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ABSTRACT

1. INTRODUCTION

Riparian areas are ecosystems whose importance has
been recognized worldwide for decades. These areas are
adjacent to surface water bodies and are essential for
ecological attributes such water quality and wildlife. In this
paper all scientific publications related to riparian areas of
Greece are reviewed and categorized. To accomplish this,
online search engines were used. The key words were
“riparian” and “Greece.” Fifty two publications were found
with most published in scientific journal (50%) and primarily after the year of 2000 (85%). These publications covered a wide range of thematic categories such as the ecology of riparian areas, the abiotic parameters that influence
these ecosystems, the negative anthropogenic impacts on
them, their proper management and the assessment tools
to examine them. The results showed that the awareness
regarding the riparian areas in Greece has increased in the
last decade through the establishment of the Natura 2000
network. Still, most studies focused on riparian areas in the
Natura 2000 network and along large rivers. This indicates
the need to examine riparian areas along smaller streams,
particularly ephemeral streams and torrents that dominate
the Mediterranean and Greek landscape. Finally, to effectively protect the riparian areas of Greece the public’s
awareness on their importance needs to increase.

KEYWORDS: riparian areas, literature review, scientific publications, wetlands, Greece.

* Corresponding author

Riparian areas are the zones adjacent to surface freshwater bodies such as rivers, streams, lakes and ponds [1].
The term riparian, with the above meaning, firstly appears
in the literature of the early seventies [2]. It originates
from the Latin word “riparius” that means river bank [2].
Since the seventies, the number of publications using this
term has increased exponentially in Northern America
and Europe [1-3].
Initially, riparian areas were considered as a type of a
wetland [4]. With the advancements in riparian ecology
during the last four decades, most scientists consider riparian areas as a unique and different ecosystem than wetlands,
although some areas can be considered both as riparian and
wetlands [1, 5].
Riparian areas are of major ecological interest, despite
the small area they occupy in the watershed, because they
support some of the most productive and diverse terrestrial
vegetation assemblages and serve many ecological functions [1, 5]. The vegetation of riparian areas is more productive and diverse due to the greater water availability
compared to the adjacent terrestrial ecosystems [5]. Riparian areas also have frequent disturbances, primarily by
flooding. The greater water availability in conjunction with
the frequent disturbances results into their distinct and unique
soil and vegetation characteristics.
The importance of conserving and protecting the riparian areas of Greece to the European Union is recognized
by the many riparian areas that have been designated as
Natura 2000 sites [6]. In most European countries the study
and conservation of riparian areas have been in the forefront for decades [1]. In contrast in Greece, only lately has
there been an emphasis on them. The first objective of the
paper was to conduct a comprehensive review of all scientific publications that have studied riparian areas in Greece.
Afterwards, a systematic analysis and synthesis of the publications was conducted chronologically, thematically and
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based on publication types (eg. journal, proceedings etc.).
Of major importance was the thematic analysis because it
would present the riparian research fields that have been
studied and would identify the scientific gaps regarding
their study in Greece.

sis and synthesis of the publications is presented. The publications were initially grouped into specific thematic “subject matters” that they pertained to. Afterwards, the subject
matters were grouped into broad thematic “categories”
based on general issues raised in the literature survey.

2. MATERIALS AND METHODS

3. RESULTS AND DISCUSSION

Literature Survey Methods: The electronic online database search engines Scopus, Scirus, Google Scholar,
Science Direct and Scientific References Cosmos were
used to locate the scientific publications dealing with
riparian areas of Greece. The keywords used were “riparian and Greece” “riparian areas and Greece.” Additional
searches were done using the Greek language equivalents
of the term riparian “παραποτάµιο δάσος (parapotamio
dasos)” and “παρόχθια περιοχή (parohthia periohi).” The
scientific publications included in this literature review
were journals, proceedings, books and book chapters. More
than 150 publications were found with only 52 having
pertinent material regarding “riparian area studies in
Greece.” While there are probably more publications on
hardcopy (probably proceeding in the Greek language)
they were not included in this literature review because
they are not readily available (as is the electronic form).
Literature Analysis and Synthesis: The analysis and
synthesis of the publications was done at three levels. The
first level described the type of publication, the second was
chronological and the third was thematic. The first level
described how many of the publications are in journals,
proceedings, books and book chapters. The second level
chronicled the number of articles published from 1985 to
2010. This would indicate if the interest and awareness on
the importance of riparian areas in Greece has increased
through time. Finally, at the third level the thematic analy-

Publication Types: More than half of the publications
were in international journals, while more than a quarter
were in international proceedings (Fig. 1). The other publication types were books, book chapters, local journals
and local proceedings that had a percentage of less than 8
% of all the publications. In addition, the majority of the
publications were in English, since the literature review
focused on electronically available publications. Only
three publications, two books and one publication in a
local journal, were in Greek.
Chronicle of publications: There were only two publications in the mid eighties (Fig. 2). In the nineties the
number of publications was more than double compared
to the eighties. After the year 2000 the riparian publications increased exponentially. During this period 45 publications, out of the total 52 found, were published. The
establishment of Natura 2000 sites that includes many
riparian areas has probably led to this substantial increase
in the number of publications. From 2004 and on, each year
had at least 5 publications with greater numbers occurring
in 2009 and 2010 (eight publications each year). This
pattern of increased publications through time indicates an
increase in the awareness of the importance of studying
and protecting riparian areas in Greece. Another important point is that although initially many publications
used as synonyms the terms “riparian” and “wetland”,
lately there is a clearer distinction between the two terms.

Books 7%
Book chapters 10%
Proceedings International 29%
Proceedings Local 2%
Journal International 50%
Journal Local 2%

FIGURE 1 - The percentage of the different types of publications referring to riparian areas of Greece.
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FIGURE 2 - The total number of publications published every two years, referring to riparian areas of Greece from 1985 to 2010.

Thematic Categorization: After reviewing all the publications, 26 general subject matters were identified (Fig. 3).
Based on these subject matters, the publications of the
review were further grouped into five broad thematic categories. The five thematic categories were: a) ecology, b)
abiotic parameters, c) anthropogenic impacts, d) management and e) assessment tools, with each category having
three to seven subject matters (Fig. 3). The percentages of
publications in each of the 26 subject matters and the five
categories are being presented in Table 1. It must be noted
that most publications covered multiple subject matters
and more than one category. In the following sections, the
subject matters of each category are discussed in depth
a) Ecology: For the purpose of this paper, ecology is
used as the study of ecosystems, ecology and biology; in
other words of the living organisms of the riparian areas.
The five subject matters of ecology were: i) vegetation, ii)
wildlife, iii) fisheries, iv) pathogens and v) ecosystems. The
majority of the publications discussed the riparian vegetation. These publications primarily referred to species composition [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24] and habitat type [7, 8, 9, 11, 12, 14, 15, 17,
19, 21, 22, 23, 24, 26, 27, 28]. Other publications defined
riparian vegetation attributes [7, 8, 21, 28] or riparian
vegetation diversity [12, 24, 28]. There were also publications that described specific dominant riparian species
(eg. Salix ssp [10, 29], Populus ssp [10], Platanus orientalis [10, 30, 31] and Fraxinus angustifolia [27]), rare
species [19] and invasive/exotic species [28, 32]. Several
publications also addressed the riparian areas in relation to
wildlife. Due to their high plant diversity and their proximity to water, riparian areas attract a large number of animals. While some of these studies discussed wildlife
habitat [13, 17, 33], most of them studied wildlife species.

The species ranged from terrestrial [14, 17, 20, 22] and
semi-aquatic mammals [13, 17] to birds [14, 17, 20, 22,
24, 33] and from reptiles [14, 17, 20, 22, 24, 34] to amphibians [14, 17, 20, 22, 24]. There were also a number of
studies referring to fish [12, 14, 20, 22, 24, 34] and invertebrates [22, 24, 30, 36]. For the subject matter pathogens,
only one study was found that examined the impacts of a
pathogen on sycamores (Platanus orientalis) [30]. Ecosystems were another subject matter in this category that
looked at riparian areas from a broader scale than the previous four subject matters. In this subject matter the publications referred to the functions [22, 23, 29, 30, 36, 37, 38],
importance [8, 21, 24, 39] or changes to the riparian ecosystems [32, 40]. Some of the functions were remediation
of stream pollutants by riparian forests [37], denitrification by the riparian vegetation [38] and the River Continuum Concept [30]. Finally, one publication [40] studied
the importance of urban riparian ecosystems.
b) Abiotic Parameters: The term abiotic, refers to the
non-living parameters that impact the functionality, performance and ecology of the riparian ecosystem. The subject matters of the abiotic factors included: i) hydrology ii)
geomorphology, iii) geology, iv) soil, and v) climate. The
majority of the publication, in this category, referred to
the hydrology [18, 21, 25, 26, 35, 36, 38, 42, 43, 44, 45,
46, 47, 49, 50]; something expected since water is the most
important characteristic of riparian areas. Most of the publications discussed water quality [18, 21, 25, 26, 35, 36, 38,
42, 43, 44, 45, 46, 47, 48, 49] and some also addressed
water levels [26, 42, 45, 47, 48]. The water quality publications refer to sediment [18, 25, 26] or nutrient (phosphorus
or nitrogen) [18, 25, 36, 38, 42, 44, 48, 49] concentrations,
or physical characteristics such as temperature, conductivity, pH, dissolved oxygen etc. [18, 25, 36]. Finally, one of
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FIGURE 3 - The five main categories and their subject matter based on the publications referring to the riparian areas of Greece.

TABLE 1 - The percentage of each category and subject matter based on the 52 publications
referring to riparian areas of Greece. Many publications covered multiple categories and subject matters.
Category
a) Ecology

Subject Matter
i) Vegetation
ii) Wildlife
iii) Fisheries
iv) Pathogens
v) Ecosystems

b) Abiotic Parameters
i) Hydology
ii) Geomorphology
iii) Geology
iv) Soil
v) Climate
c) Anthropogenic Impacts
i) Agricultural Activities
ii) Urban Activities
iii) Industrial Activities
iv) Recreational (Tourism) Activities
v) Forestry Activities
vi) Land-use Changes
vii) In-stream Modifications
d) Management
i) Restoration
ii) Conservation
iii) Sustainable Management
iv) Policy
e) Assessment Tools
i) Protocols
ii) Biological Indicators
iii) New Technologies

the publications discussed the impacts of surface erosion
and flooding in riparian areas [26]. Many publications
described the geomorphologic processes [20, 21, 26, 36,
38, 41] since riparian areas are disturbance driven ecosystems. The main research topic of these studies was fluvial
geomorphology (e.g. surface erosion [26], bank erosion

Percentage of publications (%)
65
46
17
12
2
25
35
29
12
4
6
10
44
19
13
10
8
6
8
13
62
21
23
31
35
31
12
13
10

[41]) since riparian areas are highly impacted by the adjacent surface water body. Geology had only two publications with one of them describing the general geology of
the riparian areas [20] and the other focusing on groundwater [42]. Three publications described the soil characteristics of the riparian areas that make them unique com-
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pared to the soil of the adjacent ecosystems [20, 21, 32].
The publications that referred to climate indicated its impact on the riparian areas, or the characteristics and levels
of the adjacent water bodies [20, 43, 44, 45, 46]. Three of
these publications that were by the same authors, investigated the potential impacts of climate change on riparian
areas [43, 45, 46].
c) Anthropogenic Impacts: Anthropogenic impacts refer to the negative effects that human activities have on
riparian ecosystems. These include i) agricultural activities, ii) urban activities, iii) industrial activities, iv) recreational (tourism) activities and v) forest activities, vi) landuses changes and vii) in-stream modifications. The majority of the publications referred to the agricultural effects
on the riparian ecosystem [7, 13, 18, 24, 26, 28, 34, 36,
37, 38, 39, 41, 43, 44, 45, 46, 47, 49, 50, 51]. Most of the
publications studied non-point source pollutants [7, 13, 24,
26, 34, 36, 38, 41, 43, 44, 45, 46, 47, 49, 50] such as sediments, nutrients, herbicides and pesticides that end in the
streams and rivers, mainly because of agriculture land-uses.
The main studied agricultural land-uses were crops fields
[24, 26, 36, 38, 44, 49, 50, 51], orchards [18, 38, 51] and
livestock pastures [7, 28, 34, 38, 39]. There were also indirect negative impacts from agricultural activities such as
irrigation [34, 45] and draining of aquatic areas [39]. Industrial activities caused point source pollution such as waste
water from orange juice [51] and olive oil [52] factories,
solid wastes [26] or toxic pollutants such as cheese whey
from cheese factories [37, 38]. In addition, other anthropogenic impacts were the expansion of urban areas into the
riparian areas [26, 28, 35, 36, 38, 39, 41] and in general
land-use changes and their impacts to the riparian ecosystems [36, 39, 43, 51]. Issues regarding anthropogenic activities in the riparian areas such as cutting trees (forest
activities) [26, 28, 39], hunting [28, 39], fishing [28, 39],
eco-tourism [28, 41], or outdoor concerts [53] in riparian
areas (recreational activities) were also studied. Finally, certain publications investigated how anthropogenic in-stream
modifications influence riparian areas [28, 38, 39, 41, 43,
45, 46]. These in-stream modifications included dam constructions [28, 38, 39, 41, 43], canalization [41, 45, 46],
river diversions [28] and water mills [39].
d) Management: This category covers issues on: i) restoration, ii) conservation, iii) sustainable management and
iv) policy. Typically, more than one subject matter was
discussed in each publication since the subject matters are
interrelated. The majority of these publications were
about restoration [10, 14, 15, 22, 24, 26, 32, 39, 41, 51,
55] and conservation efforts in riparian areas [7, 8, 17, 19,
22, 24, 33, 39, 43, 45, 53, 54, 55]. Restoration and conservation are different subject matters because restoration
means returning to some previous natural conditions, while
conservation means protecting the current conditions. Restoration publications primarily presented restoration plans,
while one stated the appropriate plant species for restoration [15] and the other how to get landowners involved in

restoration efforts [24]. The conservation publications
primarily referred to areas that were designated as protected through the Natura 2000 network and/or the Ramsar Convention. Sustainable management of riparian areas
[17, 18, 19, 22, 23, 26, 32, 37, 40, 41, 42, 43, 45, 46, 47,
57] also had many publications. It was a different subject
matter because sustainable management tries to maintain
production practices such as agriculture while simultaneously not degrading the current riparian conditions. There
was a wide range of issues discussed in this subject matter
from the effectiveness of riparian vegetation in reducing
pollutants [37], to how riparian areas mitigate pollutants
[18, 47], to managing urban riparian areas [40] and the
importance of watershed management planning [57]. There
were the primarily policies discussed; two European and
one International. The European policies were the Water
Framework Directive [11, 12, 25, 37, 41, 47, 49] and the
Biodiversity Policy referred to Natura 2000 areas [8, 17,
33, 43, 45, 53, 54, 55]. This is expected since riparian
areas are adjacent to surface water bodies, highly influence water quality [1] and have a large number of plant
species that are essential habitat for many wildlife species
[4]. The International Policy was the Ramsar Convention
[24, 33, 39, 54, 55] that is an intergovernmental treaty on
the national action and the international cooperation for
the conservation of wetlands. In addition to regulations,
the need to develop new institutions for the proper protection of the riparian areas was proposed [47]. Finally, one
of the publications mentions that the management problems in riparian areas are because of the low public
awareness on the riparian issues and the improper enforcement of regulations [26].
e) Assessment Tools: This category refers to the: i)
protocols, ii) biological indicators and iii) new technologies that are used to assess the condition of the riparian
areas or the adjacent stream or river ecosystems. A number of different protocols were used to examine the riparian area and stream conditions. These protocols included
the Stream Visual Assessment Protocol (SVAP) [22, 28]
from the United States, the European Fish Index (EFI) [28],
the Spanish Riparian Forest Quality (Qualitat del Bosc de
Ribera) [12, 22, 28], the Spanish Riparian Macrophyte
Protocol (RMP) [11, 12, 28], the River Habitat Survey
(RHS) [22, 36] from the United Kingdom and the Hellenic
(Greek) Assessment Protocol (HAS) [25]. All the international protocols were modified to fit the Greek environment. There was also a wide range of biological indicators
used to investigate primarily stream or river water quality,
with most studies using macroinvertebrates [25, 36, 37,
38, 48, 49]. There were also a number of studies that used
fish as indicators [35, 38, 48, 49], one that used aquatic
plants [48] and another algae [49]. Finally, there is a trend
in many natural resource fields to use new technologies in
order to increase the effectiveness of managing and protecting natural resources. In the case of riparian areas, the
technologies used were Remote Sensing [43, 45, 58], Geographic Information Systems (GIS) [8, 43, 45, 46] and
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Earth Observations (EO) [58] to either map the boundaries of the riparian areas or to create thematic maps of
riparian areas.

[7]

Arianoutsou, M., Delipetrou, P., Dimopoulos, P., Economidou,
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overview. (Eds. S. Dafis, E. Papastergiadou, K. Georgiou, D.
Babalonas, T. Georgiadis, M. Papageorgiou, T. Lazaridou, T.
Tsiaoussi) The Goulandris Natural History Museum – Greek
Biotope/Wetland Centre, Athens, Greece, 402-434.

[8]

Boteva, D., Griffiths, G. and Dimopoulos, P. (2004) Evaluation and Mapping of the Conservation Significance of Habitats Using GIS: An Example from Crete, Greece. Journal for
Nature Conservation 12, 237-250.

[9]

Dimopoulos, P. and Bergmeier, E. (2009) Riparian Woody
Vegetation in Greece. In: Sustainable Riparian Zones: A
Management Guide. (Eds. D. Arizpe, A. Mendes, J.E. Rabaça) Ripidurable, Alpiarça, Portugal, 84-87.

4. CONCLUSIONS
In Northern America and most European countries
the study of riparian areas has been a focal point in natural resources for decades. In contrast, in Greece only in
the last decade have natural resource researchers focused
on riparian areas. The increased interest in riparian areas
is the result of the establishment of the Natura 2000 network in Europe. Many riparian areas of Greece are part of
the Natura 2000 network because riparian areas have very
high biodiversity and are essential habitats for many rare
and endangered species. The exponential increase of publications referring to riparian areas, after 2000, indicates that
their importance in Greece has started being recognized.
This is essential in order to protect and conserve these
areas. It is also encouraging that the publications cover a
wide range of subject matters. Only a holistic and comprehensive understanding of riparian areas will lead to their
effective and sustainable management, conservation or
restoration. Still, most research has been conducted in riparian areas of Natura 2000 areas and along large rivers.
This has left a scientific gap in the study of riparian areas
along streams, especially along ephemeral streams and
torrents that are the most common stream types encountered in Greece and the Mediterranean region. In addition
the public’s awareness on the importance of riparian areas
needs to increase. Without the public’s support it is very
difficult to promote the conservation and protection of
riparian areas.
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ABSTRACT
White rot fungi (WRF) are suitable microorganisms
for treating a broad range of organic pollutants and synthetic textile dyes because of their non-specific extracellular enzyme system. An indigenous novel strain, Pleurotus
ostreatus IBL-02, was screened for its ability to decolorize four reactive dyes (Drimarene Brilliant Red K-4BL,
Drimarene Golden Yellow K-2R, Drimarene Orange KGL and Drimarene Blue K-2RL). Samples were removed
after 10 days, centrifuged and supernatants were analyzed
for determination of enzyme activities and percent dye
decolorization. Flasks containing Drimarene Brilliant Red
K-4BL showed 73% dye color removal after ten days with
laccase production of 64 IU/ml, followed by 42 IU/ml
manganese peroxidase (MnP) and only 1.0 IU/ml lignin
peroxidase activity. The fungus also caused 53% decolorization of Drimarene Orange K-GL with 49 IU/ml, 18
IU/ml of laccase and MnP, respectively, but no LiP was
detected. The maximally decolorized dye Drimarene
Brilliant Red K-4BL was selected for subsequent enhanced
laccase production and dye decolorization studies. Using
modified medium IV (pH 5; temperature, 35 °C) supplemented with glucose (2 g/100 ml) as carbon source, ammonium nitrate (0.06g/100 ml) as nitrogen source, copper
(1 mM) as metal activator and ABTS (2 ml of 10 mM) as
mediator, Pleurotus ostreatus produced 321 IU/ml of laccase to completely decolorize the Drimarene Brilliant Red
K-4BL within 24hours.

KEYWORDS: Reactive dyes, decolorization, Drimarene Brilliant
Red K-4BL, laccase production, optimization
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1. INTRODUCTION
Most important environmental concern today is treatment of industrial wastewaters due to the release of unused
dye objects. Even though a wide variety of methods are
used to decolorize colored water and effluents [1], an alternative practice based on biotechnological principles has
fascinated rising attention [2]. Textile dyes are potentially
toxic because of their lower removal rates [3, 4] causing
long-term health concerns [5]. The most appealing of biotechnological treatment methods seems to be the use of
white rot fungi for decolorization of recalcitrant dye compounds. This can take place physically via adsorption of
dyestuff on fungus mycelia [6], through actual biodegradation [7], or by the combination of both. Oxidative biocatalysts as implicated in the extracellular and non-specific
ligninolytic enzyme system of WRF are the critical class
of enzymes appropriate for enzymatic dye degradation
[8, 9]. Besides peroxidases (LiP & MnP) that use hydrogen
peroxide [10], laccases seem to be the most promising
enzymes [2].
Laccases (benzenediol oxidoreductase E.C 1.10.3.2)
are N-glycosylated extra-cellular blue copper oxidases with
molecular masses of 60-390 KDa [11]. They do not depend on any cofactor, and only molecular oxygen (air) is
needed as a co-substrate. However, the use of redox mediators like ABTS (2,2′-azino-bis(3-ethylbenzthiazoline-6sulphonate), 2,6-di-methoxyphenol (DMP), violuric acid,
1-hydroxybenzo-triazole (HBT), acetovanillone (AV), acetohydroxamic acid perform the role of mediators of laccase [12-14] and potentially enhance laccase efficiencies,
making laccases highly interesting for industrial and environmental applications [15]. Laccases from various genera
of WRF [16-18] have been described to efficiently cleave
the reactive and other textile dyes under formation of nontoxic molecular nitrogen [19,20]. This process is also used
industrially to achieve the stone wash effect of indigo dyed
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denim fabric by means of milder enzymatic decolorization
in combination with redox-mediators [20, 21]. However, a
laccase from T. versicolor used for denim washing was
more effective without a mediator as compared to commercial laccase with a mediator [22].
Although a lot of work on decolorization of the textile dyes has been reported, there is no information available on decolorization of an extensively used reactive textile dye Drimarene Brilliant Red K-4BL by Pleurotus
ostreatus. This study was designed to investigate the
hyperproduction of laccase by an indigenous novel strain
Pleurotus ostreatus IBL-03 during decolorization of
Drimarene Brilliant Red K- 4BL.
2. MATERIALS AND METHODS
2.1. Chemicals & dyestuffs used

The 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS), MnSO4 and veratryl alcohol (3,4-dimethoxybenzyl) were purchased from Fluka. Drimarene Brilliant
Red K-4BL, Drimarene Blue K-2RL, Drimarene Golden
Yellow K-2R and Drimarene Orange K-GL were procured
from Clariant (PVT) Pakistan Ltd., Faisalabad and used
as-received. These dyes are being extensively used in
textile industries in Pakistan.
2.2. Microorganism and Inoculum preparation

Pleurotus ostreatus IBL-03 strains, available in the Industrial Biotechnology Laboratory, Department of Chemistry and Biochemistry, University of Agriculture, Faisalabad Pakistan, were used in all experiments. The fungus
was grown on potato dextrose agar (PDA) medium at pH
4.5 and 30 °C [23] for three days and preserved at 4°C
in refrigerator. Homogenous spore inocula for inoculating the decolorization flasks were prepared. Sterile glucose solution (1%) was sprayed on the fungal culture
slant with the help of a sterile disposable syringe (5 ml).
The spores were gently scratched from the slant with the
help of a sterilized loop and transferred to the flask containing 100 ml of sterile (Millipore-filtered) glucose solution. The spore suspension was passed through sterile glass
wool pad to remove hyphal fragments, and the spore concentration was determined using a hemocytometer. The
final inoculum was adjusted to contain 106-108 spores / ml.
2.3. Screening of P. ostreatus on different reactive dyes

Experiments were performed using triplicate flasks
(250 ml) containing 100 ml of the 0.01% respective dye
solutions prepared in Kirk’s basal salts medium [24]. The
pH 4.5 was maintained in all flasks before sterilization in
an autoclave (121 oC) for 15 min. The flasks were allowed
to settle to room temperature and individually inoculated
with 2 ml homogenous spore suspension of P. ostreatus.
The inoculated flasks along with not inoculated controls
were incubated (120 rpm) for 10 days at 30 oC in a tem-

perature-controlled shaking incubator (Weiss-Gallenkamp,
Loughborough, UK).
2.4. Sample harvesting and analysis

Triplicate flasks were removed after 10 days and centrifuged at 10,000 rpm for 15 min. The supernatants were
used to determine the extent of dye decolorization and
ligninolytic enzymes production.
2.5. Optimization of process parameters

The process of Drimarene Brilliant Red K-4BL decolorization and laccase production (selected dye and enzyme by screening) was optimized to find out the most
suitable medium composition, physical parameters like
pH & temperature and nutritional parameters like supplementary carbon source, nitrogen source, metal ions and
mediators. Classical method of fermentation process optimization was adopted; varying one factor in an experimental and maintaining the previously optimized at constant level.
2.6. Media compositions

M1: It was Kirk’s basal nutrient medium containing
(g/L): ammonium tartrate, 0.22; KH2PO4, 0.21: MgSO4
·7H2O 0.05; CaCl2.2H2O, 0.01, Thiamine, 0.001, 10 ml/L
of 10% Tween-80 solution;100 mM verartyl alcohol
and 10 ml/L trace elements solution. Trace elements solution was composed of (g/L); 0.08 CuSO4; 0.05 H2MnO4;
0.07 MnSO4.4H2O; 0.043 ZnSO4.7H2O and 9.05 Fe2 (SO4)3.
M2: Same as M1 excluding veratryl alcohol and
Tween-80.
M3: Urea,0.03 g/L; potassium dihydrogen phosphate,
0.02g/L; magnesium sulfate, 0.1g/L and calcium chloride
0.02g/L.
M4: Same as M3 including urea, 0.04g/L and K2HPO4,
0.1g/L.
2.7. Determination of λmax and dye decolorization

A scanning UV/VIS spectrophotometer (T60, PG Instruments, UK) was used to identify the wavelengths resulting in maximum absorbance (λmax) for respective dyes. The
individual dyes were analyzed at their respective λmax for
determination of % decolorization. The λmax values were
528, 549, 425 and 398 nm for Drimarene Golden Yellow
K-2R, Drimarene Blue K-2RL, Drimarene Orange K-GL
and Drimarene Brilliant Red K-4BL, respectively.
2.8. Enzymatic activities

Manganese Peroxidase (MnP) was assayed by the
method of Wariishi et al. [25]. MnSO4 was added to sodium malonate buffer in the presence of H2O2 at 270 nm.
One unit of MnP activity was defined as the amount of
enzyme required to produce a unit increase in absorbance
per ml per min of the reaction mixture. Laccase activity was
determined by the method of Shin and Lee [26] by monitoring the oxidation of ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) at 420 nm (ε420, 36000 M-1 cm-1).
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One unit of laccase activity was defined as the amount of
enzyme required to produce a unit increase in absorbance
per ml per min. LiP activity was determined by monitor-

ing rate of oxidation of veratryl alcohol to veratraldehyde
in the presence of 0.5 mM tartrate buffer (pH 3.0) and
H2O2 [24]. One unit of LiP was defined as the amount of

TABLE 1 - Screening of Pleurotus ostreatus for decolorization of different reactive Drimarene textile dyes*

Laccase
21±.15
17±1.00
64±1.52
49±2.0

enzyme required to catalyze the formation of 1 µmol of
verataldehyde per min.
3. RESULTS AND DISCUSSION
3.1. Screening of P. ostreatus on different dyes

P. ostreatus showed different decolorization and enzyme activity profiles in the presence of different dyestuffs (Table 1). The best decolorization results (74%) as
well as laccase (63 IU/ml), MnP (42 IU/ml) and LiP
(1 IU/ml) activities were observed after 10 days in the
flasks containing Drimarene Brilliant Red K-4BL. Drimarine
Orange also showed reasonable decolorization (53%) with
49 IU/ml of laccase but with no detectable LiP or MnP.
However, the fungus did not show any considerable efficiency with the rest of the Drimarine dyes. Further, increase in the incubation period resulted in decrease in the
production of laccase due to the production of proteases at
the end of stationary phase.
The initial pH maintained for all decolorization media
was 4.5, and it remained fairly constant with the exception of flasks containing Drimarine Blue (final pH 5.3).
Ligninolytic cultures of WRF have been documented by
their decolorization capacity through their enzyme systems.
However, it is expected that they do not exhibit the same
ability to decolorize and to degrade structurally different
dyes because of their different qualitative and quantitative
requirements to produce enzymes [27].

Ligninolytic enzymes (IU/ml)
MnP
08±0.15
3±0.5
42±1.6
18±1.05

5.3
4.6
4.7
4.9

0.05) positive correlation among laccase production and
dye decolorization.
M4 contained additional unique source of urea and
dipotassium hydrogen phosphate that created a difference
in the composition of this medium. Growth pattern of
WRF, enzyme formation and biodegradation of different
dyes is variable in different basal media [28, 29]. Oluseyi
and Fasidi [30] reported that production of laccase was
totally dependent on the composition of culture media.
90
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FIGURE 1 - Effect of varying media compositions on decolorization
of Drimarene Brilliant Red K-4BL and laccase production by P.
ostreatus.
Decolorization

3.2. Optimization of parameters

Decolorization (%)

3.2.1. Effect of media composition

Effects of different media compositions on laccase
production and % dye decolorization were investigated.
Four media (M1-M4) with varying compositions were
used. The maximum activity of laccase (67.33 U/ml) as
well as dye decolorization (78%) was observed in the flasks
containing Drimarene Brilliant Red K-4BL solution prepared in M4 medium (Fig. 1), followed by M1 (Kirk’s
medium). Minimum decolorization was observed in M2
and M3 indicating that these media were deficient in
some nutrients necessary for fungal growth. High R2 value
(0.838) in correlation analysis revealed a significant (P≤
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FIGURE 2 - Effect of varying pH on decolorization of Drimarene
Brilliant Red K-4BL and laccase production by P. ostreatus.
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Decolorization

Laccase

90

90

Drimarene Brilliant Red K-4BL solutions of varying
pH (3.0, 3.5, 4.0, 4.5, 5.0, 5.5 and 6.0) were inoculated
and incubated for 10 days at 30 oC. Laccase production
and dye decolorization increased with increase in pH
(Fig. 2) of the medium, and were at their maximum in
flasks of pH 5.0. However, as the pH increased above 5.0,
the laccase activity and dye decolorization decreased. Correlation analysis revealed positive relation between laccase production and dye decolorization with varying pH of
the medium. Dye decolorization increased with increase in
laccase production. High R2 value (0.965) indicated that
dye decolorization process is highly dependent on medium
pH, and that laccase mediated dye degradation was the
major mechanism involved in dye color removal.
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The triplicate sets of flasks containing dye solutions
prepared in modified medium IV of optimum pH (pH 5.0)
were sterilized, inoculated and incubated at varying temperatures (25, 30, 35, 40 & 45 °C).The results depicted in
Fig. 3 revealed that laccase synthesis and dye degradation
by P. ostreatus gradually increased with an initial increase
in temperature, and it was maximum in flasks incubated at
35 °C. A further rise in temperature inhibited laccase production and concomitant dye degradation. There was very
low laccase synthesis and dye color loss at 45 °C because
no visible fungal growth was observed at this temperature. Statistical analysis proved a significant positive
correlation between laccase production and dye decolorization with varying incubation temperatures. P. ostreatus
grows better at 30-35 °C. Incubation temperature is of
great importance because it is generally increased due to
microbial metabolic activities and respiration [35, 36].

0
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35

40

45

Temperature ( o C)

FIGURE 3 - Effect of temperature on decolorization of Drimarene
Brilliant Red K – 4BL and laccase production by P. ostreatus.
3.2.4. Effect of inoculum size

In the previous experiments, 2 ml inoculum was used
and best results were recorded in 10 days. In this trial, the
decolorization flasks adjusted at optimum pH were autoclaved, inoculated with different volumes of inoculum (1,
2, 3, 4 & 5%) containing 106-108 spores ml-1 and incubated at optimum temperature. It was observed that dye decolorization and laccase production by P. ostreatus gradually increased with increasing inoculum size, and it was
optimum within 3 days with 4 ml spore suspension. Maximum laccase activity (106 IU/ml) and dye removal (86%)
efficiency was observed with 4% (v/v) inoculum (Fig. 4).
Maximum laccase activity and decolorization was observed
only for 3 days, suggesting a critical role of inoculum size
in enzyme production and subsequent dye degradation by
the enzymes. Statistical analysis (correlation analysis)
proved that there is a positive correlation between laccase
production and dye decolorization with varying inoculum
size.
Decolorization

Laccase
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3.2.3. Incubation temperature

0

Decolorization (%)

Our findings are in agreement with Donna et al. [31]
who reported maximum production of laccase from laccase-producing fungi when they are grown at their optimum pH 5.0. Arora and Gill [32] proposed that for production of laccase, before inoculation, pH should be set at
4.5-6.0. Most of the white rot fungi show maximum growth
and dye decolorization in acidic pH range [29, 33]. According to Xing et al. [34], laccase activity was detectable only
when the pH of the medium was adjusted to 5.5 or below.

Decolorization (%)

3.2.2. Effect of initial pH

Laccase (IU/mL)
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FIGURE 4 - Effect of varying inocula on decolorization of Drimarene Brilliant Red K – 4BL and laccase production by P. ostreatus.

Using optimum inoculum levels is an important consideration for microbial processes since lower inoculum
levels result in longer lag phase, and higher inoculum
levels cause no appreciable change in percentage decolorization. Shahvali et al. [37] reported that an inoculum size
of up to 10% was sufficient for decolorization of textile
water. Sabu et al. [38] reported that inoculum has a vital
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role in the production of laccase because an inoculum in
lower size may not be able to initiate growth and, on the
other hand, higher size of inoculum cause competitive
inhibition.

analysis proved that there was a significant positive correlation (R2 = 0.787) between laccase production and
Drimarene of Brilliant Red K-4BL decolorization with
varying glucose levels.

3.2.5. Effect of different carbon sources

For hyperproduction of laccase and maximum decolorization of Drimarene Brilliant Red K–4BL, the carbon
supplements (1% v/v) including glucose, fructose, maltose, sucrose, molasses and starch were added to the decolorization flasks, and the media were processed under
optimum conditions (M4, pH 5.0, temperature 35 °C &
inoculum size 4 ml). Maximum decolorization (89%) and
laccase activity (136 IU/ml) were noted after 3 days in the
glucose supplemented flasks (Fig. 5), followed by fructose and starch. Very low color loss and laccase synthesis
was observed with molasses. Correlation analysis revealed
a significant positive correlation (R 2 = 0.838) between
laccase production and dye decolorization in the presence
of different carbon sources.
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FIGURE 6 - Effect of varying concentrations of glucose on Drimarene Brilliant Red K – 4BL decolorization and laccase production
by P. ostreatus.

The excessive use of glucose as carbon source for
production of laccase-producing fungal strains has an
inhibitory effect on fungal growth and laccase production,
possibly by feed back inhibition [45]. Palvannan and
Sathishkumar [46] have also reported that 15 g/L concentration of glucose as optimum for maximum production of
laccase from Pleurotus florida.

Laccase

120
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20

3.2.7. Effect of nitrogen supplements

0
Glucose
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Maltose

Molasses

Starch

carbon source

FIGURE 5 - Effect of varying carbon sources on decolorization of
Drimarene Brilliant Red K-4BL and laccase production by P. ostreatus

Different strains of white rot fungi were found to show
variable growth in the presence of various sources of carbon because of difference in genetic make up and metabolic machineries. The fungus used glucose as easily consumable carbon source, and it resulted in significant decrease in lag phase. Addition of carbon supplements increase the fungal primary growth and ligninolytic enzymes
synthesis in secondary metabolism leading to enhance dye
decolorization [39-41]. Leifa et al. [42] reported that monosaccharides enhanced enzyme production as compared to
complex sugars [43]. Hou et al. [44] demonstrated that
glycerol and glucose led to similar laccase activities in
static cultures of P. ostreatus.

The response of nitrogen sources was extremely variable for laccase production. Generally, laccase production
was favored by high nitrogen levels. On the other hand,
for laccase production by some microorganisms like
Trametes versicolor, nitrogen-limited cultures were needed
[47]. The optimum decolorization medium was supplemented with different nitrogen sources like ammonium
nitrate, ammonium sulphate, ammonium tartrate, peptone
and urea to achieve maximum laccase enzyme production
and dye color loss. Maximum laccase production (165.28
IU/ml) and dye decolorization (95%) were observed with
ammonium nitrate (95%) after 2 days of incubation, followed by peptone and ammonium dihydrogen phosphate
(Fig. 7). Statistical analysis of data revealed a highly
significant (P≤0.01) difference. There was also significant positive correlation (R2 = 0.895) between laccase
production and dye decolorization. With increase in laccase production, decolorization increased.

3.2.6. Effect of varying concentrations of glucose

After selecting glucose as the best carbon supplement,
the experiment was conducted with varying concentrations
of glucose under pre-optimized conditions. Maximum dye
decolorization (91%) and laccase production (151 IU/ml)
by P. ostreatus was obtained with 1.5% (w/v) glucose
(Fig. 6). As the concentration of glucose increased beyond
1.5 %, the production of laccase decreased. Correlation
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FIGURE 7 - Effect of different nitrogen sources on decolorization of
Drimarene Brilliant Red K-4BL and laccase production by P. ostreatus.

FIGURE 8 - Effect of varying concentrations of ammonium nitrate
on decolorization of Drimarene Brilliant Red K–4BL and laccase
production by P. ostreatus.

Different inorganic sources were reported to enhance
activities of laccase in the culture of P. ostreatus depending upon the species and strains of genus [48], and also on
culture conditions. Urea and ammonium sulfate have
negative effects on laccase production and decolorization
of Drimarene Brilliant Red K–4BL. Contrary to our findings, Robert et al. [49] reported that N sources (e.g., praline and urea) negatively affect secondary metabolic
pathway, and production of some sensitive enzymes in
secondary metabolic pathway during fermentation could
be initiated by a high concentration of nitrogen. Our findings are much higher than that of Stajic et al. [48] whose
maximum laccase production (396 U/L) was obtained by
Pleurotus ostreatus H.A.I 493 when organic and inorganic nitrogen (asparagine and NH4NO3, each 10 mM)
sources were used in combination.

3.3. Metal ions

Varying concentrations of ammonium nitrate were
used to optimize its concentration for laccase synthesis
and Drimarene of Brilliant Red K–4BL decolorization by
Pleurotus ostreatus. Optimum decolorization (95%) and
laccase activity (167 IU/ml) were noted in the flasks containing 0.04% ammonium nitrate (Fig. 8). Statistical analysis revealed significant (P≤0.01) difference in dye degradation and laccase synthesis by varying nitrogen levels. There
was also strong positive correlation (R2 = 0.914) between
laccase synthesis and % decolorization of the dye by P.
ostreatus. The extent of color removal varies depending on
dye structure, nitrogen availability in the media and ligninolytic activity of the culture [50]. It has been reported
that addition of nitrogen beyond the optimum level leads
to rapid decrease in dye decolorization [51]. Our findings
are in accordance with Kanwal et al. [52] who reported
that type and content of nitrogen have a pivotal role in
sustaining the growth of white rot fungi.

Decolorization

Decolorization(%) & Laccase(U/mL)

3.2.8. Effect of varying concentrations of ammonium nitrate

Different metal salts including MnSO4, ZnSO4, FeSO4
and CuSO4 were added to the dye decolorization flasks to
study their enhancing or inhibitory effects on laccase
formation and dye removal rates by P. ostreatus. Different metal ions showed variable effects on dye decolorization and laccase production. Enhanced laccase activity
(208.06 IU/ml) and dye color removal decolorization was
observed with CuSO4 (96.77% in 24 h), followed by
ZnSO4 (83.23 %). All other metal ions were found to be
inhibitory to laccase synthesis / activity and dye degradation process (Fig. 9). Statistical analysis of the data revealed a significant (P≤0.01) difference in laccase activity
and dye decolororization with different metal ions. There
was also a strong positive correlation (R2 = 0.985) among
laccase activity and dye degradation. Toxic heavy metals
can inhibit the growth, cause morphological and physiological changes and affect the reproduction of Basidiomycetes. Fungal species and strains differ in their sensitivity
towards metals and in the protection mechanisms involved. During the degradation of lignocellulose and
xenobiotics by white-rot fungi or isolated enzymes from
these fungi, heavy metals interfere with both the activity
of extracellular enzymes involved in the process and fungal
colonization [17].
Laccase
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FIGURE 9 - Effect of varying metal ions on decolorization of
Drimarene Brilliant Red K-4BL and laccase production by P. ostreatus.
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was extended to non-phenolic subunits of lignin by inclusion of a mediator, such as ABTS.
3.4. Effect of metal ion concentration
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To select the most effective concentration of copper
sulfate, its varying concentrations (0.01-0.15 %) were used
in dye decolorization media under optimum conditions of
pH, temperature, inoculum size, and glucose as well as
nitrogen source. Maximum dye decolorization (99%) and
laccase activity (287 U/ml) were observed in the flasks
receiving 0.1% copper sulfate (Fig. 10). Correlation analysis revealed a significant correlation between decolorization
and enzyme production (R2 = 835). Decolorization was increased with increase in laccase production. White-rot
fungi require trace amounts of essential metal ions, such
as Ca, Mn, Zn or Cu, for their growth, but these metals
are toxic when present in excess. In line with our finding,
Sathiya–moorthi [53] found effective dye decolorization
by P. florida in the optimum medium supplemented with
0.2% copper sulfate. When particular concentration of copper sulfate was provided, the dye color removal process by
laccase was enhanced [54, 55].
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FIGURE 11 - Effect of varying mediators on decolorization of Drimarene Brilliant Red K–4BL and laccase production by P. ostreatus.

4. CONCLUSIONS
P. ostreatus is a highly efficient decolorizer of
Drimarene Brilliant Red K–4BL dye if the medium is
properly optimized. Decolorization potential of the fungus
was further enhanced to 99.675 % in 5 h by the addition
of a mediator, and laccase (Lac) was found to play a key
role in decolorization. The fungus seems to be highly
promising for development of effective bioremediation
process for real industrial effluents that contain it, and
other structurally related dyes.
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3.5. Effect of redox mediators

Various redox mediators like MnSO4, ABTS, verartyl
alcohol, glyoxylate and guaiacol were added to the optimum growth medium. It was noted that different mediators showed different effects on decolorization as well as
enzyme production. Complete decolorization (100 %) was
achieved in just 5 h by the addition of ABTS as a mediator (Fig. 11). Laccase was maximally (320 U/ml) produced in the presence of 1 Mm ABTS. Other mediators
did not show any commendable performance. Statistical
analysis of data revealed a significant (P≤0.01) difference
and significant correlation (R2 =0.88) between laccase
activity and dye decolorization. With increase in laccase
activity, the dye decolorization also increased and vice
versa. ABTS is one of the fungal metabolites that perform
the role of mediators in laccase-mediated oxidation of
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ABSTRACT

1. INTRODUCTION

The constructed rapid infiltration system (CRIS) is a
new wastewater treatment technique. At present, the research on pollutant degradation kinetics is relatively scarce
and the height of the CRIS filter layer is determined
mostly by empirical judgement. In order to solve these two
problems, a simulation CRIS column was applied to treat
domestic wastewater and the characteristics of organic
matter degradation kinetics were studied on the basis of
the Chemical Oxygen Demand (COD) degradation law and
the research of Mann and Stephenson. Then the mathematical calculation model of the filter layer height was built
based on the COD degradation kinetic equation in CRIS.
Through experimental verification, it was shown that
within a certain range, this model could precisely calculate the economic and appropriate height of the filter layer
in line with the requirements of influent COD concentration, hydraulic load and effluent quality in CRIS. However, since this model derived within a certain range, when
hydraulic load or influent concentration was beyond the
applicable scope, there would be a certain deviation between model calculated values and actual results. Therefore, in the actual project, the parameters of the model
must be ascertained or revised according to the characteristics of the specific filter and reactor themselves.

KEYWORDS: degradation kinetics; filter layer height calculation
model; organic matter; CRIS

* Corresponding author

Traditional sewage land treating systems have the advantages of requiring simple equipment, easy to operate,
low energy consumption and so on, as well as have many
limitations, such as the low hydraulic load rate that they
can treat, the low wastewater treating capabilities per unit
area and the possibility of easy clogging [1-4]. To solve
these problems, a constructed rapid infiltration sewage
treating system (CRIS) was developed based on the traditional rapid infiltration and the constructed wetland systems. The CRIS is a new type of ecological wastewater
disposal technology with high efficiency, low consumption,
convenient operation and management, low investment and
bright application perspectives, which has been successfully applied to a number of engineering practices in several areas and achieved good social, economic and ecological benefits [5, 6]. Its working principle is the following: a rapid filter pond is filled with a certain height of
natural sand, ferrous powder, marble sand and zeolite sand
as artificial filter medium; when wastewater goes through
the filter layer, biofilm will grow on the surface of the filter
materials; then the biofilm and the filter medium will retain
and adsorb those dissolved substances and suspended materials present in wastewater; meanwhile, the highly concentrated biofilm, attached to the high specific surface area of
the filter material, rapidly depurates the pollutants in
wastewater [7].
Recently, researches on CRIS have mainly focused on
pollutant removal mechanism. However, little is known
about the characteristics of pollutants degradation kinetics;
additionally, the height of the filter layer of CRIS is mostly
determined by empirical judgement (debugged via actual
project) on basis of some specific treatment goals and requirements, which lacks the accuracy and scientific character of the mathematical logical calculation method [8, 9].
This research applied a CRIS simulation column to treat
domestic wastewater and studied the characteristics of organic matter degradation kinetics on the basis of the research of Mann and Stephenson [10] and the COD removal
discipline under different influent concentrations and
hydraulic loads. Then a mathematical model was built to
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calculate the appropriate height of the CRIS filter layer,
which can optimize the CRIS treatment process and provide a valuable reference for factual design and operation
in engineering.
2. MATERIALS AND METHODS
2.1. Experimental installation

A CRIS simulation column was constructed in lab.
The main body of the reactor was composed of a hard PVC
pipe with 200 cm in height and a internal diameter of 21 cm;
the filter material consisted of 85% natural sand, 5% ferrous powder, 5% marble sand and 5% zeolite sand (The
particle sizes and the relative contents of filler materials
are shown in Table 1), and the height of filter layer was
150 cm. A sample port was placed at every 25 cm from
the upper layer to the bottom. A glass tube float flowmeter
was applied to adjust the hydraulic load. The influent was
continuous and the fluid flow direction was vertical down
from the top to the bottom of the filter layer (Fig.1).
TABLE 1 - The particle sizes and the
relative contents of the filler materials

Particle size range
(mm)
>2.0
1.0-2.0
0.56-1.0
0.25-0.56
<0.25

The relative contents (weight percent %)
Natural
Ferrous
Marble
Zeolite
Sand
Powder
Sand
Sand
11
7
15
16
28
53
19
21
35
26
24
19
14
8
22
26
12
6
20
18

(1) In experiments 1-5, based on a fixed hydraulic
load condition (the hydraulic load in these experiments was
1 m3/m2·d or m/d), the COD effluent concentrations at
every sample port were measured under five COD influent
concentrations, which were 192.40 mg/L, 160.10 mg/L,
105.70 mg/L, 81.10 mg/L and 59.20 mg/L respectively.
(2) In experiments 6-10, based on a fixed influent COD
concentration condition (the COD concentration in these
experiments was 160.10 mg/L), the COD effluent concentrations at every sample port were measured under five
hydraulic loads, which were 2.5 m/d, 2 m/d, 1.5 m/d,
1 m/d and 0.5 m/d respectively.
2.3 Derivation of the mathematical models
2.3.1 Derivation of organic matter degradation kinetic model
in CRIS

In the CRIS, organics are removed under the action of
retention, adsorption and microbial degradation. In early
operation period of the filter, the adsorption plays a leading
role for removing organics. When the COD removal rate
becomes stable in the CRIS which indicates a successful
membrane hanging, the organics removal mainly relies on
microbial degradation.

Inflow

85% Natural Sand+
5% Ferrous Powder +
5% Marble Sand +
5% Zeolite Sand

stable, which in-dicated a successful membrane hanging.
Then it went on operating under different influent COD
concentrations (experiments 1-5) and different hydraulic
loads (experiments 6-10). Water samples were got from the
effluent ports to measure the COD concentration and to
observe the variation of COD concentration as a function
of the covered distance inside the filter pond. The COD
concentrations were measured by mean of potassium
dichromate oxidation method and the operational steps in
details were in accordance with standards in fourth edition
of Analytic Methods of Water and Wastewater Monitor
[11]. The specific experimental conditions were given
below:

When CRIS stays in a stable period, the whole filter
chamber can be regarded as an idealized plug-flow reactor
[12]. The model of a plug-flow reactor is shown in Fig. 2.

Sample
Port

s0
u
sx
Adh h r

FIGURE 1 Experimental Installation

sx+dh

2.2 Experimental method

Water used in this experiment was domestic
wastewater coming from an apartment sewer. The COD
concentration of the undiluted raw water was 262.26 mg/L.
Through diluting the raw water, the water samples for
experimental use with various COD concentrations could
be got. The CRIS started up with raw sewage. Twenty
days after the starting-up, COD removal rate became
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In the filter layer, the micro element of volume Adh
is taken, and the material balance equation in Adh can be
described as follow:
uAs- uA(s-ds)= rAdh
(1)
where u is water flow velocity (m/s), A is area of section (m2), h is height of micro element Adh (m), s is substrate concentration (mg/L) and r is decomposition rate of
the pollutant in the micro element of volume Adh.
This integrates to

ds r
=
dh u

.

related to influent hydraulic load and c is a coefficient
related to influent hydraulic load.
Then substitute Eq (6) with Eq (7) and Eq (8) to:

se
- k s a qb
- k s a q b-c
= exp( 1 0 c H ) = exp( 1 0
H ) (9)
s0
k2 q
k2
where

(2)

Additionally, the CRIS filter is a plug-flow reactor
and Mann and Stephenson [10] stated that when a plugflow reactor is in a stable state, the degradation kinetics of
the substrate follows the first-order reaction, thus
r=-ks
(3)
where k is velocity constant (d-1).
Then substitute Eq (2) with Eq (3) to:

ds - ks
=
dh
u

(4)

ds - k
=
dh
s
u

(5)

se
-k
= exp( H )
s0
u

(6)

then

ln

se
= −mH
s0

(11)

2.3.2 Derivation of the filter layer height calculation model

When the features of the CRIS filter (including filter
material, shape and surface area, porosity, piling pattern
and nature of biofilm, etc.) do not change, the value of m
in equation (11) depends on influent COD concentration
and hydraulic load. Considering the influence of influent
quality (COD concentration) and hydraulic load on the
removal effect to contaminants of CRIS, equation (10)
can be revised to:
v

m = Ks0 h w

where s0 is influent substrate concentration (mg/L), se
is effluent substrate concentration (mg/L) and H is depth
from the top of the filter to the sample port (m).
When the features of the CRIS filter (including filter
material, shape and surface area, porosity, piling pattern
and nature of biofilm, etc.) are invariable, k is related to
influent concentration and hydraulic load and u is related
to hydraulic load,
k can be described as

k=k s q

(10)

thus

this integrates to

a
1 0

k1 s0a q b-c
k2

m=

b

(12)

where K is a coefficient related to influent quality and
hydraulic load, v is a coefficient related to influent quality
(COD concentration) and w is a coefficient related to
influent hydraulic load.
Combining (11) and (12) to:

se
v
= exp(− Ks0 h w H )
s0

(13)

Equation (13) is used to calculate the height of the filter pond, thus:

H=

(7)

ln( se / s0 )
v
− Ks0 h w

(14)

u can be described as

u = k2 q c

(8)
where q is hydraulic load (m/d), k1 is a coefficient related to influent quality and hydraulic load, k2 is a coefficient related to hydraulic load, a is a coefficient related to
influent quality (COD concentration), b is a coefficient

3. RESULTS AND DISCUSSION
3.1 Experimental results

Measure results of experiments 1-5 are seen in Table 2
and the results of experiments 6-10 are seen in Table 3.

TABLE 2 COD concentration of water samples at different depth of filter
layer on conditional that the hydraulic load was 1 m/d (experiments 1-5)
Depth of filter layer

m

Experiment

0 (Influent concentration)

0.25

0.50

0.75

1.00

1.25

1.50

1

192.4

133.2

85.0

56.6

38.1

27.9

20.4

2

160.1

106.8

72.1

49.7

35.5

26.1

18.6

3

105.7

68.6

47.3

33.5

26.0

20.7

14.9

4

81.1

52.2

37.2

27.0

21.2

17.4

13.3
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59.2

36.9

28.0

20.0

16.0

13.3

10.7

TABLE 3 COD concentration of water samples at different depth of
filter layer under different influent COD concentration (experiments 6-10)
Depth of filter layer
Experiment

m

0

0.25

0.50

0.75

1.00

1.25

1.50

2.5

160.1

129.5

102.4

78.5

64.3

52.8

44.5

7

2

160.1

122.1

90.5

71.6

56.9

44.0

32.6

8

1.5

160.1

113.9

81.7

62.0

47.3

34.0

25.3

9

1

160.1

106.8

72.1

49.7

35.5

26.1

18.6

10

0.5

160.1

80.0

43.6

27.1

14.7

9.2

6.0

6

Hydraulic load m/d

3.2 Organic matter removal discipline in CRIS

When wastewater flowed through the mature CRIS,
the organic matter in wastewater was retained and adsorbed by the filter material and the biofilm, and then was
depurated by microorganisms [13]. At the start-up initial
stage of the CRIS, the retention and adsorption acted the
primary role for removing organics. When the membrane
hung successfully, the organics removal mainly relied on
microbial degradation. In CRIS, retention and adsorption
mainly acted as buffers, and the removal of the organic
matter largely depended on biological degradation. However, from top to bottom, the COD removal rate, microbial
species and biofilm volume were different in the CRIS. At
the upper layer of the filter, the COD concentration in
wastewater was higher, the reproduction rate of microorganisms was faster and Liu [14] stated that the microbial
quality in 0-0.5 m section of the CRIS accounted for
about 60 percent of all microbial quality in the CRIS and
the biofilm volume was greater than in the lower part, so
the COD removal rate was higher. With increase of pond
depth, the biofilm volume gradually decreased, and COD
removal rate went down gradually. This successive change
phenomenon resembled to the biological successive change
in self-purification of polluted rivers.
It is illustrated in Table 2 and equation (11) that under
a hydraulic load of 1 m/d and an influent COD concentration between 50 mg/L and 200 mg/L, each layer of the
filter pond had different COD removal rates which decreased exponentially along the pond depth. The COD
removal mainly concentrated within 1 m at the upper part
of the pond i.e. the removal rate at 0.75 m reached roughly
65 % and at 1 m it had reached more than 70%. With the
rise of the influent COD concentration, the COD removal
rate in CRIS increased i.e. when influent COD concentrations were 59.2 mg/L and 192.4 mg/L, removal rates
reached 81.93% and 89.40 % respectively. Meanwhile, the
effluent quality was relatively stable and would meet the Alevel of primary standard in Municipal wastewater treatmentplant emission standards (GB 18918-2002) which
stipulates the maximal emission concentration of COD is
50 mg/L [15]. Generally, within a certain range of contaminant concentration, the CRIS had a good capacity of

COD removal, stability of quality for the treated water and
powerful resistance to the impact load.
In addition, it is shown in Table 3 that with a COD concentration of 160.1 mg/L and a hydraulic load of 0.5 m/d,
the COD removal rate reached 96.25%. Under the condition of an invariable influent COD concentration, with the
rise of hydraulic load, the wastewater residence time and
the biochemical reaction time between organic matter and
microorganisms in the filter pond became shorter, which
resulted in the decrease of effluent quality. When the hydraulic load rose to 2.5mg/L, the effluent COD concentration was 44.50 mg/L. Although effluent COD concentration
could meet A-level of GB 18918-2002, the COD removal
ratio dropped to 72.20%.
3.3 Calculation of model parameter (m) of organic matter
degradation kinetics in CRIS

m is the coefficient of pollutant removal rate in CRIS.
When the features of the CRIS filter pond (including filter’s material, shape and surface area, porosity, piling pattern and nature of biofilm) do not change, the value of m
would change along with the change of influent pollutant
concentration and hydraulic load.
The analysis indicated that the relationships between
the ratios of influent COD concentrations to effluent COD
concentrations from every sample port of the simulation
column (se/s0) and the depth of the sample ports (H) could
be described as an exponential equation which sets e as a
base. Under different influent concentrations (s0) or hydraulic loads (h), this research measured effluent COD concentrations (se) at different depths of the filter pond, set se/s0
as ordinate and H as abscissa, applied data analysis and
science drawing software origin (Origin, developed by
OriginLab Corp., provides powerful data analysis and
publication-quality graphing capabilities tailored to the
needs of scientists and engineers and offers unique peakanalysis and curve-fitting capabilities, over 70 customizable graph types, and analysis templates.) to fit the values
of se/s0 and H in exponential form se / s0 = exp(−mH )
to get the value of m.
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Data of experiments 1-5 in Table 2 and experiments
6-10 in Table 3 were fitted. The fitted curves are shown in

Fig. 3 and Fig.4 and the value of m and other relevant
parameters are given in Table 4.

FIGURE 3 - Fitting curves between H and se/s0 of experiments 1-5.

FIGURE 4 - Fitting curves between H and se/s0 of experiments 6-10

TABLE 4 - Relevant parameters of the fitting curves between H and se/s0 of experiments 1-10
Experiment

Influent COD
concentration mg/L

Value
of m

R2

Experiment

Hydraulic
load m/d

Value
of m

R2

1

192.40

1.5847

0.9986

6

2.5

0.8963

0.9979

2

160.10

1.5361

0.9984

7

2.0

1.0658

0.9985

3

105.70

1.4814

0.9899

8

1.5

1.2689

0.9981

4

81.10

1.4159

0.9829

9

1.0

1.5361

0.9984

5

59.20

1.3850

0.9724

10

0.5

2.5501

0.9971

It is indicated in Table 4 that, under the conditions of
experiments 1-10, the square of the Correlation coefficient (R2) of all the fitted curves exceeded 0.97, which
illustrated that it was workable to use equation (11) to
describe the process of COD degradation. Under the conditions of experiments 1-5, the relation curve between s0
and m was fitted by using exponential forms and the following relation equation was obtained: m=1.331exp
(0.0351s0), R2 =0.9916; under the conditions of experiments 6-10, the relation curve between h and m was
fitted by using power forms and the following relation
equation was obtained: m= 2.4999h-0.6315, R2= 0.9943. The
value of m reflected the pollutant removal efficiency of
the filter pond. In the case of an invariant hydraulic load,
the increase of influent COD concentration caused an increase of the COD removal rate and accordingly the value
of m increased; in condition of an invariant pollutant
concentration, the increase of the hydraulic load caused
the decrease of the COD removal rate and the value of m
decreased correspondently.

In general, the thicker the filter layer of the CRIS is,
the higher the pollution removal rate is; the longer the hydraulic residence time of wastewater in the filter layer is,
the better the effluent quality is. However, the project investment will increase with the increase of the thickness
of the filter layer. Consequently, it is very significant to
design an economic and appropriate filter layer thickness
to maintain a satisfactory effluent quality. At present, the
design of the layer thickness commonly depends on experience. In order to calculate the appropriate height of the
CRIS filter layer, the mathematical model (14) was built on
basis of COD degradation kinetic equation in this research.

3.4 Filter Layer Height Calculation Model

When the hydraulic load was 1m/d, m= Ksovhw , then
m= Ksov1w= Ksov. This research set the values of m as

3.4.1 Calculation of model parameters (K, v and w)

Values of the model parameters K, v and w could be
obtained in line with the measure data of experiments 1-5
in Table 2 and experiments 6-10 in Table 3 by means of
the following ways:
(1) Calculation of K and v
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ordinate and so as abscissa, applied the software Origin to
fit the relation curve between s0 and m of experiments 1-5
in Table 4 with the form of power m= Ksov to obtain the
values of K and v. The fitted curve was shown in Fig. 5.
From Fig. 5, K=0.8624, v=0.1149 and R2=0.9799.

H=

ln(se / s0 )

ln( se / s0 )
0.1149 - 0.6708
v
h
− Ks0 h w = - 0.8624s0

(15)

3.5 Verification of calculation model of filter layer height in CRIS

In order to verify the rationality of the mathematical
model (15), the CRIS simulation column went on operating under another five different experimental conditions
(experiments 11-15; Table 5), the COD concentrations in
certain depths of the CRIS simulation column were measured, and then the measured COD values were substituted
into equation (15) to calculate the corresponding filter layer
depth. The actual values of the filter layer depth were compared with the corresponding calculated values; the results of the comparison were seen in Fig. 7.
TABLE 5 - Conditions of experiments 11-15.
Experiment
11
12
13
14
15

FIGURE 5 - Fitted curve between s0 and m.

Influent COD concentration
(mg/L)
220.50
180.62
158.29
119.65
112.45

Hydraulic load
(m/d)
3.00
2.00
1.00
0.50
0.75

(2) Calculation of w
When the influent COD concentration was 160.10
mg/L, Ksov=0.8624×160.100.1149=1.5452, then m= 1.5452hw.
This research set the values of m as ordinate and h as
abscissa and applies the software Origin to fit the relation
curve between h and m of experiments 6-10 in Table 4 in
form of power m/1.5452=hw to obtain the value of w. The
fitted curve was shown in Fig. 6.

FIGURE 7 - Comparison between actual values and calculated values
of filter layer depth

FIGURE 6 - Fitted curve between h and m/1.5452

From Fig. 6, w=-0.6708 and the square of the correlation coefficient R2=0.9827. It is shown that the results of
the data fitting were rather reliable. Under the conditions
of this experiment, the calculation model of the filter pond
height was achieved by substituting the values of the
model parameters K, v and w into equation (14):

It is indicated in Fig.7 that under the conditions of experiment 11, there was a relatively large deviation between
the model calculated values of height and their corresponding actual values. The kinetic parameters of the model
equation were calibrated in the range of 59.20-192.40 mg/L
for influent COD concentration and in the range of 0.52.5 mg/d for the hydraulic load. However, in experiment
11, the influent COD concentration was 220.50 mg/L and
the hydraulic load was 3 m/d, which exceeded the applicable scope of the model and led to the destruction of the
stability of biofilm in the CRIS, consequently, the deviation was large; in experiments 12-15, the model calculated
values of height agreed with their corresponding actual
values, which indicated that under the conditions of experiments 12-15 the model equation (15) could accurately
calculate the economic and appropriate height of the filter

1492

© by PSP Volume 20 – No 6a. 2011

Fresenius Environmental Bulletin

layer in line with the influent COD concentration, hydraulic load and effluent quality of CRIS.
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4. CONCLUSION
This research aims to study the characteristics of
COD degradation kinetics in CRIS and construct a mathematical model of the most economic and appropriate height
of the CRIS filter layer. Some conclusions are drawn:
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ABSTRACT
In this study a multi-element analysis was conducted
on the contents of the sediments found at three different
sites in the Kapulukaya Dam Lake between May 2007 and
November 2007. The elemental analysis of the sediment
samples was carried out by using the technique of Polarized Energy Dispersive X-ray Fluorescence (PEDXRF).
Of twenty three elements, Cr, Ni, Hg demonstrated high
levels of contamination at all sites and As at site 3 according to the criteria set for threshold effect concentrations
and probable effect concentrations. The accuracy and precision of the technique employed for conducting the chemical
analysis were demonstrated by analyzing the G01-GSD-09
sediment and the K04-NIST-2704 river sediment. Measured
concentrations reached at average of 92.7 % and 89.9 %
accuracy on the standards used, respectively. The present
investigation revealed the effectiveness of this technique
in analyzing the sediment content.
KEYWORDS:
Sediment, PEDXRF, multi-element analysis, heavy metals.

1. INTRODUCTION
Heavy metals are considered to be of high ecological
significance since they cannot be completely removed, degraded or destroyed during the self-purification process of
water; rather they accumulate in the reservoirs and enter
the food chain from there [1-3].
The increase in the metal content in a reservoir is revealed mainly by an increase in their concentration in the
lowermost layer of the sediment. The addition of these
metals to the environment is primarily a result of anthropogenic activities; however, natural processes, such as,
weathering of rocks and volcanic activities may also con* Corresponding author

tribute notably to enrich water bodies with heavy metals
[4, 5].
Sediments provide an archive of environmental changes
occurring within the freshwater ecosystem and its vicinity;
therefore, have been widely used across the world to track
the changes that occur in freshwater naturally or anthropologically [6, 7].
The contamination of sediments by heavy metals and
the other pollutants has been reported to have negative impacts on aquatic organisms and on human being through the
food chain [8, 9]. Therefore, protecting the quality of the
sediment is an important part of restoring and maintaining
biological integrity [8-11].
The presence of heavy metals in the sediments is determined through various techniques, amongst which XRF
has been widely applied in comparison with the ones that
entail the wet chemical analysis. The reason for this is that
the XRF technique is known to have many advantages over
its counterparts, such as, entailing a non-destructive analysis, a quick method of conducting measurements, rapid
process of sample preparation, and a relatively simple data
analysis system [12, 13]. Additionally, this technique is
quite simple to conduct requiring less space and a sample
of any size can be qualitatively and quantitatively analysed without the need of subjecting it to a chemical pretreatment [13-17]. Although it was stated that the XRF
technique has certain drawbacks, such as, a limited sensitivity for some specific pollutants and inferior degree of
accuracy in comparison with other spectroscopic techniques, yet recent modifications carried out in the XRF instrumentation (e.g., development of spectrometers by using
the digital signal processing and enhancement of X-ray production with better designs for the detection of the degree
of excitation as in the PEDXRF technique) seemed to alleviate these constraints to an extent [18]. The PEDXRF technique seemed to owe the above mentioned developments
not only to its increased scope of applications but also to
its capability to analyses a wide spectrum of materials,
ranging from organic to inorganic. Therefore, the present
study evaluated the applicability of the PEDXRF technique
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by using river sediments as samples; this sample has been
quite rarely examined up till now. The main objectives of
the present study were i) to determine the elemental composition of sediments found in the lake of the Kapulukaya
Dam ii) to obtain values for reference to monitor the probable changes and causes that may occur in the future iii) to
evaluate the effectiveness of the PEDXRF technique to
determine the multi-element composition of the analysed
sediments.
2. MATERIAL AND METHODS
The Kapulukaya Reservoir, which is a large (20.70km2),
deep (44m), warm temperate dam lake in Kirikkale in Turkey, was constructed in the year 1989 to generate hydroelectric power. Later in the year 2001, the reservoir started
to supply drinking water to the Kirikkale city. The reservoir is located between the 39o 35´ and 39o 45´ north latitude and 33o 26´ and 33o 29´ east longitude. The lake is the
last one in a series of three cascading dams, namely,
Hirfanli, Kesikkopru and Kapulukaya that were constructed along the Kizilirmak River.
The examinations were conducted seasonally from
May 2007 to November 2007 (in the months of May, July,
August, October and November) at three stations. The first
two stations (Station 1 coded as S1 and station 2 coded as
S2) were located on the Lake and the remaining station (S3)
was located on the Kizilirmak River, beneath the waste
point of an oil refinery, Tüpraş (Figure 1). Site specific differences were detected statistically by using Mann-WhitneyU non-parametric test. This test was applied since the data
did not meet the assumption of normal distribution [19].
2.1. Sample Preparation

The sediment samples were collected from a depth of
about 10 cm from the surface by means of a stainless steel
crab. The samples were grounded into fine powder in an
agate mortar following oven drying at 40–45 0C. They
were then sieved at 500 µm mesh [20,21]. Four gram of
powdered sample was mixed with 0.9 g of wax and the
mixture was pressed at 15 N in an automatic press machine to get into thick pellets of a diameter of 32 mm [22,
23].

FIGURE 1 - Study area and sampling sites

TABLE 1 - Instrumental conditions used during analysis, with specific targets and counting times used for each element
Instrumental conditions
Generator
1–60 kV, 1–80mA
X-ray tube
Rh anode, 0.5mm Be side window, oil cooled
Sample chamber
20 Samples, evacuable
Sample dimensions 32mm Powder pellet
Detector Si(Li):
12mm2 active area, 3mm effective thickness , liquid N2cooled; resolution < 150 eV at Mn Kα, 5000 cps
Total Analysis Time: 600 s per sample
Software:
Spectro X-LabPro package (fundamental parameters (Turboquant), Lucas-Tooth and Price, extended Compton,
Alpha coefficient correction)
Target
Type of Target
Excited elements
X-ray tube
Mo
Secondary
Cr - Zr (K), Pr - Bi (L)
35 kV, 4 mA
Al2O3
Barkla
Y-Ce
50kV, 6 mA
HOPG
Bragg
Na-V
10 kV, 2 mA
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2.2. Elemental Analyses

3. RESULTS AND DISCUSSION

The concentration of multi-elements was determined
by using the technique of polarized energy dispersive
XRF. For conducting evaluations the Spectro XLAB
2000 PEDXRF spectrometer equipped with an Rh anode
X-ray tube, obtained from the Ankara University Geological Engineering Department ICP and Microanalyses laboratory were used in the present study.
The instrumental conditions used during analysis, with
specific targets conditions are summarized in Table 1.

The results of the elemental composition of the sediment samples at S1, S2 and S3 are given in Table 2. The
given values are the average of five samples, each representing different sampling date, with a coefficient of variations (CV), minimum and maximum values. Each sample of
a site at the given date was prepared by composing three
subsamples randomly taken. Samples were analyzed with
three readings and the values revealed no systematic errors

TABLE 2 - PEDXRF result for the collected samples from S1, S2 and S3 stations. (Concentrations of
elements are given in µg/g except for those of major elements; Mg, Al, Fe in %).(CV; coefficient of variations %)
S2
S1
Element Means CV(%)* Minimum Maximum Means CV(%) Minimum Maximum
Mg
1.19
26,92
0.82
1.53
0.80
27,93
0.48
1.08
Al
3.03
30,30
1.91
3.82
2.80
33,60
1.47
3.96
Fe
2.47
30,89
1.52
3.15
1.94
38,58
0.92
2.83
Mn
578.80
10,98
507.00
654.00 490.80
24,47
368.00
654.00
Cr
294.14
56,91
116.60
472.00 253.06
57,19
98.00
423.00
Ni
86.98
35,90
54.60
127.10
49.50
33,82
24.70
69.90
Zn
43.02
34,32
25.70
60.00
33.92
38,44
14.80
49.20
Co
27.20
51,84
11.00
41.00
20.84
13,67
17.00
24.90
Cu
18.98
34,67
9.80
24.50
15.68
26,39
10.30
21.70
As
21.68
15,96
18.30
27.00
18.16
10,40
15.80
20.20
Rb
46.38
36,39
25.60
64.70
41.82
40,33
19.70
64.80
Sr
1071.78
49,93
581.50
1684.00 1164.82
50,47
329.30
1866.00
Y
9.04
38,68
3.00
12.00
10.04
39,39
5.00
15.40
Zr
79.38
41,26
46.70
123.10 115.42
43,25
54.10
179.50
Nb
5.70
48,67
3.50
9.30
7.94
28,59
5.50
11.30
Cd
0.92
9,09
0.80
1.00
1.04
41,13
0.80
1.80
Sn
1.08
39,50
0.50
1.70
1.22
32,48
0.90
1.90
Ba
335.18
25,19
255.60
441.50 349.42
27,25
254.80
493.50
La
55.66
41,27
26.60
87.60
51.68
37,11
25.70
78.30
Ce
88.20
35,96
48.00
134.50
89.00
34,56
47.50
126.60
Hg
1.42
7,71
1.30
1.50
1.38
13,94
1.10
1.60
Pb
17.02
38,43
8.60
26.60
16.88
27,88
10.10
21.70
Th
5.46
26,87
4.20
7.30
5.42
31,89
2.50
6.70

S3
Means
CV(%) Minimum Maximum TEC * PEC*
1.08
35,8
0.56
1.46
3.85
23,2
2.62
4.64
2.76
19,0
2.11
3.26
770.40
33,3
374.00
1053.00
494.80
53,1
325.00
945.00
43.4
111
74.00
26,9
52.90
95.10
22.7
48.6
78.36
38,8
43.00
124.20
121
459
27.46
50,1
11.00
43.20
21.66
28,8
13.80
29.30
31.6
149
46.86
39,4
21.80
69.70
9.79
33
71.60
10,6
64.80
82.10
404.74
15,2
303.20
466.00
14.60
23,1
10.20
17.70
134.48
19,3
111.10
174.60
8.96
23,2
6.60
11.40
0.82
5,5
0.80
0.90
0.99
4.98
1.54
46,5
0.90
2.50
520.38
21,9
413.20
694.60
62.36
21,0
44.10
77.30
91.28
27,0
51.80
113.10
1.24
7,2
1.10
1.30
0.18
1.06
26.9
25,4
18.80
34.00
35.8
128
9.04
31,9
4.90
11.60

*TEC: Threshold Effect Concentration
*PEC: Probable Effect Concentration
TABLE 3- Concentration of certificated elements in the Standard rocks used in the PEDXRF analysis for calibration of
the spectrometer and the concentration of standard sediments measured by PEDXRF at a later date to the main analysis
Elements
Mg
Al
Cr
Mn
Fe
Co
Ni
Cu
Zn
As
Rb
Sr
Y
Zr
Nb
Cd
Sn
Ba
La
Ce
Hg
Pb
Th

Unit
%
%
µg/g
µg/g
%
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g

Certificated concentration
G01-GSD-09 (Sediment)
1.824±0.024
5.972±0.018
162.7±1.5
628.7±2.4
3.528±0.005
13.9±1.9
33.4±1.1
36±0.9
71.8±1
10.3±0.5
80.6±0.4
166.1±0.6
26.3±0.4
381±0.9
15.5±0.2
0.5±0
3.1±0.1
430.1±1.5
42.3±1.3
81.4±1.7
0.8±0
22.9±0.6
13.3±0.5

Measured concentration
G01-GSD-09 (Sediment)
1.76±0.027
5.10±0.029
160.72±0.0039
720.00±0.0019
3.80±0.008
14.82±5.3
34.27±1.3
35.72±1.1
70.65±4.9
9.82±1.5
78.92±0.9
168.21±0.9
27.87±0.7
376.23±5.7
14.22±2
0.40±0
3.98±0.6
439.00±4.5
45.43±4.4
83.87±5.9
0.98±0
22.83±1.7
14.76±0.6
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Certificated concentration
K04-NIST-2704
(River Sediment)
1.369±0.022
7.006±0.02
177.1±1.4
606.9±2.2
4.277±0.006
27.1±2.7
44.5±1.2
100±1.4
422.5±0.03
23.5±1.1
100.8±0.5
128.6±0.5
30.5±0.4
281.9±0.7
12.8±0.2
2.9±0.2
9.6±0.2
421.6±1.5
29.5±1.3
58.6±1.7
0.7±0.4
157.8±1.2
11.4±0.6

Measured concentration
K04-NIST-2704 (River
Sediment)
1.98±0.03
8.26±0.028
171.26±0.0071
762.00±0.012
5.72±0.009
28.22±5.2
45.29±1.9
102.21±2.3
430.00±4.1
25.76±1.8
103.71±0.8
131.23±0.8
32.82±0.7
287.5±6
13.77±2
3.98±0.5
11.62±0.6
430.23±4.2
31.43±4.4
60.9±6
0.40±0.9
167.00±2.2
9.72±0.5
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with 95% confidence interval within the results. In the
present study, twenty three elements were measured through
the PEDXRF technique. The concentrations of the elements
are given in the unit µg/g, except for those of major elements, which are in percentage. The validity of the yielded
data from X-rays of the sediment samples was evaluated
by analyzing the G01-GSD-09 sediment and the K04-NIST2704 river sediment based on international standards; the

comparison of measured values with the certified values
is provided in Table 3.
The ascertained amounts of concentrations of the major and minor elements at the three stations revealed that
the levels of elements in the sediment could be determined
by the PEDXRF technique. Some PEDXRF spectra obtained in the analysis of a sediment sample are shown in
Figure 2.

FIGURE 2 - Some PEDXRF spectra obtained in the analysis of sediment sample

TABLE 4 - Calibration ranges root mean square errors of calibration and limits of detection (NA, not analyzed)
Elements
Mg
Al
Cr
Mn
Fe
Co
Ni
Cu
Zn
As
Rb
Sr
Y
Zr
Nb
Cd
Sn
Ba
La
Ce
Hg
Pb
Th

Unit
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g
µg/g

Calibration ranges
NA
NA
0 – 430
0 – 10000
NA
0 – 2200
0 – 2000
0 – 3000
0 – 7000
0 – 4000
0 – 3600
0 – 1400
0 – 700
0 – 1500
0 – 170
0 – 80
0 – 1900
0 – 5000
0 – 1400
0 – 250
0 – 33
0 – 5500
0 – 1000

Root Mean Square Errors
NA
NA
13
169
NA
25
12
11
9
1,8
13
22
10
9
12
1,2
2,8
141
26
58
1,5
9
5
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Limits of detection
434
30
0,7
0,7
5
2,4
0,7
0,6
0,5
0,2
0,2
0,2
0,2
0,8
0,8
0.5
0.5
14,0
22,0
30,0
0,7
0,5
0,4
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The detection limit of this technique and the background disadvantages did not constitute any problem in the
study that was conducted with the aid of a polarized beam.
The detection limits of the technique were given in Table 4.
The concentrations of the seven elements (Al, Fe, Mg,
Sr, Ba, Mn, Cr) were always found to be higher than those
of other elements at all stations. This may result from the
main lithological compositions of the region. The main
lithology of the region mainly composed of gabbro, basalts
and diabase, which are rich in Al, Fe, Mg, Sr, Ba, Mn and
Cr [24,25]. The concentrations of Sr, Ba, Mn and Cr contributed to 81%, 82% and 76% of the total twenty elements (excluding, the major elements of Al, Fe and Mg),
in the S1, S2 and S3 stations, respectively. The mean
concentrations of Hg, Sn, and Cd were found to be below
1.5 µg/g at all stations. The average concentrations of Zn
determined at all analysed stations of the Kapulukaya Reservoir were noted to be lower than those of Zn found in the
uncontaminated sediments and soil analysed in the relevant
literature [10,26].
MacDonald et al. [27] proposed a highly recognized
guideline and stated that the sediment samples could be
predicted to be not toxic if the measured concentrations of
a chemical substance were lower than the corresponding
TECs (Threshold Effect Concentrations). Similarly, samples could be predicted to be toxic if the corresponding
PECs (Probable Effect Concentrations) were exceeded in
field-collected sediments. When the heavy metal concentrations of the sediment samples found in our study were considered according to the guideline, mean Cr, Ni, Hg contents of the three stations were observed to have exceeded
the PEC values. A comparison of values with the PECs
might lead to a conclusion that all sampling sites in this
study were likely to be highly contaminated with Cr, Ni,
and Hg (Table 2). The results for As showed that whilst
the concentrations in the third stations exceeded the PECs
value (33.0 µg/g ), mean concentrations of arsenic in the
other stations were between TECs and PECs value. Nevertheless, the mean and maximum concentrations of Zn,
Cu and Pb at the stations (Table 2) were noted to be lower
than those suggested TECs and PECs values. Comparisons of the mean metal concentrations at each site with their
respective TEC and PEC values have often been used in
other studies from Turkey and other countries [28-30]. For
example, Farkas et al. [29] stated that the Sediment Quality Guidelines (SQG) such as TEC and PEC were very useful in assessing the sediment contamination with heavy
metals in the central reaches of River Po. They also argued that SQGs were better used with the national background values. Since the national background data does
not yet exist for the country, the evaluations based on
TEC and PEC values should be considered cautiously in
this study.

more pronounced between the first two stations S1 and S2
located on the Lake and the third station (S3) located on
the Kizilirmak River. Significant differences were also
reflected between S1 and S3 in the concentrations of Zn,
As, Rb, Sr, Y, Zr, Ba, Hg, Pb and Th and for S2 and S3 in
the concentrations of Zn, As, Rb and Ba. The site specific
behaviour of some metals might be attiributed to the effect of some industrial effluents that is more pronounced
at S3.
4. CONCLUSION
Heavy metal concentrations of the sediment samples
determined at 3 different sites of the study area,
Kapulukaya Reservoir and its vicinity, indicated some
degree of a pollution. Due to the lack of national guideline for the limitations of heavy metal concentrations in
the sediment samples, internationally accepted guidelines
such as TEC and PEC were used for the comparison of
measured levels of heavy metals, and they indicated that
the metals, Cr, Ni and Hg were above accepted values at
all stations while As at site 3. Site specific variations
found in this study invoke the need for further and detailed study that would be conducted on the whole catchment of the Kizilirmak river to reveal and distinguish the
natural and unnatural origin of heavy metals. But, the
method used in this study is fast, practical, useful, easy,
nondestructive with high accuracy on results, and is
suitable for the analysis of environmental samples. We
therefore recommend the technique for the routine analysis of solid samples.

According to the results obtained through the MannWhitney U test, a significant difference (p < 0.05) in the
concentrations between S1 and S2 was found only for the
element, nickel. On the other hand, the differences were

1499

REFERENCES
[1]

Loska, K. and Wiechula, D. (2003) Application of principal
component analysis for the estimation of source heavy metal
contamination in surface sediments from Rybnik Reservoir.
Chemosphere 51, 723 – 733.

[2]

Salomons, W.and Förstner, U. (1984) Metals in the hydrocycle. Berlin Heidelberg New York: Springer, 349 pp.

[3]

Karadede-Akin, H. (2009). Seasonal variations of heavy metals in water, sediments, pondweed (P. Pectinatus L.) And
freshwater fish (C. C. Umbla) of Lake Hazar (ElazıgTurkey). Fresenius Environmetal Bulletin 18 (4) 511-518

[4]

Förstner, U. and Wittmann, G.T.W. (1983) Metal Pollution in
the Aquatic Environment, second revised ed. Springer Verlag, Berlin, Heidelberg & New York, 486 pp.

[5]

Veena, B.; Radhakrishnan, C.K. and Chacko J., 1997. Heavy
metal induced biochemical effects in an estuarine teleost, Indian J. Mar. Sci. 26, 74–78.

[6]

Birch, L.; Hanselmann, K.W. and Bachofen, R. (1996) Heavy
metal conservation in Lake Cadagno sediments: historical
records of anthropogenic emissions in a meromictic alpine
lake. Water Res. 30, 679 – 687.

© by PSP Volume 20 – No 6a. 2011

Fresenius Environmental Bulletin

[7]

Yang, H. and Rose, N. (2005). Trace element pollution records in some UK lake sediments, their history, influence factors and regional differences. Environ. Int. 31, 63 – 75.

[8]

Karadede, H. and Ünlü, E. (2000). Concentrations of some
heavy metals in water, sediment and fish species from the
Atatürk Dam Lake (Euphrates), Turkey. Chemosphere 41,
1371 – 1376.

[23] Koralay, T.; Kadioglu, Y. K. and Davis P. (2011). Weak compositional zonation in a silicic magmatic system: Incesu ignimbrite, Central Anatolian Volcanic Province (Kayseri –
Turkey). Journal of Asian Earth Sciences 40, 371 – 393
[24] Kadıoğlu, Y.K., Yıldırım, D. and Foland, K.A. (2006) Slab
break-off and syncollisional origin of the Late Cretaceous
magmatism in the Central Anatolian crystalline complex,
Turkey. Geol.Soci.of America 409, 381 – 415.

[9]

Shen, G., Lu, Y., Wang, M. and Sun, Y. (2005) Status and
fuzzy comprehensive assessment of combined heavy metal
and organo-chlorine pesticide pollution in Taihu Lake region
of China. J. Environ. Manage. 76, 355 – 362.

[25] Koralay, T., Kadioglu, S. and Kadioglu, Y.K. (2007) A new
approximation in determination of zonation boundaries of ignimbrite by ground penetrating radar: Kayseri, Central Anatolia, Turkey. Environ. Geol. 52, 1387 – 1397.

[10] Pham, N.T.T., Pulkownik, A. and Buckney, R.T. (2007).
Assesment of heavy metals in sediments and aquatic organisms in West Lake (Ho Tay), Hanoi, Vietnam. Lakes Reserv:
Res. Manage. 12, 285 – 294.

[26] Mazej, Z. and Germ, M. (2009) Trace element accumulation
and distribution in four aquatic macrophytes. Chemosphere
74, 642 – 647.

[11] Peng, K., Luo, C., Lou, L., Li, X. and Shen, Z. (2008). Bioaccumulation of heavy metals by the aquatic plants Potamogeton pectinatus L. and Potamogeton malaianus Miq. And
their potential use for contamination indicators and in
wastewater treatment. Sci Total Environ. 392, 22 – 29.
[12] Üstündağ, Z., Üstündağ, I. and Kadıoğlu, Y.K. (2007) Multielement analysis of pyrite ores using polarized energydispersive X-ray fluorescence spectrometry. Appl. Radiat.
Isot. 65, 809 – 813.
[13] Marguí, E., Queralt, I. and Hidalgo, M. (2009) Application of
X-ray fluorescence spectrometry to determination and quantitation of metals in vegetal material. Trends Anal. Chem. 28,
362 – 372.
[14] Tsuji, K., Matsuda, A., Nakano, K. and Okhrimovskyy, A.
(2006) X-ray fluorescence analysis of soft materials using
needle-type collimators enabling greater tolerance in analysis
depth. Spectrochim. Acta Part B 61, 460 – 464.

[27] MacDonald, D.D., Ingersoll, C.G. and Berger T.A. (2000)
Development and evaluation of consensus-based sediment
quality guidelines for freshwater ecosystems. Arch. Environ.
Contam. Toxicol. 39, 20 – 31.
[28] Demirak, A., Yilmaz, F., Tuna, A.L. and Ozdemir, N. (2006)
Heavy metals in water, sediment and tissues of Leuciscus
cephalus from a stream in southwestern Turkey. Chemosphere, 63, 1451 – 1458.
[29] Farkas, A., Erratico, C. and Viganó, L. (2007) Assessment of
the environmental significance of heavy metal pollution in
surficial sediments of the River Po. Chemosphere, 68, 761 –
768.
[30] Öztürk, M., Özözen, G., Minareci, O. And Minareci E.
(2009) Determination Of Heavy Metals In Fish, Water And
Sediments Of Avsar Dam Lake In Turkey. Iran. J. Environ.
Health. Sci. Eng. 6(2), 73 – 80.

[15] Padilla, R., Espen, P.V. and Torres, P.P.G. (2006) The suitability of XRF analysis for compositional classification of archaeological ceramic fabric: a comparison with a previous
NAA study. Anal. Chim. Acta 558, 283 – 289.
[16] Mohapatra, A., Rautray, T.R., Vijayan, V., Mohanty, R.K.
and Dey, S.K. (2007) Trace elemental characterization of
some food crustacean tissue samples by EDXRF technique.
Aquaculture 270, 552 – 558.
[17] Gashi, F., Franciskovic-Bilinski, S. and Bilinski, H. (2009)
Analysis of sediments of the four main rivers (Drini i Bardhe,
Morava e Binces, Lepenc and Sitnica) in Kosovo. Fresenius
Environmetal Bulletin 18 (8) 1462-1471
[18] West, M., Ellis, A.T., Kregsaner, P., Potts, P.J., Streli, C.,
Vanhoof, C. and Wobrauschek, P. (2007) Atomic spectrometry update. X-ray fluorescence spectrometry. J. Anal. At.
Spectrom. 22, 1304 – 1332.

Received: November 03, 2010
Revised: February 24, 2011
Accepted: March 18, 2011

[19] Legendre, P. and Legendre, L. (1998) Numerical Ecology, Second English Edition. Elsiver Science, Amsterdam, 853 pp.
[20] Brekken, A. and Steinnes, E. (2004) Seasonal concentrations
of cadmium and zinc in native pasture plants: consequences
for grazing animals. Sci. Total Environ. 326, 181 – 195.
[21] Teuchies, J., De Deckere, E., Bervoets, L., Meynendonckx J.,
Regenmortel, S.V., Blust, R. and Meire, P. (2007) Influence
of tidal regime on distribution of trace metals in a contaminated tidal freshwater marsh soil colonized with common
reed (Phragmites australis), Environ. Pollut. 155, 20 – 30.
[22] Timothy, E. and Tour, L. (1989) Analysis of rocks using Xray fluorescence spectrometry. The Rigaku J. 6, 3 – 9.

1500

CORRESPONDING AUTHOR
Gökben Başaran
Kırıkkale University
Science and Art Faculty
Biology Department
71450 Kırıkkale
TURKEY
Phone: +90 318 3574242/1535

© by PSP Volume 20 – No 6a. 2011

Fresenius Environmental Bulletin

Fax: +90 0 318 3572461
E-mail: gokbenbasaran@yahoo.com
FEB/ Vol 20/ No 6a/ 2011 – pages 1494 – 1499

1501

© by PSP Volume 20 – No 6a. 2011

Fresenius Environmental Bulletin
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ALKALINE DYE EFFLUENT BY Myrothecium sp. IMER1
AND ITS BILIRUBIN OXIDASE
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ABSTRACT

1. INTRODUCTION

A non-ligninolytic fungus Myrothecium sp. IMER1
and its bilirubin oxidase (BOX) were evaluated for their
ability to decolorize an alkaline dye effluent. The strain was
capable of decolorizing dye effluent at various concentrations of 20, 33.3, 50 and 66.7% (v/v) in the pH basic range
of 9.5-10.0, but high dye effluent concentration in the medium resulted in low colour removal rate. The biomass
production and BOX activity of Myrothecium sp. IMER1
were inhibited during decolorization. Spectra analyses of
culture supernatants and colour changes in fungal cells suggested that dyes in the effluent were removed by Myrothecium sp. IMER1 mainly due to enzymatic reaction. Thus,
biodegradation was the major dye decolorization mechanism, rather than inactive surface adsorption. BOX was
able to decolorize dye effluent effectively over a pH range
of 4-10, and maximum decolorization of dye effluent was
observed at pH 7.0. In addition, colour removal efficiency
was higher at neutral and alkaline pH than at acid pH. In the
presence of 2,2-Azinobis (3-ethylbenzothiazolin-6-sulfonic
acid) (ABTS) as a redox mediator, a marked increase was
obtained in decolorization at the various pH values tested.
The germination of Phaseolus mungo seeds was inhibited
with dye effluent but not with the dye effluent treated by
Myrothecium sp. IMER1 or BOX, indicating the less toxic
nature of the treated dye effluent to the plants. Therefore,
both this non-ligninolytic strain and its extracellular BOX
will be potential candidates for wastewater treatment of
dye effluents, especially alkaline dye effluents.

KEYWORDS: Myrothecium sp. IMER1; bilirubin oxidase; dye
effluent; decolorization
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Dyes are widely used in the production of textiles,
cosmetics, food, and pharmaceuticals. Most of synthetic
textile dyes are mutagenic and/or carcinogenic, and belong
to the most dangerous pollutants [1-4]. Dye wastewaters
are normally treated using various physical and chemical
methods, whereas biological processes have received increasing interest as a viable alternative owing to their cost
effectiveness [5, 6]. Currently, white rot fungi seem to be
more prospective organisms. These fungi, by virtue of their
ability to degrade lignin in nature, produce enzymes like
lignin peroxidases that are able to carry out oxidative decolorization of dyes [7, 8]. However, these fungi and ligninolytic enzymes having acidic optimal pH values cannot be used universally for the treatment of effluents from
different industries, largely due to their alkaline nature.
Therefore, these disadvantages limit white rot fungi and
ligninolytic enzymes’ large-scale applications.
In comparison with white rot fungi, studies on decolorization of dyes by non-ligninolytic fungi are minimal
[9]. But lately, there is a growing interest in studying dye
decolorization by non-ligninolytic fungi, not only from
the standpoint of comparative biology but also with the
expectation of finding better fungi for use in various biotechnological applications. Although a large number of labscale studies have been conducted on decolorization of
single synthetic dye solutions and simulated dye
wastewaters by fungal biosorption/biodegradation, there
is a need to generate relative performance data on real dye
effluents. Based on these successful laboratory results,
more studies should be made to apply fungal decolorization techniques in real industrial effluents [7]. Our previous studies showed that the non-ligninolytic fungus, Myrothecium sp. IMER1, can decolorize many dyes, such
as Remazol Brilliant Blue R, Congo Red and Indigo
Carmine, and its BOX was proven to be the main enzyme
involved in dye decolorization [10-12]. To the best of our
knowledge, this strain and its BOX have not ever been
used for decolorization of real dye effluents.
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This study described the decolorization of a real raw
mixed dye wastewater from a textile dye-producing plant
by Myrothecium sp. IMER1 and BOX, and their potential
for the effective decolorization of alkaline dye wastewater
was evaluated. In order to promote the decolorization
of dye effluent by BOX, ABTS (2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid), a substrate of BOX, was
used as an electron mediator. Besides, the effects of pH on
decolorization were investigated. Untreated and treated
dye effluents may be used for agricultural purpose, impacting on fertility of soil. For this reason, the phytotoxicity test using the plant Phaseolus mungo was chosen to
measure the toxicity, before and after decolorization.

ter. One unit was defined as the amount of enzyme that
oxidized 1 µM bilirubin/min.
2.5. Decolorization experiments and determination of biomass
production

Highly coloured effluents (dark red) were collected
from a textile dye-producing plant situated in Foshan,
Guanzhou, China. The dye effluents contained both acid
and
direct dyes. The main components were azo dyes. Apart from
azo, also phenyl and cyclohexyl-substituted anthraquinonic
dyes were colouring the effluent. It was an alkaline
wastewater with a pH value of 10-10.5. Prior to laboratory
decolorization treatment, the effluent was centrifuged at
10,000×g for 15 min to remove large suspended particles,
and then was sterilized.

The ability of Myrothecium sp. IMER1 to decolorize
dye effluent was assessed in batch mode. The PDB medium was modified by taking dye effluent instead of distilled water for medium preparation. This medium containing the effluent at concentrations of 20, 33.3, 50 and
66.7% (v/v) was in the pH range 9.5-10.0. About 0.1 ml of
spore suspension of Myrothecium sp. IMER1 (108 spores
ml−1) was transferred aseptically into 500-ml Erlenmeyer
flasks containing 100 ml modified medium. The cultures
were incubated at 28 °C in rotary shakers running at
150 rpm. Biotic (sterilized medium inoculated with spores,
without effluent addition) and abiotic (sterilized medium
containing the effluent but not inoculated with the fungus)
control experimental sets were also prepared and maintained in parallel with the decolorization experiments. The
cultivations were carried out in triplicate. Culture samples
were withdrawn at defined intervals, and after centrifugation at 10,000xg for 20 min at 10 °C, the supernatants
were used as samples for decolorization assay. Effluent
colour removal rate was measured in culture supernatants
after incubation for defined intervals. Biomass production
was evaluated by determining the dry mass of mycelia.
Mycelia were harvested from the cultivation liquid by
filtration using a piece of filter paper, dried at 105 °C for
24 h and weighed.

2.2. Chemicals and enzymes

2.6. Enzymatic decolorization

2. MATERIALS AND METHODS
2.1. Effluent source

ABTS was purchased from Sigma Chemical Company (St. Louis, MO, USA). All other reagents and chemicals
were of the highest purity available and of an analytical
grade. BOX was purified from Myrothecium sp. IMER1 as
previously described by Zhang et al. [10].
2.3. Microorganism and culture conditions

Myrothecium sp. IMER1 was isolated from suburb
soil of Wuhan, China. On the basis of the comparison of
sequences of the ITS regions and 5.8SrRNA gene with
those found in databanks, its morphology and microscopy
observations, it was identified as Myrothecium sp. (GenBank accession no. EF458487). The strain was grown in
potato dextrose broth medium (PDB), or on potato dextrose agar medium (PDA). The strain was maintained on
PDA medium slant. The slant was inoculated and incubated at 28 °C for 5-6 days, and then stored at 4 °C and
periodically sub-cultured.
2.4. Enzyme assays

BOX activity was assayed as follows: 2.0 ml of 30 µM
bilirubin dissolved in 0.2 M Tris-HCl buffer (pH 8.4) was
added to 0.2 ml of enzyme solution, and the mixture was
then incubated at 37 °C. The decrease in absorbance of
bilirubin was measured at 440 nm with a spectrophotome-

Reaction mixture contained 10 U ml−1 BOX and dye
effluent concentration 50 % (v/v) in a total volume of 4 ml.
The effect of pH on decolorization was monitored at different pHs ranging from 3 to 10. The effect of mediator (10 µM
ABTS) on the BOX catalyzed effluent decolorization was
investigated at various pH values (4.0, 7.0, 9.0 and 10.0).
The pH of reaction mixture was adjusted using 1.0 M HCl.
Effluent decolorization by BOX was stopped by heating in
a boiling water-bath for 5 min after 24-h incubation. However, effluent decolorization by BOX with ABTS was
stopped after 2-h incubation. The reaction mixture was incubated at 28 °C in the dark, and the effluent decolorization
was measured by monitoring the decrease in absorbance
maximum (510 nm) in an UV-VIS spectrophotometer. In
parallel, control samples were maintained with heat-inactivated enzyme.
2.7. Decolorization analysis

The intensity of effluent colour was measured at its
maximum absorbance wavelength 510 nm. Effluent colour
removal rate (P) was calculated according to the following
formula: P＝(A1－A2)/A1×100%, where A1 represented the
absorbance of the control, A2 represented the absorbance of
the corresponding untreated effluent, and P was the effluent colour removal rate. The absorbance spectra of effluent, before and after decolorization, were scanned by a
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Varian CARY50 UV-VIS spectrophotometer (Varian, Salt
Lake, UT, USA), and the changes in its absorbance spectrum (350-800 nm) were recorded.
2.8. Phytotoxicity study

This test was performed to assess the toxicity of the
untreated and treated samples containing 50% (v/v) effluent at a concentration of 4,000 ppm. The tests were carried out according to Parshetti et al. [13]. The ethyl acetateextracted products of the untreated and treated samples
were dried and dissolved in 10 ml sterile distilled water to
make a final concentration of 4,000 ppm for phytotoxicity
studies. The phytotoxicity study was carried out (at room
temperature) in relation to Phaseolus mungo (10 seeds) by
watering separately 10 ml sample of dye effluent and its
decolorization products (4,000 ppm) per day. Control set
was carried out using distilled water at the same time. Germination (%) as well as length of plumule (shoot) and radical (root) were recorded after 7 days.
2.9. Statistical analysis

All decolorization experiments were performed in three
sets. The results reported are an average of the three data
points with standard deviations calculated. The data from
phytotoxicity studies were analyzed by a one-way analysis
of variance (ANOVA) using a Tukey-Kramer multiple comparison test.
3. RESULTS AND DISCUSSION
3.1. Decolorization of dye effluent by Myrothecium sp. IMER1

The colour removal rate increased gradually with the
increase in incubation time, whereas it decreased gradually as the effluent concentration increased (Fig. 1). More
than 50% of decolorization was observed at the effluent
concentrations of 20, 33.3 and 50 (v/v) for 8 days. However, colour removal rate at effluent concentration of
2d

100

FIGURE 1 - Decolorization of dye effluent by Myrothecium sp.
IMER1. Strain was cultured in PDB medium containing the effluent
at concentrations of 20, 33.3, 50 and 66.7% (v/v), respectively, at
28 °C.

66.7% (v/v) was less than 40%, suggesting that decolorization was strongly inhibited beyond this concentration in
the medium. The colour removal rate (76.7%) of dye effluent was the highest at 20% (v/v) effluent concentration.
These results indicate that Myrothecium sp. IMER1 exhibited high decolorizing performance in various dye effluent
concentrations under alkaline conditions.
Most ligninolytic fungi, such as Trametes versicolor
and Phanerochaete chrysosporium BKMF 1767, exhibit
good decolorization ability in the pH range of 3.0-5.0 [8].
Efficient dye decolorization is usually observed at low pH
because the fungal ligninolytic enzymes (LiP, MnP and
laccases) show maximal activity at acidic pH. However,
pulping, bleaching and dye-producing are mainly performed
under highly alkaline conditions and their effluents generated are also alkaline [14]. White rot fungi and ligninolytic
enzymes having acidic optimal pH cannot be used under
alkaline conditions. Thus, fungal strain and enzymes capable of decolorizing dye efficiently in the basic pH range are
desirable for industrial applications.
3.2. Production of biomass and BOX by Myrothecium sp.
IMER1

The biomass production and BOX activity by Myrothecium sp. IMER1 were evaluated during decolorization. Our previous results had confirmed that BOX as a
main extracellular oxidoreductase of the strain plays a major
role in the dye decolorization [10]. When no dye effluent
was added into the medium, the biomass production and
BOX activity by the strain were the highest after 8-day incubation (Fig. 2). However, these decreased markedly in
the presence of dye effluent. In addition, the more dye
effluent was added into the medium, the lower biomass
production and BOX activity was observed. This was probably attributed to the fact that fungal growth and decolorization enzyme production were inhibited by toxic chemicals
present in the effluent.
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FIGURE 2 - Production of biomass and BOX by Myrothecium sp.
IMER1 after 8-day incubation. Strain was cultured in PDB medium
containing the effluent at concentrations of 0, 20, 33.3, 50 and 66.7%
(v/v), respectively, at 28 °C.

3.3. Decolorization manner of dye effluent by Myrothecium
sp. IMER1

When UV-VIS spectra of dye effluent-containing culture fluid for defined intervals were scanned from 350800 nm, a marked decrease in absorbance maximum at
510 nm was observed at 5-days incubation, but then a
slight decrease of the absorbance values was observed up
to 8 days (Fig. 3). However, new peaks at other visible
light wavelengths, except 510 nm, were not detected. The
absorbance peaks in the visible region disappeared, which
was related to the breakdown of the chromophoric group
in dyes of the effluent. The mycelia became deeply coloured at the beginning of the decolorization, whereas the
deep red colour on mycelia became faint along with cell
growth, and finally almost disappeared. Meanwhile, the
colour in the supernatants turned from dark red to light
yellow.

control
5d

3
Absorbance

Dye effluent concentration affects the efficiency of
colour removal. Decrease in the decolorization rates may
be due to toxicity of the dye to fungi and/or inadequate
biomass concentration for the uptake of higher concentrations of dye. Higher concentrations of dye proved to be
toxic, and adversely affected the decolorization performance of Aspergillus ochraceus NCIM-1146 [15]. On the
other hand, dye class and dye structure present in dye
effluent may have an effect on dye decolorizing efficiency
of the fungi. Earlier studies showed that anthraquinones
were more resistant towards degradation due to their fused
aromatic structures, which remain coloured for long periods of time [6]. For making fungal biodegradation as a
probable tool for treatment of dye effluents, fungal strains
capable of degrading different dyes and capable of resisting
the toxicity of the dyes even at higher concentrations should
be chosen.

4

8d

2
1
0
350

500

650

800

Wavelength (nm)
FIGURE 3 - UV–VIS spectra of dye effluent decolorized by Myrothecium sp. IMER1. Strain was cultured in PDB medium containing the effluent at concentrations of 50 % (v/v) at 28 °C.

It is well-known that decolorization of the dye solution by fungi takes place in two major mechanisms, either
adsorption on the microbial biomass or biodegradation of
the dyes by the extracellular enzymes [16]. Dye adsorption can be also easily judged by an evidently coloured
cell pellet, whereas those retaining their original colours
are accompanied by the occurrence of biodegradation. Dye
adsorption to cell reveals the approximate decrease of all
absorbance peaks in proportion to each other, whereas dye
removal by biodegradation shows the complete reduction
of the major peaks and/or the production of new peaks.
Our results indicated that dyes in the effluent were degraded
due to enzymatic reaction, thus biodegradation became the
major dye removal mechanism after the initial growth period.
3.4. Effect of pH on decolorization of dye effluent by BOX
with and without ABTS

To investigate the effect of pH on decolorization of dye
effluent by BOX, the initial pH of the effluent was adjusted
to be in the range from 3.0 to 10.0. Colour removal rate
increased with pH up to 7.0, above which it slightly decreased (Fig. 4). More than 30% of decolorization was observed in the pH range of 6-10, whereas colour removal
rate in the acidic pH range of 3.0-5.0 was less than 12%.
The maximum decolorization (52%) of dye effluent was
caused by BOX after 24-h incubation at pH 7.0. As compared to BOX alone, in the presence of ABTS as redox
mediator, maximum decolorization of 66% was achieved
after 2-h incubation at pH 7.0 (Fig. 4). Furthermore, the
BOX-ABTS system led to a significant increase in decolorization with shorter incubations (2 h) at various pH
values (4.0, 7.0, 9.0 and 10.0). These results show that the
addition of 10 µM ABTS enhanced decolorization and
shortened reaction time. BOX as well as BOX-ABTS system was able to effectively decolorize dye effluent at the
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various pH values tested. Additionally, colour removal
efficiency was higher at neutral and alkaline pH than at
acidic pH.
80

without ABTS

Color removal rate (%)

with ABTS
60

40

20

control

BOX-ABTS system had been studied as a biocatalyst
in the field of fuel cell-related electrochemistry for electrocatalytic reduction of dioxygen to water [17]. It is to be
expected that BOX-mediator system becomes a novel biocatalyst with potential industrial applications. Considering
that toxic compounds present in the effluent may prevent
the fungal growth, enzymatic approach has attracted more
interest in the remediation/degradation of various organic
pollutants present in the wastewater coming out of industries.

BOX

3.5. Phytotoxicity study
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FIGURE 4 - Effect of pH on decolorization of dye effluent by BOX
without and with ABTS (10 µM). The reaction mixture effluent
containing 50% (v/v) effluent was incubated at various pH values
and 28 °C.
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occurred for longer incubations. These results suggest that
decolorization was incomplete, due to the fact that the
interaction between BOX and toxic compounds in the
effluent for a long time resulted in the loss of BOX activity. On the other hand, peak at 510 nm completely disappeared after decolorization of dye effluent by BOX in the
presence of ABTS. Moreover, it turned to slight yellow
after BOX-ABTS system treatment for about 2 h, and
change in colour did not take place for longer incubations,
suggesting that BOX decolorized the effluent completely
with the help of ABTS as a mediator. The change of absorbance peak at 510 nm was related to the breakdown of
chromophoric group present in the dye, indicating that the
basis of colour removal by BOX was biotransformation.

500
650
Wavelength (nm)

800

FIGURE 5 - UV–VIS spectra of dye effluent decolorized by BOX
without and with ABTS (10 µM). The reaction mixture effluent
containing 50% (v/v) effluent was incubated at pH 7 and 28 °C.

Analysis of dye effluent spectra before and after BOX
treatment with and without ABTS revealed that the absorbance in the 350-800 nm regions changed as a function
of time (Fig. 5). Decolorization spectra of the effluent
treated with BOX alone showed that absorbance peak at
510 nm significantly decreased without any shift in absorbance maximum rather than disappeared. The deep red
dye effluent treated by BOX finally turned to slight red
after 24-h incubation, but no further change in colour

The relative sensitivity towards untreated and treated
effluents in relation to P. mungo was studied. The dye
effluent (4,000 ppm) significantly inhibited the germination
(%) of P. mungo seeds, and growth of plumule and radicle,
when compared with the control (Table 1). When seeds
were treated with these samples decolorized by Myrothecium sp. IMER1, BOX and BOX-ABTS system, seed germination (%) was found to be 92, 86 and 97%, respectively. Furthermore, the length of plumule and radicle was
less affected by treated dye effluent than untreated one.
These results show the less toxic nature of the degradation
product to the plants. The dye effluent treated by BOXABTS often presented a lower germination and growth inhibition than that treated by Myrothecium sp. IMER1 or by
BOX, showing the stronger decolorization and detoxification capability of BOX-ABTS system. Parshetti et al. [13]
reported that germination of P. mungo was less with
malachite green treatment as compared to its degradation
product and distilled water. The freshwater plant Lemma
minor was also chosen to assess the toxicity of dye and its
degradation product [18]. However, it is worth to be pointed
out that further environmental-risk assessment should be
made including taxonomically different organisms with a
different ecological role in a better-risk.

TABLE 1 - Phytotoxicity study of samples containing 50% (v/v) effluent before and after the decolorization by Myrothecium sp. IMER1,
BOX and BOX-ABTS system.
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Parameters Studied
Control
Before
Myrothecium sp. IMER1
Germination (%)
100
5
92
Plumule (cm)
2.16± 0.25
1.04*± 0.12
2.08*± 0.19
Radical(cm)
2.97± 0.35
0.34**± 0.16
1.65**± 0.35
Values are mean of germinated seeds of two experiments, SEM (±) significantly different from the
* P < 0.05, ** P < 0.001 by one-way ANOVA with Turkey comparison test.

4. CONCLUSIONS
The non-ligninolytic fungus Myrothecium sp. IMER1
was capable of decolorizing dye effluents at various concentrations of 20, 33.3, 50 and 66.7% (v/v) in the pH
basic range 9.5-10.0, but high dye effluent concentration
in the medium resulted in low colour removal rate. Spectra analyses of culture supernatants and colour changes in
fungal cells suggested that dyes in the effluent were removed by Myrothecium sp. IMER1 due to enzymatic reaction. BOX from the strain was able to decolorize dye effluent effectively over a pH range of 4-10. The maximum
decolorization of dye effluent was observed at pH 7.0. In
addition, colour removal efficiency was higher at neutral
and alkaline pH than at acidic one. In the presence of
ABTS as a redox mediator, a significant increase was obtained in decolorization at various pH values tested. The
germination of Phaseolus mungo seeds was inhibited with
dye effluent but not with the dye effluent treated by Myrothecium sp. IMER1or BOX, indicating the less toxic
nature of the treated dye effluent to the plants.
In summary, both the non-ligninolytic fungal strain
Myrothecium sp. IMER1 and its BOX exhibited high decolorization activity in the basic pH range, which would be
suitable for the treatment of dye effluents with alkaline pH
but also for other industrial applications, such as biobleaching. Biological treatment of alkaline dye wastewater by
Myrothecium sp. IMER1 and BOX might be a promising
alternative to replace or supplement present treatment processes.
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ABSTRACT
A vehicle mounted full-scale facility with a sequential
combination of coagulation/flocculation (CF) and Fenton
oxidation (FO) processes was used to treat BHW from thirteen biotechnology enterprises. The facility with a capacity of 6 tonnes/day consisted of three stages: pH adjustment, CF pretreatment and FO. The appropriate conditions
with a view to practical application were as follows: 70 mg/l
of polymeric aluminum ferric chloride sulfate (PAFCS) for
CF; 1.5 g/l of H2O2 at initial pH 3.5 and 12 °C for FO. The
[H2O2]/[Fe2+] molar ratio was controlled at 20 throughout
all FO experiments. After continuous operation for 30 days
at 6.3±5.1°C, the average total plate count (TPC), adenosine triphosphate (ATP) and inhibition ratio of luminescence (IR) were reduced from 3.1×105 to 4 cfu/ml, 25265
to zero RLU/ml and 55 to -0.9%, respectively, which indicate that the treatment was very effective. The average removals of chemical oxygen demand (COD), soluble COD
(SCOD), linear alkylbenzene sulfonates (LAS), suspended
solids (SS), ammonia nitrogen (NH3-N), total nitrogen (TN)
and total phosphorus (TP) were 92, 89, 96, 74, 67, 49 and
98%, respectively. The cost of all chemicals to treat a tonne
of BHW was about 1.338 US$, with H2O2 accounting for
74.7% of the total cost. The CF-FO combined process offers
a safe, effective and feasible treatment for BHW, even if
applied at low temperatures.

KEYWORDS: Bio-hazardous wastewater; Coagulation-flocculation;
Fenton oxidation; Low temperature; pH adjustment

1. INTRODUCTION
In the last two decades, the rapid development in biotechnology enterprises has made them one of the main
sources of bio-hazardous wastewater (BHW) along with
* Corresponding author

biological and pathological laboratories. According to our
survey in 2008, there are about 146 research and production units generating about 200,000 tonnes of BHW per
year in Shanghai, China. The wastewater contains biohazardous and toxic organic pollutants such as recombinant DNA materials, genetically engineered microorganisms, partial animal carcasses, attenuated vaccines, liquid
bacterial cultures and organic solvents, and is an emerging
serious short-term and long-term threat to public health
and environmental security. However, most of the BHW
is directly discharged into the sewer system without any
disinfection, with only 38% being heat sterilized and/or
further treated.
Considering these problems, a safe and effective treatment for BHW is needed. The main focus should be eliminating the bio-hazard component and toxicity as well as
abatement of the organic load. However, the characteristics
and effective treatment of BHW are seldom mentioned in
the literature.
Fenton oxidation (FO) is commonly recognized as a
highly effective way of removing many hazardous organic pollutants through reaction (1-2) and has gained
wide applications in wastewater treatment [1-6]. Moreover,
FO also shows an outstanding disinfection effect [7], due to
the HO• which is highly active in the inactivation of bacteria and virus [8]. Therefore, it is expected that the organic contaminants along with the bio-hazardous materials and toxicity in BHW could be greatly eliminated by FO
with its dual functions of oxidation and coagulation [9].
H2O2 +Fe2+→ Fe3+ +OH− +HO•
(1)
HO• + RH → R• + H2O
(2)
However, due to the complex nature of BHW and the
expense of Fenton’s reagent, it would be costly to reduce
the organic load to a fairly low level using FO alone. Since
coagulation/flocculation (CF) process had been conventionally applied to remove suspended solids (SS) and colloidal pollutants [10] and the cost of CF chemicals was
generally lower than that of FO, CF was used as a pretreatment mainly to remove organic compounds. Further-
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more, since the HO• produced in FO is the dominating
contributor to disinfection [8], the FO step was placed
after CF to ensure the disinfection of the final effluent. It
is expected that the CF followed by FO could minimize
the dosage of Fenton’s reagent to reduce the overall cost and
also offer a stable and feasible method for BHW treatment.
The purpose of this study is to investigate the feasibility of using a sequential treatment of CF followed by
FO to reduce the biohazard levels and toxicity of BHW in
a full-scale facility. Then the reaction parameters affecting
the removal efficiency of chemical oxygen demand (COD),
such as polymeric aluminum ferric chloride sulfate (PAFCS)
dosage in CF, H2O2 dosage, initial pH and reaction temperature in FO, were investigated. Finally the facility was
continuously operated for 30 d during winter to estimate its
stability. The results from this present study would provide significant information for the design and operation
of BHW treatment facilities.
2. MATERIALS AND METHODS
2.1. Wastewater

The BHW was obtained from a bilge well of a biotechnology industrial district in Shanghai, China. The wastewater was mixed with a mass of abandoned bio-hazardous,
toxic and organic materials, namely, genetically engineered
microorganisms, vaccine viruses, organic solvent, linear
alkylbenzene sulfonates (LAS) as well as disposable cultures, etc. Thirty different samples were analyzed to obtain the average characteristics of BHW.

2.2. System description

As the biological and pathological laboratories, biotechnology industries which discharge the bio-hazardous
wastewater in Shanghai are decentralized and the amount
from each unit is limited, the bio-hazardous wastewater
treatment system (Figure 1) was designed to be vehicle
mounted. The working volume of each of the equalization, coagulation and Fenton oxidation tanks is 1.5m3
(actual length×width×height, 1×1×2 m3).
2.3. System operation

The combined CF-FO process includes 3 stages: (1)
BHW was first acidified to pH 2 with H2SO4 (50%, v/v)
and held in the equalization tank for 0.5 h to disinfect.
Then it was neutralized to pH 7 with NaOH (30%, w/w)
before entering the CF tank. (2) A certain dosage of CaO
powder was first added into the CF tank to adequately
precipitate the LAS by controlling the [CaO]/[LAS] molar
ratio at 0.75. The wastewater was slowly mixed at 60 rpm
for 10 min. Then the predetermined solution of PAFCS
was put in with a 5-min rapid mixing at 300 rpm. Afterwards, a desired amount of polyacrylamide (PAM) solution
was added, followed by 30-min slow mixing at 60 rpm.
The wastewater was clarified for 1 h to settle out the flocs,
after which the supernatant was introduced into the next
stage. (3) The pH was first adjusted to 2.5-5.5 with H2SO4
(50%, v/v) in the FO tank, then the predetermined solution
of FeSO4·7H2O and H2O2 (30%, w/w) were successively
added. After slow mixing at 60 rpm for 5 h, the wastewater
was neutralized to 7 with NaOH (30%, w/w) and settled
for 4 h. Six different operating modes were evaluated in
the third stage and their corresponding parameters values
are shown in Table 1.

FIGURE 1 - Flow diagram of the combined CF-FO process showing
(1) equalization tank, (2) agitator impeller, (3) lift pump, (4) CF tank and (5) FO tank.

TABLE 1 - The experimental conditions of different operating modes in FO tank.
H2O2 (g/l)
Initial pH
Temperature (°C)

Mode A
3
3.5
12

Mode B
1.5
3.5
12

Mode C
1.5
3.5
5
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Mode D
1.5
3.5
2

Mode E
1.5
2.5
5

Mode F
1.5
5.5
5
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The overall operation cycle lasted 12 hours in which
Stage 1 to 3 each lasted 1, 2, and 9 h, respectively. The
treatment capacity of this experimental facility was 6 tonnes/
day. It should be mentioned that as the vehicle mounted
facility was operated in the open air on winter days in
Shanghai, the reaction temperature ranged from 2-12 °C,
far below the room temperature (20 °C). Besides, the ratio
[H2O2]/[Fe2+] was controlled at 20 throughout all FO experiments.
2.4. Analytical methods

COD, soluble COD (SCOD), LAS, SS, ammonia nitrogen (NH3-N), total nitrogen (TN), total phosphorus (TP)
and total plate count (TPC) were measured according to
standard methods [11] and pH was measured using digital
pH meter (pHS-2C, China). To eliminate the interference
of excess hydrogen peroxide in COD measurement, the
samples in FO were pretreated with NaOH (30%, w/w) to
stop the oxidation process, heated at 50 °C to remove
residual H2O2 [10]. Adenosine triphosphate (ATP) was
determined using the ATP Fluorescence Monitoring System (Neogen’s AccuPoint ATP Sanitation Monitoring
System-Neogen Corporation, USA) according to the manufacturer’s procedures. The luminescent bacterium, Photobacterium phosphoreum (T3 spp., Institute of Soil Science, Chinese Academy of Sciences), was used to assay
the inhibition ratio of luminescence (IR) which indicates
the toxicity [12] in a protocol similar to the Microtox○,R
assay. The luminescence intensity was read from a photometer (WDD-2, Beijing Modern Ray-leigh Instrument
Co., Ltd, China) after a 15 min exposure of the bacterium
to the water samples at 15°C. All raw and treated samples
were analyzed in triplicate and values were reproducible
within 5% error.

IR which indicates the toxicity was also comparatively
high. The data clearly show that BHW has brought about
serious bio-hazards and safety threats to the public and
environment and special attention should be paid to the
disinfection of BHW.
Table 3 shows the disinfection effect by pH adjustment, CF pretreatment and Combined CF-FO. The results
illustrated that BHW acidification was an efficient disinfection method. The TPC and ATP in the wastewater were
both significantly decreased with removal efficiencies as
high as 99%, indicating the severe biohazards (especially
the infection risks) posed to the operators was basically
removed. It should be noted that IR sharply decreased
to -48.2% in pH 2, which was apprehended as hormesis
effects apparently and a potential toxicity to organisms
actually [13,14]. Apart from the acid condition, this stimulation response was, at least partly, caused by the toxic
chemicals at sub-inhibitory levels in BHW [15]. As the workers had no body contact with BHW in the practical operations, the toxicity change after the pH adjustment was not
regarded to be crucial. Besides, the IR in pH 7 was also
measured to be -0.7% averagely.
After CF pretreatment, the TPC and ATP increased
slightly to 137 cfu/ml and 2012 RLU/ml, respectively,
probably due to the contamination in the reagents and
the rise in pH. In the overall process which was continuously operated for 30 d at 6.3±5.1 °C, the average TPC,
ATP and IR were respectively reduced to 4 cfu/ml, zero
RLU/ml and -0.9%, demonstrating the severe bio-hazards
and toxicity in BHW were adequately eliminated. The remarkable disinfection effect was mainly owing to the reactive hydroxyl radicals [8], which were produced by
reaction (1).
3.2. The Effect of PAFCS dosage in CF pretreatment

3. RESULTS AND DISCUSSION
3.1. The characteristics of BHW and the disinfection

The average characteristics of BHW are shown in Table 2. It was noticeable that the bio-hazards expressed by
TPC and ATP were both in highly dangerous levels and

In CF pretreatment, CaO was added with a [CaO]/[LAS]
molar ratio of 0.75 to adequately remove LAS by precipitation of Ca(LAS)2 [16]. PAFCS was the main coagulant
with PAM as a coagulant aid [17] to obtain a synergetic
effect. There was only an average pH increase of 0.5 after
adding CaO.

TABLE 2 - The characteristics of BHW.

Range
Average

COD
(mg/l)
735-867
810

SCOD
(mg/l)
402-520
449

LAS (mg/l)
12.1-29.6
15.0

SS
(mg/l)
45-75
87

NH3-N
(mg/l)
3.0-5.4
4.2

TN
(mg/l)
8.4-11.8
10.4

TP
(mg/l)
1.1-6.8
3.8

TPC*105
(cfu/ml)
2.8-3.6
3.1

ATP
(RLU/ml)
23426-26206
25265

IR
(%)
51-58
55

TABLE 3 - The disinfection by pH adjustment, CF pretreatment and Combined CF-FO.
TPC
ATP
IR
Value
Value
Value
Removal (%)
Removal (%)
Removal (%)
(cfu/ml)
(RLU/ml)
(%)
pH adjustment
30
99.99
284
99
-48.2
/
CF pretreatment
137
99.96
2012
92
-0.7
100
Combined CF-FO
4
99.99
0
100
-0.9
100
Conditions: pH=2 in pH adjustment; 70 mg/l PAFCS in CF pretreatment; 70 mg/l PAFCS, 1.5 g/l of H2O2 and initial pH 3.5 at 6.3±5.1 °C in Combined CF-FO.
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and initial pH. As stated above, after the CF step, the average COD was reduced to 398 mg/l, which is the initial
COD value used to calculate COD removal in the FO step.
3.3.1 Effect of H2O2 dosage

FIGURE 2 - Effect of PAFCS dosage on the COD, SCOD and SS
removals at a [CaO]/[LAS] molar ratio of 0.75, 1 mg/l PAM and an
initial pH of 7.

Figure 2 presents the effect of PAFCS dosage on the
COD, SCOD and SS removals. The analyses were performed in the supernatants of the settled effluent. The COD
removal gradually increased from 40 to 59% as the dosage of PAFCS increased from 40 to 70 mg/l. However,
further increasing PAFCS dosage to 80 mg/l caused little
decrease in COD removal to 55%. The SCOD and SS removals had a similar trend as COD, but the removal efficiency of SS was much higher than SCOD. This is because
CF is more effective at removing SS [10] and colloids,
whereas compounds that contribute to SCOD are more
difficult to polymerize through destabilization and crosslinking mechanism [9]. To sum up, 70 mg/l was considered
as the appropriate dose of PAFCS and adopted for subsequent CF experiments. With this amount of PAFCS, the
COD and LAS of the wastewater treated by CF were averagely reduced to 398 and 5.7 mg/l with removals of 51
and 62%, respectively, indicating the organic load was
largely abated.
The results demonstrated that PAFCS was an efficient
and promising coagulant for water treatment although
few papers had reported its applications as a coagulant
in wastewater treatment. According to the product description (Wuxi Feisheng Water Treatment Material Co., Ltd,
China), PAFCS is made by the polymerization of polymeric
ferric chloride sulfate (PFCS) and polymeric aluminum
chloride sulfate (PACS). Its general chemical formula can
be expressed as [Al2(OH)nCl6-n-2k(SO4)k]m*x [Fe2(OH)nCl6-n2k(SO4)k]m. Its performance in the current study may be
due to its high condensation of molecular chain network
and high effective content of both PFCS and PACS. The
flocculation sludge produced by PAFCS and PAM was
voluminous, dense and easily precipitated within 1 h,
which was caused by the synergistic effect of Al(III) and
Fe (III) with PAM.
3.3. The effect of H2O2 dosage, reaction temperature and initial
pH in FO

In FO tank, six different operating modes listed in
Table 1 were established to investigate the effect of several parameters such as H2O2 dosage, reaction temperature

Figure 3a shows the effect of H2O2 dosage on COD
removal. After reacting for 5 h, the COD removal increased
from 80 to 90% when the H2O2 dose was increased from
1.5 (Mode B) to 3 g/l (Mode A) at 12 °C. Meanwhile, the
corresponding COD values of the treated BHW were 80 and
40 mg/l. Increasing the concentration of H2O2 to 3 g/l did
not greatly improve the COD removal, probably because of
scavenging effect of H2O2 on •OH radicals [18,19] through
reactions (3-4). As the organic load had been largely abated
by the CF pretreatment, the remaining COD in the effluent
treated with 1.5 g/l of H2O2 satisfied Level 2 (i.e., 100mg/l
for COD) of the discharge standards of China [20]. Taking
cost-effectiveness into account, 1.5 g/l of H2O2 was selected
as the feasible H2O2 dosage. With this amount of H2O2,
the approximate H2O2/COD ratio was 1.85.
H2O2 + HO•
HO• + Fe2+

HO2• + H2O
Fe3+ +OH−

(3)
(4)

Generally, in the numerous applications of FO, the
appropriate dosage of H2O2 varied from wastewater to
wastewater. H2O2/COD ratios of 2.2, 3.0 and 1.75 have
been respectively reported to be the optimal/feasible values in treating pharmaceutical wastewater and olive mill
wastewater [21-23]. The H2O2/COD ratio of 1.85 in the
current study is comparable to those above mentioned.
3.3.2 Effect of reaction temperature

The low-temperature performance of FO was evaluated outdoors during winter. The lower temperature reduced
the reaction rate along with contaminant removal. When the
temperature was reduced from 12 (Mode B) to 5 °C (Mode
C) with 1.5 g/l H2O2 at initial pH 3.5 (Figure 3b), the COD
removal was decreased significantly. However, the change
in COD removal was extremely small when the temperature was further reduced to 2 °C (Mode D). The results indicate that the removals of organic pollutants were highly
influenced by temperature in cold weather (i.e. 5 to 12 °C),
but the influence was greatly weakened when the temperature was close to the freezing point (i.e., 2 to 5 °C). It is
commonly recognized that a decrease of temperature would
reduce the reaction rate. These preliminary results show that
the impact of low temperature in FO is more complex than a
simple linear dependence. Moreover, these results illustrate that FO could be applied in cold weather and still
had a COD removal as high as 80% at 12 °C after 5 h.
There are a few studies on the effect of temperature
on the organic pollutants removal in FO [24]. Studies are
usually conducted at ambient or higher temperatures and
their conclusions are somewhat contradictory. Lopez et
al. [25] reported that the mineralization of 4-chloro-3methyl phenol by Fenton’s reagent at 70 °C was better than
at 25 °C whereas Santos et al. [26] found that the abatement
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of a phenolic mixture was better at 30–50 °C than at 70 °C.
Rivas et al. [27] reported that the degradation efficiency of
p-hydroxybenzoic acid was unaffected between 10 to 40 °C.
However, the application of Fenton chemistry on actual
wastewater at low temperatures (i.e., 2-12 °C) were rarely
reported. Although 12 °C was chosen as the temperature
for BHW treatment during winter, experiments at room
temperature or higher temperature still need to be conducted.
3.3.3 Effect of initial pH

pH was also been observed to be a significant factor
in the FO process [28]. In the present study, the COD removal showed distinct improvement when the pH was reduced from 5.5 (Mode F) to 3.5 (Mode C) with 1.5 g/l H2O2
at 5 °C (Figure 3c). However, an opposite trend appeared
when the pH further decreased to 2.5 (Mode E). The decrease in the degradation efficiency was mainly due to the
formation of [Fe(II) (H2O)]2+ at lower pH (pH≤2.5), which
reacts more slowly with H2O2 and produces less reactive
hydroxyl radicals [24,29]. This low pH range (pH＜2.5) promotes the scavenging effect of hydroxyl radicals by hydrogen ions through reaction (3-4) and inhibits the reaction of Fe3+ with hydrogen peroxide [24], which also contributed to the decrease in COD removal efficiency.
A pH of 5.5 was ineffective probably due to precipitation of polymeric ferric oxyhydroxides, which obstructed
reactions (5-6) and thereby resulted in the decrease in free
iron species in solution [4, 30]. Fe (II) complexes might
also form at this pH and prevent further reaction of Fe(II)
with H2O2 [4] through reaction (1).
Fe3+ + H2O2
Fe–OOH

2+

Fe–OOH2+ + H+
HO2• + Fe

2+

(5)
(6)

Figure 3d shows that the initial pH values of 5.5 (Mode
F), 3.5 (Mode C) and 2.5 (Mode E) decreased rapidly at the
first 1 h and eventually dropped to 3.9, 2.6 and 2.3, respectively at 5 h. This decrease in pH was probably due to
the fragmentation of the organic contaminants into organic
acids, especially caused by the oxidation and hydrolysis of
Fe2+ as well as the formation of dicarboxylic acids [23,
31]. Although the pH decrease in Mode F was the largest
among the three Modes, namely, from 5.5 to 3.9, the COD
removal in Mode F was still much lower than Mode C and
E. Ultimately, as the maximum COD removal was obtained
at an initial pH of 3.5 (Mode C), 3.5 was selected as the
proper initial pH value in the full-scale study.
3.4. Continuous operation of the combined CF-FO process.

FIGURE 3 - The effect of several parameters on COD removal in
FO and pH changes: (a) H2O2 dosage, (b) reaction temperature, (c)
initial pH and (d) pH changes in Mode E, C and F. Experimental
conditions: (a) initial pH 3.5 and 12 °C, (b) 1.5 g/l H2O2 at initial pH
3.5, (c) and (d) 1.5 g/l H2O2 and 5 °C.

From above, the feasible conditions for BHW treatment
by the combined CF-FO process was 70 mg/l of PAFCS in
CF, 1.5 g/l of H2O2 at initial pH 3.5 in FO. Under these
conditions, the vehicle-mounted facility ran continuously
for 30 d at 6.3±5.1 °C. Table 4 shows the average water
quality of the effluent. All monitored criteria achieved significant removals with greater than 72% efficiency except
for NH 3-N and TN. The treated wastewater could meet
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TABLE 4 - The average water quality of the effluent treated by combined CF-FO in 30 d.
COD (mg/l)
SCOD (mg/l)
LAS (mg/l)
SS (mg/l)
Effluent range
59-83
36-72
0.2-1.1
17-28
Effluent average
62
50
0.6
23
Overall removal (%)
92
89
96
74
Conditions: 70 mg/l PAFCS in CF, 1.5 g/l of H2O2 and initial pH 3.5 at 6.3±5.1 °C in FO.

NH3-N (mg/l)
1.3-1.6
1.4
67

TN (mg/l)
2.3-11.0
5.3
49

TP (mg/l)
0.06-0.07
0.06
98

TABLE 5 - The unit amount of all used chemicals and their cost in the combined process.
Chemicals
PAFCS
CaO
PAM
NaOH
H2SO4 (50%, v/v)
H2O2 (30%, w/w)
FeSO4·7H2O
Grand Total

Dosage (kg/m3)
0.07
0.28
0.001
0.4
2
5.55
0.75
--

Unit price ($/tonne)
250
150
1500
350
50
180
50
--

Level 2 (i.e., 100, 2, 30, 25 and 3 mg/l, respectively for
COD, LAS, SS, NH3-N and TP) or better of the discharge
standards in China [20]. The good performance of the CFFO combined process could be explained by the dual functions of adsorption/precipitation in CF and oxidation in FO,
as CF is good at removing suspended solids and colloidal
pollutants [17] while FO can easily decompose the residual dissolved organic compounds through its strong oxidation capability.
In addition, as most of the organic pollutants in the
wastewater have been coagulated and precipitated by the
CF step, and the concentration of Fe2+ in FO was fairly low
with a [H2O2]/[Fe2+] molar ratio of 20, the Fenton sludge
was comparatively limited in amount and volume. After
re-adjusting the pH to 7, the sludge settled completely
within 4 h in all cases, and sometimes 2 h was enough.
It should be mentioned that there are few relevant investigations on BHW treatment so far. The current research
has proposed a feasible and stable treatment for actual
BHW with effective bactericidal effect and high removals
of organic pollutants.

Cost ($)
0.018
0.042
0.002
0.14
0.1
0.999
0.038
1.338

Percentage (%)
1.3
3.1
0.1
10.5
7.5
74.7
2.8
100

rameters affecting the bactericidal effect and COD removal,
such as PAFCS dosage in CF, H2O2 dosage, initial pH and
reaction temperature in FO, were selected to be 70 mg/l,
1.5 g/l, 3.5 and 12 °C, respectively. The facility was continuously operated for 30 d at 6.3±5.1 °C, after which
the average TPC, ATP and IR decreased to 4 cfu/ml, zero
RLU/ml and -0.9%, respectively, indicating that disinfection and toxicity reduction of BHW was effective. Averages of 92% of COD, 89% of SCOD, 96% of LAS, 74% of
SS, 67% of NH3-N, 49% of TN and 98% of TP were
ultimately removed. The treated wastewater met Level 2
of the criteria for China’s discharge standard. Besides, this
study observed the performance of FO at low temperatures
and showed that FO still had a high COD removal of 80%
at 12°C after 5 h.
The above results indicate that the combined process
is a safe, effective, stable and feasible method for BHW
treatment. The data obtained from the present study provide significant information for the design and operation
of BHW treatment facilities.
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ABSTRACT
The interactions of plasma protein and toxicants have
toxicological importance. In this study, the interaction between 2,4,6-trichlorophenol (TCP) and bovine serum albumin (BSA) was investigated for the first time by fluorescence quenching technique, circular dichroism (CD) and
Fourier transform infrared spectroscopy (FTIR). The results
revealed that the fluorescence of BSA was quenched regularly by TCP by the formation of TCP-BSA complex and
the binding site was located in subdomain IIA of BSA.
The binding constant was determined by tryptophan fluorescence quenching of BSA and the values were 4.29×
105±1.3×10 4, 3.09×105±0.8×10 4 and 2.29×105±0.9×10 4
L·mol-1 at 298, 308 and 318 K, respectively. The thermodynamic parameters were calculated to be -25.03 kJ·mol-1
in enthalpy change (ΔH) and 23.83 J mol-1·K-1 in entropy
change (ΔS), which suggests that hydrophobic and electrostatic interactions play an important role in the association process. According to Förster’s non-radiative energy
transfer theory, the distance r between donor (BSA) and
acceptor (TCP) was calculated to be 1.90 nm. UV-vis, threedimensional fluorescence spectra, CD and FTIR spectra
demonstrate that the amino acid residue microenvironment
of BSA slightly changed in the presence of TCP in aqueous solutions, but the structure of BSA remain predominantly α-helical.

KEYWORDS:
2,4,6-trichlorophenol; Bovine serum albumin; Fluorescence
quenching; Thermodynamic parameter; Conformational change

1. INTRODUCTION
The production and usage of man-made chemicals in
industry has led to the entry of many xenobiotics into the
environment and it may cause serious environmental problems. 2,4,6-trichlorophenol (TCP) is a chlorinated phenol
compound that had been commonly used as wood pre* Corresponding author

servative, pesticide, herbicide, and defoliant since the early
1930s [1]. Due to its high toxicity and potential carcinogenic properties, TCP has been characterized as first priority
pollutants by United State Environmental Protection
Agency, European Union and China [2-4]. However, recent
investigations have shown that significant level of residual
TCP was detected in soil, sediments, surface water and even
in the urine of people for its persistence and stability [5, 6].
Therefore, the toxicity of TCP on human being cannot be
ignored and the elucidation of distribution, transportation
and deposition of TCP in vivo is becoming an emergent task
for researchers in environmental and toxicological field.
Albumin represents 52-60% of the total plasmatic protein content, it plays an important role in transport of
endogenous ligands and xenobiotics by the formation of
non-covalent complexes at specific binding sites, actuating in the regulation of their plasmatic concentrations [7].
The interactions of plasma protein and toxicants have toxicological importance, since it may control the bioavailability. In this study, we choose bovine serum albumin (BSA)
as a model protein to investigate the interaction of TCP
with serum albumin, in the simulative physiological conditions by using the fluorescence quenching method. The
binding mechanism of TCP with BSA with respect to the
binding mode, binding constant, number of binding sites,
thermodynamic parameters and energy transfer distance
were investigated. The precise location site of TCP binding
on BSA was identified by site-specific competitive experiments. In addition, the conformational changes of protein are
discussed on the basis of UV-vis spectroscopy, threedimensional fluorescence spectroscopy, circular dichroism
(CD) spectroscopy as well as Fourier transform infrared
spectroscopy (FTIR). These are the first spectroscopic results on TCP-BSA interactions and they may help understanding the toxicological mechanism of TCP at the molecular level.
2. MATERIALS AND METHODS
2.1. Materials

BSA (fraction V) was purchased from Merck (Germany) and used without further purification. BSA stock
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solution (2×10-5 mol·L-1) was prepared by dissolving in
Tris-HCl buffer solution (0.05 mol·L-1 Tris, pH 7.4) and
kept in the refrigerator at 298 K. TCP was obtained from
Alfa Aesar (USA) with a purity of no less than 98%, and
the stock solution (2×10-5 mol·L-1) was prepared by dissolving it in ethanol-containing Tris-HCl buffer solution(v/v
=1:100). Phenylbutazone and ibuprofen (purity ≥97.0%)
were purchased from the National Institute for the Control
of Pharmaceutical and Biological Products (China). The
purity of Tris-base was 99.9% and other reagents and solvents, such as NaCl and ethanol, were all of analytical
reagent grade. The 1.0 mol·L-1 NaCl solution was used to
keep the ionic strength of simulative physiological condition at 0.1. Ultra-pure water was used throughout the
experiment.
2.2. Apparatus and Procedures

BSA, TCP and NaCl solution were added with different
ratios into a set of 10 mL cuvettes, then diluted to 10 mL
with buffer and stirred well. The fluorescence spectra were
measured with a F-4500 fluorescence spectrophotometer
(Hitachi, Japan) equipped with 1.0 cm quartz cell and a
thermostat bath, using 5 nm×5 nm slit widths. The emission spectra were recorded between 310 and 500 nm (excitation wavelength 295 nm). The three-dimensional fluorescence spectra was recorded between 200 and 500 nm,
the initial excitation wavelength was set to 200 nm with
increments of 5 nm, the number of scanning curves was 31,
and other scanning parameters were the same as the fluorescence emission spectra. The UV-vis absorbance spectrum
of TCP was recorded on a UV-1601 ultraviolet-visibility
spectrophotometer (Shimadzu, Japan) equipped with 1.0 cm
quartz cells at room temperature.
Circular dichroism (CD) measurements were carried
out on a Jsaco J-810 spectrophotometer, using a quartz cell
of 0.1 cm path length with a scan speed of 100 nm·min-1
and response time of 0.5 s. For each spectrum, three scans
were accumulated with data being collected at every 1 nm
from 200 nm to 250 nm. FTIR spectra were obtained using
a ThermoNicolet 5700 FTIR spectrometer (USA). Samples
of BSA solution were prepared using deuterated water
and TCP solution was prepared with DMSO, to prevent
interference by water in the amide region of the protein
spectra. The samples were placed in a liquid cell between
two CaF2 windows and all the spectra were taken with resolution of 4 cm-1 and 256-scan. A 1024-scan water vapor
spectrum was recorded previously for an automatic correction during data collection.
Site-specific competitive binding experiments in the
presence of two site markers (phenylbutazone and ibuprofen) were performed using fluorescence titration methods. The concentrations of BSA and site markers were all
stabilized at 2.0×10-6 mol·L-1, then TCP was gradually
added to the BSA-site marker mixtures and fluorescence
intensity was monitored as mentioned above.

3. RESULTS AND DISCUSSION
3.1. The Fluorescence Quenching Spectra

For macromolecules, fluorescence measurements can
give some information of binding of small molecule substances to protein, such as the binding mechanism, binding mode, binding constants, binding sites and intermolecular distances [8]. Changes in emission spectra of tryptophan are common in response to protein conformational
transitions, subunit association, substrate binding, or denaturation [7]. Therefore, the intrinsic fluorescence of
proteins can provide considerable information about their
structure and dynamics, and can yield information about
the protein folding and association reactions. BSA solutions excited at 295 nm emit fluorescence attributable
mainly to the tryptophan residue. Fluorescence emission
spectra for BSA in the presence of different concentrations of TCP are shown in Figure 1. As the data show, the
fluorescence intensity of BSA decreased regularly with
the increasing concentration of TCP. TCP itself has no
fluorescence, the decrease of the fluorescence intensity
can be attributed to the binding of TCP to BSA, which
results in the decrease of protein fluorescence quantum
yield.
700
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FIGURE 1 - The fluorescence emission spectra of BSA in the present
of various concentrations of TCP (T=298K, λex=295 nm). [BSA]=
2.0×10-6 mol·L-1; [TCP] from 1 to 7: 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0×10-6
mol·L-1, respectively. [BSA] and [TCP] stand for the concentrations
of BSA and TCP.
3.2. The fluorescence quenching mechanism

Fluorescence quenching is usually described by SternVolmer equation [9]:

F0
= 1 + Kqτ 0[Q] = 1 + KSV [Q]
F

(1)

where F0 and F are the fluorescence intensities before
and after the addition of the quencher (TCP) respectively,
Kq is the bimolecular quenching constant, τ0 (~10-8 s for
BSA) is the lifetime of the fluorophore in the absence of
the quencher, [Q] is the concentration of the quencher,
and KSV is the Stern-Volmer quenching constant. Hence,
equation (1) was applied to determine KSV by linear regression of a plot of F0/F against [Q]. In order to avoid the
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effect of TCP absorption of light at excitation and emission wavelengths, the fluorescence inner-filter effect was
eliminated by the method suggested by Sur et al [10].
There are two types of fluorescence quenching, dynamic and static. A linear Stern-Volmer plot is generally
indicative of a single class of fluorophores in a protein, all
equally accessible to the quencher; this also means that only
one mechanism (dynamic or static) of quenching occurred
[11]. Fig. 2a displays the Stern-Volmer plots for the quenching of BSA tryptophan residues fluorescence by TCP at
different temperatures. The plot shows that within the investigated concentrations, the results agree with the SternVolmer equation. The good line relativity at the experimental concentration range indicates that either dynamic
quenching or static quenching is predominant. If quenching is initiated by dynamic collision, the maximum scatter
collision quenching constant of various kinds of quenchers to biopolymer is 2.0×1010 L·mol-1·s-1 [12]. The rate
constants of protein quenching procedure initiated by TCP
are 2.614, 2.458 and 2.238×1013 L·mol-1·s-1 at three different temperatures, which are greater than the Kq of the
scatter procedure. The result indicates that the probable
quenching mechanism of fluorescence of BSA by TCP is
not initiated by dynamic collision but by compound formation. In other words, the fluorescence quenching of
BSA resulting from complex formation is predominant,
while that from dynamic collision is negligible.
1.9
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FIGURE 2 - Stern-Volmer plots and Linweave-Burk plots for the
quenching of BSA by TCP at three different temperatures. (a)
Stern-Volmer plots; (b) Lineweaver-Burk plots

Consequently, the static quenching constant (KLB) can
be calculated according to Lineweaver-Burk static quenching formula [13]:
1
1
1
=
+
F0 − F F0 K LB F0 [Q ]

(2)

For static quenching, non-radiative energy transfer occurs between fluorophore and the quencher, fluorophore
and the quencher form compound. As the temperature increases, the stability of the compound is decreased. The
Lineweaver-Burk plots are presented in Fig. 2b and corresponding quenching constants KLB at different temperatures
(298, 308 and 318K) are 2.550, 1.964 and 1.598×105
L·mol-1, respectively.
3.3. Analysis of the binding equilibrium and binding site

It has been proven that the observed quenching is not
initiated by dynamic collisions but originates from the formation of a complex. For static quenching, the relationship
of the fluorescence intensity and the concentration of
quencher can be also expressed as follows [14]:

log

F0 − F
= log K a + n log[Q]
F

(3)

In the present case, Ka is the apparent binding constant of the quenching reaction, and n is the number of
binding sites. The dependence of log (F0-F)/F on the value
of log [Q] is linear with the slope equal to the value of n
and the value log Ka is fixed on the ordinate. Table 1 gives
the results of Ka and n at different temperatures analyzed
in the same way as for BSA. It can be seen that Ka decreased with rising temperatures, which indicated the formation of an unstable TCP-BSA complex in the binding
reaction, the complex would be partly decomposed when
the temperature increases. Therefore, the values of Ka and
n decreased with the rising temperatures, which was in
accordance with the trend of KSV mentioned above. The
value of n at the experimental temperatures is approximately
1, which shows the interaction of TCP to BSA seems to be
the presence of only one high affinity binding site. The
crystallographic analysis of serum albumin has revealed that
the major ligand binding sites are located in subdomains
IIA and IIIA. For both fluorescent tryptophans residue
(Trp-134 and Trp-212) in BSA, Trp-212 is located in the
hydrophobic pocket of subdomain IIA. Therefore, one can
hypothesize that the mainly high affinity binding site for
TCP could be Trp-212 residue of BSA [15]. In order to
provide further information on the binding site of TCP to
BSA, site marker competitive experiments were carried out
using phenylbutazone and ibuprofen as specific marker
ligands for site I and site II according to the terminology
suggested by Sudlow et al. [16]. The results reported in
Table 1 show that the binding constant of TCP on BSA decreased obviously with the presence of phenylbutazone
while the addition of ibuprofen did not significantly change
the binding constant value. This indicates that phenylbutazone (specific for site I) can displace TCP but ibuprofen
(specific for site II) has no effect on binding of TCP to
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TABLE 1 - The apparent binding constant, the number of binding site and thermodynamic parameters of the BSA-TCP system.

with phenylbutazone
with ibuprofen

Ka
(L·mol-1)
2.29×105±0.9×104
3.09×105±0.8×104
4.29×105±1.3×104
2.83×105±1.2×104
4.06×105±0.9×104

n

BSA. This result further suggested that the high affinity
binding site of TCP on BSA is Trp-212, which located in
subdomains IIA of BSA (site I).
3.4. Thermodynamics and the interaction force

Generally speaking, there are four types of noncovalent interactions that can play a role in ligand binding to
proteins. These are hydrogen bonds, van de Waals forces,
electrostatic forces, and hydrophobic interaction. The thermodynamic parameters of the binding reactions are the
main evidence for confirming the binding force. For this
purpose, the temperature dependence of the binding constant was measured at three different temperature (298,
308 and 318 K) at which BSA did not undergo any structural degradation. The values of enthalpy change (ΔH)
and entropy change (ΔS) can be calculated from the Van’t
Hoff relationship:

ln K a = −

ΔH
ΔS
+
RT
R

(4)

Here Ka is the binding constant at temperature T and
R is gas constant. The value of ΔH and ΔS were obtained
from linear van’t Hoff plot. The free energy change (ΔG)
of the binding reaction was obtained from the relationship:
ΔG=ΔH-TΔS

Regression
Coefficient
0.989
0.996
0.988

1.038
1.003
0.988

(5)

According to these equations, the value of ΔG, ΔH
and ΔS were obtained and shown in Table 1. As can be
seen from Table 1, the binding of TCP to BSA is an exothermic process accompanied by a positive value of ΔS
and a negative value of ΔH. The negative sign for ΔG
also indicates the spontaneity of the binding of TCP with
BSA [17]. Ross and Subramanian [18] have characterized
the sign and magnitude of the thermodynamic parameters
associated with these various kinds of interactions that
may take place in the protein association process. A positive ΔS value is frequently taken as evidence for a hydrophobic interaction, while a positive value of ΔS and a
negative ΔH value are characterized by electrostatic interactions. Thus it is not possible to account for the thermodynamic parameters of TCP-BSA interaction with a single
intermolecular force model. From TCP molecular structure
view, benzene ring is the primary hydrophobic portion of
the chlorophenol, and the hydrophobicity of chlorophenol

ΔH
(kJ·mol-1)

ΔG
(kJ·mol-1)
-32.13
-32.37
-32.61

-25.03

ΔS
(J·mol-1)
23.83

increases with the number of substituted chlorophenol atoms
on the benzene ring [19]. Combined with the fluorescence
quenching of tryptophan residue in BSA, it can be inferred
that TCP can bind to the Trp-212 residue, which is located
at the hydrophobic pocket of BSA, by hydrophobic interaction [20]. Furthermore, under experimental conditions
TCP is partially dissociated and exists as a negative charge
form [19]; thus, it may interact with some of the positively
charged amino acid residues by electrostatic interaction.
Therefore it is likely that both hydrophobic and electrostatic
interactions were involved in the formation of TCP-BSA
compound.
3.5. The effect of TCP on BSA conformation

Spectroscopy is a powerful tool to observe conformational changes in proteins since it allows non-intrusive
measurements of substances at low concentrations under
physiological conditions. The UV-vis absorption difference
spectra of BSA-TCP and TCP are shown in Fig. 3. BSA has
a strong absorption peak at 210 nm, which presents the absorption peak of carbonyl (C=O) in peptide group, and a
relatively weak absorption around 280 nm assigned as the
absorption peak of tryptophan residue (Trp), tyrosine residue (Tyr) and phenylalanine residue (Phe) [21]. The absorbance of BSA at 210 nm and 280 nm decreased with the
addition of TCP, it was speculated that the carbonyl (C=O)
involved in the formation of BSA-TCP complex and resulted in some change of the microenvironmental of Trp,
Tyr and Phe.
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FIGURE 3 - UV-vis Absorbance spectra and difference spectra of
BSA-TCP system. [BSA]=[TCP]= 2.0 × 10-6 mol·L-1.
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In addition, the three-dimensional fluorescence spectra of BSA and TCP-BSA are shown in Figure 4. As seen
in Figure, two typical fluorescence peaks, peak 1 and peak 2,
clearly stand out in three-dimensional fluorescence spectra, which mainly reveal the spectral behavior of polypeptide backbone structure and tryptophan and tyrosine residues of BSA [22]. Peak a represents the Rayleigh scattering
peak. By comparing the three-dimensional fluorescence
spectral changes of BSA in the absence and presence of
TCP, the conformational and microenvironmental changes
of BSA can be obtained. It is obvious that both the fluorescence peaks of BSA have been quenched by TCP, which
means that the polypeptide backbone structure and tryptophan or tyrosine residue microenvironments have been
changed. Analysis of the fluorescence intensity changes
of the two peaks, the fluorescence intensity ratio of peak 1
and peak 2 was 0.55:1 and 0.40:1 in the absence and presence of TCP respectively. The decrease of fluorescence intensity of the two peaks in combination with UV-vis spectroscopy indicates that TCP indeed interacted with BSA,
resulting in the decrease of intrinsic fluorescence and induced some microenvironmental changes and conformational changes in BSA.
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FIGURE 5 - The CD spectra of BSA and BSA-TCP system at 298K.
BSA concentration was fixed at 1.0 × 10-5 mol·L-1 (a) BSA only, (b)
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where n is the number of amino acid residue in protein, l is the path length and Cp is the concentration of protein. From the above equation, the α-helicity in the secondary structure of BSA was determined and found to be
slightly increased from 58.18% in free BSA to 59.03% and
59.73% at a molar ratio of BSA to TCP of 1:1 and 1:10,
respectively. Furthermore, the CD spectra of BSA in the
presence and absence of TCP were similar in shape (Fig. 5).
This means that the structure of BSA was also predominantly α-helical.
10

1000

(6)

⎡ −MRE 208 − 4000 ⎤
⎥ ×100
⎣ 33, 000 − 4000 ⎦

W

2000

observedCD(m deg )
C p nl ×10

α − Helix(%) = ⎢

n

Fluorescence In

3000

MRE =

io

tensity

4000

In order to gain more information on the conformation change of BSA by TCP, the CD and FTIR spectroscopic measurements were performed on BSA and
TCP-BSA complex. CD is a sensitive technique to monitor the conformational change in the protein. The CD
spectra of BSA exhibit two negative minima in the ultraviolet region at 208 nm and 222 nm, which is typical of
the α-helix structure of protein. The reasonable explanation is that the negative peaks between 208-209 nm and
222-223 nm contributed to n→π* transfer of the peptide
bond of α-helix [23]. The α-helix contents of free and
combined BSA were calculated from mean residue ellipticity values at 208 nm using the following equations [24]:

FIGURE 4 - The three-dimensional fluorescence spectra of BSA
only (a) and BSA-TCP system (b). (a): [BSA]= 2.0×10-6 mol·L-1; (b):
[BSA]= 2.0×10-6 mol·L-1, [TCP]= 2.0 × 10-6 mol·L-1.

Infrared spectra of proteins exhibits a number of amide
bands, which represent different vibrations of the peptide
moieties. The protein amide bands I in the region 16001700 cm-1 (mainly C=O stretch) and amide II band ≈1548
cm-1 (C-N stretch with N-H bending mode) both have a
relationship with the secondary structure of protein [25].
With an increasing ratio of TCP to BSA, the peak position
of amide I slightly changed from 1650 to 1643 cm-1, and
amide II moved from 1560 to 1546 cm-1, which indicates
that the secondary structure has been changed in some de-
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gree with the increase of TCP. Additionally, some new peaks
appear at 1700-1800 cm-1 at higher TCP concentration,
which may be attributed to the C=O stretch vibration of Asp
residue and Glu residue of BSA [26], resulting from the
microenvironmental change during the interaction between
TCP and BSA.
3.6. The binding distance between TCP and BSA
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Energy transfer phenomena have wide applications in
energy conversion processes; they contain a great deal of
information concerning the molecular details of donoracceptor pairs. Generally speaking, fluorescence resonance
energy transfer occurs whenever the spectra overlap between the fluorescence emission spectrum of the donor and
the UV absorption spectrum of acceptor. The distance between the donor and acceptor can be calculated according
to Förster’s non-radiative energy transfer theory [27], here
the donor and acceptor are BSA and TCP respectively. The
spectra overlap between the fluorescence emission spectrum of free BSA and the UV absorption spectrum of
TCP is shown in Fig. 6.
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FIGURE 6 - Spectra overlap of TCP absorption (a) with BSA fluorescence (b). [BSA]= [TCP] =2×10-6 mol·L-1.

According to Förster’s theory, the energy transfer efficiency E is defined as equation (8), where r is the donoracceptor distance and R 0 is the distance at 50% transfer
efficiency. It can be calculated from donor emission and
acceptor absorption spectra using Förster’s formula (equation (9)).
(8)

R06 = 8.8 ×10−25 K 2 n −4φ J

(9)

ΣF (λ )ε (λ )λ 4 Δλ
ΣF (λ )Δ(λ )

4. CONCLUSIONS
Under stimulated physiology conditions, the interaction between TCP and BSA investigated by multi-spectroscopic methods has provided some information about the
toxic mechanism of TCP at molecular level. Our results
proved that TCP forms a complex with BSA. The fluorescence of BSA is quenched by TCP through a static quenching procedure, with non-radiation energy transfer occurring within single molecule. BSA molecule has a relatively
high affinity with TCP through hydrophobic and electrostatic interactions, with the association constant of 4.29×105
±1.3×104 at 298K. The binding site of TCP to BSA mainly
located within a hydrophobic cavity of domain IIA, about
1.90 nm away from the tryptophan residue (Trp-212) in
BSA. The higher affinity demonstrated that TCP can be
transported and released to the special target organ faster
by transport protein, which results in greater toxicity. The
conformation investigation results indicate that some amino
acid residue microenvironment of BSA was partly changed
with the presence of TCP, while the second structure of
BSA was predominantly α-helical. This work provides
some valuable information for the understanding of toxicity
mechanism of chlorophenol on organisms, which may aid
further study of the toxicity mechanisms and toxicity differences of different chlorine substituted phenol homologous compound.
ACKNOWLEDGEMENTS

R6
F
E = 1−
= 6 0 6
F 0 R0 + r

J=

donor and the absorption spectra of the acceptor, which
can be calculated by equation (10), where F (λ) is the fluorescence intensity of the fluorescence donor at the wavelength of λ, ε (λ) is the molar absorption coefficient of the
acceptor at the wavelength λ. In the present case, K2=2/3,
n= 1.336, Φ=0.15. From these relationships, we calculate
that J =1.39×10-15 cm3·L·mol-1, R0 =1.72 nm, E =0.35 and
r =1.90 nm. The data of R0 and r are on the 2-8 nm scale
and 0.5R0<r<1.5R0, which indicates that the energy transfer from BSA to TCP occurs with high probability [28]. It
also suggested that the binding of TCP to BSA was through
energy transfer, which is also in accord with a static quenching mechanism.

(10)
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In equation (8), K2 is a factor describing the relative
orientation in space of the transition dipoles of the donor
and acceptor, n is the refractive index of the medium, Φ is
the fluorescence quantum yield of the donor; J is the overlap integral of the fluorescence emission spectra of the

1522

REFERENCES
[1]

Tai, C. and Jiang G.B. (2005) Dechlorination and destruction
of 2,4,6-trichlorophenol and pentachlorophenol using hydrogen peroxide as the oxidant catalyzed by molybdate ions under basic condition. Chemosphere 59, 321-326.

© by PSP Volume 20 – No 6a. 2011

Fresenius Environmental Bulletin

[2]

ATSDR. Department of Health and Human Services. (2007)
CERCLA (Comprehensive Environmental Response, Compensation and Liability Act). Priority List of Hazardous Substances. Online at: http://www.atsdr.cdc.gov/cercla/07list.html.

[3]

Sevcik, P., Cik, G. and Sersen, F (2009) Inhibition of toxic
effects of chlorophenols on the growth of chlorella vulgaris
by modified TiO2 photocatalyst. Fresenius Environmental
Bulletin 18, 2165-2169.

[4]

Xia, Q. and Zhang, X.H. (1990) Manual on Water Quality
Standards, China Environmental Science Press, Beijing.

[5]

Gao, J.J., Liu, L.H., Liu, X.R., Zhou, H.D., Huang, S.B. and
Wang Z.J. (2008) Levels and spatial distribution of chlorophenols 2,4-dichlorophenol, 2,4,6-trichlorophenol, and pentachlorophenol in surface water of China. Chemosphere 71,
1181-1187.

[6]

Kladi, M., Dassenakis, M., Scoullos, M. and Psaroudakis, N.
(2006) Determination of phenols in natural waters by solid
phase extraction implemented by gas and liquid chromatography. Fresenius Environmental Bulletin 15, 1003-1008.

[7]

Silva, D., Cortez, C.M., Cunha-Bastos, J. and Louro, S.R.W.
(2004) Methyl parathion interaction with human and bovine
serum albumin. Toxicology Letters 147, 53-61.

[8]

[9]

Ashoka, S., Seetharamappa, J., Kandagal, P.B. and Shaikh,
S.M.T. (2006) Investigation of the interaction between trazodone hydrochloride and bovine serum albumin, Journal of
Luminescence 121, 179-186.
Lakowicz, J.R. (1999) Principles of fluorescence spectroscopy, Kluwer Academic/ Plenum Publishers, New York.

[10] Sur, S.S. Rabbani, L.D., Libman, L. and Breslow, E. (1979)
Fluorescence studies of native and modified neurophysins:
effects of peptides and pH. Biochemistry 18, 1026–1036.
[11] Soares, S., Mateus, N. and Freitas, V.D. (2007) Interaction of
Different Polyphenols with Bovine Serum Albumin (BSA)
and Human Salivary α-Amylase (HSA) by Fluorescence
Quenching. Journal of Agricultural and Food Chemistry 55,
6726-6735.

[18] Ross, P.D. and Subramanian, S. (1981) Thermodynamics of
protein association reactions: forces contributing to stability.
Biochemistry 20, 3096-3102.
[19] Czaplicka, M. (2004) Sources and transformations of chlorophenols in the natural environment. Science of the Total Environment 322, 21-39.
[20] Kamat, B.P. and Seetharmappa, J. (2004) In vitro study on
the interaction of mechanism of tricyclic compounds with
bovine serum albumin. Journal of Pharmaceutical and Biomedical Analysis 35, 655-664.
[21] Li, J.H., Liu, X.Y., Ren, C.L., Li, J.Z., Sheng, F.L. and Hu,
Z.D. (2009) In vitro study on the interaction between thiophanate methyl and human serum albumin. Journal of Photochemistry and Photobiology B: Biology 94, 158-163.
[22] Zhang, Y.Z. Dai, J. Zhang, X.P. Yang, X. and Liu, Y. (2008)
Studies of the interaction between Sudan I and bovine serum
albumin by spectroscopic methods. Journal of Molecular
Structure 888, 152-159.
[23] Yang, P. and Gao, F. (2002) The principle of bioinorganic
chemistry, Science Press, Beijing.
[24] Qu, P., Lu, H., Ding, X.Y., Tao, Y. and Lu, Z.H. (2009)
Study on the interaction of 6-thioguanine with bovine serum
albumin by spectroscopic techniques. Journal of Molecular
Structure 920, 172-177.
[25] Tian, J.N., Liu, J.Q., Hu, Z.D. and Chen, X.G. (2005) Interaction of wogonin with bovine serum albumin. Bioorganic &
Medicine Chemistry 13, 4124-4129.
[26] Barth, A. (2000) The infrared absorption of amino acid side
chains. Progress in Biophysics and Molecular Biology 74,
141-173.
[27] Sklar, L.A., Hudson, B.S. and Simoni, R.D. (1977) Conjugated polyene fatty acids as fluorescent probes: binding to
bovine serum albumin. Biochemistry 23, 5100-5108.
[28] Valeur, B. and Brochon, J.C. (1999) New trends in fluorescence spectroscopy (sixth ed.). Springer Press, Berlin.

[12] Lakowicz, R. and Weber, G. (1973) Quenching of fluorescence by oxygen. A probe for structural fluctuations in macromolecules. Biochemistry 12, 4161-4170.
[13] Liang, J.G., Cheng, Y.P. and Han, H.Y. (2008) Study on the
interaction between bovine serum albumin and CdTe quantum dots with spectroscopic techniques. Journal of Molecular
Structure 892, 116-120.
[14] Yang, J.D. Deng, S.X., Liu, Z.F., Kong, L. and Liu, S.P.
(2007) Fluorescence quenching of serum albumin by rifamycin antibiotics and their analytical application. Luminescence 22, 559-566.
[15] Carter, D.C., He, X.M., Munson, S.H., Twigg, P.D., Gernert,
K.M., Broom, M.B. and Miller, T.Y. (1989) Threedimensional structure of human serum albumin. Science 244,
1195-1198.
[16] Sudlow, G., Birkett, D.J. and Wade, D.N. (1976) Further
characterization of specific drug binding sites on human serum albumin. Molecular Pharmacology 12, 1052-1061.
[17] Tian, J.N., Liu, J.Q., He, W.Y., Hu, Z.D., Yao, X.J. and
Chen, X.G. (2004) Probing the binding of scutellarin to human serum albumin by circular dichroism, fluorescence spectroscopy, FTIR, and molecular modeling method. Biomacromolecules 5, 1956-1961.

1523

Received: November 25, 2010
Revised: March 04, 2011
Accepted: March 18, 2011

CORRESPONDING AUTHOR
Pei-Jiang Zhou
School of Resource and Environmental Science
Hubei Biomass-Resource Chemistry and
Environmental Biotechnology Key Laboratory
Wuhan University
Wuhan 430079
P.R. CHINA
Phone: +86 27 87152823
Fax: +86 27 68778893
E-mail: zhoupj@whu.edu.cn
FEB/ Vol 20/ No 6a/ 2011 – pages 1513 – 1519

© by PSP Volume 20 – No 6a. 2011

Fresenius Environmental Bulletin

EFFECTS OF DIETARY SUPPLEMENTATION
OF VITAMIN C ON LEVEL OF PROTEIN CARBONYL IN
LIVER AND NUCLEAR ABNORMALITIES IN PERIPHERAL
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ABSTRACT
The aim of this study was to investigate the propensity of chlorpyrifos (CPF) to induce formation of protein
carbonyl (PC) in the liver and genotoxic effects in peripheral erythrocytes of Oreochromis niloticus by using micronucleus (MN) and nuclear abnormalities (NAs) tests.
Also, possible attenuation by vitamin C (Vit C) on these
parameters was investigated. Fish were exposed to 12 and
24 µg/L chlorpyrifos for 96 hours. The liver of O. niloticus, exposed to 24 µg/L CPF, showed higher protein carbonyl levels than control. Administration of vitamin C was
effective in reducing PC level in CPF+Vit C group. The
MN and NAs frequencies in peripheral erythrocytes of fish
were observed to be increased depending on CPF dose applied. Administration of Vit C ameliorated the increase in
formations of MN and NAs. These data indicated the protective role of ascorbic acid against chlorpyrifos-induced genotoxicity and suggested a significant role of its antioxidant
property to these beneficial effects.

KEYWORDS: Chlorpyrifos, Oreochromis niloticus, protein carbonyl, micronuclei, nuclear abnormalities

1. INTRODUCTION
Exposure to environmental factors, such as pesticides
and other chemicals, can increase reactive oxygen species
(ROS) production and affect normal cellular redox status.
When the production of ROS is greater than the cells’
ability to remove them, damage can occur in DNA, lipids
and protein molecules [1]. The damage to membrane lipids,
protein and DNA is the endpoint biomarker of oxidative
stress-inducing effects of pesticides [2]. Organophospho* Corresponding author

rous compounds (OPs) are among the most widely used
pesticides, either as insecticides or herbicides. The main
toxic effect of OPs is the inhibition of acetylcholinesterase
(AChE) [3]. In addition, it has been recently reported that
OPs induce oxidative stress in organisms, and different
types of DNA lesions have been demonstrated to arise as
a result of oxidative attack in different tissues, including
single- and double-DNA strand breaks, cross-links, chromosomal aberrations, and DNA base oxidation [4].
Chlorpyrifos
(O,O-diethyl
O-3,5,6-trichloro-2-pyridyl
phosphoro-thioate) is a broad-spectrum organophosphate
pesticide used heavily throughout the world for agricultural
and domestic purposes [5].
Protein carbonyls are normally used as a biomarker for
protein damage caused by oxidized amino acid residues in
stress conditions [6]. The formation of carbonyl proteins is
non-reversible, causing conformational changes, decreased
catalytic activity in enzymes and ultimately resulting, owing to increased susceptibility to protease action, in protein
breakdown by proteases [7].
The micronuclei (MN) test detects the effects of mutagenic substances in chromosomes by identifying acentric
fragments or chromosomes that remain outside the nucleus
and are identified as MN. This technique allows us to identify both clastogenic and aneugenic agents. The formation
of morphological nuclear abnormalities (NAs) was first
described in fish erythrocytes by Carrasco et al. [8]. NAs,
including lobbed (LB), blebbed (BL), and notched (NT)
nuclei as well as binucleated (BN) cells, have been used
by several authors as possible indicators of genotoxicity
[9, 10]. Several studies have shown that erythrocytes of
fish present a high frequency of micronuclei and nucleus
abnormalities, after exposition to different chemicals under
both field and laboratory conditions [11]. The detection of
MN and NAs in fish help us to know the status of water
quality as well as the health of particular species and
potential risks, it might have after consumption [11].
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Vit C (ascorbic acid) is one of the non-enzymatic antioxidants that can protect ROS, thus preventing tissue
damage. Several authors have reported that Vit C supplementation in diets for aquatic organisms has prevented the
negative effects of stress, minimized toxicity by water
contaminants, and increased immune response [12].

Stock solution was prepared by technical CPF and diluting it in acetone to give the dosing levels. No mortality
was observed during the experiments. The water was refreshed every two days to compensate for the pesticide
lost in the exposure medium. The experimental fish were
divided into five groups (n: 8 in each group):

Fish have been widely used as models to evaluate the
health of aquatic ecosystems in toxicologic pathology. In
the present study, O. niloticus was chosen as an experimental model, because of its wide availability and suitability for toxicity testing [13]. The present study aimed to
investigate effects of sublethal concentrations of chlorpyrifos (12 and 24 µg/L) for 96 hours on protein oxidation of
O. niloticus liver. Also, genotoxic effects in peripheral
erythrocytes by using the MN and NAs tests were investigated. In addition, we have studied the protective role of
Vit C on the tested parameters.

1) Control: The fish of control group was exposed to tap
water plus an equal amount of solvent (acetone) and
was fed with control diet.
2) Vit C: The fish of Vit C group was exposed to tap
water and fed with ascorbic acid-supplemented diet.
3) CPF1: The fish of CPF1 group was exposed to 12 µg/L
CPF and fed with control diet.
4) CPF2: The fish of CPF2 group was exposed to 24 µg/L
of CPF and fed with control diet.
5) CPF+Vit C: The fish of this group was exposed to
24 µg/L CPF and fed with ascorbic acid-supplemented
diet.

2. MATERIALS AND METHODS
2.1. Chemicals

A technical formulation of the organophosphate insecticide chlorpyrifos (O,O-diethyl O-3,5,6-trichloro-2pyridyl phosphorothioate) was used (purity 99.9%). All
chemicals and reagents were purchased from Sigma-Aldrich Chemical Corporation (USA).
2.2. Tested animals and treatments

Juvenil O. niloticus, each weighting 13.01 ± 0.94 g
and measuring 11.08 ± 0.97 cm in length were obtained
from Mersin University, Fisheries Faculty, Aquaculture
Department and transferred to laboratory at 24 ± 2 °C
(12:12 L:D). Throughout the experiments, dechlorinated
tap water with pH value of 7.85, an alkalinity of 326 mg/L
CaCO3, and oxygen concentration of 6.70 mg/L was used.
The fish were allowed to acclimatize to these conditions
for two weeks and fed at a rate of 2 % body weight/day
with a commercial pellet diet (Çamlı-Yem, İzmir-Turkey)
during acclimation period. Commercial diet composition:
44% protein, 18% lipids, 3% cellulose, 12% ash (commercial diet containing 160 mg/kg Vit C).
Experimental diets were prepared in the laboratory
from commercial pellet diet. Vit C was obtained as powder from Sigma (2-Phospho-L-ascorbic acid trisodium
salt). The Vit C-supplemented diet was prepared by adding
200 mg/100 g to the commercial pellet, and then sealing the
vitamin to the pellet by spraying 2.5 ml fish oil/100 g feed
[12, 14]. The control diet was prepared by spraying 2.5 ml
fish oil/100 g on the commercial pellet diet.
Experiments were conducted in glass aquaria containing 100 L test solution. Fish were exposed to 12 and
24 µg/L sublethal concentrations of chlorpyrifos (CPF) for
96 hours chosen according to 96-h LC50 value previously
determined for juvenile O. niloticus (98.67 µg/L) [15].

6) Positive control: the fish of positive control group was
exposed to 4.0 mg/L cyclophosphamide (CP) and fed
with control diet. This group was only used for comparison in genotoxicity assay [16].
The fish were killed by transaction of the spinal cord
and the livers were dissected. Tissue was homogenized to
1/5 (w/v) ratio in physiological saline solution (0.8 % NaCl)
with homogenizer, and then centrifuged at 13,500 rpm for
10 min in a Sigma 2-16K centrifuge at +4 ºC, and supernatant was used for biochemical analyses.
2.3. Protein determination

Tissue protein content was determined according to the
method developed by Lowry et al. [17] using bovine serum albumin as standard.
2.4. Measurement of protein carbonyl concentration

The oxidative damage of proteins was assessed spectrophotometrically by determination of carbonyl groups
based on the reaction with dinitrophenylhydrazine (DNPH),
as described by Levine et al. [18]. In aliquots of 200 µl,
proteins were precipitated by the addition of 100 µl 20%
trichloroacetic acid (TCA) for 5 min on ice, and centrifuged at 4000×g for 5 min. The pellet was redissolved in
100 µl 0.2 M NaOH, and 100 µl of 2 M HCl or 10 mM
DNPH in 2 M HCl added to duplicate aliquots for blanks
or the derivatizing of carbonyl groups, respectively. Samples were left for 30 min at room temperature. Proteins
were precipitated with TCA, and washed three times with
500 µl 1:1 ethanol:ethyl acetate with 15 min standing periods to remove excess DNPH. Samples were redissolved in
200 µl 20 mM KH2PO4, pH 2.3, and absorbance was read
at 370 nm. The carbonyl content in nmol mg protein−1
was calculated using a molar extinction coefficient of
22,000 M−1 cm−1 at 370 nm after subtraction of the blank
absorbance.
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2.5. Micronucleus and nuclear abnormalities assays

Peripheral blood samples were obtained from the caudal vein of fish on 4th day of exposure period. Fish blood
was processed for MN and NAs tests. Fresh blood samples were dropped on clean microscopic slides, fixed in
pure ethanol for 10 min and left to air-dry at room temperature, then followed by 10% Giemsa (w/v) staining for
10 min. Five slides were prepared for each fish, and in
each preparation, 1000 erythrocytes were examined under
the light microscope using 1000× magnification to determine the frequencies of micronucleus and nuclear abnormalities in erythrocytes. For the scoring of micronuclei,
the following criteria were adopted from Al-Sabti and
Metcalfe [10]. MN must be smaller than one-third of the
main nuclei and clearly separated from the main nuclei.
NAs were classified according to Carasso et al. [8].
2.6. Statistical analyses

Data were expressed as means ± standard error and
analyzed with SPSS 10.0 for Windows PC program.
ANOVA and Duncan’s multiple range tests were used to

analyse differences between groups. The differences were
defined as statistically significant when P<0.05.
3. RESULTS
3.1. Protein carbonyl content

Protein carbonyl levels of liver were significantly (P<
0.05) elevated in 24 µg/L CPF-treated group when compared with control group (Fig. 1). Vit C treatment significantly decreased PC level in CPF+Vit C group as compared to 24 µg/L treated group.
3.2. Micronucleus and Nuclear Abnormalities

The frequencies of MN and NAs observed in exposed
groups are shown in Table 1. Treatment with positive
genotoxic agent, CP caused a significant increase in the
frequencies of MN and NAs in erythrocytes of O. niloticus. Treatment with CPF exposure also caused a significant increase in MN and NAs frequencies in a concentration-dependent manner. The shape of micronucleus and
other nuclear abnormalities are presented in Fig. 2.
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FIGURE 1 - Effects of chlorpyrifos sublethal concentrations (12 and 24 µg/L) on protein carbonyl level in liver of O. niloticus and protective
role of Vitamin C. The values are means ± standard error (SE) (n: 8). Groups with different letters are significantly different (P<0.05).

TABLE 1 - Effects of chlorpyrifos sublethal concentrations (12 and 24 µg/L) for 96 hours on micronucleus and nuclear abnormalities frequencies (‰) in peripheral erythrocytes of O. niloticus.
Nuclear Abnormalities
Treatment Groups

Micronuclei
Blebbed Nuclei
Notched Nuclei
Lobbed nuclei
Control
0.44±0.11 a
0.77±0.11 a
1.55±0.29 a
1.55±0.22 a
Vit C
0.66± 0.19 a
0.55±0.22 a
1.78±0.39 a
1.77±0.11 a
b
b
b
Positive Control
4.22±0.11
4.33±0.19
5.99±0.19
6.11±0.39 b
CPF1
2.22±0.11 c
1.66±0.19 c
2.77±0.11 c
3.55±0.29 c
CPF2
3.77±0.29 b
3.55±0.22 d
4.99±0.19 d
4.55±0.11 d
CPF+Vit C
2.22±0.40 c
2.11±0.22 c
2.99±0.19 c
2.88±0.11 c
The values are means ± standard error (SE). Groups with different letters are significantly different (ANOVA, post hoc, Duncan SPSS 10.00, P<0.05).
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FIGURE 2 - Micronuclei and nuclear abnormalities in peripheral
blood erythrocytes of O. niloticus exposed to chlorpyrifos: a) Micronucleated erythrocyte, b) Blebbed nucleus (BL), c) Notched nucleu
(NT), d) Lobbed nucleus (LB), e) Normal shaped nucleus (Magnification 1000×).

4. DISCUSSION AND CONCLUSION
Fish erythrocytes have been proposed as a tool for
studying several aspects of toxicology and a useful model
to investigate oxidative stress, because their membranes
are rich in long-chain n-3 polyunsaturated fatty acids, which
are oxidized under oxidative stress conditions induced by
different compounds [19]. Similarly to the liver, the fish
erythrocyte is considered as a main location for the production of ROS due to its role in the oxygen transport via
hemoglobin as well as its O2 utilization. Furthermore, since
toxic chemicals are absorbed by gills, skin, and gut, and
transported to other tissues through the bloodstream, they
come into direct contact with the erythrocytes, which, in
turn, are among the first cells to suffer from toxic effects
[20].
In the present study, we observed the increase in protein carbonylation in dose-dependent manner as a result of
CPF exposure. Protein carbonyl served as a validated marker for protein oxidation. Our results are in agreement with
other studies which showed that several pesticides (including OPs) induced ROS production and caused protein
oxidative damage in different tissues [1]. The increase of
PC level observed in liver following CPF exposure was
probably ascribed to the excessive production of ROS,
which could be related to hepatocyte enzyme leakage [21].
The induction of an excess of ROS production can lead to
oxidative injuries of important cellular macromolecules,
such as lipids, proteins, and nucleic acids [22]. In addition, our present results showed substantial reduction in
the level of protein oxidation in CPF+Vit C group when
compared with the CPF2 group. Ascorbic acid has been
established to scavenge superoxide, hydroxyl, and peroxyl radicals efficiently [23]. The antioxidant activity of
ascorbic acid is based on its ability to react with free radicals. This reaction is likely to be of fundamental im-

portance in all aerobic cells, which must defend against
the toxicity of the very element depended upon as the
terminal electron acceptor for energy production via the
respiratory chain enzymes [24].
In the present study, both concentrations of CPF induced significantly higher numbers of MN and NAs than
the control and their frequencies increased dependent on
concentrations. Several studies were suggested that alkylation of DNA is the essential step for mutation induction
by some OP pesticides. Blasiak et al. [25] demonstrated the
ability of methyl-parathion to interact directly with doublestranded DNA disturbing its stability and conformation.
Padungtod et al. [26] reported chromosomal damage expressed as increased frequency of aneuploidy after occupational exposure to a mixture of OP. On the other hand,
Wellman and Kramer [27] demonstrated that the OPs and
their metabolites have insufficient affinity for DNA to bind
and, thereby, produce genotoxicity in animals exposed to
the methyl-parathion and CPF. Oxidative stress has been
associated to DNA strand breaks, DNA base oxidation
and chromosomal aberrations [28, 29]. According to the
above information, induction of MN and NAs might be
caused by ability of CPF to protein oxidation which caused
oxidative stress. Vit C prevents genetic damage caused by
toxicants by several mechanisms, and is known as an antimutagen that acts mainly by interfering with free radical
generation and the formation of toxic metabolites [30]. Our
present results showed substantial reduction in frequencies
of MN and NAs in CPF+Vit C group when compared
with CPF group.
The present findings indicate that increase in protein
oxidation by CPF concentrations might cause to increase
MN and NAs frequencies of erythrocytes. Among the potential molecular mechanisms of genotoxicity of OPs are
induction of oxidative stress and alkylation. Administration of vitamin C was effective in reducing PC level and
formations of MN and NAs. These data indicated the protective role of ascorbic acid against CPF-induced genotoxicity, and suggested a significant role of its antioxidant property to these beneficial effects.
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ABSTRACT

process for the wastewater treatment because of the low
operation cost and high performance [1].

The microbial diversity and composition in two fullscale wastewater treatment plants (anoxic/aerobic process
and activated sludge process) were investigated by several
molecular methods. Denaturing gradient gel electrophoresis (DGGE) analysis showed that the microbial diversity
in anoxic/aerobic (A/O) process was higher than that in
activated sludge (AS) process. Compared to AS process,
the anoxic and aerobic reactors in A/O process had more
similar community structures. It is very interesting that
the Thiothrix sp. was detected as dominant species in AS
process. The results of clone library also indicated that 33
clones were close to Thiothrix sp., accounting for 32.0%
of total clones in AS process. Real-time PCR results further confirmed that Gammaproteobacteria was also identified as dominant species in AS process. The results of
SV30 in the plants indicated that it appeared sludge bulking in the AS process. Therefore, it is inferred Thiothrix
sp., which belonged to Gammaproteobacteria, may play
an important role in the development of sludge bulking.

KEYWORDS: full-scale wastewater treatment plants, microbial
diversity, PCR-DGGE, clone library, Real-time quantitative PCR

1. INTRODUCTION
Conventional biotechnological process of wastewater
treatment such as activated sludge (AS) and anoxic/ aerobic
(A/O) process was used to remove soluble/insoluble organics
and decrease eutrophication from a wastewater stream. It
has contributed greatly to the improvement of the aquatic
environment worldwide, and is still the most widely used
* Corresponding author

Over many decades, these biological reactors have been
considered as “black boxes”. Engineers usually designed
these systems based on chemical and physical parameter
information. However, control these processes as physicochemical systems are not a perfect strategy due to the
potentially adverse impact on the microbial properties [2].
Therefore, many researchers have made great efforts to
study the microbial communities and functions in
wastewater treatment process. Traditionally, microbial
communities in wastewater treatment plants (WWTPs)
were analyzed using light microscopic observation or
cultivation-dependent techniques [3]. Nevertheless,
there were some drawbacks of these conventional microbiological techniques and the main shortcomings of
culture-dependent methods such as heterotrophic plate
count (HPC) and most probable number (MPN) for bacteria enumeration have been well documented [4]. Furthermore, the percentage of culturable bacteria in comparison
with total cell counts is estimated to range between 1%
and 15% in activated sludge [5]. In order to overcome
these shortages, molecular techniques have been applied
to the detection of microbial community composition and
to the identification and enumeration of organisms from
wastewater treatment processes. Some different methods
such as Polymerase chain reaction-denaturing gradient
gel electrophoresis (PCR-DGGE), 16S rRNA clone library construction and phylogenetic analysis, and Realtime PCR, have been applied to various environmental
samples including water and wastewater systems [4,6-12].
These molecular methods have increased our ability to
circumvent lengthy culture methods and provide direct
detection of diversity in wastewater treatment [13].
However, it should be noted that as with every method
mentioned above, the molecular techniques are also not
free from errors and biases. Biases may already be introduced by sample handling and together with probes design
for targeting particular microorganisms [6]. Furthermore,
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the biases also could occur in removing inhibitory substances and maintaining the integrity of DNA, since the
vary efficiency of different extraction [14]. Only one of
these methods cannot get the whole information of the
microbial community composition. Therefore, it is sensible
for us to use more methods to verify each other. Even
more, previous studies are concerned about the microbial community composition in bench/or pilot-scale study.
Few studies determined to detect the microbial community
structure in full-scale WWTPs simultaneously using several
molecular bio-techniques.
In this study, we sampled active sludge from two fullscale WWTPs in ShangHai, China. PCR-DGGE, 16S rRNA
clone library and Real-time PCR were used to analyze the
bacterial community composition of WWTPs simultaneously. The dominant bacteria and the potential bacteria
which can affect the operations of WWTPs were monitored.

measured spectrophotometrically. To minimize variations
in DNA extraction, the templates used for nested PCR,
clone and Real-Time PCR quantification were prepared by
mixing the DNA that was extracted in triplicate for each
sample.
For DGGE analysis, a nested PCR was performed. The
universal primers 27f and 1492r were used for amplification firstly. PCR amplifications were carried out in a total
volume of 50 µL using a DNA thermocycler (Thermo,
USA). The PCR premiers were listed in Table 3. The PCR
mixture contained 1.25 U of Taq polymerase (Takara,
China), 1×PCR buffer, 2 mM MgCl2, 0.5 µmol of each
primer, each deoxynucleoside triphosphate at a concentration of 200 µM, and about 40 ng of template DNA. The
PCR amplification conditions were as follows: 5 min of
initial denaturation at 94 oC and 30 cycles of 45 s at 94 oC,
1 min at 55 oC, and 90s at 72 oC, finally 7 min final extension at 72 oC was attached.
TABLE 3 - Sequences of the PCR primers used in this study.

2. MATERIALS AND METHODS

Name
27f
1492r
F357
518R
GCclamp

2.1. Mixed-liquor samples collection

Mixed-liquor samples (spring set) were collected from
the anoxic and/or aerobic reactors in the two full-scale
WWTPs. The samples were placed in sterile polypropylene
tubes and stored at -20℃ before DNA extraction. The
description and summary of overall operating data for two
WWTPs were given in Table 1 and 2.
TABLE 1 - Description of two WWTPs.
Name

Process

WWTP C

anoxic/aerobic process, A/O

WWTP D

Activated sludge, AS

reactor
anoxic
aerobic

Number
CA
CO

aerobic

D

Sequence(5’-3’)
AGAGTTTGATCCTGGCTCAG
GGTTACCTTGTTACGACTT
CCTACGGGAGGCAGCAG
ATTACCGCGGCTGCTGG

reference
[31]
[31]
[15]
[15]

CGCCCGCCGCGCGCGGCGGGCGG

[15]

The second round was performed with the primers
F357-GC and 518R to re-amplify the PCR products obtained from the first round. The amplification program was
similar to the first round except 32 cycles were performed
and the annealing temperature was 57 oC. The PCR products were electrophoresed on a 0.7% (wt/vol) agarose with
ethidium bromide staining to confirm the product size.
2.3. DGGE

TABLE 2 - Summary of overall operating data for two WWTPsa

Each datum represents the average of daily measurements taken over the 25
days and the numbers are means ± standard deviations

DGGE was performed with a D-code System (Bio-Rad,
USA) according to the standard method [15]. The PCR
products of the second round were loaded onto 8% (w/v)
polyacrylamide gels (37.5:1, acrylamide/bisacrylamide)
using a denaturing gradient ranging from 30% to 55%
(100% denaturant was 7 M urea and 40% formamide in
the 1×TAE buffer). The gels were run first at 200V for
5min and then at 120 V for 6 h at 60 ℃. Then the gels were
stained with SDNA-Nucleic Acids Stain Dye (BIO BASIC
INC., Canada), washed with sterile water, and visualized
with a UV transilluminator (FR-980A, Furi Tech. Ltd.,
Shanghai, China). Specific DGGE bands were manually
excised from the gel, re-amplified, cloned and sequenced
as described previously [7]. All nucleotide sequences were
determined by Generay Co., Ltd. (Shanghai, China). DGGE
images were processed with Smartview software.

2.2. DNA extraction and PCR amplification

2.4. Statistical analysis of DGGE banding patterns

Genomic DNA was extracted with a FastDNA Spin kit
(MP Biomedicals, LLC, France) according to the manufacturer’s instructions. Nucleic acids concentrations were

The microbial diversity was evaluated using the
Shannon-Wiener index (H′) to present taxa information of

a

WWTPs
Sources of influent
total flow
(×104 m3·day-1)
BOD5
Inf.
(mg·L-1)
EFF.
COD
Inf.
(mg·L-1)
EFF.
NH3-N
Inf.
(mg·L-1)
EFF.
TN
Inf.
(mg·L-1)
EFF.
SS
Inf.
(mg·L-1)
EFF.
LAS
Inf.
(mg·L-1)
EFF.

WWTP C
municipal sewage

WWTP D
municipal sewage

1.86

1.2

144±28
10.59±0.68
309±23
37.8±7.5
43.8±8.6
1.8±0.69
51.3±4.7
12.9±2.1
122±24
15±4
10.41±1.49
3.59±0.53

125.1±22.9
10±2.8
293±20
36.4±4.4
41.6±7.1
3.9±0.81
47.12±5.8
23.01±4.35
101±23
12±2
10.1±3.6
4.14±0.45
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each reactor from two WWTPs [16]. The index was calculated by the following equation:
s

H′= −

∑ ( Pi) ln( Pi)
i =1

Where H′ is the Shannon biodiversity index, s was the
number of bands in the sample and Pi was the intensities
proportion of sample i.
Cluster analysis was used to investigate the relationship between DGGE profiles. Similarities between band
patterns generated by PCR-DGGE were analyzed using
the Pearson correlation coefficient and displayed graphically as a dendrogram which was calculated according to
UPGMA (unweighted pair group method with arithmetic
averages) of the clustering algorithms. The cluster analysis and dendrogram generation were carried out by using
the NTSYSpc (2.10, Exeter Software, USA).
2.5. Clone library construction and phylogenetic analysis

The PCR products by primers 27f and 1492r were
used for cloning according to the procedure described by
Xia [8]. Triplicate PCR products were pooled to minimize
bias, purified with a QIA-quick PCR purification kit
(QIAGEN). The manufacturer’s instructions of pTG19-T
TA cloning kit (Generay, China) was used to build three
clone libraries with DNA extracted from two WWTPs.
Colonies were selected from plasmids with Ampicillin and
X-Gal. The correct inserts of clones were reamplified using
the vector primers M13 in accordance with the same program for 16S rRNA amplification above. Chimeric sequences were identified as described [17] and excluded
from subsequent analysis. All the sequences were compared
to the known sequences for phylogenetic analysis. Sequences differing only slightly (≤3%) were considered to be
the same operational taxonomic units (OTUs) [18,19].
Phylogenetic trees were constructed by neighbor-joining
method with the Clustal X software package. One thousand Bootstraps were performed to estimate the confidence
of tree topologies. The 16S rRNA gene sequences from this
study have been deposited in National Institutes of Health
(NIH) genetic sequence database (GenBank).
2.6. Real-time quantitative PCR assays

Real-time quantitative PCR was carried out using a
Rotor-Gene 3000 (Corbett research, NSW, Australia) RealTime PCR systems. Quantification of the 16S rRNA gene
of total bacteria was performed using the primers 1055F
and 1392R. The primers F203α and R518, F948β and
1492r, 109f2 and 907R were used to quantify Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria,
respectively. The Real-time PCR primers were listed in
Table 4. Each PCR mix (total volume of 25 µL) for all
triplicate Real-time PCR assays consisted of 12.5 µL 2×
SYBR Premix TaqTM (Takara, China), 0.625 µmol of
forward and reverse primers, and approximately 5 ng of
DNA template. The standard DNA template was prepared
as the description of Zhang [10]. Tenfold serial dilution of

the prepared standard vector plasmids ranging from 104 to
1010 were used as standard DNA template, by triplicate, to
determine the calibration curves. The standard curves were
constructed by using a series dilution of Real-time PCR
products from standard DNA (R2>0.99). All PCR runs included a negative control reaction and a positive control
reaction using High Performance Liquid Chromatography
(HPLC)-grade H 2O without template and a previously
amplified template, respectively.
TABLE 4 - Sequences of the Real-time PCR primers used in this
study.
Name
1055f
1392r
F203α
R534
F948β
R1401
109f2
907R

Sequence(5’-3’)
ATGGCTGTCGTCAGCT
ACGGGCGGTGTGTAC
CCGCATACGCCCTACGGGGGAAAGATTTAT
ATTACCGCGGCTGCTGG
CGCACAAGCGGTGGATGA
CGGTGTGTACAAGACCC
ACGGGTGAGTAATGYMT
CCGTCAATTCCTTTRAGTTT

reference
[9]
[9]
[32]
[32]
[32]
[32]
[33]
[33]

3. RESULTS AND DISCUSSION
3.1. DGGE fingerprints and statistical analysis

DGGE fingerprints were used to compare the differences of microbial community and composition in two
WWTPs. DGGE separations were conducted in triplicate
to assess the reproducibility, exhibiting highly similar gels.
Only one of the replicates was shown in this paper as an
example. DGGE fingerprints and cluster analysis of microbial community were shown in Fig 1.
For the C plant, the microbial community in CA (anoxic reactor) showed a greater similar to the CO (aerobic
reactor). However, the bacterial community in D plant
showed only 0.64 similarity to the CA and CO. Compared
with the AS process, the anoxic and aerobic reactors in
A/O process had more similar community structures.
Bacterial diversity as determined by H′ was different
between the C and D plants. The H′ values for the CA,
CO and D were 3.0, 2.9 and 1.7, respectively. These values indicated that the microbial diversity in A/O process
was higher than that in AS process. It also showed that the
microbial diversity in the anoxic reactor was similar to
that in the aerobic reactor.
Several dominant DGGE bands were excised successfully from the gels, re-amplified, purified, cloned and
sequenced for phylogenetic identities. But some bands
failed to provide useful sequence data because of the
DGGE specific limitation such as the detection of heteroduplex molecules (when two similar but different strands
joint together) or when one species have more than one
rDNA sequence producing band. Sequence analysis and
species identification of selected DGGE bands were
showed in Table 5.
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Most bands, like band 2 to band 7, were consistently
present at all three reactors though their intensity varied in
different conditions. Band 3 and 5 were closely related to

and 4 were intense in CA and CO but weak in D. In contrast, band 3 was very intense in D.
The other detected bacteria included Verrucomicrobia
(band 8) and Thiothrix eikelboomii (band 1). Band 8 only
appeared in CA and CQ. Band 1 was clearly present in D,
but was faintly observed in CA and CQ. It is very interesting that the Thiothrix sp. was detected in D. Members of
the genus Thiothrix are colorless, filamentous bacteria that
oxidize reduced sulfur compounds [20]. It has been reported that lots of Thiothrix filaments in the WWTPs often
produce sludge with poor settling characteristics, known
as filamentous sludge bulking [21-23]. The Thiothrix sp.
found in D plant indicated that the active sludge of D
plant may be bulking. Thus Settling Velocity (SV30) was
checked for confirmation. The results showed that 21% 29% of SV30 in C plant, while 63% - 80.5% in D plant
during 4 weeks, which indicated that the sludge bulking
appeared in D plant and Thiothrix sp. might play an important role in sludge bulking. And yet, the water quantity
of effluent in D plant was not affected significantly.
Nevertheless, the most important limitation of DGGE
is the separation of only relatively small fragments, up to
500 basepairs. This limits the amount of sequence information for phylogenetic inferences [6]. So, 16S rRNA clone
library were used to obtain more detailed phylogenetic information of the microbial communities in two WWTPs as
well as to know whether the Thiothrix sp. were present in
large numbers in D plant.
3.2. Analysis of the 16S rRNA clone library

Three clone libraries were constructed to identify potentially dominant species in each reactor. The ShannonWiener index of clone library showed that the diversity of
microbial community in A/O process was higher than that
in AS process. It was the same as the results of DGGE
analysis.
FIGURE 1 - DGGE fingerprints and cluster analysis
TABLE 5 - Sequence analysis and species identification of selected
DGGE bands via the NCBI database
Band
1
2
3
4
5
6
7
8

Closest relatives (Accession No.)
Thiothrix eikelboomii (AB042540)
Uncultured Trichococcus sp. (AB529627)
Uncultured Chromatiales bacterium
(FJ752910)
Beta-proteobacterium sp. (Z69143)
Uncultured Shewanella sp. (EU919225)
Uncultured alpha proteobacterium
(FJ978351)
Uncultured bacterium (EU593806)
Uncultured Verrucomicrobium sp.
(FM176348)

Identity (%)
96%
97%
97%
98%
98%
99%
99%
94%

Gammaproteobacteria. Band 2, 4 and 6 belonged to Firmicutes, Betaproteobacteria and Alphaproteobacteria, respectively. Uncultured environmental sample was also
detected in band 7. It can be seen from Fig 1 that band 2

Fig 2a is the phylogenetic tree of CA. 100 clones
were classified into 52 OTUs. They belonged to about 6
different dominant phyla. The largest group was Proteobacteria, accounting for about 54% of total clones. Especially, Betaproteobacteria was the dominant bacteria in
Proteobacteria, accounting for about 43% of total clones.
The next frequently detected Proteobacteria were Alphaproteobacteria and Gammaproteobacteria, accounting for
9% and 2% of total clones, respectively. Some environmental samples belonging to Rhizosphere sp. were detected
and constituted 28% of total clones. Nitrospirae and Actinobacteria were also detected, each accounting for about 3%.
Bacteroidetes constituted 2% of total clones. Other species were identified as some unknown environmental
samples.
The phylogenetic tree of CO is shown in Fig 2b. Sequence analysis of 108 clones from the aerobic reactor
indicated four distinct phyla. Similar to CA, Proteobacteria dominated the CO clone library, occupying 47.2% of
total clones. Betaproteobacteria were still the largest group
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in Proteobacteria, accounting for about 40.7% of total
clones. Alphaproteobacteria and Gammaproteobacteria

were detected and constituted 3.7% and 2.8% of total clones
respectively. The second dominant group was Bacteroide-
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OTU17(1//100)
OTU15(1//100)
OTU16(1//100)
Environmental 16s rDNA sequence from Evry wastewater treatment (CU466857.1)
OTU14(1//100)
OTU13(1//100)
Dechloromonas sp. EMB 269 16S ribosomal RNA gene (DQ413167.1)
Dechloromonas sp. MissR 16S ribosomal RNA gene (AF170357.1)
Dechloromonas sp. A34 16S ribosomal RNA gene (EF632559.1)
OTU10(5/100)
OTU9(3/100)
Dechloromonas sp. RCB 16S ribosomal RNA gene (AY032610.1)
Dechloromonas hortensis strain MA-1 16S ribosomal RNA gene (AY277621.1)
OUT8(1/100)
OTU7(1/100)
OTU6(1/100)
OTU1(1/100)
OTU3(1/100)
OTU4(1/100)
OTU2(1/100)
OTU5(1/100)
OTU19(1/100)
OTU11(2/100)
Candidatus Nitrotoga sp. enrichment culture clone HAM-1 16S ribosomal RNA gene (FJ263061.1)
Candidatus Nitrotoga arctica clone 6680 16S ribosomal RNA gene (DQ839562.1)
OTU18(6/100)
OTU20(3/100)
Leptothrix ginsengisoli gene for 16S rRNA (AB271046.1)
Thauera sp. DNT-1 gene for 16S ribosomal RNA(AB066262.1)
Thauera aminoaromatica strain S2 16S ribosomal RNA(NR_027211.1)
OTU22(1/100)
OTU24(1/100)
Thauera aromatica 16S rRNA gene (AJ315681.1)
Azoarcus sp. mXyN1 partial 16S rRNA gene (X83533.1)
OTU23 (1/100)
OTU25 (1/100)
OTU31 (1/100)
OTU26 (1/100)
OTU28 (1/100)
OTU30 (1/100)
OTU27 (1/100)
OTU12 (1/100)
OTU32 (1/100)
Thermomonas sp. ROi19 16S ribosomal RNA gene (EF219041.1)
OTU29(1/100)
Methylobacter tundripaludum 16S ribosomal RNA (AJ414655.1)
OTU33OTU33 (1/100)
Stella vacuolata strain DSM 5901 16S ribosomal RNA (NR_025583.1)
OTU38(1/100)
Bacterium Ellin362 16S ribosomal RNA gene (AF498744.1)
OTU41(1/100)
Sphingomonas sp. Sphing1 16S ribosomal RNA gene (GU479372.1)
OTU39 (1/100)
Hyphomicrobium vulgare partial 16S rRNA gene (Y14302.1)
OTU40(1/100)
Methylocystis sp. 18-2 gene for 16S rRNA (AB007841.1)
OTU37 (1/100)
Brevundimonas sp. DNA for 16S ribosomal RNA (AJ227793.1)
Maricaulis virginensis strain PR54-12 16S ribosomal RNA gene (EU440987.1)
OTU36(1/100)
OTU35(1/100)
OTU34(1/100)
Amaricoccus veronensis strain Ben102 16S ribosomal RNA (NR_029203.1)
OTU46 (6/100)
Bacterium TG141 gene for 16S ribosormal RNA (AB308367.1)
OTU47 (2/100)
Flexibacter flexilis gene for 16S rRNA (AB078053.1)
OTU48 (2/100)
Uncultured bacterium clone 69-27 16S ribosomal RNA gene (DQ833502.1)
OTU49 (13/100)
OTU50 (10/100)
Rhizosphere soil bacterium isolate RSI-24 (AJ252591.1)
OTU43 (1/100)
Nostocoida (type I) sp. 0155 16S ribosomal RNA gene (EU442368.1)
OTU45 (1/100)
Rhizosphere soil bacterium clone RSC-II-80 (AJ252696.1)
OTU44 (3/100)
OTU42 (2/100)
Candidatus Microthrix parvicella strain EU19 16S ribosomal RNA gene (DQ147285.1)
Candidatus Nitrospira defluvii Contig5882 (EU559167.1)
OTU21 (1/100)
OTU52 (2/100)
OTU51 (1/100)
Rhizosphere soil bacterium isolate RSI-24 (AJ252591.1)

FIGURE 2a - Phylogenetic trees of the WWTPs samples. (a) Phylogenetic tree of the CA
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OTU39 (1/108)
OTU46 (1/108)
OTU47 (1/108)
OTU43 (1/108)
OTU42 (1/108)
OTU45 (1/108)
OTU41 (1/108)
OTU48 (1/108)
OTU49 (1/108)
OTU38 (1/108)
OTU44 (1/108)
OTU40 (1/108)
OTU37 (1/108)
Uncultured Rhodocyclaceae bacterium partial 16S rRNA gene (FM204987.1)
OTU36 (1/108)
Uncultured beta proteobacterium clone CLi61 16S ribosomal RNA Gene (AF529339.1)
Aquatic bacterium R1-B23 gene for 16S ribosomal RNA (AB195755.1)
Dechloromonas hortensis strain MA-1 16S ribosomal RNA gene (AY277621.1)
OTU35 (1/108)
Dechloromonas sp. MissR 16S ribosomal RNA gene (AF170357.1)
Dechloromonas sp. A34 16S ribosomal RNA gene (EF632559.1)
OTU33 (1/108)
OTU34 (1/108)
OTU32 (2/108)
OTU16 (1/108)
OTU30 (2/108)
Rhodocyclus sp. HOD 5 16S ribosomal RNA gene (AY691423.1)
Betaproteobacteria
OTU29 (6/108)
Candidatus Nitrotoga arctica clone 6680 16S ribosomal RNA gene (DQ839562.1)
OTU21 (1/108)
Denitrifying bacterium enrichment culture clone NOA_1_F6 16S ribosomal RNA gene (FJ802169.1)
OTU50 (1/108)
Thauera selenatis 16S rRNA gene (Y17591.1)
Azoarcus sp. mXyN1 partial 16S rRNA gene (X83533.1)
OTU20 (3/108)
Thauera terpenica 16S rRNA gene (AJ005817.1)
OTU27 (1/108)
OTU25 (1/108)
OTU23 (1/108)
Thauera sp. DNT-1 gene for 16S ribosomal RNA (AB066262.1)
OTU24 (1/108)
OTU26 (1/108)
OTU22 (1/108)
Thauera sp. 'TGOPY13 (T-I)' 16S ribosomal RNA gene (EF205255.1)
OTU28 (1/108)
OTU31 (1/108)
OTU19 (1/108)
OTU17 (1/108)
Beta proteobacterium A0640 16S ribosomal RNA gene (AF236010.1)
OTU18 (1/108)
Aquaspirillum delicatum 16S ribosomal RNA gene (AF078756.1)
Variovorax sp. P-9 partial 16S rRNA gene (AM411932.1)
Methylibium sp. BAC199 16S ribosomal RNA gene (EU130974.1)
OTU15 (3/108)
Gammaproteobacteria
Thermomonas brevis gene for 16S rRNA (AB355702.1)
OTU14 (4/108)
Brevundimonas sp. DNA for 16S ribosomal RNA (AJ227793.1)
Alphaproteobacteria
Sphingopyxis witflariensis partial 16S rRNA gene (AJ416410.1)
OTU10 (1/108)
Trichococcus flocculiformis 16S rRNA gene (AJ306611.1)
OTU13 (3/108)
Rhizosphere soil bacterium clone RSC-II-80 (AJ252696.1)
OTU11 (1/108)
OTU12 (1/108)
Candidatus Microthrix parvicella strain EU19 16S ribosomal RNA gene (DQ147285.1)
OTU9 (3/108)
TM7 phylum sp. oral taxon 348 clone BN036 16S ribosomal RNA gene (GQ422738.1)
Environmental 16s rDNA sequence from Evry wastewater treatment plant anoxic basin (CU466719.1)
OTU1 (20/108)
Environmental 16s rDNA sequence from Evry wastewater treatment plant anoxic basin (CU466734.1)
OTU2 (4/108)
Sphingobacteriaceae bacterium enrichment culture clone hao06 16S ribosomal RNA gene (FJ386545.1)
OTU5 (1/108)
OTU4 (1/108)
Tuber borchii symbiont b-17BO 16S ribosomal RNA gene (AF070444.1)
OTU3 (1/108)
OTU7 (3/108)
Flexibacter flexilis gene for 16S rRNA (AB078053.1)
OTU6 (1/108)
Bacteroidetes bacterium Mo-0.2plat-K3 partial 16S rRNA gene (AJ622888.1)
Bacterium TG141 gene for 16S ribosormal RNA (AB308367.1)
Uncultured bacterium clone FFCH17918 16S ribosomal RNA gene (EU133746.1)
OTU8 (17/108)
Rhizosphere soil bacterium clone RSC-II-66 (AJ252690.1)

FIGURE 2b - Phylogenetic trees of the WWTPs samples. (b) Phylogenetic tree of the CO
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OTU19 (1/103)
OTU20 (1/103)
OTU6 (4/103)
Dechloromonas sp. JJ 16S ribosomal RNA gene (AY032611.1)
Dechloromonas hortensis strain MA-1 16S ribosomal RNA gene (AY277621.1)
OTU5 (1/103)
Dechloromonas sp. EMB 269 16S ribosomal RNA gene (DQ413167.1)
OTU4 (1/103)
OTU7 (1/103)
OTU3 (1/103)
OTU1 (1/103)
OTU2 (1/103)
OTU10 (1/103)
OTU11 (1/103)
OTU12 (1/103)
Thauera terpenica 16S rRNA gene (AJ005818.1)
beta proteobacterium 16S rRNA gene (Y17285.1)
OTU8 (1/103)
Candidatus Nitrotoga arctica clone 6680 16S ribosomal RNA gene (DQ839562.1)
OTU9 (3/103)
Azospira restricta strain SUA2 16S ribosomal RNA gene (DQ974114.1)
OTU21 (1/103)
Zoogloea sp. EMB 357 16S ribosomal RNA gene (DQ413172.1)
OTU13 (2/103)
Ralstonia sp. 22 16S ribosomal RNA gene (EU304284.1)
OTU14 (1/103)
Aquabacterium sp. AKB-2008-KU6 partial 16S rRNA gene (AM989076.1)
OTU17 (3/103)
Diaphorobacter oryzae strain RF21 16S ribosomal RNA gene (EU342380.2)
OTU15 (1/103)
OTU16 (1/103)
Rhodoferax sp. Asd M2A1 16S rRNA gene (FM955857.1)
Beta proteobacterium INBAF015 gene for 16S ribosomal RNA (AB470437.1)
OTU23 (1/103)
Citrobacter freundii gene for 16S ribosomal RNA (AB548829.1)
Thermomonas sp. ROi19 16S ribosomal RNA gene (EF219041.1)
OTU22 (4/103)
Environmental 16s rDNA sequence from Evry wastewater treatment plant anoxic basin (CU466826.1)
OTU26 (31/103)
OTU32 (1/103)
Thiothrix eikelboomii gene for 16S ribosomal RNA (AB042540.1)
Thiothrix eikelboomii gene for 16S ribosomal RNA (AB042542.1)
OTU25 (1/103)
OTU28 (1/103)
Aquamicrobium sp. Sa14 partial 16S rRNA gene (FM210786.1)
OTU27 (1/103)
Bdellovibrio bacteriovorus strain JSF1 16S ribosomal RNA gene (EU884925.1)
OTU24 (1/103)
Alpha proteobacterium IMCC1702 16S ribosomal RNA gene (DQ664257.1)
OTU18 (1/103)
OTU31 (6/103)
Erythrobacter litoralis HTCC2594 (CP000157.1)
OTU29 (1/103)
Alpha proteobacterium USHIF001 gene for 16S ribosomal RNA (AB470455.1)
Alpha proteobacterium USHIF001 gene for 16S ribosomal RNA (AF498717.1)
OTU30 (1/103)
OTU33 (1/103)
OTU34 (1/103)
Candidatus Nitrospira defluvii Contig5882 (EU559167.1)
Bacterium TG141 gene for 16S ribosormal RNA (AB308367.1)
OTU35 (15/103)
Sphingobacteriales bacterium HU1-IH3 16S ribosomal RNA gene (FJ177531.1)
OTU38 (1/103)
Bacterium enrichment culture clone DPF18 16S ribosomal RNA gene (GQ377127.1)
OTU40 (1/103)
Uncultured bacterium partial 16S rRNA gene (FM213043.1)
OTU39 (2/103)
Uncultured candidate division SR1 bacterium clone ZSR1-140 16S ribosomal RNA gene (FJ479973.1)
OTU41 (2/103)
Potato plant root bacterium clone RC-III-8 (AJ252709.1)
OTU36 (1/103)
Uncultured bacterium clone 15 16S ribosomal RNA gene (EU885252.1)
OTU37 (1/103)
Uncultured bacterium clone 101-180 16S ribosomal RNA gene (EF157219.1)

Betaproteobacteria.

Gammaproteobacteria

Gammaproteobacteria

Alphaproteobacteria

FIGURE 2c - Phylogenetic trees of the WWTPs samples. (c) Phylogenetic tree of the D

tes, accounting for 27.8%. Other minor lineages detected
included Acidobacteria, Firmicutes, etc.
Fig. 2c presents the phylogenetic tree of D plant. Sequence analysis of 103 clones from the AS process indi-

cated three distinct phyla. Proteobacteria were still the
largest groups in D clone library, occupying 68.9% of total
clones. However, it was different from the CA and CO
clone libraries, the Gammaproteobacteria were the dominated species in Proteobacteria, accounting for 36.9% of
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total clones. Alphaproteobacteria and Betaproteobacteria
only occupied 12.6% and 19.4% respectively. Bacteroidetes was the next frequently detected phylum, accounting
for 14.6%. Nitrospirae and other unknown environmental
samples were also detected in the D clone library.
In this clone library study, although all of three reactors had the same dominant groups (Fig 3) such as Proteobacteria (included Betaproteobacteria, Alphaproteobacteria, and Gammaproteobacteria) and Bacteroidetes,
the phylogenetic analysis showed some significant differences in the presence of dominant species in each reactor.
For CA and CO, Betaproteobacteria were the largest
groups in Proteobacteria, while for D, Gammaproteobacteria were the dominant groups. However, most researchers have consistently found the levels of Gammaproteobacteria in AS mixed liquor to range between 5% and 15%

of the total bacterial abundance [24-29] except two German studies [5,30].
It was very interesting that about 33 clones were close
to Thiothrix sp., accounting for 32.0% of total clones in D
plant. They were also detected as dominant members by
DGGE (band 1). And the sludge bulking appeared in the
D plant. So, these results suggested that the sludge bulking
in the D plant might be arosed by the microorganisms
affiliated to Thiothrix sp..
The clone library-based approach also has its own
limitations such as the limited clone numbers, sludge
sampling and etc. [16]. Therefore, in order to verify the
results of DGGE and clone library, Real-time PCR was
performed to further analyze the microbial community and
composition in the two WWTPs.
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Actinobacteria
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Gammaproteobacteria
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FIGURE 3 - Phylogenetic distribution of the OTUs in two WWTPs clone libraries.
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FIGURE 4 - Bacterial 16S rRNA gene copy number change in different WWTP reactors
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SOIL QUALITY UNDER THE GIANT REED
(ARUNDO DONAX L.) CROP COMPARED WITH A
CROPPING SEQUENCE AND A NATURAL GRASSLAND
Riccardo Riffaldi, Roberto Cardelli* and Alessandro Saviozzi
Department of Crop Biology, University of Pisa, Via del Borghetto, 80, 56124 Pisa, Italy

ABSTRACT
The objective of this study was to determine, on the
same pedological, topographic and climatic conditions, the
effect of a continuous giant reed cropping (GR), a cropping
sequence (CS) as well as of untilled native grassland (NG)
on some soil quality characteristics. Between the parameters examined, total soil organic carbon (TOC), light fraction carbon (LFC), dissolved organic carbon (DOC), cumulative mineralized carbon (Cm), microbial biomass carbon
(MBC), basal respiration, metabolic quotient (qCO2), potentially mineralizable carbon (C0), dehydrogenase (DHA),
catalase (CA) and ß-glucosidase (GL) activities, as well as
fluorescein diacetate hydrolysis (FDA), biological index
of fertility (BIF) and initial potential rate of carbon mineralization (C0·k), were higher in the continuous giant reed
cropping than in the cropping sequence. The C mineralization rate (k) was lower in GR than in CS, while the metabolic potential (MP) was similar in the two sites.
Concerning the difference between GR and NG, the
latter being considered as a reference or baseline in evaluating attributes of soil quality, GR showed higher values
for TOC, LFC, DOC and catalase activity. TOC and catalase, also for their analytical simplicity, may be suggested
as the most suitable soil biochemical indicators for differentiating the effects of different crop management systems.

KEYWORDS: agricultural systems, giant reed cropping, soil
enzyme activities, biological indexes, carbon mineralization.
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1. INTRODUCTION
Soil degradation and agricultural sustainability have
aroused interest in estimation of soil quality. An assessment usually includes measurement of soil quality indicators, among which the organic matter properties represent
the central component [1].
Soil quality is influenced not only by the amount of
soil organic matter (SOM) in a given soil but also by
SOM quality, that may be defined in terms of bioavailability of carbon to the decomposer populations, mineralizability of organically bound plant nutrients and by the
chemical nature (composition, reactivity, and mobility). A
number of abiotic factors exert control over SOM turnover, but for a given soil within a given climate, land use
and soil management determine the amount and the quality of SOM.
The relationship between SOM characteristics and
management practices is not completely understood because a large proportion of SOM is very stable. In contrast, the more biologically and chemically active “young”
SOM is subject to change with agricultural management
[2]. Therefore, an understanding of the active cycling fractions is necessary to predict the influence of a given management practice on SOM quality.
Soil quality may be estimated by isolating SOM light
fractions, measuring the products of mineralization, the
size and activity of microbial biomass, the enzyme activities, the metabolic quotients and the various biological indices, sensitive to the modifications that the soil can undergo [3, 4]. No individual measurement is completely
valid as a single index of soil quality and examination of
several (or even the ratios between them) may provide
useful information on management-induced effects on soil
quality.
Limiting levels, values or thresholds for biological
properties in soils are generally not known [5]. As yet, the
absolute value of any single biological attribute is of limited use for assessing soil quality for crop production.
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Therefore it is important that some comparison to a reference or baseline be made when evaluating biological attributes of soil quality.
In the Mediterranean area, specifically in the Tuscany
region, where major influences from climate, soil type
and topography are negliged, research was carried out on
the effect of long term continuous corn cropping [6, 7],
adjacent poplar forest [8] and uncultivated grassland representing a virgin soil, with emphasis on the soil biochemical characteristics. Examination of several chemical
and biochemical parameters allowed the assessment of the
biologically and chemically active “young“ SOM, thus providing meaningful indicators of management practice effects. This work in the Mediterranean area also showed
that the amount of SOM and its biological activity were
the greatest in native grassland soil followed by forest
soil and then least in intensively cultivated soil.
In the last years, the European Commission FAIR
(Fisheries, Agriculture and agro-Industrial Research) and
many national institutions funded projects in order to identify a wide range of energy crops and to provide information on the agricultural, technical, environmental, energetic and economical aspects [9, 10]. In the Mediterranean
environment, among several biomass perennial grasses
which reduce the risks of soil erosion, nitrate leaching and
humus degradation, giant reed (Arundo donax L.) particularly has been cropped and studied in Central Italy [10].
Due to its high yields, the adaptability to different pH and
texture soil conditions and, being native of south eastern
Europe, is naturally adapted to EU agro-climatic conditions. As this perennial grass is particularly invasive, its
control by cropping will provide reasonable assurance that
an economically beneficial biofuel crop will pose a minimal risk of damaging native and managed ecosystems [1113].
The aim of the present study was to compare the impact on soil quality, through SOM properties and biochemical parameters, of three long-term contrasting systems: a continuous giant reed (GR) as biofuel crop, an
usual agricultural cropping sequence consisting mainly and
alternatively of legumes and cereals (CS) and a natural
grassland consisting primarily of rough meadowgrass, bermuda grass, orchard grass and red fescue (NG).

2. MATERIALS AND METHODS
2.1. Study sites and crops

The experimental plots were located at Tombolo, near
Pisa (Italy), at the Interdepartmental Center “E. Avanzi”,
on a flat uniform area constituted of a typic xerorthent
soil. The sites were homogeneous with a clay and sand
content of 213-229 and 497-552 g·kg-1 respectively, and a
pH of 8.1-8.2. The location has a long-term precipitation
average of 940 mm year-1 and a mean annual temperature
of 15° C.

The experimental design consisted of three replications of a randomized complete block design. Plot dimensions were 10m by 10m (100m2). Plot borders were separated by 5-m intervals. The investigated systems were: 1)
giant reed (Arundo donax L.) (GR); 2) undisturbed native
grassland (NG); 3) cropping sequence (CS). The GR was
planted, 20000 plants per ha, in 1992 after a medium-depth
ploughing (35 cm). After 1992 neither treatments against
diseases nor irrigation treatments were necessary. Fertilizers were annually applied at rates of 100 kg ha-1 of N, P,
K, as urea, triple superphosphate and potassium sulphate,
respectively. Annually plants were harvested in the autumn
by cutting 10 cm above ground level. The CS site, consisting mainly and alternatively of legumes and cereals, was
cultivated conventionally, according to local usage: annual tillage (depth ploughing 35 cm), fertilization, irrigation,
and pest control. At NG site, consisting primarily of rough
meadowgrass (Poa trivialis L.), Bermuda grass (Cynodon dactilon L.), orchard grass (Dactylis glomerata L.) and
red fescue (Festuca rubra L.), no fertilizer or other agricultural practices were applied. Forage was only removed
occasionally.
2.2. Soil samples

Since bulk densities were not significantly different
among GR, NG, and CS plots (1.16 ± 0.045), in order to
sample the same weight per unit area, the samples were
taken at the same depth of 0-15 cm. In May 2006 twenty
random cores were taken from each of the sites with a 5 cm
dia-tube auger and bulked, after first removing large pieces
of plant remains from the soil surface. Sub-samples of
moist field soil (about 1000 g) were then brought to the
laboratory and stored at 4°C. An aliquot of each of them
was air-dried.
2.3. Soil analysis

The following analyses were carried out:
Total organic carbon (TOC, g·kg-1) by dry combustion (induction furnace 900 CS, ELTRA) after removing
carbonate-C. Light fraction organic carbon (LFC), as described by Janzen et al. [2], by isolation with a sodium
iodide solution at a density of 2.7. The suspension was
allowed to equilibrate for 48 h before removing suspended
material (LF) by vacuum. The LF was washed, dried,
ground and analyzed for total C as described for soil.
Dissolved organic C (DOC), as described by Ciavatta et
al. [14], by the dichromate oxidation technique of the supernatant of a soil/water suspension (solid phase/ solution
1:50) stirred for 24h at room temperature.
2.4. Enzyme activity assays

Enzyme activities were assayed on fresh sieved soil
stored at 4 °C, within 1 week from sampling. The hydrolysis rate of fluorescein diacetate (FDA-H) was estimated as
reported by Swisher and Carroll [15], by determining the
concentration of fluorescein released by FDA (µg g-1 2h-1)
at 490 nm. Assays were performed to determine the activity
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of dehydrogenase (DH) (µg triphenylformazan g-1h-1) [16],
catalase (CA) (% O2 g-1 3 min-1) [17] and β-glucosidase (βGL) (µg paranitrophenol g-1h-1) [18].

difference test at the 5% level. All data were expressed on
the basis of oven-dry weight of soil.
3. RESULTS AND DISCUSSION

2.5. Biological indices

Biological index of fertility (BIF) was calculated as:
BIF = (DH + k .CA) / 2, where k is a proportionality coefficient [19] .
Metabolic potential (MP) was calculated as: MP =
DH / 1. 10-3 DOC [20].
2.6. C mineralization and microbial biomass

A short-term aerobic incubation procedure was used
to determine the potential of the soils to mineralize organic C; 50 g of soil were incubated at 25°C and moistened
to 50% of the maximum water holding capacity in 300 ml
glass containers closed with rubber stoppers. Glass vials
holding 10 ml of 0.5N NaOH were placed in the containers to trap the evolved CO2. The decomposition was monitored daily between the 1st and 28th day of incubation,
measuring the CO2 evolution. The excess alkali was backtitrated with standard 0.5N HCl after precipitating the carbonate with 1.5M BaCl2 solution. Daily opening of the
bottles to replenish the NaOH for CO2 absorption prevented any inhibition of decomposition owing to lack of
oxygen.
Fitting the CO2-C cumulative data of the soils to the
first-order linear least squares method (C t =C 0(1-e-kt))
allowed to calculate the potentially mineralizable C (C0)
(mg·kg-1 of soil), the C mineralization rate (k) (day-1), and
the initial potential rate of mineralization (C0·k) for the
three sites.
The microbial biomass C (MBC) was estimated by the
SIR (substrate induced respiration) method of Anderson
and Domsch [21], adding a solution of glucose (8 mg·g-1
soil) and determining the evolved CO2 –C after 6 hours at
25°C. The basal respiration was determined by the same
procedure on soil not glucose activated. CO2 evolution was
measured by the incubation procedure above described.
Microbial metabolic quotient for CO2 (qCO2) (unit
CO2-C unit-1 biomass-C h-1) was calculated by dividing
the rate of CO2 evolution from unamended soil over the
period 0-6 h by the soil microbial biomass estimated from
glucose SIR.
All results were the means of determinations from
three samples at each site. Analysis of variance was performed and means were separated with a least significant

Different cropping management significantly changed
the organic carbon (TOC) content (Table 1), with the lowest value found in the intensively cropped CS treatment,
where the tillage operations (such as ploughing) promote
the loss of SOM [4][22]. The giant reed site GR, that was
not tilled since 1992 and fertilized every year, showed the
highest value of TOC. A nearly similar trend of TOC was
observed for light fraction carbon (LFC), that consists of
recognizable plant residues that have not been highly degraded by decomposers in the soil, and therefore constitute an intermediate between plant material and humified
organic matter [2]. The dissolved organic carbon (DOC)
shows the highest value in the GR treatment. Although
responsiveness of soil TOC, LFC and DOC to cultivation
of giant reed are not well documented at present, nevertheless for a similar botanical family crop, such as sugarcane,
they have been shown to be increased by addition of crop
residues [23]. Our results may be due to the presence of
large amounts of residues of GR, as indicated by the high
content of LFC.
Table 1 also shows indicators estimating the size and
activity of the microbial biomass in soil. Of these, the MBC
obtained by the substrate induced respiration method is
frequently used for evaluating the microbial size [21],
while the basal respiration of a soil reflects the overall
activity of energy spent by the indigenous microbial pool
[24]. Both the size and activity of microbial biomass show
the same trend, higher in GR and NG than in CS, in agreement with the findings of other studies showing that soils
ploughed routinely contain less microbial biomass than
soils under no tillage or perennial crops [4, 25].
The metabolic quotient qCO2, the CO2-C produced
per unit of biomass and time, is a measure of the efficiency
of microbial populations in utilizing organic C. It has been
reported that qCO 2 increases when the ecosystem is
stressed, polluted or in adverse climatic conditions [24];
thus, it would be expected that agricultural practices perturbing the soil system lead to a consequent rise of qCO2
values in the cultivated soil. Instead, the data in Table 1
show that qCO2 was greater in GR than in adjacent cultivated site CS. Wardle and Ghani [26] reported that this
quotient may not reflect disturbance and ecosystem development and demonstrated that some disturbance, such
as fertilization, can either decrease or increase qCO2 values. If the soil is stressed, e.g. by nutrient limitation, the

TABLE 1 - Different organic matter pools and C mineralization for the agricultural systems.
Type of
management
GR
CS
NG

TOC
g Kg-1 soil
18.8 a
9.8 c
13.8 b

LFC
g Kg-1 soil
12.7 a
1.3 c
5.4 b

DOC
g Kg-1 soil
0.255 a
0.057 b
0.070 b

MBC
mg Kg-1 soil
861.3 a
367.7 b
823.9 a

Cumulative CO2-C (Cm)
g Kg-1 soil
% TOC
0.733 a
3.9 a
0.237 b
2.4 b
0.575 a
4.2 a
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Basal respiration
mg CO2-C Kg-1 soil h-1
5.6 a
0.6 b
3.4 a

qCO2*
6.50 a
1.63 b
4.13 ab

© by PSP Volume 20 – No 6a. 2011

Fresenius Environmental Bulletin

*Basal respiration:microbial biomass (mg CO2 –C kg-1 h-1: mg C Kg-1) x 10-3
Means in the same column that do not contain the same letter are significantly different at the 5% confidence level .

fertilizer effects are offset by alleviation of stress, enhancing microbial efficiency and reducing qCO2. In nonnutrient limited soils, the disturbance effects of fertilizer
reduce microbial efficiency and enhance qCO2. A possible explanation for the higher qCO2 in the GR than in CS,
found in our study, could be that the decrease in the cumulative amount of CO2-C in CS is higher than the corresponding decrease of microbial biomass C and, for this
reason, the highest value in GR may not be due to the effect
of stress or to change in the composition of the microbial
community. However, there is still a need to evaluate these
methods with respect to the ecological significance of the
results obtained.
Labile soil organic matter characteristics may be estimated by measuring short-time mineralization (i.e. CO2C evolution) under laboratory incubation conditions [4,
27]. The rapid bioassay of the microbial activity (C mineralized during 28 days) provides mainly an assessment of
changes in the easily mineralizable C fraction. As can be
seen in Table 1, the evolved cumulative CO2-C (Cm) is
lower in CS than in GR and NG and, as expected, the
reduction of Cm is roughly proportional to the losses of
TOC and LFC, the substrate for microbial mineralization
of carbon. A close link between heterotrophic soil microbial activity and labile organic fractions was reported, in a
wide range of soils, by Zak et al. [28] and Brooks et al. [29].
No significant differences were detected between GR and
NG for the mineralized carbon.
An approach of considerable value for obtaining insights into the biology of the organic matter decomposition process is the fitting of mathematical models to estimate constants that describe the rate of organic C loss and
predict the ability of soils in supplying the potentially
mineralizable organic C, and, more generally, the organic
matter balance. Among the numerous mathematical methods reported for C mineralization in soil [30], the simple
first-order model was chosen for its simplicity and versatility as well as for providing a good fit to the experimental data (R2>0.99) (Tab.2).
Potentially mineralizable C (C 0) values obtained by
the model ranged from about 0.24 for CS to 0.87 g·kg –1
for GR. Not surprisingly, there was a close positive relationship between the potentially mineralizable C and the
light fraction C (Table 1), that constitutes an intermediate
between plant material and humified organic matter [2].
In order to evaluate the potentially mineralizable C in

direct proportion to the soil organic C and the labile fraction C, the parameter was normalized in relation to TOC
and LFC. The ratio of C0 to TOC varied from 4.6 for GR
to 2.4 g·kg-1 of soil for CS, with the same trend for C0
values, while the ratio of C0 to LFC varied from 6.9 for
GR to 18.5% for CS, with a trend opposite to that of C0.
This result may signify the greater resistance of recalcitrant materials of the LFC in the site under the perennial
crop GR. This last result is confirmed by the trend of the
mineralization rate k, which was lower in the GR. This
suggests that microbial respiration metabolizes organic C
compounds with a different degree of availability. Table 2
also shows the data relative to the initial potential rate of
C mineralization (C0k) which, as reported by Riffaldi et
al. [30], can be a more precise estimate than the individually examined parameters. This estimate shows a close
relationship with both the total amount of C mineralized
by the end of incubation Cm (Tab. 1) and the potentially
mineralizable C0 (Tab. 2).
Since enzyme activities provide a sensitive measure
of changes in microbial and biochemical activity in a soil
and are affected by farming practices [27, 31], in our study
some enzyme activities were investigated (Tab.3). Dehydrogenase, only occurring within living cells, is a valuable
indicator of the overall microbial activity in soil [32]; ßglucosidase is a key enzyme in cellulolitic activity and was
chosen for its critical role in releasing low molecular
weight sugars, the energy source for microorganisms; catalase is the intracellular oxireductase enzyme which can
remain active outside microbial cells [33]; fluorescein
diacetate hydrolysis by soil samples has been considered to
be an index of the overall enzyme activity [34], because
such hydrolysis is carried out by a variety of enzymes.
With the exception of catalase, that presents a definite
significant trend in values: GR>NG>CS, all the enzyme
activities show the same pattern without significant difference between GR and NG (Table 3). All enzyme activities
were lower with more intensive cultivation (CS) compared with the undisturbed site (NG). These data are in
accordance with the results of Riffaldi et al. [6, 22] and of
Bandick and Dick [35], who found lower enzyme activities in intensively cultivated soils than in undisturbed
land. The general highest value of all enzyme activities in
GR compared to the other sites may be attributed to the
highest values of TOC, LFC and especially of DOC (Table 1), that plays an important active role as substrate for

TABLE 2 - Parameter estimates according to the first order model for the C mineralization in the agricultural systems.
Type of management
–1

GR
CS
NG

g Kg soil
0.87±0.020* a
0.24±0.005* b
0.62±0.014* a

C0
%TOC
4.6 a
2.4 b
4.5 a
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%LFC
6.9 b
18.5 a
11.5 ab

k
day-1
0.061±0.003* b
0.111±0.005* a
0.084±0.004* b

C0·k

R2

0.053 a
0.026 b
0.052 a

0.998
0.994
0.996
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*Standard error; Symbol definitions: C0: potentially mineralizable carbon, k:mineralization rate, C0·k: initial potential rate of C mineralization, R2 =
coefficient of determination
TABLE 3 - Enzyme activities and biological indexes of the soil fertility in the agricultural systems.
Type of management

Dehydrogenase (DHA)
mg TPF Kg-1 of soil h-1

Catalase (CA)
O2 % g-1 of soil 3 min-1

β-glucosidase (GL)
mg PNF Kg-1soil h-1

FDAase
mg fluorescein Kg-1of
soil h-1
340.0 a
219.5 b
311.4 a

GR
6.9 a
2.1 a
220.0 a
CS
2.6 b
1.2 c
60.6 b
NG
6.6 a
1.8 b
178.0 a
*See Materials and Methods for measurement units.
Means in the same column that do not contain the same letter are significantly different at the 5% confidence level .

microorganisms. Among the enzymes tested, the catalase
activity seems the most suitable indicator for differentiating
soil quality in the three agricultural systems. The present
investigation corroborates previous data on catalase activity
reported by Riffaldi et al. [22] in a study on long-term agricultural management, constituted by natural grass, orangegrove, winter wheat and a horticultural crop.
Table 3 also reports two soil quality indices developed
by using biochemical properties, such as enzyme activities,
to address important ecological functions, such as the biological index of fertility (BIF) [19] and the metabolic potential (MP) [20]. The BIF was greater under NG and GR
compared to CS, confirming the observed low level of
metabolic activity in the intensively tilled site. This pattern is in accordance with the findings of Riffaldi et al.
[22] concerning the impact of four long-term agricultural
systems on an andosol in a semiarid area of eastern Sicily.
The metabolic potential (MP) showed a different pattern. The highest value of the index was in the undisturbed
soil NG, in accordance with the finding of Saviozzi et al.
[8], who reported a low MP in soil cropped with corn compared with adjacent grassland site. Since the dehydrogenase
activity of GR was similar to that of NG, the lower value of
MP in GR than in NG can be attributable to the very high
amount of the water soluble organic substrates (DOC) of
this site. Although showing the highest value for the undisturbed soil, the MP index was not able to identify differences between GR and CS sites, compared with the BIF
index in estimating the soil quality differences induced by
cultivation and soil management practices.

BIF*

MP*

6.2 a
2.5 b
5.9 a

27.0 b
45.9 b
94.3 a

- The GR was also characterized by greater basal respiration, metabolic quotient (qCO2), enzyme activities as
well as by higher biological index of fertility (BIF). Similar metabolic potential (MP) and lower carbon mineralization rate (k) were found.
- Some of the indicators used for evaluating differences in soil quality in GR and CS, as TOC, LFC, DOC,
catalase activity and BIF, were suitable for differentiating
GR and natural grassland NG, with the former system
always showing the best results.
- Although it is hazardous to generalize results which
have been obtained only on one type of soil, and of a
specific climatic area, the cropping giant reed, considered
as one of the most promising grass species for non-food
uses, such as energy, pulp and paper production, is able to
improving soil quality.
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4. CONCLUSIONS
The results of the present study are sufficient to differentiate the soil quality characteristics of the three systems and to draw some conclusions:
- In comparison with the cropping sequence (CS), the
continuous giant reed cropping (GR) showed a greater
content of organic matter in the forms of total (TOC), light
fraction (LFC), dissolved (DOC), evolved CO2 (Cm), potentially mineralizable carbon (C0), microbial biomass (MBC),
basal respiration and initial potential rate of C mineralization (C0k).
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ABSTRACT

versely, most of trivalent chromium is less soluble and less
toxic than Cr(VI) [3]. Considering the toxicity and mobility

A continuous stirred polyvinyl chloride (PVC) hollow
fiber membrane biofilm reactor (MBfR) was investigated
to remove Cr(VI) from the contaminated drinking water.
Under the conditions of hydraulic retention time (HRT) of
2.5 hours, the reactor was operated over 180 days with
varied influent Cr(VI) concentrations and hydrogen pressures. The result showed that the system was very effective in reducing Cr(VI) to Cr(III). The bio-reduction of
Cr(VI) was significantly affected by the influent chromate
loading, and the remove efficiency of Cr(VI) was achieved
as high as 72.6% with influent concentration of 200 µg
Cr/L and hydrogen pressure of 0.05 MPa. The nitrate and
sulfate fluxes together accounted for over 99% of the total
electron equivalent flux, which indicated that the total demand of hydrogen was controlled by sulfate and nitrate
reduction, especially by nitrate reduction.
KEYWORDS: chromate; bio-reduction; membrane biofilm reactor;
polyvinyl chloride membrane; hydrogen

1. INTRODUCTION
Chromium (Cr) compounds are widely used in many
industrial and commercial processes, including electroplating, leather tanning, ore and petroleum refining, textile manufacturing, wood preservation, inorganic chemicals and
pulp production, and many other metal finishing industries [1]. The widespread use of this heavy metal has resulted in chromium contaminated soil and ground water in
many areas. In the natural environment, chromium is found
in trivalent (Cr(III)) and hexavalent (Cr(VI)) forms. Cr(VI)
is highly water-soluble, highly toxic, mutagenic and probably carcinogenic and mutagenic effects [2]. The maximum
contaminant level (MCL) for groundwater is 100 µg/L total
chromium in the United States (US EPA, 2003). Con-

* Corresponding author

of Cr(VI) in the environment, its removal or transformation to less mobile and less toxic Cr(III) is important
for remediation of Cr(VI) contaminated waters. Therefore, re-duction of Cr(VI) to innocuous Cr(III) rapidly and
econo-mically has become the key point of remediation
strategies of Cr(VI) contaminated waters.
Some of the existing methods for the treatment of
chromate contaminated groundwater include chemical, electrochemical reduction and precipitation, ion exchange, reverse osmosis, and membrane filtration [4-7]. These physicochemical methods are more effective for removing Cr(VI),
but are relatively expensive and generated secondary wastes
that require subsequent disposal [8].
Recently, bio-reduction of Cr(VI) to less toxic and less
mobile Cr(III) has received considerable attention as a viable method of remediation. Some microbial species can
utilized Cr(VI) as a terminal electron acceptor in their respiratory process and transform Cr(VI) to Cr(III) compounds
[9-12]. Previous researches mainly focused on the isolated
microbial species and used organic matters as electron
donors [13-16]. Hydrogen, as an alternative electron donor,
has been extensively researched in the autotrophic bio-reduction processes, which is clean, cheaper, nontoxic, lower
biomass yield, and without a residual [17-19]. Cr(VI)-reducing bacteria are widespread, which can use hydrogen
as an electron donor [20].
To date, a few of bubbleless gas-permeable membranes
have been used for hydrogen delivery, such as a doubleskinned polyethylene fiber with a dense internal polyurethane layer (1 µm) [21], polypropylene [17], siliconecoated reinforced fiberglass fibers [22], silicone-coated
ferro-nickel slag [23]. Although such technology is conceptually promising, there are some challenges to be overcome for the robust reactor development, such as the limit
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of gas diffusion by the mineral sedimentation and biofilm
layer [24], deterioration of denitrification performance
caused by biofilm sloughing from the membrane [25]. Polyvinyl chloride membrane (PVC), as a synthetic premise
plumbing materials, was extensively used in homes and
distribution systems [26], and was safety to groundwater.
While PVC membranes were normally used as ultrafiliter
(UF) in water treatment [27], and they were seldom used
as attaching membranes for the biofilm in water purification. With the excellent performance of gas diffusing and
the cost-effective of membrane fabrication, PVC membrane
would be a powerful alternative of attaching materials for
bio-reduction of oxidized metals with hydrogen as electron donor.
The purpose of this study was to introduce a novel
hydrogen-based polyvinyl chloride hollow fiber membrane
biofilm reactor to reduce Cr(VI) in the contaminated groundwater.

H3BO3 (300 mg/L), CoCl2·6H2O (200 mg/L), CuCl2·2H2O
(10 mg/L), NiCl 2 ·2H 2 O (10 mg/L), Na 2 MoO 4 ·2H 2 O
(30 mg/L), and Na2SeO 3 (30 mg/L), respectively. The
feed media was prepared in a 20-L (available volume)
glass bottle, and was purged with N2 gas to eliminate dissolved O2 in the influent. The chromate stock solution contained deionized water with 100 mg/L of Cr(VI) (from
K2CrO4). According the experiment design, a certain volume of chromate stock solution is diluted to the feeding
media. Phosphate buffer (KH2PO4 + Na2HPO4) was used to
keep initial pH value of the influent around 7.2 and prevent pH from sharp rise during denitrification process.
Gauge

Gas sampling port
Gas release

Gas line

H2

Effluent

Gas

2. MATERIALS AND METHODS
Hollow fiber

2.1. Membrane biofilm reactor

The experimental set-up of the continuous stirred MBfR
used in this study is shown in Fig. 1. A transparent plastic
cylinder was used as a hollow fiber membrane reactor, in
which two membrane modules were directly submerged
in the bulk fluid and gas sealed with the plastic ring and
the cap of the reactor (Fig. 1). At the same time, the modules were easily disassembled from the reactor for rinsing
or repairing the membranes when the membranes were
polluted or damaged. The reactor was 22cm in height and
6cm in inner diameter. The system behaved as a completely mixed biofilm reactor because the stirring power
was generated by a magnetic stirrer set in the bottom of the
reactor. The hollow fibers were made of PVC with pore
size of 0.01 µm, manufactured by Litree Company (Suzhou,
China). The outside and inner diameters of the fiber are
0.15, and 0.085 cm, respectively, which provides 633.3 cm2
of surface area with total 96 hollow fibers (each module
consisted of 48 hollow fibers). The total available volume
of the reactor system was 560 ml. The void ratio of the
working reactor volume (volume of fiber was 23.7 ml) was
95.8%. A single peristaltic pump (Longer BT50-1J, Baoding, PRC) was used to keep a nitrate-medium-feed rate
of 1.1 ml/min. Pure H2 was supplied to the inside hollow
fibers through a H2 gas tank via a metering value.

Feed pump
Substrate tank
Magentic stirrer

FIGURE 1 - Schematic of the MBfR
2.3. Cultivation of microorganisms, start-up and experimental
conditions

Start-up of the continuous stirred MBfR began when
hydrogen was supplied to the membrane under the hydrogen pressure of 0.03 MPa, and the MBfR was inoculated
with mixed-culture biofilm collected from another bioreactor, in which the autohydrogenotrophic denitrifying bacteria had been acclimated for several months [28]. At the
beginning of start-up, the reactor had intermittently run
for 5 days to establish a biofilm on the membrane surface.
Then, under the flow rate of 3.7 ml/min, the performance
of continuous stirred MBfR was evaluated over 180 days
with varied influent Cr(VI) concentration or hydrogen pressure. The operation conditions of the reactor were listed in
Table 1.

2.2. Synthetic influent

In present study, the components of synthetic influent
for simulating groundwater were KH 2PO 4 (0.128 g/L),
Na 2 HPO 4 (0.434 g/L), MgSO 4 ·7H 2 O (0.2 g/L),
NaNO 3 (0.056 g/L), CaCl 2 ·2H 2 O (0.001 g/L),
FeSO 4 ·7H 2 O (0.001 g/L), and NaHCO3 (0.252 g/L), and
1ml trace mineral solution, respectively. The trace mineral
solution con-sisted of: ZnSO4·7H2O (100 mg/L),
MnCl2·4H2O (30 mg/L),
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TABLE 1 - Operation conditions of the membrane biofilm reactor
I
1-36
500
0.03

Operation period (day)
Influent Cr(VI) (µg/L)
H2 pressure (MPa)
Influent NO3--N (mg/L)
Hydraulic retention time (h)

II
37-63
1000
0.03

III
64-104
1000
0.04
10
2.5

IV
105-148
1000
0.05

V
149-180
200
0.05

3. RESULTS AND DISCUSSION

2.4. Analytical method

All the fluid samples collected from the reactor were
kept in the refrigerator at 4 oC and analyzed within 2 days.
The concentrations of NO3--N, NO2--N, SO42-, S2- and pH
value were analyzed according to Chinese NEPA standard
methods (2002). Total soluble chromium (Cr(VI)+Cr(III))
was determined by ICP-AES (2100DV, Optimam, USA).
The Cr(VI) concentration was analyzed by a diphenyl carbazide method according to Chinese NEPA standard methods (2002). The Cr(III) concentration was determined by
substracting Cr(VI) from total chromium.

Effluent total Cr

1200

3.1. Cr(VI) bio-reduction performance of continuous stirred
MBfR

After the intermittent running of the reactor for 5 days,
the continuous influent began. Under the continuous flow
rate of 3.7 ml/min, the performance of stirred MBfR was
evaluated over 180 days by changing influent Cr(VI) concentration or hydrogen pressure. The performance of MBfR
as a function of time was illustrated in Fig. 2.
In Run I of the first 16 days, there was no Cr(VI) in
the influent in order to get the bioflilm on the membrane
quickly. However, the nitrate was not reduced sufficiently
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FIGURE 2 - The effluent concentrations of Nitrate, nitrite, sulfate, sulfide, Cr(VI), Cr(III), and total Cr in MBfR.

because of the high influent nitrate loading at the period
of film establishing. After 16 days, there was no nitrate
and nitrite in the effluent and the denitrification was going
into a steady period. Then, chromate was added to the feed
at 500 µg/L. There was a obvious reduction of Cr(VI) at
day 27, with the effluent concentrations of 352, 140 µg/L
for Cr(VI) and Cr(III) respectively. For the last period of
Run I, from day 28 to 36, the reduction of Cr(VI) was
achieved basically to a steady state. The average concentrations of Cr(VI) and Cr(III) were 257±10 µg/L, 236±5 µg/L
in the effluent, respectively. Correspondingly, the average
reduction of Cr(VI) was 50.4±2.5%. The total chromate in
the effluent averaged 493±6 µg/L, nearly equal to the concentration of chromate in the influent, which indicated that
there was little or no reduced Cr(III) attached on the film
or contained in the effluent as solid particles [29].

116 to day 151. The average concentrations of Cr(VI) and
Cr(III) in the effluent were 426±13µg/L, 547±40µg/L, re-

After 38 days, the experiment went into Run II with
influent Cr(VI) of 1000 µg/L and hydrogen pressure 0.03
MPa. At the several days of the beginning periods in Run
II, the average reduction of Cr(VI) decreased to 37.5%
from 50.4 % at the last stage of Run I, the main reason
was the concentration increasing on Cr(VI) in the influent
suddenly. Thereafter, the system got a steady effluent at
day 44, and this stage had kept to day 63 when the system
went into Run III. The average reduction of Cr(VI) was
47.9±1.6% in the period from day 44 to day 63.
In the Run III for day 64 to day 104, the hydrogen
pressure increased to 0.04 MPa, and the effluent Cr(VI)
decreased gradually. The average reduction of Cr(VI) at
steady stage was 56.1±2.0%, i.e., a obvious addition compared to Run II, which indicates that the hydrogen was a
critical factor for the reduction of Cr(VI).
The hydrogen pressure increased to 0.05 MPa at Run
IV, and the steady period of the effluent was from day
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spectively. With the comparison to the steady stage of
Run III, the reduction of Cr(VI) increased 1.9%, which
probably suggested that the reduction of Cr(VI) was not
significantly effected by hydrogen when the hydrogen pressure was over 0.04 MPa.
At Run V, from day 149 to day 180, the influent Cr(VI)
concentration decreased from 1000 µg/L to 200 µg/L with
the hydrogen pressure 0.05 MPa in order to evaluate the
performance of MBfR at low chromate loading. The Cr(VI)
concentration in the effluent went into a steady stage at
day 160, and the average concentration of Cr(VI) in the
effluent was 59±19 µg/L, correspondingly, the average
reduction of Cr(VI) was 72.6%, which indicated that a
effective reduction of Cr(VI) could be achieved at low
influent loading of chromate under 0.018 g Cr/m2d.
3.2. Water quality parameters in stable states

state stage in MBfR. With the influent Cr(VI) loading increasing, the Cr(VI) flux increased correspondingly. Here,
the flux (taking nitrate as example, i.e. surface denitrification rate), which was computed by dividing the mass removal rate of NO3--N by the membrane surface area using
the following equation:

Q (C − C )
i i
e
(1)
A
b
Where Qi is the influent flow rate (1/d), Ci and Ce are
the influent and effluent nitrate concentrations (mg NO3-N/l), respectively and Ab is the membrane surface area (m2).
However, under the high influent Cr(VI) loading, the addition of Cr(VI) flux was becoming slow, which suggested
that the influent Cr(VI) loading significantly influenced
the reduction of Cr(VI). The highest Cr(VI) reduction rate
J =

Table 2 summarized the Cr(VI), Cr(III) concentrations
in the influent and effluent, removal of Cr(VI), Cr(VI) flux,
and the removal and flux for nitrate, sulfate at the steady-

TABLE 2 - Summary of Steady-State Results for the Chlorate-Reducing MBfR
Items
Hydrogen pressure（MPa）
Influent Cr(VI) (µg/L)
Effluent Cr(VI) (µg/L)
Effluent Cr(III) (µg/L)
Effluent SO42- (mg/L)
Average removal of NO3--N (%)
Average removal of SO42- (%)
Average removal of Cr(VI) (%)
Cr(VI) flux (g/m2d)
NO3--N flux (g/m2d)
SO42- flux (g/m2d)
NO3--N electron equivalent flux (e/m2d)a
SO42- electron equivalent flux (e/m2d) b
Cr(VI) electron equivalent flux (e/m2d) c
NO3--N in total electron equivalent flux (%)
SO42- in total electron equivalent flux (%)
Cr(VI) in total electron equivalent flux (%)

Steady stage (day)
I:28-36
II:44-60
0.03
0.03
519.0
1030.3
257.3
536.0
235.5
438.4
70.9
72.3
99.7
98.3
10.7
8.7
50.4
47.9
0.022
0.042
0.835
0.826
0.640
0.523
0.298
0.295
0.053
0.044
0.001
0.002
84.5
86.5
15.1
12.8
0.4
0.7

of 0.050 g Cr/m2d and the Cr(VI) removal efficiency of
58.1% were reached at influent concentration of 1000 µg
Cr/L. While, the fluxes of nitrate and sulfate were comparatively steady. In addition, the fluxes of nitrate and
sulfate accounted for a big portion, for instance, at least
96.5% of the total flux in quality, which suggested that
the supplied hydrogen was almost utilized by the reduction of nitrate and sulfate. This also can explained by the
electron equivalent fluxes analysis, nitrate electron equivalent fluxes were the most in the total electron equivalent
fluxes, accounted for over 80% in all the steady states; the
next were sulfate electron equivalent fluxes, about 10~20%
in the sum; and the Cr(VI) electron equivalent fluxes were
minimum, under 1% in sum in all the steady states. The
average removal of sulfate was around 10% with no sulfide in the effluent. The probable reason was that sulfide
was easily to form precipitation of metal-sulfide solids
with influent cation Fe, Zn, and Ni.

III:70-104
0.04
1019.3
447.3
550.9
72.0
98.8
9.1
56.1
0.048
0.834
0.547
0.298
0.046
0.003
86.0
13.2
0.8
a

IV:116-148
0.05
1016.7
426.3
547.1
69.5
98.5
13.1
58.0
0.050
0.829
0.762
0.296
0.063
0.003
81.7
17.5
0.8

V:162-180
0.05
216.2
58.8
144.9
70.5
98.9
11.4
72.6
0.013
0.837
0.673
0.299
0.056
0.001
84.0
15.8
0.2

calculated

J e - Cr(VI)

by

Influent flow rate (Q) × removed Cr 6 + (ΔS ) , where Q is
=
Area of biofilm surface (AB ) × EWChromate

in m3/d, △S is in g Cr(VI)/m3, AB is in m2, EWChromate is
52 in g Cr(VI)/3 e- equivalent for reduction if Cr(VI) to
Cr(III), and J is in g Cr/m2·d. We assume three electrons
per mole for Cr(VI) reduction to Cr(III).
b

calculated

by
−

J e−NO − =
3

Influent flow rate (Q) × removed NO3 - N (ΔS )
,
Area of biofilm surface (AB ) × EWNitrate

where

Q is in m3/d, △S is in g NO3--N/m3, AB is in m2, EWNitrate
is 14 in g NO3--N/5 e- equivalent for reduction if nitrate to
nitrogen gas, and J is in g NO3--N/m2·d. We assume five
electrons per mole for nitrate reduction to nitrogen gas.
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calculated

by
(ΔS ) , where

[4]

Njau, K.N. and Janssen, L.J.J. (1999). Electrochemical reduction of chromate ions from dilute artificial solutions in a GBCreactor. Journal of Applied Electrochemistry 29, 411-419.

Q is in m3/d, △S is in g SO42-/m3, AB is in m2, EWSulfate is
96 in g SO42-/8 e- equivalent for reduction if sulfate to sulfide, and J is in g SO42-/m2·d. We assume 8 electrons per
mole for sulfate reduction to sulfide.

[5]

Frenzel, I., Holdik, H., Barmashenko, V., Stamatialis, D.F.
and Wessling, M. (2006). Electrochemical reduction of dilute
chromate solutions on carbon felt electrodes. Journal of Applied Electrochemistry 36, 323-332.

[6]

Loyaux-Lawniczak, S., Refait, P., Lecomte, P., Ehrhardt, J.J.
and Genin, J.M.R. (1999). The reduction of chromate ions by
Fe(II) layered hydroxides. Hydrology and Earth System Sciences 3, 593-599.

[7]

Gui, L., Yang, Y. and Gillham, R.W. (2007). Reduction of
chromate by granular iron in the presence of dissolved CaCO3. Water-Rock Interaction, Vols 1 and 2, Proceedings,
1549-1552.

[8]

Chen, J.M. and Hao, O.J. (1997). Biological removal of
aqueous hexavalent chromium. Journal Of Chemical Technology And Biotechnology 69, 70-76.

[9]

Shen, H., Pritchard, P.H. and Sewell, G.W. (1996). Microbial
reduction of Cr(VI) during anaerobic degradation of benzoate. Environmental Science & Technology 30, 1667-1674.

2−

J e−SO

4

2−

=

Influent flow rate (Q) × removed SO 4
Area of biofilm surface (A B ) × EWSulfate

4. CONCLUSION
The present study indicted that the continuous stirred
Polyvinyl chloride MBfR can be used effectively for bioreduction of chromate from Cr(VI) to Cr(III) in contaminated groundwater. Under the conditions of hydraulic retention time (HRT) of 2.5 hours, the reactor was operated
over 180 days under the conditions of varied influent Cr(VI)
concentrations and hydrogen pressures. The bio-reduction
of Cr(VI) was significantly improved at lower influent
chromate loading, and the removal of Cr(VI) was achieved
as high as 72.6% with influent concentration of 200 µg
Cr/L and hydrogen pressure of 0.05 MPa. The highest
Cr(VI) reduction rate of 0.050 g Cr/m2d and the Cr(VI)
removal efficiency of 58.1% were reached at influent concentration of 1000 µg Cr/L.
Performance analysis of the continuous stirred Polyvinyl chloride MBfR on the steady-state stages demonstrated
that nitrate and sulfate electron equivalent fluxes together
accounted for over 99% of the total electron equivalent
flux, which indicated that the total demand of hydrogen
was controlled by sulfate and nitrate reduction.
In summary, the experiment proved that bio-reduction
of Cr(VI) using hydrogen-based polyvinyl chloride MBfR
is feasible, and provided some important operational parameters for its application.
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FOREST ECOSYSTEM DATA MANAGEMENT THROUGH
WEBGIS WITH APPLICATION IN ELATIA FOREST, GREECE
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ABSTRACT

1. INTRODUCTION

Sustainable management of forest ecosystems is
essential for their future survival and evolution. Ιn Greece,
where the rate of deforestation is increasing every year,
forest management is scheduled in 10-year plans. New
technologies and evolving needs create the necessity of
significant improvements in respect to regulations and
methods of application in order to conform to international
standards. A critical point in this case is the utilization of
existing data which usually are in different and incompatible
formats and are also lacking of any kind of metadata information. Having said that, in the framework of developing
a more effective way of forest data management, a
methodological approach is proposed. It is based on
analogue and digital data evaluation, classification, updating
and processing through GIS technologies serviced by an
internet platform (WebGIS). Data access and utilization is
through a WebGIS application built specifically for this
purpose. The proposed methodology is applied in the area
of Elatia forest in Drama, Greece where forest management
plan data in analogue form, forest and topographic maps
and collected field data were used. As resulted, the proposed
methodological approach gives the ability to evaluate
existing data in order to be used and periodically updated.
Moreover, through the platform developed, forest management experts can have remote access to forest ecosystem
data reducing overall costs and time needed and helping
effectively manage forest ecosystems. The WebGIS system developed can be accessed equally by non expert GIS
users so it helps improve data and result dissemination
thus raising public awareness.

Forest ecosystems are a renewable resource which has
a significant economic, social and environmental impact.
The ever growing human needs for forest products, combined with the high sensitivity of the environment and its
significant degradation, make the implementation of more
effective forest management scenarios even more necessary. Decision support systems cannot be effectively used
due to the lack of adequate data both in terms of quantity
and quality [1,2]. Data available are stored in various ways
usually incompatible to each other, in analogue and in
digital format. Bringing data to a certain type or format so
that they can be effectively used is an elaborated and time
consuming procedure.
On the other hand, the proper use of forest data is essential for a more rational management of forest resources,
both financially and ecologically [3]. Due to the spatial
character of forest data, traditional desktop Geographic
Information Systems (GIS) have been used in storing, processing, visualizing, analyzing and updating datasets [4].
Moreover, new technologies during the last recent years
have given the ability to store, evaluate, process, update and
distribute digital data, leading to the development of applications/decision support systems in various scientific
fields [5,6]. The use of Web based GIS services (WebGIS)
in forestry offers certain advantages including:
• Easy access to up to date forest information. Maps
generated automatically from forest stand databases,
can display information in real time. Moreover they do
not need to be printed, mastered and distributed in any
other way.
• Hardware infrastructure for WebGIS applications is
fairly cheap.

KEYWORDS: WebGIS, web mapping, Geographical Information
System, forest management, Elatia.

• Software needed can be commercial or free (opensource software products).
• Data and results can be accessed through web browsers and various operating systems.

* Corresponding author

• Geodatabases can combine distributed forest data from
different sources although data accuracy and credibility
is sometimes questionable and poses a serious problem.
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• There can be a significant reduction of time and expenses needed when the same geodatabase is used by
the various forest services.
Having said that, WebGIS applications have not been
widely used in order to manage forest ecosystem data and
to support relative decisions, in Greece.
So, as WebGIS can strengthen interdepartmental
communication by facilitating information and data sharing and also bring the “real image” to public, it seems to
be the future in forest resource management and an invaluable decision making tool for the country [7,8].
The objectives of the present paper include the development of a methodology to gather, and assess the credibility and accuracy of forest data, and the development of
a WebGIS system for forest data processing and forest
management. The methodology and the WebGIS platform
developed were evaluated using data from Elatia forest in
northern Greece.

vegetation consists of oak forests (Quercus spp.) at low
altitudes, beech forests (Fagus spp.) at intermediate altitudes and coniferous forests with spruce (Picea abies L.)
and forest pine (Pinus sylvestris L.) at higher altitudes.
Other species found in the area include firs (Abies alba &
Abies borisii-regis), black pines (Pinus nigra L.), cedars
(Cedrus spp.), poplars (Populus spp.), willows (Salix spp.)
rowans (Sorbus spp.), elderberries (Sambucus spp.), wild
roses (Rosa spp.), blueberries (Vaccinium Myrtilus L.) etc.,
and a multitude of wildflowers and mushrooms can also
be found.
The climate of the broader region is akin to the transition between the Mediterranean and central European, with
continental tone. The temperature range is wide with an
average annual temperature of 9oC and average rainfall
from 1200 to 1500 mm depending on the altitude. In the
research area, the period during a full year when climatic
conditions are favourable for plant growth (growing season) lasts for six months; from mid-April to mid-October.
2.2. Data Sources

2. MATERIALS AND METHODS
2.1. Study area

The study area is part of the Elatia forest, which is located north of Drama, at the Greek-Bulgarian border, between longitudes 24o16´27˝ and 24o25´02˝ east and latitudes 41o24´51˝ and 41o31´33˝ north (Figure 1).
The study area is approximately 69.93 Km2 in size
and includes over 700 flora species, many of which are
endemic on the Balkan Peninsula or rare in Greece. The

The Elatia “forest management plan” [9] which included a large number of relative technical reports (120)
an equally large number of various types of maps (150),
tables and field notes was used as analogue data source.
Detailed data for 150 forest sections in analogue form, regarding vegetation, site quality, timber stock, stand form
(pure or mixed), soil type and forest maps at a scale of
1:20.000 were collected, digitized and evaluated in terms
of credibility and accuracy.

FIGURE 1 - Location map of the study area.
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The problem of using these maps was the lack of grid
coordinates making their utilization in the Geographic
Information System developed, difficult. Georeferencing
in this case was conducted through control points found in
the maps (road crossings, hydrology network, landmarks,
etc.) and ground truthing (gps coordinates taken in the
field). Moreover Landsat TM satellite images and topographic maps digital data were used in order to update
analogue information.

satellite image data. All data were georeferenced to the
Hellenic Geodetic Reference System 87 with a mean
RMS error of 5.02 m, which is considered an acceptable
value for the scale of the maps used.

2.3. Forest data GIS development

Spatial accuracy of the layers created was assessed by
comparing layer data to field and GPS measurements. The
symbology used was adapted to Greek Ministry of Agriculture provisions and a template was created using the
adopted symbology.

Analogue and digital data were imported in a geographic database developed for that purpose. Data credibility and accuracy was assessed both in terms of quality
and spatial reference (Figure 2) by ground truthing and

Geodatabase information included forest sections and
subsections (forest stands), vegetation types, site qualities,
habitats[10], road network, soil types, urban boundaries,
contour lines and elevation points. Digitization was conducted on a forest stand basis (Figure 3).

FIGURE 2 – Work flow diagram of the procedure taken. 1rst stage: Purchased, collected or produced forest data credibility and accuracy
assessment, 2nd stage: Data interoperability, management and processing, 3rd stage: Custom applications and presentation through WebGIS
services.

FIGURE 3 – Collected purchased and produced data credibility and accuracy assessment leading to data interoperability on a “forest stand”
basis.
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FIGURE 4 – System architecture. The system comprises of three interconnected
layers (tiers): Data Collection, Data Services and Application and Presentation layer.

2.4. WebGIS developement

In order to manage the forest data collection, through
a real time web-based GeoInformation System, the system’s architecture, illustrated in Figure 4, is proposed. It
should be stressed that the schematic, the terminology and
components analysis following, is mainly based on proven
commercial products.
The adapted System Architecture is a typical multitier/multi layer architecture customised to meet the proposed system requirements. It is introduced, in terms of
its physical components, through three major tiers including: a) The Web Server, b) The Internet Map Server that
includes an application and a spatial server and c) the
Geospatial Database server. From a “logical composition”
perspective, the system consists of three layers (components): a) the Data Collection layer, b) the Data Services/
Application layer and c) the Presentation layer [5, 11, 12].
The Data collection layer is used to introduce any kind of
form or type of data to the system, the Data Services/ Application layer includes the required processing algorithms
and forest management models in the form of tools developed and the Presentation layer includes custom client
applications for data and result presentation in various
forms (tables, charts, maps).
The software used for the proposed system development included ArcGIS Server, Microsoft NET framework
and Internet Information Server (IIS).

ered as an isolated system when developing strategies for
its exploitation and management. Purchased, collected or
produced forest data have to be accessible by scientists
actively involved in forest management so that efforts to
find data can be minimized increasing productivity. Moreover, raised public awareness can greatly help protect
forest valuable resources in many ways.
A forest management system like the one proposed can
greatly help meet the above requirements in a very effective and economic way provided that problems regarding
the availability, quality, organization, accessibility and
sharing of forest spatial information are solved. Solving
these problems requires measures that address exchange,
sharing, access and use of interoperable spatial forest data
and spatial forest data services across the various levels of
access regarding public authority and across different public sectors.
The methodology proposed presents a direction towards meeting these requirements. Analogue and digital
data from different sources can be standardized and corrected so that data interoperability can be achieved.
Moreover, the system developed enables the user to
perform spatial queries (Figure 5) regarding quantitative
as well as qualitative forest management parameters and
also to generate various types of thematic maps for viewing or printing.
Some of the features of the Web Geographical Information System developed are:

3. RESULTS
An up-to-date forest management must ensure the
sustainability of forest resources and ecosystems, providing at the same time support for the social and economic
structures that rely on them. It cannot therefore be consid-
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•

Adaptability to user needs.

•

Conformity with national and EU provisions and
directives regarding the use of Geographic Information Systems, data and maps.

•

Ease of use for non-expert users.
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FIGURE 5 – Forest data spatial query on a forest stand basis. The user can browse the data through the Map Contents (bottom left window)
and look at the query results (top left window) while at the same time the results are displayed in the Map window.

•

Ability to integrate various types of data.

•

Capability to analyze and to model data.

•

Application of simulation models (growth simulation models (s.m.), forest fire s.m. etc.), credibility and accuracy assessment and model calibration.

•

Data and result presentation in various forms (tables, charts, maps).

4. CONCLUSIONS
A methodology is proposed for forest data standardization, credibility and accuracy assessment in order to ensure data interoperability within a WebGIS environment.
Data standardization conforms to INSPIRE directive [13]
and Greek National Regulations for data use. Data credibility and accuracy are evaluated through field observations, GPS measurements in control points and comparison between relative thematic maps.

it can help manage, query and summarize spatial and
attribute data even at a “stand” level. It can therefore be
used as a valuable tool for decision making regarding forest
management; reducing at the same time economic costs
and time needed.
Moreover, the WebGIS platform developed can be
adapted to user needs, it conforms to standing National and
EU regulations, it can integrate various types of data, it can
be used to apply various forestry related simulation models and it can be easily accessed both by expert and novice users.
Public access to forest data and maps through the proposed Web service, can dramatically increase the public
awareness regarding relative environmental problems thus
helping preserve this valuable natural resource.

The WebGIS platform developed was evaluated using
data from Elatia forest (Northern Greece) and proved that
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DETERMINING FLOTATION CONDITIONS
OF ZINC WITH COPPER α-BENZOIN-OXIME
Seda Karayünlü and Ümit Ay*
Kocaeli University, Faculty of Science, Department of Chemistry, 41380 Umuttepe-Izmit/Kocaeli, Turkey

ABSTRACT
Precipitation flotation conditions of zinc which is an
essential element for living organisms are determined by
using copper-α-benzoin-oxime as a new type of carrier. The
effects of pH change, amounts of α-benzoin-oxime and
copper and formation period of related complexes as well
as the effect of various other metals are reported. With
this method, concentration of zinc was increased 20 times
together with 95% recovery. The detection limit for zinc
was found to be 1.575 µg/L by use of flame atomic absorption spectrometry.

KEYWORDS:
Zinc, drinking water, flotation, copper alpha-benzoin-oxime, AAS.

1. INTRODUCTION
Zinc is present in several foodstuffs and the environment allowing plenty of samples for its analysis [1]. Zinc
has an important role in terms of health and well-being,
and it is a mineral that needs to be present in almost all
living cells [2] as it is used as enzyme activator for several
enzymatic reactions in the human body. Toxicity level of
zinc and many zinc compounds is usually low. Very high
doses of zinc have negative impact on all creatures as well
as on the environment. Pre-concentration or separation must
be applied for analytic determination when very low levels
of zinc are to be determined since natural abundance is
usually low. Voltammetry, flame atomic absorption spectrometry (FAAS), graphite furnace atomic absorption spectrometry (GFAAS) or induced plasma atomic emission
spectrometry (ICP-AES) are frequently used methods to
determine zinc levels. With reported zinc determination,
limits are 8.0 ng/ml Zn for FAAS, 1 ng/ml Zn for GFAAS
or 0.05-1.3 ng/ml Zn for ICP-AES, respectively [3]. Flotation method is proven to be simple when compared to other
* Corresponding author

pre-concentration methods, such as liquid–liquid extraction,
ion change and co-precipitation. Therefore, it is especially
advantageous in saving time and resources when working
with large volumes of samples [4]. Flotation techniques
were originally developed for enriching low concentration
of heavy metals in natural waters. It is also possible to
separate and pre-concentrate metals by using ion flotation
method, as phenyl benzoquinone monophenyl thiosemicarbazone and zinc are enriched and separated from human
bio-liquid and pharmaceutical samples by means of this
method [5]. Precipitation flotation method found applications from determining fluoride levels from wastewaters
to producing semi-conductors containing fluoride [6]. There
are a number of studies reported in literature separating zinc
by means of colloidal precipitation flotation with collectors, such as iron (III) oxide and aluminum (III) oxide, or
ion flotation with dithiocarbamate derivatives. Cundeva
and Stafilov [7] studied pre-concentration of zinc by using
colloidal precipitation flotation,and determined its level
by flame atomic absorption spectrometry. Both iron (III)
oxide and iron (III) tetra-methylene-dithiocarbamate are
used as colloidal collector reactives. Iron (III) oxide is used
as the first collector reactive during co-precipitation at the
time of induction, whereas iron (III) tetra-methylene-dithiocarbamate is used as the second collector reactive for improving pre-concentration. As being robust, fast and costeffective, colloidal precipitation flotation ensures easy separation and concentration of heavy metals from sample matrix. For example, the readings on AAS, Cd, Cu, Fe, Ni, Pb,
Zn and Tl, are separated and concentrated by the use of
this method prior to determining their levels by using cobalt hexa-methylene-dithiocarbamate as collector reactive
during pre-concentration [8]. Likewise, it is proven that
cobalt (III) hexa-methylene-dithiocarbamate can be used in
flotation method as collector reactive during pre-concentration for nickel, iron and lead ions in waters before determination on AAS [9]. In this study, copper α-benzoinoxime is used as a carrier to enrich zinc concentration and
improve flotation conditions. High levels of recovery, short
process durations, low quantities of chemicals used, and
cost-effective equipment can be listed as advantages of
the proposed method. Although, the chelating agent has
been used with different methods to determine other metals, this is the first time, it has been used to determine Zn
concentration.
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2. MATERIALS AND METHODS
2.1. Reagents

Zinc standards were prepared from 1000-ppm zinc
stock solution. Copper solution was prepared from
Cu(NO 3)22.5H 2O (Merck) solid. 0.05% α-benzoin-oxime
(Merck) was prepared by dissolving it in 0.25 M NaOH
(Merck) solution, and pH value of the environment was
adjusted with NaOH and HNO3 solutions. The ionic intensity of the environment was ensured with saturated KNO3
(Merck). 0.5 % of sodium dodecyl sulphate (NaDDS) used
as surface active substance was prepared in ethanol solvent
of 96%. 0.1 M NH4NO3 (Merck) solution was used for
elution and 4 M HNO3 (Merck) and concentrated HNO3
for dissolving the precipitate formed. Ethanol and concentrated HNO3 solution were used for cleaning the colon at
the end of flotation. All solid chemicals were of analytical
purity and de-ionized water was used during all experimental stages. A simple procedure was applied for analyzing zinc in drinking waters. Drinking water samples were
collected from Anatolian Side of Istanbul and İzmit
Umuttepe region. For this purpose, polyethylene tanks
were pre-processed with concentrated HNO3 and washed
with de-ionized water. Water samples were filtered to
eliminate possible impurities.1 ml of concentrated HNO3
(68%) was added to water samples in order to prevent
possible hydrolytic precipitation of some mineral salts,
and it was ensured that water samples are kept within the
pH range of 2–3 providing protection for the samples.
2.2. Apparatus

A colon having a length of 70 cm and a diameter of
4 cm was used for flotation. Filtering funnel number 4 was
attached to the end of the colon. This system was placed on
a desiccator with a grinding cover and side outlet. A pHmeter (Hanna pH 211) with combined glass electrode was
used for pH measurements. Kika model magnetic mixer
and an Ulvac brand vacuum pump were also used. Zinc
quantity analysis was conducted with a Perkin Elmer model
Flame AAnalyst 800 Atomic Absorption Spectrometer (see
Table 1).
TABLE 1 - Optimum conditions of the
instrument for determining zinc metal with FAAS.
Parameters
Analyte
Wavelength (nm)
Lamp current (mA)
Spectral width slit(nm)
Flame
Acetylene flow rate (L/min)
Background correction
Time of measurement (sec)

Zn
213.9
15
0.7H
Air / acetylene
2.0
On
3

the purpose of adjusting the intensity. 0.5 ml of 0.05% αbenzoin-oxime was added, and then pH was brought to
10.25 with 0.25 M NaOH, and 2500 µg Cu+2 were added.
This was followed by the addition of 1 ml 25 ppm Zn+2
to standard solution. The whole solution was mixed for
15 min during which blue–green precipitation was observed. Changes of pH which occurred during the precipitation formation were adjusted with diluted NaOH and HNO3
solutions. At the end of this duration, 1 ml of 0.5% NaDDS
was added, and it was mixed for one more min but then the
magnetic mixer was turned off. Beaker, magnet and surface
of the electrode were washed with 0.1 M NH4NO3 solution
in order to clean remaining complexes. Elution solution was
also transferred to the colon. After transferring the solution
and elution solution to the flotation colon, ventilation was
carried out for 1-2 min by means of pendant switch at the
bottom of the colon through which air bubbles were provided. Once it was observed that the complex was formed
(air bubbles in the upper part of colon resembling foam), the
solution was rested until it becomes clear. Subsequently,
vacuum pump was connected to the side outlet of the desiccator and the solution was taken from the bottom part of
the colon and collected entirely in the desiccator apart from
the complexes, as they remained in sintered parts and walls
of the colon. Waste solution in the desiccator located at the
bottom of the flotation mechanism was discharged, and a
graduated cylinder of 100 ml was placed in the desiccator
in a manner that its opening will be to the funnel at the end
of the colon. For the purpose of removing the complex remaining on the colon walls and dissolving the complex, the
colon was dissolved with concentrated HNO3 that was
heated up to a certain level in order to generate 2.5 ml of
vapor. Acid solution collected at the bottom of the colon
was drawn by means of a capillary connected to the end of
pendant switch and colon walls were cleaned once again.
Later on, the colon was cleaned 3 more times with 5 ml of
HNO3 which was heated up to a certain level in order to
generate 4.0 M of vapor. All the complexes on the walls
were thus cleaned. By making use of the vacuum pump,
highly acidic solution was collected in the graduated cylinder placed in the desiccator. The solution in the graduated
cylinder was transferred to a 25-ml volumetric flask, and it
was topped up to this level by adding 4.0 M HNO3 solution
to prepare for FAAS measurement. After each flotation
process, the colon was filled with distilled water twice to
clean it. At the end of an experiment, the colon was cleaned
twice more with distilled water, and this time followed by
ethanol.
3. RESULTS AND DISCUSSION
3.1. Change of pH and Its Effect on Flotation

2.3. Flotation Procedure

When calibration of pH-meter was performed, 500 ml
of de-ionized water was added to a 600-ml beaker, and pH
electrode was submerged into the solution. 3 ml saturated
KNO3 was added to the beaker on the magnetic mixer for

The most important step of this method is the improved step of determining the pH during the co-precipitation step, and pH value indicates the degree and marking of the load on the surface of collector particles. Hence,
pH has a direct impact on complex formation with analyte
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120
100
80

R%

as well as on all types of formation systems and their related quantities, combined with collectors. Furthermore, it has
an impact on the stability of the foam during pH flotation
step and successful separation of solid from liquid phase [8].
pH values lower than 8.0 are not used in this study, since it
was reported that it does not form an α-benzoin-oxime
complex with copper. Therefore, pH is adjusted to 8, 9,
10, 10.25, 10.50 and 11 by using 0.25 M NaOH, and with
diluted HNO3 for the purpose of determining optimum pH
of the flotation process conducted. The amounts of 2.5 mg
copper, 0.5 ml 0.5% α-benzoin-oxime and 1 ppm zinc
appeared to be measures for stability. With lower pH values,
formation of precipitation is not observed. It is specified that
flotation can not be realized due to partial protonation of
surface active substance if pH is between 3–5 in the environment where alcohol solution of sodium dodecyl sulfate
is present, and that metal recovery is increased when pH
is more than 6 [10]. Graph in Fig.1 (pH vs. recoveries calculated from the data obtained from FAAS) shows that the
optimum pH value is 10.25. pH values are adjusted with
appropriate concentrations of NaOH and HNO3. As a
result of the flotation, it is observed that zinc does not
cause white precipitants in the form of zinc-oxide and
zinc-hydroxide even if it is exposed to high levels of pH.
Precipitant color is blue-green at pH 10.25, and the highest recovery is achieved with this value. Zinc ions were
not discovered in the filtrate by using FAAS.
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FIGURE 2 - Optimum copper quantity (flotation conditions; 0.5-5 mg
Cu(II), 0.25 mg α-benzoin-oxime, pH 10.25, 1 ppm Zn(II)).
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FIGURE 3 - Optimum α-benzoin-oxime quantity (flotation conditions; 0.05-0.5 mg α-benzoin-oxime, 2.5 mg Cu(II), pH 10.25, 1 ppm
Zn(II)).

100

R%

80
60
40
20
0

8.0

8.5

9.0

9.5

10.0

10.5

11.0

pH

FIGURE 1 - Optimum pH values (flotation conditions; 2.5 mg
Cu(II), 0.25 mg α-benzoin-oxime, 1 ppm Zn(II)).

at pH 10.25 is present, and the recoveries calculated by
using results obtained from FAAS of α-benzoin-oxime are
displayed in Fig. 3 where it is determined that the optimum
quantity is 0.25 mg. Plenty of agent-forming chelate should
be added in order to form metal complexes in quantitative
terms. As for the impact of collector reactive on the flotation during co-precipitation, it is specified that recovery of
metal under examination is stable after α-benzoin-oxime
quantity increases to a certain level [11].
3.4. Selection of surfactant

3.2. Examining impact of copper quantity

Impact of the amount of copper on the complex formed
with α-benzoin-oxime and on zinc recovery was determined
by adding different quantities of copper (Fig. 2). As a result
of the flotation formed by taking 500 µl from 5 mg/ml
copper solution, the rate of recovery was approximately
95%. Interference of high copper quantity during 20 times
concentration of zinc has an impact on flotation productivity. Copper acts as the carrier element as well as the element
forming collector reactives.
3.3. Determining the optimum of α-benzoin-oxime quantity

At this stage, α-benzoin-oxime quantity in the environment is changed for flotation; a series of flotations
were performed on an environment where 2.5 mg copper

Sodium dodecly sulfate (NaDDS), an anionic surface
active substance, is used in this study. Adding surface active substance provides a significant advantage for turning
hydrophilic parts on the surface of floating types into hydrophobic ones, and for separation of so formed metal chelate from diluted phase on the foam layer [5]. Furthermore,
formation of excessive foam quantity makes it difficult to
take precipitants from the flotation colon, and also dissolution in concentrated nitric acid [12-13]. The same flotation
procedure is performed with linear alkyl benzene surface
active substance which is also an anionic surface-active substance. However, zinc recovery obtained is lower than that
of flotation process performed with NaDDS. Hence, linear alkyl benzene surface active substance is not used for
any other procedure.
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3.5. Complex formation duration

A certain period of time is necessary for forming
complexes on flotation process with co-precipitation.
Complex formation periods of 5, 15 and 30 min were
employed in this study, and it was found that the optimum
zinc recovery is achieved with the period of 15 min. This
period of time was also used on several flotation studies
with co-precipitation reported in the literature [7-11].
3.6. Study of interference with other metals

Utilization of solutions prepared by starting from nitrate salts of cadmium (II) (Cd), lead (II) (Pb), calcium (II)
(Ca) and cobalt (II) (Co) ions and interference of these
metals to the process of zinc determination were investigated. Zinc recovery in the presence of these metals and
their impact on the recovery turned out to be different
from what was originally expected. As it can be seen from
Table 2, zinc recovery is increased if concentrations of
Cd(II), Pb(II) and Co(II) metal ions are increased. However, there is a decrease with Ca(II) metal ions. The reason for this might be that these metals have an impact on
the complex formed by Zn(II) and copper-α–benzoinoxime during co-precipitation. Furthermore, this incident
resembles the impact of salt on extraction techniques. But
this requires a further study.
TABLE 2 - Recovery of Zn when Cd(II),
Pb(II), Ca(II) and Co(II) metals are present.
Metal
Pb(II)
Ca(II)
Co(II)
Cd(II)

Metal Quantity Added (ppm)
5
10
50
5
10
50
5
10
50
5
10
50

Zn(II) Recovery (%R)
60.7
72.8
82.4
68.2
59.9
55.3
89.8
87.9
92.1
70.8
70.2
87.2

is measured by means of adding standards to the samples
analyzed. For this purpose, the known quantities of elements investigated were added to 0.5-L water samples.
20 times concentrated samples were tested with AAS
and results are tabulated in Table 4.
TABLE 4 - Zinc determination of water samples with FAAS.
Sample
İzmit-Umuttepe
Tap water
IstanbulAnatolian Side
Tap Water

Found
(µg/L )
32.00
35.10
39.90
1103
1062
1072

R(%)
97.5
99.8
95.9
96.5

4. CONCLUSION
Co-precipitation process is applied for pre- concentration of zinc with copper-α-benzoin-oxime precipitant reactive. Flotation process is frequently used for pre- concentration of metal ions since it is a cost-effective, easy and sensitive method. Zinc is 20-fold concentrated from a diluted
solution. The conditions required for flotation in order to
pre-concentrate zinc 20 times were established as follows:
10.25 for the pH value of basic medium, 2.5 mg Cu (II)
ion, 0.5 ml 0.05% α-benzoin-oxime and NaDDS surface
active substance. More than 95% zinc recovery is achieved
with these optimum conditions. Furthermore, impact of interference of Pb (II), Ca (II), Cd (II) and Co (II) ions into
flotation conditions are also reported, and it appears that
apart from Ca, the rest have a positive influence with increased concentrations.
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with relative standard deviation as shown in Table 3.
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s (µg/L)
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1107
1111
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ABSTRACT
Based on the lysimeter method, a long-term fertilization experiment was carried out to investigate the effect of
fertilization on paddy soil bacterial diversity. Paddy soil was
treated with urea (UT) and mixed fertilization (MT) (20%
commercial organic fertilizer and 80% urea). The Polymerase Chain Reaction (PCR) and Denaturing Gradient Gel
Elecrophoresis (DGGE) analysis were used to determine
the bacterial diversity. The results suggested that with increasing soil depth, bacterial diversity with UT decreased,
and with MT in 0-10 cm was the highest but in 10-20 cm
was the lowest. The samples in 10-20 and 20-30 cm with
MT had significantly higher bacterial diversity than those
with UT. The correlation analysis revealed that H ʹ′ and
E ʹ′ had significant positive correlation with organic matter content and significant negative correlation with pH in
both fertilization treatments. According to PCR-DGGE
analysis, there was one specific clone found only in each
treatment (#2 in UT, #15 in MT) which had high similarity
with Escherichia-Pseudomonas (97%) and Burkholderia
cenocepacia (99%), and there were two clones that MT
was in dominant position (#5, #16) which had high similarity with Enterococcus faecalis D6 (100%) and Streptomyces ghanaensis (95%). These above results indicated
that MT had more positive impact on bacterial diversity in
the paddy soil than UT, especially in the depths of 10-20
and 20-30 cm.

KEYWORDS: Paddy soil; fertilization; PCR-DGGE; bacterial
diversity; spatial distribution.

1. INTRODUCTION
Fertilization is a major factor in human activities to
change soil environment under agricultural use. For a long
time, a lot of researches have been done to explore the influence of fertilization on physical, chemical and environmental effects [1-3].
* Corresponding author

Recently, a considerable amount of research has been
carried out to show that soil quality can be well described
by structure and function diversity of microbial community [4, 5]. According to Elton’s hypothesis, the diversity is
higher while the ecosystem will be more stable, being
recognized by most scholars [6-8]. Many studies have been
carried out on the impact of fertilization on soil microbes
in agricultural systems [9-11].
Paddy soil is a special soil under long-term hydroponic
use, and rice is an important food crop in China. The blind
pursuit of rice yield causes the increasing amount of chemical fertilizers, and the following environmental and ecological problems catch the scientific community and the
government's growing concern [12]. Microbial diversity and
environmental effects under the high yield and investment
have also attracted the attention of scholars for a long
time [13]. Therefore, the research on the effect of fertilization on paddy soil bacterial diversity and spatial distribution has great theoretical and practical significance.
The Polymerase Chain Reaction (PCR) and Denaturing
Gradient Gel Elecrophoresis (DGGE) have been widely used
as molecular tools to compare and monitor the soil microbial diversity since 1993 when they were introduced in microbial ecology research [14]. Mixtures of PCR-amplified
fragments are carried through a gradient of denaturants in
a polyacrylamide gel, and sequence variations affect positions where migration ceases in the gel. This allows a visual comparison of communities among different samples,
and specific members can be identified by excising and
sequencing bands of interest [15].
In this study, based on the lysimeter method, PCRDGGE analysis was conducted to determine the effects of
fertilization on bacterial community composition and its
spatial distribution. The purpose is to reveal the relationship between rice fertilization and ecological environment,
and to provide a scientific basis for rational fertilization.
2. MATERIALS AND METHODS
2.1 Soil characterization

The soil samples in this study were collected from
three layers (0-10, 10-20, 20-30 cm) in a closed volumet-
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ric lysimeter system consisting of 6 experimental plant
growth units (200 wide×300 long×250 cm deep) at Irrigation Technology Extension Station in Qingpu District,
Shanghai, China.
The soil is purple paddy soil originating from the
swamp, and it belongs to heavy soil. The design for two
fertilization treatments in the closed volumetric lysimeter
system is described in Table 1, and the properties of the
soil are listed in Table 2.
The design for two fertilization treatments has been
practiced for 4 years, and the tested soil samples were
collected on 30th, July, 2010 in baking period.
2.2 DNA extraction

Total soil DNA was extracted from 1 g soil using a
bead beating method (D5625-01 Soil DNA Kit (50),
OMEGA) following the manufacturer’s instructions [16].
Purified DNA was extracted and quantified using image analysis software (version 4.0, Bio-Rad, USA).
2.3 PCR-amplification

The DNA extracted were PCR-amplified with 2 primers as follows: a universal primer complementary to
position 517-534 (5'-ATTACCGCGGCTGCTGG-3') and a
bac-terial one complementary to position 341-358 plus a
GC
clamp
(5'CGCCCGCCGCGCGCGGCGGGCGGGGCG GGGGCACGGGGGGCCTACGGGAGGCAGCAG-3') [17].
The GC clamp (underlined) was aimed to prevent complete melting of amplicons during DGGE [18]. PCR was run
using 25 µl reaction volumes. In each 25-µl reaction, reactant concentrations were 10 ng of DNA template, 1.0 µl
each primer, 0.5 µl dNTPs (Takara), 2.5 µl 10× PCR buffer
without MgCl2, 2.5 µl MgCl2 solution and 5 U Taq polymerase (Takara) in nuclease-free water. The reaction applied
landing strategy [19], and was carried out as follows: 6 min

initial denaturation at 95 °C, followed by 20 cycles of denaturation at 94 °C for 60 s, annealing at 65 °C decreasing
0.5 °C every step of the cycle for 45 s, and DNA extension
at 72 °C for 45 s; then, another 20 cycles of denaturation at
94 °C for 60 s, annealing at 65 °C for 45 s, and DNA extension at 72 °C for 45 s. Cycling was completed by a final
elongation step of 72 °C for 10 min. 5 µl of the amplified
mixture was analyzed in a 1% 1X TBE agarose gel by
electrophoresis before DGGE analysis.
2.4 DGGE analysis

Sequence separation of the amplified mixture was operated by the DcodeTM Universal Mutation Detection system (Bio-Rad). Electrophoresis was performed in a 0.8 mm
thick polyacrylamide gel (8%, w/v), acrylamide-bisacrylamide [37.5:1]), which contains 30-60% urea-formamide
denaturing gradient (100% correspond to 7 M urea and
40% w/v formamide). The 40 µl of amplified mixture was
subjected to a constant voltage of 60V for 12 h at 60 °C in
1× TAE buffer (pH 8.0). After electrophoresis, it was
stained by silver nitrate.
The Shannon–Wiener diversity index ( H ʹ′ ) and homogeneous degrees index ( E ʹ′ ) were used to analyze the
different treatments on the bacterial communities which
were calculated from DGGE band data as follows:
s

s

i =1

i =1

H ʹ′ = −∑ Pi ln Pi = −∑ (Ni N )ln(Ni N )

Eʹ′ = H ʹ′ ln S
S represents the richness or total number of bands; Ni
is the intensity accounted for by the ith band,

N = ∑ Ni .

TABLE 1 - Design for two fertilization treatments unit: kg/hm2).
Treatment
Urea treatment (UT)
mixed treatment (MT)

Fertilizing species

amount of fertilizer

amount of pure N

Urea
Urea
Commercial Organic Fertilizer

830.8
665.2
12142.8

382.5
306.0
76.5

total amount of pure
N
382.5
382.5

TABLE 2 - Physico-chemical properties of the soil tested.
Soil tested

Total nitrogen
(g. kg-1)
1.56

EC
(mS/cm)
0.27

0-10 cm

Organic matter
content (g .kg-1)
24.25

6.65

Total porosity
(%)
51.4

UT

10-20 cm
20-30 cm
0-10 cm

20.62
17.32
24.05

1.21
0.94
1.62

0.18
0.15
0.35

6.72
6.78
6.54

50.8
49.2
53.2

1.37
1.35
1.26

MT

10-20 cm

22.49

1.33

0.22

6.63

51.0

1.33

1565

pH

Soil bulk density
(g. kg-1)
1.41
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1.01

0.19

Note: The values in the table are means of three replicates.
2.5 Sequencing of DGGE bands

Small pieces of DGGE bands were excised using a
sterilized razor blade and transferred to 1.5 ml microcentrifuge tubes. Each band was mashed by a sterile pipette
tip and mixed with 150 µl nuclease-free water, and boiled
for 30 min. A mixture aliquot (5 µl) was taken as a template and PCR-amplified with primer without GC clamp
using 25 µl reaction volumes (see 2.3). The reaction was
carried out as follows: 8 min initial denaturation at 94 °C,
followed by 35 cycles of denaturation at 94 °C for 30 s,
annealing at 55 °C for 45 s, and DNA extension at 72 °C
for 60 s. Cycling was completed by a final elongation step
of 72 °C for 10 min. All the products were checked by
DGGE. Only products migrating as a single band and at the
same position were purified by agarose gel electrophoresis,
and extracted with Gel Extraction Kit (50) (OMEGA). The
products were sent to the Shanghai Sunny Biological Technology Co., Ltd. to be sequenced.

6.69

50.1

1.34

larities (Fig. 2). Correlation analyses of Shannon–Wiener
diversity index ( H ʹ′ ) and homogeneous degrees index
( E ʹ′ ) with physico-chemical properties of the soil (Table 4)
were done to figure out the connection between microbial
diversity and the properties of the soil.

2.6 Phylogenetic analysis

Sequences extracted from the excised bands were
compared using the National Center for Biotechnology Information (NCBI) BLAST program (http://www.ncbi.
nlm.nih.gov/ BLAST) [20].
Searches in the GenBank were performed to determine
the closest known relatives of the 16S rDNA sequence obtained.
2.7 Statistical analysis

Pictures of the DGGE gels were digitized with Quantity One Software (Bio-Rad, USA). The neighbor-joining
algorithm was used to generate optimal tree topologies. Sequences were aligned with the CLUSTAL X 1.83 program
and optimized by using MEGA 4.0 to construct phylogenetic trees.
All data were analyzed using SPSS 13.0. Differences
with values of P <0.05 (paired-samples t-test) were considered to be statistically significant.

FIGURE 1 - DGGE profiles of 16S rDNA fragments amplified from
DNA extracted from paddy soil under different fertilization treatment. Labeled DGGE bands (#1-#16) were chosen for sequencing.

3. RESULTS AND DISCUSSION
3.1 Diversity analysis of DGGE banding patterns

Paddy soils were treated with two fertilizers for 4 years,
and analyzed to determine the changes in bacterial community structure and spatial distribution (Fig. 1). During the
process of optimizing running conditions, DGGE profiles
of triplicate samples were highly reproducible, and one
random sample was selected in running DGGE. To compare
DGGE patterns, Shannon–Wiener diversity index ( H ʹ′ )
and homogeneous degrees index ( E ʹ′ ) were determined
for comparisons of all profiles (Table 3), and unweighted
pair group method with mathematical averages (UPGMA)
was used to create a dendrogram describing pattern simi-

FIGURE 2 - Cluster analysis of UPGMA of banding patterns generated from PCR-DGGE.

Bacterial diversity in paddy soil expressed by Shannon–Wiener index and homogeneous degrees index showed
that there were significant differences (P >0.05) between the
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samples in 0-10 and 10-20 or 20-30 cm (Table 3). The samples with UT had lower bacterial diversity than those with
MT, except for UT 0-10 cm. With increasing soil depth,

bacterial diversity with UT decreased. Bacterial diversity
with MT in different depths were in the following order: 0-

TABLE 3 - The number of DGGE bands, Shannon–Wiener diversity index ( H ʹ′ )
and homogeneous degrees index( E ʹ′ ) of bacteria influenced by different treatments.
Treatment

Band number

H ʹ′

E ʹ′

MT 0-10 cm
MT 10-20 cm
MT 20-30 cm
UT 0-10 cm
UT 10-20 cm
UT 20-30 cm

14ab
12a
13ab
15b
12a
12a

1.78±0.02b
1.60±0.01ab
1.72±0.01b
2.01±0.02c
1.45±0.01a
1.31±0.02a

0.694±0.003b
0.624±0.002ab
0.652±0.002bc
0.744±0.005c
0.584±0.002a
0.527±0.004a

Note: Date in the table are means ± SE; different letters represent significant difference at P<0.05.
TABLE 4 - Correlation analysis about Shannon–Wiener diversity index ( H ʹ′ )
and homogeneous degrees index ( E ʹ′ ) with physico-chemical properties.

H ʹ′
E ʹ′

Treatment
UT
MT
UT
MT

Total nitrogen
0.407
0.771
0.715
0.817

Organic matter content
0.991*
0.987*
0.931*
0.964*

pH
-0.993*
-0.991*
-0.975*
-0.982*

EC
0.755
0.774
0.817
0.807

Total porosity
0.609
0.462
0.534
0.376

Soil bulk density
0.686
-0.576
0.674
-0.708

Note: * represent the significant difference at P<0.05

95

80

#4
Lactobacillus gasseri
Citrobacter freundii

65

#9
58

Enterococcus faecalis D6

73
100
99

53

#5

#15

Burkholderia cenocepacia

99

78

#8
Escherichia coli TW14425

#13
Escherichia coli TW10828

62

50

Escherichia coli MS 196-1

91

#11

85
97

Escherichia-Pseudomonas

#2
Erwinia amylovora

92

#1
#16

95

Streptomyces ghanaensis

63

#7

49
97
82

56

Myxococcus xanthus

#6
Ruminococcus albus 8 ctg1121633123720

#14

95

Ruminococcus albus 8 ctg1121633123710
Ruminococcus albus 8 ctg1121633123730

74

#12

92
97
0.1
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FIGURE 3 - Phylogenetic tree of partial 16S rRNA gene sequences in the paddy soil along UT and MT in different depths. Bootstrap support
values with 1000 replicates are given along the branches.

10 cm> 20-30 cm> 10-20 cm, which means CT has more
nutrition than MT in 0-10 cm, but not in 10-20 and 2030 cm, and MT has affected 20-30 cm more than 10-20 cm.

2.

The cluster analysis revealed great resemblance (>80%)
between the samples in 0-10 and 10-20 cm (Fig. 2). MT
20-30 cm had the lowest resemblance (66%) with other
samples, which showed that MT did affect bacterial diversity more than UT.
The results of Table 4 show that H' and E' have significant positive correlation with organic matter content and
significant negative correlation with pH in both fertilization
treatments, but no significant correlation with the others.
There is something to note that pH in different depths in
both treatments are all below 7. Combined with physicochemical properties of the soil, H' and E', we can find out
that higher organic matter content and lower pH (<7) have
positive impact on bacterial diversity in the soil, and MT is
better than UT to change physico-chemical properties
of the soil for bacterial diversity.

3.

4.

bacterial diversity than those with UT, but UT had
higher bacterial diversity than MT in 0-10 cm.
The results of the correlation analysis revealed that
H ʹ′ and E ʹ′ have significant positive correlation with
organic matter content but significant negative correlation with pH in both fertilization treatments, but no
significant correlation with total nitrogen, EC, total
porosity and soil bulk density.
According to PCR-DGGE analysis, there was one
specific clone found only in each treatment (#2, #15)
which had high similarity with Escherichia-Pseudomonas (97%) and Burkholderia cenocepacia (99%),
and there were two clones with MT in dominant position (#5, #16) which had high similarity with Enterococcus faecalis D6 (100%) and Streptomyces
ghanaensis (95%).
These above results indicate that MT had more positive impact on bacterial diversity in the paddy soil than
UT, especially in the depths of 10-20 and 20-30 cm.

3.2 Phylogenetic analysis of sequenced bands

16 bands were selected for DNA sequencing (Fig. 1). The
similar strain of #3 was not found in GenBank, so there
were 15 bands to build the phylogenetic tree. Fig. 3 is the
phylogenetic tree of clones from the soil samples. Extracted
sequences were mostly related to Escherichia coli and Ruminococcus albus. There is one specific clone (marked
as #15) found only in the sample with MT (0-10, 1020, 20-30 cm), and also one specific clone (#2) found only
in the sample with UT (0-10, 10-20 cm). There are two
clones (#5, #16) found in the samples with MT (0-10, 1020, 20-30 cm) and UT (0-10 cm), so MT had two dominant
bands compared with UT. Three clones extracted from samples with MT (#5, #15, and #16) had high similarity with
Enterococcus faecalis D6 (100%), Burkholderia cenocepacia (99%) and Streptomyces ghanaensis (95%), and the
clone extracted from UT (0-10 cm) (#2) had high similarity with Escherichia-Pseudomonas (97%). The results of the
phylogenetic tree showed that different fertilization treatments did not change the composition of the bacterial
communities in the soil largely (Figs. 1 and 3), but MT may
enhance higher bacterial diversity, especially in deep soil
(10-30 cm) compared to UT, which was also confirmed
by the results of Shannon–Wiener index and homogeneous degrees index.
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4. CONCLUSION
1.

With increasing soil depth, bacterial diversity with
UT decreased, and with MT in 0-10 cm was the highest butin 10-20 cm was the lowest. The samples in 1020 and 20-30 cm with MT had significantly higher
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ABSTRACT
The feasibility of combination of anammox and
shortcut denitrifying dephosphatation in a single reactor
for biological phosphorus and nitrogen removal from
wastewater was studied in this work. Using half anammox biofilm from a 2.3 L reactor as inoculums, enrichment of anammox biofilm in a 6 L reactor was achieved in 2
months. The shortcut denitrifying dephosphatation sludge
was en-riched in SBR within 2 months at the same time.
Then the anammox biofilm was placed into denitrifying
dephosphatation SBR to develop a coupling system.
Simultaneous removal of ammonia, nitrite and phosphate were achieved in this coupling SBR with average
removal percent for COD, ammonia, phosphate and nitrite of
58.2±5.1%, 46.1±7.3%, 73.6±9.5% and 63.3±4.0%, respectively.

KEYWORDS: anammox, biofilm, biological nutrient removal,
shortcut denitrifying dephosphatation, sludge

1. INTRODUCTION
Excessive phosphorus and nitrogen discharged from
domestic and industrial wastewater is a key reason for
eutrophication. The biological nitrogen removal and phosphorus removal process were extensively applied to remove phosphorus and nitrogen from wastewater. Denitrifying dephosphatation and anammox were both novel and
energy-saving processes for biological nutrient removal.
Denitrifying dephosphatation is based on the ability of denitrifying phosphate-accumulating organisms (DPAOs) to
take up phosphorus while using nitrate and/or nitrite as
electron acceptor, which results in removing nitrogen
and phosphorus simultaneously [1]. Denitrifying
dephosphatation using nitrate as an electron acceptor has
been widely studied [2], while denitrifying dephosphatation
using nitrite as an electron acceptor (i.e. shortcut denitrifying de-

* Corresponding author

phosphatation) has recently been focused [3]. Under alternating anaerobic and anoxic conditions, DPAOs take up
external organic carbon to synthesize intracellular polyhydroxyalkanoate (PHA) through the release of phosphate
and degradation of glycogen under anaerobic conditions,
subsequently DPAOs utilize nitrite as electron acceptor to
take up more phosphate and remove nitrogen under anoxic conditions, which is accompanied by PHA oxidation,
biomass growth and the regeneration of glycogen. But shortcut denitrifying dephosphatation could not remove ammonia, and high ammonium was often observed in the ﬁnal
effluent of two-sludge denitrifying dephosphatation system
[4].
Anammox process is based on the activity of anammox
bacteria to oxidize and remove ammonia using nitrite as an
electron acceptor. But anammox could not remove phosphorus directly. Anammox bacteria were initially assumed
to have a completely chemolithoautotrophic lifestyle, and
the presence of organic carbon can inhibit anammox activity [5]. However, recent studies indicated that some
anammox species have a more versatile metabolism and
could even out-compete heterotrophic denitriﬁers for the
oxidization of organic matter, i.e. propionate in low concentration [6, 7]. This discovery favored coexistence of autotrophic anammox bacteria and heterotrophic organisms
for simultaneous removal of several substrates from
wastewater, for example, the combination of anammox and
denitrification. Many studies reported that simultaneous
COD and nitrogen removal in the coupling of anammox
and denitrification processes was achieved in an appropriate range of C/N ratio [8]. In view of electron acceptor
and donor, both ordinary denitrifiers and DPAOs mediate denitrification using nitrite/nitrate and organic carbon
as electron acceptor and donor, respectively. Therefore,
it is technologically feasible that coupling autotrophic
anammox bacteria and heterotrophic DPAOs to remove
COD, ammonia, nitrite and phosphorus simultaneously in
a single reactor.
The distinction of suitable surrounding factors, such
as temperature, pH and dissolved oxygen between DPAOs
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and anammox organism is subtle. The two organisms share
common characteristics as following: 1) they can both
survive under non-oxygen condition and utilize same electron acceptor (nitrite); 2) for biological denitrifying phosphorus uptake and anaerobic ammonia oxidation under
anoxic condition, no external organic carbon is required
while intracellular organic carbon (PHB) and ammonia
are served as electron donor, respectively. As to the common electron acceptor (nitrite) of the two organisms, it
could be provided through SHARON process in actual
wastewater treatment plant [5].
In the present work, a coupling SBR with a combination of shortcut denitrifying dephosphatation sludge and
anammox biofilm was developed to accomplish simultaneous removal of COD, ammonia, nitrite and phosphate.
Considering that anammox bacteria was slowly growing
organism, anammox biofilm was cultivated to reduce biomass washout. The shortcut denitrifying dephosphatation
sludge was suspended in the reactor for easy wasting phosphorus-rich sludge.

2. MATERIALS AND METHODS
2.1. Synthetic wastewater

The synthetic wastewater for enrichment of anammox
biofilm was prepared in accordance with reference [9].
The synthetic wastewater for enrichment of shortcut denitrifying dephosphatation sludge was prepared in accordance with reference [10], and the influent concentrations
of COD, phosphate and nitrite were varied with different
operation stages. The synthetic wastewater component for
coupling system of anammox and shortcut denitrifying dephosphatation was similar to that for enrichment of
shortcut denitrifying dephosphatation sludge. The only
difference was that (NH4)2SO4 was added in the anaerobic
influent to provide ammonia for the coupling system.
2.2. Enrichment of anammox biofilm

An upflow anaerobic biofilm reactor with working
volume of 6 L was constructed to enrich anammox biofilm
in a constant temperature box at 30±0.5 ˚C. The influent
was fed at the bottom of reactor. The liquid from the top of
the reactor was recirculated. The reactor was inoculated
with about half biofilm from a lab-scale anammox reactor
with working volume of 2.3L. The influent concentrations
of nitrite and ammonia were firstly set at 70mgN/L to
enrich anammox biofilm at HRT of 24h. After the removal
percents of nitrite and ammonia were up to 90%, the HRT
was gradually shortened to 4h and the influent concentration was decreased at the same time.
2.3. Enrichment of shortcut denitrifying dephosphatation
sludge

A 10 L SBR reactor was constructed to enrich shortcut
denitrifying dephosphatation sludge in a constant temperature box at 26±0.5 ˚C. The SBR was operated in alternat-

ing anaerobic/anoxic mode with a cycle of 8h. The mixed
liquid was continuously stirred during the anerobic phase
and the anoxic phase. The reactor was inoculated with
activated sludge from aerobic zone of Longwangzui
wastewater treatment plant, Wuhan, China. The plant was
operated with A2O process, and the original MLSS was
3000-3500mg/L.
Ordinary denitrifiers usually coexist with DPAOs in
denitrifying dephosphation system, and the residual COD
after anaerobic phase may promote ordinary denitrification
and hinder phosphate uptake in the anoxic phase. In order
to eliminate the adverse effect of anaerobically residual
COD on anoxic phosphate uptake and enhance the advantage of DPAOs over denitrifiers, a settling and withdrawing phase was introduced between anaerobic phase
and anoxic phase during stage I. The cycle consisted
of a 180-min anaerobic phase, a 30-min settling and withdrawing phase, a 240-min anoxic phase, another 30-min
settling and withdrawing phase. After each settling and
with-drawing phase, 6.2 L effluent was exchanged with
the same amount of influent. The influent without phosphate and nitrite but COD was supplied into the reactor
within initial 10-min of anaerobic phase, while the influent
without COD but phosphate and nitrite was supplied into
the reactor within initial 60-min of anoxic phase. The influent concentrations of COD, phosphate and nitrite were increased gradually. 110ml mixed liquid was wasted from
reactor before the end of anoxic phase in each cycle to
maintain SRT of 30d. The pH was maintained between 7
and 7.5.
During stage II, the operation mode of SBR was
changed and consisted of a 180-min anaerobic phase, a
260-min anoxic phase, a 40-min settling and withdrawing
phase. After each cycle, 6.2 L effluent was exchanged with
the same amount of anaerobic influent, it resulting in a
mean hydraulic retention time (HRT) of 12.9 h. The anaerobic influent, containing COD of 170mg/L and phosphate of 12 mgP/L, was pumped into the reactor within the
initial 10-min of anaerobic phase. Nitrite solution (NaNO2,
1500 mgN/L) was continuously added into the reactor
during the initial 1h of anoxic phase, which led to anoxically initial nitrite concentration of 24 mgN/L. 110ml
mixed liquid was wasted from reactor before the end of
anoxic phase in each cycle to maintain SRT of 30d. The
pH was maintained between 7 and 7.5.
2.4. Coupling of
dephosphatation

anammox

and

shortcut

denitrifying

After the enrichments of anammox biofilm and
shortcut denitrifying dephosphatation sludge were finished, anammox biofilm was taken out and placed into
SBR to construct a coupling system. The operation mode
of SBR remained unaltered. During stage I, the anaerobic
influent concentrations of COD, phosphate and ammonia
were 170 mg/L, 12 mgP/L and 15-32mgN/L, respectively.
The correspondingly anaerobically initial concentrations
were 110mg/L, 8.5±0.2 mgP/L and 10-24 mgN/L, respec-
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tively. The anoxically initial nitrite concentration was 24
mgN/L. During stage II, the anaerobic influent concentrations of phosphate and ammonia were increased to 13
mgP/L and 32 mgN/L, respectively. The corresponding anaerobically initial concentrations were 8.9±0.6
mgP/L and 25.1±0.9 mgN/L, respectively. And the anoxically initial nitrite concentration was increased to 35
mgN/L at the same time.

stable when HRT was decreased, implied that the anammox biofilm was enriched and performed well.

2.5. Analysis

The sample was taken once a day for analysis during
enrichment of anammox biofilm. As to SBR operation, the
samples of initial anaerobic phase, terminal anaerobic phase
(i.e initial anoxic phase) and terminal anoxic phase in one
cycle were taken everyday for analysis. Phosphate, nitrite,
ammonia, Chemical oxygen demand (COD), MLSS and
pH were determined according to standard methods [11].
FIGURE 1 - Variation in concentrations of ammonia and nitrite
during enrichment of anammox biofilm

3. RESULTS AND DISCUSSION
3.1. Enrichment of anammox biofilm

The stepwise strategy was a suitable method for enrichment of the slowly growing biomass [12]. Since the
feeding biomass was cultivated anammox biofilm, no
obvious lag phase appeared during enrichment of anammox biofilm. As shown in Fig. 1, the initial nitrite removal
and ammonia removal were both relative low. And the
ammonia removal was higher than nitrite removal, which
probably resulted from aerobic ammonia oxidation. The
nitrite removal, ammonia removal and the ratio of nitrite
removal to ammonia removal increased gradually, and the
ratio was up to 1 after 18 day. From day 30 to day 39, the
removal percent of nitrite and ammonia fluctuated little
with mean removal percent of 60.9% and 75.3%, respectively, while the ratio of nitrite removal to ammonia removal (average 1.27) was close to theoretic value [5], which
means anammox reaction became dominant reaction in the
reactor. After another 20d operation, the effluent nitrite and
ammonia concentrations decreased to 5.7 and 4.7 mgN/L
with corresponding removal percent of 90.7% and 92.9%,
respectively. The red color of biofilm gradually became
deeper during enrichment.
Anammox bacteria could not proliferate quickly because of long double time. Therefore, when HRT was
shortened and influent concentration was decreased, the
volumetric loading rates of nitrite and ammonia were relatively stable while the effluent nitrogen increased (as shown
in Table 1). The volumetric loading rates of nitrite and ammonia at HRT of 4h were 16.6±3. and 10.2±2.6 mgN/L·d,
respectively. The results, the nitrogen removal percent decreased but nitrogen removal loading rates were relatively

3.2. Enrichment of shortcut denitrifying dephosphatation
sludge

The seeding sludge was taken from aerobic zone of
Longwangzui wastewater treatment plant, which was operated with A2O process and capable of biological phosphorus removal. As shown in Fig. 2a, the anaerobic COD
consumption and phosphate release increased progressively.
The anaerobic COD consumption and phosphate release
was weak and the corresponding ratio of P-release/CODconsumption was 0.09 at the beginning of enrichment.
After 18d enrichment, the COD consumption and phosphorus release gradually increased from initial 34.5 mg/L
and 3.1 mg/L to 106 mg/L and 6.2 mg/L. After another
20d enrichment, anaerobic COD consumption fluctuated
weakly (average 109.5±6.1 mg/L), but induced phosphorus release was distinct and up to 11.7 mg/L, and the
corresponding ratio of P-release/COD-consumption was
0.11. As shown in Fig. 2b, anoxic phosphorus uptake and
denitirification enhanced gradually with increase of influent nitrite concentration. The ratio of anoxic P-uptake/Nremoval was higher than 1 when the influent nitrite concentration was relative low, but it decreased to about 1 when
the influent nitrite concentration was higher than 16 mgN/L.
When nitrate served as the sole electron acceptor for phosphorus uptake, different P-uptake/N- removal ratios were
reported probably because of different sludge source [13].
After 35d enrichment, the anoxic P-uptake and N-removal
of 20.8 mgP/L and 18.3 mgN/L were achieved, respectively. After anaerobically P-release, the anoxic P-uptake
and N-removal occurred simultaneously. Since nitrite was
the sole electron acceptor for phosphorus uptake, it implies

TABLE 1-Performance of anammox at different HRT (mg/L.d unless specified otherwise)
HRT
(h)

Influent NH4+-N
(mg/L)

Influent NO2--N
(mg/L)

Effluent NH4+-N
(mg/L)
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Effluent NO2--N
(mg/L)

NH4+-N removal
loading rate

NO2--N removal
loading rate
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24
65.8±2.1
67.4±3.5
5.6±0.9
8
35.7±3.4
35.3±0.4
17.4±3.7
4
33.3±2.7
35.8±2.0
23.1±3.5
Note: The values were shown in average±standard deviation.

4.7±0.7
13.6±1.3
19.3±1.9

10.0±0.8
9.2±0.9
10.2±2.6

10.5±0.7
10.8±2.3
16.6±3.1

FIGURE 2-Variation of substrates in anaerobic phase (a) and anoxic phase (b)
during enrichment of shortcut denitrifying dephosphatation sludge in stage I

TABLE 2-Performance of shortcut denitrifying dephosphatation (mg/L unless specified otherwise)
Time
(d)
3
6
9
12
15

Initial
PO43--P
8.4
8.5
8.4
8.6
8.5

Initial
NO2--N
24.0
24.0
24.0
24.0
24.0

Initial
COD
117.8
114.5
115.8
119.8
119.8

Effluent
PO43--P
2.1
2.0
2.1
1.9
2.0

Effluent
NO2--N
2.0
2.1
2.3
2.2
2.3

that the phosphorus accumulating organisms could use
nitrite as electron acceptor [1].
As shown in Table 2, the performance of shortcut denitrifying dephosphatation during stage II was stable with
average COD, nitrite and phosphate removal percent of
76.3±0.5%, 90.9±0.6% and 76.4±1.2%, respectively. And
the sludge settling characteristics was good. The relative
higher removal percent of nitrite probably resulted from
ordinary denitrification by denitrifier. It was demonstrated
that free nitrous acid (FNA) rather than nitrite was likely
the true inhibitor on the anoxic phosphate uptake, and all
anoxic metabolisms of DPAOs were severely inhibited at
an FNA concentration of 0.01 mgHNO2-N/L [14]. According to the calculation formula from Zhou et al. (2010), the
apparent FNA concentration in the current study (0.0020.005 mg HNO2-N/L) is lower than 0.01 mgHNO2-N/L.
Given that anoxic influent was continuous added into the
reactor in 1h, the actual FNA concentration was ever lower,
which avoided severely inhibitory effect of nitrite on
DPAOs and favored the enrichment of shortcut denitrifying dephosphatation sludge.
3.3. Coupling of
dephosphatation

anammox

and

shortcut

Effluent
COD
27.6
27.3
26.6
28.8
28.9

PO43--P
removal
percent (%)
75.0
76.5
75.5
78.1
76.6

NO2--N removal percent
(%)
91.7
91.2
90.3
91.0
90.4

COD removal
percent (%)
76.5
76.1
77.0
75.9
75.9

The simultaneous removal of ammonia and phosphate
was observed in stage I of coupling system (Fig. 3). Under
anaerobic condition, anammox bacteria do not carry on
biological reaction without electron acceptor, but DPAOs
release phosphorus and consume organic matter, which reduce the inhibitory effect of organic matter on anammox
activity. Under anoxic condition upon nitrite addition,
anammox bacteria oxidize and remove ammonia while
DPAOs implement denitrification and phosphorus uptake
sharing nitrite as common electron acceptor. Before day 9,
the influent ammonia concentration maintained at 24 mgN/L
(resulted in initial ammonia of 15±0.3 mgN/L).

denitrifying

1574

© by PSP Volume 20 – No 6a. 2011

Fresenius Environmental Bulletin

FIGURE 3 - Variation of ammonia and phosphate concentrations in
coupling system during stage I.

TABLE 3 - Variation of substrate concentrations in anaerobic and anoxic phases
of coupling system during the last 15 days of stage II (mg/L unless specified otherwise)

Anaerobically initial concentration
Anoxically initial concentration
Anoxically terminal concentration
Removal percent (%)
a
The value shown as apparent concentration.

NH4+-N

COD
125.1±3.1
88.9±6.6
52.3±6.9
52.8±5.1

25.1±0.9
13.5±1.6
46.1±7.3

PO43--P
8.9±0.6
15.4±0.7
2.4±0.9
73.6±9.5

NO2--N
35a
12.9±1.4
63.3±4.0

The removal percent of ammonia and phosphate in
coupling system reached 51.6% and 63.6%, respectively.
Compared to shortcut denitrifying dephosphatation before
coupling, the removal percent of phosphate decreased
mainly because of nitrite competition from anammox bacteria. The removal percent of ammonia in coupling system
was not good because of short reaction time, but the existed anammox biofilm mediated ammonia removal. It was
also reported [15] that short-term (10d) inducing of anammox into denitrifying phosphorus removal system resulted
in higher ammonia removal. In current work, the ammonia
and phosphorus removal were relative stable (6.7-8.3 mgN/L
and 4.2-5.7 mgP/L, respectively) when initial ammonia concentration was varied between 10 mgN/L and 24 mgN/L.
It implied that influent ammonia concentration between
10 mgN/L and 24 mgN/L did not affect the performance
of coupling system.

mox activity needed to be further enhanced. The possible
reason was that the anaerobic COD uptake was insufficient and the residual COD induced ordinary denitrification which adversely affected anammox reaction. Exploring a suitable C/N/P for the coupling system would resolve
this problem. The heterotrophic bacteria generally have
higher growth yield compared to autotrophic bacteria ,
anammox is therefore less competitive with shortcut
denitrifying dephosphatation or ordinary denitrification in
the coupling system. Maintaining the competition advantage of anammox bacteria over DPAOs and denitrifiers, which is critical to the long-term performance of
coupling system, need further investigation in the future.

The coupling system was operated for one month during stage II, and the average value in the last 15 days of
stage II were shown in Table 3. As shown in Table 3, simultaneous removal of COD, ammonia, phosphate and nitrite
was achieved in a single reactor, and the average re-moval
percent of COD, ammonia, phosphate and nitrite were
58.2±5.1%, 46.1±7.3%, 73.6±9.5% and 63.3±4.0%, respectively. So far, no report on coupling of anammox and
shortcut denitrifying dephosphatation in a single reactor
was re-trieved. Although the phosphate removal efficiency
was competitive with that before coupling, ammonia and
nitrite did not consumed sufficiently. It implied that anam-

Using half anammox biofilm from a 2.3 L reactor, enrichment of anammox biofilm in a 6 L reactor was achieved
in 2 months with ammonia removal percent of 92.9% and
nitrite removal percent of 90.7%. The anaerobic/settling and
withdrawal/anoxic/settling and withdrawal mode was a
suitable method to enrich shortcut denitrifying dephosphatation sludge. The average removal percent of COD, nitrite
and phosphate after 2 months enrichment were 76.3±0.5%,
90.9±0.6% and 76.4±1.2%, respectively. Coupling of
anammox and shortcut denitrifying dephosphatation was
achieved in a single reactor. The average removal percent

4. CONCLUSIONS
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of COD, ammonia, phosphate and nitrite were 58.2±5.1%,
46.1±7.3%, 73.6±9.5% and 63.3±4.0%, respectively.

[11] APHA/AWWA/WEF. (1998) Standard methods for the examination of water and wastewater, American Public Health
Association, Washington, DC.
[12] Wett, B. (2006) Solved upscaling problems for implementing
deammonification of rejection water. Water Sci Technol, 53,
121-128.
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SPATIO-TEMPORAL DISTRIBUTIONS OF NITROGEN DIOXIDE
AROUND CAN-BAYRAMIC REGION IN CANAKKALE:
A COMPARATIVE EXPOSURE AND MODEL STUDY
Nesimi Ozkurt*
TUBITAK Marmara Research Center, Environment Institute, 41470 Kocaeli, Turkey

ABSTRACT
Space-time data analysis and assimilation techniques
in atmospheric sciences typically consider input from monitoring measurements. The input is often processed in a
manner that acknowledges characteristics of the measurements (e.g., underlying patterns, fluctuation features) under
conditions of uncertainty; it also leads to the derivation of
secondary information that serves study-oriented goals, and
provides input to space-time prediction techniques. This
work describes a comparison of the predicted NO2 concentrations with the results of ten measurement stations at CanBayramic region in 2006. A meteorological model
CALMET and its puff dispersion model CALPUFF were
used to predict ambient NO2 concentrations in the region.
Statistical analyses were carried out to evaluate the model
performance by using two main parameters: correlation
coefficient (r) and index of agreement (d). The agreement
of model predictions and measurements was better for eight
rural monitoring stations (Mallikoy, Kocaagacli, Hamdibey,
Kizilelma, Osmaniye, Katran, Yosunlucesme and Fatmaoluk) compared with the two suburban stations (Can and
Bayramic).

KEYWORDS:
Dispersion model; Air Quality; Statistical analysis; NO2; CALPUFF

1. INTRODUCTION
Air quality management strategies are important to
minimize harmful effects of air pollutants. These are mostly
generated through a series of processes, which include air
quality monitoring, emission inventory preparation and
control strategies delineation, and long-term compliance
monitoring [1]. For appropriate air quality management
plans, both determination of pollution from different sources
and investigation of their impacts on ambient air are important [2].
* Corresponding author

Since, continuous and long term monitoring of pollutants both temporally and spatially is not always feasible
due to high cost and experimental difficulties, the air quality models are used widely to assess the ambient air quality
of desired zone [3]. For the dispersion of different pollutants, the Gaussian-type air quality models have been
studied for different cities, e.g. Delhi [4-6], Agra [7]. Zannetti [8] suggested that for improving air quality dispersion models allow comparison of various options. Their
accuracy depends on many factors, including accuracy of
emissions data, quality and representation of meteorological
data. A model evaluation should be carried out using statistical analysis by comparison of model results with measurement data to have confidence in a prediction exercise [9].
Model predictions for different types of air pollutants
were carried out in many studies [9-18] by comparing
ambient air quality measurements at selected stations.
Karppinen et al. [11] compared the predicted and measured concentrations of nitrogen oxides in the Helsinki metropolitan area in 1993. In an urban environment, data from
two measurement stations were compared for NO2 as hourly
time series. The agreement of the model predictions and
measurements was better for the two suburban measurement stations. They concluded modeling system was successful in predicting the urban NO2 concentrations.
Together with model predictions, as a feasible technique, passive diffusion samplers present a means of explaining a lot of measurement issues in air pollution and
atmospheric chemistry. They provide a cost-effective way
to monitor air pollutant species at both local and regional
scales. They can be used: i) to increase the spatial resolution of measurements; ii) in screening studies to evaluate
monitoring site locations; and iii) to aid measurement programs by providing a means to increase data completion
[19]. Passive diffusion samplers are preferred, since they
have the potential to provide a cheap and effective means
of determining atmospheric trace gas concentrations [20].
Cox [21] discussed that, a passive sampler operates by
diffusing the sampled gas from the atmosphere across the
sampler volume, usually an inverted tube, to a sink or
chemical absorbent according to Fick’s law. In this pro-
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cess, diffusion path length and internal cross-sectional
area of the sampler controls the rate of pollutant gas absorbtion in a simple diffusion tube sampler. The application
of Fick’s law to sampler uptake is given by Krupa and
Legge [22].

The sampling rate is calculated from the tube dimensions and the diffusion coefficient of gas in air, and is
treated as a constant was given in Eq.(2).

In the urban atmosphere, Nitrogen Dioxide (NO2) is a
ubiquitous secondary pollutant arising mainly as a byproduct of combustion processes. Ambient concentrations
of NO2 can vary widely, ranging from a few parts per billion (ppb; 10-9 by volume) to peaks of several 100s ppb
during particular episodes of high pollution. NO2 is also
an important part of the photochemical process for ozone
production. The reactions, between NO2, NO and O3, which
explain ozone production in the atmosphere were given
respectively [23].

where:
a = the cross sectional area of the tube;
l = the length of the tube
D12 = diffusion coefficient of gas 1 through gas 2 – in this
case gas pollutant through air.

NO2 + hv àNO + O
O + O2 + M àO3 + M
NO + O3 àNO2 + O2
This paper discusses the comparison of model predictions and the measurement results of the ten NO2 monitoring stations during the year 2006.
2. MATERIALS AND METHOD

(2)

Tube dimensions vary depending on the manufacturer,
so it is important to calculate the sampling rate based upon
the actual dimensions of the tubes being used. The sampling rate also depends on the diffusion coefficient D. In a
reported research in 1998, suggests that the best estimate
of D is 0.1361 cm2 s-1 at STP, i.e. 0 Celsius (273 K) and
1 atmosphere (101.3 kPa) [24].
The used NO2 samplers are Palmes type diffusion
tubes which are provided from Gradko Environmental Ltd.
from England. The producer firm also has a laboratory which
has accreditation certificate to analyze these samplers.
Gradko marked NO2 passive diffusion sampler’s description and short information of analysis is explained below.
2.1.1. NO2 Samplers

2.1. Description of Passive Diffusion Samplers (PDS)

During the long term measurements around CanBayramic region in Canakkale, passive diffusion samplers
were used. The passive diffusion sampler is a device that
is capable of taking samples of gases or vapors from atmosphere at a rate controlled by a physical process gaseous diffusion through a static air layer or a porous material
through a membrane. As some researchers discussed, the
European Committee for Standardization has used the
above definition for diffusive sampler [19]. In the sampler,
gas molecules are transported by molecular diffusion. During the site measurements, the used samplers operate on
the principle of molecular diffusion, with molecules of a
gas diffusing from a region of high concentration (open end
of the sampler) to a region of low concentration (absorbent
end of the sampler). The ambient concentration measured
by the exposed tube was calculated using the Eq.(1).
(1)
where:
C = the concentration of gas in the atmosphere (µg m-3);
Sr = the sampling rate of gas (m3 h-1);
m = mass of ion in tube (µg); (in this study for for NO2
mass of NO3 ion)
t = the time of exposure (h)

Nitrogen dioxide measurements were done by using
Acrylic Tube fitted with colored and white thermoplastic
rubber caps. The colored cap contains the absorbent with
Triethanolamine. The concentrations of nitrite ions and
hence NO2 chemically adsorbed are quantitatively determined by UV/Visible Spectrophotometer with reference to
a calibration curve derived from the analysis of Standard
nitrite solutions.
2.2. Investigation of measurement locations

The selected data were taken from 10 monitoring stations in the study. Two suburban monitoring stations, Can
and Bayramic, are located near the city centers. There are
eight rural stations (Table 1) which five of them, Mallikoy,
Kocaagacli, Hamdibey, Kizilelma and Osmaniye, were
located near villages and three of them, Katran, Yosunlucesme and Fatmaoluk, were located over mountains near
Can-Bayramic region.
2.3. Characterization of probable emission sources

In this study, the data for area sources as domestic
heating and industry in the region of Can and Bayramic
were observed in year 2006. The information about residential emissions was given in Table 2. The number of
residences in Can County was taken as 9590 and 4430 for
Bayramic County. There was only partially natural gas consumption in Can. consumption in Can. In Bayramic there
was not any consumption of natural gas. For the calculation, it is assumed that the highest fuel consumption was
realized in winter months from November to March.
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Emissions of NO2 from domestic heating activities
were estimated by using the emission factors of United

States Environmental Protection Agency [25], given in
Table 3.

TABLE 1 - Monitoring stations
Station code

Description of station

1

Kocaagacli

2

Mallikoy

3

Can city center

4

Hamdibey

5

Kizilelma

6

Osmaniye

7

Bayramic

8

Katran mountain

9

Yosunlucesme-Kaz mountains

10

Fatmaoluk-Kaz mountains

Coordinates
N 40° 01΄58.8˝
E026° 49΄ 56.9˝
N 40° 03΄ 42.4˝
E027° 01΄ 47.1˝
N 40° 01΄ 756˝
E027° 02΄ 915˝
N 39° 52΄ 44.0˝
E027° 17΄ 03.0˝
N 39° 53΄ 03.4˝
E026° 59΄ 19.6˝
N 39° 52΄ 15.1˝
E026° 48΄ 56.0˝
N 39° 48΄ 38.7˝
E026 °35΄ 51.9˝
N 39° 51΄ 31.2˝
E027° 03΄ 03.1˝
N 39° 42΄ 56.2˝
E026° 47΄ 64.1˝
N 39° 41΄ 62.6˝
E026° 42΄ 08.1˝

Altitude
256 m
323 m
102 m
553 m
423 m
666 m
115 m
713 m
1150 m
763 m

TABLE 2 - Emission source information of residences
County
Can
Bayramic

Population

# of total residence

# of Natural Gas users

# of Coal Users

28769
13290

9590
4430

647
0

8943
4430

TABLE 3 - Selected Emission Factors for NO2 of domestic heating
Fuel
Bituminous Coal
Natural Gas

Unit
g/kg
g/m3

Parameter-NO2
1.33
1.85

The other important pollutant source is the Can Thermal Power Plant (CTPP), which is located within the study
area. This was considered as point source and related information for model input is given in Table 4.
TABLE 4 - Calculated emission rates of CTPP
Stack No
1
2
Total

NO2 (g/sn)
11.24
16.91
28.15

2.4. Modeling

A meteorological model CALMET and its puff dispersion model CALPUFF were used to predict ambient
NO2 concentrations in the region.
The modeling system is formed from 3 main components which are CALMET, CALPUFF and CALPOST. It
also contains a big set of preprocessing programs designed
to interface the model to standard, regularly available meteorological and geophysical datasets.
2.4.1. Overview of the modeling system

Total residential NO2
(ton/year)
12,5
5,9

CALMET is a state-of-the-science meteorological
model that develops hourly wind and temperature fields
on a three-dimensional gridded modeling domain, together
with two-dimensional fields such as humidity, pressure,
mixing height, surface characteristics and dispersion properties. It also aims to integrate with non-steady state
CALPUFF modeling system for use in air quality modeling. CALMET reads from surface stations hourly wind
speed, temperature, cloud cover, ceiling height, surface
pressure, relative humidity. For calculating wet removal
additionally precipitation type codes are essential. Although,
temperature, cloud cover, ceiling height, surface pressure
and relative humidity are not obtained a surface station,
the model replace this missing values by values at the closest station. The upper air data (radiosonde) are also necessary for CALMET which contain vertical profile of wind
speed, wind direction, elevation, temperature and pressure.
During data processing, if wind speed, wind direction or
temperature data is missing at an elevation, CALMET can
interpolate to replace the missing data [26].
CALPUFF is a multi-layer, multi-species non-steadystate puff dispersion model for simulating long-range
transport and designed for the dispersion of gases and particles. It is one of the modeling systems that are suggested
by the United States Environmental Protection Agency
(EPA) [25]. The CALPUFF modeling system, united with
a three-dimensional meteorological and land-use field,
was developed for modeling the progress of the contami-
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nants. The model can simulate the effects of temporally
and spatially varying meteorological conditions on pollutant transport, removal of pollutants by dry and wet deposition processes, and transformation of pollutants through
chemical reactions. CALPUFF is used to simulate incessant puffs of pollutants being emitted from sources into
the ambient wind flow which changes from hour to hour,
the path of each puff takes changes to the new wind flow
direction. Puff diffusion is Gaussian and concentrations
are established on the contributions of every puff while it
passes over or near a receptor [27]. Data requirement of
CALPUFF are; stack dimensions, output stack temperature, emission flow and velocity, etc. Moreover, local meteorological data such as hourly surface observations of wind
speed, wind direction, temperature, cloud cover, ceiling
height, surface pressure and relative humidity must be included. The output data of the program is calculated for
each grid of the study area for pollutants from various
sources.
CALPOST is used for post processing gridded concentrations that summarize the simulation for gas, wet or
dry flux results based on the hourly or average time of a
series data contained in the CALPUFF output file.
2.4.2. Dispersion modeling

A local emission inventory with 1 h temporal and 1 km
spatial resolution in the Can and Bayramic region was
prepared as a first step for concentrations of NO2. At the
second part of the study, calculated emissions were used for
air quality predictions in the area with using the CALPUFF
dispersion model.
The surface data were obtained from four meteorological stations. Meteorological data contained hourly wind
speed, temperature, cloud cover, ceiling height, surface
pressure and relative humidity. The meteorological stations (for surface data) used in this study were Bandirma,
Canakkale, Gonen and Tekirdag stations. The upper air data,
which are vertical profile of wind speed, wind direction,
elevation, temperature and pressure, were taken from the
Istanbul (Goztepe) Meteorological Station. The last data
set of the model is overwater data which consist of hourly
temperature, wind speed and direction, humidity, pressure,
air-sea temperature difference were obtained from Canakkale Meteorological Station. The type and coordinates of
the meteorological stations are given in Table 5.
TABLE 5 - Meteorological stations
Met. Data
Surface Data
Upper air Data
Overwater Data

Station
Bandirma
Canakkale
Gonen
Tekirdag
Istanbul (Goztepe)
Canakkale

Coordinates (degree)
X
Y
27.58
40.21
26.25
40.09
27.39
40.06
27.33
40.59
29.08
40.97
26.24
40.08

previous meteorological data, the wind fields were also
used as input to the CALPUFF Dispersion Model. The
emission data required by CALPUFF were obtained from
prepared emission inventory results. The last step of the
study was the testing model results with measured data set
was completed by using ten monitoring stations (Can, Bayramic, Mallikoy, Kocaagacli, Hamdibey, Kizilelma, Osmaniye, Katran, Yosunlucesme and Fatmaoluk) in Canakkale during the year 2006. Geographical information systems (GIS) were used to show the results more clearly in
this study.
3. RESULTS AND DISCUSSION
In this research, first the validation of passive diffusion
sampler measurements was discussed by comparison to data
obtained from an automated analyzer. Then, the variation
in time of the measured and predicted monthly average
concentrations was compared. Finally, we address the
agreement of model predictions with passive diffusion
sampler’s measurements, utilizing statistical analysis of the
monthly concentration data for NO2.
3.1. Validation of PDS’s results with measurements of automated analyzer

Validation measurements for NO2 were completed
during the year 2006 with parallel monitoring with automated analyzers of AQMS placed in Bayramic county of
Canakkale province. The measurement location is shown
in Fig. 1.
Passive diffusion sampler’s measurement site was
placed in a generally open area near the AQMS, within the
restrictions imposed by the site location type, allowing
free circulation of air around the tube. The tubes are placed
at a height of 3 m above the ground level.
The measurement results produced by two different
techniques for NO2 were compared using the statistical
analysis, least-square regression model.
3.1.1. Least squares method of estimation

Estimation of regression parameters α and β, the
method of least squares suggests that their estimates, ά
and β’, be chosen so that the sum of the squared differences between observed sample values yi and the estimated expected value of Y, ά + β’xi, is minimized.
(3)
The least-square estimates ά and β’, respectively, of α
and β are found by minimizing
(4)

After data collection process was completed, the data
were used for CALMET Meteorological Model. Besides

Eq.(4). In the Eq.(4), the sample-value pairs are (x1,
y1), (x2, y2),…, (x1, y1) and ei, i= 1,2,…, n, are called
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residuals. The estimates ά and β’ can be found based on
the least-square procedure and Eqs.(5) and (6) can be used
to define them [28].

(5)

FIGURE 1 - Measurement locations and modeling domain for NO2 in Canakkale province

β’=[

)] [

]-1 (6)

where

=

(7)

and

=

(8)

The graphical illustration of two different measurement results for nitrogen dioxide parameter is given in
Fig. 2. By using least square regression model, the calculated “α” and “β” values for nitrogen dioxide were 1.68
and 4.08, respectively. The coefficient of determination
“r2” for NO2 values was found as 0,92 and correlation
coefficient “r” was found as 0,96 (Fig. 3).
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FIGURE 2 - NO2 results of two different techniques (AQMS&Passive sampler)

FIGURE 3 - Regression of AQMS&Passive sampler data for NO2

When the coefficient of determination and correlation
coefficient were investigated for the measurement results
of nitrogen dioxide, it can be seen that there is highly
positive correlation between AQMS data and Passive
Diffusion Sampler data.
3.2. Evaluation of monthly variation of measured and predicted concentrations

The seasonal variations of measured concentrations
and meteorological conditions have been discussed in
Northern European conditions by Kukkonen et al. [29, 30]
and in Turkey by Elbir et al. [31]. Most unfavorable meteorological conditions for the efficient mixing of pollutants include the stable atmospheric stratification, calm
(low wind speed), and the presence of a ground-based

inversion. These meteorological conditions are generally
encountered during the winter months in Can region.
Fig. 4 (a-l) shows the seasonal variation of the measured and predicted monthly averages of NO2 concentrations at ten monitoring stations during the year 2006. The
measured and predicted NO2 concentrations were highest
at the Can station. The variation in time of the predicted
NO2 concentrations was similar with the observed variation
at all stations. Except one station, Can, the predicted NO2
concentrations agreed well with the measured data at other
nine stations.
The uncertainty of predictions generally arises from
two different causes: basic theory of dispersion modeling
and assumption for emission calculations. At Can station,
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since the measurement location is surrounded by buildings which were not accounted for in the dispersion modeling can be discussed as a reason for this difference. In
general, the deficiencies on measurement techniques at
the stations as well as the wrong geographical locations of
the stations might be limiting factors for getting a higher
relevance between predictions and actual measurements
[16]. Additionally, in some cases, the discrepancy between
model predictions and emission calculations can be caused
from the reasons: (i) The chemical reaction potential is
different for different amounts of anthropogenic emissions.
(ii) The chemical mechanisms are inter-related/interlinkedand not always straight forward as was explained by
for the different portions of nitric oxide in high and low
NOx concentration. (iii) For certain pollutants a portion of
the concentration is assumed to originate from natural
background [32].

Sivacoumar and Thanasekaran [9] discussed the importance of model performance evaluation, when modeling is applied for a prediction exercise. In this study, model
performance was evaluated by comparing measured and
predicted concentrations. Both, correlation coefficient (r)
and index of agreement (d) tools were used in statistical
analysis. The correlation coefficient

(9)
where, N is number of data, Pi is the model prediction,
Oi is the observed concentration, O is the mean value of
observations and P is the mean value of predictions.

3.3. Statistical analysis of the measured and predicted concentration time series
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FIGURE 4 - The monthly averages of NO2 at ten stations in the year 2006

The correlation coefficient varies between +1.0 (highly
correlated) and -1.0 (no correlation). The index of agreement varies from 0.0 (theoretical minimum) to 1.0 (perfect agreement between observed and predicted values).

The correlation coefficient ranged from 0.42 to 0.98 and
the index of agreement varied from 0.17 to 0.97 (Table 6).
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TABLE 6 - The statistical analysis of the predicted and observed monthly time series of NO2 in the year 2006
Statistical parameter
Correlation coefficient (r)
Index of agreement (d)

Jan.
0,98
0.98

Feb.
0,78
0.53

Mar.
0,42
0.58

Apr.
0,86
0.94

May.
0,93
0.82

Fig. 4 a-l shows the seasonal and temporal comparison of predicted and observed monthly concentrations.
The reasons for the different monthly variations at some
stations might be a variation of local residential and
transport emissions during the winter months and the local
photochemical conditions which strongly influence the
summer budget of NO2 due to the ozone production. For
example, the most problematic periods seem to be at the
third station, Can. The reason for this might be the emission sources from uncontrolled coal consumption for
domestic heating.

Jun.
0,82
0.33

Jul.
0,84
0.17

Aug.
0,92
0.82

Sep.
0,91
0.91

Oct.
0,89
0.86

Nov.
0,74
0.81

Dec.
0,92
0.94
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4. CONCLUSION
This paper presents a comparison of the predicted and
measured concentrations of nitrogen dioxide at the CanBayramic region in Canakkale in 2006. Both the measured
and predicted data includes monthly NO2 concentrations
for one year. The comparison included data from two air
quality measurement stations in suburban environment,
and eight rural stations.
At most of the stations, the predicted NO2 concentrations agreed well with the measurement data, except one
station in which the model calculated different emissions
in some months. This might be caused by unrecorded residential fuel consumption characteristics, the influence on
dispersion of surrounding building around measurement
place, and uncertainties in the representativeness and preprocessing of meteorological data.
In conclusion, the modeling system was fairly successful in predicting the rural NO2 concentrations, and
successful in predicting the suburban NO2 concentrations.
The modeling system, as presented in this paper, does
not explicitly, allow for the influence of individual buildings and other obstructions. More detailed nested computations, allowing also for the influence of buildings, can be
performed for a smaller part of the modeling area. The
modeling system presented is based on the so-called quasisteady-state assumptions, i.e., it is assumed that pollutant
concentrations can be treated as though they resulted from
a time sequence of different steady states. This assumption can be invalid particularly during peak concentration
episodes, caused by accumulation of air pollution, and in
the presence of complex photochemical reactions. It would
therefore be useful to compare the results of the presented
computations with the ones obtained using other Eulerian
models. In these modeling systems the interactions of
meteorology and chemistry can be accounted for dynamically and at least in principle in real-time.
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