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LONG-TERM CHANGES IN THE TRANSITIONAL COMMUNITY
OF DETRITIC BOTTOMS IN THE NORTHERN ADRIATIC SEA:
DYNAMICS OF BIVALVE ASSEMBLAGES
Vedrana Nerlović1,*, Mirjana Hrs-Brenko2 and Alper Doğan3
1

Ruđer Bošković Institute, Center for Marine Research, Giordano Paliaga 5, HR-52210 Rovinj, Croatia
2
Josipa Tankovića 1, 52210 Rovinj, Croatia
3
Department of Hydrobiology, Faculty of Fisheries, Ege University, 35100 Bornova, Izmir, Turkey

ABSTRACT
Benthic fauna is an important component in marine
ecosystems. Due to their relatively sessile habit, benthic
macrofauna can serve as an indicator of changes in the
marine environment caused by natural or anthropogenic
disturbances. This study is primarily focused on the longterm natural variability of the diversity, biotic and multimetric indices, through the use of prolonged data collection (1989-1991 and 2003-2009) on bivalve assemblages
in the transitional community of detritic bottoms in the
northern Adriatic Sea. With regards to faunistic composition, Cluster and Abundance Comparison analyses were
used to assess the recruitment and fluctuations in the quality of bivalve assemblages during the investigated periods.
The results of univariate and multivariate analyses clearly
distinguished three separate groups (1990-1991, 2003-2006
and 2007-2009) from aforementioned periods during which
the research was conducted. Furthermore, this study also
discusses the temporal variability in bivalve diversity,
which is due to the ecological status of the investigated area
in the northern Adriatic Sea.

KEYWORDS: Anoxia; bivalve assemblages; soft bottoms; northern Adriatic Sea

Considered to be a sensitive ecosystem [8], the northern Adriatic Sea is characterised by its shallow depth (less
than 35 m), significant saline stratification, high riverine
input, soft bottom, high productivity and eutrophication.
Due to the pressures of tourism and fishing methods, such
as bottom trawling, especially rapido trawling [9], as well
as marine mucilaginous (gelatinous) cycles that regularly
result in oxygen deficiency, this area has become the
focus of numerous research studies [10, 11]. Initial investigations of well-developed benthic communities of soft
bottoms in the northern Adriatic Sea were ongoing for
many decades, the results of which have been summarized and published [12-18]. However, since the 1980s,
repeated disturbances in the northern Adriatic Sea, such
as massive marine snow production together with oxygen
depletion [19-22], have led to benthic mortalities [7, 16,
23-25].
The Bivalvia group contains representatives that are
among the most hypoxia-tolerant of all marine organisms
[7, 18, 23, 26-30], although some of them are particularly
intolerant [23]. Long-term studies are necessary to not
only determine the extremes and averages of environmental factors [31] but also to evaluate assemblage stability
over time [32]. This long-term study examined the dynamics of bivalve assemblages in the transitional community of detritic bottoms in the northern Adriatic Sea during a period of hypoxic events (1989-1991) and, subsequently, at a period of relatively stable ecological conditions (2003-2009).

1 INTRODUCTION
Due to their relatively rapid response to anthropogenic and natural stresses, benthic invertebrates serve as a
well-established tool for evaluations of environmental
quality status [1-5]. As benthic species are long-lived,
they integrate water and sediment quality conditions over
time; thus, indicating short-term disturbances as well as
long-term changes in a marine environment [3, 6, 7].
* Corresponding author

2 MATERIALS AND METHODS
Sampling was carried out onboard with the research
vessel ‘Vila Velebita’ in the northern Adriatic Sea at a site
situated (45°17.00´N; 13°16.00´E) on the soft bottom at
depth of 31 m with silty-sand type sediment in the transitional community of detritic bottoms [33]. Sampling was
conducted in two periods: during the post-anoxic period,
from December 1989 to December 1991 and during the
period of relatively stable ecological conditions, from Feb-
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ruary 2003 to December 2009. Bottom samples were collected with a 0.1-m2 van Veen grab and sieved through a 2mm mesh in the field, and then preserved in a 4% buffered
formalin solution. Four replicates were collected monthly
at the investigated site. In the laboratory, the macrofauna
was separated, counted and sorted to higher taxonomic
categories, and then transferred into 70% ethanol.
According to handbook for identification [34-37], bivalves were identified to species level whenever possible.
Classification and nomenclature was completed in accordance with Costello et al. [38] while analyses were
conducted using the PRIMER software package [39].
With regards to faunistic composition, cluster and
abundance comparison analyses were used to assess the
recruitment and fluctuations in the quality of bivalve assemblages. The Bray-Curtis similarity measure was utilized
after fourth root transformation of raw data, both for cluster analysis and non-metric Multidimensional Scaling
(nMDS) ordination. The ANOSIM 1-way test was also
conducted in order to analyse differences in species assemblages’ experiences of heavy disturbance due to the
oxygen crisis in 1989, and later (2003-2009).
Furthermore, during each sampling period (month), the
Shannon-Wiener diversity Index [40], Pielou evenness
Index [41], and Margalef richness Index [42] were estimated.
The SIMPER procedure was also performed in order to determine which bivalve species were responsible for temporal differences (90% cut-off) between the investigated
periods. In order to evaluate the Ecological Quality Status
(EcoQ) of the sampling site, the following marine biotic
indices were implemented: BENTIX, proposed by Sim-

boura and Zenetos [43]; AMBI, proposed by Borja et al.
[44]; and its multivariate extension, m-AMBI, proposed by
Muxika et al. [45]. These aforementioned marine biotic
indices assign benthic species into certain ecological groups
based on their sensitivity to organic enrichment. The AMBI
Index suggests five ecological groups corresponding to the
most sensitive species (Group 1) to the most tolerant species (Group 5) while the BENTIX Index only represents
two groups (sensitive and tolerant species) which, respectively, correspond to Groups 1-2 and Groups 3-5 of the
AMBI Index.
3 RESULTS
A total of 73 species belonging to 48 genera and
29 families were identified. Bivalve assemblages were
represented by 11050 specimens, among which the most
abundant species were Corbula gibba (40.77%) and
Modiolarca subpicta (21.37%) during the post-anoxic
period (1989-1991). From February 2003 till October 2006
significant reduction of Corbula specimens (9.90%), and a
record of just one specimen of M. subpicta were recorded
(Table 1). From September 2007 to December 2009, the
number of Corbula specimens increased (81.56%) with no
record of any specimen of M. subpicta (Table 1). During
the whole period of investigation, from 1989 to 2009, the
dominant bivalve species within the research area are
presented in Figs. 1 and 2. Moreover, a list of the bivalve
species and their abundance, dominance and frequency are
provided in Table 1 as three groups.
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FIGURE 1 - Absolute abundance of dominant bivalve species from December 1989 to December 2009 in the investigated area.
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FIGURE 2 - Relative abundance of dominant bivalve species from December 1989 to December 2009 in the investigated area.

TABLE 1 - Average abundance (Av.), dominance (D) and frequency (F) of bivalves during the investigated period:
GROUP 1 - 12/89-12/91, Group 2 = 2/03-10/06, Group 3 = 9/07-12/09 (1st part).
Species
Abra alba (W. Wood, 1802)
Abra nitida (Müller, 1776)
Abra prismatica (Montagu, 1808)
Abra tenuis (Montagu, 1803)
Abra sp.
Acanthocardia deshayesii (Payraudeau, 1826)
Acanthocardia echinata (Linnaeus, 1758)
Acanthocardia paucicostata (G. B. Sowerby II, 1834)
Aequipecten opercularis (Linnaeus, 1758)
Anadara gibbosa (Reeve, 1844)
Angulus donacinus (Linnaeus, 1758)
Anodontia (Loripinus) fragilis (Philippi, 1836)
Anomia ephippium Linnaeus, 1758
Arcopagia balaustina (Linnaeus, 1758)
Atrina fragilis (Pennant, 1777)
Azorinus chamasolen (da Costa, 1778)
Axinulus croulinensis (Jeffreys, 1847)
Bornia sebetia (Costa O. G., 1829)
Clausinella fasciata (da Costa, 1778)
Corbula gibba (Olivi, 1792)
Ctena decussata (O. G. Costa, 1829)
Diplodonta brocchii (Deshayes, 1852)
Ensis ensis (Linnaeus, 1758)
Gari costulata (Turton, 1822)
Gari fervensis (Gmelin, 1791)
Gastrochaena dubia (Pennant, 1777)
Glycimeris sp.
Gouldia minima (Montagu, 1803)
Hiatella arctica (Linnaeus, 1767)
Hiatella rugosa (Linnaeus, 1767)
Kurtiella bidentata (Montagu, 1803)
Laevicardium crassum (Gmelin, 1791)
Laevicardium oblongum (Gmelin, 1791)
Limaria hians (Gmelin, 1791)
Lucinella divaricata (Linnaeus, 1758)
Lucinoma borealis (Linnaeus, 1758)
Lyonsia norwegica (Gmelin, 1791)
Mendicula ferruginosa (Forbes, 1844)
Modiolarca subpicta (Cantraine, 1835)
Modiolula phaseolina (Philippi, 1844)
Myrtea spinifera (Montagu, 1803)
Mysia undata (Pennant, 1777)

Av.
5.24
0.00
0.00
0.00
0.00
0.00
27.24
0.00
0.41
0.00
0.00
0.12
3.35
0.06
0.71
0.00
0.00
0.00
0.00
140.71
0.12
0.06
0.06
0.00
0.18
0.18
0.59
0.00
14.29
1.18
0.06
1.12
23.82
4.94
0.06
0.00
0.00
0.12
73.76
3.06
1.12
0.65

Group 1
D(%)
1.52
0.00
0.00
0.00
0.00
0.00
7.89
0.00
0.12
0.00
0.00
0.03
0.97
0.02
0.20
0.00
0.00
0.00
0.00
40.77
0.03
0.02
0.02
0.00
0.05
0.05
0.17
0.00
4.14
0.34
0.02
0.32
6.90
1.43
0.02
0.00
0.00
0.03
21.37
0.89
0.32
0.19
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F(%)
70.59
0.00
0.00
0.00
0.00
0.00
94.12
0.00
35.29
0.00
0.00
11.76
17.65
5.88
41.18
0.00
0.00
0.00
0.00
100.00
5.88
5.88
5.88
0.00
17.65
11.76
5.88
0.00
88.24
5.88
5.88
5.88
94.12
94.12
5.88
0.00
0.00
5.88
94.12
88.24
29.41
41.18

Av.
5.95
0.52
3.90
0.05
0.29
0.38
0.05
0.14
0.62
0.05
1.05
0.00
1.10
0.00
0.00
0.10
0.10
0.10
0.14
11.62
0.00
0.05
0.05
0.00
2.29
0.10
0.00
0.00
1.10
0.38
7.43
0.00
0.57
0.14
0.00
0.19
0.43
0.00
0.05
0.00
0.29
2.14

Group 2
D(%)
5.07
0.45
3.33
0.04
0.24
0.32
0.04
0.12
0.53
0.04
0.89
0.00
0.93
0.00
0.00
0.08
0.08
0.08
0.12
9.90
0.00
0.04
0.04
0.00
1.95
0.08
0.00
0.00
0.93
0.32
6.33
0.00
0.49
0.12
0.00
0.16
0.37
0.00
0.04
0.00
0.24
1.83

F(%)
90.48
33.33
66.67
4.76
23.81
38.10
4.76
9.52
42.86
4.76
14.29
0.00
14.29
0.00
0.00
9.52
9.52
9.52
14.29
95.24
0.00
4.76
4.76
0.00
85.71
9.52
0.00
0.00
42.86
23.81
76.19
0.00
33.33
14.29
0.00
14.29
33.33
0.00
4.76
0.00
23.81
71.43

Av.
2.50
0.00
1.63
0.00
0.00
0.00
0.13
0.25
0.25
0.00
0.63
0.00
0.38
0.00
0.00
0.00
0.38
0.00
0.13
275.00
0.00
0.00
0.00
0.13
1.13
0.00
0.00
0.13
0.75
0.38
0.63
0.00
0.63
0.00
0.00
0.00
0.38
0.00
0.00
0.00
0.13
2.25

Group 3
D(%)
0.74
0.00
0.48
0.00
0.00
0.00
0.04
0.07
0.07
0.00
0.18
0.00
0.11
0.00
0.00
0.00
0.11
0.00
0.04
80.91
0.00
0.00
0.00
0.04
0.33
0.00
0.00
0.04
0.22
0.11
0.18
0.00
0.18
0.00
0.00
0.00
0.11
0.00
0.00
0.00
0.04
0.66

F(%)
62.50
0.00
50.00
0.00
0.00
0.00
12.50
25.00
25.00
0.00
25.00
0.00
25.00
0.00
0.00
0.00
12.50
0.00
12.50
100.00
0.00
0.00
0.00
12.50
50.00
0.00
0.00
12.50
50.00
25.00
12.50
0.00
50.00
0.00
0.00
0.00
25.00
0.00
0.00
0.00
12.50
100.00
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TABLE 1 - Average abundance (Av.), dominance (D) and frequency (F) of bivalves during the investigated period:
GROUP 1 - 12/89-12/91, Group 2 = 2/03-10/06, Group 3 = 9/07-12/09 (2nd part).
Species
Nucula hanleyi Winckworth, 1931
Nucula nitidosa Winckworth, 1930
Nucula nucleus (Linnaeus, 1758)
Nucula sulcata Bronn, 1831
Nucula sp.
Nuculana illirica Carrozza, 1987
Nuculana pella (Linnaeus, 1767)
Paphia aurea (Gmelin, 1791)
Paphia rhomboides (Pennant, 1777)
Paphia sp.
Parvicardium minimum (Philippi, 1836)
Parvicardium scabrum (Philippi, 1844)
Parvicardium pinnulatum (Conrad, 1831)
Parvicardium sp.
Phaxas pellucidus (Pennant, 1777)
Pitar rudis (Poli, 1795)
Plagiocardium papillosum (Poli, 1795)
Pododesmus patelliformis (Linnaeus, 1761)
Solecurtus scopula (Turton, 1822)
Solecurtus strigilatus (Linnaeus, 1758)
Solecurtus sp.
Spisula subtruncata (da Costa, 1778)
Striarca lactea (Linnaeus, 1758)
Tellina distorta Poli, 1791
Tellina serrata Brocchi, 1814
Tellina sp.
Thracia papyracea (Poli, 1791)
Thracia pubescens (Pulteney, 1799)
Thracia sp.
Thyasira flexuosa (Montagu, 1803)
Timoclea ovata (Pennant, 1777)

Av.
0.00
12.06
0.00
0.00
0.00
0.00
0.00
0.00
0.88
0.00
1.53
0.06
0.00
0.00
6.12
2.59
4.82
1.06
0.00
0.00
0.00
0.35
0.06
0.00
0.00
0.00
0.00
0.18
0.00
1.41
10.82

Group 1
D(%)
0.00
3.49
0.00
0.00
0.00
0.00
0.00
0.00
0.26
0.00
0.44
0.02
0.00
0.00
1.77
0.75
1.40
0.31
0.00
0.00
0.00
0.10
0.02
0.00
0.00
0.00
0.00
0.05
0.00
0.41
3.14

During the post-anoxic period (December 1989 to
December 1991), the number of species ranged from 3 to
20 while the abundance of specimens ranged from 10 to
834 (Fig. 3). With consideration to this post-anoxic period
(1989-1991), Margalef's Index values ranged from 0.87 to
3.82 while Pielou’s Index (species evenness) values
ranged from 0.49 to 0.81 (Fig. 4).
During the first period of relatively stable ecological
conditions (February 2003 to October 2006), the number
of species increased and ranged from 16 to 29, while the
abundance of specimens decreased and ranged from 76 to
210 (Fig. 3). Later, during the second period of relatively
stable ecological conditions (dating from September 2007
to December 2009), the number of species again decreased
with a range of 9 to 25 while the abundance of specimens
again increased with a range of 120 to 499 (Fig. 3).
With consideration to this entire period (both first and
second) of relatively stable ecological conditions (20032009), Margalef's Index values ranged from 0.87 (in December 1989) to 5.52 (in May 2003) while Pielou’s Index
(species evenness) values ranged from 0.21 (in April
2009) to 0.93 (in September 2003) (Fig. 4).
The maximum (3.64) and the minimum (0.63) mean
diversity (H´) values were calculated in July 2003 and
April 2009, respectively (Fig. 5). According to the Shannon-Wiener diversity Index results, between May and December 2003, the values at the sampling site were all
within the range of “good” benthic ecological conditions.

F(%)
0.00
82.35
0.00
0.00
0.00
0.00
0.00
0.00
41.18
0.00
41.18
5.88
0.00
0.00
82.35
70.59
82.35
47.06
0.00
0.00
0.00
23.53
5.88
0.00
0.00
0.00
0.00
11.76
0.00
35.29
76.47

Av.
0.24
17.33
0.62
0.19
1.14
0.29
0.05
0.19
5.76
0.10
0.14
0.05
0.05
0.19
10.19
8.29
0.05
0.19
0.33
0.05
0.05
0.00
0.00
10.57
2.38
0.57
0.05
0.10
0.24
8.29
8.33

Group 2
D(%)
0.20
14.77
0.53
0.16
0.97
0.24
0.04
0.16
4.91
0.08
0.12
0.04
0.04
0.16
8.69
7.06
0.04
0.16
0.28
0.04
0.04
0.00
0.00
9.01
2.03
0.49
0.04
0.08
0.20
7.06
7.10

F(%)
14.29
100.00
42.86
14.29
9.52
19.05
4.76
19.05
100.00
9.52
14.29
4.76
4.76
14.29
100.00
100.00
4.76
19.05
33.33
4.76
4.76
0.00
0.00
85.71
85.71
33.33
4.76
9.52
19.05
95.24
95.24

Av.
0.00
17.88
1.25
0.38
0.00
0.50
0.00
0.25
1.63
0.00
0.00
0.00
0.00
0.00
15.25
4.00
0.13
0.00
0.13
0.00
0.00
0.00
0.00
3.00
0.38
0.00
0.00
0.00
0.00
0.13
7.25

Group 3
D(%)
0.00
5.26
0.37
0.11
0.00
0.15
0.00
0.07
0.48
0.00
0.00
0.00
0.00
0.00
4.49
1.18
0.04
0.00
0.04
0.00
0.00
0.00
0.00
0.88
0.11
0.00
0.00
0.00
0.00
0.04
2.13

F(%)
0.00
100.00
62.50
25.00
0.00
25.00
0.00
25.00
75.00
0.00
0.00
0.00
0.00
0.00
100.00
87.50
12.50
0.00
12.50
0.00
0.00
0.00
0.00
87.50
25.00
0.00
0.00
0.00
0.00
12.50
100.00

However, from December 2007 to December 2009, only
“poor” and “bad” benthic ecological conditions prevailed
in the area (Fig. 5).
The mean BENTIX value was highest (4.79) in August 2006 and lowest (0.75) in December 1989 (Fig. 6).
From September 2007 until the end of the sampling period, lower BENTIX values (between 2.76 and 2.14) were
determined in the area.
Between February 1990 and October 2006, the study
area could be classified as “good” and “high” according to
the results of the AMBI Index (Fig. 7). Only in the December 1989 period, the AMBI value at the sampling site was
within the range of “bad” benthic ecological conditions.
Between October 1990 and August 2006, the m-AMBI
values were in the range of “good” benthic ecological conditions, in general (Fig. 8). Only the December 1989 period
was represented by values within the range of “bad” benthic ecological conditions according to the m-AMBI Index
results.
Classification analysis based on similarity matrices
distinguished the three separate research periods, with one
sample (collected in December 1989) that was distinct
from samples collected during all other periods (Fig. 9).
Furthermore, the MDS plots of bivalve assemblages
in the transitional community of detritic bottoms clearly
distinguished the three separate groups (Fig. 9).
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FIGURE 3 - Number of bivalve species (S) and number of specimen (N) from December 1989 to December 2009 in the investigated area.
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FIGURE 4 - Margalef's Index (d) and Pielou’s Index (J’) from December 1989 to December 2009 in the investigated area.

3605

© by PSP Volume 21 – No 12. 2012

Fresenius Environmental Bulletin

FIGURE 5 - Shannon-Wiener’s index (H’) from December 1989 to December 2009 in the investigated area.

FIGURE 6 - Mean BENTIX values of the sampling site with standard deviation.

FIGURE 7 - Mean AMBI values of the sampling site with standard deviation.

FIGURE 8 - Mean m-AMBI values of the sampling site with standard deviation.
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a)

b)

FIGURE 9 - MDS scaling plots according to the abundance of bivalve species during the investigated period. Stress value =0.12 (a).
Hierarchical classification of sampling groups in which affinity level was expressed as % of faunistic similarity among groups (b).

The first collections during the post-anoxic period (in
December 1989) resulted in three of four grab samples without any live bivalve species. Analysis of the Similarity
test (ANOSIM) was performed in order to determine the
differences in the dynamics of bivalve assemblages that

were influenced by the depletion of oxygen in the bottom
waters. The results of ANOSIM (global R = 0.827; T = 999;
p<0.001) showed that bivalve assemblages were significantly different between the post-anoxic period (December 1989 to December 1991) and those during the first peri-
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od of relatively stable ecological conditions (February
2003 to October 2006) but there were no significant differences with subsequent period of investigation during
the second period of relatively stable ecological conditions (September 2007 to December 2009) (Table 2).
TABLE 2 - Anosim pairwise test. Global R = 0.827, P < 0.001 from
December 1989 to December 2009 in the investigated area, Groups:
1=12/89-12/91, 2=2/03-10/06 and 3=9/07-12/09 (*=statistical significant differences).
Groups
1 vs 2
1 vs 3
2 vs 3

R-value
0.908*
0.799
0.613

Significance level
P < 0.001
P < 0.001
P < 0.001

The SIMPER test shows relatively high dissimilarity
(81.13%) between the post-anoxic period (December 1989
to December 1991) and the first period of relatively stable

ecological conditions (February 2003 to October 2006) due
to the relatively high presence of Corbula gibba (26.64%)
and Nucula nitidosa (16.04%) (Table 3). The SIMPER test
also revealed less evidence of dissimilarity (65.03%) between the post-anoxic period (December 1989 to December
1991) and the second period of relatively stable ecological
conditions (September 2007 to December 2009) due to
the high abundance of Corbula specimens (49.78%) in
both periods, and the total absence of M. subpicta during
the investigation of the most recent period (September
2007 to December 2009). Dissimilarity between the first
period of relatively stable ecological conditions (February
2003 to October 2006) and the second period of relatively
stable ecological conditions (September 2007 to December 2009) was quite high (76.32%) due to the abundance
of Corbula specimens (71.09%) during the second period
of relatively stable ecological conditions (September 2007

TABLE 3 - Bivalve species contributions to average dissimilarity between soft bottom macrobenthos samples of group 1 (12/89–12/91), group
2 (2/03–10/06) and group 3 (9/07–12/09).
Similarity precentages (SIMPER)
Groups 1 and 2: Average dissimilarity = 81.13
Species
Corbula gibba (Olivi, 1792)
Modiolarca subpicta (Cantraine, 1835)
Acanthocardia echinata (Linnaeus, 1758)
Laevicardium oblongum (Gmelin, 1791)
Nucula nitidosa Winckworth, 1930
Hiatella arctica (Linnaeus, 1767)
Tellina distorta Poli, 1791
Timoclea ovata (Pennant, 1777)
Thyasira flexuosa (Montagu, 1803)
Kurtiella bidentata (Montagu, 1803)
Phaxas pellucidus (Pennant, 1777)
Pitar rudis (Poli, 1795)
Abra alba (W. Wood, 1802)
Paphia rhomboides (Pennant, 1777)
Limaria hians (Gmelin, 1791)
Anomia ephippium Linnaeus, 1758
Plagiocardium papillosum (Poli, 1795)
Abra prismatica (Montagu, 1808)

Group 1
Av.abund.
140.71
73.76
27.24
23.82
12.06
14.29
0.00
10.82
1.41
0.06
6.12
2.59
5.24
0.88
4.94
3.35
4.82
0.00

Group 2
Av.abund.
11.62
0.05
0.05
0.57
17.33
1.10
10.57
8.33
8.29
7.43
10.19
8.29
5.95
5.76
0.14
1.10
0.05
3.90

Av.diss.
21.61
13.01
6.27
5.86
3.35
3.23
2.92
2.62
2.07
2.02
2.02
1.75
1.55
1.41
1.09
1.03
1.00
0.99

Diss./SD
1.26
1.45
2.35
1.51
0.90
1.17
1.25
0.88
0.99
0.72
0.70
0.92
0.94
0.97
1.33
0.39
1.15
0.70

Contrib.%
26.63
16.04
7.72
7.23
4.13
3.98
3.60
3.23
2.55
2.49
2.49
2.16
1.91
1.73
1.34
1.27
1.23
1.22

Cum.%
26.64
42.68
50.40
57.63
61.76
65.75
69.35
72.58
75.13
77.62
80.12
82.28
84.19
85.92
87.26
88.53
89.76
90.98

Group 1
Av.abund.
140.71
73.76
27.24
23.82
14.29
12.06
6.12
10.82
5.24
4.94

Group 3
Av.abund.
275.00
0.00
0.13
0.63
0.75
17.88
15.25
7.25
2.50
0.00

Av.diss.
32.37
9.28
4.15
3.79
2.13
1.93
1.89
1.37
0.93
0.74

Diss./SD
1.48
1.30
2.22
1.54
1.17
0.92
0.91
1.21
0.92
1.25

Contrib.%
49.78
14.27
6.38
5.83
3.27
2.97
2.91
2.10
1.43
1.14

Cum.%
49.78
64.06
70.43
76.26
79.53
82.50
85.41
87.51
88.94
90.08

Group 2
Av.abund.
11.62
10.19
17.33
10.57
8.29
7.43
8.33
8.29
5.95

Group 3
Av.abund.
275.00
15.25
17.88
3.00
0.13
0.63
7.25
4.00
2.50

Av.diss.
54.25
2.62
2.02
1.99
1.95
1.71
1.71
1.35
1.30

Diss./SD
3.37
1.04
1.07
1.69
1.25
0.82
0.89
1.09
1.13

Contrib.%
71.09
3.44
2.65
2.61
2.55
2.24
2.23
1.77
1.71

Cum.%
71.09
74.52
77.18
79.78
82.33
84.58
86.81
88.58
90.29

Groups 1 and 3: Average dissimilarity = 65.03
Species
Corbula gibba (Olivi, 1792)
Modiolarca subpicta (Cantraine, 1835)
Acanthocardia echinata (Linnaeus, 1758)
Laevicardium oblongum (Gmelin, 1791)
Hiatella arctica (Linnaeus, 1767)
Nucula nitidosa Winckworth, 1930
Phaxas pellucidus (Pennant, 1777)
Timoclea ovata (Pennant, 1777)
Abra alba (W. Wood, 1802)
Limaria hians (Gmelin, 1791)
Groups 2 and 3: Average dissimilarity = 76.32
Species
Corbula gibba (Olivi, 1792)
Phaxas pellucidus (Pennant, 1777)
Nucula nitidosa Winckworth, 1930
Tellina distorta Poli, 1791
Thyasira flexuosa (Montagu, 1803)
Kurtiella bidentata (Montagu, 1803)
Timoclea ovata (Pennant, 1777)
Pitar rudis (Poli, 1795)
Abra alba (W. Wood, 1802)
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to December 2009). Responsible species and their average
abundance for each group, as well their contribution (%)
to dissimilarity between groups, is provided in Table 3.
4 DISCUSSION AND CONCLUSION
The results of the post-anoxic research (1989-1991)
on the transitional community of detritic bottoms in the
northern Adriatic Sea indicated degradation in the
macrofauna recovery of benthic communities [16, 24, 25].
The first month of investigation (December 1989) was
conducted during a period of stagnation, which is why the
results were significantly different from all other samples
acquired during later collections. Namely, sampling during the first month of investigation revealed a low abundance of three recorded species Corbula gibba, Mysia undata and Nucula nitidosa that survived bottom water hypoxia during autumn 1989 [28, 46]. These results occurred
in response to oxygen depletions during the summer of
1988, 1989 and 1991, when apparently large quantities of
mucilaginous (gelatinous) material appeared in the northern Adriatic Sea [20, 47-50]. The transition from a relatively normal benthos to one with a sudden large reduction in biomass occurs when oxygen concentrations decrease below 1 ml L-1 [51].
Recruitment of bivalve assemblages in the transitional
community of detritic bottoms in the study area was similar with those in a nearby community of muddy detritic
bottoms (DC) although, in the latter community, the
period of stagnation lasted for a longer duration: around
4 months, from December 1989 to April 1990 [7].
In the transitional community of detritic bottoms, bivalve assemblages from the first sampling period (December 1989 to December 1991) were represented with a high
abundance of the following species: Corbula gibba, Modiolarca subpicta, Achantocardia echinata and Laevicardium
oblongum. Such an early bivalve recolonization was expected for those species as their reproductive seasons occur
following high rates of mortality [46]. This was further
confirmed by maximum values for total numbers as well as
for individuals less than 5 mm in size, with an abundance
of C. gibba and M. subpicta at the research site during the
summer of 1990 [46]. Following the summer of 1990, the
number of species in the area remained relatively the
same, apart from an abundance of a single species and a
decrease in the recruitment of juveniles [46]. Abundance of
C. gibba (>47%) together with M. Subpicta (>21%) represented the majority of the total fauna collected during 1990
(Figs. 1 and 2). C. gibba is an opportunistic species that
serves as an indicator of environmental instability due to
pollution, low oxygen levels, or increased turbidity [24, 25,
52-55]. Furthermore, rapid growth rates of Corbula specimens were recorded in the spring and early summer during the phytoplankton bloom in 1989 [20] as well as
(>80%) during the second period of relatively stable ecological conditions (September 2007 to December 2009).

Though some levels of nutrient enrichment can exert a
positive influence on secondary production, eutrophication and seasonal hypoxia favour only opportunistic benthic
species with shorter life spans, and smaller body size [29].
Although M. subpicta and H. arctica prefer hard-bottom
habitats, they were quite abundant in the soft bottoms of the
transitional community during the post-anoxic period (December 1989 to December 1991). Following anoxic events,
dead (empty) shells become a convenient substrate for
new settlements of many benthic species, such as those
found in this study; dead (empty) shells formed a new
habitat for M. subpicta and H. arctica [23, 46, 56]. In
nearby areas of the muddy detritic bottom (DC), C. gibba
and M. subpicta were the most abundant species during the
same period of investigation together with Nucula nitidosa
and Timoclea ovata [7]. Significant settlement of M. subpicta together with H. arctica occurred in 1983 following
benthic mortality in the Gulf of Trieste [23].
Starting in December 1990, diversity increased while
abundance of opportunistic species decreased as the Corbula population density was reduced from >40% to >9%,
which was probably due to a higher number of competitive species and predatory activities within the repopulated benthic communities [24, 56, 57]. It is worth-noting
that the phytoplankton bloom during 1990 [20, 28] did
not reduce the number of bivalve species in the subsequent period; moreover, oxygen depletions in 1990 and
1991 were less evident than in 1989 [56]. The newly
formed benthic community could be related to the wind,
the cold “bura” could have mixed the entire water column
and re-oxygenised the bottom water, restoring it to normal
conditions, then lasting until the autumn of 1991 [58].
Abundance of Corbula specimens again increased
during the second period of relatively stable ecological
conditions (September 2007 to December 2009) which
were represented by quite high values (>80%), probably
due to a combination of all the aforementioned characteristics in the northern Adriatic Sea. Following spring
blooms in this area, hypoxia occurs during the summer in
response to oxygen depletions when the water is warmest
and stratification is strong; it then lasts until autumn when
aggregate sedimentation becomes significant, especially
after the mixing of the surface layer by storms [20].
According to Diaz and Rosenberg [59], oxygen depletion may also persist in systems that are exposed to
persistent stratification. In response to sporadic, episodic
and seasonal hypoxia, marine benthic macrofauna communities either collapse or experience mass mortality when
oxygen levels decline below a certain point, <2 mg/L [29,
59-61]. As part of a natural ecosystem response, seasonal
oxygen depletion resulting in the mortality of benthic organisms is usually followed by some level of recolonization when oxygen concentrations return to normal levels
[59].
The nutrient input of the Po River during the spring,
which is a critical period for aggregate formation, was
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different during the 1980s in comparison with the preceding decade [20]. According to research conducted by the
Centre for Marine Research (CMR) in Rovinj, oxygen
depletion in the bottom water is followed by severe degradation of macrobenthic communities in the northern
Adriatic Sea, which regularly occurs in October. This seasonal event might be explained as a result of the synergistic
effect of the ecological characteristics of the water column. However, this seasonal event is not always (regularly) evident, probably due to sea currents and strong wind
“bura”, which could lead to the vertical mixture of sea
water, thus resulting in the oxygenation of the bottom
layer. Stachowitsch [23] also indicated that the “bura” is
an important environmental factor responsible for reoxygenation of the bottom water in the northern Adriatic
Sea, in addition to sea currents [62]. The causes of hypoxia are related to increased nutrient loads, although physical factors influence the timing and extent of hypoxia [20,
63-65].
The subsequent research phase, which was conducted
during the first period of relatively stable ecological conditions (February 2003 to October 2006), revealed that
bivalve diversity values in the transitional community of
detritic bottoms were twice as high as those from 1991
when it was assumed that the benthic community had fully
recovered [56]. Taking into consideration the decreased
abundance and increased diversity revealed during the
second phase of investigation (February 2003 to October2006, it is clear that the re-established bivalve assemblages seen during 1991 did not represent the climax of
the community but, rather, only a step towards balanced
bivalve assemblages in the sensitive northern Adriatic
ecosystem. However, the subsequent research phase –
during the second period of relatively stable ecological
conditions (September 2007 to December 2009) – revealed
that the number of species had again decreased while abundance had increased. At the beginning of the second phase
of investigation (February 2003 to October 2006), the
values of species diversity and abundance were quite similar to the results obtained during 1991 with regards to the
following dominant species: Nucula nitidosa, Tellina
distorta, Phaxas pellucidus and C. gibba, which were
significantly decreased yet constantly abundant. Bivalve
assemblages in the transitional community of detritic
bottoms were quite similar with those seen in muddy
detritic bottoms [7, 66]. The similar taxonomic structure
of these two communities might be explained by resembling environmental features [16, 22]. Moreover, relatively
equal seasonal dynamics of the bivalve assemblages was
shown to exist in both the transitional community of detritic bottoms and in muddy detritic bottoms [66]. This
similarity between the aforementioned communities was
firstly reported by Vatova (1949, [12]) who classified them
within the same Schizaster chiajei biocoenosis (Sch. ch.).
The Ecological Quality Status (EcoQ) of the study area was determined by means of several different marine
biotic indices, such as H´, BENTIX, AMBI and m-AMBI.

The m-AMBI Index, which partly uses H′ scores in the
estimation, showed almost the same trend of the H′ values
that were calculated during the study (Fig. 5). According
to these results, the sampling duration could be separated
into three distinct periods as aforementioned (1989-1991,
2003-2006 and 2007-2009) although the majority of the
results obtained during the sampling period was represented with values of “good” and “moderate” EcoQ at the
sampling site. Despite AMBI values show roughly the
same trend by means of fluctuation of H′ and m-AMBI
values during the study, different from the values of these
indexes, mostly “good” and “high” EcoQ prevailed at the
study site according to the AMBI results (Fig. 7).
The BENTIX results also suggested a relatively similar affinity with the H′ and m-AMBI indexes, although
there are some discrepancies between them (Fig. 6). For
instance, between August 2004 and December 2005, the
study site was only represented with “moderate” EcoQ
with regard to BENTIX values, while only “good” EcoQ
prevailed in the area during that period with respect to mAMBI values (Fig. 8). Nonetheless, these indices seem to
be sufficient for obtaining the relevant and necessary data
on the present benthic ecological status of a particular
area. However, because of the afore incompatibles in the
temporal trends of the EcoQ, each index should be carefully implemented.
During the summer seasons of the first period of relatively stable ecological conditions (2003-2006), the dynamics of bivalve assemblages were moderate and quite
similar with regard to abundance of some species [66].
However, from 2007 to 2009 – during the second period
of relatively stable ecological conditions – the fauna was
similar to that seen during the post-anoxic period, particularly with regard to the relatively higher abundance of
Corbula specimens. Despite the trend of increasing diversity values from 1991 to 2006, as a result of the abundance of certain species and the overall decrease in the
total number of species during the sampling phase of the
second period of relatively stable ecological conditions
(2007-2009), dramatic decrease was determined by the diversity values. Taking into consideration the results obtained
during the post-anoxic period (December 1989 to December 1991), this long-term (1989-2009) investigation into
bivalve assemblages reveals an unstable transitional community of detritic bottoms in the northern Adriatic Sea.
Accordingly, variability in benthic communities also
relates to different temporal scales, such as weeks, years,
or decades.
Repeated hypoxic events change the character of benthic communities and how organic matter is processed in
sediments [67]. The knowledge of long-term change is
important as the northern Adriatic Sea is considered to be a
sensitive ecosystem [23], and it belongs to the so-called
‘Death Zone’ [59]. This research study reveals that longterm changes in the transitional community of detritic bottoms could be detected through the use of bivalve assem-
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blages as an indicator of ecosystem disturbance with consideration to the ecological quality assessment pattern.

[12] Vatova, A. (1949) La fauna bentonica dell'alto e medio Adriatico. Nova Tahallassia. 1: 1-100.
[13] Pérès, J. M. (1967) The Mediterranean benthos. Oceanogr.
Mar. Biol. Annu. Rev. 5: 449-533.
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INVESTIGATIONS ON ECTOPARASITIC HELMINTH
FAUNA OF SQUALIUS CEPHALUS (L., 1758) LINKED
TO ECOLOGIC FACTORS IN SERBAN DAM LAKE, TURKEY
Melike Açıkel and M. Oğuz Öztürk*
Department of Biology, Faculty of Science and Literature, Afyon Kocatepe University, Afyon, Turkey

ABSTRACT
Squalius cephalus (L.) is a common fish type in the
northern hemisphere. In this study, it was aimed to determine ectoparasitic helminth fauna of S. cephalus in Asia
Minor situated between Europe and Asia. For this purpose, investigations about ectoparasitic helminth fauna of
114 S. cephalus (L.) caught from Serban Dam Lake (Afyonkarahisar) in inner Asia Minor were done between February 2009 and August 2010. As result of the study, Gyrodactylus sp. (7.9%, 17.8±16.4) was detected in gills and
fins of S. cephalu, whereas Dactylogyrus vistulae (53.5%,
8.5±8.3) was found only in gills. Additionally, prevalence
of infestation of these two parasite species, and mean, minimum and maximum infestation intensities were evaluated
according to age and sex groups of fish.

2 MATERIALS AND METHODS
2.1. Study area

Serban Dam Lake (38°38'43'' N, 30°22'37'' E) is located
in Sinanpaşa district of Afyonkarahisar province, Turkey.
The Dam Lake, which was constructed on Serban Stream
for watering and protection from spates, is 3 km away from
Afyonkarahisar-Antalya highway, and within Kocatepe
Historical National Park. The Dam Lake, completed in 1995,
is 30 m in height. Normal water altitude is 1285 m; tank
age is 3.35 hm3, and active capacity is 3.14 hm3 [10].

KEYWORDS:
Dactylogyrus, Gyrodactylus, Squalius cephalus

1 INTRODUCTION
Fish is a vital food source, providing fat, protein, minerals and vitamins [1]. Health benefits from the consumption of fish have protective effects in preventing coronary
heart disease, reducing arrhythmias and thrombosis, lowering plasma triglyceride levels, and reducing blood clotting tendency [2].
Factors effective on parasites are host dependence and
environmental factors in habitat of the host fish [3]. Ecologic properties of parasite species, distribution variability, intensities, parasite-host relationships and effects on
hosts are also important for emergence of similarities and
diversities between parasite fauna [4].
Chub, Squalius cephalus, is a fish species that has a
wide geographic range also in Asia Minor as in the northern hemisphere [5]. Various investigations have been made
* Corresponding author

about parasite fauna of S. cephalus living in different geographic regions of Asia Minor [6-9]. However, no studies
are available in literature toward determination of ectohelminth parasite fauna of S. cephalus living in Serban Dam
Lake, Asia Minor.
Under the light of data above, determination of ectoparasite helminth fauna of S. cephalus in Serban Dam
Lake, Anatolia and filling the gaps in that field were aimed.
Additionally, determination of ecologic effects of seasons,
host fish age and sex groups on ectoparasite helminth
species was aimed.

2.2. Fish samples

S. cephalus samples investigated as part of the study
were collected with fish nets from 1-3 m depth of Serban
Dam Lake. 114 fish specimens were transferred into plastic containers containing lake water, and carried to the research laboratory alive. Fish that were analyzed within
24-48 h were kept in air-conditioned fish tanks. Fish were
divided into four age groups according to fish scales: first
group 5.7-7.8 cm, second group 8.4-10.0 cm, third group
10.5-12.1 cm, and fourth group 12.6-16.7 cm.
2.3. Preparation of parasites

Total and fork lengths of fish specimens, in which the
presence of parasites should be investigated, were noted.
Parasites examining on gills, fins and skin was done through
a magnifying glass (x10 magnifying power). Afterwards,
fins and gills of the fish were cut and transferred to Petri
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glass containing physiologic water, and analyzed with a
stereo microscope supported with a light source. While
some parts of parasites found in fins and gills were stored
in 70% ethyl alcohol, with another part, a permanent preparation according to Langeron [11] was made. We thank
Bykhovskaya-Pavlovskaya et al. [12] for detection of the
species.

of parasite species are given in Table 2. According to data in
the table, the most abundant parasite species during this
time was D. vistulae. Infestation intensity and prevalence
was maximum in spring but minimum in autumn. Difference of infestation prevalence of D. vistulae according to
seasons is statistically significant (p<0.05). On the other
hand, Gyrodactylus sp. was detected only in spring (Table 2).

2.4. Statistical analyses

Prevalence of presence of each parasite species on host
fish, mean intensity, and minimum-maximum numbers
were estimated according to Bush et al. [13], and shown in
detail in the tables. Variability in obtained parasitological
data were evaluated using chi-square and Anova tests according to seasons, fish size groups and host fish sex difference using SPSS 11.5.

3.3. Interaction of parasite species and age groups of host fish

3 RESULTS

When parasitological findings were evaluated according to age groups of the fish, Gyrodactylus sp. was detected
in I, II and III age groups, and infestation was found most
in II age group (Table 3). D. vistulae is a parasite species
detected in all fish groups. The highest values of infestation prevalence and mean parasite intensity were found in
fish of the II and III year groups. Difference of D. vistulae
prevalence according to fish size groups was statistically
significant (P<0.05).

3.1. General Infections

3.4. Interaction of parasite species and sex groups of host fish

During the study conducted between February 2009
and August 2010, a total of 114 S. cephalus (length between 12.5 and 28.3 cm) was analyzed in terms of ectoparasite helminth fauna, and 2 parasite species were
recorded. General infestation values of detected parasite
species are shown in Table 1. According to this, Gyrodactylus sp. (7.9%, 17.8±16.4) was found in gills and fins
whereas Dactylogyrus vistulae (53.5%, 8.5±8.3) was recorded in gills (Table 1).

Interaction between the infestation values of aforementioned parasite species and sex groups of host fish is
given in detail in Table 4. Gyrodactylus sp. was recorded
in 5 of 75 female fish (6.6%) and D. vistulae was found in
42 (56.0%). Gyrodactylus sp. was detected in 4 of 39 male
fish (10.2%) and D. vistulae was detected in 19 (48.2%).
According to this, while infestation prevalence of Gyrodactylus sp. was highest in males, infestation intensity
was higher in female fish (P>0.05). In D. vistulae, both
prevalence and intensity was higher in female fish; however, this difference was not found to be statistically significant.

3.2. Interaction of parasite species and seasonal changes

The study was conducted in four seasons (spring, summer, autumn and winter). Distribution of infestation values

TABLE 1 - General infection value of parasite species on Squalius cephalus from Lake Dam Serban. N: infected fish number, infection
prevalence (%), M: minimum-maximum parasite number, mean density and standard deviation (X±S.D.).
Parasite Species

Microhabitat

N and (%)

M and (X±S.D.)

Gyrodactylus sp.

gills, fins

9

4–56 (17.8±16.4)

D. vistulae

gills

(7.9)

61 (53.5)

1–36 (8.5±8.3)

TABLE 2 - Distribution of infection value, for parasite species according to season.
Seasons

Examined Fish Number

Spring

28

Summer

32

Autumn

26

Winter

28

Infection Parameters
Infected Fish Number & (%)
Mean Parasite Number & Std.Dev.
Min-Max. Parasite Number
Infected Fish Number & (%)
Mean Parasite Number & Std.Dev.
Min-Max. Parasite Number
Infected Fish Number & (%)
Mean Parasite Number & Std.Dev.
Min-Max. Parasite Number
Infected Fish Number & (%)
Mean Parasite Number & Std.Dev.
Min-Max. Parasite Number

3615

Gyrodactylus sp.
9 (32.1)
17.7±16.4
4-56
-

D. vistulae
21 (75.0)
15.3±10.6
2-36
19 (59.3)
5.3±4.1
2-15
4 (15.3)
2.7±1.5
2-5
17 (60.7)
5.0±2.9
2-5
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TABLE 3 - Distribution of infection value, according to age groups of S. cephalus
Fish Age Groups Examined Fish Number Infection Parameters
I
Infected Fish Number & (%)
49
Mean Parasite Number & Std.Dev.
Min-Max. Parasite Number
II
Infected Fish Number & (%)
58
Mean Parasite Number & Std.Dev.
Min-Max. Parasite Number
III
Infected Fish Number & (%)
3
Mean Parasite Number & Std.Dev.
Min-Max. Parasite Number
IV
Infected Fish Number & (%)
4
Mean Parasite Number & Std.Dev.
Min-Max. Parasite Number

Gyrodactylus sp.
4 (8.1)
9.5±3.1
5-12
4
9.5±19.3
12-56
1 (33.3)
4.0±0.0
4-4
-

D. vistulae
23 (46.9)
6.5±5.9
1-24
34 (58.6)
10.1±9.7
2-36
2 (66.6)
9.0±9.8
2-16
2 (50.0)
4.0±1.2
3-5

TABLE 4 - Distribution of infection value, according to sex groups of S. cephalus.
Fish Sex Groups

Examined Fish Number Infection Parameters

Female

75

Male

39

Gyrodactylus sp.

Infected Fish Number & (%)
Mean Parasite Number & Std.Dev.
Min-Max. Parasite Number
Infected Fish Number & (%)
Mean Parasite Number & Std.Dev.
Min-Max. Parasite Number

4 DISCUSSION AND CONCLUSIONS
Although parasite fauna of S. cephalus living in different habitats is quite similar [14-16], findings are also
available claiming that it may differ [17-19]. Sterud and
Appleby [14] found Dactylogyrus folkmanovae; Galli et
al. [20] recorded Dactylogyrus ergensi, D. vistulae and
Paradiplozoon rutilii in gill filaments of S. cephalus.
Aydoğdu [6] found Dactylogyrus folkmanovae, D. vistulae, Paradiplozoon megan in gills of S. cephalus, Kurupınar & Öztürk [8] found D. vistulae. and Stonajovski
et al. [19] recorded Dactylogyrus sphyrna, D. folkmanovea, D. vistulae, Paradiplozoon ergensi from monogena
in gills of Leuciscus cephalus albus. An ectoparasite helminth taxon monogenetic trematoda D. vistulae and Gyrodactylus sp. were identified in S. cephalus analyzed in
this study. While parasite fauna similarities in host fish
living in different habitats are explained with host-parasite
specify, differences are identified with diversity of biotic
and a biotic factors seen in local habitats [16].
Nutrition type, age of the host, and physical and chemical ecologic properties of the geographic location are
the main elements effective on parasite communities [3].
Importance of water temperature, an ecologic physical factor, on parasite communities is known [4]. While D. vistulae is found in all seasons, Gyrodactylus sp. was detected
only in spring. Prevalence and intensity of D. vistulae was
highest in spring and lowest in autumn. Similarly, Kurupınar & Öztürk [8] found highest infestation of this parasite in spring. In another study, while D. vistulae in gills of
the same host fish was never detected in autumn and summer, infestation intensity was recorded most in spring,

5 (6.6)
24.0±20.5
4-56
4 (10.2)
10.0±3.3
5-12

D. vistulae
42 (56.0)
9.5±8.8
1-36
19 (48.2)
6.2±6.8
2-30

followed by winter [19]. Ectoparasitic helminthes are the
main parasitic groups affected from environmental factors
because most of their microhabitats are directly in contact
with the environment. Therefore, it may be considered
that the most appropriate living period is spring for Gyrodactylus sp. and D. vistulae recorded in host fish in the
survey area.
Age of the fish and their physiologic properties depending on this may be effective on parasite fauna combination [3, 18]. According to findings of Öztürk [21],
Kutlu & Öztürk [22] infestation values of G. legans were
higher in carps in an older size group compared to those
in the younger size group. Kartal & Öztürk [23] reported
that Gyrodactylus contamination in Cobitis simplicispinna
reached maximum values by gradually increasing from
small host fish to medium host fish but decreasing to
minimum level in the largest group by gradually reducing.
Žitňan [24] considered that lower Gyrodactylus sp. in old
fish arose from better development of immune system in
mature fish. In parallel with the data above, Gyrodactylus
sp. living in S. cephalus was seen to prefer young host fish.
Another monogenetic trematode group, Dactylogyrus vistulae, was seen in every age group of S. cephalus. However,
prevalence and intensity of D. vistulae was highest in fish
of young size groups, and this supports the opinion that
“immune system develops better with older age” [18].
In the study of Kurupınar & Öztürk [8], they found
prevalence of D. vistulae higher in male S. cephalus but intensity in females. While the relationship between Gyrodactylus infestation and host fish sex is in parallel with
the data above, contamination with D. vistulae is higher in
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female fish in terms of both prevalence and intensity. However, this difference is not statistically significant (P>0.05).
In conclusion, ectoparasite helminth fauna of S. cephalus, which is a common fish type in Asia Minor as in the
northern hemisphere, was determined. So ectohelminth
diversity of the aforementioned fish in Asia Minor compared to other geographic regions was revealed. Both
parasite species are new for Serban Dam Lake. By this
way, a new locality has been added to geographic deployment of these parasite species.
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ABSTRACT

face water with residues of this pesticide has been reported in many countries [1,3,5]

Photocatalytic degradation of propanil in aqueous
Au/TiO2 under simulated solar light was investigated. The
decrease of propanil followed first order kinetics with a
half life of 55.8 ± 1.7 min in the presence of 50 mg L 1 of
Au/TiO2. Eleven degradation products were identified
using LC/MS and IC. A degradation pathway was proposed on the basis of the observed transformation products.
In addition, LuminoTox bioassays conducted with two different reagents, PECs (photosynthetic enzyme complexes)
and SAPS (stabilized aqueous photosynthetic systems),
were employed to assess the acute toxicity of solutions
treated by photo-catalysis. Overall toxicity of the resulting
photo-catalytic by-products was significantly less than that
of the untreated propanil. SAPS bioassays proved to be
better indicators of toxicity decreases than PECs, and
demonstrated a close to 4-fold (3.87) decrease in toxicity
following propanil irradiation treatment. This work
demonstrated that photo-catalytic degradation using simulated light, coupled with complementary toxicity data, can
provide useful information to promote environmental green
chemistry approaches for pesticide treatment.

Cl

−

KEY WORDS:
propanil, photo-catalysis, degradation products, toxicity, LuminoTox assay Au/TiO2, simulated solar light, LC/MS

1 INTRODUCTION
Propanil (N-(3,4-dichlorophenyl)-propionamide), see
Fig.1, is an anilide herbicide used worldwide and its mode
of action involves the inhibition of photosynthesis of broadleaf weeds in a wide variety of economically-important
crops, including rice, wheat, barley, oats and rye partly due
to its low mammalian toxicity [1-4]. Contamination of sur* Corresponding author

Cl

H
N

CH3
O

FIGURE 1 - Structure of propanil.

An advanced oxidation process (AOP) using a semiconductor such as titanium dioxide in combination with
solar UV light has been shown to be an efficient way to
produce a strong oxidizing agent (•OH) which could lead
to the mineralization of organic compounds [6-9]. Moreover, the addition of noble metals onto titanium dioxide
(TiO2) and the use of a charge transfer medium nearer to
TiO2 have been found to improve the photo-catalytic efficiency of titanium dioxide [8, 10,11]. Gold was reported as
one of the effective dopants to improve photo-induced
charge separation and enhance light absorption [8, 10].
Since the efficiency of photocatalytic degradation depends heavily on the chemical nature of the pesticide
being treated, kinetic studies on specific pesticides are of
importance [12]. Although there are four published reports on photocatalytic degradation of propanil by ZnO
[3,13] and by TiO2 [14,15], none have investigated the
use of Au/TiO2 for propanil.
Furthermore, toxicity assessment following propanil
photocatalysis has thus far not been documented. Gathering information in this respect is clearly justified since
toxic effects exerted by propanil have been shown to vary
markedly depending on the taxonomic group tested. Bacteria appear to be the least impacted by this herbicide, as
exposure concentrations close to 100 mg/L have been reported for toxicity to manifest itself [16], while fish and invertebrates are affected by ranges lying between 1-10 mg/L
[17,18]. Micro-algae, however, are clearly the most sensitive group as growth inhibition effects have been recorded
under exposures between 0.1-1 mg/L [19]. This demonstrated sensitivity of phototrophic organisms toward pro-
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panil thus legitimized our use of a bioassay system (i.e.,
LuminoTox methodology as described later on) capable
of measuring adverse effects on organisms dependent on
photosynthetic activity following propanil photocatalysis.
In this study, Au/TiO2 nanocomposite-size 3-8 nm was
prepared using a modified method described by Subramanian et al. [20] and employed for the photo-degradation of
propanil. Herein, we report on the breakdown products
resulting from this specific photodegradation scheme for
propanil and their putative pathways. The initial toxicity
of propanil and changes in toxicity after photocatalytic
degradation were measured with the LuminoTox bioassay
systems.

The content of Au in Au/TiO2 samples was determined with Perkin-Elmer, model AA1100B flame atomic
absorption spectrometer (USA) using a gold hollow cathode lamp operated at 15 mA and 242.2nm.
2.2.3 Photocatalytic degradation studies

The full spectrum solar simulator (model 66901, Newport Corporation, USA) equipped with 150 W Xenon,
ozone free lamp, model 6255 and a power supply (Spectra-Physics, Model 69907) was employed for the photocatalytic degradation experiment. Irradiation was performed in a
Pyrex glass. A 500 mL volume of propanil solution (20 mg
L 1) containing 50 mg L 1 of Au/TiO2 was magnetically
stirred and bubbled with air at the rate of 6 L min 1 before
illumination for 1 h in the dark to allow maximum adsorption of propanil onto the catalyst surface. During the
experiment, the suspension was continuously stirred and
sparged with air and the temperature was maintained at
293 K. Sample aliquots of 2 mL were withdrawn from the
reactor at a specific time intervals. The degradation products were analyzed by HPLC-DAD and HPLC/MS.
−

−

−

2 MATERIALS AND METHODS
2.1 Pesticide investigated: propanil

The herbicide propanil (CAS 709-98-8) was obtained
from Dr. Ehrenstoffer GmbH (Ausburg, Germany). Its
chemical purity was 99%. Titanium dioxide P-25 (anatase
circa 50 m2g 1 nonporous) was a gift from Degussa (Frankfurt, Germany). Gold standard 1000 mg Au [HAuCl4.3H2O
in 12.7% HCl] TitrisolR was obtained from Merck (Darmstadt, Germany). Ultra-pure water was obtained from water
purification system model SimplicityTM (Millipore, France).
Other chemicals are of analytical reagent grade.
−

2.2 Photo-catalysis treatment
2.2.1 Preparation of Au/TiO2 nanocomposite

The preparation was a modification of that reported by
Subramanian et al. [21]. Fourteen mL of 50 mM tetraoctyl
ammonium bromide in toluene were stirred with 4 mL of
0.05 M HAuCl4 for 30 min to transfer AuCl4¯ into the
toluene phase. Then 4 mL of each of 0.11 M dodecanethiol
and 0.11M mercaptopropionic acid were added to the organic phase prior to the addition of 6 mL of freshly prepared 0.4 M NaBH4. The solution was stirred for 30 min.
The gold colloid was then washed with dilute acid and
deionized water and finally with ethanol. One gram of TiO2
was added to the solution containing gold colloid in 60 mL
of 1:1 ethanol-toluene. The mixture was sonicated for
10 min followed by stirring for 1 h at 323 K. The solvent
was evaporated under vacuum and the catalyst was then
preheated at 453 K under nitrogen for 2 h prior to calcination at 573 K for 4 h and cooled to room temperature. The
catalyst was then stored in a vacuum desiccator.


2.2.2 TEM, XRD, and AA

Transmission electron microscope (TEM) measurements were performed on a JEOL JEM-1220 transmission
electron microscope operated at 100 keV and a magnification factor of 120,000 (Central equipment laboratory,
KURDI). XRD patterns of Au/TiO 2 were carried out on
a TITRAX III (Rigaku) X-ray diffractometer with a Cu
target operated at accelerating voltage and emission current at 50 kV and 30 mA, respectively (MTEC).

For degradation products studies (i.e., investigation of
products formed during the photocatalytic degradation),
20 mL of solution were withdrawn after an irradiation time
of 110 min and filtered using a cellulose acetate membrane
to remove TiO2. The filtrate was extracted twice in ethyl
acetate (5mL) and the extract was then evaporated under a
stream of mild nitrogen until dryness. The residue was
redissolved in 500 µL methanol and filtered again prior to
injection to LC/MS.
2.3 Analytical measurements
2.3.1 HPLC-DAD

Analyses were performed on a Synergi Max-RP C12
column (4.6 × 250 mm, 4µm, Phenomenex) at 313 K under
isocratic conditions of 30% water and 70% methanol with
a flow rate of 1 mL min-1 for 12 min. Injection volume
was 20 µL.
2.3.2 LC/MS

The LC/MS system consisted of an Applied Biosystem API2000 triple quadrupole instrument (Thornhill, Toronto, Canada) equipped with an ESI interface, an Agilent
1100 LC binary pump (Agilent Technology, Waldbronn,
Germany). An 1100 Agilent autosampler was employed.
Separation was carried out on the same column used in LCDAD experiments but the mobile phase was 30% of 0.1%
formic acid in 1 mM ammonium formate-70% methanol.
Parameters used were as follows:
source parameters: curtain gas 25 psi, ionspray voltage 5500 V (positive ionization mode), nebulizer gas 40 psi,
heater gas 50 psi, temperature: 623 K
compound parameters: declustering potential:28 V, focusing potential: 361Volt, entrance potential: 9.9 V; scan
mass range: 50-400 Da, and dwell time: 3 sec.
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2.3.3 Ion Chromatography for detection of small organic and
inorganic degradation products

Ion chromatograph consisted of a Dionex 500 ion
chromatograph equipped with an Ion®PacAS11-HC (2×
250mm) column. An automated potassium hydroxide eluent generator (EG40) and a conductivity suppression detector were employed to analyze small organic acids and inorganic degradation products. The gradient elution was
started from 2.0 mM KOH and at first linearly increased
to 10.0 mM KOH over 5 min and then further linearly
increased to 20 mM KOH in 8 min. The column was then
equilibrated under the initial condition for 10 min prior to
the next injection. The flow rate and injection volume
were 0.25 mL min 1 and 25 µL, respectively.
−

2.4 Toxicity assessment of propanil and degradation products
2.4.1 LuminoTox Assay: Testing Principle

The LuminoTox toxicity testing procedure makes use
of stabilized photosynthetic enzyme complexes (PECs),
isolated from spinach plant extracts. When PECs are challenged with chemicals or complex samples that can interfere with transmission of chlorophyll fluorescence linked to
Photosystems I and II reaction sites, a corresponding decrease in fluorescence emission results. The LuminoTox
Analyzer, a special fluorometer programmed to measure
photosynthetic activity based on production of chlorophyll fluorescence, can then measure the corresponding
photosynthetic efficiency (Фp) of exposed and unexposed
PECs. The analyzer measures Фp based on the following
formula:
Фp = (F2 sample – F1 sample) / F2 blank
F2 fluorescence relates to fully reduced plastoquinone
Qa after rapid application of a high light intensity excitation of the PECs by the instrument, whereas F1 relates to
fully oxidized Qa after corresponding application of a low
light excitation to the PECs [10]. PEC fluorescence emissions for both F1 and F2 are measured at a wavelength >
700 nm after light excitation at 470 nm. Percentages of
inhibition based on exposure to different sample concentrations can then be calculated as follows:
% inhibition = [(Фblank – Фsample) / Фblank] x 100
2.4.2 LuminoTox Assay: procedure for testing propanil and
its degradation products

During photo-catalysis, aliquots (circa 20 mL) of the
propanil solution under treatment were removed at times
0, 30, 60, 120, 240, 300, 360 min and their toxicity was
determined with the LuminoTox assay, as described below.
The experimental protocol followed for testing toxicity of propanil and transformation products with the LuminoTox Analyzer called for the preparation of several
serial dilutions (in 20 × 150 mm borosilicate glass tubes)
starting from a working solution of 20 mg/L for propanil
from which an IC20 could be later determined (e.g., 10, 5,
2.5, 1.25, 0.625, 0.31 and 0.15 mg/L of propanil). From

each dilution tubes and control tubes (made up of laboratory distilled water), a two-mL volume was then pipetted
in 2 mL amber plastic tubes (Fisher Scientific #02-681346, microcentrifuge tubes, 45 × 10 mm) in triplicate.
Freeze-dried PECs were rehydrated in a reconstitution
solution (i.e., reagent buffer containing 50 mM HEPES and
330 mM sucrose at pH 7.5) according to manufacturer’s
instructions and allowed to stabilize for 15 min [22]. A
100 µL volume of PECs was then pipetted into each amber tube for a 15 min exposure period. Afterwards, contents
of each amber tube (containing PECs, pesticide solution
and/or controls) were simply poured into a methyl acrylate
(VWR Scientific Products, # 58017-875) reading cuvette.
Each cuvette was then placed into the LuminoTox Analyzer to obtain F1 and F2 readings, as well as photosynthetic efficiency (Фp) and percentages of inhibition, as
described above. The endpoint determined was a 15-min
IC50 (inhibitory concentration causing a 50% fluorescence
inhibition related to photosynthetic efficiency) expressed
in mg/L for each photo-catalysis time treatment.
Toxicity testing was also carried out with Stabilized
Aqueous Photosynthetic Systems (SAPS). This commercial
appellation is simply another name for Chlorella vulgaris
micro-algal cells that can be employed with the LuminoTox instrument to detect similar perturbations of fluorescence parameters as in the case of PECs. SAPS are particularly sensitive to herbicides that act on photosystem II such
as propanil. The use of SAPS in this study enabled comparing the responses of two LuminoTox reagents (i.e., PECs
and SAPS), as well as doubling the toxicity information
generated on propanil and possible photo-catalysis transformations (i.e. formation of by-products).
For testing, a vial containing 5 mL of refrigerated (4 °C)
SAPS solution (Lab-Bell product # LBLP1411) is slightly
shaken to resuspend C. vulgaris cells which are then physiologically activated for 90 min under normal light at room
temperature. The SAPS reagent is then ready for use by
following the same experimental protocol for testing
toxicity as that described for PECs above.
2.4.3 Data Analysis

LuminoTox measurement endpoints (IC20s and
their 95% confidence limits) were calculated using a
non linear regression procedure (REGTOX) that is
available as an Excel macro at the following link: http://
eric.vindimian.9online.fr. Correlation analyses were performed with Statistica software, version 8, Systat Software Inc. (San Jose, CA, USA).
3 RESULTS AND DISCUSSION
The gold content of Au/TiO2 was found to be 2.1wt %
which can be seen as dark contrasts with diameters of 3-8
nm deposited on the surface of TiO2 (Fig. 2). Fig. 3 shows
the overlay of XRD patterns of TiO2 and Au/TiO2. Four
peaks of Au were observed at 2Θ values of 38.18◦, 44.40◦,
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containing only propanil and dark control containing propanil and Au/TiO2. In the photocatalysis of propanil, a
plot of ln(Ct/C0) vs time ,where Ct andC0 are initial concentration of propanil and concentration of propanil at
time t , respectively, yields a straight line suggesting that
the reaction follows first order kinetics. The rate constant of
the reaction was determined from the slope of the straight
line. This is consistent with a modified form of LangmuirHin-shelwood model describing solid-liquid interactions
when the initial concentration of organic pesticide is very
small [21,22]. The photolysis of the propanil also follows first order kinetics. The degradation rate of propanil using Au/TiO2 was three times faster than the photolysis reaction without Au/TiO2 and its half life was
55.8±1.7 min. This may be attributable to the capability of
gold nanoparticles to efficiently trap photogenerated electrons, thereby increasing hydroxyl radicals which in turn
oxidize the organic molecules [16, 17]. The dark control
experiment shows that no change of propanil concentration was observed after 420 min. This may be due to the
stability of propanil in aqueous solution [24].

FIGURE 2 - Transmission electron microscope (TEM) image of
2.1%wt Au/TiO2 at a magnification of 120,000x.

FIGURE 3 - XRD patterns for unmodified TiO2(a) and for 2.1 %wt
Au/TiO2 at calcination temperature of 573 K.

64.58◦ and 77.54◦. Additionally, major peaks of the modified catalyst occur at the same 2Θ values for the unmodified catalyst, indicating no change of crystal structure of
Au/TiO2 after doping of Au into TiO2.
3.1 Photo-catalysis

Figure 4 shows the rate of disappearance of propanil in
aqueous Au/TiO2 suspension along with that of photolysis

FIGURE 4 - The disappearance of propanil under different conditions (refer to text for details).

TABLE 1 - Retention times (tR) and MS characteristics of propanil and its intermediates detected by LC/MS.
Compound
Hydroxylated 3,4-dichloroaniline
(C6H5Cl2NO)
Dechloro-monohydroxylated propanil
(C9H10ClNO2)
Dechloro- monohydroxylated propanil
(C9H10ClNO2)

tR (min)
2.05
3.46
3.91

Unidentified

4.66

Hydroxylated propanil (C9H9Cl2NO2)

5.66

Hydroxylated propanil (C9H9Cl2NO2)

6.51

Hydroxylated propanil (C9H9Cl2NO2)

7.11

Hydroxylated propanil (C9H9Cl2NO2)

7.76

Propanil (C9H9Cl2NO)

10.37

m/z (% relative abundance)
199.8 (5, [M+Na]+), 149.2 (27), 130.1 (24, ([M+Na−2Cl]+), 102.0 (21), 88.9 (13), 74 (100)
202.2 ([M+2+H]+, 44), 200.0 (100, [M+H]+,), 177.0 (4), 164 (4, [M−HCl]+), 149.2 (9), 143.9 (3,
[M+H−CH3CH2CO]+), 117.1 (14), 107.0 (7), 101.2 (4), 85.1 (12), 74.2 (9).
202.2 (46, [M+2+H]+), 200.2 (100, [M+H]+,), 185.3 (12,), 177.0 (13), 164.3 (10, [M−HCl]+),
148.9 (18), 144.1 (13, [M+H−CH3CH2CO]+), 116.9 (36), 107.2 (14), 100.9 (9), 85.1 (21), 73.9
(22)
177.1 (6, M+), 163.1 (100), 148.8 (6), 116.9 (14), 107.2 (48, [M−2Cl]+), 101.0 (17)., 88.9 (26),
84.8 (11), 74.0 (7)
236.0 (77, [M+2+H]+), 234.0 (100, [M+H]+,), 200.0 (13), 185 (32 ), 181 (23), 178.1 (13), 164.2
(10, [M+H−2Cl]+), 148.9 (40), 116.9 (66), 107.2 (38), 101.0 (21), 89.0 (20), 84.8 (61), 73.9 (53),
60 (17)
236.0 (69, [M+2+H]+), 234 (100, [M+H]+), 185.0 (16), 180.2 (13), 177.0 (14,
[M+H−CH3CH2CO]+), 164.1 (12, [M+H−2Cl]+), 162.0 (11) , 149.2 (24), 116.9 (43), 106.9 (20),
100.9 (13), 88.9 (13), 85.1 (38), 74 (26)
236.1 (74, [M+2+H]+), 234.1 (100, [M+H]+), 185.1 (2), 180.0 (13), 177.9 (18), 180.0 (13), 164.3
(5, [M+H−2Cl]+), 149.0 (14), 116.9 (21), 107.2 (13), 84.8 (10), 74.2 (14)
235.9 ([M+2+H]+, (68), 233.9 (100, [M+H]+), 185.3 (23), 180.1 (17), 177.2 (18), 163.3 (76,
[M+H−2Cl]+), 19.2 (29), 116.9 (63), 107.2 (34), 100.9 (16), 89.0 (15), 84.9 (52), 74.2 (38), 60.2
(17)
222.1 (12, [M+4+H]+, 220.1 (16, [M+2+H]+), 218.0 (100, [M+H]+), 185.1 (5), 163 (23), 161.0 (9,
[M+H−CH3CH2CO]+), 149.2 (3), 116.9 (3), 107.0 (6), 74.0 (6)

3621

© by PSP Volume 21 – No 12. 2012

Fresenius Environmental Bulletin

3.2 Products formed during photocatalytic degradation

The Au-TiO2 enhanced photodegradation products
were determined by LC/MS and identified by interpretation of fragment ions obtained from Q1 and product ion
scans. There are seven photo-degradation organic products identified using LC/MS as shown in Table 1. All
degradation products eluted earlier than propanil.
The small organic acids and inorganic products were
monitored by IC as shown in Figure 3. Chloride ion was
rapidly formed and circa 95 % of chloride ion was found
after an irradiation time of 240 min, whereas nitrate, formate and acetates evolved very slowly (i.e. circa 4 %).
This is due to the fact that some chloride formed at the
beginning of OH substitution on the aromatic ring while
formate and acetate formed at the later stages of oxidation, i.e. after the oxidative ring opening prior to mineralization, which is a relatively slow process [8].
.

FIGURE 5 - Typical ion chromatogram of degradation products of
propanil after an irradiation time of 240 min.

The characteristics of propanil and its intermediates as presented above allows proposing reaction pathways of the
photocatalytic degradation of propanil in Au/TiO2 suspension under simulated solar light according to the following
scheme:
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A proposed degradation pathway would suggest that hydroxylation of propanil may take place at the aromatic nucleus by direct attack of hydroxyl radical on the aromatic carbon, giving an intermediate such as 1a, from which subsequent removal of hydrogen radical, i.e. as H2, can give rise to several hydroxylated products.
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Moreover, removal of a hydrogen radical from an amide NH group by a hydroxyl radical can also take place,
resulting in the formation of an amide radical which can
also resonate through the aromatic ring to form a phenyl
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N

H

N

Cl
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O

Cl

radical as shown. Further coupling between a radical and
a hydroxyl radical gave N-OH and C-OH bonds as detected in hydroxylated propanil compounds although indistinguishable by LC/MS data alone.
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Hydrolytic cleavage of an amide bond via addition-elimination reaction next led to the formation of several aromatic amines and CH3CH2COOH.
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Dechlorination-hydroxylation could also take place at either chlorinated carbons as indicated. Further hydrolytic
cleavage of an amide bond produced the corresponding amines and CH3CH2COOH.
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3.3 Toxicity assessment of propanil and its photo-catalytic
degradation products

-CH3CH2CO2H
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propanil under time-related irradiation treatment are
shown in Table 2. Results first indicate that SAPS are
clearly more sensitive than PECs toward propanil based
on the "time 0" IC50 values. Both reagents also highlight
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TABLE 2 - Changes in propanil toxicity (in mg/L) after varying times of photo-catalysis treatment, as determined with the LuminoTox assay.
SAPS – IC50 (95% CI)a
0.0150 (0.0133 - 0.0166)
0.0191 (0.0175 - 0.0207)b
0.0184 (0.0140 - 0.0230)
0.0204 (0.0170 - 0.0233)b,d
0.0272 (0.0258 - 0.0288)b,e
0.0403 (0.0376 - 0.0435)b,f
0.0414 (0.0357 - 0.0497)b,f
0.0581 (0.0548 - 0.0624)b,g

significant changes in toxicity after varying times of
treatment suggesting that propanil has undergone transformations that have altered its initial toxicity.
a) The reported Luminotox measurement endpoint is a
15-min IC50 (inhibitory concentration causing a 50% fluorescence inhibition related to photosynthetic efficiency of
control PECs (photosynthetic enzyme complexes) or SAPs
(Stabilized Aqueous Photosynthetic Systems) expressed in
% v/v for each sample. Associated 95% confidence intervals, or CIs, are in brackets.
b) Significantly different from time 0 min treatment.
c) Significantly different from time 0, 30, 60 and 180 min
treatment.
d) Significantly different from time 30 min treatment.
e) Significantly different from time 30, 60 and 120 min
treatment.
f) Significantly different from time 30, 60, 120 and 180 min
treatment.
g) Significantly different from time 30, 60, 120, 180 and
300 min treatment.
However, while PEC toxicity data only begin to
demonstrate a significant reduction in toxicity following
irradiation of propanil at time "240 min", SAPS data show
it as early as 30 min after treatment. Furthermore, SAPS
values display enhanced ability in being able to discriminate effects based on treatment time, as six groups indicative of significantly different (and decreasing) toxicity can
be identified (i.e., "time 0" propanil, "time 30", "time
120", "time 180", "times 240/300" and "time 360"). This
suggests that propanil transformation products may appear as early as 30 min after photo-catalysis treatment
with each having specific toxicity profiles.
While toxicity data intrinsic to each of the identified
intermediate by-products is unavailable, it is clear that
their overall toxicity is less than that of propanil alone,
whose degradation half life has been calculated at 55.8
±1.7 min. Based on a comparison of "time 0" propanil and
"time 360" IC50 SAPS values, irradiation treatment has
thus produced a close to 4-fold (3.87) decrease in toxicity.
When Table 2 PECs and SAPS data are illustrated in
Figure 6, they clearly display the changes (i.e., reduction)
in propanil toxicity with time of irradiation. While both
are significantly correlated, SAPS data are markedly better
indicators of toxicity decreases than PECs, as described
above.
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FIGURE 6 - Evolution of propanil toxicity following 360 min of
photo-catalysis treatment, as indicated with PEC and SAPS testing
with the LuminoTox assay. PECs and SAPS are significantly correlated (r = 0.74; p = 0.035).

4 CONCLUSIONS
The use of Au/TiO2 and simulated solar light for the
removal of propanil from water, which has not been previously studied, appears to be an efficient method owing
to the improvement of photo-induced charge separation
and enhancement of light absorption of unmodified TiO2.
The intermediates in the earlier stages of oxidation are
hydroxylated products with and without dechlorination
while in the later stages of oxidation aromatic ring opening products such as aliphatic acids are produced. Complementary toxicity assessment of the treated propanil
solution established a reduction in toxicity, thereby confirming that by-products formed would be less harmful
from an environmental point of view. This work demonstrated that photo-catalytic degradation using simulated
light is a valuable environmental green chemistry approach for pesticide treatment. Further research seeking to
explore the breakdown of pesticides and their associated
toxicity with similar strategies are to be encouraged.
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ABSTRACT

1 INTRODUCTION

Drivers and environmental effects of land use and landscape pattern change of Naoli River Basin during 19542005 were studied using remote sensing and geographic information systems technology. In recent 50 years, profound
changes have happened in land use pattern of Naoli River
Basin. Farmland (FarL) and residential/construction lands
(RCoL) have increased by 3.4 and 7.7 times respectively.
Areas of unused land (UnuL) and grassland (Grassland)
have reduced by 83% and 70%. Areas of forestland (ForL)
were the secondly in the reduced scope and water area
(WatA) changed little. Reduced areas of unused land were
about 866073hm2 and were much larger than those of
other types. The strongest transformation of different land
use types occurred between unused land and Farmland in
the forms of reducing of marsh areas, and this is the main
trend of land use changes in Naoli River Basin. Variations
of land use have affected landscape patterns profoundly.
Great changes have occurred during 1954-2005. Number
of patches (NP), patch density (PD), largest patch index
(LPI) and contagion (CONTAG) appeared increasing in the
first and then reduced later while mean patch area (AREAMN) was increasing on the whole. Shannon’s diversity
(SHDI) was decreasing on the whole period Population increased and agricultural reclamation activities were main
drivers for landscape pattern changes. Effects of land use
and landscape pattern changes on environment and ecosystem were mainly about reducing of hydrological functions and local biodiversities on specific performance of
runoff and numbers of rare waterfowls reducing.

KEYWORDS: Land use; Naoli River Basin; Eco-environment
effects; Runoff; Waterfowl

* Corresponding author

In regional scale, interference of human activities on
terrestrial ecosystems is not a general disturbance factor,
but key factor that plays decisive role [1]. Land use change,
not only affect the population dynamic of regional terrestrial ecosystem, but also affect regional greenhouse gas
content in global atmospheric [2, 3]. Therefore, land use /
land cover change (LUCC) has been the core issue of
global environment change, also been a major factor and
driving force of global change [4, 5]. Since early 1990s, the
land use / land cover change has attracted wide concern of
researchers and government departments, these studies focused mainly on tropical rain forest, loess hills areas, karst
areas, and economical developed zones [6-9]. As for wetland ecosystem, it has attracted a little attention, research
mainly deals with spatial dynamic of land use, spatial pattern
change, drivers, etc [10-12], and however, the time series of
study was often relatively short.
Land use change is considered to be the most important factor that affects regional-scale landscape change
[13, 14]. On the one hand, large-scale reclamation activities altered the original landscape matrix and increased
the de-gree of landscape fragmentation, which manifested
as the number of plaques increasing and fragmentation
index increasing [15]. During reclamation process, constructions of a large number of ditches accelerated the
fragmentation of landscape [16, 17]. Complexity of ecological systems reduced, and the ability of antiinterference and self healing ability was weakened. Along
with changes of land use type and landscape pattern, it
was showing loss of biodiversity, homogenization of
landscape, change of climate and hydrological condition
[18-20]. Recognizing the relationship between land use
change in regional scale, landscape pattern change, and the
fluctuations in hydrologic and climatic conditions is of
great significance for in-depth understanding the complexity of eco-hydrological characteristics.
Sanjiang Plain is one of regions that freshwater
marshes concentrated in China; Naoli River is the main
river in this region, area of Naoli River Basin accounts for
one quarter of total area of Sanjiang Plain. However, in
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past 50 years large-scale reclamation of wetlands have
happened in the Sanjiang Plain, and ecosystem structure
has changed profoundly [21, 22]. Previous studies focused
mainly on changes of climate, hydrology, wetland function
and biodiversity [23-25]. With the development of remote
sensing technology, many scholars carried out a large number of studies on landscape pattern, spatial and temporal
changes of landscape pattern and its driving forces [26,
27].
In this study, under the support of GIS spatial analysis technology, land-use change process, basic characteristics and ecological effects in time and space scale were
analyzed in past 50 years in Naoli River Basin, which is
important for in-depth understanding impact of agricultural development on ecological environment in Northeast
China, is also significant for taking reasonable land management measures to protect ecological security and use
water resources sustainable.
2 MATERIALS AND METHODS
2.1 Study area

Naoli River is a tributary of Ussuri River, originated
in Qiliga Hill of Wanda Mountain in Boli County, flows
from southwest to northeast, divided into two segments
water in Yuliangzi, 15km north far from Baoqing Town,
converge at Banmiaoliangzi, forming a "sandwich island”,
and flow into the Ussuri River at Dongan Town of Raohe
County, its total length is 596km, upper the Baoqing Town
is upstream, between Baoqing and Caizuizi is midstream,
under Caizuizi is downstream. There are more than 30 tributaries within the basin; the distribution was asymmetric, right
bank tributary are more development. The basin belongs
to temperate humid and semi-humid continental monsoon
climate, annual average temperature is 3.5 °C, annual average precipitation is 518mm, and precipitation from June to
September accounted for 72% of annual precipitation.
Naoli River Basin is located inward of Sanjiang Plain,
area of the basin is 24863 km2, mountain and plain are
main landforms. Mountain landscape refers primarily to
Wanda Veins, plain landscape refers mainly to middle
reach region of inside and outside Qixing River and Naoli
River. From the Mesozoic fracture depression of plain, it
has been in the state of large area subsidence, formed the
internal and external Qixing River and Naoli River middle
reach subsidence center, floodplains, terraces, alluvial alluvial plains extensively developed.
Soil of Naoli River Basin is fertile, water resources
are abundant, and is one of important reclamation zones
[28]. Agricultural reclamation has been active since the
founding of China P. R., especially after 1980s when the
economy developed quickly, food production in this area
was a quarter of that in Sanjiang Plain in early 1990s, and
became an important commodity grain base. In recent
years, rice planting area increased, but also caused substantial increase in agricultural irrigation water, the water

table is declining yearly. Area of wetlands shrunk a lot
and ecological characteristics has changed significantly.
2.2 Data source and analysis

The time span of land-use database of Naoli River Basin was 50 years in this study, and was divided into three
time periods, 1954, 1986 and 2005. Different approaches
were used according to their different data sources.
1:100,000 topographic maps were used as data source of
1954, based mainly on the topographic map legend interpretation methods to acquire land use vector data; Landsat
thematic mapper (TM) satellite remote sensing images were
used for 1986 with a resolution of 30m, near-infrared, red
and green band were used for false color composite, then
projection transformation and geometric correction were
conducted. In the GIS environment, according to image
color, texture and other characteristics of the different land
cover types, appropriate interpretation signs were established, man-machine interactive interpretation were carried out; there was CMB satellite remote sensing data for
2005, accompanied by a Landsat ETM+ data.
According to the characteristics and classification accuracy of study area, refer to "Technical Specification for
Land Use Survey" in China, land use of the study area was
divided into six types, they are farmland, forestland, grassland, water area, residential/construction land and unused
land. Overall interpretation accuracy was about 92%.
All remote sensing images and the corresponding interpretation data of landuse came from the China Wetland
Scientific Database. And the interpretation methods were
shown in Wang et al. [29].
2.3 The selection and calculation of landscape indices

Landscape indices are commonly used in landscape
ecology, which can reflect the overall changes of landscape effectively, especially the degree of fragmentation
and diversity changes [30, 31]. According to the ecological significance and usefulness of landscape indices, four
indexes including NPi, FNi and PLAND were selected on
class level and seven indexes including NP, PD, LPI,
AREA-MN, CONTAG, SHDI and Shannon evenness index
(SHEI) on landscape level were selected. The formula and
ecological significance of landscape indices are in reference [32] and showed in Table 1. Landscape indices are
calculated using the software FRAGSTATS3.3 developed
by Department of Forest Science at Oregon State University U.S.
2.4 Transition matrix analysis of landscape changes

Under the support of ARCGIS 9.2 software, through
overlay analyze 1954 and 2005 results of landscape types
in remote sensing classification, the transition matrix between landscape types of two periods were gotten. The
formula is as follows:
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Where, Pij for the transition probability of landscape
types i in the study area transferred to the landscape type
j; Aij for the area of landscape type i transferred to landscape type j; Ai for the total area that landscape type i
transferred in the study period.

2.5 Source of hydrological data

Long series of observation data have been accumulated in hydrological station of Naoli River. Hydrological
data used in this article, including annual runoff data of
Caizuizi, Baoqing and Baoan station between 1957 and
2005. Locations of three hydrological stations are shown in
Figure 1.

TABLE 1 - Formula of landscape pattern indices and their ecological meanings
Name
NP

Formula
NP=N

PD

PD = NA (10,000)(100)
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Ecological meanings
NP of a particular patch type is a simple measure of the extent of subdivision or fragmentation of the patch type.
PD equals the number of patches in the landscape, divided by total
landscape area (m2), multiplied by 10,000 and 100 (to convert to 100
hectares).
Largest patch index quantifies the percentage of total landscape area
comprised by the largest patch. As such, it is a simple measure of dominance.
AREA-MN equals the sum, across all patches of the corresponding patch
type, of the corresponding patch metric values, divided by the number of
patches of the same type.

FN=N/A
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CONTAGION is inversely related to edge density. When edge density is
very low, for example, when a single class occupies a very large percentage of the landscape, contagion is high, and vice versa.

SHDI is a popular measure of diversity in community ecology, applied
here to landscapes. Shannon’s index is somewhat more sensitive to rare
patch types than Simpson’s diversity index.
SHEI equals minus the sum, across all patch types, of the proportional
abundance of each patch type multiplied by that proportion, divided by
the logarithm of the number of patch types.
Numbers of per area, describing the fragmentation
It is a measure of landscape composition important in many ecological
applications.

FIGURE 1 - Locations of hydrological stations
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3 RESULTS AND DISCUSSIONS
3.1 Land use change

It was shown from Figure 2 that the landscape types
of Naoli River Basin changed greatly from 1954 to 2005.
The dominant landscape type is unused land in 1954, taking up 44.07% of total area (Table 2), among which marsh
occupied the largest proportion which was 39.8%, distributed mainly on middle and lower reaches of the basin;
followed by forestland and farmland; residential/ construction lands amounted for the smallest proportion, only 0.19%.
In period of 1954 to 1986, area of farmland showed a growth
trend, increased by 765553.40 hm2; residential/construction
lands increased either, it was because in early days a large
influx of immigrants and troops came here, resulting in a
large number of unused land be reclaimed into farmland, so
area of residential/construction lands is expanding. However,
forestland and unused land decreased by 121321.14 hm2 and
610984.49hm2 respectively. By 2005 farmland became the
dominant landscape types in Naoli River Basin, taking up
62.29% of total areas, distributed mainly at upper reaches
of the basin.
Overall, during 1954-2005 farmland and residential/construction lands increased mostly with the growth

1954

rates of 341.39% and 765.7% respectively. Great decreasing trends for grassland and unused land were 69.52% and
82.91%, respectively.
Land use change is the result of competition between
different land use types, the conversion of various types
reflects intrinsic process of land use change. Using GIS
technology platform, we got the landscape matrix of 1954
and 2005 in Naoli River Basin (Table 3). The analysis
revealed that all types of land use conversion and reversal
co-existence. Area converted to other types from farmland
was 37716.03hm2 from 1954 to 2005, mainly to forestland and residential/construction lands; Areas converted to farmland and forestland from unused land were
825309.9 hm2 and 36810.99 hm2, respectively. Areas that
converted to other types from forestland were 270914.1
hm2; Areas converted to forestland from other types was
66224.88hm2. Areas converted to other types from grassland were 147646 hm2 and areas converted to grassland
from other types were 42438.51 hm2. Farmland originating from unused land was the most intense, which was
mainly caused by the reduction of wetlands, this is the
major modes of land use change in Nali River Basin during the past 51 years.

2005

1986

FIGURE 2 - Land use change of Naoli River Basin during 1954-2005

TABLE 2 - Land use change of Naoli River Basin in different periods during 1954-2005
Year
1954
1986
2005
1954-1986
1986-2005

Type
Areas hm2
Proportions ( %)
Areas hm2
Proportions ( %)
Areas hm2
Proportions ( %)
Annual changing rate hm2/a
Single dynamic degrees %
Annual changing rate hm2/a
Single dynamic degrees %

FarL
334541.82
14.11
1100095.22
46.41
1476620.23
62.29
23923.54
7.15
19817.11
1.80

ForL
824641.92
34.79
703320.78
29.67
620194.14
26.16
-3791.29
-0.46
-4375.09
-0.62
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GraL
151326.12
6.38
88171.82
3.72
46125.09
1.95
-1973.57
-1.30
-2212.99
-2.51

WatL
10625.75
0.45
7110.30
0.30
10420.56
0.44
-109.86
-1.03
174.22
2.45

RCoL
4471.96
0.19
38286.59
1.62
38713.89
1.63
1056.71
23.63
22.49
0.06

UnuL
1044567.82
44.07
433583.33
18.29
178494.62
7.53
-19093.27
-1.83
-13425.72
-3.10
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TABLE 3 - Land transformation matrixes of Naoli River Basin during 1954-2005 (hm2)
Land types
FarL
ForL
GraL
WatL
RCoL
UnuL
FarL
296835.7
12281.67
2319.3
1583.73
13518.54
8012.79
ForL
227631.6
553783.2
22788.54
2629.35
7433.55
10431.09
GraL
121002.6
16803.27
3676.86
1125.45
4032.81
4681.89
WatL
2964.15
250.65
354.24
150.66
40.95
6858.81
RCoL
2754.63
78.3
163.35
31.5
1422.27
22.86
UnuL
825309.9
36810.99
16813.08
4901.31
12267.72
148474
Note: 1) Row and column means various land use types of 1954 and 2005; 2) The results used round down method and kept two decimal.

TABLE 4 - Landscape changes in Naoli River Basin during 1954-2005
Year
1954
1986
2005

NP/number
3790
3090
3185

PD /number·hm-2
0.1599
0.1303
0.1344

LPI
40.2755
28.8717
45.3805

AREA-MN/hm2
625.3935
767.1958
744.3124

3.2 Change patterns on landscape scale during 1954-2005

In the period of 1954-2005, landscape pattern of Naoli
River Basin had changed greatly, and main characteristics
were shown in Table 4.
3.3 Process of landscape fragmentation in Naoli River Basin

Patches is the basic unit of landscape; matrix is the
patch with the largest and highest connection, and it plays
control roles on local landscape; corridor can be seen as
banded patches. Change of landscape pattern can be reflected by patches. Fragmentation degree of landscape is an
important indicator for measuring landscape heterogeneity.
In this study, seven indexes on landscape level were selected to study landscape change in past 51 years (Table 4). NP
and PD from 1954 to 1986 showed a downward trend, however, showed slightly increasing trend from 1986 to 2005.
From 1954 to 1986, several large-scale wetland reclamation processes have happened in Naoli River Basin, resulting in small patches of original wetland and farm land
connecting with each other, consequently, NP and PD
reduced, accompanied by AREA-MN increasing from 625.4
hm2 to 767.2hm2. In period of 1986-2005 NP and PD had
increased in Naoli River Basin, mainly due to large-scale
implementation of changing upland field into paddy fields
in recent years, and this resulted in original uniform and
large farmland getting fragmented in consequence with
NP increasing and AREA-MN decreasing.
With changes of NP and PD, LPI decreased firstly
and then decreased during 1954-2005. LPI had decreased
from 40.2755 in 1954 to 28.8717 in 1986, indicating that
reclamation of wetlands before 1986 was sporadic and
lacked unified management, so it was not conducive form
large patches, however, in the period of 1986-2005, LPI
showed an increasing trend, until 2005 it had reached to
45.3805, which suggested that intensive degree of land
use has increased and large patches had been formed and
stabilized.
3.4 Landscape diversity changes in Naoli River Basin

Diversity index reflects number of landscape type and
the changes of various types’ proportion. Usually with in-

CONTAG/%
63.6087
63.1075
69.6178

SHDI
1.2165
1.2340
1.0081

SHEI
0.6789
0.6887
0.5626

creasing of landscape diversity index, complexities of landscape structure composition are increasing. In the present
work, Shannon’s diversity index (SHDI) was selected to
reflect landscape diversity in Naoli River Basin. In recent
50 years, SHDI firstly increased and then decreased, and
the maximum was 1.2340 in 1986 while the minimum was
1.0081 in 2005, indicating that landscape types of this
region were diverse and complex before 1986 while distribution of landscape after 1986 was unbalanced. Lower
SHDI in 2005 suggested that the landscape pattern was
simplifying, complexities were reducing, and control abilities of landscape types in predominant on regional landscape structures and compositions were becoming stronger.
From Table 4, it showed that the unused land accounted
for 44% areas of Naoli River Basin in 1954, it was the
largest land use type and played dominant role on compositions of the regional landscape. However, with the implementation of reclamation activities, proportions of unused land areas to the total areas were decreasing continually. In opposite, Farmland areas increased rapidly and had
accounted for 62% of total areas in 2005, which indicated
that farmland have become dominant land use types with
higher control ability on regional landscape than unused
land in 1954. Regional landscape pattern became simplifying meanwhile SHEI has also decreased after 1986.
3.5 Landscape dispersion change in Naoli River Basin

Landscape connectivity is common expressed by
CONTAG, which reflects the degree of aggregation of
different patch types in landscape. When landscape is composited by a few large patch or same types of patches,
CONTAG becomes relative large. CONTAG takes into
account neighbor relations between patch types so that it
can reflect the spatial configuration characteristics of
landscape components. From 1954 to 2005, CONTAG of
Naoli River Basin firstly decreased and then increased. In
period of 1954-1986, though NP reduced in Naoli River
Basin, large patches were destroyed by reclamation activities and connection degree among them reduced, and this
resulted in CONTAG reducing. In 1986, China changed
its policies to control wetlands reclamation scale in San-
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jiang Plain. Affected by this, large-scale reclamation in
Naoli River Basin disappeared after 1986 and agricultural
activities were to reclaim some residual wetlands in edge
zones of farmland. This resulted in connecting and coalescing of farmland patches and larger farmland patches
formed while CONTAG was also increasing, which was in
consistent with changes of LPI after 1986.
3.6 Landscape dynamic changes of Farmland and Unused
land on class level

In recent 50 years, land transformation between Farmland and Unused land constituted the main mode of land
changes in this region, but residential/construction land
areas increased the most. More attentions were paid to
these three types when landscape dynamic changes were
studied on the class level. Number of patches (NPi), fragmentation degrees (FN) and percentage of landscape
(PLAND) were selected as shown in Table 5.
In the period of 1954-2005, NPi of Farmland in Naoli
River Basin firstly decreased and then increased, FN firstly
increased and then decreased, and PLAND of Farmland had
been increasing. NPi of Unused land was in decreasing, FN
was increasing, and PLAND was in decline in period of
1954-2005. During 1954-1986, strength of reclamation in
Naoli River Basin was dramatic. Decreasing and fragmentation rates of wetlands in this period were much higher
than that during 1986-2005. This was mainly because a
large number of military and educated youth migrated into
Naoli River Basin during the period 1956-1986, many large
state-operated farms were set up and reclamation activities
in this period was intensified and strong. However, after
1986, due to state control on reclamation of wetlands in
Sanjiang Plain, what’s more due to family planning policy,
population growth speed getting slowed and stabilized, no
large-scale wetland reclamation happened while small and
isolated wetlands reclamation also existed in edge zones of
original farmland. A large number of farmland connected
together during 1986-2005. Since the implementation of
changing upland fields into paddy fields in recent years,
patches number of farmland had increased to 765 in 2005
from 348 in 1986.
3.7 The impact of human activities on landscape pattern change

Population growth and agricultural reclamation activities have been a dominant factor affecting landscape
pattern change in Sanjiang Plain. Population of Naoli River

Basin grow fast after 1949, meanwhile areas of farmland and
residential/construction land increased evidently (Fig. 3).
Between 1954 and 2005, area of Residential/ construction
land in Naoli River Basin increased by 8 times. Despite
lacking population data of cities in Naoli River Basin, but
Naoli River Basin is located in Sanjiang Plain, so the
population changes of Sanjiang Plain can also reflect the
change of population in Naoli River Basin. In 1949, population of Sanjiang Plain was just 139.9 ×106, average
population density was 12.84 people /km2, however population of Sanjiang Plain has increased to 873.2×106 in
2005, and average population density was 80.35 people/km2, which increased by 5.24 times [27]. Fast growth
of population brought about demand for food and construction land, which led to increase of Farmland and
Residential/construction land area. In the period of 19541986, areas of residential/construction land increased from
4472hm2 to 38267hm2 in Naoli River Basin, increased by
about 7.5 times. However, in the period of 1986-2005, areas
of Residential/construction land showed slight increase.
This mainly due to regulation of national population policy,
which resulted in controlled population growth rate effectively and stabilized area of residents in the late 1980s. In
addition, agriculture is pillar industry in counties of Naoli
River Basin and speed of urbanization is slow. There were
fewer demands for construction land and agricultural
reclamation activity is main reason that caused landscape
fragmentation and landscape pattern change.
3.8 Response of hydrological fluctuation of Naoli River to
landscape pattern change

Wetlands possess water conservation function and
play an important role in regulating river hydrology process and nutrient transport [33. 34]. Degradation and
disappearance of natural wetlands in Naoli River Basin
affected the hydrological process of wetlands, and thus
caused significant impact on hydrological regimes of Naoli
River. Runoff observations data of hydrological stations
showed that total runoff of Baoqing, Baoan and the Caizuizi were 68, 258 and 616 million m³ respectively in 2005,
which had decreased by 86.3%, 78.3% and 88.4% respectively compared with that in 1957. Runoff decreasing rate
of Caizuizi station was the fastest in recent 50 years, which
is 42 million m³ / a; followed by Baoqing station, which
was 12.4 million m³ / a; the slowest one was Baoan station,
which was 4.7 million m³ / a (Fig.4).

TABLE 5 - Landscape indexes changes on class level in Naoli River Basin during 1954-2005
Year
1954
1986
2005

Indexes
NPi
FN(hm2)
PLAND (%)
NPi
FN (hm2)
PLAND (%)
NPi
FN (hm2)
PLAND (%)

UnuL
768
1360.13
44.07
173
2506.32
18.29
74
2411.94
7.53

FarL
540
619.54
14.11
348
3161.21
46.41
765
1930.22
62.29
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ForL
900
916.33
34.79
738
953.06
29.67
763
812.95
26.17

GraL
275
550.26
6.38
470
187.61
3.72
241
191.35
1.95

WatL
581
18.28
0.45
60
118.49
0.30
63
165.44
0.44

RCoL
726
6.16
0.19
1301
29.44
1.62
1279
30.27
1.63
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FIGURE 3 - Area changes of different land use types during 1954-2005
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FIGURE 4 - Runoff variations of Naoli River during the past 50 years

Various factors contributed to the decrease of annual
runoff of Naoli River, among which human activity was
the leading factor. Though about 40 reservoirs of different
sizes were constructed during the study time, only five
were large and others were too small to put significant
impact on hydrological regimes variation in Naoli River.
The five large ones were Longtouqiao, Hamatong, Qinghe,
Jubaoshan and Jinshahe reservoir. But sums of the five
reservoirs’ catchment areas were 2713 km2, just about 11%
of the Naoli River catchment areas (Table 6). They could
not change the hydrological regimes significantly. Meanwhile, other researches supported our results that land use
change was the main reason for runoff volume decreasing
in Naoli River. Luan et al. [23] found that reduced runoff
caused by human activity in upstream of Baoqing station
and downstream of Caizuizi station accounted for 71.19%
and 62.21% of total amount of reduced runoff. Reclamation caused a significant reduction in wetland area of
upstream, weakened water storage function of wetland,

and reduced water exchange in upstream region. All these
resulted in runoff reduced in Naoli River [35]. Runoff
depth of Naoli River decreased with wetland area reduction. For example, wetland area of Naoli River Basin in
1958 was approximately 9848.19 km2, precipitation was
484.9mm, and runoff depth was 124.9 mm. In 1974, wetland area has reduced to 6993.95 km2, precipitation was
536.00 mm and runoff depth was 102.6 mm. In 1984,
wetland area has reduced to 4099.54 km2, precipitation
was 579.3mm, and the runoff depth was 66.6 mm. However, wetland area in 2000 further reduced to 1717 km2, precipitation was 548.8mm and the runoff depth reduced to
33.7mm (Fig.5). Though years, precipitation showed little
change or even increased slightly in the past 50 years,
runoff depth of Naoli River decreased significantly with
decrease of wetland area. Significant reduction of wetland
area and landscape fragmentation led to regulation function of wetland on surface runoff weakened.

TABLE 6 - Five large reservoirs in Naoli River
Name
Catchment areas (km2)

Longtouqiao
1730

Hamatong
472

3632

Qinghe
265

Jubaoshan
142

Jinshahe
104

Fresenius Environmental Bulletin

600
10000

400

2

Wetland area (km )

8000

6000

Wetland
Rainfall
Runoff depth

300

200

4000

100

Rainfall or Runoff depth (mm)

500

2000
1950

1960

1970

1980

1990

2000

0

Year

FIGURE 5 - Changes of wetland areas, runoff depth and precipitation during 1958-2000 [34]
3.9 Response of biological diversity on land use and landscape pattern changes

Sanjiang Plain is one of freshwater marsh gathering
region with the richest species diversity in China. There
are 209 kinds of plants, 64 kinds of mammals, 211 kinds
of birds, 11 kinds of reptiles 9 kinds of amphibians and 86
kinds of fishes [36], among which 52 kinds of birds and
14 kinds of mammals are national protected species. Major endangered species here are Red-crowned crane, Oriental White Stork and whooper swans [35]. Naoli River
Basin is rich in species diversity and accounts for 68% of
plant and animal species of Sanjiang Plain, 46% of Heilongjiang Province. Percentage of higher plants and vertebrates to their own total species are 65%, 41% and 75%,
65% respectively in Sanjiang Plain and Heilongjiang
Province (Table 7). Species abundance in Naoli River
basin is 0.091/hm2, which is far higher than the average
specie abundance of wetlands in world (0.0056/hm2) [37].
Naoli River Basin is not only the important stopover
and habitat for migratory birds, but also the major breeding ground for waterfowl in the world. Red-crowned
crane, Oriental White Stork, whopper swan and other rare
waterfowls are nesting here. However, large-scale wetland agricultural reclamation activities had led to wetland

area decreased significantly in consequence with shrinking of bird habitats. Meanwhile, constructions of wetland
drainage ditches make habitat of fish, zoobenthos and
amphibians reducing, which also contributed to significant loss of bird feeding grounds. In center catchment
area of marshes in Sanjiang Plain, numbers of benthic
snails reached up to 532/ m2, however, all benthic snails
in 0-20cm of sod layers died when water was drained out
[38]. At the same time fish resource was in recession due
to the loss of wetlands areas, reducing of water yield and
overfishing, and this further increased survival pressures
for birds and bird population numbers had decreased
significantly. For example, there were about 309 redcrowned cranes in Sanjiang Plain in 1980 [39, 40], of
which about 50-60 pairs of Red-crowned cranes in the
Honghe Natural Reserve [41]. But the number has decreased to 100 in early 1990s [42]. According to the survey results in 1994, there were only about 64 Redcrowned cranes in Sanjiang Plain [43]. There were about
100 pairs of Oriental White Stork in 1970s in Honghe
Natural Reserve of Sanjiang Plain, but the number declined sharply after 1980s (Fig.6) [44, 45].
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FIGURE 6 - Changes of waterfowl number in Honghe Natural
Reserve [44]

TABLE 7 - Comparison of species in Naoli River Basin and Sanjiang Plain [37]
Species
Fishes
Amphibians
Reptiles
Birds
Beasts
Total

Heilongjiang
Province
105
13
17
367
88
590

Sanjiang
Plain
82
11
13
325
71
502

Naoli
Basin
60
11
13
236
53
373

River Percentage of species in Naoli River Basin Percentage of species in Naoli River
to that in Heilongjiang Province (%)
Basin to that in Sanjiang Plain (%)
57.14
73.17
84.62
100.00
76.47
100.00
64.31
72.62
60.33
74.65
63.22
74.30

4 CONCLUSIONS
Significant changes of land use have happened in Naoli
River Basin in past 51 years, and this caused profound

impact on region's landscape pattern. Areas of unused land
decreased obviously, among which wetlands decreased most.
Meanwhile, areas of farmland and residential/ construction
land increased rapidly. Regional landscape matrix has
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changed into farmland from wetland. Reclamation has led
to more uniformity and simplicity for regional landscape
characteristics. Reduction in wetland area and change of
landscape pattern were linked closely with reduction of
runoff and biological diversity in Naoli River Basin.
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ABSTRACT
Soil samples contaminated by hexachlorocyclohexanes
(HCHs) were collected from a pesticide-contaminated site
in Beijing, and treated with thermal desorption to investigate the behavior of HCHs removal at different temperatures and soil particle sizes (four different particle sizes
were : < 0.18, 0.18–0.45, 0.45–2, and > 2 mm). The test
results show that removal efficiencies were significantly
affected by temperature. High removal efficiency (> 99%)
was obtained at temperatures higher than 340°C, and residual concentration of HCHs at this temperature (0.347 mg/kg)
met the Environmental Quality Standard for Soils of the
Chinese National Standard, suggesting 340°C was an optimum for this type of soil. Soils with particle sizes larger
than 2 mm possessed lower removal efficiency than those
with smaller particle size, which may result from the
internal diffusion phenomenon of contaminants in larger
particles. Kinetics of thermal desorption were well described by a second-order kinetic model, and the desorption rate of HCHs of larger particle sizes was lower than
those of smaller ones.

KEYWORDS:
Thermal desorption, soil, HCHs, temperature, particle size.

1 INTRODUCTION
Persistent organic pollutants (POPs) are a set of chemicals that are toxic, persist in the environment for a long
period of time, and biomagnify as they move up through
the food chain [1]. Moreover, POPs can also be transported over long distances by the atmosphere to locations far
from their sources, even to polar regions [2]. POPs have
been detected in soils of industrial sites worldwide,
* Corresponding author

making them a widespread and relevant environmental
problem [3, 4]. Among POPs, hexachlorocyclohexanes
(HCHs), as effective pesticides, were previously used worldwide, and were identified as priority pollutants by the
U.S. EPA [5]. About 4 million tons of industrial HCHs
were produced during the 1950s to 1980s in China, and
this represents a permanent pollution source to the environment. HCHs have been banned in China since mid1980s due to concerns for the environment and human
health [6, 7]. However, they are still found in different
environmental media [8, 9]. Several human health incidents
have been linked to redeveloping of HCH-contaminated
sites in China [10, 11]. In recent years, HCHs have caused
increasing international concern, and were addressed on an
additional list by the Stockholm Convention in 2009 [12].
Many remedial techniques have been developed for
HCH-contaminated soil treatment, such as biological treatment, soil washing, air stripping, thermal desorption and
incineration. Among them, thermal desorption is an attractive choice because it can be used to promptly treat contaminated soils with high efficiency – irrespective of
chemical species in soil – and is low cost, relatively safe,
and emits little or no hazardous material into the atmosphere [13-15]. As a highly interesting technique for soil
treatment, thermal desorption was selected by U.S. EPA
to clean up 71 superfund sites [16,17]. Smith et al. [18]
demonstrated that soils contaminated by polycyclic aromatic hydrocarbons (PAHs) could be successfully treated
to meet the legislated soil remediation limits using thermal
desorption. Thurnau [19] investigated the effectiveness of a
low-temperature thermal desorption unit in remediating
soil contaminated by various organic and metallic pollutants; the unit was successfully used for co-contaminated
waste treatment. Additionally, de Percin found soils contaminated by volatile organic compounds (VOCs), semivolatile organic compounds (SVOCs), polychlorinated
biphenyls (PCBs) and pesticides could be cleaned completely by thermal desorption processes [20]. Other studies have also demonstrated that thermal desorption is a
good choice for removing organic compounds from contaminated soils [21, 22].
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Many studies, including fundamental data, from different laboratory and pilot-scale experiments have been
carried out to determine the mechanism of thermal desorption for contaminants from soils [23-26]. Few articles have
reported the influence of parameters and soil physical characteristics on different thermal desorption units. For example, Lee et al. showed that temperature was a key factor of fluidized thermal desorption processes in petroleum-contaminated soils treatment, and high desorption
efficiency (95%) was only achieved at operating temperatures higher than 294°C [27]. Merino and Bucala came to
a similar conclusion with artificial soil contaminated by
hexadecane and treated thermally at different final temperatures (150–800°C) [14]. Falciglia et al. [28] demonstrated that desorption efficiency of diesel-polluted soil
was affected by soil texture, and experimental data were
governed by first-order kinetics. Kinetic phenomena were
also investigated by Torrents et al. [29], who concluded that
desorption kinetics of three aromatic compounds followed
an exponential-decay type model. However, little study has
focused on the removal kinetics and mechanism of thermal
desorption when treating soils contaminated by HCHs.
The overall goal of this study was to evaluate HCHs
removal from soils related to temperature and particle sizes
with an experimental bench-scale thermal desorption apparatus. At the same time, desorption kinetics was investigated to facilitate the explanation of removal mechanisms
for thermal desorption. Results are of practical interest and
may be used in scaling-up and designing thermal desorption equipment for the remediation of POP-pesticide contaminated sites.
2 MATERIAL AND METHODS

fine clay, 7.45% silt and 78.93% coarse clay, respectively.
The Soil Organic Matter (SOM) of the sample was 0.78%,
and cation exchange capacity (CEC) was 7.87cmol/kg.
After the sample was collected, it was air-dried, homogenized and size-fractionated into four parts according to its
original particle diameters: < 0.18, 0.18-0.45, 0.45-2.0
and > 2.0 mm.
The HCH pollutants contained α-HCH, β-HCH, γHCH and δ-HCH – isomers of HCH. Their physicochemical
properties are shown in Table 2.
2.2 Analysis Methods

HCHs were extracted from 3.0 g of soil by an Accelerated Solvent Extractor (Dionex ASE200) with a mixture
of hexane:acetone (chromatographic grade, v/v =1:1) for
5-min heat-up (at 100°C and 10000 kPa), and followed by
a process of 5-min static extraction repeated three times
[30]. The extract was then concentrated to 2.0 mL using
nitrogen flux. The cleanup procedure of samples was
conducted with a Florisil column which following the
EPA method SW-846 3620C [31]. The Florisil column
was made of anhydrous sodium sulfate (analytical reagent
grade ≥ 99%), Florisil adsorbent (60–100 mesh), copper
powder (200 mesh) and neutral aluminum oxide (100–200
mesh) to remove water and other co-extractants. Finally,
the extract was concentrated to exactly 1.0 mL for chromatographic analysis.
The concentrations of HCHs in concentrated extract
from soil samples were measured by gas chromatography
(GC; Shimadzu GC-2010) equipped with a capillary DB5 column (30 m × 0.32 mm × 0.25 µm) and electron capture detector (ECD). Quality control studies showed that
recoveries of spiked samples were in the range of 70–
127%.

2.1 Contaminated Soil Sample

2.3 Ex Situ Thermal Desorption System and Its Operation

The HCH-contaminated sample used in this study
was collected from the top 20 cm surface layer of soil from
a former pesticide factory in Beijing, China (Table 1). The
type of the soil was sandy loam, which contained 13.62%

A bench-scale thermal desorption apparatus was used
for this work, and it could be run either for batch or continuous operation. It consisted of a feed hopper, a rotary kiln
(inner diameter: 200 mm, length: 900 mm), a discharge

TABLE 1 - Some physical and chemical characteristics of the tested soil
Size
(mm)
< 0.18
0.18-0.45
0.45-2.0
> 2.0

Proportion
(%)
50.4
16.2
14.6
18.8

Moisture
(%)
1.40
1.54
2.45
3.30

HCHs concentration in
(mg/kg)
37.4
45.0
55.0
62.6

Soil organic matter
(%)
0.71
1.55
2.42
3.00

Cation exchange capacity
(mol/kg)
7.6
8.2
13.0
10.1

TABLE 2 - Some physical and chemical characteristics of HCHs

Molecular weight
Melting point (°C)
Boiling point (°C)
Saturated vapor pressure(20℃) (kPa)

α-HCH
290.82
159-160
288 °C at 100KPa
3.4× 10–6
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β-HCH
290.82
314-315
60 °C at 76Pa
3.4× 10–6

γ-HCH
290.82
112-113
323 °C at 100KPa
2.2× 10–5

δ-HCH
290.82
141-142
60 °C at 48Pa
1.6× 10–6
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valve and a flue (Fig. 1). The kiln was heated electrically
and could reach a maximum temperature of 1000°C. The
kiln was surrounded by an insulating layer for heat
preservation. When in operation, the cylindrical rotary
kiln is driven by an electromotor and rotates, so that the
soil inside could be heated uniformly. The cylindrical rotary kiln was placed with 3% inclination to facilitate the
discharge of treated soil. A control cabinet was used to
adjust the rotary speed and temperature of the kiln before
each experiment.

FIGURE 1 - Bench-scale thermal desorption apparatus
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and can evaporate at high temperature from the surfaces
of soil particles and water [24]. The saturated vapor pressure of γ-HCHs was much higher than those of other
isomers (Table 2), indicating that γ-HCH was easily
evaporated from soil surfaces. This results in higher removal efficiency of γ-HCHs at lower temperature than
those of other constituents. The removal efficiencies of αHCH, β-HCH and δ-HCH were low at lower temperature
(130°C), which may have resulted from recalcitrance of
contaminants encountered in the interior of the soil particles. As temperature increases, the impact of recalcitrance
decreases [32]. High removal efficiencies of HCHs could
be achieved at 280°C, which indicated that high removal
efficiency was possible even when the temperature was
below their normal boiling point (Table 2). Merino and
Bucalá obtained similar results when investigating the
effect of temperature on the release of hexadecane from
soil by thermal treatment [14].

Residual Concentration /mg.kg

The removal efficiency of HCHs from soils at different temperatures are presented in Fig. 2.

The thermal desorption mechanism may be mainly
governed by surface evaporation and internal diffusion
phenomena, both of which are affected by treatment temperature [25]. HCHs are semivolatile organic compounds,

60

FIGURE 2 - Desorption efficiencies of HCHs from soil at different
temperatures

3.1 HCH Removal Efficiency and Its Dependence on Temperature

At a treatment temperature of 130°C, the removal efficiency of γ-HCH was nearly 90%, while those of αHCH, β-HCH and δ-HCH were only 14.00%, 22.63% and
32.22% respectively (Fig. 2). The removal efficiency of
HCHs from soil rose apparently with increasing treatment
temperatures, up to 280°C. The removal efficiency of each
HCH constituent was > 90% at temperatures higher than
400°C and changed slightly as temperature increased continually. The removal efficiency of ∑HCH had the same
removal trend as those of α-HCH, β-HCH and δ-HCH.

80

0

-1

3 RESULTS AND DISCUSSION

Removal efficiency / %

Once the rotary kiln reached the desired temperature
(from 130°C to 550°C, intervals of 30°C), 1 kg of polluted soil samples were added from the feed hopper inside
the thermal desorption apparatus for 12 min in each test.
As the soil was heated, the contaminants vaporized and
flew out of the flue, and the treated soil was discharged
from the discharge valve. When all treated soil had passed
through the discharge valve, the next batch experiment was
carried out. The gas discharged from the flue was conducted into an exhaust treatment device to avoid secondary
pollution. All the experiments were operated at atmospheric pressure.
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FIGURE 3 - Residual concentration of ∑HCH at different temperatures. The dashed line represents the threshold of ∑HCH in Chinese
Soil Quality Standard.

As the treatment temperature increased, more HCHs
were removed due to their increased vapor pressure [33].
However, removal efficiency of HCHs did not change
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100

Removal efficiency /%

noticeably above 340°C, and thermal desorption at higher
temperature may consume more energy, leading to higher
costs [27], thus 340°C may be optimum for thermal desorption remediation for this soil. This is supported by the
fact that the concentration of ∑HCH residue at 280°C was
2.569 mg/kg (Fig. 3), which did not meet the National Environmental Quality Standards of China (i.e. 0.5 mg/kg) [3];
however, the residual concentration of ∑HCH at 340°C
was reduced to 0.347 mg/kg, which is below the threshold. This suggested that thermal desorption may be an
effective remediation method for POP-pesticide contaminated soil in this site.
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3.2 HCH Removal Efficiency in Relation to Soil Particle Size

100
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Removal efficiencies of HCHs for different particle
sizes over time are shown in Fig. 4, all the experiments were
conducted at 220°C.
During first 5 min, the removal efficiency for different soil particle sizes (< 0.18, 0.18–0.45, 0.45–2.0 and >
2.0 mm) increased rapidly (Fig. 4), and it rose slowly and
reached a maximum at about 20 min. During 5–20 min,
there were no significant differences in removal efficiency
among soil samples with different particle sizes, except for
soil with particle size > 2 mm, which had clearly lower
efficiency than the others.
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As discussed in 3.1, the process of thermal desorption
of HCHs from soil may be governed by a sequence of two
distinct steps: (1) rapid evaporation of the contaminant
occurs from the soil particle surface; and (2) slow evaporation of the contaminant occurs and is controlled by internal diffusion. Both steps account for the evolution in desorption rates and the removal efficiency of contaminants.
There were no significant differences among the removal
efficiencies for different particle sizes during the first 5 min –
this may result from the similar desorption processes at their
surfaces, which indicate that surface evaporation had little
relationship to particle size.
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Removal efficiency for soils of particle size > 2.0 mm
was lower than others at the 5–20min stage, and it may
due to the complex inner particle structure. For larger
particles, contaminant molecules tend to penetrate deeper,
and thus need to be further heated to be volatilized from
the interior of larger soil particles due to the stronger internal desorption resistance. Moreover, the high permeability
of soils with particle size > 2.0 mm may decrease effective treatment temperature inside the particles, thus lowering the removal efficiency of HCHs compared to other
sizes in the thermal desorption process, as Falciglia et al.
mentioned in their article [28].
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3.3 Kinetics of HCHs Removal in a Thermal Desorption Process

HCH residual concentrations for different particle sizes
were plotted against desorption time (Fig. 5). The desorption curve could be divided into two parts: the initial rapid
desorption stage and the subsequent slow one. During the
first 5 min, the process was mainly controlled by rapid
desorption; during 5–20 min slow desorption became
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FIGURE 4 - Removal efficiency of HCHs as a function of time for
different soil particle sizes (□: < 0.18 mm, ○: 0.18–0.45 mm, Δ: 0.45–
2.0 mm, ×: > 2.0 mm): (a) α-HCH, (b) β-HCH, (c) λ-HCH, (d) δHCH.
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and k2 are the rate constants of the first and second order
expressed in (1/min) and (kg min/mg), respectively, t (min)
is the time of desorption.
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FIGURE 5 - ∑HCH residual concentration in soil with different
particle sizes as a function of time (experiment conducted at 220°C)

dominant (Fig. 5), and then reached desorption equilibrium slowly. This was in agreement with data of Cornelissen et al. [34], who showed two-stage desorption kinetics
of PCBs and chlorobenzenes. The force driving HCHs to
desorb from soil was the concentration difference in soil
and air inside in kiln. At the beginning of desorption, the
HCH concentration in soil was much higher than that in
air. The driving force due to concentration difference was
strong, which caused the high desorption rate. As desorption proceeded, HCH concentration in soil became lower,
leading to a smaller driving force, and resulted in a rapid
decrease in desorption rate.
In order to study the thermal desorption kinetics of
∑HCH from soils with different sizes, first- and secondorder models were employed to analyze the data in Fig. 5.
These first- and second-order models were expressed by
the following equations, respectively [35]:

C = C0 e − k1t

(1)

1
1
= k 2t +
C
C0

(2)
Where C (mg/kg), is the ∑HCH concentration in soil
at time t, C0 (mg/kg) is the initial concentration of soil, k1

The values of rate constant k for the first- and secondorder model were calculated and listed in Table 3. Based
on the square regression coefficient (R2), the second-order
model fitted the experimental results slightly better (R2 >
0.912) than the first-order one (R2 < 0.870). Accordingly,
the ∑HCH removal from soil was found to be governed
by the second-order kinetic model. This suggested that the
desorption rate was significantly affected by the concentration of ∑HCH. Table 3 also indicated that k2 for size
< 0.18 mm was the highest (0.003), while that for size
> 0.45 mm was the least (0.001). These indicated that
desorption rate of ∑HCH from soil was negatively correlated with the size of soil particles.
The desorption rate of soil with particle size > 0.45 mm
was lower than that of other particle sizes may be due to
higher desorption resistance in larger soil particles could
lead to a limitation of heat and mass transfer, thus lowering thermal desorption rate of large particles compared to
small particles [28].
Previous reports have shown that when desorption
temperature approaches boiling point of the contaminant,
desorption kinetics are governed by first-order behavior
[28, 36]; however, when temperatures are below the boiling point, the kinetic behavior becomes complex. Uzgiris
et al. [32] concluded that instead of a single exponential
seen at temperatures approaching the boiling point of the
contaminant, the kinetic equations were composed of several components with different decay constants at temperatures below the boiling point.
The kinetic model may represent a valuable tool in
calculating desorption rates and residual concentration at
any given initial soil concentration, and could also identify the desired time of treatment required to meet cleanup
criteria. Therefore model parameters obtained in this work
are fundamental in the designing and scaling-up of desorption systems.

TABLE 3 - First- and second-order model coefficients of soil of different particle sizes
Size (mm)
<0.18
0.18-0.45
0.45-2.0
>2.0

k1 (min-1)
0.080
0.080
0.060
0.070

R2
0.858
0.864
0.818
0.870

4 CONCLUSION
Temperature had a notable effect on removal efficiency of HCHs from contaminated soil in the thermal

k2 (kg min mg-1)
0.003
0.002
0.001
0.001

R2
0.941
0.912
0.933
0.970

desorption process. Removal efficiency of HCHs increased
with increasing temperature. Taking costs into consideration, 340°C is the optimum temperature for thermal desorption of this kind of soil. Rapid desorption of HCHs at the
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initial stage may be due to evaporation at surfaces of soil
particles, which is less influenced by the particle size.
Soils with different particle size exhibited different desorption behavior. Lower removal efficiency for particle
sizes > 2 mm may be attributed to the internal diffusion
phenomenon of HCHs in larger particles. The process of
thermal desorption was governed by second-order kinetics, where the desorption rate of HCHs in larger particles
was lower than that in smaller ones. It suggests that, in
large-scale thermal desorption systems, soil needs to be
processed to smaller grain size before entering the rotary
kiln, in order to increase desorption efficiency.
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ABSTRACT
The Mike Basin – Water Quality modelling system
was applied to the hydrographical basin of Sôrdo river
located in the northeast of Portugal, in the region of Trásos-Montes and Alto Douro. This model allows the simulation of diffuse pollution caused by nitrate concentration in
a small hydrographical basin (located in the demarcated
region of the Port wine). The model allows the creation of
a set of scenarios aiming at an effective planning of the
basin under study. The available data for the drainages
calculation were the monthly average effective rainfall
between the years of 1960 and 2008. The Climate-change
was predicted by the scenarios created in SIAM II and
were simulated with the HadRM3 model. The limit quantities of nitrate present in the water should not contain over
25 mg/l; this is the maximum recommended value, and
should not exceed 50 mg/l, this is the maximum allowable
value by Portuguese law. We created simulation scenarios
using the fertilizers produced by the bovine cattle and
change of the agricultural uses or crops in this basin. For
2010 the fertilizers used were comprised between the recommended and the allowable maximum values. For 2071
the fertilizers were above the maximum allowable value.
With these scenarios we found a 40% increase in nitrate
levels due to climate change between the years 2010 and
2071.

KEYWORDS:
Climate-change; GIS; Model; Mike Basin; Nitrate; Water quality.

1 INTRODUCTION
The proposed objective is the conception of a condition plan in order to avoid the deterioration of water quality in the hydrographical basin under study. The time and
space analysis of the water quality is achieved through the
hydrodynamic model (Mike Basin - Water Quality), which
* Corresponding author

consists of a tool that simulates the transportation and deterioration of the substances which affect the water quality.
This stochastic-dynamical model has been used in several
countries aiming at doing the planning and management
of the hydric resources, based on the assumptions of the
WFD-Water Framework Directive [1].
The software used in this study, Mike Basin, created
by DHI (Water and Environment) in Denmark, is a very
advanced technology which makes it an election model in
what concerns the hydrographical basins planning. It allows performing water displacement as well as the assessment of its quality. Another important feature of this
model is its integration with the geographic information
systems (GIS). This tool is also equipped with Open MI
technology which allows its opening for other models [2].
The study and forecasts were made in high resolution
(10m x10m) and the period of data for learning and control
was placed between 1960 and 2008. In this study, simulation
scenarios for the years of 2010 and 2071 were established.
1.1 Related work

Based on WFD, the agricultural pollution by nitrates
was studied in Slovenia Temenica river [3]. One of the
innovations of this European Directive is a hydric resources
management at the level of the hydrographical basin regardless administrative and political boundaries [4]. Portugal is located downstream of Spain regarding the drainage of the most important water courses. In 1998 the
Portuguese-Spanish convention [5] settled upon measures
which may ensure the good condition of the waters. This
convention may prevent water degradation and control their
pollution, ensure the sustainable use of hydric resources
of Portuguese-Spanish hydrographical basins. It also allows
to prevent, eliminate, mitigate or control the effects of
incidents from accidental pollution and establish control
and assessment systems regarding the waters condition
with equivalent or comparable methods and procedures.
The water quality assessment through mathematical
models in small basins is frequently negligible from the
economic point of view, and unworthy in its performance.
The obstacles to the water quality assessment are due to the
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difficulty in gathering all the parameters which are necessary to simulation performance [6]. However, throughout
times, models have been used for a correct water management at the level of hydrographical basin. An implementation example is the Qual 2E model aiming at performing
a prognosis of water quality in Corumbataí river, located
in São Paulo, Brazil [7]. This model is able to simulate
effects of pollution discharge from punctual or diffuse
sources as well as to simulate in detail cycles solved oxygen, Biochemical Oxygen Demand (BOD) and nutrients.
Another model is the Hydrological Simulation Programs
Fortran (HSPF) that was also developed in the 80’s by the
Environmental Protection Agency (EPA). This model allows the simulation of the transportation of nutrients, BOD,
solved oxygen, pesticides, sediments and other components
in the basin. It is also able to simulate the transportation
and the kinetic processes of loss and gains of the quality
parameters, for instance, in parts of the river [8,9]. The
Water Analyses Simulation Program (WASP) model has
also the ability to simulate hydrodynamic processes as
well as to simulate in detail nitrogen, phosphorous and
phytoplankton cycles among others. It was implemented
in Tempa Bay located in United States of America in order
to assess the water quality [10]. The model automatic
calibration was aimed on a model parameter adjustment to
measured BOD. The MESAW model has been used in the
hydrographical basin of Merkys river in Southern Lithuania, for study and analysis the impact of anthropogenic
sources, for example the nitrogen with high values [11].
The model applied in this work was implemented in
hydrographical basins in many countries, for example in
the Czech Republic. This country, in face of the coming
adhesion to the European Community, felt the need to
adapt to the communitarian legislation. This way, a planning and management of its hydric resources has been
performed, aiming at analysing and optimizing strategies
to implement needed infrastructures and take new options
in order to enable the increase of its water quality [12]. By
using the model, it was possible to obtain a reference scenario to describe all the information concerning the polluting sources. It has been observed that the water quality was
affected by the discharges of residual waters on the rivers,
resulting in the need to eliminate these polluting sources.
The Mike Basin model was also implemented in Vistula
Lagoon, shared by Poland and Russia. The main goal of
that project was the implementation of hydric resources
management politics which could allow fulfilling the WFD
objectives. In order to perform the study it was necessary to
gather all the available publications concerning the water
quality in the lagoon as well as to compare the assessing
parameters of water and an analysis of water quality evolution in the Lagoon. Additionally, a long term assessment
was performed of chemical variables changes as well as of
certain nutrients and evolution of the different parameters
and several scenarios [13]. The Mike Basin model enabled
the execution of several scenarios of management and research of the performance and impact of the programmes
of hydric resources protection in Greece and Portugal [14,

15]. Also allowed to carry out a study where is made the
analysis of Leba river basin, in Poland, modelling quantitative and qualitative aspects of the water management in the
basin [16]. Another interesting example of DHI software
tools is the Mike 11 which presents a study of scenarios,
relating the climate changes and the nutrients degradation
in a Danish hydrographical basin [17]. Finally, climate
change scenarios were employed in other Mediterranean
basins for strategic impact assessment [18].
2 MATERIALS AND METHODS
2.1 Description of the hydrographical basin

The hydrographical basin of Sôrdo river is located in
Northeast of Portugal, in Trás-os-Montes and Alto Douro
region, more precisely in the district and county of Vila
Real, comprising also a small part of Santa Marta de
Penaguião county as can be observed in Figure 1.
It is important to note that a part of this basin, in the
downstream area, is located in the demarcated region of
the Port wine. The lagoon that supplies water for consumption to the capital city of the Portuguese Northeast as
well as to counties of Douro Demarcated Region, Heritage of Humanity is located in the more downstream part
of this basin. The yearly average rainfall in the basin
ranges from 800 mm/year to 1600 mm/year. Regarding its
physical characteristics, the rivers spring is located in
Serra do Marão and it drains in the right margin of Corgo
river (an affluent of Douro river). Its hydrographical basins area is about 50.2 km2 and it has an approximate extent
of 19 km. The altitude of the basin’s location ranges from
1350 m, in its spring, to about 200 m, where it drains, being its average altitude of 714 m [19].
2.2 Description of the hydrographical basins model

The hydrodynamic structural model created in the hydrographical basin is schematized in Figure 2. The digital
model of the terrain was built by a data aggregate in numeric basis of the studied basin, which allowed corresponding
over a cartographic plan at its altitude.
From there, Mike Basin automatically calculates the
directions of the basins hydric flows and subdivided into
eight sub-basins.
The available data for drainages calculation were the
monthly average effective rainfall between the years of
1960 and 2008, supplied by SNIRH [20].
The C drainage coefficients were determined by the
use of predominant soil in the basins area [21] and with a
deep knowledge of the region (Figure 3).
Therefore, the weighted drainage coefficient comes
from the following equation (1):

∑ Ci × Ai
(1)
∑ Ai
Where Ci is the drainage coefficient of each soil use
and Ai is the corresponding area.
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FIGURE 1 - Location map of the studied hydrographical basin, as well as of its eight sub-basins and riparian zones

Knowing that the C drainage coefficient is the quotient between the useful rainfall (which originates the
drainage) and the effective rainfall (which actually falls
into the basin), through this expression (2) the monthly
average useful rainfall has been withdrawn.

useful rainfall
(2)
effective rainfall
Therefore, and as illustrated by Table 1, the uses and
areas of the Sôrdo basin appear, as well as its yearly average drainage and the drainage coefficients attributed to
each soil use.
C=

The introduction of data in the model was made
through the time series, using monthly average values.
Those time series, before being imported to the planned
model, were introduced into the Mike Basin with the
help of an Excel sheet.
FIGURE 2 - Structural model of the Mike Basin-Water Quality
functioning for the studied basin

FIGURE 3 - Soil occupation (source: COS’90 [22])

2.3 Description of the scenarios to equate

In the upstream zone of the basin the agricultural activity and cattle production sector is predominant. The
created scenarios consist of using the fertilizers produced by the regions bovine cattle in this activity, analysing the nitrate concentration in the water courses and comparing this parameter of shallow water quality with the
Portuguese legislation. Afterwards, the change of the agricultural uses or crops in the basin is simulated. The goal of
the scenarios is to measure the nitrate concentration in the
parts of each water course by means of the proposed scenarios. Afterwards, new scenarios for 2071 are planned
maintaining the fertilizers discharges on the soil, but as a
consequence of the foreseen climate changes (rainfalls)
towards the end of the 21st century [23, 24]. We may, therefore, access information regarding the foreseen rainfalls
(positive and negative anomalies) and temperatures (maximum and minimum) for the end of the present century,
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that is, between the years of 2070 and 2099. These scenarios created in SIAM II were simulated with the HadRM3
model (climate regional model, developed by the Hadley
Centre), based on the forecast in the CO2 (Carbon Dioxide) emissions to the atmosphere [23,24].

In Figure 4 we can observe the anomaly concerning
rainfall according to the HadRM3 model, in a) referring to
the yearly anomaly, in b) regarding Winter, c) Spring, d)
Summer and e) concerning Fall.

TABLE 1 - Uses of the soil and its areas, drainage coefficients and areas of each studied sub-basin

FIGURE 4 - Rainfall forecasts regarding the period of the end of the 21st Century by: a) annual, b) winter, c) spring, d) summer, e) fall
[23,24]
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For 2071 drainage determination, it has been applied
a reduction of 10% in the rainfall in the Winter months
(January, February and March), in the Spring months the
reduction was of 50% (April, May, June), 60% in the
Summer (July, August and September), and in the remaining months, concerning Fall, there was a 30% reduction to
the historic of the effective average rainfalls recorded in
the past.
2.4 Scenario creation and regulatory analysis

to be used will be the same as in the previous scenario.
However, with the oats crop, only 56 kg of Nitrogen per
hectare will be consumed [25]. Therefore, assuming that
there will be 5000 bovine cattle heads, we will have an
introduction of 520 kg Nitrogen/ha in one year (Figure 6).
The calibration of the model was checked by the simulated drainages comparing them with the ones that were
recorded in the Águas de Trás-os-Montes e Alto Douro
(ATMAD) database.

According to 2001/688/CE European Directive of
August 28th 2001, the goods produced in agriculture, in
order to hold an ecologic label, can only be fertilized with
up to 170 kg of nitrogen per hectare in one year. For the
present study, it has been assumed that a crop of forage
corn consumes 150 kg of nitrogen per hectare during one
year [25].
Therefore, and based on the Streeter-Phelps model,
being numerically determined by the Runge-Kutta method
of 5th order with some modifications, the hereafter equation (3) [26] arises, which will give us the nitrate variation
over time.

dNO3
= k4 × NH 3 − k6 × NO3
dt

(3)

Where:
- k4: coefficient of nitrification at 20ºC [day-1]
- k6: coefficient of denitrification at 20ºC [day-1]
- NH3: Ammonia concentration (mg NH3-N/l)
- NO3: Nitrate concentration (mg NO3-N /l)
Unfortunately, most farmers are not aware of the
Communitarian Directive, thus fertilizing their agricultural
fields without weighting the fertilizer. Therefore, in the proposed scenario and if in the region there were 6500 heads of
bovine cattle and all their manure were used to fertilize the
fields, which would be the nitrogen amount to be introduced? Calling upon the code of good agricultural practices [25], each bovine cattle produces 90 kg of Nitrogen
per year. Hence, if we have 6500 cows, they will produce
585000 kg of nitrogen per year.
Thus, the nitrate concentration or Total nitrogen =
90*6500 = 585000 kg of Nitrogen produced in one year
by the bovine cattle. Since we have 869 hectares of agricultural area, the nitrate concentration to introduce per
hectare will be 674 kg of Nitrogen per hectare in one year
(Figure 5). Therefore, one part will be absorbed by the
maize crop.
2.5 Creation of scenario with change of soil use

The dominant crop in the hydrographical basin of
Sôrdo river is the maize production. However, there is a
European directive that encourages the planting of other
goods, such as oats. The study conducted for this scenario consists of assessing once again the use of manure
produced by the bovine cattle in the hydrographical basin
and apply them as fertilizers in the fields. The algorithm

FIGURE 5 - Introduction of 674 kg Nitrogen/ha in one year

FIGURE 6 - Introduction of 520 kg Nitrogen/ha in one year

3 RESULTS AND DISCUSSION
In this section, the results obtained in the planned and
modelled scenarios will be presented. The images presented with the results are composed of two components.
The first one is a table with two columns where we may
observe the months and the year for which the simulation
was made and the nitrate concentrations existing for each
date and for each sub-basin. The second component consists of a graph from the table, where in ordinates are the
nitrate concentration (mg/l), and in the abscissae the month
of the simulation. The results obtained appear according to
each river span. The creeks located upstream, specifically
in sub-basins one, two, three, four, five and six, have a
small dimension and are not critical locations. The pre-
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sented results in Table 2 refer to the sub-basin seven, that
is located downstream of Sôrdo lagoon and this water will
supply human consumption.
This table refers to the substances and limit values
that must contain the fresh surface water for the production of consumption water.
TABLE 2 - Extract of Annex 1 of the Decree-Law 236/98 of August 1st
– Portugal, regarding Nitrates MRV and MAV
Parameters
Nitrates

Expression
of the results
mg/l NO3

MRV

MAV

25

50

With the planned scenario, the values of nitrates for
2010 shall be placed between the MRV’s and the MAV’s.
On the other hand, for 2071 they will exceed in all months
the 50 mg/l (MRV), which would turn into an environmental catastrophe in this hydrographical basin and for
this region of the Portuguese Northeast.
3.2 Scenario with change in the soil uses

This scenario consisted of the change of the crops produced in the hydrographical basin of Sôrdo river, resulting
in Figure 9 that demonstrates the amount of nitrates in subbasin 7 for 2010. Additionally, Figure 10 represents the
simulation for 2071 for the same basin.

3.1 Legal scenario

In Figure 7 we can observe the nitrate concentration
existing in the water course regarding sub-basin seven, for
2010. Figure 8 illustrates the amount of nitrates existing
in the same sub-basin for the simulation year (2071).

FIGURE 9 - Results of the contents with change in the produced
crops of the river span of sub-basin seven for 2010

FIGURE 7 - Results from the nitrate concentration of the river span
of sub-basin seven for 2010

FIGURE 10 - Results of the contents with change in the produced
crops of the river span of sub-basin seven for 2071

FIGURE 8 - Results from the nitrate concentration of the river span
of sub-basin seven for 2071

Regarding the change in the crops of agricultural
goods, there are also signs of nitrates aggravation. For 2010
they will be comprised between the MRV and the MAV,
although in smaller amounts than in the previous simulation. For 2071, they will be placed above MAV. Common
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to all graphs, as it would be expected, is the fact that in
the event of more rainfall (winter months), the nitrates
values will be smaller. On the other hand, in the months
of June, July and August, with scarce rainfalls, the values
for nitrates reach maximum values.
4 CONCLUSIONS AND RECOMMENDATIONS
1. In this study, a new system for the planning and management of hydric resources has been presented. This
research main objective is to supply information to the
entities that manage the hydric resources and to determine strategies, aiming at elaborating a planning and a
good management of hydric resources, applying sustainable measures to the hydrographical basins.
2. Another conclusion from this study was that with the
climate changes and with the foreseen reduction of
rainfall to 2071, there will be an increase of 40% in
the nitrate concentration existing in these sub-basins.
3. The research concerning the water quality in the hydrographical basin of Sôrdo river is critical for the region of Trás-os-Montes and Alto Douro, since the dam
of Sôrdo river is located in this basin. In this dam it is
collected the water for the supply of Vila Real, the district capital, and two more counties, all of them belonging to the region of Alto Douro Vinhateiro, such as Santa Marta de Penaguião and Régua counties .
4. Besides the study of agricultural impact in the hydrographical basin, the authors suggest that studies are
conducted concerning the impact of the new infrastructures to be built in the basin of Sôrdo, such as the tunnel
of Marão, the longest of the Iberian Peninsula and one
of the biggest government investments in the Trás-osMontes and Alto Douro region. It should also be conducted an in-depth study to the impact of the rest area in
highway A4, which is very close to the dam that supplies great part of the population from Trás-os-Montes
and Alto Douro.
5. By using this methodology, the fact that conditions
plans are performed for these and other basins may be
equated, aiming at promoting a balanced management
of the existing hydric resources with sustainability assumptions.
ACKNOWLEDGEMENTS
The authors of this study wish to thank University of
Trás-os-Montes and Alto Douro, GECAD - Knowledge
Engineering and Decision Support Research Center and
CITAB - Centre for the Research and Technology of AgroEnvironmental and Biological Sciences for the conditions
provided for carrying out this work. They also thank the
company Águas de Trás-os-Montes e Alto Douro, especially for the availability of some data for scientific use,
as well as to SNIRH (National System of Information for
Water Resources).

3649

REFERENCES
[1]

WFD - Water Framework Directive, Directive 2000/60/CE of
the European Parliament and the Council of October 23rd 2000.

[2]

Lima, G. (2007) Riverhelp! Sistema de suporte a decisões para planejamento e gerenciamento integrado de recursos hídricos. Universidade de São Paulo, Brasil.

[3]

Glavan, M. and Pintar, M. (2010) Impact of point and diffuse
pollution sources on nitrate and ammonium ion concentrations in the Karst-influenced Temenica river. Fresenius Environmental Bulletin 19, 1005-1014.

[4]

Henriques, A.G., West, C.A. and Pio, S. (2000) Directiva quadro da água - um instrumento integrador da política da água da
União Europeia. 5º Water Congress, Lisbon, Portugal.

[5]

Convention on cooperation for the protection and sustainable
use of the waters from Portuguese-Spanish hydrographical
basins of 30/11/1998.

[6]

Marsili-Libelli, S. and Giusti, E. (2007) Water quality modelling for small river basins. Elsevier, Environmental Modelling & Software (23): 451-463.

[7]

Palmieri, V. and Carvalho, R.J. (2006) Qual2e model for the
Corumbataí river. Elsevier, Ecological Modelling (198): 269275.

[8]

Larentis, D.G. (2004) Modelagem matemática da qualidade
da água em grandes bacias: Sistema Taquari-Antas-Rs. Universidade Federal do Rio Grande do Sul, Brasil.

[9]

Ribarova, I., Ninov, P. and Cooper, D. (2008) Modeling nutrient pollution during a first flood event using HSPF software: Iskar river case study, Bulgaria. Elsevier, Ecological
Modelling (211): 241-246.

[10] Wang, P.F., Martin, J. and Morrison, G. (1999) Water quality
and eutrophication in Tampa Bay Florida. Estuarine, Coastal
and Shelf Science (49): 1-20.
[11] Povilaitis, A. (2008) Source apportionment and retention of
nutrients and organic matter in the Merkys river basin in
Southern Lithuania. Journal of Environmental Engineering
and Landscape Management, Vilnius: Technika, vol. 16, n. 4,
p. 195-204.
[12] Zeman, E., Pryl, K., Hrabák, D., Metelka, T., Mata, M. and
Nesvadbova, P. (2003) Urban streams-urban master planning
and heavily modified water bodies designation required by
WFD. Enhancing Urban Environment by Environmental Upgrading and Restoration: 265-276.
[13] Bielecka, M., Margonski, P. and Lewandowski A. Implementations of WFD within transboundary basin of the Vistula lagoon – extension of the EU Mantra East project. retrived
from the internet in site <www.ibwpan.gda.pl/mantraeast/ results.php> on March 12th 2009.
[14] Jensen, R.A., Refsgaard, A. and Sorensen, H. (2007) River
basin management in central and Northern Greece. International congress on river basin management, Antalya, Turkey.
[15] Sanches Fernandes, L.F., Santos C., Pereira, A. and Moura, J.
(2011) Model of management and decision support systems
in the distribution of water for consumption – case study in
North Portugal, European Journal of Environmental and Civil
Engineering V15, pp 411-426.
[16] Dorota, P., Sylwester, T. and Janusz, K. (2002) River basin
management planning with application of the mike basin system. 5th International Conference on Hydro -Science & Engineering, Warsaw, Poland.

© by PSP Volume 21 – No 12. 2012

Fresenius Environmental Bulletin

[17] Andersen, H.E., Kronvang, B., Larsen, S.E., Hoffmann,
C.C., Jensen, T.S. and Rasmussen, E.K. (2006) Climatechange impacts on hydrology and nutrients in a Danish lowland river basin. Elsevier, Science of the Total Environment
(365): 223-237.
[18] Abouabdillah, A., Oueslati, O., De Girolamo, A.M. and Lo
Porto, A. (2010) Modeling the impact of climate change in a
mediterranean cathment (Merguellil, Tunisia). Fresenius Environmental Bulletin vol. 19 – 10A, P 2334-2347.
[19] Cortes R.M.V. (1981) Estudo eco-hidrobiológico de rio Sôrdo. IUTAD. 101 p.
[20] SNIRH - Sistema nacional de informação de recursos hídricos, retrived from the internet in site <www.snirh.pt>, on
March 12th 2009.
[21] Lencastre, A. and Franco, F. M. (2003) Lições de hidrologia.
Fundação Armando Lencastre. 451 p.
[22] CNIG - Centro nacional de informação geográfica. Soil occupation data retrieved from the internet
<www.igeo.pt/instituto/cegig/got/15_LandUseLandCover/Co
s90m_PT.html>.
[23] Santos, F.D. and Miranda, P. (2006) Alterações climáticas
em Portugal. Cenários, impactos e medidas de adaptação.
Gradiva. 506 p.
[24] IPCC - Intergovernmental panel on climate change, retrieved
from internet, in site <www.ipcc.ch>, on April 30th 2009.
[25] MADRP - Ministério da agricultura, do desenvolvimento rural e das pescas 1997. Código de boas práticas agrícolas - para a protecção da água contra a poluição com nitratos de origem agrícola. MADRP. 53 p.
[26] Mike Basin (2008) User´s guide, DHI Water & Environment.
254p.

Received: January 04, 2012
Revised: April 10, 2012; May 16, 2012
Accepted: May 30, 2012

CORRESPONDING AUTHOR
Luís Filipe Sanches Fernandes
University of Trás-os-Montes e Alto Douro
Engineering Department
Quinta de Prados
5001-801 Vila Real
PORTUGAL
Phone: +351 259350356
Fax: +351 259350356
E-mail: lfilipe@utad.pt
FEB/ Vol 21/ No 12/ 2012 – pages 3643 - 3650

3650

© by PSP Volume 21 – No 12. 2012

Fresenius Environmental Bulletin

THE CHEMICAL FORMS’ CHANGE OF HEAVY METALS IN THE
SEWAGE SLUDGE DURING ACID-ASSOCIATED S/S PROCESS
Fanyong Song, Lin Gu, Yan Jin, Nanwen Zhu* and Shugen Liu
School of Environmental Science and Engineering, Shanghai Jiao Tong University, 800# Dongchuan Rd, 200240 Shanghai, China

ABSTRACT

extracting agents is always accomplished by chemical sulfide precipitation and selective ion-exchange [5].

Dewatered sewage sludge (DSS) was stabilized and
solidified (S/S) by different portions of Portland cement,
fly-ash and calcium chloride. Concentrated acid solutions
were used to pre-treat the sludge before S/S process. From
the sequential extraction results, we could find that the pretreatment of acid in S/S could help convert more Cr, Cu,
Zn, Pb and Ni into residual phase. This was also supported
by TCLP tests, in which we could observe samples treated
by acid had lower concentrations of metals in the leachate
than the blank sample. Compressive strength results of
DSS+H2SO4+B samples using 80% cement + 19% flyash + 1% CaCl2 as the binder could reach 1,746 kPa,
2,456 kPa and 2,733 kPa for 7 days, 14 days and 28 days
of curing, respectively, compared to 1,212 kPa, 1,455 kPa
and 1,821 kPa of the blank samples. SEM photos helped
us to learn the differences in the microstructure between
samples.

KEYWORDS: Heavy metals; stabilization/solidification; sequential
extraction; TCLP

1 INTRODUCTION
Wastewater treatment results in production of a huge
sewage sludge quantity which must be disposed [1, 2]. Due
to the presence of toxic substances in the sludge as well as
to the continuously increasing sludge quantity, the management of the sludge is becoming increasingly difficult.
High heavy-metal content is the major problem that concerns the sludge disposal or its further use. Heavy metals
accumulate in the sludge during the wastewater treatment
process [3]. One of the various technologies used in the
removal of these heavy metals from contaminated sewage
sludge is acid extraction [4]. The acid extraction process
works on the principle that when acid is added to the
sludge, metal solubilization occurs due to the exchange of
protons supplied by the addition of acid solution. In general, after extraction, removal of heavy metals from the
* Corresponding author

Solidification/stabilization (S/S) is a widely used treatment process for the immobilization of hazardous substances, including heavy metals. The most commonly used
binder in the S/S process is Portland cement. In cementbased S/S processes, water added reacts chemically with
cement to form hydrated silicates and aluminates resulting
in an aggregate mass of concrete [6]. Based on this, it should
be suitable to use S/S technique after the sewage sludge
was treated with acid solutions. Rossetti et al. [7] summarized the optimization of S/S system for Cr, Pb, Zn and Li
in aqueous solution. Assessment of using different leaching procedures [8-10] and different stabilization mechanisms have also been discussed [11-13]. However, the
effect of acid treatment followed by cement-based S/S on
sewage sludge is not reported.
Although the total concentration of heavy metals in
contaminated soils and sediments is of general relevance
to the assessment of potential toxicity, a key point is to
determine how much of a heavy metal is mobile or plantavailable under natural environmental conditions. The
chemical partitioning of trace metals between different
sediment forms is very important in determining the bioavailability of trace metals [14, 15]. The major mechanisms
of metal accumulation in sediments lead to the existence
of five geochemical forms [16-18]: (1) exchangeable; (2)
bound to carbonate phase; (3) bound to iron-manganese
oxides; (4) bound to organic matters; and (5) residual metal
phase. These metal fractions have different mobility, biological availability and chemical behavior. Thus, it is necessary to identify and quantify the metal forms in order to
assess the environmental impacts of contaminated sediments. The method of Tessier et al. [17] is one of the most
thoroughly researched and widely used methods to evaluate
the possible chemical associations of metals in soils and
sediments.
The aims of this paper were to determine the effects of
acid treatment on sewage sludge followed by cement-based
solidification, both with the fractionations’ change of Cr,
Cu, Ni, Pb, and Zn by using Tessier’s extraction approach
[17]. In this study, sewage sludge was treated by different
acid solutions, and then cement-based binders were added.
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Specific samples were chosen to test for compressive
strength, leachate test and SEM image. In order to dispose
the sludge in landfills safely or find alternative uses,
Tessier’s extraction method [17] was used to determine
the changes of metals’ chemical forms in this process.
2 MATERIALS AND METHODS
2.1 Sample preparation

The sludge used in this research was collected from
Shanghai Minhang sewage treatment plant, which lies in
the south of Shanghai, China. The physico-chemical characteristics of the sludge are given in Table 1. This plant
treats mostly domestic wastewater and a small amount of
industrial wastewater. Therefore, the amounts of metals in
the sludge were higher than in domestic sludge. The sludge
was collected and dried in an oven at 110 oC for 24 h, and
then ground to ﬁne particles before the S/S process. The
sludge was placed in different beakers and Milli-Q water
was added at a water/dry sludge ratio of 0.4. Then, different amounts of concentrated acid solutions were added to
the mixtures with mechanical stirring. Milli-Q water was
used instead of the acid solutions in preparing the blank
samples. Different combinations of cement, fly-ash and
calcium chloride were added to the sludge after 1 h at a
dry binder /sludge ratio of 1:1. Mixtures were then put
into plastic molds in order to get 40×40×40 mm cubes for
the convenience of compressive strength tests. After 24 h
of setting, molds were taken off and the samples were
cured at 20 oC in a thermostat in the laboratory for 7, 14
and 28 days.
TABLE 1 - Dewatered sludge characteristics.
Parameters
Moisture (%)
TS (%)
Organic matter (VSS/SS%)
pH
Heavy metals (mg/kg dry sludge)
Cr
Cu
Ni
Pb
Zn

Dewatered Sludge
79.54
20.46
48.23
7.61
57.38
123.78
47.32
42.52
633.22

2.2 Binders and acid solutions

Commercial Portland cement typed CEM I 42.5 was
used in the experiments as the main binder. Because of its
good performance in the cement based stabilization [19],
calcium chloride was chosen in the experiments as an
aggregate. Fly ash used in this experiment was collected
from Wu Jing Electrical power plant in Shanghai, China.
The main composition of fly-ash is shown in Table 2.
Acid solutions used in this study included concentrated
sulphuric, hydrochloric, nitric, and phosphoric acid. Calcium chloride and all the acids used were of analyticalreagent grade. Deionized water was obtained from a Millipore Milli-Q system.

TABLE 2 - Main composition of fly-ash.
Fly-ash (%)

SiO2
48.30

Al2O3
34.01

Fe2O3
4.62

CaO
2.45

MgO
0.98

2.3 Toxicity characteristic leaching procedure (TCLP)

The mobility and leachability of Cr, Pb, Ni, Zn and Cu
in stabilized samples was determined using TCLP analysis
(US EPA method No. 1311, 1995). TCLP tests were carried out by mixing the solidiﬁed samples, after crushing to
sizes smaller than 9 µm, with 0.1M acetic acid and 0.0643 M
NaOH solutions (pH 2.8), at a liquid/solid ratio of 20:1. The
mixtures were then placed in a rotatory shaker, and shaken
at 120 rpm for 20 h. The liquid was separated from the
solids by ﬁltration through a 0.45-µm glass ﬁber. The pH
of the filtrate was then measured using PHS-711A, and the
leachate was acidiﬁed with a small volume of concentrated
nitric acid to a pH less than 2. Concentrations of Cr, Pb, Ni,
Zn and Cu were analyzed by ICP-AES.
2.4 Tessier methods

The method of sequential extraction used in this experiment was from Tessier et al. [17]. Chosen samples were
ground to fine particles before the extraction. Each of the
chemical fractions is operationally defined as follows:
Fraction 1, exchangeable: Sample (1 g dry wt.) extracted with 8 ml of non-buffered 1 M MgCl2 for 1 h at 25 oC
and pH 7, continuous agitation.
Fraction 2, acid-extractable: Residue from exchangeable extracted with 8 ml 1 M NaOAc for 5 h at 25 oC and
pH 5, continuous agitation.
Fraction 3, reducible (Fe, Mn-oxide): Residue from
carbonate extracted with 20 ml of 0.04 M hydroxylamine
hydrochloride (NH2OH.HCl) in 25 % acetic acid (v/v) for
6 h at 96 oC, occasional agitation.
Fraction 4, oxidizable (organics and sulphide): Residue from Fe-Mn oxide extracted with 3 ml of 0.02 M
HNO3 and 5 ml of 30% H2O2, adjusted to pH 2 with HNO3,
for 2 h at 85 oC, with occasional agitation. An additional
treatmwnt with 3 ml of 30% H2O2 adjusted to pH 2 with
HNO3 for 3 h at 85 oC, with intermittent agitation. After
cooling, 5 ml of 3.2 M ammonium acetate in 20% (v/v)
HNO3 was added and the sample diluted to 20 ml, agitated continuously for 30 min.
Fraction 5, residual: Residues from the organics extracted were transferred to Pt crucibles with deionized
water. The residue was weighed and digested with 2 ml of
conc. HClO4 and 10 ml of conc. HF until being almost dry
on a hot plate. Subsequently, a second addition of 1 ml
HClO4 and 10 ml HF was evaporated to near dryness. An
additional 1 ml HClO4 was added and evaporated until the
appearance of white fumes. The residue was dissolved in
5 ml of conc. HCl and diluted to 50 ml.
2.5 SEM

The microstructure images of the solidified sewage
samples were examined using SEM techniques. Before
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the test, samples were immersed in the anhydrous alcohol
to prevent the solidifying reaction, and then dried at 65 oC.
The samples were ground until the particle size was less
than 425 µm.

in the same manner, the results of compressive strength
increase with increasing percentage of cement in the binder. The use of calcium chloride in the binder could help to
increase the compressive strength, which agrees with
Malliou et al. [19]. Because of the good performance in
compressive strength tests, 80% cement + 19% fly-ash +
1% CaCl2 was chosen as the composition of the binder
used for the production of samples, which were used in
the sequential extraction, TCLP and SEM tests. We could
also clearly observe that samples pretreated by acid solutions had higher compressive strength results. Sulfuric
acid and phosphoric acid showed better results than hydrochloric acid and nitric acid in the tests. Compressive strength
results of DSS+H2SO4+B samples using 80% cement +
19% fly-ash + 1% CaCl2 as the binder could reach 1746,
2456 and 2733 kPa for 7, 14 and 28 days of curing, respectively, compared to 1212, 1455 and 1821 kPa of the
blank samples.

3 RESULTS AND DISCUSSION
3.1 Compressive strength test

Minimum compressive strength was required for solid
waste disposal at landfills. The recommendation of Resource
Conservation & Recovery Act’s (RCRA) is 300 kPa. [20].
Rachana and Rubina [21] mentioned another recommended
compressive strength for the disposal in secured landfills
which was 340 kPa. The composition of binder used in
each specimen and compressive strength results are presented in Table 3. We could see that all the specimens had
reached the minimum required compressive strength for
solid waste disposal at landfills. For the specimens treated

TABLE 3 - Compressive strength test results (kPa).
Binders
7d

DSS+B
14 d 28 d

20% cement +
658
924
1135
80% fly-ash + 0% CaCl2
50% cement +
788
1021
1331
50% fly-ash + 0% CaCl2
80% cement +
1102
1442
1680
20% fly-ash + 0% CaCl2
20% cement +
660
894
1148
79% fly-ash + 1% CaCl2
50% cement +
868
1024
1411
49% fly-ash + 1% CaCl2
80% cement +
1212
1455
1821
19% fly-ash + 1% CaCl2
DSS: Dewatered sewage sludge; B: Binder; d: days.

DSS+ HCl+ B
7d
14 d 28 d

DSS+HNO3+B
7d
14 d 28 d

DSS+H2SO4+B
7d
14 d 28 d

DSS+H3PO4+B
7d
14 d 28 d

708

1298

1420

734

1385

1634

808

1322

1799

843

1298

1866

1204

1769

2007

1028

1822

2083

1323

1688

2045

1332

1767

2168

1522

1885

2123

1294

1834

1933

1522

2244

2587

1662

2109

2603

724

1364

1530

728

1374

1656

822

1345

1845

921

1456

1965

1224

1864

2014

1138

1876

2112

1443

1897

2268

1513

1982

2290

1562

2083

2332

1444

2234

2528

1746

2456

2733

1812

2366

2644

3.2 Chemical forms of metals
3.2.1 Cr

The partitioning patterns of Cr in the sediment from
the sequential extraction results are shown in Fig. 1. The
major portion of Cr was bound to the residual fraction in
the dewatered sewage sludge (DSS). Wong et al. [22], M.
García-Delgado et al. [23], Sujeet et al. [24] and B. PerezCid et al. [25] also reported that most of Cr existed in the
residual phase in sewage sludge. Most of the Cr in nonresidual fraction was associated to bound Fe-Mn oxides,
which agrees with the reports published elsewhere [26,
27]. The chemical speciation of Cr changed when sludge
was amended with binders. When DSS was mixed with
binders directly, after 14 days of curing, percentage of Cr
in the residual fraction increased from 42.0 to 54.1%, and
that in the carbonate bound fraction decreased from 18.8
to 10.3%. The high pH and cement hydration reaction
caused the carbonate bound fraction of Cr to be converted
to the residual form. Percentage of Cr in the residual fraction increased significantly when DSS was pretreated by

FIGURE 1 - Fractionation of Cr in different specimens.

acid solutions before mixed with binders, and reached 6676% compared to 54.1% in the DSS+B sample. H3PO4
solution showed the best effect to stabilize Cr in the S/S
process. After pretreatment with H3PO4, percentage of Cr
in the residual fraction reached 76% and that in the exchangeable fraction decreased to 2.3%. H2SO4 had similar
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effects as H3PO4. Percentage of Cr in the residual fraction
of DSS+H2SO4+B sample was 74% as well as exchangeable Cr was reduced to 1%. The amounts of Cr in residual
fraction of HCl and HNO3 treated samples were less than
those treated with H2SO4 and H3PO4. Percentage of Cr in
organic and sulphide fraction of DSS+HNO3+B sample
was 20%. This was mainly because, after mixing with acid
solutions, Cr in the dewatered sludge was activated. Then,
Cr in the non-residual phase was converted to residual
phase because of the cement hydration reaction. Omotoso
et al. [28] confirmed that two forms of Ca–Cr complexes
were formed during cement hydration: A nitrate analogue
of an Aft-type phase [Ca3Cr(OH)6(NO 3)3]2·(12+x).H 2O
(early Ca–Cr complex), and another complex was presumably an analogue of Afm-type cement phases. The more
percentages of a metal exist in residual phase, the more
stable and less hazardous it would be. As a result, we will
expect a reduction in the bioavailability of Cr in the sludge.

change significantly in DSS S/S process, either acid
solutions were used or not. In the DSS+H2SO4+B and
DSS+H3PO4+B samples, more of the copper associated
with the organic fraction was converted to the residual
fraction, but at the same time to the exchangeable fraction.

FIGURE 3 - Fractionation of Zn in different specimens.
3.2.3 Zn

FIGURE 2 - Fractionation of Cu in different specimens.
3.2.2 Cu

The chemical speciation of Cu changed when sludge
was stabilized by cement-based binder (Fig. 2). The major
portion of Cu was bound to the organic fraction in the
dewatered sewage sludge (DSS), which agrees with the
report published by Su and Wong [29]. Cu associated with
the residual fraction in the sludge increased after mixing
with cement-based binders after 14 days of curing. The high
pH and CaO contents in the binders caused the organic
fraction of Cu to be converted to the residual form. When
the acid solutions were used in the S/S process, more
percentages of Cu were converted into the residual fraction. In DSS+H2SO4+B sample, percentage of Cu associated with the residual fraction was 24.0% compared to
14% in the DSS+B sample. Percentage of Cu associated
with the residual fraction in DSS+H3PO4+B sample was
22%. However, percentage of Cu in the exchangeable fraction increased significantly when DSS was stabilized with
binders, especially when acid solutions were used. In
DSS+HNO3+B sample, the amount of Cu associated with
the exchangeable fraction increased from 9% of the
sludge to 18%. This is likely due to the dissolution of Cu
in the organic fraction at high pH conditions. Percentages
of Cu in carbonates and Fe–Mn oxides phases did not

Percentage distribution of Zn in the various chemical
forms in the S/S process differed from that of Cu (Fig. 3).
Percentages of Zn in the residual phase increased, while
that in the organic phase decreased when the DSS was
solidified with binders. Percentage of Zn in the residual
fraction increased significantly when DSS was pretreated
by acid solutions before being mixed with binders, and
reached 40-54% compared to 34.1% in the DSS+B sample. H3PO4 and H2SO4 solutions showed better effects to
stabilize Zn in the S/S process than HCl and HNO3. After
pretreatment by H3PO4, percentage of Zn in the residual
fraction reached 52% and that in the exchangeable fraction decreased to 2 %. H2SO4 had similar effects as H3PO4.
Percentage of Zn in the residual fraction of DSS+H2SO4+B
sample was 54% as well as exchangeable Zn was reduced
to 2%. Despite, HNO3 showed the worst effect to convert
non-residual Zn into residual fraction. DSS+HNO3+B
sample still had better effects than DSS+B. This indicates acid pretreatment was helpful in stabilizing Zn in
the sludge. In the DSS, Zn appeared to be mainly associated to the Fe–Mn oxide form, with percentages up to
44%. The association of Zn with Fe-Mn oxides in sediments and soils has been widely reported [30-32]. Zinc
could be adsorbed on Mn/Fe-oxyhydroxides, or could
precipitate to form a franklinite-type double oxide:
Zn2++2Fe2++H2O
ZnFe2O4 +8H+
[32]
When DSS was mixed with binders directly, after 14
days of curing, percentages of Zn in the residual fraction
increased from 12 to 34%, and that in the Fe-Mn oxides
fraction decreased from 44 to 25%. Pourbaix [33] reported
that under high pH conditions (>8) of cement system, Zn is
expected to form hydroxides. Zinc hydroxide is a typical
amphoteric hydroxide which could function as both an
acid and a base. Their anionic properties preclude their
adsorption onto the negative surface of the C–S–H, but
they may form the calcium/zinc complex hydrated com-

3654

© by PSP Volume 21 – No 12. 2012

Fresenius Environmental Bulletin

pound CaZn2(OH)6H2O with Ca [34]. This has also been
conﬁrmed by FTIR investigations of Zn-doped Portland
cement [35, 36]. Percentages of Zn in the residual phase
increased when the sludge was pre-treated by acid solutions before solidification. Sulfuric acid and phosphoric
acid showed the best effects. In the sludge pre-treated by
sulfuric and phosphoric acids, percentages of Zn in the
residual phase could reach 54 and 52%, respectively, compared to 34% in the sample without acid treatment after
solidification and 14 days of curing. Obviously, the use of
acid solutions in the pre-treatment of DSS before S/S
process could help to convert Zn into residual phase. As a
result, we will expect a reduction in the bioavailability of
Zn in the sludge.

dissolved Pb(II) species, but with the increase of pH when
cement-based binders were mixed with DSS, Pb could
form the hydroxide precipitate, and then become the more
insoluble PbO. Considering the relatively low concentration of Pb in these S/S materials, Pb may be adsorbed onto
the Ca hydrate or C–S–H phase [34].

FIGURE 5 - Fractionation of Ni in different specimens.
3.2.5 Ni

FIGURE 4 - Fractionation of Pb in different specimens.
3.2.4 Pb

In the dewatered sewage sludge, lead appeared to be
mainly associated to the organic matter fraction (32%)
and the residual fraction (35%) (Fig. 4). This agrees with
the results of García-Delgado et al. [23]. Wong et al. [22]
also reported that Pb was mainly associated with the primary minerals in sewage sludge. Percentage of Pb in the
‘easily mobile’, exchangeable form, decreased after the
cement-based S/S process and, at the same time, percentage of Pb in the residual form increased significantly. In
the S/S samples pretreated by acid solutions, more Pb was
converted into the residual form. H3PO4 and H2SO4 solutions showed better effects to stabilize Pb in the S/S process than HCl and HNO3. After being pretreated by
H3PO4, percentage of Pb in the residual fraction reached
51%. H2SO4 had similar effects as H3PO4. Percentage of
Pb in the residual fraction of DSS+H2SO4+B sample was
52%. Only 2% of Pb was associated with the exchangeable
fraction in both DSS+H3PO4+B and DSS+H2SO4+B samples, compared to 9% in DSS and 6% in DSS+B sample.
Percentage of Pb associated with Fe-Mn oxides fraction
did not change much in the S/S process. The use of HCl
and HNO3 solutions could also help to convert more Pb
into the residual form in the S/S process, but their effects
were not as good as those of H2SO4 and H3PO4. In the
sample pretreated by HCl, percentage of Pb in the residual
fraction was 43%, compared with 46% in DSS+HNO3+B
sample. At low pH conditions, PbOH+ is the dominant

Distribution of Ni in the extraction tests (Fig. 5)
showed that the greatest portion was in the residual form
(43.9%). Percentages of Ni in the residual phase increased
in the S/S process, especially in the acid solution pretreated samples. This indicates that the binders could stabilize Ni in the sludge, and the use of acid solutions could
help to convert more Ni into the stable and residual
form. The significant increase of Ni in the residual form
also demonstrated the benefit of the alkaline stabilization
process [29]. Metals associated with residual fractions are
usually not expected to be released over short periods of
time under the conditions usually encountered in nature
[17, 37, 38]. Percentages of Ni in the residual form could
reach 82 and 81% in DSS+H2SO4+B and DSS+H3PO4+B
samples, respectively. Only 1% of Ni was associated with
the exchangeable fraction in DSS+H2SO4+B sample, and
in DSS+H3PO4+B sample it was even not detected. Sulphuric and phosphoric acids had better effects than hydrochloric acid and nitric acid in stabilizing Ni during the S/S
process. In the sample pretreated by HCl, percentage of
Ni in the residual fraction was 74%, compared with 72%
in DSS+HNO3+B sample. The amounts of Ni associated
with the exchangeable fraction were 3 and 4%, respectively, in DSS+HCl+B and DSS+HNO3+B samples.
3.3 TCLP results

TCLP procedure was used to assess metals mobility
and leachability. The results of metal concentrations and
pH values in the leachate are shown in Table 4 and Fig. 6
for S/S samples. The acid pretreatment on DSS in the S/S
process could significantly decrease the concentrations of
metals in the leachate. The effectiveness of the acid
treatment was in the order H3PO4> H2SO4 > HCl > HNO3,
based on the TCLP results. Concentrations of Cr and Ni
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in the DSS+ B samples were already quite low (less than
1 mg/L), they were harmless in the leachate, although the
use of acid solutions in the S/S process made them even
less. Concentrations of Cu, Pb and Zn were 13.57, 31.23
and 22.32 mg/L, respectively, which exceeded 5 mg/L,
the TCLP regulatory limits for these materials considered
to be hazardous (US EPA 1995). However, acid treatment
in the S/S process helped to stabilize the metals. Concentrations of copper, as an example, were less than 1.5 mg/L
in all the acid-treated samples, and 0.462 and 0.672 mg/L
in the DSS+H3PO4+B and DSS+HCl+B samples. In the
3.2 part of this study, it was mentioned that acid treatments could help metals to be converted into the residual
fraction. This might explain the low concentrations of
metals in the leachate of samples pre-treated by acid solutions. The pH values of the leachate in the TCLP tests are
shown in Fig. 6. The alkaline nature of the solidified samples significantly changed the initial pH value of the extracting solvent (pH 2.8). The pH decreased with the TCLP
extraction, showing the decrease of the buffering capacity
of the S/S waste matrix after leaching. This agrees with the
results reported by X.D. Li et al. [34]. The differences in
pH values of various S/S samples in the TCLP tests were
also significant. The acid-treated samples had lower final
pH values in the leachate than the DSS+B sample.

TABLE 4 - TCLP leaching results.
Cr
Cu
Ni
(mg/L)
(mg/L)
(mg/L)
DS+B
0.4232
13.57
0.6413
DS+HCl+B
0.0235
0.672
0.3252
DS+HNO3+B
0.0421
1.433
0.3126
DS+H2SO4+B 0.0428
1.003
0.2563
DS+H3PO4+B 0.0322
0.462
0.1344
DSS: Dewatered sewage sludge, B: Binder.

Pb
(mg/L)
31.23
1.282
1.344
1.468
0.676

Zn
(mg/L)
22.32
2.116
3.339
3.138
2.544

FIGURE 6 - pH values of the leachate in TCLP (B: binder).

A

B

FIGURE 7 - SEM photos of DSS+B (A) and DSS+H2SO4+B (B) samples (5000X)

3.4 SEM photos

DSS+B and DSS+H2SO4+B samples cured for 14 days
were chosen for SEM test. Photographs in Fig. 7 showed
the results. The platy construct of DSS+B sample was disordered and incompact in Fig.7A. Fig.7B showed the typical DSS+H2SO4+B sample structure, with the needle-like
crystals and honeycomb-like hydrated microstructures on
the surface and interior of the sulphuric acid associated sewage sludge solidification. The needle-like ettringite crystal
structure consists of columns of Ca6[Al(OH)6·24H2O]6+
with the inter-column spaces occupied by anions, such as
SO42−, and H2O molecules [39]. The network-like struc-

ture in Fig.7B could explain the higher compressive
strength of the sulphuric acid-pre-treated samples.
4 CONCLUSION
The compressive strength test results indicated that
the use of acid solutions in the pretreatment of dewatered
sewage sludge could increase the compressive strength in
the cement-based S/S process.
The Tessier’s sequential extraction results of solidified DSS showed that the chemical speciation of heavy
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metals changed significantly because of the cement hydration process. Cement-based binders could convert the
metals into more stabilized chemical form because of
either the alkaline nature of the binders or the metal hydroxides precipitating on the surface of calcium silicate
hydroxide (C–S–H) phase. Acid pretreatment could enhance the S/S effect. More metals were converted into the
residual fraction in acid pretreatment associated with S/S
process. H3PO4 and H2SO4 solutions showed better effects
in stabilizing the metals than HCl and HNO3.
In the TCLP test, samples pre-treated by acid showed
lower metal concentrations in the leachate, which could be
supported by the sequential extraction results. During the
leaching process, the pH value and buffering capacity of
the matrix decreased with the dissolution of calcium hydroxide and C–S–H. SEM photos showed H2SO4 pre-treated
sample had a network-like microstructure, which could
explain the high compressive strength of the sample.
The authors declare no conflict of interests
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ESTABLISHMENT AND ANALYSIS OF
WATER HAMMER PREVENTION SYSTEM IN
HIGH-LIFT AND LONG-DISTANCE WATER DELIVERY SYSTEM
Jianjun Liang, Hongxia Liu*, Qiang He and Li Gu
Institute of Urban Construction and Environmental Engineering, Chongqing University, 174 Shapingba road, Chongqing 400045, P.R. China

ABSTRACT
Water hammer is potentially detrimental in high-lift
and long-distance water delivery system and it is difficult
to simulate or analyze by experiments. The numerical simulation analysis of optimizing water hammer prevention
scheme is reproducible, economically favorable and can
be tracked in real-time. In this paper, a water supply project in southwest China is taken as an example. With the
water hammer simulation software PIPE2010 Surge, based
on Wave Characteristics Method, a systematic water hammer prevention model was developed and the numerical
simulation analyses on the water hammer variation using
different water hammer prevention valves were conducted.
The results show that when only the regular hydraulic
automatic control valve (HACV) are installed, the increase
ratio of the positive pressure caused by water hammer
could reach 2.56 and the negative pressure approximated 9.38m. But when combined with gas-injection microevacuation valves (GMVs) and surge relievers (SRs), the
reverse of the pump impellers and the negative and positive pressure of water hammer can be controlled within
the acceptable range at a relatively low cost. But the different combinations of those valves might make the reverse of the pump impellers and the negative pressure of
water hammer strengthened or weakened to some extent,
on which should be focused in practices.

KEYWORDS: high-lift, long-distance water delivery pipeline,
water hammer, water hammer prevention, numerical simulation

1 INTRODUCTION
Water hammer in this paper refers to the transient flow
caused by sudden power failure at the pumps, characterized
by short duration of hydraulic fluctuation and potentially
huge detriments. Slight water hammer will cause leakage or
sudden stop in water delivery system while the serious
* Corresponding author

water hammer will give rise to the damage to the pump
units and pipelines or even cause severe injuries and deaths
of human beings [1,2]. Some long-distance water delivery
projects are featured by high-lift and long-distance pipes
with steep slope. It is uncontrollable and challengeable to
simulate the water hammer by experiments; therefore,
hardly could the potential damages be predicted. Since the
energy conversion in water hammer is complicated, it is
of highly difficulty to realize the real-time tracking and to
have a comprehensive understanding of the variation of
water hammer even while the solutions under the most
disadvantageous conditions can be obtained by analytic and
graphical methods. But numerical analysis can not only
realize the accurate analyses and real-time tracking of water
hammer process, but also provide visualized results by
graphs and animation under different working conditions.
Therefore, it is of paramount practical significance to conduct the numerical simulation to find out the water hammer variation mechanisms to propose the most cost-effective
prevention scheme.
Now, the water hammer simulation software usually
adopts method of characteristics (MOC) and wave characteristic method (WCM) to get the solutions. The software
based on MOC mainly includes Flow Master, Bentley:
Hammer Relap5 while the PIPE2010:Surge relies on
WCM [3-9]. MOC is characterized by high computational
accuracy and convergence rate, but it is challenging to
define the complicated boundary conditions at the very
beginning of the pipeline. On the contrary, the solutions
with same computational accuracy can be obtained by
WCM at a higher convergence rate [10,12]. In the longdistance water delivery pipeline, the variation of water
hammer wave is complicated, accordingly the calculation
work of MOC is several order of magnitude more than
WCM; thereby, the simulation software based on WCM is
especially favorable for the water hammer analysis in
high-lift and long-distance water delivery projects [13,15].
A high-lift and long-distance water delivery project
with the scale of 2.0×104 m³/d was selected to analyze the
water hammer prevention schemes and determine the
optimal scheme by PIPE2010:Surge.
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2 SYSTEM MODELING
2.1 Modeling mechanism

The water hammer simulation software PIPE2010:
Surge is developed by Prof. Wood from University of Kentucky. Its characteristic equations of water hammer wave
are based on Elastic Water Column Theory:
Equation of Continuity:

Momentum Equation

∂H C2 ∂Q
=-‐
⋅
∂T gA1 ∂x

(1)

∂H C2 ∂Q
=-‐
⋅
+f(Q)
∂T gA1 ∂x

(2)

Where H=pressure head (pressure/density); x=position;
t= time; Q=volumetric flow-rate; c=sonic wave speed in
the pipe; AL=cross sectional area; g=gravitational acceleration; and f(Q) represents a pipe resistance term which
is a function of flow-rate.
These two partial differential equations are solved by
Lagrange WCM and the solutions are used to track the
occurrence, propagation, reflection and interference of water
hammer wave and then calculate the transient pressure on
different nodes at different time steps [16].
The first procedure of modeling is to abstract the
nodes and the pipes to extract static parameters and hydraulic conditions as input data and then get the steady state
(namely the working condition without the occurrence of
water hammer) calculation results. Afterwards, the final
results of water hammer simulation under different prevention schemes will be obtained with the steady state calculation results as input parameters. The main output parameters of nodes include: pressure head, flow, free pressure, local resistance loss, pump speed and air volume. The
main output parameters of pipeline include: flow, frictional

resistance losses and flow rate. Additionally, the maximum,
minimum and steady state value and corresponding time
of these node parameters and pipeline parameters are also
outputted.
2.2 Model Overview

There were three pumps in the pump station, two
(Pump1 and Pump3) of which were used as working pumps
and one (Pump2) as emergency pump. The valves that directly linked to the pumps were AV-1 AV-2 and AV-3. In
order to make the calculations and analyses easier, mark
and number the nodes that are liable to water hammer and
negative pressure in the water delivery pipeline. The schematic plan of water hammer analysis model and the envelop
diagram of steady state hydraulic line are shown as Fig.1.
2.3 Model Parameters
2.3.1 Pump station parameters

The pump station was equipped with two small pumps
with rated-flow of 185~335 m3/h and rated pump head of
204~186 m and one large pump with rated-flow of 360~
600 m3/h and rated pump head of 212.5~187.5 m. Their
pump speed was 2950 r/min. The parameters of pumps
under normal working condition are shown in Table 1.
2.3.2 Pipeline Parameters

As is shown in Fig.1, P-1 to P-9 was connected by
two paralleled DN400 pipes while P-10 to P-22 was connected by one DN500 pipe. The total length of the pipeline was 5244m. The first 244 meters were steel pipe with
thickness of 10mm and work pressure of 2.5 MPa (about
250 m water). The remaining 5000 meters were ductile iron
pipe with thickness of 9mm and work pressure of 1.3 MPa
(about 130m water). The Hazen-Williams coefficient was
120.
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FIGURE 1 - The schematic plan of water supply system and the envelop diagram of Steady State hydraulic line
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TABLE 1 - Parameters of pumps under normal working condition
Pump No.
Pump-1
Pump-2
Pump-3

Flow
l/s
85.98

Inflow water head
m
3.95

161.69

3.84

Outflow water head
m
164.45
Emergency Pump
164.94

Water head
m
160.5

NPSH
14.0

161.1

14.0

TABLE 2 - Pipeline parameters under normal working condition
Pipeline No.

Length
m

Flow
(l/s)

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

15
15
15
3
3
3
5
5
5
5
1
1
29
53
191
0.35
250
250
4500
4
496
3

85.98
0.00
161.47
85.98
0.00
161.47
85.98
0.00
161.47
247.45
247.45
247.45
247.45
247.45
247.45
247.45
247.45
247.45
247.45
247.45
247.45
247.45

Water head loss
(m)
Frictional
0.02
0.00
0.07
0.02
0.00
0.07
0.02
0.00
0.07
0.02
0.00
0.00
0.10
0.18
0.63
0.00
0.83
0.83
14.94
0.01
1.65
0.01

Local
0.03
0.00
0.10
0.03
0.00
0.10
0.03
0.00
0.10
0.03
0.12
0.00
0.00
0.06
0.06
0.00
0.00
0.00
0.06
0.00
0.06
0.00

Flow rate
(m/s)

Slope
(m/m)

0.68
0.00
1.28
0.68
0.00
1.28
0.68
0.00
1.28
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26

1.39
0.00
4.46
1.39
0.00
4.46
1.39
0.00
4.46
3.32
3.32
3.32
3.32
3.32
3.32
3.32
3.32
3.32
3.32
3.32
3.32
3.32

TABLE 3 - Node parameters of normal working condition
Node
No.
AV-1
AV-2
AV-3
AV-4
N-1
N-2
N-3
N-4
N-5
N-6
N-7
N-8
N-9

Flow
l/s
85.98
0.00
161.47
247.45
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Water pressure elevation
m
382.29
382.26
382.38
381.55
382.26
381.42
381.42
381.32
381.09
380.39
380.39
379.56
378.73

Node elevation
m
218.00
218.00
218.00
218.00
218.00
218.00
218.00
246.10
260.10
276.90
276.90
272.00
277.00

Net water head
m
164.29
164.26
164.38
163.55
164.26
163.42
163.42
135.22
120.99
103.49
103.49
107.56
101.73

Node pressure
KPa
1611.15
1610.81
1611.98
1603.85
1610.81
1602.63
1602.63
1326.08
1186.47
1014.90
1014.90
1054.81
997.63

2.3.3 Node Parameters

2.4 Modeling

AV-4 was the spot where HACV was installed and
N-7 was the lowest spots of ductile iron pipe.

The water hammer prevention model is established to
control the reverse speed of pump impellers and keep both
negative and positive pressure during the water hammer
qualified for the criterion in the Design Code for Pumping
Station (GB/T 50265-2010). Therefore, the HACV, GMV
and SR were employed separately in the water hammer
prevention schemes to simulate the water hammer process
to help set up the water hammer prevention model.

2.3.4 Hydrological Data

The regular water level of the river was 230 m and its
lowest water level was 220 m. The elevation of pump shaft
was 218 m. The elevations of the beginning and terminal
points of ductile iron pipe were 279.9 m and 369 m, respectively.
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3 WATER HAMMER SIMULATION
AND ANALYSIS
3.1 Prevention Scheme Based on HACV

HACV can help prevent water hammer actively by reducing the positive pressure and lowering the reverse speed
of the pump impellers. When water hammer happens at the
pumps, the valve is shut from 0° to 65° in 2~5 s, and then
the rest 25° in 5~60 s. If the process of shutting a valve
takes too much time, the reverse speed of the pump impellers will increase significantly due to the backward flow of
the large amount of water and will finally reach the runaway speed causing severe consequences. Then, the inertia
flywheels are required to be installed. However, the installment of inertia flywheels will result in the sharp increase of the size and the investment of pump station.
Therefore, the water hammer in the deep well pump station should be prevented through adjusting the pattern and
stroke of valve closure to control the reverse speed of the
pump impellers and reduce water hammer pressure.
Through the repeated simulations of the HACV-based
prevention scheme, the optimal working condition was
decided: shut the valve from 0° to 65° rapidly in 5 s and
then completely shut the valve slowly in 25 s. With this
valve closure pattern, the reverse of the pump impellers
was greatly weakened with the lowest peak value of the
reverse speed and the shortest duration. But water hammer pressure was at a relatively high level. The details are
shown in Fig.2.
The Fig. 2(A) indicates that when the HACV was shut
in the pattern mentioned above, the high positive pressure
of water hammer was 75.8 m at the end and 450.9 m at
the beginning of the pipeline, as observed along the pipeline. The maximum pressure occurred in the spots where
HACV was installed and the lowest spot of ductile iron

pipe. Meantime, the pressure increase ratio of the positive
pressure of water hammer could reach 2.56 and the negative pressure approximated -9.38m along the whole pipeline. It must be eliminated; otherwise, the pipeline would
be collapsed and/or cavitations and water column rejoinder inside the pipe would happen.
The Fig. 2 (B) shows that the pump speed decreased
rapidly during the 20 s when the pump came to a stop and
the reverse of the pump impellers, which was 9s ahead of
the occurrence of the peak value of the reverse speed
of -550r/min, occurred when t was about 13s and lasted
for 45s or so. The reverse speed and duration met the
criterions in the Design Code of Pumping Station (GB/T
50265-2010) that the reverse speed must be limited within
120% of the rated speed and the reverse time of over rated
speed must be less than 2mins. It is evident that shutting
the HACV in a reasonable pattern is an effective and efficient way to control the reverse of the pump impellers.
Fig. 2(C) and Fig. 2(D) show that within the 100 seconds of the water hammer, it struck the valves and pipes
drastically and repeatedly. The positive pressure of water
hammer on the HACV reached 450.9 m when t was 98.08 s.
As for the lowest spot of ductile iron pipe, the positive
pressure reached 325.6 m when t was 78.42 s. The pressure exceeded the limit value that valves and pipes could
withstand and caused asset deteriorations.
Therefore, the HACV can only help control the reverse
speed of the pump impellers, and some further measures
are needed to eliminate the water hammer pressure.
3.2 Prevention Scheme Based on HACV and GMVs

The traditional air admission and evacuation valve exhausts air so rapidly that the intermittent shock pressure
caused by the water hammer due to cavitations and water
column rejoinder increases greatly [7]. However, the GMV

液力自动阀5s快闭95%，20s缓闭5%，断电停泵水锤分析曲线
650
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FIGURE 2 - Simulation analysis of water hammer on HACV
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gets air quickly to destroy the vacuum when the water
columns separate in the pipes and then exhaust gradually
when the water columns rejoin to form energy dissipation
air bags to restrain the hedge acceleration of the water
columns so that the water hammer caused by cavitations
and water column rejoinder can be effectively prevented.
The air displacement Q equals 4.72× (SD5)1/2 (c.f./min),
where S means slope and D represents diameter (inch).
According to the calculated air displacement, the GMVs
with orifice diameter of 3.2 mm were installed at N-2, N-5
and N-7, the highest spots of different zones along the
pipeline to work together with HACV. Then the simulation analyses on this model were conducted to find out the
variation of water hammer pressure in the system and the
variation of the water hammer pressure at the spot where
the HACV was installed and the lowest spot of ductile
iron pipe. The results are shown in Fig.3.
As is shown in Fig. 3(A), the center line of the pipe
overlapped the line of the negative pressure indicating that
the negative pressure had been totally eliminated. Thereby,
GMVs played a crucial role in controlling water hammer
caused by cavitations and water column rejoinder. But, the
significant positive pressure still existed along the pipeline and the maximum value was 331.6 m reduced by
119.3 m (26.5%) compared with the scheme without GMVs.
This result shows that GMVs also have an inhibitory effect
on the positive pressure of water hammer. This can be
explained by that the accumulated gas at the high spots of
the pipe was exhausted by the evacuation valves so that the
effective cross-section could be expanded, the flow rate
could be lowered and the positive pressure of water
hammer could be reduced.
The comparisons of Fig. 2(B) and Fig. 3(B) tell us that
when the GMVs were installed, the peak value of the reverse speed of the pump impellers increased by 45.5%, up
to 800 r/min, and the reverse of the pump impellers occurred a little earlier (about 2 s earlier) with duration of
about 50s, which increased by 11.1%. The reasonable explanation is that it is the GMVs’ major function of eliminat-

ing negative pressure caused by water hammer that gave
rise to the increase of backward flow rate and the volume
and finally led to the increase of the reverse speed, the
occurrence of the peak value in advance and the prolonged
duration.
As Fig. 3(C) and Fig. 3(D) show, the duration of water
hammer pressure on the HACV and the lowest spot of
ductile iron pipe was 100 s. Compared with the HACVbased scheme, the intermittent shock pressure decreased
and the peak value of the pressure occurred in advance and
presented a downtrend along with the time. The peak value
of the pressure on HACV was 327.8 m when t was 25.62 s
while for ductile iron pipe; it was 265.8 m when t was
25.58 s. The peak values were decreased by 123.1 m
(27.3%) and 59.8 m (18.4%) respectively. The analysis
shows that since the water hammer caused by cavitations
and water column rejoinder had been eliminated, only the
direct water hammer was responsible for the water pressure;
therefore, the peak value of the water hammer occurred in
advance and the water pressure was weakened greatly.
The scheme based on the combination of HACV and
GMVs is effective in preventing the water hammer caused
by cavitations and water column rejoinder through eliminating the negative pressure along the pipeline. The reverse
speed of the pump impellers is up to the standard in the
design code. But the existence of direct water hammer was
accompanied with the high positive pressure in the pipe
network, so additional prevention measures should be taken
to control positive pressure caused by water hammer.
3.3 Prevention Scheme Based on HACV, GMVs and SRs

The prevention model employed SRs that are constituted by surge prevention valves (SPVs) and surge relief
valves (SRVs) to eliminate positive pressure of water hammer. The SPVs are supposed to be initiated and keep working during a certain time period when extraordinary low
voltage is detected or a sudden power failure happens.
When the water hammer is about to happen, there will be
a transient low voltage in the pipe, a signal to initiate the
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FIGURE 3 - Simulation analysis of water hammer on HACV and GMVs
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FIGURE 4 - Simulation analysis of water hammer on HACV, GMVs and SRs

SPV to drain the water and lower the pressure for the upcoming water hammer. The differential plunger design of
SRVs makes it possible to open instantly within 0.5~1 s
when the detected water pressure reaches the limitation,
then shut very slowly in 5~15 s when the water pressure
decreases to prevent another water hammer.
The design pressure of the ductile iron pipe used in
the project was 1.3MPa and the pump exit pressure was
1.76 MPa. According to the criterion in the Design Code
of Pumping Station (GB/T 50265-2010), the maximum
water hammer pressure must be limited within 130%~
150% of the pump exit pressure, namely 2.29~2.64 MPa.
Given the working pressure of ductile iron pipe and the
criterion in the design code, the SPVs were installed in
the outlet pipe and the SRVs were installed at both the
beginning and the terminal spots of ductile iron pipe and
the beginning spots of the slopes as well. The pressures’
limitations are presented as follows:
a. The lower limit of the water pressure on the SPVs
in the pump station was set at 70 m at the nodes which
approximated the pump exit pressure 176 m, 40% of the
normal working pressure.
b. The upper limits of the SRVs at the beginning and
the terminal spots of ductile iron pipe were 120 m and 90 m
separately.
The simulation results after the installment of the SRs
are shown from Fig.v11 to Fig. v14.
The comparisons of Fig. 4(A) and Fig. 3(A) show
that positive pressure of water hammer in the pipes decreased greatly. The maximum water hammer pressure on
the HACV was 181.9 m, only 5.8 m higher than the pump
exit pressure with the increase ratio of positive pressure of
1.03. It was up to the standard in the Design Code of Pumping Station (GB/T 50265-2010). The slight negative pressure was formed at the front part of the pipeline as a result

of the drastic leakage flow. Since the air bags were too
small and GMV was installed nearby, the negative pressure would not possibly lead to the severe water hammer
damages.
The SRs had impacts on the reverse of the pump impellers. The peak value of reverse speed decreased to 520 r/
min which was lower than the rated speed of 2900 r/min,
and the duration of the reverse was 45 s, meeting the criterion in the design code.
The water hammer pressure on the HACV and the lowest spot of ductile iron pipes decreased significantly to the
level which approximated the normal working pressure of
the pipes and valves. Moreover, the peak value was postponed and the variation of the water pressure tended to be
stable. Meanwhile, according to the mechanisms of materials
and structural dynamics, dynamic loads are two times destructive than static loads, so the installment of SPs and SRs
can reduce the damages caused by water hammer greatly.
4 CONCLUSIONS
1) The water hammer model of high-lift and longdistance water delivery system was established. The numerical simulation results show that without any other water
hammer prevention except for the HACV, the maximum
increase ratio of positive pressure reached 2.56 and the
negative pressure approximated -9.38m, which was severe
enough to give rise to some seriously deleterious effects.
2) The results of the simulation on the water hammer
variation processes of three water hammer prevention models show that the HACV could help control the reverse speed
of the pump impellers within the 120% of the rated speed.
But it is not an effective way to lower the water hammer
pressure. The GMVs could eliminate the negative pressure
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of water hammer effectively at the price of the increase of
reverse speed of the pump impellers to a certain degree. The
SRs can help control the positive pressure of water hammer
within 130%~150% of the pump exit pressure. The combination of the three kinds of valves can help prevent damages
caused by different types of water hammer.
3) This project employed the water hammer prevention scheme of the combination of HACV, GMVs and
SRs. The HACV was shut from 0°to 65°in 5s and then the
rest 25°in 20s. Three GMVs were installed at the three
local highest spots. The SPVs were installed in the pump
station and the SRVs were installed at both the beginning
and terminal spots of ductile iron pipe. The installment of
the valves can help control the water hammer efficiently
to meet the requirements of the water delivery system.
The power failure happened three times after this water
delivery system started to run in 2010. The water hammer
prevention schemes utterly exerted positive influences on
the pressure variation along the pipeline; therefore, the increase of the pressure did not give rise to any damages to
the pump station and the pipelines.
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ANALYSIS OF HEAVY METALS SOURCES AND
ASSESSMENT IN SEDIMENTS OF ULANSUHAI LAKE, CHINA
Changyou Li*, Shengnan Zhao*, Sheng Zhang, Xiaohong Shi, Biao Sun and Dongnan Zhu
Water Conservancy and Civil Engineering College, Inner Mongolia Agricultural University, Huhhot 010018, China

ABSTRACT
In order to understand the sources of heavy metals
and their environmental risk in sediments of Ulansuhai
Lake, concentrations of Cu, Fe, Mn, Zn, Pb, Cr, Cd, Hg
and As were measured. Samples were taken at 33 positions in January and July 2009 and December 2010. Principal component analysis (PCA) was used to identify the
different sources. To evaluate the potential risk and draw
possible ecological risk index distributions, harm
Hakanson and ArcGIS9.2 were applied with the potential
ecological risk index classification standard to quantitatively calculate ecological risk classification area. The
results demonstrated that concentrations of Cu, Fe, Mn,
and Cr were mainly controlled by parent rocks; Pb, Zn
and Cd were affected by industrial pollution. Meanwhile,
concentrations of Hg and As were affected mainly by
agricultural non-point source pollution and atmospheric
settlement. Potential ecological risk analysis showed that
potential ecological risk index in summer and winter was
337.37 to 869.03 and 177.45 to 685.58 and mean value
were 572.67 and 389.73 respectively. Potential ecological
risk indexes of area in level II, III and IVaccounted for
1.88%, 96.2%, and 1.92% of total area in winter and 0%,
52.9%, 47.1% in summer, respectively. The risk index of
winter was high, and the majority was in the III level,
however, nearly half of the area was at its highest level in
summer, so the sediments had serious ecological risks in
summer. Hg, Cd played contributed the main pollution
factor, so, reducing waste water that contains mercury
waste gas discharge and fertilizer loss is necessary to
control heavy metal pollution in Ulansuhai Lake.

has been attracting growing attention because of their toxicity in the environment and subsequent accumulation in
aquatic habitats [1-4]. For example, the quantities of cadmium and lead in sediment are 1800 times and 52 times
as much as standard levels in Xiangjiang River in China
[5, 6]. Hunan, Henan provinces have "chrome pollution"
incidents which were caused by illegal disposal of chromium residue. Heavy metal pollution results in water ends
up in the sediments by transport. In the end, sediments are
the sink of heavy metals which are likely to come from
rock weathering and erosion, as well as atmospheric
deposition, rainfall, polluted rivers, domestic sewage and
agricultural and industrial sewage [7-9]. Heavy metals in
the sediments will become sources of pollution source when
released under certain conditions. Therefore, knowledge of
heavy metal concentrations in sediments is important.

The booming economy and rapid industrial developments bring environment problems in our society, such as
serious water and soil pollution. Heavy metal pollution

Ulansuhai Lake located in Plain end of the Hetao in
north China's Inner Mongolia, which is the only order of
the local farmland back water, industrial wastewater and
domestic sewage. Farmland back water, industrial
wastewater and domestic sewage carry heavy metals (such
as lead, mercury, arsenic, chromium, cadmium etc) into the
lake every year [10]. Therefore, heavy metals enrichment
and pollution in the lake caused by industrial and agricultural development. The lake water will import to yellow
river which is the 90% water resource of Baotou City [11].
At present, the main research of Ulansuhai Lake is focused
on the analysis of Status and causes about eutrophication
distribution characteristics and transformation mechanism
of Nutrient element in water and sediments, qualitative and
quantitative analysis of point source pollution and nonpoint source pollution, Pollution load of Nutrient element
and the restoration of lake eutrophication and so on [1215]. But the study of heavy metals is less and only focuses
on the distribution characteristics and the basic description
of risk assessment in sediments and did not analyze the
mechanism level quantification of heavy metal pollution
sources and different levels of heavy metal contaminated
area [16]. Therefore, distinguishing the sources of heavy
metal pollution, and evaluate its risk assessment could
provide foundation for monitoring heavy metal emission
and managing Lake Ecosystem.

* Corresponding authors

Through a series systematic investigations of
Ulansuhai lake, including the water, sediments, as well

KEYWORDS: Heavy metals; Pollution sources; Potential ecological risk; Ulansuhai Lake

1 INTRODUCTION
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as the industrial and agricultural development of the surrounding areas, we investigated the content of heavy metals (Cu, Fe, Mn, Zn, Pb, Cr, Cd, Hg and As) in the sediments. Their lithogenic or anthropogenic origin was analyzed by PCA. Finally, their ecological risk was investigated by potential ecological risk assessment and the
environmental quality and risk assessment were mapped
by ArcGIS9.2.
2 MATERIALS AND METHODS
2.1 Study area

Ulansuhai Lake (40º36′-41º03′N, 108º43′-108º57′E)
is located in Urad Qianqi, Inner Mongolia, China and it is
a part of Hetao irrigation system. The total area of
Ulansuhai Lake is about 333.48 km2, with 161.631 km2
was covered with reed and the 104.824 km2 of open water, and is the largest lake at the same latitude in the
world. Currently, the average depth of water level is less
than 0.8 m [17]. The mean annual air temperature is 6.6
°C. The annual precipitation is 219.5 mm. The annual
evaporation is 1396.3 mm (measured value by E601
evaporator).

January2009, 10 sites in July 2009 and 10 sites in December 2010) (Fig.1). Samples were collected in disposable
polyethylene bags and then stored at approximately 4◦C
before analysis. To provide reliable and accurate metal data,
cleansing techniques were used for handing and analyzing
samples. All materials coming in contact with the samples
were acid washed and stored in double polyethylene bags
before use. The collected samples were air-dried and sieved
through a 0.15-mm polyethylene sieve.
Cu, Fe, Mn, Zn, Pb, Cd, and Cr: about 0.4g soil was
placed in a Teflon bomb and treated first with 9 ml of
concentrated HNO3, then with 2 ml of concentrated HCL, 3
ml of concentrated HF and digested with Microwave digestion device (model: ETHOS) and measured by Flame
atomic absorption spectrometry and Graphite furnace
atomic absorption spectrometry (model: ZEEnit 700P) [18].
The sensitivity of the instruments for Cu is 0.004mg/L
and 0.01µg /L for Cd. Hg and As: About 0.4 gram of soil
was placed in a Teflon bomb and treated first with 10mL
of concentrated HNO3, then with 10 ml of concentrated
HCL and digested with Microwave digestion device (model:
ETHOS) and measured by cold-vapor atomic fluorescence
spectrometry (model: AFS-3100) [19, 20]. The relative
errors for the analysis of standard solution were less than
5%. The sensitivity of the instruments for As is 0.01µg /L
and 0.001µg /L for Hg.
2.2 Statistical analysis

Multivariate data analysis techniques were utilized for
geochemical evaluations (PCA) [21]. Varimax rotation
method was chosen in PCA for all geochemical variables to
maximize factor variance and to simplify the columns of
the factor matrix. An eigenvalue over unity was chosen as
the test factor. All statistical calculations were conducted
by using the SPSS 13.0.
2.3 Potential ecological risk assessment

The potential ecological risk index method developed
by Hakanson [22] was applied in this study. According to
i

this method, the potential ecological risk coefficient E r of
single element and the potential ecological risk index RI of
multi-element can be computed via the following equations:
n

i

RI = ∑ E r
i =1
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FIGURE 1 - Sampling sites of sediments
2.2 Sampling and chemical analysis

A total of 33 top soil samples (0-20cm) from 13 sites
of the lake bottom were collected using a columnar sampler
in January and July 2009 and December 2010 (13 sites in

response factor for the element of i, reflects its toxicity levels
and the sensitivity of bio-organism to it [23]. The toxicresponse factors for common heavy metals Hg, Cd, As, Pb,
Cu, Cr, Zn, Mn, and Fe were 40, 30, 10, 5, 5, 2,1,1,1, respectively [24, 25]. The reference value evaluation of heavy
metals is soil background values of Hetao (Table 1) [26].
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The inverse distance interpolation of the potential
ecological risk index was performed by ArcGIS9.2 for
spatial distribution of the RI for the whole lake and reclassification analysis for the results of inverse distance
interpolation by spatial analyst module of ArcGIS9.2.
According to the grading standards of potential ecological
risk index, we classified the level of ecological risk of
heavy metals. Statistics of different raster and raster resolution levels was measured by using a raster calculator to
calculate the quantitative classification of the ecological
risk of the occurrence area.
3 RESULTS AND DISCUSSION
3.1. Heavy metal concentrations in surface sediments

Concentrations of heavy metals in surface sediments
of Ulansuhai Lake are summarized in Table 1. Results
showed that the coefficient of variation for Pb, Cd, Hg
and As were 54, 78, 56, and 72%, which indicated that
these heavy metals existent different levels of geographic
variation in spatial distribution and large spatial variability. Specifically, the coefficient of variation greater than
50% which shows artificial pollution sources, on the contrary, the coefficient of variation of Cu, Fe, Mn, Zn and
Cr were less than 50%, which indicates that they may be
come from a natural source.

Concentrations of the five metals (Cu, Zn, Pb, Cr,
Cd) in sediments were lower or comparable to the findings from other rivers, lakes, bays, wetlands world-wide
(Table 2) [27-34]. The reason for this is probably that
Ulansuhai Lake is not heavily polluted compared to other
regions that have had industries for longer time spans. But
the Hg and As is higher than normally found. Thus, attention should be paid in order not to further pollute this lake
with these heavy metals in the coming years. More effective management of heavy metals discharges should be
encouraged in order to preserve this watershed at its present level in order to preserve the biological integrity of
this valuable natural habitat.
Threshold level of marine sediment quality as the
standards is presented in Table 3 [35], Although most of
the heavy metal content in the 33 surface sediment samples fell below the critical values, some individual sediment samples were heavily contaminated. Hg had the highest degree of contamination, reaching 36.3 %, followed by
Cd, As, Cu, and Zn, reaching 21.2, 15.2, 9.01, and 3.03%.
There was no Pb and Cr contamination in any of the soil
samples.

TABLE 1 - Statistical description of the heavy metals concentration (mg/kg)

SD

7.44

6485

149.80

26.86

9.07

0.22

VC

0.29
0.05
0.94
26.1
5
19.1
7

0.23

0.23

0.36

0.54

0.78

Cr
33
22.1
8
69.6
5
44.3
0
11.2
4
0.25

-0.18

-0.03

2.18

0.02

1.43

N
Minimum
Maximum
Mean

Skewness
Kurtosis
Range
Background

Cu
33
13.4
7
39.6
2
25.8
9

Fe
33

Mn
33

Zn
33

Pb
33

Cd
33

14644

375.72

47.49

2.39

0.06

39800

944.85

175.90

28606

658.55

74.64

-0.91

-0.64

5.80

25156

569.13

128.41

33000

508.6

55.68

37.0
7
16.8
6

0.93
0.28

-

1.44

0.62
34.6
8
18.7
6

0.11
6

As
33

0.05

3.49

0.56

47.2
9
15.5
9
11.1
7
0.72

0.42

0.78

2.00

-

-

0.05
47.4
7
56.3
9

0.87

Hg
33

0.48
0.20
0.11

0.12
0.43

43.8
0

0.02
5

9.68

TABLE 2 - Maximum Cu, Zn, Pb, Cd, Cr, Hg, and As in sediments of Ulansuhai Lake and other water bodies world-wide

Ulansuhai Lake, China
Taihu Lake , China
Baiyangdian, China
Yellow river, china
Mississippi River, USA
Lahn River, Germany

Cu
39.62
41.38
35.00
110.0
48.2

Zn
175.9
112.0
210.0
245.2

Vemband Wetland, India

49.43

211.3

Maximum concentration (mg/kg
Pb
Cd
Cr
37.07
0.93
69.65
41.00
0.79
82.72
30.00
0.90
84.00
80.00
130.0
67.00
8.00
50.0
68.4
1.13
54.42

0.73
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2.36

Reference
Hg
0.48
0.12
0.06
0.70
-

As
47.29
22.50
24.80
50.00
-

-

-

3.50

This study
Hua,L.P
Li et al
Liu et al
Balogh et al
Martin
Harikumar
et al
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Izmit Bay, Turkey
Themikos Gulf, N.
Greece
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139.0

1190

178.0

8.90

116.1

-

26.8

Pekey

165.0

358.0

218.0

-

172.0

-

-

Christophoridis et al

TABLE 3 - The State assessment standards for the heavy metals
Cu
Zn
Pb
Cd
Cr
State standard of ocean sediment quality (first level)
35
150
60
0.5
80
Threshold effective level
36
123
35
0.6
42
TABLE 4 - Total variance explained and matrix of principal components analysis
Component
Total
1
4.362
2
1.764
3
1.140
4
.735
5
.362
6
.254
7
.173
8
.126
9
.085
Heavy metals
Component matrix
Cu
Fe
Mn
Zn
Pb
Cd
Cr
Hg
As

Hg
0.2
-

As
20
7.2

Initial Eigenvalues
Extraction Sums of Squared Loadings
Rotation Sums of Squared Loadings
% of
% of
% of
Cumulative %
Total
Cumulative %
Total
Cumulative %
Variance
Variance
Variance
48.466
48.466
4.362
48.466
48.466
3.077
34.189
34.189
19.602
68.068
1.764
19.602
68.068
2.120
23.559
57.748
12.662
80.730
1.140
12.662
80.730
2.068
22.981
80.730
8.164
88.894
4.025
92.920
2.818
95.737
1.927
97.664
1.395
99.059
.941
100.000
Component Matrix(a)
Rotated Component Matrix(a)
PC1
PC2
PC3
PC1
PC2
PC3
.912
.693
.758
.537
.912
.615
.793
-.435
-.398

.192
.493
.237
.035
-.165
-.227
.295
.772
.815

-.109
-.380
.202
.779
.101
.295
-.390
.201
.216

When compared with threshold effective level (Table 3)
[35], Cr and As had the highest degree of contamination,
reaching51.5 and 87.8%, Arsenic pollution is particularly
serious and causes serious ecological harm.
3.2. Source analysis of sediments heavy metals

To quantitatively evaluate clustering behavior, PC
analysis with varimax normalization (PCA-V) was applied.
Inspection of the data before the analysis provided a Bartlett test of 192.1, with a corresponding significance level
of 0.0; Demonstrating that the correlation coefficient matrix
and unit matrix were significantly different. Meanwhile,
KMO value was 0.74> 0.5 indicating that the data are
suitable for factor analysis. The results for the sediments
are presented in Table 3. Three factors originated with a
cumulative variance of 80.73% for samples. PC1, PC2 and
PC3 contribution rates were 34.19, 23.56 and 22.98%.
Factor 1 explained 34.19% of the total variance and
had high positive loadings on Cu, Fe, Mn and Cr. Fe, Mn
which are abundant elements in nature [36]. The content is
relatively stable and less affected by human activities,
which mainly occurred in the formation of clay mineral
weathering and clay adsorption of silicate minerals. Clay
minerals derived from weathered rock basins and reached
the lake water by removal of surface runoff and accumu-

.823
.927
.579
.045
.559
.216
.916
-.068
-.029

.407
.052
.580
.945
.591
.592
.104
-.095
-.063

-.194
.079
-.012
.048
-.454
-.347
-.137
.901
.930

late in sediments finally. The soil of Ulansuhai Lake was
mainly formed by clay, such as fine sand, silt, and loam,
sandy clay loam [37]. Therefore, Fe, Mn is the main component of soil and weathered products, which can be seen
as a product of weathering and rock erosion. In addition,
compared with the background sediment of Ulansuhai
Lake, most of Fe, Cr levels are lower than the background
value. Pollution index which is calculated by its content
divided by the average background value less than one
indicates that they suffered the impact of human activities
is small. According to the analysis on the nature of Fe,
Mn, Factor 1 represents the natural role. Therefore, the first
source of heavy metals in sediments of Ulansuhai Lake is
mainly natural weathering and deposition.
Factor 2 explained 23.56% of the total variance and
had high positive loadings on Pb, Cd and Zn. Their main
sources of pollution are lead and zinc from non-ferrous
metal smelting. Cadmium is also a byproduct of the zinc
smelting industry. In addition, wastewater could contain
high Cd when Pyrite is prepared with stone sulfuric acid
and phosphate fertilizer is prepared from phosphate rock.
The content of Cd in wastewater is 10 ~ 100ug / L per liter
[38]. Through survey of the study area, we found dozens of
chemical fertilizers and mineral processing enterprises, such
as Huafeng zinc oxide, Tanyaokou pyrite, mining plants,
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mining Bameng Ring Farm, Urals fertilizer plants,
Wuyuan chemical plants and Dengkou fertilizer plants etc
(Fig. 2). These companies are located near drainage channels that empty into the lake. These industries discharge
sewage and waste without treatment directly into the drains
which carry large quantities of heavy metals pollutants such
as cadmium, zinc [39, 40]. Therefore, the second source of
heavy metals in sediments of Ulansuhai Lake is mainly
industrial sewage and waster.
Factor 3 explained 22.98% of the total variance and
had high positive loadings on .Hetao use of Yellow river
water for irrigation which is about 35×103m3 to 40×103m3
per year [41], but most of the water infiltrates the shallow
groundwater as the utilization coefficient of irrigation
water is only 0.2 to 0.3. The annual amount of fertilizer of
Hetao is 55.0 ×104 to 64.0×104 t in recent years, but utilization rate of fertilizer is low (Table 5). According to the
Bayannaoer Soil and Fertilizer Station test, effective utilization of phosphate and nitrogen rates is in 18 to 22% and
26 to 29%. Therefore, the phosphate of farmland back
water is very high because phosphate fertilizer residues in
the soil dissolve in irrigation water. Arsenic pollution is
more serious in Hetao. It is generally in forms of As (III).
Total arsenic content of about 10.0mg/kg located in
three drainage channel and main drainage channel [41].
Since arsenic and phosphorus for the same family of
elements with similar physical and chemical properties,
so among arsenate and phosphate adsorption have competition. Therefore, phosphate in farmland back water will
compete for adsorption point of oxide surface, making the
occurrence of arsenic desorption that adsorbed on the

oxide surface and the arsenic finally drain into the channel. In addition, if the water has high pH, this will result
in colloidal and clay minerals in water and sediments with
more negative charge, reducing arsenate and arsenate in the
form of anion adsorption capacity, thereby making it easier
for the release of arsenic into the channel water. According the survey and test, water has high phosphate and pH
[42], so the arsenic in the water and soil will release into
channel and finally the lake.
In addition, since the 1980s, a large amount of pesticides have been used for agriculture in the study area.
About 1000t each year are used and most of these contain
heavy metals such as Hg and As. Bayannaoer agricultural
Safety Office banned the use of pesticides containing As
in 2009. These pesticides were in the form of pentavalent
arsenic. Therefore, As pollution is partly caused by agricultural non-point source pollution and farmland back water.
The main source of mercury pollution includes coal
combustion, industrial production, application of mercury
and pesticides. Coal combustion accounts for the majority
of mercury released by human activities. The largest source
of mercury pollution is coal-fired power [43]. Thirty percent of the mercury was eluted into the waste water in the
coal cleaning process because Hg is Pro-sulfide element.
Hg will be released into the atmosphere through the coal
combustion process, and in the form of Hg0 and HgCl2 as
well as can be dispersed through long-distance [43]. Gaseous and particulate atmospheric mercury partly reach the
soil or water by wet deposition or dry deposition. The coalfired industry is a power station in the study area, which
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FIGURE 2 - The distribution of Point Source Pollution in Hetao irrigation region

TABLE 5 - Usage of chemical fertilizer, pesticides and plastic films in Hetao (1966-2009)
1966
1986
1996
fertilizer use
0.21
21.0
56.38
Pesticide use
--0.045
Agricultural Film use
---Data from the "Statistical Yearbook of Inner Mongolia"

2002
59.0
0.075
--

includes the Linhe, Xishanzui, Bayangaole and Wulashan
power station. Electricity generation is 66.492 × 108 degrees in 2008 of the power station. According to the data
of Feng-xinbing, 0.165 mg of mercury was emitted into
the atmosphere per electricity production [43], as a result,
mercury emissions from power generation is 11.55 × 108 mg.
Meanwhile, the rainfall in the study area is 224mm per year.
Therefore a part of Hg in the coal-fired gas will shift into
soil and water by wet deposition, and will seep into the
sediment of Ulansuhai Lake finally. In addition, some
pesticides also contain Hg, so Hg pollution from this source
can’t be ignored. In summary, the third source of heavy
metals in Ulansuhai Lake sediments is agricultural nonpoint source pollution and atmosphere deposition.
3.3. Potential risk analysis

To assess and analyze the heavy metal potential ecological risk of 0-20cm sediments in Ulansuhai Lake in winter and summer, the potential ecological risk index method
was applied. The results are shown in Table 7. Compared to
the standard (Table 6), the potential ecological risk factors
of Cu, Fe, Mn, Zn, Pb and Cr were lower than the first
grade, which indicates that they contribute a lower potential ecological pollution of Ulansuhai Lake sediments. But,
Cd and Hg were the serious pollution elements in winter and
summer. The order of single-factor index of heavy metal
pollution was Hg (502.21) > Cd (31.70) > As (28.06) > Cu
(4.85) > Pb (1.53) > Cr (0.99) > Zn (1.18) > Mn (0.74) > Fe
(0.78) in summer and Hg (258.15) > Cd (102.30) > As
(10.07) > Cu (7.85) > Pb (5.97) > Cr( 1.84) > Zn (1.31) >
Mn (1.25) >Fe (0.99) in winter.

2003
67.18
0.076
--

2004
68.9
0.091
0.59

2005
62.0
0.096
0.67

2006
63.0
0.10
1.05

2009
64.0
0.15
1.5

In summer, 80% of the single pollution factor of Cd
was in the low ecological risk, 20% was moderate, 30%
As was moderate. Hg needs special attention because its
value as a single pollution factor was greater than 320
which was the highest risk grade. Therefore, Hg poses a
serious potential ecological risk. In winter, the grade of
single pollution factor of Cd was higher than in summer,
50% was moderate, 30% considerable, 20% high and 10 %
very high. The value for Hg was 70 % very high, 10%
high and 20 % considerable. Therefore, potential ecological risk of Hg was highest and deteriorating and followed
by Cd hazard which should attract attention to them.
The potential ecological risk index (RI) reflects the
comprehensive pollution levels and potential ecological
risk of Cu, Fe, Mn, Zn, Pb, Cr, Cd, Hg and As. Potential
ecological risk index was 337.37 to 869.03 and the average was 572.67 in summer. This indicates that these sediments have high ecological risk index. In winter, it was
177.45 to 685.58 and the average was 389.73, which was
lower than in summer, but still poses a high ecological
risk.
From Figures 3 and 4, it can be seen that the high value
area of heavy metal potential ecological risk in sediments
in the summer was higher than in winter. The most value of
RI was in the range of 301-375 in winter, but it was in the
range of 450-600 in summer. The occurrence area of the
potential ecological risk RI in different pollution levels
were calculated and analyzed (Figure 5). The area of grade
three about RI in winter was 282.74 km2, which accounts
for 96.2% of the total area, the area of grade two and four

TABLE 6 - Indices and grades of potential ecological risk assessment
Potential ecological risk factor
Critical range for ith heavy metal
i

E ＜40
r

i

40≤ E ＜80
r

i

80≤ E ＜160
r

i

160≤ E ＜320
r

i

E ≥320
r

Grade for ecological risk factor

Potential ecological risk index
Critical range for six heavy metal

Grade for ecological risk index

Low

RI 150

Low

Moderate

150≤RI 300

Moderate

Considerable

300≤RI 600

High
Very high

RI≥600
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TABLE 7 - Results of heavy metal ecological risk

Season
Summer

Winter

Max
Min
Mean
Max
Min
Mean

Cu
6.86
3.51
4.85
10.33
4.93
7.85

Fe
1.02
0.58
0.78
1.21
0.58
0.99

Mn
1.40
0.74
1.08
1.77
0.88
1.31

The Potential Ecological Risk Factor
Zn
Pb
Cd
1.55
3.32
54.12
0.85
0.64
15.46
1.18
1.53
31.70
2.03
7.20
190.72
0.86
4.51
46.39
1.25
5.97
102.30

FIGURE 3 - The distribution of winter Potential
Ecological Risk Index

Cr
1.64
0.99
1.28
2.47
1.08
1.84

Hg
772.64
289.74
502.21
552.76
94.65
258.15

As
48.85
14.42
28.06
18.74
3.61
10.07

RI
869.03
337.37
572.67
685.58
177.45
389.73

FIGURE 4 - The distribution of summer Potential
Ecological Risk Index

accounts for 52.9%, the grade four accounts for 49.1%.
Though the sediments had a high risk index in winter, the
highest value was in grade III, while nearly half of the area
of the RI at the highest level (grade four) was in summer.
The main reason is that the calculation of RI is based on the
toxic-response factor and content. Hg pollution was serious
in Ulansuhai Lake sediments and Hg had the biggest toxicresponse factor. Therefore, Hg factor’s contribution to the
potential ecological risk index was 49.12%-90.15%; its
main pollution resource was atmospheric deposition by the
analysis of the heavy metals pollution source. The rainfall
in summer was greater than in winter, so the settlement of
Hg was higher in summer, which caused a potential ecological risk of sediments in summer to be higher than in winter.

FIGURE 5 - The area of different season Potential
ecological risk index

account for 1.92% and 1.88%. In comparison, the RI
value all belong to the grade three and four levels, the area
of grade three of RI in summer was 155.02 km2, which

3.4. Suggestion of the pollution control

In the single factor analysis of heavy metals :most of
the elements of the pollution index in winter were higher
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than in summer, but the results is change after a comprehensive evaluation and the pollution index overlay, many
potential ecological risk factors (RI) were greater in summer than the winter. The results show that it is necessary to
take into account the different heavy metals environmental harm, not only the total content during the process of
risk analysis of heavy metals. It is necessary to pay attention to the element with strong ecological harm such as Hg
and Cd. Therefore, this paper points out which heavy metals need potential ecological risk index to performance
analysis, which is particularly important to control heavy
metals pollution in Ulansuhai Lake.
Through the analysis of heavy metals sources and potential risks in sediments, Hg, Cd pollution was founded
to be more serious and both have a larger eco-toxicity. In
controls and pollution reductions, it is essential to take the
necessary measures combing with results of the analysis
to control the source of Hg emission effectively. On the
other hand, efforts prohibit or reduce the use of pesticides
and fertilizers containing mercury would further efforts to
prevent mercury pollution. In addition, Cd pollution is
more serious whose main source comes from industrial
waste water and small partially from the loss of fertilizer,
therefore controlling the release of industrial waste water,
especially from fertilizer plants, sulfuric acid and other
plant wastes, as well as smelter emissions and reducing
the loss of fertilizer by rational fertilization would be
helpful for control of heavy metal pollution.

winter and the main contribution factors are Hg and Cd.
For control of this pollution, on the one hand it is necessary to reduce emissions from industrial wastewater and
reuse the wastewater, on the other hand, it is possible to
reduce fertilizer loss by applying rational fertilization, and
the most important is strictly control of coal-fired emissions and improve coal-fired mechanism for reduction of
mercury emissions.
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CADMIUM, NICKEL AND MERCURY ACCUMULATION AND
SOME PHYSIOLOGICAL AND BIOCHEMICAL RESPONSES
OF HYDROPONICALLY CULTIVATED RAPESEED
(BRASSICA NAPUS L.) PLANTS
Matúš Peško and Katarína Kráľová*
Comenius University Bratislava, Faculty of Natural Sciences, Bratislava, Slovak Republic

ABSTRACT

1 INTRODUCTION

The response of hydroponically cultivated rapeseed
(Brassica napus L.; c.v. Verona) plants to Cd, Ni (6−
120 µmol L-1) and Hg (6−60 µmol L-1) was investigated.
Metal application resulted in reduced length as well as dry
mass of rapeseed plant organs and the inhibitory effect
increased with increasing metal concentration in external
solution. Due to metal application significant decrease in
the concentration of assimilation pigments (chlorophyll a,
chlorophyll b, carotenoids) and proteins in rapeseed leaves
was observed. At the highest applied concentration leaf
protein content represented only 47.3 % (Cd), 60.9 % (Ni)
and 56.4 % (Hg) of the control. On the other hand, concentration of thiobarbituric acid reactive substances (TBARS)
rose with the increasing metal concentration. Due to treatment with 120 µmol L-1 Cd or Ni, TBARS content was 1.64
(Cd) and 2.28 (Ni) times higher than that of the control,
while after application of 60 µmol L-1 Hg it was about 2.91
times higher. Metal treatment was also connected with loss
of water content in shoot, which was the smallest at Ni
application. Treatment with 120 µmol L-1 Ni resulted in
12.7 % loss of water in comparison to control plants while
at application of the same Cd concentration loss of water
reached 37%. In general, the highest toxicity was exhibited
by Hg. Accumulated metal concentrations in roots of
rapeseed cultivar Verona showed linear increase with
increasing external Cd, Ni and Hg concentration. The
lowest metal concentration in shoot tissue exhibited Hg.
The effectiveness of metal translocation from root to
shoot increased as follows: Hg < Cd <Ni.

KEYWORDS: growth, photosynthetic pigments, TBARS, protein,
metal accumulation

* Corresponding author

Cadmium and mercury are non-essential metals with
adverse effects on living organisms even at low concentrations. On the other hand, nickel is micronutrient, but
high Ni concentrations are toxic for plants. These metals
interrupt numerous metabolic processes, inhibit photosynthesis [1−3] as well as many enzymes [4] and reduce water
and nutrient uptake [5, 6] what is reflected in chlorosis [79], growth retardation [10-12] and ultimately plant death
(e.g. [13]). Further negative effects of toxic metals including Cd, Ni and Hg are connected with excessive production of reactive oxygen species causing lipid peroxidation
[14, 15] and oxidation of protein thiol groups and nucleic
acids [16].
Based on classification of metal cations into hard and
soft Lewis acids [17], Hg2+ belongs in the group of soft
acids and Cd2+ into an intermediate class, with Ni2+ shifting towards hard and Cd2+ to soft class. Consequently, Ni
would rather bind to aromatic nitrogen, and Cd2+ and Hg2+
to SH-groups [18]. In general, the metals can also be characterized by the covalent index indicating the ability of the
ion to accept electrons and to form covalent bonds (it increases with increasing softness) and by ionic index correlating well with ionic interactions and indicating the propensity of the ion to form ionic bonds [19, 20]. The covalent indices of the studied metals increase as follows: 2.50
(Ni) < 2.80 (Cd) < 4.10 (Hg), while the corresponding ionic
indices decrease in following order: 7.79 (Ni) > 4.12 (Cd) >
3.63 (Hg) [20].
Rapeseed (Brassica napus L.) belongs to most significant oilseed crops and it is widely utilized not only in the
food industry [21] but also as technical crops for biofuel
production [22]. The ability of rapeseed plants to accumulate different toxic metals was published previously (e.g.
[23]) and it was found that the effectiveness of metal
bioaccumulation in plant tissues may differ significantly
between individual rapeseed cultivars [24].
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This paper is aimed to the study of cadmium, nickel
and mercury effects on some production parameters of
hydroponically cultivated rapeseed plants (cv. Verona), to
determine phytotoxic effects of studied metals on the
concentration of assimilation pigments, proteins and thiobarbituric acid reactive substances (TBARS) in leaves,
shoot water content and to estimate accumulated metal concentrations in plant organs. The concentration gradient used
in our experiments reflects Cd content in soils from noncontaminated to highly contaminated sites [25].
2 MATERIALS AND METHODS
Analytical reagent-grade chemicals purchased from
Centralchem (Bratislava) and freshly distilled water were
used for the preparation of all solutions. For metal treatments Cd(NO3)2.4H2O, NiCl2.6H2O and HgCl2 was used.
The seeds of rapeseed (Brassica napus L.), cv. Verona (a
late and medium-high genotype suitable for maize and
potato production regions) were purchased from Slovak
Centrum of Agricultural Production, Research Institute of
Plant Production in Piestany, Slovakia.

2.3 Preparation of leaf homogenate

All leaves of 3 plants were cut into small pieces and
homogenised. Fresh leaf biomass (90 mg) was then homogenised with ethanol (0.5 mL) in mortar, the homogenate was filled up to the volume of 6 mL and resulting
suspension was centrifuged 5 min at 2900 g. For determination of TBARS and proteins the corresponding supernatant was used.
2.4 Determination of the TBARS

Concentration of malondialdehyde (MDA; main product of lipid peroxidation) was determined spectrophotometrically (Genesys 6, Thermo Scientific, U.S.A) as a content
of thiobarbituric acid reactive substances (TBARS) in
rapeseed leaves according to method described in detail in
[27]. Three repetitions were done for each metal treatment.
2.5 Determination of proteins

Protein concentration in rapeseed leaves was determined spectrophotometrically (Genesys 6, Thermo Scientific, U.S.A) according to Bradford [28] using Bradford
reagent; the exact procedure is described in [27]. Three
repetitions were done for each metal treatment.

2.1 Cultivation of rapeseed plants in the presence of studied
metals

2.6 Determination of metal concentrations in plant organs

Seeds of rapeseed, cv. Verona were sown into the
soil and after 22 d they were transferred into hydroponic
solutions and cultivated at controlled conditions (photoperiod 16/8; irradiation: 80 µmol.m -2.s-1 PAR; mean air
temperature: 25 oC): control variant in Hoagland solution
and metal variants containing Cd, Ni (6, 12, 24, 60
and 120 µmol L-1) or Hg (6, 12, 24, 60 µmol L-1). The
levels of macro- and micronutrients in Hoagland solution
were as follows: 0.200 mmol L-1 (P), 1.250 mmol L-1 (Ca),
0.998 mmol L-1 (Mg), 2.298 mmol L-1 (N), 56.8 µmol L-1
(Fe), 46.3 µmol L-1 (B), 1.44 µmol L-1 (Mn), 0.77 µmol L-1
(Zn), 0.32 µmol L-1 (Cu), 0.37 µmol L-1 (Mo) and the
corresponding pH of the solution was 6.2. The response
of plants to metal treatment was evaluated 7 d after metal
application (for each metal concentration twelve plants
were used). Then length of roots and shoots, fresh mass of
leaves and dry mass of roots, stems and leaves of 6 plants
were determined. Another 6 plants were used for determination of some biochemical parameters (content assimilation pigments, proteins and TBARS).

For determination of metal concentrations in plant organs 6 plants for each metal concentration were used. Dried
plant samples from Cd and Ni treatments were heated in
concentrated HNO3 in the oven at 160 oC for 6 h, then
diluted with redistilled water and metal contents were
determined using the flame atomic absorption spectrometry method (AAS Perkin—Elmer Model 1100, at 228.8 nm
(Cd) and 232.0 nm (Ni) with deuterium background correction). Mercury contents were determined using singlepurpose atomic absorption spectrometer (AMA 254) based
on in situ dry ashing followed by gold amalgamation cold
vapour AAS. Standard reference Cd, Ni or Hg stock solution (1 g L-1, Merck, Germany) and the certified standard
reference materials NCS DC 73350 Poplar Leaves (China)
and NCS DC 733 49 Bush Branches and Leaves (China)
were used to quality assurance of the results. The detection
limits were as follows: 2 µg L-1 for Cd, 30 µg L-1 for Ni and
0.3 µg L-1 for Hg. The precision of Cd, Ni and Hg determination (n = 3) expressed by relative standard deviation
varied in the range from 1 % to 3 %.

2.2 Determination of assimilation pigments

2.7 Statistical evaluation

All leaves of 3 plants were cut into small pieces and
homogenised. For determination of assimilation pigments
∼ 60 mg from this biomass was used. Three repetitions
were done for each metal treatment. Concentrations of
assimilation pigments (chlorophyll a, chlorophyll b
and carotenoids) in plant leaves were determined spectrophotometrically (Chl a at 663.2 nm, Chl b at 646.8 nm,
and Cars at 470.0 nm) after extraction into 80 % (v/v)
acetone (Genesys 6, Thermo Scientific, U.S.A) according
to Lichtenthaler [26].

The results were evaluated by the multifactorial
ANOVA algorithm (p ≤ 0.05) after verification of normality and homogeneity of the variance. The multiple comparisons of means were based on the method of Tukey contrast.
3 RESULTS
Symptoms of leaf chlorosis and brownish roots were
notable in 29-day old hydroponically cultivated rapeseed
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plants treated with 60 µmol L-1 (6.74 mg L-1) Cd. Exposure to 120 µmol L-1 (13.49 mg L-1) Cd resulted in moderate chlorosis of rapeseed leaves. On the other hand, in
plants exposed to nickel local symptoms of chlorosis were
observable already at lowest Ni concentration and plants
treated with 60 and 120 µmol L-1 (3.52 and 7.04 mg L-1)
Ni exhibited considerable chlorosis and moderately
brownish roots. In plants treated with mercury partial
chlorosis and wilting of leaves was observed already at 12
µmol L-1 (2.41 mg L-1) Hg. Plants exposed to 60 µmol L-1
(12.04 mg L-1) Hg showed considerable chlorosis, their
leaves were wilted, some of them even shrunken and roots
of these plants were intensively brownish.
Application of the studied metals caused modest reduction of root and shoot length (Fig. 1A and 1B). The
treatment with the highest Cd and Ni concentration (120
µmol L-1) resulted in 19 % reduction of root length and
13% (Cd) or 6 % (Ni) reduction of shoot length comparing to the corresponding control plants, while application
of 60 µmol L-1 Hg caused the same reduction (22 %) of
both plant organs.

Dry mass of plant organs was affected by metal
treatment to a greater extent (Fig. 1C and 1D) than their
length (Fig. 1A and 1B). An increase of dry mass of plant
organs (compared with the control) was found after expo-‐
sure	
  of	
  plants	
  to	
  6	
  µmol L-1 Cd.	
  In general, reduction of
dry mass of plant organs increased with increasing metal
concentration, nevertheless more significant reduction
showed root dry mass. The corresponding IC50 values
related to root dry mass were 78.3 µmol L-1 (Cd), 84.1
µmol L-1 (Ni) and 26.1 µmol L-1 (Hg) and those related to
shoot dry mass were 106.6 µmol L-1 (Cd), 148.6 µmol L-1
(Ni) and 22.6 µmol L-1 (Hg), respectively. Thus, the toxic
effect of the studied metals on plant dry mass decreased
as follows: Hg > Cd > Ni.
Dependence of shoot water content on the applied
metal concentration is shown in Fig. 2. In comparison to
the control, the lowest decrease of shoot water content
with the applied metal concentration was observable in
Ni-treated plants. After application of 60 µmol L-1 Cd, Ni
and Hg the water content in the above ground part of
plants represented 76.9 %, 94.9 % and 74.4 % of the control, while after application of 120 µmol L-1 Cd and Ni it
reached 63.0 % and 87.3 %, respectively.
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FIGURE 1 - Dependence of root (A) and shoot length (B) as well as root (C) and shoot dry mass (D) of rapeseed plants (expressed as percentage of control) on the concentration of applied metal. Mean ± S.E.; n = 6; S.E. – standard error.
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FIGURE 2 - Dependence of shoot water content of the rapeseed
plants on the applied metal concentration. Mean ± S.E.; n = 6.

FIGURE 3 - Dependence of the ratio Chla/Chlb in leaves of rapeseed plants on the applied metal concentration.

Contents of chlorophyll (Chl) a, Chl b and total carotenoids in rapeseed leaves treated with the studied metals are shown in Table 1. The presented data are related to
leaf dry mass. The concentrations of chlorophyll a and b
as well as carotenoids in fresh tissue of young rapeseed
leaves decreased as the metal supply was increasing. Dependence of Chla/Chlb ratio in leaves of rapeseed plants on
the applied metal concentration is shown in Fig. 3. Small
differences in Chla/Chlb ratio were observed within the
studied concentration range (Fig. 3). However, after application of 120 µmol L-1 Ni and 60 µmol L-1 Hg an increase
of this ratio (+ 8.4% and + 10.3 %) in comparison with
control plants was estimated.

In comparison to control plants the protein content in plants
treated with 120 µmol L-1 Cd and Ni and 60 µmol L-1 Hg
decreased by 52.7 %, 39.1 % and 43.6 %. The above results
show that the highest toxic effect was exhibited by mercury.
The concentration of TBARS in rapeseed leaves increased with increasing metal concentration (Fig. 4B) showing bilinear dependence on external metal concentration.
Stronger enhancement of TBARS concentration was observed in the concentration range up to 12 µmol L-1 Cd and
24 µmol L-1 Ni or Hg. The greatest production of TBARS
was observed due to Hg treatment. At application of 60 µmol
L-1 Hg the concentration of TBARS was 2.91 times higher
than that of the control, whereas at application of two-fold
higher Cd and Ni concentration it was 1.64 and 2.28 times
higher, respectively.

In the concentration range 0−120 µmol L-1 Cd or Ni
and 0−60 µmol L-1 Hg exponential decay of the protein
concentration (Fig. 4A) in leaves of rapeseed plants with
the increasing external metal concentration was observed.

TABLE 1 - Contents of photosynthetic pigments in leaves of B. napus plants treated with the studied metals.
Conc.
chla
chlb
carot.
[g kg-1 d.m.]
[g kg-1 d.m.]
[g kg-1 d.m.]
[µmol L-1]
0
14.70 ± 0.60a
5.25 ± 0.45a
5.20 ± 0.27a
b
ab
6
12.18 ± 0.51
4.19 ± 0.52
4.47 ± 0.18b
12
11.44 ± 0.51b
4.06 ± 0.45bc
4.13 ± 0.10c
c
c
24
9.81 ± 0.18
3.29 ± 0.21
3.46 ± 0.05d
Cd
d
cd
60
7.44 ± 0.09
2.56 ± 0.19
3.16 ± 0.06d
120
5.30 ± 0.09e
1.89 ± 0.21d
2.28 ± 0.15e
a
a
0
14.88 ± 0.47
4.48 ± 0.18
3.96 ± 0.34a
6
12.45 ± 0.31b
3.68 ± 0.19b
3.19 ± 0.17b
12
10.70 ± 0.33c
3.18 ± 0.12c
2.86 ± 0.20b
d
d
24
9.56 ± 0.24
2.83 ± 0.13
2.55 ± 0.22b
Ni
60
7.63 ± 0.14e
2.27 ± 0.14e
2.00 ± 0.27c
f
f
120
4.79 ± 0.17
1.37 ± 0.09
1.28 ± 0.09c
0
15.10 ± 0.60a
4.26 ± 0.10a
4.96 ± 0.10a
b
b
6
11.50 ± 0.30
3.26 ± 0.10
3.55 ± 0.10b
c
c
12
9.60 ± 0.30
2.63 ± 0.20
2.82 ± 0.10c
Hg
24
8.80 ± 0.20d
2.41 ± 0c
2.66 ± 0.10d
60
6.00 ± 0.20e
1.64 ± 0.10d
1.95 ± 0e
Mean ± S.E.; n = 3; d.m. – dry mass; Means followed by different letters are significantly different at the 0.05 probability level.
M
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FIGURE 4 - Dependence of protein (A) and TBARS (B) concentration in leaves of rapeseed plants on the applied metal concentration. Mean
± S.E.; n = 3.
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FIGURE 5 - Dependence of metal concentration in dry mass of roots (A) and shoots (B) of rapeseed plants on the applied metal concentration.

The dependence of the concentration of accumulated
metals in dry mass of roots and shoots of rapeseed plants
on the applied metal concentration is shown in Fig. 5 and
the corresponding values of bioaccumulation (BAF) and
translocation (TF) factors are summarized in Table 2. In
the studied concentration range 0−120 µmol L-1 Cd or Ni
and 0−60 µmol L-1 Hg metal concentration accumulated
in the roots showed linear increase with increasing external
metal concentration (Fig. 5A). The highest metal concentrations in roots were determined for Hg, the lowest ones
for Ni. On the other hand, linear increase of metal concentration in shoots in the whole investigated concentration
range was confirmed only for Ni and Hg, in the case of Cd
at concentrations higher than 24 µmol L-1 gradual saturation of shoot tissue with cadmium was observed (Fig. 5B).
Whereas in the concentration range 6−24 µmol L-1 cadmium achieved the highest shoot tissue concentrations, the
levels of Hg in rapeseed shoots were the lowest in the
whole studied concentration range.
BAF expresses the ratio of the metal concentration in
biological material (in µmol or µg per g of the plant dry

mass) to the metal concentration in external solution (in
µmol or µg L-1). The translocation factor (TF) corresponds
to the ratio of accumulated metal concentration in shoots
and roots, respectively. The accumulated metal concentrations in rapeseed plant organs as well as the corresponding
BAF and TF values are shown in Table 2. The bioaccumulation factors (BAF) determined for plant roots were in the
range from 1436 to 952 for Cd, from 410 to 225 for Ni and
from 2227 to 2567 for Hg, while the corresponding BAF
values related to shoots ranged from 68.6 to 29.1 for Cd,
from 29.7 to 40.4 for Ni and from 7.4 to 12.7 for Hg. The
BAFs determined for roots showed a decrease with increasing external Cd and Ni concentration, while the corresponding BAFs determined for Hg varied only slightly. On
the other hand, a decrease of BAF determined for shoots
with increasing metal concentration was observed only for
Cd, application of increasing external concentrations of Ni
and Hg resulted in their increase. The effectiveness of
metal translocation from root to shoot increased as follows: Hg < Cd <Ni. The TF estimated for Hg were by one
to two orders lower than that determined for Cd and Ni,
respectively.
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TABLE 2 - Metal contents in particular plants organs as well as bioaccumulation (BAF) and translocation factors (TF) determined for rapeseed plants treated with the studied metals.
Conc.
[µmol L-1]

M

6
12
Cd

24
60
120
6
12

Ni

24
60
120
6
12

Hg
24
60

Metal content [mg kg-1 d.m.]
BAF
Root
969
1436
1860
1379
2801
1038
5631
835
12840
952
144.3
410
373.2
530
744.8
529
1159
329
1589
225
2680
2227
5423
2253
12360
2567
26960
2240

TFx100
Shoot
46.3
68.6
115.2
85.4
191.7
71.1
314.6
46.6
392.4
29.1
10.5
29.7
27.9
39.7
62.8
44.6
175.2
49.8
284.2
40.4
9.0
7.4
26.69
11.1
49.8
10.3
152.7
12.7

4.78
6.19
6.84
5.59
3.06
7.24
7.49
8.43
15.12
17.95
0.33
0.49
0.40
0.57

d.m. – dry mass.

4 DISCUSSION
In general, increasing reduction of dry mass of rapeseed plant organs was observed due to treatment with studied metals (Fig. 1). Moderate stimulation in biomass production indicating some potentially positive influence of
Cd on plant growth at lower concentration (Fig. 1) can be
connected with the fact that metal ions may serve as activators of enzyme(s) in cytokinin metabolism, which accelerates the growth of plants. Moreover, they may cause
changes in plant hormones that regulate plant growth and
development and low molecular weight Cd-binding proteins might be synthesized by plants in response to low
heavy metal stress [29]. Stimulatory effects of low Cd
concentrations on plant dry biomass were also observed in
Cd hyperaccumulator Arabis paniculata [30], Salix eriocephala, Salix exigua, and Salix nigra [31], miscanthus
[32] and Vetiveria zizanioides [29].
Reduction of dry mass of plant organs due to treatment with studied metals (Cd, Ni, Hg) observed by many
researchers in a wide spectrum of model plants is connected mainly with inhibition of root cell division (e.g.
[33]), inhibition of chlorophyll synthesis [34, 35], lower
absorption of macronutrients and microelements from
cultivation medium [36, 37], inhibition of photosynthesis
[1-3] and replacement of Mg in chlorophyll by the studied
metals [38]. In our previous study we investigated the

effects of seven metals ions (Cd2+, Cr6+, Cu2+, Hg2+, Ni2+,
Pb2+ and Zn2+) on root growth of five cultivars of Brassica napus plants registered in Slovakia [39] and it was
found that rapeseed cultivar Verona exhibited similar
tolerance to Cd2+ and Ni2+ ions with IC50 = 0.615 and
0.612 mmol L-1, respectively. On the other hand, the tolerance of this cultivar to Hg (IC50 = 0.396 mmol L-1) was
significantly lower than to Cd and Ni. These findings are
in agreement with results obtained in the present study
which confirmed the highest phytotoxic effect of Hg.
Kopittke et al.	
  [40]	
  reported	
  that	
  across a range of plant
species and experimental conditions, the phytotoxicity of
the trace metals followed the trend Hg > Cd > Ni and
median toxic concentrations were 0.47 µmol L-1 for Hg,
5.0 µmol L-1 for Cd and 19 µmol L-1 for Ni.	
  	
  
Application of increasing metal concentration led to
gradual decline in shoot water content and the effect of
Hg or Cd was considerably higher than that of Ni. This
decline in water content in comparison with the control
plants (Fig. 2) could be connected with changes in plant
roots that inhibit water uptake. These results support the
findings of many other researchers about changes in plant
water relations due to exposure to toxic metals, resulting
in decrease in physiological availability of water [5, 12].
Changes in plant water relations causing physiological
drought in B. juncea L. plants due to exposure to Cd were
observed by Singh and Tewari [41] and decline in relative
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water content due to treatment with higher Ni concentrations was published e.g. by Gajewska et al. [6]. Zhang
and Tyerman [42] reported that Hg is known to inhibit
water uptake through aquaporins in plasma membranes in
higher plants and inhibition of water channels in wheat root
cells resulted in a decrease in transpiration and water use
efficiency in plants. Maggio and Joly [43] observed that
Hg rapidly and significantly decreased the pressureinduced root water flux in tomato plants exposed to Hg.
In leaves of metal-treated rapeseed plants the concentration of assimilation pigments showed significant decrease with increasing metal concentration (Table 1). Toxic
effect of Cd on photosynthetic pigments causing degradation of Chl and carotenoids as well as inhibition of their
biosynthesis was described by Bazzaz et al. [44] and Somashekaraiah et al. [45]. Inhibition of biosynthesis of photosynthetic pigments can result in disturbances in electron
transport rates of photosystem (PS) I and PS II and subsequent generation of oxygen free radicals [46]. Decrease of
Chl content in B. napus leaves due to Cd treatment was
observed also by Ben Ghnaya et al. [8] and Wang et al.
[47] who found that the sensibility of the pigments to Cd
stress was Chlb > chla > Chl(a + b) > carotenoids. This
finding is in agreement with our experiments (Fig. 3). Cho
and Park [7] reported that mercury exposure reduced chlorophyll content in leaves of tomato seedlings, especially in
the young plants. Reduction in Chl content as a consequence of Hg toxicity at higher metal concentrations was
observed also by Sinha et al. [48]. The elevated Ni levels
decreased the total chlorophyll and total protein contents in
10-days-old primary leaves of Phaseolus vulgaris [9]. The
concentration of Chla was more reduced than that of Chlb in
leaves of Ni-treated cabbage [49]. Similar results were also
obtained in our experiments (Fig. 3). The reduction in
pigment contents due to Ni toxicity could be attributed to
δ-aminolevulinic acid utilization [50] due to inhibition of
Chl biosynthesis by creating nutrient imbalances and due
to replacement of Mg2+ ions by toxic metals [51].
It can be assumed that the decrease in protein contents in plants treated with Cd, Ni and Hg (Fig. 4A) is
caused by adverse effects of reactive oxygen species,
which may be due to degradation of a number of proteins
[16] as a result of increased protease activity [52] as well
as to the effect of these metals on nitrate reductase activity [50]. The relative decrease in protein concentration
may also be (at least partially) a consequence of an inhibition of cell division as in young cells, the protein synthesis is particularly intensive [53]. According to findings of
Wu et al. [54] Cd exposure induced protein degradation,
leading to an increase in the pool of free amino acids.
Decrease in soluble protein content under Cd stress was
also reported by Costa and Spitz [55] and Mohan and
Hosetti [56]. Reduction of the protein content due to
treatment with Ni was confirmed in Elodea canadensis
[57], Nasturtium officinale [58] and in B. napus cultivars
[59]. Protein degradation due to Hg treatment was observed in wheat chloroplasts by Panda and Panda [60].

When a fatty acid is peroxidized, it is broken down
into aldehydes. Aldehydes such as thiobarbituric acid reacting substances (TBARS) are widely accepted as a general
marker of free radical production [61]. The most commonly
measured TBARS is malondialdehyde (MDA), a decomposition product of polyunsaturated fatty acids, which are the
main components of membrane lipids [62]. Presented results (Fig. 4B) are in agreement with previous findings
which confirmed that the exposure of plants to the studied
metals is connected with enhanced TBARS levels. Hg-induced increase in lipid peroxidation caused alterations in
growth of B. juncea [14]. Elevated levels of H2O2 and
TBARS were found in rice (Oryza sativa L.) seedlings
treated with 200 and 400 µmol L-1 Ni [63] and increased levels of TBARS due to Cd supply were estimated in B. napus [8] and Brassica juncea cultivars [15],
Brassica campestris L. plants [64] and Pisum sativum L.
seedlings [65].
Toxic metals are taken up from solution by root systems via passive diffusion and active transport (e.g. [18,
66]). Significant portion of uptaken metals is then placed
in vaculoles of root cells [67] and xylem loading and longdistance transport of rest metal ions through transpiration is
mediated by organic acids (e.g. citrate), nicotianamine and
amino acids (e.g. histidin) [68-70]. The efficiency of metal
translocation into the shoots depends both on the supplied
metal as well as on plant species. With the exception of
hyperaccumulators with TF values > 1, TF values related
to metal translocation in non-accumulator plants are < 1
indicating that the majority of uptaken metal remains in
roots. From the aspect of remediation of metal-contaminated environment plants accumulating in their tissues high
metal concentrations (significantly exceeding those in the
substrate) are favourable.
Li et al. [24] tested 23 Brassica varieties grown in
hydroponics for Cd accumulation in the stems and leaves
and found that in plants treated with 10 µmol L-1 Cd the
accumulated metal amounts ranged from 200 to 600 mg
kg-1 dry mass. Plants of Brassica variety that had high Cd
uptake which were treated with 24 µmol L-1 Cd contained
1200 mg Cd kg-1 d.m. in their above ground parts. Plants
of rapeseed cultivar Verona used in our study which were
exposed to 12 and 24 µmol L-1 Cd accumulated in the
shoots 115.2 and 191.7 mg Cd kg-1 d.m., respectively.
Consequently, it can be concluded that for Verona cultivar lower levels of toxic metals in the shoots are characteristic, indicating its tolerance against Cd. Our results
(Table 2) supported also the previous findings of several
researchers which demonstrated that the translocation of
mercury from root to shoot is appreciably limited and that
predominant amount of this metal uptaken by plants remains immobilized in roots [11]. In cultivar Verona Hg
accumulation in the roots (in mg kg-1 d.m.) was more than
by two orders higher than that in the shoots. Marchiol et
al. [23] determined translocation factors (TF = (Cshoot/
Croots) x 100) for B. napus plants (cv. Kabel) grown 60 days
on multicontaminated soil containing 38.6 mg kg-1 Cd and
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46.9 mg kg-1 Ni as 0.53 for Cd and 0.09 for Ni. For considerably younger rapeseed plants of Verona cultivar
cultivated in hydroponics in the presence of 120 µmol L-1
Cd and Ni these factors reached 3.06 and 17.95, respectively (Table 2). Considerably higher values of TF in our
experiments can be connected with better bioavailability
of tested metals in plants cultivated in hydroponics as
well as with appropriate levels of all essential nutrients
required for growth of rapeseed plants.
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ABSTRACT
Bacterial biofilms may form on all surface-associated
natural and many industrial environments. Biofilm formation requires particular notice due to its associated
risks for human health and its impact on environmental
contamination and pollution. In this work, we investigated
the effects of Mg2+ and Ca2+ ions on biofilm formation by
Sphingomonas paucimobilis from an industrial environment. The biofilm formation on coupons within nutrient
broth medium was significantly enhanced after addition
of 0, 100, 250 and 500 µM Mg2+. Similarly, the addition of
Ca2+ caused a significant increase in S. paucimobilis biofilm formation when the above concentration levels for
Ca2+ were tested. In contrast, the same concentrations of
these ions had no effect on growth of free-living (planktonic)
S. paucimobilis cells in the medium. Hence, Mg2+ and Ca2+
increased the biofilm formation as adherent-cells on the
coupons. Both ion types were significantly effective on S.
paucimobilis biofilm formation, particularly at 100 and
250 µM (P≤0.05). These firstly reported data for S.
paucimobilis biofilms are important in the elucidation of
the roles of divalent cations, such as Mg2+ and Ca2+, in
bacterial adhesion to the environmental surfaces for biofilm formation, and prevention of environmental contamination by this bacterium.
KEYWORDS: Biofilm, industrial environment, bacterial adhesion,
Sphingomonas paucimobilis,magnesium ions,calcium ions

1 INTRODUCTION
In environment, bacteria often grow as populations
attached to surfaces in complex structures called biofilms.
A biofilm is an aggregate of bacteia in which cells adhere to
each other and/or to a surface. Bacterial adhesion involves
the attachment (or deposition) of bacteria on the surface
(solid, gel layer, etc.). In nature, microorganisms usually
* Corresponding author

attach to solid surfaces, especially on the liquid–solid interface. After attachment, they form micro-colonies, and a biofilm which is highly resistant to antimicrobials and some
physical treatments [1, 2], and it is also a serious problem
for infectious diseases [3].
Biofilm contamination and biofouling occurs on nearly
every environmental water-contacted surface [4]. Environmental systems by their nature are comprised of interfaces
that provide chemical and mechanical stimuli for microbial attachment and biofilm accumulation. Often, attachment to a surface is the way in which microbes respond to
environmental stimuli, and this attachment effects numerous
environmental and health problems [5, 6]. Virtually any surface - animal, mineral, or vegetable (i.e., biotic or abiotic)
- is fair game for bacterial colonization and biofilm formation, including contact lenses, ship hulls, dairy and
petroleum pipelines, rocks in streams, and all varieties of
biomedical implants and transcutaneous devices [7-9].
Understanding the environmental (e.g., temperature,
pH, ionic strength, electrolyte type), interfacial (e.g., surface charge and hydrophobicity), and physiological (e.g.,
bacterial growth stage and metabolic activity) factors that
govern adhesion mechanisms defines one of the most
important challenges in the microbial and interfacial sciences [10, 11]. Environmental factors, such as electrolyte
con-centrations [12] and medium composition [13], have
important impacts on biofilm formation. Bacterial exopolysaccharides are the main component of the biofilm matrix.
Their production and surface adhesion, and, hence, surface
colonization are influenced by electrostatic and hydrophobic
interactions, steric hindrance, van der Waals forces, temperature, and hydrodynamic forces, to name a few [14, 15].
Divalent cations can potentially initiate bacterial adhesion and biofilm formation directly through effects on
electrostatic interactions, and indirectly by affecting physiology-dependent attachment processes [16, 17]. From these
divalent cations, magnesium (Mg2+) is the molecular key
that activates many important enzymes responsible for
diverse biochemical reactions in living cells [18, 19]. Mg
is regarded as one of the intracellular bulk elements [20]
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and is involved in enzyme catalysis, which performs a
variety of roles, such as structure stabilization, charge neutralization, and control of osmotic pressure [21].
In spite of this potentially important role, the effect of
Mg2+ or Ca2+ concentrations on bacterial growth and adhesion have not been studied in Sphingomonas paucimobilis biofilms. The aim of this study was to investigate
the effects of Mg2+ and Ca2+concentrations on the planktonic and sessile growth in biofilm formation by S.
paucimobilis. This bacterium was selected because it commonly exists in biofilms in natural, clinical, and industrial
environments e.g. [22-24]. S. paucimobilis is a yellowpigmented, aerobic, motile with polar flagellum, nonfermentative, gram-negative bacterium. This organism is
widely distri-buted in various environments, especially in
water and soil [25], and has also been recovered from
hospital environments [26]. S. paucimobilis is an opportunistic pathogen and has been implicated in a variety of
community-acquired and nosocomial infections, including
bacteremia, catheter-related sepsis, meningitis, peritonitis,
cutaneous infections, visceral abscesses, urinary tract infections, adenitis, and diarrheal disease [27]. S. paucimobilis
has been reported to cause outbreaks of bacteremia; these
outbreaks are possibly related to bacterial colonization of
water systems [23, 26]. Gellan, an exopolysaccharide
(EPS), is produced by S. paucimobilis and is effective on
its bacterial colonization and biofilm formation [28], but
the effects of divalent cations, such as Mg2+ and Ca2+, on S.
paucimobilis biofilms are largely unknown. Attachment
and biofilm formation by opportunistic pathogens, such as
S. paucimobilis, are of public health and crosscontamination concern.

Bacterial adhesion and biofilm accumulation were performed on stainless steel coupons (30x10x15 mm). Stainless
steel coupons were prepared according to Nandakumar et
al. [21] with modifications. In the study, six stainless steel
coupons were used for treatment group (3 different concentrations of MgCl2 and CaCl2), and two coupons were
used for control group (without MgCl2 and CaCl2). Prior to
the biofilm experiments, the coupons were smoothed with
emery papers and washed with a commercial surfactant
solution, and then deionized water. They were dried in a
Pasteur oven at 50 °C.
2.3 Formation of biofilms and cultural conditions

Bacterial cells were grown in TSB supplemented with
0, 100, 250, 500 µM of MgCl2, or the same concentrations
of CaCl2. Bacterial growth of the cells was carried out in
shaken flasks at 100 rpm for 24 h at 30 °C. The flasks with
200 ml of the experimental medium, a flask with 200 ml of
deionized water, and a flask with 200 ml of TSB were
taken and sterilized. One ml of late exponential phase S.
paucimobilis culture (at an optical density of 1.0, corresponding to ca. 1.0x107 cells/ml) was inoculated into each
of these flasks. The coupons were sterilized by autoclaving for 20 min at 121 °C and transferred into the flasks
under aseptic conditions. These flasks were incubated at
30 °C for 7 days. The coupons were removed after 7-days
incubation, and the adherent cells on them were finally investigated for biofilm formation. The experiment was not
continued further because the number of bacteria in the
medium with coupons was reduced considerably by this
time so that the experiment could not be continued. Three
replicates were tested for each experiment.
2.4 Determination of cell counts in the medium and biofilm

2 MATERIALS AND METHODS
2.1 Bacterium and medium

S. paucimobilis, isolated from the biofilms in the cooling tower water of a petrochemical industrial plant, was
used as the test strain in this study. This strain was reported
to be a biofilm-forming bacterium [24]. Because of continuous circulation of water, the warm temperatures and continuous scrubbing of nutrients, cooling towers are a prime
environment for the build-up of microorganisms [29, 30].
Identification of the isolate was carried out using
Standard biochemical tests as outlined in Bergey’s Manual [31]. API 20 E and API 20 NE commercial kits (BioMe´rieux, France), and 16S rRNA sequencing analysis were
used to further identify this isolate [32]. The bacterium was
cultured in Modified Tryptone Soya Broth (TSB) (Oxoid
CM0989, pancreatic digest of casein 17.0 g/L, papaic digest
of soybean meal 3.0 g/L, sodium chloride 5.0 g/L, dipotassium hydrogen phosphate 2.5 g/L, glucose 2.5 g/L,
bile salts 1.5 g/L, distilled water 1 L; pH 7.4±0.2.
2.2 Preparation of test surfaces

In this study, free-living biomass (planktonic) was
considered as cell count (colony forming units (CFU)) in
TSB (cell count medium), and adherent-living biomass
(sessile) on the coupons was regarded as cell count of
biofilms (cell count biofilm). Free-living and sessile bacteria were collected simultaneously with retrieval of coupons. Determinations of the biofilm counts were achieved
on the coupons in TSB supplemented separately with Mg+2
and Ca+2. The flasks with 200 ml of TSB each were inoculated with S. paucimobilis as mentioned above. After 7
days, each coupon was rinsed with 100 ml of sterile 0.1%
peptone water to remove unattached cells. It was then
placed in a sterile glass jar containing 250 ml TSB. After
that, the side of the coupon in contact with the product was
repeatedly scraped about 120 times by using a sterile spatula in order to recover attached cells. The cells were placed
in 250 ml of TSB and the resulting attached cell suspension, which was later also used for pre-en-richment of cells,
was thoroughly shaken and decimal dilutions were immediately prepared with sterile 0.1% peptone water. Dilutions
were plated using TSB + 1.5% Tryptone Soya Agar (TSA)
(pH 7.4±0.2) for the biofilm forming total viable counts
and incubated at 35 °C for 48 h. After the incubation
period, colonies were enumerated and the number of
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biofilm-forming cells per cm2 was calculated (modified,
Gunduz and Tuncel [33]). Sterile TSB was used as negative control. A minimum of three assays was performed in
each experiment.
To control the scraping technique, replicate coupons
were examined before and after scraping by fluorescent
microscopy to get a second estimate of cell numbers, and
the percentage removed. The detection limit for removal
of cells was determined to be 99.4± 0.5 %.
2.5 Standard plate count

Cell counts medium and cell counts biofilm were performed by a modified standard plate count method [34].
One ml of the sample was placed on the centre of a sterile
Petri dish (100 mm diameter) by using a sterile pipette.
Sterile, molten (44-46 °C) TSA was added and mixed with
the sample by swirling the plate. The samples were allowed
to cool at room temperature until being solidified, and
then were inverted and incubated at 35 °C for 48 h. Colonies formed in or on the TSA within 48 h were counted as
described in this standard method, and the results were reported as CFU/ml. Where applicable, this value was multiplied by the dilution factor to obtain the corrected CFU/ml.
2.6 Statistical analysis

Statistical analysis was performed using SPSS software (version 16.0). One-way variance analysis (ANOVA)
was used to test the differences among all effects of Mg+2
and Ca+2 concentrations on biofilm formation. Levene`s test
was used to examine homogeneity of variances. Fisher’s
least significant difference (LSD) test was performed for
multiple comparisons. All tests were considered to be significant at the level P<0.05. Error bar plots in figures are
shown as one standard deviation. The values for each experiment are the mean values of results from three experiments unless otherwise stated.
3 RESULTS AND DISCUSSION
A number of researches have demonstrated that environmental conditions play an important role for biofilm
formation [35]. Biofilm development is a complex process and can be regulated by different factors, such as cell
surface structure, growth medium, oxygen limitation, or
substratum [36]. However, it has not been obtained any
data with S. paucimobilis among previous works on the

effecting factors of adhesion to surfaces and the end of this
biofilm formation, except from the study of Venugopalan
et al. [37]. These researches declared that changing hydrodynamic conditions had discernible influence on the characteristics of Sphingomonas biofilms during development.
In our study, evaluation of the effect of Mg+2 and Ca+2 separately was done using an assay based on cell counts in medium (TSB) and biofilm by S. paucimobilis. In the second part
of the study, the effects of these cations on bacterial growth
and biofilm development were evaluated statistically.
A biofilm can be defined as a sessile bacterial community of cells that live attached to each other and to surfaces
[38]. Hence, we detected the numbers of sessile cells for
biofilm formation. Significant differences between planktonic counts in medium and sessile counts on the coupons
at a given point (P≤0.05) are shown in Table 1. Asterisks
indicate a significant (P≤0.05) reduction or enhancement in
mean CFU counts of planktonic S. paucimobilis in liquid
culture when Mg+2 and Ca+2 was supplemented on the
coupons.
After 7 days, biofilm development with a significant
enhancing in S. paucimobilis log CFU/cm2 was noted at
100 µM (3.1x107, P = 0.000), at 250 µM (10.4x107, P =
0.000), at 500 µM (6.5x107, P = 0.000) of Mg2+ compared
with cell counts at 0 µM (1.2x107). Conversely, nonsignificant enhancing planktonic S. paucimobilis counts/
ml of the medium containing Mg2+ was noted at 100 µM
(1.7x107, P = 0.866), at 250 µM (2.3x107, P = 0.092), at
500 µM (2.2x107, P = 0.120) compared with planktonic
cell counts at 0 µM (1.6x107) (Figs. 1 and 2, Table 2).
Similarly, biofilm development with Ca+2 was significantly
enhanced in log CFU/cm2 at 100 µM (2.3x107, P = 0.000),
at 250 µM (8.3x107, P = 0.000), at 500 µM (5.2x107, P =
0.000) compared with cell counts at 0 µM (1.2x107). On
the contrary, non-significant enhancing planktonic S.
paucimobilis counts/ml of the medium containing Ca+2 was
noted at 100 µM (1.6x107, P = 0.866), at 250 µM (2.0x107,
P = 0.092), at 500 µM (2.0x107, P = 0.120) with regard to
planktonic cell counts at 0 µM (1.6x107) (Table 2). In other
two works, Tamura et al. [39] showed that magnesium had
no significant effect on adherence of Streptococci at physiological concentrations (2mM Mg2+) while higher concentrations enhanced adherence to a small degree. Dunne and
Burd [40] found that magnesium (as low as 16 mM) significantly enhanced the in vitro adhesion of Staphylococcus epidermidis to plastics.

TABLE 1 - The results of ANOVA and LSD multiple comparison test over cell counts in medium supplemented with Mg2+ or Ca2+ , and mean
counts of S. paucimobilis cells in biofilms formed in the presence of Mg2+ or Ca2+.
Statistics
P value of ANOVA
Mean±SE for Mg2+-Medium
Mean±SE for Mg2+-Biofilm
Mean±SE for Ca2+-Medium
Mean±SE for Ca2+-Biofilm

0
0.029*
1.567 ± 0.067bd
1.200 ± 0.115ac
1.633 ± 0.145bd
1.200 ± 0.058ac

Concentrations of Mg2+ and Ca2+ (µM)
100
250
0.000*
0.000*
1.633 ± 0.088bd
2.200 ± 0.115bd
3.167 ± 0.088acd
10.533 ± 0.088acd
1.167 ± 0.186bd
2.000 ± 1.000bd
abc
2.367 ± 0.120
8.267 ± 0.033abc
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500
0.000*
2.233 ± 0.208bd
6.500 ± 0.115acd
1.967 ± 0.088bd
5.467 ± 0.088abc
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*Significantly different (P≤0.05). Each assay was carried out in triplicate (n=3). a There is a significant difference from Mg2+-Medium. b There is a significant difference
from Mg2+-Biofilm. c There is a significant difference from Ca2+-Medium. d There is a significant difference from Ca2+-Biofilm

FIGURE 1 - Effects of Mg2+ concentrations on the cell counts in
medium (Error bars indicate one standard deviation).

	
  
FIGURE 2 - Effects of different Mg2+ concentrations on the cell
counts of biofilms formed on the coupon (Error bars indicate one
standard deviation).

TABLE 2 - The results of ANOVA and LSD multiple comparison tests over mean counts of S. paucimobilis cells in the different concentrations of Mg2+ or Ca2+.
Statistics
P value of ANOVA
Mean±SE for 0 µM
Mean±SE for 100 µM
Mean±SE for 250 µM
Mean±SE for 500 µM

MgM
0.002*
1.567 ± 0.067cd
1.633± 0.088cd
2.200± 0.115ab
2.233± 0.120ab

MgB
0.000*
1.200± 0.115bcd
3.167 ± 0.088acd
10.533± 0.088abd
6.500± 0.115abc

CaM
0.187
1.633± 0.145
1.667± 0.186
2.000 ±0.100
1.967 ± 0.088

*Significantly different (P≤0.05). Each assay was carried out in triplicate (n=3). a There is a significant difference from 0 Μm.
µM. c There is a significant difference from 250 µM. d There is a significant difference from 500 µM.

b

CaB
0.000*
1.200± 0.058bcd
2.367± 0.120acd
8.267 ± 0.033abd
5.467 ± 0.088abc
There is a significant difference from 100

FIGURE 3 - Effects of Ca2+ concentrations on the cell counts in
medium (Error bars indicate one standard deviation).

	
  
FIGURE 4 - Effects of different Ca2+ concentrations on the cell
counts of biofilms formed on the coupon (Error bars indicate one
standard deviation).

Previous researches with the gram-negative bacteria
P. aeruginosa and Escherichia coli and the gram-positive
bacteria S. epidermidis and S. aureus revealed that diva-

lent cations are stimulating attachment to surfaces, especially at low or moderate concentrations of them [41-44].
Similarly, in this study, the mean CFU values of S.
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paucimobilis in biofilm cultures were 3.1x107 and
2.3x107, respectively, with Mg+2 and Ca+2. The mean
CFU of S. paucimobilis increased dramatically within the
biofilm with 250 µM of Mg+2 (10.4x107, P = 0.000; Table
2, Fig. 2) but only moderately with 500 µM (6.5x107, P =
0.000) (Table 2, Fig. 2). Moreover, the mean of bacterial
counts increased also dramatically in the biofilm with 250
µM of Ca+2 (8.3x107, P = 0.000) (Table 2, Figs. 4 and 5).
Conversely, this effect on planktonic bacterial growth in
liquid culture was not seen at these concentrations of
Mg+2 or Ca+2 (Table 2, Figs. 1, 3 and 5). High levels of
these cations might screen cross-linking electrostatic
interactions [45], and have resulted in a reduction of attached cells in 500 µM. In addition, these cations might
enhance the production of EPS by the bacterium [41]. EPS
are often associated to bacteria growing in biofilms in
which they play a key role in the architecture [46].

concentrations of these cations were compared, the statistical analyses showed highly significant differences between
attached cell counts by adding Mg+2 and attached cell counts
by adding Ca+2 into TSB (Table 1, Figs. 5-8). According to
12

10

Mean CFU/ml or CFU/cm² (log10)

8

12

6

4
Mg_Medium
Mg_Biofilm

2

Ca_Medium
0

Ca_Biofilm
0 µM

100 µM

250 µM

500 µM

	
  
FIGURE 6 - Comparison of cell counts in medium or biofilm when
different concentrations of Mg2+ and Ca2+ are considered.

10

Mean CFU/ml or CFU/cm² (log10)

8

6

4
0 µM
100 µM

2

250 µM
0

500 µM
Mg_Medium

Mg_Biofilm

Ca_Medium

Ca_Biofilm

FIGURE 5 - Comparison of cell counts in Mg2+-Medium, Mg2+Biofilm, Ca2+-Medium, and Ca2+-Biofilm.

Physical and chemical environment has a significant impact
on the way of biofilm formation and its persistence. Divalent cations are regarded to be important constituents of
microbial aggregates, since they bind to negatively
charged groups present on bacterial surfaces, in EPS, and
on inorganic particles entrapped in biofilms [41]. It has
been reported that extraction of calcium (Ca2+) from biofilms by displacement with monovalent cations or by chelators, such as EDTA and EGTA, resulted in the destabilization of biofilms. These observations suggest that divalent
cations may be important in maintaining the biofilm structure, acting in the bridging of a 3-D polymeric matrix [15].
Similar with these investigations, in the absence of Mg+2
and Ca+2 in TSB, sessile bacterial counts on the coupons
did not increase significantly (P = 1.000) in this study (Table 1, Figs. 6 and 7). On the other hand, the mean number
of S. paucimobilis CFU on the coupons increased significantly in the presence of Mg+2 or Ca+2 (P<0.05) (Table 1,
Fig. 7), whilst Mg+2 or Ca+2, at all concentrations examined,
had no significant effects on S. paucimobilis numbers in the
medium (P>0.05) (Table 1, Fig. 7). When all corresponding

	
  

	
  
FIGURE 7 - Comparison of cell counts determined in different
concentrations of Mg2+-Medium, Mg2+-Biofilm, Ca2+-Medium, Ca2+Biofilm with each other.
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ence might contribute to an increase in the hydrophobicity
of planktonic cells, which may have altered their ability to
attach to surfaces [53]. Moreover, S. paucimobilis in a
variety of environments is frequently mentioned. Its survival in an environment could be associated with its capacity to colonize on abiotic/biotic surfaces because of its
production of gellan [37]. In industrial or other environments, biofilm formation may be undesirable for contamination and safety reasons concerning the attachment of
opportunistic pathogenic microorganisms, such as S.
paucimobilis, to surfaces.
REFERENCES

FIGURE 8 - Comparison of cell counts in each concentration of
Mg2+-Medium, or Mg2+-Biofilm, or Ca2+-Medium, or Ca2+-Biofilm
with others.

these findings, S. paucimobilis increased attachment and
biofilm formation.
Also in other studies, divalent cations have been shown
to influence adherence to surfaces (specifically, using
Pseudomonas sp. and sand columns) [47]. Furthermore, for
Aeromonas hydrophilia, mutations in Mg2+ transport systems result in reduction of swarming and biofilm formation
[48]. For Pseudomonas fluorescens, Mg2+ increased initial
attachment and altered subsequent biofilm formation and
structure [49]. Dunne and Burd [40] demonstrated that
increasing Mg2+ levels enhanced biofilm production by S.
epidermidis, while EDTA caused a dose-dependent decrease in the accumulation of cells on a plastic surface.
Additionally, although Ca2+ had a much stronger affinity
towards alginate produced by P. aeruginosa than Mg2+ [50],
P. fluorescens produces an acidic galactoglucan, and its
surface colonization and biofilm depth increased with increasing Mg2+ concentrations [49]. All these studies have
found that divalent cations have varying effects on bacterial adhesion [38, 40, 49], which might be due to the difference in bacterial species and cation concentrations.
Furthermore, increase in surface hydrophobicity of E.
coli in the presence of Mg2+ excess was found by
Latrache et al. [51]; on the other hand, antimicrobial effects of Ca2+against various microorganisms isolated from
oral cavity were described by Pezelj-Ribari et al. [52].

[1]

Mah, T.F. and O’Toole, G.A. (2001). Mechanisms of biofilm
resistance to antimicrobial agents. Trends in Microbiology, 9:
34-39.

[2]

O’Toole, G.A. and Stewart, P.S. (2005). Biofilms strike back.
Nature Biotechnology, 23: 1378-1379.

[3]

Furukawa, S., Kuchma, S.L. and O’Toole, G.A. (2006).
Keeping their options open: Acute versus persistent infections. Journal of Bacteriology, 188: 1211-1217.

[4]

Mittelman, M.W. (1998). Structure and functional characteristics of bacterial biofilms in fluid processing operation.Journal of Dairy Science, 81: 2760-2764.

[5]

Ginn, T.R., Wood, B.D., Nelson, K.E., Scheibe, T.D., Murphy, E.M. and Clement, T.P.(2002). Processes in microbial
transport in the natural subsurface. Advances in Water Resources, 25: 1017-1042.

[6]

Camesano, T.A., Liu, Y. and Data, M. (2007).Measuring bacterial adhesion at environmental interfaces with single-cell
and single-molecule techniques. Advances in Water Resources, 30:1470-1491.

[7]

Carpentier, B. and Cerf, O. (1993). Biofilms and their consequences, with particular reference to hygiene in the food industry. J Appl Bacteriol,75:499-511.

[8]

Costerton, J.W., Lewandowski, Z., Caldwell, D.E., Korber,
D.R. and Lappin-Scott, H.M. (1995).Microbial biofilms. Annual Review of Microbiology,49:711-745.

[9]

Elder, M.J., Stapleton, F., Evans, E. and Dart, J.K.G. (1995).
Biofilm related infections in ophthalmology. Eye,9:.102-109.

[10] Stepanovic´, S.,Vukovic´, D., Ježek, P., Pavlovic´, M. and Švabic-Vlahovic, M. (2001).Influence of dynamic conditions on
biofilm formation by Staphylococci.European Journal of Clinical Microbiolology and Infectious Diseases, 20: 502-504.
[11] Kerchove, A.J. and Elimelech, M. (2007). Impact of alginate
conditioning film on deposition kinetics of motile and
nonmotile Pseudomonas aeruginosa strains.Appl Environ
Microbiol, 15: 5227-5234.

4 CONCLUSION
We detected significant effects of Mg2+ and Ca2+ on
biofilm formation activity of S. paucimobilis. These divalent cations showed significant stimulation of the adhesion of S. paucimobilis cells onto coupons. The numbers
of S. paucimobilis cells on the stainless steel coupons
were nearly 1.0x107 CFU/cm2, and these numbers increased significantly (P≤0.05) after addition of Mg2+ and
Ca2+, particularly at 100 and 250 µM levels. This influ-

3692

[12] Fletcher, M. (1998). Attachment of Pseudomonas fluorescens
to glass and influence of electrolytes on bacteriumsubstratum separation distance. Journal of Bacteriology, 170:
2027-2030.
[13] McEldowney, S. and Fletcher, M. (1986). Variability of theinfluence of physicochemical factors affecting bacterial adhesion to polystyrene substrata. Applied and Environmental
Microbiology, 52: 460-465.

© by PSP Volume 21 – No 12. 2012

Fresenius Environmental Bulletin

[14] An, Y.H., Dickinson, R.B. and Doyle, R.J. (2000). Mechanisms of bacterial adhesion and pathogenesis of implant and
tissue infections, pp. 1-27. In: Y.H. An and R.J. Friedman
(eds.) Handbook of bacterial adhesion: principles, methods,
and applications. Humana Press, Totowa, N.J.
[15] Flemming, H.C., Windenger, J., Mayer, C., Körstgens, V.
and Borchard, W. (2000).Cohesiveness in biofilm matrix
polymers, pp. 294-307. In: D.G. Allision, P. Gilbert, H. Lappin-Scott, M. Wilson (Eds): SGM Symposium 59: Community Structure and Cooperation in Biofilms.Cambridge University Press, Cambridge (UK).

[29] Bott, T.R. (1998). Techniques for reducing the amount of biocide necessary to counteract the effects of biofilm growth in
cooling water systems. Applied Thermal Engineering, 18:
1059-1066.
[30] Turetgen, I. (2004). Comparison of the efficacy of free residual chlorine and monochloramine against biofilms in model
and full scale cooling towers. Biofouling, 20: 81-85.
[31] Krieg, N.R. and Holt, C.G. (1984). Bergey’s Manual of Systematic Bacteriology, pp 787. Williams&Wilkins Press, Baltimore.

[16] Koerstgens, V.,Flemming, H.C., Wingender, J. and Borchard,
W. (2001). Influence of calcium ions on the mechanical
properties of a model biofilm of mucoid Pseudomonas aeruginosa. Water Science and Technology, 43:49-57.

[32] Ceyhan, N. (2008). Determination of biodegradation and biodegradation capability of polysaccharides of extracellular
polysaccharides producing microorganisms which cause
problems in several systems (PhD Thesis). Ege University,
Faclty of Sciences, Izmir, pp. 314. (In Turkish)

[17] Vu, B., Chen, M., Crawford, R.J. and Ivanova, E. P. (2009).
Bacterial Extracellular Polysaccharides Involved in Biofilm
Formation.Molecules,14: 2535-2554.

[33] Gunduz, G.T. and Tuncel, G. (2006).Biofilm formation in an
ice cream plant. Antonie van Leeuwenhoek, 89: 329-336.

[18] Hughes, M.N. and Poole, R.K. (1989). Metals and microorganisms.pp. 412. London/NY:Chapman and Hall.
[19] Todar, K. (1997). Nutrition and growth of bacteria. Bacteriology, http://www.bact.wisc.edu/Bact303/Nutrition and Growth,
pp. 1-9.
[20] Beveridge, T.J., Hughes, M.N., Lee, H., Leung, K.T., Poole,
R.K., Savvaidis, I., Silver, S. and Trevors, J.T. (1997). Metal–microbe interactions: contemporary approaches. Advances
in Microbial Physiology, 38: 177-243.
[21] Nandakumar, K., Sreekumari, K.R. and Kikuchi, Y. (2002).
Antibacterial properties of magnesium alloy AZ31B:In-vitro
studies using the biofilm-forming bacterium Pseudomonas
sp. Biofouling, 18: 129-135.
[22] Ashtaputre, A.A. and Shah, A.K. (1995). Studies on a Viscous, Gel-Forming Exopolysaccharide from Sphingomonas
paucimobilis GS1.Applied and Environmental Microbiology,
61: 1159-1162.

[34] American Public Health Association, Section 9215A and B.
Standard methods for the examination of water and
wastewater, 19th ed. (1995). American Public Health Association, Washington, D.C. pp. 250.
[35] O'Toole, G.A., Kaplan, H.B. and Kotler, R. (2000). Biofilm
formation as microbial development. Annual Review of Microbiology,54: 49-79.
[36] Dunne, W.M. (2002). Bacterial adhesion: seen any good biofilms lately. Clinical Microbiology Reviews, 15: 155-166.
[37] Venugopalan, V.P., Kuehn, M., Hausner, M., Springael, D.,
Wilderer, P.A. and Wuertz, S. (2005). Architecture of a nascent Sphingomonas sp. biofilm under varied hydrodynamic
conditions. Applied and Environmental Microbiology, 71:
2677-2686.
[38] Movassagh, M.H. and Karami, A.R. (2010). Biofilm formation of Escherichia coli O111 on food contact glass surfaces. Global Veterinaria, 4: 222-224.

[23] Perola, O., Nousiainen, T., Suomalainen, S., Aukee, S.,
Karkkainen, U.M. and Kauppinen, J. (2002). Recurrent
Sphingomonas paucimobilis bacteraemia associated with a
multi-bacterial water-borne epidemic among neutropenic patients. Journal of Hospital Infection, 50: 196-201.

[39] Tamura, G.S., Kuypers, J.M., Smith, S., Raft, H. and Rubens,
C.E. (1994). Adherence of group B Streptococci to cultured
epithelial cells: roles of environmental factors and bacterial
surface components. Infection and Immunity, 62: 2450-2458.

[24] Ceyhan, N. and Ozdemir, G. (2008). Extracellular polysaccharides produced by cooling water tower biofilm bacteria
and their possible degradation. Biofouling, 24:129-135.

[40] Dunne, W.M. and Burd, E.M. (1992). The effects of magnesium, calcium, EDTA, and pH on the in vitro adhesion of
Staphylococcus epidermidis to plastic. Microbiology and
Immunology,36:1019-1027.

[25] Hsueh, P.R., Teng, L.T., Yang, P.C., Chen, Y.C., Pan, H.J., and
Ho, S.W. (1998). Nosocomial infections caused by Sphingomonas paucimobilis: clinical features and microbiological
characteristics. Clinical Infectious Diseases, 26:676-681.
[26] Kilic, A., Senses, Z., Kurekci, A.E., Aydogan, H., Sener, K.
and Kismet, E. (2007). Nosocomial outbreak ofSphingomonas paucimobilis bacteremia in a hemato/oncology
unit.Japanese Journal of Infectious Diseases, 60: 394-396.
[27] Reina, J., Bassa, A., Liompart, I., Portel, D. and Borrell, N.
(1991). Infections with Pseudomonas paucimobilis: report of
four cases and review. Reviews of Infectious Diseases, 13:
1072-1076.
[28] Fialho, A.M., Martins, L.O., Donval, M.L., Leitao, J.H., Ridout, M.J., Jay, A.J., Morris, V.J. and Sa-Correia, I. (1999).
Structures and properties of gellan polymers produced by
Sphingomonas paucimobilis ATCC 31461 from lactose compared with those produced from glucose and from cheese
whey. Applied Environmental Microbiology, 65: 2485-2491.

3693

[41] Ozerdem Akpolat, N., Elçi, S., Atmaca, S., Akbayin, H. and
Gül, K. (2003). The effects of magnesium, calcium and
EDTA on slime production by Staphylococcus epidermidis
strains. Folia Microbiol (Praha), 48: 649-653.
[42] Kerchove, A.J. and Elimelech, M. (2008). Calcium and magnesium cations enhance the adhesion of motile and nonmotile
Pseudomonas aeruginosa on alginate films. Langmuir, 24:
3392-3399.
[43] Dass, C.L., Walsh, M.F., Seo, S., Shiratsuchi, H., Craig, D.H.
and Basson, M.D. (2009). Irrigant divalent cation concentrations influence bacterial Adhesion. Journal of Surgical Research, 156: 57-63.
[44]

Lin, Y., Yu, J., Lu, Q. and Lin, L. (2009). Effects
of Magnesium ions on the mucoid Pseudomonas aeruginosa
biofilm. Chinese Journal of Microecology, 6: 515-518.

© by PSP Volume 21 – No 12. 2012

Fresenius Environmental Bulletin

[45] Chen, X. and Stewart, P.S. (2002). Role of electrostatic interactions in cohesion of bacterial biofilms. Applied Microbiology and Biotechnology, 59: 718-720.
[46] Donlan, R.M. (2002). Biofilms: microbial life on surfaces.
Emerging Infectious Diseases, 8: 881-890.
[47] Simoni, S.F., Bosma, T.N.P., Harms, H. and Zehnder, A.J.B.
(2000). Bivalent cations increase both the subpopulation of
adhering bacteria and their adhesion efficiency in sand columns. Environmental Science and Technology, 34: 10111017.
[48] Merino, S., Gavin, R., Altarriba, M., Izquierdo, L., Maguire,
M.E. and Tomas, J.M. (2001). The MgtE Mg+ transport protein is involved in Aeromonas hydrophilia adherence.FEMS
Microbiology Letters, 198: 189-195.
[49] Song, B. and Leff, L.G. (2006). Influence of magnesium ions
on biofilm formation by Pseudomonas fluorescens. Microbiological Research, 161: 355-361.
[50] Lattner, D., Flemming, H.C. and Mayer, C. (2003). 13CNMR study on the interaction of bacterial alginate with bivalent cations. International Journal of Biological Macromolecules, 33: 81-88.
[51] Latrache, H., Bourlioux, P., Karroua, M., Zahir, H. and
Hakkou, A. (2000). Effects of subinhibitory concentrations of
nitroxoline on the surface properties of Escherichia coli. Folia Microbiology,45: 485-490.
[52] Pezelj-Ribari, S., Brekalo, I., Abram, M., Dori, M., Mileti, I.
and Karlovi, Z. (2002). Influence of calcium hydroxide rootcanal sealer on microbial growth in vitro. Folia Microbiology, 47: 458-460.
[53] Song, B. (2004). Identification and characterization of bacterial isolates from the Mir Space Station and the impact of
Mg2+ concentration on biofilm formation of Pseudomonas
fluorescens. MS Thesis, Kent State University, Kent, OH, pp.
107.

3694

Received: February 29, 2012
Accepted: June 13, 2012

CORRESPONDING AUTHOR
Nur Ceyhan Guvensen
Mugla University
Faculty of Sciences
Department of Biology
48170 Mugla
TURKEY
Phone: +90 252 211 31 37
Fax: +90 252 211 14 72
E-mail: nurceyhan@msn.com
FEB/ Vol 21/ No 12/ 2012 – pages 3685 - 3692

© by PSP Volume 21 – No 12. 2012

Fresenius Environmental Bulletin

JOINT OPTIMIZATION OF POPULATION PATTERN
AND END-OF-PIPE CONTROL UNDER UNCERTAINTY
FOR LAKE DIANCHI WATER-QUALITY MANAGEMENT
2

3

2

3,

Zhen Wang1, Wei Gao , Yunlong Cai , Huaicheng Guo , and Feng Zhou *
1
School of Resource and Environmental Science, Wuhan University, Wuhan, 430072, P.R. China
College of Environmental Sciences and Engineering, Peking University, Beijing, 100871, P.R. China
3
Laboratory for Earth Surface Processes, College of Urban and Environmental Sciences, Peking University, Beijing, 100871, P.R. China
2

ABSTRACT

1 INTRODUCTION

Joint optimization of population pattern and end-ofpipe control is proposed for Lake Dianchi water-quality
management with uncertainties, a highly eutrophic lake in
the Yunnan-Guizhou Plateau, southwest China. The four
crucial components were (1) to develop a risk-based population pattern and end-of-pipe control optimization model
based on enhanced-interval linear programming for Lake
Dianchi Watershed, where the objective function was to
optimize the total urban and rural population and the constraints were accounted for including drinking water availability, land resources restriction, nutrient total maximum
daily loads in domestic wastewater, and urban and rural
non-point source pollution, (2) to analyze the differences
between joint optimization and the optimization without
changes in population pattern; (3) to identify the impacts
of factors on optimal solutions of both population patterns
and end-of-pipe control under uncertainty, and (4) to determine the optimal population transfer strategy to meet the
requirement of lake water-quality management. The lower
and upper bounds of the total population were 1.21 and
4.87 million inhabitants, respectively; the associated optimal TN and TP loadings were [5054, 6850] t and [1963,
3490] t, respectively. Although the projected populations
in 2015 and 2020 were within the optimal range, population transfer would be also essential for increasing environmental carrying capacity. The population pattern was
sensitive to the domestic wastewater collection rate, the
best values of which were 84.1 and 85.4% in 2015 and 2020,
respectively. Compared to traditional end-of-pipe control
approach, joint optimization of population pattern and endof-pipe control could achieve the optimal balance between
human activities and lake water-quality management.
KEYWORDS:
Population transfer; Sustainable development; Uncertain optimization; Eutrophication; Total maximum daily load

* Corresponding author

Lake Dianchi watershed has a serious water quality
degradation associated with population growth. The population has shown an annual growth rate of 4.88%, increasing from 2.51 million in 1999 to 3.50 million in 2008. Such
higher growth has led to more domestic wastewater in
urban areas. The total nitrogen (TN) and total phosphorus
(TP) loads from domestic wastewater have increased to
12,028 and 1,017 t⋅a 1, respectively, comprising 94.7 and
92.3% of point sources, even after implementing centralized industrial pollution treatment. Although the
wastewater treatment plant (WWTP) capacity is scheduled
to increase from about 50×104 at 2008 to 104×104 t⋅day 1 at
2013, the respective TN and TP loads contributed by domestic wastewater represent 3,919 and 87.7 t⋅a 1 or 55.9%
and 42.1% of the total inflow to Lake Dianchi, as estimated
by the Lake Dianchi Watershed Hydrological and Nonpoint
Source Simulation Program (DC-HSPF ver. 12.0). Moreover, the spatial pattern of population in the Lake Dianchi
Watershed is inhomogeneous, with 95.4% of the urban
population clustered in the north, Wuhua, Panlong, Guandu,
and Xishan (Figure 1), contributing 96.5 and 96.0% of the
TN and TP loads, respectively, from domestic wastewater.
To meet the Lake Dianchi Ecological Restoration Program
goals (III type in GB3838-2002), the estimated reduction
ratio of TN and TP loads should be up to 78% and 71% of
that at 2008 by coupled model of Environmental Fluid
Dynamics Code (EFDC) and neural network-genetic
algorithm. Undoubtedly, the traditional end-of-pipe control approach is rarely applicable in Lake Dianchi Watershed due to the prohibitive treatment cost. Therefore, in
addition to improving pollution treatment rates [1], the
population restriction, as source control, must be considered and optimized to reduce their productions of nutrient
loads in Lake Dianchi Watershed.
Environmental carrying capacity (ECC) provides a
way for solutions of source control [2], which could help
to identify the threshold of human activities under specified resources and environment constraints [3-8]. Efforts
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have been made to examine the largest population under
different limitations including resources, environment quality, certain living standard and etc. [9-13]. However, the
traditional ECC never tells us how to jointly optimize both
population pattern and end-of-pipe control for realizing
balanced relationship between human activities and lake
water-quality management. Besides, uncertainty in objective function costs, constraint coefficients, and right sides
has often been ignored in ECC analysis for lake waterquality management [14-17]. To address that, the interval
linear programming (ILP) model can incorporate uncertainties into linear programming model without probabilistic or possibilistic distribution assumptions [18, 19] and
has been widely applied for water-quality management
problems [20, 21]. Yet it has been limited to providing
−
+
extreme decisions ( Z opt
and Z opt
) [18]. Zhou et al. [18]
then developed an enhanced-interval linear programming
(EILP) model to overcome this obstacle, proving the relationship between decision variables and parameters, using
expected-value-oriented criteria to support risk-based tradeoff analyses, and providing the necessary conditions to obtain a feasible solution. Therefore, EILP model can be
applied to jointly optimize population pattern and end-ofpipe control under systematic uncertainty.
The goal of this study was to provide a jointly optimization approach of population pattern and end-of-pipe
control under uncertainty with the concept of carrying capacity, and to apply it for Lake Dianchi water-quality management. The major tasks were (1) to develop a population
pattern and end-of-pipe control EILP model for the Lake
Dianchi watershed based on carrying capacity theory; (2) to
identify the impacts of the factors on the population
pattern; (3) to compare of optimal solutions without changes
in population pattern; and (4) to determine the optimal population transfer strategy with uncertainties.

y ± = [ y − , y + ] = {s ∈ℜ y − ≤ s ≤ y + } ,

(1)

y− ≤ E[ y± ] ≤ y+

(2)
−∞

(4a)

j

n

s.t

∑a

±
ij

i

x ±j ≤ bi± ,∀i

(4b)

x ±j ≥ 0

(4c)

To reduce the uncertainty of the enhanced-interval
objective functions and help decision-makers generate the
best alternatives, the EILP, using an appropriate interval
n

AI ± instead of the original Z ± = ∑ c ±j x ±j , can be exj

pressed as follows [18]:
Max AI ± =

Z  + Z ± subject to Eq. (1b) and (1c)
2

(5)

Z + Z±
can be separated into upper and
2
Z← + Z−
Z→ + Z+
lower bounds, AI − =
and AI + =
, suppos2
2

where AI ± =

ing that the k of c ±j (j = 1, 2,…, n) are positive ( c ±j ≥ 0, j =
1, 2,…, k) and the others are negative ( c ±j ≤ 0, j = k + 1, k

{ }

{ }

n×1

{ }

, A ± ∈ ℜ±

m×n

{ }

, B± ∈ ℜ±

m×1

,

and ℜ ± denotes a vector set of EI variables.

We begin with a series of definitions fundamental to
the methodology of the enhanced-interval linear programming model. Let (Ω, Θ, Pr) denote a probability space,
where Ω is a nonempty set, Θ is a σ-algebra of subsets of
Ω, and Pr is a probability measure. The random variable y
is a measurable function from a probability space (Ω, Θ,
Pr) to a bounded, closed subset of real numbers. Then, y±
is defined as an enhanced interval with known upper and
lower bounds and an unknown definite probability distribution function (PDF) with an expected value E[⋅] between the upper and lower bounds:

Φ (x) = Pr{ω ∈Ω y(ω ) ≤ x} = ∫ φ (z) dz ,

n

Max Z ± = ∑ c ±j x ±j

+ 2,…, n), X ± ∈ ℜ ±

2 MATERIALS AND METHODS

x

where PDF φ (z) : ℜ → [0,+∞] , ℜ denotes the set of
real numbers, y+ and y– are the upper and lower bounds of
y±, respectively, and Φ : ℜ → [0,1] is the cumulative probability distribution (CDF). When y+ = y–, y± becomes a
deterministic number. The other definitions of EI, including its order relationship, have been explained by Zhou et
al. [18].
To describe the EI-type LP algorithm theory, the
population structure and pattern optimization model constrained by ECC were generalized as

(3)

To reduce the computational cost, Eq. (5) can be decomposed approximately into two submodels corresponding to the upper and lower bounds of the objective function. The computational procedure of the EILP algorithm
includes the decomposition of the upper and lower bounds
of AI ± = [AI − , AI + ] and their corresponding constraints, a
feasibility analysis of the optimal solution space, and a
tradeoff analysis for decision-making under EI-type uncertainty, as explained in detail by Zhou et al. [18, 19].
(i) Determining the upper and lower bounds and expected
values of Z

±

Supposing that the k of c ±j (j = 1,2,…, n) are positive
( c ±j ≥ 0, j = 1,2,…, k) and the others are negative ( c ±j < 0,
j=k+1,
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k+2,…,

n),

the

appropriate

interval
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( AI ± = [AI − , AI + ] ) was determined by the EILP model.

x −j ≤ x +jopt ∀j = 1, 2,…, k

(8b)

Moreover, the optimal expected values E[Z ± ] of the

x +j ≥ x −jopt ∀j = k + 1, k + 2,…, n

(8c)

x ±j ≥ 0 , ∀j = 1, 2,…, n

(8d)

±
objective function can be derived according to AI .

Therefore, the lower and upper bounds of AI ± and

(iii) Optimal solution space feasibility analysis

±

To

E[Z ] are defined as
k

n

AI = ∑ 0.5(c + c )x + ∑ 0.5(c + c )x
−

+
j

−
j

−
j

j=1

+
j

−
j

X
+
j

(6a)

j=k+1

±
opt

{

ensure

= x

±
opt

n

AI = ∑ 0.5(c + c )x + ∑ 0.5(c + c )x
+
j

j=1

E[Z ± ] =

−
j

+
j

(

j=k +1

+
j

−
j

−
j

(6b)

)

1
AI − + AI +
2

(6c)

where c +j and c −j are the lower and upper bounds of

c ±j , respectively.

To minimize the objective function, the relationships
±
between the decision variables X and the left-hand side
A±

coefficients

should

be

± −
ij

+
j

x →a

±
ij

sign(a )

+

( ∀j = 1,2,..., k )

x −j → aij± sign(aij± )

and

∑

+

j = k − p +1

−

+

x −j → aij± sign(aij± )

( ∀j = 1,2, K, k )

and

x +j → aij± sign(aij± )

x −jopt

x+

( ∀j = k + 1, k + 2, K , n ), where
( ∀j = 1,2, K , k ) and jopt
( ∀j = k + 1, k + 2, K , n ) are the optimal solutions of the first
submodel. This yields EI-type solutions for the lower and
upper bounds of the objective functions [Eq. (6a~6c)]
−

+

−

+

with Z opt ≤ Z opt or AI opt ≤ AI opt . In addition, the relationships
±
±
±
between the objective function AI or Z and b on the
right side of the constraints should be determined as
AI + or Z + → bi+

−
−
−
and AI or Z → bi . Therefore, the corre+
+
sponding constraints for Z or AI are written as
k

∑a

±
ij

−

Sign(aij± )x +j +

j=1

n

∑

+

aij± Sign(aij± )x −j ≤ bi+ , ∀i

(7a)

j=k+1

x ≥ 0 , ∀j = 1, 2,…, n

(7b)

±
j

−

−

and Z or AI in the second submodel is solved subject to the following constraints:
k

∑a
j=1

±
ij

+

Sign(aij± )x −j +

n

∑

j=k +1

−

aij± Sign(aij± )x +j ≤ bi− , ∀i

(8a)

}

] ∀j = 1,2,...,n

n

−

−( aδ± j x −j − aδ± j x +jopt ) +

δj

j=1

∑

j = n − q +1

−

+

( aδ± j x +j − aδ± j x −jopt ) ≤ 0

,∀δ

(9)

δj

jopt

j=k +1

δj

δj

jopt

δ

as its aδ± j ≤ 0 for j = k−p + 1,…, k and aδ± j ≥ 0 for j = k−q +
1,…, n.
The corresponding optimal solutions of the EILP
X

EILP±
opt

{

= x

tion, AI

±
opt

+
opt

= [x

±
Z opt
−
jopt

with

,x

and AI

+
jopt

−
opt

±
AI opt

and

}

±
E[Z opt
]

with

] ∀j = 1,2,...,n , respectively. In addi-

represent the appropriate upper and

±
lower bounds, respectively, for Z opt
whose solution space

EILP±
is feasible.
X opt
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x −jopt ≤ x +j

To ensure that
for j = 1, 2,…, k and
for j
+
+
= k + 1, k + 2,…, n in the second submodel Z or AI ,
the
corresponding
relationships
should
be

optimal
solution
is feasible, extra con-

where δ is the number of constraints in Eq. (7a) that
k
n
meet ∑ a ± − Sign(a ± )x + + ∑ a ± + Sign(a ± )x − = b+ as well

−
−
( ∀j = k + 1, k + 2,..., n ) for the first submodel Z or AI .

x −j ≤ x +jopt

the

±

models are
(ii) Determining the corresponding constraints

,x

that

+
jopt

straints to maximize AI should be added to Eq. (8):
k

k

+

= [x

−
jopt

2.1 Study area: Lake Dianchi Watershed, Yunnan-Guizhou
Plateau, China

The Lake Dianchi Basin (24°28ʹ′–25°28ʹ′N, 102°30ʹ′–
103°00ʹ′E) is in Kunming, Yunnan-Guizhou Plateau, southwest China (Figure 1). The basin has a total area of approximately 2920 km 2 and includes Wuhua, Panlong,
Guandu, and Chenggong counties and parts of Xishan, Jinning, and Songming counties. Lake Dianchi is the sixth
largest freshwater body in China, with an area of 309 km2
and average depth of 5.3 m at 1887.4 m above sea level.
The climate is subtropical, humid, and monsoonal, with
an annual mean temperature of 14.7°C, average precipitation of 797–1007 mm, and 227 frost-free days per year.
Lake Dianchi is the main water source of Kunming. Since
the 1980s, eutrophication and algal blooms have become
problems in Lake Dianchi [22].
2.2 Problem formulation

In order to effectively reduce nutrient loadings, the
end-of-pipe control approach was incorporated in ECC
optimization framework. Therefore, the population pattern
and end-of-pipe control were jointly optimized to maximize the total possible urban and rural population as objective function and to minimize the total load reductions as
decision variables in constraints, as the load reductions for
TN and TP were independent for each pollution source at
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each county. The constraints were accounted for including drinking water availability, land resources, nutrient
total maximum daily loads (TMDL) in domestic
wastewater, and urban and rural non-point source pollution.

(v) Nutrient TMDL for urban storm water non-point
sources
(1− ε i± ) ⋅ NpUTN i± ⋅ Landij± ≤ UNPTN i±

(1− ε i± ) ⋅ NpUTPi ± ⋅ Landij± ≤ UNPTPi ±

，∀i, j=2

(10h)

，∀i, j=2

(10i)

(vi) Built-up land use
10−2 ⋅ PURBi± ⋅ LandpPi ± ≤ Landij±
2

∑ (Land

，∀i, j=2

(10j)

− Land ) = 0 ，∀i

(10k)

≥ 400 ，where j=1

(10l)

±
ij

*,±
ij

j

7

∑ Land

±
ij

i

(vii) Local requirements
(10m)

PURBi± / (PURBi± + PRURi± ) ≥ U i± ，∀i
7

7

∑ PURB / ∑ (PURB
±
i

i

(10o)

(viii) Technology
PURBi± ≥ 0 ，∀i

(10p)

PRURi± ≥ 0 ，∀i

(10q)

RUWi ± ≥ 0 ，∀i

(10r)

Land ≥ 0

Certainly, population growth, the distribution probability of occurrence, and economy-population interactions
should be considered as constraints in the joint optimization model under uncertainty [23]; however, associated
datasets were not available. In order to uncover the uncertainty existed in objective function costs and constraint
coefficients, the EILP is applied to solve the joint optimization model for Lake Dianchi water-quality management,
which is given in a relatively simplified form:
(i) Objective function
7

7

i

i

Max P ± = ∑ PURBi± + ∑ PRURi±

(10a)

subject to the following constraints:
(ii) Drinking water availability
7

WpP ⋅ ∑ PURB ≤ LWS
±

±
i

±

(10b)

i

(iii) Nutrient TMDL for domestic wastewater
10 ⋅UpPTN i± ⋅ PURBi± ⋅(1− α i± β i± ) − 10−2 ⋅CTN i± ⋅ RUWi ± ≤ UPTN i±

，∀i

(10c)

10 ⋅UpPTPi ± ⋅ PURBi± ⋅(1− α i± β i± ) − 10−2 ⋅CTPi ± ⋅ RUWi ± ≤ UPTPi ±

，∀i

RUWi ± ≤ η ⋅ α i± ⋅UpPWWi ± ⋅ RURBi± ，∀i=1,2,…,5

(10d)
(10e)

(iv) Nutrient TMDL for agricultural and rural nonpoint sources
NpATN i± ⋅ Landij± + 10 ⋅ NpPTN i± ⋅ PRURi± ≤ RNPTN i± , ∀i, j=1

(10n)

+ PRURi± ) ≥ U *

PURB7± + PRUR7± ≤ SMP

±
ij

FIGURE 1 - Lake Dianchi Watershed and its seven counties

±
i

i

，∀i, j

(10s)

where we denote i=1, 2,…7 corresponding to the
counties, and PURBi± and PRURi± are the urban and rural
populations in county i, respectively. WpP ± is the annual
water use per person in the watershed; LWS ± is the drinking water availability of 2.51×108 m3⋅yr 1; UpPTN i± and
−

UpPTPi ± are the TN and TP discharge rates per urban

population, respectively; α i± is the collection rate; β i± is the
nutrient loading reduction rate; UPTN i± and UPTPi ± are the
maximum allowable TN and TP loads from domestic
wastewater, respectively; CTN i± and CTPi ± are the WWTP
discharge standard requirements of China GB8918-2002;
and RUWi ± is the amount of recycling water use. We denote RUW6± = RUW7± = 0 because of the difficulty of recycling water in Songming and Jinning. UpPWWi ± is the
domestic wastewater discharge rate; η is the maximum
proportion of recycled water use; NpATN i± and NpATPi ± are
±

the fertilizer usage per area of TN and TP Landi1 area of
farmland; NpPTN i± and NpPTPi ± are the TN and TP discharge
rates per rural population, respectively; RNPTN i± and
RNPTPi ± are the maximum allowable TN and TP loads

from agricultural and rural non-point sources, respectively; NpUTN i± and NpUTPi ± are the discharge rates per area

(10f)
±
±
±
±
±
,
∀i,
j=1
NpATPi ⋅ Landij + 10 ⋅ NpPTPi ⋅ PRURi ≤ RNPTPi

of TN and TP for Landi±2 built-up land areas, respectively;
ε i± is the reduction rate; UNPTN i± and UNPTPi ± are the max-

(10g)

imum allowable TN and TP loads from urban storm water
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non-point sources, respectively; LandpPi ± is the built-up
land per capita;

Land

*,±
ij

is the initial value of each land

*
±
type in 2008 (in km ); U and U i are the target urbani-

2

zation rates planned by the local government for whole
watershed and each county, respectively; SMP is the maximum population of Songming, the drinking water source
area; j=1 represents farmland; and j=2 represents built-up
land.
2.3 Parameter determination

The parameters in the EILP-based optimization model included discharge, TMDL allocation, local policy, and
standards and other parameters.
(i) Nutrient discharge parameters
On-site observations in two residential communities
were conducted to determine UpPTN i± and UpPTPi ± . The
data were collected hourly for 2 weeks and gave values of
[4.11, 4.85] and [0.347, 0.394] 10 3t⋅person 1⋅yr 1, respectively. An intensive survey of 300 rural households distributed across the seven counties was conducted to determine NpPTN i± and NpPTPi ± . Due to a lack of rural water
−

−

−

resources, most wastewater from rural households was
deposited or reused for irrigation. These two coefficients
were calculated as [2.57, 3.12] and [0.248, 0.301]
10 3t⋅person 1⋅yr 1, respectively.
−

−

−

(ii) TMDL allocation parameters
According to nutrient TMDL allocation for pollution
sources in Lake Dianchi Watershed, the results for
UPTN i± , UPTPi ± ,
RNPTN i± ,
RNPTPi ± ,
UNPTN i± , and
UNPTPi ± for each county are shown in Table 1.
(iii) Local requirement parameters
In 2008, the local government launched the Lake Dianchi Watershed Storm Water Runoff Management Program to reduce urban storm water runoff loads. The desired reduction rate ε i± was set as [45%, 55%]. In addition, the planned urbanization rates, U i± , in each county
were 95, 95, 80, 85, 65, 45, and 20%, respectively, and
4
U * was 80%. The SMP was set at 7×10 ⋅person.
(iv) Standards and other parameters
According to GB3838-2002 requirements, CTN i± and
CTPi ± were set at 15 and 0.5 mg/L, respectively. Follow-

ing GB50137-2011, LandpPi ± was set as [110, 150]×10-6
km 2⋅person-1. Moreover, land use data were extracted
from Landsat TM/ETM+ images using ENVI 4.6 and
ArcGIS 9.3. Finally, Landi1*,± was set as 8.04, 33.81, 81.04,
24.27, 142.79, 195.01, and 86.96 km2, and Landi*,±
was set
2
as 56.42, 57.92, 119.85, 69.98, 86.31, 67.75, and 18.33
km2, respectively.

Currently, NpATN i± and NpATPi ± are [18, 59] and [7.2,
49.3] t⋅km 2, respectively, higher than the levels recommended by the FAO, USA, and Japan. Consequently, an
Agricultural Structure Adjustment Program is being implemented by the Kunming Government to transfer a
cropping system into an economic forest planting system,
wetland, and ecological agricultural park, which should
decrease fertilizer rates. Therefore, the two coefficients
were reduced to [5.0, 10.0] and [3.9, 7.8] t⋅ km 2, respectively. Similarly, the nutrient discharge rates per urban
population, NpUTN i± and NpUTPi ± , were determined based

3 RESULTS

−

−

on storm water runoff observations for one season, computed as [0.36, 0.398], [1.14, 1.479], [0.756, 0.893],
[1.68, 2.187], [1.04, 1.313], [1.24, 1.603], and [1.14,
1.353] t⋅km-2 and [0.02, 0.0241], [0.074, 0.0936], [0.032,
0.0496], [0.102, 0.133], [0.054, 0.0773], [0.079, 0.0963],
and [0.087, 0.104] t⋅km-2, for the seven counties, respectively.

3.1 Optimal population pattern

The computations for the Lake Dianchi Watershed
population structure and pattern were performed on an Intel® Core™ i7 CPU 2600 @ 3.4GHz with 4 GB RAM using
Lingo® version 10. The optimal population pattern and load
reductions of each pollution sources are listed in Table 2,
which indicated that population pattern and its spatial
transfer would be more essential and effective for increasing environmental carrying capacity in 2015 and 2020.
The upper bound of the total population was 4.872
million, consisting of 4.108 million in urban and 0.764
million in rural areas, with an urbanization rate of 84.3%.
The population pattern across the watershed was inhomogeneous. Over 90% of the total population clustered
within Panlong, Guandu, Xishan, and Chenggong. The

TABLE 1 - Nutrient TMDL allocation for each pollution sources in seven counties (t⋅yr 1)
−

County
1
2
3
4
5
6
7
Total

UPTN i±

156.5
814.2
289.0
1041.5
261.1
34.7
1.9
2599

UPTPi ±

8.88
45.89
68.29
58.99
25.95
2.80
0.12
211

RNPTN i±

32
108
683
308
1227
4085
3251
9695
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RNPTPi ±

22
84
295
190
511
1753
1428
4283

UNPTN i±

22.5
87.9
107.0
153.0
113.3
114.0
24.8
622.49

UNPTPi ±

1.4
5.4
6.0
9.3
6.7
6.8
1.9
37.48

© by PSP Volume 21 – No 12. 2012

Fresenius Environmental Bulletin

TABLE 2 - Optimal results in each county of Lake Dianchi Watershed

Region
Wuhua
Panlong
Guandu
Xishan
Chenggong
Jinning
Songming
±
AI opt
±
E[Z opt
]

Urban
population
(104 person)
[6.15, 20.44]
[31.77, 83.39]
[22.81, 157.17]
[40.84, 85.68]
[17.97, 59.74]
[1.62, 4.25]
[0.07, 0.18]

Rural
population
4
(10 person)
[0.20, 0.20]
[1.67, 4.20]
[5.70, 15.67]
[7.21,12.00]
[9.67, 30.82]
[4.85, 12.74]
[0.28, 0.74]

TN load
[21.7, 77.9]
[88.7, 402]
[167, 289]
[91.1, 517]
[63.5, 228]
[33.2, 34.5]
[1.4, 1.5]

TP load
[8.9, 8.9]
[36.2, 45.9]
[33.0, 68.3]
[37.2, 59.0]
[26.0, 26.0]
[2.8, 2.8]
[0.1, 0.1]

Agricultural
non-point source (t)
TN load
TP load
[19.9, 32.3]
[11.2, 21.7]
[52.2, 108]
[5.0, 10.4]
[318, 683]
[126, 257]
[225, 308]
[21.7, 29.7]
[663, 1227]
[311, 415]
[1255, 2535]
[876, 1753]
[534, 1070]
[411, 822]

[121.2, 410.8]

[29.6, 76.4]

[467, 1550]

[176, 180]

[3067,5963]

[1761, 3309]

266

53

--

--

--

--

Urban domestic source (t)

Guandu population was 1.572 million, contributing about
38.3% of the total urban population. Chenggong, Guandu,
Xishan, and Jinning had 93.3% of the rural population.
The Chenggong population was 0.308 million, 40.4% of
the total rural population. The lower bound of the total
population was 1.508 million, composed of 1.212 million
urban inhabitants, much less than that in 2008; 78.7% of
the urban population was in Panlong, Guandu, and
Xishan, while 57.1% of the rural population was in
Xishan and Chenggong.
There were discrepancies between the optimal results
and current status (Figure 2). The upper bound of the total
urban population was 1.076 million, 1.36 times the current value. For the urban population spatial pattern, the
upper bounds of Wuhua and Jinning reached 23.5 and
84.4% of those in 2008, respectively, while those of
Guandu and Chenggong were 2.16 and 6.79 times the
current population. However, when α i± , ε i± , NpATN i± , and
NpATPi ± reached undesirable levels, the total urban popu-

lation was 40% of that in 2008, although those parameters
were greater than the current values. Except in Chenggong and Songming, the urban populations were lower
than those in 2008; for example, that of Wuhua was 7.1%.
The upper bounds of the rural populations in Wuhua,
Jinning, and Songming were 46.9, 64.8, and 11.8% of
those in 2008, respectively, while those of Guandu and
Xishan were 5.2 and 6.6 times the current values.
3.2 Optimal end-of-pipe control

Correspondingly, the TN and TP pollution loads of
the optimization model were [5054, 6850] t and [1963,
3490] t respectively. The pollution loads were uneven in
every source, and agricultural non-point source was the
largest contributor, accounting for 87.0% in the upper
bound of TN and 48.3% of TP. The second one was urban
domestic source, and urban stormwater source ranked at
the bottom. For different regions, Jinning, Chenggong and
Songming stood top 3 of the main pollution places, and
the three added up to 74.4% of total TN and 86.5% in
total TP in the upper bound of the results.

Urban waterstorm
non-point source (t)
TN load
TP load
[4.0, 13.5]
[0.0, 0.8]
[58.5, 74.6]
[0.2, 4.7]
[43.0, 84.9]
[0.1, 4.7]
[113, 151]
[0.6, 6.9]
[66.9, 113]
[0.2, 6.7]
[37.0 82.2]
[0.3, 2.2]
[0.2, 15.1]
[0.0, 0.1]
[1.6,
[420, 437]
26.1]
--

--

The minimum load reductions were determined by
,
α
RUWi ± , ε i± , Land ij± in the joint optimization model. In
contrast to the pollution load in 2008, the upper bounds of
the total load reductions were 38101 t of TN and 21687 t
of TP, with the corresponding reduction rates were 90.8%
and 86.0% respectively. The distribution of reduction was
unbalanced among different pollution sources. Agricultural non-point source took the biggest share, accounting
for 66.6% of TN and 91.8% of TP of the total reduction.
Domestic point source and urban storm water non-point
source followed. As for reduction patterns, about a quarter
of reduction was concentrated in Jinning, whose reduction
contributing about 24.0% of TN and 29.5% of TP of the
total reduction. Wuhua had the least of the reduction of
TN and TP, only 2.1% and 0.8% respectively, while other
regions were around 10%. The optimal lower bounds of
reduction were 33910 t of TN and 10129 t of TP, which
dropped a lot from the upper bounds, especially for TP.
But the distribution of reduction on sources and regions
were analogous to the upper, only varying in the relative
quantity.
±
i

The discrepancies between the optimal results and
current values were ascribed to nutrient TMDL allocation
constraints (Figure 2). The impact of UPTPi ± was most
significant for the population in each county, whereas that
from UPTN i± was significant only at the lower bound of
the Guandu population. RNPTN i± influenced the upper
bounds of the Wuhua, Panlong, Guandu, Xishan, and
Chenggong populations, whereas RNPTPi ± affected the
upper bounds of the Wuhua and Jinning populations. The
effects of UNPTN i± and UNPTPi ± were relatively weak on
the lower bound of the Chenggong population.
3.3 Optimal population transfer

Given the optimal population pattern and end-of-pipe
control of each county under uncertainty, population transfer is necessary to change the population pattern, although
the planned populations in 2015 and 2020 were in the range
of optimal results (Figure 3).
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FIGURE 2 - Optimal upper and lower bound for decision variables and pollution loads from each pollution source, including urban and
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FIGURE 3 - Population transfer in seven counties of Lake Dianchi Watershed (Left: upper bound, Right: lower bound)

By 2020, 0.563 million and 0.240 million additional
urban and rural inhabitations of the 3.546 and 0.524 million, respectively, could settle at the desired parameter
level. Both urban and rural population transfers differed
in scale from those in 2015. Urban emigration in Wuhua
decreased compared with 2015, while that in Panlong and
Jinning increased. There were relatively few urban immigrants (0.153 million) in Panlong in 2020.
In population transfer, α i± is important. When α i±
reached 84.1 and 85.4% for 2015 and 2020, respectively,
the population objectives could be supported without
harming the environment. However, the population pattern had to be adjusted to meet the restrictions (Figure 4).
In 2015, 0.79 million urban residents had to move from
Wuhua, Panlong, and Jinning: 0.574 million to other
counties and 0.216 million out of the watershed. Moreover, 0.160 million urban residents in Jinning and Songming had to move to other counties. Under this structure
and pattern, a reasonable urbanization rate is 81.2%,
slightly lower than the planned rate. In 2020, Wuhua and

Panlong were major emigration regions. Guandu, Xishan,
and Chenggong could support more immigrants. At the
watershed scale, the urban population was overloaded by
0.208 million, with the same volume supported in the
rural areas. Consequently, the urbanization rate should be
controlled at 82.0%.
65

Population transfer (104)

Considering the upper bound, the optimal urban population was 0.8 million more than the 3.308 million
planned in 2015. However, transfer between counties is
essential. For example, 0.638 million people would have
to move from Wuhua, Panlong, and Jinning due to overloading, with Wuhua contributing 0.630 million. The
other five counties could receive 1.438 million urban
immigrants, including 0.811 million in Guandu and 0.498
million in Chenggong. When the sensitive parameters
were set to their lower bound level, a total of 2.177 million residents had to move from the watershed, except for
Chenggong and Songming, which had 81,000 vacancies.
Regarding the rural population, 0.266 million more than
the predicted 0.498 million could settle, and Panlong,
Guandu, Xishan, and Chenggong could accept 0.399
million. Conversely, 0.133 million had to move from the
other counties. Guandu and Xishan could accept 78,000
immigrants when set to the undesirable level, while the
other five counties had to move 0.280 million.
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FIGURE 4 - Population transfer in seven counties when achieving the
environmental carrying capacity for population in 2015 and 2020

Undoubtedly, population transfer was critical for Lake
Dianchi Watershed to achieve the environmental carrying
capacity by moving surplus population from one region to
the one with larger capacity. However, this population
transfer was unable to be applied directly for local government, because the optimal solutions was just considered to sufficiently utilize the maximum allowable TMDL
allocation for each county, where the TMDL allocation
was determined by minimizing the nutrient load reduction
at watershed scale. As mentioned in Problem formulation,
the proposed population pattern and end-of-pipe control
optimization model for Lake Dianchi watershed neglected
some critical issues. First, nutrient TMDL allocation was
determined for each pollution source, which could not be
amalgamated, resulting in a surplus in some allowable discharge loads. Second, complex economy-population inter-
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actions were not considered. Third, population growth and
distribution were dominated by natural inertance and the
probability of occurrence in different regions. Certainly, this
simplified form for Lake Dianchi watershed was enough for
proving the advantages of joint optimization mode for
lake water-quality management.

4.2 Sensitivity analysis for optimal solutions

Parameter sensitivity is essential for identifying the
best pollution control level. α i± , ε i± , NpATN i± , and
NpATPi ± were chosen for their controllability through

human efforts, making them useful for water quality and
population management. In 2008, α i± was about 50%, ε i±
was 5%, and NpATN i± and NpATPi ± had values of [18, 59]

4 DISCUSSION

and [7.2, 49.3] t⋅km 2, respectively, worse than their targets. Steps were set for the upper bound of each parameter. For example, α i± was targeted to range within [70%,
−

4.1 Comparison to the optimization without changes in population pattern

An interesting question arises what is the differences
between solutions of joint optimization and that of optimization without changes in population pattern. The objective function of the latter was the same as joint optimization mode, while adding new constraints to fix the population pattern for each county. The results of 2008, 2015
and 2020 are demonstrated in Table 3, given only the
upper bound of optimal solutions for example. Compared
to the solutions of joint optimization mode, the upper
bounds of the total population decreased sharply. The
maximum population of the three years was only 0.534
million in 2020, much less than that of joint optimization.
The other two lower results were 0.514 in 2008 and 0.523
million in 2015. Additionally, both urban population and
rural population changed in the same way and declined
violently. Apart from Songming whose population was as
large as the result in joint optimization, all the population
in the 7 regions dropped quickly, especially in Guandu,
whose population was reduced by more than 1.6 million.
In fact, when the population pattern is set, population in
each county was limited by the least one just like “Cannikin Law” says. In this study case, Songming was the short
board, whose relative small population carrying capacity
constrained the improvement of population in the other
regions of the whole watershed. The results of this comparison proved that population transfer was an effective
and stringent tool for pollution control at watershed scale.
Therefore, jointly optimize both population pattern and
end-of-pipe control could achieve the optimal balance
between human activities and lake water-quality management.

90%]. A 5% step length for the upper side was set stepwise. Five new parameter intervals, including [70%,
90%], [70%, 85%], [70%, 80%], [70%, 75%], and [70%,
70%], were generated to trace their effect in the optimal
model.
Only α i± had a significant effect on the populations
(Figure 3). The rest of the factors were excluded, as they
influenced farmland and built-up areas minimally. Urban
populations increased with α i± . For example, that in
Guandu increased 3.6 times when α i± increased from 70–
90%. The urban populations in some counties stopped
increasing when α i± reached a certain value, such as 98
and 82% in Panlong and Xishan, respectively. This might
have been due to the UPTN i± and UPTPi ± constraints becoming loose. An S-type curve appeared between α i± and
total urban population. The total urban population increased slowly when α i± ranged from 70–80% and 80–
90%. The steepest increase of 159,000 people with each
α i± increase occurred from 80–85%.
Although the relationship between α i± and the total
rural population was the same as that with the total urban
population, the relationships in each county were more
complex. The rural populations in Chenggong, Jinning,
and Songming varied directly with α i± (Figure 5). Those
in Panlong and Xishan became fixed if α i± increased to 87
and 76%, respectively. Conversely, those in Wuhua and

TABLE 3 - The upper bound of optimal results for both joint optimization and the optimization without changes in population pattern (104
person)
Region
Wuhua
Panlong
Guandu
Xishan
Chenggong
Jinning
Songming
Total

Joint optimization
20.4
83.4
157.2
85.7
59.7
4.2
0.2
410.8

Urban population
2008
2015
12.8
9.7
11.1
9.9
2.1
3.6
0.2
49.5

11.3
11.6
10.9
10.4
2.3
3.4
0.2
50.2

2020
10.5
13.3
10.7
10.8
2.4
3.3
0.2
51.2
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Joint optimization
0.2
4.2
15.7
12.0
30.8
12.7
0.7
76.4

Rural population
2008
2015
0.0
0.0
0.0
0.0
1.2
0.0
0.7
1.9

0.2
0.0
0.0
0.0
1.2
0.0
0.7
2.1

2020
0.2
0.0
0.0
0.0
1.3
0.0
0.7
2.2
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FIGURE 5 - Relationships between domestic wastewater collection rate α i± and the upper bound of urban and rural population
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Guandu decreased when α i± was > 87% in Wuhua and >
84% in Guandu, possibly because as more wastewater is
treated, less urban point-source pollution is emitted into
the lake, supporting a larger urban population. As a result,
farmland becomes built-up land, reducing agricultural
non-point source pollution. However, farmland cannot
decrease continuously below the protection level set by
Chinese law

[4]

Carver, C.E.A. and Mallet, A.L. (1990) Estimating carrying
capacity of a coastal inlet for mussel culture. Aquaculture,
88, 38-53.

[5]

Cao, S. and Chen, L. (2007) Disharmony between society
and environmental carrying capacity: A historical review,
with an emphasis on China. Ambio, 36(5), 409-415.

[6]

Oh, K., Jeong, Y. and Lee, D. et al. (2005) Determining development density using the urban carrying capacity assessment system. Landscape and Urban Planning, 73(1), 1-15.

[7]

Kozlowski, J.M. (1990) Sustainable development in professional planning: a potential contribution of the EIA and UET
concepts. Landscape and Urban Planning, 19(4), 307-332.

[8]

Arrow, K., Bolin, B. and Costanza, R. et al. (1995) Economic
growth, carrying capacity, and the environment. Science, 268,
520-521.

[9]

Feng, L.H., Zhang, X.C. and Luo, G.Y. (2008) Application
of system dynamics in analyzing the carrying capacity of water resources in Yiwu City, China. Mathematics and Computers in Simulation, 79, 269-278.

5 CONCLUSION
A population pattern and end-of-pipe control EILP
model based on carrying capacity theory was developed for
the Lake Dianchi watershed, resulting in the maximum
allowable population as well as the associated minimum
load reductions for the lake ecosystem restoration and social
development. Compared to traditional end-of-pipe control
approach, joint optimization of population pattern and endof-pipe control could achieve the optimal balance between
human activities and lake water-quality management. The
results revealed that our risk-based optimization model
could increase the environmental carrying capacity though
population transfer, and it could directly incorporate enhanced-interval uncertainty of parameters (e.g., A , B and
C ) into optimization framework, obtaining both interval
and expected values of optimal solutions. Certainly, future
work should update the proposed optimization model and
consider other issues on population growth, the distribution
probability of occurrence, and economy-population interactions within risk-based tradeoff analysis.
±

±

±

[10] Brown, K., Turner, R.K. and Hameed, H. et al. (1997) Environmental carrying capacity and tourism development in the
Maldives and Nepal. Environmental Conservation, 24(4),
316-325.
[11] Campbell, D.E. (1998) Emergy analysis of human carrying
capacity and regional sustainability: an example using the
state of Maine. Environmental Monitoring and Assessment,
51, 531-569.
[12] Liu, R.Z. and Borthwick, A.G.Z. (2011) Measurement and
assessment of carrying capacity of the environment in Ningbo, China. Journal of Environmental Management, 92(8),
2047-2053.
[13] Zhu, Y., Drake, S. and Lv, H. (2010) Analysis of temporal
and spatial differences in eco-environmental carrying capacity related to water in the Haihe river basins, China. Water
Resource Management, 24, 1089-1105.
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ABSTRACT
In the current study Artemia sinica whole and decapsulated cysts were exposed to nonylphenol so as to know
the usefulness of the cysts chorion as barrier. The whole
and decapsulated cysts were exposed to 5µg/L nonylphenol in seawater during hydration and hatching phase,
separately. According to the results, Artemia cysts chorion
has the capability to block the pass of nonylphenol molecules through this protection structure, as it was confirmed
when the concentration of nonylphenol was found higher
in exposed decapsulated cysts than whole cysts. In addition, the concentration was also higher in exposed cysts
than of embryo when the chorion removed, thus demonstrate the retention of nonylphenol molecules by the shell.
Hatching was not severely influenced by exposure to the
nonylphenol but the survival efficiency of exposed nauplii
at 48 h was significantly different from the controls. Similarly, the survival was higher in nauplii hatched from
exposed decapsulated cysts as compared to whole cysts,
presumably because of hatching from the encysted embryo is quite critical and energy demanding phenomenon.

KEYWORDS:
Artemia sinica, nonylphenol, cyst chorion, hydration, hatching

1 INTRODUCTION
The genus Artemia is the dominant macrozooplankton present in many hypersaline environments through various physiologic mechanisms, including osmoregulation,
synthesis and accumulation of various compatible solutes
[1, 2]. Their capability to stay alive and even thrive in very
harsh environments (e.g. desiccation, extreme temperatures,
* Corresponding author

high salinities and neutral to highly alkaline pH tolerance)
through well-developed osmoregulation involving enhanced
Na-K ATPase activity has long been of interest to biologists, properly called an animal extremophile [3,4].
The brine shrimp Artemia females indeed easily switch
from live nauplii production (ovoviviparity) to cyst formation (oviparity) [5]. In its natural environment when the
conditions endanger the survival of the species, Artemia
produces cysts (a dormant embryo enclosed by a distinctive shell or chorion that helps in protection) through oviparous reproductions which are float at the water surface.
Finally thrown ashore by wind and waves and can be easily
collected in high quantities [6]. These cysts are metabolically
inactive and after appropriate processing they can be stored
for several years at room temperature, as long as kept dry
under anaerobic conditions [5]. Under favorable hatching
conditions and immersion in seawater, the biconcave-shaped
cysts hydrate, become spherical and within the shell the
embryo resumes its interrupted metabolism. Depending
on cysts quality, origin and species composition, the outer
membrane of the cyst usually breaks within 20-24 hours
and Instar I nauplii of 0.4-0.5mm appears, surrounded by
the hatching membrane, consequently, in a short period of
time the hatching membrane is ruptured (= "hatching")
and the free-swimming nauplius is born [5].
Artemia populations are mostly inhabited in natural
salt lakes, coastal lagoons and solar salt works scattered throughout the tropical, subtropical and temperate
climatic zones as well as inland shallow saline water bodies
[5, 7], commonly are situated very close to agriculture and
industrial areas.
The alkylphenol ethoxylates are commercially important surfactants with industrial, agricultural, and domestic applications during the last several decades with an
annual production of 500, 000 ton, in which nonylphenol
ethoxylates is reported about 80% [8]. It has also been
demonstrated that alkylphenols, especially nonylphenol
and Octylphenol are more hydrophobic and having endo-
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crine disrupting properties [8-13], therefore might be a
big risk to brine shrimps Artemia populations due to their
toxicity irrespective of target species and to their bioaccumulation aptitude as well. This fact is alarming as
nonylphenol accumulated in Artemia body tissues are able
to reach aquaculture products through the non natural food
chain as Artemia is one of the major sources.
Artemia has been intended as a good test organism
for bioassays by Michael et al. [14]. Laboratory tests with
brine shrimps are universally used to evaluate the potential toxicity of environmental contaminants. Brine shrimps
are readily available in the form of dry cysts, the low cost,
substantial amount of relevant literature and the fact that
they have small body size, which can be easily stored and
shipped to any point of the world [15]. The utilization of
the cysts and nauplii eradicate the requirement of maintaining cultures of test organisms [16].
To date, several tests have been done to detect the
acute toxicity of phenolic compounds [17, 18]. Besides,
there are many bioassay investigations dealing with the
effect of toxic substances on cysts and early developmental stages of different species of Artemia [14, 15, 19-22].
So, the present investigation represents a first attempt
elucidated A. sinica in ecotoxicology. The study was
carried out to attain information regarding the protective
effect of the A. sinica cysts chorion when exposed during
hydration and hatching period to nonylphenol. The whole
and decapsulated cysts were exposed to nonylphenol and
the resulting nauplii during hatching and survival were
observed. The concentration of nonylphenol in cysts (whole
and decapsulated) exposed to nonylphenol throughout the
hydration phase was also determined.
2 MATERIALS AND METHODS
2.1 Origin and processing of the cysts

Cysts of the bisexual species A. sinica were used. They
were obtained from Bohai Bay Brand (Dongying Ocean
Artemia Co. Ltd., China) and reserved dehydrated at 4 °C
in the dark until the experiment was carried out. Previous to
the experiment, the cysts were kept in an oven at 40°C for
48 h to decrease the possible dampness obtain the whole
time during their storage space.
An original cysts subsample was decapsulated, removing the chorion by a solution of sodium hypochlorite [5,
22], then the decapsulated cysts were sufficiently washed
down with freshwater and the possible rests of hypochloride were neutralized by means of 0.1 N solution of HCl.
The decapsulated cysts were washed again with distilled
water, and reserved in saturated brine (temporal dehydration), in the fridge (4 °C) for the period of one week [22].
2.2 Chemicals

For cysts exposure nonylphenol (technical grade) was
purchased from Sigma-Aldrich. Hexane and acetone at
HPLC grade were obtained from MREDA, USA. The test

compound nonylphenol was dissolved in a small amount
of volume ratio of hexane: acetone (8:2; v/v) and determined its concentration in seawater at the end of each
experiment.
2.3 Treatment of whole cysts

The cysts of A. sinica were hydrated in cold distilled
water (4°C) for 6h, after that separated the sinkers and
those that float using Buchner funnel, washed with cold
water followed by hatch medium [23]. The hatch medium
consisted of pre-filtered (0.45µm) and autoclaved seawater (31gL−1) with 7.5-8 pH. To evaluate the efficiency of
cysts chorion A. sinica against 5µg/L nonylphenol, triplicate aliquots of 100mg cysts including control were hydrated in pre-filtered and autoclaved seawater at 270C (by
aquarium heater 230v-50Hz). The concentration of
nonylphenol adopted in this study was estimated from our
previous experiment (24). The ecologically relevant concentrations of nonylphenol from 6–7 µg/L (municipal
effluents) and 5µg/L (laboratory) were also recorded by
USEPA [25].
The whole process was carried out in a cilindroconical glass vessel (103 ml) with continuous side illumination
(20-W fluorescent lamp) and a slight aeration stone maintained by a small tube in contact with the bottom of the
vessel. To avoid changes in salinity due to evaporation,
masking tape was used outside the glass vessel and covered it accordingly.
2.4 Treatment of decapsulated cysts

Triplicates of two hundred mg aliquots of blotted dry
cysts including control were used. So the amount of dry
cysts were estimated to contain similar as followed for
dry whole cysts, apart from the fact that the exposed cysts
consequently washed were only hydrated for 2 h, which is
the calculated hydration time for the decapsulated cysts of
this strain [22].
2.5 Hatching efficiency and survival

After 24h of hydration, 5mL samples from each treatment were taken and observed by stereomicroscope
equipped with camera (Nikon, Japan) and the number of
developed cysts including embryos or vesiculated, pre- and
hatched nauplii was counted. Thus, the results of hatching
efficiency obtained were extrapolated to 1g of treated cysts.
The same process was conducted at 27, 30, 33, and 48h.
2.6 Analysis of n-nonylphenol in the cysts

Following the third control (30h), a batch of 50 freshly
hatched neonates were placed and treated in multi-well
plates (6 wells per plate, 2 plates per treatment) in filtered
and autoclaved seawater. The plates were incubated at
24 °C, and survival was estimated after 48 h.
One gram of whole cysts (per triplicate) was hydrated
in pre-filtered (0.45µm) and autoclaved seawater (31gL−1)
with 5µg/L of nonylphenol during 8 h. After that, the cysts
were decapsulated and stored for analysis. In addition, to
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monitor nominal and actual concentrations of nonylphenol before and after the hydration of the whole and decapsulated cysts, 10 ml of filtered and autoclaved sea water
(control) and the same amount of 5µg/L nonylphenol
treated seawater were sampled and followed accordingly.
All the samples were stored in a freezer at −20 °C until
they could be analyzed.
2.7 Analytical procedure for extraction of nonylphenol

The concentration of nonylphenol in A. sinica cysts
was determined following the method described in Hernandez et al. [26] with slight modiﬁcations.
Briefly, 2 g of reserved cysts were thawed at room
temperature pooled and homogenized with 30g anhydrous
sodium sulphate to remove the water contents. The samples were then extracted twice with 150ml of acetonitrile:
acetone (90:10; v/v) in a high speed blender during 3-5 min.
The extract was then filtered with gentle vacuum and by
gravity, pre-concentrated by Kuderna–Danish until ca.
5ml, and evaporated to dryness under a gentle flow of dry
nitrogen stream at controlled room temperature (25°C) to
<0.5 ml. The final residue was dissolved in 2 ml of nhexane and adjusted to 0.5 ml before GC/MS analysis.
The analytical method applied showed recoveries of 90.7%
at concentrations of 50 ng g−1, with a relative standard
deviation of 13%. The limit of quantitation considered as
the lowest concentration level validated in spiked samples
with satisfactory recovery and precision, was 50 ng g− 1,
and the limit of detection was estimated in 10 ng g− 1.

Hatched nauplii per 100 mg of cysts

The determination of nonylphenol in seawater was performed by the method of Fu et al. [27] with slight modifications. Briefly, a liquid: liquid extraction with dichloromethane (100+50+50 ml) was applied to extract nonylphenol from seawater. The DCM extracts were concentrated
with a rotary evaporator to about 1 ml and further concentrated under a gentle ﬂow of dry nitrogen to <0.5 ml. Water
residues in the extract were eliminated with anhydrous
sodium sulfate. Then acetone was added to change solvent,
followed by derivatization with BSTFA. Internal standards

were added and the ﬁnal volume adjusted to 1.0 ml before
GC/MS analysis. The recovery of nonylphenol from seawater spiked at 1 µg L− 1 was 89.5 % with a relative
standard deviation of 7%. Limits of detection were found
to be 0.04 µg L− 1
2.8 Statistical analysis

To compare means Student t-test and analysis of variance (ANOVA) was carried out. The data were compared
using Kruskall Wallis test when survival results failed normality and homoscedasticity tests even after log or arcsine
transformation.
3 RESULTS AND DISCUSSION
Figure 1 shows the effect of nonylphenol on the
hatching of the A. sinica cysts. It can be seen that both
whole cysts and decapsulated cysts present no differences
on hatching rate and efficiency. In both controls and
treatments the synchronicity of hatching was high. According to ANOVA, at 48 h a significance differences
were observed between the controls and exposed whole
cysts at α ≤0.05, but not at α ≤ 0.01; however there was
no significant differences in decapsulated cysts except the
controls. Noticeable restricted movements of the nauplii
hatched from cysts exposed to nonylphenol were observed either during hydration or the whole hatching
process in comparison to the controls.
Many studies dealing with the vulnerability of early
developmental stages of invertebrates to environmental
contaminants have been reported in the literature [28-30].
Michael et al. [14] has been demonstrated the fact that
restricted movement might be a criterion to test the effect
of toxicants on nauplii and adult Artemia. Similarly, Go et
al. [23] also reported that inorganic mercury has a noticeable effect on the emergence and hatching of Artemia
franciscana. At a very low concentration (0.01 mol L− 1),
the predominant result of mercury is a hold up in the rate
of development which does not interpret into a major

Whole cysts

Control
Hydration
Hatching

Hatched nauplii per 200 mg of cysts

© by PSP Volume 21 – No 12. 2012

Decapsulated cysts

Control
Hydration
Hatching

Time (h)

Time (h)

FIGURE 1 - Hatching of whole and decapsulated A. sinica cysts exposed to nonylphenol during the hydration period (Hydration) or during
the entire hatching time (Hatching). Error bars are mean ± standard deviation (n=3).
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decrease in the final amount of hatched organisms at the
end of the incubation period. At higher concentration of
mercury many organisms stalled at the emergence stage
of development. These authors declared that the toxicant
(mercury) is not put forth any stress upon development
until the cyst shell cracks open, and toxicants entered the
organism, so the facts that the cysts chorion is the barrier
or protective coat are in agreement with our results.
Actually, in ecotoxicology, several factors may critically affect the outcome of toxicity tests, for instance
water hardness, pH, temperature, chemical constituents,
species, age and/or stage of development of test organisms [31-33]. Kuwabara et al. [34] reported that all lipophilic compounds had not the same effect on hatchability
development of Artemia cysts, and also concluded that
heavy metals affect the hatchability of Artemia at lower
concentration than that of pesticides
Treatment

Survival (%)

Whole cysts
Decapsulated cysts

Control

Hydration

Hatching

Concentration (mg/L)

In the present study the effect of nonylphenol on the
naupliar survival was noticeable when exposed for longer
time i.e., fully exposed as compared to exposed only during
hydration, and thus higher survival was found in nauplii
hatched from exposed decapsulated cysts. In some cases
where cysts have relatively low energy content, the hatchability might be improved by decapsulation, because free
swimming nauplius produced from the encysted embryo
is quite critical and energy demanding phenomenon [37],
and cysts of some strains after decapsulation are reported
higher hatchability rate, together with higher naupliar dry
weights as well [38, 39]. Our results also observe this trend
that the benefits from decapsulation probably overcome
toxicological effect of the nonylphenol (endocrine disrup-

Concentration (mg/L)

FIGURE 2 - Survival of A. sinica nauplii hatched from whole and
decapsulated cysts exposed to nonylphenol during the hydration
period (Hydration) or during the entire hatching time (Hatching).
Error bars are mean ± standard deviation (n=3)

Fig. 2 shows the survival efficiency of the A. sinica
nauplii hatched from whole and decapsulated cysts exposed to nonylphenol either during the hydration process
or during the whole hatching time. The survival rate was
lower in nauplii hatched from whole cysts as compared to
that of nauplii hatched from decapsulated cysts. Survival
of the nauplii significantly decreased (Kruskall Wallis α
≤0.05) when the cysts exposed to nonylphenol. The results
were more visible in nauplii from exposed whole cysts. At
low concentration of alcohol the vulnerability of hatching
of the Artemia cysts and the germination of the cucumber
seeds was less than the normal growth and development
of the organisms but cucumber seeds and brine shrimp
cysts are killed by prolonged exposure to aqueous solutions of alcohols above 20% [35, 36]. These authors illustrated direct relation of the permeation capacity of the
alcohol to the hydrocarbon chain length. Absolute methanol penetrate in Artemia cysts quickly and ethanol slowly.
However, these authors further suggested that methanol is
similar to water in many of its characteristics with increasing aliphatic chain length, thus, can partially solvate
the protein of the membrane with consequent configurational changes in the protein and the exposure of the lipid.

Not exposed

Exposed

Not exposed

Exposed &
decapsulated

Exposed

FIGURE 3 - Concentration of nonylphenol during hydration in: A) whole A. sinica cysts and whole A. sinica cysts hydrated in nonylphenol
and then decapsulated, and B) decapsulated A. sinica cysts. Error bars are mean ± standard deviation (n=3).
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tor), and neurotoxicity take place only in the free swimming nauplii rather than in the embryo. Thus, weaker nauplii hatched from whole cysts may be more prone to the
toxic effects of chlorpyrifos than stronger nauplii hatched
from decapsulated cysts [22]. The present results on the
concentration of nonylphenol in whole, and decapsulated
cysts, and in whole cysts decapsulated just after hydration, showed that the A. sinica cysts chorion or shell efficiently act as a barrier retaining the majority of the toxicant. The results, shown in Fig. 3 clearly demonstrated the
toxicity trend of nonylphenol, higher concentration of nonylphenol was found in decapsulated cysts than in whole
cysts after hydration. Significant differences were found
(t-test, α ≤ 0.05) between the treatments of nonylphenol
concentration exposed whole cysts with that of exposed
cysts decapsulated after hydration.
It was found no teratogenic or lethal effects of any
methanol or ethanol concentrations on larvae of dehydrated
cysts of Artemia salina, which were directly exposed for
forty-eight hours [18]. At several exposure concentrations of
mercury and cadmium there were no differences in hatching
of Artemia cysts [40, 41]. Similarly, Brix et al. [21] also recorded no effect of Cd and Zn on brine shrimp hatching. In
contrast Bagshaw et al. [42] reported whole arrest of emergence in cysts exposed to the same or lower cadmium concentrations. As discussed by the above authors it is then
possible that differences in chorion thickness, metabolism,
and physiology among species can account for these different results. As genus Artemia cysts or nauplii are widely
used in many ecotoxicology tests without paying attention
to the species or strain used, so this information can be
very important for the correct interpretation of the results
when the bisexual population of A. sinica (Cai, 1989), commonly distributed in P.R. China and neighboring countries,
is selected as test organism.
In the above mentioned studies they have certainly
used different Artemia strains having different biological
and morphological characteristics. In our study the cysts
of A. sinica employed were obtained from Bohai Bay with
the recorded individual size (515 mm), dry weight (3.09 µg)
and energy content (10-3 Joule) [5]. However, in the present investigation no visible dissimilarity were observed
in hatchability between exposed whole cysts and decapsulated ones, therefore the mode of action of the toxicant and
its chemical formulation should also play a principal role
besides any barrier effect of the chorion.
In conclusion, the present study reveals that the bisexual species A. sinica cysts chorion acts as a barrier in which
obvious delays of affecting the embryos were observed
during the bioassay against nonylphenol. Our experiments
did however corroborate earlier observation by Varó et al.
[22] concerning the efficiency of brine shrimp (Artemia sp)
cysts chorion as barrier when exposed to chlorpyrifos. It is
not known that cysts chorion of parthenogenetic and bisexual species of genus Artemia have the same aptitude in
retention of same type of contiguous toxicants molecules.
So, further investigation is necessary.
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ABSTRACT
In this work, we are reporting on the oil pollution in
sea water and sediments of the Turkish coast, as well as
the oil input calculated from Bosphorus undercurrent water
into the Black Sea, between 2004-2007. The highest oil
levels were found at the western part stations in the surface water at Terkos station (4), and in the sediments at
Zonguldak station (13, 14). We suggest that the high pollution level is probably due to the pollution from Danube
River, intensive ship traffic for the stations 1-6, the illegal
discharge of ballast water from returning tankers, and also
high tanker traffic for the stations 10-20 at the western part
of the Turkish Black Sea. On the other hand, high pollution
at the eastern coast is correlated with inputs from the
neighboring petroleum loading stations. The calculated input
of oil from undercurrent of Bosphorus was (in tons): 10422.0
(2004), 5153.10 (2005), 9385.10 (2006), and 6162.50
(2007), respectively.
The oil input from the undercurrent of the Bosphorus
to the Black Sea includes sewage of Istanbul and cities of
the Sea of Marmara but also the pollution from Mediterranean/Aegean Sea.
KEYWORDS: Oil pollution, oil input, sea water, sediment, Turkish
coast, the Black Sea

1 INTRODUCTION
The Black Sea is a semi-closed sea, with a surface area
of 436,400 km2, overall length of 4,215 km, including the
Turkish coast line over 1,450 km. Bosphorus is the only
water-way for an exchange of the Black Sea water. In this
strait, there are two layers which were found for the first
time by Marsili (1680) [1] and later by Makarov (18811882) [2] and Merz (1918) [3-5]. The Undercurrent in Turkish Straits carries the Mediterranean sea water entering
from the Dardanelles and through the Sea of Marmara, then
exiting Bosphorus [3-5]. The annual volumes of two currents were reported as follows: The upper layer flowing
from the Black Sea to the Sea of Marmara has a volume
* Corresponding author

of 380 km3 and the under current (Mediterranean/ Aegean sea) flowing in the reverse direction has a volume of
183 km3 [5, 6].
The Black Sea is a ship route (approx. 60,000/year),
of which 10,000 tankers transport Russian/Kazakh oil
from loading stations Novorossiysk and Supsa as well as
Caspian oil from Batumi and Kulevi to the west via the
Bosphorus. The major problem of the Black Sea is the oil
pollution which enters via different routes as tanker and
shipping activities, industrial effluents and urban/river
off-runs. There are a few reports on the oil pollution in the
Black Sea. A review on the pollution of the Black Sea was
published by Polikarpov et al. [7]. Oil is delivered from
shipping activities (12,000 t/y) [8], from land-based sources
(48,000 t/y) [9], or Odessa region (410 t/y) [10]. The oil
film on the Black Sea was found to be approximately 2.8120 t, and the maximum value exceeded 600 t [11]. Oil
inputs to the Black Sea from the countries were summarized by the Black Sea Environmental Program (BSEP,
1996) as follows: Russian Federations 4,419 t/y, Ukraine
38,299 t/y, Georgia 78 t/y, Romania 7,196 t/y, Bulgaria
6,658 t/y, Turkey 760 t/y, and in total 57,404 t/y [12]. Oil
delivery from rivers flowing to the Black Sea was reported to be 410,000 t/y [13], with 110,000 t/y from Danube
region [8]. Another paper reported that 111,000 tons of oil
enters the Black Sea each year, and of which 48% is
transported by Danube river [14].
Oil pollution in sea water of the Russian Black Sea region during 1980-1993 was reported as follows: in Anapa
0.14-0.12 mg/L, Novorossiysk 0.22-0.09 mg/L, Tuapse
0.32-0.09 mg/L and Sochi 0.12-0.13 mg/L [15], in 1990
Sevastopol 0.54 mg/L, in 1991 Yalta 0.18 mg/L and Alusta
0.05 mg/L [16]. The amount of petroleum hydrocarbons on
the shores and the open sea of the Black Sea was 0.05-1
mg/L, and PAH amount was 0.00062 mg/L [7]. In Bulgaria, oil levels in Varna Bay varied between 0.21 and
0.31 mg/L in 1990-1991 [17]. At the Romanian coast, oil
levels were 0.0914-0.1029 mg/L in 1997 [18], and 00.7391 mg/L during 1990-1997 in Constanta Nord-Vama
Veche [19]. Oil pollution level in sea water including different water depths of Bosphorus was determined monthly
during 2004-2007 [20], and this report included oil pollution in sea water at the 3 stations 15 km from the entrance
of Bosphorus but they did not include information about
oil input from Turkey into the Black Sea.
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The petroleum oil amounts in the sediments at the
Bulgarian coast were found to be 1.60 µg/g in Varna Bay,
and 5.8 mg/g in Varna Port [21]. In Ukrainian ports, they
were 3.8 mg/g for Odessa, 4.5 mg/g for Ust-Donaisk, 6.2
mg/g for Hyichevsk, 4.9 mg/g for Kerch, and 12.8 mg/g
for Sevastopol [22]. Oil pollution in sediments was determined by Readman et al. [23, 24] in 25 surrounding
country stations of the Black Sea using chrysene (1) and
Rompe oil (2) references in September 1995, and it was
found in Ukraine at 10 stations to be 0.6-320 µg/g (1),
3.2-1750 µg/g (2), Russian Federation at 5 stations 16530 µg/g (1), 52-680 µg/g (2), and Turkey at 10 stations
near Bosphorus 1.9-69 µg/g (1), 6.5-340 µg/g (2). In
addition to these values, the total hydrocarbon levels in
sediment ranged from 1.7 to 1578 µg/g in Zonguldak, the
industrial town of Turkey [25].

8 h. The extract was dried over anhydrous sodium sulfate,
then filtered and distilled at 40 oC. The residue was taken
with hexane, and the volume adjusted to 10 ml in a volu-

The present study was undertaken to determine the oil
pollution in sea water and sediments along the Black Sea
coast of Turkey as well as to calculate the delivered
amount of oil from the undercurrent of the Bosphorus
using the findings of 2004-2007.
2 MATERIALS AND METHODS
Sea water and sediment samples were taken by Arar
S/V, Istanbul University. The map of sampling stations,
depths and coordinates are shown in Fig. 1 and Table 1.
Sampling dates were September 2004, April and October
2005, April and September 2006, and September 2007.
The stations at the Black Sea coast of Turkey were
investigated in two parts: the western part including the
station numbers 1-27 (İğneada-West part of Sinop) and
the eastern part with the station numbers 28-63 (SinopHopa) (Fig. 1).
2.1 Sea water sampling and analyses

Sea water samples (3.5 L) were taken from a depth of
0.50 cm by a Nansen apparatus attached to a computerized trap; 10 ml dichloromethane was added for preservation, and samples were stored at 20 oC until extraction.
Samples were divided into 3x800 ml, and each portion
was extracted 3 times with 3x30 ml of dichloromethane;
then, the extracts were combined and dried over anhydrous sodium sulfate, filtered and distilled at 40 oC. The
residue was dissolved in hexane and the volume adjusted
to 10 ml with hexane. The oil concentration was measured
by UVF analysis (Fluorospectrophotometer Shimadzu
RF-1501) [26].
2.2 Sediment sampling and analyses

The sediment samples were taken using a van Veen
grab sampler, and depths indicated in Table 1. After collection, the sediments were sieved and stored deep-frozen
at -20 oC until analysis. 20 g sediment sample (wet weight)
was mixed with 40 g of anhydrous sodium sulfate and
extracted with dichloromethane in a Soxhlet apparatus for

FIGURE 1 - Map of Turkish coast of the Black Sea and the locations of sampling stations.
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TABLE 1 - Coordinates and sampling depths of sediments.
Station
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Latitude
41o,87042
41o,864167
41o,8259
41o,36845
41o,389
41o,586383
41o,192533
41o,237183
41o,342317
41o,14495
41o,1679
41o,177633
41o,460183
41o,468133
41o,501817
41o,587533
41o,590633
41o,6064
41o,68965
41o,692217
41o,695917
41o,988067
41o,998467
42o,08255
42o,065133
42o,082767
42o,138683
42o,017217
42o,005417
41o,998483
41o,746317
41o,743233

Longitude
28o,05885
28o,11385
28o,6058
28o,62488
28o,64668
28o,84902
29o,5939
29o,60333
29o,646933
30o,629083
30o,64085
30o,643683
31o,77185
31o,775633
31o,772633
32o,044183
32o,050517
32o,035767
32o,218833
32o,218767
32o,216533
33o,7814
33o,786
33o,786383
34o,917583
34o,905983
34o,864817
35o,156233
35o,166233
35o,3152
35o,958933
35o,95595

Depth (m)
21
52
100
21
53
96
27
51
104
21
50
98
19
51
102
21
65
120
21
54
93
24
51
100
21
51
101
21
49
97
22
51

Station
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

metric flask. The oil concentration was determined by
UVF analysis [27].
2.3 Standard equation of oil

Russian/Kazakh and Caspian crude oils (2004-2007)
obtained from TUPRAŞ refinery (Izmit/Turkey) were used
as reference materials. Standard curve equations of these
samples were calculated to determine the oil concentrations
of sea water samples collected for the same years. The
standard curves were plotted in each year with a concentration of 0.25-1.25 µg/ml in hexane, and fluorescence
intensity was measured at 310/360 nm (ex/em) by UVF
analysis.
2.4 Chemicals

Hexane, dichloromethane and anhydrous sodium sulphate were purchased from Merck (Darmstadt, Germany).
3 RESULTS AND DISCUSSION
3.1 Oil pollution in sea water

The results of oil levels in the sea water (µg/L) and
sediments (µg/g wet weight) of the Turkish Black Sea
coasts are shown in Table 2 for the western part (stations
of 1-27) and Table 3 for the eastern part (stations 28-63).

Latitude
41o,753217
41o,301567
41o,346917
41o,376517
41o,393567
41o,420383
41o,420383
41o,0357
41o,06695
41o,067683
40o,99665
41o,0196
41o,070367
40o,9228
40o,93335
40o,944367
41o,08595
41o,088717
41o,096933
41o,00585
41o,015767
41o,030467
41o,0345
41o,0469
41o,056867
41o,193867
41o,201517
41o,210633
41o,423233
41o,424033
41o,424033

Longitude
35o,945567
36o,346583
36o,388517
36o,412117
36o,654017
36o,651967
36o,651967
37o,502533
37o,525067
37o,52805
37o,883333
37o,90825
37o,99925
38o,4019
38o,41165
38o,4116
39o,370267
39o,3675
39o,361217
39o,743183
39o,734467
39o,725833
40o,541133
40o,534767
40o,532583
40o,904167
40o,904017
40o,905733
41o,4292
41o,421767
41o,421767

Depth (m)
104
13
50
100
10
51
111
21
41
86
9
53
111
26
58
97
15
51
102
9
55
100
21
52
107
21
51
101
20
50
100

The maximum oil amounts were determined in the
west part of the Black Sea as (µg/L) in İğneada (st. 1)
306.75, Terkos (st. 4) 855.48, and Karasu (st. 10) 647.30,
for October 2005. These regions were found to be highly
polluted, most probably due to the pollution from Danube
River current for stations 1-6 and the illegal ballast water
discharge for the stations 10-20. It was also observed that
tar had been mixed in coastal sand of this area. This clearly indicates that illegal ballast water is intensively discharged in this region (st. 10-20). The highest pollution in
the east part of the Black Sea was observed in October
2005 as (µg/L) in Trabzon (st. 50) 571.78 µg/L and Hopa
(st. 62) 128.75 µg/L. The high pollution at the east coast
is correlated with inputs from neighboring petroleum loading stations as reported by Oradovskii et al. (1997) [15].
The oil pollution levels are higher in the west part than
the east part of the Black Sea.
The oil pollution levels (µg/L) in the bays of the
Turkish Black Sea coast in 2007 were as follows:
Zonguldak (st. 13) 366.32, İnebolu (st. 22) 29.32, Sinop
(st. 30) 9.99, Samsun (st. 34) 54.28, Ordu (st. 43) 59.38,
Giresun (st. 46) 44.77, Trabzon (st. 51) 106.43, Rize (st.
57) 143.33, Pazar (st. 58) 135.97, and Hopa (st. 63)
108.15. The highest pollution in the bays of Turkey was
observed in Zonguldak (st. 13) (west part) and Rize (st.
57) (east part). Comparison of the bays shows that the
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highest pollution level in Zonguldak (st. 13) may be due
to the hydrocarbons originating from coal mining industry
and shipping activities. The oil pollution in the bays of the
eastern part of the Black Sea (coast of Turkey) are higher
than those at the western part (except Zonguldak), which
could be due to the oil loading stations in Novorossiysk,
Supsa, Batumi and Kulevi, located along the coasts of
Russia and Georgia. The pollution level along the Turkish
coast is lower when compared with Bulgarian (Varna
Bay) [17], Romanian (Constanta Nord-Vama Veche) [18,
19] Ukrainian (Odessa, Ust-Donaisk, Hyichevsk, Kerch
and Sevastopol) [16, 22] and Russian (Anapa, Novorossiysk, Tuapse and Sochi) ports [15].

The concentration of oil found in the surface water of
the Turkish Black Sea was highest in 2005, and then
slightly decreased in 2006-2007 because of intensifying
controls of coast guards.
3.2 Oil pollution in sediments

The highest oil pollution levels in sediment samples
(µg/g) were detected in the western part 11999.00 in April
2005, 911.28 in October 2005, 9092.28 in April 2006,
1688.82 in September 2006, and 2060.67 in September
2007 at Zonguldak (st. 13). These high levels of oil pollution were also confirmed by the recent article reporting the
hydrocarbon levels ranging from 1.7 to 1578 µg/g [25].

TABLE 2 - Oil pollution levels in the sea water (µg/L) and sediment (µg/g wet weight) from the west part of the Black Sea.
St
ations
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Sa
mpleSu
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment
Su
rfaceSe
diment

2
004 1
1.41 4
2.23 1
0.97 6
.91 4
.52 1
0.50 2
.39 3
.00 2
1.52 5
1.81 2
.12 2
.61 7
.29 7
7.17 8
.54 1
.24 3
.99 3
8.67 6
.41 4
.16 6
.69 3
.87 6
8.27 1
5.24 8
83.831
3.96 4
1.23 2
.74 6
2.17 5
.17 8
9.33 1
3.93 1
70.061
1.53 2
1.05 2
.33 5
4.19 1
6.48 2
8.55 6
.97 2
5.18 1
2.15 1
1.12 6
.16 1
8.30 1
.00 0
.80 3
.04 3
.52 2
.56 -

20
05 2.6
1 1.6
0 11
9.4223
3.213.7
5 31.
41 6.7
6 1.6
9 20.
28 13.
27 2.4
8 2.7
8 10.
95 15.
94 20.
05 38.
65 11.
01 30.
77 16.
66 11
999.06
28.
59 90
24.99
5.8
8 47
5.5113.
98 13.
19 7.7
7 7.0
4 38
9.2914.
33 41
1.029.7
6 79
3.6712.
83 8.4
8 21.
41 10.
05 11.
92 49.
29 -
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20
05 31
6.7574.
51 21
2.383.0
2 62
4.041.9
2 85
5.482.6
5 26
5.483.5
0 60
0.9340.
67 49
0.2760.
72 62.
71 5.5
1 41
4.506.6
0 64
7.301.9
1 25
2.094.1
6 95.
82 7.4
0 10
4.8091
1.2831
1.5310
16.4723
9.865.9
5 80.
52 7.1
0 27
9.0277.
49 12
9.8028
4.8224
7.8217.
04 20
8.6428.
01 11
5.1527.
25 60.
62 30.
45 83.
88 4.6
2 11
3.4239.
61 26.
53 5.5
5 30.
61 2.4
8 2.3
6 11.
73

20
06 82
.80 42
.99 49
.11 5.
11 33
.35 30
.78 37
.01 1.
62 34
.11 26
.68 32
.25 5.
31 48
.89 7.
35 39
.55 33
.87 16
.28 3.
63 62
.19 5.
93 25
.52 20
.58 36
.96 12
.44 63
.76 90
92.3921
.09 48
49.9340
.89 50
7.2475
.36 13
4.1058
.29 57
5.0264
.60 57
4.5943
.20 54
.68 52
.06 80
.63 68
.49 28
.77 29
.02 20
.26 43
.05 53
.23 34
.57 68
.35 34
.63 18
.40 36
.93 17
.41 39
.42 47
.91

20
06 42
.62 6.
62 46
.51 2.
44 53
.40 5.
39 31
.41 3.
46 32
.06 26
.95 73
.67 2.
99 41
.63 15
.88 30
8.9414
.94 83
.56 4.
44 57
.48 3.
22 38
.57 5.
51 66
.01 16
88.8253
.35 90
4.8543
.52 58
.66 48
.53 22
3.6216
8.3122
.21 45
.17 35
.07 81
.16 60
.04 43
.21 45
.40 48
.81 46
.26 55
.39 26
.17 89
.02 5.
13 58
.63 20
.22 59
.68 6.
70 42
.74 16
.33 32
.48 5.
75

20
07 63
.04 3.
93 55
.07 68
.01 56
.33 20
.69 61
.60 6.
38 81
.60 19
.90 86
.65 54
.63 72
.70 8.
67 73
.97 9.
33 10
5.4243
.33 50
.25 11
.82 66
.00 19
.50 41
.67 39
.15 10
0.0920
60.6738
.90 21
41.1158
.94 72
5.2356
.03 12
3.6051
.01 30
1.7619
9.2126
.34 92
.14 87
.92 13
1.7119
6.0562
.24 18
3.0329
.32 15
.59 12
.49 67
.20 13
.52 60
.29 12
.06 7.
50 22
.92 37
.04 53
.00 81
.23
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TABLE 3 - Oil pollution levels in the sea water (µg/L) and sediment (µg/g, wet weight) from the east part of the Black Sea.
Stations
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

Sample
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment
Surface
Sediment

2004
1.16
27.00
1.70
18.44
14.00
12.70
4.29
2.94
4.41
2.14
6.19
2.45
42.28
71.84
17.16
2.74
3.07
1.56
3.05
0.28
1.88
2.78
18.71
5.67
13.70
1.57
9.79
4.39
2.10
1.49
2.28
5.28
24.15
7.68
3.26
9.64
15.92
14.97
7.22
15.54
6.67
9.45
26.77
0.93
1.82
9.86
25.15
9.40
23.49
53.50
1.57
32.32
6.55
15.18
5.27
14.27
7.20
20.45
2.69
22.56
3.24
8.75
4.42
22.26
2.06
3.90
1.98
1.58
2.20
28.84
2.13
6.86

2005
10.43
339.27
9.68
40.21
7.48
29.19
27.13
3.35
28.65
27.88
23.06
14.17
313.97
9.18
56.96
5.32
12.66
10.95
2.90
9.27
2.32
18.06
29.34
25.14
18.29
158.33
169.87
13.16
5.22
163.28
149.89
24.55
2.97
16.29
29.27
46.88
69.16
2.62
21.70
14.37
13.21
21.50
7.52
108.96
15.42
71.53
7.01
12.61
6.05
72.29
6.15
84.16
11.53
159.38
8.61
7.20
178.89
16.27
12.68
13.05
14.43
54.32
12.76
2512.38
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2005
25.19
513.54
37.28
10.99
29.94
5.06
40.17
54.54
65.51
63.05
47.50
3.73
27.23
15.52
34.00
6.60
1.72
31.49
62.17
4.38
15.98
2.89
23.78
3.68
43.29
28.05
17.07
3.99
31.74
3.30
21.27
3.72
118.86
32.37
40.06
7.15
28.36
905.85
96.67
8.24
25.39
7.56
20.44
50.91
571.78
55.97
26.12
41.20
15.81
53.35
92.72
93.11
15.59
38.61
10.27
55.68
11.55
15.56
29.02
6.62
19.72
24.80
118.65
5.61
112.06
9.25
116.59
32.09
128.75
43.60
23.23
3.84

2006
88.51
238.88
20.22
9.95
60.21
44.81
71.48
24.15
75.86
20.58
30.21
13.45
27.05
854.74
43.51
5.18
91.27
35.69
104.05
6.35
124.58
14.09
106.87
64.81
37.40
28.56
70.44
5.54
52.88
28.37
28.68
15.59
36.67
15.29
42.32
24.61
54.23
58.59
46.14
62.26
52.55
3.92
36.40
5.87
44.05
7.85
25.26
6.88
60.35
13.12
118.84
57.15
43.48
41.31
47.51
40.23
17.55
72.19
28.47
7.90
34.47
3.37
45.12
9.02
44.97
16.58
62.87
45.63
55.78
45.37
29.27
41.71

2006
23.35
174.25
273.92
4.55
42.01
6.35
41.46
14.01
48.71
2.74
53.00
17.22
35.71
21.43
64.20
20.23
63.02
3.28
96.93
1.34
57.88
3.48
47.29
1.95
57.43
15.59
54.41
2.52
64.83
2.56
56.42
4.53
62.13
6.37
33.60
17.61
35.82
69.08
37.25
5.65
44.11
40.41
48.60
45.89
18.83
51.15
45.50
60.76
24.25
51.97
8.39
65.67
51.70
510.14
44.95
46.81
21.97
91.00
4.13
37.51
125.35
51.52
3.96
39.92
15.36
43.82
62.38
32.51
40.75
75.80
-

2007
14.99
291.97
66.35
26.73
9.99
51.30
40.03
10.62
86.13
17.23
162.68
13.06
54.28
131.98
40.92
15.48
116.23
22.11
53.31
10.33
35.24
14.43
26.89
21.49
66.13
22.05
56.45
16.71
56.09
19.78
59.38
13.22
73.14
16.57
36.25
10.24
44.77
52.72
58.42
52.24
45.15
16.88
24.53
4.33
29.90
27.26
106.43
20.22
23.33
164.50
46.90
33.14
67.62
43.48
54.09
28.64
55.37
109.48
143.33
45.08
135.97
3.55
83.62
10.79
76.08
14.69
41.40
11.42
40.86
75.16
118.15
41.03
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These stations are located in Zonguldak where heavy ship
activities and coal industry exist. In the eastern part, oil
pollution levels (µg/g) were detected to be 339.27, 238.88,
291.97 at Sinop (st. 28) in 2005-2007, respectively; 313.97,
854.74 at Samsun (st. 34) in 2005 and 2006, respectively,
and 905.85 at Giresun (st. 46) in 2005. According to these
results, it can be concluded that the sediments of the western part are more polluted than the eastern part. The results
of Readman et al. [21] (2002) cannot be compared with our
results because the sampling areas, dates and reference
materials used for the analyses are not the same. When
these results were compared with other Black sea bays,
such as Varna Port 5.8 mg/g [21], Odessa 3.8 mg/g, UstDonaisk 4.5 mg/g, Hyichevsk 6.2 mg/g, Kerch 4.9 mg/g,
and Sevastopol 12.8 mg/g [22], Turkish bays are considerably less polluted (except Zonguldak).
3.3 Input of oil amount from Turkey via the undercurrent of
the Bosphorus (Mediterranean Sea) to the Black Sea

Oil amount in the undercurrent of the Bosphorus was
measured every month in the years 2004 -2007 [20]. The
under-current of the Bosphorus contains oil pollution of
cities of the Sea of Marmara and Istanbul but also pollution of Mediterranean/Aegean Sea. Table 4 shows the average of oil and input of oil amount which was calculated
from the volume of 193 km3/per y [5]. A graphical
presentation of the annual input of oil for 2004-2007 is
shown in Fig. 2.
TABLE 4 - Average and input of oil amount from the undercurrent
of Bosphorus.
Average of oil amount
(µg/L)*
2004
54.00
2005
26.70
2006
48.63
2007
31.93
*Reference [19]
Years

Input of oil amount
(t)
10422.0
5153.1
9385.1
6162.5

this result was compared with BSEP report, the amount of
oil pollution is elevated throughout the years. It is important to note that the oil amount of the undercurrent of
the Bosphorus also includes the pollution of the Mediterranean seawater entering from the Dardanelles and the
Sea of Marmara [5]. Oil input to the Black sea (t/y) is as
follows: Bulgaria 6652, Romania 7196, Ukraine 38299,
Russian Federation 4419, Georgia 78, Turkey 760, and
totally 57404 [12]. When our results were compared with
BSEP 1996 report, they are approximately 8-14 times
greater than those of BSEP.
In another study, 2006, an oil spill along the main
shipping routes of the Black Sea (Odessa-Istanbul and
Novorossiysk-Istanbul) was clearly presented via the satellite images by Tarchi et al. [28]. A substantial concentration of likely oil spill in the same study was also detected in
the area around the loading stations of Batumi, Georgia.
These findings also support our high levels of oil concentrations found in the eastern stations [28].
4 CONCLUSION
No significant correlation in oil pollution was found
between surface waters and sediments of the Turkish Black
sea coasts.
When discussing the oil pollution on different areas
of the Turkish Black Sea coast, we suppose that the high
pollution level for the stations 1-6 is probably due to the
pollution from Danube River, for the stations 10-20 to
intensive ships traffic and the illegal discharge of ballast
water, and for stations 55-57 is correlated with inputs
from the neighboring petroleum loading stations.
The limit value for seawater is 2.5 µg/L according to
FAO 1982 [29], and that for sediment is 10 µg/g (dry
weight) [30]. In Turkish Black Sea coast, oil levels generally exceed these limits, except some stations. These
findings indicate that the area examined is greatly influenced by oil pollution.
The oil input from the undercurrent of the Bosphorus
to the Black Sea includes sewage of Istanbul and cities of
the Sea of Marmara region as well as the pollution from
Mediterranean/Aegean Sea [5].
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FIGURE 2 - Inputs of oil to the Black Sea from the undercurrent of
Bosphorus in 2004-2007

BSEP ([12] (1996)) reported the input of oil from
Turkey as 760 t/y but we calculated that the total input of
oil from the undercurrent of the Bosphorus varied between 5153.1 and 10422.0 t annually in 2004-2007. When
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ABSTRACT
This study constructs a linkage between agricultural
pollution and regional industrial development, and utilises
input-output structural decomposition analysis (IO-SDA)
to explore the driving forces behind agricultural pollution
changes (nitrogen as a pollution indicator) within the period
of 1990-2005 in the Ibaraki Prefecture of Japan to explain
the incompatibility between the advanced industrial economy and intensive agricultural pollution. Not only the positive and negative factors in the course of regional industrialization for agricultural pollution reduction have been
explored, but also the driving forces behind the demand
structure, and influential sectors have been distinguished
in detail. The results indicate that the advanced industrial
economy could benefit agricultural pollution reduction but
does not provide a guarantee that this reduction will occur.
In the Ibaraki Prefecture, the positive factors can be attributed to the optimising production and consumption
structure, but negative factors originated from the trade
structure, and increased final demand levels were also
notable. The export-led strategy of agricultural-related
products in food industry was a critical factor to increase
regional agricultural pollution. On the basis of the experiences of the advanced industrial region, the meaningful
development strategy has been provided for the developing regions which are struggling for industrialization to
prevent agricultural pollution from the original sources.

KEYWORDS: Agricultural pollution; structural decomposition
analysis; input-output analysis; nitrogen; eutrophication

1 INTRODUCTION
Intensive agricultural production is identified as a significant cause of the contamination of surface water and
groundwater. Coupling with pollution natures of uncertainty,
* Corresponding author

randomness and complexity, agricultural pollution control
is generally costly and difficult to achieve. Many efforts
have been made to attempt to reduce agricultural pollution
through improving farm management practices, such as the
‘best management practices’ (Clean Water Act Amendments, 1987) in the USA and the ‘agri-environmental
measures’ (Council Regulation No. 2078/92/EEC) in Europe, or implementing pollution abatement measures, such
as constructing artificial wetlands and filter strips [1, 2]. In
practice, however, the rate of pollution discharge is often
higher than that of treatment. Currently, agricultural pollution con-tinues to cause many serious environmental pollution problems worldwide, such as the eutrophication of
aquatic ecosystems [3, 4]. Consequently, this study takes
account of agricultural pollution from a new perspective
of industrial economics, and focuses on trying to reduce
agricultural pollution from the originating sources.
The Ibaraki Prefecture is famous within the environmental research field as the typical eutrophic lake and the
second-largest freshwater lake of Japan, Lake Kasumigaura, which is located inside. This prefecture has experienced a rapid upgrade of industrial structures and economic
growth since the 1970s [5]. At present, the local industrial
economy has reached a relatively high level where the
agricultural industry occupies a smaller economic share
(2.3% in 2005) than that of the manufacturing (35.4% in
2005) and service industries (62.3% in 2005). On the basis
of the industrial economics perspective, with the upgrading
of industrial structures, the production intensity of the
agricultural industry should be reduced, and the dominant
sectors tend to be for the manufacturing industry, and then
the service industry. Consequently, an environmentally
friendly supply chain could be formed [6]. Moreover, with
economic growth, there is an increase in people’s attention
to environmental remediation and technological progress
that reduces pollution emission intensity. In theory, the
agricultural pollution should be mitigated with the economic growth. However, agricultural pollution in Ibaraki
Prefecture slowly declined, and even appeared to have increased slightly over the past decades [7]. As approximately
60% of agricultural production within the Ibaraki Prefecture is concentrated in the Lake Kasumigaura basin, the
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fragile aquatic environment of the lake has long been
threatened by agricultural pollution [8, 9]. Obviously, in
Ibaraki Prefecture, the advanced industrial economy might
be not a panacea for agricultural pollution reduction, and a
contradiction exists between the local advanced industrial
economy and heavy agricultural pollution. To address this
contradiction, revealing the driving forces behind agricultural pollution is essential.
Decomposition analysis has been widely used to
study the driving forces of changes of an aggregate indicator over time. Two popular decomposition techniques
are the index decomposition analysis (IDA) and the structural decomposition analysis (SDA) [10]. IDA is often
adopted by energy researchers who wish to have a better
understanding of the drivers of energy use and energyrelated emissions in a specific energy consumption sector,
while SDA is used primarily by researchers who are familiar with input-output (IO) analysis and wish to extend
it to study changes in energy consumption or emissions in
the whole economy. Therefore, SDA has more advantage
in analyzing agricultural pollution causes from the viewpoint of region economy [11]. However, the majority of
empirical studies focus on explaining the material flows,
energy consumptions and greenhouse gas emissions. Until
now, few studies have applied this analysis approach to
quantify the drivers of agricultural pollution, with the exception of that by Wier and Hasler [12].

largest region for pig farming in Japan, and it is number
one area for freshwater fishery and carp breeding [13].
The environmentally sensitive area inside Ibaraki Prefecture is the Lake Kasumigaura basin (area 2157 km2).
As the second-largest freshwater lake, Lake Kasumigaura
(lake area 220 km2) plays an important role in providing a
water supply to industry, for agricultural irrigation, and
for fisheries, tourism and navigation. However, water
quality degradation in the Lake Kasumigaura began in the
1960s. Thereafter, algal blooms and fish deaths have
frequently occurred in the lake, and until now, no obvious
indications of water quality improvement have been observed. Because approximately 60% of the agricultural
production of Ibaraki Prefecture is concentrated in this
lake basin, the flourishing local agricultural industry was
always regarded to be one of major nutrient pollution
sources. It was officially reported that the agricultural pollution contributed approximately 41% of total nitrogen (TN)
load in the Lake Kasumigaura basin in 2003.

Consequently, based on input-output tables from the
Ibaraki Prefecture, this paper utilised IO-SDA to analyse
the driving forces behind agricultural pollution changes
from 1990-2005. Nitrogen pollution was selected as the
indicator of agricultural pollution. The purpose of this study
was to identify positive and negative contributors to agricultural pollution reduction in the advanced industrial region.
We did it for two reasons: firstly, to provide guidance for
further reduction of agricultural pollution in the Ibaraki
Prefecture, and secondly, but perhaps more significantly,
to share the experience and results with other developing
regions so that they can better prepare to harmonize the
relationship between industrial development and agricultural pollution.
2 MATERIALS AND METHODS
2.1 Study area

Ibaraki Prefecture is located in the Kanto plain of Japan (Fig. 1). The land area is 6,095 km2, and the resident
population was 2,963,483 in 2009. Ibaraki's economy is
mainly dependent on the manufacturing enterprises located in the Kashima seaside industrial zone and the Hitachi
region. Additionally, in recent decades, leading-edge
science and technology centres, such as Tsukuba and Tokai, have acquired an excellent reputation worldwide. Nevertheless, agriculture has always been regarded as a competitive industry. Ibaraki Prefecture prides itself as the
largest production area for lotus root planting and the third-

FIGURE 1 - Location of the study area.
2.2 Input-output structural decomposition analysis

In this study, structural decomposition analysis of agricultural pollution changes was based on input-output
models. In the IO-SDA, the total change in the Leontief
inverse matrix could be disaggregated into a part associated with changes in technology within each sector (as re-
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flected in changes in the direct input coefficients matrix),
and a part associated with changes in product mix within
each sector. Similarly, the changes in final demand could
be further disaggregated into a part that reflected changes
in the overall levels of final demand, and a part that captured changes in the composition of final demand [14].
The basic mathematical expression we used is as follows:
(1)
where,
is the annual total nitrogen emission
from agricultural sectors;
represents the nitrogen
emission intensity of agricultural sectors;
is a
diagonal matrix composed of ones and zeros to select the
agricultural sector row, which has ones appear in the
location of the correspond agricultural sector, and all the
other elements are zeros [15]; I is the identity matrix;
is a technology matrix showing the inputs of
sectors per unit of their output in monetary terms; and
and
represent the composition of final
demand and the final demand level (GDP), respectively.
There are seven categories of final demand included in
our input-output tables: public consumption, private
consumption, government consumption, capital formation, changes in inventories, export and import.
When performing SDA, it is possible to compare
terms relative to the start or end of each time period. From
t - 1 to t time period, in this study, the changes in agricultural nitrogen emission,
, can be expressed as:
        

(2)  

where,
is the Leontief inverse representing
changes in the production structure.
A number of alternative decompositions can be derived. If the number of factors is denoted by n, the number of decomposition is n! [16]. This leads to a unique
problem. To account for this issue, we used the approach
based on the additive identity splitting to perform the
SDA and compute the average of all possible decompositions [17]. In our case, all decompositions are
shown below:
       (3a)  
       (3b)  
        (3c)  
       (3d)  
      (3e)  

There are two strong assumptions in this study that
must be mentioned. At first, due to the limited foreign trade
data between Ibaraki Prefecture and other regions, we
assume that the imported goods and services are produced
using the same technology abroad as at the Ibaraki Prefecture. We interpret the pollution embodied in imports as
the “total nitrogen emissions avoided in Ibaraki Prefecture
by importing products and services” [18, 19]. The accurate
method of calculating the pollution embodied in imports is
through multi-regional input-output analysis [20, 21]. Secondly, unlike the gas emissions and energy consumption
from industry, the majority of agricultural pollution is nonpoint source pollution, and agricultural pollution intensity
depends on hydrogeological conditions, farming preference, climate conditions and other uncertain factors rather
than purely on technological progress [12]. Because the
main purpose of this study was to investigate the influence
of economic variables on agricultural pollution, we take the
annual average values of nitrogen emission intensities for
different agricultural sectors and assume that they remain
constant during the study period.
2.3 Nitrogen emission intensity data

Nitrogen emission intensities for crop farming and
livestock breeding are generally investigated per cropland
area or per livestock head; however, because input-output
tables describe the monetary relationship between different
sectors in economy, the nitrogen emission intensity must be
associated with the monetary value of production outputs.
This information is not as easily available as point source
industry pollution information [12], and for this reason, a
transition calculation had to be made. We selected the primary crops and livestock in Ibaraki Prefecture, according to
their economic contributions, and further classified all crops
into two categories: paddy field crop and dry land crop. The
statistical and measured data of production scales, economic output and nitrogen emission intensity per production unit for all of the above listed agricultural activities
have been derived from two main sources: “Agriculture in
Ibaraki Prefecture: basic survey reports of agricultural
industry, 1990-2005” [22] and “The report of the lake water quality preservation plan in the Lake Kasumigaura basin
2nd to 4th term” [7]. Because there are little data available
on the internal freshwater aquaculture in Ibaraki Prefecture,
and the fish cage culture was prohibited in the Lake
Kasumigaura after the outbreak of carp herpes disease in
2004, nitrogen pollution from the fishery industry was not
investigated in our study.
Based on the statistical and measured data we collected, we calculated the nitrogen emission intensities per
monetary unit for crops farming and livestock breeding at
three interval time points (i.e., 1990, 1995 and 2000), and
then used the average values (Table 1). The calculation
equations are listed below:

     (3f)
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(5)

where
and
represent the nitrogen emission intensities per monetary unit for crops farming and livestock breeding pollution, respectively;
is economic
outputs of paddy field crop that is paddy rice,
is for
dry land crops involving wheat crops, legume crops, tuber
crops and vegetables, and
is for livestock involving
beef cattle, dairy cattle, pig and chicken; , , and
represent nitrogen emission intensity per production unit
for paddy field crop, dry land crops and livestock, respectively; and ,
and
represent annual production
scales of paddy field crop, dry land crops and livestock,
respectively.

-167 t N/year for livestock breeding pollution. This type
of change was primarily due to the falling share of food in
private consumption structure with rising income. Trade
effects also had significant impacts on agricultural nitrogen emissions, especially on livestock breeding pollution.
In total, the changes in export and import separately contributed 307 t N/year and -285 t N/year to agricultural
nitrogen emission. Interestingly, the net trade effect (i.e.,
integrating the export effect and import effect) posed
distinct impacts on crop farming pollution and livestock
breeding pollution with a -32 t N/year decrease and 54 t
N/year increase, respectively. In comparison, other consumption structure changes played less-important roles.

TABLE 1 - Agricultural nitrogen emission intensities for crop
farming and livestock breeding.

1990

Crop farming
(kg N/million
Japanese yen)
2.806

Livestock breeding
(kg N/million
Japanese yen)
6.954

1995

2.306

7.399

2000

3.060

9.637

Avg.

2.724

11.330

Year

2.4 Input-output tables

Input-output tables for 1990 and 2005 were collected
from the Bureau of Statistics of Ibaraki Prefecture [23, 24].
The slightly different industry classifications have been
avoided by aggregating and arriving at a uniform classification with 33 sectors. All monetary values were converted
from their current price into a 2005 constant price using the
double deflation method, which has been widely accepted
and advocated by the United Nations [17, 19, 25]. The
detailed sectoral price deflators used, derived from the
Bank of Japan, were the Domestic Corporate Goods Price
Index (2005 base) [26] and Corporate Services Price
Index (2005 base) [27].

FIGURE 2 - Factors decomposition of annual changes in agricultural nitrogen emission in the Ibaraki Prefecture from 1990-2005 (tons
N per year). The effects incorporate the production structure (ΔL),
consumption structure (ΔYm), and final demand level (ΔYl). ΔTotal
represents the total changes.

3 RESULTS
The results in Fig. 2 show that the structure effect contributed significantly to the decrease of agricultural nitrogen emission, causing -312 t N/year by production structure
changes (∆L effect) and -262 t N/year by consumption
structure changes (∆Ym effect). In contrast, the growth of
the final demand level (∆Y l effect) drove agricultural
nitrogen emission to increase by 522 t N/year. Nevertheless, in the period of 1990-2005, agricultural nitrogen
emissions in the Ibaraki Prefecture, overall, decreased
slightly by -52 t N/year.
Further insights into consumption structure are shown
in Fig. 3. The changes in private consumption structure
decreased by -133 t N/year for crop farming pollution and

FIGURE 3 - Decomposition of the consumption structure effect
contributing to annual changes in agricultural nitrogen emission in
the Ibaraki Prefecture from 1990-2005 (tons N per year).

The fifteen most influential sectors are listed in Fig. 4.
As for manufacturing industries, the foods industry was
the biggest contributor, promoting a 26 t N/year increase
in crop farming pollution, and a 116.2 t N/year increase in
livestock breeding pollution. However, other manufacturing industries, notably electrical machinery, textile prod-
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ucts, general machinery, mining and construction, mainly
showed a decreasing effect on agricultural nitrogen emission. Agricultural industries themselves, including the
farming industry and the livestock industry, became the
leading industries inducing the remarkable decrease in
both crop farming pollution (-92.1 t N/year) and livestock
breeding pollution (-75.2 t N/year). Meanwhile, the majority of service industries presented an increased effect,
which implies a rising proportion of service industries in

the production and consumption structure. Sectors of
medical service, personal services, business services and
transport were relatively notable contributors.
The results from the decomposition analysis for the
driving forces behind the individual sectors are shown in
Tables 2 and 3. The changes in production structure (L
column) produced a decreased effect on almost all indus-

FIGURE 4 - The fifteen most influential sectors contributing to annual changes in agricultural nitrogen emission in Ibaraki Prefecture from
1990-2005 (tons N per year).
TABLE 2 - Decomposition factors for crop farming pollution (N emission) in the top fifteen influential sectors.

-58.9

Public
Consumption
(t N/year)
-8.9

Private
Consumption
(t N/year)
-87.7

Government
Consumption
(t N/year)
2.1

Capital
Formation
(t N/year)
0.0

Changes in
Inventories
(t N/year)
-4.3

-15.4

0.2

-3.3

9.6

0.0

0.0

-26.6
2.9
0.3
0.2
-1.6
1.3
-1.8
-0.3
0.3
-11.4
-2.2
-3.1
0.6

3.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
-0.1
0.0
0.0
0.0
-1.9

18.9
0.7
-0.1
-0.5
-0.2
0.0
0.0
0.0
-3.9
0.8
0.0
-0.3
-57.6

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
-2.2
0.0
0.0
0.0

0.0
4.9
0.0
0.1
0.0
-3.0
0.7
0.0
0.1
0.0
0.0
-0.3
0.0

0.0
0.0
0.0
0.0
0.1
0.0
-0.3
0.0
-1.0
0.0
1.0
-0.2
-2.8

L
(t N/year)

Sectors
Foods
Medical service, health and
social security and nursing case
Personal services
Business services
Petroleum and coal products
Transport
Chemical products
Construction
General machinery
Mining
Textile products
Education and research
Livestock
Electrical machinery
Farming

Export
(t N/year)

Import
Yl
(t N/year) (t N/year)

Total

58.8

24.5

100.4

26.0

1.6

0.0

11.5

4.1

3.2
0.9
0.4
-0.2
3.3
0.0
-1.0
0.0
-4.4
0.7
4.1
-3.3
0.0

-11.8
-5.9
0.8
1.0
-0.8
0.0
-0.1
-1.2
4.9
-0.3
-7.2
2.3
-103.3

15.7
-1.1
0.1
0.5
0.2
-0.1
0.4
-0.6
1.5
8.3
0.1
0.4
77.1

3.1
2.3
1.4
1.1
0.9
-1.8
-2.1
-2.2
-2.5
-4.1
-4.3
-4.5
-87.8

TABLE 3 - Decomposition factors for livestock breeding pollution (nitrogen emission) in the top fifteen influential sectors.
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Sectors
Foods
Personal services
Medical service, health and
social security and nursing case
Business services
Petroleum and coal products
Transport
Metal products
Mining
General machinery
Construction
Education and research
Farming
Electrical machinery
Textile products
Livestock
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-62.3
-53.1

Public
Consumption
(t N/year)
-18.8
7.5

Private
Consumption
(t N/year)
-184.9
37.5

Government
Consumption
(t N/year)
4.5
0.0

Capital
Formation
(t N/year)
0.0
0.0

-20.2

0.2

-4.4

12.8

0.0

0.0

2.1

0.0

15.3

5.7

2.4
0.3
0.2
-0.1
0.4
-3.2
-2.1
-26.7
-3.1
-5.1
-6.4
-1.4

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
-0.1
0.0
-0.6
0.0

0.7
-0.1
-0.6
0.0
0.0
0.0
0.0
2.4
-2.4
-0.4
-16.6
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
-6.5
0.0
0.0
0.0
0.0

5.6
0.0
0.1
0.0
0.0
1.0
-3.6
0.0
0.0
-0.5
0.3
0.0

0.0
-0.1
0.1
-0.1
0.0
-0.4
0.0
0.0
-0.1
-0.3
-5.1
28.6

1.0
0.6
-0.2
0.3
0.0
-1.3
0.0
1.9
0.0
-4.7
-19.6
125.3

-6.7
0.9
1.2
0.9
-1.6
-0.1
0.0
-1.0
-4.4
3.3
21.8
-223.8

-1.3
0.1
0.6
0.0
-0.8
0.5
-0.1
23.7
3.3
0.6
7.0
3.0

1.8
1.7
1.4
1.0
-2.0
-3.5
-5.8
-6.2
-6.8
-7.2
19.3
-68.4

ΔL
(t N/year)

tries. Meanwhile, the changes in domestic consumption
structure (the columns from “Public consumption” to
“Changes in inventories”), particularly for private consumption, brought about a decreased effect on the agricultural and manufacturing industries but an increased effect
on most service industries. The growth of the final demand
level was a main promoter of agricultural nitrogen emission in the majority of industries (see Yl column). However, the trade effect presented diverse results for different
industries (see Export and Import columns). The foods
industry was an exceptional industry in Ibaraki Prefecture,
in which both the import and export effects largely promoted agricultural nitrogen emissions. This phenomenon
indicates that the increase in export share and decrease in
import share occurred simultaneously in the food industry
during the study period. In the farming and livestock industry, the trade effects were remarkable; among them, the
export and import effects, respectively, were outstanding
promoters and savers to agricultural nitrogen emission.
4 DISCUSSION AND CONCLUSION
Despite more than a decade of policy, research and intervention, seeking an effective approach to control agricultural pollution remains a challenge. The results of our empirical study indicated that the root causes of agricultural
pollution can be explained by the regional economic demand of production and consumption. To achieve efficient
control of agricultural pollution, it should not only rely on
the conventional pollution treatments in or after agricultural production processes, but also, more importantly, it
should focus on sources adjustment prior to agricultural
production.
4.1 Positive and negative contributors in the advanced industrial region

The empirical analysis in the Ibaraki Prefecture indicated that, if there was no accounting for trade activities,
the advanced industrial economy would have reliably bene-

Changes in
Export
Import
Yl
Inventories
(t N/year) (t N/year) (t N/year)
(t N/year)
-9.0
123.9
51.6
211.1
0.0
6.3
-23.4
31.1

Total
116.2
5.8

fited from the decrease of agricultural nitrogen emissions.
Structural changes in production and consumption constituted the main positive contributors to agricultural pollution reduction (nitrogen emissions in Ibaraki Prefecture),
which was a result of the greening domestic supply chain
of production structure (∆L effect in Fig. 2) and the falling share of food products in private consumption structure combined with rising incomes (Δ Private consumption in Fig. 3). Therefore, optimization of industrial structure and the increasing residents’ income are still original
forces in the Ibaraki Prefecture to reduce regional agricultural pollution. Nevertheless, the advanced industrial economy is not a guarantee of agricultural pollution reduction.
The limited decrease in agricultural nitrogen emissions
during 1990-2005 in the Ibaraki Prefecture is a good illustration. The negative contributors, mainly originating from
consumption demand, were the trade effect and the increased final demand levels, which factors are detailed
below.
Generally, the trade strategy is relatively independent
from the level of industrial structure but is determined by
the regional advantages of technologies, factor prices, natural resources and less stringent environmental standards
[17]. Therefore, even in the advanced industrial region, the
pollution contributions of trade effects can vary; however,
national and regional trade policies usually ignore the environmental impacts, particularly for agricultural pollution [28]. Definitely, a little value to encourage the Pollution Haven Hypothesis (PHH) which posits that emission
reductions observed domestically are partly the result of
shifting “dirty” production to other nations [29]. But,
wastewater emissions are different from the broadly investigated problems of gas emissions and energy consumption. The nutrient losses generally result from a combination of characteristics, including hydrological, geographical
and climatic conditions, and so on [30, 31]. Even with the
same nitrogen emissions, different spatial locations of agricultural practices would result in different damages to the
aquatic environment. Because approximately 60% of
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agricultural production is concentrated on the Lake Kasumigaura basin inside Ibaraki Prefecture, the developed river
system makes this area very sensitive to agricultural
pollution. Consequently, from the view of agricultural
pollution control, the active export-led strategy for agricultural-related products in this water pollution-sensitive area
should not be encouraged.
As for the final demand level, the increasing trend is difficult to control in the processes of economic development,
and this effect normally contributes to the pollution increase that has also been reported in other study cases [19].
Additionally, due to the high degree of industrial relevance, the positive and negative effects of agricultural
pollution are mainly embodied by the agricultural and
food industry, and often, the foods industry is the stronger
driving force [32]. But at the same time, the food industry
is recognized as a key bridge between the agricultural
industries and the manufacturing industries when accounting for export earnings, domestic industry restructuring,
dietary issues, employment opportunities and community
well-being [33]. The empirical study of Van Grieken et al.
[34] showed that the too rapid regional productivity losses
associated with the desired water quality improvement
targets increase the risk of local sugar mill closures. In our
empirical study, however, after reaching the high industrial
structure level in Ibaraki Prefecture, the foods industry, as a
light industry, was still intensive. The too slow adjustment
of food industry had caused the large production and
consumption demand of agricultural production so that
significantly increased the regional agricultural pollution.
Consequently, balancing the environmental impacts and
social economy contributions of food industry is a challenge to reduce agricultural pollution sources.

of foods industry to avoid much greater indirect costs of
irreversible environmental degradation [37]. It is necessary to adjust the production scale of the food industry
properly and timely. Too rapid [34] or too slow adjustment (in Ibaraki Prefecture) might pose remarkable negative effects on the social economy or ecological environment. Exactly how to manage the foods industry is a challenge we must face.
In conclusion, relying on our limited knowledge and
technology, there still remains a conflict between the
expected environmental protection and rapid economic development. A compromise among stakeholders is the right
path to achieve more sustainable development in the future.
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4.2 Implications for other developing regions

The experiences of the advanced industrial region are
of much importance to developing regions and countries as
they are struggling for an advanced industrial economy.
Some strategies for these developing regions have been
provided below:
First, the developing regions should take advantages
of the leapfrog strategy [35] in technological innovation
to accelerate the optimisation of industrial structure and
maintain the economic growth, and to play their full role
in the structure effects for agricultural pollution reduction.
Second, the regional trade strategy should take environmental impacts into account. In the pollution-sensitive
areas, appropriately controlling agricultural-related export
scales and expanding import scales from the lower pollution risk areas should be encouraged when aiming to
reduce the total nutrients release. This strategy does not
promote the Pollution Haven Hypothesis but captures the
spatial-temporal heterogeneity of agricultural non-point
source pollution [36]. Finally, although the food industry
seems to play a strategic role in the overall economic
growth of developing regions, we must realize the potential heavy stress on agricultural pollution of the expansion
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ABSTRACT
This paper presents evaluations of carbonate and zeolitic materials usefulness from point of view application
of them as carbon dioxide sorbents. For all selected materials mineralogical examinations (XRD, SEM analysis and
observation in transmitted light) were conducted. Also textural characteristics (the BET surface area, mean pore diameter, pore size distribution and volume of pores) were carried out. An essential research has constituted CO2 adsorption. CO2 adsorption tests revealed that carbonate rocks have
poor adsorption properties, their sorption capacity does not
exceed 0.1 mmol/g. Therefore, they should be examined
from the viewpoint of their application in mineral carbonation. However zeolites shown much better CO2 adsorption
parameters, thus, they can be subjected to further examinations (modification/activation) in order to determine selective and dynamic adsorption of CO2.

KEYWORDS: CO2 adsorption; Carbonate rocks; Synthetic zeolites; Sorbents; CO2 capture

of energy. The second, requires switching to using nonfossil fuels such as hydrogen and renewable energy. The
third, involves the development of technologies to CO2
capture and storage. It is believed that carbon capture and
storage (CCS) technology is one of the obvious priority
candidates for long term technology policies and enhanced
R&D efforts to protect human against the risks associated
with high environmental impacts of climate changes even
widespread deployment of CCS requires decades to come.
Since the CO2 separation/capture method is the first
and most energy intensive step of CCS processes, many
researches have targeted at improving the current technologies or developing new approaches of CO2 separation
and capture [4]. Many materials as sorbents of CO2 are
tested. These include natural and synthetic zeolites [5-8]
(so far used in heavy metals [9] and ammonia ions removal from water solutions [10] or generally as acid gases
sorbents [11]), limestones [3], opokas, glauconites [2, 7,
12], amines [4], activated carbons [13] (so far used in many
applications i.e. for purification of water, air, and many
chemicals etc. [14]). But, each materials need a different
methods of modification or activation of them in order to
received better CO2 sorption properties.

1 INTRODUCTION
The environmental impact of anthropogenic CO2 emissions is regarded as the major risk to mankind, because its
emissions into the atmosphere have been reported to account for half of the greenhouse effect which causes the
global warming [1]. Over the past century its concentration
in the atmosphere has increase significantly. The atmospheric level of CO2 is rising at about 1.6 ppm per year
while worldwide CO2 emissions from fossil fuels combustion would amount to an increase of almost 3 ppm
annually [2]. Therefore, reduction of CO2 emission will
be the greatest industrial challenge of the 21st century [3].
There are exist three options to reduce total emission
of CO2 into the atmosphere e.i.: 1) reduction of energy intensity, 2) reduction of carbon intensity, 3) enhancing of
CO2 sequestration. The first option requires efficient usage
* Corresponding author

2 MATERIALS AND METHODS
The main aim of this study was examination of carbonate materials occurring on Lublin vicinity and
Roztocze in Poland (Fig. 1.) and synthetic zeolites (mixture
of Na-P1 with Na-X and Linde-A, and mixture of Na-P1
with Linde-A) as potential carbon dioxide sorbents.
The carbonate research materials have constituted the
following rocks: silica-carbonate rocks (opokas) from
Kazimierz Dolny area, carbonate-silica rocks (detritic
sandy limestone) from Józefów area, chalks from Chełm
area and peelite marlstones form Rejowiec area.
The zeolite material was a product of hydrothermal reaction of fly ash with NaOH water solution [15, 16]. It was
obtained a mixture of three types of zeolites, in which
dominates the zeolite Na-P1 accompanied by Linde-A zeolite and Na-X (Z-4 sample), and Na-P1 accompanied only
by Linde-A (Z-5 sample). For Z-4 zeolitic mixture the
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FIGURE 1 - Location map of carbonate rocks sampling area

following conditions were applied: 21 kg of fly ash, 12 kg
of NaOH, 90 dm3 of water, temperature 75°C and time of
reaction 36 h, whereas for Z-5 zeolitic mixture only time
of reaction was different - 24h rest of established parameter were the same.

XRD analysis of the rocks and zeolitic materials were
performed using a Philips X’pert APD diffractometer with
the PW 3020 goniometer, Cu lamp, and graphite monochromator. The analysis was performed within the angle
range of 5-40 2θ.

For all tested materials mineralogical examinations such
as XRD, SEM analysis and observation in transmitted light
were conducted. Also textural characteristics were carried
out. The BET surface area, mean pore diameter BJH, pore
size distribution (PSD) and volume, average particle size,
mean width of pores for each sample were determine.
An essential research has constituted CO2 adsorption
test at static condition with 750 mmHg pressure, that allowed to determine the usefulness of selected materials to
application of them as CO2 sorbents.

Textural investigations of the specific surface areas and
the associated pore size distribution were performed using
Micromeritics ASAP 2020 analyser at temperature of 77°K.
The samples before analysis were degassed at low pressure
and temperature of 373.15°K during 6 hours period of time.
After that, for each sample, cold and warm free spaces
using helium were measured. Equilibration interval was
30 seconds. Weight of each samples ranged from 2.4 g to
2.9 g. Saturation pressure p0 were calculated from temperature values enclosed in database of the analyser.

The chemical composition of carbonate rocks was determined using X-ray fluorescence spectrometer for wavelength-dispersive WD XRF. Induction source was a X-ray
lamp with a dual Cr-Au anode about a maximum power
of 3 kW.

The main textural parameters (surface area, volume of
pores, pore size distribution and average pore diameter)
were evaluated by the following calculating methods: Langmuir model, BET equation, single point method surface
area, BJH adsorption/desorption.

Microscopic observations in transmitted light were
carried out using an optical microscope Olympus BX60
equipped with camera, using zooms: 5x, 10x, 20x.

The values of the BET surface area and pore size distribution parameters were determined on the basis of the
shape of adsorption/desorption isotherms of nitrogen vapour at 77°K. The BET surface area was calculated using
Brunauer-Emmett-Teller’s multilayer adsorption theory [17]
at p/p0 between 0.06 and 0.3 (p - equilibrium pressure, p0 saturation pressure).

Observations of the mineral composition and examined
samples surface (morphology) were made in FEI Qanta
250 FEG scanning microscope additionally equipped with
a chemical composition analysis system (used for zeolitic
materials) based on energy dispersion scattering – the EDS
EDAX.

Volumes of pores were determined from the volume
of adsorbed nitrogen at the pressure of p/p0 = 0.98. Pore
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diameters were calculated according to the following
formula Dp = 4Vp/SBET (where: Vp – pore volume, SBET –
the BET surface area).
CO2 sorption measurements were made using an analyser for precise measurements of physical sorption and
chemisorption, equipped with additional device to vapor
sorption, and mass spectrometer - AUTOSORB-1-C
(Quantachrome Instruments, USA). Before the measurements samples were rinsed with helium and calcinated at
373.15°K for 4 h. The scope of works included the appointment of CO2 adsorption isotherms in temperature
273°K.
For zeolitic samples, from adsorption isotherm of carbon dioxide, following parameters were determined: volume of pores with a diameter less than 0.7 nm, micropores
volume, adsorption energy in micropores and the linear
dimension of the micropores. The volume of pores with a
diameter less than 0.7 nm was calculated from the points of
adsorption isotherm for the relative pressure p/p0 > 0.029.
Parameters of microporous structure (pores with a diameter
up to 2 nm) were determined according to the DubininRadushkevich methodology [18]. These parameters were
calculated according to the following standards: NIST
2006, ISO 9277:2010 (E), ISO 15901-3:2007 (E) [19-21].
3 RESULTS AND DISCUSSION
3.1. Chemical composition

The chemical composition of carbonate rocks is dominated by calcium oxide (associated with calcite), the largest
amount of it was found in chalks (above 50 % wt.), while
the opoka includes the smallest amount (less than 35 %
wt.). In significant quantities there is also silica, with the
biggest amount occured in opoka (almost 34 % wt.), slightly
smaller amounts were found in limestone and marlstone
(within 20 % wt.). The smallest number was observed in
the chalk rocks. The content of aluminum oxide in the
carbonate samples ranges from 2 - 2.5 % wt. with the
exception of sandy-limestone from Józefów area (0.45 %
wt.). Other ingredients such as MgO, Na2O, K2O, SO3,
TiO2, P2O5, SrO are present in much smaller quantities
(Table 1). For each sample there is a relatively large percentage of loss on ignition (LOI) (~ 30 % wt.).
The chemical composition of zeolite samples (SEMEDS, Table 1) is dominated by SiO2 which content is in
the range from 44.05 to 49.31 % wt., and Al2O3 (32.00 38.64 % wt.). Average content of iron oxide is about 5 %
wt. Among the alkaline elements there dominates sodium
(4.28 -6.00 % wt. of Na2O), and potassium (0.55 - 0.77 %
wt. of K2O), while elements of alkaline earths are from
5.8 to 6.7 % wt. in which there is a slightly larger share of
magnesium.
3.2. Mineralogical characteristics of tested materials

Observations in transmitted light showed that the mineral composition of carbonate rocks is dominated by cal-

cite. In each sample is also observed quartz and CT opal
occurring in different amounts (large amounts in opoka
and marlstone). For marlstone and opoka there are also
small amounts of clay minerals. In addition, the organic
remains were noticed in carbonate rocks (very large quantities are present in the detritic limestone from Józefów
area and in chalk rocks).
TABLE 1 - Chemical composition of tested materials
Content in wt. %
marlstone

chalk

opoka

limestone

Z-4

Z-5

SiO2

18.91

8.11

33.85

20.81

49.31

44.05

Al2O3

2.49

2.33

2.10

0.47

32.00

38.64

Fe2O3

0.54

0.40

0.46

0.15

6.36

4.46

CaO

42.79

53.84

34.66

45.40

2.78

2.24

MgO

0.42

0.22

0.46

0.48

3.92

3.56

Na2O

0.02

0.02

0.04

0.01

4.28

6.00

K2 O

0.39

0.28

0.36

0.08

0.77

0.55

SO3

0.01

0.03

0.17

0.01

-

-

TiO2

0.05

0.03

0.05

0.03

-

-

P2 O5

0.17

0.19

0.11

0.13

-

-

SrO

0.15

0.13

0.16

-

-

-

LOI

33.67

33.92

27.27

31.80

-

-

Total

99.61

99.50

99.69

99.37

99.42

99.50

Microstructure of examined carbonate rocks (Fig. 2.)
observed using scanning microscopy showed a very finegrained nature of the tested materials and especially for
the chalk and marlstone. Examined rocks are characterised by a high level of porosity. The microscopic images
reveal their organic origin (chalk) and explicit participation of organisms in the process of these rocks formation
(opoka, limestone).
Zeolitic materials are finer grained than carbonate
rocks. Aggregation of these minerals rarely exceed the
size of 2 µm and individual crystals, most often lamellar,
sometimes needle-like, far less rarely isometric, reach the
size of 0.X µm.
The mineral composition of carbonated rocks is
shown in the Fig. 3. The main mineral component is calcite, that amount riches 92 % wt. in chalk rocks. Significant quantitative part have silica minerals such as CT opal
especially occurring in opoka and marlstone. Besides it
were observed clay minerals from smectitie and illite group
(in marlstones and opokas) and quartz (in each rock samples).
The mineral composition of the zeolite samples is
shown in Fig. 4. In the composition of both zeolite samples the dominant zeolite phase is Na-P1 which in the
sample Z-4 is accompanied by zeolite of the faujasite group
(Na-X) and Linde-A type zeolite. And in Z-5 sample besides Na-P1 phase there occurs only Linde-A phase. The
mineral composition is supplemented in both cases by the
residue after the synthesis reaction which is a mixture of

3731

© by PSP Volume 21 – No 12. 2012

Fresenius Environmental Bulletin

mullite, quartz, the remnants of aluminosilicate glass, and

recristalized calcite.

Marlstone – Rejowiec, SEM zoom 10000X

Chalk - Chełm, SEM zoom 5000X

Opoka – Kazimierz Dolny,
SEM zoom 5000X

limestone - Józefów,
SEM zoom 5000X

Z-4 - mixture of Na-P1/Na-X/Linde-A,
SEM zoom 30000X

Z-5 - mixture of Na-P1/Linde-A,
SEM zoom 30000X
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FIGURE 2 - Microstructures of tested materials

varied regardless of the type of research materials, ranging
from 6.444 nm for Z-4 to 13.513 nm for Z-5. For the most
of carbonate materials, these values range within 9-10 nm.
Determining the average pore width for carbonate rocks,
due to the fact that the difference between the average pore
size value and the examined parameter is small, it can be
concluded that spherical shape of the pores is characteristic
for these rocks. Differences between these parameters for
zeolites are much higher, suggesting the elongated/oval
shape of the pores. The values of the volume of mesopores
(pore size 2-50 nm) for the carbonate rocks are very small
which indicates a macroporous nature of the rocks. The
exception is the opoka (0.129 cm 3/g), where this value
is similar to values obtained for zeolitic sample Z-4
(0.114 cm 3/g). The volume of mesopores for the Z-5 is
twice as high in comparison to Z-4.

FIGURE 3 - X-ray diffraction patterns of carbonate rocks

FIGURE 4 - X-ray diffraction patterns of zeolitic materials
3.3. Textural parameter

Determined textural parameters are presented in Table 2. The differentiation of average particle size is clearly
visible and these values for carbonate rocks are much
higher in comparison with synthetic zeolite materials (from
113.401 nm for the opoka to 3415.177 nm for detritic limestone from the Józefów area). For zeolites, these values
amounted 16.327 nm for Z-4, and 35.329 nm for Z-5, respectively. For an average pore diameter these values are

Isotherms of nitrogen adsorption/desorption were also
plotted for the examined carbonate materials (Fig. 5). Analysis of isotherms for carbonate rocks show that these rocks
are characterized by Type IV isotherms according to IUPAC [22] classification (International Union of Pure
and Applied Chemistry), indicating the meso/microporous
nature of the rocks, while the hysteresis loops can be categorized as Type H2/H3 that confirms the blind spherical and
ink bottle shape of pores [23]. Pore size distribution for
the carbonate rocks was determined in the range from 1.7
to 300 nm (Fig. 6). It is clearly visible that for opoka and
marlstone observed variation in pore diameter varies from
2 - 40 nm, with a predominant pore diameter of 10 - 15 nm
for opoka while for marlstone dominate the pores with a
diameter of 2 - 12 nm. Pore distribution for opoka is homogeneous while it is bimodal for marlstone. For chalk and
limestone very little variation in pore diameter from 2 -5 nm
was observed. However, for chalk dominate pores with 4 nm
in diameter and for limestone with 2 nm in diameter. In
both cases, the pore distribution is homogeneous.
The isotherms analysis for the examined zeolitic materials (Fig. 7) revealed that, as in the case of carbonate rocks,
zeolites are characterized by Type IV isotherms according
to IUPAC classification indicating a meso/microporous
nature of the rocks, while the hysteresis loops represent
the Type H2/H3 which indicates a spherical shapes of
pores (blind spherical and ink bottle shapes of pores) [23].

TABLE 2 - Textural parameters of tested materials
Average Particle
Size [nm]

Mesopore
volumes
[ cm³/g]

Average pore
diameter BJH
4V/nm [ nm]

Chalk from Chełm

924.945

0.015

Opoka from Kazimierz Dolny

113.401

0.129

Detritic limestone from Józefów

3415.177

0.005

Marlstone from Rejowiec

240.333

0.059

Z-4

16.327

0.115

Rock samples
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SBET surface
area
[ m²/g]

Average width
of pores 4V/nm by BET
[nm]

9.049

6.487

8.5166

8.958

52.910

9.7776

10.763

1.757

10.2529

9.460

24.965

9.3732

6.444

403.783

2.5721
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Z-5

35.329

0.308
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169.831
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FIGURE 5 - N2 sorption/desorption isotherms of carbonate rocks
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FIGURE 6 - Pore size distributions of carbonate rocks
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FIGURE 7 - N2 sorption/desorption isotherms of zeolites
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FIGURE 8 - Pore size distributions of zeolites

The variability of the pores in the PSD (pore size distribution, Fig. 8) is observed in the range from 4 - 50 nm
for Z-4 and from 2 - 20 nm for Z-4. For Z-4 dominant are
pores with a diameter of 4.5 nm, while for Z-5 with a diameter of 2.5 nm. The distribution of pores in both cases is
bimodal.
3.4. CO2 adsorption

The CO2 sorption experiments carried out on carbonate rocks showed that the carbonate rocks adsorbs
negligible amount of CO2 therefore it was impossible to
calculate pore structure parameters. Chalk and limestone
show isotherms layout characteristic for Henry's isotherms,
while the sorption isotherms for the opoka, marlstone and
zeolite samples are similar to Langmuir isotherm.
TABLE 3 - CO2 sorption capacity of tested materials
Rock samples
Chalk from Chełm
Opoka from Kazimierz Dolny
Detritic limestone from Józefów
Marlstonefrom Rejowiec
Z-4
Z-5

Sorption capacity
at pressure of 750 mmHg,
[mmol/g]
0.0281
0.0990
0.0161
0.0737
0.9117
0.3915

for the opoka rocks. Zeolites however showed significantly bigger sorption capacity 0.3915 mmol/g for Z-5,
and 0.9117 mmol/g for Z-4, respectively.
Better sorption capacity for zeolitic samples allowed to
calculate following parameters from the isotherms of carbon dioxide adsorption: volume of pores with a diameter <
0.7 nm, micropore volume, adsorption energy in micropores and determination of micropores' linear dimension, x. The results are compared in Table 4.
TABLE 4 - Textural parameters of zeolitic materials calculated
from CO2 isotherms adsorption
Parameters
Volume of pores about diameter below 0.7 nm
[m2/g]
Volume of micropores, Vmi [cm3/g]
Adsorption energy in micropores, E [kJ/mol]
Linear dimension of micropores, x [nm]

Z-4

Z-5

0.043

0.018

0.054
34.3
0.76

0.019
26.1
0.99

4 CONCLUSIONS

Sorption capacity (Table 3) for carbonate rocks ranges
from 0.0216 mmol/g for samples of chalk to 0.0990 mmol/g

Performed tests were aimed at determining the suitability of two types of materials (carbonates and zeolites) to
use them in CO2 capture technologies. These tests constituted only preliminary research in order to select appropriate further examination method for each tested materials.
Due to the fact that the tested materials (carbonates and
zeolites), significantly differ from each other, both in terms
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of chemical composition and mineral structure of the pore
and textural properties, disparate results of adsorption of
CO2 were achieved.
Carbonate rocks contain mainly CaO in their chemical composition and thus calcite dominates in their mineral composition. While zeolites are mainly built by silicates,
which are suitable zeolitic phases, and therefore SiO2 and
Al2O3 dominate in their chemical composition. For carbonate rocks i.e. chalk or limestone results showed a very
low specific surface area of a few m2/g. Higher values were
obtained for opoka and marlstone, respectively 24 m2/g and
53 m2/g which is probably associated with the presence of
clay minerals in their mineral composition. Zeolites however have a much higher the BET specific surface area of
Z-4 - 403.7 m2/g and Z-5 - 169.8 m2/g. Zeolites also have
a much smaller particle size where average values are
more than ten times as much lower than the values obtained for carbonate rocks.
CO2 adsorption tests revealed that carbonate rocks have
poor adsorption properties, their sorption capacity does not
exceed 0.1 mmol/g. Therefore, they should be examined
from the viewpoint of their application in mineral carbonation to neutralization of CO2 but only after calcining them
into CaO and then using them to carbon dioxide capture [8].
However zeolites shown much better CO2 adsorption parameters (their sorption capacity is 0.9 mmol/g for Z-4 and
0.4 mmol/g for Z-5, respectively), thus, they can be subjected to further examinations (modification/activation) in
order to determine selective and dynamic adsorption of
CO2 [8, 24, 25].
Therefore, testing materials so different from each other
indicate that, depending on whether they will be used carbonate rocks or synthetic zeolites, a different method of
neutralization of CO2 should be applied. For carbonate
rocks it should be utilization method, i.e. mineral carbonation, while zeolites could be used in adsorption methods
in order to separate carbon dioxide.
In further consideration the thermal and IR (infrared)
analysis will be conducted. Also for carbonate rocks the
test of mineral carbonation is planned. However for zeolitic samples modification of their surface properties using
amine solutions (MEA or IPA) will be carried out in order
to improve their adsorption properties.
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ABSTRACT
The aim of this study was to investigate the removal
efficiency of polyvinyl alcohol (PVA) from aqueous solutions by adding Fe2+ externally in combination with electro-generated hydrogen peroxide at polyacrylnitrile (PAN)based activated carbon fiber (ACF) cathode. The comparison of ACF cathode and graphite cathode suggested hydrogen peroxide might efficaciously be electro-generated
from oxygen reduction on the large surface area-ACF cathode, this was more favorable for electro-Fenton process.
Various operating parameters that could potentially affect
the PVA removal efficiency were investigated, including
solution pH, Fe2+ concentration, applied current density,
and solution temperature. The effects of the current density
and solution temperature on the electrical energy consumption (EEC) and PVA removal efficiency were also evaluated. The findings indicated that complete PVA removal
from aqueous solutions could be achieved within a reasonable electrolysis time, and with relatively low EEC. The
optimum solution pH, Fe2+ concentration, applied current density, and solution temperature were found to be
3, 0.5 mM, 3 mA cm-2, and 298 K, respectively.
KEYWORDS: Electro-Fenton; polyvinyl alcohol; hydrogen peroxide; electrical energy consumption; activated carbon fibre cathode

1 INTRODUCTION
Polymers, such as polyvinyl alcohol (PVA), polyethylene (PE) and polypropylene (PP), are increasingly used
in various industrial products. For example, PVA is a wellknown water-soluble and biodegradable synthetic polymer
obtained by hydrolysis of polyvinyl acetate (PVAc). PVA
is frequently used in the textile industry as a size for nylon, and as a raw material for the production of PVA fibers
[1]. In addition, PVA is used as an ophthalmic lubricant in
* Corresponding author

the pharmaceutical industry, and is also widely used in the
adhesives, emulsion paints, paper coating, and detergentbased industries. It is generally recognized that PVA is a
high-k polymer with interesting properties, such as good
surface alignment effects, compatibility with water, low
cost, and inexpensive processing [2]. The large amount of
discharged PVA from industrial effluents is harmful to
human health and to the environment [3]. It is often difficult to clean wastewaters containing PVA, and to generate
harmless end-products, such as water and carbon dioxide;
thus, PVA adversely affects the ecosystem and accumulates in the human body via the food chain [4]. PVA also
creates environmental issues due to its ability to prevent
the sedimentation of heavy metals in lakes and streams [5].
Conventional biological technologies do not offer an effective treatment of PVA because the degrading capacity of
most microorganisms is extremely restricted and specific
for PVA [6]. When using mixed cultures acclimatized to
PVA solutions, a past study has shown that only about
40% of the PVA was mineralized after 48 days of incubation [7]. The formation of foam in biological equipment
for the treatment of wastewater containing PVA makes
stable operations, but the achievement of acceptable results very difficult. A large number of scientific studies
on the removal of PVA have been carried out, most of
which have focused on photochemically initiated degradation processes [8, 9]. Other physico-chemical studies on
the removal of PVA focus on methods, such as ultrasonic techniques [10], direct oxidation by KMnO4 [11],
radiation-induced degradation [12], adsorption by various materials [13－15], and electrocoagulation [16－18].
Advanced oxidation process (AOP) technologies generate hydroxyl radicals (OH), a strong oxidant with E
of 2.8 V, which can be strong enough to non-selectively
oxidize most organic compounds through chain reaction.
Among these AOPs, Fenton oxidation is particularly promising because of its simplicity without the requirement of
special equipment, and its high removal efficiency. In the
presence of Fe2+ and in acidic aqueous solutions, the oxidation power will be enhanced due to the production of a
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reactive one-electron oxidizing agent hydroxyl radical from
the Fenton oxidation process. The main reaction of the
Fenton oxidation process yields hydroxyl radicals through
H2O2 catalyzed by Fe2+ in acidic solution as follows [19]:

Fe 2 + + H 2O2 + H + ⎯
⎯→ Fe3+ +• OH + H 2O

(1)

Despite the high oxidative efficiency of Fenton's reagent, its application is limited by the transport and handling of concentrated H2O2(aq) and the production of Fe3+
sludge. The in-situ electrochemical production of H2O2 by
reduction of oxygen and regeneration of Fe2+ on a cathode
in acidic media can solve this problem. In recent years,
several researchers have electrochemically produced considerable amounts of hydrogen peroxide by reducing oxygen in acidic solution. The technology combining the electrogenerated hydrogen peroxide and the added Fe2+ has
been called electro-Fenton technology [20-23]. The H2O2
can be coupled with Fe2+ to continuously produce the Fenton’s reagent for the degradation of organic compounds.

O2 + 2H + + 2e− → H 2O2

(2)

Fe3+ + e− → Fe 2 +

(3)

Electrochemical production of hydrogen peroxide has
traditionally used graphite because of its low cost [24].
However, due to poor oxygen solubility in aqueous solutions, causing mass transfer limitation, efficiency is not
high. Recently, activated carbon fiber (ACF) is recognized
as a promising carbon material with characteristics of adsorption, conductivity and catalysis [25]. Because of its
large surface area, ACF also performs high adsorption capacity and rates. The excellent mechanical integrity makes it
easily configured as a stable electrode at which electrosorption processes can be conducted for the purpose of adsorptive removal of various organic pollutants in aqueous
solutions. Furthermore, the ACF electrode may be used for
the electrogeneration of hydrogen peroxide from the twoelectron reduction of oxygen on its surface [26]. The hydrogen peroxide electrogeneration rate significantly affects
the treatment efficiency when using electro-Fenton technology. Several series processes affect the electrogeneration of hydrogen peroxide [24, 26, 27]. Oxygen gas must
first be dissolved in solution. Second, dissolved oxygen is
transferred to the cathode surface, adsorbed on the cathode and, finally, reduced electrochemically to produce
hydrogen peroxides in acidic media. Possible side reactions may occur simultaneously at the cathode, and thus
decrease the electrogeneration rate of hydrogen peroxide
[24]. The electrogenerated hydrogen peroxide reacts with
the Fe2+, externally added, or produced by the reduction
of Fe3+, or those originally present in the solution, producing hydroxyl free radicals with a high redox potential,
according to Eq. (1).
To our knowledge so far, very little work, if any, has
been reported in the literature to date on PVA degradation
by electro-generated Fenton’s reagent. The main purpose
of this study was to investigate the feasibility of the ACF
cathode for hydrogen peroxide in-situ electrogeneration,
and elucidate the removal efficiency of PVA in the elec-

tro-Fenton process using an ACF cathode. The constant
current mode was adopted to investigate the removal efficiency of PVA from aqueous solutions. The influences of
several operational parameters, such as solution pH, Fe2+
concentration, applied current density, and solution temperature, on PVA removal from aqueous solutions were
investigated. A technically effective process must be economically feasible with regard to its electrical energy
consumption (EEC), and practically applicable to environmental problems. The effects of the two operational parameters (current density and solution temperature) on EEC
under the optimum conditions were also evaluated in this
study.
2 MATERIALS AND METHODS
2.1 Chemicals and Apparatus

The activated carbon fiber (ACF), PAN-based rigid
composite carbon felt series, was obtained from Taiwan
carbon Technology Co. Ltd. (Taichung, Taiwan). PVA,
with a molecular weight in the range of 13,000 to 23,000 g
mol-1, was obtained from Sigma-Aldrich (Saint Louis,
MO 63103, USA) with a hydrolysis degree ranging from
98 to 99%. Sodium sulfate anhydrous (Na2SO4, Merck,
Darmstadt, Germany) was selected as the supporting electrolyte. H2SO4 (Tedia Company, USA) was added to adjust
its initial pH. Heptahydrated ferrous sulfate (FeSO4·7H2O)
was purchased from ACROS Organics. Iodine (I) was obtained from Toyobo Co. Ltd. (Osaka, Japan), and potassium
iodide (KI) was purchased from Union Chemical Work Ltd.
(Hsin-Chu, Taiwan). The boric acid (H3BO3) was purchased
from Merck (Darmstadt, Germany). Oxygen gas (purity
99.9%) was obtained from a local company. All chemicals
used were used at least of reagent grade. The chemical
reagents were prepared by diluting with deionized water to
obtain the desired concentrations. Fig. 1 is a schematic
diagram of the experimental apparatus and the electrode
assembly for the electro-Fenton system used in this work.
The electrolytic cell was a 1-L Pyrex glass reactor equipped
with a water jacket and a magnetic stirrer. The temperature
of the electrolytic cell was controlled by continuously circulating water through the water jacket from a refrigerated circulating bath (Model BL-720, Taiwan). A magnetic
stirrer bar (Suntex, SH-301, Taiwan) was spun at the
centre of the bottom of the reactor. The PVA aqueous
solutions were characterized using a pH-meter (Sartorius,
Professional Meter PP-20, Germany). The effective area
of the immersed electrode pair was 20 cm2. The assembly
was connected to a direct current power source (PSM6003, GWINSTEK).
2.2 Procedures and Analysis

Prior to each electrolysis, the anode titanium plate
was treated with sandpaper to remove scale from the
surface, and the electrode surface was rinsed with deionized water. The ACF felt cathode was first saturated with
200 mg L-1 PVA solution for 24 h to preclude the degra-
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3 RESULTS AND DISCUSSION
3.1 Electrogeneration of hydrogen peroxide using different
cathodes

The hydrogen peroxide electrogeneration rate produced from oxygen reduction at the cathode significantly
affects the treatment efficiency when using electro-Fenton
technology. Obviously, the amount of hydrogen peroxide
generation at the cathode is crucial to the electro-Fenton
process [22]. Oxygen can be reduced at the cathode in two
ways, yielding hydrogen peroxide or water. The electrochemical reduction of oxygen following the two- or fourelectron process depends strongly on the cathode materials [27]:

O2 + 2H + + 2e− → H 2O2

FIGURE 1 - Experimental setup of electrochemical reactor: (a)
Refrigerated circulating bath; (b) DC power supply; (c) Magnetic
stirrer; (d) Oxygen tank.

R(%) = C0V0 − CtVt × 100

C0V0

(6)

25
20

(4)

where, C0 is the initial concentration in mg L-1, Ct is
the concentration value at time t in mg L-1, V0 is the initial
volume of the treated wastewater in L, and Vt is the volume of the treated wastewater at time t in L. All samples
were measured in duplicate to ensure data reproducibility,
and an additional measurement was carried out if necessary.

E 0 = 1.77V

(5)

Therefore, it is necessary to investigate the influence
of the cathode materials in the generation of hydrogen
peroxide without Fe2+. To evaluate the comparative performance of hydrogen peroxide production, ACF and graphite were used as the cathodes. Several experiments were
carried out using either ACF cathode or graphite cathode,
which had the same solid surface area. Fig. 2 shows the
concentration of the hydrogen peroxide electrogenerated
in aqueous solutions for two different material cathodes at
a current density of 3 mA cm-2 and a solution pH of 3. As
observed in Fig. 2, after 90 min of electrolysis, the maximum value of the hydrogen peroxide concentration was
found to be 21.18 ppm using the ACF cathode, while merely
1.26 ppm was generated using the graphite cathode. It is
apparent that the performance of ACF cathode was better
than that of the graphite cathode for hydrogen peroxide
generation. This phenomenon could be likely explained
by the fact that the ACF had large specific surface area and
a great number of mesoporous pores, so that oxygen might
be reduced easily on the cathode surface and more hydrogen peroxide generated. This observation is in agreement
with previous studies [29, 30], and ACF was chosen as the
electro-Fenton cathode in the following experiments.

H2O 2 (ppm)

dation decrease due to PVA adsorption on ACF felt. For
preparation of PVA, 100 mg L-1 were put into the glass
reactor and then 0.05M Na2SO4 was added at constant
current. The 20 cm2 area of ACF felt was selected as
cathode. A titanium grid, on the ACF felt, ensured the
electric contact. The same solid surface area of Ti mesh
was selected as anode, and the two electrodes were approximately 2 cm apart. A fixed amount of ferrous ions
was added to the aqueous solution. The magnetic stirrer
was turned on and set at 300 rpm; this stirrer speed was
fast enough to provide good mixing in the electrolytic
cell. During the electrolysis, O2 was spread near the cathode surface to ensure the essential oxygen for electrochemical reactions. After the electro-Fenton treatment, the
conductivity and pH of aqueous solution containing PVA
were measured with a multi-meter and pH-meter, respectively. In a 10-ml volumetric ﬂask, 2 ml of PVA solution
was added to 5 ml of boric acid (4%) and 1 ml of 0.1 M
iodine solution prepared in KI and, finally, the solution
was made up to 8 ml. Quantitative determination of PVA
concentration in aqueous solution was carried out using a
UV–Vis spectrophotometer (UV7504PC, Micro-Lab Co.,
Ltd.) after addition of boric acid and iodine solutions according to the procedure described by Finley [28]. This method is
based on the blue color generated by reaction of PVA
with iodine in the presence of boric acid. A calibration
curve was obtained by plotting the absorbance value at 680
nm as a function of the PVA concentration. The calculation
of the PVA removal efficiency after the electro-Fenton
treatment was performed using the following formula:

H 2O2 + 2H + + 2e− → 2H 2O

E 0 = 0.67V

15
10
5
0
Graphite

ACF

FIGURE 2 - Effect of different material cathodes on H2O2 generation
amount with electrolysis time at 90 min. (current density = 3 mA cm-2,
pH = 3.0, Na2SO4 = 0.05M, oxygen flow rate = 400 ml min-1, T = 298K)
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3.2 Effect of solution pH

In electro-Fenton oxidation process, the solution pH is
not only a crucial factor for Fenton oxidation efficiency,
but also a main parameter for electrogeneration of hydrogen peroxide. Therefore, it is important to investigate the
pH effect on the PVA removal efficiency in this study. In
traditional Fenton process, iron species begin to precipitate as ferric hydroxides at higher pH values. On the other
hand, iron species create stable complexes with hydrogen
peroxide at lower pH values, leading to dramatically decrease in the oxidation efficiency. Therefore, Fenton reaction is ordinarily carried out in acidic solution with pH
values ranging from 2 to 4. In the aspect of hydrogen peroxide production, a low pH is favourable for the production of hydrogen peroxide because the conversion of
dissolved oxygen to hydrogen peroxide consumes protons
in acidic solution, as shown in Eq. (5). However, a low
pH also promotes hydrogen evolution, as shown in the
reaction 2H + + 2e− → H 2 , reducing the number of active
sites for generating hydrogen peroxide. Therefore, an
optimum solution pH might be expected in this study. The
influence of the solution pH on the PVA removal efficiency was studied by varying the solution pH between 2
and 4 while keeping the current density, Fe2+ concentration, and temperature at 3 mA cm-2, 0.5 mM, and 298 K,
respectively, as shown in Fig. 3. It can be seen obviously
from Fig. 3 that an increase of pH value in aqueous solution from 2 to 3 increased the removal efficiency from
71.2 to 97.5%. However, when the pH value of solution
increased from 3 to 4, the PVA removal efficiency decreased significantly from 97.5 to 78.5%. When pH value
is greater than 3, Fenton oxidizing ability was decreased
due to the formation of the ferric hydroxo complexes, hindering reaction between Fe3+ and H2O2, and, therefore, the
regeneration of Fe2+. In addition, the self-decomposition of
H2O2 (particularly unstable in basic media) can be catalyzed to molecular oxygen and water, leading to a decrease of Fenton oxidizing ability [31]. On the other hand,
for pH values lower than 3, the reaction of H2O2 with Fe2+
100

Removal (%)

80
60
40
20
0
2

3

4

pH
FIGURE 3 - Effect of removal efficiencies of PVA at different initial
pH. (PVA= 100 mg L-1, current density = 3 mA cm-2, oxygen flow rate
= 400 ml min-1, Na2SO4= 0.05M, Fe2+=0.5mM, T= 298 K, t=90 min)

was slowed down due to the formation of a complex species [Fe(H 2O)6]2+, which reacts slower with peroxide
when compared to that of [Fe(OH)(H2O)5]2+. Besides, the
peroxide gets solvated in the existence of high concentration of H+ ions to generate stable oxonium ions (i.e.,
H3O2+). The oxonium ions make peroxide electrophilic to
improve its stability and reduce the reactivity with Fe2+ ions
[32]. Therefore, the initial pH value of solution has to be in
the acidic range to generate the maximum amount of OH
to oxidize organic compounds, which agrees with previous studies using electro-Fenton process [26, 32]. In particular, the pH value 3 is considered as the optimum pH in
the present electro-Fenton process to treat with PVA.

FIGURE 4 - Effect of electrolysis time on the removal efficiencies of
PVA at different Fe2+ concentrations. (PVA= 100 mg L-1, oxygen
flow rate = 400 mL min-1, Na2SO4= 0.05M, T= 298 K, current density= 3 mA cm-2, pH= 3)
3.3 Effect of Fe

2+

concentration

It has been well-known that hydroxyl radicals can be
generated from Fenton’s reagent, wherein hydrogen peroxide and Fe2+ concentration should be in a proportionate
ratio.	
  Adding Fe2+ to aqueous solutions and combining
electrogenerated hydrogen peroxide can generate hydroxyl
free radicals according to Fenton chemistry. The added
Fe2+ concentration was related to the amounts of hydroxyl
free radicals produced, according to Eq. (1). Therefore, a
series of experiments were performed to investigate the
effects of different Fe2+ concentrations added to the PVA
removal percentage at the start of the electrolysis. The
effect of Fe2+ concentration on the removal efficiency of
PVA was studied by varying the Fe2+ concentration between 0 and 2 mM while keeping the current density,
solution pH and temperature at 3 mA cm-2, 3, and 298 K,
as shown in Fig. 4. As the duration of electrolysis increased, comparable increases in removal efficiency of
PVA were observed at all Fe2+ concentrations. Based on
the data presented in Fig. 4, the removal efficiency of
PVA was only 20.1% after 90 min of electrolysis when no
Fe2+ was added to the solution. The oxidizing power of
hydrogen peroxide was not enough to destroy the PVA
while no hydroxyl radicals were generated in absence of
Fe2+. When 0.1 mM Fe2+ was added into the aqueous
solutions, the removal efficiency of PVA was significantly
increased to 60.4% after 90 min of electrolysis. Apparently,
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the PVA removal efficiency at the Fe2+ concentration of
0.5 mM after 90 min of electrolysis reaches 97.5%, being
greater than the values of the others. In contrast, Fe2+ concentration had a negative effect on the PVA removal efficiency as the Fe2+ concentration was greater than 0.5 mM. It
is likely that an excess of Fe2+ dosage can react with the
useful hydroxyl free radicals and be detrimental to decomposition of PVA. The plausible interpretation is given
by a competitive reaction between hydroxyl radicals and
Fe2+, which could decrease the concentration of hydroxyl
radicals according to Eq. (7) [33]:	
 

increasing applied current density. This observation can
be reasonably explained by the fact that increasing the
current density could enhance the production of electrogenerated hydrogen peroxide and, consequently, increase
the instantaneous concentration of hydroxyl radicals, in
agreement with a previous study [34]. However, it is remarkable that the PVA in aqueous solution could be almost
completely removed when the current density was greater
than 3 mA cm-2. The performance of the PVA removal for
a given electrical energy consumption was evaluated at a
constant density during electro-Fenton process to determine the optimum current density. The corresponding
(7)	
 
Fe 2 + +•OH ⎯
⎯→ Fe3+ + OH −
results are given in the following section.
Therefore, the excess dosage of Fe2+ consumed the
hydroxyl free radicals. The removal percentage of PVA 3.5 Effect of current density on electrical energy consumption
decreased when the Fe2+ concentration was above 0.5 mM
It is critical to evaluate the electrical energy conin the present work. Furthermore, the active sites on the sumption (EEC) for the treatment of wastewater to decathode surface are presumably occupied by Fe3+ proba- termine whether electro-Fenton process is a financially
bly generated according to Eqs. (1) and (7), leading to the viable method for the PVA removal from aqueous solureduction of the number of effective sites on the cathode tions. Once the required currents and corresponding voltsurface for generating hydrogen peroxide. Consequently, ages are obtained from electro-Fenton experiments, the
the electrogeneration rate of hydrogen peroxide and the amount of consumed energy can be estimated. In the case
removal efficiency of PVA in aqueous solution decreased.
of electro-Fenton process with a constant applied current,
the EEC (kwh kg-1) was calculated as a function of time
for the removal of 1 kg of aqueous solution containing
PVA using the following equation:
EEC =

∫ I × Udt

=

U ∫ Idt

(8)

(C0V0 − CtVt )× 3.6 (C0V0 − CtVt )× 3.6

where, U, I, and t are the applied voltage (V), current
(A), and electrolysis time (min), respectively. In addition,
C0 (mg L-1) is the initial concentration, Ct (mg L-1) is the
concentration at time t, V0 (L) is the initial volume of the
treated wastewater, and Vt (L) is the volume of the treated
wastewater at time t. A reasonable removal efficiency and
relatively low EEC are determined below.
FIGURE 5 - Effect of electrolysis time on the removal efficiencies of
PVA at different current density. (PVA= 100 mg L-1, oxygen flow
rate = 400 ml min-1, Na2SO4= 0.05M, Fe2+=0.5mM, T= 298 K, pH= 3)
3.4 Effect of current density

One of the most significant parameters affecting the
electro-Fenton performance is the current density. Current
density was determined by dividing each current by the
corresponding electrode area. The effect of current density on the efficiency of the PVA removal from aqueous
solutions was studied at 1, 2, 3, 4, and 5 mA cm-2 while
keeping the pH value of solution, Fe2+ concentration and
solution temperature at 3, 0.5 mM, and 298 K, respectively. Fig. 5 shows the effect of the current density on the
PVA removal efficiency for various durations of electrolysis. As the duration of the electrolysis was increased,
comparable increases in the PVA removal were observed
for all current densities. After 90 min of electrolysis, it
can be seen that the PVA removal efficiency reached
58.6, 88.2, 97.5, 99.8 and 99.9% at current densities of 1,
2, 3, 4, and 5 mA cm-2, respectively. Obviously, the removal efficiency of PVA exhibits an increasing trend with

FIGURE 6 - Effect of current density on the electric energy consumption and PVA removal efficiencies. (PVA= 100 mg L-1, oxygen
flow rate = 400 ml min-1, Na2SO4= 0.05M, Fe2+=0.5mM, T= 298 K,
pH= 3, t= 90 min)

After 90 min of electrolysis, the PVA solutions were
treated by electro-Fenton process at current densities in the
range of 1－5 mA cm-2 to determine the optimum removal
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efficiency and EEC. The effects of the current density on
the removal efficiency and on the EEC are shown in Fig. 6.
The results show that an increase in the current density
from 1 to 5 mA cm-2 led to a significant increase from
60.2 to 99.9% in the PVA removal efficiency. When the
current density was increased from 1 to 3 mA cm-2, the
PVA removal efficiency appreciably increased from 60.2
to 97.5%, whereas the corresponding EEC only increased
slightly. However, when the current density was increased
from 3 to 5 mA cm-2, the PVA removal efficiency was
slightly improved from 97.5 to 99.9%, whereas the corresponding EEC was significantly increased by almost a
factor of five. Consequently, a current density of 3 mA cm-2
provides the optimum performance for the present study,
and results in reasonably good removal efficiency and
relatively low EEC.

FIGURE 7 - Effect of electrolysis time on the removal efficiencies of
PVA at different temperature. (PVA= 100 mg L-1, oxygen flow rate =
400 ml min-1, Na2SO4= 0.05M, Fe2+=0.5 mM, current density= 3 mA
cm-2, pH= 3)

hydrogen peroxide [26]. In view of the present results, it
seems that within the temperature range of 288－298 K,
the beneficial effects dominate over the adverse effects.
For temperatures higher than 298 K, the beneficial effects
are balanced by the adverse effects.
3.7 Effect of temperature on electrical energy consumption

To investigate the effect of solution temperature on
the EEC and the PVA removal efficiency in the electroFenton treatment, several experiments were conducted after
90 min of electrolysis and using an ACF cathode, an initial
PVA concentration of 100 mg L-1, a current density of
3 mA cm-2, a Fe2+ concentration of 0.5 mM, and a solution pH of 3. The temperature of the PVA solution was
controlled at the desired level by a water jacket from a
thermostatic circulating bath. Fig. 8 shows the effects on
the temperature, on the performance of the PVA removal
efficiency, and on the EEC after 90 min of electrolysis by
electro-Fenton process. The EEC significantly decreased
by almost 60% when the solution temperature was increased from 288 to 298 K, whereas the corresponding
PVA removal efficiency increased from 91.2 to 97.5%.
However, above a solution temperature of 298 K, the EEC
remained almost constant. When the solution temperature
was increased from 298 to 308 and 318 K, the EEC increased from 0.096 to 0.091 and 0.086 kWh kg-1, respectively, whereas the corresponding PVA removal efficiency
only slightly increased from 97.5 to 98.9 and 99.9%, respectively. Consequently, considering both the EEC and
the PVA removal efficiency, 298 K offers the best compromise and provides a reasonably good PVA removal
efficiency and a relatively low EEC.

3.6 Effect of temperature

Temperature is one of the important parameters influencing oxidation reaction. In terms of the process design
of electrochemical industry, it is critical to determine the
suitable solution temperature. To investigate the effect of
solution temperature on the removal of PVA in the electro-Fenton treatment, a series of experiments were conducted by varying the solution temperature between 288
and 318 K while keeping the current density, Fe2+ concentration and pH value of solution at 3 mA cm-2, 0.5 mM,
and 3, as shown in Fig. 7. As the time of electrolysis was
increased, comparable increases in the PVA removal efficiency were observed for the different temperatures. After
90 min of electrolysis, we observed that the PVA removal
efficiency reached 91.2, 97.5, 98.9 and 99.9% for a temperature of 288, 298, 308, and 318 K, respectively. Thus,
the electrochemical reaction rate, as the other chemical
reaction rates, increased with increasing solution temperatures. However, little improvement was observed for the
PVA removal efficiency after 90 min of electrolysis once
the solution temperature was above 298 K, as shown in
Fig. 7. This could be explained by the opposing effects of
higher temperature, possibly causing the low concentration of dissolved oxygen and the self-decomposition of

FIGURE 8 - Effect of temperature on the electric energy consumption and PVA removal efficiencies. (PVA= 100 mg L-1, oxygen flow
rate = 400 ml min-1, Na2SO4= 0.05M, Fe2+=0.5mM, pH= 3, t= 90 min)

4 CONCLUSIONS
Based on the above discussion, it indicated evidently
that hydrogen peroxide could be in situ electrogenerated
by reduction of dissolved oxygen in aqueous solutions at
the cathode. The hydroxyl-free radicals produced by the
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electrogenerated hydrogen peroxide combined with adding Fe2+ (electro-Fenton process) was the dominant mechanism to remove the PVA in aqueous solutions. The maximum value of the hydrogen peroxide concentration using
the ACF cathode was greater than that of the graphite
cathode under the conditions of current density 3 mA cm-2,
and solution pH 3, which elucidated the ACF was the more
efficient choice for the cathode in this electro-Fenton
study. Findings showed that the optimum solution pH for
the present study was 3, and that increasing the solution
pH decreased the PVA removal efficiency. The optimum
Fe2+ concentration was found to be 0.5 mM, with a removal
efficiency of 97.5% after 90 min of electrolysis. In terms of
the performance of the removal efficiency and EEC, the
removal of PVA from aqueous solutions by the electroFenton process using the ACF cathode had been investigated under different conditions of the applied current
density and solution temperature. Findings indicated that
the current density of 3 mA cm-2 was found to be the optimum overall considerations for the present electro-Fenton
process with removal efficiency by more than 97.5% after
90 min of electrolysis. The removal efficiency of PVA was
enhanced with the increasing solution temperature. Considering the removal efficiency and EEC, a solution temperature of 298 K was found to be the optimum value for the
present electro-Fenton process.
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GENOTOXIC EFFECTS AND ENZYMATIC
ADAPTATIONS OF BASUDIN 60 EM IN ALLIUM CEPA
Aysun Ergene*, Ilhan Arslanoglu, Fadime Yılmaz, Sema Tan and Umit Yırtıcı
Kırıkkale University, Faculty of Science, Department of Biology, Kırıkkale-Turkey

ABSTRACT
Basudin 60 EM is commonly used in agricultural areas. Genotoxic effects of Basudin 60 EM (diazinon)
were evaluated in the root meristem cells of Allium
cepa. The roots of the plants were treated with 600, 1200
and 1800 ppm concentrations of Basudin 60 EM. Root
tips after having grown to a certain length were stained
according to aceto-orcein squash procedure. Metabolic
variations in response to Basudin 60 EM toxicity was
measured using physiological parameters and antioxidant
enzymatic activities. A significant increase in SOD activity
was observed in the leaves of Allium cepa, with the majority of Basudin 60 EM treatments. With increasing concentrations of Basudin 60 EM, CAT activity increased in
leaves. An increase in the concentration of Basudin 60 EM
increased GSH-Px activity in leaves. Basudin 60 EM exposure significantly reduced the carotenoid as well as chlorophyll a and b pigments in all treatment groups. Chromosomal aberrations, mitosis abnormalities, mitotic index
and micronucleus assay of applied pesticides on Allium
cepa roots were determined. All of the concentrations of
Basudin 60 EM used in the present study significantly
induced abnormalities, such as C-mitosis, chromosome
stickiness, breaks, bridges, laggards, and multipolar cells
compared to control. Also, Basudin 60 EM significantly
decreased mitotic index for all concentrations.

KEYWORDS:
Allium cepa, Basudin 60 EM, genotoxicity, chromosomal aberrations, photosynthetic pigments, antioxidant enzymes

1 INTRODUCTION
Plants constitute the basic food source of rapidly increasing world population. However, the amount of agricultural land used to feed the growing world population is
decreasing by the day. 100,000 species of plant pathogens
to cause disease, and more than 10,000 insect species reduce the amount and quality of the product obtained per
unit area by entering the competition with plants. Differ* Corresponding author

ent pesticides are used to prevent this kind of losses [1-4].
Pesticides, used to destroy microorganism, insects, rodents, weeds and fungi damaging agricultural products
during production, consumption and storage of nutrients,
caused product loss, and chemical products were also used
to regulate plant growth [5, 6]. Cytogenetic studies have
shown that many insecticides affect cell division and induce mitotic and chromosomal abnormalities in crop plants.
MI is considered to be a parameter that allows one to estimate the frequency of cellular division. All the experiments
were carried out when the roots reached 2–2.5 cm in length.
At this time, the roots are in dynamic balance while the
number of cells in the division phase is being equal to the
number of cells in the differentiation phase. The aim of
this study is to investigate the effects of Basudin 60 EM
on chromosome aberration and DNA damage induction in
root cells and activity of the enzymatic antioxidant system
(SOD, CAT, GSH-Px), as well as carotenoid, chlorophyll
a and b levels in the leaves of Allium cepa.
2 MATERIALS AND METHODS
2.1 Plant material and chemicals

Equal-sized bulbs (25–30 mm in diameter) of a commercial variety of Allium cepa L. (Family: Liliaceae, 2 n
= 16) were used as the test plants. The Basudin 60 EM
(C12H21N2O3PS; CAS No.333-41-5) was obtained from
Bayer Co.
2.2 Treatment solution and root preparation

We carried out tests with the Basudin 60 EM insecticide in several concentrations. The higher concentrations
of Basudin 60 EM (degree of purity 430 g/L) were obtained diluting the commercial product in tap water, according to the recommended use in agriculture. Taking
into consideration the amount of the active compound
contained in the commercial product, concentrations of
600, 1200 and 1800 ppm of Basudin 60 EM were tested.
2.3 Preparation of material

Allium cepa was used as plant material in this study.
Firstly, the onion bulbs are weighed. Basudin 60 EM
produced by Bayer Company was added at appropriate
concentrations to the cultivation media of Allium cepa.
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For germination, onion bulbs in the control group are
prepared in tap water, and onion bulbs in the application
group in tap water by using 600, 1200 and 1800 ppm
pesticide solutions for a week at room temperature.
The yellow shallows and the root primordia of the
bulbs were removed before the onions were placed in the
test solutions. Bulbs of Allium cepa were placed in test
cups (size 25 mm) with their basal ends dipped in test
solutions and rooted at room temperature for a week. The
roots from each bundle were cut off on the seventh day,
and the length of each root was measured to the nearest
mm in all groups. Experiments were carried out in triplicate.
2.4 Mitotic Index, Micronucleus Assay and Chromosomal
Aberrations

Root tips were cut from meristematic region (1.5-2 mm)
and fixed with Clarke Agent (glacial acetic acid/distilled
water = 3/1). Samples were washed in 96 % ethanol; root
tips were stored with 70% ethanol at + 4 °C until use.
Then, the root tips were hydrolyzed with 1 N HCl at 60 °C.
After hydrolysis, root tips were washed with 45% acetic acid
at 25 °C. Acid-treated root tips were stained with acetoorcein in the dark for a night. The root tips were washed
with 45% acetic acid to remove excess stain. The squash
technique was applied for the study of the mitotic index
(MI), and chromosomal aberrations (minimum 5000 mitotic cells) were counted from each of the slides. The MI
was calculated for each treatment as a number of dividing
cells/100 cells. Photographs of control group and chromosomal aberrations prepared with Crushing-smear method
were taken with a light microscope.
For Micronucleus (MN) analysis, 1000 cells were
scored for each slide. For the score of MN, the following
criteria were adopted from Fenech et al. [7]: (i) the diameter of MN should be tenth of the main nucleus, (ii)
MN should be separated from or marginally overlap with
main nucleus as long as there is clear identification of the
nuclear boundary, (iii) MN should have similar staining
as the main nucleus.
2.5 Enzyme extraction and protein determination

To obtain the enzyme extract, 500 mg of fresh leaves
or roots were homogenized in 2.5 ml of cold potassium
phosphate buffer (50 mM, pH 7.6). The homogenate was
centrifuged for 15 min at 15,000 rpm and 4 °C, and supernatant was used analyzing SOD, CAT and GSH-Px.
Protein content was determined according to Biuret method principle [8] using bovine serum albumin for calibration.
SOD (EC 1.15.1.1) activity was measured using the
photochemical method described by Deschamps and Fridovich [9], with some modifications in the supernatant. In
the presence of SOD, the photochemical reduction of
NBT (n-nitroblue tetrazolium) is inhibited and the level of
inhibition is used to quantify the enzyme activity. One unit
of SOD activity is defined as the amount of enzyme re-

quired to achieve a 50% inhibition of the rate of NBT
reduction measured at 560 nm.
CAT (EC 1.11.1.6) activity was measured spectrophotometrically by analyzing the consumption of H2O2 at
310 nm, according to Beer and Sizer [10], in 1.9 ml potassium phosphate buffer (50 mM, pH 6.5) containing 0.5 ml
H2O2 and 1.5 ml enzyme extract in a final volume of 3.9 ml.
The reaction was started by adding H2O2.
GSH-Px (EC 1.11.1.9) activity reaction mixture consisted of 2.85 ml 50 mM potassium phosphate buffer and
2-methoxy phenol (1:1) (pH 7.2), 50 µl H2O2 (% 0.003)
and 100 µl enzyme extract. Enzyme activity was measured
by monitoring the increase in absorbance at 470 nm. [11].
2.6 Photosynthetic Pigments Content

For the determination of leaf pigments, an experiment
was carried out 5 days with the Basudin EM 60 concentrations of 600, 1200 and 1800 ppm. Chlorophyll a (Chl a),
chlorophyll b (Chl b), and carotenoids were estimated according to Wellburn [12]. About 50 mg of leaves from control and all Basudin 60 EM-treated (for consecutive 72 h)
groups were cut into segments and kept in 10 ml frozen
methanol in a test tube. Test tubes were immediately
wrapped with aluminum foil to avoid degradation of pigments by light. The contents of Chl a, Chl b, and carotenoids were measured using a spectrophotometer at 666,
653 and 470 nm, respectively.
2.7 Statistics

Analysis of variance of the data was performed by using SPSS 10.0 for Windows. Statistically, significant differences between the groups were compared using one-way
analysis of variance and Duncan’s multiple range tests.
3 RESULTS
3.1 Mitotic Index, Micronucleus Assay and Chromosomal
Aberrations

The cytotoxicity level of a test compound can be determined based on the increase or decrease in the mitotic
index (MI), which can be used as a parameter of cytotoxicity in studies of environmental biomonitoring [13]. Micronucleus (MN) has been considered by many authors as
the most effective and simplest endpoint to analyze the
mutagenic effect promoted by chemicals. This is due to
the fact that MN results from damages, not or wrongly
repaired, in the parental cells, being easily observed in
daughter cells as a similar structure to the main nucleus,
but in a reduced size [14].
Based on the analysis carried out in roots from Allium
cepa, after treatment with distinct concentrations of Basudin
60 EM, inhibition of mitotic index and the presence of
several cells with micronuclei, chromosomal aberrations,
such as unequal separation of chromosomes and chromosomal losses, were observed.
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The results obtained, after MI analysis in the roots
treated with Basudin 60 EM for 7 days, revealed a significant decrease (p<0.05) of cell division index at concentrations of 600, 1200 and 1800 ppm (Table 1).
Table 2 shows induction of chromosome aberrations in
the root meristem cells of Allium cepa exposed to Basudin
60 EM. Allium cepa showed concentration-related increase
in the frequencies of chromosome aberrations; however,
significant percentage of aberrations was observed at

1800 ppm in Allium cepa. Chromosome breaks and fragments were observed to be frequent aberrations in Allium
cepa. Significant frequencies of chromosome aberrations
were still observed in the root meristems exposed to the
highest concentrations (1800 ppm) of Basudin 60EM.
Both pesticides induced similar types of aberrations,
such as chromosome breaks, stickiness, multipolar anaphase, chromosomal bridges, laggards, unequal separation
of chromosomes, and micronucleated cells (Fig. 1).

TABLE 1 - Effects of Basudin 60 EM on the MI and MN level in the root meristem cells of Allium cepa.
Compounds
Control
Basudin 60 EM

Concentrations (ppm)
600
1200
1800

MI (%)
49
30
20
12

MN Frequency
1.45±0.01
6.5±0.03
9.8±0.002
11.9±0.05

TABLE 2 - Chromosome aberrations obtained for the root meristem cells of Allium cepa treated with different concentrations of Basudin 60 EM.
Compounds

Concentration
(ppm)

% Aberration
Bridge
Stickiness
Control
0.30±0.48
1.60±0.93
Basudin 60 EM
600
2.80±1.82
2.80±1.82
1200
3.90±0.82
3.90±0.82
1800
3.80±0.92
3.80±0.92
* Data obtained from 5000 cells and expressed as mean ± S.E. from the three replicates.

Fragment
2.50±0.88
3.20±1.55
4.40±0.84
4.30±1.16

Disturbed chromosome
3.20±1.10
8.10±0.99
9.50±1.35
9.80±1.29

FIGURE 1 - Allium cepa meristematic cells exposed to Basudin 60 EM carrying MN and CAs. (a) MN of large size (1800 ppm), (b) unequal
separation in metaphase (1200 ppm), (c) chromosome bridge in anaphase (1800 ppm).

3749

© by PSP Volume 21 – No 12. 2012

Fresenius Environmental Bulletin

Chromosomal aberrations in cells which are caused
by the cytotoxic effects of pesticides on plants can be
considered as an indicator of genetic damage [15, 16]. For
this reason, Allium cepa tests are often preferred in toxicity measurements. Investigation of plant root tip cells is
rapid and sensitive for the determination of environmental
impacts because root tips are the first structures exposed
to chemicals in the soil and water involved. In this study,
the cytotoxic effects of Basudin 60 EM pesticide on Allium cepa root cells were investigated.

3.2 Antioxidant Enzymes

With higher Basudin concentrations, SOD activity in
the Allium cepa leaves was increased (Fig. 2). Maximum
increase in SOD was observed on 8th day at 1800 ppm
Basudin 60 EM exposure. The CAT and GSH-Px activities
also increased with increasing Basudin 60 EM concentration (Figs. 3 and 4).

FIGURE 2 - Activities of SOD in the leaves of Allium cepa.

FIGURE 3 - Activities of CAT in the leaves of Allium cepa.
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FIGURE 4 - Activities of GSH-Px in the leaves of Allium cepa.

TABLE 3 - The contents of leaf pigments at different concentrations of Basudin 60EM.
Concentrations of Basudin 60EM
(ppm)
Control
600
1200
1800

Chl a

Chl b

Carotenoids

0.048±0.01
0.043±0.01
0.020±0.01
0.016±0.001

0.016±0.01
0.012±0.01
0.005±0.01
0.004±0.08

0.050±0.29
0.050±0.82
0.022±0.02
0.018±0.03

All values are means of 3 independent experiments (3
replications each). Means followed by the same letter to
that of the control were not significantly different at p≤
0.05.
3.3 Photosynthetic Pigments

The leaf pigments of Allium cepa were significantly
affected by Basudin 60 EM treatment (Table 3). It could be
seen that increased Basudin 60 EM concentrations caused
reduction of chlorophyll a and b contents of leaves. Under
Basudin 60 EM stress, the chlorophyll b content of Allium
cepa was more affected than the chlorophyll a content.
Total chlorophyll a content of Allium cepa decreased approximately by 90% at the highest Basudin 60 EM level,
while for chlorophyll b, the decrease was around 60 and
91%, respectively. The carotenoid contents of Allium cepa
decreased with Basudin 60 EM treatment, but the reduction
rate of carotenoids was slower than those of Chl contents.
4 DISCUSSION AND CONCLUSION
MN can be a result of acentric fragments or entire
chromosomes not incorporated to the main nucleus during
the cell cycle. According to Ma et al. [17], among all the
assessable endpoints, the MN are the most effective and
simplest indicators of cytological damages, which makes

the analysis of this parameter more efficient to evaluate
environmental contamination. The results from the present study indicate that Basudin 60EM treatment presents
mutagenic activity. This effect can be related to its ability
to promote alterations in the root cells from Allium cepa,
such as cells bearing chromosomal losses, polyploid metaphases, irregular nuclei, nuclear buds, micronuclei and mini
cells. Significant increase in the frequencies of chromosome breaks and fragments could be observed in our study.
Our results are in agreement with earlier studies reporting
on similar aberrations in Allium cepa root meristem cells
[18, 19]. Allium cepa cells treated with Basudin 60 EM
carrying MN with a small and large size together indicate
that Basudin 60EM has clastogenic and aneugenic effects.
And also MN frequency was increased with higher Basudin
60 EM levels, and the maximum MN frequency was observed at 1800 ppm. There is no published data available
on Basudin 60 EM effects influencing the formation of MN
in Allium cepa. The Basudin 60 EM (diazinon) group can
be attached to tubulin molecules, prevent their polymerization and, consequently, the formation of microtubules.
Amongst microtubules, the fuses seem to be the most sensitive structure to Basudin 60EM action, due to their constant
reorganization during cell division events [20]. Constraints
in the microtubule polymerization might be closely related
to cell abnormalities, such as polyploid metaphases, polyploid cells and chromosomal losses. Polyploid metaphases
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and polyploid cells can occur due to the cytokinesis process disruption, which can promote difficulties in the
fragmoplast formation [21]. Oxidative damage can be provided by antioxidant enzymes, such as SOD and CAT. The
effects of Basudin 60EM on the activity of the enzymatic
antioxidant system (SOD, GSH-Px, CAT) in the leaves
were studied. The SOD activities were generally higher
than in control, with different concentrations of Basudin
60EM. Similar results reported that SOD initially increased as a result of the formation of superoxide radicals
under stress conditions [22, 23]. CAT and GSH-Px are
H2O2-capturing enzymes, and activities of both increased in
leaves with increasing Basudin 60EM amounts. GSH-Px
and CAT activities are significantly higher than the control.
In our study, comparison of the three enzyme activities
showed that the lower response of SOD activity to
Basudin 60EM in Allium cepa might be compensated by
the increased activities of GSH-Px and CAT, showing
that the three enzymes were functioning concurrently to
remove H2O2 in the different parts of the plant. In pigment studies, the chlorophyll a and b pigments of the
Allium cepa leaves decreased significantly with increasing
Basudin 60EM concentrations. Similar studies have shown
that chlorophyll content decreased in response to increasing stress conditions [24]. The carotenoid contents decreased with Basudin 60EM treatments. This reduction in
carotenoid content showed that Basudin 60EM not only
induced the degradation of pigments but also reduced the
biosynthesis mechanism.
The Allium cepa test is a fast and sensitive assay to
detect environmental genotoxins and mutagens. The results showed toxic effects on the MI and chlorophyll in
the cells of Allium cepa. The SPSS software demonstrated
a positive correlation of time and concentration, the effect
of the latter being more drastic. The present results, together with earlier reports on the cytogenetic effects of
pesticides, weigh against the wide application of these
chemicals in weed control, and point out the need for
mutagenicity testing of agricultural chemicals before they
are released for application.
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ABSTRACT
The pre-oxidation before ultrafiltration (UF) system
has been adopted to alleviate membrane fouling in drinking
water treatment. The pre-oxidants mostly studied to date
are chlorine and ozone, but there is less information available on potassium permanganate (KMnO4). The concept of
‘critical flux’ has allowed for a relatively new operational
optimization of UF in fouling control strategies. This paper
presents experimental results of a pilot study designed to
evaluate the critical flux in a KMnO4/UF system filtrating
sand filter effluent. The KMnO4 pre-oxidation was implemented via direct and continuous dosing of KMnO4 into
the influent of the UF system. It showed that dosing with
KMnO4 before the UF system would enhance its critical
flux. However, there was an optimal dosage of KMnO4
for the maximum critical flux. In this experiment, when
the dosage of KMnO4 was greater than the optimal, the
value of critical flux declined. Stable filtration under subcritical flux operation was achieved successfully by effective membrane fouling control, whilst it failed for supercritical flux operation. Chemical cleaning of various fouled
membranes was also investigated in this study, illustrating
the effect mechanism of critical flux for the KMnO4/UF
system. It showed that the oxidation of KMnO4 greatly
alleviated membrane fouling, and an even better effect was
attained by proper dosage. When dosing with excessive
KMnO4, the effect of relieving membrane fouling is limited
due to increasing Mn in the UF effluent.
KEYWORDS: critical flux; membrane fouling; pre-oxidation;
potassium permanganate

1 INTRODUCTION
Ultrafiltration (UF) is becoming an established process option for advanced drinking water treatment. However, membrane fouling, the major factor limiting the wider
application of UF, reduces permeate production but increases operational costs in long-term operation. Membrane
* Corresponding author

fouling is inevitable and takes place so long as foulants
exist in the feed water. Fouling causes the deterioration of
membrane materials, resulting in shorter membrane lifetimes. The transmembrane pressure due to membrane fouling continues to rise during the filtration process, seriously
affecting the stable operation of the UF system. Therefore,
the mechanisms and control strategies of membrane fouling have become the focus of attention in UF applications.
Pre-treatment of membrane influent is one of the main
areas of research for reduction of membrane fouling, and
mainly includes pre-coagulation [1], dosing with powdered
activated carbon [2, 3], oxidant dosing [4-6] etc. Pre-oxidation of membrane influent for reduction of membrane fouling is mostly limited to chlorine or ozone, whilst less
attention has been paid to other common oxidants (such
as KMnO4) used in drinking water treatment. Therefore,
investigation of a pre-oxidation technique using KMnO4
before the UF system is necessary to investigate its control effect for membrane fouling.
From the viewpoint of an actual application, the concept of ‘critical flux’ is generally accepted in UF systems,
and beyond that membrane permeability deteriorates too
rapidly to realize steady long-term filtration. Therefore, it
is good for a membrane system to maintain constant
productivity with the additional advantage of operating
costs [7, 8]. At the critical flux point, the drag forces on
the solute molecules, which are concentrated over the
membrane surface, are equal to the dispersive forces, leading to a steady-state layer in a gel state. Under these conditions, only reversible fouling can occur, which can be
cleaned periodically. However, operations at low critical
fluxes are not favourable since the UF system will subsequently result in higher investment costs. Based on the
above, it is essential to improve the critical flux.
Enhancement methods for critical flux by chemical
pre-treatment within non-circular multi-channel UF membranes have been studied, and include usage of oxidation,
coagulation or flocculation to remove the soluble organics
and dissolved macromolecules prior to ultrafiltration [9,
10]. All these methods are successful in enhancing the
critical flux of UF systems. However, less information is
available on critical flux enhancements by using KMnO4
to control the fouling of UF membranes. In the literature,
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various methods have been used to determine the value of
critical flux [11-14], and mainly include three operating
modes: constant flux, constant pressure and natural flux
mode [15]. Constant flux mode has been widely used to
determine the critical flux, and has several advantages,
which include simple operation, ease of control, small
errors, etc. In most of the critical flux studies, the UF
system has been performed at laboratory scale. Compared
to laboratory or bench scale, pilot scale is more constructive for actual operation of an UF system. In this study, a
pilot-scale UF process was used for critical flux determination and operating stability under sub-critical ﬂux conditions, and was verified by the change of transmembrane
pressure (TMP) during filtration.

water in this test, more stringent regulation of water quality will be required in the future. In order to obtain a better
quality for the water produced, it may be necessary to use
UF as an advanced treatment process following conventional treatment. A schematic diagram of this system is
shown in Fig. 1, and mainly consists of a submersible
pump, dosing pump, feed tank, stirring device, UF system
and permeate tank. The membrane fibers were made of
polyvinyl chloride (PVC), with the inner and outer diameters of 0.85 and 1.45 mm, respectively, and were provided
by Suzhou Litree Ultrafiltration Membrane Technology
Co. Ltd., China. According to the manufacturer, the average pore size of the UF membrane was 0.01 µm, with a
molecular weight cut-off (MWCO) of 50,000 Dalton, and
a total effective surface area of 40 m2. Pilot-scale crossflow UF experiments were performed with an inside-out
technique.

Chemical cleaning of fouled membrane is often used
to reduce fouling resistance during filtration, especially
the hydraulically irreversible fouling resistance, which is
mainly caused by organic and inorganic foulants [16, 17].
Although the cleaning effect is highly dependent on the
feed water quality and the characteristics of the membrane,
acids and alkalis are the most common chemicals for the
removal of inorganic and organic foulants, respectively. In
this paper, the chemical cleaning efficiencies of various
hollow-fibred polyvinyl chloride (PVC) fouled membranes
were investigated by using the chemical cleaning reagents
of NaOH and citric acid in order to further explain the
effect mechanism of critical flux in KMnO4/UF systems.

A feed tank equipped with dosing and mixing device,
was fed with sand filter effluent by a feed lift pump.
KMnO4 as pre-oxidant was added into the feed tank to
react with the feed water for 10 min. Subsequently, the
effluent of the feed tank flowed into the UF system via
the feed pump. The UF system had two primary phases in
operation: filtration and backwash. In the filtration phase,
feed water was pumped to the bottom of the membrane
module and then entered the membrane channels. At the
end of each filtration phase, the membrane was hydraulically backwashed with a part of the filtrate. Backwash
and chemical cleaning procedures in situ were fully automated and controlled by a programmable logic controller
(PLC). The values of TMP and flux were also automatically recorded by the PLC.

2 MATERIALS AND METHODS
2.1. Experimental set-up

The pilot-scale UF system used in this study was installed at the Xiang Cheng Water Plant, which is situated
in Suzhou (Jiangsu, China). Although the water quality of
sand filter effluent has reached the standards of supplied

2.2. Chemistry of feed water

The feed water used for this study was obtained from
the sand filter effluent of the Xiang Cheng Water Plant in
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Feed water
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FIGURE 1 - Schematic diagram of the pilot-scale UF system.
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TABLE 1 - Chemistry of feed water
Turbidity (NTU)

UV254 (cm-1

TOC (mg/L)

Fe (mg/L)

Mg (mg/L)

Ca (mg/L)

Al (mg/L)

0.32-0.44

0.02-0.039

1.984-2.609

0.049-0.071

0.016-0.028

24.6-28.8

0.015-0.018

Suzhou, which receives its raw water from Taihu Lake.
The raw water was treated by the conventional drinking
water treatment process (upstream treatment processes:
raw water — coagulation tank — sedimentation — sand
filter). The characteristics of the feed water are listed in
Table 1. Turbidity was measured using a turbidity meter
(2100N, Hach, USA) and UV254 was determined using an
UV-visible spectrophotometer (EV300, Thermo Fisher,
USA). Samples were filtrated through a 0.45-µm membrane
(Millipore, USA) to remove particles prior to UV absorbance measurements. The total organic carbon (TOC) concentration was measured using a TOC analyzer (1030W,
Oi, USA). Ion concentrations (Fe2+, Mn2+, Ca2+ and Al3+
in feed water) were analyzed using an inductively coupled
plasma mass spectrometer (Optima 2100 DV, Perkin Elmer,
USA).
2.3. Method of critical flux determination

The critical flux determination was carried out using
the constant flux mode as reported previously [15]. During each pilot test, flux stepping experiments were performed in 30-min filtration cycles to establish the critical
flux for the operation. In each cycle, the flux was kept
constant whilst an increase in TMP value was recorded if
the membrane was fouled. A hydraulic backwash was performed between each cycle and the next one stepping up
to higher flux. Meanwhile, chemical cleaning with 1%
NaClO solution was performed, in turn, for UF fouling removal and permeability recovery, which ensured the same
conditions for the membrane system at the beginning of
each experiment. The initial (TMPe) and final transmembrane pressure (TMPf) for each running condition
were recorded when each filtration process was finished.
Then, a diagram of the average transmembrane pressure
(TMPf + TMPe/2) and flux of each condition was drawn.
The value of the intersection corresponding to two lines
(the changes of transmembrane pressure and the flux
relationship with running time) was the critical flux of the
membrane system by least square fitting [15]. In this study,
changes of the distilled water flux through cleaned membranes were insignificant (<1%). For accuracy of the analysis, each critical flux measurement was performed in triplicate, and the average value was reported herein. All measurements showed a good reproducibility with calibration
check standards of ≤±5%.
2.4. Membrane fouling and cleaning

Membrane fouling during filtration can be characterized by the ‘resistance-in-series’ model [18]. For constantﬂux filtration, the resistance-in-series model in this study
can be expressed as follows:

Rm + R f = Rm + Rrev + Rirr =

ΔP
µJ

(1)
where, ∆P is the trans-membrane pressure (TMP)
(Pa); µ is the dynamic viscosity (Pa s); J is the membrane
ﬂux (m 3/m 2 s); R m is the intrinsic membrane resistance
(L/m); Rf is the total fouling resistance, including the
hydraulically reversible fouling resistance (Rref) (1/m) and
hydraulically irreversible fouling resistance (Rirr) (1/m).
For the chemical cleaning process, in this study, the
irreversible membrane fouling resistance is represented as
follows:

Rirr = R j + Rs + Rirf

(2)
where, Rj is the reduced resistance by alkaline cleaning; Rs is the reduced resistance by acid cleaning; and Rirf
is the residual resistance.
The permeate ﬂux of each UF system was set at a
value of 75 L/m2 h in the membrane fouling experiment,
and each experiment was performed for 5 days. At the end
of the fouling experiment, the fouled PVC membrane was
thoroughly rinsed hydraulically with deionized water to remove the accumulated cake on the membrane that had
caused the hydraulically reversible fouling resistance (Rrev).
Firstly, the rinsed membrane was subjected to filtration
with deionized water for 15 min to obtain the irreversible
membrane fouling resistance (Rirr). Secondly, 1% of NaOH
was added to the permeate tank, and then backwashing was
performed so that the membrane modules were soaked in
the chemical solution for 8 h. Thirdly, the membrane was
resubjected to filtration with deionized water for 15 min to
determine the value of after chemical cleaning. Finally,
2% of citric acid was added as a chemical cleaning agent
to the permeate tank to start further chemical cleaning by
the same method. Similarly, the membrane was resubjected
to filtration with deionized water for 15 min to determine
the value of Rs. The value of Rirf by the chemical cleaning
could also be calculated. The foulants, desorbed from the
membranes, in the cleaning solutions were characterized
in terms of their organic and inorganic constituents.
3 RESULTS AND DISCUSSION
3.1. Critical flux testing of pre-oxidation with KMnO4 in UF
systems

The optimization of KMnO4 pretreatment upstream of
the hollow-fiber PVC membrane was conducted by critical
flux testing. It was expected that the critical flux of the UF
system with KMnO4 pre-treatment could be higher than for
UF only. KMnO4 doses varied from 0 to 1.0 mg/L in the
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KMnO4/UF system. The results of the critical flux using
flux-stepping measurements in constant flux mode are
illustrated in Fig. 2. As shown in Figs. 2a and 2b, the critical flux of the only UF system was determined by drawing
the flux-TMP profile. The varying rate of TMP with running time, the slope of the TMP curve in Fig. 2a started to
increase dramatically when flux was beyond 82.5 L/m2 h.
Figure 2b shows the flux–TMP gradient in the 30-min
filtration cycle. The critical flux, as a general definition, is
the point where the flux–TMP relationship becomes nonlinear. As shown in Fig. 2b, if we extrapolate from the
flux–TMP (averaged within the 30-min cycle) profile, the
relationship became non-linear at a flux value of 68.5
L/m2 h, which indicated that the hollow-fiber PVC membrane running under the critical flux of 68.5 L/m2 h has
low fouling, well under control by normal hydraulic
backwashes.

mode, in KMnO4/UF systems are shown in Table 2. The
results of the critical flux had the corresponding TMP
values of 0.224, 0.207, 0.225 and 0.239 bar, respectively.
TABLE 2 - The values of critical flux for various processes (L/m2 h).
Only UF
68.5

Flux
TMP

0.6

80

0.4

0.4

60

0.3

40

0.2

0

(a)
0

50

100

150

200

250

Average TMP(bar)

0.5

TMP(bar)

2

Flux(L/m h)

Membrane fouling is considered to have its own fouling mechanism in a filtration process, which may be either
detected or ignored during a period of experimental op-

0.5

20

0.1

Critical flux
0.3
0.2
0.1

0.0
300

0.0
40

(b)
50

60

70

0.5
Flux
TMP

0.4

40
20

(c)

150

200

250

0.1

0.0
300

Time(min)

Average TMP(bar)

0.2

TMP(bar)

2

Flux(L/m h)

60

100

110

0.4

0.3

50

100

0.5

80

0

90

Flux(L/m h)

120

0

80
2

Time(min)

100

1.0 mg/L
79.0

3.2 Membrane performance during the filtration

0.6

100

0.8 mg/L
80.8

The results show that using the KMnO4/UF process
can reduce the rate of UF membrane fouling. With the
dosage increase of KMnO4, a better relieving effect can
be obtained to control membrane fouling. But with excessive dosing of KMnO4, the effect of reducing membrane
fouling is limited due to the increase of manganese in the
UF effluent. Therefore, the pre-oxidation of KMnO4 as a
method to alleviate membrane fouling can be used in the
water treatment process.

In Figs. 2 (c, d), it can be observed that the critical
flux of the UF system was established by pre-oxidation
with 0.3 mg/L KMnO4. The average TMP value varied
slowly with the corresponding flux from 70 to 75 L/m2 h,
and rapidly increased when the flux was elevated to 82.5
L/m2 h. The values of critical flux, using constant ﬂux

120

KMnO4/UF
0.3 mg/L
0.5 mg/L
77.6
79.6

Critical flux

0.3

0.2

0.1

0.0
40

(d)

50

60

70

80

90

100

110

2

Flux(L/m h)

FIGURE 2 - Flux-stepping measurements using constant flux mode for the critical flux assessment (a, b: only UF; c, d: 0.3 mg/L of KMnO4
combined with UF).
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eration. The TMP appears to be steady over a short time
scale, but not over a few days or a longer time scale. In
fact, any measurement of the critical ﬂux can only detect
the fouling rate that is below a threshold of sensitivity for
the method and the time-scale used [19]. Therefore, a
longer time-scale is important for evaluating the experimental study of critical ﬂux. In this study, each UF system for filtrating sand filter effluent ran for a relatively
long time under sub-/super-critical ﬂux.
Figure 3 summarizes the performance of the UF system under constant ﬂux of 75 L/m2 h conditions. Each UF
system was continuously performed until its TMP reached
around 1.0 bar (0.1 MPa). It can be seen that an increase
of TMP was recorded over time in each UF system, which
indicated membrane fouling. However, there were no
observed variations of TMP value during the operating
time (approx. 5 days) in any KMnO4/UF system. This is
because the operation was performed under sub-critical
ﬂux conditions, which qualitatively confirms the concept
of ‘critical ﬂux’ in UF systems. However, the TMP value
increased rapidly from 0.18 to 0.975 bar with the same
running time, which explains the instability of UF system.
It is contrary to the previous results, which have reported
that UF under super-critical conditions could result in
serious membrane fouling.
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3000 4000	
   5000
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0.3mgKMnO4+UF
0.5mgKMnO4+UF

0.8

TMP(bar)

1000

0.8mgKMnO4+UF

6000

7000

8000

9000
0.10

0.08

1.0mgKMnO4+UF
0.6

0.06

0.4

0.04

0.2

0.02
0

TMP(MPa)

0

5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
Time(min)

FIGURE 3 - TMP changes in the pilot UF system with the constant
flux of 75 L/m2 h.

As shown in Fig. 3, the filtration process of the UF
system was divided into two stages. The first phase of
only UF system was maintained for 4 days, in which TMP
increased slowly. The next stage was about 1 day, in
which TMP changed dramatically. The increasing rate of
TMP with time (dp/dt) was only 0.075 bar/d in first phase
and 0.5 bar/d in the second phase when the KMnO4/UF
was used. In addition, a steady filtration was more successfully achieved in the first phases of KMnO4/UF systems than the only UF system. In fact, the initial stage of
filtration is consistent with the pore-blocked model, which
advocates adsorption or deposition of macromolecules
and particulate matter on the membrane, resulting from
pore size gradually becoming smaller or clogged. During

the next phase, membrane fouling is gradually aggravated
and cannot be effectively mitigated by hydraulic cleaning.
The rapid increase of TMP in this phase can be explained
in terms of the resistance model, which postulates that
membrane fouling is caused by the formation of a dense
gel layer due to the continuous deposition of contaminants
on the membrane surface.
Therefore, KMnO4 pre-treatment before UF membrane filtration is effective in reduction of fouling. Hydrous manganese dioxide that is converted by KMnO4,
and metal oxide particles that are oxidized by metal ions,
can absorb organics and are more readily attached to the
membrane surface than to the membrane pores. During
filtration, this results in a reduced level of membrane pore
blockage, reducing the probability of direct contact between organics and the membrane. However, relieving
membrane fouling is not better when the dosage of
KMnO4 is excessive. The effect of pre-oxidation is limited
due to the increase of Mn in the UF effluent when the
dosage of KMnO4 increases to a certain level.
3.3. Effect mechanism of critical flux with pre-oxidation by
KMnO4

Chemical cleaning was carried out in this test, which
illustrated the effect mechanism of critical flux of the UF
system. As an alkaline reagent, NaOH is always used for
the chemical cleaning of fouled membranes in drinking
water treatment, and a more or less positive cleaning
effect can be obtained, which depends on the membrane
material and type as well as the foulants in the feed water
[20-22]. Most studies show that NaOH is effective in the
flux restoration of membranes fouled by non-organic
material (NOM) through hydrolysis and solubilization
[23, 24]. It has also been shown that metals, such as Fe,
Mn and Al are able to cause irreversible membrane fouling, on which acid cleaning was especially effective [25,
26]. Furthermore, some organic foulants can also be eliminated from fouled membrane by acid cleaning [26].
Figure 4 illustrates the removal of irreversible resistance of various fouled membranes after the chemical
cleaning with 1 g/L NaOH for 8.0 h. The Rj value for the
KMnO4/UF system was lower than that of the only UF
system (0.47×1012 m-1). Through further chemical cleaning with 2% citric acid for 8.0 h, a moderate reduction of
irreversible resistance was also observed in the fouled
PVC membrane. Similarly, The Rs value of KMnO4/UF
system was also lower than that of the only UF system of
1.18×1012 m-1. Based on the cleaning results obtained
with NaOH and citric acid, it can be inferred that dosing
with KMnO4 can reduce membrane fouling by organic
and inorganic pollutants.
Table 3 summarizes the analysis results of organic
and inorganic foulants that were desorbed from the fouled
membrane by citric acid and NaOH solutions. In addition,
citric acid itself interferes with measurements of TOC and
UV absorbance and, therefore, the corresponding values
are not listed in Table 3. Desorption tests were carried out
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FIGURE 4 - Effects of chemical cleaning of the hollow-fiber PVC
membrane.

after removal of the cake layer by sponge wiping to eliminate the influence of the foulant that could cause ‘reversible’ fouling. As shown in Table 3, alkaline washing was
more effective in removing organic foulants, whilst acidic
washing was more feasible in removing inorganic foulants. Note that the concentration of TOC extracted in
NaOH solution becomes lower with the increasing dosage
of KMnO4. However, it did not change dramatically when
the dosage of KMnO4 was more than 0.8 mg/L. A reasonable explanation is that KMnO4 can enhance the removal
of organic matters by oxidation. KMnO4 oxidation may
remove some organic matter, which is then easily adsorbed to the inner pore fibers or the membrane surface.
Manganese dioxide produced by KMnO4 preoxidation can
partially absorb organic matter in filtration. It reduces the
risk of a strong adhesion force between the membrane and
organics, resulting in the formation of a loose filtration cake.
Therefore, easy removal by washing of the fouled layer is
facilitated by KMnO4 pre-oxidation. In addition, the organic matter concentration of the sand filter effluent is low and
the reaction time of the feed tank is limited, which implies
that the removal effect of organic pollutants by oxidation
will not improve when dosing excessive KMnO4 in the feed
tank.

A moderate decline of Al and Ca concentrations were
observed in the extracted solution of the fouled membrane.
The reaction of KMnO4 with pollutants produces MnO2
and some intermediate products. The intermediate MnO2
has a large surface area with a strong adsorptive capacity. Therefore, Al and Ca can be adsorbed by MnO2, and
then be retained together on the membrane surface, which
is then reduced by hydraulic cleaning. The elements of Fe
and Mn can be reduced by KMnO4 oxidation, whilst the
concentration of Mn increased continuously in the extracted
solution. This may be the result of dosing of KMnO4, which
increases the content of the retained MnO2 on the membrane. Dosage increase of KMnO4 resulted in an increased
MnO2 content in the UF influent. MnO2 is easily adsorbed
on the membrane surface or pore walls, which reduces the
pore sizes. Meanwhile, the intermediate MnO2 can also
remove NOM by adsorption. It is assumed that there is
a dynamic balance between adsorption and desorption
of foulants on the membrane surface in filtration. The concentration of TOC, Al, Ca and Fe slowly varied in the
extracted solution of fouled membranes when the dosage of
KMnO4 was more than 0.8 mg/L, whilst it was dramatically
increased for Mn. When dosing excessive KMnO4, the
effect of relieving membrane fouling is limited due to the
increasing manganese amount in the UF effluent.
4 CONCLUSIONS
The critical flux of the UF system for treating sand filter effluent has been investigated and the following conclusions can be drawn:
(1) KMnO4 pre-oxidation before the UF system can
improve the critical flux, which allows the UF system to be
successfully performed under a higher filtration ﬂux. However, it did not enhance critical flux when the dosage of
KMnO4 was increased to an excessive level.
(2) The TMP value of the UF system varied evidently
under super-critical ﬂux conditions. Long-term steady filtration was successfully achieved under sub-critical flux operational conditions. The results also demonstrated that the
critical flux should be a key parameter to realize steady
filtration and feasability of the method for critical flux
measurement for long-term operation.

TABLE 3 - Concentration of organic and inorganic substances desorbed with HCl and NaOH solutions.
TOC
SUVA
Al
Ca
Fe
(mg/m2) (1/m/mg/L)
(mg/m2)
Only UF
48.66 0.44
39.84 25.06 0.14
0.3 mg/LKMnO4/UF
27.98 0.54
39.24 24.75 0.007
1% NaOH
0.5 mg/LKMnO4/UF
19.50 0.63
38.31 24.48 ND
0.8 mg/LKMnO4/UF
16.64 0.62
38.07 24.36 ND
1.0 mg/LKMnO4/UF
16.16 0.64
37.15 24.12 ND
Only UF*
22.07 109.00 4.10
0.3 mg/LKMnO4/UF*
21.45 108.69 2.37
2% citric acid
0.5 mg/LKMnO4/UF*
20.38 108.43 1.67
0.8 mg/LKMnO4/UF*
20.12 108.17 1.58
1. 0mg/LKMnO4/UF*
19.73 107.95 1.55
*Fouled membrane after chemical cleaning by NaOH; -, not detected; ND, not determined.
Clean
solution

Fouled membrane
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(3) Chemical cleaning of the fouled membrane has
reasonably explained the mechanism for alleviating membrane fouling by KMnO4. Proper dosage of KMnO4 helps
to alleviate membrane fouling and improved critical flux
of the UF system, whilst excessive KMnO4 caused increase of Mn element in the UF effluent.
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ABSTRACT

1 INTRODUCTION

We have investigated the effects of sinusoidal electromagnetic fields on superoxide dismutase activity and
malondialdehyde level in an N-Methyl-N-nitrosourea induced colon tumor model.
We used 28 male Wistar albino rats at the age of 22.5 months. The rats were classifîed into 4 groups: 1) NMethyl-N-nitrosourea, 2) sinusoidal electromagnetic field
-N-Methyl-N-nitrosourea , 3) sinusoidal electromagnetic
field, and 4) control. After the 1st and 2nd groups were
administered with N-Methyl-N-nitrosourea, the 2nd and 3rd
groups were exposed to a sinusoidal magnetic field (50 Hz,
5 mT) for 6 h/day during 8 months. After the animals
were sacrificed, MDA levels and SOD activities were
determined in colon tissue homogenates. The data from
all groups were statistically evaluated using Student's ttest and expressed as mean ± standard deviation derived
from rats in each group.
SOD activities (units/g tissue) and MDA levels (µmol/
g tissue) were found to be for group 1: 24.89±7.37 and
225.35±90.03; for group 2: 30.65±8.49 and 252.98±51.7;
for group 3: 26.99±7.14 and 489.37±376.71; and for control: 26.19±4.51 and 126.48±4.25.
Our studies demonstrated a statistically significant
(p<0.05) increase in level of MDA, but differences were not
statistically significant for SOD activities (p>0.05) in experimental groups compared to that of the control group.
According to the findings of this study, sinusoidal
magnetic fıeld may increase the free radical levels, but
antioxidant system may not have enough response under
these circumstances.
KEYWORDS: magnetic field, free radicals, colorectal cancer, and
lipid peroxidation

* Corresponding author

Previous data support the hypothesis that static magnetic fields (SMF), alone or in combination with extremely
low frequency magnetic field, having an intensity of more
than 1 mT, influence the kinetics of appropriate cell signaling pathways through a field-direct effect on the electronspin motion of atoms and molecules with unpaired electrons. This effect influences the recombination ratio of a
spin-correlated free radical pair and, consequently, the
redox signaling [1-3]. Those events may influence growth
factors, ion transport, transcription and apoptosis [4]. Redox signaling may activate transcriptional redox-related
genes, reactive oxygen species (ROS), and the oxidation
degradation of mitochondrial components, culminating in
cell death. It has been suggested that p53-dependent apoptosis is activated through the above 3-step process [5].
Therefore, a magnetic field can affect apoptosis through
an influence on ROS [6]. Colon carcinogenesis is a multistep process comprising of three distinct stages: initiation,
which alters the molecular message of a normal cell, followed by promotion and progression that ultimately result
in tumors, a phenotypically altered “transformed cell” [7].
Superoxide dismutases are metalloenzymes that play a
vital role in the protection of aerobic cells against oxygen
toxicity [8]. In eukaryotic cells, there are two main intracellular forms of this enzyme. The first form of it contains
both copper and zinc (CuZnSOD) and is found in the cytosol [9], and the second one contains manganese (MnSOD)
and is found mainly in the mitochondria [10]. Altered
activities of SOD were shown to be important in multistage carcinogenesis of both rodents and humans. When
compared to their appropriate normal cell counterparts,
tumor cells are almost always low in MnSOD and CuZnSOD activity [11].
The measurement of lipid peroxidation has been favored as the indicator of free radical activity in many ex
vivo and in vitro studies of oxidative stress, in particular
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by the measurement of MDA that is one of the end products of lipid peroxidation reactions [12].
The aim of this study was to determine the influence
of a sinusoidal magnetic field on SOD activity and MDA
levels in colon tissues obtained from a number of treated
and control rats. To address this objective, we performed an
experimental colon tumor model in rats by N-methyl-Nnitrosourea (MNU).
2 MATERIALS AND METHODS
We used 28 male Wistar albino rats at 2-2.5 months
of age. All animals were cared for in accordance with the
Guide for the Care and Use of Laboratory Animals (National Research Council. 1996) [13]. The animals were
fed on Standard rat chow, allowed access to tap water ad
libitum, and acclimated to the surroundings for 1 week
prior to experiments. Rats were housed in polycarbonate
cages that were cleaned twice a week. The animal room
was checked for temperature, humidity and light conditions (12:12 light-dark cycle). Temperature was maintained between 23- 25 °C and relative humidity between
35-65 %. Rats were classifîed into 4 groups; 1-MNU (7),
2-SMF-MNU (7), 3-SMF (9), and 4-Control (5), Table 1.
TABLE 1 - All groups with the number of the animals.
Groups
MNU
SMF-MNU
SMF
Control

Number of animals
7
7
9
5

the coils, the magnetic flux intensities were measured at
five different places inside the cages to be 5 mT. For measurement, we used a Leybold Heraeus 54050 model Hall
effect teslameter.
2.3 Experimental protocol

After we had administered the 1st and 2nd groups with
MNU, the 2nd and 3rd groups were exposed to a sinusoidal
magnetic field (SMF, 50 Hz. 5 mT) for 6 h/day during
8 months. The animals of groups 1 and 4 were kept in the
same conditions, but above coils were not connected to the
city electric system. Eight months after the first intra-rectal
injections of MNU, the animals from all groups were sacrificed by ether anesthesia.
2.4 Preparation of tissues for analysis

After sacrifice, representative colon tissues were obtained from all treated and control rats, and colon samples
were quickly dissected out, followed by washing with
chilled 0.9% NaCl solution. All subsequent steps were
employed at 0-4 °C.
2.5 Analysis of SOD activities and MDA levels

Measurement of SOD in colon tissue was carried out
with a commercially available kit (Bioxytech SOD-525,
Oxis International, Portland, OR). The colon tissue MDA
concentration was determined using the method described
by Jain et al. [14] based on TBA reactivity.
2.6 Statistical analysis

Results were expressed as mean ± standard deviation
(SD). Differences between two groups were examined by
Student’s t-test. A probability of P<0.05 was considered
to be statistically significant.

2.1 Carcinogen administration

60 mg MNU (Sigma Chemical Co., Dorset, England)
was dissolved in 6 ml sterile isotonic solution (0.9%
NaCl). Prepared solutions were given i.r. (intra-rectal) to
the MNU and SMF+MNU groups as 0.2 ml per animal.
During the procedure, a total of 8 feeding tubes were
inserted 6 cm into the rectum and the solution was administered. The same procedure was applied to the SMF and
control groups, but 0.2 ml per animal sterile isotonic solution was administrated instead. This procedure was repeated once a week for 10 weeks.
2.2 Application of magnetic field

The magnetic fîelds were generated by 12 serially
connected copper solenoid coils, each having 560 turns.
The cores of the coils were filled with soft iron rods and
they were tightened to increase the magnetic flux intensity. Plastic cages were used so that the magnetic field
strength and distribution would not be affected. The coils
were placed vertically and the cages were held 1.2 cm
above the coils to hinder them from a probable vibration.
To protect the cages from heat of the coils, 1 cm thick
wooden plates were placed between the coils and the
cages. The coils were connected to 220 V and 50 Hz sinusoidal city electric systems. When current passed through

3 RESULTS AND DISCUSSIONS
No appreciable change in food consumption was observed among different groups of rats. The tissue MDA
levels and SOD activity values in all groups are shown in
Table 2 along with their statistical comparison. SOD
activities (units/g tissue) in the groups were MNU
24.89±7.37, SMF-MNU 30.65±8.49, SMF 26.99±7.14,
and control 26.19±4.51 whereas MDA levels (µmol/g
tissue) in the groups were MNU 225.35±90.03, SMFMNU 252.98±51.71, SMF 489.37+376.71, and control
126.48+4.25. As shown in Table 2, the MDA level was
measured in experimental group rats (MNU, SMF-MNU
and SMF) and control rats, and was significantly increased
in experimental groups compared to that of the controls.
Furthermore, the MDA level was highest in SMF group.
Table 2 shows the colonic SOD activity of various
groups of experimental animals. SOD activity in SMFMNU group and SMF group were found to be increased
compared to control group.
However, the differences were not statistically significant (p>0.05) but our study demonstrated a statistically
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TABLE 2 - Colon tissue MDA levels (µmol/g tissue) and SOD activities (units/g tissue) in the groups.
Groups

MDA
SOD
(µmol/g tissue)
(units/g tissue)
MNU
225.35±90.03*
24.89±7.37 (NS)
SMF-MNU
252.98±51.71*
30.65±8.49 (NS)
SMF
489.37±376.71*
26.99±7.14 (NS)
Control
126.48±4.25
26.19±4.51
MDA = malondialdehyde; SOD = superoxide dismutase; values are
expressed as means ± SD; comparisons were performed using Student’s
t-test; * statistically significant (p< .05); NS = not significant.

significant (p<0.05) increase in MDA level of whereas
differences were not statistically significant for SOD activities (p>0.05) in experimental groups compared to control
group.
Colon cancer is the second major cause of cancer mortality in the United States and the fourth most common
cause of cancer mortality worldwide [15]. Dietary factors,
including exposure to chemical carcinogens present in
cooked meats are widely accepted as risk factors for colorectal cancer [16]. The addition of exogenous SOD has led
to the inhibition of oncogenic transformation induced by Xrays both in vitro and in vivo [17, 18], and transgenic mice
overexpressing MnSOD are resistant to chemically induced
skin carcinogenesis [19]. Although altered antioxidant enzymes are found in many tumors, it is unknown whether
this abnormality is one of the causes of cancer or whether
it is just one of the consequences of the carcinogenic process. Van Driel et al. [20] found that colorectal carcinomas
were characterized immunohistochemically by decreased
amounts of CuZnSOD and MnSOD and total SOD activity
when compared to adjacent normal mucosa. However, quantitative differences in expression of CuZnSOD and MnSOD,
or SOD activity, were not detected between adenomas of
the colon and normal adjacent mucosa. This suggests that
decreased SOD expression may occur at a later stage of the
carcinogenic process. In contrast, over-expression of SOD
was shown to inhibit malignant transformation [17-19]. The
data we obtained are consistent with this above suggestion.

demonstrated that SMF (50Hz, 5 mT) causes oxidative
damage biochemically by increasing the levels of MDA.
Based on the data presented in this study, further researches
need to be performed in order to understand the biological
significance of the findings, and to characterize the biological mechanisms involved.
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SOD is an antioxidant enzyme that is cytoprotective in
many tissues because it scavenges the overproduced superoxide by stimulants. This study showed that SOD activity
in SMF-MNU group and SMF group were found to be
increased compared to control group. However, the differences were not statistically significant (p>0.05). It is envisaged that the elevated SOD activity may be a protective
reaction in the colonic tissue against the overproduction of
superoxide during the early active phase of colonic inflammation [21]. Preneoplastic and neoplastic cells have
generally been shown to exhibit reduced or absent MnSOD
activity [22].
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