paddy land in the lowland of the Xitiaoxi catchment, from 1.63 to 4.92 kg/(ha·yr) and is a function of the
considerable amount of inorganic P fertilizer input. Similar results were also found in previous studies. Guo et al.
[22] addressed that the TP load from agricultural land is
1.75 kg/(ha·yr) in the Taihu Basin. Lai et al. [8] assessed
the nutrient transport in the whole Taihu Basin based on
SWAT modelling, and found that the highest TP load rate
occurred in paddy land is 2.94 kg/(ha·yr), and the lowest
in forest areas with an export rate of 0.65 kg/(ha·yr). In
the Xitiaoxi catchment, the double-rotation of rice/wheat
or rice/rapeseed is the dominant agriculture practice in the
broad alluvial plain. In order to obtain large crop yields,
excessive application of fertilizer in the arable land has
significantly increased the nutrient accumulation in the
soil.

The P budget for the Xitiaoxi catchment is positive,
with inputs exceeding outputs by 25.1 (kg·P)/ha in the
arable land. The accumulation of P in the landscape is due
to the high fertilizer application rates. Mineral fertilizers
are the dominating P input, which accounts for 71.6% of
diffuse P input, followed by livestock manure (15.4%) and
rural sewage (10.7%). Input from atmospheric deposition is
only 1.8% of the total input. Anthropogenic activities,
therefore, have exerted the greatest influence on P fluxes,
which implies that P release into waters is mainly driven
by agricultural activities, especially mineral fertilizer application [22].

Figure 8b shows the spatial distribution of TP loads
from point source pollution in the Xitiaoxi catchment. In
total, approximately 63.7 t/yr P drained into the river from
point source pollution in the Xitiaoxi catchment. It also
can be found that most point sources are located in the
downstream parts of the catchment, which is consistent to
the findings of Liang et al. [9]. In contrast, the TP load
from Anji and Dipu County make a large contribution of
more than 50% P to the total point source pollution with
an annual output of 23.5 t and 13.7 t into the surface water. This also explains the extremely high observed TP
concentration at the Dipu site.

As for the output, the P losses from the catchment are
mainly due to crop removal, which accounts for 59.3% of
the diffuse inputs, river loads make up 4.5%, and 36.2%
of the total inputs to the catchment are unaccounted from
(probably stored in catchment soils or vegetation). On the
national level, the total P utilization efficiency (plant
uptake P/input P) in Chinese agriculture is 45.7%, leading
to an average surplus of 14.7 kg/(ha·yr). These values are
slightly lower than in our study, which may be caused by
the excessive fertilization in the Xitiaoxi catchment.
4. CONCLUSIONS
The paper presents the newly developed XAJ-P model to simulate and predict daily sediment yields and P
fluxes in the Xitiaoxi catchment. The model was implemented in PCRaster by integrating the Xinanjiang rainfall
runoff model, INCA-P and MUSLE modules and applied
to estimate field and in-stream processes of P and identify
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the critical sources of P load in a data scarce catchment.
The results made the model a useful tool to the spatial and
temporal characteristics of P load at the catchment scale.
The hydrological and sediment simulation showed
good agreement between simulated and observed values
with high NE and R2. The nutrients model presented acceptable and reliable results for both the range and seasonal dynamic of the P load. P concentrations at six different sites were also selected for model performance
evaluation. The model efficiencies of NE in the range of
0.24 to 0.41 indicated that the model performance were
relatively reasonable but need to be improved with long
term continuously observed dataset. Additionally, TP simulation also displayed that point source pollution leads to
large errors in the simulated results at Dipu site. A large
amount of waste water from Anji County attributed higher
TP concentrations.
Spatial distribution of P loads indicated that the nonpoint source load, especially from arable land, was the
major contributor, ranging from 1.63 to 4.92 kg/(ha·yr). It
was also found that an annual average P load about 63.7 t
was exported from point sources to the rivers, and mostly
distributed in the south and downstream of the catchment.
The P budget analysis indicated that an average P input
and output were 71.3 kg/(ha·yr) and 46.2 kg/(ha·yr) respectively in the arable land of the Xitiaoxi catchment,
while the total P utilization efficiency in agriculture was
59.3% leading to an average P surplus of 25.1 kg/(ha·yr).
Excessive P application through inorganic fertilizer in the
arable farming system has resulted in the accumulation of
soil P and degraded surface water quality. The application
of XAJ-P in Xitiaoxi catchment shows that the developed
model can be used as a major tool to estimate daily nutrients export at a catchment scale with a long-term simulation. It is necessary to further apply the developed model
in other catchments with high sampling frequencies of
water quality components to verify the proposed methodology.
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ABSTRACT

1. INTRODUCTION

The objective of the present study was to examine the
possible health effects of the air pollution due to the presence of a cement plant situated in the centre of a town of
80.000 people. The study considered the mortality patterns
of the local population comparing the incidence of specific
air pollution related causes of death with that of the general
population of the Province of Rome by means of the
Standardized Mortality Ratio (SMR), for two periods:
1983-1992 and 1993-2002.
No statistically significant increased risk of mortality
for all causes of death and from all neoplasm was observed
in the exposed population in both periods studied. However, examining the single causes of death separately for
males and females, we observed several interesting results.
Among males, we found increased risks of death for causes typically associated with air pollution: respiratory diseases, in particular chronic bronchitis, and pneumoconiosis. These increased risks were statistically significant in
the decade 1993-2002 . In these years the plant expanded
its production. Increased risks for males were also observed for cerebrovascular diseases in both decades, for
diseases of the digestive system, and for injuries. These
increases might be attributed to occupational exposures
which were more likely among men, since the cement
plant employed almost exclusively male workers.
Among females, we found an increase in risk for hypertensive and cerebrovascular diseases (as observed also
in males), and for diseases of the genitourinary system.
Diabetes mellitus was also a significantly more frequent
cause of death for women in both decades studied. Therefore, among women the excess mortality seems to be
more associated with life style factors (ex. diet) rather
than environmental pollution.
KEYWORDS: cement dust, air pollution, respiratory diseases,
mortality, urban population.
* Corresponding author

Populations of industrialized cities often suffer an excess of mortality for all causes and especially for respiratory [1] and cardiovascular diseases [2].
From the biological point of view, it is plausible that
cement dust may affect the respiratory system. Infact this
dust is composed mainly of calcium silicates, aluminates,
and alumino-ferrites, with alkaline and irritant properties
[3-5].
It is widely known that this kind of exposure can lead
to cough, expectoration, exertional dyspnea (breathing
difficulty), wheezing, chronic bronchitis but also dermatitis and irritation of eyes and nose [6]. These observations
come principally from epidemiological studies of cement
plant workers with well defined and long term exposures
[7-8]. Similar effects may be hypothesized for the population of communities in the vicinity of cement plants but
few studies have examined the impact of these pollutants
on the health of the general population.
Environmental studies include the effect of cement
dust in Xanthoria parietina [9]. The study found that the
concentrations of Fe and Ca decrease exponentially with
the distance from the cement plant. The spatial impact of
cement dust was estimated to be 250-1.000 m from the
cement mill.
Hadad et al. [10] confirmed that in the vicinity of a
cement factory in Iran, air Ca concentration was higher
than in more distant areas.
The Stockholm Convention on POPs classifies cement kilns co-processing hazardous waste the potential
sources of dioxins (PCDD/PCDFs) [11]. This however
concerns cement kilns operating in 1980s and 1990s; it is
probable that modern kiln technologies have reduced
these emissions. Infact, Karstensen [12] examined this
specific problem and concluded that PCDD/PCDFs emission can be drastically reduced by avoiding the use of
fuels rich in organic material.
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Pet-coke, an economical energy source, is one of the
most frequently fuel used to feed the kilns. A study by
Izquierdo et al. [13] found that pet-coke use increases the
leachable content of V and Mo and enhances the mobility of
S and As in the emissions. V however is a known respiratory
irritant causing an overproduction of mucin with mucus
stasis and increased susceptibility to the infection [14].

causes of death with the general population of the Province of Rome.

In a study involving human subjects, Isikli et al. [15]
found that the group of people, living near a cement plant,
had a statistically higher mean concentration of Cd in the
blood compared to the control. The exposed group also had
a higher frequency of Cd sensitivity examined by the patch
test.

The city of Guidonia is located north-east of Rome and
its population is about 80.000 people. Near the center of
the town, there is the cement plant with the quarry for
extraction of the raw material, while other quarries are
located in the south of the town. The cement plant in
question is one of the major cement production plants of
central Italy employing almost 200 workers and has been
located here since 1940. Although emissions are relatively
well controlled at present, the levels of pollution in this
community were high in the past, especially in the decade
of 1970s when the plant was expanded. At present, the
plant continues to be a problem especially because of the
traffic of industrial vehicles circulating in the urban roads
in connection with the plant.

There are only two previous studies which tried to
quantify the possible long term health effects of chronic
exposure to cement dust in the population of an entire
community. Both found an excess of mortality and morbidity, but both examined communities with multiple sources
of pollution in addition to the cement plant. This made it
difficult to attribute the health effects observed to the
cement dust alone. Fano et al. [16], for example, studied
the mortality pattern and hospital admissions in the Italian
city of Civitavecchia where in addition to the cement
plant, there is a harbour, and several power plants. Excess
of risk was found for lung and pleural cancer and for renal
and respiratory diseases among children.
In Nigeria, Abimbola et al. [17] found high levels of
heavy metals in rock and soil in the municipality where a
cement plant was located. They also found an association
with increases in the prevalence of diseases related to
heavy metal toxicity like respiratory/lung diseases, heart
diseases, skin diseases, kidney/liver diseases and cancer
cases. However none of these diseases could be directly
related to the cement plant.
The objective of the present study was to examine the
possible health effects of the air pollution among a population of a town in the province of Rome due to the presence of the cement plant. The risk was ascertained by analysing the mortality patterns of the local population and
comparing the incidence of specific air pollution related

2. MATERIALS AND METHODS
2.1. Area of the study

2.2. Statistical methods

Data on the causes of death of the inhabitants were
obtained from the local health authorities for the period
1983-2002. Similar data were obtained for the reference
population (the population of the province of Rome),
from the National Statistical Service. The mortality patterns (for males and females and for age groups) of the
two populations were compared through the Standardized
Mortality Ratio (SMR), for two time series: 1983-1992
and 1993-2002. The SMR is the ratio between the number
of the observed and the expected deaths for each cause,
multiplied by 100 [18].
SMRs with 95% confidence intervals (CI) were computed for causes of death according to the International
Classification of Diseases. (Table 1) for the two periods.
The number of expected deaths was estimated on the
basis of the sex and age-specific mortality rates by cause
observed in the reference population in the same period of
time (1983-2002).

TABLE 1 - Causes of death considered with the International Classification of Diseases (ICD IX code).
Causes of death
Neoplasms

ICD IX code
140-239

Causes of death
- Hypertensive diseases
- Cerebrovascular diseases
Diseases of the respiratory system
- Chronic bronchitis

ICD IX code
401-405

- MN of digestive organs and peritoneum
-- MN of colon, rectum, and anus
- MN of respiratory intrathoracic organs

150-159
153-154
160-165

- MN of thyroid gland
- MN of lymphatic/hematopoietic tissue

193
200-208

- Asthma
- Pneumoconiosis

493
500-508

Diabetes mellitus
Disorders of the thyroid gland
Diseases of the circulatory system

250
240-246
390-459

Diseases of the digestive system
Diseases of the genitourinary system
External causes of injury and poisoning

520-579
580-599
800-899

All causes
MN=malignant neoplasm

430-438
460-519
491

1-999

3
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3. RESULTS AND DISCUSSION
Among male inhabitants (Table 2) there is no excess
of mortality for all causes and for neoplasms.
Only in the decade 1993-2002 there is a 4 percent increase for all causes but the confidence interval is borderline (SMR=104.0; 95%CI(100.0-108.2).
The excess of mortality in males from diseases of the
respiratory system in the period 1993-2002 is probably
due to the high incidence of chronic bronchitis and especially to pneumoconiosis deaths of occupational derivation. Infact, while the expected cases during this period
were 1.1, the observed cases were 6 (SMR = 556.2, 95%
CI 204.1-1210.6). This has been also observed in other
studies of cement workers [7, 8] although one can not be

excluded the possible role of smoking or other domestic
exposures [19]. In the same decade, there is an increased
mortality for the diseases of the digestive system. Knox [20]
associates these pathologies with exhaust gas exposures
produced by the fuel combustion. Other factors such as
“commuting stress” to the workplace in heavy traffic might
also have a role [21, 22]. The increase of risk for external
causes is observed only in the first decade, probably related
to occupational injuries and road accident.
Female residents have no excess for overall mortality
(all causes and for neoplasms (Table 3). In the period
1993-2002 however we observe an excess of mortality for
malignant neoplasm of colon, rectum, and anus but the
increased risk was of marginal statistical significance.
While it is known that this tumor is associated mainly with

TABLE 2 - SMRs (males) in the two decades (SMRs in bold indicate a statistically significant increase in risk).
CAUSES OF DEATH (MALES)
(MN= malignant neoplasm; SYS= system)
NEOPLASMS
MN of digestive organs and peritoneum
MN of colon, rectum, and anus
MN of respiratory intrathoracic organs
MN of thyroid gland
MN of lymphatic/hematopoietic tissue
DIABETES MELLITUS
DISORDERS OF THE THYROID GLAND
DISEASES OF THE CIRCULATORY SYS.
Hypertensive diseases
Cerebrovascular diseases
DISEASES OF THE RESPIRATORY SYS.
Chronic bronchitis
Asthma
PNEUMOCONIOSIS
DISEASES OF THE DIGESTIVE SYS.
DISEASES OF THE GENITOURINARY SYS.
EXTERNAL CAUSES OF INJURY, POISONING
ALL CAUSES

Obs.
494
166
48
162
0
41
47
0
668
39
173
137
67
5
2
120
29
154
1790

Decade 1983-1992
Exp SMR
(95%CI)
586.2
84.3
(76.8-91.7)
182.6
90.9
(77.1-104.7)
52.1
92.2
(68.0-122.2)
203.4
79.7
(67.8-91.9)
1.8
--44.0
93.2
(66.7-126.4)
63.8
73.7
(54.1-98.0)
0.3
--681.6
98.0
(90.6-105.4)
46.9
83.2
(59.1-113.7)
148.0
166.2 (100.0-134.3)
121.2
113.0
(94.1-131.9)
54.0
124.1
(96.2-157.6)
4.5
110.3
(35.8-257.3)
1.0
204.8
(24.8-739.7)
117.8
101.9
(83.7-120.1)
20.4
141.9
(95.1-203.8)
121.4
126.8 (106.8-146.9)
1850.3
96.8
(92.3-101.2)

Obs.
763
241
82
257
4
62
66
0
804
49
211
156
75
7
6
143
33
162
2309

Decade 1993-2002
Exp SMR
(95%CI)
759.3
100.5
(93.4-107.6)
232.2
103.8
(90.7-116.9)
74.8
109.7
(87.2-136.2)
258.5
99.4
(87.3-111.6)
1.7
232.9
(63.5-596.2)
59.0
105.1
(80.6-134.7)
67.0
98.5
(76.2-125.3)
0.5
--798.0
100.8
(93.8-107.7)
53.8
91.1
(67.4-120.4)
165.5
127.5
(110.3-144.7)
122.4
127.5
(107.5-147.5)
55.0
136.4
(107.3-171.0)
3.3
209.5
(84.2-431.6)
1.1
556.2 (204.1-1210.6)
114.7
124.7
(104.3-145.1)
26.3
125.7
(86.5-176.5)
143.2
113.1
(95.7-130.6)
2220.2
104.0
(100.0-108.2)

TABLE 3 - SMRs (females) in the two decades (SMRs in bold indicate a statistically significant increase in risk).
CAUSES OF DEATH (FEMALES)
(MN= malignant neoplasm; SYS= system)
NEOPLASMS
MN of digestive organs and peritoneum
MN of colon, rectum, and anus
MN of respiratory intrathoracic organs
MN of thyroid gland
MN of lymphatic/hematopoietic tissue
DIABETES MELLITUS
DISORDERS OF THE THYROID GLAND
DISEASES OF THE CIRCULATORY SYS.
Hypertensive diseases
Cerebrovascular diseases
DISEASES OF THE RESPIRATORY SYS.
Chronic bronchitis
Asthma
PNEUMOCONIOSIS
DISEASES OF THE DIGESTIVE SYS.
DISEASES OF THE GENITOURINARY SYS.
EXTERNAL CAUSES OF INJURY, POISONING
ALL CAUSES

Obs.
326
124
39
19
3
39
106
0
568
68
200
58
20
4
0
78
15
64
1312

Decade 1983-1992
Exp
SMR
(95%CI)
379.5
85.9
(76.6-95.2)
130.0
95.4
(78.6-112.1)
41.6
93.7
(66.6-128.1)
38.8
49.0
(29.5-76.5)
2.3
131.9
(27.2-385.5)
32.0
121.9
(86.7-166.6)
76.6
138.4 (112.0-164.7)
0.8
--561.3
101.2
(92.9-109.5)
57.0
119.2
(92.6-151.1)
147.6
135.5 (116.7-154.3)
63.4
91.5
(69.5-118.3)
21.8
91.7
(56.0-141.6)
3.7
107.0
(29.2-274.0)
0.1
--70.8
110.1
(87.1-137.4)
15.3
97.8
(54.8-161.3)
67.8
94.4
(72.7-120.6)
1338.1
98.1
(92.7-103.4)

1911

Decade 1993-2002
Obs.
Exp
SMR
(95%CI)
482 525.0
91.8
(83.6-100.0)
189
177.0
106.8
(91.5-122.0)
76
60.6
125.4
(98.8-157.0)
54
68.6
78.8
(59.2-102.8)
1
2.6
38.5
(1.0-214.2)
39
45.0
86.7
(61.6-118.5)
93
75.5
123.2
(100.0-150.9)
5
1.7
298.3
(96.9-696.2)
783 757.6
103.4
(96.1-110.6)
109
82.8
131.6
(106.9-156.3)
223
195.7
114.0
(99.0-128.9)
95
84.9
111.9
(90.5-136.8)
19
30.0
63.4
(38.2-99.0)
6
4.2
144.6
(53.1-314.6)
0
0.1
--73
85.2
85.7
(67.2-107.7)
38
22.3
170.3
(120.5-233.8)
106
94.1
112.6
(91.2-134.0)
1829 1802.0
101.5
(96.9-106.2)
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dietary factors, one study also found an association with
occupational exposure to cement dust [23]. Diabetes mellitus seems to have elevated and significant SMRs among
women in both decades. This pathology too is considered
lifestyle-related but some authors do not exclude associations with organochlorinated compound exposures such as
dioxin [24, 25]. A possible source of dioxin emissions could
be the cement kiln [12]. Exposure to this contaminant may
be also a risk factor for the disorders of the thyroid gland
[26] that seem to have a higher incidence in the female
population where the expected cases were 1.7 but the
observed were 5 during the second decade of observation.
Cerebrovascular and hypertensive diseases play an important role in both the first and in the second decades. As
observed for males, this pathology may also be due to
environmental pollution [2]. In the second decades, we observe a 70 percent of excess of risk for the diseases of the
genitourinary system. There is no previous evidence for a
link between the genitourinary diseases and exposure to
cement dust. However Ginsberg and Tulchinsky [27] found
higher SMR for bladder cancer in industrialized zone of
Israel with cement asbestos factories.

The present study provided evidence of an increase in
risk of mortality from respiratory diseases in relation with
cement production pollution. The mortality risks were
particularly elevated for chronic bronchitis and pneumoconiosis especially in the second decade. This effect was observed only among males, and might in part be related to
occupational exposures since many of the residents worked
in the cement plant.
Among women, the observed excess mortality due to
diabetes, and to diseases of the circulatory system are probably associated with lifestyle factors (especially diet). The
increased mortality due to disorders of the thyroid gland and
the genitourinary system however, might be partially associated with the environmental pollution of the town.
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ABSTRACT

1. INTRODUCTION

In this study, distributions of heavy metals (Al, As, Cd,
Co, Cu, Fe, Mn, Ni, Pb, V, Zn) in the water, suspended
particulate matters (SPM) and sediments of Poyang Lake
in China were examined. Heavy metal concentrations were
determined using a Perkin- Elmer SCIEX Elan 9000 inductively coupled plasma-mass spectroscopy (ICP-MS). The
results indicate that the dissolved trace metals in Poyang
Lake are generally at a low and safe level. All the particulate metal concentrations were anti-correlated with SPM,
although statistically not significant excluding Cd and Mn,
suggesting that the SPM from the bottom sediments with
lower metal contaminations dilutes the particulate metal
concentrations. The Partitioning coefficients (Log Kd) of the
selected metals and percentages of the particulate metals relative to the total metals loads in the water column ranged
from 4.09 to 5.98 L/kg and 51.32% to 98.65%, respectively, indicating that most of the metals (Al, Co, Cu, Fe, Ni,
Pb, V, and Zn) exist in the particulate phase (>70%), and
As, Cd, and Mn show a more equal distribution. Most of the
heavy metals in sediments and SPM showed the highest
contents at stations 2, 3, 8, and 11, suggesting that urban
sewage, dock, mining and smelting activities are the main
sources of heavy metals in Poyang Lake. The Principal component analysis (PCA), correlation analysis and geoaccumulation index (Igeo) results demonstrate that parent rock
weathering and soil erosion might be the main sources of
As, Cd, Mn, Zn, Fe, Co, V and Fe, whereas mining and
smelting activities was well as atmospheric deposition may
be the main sources of Pb and Cu.

KEYWORDS: Heavy metals; Partitioning coefficients; Suspended
particulate matter; Sediments; Poyang Lake

* Corresponding authors

Heavy metal pollution of aquatic ecosystem has been a
world-wide problem, and has aroused wide concerns around
the world. Heavy metals can be accumulated in various
aquatic organisms and be transferred through the food
chains at different levels [1-3], thus pose a potential risk to
a large number of flora and fauna species, even humans.
Heavy metals in aquatic ecosystems are derived from
a variety of anthropogenic and natural sources, including
bedrocks weathering, atmospheric deposition, local soil
erosion, runoff from riverbanks, and discharge of urban
and industrial wastewaters [4,5]. In aquatic environment,
heavy metals are distributed among the aqueous phase,
suspended particles and sediments. Most of them are bound
to particulate matter, and eventually deposited into the sediments [6]. However, some of the sediment-bound metals
may be desorbed from sediments and released back to the
waters when environmental conditions changed [7,8]. Hence,
sediments are considered to be the most important reservoir
as well as a secondary pollution source of heavy metals [9].
Thus more attentions should be paid to the distribution of
heavy metals in the different compartments of various environments, and provide pollution control strategies and
approaches to water quality management in aquatic environment.
Poyang Lake is located in the north of the Jiangxi
Province and it lies on the southern bank of the Yangtze
River in China. It is the biggest inland freshwater lake in
China as well as one of the most important international
wetlands that provide ideal habitats for overwintering birds.
The lake water level varies tremendously between dry and
flood periods. The Ganjiang River, Fuhe River, Raohe
River, Xinjiang River and Xiushui River are its five main
branches of Poyang Lake, with just one outfall from Poyang Lake to Yangtze River in the northern portion. The
Dexing and Yongping copper mines and Guixi Metallurgical Refinery are at the side of the Poyang Lake, and
then large amounts of heavy metals can be transferred to
the lake through Raohe and Xinjiang River. The Poyang
Lake watershed occupies an area of 166,900 km2, and the
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area of Jiangxi Province accounts for 96.8% of the total
catchment of the watershed. In recent years, heavy metals
pollution in Poyang Lake has increased both in scope and
extent with the growth of human population, accompanied by industrialization and intensive agricultural activities, the. Gong et al. [10] reported that high concentrations of metals were found at the conjunction of the rivers
and Poyang Lake, where the aquatic environment has been
con-taminated. Therefore, a study on the source and distribution of heavy metals in Poyang Lake is urgently needed.
So far, there have been extensive studies on heavy
metals in the Poyang Lake region. However, most of them
focused on the heavy metal concentrations, distribution
patterns, and chemical fractions in sediments or sediment
cores in the branches or estuaries of the five rivers of
Poyang Lake [11-17], while only a few studies focused on
the lake itself [11, 17, 18]. In addition, few reports have
paid attention to the dissolved heavy metals [17, 18], and
there has been no study on the metal distributions among
the various compartments in the environment of Poyang
Lake.
The main objectives of the present study are to 1)
systematically examine the distributions of heavy metals among the aqueous phase, suspended particulate matter
and sediments; 2) identify the heavy metals sources; 3)

describe the spatial distributions of heavy metals in Poyang Lake.
2. MATERIALS AND METHODS
2.1. Study Area

Lake Poyang (28°4′-29°46′N, 115°49′-116°46′E), the
largest freshwater lake in China, is located in the north of
the Jiangxi Province and it lies on the the southern bank
of the middle and lower reaches of the Yangtze River. It
has a total surface area of approximately 3050 km2, with a
mean depth of 8 m, and a maximum depth of 23 m. The lake
is an important source of drinking water, as well as water for
irrigation, aquaculture and the industries. Approximately
44 million people inhabit the 166,900 km2 watershed of
Poyang Lake. The rainy season is from April to September, and the dry season is from October to February. The
Dexing copper mines are located at the downstream of
Le’an River, the wastes of this mine can reach Poyang
Lake through Rao River, while the Yongping copper mine
and Guixi Metallurgical Refinery are located in the middle
reaches of Xingjiang River. Fifteen sampling sites (numbered 1-15) were established, and the investigation was
conducted between January 3 and January 5, 2011 (Fig.1).

FIGURE 1 - Map of Poyang Lake and location of sampling sites
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2.2. Reagents

All reagents used, including nitric acid (69.0% HNO3)
and hydrogen peroxide (31.0% H2O2), were of ultra pure
grade (Suzhou Crystal Clear Chemical Co., Ltd., Suzhou,
China). All solutions were prepared using ultrapure water
from Milli-Q water purification system (Millipore, Bedford, MA, USA). All containers, vessels and other labwares
used for storage, handling or sample decontamination were
immersed overnight in 20% HNO3 solution, rinsed with
ultrapure water, and finally dried on a clean bench.
Standards solutions for atomic spectroscopy (PerkinElmer Life and Analytical Sciences, Boston, MA, USA)
were prepared from a 10 mg/L standard by dilution with
acidified ultrapure water (5% HNO3 w/w).
2.3. Sampling of water, suspended particulate matter and
sediments

Water samples from 15 sites of Poyang Lake were
collected from January 3 to January 5, 2011 using a
Tygon tubing fitted with a one-way valve. To examine the
dissolved metals in the water column, one integrated water
sample, which was a mixture of two sub-samples from 0.5 m
below the surface and from 0.5 m above the bottom, respectively, was collected in each site. On the board, 500mL
integrated water samples were immediately filtered through
1.2 µm pore glass-fiber-filters (GF/C, Watman, Brentford,
UK) previously combusted in a Muffle furnace at 500 °C
for 5 hours and washed with 0.05 M HNO3. The filtrates
(50 mL) were collected in acid washed polypropylene
bottles, and acidified to pH 1 to 2 with ultra clean HNO3.
The filters containing suspended particulate matter (SPM)
were kept in acid pre-cleaned plastic vessels for suspended
metals analysis. All samples were kept in cold storage and
transferred from the field to the laboratory using ice box.
The filter samples were stored at 4 °C and the filters with
SPM were stored at -20 °C under refrigeration in the
laboratory. The dissolved metals were analyzed within
two days in the laboratory.
Fourteen surface sediment samples (0 to 5 cm; stations 1-6 and 8-15) were collected from Poyang Lake between January 3 and January 5of 2011 using a Van Veen
grab sampler. After collection, the sediments were carefully
stored into clean plastic vessels and kept in a refrigerator in
fishing boat at approximately 4 °C. In the laboratory, the
sediment samples were stored at -20 °C.
2. 4. Analysis

In the field, the water depth was measured using a
digital ultrasonic echo-sounder. The temperature, pH, dissolved oxygen (Do), electrical conductivity (EC), oxidation
reduction potential (ORP), and turbidity were determined
using a five-star portable multi-parameters measuring instrument (HACH, CO, USA).
The filtered water samples were directly analyzed using a Perkin- Elmer SCIEX Elan 9000 inductively coupled plasma-mass spectroscopy (ICP-MS; Model Elan
DRC-e; PerkinElmer-SCIEX, CT, USA) equipped with a
cross-flow nebulizer (Meinhard Associates, Golden, USA),

a Scott-type spray chamber (Glass Expansion, Inc., West
Melbourne, Australia), and an AS-93 Plus autosampler
(PerkinElmer, Norwalk, CT, USA).
The sediment and SPM samples were lyophilized using a FD-1A-50 Freeze dryer (Beijing Boyikang Lab Instrument Co, Ltd., Beijing, China). The Lyophilized sediment samples were grounded using an agate mortar pestle
and sieved with a 63-µm nylon sieve. The sieved sediment
samples (0.1 g, <63µm) were placed into a 50 ml tetrapolyfluoroethylene (TPFE) microwave vessels, and 4 mL HNO3
was added. The TPFE vessels were allowed to stand overnight prior to the addition of 5 mL H2O2. After 30 min, the
samples containing HNO3 and H2O2 were digested in a Mars
X-press Microwave Digestion System (CEM, NC, USA)
equipped with a carousel holding 40 digestion vessels.
The microwave digestion process was as follows: the
digested samples were heated to 120°C within 6 min, holding 3min, and then heated to 150°C for 4 min, holding
3min, and finally to 180°C within 4min, holding 30 min.
After cooling, the clear solution was diluted to 50 mL
with ultrapure water, and directly used for the ICP-MS
measurement. Each sample was digested three times. The
digestion process and particulate metals analysis are the
same as those for the sediment samples.
Method validation and quality control of the samples
were performed using standard reference materials. Quality control was assured through the analysis of triplicate
samples, three reagent blanks and procedural blanks. In
addition, three stream sediments of GBW 07302a (GSD-2a)
standard reference materials from the Institute of Geophysical and Geochemical Exploration CAGS (Beijing,
China) were analyzed according to the same procedures
adopted for the sediment samples. Blanks were below
the detection limit, and the relative standard deviations
for replicated sample analyses were <10%. The detection
limits were evaluated in a clean room and were estimated
as <0. 8 for Al, <0.05 for As, <0.002 for Cd, < 0.01 for
Co, <0.2 for Cu, <3.5 for Fe, <0.03 for Mn, <0.04 for Ni,
and <0.2 for Pb, and <0.3 µg/L for Zn.
2.5. Statistical analyses

The SPSS® (Chicago, IL, USA) for Windows (Ver
13.0) statistical software was used for all analyses. Correlation matrix analysis was used to assess the interrelationships between the heavy metals in the different compartments of various environments and the environmental
factors. The Principal Component and Analysis (PCA) was
used to further explore and reduce the dataset for the sediments. The varimax method was chosen as the rotation
method for PCA.
3 RESULTS AND DISCUSSION
3.1. Dissolved heavy metals in the water column
3.1.1. Dissolved metal levels

The dissolved metal concentrations in Poyang Lake
during the dry season were shown in Table 1. The dis-
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solved phases of Al, As, Cd, Co, Cu, Fe, Mn, Ni, Pb, V,
Zn in Poyang Lake ranged from 18.72 to 126.85, 0.83 to
2.18, 0.01 to 0.36, 0.06 to 0.34, 0.10 to 2.14, 34.84 to
152.41, 11.81 to 101.15, 0.67 to 1.53, 0.13 to 0.66, 0.34 to
2.38, and 0.71 to 5.24 µg/L, with an average of 63.08,
1.49, 0.10, 0.17, 0.81, 73.59, 62.68, 1.15, 0.30, 0.73, and
3.01 µg/L, respectively. On the average of dissolved metals in Poyang Lake, the metal levels showed the following
ranking: Fe > Al~Mn > Zn > As >Ni > Cu >V > Pb > Co
> Cd. Based on the World Health Organization (WHO)
drinking water standards [19] and the Chinese Surface
Water Quality Guidelines [20], all the concentrations of
the selected dissolved trace metals in Poyang Lake were
below the WHO limits and reached the national first-level
criterion for drinking water quality of China. These data
suggest that the dissolved trace metals in Lake Poyang are
generally at a low and safe level, and its waters are good
and safe for drinking.

3.1.2. Spatial distributions of dissolved metals

The spatial distributions of the dissolved metals were
summarized in Table 1. The highest Co, Cu, Mn, and Ni
were observed at station 1, whereas the V maximum concentration was found at station 8. The Fe and Pb contents
were highest at station 13. In addition, the Al, Cd, Zn and
As levels were highest at stations 11, 2, 4 and 7, respectively. Most of the dissolved metals (Al, As, Cd, Co, Cu,
Fe, Mn, and Ni) showed the lowest values at station 6.
This station, which is located in Xiushui River, which had
the best water quality among the five branches of Poyang
Lake in terms of heavy metal contamination [13].
3.2. Particulate heavy metals in the water column
3.2.1. Particulate metals levels and spatial distribution

The heavy metals concentrations in SPM are expressed in terms of the SPM mass (mg/kg or mg/g) and
were presented in Table 2. As measured in SPM mass, the

TABLE 1 - Dissolved metals concentrations (µg/L) in Poyang Lake waters and their comparison with guidelines
Sites
Al
As
Cd
Co
Cu
Fe
1
82.36
1.54
0.19
0.34
2.14
76.38
2
41.05
1.51
0.36
0.10
1.23
55.97
3
83.62
1.13
0.15
0.11
1.27
72.59
4
54.51
1.37
0.15
0.16
1.75
65.92
5
45.83
1.27
0.12
0.16
1.32
53.99
6
18.72
0.83
0.01
0.06
0.10
34.84
7
64.34
2.18
0.05
0.24
0.20
81.88
8
25.25
1.27
0.18
0.17
1.30
69.16
9
53.27
1.18
0.09
0.13
1.15
54.75
10
32.15
1.85
0.05
0.17
0.30
48.58
11
126.85
1.67
0.02
0.17
0.34
83.76
12
75.08
1.52
0.02
0.18
0.25
63.10
13
79.04
1.67
0.02
0.24
0.24
152.41
14
95.68
1.73
0.03
0.21
0.24
129.53
15
68.47
1.68
0.05
0.17
0.32
60.94
Mean
63.08
1.49
0.10
0.17
0.81
73.59
a
WHO
10
3
2000
CSWQS-Ⅰb
50
1
10
a
WHO (2004) Drinking water guidelines
b
Grade 1 of the Chinese surface water quality standards (CSWQS, GB3838-2002)

Mn
101.15
36.52
39.61
59.09
66.49
11.81
81.00
65.14
53.94
60.79
70.72
70.30
73.93
74.07
75.60
62.68
400
100

Ni
1.53
1.39
1.29
1.40
1.29
0.67
1.15
1.52
1.30
1.06
0.98
0.91
0.88
0.92
0.96
1.15
20

Pb
0.34
0.25
0.36
0.22
0.20
0.24
0.34
0.27
0.26
0.13
0.44
0.14
0.66
0.48
0.23
0.30
100
10

V
0.64
0.34
0.35
0.39
0.37
0.35
0.76
2.38
0.38
0.83
0.84
0.76
0.90
0.87
0.73
0.73

Zn
3.13
4.36
2.92
5.24
3.33
2.66
4.27
2.80
4.25
4.13
2.47
0.71
1.07
1.21
2.53
3.01
50

TABLE 2 - Particulate metals concentrations in Poyang Lake, China.
Sites
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Mean

Al
(mg/g)
49.91
36.56
77.10
43.54
48.11
32.49
60.98
57.15
32.17
52.41
157.44
61.08
83.18
38.87
51.72
58.85

As
(mg/kg)
21.72
17.80
34.87
24.39
25.43
18.38
31.60
25.74
16.61
29.29
62.66
21.63
34.22
16.13
21.30
26.79

Cd
(mg/kg)
2.68
3.48
4.19
2.43
2.23
0.68
1.72
3.34
1.30
1.51
2.43
0.73
0.88
0.44
0.93
1.93

Co
(mg/kg)
16.90
8.79
22.20
18.21
17.02
13.58
20.26
23.68
10.35
18.04
47.44
17.77
25.90
12.03
14.77
19.13

Cu
(mg/kg)
100.31
47.09
109.91
101.22
98.51
50.06
63.59
76.89
56.86
61.35
170.54
60.41
84.19
38.55
52.63
78.14

Fe
(mg/g)
40.37
28.02
66.60
41.29
43.30
30.00
46.40
54.71
29.62
44.37
111.70
41.63
58.79
27.66
34.01
46.56
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Mn
(mg/kg)
825.33
504.59
1357.07
1224.77
780.13
1011.89
702.48
1383.61
463.48
659.33
1169.06
452.39
585.97
277.37
362.57
784.00

Ni
(mg/kg)
36.74
24.23
51.95
37.01
42.42
25.81
41.11
54.99
25.79
37.80
99.81
38.44
51.91
24.47
31.91
41.63

Pb
(mg/kg)
168.29
128.14
281.77
161.54
183.22
111.51
276.82
153.27
113.47
228.04
471.04
164.39
236.51
116.57
146.76
196.09

V
(mg/kg)
73.34
50.03
109.26
66.19
71.87
56.12
83.80
121.34
46.31
76.05
213.89
81.28
113.25
52.66
69.21
85.64

Zn
(mg/kg)
248.57
197.57
375.51
253.62
333.42
142.21
322.72
276.14
237.73
234.99
653.74
187.56
225.06
115.67
174.13
265.24
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concentrations of As, Cd, Co, Cu, Ni, Pb, V, and Zn concentrations ranged from 16.13 to 62.66, 0.44 to 4.19, 8.79
to 47.44, 38.55 to 170.54, 24.23 to 99.81, 111.51 to
471.04, 46.31 to 213.89, and 115.67 to 653.74 mg/kg dw,
respectively. The concentration ranges of Al, Fe, and Mn
are between 32.17 and 157.44, 27.66 and 111.70, 0.28 and
1.38 mg/g dw, respectively. The mean metal concentrations
demonstrated a decreasing concentration order as follow: Al
(58.85 mg/g) > Fe (46.56 mg/g) > Mn (784.00mg/kg) > Zn
(265.24 mg/kg) > Pb (196.06 mg/kg) > V (85.64 mg/kg) >
Cu (78.14 mg/kg) > Ni (41.63 mg/kg) > As (26.79 mg/kg)
> Co (19.13 mg/kg) > Cd (1.93 mg/kg).
All the heavy metals, except for Cd (station 3) and
Mn (station 8), showed the highest concentrations at station 11. Most of the metals exhibited their second-highest
particulate metal concentrations at stations 3 or 8, suggesting that urban sewage, as well as dock, mining and
smelting activities, are the main sources of heavy metals
in Poyang Lake. Since station 11 is located close to a dock
as well as Hukou county, while station 3 was mainly influenced by the waters from the Raohe and Xinjiang Rivers. In addition, most of the metals showed the lowest
contents of particulate metals at station 14.
3.2.2. Correlation analysis

The correlation coefficients among the particulate
metals in the water column, as well as their correlation
with the different environmental parameters, were shown
in Table 3. Based on the heavy metal concentrations in
SPM mass, all the particulate metals in the Poyang Lake
water column (except for Cd and Mn) were significantly
correlated to each other (r=0.82 to 0.99, p<0.01), demonstrating that most of the metals in Poyang Lake have the
common sources and/or similar controlling factors. While
the weak relationships between Cd or Mn and other met-

als might be attributed to their different chemical characteristics, geochemical behaviors, and controlling factors.
The correlations between Cd or Mn and the environmental
parameters partially support this inference. In the present
study, only the particulate Cd showed a significant correlation with temperature and Do (r=-0.56 and r=0.55, respectively, p<0.05). Significant negative correlations between
SPM and Cd and Mn were observed (r=-0.57 to -0.56, p<
0.05; Table 3).
In the present study, the electrical conductivity was
negatively correlated to all the particulate metals, and statistically significant correlations were observed between the
electrical conductivity and particulate Cu (r=-0.65, p<0.05),
Fe (r=-0.52, p<0.05), Mn (r=-0.50, p<0.07), Ni (r=-0.51,
p<0.05), and Zn (r=-0.62, p<0.05). In addition, all the
particulate metals, except for Cd and Mn, were negatively
correlated to SPM, although the correlations were not statistically significant (Table 3). Similar results were observed
in the Hindon River in India [21] and Taylor Creek, southern Nigeria [22]. These findings can be attributed to the
dilution process of permanently suspended matter, loaded
in trace metals coupled with the temporary re-suspension
of bottom sediments less contaminated by metals [23].
Furthermore, except for Cd, no significant correlation was
found between the temperature or Do and the particulate
metals (p>0.05).
3.3. Partitioning coefficients

The partition coefficient (Kd) is defined as the ratio of
the metal concentration in the SPM (µg/kg) to that in the
dissolved fractions (µg/L); They were calculated as follows:
Kd =

[ particulate metal concentrat ion] ( µg / kg )
[dissolved metal concentrat ion] ( µg / L)

(1)

TABLE 3 - Person’s correlation coefficients among particulate metals concentrations in water column of Poyang Lake as well as their correlations with environmental parameters.
Al
As
Cd
Co
Cu
Fe
Mn
Ni
Pb
V
Zn
Al
1
As
0.97b
1
Cd
0.19
0.27
1
b
Co
0.97
0.97b
0.21
1
b
b
Cu
0.82
0.85
0.47
0.85b
1
b
b
Fe
0.97
0.98
0.34
0.98b
0.88b
1
Mn
0.36
0.46
0.67b
0.51a
0.64b
0.55a
1
b
b
b
b
Ni
0.96
0.96
0.32
0.99
0.88
0.99b
0.54a
1
b
b
b
b
b
Pb
0.94
0.98
0.27
0.91
0.81
0.94
0.40
0.90b
1
V
0.97b
0.94b
0.29
0.98a
0.82b
0.98b
0.52a
0.99b
0.89b
1
b
b
a
b
b
a
b
Zn
0.86
0.92
0.47
0.87
0.90
0.92
0.55
0.91
0.91b
0.86b
1
a
T
0.055
-0.012
-0.56
0.091
-0.28
-0.007
-0.16
0.033
-0.11
0.12
-0.25
Do
-0.22
-0.13
0.55a
-0.21
0.17
-0.11
0.26
-0.16
-0.04
-0.24
0.12
c
EC
0.19
0.23
-0.12
0.26
-0.009
0.16
-0.051
0.22
0.30
0.23
0.16
pH
0.31
0.33
-0.12
0.27
-0.077
0.29
-0.054
0.22
0.41
0.32
0.25
ORPd
-0.39
-0.47
-0.36
-0.46
-0.65b
-0.52a
-0.50 a
-0.51a
-0.46
-0.43
-0.62a
Turbidity
0.40
0.22
-0.53a
0.34
0.10
0.23
-0.41
0.27
0.19
0.31
-0.013
SPMe
-0.14
-0.31
-0.56a
-0.19
-0.32
-0.28
-0.57a
-0.25
-0.32
-0.20
-0.47
a
Correlation is significant at the 0.05 level (two-tailed); b Correlation is significant at the 0.01 level (two-tailed); c EC: Electrical Conductivity
b
ORP: Oxidation Reduction Potential; e SPM: Suspended Particulate Matter
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FIGURE 2 - Partition coefficients (logKd; L/kg) for all the metals obtained in the 15 sampling sites in Poyang Lake, China.

The ranges of thelog Kd (L/kg) values in Poyang Lake
water were presented in Figure 2. In general, the partition
coefficient for each metal in Poyang Lake was relatively
constant. The log Kd values ranged from 5.64 to 6.50 for
Al, 3.63 to 4.63 for As, 3.90 to 4.99 for Cd, 4.45 to 5.41
for Co, 4.74 to 5.96 for Cu, 5.39 to 6.22 for Fe, 3.46 to
5.00 for Mn, 3.98 to 5.06 for Ni, 5.59 to 6.38 for Pb, 4.39
to 5.57 for V, and 4.18 to 5.61 for Zn, respectively, and the
mean log Kd values were ranked as follows: Al (5.98±0.19)
> Pb (5.81±0.22)-Fe (5.80±0.19) > Cu (5.12±0.39) > V
(5.10±0.21) > Co (5.04±0.20) > Zn (4.96±0.26) > Ni
(4.54±0.19) > Cd (4.39±0.27) > As (4.24±0.16) > Mn
(4.09±0.35). This trend is generally in agreement with
those found in Gediz River, Aegean (Pb> Ni>Cu>Zn>Fe>
Mn) [24], River Po, Italy (Pb=Mn > Cr > Cu > Ni > As)
[25], and Lake Balaton in Hungary (Pb > Cd > Co > Zn >
Cu~Ni) [23].
The percentages of the particulate metals relative to
the total metals loads in the water column were 98.65%
for Al, 59.46% for As, 66.19% for Cd, 89.66% for Co,
88.44% for Cu, 98.04% for Fe, 51.32% for Mn, 72.89%

for Ni, 97.94% for Pb, 90.88% for V, and 85.87% for Zn
(Fig. 3), suggesting that most of the metals (Al, Co, Cu,
Fe, Ni, Pb, V, and Zn) exist in the particulate phase, and
As, Cd, and Mn show a more equal distribution in Poyang
Lake.
3.4. Heavy metals in sediment
3.4.1. Metal levels

The heavy metal (Al, As, Cd, Co, Cu, Fe, Mn, Ni, Pb,
V, and Zn) concentrations in the surface sediments of
Poyang Lake were illustrated in Table 4. The ranges of
the Al, As, Cd, Co, Cu, Fe, Mn, Ni, Pb, V, Zn contents in
the surface sediments were 12.42 to 36.74 mg/g, 8.35 to
38.91 mg/kg, 0.13 to 1.49 mg/kg, 10.85 to 19.43mg/kg,
12.40 to 112.08 mg/kg, 25.18 to 45.23 mg/g, 0.53 to
2.62 mg/g, 17.26 to 42.67mg/kg, 36.76 to 83.39 mg/kg,
and 51.21 to 118.15 mg/kg, respectively, and the mean
concentrations of above heavy metals were 25.86 mg/g,
15.09 mg/kg, 0.49 mg/kg, 14.07 mg/kg, 30.20 mg/kg,
31.92 mg/g, 0.93 mg/g, 23.90 mg/kg, 68.18 mg/kg,
75.56 mg/kg, respectively. The mean heavy metal con-
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FIGURE 3 - Percentages of particulate metals relative to total metals loads in the water column.

TABLE 4 - Heavy metals concentrations in sediments from Poyang Lake, China
Sites
1#
2#
3#
4#
5#
6#
8#
9#
10#
11#
12#
13#
14#
15#
Mean

Al
(mg/g)
23.72
32.75
36.74
19.81
32.84
12.42
29.63
21.94
28.54
24.40
21.36
22.18
21.84
33.94
25.86

As
(mg/kg)
8.49
16.13
23.18
17.08
13.81
18.62
38.91
8.41
11.27
10.58
13.18
8.35
10.64
12.58
15.09

Cd
(mg/kg)
0.32
0.50
1.49
0.53
0.53
0.13
1.16
0.21
0.26
0.35
0.39
0.14
0.50
0.40
0.49

Co
(mg/kg)
11.53
15.49
19.04
12.39
15.23
14.44
19.43
11.89
12.71
17.98
12.01
10.85
10.94
13.08
14.07

Cu
(mg/kg)
16.62
112.08
40.36
21.24
23.24
12.40
31.17
16.01
17.31
54.72
18.20
18.04
17.57
23.82
30.20

Fe
(mg/g)
27.31
37.84
38.99
32.69
31.57
28.78
45.23
26.50
29.45
37.45
26.69
29.05
25.18
30.17
31.92

Mn
(mg/kg)
0.71
0.74
2.62
0.65
0.94
0.57
1.91
0.52
0.64
0.94
0.82
0.65
0.66
0.62
0.93

Ni
(mg/kg)
19.47
27.74
32.08
20.31
24.99
19.41
28.70
19.11
20.45
42.67
20.12
17.26
18.19
24.16
23.90

Pb
(mg/kg)
53.46
110.40
98.07
118.14
81.91
31.75
78.99
50.87
61.64
64.02
64.88
45.88
57.48
37.07
68.18

V
(mg/kg)
36.76
52.97
63.05
38.37
53.84
39.07
63.19
42.38
42.99
83.39
41.92
38.22
38.67
49.78
48.90

Zn
(mg/kg)
55.45
101.78
118.15
90.39
76.74
56.34
112.10
51.21
56.81
78.38
67.03
52.07
56.19
85.18
75.56

TABLE 5 - Pearson’s correlation coefficient matrix for metal elements concentration in sediment samples from Poyang Lake, China.
Al
As
Cd
Co
Al
1
As
0.26
1
Cd
0.61a
0.75a
1
Co
0.49
0.73b
0.72b
1
Cu
0.45
0.15
0.22
0.46
Fe
0.52a
0.79b
0.72b
0.91b
Mn
0.55a
0.71b
0.95b
0.78b
Ni
0.46
0.31
0.45
0.80b
Pb
0.40
0.38
0.57a
0.39
V
0.49
0.38
0.47
0.86b
Zn
0.66a
0.74b
0.85b
0.79b
a
Correlation is significant at the 0.05 level (two-tailed)
b
Correlation is significant at the 0.01 level (two-tailed)

Cu

Fe

Mn

Ni

Pb

V

Zn

1
0.56a
0.17
0.56a
0.55a
0.49
0.55a

1
0.72b
0.74b
0.56a
0.75b
0.87b

1
0.52a
0.41
0.55a
0.76b

1
0.32
0.98b
0.61a

1
0.26
0.70b

1
0.60a

1

centrations were ranked in the following order: Fe > Al >
Mn > Zn > Pb > V > Cu > Ni > As > Co > Cd. The concentrations of all the metals in the surface sediments were
lower than those in the suspended particulate matter. With

the exception of Pb, the concentrations of all metals in
Poyang Lake are lower than those obtained in Taihu Lake
[26], and the concentrations of Cd, Ni and Fe are close to
those found in Chaohu Lake, whereas the Cu and Pb con-
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TABLE 6 - Geoaccumulation index values for heavy metals of sediment in sampling sites of Poyang Lake, China.

1
2
3
4
5
6
8
9
10
11
12
13
14
15

Al
-2.24
-1.78
-1.61
-2.50
-1.77
-3.18
-1.92
-2.36
-1.98
-2.20
-2.40
-2.34
-2.36
-1.73

As
-1.70
-0.77
-0.25
-0.69
-1.00
-0.57
0.50
-1.71
-1.29
-1.38
-1.06
-1.72
-1.37
-1.13

Cd
-1.81
-1.17
0.41
-1.07
-1.08
-3.14
0.04
-2.44
-2.14
-1.70
-1.53
-3.03
-1.17
-1.50

Co
-0.64
-0.22
0.08
-0.54
-0.24
-0.32
0.11
-0.60
-0.50
0.00
-0.58
-0.73
-0.72
-0.46

Cu
-0.62
2.14
0.66
-0.26
-0.13
-1.04
0.29
-0.67
-0.56
1.10
-0.49
-0.50
-0.54
-0.10

Fe
-0.84
-0.37
-0.33
-0.58
-0.63
-0.76
-0.11
-0.88
-0.73
-0.39
-0.87
-0.75
-0.96
-0.70

tents are higher. In addition, the Zn and Mn concentrations are lower than those reported in Chaohu Lake [27].
3.4.2. Correlation analysis

Table 5 summarized the results of the Pearson’s correlation analyses among the heavy metals from the sediment. As, Cd, and Co were significantly positively correlated (r=0.72 to 0.75, p<0.01), and Fe and Zn exhibited
significant positive correlation with all the metals (r=0.52
to 0.87, p<0.05), meanwhile, Mn showed a strong relationship with all the metals excluding Cu (r=0.57 to 0.95, p<
0.05). In addition, the correlation coefficients with p<0.05
were: Cd-Pb (r=0.57), Cd-Al (r=0.61), Co-Ni (r=0.79),
Co-V (r=0.86), Cu-Pb (r=0.55), Cu-Ni (r=0.56), and Ni-V
(r=0.98). These results imply that most metals (except for
Cu, Zn and Pb) in the sediments of Poyang Lake mainly
come from natural sources, and iron and manganese oxides might play an important role in controlling the heavy
metal cycle in sediments.
3.4.3. Geoaccumulation index

The geoaccumulation index (Igeo) introduced by Müller
[28] and has been applied to assess the degree of metal pollution in the sediments from Poyang Lake. The geoaccumulation index is expressed as follows:

I geo = Log 2 (Cn 1.5Bn )

(2)

(2)

Where Cn is the concentration of the element in the
samples, and Bn is the background value of the element,
in addition, the factor 1.5 is used to take into account the
possible lithological variability. The background values
of As (18.37 mg/kg), Cd (0.75 mg/kg), Pb (17.57 mg/kg)
were cited from Editorial Committee of “Studies on Poyang Lake” [29]. The values for Al (74.9 mg/g), Co (12
mg/kg), Cu (17 mg/kg), Zn (63 mg/kg), Fe (32.6 mg/g),
Mn (600 mg/kg), Ni (21 mg/kg), and V (70 mg/kg) were
adopted from the values in the continental crust in Eastern
China [30]. According to Müller [28], contaminations are
categorized into six classes as follows: Igeo < 0 indicates
unpolluted, 0<Igeo < 1 unpolluted to moderately polluted,
1<Igeo < 2 moderately polluted, 2<Igeo < 3 moderately to

Mn
-0.34
-0.29
1.54
-0.47
0.06
-0.65
1.09
-0.79
-0.49
0.06
-0.14
-0.48
-0.44
-0.54

Ni
-0.69
-0.18
0.03
-0.63
-0.33
-0.70
-0.13
-0.72
-0.62
0.44
-0.65
-0.87
-0.79
-0.38

Pb
1.02
2.07
1.90
2.16
1.64
0.27
1.58
0.95
1.23
1.28
1.30
0.80
1.13
0.49

V
-1.51
-0.99
-0.74
-1.45
-0.96
-1.43
-0.73
-1.31
-1.29
-0.33
-1.32
-1.46
-1.44
-1.08

Zn
-0.77
0.11
0.32
-0.06
-0.30
-0.75
0.25
-0.88
-0.73
-0.27
-0.50
-0.86
-0.75
-0.15

strongly polluted, 3<Igeo < 4 strongly polluted, 4 <Igeo < 5
strongly to very strongly polluted, and Igeo>5 very strongly
polluted.
The Igeo values of the metals for the different sampling
sites was shown in Table 6. The Igeo values of Al, Fe and
V in all sites were below zero, and those of As, Cd, Co,
Ni, Zn and Mn in most sites were below zero, suggesting
that the sediments in Poyang Lake are not polluted with
the aforementioned heavy metals. Meanwhile, the ranges
of the Igeo value of Pb was from 0.27 to 2.16, corresponding to the unpolluted to moderately polluted or moderately polluted class. Note that several sources for Cu exist in
Poyang Lake, the main sources are the Yongping mine
and Dexing copper mines, the latter of which is the largest
Cu production base in Asia. However, the Igeo values of
Cu in all sites (except for sites 2, 3, 8 and 11) were below
zero, possible indicating the relatively lower partitioning
coefficient of metallic Cu, since a low partitioning coefficient means a high concentration of Cu in the dissolved
phase, and thus, low deposition amounts in the sediments.
These results indicate that Pb is the most contaminated
metal in sediments of Poyang Lake.
3.4.4. PCA Analysis

It is well known that factor loadings >0.71 are typically regarded as excellent and <0.32 are very poor for interpretation [31]. In the present study, the PC loadings of
the selected metals in surface sediments were shown in
Table 7. Three rotated principal components with eigenvalues higher than 1.0 were extracted. These values described 85.74% of the overall variance and revealed some
strong trends for these elements. The first component (PC1)
representing 62.55% of the total variance, showed a strongly
and positively loading related to As, Cd, and Mn, whereas
Zn (0.70), Fe (0.63), and Co (0.63) indicated a moderately
positive loading. The second component (PC2) explaining
13.31% of the total variance, demonstrated high positive
loading on V, Ni, Co, and moderate positive loading on
Fe. The third component (PC3) describing 9.88% of the
total variance, has a high factor loading for Pb, Cu and
low positive loading for Zn (0.58) and Al (0.54). These
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PCA results suggest that parent rock weathering and soil
erosion might be the source of As, Cd, Mn, Zn, Fe, Co, V
and Fe, whereas mining and smelting activities, as well as
atmospheric deposition, are the main sources of Pb and
Cu. In additioin, it is noteworthy that Zn had high loads in
Factors 1 and 3, indicating that both natural and anthropogenic pollutions are its sources.
TABLE 7 - Loadings corresponding to the first three principal components for PCA and contribution of each to the variable of the
original data set of sediments.
Al
As
Cd
Co
Cu
Fe
Mn
Ni
Pb
V
Zn
Eigenvalue
Variance (%)
Cumulative (%)

PC 1
0.36
0.88
0.89
0.63
-0.10
0.63
0.87
0.21
0.36
0.27
0.70
6.97
63.40
63.40

PC 2
0.31
0.16
0.18
0.72
0.47
0.58
0.31
0.91
-0.015
0.93
0.35
1.44
13.06
76.46

PC 3
0.54
0.086
0.31
0.19
0.80
0.40
0.14
0.27
0.84
0.16
0.58
1.12
10.18
86.64
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ABSTRACT
The potential of Rumex acetosa Linn. cultivated in an
ecological floating bed to remove nitrogen from polluted
water was evaluated. R. acetosa was shown to (i) affect
main physicochemical water parameters like dissolved
oxygen and pH, (ii) stimulate ammonifying, nitrifying and
nitrosifying bacteria growth, and (iii) directly uptake a substantial part of the dissolved nitrogen. When the nutrientcontaminated water was treated with R. acetosa floating
bed system, total N, ammonia N and nitrate N removal
efficiencies were 94.62, 99.44 and 86.44% in summer but
92.40, 97.00 and 71.38% in winter, respectively. These
values are significantly higher than controls without plants
(CK) (p<0.05). Although the R. acetosa growth rate, biomass, and most probable number of microbial communities in winter were lower than in summer, it could still
improve water quality and remove contamination from
wastewater because it maintains good vitality and could
survive in winter. These findings would help select a suitable species to remove contamination and improve water
quality, particularly in low-temperature conditions.

KEYWORDS: Ecological floating beds; R. acetosa; polluted
water, nitrogen

1. INTRODUCTION
Water pollution, including river pollution and lake
eutrophication, is an environmental problem resulting from
excessive input of N because of rapid urbanization and
industrialization, and highly accelerated economic development [1, 2]. It is considered to be a limiting element to
sustainable development in society. Therefore, the ecological restoration of polluted water is an important objective
* Corresponding author

for administrators of water environments in various cities.
Over the past decades, numerous restoration projects have
been carried out to control and reduce the negative effects
of N to improve water quality [2].
For degraded water ecosystems, more and more researchers believe that aquatic macrophytes play a crucial
role in removing nutrients, improving water quality, and
sustaining the clear water state for a long period. However, the growth of aquatic macrophytes, especially submerged ones, is limited by nutrient enrichment, low
transparency led by low light penetration in the water column, dense filamentous algae in the plant body, periphyton
on the surface of macrophyte leaves and shoots, and phytoplankton resulting from eutrophication [3-6]. For many
aquatic macrophytes, this leads to declining, failing to survive and, finally, disappearing from most lakes and rivers.
Recently, there has been growing interest in the use
of ecological floating bed systems to control water pollution. An ecological floating bed is an innovative variant of
wetlands with substrate-rooted plants and free-floating
aquatic plant systems. It consists of aquatic or terrestrial
plants growing hydroponically with buoyant frames floating on the surface of water-bodies [7]. Ecological floating
bed systems require only an experimental field and no new
equipment; they can accomplish remediation and pollutant
removal, and are affordable, easy to maintain, and environment-friendly [8, 9]. They are widely used in Europe
[10, 11], Japan [12], the United States [13, 14], Australia
[15], and China [16, 17] as important ecological remediation to control water eutrophication and pollution [7].
At present, most species were widely cultivated in
ecological floating bed, for example, Oenanthe javanica,
Ipomoea aquatica, Lolium multiflorum, etc. R. acetosa is
a native species in China. It has wide temperature adaptive
capacity and could tolerate 40 °C below-zero freezing temperatures and 35 °C above-zero high temperatures. They
are fast-growing macrophytes capable of growing well in
polluted water. The relatively high plant productivity, large
stems and leaves, and enormous flourishing root system
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of R. acetosa play an important role in water quality improvement and landscape restoration [18].
The goal of this study is to examine the potential of
macrophyte R. acetosa in wastewater treatment and ecological restoration. The specific objectives of this study are
as follows: (i) investigate the removal efficiency of total
nitrogen (TN), ammonia N (NH4+-N) and nitrate N (NO3-N) from wastewater by R. acetosa in summer and winter;
(ii) evaluate uptake and accumulation of N in different
tissues of R. acetosa, which would enable us to determine
which R. acetosa tissues store this N, and in what quantity;
(iii) estimate the potential and possible role of R. acetosa
in purifying wastewater.
2. MATERIALS AND METHODS

would affect measurements minimally. The experiment was
done in triplicate.
2.3. Experimental water

Eutrophic water was collected from Sanyong River
(Nanjing, China), and its properties in both seasons (summer and winter) are shown in Table 1.
TABLE 1 - The initial physico-chemical parameters of experimental
water in this study.
Parameter
TN (mg/L
NH4+-N (mg/L
NO3--N (mg/L
DO (mg/L
pH
average ± S. D.

Concentration
Experiment in summer
15.12 ± 0.41
10.76 ± 0.22
0.58 ± 0.02
1.79 ± 0.14
8.3 ± 0.1

Experiment in winter
14.83 ± 0.38
10.42 ± 0.29
0.66 ± 0.03
5.35 ± 0.21
8.4 ± 0.1

2.1. Plant material

2.4. Sampling and analysis

In this study, R. acetosa seeds were collected from
the bank of Sanyong River of Xianlin University City
(Nanjing, China). Five hundred seeds of uniform size were
selected and cultured in 50 dishes filled with 30 ml Hoagland’s medium diluted to 1:500 in a controlled-environment room (25/15 °C day/night temperatures, 16/8 h light/
dark photoperiod, 70–85% relative humidity; irradiance
of 558–661 µmol photons m-2 s-1, PAR), in March and
September 2007. Hoagland’s media were replaced every
2 days to ensure a good supply of nutrients. After approximately 15 days, the R. acetosa seedlings of similar size
(approximately 6.5 cm tall) were transplanted from the controlled-environment room and pre-cultured to enable adaptation. After 1 week, they were thoroughly washed with
deionized water and introduced into the floating beds of
the experimental systems.

Water samples were collected at 0, 6, 13, 19, 28, 35,
41, and 48 days, at 10:00–11:00 a.m. to analyze TN, NH4+-N
and NO3--N of water quality parameters. The samples were
taken as five-site composite ones obtained by mixing samples collected from different places in the tank. For each of
the five sites, 100 ml water was sampled from a depth of
25 cm using a siphon pipe. Once a composite sample was
collected, TN, NH4+-N and NO3--N were analyzed immediately using flow injection analysis on a Skalar San++
Automated Ion Analyzer (Skalar Co., The Netherlands).
The temperature, pH, and DO of each sample site were
monitored on-site every day at 10:00–11:00 a.m. at 25 cm
water depth. Then, pH was measured using a HI 98128
pH-meter (Hanna Co., Italy), and DO and temperature
were measured using a YSI 55 (YSI Co., USA). The final
values of the temperature, pH, and DO of the experimental systems were obtained by assessing the average
values from the five sites.
Plant height and root length were measured at 0, 6,
13, 19, 28, 35, 41, and 48 days using a square meter. To
obtain initial biomass dry weight, two sets of plants with
similar fresh weight were taken for each sub-treatment at
the beginning of the experiment. One set was used in the
experiment, while the other was separated into roots,
stems, and leaves and dried for 72 h at 70 °C. Its measured weight was used to estimate the initial biomass. At
the end of the experiment, all R. acetosa plant materials,
both above and below ground, were harvested and rinsed
in deionized water before they were separated into roots,
stems, and leaves. The fractions were weighted and dried
to constant mass at 70 °C. Dried and weighed plant fraction materials were ground to <1 mm for analysis of N
content in plant tissues.
The water samples needed to examine bacteria were
internally collected from the experimental system after 48
days at 10:00–11:00 a.m. using sterilized injectors. The
number of N cycle bacteria was estimated using the most
probable number (MPN) technique, and MPN values were
calculated from standard MPN tables [5].

2.2. Experimental design

The experiment ran from May to July 2007 (summer)
and from December 2007 to February 2008 (winter), at the
Water Environment Ecological Remediation Platform of
the Key Laboratory of Jiangsu Province, China (latitude
32o02′N and longitude 118o50′E). Experiments were performed in this platform with a glass roof, facilitating natural photoperiods while excluding the effects of rainfall.
A plastic tank (internal dimension: 66 cm length ×
50 cm width × 38 cm height) contained floating beds
made from 4 cm thick perforated polystyrene foam sheets.
R. acetosa seedlings were evenly planted into the beds at
a plant density of 8–10 m-2. The tank was filled with 40 L
of experimental water, and the same volume was placed in
another tank of the same size to serve as a control (CK).
The CK system contained floating beds without plants.
Losses in water volume due to evapotranspiration and
samplings were countered by adding deionized water up
to the original level every week (the level was weekly
decreased by 1-2 cm in winter and summer, respectively).
Water sampling was performed on the second day following volume adjustment, so that the deionized water added
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2.5. Statistical analysis

All analytical determinations were made in triplicate
and averaged. The performance was evaluated by estimating nutrient (TN, NH4+-N, NO3--N) removal efficiencies
(χ) calculated using Eq. (1), where, C0 represents the initial
concentration and CS denotes final concentration in the
treatment.

x=

C0 -‐ Cs
¥ 100
C0

(1)

A one-way analysis of variance (ANOVA) was conducted to examine the differences between the R. acetosa
and CK systems, which were considered to be significant
when p<0.05 (SPSS 16.0).
3. RESULTS
3.1. R. acetosa growth, biomass production, and bioaccumulation

In summer, the stems, leaves, and roots of R. acetosa
started a vigorous growth by the second day of the experiment. The mean values of roots, stems, and leaves grew
from 8.3 to 52.6 cm (0.929 cm/day), from 6.6 to 74.6 cm
(1.417 cm/day), and from 4.2 to 22.1 (0.372 cm/day), respectively, by the end of the experiment. In winter, the
stems, leaves, and roots of R. acetosa started slowly growing by the third day of the experiment. The mean values of
roots, stems, and leaves grew from 9.1 to 23.5 cm (0.30 cm/
day), from 6.3 to 17.5 cm (0.233 cm/day), and from 4.3 to
17.1 (0.267 cm/day), respectively, by the end of experiment. Although average growth rates of stems, leaves,
and roots in winter were lower than in summer, R. acetosa
still maintained good vitality and could survive in winter.
Table 2 provides information on the initial and final
biomass yield and bioaccumulation in plant tissues in
summer and in winter. The final biomass yield of R. acetosa roots, stems, and leaves was 42.03, 30.93, and 43.57
times that of initial biomass yield in summer, and 14.71,

11.80, and 16.12 times that of initial biomass yield in
winter, respectively (Table 2).
3.2. N changes during the experimental process

Figure 1 and Table 3 present variations in N concentrations during the experiment in summer and winter. R.
acetosa systems could rapidly remove large amounts of
TN and NH4+-N, and could effectively control N pollution
in both seasons. Despite corresponding decreases in the
CK system over the same period, TN and NH4+-N removal efficiency of R. acetosa systems were significantly
higher than those in the CK system (p<0.05).
The concentration of NO3--N in R. acetosa systems
shows a trend unlike those of other N during the experiment. It rapidly increased and accumulated to a maximum
value of 4.85 and 4.67 mg/L from 1 to 19 days in summer
and winter, while it slightly increased over the same period in the CK system. Then, the concentration of NO3--N
in R. acetosa systems rapidly decreased to a lowest value
of 0.08 and 0.23 mg/L from 20 to 48 days in summer and
winter, respectively, while it fluctuated and maintained at
higher levels of 0.37–0.44 mg/L and 0.92–1.67 mg/L,
respectively, from 20 to 48 days in the CK systems. The
differences in NO3--N concentration between the R. acetosa and CK systems were significant (p<0.05).
3.3. N cycle bacteria distribution in the experimental system

Figure 2 presents 4 groups of N cycle bacteria, including ammonifying and denitrifying bacteria, nitrobacteria, and nitrosobacteria variations in R. acetosa and CK
systems at 48 days. MPNs of ammonifying bacteria in the
R. acetosa system were 4.5×105 and 3.4×104 individuals/L
in summer and winter, respectively - approximately one
order of magnitude higher than in the CK system. The
MPNs of nitrobacteria and nitrosobacteria were similar to
those of ammonifying bacteria. In contrast, the MPNs of
denitrifying bacteria in the R. acetosa system were
5.3×102 and 3.4×102 individuals/L in summer and winter,
respectively - an approximately identical magnitude compared with the CK system

TABLE 2 - Biomass production and nutrient bioaccumulation in the R. acetosa material.
Parameter

Season

Biomass (g DW/m2)

Summer
Winter
Summer
Winter

Total N Bioaccumulation
(mg/g)
average ± S. D

Roots
Initial
23.4±1.5
22.6±1.2
18.36±1.15
15.23±1.04

Final
983.6±23.4
332.5±14.2

Stems
Initial
19.9±1.1
20.6±1.7
19.12±1.43
17.25±1.13

Final
615.5±18.7
243.1±16.2

Leaves
Initial
17.3±1.3
18.2±1.3
20.91±2.24
18.94±2.06

TABLE 3 - Nitrogen change during the experimental process.
TN (mg/L)
NH4+-N (mg/L)
Initial
Final
Initial
R. acetosa
15.23
0.82
10.74
Summer
CK
15.37
3.41
10.67
R. acetosa
14.83
1.12
10.42
Winter
CK
14.84
5.01
10.43
a
Indicates an increase in pollutant concentration in the late experimental period
Seasons

Treatment
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Final
0.06
1.19
0.31
1.25

NO3--N (mg/L)
Initial
0.59
0.57
0.80
0.79

Final
0.08
0.42
0.23
0.98

Final
753.7±28.5
293.5±21.7
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FIGURE 1 - Nitrogen concentration variations during the experimental process: (a) summer, (b) winter.
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4. DISCUSSION
Macrophytes are assumed to be the main biological
component of ecological floating bed systems to treat
wastewater. Macrophytes not only take up nutrients from
wastewater directly, but also act as catalysts for purification reactions by increasing the environmental diversity in
the rhizosphere, and promoting a variety of chemical and
biological reactions that enhance purification in ecological floating bed system. Thus, the major role of plants is
probably to act as “ecological engineers” [19].
4.1. Effects of physico-chemical parameters by R. acetosa

(1) Changes of pH. One of the important parameters
to assess wastewater quality and to understand the under-

8

lying biological process is the pH value [20]. In our research, R. acetosa systems had a less alkaline pH between
7.4 and 8.4, with an average value of 7.8 in summer, and
between 7.2 and 8.5, with an average value of 7.9 in winter, compared with CK systems (pH average values were
8.9 and 9.3 in summer and winter) (Fig. 3). The reason
might be the formation of CO2 and H2CO3 in water by the
degradation of organic compounds, resulting in a pH decline [20, 21]. The same result was found in the plants for
vertical free surface-flow wetland microcosms with a rapid
reduction of pH at an early stage of the experiment [22].
(2) DO changes. Oxygen supply in the ecological
floating bed system includes two sides, one is O2 transported from plant leaves and stems to roots through internal
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spaces and atmospheric diffusion. Aquatic macrophytes are
often claimed capable of transporting atmospheric oxygen
to wastewater through their leaves, stems, and roots to
degrade organics and N compounds present in wastewater
[20, 23]. Mohan et al. [20] showed that oxygen transfer by
plants into the root zone plays a significant role in supporting aerobic bacteria in the rhizosphere, and the subsequent
degradation of carbon present in the wastewater. Another
side is atmospheric diffusion [24], which is caused by the
DO gradient between ambient air and water in the ecological floating bed system. In our research, R. acetosa systems
were highly aerobic, with DO varying between 2.78 and
4.76 mg/L in summer and between 2.99 and 5.82 mg/L in
winter (Fig. 3). This can be attributed to vigorous plant
growth during the experimental period. Moreover, atmospheric diffusion is also a minor contribution to oxygen supply in the R. acetosa systems owing to the 30–50% coverage
of the water surface by R. acetosa. However, atmospheric
diffusion is the main oxygen supply in the CK systems,
owing to lack of plants to cover. In our research, the DO
level between the R. acetosa system and CK systems did not
differ significantly (p>0.05) (Fig. 3). The main reason is
likely that the experiment tank is only 38 cm tall, which
benefits from atmospheric diffusion from air to water.
4.2. Effects of N cycle bacteria by R. acetosa

The main role in transforming and mineralizing nutrients and organic pollutants is played not by plants but by
microorganisms in ecological restoration. Thus, in the ecological restoration process, it is important to create favorable habitats not only for plants, but also for other organisms. Macrophytes growing in nutrient-rich waters have a
large well-developed root system providing a good surface
area for microbial growth, perform nutrient uptake, and
serve as a habitat for beneficial insects and microorganisms [20, 25]. Plants may also be supplying carbon to the
microbes, which allows these microbes to be more successful in surviving and removing nutrients [26, 27]. In
our research, the enormous root system could enhance the
number of N cycle bacteria in R. acetosa compared with
the CK systems. The mean density of nitrifying bacteria
in this study was 7.5×105 and 3.2 ×104 individuals/L in
summer and winter, respectively, in R. acetosa system,
which suggests that enrichment microbes in R. acetosa
systems played an important role in nutrient reduction.
4.3. Effects of temperature on R. acetosa growth, biomass
production, and bioaccumulation and contamination removal

Temperature, as a key parameter in wastewater treatment, is of interest for several reasons, including that water
temperature modifies the rates of several key biological
processes and influences the growth of plants [27-29].
Picard et al. [27] showed that wetlands are affected by
solar radiation and ambient temperatures, which cycle on
an annual and daily basis. These biotic factors mediate the
temperature of the wetland environment, causing cyclical
patterns in evapotranspiration, photosynthesis, and microbial activity [27, 30].

(1) Effect on plant growth. Temperature can directly
affect plant growth in wastewater treatment [29]. Low
temperature is a major determinant for growth and yield of
plants grown in cool climates [31]. To overcome this problem, cold-tolerant plants can be used in a plant treatment
system. In our research, the growth of the R. acetosa was
significantly affected by temperature. The growth rates of
R. acetosa stems, leaves, and roots in summer were significantly higher than that of the plants in winter. As a result,
the biomass yields of R. acetosa in summer were also significantly higher than that of plants in winter. This is in
agreement with the results reported by Shimono et al. [31].
Although R. acetosa growth was reduced in winter,
they still maintain good vitality, and plant leaves were
dark green during the experiment in winter, which indicated that R. acetosa could survive in winter. Our early
study also found that the R. acetosa could grow in 10 °C
below-zero freezing temperatures. R. acetosa’s good vitality
is the base for pollution removal from wastewater in the
cold season.
(2) Effect of biological processes. Extensive literature supports the strong effect of temperature on microbial
biological processing [29]. Denitrifying bacteria in wetland sediments are more abundant in spring and summer
compared with fall and winter [32]. Stober et al. [33]
demonstrated that the overall nitrate removal rate was
significantly higher in summer than in winter [28]. Picard
et al. [27] showed that nutrient removal was highest during the growing season (June–October) but lowest in
the cold months (November–March), and the optimum
temperature for nutrient removal was 30 °C. ‘‘Biological
zero’’ or 5 °C is where biological processes drastically
slow down or cease [27]. More specifically, nitrification
rates in wet-lands become inhibited at water temperatures of
about 10 °C, and rates drop rapidly at 6 °C [34]. Hill and
Payton [29] pointed out that the treatment efficiency of the
constructed wetland decreased at low temperature primarily because of reduced biotic activity [32]. A similar result
was found in this study, as TN and NH4+-N removal
efficiency in summer was higher than in winter (Table 3).
In our study, the MPNs of N cycle bacteria in winter were
approximately two orders of magnitude lower than in the
summer (Fig. 2).
In spite of the contamination removal efficiency in winter being lower than in summer, R. acetosa systems could
still improve their cleaning ability and remove contaminations from wastewater in winter. In this study, the good
performance of the R. acetosa systems in winter was mainly
due to two factors. First, the average water temperature in
winter was higher than 5° C. Second, the R. acetosa maintained good vitality and could survive in winter.
4.4. N removal pathway from polluted water by R. acetosa
system

N is mainly responsible for eutrophication and considered to be the limiting element of primary productivity
in most freshwater ecosystems. The transformation and
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removal of N involves a complex set of processes and
relations. N removal can be attributed to any or all mechanisms — ammonification, nitrification-denitrification,
adsorption, ion exchange, fixation, volatilization, and
biological uptake.
(1) Ammonia volatilization refers to ammonia-N
removal from wastewater. This process is greatly dependent on pH; it is enhanced when pH>8.0 and restricted when
pH<7.5 [28, 35]. In our research, N removal by ammonia
volatilization may have a lesser level given that the R.
acetosa system has a less alkaline pH from 7.4 to 8.4 with
an average value of 7.8 in summer, and from 7.2 to 8.5
with an average value of 7.9 in winter (Fig. 3). However,
volatilization is the likely mechanism by which NH4+-N
was reduced, the process being enhanced by increasing
pH levels from 8.4 to 9.4 (summer) and from 8.7 to 9.7
(winter) in CK systems (Fig. 3). This would explain the
higher NH4+-N removal efficiency (88.85 % in summer
and 88.01% in winter) in the CK system.
(2) Nitrification-denitrification. Nitrification is the
oxidation of NH4+ or NH3 to NO3- via NO2-, NH4+→NO2→NO3- [36, 37], and denitrification is the microbialmediated conversion of NO3- into N2 via intermediates
NO2-, NO, and N2O; NO3-→NO2-→NO→N2O→N2 [37,
38]. DO concentration plays an important role in nitrification-denitrification because nitrification is strictly aerobic (DO>2.0 mg/L) while denitrification is strictly anoxic
(DO<1.0 mg/L) [38, 39]. Moreover, Lu et al. [35] pointed
out that typical nitrification processes have optimum pH
values of 7.0–8.6. Princic et al. [40] showed that the optimal pH for nitrification is between 6.5 and 8.5. Furthermore, nitrification is a temperature-dependent process: it
can vary depending on the season [41], and become inhibited below 10 °C [34], reducing efficiency in colder climates [42].
In our study, DO concentration ranged from 2.78 to
4.76 mg/L with an average value of 3.58 mg/L in summer,
and from 2.99 to 5.82 with an average value of 4.24 mg/L
in winter (Fig. 3). The average pH value was 7.8 and 7.9 in
summer and winter, respectively, in the R. acetosa system.
The water temperature in the R. acetosa system ranged
between 32.7–22.4 °C with an average value of 26.6 °C in
summer, and 16.9–11.9 °C with an average value of 14.4 °C
in winter (Fig. 3). Under aerobic conditions (DO>2.0
mg/L), suitable less alkaline and temperature conditions,
NH4+-N concentration rapidly decreased from 10.74 and
10.42 mg/L to 1.32 and 1.43 mg/L, and removal rate was
87.71% and 86.30% (days 0 to 19) in summer and winter,
respectively (Table 3). Accordingly, the NO3--N concentration rapidly accumulated from 0.59 and 0.80 mg/L to
4.85 and 4.67 mg/L (days 0 to 19) in summer and winter,
respectively. The increase in NO3--N concentration is significantly correlated (p<0.05) with the decrease in NH4+N concentration in R. acetosa system from 0 to 19 days,
which is the result of high nitrification. The accumulated
NO3--N indicates that nitrification is the most likely main

mechanism of NH4+-N removal from wastewater from 0
to 19 days in the R. acetosa system.
Despite the average DO concentrations being 2.54 and
3.70 mg/L in summer and winter, respectively (Fig. 3), the
nitrification was probably limited because of the alkaline
conditions (pH values >8.5) and the lack of support for
the N cycle bacteria to grow (Fig. 2) in the CK system,
which can be explained by insignificant amount of NO3-N being produced in the CK system (Fig. 1).
(3) Direct nutrient uptake from polluted water by
R. acetosa. As previously described, plant uptake is one
of the most important mechanisms that remove nutrients
from wastewater [25]. Plant uptake can be described by a
positive linear relationship between biomass and N bioaccumulation in plant tissue [43]. Comin et al. [44] found
that plant uptake accounted for over 66% of N removal
when treating an agricultural runoff in Spain. Greenway
and Woolley [45] reported that 27–47% of TN and 47–
65% of P removal were due to plant uptake. Tanner [46]
estimated N concentrations in aboveground biomass of
helophytes to be between 15 and 32 mg N/g dry mass. In
our research, R. acetosa root, stem, and leaf samples indicated that N rates taken up from the system were 18.06,
11.77, and 15.76 g/m2 but 5.06, 4.19, and 5.59 g/m2 in
summer and winter, respectively. R. acetosa root, stem,
and leaf tissues could be taken out from wastewater by
harvesting aboveground and belowground biomass when
R. acetosa had decayed.
Thus, N removal in the R. acetosa system may have
been primarily due to nitrification and plant uptake, along
with a lesser level of volatilization. In the CK system,
volatilization would have been the likely mechanism by
which NH4+-N was reduced and N removed.
5. CONCLUSIONS
The results of this research show that the R. acetosa
system cultivated in ecological floating bed can be used to
substantially increase the removal of contamination from
wastewater compared with those only containing floating
beds without plant systems (p<0.05). In summer, about
94.62, 99.44 and 86.44%, and in winter, 92.40, 97.00 and
71.38% of TN, NH4+-N and NO3--N removal efficiency
rates were observed in R. acetosa system, due to nitrification and plant uptake. In spite of the contamination removal efficiency in winter being lower than in summer,
R. acetosa systems could still improve water quality and
remove contamination from wastewater in winter compared with the CK system (P<0.05). Therefore, R. acetosa
can be widely used to treat polluted water, particularly
under low temperature conditions.
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ABSTRACT
Cyanobacterial blooms frequently threatened water
safety and ecological balance in Chaohu Lake (the fifth
largest freshwater lake in China), precise prediction and
effective prevention of harmful blooms had become an
arduous and important task. In spring, recruitment is a key
process in the cyanobacterial life cycle and in blooms formation. An increase in spring water temperature likely
plays an important role in driving cyanobacterial recruitment. Moreover, spring is a warm suddenly and cold still
season, effects of cold spell on the time course and the
amount of recruitment were yet to be explored. In this paper,
effects of cold spell on recruitment of benthic cyanobacteria
were investigated in a simulated experiment by using hiemal
sediment samples from Chaohu Lake. Results showed that
cold spell (a three-day cold spell at 4 °C or 9 °C) mainly
slowed down cyanobacterial growth rate and postponed
their dominance establishment. Especially, more attention
should be given to the cold spell of lower than 9 °C in early
spring, which could affect the duration and intensity of
blooms to a certain extent.

KEYWORDS: recruitment, cold spell, cyanobacteria, blooms,
eutrophication, Chaohu Lake

1. INTRODUCTION
From late spring to early autumn, many eutrophic lakes
of temperate and subtropical zones are threatened by harmful cyanobacteria, the prevailing species (such as Anabaena, Aphanizomenon, Microcytis, and so on) are capable of
nuisance growth and forming blooms, which are very
dangerous to water resources for drinking, aquaculture,
and industrial use [1, 2]. In winter, some species of phytoplankton can be dormant on sediment after autumnal
sedimentation [3, 4]. These benthic portions are able to
renew growth and return to the pelagic phase with elevated temperature in spring [5, 6].
* Corresponding author

Based on the existing knowledge, cyanobacterial recruitment can be defined as an inoculation of overwintering cyanobacteria to the pelagic phase after growth renewal under suitable conditions [7]. Some researchers
reported that the amount of recruitment in spring was
affected by several environmental factors [4, 8-10]. According to field observations and simulated experiment,
temperature had been confirmed to play an important role
in driving cyanobacterial recruitment [7, 11, 12]. Moreover, water temperature is an important factor in predictive
models for cyanobacterial growth [13], which can influence the formation and intensity of harmful blooms.
In recent years, close attentions have been paid to the
effects of climate change on phytoplankton communities
[14, 15]. Weather conditions are constantly changing,
warming up and cold spell are both commonplaces in
spring. Previous researches mainly focused on warming
[16-18], but effects of cold spell on the time course and
amount of recruitment were rarely explored. Furthermore,
cyanobacteria undergo a series of biomass accumulation
and population competitive processes with other algae
from recruitment to dominance establishment in eutrophic
lakes [12], these processes remained to be further investigated. In the present study, hiemal sediment samples were
collected from Chaohu Lake (the fifth largest freshwater
lake in China), and cultured under controlled temperatures, so as to simulate effects of cold spell on recruitment
of benthic cyanobacteria and succession of phytoplankton
community, which could provide valuable information for
the prediction and prevention of cyanobacterial blooms in
eutrophic Lakes [2, 19].
2. MATERIAL AND METHODS
2.1 Lake and sampling site description

Chaohu Lake (117°17'-117°52' E, 31°25'-31°43' N)
located in Eastern China (Fig. 1). Its water area is 770 km2.
The average depth is 3.0 m and the maximum depth is
6.78 m. There are 33 main tributaries in Chaohu watershed, with the Yuxi River the only outflow [20]. Chaohu
Lake belongs to the Changjiang River downstream area,
which is a high-speed developing and heavily populated
region [21]. In last decades, water quality of Chaohu Lake
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degraded rapidly and reached hyper-eutrophic status (even
more serious than Taihu Lake in Jiangsu province). Chaohu
Lake is characterized with the presence of heavy cyanobacterial blooms which seriously threatened water safety
and ecological balance.
The sampling site (31°35′46″N, 117°24′21″E, with
the depth of 2.4 m) located in the western part of Chaohu
Lake (Fig. 1), where several inflow rivers (such as
Nanfeihe River and Paihe River) carry much industrial
effluent and domestic sewage from Hefei city (the capital
of Anhui province). Therefore, the western part of Chaohu Lake has become the most eutrophic region. Under
suitable hydro-meteorological conditions, large amounts
of cyanobacteria frequently accumulated around the sampling site.
2.2 Sample collection and treatment

Hiemal sediment samples were collected on January 20,
2011 (a sunny and windless day). At the sampling site, about
900 g of sediment samples (0-2 cm) were collected by a
columnar sampler (KC-Denmark). Meanwhile, underwater
environmental parameters (such as water temperature,
turbidity, dissolved oxygen, density of cyanobacterial cells,

and chlorophyll a concentration) were recorded by a multiparameter monitor (YSI6600 V2, USA) at different depth
(0.1, 0.4, 0.7, 1.0, 1.3, 1.6, 1.9, and 2.2 m). Besides, 50 L
of lake water were also collected at the site by a tubular
plastic sampler (length = 2 m, diameter = 10 cm). Immediately, sediment samples were transferred to laboratory
and divided into nine equal aliquots. Each portion was
laid on the bottom of a beaker (maximum volume = 10 L).
Subsequently, sterilized lake water (5 L of 0.22 µm filtrate) was added gently.
These nine beakers were divided into three groups
(control group, group of 4°C cold spell, and group of 9 °C
cold spell). Incubation temperatures of the control group
increased along eight levels (6, 9, 12, 15, 18, 21, 24, and
27 °C), with each temperature being maintained for three
days. As for the experimental groups, there was a threeday cold spell at 4 °C or 9 °C closely followed after 15 °C,
and then, 18 °C continued and maintained for three days.
The nine beakers were incubated under an illumination
intensity of 30 µmol photons m–2 s–1, provided by cool
white fluorescent lamps (36W FSL, China) , with a lightdark period of 12h/12h.

FIGURE 1 – Map of Chaohu Lake and the location of sampling site
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At the beginning and the end of each temperature
level, 50 mL of the culture solution were collected gently
from each beaker by a glass tube (length = 30 cm, diameter = 1 cm) to avoid vertical differences of algal cells
(Figure 2). The culture solution was fixed with Lugol’s
iodine and sedimented for 48 h in a measuring cylinder
prior to microscopic analysis.

the sampling period, water temperature was about 5.8 °C
and with small fluctuations (5.5-6.1 °C), which was very
close to the initial culture temperature (6 °C) and was readily adaptable for overwintering algae. Turbidity of lake
water ranged from 14 to 31 NTU, which was much lower
than that in windy days and implied a very low level of
sedimental resuspension. As for this shallow lake, thermostratification and anoxic zone were not found during sampling, dissolved oxygen maintained a fairly high concentration (9.5-10.7 mg L-1). Compared with bloom-forming
seasons, density of pelagic cyanobacterial cells (35-67 cells
L-1) and chlorophyll a concentration (0.06-0.15 µg L-1)
were extremely low.
3.2 Phytoplankton dynamics

FIGURE 2 - Collecting method for algal solution

Density of algal cells was enumerated by using a
haemocytometer at 400 magnification with a light microscope (Olympus CX31, Japan), and then, arithmetic averages of every three parallel samples were counted and
displayed in figures. Algal specific growth rates (SGRs)
were calculated according to the following equation:
SGR = ln(Ct/C0)/t
where C0 is the initial cell density at the beginning of
each temperature level, Ct is the cell density at the end,
and t is the duration of incubation period under each temperature level in days (t = 3).
3. RESULTS AND DISCUSSION
3.1 Environmental parameters at the sampling site

Owing to the maximum depth of sampling site was
only 2.4 m, vertical variations of environmental parameters at different depth were quite small (Table 1). During

During the experiment, phytoplankton community
was mainly made up of cyanobacteria (such as Anabaena
spiroides, Microcystis aeruginosa, and Lyngbya mucicola), chlorophytes (such as Pediastrum clathratum,
Scenedesmus quadricauda, and Ankistrodesmus falcatus),
and diatoms (such as Melosira granulata, Cyclotella
meneghiniana, and Synedra acus). Besides, some species
of Euglenophyta and Cryptomonas were found at the
beginning, but their cell density was very low and did not
markedly increase with elevated temperatures. Thus,
growth curves of Euglenophyta and Cryptomonas were
ruled out in the results.
Recruitment conditions and phytoplankton community were analyzed according to algal growth curves and the
calculated SGRs. In the control group, algal recruitment
was observed at 12 °C and then cyanobacteria established
dominance at 18 °C (Fig. 3). In the 4 °C cold spell group,
cold spell markedly blocked cyanobacterial growth and
led to the dominance of chlorophytes from 18 °C to 24
°C (Fig. 4). In the 9°C cold spell group, dominance
establishment of cyanobacteria was postponed to 21 °C
(Fig. 5). Moreover, after cold spell density of pelagic
cyanobacterial cells in the two treatment groups was significantly lower than that in the control group (P <0.05).
3.3 Effects of cold spell

Owing to the natural and anthropogenic factors, climate abnormality coexisted with environmental deteriora-

TABLE 1 - Environmental parameters at the sampling site
Depth
(m)
0.1
0.4
0.7
1.0
1.3
1.6
1.9
2.2
C. V. (on the vertical direction)
C. V.: coefficient of variation.

Temperature
(°C)

Turbidity
(NTU)

Dissolved oxygen
(mg L-1)

Chlorophyll a concentration
(µg L-1)

5.5
5.7
5.8
5.8
5.9
6.0
6.1
6.0
0.03

20
17
14
17
16
21
31
27
0.29

10.7
10.6
10.2
10.1
9.9
9.8
9.5
9.6
0.04

0.08
0.10
0.07
0.06
0.11
0.15
0.13
0.11
0.30

1936

Density of pelagic
cyanobacterial cells
(cells L-1)
40
35
37
45
49
67
55
63
0.24
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FIGURE 3 - Algal growth curves of the control group

FIGURE 4 - Algal growth curves of the group of 4 °C cold spell

FIGURE 5 - Algal growth curves of the group of 9 °C cold spell
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tion in eutrophic lakes, which were suffered heavy blooms.
Previous studies showed recruitment is a key process in
the cyanobacterial life cycle and in blooms formation [5,
22], and an increase in spring water temperature likely
plays an important role in driving cyanobacterial recruitment. Moreover, spring is a warm suddenly and cold still
season, water temperature could be cooled down markedly
after a cold wave or cold fronts [23]. Generally speaking,
water temperature would drop 3-10 °C after a short-term
cold spell in Chaohu Lake. Consequently, frequent temperature changes remarkably affect algal recruitment and
community succession.
In my previous research, recruitment of chlorophytes
and diatoms was observed at 9 °C, but the recruitment of
cyanobacteria was not evident until 12.5 °C [24]. According to the simulated experiment, temperature threshold for
cyanobacterial recruitment was inferred to be between
9°C and 12.5 °C, which was slightly higher than that for
chlorophytes and diatoms. Tao et al. [25] performed a
laboratory simulation with sediment samples from Taihu
Lake (the third largest freshwater lake in China), whose
experiment showed that cyanobacterial recruitment was
not observed below 14 °C and the largest amount of recruitment occurred at 18-20°C. Similarly, Li et al. [11] conducted an experiment by using sediment samples from
Guanqiao pond (a fishpond in Wuhan city, China), who
found that cyanobacterial recruitment was initiated at
15°C and the optimum conditions for Microcystis growth
were 20°C with the light intensity of 30µmol photons m–2
s–1. Therefore, most of algal cells had recovered growth at
15 °C, which is a critical period for benthic recruitment
and pelagic development.
According to results of former studies, a three-day
cold spell at 4 °C or 9 °C was added closely after 15 °C,
so as to analyze variations of algal growth and community
structure at this impressionable stage. Results showed that
symptom of recruitment trend (a sudden acceleration of
algal SGR) all appeared at 15 °C in the three groups, and
thenceforth, recovered algal cells underwent different temperatures. In the control group, algal growth rate was effectively promoted by the following 18 °C, which facilitated
cyanobacteria to establish dominance rapidly. In the two
treatment groups, the following cold spell showed more
or less inhibiting action on cyanobacterial growth rate and
pelagic standing crop. Especially in the 4°C cold spell
group, cyanobacteria lost dominant position finally. In
contrast, cold spell provided competitive opportunity for
chlorophytes and diatoms, they occupied the ecological
space lost by cyanobacteria, so as to obtain more nutrition
and light energy.
Effects of temperature on algal recruitment and growth
rate were closely related to algal physiological characteristics. Generally speaking, optimum temperature for chlorophytes and diatoms was lower than that for cyanobacteria,
and their resistance abilities to cold spell were relatively
better [26, 27]. But once suitable temperature returned,

cyanobacteria showed fast-growing ability of r-type ecological strategy to gain competitive advantages. Especially at and above 15 °C, cyanobacterial recruitment is enhanced and blooms are formed by both conspicuous recruitment and active growth [28]. In the present study, it
was still possible that cyanobacteria of the 4 °C cold spell
group could establish dominance by high SGR (up to
0.317 D-1) after prolonged growth at 24°C. Therefore,
cold spell mainly slowed down cyanobacterial growth rate
and postponed their dominance establishment. We should
give more attention to the cold spell which was lower than
9 °C. These results were in agreement with the field observation made by Latour et al. [29] in Grangent Reservoir (France), who found metabolic activity of benthic M.
aeruginosa represented by esterase activity started to
increase at about 9 °C.
In the present study, recruitment process was studied
by static incubation and the algal solution was collected
from total water column in a glass tube, which greatly
ruled out anthropogenic disturbance and vertical differences. While, some other factors (such as wind disturbance, benthos movement, water current, and so on) also
promote upward migration of benthic cyanobacteria under
natural conditions [8]. Especially in shallow lakes, frequent disturbance promote vertical migration and horizontal transportation, which increased uncertainty of recruitment process. Considering facilitated actions by resuspension and bioturbation, migration of benthic cyanobacteria
might be initiated at lower temperature in lakes than that
of static incubation in laboratories [30]. But recovery of
dormant “seed bank” and continuous growth of recovered
cells both depend on the effective temperature, these two
portions supplement each other and contribute to blooms
formation.
4. CONCLUSIONS
The degree and duration of cold spell obviously affect
the amount of cyanobacterial recruitment and the time
course of dominance establishment. It should be taken into
account in the prediction and prevention of harmful
blooms. Especially, we should pay more attention to the
cold spell of lower than 9 °C in early spring, which could
affect the duration and intensity of blooms to a certain
extent. Thus, 9 °C could be regarded as a threshold for the
calculation of effective accumulated temperature in
blooms prediction.
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ABSTRACT
The goal of this work is the analysis of particulate matter with aerodynamic diameter less than 10 µm (PM 10)
recorded in the urban area of Volos, a medium-sized Greek
coastal city on the eastern seaboard of Central Greece. For
this purpose, concentration measurements of PM10, for a
seven-year period (2001-2007) are analyzed. Air pollution
data were obtained by a monitoring station, fully automated, that was established by the Hellenic Ministry of the
Environment, Energy and Climatic Change, in order to
measure air pollution levels in Volos.
The extracted findings showed that the mean diurnal
variation of the examined air pollutant concentrations within the cold and the warm period of the year show a double
peak structure with respect to morning and evening hours.
Additionally, the intra annual variation of PM10 concentrations shows a double peak pattern. The dominant peak
is observed in February and the secondary peak in May/
June. Besides, the role of wind seems to be significant as
the PM10 exceedances are strongly associated with predominant wind directions.

KEYWORDS: Urban air pollution, PM10, diurnal variation, intra
annual variation, Volos, Greece

1. INTRODUCTION
The increased industrialization and the simultaneous
growth of the metropolitan areas are strongly related with
the environmental problems [1]. Since early 1980s has
become clear that air pollution affects the health of human
beings and animals, damages vegetation, soils and deteriorates materials, and generally affects not only the large
metropolitan areas but also the medium-size urban areas.
* Corresponding author

Many researchers have studied the air pollution problems
in many of these medium-size urban areas that are densely
populated and heavy industrialized [2-10].
Several epidemiological studies have shown an association between particulate air pollution and health effects
[11-16]. Suspended particulate matter, among other environmental factors, is considered as one of the most harmful forms of air pollution, especially the inhalable particulate matter with aerodynamic diameter less than 10 micrometers (PM10) that appear to cause respiratory health
effects and heart diseases [17-19]. PM10 can get deep into
the lungs and they may trigger asthma exacerbation [16,
20-22]. The mechanism that is responsible for these health
effects remains largely unknown. Furthermore, the pathogenic component of particles has not been identified, since
they are made of partially inert carbon which is not considered to have bioactive properties. Fine particles also contain transition metals, gases such as polycyclic aromatic
hydrocarbons, and biological components such as endotoxin.
All these gases are known to cause inflammation when
cultured with lung cells [23].
The main objectives of this work are: (i) the assessment of the recorded levels in the monitoring station for a
7-year periods of measurements, prior to the stage of the
implementation of the EU PM10 standard, and (ii) the
statistical investigation of the temporal variation of PM10
concentrations in order to examine the major factors contributing to observed PM10 concentrations in the urban
area of Volos.
2. MATERIAL AND METHODS
2.1. Study area

The city of Volos is located in Thessaly, and extends
along the northern part of the cove of the Pagassitikos
Gulf on the eastern seaboard of Central Greece (Fig. 1).
The case of Volos is an interesting example, where in the
last decades population shifts and increased industrializa-
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FIGURE 1 - Map of the greater Magnesia’s area with elevation contours at 100 m intervals.

tion have resulted in the degradation of the air quality in
the area. Volos is a medium-sized city and has a population of about 120,000 inhabitants (census 2001). This city
is a commercial and tourist city, the seaport of Thessaly
with a great number of craft-based industrial, and commercial activities, as well as activities that are related with
tertiary sector services. Volos is located in an area of complex topography and at a distance of approximately 3km to
the northeast of the city are the foothills of Pelion Mountain (1,550 m elevation) that extends along the Magnesia
Peninsula in the eastern seaboard. To the northwest is
surrounded by hills of about 500 m height.
The climate of Volos is of Mediterranean type with
wet, mild winters and hot, dry summers. The average daily
winter (December, January, February) temperature is 8.8 0C
and 26.1 0C for the summer (June, July, August). The Mediterranean climate is characterized by rainfall deficiency
during the warm period of the year. Therefore, from the
average annual rainfall that is 420mm, most occurs in November and during the winter months. The average daily
relative humidity varies between 58% in July and 74% in
November. The prevailing winds blow from north in early
spring, autumn and winter and from south in late spring,
summer and early autumn, in the area of Volos [8, 10].
The problem of air pollution in the study area is related with the topography and the city plan of the city of
Volos, as well as with the pollution that is caused by stationary (industry and central heating) and mobile sources.
In the greater area of Volos there are two industrial areas.

One is located in the west of the city and the other at a
distance of a few kilometers to the northwest of the city.
The prefecture’s industries that belong in the air polluting
sectors are 347 from which the 15% approximately are
installed inside the two industrial areas. In these industrial
areas there are mainly industries of all sectors and all these
contribute to the area’s air pollution problem. In addition
to this, a large cement production industry is located on
the coast, a small distance from the eastern side of the city.
The port area is located next to the west end of the city.
Moreover, the continuous pass through of tourists towards
the Pelion Mountain and the port, which aggravates the
traffic problems of the city, belongs in the air polluting
factors.
2.2. Air pollution data

In this work, concentration measurements of PM10,
for a seven-year period (2001-2007) are used. Air quality
data obtained by the Volos air pollution-monitoring station
(λ=220 57’ E, φ=390 22’ N, h=2.6 m a.m.s.l.), a station of
fully automated analyzers that was installed by the Hellenic
Ministry of the Environment, Energy and Climatic Change
and is operated the prefecture of Magnesia in order to
measure air pollution levels in Volos, which like most
urban areas in the world, presents air pollution problems.
All data analyses in this paper are based upon the
hourly averaged data. Mean pollutant’s concentrations
were averaged for each day, month, and year. For the
diurnal variation study, we calculated the seasonal average for each hour of the day.
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3. RESULTS AND DISCUSSION

tions were substantially lower than those reported by
studies presenting PM10 data from continuous monitoring
networks operating in other Greek cities [25-27].

3.1. Inter annual variation

Concerning the PM10, EU Directive 1999/30 [24]
states that during the first stage of its implementation that
begins on 1st January 2005, the mean daily value of PM10
concentration should not exceed 50 µg/m3 and more than
35 days per year, and the annual mean PM10 concentration
should not exceed 40 µg/m3.
Fig. 2 shows the temporal evolution of annual mean
PM10 concentrations, for the period 2001-2007 at the measuring site of Volos. From this figure it can be seen that the
annual mean PM10 concentrations exceed consistently the
annual limit value of 40 µg/m3 that is assigned by the EU
Directive [24]. Although, annual means for the study period are in a range between 14.3 and 54.7 µg/m3. Concentra-

3.2. Intra annual variation

Fig. 3 depicts that the intra annual variation of PM10
concentrations depicts a minimum during the warm period of the year and a maximum during the cold period.
The higher discharge rates from central heating systems during winter in combination with the shallow atmospheric mixing layer observed during the same period
are responsible for such a variation [28]. For the study area,
central heating constitutes an important source of air pollution, and as a consequence, problems are created and pollutants’ concentration increases during the winter period.
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FIGURE 2 - Temporal evolution of annual mean PM10 concentrations at the measuring site of Volos (2001-2007; the horizontal line indicates
EU limit).
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FIGURE 3 - Intra annual variation of PM10 concentrations at the measuring site of Volos, from 2001 through 2007.
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FIGURE 4 - Mean diurnal variation of PM10 concentrations during cold (solid line) and warm (dashed line) period of the year, from 2001
through 2007.
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FIGURE 5 - Temporal evolution of annual exceedances of mean daily PM10 concentrations at the measuring site of Volos (2001-2007; the
horizontal line indicates EU limit).

3.3. Diurnal variation

Data was split in two periods, one from October until
March (cold period) and the other from April until September (warm period). The mean diurnal variations of PM10
concentration, separately for cold (solid line) and warm
(dashed line) period of the year are shown in Fig. 4.
As it appears from Fig. 4 higher values appear usually
during the cold period of the year (solid line). During the
cold period of the year, PM10 levels are generally higher,
a fact that could be attributed to central heating. From this
figure it depicts that the mean diurnal variation of PM10
concentration appears a double peak pattern. The dominant peak is observed in the evening and the secondary
peak is observed in the morning. They are observed typically at around 09:00 and 22:00 LST, respectively (Fig. 4).
The morning peak is attributed to traffic and the morning
“rush hours”, when meteorological conditions do not fa-

vour the dispersion of pollutants (the mixing layer is shallow and the winds are almost calm). The evening peak may
be associated with the commercial activity of the city.
Similar patterns of PM10 mean diurnal variation also been
observed in other Greek cities [7, 29].
3.4. PM10 exceedances over 50 µg/m

3

The data analysis carried out shows that the mean
daily PM10 concentration values are higher than 50 µg/m3.
Fig. 5 shows that the number of the days when the mean
daily value of PM10 concentration exceeded the limit value
of 50 µg/m3 is appreciably higher than the permitted exceedances of 35 days per year that is assigned by the EU
Directive [24].
Fig. 5 depicts that the existence of exceedances means
that the levels of PM10 concentrations remain, for the whole
part of the examined period, above the EU limit values [24].
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FIGURE 6 - Frequency wind rose at the measuring site of Volos for PM10 exceedances cases during the study period related to the prevailing
daily wind direction, during cold (left panel) and warm (right panel) period of the year.

According to information presented in the scientific
literature the annual exceedances of mean daily PM10
concentrations remain above the international air quality
standards, not only in mega-cities like Athens [26, 27, 3034], Turin [35], Shanghai [36], and Thessaloniki [29, 33]
but also in medium-sized cities like Kozani [25, 26, 37]
and Volos [7, 8]. The analysis shows that the PM10 concentration levels surpassed the allowed percentage of
exceedances (9.6% by the EU air quality standard) of the
daily limit value in this urban measuring site, during the
examined period.
3.5. Wind impacts on PM10 levels

According to the scientific literature [7-9] the maximum mean daily values of PM10 concentration usually
appear when the wind blows from north/northwest that is
along the direction of the industrial sector of the greater
area of Volos.
An interesting feature revealed in Fig. 6 is the fact
that the effect of daily prevailing wind direction on PM10,
for the period 2001-2007, is rather determinative. It is depicted that higher frequency of PM10 exceedances (mean
daily values over 50 µg/m3) was recorded when the wind
blows from NW during the cold period (left graph) against
S wind blow during the warm period of the year (right
graph).
These two directions are rather determinative because
on one hand during the warm period of the year, as the
south part of the city is open to the sea, the influence of
the sea breeze plays a significant role in accumulating and
enriching the urban environment with droplets of sea
origin, resulted in the increase of PM10 concentrations. On
the other hand, during the cold period of the year, the
northwest/north wind blow transfers pollutants from the

industrial sector of the greater area of Volos [7, 8], exacerbating the air quality with respect to PM10.
4. CONCLUSIONS
The hourly PM10 concentrations obtained by the monitoring station located in the city of Volos were examined
in order to study both the seasonal and the diurnal variation. From this analysis the following conclusions can be
outlined:
(i) The mean seasonal variation of the examined air
pollutant concentration presents a minimum during the
warm period of the year and a maximum during the cold
period.
(ii) A pronounced diurnal pattern is observed in the
city of Volos, while local sources introduce differences in
the amplitude of the diurnal variation observed during the
cold and warm period of the year.
(iii) The analysis shows that the PM10 concentration
levels remain higher than corresponding thresholds for
human health protection set by the European Union, in
this urban measuring site, during the examined period.
(iv) The maximum mean daily PM10 concentration
values are strongly associated with the predominant wind
directions that is the northwest during the cold and south
direction during the warm period of the year.
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ABSTRACT

1. INTRODUCTION

The present study aimed to determine and compare
the bioaccumulation of heavy metals in two freshwater
species of mussels Unio elongatulus eucirrus (Bourguignat, 1860) and Dreissena polymorpha (Pallas, 1771)
in Keban Dam Lake, Turkey. The amount of Arsenic
(As), Cadmium (Cd), Copper (Cu), Lead (Pb) and Uranium (U) were detected. Heavy metals concentrations (ppm)
of these heavy metals in U. e. eucirrus and D. polymorpha
were 1.071 and 1.376 for As, 0.174 and 0.335 for Cd,
0.004 and 3.817 for Cu, 0 and 0.267 for Pb, 0.004 and
0.267 for U, respectively. Arsenic concentrations in the
tissues of both species have exceeded the maximum permission limits in all sampling sites. The concentrations of
Cu and U were considerably greater in D. polymorpha
specimens than in U. e. eucirrus (p<0.05). The results
obtained from the present study showed that both species
accumulated heavy metals generally in the following
sequences: Cu > As > Cd > Pb >U. The present results
indicated that D. polymorpha may be a better bioindicator
of environmental pollution than U. e. eucirrus, since it
showed a higher accumulation capacity.

KEY WORDS: Heavy metals, Unio elongatulus eucirrus, Dreissena polymorpha, bioaccumulation.
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Heavy metals are inorganic chemicals that have the
tendency to accumulate in various organs of aquatic organisms [1-3], which in turn may enter into the human
metabolism through consumption causing serious
health hazards [4]. Moreover, heavy metal contamination
can have devastating effects on the ecological balance of
the recipient environment [5-7]. Domestic, industrial and
other man-made activities, which release heavy metals,
cause contamination in the natural aquatic systems [8, 9].
In aquatic systems, mussels are often chosen for biomonitoring studies, as they are long-lived sedentary organisms, easily identified and sampled, reasonably abundant and available throughout the year, tolerant to natural
environmental fluctuations and pollution. Besides, they
have good net accumulation capacities and they are ecologically important. The importance of bivalves in pollution impact studies is shown by the concept of the International Mussel Watch programme [10] that has continued
maintaining its momentum until today [11]. Since it is
edible and marketed commercially, the determination of
contaminant levels in mussel species provides a means of
assessing the possible toxicant risk to public health [12].
Unio elongatulus eucirrus and Dreissena polymorpha
mussels are densely distributed in Turkish rivers and freshwater reservoirs. Unio elongatulus eucirrus is a freshwater
mussel consumed by the people. Although not consumed
by the people, Dreissena polymorpha has got important
roles in food chain being consumed by fish, aquatic birds,
mammals and reptiles, while sometimes they are used as
foodstuff for the raising of fish, chicken and pigs. Considering the importance of mussels for monitoring purposes
[13], In this framework, the objective of this study is to
determine and compare the bioaccumulation of heavy met-
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als in the tissues of the above two species of mussels
collected from Keban Dam Lake in Turkey.
2. MATERIAL AND METHODS
Sampling sites located at the Keban Dam Lake were
selected for their particular characteristics. Among them:
ferryboat wastes, anthropogenic inputs, availability of wild
mussels, punctual pollution sources (presence of industrial
areas, large cities, etc.). Samples of zebra mussels Dreissena polymorpha (n= 3000, shell length: 5-23 mm) and
Unio elongatulus eucirrus (n=70, shell length: 45-50 mm)
were collected from three stations (39º 20’ E, 38º 49’ N
(Station 1); 39º 17’ E, 38º 50’ N (Station 2); 39º 14’ E,
38º 54’ N (Station 3)) at same dates between February
2010 and January 2011 (Figure 1). Sample preparation and
analyses were carried out by Management Laboratory of
Izmir by Government Office of Agriculture. About 15 mussels from each sampling site were selected and analysed for
heavy metals. The collected mussels were immediately put
into an ice compartment and transported to the laboratory
where the mussels were kept for 24 h at 10 °C. Their soft
tissues were dissected by removing the byssus and the
shell. Digestions of samples were carried out using the
procedure of Licata et al. [14]. Tissues of mussels (15 tissue) were homogenized thoroughly in a laboratory blender
(Waring trade marker) with stainless steel cutters. For
each homogenized sample, 0.3 g homogenate (wet weight)
was weighed and placed in polytetrafluorethylene (PTFE)
vessel with 65% nitric acid (65% suprapure Merck) / 30%
H2O2 (30% suprapure Merck) (4:2). Material was then
subjected to a microwave program. After digestion procedure, the samples and blank solution were brought to a
volume of 25 mL with ultrapure water. This solution was
then filtered through a 0.45 µm Whatman filter [15]. After
filtration, the prepared samples were determined for As,
Cd, Cu, Pb and U by using Inductively Coupled Plasma –
Mass Spectrometer (ICP-MS, Agilent 7700x with auto
sampler). To avoid possible contamination, all glassware
and equipment used were acid-washed. To check for contamination, procedural blanks were analyzed in every five
samples. Quality control samples, made from standard
solutions of Cd, Cu and Pb were analyzed in every five
samples to check. Before the analysis, mix multi-element
calibration solutions (AccuTrace MES-21-1) were prepared from standard solution. Data obtained from the
experiments were presented in µg/kg of the sample’s wet
weight (ww).
2.1. Data Analysis

For the bioaccumulation of heavy metals, two-way
ANOVA was performed with stations (station 1, 2 and 3)
and species (U. e. eucirrus and D. polymorpha) as factors
revealed. Statistics were performed using SPSS 14.0
software. Duncan's multiple range test was used to compare the mean values between groups [16].

FIGURE 1 - The three sampling stations (1, 2 and 3) in Keban Dam
Lake.

3. RESULTS AND DISCUSSION
The mean concentrations of heavy metals detected in
the samples of the two mollusc species collected from the
three stations are presented in Figure 2. Turkish Food
Codex (2002) sets the maximum limits of the concentration per wet weight of the mussels [17]. Salanki et al. [18]
reported Cd, Cu, Hg and Pb concentrations in the tissues
of Anodonta cygnea were 14.7-13.4, 10.7-28.3, 1.12-2.04
and 4.2-12.4 ppm, respectively. In a study on biomonitoring of trace elements in Vietnamese freshwater mussel,
Pletholophus swinhoei, Wagner and Boman [19] determined that Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn concentrations in the tissues were 0.05-0.08, 0.14-0.36, 2.4-3.2,
390-1900, 520-1600, 0.42-0.88, 0.49-0.53 and 120-150
ppm, respectively. In a different study on mussel (Mytilus
galloprovincialis) transplantation and biomarkers as useful tools for assessing water quality in the NW Mediterranean, Romeo et al. [20] recorded that Cd, Cu and Zn in
the tissues were 0.55-0.94, 4.7-27.5 and 144-394 ppm,
respectively. Chiu et al. [21] reported that Cd, Cr, Cu, Pb
and Ni concentrations in the tissues of Perna viridis were
3.13, 3.54-6.39, 14.4-15.7, 8.66-9.21 and 2.75-4.37 ppm,
respectively. In an another study on organochlorine compounds and heavy metals in the soft tissue of the mussel
Mytilus galloprovincialis collected from Lake Faro, Licata et al. [22] recorded that Cd, Cr, Cu, Fe, Mn, Ni, Pb and
Zn concentrations in the tissues were 0.24-0.86, 0.7-2.5,
9.2-43.8, 330-934, 37.4-57.6, 1.7-9.6, 4.4-10.7 and 102.8143.3 ppm, respectively. Beiras et al. [23] determined that
Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn concentrations in
the tissues of Mytilus galloprovincialis were 0.2-0.77,
0.5-2.69, 2.2-45.7, 6.8-29.9, 174-715, 4.3-15.8, 0.85-19.0,
0.3-6.1, 85-447 ppm, respectively. Our results indicated
that heavy metals concentrations in the tissues of U. e.
eucirrus and D. polymorpha were 1.071 and 1.376 for As,
0.174 and 0.335 for Cd, 0.004 and 3.817 for Cu, 0 and
0.267 for Pb, 0.004 and
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FIGURE 2 - Mean concentration (± standard deviation) of heavy metals found in the tissues of U. e. eucirrus and D. polymorpha in each of
the three sampling stations. The thick grey line indicates the maximum permission limit for the metal.

0.267 for U, respectively. Compared with previous studies, the concentrations were lowest levels. Arsenic concentrations in all sampling sites have exceeded the maximum allowed limit in the tissues of both species.

is different. However, the differences in heavy metal accumulation between D. polymorpha and U. e. eucirrus may
be due to the different capacities of these species to regulate or accumulate heavy metals [32-36].

Mussels accumulate metals in their soft tissues, which
can be toxic to humans when consumed. The accumulation of heavy metal is affected by several factors. In the
tissues of an organism is far from straightforward, as the
accumulation ratio depends on many environmental and
biological factors [24-26]. Metal accumulation in mussels
depends also on the balance of food uptake, excretion and
storage [27]. Simpson [28] stated that the concentrations
of heavy metals vary annually in accordance with the reproductive cycle. By contrast, some researchers suggested
that Zn concentration did not depend on either the size or
the age of the mussel [29-31]. The results obtained in the
present study indicated that the tendency towards heavy
metal accumulation in D. polymorpha and U. e. eucirrus

Statistical results for heavy metals in U. e. eucirrus
and D. polymorpha from three stations are presented
Table 1. Statistically significant differences in the concentrations of heavy metals among the three stations were
found for both species (p<0.05). D. polymorpha and U. e.
eucirrus, showed higher concentrations of As in stations 1
and 2, and the greatest concentration of Cu in station 1. In
addition, D. polymorpha specimens collected in station 2
contained the highest concentrations of Cd (p<0.05).
Accumulation of Cd, Cu and U were signiﬁcantly affected
by species differences (p<0.05) while station was a
signiﬁcant factor for As and Cd. Heavy metals accumulation, except Pb, was signiﬁcantly affected by the interaction between stations and species (p<0.05).
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TABLE 1 - Results of the two-way ANOVA for heavy metals in U. e. eucirrus and D. polymorpha from three stations.
Response variable
Arsenic (As)
Cadmium (Cd)
Copper (Cu)
Uranium (U)
Lead (Pb)

Source of variation
Stations
Species
Interaction
Stations
Species
Interaction
Stations
Species
Interaction
Stations
Species
Interaction
Stations
Species
Interaction

Sum of
squares
279012,199
33637.125
312649,323
21313.597
48746.401
70059.998
9192661.108
34683172.791
43875833.899
1334.302
28591.188
29925.490
122640.606
1.660
122642.266

Arsenic is a nonessential abundant metalloid that may
occur in the environment as a consequence of natural mobilization and mineralization processes ranging from erosion to biological activity of microorganisms [37]. The
presence of As in the biota can also result from anthropogenic contamination since it has been used in multiple
industrial applications, from pesticides to synthetic pigments, and, also, it may be released to the environment as
a consequence of the combustion of fossil fuels and mining and smelting of metal ores. As a consequence of these
processes, As may be present in trace amounts in organisms, soil, water, and air, at potentially toxic concentrations [38]. In the present study, As exceeded the respective allowed levels at the three sites [17]. The result indicates that the existing concentrations of some metals in
these sites are sufficiently high to cause adverse biological effects [31]. Station 2 is situated in a small harbour for
ferries, while station 1 is downstream of this site and
station 2 is upstream. The higher As concentrations could
be explained by ferryboat wastes (bilge water) in this
particular area, especially in stations 1 and 2. There is a
list of 25 priority pollutants in the bilge water of ships,
among which several inorganic metals like As, Cu, Cd,
Cr, Fe, Hg, Se and Zn have been identified [39].
Comparison of the heavy metal concentrations indicated that Cu and U showed significant differences between the two species (p<0.05). In particular, the concentration values of Cu in the tissues of D. polymorpha were
nearly ten times greater to those in U. e. eucirrus, while
the respective values of U were up to 19 times greater in
the former than in the latter species. The present results
indicated that both species accumulated heavy metals
generally in the following sequences: Cu > As > Cd > Pb
> U.

df

Means square

F

P

2
1
3
2
1
3
2
1
3
2
1
3
2
1
3

139506.099
33637.125
104216.441
10656.799
48746.401
23353.333
4596330.554
34683172.791
14625277.966
667.151
28591.188
9975,163
61320.303
1.660
40880.755

4.076
0.983
3.045
3.674
16.804
8.050
3.082
23.257
9.807
0.865
37.091
12.941
1.806
0.000
1.204

0.031
0.332
0.049
0.041
0.000
0.001
0.065
0.000
0.000
0.434
0.000
0.000
0.187
0.994
0.330

fertilizers), research laboratories and military use of depleted U [42]. In the present study, U was detected in the
soft tissues of both D. polymorpha and U. e. eucirrus collected at all sites. The World Health Organization (Paris,
France) guidelines for U concentration gives a maximum
value of 8.4 nmol L-1 in drinking water [43], while the
general public’s ingestion of soluble U compounds should
not exceed the tolerable intake of 0.5 µg per kg of body
weight per day [44]. To our knowledge, permission levels
for the concentration of U in the tissues of edible aquatic
mussels or other invertebrate animals have not been presented. However, considering the radioactive nature of U,
as well as its bio-accumulative character in the body tissues
of all organisms, the presence of even these low concentrations of U in the tissues of the two mussels must be taken
into account from the environmental management point of
view. The concentrations found in the present study could
be explained due to geological formation and the high
content of metal-bearing ore of the region [45], while also
it could have been the result of radioactive wastes from the
"Metmazor nuclear power plant" being approximately
550 km in Armenia. The latter case could be of international interest, thus, a monitoring program of the area
using the same or other aquatic organisms as indicators
should be undertaken in the future.
In conclusion, the concentrations of heavy metals in
D. polymorpha and U. e. eucirrus found in Keban Dam
Lake were generally within acceptable levels for human
consumption, except for arsenic. The studies of either of
these organisms as biological indicators of heavy metal
contamination in local waters will require further investigations to develop the protocols for their use.

Natural U in freshwater ecosystems is considered to
be a chemical hazard [40, 41]. U concentrations in freshwater may be increased as a result of various anthropogenic
contributions such as the different stages of the nuclear fuel
cycle (mines in particular), agricultural use (phosphate based
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ABSTRACT
Phytoextraction with high biomass non-food plants has
been proposed as a promising method to remediate heavy
metals or organic pollutants contaminated soils. Through
pot experiments, this present study was tired to investigate the potential of the native plant, cotton (Gossypium
hirsutum L.) for phytoextraction of calcareous soils contaminated by hexachlorocyclohexane (HCHs). The plants
grew for about 160 days in soils spiked with HCHs including four main HCH isomers (α-, β-, γ-, and δ-HCH)
at 0, 0.016, 0.04, 0.2, 0.4 and 0.8 mg HCHs kg-1 soil. The
results revealed that the highest HCHs concentrations
were observed in the leaves, followed by the roots and the
stems, however, none of the four HCH isomers were
almost detected in the seeds. The total HCHs concentrations in the roots, stems and leaves were well correlated
with those in pot soil, while the relative distribution of the
four isomers in the plant tissues differed from that in the
pot soils. The bioconcentration factors (BCFs) of the plants
ranged between 0.34 and 5.83, and decreased with the
increment of HCHs contents in the pot soils. The calculated phytoextraction efficiency of the plant under various
HCHs treatments ranged between 0.6% and 9.9%. From
the results, further research still need to be done for optimizing phytoextraction technology if cotton plants to be
used as HCHs phytoextractor in the future.

KEYWORDS: Cotton, phytoextraction, calcareous soils, α-HCH,
β-HCH, γ-HCH, δ-HCH

1. INTRODUCTION
In China, technical hexachlorocyclohexane (HCH),
which consists of α- (of which there is a pair of enantiomers), β-, γ-, and δ-HCH, has been used as pesticide
* Corresponding authors

extensively since the 1950s, and it was banned for continue usage in the early 1980s[1-3]. According to the investigation made by Cai, in 1980, the residual HCHs concentrations in the arable layer of the agricultural soils were
about 0.742 mg kg-1 in China and in 1985, the total HCHs
concentrations dropped to 0.181~ 0.254 mg kg-1 [4]. Until
recent years, in some areas of China, the residue levels of
HCHs are still comparatively high, such as about 0.001 to
1.1 mg kg-1 in the Tianjin area and 0.001 to 1 mg kg-1 in
the farmland soils of Shanghai area, with an average value
of 0.046 mg kg-1 and 0.011 mg kg-1, respectively [3, 5]. In
addition, Yang et al. investigated 444 farmland soil samples in Guangdong province and found the HCHs concentrations there reached 0.1 mg kg-1 [6].
Just like other organochlorine pesticides, HCH isomers are toxic, highly persistent in the environment and
easily accumulated at higher trophic levels. Hence, soil
contaminated by HCH isomers can present a great threat
to human health, especially to the central nervous system
(CNS) [3]. Nevertheless, traditional methods, like physically removing contaminated soils from a site and burying
it elsewhere are generally too costly and environmentally
destructive [7]. Some studies showed that vegetation can
constitute an important sink for organochlorine compounds
by retaining them efficiently in their different compartments [8-10]. Hence, phytoextraction (extraction of the
con-taminant from the soil and its accumulation in the
aboveground biomass) has now emerged as a promising
method for in situ removal of many contaminants in soil
and be accepted around the world [11, 12]. The plant
species is the most important factor that influencing the
phytoextraction efficiency. Campbell et al. [13] concluded
that plant species which can not only tolerant the contamination but also show significant phytoextraction ability
can have the qualification be used for phytoremediation.
Many studies were carried out to test the potential of
various plant species for phytoextraction organic pollutants contaminated soils [14, 15]. The behavior of HCHs
isomers in some plants and the phytotoxicity of HCHs to
several plant species were also studied [7, 16, 17]. However, few studies explored whether the phytoextraction
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technology can be used to remediate HCHs contaminated
soils, especially with the industrial non-food plants, which
also has large biomass.
Gossypium hirsutum L. is an annual herbage plant growing in torrid, semitropical and warm temperate climate. It is
one of the important economic crops, and has a planting
area of about 5.59×106 hm2 in China and 3.39×107 hm2 in a
world-wide scale. Furthermore, Gossypium hirsutum L. is a
non-edible industrial plant, that is to say, it is not directly
enter the food chains. Once the plant was applied to phytoextraction of HCHs, it can not only remove HCHs from
the contaminated soils, but also can bring economical
benefits. Integrated study of the behavior of HCHs contaminants in the soil-plant system is essential for the development of phytoremediation techniques applied to the
contaminated soils. The objective of the present study was
to investigate the bioaccumulation and translocation of
HCH isomers in the organs of cotton plants, and also to
evaluate the potential of the cotton plants for cleaning up
largely HCHs contaminated soils in the future.
2. MATERIALS AND METHODS
2.1. Experimental soil

The experimental soil was collected at the 0~30 cm
depth from the eastern suburb of Beijing, where several
rivers formed a fan-shaped alluvial plain. The natural soil
there was classified as Calcaric Cambisol (FAO/Unesco,
1988). This area has a continental monsoon climate, characterized by a wide seasonal variation in annual rainfall
(600 mm), cold and dry winters, and hot and rainy summers. The soil layer is fertile and suitable for growing
crops including cotton, wheat, maize and vegetables. The
collected soil was air dried, passed through a 2 mm sieve
and then stored for physicochemical properties determination and the pot experiment.
According to standard procedures, several physicochemical properties of soil were measured [18]. Soil pH
was measured in a 1 : 2.5 (w/v) mixture of soil and water
using a glass electrode; CaCO3 content was measured using
the gas-volumetric method; organic matter content of the
soil was determined by the K2Cr2O7 –H2SO4 digestion
method and the soil texture was determined by laser particle size analyser (winner 2008).
2.2. Pot experiment

The technical HCH, which consists of α- HCH, βHCH, γ- HCH and δ- HCH, was used to artificially contaminate the natural soils in the laboratory. The different
proportion and physicochemical properties of the isomers
were shown in the Table 1. On average, α-, β-, γ- and δHCH added into the soil accounted for 41.78%, 11.73%,
19.20% and 27.29% of the total HCHs, respectively. 5 kg
of soil sample was amended with certain amount of technical HCH to achieve 0, 0.016, 0.04, 0.2, 0.4 and 0.8 mg
kg-1 soil HCHs concentrations. That 0 mg kg-1 treatment is
the control. Each treatment was done in triplicate.

TABLE 1 - Selected physical properties of HCH isomers
Property
α- HCH
β- HCH
γ- HCH
Proportion
41.78%
11.73%
19.20%
water solubility
10
5
7.3
(mg L-1)a
Vapor pressure
-2
-5
(1.6±0.9)×10 (4.2±0.3)×10 (5.3±1.4) ×10-3
(Pa)b
Log Kowb
3.9±0.2
3.9±0.1
3.7±0.5
Log Koaa
7.25
8.09
7.88-7.99
a
[7], b In Pa, at 20 or 25℃; ±values are standard errors [19].

δ- HCH
27.29%
10
2.1×10-3
4.1±0.02
8.66

The cotton was planted in polyethylene pots with 5 kg
soil in the first ten days of May, 2009. Seedlings were
developed from uniform and well cotton seeds (cultivar
LK968), and there were about eight seedlings in each pot.
During the development period, plants were watered to
60% of the soil water holding capacity on a daily basis by
weighing the pots and adding water to compensate for any
weight loss. All pots were watered with deionized water.
Then during the last ten days of October, 2009, all organs
of the mature plants were harvested. When harvest, plants
were uprooted from the soils carefully, separated into
different tissues (root, stem, leaf, shell, fibre and seed),
and then rinsed with tap water to wash away the large soil
particles. In addition, the pots were separated from each
other to prevent cross-contamination.
2.3. Determination of HCHs in cotton tissues
2.3.1. Pretreatment

After being rinsed with deionized water in ultrasonic
cleaner, the root, stem, leaf, shell, fibre and seed samples
were freeze-dried (Eyela FDU-830), powdered, passed
through a 40-mesh sieve. 5~10 plants of each design as
subsamples were thoroughly mixed to form a composite
sample. All samples were stored at -18℃ until analysis and
were subjected to measurement of α-HCH, β-HCH, γ-HCH,
and δ-HCH.
2.3.2. Extraction and Cleanup procedure

2 g of dried sample from the well mixed composite
sample was extracted in a 250 mL glass vessel with 5 mL
distilled water and 40 mL acetone, and oscillated for 30 min
on a pulsator. Then, 3 g sodium chloride and 40 mL methylene dichloride was added into the mixture and oscillated
for 30 min again. The oscillated mixture was then filtered
through a glass fiber filter filled with anhydrous sodium
sulphate, which was firstly rinsed with methylene dichloride before being filtered. The filtered solution was transferred to a round-bottomed flask and concentrated into a
drop in a vacuum rotary evaporator. Then 10 mL petroleum ether was added into the flask and concentrated into a
drop. In succession, 10 mL petroleum ether and certain
anhydrous sodium sulphate were added into the flask and
concentrated into a drop again. Afterward, the third 10 mL
petroleum ether was added into the flask and the solution
was filtered, and the filtrate was concentrated to near
dryness in a vacuum rotary evaporator and its volume was
adjusted into 1 mL. The samples were sealed in vials and
stored at -4°C before analysis.
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2.3.3 Analysis and Quality Assurance

Samples were analyzed using an Agilent gas chromatograph (GC-14C, Shimadzu, Japan) equipped with a
Nickel 63 electron capture detector (ECD, Agilent Technology J&W Scientific, America) and a DB-5 column (30 m
×0.25 mm inside diameter, 0.25µm film thickness). The
samples were injected by auto-sampling at 230°C in splitless mode with a venting time of 0.75 min. The oven temperature programming was initially 230°C, held for 10 min,
then ramped to 280°C at 20°C min−1 and maintained for
10 min. N2 was used as the carrier gas at 1.0 mL·min−1
under the pressure of 0.5 MPa. The injector and detector
temperatures were 280 and 300°C, respectively. The injection volume was 1 µL. Under these conditions, the retention times for α-, β-, γ- and δ-HCH were 7.30, 7.76, 8.31
and 8.67 min, respectively, and the corresponding detection
limits were 0.038, 0.16, 0.047 and 0.070 µg kg−1 for α-, β,
γ- and δ-HCH, respectively. All samples were extracted
and analyzed in duplicate.
The standards for α-HCH, β-HCH, γ-HCH, and δHCH were purchased from Institute for Environmental
Reference Materials of Ministry of Environmental Protection (IERM), China. All solvents used were distilled-inglass (PR grade) and checked for interference prior to use.
Granular anhydrous sodium sulfate (AR grade) was heated
to 650 ℃ for 2h prior to use. The phytoextraction efficiency was calculated through the total extracted HCHs
amounts in the plants to the total HCHs contents in the
corresponding pots. Statistical analysis was performed
with SPSS 12.0 for Windows. In addition, the figures
were accomplished using Origin 8.0.
3. RESULTS AND DISCUSSION
3.1 Selected physiochemical properties of the soil

Several physical and chemical properties of the experimental soil were shown in the Table 2. According to
these data, the soil texture in the region was characterized
as light loam. The total concentration of HCHs in the soil
is about 0.003 mg kg-1[20].
TABLE 2 - Several physicochemical properties of the experimental
soil (n=18).

Range

7.7-8.5

CaCO3
(g kg-1)
2.7-60.3

Mean

8.2

27.3

Properties pH (1:2.5)

OM
(g kg-1)
9.4-21.7

TP
(g kg-1)
0.50-1.27

14.6

0.88

Texture
—
light
loam

OM: Organic Matter; TP: Total Phosphorus.
3.2 Accumulation of HCH isomers in plant tissues

From Fig.1, it is shown that cotton plants were able to
accumulate certain amounts of HCHs in their organs except
seeds. The concentrations of HCHs in the cotton plants
were 0.043, 0.088, 0.065, 0.099, 0.129, 0.386 mg kg-1 under various soil treatments. The HCH isomers predomi-

nantly existed in cotton leaves, then roots and stems,
while only a very minute portion existed in shells and
fibre, and no HCH isomers were detected in seeds.
Through Friedman test, the mean ranks of the HCH isomers concentrations in various organs followed the sequence: leaf (5.67)>root (5.17)>stem (4.17)>shell (2.83)>
fibre (2.17)>seed (1.00) (Asymp.ig <0.01). The HCHs
concentrations in the leaves varied from 0.13 to 0.46 mg
kg-1, in the roots varied from 0.037 to 0.71 mg kg-1 and in
the stems varied from 0.045 to 0.37 mg kg-1 under the
different soil HCHs treatments. With the soil HCHs concentrations increment, the HCHs concentrations in the
leaves, roots and stems were all increased proportionally.
However, the HCHs concentrations detected in the shells
and fibre were very low, only 0.014 to 0.042 mg kg-1 and
0.005 to 0.025 mg kg-1, respectively. No HCH isomers
were detected in the seeds, and that might be attributed to
the short growing period [13].
Some research demonstrated that organic compounds
enter vegetation either through the soil-plant pathway or
through the soil-air-plant pathway [10]. Through correlation analysis, the concentrations of total HCHs in the roots
of cotton plants were largely dependent on the HCHs contents in pot soils(r=0.921, p<0.01), and so it is with the
stems (r=0.951, p<0.01). HCHs occur in the root tissues
mainly as a result of adsorption, and the concentrations of
total HCHs in cotton roots were higher than that in corresponding stems under the different treatments, with the
exception of the control. Besides, under the higher concentrations HCHs treatments (0.4 mg kg-1 and 0.8 mg kg-1),
the contents of total HCHs in roots were almost twice as
much as those of stems. This might be attributed to the
uptake and translocation pathway usually occurs when the
Log Kow values between 0.5 and 3, however, the Log Kow
values for HCHs were higher than 3 (Table 1) [21]. However, the highest HCHs concentrations were detected in
leaves, which might be contributed by foliar uptake via
air-plant partitioning, and some studies also shown that
this pathway might be the most common route for the
HCH isomers to accumulate in the leaves [10, 16]. The
relatively larger leaf surface area of the cotton plants might
also be considered to explain the highest HCHs concentrations found in leaves [22]. The adsorption of HCHs by
roots, as well as the transport of HCHs from roots to shoots
through xylem may also contribute to the accumulation of
HCHs by leaves. In addition, through correlation analysis,
HCHs concentrations in leaves of cotton plants also presented obvious correlation with increment of the HCHs
concentrations in pot soils (r=0.990, p<0.01). However, no
attempts were made to distinguish which pathway contributed more in the leaf HCHs accumulation in the study. To
some extent, the HCHs concentrations in the shells and
fibre were relatively low, and no regular trends were
found with the increment of soil HCHs concentrations.
However, cotton shells, fiber and seeds together accounted only 14% of the total cotton biomass, the low
HCHs concentrations seemed didn’t affected the phytoextraction efficiency.
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FIGURE 1 - Bioaccumulation of HCH isomers in various organs of cotton plants.

FIGURE 2 - Average percentage distribution of HCH isomers in different plant tissues and soil.

The Fig. 2 revealed that the relative distribution of the
four isomers in the plant tissues differed from that in the
pot soils, which might be attributed to the different bioavailability of the four isomers. The α-HCH proportion in
the plants was decreased comparing with the soil α-HCH

proportion, while the δ-HCH proportion in the plants increased comparing with the soil δ-HCH proportion. In the
year of 1985, Cai et al. analyzed HCH isomers in the crop
land soil and corresponding rice in the Taihu Lake basin
and also got the similar results [23]. The above results in-
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dicated that the mechanism of accumulation of HCHs by
plant tissues was isomer selective, with preferential accumulation of δ-HCH isomer occurring in all tissues,
especially in leaf tissues. These above results induced that
HCHs was isomer selectively accumulated in the plant
tissues, with preferential accumulation of the δ-HCH
isomer in all tissues, especially leaf tissues.
In the leaves, δ-HCH accounted for 60% of the total
HCHs, compared with about 40% in other plant tissues
and 45% in the whole plant, while in soils the δ-HCH
only accounted for 27%. The mean percentage of α-HCH
relative to the total HCHs was 42% in soils, while only
12% in the plants and less than 20% in all the plant tissues. However, the mean percentage of β-HCH relative to
the total HCHs was relatively constant between the plant
tissues and soil. In conclusion, when compared with other
HCH isomers, δ-HCH was more likely to be accumulated
in cotton plant tissues. Similar results were also obtained
by Willett et al. [19]. Furthermore, it also found that the
different tissue had different distribution pattern of HCH
isomers, especially in the leaf tissue.
3.3 BCFs of HCHs in various cotton tissues

The bioconcentration factors (BCFs, the ratio of contaminant concentration in the plant tissue to the soil con-

centration) of HCHs in the whole cotton plants and different organs were calculated. From the BCFs of different
cotton tissues, we can found that HCH isomers were more
likely to accumulate in the leaves, roots and stems. However, with the increment of soils HCHs concentrations, the
BCF s of all the cotton tissues decreased rapidly (Table 3).
TABLE 3 - The BCFs of the total HCHs in different cotton tissues
under various treatments
Treatment
(mg kg-1)
BCF(plant)
BCF(root)
BCF(stem)
BCF(leaf)
BCF(shell)
BCF(fibre)

0.016

0.04

0.2

0.4

0.8

5.83
12.91
4.22
9.87
1.31
0.61

1.71
1.73
1.69
4.52
0.75
0.15

0.52
0.69
0.51
0.98
0.10
0.03

0.34
0.54
0.29
0.78
0.11
0.06

0.51
0.89
0.46
0.58
0.02
0.03

The BCFs of each HCH isomer in the different soil
HCHs treatments were calculated, and plant tissues shown
different ability to accumulate different HCH isomers, as
shown in the Fig. 3. Among the four HCH isomers, αHCH presented the lowest value of BCFs in all cotton
organs. This might be explained by its relatively higher
degradation rates and higher vapor pressure, so it dissipates faster from the pot soils [19]. In addition, α-HCH

FIGURE 3 - BCFs of α-, β-, γ-, and δ-HCH in various cotton tissues under different soil concentrations.

1957

© by PSP Volume 21 – No 7a. 2012

Fresenius Environmental Bulletin

has low octanol-air partition coefficient (Log Koa) and low
octanol-water partition coefficient (Log Kow), and so not
easily accumulated in the plant tissues. When it comes to
the roots, γ-HCH revealed the highest value of BCFs
under all the treatments except 0.016 mg kg-1, and δ-HCH
and β-HCH exhibited a moderate value of BCFs. The
order inconsistent with the expected order γ-HCH βHCH ≈α-HCH ＜δ-HCH, which was calculated from Log
Kow based on the method of Briggs et al. [24]. However,
for the main isomers α and δ, the order was consistent
with the empirical results. The difference might be explained by the fact that the empirical results do not reflect complex soil conditions, like the clays and organic
matter might compete with the root surfaces for hydrophobic compounds [25]. Under the higher HCHs concentration treatments (0.2, 0.4 and 0.8 mg kg-1), BCFs values
of HCHs in the stems, shells and fiber were in the sequence: γ-HCH >δ-HCH >β-HCH >α-HCH, similar to
those in the roots. Under the lower HCHs concentration
treatments (0.016 mg kg-1 and 0.04 mg kg-1), in shells and
fibre, δ-HCH showed the highest value of BCFs, while in
stems β-HCH presented the highest value. With respect to
leaves, the BCFs values of HCH isomers followed the
order: δ-HCH >β-HCH >γ-HCH >α-HCH, different from
other organs. The fact was consistent with the order
evaluated by Log Koa for the shoots accumulating HCHs
and other lipophilic organic contaminants. However, a
single parameter, such as the Log Koa does not fully explain the complex process of HCHs retention on leaf
surfaces. Other factors should be taken into account [10].
The data obtained in the study indicated that the accumulation of HCH isomers in plant tissues was an isomer-selective process and it was obvious that the different
phytoavailability of each isomer led to their amount proportion in plant tissues different from the pot soils. Among
all isomers, δ-HCH with the highest water solubility was
preferentially favored in most soil HCHs treatments,
while α-HCH with relatively higher degradation, vapor
pressure and low Log Koa presented the lowest value of
BCFs in all cotton organs [19]. Compared with α-HCH,
the β-HCH isomer is more persistent, non-degradable, and
has the lower volatility and water solubility [19, 26],
which brought on higher BCFs values of β-HCH in plant
tissues. Similar results can be found in other published
studies [26-28]. The analytical results confirmed that the
extent of bioaccumulation directly depended on the physicochemical properties of each isomer and type of plant
tissues.
3.4. Potential for cotton to phytoextracte HCHs from soils

According to the data obtained in the study, cotton
plants could act as ‘‘green filters’’, as they could accumulate certain amount of HCHs in their tissues by uptaking
the contaminants from the soil and capturing previously
volatized contaminants from the atmosphere. The harvested
cotton biomass in field was about 2.85 kg⋅m-2, hereinto, the
fibre, seed, shell, leaf, stem and root accounted for 4.53%,

5.30%, 4.25%, 4.35%, 63.72%, 17.85%, respectively. Based
on the cotton biomass and HCHs contents in cotton plants,
the estimated potential of cotton for phytoextraction of
HCHs contaminated soils in six different treatments were
ranged between 124 and 1099 µg ⋅m-2, as shown in Table 4.
In addition, after a growth season, the phytoextraction
efficiency, varied between 0.9% and 9.9%. With the soil
HCHs concentrations increment, the total extracted HCHs
amounts were increased, but the corresponding phytoextraction efficiency decreased.
TABLE 4 - Total extracted HCHs amounts (µg ⋅m-2) under different
soil HCHs treatments
Treatment
(mg kg-1)
Plant con.
(mg kg-1)
Field biomass
(kg⋅m-2)
Total extracted
HCHs amounts
(µg ⋅m-2)
Phytoextraction
efficiency (%)

0

0.016

0.04

0.2

0.4

0.8

0.043

0.088

0.065

0.099

0.129

0.386

2.85

2.85

2.85

2.85

2.85

2.85

124

251

185

283

368

1099

--

9.9%

2.9%

0.9%

0.6%

0.9%

In addition, compared with the control, plant growth
did not show significant pathological changes even though
the cotton plants were exposed to the highest soil HCHs
treatment. These results reflected that cotton plants could
tolerant certain amount of HCHs and accumulate certain
amount HCHs from the contaminated soils. However, the
degradation of cotton rhizosphere on HCHs isomers was
not involved in our research. If it is can be known, the
potential of cotton plants for phytoremediation of HCHs
polluted agricultural soil would have a further discovery.
Thus, better knowledge of the degradation of HCHs by
the cotton rhizosphere would facilitate the use of plants
for cleaning up HCHs contaminated soils by means of
phytoextraction.
4. CONCLUSIONS
The results showed that cotton can accumulate HCH
isomers (α-, β-, γ-, δ-) in their tissues, thereby constituting an effective sink for these contaminants. The highest
HCHs concentrations were observed in the leaves, followed by the roots and the stems, and the accumulation of
HCH isomers in the roots, stems and leaves were well
correlated with HCHs concentrations in the pot soils. Under various HCHs concentrations, the BCFs values of the
plants ranged between 0.34 and 5.83, and the roots, stems
and leaves varied from 0.54 to 12.91, 0.29 to 4.22 and
0.58 to 9.87, respectively, a slightly decreasing trend was
noted with the increment of HCHs contents in pot soils.
Furthermore, the transport rates of different HCH isomers
from soils to cotton tissues were different. Among the
four isomers, δ-HCH could be preferentially accumulated
in the cotton organs and accounted for nearly 60% of the
total HCHs in the leaves comparing with only 27% in the
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original pot soils. That is to say, the extent of bioaccumulation depended on the concentration of the contaminants
in the soils, the physicochemical properties of each isomer and type of organs.
Based on the cotton biomass and HCHs contents in
cotton plants, the total extracted HCHs amounts in the
six different treatments were ranged between 124 and
1099 µg ⋅m-2 and the phytoextraction efficiency varied
from 0.9% and 9.9%. In addition, cotton is an industrial
native plant and not directly enters the food chain, so
when served as the HCHs phytoextractor, it presents less
risk to human beings when compared with other food crops.
Furthermore, the use of cotton plants requires the low
amount of handling and the low cost of maintenance. We
can conclude that the cotton plant species presented potential to attenuate soil contaminated by HCH isomers.
However, further research is still required to be done for
increasing the phytoextraction efficiency, like using transgenic technique or interaction with soil organisms.
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THE EFFECTS OF MATERIAL PREPARATION ON
THE DRY WEIGHT USED IN TRACE ELEMENTS
DETERMINATION IN BIOLOGICAL SAMPLES
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ABSTRACT
The dry weight (d.w.) of specific tissues seems to be
influenced by various important parameters (temperature,
storage and weighing dishes). In this study the differences
between d.w. values obtained at different temperatures
were discussed and a formula for converting between
them was selected. The influence of the storage and the
type of weighing dishes on the resulting d.w. in various
tissues was also checked. For this research samples taken
from Mallards (n = 24) were used. These included brain,
pectoral muscle, lung, liver, kidney, intestine, spleen and
bone. The fastest water loss was noted between 1st and 4th
day of drying. The temperature did not significantly influence water loss in samples, but in a few tissues the differences were noticeable. The d.w. of kidney, spleen, liver
and lung differed statistically according to plate and storage factors. The interaction between these factors was
significant only in the case of liver samples. Mentioned
results showed that it is essential to provide all the information about the pre-mineralization stage in the methods
sections of study papers.

KEYWORDS: ecotoxicology, sample preparation, dry weight, wet
weight, mineralization

1. INTRODUCTION
Much data in biomonitoring and ecotoxicology studies on xenobiotics is based on the dry weight (d.w.) of
tissues or individuals. This value can be assessed in different ways and under different circumstances [1]. The
dry weight is a parameter which should be rarely given
without its characteristic (what is unfortunately met in the
literature). Very often the only parameter which is controlled and given in publications is the temperature. Obtaining the d.w. is usually done by repeated weighing
until the point of stable weight is reached. At this level
some differences may occur among known methods.
* Corresponding author

Many scientists dry biological samples at 105°C [2], 100°C
[3, 4], 70°C [5] and at 60°C [6]. A few of these authors
include in their papers the percentage amount of water
according to the w.w. of samples which can be very helpful in meta-analysis [2]. There are also papers which do not
give any information about the temperature of drying [7] or
samples were not dried at all [8]. All these procedures are
correct from the analytical point of view on one condition
- describing with details the whole procedure in the publication. It is critical because almost doubling the temperature in the dryer results in some differences in the dynamics and ratio of water loss.
However, it is highly possible that presenting only the
drying temperature is not enough for conducting the repetition of the experiment in different laboratories. As well
as the dryer, also other equipment and methods used in
the protocol can influence on the results, e.g. plates used
for drying samples. Preliminary observations showed that
the type of plate (glass or plastic) can change the dry
weight of samples (Binkowski, unpublished data). Going
further, in some analyses, frozen [6, 9] and fresh [10, 11]
materials are being used. The ice forming in the sample
can destroy many structures (e.g. samples frozen in -18°C
cannot be always used in histological research [12]) so it
is highly possible that the d.w. of frozen samples can be
different from that of fresh ones. Taking all this information into account, we can suspect in the analytical
protocol comparisons of data from non-comparable methods. Because of that this paper investigates four issues 1)
the ratio of water loss from samples according to the
duration of the drying process 2) the influence of the sort
of weighing plate (glass or plastic one) on the obtained
d.w. 3) the significance of the material storage (freezing)
to getting the d.w. of samples 4) the relationship between
the w.w. and the d.w. obtained at different temperatures.
2. MATERIALS AND METHODS
Tissue samples (brain, pectoral muscle, lung, liver,
kidney, intestine, spleen and bone) were taken (0.5 – 1.0 g
of w.w. – sufficient samples for the graphite furnace analysis) from individuals of Mallard Anas platyrhynchos L.
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(n = 24) collected in 2008 and 2009 by hunters during the
hunting season in southern Poland [13]. According to the
problems presented in the introduction, three experiments
were carried out (TABLE 1). Results obtained from some
animals were used simultaneously in two or three experiments (so the number of animals used in all experiments
adds up to more than 24).
TABLE 3 - Scheme of the experiments.
Experiment
Groups*
effect of temperature
60°C n = 8
105°C n = 6
effect of plate
plastic plate n = 10
glass plate n = 14
effect of storage
frozen material n = 12 fresh material n = 12
* 24 individuals were used in the experiment. Some of them were used
simultaneously in 3 experiments

The constant part of each experiment started by placing the samples (in one piece, without grinding) onto the
plates and assessing the w.w. (balance AE240 Metler,
0.00001 g). The accuracy of the balance was checked
before each weighing with a mass standard (5 g ± 0.05;
GRAMET, F1). Next, the samples were dried at a fixed
and stable temperature of 60°C or 105°C for 28 days. The
temperature in dryers (apart from the built in thermometer) were checked with a standard thermometer (60°C ±
0.09; MUTECH).
The d.w. of all samples was measured in consecutive
controls: 1, 2, 4, 7, 11, 18 and 28 days after starting the
measurements. Intervals between consecutive measurements were planned according to preliminary research of
the water loss ratio. Results were shown as means of the
d.w. percentage (calculated by dividing the weight before
by the weight after the drying) with standard errors (SE).
The normality of data distribution was checked with the
W Shapiro test. Results of water loss ratio were analyzed
with repeated-measurement ANOVA (RM-ANOVA) to
determine differences between consecutive measurements.
For assessing the significance of plate and storage factors
the results of last weighing (what was treated as the final
d.w. – VIII d.w.) were used (analysis with two-way
ANOVA). Also the last weighing results served in the
experiment of temperature significance (one way ANOVA).
In all statistical tests, the 0.05 significance level was established (LSD Fisher Test was used as a post-hoc analysis). Statistical analyses were done with Statistica 9.0
software (StatSoft).

3. RESULTS AND DISCUSSION
Not all the possible materials of bird’s body were
checked in this study but a few of them were missed out
on purpose. The most common among them in biomonitoring studies are excrement and feathers. The reason of
their passing over is that the w.w. of these materials is not
comparable at all in different circumstances and strongly
depends on a momentary diet (excrements) or air moisture
and dust (feathers). Due to that, excrements and feathers
should always be dried before the analysis and in the case
of feather, additionally before weighing a washing procedure should be applied [7].
The dynamic of water loss: In the popular methodology
(60°C, glass plates and frozen material) [14-16] the consecutive weighing as a factor was statistically significant
in almost all tissues (TABLE 2). The only exception was
the lung samples where p value was 0.3855 (RM-ANOVA;
F (6, 84) = 1.07). In all other samples the p-values were
lower than 0.0014. Generally, the scheme of water loss was
the same in all materials. The highest water loss rate was
observed between the 1st and 2nd weighing (FIGURE 1).
The time of drying tissues was significant in most samples.
However, there were no statistically significant differences
in weighing from the 3rd attempt on in the cases of brain,
muscle, lung and kidney. In that case it is possible to use
data from 3rd or 4th weighing (it is shortening the length of
the analysis from 28 to 4 days), but we should always be
conscious of adding in that case some additional uncertainty to the results. In the case of the remaining samples,
consecutive d.w. values differ statistically until almost the
last one (LSD Fisher test).
Effect of the temperature: The materials did not always
loose more water at higher temperatures. In the most often
used protocol (frozen samples, glass plates) liver, spleen
and intestine samples lost nearly the same amount of
water in both temperatures. This seems to be influenced by
the size of the sample which is connected with the size of
the organ or tissue. We are always able to collect larger
samples of e.g. lung or muscle, than in the case of kidney
or spleen. It results in a different relationship between the
volume and the area of the tissue sample. When a larger
sample is exposed to a high temperature, a significant
difference between its center and border parts

TABLE 4 - The dynamics of the d.w. change [%] according to the length of drying. Drying on glass plates in 60°C.

Brain
Muscle
Lung
Liver
Kidney
Bone
Intestine
Spleen

1
22.2263
28.7406
23.0162
33.9310
25.7932
92.6740
22.9591
24.9064

2
20.5584
27.1672
22.6498
32.1795
25.4790
91.9902
22.6412
24.5669

Day of weighing
4
7
20.1536
20.1827
26.4862
26.2890
22.6020
22.5928
31.3300
31.0040
25.3751
25.3212
91.5823
91.6109
22.4994
22.4247
24.3242
24.1905

1962

11
20.2169
26.2256
22.6657
30.8524
25.3736
91.8529
22.5224
24.3432

18
20.0505
26.1183
22.6066
30.6758
25.2830
91.5054
22.4540
24.2454

RM-ANOVA
F(6, 84) =
p value
64,16
< 0,0001
4,03
0,0014
1,07
0,3855
102,67
< 0,0001
56,85
< 0,0001
287,75
< 0,0001
139,27
< 0,0001
173,20
< 0,0001
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TABLE 5 - Percentages of the final d.w. of samples taken from Mallards. Drying on glass plates at 60°C (n = 8) and 105°C (n = 6).
Material
brain
muscle
lung
liver
kidney
bone
intestine
spleen

60°C
range [%]
19.13 – 20.54
25.10 – 28.56
21.20 – 26.23
26.88 – 32.41
24.29 – 29.80
87.12 – 93.63
19.56 – 23.48
23.37 – 25.59

60°C
mean ± SE
19.859 ± 0.190
26.688 ± 0.395
24.035 ± 0.647
30.216 ± 0.568
25.814 ± 0.634
90.380 ± 0.699
21.838 ± 0.468
24.525 ± 0.297

105°C
mean ± SE
19.433 ± 0.346
26.914 ± 0.584
25.606 ± 1.015
31.983 ± 0.863
24.005 ± 0.366
89.524 ± 0.665
22.654 ± 0.796
24.253 ± 0.382

F(1,5) =

p value

4.42
0.79
5.31
0.00
5.30
3.13
0.00
0.00

0.0896
0.4141
0.0694
0.9845
0.0695
0.1369
0.9724
0.9885

d.w. of liver samples dried with or without storage (FIGURE 5) can significantly influence e.g. metal concentration
calculated on a basis of the d.w. Other samples like brain or
muscle can be weighed on different types of plates and be
stored in different ways which do not significantly change
the final result. Unfortunately, none research report from
this topic was found in the literature concerning animals.

36

35

34

33
% of d.w.

105°C
range [%]
17.88 – 20.45
25.37 – 28.84
23.96 – 30.54
29.18 – 34.25
22.86 – 24.84
86.96 – 90.71
20.25 – 24.56
22.98 – 25.17

32

28
31

27
30

26
29

II d.w.

III d.w.

IV d.w.

V d.w.

VI d.w.

VII d.w.

VIII d.w. [%]

0
VIII d.w.

FIGURE 1 - Continuous water loss during a 28-day-long period
(liver). % of the d.w. content with SE. F(6, 18) = 120.34, p < 0.0001

25

24

23

may occur. The first and quickly dried edges of the sample can create a hard layer which is difficult to penetrate
by water from deeper parts (disturbing the evaporation).

Plate and storage factors: For the frequently used drying temperature (60°C) statistically significant differences
(between the d.w. obtained on different plates and after
different storage protocols) occurred in four tissues. Due to
plate factor the d.w. differed in the case of kidney (ANOVA, F (1, 14) = 18.46, p = 0.0007) (FIGURE 2) and spleen
samples (F (1, 14) = 5.56, p = 0.0334) (FIGURE 3). Storage of the material was a cause of differences in lung samples weight (F (1, 14) = 5.18, p = 0.0391) (FIGURE 4).
Moreover, the liver samples showed the significant variability according to the freezing (F(1, 14) = 13.02, p = 0.0028)
(FIGURE 5) and its interaction with the plate factor (F
(1,14) = 8.36, p = 0.0118). The remaining tissues did not
show the variability according to these factors.
Materials like kidney and liver are very often used in
ecotoxicology [6, 17, 18, 20] so the differences occurring
between the samples dried on different types of plates and
whether or not the material had been stored are of the
highest importance. Over 3 percentage points between the

21
0

glass plate

plastic plate

FIGURE 2 - Differences in kidney d.w. assessed on different types of
plates. % of the d.w. content with 0.95 confidence intervals. F(1, 14)
= 18.46, p = 0.0007
28

27

26

VIII d.w. [%]

However, in the half tissues the d.w. obtained at 60°C
was higher than at 105°C. Muscle, lung, liver and intestine lost more water at 60°C (TABLE 3). All differences
were not statistically significant.

22

25

24

23

22

21
0

glass plate

plastic plate

FIGURE 3 - Differences in spleen d.w. assessed on different types of
plates. % of the d.w. content with 0.95 confidence intervals. F(1, 14)
= 5.56, p = 0.0334
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27

26

25

VIII d.w. [%]

24

23

22

21

20
0
frozen material

fresh material

FIGURE 4 - Differences in lung d.w. assessed after different storage
of the material. % of the d.w. content with 0.95 confidence intervals.
F(1, 14) = 5.18, p = 0.0391
33

32

VIII d.w. [%]

31

It is essential to ensure repeatability in assessing the
dry weight. This value strongly influences on the calculation of the value of metal concentration or other elements
and compounds because of the simple formula [5]:
concentration = AAS value · dilution · d.w.-1
The lower the d.w., the higher the metal concentration. Even if we did not detect significant differences in
the d.w. of samples dried at different temperatures we
should choose one value of temperature to recalculate the
results during meta-analysis to miss out unnecessary uncertainty. There is no problem when we want to know the
most probable d.w. in 60 or 105°C on the basis of the
w.w. We should then multiply the w.w. value by the percentage of the d.w. appropriate to chosen temperature.
The reverse calculation is of course done in a similar way.
Slightly more complicated is the calculation from the d.w.
of 60° to 105°C. The simplest way will be to firstly calculate the potential w.w. from the known d.w. and then
consequently do another multiplication to determine the
d.w. value of the chosen temperature. All necessary values needed in that calculation were gathered in TABLE 4.
This procedure also allows us to compare results of research with different methods of the mineralization (e.g.
wet weight of liver and dry weight of bones, [20]).

30

29

4. CONCLUSIONS

28

27

26
0
frozen material

fresh material

FIGURE 5 - Differences in liver d.w. assessed after the different
storage of the material. % of the d.w. content with 0.95 confidence
intervals. F(1, 14) = 13.02, p = 0.0028

Some results of this study can be compared with the
experiment on wet and dry weight obtained by freeze
drying [19]. Even with different methods, the general
scheme was the same. No method ensures the most efficient water loss in all samples. Freeze drying gives better
water loss in muscles (23.46%), bones (82.66%) and
intestines (20.83%), but worse efficiency was observed
in the case of brain (20.43%), liver (32.67%) and kidney
(23.44%).

All investigated factors seemed to be significant at
least in a few tissues. It should be stressed that probably
this phenomenon can be observed at a different level in
other species. Similar research should be carried out
among various animals to obtain the essential knowledge
needed to correctly recalculate values of the wet and dry
weight of tissues.
The drying temperature, material of which the weighing dishes are made and freezing the material in some
samples significantly influence the d.w. Their importance
even if the absolute values do not differ in a large scale,
should not be missed out. Most ecotoxicological and biomonitoring research are based on the concentrations values of micrograms or even nanograms what is strongly
influenced in calculations by the weight of the sample. In
that case it is essential to provide all the information about
the pre-mineralization stage in the methods section of
study papers.

TABLE 6 - Values of the d.w. necessary in re-calculations of weight at different temperatures and circumstances.
60°C
Element
brain
muscle
lung
liver
kidney
bone
intestine
spleen

plastic, fresh
19.735
29.621
23.994
25.545
22.456
90.155
22.552
23.200

plastic, frozen
19.524
26.690
22.714
31.610
23.507
90.768
20.838
23.479

105°C
glass, fresh
19.701
27.308
25.499
29.881
26.385
89.360
21.277
24.844

1964

glass, frozen
20.017
26.067
22.571
30.551
25.244
91.401
22.399
24.206

glass, fresh
19.968
28.161
24.484
33.434
24.219
90.442
22.953
24.312

glass, frozen
18.902
25.668
26.728
30.532
23.407
88.911
22.356
24.194
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ENTERIC BACTERIA AND SOME PATHOGENIC
PROPERTIES OF ENTEROCOCCUS FAECALIS,
ENTEROCOCCUS FAECIUM AND ESCHERICHIA COLI
STRAINS ISOLATED FROM WILD DUCKS AND GULLS
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ABSTRACT
This study was performed to isolate enteric bacteria
from the feces of wild duck and gull species in the Van
Lake Basin, and to determine different virulence and pathogenic factors of the Enterococcus species and Escherichia
coli. In this research, carried out for the first time on wild
ducks in Turkey, a total of 357 feces samples were examined from the following animals: 126 Shoveler (Anas
clypeata), 92 Common Pochard (Aythya ferina), 80 Black
Headed Gull (Larus ridibundus), and 59 Yellow-Legged
Gull (Larus michahellis). Forty-eight (13.5%) bacteria
were isolated and identified in the feces samples in the
following distribution: 23 (6.4%) Enterococcus faecium,
nine(2.5%) Escherichia coli, 7 (2%) Enterococcus faecalis, 6 (1.7%) Citrobacter braakii, 1 (0.3%) Enterobacter
cloacae, 1 (0.3%) Streptococcus pyogenes and 1 (0.3%)
Corynebacterium diphtheria. When the virulence factors of
Enterococcus isolates were evaluated: 18 of 23 (78.3%) E.
faecium strains were positive for gelatinase; four (17.4%)
for cytolysin; two (8.7%) for aggregation substance (AS);
four of seven (57.1%) E. faecalis isolates were positive for
gelatinase; four (57.1%) for cytolysin; and one (14.3%) for
AS. Three of the E. faecium strains were found to be
positive in both gelatinase and cytolysin, one in gelatinase
and AS, one of the E. faecalis isolates was positive in
gelatinase, AS and cytolysin, and one was positive in
gelatinase and cytolysin. Nine E. coli strains were examined for pathogenic properties such as the O157:H7 serotype, verotoxin 1 (VT1), verotoxin 2 (VT2), stabile toxin
(ST) and labile toxin (LT). Two E. coli strains (22.2%)
were positive for the O157 serotype. Positive strains belonged to the Anas clypeata and Aythya ferina duck species. All E. coli isolates were found to be negative for H7
serotype, VT1, VT2, ST and LT.
* Corresponding authors

KEYWORDS: Citrobacter, Enterococcus faecalis, Enterococcus
faecium, Escherichia coli, Gulls, Pathogenicity, Virulence factor,
Wild ducks

1. INTRODUCTION
Wild birds may contaminate drinking water with different bacteria in their feces. A majority of the accrued
bacteria are E. coli, Enterococcus spp., Salmonella spp.,
Campylobacter spp., Enterobacter spp. and Citrobacter
spp. [1, 2].
Since wild birds like gulls, sparrows, crows, geese,
pigeons and ducks are considered potential contamination
sources in the spread of many pathogens, their activity
and close contact with farms must be carefully observed.
Carrier birds, by contaminating agricultural areas, drinking,
irrigation and waste waters, directly or indirectly might
transmit these pathogens to humans. The contamination of
surface water with fecal microorganisms is particularly a
potential source for disease transmission [3-6]. Among
these microorganisms, the E. coli and Enterococcus species are considered indicator microorganisms for waters
pollution [6].
Enterococci, which are microorganisms in the Streptococcocea family, are gram-positive, cocci and catalasenegative, flourish in high-salt and high pH environments
and have a wide host spectrum. Although these microorganisms, which are autochthonous bacteria found in the
gastrointestinal tracts of animals, are an important problem in nosocomial infections in humans, knowledge about
their epidemiology is still unclear. Studies on the virulence
factors of Enterococcus strains like cytolysin, aggregation
substance (AS) and gelatinase, antibiotic susceptibility and
genetic heterogeneity have shown that there are differences among the strains according to their host origins
[7,8].
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Escherichia coli are microorganisms found in the
normal flora of the intestinal tract of mammalian and
avian species. They are gram-negative, rod shape, mostly
motile, and aerobic/facultative anaerobic. These pathogen strains may cause serious infections. Enterotoxigenic
(ETEC) and enterohaemorragic (EHEC) strains cause gastroenteritis and hemorrhagic uremic syndrome in humans,
and urogenital system infections, colibacillosis and colisepticemia in animals. Particularly domestic animals such as
cattle and sheep, and wild birds like gull, and other carriers
like sparrow, crow, pigeon and duck play an important
role in the transmission of pathogen strains to humans [2,
9]. In May 2011, many people in agricultural areas who
consumed vegetables contaminated with animal feces
were seriously affected and died from EHEC outbreaks in
many Europe countries, particularly in Germany [10].
The Van Lake Basin, which comprises 1/5 of the total
aquatic region of Turkey, is located on the northeast-south
migratory routes of birds. The region hosts approximately
213 bird species covering winter-visitor, migratory, transit-migratory, random and native birds [11-13].
The purpose of the present study was to isolate enteric bacteria from the feces of the Shoveler (Anas clypeata)
and the Common Pochard (Aythya ferina), which are
winter-visitor duck species, and Black Headed Gull (Larus ridibundus) and Yellow-Legged Gull (Larus michahellis), which are the native gull species of the Van Lake
Basin. We also sought to determine different virulence and
pathogenic factors of Enterococcus species and E. coli.
2. MATERIAL AND METHODS
2.1. Materials

Three hundred fifty-seven feces samples belonging to
126 Shoveler (Anas clypeata) and 92 Common Pochard
(Aythya ferina) winter-visitor duck species and 80 Black
Headed Gull (Larus ridibundus) and 59 Yellow-Legged
Gull (Larus michahellis) native gull species constituted
the materials of the study.
Reference strains: The reference strains used in this
study, E. faecalis OG1X (pAM714), OG1X (pAM944),
OG1RF, OG1SS (pCF.10), OG1X and OG1X (pAM9058)
strains (Table 1) and E. coli H30 strain were obtained from
Yuzuncu Yil University, Faculty of Veterinary Medicine,
Department of Microbiology laboratory culture collections.
2.2. Methods

Collection of fecal samples: The locations of the bird
species from which the fecal samples were to be collected
were determined with optic observation instruments and
bird species were identified according to Kiziroğlu’s publication [12,13]. The fresh fecal samples from homogeneous
bird groups were collected with a sterile spatula, and placed
in transport medium tubes. Samples were quickly transferred on ice to our laboratory and stored at -30°C until
testing.

TABLE 1 - Standard E. faecalis derivatives and contents of isogenic
strains, plasmid/transposon, and virulence factors.
Strain/Isogen

Plasmid

Transposon

OG1X
OG1RF
OG1X
(pAM9058)
OG1X
(pAM944)
OG1X
(pAM714)
OG1SSP

None
None

None
None

Virulence
Factors
None
GelE

pAD1

Tn917

AS

pAD1

Tn917

Cytolysin

pAD1

Tn917

PCF10

Tn915

Cytolysin
+AS
GelE +AS

Isolation and identification: The fecal specimens were
propagated overnight in Buffered Peptone Water (Oxoid) at
37°C for 24 hours. A loop of samples was inoculated on a
5% sheep blood agar (Oxoid). Eosin methylene blue agar
(Oxoid), MacConkey agar (Oxoid) and Bile Esculin (Oxoid)
agar and plates were incubated under the same conditions.
Suspected colonies were selected and identified with BD
Phoenix automotive microbiology systems (Becton Dickinson, USA) using gram-positive and gram-negative panels.
Detection of gelatine hydrolysis (GelE): GelE activity
of Enterococci was tested in a gelatin medium, as described by Su et al. [14]. E. faecalis OG1RF was used as a
positive control.
Detection of aggregation substance (AS): The measurement of the AS of the Enterococci was performed
using clumping assay, as described by Chow et al. [15].
The non-plasmid reference of the E. faecalis OG1X strain
was used as a negative control, whereas two variants of E.
faecalis OG1X containing either plasmid pAD1 or pCF10
were used as positive controls.
Detection of cytolysin production: Brain-heart infusion
agar (Difco, USA) supplemented with 5% horse blood was
used for the detection of cytolysin activity. Plates were
incubated at 37 °C for 24 hours and cytolytic activity was
observed as β-haemolysis surrounding bacterial colonies
[14]. E. faecalis OG1X (pAM944) was used as a positive
control.
Determination of O157 serotype: For this purpose, E.
coli strains were plated on a Sorbitol MacConkey agar
(Oxoid). After overnight incubation at 37°C, the sorbitolnegative colony was tested for O157 antigen by slide
agglutination with anti-O157 serum and control serum
(O157:H7 latex test-DR 620 M test kit purchased from
the Oxoid Company, USA, was used as indicated in the
instructions).
Detection of H7 serotype: Commercial H7 monovalent antisera (Denka Seiken, Japan) was used for the detection of H7 serotype of isolates. The test was performed
according to the manufacturers’ instruction manual using
the test tube method.
Determination of VT1 and VT2: For the detection of
VT1 and VT2 verotoxin types, commercial Duopath®
GLISA verotoxin test kit (Merck) was used. The test ad-
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ministered according to the manufacturers’ instruction
manual. Results were interpreted by comparing the positive
control strain (verotoxigenic E. coli H30) and control panel.
Detection of stabile toxin (ST): For the detection of
ST, the commercial competitive EIA test kit (E. coli ST
EIA, Oxoid, TD700) was used. E. coli strains were inoculated in 2 ml of sterile CA-YE broth and incubated, with
continuous and vigorous shaking, at 37°C for 18-24
hours. After incubation, cultures were centrifuged at 900g
for 30 minutes at 4°C and the supernatant was used as the
test sample. Results were visually compared according to
the color intensity produced by each specimen with three
controls. A specimen with a color intensity corresponding
to that of the positive control was regarded as positive.
Similarly, a specimen with a color intensity corresponding
to that of the negative control was regarded as negative.
Detection of labile toxin (LT): A reversed passive latex agglutination test kit (VET-RPLA, Oxoid, TD0920A)
was used for the detection of LT. E. coli strains were
inoculated in 2 ml of sterile Mundell’s medium and incubated, with shaking, at 30°C for 24 hours. Polymixin B
with a concentration of 10.000 units/ml was added to the
overnight broth culture and incubated at 37°C for 4 hours.
After incubation, the cultures were centrifuged at 900g for
20 minutes at 4°C and the supernatant was used as the test
sample. The agglutination pattern was compared with the
control latex and positive control.

3. RESULTS
Isolation and Identification: Totally 48 (13.5%) bacteria were isolated and identified, by BD Phoenix automotive microbiology systems (Becton Dickinson, USA) using
gram-positive and gram-negative panels. From 357 feces
samples: 23 (6.4%) were Enterococcus faecium, nine (2.5%)
Escherichia coli, seven (2%) Enterococcus faecalis, six
(1.7%) Citrobacter braakii, one (0.3%) Enterobacter cloacae, one (0.3%) Streptococcus pyogenes and one (0.3%)
Corynebacterium diphtheria. The distribution and rate of
isolated and identified bacteria by bird species are presented in Table 2.
Virulence factors of Enterococcus species: Eighteen
of 23 (78.3%) E. faecium strains were positive for gelatinase, four (17.4%) for cytolysin, two (8.7%) for aggregation substance (AS), four of seven (57.1%) E. faecalis
isolates were positive for gelatinase, four (57.1%) for
cytolysin, and one (14.3%) for AS. Three of the E. faecium strains were found to be positive in both gelatinase
and cytolysin, one in gelatinase and AS, one of E. faecalis
isolates was positive in gelatinase, AS and cytolysin, and
one was positive in gelatinase and cytolysin. The distribution of different virulence factor test results of Enterococcus strains by bird species are given in Table 3.
Some pathogenic properties of E. coli strains: Two of
nine isolated and identified E. coli strains (22.2%) were

TABLE 2 - Feces numbers and distribution of isolated bacteria by bird species

Bird species (n)
Anas clypeata (126)
Aythya ferina (92)
Larus ridibundus (80)
Larus michahellis (59)
Total (357)

E. faecium
(%)
9 (7.1)
1 (1.1)
8 (10)
5 (8.5)
23 (6.4)

E. coli
(%)
4 (3.2)
4 (4.3)
1 (1.7)
9 (2.5)

E. faecalis
(%)
3 (2.4)
1 (1.3)
3 (5.1)
7 (2)

C. braakii
(%)
3 (2.4)
3 (3.3)
6 (1.7)

E. cloacae
(%)
1 (1.1)
1 (0.3)

S. pyogenes
(%)
1 (1.7)
1 (0.3)

C. diphtheriae
(%)
1 (1.1)
1 (0.3)

Total (%)
19 (15.1)
10 (10.9)
9 (11.3)
10 (16.9)
48 (13.5)

TABLE 3 - The distribution of virulence factors of E. faecium and E. faecalis strains by bird species

Tests
Gelatinase
Cytolysin
Aggregation
substance

E. faecium
Anas clype- Aythya ferina
Larus
ata n=9
n=1
michahellis
(%)
(%)
n=5
(%)
4 (44.4)
1 (100)
5 (100)
1 (11.1)
0 (0)
2 (40)
2 (22.2)

0 (0)

0 (0)

Larus ridibundus n=8
(%)

Total=23
(%)

8 (100)
1 (12.5)

18 (78.3)
4 (17.4)

0 (0)

2 (8.7)

E. faecalis
Anas clype- Aythya ferina
Larus
ata n=3
n=0 (%)
michahellis
(%)
n=3
(%)
0 (0)
0
3 (100)
2 (66.7)
0
1 (33.3)
0 (0)

0

0 (0)

Larus ridibundus n=1
(%)

Total=7
(%)

1 (100)
1 (100)

4 (57.1)
4 (57.1)

1 (100)

1 (14.3)

TABLE 4 - The results of O157, H7, VT1, VT2, ST and LT of isolated E. coli strains
Bird species (n)
Aythya ferina (4)
Anas clypeata (4)
Larus michahellis (1)
Total (9)

O157 (%)
1 (25)
1 (25)
0 (0)
2 (22.2)

H7
0
0
0
0

1968

VT1
0
0
0
0

VT2
0
0
0
0

ST
0
0
0
0

LT
0
0
0
0
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positive in terms of O157 serotype. Positive strains belonged to Anas clypeata and Aythya ferina duck species.
All E. coli isolates were found to be negative for H7 serotype, VT1, VT2, ST and LT. The distribution of E. coli
strains by bird species and test results of various pathogenic properties are given Table 4.
4. DISCUSSION
While some wild birds live in close contact with human habitats, some lead a migratory life between wetlands
and settling areas. This mobility is an important risk factor
for the spread of zoonotic infections, which are particularly
transmitted by gulls, sparrows, wild geese, pigeons and
wild ducks [2,16,17]. Migratory birds play a role in transporting enteric bacteria such as E. coli, Salmonella spp.,
Campylobacter spp., Citrobacter spp. and Enterococcus
spp. directly or indirectly to humans [18-20].
Many studies have been performed for the isolation
of enteric bacteria and the determination of pathogenic
properties in wild duck and gull species. Aguirre et al. [21],
reported that out of the 110 wild duck feces, 59 (54%)
contained E. coli, 24 (22%) contained Streptococcus spp.,
and 16 (14.5%) contained E. cloacae. Researchers also
reported that wild ducks are potentially carriers of pathogen bacteria. Tsubokura et al. [22], announced that 196
(32.3%) of 606 wild duck (Anas acuta) feces and 79
(34.5%) of 229 gull feces were found positive for E. coli.
In a Swedish study [23], it was determined that all of the
50 E. coli strains isolated from gull feces were negative
for O157 serotype. Gopee et al. [24], cited that out of 106
wild duck feces, 91 (85.8%) were isolated as E. coli. Researchers also reported that only one (1.1%) isolate was
found positive for O157 serotype. In a study performed in
Japan [25], it was discovered that out of 50 gull fecal samples, two (4%) were positive for Stx1 and Stx2 gene-carrier
E. coli. In a similar study [26], it was determined that 15
(17.4%) E. coli strains isolated from 86 gull feces were
negative for STEC, but were positive for ETEC. Fogarty
et al. [27], reported that, of the 210 examined gull fecal
samples, E. coli were isolated in 102 (48.6%) and Enterococcus spp in 63 (30%). In research on different bird
species [28] E. faecium were isolated and identified in 10
(10%) out of 100 gull feces, and E. faecalis was identified
in five (5%) samples. Johnson et al. [29] discovered that
42 (34.4%) of 122 wild ducks were positive for E. coli. In
a similar study [16], it was reported that 50 (50%) E. coli
were isolated from 100 Mallard duck feces. In a study
performed in Greece [30], out of 1989 gull feces collected
from different regions, Enterococcus spp. were detected
in 414 (20.8%) and E. faecalis in 51 (2.6%). Murphy et al.
[31] cited that the rates of carrying E. coli and Enterococcus spp. in Anas platyrhynchos were 23% and 2%, respectively. Steele et al. [32], cited that out of 49 gull feces E.
coli were isolated in 47 (96%) and E. cloacae in three
(4.1%). Researchers also reported that only one (2.1%) E.
coli strain was found positive for O157 serotype. Hassan

et al. [1] reported that the rate of carrying E. coli and
Enterococcus spp. in wild ducks and gulls were 8%, 20%,
6% and 5% respectively. In another study [33], it was
reported that out of 135 wild duck feces, E. coli were
detected in 32 (23.7%) and out of 140 gull feces in 30
(21.4%). Kobayashi et al. [17], in research administered
for E. coli prevalence on different wild birds, reported
that all 20 gull isolates were negative for Stx genes, but
out of 32 duck isolates only one (3.1%) was positive for
Stx genes. In a study [34] performed on wild ducks (Anas
platyrhynchos), it was reported that 142 (82.4%) out of
175 feces were found positive for E. coli and that Stx1
and Stx2 genes were not detected in any isolate. In a similar study [35], it was reported that E. coli were detected in
two of 50 (4%) duck fecal samples, and that all of the
isolates were negative for STEC, but were found positive
for EPEC. In a study carried on verotoxigenic properties
of E. coli strains [36], out of 50 (%15.1) isolates which
were isolated from 330 gull feces, five (10%) were verotoxigenic. Researchers also cited that two of five VTEC
strains were positive for O157 serotype. Dolejska et al.
[3] declared that 213 (98.6%) E. coli strains were isolated
from 216 gull (L. ridibundus) fecal samples. In research
examining the enterotoxigenic properties of E. coli strains
on different animal species, 56 (22.4%) E. coli were isolated from 250 gull feces and all of them were found
negative for labile and stabile toxin [37]. In an another
study [20], it was reported that 65 (75.6%) E. coli were
isolated from 86 wild duck feces and 18 (66.7%) from 27
gull feces. Han et al. [6], reported that out of 145 wild
duck feces, 96 (66.2%) were positive for E. faecalis, 16
(11%) for E. faecium. Researchers also reported that
while 14 (14.6%) of the E. faecium strains were found
positive for gelatinase, and 15 (15.6%) for cytolysin, all
E. feacium isolates were found negative for both gelatinase and cytolysin. In research [38] comparing the properties of E. coli strains isolated from different bird fecal
samples 64 (27.9%) E. coli strains were isolated from 229
wild duck fecal samples.
The data of the present study were evaluated together
with the results of similar studies. It was detected that the
isolation rate of enteric bacteria such as Enterococcus, E.
coli, Citrobacter, Enterobacter isolated from wild duck
and gull feces, and pathogenic properties of isolated and
identified E. coli strains were different according to bird
species and countries. Furthermore, literature analyses
also showed that studies were exiguous [6] for virulence
factors of Enterococcus strains isolated from wild ducks
and gulls, and that isolation and virulence factors rates
were high in the Enterococcus species in this study.
As a result, with this study, the presence and virulence factors of the Enterococcus species in wild duck
and gull feces, and the various pathogenic properties of E.
coli strains isolated from wild duck fecal samples were
examined for the first time in Turkey and the Van Lake
Basin. Virulent Enterococcus species from wild duck and
gull feces were considered important. The isolation of
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pathogenic E. coli O157 from wild duck feces was also
important in terms of environmental health and contamination. It was concluded that regular monitoring of wild
birds in the Van Lake Basin for the zoonotic microorganisms they carry was necessary for public health, and further epidemiologic and molecular studies including different wild bird species should be carried out.
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DENDRIMERS INCREASE GLYPHOSATE FORMULATION
TOXICITY TO CHLAMYDOMONAS REINHARDTII
1,2
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ABSTRACT
In natural environment, some nanoparticles have the
potential to bind existing contaminants such as glyphosate
herbicide and act as vectors. This study sought to investigate changes in glyphosate toxicity in the presence of
cationic PAMAM dendrimer (4th generation) to the algae
Chlamydomonas reinhardtii. Toxicity was examined by
following decreases of cell viability and photosystem
efficiency to absorb photon energy. Results showed a
significant increase of glyphosate toxicity in presence of
dendrimer.
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1. INTRODUCTION
In last decades, products derived from nanotechnology, have aroused a strong interest due to their exceptional
structural properties. One particular area that prompted major
interest concerns the development of enhanced-drug delivery
nanosystems to increase the therapeutic effectiveness of
drugs. Nanomaterials derived from polyamidoamine
(PAMAM) polymers, so called dendrimers, has received
increased attention in biomedicine for drug delivery, gene
transfection or imaging [1-4]. The carrier property of
these dendrimers is due to their high density of positive
charges at the surface of the nanostructure. Dendrimers
are composed of repeating units from a central initiator
amine (-NH2) core and the outer ends containing positively charge amines (-NH3+) which forms the surface of the
nanostructure. Each new series of branching step, also
called generation, increases the diameter of the nanoparticles and twice the number of terminal functional groups
[1].
Because dendrimers are being increasingly used and
have the capacity to bind neutral and anionic compounds,
legitimate concerns were raised concerning their potential

toxic effects to non-target organisms. Some studies were
carried out to investigate the inherent toxic effects of
cationic generation 4 (G4) PAMAM dendrimer on fish
and microalgae. In fish, reduced growth and development
were found for zebrafish embryos exposed to sublethal
concentrations of G4 dendrimers [5]. In green microalgae
(Chlamydomonas reinhardtii), G4 dendrimer exposure
led to a decrease of cell viability, an increase of ROS
production with a disruption of photosynthetic process
that followed changes in gene transcription involved
in this physiological process [5,6]. These studies did not,
however, examine the potential of dendrimers to vector
existing contaminants. Indeed, due to their high drugcarrier potential, the PAMAM dendrimers may act as carriers to overcome the normal barriers of organisms [1].
Previous studies showed that other nanoparticles, like
titanium dioxide (TiO2), enhance the penetration of cadmium in fish [8] or that C60-fullerenes nanoparticles
increase the toxicity of phenanthrene to microalgae and
daphnia [9]. In the context of large scale application of
pesticides pervading aquatic environments, the interaction of glyphosate with PAMAM dendrimers, could represent a major threat for the aquatic ecosystems. Glyphosate
is indeed currently considered as a major contaminant of
aquatic environment. This herbicide is widely used in
agriculture as well in urban areas and its concentration is
steadily increasing in various rivers and lakes [10]. For
example, glyphosate was detected in 85% of the water
samples from agricultural rivers in the province of Québec (Canada) and the concentrations assessed increased
since 2005 [11].
Therefore, the possibility that cationic (G4) PAMAM
dendrimers could increase the risk of this pesticide cannot
be ignored. Our study sought to investigate the impact of
this cationic dendrimer on the toxicity of glyphosate to
green algae C. reinhardtii. Due to their important position
as primary producers in the food chain and their sensitivity to herbicides, microalgae are relevant test species for
ecotoxicological studies. Different physiological parameters were assessed. Cell viability was measured by flow
cytometry and chlorophyll fluorescence and the photosynthesis efficiency with a Plant Efficiency Analyzer based
on the time-resolved kinetics of chlorophyll fluorescence.
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2. MATERIALS AND METHODS
2.1. Algal culture

C. reinhardtii (CC-125) culture was obtained from
the Canadian Phycological Culture Centre (CPCC, Ontario,
Canada), formerly known as the University of Toronto Culture Collection (UTCC). Cultures were grown in 1 L Erlenmeyer flasks containing 200 mL of an autoclaved salt
growth medium (HSM) [12]. Flasks were placed in an incubator (Innova 44 R Orbital Shaker, New Brunswick Scientifics, USA) under continuous illumination (40-50 µmol m-2
s-1 of Photosynthetically Active Radiation) provided by
white fluorescent lamps (Sylvania® Gro Lux F15W, Germany) at 25 ± 1°C and with constant rotary agitation (100
rpm).
2.2. Exposure conditions

Exponentially growing cells were diluted with fresh
medium to achieve test samples at 3.10 5 cells mL -1 .
Microalgae were exposed to glyphosate and G4-NH2
PAMAM dendrimer with diaminobutane core (G4 dendrimer; C624H1252N250O124) and glyphosate-dendrimer mix.
For single-contaminant exposure, stock solutions of
glyphosate (commercial grade; 2.6 M of glyphosate potassium salt) and G4 dendrimer (Sigma-Aldrich, Oakville,
ON, Canada; 5.3 mM) were prepared by diluting commercial solutions with Milli Q distilled (MQ) water. Aliquots of these solutions were added into microalgae cultures to reach the following concentrations: 7.2 and 14.5 µM
of glyphosate (glyphosate potassium salt) and 10, 15 and
20 nM of G4 dendrimer. Preliminary experiments were
carried out to select these test concentrations. For the mixture exposure, algae were exposed to six different mixes
of glyphosate and G4 dendrimer as shown in Table 1.
TABLE 1 - Concentrations of glyphosate and cationic G4 PAMAM
dendrimer in the microalgae cultures exposed to contaminants alone
(single-contaminant exposures) and to glyphosate-dendrimer mix
(multi-contaminant exposures)
Glyphosate
(µM)
7.2
14.5
Single-contaminant exposures

7.2
Multi-contaminant exposures
14.5

G4 dendrimer
(nM)

10
15
20
10
15
20
10
15
20

The behavior of the G4 dendrimer in algal HSM medium was previously studied with dynamic light scattering (particle size) and zeta potential (particle charge) measurements [7]. Aggregation of dendrimers was thus observed
in algal medium, particle size increasing from 90 nm in
MQ water to 295 nm in HSM medium as well as their
charge decreased from 32 mV in MQ water to -6 mV in

HSM medium. Hence, this suggests that salinity conditions of the HSM medium which mimics those of soft
water is environmentally realistic since the presence of
salts will reduce the surface charge of the nanoparticles
and favor some aggregation.
All algal samples were exposed to the same light intensity and temperature conditions as those used for initial
cell culture as described above. Samples were taken after
72 h for flow cytometry analyses and photosynthetic fluorescence assessments.
2.3. Flow cytometric analyses: cell viability

Cell viability was assessed using a three-color Guava
EasyCyte Plus System cytometer (Guava Technologies
Inc. Hayward, USA) with a laser emitting at 488 nm and a
micro-plate reader as described elsewhere [6]. Cells were
incubated with fluorescein diacetate (FDA; CAS N.
596.09.8; 13 mg L-1 final concentration) during 15 min
in darkness to assess cell viability [13, 14]. Data obtained
were displayed on bi-dimensional red vs green cytograms
to discriminate viable cells based on chlorophyll fluorescence and intracellular esterase activity according to a
previous method [14]. The viability of C. reinhardtii cells
was expressed as the abundance of viable cells (%) measured by flow cytometry.
2.4. Chlorophyll a fluorescence measurements

A Plant Efficiency Analyser fluorometer (PEA, Hansatech Ltd., Norfolk, UK) was used to measure the rapid chl
a fluorescence emission (JIP-test) during the early phases
of photosynthesis according to Strasser et al. [15]. All
samples were dark-adapted for 15 min before measurement. Approximately 3.106 viable algal cells were concentrated on 13 mm glass fiber filter (#AP20 013 00 Millipore, Billerica, MA, USA). Filtration under low pressure
did not induce additional physiological stress for algae,
and thus did not affect measurements. The PEA saturating
flash was provided by an array of six light-emitting diodes with an excitation light of 3000 µmol photons m-2 s-1
at 650 nm. Diodes were focused on the sample surface to
provide homogeneous illumination over an area of 4 mm
in diameter. At room temperature (20oC), the fast fluorescence kinetics were examined in time starting at 50 µs up
to 1 s, with data acquisition every 10 µs. Some transient
was analyzed using the following data: the minimal fluorescence yield F0 at 50 µs when all reaction centers (RCs)
are open and the maximal fluorescence yield FM when all
RCs are closed. From these data, the maximum quantum
yield of PSII for primary photochemistry was calculated
with the following formula: ΦP0 = (FM − F0)/FM. The ΦP0
estimates the maximal efficiency of PSII to absorb the
energy of photons when all RCS are open [16-18]. Results were expressed as a percentage of control (100%).
2.5. Data analysis

Each treatment was carried out in triplicate. A descriptive analysis of the data was used to calculate the
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mean value and the standard error for the different parameters. The results of the viable cell abundance and chlorophyll fluorescence were analyzed by ANOVA followed
by Tukey test (Statsoft Inc., Statistica software, Tulsa, OK,
USA) to compare the treated groups with the control group.
3. RESULTS
Cell viability was assessed after 72 h of exposure to
pesticide, dendrimer and pesticide/dendrimer mixture. No

statistical decreases were noticed between the control microalgae culture and the single contaminant cultures (7.2
and 14.5 µM of glyphosate and 10, 15 and 20 nM of cationic G4-PAMAM dendrimer) (Fig. 1). However, cell viability was significantly lower in cultures exposed to a mixture of glyphosate (Gly) and cationic G4-PAMAM dendrimer (D) when compared to the control culture (Tukey
test, p<0.05). A clear glyphosate dose-response relationship was observed between the cultures exposed to the dendrimer-glyphosate mix whereas no increase of the toxicity

FIGURE 1 - Viable cell abundance of Chlamydomonas reinhardtii exposed for 72 h to single-contaminant solutions of glyphosate (Gly; 7.2
and 14.5 µM) and cationic G4 PAMAM dendrimer (D; 10, 15 and 20 nM) and to mixtures of these two chemicals. (* significant difference
with the control, Tukey test p<0.05; mean ± standard error).
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FIGURE 2 - Maximum quantum yield of PSII for primary photochemistry (ΦP0 = FV/FM; i.e. photon absorption rate) for Chlamydomonas reinhardtii
exposed for 72 h to single-contaminant solutions of glyphosate (Gly; 7.2 and 14.5 µM) and cationic G4 PAMAM dendrimer (D; 10, 15 and 20 nM)
and to mixtures of these two chemicals. (mean ± standard error)

was observed with increasing dendrimer concentrations
for the same cultures. Glyphosate mixed with G4 dendrimer was 1.6 times and 2.3 more toxic to C. reinhardtii
than alone at 7.2 and 14.5 µM, respectively. The average
decrease was 38 % for the mixture exposure group with
7.2 µM of glyphosate and reached 61 % for those with
14.5 µM of glyphosate in comparison with the control
culture. According to the results of the maximum quantum yield, the efficiency of PSII to absorb the energy of
photons was not affected in any treated culture of microalgae (Tukey test, p>0.05) (Fig. 2).
4. DISCUSSION
Our experiment used commercial grade of glyphosate
to obtain more environmentally realistic toxicity data,
microalgae being exposed in river to this kind of formulation [19]. Moreover, recent publications reported higher
toxicity on different microalgae species of glyphosate commercial formulations in comparison with pure grades [1921]. The selection of glyphosate concentrations were based
on literature data [22] and endpoint data provided by PAN
Pesticides Database (http://www.pesticideinfo.org/). Molar
concentrations were chosen as recommended by others
[20] which reported that toxicity results for microalgae
exposed to mixture are more valuable when the molar
concentrations were used. The study of contaminant mixture toxicity is a major scientific challenge, especially with
the increasing use of nanoparticles in numerous manufacturing products. In aquatic ecosystems, contamination of
engineered nanoparticules (ENPs) will add to the other
existing pollutants such as pesticides. Interactions between ENPs and these contaminants are likely to occur
which could change the cumulative toxicity [23]. A decrease of the bioavailability of the pesticide diuron mixed
with black carbon due to the strong sorption potential of
this ENP was reported [24]. In the present study, we
showed that mixtures of glyphosate with a PAMAM dendrimer were more toxic than the single chemical on C.
reinhardtii. Cell viability was decreased with the increasing glyphosate concentration in presence of dendrimer.
This result is consistent with other publications which
mentioned that interactions between ENPs with other contaminants could lead to increased toxicity (vectorization
effects). A previous study showed that C60-fullerenes
nanoparticles increase 10 times the toxicity of phenanthrene to the microalgae, Pseudokirchneriella subcapitata
[9]. The role of ENPs in chemical toxicity increase is questioned. The same authors suggested that high adsorption of
ENPs on the surface of algal cell would facilitate the transfer to cell of sorbed compounds. Another explanation
would be that cationic PAMAM dendrimers induce a destabilization and permeabilization (dendroporation) of cell
membranes as observed by other investigations [25-27].

At low intracellular dendrimer concentrations, extensive
dendroporation did not lead to cell death and lysis. The
dendroporation could thus enhance the entrance of pesticides into viable microalgae cells. Different authors [2830] reported that the formation of holes in cellular membrane by dendrimers promoted the exchange of materials
across the cell membrane.
Mixture of glyphosate and dendrimer did not affect
the photosynthesis process. This result is consistent with
previous data obtained with the same microalgae species
(C. reinhardtii) exposed to G4 dendrimer [6]. Moreover,
the glyphosate mode of action does not involve the photosynthetic processes. However, glyphosate formulations were
able to decrease the activity of superoxide dismutase and
the increase of peroxydase activities in the onion roots
(Allium cepa L.) [31]. Further investigations are planned to
investigate the nature of the pesticide-dendrimer interactions in order to determine how the PAMAM dendrimers
increase the toxicity of glyphosate to microalgae.
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OF 4-NITROPHENOL ON SUSPENDED TITANIA SURFACE
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ABSTRACT
The kinetics of the photocatalytic degradation of 4nitrophenol, selected as a model organic pollutant, has been
investigated in a dynamic photoreactor with system UV/O2
and aqueous suspension of titania (TiO2) under a variety of
conditions, which is essential from application point of
view. TiO2 photocatalyst was prepared by aqueous hydrolysis of TiCl4 and deposition with NaOH at 700 °C (TiO2
″700 °C″). The degradation was studied using different
parameters, such as types of TiO2 (for comparison), catalyst dosage, initial substrate concentration, reaction pH, and
addition of oxidant H2O2. The effect of some inorganic
anions, such as Cl-, SO42- and CH3COO-, commonly present in real effluents, on the photocatalytic degradation was
also studied. TiO2 ″700 °C″ exhibits much higher photocatalytic activity than commercial TiO2 photocatalysts
(″Degussa P-25″, ″Millennium PC-500″ and ″Hombikat
UV-100″). The degradation rates were found to be strongly
influenced by all the above parameters. The reaction rate
was found to obey pseudo first-order kinetics represented
by the Langmuir-Hinshelwood mechanism. The kinetics
was strongly enhanced in the presence of electron acceptors, such as H2O2, at low dosage. The presence of Cl- and
SO42- anions led to an increase of the effectiveness of the
photocatalytic degradation. However, the presence of
CH3COO- anions decreased differently the photocatalytic
efficiency.
KEYWORDS: Heterogeneous photocatalysis, titania, dynamic
photoreactor, 4-nitrophenol, water purification.

1 INTRODUCTION
Nitrophenols are some of the most refractory pollutants, which can be present in industrial wastewater because of their high stability and solubility in water.
They are
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considered to be priority toxic pollutants by the United
States Environmental Protection Agency [1]. Owing to
high toxicity and carcinogenic character, 4-nitrophenol is
characterized as environmentally hazardous material. This
toxic pollutant is used in the production of pesticides, insecticides, herbicides and many synthetic dyes [2, 3].
Traditional physical techniques (adsorption on activated
carbon, coagulation by chemical agents, ion exchange on
synthetic adsorbent resins, etc.) can generally be used
efficiently for the removal of pollutants. Nevertheless, they
are non-destructive since they just transfer organic compounds from water to solid phase, thus causing secondary
pollution. Consequently, regeneration of the adsorbent materials and post-treatment of solid wastes, which are expensive operations, are needed.
In this regard, advanced oxidation processes (AOPs)
have been described as efficient procedures for obtaining
high oxidation yields from several kinds of organic compounds [4-6]. Application of heterogeneous photocatalysis (one kind of AOPs) in environmental purification has
been widely studied in the last decades. Various classes of
organic contaminants can be easily destroyed and completely mineralized by photocatalysis [7-9].
TiO2 is one of the most preferable semiconductors for
the photocatalytic process due to its high photosensitivity,
non-toxic nature and large band gap [10]. When illuminated with a photon of energy equal to or greater than its
band gap width leads to the formation of electron/hole (e/h+) pairs with free electrons produced in the empty conduction band (e-cb) leaving behind an electron vacancy or
″hole″ in the valence band (h+vb). If charge separation is
maintained, the electron and hole may migrate to the
catalyst surface where they participate in redox reactions
with sorbed species. Specially, h+vb may react with surfacebound H2O or OH- to produce the hydroxyl radical, and e-cb
is picked up by oxygen to generate superoxide radical anions [11, 12] as indicated in the following Eqs. (1-3):
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TiO2 + hν
e-cb+
h+vb
(1)
°O2 + e cb
O2
(2)
+
+
H2O + h vb
OH° + H
(3)
It has been suggested that the hydroxyl radicals (OH°)
and superoxide radical anions (O2°-) are the primary oxidizing species in the photocatalytic oxidation processes.
The most convenient and widely utilized method of
TiO2 synthesis is liquid phase processing of various precursors. Advantages of this method are possibility of
stoichiometry-controlling, preparation of composite materials, and production of homogeneous materials [13].
There are many methods of producing TiO2 nanopowders,
such as chemical precipitation [14], spray pyrolysis deposition [15], sol gel [12, 16, 17] and hydrolysis [15, 18].
However, the use of inorganic salt (chloride) precursor
rather than organic alkoxide precursor not only can reduce
the cost of synthesis, but also can avoid the use of organic
solvents to decrease pollution.
The aim of the present work is: (i) to determine the
optimum treatment conditions on photodisappearance of
4-nitrophenol in the presence of TiO2 particles, prepared
in our laboratory from TiCl4 via hydrolysis synthesis at
higher temperature, and irradiated by the UV light in a circulated reactor; (ii) to investigate the influence of various
parameters on the photocatalytic degradation of this pollutant.
2. MATERIALS AND METHODS
2.1. Preparation of photocatalyst

The nanocrystalline titania catalysts reported in this
study have been prepared at room temperature by aqueous
hydrolysis of TiCl4 and precipitated by NaOH (10 %). The
resulting deposit (hydrated titanium hydroxide) was separated after 24 h by filtration, and washed thoroughly with
double-distilled water until the disappearance of Cl- ions
from the liquid (tested as AgCl). Subsequently, the solid
was dried at 100 °C for 24 h in a vacuum system to re-

move water, and then calcined in air for 3 h at 700 °C
(TiO2 ″700 °C″).
It is interesting to note that the characterization of this
solid was examined and tested on the photodecomposition
of 2-naphthol in our laboratory experiments using a static
photoreactor [19].
2.2. Materials

All the chemicals used in the experiments were of laboratory reagent grade, and used as received without
further purification. 4-Nitrophenol and titanium tetrachloride TiCl4, respectively, were purchased from Merck and
Fluka (> 99% purity). The water employed in all the studies was double-distilled. Other catalyst powders, namely,
TiO2 ″Degussa P-25″, TiO2 ″Hombikat UV-100″ and TiO2
″Millennium PC-500″ (inorganic chemicals), were used
for comparative studies. ″Degussa P-25″ consists of 80%
anatase and 20% rutile with a specific BET-surface area
of 50 m2/g and primary particle size of 30 nm. ″Hombikat
UV-100″ consists of 100% anatase with a specific BETsurface area > 250 m2/g and primary particle size of 5 nm.
The photocatalyst ″Millennium PC-500″ (100% anatase)
has a BET-surface area of 320 m2/g and primary particle
size of 5-10 nm.
2.3. Photoreactor and light source

The photocatalytic degradation experiments were performed at room temperature in a circulating photoreactor
system. A schematic diagram of the experimental set-up
is shown in Fig. 1. The photoreactor was cylindrical with
1-L volume and made from quartz glass which was available for the transfer of the irradiation. Irradiation was
achieved by a high pressure mercury lamp (Philips HPK
125 W) immersed in the glass tube. The UV lamp was
equipped with a jacket water cooling system, positioned
inside the inner part of the photoreactor containing an
aqueous dispersion of 4-nitrophenol. A driver pump was
used to recirculate the solution back to the liquid reservoir.
The suspension was continuously purged with molecular
oxygen throughout each experiment, and was circulated at
a flow-rate of 240 ml/min.
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FIGURE 1 - Schematic diagram of the circular photocatalytic reactor.
2.4. Procedure

In the experiments, 1 L of 4-nitrophenol (Co = 5 .10-4
mol/L) at initial pH 5 was magnetically stirred in presence of
1 g of TiO2 in the dark during 30 min to reach the adsorption equilibrium before UV irradiation. The temperature
during the experiment was maintained at 20 °C.
2.5. Analyses

In order to remove particulates before analyses, all
water samples were filtered by a Millex-HA filter (Millipore, 0.45 µm). Analysis of 4-nitrophenol was carried out
by using a Jenway UV 6405 spectrophotometer. The wavelength of maximum absorption was 315 nm.
3. RESULTS AND DISCUSSION

much more rapidly in the presence of TiO2 ″700 °C″ as
compared to other employed photocatalyst powders. The
photocatalyst TiO2 ″700 °C″ exhibits the highest photoactivity to catalyze the photodegradation of 4-nitrophenol. The
photoactivity of the 4 photocatalysts can then be ranked in
the following order: TiO2 ″700 °C″ > TiO2 ″Degussa P25″> TiO2 ″Millennium PC-500″ > TiO2 ″Hombikat UV100″. The better photocatalytic activity of TiO2 ″700 °C″
could be explained on the basis of the fact that TiO 2
″700 °C″ (calcined at 700 °C) was composed of small
nano-crystallites of rutile, dispersed within an anatase
matrix [19].
In all following experiments, TiO2 ″700 °C″ was used
as the photocatalyst since this material exhibited the highest overall activity for the degradation of the model compound under investigation.

3.1. Comparison of different photocatalysts

3.2. Kinetics of 4-nitrophenol disappearance

Titania has turned out to be the semiconductor with
the highest photocatalytic activity, stable in aqueous solution, and relatively inexpensive too. Several reviews have
been made regarding the mechanistic and kinetic question
as well as the influence of experimental parameters. It has
been demonstrated that the degradation by photocatalysis
can be more efficient than other wet-oxidation techniques
[11, 20]. The aim of the present study was to determine
the best photocatalyst among different TiO2 materials, and
find further means to accelerate the efficiency of the photocatalytic process. The degradation of 4-nitrophenol was
tested with 4 different photocatalysts, namely, TiO2 ″700
°C″, TiO2 ″Degussa P-25″, TiO2 ″Millennium PC-500″
and TiO2 ″Hombikat UV-100″. Fig. 2 shows the degradation rates obtained for the decomposition of 4-nitrophenol
in the presence of different photocatalysts. It was observed that the degradation of the compound proceeds

The elimination of 4-nitrophenol was studied at three
different experimental conditions: (i) under UV illumination in absence of TiO2 (photolysis), (ii) in the dark with
TiO2, and (iii) under UV illumination in presence of TiO2
(photocatalysis). In Fig. 3, the normalized concentration
of 4-nitrophenol is plotted as a function of reaction time.
There was no observable loss of 4-nitrophenol when the
irradiation was carried out in the absence of TiO2. In nonirradiated suspensions, there was a slight loss (ca. 10%)
due to adsorption onto TiO 2 particles. However, in the
presence of TiO2, a rapid degradation of 4-nitrophenol
occurred by irradiation. The 4-nitrophenol concentration
was completely removed after 150 min. Therefore, it can
be concluded that 4-nitrophenol degradation in photocatalysis proceeded by the oxidation of 4-nitrophenol by
hydroxyl radical. This indicates that the system is working in a pure photocatalytic regime.
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FIGURE 2 - Comparison of degradation rate for the decomposition of 4-nitrophenol (Co = 5 .10-4 mol/L) in the presence of different photocatalysts. Experimental conditions: TiO2 ″700 °C″ (1 g/L), TiO2 ″Degussa P-25″ (1 g/L), TiO2 ″Millennium PC-500″ (1 g/L) and TiO2
″Hombikat UV-100″ (1 g/L), continuous O2 purging and stirring, irradiation time 60 min.
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FIGURE 3 - 4-Nitrophenol degradation under the control conditions (photolysis and TiO2 ″700 °C″ only) and photocatalytic conditions.
Experimental conditions: 4-nitrophenol (Co = 5 .10-4 mol/L), TiO2 ″700 °C″ = 0 g/L in photolysis and 1 g/L in photocatalysis, continuous O2
purging and stirring.
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FIGURE 4 - Influence of catalyst concentration on the degradation rate for the decomposition of 4-nitrophenol (Co = 5 .10-4 mol/L). Experimental conditions: Photocatalyst TiO2 ″700 °C″ (0 g/L – 2 g/L), continuous O2 purging and stirring, irradiation time 60 min.

3.3. Effect of TiO2 concentration

In photocatalytic processes, the amount of photocatalyst is an important parameter that can affect the degradation rate of organic compounds. The optimal catalyst concentrations reported for TiO2 range from 0.1 to 5 g/L,
depending on the nature of compounds and the photoreactor geometry [21]. To optimize the TiO2 suspension concentration, the effect of photocatalyst dosages on the
degradation of 4-nitrophenol in aqueous solution was
studied. Fig. 4 shows a plot of the initial reaction rate (ro)
of 4-nitrophenol, which is the 4-nitrophenol concentration
decay observed at the end of 60 min of illumination, as a
function of the catalyst concentration. It is observed that
the initial degradation rate increases proportionally to TiO2
concentration until it reaches a plateau, indicating a progressive saturation of the photonic absorption by the catalyst for a given incident radiation flux. Above 1 g/L of
TiO2, the initial rate of 4-nitrophenol oxidation is not affected further by a progressive increase in TiO2 concentration. This phenomenon may be due to the aggregation of
TiO2 particles at high concentrations, causing a decrease
in the number of surface active sites. Several authors [22,
23] have related this phenomenon also to the increased
light scattering and consequent reduction in light penetration through the solution (masking of light by the suspended excessive catalyst particles). Therefore, 1 g/L of
TiO2 was selected as the optimal amount of photocatalyst
for the sequential experiment.

vestigated over the concentration range of 2.10 -4 mol/L
to 10.10-4 mol/L of 4-nitrophenol, and the experimental
results are presented in Fig. 5. Fig. 5(a) shows that the
degradation rate decreases as the initial 4-nitrophenol
concentration increases. Furthermore, all the concentration profiles could be correlated by the following exponential function with good agreement:
(4)
C = Co . exp(−kt )
where, Co is the initial reactant concentration (mol/L)
and t the illumination time (min). Based on Eq. (4), the
straight-line relationship of ln(C/Co) versus irradiation
time was observed, as indicated in Fig. 5(b). The apparent
rate constant k (min -1) in the above equation decreased
with increasing initial concentration of 4-nitrophenol
when other parameters are kept unchanged. Therefore, the
degradation rate was a pseudo-first-order one, with respect to the concentration within the experimental range.
Numerous investigations have demonstrated that the
heterogeneous photocatalysis of organic substrates could
be described by the Langmuir-Hinshelwood kinetics [2225]. The kinetic model assumes that the surface coverage
of substrate which, in relation to the concentration in the
bulk solution, affects the rate of degradation. Applying
the Langmuir-Hinshelwood model for photocatalytic
degradation of 4-nitrophenol, the rate equation can be
expressed as follows:

3.4. Effect of substrate concentration

As the effect of pollutant concentration is of importance in any process of water treatment, it is necessary
to investigate its dependence. The effect of initial concentration on the photocatalytic degradation rate was in-

ro =

kKCo
1 + KCo

(5)

where, ro is the initial degradation rate of 4-nitrophenol (mol L-1.min-1), k is the observed degradation rate
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FIGURE 5 - Effect of initial 4-nitrophenol concentration on the removal efficiency: (a) the percent removal of 4-nitrophenol at the different
initial 4-nitrophenol concentrations, and (b) the plot of ln(C/Co) versus irradiation time. Experimental conditions: Photocatalyst TiO2 ″700 °C″
(l g/L), continuous O2 purging and stirring.
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constant relating to TiO2-catalysed primary oxidation
events on a surface monolayer (mol/L-1.min-1), and K is a
pseudo-equilibrium constant related to the monolayer
adsorption (L/mol). With respect to rearrangement Eq. (5),
it can be observed that linear relationship exists between
the reciprocal initial rate and the reciprocal initial substrate concentration:
1 1
1
= +
ro k kKCo

(6)

In Fig. 6, it is shown that the initial degradation rate
(ro) increases at the beginning of the run, when the concentration of 4-nitrophenol is increased until it attains a
plateau, at around 5.10-4 mol/L. This behavior indicates
saturation-type Langmuir kinetics. This is confirmed by
the linear plots of 1/ro versus 1/Co (Fig. 7) with an intercept on the ordinate, in agreement with Eqs. (5) and (6).
The calculated values of K and k were 1.14.104 L/mol and
0.09.10-4 mol/L-1.min-1, respectively. Such a Langmuirtype relationship between the initial degradation rate and
the concentration has been also reported by other authors
[26, 27]. This type of reaction kinetics suggests that the
adsorption plays an important role in heterogeneous photocatalysis.
3.5. Effect of pH

Real effluents can be treated at different pH values
which is an important operational variable in wastewater
treatment. The pH value is an important parameter in photodegradation that takes place on the surface of photocatalyst. The point of zero charge (pzc) for TiO2 is at pH values
between 5.6 and 6.4 [28]. Hence, at more acidic pH values, the catalyst surface is positively charged, while at pH
values above 5.6, it is negatively charged.

TiOH + H+
TiOH + OH

TiOH2+
−

−

TiO + H2O

pH < pHpzc

(7)

pH > pHpzc

(8)

Therefore, pH value will have significant effect on
the adsorption-desorption properties at the catalyst’s surface. The pH changes can thus influence the adsorption of
pollutant molecules onto the TiO2 surface, an important
step for the photooxidation to occur.
In the photocatalytic systems, pH value is also one of
the factors influencing the rate of degradation. The effect
of pH on the degradation of 4-nitrophenol is shown in
Fig. 8. The pH was adjusted to a given value in the range
2-10 by addition of HCl (1N) or NaOH (1N). The results
indicate that pH value has a significant effect, and at both
low and high pH values photodegradation rates are quite
slow. The best pH value for the degradation is near the pzc
point of TiO2. This probably explains that the effect of pH
on degradation rate is due to its effect on TiO2 particle
itself. This includes the charge separation on the particles.
3.6. Effect of the addition of an oxidant

The addition of an oxidant into a semiconductor suspension has been proven to enhance the photodegradation
rate of a variety of organic pollutants [29, 30]. In our study,
the addition of hydrogen peroxide (H2O2) was evaluated.
In order to examine the role of hydrogen peroxide,
experiments of photocatalytic 4-nitrophenol degradation
employing different initial concentrations of the oxidant
were conducted. In Fig. 9, the initial rates of reaction versus the concentration of the oxidant are presented. It is
obvious that, up to 6.10-4 mol/L, hydrogen peroxide increases the photodegradation rate by approximately a factor
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FIGURE 8 - Influence of pH on the degradation rate for the decomposition of 4-nitrophenol (Co = 5 .10-4 mol/L). Experimental conditions:
Photocatalyst TiO2 ″700 °C″ = 1 g/L, continuous O2 purging and stirring, irradiation time 60 min.
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FIGURE 9 - Effect of H2O2 on the photocatalytic degradation rate of 4-nitrophenol (Co = 5 .10-4 mol/L) in the presence of photocatalyst TiO2
″700 °C″ (l g/L).

1
Na2SO4
NaCl
Without anions
CH3COONa

0,8

C/C o

0,6
0,4
0,2
0
0

50

100
Irradiation time (min)

1986

150

© by PSP Volume 21 – No 7a. 2012

Fresenius Environmental Bulletin

FIGURE 10 - Effect of anions on the kinetic degradation of 4-nitrophenol (Co = 5 .10-4 mol/L). Experimental conditions: Photocatalyst TiO2
″700 °C″ = 1 g/L, continuous O2 purging and stirring.

h + + H 2O

of 2. This is because hydrogen peroxide can act as an electron acceptor and, consequently, it can promote the charge
separation. Moreover, it can produce OH° radicals according to the following equations:
H 2O 2 + e -

OH- + OH°

H 2O 2 + O 2

OH- + OH° + O2

In the real effluents, the nitrophenols are present with
many organic and inorganic species that can affect photocatalytic degradation. In this study, the effect of Cl-, SO42and CH3COO- in the order of 10-3 mol/L was investigated.
As shown in Fig. 10, the presence of Cl- and SO42- anions
leads to an increase of the effectiveness of the photocatalytic degradation. However, the presence of CH3COOanions decreases differently the photocatalytic efficiency.
The effect of Cl- on the oxidation process can be explained by the result of the reaction of photo-produced
OH° with Cl- [33].
OH° + Cl−
Cl° + OH(11)
The Cl° radicals are in principle also capable of oxidizing pollutants and to participate in process of degradation. However, the generation of Cl° radicals leads also to
the formation of chlorinated organic compounds [32],
which are known as very harmful substances.
The SO42- ions are adsorbed in the surface of TiO2 and,
consequently, react with photo-induced holes (h+) [34].
h+ + SO42SO4°(12)
°The sulphate radical anion (SO4 ) formed is a strong
oxidant (E0 = 2.6 eV) [33], and engages in the three possible modes of reactions with organic compounds: (i) by
abstracting a hydrogen atom from saturated carbon, (ii) by
addition to unsaturated or aromatic carbon, and (iii) by
removing one electron from the carboxylate anion and
from certain neutral molecules.
The reduction of the photocatalytic degradation in
presence of CH3COO-, can be explained by the “photoKolbe” reaction [35] Eq. (13), which inhibits the formation of OH° radicals via Eqs. (14) and (15), on the
surface of the photocatalyst.

-

+ H+

OH°

(14)
(15)

4. CONCLUSIONS

(10)

3.7. Effect of ionic salts

CH3° + CO2

h + OH

(9)

Increasing further the concentration of peroxide, no
significant change in the reaction rate is observed. On the
contrary, a slight decrease is taking place because, at high
concentrations, hydrogen peroxide may act as a hole or
OH° scavenger. Therefore, an optimal concentration must
be designated in order to achieve the best results. According to previous authors, this concentration depends on the
H2O2/contaminant molar ratio [29, 31, 32].

CH3COO- + h+

+

OH°

The results of this study show that:
TiO2 can efficiently catalyze the decomposition of 4nitrophenol in a dynamic photoreactor with system light
and oxygen.
Photocatalyst TiO2 ″700 °C″ was found to be more efficient as compared with other commercial TiO2 powders.
Photooxidation of 4-nitrophenol in aqueous TiO 2
″700 °C″ suspensions follows a pseudo-first-order kinetics. The apparent rate constant depends on the initial 4nitrophenol concentration.
Parameters, such as concentration of the catalyst and
pH, play an important role affecting the reaction rate.
With addition of oxidant (H2O2) into illuminated TiO2
suspension, a synergistic effect was observed that leads to
an enhancement and improvement of the efficiency of the
process.
Presence of Cl- and SO42- anions leads to an increase
of the effectiveness of the photocatalytic degradation. However; the presence of CH3COO- anions decreases the photocatalytic efficiency.
Samples derived from TiCl4 exhibit the best results
and the technique presented herein seems to be an economical and fast way for the preparation of a highly active photocatalyst.
The observations of these investigations clearly
demonstrate the importance of choosing the optimum
degradation parameters to obtain high degradation rates,
which is essential for any practical application of photocatalytic oxidation processes.

(13)
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ABSTRACT
The presence of heavy metals in wastewater and surface water is of major concern for public health and the
environment. Increasing uses of metals and chemicals in
the industrial process has resulted in pollution of rivers.
Arsenic (AsIII) is one of the toxic metals found in the
environment. In this study, the potential use of clay soil in
the remediation of polluted heavy metal water to remove
arsenic ions is presented. Adsorption of As(III) from solution phases was studied with respect to varying metal concentrations, pH values, temperatures and agitation times
on clay soil. Maximum adsorption of As(III) was observed
at pH 5.0 and 25 °C. An enhanced metal adsorption on 1.5 g
clay soil with an agitation time of 60 min for As (III) was
recorded. Maximum adsorption of As (III) 47.66 mg g−1
was obtained from initially 50 mg/50 ml at optimal conditions. Arsenic concentrations in the samples were determined by spectrophotometric method using rhodamine.
Langmuir and Freundlich isotherms were used to describe
the adsorption behavior of As (III) ions by clay soil. The
experimental investigation results show that activated clay
soil has a high level of adsorption capacity for arsenic ions.
Consequently, it is concluded that the clay soil can be successfully used for the removal of arsenic ions from aqueous solutions with heavy metals.

KEYWORDS: Wastewater clay soil, aqueous solution, arsenic
removal, adsorption isotherms.

1. INTRODUCTION
It is known that widespread contamination of aqueous
environment by heavy metals is a worldwide problem due
to their toxic effects and accumulation in drinking water
[1, 2]. Arsenic-contaminated drinking water is accepted to
be the most important problematic issue around the world
[3-5]. Arsenic is one of toxic heavy metals which are com* Corresponding author

mon pollutants of the environment [6-8]. With increasing
mining activities and re-occurring drought conditions, the
problem of arsenic contamination in surface/ground water
may become more serious [9, 10].

compounds are well-known carcinogens to humans. Several types of cellular damage were identified that may contribute to their carcinogenic potentials, such as the induction of oxidative DNA damage and epigenetic alterations,
such as gene silencing by changes in DNA methylation
patterns, as shown in particulate arsenic compounds [9, 10].
Higher concentration of arsenic in ingested water may
cause cancer in stomach, intestine, lung, kidney, and damage nervous system and constitute nausea, vomiting, diarrhea, pulmonary fibrosis, renal edema, skin dermatitis,
and allergic sensitization [17, 18].
A number of methods are available for the removal of
metal ions from aqueous solutions. These are ion exchange, solvent extraction, reverse osmosis, electro dialysis, precipitation, flocculation and membrane separation
processes [19, 20]. However, these techniques have certain
disadvantages, such as high capital and operational costs, or
the treatment and disposal of the residual metal sludge.
When compared with other methods, adsorption appears to
be an attractive process due to its efficiency and easy application in the treatment of heavy metal containing
wastewater. In recent years, a number of adsorptive materials have been used for heavy metal removal from
wastewaters [19-31].
A survey of recent patents for water and wastewater
treatments showed that a significant amount of patents
related to sorption technologies still includes only carbon
based materials [32, 33] which are relatively expensive,
act in a non-selective manner, and exhibit unsatisfactory
efficiency in the removal of inorganic contaminants. Although the adsorption technique is versatile and easy to
adopt in practical forms, the adsorbent materials are either
expensive or cannot be regenerated for large-scale applications. On the other hand, research of the recent past
mainly focused on utilizing low-cost waste materials as
alternatives for activated carbon in large-scale wastewater
treatment [34, 35]. For that reason, there is an increasing
trend in searching for new heavy metal sorbents among
commercially available materials. In recent years, special
attention has been given to the use of natural adsorbents
as alternative to replace conventional ones, for environmental and economical advantages. Natural materials that
are available in large quantities, or certain waste products
from industrial or agricultural operations, are inexpensive.
When these materials are over their lifetime, they can be
disposed off without expensive regeneration [36-38].

Arsenic and its compounds are present in waters from
the metallurgical industries, glassware, and ceramic production, tannery operation, dyestuff, pesticide manufacture,
some organic and inorganic chemical manufacturing, petroleum refining, and rare earth industries [11-13].

Geological soil materials are generally used as adsorbents for the removal of heavy metals from wastewater.
Materials similar to the chosen clay soil are easily available, and thus a possible option for the purpose of ameliorating metal pollution situations in wastewater. One of the
most promising sorbents is thought to be Erzurum clay soil.

High levels of arsenic in the drinking water cause
many human health problems [14]. In the blood circulation,
arsenic is transported through albumin and then distributed
to the kidney, lung, heart, brain and further to other tissues
[15, 16]. It has a special place among heavy metals, and its

Erzurum clay soil was supplied from the clay deposits
of Horasan Formation from Pasinler Basin. Clay soil materials deposited in lacustrine environment outcrop around
Delicermik, Koprukoy (Erzurum), and consist of fine
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grained sedimentary materials, such as sandstone, claystone
and marl. Fine-grained sandstone, claystone and marl with
yellow color get involved in the upper side of this formation. These levels also consist of some fossils, such as
Dreissensia sp., Gastropoda sp. and Congeria sp. Smectite clay minerals are abundant in clay deposits besides
minerals, such as quartz, calcite and feldspar. This clayey
soil is over-consolidated and it has clayey-rock characteristics in natural conditions. It is defined as a high plasticity soil according to the Unified Soil Classification System.	
  	
  
In the current research, we studied the adsorption capacities of the clay soil for the removal of arsenic ions from
wastewater. We wanted to determine if this material can be
cost-effective and an alternative adsorbent that could replace the expensive resins now used for wastewater treatment. Arsenic ions were absorbed by clay soil from polluted river water and AsCl3 solutions, and the results of
adsorption behavior of arsenic in clay soil were demonstrated.

until it was neutral. The suspension was wet-sieved through
a 200-mesh screen. A little amount of the suspension remained on the sieve and was discarded. The solid fraction
was washed five times with distilled water following the
sequence of mixing, settling, and decanting. The last
suspension was filtered, and the residual solid was then
dried at 105 ºC, ground in a mortar, and sieved through a
200-mesh sieve.
2.3. Analysis methods

For studying metal adsorption, 1.5 g of clay soil was
taken as adsorbent and was then suspended in 50 ml of
1 mg/ml AsCl3, at pH values between 2-9, and contacted

2. MATERIALS AND METHODS
2.1. Adsorbent characterization

Chemical and mineralogical compositions of clayey
material samples were determined by X-ray powder diffraction (XRD) using a Philips PW 1010/80 diffractometer
with graphite-filtered CuKα radiation. Furthermore, pH
values were determined with a pH-meter (Orion 3-Star Plus
Thermo Scientific). Scanning electron microscopy (SEM)
was used to examine the surface of the adsorbent. Images
of native and metal-loaded adsorbent were magnified
5000 times (JEOL JSM-6400 SEM). Before SEM examinations, the sample surfaces were coated with a thin layer
(20 nm) of gold to obtain a conductive surface and to avoid
electrostatic charging during examination. In addition, FTIR
analyses were carried out to identify functional groups
and molecular structure in clay soil and arsenic-loaded
clay soil. FTIR spectra were recorded with a PerkinElmer GX2000 FTIR spectrometer, and spectrum of the
adsorbent was measured within the range of 4000-700 cm-1
wave number.
2.2. Erzurum clay soil

Clay soil was supplied from the clay deposits of
Horasan Formation from Pasinler Basin. This basin is situated at approximately 50 km east of Erzurum, Turkey. Its
major clay mineral is smectite, while its non-clay minerals are quartz, calcite and feldspar. Chemical composition
of Erzurum clay soil is as follows: Fe2O3, CaCO3, CaO,
MgO, SiO2 and SO3. This soil is defined as clay of high
plastic according to the Unified Soil Classification System [25, 26]. XRD pattern of Erzurum clay soil is given
in Fig. 1. Its chemical composition and engineering properties are summarized in Tables 1 and 2, respectively. Erzurum clay soil was thoroughly washed with distilled water

FIGURE 1 - XRD pattern for clay sample used in this study.
TABLE 1 - Chemical compositions of clay soil used in the study.
Property
Compound
Al2O3, %
Fe2O3, %
CaO3, %
CaO, %
MgO, %
SiO2, %
SO3, %
Heat loss, %

Clay soil
10.32
6.89
2.75
13.65
2.54
48.71
0.07
15.5

TABLE 2 - Engineering properties of clay soil used in this study.
Property
Density
Density, (Mg/m3)
Grain size
Sand (2000-75 µm), %
Silt (2-75 µm), %
Clay (<2 µm), %
Atterberg limits
Liquid limit, %
Plastic limit, %
Plasticity index, %
Adsorption
Water absorption, ml/100 g
Specific surface area
Specific surface area, m2/g

Clay soil
2.57
26.5
8.2
65.3
84.4
35.5
48.9
34.28
36.2

batch-wise in a thermostat-controlled (25±0.1 °C) waterbath agitator for 1 h to enable equilibration of the sorbent
and solution phases. At each pH, it was maintained for
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1 h. The suspension was centrifuged at 3000 rpm for 10 min,
and the supernatant was filtered through a 0.45-µm cellulosic membrane filter to ensure the measurement of the
heavy metal concentration in the filtrate. After centrifuging, the amount of decreasing arsenic at the top level of
liquid solution was measured. The arsenic ion concentration was determined by spectrophotometric method using
rhodamine [19]. The amount of arsenic ions adsorbed was
calculated as follows:
(1)
where, qe (mg/g) is the amount of adsorbed arsenic ions,
C0 (mg/L) is the initial concentration of arsenic, Ce (mg/L) is
the concentration of arsenic at equilibrium, V (L) is the
volume of solution, and m (g) is the weight of clay soil
adsorbent.
The zeta potential measurements of solid particles in
clay/water suspensions were carried out using the ZetaMeter System 3.0+. The correction for temperature differences of the values of zeta potentials was performed using
the following equation:
(2)
where, ξd, CT, and ξo represent the corrected zeta potential value, the correction factor related to temperature,
and the measured zeta potential value, respectively. In
addition, prior to each measurement, the zeta-meter was
calibrated using a Min-U-Sil standard solution. Min-U-Sil
is natural air-floated silica produced by crushing sandstone with an average diameter of about 1.1 µm. A suspension of 100 mg/L of Min-U-Sil in a 100 mg/L sodium
chloride solution is easy to prepare and gives reasonably
consistent results. This suspension was allowed to stand
for 1 h to reach equilibrium before use. The average zeta
potential of the Min-U-Sil standard solution had a range
of -50 and -42 mV with a standard deviation of 4-6 mV.
2.4. Equilibrium studies

Equilibrium data, commonly known as adsorption isotherms, are basic requirements for the design of an adsorption system. In an adsorption isotherm study, several
equilibrium models have been developed to describe adsorption isotherm relationships. The Langmuir and Freundlich equations are the world-widely used models because of
their simplicity [36-39]. Langmuir adsorption isotherm is
often used to describe the maximum adsorption capacity
of an adsorbent and it is given as follows:

(4)
where, Ce (mg/L) is the equilibrium concentration of
adsorbate in solution, qe (mg/g) is the adsorption amount
of adsorbent at equilibrium, qm (mg/g) is the maximum
adsorption amount of metal ions, and KL (L/mg) is the
equilibrium adsorption constant which is related to the
affinity of the binding sites. The Freundlich isotherm is
based on the assumption that adsorption is on a heterogeneous surface and exponential distribution of sites and
their energies [39]; this can be expressed by the following
equation:
(5)
where, qm (mg/g) is the maximum adsorption amount
of metal ions, Ce (mg/L) is the equilibrium concentration
of adsorbate in solution. KF (mg/g) and n are the Freundlich constants related to the sorption capacity of the
adsorbent and the energy of adsorption, respectively.
They can be calculated in the following linear form:
(6)
where, qe (mg/g) is the adsorption amount of adsorbent
at equilibrium, Ce (mg/L) is the equilibrium concentration
of adsorbate in solution, KF (mg/g) and n are the Freundlich
constants related to the sorption capacity of the adsorbent
and the energy of adsorption. The Langmuir and Freundlich isotherms were obtained from the experiments.
3. RESULTS AND DISCUSSION
3.1. Effect of contact time

Figure 2 shows the effect of contact time in adsorption process. It can be observed that the removal of arsenic increases within the first 60 min. Basically, removal
of arsenic is rapid at this time but gradually decreases
with time until it reaches equilibrium. This indicates that
the concentration of arsenic in the solution decreased rapidly within 45 min, and the removal was virtually completed within 60 and 120 min. From Fig. 2, the plot reveals
that the amount of arsenic removal is higher at the beginning. This is probably due to larger surface area of the
Erzurum clay soil available at beginning of the adsorption
of arsenic ions. As the surface adsorption sites become
exhausted, the uptake rate is controlled by the rate at
which the adsorbate is transported from the exterior to the
interior parts of adsorbent particles [40].

(3)
where, qe (mg/g) is the adsorption amount of adsorbent at equilibrium, qm (mg/g) is the maximum adsorption
amount of metal ions, Ce (mg/L) is the equilibrium concentration of adsorbate in solution, and KL (L/mg) is the
equilibrium adsorption constant which is related to the
affinity of the binding sites. The Langmuir constants KL
and qm are calculated with the following equation:
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FIGURE 2 - Removal of arsenic as a function of equilibrium time
(pH 5.0, initial arsenic concentration 1 mg/ml, clay soil dose 1.5 g/
50 ml, agitation speed 500 rpm and temperature 25±1 oC).

The rapid removal of the adsorbate has significant
practical importance as it facilitates smaller reactor volumes ensuring efficiency and economy [41].

surfaces of these oxides developed charge on the surface
of water. It can be due to the interaction between arsenic
ions and metal oxide. Removing arsenic pollutants from
aqueous solution by adsorption is highly dependent on pH
of the media which affects the surface charge of the solid
particles, degree of ionization and speciation of adsorbate
[42].
The results of the zeta potential with Erzurum clay
soil in the absence and presence of arsenic (III) at different concentrations are shown in Fig. 4. The zeta potential
profile of hematite shifted to more acidic pH levels in the
presence of arsenic (III). The IEP of Erzurum clay soil
was around pH 5.75. With arsenic adsorption, the IEP decreased to pH 5.25 at 0.625 ppm of arsenic (III). As with
Erzurum clay soil, the decrease in the surface charge was
not equally distributed. The decrease of the Erzurum clay
soil of the surface charge at a given pH due to arsenic adsorption was less significant at high pH values, and zeta
potential values were similar at pH 10.0.

3.2. Effect of pH

The pH of the solution is an important factor in the
adsorption process in terms of affecting the surface charge
of the adsorbent, degree of ionization and specification of
adsorbate [35]. In order to establish the effect of pH on
the adsorption of arsenic ions, the batch equilibrium studies at different pH values were carried out in the range of
3-9. The effect of initial pH on the adsorption process is
presented in Fig. 3. It is shown that the absorption amount
of arsenic increased with increasing pH and maximum
adsorption of arsenic ions was obtained at pH 5, the initial
pH of the solution. This is due to the surface complexation reactions, which are mostly influenced by the electrostatic force of attraction between arsenic and the surface
of the adsorbent. The acidity of the medium can affect the
metal ions' uptake amount of the Erzurum clay soil adsorbent because hydrogen ions in the solution can compete
with arsenic on the adsorbents` surface [42].

	
  
FIGURE 4 - The variations of zeta potential values with pH of
natural Erzurum clay soil and modified Erzurum clay soil with As
(III) at 25 oC.
3.3. Effect of temperature

The temperature had a significant effect on adsorption capacity of the adsorbent. The effect of temperature
influencing the adsorption was studied in the range of 2080 °C. The effect of temperature on the adsorption capacity of Erzurum clay soil is shown in Fig. 5. It was observed that the degree of adsorption increased ith increasing temperature and maximum adsorption of arsenic ions
was obtained at 25 °C (temperature of the solution). An
increase in temperature involves an increased mobility of
the metal ions but a decrease in retarding forces acting on
the diffusing ions, thus causing enhancement in the sorptive capacity of the adsorbent [43]. The temperature dependence of the adsorption process is associated with
changes in several thermodynamic parameters [44].

	
  
FIGURE 3 - Effect of arsenic as a function of pH (initial arsenic
concentration 1 mg/ml, clay soil dose 1.5 mg/50 ml, agitation speed
500 rpm and temperature 25±1 oC).

Erzurum clay soil is a metal oxide adsorbent containing different metal oxides in the structure. Hydroxylated
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that Erzurum clay soil enhanced the adsorption capacity.
Without addition of Erzurum clay soil, the leachate arsenic concentration was approximately 2.165 and 15 mg/50
ml for polluted river water and AsCl3 solutions, respectively. The addition of Erzurum clay soil strongly inhibited the leaching of arsenic in both solutions. When the
Erzurum clay soil was added to the aqueous solutions
contaminated with arsenic, the concentration of arsenic in
the leachate was drastically reduced, and decreased from
2.165 to 0.245 and from 15 to 7.25 for polluted river
water and AsCl3 solutions, respectively. In each sample of
Erzurum clay soil-treated aqueous solutions, it was observed that arsenic concentrations were decreased as
shown in Fig. 7.
FIGURE 5 - Effect of arsenic as a function of temperature (pH 5.0,
initial arsenic concentration 1 mg/ml, clay soil dose 1.5 g/50 ml,
agitation speed 500 rpm, contact time 60 min).
3.4. Effect of adsorbent dosage

Adsorbent dosage is an important parameter as it determines the capacity of an adsorbent for a given initial
concentration of the adsorbate. Effect of adsorbent was
studied on arsenic removal and the results are illustrated in
Fig. 6. When the adsorbent dosage was higher, there was a
very fast adsorption onto the adsorbent surface resulting in
a lower adsorbate concentration in the solution. However,
the adsorption sites on the adsorbent surface remained unsaturated when the adsorbate concentration in the solution
FIGURE 7 - Variation of arsenic concentrations before and after
Erzurum clay soil-treatment of river water and AsCl3 solutions.

The increase in adsorption capacity when Erzurum
clay soil was added to aqueous solutions was attributed to
the pH values and active components of the soil. Samples of
polluted river water treated with Erzurum clay soil reached
their minimum values in arsenic concentration. Because
of its fine particles and large surface area, the arsenic ions
might be absorbed by Erzurum clay soil.
3.5. FTIR characterization

FIGURE 6 - Effect of clay soil dosage on adsorption of arsenic (pH
5.0, initial arsenic concentration 1 mg/ml, agitation speed 500 rpm,
contact time 60 min).

dropped to a lower value. Thus, the amount of arsenic adsorbed onto per unit weight of adsorbent was reduced
with increasing adsorbent dosage [45].
Polluted river water solution was also treated using
activated Erzurum clay soil solution containing an adsorbent dosage of 1.5 g/50 ml. Arsenic concentration in the
aqueous solution taken from samples of polluted river
water solution treated with Erzurum clay soil indicated

The FT-IR can provide very useful information about
functional groups. The technique can be used to analyze
organic materials besides some inorganic materials. FTIR technique is used to measure the absorption of various
infrared radiations by the target material, and produces an
IR spectrum that can be used to identify functional groups
and molecular structure in a sample. Functional groups
and surface properties of the adsorbent after adsorption by
FT-IR spectra are illustrated in Figs. 8A and 8B. In the IR
studies of clay, Si–O stretching vibrations were observed
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FIGURE 8 - FT-IR spectrum of (A) natural clay soil and (B) clay soil treated with arsenic (III).

at 797 cm–1, 778 cm–1, 712 cm–1, and 694 cm–1 showing
the presence of quartz [46, 47]. The appearance of ν (Si–
O–Si) and δ (Si–O) bands also support the presence of
quartz [46, 47], and strong bands at 3618 cm–1, 3382 cm–1
indicate the possibility of hydroxyl linkage. However, a
broad band at 3382 cm–1 and a band at 1633 cm–1 in the
spectrum of clay indicate the possibility of water of hydration in the adsorbent. The inter-layer hydrogen bonding in clay is assigned by a characteristic band at 3618
cm–1. Most of the bands, such as 3618 cm–1, 3177 cm–1,
1633 cm-1 1452 cm–1, 992 cm–1, 866 cm–1, 797 cm–1, and
712 cm–1 show the presence of kaolinite and illite, where-

as 3618 cm–1, 1634 cm–1 and 1079 cm–1 are indicative of
gypsum, and 694 cm–1 shows possible presence of calcite
[47-49]. The corresponding values are given in Table 3. It
is shown that there is no significant change in the functional biomass groups of clay soil after adsorption of
arsenic ions on the soil when arsenic ions were treated
with clay soil. It was concluded that arsenic ions did not
damage functional groups on adsorbent.
3.6. SEM study

To find out the above-mentioned reasons and evaluate the active sites on Erzurum clay soil, we observed the
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TABLE 3 - Important IR bands of Erzurum clay soil and Erzurum
clay soil treated with arsenic, and along with their possible assignments.
Band (cm-1)

Assignments

3618
3382
1796
1633
1451
1079
995
866
797
778
712

Al---O–H (inter-octahedral)
H–O–H str.
H–O–H str.
Si–O–Si, Si–O str.
Si–O–Si, Si–O str.
Al---O–H Str.
Al---O–H Str.
Al---O–H Str.
Si–O str., Si–O–Al str.
Si–O str., Si–O–Al str.
Si–O str., Si–O–Al str.
(Al, Mg)---O–H. Si–O– (Mg, Al) str.
Si–O str., Si–O–Al str.

694

according to the size of Erzurum clay soil (Fig 9A). The
above observations suggest that the cavities on the Erzurum clay soil surface are active where As (III) is attracted
to adsorb (Fig 9B). Thus, the equilibrium amount adsorbed increases with increase in particle size of Erzurum
clay soil.
3.7. Adsorption isotherms models

surface morphologies of sizes of Erzurum clay soil sizes
using (SEM) images (Fig 9). There were some cavities on
the Erzurum clay soil surface, which became larger in size

The adsorption data obtained for equilibrium conditions were analyzed by using the linear forms of the
Freundlich and Langmuir isotherms. These isotherm
models are the simplest and most commonly used ones to
present the adsorption of components from a liquid phase
onto a solid phase. Graphical comparison of the experimental value with the calculated one from the Freundlich
and Langmuir isotherms for arsenic adsorption by Erzurum clay soil adsorbent are shown in Figs. 10 and 11. It is
obvious that the adsorption capacities calculated from the

A A

BB

FIGURE 9 - SEM analysis of As3+ adsorbed Erzurum clay soil surface (pH 5, temperature: 25±1 ◦C).

FIGURE 10 - The Langmuir isotherm plot for arsenic adsorption on
clay soil (clay soil dose 1.5 g/ 50 ml, pH 5, agitation speed 500 rpm,
and temperature 25±1 °C).

FIGURE 11 - The Freundlich isotherm plot for arsenic adsorption
on clay soil (clay soil dose 1.5 g/50 ml, pH 5, agitation speed 500 rpm
and temperature 25±1 °C).
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Langmuir isotherms are much closer to the experimental
values of adsorption capacity than that of Freundlich isotherms (Fig 12). The constants of Freundlich and Langmuir isotherms and correlation coefficients calculated from
the adsorption data are given in Table 4. High correlation
coefficients showed that both models are suitable for describing the adsorption equilibrium of arsenic ions. The
adsorption capacity of Erzurum clay soil for the uptake
rates of arsenic was 11.1 mg/g [45].

the correlation coefficient values, it has been deduced that
the Langmuir model fitted better to the experimental data.
The high correlation coefficient showed that both adsorption isotherm models are suitable for describing the adsorption equilibrium of arsenic ions. The investigation
showed that Erzurum clay soil is a very valuable material
for removing arsenic ions from aqueous solutions. Thus, it
could favor chemical immobilization and reduce the solubility in wastewater. In addition, usage of Erzurum clay
soil for removing arsenic ions from aqueous solutions has
the potential to reduce remediation costs.
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ABSTRACT
The use of metallic iron as environmental remediation medium was based on an incorrect interpretation of
experimental observations. Since then, faced with seemingly contradictory data, researchers have substantially revised their models but controversial reports are still current,
suggesting that a substantial revision is unavoidable. This
communication analyses redox processes in Fe0/H2O systems and demonstrates that the current paradigm even contradicts textbook knowledge on aqueous iron corrosion
that was available before the advent of the Fe0 technology. Accordingly, the use of metallic iron for environmental remediation should be regarded as a classical case
where scientists are entrenched in a false paradigm. An
immediate correction is recommended before a questionable ‘novelty’ is transferred into standard textbooks.
KEYWORDS: Chemical Reduction, Electrochemical Reaction,
Paradigm shift, Zerovalent iron.

1. INTRODUCTION
Controversy is a part of science but is rarely presented
in science textbooks [1-3]. In fact, textbooks mostly present
final results in form of established hypotheses and models
[4]. This approach has been criticized as learners (e.g.
undergraduates) do not access the true nature of science
[1-4]. Science is universal knowledge that is conventionally gained in a non-linear ‘step-by-step’ accumulation
process. As a matter of fact, new findings may emerge
from unexpected places, and lead to rapid progress in previously unexpected directions [4-6].
The use of metallic iron (Fe0) for environmental remediation should be regarded as a discovery from an ‘unexpected’ place [2,7]. In fact, according to textbook
knowledge available before the introduction of this technology,

* Corresponding author

Fe0 would never have been regarded as reducing agent in
water at pH > 4.5 and containing micro-amounts of pollutants (micro-pollutants) [8,9]. In other words, no working
(electro)chemist would have had the idea to use iron as
reducing agent under environmental conditions [10-15].
However, used as reducing agent, Fe0 has been proven
efficient for environmental remediation, wastewater treatment and safe drinking water provision [16-28]. Apart from
wastewater treatment, these are typical situations were
species of interest are present in trace amounts (micropollutants) [29,30]
Over the past two decades, an accumulation of data
disapproving the virtually universally accepted idea that
Fe0 is a reducing agent has been observed [6, 15, 31]. Although the still currently accepted paradigm was disproved
five years ago [32,33], it has been largely ignored by
working scientists and other practitioners of the Fe0 technology [34]. This situation suggests ethical issues may not
be obligatory in science as giving the state-of-the-art
knowledge on any relevant issue should remain a must for
any scientific paper [35]. It should be acknowledged that
the concept the Fe0 is the main reducing agent has never
been univocally accepted. Three examples for illustrations: (i) Lipczynska-Kochany et al. [10] questioned the
long-term efficient of reductive reaction at circumneutral
pH, (ii) Odziemkowski et al. [11] demonstrated the impossibility of quantitative reduction of n-nitrosodimethylamine
by Fe0 under laboratory conditions, and (iii) Farrell et al.
[12] demonstrated that under anoxic conditions Fe0 is
quantitatively oxidized by water (H+).
Disregarding any ethical issues, the present communication aims at demonstrating why Fe0/H2O systems are
good remediation system although Fe0 is not a reducing
agent. The discussion is based on an analysis of the Fe0/H2O
system under anoxic conditions (Tab. 1) using textbook
knowledge available before the introduction of the Fe0
remediation technology. The basic Fe0/H2O system is extended to the redox couple CuII/Cu0 and O2/OH- to expand
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the discussion to bimetallic systems and system operating
under oxic conditions. Results corroborates that Fe0 is not
likely to serve as a reducing agent.
0
2 THE NATURAL ANOXIC Fe /H2O SYSTEM
Natural Fe0/H2O systems are defined as Fe0 in natural
waters (6.5 ≤ pH ≤ 9.5). That is water immersed Fe0 at pH
values larger than 4.5. In this pH range, Fe0 corrosion is
dominated by ‘oxygen adsorption’ type meaning that the
oxidative agents must come in contact with Fe0 or a conductive scale at its surface [36-42]. Table 1 summarizes
some relevant equations for such a system. Basically, in
the absence of oxidizing agents including oxygen (strictly
anoxic conditions), there are three inherent redox couples
(FeII/Fe0, HI/H0 and FeIII/FeII) to be considered (Eq. 1, 2,
3, 5). The likely reactions on a pure thermodynamic perspective are given in Eq. 7 to 10.
Aqueous corrosion of Fe0 materials at pH > 4.5 is an
electrochemical process involving the anodic dissolution
of iron (Eq. 1) and the cathodic evolution of hydrogen
(Eq. 3) [8]. The overall reaction is given by Eq. 7. Eq. 7
alone shows that hydrogen evolution is driven by Fe0 oxidation through water. Accordingly, any attempt to rationalize contaminant reduction by Fe0 using hydrogen evolution is faulty. However, ideally, Eq. 7 is an equilibrium,
meaning that, according to Le Chatellier’s principle, if Fe2+
is consumed in a chemical reaction (e.g. O2 reduction –
Eq. 13), increased H2 evolution will be observed. This is
the fundamental link between ‘H2 evolution’ and ‘contaminant reduction’. Therefore, increased ‘H2 evolution’ in the
presence of any contaminant is an indicator for indirect
reduction by FeII. The possibility that the contaminant of
concern is rather reduced by H2 should not be excluded
[11]. In this case, recorded H2 evolution is a fraction of
total H2.

derive from three different sources: (i) Fe0 corrosion by
water (Eq. 7), (ii) Fe0(ads) oxidation by water (Eq. 8), and
the Shikorr reaction (iii) (Eq. 10). The Shikorr reaction is
known to occur at temperatures above 80 °C but could be
catalyzed by the presence of Fe0 [43]. On the other hand,
beside oxidation of Fe0 by water (Eq. 7), FeII could result
from Fe0 oxidation by aqueous FeIII (Eq. 9). These additional sources of reducing agents have been largely overseen as contaminant reduction has been mostly attributed
to Fe0 [28,44,45]. However, Data from Hydrometallurgy
and Synthetic Organic Chemistry have not yet univocally
proven the extent of direct reduction (electrons from Fe0)
in chemical reduction involving Fe0, even at elevated
temperatures [45-51]. For example, Gould [46] reported
on a reaction stoichiometry of 1.33 mol of dissolved iron
per mol of CrVI reduced. This high efficiency was attributed to generated H2 acting as a reducing agent for
CrVI. As discussed here, beside H2, FeII(ads) and FeII(aq) are
further sources of reducing agents for CrVI (E0 = 1.53 V).
Given the possibility that FeII is ‘recycled’ by generated
FeIII (Eq. 9), discussing the actual reaction stoichiometry
is a complex task which is over the scope of this communication. In the real world FeII-recycling by microbial
activity render the system more complex. Accordingly,
whether Fe0 contribute and to which extent to the process
of contaminant reduction under anoxic conditions is still
unclear. The situation is more complex under oxic conditions.
0

3 THE NATURAL OXIC Fe /H2O SYSTEM
Table 1 shows that all possible reactions under anoxic
conditions are possible under oxic conditions as well. In
fact, O2 is a more powerful oxidizing agent than water (H+

Another important feature from Tab. 1 (Eq. 7 to 10) is
the variety of FeII and H 2 sources. In particular H2 may

TABLE 1 - Standard electrode potentials of the Fe0/H2O system and some relevant related reactions. Apart from FeIII(ads)/FeII(ads) all electrode
potentials are arranged in increasing order of E0. The higher the E0 value, the stronger the reducing capacity of Fe0 for the oxidant of a
couple. The couples CuII/Cu0 (Eq. 4) and O0/O-II (Eq. 6) are considered to discuss the cases of bimetallic systems and reactions under oxic
conditions respectively.
Chemical reaction
Fe0(s)
Fe2+(ads)
H + + eCu0(s)
Fe2+(aq)
O 2 + 2 H 2 O + 4 e-

⇔
⇔
⇔
⇔
⇔
⇔

Fe0(s) + 2 H+
Fe2+(ads) + H+
Fe0(s) + 2 Fe3+(aq)
3 Fe(OH)2(s)
Cu0(s) + 2 Fe3+(aq)

⇒
⇒
⇒
⇒
⇒

Fe2+(aq) + 2 eFe3+(ads) + e½ H2(g)
Cu2+(aq) + 2 eFe3+(aq) + e4 OHReactions under anoxic conditions
Fe2+(aq) + H2(g)
Fe3+(ads) + ½ H2(g)
3 Fe2+(aq)
Fe3O4(s) + H2(g) + 2 H2O
Cu2+(aq) + 2 Fe2+(aq)
Reactions under oxic conditions

2001

E0
(V)
-0.44
-0.34/-0.65
0.00
0.34
0.77
0.81

Eq.
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
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Fe2+(aq) + 2 HO2 Fe3+(aq) + 2 HOCu2+(aq) + 2 HO-

⇒
⇒
⇒

or H2O). The kinetics of Fe0 oxidation by O2 is more
rapid. According to Cohen [52] the reaction is 65 times
more rapid than under anoxic conditions. However, oxidation with O2 is coupled with the formation of non conductive oxides (e.g. FeOOH, Fe2O3) that will impede any
electron transfer from Fe0 (direct reduction). On the other
hand, the rapid production of adsorptive species (e.g.
Fe(OH)2, FeOOH, Fe2O3) is the rationale for increased
contaminant removal under oxic conditions [53,54].
Under oxic conditions the surface of Fe0 is rapidly
covered with a multi-layered oxide scale through which
any species, including O2, must migrate to reach the Fe0
surface. It has been traceably demonstrated that, under
‘external’ oxic conditions, Fe0 is oxidized by water (Eq.
7) and dissolved O2 is reduced by FeII (Eq. 13) [41,42,55].
This suggests that, as long as the oxide scale is porous
enough to enable FeII diffusive transport from the Fe0
surface to sites within the oxide scale where dissolved
oxygen (and any other oxidizing species) can diffuse in the
opposite direction, chemical reduction could occur. Whether
this chemical reaction is quantitative or not depends on
several factors including the intrinsic reactivity of used
Fe0, the flux of oxidizing agents and the water chemistry
[32,33,40-42]. These aspects are not further discussed
here. It is sufficient to consider, that the observed electrochemical Fe0 oxidation is not necessarily coupled with
species reduction by electrons from Fe0 (direct reduction).
The last important feature from Tab. 1 is the presence
of the couple CuII/Cu0 which is considered a model alloying element for bimetallic systems. It is clearly seen that
water can not oxidize Cu0 (oxidative dissolution to Cu2+).
Accordingly Cu0 acts as galvanic cell and facilitated Fe0
oxidative dissolution [9,53,54]. This process accelerates all
other processes discussed above. Moreover, under anoxic
conditions, FeII recycling in sustained (Eq. 11). Under
oxic conditions, Cu0 dissolution is induced and resulted
Cu2+ may sustain Fe0 oxidation (cementation). All these
predictions are in tune with the observed increased efficiency of bimetallic systems. They also corroborate the
view that bimetallic systems sustain an indirect reaction
between Fe0 and dissolved species [53,54,57].
4 DISCUSSION
Experience in publishing concepts and results on remediation with Fe0 shows that authors are regularly referred to the grey literature [34,57]. In particular, ITRC
[34] is the fifth document published since 1999 by the
Interstate Technology & Regulatory Council (50 F Street,
NW, Suite 350, Washington, DC 20001) to investigate the
development of Fe0 permeable reactive barriers as an “emerging remediation technology". However, the fifth edition
failed to consider ground-breaking information available

(12)
(13)
(14)

in the international literature from 2007 on [32,33,54] and
intensively indexed in databases. Even though the content
of these ‘handbooks’ are from renowned scientists and
practitioners, it is important that these studies be published in peer-reviewed journals, for example in form of
“(Bi-)Annual reviews”. This approach will increase the
credibility of the contained information and constitute
something like an ‘authoritative basis’ to further shape the
design, and management of Fe0 treatment systems and
minimise any negative impacts.
It is important to notice that the Glossary of ref. [34]
defines Fe0 as “a strong reducing agent”. While this definition is correct on a pure thermodynamic perspective (E0
= -0.44 V), under natural situations, Fe0 is at best a producer of reducing agents (FeII, green rust, H2) which are
all instable species and are further transformed. Contaminants are certainly removed during this dynamic process
[15]. The extent of contaminant chemical reduction, however, is difficult to discuss. Moreover, even reduced species should be removed from the aqueous phase [6, 15,
58, 59]. Relevant contaminant removal mechanisms are
adsorption, co-precipitation, and adsorptive size-exclusion
[58, 59]. Adsorptive size-exclusion refers to the increased
straining capacity due to porosity loss. Porosity loss is
inherent to Fe0 filtration bed because iron corrosion is
expansive in nature. In fact, the volume of each corrosion
product (e.g. FeO, Fe3O4, Fe2O3, FeOOH, Fe(OH)3) is 2.1
to 6.4 times larger that the volume of a Fe atom [58].
Irrespective from the availability of handbooks, any
researcher starting in a new domain has to find his way in
a jungle information. A good path is to start with textbooks, then read review articles (e.g. from databases) and
then repeat some relevant experiments to test reproducibility before start own experiments. Testing repeatability
includes verifying the correctness of mathematical equations. If this ‘basic’ approach were generally used, a false
premise would not have survived for 20 years in an active
field of research with actually more than 1500 peerreviewed articles (Tab. 2).
TABLE 2 - Results of a web-search for “Zero-valent iron” and
“Noubactep” at four relevant publishers demonstrating the current
interest within academia for the Fe0 technology (search: 01 April
2012). The results for “Noubactep” was corrected to consider only
the publication directly dealing with ‘Fe0 remediation’.
Publisher
ACS publications
Elsevier Journals
Springer Journals
Wiley Journals
Total

ZVI
491
492
380
508
1871

Noubactep
19
190
40
24
273

Since 1994 research within the field of "Fe0 technology" has boomed. On April 1st 2012, a search at “ACS
publications”, “Science Direct” (Elsevier journals),

2002
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“Springer journals”, and “Wiley journals” using the
key word “zero-valent iron” suggested that up to 1871
peer-reviewed articles may have been published (Tab. 2).
This clearly demonstrates the interest within academia for
this technology. Accordingly, it is urgent that active research is done on a common basis.
The elevated proportion of scientists currently ignoring the state-of-the-art knowledge on remediation with
Fe0 is reflected in Tab. 2 (also see ref. [60]). While some
1871 articles may have been published on remediation
with Fe0, only some 273 have referenced ‘Noubactep’.
Considering only the year 2011 at Elsevier, Noubactep
has been referenced 37 times in 84 articles on “zero-valent
iron” and “water”, this clearly shows that more than 50 %
of all publications ignores the current state-of-the-art
knowledge on ‘Fe0 remediation’. Moreover, journal manuscripts and grant proposals will continue to be rejected by
established ‘experts’, the sole ‘curses’ of the applicants
being to have been: (i) assiduous students trying to realize
knowledge from their undergraduate lessons, or (ii) creative graduates willing to experience what should be ‘inherent in research science’: creativity [4].
The history of science is full of examples of primarily
rejected ground-breaking ideas [61]. For example, Avogadro's hypothesis that equal volumes of all gases, under the
same temperature/pressure conditions, contain equal numbers of molecules was initially rejected. This hypothesis
was later proven of key importance in solving many problems in chemical sciences. To date, the view that Fe0 is
mostly a generator of reducing agents (H2 and FeII) and Fe
oxides has been either severely refuted or just tolerated
[63-68]. The tolerance is based on the simplification that,
without Fe0, no secondary reducing agents could be available. Accordingly, Fe0 serves as the original source of
electron donors (H, H2 and FeII). The present communication has refuted the named simplification and established
that quantitative reduction can only result from secondary
reducing agents. Accepting this ‘evidence’ is a prerequisite for further technology development. In fact, designing
a system in which contaminant reduction should be mediated by a surface reaction is different from designing a
system for continuous iron corrosion, sufficient to warrant
contaminant removal by adsorption, co-precipitation and
size-exclusion.

explained better how contaminant removal is achieved.
Testing protocols for Fe0 materials [69] and experimental
protocols for contaminant removal [70-72] are also provided. When extensively tested these protocols will allow
rapid progress of the Fe0 remediation technology. Moreover, this science-based approach will ease the general
technology acceptance. The participation of the entire
community is required.
In closing, it is wished that more attention is paid to
theoretical works in Environmental Sciences. This is indeed a major requirement for creativity inherent in research
[4, 73]. The effectiveness of the current data-based approach is clearly underscored. Data should only be produced to fill gap of knowledge. Actually the current approach has led to the fact that ‘knowledge’ disproving
textbooks has been accepted for 20 years. Moreover,
proofs are requested from any ‘dissidents’ as if the aqueous iron corrosion was a new discovery. Given the broad
consensus on this false premise [74-76], it is important
that the mistake is corrected before Fe0 is presented in
standard textbooks as a ‘reducing agent’ for environmental remediation.
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5 CONCLUDING REMARKS
This communication is an expansion of some earlier
ideas summarized in Noubactep [51]. The overall goal is
to demonstrate that progress in 'iron for environmental
remediation' cannot be achieved if the theory of the system is not established. The way forward is to revise the
view that Fe0 is a reducing agent. The alternative view,
that Fe0 is a producer of contaminant ‘scavengers’, is in
tune with textbook knowledge available before the discovery of this efficient technology. The alternative theory

2003

REFERENCES
[1]

Ryder J., Leach J. and Driver R. (1999) Undergraduate students’
images of science. J. Res. Sci. Teach. 36, 201 - 209.

[2]

Oulton C., Dillon J. and Grace M.M. (2004) Reconceptualizing the
teaching of controversial issues. Int. J. Sci. Educ. 26, 411 - 423.

[3]

Seethaler S. (2005) Helping students make links through science
controversy. Am. Biol. Teach. 67, 265 - 274.

[4]

Hoskins S.G. (2008) Using a paradigm shift to teach neurobiology and the nature of science – a C.R.E.A.T.E.-based approach. J.
Undergraduate Neurosci. Educ. 6, A40–A52.

[5]

Gillham R.W. (2010) Development of the granular iron permeable reactive barrier technology (good science or good fortune). In
"Advances in environmental geotechnics : proceedings of the International Symposium on Geoenvironmental Engineering in
Hangzhou, China, September 8-10, 2009"; Y. Chen, X. Tang, L.
Zhan (Eds); Springer Berlin/London, pp. 5 - 15.

[6]

Noubactep C. (2011) Metallic iron for water treatment: A
knowledge system challenges mainstream science. Fresenius Environ. Bull. 20, 2632 - 2637.

© by PSP Volume 21 – No 7a. 2012

Fresenius Environmental Bulletin

[7]

Reynolds G.W., Hoff J.T. and Gillham R.W. (1990) Sampling bias caused by materials used to monitor halocarbons in groundwater. Environ. Sci. Technol. 24, 135 - 142.

[26] Giles D.E., Mohapatra M., Issa T.B., Anand S. and Singh P.
(2011) Iron and aluminium based adsorption strategies for removing arsenic from water. J. Environ. Manage. 92, 3011 - 3022.

[8]

Dickerson R.E., Gray H.B. and Haight Jr., G.P. (1979) Chemical
Principles. 3. Edition, Benjamin/Cummings Inc. London, Amsterdam.

[27] Gunawardana B., Singhal N. and Swedlund P. (2011) Degradation of chlorinated phenols by zero valent iron and bimetals of
iron: A review. Environ. Eng. Res. 16, 187 - 203.

[9]

Glinka N.L. (1990) General Chemistry, vol. 2, MIR Moscow.

[28] O’Carroll D., Sleep B., Krol M., Boparai H. and Kocur C. (2012)
Nanoscale zero valent iron and bimetallic particles for contaminated site remediation. Adv. Water Resour., doi:10.1016/
j.advwatres.2012.02.005.

[10] Lipczynska-Kochany E., Harms S., Milburn R., Sprah G. and
Nadarajah N. (1994) Degradation of carbon tetrachloride in the
presence of iron and sulphur containing compounds. Chemosphere 29, 1477 - 1489.
[11] Odziemkowski M.S., Gui L. and Gillham R.W. (2000) Reduction
of n-nitrosodimethylamine with granular iron and nickelenhanced iron. 2. Mechanistic studies. Environ. Sci. Technol. 34,
3495 - 3500.
[12] Farrell J., Wang J., O'Day P. and Conklin M. (2001) Electrochemical and spectroscopic study of arsenate removal from water
using zero-valent iron media. Environ. Sci. Technol. 35, 2026 2032.
[13] Lavine B.K., Auslander G. and Ritter J. (2001) Polarographic
studies of zero valent iron as a reductant for remediation of nitroaromatics in the environment. Microchem. J. 70, 69 - 83.
[14] Mantha R., Taylor K.E., Biswas N. and Bewtra J.K. (2001) A
continuous system for Fe0 reduction of nitrobenzene in synthetic
wastewater. Environ. Sci. Technol. 35, 3231 - 3236.
[15] Noubactep C. (2011) Metallic iron for safe drinking water production. Freiberg Online Geol. 27, 42 pp, ISSN 1434-7512.
(www.geo.tu-freiberg.de/fog)
[16] Bartzas G., Komnitsas K. and Paspaliaris I. (2006) Laboratory
evaluation of Fe0 barriers to treat acidic leachates. Miner. Eng.
19, 505 - 514.
[17] Henderson A.D. and Demond A.H. (2007) Long-term performance of zero-valent iron permeable reactive barriers: a critical
review. Environ. Eng. Sci. 24 (2007) 401 - 423.
[18] Hussam A. (2009) Contending with a development disaster:
SONO Filters remove arsenic from well water in Bangladesh. Innovations 4, 89 - 102.
[19] Cundy A.B., Hopkinson L. and Whitby R.L.D. (2008) Use of
iron-based technologies in contaminated land and groundwater
remediation: A review. Sci. Tot. Environ. 400, 42 - 51.
[20] Thiruvenkatachari R., Vigneswaran S. and Naidu R. (2008) Permeable reactive barrier for groundwater remediation. J. Ind. Eng.
Chem. 14, 145 - 156.
[21] Bartzas G. and Komnitsas K. (2010) Solid phase studies and geochemical modelling of low-cost permeable reactive barriers. J.
Hazard. Mater. 183, 301 - 308.
[22] Li L. and Benson C.H. (2010) Evaluation of five strategies to
limit the impact of fouling in permeable reactive barriers. J. Hazard. Mater. 181, 170 - 180.
[23] Phillips D.H., Van Nooten T., Bastiaens L., Russell M.I., Dickson
K., Plant S., Ahad J.M.E., Newton T., Elliot T. and Kalin R.M.
(2010) Ten year performance evaluation of a field-scale zerovalent iron permeable reactive barrier installed to remediate trichloroethene contaminated groundwater. Environ. Sci. Technol.
44, 3861 - 3869.
[24] Comba S., Di Molfetta A. and Sethi R. (2011) A comparison between field applications of nano-, micro-, and millimetric zerovalent iron for the remediation of contaminated aquifers. Water
Air Soil Pollut. 215, 595 - 607.
[25] Gheju M. (2011) Hexavalent chromium reduction with zerovalent iron (ZVI) in aquatic systems. Water Air Soil Pollut. 222,
103 - 148.

2004

[29] Kümmerer K. (2011) Emerging contaminants versus micropollutants. Clean – Soil, Air, Water 39, 889 - 890.
[30] Henderson A.D. and Demond A.H. (2011): Impact of solids formation and gas production on the permeability of ZVI PRBs. J.
Environ. Eng. 137, 689 - 696.
[31] Noubactep C. (2011) Aqueous contaminant removal by metallic
iron: Is the paradigm shifting? Water SA 37, 419 - 426.
[32] Noubactep C. (2007) Processes of contaminant removal in “Fe0–
H2O” systems revisited. The importance of co-precipitation.
Open Environ. J. 1, 9 - 13.
[33] Noubactep C. (2008) A critical review on the mechanism of
contaminant removal in Fe0–H2O systems. Environ. Technol.
29, 909 - 920.
[34] ITRC (2011) (Interstate Technology & Regulatory Council),
Permeable Reactive Barrier: Technology Update. PRB-5. Washington, D.C.: Interstate Technology & Regulatory Council, PRB:
Technology
Update
Team.
www.itrcweb.org
(access:
31.03.2012).
[35] Berthod A. (2009) So What? or required content of a review article. Sep. Purif. Rev. 38, 203 - 206.
[36] Wilson E.R. (1923): The Mechanism of the corrosion of iron and
steel in natural waters and the calculation of specific rates of corrosion. Indust. Eng. Chem. 15, 127 - 133.
[37] Whitman G.W., Russel R.P. and Altieri V.J. (1924) Effect of hydrogen-ion concentration on the submerged corrosion of steel.
Indust. Eng. Chem. 16, 665 - 670.
[38] Aleksanyan A.Y., Podobaev A.N. and Reformatskaya I.I. (2007)
Steady-state anodic dissolution of iron in neutral and close-toneutral media. Protect. Metals 43, 66 - 69.
[39] Nesic S. (2007) Key issues related to modelling of internal corrosion of oil and gas pipelines – A review. Corros. Sci. 49, 4308 4338.
[40] Odziemkowski M. (2009) Spectroscopic studies and reactions of
corrosion products at surfaces and electrodes. Spectrosc. Prop.
Inorg. Organomet. Compd. 40, 385 - 450.
[41] Sherar B.W.A., Keech P.G., Shoesmith D.W. (2011) Carbon steel
corrosion under anaerobic–aerobic cycling conditions in nearneutral pH saline solutions – Part 1: Long term corrosion behaviour. Corros. Sci. 53, 3636 - 3642.
[42] Sherar B.W.A., Keech P.G., Shoesmith D.W. (2011) Carbon steel
corrosion under anaerobic–aerobic cycling conditions in nearneutral pH saline solutions. Part 2: Corrosion mechanism. Corros.
Sci. 53, 3643 - 3650.
[43] Reardon E.J. (2005) Zerovalent irons: Styles of corrosion and inorganic control on hydrogen pressure buildup. Environ. Sci.
Tchnol. 39, 7311 - 7317.
[44] Matheson L.J. and Tratnyek P.G. (1994) Reductive dehalogenation of chlorinated methanes by iron metal. Environ. Sci. Technol. 28, 2045 - 2053.
[45] Weber E.J. (1996) Iron-mediated reductive transformations: investigation of reaction mechanism. Environ. Sci. Technol. 30,
716 - 719.

© by PSP Volume 21 – No 7a. 2012

Fresenius Environmental Bulletin

[46] Gould J.P. (1982) The kinetics of hexavalent chromium reduction
by metallic iron. Water Res. 16, 871 - 877.
[47] Wang L., Li P., Wu Z., Yan J., Wang M. and Ding Y. (2003) Reduction of nitroarenes to aromatic amines with nanosized activated metallic iron powder in water. Synthesis 13, 2001 - 2004.
[48] Bafghi M.Sh., Zakeri A., Ghasemi Z. and Adeli M. (2008) Reductive dissolution of manganese ore in sulfuric acid in the presence of iron metal. Hydrometallurgy 90, 207 - 212.
[49] Lottering M.J., Lorenzen L., Phala N.S., Smit J.T. and Schalkwyk
G.A.C. (2008) Mineralogy and uranium leaching response of low
grade South African ores. Miner. Eng. 21, 16 - 22.
[50] Gheju M. and Balcu I. (2011) Removal of chromium from Cr(VI)
polluted wastewaters by reduction with scrap iron and subsequent
precipitation of resulted cations. J. Hazard. Mater. 196, 131 - 138.
[51] Noubactep C. (2012) Investigating the processes of contaminant
removal in Fe0/H2O systems. Korean J. Chem. Eng., doi:
10.1007/s11814-011-0298-8.
[52] Cohen M. (1959) The formation and properties of passive films
on iron. Can. J. Chem. 37, 286 - 291.
[53] Ghauch A., Abou Assi H. and Bdeir S. (2010) Aqueous removal
of diclofenac by plated elemental iron: Bimetallic systems. J.
Hazard. Mater. 182, 64 - 74.
[54] Ghauch A., Abou Assi H., Baydoun H., Tuqan A.M. and Bejjani
A. (2011) Fe0-based trimetallic systems for the removal of aqueous diclofenac: Mechanism and kinetics. Chem. Eng. J. 172,
1033 - 1044.
[55] Stratmann M. and Müller J. (1994) The mechanism of the oxygen
reduction on rust-covered metal substrates. Corros. Sci. 36, 327 359.
[56] Noubactep C. (2009) On the operating mode of bimetallic systems for environmental remediation. J. Hazard. Mater. 164, 394 395.
[57] RUBIN I (2007) Handbuch: "Anwendung von durchströmten
Reinigungswänden zur Sanierung von Altlasten" Endbericht.
(www.rubin-online.de/deutsch/bibliothek/downloads/index html).
(Access 31.03.2012).
[58] Noubactep C. (2010) The suitability of metallic iron for environmental remediation. Environ. Progr. Sust. En. 29, 286 - 291.
[59] Noubactep C. (2010) The fundamental mechanism of aqueous contaminant removal by metallic iron. Water SA 36, 663 - 670.
[60] Noubactep C., Caré S., and Crane R.A. (2012) Nanoscale metallic iron for environmental remediation: prospects and limitations.
Water Air Soil Pollut. 223, 1363 - 1382.

[66] Kang S.-H. and Choi W. (2009) Response to Comment on “Oxidative Degradation of Organic Compounds Using Zero-Valent
Iron in the Presence of Natural Organic Matter Serving as an
Electron Shuttle”. Environ. Sci. Technol. 43, 3966 - 3967.
[67] Tratnyek P.G. and Salter A.J. (2010) Response to Comment on
“Degradation of 1,2,3-Trichloropropane (TCP): Hydrolysis,
Elimination, and Reduction by Iron and Zinc”. Environ. Sci.
Technol. 44, 3198 - 3199.
[68] Nagpal V., Bokare A.D., Chikate R.C., Rode C.V. and Paknikar
K.M. (2012) Reply to comment on “Reductive dechlorination of
g-hexachlorocyclohexane using Fe–Pd bimetallic nanoparticles”.
by C. Noubactep. J. Hazard. Mater., doi:10.1016/j.jhazmat.2011.
04.015.
[69] Noubactep C., Licha T., Scott T.B., Fall M. and Sauter M. (2009)
Exploring the influence of operational parameters on the reactivity of elemental iron materials. J. Hazard. Mater. 172, 943 - 951.
[70] Noubactep C. and Caré S. (2011) Designing laboratory metallic
iron columns for better result comparability. J. Hazard. Mater.
189, 809 - 813.
[71] Noubactep C., Temgoua E., and Rahman M.A. (2012) Designing
iron-amended biosand filters for decentralized safe drinking water
provision,
Clean:
Soil,
Air,
Water,
doi:
10.1002/clen.201100620.
[72] Miyajima K., and Noubactep C. (2012) Effects of mixing granular
iron with sand on the efficiency of methylene blue discoloration.
Chem. Eng. J. doi: 10.1016/j.cej.2012.06.069.
[73] CSEPP, NAS, NAE, and IM (2009) On being a scientist: a guide
to responsible conduct in research. Third Edition. - Committee on
Science, Engineering, and Public Policy, National Academy of
Sciences, National Academy of Engineering, and Institute of
Medicine.- The National Academies Press Washington DC,
ISBN: 0-309-11971-5, 82 pp., available at: http://www.nap.edu/
catalog/12192.html.
[74] O´Hannesin S.F. and Gillham R.W. (1998) Long-term performance of an in situ "iron wall" for remediation of VOCs, Ground
Water 36, 164 - 170.
[75] Mueller N.C., Braun J., Bruns J., Cerník M., Rissing P., Rickerby
D. and Nowack B. (2011) Application of nanoscale zero valent
iron (NZVI) for groundwater remediation in Europe. Environ.
Sci. Pollut. Res. 19, 550 - 558.
[76] Singhal R.K., Gangadhar B., Basu H., Manisha V., Naidu G.R.K.
and Reddy A.V.R. (2012) Remediation of malathion contaminated soil using zero valent iron nano-particles. Am. J. Anal. Chem.
3, 76 - 82.

[61] Kuhn T.S. (1970) The structure of scientific revolutions. (2nd ed)
Chicago, IL: The University of Chicago Press.
[62] Ebert M., Birke V., Burmeier H., Dahmke A., Hein P., Köber R.,
Schad H., Schäfer D. and Steiof M. (2007) Kommentar zu den
Beiträgen "Das Ende eines Mythos" sowie "Zur Funktion reaktiver Wände" von Dr. Chicgoua Noubactep. Wasser, Luft und Boden (Terratech) 7-8, TT 4 - 5.
[63] Elsner M., Cwiertny D.M., Roberts A.L. and Lollar B.S. (2007)
Response to Comment on "1,1,2,2-Tetrachloroethane Reactions
with OH-, Cr(II), Granular Iron, and a Copper-Iron Bimetal: Insights from Product Formation and Associated Carbon Isotope
Fractionation". Environ. Sci. Technol. 41, 7949 - 7950.

Received: April 04, 2012
Revised: April 26, 2012
Accepted: May 09, 2012

[64] Ghauch A. (2008) Discussion of Chicgoua Noubactep on “Removal of thiobencarb in aqueous solution by zero valent iron” by
Md. Nurul Amin et al. [Chemosphere 70 (3) (2008) 511–515].
Chemosphere 72, 328 - 331.

CORRESPONDING AUTHOR

[65] Gui L., Jeen S.-W., Blowes D.W., Gillham R.W. and Yang Y.Q.
(2009) Reply to the Comment on “Reduction of chromate by
granular iron in the presence of dissolved CaCO3” by C. Noubactep. Appl. Geochem. 24, 2208 - 2210.

Chicgoua Noubactep
Angewandte Geologie Universität Göttingen
Goldschmidtstraße 3
37077 Göttingen

2005

© by PSP Volume 21 – No 7a. 2012

Fresenius Environmental Bulletin

GERMANY
and
Kultur und Nachhaltige Entwicklung CDD e.V.
Postfach 1502
37073 Göttingen
GERMANY

eutrophication

1929

fungal co-culture

1864

Gökova Bay
Greece
gulls

1853
1935
1961

α-HCH

1949

β-HCH
γ-HCH
δ-HCH
Heavy metals
Heavy metals
Heterogeneous photocatalysis

1949
1949
1949
1910
1942
1972

intra annual variation
Ionic liquid

1935
1873

ligninases

1864

mercury emissions
microalgae
mineralization
mortality

1885
1967
1956
1905

nanoparticles
nitrogen
4-nitrophenol
NTA

1967
1920
1972
1879

organic acids

1879

paradigm shift
partitioning coefficients
pathogenicity
PCRaster
pesticides
phosphorus load
phytoextraction
phytoremediation
PM10
polluted water
Poyang Lake

1992
1910
1961
1894
1967
1894
1949
1879
1935
1920
1910

F
G

Phone: +49 551 39 3191
Fax: +49 551 399379
E-mail: cnoubac@gwdg.de
H
FEB/ Vol 21/ No 7a/ 2012 – pages 1992 - 1997

SUBJECT INDEX
A
adsorption isotherms
Aegean Sea
air pollution
amaranth
aqueous solution
arsenic removal

1982
1853
1905
1879
1982
1982

basic alumina
bioaccumulation.
bioremediation
blooms
BMIM.PF6

1873
1942
1864
1929
1873

cadmium
calcareous soils
cement dust
Chaohu Lake
chemical Reduction
Citrobacter
Cladocera
coal fly ash
coastal
cold spell
cotton
cyanobacteria

1879
1949
1905
1929
1992
1961
1853
1885
1853
1929
1949
1929

B

C

H

I

L

M

N

O

D
decolorization
diurnal variation
Dreissena polymorpha
dry weight
dynamic photoreactor

1864
1935
1942
1956
1972

Ecological floating beds
Ecotoxicology
EDTA
Electrochemical Reaction
Enterococcus faecalis
Enterococcus faecium
Escherichia coli

1920
1956
1879
1992
1961
1961
1961

P

E

2006

© by PSP Volume 21 – No 7a. 2012

Fresenius Environmental Bulletin

R
R. acetosa
Recruitment
Removal of Indigo carmine
respiratory diseases

1920
1929
1873
1905

sample preparation
Seasonal
sediment yield
Sediments
Suspended particulate matter

1956
1853
1894
1910
1910

S

AUTHOR INDEX
A

T
textile industry effluents
thermal treatment
titania
toxicity tests

1864
1885
1972
1864

unburned carbon
Unio elongatulus eucirrus
urban air pollution
urban population.

1885
1942
1935
1905

vectorization
virulence factor
Volos

1967
1961
1935

U

1972
1972
1942
1972
1864
1972

Ba, Bei
Barka, Noureddine
Belmouden, Moustapha
Binkowski, Łukasz J.
Boynukara, Banur
Btatkeu K., Brice Donald

1885
1972
1972
1956
1961
1992

Can, Erkan
Can, Şafak Seyhaneyildiz
Celebi, Neslihan
Chen, YuWei
Chen, Zhi-fan

1942
1942
1982
1910
1949

Debenest, Timothée
Demir, Veysel
Durmuş, Atilla

1967
1942
1961

Elouardi, Mahmoud

1972

Figà-Talamanca, Irene
Fohrer, Nicola
Fu, Qinglin

1905
1894
1879

Gagné, François
Gao, Junfeng
Giordano, Felice
Golmohammadi, Hamed
Grippo, Francesco
Gülhan, Timur

1967
1894
1905
1873
1905
1961

B

V

C

W
wastewater clay soil
water purification.
wet weight
wild ducks

Abaamrane, Abdelhadi
Ait-Ichou, Yahia
Aksu, Önder
Alahiane, Said
Asgher, Muhammad
Assabbane, Ali

1982
1972
1956
1961
D

X
Xinanjiang-Phosphorus (XAJ-P) model

1894

Zerovalent iron.
zooplankton.

1992
1853

Z

subject-index

E

F

G

2007

© by PSP Volume 21 – No 7a. 2012

Fresenius Environmental Bulletin

Gülşahin, Nurçin
Guo, Bin

1853
1879

Hörmann, Georg
Hu, Hong-xia
Hu, Li-juan

1894
1949
1949

W

Kalkan, Ekrem
Kehayias, George
Kiesel, Jens

1982
1942
1894

X

Kiziroğlu, Ilhami
Kocabaş, Mehmet
Kutluyer, Filiz

1961
1942
1942

H

K

K

Tan, Xiao
Tarkan, Ahmet Nuri
Togue-Kamga, Fulbert
Tu, Tianhua

1929
1853
1992
1910

Wang, Guo-xiang
Wei, YiHua
Woafo, Paul

1920
1910
1992

Xu, Dong-yu

1949

Yabanli, Murat
Yang, Fei

1942
1920

Zhang, DaWen
Zhang, Li
Zhao, Guangju
Zhao, Ye
Zhou, Xiao-hong
Zhuang, Ping

1910
1910
1894
1949
1920
1879

Y

Z
L
Larissi, Ioanna K.
Li, Hengpeng
Li, Ningyu
Li, Zhian
Luo, LinGuang

1935
1894
1879
1879
1910

Mou, Xiaofang
Moustris, Kostas P.

1885
1935

Nadaroglu, Hayrunnisa
Nasir Iqbal, Hafiz Muhammad
Nastos, Panagiotis T.
Noreen, Sadia
Noubactep, Chicgoua

1982
1864
1935
1864
1992

Paliatsos, Athanasios G.
Parham, Hooshang
Perretta, Vladimiro
Petit, Anne-Nöelle
Pourreza, Nahid
Proias, Giorgos T.

1935
1873
1905
1967
1873
1935

Qourzal, Samir

1972

Reza Fat’hi, Mohammad

1873

Sancak, Yakup Can
Shi, Lin

1961
1885

M

author-index

N

P

Q

R

S

T

2008

