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RELATIONSHIP BETWEEN ZOOPLANKTON (ROTIFERA)
DISTRIBUTION AND PHYSICO-CHEMICAL VARIABLES
IN ULUABAT LAKE (TURKEY)
Nuray (Emir) Akbulut1*, Aydın Akbulut2 and Young-Seuk Park3
1

Department of Biology-Hydrobiology, Faculty of Science, Hacettepe University, 06800 Beytepe-Ankara, Turkey
2
Department of Biology, Faculty of Arts and Science, Gazi University, 06500 Beştepe-Ankara, Turkey
3
Department of Biology, Kyung Hee University, Hoegi-dong, Dongdaemun-gu, Seoul 130-701, South Korea

ABSTRACT
Uluabat Lake is one of the RAMSAR wetlands and it
is under the threat of human activities such as drainage of
irrigable lands and industrial, domestic and agricultural
pollution. The objective of the current study was to investigate the distribution patterns and composition of the zooplankton (especially rotifers) regarding the physical and
chemical environmental factors. Samples were collected
monthly at six different sampling stations of Uluabat
Lake from November 2001 to November 2002. It was
observed that the composition of zooplankton taxa
seasonally changed. Rotifera was dominant in the cold
period and Cladocera in the warm period, showing negative relations in their relative abundance. Canonical
correspondence analysis as a multivariate ordination technique was applied to investigate relationships between
spatial and temporal occurrence patterns of rotifer and
physical and chemical environmental factors. Rotifer
community displayed strong seasonal dynamics considering their environmental variables. Rotifer communities
were influenced by physical factors such as temperature
and Secchi depth, chemical factors such as Na, SO 4, Ca
and HCO 3 and heavy metals such as Cr, Cu, Zn and Pb.

KEYWORDS: Rotifera, shallow lake, heavy metals, physical and
chemical variables, canonical correspondence analysis

INTRODUCTION
Studying occurrence patterns of communities is useful
for revealing ecological states of ecosystems in response to
environmental disturbances. In aquatic ecosystems, community composition varies rapidly in response to stressful
sources of natural and anthropogenic origins such as flooding, pollution, etc. [1-3]. Zooplankton communities are
effective in indicating water quality of lakes and could
effectively reveal ecological states of aquatic ecosystems
[4, 5].

Uluabat Lake locates in Northwestern part of Turkey,
and its catchment area includes one of the most productive agricultural areas in Turkey. The Turkish Society for
the Protection of Nature conducted some studies on the
birds of the lake [6] and the Turkish Ministry of Environment has observed the water pollution of the lake [7-9].
Schot et al. [10] reported on the hydrology and ecology of
the lake, focusing on the pollution sources such as domestic and industrial wastes and pesticides and the water level
fluctuation due to the irrigation and settlement. However,
these studies were limited mainly to hydrology and some
fauna like birds. For the effective management of the lake
ecosystems, it is necessary to understand the current condition of the ecosystem. One approach is to investigate the
aquatic communities living in concerning lakes and their
relationship with physical and chemical environmental factors. However, this kind of approach has not been sufficiently conducted in the lakes of Turkey. The majority of
the zooplankton studies are inventory nature, generally
presenting information on zooplankton fauna of inland
water [11], although some studies like biomass analysis,
secondary production and seasonal succession studies [1215]. Therefore, it is urgently required to evaluate the structure of the lake ecosystem for effective ecosystem management in Turkey.
The aims of the current study were to investigate the
composition and seasonal succession of zooplankton, especially rotifers which are the main taxa in zooplankton, and
to examine the effects of selected heavy metals, chemical
and physical environmental factors on rotifer community
in a lake. This study will be a step for effective ecosystem
studies for the lake Uluabat.
MATERIAL AND METHODS
Samples were collected at Uluabat Lake located in the
northwestern part of Turkey (Fig. 1). It is a shallow (depth:
1.23 - 4.40 m) large freshwater lake, covering an area of
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Fig. 1FIGURE 1 - Study area and sampling stations in Uluabat Lake (northwestern part of Turkey) [16].

between 135 and 160 km2 depending on water level. The
lake is principally fed by water from the Mustafa Kemalpaşa River and its only outlet flows to the Kocaçay river
at the north-west of the lake (Fig. 1). The area is one of
the most productive agricultural areas in Turkey due to its
suitable climatic condition, fertile soils, and developed
irrigation system, agricultural lands and industry surrounding the lake [16, 17].
Sampling of zooplankton was conducted monthly at
six different stations of Uluabat Lake (Fig. 1) from November 2001 to November 2002. Zooplankton samples
were taken horizontally using a plankton net (mesh size:
44 µm), and were preserved in 4 % formaldehyde solution. The samples were enumerated [18] and identified
based on Kolisko [19], Koste [20, 21], De Ridder [22],
Nogrady et al. [23] and Segers [24]. Additionally, during
the survey, physical and chemical environmental factors
were measured at the sampling sites. Water temperature,
dissolved oxygen, pH and conductivity were measured with
a multiparameter instrument (WTW Multiline F/Set-3,
Weilheim, Germany). Secchi depth (S depth) was measured with a 20 cm disc, and the concentration of the chlorophyll-a (Chl-a) was determined following Youngman
[25].
Furthermore, water samples were collected with a one
liter water sampler for the analyses of chemicals. Fifteen

chemical factors such as K and NO2 were measured. An
air-acetylene flame photometer was used for the determination of selected heavy metals (Fe, Mn, Cu, Zn, Cr, Pb,
Ni and Co) in water samples, and the metals were analyzed
using an Atomic Absorption Spectrophotometer (AAS)
(Perkin-Elmer 2280) [26]. Chemicals of the water have
been determined five times especially in the dry and rainy
season. Some anions and cations were also measured to
show mineralization in the lake. Heavy metals and chemical parameters were analyzed by the International Research
and Application Center for Karst Water Resources of
Hacettepe University.
To reveal relationships between environmental factors
and rotifer community, Canonical Correspondence Analysis (CCA) was carried out with PC-ORD [27]. CCA is a
direct gradient analysis method that analyses concomitantly both species and environmental data by combining
ordination and multiple regression techniques [27, 28].
Monte Carlo test of 99 randomizations was carried out
to test the robustness of the analysis. After CCA analyses,
each axis was rescaled from the lowest score on the axis
to the highest score (option Min to Max) to maximize the
spread of points on the graph, because the number of samples and species was too high. To avoid the misinterpretation of the map from this option that usually distort the
relationship between ordination distance and sample simi-
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larity, resulting in lower r2 values, we carefully checked
the ordination map by comparing with raw ordination map
which was not scaled in Min to Max. The analyses were
conducted on three datasets of environmental factors: 1)
physical and selected chemical (pH and DO) factors, 2)
physical and chemical factors and 3) physical and selected
chemical factors and heavy metals. For the first dataset,
all samples from 6 different stations from November 2001
to November 2002 were analyzed, whereas for the second
dataset samples of March, May, July and October were
used, and for the last dataset samples of February, May,
July, and September were used because of the availability
of the dataset in each month.

RESULTS
Environmental variables

The physical and chemical environmental variables
showed seasonal and spatial fluctuations. The temperature
of surface water varied between 6.7ºC and 33.22ºC, and
thermal homogeneity of the water column was observed
throughout the sampling period (Fig. 2). Dissolved oxygen
(DO) values ranged from 6.11 to 14.40 (mg/l), and Secchi
depth was high in spring and very low in August, displaying the states of heavy algal bloom period. DO and temperature showed significant negative correlation (r=-0.33,
p<0.05). The water was generally alkaline, and electrical
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FIGURE 2 - Monthly changes of environmental factors at sampling stations of Uluabat Lake.
Error bars indicate standard deviations of 6 sampling station.
TABLE 1 - Mean values of chemical environmental factors measured at six sampling stations in
Lake Uluabat in 2002. The numbers in the parentheses indicate the ranges at six sampling stations.
Variables
Na (mg/l)
K (mg/l)
Ca (mg/l)
Mg (mg/l)
CO3 (mg/l)
Cl (mg/l)
SO4 (mg/l)
HCO3 (mg/l)
B (mg/l)
F (mg/l)
Anyon (meq/l)
Katyon (meq/l)
N-NO2 (µg/l)
N-NO3 (µg/l)
P-PO4 (µg/l)

January
8.3 (5.2-10.8)
2.8 (2.3-3.3)
38.3 (32.0-42.5)
18.3 (11.0-22.0)
0
0
51.1 (28.7-64.4)
0
0
0
0
0
-

March
10.9 (10.4-12.2)
2.5 (2.2-2.8)
47.6 (42.5-54.0)
28.6 (27.5-31.0)
9.2 (0.0-11.0)
10.9 (9.9-12.8)
61.2 (54.9-64.1)
219.4 (196.1-252.1)
0
0
5.49 (5.11-5.94)
5.26 (4.99-5.78)
0.07 (0.00-0.39)
0.44 (0.00-1.36)
0

May
8.5 (8.1-8.9)
2.4 (2.4-2.5)
50.5 (47.0-55.0)
34.1 (33.0-36.5)
21.0 (17.6-29.2)
10.5 (5.7-22.8)
53.4 (49.1-57.9)
222.5 (210.0-227.3)
0.15 (0.14-0.18)
0.08 (0.08-0.10)
5.73 (5.24-6.26)
5.71 (5.45-6.01)
0.21 (0.00-2.31)
3.49 (3.10-3.59)
0.01 (0.01-0.19)

950

July
14.1 (13.2-14.9)
2.4 (2.2-2.5)
48.8 (46.6-52.1)
34.9 (33.0-36.6)
26.1 (24.9-31.2)
10.1 (9.1-10.6)
82.8 (77.3-85.9)
215.6 (198.9-230.8)
0.004 (0.00-0.024)
0.25 (0.21-0.28)
0
0
0.25 (0.00-0.48)
0.75 (0.00-1.18)
0.27 (0.00-0.53)

October
14.4 (0.0-18.5)
3.4 (3.0-3.9)
33.9 (30.0-40.0)
39.6 (38.5-40.5)
0.54 (0.23-0.69)
17.9 (15.6-20.9)
113.2 (102.9-129.8)
2.6 (2.3-2.8)
0
0.32 (0.31-0.37)
5.99 (5.54-6.38)
5.80 (5.60-6.13)
0
0.05 (0.00-0.32)
0
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conductivity was nearly uniform, although there were small
variations. The concentrations of nitrite, nitrate and orthophosphate were high in summer. Among the major cations,
Ca+2 was the highest concentration, and it is followed by
Mg2+, Na+ and K+ , and HCO3- was the highest concentration among the anions (Table 1).

poda, and species Bosmina cornuta and Diaphanosoma
brachyrum were dominant in Cladocera.
The concentration of Chlorophyll-a and phytoplankton
production showed spatial and temporal variation throughout the lake during the survey period, displaying the highest value in August (Fig. 3a). These changes were well
coincident with changes of Rotifera (Fig. 3b,c), reflecting
that Rotifera was strongly dependant on phytoplankton
production.

Zooplankton dynamics

Influences of environmental factors

The CCA was carried out to analyze the relationships
between physical and chemical environmental factors and
rotifer community. On the first dataset (physical and two
chemical (pH and DO) factors), the first and second axes
of the CCA showed 0.605 and 0.243 of eigen values with
16.9 and 6.8 percentages of variance explained (Fig. 4).
Monte Carlo test showed the eigen values to be robust (p=
0.02 and 0.04 for axes 1 and 2, respectively), suggesting
that no single environmental factor, but rather a combination thereof, is significant in defining the variability within
the species data. In the ordination, rotifer community
showed a strong seasonality (Fig. 4). Samples in winter
(February and December) were located in the upper right
side of the ordination, spring samples were in the left areas,
and summer and autumn samples were on the lower right
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Zooplankton abundance displayed clear seasonal dynamics. Rotifera was the dominant zooplankton taxa at
the sampling sites of the Uluabat lake (Fig. 3b,c). Figure 3
showed also changes of community composition. Rotifera
was dominant in the cold period (later autumn – early
spring), Cladocera was in the warm period (later spring –
early autumn), and Copepoda was dominant in the warm
period (July). Their abundances were low in winter. Rotifera and Cladocera showed negative relations in their
relative abundance, indicating a competition between each
other. The highest value of Rotifer in August was due to
the increase of the species Brachionus calyciflorus at most
sampling sites, whereas the high value in May was caused
by the abundance of the species Keratella cochlearis.
Among Rotifera, totally 34 species were identified, and
Brachionus calyciflorus (36% of total abundance) was the
first dominant species followed by Brachionus diversicornis and Keratella cochlearis. Species Acanthocyclops
robustus and Eucyclops serrulatus were dominant in Cope-
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FIGURE 3 - Temporal variation of phytoplankto production and Chlorophyll-a (a),
proportion (b) and abundance of zooplankton (c) at the sampling stations of Lake Uluabat in 2002.
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areas of the ordination plot showing a trajectory of seasonality indicated as arrows. However, some other variations
were also observed. For example, samples in November and
December were widely distributed, indicating high spatial
variation of rotifer community in the study lake. Six physical environmental factors reflected the seasonality of rotifer
community. DO was high in winter and positive relations
with temperature, whereas depth and Secchi depth (Sdepth)
revealed negative relationships with temperature (Temp)
and DO, showing strong influence on rotifer communities
in winter and summer. The first dominant species Brachionus calyciflorus was highly related with high DO,
and the second dominant species Brachionus diversicornis and Keratella tropica were indicative in summer and
autumn.

(Fig. 5). Monte Carlo test showed a significance for the
first axis (p=0.01) but no significance for the second axis
(p=0.52). The ordination displayed distinct temporal variation of rotifer communities: March samples were on the
upper area, May samples on the left area, and July and
October samples on the lower right area. Although temporal variation was mainly observed, spatial variation was
also observed. For example, samples from stations 1 and 3
in May were isolated from other samples, but closely located to samples in March. Samples from station 5 in March
located in the right areas closely related with samples of
station 5 in July and October. This indicates that the rotifer community variation was relatively smaller in station
5 than other stations. This may be due to the location of
the station 5 which is relatively inside of the lake, whereas
other stations are relatively close to the waterside of the
lake (Fig. 1). Rotifer community in July and October was
strongly influenced by Na and SO4, whereas the community in May was influenced by HCO3, Ca, and CO3. Species such as Ascomopha ovalis, Synchaeta oblonga, and
Polyarthra remata were strongly influenced with the increasing HCO 3, CO 3 and Ca, whereas species including
Brachionus calyciflorus, Keratela tropica, and Brachionus
diversicornis were influenced by Na and SO4.

Based on the seasonality of rotifer community, we
further carried out the CCA on the rotifer community at
different seasons with available environmental factors:
physical and chemical factors and physical and heavy metal
factors. Considering the rotifer community variation with
physical and chemical factors, the first and second axes of
the CCA ordination showed 0.852 and 0.385 of eigen values with 34.4 and 15.5 percentages of variance explained
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FIGURE 4 - CCA
with Rotifers and physical parameters at 6 different stations from December 2001 to November 2002. Closed
square (■) indicates a sample ordination with corresponding sample acronym: first two alphabet, month; last number, sampling station. For
example, DE1 is a sample at station 1 in December in 2001, and MA3 is a sample at station 3 in May in 2002. Cross (+) indicates an ordination of species with species acronym expressed as three small alphabets. Acronyms of species are given in the Appendix. The first and second
axes showed 0.605 and 0.243 of eigen values with 16.9 and 6.8 percents of variance explained. Monte Carlo test showed a significance for both
axes (p=0.02 and 0.04 for axes 1 and 2, respectively). Each axis is scaled from the lowest score on the axis to the highest score using an option
Min to Max in the PCORD.
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FIGURE 5 - CCA ordination with Rotifers and physical and chemical parameters at 6 different stations in March, May, July and September
2002. Sample names are explained in Figure 4. The first and second axes showed 0.852 and 0.385 of eigen values with 34.4 and 15.5 percents
of variance explained. Monte Carlo test showed a significance for the first axis (p=0.01) but no significance for the second axis (p=0.52). Each
axis is scaled from the lowest score on the axis to the highest score using an option Min to Max in the PCORD.

FIGURE 6 - CCA ordination with zooplankton community and physical and heavy metals at 6 different stations in February, May, July and
September 2002. The first and second axes showed respectively 0.889 and 0.302 of eigen values with 28.8 and 12.9 percents of variance explained. Monte Carlo test showed a significance for the first axis (p=0.01) but no significance for the second axis (p=0.42). Each axis is scaled
from the lowest score on the axis to the highest score using an option Min to Max in the PCORD.
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APPENDIX - Acronyms of Rotifer species used in CCA ordination in Figs. 4-6.
Scientific name
Ascomorpha ovalis
Asplanchna priodonta
A. Sieboldi
Brachionus calyciflorus
B. quadridentatus
B. angularis
B. diversicornis
B. caudatus
Cephalodella gibba
Colurella obtusa
Conochilus unicornis
Euchlanis dilatata
Filinia longiseta
F.terminalis
Hexarthra mira
Keratella quadrata
K. cochlearis
K. tropica

Acronym
Aov
Apr
Asi
Bca
Bqu
Ban
Brd
Bca
Cgi
Cob
Cun
Edi
Fon
Fer
Hmi
Kqu
Kco
Ktr

Scientific name
Lecane luna
L. lunaris
Lepadella patella
Notholca acuminata
Polyarthra dolichoptera
P. vulgaris
P. remata
Synchaeta pectinata
S. tremula
S. oblonga
Synhaeta mutica
Testudinella patina
Trichocerca collaris
T. elongata
T. myersi
Trichotria pocillum

Considering the rotifer community variation with
physical and heavy metal factors together, the first and
second axes of the CCA showed respectively 0.889 and
0.302 of eigen values. Monte Carlo test showed a significance for the first axis (p=0.01) but no significance for the
second axis (p=0.42). The ordination of the CCA displayed seasonal variation of rotifer community with three
distinct groups: Winter (February) on the upper right area
of the ordination, spring (May) on the left area, and summer (July) and autumn (September) on the lower right
area (Fig. 6). Rotifer community in February was strongly
influenced by Cr, Cu, Zn, and Pb, whereas the community
in July and September by electrical conductivity and pH.
DISCUSSION AND CONCLUSION
Uluabat Lake is characterized as a shallow lake and has
no thermal or density stratification due to its large surface
area to depth. The wind is effective in the lake and no oxygen depletion has been observed during the study. The oxygen concentrations declined in summer months (except
August) because of the high temperature. During the study
the concentrations of the chemicals like nitrite, nitrate and
orthophosphate were not high in the lake. The nitrite concentration was increased to measurable values in some
stations. The changes in the concentrations of orthophosphate and nitrogen compounds seem to be depending on
the biota. Wetzel [29] has classified these values under the
eutrophication level.
Temperature is one of the important factors affecting
succession and distribution of zooplankton species [3032]. Other important factors are competition and availability of the edible algae [33]. Competition between rotifers
and cladocerans was observed in our study. Cladocerans
have a bigger body size than rotifers; they are more efficient filter feeders and can also interfere mechanically with
the rotifers that are swept into their mechanical chamber

Acronym
Llu
Lln
Lpa
Ncu
Pdo
Pvu
Pre
Spe
Str
Sob
Smu
Tpa
Tco
Tel
Tmy
Tpo

[34]. In Uluabat Lake zooplankton abundance was low in
early spring and reached to maximum value in May. In
Uluabat Lake the succession pattern of the zooplankton
were very close to Sommer [35].
Dejen et al. [36] have studied the microcrustacean distribution in relation to turbidity and other environmental
factors. They observed that zooplankton densities negatively correlated strongly with oxygen concentration and
turbidity, whereas correlations with all other abiotic parameters were only weak. According to the data, firstly oxygen concentration itself is a steering factor and secondly
affects zooplankton generally at much lower concentration. Duggan et al. [37] reported the trophic state gradients with turbidity in the study on the distribution of rotifer assemblages. Miquelis et al. [38] also reported that a
synergy between turbulence and turbidity was unfavorable
to feeding of rotifers. The similar results have been observed in Uluabat Lake in this study. This lake is also a
turbid lake and wind effect is too strong; water color is
generally dark brown due to the detrimental than other types
of clay. In the present study, it was found that zooplankton abundance was negatively correlated with suspended
materials both due to the mechanical effect and food limitation caused by clay particles filling the zooplankton guts
and thus lowering the ingestion rates of algal cells [36].
During the study, turbidity was high in August together
with zooplankton densities. But at this sampling time the
turbidity mostly depended on the algal bloom.
In this study, spatial variation in the rotifers was coincided with differences in both due to temperature and
turbidity. Wolfinbarger [39] has investigated the influences of biotic and abiotic factors on the seasonal succession of the zooplankton in Hugo reservoir, presenting that
temperature was the most important factor regulating
assemblage structure over the season. Kerrison et al. [40]
observed the influence of heavy metals on zooplankton:
abundances of cladoceran and rotifer declined precipitously shortly after heavy metal treatment and copepods
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were the most tolerant to heavy metals. Pempkowiak et al.
[41] studied heavy metals in zooplankton collected from
Southern Baltic and the nonlinear estimation of the data
set was used to evaluate concentration of heavy metals in
copepoda and cladocera. Copepoda proved to be enriched
with heavy metals in comparison with cladocera. In Uluabat Lake, iron was the most abundant metal at study stations, especially in November and February. However,
heavy metal concentrations were not in toxic range in the
Uluabat Lake during this survey.

[10] Schot, P.P., Buijse, A.D. and Wassen, M.J. (1999) Hydrology
and ecology of Uluabat Lake. Society for the Protection of
Nature and University of Utrecht, The Netherlands, Institute
of waste water and inland water treatment. RIZA, Hollanda,
57 p. (in Turkish)
[11] Ustaoğlu, R.M. (2004) A check list for zooplankton of Turkish inland waters. E.U. Journal of Fisheries Aquatic Sciences
21, 191-199.
[12] Altındağ, A. and Yiğit, S. (1999) The zooplankton fauna and
its seasonal variation in Yedigöller (Bolu). E.U. Journal of
Fisheries and Aquatic Sciences 16, 229-243.
[13] Emir, N. (1998) Biomass analysis of dominant zooplanktonic
organisms living in Lake Mogan (Turkey). Tr. J. Zoology 22,
333-339.
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SEASONAL VARIATIONS OF BENTHIC DIATOMS WITH
RELATION TO PHYSICAL AND CHEMICAL VARIABLES
IN KARAGÖL LAKE (BORÇKA-ARTVIN/TURKEY)
Saadet Kolaylı and Bülent Şahin*
KTU Fatih Education Faculty, Department of Biology Education, 61335 Söğütlü-Trabzon, Turkey

ABSTRACT
Epipelic and epiphytic diatoms were collected monthly
for two years from three sampling stations in Karagöl Lake
to investigate the relationship between seasonal variations
of benthic diatoms and physicochemical variables. A total
of 62 diatom taxa were determined. Cymatopleura solea,
Cymbopleura amphicephala, C. minuta, Fragilaria construens, Gomphonema angustum, G. olivaceum, Hannaea
arcus, Navicula cryptocephala, N. radiosa, N. rhyncocephala, Nitzschia microcephala, Pinnularia interrupta
and Surirella tenera were the most conspicuous diatoms
in terms of frequency of occurrence and relative abundance
in the epipelic and epiphytic communities. Light and water
temperature were found to be a more important factors in
the growth of diatoms in this study.

KEYWORDS:
Epipelic, epiphytic, diatom, freshwater, Karagöl Lake, Turkey.

INTRODUCTION
Diatoms are distributed in a variety of environments
from freshwater to marine water over the world [1]. Diatoms are unicellular algae whose cell walls are composed
of silicon dioxide. The diatoms’ valves are highly ornamented, reflecting taxonomic diversity. These structures
are found in both living and fossil forms, reflecting the
effects of different environmental conditions. Therefore,
they not only provide important knowledge on the reconstruction of the history of an area [2, 3], but also are a useful tool to determine the current status of habitats. Diatoms
are recognized as an important component of benthic algae
in both marine and freshwater environments. Diatoms are
also widely used as biomonitors, which is important to
accurately define their autoecological characteristic from
different geographical areas, in order to find their most
accurate preferences [4].

In recent years, studies concerning benthic diatoms of
high mountain lakes in Turkey have gained momentum [59], but they have not yet reached an acceptable level. This
is mostly due to the remote location of many high mountain
lakes and to logistical problems in reaching these lakes.
The aim of the present study was to determine the benthic diatom composition in the Karagöl Lake and to contribute to the knowledge of the algal flora of Turkey. In
addition, the relationship between the benthic diatoms and
environmental conditions was studied.

MATERIALS AND METHODS
Karagöl Lake is located at latitude 410 52’ 30’’ N, and
longitude 410 52’ 40’’ E. It is situated 1465 m above sea
level in the Natural Park in Artvin. The lake has a surface
area of 10 hectares and a maximum depth of 7 m. Heba
and Savgule Streams carry water to the lake and there is an
outflow (Çosedinara Stream) (Fig.1). The climate of the
region is generally cool and rainy in summer, cold and
snowy in winter (seasonal average temperature 14.4 0C,
highest temperature 42.4 0C, lowest -5.7 0C and precipitation 708.3 mm) [10]. Terrestrial vegetation is composed
of trees, shrubs and herbs, including Abies nordmanniana,
Picea orientalis, Fagus orientalis, Juglans regia, Rhododendron ungernii, R. caucasicum and Rubus caucasicus
[11].
Samplings were made during the snow-free period from
April to October in 2001 and 2002. The samples were taken
on a monthly basis, and collected from two stations at 2030 cm depth, 50-100 cm offshore. A PVC-pipe with 0.8 cm
in diameter was used for sampling at the surface sediment,
and probes were immediately transported to the laboratory.
At each station, sediment samples were taken from about
15 cm2 areas, and probes were immediately transported to
the laboratory. Prior to counting the samples were homogenized slowly until the sediment thoroughly mixed. At
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FIGURE 1- Map of Karagöl Lake.

RESULTS

least three water-mounted slides were examined to obtain
an estimate of algal relative abundance [12].

Physical and chemical variables

In order to study the epiphytic algae, Equisetum sp.
were collected from three stations and brought to the laboratory. Epiphytic algae were removed with a soft brush
from Equisetum sp. Permanent slides were prepared according to the method of Round [12]. The frequency of presence of each species in epiphytic diatoms was calculated
by counting 100 valves per sample.
At the time sampling, water temperature and pH were
measured using a mercury thermometer and a WTW Digi
88 model pH-meter. Dissolved oxygen was analysed according to the method of Winkler [13]. The other chemical
analyses were performed according to the standard methods [14].
The taxonomic identification of algae was carried out
according to Krammer & Lange-Bertalot [15-18].

During the sampling period, water temperature showed
large seasonal fluctuations. The mean surface water temperature was 13 0C. Maximum water temperature (21 0C)
was measured in June 2001, and minimum (5 0C) in April
2002. The pH of Karagöl Lake was consistent, ranging from
7.1 to 7.8. Dissolved oxygen concentrations were measured between 8.5-12.3 mg L-1. Concentration of Ca++
showed seasonal variations between 8.8-19.6 mg L-1. Maximum Mg++ concentration was observed in August 2001
(12.2 mg L-1) and minimum (5.2 mg L-1) in July and September 2002. Total hardness changed between 24 and 89 mg
CaCO3 L-1.
Benthic diatoms

Benthic diatom flora of Karagöl Lake was constituted
mainly by epipelic and epiphytic diatom communities. A
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TABLE 1 - List of epipelic and epiphytic diatom of Karagöl Lake.
Taxa
Divisio: Bacillariophyta
Classis: Centrobacillariophyceae
Stephanodiscus hantzschii Grunow
Classis: Pennatibacillariophyceae
Achnanthes minutissima Kützing
Amphora ovalis (Kützing) Kützing
Caloneis silicula (Ehrenberg) Cleve
Cymatopleura solea (Brébisson) W. Smith
Cymbopleura amphicephala Krammer
Cymbella affinis Kützing
C. cuspidata (Kützing) Krammer
C. cymbiformis Agardh
C. elginensis Krammer
C. minuta Hilse ex Rabenhorst
C. sinuata Gregory
C. tumida (Brébisson) Van Heurck
Diatoma vulgaris Bory var. brevis Grunow
Didyomosphenia geminata (Lyngbye) M. Schmidt
Diploneis elliptica (Kützing) Cleve
Epithemia argus (Ehrenberg) Kützing
Eunotia diodon Ehrenberg
E. bilunaris (Ehrenberg) Mills
E. bilunaris (Ehrenberg) Grunow var. capitata Grunow
E. praerupta Ehrenberg var. inflata Grunow
E. valida Hustedt
Fragilaria construens (Ehrenberg) Grunow
F. construens f. binodis (Ehrenberg) Grunow
F. construens var. venter (Ehrenberg) Grunow
F. ulna (Nitzsch) Lange-Bertalot
F. ulna var. oxyrhynchus (Kützing) Van Heurck
Gomphonema acuminatum Ehrenberg
G. angutsum Agardh
G. gracile Ehrenberg
G. olivaceum (Hornemann) Brébisson
G. parvulum (Kützing) Kützing
G. truncatum Ehrenberg
Gyrosigma acuminatum (Kützing) Rabenhorst
Hannaea arcus (Ehrenberg) Patrick
Meridion circulare (Greville) C. Agardh.
Navicula arvensis Hustedt
N. bacillum Ehrenberg
N. capitatoradiata Germain
N. cryptocephala Kützing
N. radiosa Kützing
N. rhyncocephala Kützing
Neidium affine (Ehrenberg) Pfitzer
N. dubium (Ehrenberg) Cleve
N. temperei C. W. Reimer
Nitzschia gracilis Hantzsch
N. intermedia Hantzsch ex Cleve & Grunow
N. linearis (C. Agardh) W. Smith
N. microcephala Grunow
N. sublinearis Hustedt
Pinnularia appendiculata (C. Agardh.) Cleve
P. gibba Ehrenberg
P. interrupta W. Smith
P. major (Kützing) Rabenhorst
P. viridis (Nitzsch) Ehrenberg
Rhoicosphenia abbreviata (C. Agardh.) Lange-Bertalot
Stauroneis anceps Ehrenberg
S. smithii Grunow
Surirella angutsa Kützing
S. ovalis Brébisson
S. robusta Ehrenberg var. splendida (Ehrenberg) Van
Heurck
S. tenera W. Gregory
1: Epipelic, 2:Epiphytic.

1 2
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+ +
+
+
+ +
+
+
+ +
+ +
+
+ +
+ +
+ +
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+
+
+ +
+
+ +
+ +
+
+
+
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+ +
+
+ +
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+ +
+
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+ +

total of 62 taxa have been identified in the benthic community (Table 1). The genera most commonly were found
as follows: Cymbella (7 taxa), Gomphonema (6 taxa), Navicula (6 taxa), Pinnularia (5 taxa), Eunotia (5 taxa),
Fragilaria (5 taxa) and Nitzschia (5 taxa).
Epipelic diatoms

A total of 56 taxa have been identified in the epipelic
communities (Table 1). The ranges of distribution of the
epipelic diatom composition and dominant species differed from each other at all stations. A higher abundance
of epipelic diatoms was recorded at station I than station
II during the study. Epipelic diatoms showed similar seasonal variations in 2001 and 2002. Cell numbers of the
epipelic diatoms exhibited a gradual increase and reached
peaks in early autumn, when the winter ice cover from the
lake surface melted at the begining of April 2001. During
the study period, the total cell numbers of the epipelic
diatoms showed variability. While the highest cell numbers of the epipelic diatoms were 20560 cells/cm2 in September 2001 at station I, it was 17733 cells/cm2 in September 2002 at station II. The lowest cell numbers were
3598 cells/cm2 in April and October 2001 at station I and
it was 4369 cells/cm2 in April 2002 at station II (Fig. 2).
Most of the diatom species in the epipelic communities
exhibited variations during the study. Cymbopleura amphicephala, for example, reached its peak (3855 cells/cm2)
in September 2001 at station II. It represented 22 % of the
total diatoms. Fragilaria construens reached its highest
level (5397 cells/cm2) at station I in July 2001 and represented 31 % of the total. The same pattern was exhibited
by Gyrosigma acuminatum (5140 cells/cm2) at station II
in May 2001 and represented 42 % of the total Bacillariophyta. While Navicula cryptocephala reached its peak
(5140 cells/cm2) at station I in June 2001 and in September 2002 and represented 30 % and 43 % of the total diatoms, respectively, Surirella tenera reached its peak (5140
cells/cm2) station I in August 2002 and represented 38 %
of the total Bacillariophyta (Fig. 3).
A significant positive correlation was found between
the growth of diatoms and water temperature. Epipelic
diatoms exhibited an intensive growth with increased water
temperature from the beginning of April to November.
However, several significant correlations were observed
between some genera and environmental factors. Growths
of Amphora, Navicula and Nitzschia, for example, species
were positively correlated with pH, CaCO3 and Ca++.
Epiphytic diatoms

A total of 35 taxa have been identified in the epiphytic communities (Table 1). Centrales was not found in the
epiphytic communities. Abundance of epiphytic diatoms
was observed as close to each other at all stations Cymbella minuta, Gomphonema angustum, G. olivaceum, Hannaea arcus, Navicula cryptocephala, N. radiosa, N.
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FIGURE 2 – Seasonal changes in the total density of epipelic diatoms.

FIGURE 3 – Seasonal changes in the density of some common epipelic diatoms.
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rhyncocephala, Nitzschia microcephala and Pinnularia
interrupta were the most abundant and common taxa.
Mean relative abundance of epiphytic diatom taxa at the
sampling stations are presented in Table 2.
TABLE 2 - Mean relative abundance
of epiphytic diatom taxa in Karagöl Lake.
Taxa
Achnanthes minutissima Kützing
Amphora ovalis (Kützing) Kützing
Caloneis silicula (Ehrenberg) Cleve
Cymatopleura solea (Brébisson &
Godey) W. Smith
Cymbopleura amphicephala Näegeli
Cymbella affinis Kützing
C. cuspidata (Kützing) Krammer
C. cymbiformis C. Agardh.
C. minuta Hisle ex Rabenhorst
C. sinuata Gregory
Diatoma vulgaris Bory var. brevis
Grunow
Didyomosphenia geminata (Lyngbye)
M. Schmidt.
Diploneis elliptica (Kützing) Cleve
Eunotia bilunaris (Ehrenberg) Mills
E. valida Hustedt
Fragilaria construens (Ehrenberg)
Grunow
F. ulna (Nitzsch) Lange-Bertalot
Gomphonema acuminatum Ehrenberg
G. angutsum Ehrenberg
G. lanceolatum Ehrenberg
G. olivaceum (Horneman) Brébisson
G. parvulum (Kützing) Kützing
G. truncatum Ehrenberg
Gyrosigma acuminatum (Kützing)
Rabenhorst
Hannaea arcus (Ehrenberg) Patrick
Meridion circulare (Grev.) C. Agardh.
N. cryptocephala Kützing
N. radiosa Kützing
N. rhyncocephala Kützing
Nitzschia microcephala Grunow
Pinnularia appendiculata (C. Agardh.)
Cleve
P. interrupta W. Smith
Rhoicosphenia abbreviata (C.Agardh.)
Lange-Bertalot
Stauroneis anceps Ehrenberg
S. tenera Gregory

Round [20] reported that species of Cymbella, Navicula and Nitzschia were common in calcareus and slightly
alkaline water. The results of chemical analyses of the lake
water showed that it is slightly alkaline. This finding was
supported by the above suggestions. In addition, Moore [21]
reported that the species of Cymbella were common and
abundant in temperate, subarctic and arctic regions. Nather
Khan [22] explained that the species of Navicula were
common and abundant in both, organically enriched and
non-enriched areas.

Mean relative abundance (%)
Sta. I
Sta. II
Sta. III
1.00
0.84
0.46
0.07
2.85
1.46
0.15
0.07
1.84
0.76
5.15
4.53
1.46
7.68
2.46

0.53
1.69
1.38
4.53
2.61
1.69
-

0.07
3.61
2.84
3.07
-

-

-

0.61

0.53
0.76
2.23

2.84
0.92

0.61
3.15
3.46

1.23
6.23
6.53
4.15
0.07
-

4.61
2.76
5.76
2.00
8.15
3.30
0.38

3.23
13.38
3.53
7.76
7.23
2.23

2.92
6.30
5.30
12.07
9.62
9.94
-

2.69
5.38
16.85
5.29
11.46
2.76

5.53
7.84
9.05
1.69
6.69
-

7.70
0.23

9.15
0.38

3.91
0.76

3.07
0.23

1.07

0.76
0.92

cies found belong to 8 families, and that of Naviculaceae
is best-represented and comprising 59.37 % of all recorded
taxa. Also, Achnanthaceae, Eunotiaceae and Fragilariaceae
are typical northern algal families [19], and 18.75 % of
Karagöl Lake diatom taxa belong to them.

One important aspect distribution of the epipelic diatoms in Karagöl Lake is intermixing with phytoplankton.
Stephanodiscus hantzschii, for example, was found in the
epipelic community in Karagöl Lake. This species was
reported to be planktonic organism [3]. It has been concluded the presence of epipelic diatoms species together
with those of phytoplankton may be a result of wind affecting the surface of water in shallow lakes. The same
situation was observed in Gölbaşı Lake in Turkey [23].
Diatoms, such as species of Cymbella, Gomphonema
and Hannaea, were abundant in the epiphytic communities. The same situation was also observed in Uzungöl
Lake [5].
The diatom taxa, thriving well in slightly alkaline water, become dominant in the benthic algal flora of Karagöl
Lake. Seasonal variations and the growth of epipelic and
epiphytic diatoms were affected by environmental factors,
especially light and water temperature. Simon [24] reported
that the growth of algae was limited mainly by physical
factors, such as light and temperature. The present study
supported this finding, since high water temperatures supported the growth of diatoms, whilst low temperature inhibited their growth.
CONCLUSION

DISCUSSION
The epipelic and epiphytic diatom flora contain many
taxa recently reported from Turkey [5-9]. The seasonal
variations and distribution of the benthic diatoms showed
similarities at all sampling stations. In addition, there were
no differences in the relative abundance of the individual
diatom species between stations. This may be due to similar environmental conditions at all stations.
Diverse families are of great diagnostic importance in
floristic analyses [19]. In the present study, all of the spe-

It has been determined that Karagöl Lake has mesotrophic lake characteristics, due to its morphometric structure, the physical and chemical properties of the water and
the presence of algal flora.
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ABSTRACT
Antimicrobial activities of two cyanobacteria included;
Synechococcus sp, Oscillatoria formosa and one filamentous green alga Spirogyra sp. were tested against 6 pathogens. All of three strains were isolated from Lake Kovada,
Turkey. Cyanobacterial and algal cells were lyophilized and
extracted with methanol, ethanol, ethyl acetate and water
for the antimicrobial activity assays. Growth inhibition of
bacterial pathogens (Escherichia coli ATCC 11230, Pseudomonas aeruginosa ATCC 27853 Yersinia enterecolitica
ATCC 1501, Staphylococcus aureus ATCC 29213, Bacillius subtilis ATCC 6633) and a fungal pathogen (Candida
albicans NIHA 207) were tested with the algal extracts. No
inhibition of bacterial and fungal growth occurred with
aqueous extracts of the cyanobacteria or green alga. E. coli
was not inhibited by organic extracts of 20 mg lyophilized
cyanobacteria and alga, but these displayed a medium to
strong inhibition of the growth compared to the other test
bacteria. We observed good results from antimicrobial tests
where extracts of 50, 100, 150 mg of lyophilized cells were
used. Even the growth of E. coli was affected by the extracts of Spirogyra sp, Synechococcus sp. MALDI analyses of Oscillotoria formosa proved that no microcystin
variants were present in lyophilized cells that might affect
the growth of test bacteria.

KEYWORDS: cyanobacteria, algae, pathogens, antimicrobial effect,
crude extracts.

INTRODUCTION
The growing resistance of micro-organism to common
antibiotics has led attention to the search for new antimicrobial compounds. Several micro organism-derived antibiotics are currently in use to treat a variety of infectious
human diseases. Many of them have, however, a limited
antimicrobial spectrum due mainly to the frequent evolution of drug-resistant mutant strains of the pathogens;
some which even lead to serious side effects.

Hence efforts are being directed towards identify the
antibacterial effects of algae [1] and cyanobacteria [2]
against some pathogens. Secondary or primary metabolites from these organisms may be potential bioactive compounds of interest for the pharmaceutical industry [3]. Studies have especially focused on cyanobacteria from freshwater and marine environments. Burja [4] demonstrated that
cyanobacteria produce over 120 natural products which
can be classified as bio-toxins. Isolation sulphated polysaccharides and other compounds of algae which demonstrate antiviral activity against enveloped viruses has increased the interest in algae as a source of antiviral compounds [5, 6]. Cyanobacteria which were isolated from German lakes and Baltic Sea were tested for their antiviral,
antibiotic immuno-modulating and enzyme inhibiting activities. These active substances were reported earlier [7, 8].
Liao [9] demonstrated that marine algal extracts and algal
lecithin exhibit antibacterial effect.
Lake Kovada is one of Turkish National parks, located
in Southern Anatolia. It is a small lake that can easily be
affected by chemical pollution. Studies have shown that
the quality has changed recently due to the diffuse run-off
of agricultural fertilizers and pest-control chemicals into
the water body of the lake hence the growth of cyanobacteria was triggered by the increase in nutrients. Nutrients,
such as nitrogen and phosphorus are essential for cyanobacterial growth. Phosphorus is usually the limiting factor
in lakes, and hence small changes in this nutrient may
manipulate the toxin production and the growth of cyanobacteria [10]. In the present study we have aimed to quantify these antimicrobial effects using aqueous and organic
solvent extracts of cyanobacteria and a micro-alga from
the local freshwater lake.
MATERIAL AND METHODS
Growth conditions of algae and test micro organisms

Cyanobacteria and the green alga were isolated from
the lake and grown in a batch culture system in a laboratory. The cyanobacterial strains were cultivated in BG11
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[11] growth medium and green alga in modified SAG medium [12]. They were filter aerated and illuminated. The
isolates were identified by manuals of Prescott [13], and
John et al. [14]. Two cyanobacteria included; Synechococcus sp KG010, Oscillatoria formosa KG001 (Figure 1) and
one filamentous green alga Spirogyra sp. were examined
for their antimicrobial activities. Algae were collected by
centrifuging and lyophilized for the test.

Extraction methods

Methanol, ethanol, ethyl-acetate and water were used
for the cell extraction assay as organic solvents. The activity of the water and organic solvents extracts were tested
against pathogenic bacteria, including Gram-negative strains
(Escherichia coli ATCC11230, Pseudomonas aeruginosa
ATCC27853 Yersinia enterecolitica ATCC 1501) and
Gram-positive strains (Staphylococcus aureus ATCC29213,
Bacillius subtilis ATCC6633) and against a fungus, Candida albicans NIHA207. All pathogens were grown (108
cfu/ml) in nutrient broth and the fungus was grown in
malt extract broth. Y. enterecolitica was incubated at 30 °C,
and Candida albicans at 25 °C and the rest of the microorganisms were incubated at 37 °C for 24 h.

Methanol ethanol and ethyl-acetate were used for extraction assay as organic solvents. Organic extraction of
pelleted samples was performed after removing the supernatant fluid from the water extraction; 3 ml of each solvent were added to tubes. The samples were vortexed for
5 min and left with the organic solvents for 30 min. The
samples were centrifuged at 10000g for 10 min and the
supernatant fluid was then transferred to a clean glassstoppered tube. Extraction was repeated 3 times and the
extracts were collected in the same tube. The organic solvent evaporated to dryness under a stream of N2 gas heating at 40 °C. The dry residue re-suspended in 1 ml of each
solvent.

Extractions were carried out as essentially described
by Ostensvik et al. [15]. Lyophilized (freeze dried) algae
(20 mg) were suspended in 1 ml of distilled water by
stirring. The samples were kept at room temperature for
30 min. The supernatant fluid was obtained after centrifugation at 2500g for 6 min, (Shimadzu UV1601) and used
in the agar diffusion tests.

Determining the antimicrobial effects of extracts

Antimicrobial testing of the organic extracts was performed by the disc diffusion technique [16]. Well diffusion technique was used, but we doubled the extract volume to get a stronger effect and tested 110 µl of water
extract of each alga for the antimicrobial test.
Microorganisms were activated by inoculating in nutrient broth for 24 h prior to antimicrobial experiment. Then
the activated microorganisms were plated onto petri dishes
using a sterile swab. S. aureus was inoculated on BPA
agar; C. albicans on PDA agar and the other test microorganisms were inoculated on nutrient agar. At the same time,
sterile filter discs of 6 mm diameter were embedded with
45 µl of the algal lipid-soluble extracts of experimental
group- or with the control solvent – antibiotics as controls
– and these filter discs were added on the inoculated bacteria on agar in petri dishes. The toxicity of the algal extracts
against microorganisms was determined after 24 h at 37 ºC
by measuring the diameter of the zone around the discs,
using a pachymeter. Ampicillin (10µg/ml) and Streptomycin (10µg/ml) were used as controls. All experiments were
performed in duplicate.
Dose response

The effect of dose response against pathogens was also
tested. The amounts of freeze- dried 50, 100, 150 µg Synechococcus sp. Spirogyra sp. cells were extracted with
methanol (Figure 5), ethanol (Figure 6) and these extract
were tested against B. subtilis, Y. entrocolitica (Figure 4)
and P. aeuriginosa.
Statistical analysis
FIGURE 1
Synechococcus sp KG001x10 and Oscillatoria formosa KG01x100.

Statistical analyze was performed to discover the differentiation of solvents for the inhibition of pathogens and
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to obtain information on the effect of various amounts of
freeze dried samples on the pathogens. Data from the replications of the experiment were analyzed using the Duncan
and Anova procedure from SAS [17].
MALDI TOF analysis

MALDI analysis was pursued to assess whether the
extracts of the O. formosa contain microcystins that may
have caused the high inhibition of the bacterial growth
during the test or not. The cyanobacterial strain was maintained in BG11 medium [11], with nitrate as appropriate
for the organism, and lyophilized prior to storage at -20°C
[18]. MALDI-TOF MS is a relatively recent analytical
method, developed in the 1980s [19], and since then it has
been used in many fields for peptide, protein, and nucleic
acid analysis. This analyse was kindly done by Dr. Martin
Welker, TU Berlin [20] .
RESULTS AND DISCUSSIONS
Antimicrobial effects of extracts

Organic solvent extracts of Spirogyra sp. revealed a low inhibition of growth of bacterial strains, although E. coli was
unaffected. E. coli was not inhibited by organic solvent
extracts of the cyanobacteria, but exhibited a medium to
strong inhibition of growth to the other test bacteria. Both
cyanobacteria displayed good results in terms of inhibitory
zones against the Gram positive bacteria (Table 1). Mundt
et al. [8] also found that the antibacterial activity in the
lipophilic extracts was more effective than in aqueous
extracts. The inhibition of microbial growth was significant (p< 0.001) when algae were compared and again the
differences of the organic solvents found were considered
important (p <0. 01) (Table 1).
Methanol and ethyl acetate extracts of Oscillatoria formosa showed the best inhibitory effect against these bacteria
(Figure 2). The solvents were examined as a control group
for each assay and exhibited no inhibition of the microbial
growth (Figure 3). Antibiotic production by the cyanobacteria Oscillatoria angustissima and Calothrix parietina was
studied. The antibiotic was extracted using ethyl acetate at
pH 10. Extracts of these cyanobacteria were tested against
cyanobacteria, algae, bacteria and fungi [21].

No inhibition of bacterial and fungal growth occurred
with aqueous extracts of the cyanobacteria or green alga.

TABLE 1 - The antimicrobial effect of aqueous and organic extract on test micro-organisms.
Microbiol
bioassay
a

B. subtilus.
E. colic
S. aureusb
Y. enteroco.b
P. aeru.b
C. albicansb

Ethlyacetate extractsab

Methanol extractsa

Ethanol extractsb

Ref substances

Control

Syeb

Spb

Osca

Syeb

Spb

Osca

Syeb

Spb

Osca

Amp.

Strep

solvents

+
+
+
+

+
+
+

++
+
++
++
+

++
++
+

+
++
+
+

+++
++
++
++
+

+
++
+
+

+
+
+

++
++
+

+++
+++
+++
+++
++
++

++
+
++
++
+++
+++

-

a, b ,c means the difference of significance of each group (micro-organisms, solvents, algal extracts) ( Duncan test)
ria ;Amp; Ampicillin Strep;Streptomisin
-, No inhibition
+, Zone diameter ,1.0-2.0 cm
++, Zone diameter , 2.1-3.0 cm
+++, Zone diameter 3.1-4.0 cm

FIGURE 2 - Inhibition of growth of B. subtilis by extracts of
Oscillatoria (20mg). 1-Ethylacetate; 2-Methanol; 3-Ethanol extracts.
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FIGURE 3 - Control test showing no inhibition of growth of
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Previous investigations showed that algae and cyanobacteria release extra cellular substances which may inhibit the growth of microorganisms. Many of these compounds are peptides, lipopeptides, alkaloids, fatty acids and
have been reported to possess a number of bioactivities
such as toxicity for eukaryotic organisms and activities such
as antimicrobial, antifungal, antiviral, anti-hiv and enzymeinhibiting [22]. Teuscher et al. [23] suggested that these
active compounds could be an advantage for the survival
in their environment.
The crude extracts of cyanobacteria contain different
compounds. Therefore cyanobacteria from local water bodies are a promising source of potentially bioactive substances that could inhibit the number of bacteria. Although
the extracts showed little cytotoxicity against Candida albicans, both gram positive and gram negative bacteria were
inhibited by the solvents. Especially, the methanol extracts
of O. formosa comparable to Streptomycin (10µg/ml) for
the inhibition of B subtilis and multiple resistant S. aureus
and to Amphicilin (10µg/ml) for the inhibition of biocide
resistant P. aeruginosa. Bonjouklian et al. [24] isolated
Tjipanozoles from the cyanobacteria Tolypothrix tjipanensis, these compounds were also found in actinomycetes
and slime moulds and this substance showed little toxicity
against C. albicans. Katircioglu et al. [25] found that methanol extracts of oven dried algae had an inhibition effect to
Gram (+) bacteria and likewise ethanol extracts exhibited
an inhibition effect to Gram (-) bacteria.

The dose response of 50, 100, 150 mg freeze-dried
samples revealed that the inhibition zones were greater than
the ones collected with 20 mg samples. The difference between the inhibition zones of 50, 100, 150 mg were not significant (p > 0.01). On the other hand antimicrobial effects
of 50, 100, 150 mg showed good results. Even the growth
of E. coli was inhibited by both crude extracts of Synechococcus, Spirogyra. The methanol extract showed more potent antimicrobial activity than ethanol (Figure 5). Methanol extraction was pursued for drawing microcystins from
cyanobacteria which are highly toxic to aquatic organisms,
domestic and wild animals and in some cases to humans
[26, 27].
M ethanol

4
3,5

Antibacterial zones (cm)

© by PSP Volume 17 – No 8a. 2008

3
2,5
2
1,5
1
0,5
0
E.c

Y.e

P.a

E.c

Synechococcus

Y.e

P.a

Spirogyra
Test bacteria

50mg

100mg

150mg

FIGURE 5 - Methanol extraction of 50,100,150 µg freezedried cells. E.c: E. coli, Y.e: Y. entrocolitica, P.a: P. aeruginosa.

Dose response

During this study, different amounts of freeze-dried
cells of Synechococcus and Spirogyra sp. were chosen to
test the effects of concentration. The solvents present in
the algae showed little or no inhibition of bacterial growth.
Tests revealed that the growth inhibition of ethyl acetate
extracts were not significantly different to methanol and
ethanol extracts and displayed similar results (p >0.01).
Hence methanol and ethanol were the only extracting solvents that were tested to study the dose response.

Ethanol

Antibacterial zones (cm)

3,5
3
2,5
2
1,5
1
0,5
0
E.c

Y.e

P.a

E.c

Synechococcus

Y.e

P.a

Spirogyra

Test bacteria
50mg

100mg

150mg

FIGURE 6 - Ethanol extraction of freeze- dried cells 50,
100, 150 µg. E.c: E. coli, Y.e: Y. entrocolitica, P.a: P. aeruginosa.
MALDI results

FIGURE 4 - Inhibition of growth of Y. entrocolitica by
methanol extracts of different amount of Spirogyra cells.
1-50µg 2-100 µg 3-150 µg and control solvent

Previous studies proved that O. formosa also contains
Homoanatoxin-a [28, 29].and anatoxin-a [30]. There were
cases of benthic cyanobacteria; O. formosa was responsible
for the death of domestic animals [31]. Oscillatoria
laetevirens showed antibiotic activity against green
algae and cyanobacteria, including a toxic Microcystis
aeruginosa species [32]. The algicidal metabolite of
Oscillatoria was later characterized to have a molecular
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mass of 444 Da, an empirical formula C29H48O3, with the
"most probable"

FIGURE 7 - MALDI –TOF analysis of O. formosa.

postulated structure [33]. Maldi´s analyses of O. formosa
revealed that the most mass signals assigned as glycolipids as indicated by sequences of peaks with a difference
of 2 Da (Figure 7). Other peaks had isotopic distributions
that were not in agreement with those expected for peptides. No microcystin and microcystin variants have been
detected. Microcystin has also been shown previously to
have little or no antibacterial activity on the growth of
bacteria [8]. However, it was presented that although the
toxin lacks potent antibacterial activity; it increased the
sensitivity of E. coli to high molecular mass hydrophobic
antibiotics. Therefore microcystin affected the permeability [34].
CONCLUSIONS
Algae represent a very large, untapped reservoir of
novel compounds, many of which are likely to show biological activity. The cyanobacteria are the most intensively
studied so far, however there is a good reason that other
algal groups also do not contain active compounds of interest. In this test Spirogyra sp. also exhibited a good inhibition of growth of the test bacteria. Diatoms was another
group that was proven to have a wide range of antibacterial and antifungal activities but little work has been done
to identify the active compounds, nor have many diatoms
been screened for other activities [35, 36]. Crude extracts
of algae contain a variety of different substances and the

extractions by different solvents were effective to both
Gram positive and Gram negative organisms [8, 15]. In the
present study the effects of filamentous alga and cyanobacteria were examined on the inhibition of growth of test
microorganisms by means of crude extracts. Methanol
extract of O. formosa gave the widest inhibition zones
against to the test micro organisms. It was found no peptides involved in the inhibition. E coli inhibition results
that obtained with higher amounts proved that resistant
Gram (-) bacteria can be affected with the crude extracts.
In the study, differentiation of antibiotic compounds was
not studied. However we were able to show that crude extracts of algae contain antibacterial activity. It was found
that alga and cyanobacteria from the local lake seemed to
be a source of potentially new active substances that could
help to reduce the number of bacteria in the water. Further
chemical and toxicological analyses may support the
characterization of the crude extracts which showed antimicrobial activity on test micro-organisms in this study.
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TOXICITY EVALUATION OF RAW, PHYSICO-CHEMICALLY
PRETREATED AND TO FENTON’S OXIDATION APPLIED
TEXTILE AND ORGANIZED INDUSTRIAL REGION (OIR)
EFFLUENTS ON ACTIVATED SLUDGE
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ABSTRACT
In this study, acute toxicities of raw, physico-chemically pre-treated, ozonated and to Fenton’s oxidation applied samples of textile effluents, including towel dyeing,
printing and finishing and Organized Industrial Region
(OIR) wastewater on activated sludge microorganisms using
respiration inhibition test (ISO 8192), are presented. Chemical pre-treatment positively affected the biodegradability,
and inhibition on activated sludge was considerably removed (>48% color and >75% COD). Ozonation and Fenton processes showed high color (>90%) and COD (>70%)
removal performance on evaluated effluents. No inhibitory
effect of ozonated and to Fenton’s reagent applied samples
on activated sludge mixture was found. In addition to toxicity, color and COD removal efficiencies of the applied
processes, their associated operating costs were also determined in this paper.

KEYWORDS: Activated sludge inhibition, chemical pretreatment,
advanced oxidation processes (AOPs), textile effluent, organized
industrial region effluent.

INTRODUCTION
Many centralized wastewater treatment plants are generally designed to treat domestic wastewater, which should
not have an effect on the microorganisms involved in the
biological treatment processes [1]. But, most of the municipal wastewater treatment plants (MWWTPs) receive influents from different industrial sources with varying flowrates and waste concentrations [2, 3]. Industrial wastewaters
are usually containing inhibitory and toxic compounds,
which are causing serious problems, such as biomass inhibition or death in biological processes [4]. Most of these
industries contain high concentrations of refractory chemicals and organics, which lead to the complete inhibition of

activated sludge processes. Hence, physicochemical pretreatment for most industrial wastewater is often required
prior to discharge into sewage treatment systems [5].
Textile industry effluents are commonly containing
high concentrations of organic and inorganic chemicals,
such as finishing agents, carriers, surfactants, sequestering
agents, leveling agents etc. [6]. Textile effluents are also
characterized by high COD and TOC values as well as
strong color. Most of these organic and inorganic pollutants, except color, can be treated by conventional physico-chemical and/or biological methods. For Turkey, Organized Industrial Regions (OIRs) are the main and important centralized industrial production areas, including
different industries. This industrial structure has been widely used in Turkey since 60’es [7]. Structural differences of
OIRs bring the most important and complicated environmental problems, such as infrastructure, wastewater treatment, waste management etc. In studied OIR, textile industry and sub-industries are heavily employed. The distributions of the main industrial categories according to
sectors were 71% textile, 14% metal, automotive and machinery industry, and 15% chemical, food and other industries. Parallel to this structure, same as the textile industry,
color, toxicity and, additionally, heavy metals are also
important parameters for this OIR effluent. Advanced
oxidation processes (AOPs), employed to reduce the
recalcitrance and/or toxicity of in-dustrial waste streams,
can be a potential treatment alternative for both textile
and OIR effluents [6-8].
The reactivity of Fenton’s reagent was firstly observed in 1894 by its inventor Fenton [9]. On the other
hand, ozone is a well known and powerful oxidizing agent
which can react with a wide variety of organics at high pH
values [10, 11]. These processes have widely been applied
to industrial wastewaters containing a range of organic
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compounds for the reduction of toxicity, enhancement of
biodegradability, and odor and color removal [5, 12-22].
For the determination of toxicity of waste streams on
activated sludge or aquatic organisms, various toxicity
evaluation methods have been described in the literature.
The activated sludge respiration inhibition test is an appropriate tool for the determination of toxicity towards heterotrophic biomass. OECD (OECD 209, 1993) [23] and
ISO (ISO 8192, 1995) [24] have established a standard
activated sludge inhibition test for evaluating the toxicity
of chemicals, or wastewater to activated sludge bacteria
[25]. But, the effectiveness of chemical pre-treatment and
advanced oxidation processes employing powerful oxidants
in eliminating toxicity from industrial wastewater has not
yet been widely studied in literature.
The main objective of this investigation was to determine acute toxicities of raw, physicochemically pre-treated,
ozonated and Fenton’s oxidation applied samples of textile effluent including towel dyeing, printing and finishing, and organized industrial region wastewater on activated sludge microorganisms using respiration inhibition
test (ISO 8192:1995) [24].

ever, color will become an important discharge parameter
for textile and OIR effluents.
Coagulation experiments

In chemical treatment experiments using Jar test apparatus (Velp Scientifica FC6S model, Italy), Al2(SO4)3,
FeCl3 and FeSO4 (supplied from Merck, Germany) reagents were used at varying dosages between 50 and
600 mg/L. Optimum pH and reagent doses that provide
best COD removal were determined for each chemical at
room temperature (20 oC). 1 L of a wastewater sample given
in Table 1 was dosed with each chemical at varying dosages separately. One-hour sedimentation was applied following coagulation time of 30 min (20 rpm) after flash
mixing for a min (120 rpm). Supernatants at the end of
sedimentation period were analyzed as described in analytical procedure section.
Fenton experiments

Composite wastewater samples used in this study were
collected from the homogenization tanks of a textile factory
(towel dyeing, printing and finishing) and organized industrial region wastewater treatment plant in Bursa City,
Turkey. Environmental characterization of all industrial
wastewater samples is given in Table 1.

Fenton experiments were conducted at room temperature using varying FeSO4 and H2O2 dosages at varying pH
values in order to determine optimum dosages giving better
results in COD removal. The pH was manually adjusted to
the desired range (pH 2-7) using 1 N sulphuric acid and/or
sodium hydroxide before starting the experiments. During
the determination of optimum pH value, doses of FeSO4
(supplied from Merck) and H2O2 (supplied from Merck,
35% w/w) were fixed at 200 mg/L. H2O2 and FeSO4 dosages, changing between 100-500 mg/L, were used to decide
chemical dose after the optimum pH was determined.
Four-hour sedimentation was applied following pH adjustment (7.5-8) after 2 min of rapid mixing at 100 rpm,
and 20 min of slow mixing were applied at Jar Test setup.
COD and color analyses were carried out with 50 ml of
supernatant taken after 4-h precipitation.

TABLE 1 - Environmental characterization of wastewater samples.

Ozonation experiments

MATERIALS AND METHODS
Industrial wastewater samples

Parameter
pH
SS
TKN
Bicarbonate
Alkalinity
Tot-P
BOD5
COD
Color

Unit
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
Absorbance
cm-1

Textile
Effluent
Value
7.55
220
88
620

OIR
Effluent
Value
6.95
140
48
480

15
260
2200
0.832 (λmax=
640 nm)

11
310
1180
0.618 (λmax =
525 nm)

BOD5/COD ratios of raw textile and OIR effluent are
calculated to be 0.12 and 0.26. According to these values,
raw textile and OIR wastewaters cannot be treated by means
of classical biological processes. On the other hand, other
conventional parameters, such as SS, TKN and total phosphorus levels, are higher than the discharge limits. Color
contents of these effluents are not a problem as a point of
discharge. Currently, color is not one of the criteria monitored by the Turkish Water Pollution Control Act. How-

The ozonation experiments were carried out in a closed
cylindrical total volume of the 2-L Pyrex glass reactor. An
Opal 200 model ozone generator with an ozone production rate of 2 g/h produces the ozone needed in the reaction. The bottom of the reactor was equipped with a sintered glass plate diffuser to produce fine ozone bubbles,
produced by leading 2 L/min high purity oxygen of
99.5% into the ozone generator. Teflon tubing line was
used for the connection between ozone generator and reactor. All ex-periments were performed at room temperature
(20 ± 2 °C) using 1.5-L samples. Inlet and outlet of ozone
from the reactor were directed to the gas washing bottles
filled with 2% KI solution for the determination of ozone
concentration, which was measured by iodometric method
proposed by IOA [26]. The ozone gas flow rate was
adjusted to 1500 mg/h before all experiments. Textile and
OIR effluents were ozonated for 2 h (applied ozone dose =
1000 mg O3/L) at different pH values 3-11. Ozone usage
ratios varied in the range of 3% (pH 3) - 28% (pH 12) for
the applied treatment period (for 120 min reaction times).
Ap-plied specific ozone dosages were calculated for textile and OIR effluents as 0.12 and 0.23 mg O3/mg COD0
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at pH 12, respectively. COD and color analyses were
undertaken with samples collected at specific times.
Activated sludge inhibition tests

Activated sludge inhibition tests of raw, physicochemically pre-treated and Fenton’s reagent applied wastewater samples were conducted in accordance with a test
procedure described in ISO 8192. Experiments were carried out under constant temperature (20 ± 2 oC). Activated
sludge used in all tests was withdrawn directly from the
aeration tank of domestic wastewater treatment plant in
Bursa, Turkey. Sludge was settled for the removal of impurities, and then washed with drinking water. The sludge
was aerated continuously using aeration pumps. The heterotrophic biomass used in inhibition tests was fed with synthetic municipal wastewater as described in ISO 8192. This
solution was prepared as an 100-fold concentrated stock
solution, and consisted of the following components: Peptone 16 g/L, meat extract 11 g/L, urea 3 g/L, NaCl 0.7 g/L,
CaCl2.2H2O 0.4 g/L, MgSO4.7H2O 0.2 g/L, and K2HPO4
2.8 g/L. This synthetic domestic wastewater (SDW) was
diluted (CODSDW=320 mg/L) prior to use. Total suspended
solids (TSS), volatile suspended solids (VSS) and sludge
volume index (SVI) values of domestic sludge were determined as 3230 mg/L, 2860 mg/L and 230 ml/g, respectively. The F/M ratio was fixed as approximately 0.1 mg
COD/mg MLVSS for the measurement of microbial responses at reasonable aeration times (t = 30 and 180 min).
According to ISO 8192 procedure, 3,5-dichlorophenol was
used as a reference toxic chemical for controlling the sensitivity of activated sludge culture. During the tests, activated
sludge culture was mixed in a 500-ml test flask with distilled water, synthetic municipal wastewater and several
raw and pretreated concentrations of industrial wastewater
(5-100% volumetric dilutions), and pH of the test mixture
was adjusted to 7.5 ± 0.2. The test mixtures were aerated
for 30 and 180 min periods. Different diluted test mixtures
for industrial wastewater samples (5% to 100%) were prepared for activated sludge inhibition test procedure. Approximately, 300 ml of test mixture was transferred to the
respiration vessel, and the respiration rate was determined
using an oxygen electrode (WTW OXI 340i). The respiration tests were conducted at selected time intervals (5-10
seconds). Oxygen meter connects with the computer through
a RS-232 interface. MultiLab Pilot software was used for
this application. The oxygen consumption rate (mg O2/h.g)
and the per cent inhibition (IOUR, %) were calculated at each
test condition. The concentration of inhibiting oxygen consumption by 50% (EC50) is calculated by interpolation (eq. 1)
IOUR(%) = [RB – (RT-RPC)]/RB,
where RT is the oxygen consumption rate by the test
mixture, RB is the oxygen consumption rate by the blank
control, and RPC is the oxygen consumption rate by the
physicochemical control [24]. Further details are described in ISO 8192 protocol.
Analytical procedure

Due to interferences of ferrous ions and H2O2 with the
analytical measurements, pH of supernatant increased with
the addition of NaOH around >11 [5] for the precipitation
of ferrous iron as Fe(OH)3, and MnO2 powder was added
to destroy residual H2O2 in the treated solution [6, 7]. The
concentration of residual H2O2 in the test solution was controlled by use of test strips (Merck Merckoquant Peroxide
Test). Before each analysis, samples were filtered on 0.45µm Millipore membranes to remove Fe(OH)3 and MnO2.
COD (using closed reflux method), SS (suspended solids),
BOD5, alkalinity, color, total nitrogen and phosphorus were
measured in accordance with Standard Methods [27].
RESULTS AND DISCUSSION
Coagulation experiments

As mentioned in M&M, treatability studies consisted
of three stages being chemical coagulation, ozonation and
Fenton oxidation processes, in order to compare the results.
Al2(SO4)3.18 H2O, FeCl3.6H2O and FeSO4 coagulants were
used during the chemical treatment experiments with varying dosages under varying pH conditions. Optimum pH
values, optimum coagulant dosages, COD removal efficiencies of applied coagulants and volumes of produced chemical sludge are given in Table 2. Among the three chemicals
used in this study, FeSO4 resulted in best COD and color
removal for both effluents. For the textile effluent, COD
(48%) and color (75%) removed at a dosage of 400 mg/L
(at pH 11). FeSO4 has shown the same performance for OIR
wastewater. Optimum pH and chemical dosage were determined to be 12 and 350 mg/L (54% COD and 78% color
removal), respectively. In terms of COD removal, all
chemicals used behaved the same from the practical point
of view as follows: 41% COD and 65% color removal for
textile, and 46% and 68 % color removal efficiencies
were observed in experiments using FeCl3 with a dose of
400 mg/L. While COD removal at Al2(SO4)3 dosages of
500 and 400 mg/L resulted in an effluent COD of 1230
(44%) and 640 (40%) mg/L for textile and OIR effluents,
respectively. On the other hand, color removal did not exceed 33 and 38%. Industrial wastewater supernatants remaining from all coagulation pre-treatments were then used
in activated sludge inhibition tests.
Generally, the amount and the characteristics of the
sludge produced during the coagulation/flocculation process are highly dependent on the specific coagulant used
and on the operating conditions [28]. The sludge volume at
the bottom of the jar test beakers after coagulation/ flocculation process was used to quantify the volume of
sludge generated in this study. The sludge, produced
by the used coagulants, was not compact and closed to
expected theoretical values.
Fenton process

Fenton oxidation system can be most suitably applicable to removal of most organics with good energy efficiency. Parameters, affecting the Fenton process, are oper-
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ating pH and dosages of FeSO4 and H2O2 [29-31]. The
optimum pH has been recommended to be 2-4 in the majority of publications [32-34]. In this study, optimum pH
value was determined at first, for all wastewater samples
separately. During this determination, pH was adjusted between 2-7, and efficiencies of COD removal were observed
for all industrial wastewater samples.

ages were determined as follows: C FeSO4 = 350 mg/L for
textile effluent and CFeSO4 = 250 mg/L for OIR effluent.
Determination of optimum H2O2 dosage is another important parameter for Fenton process which has a crucial
role in deciding the overall efficiency of the degradation
processes. The residual hydrogen peroxide contributes to
COD and, hence, excess amount is not recommended [30,
31]. Optimum H2O2 dosage determination studies were conducted at determined constant FeSO4 dosages and pH values. Varying dosages of H2O2 (between 100 mg/L to 500 mg/
L) were applied. Efficiencies of the COD removal at varied dosages of H2O2 and constant concentrations of FeSO4
are shown in Fig. 3.

Maximum COD removal efficiency was obtained at
pH 3 (Fig. 1) for textile industry and organized industrial
region wastewater. As it is seen from Fig. 2, at these pH
values (200 mg/L FeSO4.7H2O and 200 mg/L H2O2 dosages), COD and color removal efficiencies for textile industry and OIR wastewater were calculated to be 59% and
62%, respectively.

As can be seen in Fig. 3, optimum conditions for textile effluent and OIR effluent were determined as pH = 3,
CH2O2 = 350 mg/L and CFeSO4 = 350 mg/L (71% COD removal, 94% color removal,70 ml/L sludge volume), and
pH = 3, C H2O2 = 250 mg/L and CFeSO4 = 300 mg/L (75%
COD removal, 96% color removal, 70 ml/L sludge volume),
respectively. Supernatants from Fenton’s reagent experiments were used in activated sludge inhibition tests.

At fixed pH (pH 3 for textile and OIR wastewater
samples) and constant peroxide concentration of 200 mg/L,
varying dosages between 100-500 mg/L were experienced
to determine optimum FeSO4 dosage for Fenton process.
Efficiency of COD removal due to the constant concentration of hydrogen peroxide and varied dosages of FeSO4 are
illustrated in Fig. 2. As a result, optimum ferric salt dos-

TABLE 2 - Coagulation results of coagulants on industrial wastewater samples.

Coagulants

Optimum
Chemical
Dosage
(mg/L)

COD removal
efficiency
(%)

Color removal efficiency
(%)

Sludge Volume (ml/L)

Optimum pH

Optimum
Chemical
Dosage
(mg/L)

COD removal
efficiency %

Color removal efficiency
(%)

Sludge Volume (ml/L)

OIR Wastewater

Optimum pH

Textile Industry Wastewater

FeSO4
FeCl3
Al2(SO4)3

11
12
7

400
400
500

48
41
44

75
65
33

100
170
180

11
11
7

350
400
400

54
46
40

78
68
38

100
150
160

COD and Color removal efficiencies (%)
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FIGURE 1 - Effect of pH on COD removal during Fenton process (CFeSO4.7H2O= 200 mg/L and CH2O2 = 200 mg/L).
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FIGURE 2 - Effect of FeSO4.7H2O concentration on COD removal during Fenton process
(pH = 3 for textile industry and OIR wastewater samples, CH2O2 = 200 mg/L).
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FIGURE 3- Effect of H2O2 concentration on COD removal during Fenton process
(OIR effluent , pH = 3 and CFeSO4 = 300 mg/L; Textile factory effluent, pH = 3 and CFeSO4 = 300 mg/L).

During the Fenton experiments, almost the same coagulation/ flocculation process FeSO4 dosages were used.
The removal efficiencies obtained from Fenton’s reagent
experiments were shown to be higher for color and COD,
but lower for sludge volumes, compared to coagulation/
flocculation process. On the other hand, Fenton process

sludges were slightly more compact than those of coagulation/flocculation process.
Ozonation experiments

Ozone (O3) is a well-known strong oxidizing agent and
has a high efficiency in color removal, which is effective at
high pH values [7, 35, 36]. Staehelin and Hoigne (1982)
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[11] showed that, at alkaline pH values, ozonation treatment efficiency was improved, since the reactive radical
oxidation dominated. In order to determine the optimum pH
which gives better efficiencies of COD and color removal
in ozone oxidation studies, ozonation experiments were
conducted at an ozone (O3) dose of 2 g/h at varying pHs (312). The highest removal efficiencies were obtained when
the initial pH of the wastewater was adjusted to 12. The
reason for the enhancement in COD removal in the samples is the accelerated ozone decomposition to free radicals at elevated pH [37]. As it is seen from Fig. 4, maximum COD removal efficiencies were determined to be
60% and 64% for textile factory and OIR effluents, respectively. Color removal efficiencies were also determined as
88% and 92% for the same industries. Inlet and outlet of
ozone from the reactor were determined by using gas
washing bottles including 2% KI solutions. Ozone usage
ratios varied in the range of 3% (pH 3) - 28% (pH 12) for
the applied treatment period (120 min reaction time). At
the end of the ozonation experiments (pH 11, t 2h), COD
removal rates based on mg COD per removed per mg of
ozone absorbed were calculated as 1.34 and 2.35 for textile and OIR effluents, respectively. Similar to coagulation
and Fenton process experiment supernatants, ozonation experiment supernatants were then used in activated sludge
inhibition tests.
Activated sludge inhibition tests

Raw, physico-chemically pretreated and Fenton-treated
effluent textile industry and OIR effluents were subjected
to activated sludge inhibition tests. EC20 and EC50 (EC20
Textile WW = 810±30 mg O2/L and EC50 Textile WW = 1480±40
mg O2/L, EC20 OIR W.W. = 590±20 mg O2/L and EC50 OIR
W.W. = 940±20 mg O 2/L) values of raw and treated samples of textile and OIR wastewater samples were determined from lnCOD versus IOUR (%) data plots and given
in Figs. 5 a and b, respectively. It can be clearly seen that

some samples show negative IOUR values. Negative IOUR
values show that inhibitory effect of wastewater samples
on activated sludge mixture did not occur. Furthermore, the
BOD5/COD ratio can also constitute an appropriate measuring of biodegradability of a wastewater [5]. BOD5/COD
of raw textile and OIR effluents have been determined as
0.12 and 0.26. According to these data, evaluated unpretreated textile and OIR wastewaters have toxic and inhibitory effects on activated sludge mixture, and these effluents
almost cannot be treated by means of classical biological
processes, since effluents with BOD5/COD ratios exceeding
0.4 may be considered as readily biodegradable [5]. Physico-chemical treatment positively affected biodegradability (BOD5/COD=0.48) of OIR effluent, and inhibition on
activated sludge was considerably removed. But, for textile effluent, inhibition on activated sludge and biodegradability cannot be completely removed, and increased
(BOD5/ COD=0.34) by means of physico-chemical treatment. On the other hand, toxicity can be almost removed
completely using ozonation and Fenton process for both
textile and OIR effluents. Additionally, BOD5/COD ratios
of pre-treated textile and OIR samples were increased to
0.52-0.78. For the determination of the appropriate process
for textile and OIR wastewaters, main results of this study
are summarized in Table 3, and operating costs of applied
processes were presented. In conclusion, Fenton process
generally resulted in higher color, COD and toxicity removal efficiencies, as well as biodegradability improvement for both textile and OIR effluents.
Even though Fenton process among other processes
studied in this paper was found to give the best results.
(71% COD and 94% color removal for textile effluent, as
well as 75% COD and 96% color removal for OIR effluent),
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FIGURE 4 - COD and color removal efficiencies of textile and OIR effluents as a function of ozone dose
(CODo(Textile) = 2200 mg/L, CODo(OIR) = 1180 mg/L, O3 dose = 1.5 g/h).

FIGURE 5 - Inhibition values for raw, chemically pretreated, ozonated and Fenton process-applied Textile (a) and OIR (b) effluents.

TABLE 3 - Results of studied processes on textile and OIR effluents.

Process
Textile Effluent
Chemical treatment
Ozone
Fenton process
OIR Wastewater
Chemical treatment
Ozone
Fenton process

COD Removal
(%)

Colour Removal (%)

BOD5/COD

pH

CH2O2
(mg/L)

CFeSO4
(mg/L)

CO3
(g/h)

48
60
71

75
88
94

0.34
0.52
0.66

11
12
3

350

400
350

2
-

54
64
75

78
92
96

0.48
0.58
0.78

11
12
3

250

350
300

2
-

TABLE 4 - Operating costs for the studied processes*.
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Ba-

Cost (€)

Process/Eflluent

Treatment Cost (€/m3)

kg
€/kg
kg
kW/

0.27
1,96
0,44
0,098

Textile Effluent
Coagulation with FeSO4
Ozonation
Fenton

0,17
3,48
0,38

kg
kg

0,18
0,17

OIR Effluent
Coagulation with FeSO4
Ozonation
Fenton

0,14
3,04
0,34

sis
FeSO4.7H2O
Ozone**
H2 O2
Electricity
h
H2SO4
NaOH

*Cost of labour and sludge disposal not included.
** Energy required to generate 1 kg of ozone: 20 kWh/kg O3

use of ozonation and chemical treatment seem to show a
satisfactory COD and color removal performance. Inhibition on activated sludge was considerably removed by
chemical treatment. But, no inhibitory effect of ozonated
and Fenton’s reagent applied samples on activated sludge
mixture was observed
Cost evaluation

All processes were evaluated in terms of their operating costs (on the basis of chemical requirements) and their
cost profiles were compared (Table 4). Operating costs of
all investigated processes were found to be reasonable,
except ozonation. Therefore, for the protection of centralized wastewater treatment plants, chemical treatment of
Fenton process can be used as a pre-treatment alternative
for textile and OIR effluents prior to discharge into sewage. Within this framework, this present investigation can
be accepted as a feasibility study for the pre-treatment of
textile and organized industrial region wastewater before
discharge to the sewage.
CONCLUSIONS

(iii) Ozonation and Fenton processes have shown superior color (>%90) and COD (>%70) removal rates in
evaluated effluents. Inhibitory effects of ozonated and
Fenton’s reagent applied samples on activated sludge mixture were not determined.
Consequently, Fenton process showed a satisfactory
COD, color and toxicity removal performance, being the
economically more viable choice for textile effluent including towel dyeing, printing and finishing, as well as organized industrial region wastewater.

ACKNOWLEDGEMENT
The authors acknowledge the support of Uludag University Research Projects Department for this project (Project No. 2004/28)

In this study, chemical treatment, ozonation and Fenton`s reagent were applied on textile effluent including
towel dyeing, printing and finishing and Organized Industrial Region (OIR) effluent. These wastewater samples
have toxic nature and high resistance toward degradation
by activated sludge microorganisms. Acute toxicities of raw
and evaluated samples on activated sludge microorganisms
were determined using respiration inhibition test (ISO
8192:1995). The following conclusions can be drawn from
this study:
(i). Raw textile and OIR wastewaters have toxic and
inhibitory effects on activated sludge mixture, and these
effluents almost cannot be treated by means of classical
biological processes.
(ii). The removal efficiencies obtained from coagulation experiments were shown to be similar for color and
COD. FeSO4 resulted in best COD and color removal for
textile and OIR wastewater samples. Chemical pre-treatment was positively affected the biodegradability, and inhibition on activated sludge was considerably removed.
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ANALYSIS OF ENVIRONMENTAL POLLUTION
WITH MULTIVARIATE STATISTICAL TECHNIQUES
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ABSTRACT

INTRODUCTION

Environmental problems constitute a serious threat,
both domestically and globally. These problems are related
to energy use and CO2 emission caused by agricultural and
industrial activities. In this study, 30-year data was used
and 37 countries were grouped in terms of environmental
pollution with multivariate analysis.
While most of the countries were in the same group in
the 1970s, as they are now, the number of each group increased in the following years. Between 1983 and 1992,
the developed countries France, Great Britain, Germany
and Japan were in one group. However, in the last decade,
the number of developed countries suffering from environmental pollution caused by industrialization has increased
from 4 to 22. While the numbers of countries in each group
has changed during the last three decades, the United
States has been unique as it is a separate country in terms
of pollution level.
The information as to how the countries were grouped
for the last three decades in terms of environmental pollution is a significant indicator, especially for the developing countries. Based on these results, the countries should
change their energy sources and prepare an action plan for
the next decades to decrease pollution level.

KEYWORDS: environmental risk, CO2 emissions, energy use,
principal component analysis, multidimensional scaling.

Although the annual population growth rate has decreased (1.20%) in recent years, the world population
increased to 6 billion 605 million from 5 billion 842 million, between 1997 and 2007 [1]. As it is not possible to
create agricultural fields at a significant level, there is an
attempt to meet the needs of the growing population with
the introduction of new technologies in the agricultural
production processes. For this reason, it has become necessary to use chemical fertilizers and pesticides. However,
this has brought many environmental problems not only for
the agricultural sector, but also for the people. Many studies reported that pesticides have contaminated the water
resources and made it impossible to use them [2-5]. In addition, ecosystems have been placed in danger with the contamination of rivers and lakes as a result, species have
faced the risk of extinction, and heavy metals in the fertilizers caused nitrate pollution [6-8].
In addition to these environmental problems caused by
the use of the production technologies in agriculture, significant increases occurred in the xenobiotics released by the
people to the environment. While they meet their needs and
maintain their everyday activities a significant amount of
forests has been destroyed and fertile soils have been
contaminated in order to create new living spaces. Thus,
our resources have been exploited for a long time. Since
domestic waste is discharged into rivers and lakes in developing countries, domestic waste is another threat for
ecosystems [9]. New industrial facilities have been established because nations want to create employment for the
increasing population and catch a larger piece from the
global cake. These facilities endanger air, soil, and water
[10]. In addition, the increase in the number of vehicles
burning fossil fuels as a result of the increasing income of
people in many countries has also led to the rise in CO2
emission. Furthermore, air conditioners, refrigerators, and
perfumes considered as a natural part of daily life have
endangered humans, as they destroy the ozone layer and
cause global warming, when combined with other air pollutants.
Environmental problems vary from country to country. It is believed that the indicators revealing the agricul-
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tural and industrial activities of the countries as well as
economic parameters such as gross national product per
capita, are important in determining the level of environmental pollution in a country. This study analyzes the parameters used to group countries in terms of the environmental pollution in the last 30 years. The study will provide recommendations that can be applied by countries in
their environmental action plans or their projections of the
future pollution level.
MATERIALS AND METHODS
Variables with the potential of explaining the pollution were selected from the World Development Indicators issued by the World Bank and covering the period
between 1973 and 2002 for 37 countries. The variables
used in the study are the gross domestic product (GDP),
pollution indicators, such as energy use (kg of oil equivalent per capita), fertilizer consumption (100 grams per
hectare of arable land), organic water pollutant emissions,
CO2 emissions, combustible renewables and waste, and
water pollution index. While calculating the water pollution index, mean values of seven different industries were
taken into consideration. These industries are chemical,
clay and glass, food, metal, paper and pulp, textile, and
wood industries. These countries were chosen from different continents according to data availability. Complementary statistics concerning the pollution indicators are
presented in Table 1.
The method used in the study can be explained in two
stages. In the first stage, principal component analysis was
applied on the variables thought to impact environmental
pollution. Then these, variables were put into a form that
is appropriate for the Multi Dimensional Scaling method.
In the multivariate statistical analysis, the variables concerning individuals of n number (the countries covered in

our study) were analyzed. In other words, the factors that
are thought to cause pollution were analyzed [11]. Principal component analysis was applied in order to decrease
differences, focus on similarities and thus to reveal the interdependency structure between these variables. This analysis allowed us to group similar variables [12-14]. In the
second stage, the Multi Dimensional Scaling method was
applied to group countries. This method aims at grouping
countries according to the variables based on the output of
the statistical analysis [15]. The 30-year period was divided
into three decades, and the changes within these periods
were examined to determine time dimensional change.
RESULTS AND DISCUSSION
When the correlation between the eight pollution indicators, covering the period of 1973-2002, was analyzed,
the amount of CO2 emissions and organic water pollutant
emissions increased along with the increasing population
and GDP. That finding verifies the idea that population
leads to high pollution. On the other hand, although we can
expect that higher income leads to environmental consciousness, these results indicate that water and air pollution is higher in countries with high income. This applies
to the developed countries as well. Another finding is that
there is a positive correlation between organic water pollutant emissions and CO2 emissions. This indicates that
CO2 and organic water pollution increased simultaneously.
CO 2 emission is an indicator for high production and
consequently higher waste that pollutes various resources
including water. Other findings concerning the correlation
are presented in Table 2.
The principal component analysis conducted separately
for each decade revealed that three components were effective in grouping countries in terms of eight pollution indicators, as eigen values are either close to or bigger than

TABLE 1 - Descriptive statistics for pollution indicators for the selected countries.
Pollution Criterions
Population
(million people)
Gross Domestic Product
(1995 reel prices billion US $)
Energy use
(kg of oil equivalent per capita)
Fertilizer consmption
(100 grams per hectare of arable land)
Organic water pollutant emissions
(ton per day)
Carbondioxide emissions
(1000 kt)
Combustible renewables and waste
(percent of total energy)
Water pollution index
(percent of total BOD emissions)

1973-1982
Mean
STD

1983-1992
Mean
STD

1993-2002
Mean
STD

33.07

47.19

36.25

52.31

39.11

57.73

491.60

867.96

566.97

1210.18

718.08

1591.63

3720.07

2046.44

3772.42

1969.23

3891.99

2143.33

3534.99

5796.84

3106.28

5535.24

2475.37

5166.37

378.03

482.39

331.48

479.07

347.73

514.66

329.49

733.73

351.63

815.30

368.93

902.24

5.38

7.17

4.80

6.29

5.45

5.48

12.42

2.87

12.76

2.37

10.96

3.80

Source: World Bank, World Development Indicators, 2004
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Population
(million people)
Gross Domestic Product
(1995 reel prices billion US $)
Energy use
(kg of oil equivalent per capita)
Fertilizer consmption
(100 grams per hectare of arable land)
Organic water pollutant emissions
(ton per day)
Carbondioxide emissions
(1000 kt)
Combustible renewables and waste
(percent of total energy)
Water pollution index
(percent of total BOD emissions)

Water pollution index

Combustible renewables and waste

Carbondioxide emissions

Organic water pollutant emissions

Fertilizer consmption

Energy use

GDP

Population

TABLE 2 - Correlation table of pollution criterions for the selected countries (1973-2002).

1.000
0.808

1.000

0.068

0.257

1.000

-0.161

-0.063

0.388

1.000

0.907

0.940

0.188

-0.137

1.000

0.838

0.877

0.339

-0.102

0.915

1.000

0.176

-0.137

-0.300

-0.155

-0.032

-0.115

1.000

0.151

0.212

0.023

0.029

0.226

0.164

0.004

1.000

PC 6
0.19
2.40
98.24

PC 7
0.09
1.16
99.40

PC 8
0.05
0.60
100.00

0.20
2.56
98.75

0.06
0.79
99.54

0.04
0.46
100.00

0.18
2.20
98.25

0.09
1.10
99.35

0.05
0.65
100.00

TABLE 3 - Explained Variance (Eigenvalues).
Value
Eigenvalue
% of Var.
Cum. %

PC 1
3.67
45.88
45.88

PC 2
1.54
19.24
65.12

PC 3
0.98
12.30
77.42

Eigenvalue
% of Var.
Cum. %

3.70
46.21
46.21

1.58
19.80
66.01

1.04
13.03
79.04

Eigenvalue
% of Var.
Cum. %

3.73
46.64
46.64

1.71
21.42
68.06

0.96
11.95
80.01

1973-1982
PC 4
PC 5
0.89
0.58
11.11
7.30
88.54
95.84
1983-1992
0.84
0.53
10.54
6.62
89.58
96.19
1993-2002
0.82
0.46
10.29
5.75
90.30
96.05

TABLE 4 - Component Loading.

Population
(million people)
Gross Domestic Product
(1995 reel prices billion US $)
Energy use
(kg of oil equivalent per capita)
Fertilizer consmption
(100 grams per hectare of arable land)
Organic water pollutant emissions
(ton per day)
Carbondioxide emissions
(1000 kt)
Combustible renewables and waste
(percent of total energy)
Water pollution index
(percent of total BOD emissions)

PC1

1973-1982
PC2

PC3

PC1

1983-1992
PC2

PC3

PC1

1993-2002
PC2

PC3

0.880

-0.262

-0.097

0.919

-0.224

0.008

0.910

-0.247

-0.034

0.958

0.043

-0.036

0.949

0.060

-0.052

0.933

0.020

-0.046

0.305

0.748

-0.065

0.275

0.786

0.167

0.288

0.773

-0.145

-0.145

0.605

-0.088

-0.123

0.698

0.404

-0.051

0.831

0.096

0.968

-0.089

0.031

0.965

-0.051

-0.017

0.962

-0.102

-0.024

0.946

0.078

-0.068

0.943

0.093

-0.097

0.961

-0.004

-0.087

-0.059

-0.719

0.034

-0.012

-0.629

0.460

-0.161

-0.580

0.170

0.167

0.113

0.977

0.202

-0.140

0.792

0.271

0.128

0.941
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TABLE 5 - Principal Component Matrix.
Components
2

1

3

Organic water pollutant emissions
(ton per day)
1973-1982
1983-1992
1993-2002

0.968
0.965
0.962

1973-1982
1983-1992
1993-2002

0.958
0.949
0.933

1973-1982
1983-1992
1993-2002

0.946
0.943
0.961

1973-1982
1983-1992
1993-2002

0.880
0.919
0.910

Gross Domestic Product
(1995 reel prices billion US $)

Carbondioxide emissions (1000 kt)

Population
(million people)

Energy use
(kg of oil equivalent per capita)
1973-1982
1983-1992
1993-2002

0.748
0.786
0.831

1973-1982
1983-1992
1993-2002

-0.719
0.697
0.773

1973-1982
1983-1992
1993-2002

0.605
-0.629
-0.580

Combustible renewables and waste
(percent of total energy)

Fertilizer consmption
(100 grams per hectare of arable land)

Water pollution index
(percent of total BOD emissions)
1973-1982
1983-1992
1993-2002

0.977
0.792
0.941

“1” for these components. The fact that the cumulative
variances of the first three principal components are close
to 80% means that these components are effective. The
eigen values and variances of the components are given in
Table 3. Table 3 presents the correlations of the pollution
indicators (factors) covered in three principal components.
In Table 4, a principal component matrix was formed, by
lining up each principal component from the largest to the
smallest (Table 5). Three components, in other words three
dimensions, are important in grouping 37 countries in terms
of environmental pollution. Table 5 offers the variables that
constitute these dimensions (components).
For the period of 1973-1982, the countries were divided into four groups. When the country groups in terms
of the pollution indicators were analyzed between 1973
and 2002, the countries shared more similarities with each
other in the first decade. As in other periods, the United
States constitutes a group by itself in this period. The most
important features that distinguish the USA from other
countries are the indicators of population, GDP and CO2

emissions. The indicator that placed Mexico and Norway
in a separate group was the water pollution index. In this
period, population and energy use amounts were the indicators that placed Brazil and Turkey in a separate group.
It is striking that developed countries, especially France,
Great Britain, Germany, and Japan, were in the same group.
Developed countries except for the United States share
various features. Between 1983 and 1992, the number of
groups increased from 4 to 6. The water pollution index
and the values of the organic water pollutant emissions are
very high in these countries. In the period of 1993-2002,
Brazil was also different from other countries, as was the
United States, in the value of combustible renewables and
waste. Furthermore, the group of developed countries became larger in this period, their number was rising to 22.
Among the most technologically developed countries are
the EU countries. The indicator distinguishing these countries from others is fertilizer consumption. Figure 1 presents the groups of countries in each decade; Table 6, 7 and
8 presents the group means in terms of pollution indicators.
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1973-1982

1983-1992

1993-2002

FIGURE 1 - Relationship Dendogram of the Selected Countries for Pollution Indicators.
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TABLE 6 - Average Pollution Indicators in Terms of Country Groups (1973-1982).

1.Group
2.Group
3.Group
4.Group

Population

GDP

Energy use

Fertilizer
consumption

Organic water
pollutant emissions

Carbondioxide
emissions

24.29
78.59
33.68
221.60

397651.02
258624.24
135638.39
4440670.04

3833.74
781.14
2698.04
8004.71

3912.15
546.92
1750.05
1011.84

315635.24
508498.55
101004.18
2667921.91

225014.26
116108.18
118041.97
4522344.40

Combustible
renewables
and waste
3.75
31.02
7.08
2.63

Water
pollution
index
13.04
13.36
0.99
13.56

(1. Group: Argentina, Portugal, Greece, Austria, Denmark, Ireland, Bulgaria, Hungary, Romania, Australia, Sweeden, Finland, Belgium, Slovakia, Chile, Hrvatska (Croatia), Lithuania, Czech Republic, Estonia, Latvia, Netherlands, Canada, Luxemburg, France, Great Britain, Deutschland (Germany), Italy, Spain, Poland, Russia, Japan,
Israel - 2. Group: Brazil, Turkey - 3. Group: Mexico, Norway - 4. Group: USA)

TABLE 7 - Average Pollution Indicators in Terms of Country Groups (1983-1992).

1.Group
2.Group
3.Group
4.Group
5.Group
6.Group

Population

GDP

Energy use

Fertilizer
consumption

Organic water
pollutant emissions

Carbondioxide
emissions

23.22
3.62
141.54
8.69
78.44
243.80

183112.10
11316.07
579916.39
227493.14
2181170.17
5990959.96

3748.35
2993.78
908.43
3853.17
3793.70
7632.91

2866.61
521.04
687.21
5949.90
3599.79
993.48

180668.50
53817.60
790330.97
108522.35
940799.06
2526055.30

194842.15
21357.46
193662.63
76263.17
695409.30
4642846.69

Combustible Water
renewables pollution
and waste
index
4.89
13.11
1.52
1.31
33.59
13.57
1.45
11.87
1.48
13.83
3.62
13.64

(1. Group: Argentina, Spain, Hrvatska (Croatia), Greece, Poland, Romania, Mexico, Austria, Latvia, Portugal, Turkey, Australia, Czech Republic, Estonia, Norway,
Slovakia, Bulgaria, Hungary, Denmark, Canada, Luxemburg, Finland, Sweden, Italy, Russia, Israel - 2. Group: Belgium, Chile, Ireland, Netherlands - 3. Group: Lithuania 4.Group: Brazil - 5.Group: France, Great Britain, Deutschland (Germany), Japan - 6. Group: USA)

TABLE 8 - Average Pollution Indicators in Terms of Country Groups (1993-2002).

1.Group
2.Group
3.Group
4.Group
5.Group
6.Group

Population

GDP

Energy use

Fertilizer
consumption

Organic water
pollutant emissions

Carbondioxide
emissions

27.48
164.82
21.73
136.43
0.27
273.40

217458.34
738470.81
412064.58
2952491.00
7768.38
8093979.96

2755.08
1018.21
3904.28
4134.73
9856.27
7967.40

1128.05
969.98
1849.55
1765.28
3185.90
1102.25

154238.98
662519.89
220945.49
1552020.89
6377.67
2489941.68

158075.56
273223.11
170753.39
1323612.22
2071.54
5352499.44

Combustible
renewables
and waste
6.17
25.09
5.11
1.10
0.04
3.28

Water
pollution
index
5.75
8.59
12.11
13.61
12.77
13.82

(1. Group: Argentina, Romania, Lithuania, Mexico, Latvia, Australia, Czech Republic Netherlands, Estonia, Luxemburg - 2. Group: Brazil, - 3. Group: Austria, Portugal,
Denmark, Turkey, Bulgaria, Hungary, Slovakia, Hrvatska (Croatia), Greece, Ireland, Norway, Chile, France, Deutschland (Germany), Italy, Great Britain, Poland, Spain,
Belgium, Canada, Finland, Sweden - 4.Group: Israel – 5.Group: Japan, Russia – 6. Group: USA)

CONCLUSIONS
In general, the fundamental goal of many countries is
to increase GDP and to become industrialized. However,
increasing purchasing power and unplanned development
of the industrial and agricultural sectors cause environmental risks in terms of water, air, and soil. Countries want to
increase their affluence level using more resources. This
does not suggest that countries should slow their development rates because of environmental concerns. Instead,
more efficient and environmental friendly techniques should
be used in the process of their development. In the light of
these findings, countries can form strategies regarding sustainable development. The future strategies for countries can
be environmental friendly technologies for industry, low
chemical inputs in agriculture like organic farming, and
efficient use of inputs for all sectors. The findings of this
study can help these countries to plan their future development, take environmental measures, and implement actions

to decrease the domestic and global risks in terms of environmental pollution. These results also suggest that when
the countries increase development level they should focus
on controlling to most important criteria which are organic
water pollutant and CO2 emissions.
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Daphnia magna CULTURING METHODS IMPLICATIONS ON CHRONIC TOXICITY TESTS
Ivana Teodorovic* and Ivana Planojevic
University of Novi Sad, Faculty of Sciences, Department of Biology and Ecology,
Laboratory for Ecotoxicology (LECOTOX), Trg Dositeja Obradovica 2, 21000 Novi Sad, Vojvodina, Serbia

ABSTRACT

INTRODUCTION

The study of effects of pre-test culturing conditions
and organism density (single vs. group culture of F0 and F1
daphnids) on reproduction of F2 generation of Daphnia
magna was conducted. The observed impact of crowding in
batch cultures (10-15 ind/l) as well as in variants of daphnids cultured in smaller groups of 5 is significant. The fecundity is consistently increasing from F1 to F3 generation when daphnids are successively cultured as individually housed while offspring of daphnids with 3 successive
generations of mothers cultured as individually housed is
significantly more numerous than in any other tested variants. One of the observations that might have implications
on conventional chronic toxicity test is that the fecundity
is significantly higher if neonates are taken out of batch
cultures than if adult females with embryos are selected as
starting points. The lowest number of neonates and a high
rate of adult and pre-mature deaths were observed in daphnids of highly variable life history. The observation led to
the conclusion that multiple shifting from group to individually living conditions and vice versa challenged the adaptive
response of the species and caused a decrease in fecundity
due to variable culturing conditions. It seems that critical
points, not addressed by standard protocols carefully enough,
are the organism density in batch cultures and the age of
daphnids that should serve as a source of neonates intended
for conventional chronic toxicity tests. To avoid the impact
of crowding in batch cultures on offspring, the neonates
intended for chronic toxicity testing should originate from
individually housed mothers taken out of batch cultures as
neonates and cultured in separate test vessels.

KEYWORDS:
Daphnia magna, toxicity tests, culturing methods.

It has been well documented that reproduction of
Daphnia magna is related to the available quantity of food
[1, 2], since at low food levels small offsprings of large neonates were produced and vice versa. It has also been shown
that in cladocerans, a high animal density has a significant
effect on neonate production even when sufficient and equal
food levels are available to all the test animals, with increasing densities leading to decreased reproduction in
adults exposed to both abundant and limited food concentrations. [3]. It has also been suggested that the volume of
culture medium affects the reproduction patterns as well,
with increasing volumes leading to decreased reproduction in daphnids [4].
D. magna is, by far, the most frequently used aquatic
test species for testing single chemicals and whole effluent assessment (WET). Reduction in fecundity, measured
by production of neonates by parental Daphnia, is the
most commonly used end-point to estimate the chronic
toxicity of substances and mixtures. Standardised testing
methods [5-8] set the number and age of test animals (one
neonate less than 24 h old per test vessel), acceptable mortality (20%) and minimum number of neonates in control
treatments (60), and also recommend culture medium and
food quality and quantity. However, only a few standardised procedures for daphnids culturing specify the density
of animals and culture medium volume in batch cultures
[8, 9].
The aim of this paper was to examine the possible impact of parental culturing patterns on reproduction of a
laboratory clone of Daphnia magna NSV (NSV = Novi
Sad, Vojvodina), but mainly as an implication on chronic
toxicity tests and laboratory culturing practices. The study
of effects of pre-test culturing conditions and organism
density (single vs. group culture of F0 and F1 daphnids)
on reproduction of F2 generation was conducted. The idea
was to test whether a negative impact of crowding in F0
and F1 on reproduction in F2 generation is significant and
to examine whether the selection of starting points (neonates vs. adults with embryos) might have implications on
conventional chronic toxicity tests. Also, we examined if
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negative effects are amplified or diminished in individually housed daphnids and those living in groups for two
generations. In the end, we tried to conclude how change
of pre-test conditions affects reproduction, and consequently, the results in chronic assays. To enable the selection of the optimum diet for selected laboratory culture of
D. magna, an experiment intended to evaluate four different diets during conventional 21 days chronic assay was
run prior to experiments on the role of density on reproduction patterns.
MATERIALS AND METHODS
The laboratory culture of Daphnia magna NSV originates from the population of some 40 specimens of D.
magna that were taken out of a natural lake located in
the Province of Vojvodina (Serbia) in 1974 and that have
been kept ever since in the Ecotoxicology Laboratory of
the Faculty of Sciences, Novi Sad. Therefore, the culture
was named D. magna NSV.
The population of D. magna NSV was grown in cultures
of parthenogenetic females, in cohorts of different ages, at
20 ± 2°C, in 1-litre borosilicate glass test vessels. The
daphnids were cultured in a photoperiod of 16-h light/8-h
dark, with light at about 800 lux. Reconstituted hard water
was prepared in compliance with the ASTM standard guide
[12]. Water was aerated up to 100% oxygen saturation
several hours before introducing the organisms. Daphnids
were cultured at a density of 10 – 15 adults per litre. Algae
(Chlorella vulgaris, laboratory strain) were cultured in the
laboratory on Algae broth 148 (Difco Laboratories – Detroit, Michigan, USA), at 25 ± 2°C and used as daphnid
food. As recommended by the U. S. Environmental Protection Agency [9], daphnid cultures were fed with algae
on a daily basis – 1 ml (cell density >1 x107 cells per
ml), and three times a week their diet was supplemented
with 1 ml of YCT mixture - 1:1:1 suspension of 5g yeast/l
(commercial yeast for human consumption), 5 g of dried
cereal leaves/l (wheat was grown in water culture in the
laboratory) and 5 g/l of digested fish flakes (commercial
fish pellets No. 1 for aquaria fish).
Two types of experiments were performed: (i) study
of the effect of diet on reproduction during conventional
21 days chronic assay and (ii) study of effects of pre-test
culturing conditions and organism density (single vs. group
culture of F0 and F1 daphnids) on reproduction of F2 generation. All experiments were run at the temperature of
20 ±2 °C and photoperiod of light/dark 16:8 (about 800 lux,
white neon tubes) in static-renewal conditions (the complete renewal of culture water three times a week).
Daphnids (80) used for experiments intended for diet
evaluation were taken out of batch cultures as neonates
and randomly distributed into four groups. Four different
variants of daphnids, 20 replicates per variant, were kept

in 50 ml test vessels with 30 ml of culture water (one daphnid per test vessel). They were fed three times a week (2 h
before the renewal of culture water) with 0.2 ml of (i)
yeast (5 g/l suspension), (ii) algae concentrate (3-3.5x107
cells) and (iii) YCT mixture. Variant (iv) was fed the same
combination of food as the stock cultures - 0.1 ml algae
concentrate and 0.1 ml YCT mixture. Variants (i)-(iii)
were fed with one type of food only while the quantities
of respective single component were doubled in comparison to the stock culture and variant (iv).
In experiments on the role of density in reproduction
strategy, daphnids were fed 0.1 ml of YCT mixture and
0.1 ml of Chlorella sp. concentrate per animal three times
a week, 2 h before the renewal of the culture water. The
scheme of experiment and nomenclature is shown in Figure 1.
At the beginning of the experiment, (a) 10 adults with
embryos and (b) 10 neonates were randomly taken out of
stock cultures.
a. The adults with embryos (10), labelled as F0 1, were
kept together (as in the stock culture). The neonates
(labelled as F11) were collected as they appeared and
randomly distributed into 2 groups: 1) 15 neonates were
placed in a 50 ml test vessel (one neonate per test vessel) with 30 ml of culture water (F111), while 2) 80 neonates were distributed into 16 groups (each group containing 5 neonates) and they were placed in 250 ml test
vessels with 150 ml of culture water (F112). The offspring (F21) of the first group (15 neonates/one per test
vessel) was labelled as Progeny B. The offspring (F22)
of the second group (neonates living in group of 5)
represents Progeny D.
b. F02 neonates (10) that were taken out of batch cultures
were placed in test vessels (one neonate per 50 ml test
vessel) and kept until yielding their third brood (F12).
The F12 generation (80 neonates) was randomly distributed into 2 groups. The first group (labelled as F121)
contained 15 neonates which were placed as one neonate per vessel. In the second group (65 neonates of
F122) the daphnids were distributed into 13 groups –
each group containing 5 neonates – and placed in 250 ml
test vessels with 150 ml of culture water. The offspring
(F23) of F121 (15 neonates living individually in test
vessels) - was labelled as Progeny A. The offspring
(F24) of F122 (neonates living in groups of 5) - represents Progeny C. Fifteen neonates of Progeny A were
also placed in 50 ml test vessels (one neonate per test
vessel) and kept for additional 3 weeks – their Progeny
(E) represents F3 generation – variant of daphnids living individually (as one daphnid per test vessel) for 3
successive generations.
Statistical calculations

The Dunnett Programme version 1.5 [10] was applied
in data analysis. In experiments for diet evaluation, the
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mean number of neonates produced per female per type of
diet was compared to the control diet (diet iv). As the number of replicates was equal in all the treatments and the
control, the selected software automatically applies ANOVA
followed by the Dunnett procedure [11] to determine if
differences (p≤0.05) in the various diet treatments existed

compared to control. In experiments on the role of density,
the number of replicates was not equal in each variant, so
after ANOVA, the applied software automatically performs the t - test with Bonferroni's adjustment instead of
the Dunnett's Procedure to determine if the mean number
of neonates after 21 days differed between the variants.

stock culture

F01:adults with embryos (10)

1

2

F02:neonates (10)

1

2

F11 :neonates living
individually (15x1)
(15)

F11 :neonates living
in groups (16x5)

F12 :neonates living
individually (15x1)

F12 : neonates living
in groups (13x5)

F21: Progeny B

F22: Progeny D

F23: Progeny A (15x1)

F24: Progeny C

F3: Progeny E

FIGURE 1 - Scheme of experiments on the role of density in reproduction strategy of Daphnia magna: numbers
in parenthesis indicate the number of replicates (test vessels) x number of daphnids per test vessels (1 or 5 daphnids).

RESULTS AND DISCUSSION
Diet evaluation

The survival of 80% of the specimens and reproduction criteria of >60 neonates per female on the 21st day [6]
was used to evaluate the acceptability of a diet. The occurrence and number of neonates in the first, second and
third offspring, as well as the mean numbers of neonates
in the first three offsprings together are presented in Table 1.
The survival rate of variants fed with four different
diets was 100%. No males, ephippia or discoloured daphnids were recorded throughout the test. Also, no significant difference has been observed in production of the
first brood in four tested variants, meaning that preconditions set by the International Organization for Standardization (ISO) [6] have been met by all four variants.
The number of neonates in the first, second and third
offspring, as well as the mean numbers of neonates in the
first three broods together did not differ significantly between variants, meaning that after two weeks (the range
of the mean third brood occurrence was 13 – 14.5 days)
no significant difference in reproduction was observed in
four variants. The difference, however, appeared on the 21st

day: the significantly lowest reproduction rate (mean
50.4, SD 10.2) was recorded in the variant fed with YCT
only, while significantly the highest number of neonates was
observed in the variant fed with combination of algae
and YCT (mean 76.7, SD 8.9). The total number of neonates on the 21st day per surviving female is shown in Fig.
2.
At first sight, the overall mean on the 21st day for
each diet indicates that all diets, except the YCT mixture
alone, are acceptable for laboratory culture D. magna NSV
under given conditions, in other words, only YCT diet
does not fulfil the condition of >60 neonates per female
on the 21st day. However, in two instances – with yeast
and algae diets, the number of neonates in 20 replicates
varied significantly: 28-93 and 53-76, respectively. Only
the diet consisting of algae and YCT combination averaged 76.67 neonates per female with the range of 62 to
95. So, even the minimum number of neonates originating
from the parents cultured using this diet fulfils the reproduction criteria for chronic tests. Therefore, the diet containing algae concentrate and YCT was used in the experiment on the role of density in reproduction strategy of D.
magna, as it seemed to be the most suitable diet out of
four tested that satisfies nutritional requirements neces-
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sary for stable maximum reproduction of Daphnia magna
NSV under the given laboratory conditions.
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TABLE 1 - Reproduction of D. magna cultured in hard water with four diets.
Embryo
occurrence
(day)

1st brood
occurrence
day)

1st brood
clutch
size

2nd brood
occurrence
(day)

2nd brood
clutch
size

3rd brood
occurrence
(day)

3rd brood
clutch size

No. of
neonates in
3 broods

Mean
SD
cv%
Min
Max

6.9
0.97
14.13
5
9

Yeast (0.2 ml/30 ml)
9
0.99
11.15
7
11

5.3
1.74
32.75
2
9

11.2
1.10
9.79
10
14

8.9
2.14
24.10
4
12

13.4
1.13
8.46
11
16

10.6
2.69
25.39
7
16

24.8
4.99
20.18
15
32

Mean
SD
cv%
Min
Max

7.9
2.46
31.13
4
12

YCT (0.2 ml/30 ml)
9.9
2.46
24.85
6
14

6
2.55
42.42
2
10

11.9
2.46
20.68
8
16

9.3
2.43
26.20
6
14

14.5
2.60
17.95
10
19

9.6
2.58
26.76
5
14

24.9
6.10
24.49
15
35

Mean
SD
cv%
Min
Max

6.4
1.17
18.34
5
9

Chlorella sp. (0.2 ml/30 ml)
8.6
6.5
1.17
2.37
13.65
36.44
7
4
11
10

10.6
1.17
11.07
9
13

9.2
2.25
24.47
5
12

13.0
1.33
10.26
11
15

11.6
2.87
24.79
8
16

27.3
5.33
19.54
17
34

Mean
SD
cv%
Min
Max

6.67
0.83
12.5
5
9

YCT + Chlorella sp. (0.1ml/30ml each)
8.75
6.3
0.96
1.11
10.95
17.54
7
4
11
9

10.9
0.76
6.99
10
13

9.58
1.25
13.04
7
11

13.3
0.83
6.29
12
15

11.7
2.33
20
8
16

27.6
2.82
10.22
19
33

*

number	
  of	
  neonates

80

60

n=20
n=20

40
n=20
20

vival was 80%. However, in group cultures of daphnids,
F122 and F112, a considerable mortality was recorded: the
survival rate on the 21st day was 57 and 50%, respectively.

**

100

n=20

TABLE 2 - The survival rate in the experiment on the
role of density and culturing patterns of Daphnia magna.

	
  yeast
	
  Y C T
	
  C hl
	
  C hl+Y C T
	
  Mean
	
  Max
	
  Min
	
  P1
	
  P99

0

yeast

YCT

Chl

F121
15
12
80

No. of neonates - 1st day
No. of surviving neonates - 21st day
Survival rate (%)

120

Chl.YCT

* significantly lowest, ** significantly highest (p ≤ 0.05)

F111
15
15
100

F122
65
37
57

F112
80
40
50

n=12
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FIGURE 2 - Reproduction of Daphnia magna
in hard reconstituted water with four diets.

Role of density and culturing patterns
in reproduction of D. magna NSV

In the study of effects of pre-test culturing conditions
and organism density on reproduction, the survival rate on
the 21st day differed considerably in F1 of individual culture in comparison to group culture of daphnids (Table 2).
In variants of individually living daphnids (F121, F111 and
F23), the survival was within the acceptable range: no mortality was observed in F111, while in F121 and F23 the sur-
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Reproduction calculated on the 21st day was expressed
as the mean number of neonates per female alive at the
end of the test. The highest mean number of neonates
(mean 82.6, SD 23.5, range 49-119, n=12) after 21 days
was recorded in Progeny E (offspring of Progeny A),
namely in individually living daphnids during 3 successive generations, while the lowest number (mean 35, SD
16.4, range 13-65, n=13) occurred in Progeny C, namely
among daphnids living in groups, born from individually
living parents (Fig 3).
The detailed analysis (Table 3) shows that the mean
number of neonates in Progeny E was significantly higher
than in Progenies B (mean 54.6, SD 13.7, range 41-87, n=
15), C and D (mean 56.8, SD 30.3, range 25.3-107, n=15)
yet, although higher, it does not significantly differ from
Progeny A (mean 72.3, SD 31.6, range 33-120, n=12).
The mean number of neonates in Progeny A (F2 generation of neonates taken out of batch cultures) is significantly higher than the number of neonates in Progeny B
(offspring of individually living parents born from adults
cultured in group cultures – F2 generation of neonates
originating from mothers taken out of batch cultures already with embryos). However, after 21 days, the mean
number of neonates from Progenies B did not differ significantly from Progeny D. Also, no significant difference
was observed between the mean number of neonates in
Progenies A and D. Moreover, the mean number of neonates in Progeny D (the offspring of daphnids living in
groups for 2 successive generations) was higher than in
Progeny B.
TABLE 3 - Detailed analysis of reproduction patterns.
A
B
C
D
B
p=0.04*
C
p=0.001*
p=0.003*
D
p=0.17
p=0.69
p=0.03*
E
p=0.31
p=0.0001*
p=5x10-6*
p=0.01*
* statistically significant (p ≤ 0.05), for abbreviations see Figure 1

The mean number of neonates in Progeny E (offspring
of daphnids living individually for three successive generations) was significantly higher than the average offspring of adult daphnids living individually for one generation only (B), and in groups of 5 (C and D), in spite of
the equal food levels available to all test animals. Also, the
number of neonates originating from daphnids living individually (as one per test vessel) for two successive generations (A) was significantly higher than the average number
of neonates originating from daphnids living individually
for one generation only (B) and C – the offspring of daphnids living in groups of 5. Since the daphnids received the
same quantity of food per capita regardless the density at
which they were cultured, it is unlikely that the reduction
in fecundity with the increasing density is due to competition for food. One of the possible explanations of a higher
number of neonates in individually housed daphnids is the
higher rate of adults and pre-mature deaths in daphnids
housed in groups. Yet, it is still worth emphasizing that the

lowest number of neonates recorded in the test was in
Progeny C, as it originates from daphnids of rather changeable pre-test conditions, i.e. Progeny C originates from
daphnids kept in groups but from those which are the
progeny of individually living neonates deriving from
mothers cultured in batch cultures.
It is interesting to compare the offspring in Progenies
A and D: although slightly higher, the mean number of
neonates in Progeny A (offspring of daphnids living individually for two successive generations) did not differ statistically from Progeny D (offspring of daphnids living in
groups for two successive generations).
The presented results indicate that group culturing of
D. magna has a considerable impact on reproduction. These
findings are in line with previously reported results for
natural and laboratory populations of cladocerans. In Daphnia magna, a high animal density, even when sufficient
and equal food levels are available to all the test animals,
causes a mutual intraspecific influence called life-strategy
shift by intraspecific interaction [13, 3]. Up today, there is
no evidence to oppose the chemical hypothesis [2] that
chemical substances, the release of which might be stimulated by mechanical interaction, are responsible for eliciting life-strategy shift by intraspecific interaction. These
crowding-induced chemicals had variable effects on growth
rate and clutch size of primipary of three largest species,
i.e. D. magna, D. pulicaria and D. pulex [14, 15]. Crowding as a cause of significant reductions in fecundity has
been proven on laboratory clone for D. magna [16]. Allelopatic effect has been demonstrated to affect smaller
species also, such as D. carinata [13]. The density of 40 ind/
l lead to significant reductions in fecundity in D. magna
[16], while a similar reduction occurred at densities of less
than 80 ind/l for D. carinata [13]. Increasing the food concentration while maintaining a constant cladoceran density
leads to significantly increased reproduction, and causes no
significant effect on the age of sexual maturity. This indicated that the effects observed in crowded daphnids were
not the result of negative effects of the increased food
concentrations, but were an adaptive response to crowding [17]. Negative effect was proven [3] in D. magna
living in groups of four individuals in flow-through condition, which is the organism density that is lower than
recommended by standard protocols for chronic toxicity
testing [5, 7] in flow-through conditions. The effect of
crowding on reduced fecundity of D. magna in comparison to individually cultured daphnids has been observed
even in case when 2 adults were kept per test vessel [4].
The effects on life-history traits of Daphnia are generally,
but not invariably, negative. It has been suggested that,
although species vary in their responses to the chemicals
released by dense populations, and small species may be
more sensitive to interspecific allelopathy than large species, the responses to crowding are likely to be clonespecific rather than species-specific [15].
Producing fewer, larger neonates is advantageous under crowded or food-limited conditions, as larger neonates
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are more tolerant of starvation [3], and producing fewer
offspring reduces competition for food. A combination of
low food quantity and crowding may be a stronger signal
to cladocerans that the ambient environment is changing
than either of the factors alone, suggesting a reason for
interaction between food and crowding [14]. Alternatively,
the effect on fecundity may not be related to reproductive
strategies. Crowded conditions lead to elevated levels of
chemicals that cause negative effects, which may pose an
additional energy burden on the cladocerans. Thus, energy
available for reproduction may be reduced [17], which
might explain the lower fecundity in group or batch cultures than in individually cultured daphnids. Another possibility is that the algae present as food for cladocerans may
bind chemicals responsible for negative interference and
thus reduce their bioavailability. At high food concentrations, the larger amounts of algae may reduce the bioavailable levels of chemicals responsible for negative interference [17]. The binding capacity of high concentration of
algae in group cultures might be one of explanations why
number of neonates in Progeny D did not differ significantly from the number of neonates in Progeny A and why
it was even higher than in Progeny B.
Mutual intraspecific influence, called life-strategy shift
by intraspecific interaction, caused by high daphnid density, is not diminished easily in progeny [3]. Quite the contrary, the cited authors observed the shift in two successive
generations. In our study we observed that the number of
neonates is consistently increasing from F1 to F3 generation of successively individually cultured daphnids, which
could imply that it takes more than a generation to recover
from negative effects of crowding of 10-15 adults in batch
cultures. The most striking difference observed is between
the F2 generations of different life history: Progeny A
originates from the ancestors taken out of batch cultures
as neonates and cultured individually ever since, while
Progeny B presents the offspring of typically obtained
neonates intended for chronic toxicity tests (adults taken
out of batch cultures already with embryos), which might
be explained by the hypothesis [17] that releasing of
chemicals in crowded conditions presents the energy
burden and that considerable energy for reproduction is
thus reduced. Also, we assume that the adults in crowded
conditions receive multiple signals during their juvenile
and early adult period (until the occurrence of the second
clutch) so they are inevitably subject to life strategy shift
and negative impacts caused by considerable time spent in
crowded conditions. On the other hand, if neonates are
taken out of batch cultures immediately upon release and
kept as one daphnid per vessel for life, they might never get
a chance to receive chemical signals that cause a shift in
reproduction patterns, which might advocate the use of neonates, rather than gravid adults, as a source of test animals
in conventional chronic tests.

nating from group cultures. In addition, the lowest number
of neonates and high rate of adult and pre-mature deaths
were recorded in daphnids kept in groups of 5, but which
are the progeny of individually living neonates originating
from mothers cultured in batch cultures – in other words,
in daphnids of highly changeable life-history. All these observation might lead to the conclusion that the shift, particularly repeated, from group to individually living conditions and/or vice versa challenges the adaptive response
of the species and causes the decrease in fecundity due to
variable environmental conditions, which is rather common
in natural populations [18, 19], yet intolerable in laboratory
cultures intended for conventional chronic toxicity assays.
CONCLUSION
It seems that the critical points that are not addressed
by standard protocols carefully enough are the organism
density in batch cultures and age of daphnids that should
serve as the source of neonates intended for conventional
toxicity tests.
To avoid the impact of culturing patterns on offspring,
which refers primarily to the adaptive response to crowding that, as it has been shown, is not easily diminished in
progeny, the daphnids intended for chronic toxicity testing should originate from individually-living mothers, taken
out of batch cultures as neonates and cultured in separate
test vessels, while group or batch cultures should serve as
a pool or backup only. Such pre-test conditions might help
in decreasing the variability of chronic tests using Daphnia magna and, besides that, securing the maximum fecundity of laboratory culture.
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ABSTRACT
The distribution of phosphatase and urease activities in
substrate and their relationship with purification efficiency
of wastewater was studied in a vertical/reverse-vertical flow
constructed wetland designed for processing domestic
wastewater. With increasing the substrate depth, phosphatase and urease activities greatly decreased. Phosphatase
and urease activities in the vertical flow chamber were
higher than those in the reverse-vertical flow chamber. Phosphatase activity is positively correlated to the removal rates
of total nitrogen, total phosphorus, chemical oxygen demands and biochemical oxygen demands; Urease activity
was positively correlated to total nitrogen. The results indicated that phosphatase and urease activities could be utilized as indicators of wastewater treatment performances
in the constructed wetland system. This research offered the
theoretical basis for using substrate enzymatic activity as
evaluation index of purification efficiency.

KEYWORDS: Constructed wetland, enzymatic activity, phosphatase, urease, purification efficiency.

INTRODUCTION
Constructed wetland as an ecological engineering to
treat wastewater has prevailed since 1970s. In the recent
years, the interest in wastewater treatment by constructed
wetlands has increased, because of their reliability, cost
effectiveness, versatility over conventional engineering
means and capability of treating more than one type of
pollutants simultaneously [1]. At present, constructed wetlands have been used successfully for improving the quality of river water [2, 3], storm water [4], oilfield drainage [5], and municipal sewage [6].
Constructed wetlands purify wastewater through an
integrated combination of biological, physical and chemi-

cal interactions between the plants, the substrata and the
inherent microbial community. During treatment of
wastewaters by constructed wetlands, high molecular
weight organic pollutants are degraded to low molecular
weight nutrients, utilizable by microorganisms [7]. Current
knowledge of soil biochemistry suggests that mineralization is achieved via the metabolism of microorganisms
and the enzyme activity of the soil [8-10]. The production
of sub-strate enzyme is due to the results of the activities of
substrate microorganisms, animals, and plant roots. In
substrate enzymes, phosphatase and urease play an important role in decomposition of organic matters. Phosphatase is responsible for hydrolyzing organic phosphorus
compounds to inorganic phosphorus [11]; Urease is involved in the nitrogen cycle [12]. Although there have
been several studies on the enzymatic activity in the substrate of constructed wetland [13, 14], little has been
known about distribution of enzymatic activity and their
relationships with purification of wastewater.
This research was carried out in a vertical/reversevertical flow-constructed wetland designed for processing
domestic wastewater. The aim is to reveal distribution
characteristics of phosphatase and urease activities in substrate of constructed wetland, and to discuss the feasibility
that enzymatic activity is used to estimate treatment efficiency of constructed wetland.
MATERIALS AND METHODS
Research site

A vertical/reverse-vertical flow-constructed wetland
system (Fig.1) was established in the greening belt of the
residential district in Ningbo, Zhejiang Province, China, in
July 2002 to treat domestic wastewater from 311 households. This constructed wetland was twin-shaped and consisted of two chambers, each having 800 m2 surface area.
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FIGURE 1 - Diagram of integrated vertical flow constructed wetland.

TABLE 1 - Quality of input water in the constructed wetland.
CODcr
(mg/L)
255.67

BOD5
(mg/L)
126.8

NH4-N
(mg/L)
35.33

TN
(mg/L)
57.66

Both chambers shared a drainage layer, which was
filled with gravel to a depth of 10 cm and covered by a
commonly used geotextile. The vertical and reverse vertical
flow chambers were filled with homogenous sand to a
thickness of 45 and 35 cm, respectively, where two terrestrial species, Canna indica and Lolium perenne, were
planted. The constructed wetland was continuously loaded
with the domestic wastewater yielded by about 1000 peoples. Quality of input water in the constructed wetland
was shown in Table 1. Hydraulic retention time was 2.1 days
on average.
Sampling and measurements

After a whole year, this system had been relatively
steady. Substrate samples were collected at 1-month intervals from July to December 2003. Five sampling locations were selected at random in the each chamber. At each
location, three samples were collected at three depth intervals of 5-10cm (upper layer), 20-25cm (middle layer) and
30-35cm (bottom layer) by using soil corer, respectively.
Phosphatase and urease activities were measured by p-nitrophenyl soldium phosphate method and phenol soldium
hypochlorite colorimetric method, respectively [15].
In the meantime, water samples were collected from
the influent and effluent of the wetland. These water samples were transported in polyethylene bottles to the laboratory where the analyses were started within 24 h of
collection. Parameters of water quality measured were as
follows: chemical oxygen demand (COD), biochemical
oxygen demand (BOD), total nitrogen (TN), total phosphorus (TP), ammonia-nitrogen (NH4-N), nitrate-nitrogen
(NO3-N), total Kjeldahl nitrogen (TKN), and total suspended solids (TSS). The methods used for the measure-

TP
(mg/L)
6.61

TSS
(mg/L)
67.0

DO
(mg/L)
1.45

pH
7.70

ments were those specified by the “Methods for the Examination of Water and Wastewater” [16].
RESULTS AND DISCUSSION
Enzymatic activity
Phosphatase activity

In the constructed wetland, phosphatase activity was
presented in Table 2. Phosphatase activity decreased rapidly with the depth of substrate increasing. There were extremely significant differences among upper, middle and
bottom layer (p<0.001). In the vertical flow chamber, mean
phosphatase activity in upper level was 3.3 times as much
as that in middle level; in reverse-vertical chamber, mean
phosphatase activity in upper level was 3.2 times as much
as that in middle level. A significant difference in phosphatase activity was detected between the vertical and reverse-vertical flow chamber (p<0.05). Phosphatase activity in upper layer in the vertical flow chamber was significantly higher than in reverse-vertical flow chamber (p<
0.05). From Table 2, it can be seen that clear monthly variation of phosphatase activity could be observed.
Urease activity

In the constructed wetland, urease activity was presented in Table 3. Urease activity evidently decreased with
the depth of substrate increasing, which was similar to phosphatase activity. The differences in urease activity were
significant among the upper, middle and bottom layer (p<
0.001) In the vertical-flow chamber, mean urease activity
in the upper layer was 2.4 times as much as that in middle
layer; in the reverse-vertical chamber, urease activity in
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TABLE 2 - Phosphatase activity (mg phenol/100g.24h) at different layers of substrate in the constructed wetland. Values are means±SE.
Month
July
August
September
October
November
December
Average

5-10cm
22.43±2.31
19.71±1.11
16.07±1.91
18.22±2.04
19.8±0.46
12.56±1.61
18.13

Vertical flow chamber
20-25cm
10.11±1.71
9.45±0.32
3.54±0.45
6.32±0.9
2.78±0.33
1.23±0.31
5.57

Reverse-vertical flow chamber
5-10cm
20-25cm
30-35cm
13.85±1.46
5.43±0.6
1.32±0.02
14.93±2.22
7.88±1.23
0.89±0.09
11.59±1.01
2.63±0.43
0.4±0.06
15.26±2.1
3.47±0.77
0.49±0.1
15.22±0.53
3.96±0.77
0.64±0.08
7.02±0.39
1.03±0.01
0.34±0.09
12.98
4.07
0.68

30-35cm
2.42±0.32
1.78±0.22
0.49±0.05
1.01±0.07
0.79±0.02
0.73±0.02
1.2

TABLE 3 - Urease activity (mg NH3-N /100g.24h) at different layers of substrate in the constructed wetland. Values are means±SE.
	
  Month
July
August
September
October
November
December
Average

5-10cm
28.51±3.6
29.61±4.3
24.22±2.1
27.01±2.7
21.97±3.3
19.26±0.8
25.1

Vertical flow chamber
20-25cm
11.24±1.1
14.34±2.1
12.1±0.6
9.21±1.2
10.08±1.4
6.46±0.9
10.57

30-35cm
7.76±1.2
5.43±0.6
3.49±0.4
5.33±1.3
6.65±0.9
2.67±0.4
5.22

5-10cm
25.03±2.9
26.17±2
22.1±1.2
22.35±3.6
16.95±2.1
14.9±0.9
21.25

Reverse-vertical flow chamber
20-25cm
9.65±1.1
10.27±1.2
11.86±2.1
12.04±0.7
8.74±1
8.32±0.6
10.15

30-35cm
3.47±0.5
5.89±0.6
5.01±0.3
6.78±1.2
2.43±0.3
1.89±0.4
4.25

TABLE 4 - Phosphatase activity in the substrate of the constructed wetland and removal rate of pollutants.

Month
July
August
September
October
November
December

Phosphatase activity
(mg phenol/
100g.24h）
18.14
17.32
13.83
16.74
17.51
9.79

Removal (%)
TP

CODcr

BOD5

TSS

77.32
78.78
73.23
76.46
80.43
68.97

86.86
88.79
76.12
81.78
78.68
70.14

97.24
96.66
94.13
95.59
96.67
90.94

83.78
85.21
84.14
79.47
91.67
90.96

upper layer was 2.1 times as much as that in middle layer.
Mean urease activity in the vertical flow chamber was
slightly higher than in the reverse-vertical flow chamber
(p>0.05).
The production of enzymes in substrate of constructed
wetland results from the activities of substrate microorganisms, animals and plant roots. In this type of constructed
wetland, plant roots and microorganisms mainly distributed in the upper level of substrate [17], which perhaps
resulted in main distribution of phosphatase and urease
activities in the upper space close to surface of constructed
wetland. Considering distribution characteristics of enzymes,
microorganisms and plant roots, the upper space of substrate should be the most efficient purification space. In
this constructed wetland, the contents of nitrogen, phosphorus and organic matter was lower in the reverse-vertical
flow chamber because of purification of wastewater when
wastewater flowed through the vertical flow chamber, which
maybe resulted in relatively low enzymatic activity in the
reverse-vertical flow chamber. It was reported that soil
enzymatic activity was positively correlated to contents of

nitrogen, phosphorus and organic matter [18]. The difference in substrate enzymatic activity between vertical and
reverse-vertical flow chamber showed that vertical flow
chamber maybe play a greater role in purifying wastewater.
Relationship between enzymatic
activities and removal of pollutants
Relationship between phosphatase
activity and pollutant removal

Relationship between phosphatase activity and pollutant removal was shown in Table 4. Phosphatase activity
was significantly positively correlated to the removal rate
of TP (r=0.95, p=0.0047), indicating that in the purification
process of wastewater, especially in the removal process of
phosphorus, phosphatase activity played an important role.
In addition, it was also significantly positively correlated to
the removal rate of COD (r=0.87, p=0.0252) and BOD 5
(r=0.99, p=0.0005), implying that increase in phosphatase
activity helps to improve removal rate of COD and BOD5.
However, there was not significant correlation between
phosphatase activity and TSS (r=-0.39, p=0.4426).
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Relationship between urease activity and pollutant removal

Relationship between urease activity and removal rates
of nitrogen was shown in Table 5. Uease activity was significantly positively correlated to the removal rates of TN
(r=0.82, p=0.0449) and TKN (r=0.96, p=0.0028) and COD
(r=0.92, p=0.0098). This result indicated that in the purification process of wastewater, urease activity could be used
as an evaluation indicator of purification efficiency. But it
was not significantly correlated to the removal rates of
NH4-N (r=0.21, p=0.6778) and NO3-N (r=0.34, p= 0.5116),
BOD5 (r=0.71, p=0.1131) and TSS (r=0.74, p= 0.0899).
Studies on the relationship between enzymatic activity in constructed wetland and purification efficiency can

offer theoretical basis for evaluation of purification efficiency by using enzymatic activity. Phosphatase activity
was significantly positively correlated to the removal rate
of TP, COD and BOD5; Urease activity was significantly
positively correlated to removal rate of TN, KN and COD
removal. They could be used as indicators of evaluation
of purification efficiency in this kind of constructed wetland. Some researchers found that there existed a certain
difference of phosphatase and urease activities in rhizosphere
between plant species [19]. So in selecting plant species
for constructed wetland, phosphatase and urease activities
in rhizosphere can be used as a reference index.

TABLE 5 - Urease activity in the substrate of the constructed wetland and removal rate of pollutants
Urease activity
（mg NH3-N
/100g.24h）
July
26.77
Aguest
27.89
September
23.16
October
24.68
November
19.46
December
17.08
Month

Removal (%)
TN

KN

NH4-N

NO3-N

CODcr

SS

BOD5

77.32
78.78
81.29
77.59
70.77
68.12

84.35
85.87
83.21
80.66
76.85
73.24

87.48
90.21
64.22
61.94
77.23
80.74

-400.34
-221.43
-190.48
-111.88
-69.72
-256.12

86.86
88.79
76.12
81.78
78.68
70.14

83.78
85.21
84.14
79.47
91.67
90.96

97.24
96.66
94.13
95.59
96.67
90.96

CONCLUSIONS
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PREPARATION OF ACTIVATED CARBON FROM SUGAR
BEET MOLASSES AND ADSORPTION OF METHYLENE BLUE
Funda Aci, Mehmet Nebioglu, Mustafa Arslan*,
Mustafa Imamoglu, Mustafa Zengin and Mustafa Küçükislamoglu
Sakarya University, Faculty of Sciences and Arts, Chemistry Department, 54187 Sakarya, Turkey

ABSTRACT
Four activated carbon samples were prepared from
sugar beet molasses with zinc chloride as the chemical activating agent at different temperatures (600-800 ºC) and
residence carbonization times (0-120 min.) under nitrogen
atmosphere. The activated carbons were characterized by
using N2¯ BET surface area and iodine number measurements. The results obtained are found to be between 1368.5792.2 m2/g and 221-162 mg/g, respectively. Adsorption of
methylene blue from aqueous solution on the activated
carbons produced using sugar beet molasses has been
studied. Equilibrium concentrations were determined by
using a UV-spectrophotometer. The adsorption data of each
carbon sample (including the commercial AC) was analyzed
by Freundlich adsorption isotherms. Experimental data are
fitted into the Freundlich equation.

Methylene blue (C16H18ClN3S) and iodine adsorption are important for the determination of adsorption properties and characterization of the adsorbents [15-22]. Methylene blue (MB) has been regarded as a model compound
for the adsorption of medium size organic molecules [15].
Iodine adsorption is a measure of adsorption ability of the
adsorbents for low molecular weight molecules [8]. Iodine
adsorption as expressed as an iodine number which is the
amount of iodine (mg) adsorbed per gram of sorbent [16].
Methylene blue has a minimum molecular cross-section of
about 0.8 nm [17] and iodine molecule is relatively small
with estimated diameter 0.56 nm [18]. While iodine molecule is accessible to the pores with diameters larger than
1 nm, methylene blue is accessible to the pores with diameters larger than 1.5 nm [22]. Iodine number is indicator of
micropores and methylene blue adsorption is indicator of
mesopores.

KEYWORDS: Activated carbon, methylene blue, adsorption,
spectrophotometry, sugar beet molasses.

In this study, four activated carbon samples were prepared from sugar beet molasses with zinc chloride as the
chemical activating agent. The temperatures were 600, 700
and 800 oC under nitrogen atmosphere. N2¯ BET surface
area and iodine number were determined. Adsorption capacities of the four powdered activated carbons and a commercial AC were determined by using methylene blue in
an aqueous solution. Experimental data were analyzed by
using the Freundlich adsorption isotherm.

INTRODUCTION
Adsorption processes have been shown to be highly
efficient for removal of colors [1], organic [2] and inorganic [3] pollutants from industrial wastewater. Activated
carbon is widely used for the adsorption of pollutants from
gaseous and liquid phases [4-7] and it has excellent adsorption capability for organic compounds [8].
Activated carbons can be prepared from a variety of
raw materials. Many agricultural wastes such as palm-tree
cobs [9], olive-vast cakes [10], sugar-cane bagasses [11]
rice hulls [10,11] and hazelnut husks [12] can be starting
materials for the production of activated carbons. Molasses is the main syrup remaining after the removal maximum amount of sugar crystals from sugar beet. So, it is an
important by-product of the sugar industry. Conversion of
the molasses to a valuable product such as activated carbon
will be useful in waste water treatment.

MATERIALS AND METHODS
Samples, Chemicals, Instruments and Analytical Procedures

A Shimadzu UV-2401 PC UV-visible recording spectrophotometer was used to determine methylene blue. BET
surface area of the activated carbons was determined by
Micromeritics FlowSorb II-2300. Standard stock solutions
of iodine and methylene blue were prepared at concentration of 4x10-4M and the working solutions were prepared
as required by further dilution with distilled water.
The molasses (400 g) were mixed with solid zinc chloride (400 g), it was dissolved in molasses and obtained a
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viscous mixture. Then it was dried for 24 hours in an oven
at 110oC and then activated in a stainless steel tube which
was 190 mm in length and 90 mm in diameter under N2.
The temperature of the reactor was raised to 600, 700 or
800 oC and maintained or not maintained at these maximal
temperatures. After cooling to room temperature, all the
activated carbon samples were first finely ground and sieved
with sieve of 125 µm. The uniform fractions washed first
with concentrated HCl and then washed with distilled
water until it contains no chloride ions. At the end of each
washing, each carbon sample was dried in an oven at 110oC
for 24 hours and then stored in desiccators containing
CaCl2. So, four activated carbons were produced and, carbonization temperature (tmax) and residence carbonization
time (tz) at tmax are given in Table 1.

Carbonization
Temperature (tmax)
600 0C
700 0C
700 0C
800 0C

Co − Ce
100
Co

where Co and Ce are the initial and the equilibrium concentrations of methylene blue, respectively.
To determine the iodine numbers of the ACs, adsorption studies were carried out by shaking 80 mL of ca.
4.76x 10-5 M solutions of I2 with the following amounts of
activated carbons (C1-C5) 1.4, 2.1, 2.0, 1.6 and 2.0 mg,
respectively. After filtration through a filter paper, iodine
concentration in the supernatant was determined by using
a UV-spectrophotometer at 351 nm. The adsorbed amount
of I2 was calculated by difference of the initial (Co) and
equilibrium concentration (C e) and expressed as iodine
number (mg/g).
At equilibrium conditions, the relationship between the
amount of a substance adsorbed (Qe) on the sorbent at constant temperature and its concentration in the equilibrium
solution (Ce) is called the adsorption isotherm [23] and expressed by following equation.

TABLE 1 - Maximum temperature (tmax) and
residence carbonization time (tz) of carbon samples C1-C4.
Activated
Carbon
C1
C2
C3
C4

%P=

Residence
Time (tz) at tmax
0 minutes
0 minutes
120 minutes
120 minutes

Qe = f (Ce)

Characterization of the prepared activated carbons
(ACs) was carried out by N2¯ BET surface area and iodine
number measurements.
Aqueous solutions of methylene blue and activated
carbons were as follows: 80 mL of ca. 4.72x10-5M solutions of methylene blue placed in a 100 mL volumetric
flasks and known amount (given in Table 2) of activated
carbons were added. The flasks were stoppered and shaken
at the same stirring rate for 2 hours at room temperature. At
equilibrium (equilibrium conditions were attained after one
and half hour), the mixture are filtered through filter paper
and the absorbance read in a UV-visible spectrophotometer
at 663 nm. Each time, a known amount of activated carbon
was added until complete discoloration is obtained.

The Freundlich isotherm is an empirical equation and
is shown to be satisfactory for low concentrations [24].
Freundlich equation is given by
Qe = k(Ce)n
and its linear form by
ln Qe = ln k + n ln Ce
where Ce is the equilibrium concentration of the
methylene blue and Qe is the amount of methylene blue
(mg) adsorbed per gram of the activated carbon at equilibrium, k and n are Freundlich constants concerning the
multilayer adsorption capacity and adsorption intensity,
respectively [24,25]. Freundlich constants k and n are
determined from the intercept and slope of the linear
regression plot of ln Qe versus ln Ce.

Activated carbons (C1-C4) were compared with a commercial activated carbon (C5) supplied by Toprak Ilac A.S
in Adapazari (Turkey).
Adsorption capacities (Qe) of ACs for methylene blue
were calculated from experiments; 80 mL of 4.72x10-5M
solutions including carbons (C1-C5) 3.2, 3.2, 3.3, 3.3 and
1.5 mg, respectively.

RESULTS AND DISCUSSION
Adsorption of methylene blue on prepared activated
carbons (C1-C4) and commercial AC (C5) at room temperature and adsorption equilibrium data for methylene blue
is given Table 2.

Discoloration percentage was calculated by using the
following equation;
TABLE 2 - Adsorption equilibrium data for methylene blue (Co = 4.72 x10-5 mol/L).
C1
m
Ce
Qe
-4
-5
x10
x10
x10-5
(g) (mol/L) (mol/g)
32
2.88
46.0
62
1.58
40.5
112
0.42
30.7
177
0.11
20.8

P
(%)
39.0
66.5
91.1
97.7

m
x10-4
(g)
32
62
112
177

C2
Ce
Qe
-5
x10
x10-5
(mol/L) (mol/g)
3.20
38.0
1.80
37.6
0.44
30.6
0.06
21.1

P
(%)
32.2
61.8
90.7
98.7

m
x10-4
(g)
33
62
77
88

C3
Ce
Qe
-5
x10
x10-5
(mol/L) (mol/g)
2.14
62.5
0.76
51.1
0.25
46.4
0.13
41.7

1002

P
(%)
54.7
83.9
94.7
97.2

m
x10-4
(g)
33
62
82
107

C4
Ce
Qe
-5
x10
x10-5
(mol/L) (mol/g)
2.54
52.8
1.28
44.4
0.39
42.2
0.12
34.4

P
(%)
46.2
72.9
91.7
97.5

C5
m
Ce
Qe
-4
-5
x10
x10
x10-5
(g) (mol/L) (mol/g)
15
3.94
41.8
38
2.80
40.4
71
1.33
38.2
104
0.37
33.5

P
(%)
16.5
40.8
71.8
92.2
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TABLE 3 - BET surface area (S, m2/g) and iodine numbers (I, mg/g) of activated carbons.
Activated Carbon
Sample
C1
C2
C3
C4
C5

Carbonization Temperature, tmax (0C)
600
700
700
800

Residence Time, tz
(min.)
0
0
120
120

Surface Area, S
(m2/g)
1368.5
919.8
897.6
792.2
nm

Iodine number , I
(mg/g)
209
221
192
162
193

nm: not measured

The N2¯ BET surface area (S) and iodine number (I) of
activated carbons are given in Table 3. Maximum BET surface area was obtained at 1368.5 m2/g for C1. It was found
that the surface area decreased with increasing residence
carbonization time (tz) and temperatures (tmax). Maximum
iodine number was found to be 221 mg/g for C2.

Qe x 10 -5 (mol/g)

75

A plot of the discoloration amounts P(%) versus the
mass of activated carbon (M) are shown in Figure 1. As
seen in Figure 1, C3 and C4 have high affinity more than
the others towards methylene blue adsorption. The theoretical mass (mg) of charcoal (Mt) necessary for the discoloration of 1L of the initial concentration of methylene blue
(Co) was calculaled from equations of plots in Fig.1. The
values of Mt for C1-C5 are 208, 204, 113, 135 and 178,
respectively.

60

C1
C2
C3

45

C4
C5

30

15
0

1

2

3

4

5

-5

Ce x 10 (mol/l)

FIGURE 2 - Adsorption isotherms of
methylene blue on the activated carbons.

L nC e
100

-‐ 15

-‐ 14

-‐ 13

-‐ 12

C1
-‐ 11

-‐ 10

C2
C3

75

P (%)

-‐ 8

C4

C1
C2

50

L nQe

C3

C5

C4
-‐ 9

C5

25

FIGURE 3 - Freundlich adsorption isotherms for MB.

0
12

32

52

72

92

112

Amount of activated carbon ( g x 10 -4 )

TABLE 4 - Freundlich isotherm data for adsorption of MB.
Carbon sample
C1
C2
C3
C4
C5

FIGURE 1 - Effect of the activated carbon dosage
on the discoloration percentage of methylene blue.

The profile of the adsorption isotherm of the activated
carbons for methylene blue is shown in Figure 2. This represents the amounts of methylene blue adsorbed (Qe) versus the methylene blue concentration at the equilibrium (Ce).
The equilibrium adsorption isotherms are of fundamental importance in the design of adsorption systems. The
equilibrium adsorption data was applied to Freundlich equation and shown in Figure 3. Freundlich constants k and n,
which are obtained by the method of linear regression of
the data and the regression coefficient r2 are presented in
Table 4.

k x 10-3
5.64
1.90
2.64
1.91
1.07

n
0.24
0.15
0.14
0.13
0.09

r2
0.9920
0.9747
0.9768
0.9359
0.9977

Methylene blue (MB) adsorption capacities (Qe x 10-5,
mol/g), surface areas (S, m2/g), iodine numbers (mg/g) of
activated carbons and theoretical mass (mg) of activated
carbon (Mt) for the discoloration of one liter of the initial
concentration 4.72x10-5M of methylene blue are summarized in Table 5. Adsorption capacities (Qe) of the activated
carbons are generally inversely proportional to the values
of Mt. Adsorption capacities of C3 and C4 for MB are higher
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TABLE 5 - Results from MB adsorption (Mt), Qe, iodine adsorption (I) and surface area (S).
Activated Carbon
Sample
C1
C2
C3
C4
C5

S
(m2/g)
1368.5
919.8
897.6
792.2
nm

Qe x 10-5
(mol/g)
46.0
38.0
62.5
52.8
41.8

I
(mg/g)
209
221
192
162
193

than the others. In our conditions of treatment, the carbonization up to 700oC of molasses initially impregnated
with zinc chloride, followed by two hours maintenance at
this temperature, leads to the most adsorptive activated
carbon towards MB.
Higher surface area and higher iodine numbers, but
lower MB adsorption capacity of C1 and C2 than the others
may be due to existing microporous structure in ACs such
as C1 and C2 [23].
CONCLUSION
In this study, activated carbons were obtained from
sugar beet molasses by treating with ZnCl2 and carbonized
at different temperature and residence carbonization time.
It was observed that, surface area (S) and iodine number (I)
generally decreases with increasing temperature (tmax) and
residence carbonization time (tz). Also, adsorption capacities (Qe) of activated carbon samples were determined by
using aqueous solution of methylene blue. Generally, activated carbon samples prepared by carbonizing at 700 oC
and residence carbonization time of 2 hours were found to
be more adsorptive towards MB than the others.
Sugar beet molasses can be used efficiently in industry
as a source of activated carbon for aqueous phase adsorbent.
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ACUTE TOXICITY EVALUATION OF AN INSECTICIDE USED
IN POTATO CULTURES WITH THE USE OF BIOASSAYS
Panagoula Bakoulia1, Constantina Karadima1, Angela Rouvalis1 and Joan Iliopoulou-Georgudaki1*
1

University of Patras, Department of Biology, Unit of Environmental Management, Pollution and Ecotoxicology, Rio, 26500, Patras, Greece

ABSTRACT
A toxicity assessment for the anostracan Thamnocephalus platyurus and the fish, trout (Oncorhynchus mykiss)
and tilapia (Oreochromis niloticus), exposed to the insecticide Lannate and its main substance methomyl was conducted based on LC50 estimation. The bioindicators were
exposed to Lannate concentrations of 0.1-10 mg/l (Thamnocephalus platyurus) and 1.5-15 mg/l (fish). The crustacean was also exposed to concentrations of 0.01mg/l 1mg/l of methomyl.
The results define that the LC50 values for Lannate
were 3.73 mg/l for the trout (Oncorhynchus mykiss), 1.89
mg/l for the tilapia (Oreochromis niloticus) and 0.12 mg/l
for the Thamnocephalus platyurus. The LC50 values for
methomyl, which was tested only with Thamnocephalus
platyurus was 0.13 mg/l. These values classify both substances from "very toxic" to "exceptionally toxic".
Among the test organisms used, Thamnocephalus
platyurus is appointed as a particularly sensitive and easily
applicable bioindicator, especially in research on the
completed management of rural products, in order to minimize the environmental problems by the sustainable use of
plant- protection products.

KEYWORDS:
insecticide, lannate, methomyl, toxicity, fish.

7], but also to human health [8-16]. Despite the interest
for productivity increase in the agricultural sector, no one
can dispute the need for better knowledge of the insecticides’ attributes, the manipulation and the ecotoxicological
repercussions to aquatic organisms.
This study aims to evaluate the toxicity of the insecticide Lannate, used in the potato crop production and its
main substance methomyl. Methomyl is considered as particularly toxic, but it is widely used in agriculture [17-19].
A few studies have been conducted to determine the toxicity of methomyl to aquatic organisms [20, 21] with deleterious effects [22] especially on fish [23, 24]. Also neither the toxicity of methomyl to humans has been studied
extensively. However lethal accidents [25 -26], and lethal
poisoning of farmers from Lannate [28] and methomyl
have also been recorded [28, 29].
The toxicity evaluation of Lannate and methomyl was
tested firstly by using two fish species, the trout (Oncorhynchus mykiss) and the tilapia (Oreochromis niloticus) and
secondly by the crustacean Thamnocephalus platyurus [30].
The main objective of this study was: to evaluate the
toxicity of Lannate and methomyl and to determine the
potential hazard posed to a common crustacean Thamnocephalus platyurus, as well as, to a commercial fish like the
trout Oncorhynchus mykiss and to the tilapia Oreochromis
niloticus.
MATERIALS AND METHODS

INTRODUCTION
The systematic utilisation of synthetic chemicals for
the confrontation of pests in agriculture that began substantially in 1940 with the appearance of the insecticide DDT
contributed to productivity improvement and increase, but
had negative repercussions on the environment. Among the
active chemical compounds that find application as plantprotection products, insecticides mostly have harmful
effects.
There is a large amount of bibliography about hazardous effects of insecticides not only to the environment [1-

Lannate is a broad spectrum carbamate insecticide registered for use in a wide range of field, fruit, and vegetable crops. It is recommended for the control of aphids,
potato tuberworm, loopers, beet armyworm, and fall
armyworm in potatoes at the rate of 3 pints of product per
acre applied through overhead sprinkler irrigation systems.
In the market it is sold as Lannate 90 SP, Lannate 25
WP and Lannate 20 SL. In the present study Lannate 90
SP was used (soluble dust) that is constituted by 90% of
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v/v methomyl [Formula: CH3C(SCH3)NOC(O)NHCH3] and
7.6% of v/v auxiliary substances. It is exclusively produced by DuPont. In Greece, it is permitted for circulation
by the Ministry of Agriculture and is mainly used in the
protection of potato crop.
Methomyl is categorized by the EPA [31] as very toxic
due to its high toxicity to humans and thus it has limited
use. Methomyl is effective not only as a contact insecticide, but also as a systemic insecticide. It is used for the
control of lepidopterons, coleopterons and hemipters.
Laboratorial studies have shown that methomyl has
mediocre stability and high mobility. Also, methomyl is
mediocre constant in aerobic metabolism in the soil but is
downgraded faster under anaerobic conditions. According
to laboratorial studies, methomyl is not immediately absorbed by the terrain and has the possibility of being very
kinetic [31].
Test organism

The used fry, rainbow trout Oncorhynchus mykiss, in
the toxicity tests were provided by the government-owned
Pisciculturist Station Louros, Ioannina (Greece). The fry
(weight 1.5-2 g) were transported in plastic sachets of 4 mm
thickness. The sachets were partly full with water saturated
in oxygen. Then the trout were gradually acclimatized from
the transport temperature to the laboratory temperature in
reservoirs of 25 L with continuously aerated tap-water and
a recirculation system with biological infiltration. The water
was chloride free, had low concentrations of metals and
the pH oscillated from 6-9. The photoperiod was 12h light
and 12h dark. The fish were fed daily at a rate of 3% of the
total body weight with specified commercial fish-feed.
The tilapias (Oreochromis niloticus) were transported
to the laboratory from the Abbey of Metamorphosis,
Nafpaktos (Greece), where a Pisciculturist Station exists.
The weight of the tilapia fry was 2 g. The process that was
followed is similar to that described for the trout fry.
Toxkit Bioassays

The toxicity of the insecticide was estimated by using
cysts of the anostracan crustacean Thamnocephalus
platyurus, in the form of microbiotest kit Thamnotoxkit FTM
[30]. The tests were conducted according to the process of
the protocol of the toxkit, considering as the final endpoint the death of the larvae.
A range-finding test was conducted. According to the
results of the aforementioned test, Thamnocephalus
platyurus larvae were exposed to concentrations from 0.110 mg/l of Lannate and 0.01 mg/l to 1 mg/l of methomyl,
diluted with tap water. Three replicate tests for each substance were conducted using the microbiotest kit.
Fish Bioassay

The fish toxicity tests (semi-static) for both species
were conducted according to ISO 7346-2 [32]. A prelimi-

nary range finding test was conducted in duplicate, in order
to determine the concentrations of the final experiment.
In the final test, a series of five test concentrations as
well as controls (in duplicate) were used. All the bioassays
were carried out in 15 L vessels containing a final volume
of 10 L of the solution and 12 fish. The five concentrations
were selected, by including the lowest lethal concentration
to all the fish in the preliminary test and the highest nonlethal concentration after 96h. According to the aforementioned ISO, after 48 h from the beginning of the final test,
the living fish were transferred to new test solutions in new
test vessels and the 96 h test was continued. Dead fish were
recorded daily and removed. Dissolved oxygen, pH and
temperature in each reservoir were measured at the beginning of the test and immediately before and after the
change of concentrations. The solutions were continuously
aerated.
The fish were selected for the toxicity tests according
to their overall condition and especially their weight that
varied between 1.5-2 g.
Concentrations for the trout oscillated from 1.5-15 mg
Lannate/L, while for the tilapia, after the range finding test,
the concentrations were lower, from 1.5-4.8 mg Lannate/l.
Five tests were conducted for each fish species in duplicate.
Data analysis

The results from both toxicity tests are expressed in
LC50 values; specifically, in LC50-24h and LC50-96h for
the Thamnotoxkit F test and the fish bioassays, respectively.
Toxicity data obtained as the 50% mortality endpoint
were converted into toxic units (TU) by the following formula: TU = [1/LC50] * 100 [33] and were characterized
according to the categorization proposed by Isidori et al. [34]
RESULTS AND DISCUSSION
Throughout the duration of the fish bioassays, the
physicochemical parameters of the water were monitored.
The values of ammonia and nitrates were close to zero,
while the temperature, pH and dissolved oxygen were
within the optimum range for both species. Specifically,
the water temperature in the trout and tilapia vessels ranged
from 14.8 to17.5 oC and 24.4 to 25.3 oC respectively. The
dissolved oxygen concentration ranged from 8.8 to 9.3 mg/L
for the first fish, while for the second, from 7.3 to 7.8 mg/L.
Finally, pH values were within the tolerance range for both
species (7.8 to 8.5).
Toxicity tests

After recording the fish mortality in each concentration of the insecticide for all tests, graphs in Figure 1 lead
to the calculation of the LC50 values from the replicate
toxicity tests using the fish species Oncorhynchus mykiss
and Oreochromis niloticus.
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The toxicity test conducted with the Thamnotoxkit F
resulted in the graphs shown in Figure 2 for both Lannate
and methomyl (three replicate tests for each).
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FIGURE 1 - Acute toxicity of the insecticide Lannate according to two fish species (96h).
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FIGURE 2 - Acute toxicity of the insecticide Lannate and its substance methomyl according to Thamnotoxkit F (24h).

After recording the mortality of both fish species and
the Thamnocephalus playurus larva, the mean LC50 values were calculated (95% confidence limits), additionally
with the higher and lower concentration values (Table 1).
The 96 h LC50 values ranged from 1.81 to 4.04 mg/L for
the fish species, while the 24 h LC50 values for the Thamnocephalus platuyurus are quite similar for both substances
tested. As shown in Table 1, tilapia is more sensitive than
the trout, as it presented mortality in lower concentration
values.

the comparative LC50 results (Table 1) show that there are
insignificant differences in the toxicity values between the
insecticide and its main substance. This is an indication
that methomyl is mainly responsible for the toxicity of the
commercial product.
TABLE 1 - LC50 (mg/L) values for each toxicity test.

LC 50
Higher value
Lower value

The toxicity of the substance methomyl was examined
only in Thamnocephalus platyurus and not with the fish, as

Trout

Tilapia

4.04
4.6
3.0

1.81
2.08
1.72

TU

1000
800
600
400
200
0
TU

O. mykiss

O. niloticus

Thamno

Thamno+M

26,81

52,91

833,33

769,23

FIGURE 3 – Toxic units for all species tested.
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In order to categorize the samples according to the results from the toxicity tests, the values of LC50 were converted to toxic units (TU). According to the toxic units, the
substances are characterized from “very toxic” to “extremely
toxic” [34]. Figure 3 indicates high toxicity levels for all
samples tested with the Thamnocephalus playurus larva
being most sensitive, and the species Oreochromis niloticus prevailing in sensitivity from the fish.
The results of the present work appear to agree generally with previous studies, where the main effective
substance methomyl has been found to be moderately to
highly toxic to fish, as LC50-96 h values oscillate from 0.83.4 mg/ L, depending on the sensitivity of the species [23,
35-37]. The results of the tilapia toxicity test (mean value:
1.81 mg/ L) also comprise with the bibliographical data.
On the other hand, the trout seems to be a less sensitive
species to the specific insecticide, representing higher
toxicity values (4.04 mg/L) than tilapia (1.81 mg/L).
The species Oreochromis niloticus is generally considered
tolerant but it has shown greater sensitivity than Oncorhynchus mykiss to specific pesticides [38, 39].
Comparing the test organisms, Thamnocephalus
platyurus proved to be a particularly sensitive and reliable
in-dicator as it appears from the high factor of determination LC50 (R2=0.9605 for Lannate and R2=0.954 for
methomyl). From the two fish species, the tilapia Oreochromis niloticus is more sensitive in comparison to the
trout Oncorhynchus mykiss.
CONCLUSIONS
According to the toxic tests conducted in this study,
both substances tested were characterized from “very toxic”
to “extremely toxic”. It is evident that the repercussions are
owed greatly to the main substance methomyl, as its LC50
values are very similar to those of the commercial product
(Lannate).
Comparing the fish bioassays used for the toxicity
evaluation of Lannate, tilapia proved to be more sensitive
to the specific pesticide, as the mean lethal concentration
is quite lower than that of the rainbow trout, even though
both mean toxicity values (TU) categorize them in the same
group.
It is estimated that the use of toxicity tests with a single species results to limited data, so the use of species from
different trophic levels in order to provide more accurate
information is suggested. In similar future studies, the microbiotest Thamnotoxkit FTM and the tilapia fish bioassay
can be jointly used for an optimal evaluation of the repercussions and risk assessment of insecticides.
Finally, it is stressed that acute toxicity data of the insecticide Lannate and its main substance methomyl do not
reverse the necessity of further studies on their chronic repercussions, in order to reconsider their use or the necessity of substitution by substances less toxic.
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GENOTOXIC EFFECTS OF TRIASULFURON
IN CULTURED HUMAN LYMPHOCYTES
Fulya D. Gokalp Muranli* and Fisun Kaymak
Trakya Universitesi, Fen Edebiyat Fakültesi, Biyoloji Bölümü, 22030 Edirne, Turkey

ABSTRACT

place in screening strategies for mutagenic/carcinogenic
agents [1, 2]. Induction of SCE represents a sensitive cyto-

The aim of this study was to investigate the genotoxic
effects of Triasulfuron, which is used as a sulfonylurea herbicide, on human peripheral blood lymphocytes in vitro by
using chromosome aberration, sister chromatid exchange
and micronucleus tests. Lymphocytes were treated with
five different concentrations of Triasulfuron (5, 10, 50, 100,
200 µg/ml) for 24 and 48 hours. The herbicide did not induce a significant increase in the CA frequency at any of
the concentrations, but increased significantly MN formation at the highest concentration (200 µg/ml) and SCE at
all of the concentrations for 24 and 48 hours treatment
periods when compared with the negative control. Also this
her-bicide reduced the mitotic index, cytokinesis-block
proliferation index and proliferation index values significantly. The results indicated that Triasulfuron is not clastogenic since it did not induce CA frequency, but it has a
probable genotoxic effect and cytotoxic potential due to
induction in SCE frequency and reduction in both mitotic
and replication indexes in human peripheral lymphocytes
in vitro.

KEYWORDS:
Triasulfuron, toxicology, human peripheral lymphocytes, chromosome aberrations, sister chromatid exchanges, micronuclei.

INTRODUCTION
People are exposed to chemical and physical substances
due to developing industry and technology. Agricultural
pests constitute to one group of these environmental pollutants. The extensive use of pesticides in agriculture suggests the need to extend the genotoxic evaluation of these
compounds by using different assays.
Chromosome aberration (CA), micronucleus (MN) and
sister chromatid exchange (SCE) assays are short term tests
used for evaluating cytogenetic effects of genotoxic agents.
Testing agents for their ability to induce CAs have a firm

genetic end point for detection of genotoxic activity of environmental mutagens and carcinogens [3]. By using MN
assay, the possible existence of threshold levels producing a
clastogenic or an aneugenic effect in genotoxicity testing of
newly introduced chemicals (pesticides, insecticides) into
the environment can be detected [4].
Triasulfuron is a sulfonylurea compound registered for
use as an herbicide for the control of a wide variety of annual and perennial broad-leaved and grassy weeds. According
to the EPA [5], Triasulfuron has a low order of acute
toxicity. The results of genotoxicity assays evaluating the
potential of triasulfuron to induce point mutations (Salmonella typhimurium, Saccharomyces cerevisiae and mouse
lymphoma L5178Y/TK/+/-cells), chromosome aberrations
micronucleus test in Chinese hamsters indicate that Triasulfuron is not mutagenic or clastogenic and does not induce unscheduled DNA synthesis in rat hepatocytes. Although most of the urea group herbicides give negative
results in genotoxicity tests, some of them show positive
results [6-10]. Moreover, there is no report about cytogenetic effects of Triasulfuron on human peripheral lymphocytes.
In vitro studies are done with and without metabolic
activation. Gad [11] stated that several chemicals are metabolically activated in vivo to a more toxic metabolite. In
previous studies with Triasulfuron it was stated that Triasulfuron was non-toxic in various laboratory animals after
acute exposure [12]. The EPA [5] reported that the metabolism of Triasulfuron has been well characterized in rat,
goat and poultry metabolism studies. None of the metabolites identified in the studies are considered to be toxicologically different than the parent. Also in the Ames test, negative results were observed with and without exogenous
metabolic activation. So, due to the results of previous studies with Triasulfuron, it is aimed to investigate the genotoxic
effects in vitro without exogenous metabolic activation.
Due to the conflicting results obtained from the urea
group herbicides and a lack of report about cytogenetic
effects of Triasulfuron in human lymphocyte culture, it is
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needed to investigate the genotoxic effect of Triasulfuron
in the human peripheral blood lymphocyte culture.
In the present study it is aimed to investigate the
genotoxic effect and cytotoxicity of the herbicide Triasulfuron by using CA, SCE and MN assays in human peripheral blood lymphocyte culture without exogenous metabolic
activation.
MATERIALS AND METHODS
In the present study, human peripheral blood was used
as target cells and Triasulfuron (Riedel, 97.3% purity)
(CAS No 82097-50-5) as a test substance. Whole blood
samples from healthy, between 26-31 years of ages, nonsmoking 3 male and 3 female donors with no history of
pesticide exposure were used in cultures for CA, SCE and
MN analysis. For each culture, 0.3 ml whole blood was
added to 4.7 ml Ham’s F-10 medium supplemented with
20% Fetal bovine serum, 2% phytohemagglutinin M
(PHA), antibiotics (100 IU penicillin/ml and 100 µg streptomycin/ml). The blood was cultured at 37°C. For SCE
analysis and studies of cell proliferation, 10 µg/ml 5-bromodeoxyuridine (BudR, Cas No 59-14-3) was added to cultures at the initiation of the experiment and the cells were
cultured for 72 h. These cultures were shielded from the
light. For CA analysis, the cells were cultured for 48 h. For
the MN assay, the cells were cultured for 68 h and cytochalasin B (Cyt-B, CAS no 14930-96-2) (final concentration 6 µg/ml) was added to the cultures 44 h after initiating of the cultures.
The cultures were treated with final concentrations of
5, 10, 50, 100, 200 µg/ml Triasulfuron for 24 and 48 h.
The concentrations were selected according to cytotoxicity
of Triasulfuron. The test agent was dissolved in dimethylsulfoxide (DMSO, CAS no 67-68-5) at a final volume in
culture of 1 % of the total. DMSO was also tested as a
solvent control. Mytomycin C (MMC, CAS No 50-07-7)
was used as a positive control. In CA assay, the test substance was added at the initiating of the culture for 48 hour
treatment and the test substance was added 24 h after initiating of the culture for 24 h treatment period. In SCE and
MN assays the cells were treated 24 hour and 48 hour after
initiating of the cultures for 48 and 24 hour treatment periods respectively.
For chromosome aberrations, 3 h prior to harvesting
0.06 µg/ml colchicine was added to arrest the cells at metaphase. After incubation, the cells were collected by centrifugation for 10 min at 1000 rpm. The cells were resuspended
in a prewarmed hypotonic solution (0.075 M KCl) for
20 min and fixed in glacial acetic acid: methanol (1:3 vv).
This fixation step was repeated three times. Preparations
were air dried and slides were stained with 10% Giemsa in
Sorensen buffer for 10 min. 100 metaphases per donor (totally 600 metaphases per concentration and treatment period) were analyzed scoring chromosome and chromatid

breaks, chromosome and chromatid gaps, acentric fragments and exchanges. The MI was also determined by scoring 3000 cells from each donor, concentration and treatment period. The number of dividing cells was counted in a
total of 18000 cells (3000 cells per donor) per concentration in order to calculate the mitotic index (MI). MI was
calculated according to the formula MI=100 × cells in metaphase/3000.
For sister chromatid exchange aberrations the cultures
were processed in the same way. SCE slides were stained
with fluorescence plus Giemsa technique following Perry
and Wolf [13]. 30 well spread cells under second metaphases per donor (a total of 180 cells under second metaphases per concentration and treatment period) were examined. A total of 600 cells (100 cells per donor) were
scored for the determination of the replication index (RI).
The proliferative rate index (PRI) was calculated following
the expression PRI=(M1+2M2+3M3)/N, where M1, M2 and
M3 represents the number of cells at the first, second and
third metaphases, respectively and N is the total number of
metaphases scored [14].
For micronucleus analysis, the cytokinesis block micronucleus assay (CBMN) was carried out using the
Standard technique proposed by Fenech and Morley [15].
The number of MN in 1000 binucleated (BN) cells per
donor (a total of 6000 binucleated cells per concentration
and treatment period) were scored. A total of 3000 cells
(500 cells per donor for each concentration and treatment
period) were scored for the determination of the proliferation index. A cytokinesis-block proliferation index (CBPI)
was calculated according to the following formula;
CBPI= (M1+ 2M2+ 3(M3+M4))/N, where M1 to M4
represent the number of cells with one to four nuclei, respectively, and N is the total number of cells scored [16].
The statistical analyses were done according to the total data of 6 donors for each assay. For the statistical evaluation of the results, Fisher’s exact test was used for CA and
micronucleated cells, the X2 test for MI, CBPI, PI and Mann
Whitney U-test for SCE values. MN assay dose-response
relations were determined by using Contampoisson and
Mpol programs (with Fortran IV computer programme
language). The correlations between CA, SCE, MN frequencies and MI, PRI, CBPI values and also between abnormality frequency and concentrations were determined
using Regression analysis and Pearson correlation test.

RESULTS
Table 1 shows the total frequencies of CA and the MI
values obtained from 6 donors after 24 and 48 h treatment
periods. The results obtained showed that this herbicide
did not induce CAs without gaps (Fisher’s exact X2 test, P≥
0.05). But 200 µg/ml of Triasulfuron induced a significant
amount of abnormal cells (%) at 48 h treatment when gaps
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were included, as compared with the negative control
(Fisher’s exact X2 test, P≤0.05).
Triasulfuron significantly decreased MI values at all
concentrations and treatment periods (Table 1) (X2 test,
P≤0.001).
CA frequency, MI values and concentrations were correlated with each other. The results indicated that there was
a correlation between CA frequency and MI values (Linear regression R2=90.1 %, Pearson correlation p=0.002 for
24 h; Quadratic regression R2=81.5 %, Pearson correlation
p=0.03 for 48 h treatment), between CA frequency and the
concentrations for 48 h treatment period (Quadratic regression R2=88.2%, Pearson correlation p=0.005), and between
concentrations and MI values (for 24 hours Quadratic regression R2=83.2%, Pearson correlation p=0.04; for 48 hours

Quadratic regression R 2=81.8%, Pearson correlation p=
0.04).
Total SCE frequencies and PI values of 6 donors are
shown in Table 2. All the tested concentrations of Triasulfuron significantly induced SCE frequency for 24 and 48 h
treatment periods when compared with the negative control (Mann Whitney U-test, P≤0.001).
There was a correlation between MI and PI values.
MI and PI values were decreased with increasing concentrations. It was significant for 48 h treatment period (Quadratic regression R2=84.1, Pearson correlation p=0.03).
Table 3 shows the results obtained with Triasulfuron
in the MN assay, revealing an effect at 100 and 200 µg/ml
concentrations for 24 h treatment period and 200 µg/ml
concentrations for 48 h treatment period. 200 µg/ml concentrations induced a significant increase in the frequency

TABLE 1 - Frequencies of structural chromosome aberrations and Mitotic
index in human lymphocytes exposed to triasulfuron. (Total values of six donors).

T

Concent.
(µg/ml)

24h

48h

10 µl/ml
DMSO
0.1 MMC
5
10
50
100
200
10 µl/ml
DMSO
0.1 MMC
5
10
50
100
200

0.01±0.004

0±0

0.19±0.05
0.04±0.01
0.04±0.02
0.06±0.03
0.06±0.01
0.06±0.02
0.02±0.006

0.16±0.05
0.03±0.01
0.03±0.01
0.03±0.01
0.04±0.01
0.05±0.01
0.01±0.01

11.5±2.7
2.5±0.8
3.0±1.4
5.0±2.2
3.83±1.14
4.5±1.7
1.17±0.5

**9.33±2.4
1.83±0.54
2.17±0.98
2.33±0.71
2.83±0.79
3.17±0.87
0.83±0.31

10
4
3
10
8
6
0

11
0
1
0
0
0
0

3
1
3
1
0
2
3

9
3
3
16
2
7
2

32
6
6
3
9
11
3

3
1
2
2
4
1
0

***4.00±0.71
***6.16±0.78
***6.30±0.78
***5.64±0.71
***5.25±0.91
***4.88±0.93
7.26±0.89

0.3±0.02
0.05±0.02
0.05±0.02
0.05±0.02
0.08±0.03
0.11±0.05

0.29±0.01
0.03±0.01
0.04±0.02
0.03±0.01
0.07±0.03
0.09±0.04

17.17±1.1
3.66±1.6
3.66±1.8
4.5±1.54
5.0±2.1
7.33±3.44

***17±1
2.17±0.70
2.5±1.17
2.67±1.17
4±1.55
5.33±2.57

28
4
6
8
4
2

36
1
0
0
0
1

9
1
2
5
2
8

4
6
4
10
5
15

33
7
9
3
18
21

3
3
0
2
2
1

***3.00±0.57
***5.50±0.72
***5.04±0.65
***3.92±0.70
***3.63±0.40
***2.86±0.43

CA/ Cell
(gap-)

Abnormal
cell %
±S.E.
(gap-)
0±0

B
0

Chromosome aberrations
Chromatid
Chromosome
aberrations
aberrations
E.
F
G
B
G
0
0
5
0
2

Abnormal
cell %
±S.E.
(gap+)
1.16±0.3

CA/ Cell
(gap+)

MI
7.33±0.48

T, Treatment; Concent, Concentration; CA/cell, Chromosome aberration/cell; B, Break; E, Exchange; F, Fragment; G, Gap; MI, mitotic index; S.E., Standard Error.
*P≤0.05; **P≤0.01; ***P≤0.001 (Fisher’s exact X2 test for CA and X2 test for MI).

TABLE 2 - Frequencies of sister chromatid exchange and Proliferation index
in human lymphocytes exposed to triasulfuron. (Total values of six donors).
T
24h

48h

Concent.
(µg/ml)
10 µl/ml DMSO
0.1 MMC
5
10
50
100
200
10 µl/ml DMSO
0.1 MMC
5
10
50
100

Mean
SCE/cell
±S.E
4.74±0.12
***26.38±1.32
***6.29±0.20
***6.39±0.17
***6.65±0.19
***7.35±0.21
***6.99±0.21
5.11±0.24
***65.62±1.75
***5.99±0.20
***6.93±0.23
***6.84±0.24
***7.42±0.26

M1
cell
num.
157
223
163
146
146
168
192
77
236
85
118
166
165
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M2
cell
num.
162
243
201
178
190
202
176
207
261
185
207
194
223

M3
cell
num.
281
134
236
276
264
230
232
316
103
330
275
240
212

PI
2.21±0.07
***1.85±0.06
*2.12±0.07
2.22±0.07
2.20±0.08
**2.10±0.08
*2.07±0.07
2.40±0.05
***1.78±0.05
2.41±0.04
**2.26±0.06
***2.12±0.08
***2.08±0.07

© by PSP Volume 17 – No 8a. 2008

Fresenius Environmental Bulletin

200

***7.45±0.22

148

206

246

***2.16±0.08

T, Treatment; Concent, Concentration; M1,M2,M3 cell num., number of metaphases of first, second and third division cells; PI, Proliferation index; S.E. Standard Error.
*P≤0.05; **P≤0.01; ***P≤0.001 (Mann Whitney U Test for Mean SCE/cell, X2 test for PI).

TABLE 3 - Frequency of micronuclei and cytokinesis block proliferation index
in human lymphocytes exposed to triasulfuron. (Total values of six donors).
T

24h

48h

Concent
(µg/ml)
10 µl/ml
DMSO
MMC
5
10
50
100
200
10 µl/ml
DMSO
MMC
5
10
50
100
200

BN cells according
to No.MNı
0
1
2 3 4

>4 MN

MN

BN
MN

BNMN
‰±S.E.

>4

Cells according
to No. nuclei
1
2
3
4

%
BN

CBPI±S.E.

5966

32

1

0

1

0

0

38

34

5.66±0.09

1268

1541 75

116

51.37

1.64±0.048

5733
5919
5923
5920
5904
5905

240
74
70
73
85
88

19
6
5
6
9
6

4
1
1
1
1
0

1
0
1
0
0
0

3
0
0
0
1
1

16
0
0
0
7
6

310
89
87
88
113
106

***267
***81
***77
***80
***96
***95

***44.5±7.13
13.5±2.81
12.83±2.23
13.3±3.0
*16±4.68
*15.8±3.83

2008
1924
1989
1770
1789
2078

958
929
903
1055
1021
832

16
55
32
59
72
45

18
92
76
116
118
45

31.93
30.97
30.1
35.17
34.03
27.73

***1.34±0.06
***1.41±0.06
***1.37±0.07
***1.47±0.02
***1.47±0.04
***1.34±0.05

54

9±2.03

1853

1030 52

65

34.33

1.42±0.04

628
996
825
873
918
706

11
41
78
45
53
35

20.93
33.2
27.5
29.1
30.6
23.53

***1.22±0.03
**1.38±0.03
***1.35±0.07
***1.34±0.04
**1.37±0.04
***1.28±0.05

5946

47

6

1

0

0

0

62

5237
5943
5918
5904
5890
5871

668
51
74
79
97
91

79 11
4 1
3 3
14 1
10 2
13 22

4
1
0
2
0
3

1
0
2
0
1
0

6
0
13
0
7
0

881
66
102
118
130
195

***763 ***127.2±13.65 2349
57
9.5±1.31
1936
*82
13.67±2.57
2067
***96
16±2.5
2053
***110
18.3±3.2
1992
***129
*21.5±4.41
2233

12
27
30
29
37
26

T, Treatment; Concent, Concentration; MN, total MN; BNMN, binucleated cells with MN; %BN, percentage of BN cells; CBPI, cytokinesis blocked proliferation index.
BNMN‰±S.E., Mean number of MN of 1000 binucleated cells ± Standard Error;*P≤0.05; **P≤0.01; ***P≤0.001 (Fisher’s exact test for BNMN and X2 test for CBPI)

MN/cell .

0.04
y = 0.0128e0.005x
R2 = 0.982

0.03
0.02
0.01
0
0

25

50

75

100

125

150

175

200

225

Concentration
FIGURE 1 - Dose-response curve of MN and concentration of 48 h treatment
period of Triasulfuron in human whole blood lymphocyte culture. (U test U>1.96)

of BNMN compared to the negative control (Fisher’s exact
test, p≤0.05). Dose-response curve is shown in Figure 1
(U test, U>1.96). Also CBPI values were affected by the
treatments with this herbicide (Table 3) (X2 test, p≤0.01,
p≤0.001).
There is a positive correlation between BNMN and CA
frequencies as a result of an increase in concentration and
treatment periods (for 24 h treatment: Linear regression
analysis R2=88.8%, Pearson correlation p=0.001; for 48 h
treatment Linear regression analysis R2=95.3%, Pearson
correlation p=0.005).
DISCUSSION
Chromosomal aberrations are very important biomarkers of DNA damage induced by chemical agents

with or without gaps [17]. However, gaps were not evaluated as CA [18-20]. In this study, as a result of CA assay,
triasulfuron is not clastogenic in all concentrations and
treatment periods. Also according to the EPA [5], triasulfuron did not induce chromosome aberrations (micronucleus
test in Chinese hamsters). Furthermore, some triazinylsulfonylurea herbicides also revealed negative results in
genotoxicity tests. Triazinylsulfonylurea [21] and tribenuron-methyl [22] are not clastogenic in vitro mammalian
cytogenetic tests. Chlorsulfuron has shown no genotoxic or
mutagenic activity in in vitro cytogenetic studies [23].
Ethametsulfuron did not in-duce CA in bone marrow cells
of rats [24]. It is reported that one of the urea group compound sulfosulfuron (sulfonylurea-pyrimidinyl sulfonylurea) is not clastogenic as the chemical is not able to induce CA in in vitro human lymphocyte culture [25]. The-
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se statements are consistent with the results of the present
study.
In a previous study, we have stated that Logran a commercial formula of triasulfuron, induced CA in human
peripheral blood lymphocyte culture [26]. This result is
not consistent with the results of the present study. According to Lin and Garry [27], adjuvants are chemicals commonly added to pesticides to enhance the active ingredients and improve solubility. These chemicals include polyvinyl compounds, polyoxyethylenes and paraffin oils and
may not be listed specifically, but are included under the
category of “inert ingredients” [27]. The different result of
the previous and the present study may be due to the additives or adjuvants that enhance the active ingredients and
improve solubility of commercial formulas. Also the results
of the study of Scassellati-Sforzolini et al. [28] where they
evaluated genotoxicity of pure and commercial linuron
(urea herbicide) are consistent with the results of the present study. It is reported that the partial differences of the
results obtained with pure and commercial linuron indicate that commercial formulations may contain additional
hazardous compounds. In our previous study commercial
formulation of triasulfuron (Logran) had a clastogenic effect due to its inert ingredients and in the present study the
active form of the herbicide (triasulfuron) had no clastogenic activity due to its pure formulation without inert ingredients.
During in vitro experiments on chromosomal aberrations, the MI is used to monitor induced cellular toxicity.
A decreased MI reflects an inhibition of cell-cycle progression and/or loss of proliferative capacity [29]. The total
values of six donors of CA assay indicated that triasulfuron significantly decreased in MI compared to control and
reflected a toxic effect. 48 h treatment period is more
toxic than 24 h treatment period.
The correlations were indicated between MI values
that reflect toxic effect and concentration and between MI
and CA frequency. As a result, the data indicated that toxicity was increased with increasing concentrations. CA frequency also was increased with the decrease of MI values.
Even it was not significant CAs might be induced due to
toxic activity of the tested herbicide.
SCEs are the cytological manifestation of interchanges
between DNA replication products at apparently homologous loci [30]. Triasulfuron increased the number of SCE/
cell in all treated concentrations and treatment periods compared to the negative control. It is indicated that DPXE9636,
a piridisulfonylurea herbicide, induced the number of SCE/
cell in human peripheral blood culture [31] and in bovine
lymphocyte culture [32].
In the present study, the tested concentrations of triasulfuron significantly induced SCEs but the same concentrations of triasulfuron did not significantly induce
CAs without gaps in cultured human lymphocytes. Nicholas et al. [33] indicated that a chemical may induce SCEs,

but is not mutagenic in other systems. It is reported that
SCEs apparently result from a mechanism independent of
chromosomal breakage [34-36]. Also in the study of Giri
et al. [37], it is stated that a lack of a dose-response correlation for the frequency of SCEs indicates that different
mechanisms may be involved in the formation of SCEs and
CAs. Our finding is in accordance with the result that in
the present study, although dose-response correlation was
found between CA frequency and concentration in CA
assay at 48 h treatment period, dose-response correlation
was not observed in SCE assay.
The frequency of SCEs in eukaryotic cells is increased
by exposure to genotoxic agents that induce DNA damage
capable of interfering with DNA replication [38] and has
been used to identify genotoxic agents [39-43]. The significant increase in the frequency of SCEs induced by different concentrations of triasulfuron may further indicate its
potential to interact with cellular DNA. As a result of SCE
assay, triasulfuron is a cytotoxic chemical as the pesticide
decreased PI values of human peripheral blood lymphocytes and higher concentrations of this herbicide (200 µg/ml)
has a probable genotoxic potential due to significant induction in both SCE and MN formation.
Higher concentration of triasulfuron significantly induced the total BNMN frequency. Similar results were obtained in the other studies. Isoproturon (phenylurea herbicide) induced MN at the highest concentration (200 mg/kg)
in mammalian in vivo MN assay [9]. It is indicated that
fluometuron [6], siduron [8], monuron [44], diuron [7] induced MN in mice bone marrow. On the other hand it is
indicated that triasulfuron did not induce MN formation in
Chinese hamsters MN assay [5], tribenuron methyl [22]
and ethametsulfuron also did not induce MN in in vivo
mice bone marrow [24].
In this study although the highest concentration of triasulfuron did not significantly induce CAs, MN were induced with this concentration (200 µg/ml). MN may be
formed from clastogenic or aneugenic effects of the tested
concentration of the herbicide. While no clastogenic effect
of the tested concentrations of triasulfuron in CA assay
was observed, induction of MN at the highest concentration suggests that higher concentrations of this herbicide
might be aneugenic, but this needs to be investigated.
Both SCE and MN tests provide measures of cell cycle kinetics by means of PRI and CBPI, respectively that
reflect important data about the cytostatic effect of a particular chemical or physical agent [45]. Guadano et al. [46]
reported that a parallel dose dependent decrease of the MI
and PI indicates a cytotoxic effect of the herbicide. To
differentiate cytotoxic and/or cytostatic effects of the chemical agent, Rojas et al. [47] suggested using a correlation
between the MI and PI inhibition. In accordance with the
proposed method, positive correlations were found between
MI and PI at 48 h treatment period. This result indicates
a cytotoxic effect of the herbicide triasulfuron.

1017

© by PSP Volume 17 – No 8a. 2008

Fresenius Environmental Bulletin

In the present study, toxic effects were seen for both
treatment periods and no significant difference between
24 and 48 h treatment periods was observed.
As a result, the data of the present study indicated that
a higher concentration of triasulfuron (200 µg/ml) is probably genotoxic due to the induction in both SCE frequency
and MN frequency. Triasulfuron is not a clastogenic chemical according to the CA assay data. Moreover triasulfuron
is a cytotoxic chemical due to the reduction in MI, CBPI
and PI values. So, triasulfuron should not be applied in
excessive amounts at agricultural areas.
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ABSTRACT

INTRODUCTION

The main objective of this research is the environmental quality improvement of indoor swimming pools by
using chlorine dioxide as a new type of disinfectant. The
procedure is divided into three steps: (1) obtaining water
and air samples from a local modern indoor swimming
pool, (2) performing chemical and microbiological analyses after proper preparation and culturing of samples and,
(3) evaluating the efficiency of application of chlorine dioxide as a disinfectant when needed. The results indicate that
if there is no proper amount of free chlorine remaining in
the swimming pool, the water quality cannot meet the microorganism regulation requirements. For the air quality, the
low bioaerosol count indicates that it is unnecessary to do
any further disinfection because the ventilation is satisfactory for the general areas inside the indoor building except
for the steam room. In the steam room, the air is enclosed
in a high temperature, high humidity condition. The measured data of bioaerosols count is at 19296 CFU/m3L, which
is too high. Besides the natural sources of bioaerosols from
various pools in the steam room, people entering the steam
room act as additional sources. The tested data indicate that
the steam room can be effectively disinfected (96.5 %) by
spraying 107 mL of chlorine dioxide solution (250 mg/L)
into the space of 90 m3 with the average number of persons around 20 in the room. The data analysis also yields
the disinfection time constant to be on the order of 10
minutes, which implies chlorine dioxide is a relatively
fast acting disinfectant. Thus, it can be concluded that
chlorine dioxide can be applied very effectively to improve
the quality of indoor swimming pools to comply with environmental regulations. The results from this research
should be referenced by the indoor swimming pool management teams for indoor swimming pool quality improvement.

KEYWORDS:
indoor swimming pool environment, chlorine dioxide, bioaerosols.

There are often airborne particles carrying microorganisms such as bacteria, fungi, viruses, pollens, and others.
These particles are called bioaerosols [1]. The bioaerosols
may transmit contagious diseases or cause allergies. Contagious diseases can occur when microorganisms get into
human bodies and grow rapidly to turn harmful. Highly
contagious diseases can sometimes grow into epidemics
such as the Legionnaires disease, tuberculosis, and others.
High levels of allergen concentrations in the air can cause
allergies such as asthma, bronchitis, etc.
The living standards in Taiwan have been rising steadily as a result of decades of economic growth. Gymnasiums
and health clubs offering a range of facilities including
swimming pools and other exercise equipment have gained
a lot of popularity. In particular, the swimming pools are
crowd favorites. When there are lots of people in a swimming pool at the same time, the body wastes will make the
pool dirty and microorganisms can grow rapidly if the pool
is not managed properly. Therefore, the swimming pools
must be sanitized and disinfected under regulations to provide a clean environment for the public to enjoy.
In Taiwan, every city and every county sets up its
own water quality standards on the swimming pools. The
general requirements on the concentrations of free chlorine for the swimming pool water range between 0.5 and
1.0 mg/L. In order to comply with these rules, the pools
are usually chlorinated with bleach power, bleach liquid,
or sodium hypochlorite until the free chlorine concentrations reach 0.5-1.0 mg/L. The levels of free chlorine need
to be controlled properly. If the levels are too high, it can
produce irritating odors from both the water and air of the
pools. It can cause symptoms such as headaches and nausea for some people [2]. On the other hand if the levels are
too low, it will lose its disinfection efficiency and pose a
risk to the health of the pool using public.
There are also more standards for swimming pool water quality including levels of microorganisms. Furthermore,
the requirements on the swimming pool air quality in terms
of microorganisms need to be established in Taiwan. Because Taiwan is in a subtropical zone, the weather is usu-
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ally warm and humid for the entire year. It is conducive to
the growth of bioaerosols in the swimming pool air mass.
In the USA, the National Institute for Occupational Safety
and Health; NIOSH, established the initial US standards
under the suggestions from Mr. Motry and others in 1984.
The requirements state that the maximum bioaerosol levels
should be <1000 CFU/m3. and the standards have been
under revision [3]. In Singapore and Japan, the standards
are <500 CFU/m3 and <300 CFU/m3 [4, 5], respectively.
Recently, the Taiwan Environmental Protection Agency
(EPA) has issued the standards for bioaerosol levels [6].
The levels need to be below 1000 CFU/m3 for class II environments, which includes all public buildings and facilities, such as office buildings, department stores, super markets, theaters, gymnasiums and others.
In this study, chlorine dioxide is used as a disinfectant
for an indoor swimming pool to determine its efficiency.
Hopefully, the results can be referenced by the indoor
swimming pool management teams so as to provide a
safe and enjoyable environment for the public.
MATERIALS AND METHODS
PROCEDURE

General Description - In order to pursue the objective
of this study, a local modern indoor swimming pool club
is selected in the Tainan County, Taiwan. The floor plan
layout of the swimming pool is depicted in Figure 1 as
shown below. The swing pool can be partitioned into two
major sections, the regular pool section and the steam room

section. The regular section consists of 2 lesson pools and a
regular pool. The steam room has many modern features
including a spa pool, a massage pool, and so on.
The ventilation for the regular pool section is provided by an array of windows and a centralized air conditioner. The steam room section has an entrance door to
provide natural ventilation when people enter or leave the
room. It does not have windows or a separate ventilation
unit. The steam room door is left open several times for
half an hour each at major breaks everyday to provide
periodic ventilation.
For indoor swimming pools, the air quality and the pool
water quality are often inter-dependent because the indoor
pool buildings are somewhat enclosed. Microorganisms can
move from the pool water to the air, and vice versa. Poor
water quality can lead to poor air quality. Therefore, both
pool water quality and air quality need to be studied in
this research. For various tests, both water and air samples
from the regular pool and steam room sections are collected. The samples are then processed and tested for data
extractions. Various environmental conditions including
temperature, relative humidity, carbon dioxide level, and
number of persons for each test are recorded.
For water samples, during the sample gathering, handling, data extracting and data analysis procedure, a set of
documents issued by the Taiwan Environmental Protection Agency (EPA), called NIEA Guidelines are carefully
followed. The NIEA documents are listed in Table 1.

Door

Walk Path
3.9M

Pool Length 25M
6

3

Lesson Pool 1

Width

SPA Pool

Small Stream

Pool Width

Lesson Pool 2

1
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M

4

5

Walk Path
5.4M
Length 67.3M

FIGURE 1 - Floor layout of the indoor swimming pool.
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TABLE 1 - Taiwan EPA NIEA documents for pool water quality test.
Item
pH Level
Free Chlorine Residual Level
Total Free Chlorine Level
Nitrogen, Ammonia Level
Total Coliforms Level
Total Colony Forming Units (Total CFU) Level

For air samples, in the regular pool section, MAS-100
samplers are used to collect the bioaerosols from several
locations. Commercially, there are basically three types of
samplers, i.e., impactors, filters, and impingers. The MAS100 samplers are impactors made by Andersen. A MAS100 sampler contains multiple inlets to collect bioaerosols
which impact on the 90–100 mm petri dish inside the sampler. After a fixed duration, the petri dish can be extracted
to cultivate the bioaerosols. The CFU (Colony Forming
Units) can be calculated to quantify the air quality of the
indoor swimming pool locations.
The equation for calculating the bioaerosol concentration is given as follows [7]:
CFU/m3 ＝ 5×104N/(A×t)

Guideline
NIEA W424.51A
NIEA W408.51A
NIEA W408.51A
NIEA W448.51B
NIEA E201.53B
NIEA E204.53B

Pool Water Sampling for Microbiological Analysis:

1) Use sterile sampling bags to obtain pool water samples to avoid contaminations during sampling steps.
2) From pools’ deep, medium deep, and shallow sections,
fill bags with pool water 30 cm below surface, 1 m from
edge without leaving air pockets in bags to prevent oxygen from getting into samples.
3) If the samples contain free chlorine, proper amount
of sodium thiosulfate is added into the sampling bags,
(120ml of water sample requires 0.1 mL, 10 % sodium
thio-sulfate, which reduces 15 mg/L of free chlorine).
4) During transportation and storage of samples, the temperature is kept at 0-5 °C.
5) Place samples in incubators within 6 hours.

where
A : Area of Petri Dish (cm2)
t : Exposure Time (15 Minutes)
N : Number of Colonies

6) Perform incubations in a sterilized environment.
Pool Air Bioaerosol Sampling for Microbiological Analysis:

Inside the steam room, due to the warm temperature
and high humidity conditions, regular petri dish exposure
method is employed to avoid potential damage to the MAS100 samplers. The exposure time duration depends on the
bioaerosol concentrations of the air. The CFU results for
these warm and humid locations can then be adjusted for
the different exposure time durations.
The bioaerosol concentration data can be regularly
monitored. If the bioaerosol concentrations exceed certain
levels, properly diluted chlorine dioxide solution can be
applied to disinfect the contaminated air. This is often necessary in the warm and humid steam room section.
Detailed Description
Pool Water Sampling for Chemical Analysis:

1. Sanitize sampling bottles with nitric acid (1+10) or
chloric acid (1+5) and rinse with clean water.
2. From pools’ deep, medium deep, and shallow sections,
fill bottles with pool water 30cm below surface, 1m
from edge without leaving air pockets in bottles to prevent oxygen from getting into samples.
3. Record temperature, relative humidity, no. of persons
using pools, etc in the environment.
4. Measure pH value, free chlorine level, and nitrogen/ ammonia level, etc. on each sample.

1) Using MAS-100 samplers, collect bioaerosol samples
from the 7 locations outside of the steam room as depicted with encircled numbers in Figure 1.
2) The sampling height is about 1.7 m above ground.
3) Follow the incubation steps as before.
4) Regular exposure, instead of MAS-100, is used in the
steam room

RESULTS AND DISCUSSION
Indoor Swimming Pool Water Test Results

Swimming pool water and air quality is highly regulated worldwide. In Taiwan, the swimming pool water and
air quality standards are slightly different for different cities
and counties and they are somewhat relaxed when compared with the strict standards set by many industrialized
countries. Therefore, the public health may be of some risks
if the water and air quality is not monitored and maintained, especially for the indoor swimming pools.
The swimming pool water and air quality standards
for the Tainan County are listed in Table 2 as shown below.
From the table, only items such as pH level, free chlorine
residual level, and total coliforms and total bacteria CFUs
are listed, which are just the very basic requirements and
they are not highly stringent.
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TABLE 2 - Swimming Pool Water Quality Standards in Tainan County, Taiwan.
Item

pH Level

Free Chlorine Residual Level

Range

6.0~8.5

0.5~1.0 mg/L

Bacteria Level
Total Coliforms
＜2.2 MPN/100 mL

Total CFU
＜500 CFU/mL

TABLE 3 - Indoor Swimming Pool Water Chemical Test Results.

Test Locations
SPA Pool
Salty Pool
Ozone Pool
Cool Pool
Massage Pool
Stream Pool
Lesson Pool 1
Lesson Pool 2
Regular Pool

pH Level
Data Range
7.4 - 7.9
5.4**- 6.4
6.6 - 7.4
6.7 - 7.1
7.1 - 7.5
5.9**- 6.8
6.7 - 7.8
6.8 - 7.8
7.1 - 7.8

Avg.
7.7
6.0
6.9
6.9
7.4
6.4
7.2
7.3
7.5

Free Chlorine Residual
Level (mg/L)
Data Range
Avg.
0.5 - 1.1
0.9
0.2*- 0.6
0.4*
0.1*- 1.5
0.8
0.1*- 3.4
1.3
0.1 - 1.2
0.7
0.1 - 1.2
0.5
0.7 - 1.2
1.0
0.8 - 1.3
1.0
0.7 - 1.5
1.0

Chloramine Level (mg/L)
Data Range
0.7-1.6
0.9-2.4
0.4-1.4
1.5-1.8
0.3-0.9
0.7-1.9
0.5-0.8
0.4-0.7
0.4-1.9

Avg.
1.0
1.5
0.9
1.6
0.6
1.2
0.7
0.5
1.0

Nitrogen/Ammonia Level
(mg/L)
Data Range
Avg.
0.01-0.01
0.01
0.04-0.07
0.05
0.04-0.77
0.3
0.03-0.16
0.1
0.02-0.10
0.07
0.03-0.07
0.06
0.01-0.06
0.02
0.01-0.07
0.03
0-0.03
0.02

* Item violates Tainan, Taiwan ‘free chlorine residual level’ standard on low-end (0.5 mg/L).
** Item violates Tainan, Taiwan ‘pH level’ standard on low-end (6.0)

TABLE 4 - Indoor Swimming Pool Water Microbiological Test Results.
Free Chlorine
Residual (mg/L)
＜0.1
0.1~0.3
0.3~0.5
0.5~0.7
0.7~1.0
1.0~2.0
＞2.0

No. of Samples
5
4
4
4
7
11
2

No. of Pass Samples
Total CFU
Total Coliforms
3
1
2
3
3
2
3
4
7
7
11
11
2
2

Chlorine is the agent most commonly used to disinfect pools. Chlorine disinfectants dissociate when added
to water to produce hypochlorous acid, i.e. free chlorine,
which destroy bacteria, yeasts, etc. Over time, the chlorite
ions combine with nitrogen and ammonia chemicals deposited by pool users to form chloramines [8, 9].
Although chloramines are weak disinfectants which
can provide some protection, but they can also contribute
to eye burning, nose membrane irritation [10-11], and have
bad chlorine odors.
Chloramines can be eliminated by super-chlorination
of the pool. Super-chlorination (breakpoint chlorination)
can be achieved by adding additional chlorine until there
is an abrupt decrease in chloramines and an increase in
free chlorine residual.
According to the published standards [9, 12] in the
USA, the free chlorine residual in swimming pools should
be continually maintained at a minimum of 2.0 mg/L, and
in spa and hot-tub pools at 3.0 mg/L. All pools should be
super-chlorinated when combined chlorine (chloramines)
levels exceed 0.5 mg/L. Chlorine levels should be increased
to 10 times the combined chlorine level to achieve break-

Combined Pass Rate
(％)
20
50
50
75
100
100
100

point chlorination. This should be done while the pool is
not in use. Several decades ago, free chlorine residuals were
generally kept below 1.0 mg/L in pool water. Therefore, the
current US swimming pool standards are much stricter than
before. The US standards also require that the pH of the
pool water be maintained between 7.2 and 7.8. In comparison, the Tainan, Taiwan swimming pool basic standards
are less strict than the US standards based on pH and free
chlorine residual levels.
The test results of the indoor swimming pool are tabulated in Table 3 and Table 4 shown below for comparisons
with the Tainan, Taiwan standards as well as the USA
standards.
Based on the results in Table 3, the tested pH and free
chlorine residual levels for this local indoor swimming
pool are barely meeting the Tainan standards, violating on
the low-end sides occasionally (referring to Table 3 footnotes). But, both results are not meeting the high USA
standards. Thus, we recommend that both the pH and free
chlorine residual levels be improved somewhat to stay at
least close to the high-end sides of the Tainan, Taiwan
standards.
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The results in Table 4 indicate that low free chlorine
residual levels lead to high failing rates for the total CFU
level and total coliforms level tests. The free chlorine
residual levels need to go above 0.7 mg/L in order to meet
the Tainan microbiological standards, i.e. 100 % passing.
This reinforces the notion that this indoor swimming pool
building needs to be chlorinated more so as to pass the
Tainan standards chemically and microbiologically, especially for the pools inside the steam room.
Indoor Swimming Pool Air Test Results –

The bioaerosol test results are listed in Table 5 as shown
below for the seven regular locations outside of the steam

room. According to Table 5, for location 1, the test result
is 138 CFU/m3, which is better than the bioaerosol standards of Singapore (500 CFU/m3) and Japan (300 CFU/m3)
and well below the Taiwan EPA guideline (1000 CFU/m3).
But for location 6, the result is 405 CFU/m3, which would
violate the Japan standard but pass the Singapore one.
Location 6 is the worst location among the seven locations
monitored mainly because it is close to the bathrooms and
it is often very crowded. Based on the average CFU test
data, there is no need to disinfect the regular section air by
using chlorine dioxide as a disinfectant because all seven
locations outside the steam room all have passed the Taiwan EPA bioaerosol standard (1000 CFU/m3).

TABLE 5 - Indoor Swimming Pool Regular Section Bioaerosol Test Results.

The initial bioaerosol test data in the steam room often far exceed the standards, so the chlorine dioxide disinfectant is applied. A set of tests on how to disinfect
the steam room is carried out. For each test, a quantity of
107 mL chlorine dioxide solution (250 mg/L concentration)
is prepared and sprayed into the air mass of 90 m3 space
of the steam room. The temperature of the room is kept at
40 °C, which is higher than the boiling point of chlorine
dioxide (11 °C) [13]. The chlorine dioxide molecules will
be immediately released to kill the microorganisms in the
air. At seven different time points of 0min, 10min, 20
min, 30 min, 60 min, and 90 min after spray, the air is
tested for the bioaerosol levels. At each time point, the
number of steam room users is recorded for reference.
Before the spray, the bioaerosol level is tested as the background data point. There are 3 separate samplings to test
the efficiency of chlorine dioxide. The colony counts and
the numbers of persons in the steam room for the three
samplings are plotted in Fig. 2a, Fig. 2b, Fig. 3a, Fig. 3b,
and Fig. 4, respectively, shown below. The background
data are 220 colonies/100 cm 2, 97 colonies/100 cm 2,
and 22 colonies/100 cm 2, respectively. In sampling 1, the
background has been changed from 220 colonies/100
cm 2 to 31 colonies/100 cm 2 at 0 minutes. In sampling 2, it
changed from 97 colonies/100 cm 2 to 159 colonies/100
cm 2 at 0 minutes. In sampling 3, it’s changed from 22
colonies/100 cm 2 to 7 colonies/100 cm 2 at 0 minutes. These changes are different because there are different numbers
of persons for the 3 samplings. In Figs. 2a, 2b, 3a, 3b, and
4, only the colony counts and numbers of persons versus

Pass (％)
100
100
100
100
100
100
100

time after the spray are plotted to show the dynamics of
disinfection, but not the background data.
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FIGURE 2a - Bioaerosol Level in Sampling 1
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disinfectant is killing the bioaerosols continuously and the
colony count drops all the time. It is reasonable to assume
the colony count in Fig. 4 behaves like an exponentially decaying function of time. Thus, a best fitting exponential
curve is shown in Fig. 4. Assuming the exponential function is given as follows:
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y(t) = y0 × exp(-t/TC)

Time (Min.)

where,
y(t) = colony count, y0 = initial colony count (7 colonies/100 cm 2) at 0min for sampling 3, t = time (min), TC
= time constant (min).

FIGURE 3a - Bioaerosol Level in Sampling 2.
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FIGURE 4 - Bioaerosol Level in
Sampling 3 Fitted w/ Exponential Curve.

The bioaerosols tend to settle down from the air due
to gravity [14]. But, when people move around, it stirs up
the air and this cancels the settling down effect by gravity.
Furthermore, the people entering the steam room can bring
in bioaerosols from outside of the room. Thus, the persons
entering the steam room act as extra sources of bioaerosols besides the natural sources, i.e. the pools in the steam
room.
According to Fig. 2b for sampling 1, the number of
persons versus time is 0 persons at 0 min, 5 persons at
10 min, and 10 persons at 20 min. This makes the colony
count increase as shown in Fig. 2a. The count is 31 colonies/ 100 cm2 at 0 min, 41 colonies/100 cm2 at 10 min, and
108 colonies/100 cm2 at 20 min. The number of persons
levels off at 30 min and decreases afterwards. The chlorine
dioxide starts to win the battle and the colony count peaks
at 108 colonies/100 cm 2 at 20 min and decrease rapidly
afterwards. Similarly, this behavior is repeated in Fig. 3a and
3b for sampling 2. For sampling 3 as in Fig. 4, the number of persons is zero at all time points. In this case, the

The best fitting exponential curve as shown in Fig. 4
yields a time constant of TC = 10 minutes. The time constant of 10 minutes means that if the number of person stays
the same, the colony count will decrease substantially
(smaller than 37%) in 10 min. Furthermore, in Figs. 2a and
3a, the colony counts after the peaks decrease substantially
in one time constant of 10 minutes because the numbers of
persons are not increasing after the peaks and the exponentially decaying characteristics become obvious.
The disinfection rate can be calculated and plotted
as a function of time. The average disinfection rate for
the 3 samplings is plotted in Fig. 5 as shown below. The
background data are included in the calculations. The dip
in the curve at time of 20 min is again due to the number
of person factor. The average data are manipulated to indicate that the original colony count of 113 Colonies/100 cm2
(19296 CFU/m 3) is reduced to just 4 Colonies/100 cm 2
(683 CFU/m3). The efficiency is as high as 96.5% at the
time of 90 minutes after the application of chlorine dioxide disinfectant.
Chlorine dioxide is safe to use as a bioaerosol disinfectant if proper guidelines are followed. Originally, the
USA OSHA (Occupational Safety and Health Administration) had an 8-hour TWA (Time Weighted Average) limit of 0.1 mg/L as ClO 2 (0.3 mg/m 3) for chlorine
dioxide. The ACGIH (American Conference of Governmental Industrial Hygienists) recommends the same timeweighted average and adds a 15-minute STEL (Short-Term
Exposure Limit) of 0.3 mg/L as ClO 2 (0.9 mg/m3).
NIOSH (the National Institute for Occupational Safety
and Health) concurred with these limits. In the final rule,
OSHA is retaining the 0.1 mg/L as ClO2 8-hour TWA
and adding a 15-minute STEL of 0.3 mg/L as ClO2 for
chlorine dioxide. This agency concludes that both of
these limits are necessary to protect workers against the
significant risk of respiratory, skin, and eye irritation
known to occur as a result of short-term exposures above
the TWA of 0.1 mg/L as ClO 2 [12]. In this study, the
chlorine dioxide concentration level in the air can be readily calculated. Since 107 mL of chlorine dioxide solution
(250 mg/L concentration) is prepared and sprayed into the
air mass of 90 m3 space, the chlorine dioxide density is 0.3
mg/m3 (0.1 mg/L as ClO2), which complies with the
guidelines. However, the chlorine dioxide should be ap-
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plied on an as-needed basis and during the applications the
applicator should be pointed away from people.
The average CO2 level in the earth’s atmosphere is
about 0.03% of the air density. If the CO2 level exceeds
0.08%, it might cause symptoms such as headaches and
nausea for some people. If it exceeds 0.1%, it may be
harmful to the respiratory systems and the brains for people
exposed to it for a prolonged duration. Therefore, it is important to keep the indoor swimming pool properly ventilated. The CO2 content is monitored for the regular section
and the steam room by using a CO2 detector tube. The raw
data are contained in Table 6 as shown below. For the
regular section, the average CO2 level is 0.045%. For the
steam room, the average level is 0.131%. The highest
level tested is 0.155%. However, the CO2 level measurements can be affected by the humidity in the air. The average air temperatures in the regular pool and the steam room
sections are 28 °C and 40°C, respectively. The water vapor
occupies about 4% at 28°C and 8% at 40°C of the air
density when the relative humidity is at 100% relative
humidity (1 atmosphere) [15]. For the regular pool section,

according to Table 6, the relative humidity is 71%. The
average CO 2 level can be adjusted upwards to 0.047%
of the dry air density (at 0% relative humidity). Similarly
for the steam room section, the relative humidity is 94%.
The average CO2 level can be adjusted upwards to 0.144%.
In addition, the adjusted highest level is actually 0.167%,
far in excess of the 0.1% level allowed. Thus, it is strongly
recommended that the steam room be ventilated more
frequently and efficiently. The humidity adjusted average
CO2 level data are also included in Table 6.
Average Disinfection Rate (%)
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FIGURE 5 - Swimming Pool Steam
Room Bioaerosol Average Disinfection Rate.

TABLE 6 - Indoor CO2 Level Raw Data and Humidity Adjusted Data.
CO2 Level (%)

Location
Regular Pool Section
Steam Room Section

Raw Data Range
0.035% – 0.050%
0.125% – 0.155%

Temp.

Raw Data Avg.
0.045%
0.131%

CONCLUSION
In Taiwan, keeping the swimming pools properly sanitized is very important particularly because Taiwan is in the
subtropical zone. A local indoor swimming pool club has
been tested for monitoring its water quality and air quality.
The water quality has been tested to be barely meeting the local standards but not meeting the stringent USA
standards. Thus, the pool facilities need to be chlorinated
more, especially in the steam room section. The bioaerosol levels for the regular pool section have been tested to
comply with the Taiwan EPA standard (<= 1000 CFU/m3).
However, for the steam room section the bioaerosol levels
have been tested to be violating the standards. Thus, chlorine dioxide has been applied to reduce the bioaerosol levels. The tested data indicate that the steam room section
can be effectively disinfected (96.5 % efficiency) by spraying 107 mL of chlorine dioxide solution (250 mg/L) into
the space of 90 m3, i.e. 0.1 mg/L as ClO 2, with the average
number of people at around 20. The data analysis also
yields the disinfection time constant to be on the order of
10 minutes, which implies the bioaerosol level can be reduced substantially 10 minutes after the application of chlorine dioxide, provided the number of persons using the
steam room stays the same and below 20.

Adj. Data Avg.
0.047%
0.144%

Avg.
28℃
40℃

Relative
Humidity
Avg.
71%
94%

The humidity adjusted carbon dioxide levels of the
regular pool section are around 0.047%, which is below the
allowed 0.1%. But in the steam room section, the adjusted
average level is 0.144%, much higher than the standard.
Therefore, the ventilation for the steam room section needs
to be rectified.
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ABSTRACT

Some chemical structures of dyestuff solution are treated with

Decolorization and degradation of C. I. Disperse Blue
56 (DB 56) in aqueous dispersion by the methods of UV,
NaClO, and UV/NaClO, respectively, has been investigated
in the present study. It was found that the combination of
UV/NaClO is most efficient, and the color and chemical
oxygen demand (COD) removal rate related to different
methods decreased in the following order: UV/NaClO >
NaClO >>UV. The decolorization efficiency (99%) was always far higher than that of mineralization (49%) when the
model dye solution was treated by UV/NaClO for 60 min.
In order to address the possible formation of absorbable
organic halides (AOX) arised from the use of NaClO as an
oxidant in the present study, DB-56 solution saturated
with either O2 or N2 was treated by UV/NaClO to explore
the optimum conditions to minimize the generation of
AOX species. The results revealed that AOX species were
non-detectable in the UV/NaClO/O2 system after 60 min
reaction, whereas for UV/NaClO/N2 system, a fairly large
number of AOX was detected by GC/MS.

KEYWORDS: Adsorbable organic halides (AOX); C. I. Disperse
Blue 56; Decolorization; Photo-oxidation; NaClO.

INTRODUCTION
The non-biodegradability of textile wastewater is due
to its high content of dyestuff, surfactants and additives.
The environmental problems associated with textile activities are represented mainly by the extensive use of organic
dyes [1, 2]. A great number of these dyes are recalcitrant,
and a few show carcinogenic or mutagenic characters, which
are resistant to microbial degradation [3]. There are no universally useful methods available for the treatment of dye
wastewater, due to the complex and very varied chemical
structures of these dye molecules [4]. The most popular
treatments to eliminate toxic compounds from the
wastewater are flocculation, adsorption and biotreatment.

difficulty using the traditional techniques of biology, physics or chemistry [5].
The efficiency of advanced oxidation processes for the
degradation of recalcitrant compounds has been extensively
documented [6-8]. Photochemical processes have been
widely used to degrade toxic organic compounds to CO2
and H2O, because the degradation is assisted by high concentrations of hydroxyl radicals generated in the process.
For example, photo-oxidation technology, especially heterogenerous photocatalysis, as a promising alternative, has
been widely developed to degrade wastewater [7, 8]. As a
commonly used oxidant, NaClO is an oxidant that has a
high oxidation potential and is economic. However, it is
well known that wastewater treated with NaClO normally
contains adsorbable organ halide (AOX) compounds of
questionable ecotoxicological relevance [9-12].
The objective of this study is to explore the optimum
treatment of textile dyeing wastewater. Three processes,
including UV, NaClO, UV/NaClO, will be designed to investigate the appropriate parameters for the effective degradation of one model dyestuff solution, C. I. Disperse Blue
56 (DB 56) in aqueous dispersion. And also the simulated
DB 56 solution saturated with O2 or N2 will be investigated to seek the optimized conditions to minimize the formation of AOX intermediates during the combination of
UV/NaClO oxidation process.
MATERIALS AND METHODS
Reagents and materials

Commercial anthraquinone dye C. I. disperse blue 56 is
obtained from Tianjing Chemicals Company, China. Sodium hypochlorite (effective chlorine content ≥10.0%)
XAD-4 resin, and chemicals including CH2Cl2, C6H6,
anhydrous sodium sulphate, and CH3OH were supplied by
Fuchen Specialty Chemicals, Tianjing, China.
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Prior to use, anhydrous sodium sulphate was baked for
4 hours at 450 oC. Model solution containing 400 mg L-1
dispersion of DB 56 was prepared in distilled water, where
DB 56 was selected as a representative of dispersion dye.
The structural formula of DB 56 is shown in Figure 1.
NH 2

O

NH2

O

GC/MS analysis was conducted with an Agilent 5973
GC/MS system (Agilent, USA). A 30 m × 0.25 mm i.d. HP5 MS column with a 0.25 µm. film thick was used for
chromatographic separation.
The column temperature was programmed from 40 oC
(held for 3 min) to 280 oC at a rate of 10 oC / min where the
temperature was held for 5 min. Ultrahigh purity helium
was employed as carrier gas at a constant flow of 1.0 mL
min-1. Injector temperature was fixed at 280 oC. Mass
spectra were acquired in the positive electron impact mode
at 70 eV by full scan. The temperatures of the ion source,
quadrupole and transfer line were maintained at 230, 150,
and 280 oC, respectively.

Br

OH

4 resin column in a similar manner as described above,
and dried with anhydrous sodium sulphate prior to the
GC/MS analysis.

OH

FIGURE 1 - The chemical structure of C.I. disperse blue 56.
Experimental procedures

Five hundred mL of the model solution with an initial
pH value of 7.45 was transferred into a quartz test tube at
25 ℃. The solution was exposed to NaClO (reaction time
was 30 min), 1000 w high-pressure Hg lamp (ultra violet,
UV), and UV/NaClO, respectively, to investigate the enhanced degradation efficiency in the case of UV/NaClO
and the appropriate experimental parameters, such as the
dosage of NaClO, reaction time etc.. The initial and treated
samples were taken at predetermined time intervals to
measure chemical oxygen demands (COD), absorbency,
and the generated intermediates by coupled solid phase extraction with gas chromatography-mass spectrometry (GC/
MS). It was noted when GC/MS was applied to analyze the
intermediates, O2 or N2 was purged to the model solution
at first, then the solution saturated with O2 or N2 was exposed to UV/NaClO immediately. All samples were analyzed immediately to avoid further reaction.
Analytical methods

Ultraviolet-visible (UV-vis) absorption spectra for the
treated solutions at predetermined time intervals were
scanned with an UV-1100 spectrophotometer (Beijing Ruili
Analytical instrument Co. Ltd, China) in the range of
200−800 nm wavelength and 1 cm quartz cell path length.
At same time, the absorbency at 566 nm wavelength was
recorded, and COD was measured by the dichromate reflux
method.
Simultaneously, the intermediates of the treated solutions were extracted by using an XAD-4 resin column prior
to GC/MS analysis. The brief procedures are described as
follows: XAD-4 resin was packed into a glass column
(1.0 cm i.d. × 15 cm long), and purified by C6H6, CH2Cl2,
and CH3OH in turn for 8 hours, respectively. Then, 50 mL
CH3OH was loaded to act as blank sample by a peristaltic
pump at a speed of 40 mL min-1, followed by 50 mL CH2Cl2
to wash the target analytes. Finally, the efflux was concentrated to 1 mL, exchanged to hexane, and concentrated
to 0.5 mL to for GC/MS analysis. Similarly, the treated
samples were concentrated and purified through the XAD-

Data analysis

The UV-Vis scan spectrum for a concentration of DB
56 dispersion at 400 mg L-1 was scanned in the range of
200−800 nm, and the spectrum exhibited two characteristic absorptions at 229 nm in the near ultraviolet region
and 566 nm in the visible region, respectively (Figure 5).
The absorbance at 566 nm is due to the existence of chromophores of DB 56 and it was used to monitor the decolroization of the dye. The absorbance at 229 nm represents the aromatic content of DB 56, therefore, the absorbance decrease at 229 nm indicates the breakage of
phenyl ring backbone.
The absorbance can be related to its concentration by
Beer−Lambert’s law within a certain concentration range.
Therefore, the absorbance at 566 nm of the model solution before and after treatments were measured to evaluate
the decolorization efficiency, which is designated as A0 and
At , respectively. By definition, the color removal rate of the
treated solution can be expressed as:
Color removal rate (%) = A0 − At *100
A0

(1)

Similarly, chemical oxygen demand values (COD) as
another key parameter are commonly utilized to estimate
the organic contamination degree of wastewater. Accordingly, the removal of COD values before and after oxidation processes was measured to evaluate the mineralization efficiency for DB 56 solution. The COD removal rate
can be described as
COD removal rate (%) = COD0 − CODt *100
COD0

(2)

Where, COD0, and CODt, are the measured COD
values before and after treatment, respectively.
RESULTS AND DISCUSSION
NaClO oxidation
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When only NaClO was employed as an oxidant to treat
the DB 56 solution for 30 min, the removal rate of COD
and color upon different dosage of NaClO is shown in Figure 2. The color removal rate increased greatly at the initial
stage of the increment of NaClO dosage, followed by a
slow increase period, and then the increasing tendency
extended for the whole concentration range of NaClO from
10 to 80 ml L-1, with a maximum color removal rate at
76%. However, the COD removal rate presented in a different style with a maximum value observed in the early
period of NaClO dosage increment, and the maximal COD
removal rate of 33% was reached at a NaClO dosage of
20 ml L-1. This phenomenon is partially attributed to the
chlorine interference during the measurement of COD.
Based on the theory of measurement of COD, the excessive NaClO will exist when NaClO dosage was increased
to a certain level, and it can not be inhibited even mercury
chloride were added into the COD measurement system.
Consequently, the excessive NaClO will consume a fraction of ammonium ferrous sulfate ((NH4)2Fe(SO4)2), resulting in a decrease of COD values. As a result, 20 ml L-1
NaClO was set as the appropriate NaClO dosage for the
following experiments.

M*

M,

(5)

M*

products,

(6)

Degradation efficiency of organic dyes by direct photolysis is dependent upon activity and photosensitivity of
the dye. However, most commercially available dyes are
usually designed to be light resistant, which makes degradation under UV light in the absence of an additional
oxidant particularly difficult [14, 15].
COD and Color removal rate (%)
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FIGURE 3 - The effect of irradiation time
on COD and color removal rate (UV alone).

60

The initial results as described above demonstrated
that neither NaClO nor UV alone was able to appreciably
degrade the model dye, although the decolorization efficiency of DB 56 is acceptable by NaClO alone. Theoretically, not enough energy has been applied to produce
radicals to facilitate the decolorization and degradation
reactions in the case of either UV or NaClO alone, therefore, the combination of UV/NaClO is necessary for the
production of abundant Cl·radicals to initiate the decolorization of the concerning model dye.
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UV/NaClO

FIGURE 2
Variation of color and COD removal rate with NaClO dosage.

Decolorization studies

UV irradiation

When UV irradiation alone was utilized for the treatment of DB 56 model solution, the color and COD removal
rate possessed a slow and weak increasing tendency with
the duration of irradiation time as revealed in Figure 3,
and both of them were less than 3% even after 2 hours
treatment. Therefore, the decolorization and degradation
efficiency under UV irradiation alone was very negligible
for this experiment. In the case of treatment with UV radiation only, organic dyestuff, which is designated as M, is
generally degraded through the following mechanism as
shown in the Eqs. (4-6) [13]:
M + hv

M*

(4)

The combination of UV and NaClO with a dosage of
20 ml L-1 was employed to investigate the enhanced degradation efficiency. The comparison of color removal rate
in the case of NaClO, UV, and UV/NaClO is shown in
Figure 4. The color removal rate sequence related to different methods from high to low at all time series are
followed as: UV/NaClO > NaClO >>UV. Color removal
rate increased steadily and reached to approximately constant values after 20 min exposure to UV/NaClO, indicating that extended exposure time longer than 20 min has
limited effect.
It is noted that the above results showed the dependence of the decolorizing degree on the existence of
NaClO. NaClO is a very economic and strong oxidant at
normal condition, when the UV radiation is combined with
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the powerful oxidant, the degradation efficiency of the
organic dye M is significantly enhanced due to Cl radical
production caused by the photolysis of NaClO as shown
in Eqs. (7) and (8). It is plausible that Cl· radicals originated from
Color removal rate (%)

120

UV
NaClO
UV/NaClO

100
80

bands almost disappeared after 60 min treatment. The results suggest that although the color removal rate nearly
reached a constant value after 20 min reaction, the slow
destruction of anthraquinone rings of DB 56 was not completely stopped until exposed to UV/NaClO for 60 min.
The slow degradation process after 20 min is, therefore, still
essential to degrade the chromophores completely. Accordingly, 60 min reaction time was adopted for the UV/NaClO
system, which will give decolorization efficiency higher than
99%.

60
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COD removal rate (%)
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40
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20

FIGURE 5 - UV-vis absorption spectrum of DB 56 solution
oxidized by UV/NaClO. 1. Original C. I. Disperse Blue 56
solution; 2. 10 min reaction; 3. 30 min reaction; 4. 60 min reaction.
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FIGURE 4 - Comparison of color and COD
removal rate with different oxidation processes.

the existed NaClO attack the chromophores of DB 56 molecules, resulting in the disappearance of color. In the case
of UV alone, as no Cl· radicals were produced to attack the
model dye molecules, the lowest color removal rate was
thus observed. However, in the case of UV/NaClO, more
Cl· radicals were generated under the supply of inducedenergy (UV irradiation), therein, the decolorization efficiency was enhanced and the highest color removal rate
were achieved. Similarly, the moderate color removal rate
was obtained by the addition of NaClO alone due to the
moderate amount of Cl· radicals generated.
NaClO + hv

Cl·

(7)

Cl·+ M

products

(8)

Another purpose of this investigation is to resolve the
appropriate reaction time in the case of UV/NaClO. Therefore, the UV-Vis absorption spectrum of the UV/NaClO
treated DB 56 solution was recorded at different time intervals (0, 10, 30, 60 min) (Figure 5). A rapid degradation was
observed in both visible and the ultra violet regions within
the duration of reaction time, and almost total absorption

After 60 min reaction under UV/NaClO, a color removal rate of 99.7% was obtained for DB 56. The conjugation of the chromophore in the dye could be broken
effectively with NaClO as an oxidant, especially under the
combination of UV and NaClO. Therefore, the combination system of NaClO/UV is the most efficient color removal system among the three methods for present simulated
dye solution.
Mineralization studies

Since intermediate products of some decomposed organic compounds can be more toxic and /or non-biodegradable than the original compound, complete destruction of
such compounds should also be born in mind. Dyes, most
of which are highly structured polymers with low biodegradability, are a typical example of such compounds. Therefore, except for the measurement of absorbance at 556 nm
to evaluate decolorization efficiency, COD analysis of the
same treated samples should also be performed. Figure 4
illustrates the comparison of COD removal rate with three
different oxidation processes (UV, NaClO alone, and
UV/NaClO). The removal rate of COD presented an analogous tendency as observed for that of color removal.
Briefly, the COD removal rate increased rapidly at the
early stage of treatment, followed by a slow increase after
20 min reaction time. The COD removal rates sequence
related to the three systems in present study from high to
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low at all time series are following the order: UV/NaClO
> NaClO >>UV.
The maximum mineralization efficiency obtained after 60 min of reaction was 3, 35, and 49% for UV, NaClO
alone, and UV/NaClO, respectively (Figure 4). In spite of
complete decolorization associated with UV/NaClO process during a 60 min reaction period, the values of mineralization rates were always less than 50%. It reveals that
the chromophores of DB 56 have been broken completely,
but the oxidated products still have an organic nature, i.e.,
only partial mineralization was finally achieved. This phenomenon is in good agreement with many reported results
[5, 16, 17], where the mineralization efficiency was always lower than that of decolorization.
It is of note that some small organic molecules with
lighter color have been generated due to the destruction of
chromophores of DB 56 molecule. Therefore, contrary to
100% decolorization efficiency, the maximum COD removal rates never exceeded 50%. These results indicate
the removal rate of color is highly dependent on the formation rate of Cl· radicals over the whole reaction period.
However, the COD seems relatively insensitive to the presence of Cl· radicals. That is to say, the Cl· radicals could
reduce COD and color in the early phase of reaction under
UV/NaClO, however, the Cl· oxidation is selective only
for color removal, while not for the COD removal in the
end. This demonstrates that the photon-NaClO process has
great potential especially for decolorization of a textile
wastewater stream.

ardous effects to human healthy, such as carcinogenesis,
mutagenesis and very acute and chronic toxicity etc [10].
On the other hand, the low mineralization efficiency (49%)
relative to a nearly 100% color removal suggests low molecular weight organic intermediates need to be clarified
with a view of better understanding of the UV/NaClO oxidation process.
In order to excogitate appropriate conditions with
minimized formation of AOX for UV/NaClO process, the
simulated dye solutions saturated with O2 and N2 (to satisfy the O2-free experimental condition.) were investigated,
respectively. The qualitative GC/MS analysis at different
time intervals was performed to qualitatively study the
possible intermediates, and the results are listed at Table 1
(for O2-free) and Table 2 (for O2-rich), respectively.
The number of intermediates species originated from
either O2-free or-rich system decreased with the increased
duration of reaction time. The species of AOX were abundant at the beginning of UV/NaClO photochemistry oxidation, however, almost all the AOX species disappeared and
turned to be non-detectable by GC/MS after 60 min treatment for the O 2-rich model solution. Unfortunately, the
intermediate species were still significant after 60 min treatment for the O2-free model solution. For example, AOX
species, including 2, 2-dichloro-ethanol, 3-chloro-1-pro-panol, 2-chloroethanol, 1-chloro-3-methyl-butane, 1-chloropentane, 2, 2-dichloro-ethanol, 2-methyl-propanoyl chloride etc., were still detected by GC/MS even after 60 min
reaction.

The verification of the generation of AOX

As NaClO was used as an oxidant in the combination
of UV and NaClO system, therefore, the formation of AOX
is also an important issue to be addressed due to their haz-

TABLE 1 - Intermediates qualitatively detected by GC/MS upon treatment by UV/NaClO/N2.

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

After 10 min reaction
Cyclobutane methylButane, 2-chloro-3-methylAcetyl chloride
2-Butene-1,4-diol,(Z)- acid,2-hydroxy-3-methyl2-Chloroethanol
1-Propanol, 3-chloroPropanoyl chloride, 2-methylHeptane,3-ethyl-5-methylene1-Pentene
Cyclobutanol
Ethanol, 2, 2-dichloroButane,1-chloro-3-methyl1,4-Butanediol
1-Pentanol
Ethylene oxide
Propanal, 2,3-dihydroxyCyclopropane, ethylAcetaldehyde
Acetic acid, hydroxy-, ethyl ester
Butane, 2-methyl-

Intermediates
After 30 min reaction
Acetyl chloride
Hexane, 2, 3-dimethyl2-Chloroethanol
1-Propanol,3-chloroButane, 1-chloro-3-methylButanoic acid, 2-hydroxy-3-methylAcetic acid,hydroxy-,ethyl ester
Cyclobutane,methylFuran,2-(dichloromethyl)-tetrahydroDi-iso-anyl oxalate
2-Butene-1,4-diol,(Z)Ethylenimine
2-Butene-1,4-diol
Vinyl ether
Pyrrolidine
Pentane,2,3,4-trimethylPentane,1-chloroPantolactone
Ethoxyacetylene
Aziridine, 2-ethyl-
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After 60 min reaction
1-Propanol, 3-chloro2-Chloroethanol
Butane, 1-chloro-3-methylButanoic
Pentane, 1-chloroEthoxyacetylene
Pantolactone
Ethylene oxide
Propanal, 2,3-dihydroxyHexane,2,3-dimethylEthanol,2,2-dichloroPropanoyl chloride,2-methylAcetaldehyde
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21
22
23
24
25
26
27

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
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Cyclopentane
Cyclobutanone
Vinyl ether
Hexane, 2, 3-dimethylHexane, 3-methyl(Aminomethyl)cyclopropane
Pentane, 1-chloroTABLE 2 - Intermediates qualitatively detected by GC/MS upon treatment by UV/NaClO/O2.

After 10 min. reaction
Acetyl chloride
Propanoyl chloride
Cyclobutane methylCyclopropane,ethylButane, 2-chloro-3-methylEthylene oxide
Butanal,3-hydroxy1-Propanol,3-chloro1-Pentene
Butane, 1-chloro-3-methylCyclopentane
Butanoic acid, 2-hydroxy-3-methylPentane, 1-chloroAziridine, 2-ethylAcetic acid, hydroxy-, ethylester
2-Butene-1, 4-diol
Pentane, 3-ethyl2-Butene-1, 4-diol, (Z)Aziridine, 1-methylPentane, 1-chloro2, 3-Dihydrofuran
Vinyl Ether

Intermediates
After 30 min. reaction
Butane 2-methylButane 2, 3-dimethylPentane 2-methylAcetyl chloride
Propane
Ethylene oxide
1-Pentene
1,4-Butanediol
Butanoic acid, 2-hydroxy-3-methylCyclopentane
1-Propanol, 3-chloroAcetic acid, hydroxy-, ethylester
1-Pentanol
Pentane 3-methyl2-Hepten-3-ol, 4, 5-dimethylButane, 1-chloro-3-methylPentanol, 1-chloro3-Buten-1-ol

It is assumed that the existence of O2 in the simulated
dye solution can facilitate the oxidation of dye molecule
because the Cl· radicals attack O2 molecule to generate O2·
radicals, the enhanced radicals can thus destruct the formed
AOX intermediates during the initial photochemistry process. However, the generation of O2· radicals is quite
limited in the presence of N2.
It is noted that since solid phase extraction (with XAD4 resin column) was used to extract the formed AOX species, and GC/MS was employed to analyze them in present study, therefore, it is possible that some volatile and
non-volatile AOX compounds could have been failed to
be reported due to the limitation associated with the pretreatment process and GC/MS methodology. We will try
to tackle this issue and quais-quantitatively analyze the
AOX species in future work. Nevertheless, the number of
AOX species after 60 min reaction in the presence of O2
was much less than that in the presence of N2. Therefore,
the O2-saturated DB 56 model solution exposed to UV/
NaClO can be considered as the most effective degradation module with minimized generation of AOX species in
the present study.

After 60 min. reaction
Propane
1,6-Heptadien-4-ol
Butanoic acid, 2-hydroxy-3-methylAcetic acid, hydroxy-,ethyl ester
Pentane 2-methyl1-Pentene

CONCLUSIONS
UV/NaClO is an economic, efficient decolorization
method for wastewater treatment such as DB 56 model
solution. For different treatment of DB 56 model solution,
color and COD removal efficiency decreased in the following order: UV/NaClO > NaClO >> UV. Under UV/NaClO,
color removal of 99 % and COD removal rate of 49 %
were obtained upon irradiation for 60 min with a 20 ml L1 NaClO dose in a model solution of with an initial pH at
7.45. The generation of AOX was minimized when the dye
solution is saturated with O2 and irradiated with UV/
NaClO system.
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ABSTRACT

genotoxic effects are unknown or their results are conflicting. While Dönbak et al. [8] reported that boric acid in-

The effects of the commonly used food additives citric
acid (CA) and benzoic acid (BA) have been investigated
on root tips of Allium sativum L. Allium and Allium anaphase-telophase tests were used as test systems. Roots of
A. sativum were treated with 50, 100, 200 and 3000 mg/L
concentrations of citric acid and, 50, 100, 200 and 500 mg/L
concentrations of benzoic acid for 24h, 48h and 48+24h
recovery. CA and BA significantly decreased the mitotic
index (MI) at all concentrations compared with the negative controls in both 24 and 48h treatments. These compounds increased the frequency of mitotic and chromosomal aberrations in Allium sativum. These abnormalities
were C-mitosis, stickiness, lagging chromosomes,
fragments, bridges, scattered prophases, irregular metaphases and multipolar anaphases. Additionally, variations in the percentage of mitotic stages were observed. In
the recovery treatment, neither CA nor BA reduced the
frequency of aberrations in the root tips. However, MI
increased to similar level of the negative control in most
concentrations.

KEYWORDS: Citric acid, benzoic acid, Allium test, Allium anaphase-telophase test, Allium sativum L., mitotic index, chromosome aberrations.

INTRODUCTION
Humans use food additives for centuries. However, the
growth in the use of them has been increased enormously
in the past 30 years. There are thousands of additives used
by the food industry for a variety of purposes. These chemicals are mainly used for diverse preferential taste of consumers and also for their protective effects from food contaminants [1]. It has been reported that some of these
chemical substances are genotoxic in different test systems
[1-7]. However, there are many food preservatives whose

creased the mitotic abnormalities and decreased the mitotic
index in Allium cepa, it was not identified as a mutagen in
mouse lymphoma cells [9]. Sodium bisulfite induced chromosome aberration, sister chromatid exchange and micronuclei in human lymphocytes [10]. Sodium benzoate and
sodium sulphite inhibit DNA synthesis, induce ana-phase
bridges and cause premature chromosome condensation
leading to picnotic nuclei and chromatin erosion in interphase nuclei in roots of Vicia faba [11]. Genotoxicity tests
for benzyl alcohol, benzoic acid and sodium benzoate were
mostly negative, but some assays were positive [12].
Citric acid (CA) (E-330) occurs commonly in nature
and is found in a great amount of plants and fruits. It is
widely synthesized by Aspergillus niger and also synthesized in the metabolism of human and animals naturally.
Citric acid is one of the compounds that play an important
role in the physiological oxidation of glucose and other
carbohydrates, fats and proteins as well. This organic acid
is also used widely as an acidulant, pH regulator, flavour
enhancer, preservative and antioxidant in many foods, such
as soft drinks, jelly sweet, baked nutrients, jam, marmalade, candy, tinned vegetable and fruit [7]. Some authors
reported that CA caused damage to dental cells [13] and induced necrotic changes such as vacuolated and glassy cytoplasm in hepatocytes, decreasing in chromatin and increasing in collagen fibers in hepatocytes of mouse liver
[14]. Koçak [15] reported that CA significantly increased
the frequency of micronuclei in the erythrocytes of Tinca
tinca at all concentrations used. Türkoğlu [16] showed that
citric acid increased the chromosomal aberrations and decreased the mitotic index in Allium cepa. In human lymphocytes, CA increased the chromosomal aberrations, sister
chromatid exchanges, and micronuclei and, decreased the
mitotic index [17]. Contradictory to these results, Ishidate
et al. [18] reported that CA was negative in Salmonella
microsome assay and chromosomal aberration assay in
Chinese hamster fibroblast cell line.
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Benzoic acid (BA) (E-210) and its salts are used as
preservatives in beverages, fruit products and chemically
leavened baked goods. BA was found to be negative in
different Salmonella typhimurium strains in the presence or
absence of metabolic activation [18-21]. There was no indication of genotoxic activity in Chinese hamster CHL and
CHO cells and human lymphoblastoid cells without metabolic activation [18, 22, 23]. However, positive results were
obtained in recombination assay in Bacillus subtilis H17
and M45 [24] and Drosophila SMART test [25].
The present study was planned to analyze the possible
genotoxic effects induced by CA and BA using Allium
sativum root cells as a test system. It is an excellent material since it has large chromosomes and it is sensitive to
changes in the environment [26, 27].
MATERIALS AND METHODS
Chemical

CA was obtained from Merck (Cas. No. 5949-29-1)
and BA was obtained from Sigma (Cas. No: Sigma 65-850). All chemicals were dissolved in distilled water.
Materials

A. sativum L. (2n=16) root tip cells were used as the
test system. Healthy and equal sized cloves of a commercial variety of A. sativum were chosen.
Methods

The growth inhibition test was carried out prior to the
genotoxicity study. For this purpose, garlic cloves were
placed over the test tubes containing different concentrations of citric acid (50, 100, 200, 300, 400, 500 mg/L) and
benzoic acid (50, 75, 100, 200, 300, 400 mg/L). A set of
10 cloves was also run in distilled water as the negative
control. The root lengths were measured (length of 10 roots
from each clove) on the 5th day [28]. CA and BA induced
evidently dose dependent root growth inhibition and EC50
value was determined as 100 mg/L for both.
For the genotoxicity studies, garlic cloves were grown
in distilled water for the first 24h at room temperature
(20 ± 1 oC). Then, ten cloves were set up for each concentration of 50, 100, 200 and 3000 mg/L (concentration used
in foods) of CA and, 50, 100, 200 and 500 mg/L (concentration used in foods) of BA for 24h, 48h and 48h treatment plus 24h recovery. The same amounts of cloves were
used as negative and positive control (Mitomycin-C) in all
applications. Following the treatments, the roots were fixed
in alcohol:acetic acid (3:1) for 24h. The roots were stained
with Feulgen and the slides were prepared from ten different cloves.
Mitotic index (MI), the frequency of mitotic phases
and the number and type of mitotic abnormalities were
analyzed. All the categories were analyzed by counting
10000 cells per treatment, being 1000 cells per slide, com-

prising a total of 10 slides. Statistical analyses were performed using the z-test for the mitotic index and mitotic
abnormalities and χ2 test for the mitotic phases. In addition, 100 cells were examined for chromosomal aberrations
in anaphase-early telophase per concentration and treatment
time. The significant difference among the negative control
and a series of treated groups was determined with student’s t-test.
RESULTS
Citric acid Treatment

Citric acid significantly decreased the MI at 24h and
48h treatments compared to the negative control (Table 1).
However, the decreasing of the MI was not dose dependent. CA caused a change in the frequencies of different cell
stages; especially at prophase and metaphase (Table 1).
CA significantly decreased the percentage of the prophase
stage at 50, 100 and 200 mg/L concentrations at 24h and,
at 50 and 200 mg/L concentrations at 48h treatment period compared with the controls. At metaphase, on the
other hand, the frequency of cells increased significantly
at 50, 100 and 200 mg/L concentrations at both 24h and
48h treatment periods. In addition, CA significantly decreased the percentage of cells at anaphase in 100 mg/L at
24h and, 200 mg/L at 48h treatment. In telophase, only
200 mg/L concentration at 48h treatment was significantly
lower than the negative control. CA significantly decreased
the MI at 3000 mg/L concentration at both 24h and 48h
treatments. However, there was no significant difference
in the frequency of cells at different stages of mitosis compared to their negative controls. In this concentration,
there was no apparent growth in the root tips.
In the 24h recovery group, after the treatment for 48h,
mitotic index was not significantly different from the control at 50 and 100 mg/L concentrations. MI was significantly higher at only 200 mg/L concentration (Table 1). The
percentage of the prophase stages was significantly lower
than the control at only 200 mg/L concentration. At metaphase, the percentage of cells was significantly higher than
the negative control at 100 and 200 mg/L concentrations.
The percentage of cells at anaphase was lower than those
of control at only 100 mg/L. At 3000 mg/L concentration,
neither MI nor the percentage of cells at different stages
showed difference compared to the negative control. In
these roots, there was no apparent growth after the treatment with CA.
Citric acid treatment induced a wide range of mitotic
abnormalities as compared to the negative and also positive control in the root tips of Allium sativum. The types
and percentage of these abnormalities are given in Table 2
and their photographs are presented in Figure 1. The frequency of total aberrations increased significantly at all
concentrations at both 24h and 48h treatments. This increase was dose dependent at 48h treatment (r= 0.86), with
the exclusion of 3000 mg/L (concentration used in foods).

1038

© by PSP Volume 17 – No 8a. 2008

Fresenius Environmental Bulletin

The most common abnormality was stickiness at both treatment times. The maximum frequency of stickiness was observed at 200 mg/L at 48h. In addition, c-mitosis, bridges,
lagging chromosomes, fragments, irregular metaphase,
scattered prophase and micronuclei (at interphase) were
also observed. At 3000 mg/L concentration, the frequency
of aberrations increased at both 24h and 48h treatments
compared to the negative and the positive controls. In the
recovery group, the frequency of total chromosome abnormalities increased significantly at all concentrations;

there was no clear reduction in the frequency of aberrations.
The most common aberration was stickiness. Lagging
chromosomes, fragments, c-mitosis, bridges and scattered
prophase were also recorded as the other aberrations. Treatment with CA induced the formation of micronuclei in all
treatments at interphase. However, its frequency was not
statistically significant compared with the control. At 3000
mg/L concentration, there was no apparent growth either in
the treatment or in the recovery groups.

TABLE 1 - Effects of citric acid to mitotic stages and mitotic index in the Allium sativum root tips.
Test
substance
Control
MMC
CA

Treatment
Period (h)
Concent.
(mg/L)
24
0.00
24
0.10
24
50
100
200
3000

Phases
Prophase
(%)
43.98
32.01
26.89*
17.77***
24.29*
32.17

Metaphase (%)
23.87
32.93
52.65**
68.29***
58.57***
38.55

Anaphase
(%)
13.72
24.09
7.20
4.18*
7.86
16.81

Telophase
(%)
18.42
10.98
13.26
9.76
9.29
12.46

Mitotic Index
(MI)
(%)
5.32
3.28
2.64a2
2.87a2
2.80a2
3.45a2

Control
MMC
CA

48
48
48

0.00
0.10
50
100
200
3000

33.68
38.62
13.93**
21.75
18.71*
38.05

30.57
30.54
54.64**
51.36*
65.99***
39.06

17.88
17.37
12.86
11.18
7.48*
11.45

17.88
13.47
18.57
15.71
7.82*
11.45

3.86
3.34
2.80a2
3.31a1
2.94a2
2.97a2

Control
MMC
CA

Rec.
Rec.
Rec.

0.00
0.10
50
100
200
3000

31.82
35.74
23.21
18.15
15.12*
31.05

36.71
51.06
47.14
66.90**
64.24**
48.38

16.08
7.66
14.29
4.63*
9.59
13.72

15.38
5.53
15.36
10.32
11.05
10.47

2.86
2.35
2.80
2.81
3.44a1
2.77

* Significant from the control p<0.05 (χ2 test)
** Significant from the control p<0.01 (χ2 test)
*** Significant from the control p<0.001 (χ2 test)
a1 Significant from the control p<0.05 (z test)
a2 Significant from the control p<0.001 (z test)

TABLE 2 - Effects of citric acid in the Allium sativum root tips.
Concent.
(mg/L)
24 hour
Control
MMC
50
100
200
3000
48 hour
Control
MMC
50
100
200
3000
Recovery
Control
MMC
50
100

Dividing
cells

Stickiness

CMitosis

Abnormalities (%)
Lagging
Fragment Scattered
chromosome
prophase

Irregular
metaphase

Bridge

Total
abnormalities
(%)

Micronucleus
%

532
328
264
287
280
345

3.66
9.85
20.21
15.36
9.86

0.91
3.79
3.48
0.36
6.09

0.19
0.30
8.34
5.92
6.79
1.45

0.57
1.21
0.38
0.70
0.71
0.87

-

0.70
-

0.19
2.43
6.44
2.79
7.50
4.64

0.95
8.51
28.80*
33.80*
30.72*
22.91*

0.02
0.36
0.16
0.03
0.03

386
334
280
331
294
297

5.39
27.14
31.72
52.04
16.84

0.52
2.40
2.14
1.81
0.68
3.70

1.80
6.79
5.13
3.40
3.03

0.26
1.20
2.14
1.51
1.01

1.20
0.34

0.30
0.36
-

2.10
8.21
9.07
8.84
3.70

0.78
14.39
46.78*
49.24*
64.96*
28.62*

0.05
0.40
0.07
0.09
0.02

286
235
280
281

16.60
22.50
44.48

0.70
16.60
1.79
2.14

0.35
6.39
3.93
10.68

4.68
0.36
0.71

1.07
0.36

-

3.83
5.71
-

1.05
48.10
35.36*
58.37*

0.01
0.12
0.10
0.11
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344
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46.51
22.74
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0.87
6.14

3.48
6.86

0.29
0.36

0.36

-

6.11
3.97

57.26*
40.43*

0.04
0.04

*Significant from the control P<0.001 (z test)

FIGURE 1 - Different types of aberrations induced by citric acid and benzoic acid in Allium sativum root tips. a) Bridge, b) Fragment, c)
Scattered prophase, d) Micronucleus, e) Lagging chromosome, f) Irregular metaphase, g) Stickiness, h) C-mitosis, i) Multipolar anaphase.

At Allium anaphase-telophase test, CA induced significant number of aberrations at all concentrations in both
treatment times compared to the negative controls (Table 3).
Increasing of the total abnormalities was dose-dependent
(except 3000 mg/L-the concentration used in foods) at 24h
treatment (r= 0.86). The most common abnormality was the
bridge. In addition, lagging chromosomes, fragments, Cmitosis and stickiness were also observed (Fig. 1). 3000
mg/L concentration induced a significant number of aberrations. However, their numbers were lower than the other

treatments. The most common aberration was stickiness.
In this concentration, as in the other treatments, an apparent
growth was not observed in the root tips
Benzoic Acid Treatment

Benzoic acid significantly decreased the mitotic index
at both 24h and 48h treatments compared with the negative control (Table 4). However, this decrease was not dose
dependent. Benzoic acid had a significant effect on the
frequencies of different mitotic stages; especially at prophase and metaphase. At prophase, BA significantly de-
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creased the percentage of cells at 200 and 500 mg/L concentrations at 24h when compared with the negative control. On the other hand, the percentage of metaphases increased significantly at 200 and 500 mg/L concentrations
at 24h and, at 200 mg/L concentration at 48h treatment
period. There was no dividing cell at 500 mg/L concentration after 48h treatment period. At anaphase and telophase,
benzoic acid did not affect the frequency of cells when
compared with the negative control (Table 4).

In the recovery group, the mitotic index was lower than
those of the negative control. However, this decrease was
significant only at 200 mg/L concentration (Table 4). Only
this concentration (200 mg/L) showed significant reduction in the percentage of prophase and anaphase stages
compared with the negative control. Increasing in the percentage of telophase was also significant at 200 mg/L. However, increasing in the frequency of metaphase was not
significant. The highest concentration (500 mg/L-used in
food) showed toxic effect and there was no dividing cell
(Table 4).

TABLE 3 - Effects of citric acid at the anaphase-telophase in the Allium sativum root tips.
Test
substance
Control
MMC
CA

Treatment
Period
Concent.
(hour)
(mg/L)
24
0.00
24
0.10
24
50
100
200
3000

Number of
cells examined

Bridges

Fragment

100
100
100
100
100
100

1
5
47
44
67
40

3
1
-

Abnormalities
Lagging
Stickiness
chromosome
1
1
3
5
1
5
-

7
2
3

The number
of total
abnormalities
2
16
50*
52*
68*
48*

C-mitosis

Control
MMC
CA

48
48
48

0.00
0.10
50
100
200
3000

100
100
100
100
100
100

1
6
46
28
51
41

2
6
3
4
1

1
4
5
7
4
4

-

4
8
2
3

4
20
54*
47*
57*
50*

Control
MMC
CA

Rec.
Rec.
Rec.

0.00
0.10
50
100
200
3000

100
100
100
100
100
100

13
1
17
36
12

3
1
1
1
2

2
4
5
4
2
11

1
2
2

4
1
3

2
25
8
24*
39*
30*

Rec. =Recovery
* Significant from the control P<0.001 (t test)

TABLE 4 - Effects of benzoic acid to mitotic stages and mitotic index in the Allium sativum root tips.
Test
substance

Treatment
Doses
(mg/L)
0.00
0.10
50
100
200
500

Control
MMC
BA

48
48
48

0.00
0.10
50
100
200
500

26.58
28.79
26.11
30.36
14.66
Toxic

29.90
35.99
37.37
34.18
56.21**
Toxic

18.27
17.48
18.68
18.47
12.22
Toxic

25.25
17.74
17.83
16.99
16.90
Toxic

6.02
3.89
4.71a3
4.71a3
4.91a3
Toxic

Control
MMC
BA

Rec.
Rec.
Rec.

0.00
0.10
50
100
200
500

36.21
36.75
26.35
29.55
20.32*
Toxic

28.53
33.44
37.16
35.56
40.41
Toxic

17.08
17.35
19.76
16.69
7.08*
Toxic

18.18
12.46
16.72
18.20
32.19*
Toxic

6.38
6.34
5.92
5.99
4.38a3
Toxic
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Anaphase
(%)
16.83
16.92
19.37
16.61
7.41
12.29

Telophase
(%)
18.79
19.49
14.19
16.29
17.41
19.76

Mitotic Index
(MI) (%)

Control
MMC
BA

a1 Significant from the control p<0.05 (χ2 test)

Prophase
(%)
37.77
30.00
30.18
26.20
20.00***
15.66***

Stages
Metaphase
(%)
26.61
33.59
36.26
40.89
55.19**
52.29**

Period
(hour)
24
24
24

5.11
3.90
4.44a1
3.13a3
2.70a3
4.15a2
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a2 Significant from the control p<0.01 (χ2 test)
a3 Significant from the control p<0.001 (χ2 test)
*Significant from the control p<0.05 (z test)
**Significant from the control p<0.01 (z test)
***Significant from the control p<0.001 (z test)

TABLE 5 - Effects of benzoic acid in the Allium sativum root tips.

Micronucleus
(%)

Total
abnormalities
(%)

1.03
0.45
1.92
6.67
-

0.20
0.51
1.13
1.92
5.19
1.20

0.20
0.77
0.45
0.64
0.24

0.51
1.58
0.32
0.72

1.54
1.35
0.96
0.24

1.28
0.45
1.28
3.33
4.10

0.26
0.24

0.40
22.31
12.17*
15.03*
52.97*
59.27*

0.04
0.01
2.00*
0.48*

48 hour
Control
MMC
50
100
200
500

602
389
471
471
491
Toxic

0.17
9.77
5.73
8.49
53.36
Toxic

0.51
0.42
1.49
Toxic

0.77
1.70
0.64
1.02
Toxic

2.31
1.70
0.64
Toxic

1.03
0.60
0.42
0.61
Toxic

0.21
0.42
Toxic

0.17
0.51
0.42
1.49
5.50
Toxic

Toxic

0.34
14.90
10.78*
13.59*
60.49*
Toxic

0.13
0.01
0.32*
Toxic

Control
638
0.16
MMC
634
11.67
0.95
0.16
50
592
11.49
0.17
100
599
15.35
200
438
53.65
0.23
500
Toxic
Toxic
Toxic
Toxic
* Significant from the control p<0.001 (z test)

0.31
0.63
1.35
1.60
Toxic

2.52
0.34
0.33
1.60
Toxic

0.16
0.79
0.47
Toxic

0.16
0.16
0.68
1.34
2.28
Toxic

0.16
Toxic

0.79
16.77
14.03*
17.02*
59.83*
Toxic

0.32
0.02
Toxic

Bridge

Scattered
prophase

Multipolar
anaphase

16.41
6.76
7.99
37.78
52.53

Irregular
metaphase

511
390
444
313
270
415

Fragment

Lagging
Chromosome

24 hour
Control
MMC
50
100
200
500

Stickiness

Cmitosis

Dividing
cells

Concentrations
(mg/L)

Abnormalities (%)

Recovery

TABLE 6 - Effects of benzoic acid at the anaphase-telophase in the Allium sativum root tips.
Test
substance

Number of cells
examined

Bridge

Fragment

100
100
100
100
100
100

6
3
5
10
14

5
2

100
100
100
100
100
100

4
2
6
32
Toxic

5
Toxic

3
8
4
3
Toxic

2
4
Toxic

1
1
Toxic

Toxic

13**
12**
11**
39**
Toxic

0.00
100
0.10
100
50
100
100
100
200
100
500
100
* Significant from the control p<0.05 (t test)
** Significant from the control p<0.001 (t test)

2
5
7
5
Toxic

3
1
1
2
Toxic

1
2
Toxic

4
2
45
Toxic

2
Toxic

1
Toxic

1
12**
9**
10**
52**
Toxic

Control
MMC
BA

Treatment
Period
Concent.
(hour)
(mg/L)
24
0.00
24
0.10
24
50
100
200
500

Control
MMC
BA

48
48
48

Control
MMC
BA

Rec.
Rec.
Rec.

0.00
0.10
50
100
200
500
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Abnormalities
Lagging
Stickiness
chromosome
1
3
5
3
4
15
25

C-mitosis
2
-

The number
of total
Multipolar
anaphase abnormalities
1
1
15
8*
8*
31**
41**
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BA induced different types of abnormalities in mitosis.
The types and percentage of these abnormalities are given
in Table 5 and their photographs are presented in Figure 1.
The frequency of chromosome abnormalities increased significantly in a dose dependent manner (r=0.89 for 24h, r=
0.96 for 48h) in all treatments. The common abnormalities were stickiness, bridges and lagging chromosomes. In
addition, C-mitosis, fragment, irregular metaphase, scattered prophase, multipolar anaphase and micronuclei were
also observed. In the recovery group, dose dependent increase in aberrations were determined (r=0.97). The highest concentration was toxic at 48h and recovery treatments
and no dividing cell was observed.
In the Allium anaphase-telophase test, bridge was observed as the most common abnormality (Table 6). Fragment, lagging chromosome, stickiness, C-mitosis and multipolar anaphase were also observed (Fig. 1). The number
of total abnormalities at anaphase-telophase was significantly increased when compared with the negative control.
Increasing of the total number of abnormalities was dose
dependent in both treatment periods (r= 0.93 for 24h, r=
0.96 for 48h). In the recovery, the number of total abnormalities increased when compared with the negative control. The highest concentration that used in foods was
toxic at 48 h and recovery treatments.

DISCUSSION AND CONCLUSION
The Allium test is generally used to determine the
genotoxic or cytotoxic effect of different chemicals. The
results of this test permit an estimation of the cytotoxicity,
genotoxicity and mutagenicity of various chemicals that
have a direct or indirect influence on living organisms [26].
In this study, citric acid and benzoic acid significantly
decreased the mitotic index (MI) in Allium sativum root
tips in all treatment concentrations at both 24h and 48h
treatments when compared with the negative controls. Citric
acid was reported to decrease the MI in human peripheral
blood lymphocytes by Yılmaz et al. [17] and in root tips
of A. cepa by Türkoğlu et al. [16]. Decreasing of the MI
following exposure to food additives were also showed by
other studies [3, 4, 8, 10, 11]. Significant reduction in the
MI showed that both CA and BA have a cytotoxic effect
at concentrations much lower than the suggested usable
concentrations (3000 and 500 mg/L, respectively). The
same effect was observed in sodium metabisulfite (SMB)
treated in Allium cepa root tip cells [4]. CA and BA caused
a change in the frequencies of different cell stages. CA
was more effective in decreasing of the percentage of prophase stage and in increasing of the percentage of metaphase stage. Decreasing of the MI could be due to blocking
of G2 preventing the cell from entering mitosis or decreasing of the ATP level and the pressure from the energy
production centre. Inhibition of certain cell cycle specific
enzymes such as DNA polymerase, which is necessary

for the synthesis of DNA precursors as well as other enzymes more directly involved with spindle production,
assembly or orientation, may also explain the reported antimitotic effect as well as changes in the frequencies of
different cell stages [17, 29, 30]. Similar results have been
reported after treatment of A. cepa root tip cells with various chemicals and other food additives as well as citric acid
[16, 31].
In the A. sativum root tips, citric acid and benzoic acid
induced several types of aberrations at different mitotic
stages. These are stickiness, bridges, lagging chromosomes,
fragments, irregular metaphases, scattered prophases, Cmitosis and multipolar anaphases. The most common aberration is stickiness. Stickiness is considered to be a chromatid type aberration and is induced by the effect of food
additive on chromosomal proteins attributed to the improper folding of chromosome fibers, which render the
chromatids connected by means of subchromatid bridges
[33]. Sticky chromosomes indicate that the chemical has a
highly toxic effect that usually of an irreversible type and
probably leading to cell death [28]. Lagging chromosomes
and bridges were also observed in a high frequency. The
induction of lagging chromosomes could be attributed to
the failure of the chromosomes to move either of the poles.
Additionally, acentric chromosome fragments remains as
laggards [16, 34]. Bridges could be due to the breakage and
reunion [35]. Chemicals that induce chromosome breakage are known as clastogens and their action on chromosomes is generally regarded to involve an action on DNA
[34]. CA and BA have also lead to the formation of micronuclei in interphase cells. However, the significant increase
in the micronuclei frequency was observed at only benzoic acid treatment (200 and 500 mg/L for 24h, 200 mg/L
for 48h). Ahmad and Yasmin [36] reported that micronuclei may originate from lagging chromosomes and fragments occurred in mitotic stage. Micronucleus formation
implies loss of genetic material. All these results are in
line with the results of many researches that examined the
effects of different chemicals [4, 33].
Our anaphase-telophase test results showed that CA
and BA induced significant number of total aberrations
compared with the negative control. In anaphase-telophase
stages, bridges, fragments, lagging chromosomes, stickiness and C-mitosis were observed. All these aberrations
indicate that CA and BA has physiological effect on the
mitotic apparatus (C-mitosis, chromosome lagging) and on
the chromosomes during division (stickiness). They also
have clastogenic effects (breaks, bridges and fragments) in
the Allium sativum root tip cells. The Allium anaphasetelophase chromosome aberration assay was developed as a
modification of the Allium test described by Fiskesjö [28]
to make a simpler and faster assay for the detection of the
genotoxicity of chemicals and environmental samples [37].
In the recovery groups, MI increased to the similar level of the negative control in both CA and BA treatments.
However, total aberrations in mitosis and in anaphasetelophase stages were still significantly higher than those
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of the negative control indicating that the genotoxicity of
these additives seems to be irreversible.
The results obtained in this study are in agreement
with those obtained in other genotoxic studies of food additives that tested in plant chromosomes. Njagi and Gopalan
[11] reported that sodium benzoate and sodium sulfite induced dose-dependent reduction in the number of mitotic
cells, intact and severed anaphase bridges, premature chromosome condensation leading to pycnotic nuclei, and chromatin erosion in interphase nuclei. Roychoudhury and Giri
[38] investigated and found that food dyes such as fast
green FCF, indigo carmine, orange G, tartrazine and metanil yellow induced polyploid cells, chromosome breaks
and micronucleus in A. cepa chromosomes. Xing and
Zhang [39] showed that sodium benzoate significantly increased the frequency of sister chromatid exchanges in V.
faba. Rencüzoğulları et al. [4] reported that sodium metabisulfite increased the mitotic abnormalities dose-dependently
in A. cepa root tips. Dönbak et al. [8] found that boric acid
slightly increased the percentage of abnormal cells in A.
cepa. It is well documented that some additives have genotoxic potential in different test systems [1, 3, 5, 40, 41].
In conclusion, from the present study, it appears that
both citric acid and benzoic acid, which are commonly used
in the food industry, have cytotoxic, aneugenic and clastogenic effects in Allium sativum root tip cells. If a chemical
is able to cause damage to the chromosomes in a reliable
plant assay, then the chemical should be considered as
having the potency of damaging to the chromosomes of
other organisms in the environment [33]. Therefore, it is
necessary to be careful when using these chemicals as food
additives.
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ABSTRACT

INTRODUCTION

Orobanche spp. (broomrapes) are holoparasitic angiosperms that subsist on the roots of dicotyledonous plants.
Broomrapes are the most destructive weeds since they extract water and photosynthate directly from crop plants,
causing crop yield and quality to reduce significantly. The
occurrence of total superoxide dismutase and total peroxidase activities during broomrape–sunflower interaction
were studied on three different cultivars (cv. Pioneer 4223,
cv. Sanay and cv. Isera) of Helianthus annuus. Total superoxide dismutase activities increased on day 7 post-inoculation in cv. Pioneer 4223 and cv. Isera compared with
control plants, whereas a decrease during all days in cv.
Sanay was observed. In the variety of Orobanche-resistant
cv. Pioneer 4223, the increases in the total superoxide dismutase activities were supported by the total peroxidase
activities in the first 5 days, which indicate that the detoxification of the reactive oxygen species produced during
the Orobanche penetration seems to be related to the
Orobanche resistance in the sunflower. An increase has
been determined in the total SOD activities from the first
to the seventh day, but this increase was not found parallel to that in the total POX activities in cv. Isera.. This
situation may indicate sensitivity for cv. Isera. Total peroxidase activities increased for the first 7 days in cv. Sanay compared with control plants. Total superoxide dismutase and total peroxidase activities were not a statistically sig-nificant change during all days in treatment
plants compared with control plants in cv. Sanay. This
change in SOD activities may indicate sensitivity of both
cv. Isera and cv. Sanay to broomrape unless they are treated with herbicide.

KEYWORDS: Helianthus annuus, holoparasite, Orobanche cumana, peroxidase, superoxide dismutase.

Reactive oxygen species (ROS) are partially reduced
forms of atmospheric oxygen (O2). They typically result
from the excitation of O2 that generates singlet oxygen
(O21). They may also emerge as a result of the transfer of
one, two or three electrons to O2 in order to produce superoxide anion (*O2-), hydrogen peroxide (H2O2), or hydroxyl
radical (OH*), respectively [1-4]. However, ROS are defined as the forms of free radical [*O2-, OH* and HO2*] and
non-free radical [1O2 and H2O2] [5]. There are many potential sources of ROS in plants and some of them are involved in normal metabolism such as photosynthesis and
respiration. In contrast to atmospheric O2, ROS, which are
capable of unrestricted oxidation of various cellular components, can lead to oxidative destruction of the cell, e.g.
by membrane peroxidation [4]. ROS cause lipid peroxidation, denaturation of proteins and mutation of DNA and
these incidents lead to oxidative stress by forcing the aerobic organisms to fight against deleterious effects physiologically [1, 2, 5].
Environmental stresses can also cause an increase in
ROS, leading to oxidative stress. Enzymatic and non-enzymatic antioxidative defense systems are available to prevent the toxic effect of ROS. They occur as a result of oxidative stress caused by the biotic and abiotic stress conditions. Non-enzymatic antioxidants are minutely-structured
molecules such as tripeptide glutathione, cysteine, hydroquinones, quinones, ascorbate (vitamin C), the lipophilic
antioxidant α-tocopherol, flavonoids, carotenoid pigments,
alkaloids, and the other plant compounds known to have
antioxidant activity [1, 6].
Enzymatic ROS scavenging mechanisms in plants include superoxide dismutases (SODs), catalases (CATs) and
peroxidases (POXs) including ascorbate peroxidase (APX)
and glutathione peroxidase (GPX). SODs act as a first line
of defense against ROS, dismutating superoxide to H2O2.
APX, GPX, and CAT subsequently detoxify H2O2. POXs
and CATs belong to the important enzymes removing active
oxygen species in plants [7, 8]. Peroxidases besides their
main function in H2O2 elimination, can also catalyze *O2and H2O2 formation by a complex reaction in which NADH
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(Nicotinamide Adenine Dinucleotide) is oxidized using trace
amounts of H2O2, which is firstly produced by the non–
enzymatic breakdown of NADH. After that, the NAD*
reduces O2 to *O2-, some of which dismutates to H2O2 and
O2. Thus, peroxidases and catalases play an important role
in the fine regulation of ROS concentration in the cell
through activation and deactivation of H2O2. The extent
of oxidative stress in a cell is determined by the amounts
of *O2-, H2O2, and OH*. Therefore, the balance of SOD,
POX and CAT activities will be crucial for suppressing
toxic ROS levels in the cell [1, 3, 8, 9].
Orobanche spp. (broomrapes) are holoparasitic angiosperms that subsist on the roots of a variety of dicotyledonous plants. Orobanche spp. may look for unique hosts
to attack them. They are members of the Solanaceae, Fabaceae, Asteraceae, Apiaceae and Brassicaceae families.
They are widespread in the Mediterranean countries,
southeastern Europe, Middle East and North Africa [10,
11]. Most of the parasitic species of Orobanche genus,
especially O. ramosa and O. aegyptiaca, are included in
the section Trionychon Wallr., and O. cernua, O. cumana
and O. crenata are included in the section Osproleon
Wallr. [11].
Broomrapes are among the most destructive weeds,
because they extract water and plunder photosynthates
directly from the crop plants, causing crop yield and quality to reduce significantly. [12]. In non-photosynthetic and
obligate parasitic plants, the genes related to photosynthesis are either inactive or eliminated by plastid genomes
[13]. Parasite plants deprived of photosynthetic activities
require some chemical stimulators to germinate. The chemicals called strigolactons are released into the soil by the
host or non-host plants [12]. It has been shown that not
only the germination but also the penetration and the development of the haustorium are subjected to chemical
signaling from the host [11]. Following germination, seedling radicle tip sticks to the host root and develops a haustorium which penetrates the host tissues by mechanical
action and enzymatic digestion and/or alteration of host cell
walls by secreted enzymes, including cellulase, hemicellulase, pectinolytic enzymes (PG, pectin methylesterase),
POX and proteases. These enzymes may fragilize host the
cell walls of the host, particularly the middle lamella, then
facilitate the progression of parasite intrusive cells into
the host root [12, 14-16].
It has been indicated that the yield loss due to Orobanche sp. was approximately 50 % in the regions where
sunflower was grown during the years 1956 and 1982. Today Orobanche resistant species are being developed against
Orobanche, which causes considerable losses to sunflower
production all over the world [17]. As a solution to the yield
loss, the farmers in the Thrace region take their yield under
control by planting resistant hybrid seeds or by plowing
the soil deeply [18]. Over the past few years, it is reported
that the new races of Orobanche have reappeared and the
farmers have been troubled by them both in Turkey and
East Europe as well as in Russia. This means that Oro-

banche parasites break the resistance mechanism by renewing themselves every 20 years or so against the resistant species [19]. The main points in the breeding of
sunflower are the oil amount and oil rate. The studies into
this subject are carried out by different institutions and
seed companies [20].
Broomrapes constitute a serious problem on the crop
yield in the agriculture of sunflowers. The breeding of the
genotypes resistant to broomrape is necessary so that yield
loss of the farmers in the production of sunflower can be
reduced to a minimum. There are no data related to the
SOD, which is one of the enzymes of antioxidative defense
mechanisms in the O. cumana–sunflower interaction. POX
is relatively investigated histochemically. In addition, there
is no evidence about the activities of these enzymes in the
interaction between O. cumana and sunflower genotypes
(Isera, Sanay and Pioneer 4223). This study determines
whether the occurring antioxidative defense system is effective or not in sunflower roots after Orobanche penetration in nine days. The necessity of other anti-oxidative
enzymes produced will be taken under consideration according to these results.
MATERIALS AND METHODS
Plant materials and cultivation

In this study, three varieties of sunflower (Helianthus
annuus L.) seeds, which are commercial hybrid Isera, Sanay
and Pioneer 4223, were used. Isera is sensitive to broomrape; whereas Sanay is resistant to broomrape when applying herbicides containing imazapyr and imazomax. Pioneer
4223 is a resistant variety to sunflower broomrape. In this
study, only the Orobanche effect to each sunflower variety has been researched without herbicide treatment. In this
study, the short term (1-9 d.p.i.) changes in the total SOD
and POX activities following the penetration of O. cumana
into fifteen-day-old sunflower seedlings were determined.
Orobanche cumana Wallr. seeds were collected from
sunflower-infected fields in Hayrabolu-Tekirdag, Turkey
in 2004.
Growth with hydroponic co-culture
of O. cumana Wallr. and sunflower seedlings

The plant growth was carried out according to Labrousse et al. [19]. The sunflower seeds sterilized on the
surface were planted in the pots filled with perlite. One
week after the sowing, the roots of sunflower seedlings
were washed with distilled water and placed in square plastic dishes (120x120x17 mm). Afterwards, the seedlings of
sunflower were grown in plastic pots containing Hoagland
solution (100 %) [21] for one week (light/dark regime of
16/8 h at 25/20 oC, relative humidity 60-70 %, photosynthetic flux density of (PAR) 350 µmol m-2 s-1).
Plants inoculation
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To germinate the sterilized O. cumana Wallr. seeds
were transferred into sterilized petri dishes containing filter
paper previously wetted and left on the shelf for one week
in the aluminum folio in the growth chamber at 28 0C. One
week later, 1.2 mL of 1 mg L-1 GR-24, (obtained from Prof.
Dr. Zwanenburg, Nijmegen University, The Netherlands)
used as a germination stimulant, was added in the petri
dishes. Three days later, the germinated O. cumana Wallr.
seeds were attached to fifteen-day-old sunflower seedling
growing in water culture. Root samples of sunflowers
were obtained on the 1st, 3rd, 5th, 7th and 9th days post
inoculation (d.p.i.). The samples were kept in the deepfreeze at -26±1 0C. All the procedures were carried out in
three independent experiments with three replicates.
Preparation plant extracts and assays

Sunflower root samples have been homogenized with
mortal and pestle in ice cold 50 x 10-3 M sodium phosphate buffer (pH; 7.8) containing 1 x 10-3 M EDTA.Na2 and
2 % PVPP (w/v) for SOD, 50 x 10-3 M sodium acetate
buffer (pH: 6.5) for POX. The whole extraction procedure
was carried out at +4 oC. The homogenate centrifuged at
13,000 g for 40 min at +4 oC and supernatant used for
assays of the activities of total SOD and POX. The activity
of SOD (EC 1.15.1.1) was determined by monitoring its
ability to inhibit photochemical reduction of NBT at 560
nm [22]. The reaction mixture (3 mL) contained 50 x 10-3
M L-Methionine, 66 x 10-3 M EDTA and 33 x 10-6 M
Riboflavin. Reactions were carried out in 10 min at 25 oC,
under light intensity of about 300 µmol m-2 s-1. Peroxidase
(EC 1.11.1.7) activity was kinetically determined at 300
nm as a result of color change occurring with the binding of
the H2O2 with pyrogallol [23]. Protein concentration was
determined according to Bradford using BSA as a standard [24].
Statistics

Each data point in the mean of three replicates was
obtained from three independent trials (n=9). All data were
subjected to a one-way analysis of variance (ANOVA) and
the mean differences were compared by Tukey HSD test.

Comparisons with p < 0.05 were considered statistically
significant. In all figures, the spread of values are shown
as error bars representing standard errors of the means.
All data have been analyzed by using SPSS 13.0 for Windows [25].
RESULTS AND DISCUSSION
Total SOD Activities

The statistical results of total SOD activities obtained
following the penetration of germinated O. cumana Wallr.
into the roots of sunflower seedlings are presented in
Table 1. Total SOD activities in Orobanche-sensitive cv.
Isera have showed an increase in treatment groups compared with control plants except 9 d.p.i. Total SOD activity at 7 d.p.i. increased by 67.56 % compared with 1 d.p.i.
in the plants in which Orobanche was penetrated. This
result indicates that total SOD activities increased significantly in the later days of the treatment. It was determined
that the treatment group at 9 d.p.i, decreased by 81.34 %
when compared to control group (p < 0.05) (Figure 1).
In control plants of Orobanche-sensitive cv. Sanay, total SOD activities increased at 9 d.p.i. compared to 3 d.p.i.
in both control and treatment groups. Total SOD activities
in Orobanche treatment groups compared with control
plants had no change except of 5.d.pi. (p < 0.05) (Figure 2).
Total SOD activities in Orobanche-resistant cv. Pioneer 4223 increased by 21.55 % and 87.09 %, respectively,
at 1 d.p.i. and 5 d.p.i compared with the control group (p <
0.05) (Figure3).
Total POX Activities

The statistical results of total POX activities obtained
following the penetration of germinated O. cumana Wallr.
into the roots of sunflower seedlings are given in Table 1.
It was determined that total POX activity had no significant changes in relation to the increasing time in treatment
groups compared with control plants in cv. Isera (p <
0.05) (Figure 4).

TABLE 1 - After the penetration, total SOD and total POX activities in non-inoculated and O. cumana inoculated all
sunflower varieties roots (unit mg protein-1). The mean difference is significant at the 0,05 level. (d.p.i.: days post inoculated).
Culture variety

Enzyme
Total SOD activity

Isera
Total POX activity
Total SOD activity
Sanay
Total POX activity
Pioneer 4223

Total SOD activity
Total POX activity

Between groups
Within groups
Between groups
Within groups
Between groups
Within groups
Between groups
Within groups
Between groups
Within groups
Between groups
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Mean square

F

Significant

125.487
37.404
45.596
7.578
28.414
31.977
7.434
3.528
119.408
10.125
23.148

3.355

0.003

6.017

0.000

0.889

0.544

2.107

0.064

11.793

0.000

6.914

0.000
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Within groups
ISERA

3.348
20

Control

30

T otal	
  P O X	
  ac tivity	
  (unit/mg 	
  protein)

Total SOD activity (unit/mg protein)

35

With Broomrape

25
20
15
10
5
0
1

3

5

7

9

ISERA
C ontrol

15

With	
  Broomrape

10
5
0
1

3

5

Days post inoculated

FIGURE 1 - Total SOD activity in non-inoculated and O. cumana inoculated H. annuus cv. Isera roots (unit mg protein-1). Data represents
the average of three experiments with three replicates. Vertical bars
indicate ± SE.
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0
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FIGURE 5 - Total POX activity in non-inoculated and O. cumana inoculated H. annuus cv. Sanay roots (unit mg protein-1). Data represents the average of three experiments with three replicates. Vertical
bars indicate ± SE.
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  B roomrape
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C ontrol

SANAY

9

FIGURE 2 - Total SOD activity in non-inoculated and O. cumana inoculated H. annuus cv. Sanay roots (unit mg protein-1). Data represents the average of three experiments with three replicates. Vertical
bars indicate ± SE.

35

9

FIGURE 4 - Total POX activity in non-inoculated and O. cumana inoculated H. annuus cv. Isera roots (unit mg protein-1). Data represents the average of three experiments with three replicates. Vertical
bars indicate ± SE.
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  pos t	
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FIGURE 3 - Total SOD activity in non-inoculated and O. cumana
inoculated H. annuus cv. Pioneer 4223 roots (unit mg protein-1). Data
represents the average of three experiments with three replicates.
Vertical bars indicate ± SE.

FIGURE 6 - Total POX activity in non-inoculated and O. cumana inoculated H. annuus cv. Pioneer 4223 roots (unit mg protein-1). Data
represents the average of three experiments with three replicates.
Vertical bars indicate ±SE.

It was also determined that total POX activities in cv.
Sanay had no statistically significant change (Figure 5). An
activity decrease in cv. Sanay during the period of nine
days in the treatment groups is not considered statistically

significant. The only significant difference was observed at
5 d.p.i.
In Orobanche-resistant cv. Pioneer 4223, total POX activity increased by 97.09 %, 83.33 % and 92.72 % at 1
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d.p.i., 3 d.p.i. and 5 d.p.i. in treatment groups compared
with control groups respectively. However, there was not
a significant statistical change after the 5 d.p.i. in total POX
activity (p < 0.05) (Figure 6).
These results show that the increase between day 1
and 5 in the total SOD activity at Orobanche-resistant cv.
Pioneer 4223 was supported by POX activity. However,
in Orobanche-sensitive cv. Isera, it has been determined
that the increase identified in total SOD activity at 5 d.p.i.
of the treatment was not supported by POX activity. On
the other hand, in Orobanche-sensitive cv. Sanay, the exposure to Orobanche without herbicide did not cause any
significant changes in total SOD and POX activities. These
results concerned with cv. Sanay show that this variety is
also more sensitive to Orobanche than cv. Isera, known as
being sensitive.
It is known that the plants, such as sunflower produced
for its oil, cause an increase in free radicals in tissues such
as superoxide and hydrogen peroxide under stress conditions. Moreover, these radicals cause damage in the oil
quality and a disorder in the natural plant growth of sunflowers. Peroxidase and catalase are found in some physiological cycles under biotic and abiotic stress conditions. It
is possible that increase in 1O2, H2O2 and OH amounts will
be observed under abiotic stress conditions [26]. O. cumana
causes oxidative stress in the roots of the sunflower as a
biotic stress factor [1, 6].
The SOD activity in sunflower-O. cumana interaction
has been reported for the first time with this study. It is
interesting to observe that SOD activity caused significant
increases, especially at 1-5 d.p.i., when compared to sensitive cv. Isera at resistant cv. Pioneer 4223.
POX was often studied in the interaction of both sunflower and other culture plants with Orobanche species in
the elimination of H2O2 [27-32]. Our results indicated that
in resistant cv. Pioneer 4223 roots, short time penetration
of Orobanche (1., 3. and 5. d.p.i.) caused higher POX activity than in sensitive varieties.
Plants possess a complex battery of enzymatic and nonenzymatic antioxidants that can protect cells from oxidative damage by scavenging ROS. It is evident that ROS,
generated during pathogen attack and abiotic stress situations, are recognized by plants as a signal for triggering
defense responses [6].
Increases in POX activities were reported in the root
cell walls of host plants in relation to the increase in H2O2
[16]. Our results indicate that daily treatments cause increases and/or decreases of total SOD and total POX activities related with time course in every sunflower variety in
this study. This situation has shown that the occurrence of
a resistance to ROS in cells is related with the penetration
of the parasite into the host tissue. If there is not any response to the parasite in the host tissue, this variety is
known as sensitive. Similar to our results, the expressions
of 3 cDNAs, which encode Glutathione-S-Transferases,
quinone oxidoreductase and methionine synthase, may be

pointing to the induction of the detoxification of ROS
produced in the oxidative burst following the penetration
of Orobanche seedlings into the host roots. Expression
pattern of the sco genes in the sunflower-O. cumana interaction also showed that an oxidative burst occurred [33]. It
is known that GSTs are inducted by parasitic plant stress
[34]. With the cloning of prx1 genes of O. ramosa, it was
shown that III class peroxidases were encoded. It was also
reported that prx1 has a special role in the early infection
stage of Orobanche in the seedling [31]. Some reports indicate that POX activities are Orobanche-born in the penetration of parasites [31-35].
The POX activity results obtained from resistant cv.
Pioneer 4223 and sensitive cv. Isera are compatible with
those obtained from O. cumana-sensitive (2603) and O.
cumana-resistant (LR1) sunflower varieties [33]. The GST
activity determined at O. cumana-resistant LR1 may be
pointing to GPX and therefore to the defense through the
Asada-Halliwell pathway [35]. Consequently, it is known
that SOD, followed by POX, plays an important role in
the detoxification of ROS earlier than GPX and GST [36].
Our results suggested that, total SOD and total POX activities increased in the resistant cv. Pioneer 4223. These
results indicated also contribute to the illumination of the
role of antioxidative defense system in the O. cumana
resistance of sunflower.
It is known that O. cumana virulence is not only related to high POX secretion [16] but also to quinone reductase or GST [33]. In this respect, it was claimed that
O. cumana penetration inducted an oxidative burst, thereby
degrading the host’s cell walls and producing quinines. In
addition, it caused a response to this burst through the
mechanism of detoxification which includes resistant sunflower quinone reductase and GST were included [33].
The SOD and POX activities obtained in the resistant
and sensitive genotypes used in this study provide strong
evidence that the enzymic antioxidant defense indicated
by this hypothesis started with SOD. The results that SOD
activity is supported by the increase in the POX activity
in cv. Pioneer 4223, which also supports our hypothesis.
It is thought that, when the total SOD and POX activities are compared in terms of resistant cv. Pioneer 4223 and
sensitive cv. Isera, these enzyme activities can be used as
a selection criterion in the resistance mechanism against
broomrape in sunflower. It is therefore interesting to observe that the results at cv. Sanay, which is highly sensitive without herbicide application, are compatible with those
at sensitive genotype cv. Isera.
In conclusion, SOD enzyme, in this study, is functional
in the detoxification of ROS occurring in the O. cumanasunflower interaction, followed by POX [this study, 33].
Similarly, GPX, a key enzyme of the ascorbate-glutathione
cycle, functions in the process closely related to GST,
which indicates that all these point to the probable importance of enzymic antioxidative defense system. However, there is great need for further studies into the Oro-
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banche-sunflower interaction among CAT, APX and
GPX activities.
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DEVELOPMENT OF A MODIFIED HARDY-CROSS
ALGORITHM FOR TIME-DEPENDENT SIMULATIONS
OF WATER DISTRIBUTION NETWORKS
Selami Demir*, Kaan Yetilmezsoy and Neslihan Manav
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ABSTRACT
The Hardy-Cross method that has been widely used
in steady-state analyses of water distribution networks was
modified in this study. The modified methodology involves
the steady-state solutions of the system at various instants.
The methodology suggests bringing these steady-state solutions together to form a time-dependent simulation result.
A spreadsheet solution was also developed for the modified
Hardy-Cross algorithm. Microsoft Excel™ macros were
used to implement the newly developed algorithm. The
computer program is able to perform both steady-state and
time-dependent analyses. It offers the use of Darcy-Weisbach or Hazen-Williams equations for the calculation of
frictional losses. Both Jain and Colebrook-White equations
can be used in the analyses. The computer program can
also account for minor losses through the pressure pipes.
The program was tested for an example water distribution
system along with EPANET calculations. The modified
Hardy-Cross method was proved to be an accurate tool
for time-dependent simulation of water distribution networks. This study represents the development of this accurate, modified algorithm based on steady-state Hardy-Cross
Method. This newly developed methodology can easily be
used for both educational and professional purposes.

KEYWORDS: Hardy-Cross, water distribution system, steady-state,
time-dependent simulation.

INTRODUCTION
The demand for water needed to serve agriculture, industry, sanitation, and domestic consumption increases
continuously along with population and economic growth.
However, with increasing development and urbanization,
water flow rates and other hydraulic requirements associated with water distribution systems have been estimated
to increase on both national and local scale. Lin et al. [1]
have reported that expansion and construction of new water

supply areas have made the water distribution network become even more complicated and resulted in numerous
problems of water allocation, water supply safety, operation and management. Therefore, managing the water distribution systems in a sustainable and integrated manner is
necessary to meet the growing demand of water for drinking, industrial and other necessities. In this regard, there is
an urgent need to develop well-designed and optimized
solution methods to achieve better control of water distribution systems. For this purpose, several investigators have
conducted studies on the calculation of complex water distribution networks using different solution approaches. However, most have limited use when working with high-dimensional hydraulic data.
The present day water distribution networks are complex and require huge investments in their construction
and maintenance. Therefore, in order to develop a continuous strategy for the management of water distribution systems, hydraulic parameters should be attentively controlled
routinely for the duration of the testing, and network quality
should also be verified under various operating conditions.
However, engineers may not have enough time to monitor
all hydraulic parameters under different operating conditions. Hence, a number of modification attempts to the
standard solution methods for development of a powerful
algorithm may help to assess both steady-state solutions
and particularly time-dependent simulations of water distribution systems when the nodal demands change on a
daily basis.
Water distribution systems may be laid down in two
ways: in loopal networks and in branching structures. From
a view point of operational concerns, branching distribution systems, also called dead-end systems, may lead mainly
to operational problems in the aspect of system pressure,
especially places near the dead-ends. In order to overcome
this problem, pipes may be laid down in a loopal manner,
which is the most commonly used construction method
throughout the world. This way, it is easier to sustain much
higher operational pressures all over the distribution system.
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Above mentioned methodology of constructing water
distribution systems, however, comes with difficulties in the
hydraulic design. First of all, the system behaves as a gigantic complexity in which many factors affect the water
flowrates in pipes and nodal pressures. Besides, any set of
physical properties of a pipe may influence the whole system flowrates and pressures. In addition, it is difficult to
predict how the system reacts against an unpredicted change
in operational conditions. These highlighted features of
looped networks makes the design challenging.
In order to predict the system reaction against any conditional change, a series of simulations must be done, which
is time-consuming due to complexity. Several approaches
have been suggested for the solution of distribution systems including Linear Theory, Hardy-Cross and Gradient
Algorithm [2]. Each methodology offers a unique solution.
For example, Hardy-Cross algorithm cannot be used for
systems with check-valves while Gradient Algorithm is able
to handle systems with both check valves and pressure
regulating valves [3]. However, all these methodologies
require a detailed examination of water distribution system.
Besides, these methodologies require great amounts of calculations for the solution of the system, which is time-consuming if hand calculations are employed. Therefore, computer programs are used in hydraulic simulation of looped
networks.
Wheeler [4] developed a computer program that hydraulically simulates water distribution systems under
steady-state conditions. The program employed standard
Hardy-Cross method. Khezzar et al. [5] pointed out the
numerical difficulties in the solution of water distribution
networks in case of pressure-reducing valve inclusion in
the system and they suggested a functional approach to the
Linear Theory method in their study. They also use a steadystate approach. A computer program has also been developed by US EPA called EPANET [6]. This program uses
Gradient Algorithm for both steady-state and time-dependent simulations. Also, WaterCAD™ uses gradient algorithm
to hydraulically simulate water distribution systems for both
steady-state and time-dependent simulations. WaterCAD™
also uses a code implementing genetic design algorithm to
calibrate the system against measured data.
Recently, Ozdaglar et al. [7] conducted an optimization-based approach for the design of complex water distribution networks using a code implementing genetic design
algorithm. They designed the potable water distribution network of an organized industry region by a computer program, SUGANET, using a code implementing genetic design algorithm. They compared the solution obtained by
SUGANET with the solution by another computer program,
DOHC, using a different code providing hydraulically
steady-state results. The authors concluded that genetic
design algorithm solution by SUGANET was found to be
5.3% less costly and showed hydraulically better results.
Another optimization-based study was undertaken by Lin et
al. [1] for the practical optimal design of pipe network
using an enumeration algorithm. They established an opti-

mal model to confirm some design criteria, such as multiple loading and service pressures. The authors have reported
that the enumeration theory with practical application is an
easy way to satisfy engineering requirements.
Many researchers developed computer programs for
educational purposes for undergraduate students. Huddleston et al. [8] developed a computer program to aid the undergraduate students concentrate on design issues rather
than time-consuming calculation procedures. Lopes [9]
defined the computer implementation of Hardy-Cross
method in detail. He also developed a computer program
for academic purposes. However, his program is able only
to make steady-state analyses.
In general, several computer programs that have been
developed so far, such as EPANET and WaterCADTM, are
able to handle steady-state and time-dependent simulations of the water distribution systems. However, as stated
earlier, these computer programs employ some complex
equation systems for the solution, which imposes the
students to use the programs without comprehensive understanding of algorithms inside. The aim of this study is to
develop a new algorithm for time-dependent simulations
of water distribution systems in order for the students to
understand basic iterative approach for the solution. From
this standpoint, the goal of the study is to develop a computer program, modified Hardy-Cross, that provides both
steady-state and time-dependent simulations. In this study,
Hardy-Cross algorithm was modified to include an outer
iterational loop for the time variable.
THEORETICAL BACKGROUND
Hydraulics

The well-known Darcy-Weisbach formula for the calculation of frictional headloss in a full-flow pipe is given
by the following expression:

hL =

fL V 2
D 2g

(1)

where hL is pipe headloss in m, f is the friction
factor (dimensionless), L is the pipe length in m, D is
internal pipe diameter in m, g is gravitational acceleration in m/s², and V is flow velocity in m/s. The friction
factor, f , depends on Reynolds number and is calculated
using Jain equation explicitly [10] or Colebrook-White
equation both implicitly and explicitly [11, 12]:

1056

⎛ k
2.51
= −2 Log ⎜
+
⎜ 3.7 D R f
f
e
⎝

1

⎞
⎟
⎟
⎠

⎡ ⎛ k
5.74 ⎞⎤
f = 1.325⎢Ln⎜⎜
+ 0.9 ⎟⎟⎥
⎢⎣ ⎝ 3.7 D Re ⎠⎥⎦

(2)

−2

(3)

© by PSP Volume 17 – No 8a. 2008

Fresenius Environmental Bulletin

where Re is Reynolds number and calculated by the
following formula:

Re =

VD

(4)

υ

Here, υ is the kinematic viscosity of water in m²/s and
the others as defined previously.
Another formulation that can be utilized to compute
frictional headlosses is the well-known Hazen-Williams
formula.
(5)

V = 0.85CHW RH0.63 S 0.54
where
sionless),

CHW is Hazen-Williams coefficient (dimenRH is hydraulic radius (m) and S is the slope

of hydraulic gradient line (m/m), which equals the ratio of
headloss to path length.
The loss of head due to fittings and other minor loss
elements can be calculated by using the following expression:

V2
hL = K
2g

Compute frictional and, if any, minor headlosses
through all of the pipes.

Steady-State Hardy-Cross methodology

Hardy-Cross method offers a steady-state solution of
the water distribution network at any given instant and
any set of given nodal demands. The method is an iterative one involving the following calculation procedure:
Compose the pipe loops, give a number to each, and
determine a base direction for loopal headlosses. Positive
in clockwise direction and negative in counter-clockwise
direction, for example.
Assume an initial flowrate for each of the pipes in the
network. While doing so, obey the mass balance principles around the junction points:
(7)

i = 1,2,....P

(8)

hL,i = R1Qin1 + R2Qin2

where R1, R2 are resistance factors and n1, n2 are
flowrate power coefficients for the ith pipe. The values of
resistance factors and power coefficients can be calculated as shown in Table 1.
In Table 1, i is pipe index, j is minor loss element index and n is number of minor loss elements in the ith pipe.
Calculate loopal headlosses and loopal flowrate correction parameters. Pay attention to the signs of headlosses while doing so. The following expression describes
how the loopal headlosses can be computed:
PL

TOT (hL )i = ∑ hL , j

(6)

where K is the minor loss coefficient for the fitting
or other element of interest.

Qi = Q0 ,i

where Qi is the flowrate in the ith pipe, Q0 ,i is the initial assumption of flowrate in the ith pipe and P is the
number of pipes. Pay attention to the direction of flows
with respect to the loopal base direction.

i = 1,2,....L

(9)

j =1

Here, TOT (hL )i is the loopal headloss of the ith loop
and PL is the number of pipes that is included in the ith
loop’s definition, h L , j is the headloss through the jth pipe
associated with the ith loop and L is the number of loops
in the system. The loopal flowrate correction parameters
are then calculated using expression:
ΔQi = −

where

TOT (hL )i
⎛ hL , j
m∑ ⎜
⎜
j ⎝ Q j
PL

(10)

i = 1,2,....L

⎞
⎟
⎟
⎠

Q j is the directional flowrate of the jth pipe

associated with the ith loop. Here, m equals 2 for use with
Darcy-Weisbach friction method and 1.85 for use with
Hazen-Williams friction method. Note that in case of
Hazen-Williams formula being used, although minor
losses are still directly proportional to the square of flow
velocity, the value of m is taken as 1.85 neglecting minor
losses when calculating flowrate changes.

TABLE 1 – Calculation of pipe resistance factors and power coefficients.
Friction Method
Darcy-Weisbach

Hazen-Williams

Manning*

R1
n
⎤
8 ⎡ f i Li
+ ∑ K i , j ⎥
2 4 ⎢
gπ Di ⎣ Di
j =1
⎦
(10.6331) Li
1.85

(CHW )i

Di4.87

10.29ni2 Li 0.083 n
+
∑ Ki, j
Di5.33
Di4 j =1

n1

R2

n2

2

0

0

1.85

0.083 n
∑ Ki, j
Di4 j =1

2

2

0

0

*Although Manning’s equation is mostly used for surface flows, it is sometimes allowed for the use for pipe flows.
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READ
Physical state of system
Q0,i and q0,i

READ
Physical state of system
Q0,i,Avg and q0,i,Avg
Demand curve

(a)

(b)

t = tSTART

ASSIGN

t=t+ t

New Qi = Q0,i

ASSIGN
t

COMPUTE

ASSIGN

hL,i, TOT(hL,L)i and

Qi

New Qi = Qi ±

ASSIGN
Qi

New Qi,t = MtQ0,i,Avg

COMPUTE
DECIDE
Qi < >
Itr < > Max Itr

ASSIGN

hL,i, TOT(hL,L)i,t and

Qi >

Qi,t

New Qi,t = Qi,t ±

Itr > Max Itr
Qi <

DECIDE
Qi,t < >
Itr < > Max Itr

ASSIGN
New Qi = Qi ±

Qi

Qi,t >

Itr > Max Itr
Qi,t <

ASSIGN

STORE

New Qi,t = Qi,t ±

Qi, hL,i

Qi,t

and other relevant results
STORE
Qi,t hL,i,t
and other relevant results

END

STEADY-STATE ANALYSIS

t < tEND

DECIDE
t < > tEND

t > tEND

END

TIME-DEPENDENT SIMULATION
FIGURE 1 – Flowcharts for computer program (a) steady-state analysis, (b) time-dependent simulation.
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Depending on user’s selection of criterion to stop iterations, if each of loopal headlosses is smaller than a
predefined headloss sensitivity value or each of flowrate
correction parameters is smaller than a predefined flowrate
sensitivity value, then assign the last-found values to the
flowrates of pipes and leave the iterations. Else, use the
flowrate correction parameter to calculate new flowrates
of the pipes and return to step 3 with the new flowrates at
hand.
Modified Hardy-Cross methodology

The above mentioned methodology offers a steadystate solution for a water distribution network. However,
the design engineers as well as undergraduate and graduate students need to know how the system behaves when
the nodal demands change in a daily basis. This requires a
time-dependent simulation of the system. A time-dependent
simulation is a set of results from a number of steady-state
analyses each of which represents a single solution of the
system at a given instant, t. The difficulty here is to obtain
nodal demands and initial assumptions for pipe flowrates
at time, t. This difficulty is overcome by the use of a daily
water demand curve as in EPANET [6]. The demand curve
is expressed as the ratio of water demand, QTOT,t, at time,
t, to average daily water demand of the system, QTOT,Avg,
The nodal demands throughout the distribution system tend
to change in the same trend with total demand of the system. The ratio is defined mathematically as follows:
Mt =

q i ,t
qi , Avg

=

QTOT ,t
QTOT , Avg

=

Q0 , j , t

i = 1,2,....N

Q0, j , Avg

j = 1,2,....P

(11)

where M t is the multiplier – nodal demand correction
factor – at time, t, N is the number of nodes throughout
the system, q i ,t is water demand of the ith node at time, t,

analyses. Steady-state analysis involved the application of
iterative Hardy-Cross Method while modified Hardy-Cross
Method for time-dependent simulations were obtained by
the implementation of some outer loop for time variable.
Fig. 1(a) and Fig. 1(b) show the flowcharts for steady-state
and time-dependent analyses, respectively.
The computer program essentially is composed of two
basic parts. One is the functional implementation of the
standard and modified Hardy-Cross algorithms. The other
part is the flow-control and the user interface. The computer program developed is able to perform both steadystate and time-dependent simulations. The computer program allows the user to decide whether steady-state analysis or time-dependent simulation is to be done. The user is
allowed to select between Darcy-Weisbach and HazenWilliams equations as the friction method. Both Jain and
Colebrook-White equations for the calculation of friction
factor are included in the program. The program is also
able to compute minor losses throughout the system.
The simulations are controlled by user-defined criteria. The user can define a maximum pipe flow change for
the iterations to be stopped. In this case, the iterations are
stopped when all of pipe flow changes in the network are
reduced to that user-defined value. The program also lets
the user to define a maximum loopal headloss value as a
criterion to end the iterations. The program, in this case,
calculates loopal headlosses in each iteration. When all of
the calculated values are less than the user-defined value in
any iteration, it ends the iterations and lists the results. As
a worst-case precaution, the user is encouraged to identify
a maximum number of iterations. If the program cannot
find any proper set of solutions, the iterations continue to
that pre-defined value for the number of maximum iterations.

q i , Avg is daily average water demand of the ith node, Q0, j ,t
is the initial assumption of flowrate of the jth pipe at time, t,
and Q0, j , Avg is initial assumption of daily average flowrate
of the jth pipe. Although it is not dealt with here, this approach is also applicable for water demand fluctuations on
a yearly basis.
In the modified algorithm, the system is hydraulically
solved at the beginning. From that point, the system is repeatedly solved for each hydraulic time step within the
given interval by calculating and updating nodal demands
via the demand multiplier, Mt, defined by the user. Finally,
the time-dependent simulation can be obtained by collecting steady-state results within the given time interval at a
desired time step, together.
DEVELOPMENT OF COMPUTER PROGRAM
MS Excel™ macros were used to implement iterative
Hardy-Cross Method for steady-state and time-dependent

RESULTS
The newly developed algorithm was tested for an example distribution system of 21 pipes, 15 nodes and seven
loops. The layout of the example system is shown in Fig. 2.
The water temperature was assumed to be 20 °C where
the density, dynamic viscosity and kinematic viscosity are
998.2 kg/m³, 1.005 * 10-³ kg/m.sec and 1.007 * 10-6 m²/sec,
respectively. Daily average nodal demands for 15 nodes
are summarized in Table 2. All of the pipe materials were
assumed to be PVC with k = 0.12192 mm and CHW = 150.
Pipe definitions and initial assumptions for daily average
pipe flows are summarized in Table 3. The computer program was run for both steady-state and time-dependent
analyses using both “Loopal Headloss” and “Flowrate
Change” criteria separately as ΔQ = 0.0001 L/sec and ΔhL =
0.0001 m, respectively. A total of four sets of analyses were
run. Darcy-Weisbach friction method was utilized in all
analyses. In steady-state analysis, two sets of analyses were
conducted. In the first set, minor losses were neglected
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FIGURE 2 – Example water distribution system.

TABLE 2 – Average daily and max daily nodal demands.
Node
1
2
3
4
5

Avg. Daily
Demand,
L/sec
3.96
5.57
6.25
5.60
5.95

Max. Daily
Demand,
L/sec
7.08
9.97
11.18
10.02
10.65

Node
6
7
8
9
10

Avg. Daily
Demand,
L/sec
7.58
9.91
10.87
12.97
6.58

Max. Daily
Demand,
L/sec
13.57
17.74
19.45
23.22
11.78

Node
11
12
13
14
15

Avg. Daily
Demand,
L/sec
2.81
5.83
5.71
6.29
2.56

Max. Daily
Demand,
L/sec
5.03
10.44
10.22
11.26
4.59

TABLE 3 – Pipe definitions and initial pipe flow assumptions for example system.
Pipe
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

From
Node to
Node
1 to 2
2 to 3
3 to 4
4 to 5
5 to 6
6 to 7
7 to 8
8 to 9
9 to 10
10 to 11
11 to 12
1 to 12
3 to 12
12 to 13
10 to 13
4 to 13
13 to 14
14 to 15
9 to 15
7 to 15
5 to 14

LOOPS
Primary

Secondary

Diameter,
mm

Length,
m

Avg. Daily Flow,
L/sec

Max. Daily
Flow, L/sec

1
1
2
5
6
6
7
7
4
3
3
1
1
2
3
2
4
4
4
6
5

None
None
None
None
None
None
None
None
None
None
None
None
2
3
4
5
5
6
7
7
6

250
250
250
200
200
200
100
100
250
250
250
400
100
250
100
100
200
100
100
100
100

65.5
71.5
50.0
51.0
62.0
69.5
78.0
105.0
62.0
58.0
41.5
69.0
61.5
62.0
59.0
54.5
47.0
30.0
45.5
93.0
47.0

38.62
33.05
32.39
32.38
11.17
3.58
5.29
-5.58
-1.79
-2.78
-5.59
-55.86
-5.59
-38.85
5.59
-5.59
21.96
30.94
16.76
-11.62
15.26

69.13
59.16
57.98
57.96
19.99
6.41
9.47
-9.99
-3.20
-4.98
-10.01
-99.99
-10.01
-69.54
10.01
-10.01
39.31
55.38
30.00
-20.80
27.32
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TABLE 4 – The results of steady-state analysis with and without minor loss elements.
Analysis Results, L/sec
With minor loss elements
Without minor loss elements
Modified Hardy-Cross
Modified Hardy-Cross
EPANET Results
EPANET Results
Results*
Results*
56.02
56.02
54.40
54.40
46.05
46.05
44.43
44.43
40.89
40.89
39.77
39.77
36.72
36.72
35.72
35.72
33.86
33.86
33.00
33.00
20.28
20.28
19.42
19.42
9.05
9.05
8.71
8.71
-10.41
-10.41
-10.75
-10.75
-37.67
-37.67
-38.14
-38.14
-45.89
-45.89
-45.27
-45.27
-50.92
-50.92
-50.30
-50.30
-113.01
-113.01
-114.63
-114.63
-6.04
-6.04
-6.53
-6.53
-45.72
-45.72
-47.76
-47.76
3.57
3.57
4.66
4.66
-5.86
-5.86
-5.98
-5.98
26.08
26.08
26.61
26.61
7.04
7.04
7.43
7.43
-4.05
-4.05
-4.18
-4.18
-6.51
-6.51
-7.03
-7.03
-7.79
-7.79
-7.93
-7.93

Pipe
From Node to
Node
1 to 2
2 to 3
3 to 4
4 to 5
5 to 6
6 to 7
7 to 8
8 to 9
9 to 10
10 to 11
11 to 12
1 to 12
3 to 12
12 to 13
10 to 13
4 to 13
13 to 14
14 to 15
9 to 15
7 to 15
5 to 14

No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

* Although Darcy-Weisbach, Hazen-Williams and Manning’s equations are included in the computer program, only Darcy-Weisbach solutions are presented.
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FIGURE 3
Daily water demand fluctuation for example system.
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FIGURE 4 – Change of flow in pipe 18 with respect to time (a) without minor losses (b) with minor losses.

1061

© by PSP Volume 17 – No 8a. 2008

Fresenius Environmental Bulletin

throughout the system and the data assumed so far was applied to the computer program to obtain the results in
Table 4. For test purposes, the system was also solved using
EPANET, algorithm of which is given in detail by Rossman
[6], and the analysis results from EPANET are also shown
in Table 4. In the other set of analysis, the sum of minor
loss coefficients for each pipe was assumed to be four. The
system with minor loss elements was also solved using
EPANET. Table 4 summarizes the results obtained when
minor loss elements are not negligible, too.
The results from the computer program utilizing modified Hardy-Cross algorithm and EPANET showed no difference at all (down to one tenthousandth). The only difference was the time required. Although EPANET converges
to a solution in a much shorter period of time (approximately 10 times faster), the newly developed computer
program was able to solve the system in a very short period, too.

Cross algorithm, on the other hand, employs basic iterative
approach of original method, which leads the students to
understand the fundamentals of iterative procedure. In
contrast, EPANET takes less time to complete calculations
while modified Hardy-Cross algorithm takes more time.
However, this long calculation times for modified HardyCross algorithm may be neglected in the aspect of student
applications. For example, EPANET solved the example
water distribution system in 5 seconds (calculation times
change depending on computer configuration) while modified Hardy-Cross algorithm took approximately one minute
to complete calculations.

Daily water demand fluctuation pattern shown in Fig. 3
was utilized in time-dependent simulation. Two sets of
analyses were conducted in time-dependent simulation, too.
In the first set, minor loss elements were neglected while
the sum of minor loss coefficients for each of pipe was
assumed to be four in the second. To prevent data conflict,
data for only one randomly selected pipe (pipe 18) from
the modified Hardy-Cross algorithm and EPANET were
collected on a time basis and plotted. Fig. 4(a) shows the
daily variation of flowrate when no minor loss elements
are included in the simulations. The results of simulations
with minor loss elements are shown in Fig. 4(b).
It is obvious from Fig. 4.a and 4.b that minor loss elements of 4 on total causes negligible difference in pipe
flows. The flowrate of pipes does not change necessarily.
Comparing Figs. 3 and 4, we can easily see that pipe flows
in the distribution system changes in accordance with the
water demand fluctuations.
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ABSTRACT
In this work, molecular recognition interaction of azo
dye Acid Red 14 (AR 14) with β-cyclodextrin (β-CD) was
studied using IR spectroscopy, and the photocatalytic degradation behavior of AR 14 based on molecular recognition
interaction was investigated in a TiO2/UV (λmax = 365 nm)
system. The results showed that the photodegradation efficiency and reaction rate constant of AR 14 after molecular
recognition by β-CD were higher than those before molecular recognition by β-CD, and the mineralisation of
AR 14 after molecular recognition by β-CD can be also enhanced. The effect of β-CD concentration, the pH value,
amount of photocatalyst and the initial concentration of
AR 14 on photodegradation of AR 14 were also studied.
The enhancement of photodegradation of AR 14 is dependent on the enhanced adsorption of AR 14 onto the photocatalyst surface, moderate inclusion-depth of AR 14 in the
β-CD cavity and increase in the frontier electron density of
AR 14 after molecular recognition.

KEYWORDS: Acid red 14; molecular recognition; β-cyclodextrin;
photocatalytic degradation; enhancement; titanium dioxide.

INTRODUCTION
Textile dyes and other industrial dyestuffs produce
large quantities of highly colored effluents, which are generally toxic and resistant to destruction by biological treatment methods [1, 2]. About the half of the global production of synthetic textile dyes are classified into azo compounds that have the chromophore of -N=N- unit in their
molecular structure. It is well known that soluble azo dyes
wastewater incorporated into the body can be split into corresponding aromatic amines by liver enzymes and intestinal flora, which can cause cancer in human [3]. Removing
color from wastes is often more important than the other
colorless organic substances, because the presence of small
amounts of dyes is clearly visible and influences the water
environment considerably [4,5]. AR 14 is widely used in

the textile industry [6]. For the removal of dye pollutants,
traditional physical and chemical processes (such as activated carbon adsorption, ultrafiltration, reverse osmosis, ion
exchange, chemical precipitation and separation of pollutants, coagulation, electrocoagulation) are applied for
color removal from textile effluents [7,8]. Nevertheless, one
difficulty with these methods is that they are nondestructive, since they only transfer organic compounds
from water to another phase, thus causing secondary pollution. Therefore, it is necessary to find an effective method of wastewater treatment in order to remove color from
textile effluents.
In the recent 20 years, an alternative to conventional
methods is the ‘advanced oxidation processes’ (AOPs),
based on the generation of very reactive species such as
hydroxyl radicals, which oxidizes a broad range of organic
pollutants quickly and non-selectively [9]. TiO2 semiconductor photocatalysis is a well-established technique for
the destruction of environmental pollutants [10]. Daneshvar
et al. [5] reported TiO2 photocatalytic degradation of AR
14 in water and discussed the effect of operational parameters during the photocatalytic reaction and concluded
that TiO2 photocatalysis could be a useful technology for
the decoloration of water containing azo dyes AR 14 without generating any serious secondary pollution.
Molecular recognition in chemistry and biology is the
host–guest phenomena, which concerns inclusion complexes formed through noncovalently controlled interactions between the host and guest [11]. Molecular recognition is of current interest in supramolecular chemistry. Cyclodextrins (CDs) are macrocyclic oligosaccharides, composed of 6 (α-CD), 7 (β-CD), or 8 (γ-CD) D-glucose units.
As an important host compound, cyclodextrins have a high
molecular recognition ability towards guest molecules with
suitable polarity and dimension because of their hydrophobic internal cavity and hydrophilic external surface. In the
field of environmental research, because of non-toxicity
and biodegradability, CDs have been applied to promote
degradation of hazardous pollutants discharged in the aqueous environments. Kamiya and Nakamura [12] and Naka-
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mura et al. [13] investigated the inclusion effect of CDs on
photodegradation rates of parathion and paraoxon, and
found that the β-CD had a large promotion effect on the
paraoxon photodegradation, γ-CD had a considerable inhibition effect on both parathion and paraoxon photodegradation, while α-CD exerted a small promotion effect on both
parathion and paraoxon photodegradation.
At present, many methods have been adopted for improving TiO2 photocatalytic efficiency [14-18]. β-CD has
been found to be able to improve the charger transfer from
the photo-excited semiconductor to electron acceptors retained in the β-CD cavity [19,20], so it is greatly significant to study the effect of β-CD on the photodegradation
behavior of organic substrates. In this work, a representative azo dye AR 14 was used as a model compound, its
photodegradation behavior based on molecular recognition interaction of β-CD was investigated in the TiO2/UV
(λmax=365 nm) system. The effect of β-CD concentration,
initial pH value, amount of photocatalyst and initial concentration of AR 14 on the photodegradation of AR14 were
evaluated and kinetics analysis was conducted. Mineralisation of AR14 based on molecular recognition interaction
was observed during the photodegradation process. This
might provide a new method for the treatment of some
nonbiodegradable organic pollutants in wastewater.
MATERIALS AND METHODS
Materials

Chemically pure AR 14 was purchased from the Dong
Peng Industry and Trade Co. (Tianjin, PRC). Its chemical
structure is given in Fig. 1. α-CD and β-CD were purchased
from Seebio Biotechnology Inc. (Shanghai, PRC) and
Shuanxuan Microbe Medium Products Factory (Beijing,
PRC), respectively. The photocatalyst nano-TiO2 (particle
size 10–20 nm, surface area 120 m2 g-1, crystal structure
100% anatase as determined by X-ray diffraction analysis)
was purchased from High Technology Nano Co. Ltd. (Nanjing, PRC). HClO4 and NaOH were used to adjust the pH
values of solutions. All reagents were of analytic reagent
grade. Double distilled water was used in the experiment.
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FIGURE 1 - Chemical Structure of Acid Red 14

Chenguang Illumination Instrument, Jinzhou, China) placed
in a cooling trap for maintaining constant temperature by
water circulation. AR 14 and β-CD/AR 14 solutions containing TiO2 were prepared in water, the pH values of
reactant solutions were adjusted with HClO4 and NaOH
depending on desired values and placed in the photochemical reactor and purged with air at a fixed flow rate
throughout the experiment. Prior to irradiation, the TiO2
suspensions were equilibrated in the dark for 60 min. At
different time intervals during the irradiation, samples were
collected and centrifuged at 4000 rpm for 30 min in an
LD5A-2A centrifuge (Beijing, PRC), and then the concentration of AR14 in each sample was determined by spectrophotometer at λ max = 515 nm
Analysis and calculation

The absorbance spectra of AR 14 solution were recorded with spectrophotometer (Shanghai, PRC). The calibration curve equation for AR 14 detection was absorbance = 0.00618+0.0185 C (r = 0.9992), where C is the concentration of AR 14 in the range of 0 – 40.0 mg l-1. Measurements were made in triplicate for each experiment with
errors being less than 5%.
The initial geometry of AR 14 and β-CD were constructed with the help of a model in the Chemoffice (2004)
[19]. The structure of AR 14 and β-CD were first optimized using molecular mechanics methods and then parameter method 3 (PM3) was used, which is a semi-empirical method, but its performance is better than Austin
model 1, because of its improved description of the interactions between nonbonded atoms, such as Van der waals,
hydrogen bonding and hydrophobic forces [21]. All calculations were carried out at P4 personal computer.
RESULTS AND DISCUSSIONS
Molecular recognition of AR14 by β-CD

β-CD can form host/guest inclusion complex with AR
14 by molecular recognition interaction. The inclusion
complex was characterized by its IR, the results shown in
Fig. 2a was the IR spectra of AR 14, the bands situated at
1187.7cm-1 was characteristic of the asymmetric stretching vibration in the –SO3Na group, the 1505.8 cm-1 was
attributed to the –N=N– bond, the bands situated at 1052.5,
1386.1 and 1633.8 cm-1 were C–S stretching vibration, –
OH stretching vibration and aromatic ring stretching vibration respectively. The β-CD/AR 14 inclusion complex is
shown in Fig. 2b, it is well known that the absorption
peaks of AR 14 after molecular recognition by β-CD at
1052.5, 1187.7, 1386.1 and 1505.8 cm-1 are completely
enshrouded, which indicates AR14 can be included in the
β-CD cavity.

Photodegradation experiment

Photocatalytic degradation of AR14

Irradiation experiments were carried out in a cylindrical
reactor, with a 250W metal halide lamp ( λ ≥ 365 nm,

The AR 14 solutions before and after molecular
recognition were irradiated under a metal halide lamp
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(λmax= 365 nm). The results are shown in Fig. 3. The
concentra-

photodegradation efficiency of AR14 after molecular
recognition by β-CD could be obtained.
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FIGURE 4 - Effect of the pH on photocatalytic degradation rates of
AR 14 [AR14] = 20 mg l-1, [β-CD] = 4.0×10-5 mol l-1, [TiO2] = 1.0 g l-1

FIGURE 2 - IR spectra of AR 14
(a) AR 14 alone (b) inclusion complex of AR 14 with β-CD.

Effect of initial pH values

100

C/C0(%)

80
60
40

AR 14
AR 14 + β−CD
AR 14 + TiO2
AR 14 + α−CD + TiO2
AR 14 + β−CD + TiO2

20
0
0

10

20 30 40
Time(min)

50

60

FIGURE 3 - AR14 concentration change vs. time in
the control experiments [AR 14] = 20 mg l-1, [β-CD] =
[α-CD] = 4.0×10 -5 mol l-1 , [TiO 2 ] = 1.0 g l-1 , pH 7.0.

tion of AR 14 in aqueous solution in the absence of TiO2
does not change after 60 min of irradiation, and no direct
photolysis took place in the experiments. Photodegradation of AR 14 occurred only in aqueous solutions containing TiO2, and the photodegradation rate of AR 14 after
molecular recognition by β-CD was higher than that before
molecular recognition by β-CD. However, α-CD exerted an
obvious inhibition effect on the photodegradation of AR
14, this is because that α-CD has a small cavity and can
not form stable inclusion complex with AR 14, which resulting in more free AR 14 molecules in the system and
competitive adsorption between AR 14 and α-CD on the
surface of TiO2. Therefore, the number of adsorbed AR14
molecules on the surface of TiO2 in the presence of α-CD is
less than that in the absence of α-CD, and the photodegradation rate of AR14 in aqueous solutions containing α-CD
and TiO2 is lower than that in aqueous solutions containing only TiO2. However, β-CD has an intermediate cavity
size, β-CD has ‘goodness of fit’ for AR14, resulting in the
formation of the stable inclusion complex. Thus better

pH value is one of the factors influencing the rate of
degradation of some organic compounds in the photocatalytic process. It is also an important operational variable
in actual wastewater treatment [22, 23]. The effect of pH
values on photodegradation of AR 14 was investigated.
The results are shown in Fig. 4, which indicates that the
initial photodegradation rates of AR 14 decrease with increasing pH from 2 to 12 in the TiO2 system both with
and without β-CD. This is because that AR 14 has sulfonate group in its structure, which is negatively charged,
the acidic solution favors adsorption of AR 14 onto the
photocatalyst surface, thus the photodegradation rate increases [5]. In alkaline solutions, probably due to the repulsion of negatively charged, which unfavors adsorption of
AR 14 onto the photocatalyst surface, therefore the photodegradation rate of AR 14 gradually decreases with increasing pH [24,25]. However, in the acidic and neutral TiO2
system, the photodegradation rates of AR 14 after molecular recognition by β-CD were higher than those before molecular recognition by β-CD, in alkaline solutions containing β-CD exerted a small inhibition effect on the photodegradation of AR 14, this might depend on decompose of βCD. So the better enhancement effect of photodegradation
of AR 14 was obtained at low pH in the system containing TiO2 and β-CD. The photodegradation rates of AR 14
are almost the same in the range of pH 6-8. So the other
photodegradation experiments were carried out at pH 7.0.
Effect of β-CD concentrations

Under the condition of pH 7.0, 20 mg l-1 AR 14 and
1.0 g l-1 TiO2, the effects of β-CD concentration on photodegradation of AR 14 were investigated. The results are
shown in Fig. 5. It can be seen that the photodegradation
rate of AR 14 after molecular recognition by β-CD was
higher than that before molecular recognition by β-CD.
With increasing the concentration of β-CD in the range of
0–12.0×10-5 mol l-1, the photodegradation rates of AR 14
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first increased then decreased, with the reaction rate constant being maximum at β-CD concentration of 4.0×10-5
mol l-1. In a study on the adsorption behavior of β-CD on
TiO2, Willner et al. [20] suggested a monolayer adsorption process, with the adsorption isotherm of β-CD on TiO2
being in accordance with Langmuir adsorption theory. According to this adsorption model, we know that the equilibrium adsorption level of β-CD on TiO2 increases with increasing β-CD concentration and has a maximum, so the
adsorption level of AR 14 on TiO2 increases with increasing β-CD concentration and the photodegradation rate of
AR 14 increases. However, when β-CD reaches its equilibrium adsorption level, no more β-CD can be adsorbed on
the TiO2 surface, which results in competition for hydroxyl
radicals between unadsorbed β-CD and AR 14 during the
photoreaction, so the photodegradation rate of AR 14 decreases at higher β-CD concentration.

-1

-1

Initial Rate(mg l min )

2.0
1.6
1.2
0.8
0.4
0

2
4
6
8 10 12
-5
-1
β−CD Concentration (10 mol l )

position of AR 14 was observed with 1.0 g l-1 of TiO2. This
can be rationalized in terms of availability of active sites
on TiO2 surface and all dye molecules are adsorbed onto
TiO2 surface. However, the addition of higher quantities of
TiO2 would have an inhibition effect on the photodegradation, the cause for this is supposedly an increased
opacity of the suspension, brought about as a result of
excess of TiO2 particles [26]. Moreover, the decrease in
the percentage of degradation at higher TiO2 adding may
be due to deactivation of activated molecules by collision with ground state molecules [27].
Effect of β-CD on mineralisation of AR 14

To investigate the effect of β-CD on the mineralisation
of AR 14 during the photochemical process, the electrical
conductivity of the solution with and without molecular
recognition interaction was measured respectively. Simultaneously, a blank experiment with and without β-CD was
also performed in the TiO2/UV system under the same conditions. After blank values were considered, the results are
shown in Fig. 7. It can be seen that the electrical conductivity increased with increasing irradiation time, and that
the electrical conductivity of AR 14 after molecular
recognition by β-CD was higher than that before molecular recognition by β-CD. After 60 min of irradiation, the
electrical conductivity of AR 14 after molecular recognition by β-CD reached 28.3 µS cm-1, whereas the electrical
conductivity of AR 14 before molecular recognition by βCD was only 16.7 µS cm-1, which indicates that β-CD
enhanced the mineralisation of AR 14.
-1

Electrical Conduuctivity(µs cm )

FIGURE 5 - Effect of the β-CD concentration on photocatalytic
degradation of AR 14 [AR 14] = 20mg l-1, [TiO2] = 1.0 g l-1, pH 7.0.

-1

-1

Initial Rate(mg l min )

1.6
1.2
0.8
0.4
0.0

30

AR 14 + β−CD + TiO2
AR 14 + TiO2

25
20
15
10
5
0

0

10

20

30 40
Time(min)

50

60

FIGURE 7 - Effect of β-CD on the mineralisation
of AR 14 [AR 14] = 20 mg l-1, [β-CD] = 4.0×10-5 mol l-1
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FIGURE 6 - Effect of the amount of TiO2 on photocatalytic degradation of AR 14 [AR 14] = 20 mg l-1, [β-CD] = 4.0×10-5 mol l-1, pH 7.0.
Effect of the amount of TiO2 on photodegradation of AR 14

The effect of the amount of TiO2 on the photodegradation of AR 14 was studied as shown in Fig. 6. The photodegradation rate first increased then decreased with increasing the amount of photocatalyst, the most effective decom-

In this experiment, a semi-log plot of initial concentration of AR 14 versus irradiation time was linear indicating overall pseudo-first-order kinetics. The experiment
was repeated with a range of initial concentrations from
5.0 to 40.0 mg l-1. The initial rates for each concentration
were determined from the pseudo-first-order rate constants and initial concentrations. The data were then fitted
to the Langmuir-Hinshelwood kinetics rate model, which
has been applied to the initial rates of photocatalytic deg-
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radation of many organic compounds [28]. The rate law is
shown in Eq (1), where R is the initial rate of disappearance of substrate and C is the initial concentration. kre is
the reaction rate constant and Ks is taken to be the Langmuir adsorption constant. However, the value of Ks is not
directly equivalent to the Langmuir adsorption constant
determined in the dark.

R = −dC / dt = kre K sC /(1 + K sC )

(1)

(1)

The constant kre and Ks were determined from a plot
of 1/R versus 1/C, with the slope equal to 1/(kre Ks) and
an interceptequal to 1/kre and above calculation results are
shown in Table 1. It could be seen that the initial rate of
AR 14 photodegradation increased with increasing the
initial concentration of AR 14 and that the reaction rate
constant of AR 14 after molecular recognition by β-CD
was higher than that before molecular recognition by βCD. The reaction rate constant of AR 14 after molecular
recognition by β-CD showed a 5.43-fold increase, so the
photodegradation reaction of AR 14 after molecular
recognition by β-CD was faster than that before molecular
recognition by β-CD.
Preliminary study on the mechanism of the enhancement

From previous studies [14,19,20], we have known that
β-CD can be bonded or adsorbed on TiO2. To preliminary
inspect the mechanism of the enhancement of AR 14 photodegradation, we first investigated the adsorption of AR 14
on TiO2 surface with or without β-CD in order to confirm
that β-CD can enhance adsorption of AR 14 on TiO2 surface. The adsorption of AR 14 on TiO2 surface is followed
Langmuir-type isotherm, which is described as follows:
M-1 = θ-1 + (θKadC)-1

where θ is the maximum adsorption amount of AR
14 on TiO2 (mg g-1), Kad is the adsorption binding constant
(l mg-1), M is the equilibrium adsorption amount of AR 14
on TiO2 (mg g-1) and C is the equilibrium concentration of
AR 14 in solutions (mg l-1). The results are shown in Table 2.
The maximum adsorption level and the adsorption constant
of AR 14 after molecular recognition by β-CD are higher
than those before molecular recognition by β-CD. Therefore more AR 14 molecules can be adsorbed on the TiO2
surface because of molecular recognition interaction, which
results in enhanced photocatalytic degradation of AR 14.
On the other hand, based on the molecular modeling,
the structure of AR 14/β-CD inclusion complex can be
obtained. It is shown in Fig. 8. It is well known that AR
14 molecular can enter partly into the β-CD cavity; the
remarkable enhancement effect of β-CD on the photodegradation of AR 14 could be dependent on the moderate
inclusion-depth [12,13]. In addition, the frontier electron
densities of AR 14 before and after molecular recognition
are listed in Table 3 according to the results of the PM3
simulation. It is well known that the frontier electron densities of AR 14 with β-CD inclusion are higher than those
without β-CD inclusion; therefore, hydroxyl radicals can
more easily attack AR 14 after molecular recognition in
the TiO2/UV–visible system. Based on above results, we
can draw a preliminary conclusion that the enhancement
of photodegradation of AR 14 mainly results from the
enhanced adsorption of AR 14 on the TiO2 surface, moderate inclusion-depth of AR 14 in the β-CD cavity and
increase in the frontier electron density of AR 14 after molecular recognition.

(2)

TABLE 1 - Kinetics analysis of the photodegradation of AR 14.
AR14 initial concentration C (mg l-1) Initial rate R (mg l-1 min-1)
5.0
0.3415
10.0
0.46
TiO2
20.0
0.62
30.0
0.69
40.0
0.748
5.0
0.6213
10.0
1.0333
β-CD/TiO2
20.0
1.9716
30.0
2.3301
40.0
2.8572
a
r1 Represents correlation coefficient between 1/R and1/C.
System

Kinetics equationa

Reaction rate constant kre (mg l-1 min-1)

0.1103C
1 + 0.1278C
(r1 = 0.9953)

0.8631

0.1378C
1 + 0.0248C
(r1 = 0.9974)

5.556

R=

R=

TABLE 2 - Adsorption behavior of AR 14 in the aqueous solutions on the TiO2 surface.
Adsorption equation b
Without β-CD

Maximum adsorption amount θ (mg g-1)

Adsorption constant Kad (l mg-1)

1.95

4.43×10-2

1 / M = 0.512 + 11.72 / C
(r2 = 0.9984)
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1 / M = 0.304 + 4.25 / C

3.29

(r2 = 0.9999)

r2 represents correlation coefficient between 1/M and1/C
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radation efficiency by about 24% for 20 mg l-1 AR 14 in
the TiO2 / UV system. The enhancement of photodegradation of AR 14 could be dependent on the enhanced adsorption of AR 14 on the TiO2 surface, moderate inclusiondepth of AR 14 in the β-CD cavity and increase in the
frontier electron density of AR 14 after molecular recognition.

TABLE 3 - Calculation of the frontier
electron density of AR 14 with and without β-CD.
Atom
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21

Frontier electron density
Before inclusion
After inclusion
0.098
0.101
0.096
0.098
0.103
0.109
0.121
0.148
0.123
0.154
0.086
0.089
0.133
0.149
0.138
0.150
0.140
0.162
0.142
0.158
0.080
0.082
0.092
0.094
0.078
0.082
0.079
0.080
0.134
0.138
0.085
0.090
0.126
0.134
0.133
0.140
0.129
0.139
0.126
0.130
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COMPARISON OF INTERMITTENTLY FED TRICKLING BIOFILTER
MODELS FOR THE TREATMENT OF DOMESTIC WASTEWATER
Yasar Avsar*
Yildiz Technical University, Civil Engineering Faculty, Environmental Engineering Department, 34349 Besiktas-Istanbul, Turkey

ABSTRACT
The aim of this study is to find the best empirical modeling approach for establishing intermittently fed biofilters
(ITBFs). Three modeling approaches, including the SchultzGermain, Velz, and Eckenfelder equations, were evaluated
for removing soluble chemical oxygen demand (sCOD).
Only sCOD variation was monitored and modeled. The
ITBFs at a pilot scale were constructed to rehabilitate a
facultative pond (FP) in an available wastewater treatment
plant (WWTP) in Sakhnin, northern Israel, in April 2005.
Results indicate that the Velz equation gave the best compatibility with the experimental data for sCOD removal.

KEYWORDS:
Trickling biofilter, rehabilitation, sCOD removal, modeling.

INTRODUCTION
There has been a growing interest in the application of
biological fixed film processes for the aerobic treatment
of wastewater [1]. The trickling filter (TF) was one of the
first biological techniques developed to treat municipal and
industrial wastewater. Because TF technology has historically been used for municipal wastewater treatment, the
design parameters found in the literature are based on typical municipal wastewater characteristics. In this study, these
parameters are used to optimize a mathematical model describing the process. Monitoring the system during operation will show how well the model describes actual filter
operation [2]. There have been several modeling studies on
ammonia removal, especially for aquaculture and biofilm
characterization of ITBFs [3-7]. Other studies on ITBFs
have been related with materials used in ITBFs and their
efficiencies [8-13].

important in the function of TF, such as hydraulic load, filter
media, and the dimensions of the reactors [15]. In some
cases, peak loads originating from industrial wastewater
cause short residence time and poor effluent quality [16].
This study was performed in the facilities of the Sakhnin
Rural Development Center (SRDC) in Israel. The
wastewater treatment plant (WWTP) of Sakhnin includes a
series of pond technologies, such as a sedimentation pond
(SP), facultative pond (FP), and seasonal reservoir (SR), and
treats about 2,000 m3/d of wastewater.
Because of the low removal of soluble chemical oxygen demand (sCOD) value (6.7%) of the available FP unit,
rehabilitation of the unit was performed. This study adds
an alternative bio-filtration (tower filtration or TF) that has
a low area and low energy demands with relatively high
expected effluent quality. The proposed technology is costeffective, does not require a large investment in mechanical
or energy intensive equipment, and is therefore expected to
provide rural areas with high quality effluents using costeffective technologies. A simple and well-established design, which is also used in municipal wastewater, is the
ITBF [14].
This paper describes the design implications of three
existing TF models adapted to newly established ITBF
units. Experimental data from the ITBF units were used to
evaluate the kinetic parameters. In the study, three modeling approaches, including the Schultz-Germain, Velz, and
Eckenfelder equations, were evaluated on removing sCOD
[17]. The development of equations describing TF performance progressed in different ways. In particular, correlation between depth of the filter, media type, and hydraulic
loading parameters with substrate removal were considered in the modeling of TF.
The first approach to designing a TF was the SchultzGermain equation, which is described below:

The advantages of TF include low maintenance, cheap
installation, and great tolerance of differences in hydraulic
and organic loads. TF also encourages oxygenation and
removal of carbon dioxide from the water, which are important functions in aquaculture [14]. Several factors are
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where
h is the depth of the filter, m;
k is a rate constant;
Q/A is the hydraulic loading, m/d; and
n is media constant.

The hydraulic flow exponent “n” in the modified Velz
and Eckenfelder's equation is a function of the hydraulic
characteristics of the media. To provide a basis for comparison, a typical value of 0.67 was adopted here.

The second approach was the Velz equation, assumed
to be a first-order reaction kinetic on removing substrate
concentration by the depth of the filter. This equation is
given below:

dS
= -k*S ,
dD

(2)

where D is the depth of the filter and k is a rate constant.
This results in:
Se= Si*e-kD.

(3)

The last modeling approach in the study was the
Eckenfelder equation. This equation assumes a plug flow
hydraulic regime with first order degradation of sCOD as
it passes through the TF, making sCOD removal a function of hydraulic retention time. Eckenfelder suggested the
in-clusion of influent substrate concentration into the modified Velz equation in the denominator of the exponent of
Eq. (3):
k * A *h
[ 20 s ]
S
= e − Qv n .
So

(4)

MATERIALS AND METHODS
To simulate the available FP, three plastic reactors of
200 liter volume each, which are called intermittently fed
bio-filters (ITBFs), were designed. The height of the filters
was 2.5 m. For observation of sCOD changes inside the TF,
eight holes were drilled horizontally into the center of the
plant at 0.3, 0.6, 0.9, 1.2, 1.5, 1.8, 2.1, and 2.4 m below the
top of the packing media. All the reactors had the same
inner diameter of 0.3 m. The height of the fixed bed was
2.4 m and was situated over a special construction at the
bottom with nozzles for water.
All three reactors having three hydraulic loadings were
designed with air distribution, each maintaining an air:liquid
ratio of 20:1. The fixed medium material purchased was
chopped olive wood. The main reason for using this kind
of material was that it is common in the area as an end
product of olive farming. A schematic view of the reactor
is given in Figure 1.
The ITBF units include a specially designed feeding
system, sampling means, and inlet and outlet lines. All of
the reactors were run with settled domestic wastewater from
the top of the reactors. The dosing pumps were timer-controlled and the system included a complete pumping sta-
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FIGURE 1 - Schematic view of the fixed bed reactor.
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tion and an intermediate tank in order to provide the system with effluent from the settling pond of the full scale
Sakhnin WWTP. Wastewater fed to the reactors was taken
by peristaltic pump from the FP unit of the WWTP. Some
of the working characteristics of the reactors are given in
Table 1.

model sCOD removal using the pilot scale model TF. The
hydraulic flow exponent “n” in the Schultz-Germain and
Eckenfelder equations is a function of the hydraulic characteristics of the media.

Parameters
Material surface area, m2/m3
Size of media, inch
Height of biofilter, m
Media type
Hydraulic load, m3/m2 d
Organic load, mg COD/d
sCOD, mg/m3

COD removal, %

TABLE 1 - Working characteristics of the ITBF system.
Value
481.6
2
2.5
Olive chips
0.247-0.825
0.013-0.03
0.298-0.658

HL= 0,247

100
90
80
70
60
50
40
30
20
10
0
0,0

The ITBF units were set up at the beginning of April
2005. The models tested in this study were run for sCOD
parameters of at the inlet and outlet of the system. The
analyses of sCOD values at different heights in the reactors were done according to the APHA-AWWA-WPCF
standards [18].
At the end of a one year monitoring program (April
2005-2006), sCOD removal efficiencies of the three reactors with different hydraulic and organic loadings were
evaluated according to the three main models mentioned
above.
RESULTS AND DISCUSSION
Start-up took six weeks of the total experimental period of 12 months. Changes in sCOD at different heights in
the ITBFs were monitored.
The effect of depths of the filters on sCOD removal is
given in Figure 2. The sCOD removal percentage increases
with increase of depth for three hydraulic loadings (HL=
0.247 m/d, HL=0.413 m/d and HL=0.825 m/d). After a
1.8 m depth, sCOD removal activity was same and did not
change for all the hydraulic loadings.
The three design models described in the introduction
(Equations 1, 3, and 4) were compared for their ability to

0,3

0,9

1,2

1,5

HL= 0,825

1,8

2,1

2,4

Depth, m

FIGURE 2 - COD removals in accordance with
the depth of the filter and different hydraulic loadings.

Using the kinetic parameters, the sCOD removal was
calculated with the help of other sets of experimental data.
The calculated values of sCOD removal in each model were
then compared to the observed values to investigate how
well the model fits the data. The results are discussed here.
To compare the observed and predicted values of sCOD
removal using the Schultz-Germain equation, the parameters in the equation must be determined. The exponent “n”
and rate constant “k” were determined as follows. A semi
log plot of S/So versus depth of the filters (D) will yield a
family of curves, each with a slope, “s“ (Figure 3a), then
each slope of the curves was plotted versus (-Q/A) to find
the “n” (Figure 3b). To find “k”, Figure 3c was developed.
After determining the parameters, the observed and predicted values of sCOD removal using the Schultz-Germain
equation were calculated, and are shown in Figure 4.
Figure 3a-3c and Figure 4 show the kinetic parameters estimated by adopting the Schultz-Germain equation.
The observed and predicted values of sCOD removal using
the Velz and Eckenfelder equations are shown in Figures 5
and 6 for three different hydraulic loadings.
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HL= 0,413

100
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1

0.5

1.0
1.5
Depth,	
  m
(a)

2.0
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y = 99,679e-0,5335x

1

0

1
0.0

S/So, %

Slope

S/So, %

y = 0,5238x-0,1516

0

1
Q/A, m/d

10

0,0

(b)

FIGURE 3 - Determination of Schultz-Germain equation parameters.
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FIGURE 4 - Comparison of observed and predicted values of sCOD removal using the Schultz-Germain equation.
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FIGURE 5 - Comparison of observed and predicted values of sCOD removal using the modified Velz equation.
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FIGURE 6 - Comparison of observed and predicted values of sCOD removal using the Eckenfelder equation.
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FIGURE 7
Compatibility of Velz equation with the experimental data.

As seen from Figures 5 and 6, the compatibility of the
experimental and predicted values of sCOD changes according to the model approaches. Comparing Figures 4, 5,
and 6, lower hydraulic loadings give more reliable results
with the experimental data for all the models. In particular, the Velz equation gave the best compatibility with the
experimental data among the three models at 0.247 m/d
hydraulic loading. The R2 value of sCOD remaining for the
experimental data was 0.9970. When comparing the R 2
values of sCOD remaining for the best hydraulic loading
(0.247 m/d) with the experimental results, the Velz equation gave the nearest value (0.9969) to the experimental R2
value, as shown in Figure 7. This indicates that the Velz
equation agrees most closely with the experimental results.
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CONCLUSIONS
Three kinetic models, using the Schultz-Germain, Velz,
and Eckenfelder equations, were evaluated to assess their
ability to accurately model the removal of sCOD at different depths of the ITBFs using effluent from a facultative
pond unit of the Sakhnin city WWTP. At the end of the one
year monitoring program, the Velz equation gave the best
compatibility with the experimental data on sCOD removal.
The best design model parameters were recorded at a hydraulic loading of 0.247 m/d for the influent sCOD concentration of 0.698 mg/m3.
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DEFINING THE RELATION BETWEEN
THE BENTHIC MACRO-INVERTEBRATES AND
CHEMICAL PARAMETERS IN THE MUDURNU RIVER
Nurtac Ogleni* and Ilksen Bayraktar
Sakarya University Environmental Engineering Department Esentepe Campus 54187 Sakarya, Turkey

ABSTRACT
In this study, benthic macro-invertebrate samples and
water samples were taken from the deep faunas of 5 defined
stations of the Mudurnu River. These macro-invertebrate
samples were identified on the level of families. Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand (COD), Total Kjeldahl Nitrogen (TKN), Phenol, Ammonium-Nitrogen (NH4+-N), Nitrate-Nitrogen (NO3--N) and
Phosphate-Phosphorous (PO4-3-P) chemical and organic
parameter analysis were done on the water samples and
the relation of these parameters with the benthic macro-invertebrates were examined by using the t-test with the help
of the package software SPSS 13.0. As a result, 33 benthic
macro-invertebrate families were identified in deep fauna.
Benthic macro-invertebrate families were affected by high
values of 7 chemical and organic parameters.

vertebrates. Furthermore, besides organic pollution, macroinvertebrates are well suited to detect acid stress, habitat loss
and overall stream degradation [4]. Like in most European
countries, benthic macro-invertebrates are also commonly
studied in Luxembourg [5].

KEYWORDS:
Mudurnu River, Benthic Macro-invertebrates, T-Test

In this study, benthic macro-invertebrate samples were
identified on the level of families. Biochemical Oxygen
Demand (BOD), Chemical Oxygen Demand (COD), Total
Kjeldahl Nitrogen (TKN), Phenol, Ammonium-Nitrogen
(NH4+-N), Nitrate-Nitrogen (NO3--N) and Phosphate- Phosphorous (PO4-3-P) chemical and organic parameter analysis were done on the water samples and the relation of
these parameters with the benthic macro-invertebrates were
examined by using the t-test with the help of the package
software SPSS 13.0.

INTRODUCTION
Benthic macro-invertebrates have individually served
as a good indicator group for assessing water quality, with
advantages for revealing water quality, such as their taxonomic diversity, sedentary behaviors and long life cycles [1].
Benthic macro-invertebrates are typical consumers in an
aquatic environment, and critical in the food web due to
their linking of producers (e.g., algae) and decomposers
(e.g., microorganisms). The composition of benthic macroinvertebrate species has a wide spectrum and shows distinctive gradients within community parameters. While the
richness and diversity of species are higher in clean environments, only a few tolerant species may be dominant in
a polluted environment [1-3]. Benthic macro-invertebrates
are likely to play an important role in the Water Framework
Directive implementation since most European countries
have a quite long tradition in monitoring benthic macro-in-

The rapid increase in the number of factories around
the Mudurnu River threatens the future of the river. Especially, the high amount of wastewater, chemical material and paint consumptions of the factories have created
a big danger for the Mudurnu River environment. Domestic, industrial and agricultural wastes are the greatest problem of the Mudurnu River. In Akyazi, there are about 25
factories from textile, food, aluminum, PVC, tourism, subautomotive industry, water filling to beverage facilities. 10
of these companies are placed in the neighborhood of the
Mudurnu River.

MATERIALS AND METHOD
The length of the Mudurnu River is 130 km and the
total drainage area is 1720 km2. Average water temperature is in the range of 15-18 0C. The hardness of the river
water increases from 14.5 Fr at the spring point to 30 Fr
when the river branches joining to it. The average annual
water potential of Mudurnu River is 250 million m3. According to the latest measurements, the maximum and the
minimum flow rates were measured as 168 m3/s and 0.72
m3/s, respectively.
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In this study, first 5 sampling stations were chosen at
the Mudurnu River. 30 samples were collected at these 5
defined sampling stations during 6 months (November 2006April 2007). COD, BOD, NH4+-N, TKN, NO3--N, PO4-3P and phenol analysis were carried out on the water samples and identification of benthic macro-invertebrates were
done in the samples taken from the river. The analysis results of macro-invertebrate samples and COD, BOD, NH4+N, TKN, NO3--N, PO4-3-P and phenol parameters were
done by applying the t-test with the help of the SPSS 13.0
Package Program. The relation between the measured parameters and the macro-invertebrate families was determined.
Defining the sampling stations

Water and benthic macro-invertebrate samples were
taken from 5 stations that represent the river. The first is
the station where the industrial waste discharges have not
started to be made yet. The second is the station where the
industrial discharges start, especially the region where textile and automotive factories are densely placed. The third
sampling station is in between the two important industrial regions. The fourth sampling station is placed near the
region with paint, textile and aluminum industries. The
fifth sampling station is after the joining point of the
Kucucek River to the Mudurnu River (Figure 1).

Defining the water quality

The water samples were kept in the refrigerator at 4 oC
after an addition of 1ml of sulfuric acid. COD (Chemical
Oxygen Demand), TKN (Total Kjedahl Nitrogen), NO3--N
(Nitrate-Nitrogen), PO4-3-P (Phosphate-Phosphorous), NH4+N (Ammonium-Nitrogen), phenol analyses were done with
the monthly taken water samples. Determination of the
7 parameters was performed according to the Standard
Methods [6].
Sampling of the macro-invertebrates

Macro-invertebrate samples were taken from the 5 defined stations for 6 months (November 2006-April 2007).
Macro-invertebrate samples were taken for 15 minutes at
the length and the width of the river (20 m). The sampling
was done with the help of a hand-net (1 mm pores) and a
white tray. The samples collected with the kick-net sampling method were poured to the tray and the plants, mud
and stones were cleaned out. The macro-invertebrates that
could not be identified in the field were stored in numbered pots with an addition of 10% of formaldehyde. The
samples were identified with the help of binocular microscopes in the laboratory.

FIGURE 1 - Sampling stations of the Mudurnu River.
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Statistical analysis

S2 =

The obtained chemical and organic parameter results
and the benthic macro-invertebrate scores were compared
with the t-test and the relation between them was determined. While doing this comparison SPSS 13.0 software
was used. The results show changes in which of the parameters affect which benthic macro-invertebrate family.
When enough amounts of data (about 30) are available,
tests developed by statistical methods are used. Amount
these the t-test is important which is used to understand if
the arithmetical averages of the two sampling functions
showed by X 1 and X 2 having sample numbers of n1 and

n2 are meaningful. By using the t-test it is possible to
understand if the two arithmetic averages can be considered as equivalent or not. Since the arithmetical averages
of these two sample functions come from the same normal distribution, the t-test is used. This test is done for
two different situations depending on whether or not the
standard deviations of the two sample functions are equal
to each other or not.
1. The situation of sample function with constant
standard deviation: When the standard deviations of the
sample functions are equivalent, the tests are done only
for the arithmetical averages. The difference between the
arithmetical values of the two sample functions, X 1 - X 2 ,
is not enough to determine the variations between them.
There are standard deviations showing the variations inside
each one of them. In order to obtain a dimensionless test
magnitude, these difference are divided as constant standard deviations by the weighted standard deviation of the
two sample functions, a test value is obtained which is
named as t.

t=

X1 − X 2
⎛ n + n2
S ⎜⎜ 1
⎝ n1 n2

⎞
⎟⎟
⎠

(1)

2

The S value representing the variance is calculated
by the use of the known parameters with the following
equality.

(n1 − 1)S12 + (n2 − 1)S 22
n1 + n2 − 1

(2)

With the degree of freedom, ν,

v = n1 + n2 − 2

(3)

and standard t-distribution tables with a levels of confidence of 5% and 10%; the corresponding

t sn values can

t≤t

sn , the two arithmetical averagbe find. Therefore, if
es can be considered as equivalent in statistical means.

2. Situation of sample functions with different standard deviations and different data numbers: In this situation
the t value of

t=

X1 − X 2
S12 S 22
+
n
m

(4)

is used to find the t-test value.
Its degree of freedom is given by the following expression [7].
2
2
⎛ S12 S 22 ⎞ ⎡ S12 / n
S 22 / m ⎤
⎜⎜
⎟ / ⎢
+
+
⎥
m ⎟⎠ ⎣⎢ n − 1
m − 1 ⎦⎥
⎝ n

(

) (

)

(5)

RESULTS
Chemical and organic parameter analysis results

According to the averages of 6 months, COD was lowest at sampling station 2 with 19 mg/L and highest at station 4 with 39 mg/L. BOD was measured lowest in the first
four sampling stations with 4 mg/L and highest at the sampling station 5 with 5 mg/L. NH4+-N was measured lowest
at stations 2 and station 3 with 0.09 mg/L and highest at
station 5 with 0.13 mg/L. NO3--N was lowest at sampling
station 5. point with 0.42 mg/L and highest at station 3 with
0.60 mg/L. Phenol was lowest at station 2 with 0.15 mg/L
and highest at station 3 with 0.27 mg/L. PO4-3-P was lowest
at stations 1 and 2; highest at station 3 with 0.15 mg/L. TKN
was highest at station 3 with 0.70 mg/L and lowest at station 4 with 0.27mg/L.

TABLE 1 - Six months average values of chemical and organic parameters
Paramaters
COD, mg/L
BOD, mg/L
Phenol, mg/L
TKN, mg/L
NH4+-N, mg/L
NO3--N, mg/L
PO4-3-P, mg/L

1. Station
21
4
0.17
0.65
0.10
0.43
0.12

2. Station
19
4
0.15
0.63
0.09
0.52
0.12

3. Station
28
4
0.27
0.70
0.09
0.60
0.15
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4. Station
39
4
0.25
0.27
0.12
0.52
0.13

5. Station
32
5
0.25
0.57
0.13
0.42
0.13
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TABLE 2 - Benthic macro-invertebrate families observed for six months.
Months
Sampling Stations
Families
Tipulidae
Baetidae
Anthomyiidae
Polycentropidae
Hydropsychidae
Naididae
Simuliidae
Ecdyonuridae
Nemouridae
Gammaridae
Tabanidae
Perlidae
Gomphidae
Psychomyiidae
Glossosomatidae
Leptophlebiidae
Agriidae
Lymnaeidae
Lumbricidae
Taeniopterygidae
Rhyacophilidae
Valvatidae
Perlodidae
Leuctridae
Chironomidae
Lumbriculidae
Haplotaxidae
Philopotamidae
Gyrinidae
Cordulegasteridae
Hydrobiidae
Helmidae
Erpobdellidae

1
√
√
√
√
√
√
√
√
√
√
√

November
2 3 4

√
√
√
√
√
√

√
√
√
√

√
√
√
√
√

5

1

√
√

√
√
√
√
√
√
√

√
√

December
2 3 4
√
√
√
√
√
√
√
√

√
√
√
√
√

√

√
√
√
√
√

January
3 4

5

√
√
√
√
√
√

√
√
√
√
√

√
√
√
√

√

√

√

√

5

1

2

√
√

√
√
√
√
√
√
√
√
√

√
√

√
√
√
√
√
√

1
√
√
√
√
√
√
√
√

February
2 3 4

5

1

2

√
√

√

√

√
√
√

√
√

√

√
√

√

√
√
√
√

√

√
√

√
√

√

√

√
√

√

√
√

√

√

√
√
√

√
√
√
√
√

√
√
√
√
√
√
√

√
√
√

√
√

√

√
√
√

√
√
√

√

√
√

√
√
√
√
√

√
√
√
√

√
√

√
√

√
√
√
√

√

√
√
√
√

√
√

√

√
√
√
√

√
√
√

√
√

√

√

√
√
√

√
√

√
√

√
√

√
√
√

1

2

√
√
√

√
√

√

√
√

√
√

√

√
√
√
√
√
√
√
√
√
√

√

√
√

√
√

√
√

√

√

√
√
√
√
√

√

√
√
√

√
√
√

√
√

√
√
√
√
√

√

√

√

√

√
√
√
√
√

√
√
√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√
√
√

√

√

√

√

√

√
√

√

√
√

√

√

√

√
√

√
√
√

√
√
√

√

√

√
√

√

√

√

√

√
√

√

√
√

√
√

√

√
√
√

√
√

√
√

√
√
√

√
√
√
√

√
√

√
√

TABLE 3 - Relation between the chemical and organic parameters and the families according to the T-test.
Parameters
Families
Tipulidae
Baetidae
Anthomyiidae
Polycentropidae
Hydropsychidae
Naididae
Simuliidae
Ecdyonuridae
Nemouridae
Gammaridae
Tabanidae
Perlidae
Gomphidae
Psychomyiidae
Glossosomatidae
Leptophlebiidae
Agriidae
Lymnaeidae
Lumbricidae
Taeniopterygidae
Rhyacophilidae
Valvatidae
Perlodidae
Leuctridae
Chironomidae
Lumbriculidae
Haplotaxidae
Philopotamidae
Gyrinidae
Cordulegasteridae
Hydrobiidae
Helmidae
Erpobdellidae

5

√

√

√
√
√
√

April
3 4

5

√
√
√
√
√
√
√
√
√
√

√
√
√

March
3 4

COD

BOD

Phenol

TKN

NH4+-N

NO3--N

PO4-3-P

-

+
+
+
+
+
+
+
+
-

+
-

+
+
+
+
+
+
+
+
-

+
+

+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
+
-
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Biological analysis results

The identified macro-invertebrate families [8, 9] in the
Mudurnu River are given in Table 2.
Statistical analysis results

T-test was applied between the analyzed seven chemical and organic parameters, and the determined benthic
macro-invertebrates were done by SPSS 13.0 software. 0.05
(5%) significance level is the boundary value and it is concluded that the values under this level are significant and
those above are insignificant. With the help of this method,
the relation between the measured seven chemical and organic parameters and benthic macro-invertebrates was obtained. The obtained results are shown in Table 3. The benthic macro-invertebrates that have a relation with the chemical and organic parameters are shown with a (+), and
those that do not have a relation are shown with a (-). It was
determined that the families with relation are affected by
the changes in the chemical and organic parameters, and
they disappear from the river environment with increase of
these parameters, and re-appear in the river environment
with decrease of these parameters.
The families without a relation showed tolerance
against pollution. No relation exists between the COD parameters and any of the benthic macro-invertebrates. However, some families have a relation with BOD and since
BOD and COD are in relation, it is thought that these families are also in relation with COD. This relation can be
presented with a more detailed study. Also, it was determined that the phenol parameter was in relation only with
the Leptophlebiidae family. Therefore it is possible to conclude that when this family does not exist in the environment, pollution with phenol is possible there. It was seen
that 14 families had no relation with any of the parameters.
However, the existence of different families at every point
makes someone think that these families may be in relation with parameters other than the 7 measured parameters (such as heavy metals, etc.).
DISCUSSION AND CONCLUSIONS
In this study, the effects of home and industrial discharges on the current benthic macro-invertebrate fauna
were studied. As a result, it was seen that the benthic macroinvertebrate fauna is in relation with the water quality and
with a decrease of this pollution these organisms will dominate the environment rapidly.
33 benthic macro-invertebrate families Tipulidae,
Baetidae, Anthomyiidae, Polycentropidae, Hydropsychidae, Naididae, Simuliidae, Ecdyonuridae, Nemouridae,
Gammaridae, Cordulegasteridae, Leptophlebiidae, Agriidae, Lymnaeidae, Rhyacophilidae, Valvatidae, Taeniopterygidae, Glossosomatidae, Gyrinidae, Chironomidae,
Pschomyiidae, Gomphidae, Hydrobiidae, Helmidae,
Erpobdellidae, Perlidae, Lumbriculidae, Tabaridae, Per-

lodidae, Leuctridae, Haplotaxidae, Philopotamidae and
Lumbricidae were determined.
With the statistical analysis, made with the help of the
SPSS 13.0 Package Program, the analysis results of the
chemical parameters and their relations with the macroinvertebrate families were examined. With the help of this
method, the relation between the 7 measured chemical parameters and the benthic macro-invertebrate families were
determined.
It was determined that Tipulidae, Polycentropidae,
Nemouiridae, Leptophlebiidae, Agriidae, Lumbricidae,
Philopotamidae and Gyrinidae families are in relation with
the BOD. This change in BOD is explained in terms of
these families as they do not show tolerance against very
high BOD changes. It can be said that other families show
more tolerance against high BOD values.
It is determined that only the Leptophlebiidae family
explained the change in phenol value. The species in this
family are overly sensitive to excessive increases in the
phenol amount and this causes the extinction of the species in this family. Considering this result, interpretations
may be made about the existence of phenol in the river
according to the existence of the Leptophlebiidae family.
The families that are in relation with the TKN amount
are Polycentropidae, Gammaridae, Glossosomatidae, Leptophlebiidae, Rhyacophilidae, Philopotamidae and Gyrinidae. The changes in TKN are best explained by these families and they have a low tolerance to high nitrogen values.
The family groups affected by the changes of NH4+N are Helmidae and Erpobdellidae. These two families do
not show tolerance against high nitrogen amounts whereas
other families are affected by the changes in the ammonium-nitrogen.
The concentration change in the NO3--N mostly affected the Nemouiridae, Psychomyiidae, Lymnaeidae, Perlodidae and Chironomidae families. An increase in the
parameter value decreased the tolerances of the species of
this family and caused them to disappear.
High amounts of PO4-3-P negatively affected the Polycentropidae, Ecdyonuridae, Gammaridae, Psychomyiidae, Leptophlebiidae, Lymnaeidae, Rhyacophilidae, Philopotamidae, Gyrinidae and Cordulegasteridae families.
The change in the phosphate-phosphorous amount is best
described by these families and the existence of these families is in danger at high phosphate-phosphorous values.
A relation between COD and benthic macro-invertebrates was not found. However some families have relation with BOD and since BOD and COD are in relation
with each other, it is thought that some families can be
related to COD. This relation must be further confirmed
in a more detailed study.
On the other hand, it was determined that there exist
families, which did not have any relation with the chemical and organic parameter values. Those are Baetidae, An-

1083

© by PSP Volume 17 – No 8a. 2008

Fresenius Environmental Bulletin

thomyiidae, Hydropsychidae, Naididae, Simuliidae, Tabanidae, Perlidae, Gomphidae, Taeniopterygidae, Valvatidae, Leuctridae, Lumbriculidae, Haplotaxidae and Hydrobiidae families. These families can not explain the
changes in the chemical and organic parameter values.
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ABSTRACT

wastewater systems. However, it is toxic if inhaled, ingested,
or absorbed through the skin and found to be carcinogenic

2,6-Dimethylaniline, an important raw material in the
manufacture of pesticides, dyestuffs, antioxidants, pharmaceuticals and other products, is considered as toxic and
carcinogenic. The effect of H2O2 on 2,6-dimethylaniline
degradation, COD removal, rate constants and H2O2 efficiency were studied using Fenton and electro-Fenton processes. Ti/IrO2/RuO2 (DSA) anodes and stainless-steel
cathodes were used as electrodes for electro-Fenton process. Degradation experiments were conducted by varying
the H2O2 concentration from 5 mM to 150 mM using 1
mM of Fe2+ and 1 mM of 2,6-dimethylaniline at an initial
pH of 2 and electrical current at 1.43 A. The highest 2,6dimethyl-aniline removal for Fenton process was
80.3%, when 120 mM of H2O2 was applied and COD
removal was 27% at 20 mM of H2O2. However, electroFenton process had a 2,6-dimethylaniline removal efficiency of 100% at H2O2 concentrations greater than 20
mM and its highest COD removal efficiency was 42.57%
at 120 mM of H2O2. Results showed that the high concentration of H2O2 enhanced the COD removal. In addition, it
is also found that the degradation of 2,6-dimethylaniline
underwent a faster reaction rate than COD removal. From
the results, we can conclude that electro-Fenton process had
a higher efficiency for COD removal and 2,6dimethylaniline’s degradation.

[2]. These hazardous properties of 2,6-dimethylaniline necessitate the treatment of contaminated wastewater to prevent a deleterious effect on the environment. In order to
degrade these kinds of toxic chemicals, powerful oxidation methods are required for an efficient treatment.
Advanced oxidation processes (AOPs) are an alternative approach that provide the destruction of toxic organic
compounds, particularly when the pollutant species are difficult to remove with common biological or physicochemical processes [3]. AOPs technologies generate hydroxyl
radicals, a strong oxidant with E◦ of 2.8 v, that can initiate
the ring opening of aromatic compounds and lead to the
mineralization of organic carbon to CO2 and H2O [4].
One of these processes is the Fenton process which
uses hydrogen peroxide and ferrous ions to form reactive
oxidizing species (hydroxyl radicals) that are able to efficiently degrade many kinds of pollutants [5]. It is a proven
effective technique to treat various organic pollutants including dyes, ethers, nitrophenols, chlorinated phenols,
aromatic amines, polycyclic aromatics, and photographic
wastewater. The series of reaction mechanisms that might
occur during the Fenton reaction are shown here [6]:
Fe2+ + H2O2 → OH• + OH- + Fe3+
Fe2+ + OH• → Fe3+ + OHOH• + organic compounds → products
OH• + H2O2 → H2O + HO2•
OH• + OH• → H2O2
Fe3+ + H2O2 ↔ FeOOH2+ + H+
FeOOH2+ → HO2• + Fe2+
HO2• + Fe2+ → HO- 2 + Fe3+
HO2• + Fe3+ → O2 + Fe2+ + H+

KEYWORDS:
2,6-dimethylaniline, Electro-Fenton process, Fenton process.

INTRODUCTION
2,6-Dimethylaniline is a widely used chemical for producing aesthetics and is also used as a chemical intermediate in the manufacture of pesticides, dyestuffs, antioxidants, pharmaceuticals and other products [1]. It is a widespread pollutant that can be found in natural waters and

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

From the above reactions, they show that hydrogen
peroxide may be consumed when it reacts with ferrous ions
(Fe2+), as shown in equation (1), then produce hydroxyl
radicals that will degrade organic compounds through equa-
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tion (3) and hydrogen peroxide can also react with Fe3+
via equation (6). The conventional Fenton process is not
difficult to operate in the field. It is relatively cheap and
easily maintained [7]. However, its application has been
limited due to the generation of the excess amount of ferric
hydroxide sludge that requires additional separation process and disposal [8]. Therefore, electro-Fenton (EF)
process is developed for eliminating or minimizing the
disadvantages of conventional Fenton process.
Electro-Fenton process is one of electrochemical processes that can be generally divided into several groups
depending on the objective of current supply. Fenton
sludge recycling (FRS) system is somehow quite similar to the process used in this study. FSR system uses
electrical current to induce the reduction of ferric hydroxide sludge to form ferrous ions, and hence, reduces the
sludge disposal cost which is one of the major drawbacks
of conventional Fenton process [9-10].
The proposed reactions in the electrolytic system are
as follows:
On the anode side:
H 2O

→ 2H

→ Fe

+

+

1
O2 + 2e2

3+

+ eOn the cathode side:

→ Fe
H O + e → 1 H + OH
Fe3+ + e2

(11)

2+

-

2

2

(10)

(12)
-

(13)

Many studies have been carried out using Fenton and
electro-Fenton processes to treat aniline, an aromatic hydrocarbon with one amine as its alkyl group [11-13]. However, treatment studies have not included 2,6-dimethylaniline, an aromatic hydrocarbon with one amine and two
methyl group. Therefore, it is interesting to determine
whether 2,6-dimethylaniline can also be effectively oxidized
by Fenton and electro-Fenton processes.
The intent of this study was to explore the use of hydrogen peroxide with ferrous ions for degradation of 2,6dimethylaniline. Concentration of hydrogen peroxide plays
a crucial role in the efficiency of degradation process. Usually it has been observed that the percentage degradation
of the pollutant increases with an increase in the concentration of hydrogen peroxide [14-15]. Hydrogen peroxide in
the presence of Fe2+ and Fe3+ produces reactive hydroxyl
radicals. The sufficient amount of hydrogen peroxide needs
to be considered to achieve the highest degradation efficiency. However, excess hydrogen peroxide dosage might
favor side reactions via equation (4).
In this regard, 2,6-dimethylaniline degradation was investigated using Fenton and electro-Fenton processes. The
effect of H2O2 on 2,6-dimethylaniline removal efficiencies,

initial 2,6-dimethylaniline degradation rates and COD removal efficiencies were also determined in this study.
MATERIALS AND METHODS
All the Fenton and electro-Fenton experiments were
carried out in batch mode with a total reaction time of
5 hours using an acrylic reactor of 15 x 21 x 20 cm3 with
a working volume of 5 liters. The anodes and cathodes
used were mesh-type titanium metal coated with IrO2/RuO2
(or DSA-Dimensionally Stable Anodes) and stainless steel,
respectively. The electrodes were connected to a Topward
33010D DC power supply that provided a constant electric current of 1.43 A. The reactor was also equipped with
two mixers to ensure proper agitation.
All chemicals were prepared using deionized water
from a Millipore system with a resistivity of 18.2 MΩ cm-1.
2,6-Dimethylaniline (>98%), perchloric acid (70-72 %),
ferrous sulfate (99.5-102%) and hydrogen peroxide (3536.5%) were purchased from MERCK. Sodium hydroxide
(99%) was purchased from Riedel-da Haën.
Synthetic wastewater containing 2,6-dimethylaniline
concentration of 1 mM was prepared in the reactor. A calculated amount of ferrous sulfate was added as the source
of Fe2+ in this experiment 1mM of Fe2+ was used. After that,
the pH was adjusted to 2 using perchloric acid. H2O2 was
added at the same time. The DC power supply was switched
on to initiate the EF process. For the Fenton process, the
same technique was applied but without the DC power supply. The hydrogen peroxide was varied from 5 to 150 mM
to investigate its effect on the degradation of 2,6-dimethylaniline. At selected time intervals, 1 mL of reaction mixture
was taken and immediately injected into a tube containing
NaOH (0.1 N) solution to increase the pH to terminate the
reaction [12].
Samples were analyzed for H 2O 2, COD and 2,6-dimethylaniline. The analysis of hydrogen peroxide was carried out by an iodometric titration with Na2S2O3 solution
[16]. COD was determined using closed-reflux titrimetric
method based on the Standard methods [17]. For COD
measurement, the samples were left overnight to remove the
residual hydrogen peroxide that might remain in the sample solutions. 2,6-Dimethylaniline was analyzed by a gas
chromatography (HP 4890 II) equipped with flame ionization detector (FID) and a SUPELCO EquityTM – 5 Capillary Column (length: 15m; id:0.15 µm). The pH was monitored using a SUNTEX pH/mV/TEMP (SP-701) meter.
RESULTS AND DISCUSSION
2,6-dimethylaniline degradation by different processes

The control experiments were carried out to verify
whether 2,6-dimethylaniline can be degraded by hydrogen
peroxide alone (without ferrous ion and electricity), anodic
oxidation, Fenton process alone and electro-Fenton process, respectively.
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For 2,6-dimethylaniline degradation, the results show
that hydrogen peroxide alone can remove about 12%. However, anodic oxidation can remove 20.6% after 3 hours of
reaction. The Fenton process can remove 63% when 1 mM
of ferrous ion and 20 mM of hydrogen peroxide at pH 2
are used at a pH of 2. Electro-Fenton had the highest removal efficiency of 97% when the same conditions are used
and electric current of 1.43 A is applied.
100

H2O2 alone
Fenton
Electro-Fenton
Anodic Oxidation

80
70

Effect of hydrogen peroxide on
2,6-dimethylaniline degradation

60
50
40
30
20
10
0

0

20
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60

80

100

120

140

160

180

Time (min)

FIGURE 1 - 2,6-dimethylaniline removal efficiency in different systems. H2O2 alone: [H2O2] = 20 mM , pH = 2, Anodic oxidation: I =
1.43 A, pH = 2; Fenton Process: [Fe2+] = 1 mM, [H2O2] = 20 mM ,
pH = 2; Electro-Fenton:[H2O2] =20mM, [Fe2+] = 1 mM, I = 1.43 A,
pH = 2. All systems were using [2,6-dimethylaniline] = 1 mM

For COD removal by hydrogen peroxide alone, anodic
oxidation, Fenton and electro-Fenton processes, the same
trend was found for 2,6-dimethylaniline degradation. The
results also revealed that hydrogen peroxide alone and anodic oxidation can remove COD only 7% and 13%, respectively. Meanwhile, Fenton process was able to remove
about 26% and 36% for electro-Fenton process as shown
in Figure 2. The final COD removal obtained by electroFenton process was about 10% higher than conventional
Fenton process at the same experimental conditions. This
indicates that electro-Fenton had higher COD removal efficiency. This information is similar to the experiment that
treated 4-nitrophenol by electro-Fenton [18].
100

H2O2 alone
Fenton
Electro-Fenton
Anodic Oxidation

90

COD removal (%)

80
70
60
50
40
30
20
10
0

0

Based on the results, less than 20.6% of 2,6-dimethylaniline was degraded by the anodic oxidation method after
a reaction time of 3 hours. Consequently, 2,6-dimethylaniline degradation during the experiments could be accounted to radical-oxidation via Fenton and electro-Fenton
reactions only. Hydroxyl radical formed from Fenton’s reaction destroys the aromatic products rapidly, making the
Fenton and electro-Fenton processes much more efficient
than anodic oxidation.
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FIGURE 2 - COD removal efficiency in different system. H2O2 alone:
[H 2 O 2 ] = 20 mM , pH = 2, Anodic Oxidation: pH = 2, I = 1.43 A;

The degradation of 2,6-dimethylaniline by Fenton
process is shown in Figure 3. The results indicate that
increasing the initial H2O2 concentration from 5 mM to
150 mM enhances 2,6-dimethylaniline removal. When an
initial H 2 O 2 concentration of 5 mM was added, 48.6%
degradation of 2,6-dimethylaniline was achieved, as listed
in Table 1. Increasing the initial H2O2 concentration up to
120 mM can degrade 80% of 2,6-dimethylaniline. 2,6-Dimethylaniline degradation by electro-Fenton process is also
shown in Figure 3.
100

2,6-dimethylaniline removal (%)

2,6-dimethylaniline removal (%)

90

Fenton Process: [Fe2+] = 1 mM, [H2O2] = 20 mM , pH = 2; ElectroFenton: [Fe2+] = 1 mM, [ H2O2]= 20 mM , I = 1.43 A,pH = 2. All system
using [2,6-dimethylaniline] = 1 mM

80

60

Fenton process
Electro-Fenton process
40
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0
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FIGURE 3 - Effect of H2O2 on 2,6-dimethylaniline degradation using
Fenton and electro-Fenton processes. Fenton Process: [Fe2+] = 1 mM, [
H2O2 ] = 20 mM , pH = 2; Electro-Fenton: [Fe2+] = 1 mM, [H2O2] =
20 mM, I = 1.43 A, pH = 2. All system using [2,6-dimethylaniline] =
1 mM.

2,6-Dimethylaniline degradation in this system underwent a two-stage reaction. As shown in Figure 4, the
degradation of 2,6-dimethylaniline was fast during the
initial 10 minutes of the reaction then slowed down until
the end of the reaction time. The main reason for the twostage reaction is that Fe2+ reacts very quickly with H2O2
and then produces a large amount of OH• as described in
equation(1), with a reaction rate constant 53 M-1s-1. The
OH• from equation (1) rapidly reacts with 2,6-dimethylaniline, therefore, in the first stage the degradation of 2,6dimethylaniline was faster than in the second stage. The
Fe3+ produced from equation (1) reacts with the available

1088

© by PSP Volume 17 – No 8a. 2008

Fresenius Environmental Bulletin

hydrogen peroxide and produces HO2• as can be seen in
equations (6,7). Both OH• and HO2• occurred in the reactor are able to degrade 2,6-dimethylaniline. However, the
reaction rate constant of Fe3+ reacted with hydrogen peroxide to form Fe2+ is only 0.02 M-1s-1. Thus, it can be derived that the reaction of Fe2+ and H2O2 is faster than the
reaction of Fe3+ and H2O2. This resulted in a higher rate of
OH• production in the first stage reaction than in the second stage reaction. The second stage is the reaction that
took place after 10 minutes. The degradation rate of 2,6dimethylaniline in this reaction stage was slower due to
the reaction of ferric ion and hydrogen peroxide. Fe3+ has
a lower catalytic activity than Fe2+ and may complex with
target organic substrates or their degradation intermediates. The slower second stage reaction may also resulted
from the lower generation of ferrous ion from ferric ions
and from the complexation of ferric ions and the degradation intermediates.

FIGURE
4 - Effect of H2O2 on 2, 6-dimethylaniline degradation
0.0
0
50
100
150
200
250
using electro-Fenton
processes.
[2,6-dimethylaniline]
= 1 mM, 300
[Fe2+]
= 1 mM, I Time
= 1.43(min)
A, pH = 2.

Table 1 shows that the rate of 2,6-dimethylaniline removal increases with increasing the initial concentration
of hydrogen peroxide. At initial 10 minutes, when hydrogen peroxide was 5 mM to 60 mM, the concentration of
hydrogen had no significant effects on the elimination rate
of 2,6-dimethylaniline by Fenton process. The initial rate
of 2,6-dimethylaniline was 1.87 x 10-3 Mmin-1 to 2.92 x
10-3 M min-1 when hydrogen peroxide from 5 mM to 60
mM was added. However, the initial rate increased from
4.12 x 10-3 M min-1 to 5.22 x 10-3 M min-1 with the addition of hydrogen peroxide from 100 mM to 150 mM. This
indicates that higher hydrogen peroxide will enhance the
degradation rate of 2,6-dimethylaniline and increased the
oxidation of 2,6-dimethylaniline [6, 19].

For the electro-Fenton process, the initial rate increased
with increasing hydrogen peroxide concentration. The initial
rate gradually increased from 2.65 x 10-3 M min-1 to 10.75 x
10-3 M min-1 when applying hydrogen peroxide from 5 mM
to 120 mM. This shows that higher hydrogen peroxide will
promote the degradation rate of 2,6-dimethyl-aniline and increase the oxidation of 2,6-dimethylaniline. However,
when applying hydrogen peroxide higher than 120 mM, the
intial rate decreased from 10.75 x 10-3 M min-1 to 8.47 x
10-3 M min-1. It may indicate that the amount of hydrogen
peroxide applied has reached the limit and inhibited the
reaction. Therefore, the addition of hydrogen peroxide higher than 120 mM was unnecessary for degradation of 2,6dimethylaniline by electro-Fenton process.

After the initial 10 minutes, the initial rate increased
with the hydrogen peroxide concentration. It shows that
the higher the concentration of hydrogen peroxide, the
faster 2,6-dimethylaniline will be degraded. For the Fenton process, the oxidation of 2,6-dimethylaniline was not
inhibited by increasing the concentration of hydrogen peroxide. The same results were also found in other researches
[14, 20]. The reason might be, that the amount of hydrogen peroxide added in this study has not yet reached the
degree of inhibition when using Fenton process [19].

From the results, the high initial 2,6-dimethylaniline
degradation rate can be attributed to the reaction of 2,6-dimethylaniline with hydroxyl radicals which were formed
during the 10 minutes according to reaction (1) [21]. The
low 2,6-dimethylaniline degradation rate after 10 minutes
of reaction time was due to H2O2 reduction and the competition of 2,6-dimethylaniline degradation by-products with

2,6-dimethylaniline removal (C/Co)

1.0

0.8

0.6

H2O2 = 20 mM
H2O2 = 60 mM
H2O2 = 120 mM

0.4

0.2

TABLE 1 - Effect of H2O2 on the initial rate of 2,6-dimethylaniline degradation, rate constant and 2,6-dimethylaniline
removal efficiency by Fenton and Electro-Fenton process;[2,6-dimethylaniline] = 1 mM, [Fe2+] = 1 mM, I = 1.43 A, pH = 2.
Initial rate
H2 O2
(mM )
5
10
20
30
40
60

Fenton
(x 10-3 M min-1)
1.87
2.07
2.65
2.7
2.67
2.92

EF
(x 10-3 M min-1)
2.65
3.33
3.86
4.04
4.63
5.58

2,6-dimethylaniline
degradation rate constant
Fenton
EF
(min-1)
(min-1)
1.79
7.9
2.46
10.1
3.02
15.0
3.85
15.3
3.17
15.5
4.41
16.6
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2,6-dimethylaniline
removal efficiency
Fenton
EF
(%)
(%)
48.56
88.9
58.00
97.4
63.05
100
69.28
100
71.27
100
70.59
100

© by PSP Volume 17 – No 8a. 2008

100
120
150

4.12
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6.99
10.75
8.47

4.81
5.38
5.43
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2,6-Dimethylaniline removal efficiencies for Fenton
and Electro-Fenton processes are shown in Table 1. The
removal of 2,6-dimethylaniline by Fenton process was increased from 48.6% to 80.3%, when hydrogen peroxide
dosages was increased. This was probably due to the presence of available excess H2O2 that can react with ferrous
ions for the production of more hydroxyl radicals, as illustrated in equation (1) with the rate constant of 76 M-1s-1
[3]. Furthermore, the same trend was observed for the degradation rate constant, as shown in Table 1. The effect of
H2O2 on the 2,6-dimethylaniline degradation rate constants
using Fenton and electro-Fenton processes are listed in
Table 1. The kinetic model for 2,6-dimethylaniline degradation and its effect to different initial H2O2 concentration
was also studied in the experiment. 2,6-dimethylaniline
degradation for both Fenton and electro-Fenton process
follow the pseudo-first-order reaction, and it is well described by the equation (14). The 2,6-dimethylaniline degradation rates are shown in Figure 5.

ln[

2,6 - DMA0
2,6 - DMA t

] = kt

when the hydrogen peroxide concentration was increased
from 120 mM to 150 mM as shown in Figure 5. This was
probably due to the competition of the intermediates of 2,6dimethylaniline to react with the hydroxyl radicals. The
higher concentration of H2O2 might have favored the side
reactions that scavenged the OH• to form hydroperoxyl
radicals (OH•2) via reaction (4) [6]. However, the change in
the 2,6-dimethylaniline degradation rate constant was not
significant when the H2O2 concentration was further increased to 120 mM. This observable fact was due to scavenging reactions of excess H2O2 with hydroxyl radicals
according to equation (4) with a rate constant about (1.24.5) x 107 M-1s-1 [3, 22] and Fe3+ according to equation
with the rate constant 0.01-0.02 M-1s-1 (15) [3,23].
Fe3+ + H2O2

→ Fe

2+

+ OOH• + H+

(15)

20

15
-1

OH•. Consequently, 2,6-dimethylaniline degradation after
this time is due to the reaction of 2,6-dimethylaniline with
other non-hydroxyl radical reactive species that were formed
during the initial 10 minutes of the reaction for instance
perhydroxyl radical (HO 2•) via equation (4) and (7) and
through direct anodic oxidation process [7, 10]. The results
show that increasing the initial H2O2 concentration from
5 mM to 150 mM promotes the 2,6-dimethylaniline removal.

rate constant (min )
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Fenton process
Electro-Fenton process
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5

0
0.00
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0.14

0.16

H2O2 (M)

where 2,6-DMA is 2,6-dimethylaniline. When the H2O2
concentration increased from 5 mM to 120 mM, the 2,6-dimethylaniline degradation rate constants for both Fenton
and electro-Fenton processes increased from 1.786 min-1
to 5.427 min-1 for Fenton process and from 7.9 min -1 to
18.3 min-1 for electro-Fenton process, as shown in Figure 5.
This increase in degradation rate constant was due to the
presence of excess H2O2 forming non-hydroxyl radicals
and hydroxyl radicals when reacting with the Fe2+ and
regenerated Fe2+ by electro-Fenton process. The higher
H2O2 concentration might have favored the side reactions
that scavenged the OH• to form hydroperoxyl radicals
(OH•2) via equation (4).
The rate constant was swiftly increased from 7.9 min-1
to 15 min-1 when increased initial hydrogen peroxide from
5 mM to 20 mM using electro-Fenton process as illustrated
in Figure 5. This increase in degradation rate constant was
due to the presence of excess H2O2 forming hydroxyl radicals when reacted with the Fe2+and the regenerated Fe2+
for electro-Fenton process via reaction (1) [10].
However, a decrease in 2,6-dimethylaniline degradation rate was observed at high H2O2 concentrations. The
rate constant was decreased from 18.3 min-1 to 11.34 min-1

FIGURE 5 - Effect of H2O2 concentration on the first order 2,6-dimethylaniline degradation rate constant by Fenton and ElectroFenton process. [2,6-dimethylaniline] = 1 mM, [Fe2+] = 1 mM, I =
1.43 A, pH = 2

A 2,6-dimethylaniline removal efficiency of 100% was
observed when at least 20 mM of H 2O 2 was used when
applying electricity or when using the electro-Fenton process. This was due to the presence of excess H2O2 available for the production of more hydroxyl radicals via equation (1). Results also show that an addition of 5 mM and 10
mM H2O2 resulted in 2,6-dimethylaniline removal efficiencies of 88.9% and 97.35 %, respectively. The results
are consistent with electro-Fenton process experiments
that increase the initial hydrogen peroxide concentration
and use aniline [10] and m-phenylenediamine [24]. Therefore, it can be stated that the percentage degradation of the
2,6-dimethyl-aniline increases with an increase in the
dosage of hydrogen peroxide [5].
The H2O2 efficiency for 2,6-dimethylaniline was also
determined in the study and are also shown in Table 2.
The H2O2 efficiency for 2,6-dimethylaniline removal was
calculated using the amount of H 2 O 2 consumed for the
amount of 2,6-dimethylaniline removed.
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H2O2 efficiency for 2,6-DMA removal =

⎡ Δ2,6 − DMA (mg / l ) ⎤
⎢
⎥
⎣ applied H 2O2 (mg / l ) ⎦

(16)

From Table 2, it can be seen that increasing the initial
H2O2 concentrations from 5 mM to 150 mM increased the
2,6-dimethylaniline removal efficiency from 88.9% to
100% by electro-Fenton process. However, increasing the
H2O2 concentration had the effect of decreasing the H2O2
efficiency.
The results indicate that when increasing the initial
H2O2 concentration from 5 mM to 150 mM, the H2O2 efficiencies (∆2,6-DMA/∆H2O2) will decrease from 63.42% to
2.22% when using electro-Fenton process. This is probably due to the scavenging effect of the excess H2O2 as illustrated by equation (4). Theoretically, an H2O2 efficiency
of 100% for 2,6-dimethylaniline removal would mean that
1 mol of 2,6-dimethylaniline was removed by 1 mol of H2O2.
The efficiency of H2O2 in removing 2,6-dimethylaniline

at 5 mM of H2O2 was 63.42%. This means that not all of
the H2O2 consumed was used to degrade 2,6-dimethylaniline only. The H2O2 consumed could be used for the
degradation of intermediates of 2,6-dimethylaniline or by
scavenging reactions. The same trend was also observed
when the Fenton process was applied. When the initial
H2O2 concentration was increased from 5 mM to 150 mM,
its H2O2 efficiency for 2,6-dimethylaniline was reduced
from 34.62% to 1.87%, whereas the percent removal of
2,6-dimethylaniline was increased from 48.6% to 78.7%.
Effect of hydrogen peroxide on COD removal

Increasing initial H2O2 concentration also increased
the COD removal efficiency due to the formation of more
hydroxyl radicals that can oxidize 2,6-dimethylaniline and
its intermediates. For Fenton process, the results show that
increasing in the initial H2O2 concentration from 5 mM to
150 mM can promote COD removal. The COD removal
reached 27.77% when using only 20 mM of H2O2 by Fenton process, as shown in Figure 6.

TABLE 2 - Comparison of the effect of H2O2 concentrations on 2,6-dimethylaniline removal and H2O2 efficiency between Fenton and Electro-Fenton process.
Fenton
2,6-dimethylaniline removal
(%)
48.56
58
63.048
69.278
71.27
70.588
76.6491
80.3164
78.72

H2 O2
(mM)
5
10
20
30
40
60
100
120
150

When an initial H 2O 2 concentration of 20 mM was
added 100% degradation of 2,6-dimethylaniline was
achieved, as shown in Figure 4. However, the COD removal at this initial H2O2 concentration was still very low,
it is about 35.7%. This is probably due to the production of
intermediates that are not as oxidizable as 2,6-dimethylaniline. Increasing the initial H2O2 concentration also increased the COD removal efficiency due to the formation
of more hydroxyl radicals that could oxidize by-products
of 2,6-dimethylaniline. The COD removal of 42.57% was
reached after using 120 mM of H2O 2, as illustrated in
Figure 6.
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COD removal (%)

80

Fenton process
Electro-Fenton process

60
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20

0
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100

120

Electro-Fenton
2,6-dimethylaniline removal
H2O2 efficiency
(%)
(%)
88.9
63.42
97.35
34.7
100
17.82
100
11.88
100
8.91
100
5.94
100
3.56
100
2.95
100
2.22

H2O2 efficiency
(%)
34.62
20.74
10.77
8.23
6.35
4.19
2.73
2.39
1.87

140

160

Initial H2O2 (mM)

FIGURE 6 - Effect of H2O2 on COD removal using Fenton process
and electro-Fenton process. Fenton Process: [Fe2+]=1mM,[ H2O2 ] =
20 mM , pH = 2;Electro-Fenton: [Fe2+] = 1 mM, [ H2O2 ] =20 mM ,
I = 1.43 A,pH = 2. All system using [2,6-dimethylaniline] = 1 mM.

COD removal efficiencies for Fenton process and electro-Fenton process were also determined in this study and
are shown in Table 3. For Fenton method, COD removal
increased from 14.1% to 27.77% as the H2O2 concentration increased. Increase of the COD removal was not significant when the initial H2O2 concentration was 20 mM to
120 mM. When using electro-Fenton process, increasing the

1092

© by PSP Volume 17 – No 8a. 2008

Fresenius Environmental Bulletin

TABLE 3 - Comparison of the effect of H2O2 concentrations on
COD removal and H2O2 efficiency between Fenton and Electro-Fenton process.
Fenton

H2 O2
(mM)

COD removal
(%)
14.10
22.09
27.78
25.71
24.39
23.81
24.68
20.37
18.57

5
10
20
30
40
60
100
120
150

Electro-Fenton
H2O2 efficiency
(%)
113.79
98.28
48.30
29.75
13.17
12.71
9.39
4.82
4.57

H2O2 concentration from 5 mM to 150 mM can enhance COD removal from 28% to 42.57%. Increase of
COD removal efficiencies was due to the increase in available H2O2 for the production of hydroxyl radicals.
At higher H 2O 2 concentrations, the produced OH •
might have followed other reaction pathways instead of
equation (3) after 2,6-dimethylaniline was degraded. Higher
H2O2 concentrations might have favored the side reactions that scavenge the hydroxyl radical to form hydroperoxyl radicals (OH•2). This could be supported by decreasing in degradation rate constants from 11.34 min-1 to
18.3 min-1 at the initial H2O2 concentration 150 and 120,
respectively, when using electro-Fenton process as shown
in Figure 5. Additionally, the COD removal trend was
similar, a decrease from 42.57% to 41.54% was observed
at higher initial H2O2 concentrations.
The COD removal efficiency and the H2O2 efficiency
for COD removal followed the same trend as that of the
2,6-dimethylaniline removal. The efficiency of hydrogen
peroxide on COD removal can be defined by the equation
below,

⎡

ΔCOD (mg / l )

⎤
⎥ x 100
⎣ available O2 (mg / l ) ⎦

η = ⎢

(16)

where the available oxygen is the theoretical amount
of reactive oxygen in the added hydrogen peroxide. The
available oxygen is from the theoretically removable COD
value of hydrogen peroxide, 1000 mg/l was 470.6 mg/l of
oxygen [25]. Therefore, the available oxygen is equal to
0.4706 x [H2O2], where [H2O2] is the dosage of hydrogen
peroxide. The efficiency of hydrogen peroxide on the COD
removal for both Fenton and electro-Fenton process decreased when increasing the hydrogen peroxide concentrations.
When using Fenton process, increasing the initial hydrogen peroxide concentration from 5 mM to 150 mM will
decrease the H 2 O 2 efficiency for COD removal from
113.79% to 4.57%. For electro-Fenton process, the H2O2

COD
(%)
28.00
32.78
35.71
36.11
37.14
37.10
40.00
42.57
41.54

H2O2 efficiency
(%)
137.70
99.67
85.43
44.70
31.97
18.85
17.62
16.72
9.04

efficiency for COD removal decreased from 137.7% to
9.04%. H2O2 efficiencies higher than 100% were possible
in this study since COD removal was not only attributed
to Fenton’s reaction. The other reaction that also removes
COD is the coagulation. Moreover, for electro-Fenton process, the COD removal might from the electrolysis reaction.
COD could not be completely eliminated even though
hydrogen peroxide concentration was higher than the theoretical dosage. A similar result was also found when landfill leachate was treated by electro-Fenton process [26]. This
was due to the intermediate from the change in this chemical structure, such as from aromatic to aliphatic structure by
the ring opening reactions. These intermediates may have
been more resistant to degradation.
From the results, it can be seen that the values of
H2O2 efficiencies for the removals of 2,6-DMA and COD
by electro-Fenton process are both higher than those by
Fenton process. The hydrogen peroxide efficiency for both
2,6-DMA and COD removal were determined by the dosage of hydrogen peroxide used in order to removal 2,6DMA and COD. From the equation (1) which represents
the Fenton’s process, it means that 1 mol of hydrogen peroxide can produce 1 mol of hydroxyl radical which can
remove 1 mol of organics compounds from equation (3).
However, in order to produce hydroxyl radicals using hydrogen peroxide, the catalyst as ferrous ion was needed.
Fenton process has been limited due to the generation of
the excess amount of ferric hydroxide sludge which made
the removal efficiency and hydrogen peroxide efficiency
lower than that of electro-Fenton process. The electroFenton process can make use of ferric hydroxide sludge
and thus increased the removal efficiency of organic compounds and COD. The hydrogen peroxide efficiency also
increased, because the available hydrogen peroxide that
was left after Fenton reaction, reacted with ferrous ion and
with the regenerated ferrous ion from equation (12). This
reaction from the electro-Fenton process make this electricity assisted Fenton more efficient than that of conventional Fenton process.
Although, the degradation of 2,6-dimethylaniline has
reached 100% at H2O2 concentration greater than or equal
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to 20 mM when electro-Fenton process was applied in this
experiment, the maximum COD removal was only 42.57%.
This may indicate that even though 2,6-dimethylaniline
might be highly oxidizable. However, some of its derivatives and intermediates might not be readily oxidized.
CONCLUSIONS

[5]

Gogate P.R. and Pandit, A.B. (2004) A review of imperative
technologies for wastewater treatment I: oxidation technologies at ambient conditions. Advances in Environmental Research, 8, 501-551.

[6]

Lu, M.C., Chen, J.N. and Chang, C.P. (1999) Oxidation of
dichlorvos with hydrogen peroxide using ferrous ions as catalyst. J. Hazardous Materials, B65, 277-288.

[7] Walling, C. (1975) Fenton’s reagent revised. Accounts of
Chemical Research, 8, 125-131.

The effect of hydrogen peroxide on the degradation
of 2,6-diemthylaniline was evaluated using Fenton and
electro-Fenton processes. It was proved that 2,6-dimethylaniline could be degraded by both processes. Anodic oxidation, as control experiment, can slightly degrade 2,6-dimethyl-aniline by 20.6%. Electro-Fenton shows a higher
capability in treating this chemical. Moreover, electroFenton method showed the synergetic effect on both 2,6dimethylaniline and COD removal. Fenton and electroFenton processes had low 2,6-dimethylaniline and COD
removal at low H2O2 concentrations due to the inadequate
amount of H2O2 that could react with Fe2+ to produce
hydroxyl radicals. Increasing the initial H2O2 concentration could improve the 2,6-dimethylaniline degradation,
COD removal and rate constant. Further increase of hydrogen peroxide concentration would reduce removal efficiency of 2,6-dimethylaniline and COD and the rate constant. The rate constant followed the first order behavior.
In addition, increasing the initial hydrogen peroxide concentration will decreased the hydrogen peroxide efficiency
for both processes.
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ABSTRACT

highly toxic to humans, animals and some plants. Two
major forms of

UV direct photolysis and TiO2 photocatalytic oxidation with 250W high pressure mercury lamp (λ ≥ 365 nm)
used as irradiation source was found to be ineffective in
the removal of the total cyanide in coking wastewater; less
than 30% total cyanide was removed. Therefore, ferrate
pre-oxidization followed by photochemical processes to
remove the total cyanide in coking wastewater was investigated in this paper. The effects of pH and ferrate concentrations on the removal efficiency of total cyanide in the
pre-oxidation process were studied. The results showed
that the concentration of cyanide in the coking wastewater
was reduced from 13.5 mg·L-1 to 2.9 mg·L-1 at pH 5 with
10.88 mg·L-1 ferrate (in terms of Fe(Ⅵ) ions). UV irradiation with or without TiO2 could further remove the remaining total cyanide from the coking wastewater after ferrate
pre-oxidation. Using ferrate as pre-oxidant followed by
TiO2 photocatalytic oxidation removed nearly 100% of
total cyanide after 4 hours irradiation, which implies that
ferrate pre-oxidization followed by photochemical processes is an effective method to remove total cyanide
from the coking wastewater.

KEYWORDS:
Ferrate; coking wastewater; photochemical processes; cyanide.

INTRODUCTION
The coking wastewater, generated from the processes
of coal dry distillation, gas purification and chemical extraction, has the following characteristics of complicated
compositions, high concentration of pollutants such as phenol, high colority and severe toxicity. The coking
wastewaters generally contain cyanide, NH3-N, phenol, oil,
etc. with high COD and colority depending on coal composition and coking process [1]. As we know, cyanide is

cyanide exist in coking wastewater: free cyanide and complex cyanide [2]. Cyanides can be removed by physical,
chemical and biological processes. The physical processes
are based on ion exchange, adsorption and floatation techniques. Biological treatment involves biodegradation of
cyanide. The chemical methods typically involve oxidation
of cyanide by oxidants (Cl2, KMnO4, H2O2, air and O3). The
disadvantages of traditional treatments of cyanides include
incomplete degradation of cyanides and generation of secondary pollutants. For the past decades, photochemical
technique has been widely applied to treat various toxic
substances for its high efficiency and less secondary pollution. The key mechanism of using photochemical process to oxidize various toxic substances is the production of
strong oxidant ·OH during the process. This intermediate
can oxidize, degrade, and even mineralize the toxic substances.
Extensive studies had been conducted on the degradation of cyanides by photocatalytic processes in the past
years. UV/Cu2+ (using Cu2+ as catalyst in UV irradiation)
and UV/H2O2/Cu2+ processes (using H2O2 as oxidant and
Cu2+ as catalyst in UV irradiation) were used to remove
cyanides in aqueous solutions [3, 4]. The removal of cyanides by TiO2 photooxidation has also been studied. Hidaka et al. [5] reported degradation of CN- in industrial
wastewater using TiO2 as photocatalyst. This process would
consume O2 and produce CO2 and N2, with the production
of OCN- as intermediate. Chiang et al. [6, 7] investigated
not only the kinetics and oxidation mechanism of cyanide
in the presence of UV and titanium dioxide catalyst (TiO2
/UV system), but the effect of CuO on the photocatalytic
activity of TiO2. Bartosz et al.[2] reported that the TiO2
catalyzed UV–O2 reaction resulted in twice the oxidation
rate of free cyanide. Rafael [8] studied the degradation of
iron-cyanocomplexes by TiO2/UV system and proposed
the related mechanism. Although photochemical processes
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used for removal of cyanides in aqueous solutions have
been studied extensively, the removal of cyanides in real
coking wastewater has seldom been studied. Moreover,
the UV irradiation sources used in the previous publications were UV-B light (313 nm) or even UV-C light (254
nm), using illumination with longer wavelength (λ ≥ 365
nm) like solar irradiation has not been addressed in the
photochemical oxidation of cyanide [9].
In the recent years, the combination of classic physical/chemical processes and advanced oxidation processes
(AOPs) in the treatment of wastewater containing persistent and toxic substances has been extensively studied.
The iron (VI) derivative, potassium ferrate (VI) (Fe (VI))
has great potentials in disinfection, oxidization, flocculation, adsorption, coagulation-promotion and an advantage
of non-toxic by-product Fe(III) [10, 11], which make ferrate a viable option in the water treatment. Many efforts
have been made on the mechanism by which ferrate acts as
an oxidant for endocrine disrupting chemicals [12], alcohol [13], phenol [14], hydroxylamine [15], thiourea [16],
and algae [17] in the aqueous solutions. Using ferrate as
an oxidant in coking wastewater treatment has also been
reported in China [18, 19]. Ferrate can oxidize aqueous
cyanide in the pH range of 7.5-12, and the maximum removal efficiency of cyanides was achieved at pH 9 [20]. In
addition to be an effective oxidant, ferrate shows a good
photolysis character [21]. When irradiated, FeO42- would
break down to Fe(OH) 3 and release O2. While the photolysis of Fe(III) could produce ·OH radicals [22, 23], which
can oxidize cyanide further. Therefore, ferrate pre-oxidization followed by the photochemical process was designed in this study for degradation of cyanides in coking
wastewater. Furthermore, the following systems were investigated for comparison.
(1) UV system: direct UV irradiation.
(2) Fe (Ⅵ) /UV system: Fe (Ⅵ) pre-oxidization followed
by UV irradiation.
(3) TiO2/UV system: using TiO2 as catalyst in UV irradiation.

Throughout this study, 250W high pressure mercury
lamp (λ ≥ 365 nm), with short UV wavelengths irradiation
cutting off by glass, was used to simulate the visible light
irradiation from sunlight. The relevant mechanisms of the
removal of cyanides by ferrate pre-oxidation and photochemical processes were also discussed.

MATERIALS AND METHODS
Wastewater samples and chemicals

The wastewater was collected from the coking
wastewater treatment plant of Wuhan Iron and Steel
Group Company, Wuhan, P.R. China. The sample was
collected with a plastic container and stored at 4 °C in the
refrigerator before the experiments. Total cyanide (13.5
mg·L-1 in the experiment) in the raw wastewater was
quantitatively determined by an established method [24].
Ferrate was pre-pared in our own laboratory which is
described in the next part of this section. The anatase TiO2
used in the study was prepared in the analytical chemistry
laboratory of Wuhan University (Wuhan, P. R. China). All
other chemicals were analytical grade and the water used in
this study was doubly distilled water.
Preparation and determination of ferrate

Ferrate was prepared through electrolysis onsite. The
material of the electrolytic bath was UPVC (unplasticized
polyvinyl chloride), the structure and sizes were shown in
Fig. 1. The anode was made of gray cast iron, and the double cathodes were made of nickel sheet. For each of the
electrode, the area was 20 cm2. Saturated aqueous NaOH
was used as electrolyte, and separated by cationic semipermeable membrane. Direct current (DC) stabilized voltage supply (RXN-3010A, Zhaoxin, PR China) was used
and the electrolytic voltage was maintained between 510 Volts. The concentration of ferrate prepared by electrolysis was measured using UV-visible spectrophotometer (Modle: CARY 50 Probe; Manufacturer: Varian Corporation (Palo Alto, USA)). [25].

(4) Fe (Ⅵ) /TiO2/UV system: Fe (Ⅵ) pre-oxidization followed by TiO2 photocatalytic oxidation.
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FIGURE 1 – Scheme of the electrolytic bath.

FIGURE 2 - Planform (left) and side view of the set-up used for the photochemical experiments.

Experimental procedure

First, the effect of ferrate concentration on the removal efficiency of cyanides was investigated. Six 100 ml
aliquots of coking wastewater sample were prepared , and
2.72, 5.44, 10.88, 27.23, 54.46, 108.92 mg·L-1 of ferrate
were added into each sample, respectively. Then pH was
quickly adjusted to 5 by adding sulfuric acid or sodium
hydroxide within 60 seconds. The solutions were stirred
for 10 min, and then settled for another 30 min, the supernatant solutions were taken for the remained cyanides
measurement. Then, the effect of pH on the removal efficiency of cyanides was conducted in the same procedures.
The removal efficiency of cyanides in the Fe (Ⅵ) /UV
system, photochemical experiments was conducted in the
experimental set-up shown in Fig. 2. A 250 W high pressure mercury lamp (λ ≥ 365 nm, Yamin Lamp Co. Wuhan, P.R.China) was used as irradiation source. 500 mL of
coking wastewater sample were prepared and 5.44 mg·L-1
ferrate was added, and then pH of the sample was adjusted to 5 within 60 seconds. After stirring and settling, the
supernatant solutions were taken for the determination of
total cyanide. 2g·L-1 TiO2 was added into the original
coking wastewater after pre-oxidation in TiO2 photochemical processes.

this experiment, the irradiation source was 250W high pressure mercury lamp (λ ≥ 365 nm) with glass jacket cutting
off short wavelength light. To clarify if direct irradiation
with the lamp used in this study has any effect on the
removal of cyanide, the coking wastewater was directly
illuminated and the removal of the total cyanide was determined. Results shown in Figure 3 indicated that less
than 5% of cyanides was removed under direct UV irradiation. Then, TiO2 was used as catalyst to improve the
removal of cyanides under UV light. With the addition of
2 g L-1 TiO2, 33.3% of the total cyanide was removed
under UV irradiation for 4 hours. Such low removal efficiency of the total cyanides could be attributed to the
irradiation source with wavelength above 365 nm as well
as the complicated composition of this specific coking
wastewater. Therefore, pre-oxidation which might be helpful to increase the removal efficiency was used in the next
step of the experiment.

RESULTS AND DISCUSSIONS
Photochemical treatment without pre-oxidation

Previous study indicated cyanide in aqueous solutions
could undergo the direct photolysis under UV light [3]. In
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containing 5.4 mg·L-1 ferrate. In the pH range of 3-9, the
lower the pH value is, the higher the cyanide-related removal efficiency is. This result is consistent with the fact
that Fe(VI) has higher oxidation potential at acidic pH
values (+ 2.20 V) than that at alkalic pH values (+ 0.72 V)
[26]. The removal efficiency of cyanides was 73.3% at
pH 3, and 68.9% at pH 5. Although lower pH value leads
to higher efficiency, it is not economically and environmentally feasible to adding a large amount of acid into the
wastewater to lower the pH in reality. So, considering less
chemicals usage, pH 5 was chosen as the optimal pH in
the process of pre-oxidation of the coking wastewater.

UV
TiO2/UV
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3

Time(hr)

4

FIGURE 3 - The removal efficiency of cyanides during direct UV
radiation and TiO2 photocatalytic oxidation. The experimental conditions are as follows: initial cyanides concentration 13.5 mg·L-1, pH 5,
and TiO2 2g L-1.
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FIGURE 5 - The removal efficiency of cyanides with
different pH conditions. The experimental conditions: initial total
cyanides concentration 13.5 mg·L-1 and Ferrate dosage 10.88 mg·L1
.
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FIGURE 4 - The removal efficiency of cyanides with different dosages of ferrate in the pre-oxidation. The experimental conditions are
as follows: initial cyanides concentration 13.5 mg·L-1 and pH 5.
Effect of ferrate concentration on
the removal efficiency of cyanides in the pre-oxidation

Fig. 4 shows the removal efficiency of cyanides in coking wastewater with different dosages of ferrate. When the
dosage of the ferrate was less than 5.44 mg·L-1, the cyanide concentration in the suspension obviously decreased
along with increasing dosage of ferrate. When increase
the dosage of the ferrate to 10.88 mg·L-1, the removal efficiency of cyanides was increased up to 78.1% and the increasing trend of the cyanide removal versus the dosage of
ferrate became slower. This result shows that adding too
much ferrate to achieve higher removal efficiency (>90%)
is not necessary since it is not economically feasible. However, it is feasible to use photochemical process for the
further removal of the remaining low concentration of cyanides.
Effect of different pH conditions on
the removal efficiency of cyanides in the pre-oxidation

The removal efficiency of cyanides
by UV irradiation after ferrate pre-oxidation

In our previous study of landfill leachate treatment by
a coagulation-photo oxidation process [27], the depletion
rate of organic compound was relatively higher at pH 5 than
that at other pH values, when Fe3+ acted as the photocatalyst. As a strong oxidant, the ferrate can oxidize the cyanides in coking wastewater and itself was reduced to Fe(III).
At high concentration and pH 5, Fe(III) exists in the form
of Fe (OH)3 that can flocculate granules in coking
wastewater, which might increase the removal of cyanides.
After the reaction of flocculation in the suspension, there
were also some Fe(III) ions (usually in the form of
Fe(OH)2+) in the solution. It is well known that Fe(III)-OH
complexes are effective photocatalyst which can produce
·OH radicals (Fe(OH)2+ + hν → Fe2+ + ·OH). ·OH radicals
are believed to have potential of oxidizing cyanide. Fig. 6
shows that four hours irradiation after ferrate preoxidation, the removal efficiency of cyanide increased
from 68.9% to 88.3%. Therefore, UV irradiation can enhance the removal efficiency of total cyanide after Fe (Ⅵ)
pre-oxidation process.

Fig. 5 shows the effect of different pH conditions on
the removal efficiency of cyanides in coking wastewater
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ed for 4 hours. It can be concluded that TiO2 photocatalytic oxidation process is a reliable process that can be combined with ferrate pre-oxidation for effective removal of
cyanides from coking wastewater.
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FIGURE 6 - The removal efficiency of cyanides by ferrate in
UV irradiation. The experimental conditions are as follows:
initial total cyanides concentration 13.5 mg·L-1 and pH 5.
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FIGURE 8 - The removal efficiency of cyanides in the Fe (VI)/ TiO2/
UV system. The experimental conditions are as follows: initial total
cyanides concentration 13.5 mg·L-1, TiO2 dosage 2 g L-1 and pH 5.
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FIGURE 7 - Proposed mechanism of the oxidation of
cyanide by ferrate pre-oxidation and photochemical process.

The mechanism of the ferrate oxidizing the cyanides
was illustrated by Sharma et al.[20]. The oxidation products of cyanide were NO2- and CO2. According to the
references, the mechanism of the pathway for the oxidation of cyanide in the ferrate pre-oxidation followed by
photochemical process was proposed as shown in Fig. 7.
The removal efficiency of cyanides
by TiO2 photocatalytic process after ferrate pre-oxidation

The total cyanides in coking wastewater were effectively removed by ferrate pre-oxidization followed by photochemical process. The removal efficiency of cyanides increased with the increasing ferrate dosages in the range of
0-110.0 mg·L-1 in aqueous solutions during the pre-oxidation process. Low pH benefited the removal of the cyanides because ferrate has higher oxidation potential at acidic
condition. After pre-oxidation, the maximum removal efficiency of the cyanides was achieved in aqueous solutions at
pH 5 under UV irradiation with TiO2 as catalyst. When
TiO2 photocatalytic oxidation used as photochemical process following ferrate pre-oxidation, nearly 100% removal
of cyanides was achieved after irradiated for 4 hours.
This study implies that ferrate pre-oxidation followed by
photochemical oxidation process has great potential in treating coking wastewater.

The Fe (Ⅵ) /TiO2/UV system (using Fe (Ⅵ) as oxidant and TiO2 as catalyst under UV irradiation) has been
used to degrade microcystins [27]. The result showed that
the residual Fe(III) after ferrate pre-oxidation can enhance
the efficiency of photocatalytic reaction and pH had a
significant effect on the reaction rate of detoxification of
microcystins-LR (MLR) [28]. An attractive alternative to
the photochemical process is the use of heterogeneous
TiO2 photocatalysis, a method which has shown its applicability for the removal of either free or complex cyanides [8,29]. In this experiment, TiO2 photocatalytic oxidation of cyanides after ferrate pre-oxidation was also
conducted as a comparison to direct UV irradiation.
Fig. 8 shows the Fe (Ⅵ) /TiO2/UV system achieved
nearly 100% removal efficiency of cyanides after irradiat-
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POTENTIAL USE AND DEVELOPMENT
STRATEGY OF BIOENERGY IN SOUTHEAST
CHINA –THE CASE OF JIANGSU PROVINCE
Yaping Zhang, Yuhui Zuo and Yiyao Bai
State Key Laboratory of Pollution Control and Resource Reuse, School of the Environment, Nanjing University, Nanjing 210093, P. R. China

ABSTRACT
The southeast of China has experienced a comparatively rapid economic development in recent years compared to the remaining areas of China. Consumption of
considerable fossil fuel causes an increasingly serious energy shortage and environmental pollution, which threatens the sustainable development of the southeast of China.
Jiangsu province, one of the most fast developing provinces in the southeast of China, is a good case. Jiangsu has
a large population, large area of forested land, advanced
agriculture and long coastline, which could potentially provide huge amount of feedstock for bioenergy production.
In 2006, about 86.73 Mt of manure (livestock + human),
42.22 Mt of crop residues and food-processing byproducts,
1.03 Mt of fuelwood and wood manufacturing residues,
8.51 Mt of municipal waste were generated in Jiangsu
Province. 138.40 Mt of the total biomass energy derived
from these materials could potentially displace the use of
about 21.30 Mt of coal. Meanwhile, energy plants, which
will be potentially planted on the massive idle land, saline
soil and farmers’ yards, could provide 8.60 Mt of feedstock for biofuel production in the future. For better utilizing bioenergy in Jiangsu, several suggestions are given,
including making an overall development planning, giving supports on tax, price, technology and funds, and carrying out the research of bioenergy technology.

KEYWORDS: Energy shortage, bioenergy, potential use, development strategy, Jiangsu province.

INTRODUCTION
Jiangsu Province lies in the southeast of China, which
stands in the lower reaches of Yangtze River and Huaihe
River and adjoins Yellow Sea in the east. Jiangsu has an
area of 102 600 km 2 [1], 1.1% of the national land area.

68.81% of the area is plain while the water surface covers
16.86%, consisting of more than 290 lakes and 10 rivers.
Jiangsu, whose population density ranks first in China [1],
has a large population of 0.75 millions.
Abundant natural resources and solid industrial foundation contribute to the rapid social and economic development of Jiangsu. Fig.1 indicates that Jiangsu had experienced rapid economic development since the reform and
open-up policy was implemented in China. Since 2000,
gross domestic product (GDP) has kept an annual growth
rate of about 13% and per capita GDP had an increase rate
of 17%. According to Statistical Yearbook 2007 of Jiangsu
[1], the GDP of Jiangsu reached 2164.51 billion Chinese
Yuan in 2006, increasing by 14.9% compared to the former
year, in which the primary industry grew by 5.0%, the
secondary industry by 16.0% and the tertiary industry by
15.5%.
The primary energy of Jiangsu is considerably scanty.
The total reserve accounts for only 1.2% of the national
reserve, and the average personal possession of the primary
energy in Jiangsu approximately equals to 1/5 of the national level. Hydroelectricity resource, crude oil, and underground thermal energy are equivalent to 0.034%, 0.2%
and 1.1% of the national capacity, respectively [2]. Despite scarce energy resources, even more energy has been
consumed with the rapid economic and social development
of Jiangsu. The gross energy consumption in Jiangsu was
about 168.95 million metric tons of coal equivalents (tce)
in 2005, or 7.6% of the national consumption (2233.19 Mt).
Although energy production has a steady increase, energy
is becoming increasingly scarce. In 1985, the energy problem was not so severe with a self-reliance rate of 45%, but
it dropped exponentially to 21% in 1996 as the industrialization and urbanization accelerated in 1990s’. Since then,
the self-reliance rate has a steady drop as shown in Fig. 2,
indicating that the gap between production and consumption of the primary energy has been widened and energy
shortage has become the chief obstacle for the rapid economic and social development of Jiangsu.
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FIGURE 1 - Economic development status of Jiangsu Province in the year of 1952-2006.
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FIGURE 2 - Production and consumption of the gross energy
in the year of 1996-2005 in Jiangsu (PD: production of primary
energy; CS: consumption of primary energy; SR: self–reliance rate).

Rapid industrial development, increasing vehicle use,
and inadequate enforcement of emissions standards have
led to poor air quality in urban centers of Jiangsu. This
damage is particularly associated with the use of coal and,
to a lesser degree, with petroleum-based energy. The air
pollution is largely attributable to sulfur dioxide, oxides of
nitrogen, sooty and sulfate particulates and acidifying deposition. In 2006, 248.81 billion m3 of industrial waste gas,
including 1.24 Mt of SO2, 0.40 Mt of industrial soot and
0.30 Mt of industrial dust were discharged, resulting in the
even more severe air problem. The average concentration
of inhalable particulate matter of the whole province, for
example, was 0.010 mg m -3 in 2006 and the occurrence
rate of acid rain rose to 38.6% in 2006 from 25.4% in
2001[1].
With the realization of overall well-to-do society and
modernization by 2010, energy demand of Jiangsu will
keep an increase in the early 21st century in spite of lim-

ited energy and resource. According to the committee of
development and reform, the gross energy demand will be
220 Mtce. Therefore energy will become the predominant
bottleneck to the social and economic development.
Bioenergy, the energy from biomass, has been used for
thousands of years, ever since people started burning wood
to cook food or to keep themselves warm. And today, wood
is still our largest biomass resource for bioenergy [3]. Worldwide, biomass ranks fourth as an energy resource, providing approximately 14% of the world’s energy needs. Biomass is the most important source of energy in developing
nations, providing 35% of their energy [4]. Biomass is also
the predominant renewable energy source. Since the annual photosynthetic production of biomass is about eight
times the world’s total energy use and this energy can be
produced and used in an environmentally sustainable manner, while emitting no net CO2. In addition, it appears to
have significant economic potential given that fossil fuel
prices increase in the future [5]. Biomass is used for energy
purposes both in industrialized and in developing countries.
Particularly since the 1970s, processed biomaterials such
as alcohol, biogas, and wood pellets have become widely
used. The development of biomaterial energy industries has
been encouraged by the increase of fossil fuels costs and
policies in some countries to foster renewable energy
sources [6, 7].
The government of Jiangsu is particularly interested in
encouraging the part replacement of coal with renewable
energy sources in recent years to solve the energy crisis
and mitigate the contradiction of economic development
and environmental protection. Bioenergy, as one of the most
important renewable energy, has received higher attention.
As one of first pilots of recycling economy in China,
Jiangsu attached more attention to the construction of rural
biogas digesters. At present, Jiangsu is a leading province
in developing and using new energy in China and it is the
unique province in Yangtze River Delta which possesses
alcohol manufacturers and has formed good industrial base.
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For the better use of bioenergy in Jiangsu province, it
is necessary to estimate the quantity of biomass energy,
which is the aim of our research work. In this study, five
types of biomass energy sources, including agricultural crop
residues, bioenergy plants, manure from humans and livestock, municipal organic waste and wood fuels, are investigated and evaluated. In accordance with our research on
the potential quantity of biomass energy, several suggestions are given for more use of the bioenergy in Jiangsu
province.
MATERIALS AND METHODS
Jiangsu lies in the subtropical and temperate zone and
enjoys a warm and mild temperature. Favorable natural
condition helps a great variety of plants flourish and endows
Jiangsu with advanced agriculture and exuberant forest as
well as wide pasture, which contributes to a huge production of biomass in agricultural and wild ecosystems. Jiangsu
has 4.74 Mha (1 ha=10000 m2) of cropland and 66.45 Kha
of woodland [1]. The biomass of these habitats is a potential source for bioenergy production. Of course, most of the
existing agricultural production must be used as food, and
that of wild ecosystems is required to support indigenous
biodiversity and ecological functioning. Nevertheless, some
increased fraction of the biomass production in Jiangsu
could potentially be diverted to use as renewable bioenergy
fuels. This could include crop residues, manure of humans
and livestock, raw wood, and certain grains and other agricultural production that can be used to manufacture biofuel
[8].
Agricultural crop residues

A good natural condition contributes to the developed
agriculture with 7.61 Mha of cultivated area for crops and
30.41 Mt of corns in 2006, which produce large amounts
of crop residues high in cellulose, lignin, and starch. The
most abundant residues are associated with the cultivation
of maize (corn), rice, and wheat.
The calculation of the quantity of crop residues (CR)
was based on Eq. (1)
n

CR = ∑ (Qci ⋅η i ) ⋅ k

(1)

i =1

Where CR is the quantity of crop residues, Qci the
crop production, ηi the ratio (yield: residue) of crops and k
is the proportion of crop residues used for energy.
Table 1 shows the cultivated area and yield as well as
the ratio of crops in 2006 in Jiangsu province.
Currently, about 15% of crop residues were burned or
left to decay in the field, whereas 24% was used as livestock forage, 2.3% to manufacture paper, and 59% as fuel in
traditional heating systems [15]. Potentially, the 15% of unused residues and the 59% of residues used for traditional
heating can be used for bioenergy on an annual basis.

TABLE 1 - Resource and ration of crops in Jiangsu in 2006.
Crop
Grains
Wheat
Barley
Horsebean
Rice
Tuber
Maize
Sorghum
Millet
Other
Oil crops
Soybean
Peanut
Oilseed rape
Sesame
Fiber crops
Cotton
Hemp
Sugar cane
Sugar beet
Tobacco leaf
Milling residues
Corn cobs
Peanut shells
Soybean hulls

Cultivated area
(Kha) [1]

Yield
(Kt) [1]

Assumed ratio
yield:
residue
[8-11]

1734.87
198.99
105.57
2234.35
90.03
378.74
0.10
0.06
21.48

8178.15
895.06
293.64
17927.17
533.64
1972.03
0.25
0.09
52.93

1.37
1.37
1.5
1
1
2
1
1
1

214.27
191.73
608.57
11.38

536.92
668.18
1494.04
18.17

1.5
2
2
2

354.85
1.41
3.64
0.02
0.65

381.38
4.50
206.03
0.20
1.42

3
1
0.1
0.1
0.2

1747.90
554.56
486.78

0.19
0.20
0.23

Bioenergy plants

Bioenergy or biofuel plants are those annual and perennial species that are specifically cultivated to produce
solid, liquid or gaseous forms of energy. The organic residues and wastes from food crops can also be used for producing energy (for example, cereal straw). Vegetable oils
from oil crops, like oilseed rape, linseed, field mustard,
hemp, sunflower, safflower, castor oil, olive and groundnut, can be used directly as fuels, for example, biodiesel.
Ethanol can be produced from the starch by fermentation.
So the starch crops, like potato, sugar beet, Jerusalem artichoke, sugarcane and cereals (such as barley, wheat, oat
and rye, etc) can be used to produce ethanol. The bioethanol can then be used directly as a fuel, as in Brazil and
Sweden, or in blends with other fuels [12, 13].
Beneficial from good climate and natural condition, a
great variety of crops and plants grow well in Jiangsu so
that Jiangsu has been well-known as a “Home of Rice and
Fish” since ancient times. However, 84% to 88% of the rice
and wheat production is usually used as food for people,
and 2% to 7% as fodder for livestock, whereas only 13%
of the maize production is used as human food and 68%
as fodder [8]. Some of the maize is used to produce ethanol, although this is mostly material stored too long to be
used as food [14]. Therefore, it is unrealistic to rely merely
on crops or grow other energy plants in Jiangsu with a
large population. Rather than competing with cropland,
energy plants, in particular, rapeseed, Kostelezkya virginic
and willow can be planted on agriculturally marginal or
surplus lands and degraded or drastically disturbed soils.
The biomass energy quantity of energy plants (EP)
was calculated based on Eq. (2):
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n

EP = ∑ Pei ⋅ La i ⋅υ i

(2)

i =1

Where EP is the quantity of energy plants biomass,
Pei the unit production of energy plants, Lai the cultivated
area of energy plants and υi is the oil content of energy
plants.
Rapeseed

Rapeseed has a similar chemical constitution as diesel, an ideal source for the production of biodiesel. Jiangsu
has always been a leading province in China in the growth
of rape attributed to the mild climate. In 1949, only 92.7
Kha of cropland was planted with rape, about 6.5% of the
total cultivated cropland. However, it rocketed to 608.6
Kha in 2006, 6.5 folds compared to that of 1949, equivalent to about 8% of the total cropland. The production of
rapeseed of Jiangsu, which has an oil content of 40%, was
2455 kg ha-1 in 2006, much higher than the national average production (1793 kg ha-1) [15].
In Jiangsu the rape is planted in winter and harvested
in summer, which will not compete with grains and threats
the food security. Furthermore, planting rape can foster the
cropland. At present, Jiangsu has about 133.3 Kha of farmland idle in winter, which could be use to plant the rapeseed. Based on the current production of rapeseed, the idle
farmland could potentially be used to manufacture 0.13 Mt
of biodiesel.
Kostelezkya virginic

Kostelezkya virginic is a perennial halophyte, which
can grow in the saline soil, and the oil content of its seeds
is about 18%. Over 80% of the oil of its seeds is composed
of unsaturated fatty acid, so it can be used to manufacture
biodiesel. Currently, the production of its seeds has risen to
1.5 t ha-1 and is likely to be improved to 4.5 t ha-1 after
consecutive breading and testing.
Jiangsu has 954 km coastline along Yellow Sea and
653 Kha of shoal land, similar to 1/4 of the national shoal
land. As yet, 383 Kha of shoal land is untouched while
keeping broadening at the rate of 1300 ha per year. Since
the shoal land is saline with high content of salt, most of
shoal land used is quite barren and less productive. Growing Kostelezkya virginic in these areas can make full use
of such idle land on one hand and provide feedstock for
the production of biodiesel on the other hand. Considering
50% of the idle shoal, 40% of those shoal land used but
barren and 18% of oil content as well as the output of 1.5 t
ha-1, 80 900 metric tons of biodiesel can be potentially
produced.

kg-1, equal to 65%-69% of that of coal; hence they can be
potentially used to generate electricity. Moreover, willows
can also be used to produce ethanol through hydroxylation and fermentation of cellulose. Typically, the production of ethanol from 1t of wood scraps is comparable with
365 kg of grains. For example, 6t of wood scraps can produce 1000 L ethanol [17].
Willows can be planted easily and tolerate high humidity. They still grow well even temporarily in the shadow
water; therefore they are always planted on the bottomland as “breakwater”. Potentially, Jiangsu has a great magnitude of land suitable for willows, including expansive
everglade and farmers’ yards. Jiangsu abounds in wetland,
about 4 Mha, accounting for 39% of the gross area of
Jiangsu [17]. Assuming that 30% of this wetland was
planted with bush willows with a production of 18.75 t ha-1
[18], 35.98 Mt of biomass could be generated. Meanwhile,
arbor willow can grow in the villagers’ yards. In 2006,
Jiangsu has 14.95 millions of rural households. Given 5
arbor willows were planted for every rural household and
every willow has 44 kg of biomass after growing 5 years,
0.33 Mt of biomass could be produced. Altogether, 7.83
Mt of biomass could be potentially produced, equivalent to
5.25 Mtce (1.5 t biomass of willow is equivalent to 1 tce).
Manure from humans and livestock

Since the 1970s, China has been promoting the use of
household-scale, underground, anaerobic digesters to process rural organic wastes into biogas and organic compost.
Jiangsu is a leading province in the use of biogas digesters
and nearly 487 thousand households have biogas digesters
in 2006. It has had 214 large and medium-sized digesters
that can treat 2.49 Mt yr-1 of livestock dejecta, and 17 900
digesters for treating 2.00 Mt yr-1 of human sewage in rural
areas by 2006 [24]. The animal manure coming mostly from
chickens, pigs, cows and wastes from medium- to largescale rearing facilities can be readily accessed to produce
biogas. In Jiangsu, 85.46 Mt of feces (Table 2) from livestock were discharged during the feeding period by the
end of 2006 and 1.27 Mt of human manure in urban areas
of Jiangsu in 2006 is potentially available for biogas generation.
The biogas quantity from feces (LS) can be evaluated
based on the Eq. (3):
n

LS = ∑ Qi ⋅µ i ⋅

(3)

i =1

Where LS is the quantity of biomass from feces, Qi
the quantity of feces and µi is the production rate of biogas from feces.

Willow

Municipal Organic Waste

When grown and processed in a sustainable way, wood
fuels from willows represent a clean energy source that
generates lower net CO2 emissions than most fossil fuels
[16]. Willows have high thermal value of 19350-20640 J

The total urban population of Jiangsu reaches 39.18
millions, similar to 51.9% of the total population in Jiangsu, and it keeps increasing as Jiangsu’s urbanization is
still speeding [1]. Immense quantities of municipal organic

1106

© by PSP Volume 17 – No 8a. 2008

Fresenius Environmental Bulletin

TABLE 2 - Main livestock in Jiangsu at the end of 2006.
Livestock

Livestock alive[1]

Pig
Sheep
Cow
Horse
Donkey and mule
Egg poultry
Meat poultry
Hare
Total

18 269 600
11 865 000
6 403 000
6 400
964 800
163 138 200
142 629 100
13 109 900

Feces
(kg)[19,20]
1 046
632
8 200
5 237.
3 092
55
4.5
55

Livestock
Slaughtered[1]
29 773 200
3 458 100
292 000
－
－
8 341 500
802 998 600
21 081 900
85.46

Feces (kg)
[19,20]
1050
632
8 703
－
－
55
4.5
8.25

Total amounts of
feces (Mt)
50.37
9.68
7.81
0.03
2.98
9.43
4.26
0.90

TABLE 3 - Resource and ratio of wood fuels.
Source

Ratio
resource : biomass[19]
7.50 t ha-1
0.47 t m-3
0.31t m-3
5 kg per tree
2 kg per tree

Total resource[1]

Fuelwood
Harvest residuals
Wood-processing residuals
Bamboo-processing residuals
Trees planted in or around farmers' yards

9 400 ha
896 900 m3
896 900 m3
6 130 000
113 560 000

TABLE 4-Estimated bioenergy available in Jiangsu in 2006.

Source
Crop residues and
processing wastes
Manure from animal
and human
Municipal waste
Fuelwood, harvest residues,
wood-processing residues
Total

Total resource
(Mt)

Energy
Production

Ratio
Biomass to coal equivalent
[8,19,27]

Amount coal
equivalent
(Mtce)

42.22

31.24 Mt

0.51 tce t-1

15.93

0.714 3kgce m-3

3.67

0.14 tce t-1

1.19

3

5.12 Gm
(methane)
8.51 Mt

86.73
8.51
1.03

1.03 Mt

0.51 tce t

-1

138.49

0.52
21.30

waste are generated, including solid materials associated
with food, paper, wood, cloth, plastic, rubber and liquid
waste consisting of domestic sewage and industrial waste
water. The domestic sewage usually has a solid component
of about 0.02%-0.03% and water content of above 99%,
which could be potentially used to produce methane [25].
The biogas quantity from municipal organic waste can be
calculated based on Eq. (3).

The biomass quantity of wood fuels (FR) was calculated based on the Eq. (4):
n

FR = ∑ Qf i ⋅ η i ⋅

(4)

i =1

Where FR is the biomass energy quantity of wood
fuels, Qfi the wood fuels resource and ηi is the ratio (resource: biomass) of wood fuels.

Wood fuels

Forested land in China is managed for various purposes, ranging from protection to conserve water quality
and biodiversity to the harvesting of forest products, including fuelwood [10]. By-products of wood-processing
factories and harvest residuals are also a source of energy.
In 2006, Jiangsu has a fuelwood harvest of 896 900 m3,
6.13 millions of bamboos and 113.56 millions of trees
growing in or around farmers’ yards [1] (Table 3). Because
of an increasing emphasis on afforestation and reforestation, it is likely that fuelwood harvests will increase in the
future.

RESULTS AND DISCUSSION
Biomass energy resource

Crop residues and milling wastes accounted for about
42.22 Mt of biomass in 2006, equivalent to 21.53 Mtce.
Potentially, 31.24 Mt of biomass, equivalent to 15.93 Mtce,
can be used for bioenergy on an annual basis. 85.46 Mt of
feces from livestock and1.27 Mt from human in urban areas
of Jiangsu were discharged in 2006 manure, which could
theoretically generate 5.12 Gm3 of methane. The munici-
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pal solid waste collected in 2006 was 8.51 Mt, equivalent
to 1.19 Mtce. In summary, there were about 21.30 Mtce
of readily available biomass that could potentially be used
to replace some use of coal and other fossil fuel sources
(Table 4), which implies that there is a bright prospect on
developing and using bioenergy in Jiangsu.
Meanwhile, energy plants, which will be potentially
planted on the massive idle land, saline soil and farmers’
yards, could provide 8.60 M t of feedstock for biofuel
production in the future, equivalent to 5.54 Mtce (Table 5).
In fact, the development of new energy has become
one of grand projects which were supported in the 11th fiveyear plan and 15 billion Yuan will be invested for the research and development of clean energy including bioenergy. In particular, special funds are expected to provide and related measures are about to make to facilitate
the industrialization of biodiesel for easing the oil crisis
that Jiangsu is encountering. For instance, five cities,
namely Jiangsu, Xuzhou, Lian Yungang, Huai’an, Yancheng and Suqian, began to use ethanol gasoline in
2004 and the usage of ethanol gasoline will expand to the
whole province soon.
Suggestions to the development strategy
of biomass energy in Jiangsu province

In accordance with the above analysis of potential use
of bioenergy in Jiangsu, the following suggestions to the
development strategy of bioenergy in Jiangsu are given:

sive use of crop residues as well as growth of energy plants.
On account of abundant manure from human and livestock,
more biogas digesters, household-size or large and mediumsize should be built in rural areas of Jiangsu province. Currently, gasification and power generation are the two ways
of reuse the considerable crop residues. Gasification of crop
residues is a good way to mitigate energy shortage and
reduce environmental pollution brought by considerable
consumption of coal and ecological crisis caused by deforestation in the rural areas. Power generation by the use
of crop residues can not only reduce the environmental
pollution caused by the combustion of crop residues but
also recycle and reuse the crop residues. Rape,
Kostelezkya virgini and willow will not compete with
grains. Farmers can benefit a lot from growing such
plants due to higher prices of biodiesel compared to that
of foodstuff. Other benefits include the reuse of idle
cropland, shoal land and wetland, ecological benefit and
feedstock for biodiesel production.
Carry on the in-depth research of bioenergy technology

Advanced technology lays a solid foundation for more
use of bioenergy. It is urgent to carry on relative research
to lower the cost of production and use of bioenergy for the
large-scale production and use of bioenergy in Jiangsu.
For example, the oil content of such energy plants is quite
low at present, demanding further research on breeding to
develop new species with high oil-content.
Establish systematic and simulative
policies to encourage the use of bioenergy

Formulate an overall development
planning of bioenergy in Jiangsu

An overall development planning of bioenergy development and use is all-important for further development
and more use of bioenergy in Jiangsu. It might comprise
such aspects like development principles, strategy goal,
development pivot, industry layout and guarantee
measures. The development planning should be established by the local government and implemented with the
cooperation of relative governmental branches.
Identify the important and preferential
projects of bioenergy development

Three top-priority projects should be developed, consisting of construction of biogas digesters and comprehen-

In the beginning of the formation and development of
bioenergy industry, the local government should provide
effective and necessary supports on market, tax, technical
research and funds. In order to encourage farmers to build
biogas digesters, for instance, the local government should
give more financial support and technical instruction so
that farmers can use them effectively and benefit from them.
Regular technical training on using biogas digesters should
be given at intervals to keep villagers aware of environmental protection and proper operation of digesters. Special subsidy should be given to the biodiesel manufacturers to stimulate more production of biodiesel. Preferential
price should be set to encourage farmers to grow more energy plants.

TABLE 5- Potential biomass from energy plants in Jiangsu.

Source
Rapeseed
Kostelezkya
virginic
Willow
Total

Total resource
(Mt) [1]

Energy Production (Mt)

0.33

0.13 (biodiesel)

Ratio
Biomass to coal equivalent
(tce t-1) [8,19]
1.40

0.45

0.08 (biodiesel)

1.40

0.11

7.83
8.60

7.83

0.67

5.25
5.54
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Amount coal equivalent
(Mtce)
0.18
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CONCLUSIONS
Jiangsu has a rapidly growing economy while it substantively relies on the nonsustainable use of nonrenewable
fossil fuels. Jiangsu, as one of the most developed provinces in the southeast of China, also produces considerable amounts of organic wastes, agricultural and forestry
biomass which could be used as renewable fuels. Our analysis shows that the potential bioenergy of Jiangsu in 2006
can meet nearly 1/5 of the energy demand of that year,
which indicates a bright prospect of bioenergy use in Jiangsu. The use of bioenergy can alleviate the increasingly
serious energy crisis and will inevitably become an important part of sustainable development strategy of Jiangsu.
It can be predicted that bioenergy will have a huge market
demand in the short future on account of increasing demand for energy and severe energy shortage as well as
serious environmental pollution caused by considerable
consumption of fossil fuels. In virtue of that a majority of
feedstock for bioenergy production derive from the rural
areas, bioenergy production can create more jobs and increase farmers’ income, which in turn encourages farmers
to grow more energy plants or crops.
Currently, bioenergy is still a fangle in the cradle and
has not been put into commercial use in Jiangsu and China
due to the relatively high cost compared to fossil fuels.
For more use of bioenergy in Jiangsu province, corresponding policies, financial support, technical research and guidance as well as an overall development planning are highly
needed.
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