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MAPPING OF FAUNA AND FLORA IN FUNCTIONAL PLANNING
BASED ON GEOGRAPHIC INFORMATION SYSTEMS: A CASE
STUDY FROM YUKARıGÖKDERE, ISPARTA, TURKEY
Huseyin Fakir1*, Ebubekir Gundogdu1 and Ozdemir Senturk1
1

Suleyman Demirel University, Faculty of Forestry, Forest Engineering Department, 32260, Isparta, Turkey

ABSTRACT
Acting according to versatile benefiting principle in
making plans for forest management requires a very comprehensive knowledge. It requires more detailed inventory
compared with traditional forest management plans. This
study focused on how a flora-fauna inventory is conducted
and how the obtained findings are employed in planning
by plotting them on forest stand maps. The present study
is a part of GEF II project supported by World Bank and
it was conducted in Isparta-Yukarıgökdere Enterprise Planning Unit (YEPU) in which biological diversity is reflected
on forest management plans. The data, which were obtained
in field studies conducted between 2006 and 2008 in
YEPU, were plotted on the maps produced by employing
Geographic Information Systems (GIS). Distribution areas
of determining species, which were specified as target species among them, were shown on the maps. Consequently,
the important habitats for these species were specified as
usage areas with Natural Protection Function by entering
them into positional database.

KEY WORDS:
GIS, flora, fauna, inventory, functional planning

INTRODUCTION
Versatile use of forest management focused on protecting biological diversity is a very important key of modern
forest planning [1-3]. The planning concept shapes around
the characterization of forest ecosystems, setting conservation targets, development of management strategies and
establishment of appropriate management outputs based
on affective participation of stakeholders. Specifically, forest
resources are quantified to describe the current status of
forest structure, planning alternatives are designed to lay
out appropriate management prescriptions or actions based
on constraints, and planning outputs are defined to assess
the relative achievement of management objectives to the

set and achieve targets. Within the concept, management
actions should be based on a sound understanding of ecological principles and of the goals established for a forest
[3].
Plant diversity in forests is decreasing day by day despite sustainable forest management based on integrity of
forests. In recent years, transition from traditional forest
planning, which aims to obtain the highest wood output in
the minimum area, to versatile benefiting planning has been
accelerated in many countries [3,4]. However, transition to
functional planning has caused many disputable issues such
as whether versatile planning should be done based on
forest stand or it should cover the whole of the forest and
whether mathematical models should be employed in planning [5].
Forest management plans in Turkey were made based
on wood production and the related services with classical
approach until recent years [6]. However, today, transition
was made through functional planning based on ecosystem. To this extent, sample practices have been started in
different areas in Turkey. A case study of İğneada, Turkey,
supported the idea that participation as communication has
better possibilities to promote multiple-use forest management than participation as information gathering [7].
One of them is the forest management plan for Yukarıgökdere planning unit prepared under the scope of the
project of "Multi-purpose planning and management of
Yukarıgökdere Forests with participative approach based
on ecosystem" supported by GEF-II. The basic approach
adopted in planning is to produce a practicable plan integrating demands and expectations of local shareholders
into indices and criteria specified in 1992 Rio Summit for
international sustainable forest planning and management
by assessing ecologic, economic and socio-cultural functions via informatics technologies [8].
Three main components are basic in this approach:
specifying forest functions to lead planning by determining functions offered by forest ecosystem in ecologic, economic and socio-cultural aspects, specifying especially function in the process extending between inventory step and
plan writing step, specifying enterprise objectives and pro-
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tection targets, activating participation by determining basic
shareholders (interest groups) to raise awareness about forest
resources and to minimize potential conflicts and obtaining basic data for protection of biodiversity as well as specifying protection targets also and including them into planning effectively [7,9,10] The ecosystem inventory was made
up by supporting these three basic components by the technologies of Geographic Information Systems (GIS), Global
Positioning System (GPS) and remote sensing (RS), positional database was build up and all bases (maps) were prepared on digital media [3,7,11] .
It is seen that, this process is highly more comprehensive compared with traditional management planning. First
of all, multi-purpose planning employs a new forest inventory process showing biodiversity and forest values. Secondly, this approach allows shareholders and local people,
who have a vital role in preparing a sustainable plan for
forest management, to participate commonly. Thirdly, this
approach employs a positional database including data about
biodiversity for establishing Spatial Forest Information System (SFIS) supported by Geographic Information Systems
(GIS) and Remote Sensing (RS). Fourthly, management
activities and most of important resolutions are made in
meetings by agreeing on them. Fifthly, enterprise objectives
including protection targets are specified according to expectations of people and potential forest functions. Finally,
resolutions on silvicultural activities are made according to
more detailed functions by establishing relations between
functions and forest forms [10].

The points, for example, on which easily available roads
or creeks are intersected were determined on the topographic map and the map of stand types. Then, the map of
stand types was registered geometrically by using coordinates on the topographic map introduced to UTM coordinate system.

FIGURE 1 - Geographical location of the study area.

Small boxes on the geometrically registered stand map
were digitalized (Figure 2). Then, positional databases for
these digitalized boxes were produced. Arc GIS 9.2 software was used in digitalization and Map Info 8.5 software
was used in converting UTM coordinate system.

MATERIAL AND METHODS
Study area

The study area was Yukarıgökdere Enterprise Directorate under the management of Isparta Forest Regional
Directorate. The altitude ranges from 680 to 2395 m. The
area lies between North latitudes of 4166319 and 4189999 m
and East Longitudes of 303212 and 313122 m according to
Zone of UTM WGS 84 36. Total area is 8669.29 ha. Annual average precipitation is 771 mm [12]. Main matter is
substantially hard calcareous and granite, clay stone, sandstone, various metamorphic matters, crystalline rocks, flysch
and limestone may exist on mountainous districts [13].
Annual average temperature is 13.03 °C [9]. Geographic
location of the area under investigation is shown in Figure 1.
1/25000 scaled ISPARTA - M 25b4, ISPARTA - M
25c1, ISPARTA - M 25c2 topographic maps taken from
Forest Regional Directorate were used as a base in the
study [14]. Its geometrical registration was completed by
re-introducing coordinates existing on the points on which
grid lines are intersected in Universal Transverse Mercator (UTM) coordinate system by entering them. As a result,
monolithic topographic map was obtained.
Map of forest stand types obtained from Enterprise
Directorate was digitalized by scanning it by A0 scanner.

FIGURE 2 - Digital integrated stand map of the study area
Inventory of wild animal species diversity

The study area was visited in periodic intervals between 2006 and 2008 to identify the fauna. The methods
of census at point count and transect line were employed
[15]. Yes-no analyzing type was employed [16]. 3-day
camping was done with tents for field studies.

1993
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The study was conducted in the parts of the area in
which fauna possibly exists more intensively such as road,
openings and picnic areas considering the area’s geographic
nature and fauna. Observations were conducted within the
first 3-4 hour periods following sunrise in the mornings and
within 2-3-hour time periods before sunset in the evenings
in summers. These observations were conducted during
daytime in winters.
Also, observations were conducted between 09:00 pm
and 01:00 am along the transected parts by using projectors and headlamps of cars to determine species moving at
night. Generally, observations were based on visual contacts
with the animals; however, excreta, feather and traces on
the days in which the floor covered by snow especially in
winters were used for identification.
Different binoculars were used for observing birds and
mammals during the study. Various books were consulted
in identification of the observed bird, mammal, reptile and
amphibious species [17-26]. Larva, pupa and adults collected from the field by traps, light traps etc were brought
to the laboratory in suitable boxes and they were fed in
culture for identification of insect species. The obtained
adults were killed by ethyl acetate in killing bottles and
they were sent to identification after their preparations were
conducted. The identified samples are stored in the Entomology Museum of Faculty of Forestry of Suleyman
Demirel University. Also, other entomologic studies conducted previously in the field were used [27-29].
Inventory for plant species diversity

The first step is the floristic studies on plant diversity
to be conducted in the fields covered by Forest Management Plans to which biological diversity is integrated. First
of all, listing plant taxa, which are invasive in the field, will
be a base for the study. For this purpose, the field studies
commencing in 2006 lasted until the end of the vegetation
period of 2008. 715 plant samples were collected from the
study area as study material. These samples include herbaceous and ligneous taxa of flowering and non-flowering
(ferns) plants.

RESULTS AND DISCUSSION
Fauna

In the study area, 11 mammal species from 8 families
belonging to 6 classes, 72 bird species from 26 families
belonging to 7 classes, 13 reptile species from 7 families
belonging to 2 classes, 1 amphibious species from 1 family belonging to 6 class and 129 insect species from 43
families belonging to 8 classes were identified. No endemic
fauna species for the area or for Turkey was found during
the study. Those existing on International Red List of threatened species, which are VU (Vulnerable) and NT (Near
Threatened), and those, which can be hunted commercially
according to the resolutions of MAK (Central Hunting
Commission), were specified as target species for planning
among those identified during the study in the field [34,
35]. Also, the species under extinction risk were classified
as indicator species for their fauna classes and the ecosystems in which they are invasive.
Of the target species, fox, rock marten, wild boar,
rabbit, chukar, rock dove, turtle dove, blackbird, jay, carrion crow, sparrow, squirrel, Anatolian nuthatche, common
turtle and great Capricorn beetle were found to reproduce
in the study area. GPS coordinates of the locations, which
are significant with respect to reproduction, feeding and
nesting belonging to the target species, were taken. Distribution areas of the target species under extinction risk
according to the international criteria and those, which can
be commercially hunted according to the applicable laws of
Turkey, from the target species were determined and plotted on the map (Figure 3 and 4).

The plants, which had been dried according to the applicable technique, were brought to the herbarium of the
Faculty of Forestry of Suleyman Demirel University and
processed with DDVP (Dichlorvos) for 3 days in a separate cupboard for protecting them against insect and fungus pests and also, keeping them for long time. As a result
of assessment of these plant samples, 333 plant taxa in
total included in 75 families and 226 genera of which 61
taxa are endemic were identified with the help of various
resources especially flora of Turkey [30-33].
The identified plant samples were placed in the herbarium of Faculty of Forestry of Suleyman Demirel University. Target species and their distribution areas are important among the identified species and the findings on
this matter were used after discussing with other shareholders during the functional planning.

FIGURE 3 - Distribution within the study area of endangered species.
1. Cerambyx cerdo, 2 Coracias garrulus, 3 Sciurus vulgaris, 4 Sitta
krueperi
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lies: Fabaceae 36 (10.81%), Lamiaceae 26 (7.80%),
Asteraceae 24 (7.20%), Brassicaceae 24 (7.20%),
Rosaceae 20 (6.00%).
Distribution and ratio of the first 5 genera having the
most taxa among the plant taxa collected from the area
under study and identified are seen below: Trifolium 10,
Silene 7, Astragalus 6, Alyssum 5, Arabis 5.
Whether or not the plant taxa found in the study area
are endemic or rare, the plants included in IUCN categories,

FIGURE 4 - Distribution within the study area of game species for
free. 1 Garrulus glandarius, 2 Scolopax rusticola, 3 Turdus merula, 4
Columba livia, 5 Martes foina, 6 Alectoris chukar, 7 Canis lupus, 8
Corvus corone, 9 Passer domesticus, 10 Lepus europaeus, 11 Vulpes
vulpes, 12 Streptopelia turtur, 13 Sus scrofa
Flora

715 plant samples were collected from the study area
within one-year growth period and they were dried according to herbarium technique during the study. As a result of
assessment of these plant samples, 333 plant taxa in total
included in 75 families and 226 genera of which 61 taxa
are endemic were identified with the help of various resources especially flora of Turkey.
Distribution according to phytogeographical regions
and ratios of the plant taxa, which were collected and
identified, was as the following: 77 Mediterranean elements (23.12%), 36 Irano-Turanian elements (10.81%), 13
Euro-Siberian elements (3.90%), 207 multiregional or unknown from the point of view of phytogeographical region
(62.16%). The reason for high number of Mediterranean
elements is the fact that the area under study exists in
Mediterranean Region. Number of the Euro-Siberian elements was much lower than that of Mediterranean elements because there is no moist habitat in the study area
enough for Euro-Siberian elements. Significant floristic
relationships exist between Mediterranean and IranoTuranian flora regions. Borders of Mediterranean floristic
area are not clear because floristic regions with territorial
characteristic may easily go beyond each other’s borders.
As a result, we may say that the study area takes place on
a transition zone to Mediterranean and Irano-Turanian flora
regions.
Distribution and ratios of the plant taxa collected from
the study area and identified according to the biggest 5 fami-

FIGURE 5 - Distribution within the study area of endemic plant
species. 1 Abies cilicica subsp. isaurica, 2 Acer hyrcanum subsp.
sphaerocaryum, 3 Aethionema thesiifolium, 4 Alkanna sieheana, 5
Allium scabriflorum, 6 Alyssum filiforme, 7 Amelanchier parviflora var.
dentata, 8 Amelanchier parviflora var. parviflora, 9 Anthemis cretica
subsp. anatolica, 10 Arabis andosacea, 11 Arabis aubrietioides, 12
Astragalus angustifolus subsp. longidens, 13 Astragalus gymnolobus, 14
Astragalus mesogitanus, 15 Astragalus vulneraria, 16 Astrantia maxima
subsp. haradjianii, 17 Asyneuma linifolium subsp. linifolium, 18 Aubrieta pinardii, 19 Ballota nigra subsp. anatolica, 20 Campanula lyrata
subsp. lyrata, 21 Colutea melanocalyx subsp. davisiana, 22 Crateagus
aronia subsp. minuta, 23 Euphorbia cardiophylla, 24 Fraxinus ornus
subsp. cilicica, 25 Fritillaria whittallii, 26 Gladiolus anatolicus, 27
Helichrysum pamphylicum, 28 Hypericum confertum, 29 Inula anatolica, 30 Linaria genistifolia subsp. confertiflora, 31 Marrubium globosum
subsp. globosum, 32 Micromeria cristata subsp. phrygia, 33 Minuratia
glandulosa, 34 Minuratia leucocephaloides, 35 Moltkia aurea, 36
Myosotis ramosissima subsp. uncata, 37 Nepata caesarea, 38 Nonea
macrosperma, 39 Onobrychis pisidica, 40 Ornithogalum nivale, 41
Papaver apokrinomenon, 42 Paronychia argyolaba, 43 Phlomis armenica, 44 Phlomis grandiflora var. grandiflora, 45 Quercus vulcanica,
46 Saponaria kotschyi, 47 Scrophularia cryptophila, 48 Sideritis condensata, 49 Sideritis libanotica subsp. linearis, 50 Silene armena var.
serrulata, 51 Silene tunicoides, 52 Stachys iberica subsp. iberica var.
densipilosa, 53 Tanecetum cadmeum subsp. cadmeum, 54 Thymus
samius, 55 Trigonella cretica, 56 Velezia pseudorigida, 57 Verbascum
cilicium, 58 Verbascum leiocarpum, 59 Verbascum oocarpum, 60
Veronica caespitosa var. caespitosa, 61 Vincetoxicum canescens subsp.
Canescens
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FIGURE 7 - Map of functional forest planning unit of the study area
FIGURE 6 - Distribution within the study area of trading plant
species. 1 Origanum onites, 2 Phlomis grandflora var. grandiflora, 3
Pistacia terebinthus subsp. palaestina, 4 Plantago mojor, 5 Rosa
canina, 6 Salvia tomentosa, 7 Sorbus umbellata var. umbellate

culturally important species, indicator-characteristic species, the species under risk according to national and European criteria, species existing on Bern List, economically
important species, species suitable for being umbrella and
flag and species under the scope of CITES were identified
and plotted on the map (Figures 5, 6).

Expectations and needs were analyzed and also, ecosystem inventory was made to determine other forest functions in which biological diversity exists in the area to be
planned during establishing functional plan units. All positional data obtained as a result of inventory study were
transferred to the database and forest ecosystems were classified according to these data. Appropriate planning technique and alternative planning options were produced and
the most suitable one was selected.

Functional Plan

Coordinates of distribution areas of the target species,
which are important for flora and fauna obtained in the
field study, were registered into positional databases. The
obtained positional databases were placed on the stand type
map, which had been digitalized previously. These supporting databases, which had been placed, of fauna and
flora were considered during functional planning of forest
area constituting the field under study. As a result, the areas
on which the target species are invasive were allocated for
use intended for protection of nature (Table 1) and shown
on the functional plan map (Figure 7).

Functional forest
planning unit

TABLE 1 - Functional forest planning unit of the study area
Function
Agriculture areas
Scientific
Nature conservation
Erosion prevention
Hydrological
Residential area
Water
Production
Total

Area (Ha)
1795.91
50.01
4180.41
178.69
14.83
84.09
9.10
2356.21
8669.29

CONCLUSIONS
Until recently, Turkish forest management focused
mainly on timber production and plans were made according to that target. However, in the recent years, the significance of other functions of forests besides timber production was recognized. As a result, functional planning was
preferred for benefiting more from forest resources. This
study is one of the first functional planning examples
conducted in Turkey.
Conserving biological diversity

Biodiversity is a concept covering diversity of genes,
species and ecosystems, their alteration versus time and
their mutual functions. Many people perceive biological
diversity as species diversity.
This approach is not enough according to the principle
for sustainability of biological resources. If genetic diversity is insufficient or not exists inside a species, i.e. among
individuals of that species, the extinction risk is very high
in the next generations. Habitats (or ecosystem in more
general manner) of species vary from the point of view of
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various biotic and abiotic factors also. Today, many species may exist in same regions due to differences between
habitats and different ecologic demands of species.
Therefore, conserving habitats and consequently ecosystems on which they exist for conserving species in more
effective way and developing programs for making them
healthier are considered more acceptable. Thus, in the recent
years, biological diversity conservation studies are conducted
not only on species, but also the approach of conserving
habitats as a whole and contributing a network of areas by
making ecologic aisles between habitats are adopted more.
Therefore, in this study, biological diversity elements were
identified in the field and made one of the elements of
planning.
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The elements threatening biological diversity and forest resources and solutions for them

The elements threatening natural structure of forest
ecosystems were determined and solutions were found for
most of them.
Threats:
• Degradation and destruction of habitats
• Populations not existing in natural balance
• Unplanned livestock production
• Insufficient awareness for nature conservation
Recommendations for solution:
• Rehabilitation studies should be conducted to recover
habitats
• Illegal hunting should be prevented
• Plans and projects should be developed for improving
livestock production:
• Plans should be prepared for regular grazing
• Awareness for nature conservation should be raised
and activities for this purpose should be implemented
regularly
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ABSTRACT
Benzene, Toluene, Ethylbenzene and Xylene (BTEX)
are the group of VOCs widely used as representative of
VOC pollution. In this study BTEX measurements were
made in Dilovasi at two selected points. One was at the
center of the town (DLV) and the other was GYTE campus
which can be considered as a background area. Dilovasi is
a coastal town in the Marmara region known for its deteriorated environmental conditions. Cancer is the primary death
cause for Dilovasi residents with a ratio three times higher
than Turkey’s general average. Active and passive tube
sampling methods were used to collect the air samples and
BTEX levels were determined by thermal desorption GCFID analytical system. In the preparatory step long term
passive sampling results for 2, 3, and 4 weeks sampling
times were compared and 2-week sampling was chosen due
to observed lowest back diffusion.
BTEX concentration ratios were calculated as (5.4; 9.1;
1.0:3.1) at DLV and (6.1;7.5;1.0;2.2) at GYTE using passive sampling results. Active samples taken in the morning
at DLV showed significant correlation among BTEX compounds suggesting the effect of traffic related VOC pollution at the site while GYTE is not under direct effect of
VOC sources but having polluted aged air masses. BTEX
levels from active tube sampling exhibit up to 5 times of
the concentration values obtained from passive sampling.

KEYWORDS: VOC, BTEX, Thermal desorption, Active sampling,
Passive sampling, GC-FID

INTRODUCTION
Volatile organic compounds (VOC) can be found in
non-industrial indoor and outdoor air as well as industrial
workplace environments and in various materials used in
daily life. The important effects of VOCs can be listed as
stratospheric ozone depletion, ground level photochemical

ozone formation, toxic and carcinogenic health effects, and
global greenhouse effects. Toxic and carcinogenic health
effects of VOCs can be caused by a direct mechanism and
there is a growing concern for VOCs which could induce
cancer in the human population. Benzene, toluene, ethlybenzene and xylene (o-, m-, p-) (BTEX) compounds,
especially benzene because of its carcinogenic effect,
should be monitored to take the necessary actions.
The most widely used analytical method for the study
of VOCs is sampling onto adsorbents like active carbon and
Tenax by active or passive sampling and then subsequent
thermal desorption (TD) or solvent desorption of trapped
compounds in a capillary gas chromatography (GC) column and detection using generally GC-Flame Ionization
Detector (FID) / Mass Spectrometer (MS) [1]. Combined
(TD_GC_MS/FID) detection system is a very sensitive and
cost effective analytical system. Once provided with appropriate uptake rates, long-term diffusive sampling for one
to four weeks sampling periods is cost effective and easy to
apply for measuring time weighed average concentrations
(TWA) of VOCs needed in ambient air quality studies [2,
3].
Dilovasi is an industrial coastal town in Marmara Region of Turkey and known for its extremely deteriorated environmental conditions. The study conducted by the Ministry of Health has revealed that cancer is the primary death
cause for Dilovasi residents with a ratio three times higher
than Turkey’s general average. Major cancer type causing
death was identified as lung cancer.
The main purpose of this study is to understand the
ambient air quality of the region in terms of BTEX as well
as the performance and accuracy of active and passive
sampling for continuous ambient air monitoring in the area
which can be described as an “Anthropogenically Perturbed
Coastal Industrial Site”. Air samples were collected at two
locations in Dilovasi by active and passive tube sampling
and analyzed by thermal desorption GC-FID for BTEX concentrations. Moreover different passive sampling periods
were implemented to evaluate their accuracy and possibility of their use as long term monitoring agents. The corre-
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lation among the measured VOCs, variation in the concentration levels with respect to location, and comparison of
active sampling results with passive sampling measurements were performed. This study is a comparative preliminary investigation to initiate a protocol for a continuous air quality monitoring by passive sampling and
TD/GC/FID at this critical region.
MATERIALS AND METHODS
Sampling Sites

Dilovasi is an industrial coastal town situated in the
northern part of Turkey by the Marmara Sea. It covers a
total area of 2000 hectare with a population of 50 000. There
are more than 150 industrial facilities most of which can be
classified as chemical industry. The climate in the region is
temperate and highest temperatures are generally observed
in July and August.
Two sampling sites were selected to characterize the
BTEX concentrations in ambient air in the area (Figure 1).

Passive Sampling

Adsorbent tubes fitted with diffusion caps were left at
sampling sites for the chosen period. At the end of the
measurement period tubes were taken from the site in
cooled containers to the laboratory after replacing the diffusive end caps with Swagelok end caps. Sampling tubes were
protected from direct sun shine and bad weather conditions
by custom made shelter. Two passive adsorbent tubes were
used for each sampling.
Optimum passive sampling period was determined by
taking passive samples for different periods of 2, 3 and 4
weeks in May. Upon choosing 2 week sampling period
another four passive sampling results were obtained in
two months (June and July). Time weighed average concentrations of the compounds for the two months of summer were calculated using uptake rates in ng/ ppm.min
which were obtained from the company.
Active Sampling

Sampling was performed by drawing air through two
constant flow pumps (SKC AC52) onto two separate stainless steel Tenax TA prepacked adsorbent tubes with a flow
rate of 16.7 mL/min. One empty tube with filled with glass
wool was placed prior to sampling tube to filter the particulate matter. The total sampling volume was 1 L. Active
samples were collected for 5 days during sampling period
between 1 June -27 July at DLV and GYTE sampling points.
Instrumentation and Analytical Parameters

FIGURE 1 - Sampling points of DLV and GYTE.

The first site denoted as DLV is situated in a location
with a high population density and near to major highway
D100 and local traffic. The second site denoted by GYTE
is situated on a campus area with almost no traffic and relatively far from pollution sources.
Sampling Strategy

BTEX concentrations were monitored by using both
active and passive sampling for 2 months using stainless
steel Tenax TA prepacked tubes (Markes). Prior to measurement campaign, in May the passive sampling and analysis were performed and two weeks sampling period for
passive sampling was chosen Besides passive sampling,
once a 15 days in the morning time active samples were
taken from each point. The sampling was performed from
10:00-11:00 and 11:00-12:00 for Dilovasi and GYTE points,
respectively. In addition, at GYTE point day time BTEX
variation was also determined by active sampling by taking
samples from 8:00 to 19:00. All samples were analyzed
immediately after sampling.

All tubes were conditioned by Helium (He) gas stream
of 50 ml/min at 300˚ C for 10 minutes prior to use.
Only some of the tubes that were used for the first time,
conditioning was performed at 325˚ C for 2 hours followed by 30 minutes at 335˚ C. Conditioned tubes were
closed by Swagelok end caps and stored at refrigerator in
sealed glass containers. Markes thermal desorption cold
trap injection unit and Agilent 5890 model GC fitted with
FID were used for the subsequent analysis of the collected
samples. Tubes were desorbed at the temperature of 300◦C
for 10 min with cold trap temperature of -10◦ C. Then with
a maximum heating rate, sample gas was desorbed from
the trap and was injected into GC.
Agilent DB-VRX column (30 m x 0.25mm x 1.40 µm)
was used in GC to separate BTEX compounds. Carrier gas
was ultra-pure He and initially column oven was kept at
40◦C. Then with a heating rate of 10◦C / min., temperature
was increased up to 240 ◦C and kept there for 5 min. The detector temperature was 250◦ C and H2 flow rate was 30 mL/
min while dry air flow was kept at 350 ml/min.
Quality Control and Assurance

Four- point external calibration was performed using
2000 µg/ml BTEX standard solution in methanol (Ultra
Scientific). Using calibration Solution Loading Rig
(Markes) standard solutions were injected to the adsorbent
tubes under He flow of 5 min to allow the evaporation of
the solvent. The tubes then were desorbed and analyzed
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by TD/GC/FID with the above specified conditions. The
LOD of the method were calculated from calibration data.
LOD values as ng for benzene toluene, ethylbenzene, m,pxylene and o-xylenes were 6, 10, 3, 4 and 2 ng respectively.
Measured BTEX concentrations were above the calculated
LODs.
During the measurement campaign blank samples were
also taken for each sampling point. The tubes were taken to
the field, opened at the site and then capped immediately
and stored in the refrigerator until analysis. Blank levels
of the compounds were obtained from two field blanks for
each sampling sites. In the blank samples at GYTE only
benzene has occurred as 11 ng, in DLV blanks, 9 ng benzene and 5 ng toluene have occurred.

BTEX values were monitored by passive sampling
during 4 May- 27 July in DLV and GYTE with chosen
sampling period of 2 weeks. Atmospheric concentrations of
the compounds in terms of µg/m3 were calculated for total
of four samples at each site. TWA concentrations of BTEX
measured at DLV and GYTE were given in Table 1.
TABLE 1
TWA concentrations of BTEX measured at DLV and GYTE.

Benzene
Toluene
Ethylbenzene
m-p-Xylene
o-Xylene

TWA Values (µg/m³)
GYTE
DLV
3.2±0.9
3.8±0.6
3.9±1.2
6.4±1.8
0.5±1.8
0.7±0.2
0.8±0.6
1.5±0.3
0.4±0.6
0.7±0.1

RESULTS AND DISCUSSION
Determination of Optimum Period for the Passive Sampling

Back diffusion is one of the drawbacks for long term
passive sampling. Therefore prior to measurement campaign different passive sampling periods were tried at two
sampling points to obtain optimum sampling period. Figure 2 and 3 depict BTEX concentrations for the passive
samples with a period of 2, 3, and 4 weeks for DLV and
GYTE, respectively.
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FIGURE 2 - Comparison of different passive sampling periods at
GYTE

First thing to note no matter what sampling period is
used, BTEX levels in DLV point are approximately twice
of GYTE’s. This supports the assumption that GYTE is
relatively less polluted than DLV considering sampling
points are both located in an intensely industrialized area of
Turkey.

The fact that Toluene concentrations were significantly
higher at DLV compared to GYTE point suggests different
sources for two locations. Toluene values at DLV were
found distinctively higher than those found at GYTE.
BTEX concentration ratios at DLV and GYTE based on
passive sampling results are calculated as (5.4; 9.1; 1.0:3.1)
and (6.1;7.5;1.0;2.2), respectively. These ratios are significantly different from typical BTEX concentration ratio given
for vehicle sources as (3:4:1:4) in Taipe [4] and (2.01:4.94:
1:4.95) in Cairo [5] suggesting existence of other sources
for BTEX compounds. T/B and m-p Xylene/ EthylBenzene
ratios are also used to determine the age of the air mass and
emission source since xylene and toluene are more reactive species [6] T/B and m-pX/E ratios are 1.7 and 2.1 at
DLV and 1.2 and 1.5 at GYTE point. T/B ratios for both
sites are lower than T/B ratio for automobile exhaust is
given as 2.7 [7]. The T/B ratio is lower in GYTE suggesting VOC sources are in DLV point and Toluene concentration decreased during air mass movement to GYTE. MpXylene/EB ratio also supports this with lower ratios seen
at GYTE. Although both sites are situated in an industrial
area, main sources for VOC are probably in DLV and air
masses arrive GYTE have lower VOC due to reactions taking place for more active species. The dominated wind direction in the summer months are from north and north east
supports this transportation.
Active Sampling Results

The average of 5 active sampling results for DLV and
GYTE sampling sites can be seen in Table 2.

Results also showed that BTEX amounts in 3 and 4
week sampling period were not proportionally high when
compared to those in 2 week sampling period. This is due to
back diffusion effect which increases with sampling time.
Based on these results two week-sampling period was
chosen as appropriate.
Passive Sampling Results for BTEX
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TABLE 2 - Averaged BTEX concentrations for active sampling

Benzene
Toluene
Ethylbenzene
m,p-xylene
o-xylene

DLV
Averaged µg/m³
13.3 ±11.7
17.4 ± 10.2
2.4 ± 2.0
4.3 ± 2.2
1.7 ± 1.0

GYTE
Averaged µg/m³
14.3 ± 4.1
27.7 ± 27.0
3.1 ± 1.85
5.8 ± 2.8
2.1 ± 1.2
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Individual BTEX concentrations levels are similar to

those seen in other locations in the world. BTEX

TABLE 3 - BTEX concentrations in ppb by volume reported by this and other studies.

Benzene
Toluene
Ethylbenzene
m,p-xylene
o-xylene

Nanhai [8]
(China)
20.0
39.1
3.0
14.2

Ramsis [5]
(Egypt)
27.33
56.73
9.99
32.42
16.99

New Jersey [9]
(U.S.A)
0.47
1.81
0.31
0.75
0.39

concentrations from active measurements representing morning time BTEX levels are much lower when compared to
very polluted cities such as Ramsis and much higher compared to relatively clean atmospheres of New Jersey residential area. Table 3 summarizes concentrations given for
BTEX at different locations.
Diurnal Variation of BTEX

Daily variation in BTEX concentration can be seen in
Figure 4.
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FIGURE 4 - Diurnal variation in BTEX concentrations.

The maximum and minimum concentrations for all
BTEX compounds were observed in the morning and evening hours, respectively. There is 30% drop in Toluene concentration between consecutive samples at 9:00 and 11:00
while the drop is 40% between samples at 17:00 and 19:00.
Other day time concentrations exhibit fairly constant levels.
It should be noted that compared to other studies daily variation in BTEX does not exhibit maximum at traffic rush
hours. In other words there was no effect of traffic.

Pingnan [10]
(Taiwan)
2.05
4.48
1.44
2.80
1.05

Izmir [11]
(Turkey)
11.6
26.7
4.9
21.1
21.9

Bursa [12]
(Turkey)
0.8-9.4
1.1-7.6
0.3-3.4

DLV

GYTE

4.17
4.62
0.55
0.99
0.39

4.48
7.35
0.72
1.34
0.48

CONCLUSION
This study, conducted at a very critical industrial area
of Turkey, is a first study related to the area and revealed
some important facts about the region. The BTEX concentrations determined by passive sampling for the summer
months are higher in urban air of Dilovasi which is located
near major sources of pollution and highways. Restricted
air movement is observed in contrast to the GYTE sampling site. Concentrations at the level of 7 µg/m3 as toluene do show a certain degree of VOC pollution although
it is not as polluted as some other cities. The BTEX ratios
justify that two sites are different in terms of VOC pollution suggesting DLV is under effect of the some immediate industrial sources where GYTE point is relatively far
from direct VOC sources and aged air masses arrive the site.
Morning time active measurements at DLV show high correlation among BTEX compounds which is an indicator of
traffic emissions. Passive sampling ratios at DLV on the
other hand, show different values from those of active
measurements indicating some other sources imprint when
the longer sampling period is taken into consideration. Calculated back diffusion for passive sampling considering 2,
3, and 4 weeks measurement results shows the importance
of quantification of the back diffusion for the data quality
and assurance otherwise underestimated concentrations are
very likely. Significantly huge peaks were observed in the
chromatogram but could not be identified since GC/FID
measurements were calibrated for only BTEX compounds.
Occasionally very high toluene concentrations were also
observed. Therefore extended list of VOC measurements,
extended period of active sampling and subsequent comparison of the active and passive sampling results are necessary steps to take in order to clearly and effectively evaluate the air quality in the region.

Active sampling results taken in the morning hours at
two sites are higher than TWA concentrations calculated
from passive measurements in the order of 2 to 5 times.
As the daily variation in BTEX concentrations showed the
maximum concentration was observed at 9:00. Therefore
active measurements represent the daily maximum while
TWA concentrations take also into account possibly lower
concentrations observed on the other hours of the day. However it should also be noted that sampling bias due to back
diffusion plays an important role in estimating true concentrations [14].
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ABSTRACT
The goal of the research was to isolate and identify
biofilm bacteria on static panels, and to determine the
minimum inhibitory concentrations (MICs) of the antifouling agents preventing the growth of biofilm bacteria. The
effectiveness of four types of antifouling paints containing
additives based on zinc oxide, copper oxide, tributyltin,
fluorine and triazine diamine as well as one type of rustproof paint against biofilm formation on static panels was
determined. Bacterial strains were isolated from biofilms
formed on test panels embedded in the two marinas located
at Izmir region. Bacterial growth was found on all test panels and counts of them on the surfaces of the panels rapidly increased in the period of 7-15 days. Twenty-six strains
were cultured, and a total of 13 unique strains were identified. Phylogenetic analysis using 16S rDNA sequences indicated that all of the strains belonged to the γ-Proteobacteria and Firmicutes subclasses (Pseudoalteromonas
agarovorans, P. haloplanktis, P. marina (3 strains), P.
elyakovii (2 strains), P. porphyrae (2 strains), Alteromonas
genoviensis, A. alvinella, Vibrio lentus and Exiguobacterium homiense). The paint, which contains triazine diamine
and copper oxide, showed strong antibacterial activity
against each individual strain. None of the isolates grew in
all concentrations (1/2 to 1/1024) of this paint. Physicochemical parameters of seawater and viable bacteria counts
displayed relations during the study period. However, it
was not found any strong correlation between viable bacteria density and nutrient concentrations.

KEYWORDS:
marine bacteria, biofilm, antifouling paint, marina

INTRODUCTION
Bacterial colonization on abiotic materials, such as suspended particles, metal surfaces and concrete, or on biotic
surfaces was thought to be one of the microbial survival
strategies because it provides microorganisms with important advantages, including i) increased access to nutri-

ents, ii) protection against toxins and antibiotics, iii)
maintenance of extracellular enzyme activities and iv)
shelter from predation [1]. During the process of colonization on particular surfaces, bacteria overproduce extracellular polymeric sub-stances (EPS) [2, 3].
Biofilms can have negative effects on human activities
in many ways, including: energy waste, heat transfer resistance, requirement for excess equipment capacity, decreased life of equipment, quality control problems, and
safety problems [4, 5]. This biological phenomenon,
known as biofouling, can cause enormous damage to marine infrastructure, such as ship hulls and off-shore platforms, leading to economic loss [6]. Subsequent microfouling and macrofouling by microbial biofilms, algae, and
invertebrates have been recognized for many years [7, 8].
To prevent fouling problems on surfaces immersed in
water, antifouling paints can be applied to some surfaces.
From the 1960s onwards, organotin compounds, heavy metals were massively introduced in the formulation of antifouling paints [9, 10]. In the marine environment, the continuous leaching of heavy metals has been responsible for
shell thickening in oysters, sex changes in invertebrates,
and possible genetic defects in other marine animals [1014]. Legislation in many countries banned the application
of tributyltin (TBT), an organotin compound, based paints
to small vessels (<25 m) [15]. The International Maritime
Organization (IMO), Marine Environment Protection Committee (MEPC) have recently announced a proposed ban on
the use of TBT as an antifouling agent on ships [16]. The
coatings containing biocides are already used and applied
to the hulls of ships and boats to prevent the growth of
bacteria, macroalgae, mussels and other invertebrates.
Worldwide around 18 compounds are currently used as
antifouling biocides [17-21]. These tin-free coating formulations contain high concentrations of metals such as copper and zinc, in combination with booster biocides such as
Irgarol and SeaNine 211 [22, 23], which may also pose
environmental problems.
We examined the recruitment and succession of biofilms on static panels, which were coated by four types of
marine paints, and one type of rustproof paint representing boat hulls exposed to seawater in the two marinas
(Izmir Marina and Cesme Marina) of Izmir (Turkey).
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MATERIALS AND METHODS
Study area

Izmir Bay (Western Turkey) is one of the great natural
bays of the Mediterranean basin. This region was polluted
with wastewater of many industries (food processing, chemical industries and textile industries etc.) [24]. Cesme, which
has oligotrophic seawater, surrounded on three sides by the
Aegean Sea, is the westernmost town in Turkey and about
80 km from Izmir. Settlement and recruitment of biofilm
bacteria were studied at two marinas located in Izmir Bay
and Cesme.
Preparation of static panels and coating systems

To create surfaces suitable for settlement, 30x30-cm
square steel panels were manufactured by the contact
method, more widely known as the hand lay-up method
[17, 25]. Four types of marine paints and one type of
rustproof paint, which were provided from a local paint
Manufacturing and Trading Co. Inc., were used in this
study. After cutting, trimming tolerances and maintaining
a sufficient gap between panels, each type of paint was
applied to the surfaces by brush, yielding 1.5 mm of total
thickness. Static panels were then submerged to a depth of
1.5 m from the surface in the two marinas mentioned above,
and biofilm organisms were examined during December
2006–June 2007. Panels were left submerged for 180 days
in the marinas. On the 1st, 2nd, 3 th, 4 th, 5 th, 6 th, 7th, 15th,
30th, 60th, 90th and 180th days, panels were collected for
analysis and then were submerged again.
The antifouling paints were as follows:
Supplier formulation number 269.2710: (basic component: tributyltin and copper-oxide)
Supplier formulation number 279.2710: (basic component: triazine diamine and copper oxide 47%, total solid
matter: 76-77%, solvent: xylene 23-24%).
Supplier formulation number 088.1154: (basic component: zinc oxide and copper oxide 35%, total solid matter:
70-71%, solvent: toluene 29-30%).
Supplier formulation number 088.1155: (basic component: fluorine resin 30%, total solid matter: 67-70%, solvent: ethyl acetate 30-33%).
Rustproof: synthetic resin with alkyd base primer containing anticorrosive pigments.
Abiotic parameters

Physico-chemical parameters such as dissolved oxygen
(DO) (Winkler methods), pH, temperature, and salinity of
the seawater were measured by a WTW pH/Cond 304i/Set
during test period.
Chemical parameters

Seawater samples were filtered with GF/F filters, the
sample bottles (100 ml polyethylene) were rinsed twice
with the sample and filled, then immediately frozen until

analysis. Nutrient and DOC analysis were carried out within
1 week, using a Skalar (two-channel) Autoanalyzer. Water
samples for chlorophyll-a (Chl-a) were prefiltered through
210-Am nylon mesh placed in a funnel in order to remove
the larger particles (e.g. meso-zooplankton). After concentration on GF/F filters, Chl-a was extracted with 90% acetone solution. The fluorescence intensity of clear extracts
was then measured, using a Sequoia-Turner fluorometer. A
commercially available Chl-a standard obtained from Sigma
was used to quantify the sample intensities [26].
Isolation and characterization of bacterial isolates

The biofilm bacteria were scraped from the surface of
the panels and suspended in 20 ml of sterilized aged seawater. A dispersed and diluted sample (10-1-10-8) was inoculated on ZoBell agar medium by the spread plate method
(peptone 5 g, yeast extract 1 g, FePO4 0.01 g, agar 15 g,
distilled water 250 ml, aged seawater 750 ml, pH 7.2) and
R2A agar medium (proteose peptone 0.5 g, yeast extract
0.5 g, casamino acid 0.5 g, glucose 0.5 g, soluble starch
0.5 g, sodium pyruvate 0.3 g, K2HPO4 0.3 g, MgSO4.7H2O
0.05 g, agar 15 g, distilled water 500 ml, aged seawater
500 ml, pH 7.2), respectively. The agar plates were incubated at 25 oC for 5 days. Bacterial colonies showing
different morphological characteristics were selected and
purified on ZoBell agar plates [3, 27]. All isolates were characterized in terms of morphology, Gram-staining and production of oxidase.
Analysis of 16S rRNA gene sequences

Genomic DNA was extracted from log-phase cells of
all isolates using a Fungi/Bacteria Genomic DNA Purification Kit (Zymo Research, USA) after incubation in ZoBell
broth for 1 day at 26 oC. The universal bacterial primers
27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1522R
(5'-AAG GAG GTT ATC CAN CCR CA-3') were used for
polymerase chain reaction (PCR) amplification of 16S
rDNA. FastStart Taq DNA Polymerase, the dNTPack Kit
(Roche, Germany), 0.2 M of primers, and 10 ng of template
DNA were used for PCR. PCR was performed for 30 cycles (5 min denaturing step at 95 oC in the first cycle; 55 s
denaturing at 95 oC, 40 s annealing at 52 oC, and 1.5 min
polymerization at 72 oC, with a final extension step at 72 oC
for 7 min) [3, 27].
The DNA sequence analyses of purified PCR products were performed using BigDye terminator technology
and an automatic sequence analyzer system (ABI Prism
3100) (REFGEN Biyoteknoloji, Turkey).
Phylogenetic analysis

The single-stranded 16S rRNA gene sequences of the
13 biofilm isolates were matched with those in the National Center for Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih.gov) by BLAST searching.
The most similar reference sequences were downloaded and
aligned with the isolate sequences using Clustal W (Version 1.81, available from (http://www.ebi.ac.ukclustalw)
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program. A phylogenetic tree was constructed by the neighbor-joining method, and was evaluated by bootstrap sampling (1,000 replicates) using the MEGA 4 program [25,
28-30].
Nucleotide accession number

The 16S rDNA sequence data of the isolates C 36, C
39, C 46, C 90, C 102, C 111, I 6, I 17, I 80, I 84, I 85, I
87 and I 105 reported in this article were submitted to
GenBank and assigned the accession numbers FJ200640,
FJ200641, FJ200642, FJ200643, FJ200644, FJ200645,
FJ200646, FJ200648, FJ200649, FJ200650, FJ200651,
FJ200652 and FJ200653, respectively.
Determination of minimum inhibitory concentrations (MICs)
by the microdilution method

The MICs of the antifouling paints used in this study
were determined according to the method described with
some modifications [31].
A series of dilutions, ranging from 1/2 to 1/1024, of
the 3 antifouling paints (coded as 279.2710, 088.1154,
088.1155) and the rustproof paint were prepared in test
tubes and then transferred to broth in 96-well microtiter
plates. Before inoculation, the bacterial strains were adjusted to the turbidity of the 0.5 McFarland standard, and
diluted 1:100 in ZoBell marine broth. Plates were incubated
at 26 °C for 24 h. The MICs of the paints were defined as
the lowest concentration not showing growth, and minimum
bactericidal concentrations (MBCs) of the paints were determined by plating samples from clear wells onto ZoBell
marine agar.
Statistical analysis

Analysis of variance (ANOVA) was used to compare
the changes in the different marinas and panels by means
of culturable heterotrophic bacteria, and then Tukey Honesty nonparametric tests were chosen for further analysis.
The Pearson correlation procedure was applied for physicochemical and bacteriological parameters [32].
RESULTS AND DISCUSSION
Abiotic Parameters

The seawater temperature showed significant variation during the study period. The lowest values of temperature were observed in February (10.20-14.10 °C). After
April, temperature began to increase and the highest val-

ues were reached in June (23.70-22.70 °C). The salinity
values in the marinas did not show notable differences. The
concentrations of DO varied between 5.26-8.82 mg/L in 11.5 m depth. Low DO values (5.26 mg/L) were recorded in
the Izmir Marina. The range of pH values varied between
7.96- 8.27 in the two marinas (Table1).
Chemical Parameters

Marine transportation and domestic outfalls seem to be
the main sources of dissolved nutrients. Increased input of
nutrients, such as nitrogen and phosphorus, via land runoff and human activities resulted in fertilization of the seawater, and subsequent enhancement in phytoplankton production. The organic matter derived from this plant biomass
is subjected to microbial degradation and re-minerilization
[33]. The distribution of nutrients like TNOx-N (NO 3N+NO2-N): 2.03-13.59; 0.34-1.87, NH4-N: 1.56-6.78, 0.100.95, T-PO4-P: 1.17-5.25, 0.08-0.19, o.PO4-P: 0.82-2.76,
0.01-0.05 in the two marinas (Izmir Marina and Cesme
Marina, respectively), is shown in Fig. 1. It was observed
that nutrient and DOC levels were lower in Cesme Marina
(67.77-99.38) than Izmir Marina (106.06-145.96) (Fig. 2).
While, in spring nutrient concentrations were lower, that
of Chl-a were higher at 2 stations (Figs. 1 and 3). The water
of the Izmir Marina is highly eutrophic, having extremely
high rates of primary production.
The results of one-way ANOVA showed a significant
variation in the concentration of dissolved nutrients ((TNOxN; F=42.55, p<0.05; NH4-N; F=82.96, p<0.05; T-PO4; F=
90.91, p<0.05; o.PO4-P; F=143.74, p<0.05)), DOC (F=
91.47, p<0.05) and Chl-a (F=33.41, p<0.05) in the 2 marinas.
Pearson’s correlation coefficient matrices were calculated for nutrients and environmental parameters. In the
Izmir Marina, statistical analysis revealed a strong positive significant relationship between Chl-a and temperature (R=0.89 p<0.05). Similarly, temperature and T-PO4-P
displayed a significant correlation (R=0.86, p<0.05) throughout the study period. Temperature and other chemical parameters did not show any significant correlation, and pH
displayed negative correlation in all nutrients. Stronger
relation was detected at TNOx-N (R=-0.94, p<0.05) for
pH. On the other hand, salinity and chemical parameters did
not display any significant correlation in the Izmir Marina.
DO, nutrients and Chl-a displayed significant negative correlation.

TABLE 1 - Ranges and mean values of physico-chemical parameters during December 2006-June 2007.
Station

Salinity (psu)

Temperature (°C°)

Mean Min
Izmir M.
14.60 10.20
Cesme M.
16.60 14.10
*
Note: S.E. : Standard error

Max
23.70
22.70

S.E*
0.93
0.55

Mean
38.72
39.52

Min
38.00
39.00

Max
39.40
39.50

pH
S.E.
0.10
0.06

2007

Mean
8.08
8.20

Min
7.96
8.15

Dissolved Oxygen (mg/L)
Max
8.26
8.27

S.E.
0.03
0.01

Mean
6.48
7.60

Min
5.26
6.84

Max
8.40
8.82

S.E.
0.23
0.15
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FIGURE 1 - Concentrations of nutrients (µM) in Izmir and Cesme marinas.
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FIGURE 2 - Concentrations of DOC (µM) in Izmir and Cesme
marinas.

FIGURE 3 - Concentrations of chlorophyll-a (µg L-1) in Izmir and
Cesme marinas.

In Cesme Marina, salinity, pH, DO and chemical parameters did not display significant relation. The negative
relations between temperature and o.PO4-P (R=-0.75, p<
0.05) were evaluated. Similarly, temperature and DOC displayed significant correlation (R=-0.59, p<0.05). NH4-N,
Chl-a and temperature displayed positive correlations (R=
0.54, p<0.05), (R=0.55, p<0.05), respectively. On a similar research, while high DO, and low nutrients were meas-

ured in marina of Cesme, the water of Izmir marina was
highly eutrophic, and had extremly high rates of primary
production [33].
Biological Parameters
Viable bacteria density

Viable bacteria counts (cells cm-2) of biofilm organisms
observed on all test panels during the sampling period in

2008

Fresenius Environmental Bulletin

The result of one-way ANOVA showed no significant
variation in the viable bacterial density of both marinas (p>
0.05). Similarly, the variation in viable cell density among
the test panels was not statistically significant (one-way
ANOVA) in the Cesme M. (p>0.05). On the other hand,
according to one-way ANOVA result, the viable bacteria
quantities displayed significant change in different panels
through the sampling period (F=4.28, p<0.05) in Izmir M.
These results were checked with Tukey Honesty test. This
variation was seen on panels with 269.2710 and 279.2710
coded paints. Thus, paints with triazine diamine, tributyltin
and copper oxide were found as the more effective ones.
Pearson’s correlation coefficient matrices were calculated for viable bacteria, and environmental parameters.
Statistical analysis revealed a positive significant relationship between the viable bacteria and temperature (R=0.54,
p<0.05) in Izmir M. However, these parameters did not display any significant correlation in the Cesme M. A positive
correlation with viable bacteria count in the 2 marinas displayed pH, being stronger at Cesme M. (R=0.86, p<0.05)
than Izmir M. (R=0.60, p<0.05). Similarly, Chl-a and bacterial density displayed positive relations in Izmir and Cesme
marinas (R=0.55, R=0.58, p<0.05, respectively).
The viable bacteria and chemical parameters did not
display any significant correlation in Cesme M. On the
other hand, negative relation was detected at only TNOxN (R=-0.65, p<0.05) for the bacterial density in Izmir M.

from December to June. All bacterial isolates were gramnegative, non-spore forming and oxidase positive. Phylogenetic analysis using 16S rDNA indicated that the 13
strains belong to γ-Proteobacteria and Firmicutes (Pseudoalteromonas agarovorans, P. haloplanktis, P. marina,
P. elyakovii, P. porphyrae, Alteromonas genoviensis, A.
alvinella, Vibrio lentus and Exiquobacterium homiense)
(Fig. 6). Different two genera (Vibrio and Exiguobacterium) were found only in Izmir Marina which has eutrophic seawater (Table 3). Alpha-, γ-Proteobacteria and
CFB
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FIGURE 4 - Total viable bacteria distribution in Izmir Marina from
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Isolation, selection and biochemical characterization of biofilm-forming bacteria

A total of 26 colonies grown on ZoBell agar medium
and R2A agar medium were isolated from the test panels

6

Log Viable Bacteria Count (cm-2)

the two marinas are given in Figs. 4 and 5. Bacterial developing was seen after 24 h on the test panels coated by
088.1155 coded paint, and only rustproof paint in the two
marinas. Viable cells were observed firstly after 72-96 h on
the panels coated by 088.1154 coded paint, and after 12072 h. on the panels with 269.2710 and 279.2710 coded
paints, respectively. Increasing bacterial numbers occurred
after almost 7-15 days. It was seen that during the sampling
period, 088.1155 (1.9x107 cfu/cm2) coded test panel showed
a higher viable bacterial density than other test panels in the
Izmir M. However, 279.271 (2.2x106 cfu/cm2) coded test
panel showed a higher viable count in the Cesme M (Table 2).
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FIGURE 5 - Total viable bacteria distribution in Cesme Marina from
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TABLE 2 - Ranges and mean values of total viable bacteria on the surface of panels (cfu/cm2).
Station
Izmir M.
Mean
Min-Max
S.E.
Cesme M.
Mean
Min-Max
S. E.

180

Sample Period (Day)

Rustproof

088.1155

1.6x106
7.4x104-3.2x106
267

2.8x106
4x103-1.9x107
1292

5x105
2x103-1x106
75

6.8x105
2.2x104-1.9x106
162

2009

Paint No
088.1154

269.2710

279.2710

8.4x105
<1-1.8x106
182

6.8x105
<1-3x106
285

2.6x105
<1-1x106
91

7.4x105
<1-1.9x106
189

7.8x105
<1-1.9x106
190

1x106
<1-2.2 x106
245
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Note: S.E.*: Standard error

88 Pseudoalteromonas agarovorans KMM 255 (AJ417594
93 C 36
91 Pseudoalteromonas distincta KMM638T (AF082564)
70
I 84
Pseudoalteromonas gracilis B9 (AF08846)
C 102
54
100

100

Pseudoalteromonas porphyrae S2-65 (AY771715)
100

I 85
I 87

91 Pseudoalteromonas haloplanktis BSi20594 (DQ537518)
I6
99
C 46
92 Pseudoalteromonas marina Mano6 (AY563032)

100

78 I 17

68

C 90
Pseudoalteromonas ruthenica KMM290 (AF316890)
E.coli ATCC 11775T/ X80725

91

100 I 80
Vibrio lentus Sat201 (AY292936)
C 111
100

Alteromonas alvinellae HY757 (AF288360)
99

Alteromonas hispanica strain B-35 (AY926461)
100
99 Alteromonas genoviensis LMG 24079 (AM887686)
C 39
Staphylococcus aureus AF15929 (1442BP)

100

100 I 105
Exiguobacterium homiense H1-R8 (DQ351341)

0.01
FIGURE 6 - Phylogenetic trees based on partial 16S rDNA gene sequence data (approx. 1400bp showing the location of isolated bacteria
from test panels).

TABLE 3 - List of bacterial species isolated from marine biofilms on coated panels.
Isolate
no.
C 36
I 84
C 102
I 85
I 87
I 80
C 111
C 39
I 105
I6
C 46
I 17
C 90

Paint no.
Rustproof
279.2710
088.1155
088.1155
088.1154
269.2710
088.1154
Rustproof
279.2710
Rustproof
Rustproof
088.1155
269.2710

Colony col.
camel
white
white
orange
orange
cream
yellow
camel
orange
cream
cream
cream
cream

Characteristics
Gr reac.
-

Oxidase
+
+
+
+
+
+
+
+
±
+
+
+
+

2010

16S rDNA
similarity %
99
99
99
99
99
99
98
100
99
99
99
99
99

Closest match
Pseudoalteromonas agarovorans
Pseudoalteromonas elyakovii
Pseudoalteromonas elyakovii
Pseudoalteromonas porphyrae
Pseudoalteromonas porphyrae
Vibrio lentus
Alteromonas alvinella
Alteromonas genoviensis
Exiguobacterium homiense
Pseudoalteromonas haloplanktis
Pseudoalteromonas marina
Pseudoalteromonas marina
Pseudoalteromonas marina
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Note: + present, - absent, ± variable; C: Cesme, I: Izmir
TABLE 4 - Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of biofilm bacteria againts antifouling paints.
Isolate number
C 36
I 84
C 102
I 85
I 87
I 80
C 111
C 39
I 105
I6
C 46
I 17
C 90

Paint no.
088.1154
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
-

088.1155
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
-

group bacteria are dominant groups in marine environment
[34], and have been reported from various marine biofilms
[27]. The family Vibrionaceae comprises bacteria inhabiting aquatic environments, especially marine and estuarine
waters, where they are frequently associated with organisms ranging from plankton to fish [35]. Members of the
Pseudoalteromonas and Alteromonas have been most frequently isolated from sources seawater, etc. [36, 37]. Such
studies have focused on the isolation of Pseudoalteromonas sp. from diverse habitats, its biopolymer (including
EPS) production and biofilm formation [38, 39]. Recently,
some species belonging to the Pseudoalteromonas sp. were
isolated from Antarctic waters and have been studied by
EPS production in batch cultures [38].
Bacteria with EPS-producing ability may have an advantage in successfully colonizing surfaces by becoming
primary colonizers [40]. The genus Exiguobacterium is
related phylogenetically to the genus Bacillus and related
taxa isolated from different environments [41].
The minimum inhibitory concentrations (MICs) determined by
the microdilution method

The microdilution method was used to determine the
MICs and MBCs of the antifouling paints and rustproof
paint used in this study (Table 4). The paint numbered
279.2710, which contains triazine diamine and copper oxide,
showed strong antibacterial activity against all individual
strains. None of the strains were able to grow in any of the
concentrations (1/2 to 1/1024). The lowest MICs and MBCs
of 088.1154 (zinc and copper oxides), and 088.1155 (fluorine resin) were the 1/16 dilutions against strains I 6, I 80,
I 84 I 105, C 36, C 39, C 46, and C 111. Strains I 17, I 85,
I 87, C 90 and C 102 did not grow in any of the concentrations. Rustproof paint showed weak antibacterial activity against all the bacteria tested.
In this study, the paint (279.2710) with triazine diamine
and copper oxide was found to be most effective against the
bacteria. Strains I 17, I 85, I 87, C 90 and C 102 were

279.2710
-

Rustproof
1/4
1/4
1/4
1/4
1/4
1/4
1/4
1/4
1/8
1/4
1/4
1/8
1/8

found to be very sensitive to all the antifouling paints, except the rustproof paint.
It has been shown that any surface at static conditions,
even when protected by biocides and some metals (e.g.
copper, zinc and TBT-based compounds) is rapidly covered by a microbial biofilm [42]. In a study, it was found
that early settlers on biocide-free surfaces typically belonged
to subdivisions α- and γ-Proteobacteria, which imparted
specific physical properties to the surface, probably influencing subsequent attachment processes and the biofilm
response to e.g. biocides [43]. In a different study, none of
test paints was more powerful than TBT-containing paints
[9]. In addition, in another study, it was shown that both
copper and TBT inhibited development of a biofilm by P.
aeruginosa PAO-1 in its early stages, but the inhibition
was only at an early stage. Biofilm development on surfaces
containing copper or TBT may involve growth of resistant
cells. Bacterial exopolysaccaride products protect them from
the toxicity of copper. The purpose of antifouling paints is
primarily to prevent development of macrobial organisms,
particularly barnacles. Since microorganisms on a surface
can increase attachment of shellfish larvae to a submerged
surface, inhibition of a microbial biofilm might decrease
development of barnacles on the surface [5].
CONCLUSION
In this study, viable bacteria counts on the surfaces of
panels submerged in seawater were measured for metalbased and biocide-based antifouling paints in marine use.
Bacterial growth was found on all test panels, and
counts of them on the surfaces of the panels rapidly increased in the period of 7-15 days. Bacteria with EPSproducing ability may have an advantage in successfully
colonizing surfaces by becoming primary colonizers.
The antifouling paints were tested by microdilution
method for all individual strains. Paints containing fluo-
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rine resin, zinc oxide and copper oxide, displayed similar
performance to test strains. However, the paint with triazine diamine and copper oxide was found to be the most
effective. Consequently, individual biofilm bacteria, like
our bacterial isolates, are very sensitive to antifouling
paints in vitro. It was thought that bacteria had more resistance in environmental systems because they were isolated after the development of bacterial biofilm on test
panels.
The settlement of fouling organisms is affected by
physical and nutrient parameters. In the marinas, abiotic
factors that affected the community composition were briefly
explained [44]. Physico-chemical parameters of seawater
and viable bacteria counts displayed relations during the
study period. However, it was not found any strong correlation between viable bacteria density and nutrient concentrations.
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ABSTRACT

INTRODUCTION

This study investigated the growth physiology and polyhydroxybutyrate (PHB) storage potential of Paracoccus
pantotrophus from glucose and mixed organic substrate both
under aerobic conditions and with dissolved oxygen limitation in a sequence of anaerobic conditions. The first part
of the experiments involved full aerobic batch cultivations
with glucose as the sole carbon source. In the next part, a
batch growth system with anaerobic-aerobic cycles was
employed, fed either with glucose or a substrate mixture of
peptone and meat extract supplemented with varying concentrations of casein. In fully aerobic batch experiments,
substrate storage was observed as an auxiliary microbial
process along with growth, converting 20% of the glucose
in the feed to PHB. PHB accumulation reached 27% of
the cell dry weight after nine hours of incubation. This is
an original observation revealing the significant feature of
the metabolism of P. pantotrophus generating PHB from
glucose rather than commonly observed glycogen accumulation. Introduction of an anaerobic phase with an operation involving a sequence of anaerobic/aerobic periods induced a significant increase in PHB accumulation to a level
corresponding to around 50% of the cell dry weight. In the
experiments with the same anaerobic/aerobic sequence and
utilizing an organic carbon mixture with increasing doses
of casein, substrate removal remained limited but it always
resulted in PHB accumulation. Further studies need to be
conducted in a way to optimize the PHB generation potential of the same microorganism from different substrate
mixtures.
KEYWORDS: Substrate storage, Paracoccus pantotrophus, polyhydroxybutyrate (PHB), glucose, mixed substrate, oxygen limitation

Paracoccus pantotrophus is a sulphur bacterium capable of heterotrophic nitrification and aerobic denitrification
[1, 2] which makes it a potentially important organism for
wastewater treatment, where simultaneous carbon and nitrogen removal is desired [2]. Thus, several studies exist on
the characterization of the responsible enzymes of P. pantotrophus for nitrification and denitrification [3, 4]. However, there is only a limited number of studies on its growth
physiology which usually focused on the effects of a few
carbon sources like acetate, succinate, butyrate [5], as well
as leucine and ethanol [6]. Thus, growth physiology with
other commonly used carbon sources in microbiological
research such as glucose have yet to be investigated in
detail for a better physiological characterization of P. pantotrophus. Additionally, the use of a growth medium and
mixed substrate conditions similar to domestic sewage
would be useful to understand the physiology of P. pantotrophus under wastewater treatment conditions. A limited
number of studies also indicated polyhydroxyalkanoate
(PHA) production by P. pantotrophus where acetate was
used as the sole carbon source [7, 8]. However, studies with
other PHA-producing microorganisms also focus on other
substrates for PHA production, such as organic nitrogen
substrates or protein hydrolysates [9-11].
The practical role of substrate storage in wastewater
treatment technology was first recognized and exploited
in systems designed for enhanced biological phosphorus
removal. This process was commonly associated with a
specific group of bacteria with exclusive metabolic capability of converting short-chain fatty acids, such as acetate,
into internal storage polymers with orthophosphate release
under anaerobic conditions [12]. These bacteria required a
following aerobic stage where they grow on stored bi-
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opolymers and take up substantially higher amounts of
or-thophosphate as compared to conventional heterotrophic growth. While models have been proposed and
utilized [13, 14], many aspects of major biochemical mechanisms related to enhanced biological phosphorus removal
are still extensively studied [15, 16]. Studies also revealed
that substrate storage was not necessarily restricted with a
specific group of microorganisms: experimental observations indicated conversion of external substrate to storage
biopolymers as the primary metabolic response of mixed
cultures under dynamic feeding conditions [17]. The
nature of bio-polymer produced was generally associated
with the type of substrate utilized. Generally, experiments
used acetate to evaluate PHA formation [18, 19], and
glucose utilization served as the basis for glycogen generation [20, 21]. This study is particularly interesting as it
explores the PHB generation potential of P. pantotrophus
from glucose and other mixed substrate, as the specific
characteristics of this particular microorganism deserve
specific attention both for scientific merit and practical
applications.

amounts of casein, was used. The composition of the mixed
substrate was adjusted to simulate domestic sewage: it was
basically composed of 160.0 mg peptone, 110.0 mg meat
extract, 30.0 mg urea, 7.0 mg NaCl, 4.0 mg CaCl2.7H2O,
2.0 mg MgSO4.7H2O, and 28.0 mg K2HPO4 per L [25].
The pH was adjusted to 7.5 ± 0.5.

In this context, the major objective of this study was to
investigate the growth physiology and PHB storage potential of P. pantotrophus from glucose and mixed organic
substrate under aerobic conditions using batch cultivation
technique in a bioreactor and also in a sequence of anaerobic/aerobic cycles to mimic similar wastewater treatment technology [22, 23]. As growth media, either a defined
medium with varying concentrations of glucose as the sole
carbon source, or a substrate mixture of peptone and meat
extract with varying concentrations of casein, were used.
The results were evaluated with emphasis on the potential
use of this microorganism for PHB production and, selectively, in wastewater treatment technology.

Experimental design and implementation of the batch
growth systems with anaerobic-aerobic cycles were performed as described previously [26], with some modifications [27]: initially, a 50-ml aliquot of preculture in 250ml Erlenmeyer flasks was grown overnight at 37 °C and
250 rpm. The cycles were then started with the anaerobic
cultivation firstly, by transferring the centrifuged cells of
the aerobic preculture into 50-ml centrifuge tubes containing 50 ml of fresh medium sparged with N2 gas prior to
cultivation. The initial cell concentration upon inoculation
was 0.03 g cells dry weight (CDW) L-1 for glucose cultures and 0.08 g CDW L-1 for mixed substrate cultures.
The culture was then incubated anaerobically at 37 °C and
100 rpm for 15 h. Subsequently, the resulting culture was
transferred into 250-ml Erlenmeyer flasks without centrifuging or changing the growth medium and cultivated at
37 °C and 250 rev min-1 for 9 h as the aerobic phase of the
anaerobic/aerobic cycles. Thus, the total duration of one
anaerobic/aerobic cycle was 24 h. Once the aerobic cultivation was finished, cells were centrifuged and transferred
into 50-ml centrifuge tubes with 50 ml of fresh medium
as described above, and the anaerobic phase of the second cycle was started. The aerobic-anaerobic cycles were
done eight times by supplying fresh medium only once at
the beginning of the anaerobic phase of each cycle.

MATERIALS AND METHODS
Bacterial strain and growth medium

Paracoccus pantotrophus (DSM 2944) was obtained
from the German Collection of Microorganisms and Cell
Cultures (DSMZ, Braunschweig, Germany). For batch
cultivations in a bioreactor, M9 minimal medium was
used with 4 g L-1 glucose as the sole carbon source. The
medium M9 contained 12.8 g Na2HPO 4.7H 2O, 3.0 g
K 2HPO 4, 0.5 g NaCl, 1.0 g NH 4Cl, 1 ml of 1 mol L -1
MgSO4 stock solution, 1 ml of 0.1 mol L -1 CaCl2 stock
solution, and 2 ml of trace-elements solution [24] per 1 L.
The trace-elements solution contained 50.0 g EDTA, 2.2 g
ZnSO4, 5.5 g CaCl2, 5.06 g MnCl2.4H2O, 5.0 g FeSO4.7H2O,
1.1 g (NH4)6Mo7O24.4H2O, 1.57 g CuSO4.5H2O, 1.61 g
CoCl2.6H2O per L. The pH of the medium was adjusted to
7.4 ± 0.5. For the first set of anaerobic-aerobic cycles in a
batch growth system, the medium M9 with varying amounts
of glucose as the sole carbon source was used. For the
second set, a mixed substrate essentially composed of peptone and meat extract and supplemented with varying

Cultivation conditions

Bioreactor cultivations were performed under batch
and aerobic conditions by using a 2-L bioreactor (Biostat
B; Braun, Germany) at 37 °C and 250 rpm. The working
volume was 1.5 L, and the air flow-rate 3 L min-1. The
preculture was prepared by overnight cultivation at 37 °C
and 250 rpm in an orbital shaker (Certomat S-2) to a final
optical density (OD600) of 5.74. It was then centrifuged at
5000 g for 10 min (Allegra 25R; Beckman Coulter, USA)
and resuspended in an equal volume of fresh medium and
used for inoculating the bioreactor medium at an inoculum size of 20%, such that the initial OD600 of the bioreactor culture was 1.20.

Analytical methods
Cell growth measurements

Cell growth was measured both spectrophotometrically (UV-1601; Shimadzu, Japan) and by CDW determination using 0.22-µm filters (Schleicher and Schuell, Germany). For cell dry weight measurements, a vacuum filtration system was used to filter 10-ml culture samples on
preweighed filters. Upon filtration, the filters were heated
at 105 ºC for 1 h and cooled in a desiccator for 30 min prior

2016

© by PSP Volume 18 – No 11. 2009

Fresenius Environmental Bulletin

to weighing. A calibration line of CDW vs OD600 was used
to calculate biomass concentrations.
Determination of residual glucose, glycogen, and total protein
concentrations

Residual glucose concentrations were measured using
a HPLC system (Shimadzu) equipped with a refractive index detector (RID-10A, Shimadzu) and a HPX87H column
(BIORAD, USA). One ml culture supernatants were first
filtered through 0.22-µm filters, and 20 µl samples were injected to the HPLC column. The mobile phase was 2.5 mmol
L-1 H2SO4, the column temperature 60 ºC and eluent flowrate was 0.6 ml min-1.
Glycogen concentrations were determined by converting glycogen to glucose and using the same HPLC system
and column used for glucose analysis. Culture samples of
4.5 ml volume were withdrawn from the bioreactor and
0.5 ml 6M HCl was added for acid hydrolysis, followed
by incubation at 100 ºC for 6 h. The samples were then
filtered through 0.22-µm filters and analyzed using the
HPLC system as described for residual glucose analysis.
The glycogen concentration was determined by subtraction
of the residual glucose concentration from the measured
glycogen concentration [28].
Total protein determinations from whole cells were
made using Bicinchoninic Acid (BCA) Assay [29]. All
readings were carried out in triplicate.
Sample preparation and PHA analysis by gas chromatography (GC)

Prior to PHA analysis by GC, samples were prepared
as described previously [27]. Briefly, 10 ml culture samples
in glass tubes containing formaldehyde and 5 ml phosphate buffer (0.58 g L-1 K2HPO4 and 0.23 g L-1 KH2PO4)
were centrifuged and the pellets were first frozen at -20 ºC
and then freeze-dried at -50 ˚C for 48 h. They were then
crushed, weighed and upon addition of benzoic acid as internal standard, boiled at 100 oC for 2 h and cooled down.
After addition of distilled water and centrifugation, the
samples were left for phase separation and 1 ml sample
was withdrawn from the lower (organic) phase and filtered
using a sodium sulfate column.
PHA concentrations were determined as described previously [27] by using a GC system (Agilent Technologies,
USA) equipped with an Agilent Technologies 19091N-113E
Innowax (J&W Scientific, USA) column, and Chemstation software (Agilent Technologies) for data analysis. Tenml samples were used for analysis, with benzoic acid as
the internal standard. Helium was used as the carrier gas,
and the injection was performed in split mode at 10:1 ratio.
The injection and flame ionization detector (FID) temperatures were set at 200 and 250 °C, respectively. The flowrate in the column was set to 3 ml min-1, and the column
pressure to 101 kPa. In the detector, flow-rates for hydrogen, air and make up flow (He) were set to 30, 400, and
25 ml min-1, respectively. The oven temperature profile
consisted of an initial value at 80 ºC, rising at 25 ºC min-1

to 130 ºC, rising at 15 ºC min-1 to 210 ºC and holding for
12 min. For calibrations, known concentrations (1, 2, 3 mg
L-1) of a PHB Standard, a PHB/PHV copolymer powder,
and beads were used, obtained from Sigma-Aldrich.
Microscopy

Sudan Black B (0.3% w v-1 in 60% ethanol) and Safranin O (0.5% w v-1 aqueous solution) solutions were used
for PHB staining [30]. A light microscope (BX60; Olympus, Japan) equipped with a camera and imaging software
(Spot Advanced Software, Japan) was used to examine
microscopy samples under 1000X magnification (oil immersion).
RESULTS AND DISCUSSION
Glucose experiments

Using a defined growth medium (M9) with glucose (4 g
L-1) as the sole carbon source, PHB accumulation up to
about 27% of CDW was observed in 9-h cultivation in a bioreactor (Table 1). GC analyses revealed that PHB was the
only form of polyhydroxyalkanoate produced under these
conditions. Polyhydroxyvalerate (PHV) could not be detected in the culture samples analyzed by GC. Total protein, cell dry weight, glycogen and residual glucose concentrations were also measured regularly during cultivation (Fig. 1). However, no glycogen was detected in culture samples. P. pantotrophus could utilize about 87% of
the glucose in the growth medium. The major bacterial storage polymers were glycogen and PHA. PHB [31, 32], and
glycogen metabolism [33] has been studied previously in
aerobic and anoxic mixed cultures [34]. It is generally
known that PHB is produced from acetyl-CoA, particularly
when acetate is the carbon source, and glycogen is produced when sugars are used as carbon source [17]. When
there is excess carbon source available, however, PHB is
generally the more common storage polymer [35, 36]. This
observation is explained by van Aalst-van Leeuwen et al.
[8] as follows: when there is carbon substrate surplus, the
substrate uptake rate will be larger than needed for growth,
which leads to NADH2 formation followed by ATP production. If ATP consumption for growth is limited, however, the accumulation of ATP causes NADH2 accumulation. Under these conditions, the production of a more reduced storage polymer (e.g. PHB) that requires NADH2 is
more likely than glycogen production that results in NADH2
production. The fact that PHB is a more reduced storage
polymer that requires NADH2 could also explain the glycogen absence in our aerobic cultivation. As the cells seemingly had more glucose than they could utilize throughout
the whole cultivation (Table 1 and Fig. 1), the carbon substrate surplus larger than needed for growth may have
caused PHB production instead of glycogen. Additionally, it is likely that P. pantotrophus may have a global
regulatory gene, like csrA in Escherichia coli, which
represses gluconeogenesis, glycogen biosynthesis and
utilization, but activates glycolysis, and positively regulates
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the acetyl-CoA synthetase (Acs) pathway that may lead to
acetate formation from acetyl-CoA [37], and hence PHB

production.

TABLE 1 - Cell dry weight (CDW), dissolved oxygen (DO), poly (3-hydroxybutyrate) (PHB), and residual glucose concentrations of P. pantotrophus during batch cultivation in a bioreactor with M9 medium containing 4 g L-1 glucose. The data represent average values of three
experiments.

P HB ,	
   r es idual	
   g luc os e,	
   total	
  
protein	
   a nd	
   C D W	
   (mg /l)

Cultivation
time (h)
0
1
2
3
4
5
6
7
8
9

CDW
(g L-1)
0.47±0.02
0.45±0.02
0.60±0.01
0.81±0.02
1.16±0.03
1.45±0.03
1.88±0.04
2.31±0.04
2.44±0.04
2.48±0.05

DO
(mg L-1 O2)
6.72±0.00
5.71±0.01
5.58±0.02
5.04±0.01
4.37±0.01
3.56±0.01
3.36±0.01
3.23±0.01
2.82±0.01
2.62±0.01

PHB
(% of CDW)
23.4
31.1
20.0
16.0
16.4
14.5
18.7
22.5
25.4
27.4

4000
3500
3000
2500
2000
1500
1000
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0
0

1
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8

9

c ultiv ation	
   time	
   (h)
FIGURE 1 - PHB (filled triangles), residual glucose (open squares),
total protein (filled squares) and cell dry weight (CDW) (open triangles) concentrations of P. pantotrophus grown in a bioreactor under
batch, aerobic conditions. M9 medium was used with 4 g L-1 glucose
as the sole carbon source. The data represent the average values of
three experiments with relative SD values of ± 4-5%.

It is also important to note that, considering the fact
that a wastewater is a mixed substrate, simultaneous PHB
and glycogen storage have also been studied in an enriched
culture, using an acetate/glucose-fed sequencing batch
reactor (SBR) [34]. It was observed that acetate and glucose were consumed simultaneously during the feast
period. Interestingly, electron microscopy studies revealed bacteria with neither glycogen nor PHB accumulation, with only glycogen, with only PHB, and with both
storage polymers. This result shows the complexity and
diversity of the bacterial world, as it was not possible to
identify whether both substrates glucose and acetate were
consumed by the same microorganisms or which storage
polymers were produced and utilized by different groups
of microorganisms.
Total protein concentrations of cell samples increased
in parallel with growth (Fig. 1), and the maximum specific
growth rate was calculated as 0.27 h-1. Experimental results indicated simultaneous microbial growth and PHB
storage, also observed and modeled in similar studies [20,
38]: Utilization of 3.48 g L-1 of glucose resulted in an

PHB
(g L-1)
0.11±0.00
0.14±0.01
0.12±0.00
0.13±0.01
0.19±0.01
0.21±0.01
0.35±0.01
0.52±0.02
0.62±0.02
0.68±0.03

Residual glucose
(g L-1)
4.00±0.01
4.00±0.02
3.93±0.02
3.59±0.02
3.06±0.02
2.75±0.01
1.82±0.02
1.01±0.01
0.68±0.01
0.52±0.01

increase of 2.01 g L-1 in CDW, and in the accumulation of
0.68 g L-1 of PHB, corresponding only to 20% of the substrate utilized. Storage yield, YSTO, is an important parameter of biopolymer formation mechanism. A default value of
0.80 g PHB COD/g COD is suggested in ASM3 stipulating complete conversion of substrate into PHB prior to microbial growth [39]. Based on respirometric evaluations,
Karahan et al. [40] calculated YSTO values of 0.87 g COD/g
COD for glucose, and 0. 78 g COD/g COD for acetate, confirming that PHB accumulation requires more energy as
compared to glycogen. In this study, based on a similar value
for the storage yield, the observed heterotrophic yield for
microbial growth on glucose could be calculated as YHobs =
0.46 g CDW/g COD, in agreement with the YH value of
0.64 g cell COD/g COD, generally adopted based on the
energetics of microbial growth [13]. This evaluation indicates that remaining glucose is essentially used for microbial growth and any auxiliary storage mechanism, if present, is insignificant.
In the second part of the study, growth physiology
and PHA production of P. pantotrophus were investigated
using a batch growth system with anaerobic-aerobic cycles.
The results revealed that, among different cultivation media
tested, anaerobic-aerobic cycles with M9 media containing
4 g L-1 glucose resulted in the highest biomass and PHA
production (Tables 2 and 3). The PHB yield reached up to
about 49% of cell dry weight. In parallel with the quantitative determination of PHB in cell samples, qualitative PHB
analysis was also performed using microscopic techniques
[30]. In all cultures, PHB (+) microscopy staining samples
were observed starting from the beginning of their third
cycle. PHB appeared as intracellular, blue-black granules
upon staining. PHB (+) cells were observed during both anaerobic and aerobic phases, however, the staining intensity was higher at the end of the anaerobic phases. Additionally, as the number of cycles increased, the staining
intensity also increased (data not shown). In parallel with
the biomass yield results and quantitative analyses of PHB,
the M9 culture with 4 g L-1 initial glucose concentration,
which had the highest PHB accumulation of up to 49% of
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the cell dry weight, also had the highest PHB (+) staining
intensity (Fig. 2).

In batch growth systems with anaerobic-aerobic cycles,
the average residual glucose concentrations of the glucose-

TABLE 2 - Cell dry weight (CDW), poly (3-hydroxybutyrate) (PHB), polyhydroxyvalerate (PHV) and residual glucose concentrations of P.
pantotrophus during batch cultivation with eight repetitive anaerobic-aerobic cycles. Cultures were grown with M9 medium containing 0.5, 1,
2 or 4 g L-1 glucose. Fresh medium was supplied at the beginning of the anaerobic phase of each cycle, only. During the following aerobic
phase, the same old medium was used. Residual glucose samples were withdrawn at the end of the anaerobic and aerobic phases of each
cycle. The data represent average values of eight cycles.
Sample

CDW (g L1)

PHB (% of CDW)

PHB (g L-1)

PHV (% of CDW)

PHV (g L-1)

M9 medium with
0.5 g L-1 glucose

0.09±0.00

22.2

0.02±0.00

0.0

0.00±0.00

M9 medium with
1 g L-1 glucose

0.81±0.01

16.0

0.13±0.00

1.2

0.01±0.00

M9 medium with
2 g L-1 glucose

1.74±0.02

21.3

0.37±0.01

1.7

0.03±0.00

M9 medium with
4 g L-1 glucose

2.79±0.04

49.1

1.37±0.04

2.9

0.08±0.01

Residual glucose
concentration (g L-1)
Anaerobic:
0.32±0.03
Aerobic:
0.00±0.00
Anaerobic:
0.72±0.07
Aerobic:
0.02±0.01
Anaerobic:
1.56±0.08
Aerobic:
0.17±0.05
Anaerobic:
3.13±0.41
Aerobic:
1.33±0.24

TABLE 3 - Cell dry weight (CDW), poly (3-hydroxybutyrate) (PHB), and polyhydroxyvalerate (PHV) concentrations of P. pantotrophus
during batch cultivation with eight repetitive anaerobic-aerobic cycles. A substrate mixture of peptone and meat extract supplemented with
varying initial casein concentrations (0.5, 1, 2, and 4 g L-1) was used. The data represent average values of eight cycles.
Sample
Substrate mixture with
0.5 g L-1 casein
Substrate mixture
with 1 g L-1 casein
Substrate mixture with
2 g L-1 casein
Substrate mixture with
4 g L-1 casein

CDW (g L-1)

PHB (% of CDW)

PHB (g L-1)

0.15±0.00

6.7

0.01±0.00

0.0

0.00±0.00

0.27±0.01

11.1

0.03±0.00

0.0

0.00±0.00

0.49±0.02

6.1

0.03±0.00

2.0

0.01±0.00

0.71±0.03

5.6

0.04±0.01

2.8

0.02±0.00

PHV (% of CDW)

PHV (g L-1)

staining. The image was obtained at the end of anaerobic phase of
the eighth cycle.

grown cultures were also determined at the end of anaerobic and aerobic phases of each cycle. For most of the
cultures, the amount of glucose was higher than the cells
could consume. Only for the culture with 0.5 g L-1 initial
glucose concentration, no residual glucose was detectable
at the end of the aerobic phase of growth. At 4.0 g L-1
initial glucose concentration, however, only about 22% of
the initial glucose was consumed by the cells at the end of
the anaerobic growth phase. At the end of the following
aerobic phase of growth without refreshing the medium,
about 67% of the initial glucose was consumed (Table 2).

10µm

10µm
FIGURE 2 - PHB accumulation of P. pantotrophus grown in M9
medium with 4 g L-1 initial glucose concentration during repeated
batch anaerobic-aerobic cycles. PHB appears as intracellular, blueblack granules observed under 1000x magnification after PHB

The almost two-fold PHB yield on biomass in anaerobic-aerobic cycles compared to the bioreactor results,
and the highest microscopic staining intensity of PHB (+)
cells at the end of anaerobic phases of each cycle could
possibly be explained by the significantly higher residual
glucose concentrations, namely, carbon source excess, and
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the positive effect of oxygen limitation on PHB production
in the anaerobic-aerobic cycle experiments. PHA production generally requires the limitation of bacterial growth by
nitrogen, phosphorus [41] or oxygen [42], and the presence
of excess amount of carbon source [43]. Several studies
also exist in the literature on the effect of the ratio of the
carbon source amount to nitrogen source amount (C:N
ratio) on PHB production. In one such study [44], it was observed that increasing C:N ratio in the feed also increased
PHB production of pure cultures of Methylobacterium sp
V49, fed with glucose as the sole carbon source, and the
cultures with highest C:N ratio in the feed produced also the
highest amount of PHB. According to the bioreactor data
in the present study, the residual glucose concentration at
the end of the 9th h of aerobic cultivation was 0.52 g L-1
(Table 1). In the anaerobic-aerobic cycle experiment with
4 g L-1 initial glucose concentration, however, the residual
glucose concentration was 1.33 g L-1 (Table 2). Considering that both cultivations had the same initial glucose concentration (4 g L-1) and the same growth medium composition, the effect of carbon source excess in the case of the
anaerobic-aerobic cycle experiments is more pronounced,
which may possibly be a factor to increase PHB production. In the bioreactor, the dissolved oxygen (DO) values
did not fall below 39%, corresponding to about 2.6 mg L-1
O2 (Table 1). During anaerobic phases of the batch growth
systems, however, there was severe oxygen limitation. The
repeating anaerobic-aerobic cycles apparently exerted stress
on the cells which seems to have significantly increased
PHB production. Recent studies indicate a possible connection between microbial stress tolerance and polyhydroxyalkanoate production. In one such study, it was found that a
PHA-negative mutant of Pseudomonas aeruginosa had
much lower stress tolerance with respect to high temperatures [45]. Additionally, a more recent study focused on an
Antarctic bacterium, Pseudomonas sp. 14-3, which is highly
stress-resistant and produces high levels of PHB [46]. Similar observations about oxygen limitation effects on PHB production were described previously, when fed-batch cultures
of Azotobacter chroococcum grown on starch yielded 54 g
L-1 cell concentration with 46% PHB under oxygen limitation, but 71 g L-1 cell concentration with only 20% PHB
without oxygen limitation. The same study also reported an
increased PHB content of up to 80% with oxygen limitation in the case of a recombinant E. coli strain [47].
During batch cultivations with anaerobic-aerobic cycles, PHB was not the only form of polyhydroxyalkanoate
produced by the cells. Unlike bioreactor experiments, low
amounts of PHV (up to 3% of cell dry weight) were observed along with PHB production. The same limitations in
the anaerobic-aerobic growth systems which may have enhanced PHB formation also seem to have induced the formation of PHV. The formation of PHV was observed in
most of the anaerobic-aerobic cycles, regardless of which
medium was used.
Experiments with mixed substrate

The second part of the experiments involved using a
mixed organic carbon source basically containing 160 mg
L-1 of peptone and 110 mg L-1 of meat extract, this way
simulating the characteristics of a weak domestic sewage.
A similar substrate composition has been used in different
biodegradation studies and defined as the standard medium
for toxicity tests [48, 49]. The substrate mixture was tested
in four different runs, supplemented with increasing doses
of casein in the range of 0.5 to 4.0 mg/L in a batch growth
system operated in alternating anaerobic/aerobic conditions. The experiments were designed with due consideration of the potential of P. pantotrophus to be utilized in
wastewater treatment systems because of its heterotrophic
nitrification and aerobic denitrification abilities [2], mainly
to explore its growth physiology and PHB accumulation
potential with a mixed organic carbon feeding. There are
recent reports in the literature about the use of anaerobicaerobic sequence in wastewater treatment technology, such
as coupled anaerobic–aerobic treatment of whey
wastewater in a sequencing batch reactor [23], and the use
of combined anaerobic-aerobic sequencing batch reactor
for the treatment of piggery wastewater [22]. The results
obtained outlined in Table 3 show that while organic substrate utilization remained only partial, microbial growth
observed up to 0.7 g L-1 was always accompanied by PHB
formation. The level of PHB generated was 5 to 11% of the
CDW and coupled with lower amounts of PHV production.
Similar studies on domestic sewage suggest that biomass
and PHB yields may be increased by optimizing adaptation
stage and composition of the mixed substrate.
Casein is used in microbial cultivations as a nitrogen
source [10, 11]. When the initial casein concentration was
increased to 2 and 4 g L-1, the PHB percentage of the cells
decreased (Table 3). This may imply that the positive effect
of the nitrogen limitation on PHB production was reduced
under the given cultivation conditions, as more nitrogen
source was supplied.
The conditions which cause the formation of PHB copolymers such as PHV are generally reported as the use of
mixed substrates, such as a mixture of glucose and valerate
[43]. In PAOs, the use of propionate as the carbon source
resulted in the production of PHV and poly-ß-hydroxy-2
methyl valerate (PH2MV) as major PHA fractions in the
anaerobic polyphosphate accumulating organisms (PAO)
cultivation [50]. Also the use of different food waste material, such as soy waste, results in a PHA copolymer with
high HV-mole fraction [51]. When co-polyesters of 3-hydroxybutyrate and 3-hydroxyvalerate were produced using
Alcaligenes eutrophus H16 from valeric or propionic acid
under both air and knallgas (80:20 H2:O2) atmospheres, it
was observed that under hydrogen, the PHV synthesis was
favored. This was explained by the inhibition of the PHV
monomer precursor breakdown to PHB precursors by the
high NADH levels. The metabolic switch caused by changing the atmosphere from knallgas to air and back resulted
in different monomer production, and different polymer
composition [52]. The fact that up to 3% PHV was pro-
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duced in anaerobic-aerobic cycle cultivations with 4 g L-1
glucose (Table 2) and 4 g L-1 casein (Table 3) could also
be explained by high NADH levels.
When the results of this study were compared to a
previous one with Microlunatus phosphovorus [27], another PHA-producing microorganism, the PHB and biomass yields on glucose were similar under batch, aerobic
cultivation conditions in a bioreactor. Both microorganisms
had a PHB accumulation up to about 27% of their cell dry
weight under bioreactor conditions. Additionally, both microorganisms produced almost only PHB as a polyhydroxyalkanoate polymer. However, P. pantotrophus cells could
consume a higher percentage of the initial glucose provided in the medium, and reach higher cell densities in a
shorter cultivation time, as compared to M. phosphovorus.
The maximum specific growth rates (µmax) of P. pantotrophus and M. phosphovorus during batch growth in a
bioreactor with 4 g L-1 initial glucose concentration were
0.27 h-1 and 0.16 h-1, respectively. In the batch growth
system with anaerobic-aerobic cycles, however, P. pantotrophus could generally consume a significantly lower
amount of the initial glucose provided, and produced less
biomass which is indicative for a possible limitation. The
PHB content of P. pantotrophus (as % of CDW) at 4 g L-1
glucose concentration, however, is about two-fold that of
M. phosphovorus. The oxygen limitation during anaerobic-aerobic cycles seems to have enhanced PHB production in P. pantotrophus more significantly. When the microscopy staining results of the two organisms for PHB
accumulation were compared, P. pantotrophus seems to
have some advantages for PHB production: already at the
beginning of their third cycle, PHB (+) cells could be
observed. In the case of M. phosphovorus, however,
PHB(+) cells were observed starting from the fifth cycle
[27]. Additionally, anaerobic-aerobic cycles with M9
medium supplemented with 0.5 g L-1 glucose did not result
in any PHB (+) cells for M. phosphovorus. However, microscopy staining results revealed that P. pantotrophus had
few PHB (+) cells at 0.5 g L-1 under the same cultivation
conditions. Quantitative PHB analysis also revealed a
PHB concentration of 0.02 g L-1 (Table 2). This is a significantly low concentration, and considering the very low
cell dry weight concentration of 0.09 g L-1, it is apparent
that the particular culture had severe limitations and, thus,
the data should be interpreted carefully. There was also no
residual glucose left at the end of the aerobic phase of that
cultivation, which implies that PHB production should
not be expected under these conditions, based on previous
results [27].
It is known that polyphosphate-accumulating organisms (PAOs) accumulate PHA from carbon sources and
degrade poly-phosphate under anaerobic conditions, and
use PHA for growth under the aerobic conditions, during
which they also recover their polyphosphate level [53].
There is a study showing that the denitrifying bacterium
Paracoccus denitrificans, a close species to Paracoccus
pantotrophus [54], also accumulates polyphosphate atypi-

cally. However, it was found that P. denitrificans could
perform combined phosphate and nitrate removal without
requiring anaerobic/aerobic or anaerobic/anoxic switches
[55]. Thus, neither P. denitrificans, nor P. pantotrophus are
typical PAOs. In light of this information and the fact that
M. phosphovorus is a PAO, the differences between the
experimental results obtained with these two microorganisms may also be resulting from their different metabolism.
According to the many differences mentioned here between
M. phosphovorus and P. pantotrophus, however, P. pantotrophus seems to be a potentially more suitable microorganism than M. phosphovorus for PHB production.
Alcaligenes eutrophus (renamed Ralstonia eutropha)
is the most extensively studied microorganism because of
its ability to accumulate large amounts of PHB from various carbon sources such as glucose, fructose and acetic acid
[56]. Fed-batch cultivation studies with glucose medium revealed a PHB content of 76% [57]. Another common PHA
producer is Alcaligenes latus which can produce PHB from
cheap C sources during cell growth and reaches 80% PHB
content of dry biomass in about 5 h. A. latus could, therefore, be used to produce PHB from molasses or sugar syrup
[56]. The use of cheap substrates is critical for PHA production, because of the high production costs that limit its
industrial application. Thus, although the PHB contents of
P. pantotrophus are lower than those of the common PHA
producers, its ability to produce PHA from wastewater could
make it interesting for further research, and optimization of
its growth and PHA production conditions.
CONCLUSIONS
In the light of the experimental results presented above,
the following topics may be expressed as concluding remarks of the study:
The study provides experimental proof for the metabolic
capability of Paracoccus pantotrophus to produce PHB from
glucose under aerobic conditions. This is a significant observation as glucose is commonly associated with glycogen
formation alone in previous studies. In a batch culture started
with a high food to microorganism (F/M) ratio of around
8.5 g glucose/g CDW, around 20% of the glucose utilized
was converted to PHB, simultaneously with microbial
growth. The resulting internal storage accounted for 27% of
the CDW after 9-h cultivation.
Oxygen limitation in the batch culture fed with glucose,
and operated with a sequence of anaerobic/aerobic cycles,
significantly increased the PHB production potential of P.
pantotrophus up to 49% of CDW, confirming similar results of other studies also reporting positive effect of oxygen limitation on diverting substrate utilization to internal
storage.
Utilization of an organic carbon mixture supplemented
with different doses of casein in the same anaerobic/aerobic
sequence, while remaining limited was always accompa-
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nied by PHB generation. The results provided experimental indication that PHB generation potential of P.
pantotrophus was also sustained at a lower level by a mixed
substrate. Further studies are needed to explore this potential
by optimizing substrate composition and operating conditions.
With its heterotrophic nitrification and aerobic denitrification abilities, and PHB accumulation when grown in
synthetic wastewater, P. pantotrophus could be a potentially important microorganism both for wastewater treatment and PHA production from wastewater.

ACKNOWLEDGEMENTS
This study was supported by the Scientific and Technical Research Council of Turkey (TUBITAK) Project no:
102Y060, PI: ZPÇ and 102Y071, PI: CT; Turkish State
Planning Organization (DPT); and Istanbul Technical University Civil Engineering Faculty Funds. The authors would
like to thank M.C. Mark van Loosdrecht for kindly providing the PHA protocols, and Aygül Akar, Gamze Çelikyilmaz, Tuğba Aloğlu and Neşe Ajredin for technical assistance.

REFERENCES
[1]

Robertson, L. A. and Kuenen, J. G. (1983) Thiosphaera pantotropha gen. nov. sp. nov., a facultatively anaerobic, facultative autotrophic sulphur bacterium. J Gen Microbiol 129,
2847-2855.

[2]

Gupta, A.B. (1997) Thiosphaera pantotropha: a sulfur bacterium capable of simultaneous heterotrophic nitrification and
aerobic denitrification. Enzyme Microb Technol 21, 589-595.

[3]

Ellington, M. J. K., Sawers, G., Sears, H. J., Spiro, S., Richardson, D. J. and Ferguson, S. J. (2003) Characterization of
the expression and activity of the periplasmic nitrate reductase of Paracoccus pantotrophus in chemostat cultures. Microbiol 149, 1533-1540.

[4]

[5]

[6]

[7]

Zajicek, R. S. and Ferguson, S. J. (2005) The enigma of Paracoccus pantotrophus cytochrome cd(1) activation. Biochem
Soc Transact 33, 147-148.
Ellington, M. J. K., Bhakoo, K.K., Sawers, G., Richardson,
D. J. and Ferguson, S. J. (2002) Hierarchy of carbon source
selection in Paracoccus pantotrophus: strict correlation between reduction state of the carbon substrate and aerobic expression of the nap operon. J Bacteriol 184, 4767-4774.
Otani, Y., Hasegawa, K. and Hanaki, K. (2004) Comparison
of aerobic denitrifying activity among three cultural species
with various carbon sources. Water Sci Technol 50, 15-22.
van Niel, E. W. J., Robertson, L. A. and Kuenen, J. G. (1995)
Rapid short-term poly-β-hydroxybutyrate production by Thiosphaera pantotropha in the presence of excess acetate. Enzyme Microb Technol 17, 977-982.

2022

[8]

van Aalst-van Leeuwen, M. A., Pot, M. A., van Loosdrecht,
M. C. M. and Heijnen, J. J. (1997) Kinetic modeling of
poly(β-hydroxybutyrate) production and consumption by
Paracoccus pantotrophus under dynamic substrate supply.
Biotechnol Bioeng 55, 773-782.

[9]

Bormann, E. J., Leissner, M. and Beer, B. (1998) Growthassociated production of poly(hydroxybutyric acid) by Azotobacter beijerinckii from organic nitrogen substrates. Appl
Microbiol Biotechnol 49, 84-88.

[10] Bormann, E. J., Leissner, M., Roth, M., Beer, B. and
Metzner, K. (1998) Production of polyhydroxybutyrate by
Ralstonia eutropha from protein hydrolysates. Appl Microbiol Biotechnol 50, 604-607.
[11] Bormann, E. J. and Roth, M. (1999) The production of polyhydroxybutyrate by Methylobacterium rhodesianum and Ralstonia eutropha in media containing glycerol and casein hydrolysates. Biotechnol Lett 21, 1059-1063.
[12] Wentzel, M.C., Ekama, G.A. and Marais, G.v.R. (1990) Kinetics of nitrification denitrification biological excess phosphorus removal systems. Water Sci Technol 17, 57-71.
[13] Henze, M., Gujer, W., Mino, T., Matsuo, T., Wentzel, M.C.
and Marais, C.v.R. (1995) Activated sludge model No. 2.,
IAWQ scientific and technical report No.3, London, UK.
[14] Henze, M., Gujer, W., Mino, T., Matsuo, T., Wentzel, M.C.,
Marais, C.v.R and van Loosdrecht, M.C.M. (1999) Activated
sludge model No.2d, ASM2d. Water Sci Technol 39, 165-183.
[15] Filipe, C.D.M., Daigger, G.T. and Grady, C.P.L. Jr. (2001)
Stoichiometry and kinetics of acetate uptake under anaerobic
conditions by an enriched culture of phosphorus accumulating organisms at different pHs. Biotechnol Bioeng 76, 32-43.
[16] Yagci, N., Insel, G., Tasli, R., Artan, N., Randall, C.W. and
Orhon, D. (2006) A new interpretation of ASM2d for modeling of SBR performance for enhanced biological phosphorus
removal under different P/HAc ratios. Biotechnol Bioeng 93,
258-270.
[17] Van Loosdrecht, M.C.M., Pot, M.A. and Heijnen, J.J. (1997)
Importance of bacterial storage polymers in bioprocesses.
Water Sci Technol 35, 41-47.
[18] Dionisi, D., Majone, M., Ramadori, R. and Beccari, M.
(2001) The storage of acetate under anoxic conditions. Water
Res 35, 2661–2668.
[19] Ciggin, A., Karahan, O. and Orhon, D. (2007) Effect of feeding pattern on biochemical storage by activated sludge under
anoxic conditions. Water Res 41, 924–934.
[20] Karahan, O., van Loosdrecht, M.C.M. and Orhon, D. (2006).
Modeling the utilization of starch by activated sludge for
simultaneous substrate storage and microbial growth. Biotechnol Bioeng 94, 43-53.
[21] Insel, G., Celikyılmaz, G., Akkaya, E.U., Yesiladalı, K.,
Cakar, Z.P., Tamerler, C. and Orhon, D. (2007) Respirometric evaluation and modeling of glucose utilization by Escherichia coli under aerobic and mesophilic cultivation conditions. Biotechnol Bioeng 96, 94-105.

© by PSP Volume 18 – No 11. 2009

Fresenius Environmental Bulletin

[22] Bernet, N., Delgenes, N., Akunna, J.C., Delgenes, J.P. and
Moletta R. (2000) Combined anaerobic-aerobic SBR for the
treatment of piggery wastewater. Water Res 34, 611-619.
[23] Frigon, J.C., Bruneau, T., Moletta, R. and Guiot S.R. (2007)
Coupled anaerobic-aerobic treatment of whey wastewater in
a sequencing batch reactor: proof of concept. Water Sci
Technol 55, 201-208.
[24] Barford, C.C., Montoya, J.P., Altabet, M.A. and Mitchell, R.
(1999) Steady-state nitrogen isotope effects of N2 and N2O
production in Paracoccus denitrificans. Appl Environ Microbiol 65, 989-994.
[25] Yangin Gomec, C., Eroglu, V., Ozturk, I., Calli, B. and Mertoglu, B. (2004) Comparative evaluation of methanogenic
communities in psychrophilic and mesophilic UASB reactors treating domestic wastewater. In Proceedings of the European Symposium on Environmental Biotechnology, ESEB
2004 ed. Verstraete, W. pp. 69-73. London: A. A. Balkema
Publishers.
[26] Nikata, T., Natsui, M., Sato, K., Niki, E. and Kakii, K. (2001)
Photometric estimation of intracellular polyphosphate content
by staining with basic dye. Anal Sci 17, [Suppl]: i1675-i1678.
[27] Akar, A., Ucisik Akkaya, E., Yesiladali, S. K., Çelikyilmaz,
G., Ubay Çokgor, E., Tamerler, C., Orhon, D. and Çakar,
Z.P. (2006) Accumulation of polyhydroxyalkanoates by Microlunatus phosphovorus under various growth conditions. J
Ind Microbiol Biotechnol 33, 215-220.
[28] Üçışık Akkaya, E. (2004) Physiology and biochemical storage characteristics of E. coli K12. M. Sc. Thesis, Institute of
Science & Technology, Istanbul Technical University.
[29] Stoscheck, C. M. (1990) Quantitation of protein method. Enzymol 182, 50-68.
[30] Murray, R.G.E. (1981) Manual of Methods for General Microbiology. Washington DC: American Society for Microbiology.
[31] Beun, J.J., Paletta, F., van Loosdrecht, M.C.M. and Heijnen,
J.J. (2000) Stoichiometry and kinetics of poly-βhydroxybutyrate metabolism in aerobic, slow growing, activated sludge cultures. Biotechnol Bioeng 67, 379-389.

[37] Wei, B., Shin, S., Laporte, D., Wolfe, A.J. and Romeo, T.
(2000) Global regulatory mutations in csrA and rpoS cause
severe carbon stress in Escherichia coli in the presence of acetate. J Bacteriol 182, 1632-1640.
[38] Karahan-Gul, O., van Loosdrecht, M.C.M., and Orhon, D.
(2003) Modification of Activated Sludge Model No. 3 considering direct growth on primary substrate. Water Sci Technol 47, 219–225.
[39] Gujer, W., Henze, M., Mino, T. and van Loosdrecht, M.C.M.
(2000) Activated sludge model No.3, in Activated sludge
models ASM1, ASM2, ASM2d and ASM3, Henze, M., Gujer, W., Mino, T. and van Loosdrecht, M.C.M. (eds) IWA
technical and scientific report No.9, London, UK.
[40] Karahan-Gül, O., Artan, N., Orhon, D., Henze, M. and van
Loosdrecht, M.C.M. (2002) Respirometric assessment of
storage yield for different substrates. Water Sci Technol 46,
345-352.
[41] Shang, L., Jiang, M. and Chang, H.N. (2003) Poly (3hydroxy-butyrate) synthesis in fed-batch culture of Ralstonia
eutropha with phosphate limitation under different glucose
concentrations. Biotechnol Lett 25, 1415-1419.
[42] Dawes, E. (1990) Novel biodegradable microbial polymers.
Dordrecht, The Netherlands, Kluwer Academic Publishers.
[43] Verlinden, R.A.J., Hill, D.J., Kenward, M.A., Williams,
C.D., Radecka, I. (2007) Bacterial synthesis of biodegradable
polyhydroxyalkanoates. J Applied Microbiol 102, 1437-1449.
[44] Ghatnekar, M.S., Pai, J.S. and Ganesh, M. (2002) Production
and recovery of poly-3-hydroxybutyrate from Methylobacterium sp. V49. J Chem Technol Biotechnol 77, 444-448.
[45] Pham, T.H., Webb, J.S., Rehm, B.H.A. (2004) The role of
polyhydroxyalkanoate biosynthesis by Pseudomonas aeruginosa in rhamnolipid and alginate production as well as
stress tolerance and biofilm formation. Microbiol 150, 34053413.
[46] Ayub, N.D., Pettinari, J., Mendez, B.S. and Lopez, N.I.
(2007) The polyhydroxyalkanoate genes of a stress resistant
Antarctic Pseudomonas are situated within a genomic island.
Plasmid 58, 240-248.

[32] Beun, J.J., Verhoef, E.V., van Loosdrecht, M.C.M. and
Heijnen, J.J. (2000) Stoichiometry and kinetics of poly-βhydroxybutyrate metabolism under denitrifying conditions in
activated sludge cultures. Biotechnol Bioeng 68, 496-507.

[47] Kim, B.S. (2000) Production of poly(3-hydroxybutyrate)
from inexpensive substrates. Enzyme Microb Technol 27,
774-777.

[33] Dircks, K., Beun, J.J., van Loosdrecht, M., Heijnen, J.J. and
Henze, M. (2001) Glycogen metabolism in aerobic mixed
cultures. Biotechnol Bioeng 73, 85-94.

[48] Insel, G., Karahan, Ö., Özdemir, S., Pala, I., Katipoğlu, T.,
Çokgör, E.U. and Orhon, D. (2006) Unified basis for the
respirometric evaluation of inhibition for activated sludge. J
Env Sci Health, Part A 41, 1763-1780.

[34] Carta, F., Beun, J.J., van Loosdrecht, M.C.M. and Heijnen, J.J.
(2001) Simultaneous storage and degradation of PHB and glycogen in activated sludge cultures. Water Res 35, 2693-2701.

[49] Çokgör, E.U., Özdemir, S., Karahan, Ö., Insel, G. and Orhon,
D. (2007) Critical appraisal of respirometric methods for metal
inhibition on activated sludge. J Haz Mat 139, 332-339.

[35] van den Eynde, E., Vriens, I., Wynats, M., and Verachtert, H.
(1984) Transient behaviour and time aspects of intermittently
and continuously fed bacterial cultures with regards to filamentous bulking of activated sludge. Eur J Appl Microbiol
Biotechnol 19, 44-52.

[50] Oehmen, A., Zeng, R.J., Yuan, Z.G. and Keller, J. (2005)
Anaerobic metabolism of propionate by polyphosphateaccumulating organisms in enhanced biological phosphorus
removal systems. Biotechnol Bioeng 91, 43-53.

[36] Smolders, G.J.F., van Loosdrecht, M.C.M. and Heynen, J.J.
(1995) A metabolic model for the biological phosphorus removal process. Water Sci Technol 31, 79-93.

[51] Wang, YJ, Hua, F.L., Tsang, Y.F., Chan, S.Y., Sin, S.N.,
Chua, H, Yu, P.H.F. and Ren, N.Q. (2007) Synthesis of
PHAs from wastes under various C:N ratios. Bioresour
Technol 98, 1690-1693.

2023

© by PSP Volume 18 – No 11. 2009

Fresenius Environmental Bulletin

[52] Kelley, A.S., Jackson, D.E., Macosko, C., Srienc, F. (1998)
Engineering the composition of co-polyesters synthesized by
Alcaligenes eutrophus. Polym Degrad Stab 59, 187-190.
[53] Mino, T., van Loosdrecht, M.C.M. and Heijnen, J.J. (1998)
Microbiology and biochemistry of the enhanced biological
phosphate removal process. Water Res 32, 3193-3207.
[54] Kelly, D.P., Euzeby, J.P., Goodhew, C.F. and Wood, A.P.
(2006) Redefining Paracoccus denitrificans and Paracoccus
pantotrophus and the case for a reassessment of the strains
held by international culture collections. Int J Syst Evol Microbiol 56, 2495-2500.
[55] Barak, Y. and van Rijn, J. (2000) Atypical polyphosphate accumulation by the denitrifying bacterium Paracoccus denitrificans. Appl Environ Microbiol 66, 1209-1212.
[56] Khanna, S. and Srivastava, A. K. (2005) Recent advances in
microbial polyhydroxyalkanoates. Process Biochem 40, 607619.
[57] Kim, B.S., Lee, S.C., Lee, S.Y., Chang, H.N., Chang, Y. K.
and Woo, S. I. (1994) Production of polyhydroxybutyrate by
fed batch with glucose concentration control in Ralstonia eutropha. Biotechnol Bioeng 43, 892-898.

Received: February 02, 2009
Revised: May 18, 2009
Accepted: May 26, 2009

2024

CORRESPONDING AUTHOR
Z. Petek Çakar
Department of Molecular Biology and Genetics
Faculty of Science and Letters
Istanbul Technical University
34469 Maslak, Istanbul
TURKEY
Phone: + 90 212 285 72 63
Fax: + 90 212 285 63 86
E-mail: cakarp@itu.edu.tr
FEB/ Vol 18/ No 11/ 2009 – pages 2013 - 2022

© by PSP Volume 18 – No 11. 2009

Fresenius Environmental Bulletin

In vitro SUSCEPTIBILITY OF ANTIBIOTICS AGAINST
BIOLUMINESCENT Vibrio harveyi TEMO5 AND TEMS1
ISOLATED FROM Holothuria tubulosa AND SEAWATER
Esra Ersoy Omeroglu1*, Ismail Karaboz1 and Atakan Sukatar2
1

Ege University, Faculty of Science, Department of Biology, Basic and Industrial Microbiology Section, 35100 Bornova-Izmir, Turkey
2
Ege University, Faculty of Science, Department of Biology, Hydrobiology Section, 35100 Bornova-Izmir, Turkey

ABSTRACT
Some Vibrio strains are pathogenic and cause vibriosis, a serious infectious disease in maricultured organisms,
and in recent years, Vibrio harveyi has been described to be
pathogenic to children with cancer. Bioluminescent V.
harveyi TEMO5 and TEMS1 were isolated from intestine
contents of Holothuria tubulosa and seawater of Izmir Gulf
(Turkey) for the first time. Hence, in this study, susceptibility patterns of 21 different antibiotics against these isolates
were investigated by agar disc diffusion and micro-dilution
method. The findings indicate that while these isolates were
resistant to β-lactam antibiotics (ampicillin, cephalothin and
cephazolin) and very sensitive to aminoglycoside antibiotics
(tobramycin and gentamicin), sulphamethoxazole/ trimethoprim and chloramphenicol, they were resistant to amoxicillin-clavulanic acid inhibiting β-lactamases. Therefore,
V. harveyi TEMO5 and TEMS1 are likely to acquire resistance by maintaining in response to natural environmental selection, or changing the permeability of outer membrane anion (porin) channels, or at chromosomal level.

KEYWORDS: Antibiotic susceptibility, Vibrio harveyi, Bioluminescent bacteria, Micro-dilution method.

INTRODUCTION
Based on 16S ribosomal DNA (rDNA) classification,
Vibrio belongs to the group of bacteria known as Proteobacteria, which is sub-divided into five groups, including
the γ−Proteobacteria. This group includes many families,
one of which is the Vibrionaceae including bioluminescent
bacteria. The cells of the Vibrionaceae are gram-negative,
non-sporulating rods, are usually 0.5x2 µm, and they have
locomotor organelles called flagella [1]. Bacteria of the genus Vibrio are commonly found in coastal and estuarine
waters [2]. Within this genus, the number of species with
validly published names increased from 20 in 1981 to 63

in 2004 [3]. Two bacterial species, Vibrio fischeri and Vibrio harveyi, are able to emit light,. V. harveyi is a free living
bacterium [4], although warm marine waters, surfaces of
marine animals, light organs of certain marine fish and cephalopods and intestine of aquatic animals are its general
habitats [5].
Some strains of this bacterium are highly pathogenic to
aquatic fauna, especially invertebrates, and other strains
may be considered as opportunistic pathogens [6]. Especially, over the past decade, strains of this species have
been recognized as significant pathogenic agents causing
high rates of shrimp mortality in the shrimp culture industry
worldwide [7]. V. harveyi can cause mass mortality resulting from vibriosis [6]. Antibiotics and other chemotherapeutic agents are commonly used in fish farms either as
feed additives or immersion baths to achieve either
prophylaxis or therapy [2]. Although Vibrio species have
different antibiotic susceptibilities, almost all strains are
sensitive to chloramphenicol, tetracycline, aminoglycoside,
qui-nolones and β-lactams [8]. Though there are many
available antimicrobial agents effective on the target
specific bacteria, the use of high concentrations of these
antibiotics brings about significant disadvantages [9], one
of which is a significant increase in bacterial resistance. In
addition to this, accumulation of the residues of antibiotic
substances in fish meat used for human consumption
increases [10], and this causes problems concerning food
safety; so it is a risk for human health. Besides, in recent
years, it has been reported that V. harveyi causes septic
shock and death in children with cancer [11].
It has recently been found out that V. harveyi is pathogenic to a large number of species of fish and shellfish and
to children; therefore, it was aimed in this study to elucidate the sensitivity of two Vibrio harveyi isolates, TEMO5
and TEMS1, to 21 different antibiotics. TEMO5 was isolated
from intestine contents of Holothuria tubulosa (Gmelin,
1788) whereas TEMS1 was isolated from coastal seawater
of Izmir Gulf. This study is the first report regarding antimicrobial susceptibility of bioluminescent V. harveyi isolated from Turkey. Minimum inhibitory concentrations
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(MICs) of Vibrio harveyi isolates to 6 different E-test and
7 antibiotics were reported. The disc inhibition zone (IZ)
was also studied for 12 different antibiotic discs.
MATERIALS AND METHODS
Isolation and identification of bioluminescent bacteria

Bioluminescent bacterial strains designated as TEMO5
and TEMS1 were isolated from intestine contents of Holothuria tubulosa (Gmelin, 1788) and coastal seawater of Izmir Gulf, Turkey, respectively. Morphological, cultural, biochemical and physiological characteristics of the isolates
were determined, and the miniaturized kits, such as API
20E and API 20NE (Biomèrieux), were used for enzymatic
activities and carbohydrate fermentations. In order to purify
high molecular weight genomic DNA from the isolates,
guanidium thiocyanate method was used in the way described by Pitcher et al. [12]. All PCR reactions were performed with Gene Amp®PCR system (Applied Biosystems)
and 16S rDNA amplicons of the strains were bidirectionally sequenced on an ABI 3100 automated sequencer (Applied Biosystems, Foster City, Calf.) [13].
Antimicrobial agents

To determine the antibiotic susceptibility patterns of the
strains, 12 different antibiotic discs, 6 different E-tests and 7
antibiotics were used. The antibiotic discs tested included
tobramycin (10 µg), amikacin (30 µg), gentamicin (10 µg),
gentamicin (120 µg), ampicillin (10 µg), chloramphenicol
(30 µg), sulphamethoxazole/ trimethoprim (25 µg), tetracycline (30 µg), ciprofloxacin (5 µg), nalidixic acid (30 µg),
erythromycin (15 µg), imipenem (10 µg), and cephalothin
(30 µg). The E-tests used included piperacillin/tazobactam
(0.016-256 UG/ML), gatifloxacin (0.002-32 UG/ML),
meropenem (0.002-32 UG/ML), linezolid (0.016-256
UG/ML), imipenem (0.002-32 UG/ML) and teicoplanin
(0.016-256 UG/ML), and the antibiotics tested included
ampicillin (0.25 g/ml), ceftriaxone (0.1 g/ml), ampicillinsulbactam (0.25

g/ml), amoxicillin-clavulanic acid (0.06 g/ml), amikacin
(0.05 g/ml), gentamicin (0.04 g/ml), and cephazolin (0.125
g/ml). Commercially available antibiotic discs were purchased from Oxoid (England). E-tests were obtained from
AB Biodisk (Sweden), and the rest of the antibiotics were
acquired from commercial firms (Table 1).
Antimicrobial susceptibility test and determination of minimum inhibitory concentration (MIC) of antibiotics

Susceptibility test was performed by agar disc diffusion [14-16] and micro-dilution methods [17], and was tested
against 12 different antibiotic discs (tobramycin, amikacin,
gentamicin, ampicillin, chloramphenicol, sulphamethoxazole/ trimethoprim, tetracycline, ciprofloxacin, nalidixic
acid, erythromycin, imipenem, cephalothin), 6 different Etests (piperacillin/ tazobactam, gatifloxacin, meropenem,
linezolid, imipenem, teicoplanin) and 7 different antibiotics
(ampicillin, ceftriaxon, ampicillin-sulbactam, amoxicillinclavulanic acid, amikacin, gentamicin, cephazolin). Procedures were based on the standardization of the agar disc
diffusion method of the National Committee for Clinical
Laboratory Standards (NCCLS 2001) [18] prepared for
antimicrobial susceptibility tests.
The isolates were precultured for 17 h at 20 oC [13]
on a rotary shaker at 150 rpm. For cultivation, modified
Mueller-Hinton Broth (MHB) supplemented with NaCl at
a final concentration of 2% [19], and Seawater Complete
Medium [20, 21] were used. Susceptibility tests were performed by using a bacterial inoculum with a turbidity
equivalent to a 0.5 McFarland standard [8, 22]. After cultivation, the bacterial suspensions obtained were used to inoculate modified Mueller-Hinton Agar (MHA) plates and
Seawater Complete Agar (SWC) plates using sterile cotton swabs [23, 24] and then, the antibiotic discs and Etests were put on plates.
Determination of minimum inhibitory concentration of
7 antibiotics against TEMO5 and TEMS1 with microdilution methods was performed by using 96-well microplates, and different concentrations of antibiotics ranging

TABLE 1 – Types and properties of antimicrobial agents used in assays.
Disc
Antimicrobial agents
Tobramycin
Amikacin
Gentamicin
Gentamicin
Ampicillin
Chloramohenicol
Sulphamethaxazole/Trimethoprim
Tetracycline
Ciprofloxacin
Nalidixic acid
Erythromycin
Imipenem

Disc content
(µg)
10
30
10
120
10
30

Code
TOB
AK
CN
CN
AMP
C

25

SXT

30
5
30
15
10

TE
CIP
NA
E
IPM

Antimicrobial
agents
Piperacillin/
Tazobactam
Gatifloxacin
Meropenem
Linezolid
Imipenem
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E-test
Range
(UG/ML)

Code

Antibiotic
Antimicrobial
Content
agents
(g/ml)

0.016-256

PTC

Ampicillin

0.002-32

GA

Ceftriaxone

0.002-32

MP

0.016-256

LZ

0.002-32

IP

0.016-256

TP

AmpicillinSulbactam
AmoxicillinClavulanic acid
Amikacin
Gentamicin

0.25
0.1
0.25

0.06
0.05
0.04
0.125
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30

KF

Teicoplanin

from 0.048 to 6400 µg/ml were investigated. To each well,
125 µl of bacterial suspension (precultured with MHB)
with a turbidity equivalent to 0.5 McFarland standard was
added, and then 125 µl aliquots of different concentrations
of antibiotics were transferred into a micro-plate well
(Fig. 1).

FIGURE 1 - Schematic diagram of the 96-well plate containing the
bacterial suspension and the different concentrations of antibiotics
[17].

Cephazolin

the water-soluble colorless TTC is a red insoluble
formazan [25].
RESULTS
Identification of bioluminescent bacteria

On the basis of morphological and biochemical characteristics and 16S rDNA sequencing, bioluminescent
strains, TEMO5 and TEMS1, were identified as Vibrio
harveyi and the 16S rDNA sequences of Vibrio harveyi
TEMO5 and TEMS1 have been deposited in the GenBank
nucleotide sequence database under the accession numbers
of DQ842241 and DQ842240, respectively. Figs. 2 and 3
show the phylogenetic relationship between Vibrio harveyi
TEMO5 and TEMS1 and various marine bacteria [13, 26].

FIGURE 2 - Phylogeny of Vibrio harveyi TEM O5 neighbor joining
tree analysis using Mega v 2.1. The strain with the prefix O5:f27 is
isolated from Holothuria tubulosa (Gmelin, 1788).

Microplates, MHA and SWC plates were incubated at
20 oC for 17 h. After the incubation, 20 µl triphenyl tetrazolium chloride (TTC) was added to each well, and
then the microplates were incubated at 20 oC again. Following the incubation period, the results were evaluated
and MICs of antibiotics against the isolates were determined.
Detection of β-lactamase activity

β-Lactamase production was determined by the chromogenic cephalosporin substrate method using the nitroceftin test (Oxoid Ltd, Basingstoke, Hampshire, UK).
Assessment of antibiotic susceptibility and MICs of antibiotics

For antibiotic disc method, the inhibition zones were
measured in mm using a transparent ruler. The MIC was
interpreted as the point of intersection of the inhibition
ellipse with the E-test strip edge. In micro-dilution method,
the wells with red color were evaluated as positive for bacterial growth and the concentration with the first colorless
well was determined as MIC of the related antibiotic. The
tetrazolium salts TTC can be used as an artificial electron
acceptor to detect dehydrogenase activity, and, thus, metabolically active bacteria, and the reduction product of

FIGURE 3 - Phylogeny of Vibrio harveyi TEM S1 neighbor joining
tree analysis using Mega v 2.1. The strain with the prefix S1:f27 is
isolated from sea water in Izmir Gulf.
Antibiotic susceptibility of Vibrio harveyi TEMO5 and TEMS1

Susceptibility of V. harveyi TEMO5 and TEMS1 towards the 12 different antibiotic discs tested is shown in
Table 2. The results showed that V. harveyi TEMO5 and
TEMS1 are very sensitive to aminoglycoside groups of
antibiotics (TOB, AK, CN) which have antimicrobial activity toward gram-negative bacteria. MHA was compared
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with SWC agar medium in order to determine the resistance profile of the isolates by agar disc diffusion

method. The sensitivity of V. harveyi TEMO5 and
TEMS1 to AK,

TABLE 2 - Susceptibility of TEMO5 and TEMS1 to the antibiotics tested by disc diffusion method.
Strains
Antimicrobial agents

TEMO5

TOB
AK
CN(10 µg)
CN(120 µg)
AMP
C
SXT
TE
CIP
NA
E
IPM
KF
S: sensitive; R: resistance; I: intermediate

TEMS1

MHA
S
S
S
S
R
S
S
S
S
S
I
S
R

SWC
S
I
S
S
R
S
S
R
I
R
R
S
R

CN (10 µg), TE, CIP, NA and E showed differences depending on medium dissimilarities. On the other hand, it
was determined that the isolates were sensitive to C, SXT
and IPM but resistant to AMP and KF on both MHA and
SWC agar media.
MICs of antibiotics

MICs of antibiotics were determined by using E-test
and micro-dilution method. As shown in Table 3, according to the findings obtained from E-test strips, V. harveyi
TEMO5 and TEMS1 were more sensitive to MP than IP.
This result supported that MP is more effective to gramnegative bacteria than IP. For the isolates, different MICs
were obtained from all E-test strips (MP, IP, LZ, GA and
PTC) but not from TP, and there was no growth inhibition
resulting from TP on both assay media.
TABLE 3 - MICs of antibiotics by E-test.
E-test strips
PTC
GA
MP
LZ
IP
TP
0: no inhibition

MIC (µg/ml)
TEMO5
TEMS1
2.0-3.0 (MHA)
0 (SWC)
2.0 (SWC)
1.0 (MHA)
0.064 (SWC)
0.047 (MHA)
2.0 (MHA)
3.0 (SWC)
0.19 (MHA)
0.25 (SWC)
0 (SWC)
0 (MHA)

TABLE 4 - MICs of antibiotics by micro-dilution methods.
Antimicrobial agents
Ampicillin
Ceftriaxon
Ampicillin/Sulbactam
Amoxicilin/Clavulanic Acid
Amikacin
Gentamicin
Cephazolin

MIC (µg/ml)
TEMO5
TEMS1
>6400
>6400
12.5
12.5
25
25
>100
>100
25
25
6.25
6.25
200
200

MHA
S
I
S
S
R
S
S
S
I
S
I
S
R

SWC
I
R
I
S
R
S
S
R
R
R
R
S
R

With respect to micro-dilution method carried out by
using TTC, it was observed that V. harveyi TEMO5 and
TEMS1 could grow in media containing very high concentrations of ampicillin, ampicillin-sulbactam and amoxicillin-clavulanic acid (Table 4). This resistance was mostly
due to the production of β-lactamase but the isolates gave
negative nitroceftin test. We did not find any specific correlation between ampicillin, ampicillin-sulbactam and amoxicillin-clavulanic acid resistance and β-lactamase production.
DISCUSSION
Vibrio species exist widely in aquatic environments as
normal flora not only in coastal seawater but also in fish
and shellfish. On the contrary, they can also be opportunistic pathogens of many marine animals [2] and especially,
V. harveyi can cause mortality resulting from vibriosis. To
treat bacteriological infections, it is a common practice to
employ antibiotics. Inappropriate use of antibiotics is likely
to cause a negative impact on the environment. The potential consequences of this negative impact are the development of antibiotic-resistance microorganisms [27] and also
the accumulation of antibiotics in seafood. Therefore,
standardization and safety of drugs used in aquaculture for
the protection of the environment and humans are necessary [10]. At the same time, it was reported that V. harveyi
gives rise to sepsis in children with immunosuppressive
conditions and cancer [11]. Hence, the degree of susceptibility of V. harveyi to different antibiotics has to be determined. In this sense, the study focused on the determination of antibiotic resistance profiles of V. harveyi TEMO5 and TEMS1 colonizing intestine contents of Holothuria tubulosa and seawater of Izmir Gulf, respectively.
Because of the fact that bioluminescent V. harveyi is
isolated for the first time from Izmir Gulf which is a very
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pollutant habitat, elucidation of the antimicrobial susceptibility of these isolates is to be very important.
In the present study, V. harveyi TEMO5 and TEMS1
showed resistance to ampicillin and cephalothin in both
agar media (MHA and SWC). Cephalothin is one of the
antibiotics of cephalosporin group. Ampicillin is categorized as a broad spectrum ß-lactam antibiotic, and it functions as an inhibitor of bacterial cell wall biosynthesis [28].
Thus, the finding of the present study indicated that V.
harveyi TEMO5 and TEMS1 possessed β-lactamases to
overcome the β-lactam antibiotics, such as ampicillin and
cephalothin. This consequence overlaps with the consequence of the study performed by Musa et al. [28]. The bioluminescent isolates in our study were found to be resistant to tetracycline on SWC medium, and sensitive to
tetracycline on MHA medium. So, tetracycline inhibited
protein synthesis and prevented the growth of bacteria [28]
on MHA medium.
Due to the fact that nalidixic acid inhibits DNA gyrase [29], reproduction and growth of the isolates were prevented by nalidixic acid. However, the isolates were sensitive to chloramphenicol, tobramycin, sulphamethaxazole/
trimethoprim, gentamicin (10 µg and 120 µg), imipenem
and meropenem. That is because their protein synthesis was
inhibited by tobramycin, gentamicin [29] and chloramphenicol [28]. This study showed that V. harveyi TEMO5 and
TEMS1 were more sensitive to sulphamethaxazole/ trimetho-prim, because of the fact that this antibiotic is a nonβ-lactam antibiotic; but it is an anti-metabolites` antibiotic.
On growth media containing this antibiotic, enzymes in the
metabolite systems were prevented and metabolites could
not exist in cells of the isolates [28].

bacteria. Amoxicilin/ clavulanic acid and piperacillin/
tazobactam are the inhibitors of β-lactamases. At the same
time, our isolates were very resistant to ampicillin (MIC
>6400 µg/ml), which is one of the ß-lactam antibiotics. So
the isolates should have β-lactamases in order to be resistant to ß-lactam antibiotics, because the resistance to βlactams is often the result of β-lactamases inactivating the
antibiotics [30]. But they were very resistant to amoxicilin/clavulanic acid as they are inhibited by β-lactamases,
and also they were sensitive to imipenem and meropenem, members of ß-lactam antibiotics. Furthermore, the
isolates gave negative nitroceftin test results. In marine
habitats, Cyanobacteria are known to naturally excrete
antibiotics and possibly β-lactams [31]. Hence, β-lactamase
production in V. harveyi cells may have been maintained in
response to natural environmental selection. Our isolates
might have different resistance mechanisms to β-lactam
agents. Modifications occurred on drug binding receptor or
binding region, decreasing the per-meability of inner and
outer membrane, presence of active pump system, or synthesizing penicillin-binding protein with low binding ability
may lead to develop resistance to β-lactam agents [32].
Some gram-negative bacteria acquire resistance by
changing the permeability of outer membrane porin channels, consequently leading to reduced drug in-flux into the
bacterial cell [30]. Except for this, bioluminescent isolates
V. harveyi TEMO5 and TEMS1 might have resistance at
chromosomal levels. Further investigations are required to
understand the causes of resistance and sensitivity better.

In the present study, both of the isolates were found to
be resistant to erythromycin on SWC medium. Erythromycin inhibited protein synthesis in bacteria. For amikacin and
ciprofloxacin, the finding indicated that V. harveyi TEMO5
was sensitive on MHA medium and V. harveyi TEMS1 was
resistant on SWC medium. Dissimilarity is likely to be derived from the different contents of media.
With respect to the finding of E-test, meropenem was
more effective on our isolates than imipenem. Although
teicoplanin is an antibiotic that directly inhibits the cell wall
biosynthesis of bacteria, MIC of this antibiotic was found
to be zero, so the isolates were resistant to teicoplanin. This
result overlaps with result obtained with ampicillin.
The findings of the agar disc diffusion method supported the results of micro-dilution method performed with
TTC (Tables 2 and 4). The MICs of ceftriaxon and
cephazolin were 12.5 and 200 µg/ml, respectively. Both
antibiotics belong to cephalosporin groups, as is cephalothin. Our isolates were resistant to cephazolin and cephalothin, first-generation antibiotics of cephalosporin. MIC
of ceftriaxon was lower than the other, because it is a
third-generation antibiotic of cephalosporins, which are
resistant to β-lacta-mases, produced by gram-negative
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ABSTRACT
Algal communities play a crucial role in aquatic food
chains by transfer and bioaccumulation of selenium to higher
trophic levels. The inhibitory effect of selenium compounds
in two oxidation states Se(IV) (SeO2, H2SeO3, Na2SeO3)
and Se(VI) (Na2SeO4 and H2SeO4(nia)3) on growth, chlorophyll a and chlorophyll b production of algae Desmodesmus quadricauda, Desmodesmus subspicatus, Chlorella
vulgaris and Pseudokirchneriella subcapitata was investigated. The effect of selenium compounds was dependent
on the concentration and chemical species of the element.
All salts of selenium inhibited growth of the algae when
compared to controls. For single algae and tested metals, the
following rank orders for growth inhibition can be established: D. quadricauda: H2SeO3 ≥ H2SeO4(nia)3 = SeO2 >>
Na2SeO3 >> Na2SeO4; D. subspicatus: H2SeO3 >> SeO2 >
Na2SeO3 >> H2SeO4(nia)3 >> Na2SeO4; C. vulgaris: SeO2
>> H2SeO3 ≥ H2SeO4(nia)3 > Na2SeO3 >> Na2SeO4; P.
subcapitata: H2SeO4(nia)3 ≥ SeO2 > H2SeO3 >> Na2SeO4
> Na2SeO3. D. subspicatus was the most sensitive to selenites, while in presence of selenates, D. quadricauda exhibited the highest sensitivity. Alga D. subspicatus appeared
to be approximately three times more sensitive to H2SeO3
than D. quadricauda. Na2SeO4 had the weakest and H2SeO3
the strongest inhibitory effect on chlorophyll production
of all tested algae.

KEYWORDS:
selenium; freshwater algae; growth rate; chlorophyll synthesis

INTRODUCTION
Selenium (Se) is an essential trace element for animals
and bacteria, but it is potentially toxic. The difference between the essential and toxic concentration is rather narrow. At concentrations beyond trace amounts, Se is generally toxic to plants and other organisms [1]. On the other

hand, Se has protective action towards cell membranes by
preventing oxidative damage. The bioavailability of Se to
algae depends not only on the chemical form of Se present
in water, but also on the biomass development, the final
yield and the growth rate of the algae, mainly for selenite
[2]. Toxic effect of Se is related to its chemical similarity
to sulfur [1, 3]. Organisms that require Se for normal cellular function contain essential selenoproteins, such as glutathione peroxidase, formate dehydrogenase, and selenophosphate synthase [4]. Glutathione peroxidase homologue
was identified in the model plant system Chlamydomonas
reinhardtii [5].
Algal communities play a crucial role in aquatic food
chain, they influence biogeochemical cycle of Se by accumulating its dissolved inorganic forms, partially transforming them into organic selenium (selenides) and transferring
large quantities to higher trophic levels [6]. Se commonly
occurs in surface waters as a mixture of several different
chemical forms, however, selenates and selenites being the
most common, originating from geochemical processes,
such as weathering of rocks and erosion of soils. Background concentrations in freshwater algae range from
0.1 to 1.5 mg Se kg-1 [7]. Plants absorb selenates in preference and convert them to organic compounds. Aquatic
organisms can accumulate and magnify Se in the foodchain [8]. Phytoplankton incorporates inorganic Se into
intracellular Se-amino acids and Se-proteins [9]. Some microcosm studies have observed Se bioaccumulation in algae
and its subsequent transfer to algae-consuming invertebrates or fish. These studies also show that Se uptake by
aquatic biota is influenced by its chemical form [7]. While
an extensive database on Se toxicity to a variety of fish
and bird species is available, only a small number of studies focused on the toxicity of Se to microalgae.
The aim of this study was to compare the inhibitory
effect of selenium compounds in two oxidation states
Se(IV) (SeO2, H2SeO3, Na2SeO3) and Se(VI) (Na2SeO4 and
H2SeO4(nia)3) on 4 algal species – Desmodesmus quadricauda, Desmodesmus subspicatus, Chlorella vulgaris
and Pseudokirchneriella subcapitata (formerly known as
Raphidocelis subcapitata, Selenastrum capricornutum).
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MATERIALS AND METHODS

RESULTS AND DISCUSSION

We used suspension cultures of 4 green algae Desmodesmus quadricauda (Turp.) Bréb. strain Greifswald 15,
Desmodesmus subspicatus Chod. strain Brinkmann 1953/
SAG 86.81, Chlorella vulgaris BEIJ and Pseudokirchneriella subcapitata (KORS.) NYG. strain SKULBERG 1959/1.
For all tests, algal cultures were kept in non-agitated Erlenmeyer flasks containing 50 mL of the nutrient solution [10]
for 14 days under constant temperature (22 ± 2 oC) and continuous white light with the intensity level of 70 µE m-2 s-1.
Experimental cultures were initiated with an inoculum of
cells (coenobia) in the exponential phase of growth (5.7x105
coenobia mL-1 for D. quadricauda, 1.7x105 cells mL-1 for
D. subspicatus, 5.2x106 cells mL-1 for C. vulgaris and
1.1x 105 cells mL-1 for P. subcapitata). The following compounds were used: SeO2 (Lachema, Brno, Czech Republic),
H2SeO3, Na2SeO3 (Schuchardt, Munich, Germany), Na2SeO4
(Fluka, Steinheim, Germany) and H2SeO4(nia)3 (Faculty of
Chemical and Food Technology, Slovak Technical University, Bratislava, Slovakia). Sterile stock solutions of
tested compounds were added to the culture media directly before inoculation. Algae cultivated without addition of toxic ions were used as control.
Algal growth (cell density) of the treated flasks and
control was measured each two days using a spectrophotometer (λ = 750 nm) [11]. Chlorophyll contents (Chla, Chlb)
were measured spectrophotometrically (λ = 665 and 649 nm)
after extraction in 95% (v/v) ethanol, and their amounts
were calculated under the following equations [12]:
chlorophyll a (Chla) = 13.70(A665) – 5.76(A649)
chlorophyll b (Chlb) = 25.80(A649) – 7.69(A665)
in µg ml-1 culture. Three replicates of each tested concentration as well as of control were run for all observed
parameters (algal growth and chlorophyll contents). The
EC50 values (50% inhibitory effect) and their 95% confidence intervals were estimated by Probit analysis and expressed the chronic effect of tested compounds on algal
growth and photosynthetic pigment syntheses [13].

The algal growth inhibition after 14-days cultivation in
the media supplemented with various Se compounds, expressed as EC50 values and their 95% confidence intervals
(CI), are given in Table 1. Based on these values the following rank orders can be established:
D. quadricauda: H2SeO3 ≥ H2SeO4(nia)3 = SeO2 >>
Na2SeO3 >> Na2SeO4
D. subspicatus: H2SeO3 >> SeO2 > Na2SeO3 >>
H2SeO4(nia)3 >> Na2SeO4
C. vulgaris: SeO2 >> H2SeO3 ≥ H2SeO4(nia)3 >
Na2SeO3 >> Na2SeO4
P. subcapitata: H2SeO4(nia)3 ≥ SeO2 > H2SeO3 >>
Na2SeO4 > Na2SeO3.
From these results, it is obvious that H2SeO3 had the
strongest and Na2SeO4 the weakest inhibitory effect on both
algae of Desmodesmus sp. SeO2 caused the strongest growth
inhibition of C. vulgaris, Na2SeO4 the weakest. Morlon et
al. [14] reported that selenite had direct toxic effect on
phytoplankton biomass at concentrations above those found
in the environment, and this statement is in good agreement
with the results obtained during our experiments.
Ibrahim and Spacie [15] reported that selenate (SeO42-)
was more toxic to alga Selenastrum capricornutum (presently Pseudokirchneriella subcapitata) than selenite, and
these findings are comparable to those of the present study
since H2SeO4(nia)3 had the strongest inhibitory effect and
Na2SeO3 the weakest on alga P. subcapitata. According to
Geoffroy et al. [16], an effective concentration of selenate
is low compared to environmental concentrations, and the
growth rate and the maximal population density of C.
reinhardtii decreased with increasing ambient selenate concentration. In green algae, selenate may be transported into
the cell via a transport system used by anionic macronutrients that is characterized by low affinity [16]. According
to Spallholz [17], selenates are, in general, less toxic for
plants than selenites. However, for algae selenites are the
most bioavailable Se-form [2, 6, 18]. This is supported by

TABLE 1 Inhibitory effect of Se compounds on the growth of algae D. quadricauda, D. subspicatus,
C. vulgaris and P. subcapitata expressed through EC50 values and their 95% confidence intervals (CI) [mg L-1].

SeO2
H2SeO3
Na2SeO3
Na2SeO4
H2SeO4(nia)3

D. quadricauda
EC50 (95% CI)
24.6
(18.7-32.4)
24.2
(18.5-31.5)
84.5
(80.3-88.9)
115.5
(80.6-165.5)
110.2
(85.6-142.0)

D. subspicatus
EC50 (95% CI)
27.1
(23.2-31.7)
7.6
(5.5-10.5)
54.7
(51.6-58.1)
167.0
(155.2-179.7)
265.0
(248.0-282.8)
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C. vulgaris
EC50 (95% CI)
16.5
(13.3-20.5)
51.6
(46.6-57.2)
73.2
(69.2-77.4)
322.7
(304.1-342.5)
189.9
(158.6-227.4)

P. subcapitata
EC50 (95% CI)
40.1
(34,7-46,3)
57.8
(48.6-68.6)
302.0
(218.1-418.1)
212.5
(199.9-225.8)
155.6
(70.4-343.6)
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the current results. Boisson et al. [19] found selenite more
toxic than selenate to marine unicellular alga Cricosphaera
elongate as well. Selenite is more bioavailable and approximately 5-10 times more toxic than selenate [20]. Similar
trends were observed in our study since selenites were 0.5
(for Na2SeO3 and alga P. subcapitata) up to 11.5 (for SeO2
and alga C. vulgaris) times more toxic than selenates. Data
available on the toxicity of selenite to 9 species of freshwater algae ranged from an EC50 of 0.08 for Scenedesmus
obliquus (syn. Desmodesmus obliguus) to 7.2 mg Se L-1
for incipient inhibition of the blue-green alga Microcystis
aeruginosa [21], and these values are several times lower
than those from our experiments. The growth inhibition of
algae Desmodesmus dimorphus and Anabaena cylindrica
in the presence of selenites and selenates was also investigated by Moede et al. [22]. The toxicity determined for
the four freshwater algal species during our tests was
higher than that reported for many algal species in literature [14, 15, 22]. It is well-known that toxicity increases
with increasing exposure time. Effects usually depend on
internal concentration which increases with exposure time.
Indeed, it has been reported that cells can physiologically
adapt to high selenite concentrations [14].
Aquatic organisms can accumulate Se via aqueous
food-chain. Most of aquatic organisms, including algae
(Chlamydomonas reinhardtii), concentrate Se more strongly
from aqueous selenomethionine than from either inorganic
Se species. Algae concentrate selenite more strongly than
selenate [23]. Knight et al. [24] reported on rapid Se accumulation and decrease of algal cell replication (sublethal
effects are observed at the 0.1 mg L-1 level for Selenastrum
capricornutum (presently P. subcapitata), while other species are more tolerant, exhibiting effects at about 1 mg L-1
or more). From our experiments, it is clear that all tested
freshwater algae (D. quadricauda, D. subspicatus, C. vulgaris, P. subcapitata) tolerated rather high Se levels in

water environment, and these detections may be in good
agreement with Knight et al. [24] statements.
Alga D. subspicatus was the most sensitive to selenites
(SeO32-), while in the presence of selenates (SeO42-), alga
D. quadricauda exhibited the highest sensitivity (Fig. 1).
Alga D. subspicatus appeared to be more than three times
sensitive to H2SeO3 than D. quadricauda. In presence of
selenites (SeO2, H2SeO3 and Na2SeO3) alga P. subcapitata
was the least sensitive and this supports the study of Malchov et al. [25] according to that P. subcapitata is a seleniferous alga. The lowest sensitivity to selenates Na2SeO4
and H2SeO4(nia)3 was observed by algae C. vulgaris and
D. subspicatus, respectively.
Chlorophyll content is a very important parameter for
algal biomass determination, and is frequently used for
monitoring of water quality. Measuring the amount of chlorophyll (photosynthetic pigments) in the water gives a useful index of phytoplankton density reflecting primary
productivity. Chlorophyll a is the dominant pigment in
algal cells and its determination serves as a parameter for
phytoplankton abundance in the water column [26].
From EC50 values determined for photosynthetic pigments` synthesis in Table 2, the following rank orders can
be arranged:
D. quadricauda: Chla: H2SeO3 >> SeO2 > H2SeO4(nia)3
>> Na2SeO3 >> Na2SeO4
Chlb: H2SeO3 > H2SeO4(nia)3 >> SeO2 > Na2SeO3 >
Na2SeO4
D. subspicatus: Chla: H2SeO3 >> SeO2 >> Na2SeO3
>> H2SeO4(nia)3 >> Na2SeO4
Chlb: H2SeO3 >> SeO2 >> Na2SeO3 > H2SeO4(nia)3
>> Na2SeO4

FIGURE 1 - Comparison of algal species sensitivity to various Se compounds.
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TABLE 2 - EC50 values [mg L-1] for chlorophyll a (Chla) and chlorophyll b (Chlb) synthesis in algae D. quadricauda,
D. subspicatus, C. vulgaris and P. subcapitata and their 95% confidence intervals (CI) [mg L-1] for the tested selenium compounds.
D. quadricauda
EC50 (95% CI)

D. subspicatus
EC50 (95% CI)

C. vulgaris
EC50 (95% CI)

P. subcapitata
EC50 (95% CI)

20.0
(17.7-22.7)
3.0
(2.3-3.9)
72.9
(64.7-82.1)
132.7
(119.1-147.8)
305.3
(292.3-318.8)

14.8
(11.8-18.4)
5.1
(3.9-6.8)
74.8
(72.5-77.1)
91.4
(77.9-107.3)
96.6
(91.9-101.7)

17.6
(15.9-19.4)
28.6
(24.2-33.7)
71.7
(69.6-73.8)
297.6
(281.2-315.0)
99.5
(86.4-114.5)

36.5
(34.3-38.9)
0.0
(0.0-0.0)
60.6
(51.7-71.1)
167.0
(141.3-202.1)
238.5
(194.3-292.7)

17.4
(15.2-19.9)
2.5
(1.9-3.3)
83.1
(71.1-97.1)
234.4
(209.7-261.9)
284.2
(269.5-299.6)

43.9
(38.5-50.2)
18.5
(13.7-24.9)
79.7
(77.9-81.5)
108.7
(91.4-129.4)
114.5
(106.2-123.3)

16.7
(15.1-18.5)
41.0
(36.7-45.8)
71.9
(69.5-74.4)
312.0
(301.8-322.6)
118.8
(100.0-141.1)

34.6
(29.6-40.3)
0.8
(0.5-1.1)
52.0
(44.6-60.6)
133.8
(108.9-164.5)
329.5
(298.6-363.7)

Chla
SeO2
H2SeO3
Na2SeO3
Na2SeO4
H2SeO4(nia)3
Chlb
SeO2
H2SeO3
Na2SeO3
Na2SeO4
H2SeO4(nia)3

C. vulgaris: Chla: SeO2 > H2SeO3 ≥ H2SeO4(nia)3 >>
Na2SeO3 >> Na2SeO4
Chlb: SeO2 > H2SeO4(nia)3 > H2SeO3 > Na2SeO3 >>
Na2SeO4
P. subcapitata: Chla: H2SeO3 >> SeO2 ≥ Na2SeO3 >
H2SeO4(nia)3 >> Na2SeO4

ture and the function of the photosynthetic apparatus were
affected by selenate was confirmed by the results presented
herein. As referred Geoffroy et al. [16], observed effect of
selenate on the photosynthetic process is caused by substitution of sulfur by Se in different Fe-S clusters.

Chlb: H2SeO3 >> Na2SeO3 = SeO2 >> H2SeO4(nia)3 >
Na2SeO4.
From these orders, it is obviously clear that the strongest inhibitory effect on chlorophyll a and chlorophyll b
production for all algae tested had H2SeO3, and the weakest Na2SeO4. Difference was observed only in case of alga
C. vulgaris, when SeO2 had the strongest inhibitory effect
on photosynthetic pigments` synthesis. The results obtained
from determination of unfavourable effects of tested compounds on the chlorophyll level correspond very well with
those obtained for the algal growth. This indicates propriety of both these parameters for determination of adverse
metal effects. While Sielicki and Burnham [27] showed that
selenite inhibits photosynthesis (protein analyses of total
cell samples and supernatant fractions confirmed cellular
breakdown of selenite-treated algal cells), Morlon et al.
[14] observed structural damages in cell chloroplasts. The
structural damages of the chloroplasts induced by selenite
were accompanied by a reduction in photosynthetic activity and pigments synthesis similar to our study. It has been
shown that chloroplasts are the main site of selenocysteine
formation (Se-Cys is a Se analogue of Cys that can be
toxic) [28]. Besides adverse effects on chloroplast structure
and photosynthetic activity after 96-h exposure of microalgae to selenate, also disruption of cell wall of many algal
cells was observed [16]. The statement that both the struc-

CONCLUSION
Both selenate and selenite were toxic to freshwater microalgae (Desmodesmus quadricauda, Desmodesmus subspicatus, Chlorella vulgaris and Pseudokirchneriella subcapitata) affecting growth and chlorophyll synthesis. While
the growth of both Desmodesmus algae was reduced by
H2SeO3 the most, in case of C. vulgaris and P. subcapitata
similar effect was observed for SeO2 and H2SeO4(nia)3,
respectively. Except for P. subcapitata, algal growth was
reduced by Na2SeO4 at least. Alga D. subspicatus appeared
to be approximately three times more sensitive to H2SeO3
than D. quadricauda, and P. subcapitata was the least sensitive alga to all selenites (SeO2, H2SeO3 and Na2SeO3). The
lowest sensitivity to selenates Na2SeO4 and H2SeO4(nia)3
was observed for algae C. vulgaris and D. subspicatus, respectively. The strongest inhibitory effect on chlorophyll a
and chlorophyll b synthesis for all algae tested was found
for H2SeO3, and the weakest for Na2SeO4.
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ABSTRACT
Mesaoria plain is mainly used for agricultural purposes
and contains 50 % of the barley fields in Northern Cyprus.
The construction of a highway from Nicosia to Famagusta
that passes through the plain has resulted in an increasing
number of vehicles from 1997 to 2006, the majority of
which run on leaded gasoline. Barley is cultivated on a large
scale along the Nicosia-Famagusta highway, and was tested
as a possible biomonitor for heavy metals. During the vegetative period, samples of barley plants and soil were collected at 4 distances (0, 50, 100 and 500 m) from the highway,
at 4 sites, from January to April 2006. The highest concentrations of Pb++ (2.82 µg g-1), Cd++ (1.52 µg g-1), Cr++
(2.86 µg g-1), Zn++ (51.8 µg g-1) and Cu++ (19.8 µg g-1) were
recorded in soil collected beneath the highway, and the
lowest in samples collected at 500 m from the highway, for
Pb++ (0.54 µg g-1) in the above-ground parts of barley,
Cr++ (0.85 µg g-1) in soil, and Zn++ (7.2 µg g-1) in barley
plant roots. A positive relationship was found between soil
and plant heavy metal concentrations. According to the EU
Directive 86/278/EEC on the protection of the environment
and, in particular, of the soil, concentrations of Pb++ and
Zn++ are below the threshold, Cd++ are between the limits
and Cr++ are above threshold.

KEYWORDS: Heavy metals, traffic pollution, contamination,
barley, biomonitor.

INTRODUCTION
Biomonitoring of pollution is becoming increasingly
important in different countries. Plants act as biomonitors
in the assessment of aerial heavy metal contamination by
means of their bioaccumulative properties [1-3]. Trees,
shrubs and herbs have been used for the assessment of
environmental pollution originating from traffic since the
1960s, and this problem has attracted the attention of many

researchers [3-8]. Plants intercept pollutants from atmospheric deposition by uptaking them from the soil. In these
systems, the pollution level is related to vehicle exhaust
emissions through the combustion of leaded gasoline and to
the wear and tear of vehicle tyres [9, 10]. Elevated levels of
heavy metals in urban and industrialized areas have been
reported in different parts of the world [11]. Levels of heavy
metals in roadside ecosystems are affected by the season,
type of vegetation, distance of vegetation from the roadside,
density of traffic, rain and wind direction. About 90 % of
heavy metals are retained by plants and 10 % accumulate in
the lower horizons of soil.
Reports of heavy metal accumulation in roadside
plants, soil and street dust highlight the dangerous situation
created for human health when consuming edible plants
and animals coming from fields situated near roads with high
traffic density [12]. Lead has received much attention in
this context and, as a result, the use of leaded gasoline has
been prohibited in many areas. Nevertheless, leaded gasoline is still in use in Northern Cyprus. To date, there have
been no studies investigating heavy metal accumulation in
roadside vegetation, with few studies focusing on the bioaccumulation of heavy metals related to mining activities
[13-16].
Mesaoria plain is mainly used for agricultural purposes
and contains 50 % of Northern Cyprus barley fields. The
construction of Nicosia-Famagusta highway that passes
through the plain has resulted in approx. a 100 % increase
in number of vehicles from 1997 to 2006, leading to an
increase in heavy metal contamination levels. This study
was conducted to assess the status of 5 heavy metals (Pb++,
Cd++, Zn++, Cr++, Cu++) in barley (Hordeum vulgare L.)
cultivated near the highway.
MATERIALS AND METHODS
According to Wittig [17], some basic criteria for the
selection of a species as biomonitor are as follows: high
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FIGURE 1 - Map showing the study area and sampling stations.

number in the monitoring area, having a wide geographical range, and be easy to sample and identify. Barley embodies all these criteria and, therefore, was used as test
plant in this study.
The study included Pb++, Cd++, Zn++, Cr++ and Cu++
analysis in surface soil, underground and aboveground parts
of barley.
Study area

Cyprus (9250 km2) is the third-largest island in the
Mediterranean after Sicily and Sardinia (Fig. 1). During the
sampling period, temperature varied between 7.1-14.3 °C
and precipitation 10.6-126.2 mm (Table 1).

January

Temperature (°C)
Precipitation (mm) accepted

February

March

7.1

8.0

10.2

126.2

31.3

41.7

Aliquots (2 g) of dried and sieved soil material were
ashed in a muffle furnace at 460 0C for 24 h, and weighed
ash was tube-digested on a heating block in 10 ml aqua
regia (HNO3/HCl, 1:3) for 9 h (2 h at 25, 60 and 105 0C
and 3 h at 125 0C). All the digested samples were centrifuged and then made up to volume with 1 % HNO3.
In the case of plants, a 1-g sample of dry milled plant
material was ashed as described above, but weighed ash
was digested in HNO3/HClO4 (4:1) and evaporated to near
dryness in a CEM MARS5 ESP-1500 Plus microwave oven.
Digested samples were centrifuged and then made up to
volume with 1 % HNO3.
Cd++, Pb++, Cu++, Zn++ and Cr++ concentrations were
determined by AAS analysis (Varian 220 Atomic Absorption Spectrophotometer). Standard solutions were prepared
April
from stock solutions (Merck, multi-element standard). Certi14.3
fied IAEA/V-10 Hay (powder) was used for calibration.
10.6
The results showed good agreement between certified and
analytical values (recovery rates 90-110%).

TABLE 1 - Climatic data of study area
(Mesaoria plain) during collection of samples.
Months

Analytical techniques

Samples of plants and soil were collected at 4 sites in
Mesaoria plain at 10 km intervals along the 50-km highway connecting Nicosia to Famagusta. Samples were collected during the vegetative period of plants, from January
to April 2006, at 0, 50, 100 and 500 m from the highway.
Approximately 150 g (fresh weight) of barley were harvested from each site, and soil was sampled from the top
10 cm by means of a plastic trowel to avoid contamination.
Soil samples from windward and leeward directions were
mixed together before grinding, washed with double-distilled water, dried and left at 105 °C for 2-4 h, passed
through a 2-mm sieve, and stored in self-sealing plastic
bags embedded in silica gel until analysis. Plant samples
were divided into below and above ground sub-samples,
oven-dried at 105 0C for 24 h, milled in a micro-hammer
cutter, sieved through a 1.5-mm sieve, and analyzed separately.

RESULTS
Heavy metal concentrations were highest in soil samples collected 0 m from the highway (Pb++ 2.82 µg g-1, Cd++
1.52 µg g-1, Zn++ 51.8 µg g-1, Cu++ 19.8 µg g-1). Lead in soil
varied between 1.4-2.82 µg g-1, in below-ground plant parts
between 0.48-1.32 µg g-1 and in above-ground plant parts
between 0.56-1.08 µg g-1 (Table 2). Soil samples closer to
the highway had significantly higher Pb++ levels, and partitioning of Pb can be expressed as soil >below-ground>
above-ground.
Cadmium in soil samples varied between 0.6-1.52 µg
g-1, and in below-ground or above-ground plant parts between 0.08-0.76 µg g-1 and 0-0.84 µg g-1 (Table 3). Distance from the highway and rainy conditions significantly
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TABLE 2 - Pb++ concentrations in soil and barley plants sampled at
0-500 m distance from Nicosia-Famagusta highway (January-April 2006).
Pb

Soil

Station Distance
(m)
1
0

Jan.

Feb.

Mar.

Apr.

Jan.

Feb.

Mar.

Apr.

Jan.

Feb.

Mar.

Apr.

2

3

4

Root

Stem

2.28

2.54

2.26

2.16

1.28

1.16

1.12

1.00

0.88

0.88

0.96

1.08

50

2.24

2.3

2.28

1.96

1.24

1.12

0.88

0.88

0.92

0.84

0.84

0.84

100

2.16

2.2

2.24

1.92

1.20

1.12

0.88

0.76

0.88

0.80

0.73

0.61

500

2.12

2.04

2.08

1.70

0.80

0.84

0.84

0.72

0.88

0.68

0.67

0.55

0

2.04

2.26

2.06

1.64

0.92

1.28

1.12

0.72

0.88

1.00

0.91

0.88

50

2.02

2.30

2.00

1.56

0.92

1.00

1.04

0.64

0.72

1.00

0.83

0.76

100

2.00

2.96

1.98

1.52

0.88

0.88

1.00

0.64

0.68

0.88

0.75

0.72

500

2.02

2.16

1.96

1.40

0.68

0.80

0.80

0.56

0.56

0.68

0.67

0.64

0

2.16

2.10

1.92

2.06

1.04

1.08

1.20

0.88

0.96

1.08

0.88

0.77

50

2.04

1.98

1.72

2.04

1.08

1.04

1.16

0.88

0.84

1.02

0.85

0.72

100

1.92

1.82

1.68

1.90

0.92

0.84

1.04

0.64

0.84

0.88

0.84

0.67

500

1.88

1.74

1.64

1.84

0.84

0.68

1.04

0.48

0.68

0.80

0.88

0.64

0

2.82

2.52

2.32

2.28

1.12

1.32

0.96

1.00

0.92

1.04

0.97

0.91

50

2.62

2.44

2.24

2.26

0.88

1.28

0.96

1.00

0.88

0.76

0.96

0.87

100

2.56

2.18

2.22

2.06

0.80

1.16

0.96

1.00

0.84

0.76

0.93

0.84

500

2.42

2.06

2.12

2.02

0.72

0.96

0.92

0.68

0.72

0.72

0.85

0.8

TABLE 3 - Cd++ concentrations in soil and barley plants sampled at
0-500 m distance from Nicosia-Famagusta highway (January-April 2006).
Cd
Distance
Sta-tion (m)
1
0
50
100
500
2
0
50
100
500
3
0
50
100
500
4
0
50
100
500
nd = not detected

Soil
Jan.

Feb.

Mar.

Apr.

Root
Jan.

Feb.

Mar.

Apr.

Stem
Jan.

Feb.

Mar.

April

1.52
1.48
1.48
1.44
1.36
1.32
1.32
1.20
1.40
1.40
1.24
1.2
1.4
1.36
1.24
1.20

1.32
1.32
1.28
1.24
1.28
1.20
1.20
1.20
1.24
1.20
1.16
1.16
1.20
1.16
1.08
0.84

1.24
1.24
1.20
1.20
1.08
1.04
1.04
0.80
0.96
0.80
0.76
0.76
1.16
1.08
1.04
0.88

1.16
1.08
1.00
0.96
0.96
0.88
0.80
0.64
0.96
0.84
0.76
0.60
0.68
0.64
0.60
0.60

0.44
0.40
0.32
0.28
0.44
0.44
0.20
0.08
0.44
0.28
0.20
0.20
0.36
0.24
0.20
0.08

0.52
0.40
0.36
0.16
0.44
0.44
0.44
0.20
0.72
0.52
0.36
0.24
0.60
0.44
0.40
0.36

0.76
nd
nd
nd
0.48
nd
nd
nd
0.24
nd
nd
nd
0.52
nd
nd
nd

0.48
nd
nd
nd
0.48
nd
nd
nd
0.44
nd
nd
nd
0.48
nd
nd
nd

0.84
0.80
0.76
0.68
0.48
0.44
0.24
0.24
0.52
0.48
0.36
0.28
0.6
0.40
0.36
0.28

0.68
0.64
0.40
0.40
0.76
0.68
0.64
0.60
0.80
0.72
0.68
0.44
0.80
0.76
0.72
0.68

0.51
nd
nd
nd
0.24
nd
nd
nd
0.37
nd
nd
nd
0.55
nd
nd
nd

0.45
nd
nd
nd
0.36
nd
nd
nd
0.31
nd
nd
nd
0.32
nd
nd
nd

reduced Cd++ concentration in barley at all sites. Generally,
partitioning of Cd++ can be expressed as soil>aboveground>below-ground.
Cr in soil samples varied between 0.85-2.86 µg g-1.
However, Cr++ did not accumulate in plants (Table 4). Distance from highway and rainy conditions significantly reduced Cr++ in barley at all sites.
Zinc concentration in soil samples varied between
7.6-51.8 µg g-1, in below and above ground plant parts
between 6.8-52,6 µg g-1 and 8-40.3 µg g-1 (Table 5). Con-

centration of Zn++ next to the highway was highest in soil,
followed by plant parts. Partitioning of Zn++ can be expressed as soil>belowground >aboveground.
In soil samples, copper concentration varied between
6.2-19.8 µg g-1, in below and above ground plant parts
between 0-7.6 and 0-7.2 µg g-1 (Table 6). The results
indicate that soil samples contained significant concentrations of Cu++, following a general trend with the highest
values near the highway. Partitioning of Cu++ can be expressed as soil>aboveground>belowground.
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TABLE 4 - Cr++ concentrations in soil sampled at 0-500 m distance from Nicosia-Famagusta highway (January-April 2006).
Cr
Stations
1

Distance (m)
0
50
100
500
0
50
100
500
0
50
100
500
0
50
100
500

2

3

4

Soil
January
1.55
1.40
1.28
1.08
2.30
2.00
1.99
1.86
1.86
1.75
1.72
1.63
2.29
1.99
1.78
1.41

February
2.03
1.19
1.18
1.15
2.08
1.92
1.89
1.80
1.90
1.87
1.70
1.59
2.13
2.01
1.42
1.40

March
1.97
1.15
1.18
1.10
2.01
1.85
1.85
1.45
1.99
1.53
1.56
1.19
2.23
2.05
1.45
1.40

April
0.95
0.88
0.86
0.85
1.55
1.54
1.47
1.27
1.33
1.31
1.24
1.16
2.86
2.07
1.65
1.13

TABLE 5 - Zn++ concentrations in soil and barley plants sampled at
0-500 m distance from Nicosia-Famagusta highway (January-April 2006).
Zn
Stations
1

2

3

4

Distance
(m)
0
50
100
500
0
50
100
500
0
50
100
500
0
50
100
500

Soil
Jan.

Feb.

Mar.

Apr.

Root
Jan.

Feb.

Mar.

Apr.

Stem
Jan.

Feb.

Mar.

Apr.

34.80
31.60
28.80
27.40
36.00
35.60
35.20
35.00
45.00
44.60
43.60
42.60
41.40
39.20
33.60
30.40

39.80
29.60
29.20
28.00
48.20
47.20
46.20
38.80
51.80
50.60
45.80
45.60
50.80
42.40
38.80
32.80

39.60
30.80
20.40
20.40
37.80
34.20
34.00
33.00
33.80
33.00
31.80
31.60
40.20
37.80
20.40
15.00

39.40
28.40
27.40
25.60
10.80
10.00
8.00
7.60
19.00
19.00
17.20
15.20
28.00
24.00
21.60
16.00

28.00
22.40
19.40
18.00
30.20
16.00
13.60
11.60
33.00
25.80
19.60
17.00
36.40
18.80
17.20
16.80

30.80
20.40
14.00
10.00
28.40
23.00
16.40
15.20
34.00
22.00
21.80
12.40
27.60
24.20
22.20
22.00

8.40
7.20
7.20
6.80
32.80
32.80
26.00
11.20
20.00
19.60
13.60
12.80
15.20
10.00
8.40
7.20

26.32
18.60
15.20
8.00
17.20
14.00
12.00
10.80
25.40
24.00
21.60
16.00
52.60
47.20
48.20
43.20

16.00
14.40
14.00
12.00
18.20
10.80
8.40
8.40
28.80
21.00
19.60
12.80
25.00
17.80
17.60
14.00

18.80
12.00
9.60
9.20
19.20
11.60
10.40
8.40
18.80
18.80
17.60
16.00
21.40
16.80
14.40
14.00

13.15
12.20
9.75
9.15
19.10
18.70
16.70
15.30
23.65
18.45
15.30
13.60
18.05
17.85
16.95
11.60

15.60
11.65
10.55
8.00
19.05
12.90
11.20
8.20
24.30
17.25
12.00
11.20
40.30
33.65
26.10
24.10

TABLE 6 - Cu++ concentrations in soil and barley plants sampled at
0-500 m distance from Nicosia-Famagusta highway (January-April 2006).
Cu
Stations

Soil
Jan.

Feb.

Mar.

Apr.

Root
Jan.

Feb.

Mar.

Apr.

Stem
Jan.

Feb.

Mar.

Apr.

1

11.80
10.80
8.40
6.20
13.60
13.00
12.80
12.40
19.00
18.80
18.60
17.60
14.80
13.20
11.60
10.80

15.00
9.00
8.80
8.80
13.60
13.00
13.00
12.60
18.80
17.80
17.40
17.20
19.80
11.40
11.40
9.80

11.40
11.60
9.60
9.00
12.60
12.60
12.40
8.00
19.00
18.80
18.80
13.60
16.20
16.20
16.20
14.00

9.60
8.20
8.20
7.60
13.00
12.60
12.60
10.00
18.60
18.20
15.80
15.80
15.80
10.00
9.40
8.20

1.60
1.00
0.80
0.20
2.20
2.60
1.60
1.00
7.60
5.00
3.80
3.20
2.60
1.00
0.80
0.20

3.40
1.20
0.60
nd
1.20
1.00
1.00
0.80
4.60
2.80
2.80
0.60
5.80
5.40
4.60
3.80

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

4.20
3.80
3.20
2.80
4.60
2.80
2.60
2.00
5.20
3.00
1.40
1.40
5.80
2.40
2.20
2.00

3.20
2.80
2.20
1.20
7.00
6.20
5.00
4.40
7.20
6.00
3.80
3.40
2.40
1.00
0.60
0.40

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

2

3

4

Distance
(m)
0
50
100
500
0
50
100
500
0
50
100
500
0
50
100
500
nd = not detected
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DISCUSSION
Heavy metals such as copper, zinc, manganese, and
iron can serve as essential micronutrients, whereas lead,
cadmium, chromium and aluminum could be dangerous
[18]. Heavy industrialization and waste disposal are recognized as important environmental contaminants affecting
our ecosystems adversely, by inducing contamination in the
nearer environment via atmospheric transfer of pollution,
fallout or through highways [6]. Previous studies [6-8, 1921] on highway pollution revealed that the levels of atmospheric deposits fluctuated according to the metal, in
the following order [Zn] > [Pb] >[Cd]. These reports fully
coincide with our findings. Although Dietl et al. [22] have
reported limit concentrations for Cd and Pb as 5 and 250 µg
g-1, respectively, our samples showed values lower than
these limits. In general, levels of Zn and Pb in soil next to
the highway may be linked to traffic intensity [7, 23, 24].
Similar findings have been reported by Sawidis et al. [6]
in their report covering the use of trees as biological indicators in the city of Thessaloniki (Greece).
In general, plant foliar concentration of 0.05-3 µg g-1
Pb is a critical indicator of environmental polluted Pb pollution. Aerial deposition and foliar uptake of Pb significantly
contribute to the aboveground concentrations as suggested
by Markert [4], and Pb levels measured herein were higher
than limit values indicating Pb pollution as suggested by
Chen et al. [24].
The levels of heavy metals in surface soil and plants decreased with increasing distance from the highway. Highest
concentrations between 5-20 m from highways have been
observed [21], and our study confirms that metal levels in
roadside soils decreased with increasing distance from the
highway, similarly to Garcia and Millan [23].

concentrations above 20 µg g-1 are considered to be toxic
[27]. The main sources of pollutant copper in the atmosphere were reported as Cu++ production and handling, fossil
fuel combustion and iron steel production [28]. In this
study, all the sites did not reveal high levels of Cu++ pollution since concentrations in barley did not exceed the upper
limit.
Variability in sampling, analytical protocols and study
season make comparisons between studies of metal contamination levels in roadside soils difficult.
According to the EU Directive 86/278/EEC on the protection of the environment, Pb++ and Zn++ contaminations
are below the allowed limits, Cd++ is between the limits,
and Cr++ is above the limits. When considered on a longterm basis, it appears that the absorption of heavy metals
by barley may reach toxic levels for the plants, and also
result in the transfer of heavy metals to humans through the
food-chain. We suggest that certain distances could be left
abandoned, and appropriate species could be used as a barrier alongside the roads to reduce the aerial deposition
caused by emissions from motor vehicles.

ACKNOWLEDGEMENTS
The authors would like to thank the Scientific Research
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The highest Cd++, Cr++, Zn++ and Cu++ values (Tables 36) were recorded in soil at 0 m (directly beneath the highway). The lowest Cr level was found in soil at 500 m distance (0.85 µg g-1), however, Cr did not accumulate in
plants. The higher mean Cd concentrations at the sites
along the highway can be attributed to accumulation of dust
raised by motor vehicles or other human activities [12]. The
lowest Zn++ (7.2 µg g-1) concentration was observed in
roots at 500 m. In an investigation of Cd, Cu, Ni and Pb
uptake from air and soil by Achillea millefolium (milfoil)
and Hordeum vulgare (barley) in Denmark, the authors
concluded that Cu and Pb plant levels correlated with aerial
deposition but not with soil concentrations [25]. In contrast,
Ni and Cd content in the plants correlated with deposition
and soil content. In our analysis, both Pb++ and Cu++ concentrations were lower after rainfall. A comparison of our
results with other studies from Northern Cyprus showed that
bioaccumulation of heavy metals occurs mostly in upperground plant parts, but exceptionally that of Pb++ and Zn++
is higher in below-ground parts [13-15].
Zinc and copper are essential for plant growth. Normal
Zn++ in plants is 15-100 µg g-1 [26], but for Cu++ plant
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INDUSTRIAL METABOLISM OF CARBON
IN AN ALCOHOL FERMENTATION FACTORY
Lei Liu, Zhaojie Cui* and Li Zhu
School of Environmental Science and Engineering, Shandong University, Jinan, 250100, P. R .China

ABSTRACT
Factory-level industrial metabolism (IM) was applied
to a case study of carbon flows in an alcohol fermentation
factory. A static material flow model and the indicators
derived from factory-level IM were used to analyze carbon
utilization efficiencies of the system and of each process and
to study ways to improve the carbon metabolic level of the
system. Among the six processes in alcohol production, the
carbon utilization level of the fermentation process was the
lowest. The maximum loss of starch carbon in the system
was through carbon dioxide generated in the fermentation
process, accounting for 19.8% of the system’s total carbon
inputs (TCIs). In addition, most of the non-starch carbon,
accounting for 35.0% of the TCIs, was not utilized for alcohol production. Only part of the non-starch carbon was
incorporated into the products and by-products, accounting for approximately 14.6% of the TCIs. For the whole
system, 39.1% of the TCIs were transformed into products
and 19.1% of the TCIs were transformed into by-products.
There appears to be considerable potential, therefore, to increase carbon utilization efficiency of the system still further by improving the starch carbon utilization level of each
process and the resource utilization of the non-starch carbon.

[5-8]. And then, the derived indicators are applied to evaluate the efficiencies of the system and each process [9-14]. It
can help to examine the metabolic behavior of material
flows and propose methods for controlling and improving
material flows [15], so as to increase utilization efficiency
and industrial system stability. Furthermore, it is used to
find approaches of waste reduction and resource utilization to reduce environmental pressures [16]. Therefore, this
methodology has been applied to investigate ecological industry chains and webs for plans of industrial ecosystems
and ecological industrial parks (EIPs) [17]. At the same
time, it is often hard to find relevant and reliable data to use
in IM research on a single specific factory. Thus, accomplishing factory-level IM is often time consuming and labor-intensive [6]. Furthermore, there is a lack of comprehensive and effective material flow indicators for factorylevel IM, which can influence the results. Therefore, few
studies have undertaken this type of work.
The purpose of this paper is to adopt factory-level IM
methodology to study the carbon-containing material flows
in an alcohol fermentation factory. The core of factorylevel IM is to build a ‘white box’ model of the key element
or compound flows. The crucial issues are to establish the
carbon flow model and set the indicators of carbon metabolic efficiencies in order to reveal the carbon metabolic
mechanism.

KEYWORDS: Industrial metabolism; alcohol fermentation; carbon; metabolic behavior; factory-level; process-level

INTRODUCTION
To analyze the interaction between the material flows
in economic system and the environmental problems, industrial metabolism (IM) is advanced [1-4]. It is a widespread methodology for analyzing inputs and outputs between a system and the environment and also for analyzing internal material flows and the key link restricting the
efficiency so as to find the reasons for material losses and
pollutant sources. The material flow model can be established through measuring or estimating material flows in
the system and studying their transport and transformation

FACTORY-LEVEL IM METHODOLOGY
Factory-level IM includes three steps[18,19]: (1) The
boundary and composition are confirmed; (2) The material flows or element flows are calculated by the established material metabolism model (dynamic or static
model); (3) The quantitative results are interpreted for the
specific research purpose, such as determining pathways
of element losses and the environmental impacts caused by
the element losses.
System Boundaries and composition

The main research object of factory-level IM is the production process and waste treatment and disposal in a factory, not usually including the whole life cycle of production. Consequently, the research system is a single specific
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Indicators

factory. The system boundaries coincide with the territorial limits of the factory. Each process (or piece of equipment) represents a subsystem which forms part of the factory, namely the system. The research system of this paper is
a single alcohol fermentation factory in which there are
eight processes: pulverization, stirring, cooking, saccharification, fermentation, distillation, solid-liquid separation
and anaerobic-aerobic treatment.

The indicators were used to evaluate the carbon utilization efficiency from input terminal, intermediate process and output terminal, as shown in Table 1. The indicators were defined in relative terms.
The input terminal indicators were used to evaluate
the level of utilization of carbon inputs into the system.
Source efficiency (SE) is the proportion of the carbon converted into the final products and by-products to the TCIs.
Evaluating SE is useful for measuring material requirements or the ‘materialization’ or dematerialization of the
system. System production efficiency (SPE) is the proportion of the carbon converted into the final products to the
TCIs.

Material flows and metabolism model

The studied material flows are key element or compound flows, which include input and output flows between the factory and the environment, and the flows between processes (or equipment) in the factory. The input
flows consist of raw and auxiliary material, such as resources (natural resources and reclaimed resources) and
products from other factories. The output flows consist of
products, by-products and wastes. The flows between processes (or equipment) consist of intermediates, wastes and
internally recycled material.

The output terminal indicators measured the resource
utilization level of unutilized carbon, in order to evaluate
the environmental pressure caused by the system’s outputs.
Environmental efficiency (EE) is the ratio of the carbon in
the final products to the carbon in wastes, and is used to
evaluate the discharge intensity of system pollutants. Reuse efficiency (RE) is the ratio of the carbon in the byproducts to the TCIs, which indicates the system’s ability
to assimilate unutilized carbon.

Because carbon is the key element in an alcohol fermentation factory, the carbon-containing material flows
(not including carbon-containing energy flows) were studied. Figure 1 shows the factory-level IM model, and each
process represents a subsystem.

The intermediate process indicators focused on the metabolic behavior of carbon along with the carbon flow direction, and the carbon utilization at the process level. The
carbon utilization efficiency of each process was calculated, and the methods of carbon losses determined. Process
production efficiency (PPEji) is the carbon utilization
efficiency from process i to process j or to the environment. The wastes might not be generated and separated in
the same process in process industries, such as the chemical industry. Parts of the material flows between processes are flows to be used by subsequent processes, and other
parts are waste flows to discharge. The PPE might be the
apparent production efficiency, not reflecting the exact
efficiency. Therefore, a parameter of λji was introduced to
denote the percentage of available carbon in the flows
from process i to process j or to the environment. The
value of λji was determined according the process parameters and the function of carbon flows to be from 0 to
1. Two indicators of gross production efficiency (GPEji)

The number of processes in the factory, n, are indexed as i, j, k, m (i, j, k, m= 0, 1, …, n). The first m (m≤
n) processes are the main process, and the final product is
obtained in the process m. The term f represents the carbon flows, which consist of (1) fi0 that is input into process i from the environment; (2) f ji that is input into process j from process i; (3) fii from process i that is returned
to this process for reuse; (4) f0i that is exported to the
environment from process i. Thus f0i can be calculated by
the following equation:

⎧B +W i , i = 1, 2, , n, i ≠ m
.
f 0i = ⎨ i
⎩Bm + Wm + P, i = m

(1)

where Bi is the carbon flow of by-products exported
from process i; Wi is the carbon flow of wastes exported
from process i; and P is the carbon flow of the final products.

fm0

fi0
f1k

f10

fii

f11

Process 1

fj1

…

fik

Process i

fmm
fji

… fmk

Process m

P
fjm

System

Factory boundary
B1

W1

Bi

Wi

Bm

FIGURE 1 - Schematic diagram of factory-level IM model.

2044

Wm

© by PSP Volume 18 – No 11. 2009

Fresenius Environmental Bulletin

TABLE 1 - Indicators of carbon metabolic efficiency.

Input terminal

Indicator
SE

SPE

Definition
Source efficiency

Expression

⎛
⎜ P +
⎜
⎝

System production efficiency

PPEji

n

⎞

i

i =1

i0

i =1

n

P
Intermediate process

n

∑ B ⎟⎟⎠ ∑ f

∑f

i0

i =1

Process production efficiency

n
⎛
⎞
f ji ⎜ f i 0 +
f ik ⎟ , j≠0
⎜
⎟
k =1
⎝
⎠
n
⎛
⎞
( f 0i − Wi ) ⎜⎜ fi 0 + fik ⎟⎟ , j=0
k =1
⎝
⎠
n
⎛
⎞
λ ji f ji ⎜⎜ f i 0 +
f ik ⎟
⎟
k =1
⎝
⎠
n
⎛
⎞
λ ji f ji ⎜⎜ λi 0 f i 0 + λik f ik ⎟⎟
k =1
⎝
⎠

∑

∑

GPEji

Gross production efficiency

∑

NPEji

Net production efficiency

∑

Output terminal

EE

Environmental efficiency

n

P
RE

∑W

i

i =1

Reuse efficiency

n

∑

n

Bi

i =1

and net production efficiency (NPEji) were set. The GPEji
is the proportion of the available carbon input into process
j or converted into the final products and by-products from
process i to the carbon input into process i. The NPEji is
the ratio of available carbon content of the two flows. Comparing the different NPEji, the process which restricted the
system’s carbon utilization efficiency could be determined.

∑f

i0

i =1

book of the alcohol industry. The data were grouped into
five blocks: (1) Materials requirements; (2) Flows between
processes; (3) Product and by-product yield; (4) Waste
yield; (5) Water and energy consumption. The flow and
carbon content of outputs to the environment was calculated by Eq. (1). Table 2 and Table 3 show the data of carboncontaining material flows in the alcohol fermentation
factory, when 1,000 kg of alcohol (mass fraction = 93.84%)
was produced.

RESULTS AND DISCUSSION
f10

Introduction of the alcohol fermentation factory used as a
case study

A typical alcohol fermentation process using starch
materials was adopted in the factory, with a production
capacity of 60,000 t/year. The raw material is cassava, and
the product is alcohol (mass fraction = 93.84%). Figure 2
shows the processes, including 1) dry-type pulverization; 2)
continuous stirring; 3) medium-temperature column-type
continuous cooking; 4) hybrid cooling continuous saccharification; 5) semi-continuous fermentation; 6) five-tower
differential pressure distillation; 7) solid-liquid separation
and 8) multi-stage anaerobic-aerobic treatment. Figure 2
also shows the carbon-containing material flows. The meanings of carbon-containing material flows are presented in
Table 2.

W1

① Pulverization
f21

f20

f27

② Stirring
f32
③ Cooking
f43

f40
W4
f50
W5

⑦ Solid-liquid
separation
f87

④ Saccharification
f54

⑧ Anaerobicaerobic treatment

⑤ Fermentation

B7

B8

f65
⑥ Distillation

f76
System
Factory boundary

Carbon flow data acquisition

P

The acquisition of data for the case study was mostly
done through the field measuring. Because some data could
not be measured directly, they were obtained from the hand-
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B6

W8

FIGURE 2-Production processes and carbon-containing
material flows in the alcohol fermentation factory.
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TABLE 2-Magnitudes of carbon-containing material flows and λji in the production of 1,000 kg of alcohol (mass fraction = 93.84%)
f

P
B

Name
f10
f21
f20
f32
f43
f40
f54
f50
f65
f76
f27
f87
P
B6
B7
B8

W

W1
W4
W5
W8

Material
Cassava
Cassava meal
Amylase
Cassava slurry
Cooking mash
Saccharifying agent
Sweet mash
Alcohol yeast
Finished fermenting mash
Cassava stillage
Clear liquid
Filtrate
Alcohol
Fusel oil
Industrial alcohol
Animal food
CH4 in the biogas
Fertilizer
Impurities
Cooling air
CO2 and entrained alcohol
Discharged wastewater
CO2 in the biogas
CO2 generated at aerobic treatment

Flow
2,900 kg
2,842 kg
0.4 kg
11,810 kg
11,760 kg
4.3 kg
12,520 kg
0.4 kg
12,630 kg
14,000 kg
4.2 m3
9.8 m3
1,000 kg
5.0 kg
15 kg
470 kg
106.8 m3
91 kg
58 kg
931 kg
9.8 m3
65.9 m3
-

TABLE 3-Magnitudes of derived carbon-containing material flows and λji in the production
of 1,000 kg of alcohol (mass fraction = 93.84%).
N

Meaning

⑦ Solid-liquid separation

Carbon content (kg)

λj

ame

a

i

f

W1

3.1

0

f

W4

2.5

0

f

W5

252.0

0

f

P+ B6

501.4

01

04

05

0
.990

06

f

B7

155.9

0

f

B8 + W8

337.4

0

07

08

Indicators of the intermediate processes

According to the direction and function of carbon
flows, they were divided into three groups: product flows
(i.e. flows of the main process), by-product flows and
waste flows. The PPE indicators were calculated for each
process, and the results are presented in Table 4.
TABLE 4-PPEji in alcohol fermentation production.
Process
① Pulverization
② Stirring
③ Cooking
④ Saccharification
⑤ Fermentation
⑥ Distillation

PPEji
PPE21 a
PPE01
PPE32 a
PPE43 a
PPE54 a
PPE04
PPE65 a
PPE05
PPE76

Carbon content (kg)
1,250.0
1,246.9
0.2
1,284.0
1,284.0
1.9
1,283.4
0.2
1,031.6
530.2
36.9
337.4
489.6
3.9
7.9
155.9
67.6
4.4
3.1
2.5
252.0
3.0
41.7
220.7

Value (%)
99.8
0
100
100
99.8
0
80.4
0
51.4

⑧ Anaerobic-aerobic treatment
The main process.

PPE06 a
PPE27
PPE07
PPE87
PPE08

λji
1
1
1
1
0.997
1
0.626
1
0.492
0
1
0
1
0
0
0
0
0
0
0
0
0
0
0

48.6
7.0
29.4
63.6
21.3

Product flow processes: To compare the indicators of
GPE, NPE and PPE, the three types of efficiencies for the
main process are illustrated in Figure 3. The curves show
that for several processes there were differences among the
three efficiencies. According to the PPE curve, the efficiency of the distillation process was the lowest among the
six processes. However, according to the GPE (or NPE)
curve, the efficiency of the fermentation process was the
lowest. These differences were caused by the accumulation
of carbon-containing wastes in the system which could lead
to the available carbon between processes being less than
the total. Unlike from PPE, this influence was taken into
account when the indicators of GPE and NPE were set.
Furthermore, the differences between GPE and NPE indirectly reflected the accumulation. GPE could be used to
analyze the carbon utilization level from the aspect of material metabolism, while NPE could be used to analyze the
level from the technological aspect.
As shown in Figure 3, the NPE of the fermentation
process and saccharification process were obviously less
than those of other processes of product flows. Therefore,
these two processes were the key links that restricted the
carbon utilization efficiency of the system. Most carbon
losses occurred in these two processes.
There were two main reasons leading to carbon losses
in the saccharification process. (1) Most of the non-starch
composition, such as cellulose, hemicellulose and pectin,
could not be hydrolyzed by the saccharification process
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into sugars which could be utilized by the fermentation
process. The carbon losses accounted for 34.7% of the TCIs
into the system. (2) A small amount of intermediates could

be carried away by cooling air from the system, accounting
for 0.2% of the TCIs.
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FIGURE 3-PPE, GPE and NPE of the main processes.

There were also two main reasons leading to carbon
losses of the fermentation process. (1) Carbon dioxide generated during the fermentation process was emitted directly
to the environment and also carried away some alcohol,
together accounting for a 20.1% loss of the TCIs. (2)
Microbial growth and generation of by-products resulted
in a loss of 4.5% of the TCIs.

wastewater discharge in the distillation process. The accumulation reached a peak value in the distillation process.
Consequently, the difference between the two indicators
increased gradually from the cooking process to the distillation process, and reached a maximum value at the
distillation process.

Separation of impurities from raw materials in the
pulverization process led to a 0.2% loss of the TCI. Also,
0.3% of the TCIs were lost from the insolubility of some
starch and destruction of sugar content in the cooking process. Another 0.8% of the TCIs were lost because some alcohol could not be separated from the finished fermentation mash in the distillation process.

In this context, it should be noted that there were two
types of carbon losses for the main process. One type was
wastes and by-products generated and exported in the same
process, namely direct carbon losses. Another type was the
carbon accumulation which was separated at the distillation
process, namely indirect carbon losses. Apparently, direct
carbon losses decreased both the GPE and NPE, while
indirect carbon losses could only decrease the GPE.

Figure 3 also shows that two groups could be distinguished: three processes with GPEs over 99.0% and three
processes with GPEs below 65.0%. The GPE of the fermentation process was the lowest. From the aspect of material metabolism, the carbon utilization levels of the processes of fermentation, distillation and saccharification
were all low. The GPEs of these three processes were all
less than their NPEs, as shown in Table 4. As mentioned
above, the discrepancy was caused by the accumulation of
carbon-containing waste. This part of the carbon originated
from the non-starch composition of the raw material, unutilized starch composition in the processes of cooking,
saccharification and fermentation, and by-products generated by the fermentation process, which accounted for
42.9% of the TCIs. The accumulation initially appeared in
the cooking process and was eliminated through

By-product flow processes: Fusel oil and industrial
alcohol were by-products generated by the fermentation
process and separated by the distillation process. The
amount of fusel oil extracted is generally equal to 0.3~0.7%
of the yield of alcohol [20]. Because diluted alcohol could
be recycled during the extraction of fusel oil, this process
could not only improve the quality of alcohol, but also increase the yield of alcohol, which could improve the ability to recycle resources and reduce the pollutants in the
system. The higher the extraction efficiency is, the higher
the value of PPE06 will be. The extraction of industrial alcohol could influence the quality and yield of alcohol products. If the amount of industrial alcohol extracted was too
small, the alcohol products would contain more organic
impurities. However, if it was too large, the yield of alco-
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hol products would be reduced. Consequently, to ensure
the quality of alcohol products, the smaller the amount of
industrial alcohol extracted is, the higher the value of PPE06
will be.
Animal food and biogas were both generated by
wastewater treatment. The former was exported by solidliquid separation, and the latter was exported by anaerobic-aerobic treatment. The characteristics of cassava stillage
were high viscosity and low protein content, which decreased the efficiency of solid-liquid separation and the
PPE07. Meanwhile, the result of solid-liquid separation
could influence subsequent handling, and the PPE08 would
be indirectly influenced. The biogas was mainly made up
of methane and carbon dioxide. The former could be used as
an energy source, accounting for 5.4% of the TCIs; while
the latter could not be utilized, accounting for 3.3% of the
TCIs. The content of methane in the biogas could be increased through improving the anaerobic treatment technology, and thus the PPE08 would be increased.
Waste flow processes: One part of the waste flows was
exported before the product output. In this part, the carbon dioxide generated by the fermentation process could
be purified to reuse. The other part was transferred to waste
treatment, of which 50.0% was exported as waste, 43.0%
was reused, and 7.0% was returned to the stirring process
through the recirculation of clear liquid. The recirculation
was not to improve the carbon utilization level, but to decrease water consumption. Moreover, too large a re-circulating flow would result in lower production.

TABLE 5 - The input terminal and
output terminal indicators of the system.
Input
terminal
Output
terminal

Indicator
SE
SPE
EE
RE

Value
58.2
39.1
0.936
19.1

Unit
%
%
kg /kg
%

The input terminal: There were two sources of carbon
inputs: starch components and non-starch components. They
have different transformation processes during alcohol production because of their different chemical structure. Starch
carbon could be used by the system, and it was divided into
three parts: approximately 60.1% was transformed into
alcohol products, approximately 30.7% was transformed
into carbon dioxide generated at fermentation and approximately 9.2% was lost through other means. Most of the nonstarch carbon could not be used by the system and was
exported as by-products or wastes. Only a little of the nonstarch carbon was transformed into alcohol products or was
used as nutriments for microbial growth. Compared with
the industry SPE levels which range from 38.8% to 42.9%
[21], the SPE of this factory is on the low side at 39.1%.
Based on the starch fermentation mechanism, the yield of
alcohol is proportional to that of carbon dioxide, so SPE
could not be increased through reducing yield of carbon
dioxide, but could be increased by reducing the other starch
losses.

Input terminal and output terminal indicators

Table 5 lists the results of the input terminal and output terminal indicators of the system. Overall, 39.1% of
the TCIs were transformed into products, 19.1% of the
TCIs were transformed into by-products through resource
utilization and 41.8% of the TCIs were exported as wastes.
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FIGURE 4-Percentage of each carbon output flow in the TCIs

The output terminal: There were twelve carbon-containing outputs, including one final product, five byproducts and six wastes. Figure 4 represents the percentage of
each carbon-containing output. The maximum output was
the alcohol products.
Two by-products were exported before the product output, accounting for 4.9% of the carbon in by-products.
The other three by-products were exported after the product
output. Because of the different output sites, the two types
of the by-products have different functional significance to
the system’s carbon utilization. The first type led to carbon
losses during the production process, so it might affect the
yield of the final product and the SPE. The second type
belonged to resource recovery for unutilized carbon, so it
could improve the SE. Because cassava stillage is difficult
to treat by solid-liquid separation, it was treated directly
without separating animal food to recover more energy as
methane. However, applying this method could reduce the
carbon utilization level.
Most of the wastes were exported in gaseous form.
Furthermore, 98.0% of the carbon in wastes exited as carbon dioxide, accounting for 41.3% of the TCIs. This carbon dioxide came from three processes: the fermentation
process, the aerobic treatment process and the anaerobic
treatment process. However, only carbon dioxide generated by the fermentation process could be reused. If this
part is recovered, the SE is increased to 78.2% and the EE
is increased to 1.795 kg/kg.

CONCLUSIONS
The crucial issue was how to build the ‘white box’
model and evaluate the carbon utilization level when factory-level IM was applied to analyze carbon metabolic behavior in the factory. In other work, IM derived indicators
defined in the literature have been used to evaluate element
utilization level in industrial production [10, 12, 22, 23].
However, these indicators may not measure the real level
in a process industry because the available element flows
may not be identical with the element flows in the system,
which were caused by the accumulation of wastes. Therefore, using indicators derived from material and energy
flows analysis on the ecosystem for reference, two indicators, GPE and NPE, were set to evaluate the carbon utilization level in the alcohol fermentation process. By Comparison with the PPE of the main processes, the GPE and
NPE can eliminate errors and measure the real carbon
utilization level. The two indicators show that the carbon
utilization level of the fermentation process is the lowest
among six production processes. The NPE of the saccharification process is next to the lowest, while the GPE of the
distillation process is next to the lowest. The difference
arises because GPE measures the total carbon of the flows,
while NPE measures the available carbon.
The four proposed indicators, using simple data available for factories, were useful in finding out the system’s
critical points: resource consumption level (SE and SPE),
environmental pressure (EE) and assimilation ability (RE).
The results showed that 39.1% of the TCIs were trans-
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formed into the final product and 41.8% of the TCIs were
transformed into wastes. Under starch fermentation conditions, it is difficult to improve the non-starch carbon utilization level for products. So the non-starch carbon must be
transformed into by-products to the utmost extent through
resources utilization. Starch carbon losses are mainly caused
by the generation of carbon dioxide and other by-products.
Based on the starch fermentation mechanism, the starch
carbon utilization level for products cannot be improved
by reducing the yield of carbon dioxide. The main potential to improve the carbon utilization level for products
consists of reducing management losses and technical losses,
so the value of SPE can reach 45.1% of the theoretical
maximum.

[9]

To conclude, it should be remarked that this research
focuses not only on the factory as a whole but also on individual analysis of each process. The extension of the methodology effort, currently underway, is to identify the element utilization efficiency of each process from different
aspects and indirectly reflect the changes of different carbon flows.

[13] Dai, T.J. and Lu, Z.W. (2006) Analysis of iron utilization efficiency in steel production process. Iron and Steel 41, 77-82.
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ABSTRACT
To characterize the contamination of anthropogenic organic contaminants in the aquatic environment of Chaohu
Lake, China, 7 samples for both water and surface sediment
were collected in the lake. Organic contaminants were extracted by solid phase extraction (SPE) and Soxhlet extraction from the water and surface sediment samples, respectively, and then analyzed by GC-MS. One hundred and
twenty kinds of organic chemicals were detected in these
samples including phenol, benzene series, benzaldehydes,
ethanol, polycyclic aromatic hydrocarbons (PAHs), sulfur
compounds, alcoholic halides, amines, ketones, esters,
alkenes and alkanes. Among them, 13 kinds of chemicals
were identified as priority pollutants listed by the U.S. Environmental Protection Agency (EPA), such as phthalate esters
(PAEs) and PAHs. Besides, the concentrations of 19 of
PAEs and PAHs including priority pollutants identified were
also determined. Bis(2-ethylhexyl)phthalate, the predominant component of the analyzed pollutants, was in the range
from 72.34 ng g-1 DW to 613.71 ng g-1 DW, 14.80 ng L-1 to
47.05 ng L-1 in sediment and water, respectively. The results indicated that the northwest part of the lake was heavily polluted by domestic and industrial wastewater.

KEYWORDS: Chaohu Lake; water; surface sediment; organic
contaminants; PAEs; PAHs

pollutants into the lake with decades of industrialization
and urbanization. The lake water is now only classified in
grade V by the Chinese Surface Water Standard (GB38382002), and not used for drinking water source and swimming any more.
Eutrophication is a severe problem in Chaohu Lake.
Previous studies have focused on eutrophication and cyanobacteria water blooms [2-5]. Recently, heavy metal pollution was also reported [6]. However, to our knowledge,
anthropogenic organic contaminants have not been investigated in the lake. Anthropogenic organic contaminants,
such as polycyclic aromatic hydrocarbons (PAHs) and
phthalate esters (PAEs), have been greatly concerned due
to their widespread bioaccumulation and toxic effects. Many
of these compounds were considered to act as carcinogens
and environmental hormones which disrupted reproductive
cycles of wildlife and humans [7]. In the present study, types
of anthropogenic organic contaminants were analyzed in
the water and surface sediment of the lake. Besides, the concentrations of 24 kinds of semi-volatile organic compounds
(SVOCs), specified by EPA Method 525, which were important from public health perspectives, were also determined to assess the pollution state of the Chaohu Lake.
In this study, solid phase extraction (SPE) was applied
to collect organic pollutants in water samples. SPE technique provides high extraction efficiencies while reducing
solvent usage and extraction time necessary for classical
extraction methods such as liquid-solvent(liquid) extractions.
The analysis was carried out on GC-MS.

INTRODUCTION
Chaohu Lake is the fifth largest fresh water lake in
China. It has a mean surface area of 770 km2, a mean depth
of 2.7 m, and a storage capability of 2.1 billion m3 [1]. The
lake is the main water source for municipal and industrial
use of Chaohu City and nearby. Furthermore, the lake is
very important for irrigation, flood prevention, shipping,
fishery and tourism. However, the water quality of the lake
is deteriorated due to the discharge of a great amount of

MATERIALS AND METHODS
Sample collection and materials

Water and surface sediment were collected from seven
sites in Chaohu Lake during 28th April, 2007 (Fig. 1). Water samples were collected in 4-L precleaned glass bottles.
Surface sediment samples were collected with a grab sampler at the same positions as the water samples and stored
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FIGURE 1 - The map of Chaohu Lake with sampling locations (Sites 1-3 e located at the northwest of the lake where is the entrance of the
main influx rivers from Hefei city, which is the capital of Anhui province with rapid development. Site 4 was on the offshore of a rural township Zhongmiao, a major tourist attracting spot along the lake. Site 5 was located near the south bank which is an agricultural area. Site 6
was in the middle of the lake. Site 7 was in the middle of the east part of the lake where the lake connects with the Yangt ze River).

in a pre-washed glass bottles. Both samples were cooled with
ice during transportation to the laboratory where water and
sediment samples were stored at 4 °C and – 20 °C, respectively.
Standard chemicals (24 compounds, specified by EPA
Method 525, each at 1 mg L-1) in a mixture were obtained
from Supelco (Bellefonte, USA). HPLC-grade n-hexane,
methylene dichloride, ethyl acetate, methanol, acetone and
methanol were purchased from Tedia Company (Fairfield,
USA). GF/C glass fibre filters (47 mm, 1.2 µm) were from
Whatman (Maidstone, UK). OASIS HLB cartridge (500 mg,
6CC) was obtained from Waters (Milford, USA). A vacuum
manifold was used to control the flow-rate for the SPE. All
bottles were rinsed with deionized water.
Sample preparation

Water samples: GF/C glass fibre filters were washed
with 10 ml ethyl acetate and dried at 110 °C to constant
weight before use. Then, 4-L water samples were filtered,
20 g NaCl was added to the water to make it easier for separation of organics out of water. The solid phase extraction
(SPE) cartridge (Oasis HLB) was solvent-conditioned, each
with 6 ml of n-hexane, methylene dichloride, and ethyl acetate followed by methanol. Then the sample was passed
through the cartridge at approximately 5 ml min-1. After
extraction, the SPE cartridge was dried under vacuum for
approximately 5 min. The target analytes were eluted from
the SPE cartridges with 4 successive 2 ml aliquots of nhexane, methylene dichloride, ethyl acetate and methanol
at a flow-rate of approximately 5 ml min-1. The elute was
separately collected and concentrated to 1 ml using a gentle

stream of N2 at room temperature, and then transferred to
2-ml standard vials before GC-MS analysis.
Sediment samples: The texture of the sediments was
classified as silt with a silt particle weight over 90%. The
mean percentages of SiO2, TiO2, Al2O3, Fe2O3, MnO, and
CaO were 75.74%, 0.90%, 10.49%, 3.03%, 0.06%, and
0.91%, respectively [8]. After freeze-drying, the total sediment was pulverized and then fractionated using a copper
mesh sieve of 1 mm. The finer fraction was thoroughly
homogenized. 10 g of the samples were treated by Soxhlet
extraction with 250 ml of 1:1 acetone:n-hexane (v/v) for
20 h. The raw extracts were concentrated to approximately
2 ml by rotary evaporation at low temperature (approx.
30 °C), and then passed through a column packed with 2 g
each of alumina/silicagel/anhydrous sodium sulfate. The
column was conditioned with 10 ml of n-hexane and 10 ml
of acetone before use. Three successive 20 ml of n-hexane,
1:1 n-hexane:acetone (v/v) and acetone were used to elute
the column. The eluate was collected and concentrated to
1 ml using a gentle stream of N2 at room temperature, and
then transferred to 2-ml standard vials before GC-MS
analysis.
GC-MS analysis

Analysis of final extracts was conducted using a
Hewlett Packard model 6890 plus GC and 5973 MS (Agilent, Santa Clara, CA, USA). The GC was equipped with
a HP-5 MS fused-silica capillary column (19091S-433, 30
m long, 0.25 mm i.d., 0.25 µm film thickness, Agilent,
Santa Clara, CA, USA). Working standard solutions of
SVOCs were prepared by combining standard mixtures in
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the range of 0.02-2 ng µl-1 with HPLC-grade acetone. The
internal standard method was used in the quantitative analysis. The oven program of GC was operated as follows:
50 °C, held for 1 min, followed by a 8 °C min-1 ramp to
280 °C, held for 20 min. Mass spectra were acquired in
electronic impact mode with a scan range of 45-550 m z-1,
scan rate of 2.8 scan s-1, and electron energy of 70 eV.
The flow-rate of the carrier gas (ultrahigh purity helium)
was kept constant at 1 ml min-1 by an electronic pneumatic
control. The extracts (1.0 µl) were injected onto GC-MS in
splitless (split-less time 60 s) mode at 250 °C, and detector
temperature was 280 °C. Identification of the individual
compounds based on comparison of reference compounds
and the National Institute of Standards and Technology
(NIST) Mass Spectral Library included in Hewlett Packard ChemStation.
Quality control and quality assurance

For each field sample, a procedural blank, the working
standard solutions of SVOC-spiked water and sediment
samples were processed to determine the recoveries. Recoveries of 24 SVOCs ranged from 62.0 to 109.2% (relative standard deviations <10%) in the spiked water samples,
and from 57.5 to 118.7% (relative standard deviations <10%)
in the spiked soil samples. All the quantitative analysis
results were revised with the recoveries. Instrumental de-

tection limits using the present methods were 0.02 ng L-1
and 0.015 ng g-1 dry weight (DW) for water and sediment
samples, respectively.
RESULTS AND DISCUSSION
Types of anthropogenic organic contaminants in water and
surface sediment

The type and number of anthropogenic organic contaminants found in the water and surface sediment from
each sampling site are listed in Tables 1 and 2. 120 organics were detected in the surface sediment and 27 ones in
the water. The number of anthropogenic organic contaminants found in the surface sediment was much higher than
that in the water, probably because many organics were
lipophilic. They were not detectable in water while they
could be adsorbed by the surface sediment and particulate
matter within the water phase. Among 120 organics detected in the surface sediment, 13 were USA priority pollutants: diethyl phthalate, dibutyl ester, bis(2-ethyl hexyl)
phthalate, acenaphthene, acenaphthylene, naphthalene, phenanthrene, anthracene, fluoranthene, pyrene, benzo[a]anthracene, chrysene, and benzo[k]fluoranthene.
For the surface sediment, sample site 1 was the site with
the largest number of anthropogenic organic contaminants.

TABLE 1 - The type and number of anthropogenic organic contaminants found in the surface sediment from each sampling site.
Chemicals
Phenol
Benzene series
Benzaldehydes
Ethanol
PAHs
Sulfur compounds
Alcoholic halides
Amines
Ketones
Esters
Alkense
Alkanes
Total

1
3
16
1
7
35
4
2
1
14
18
1
18
120

2
1
17
0
1
24
4
0
1
6
14
1
18
87

3
3
17
1
8
35
3
1
1
12
17
1
18
117

Sites
4
3
16
0
2
22
4
1
1
12
16
1
18
96

5
3
8
1
6
11
4
1
1
12
14
1
18
80

6
3
13
1
7
10
4
1
1
10
16
1
18
85

7
2
15
1
5
9
2
2
1
9
11
0
16
73

TABLE 2 - The type and number of anthropogenic organic contaminants found in the water from each sampling site.
Chemicals
Phenol
Benzene series
Benzaldehydes
Ethanol
PAHs
Sulfur compounds
Alcoholic halides
Amines
Ketones
Esters
Alkenes
Alkanes
Total

1
1
2
0
0
1
0
0
1
0
6
5
7
23

2
1
2
0
0
0
0
0
1
0
7
4
11
26

3
1
2
0
0
1
0
0
1
0
6
4
9
24
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Sites
4
1
2
0
0
1
0
0
1
0
6
4
10
25

5
1
2
0
0
1
0
0
1
0
5
4
9
23

6
1
2
0
0
1
0
0
1
0
9
3
7
24

7
1
2
0
0
2
0
0
1
0
6
3
9
24
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The observation should result from the influx of Shiwuli
River. The water quality of Shiwuli River was very bad and
under class V of Chinese Surface Water Standard (GB38382002) [9]. The second was site 3, where was the influx of
Pai River and it had the same problem as site 1. Site 4 had
the third-largest number, maybe that it is a major tourist
attracting spot along the lake and the polluted river water
flowed into the lake and was diffused by the lake water,
but the number of organics was still large near the inlet.
Site 2, in the influx of Nanfei River was better than the
former sites while it was still ranking the fourth. As to site
6, the middle of the whole lake, the number is less than
that of the sites above, for the diffusing effects while contaminants flow deeper into the lake and self-purification of
water-bodies. The numbers of anthropogenic organic contaminants were found to be less in the sampling sites far
away from the polluted rivers, or the east part of the lake,
such as sampling sites 5 and site 7.
For the water samples, the variations of anthropogenic
organic contaminant numbers were not significant among
different sample sites, indicating that contamination of the
water in the lake was more “homogeneous” than the sediment.
Variations of chemical species and number indicated
the development and structural adjustment of local industry. 3-tert-Butyl-4-hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) were found in nearly every sediment
sample. These chemicals were frequently used as food additives in food industry, as well as antioxidants in pharmaceuticals and personal care products (oils and crèmes). Many
pharmaceutical intermediates were found in the water or
sediment sampling sites, such as α-methylstyrene, acetone,
chloroform, 2-fluoroacetophenone, diethyl phthalate, 3, 5dimethyl-2-cyclohexene-1-one, diisobutenyl ketone, and
methyl linoleate, probably all related to the booming pharmaceutical industry. Besides, many kinds of raw materials
for organic synthesis were also found, such as 1-methylethyl
benzene, 4-methoxy-1,3-benzenediamine, and methyl ester
of octadecanoic acid. Several kinds of sulfur compounds
were found in the surface sediment samples, including sulfur (S6), cyclic octa-atomic sulfur (S8), 3-methyl-2-(3,7,11trimethyldodecyl)thiophene and 3-(4,8,12-trimethyltridecyl)thiophene. The origin of them was unclear and needs further investigation. With the extensive use of plastics, many
plastic raw materials and plasticizers were found, such as
styrene, methyl hexadecanoate, dibutyl phthalate (DBP),
bis(2-ethylhexyl)-phthalate (DEHP), di(2-ethylhexyl)adipate
(DOA), and triallyl isocyanurate (TAIC). The widely used
plasticizers DEHP and DBP belong to phthalate esters
(PAEs), which were suspected to cause estrogenic effects
in mammals including humans, and thus damage the reproductive system [10].
Concentrations of semi-volatile organic compounds in water
and sediment

In view of the toxicity of these substances, quantitative analysis was conducted for PAEs, PAHs and some
other priority pollutants. The results are shown in Tables 3

and 4. The concentrations of PAEs in this study were
lower than those reported elsewhere [11, 12]. Considering
the individual PAE congeners at each site, results showed
that the preponderant species in water was DBP with
60.8% of the total PAEs, and in the sediment was DEHP
accounting for 58.1%. The concentrations of both chemicals at all sites were lower than the environmental risk
levels (ERLs) of DBP and DEHP derived in a previous
study [13]. The derived ERLs of DBP and DEHP are 10 and
0.19 µg L-1 in water, 0.7 and 1 µg g-1 DW in the sediment,
respectively. The results indicated a mild pollution status
of major PAE congeners which might be due to the very
large lake area and the not-so-far industrialization nearby.
PAEs enter lakes mainly through municipal effluent,
storm-water runoff, domestic garbage and atmospheric deposition. In this study, the geographic distribution indicated
that municipal effluent and domestic garbage might be the
major sources of PAEs in the lake, because the concentrations of PAEs in the sampling sites at influx (sites 1 and 2)
and near town (site 4) were higher than those of the other
sampling sites. The problem of domestic garbage disposal
was serious in sampling site 4. Many plastics including an
amount of package bags were arbitrarily discarded and
washed to the shore by storm-water runoff. Solid waste
disposal measures should be taken in the town near the lake.
The concentrations of PAHs in the water were relatively low. Many of them were even not detected. PAHs are
liable to distribute in sediment due to their relative insolubility in water and strong affinity for particulate matter [14]. So, the lake sediment might become a sink of PAH
pollutants. The source of PAHs has been studied in many
previous works [15-17]. In this study, two molecular indices, anthracene to anthracene plus phenanthrene (An/178)
and indeno[1,2,3-cd]pyrene to indeno[1,2,3-cd]pyrene plus
benzo[ghi]perylene (IP/IP+Bghi) were used to assess and
determine the origin of PAHs in the lake. The available
An/178 ratios were 0.43, 0.28, 0.35, 0.08 at sites 1 to 4,
respectively. IP/IP+Bghi ratios were from 0.36 to 0.51 at
all 7 sites. According to Oros et al. [18], the PAHs in
Chaohu Lake mainly derived from liquid fossil fuel combustion.
Dinitrotoluenes, especially 2,4-dinitrotoluene (2,4DNT) and 2,6-dinitrotoluene (2,6-DNT), were widely
used in the manufacturing of explosives, propellants,
pesticides, and dyes [19]. 2,4-DNT was not detected in
the water and sediment in Chaohu Lake, 2,6-DNT was
detected at certain sites. It might be due to that 2,4-DNT
was more vulnerable to degradation than 2,6-DNT in the
natural environment [20].
Isophorone (3,5,5-trimethyl-2-cyclohexene-1-one) is
a colorless liquid with peppermint odor, and widely used
in industry as a solvent of natural and synthetic resins,
wax, oil, pesticides, paints and printing inks [21]. The
concentrations of isophorone were 3.34-6.62 ng L-1 in
water and 1.99-16.4 ng g-1 in surface sediment of Chaohu
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TABLE 3 - The concentrations of 24 SVOCs in the surface sediment from each sampling site (ng g-1 DW).
Chemicals
PAEs

Dimethyl phthalate
Diethyl phthalate
Di-n-butyl phthalate
Benzyl butyl phthalate
Bis(2-ehtylhexyl)adipate
Bis(2-ehtylhexyl)phthalate
PAHs
Fluorene
Pyrene
Phenanthrene
Anthracene
Acenaphthylene
Chrysene
Benzo[a]anthracene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[a]pyrene
Indeno[1,2,3-cd]pyrene
Dibenzo[a,h]anthracene
Benzo[ghi]perylene
DNTs
2,4-Dinitrotoluene
2,6-Dinitrotoluene
Others
Isophorone
Hexachlorocyclopentadiene
Hexachlorobenzene
n.d. Not detectable.

Sites
1
0.43
69.05
167.09
2.50
5.11
613.71
50.26
72.69
46.22
35.33
7.53
64.20
65.82
231.13
90.46
104.78
154.57
29.02
161.82
n.d.
47.02
1.57
n.d.
1.92

2
n.d.
1.25
46.45
0.47
0.99
272.95
0.93
15.89
4.95
1.92
0.24
11.68
11.36
29.40
16.70
17.64
16.44
3.33
18.57
n.d.
n.d.
9.32
n.d.
n.d.

3
n.d.
104.11
102.67
1.47
2.11
144.85
6.05
28.30
20.36
11.07
3.10
20.73
13.22
75.78
18.10
22.11
65.91
11.72
67.31
n.d.
3.07
3.58
n.d.
0.64

4
0.40
127.97
37.78
0.79
1.42
145.25
0.91
7.72
4.50
0.40
0.48
8.44
12.01
33.27
17.60
8.30
22.09
4.30
22.51
n.d.
n.d.
4.48
n.d.
n.d.

5
n.d.
104.30
81.62
0.63
2.29
518.97
n.d.
2.59
0.24
n.d.
n.d.
1.97
0.91
3.21
3.26
0.48
2.85
n.d.
2.92
n.d.
5.24
1.99
n.d.
n.d.

6
n.d.
175.56
76.15
n.d.
1.32
72.34
n.d.
2.71
1.21
n.d.
n.d.
1.90
0.99
0.79
1.83
4.24
0.37
n.d.
0.67
n.d.
4.35
2.38
n.d.
0.20

7
0.37
10.12
64.29
0.47
7.99
176.84
0.42
3.57
1.33
n.d.
0.21
26.38
1.07
3.26
3.08
5.05
2.33
n.d.
2.28
n.d.
4.10
16.43
n.d.
n.d.

6
2.01
1.38
64.00
n.d.
1.70
21.01
n.d.
0.33
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
5.41
n.d.
n.d.

7
1.23
0.92
40.49
n.d.
1.56
25.13
n.d.
0.27
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
5.20
n.d.
n.d.

TABLE 4 - The concentrations of 24 SVOCs in the water from each sampling site (ng L-1).
Chemicals
PAEs

Dimethyl phthalate
Diethyl phthalate
Di-n-butyl phthalate
Benzyl butyl phthalate
Bis(2-ehtylhexyl)adipate
Bis(2-ehtylhexyl)phthalate
PAHs
Fluorene
Pyrene
Phenanthrene
Anthracene
Acenaphthylene
Chrysene
Benzo[a]anthracene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[a]pyrene
Indeno[1,2,3-cd]pyrene
Dibenzo[a,h]anthracene
Benzo[ghi]perylene
DNTs
2,4-Dinitrotoluene
2,6-Dinitrotoluene
Others
Isophorone
Hexachlorocyclopentadiene
Hexachlorobenzene
n.d. Not detectable.

Sites
1
0.89
1.35
46.57
1.32
2.49
47.05
n.d.
0.29
0.73
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
4.47
5.61
n.d.
n.d.

2
n.d.
1.37
44.76
n.d.
1.67
25.87
n.d.
0.66
0.67
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
6.01
3.93
n.d.
n.d.

Lake, respectively. The main source of isophorone may
be the use of pesticides on the farmland around the lake.
Hexachlorocyclopentadiene (HCCPD, C5Cl6) was used
as an intermediate in the production of cyclodiene pesticides and flame retardants for polymers [22]. HCCPD was
not detected in the water and sediment in Chaohu Lake.

3
1.32
2.12
52.21
n.d.
12.02
14.80
n.d.
0.21
0.32
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
5.20
3.34
n.d.
n.d.

4
1.35
1.07
37.37
n.d.
2.33
15.66
n.d.
0.41
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
4.10
4.36
n.d.
n.d.

5
2.21
2.13
69.39
n.d.
3.54
37.11
n.d.
n.d.
0.63
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
4.83
6.62
n.d.
n.d.

The chemical can be degraded by microbes when it was released to soil and adhered to decaying plant and animal
matter [23].
With its resistance to environmental degradation and
mobility, hexachlorobenzenes (HCBs) are widely spread
throughout the environment. HCB is practically insoluble
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in water, but highly lipid-soluble and bioaccumulative [24].
HCBs were detected in the sediments of sampling sites 1,
3, and 6, which were 1.92, 0.64, and 0.20 ng g-1, respectively, but not detected in water of Chaohu Lake. The adsorption of HCB onto particulate matter and sediment is
an important mechanism for its removal from the water
column. Consequently, the sediment component of aquatic
ecosystems could be a significant sink of HCB. Suspended
particles entering slow-moving waters, such as large waterbodies and estuaries, settle out, and their associated burden
is added to the existing sediment load [25].

[5]

Shang, G.P. and Shang, J.C. (2005) Causes and control countermeasures of eutrophication in Chaohu Lake, China. Chin.
Geogr. Sci. 15, 348-354.

[6]

Zhang, M., Xu, J. and Xie P. (2007) Metals in surface sediments of large shallow eutrophic Lake Chaohu, China. Bull.
Environ. Contam. Toxicol. 79, 242-245.

[7]

Colborn, T. and Smolen, M.J. (1996) Epidemiological analysis of persistent organochlorine contaminants in cetaceans.
Rev. Environ. Contam. Toxicol. 146, 91-172.

[8]

Wang, S.R., Jin X.C., Zhao H.C. and Wu F.C. (2006) Phosphorus fractions and its release in the sediments from the
shallow lakes in the middle and lower reaches of Yangtze
River area in China. Colloid. Surface. Physicochem. Eng.
Aspect. 273, 109-116.

[9]

Zhang, M.Q. and Chen, J. (2003) Investigation on pollution
situation of phosphorus in the main rivers entering Chaohu
Lake. Trace. Elem. Sci. 10, 41-44(in Chinese).

CONCLUSIONS
Based on the present study, it could be concluded that
the Chaohu Lake had been contaminated by organic compounds. Several kinds of PAEs and PAHs were detected
with high concentrations in water and surface sediment.
The results showed that the northwest part of the lake was
heavily polluted by domestic and industrial wastewater. The
south and east part of the lake were relatively clean due to
the less pollution sources discussed in this study, nearby.
The center of the lake was considered to be the cleanest
area in Chaohu Lake. Even so, there still were 85 kinds of
organic contaminants in the surface sediment and 24 ones
in the water in the center of the lake. Among the organic
contaminants detected in the lake, many of them have potential to affect human health. Therefore, the adverse effects of these organic contaminants on ecosystem and human health should be further investigated in the area.
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OF GREEN ALGAE Cladophora glomerata (L.) Kutz.
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ABSTRACT
Accumulation of cadmium (Cd) was determined in the
muscle and gill tissues of Nile tilapia Oreochromis niloticus (L.) exposed to sublethal concentrations of Cd (0.1
and 1.0 mg/L) under laboratory conditions for 15 and 30
days, in the absence or presence of green algae Cladophora
glomerata (L.) Kutz. Results showed that muscles, irrespective of treatments, accumulated less Cd than gills. Cd
accumulation significantly increased in both the tissues in
treatment groups as compared to control groups (p<0.05),
except in muscle of fish exposed to 0.1 mg/L Cd for 15
days (p>0.05). Presence of green algae did not influence
accumulation of Cd in muscle. But Cd accumulation was
significantly reduced in gills, in the presence of green
algae, in all treatments groups, except in 0.1 mg/L Cd exposure for 15 days. In the presence of green algae, the
reduced Cd accumulation in gills might be due to its uptake from the medium by the algae.

KEYWORDS: Heavy metal; bioaccumulation; cadmium; fish; Nile
tilapia;Oreochomis niloticus, Cladophora glomerata

INTRODUCTION
Pollution of soil and water by heavy metals is a major
environmental problem facing the modern life. Heavy
metals are discharged into water by toxic and solid wastes
carried through domestic, industrial, and agricultural runoffs. Some ecosystems exhibit high concentrations of heavy
metals in the plants, sediment and water, which clearly
demonstrating pollution by these pollutants [1]. Heavy
metals may concentrate to toxic levels in both terrestrial
and aquatic ecosystems as a result of heavy metal pollution [2-4]. Wastewaters from domestic activities and industries containing heavy metals have been increasingly threatening to human health [5].

Fish is used as a sensitive and reliable organism in
chronic toxicological investigations [6, 7]. Accumulation of
metals in fish varies between the tissues and is influenced
by the environmental conditions of the medium in which
the fish live [8].
Cd is a biologically nonessential metal and often becomes toxic to aquatic animals due to its presence in high
concentrations in industrial and domestic sewage waste
streams [9-12]. Studies on Cd exposure of fish indicate
that it is accumulated in high concentrations in the intestine, kidney, liver and muscle [11, 13-15]. Accumulation of
Cd in farmed fish, particularly in muscle tissues, is most
important in terms of human safety. Cadmium has been
shown to cause several adverse effects on fish, such as decreased survival, growth and reproduction [16-19], histological changes in kidney, gills, liver and gastrointestinal
tract, anemia [20], alteration in endocrine and metabolic
functions [8, 21], changes in hematological parameters [7],
and alteration of cortisol and glucose, which reveal the stress
response in fish [22-23].
Nile tilapia (Oreochromis niloticus) belongs to one of
the most important groups of fish and is recognized as a
good biological model due to its easy handling, culture,
and maintenance in the laboratory, as well as its capacity
to adapt to pollutants in toxicological studies [24-25]. Studies with Nile tilapia on heavy metals including accumulation and elimination of metals in tissues [26], response of
reduced glutathione (GSH) and metallothionein (MT) [27],
interactions of metals (Cd, Cu, Zn) on the profiles of metallothionein [28], response of catalase activity to Ag+, Cd2+,
Cr6+, Cu2+ and Zn2+ [29] are well-documented.
Some algae show remarkable capability to adsorb metal
ions from aqueous solution. This has opened the possibility
of their use in treatment of metal-containing wastewaters
[30-32]. Many green algae have been found as potential
scavengers of heavy metals from water and wetlands [33].
In the present study, the green algae (Cladophora glomerata) was chosen as a scavenger of Cd because it is widely
distributed in the rivers of Turkey. Ability of Cladophora
species to remove Cd [34-37] Cu, Cr, Ni, and Pb from
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aqueous solutions via biosorption is well-documented [38].
The objective of the present study was to determine if presence of green algae Cladophora glomerata in the medium
could reduce accumulation of Cd in muscle and gill tissues
of Nile tilapia, Oreochromis niloticus (L.), exposed to sublethal concentrations of Cd.

C. glomerata in each aquarium. The experiments were run
for 30 days. During the experiment, all fish were fed once
a day with pellets of commercial food obtained from the
local market. Unconsumed remaining diet was collected
from the bottom of the aquaria and removed.
Preparation of fish tissue samples

MATERIALS AND METHODS
Study area and collection of materials

Specimens of Nile tilapia, Oreochromis niloticus, were
obtained from fish culturing pools of Cukurova University,
Adana, Turkey. Fish were transferred to the laboratory under
anesthetic (phenoxyethanol 200 mg/L) conditions. Specimens of the green algae Cladophora glomerata were collected from the Tigris River near Diyarbakır City, Turkey.
Experimental design

Stocks of fish and algae were acclimatized to the laboratory conditions for at least 20 days prior to the tests
at 23±1 °C, the temperature of experimental conditions.
After this period, the mean total length and weight of the
fish were 10.98±1.46 cm and 16.40±4.20 g, respectively.
The laboratory was illuminated under an 8-h light: 16-h
dark period, with fluorescent lamps. Dechlorinated tap
water was used as the test medium in the experiments, and
every 2 days water in all experimental aquaria was replaced by fresh one to reduce contamination of the
aquarium environment by food leftovers during acclimatization. Physico-chemical parameters of water used in the
experiments are given in Table 1.
TABLE 1 - Chemical parameters
of water used during the experiments.
Chemical parameters
pH
Dissolved oxygen
Total chlorine
Total hardness
Mg
Electrical conductivity
NO3-N
NO2-N

7.94±0.505
7.5±0.38mg/L
42.6 mg/L
287±2.35 mg/L CaCO3
36 mg/L
7.94 Μmho/cm
2.1 mg/L
0.002 mg/L

A total of 12 aquaria were used for 6 experimental
groups: 2 controls and 2 treatment groups each replicated
twice. Each aquarium (35x40x40 cm) contained 50 L
of water (with or without Cd) and 4 acclimatized fish. The
experimental groups were as follows: Control group I (only
fish), control group II (fish+green algae), treatment group I
(fish in 0.1 mg/L Cd), treatment group II (fish+green algae
in 0.1 mg/L Cd), treatment group III (fish in 1.0 mg/L Cd),
treatment group IV (fish+green algae in 1.0 mg/L Cd). The
two sublethal concentrations of Cd (0.1 mg/L and 1.0 mg/L)
represent, respectively, the 1/150th and 1/15th fractions of
the 96-h LC50 value of Cd (14.8 mg/L) for Nile tilapia [24].
The aquaria of the control group II, treatment group II and
treatment group IV contained 50 g acclimatized green algae

Two fish were sampled from each aquarium after
15 days, and the other two at the end of the experiment
after 30 days. Sampled fish were anesthetized in 200 mg/L
ethyl-m-aminobenzoate (methanesulfonate MS-222). They
were then dissected, and gills and muscles were taken out.
The tissues were kept at 80 °C for 24 h and dry weight of
each sampled tissue was taken. A BERGHOF speedwave
(MWS-3) microwave instrument was used to digest the
tissue samples. About 0.2 g dried tissue was taken into
microwave digestion tubes and digested with 7.0 ml of
HNO3 (Merck, 65%) for 38 min [5]. Operating conditions
of the instrument are given in Table 2. Digested samples
were diluted with distilled water.
TABLE 2 - Operating conditions of BERGHOF Speedy Wave
(MWS-3) microwave instrument used for Cd determination.
STEP
T (°C)
Ta (min)
Time (min)

1
160
5
5

2
190
1
5

3
190
1
10

4
100
1
10

Preparation of green algae samples

Samples of algae filaments were also collected at 15th
and 30th day, and washed thoroughly in distilled water.
Each sample was dried at 100 ºC for 72 h. One gram of the
dried algal sample was extracted with 2:1 HCl-HNO3 acid
mixture at 120 ºC for 6 h, and brought to 50 ml with bidistilled water.
Analysis of samples

A stock solution of Cd was prepared by dissolving analytical-grade cadmium chloride (CdCl2 from Merck) in
double-distilled water. Working standard solutions of Cd
were prepared from the stock solution in the same acid matrix as that of samples using dilution technique [39]. Analytical blanks were prepared in the same way as the digestions of tissue and alga samples. Concentrations of Cd in
the digested samples were determined with a Perkin Elmer
Optima 2100 DV ICP-OES at absorption wavelength
228.802 nm. This instrument works with a fast multielement technique, a dynamic linear range and moderate low
detection limits (0.028 mg/L). The instrument was calibrated with the working standards of Cd, and concentrations in
samples were determined against the analytical blanks using
the standard calibration curve. All samples were analyzed
twice using analytical blanks for every 7–10 samples. The
concentrations of Cd are expressed as µg/g dry weight of
the tissue/algae.
Precision and accuracy of the analytical procedures
were checked by analysis of a standard reference material
(DORM-2 National Research Council Canada, Ottawa,
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Ontario, Canada) using the same analytical procedures as
for the samples. The adopted analytical procedures yielded
94-98 recovery rates of Cd from the SRM.
Statistical analysis

The data were subjected to statistical analyses by oneway ANOVA, followed by the Duncan`s multiple range
test at p≤0.05 level of significance.
RESULTS AND DISCUSSION
Cadmium accumulation in muscle of Nile tilapia is
given in Fig. 1, and that of gill is given in Fig. 2. All fish
survived till the end of the experiment. Similar findings
have been reported earlier on the accumulation and elimination of Zn and Cd in Oreochromis niloticus tissues [26].
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FIGURE 1 - Cd concentration in muscle of Nile tilapia, Oreochromis
niloticus, exposed to various Cd concentrations for 15 and 30 days
(mean±S.D, n = 8) in relation to presence and absence of green
algae, Cladophora glomerata.
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Results showed that Cd accumulation was less in muscle than in gills. Mean values of Cd in the muscle were
0.79±0.23 and 1.01±0.27 µg g–1, respectively, after 15 and
30-days exposure to 0.1 mg/L Cd and 2.11±1.28 and
1.39±0.12 µg g–1, respectively, after 15 and 30-days exposure to 1.0 mg/L Cd. Accumulation of Cd in fish muscle
after 15-days exposures to 0.1 mg/L was not significantly
different from control groups (p<0.05), whereas those to
1.0 mg/L Cd for the same period produced significantly
different results (p<0.05). When comparing Cd accumulation of muscle between experimental groups with and
without green algae, it was revealed that presence or absence of green algae produced no significant difference.
Cd accumulation in gill significantly increased with
exposure period and concentration. After 15 and 30-days
exposure to 0.1 or 1.0 mg/L Cd, mean values of Cd in gill
tissues were 9.64±1.45 and 16.84±3.02 or 21.09±2.32 and
44.42±13.83 µg g–1, respectively. In both exposures (0.1
and 1.0 mg/L Cd), Cd accumulation was significantly different between treatment and control groups (p<0.05).
Gills are highly active in fish metabolism and, therefore, may accumulate metals to higher levels than muscle,
as has been shown in this study and studies carried out with
other fish species [11, 13, 14, 40]. The present results of Cd
accumulation in gills of Nile tilapia are similar to those
reported by Cogun et al. [14], but lower than values given
by Saglamtimur et al. [40]. A lower accumulation of Cd
was observed after 30-days exposure to Cd, with regard to
short exposure periods (15-20 days) in Nile tilapia [41],
and olive flounder, Paralichthys olivaceus [15]. The gill
tissue is always exposed to the medium resulting in higher
adsorption and accumulation rates of metals from the medium as compared to other tissues [42-43].
Presence of green algae did not influence accumulation
of Cd in gill after 15-days exposure to 0.1 mg/L Cd. But a
reduction in Cd accumulation was found after 30-days exposure to 0.1 mg/L Cd, and after both 15 and 30-days exposure to 1.0 mg/L Cd. The reason for this decrease in
metal accumulation by fish in the presence of green algae
may be due to metal uptake by the algae from the medium.
Earlier studies showed that some algae have remarkable
capability to adsorb metal ions from aqueous solution [3233].
CONCLUSIONS

20

Accumulation studies in environment should consider
the interaction between aquatic organisms. The present
study suggests that green algae have the capacity to accumulate metals from the medium, and may be used for a
very low-cost removal of heavy metals from contaminated
areas.
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FIGURE 2 - Cd concentration in gills of Nile tilapia, Oreochromis
niloticus, exposed to various Cd concentrations for 15 and 30 days
(mean±S.D, n = 8) in relation to presence and absence of green
algae, Cladophora glomerata.
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ABSTRACT
To isolate, select, identify and assess the potential for
the biodegradation of fenpropathrin by photosynthetic bacterium, fenpropathrin-degrading photosynthetic bacteria were
isolated by enrichment culture. Five isolates, which showed
fenpropathrin biodegradation activity, were screened. Of
these, strain PSB07-6 exhibited the highest fenpropathrin
biodegradation potential, and was selected for further study.
This strain was identified as Rhodopseudomonas sp. on
the basis of morphology, physiological and biochemical
characteristics, and 16S rRNA sequence analysis. The characteristics of this strain for degrading fenpropathrin were
performed under different culture conditions. Optimum
activity occurred at 35 °C and pH 7. Strain PSB07-6 degraded 67.43% fenpropathrin (200 mg L-1) within 15 days.
This strain could also degrade effectively cypermethrin,
cyfluthrin, biphenthrin and esfenvalerate, except deltamethrin. Gas chromatography with mass selective detector
(GC-MS) identified m-phenoxyphenyl-acetonitrile as the
stable metabolic product, and from this a fenpropathrin biodegradation pathway is proposed.

KEYWORDS: Biodegradation, fenpropathrin, degradation characteristics, pathway, Rhodopseudomonas sp. PSB07-6

INTRODUCTION
Fenpropathrin is one of pyrethroid pesticides, which
are based on pyrethrin, an insecticidal ester derived from
the flower heads of certain Chrysanthemum species [1].
Fenpropathrin was widely used in crops, vegetables and
fruit trees because of high toxicities to insects and low
toxicities to mammals [2]. However, pyrethriod pesticides
are extremely toxic to the aquatic environment, with only
10 ng L-1 being enough to eradicate all invertebrate life in
whole rivers and lakes [3-4]. The pollution is mainly induced by residues in agricultural practice, accidental spills

at production and accidents during transport. This compound had become the most frequently encountered soil
and groundwater contaminant. The problem is now increasing as farmers are switching to pyrethroid pesticides
instead of using organophosphorous pesticides. The
fenpropathrin residue in environment is now on increase.
Bioremediation has received increasing attention as an
efficient and cheap biotechnological approach to clean up
polluted environments [5]. Previous biodegradation studies
have isolated a number of strains capable of degrading
synthetic pyrethroids (SPs) when present as the sole carbon source [6-9]. The biggest reduction was that of cypermethrin degradation from approximately 60 to 6 mg L-1
within 20 days, which was found to depend on the availability of other carbon sources and nutrients [9]. However,
little information has been reported on fenpropathrin remediation.
Photosynthetic bacteria evolved approximately 3 billon years before atmosphere oxidation [10], these organisms were believed, for a long time, to colonize in ecological niches. Photosynthetic bacteria were recently reported
to be widespread [11, 12]. It is believed that a photosynthetic bacterium might be the degradation source of
fenpropathrin in environment.
In situ biodegradation offers a practical approach that
may lead to a more economical and environmentally safer
and cleaner alternative to current SP detoxification [4, 6].
The objective of the present study centered on the isolation,
identification and degrading characteristics of fenpropathrin by a photosynthetic bacterium in situ. The study
also involved the use of this organism metabolizing
fenpropathrin from aqueous samples.
MATERIALS AND METHODS
Chemicals and media

Samples of fenpropathrin, cypermethrin, deltamethrin,
cyfluthrin, biphenthrin and esfenvalerate (all of 95.0% pure
analytical grade) were obtained from the Zhengye pesti-
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cides company (Hainan province, China). The standard
samples of fenpropathrin, cypermethrin, deltamethrin,
cyfluthrin, biphenthrin and esfenvalerate (all of 98.0% pure
analytical grade) were provided by the Tianjing orient
green technology Co., Ltd (Jiangshu province, China). The
photosynthetic bacteria medium (PSB medium) used was
composed of (per L deionized water): K2HPO4, 0.2 g;
KH2PO4, 0.8g; MgSO4, 0.2 g; CaSO4·2H2O, 0.1 g; NaMoO4·2H2O, 0.0033 g; FeSO4·7H2O, 0.005 g; yeast extract 1.5 g, taken to pH 7.2 with 10 mol L-1 NaOH. Technical agar (15 g) was added to 1 L PSB medium for a solid
plate medium. After autoclaving, the fenpropathrin was
added at the concentrations stated below.
All other chemicals were of analytical grade and obtained from Shanghai Sango Biological Engineering
Techonology&Services Co., Ltd (Shanghai, China).
The mixed wastewater and sludge samples were taken
from a pesticides factory (Qingdao, Shangdong province,
China).
Growth conditions and screening of isolates

Cultures were grown in 130-ml glass bottles with airproofed rubber plugs (in general, optimum growth conditions of photosynthetic bacterium were in illuminated and
anaerobic conditions), containing 120 ml MM media and
illuminated at approximately 2000 lx, 30 ± 1 °C. Growth
was determined spectrophotometrically (660 nm).
The screening process was performed as follows: The
mixed wastewater and sludge sample (5.0 g), 120 ml PSB
medium with fenpropathrin (200 mg L-1) were put into
glass bottles and the mixture was incubated for 15 days.
Then, the incubated mixture was spiked to double layers of
PSB agar medium plate containing 200 mg L-1 fenpropathrin. These plates were incubated for 7 days, or until
visible growth appeared. Of these, the largest colony, named
PSB07-6, was selected, cultured in PSB medium for 7 days,
and then stored long-term in 1.5 ml Eppendorf tube in
mineral oil at -20 °C, and short-term at 4 °C, in order to
be used for identification and degradation experiments.
The isolated strain was incubated for 7 days in PSB medium, and then harvested at 8 000 r min-1 for 5 min, the
pellet was resuspended in the same volume of PSB medium. The starting number of cells was approximately 108 ml-1
as inoculants.
Identification of the fenpropathrin-degrading strain

The basic physiological and biochemical characteristics
were assessed [9]. Scanning electron microscopy (SEM) was
used to examine the cells and their surfaces. For the SEM, a
fresh concentrated cell suspension was fixed and dried
before SEM-examination (JEXL-230, Japan) [13].
Primary PCR was performed for bacterial 16S rDNA,
using the universal primers [14]. DNA sequence amplified
with the universal primers in PCR were cloned into Escherichia coli using pGEM-T Easy Vector System I (Promega, Madison, WI, USA) following the manufacturer’s

instructions. Cloned DNA fragments were sequenced in the
automated sequencer ABI Prism 377 (PE Applied Biosystems, Foster City, CA, USA). Sequences were aligned and
compared using the software DNA Sequencher 3.0 program
(Gene Codes Corporation, Arbor, MI, USA). Phylogenetic
tree was generated using ClustalW (Multiple Sequence
Alignment, Cambridge, UK) program through NeighborJoining method [15].
Determination of fenpropathrin and other SPs degrading
activity

A laboratory fenpropathrin biodegradation study by
strain PSB07-6 was performed. Sample of fenpropathrin
was dissolved and diluted with N-hexane to a concentration of 105 mg L-1 as stock solution. A volume (240 µl) of
stock solution was introduced into 120 ml of mineral
medium to give the final concentration of 200 mg L-1for
fenpropathrin when testing the biodegradability of
fenpropathrin by strain PSB07-6.
N-hexane was added at the moment of sampling and the
samples were stored at -20 °C prior to analysis. Fenpropathrin was extracted and analyzed using GC (gas chromatography with electrical conductivity detector) (6890N,
Agilent, Germany), and assessed [16].
Determination of other SPs degrading activity was
similar to that of fenpropathrin.
Effects of different factors on fenpropathrin degradation

Factors affecting fenpropathrin degradation by strain
PSB07-6, such as fenpropathrin concentration, pH, temperature and substrates, were investigated. To determine
the effect of fenpropathrin concentration on its degradation,
strain PSB07-6 was grown in PSB medium with different
initial fenpropathrin concentrations. The pH optimum experiments for fenpropathrin degradation by strain PSB076 were performed in different pH PSB medium with
fenpropathrin concentration of 200 mg L-1. Culture experiments with different temperatures for fenpropathrin (200
mg L-1) degradation in PSB medium by strain PSB07-6
were also performed, as well as crossed-feeding studies
with other SP insecticides supplementing. PSB medium
with strain PSB07-6 and cypermethrin, deltamethrin,
cyfluthrin, bi-phenthrin or esfenvalerate at 200 mg L-1.
In all experiments, the medium containing synthetic
pyrethroid without strain PSB07-6 inoculation was used as
control, and all experiments were done in triplicate. The
degradation efficiency (C) denoted the relative rate of degradation, which was calculated with the following equation:
C = ( Nc – Nt ) / N
where Nc or Nt represent the final amounts of
fenpropathrin in control or treatment, respectively, and N
is the initial amount of fenpropathrin.
Fenpropathrin biodegradation pathway

The formation of metabolites was followed in the presence of 5-fold higher quantities of PSB medium (600 ml
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in 750-ml glass bottle) using the substrate fenpropathrin
and strain PSB07-6. Residual fenpropathrin and possible
metabolites were extracted at set intervals (days 0, 1, 5,
10, 15 and 30) with three equal volumes of N-hexane, and
the samples were stored at -20 °C prior to analysis. The
metabolic products of fenpropathrin by strain PSB07-6 were
detected using GC-MS (6890N/5975, Agilent, USA) [17].
RESULTS AND DISCUSSION
Isolation of degradation strains

After 7 days, there are over 200 colonies per plate of
around 10 strains with different colony morphologies. These
ranged in size from 0.15 to 1.2 mm of their approximate
diameters. From the colonies, the largest one, named PSB076, was selected and cultured. Size was used as the deciding factor because it shows the biggest reaction, even if in
response to stress [9].
Identification of degradation strain

The basic physiological and biochemical characteristics
are shown in Table 1. SEM observation of strain PSB07-6
showed fairly smooth rods, and polar flagellum (Fig. 1).
The biochemical and cultural characteristics (Table 1)
showed that strain PSB07-6 closely belongs to genus
Rhodopseudomonas [18].

TABLE 1 - Biochemical and
cultural characteristics of strain PSB07-6.
Items
Shape
Gram stain
Optimum growth temperature
Optimum growth pH
H2 S
3% NaCl
Oxidase
Assimilation
Glucose
Arabinose
Galactose
Maltose
D-Fructose
Citric acid
Glycerol
Starch soluble
D-Xylose
Ethanol
Yeast extract
NaHCO3
D-Mannose
Tryptone
a
negative b positive

Parameters
Rods
-a
35℃
7
+b
+
+
+
+
+
+

Phylogenetic analysis of 16S rRNA sequence (Fig. 2)
demonstrated that strain PSB07-6 belonged to Rhodopseudomonas sp. with a very high similarity to the Rhodopseudomonas sphaeroides (AB250616) cluster. Strain PSB07-6
accession number in Genbank is EU004438. This result and
basic physiological and biochemical characteristic results
identified strain PSB07-6 as Rhodopseudomonas sp. [18].
Toxicity test and biodegradation of fenpropathrin

During the experiment, the growth of strain PSB07-6
in control culture was greater than in the culture containing fenpropathrin (Fig. 3). This has been previously shown
with such chemicals as substrates [8-9]. This may be due to
fenpropathrin toxicity with respect to bacterial growth.

FIGURE 1 - Scanning electron micrograph of strain PSB07-6 (magnification X10,000 )

Fig. 3 also showed the degradation of fenpropathrin
under illuminated culture conditions. Fenpropathrin in
PSB medium without strain PSB07-6 showed a thimbleful
degradation (5.02% within 15 days) under illumination,

FIGURE 2 - Phylogenetic tree of strain PSB07-6, Micrococcus luteus was selected as the out group to root the tree. The numbers at each
branch point indicated the percentage supported by bootstrap. Bootstrapping was performed 1000 times for the estimation of stability, the
scale of bar measures genetic distance in substitution per nucleotide, and it is shown at the nodes where greater than 80%.
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FIGURE 3 - Fenpropathrin degradation by strain PSB07-6: (▲) strain
PSB07-6 in PSB medium as control; (△) PSB medium containing
200 mg L -1 fenpropathrin with 5 ml initial inoculum of strain
PSB07-6; (◆) 200 mg L-1 fenpropathrin in PSB medium as control;
(◇) 200 mg L-1 fenpropathrin in PSB medium with 5 ml initial inoculum of strain PSB07-6.
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demonstrating that illumination had pimping fenproprathin-degrading function. Several publications demonstrated this previously [16]. Before 8 days, strain PSB07-6
degraded fenpropathrin slightly, only 14.38%, and after
8 days, rapidly. The PSB07-6 degraded fenpropathrin by
at least 67.43% in 15 days.
Effects of different factors on fenpropathrin degradation

60
40
20
0
5

6

7

8

9

10

pH

c

Fig. 4a shows that strain PSB07-6 exhibited a higher
specific degradation rate when fenpropathrin concentrations
were below 300 mg L-1, the toxicity of fenpropathrin at
high concentrations could inhibit the growth of strain
PSB07-6 and result in a lower removal efficiency of
fenpropathrin.
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The pH experiment results are shown in Fig. 4b. The
changes of the degradation rate constants were not sharp
when pH was in the range of 6-8. The optimum pH of
fenpropathrin-degradation was 7.
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Crossed-feeding studies with other SPs were performed,
and the results of 6 categories of SPs tested are shown in
Fig. 4d. The results showed that 5, except deltamethrin,
were degraded effectively by PSB07-6. It is an interesting
result that deltamethrin could not be degraded by PSB076, which is in accordance with the result of Liu et al. [16]
who verified the difference for the degradation efficiency
of pyrethroid isomers in soils. The following experiments
concerning degradation pathway and enzyme would help
to understand it.
These results of fenpropathrin degradation characteristics by strain PSB07-6 suggest that the strain may become a useful tool for agriculture and other industries.
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Fig. 4c shows that the optimum temperature was 35 °C,
but in the range of 25-35 °C, strain PSB07-6 could degrade
fenpropathrin effectively.
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FIGURE 4 - Effects of different factors of fenpropathrin degradation by strain PSB07-6: (a) initial concentration; (b) pH; (c) temperature; (d) substrates.
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Fenpropathrin biodegradation pathway

Breakdown products were investigated using fenpropathrin as substrate. Extraction of aqueous samples showed
visible biodegradation of fenpropathrin by strain PSB07-6.
The only stable metabolic product was m-phenoxyphenylacetonitrile (Fig. 5), and from this, a fenpropathrin biodegradation pathway is proposed. Fenpropathrin was broken
down to m-phenoxyphenyl-acetonitrile and unknown product(s) (Fig. 6).
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The preliminary reaction of the degradation of fenpropahtrin to m-phenoxyphenyl-acetonitrile appears to be similar to that described in other bacteria [7, 9, 17]. However, our
result lacks of the ecotoxicity of m-phenoxyphenyl- acetonitrile in environment and its successive biodegradation
pathway.
The further experiments of the ecotoxicity of m-phenoxyphenyl-acetonitrile in environment allow us to assess
the applied potential of biodegradation by strain PSB07-6.
The identification of other possible metabolites demands
analysis of much higher quantities of samples, or other
detection methods. Once, possible metabolites are isolated
and identified, and their ecotoxicity can be assessed.

FIGURE 5 - GC-MS spectrum of m-phenoxyphenyl-acetonitrile.
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BIOMONITORING OF ATMOSPHERIC
HEAVY METAL POLLUTION USING LICHENS
AND MOSSES IN THE CITY OF ISTANBUL, TURKEY
Yeşim Içel and Gülşah Çobanoğlu*
Marmara University, Science and Literature Faculty, Biology Department, Göztepe Campus, TR-34722 Istanbul, Turkey

ABSTRACT
This paper presents the analysis of air pollutants in
naturally growing lichens and mosses sampled at 10 urban
and suburban sites in the city of Istanbul, Turkey. Ten
elements (Al, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn) were
measured in the thalli of eight lichen species (Cladonia spp.,
Evernia prunastri, Flavoparmelia caperata, Hypogymnia
tubulosa, Parmelia sulcata, Physcia adscendens, Xanthoparmelia tinctina, Xanthoria parietina) and three moss
species (Didymodon vinealis, Hypnum cupressiforme, Pylaisia polyantha) using Atomic Absorption Spectrometry
(AAS). Based on the analysis of the lichen samples, the
heavy metal concentrations from the highest to the lowest
are as follows: Mn > Zn > Pb > Cu > Al > Ni > Cr > Fe >
Co > Cd. The elemental composition of lichens and mosses
can be used as biomonitor value to indicate air pollution
levels in the city.

KEYWORDS:
lichen, moss, biomonitor, metals, Istanbul, pollution

INTRODUCTION
As terrestrial cryptogamic organisms, lichens and
mosses have been widely used for assessing the atmospheric deposition of heavy metals and radionuclides in urban
areas for many years. Both naturally occurring and transplanted lichens and mosses have been used for biomonitoring in many studies [1–6], and influences of physical,
chemical and biological factors in exposure assessment
have been outlined in many environmental and biomonitoring studies [7]. It has been shown that heavy metals
affect lichen physiology [8], and that the elemental chemistry of lichens has a taxonomic significance that is useful
beyond the primary diagnostic characteristics [9].
Lichens and mosses are recommended for use as biomonitors in large-scale surveys due to their different mecha-

nisms of accumulation and ecophysiology compared to other
plants. Since these cryptogams have no cuticle layer (or
weakly developed in mosses) and no real roots, they are
capable of absorbing pollutants and contaminants from the
air at their surface, binding and depositing in their thalli [10,
11]. As slow-growing and long-living organisms, lichens
offer long-term rather than spontaneous knowledge about
levels of heavy metals and other pollutants in the atmosphere [12]. In the surveys comparing lichens and mosses,
no consensus was reached regarding which can better reflect airborne pollutants [6, 11]. Lichens were found to be
more sensitive than mosses to emissions of S and atmophile
elements (Hg, Cd, Pb, Cu, V, Zn), while mosses showed
higher concentrations of lithophile elements and dust (Al,
Cr, Fe, Mn, Ni, Ti) [11]. In particular, epiphytic and corticolous lichen species were preferred to prevent particles
coming from the ground in many regional studies [13, 14].
Lichenological studies have recently increased in Turkey, with a considerable number of papers about monitoring environmental pollution using lichens [15–20] and
mosses [19, 21, 22]. This study focuses on the biomonitoring of heavy metal contamination and air quality assessment in the province of Istanbul using lichens and mosses
for the first time. Istanbul is among the biggest metropolitan centres in the world and is the most crowded city in
Turkey (about 15 million people), subject to the influences
of high population density, industry and atmospheric pollution. Although mosses are quite widespread in suburban
sites, macro lichens are quite scarce in urban areas and
only concentrated in parks, gardens and protected natural
areas in the city due to probable anthropological impacts.
MATERIALS AND METHODS
Sampling

Lichens and mosses were sampled at 10 sites in the
province of Istanbul, 8 on the Asian and 2 on the European
side, during the period February to October 2004 (Fig. 1).
In order to provide as much homogeneity as possible, mainly
epiphytic lichens (or terricolous lichens in their absence)
and neighboring mosses were collected for analysis. Since
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the lichens have a wide range of morphological characteristics in their various species, and due to some species lacking in some central sites of the city, similar lichen species
with foliose and fruticose thalli, particularly those that were
more common and abundant in the area, were preferred.
All the collected material was at least 300 m away from
the main roads and at least 100 m from secondary roads
and residential areas. The collected samples were put into
paper bags in the field and then left to air-dry. Identification of the lichen specimens was carried out by Gülşah
Çobanoğlu (Marmara University, Istanbul), and the moss
specimens by Güray Uyar (Karaelmas University, Zonguldak).

500 mg of each sample mineralized in Teflon vessels with
1–5 ml bi-distilled water, 7 ml HNO3, 2 ml HF, 2 ml H2O2
and 15 ml saturated boric acid solution. The digestate of
each sample was filtered and diluted in 100 ml bi-distilled
water. The 10 elements – Al, Cd, Co, Cr, Cu, Fe, Mn, Ni,
Pb and Zn – were measured in the prepared samples using
Atomic Absorption Spectrometry (AAS) at Çekmece
Nükleer Araştırma ve Eğitim Merkezi (ÇNAEM, the
Nuclear Research and Education Centre) in Istanbul. For
quality assurance, the measurements were done in triplicate
(except for Co, Cd and Pb); the averages are given in Tables 1, 2 and 3.The analytical quality of the results was
checked using the reference material IAEA-336 lichen
(Evernia prunastri) and soil provided by the International
Atomic Energy Agency. The analyzed values of the reference material are within corresponding certified values
(Table 1).
RESULTS AND DISCUSSION

FIGURE 1 - The 10 sampling sites in Istanbul: 1. Polenezköy; 2.
Çamlıca Hill; 3. Road to Şile; 4. Beykoz-Hidiv Kasrı; 5. Büyükada;
6. Heybeliada; 7. Kınalıada; 8. Maltepe; 9. Belgrad Forest; 10.
Maslak.
Sample Preparation and Analysis

All the samples were prepared for analysis by following the methods described in similar studies [6, 11, 13].
After manual cleaning to remove all foreign objects, the
samples were dried by incubation at 105 oC for 2 h. The
dried samples were ground in a mortar to a fine powder
and stored in plastic test tubes with closed taps to avoid
contamination until elemental analysis. Mineralization was
carried out with a microwave oven (CEM MARS), with

The results of analysis and the detailed data for the
sampled material are reported in Tables 2 and 3. The full
current names of the eight sampled lichen taxa are
Cladonia spp., Evernia prunastri (L.) Ach., Flavoparmelia
caperata (L.) Hale, Hypogymnia tubulosa (Schaer.) Hav.,
Parmelia sulcata Taylor, Physcia adscendens (Th. Fr.) H.
Olivier, Xanthoparmelia tinctina (Maheu & A. Gillet) Hale
and Xanthoria parietina (L.) Th. Fr., according to the Index
Fungorum (www.indexfungorum.org), and the three moss
species are Pylaisia polyantha (Hedw.) Schimp., Didymodon vinealis (Brid.) R. H. Zander and Hypnum cupressiforme Hedw.
Most of the elements in the lichen samples had greater
ratios when compared with the analysis values of the reference lichen IAEA-336 used as control material (Table 1).
There were several times more of the average quantities
of the following elements: Cu 6.3, Mn and Co 3.9, Cd and
Zn 3, Ni 3.8, Pb 9.7, Cr 10, Fe 0.01 and Al 0.02. These
ratios were 8.1, 7.6, 6.1, 2.3, 4.4, 3.6, 9.5, 11.7, 0.02 and
0.02, respectively, in the moss samples. These results show
quite high levels of elemental pollution in the area, especially for Pb, Cr and Cu. However, when compared with
the analysis values of the reference soil material IAEA-

TABLE 1 - Results of the reference material IAEA 336 (Evernia prunastri) and IAEA-Soil-5.
Reference Material

Cu*

Mn*

Co**

Cd**

Zn*

Ni*

Pb**

Cr*

Fe*

Al*

IAEA-336
95 % CV

3.6
±0.5

63
±7

0.29
±0.5

0.117
±0.017

30.4
±3.4

-

4.9
±0.6

1.06
±0.17

430
±50

680
±110

3.082
±0.282

59.096
±0.284

0.37
-

0.124*
-

33.11
±0.40

3.410
±1716

5.25
±0.71

1.25
±0.28

379.66
±4.45

820.59
±7.53

IAEA-Soil-5
95 % CV

77-1
±4.7

852
±37

14.80
±0.76

1.5
-

368.0
±8.2

13
-

129
±26

28.9
±2.8

44.5
±0.19

81.9
±0.28

95 % AV

72.2
±0.5

907.59
±12.52

14.30
±0.57

-

388.02
±0.82

< 1.2

-

27.89
±0.28

43.8
±0.01

84.0
±0.05

95 % AV

∗
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Flame AAS, Graphite Furnace AAS (µg/g), C.V. Certificate Value, A.V. Analysis Value
Cd determined with flame AAS
∗

∗∗

soil-5, preferable results were obtained, with lower average
values for most of these 10 elements, except Ni (10 times
more), in the moss samples: 0.3 for Cu, 0.5 for Mn and Cr,
0.2 for Co and Al, 0.4 for Zn and 0.1 for Fe.
The highest average concentrations of 4 metals – Mn,
Zn, Pb and Cu – were found in both the lichen and moss
samples (Figs. 2 A, B). Since the analysis shows similar
results for both types of samples for these top 4 elements,
one of the results of the present study indicates that the biomonitoring role of lichens and mosses is similar in terms
of reflecting levels of air pollutants in the city. Element
content for the lichens in declining order of mean values is
as follows: Mn > Zn > Pb > Cu > Al > Ni > Cr > Fe > Co
> Cd. For the mosses, it is slightly different: Mn > Zn >
Pb > Cu > Al > Cr > Ni > Fe > Co > Cd. The similarity in

the analysis results for the lichen and moss samples may
be due to the capability of these organisms to absorb elements from the air on their surfaces and accumulate them
in their thalli. That is why the biological samples do not
contain as much of the elements as in the soil. The concentrations of almost all elements are higher in the mosses
than in the lichens at the same site, corresponding with the
results of studies in Italy [6, 11], without causing a change
in the range of order. In the moss species H. cupressiforme,
Cu, Ni and Cr concentrations are higher but Co, Pb and Fe
concentrations are lower compared to another study with
the same species collected in Düzce [22]. In addition, in the
lichen samples, elements such as Cd and Pb were found in
higher quantities, while elements such as Al, Cr, F and Mn
were higher in the moss samples [11].

TABLE 2 - Element concentrations and average values (µg/g) of 10 elements in the lichen samples from 10 sampling sites in Istanbul.
Sampling Sites
1

Polonezköy

Sample
Names
P. sulcata
Cladonia sp.

2
3

Çamlıca
Hill
Road to Şile

P. sulcata
F. caperata
Cladonia sp.

4

Hidiv Kasrı

Cladonia sp.

5

Büyükada

F. caperata
X. tinctina
X. parietina
Cladonia sp.

6

Heybeliada

X. parietina
Cladonia sp.

7

Kınalıada

X. tinctina
Cladonia sp.

8

Maltepe

P. sulcata
H. tubulosa
E. prunastri

9

Belgrad
Forest

F. caperata
P. sulcata

10 Maslak

X. parietina
P. adscendens

Cu*

Mn*

Co**

Cd**

Zn*

Ni*

Pb**

Cr*

Fe*

Al*

21.171
±0.000
14.304
±0.321
22.406
±0.000
10.616
±0.285
8.256
±0.285
9.388
±0.284
32.520
±0.493
32.886
±0.293
23.918
±0.284
20.682
±0.000
79.469
±0.492
41.106
±0.567
24.504
±0.283
9.479
±0.491
19.894
±0.757
14.469
±0.285
6.605
±0.400
9.200
±0.285
14.369
±0.284
32.319
±0.283
36.308
±0.284

445.889
±1.979
665.394
±2.323
487.970
±0.750
271.231
±2.229
530.829
±1.248
46.397
±0.288
70.990
±1.279
70.789
±0.506
125.140
±1.504
62.701
±0.283
186.022
±0.569
35.300
±0.284
59.059
±0.748
110.123
±0.749
138.190
±0.285
107.195
±0.285
57.866
±0.400
121.194
±1.508
368.428
±1.243
140.137
± 0.975
197.641
±1.243

1.260

0.153
0.142

1.440

0.146

0.426

0.867

1.140

0.739

1.440

0.292

1.590

0.635

1.140

0.629

1.760

0.498

1.400

0.377

2.060

0.441

0.629

< 0.100

0.903

0.565

13.191
±0.284
17.224
±0.321
15.947
±0.502
9.886
±0.285
2.863
±0.285
9.256
±1.025
16.816
±0.287
15.731
±1.272
17.906
±0.285
14.707
±0.564
27.745
±0.985
14.740
±0.284
.<1.200

1.050

0.185

0.868

0.224

0.771

0.456

0.463

0.466

0.502

0.791

0.926

0.305

2.510

< 0.100

3.060

0.237

8.904
±0.492
8.163
±0.323
8.276
±0.502
6.104
±1.029
9.230
±0.287
8.793
±1.240
13.947
±1.240
10.510
±0.293
11.712
±0.654
9.389
±0.748
26.688
±0.568
77.329
±0.568
5.518
±0.848
4.278
±0.283
11.178
±0.496
9.823
±1.511
7.443
±1.444
5.494
±0.285
6.622
±0.754
12.823
±0.281
15.835
±0.754

43.740

3.930

94.691
±0.959
54.078
±0.201
96.407
±0.428
48.746
±0.919
51.248
±0.488
49.061
±0.124
143.731
±1.091
183.177
±0.984
243.368
±3.554
112.028
±0.550
209.010
±1.907
62.840
±0.284
136.178
±0.524
70.248
±0.411
110.359
±1.561
93.270
±0.562
57.996
±0.772
55.878
±0.356
90.313
±0.681
132.228
±1.698
153.197
±0.459

5.380
±0.009
10.760
±0.004
5.472
±0.001
2.340
±0.004
1.840
±0.003
3.850
±0.007
6.490
±0.011
6.110
±0.008
5.330
±0.007
5.220
±0.006
16.290
±0.017
4.370
±0.005
4.720
±0.005
4.180
±0.002
2.940
±0.137
2.650
±0.003
1.000
±0.003
1.310
±0.007
3.040
±0.005
7.570
±0.003
9.110
±0.002

13.970
±0.031
20.410
±0.041
11.420
±0.007
8.520
±0.012
10.010
±0.014
11.870
±0.026
15.020
±0.06
18.000
±0.033
14.040
±0.019
11.110
±0.014
25.520
±0.062
16.510
±0.006
12.440
±0.027
12.580
±0.012
8.580
±0.025
9.920
±0.019
6.850
±0.048
6.690
±0.031
8.070
±0.010
16.040
±0.012
19.120
±0.007
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54.970
80.760
27.520
27.790
34.390
99.600
99.130
55.610
61.140
119.550
28.550
86.570
38.510
43.010
46.800
±4.16
19.010
49.350
33.590
38.880
36.420

15.271
±1.022
11.178
±0496
7.965
±0.494
2.884
±0.399
4.633
±0.569
<1.200
18.515
±0.564
24.515
±0.285
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[Mean]
19.250
228.339
1.425
0.367
98.258
12.993
50.926
12.433
5.280
13.120
Maximum analysis value for each element indicated with bold characters, *Flame AAS, **Graphite Furnace AAS (µg / g).
TABLE 3 - Element concentrations and average values (µg / g) of 10 elements in the moss samples from seven sampling sites in Istanbul.
Sampling Sites
1

Sample Names

Polonezköy

2

H. cupressiforme var.
filiforme
Çamlıca Hill P. polyantha

3

Road to Şile

4

Hidiv Kasrı

6

Heybeliada

9

Belgrad
Forest

10 Maslak
[Mean]

H. cupressiforme var.
resupinatum
H. cupressiforme var.
lacunosum
D. vinealis
H. cupressiforme var.
filiforme
H. cupressiforme var.
filiforme

Cu*

Mn*

Co**

Cd**

Zn*

Ni*

Pb**

Cr*

Fe*

Al*

10.915
±0.288

1346.76
±6.490

0.992

0.266

37.960
±0.512

6.361
±1.604

36.960

4.085
±0.288

2.170
±0.020

7.800
±0.007

18.909
±0.000
19.533
±0.501

154.459
±1.784
484.025
±0.764

1.230

0.101
0.296

12.938
±0.989
12.082
±0.501

38.050

1.640

62.328
±0.449
68.554
±0.633

13.336
±0.989
11.881
±0.501

5.830
±0.003
4.890
±0.003

14.510
±0.021
14.330
±0.007

16.334
±0.283

154.251
±0.284

2.200

0.596

106.698
±0.436

11.658
±0.491

42.810

8.628
±0.568

4.940
±0.002

16.230
±0.063

50.984
±0.000
9.137
±0.283

185.171
±1.016
513.968
±1.854

2.800

0.443
0.165

18.299
±1.132
8.808
±1.019

110.840

1.000

267.651
±0.877
40.419
±0.123

26.837
±0.564
11.963
±0.748

9.070
±0.014
3.600
±0.005

20.010
±0.030
10.160
±0.021

48.178
±0.494

289.402
±3.475

5.830

< 0.100

445.053
±4.580

15.130
±0.494

54.860

25.549
±0.287

11.240
±0.004

19.760
±0.026

24.856

446.862

2.242

0.281

146.952

12.182

50.106

14.611

5.930

14.690

39.790

27.430

Maximum analysis value for each element indicated with bold characters, *Flame AAS, **Graphite Furnace AAS (µg / g).

FIGURE 2 - Sum of the average metal concentrations at different sites in a. lichens, and b. mosses.
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FIGURE 3 - A scale for the comparison of element levels at the monitoring stations in Istanbul using lichens (%).
TABLE 4 - Comparison of the average concentrations of the elements in four lichens.
Cladonia spp.
Evernia prunastri
T, Fr
E, Fr
Cu
17.203
6.605
Mn
241.791
57.866
Co
1.598
0.463
Cd
0.306
0.466
Zn
54.876
57.996
Ni
19.530
7.443
Pb
40.892
19.010
Cr
12.344
2.884
Fe
5.037
1.000
Al
13.748
6.850
E: epiphytic, T: terricolous (on soil), F: foliose, Fr: fruticose

Parmelia sulcata
E, F
19.460
360.119
1.124
0.206
97.943
8.745
50.275
10.379
4.210
10.510

(µg/g)

Xanthoria parietina
E, F
45.235
150.433
2.110
0.346
194.869
17.074
71.347
21.387
9.700
18.530

TABLE 5 - Comparison of the average element concentrations in lichens of Istanbul with Kocaeli [17].
(µg/g)
Cu
Mn
Co
Cd
Zn
Ni
Pb
Cr

Istanbul – this study
19.250
228.339
1.425
0.367
98.258
12.993
50.926
12.433

Kocaeli – Industrial
137.94
466.67
1.60
3.22
1037.56
11.40
225.85
28.90

The average element concentrations of two fruticose
(Cladonia spp. and E. prunastri) and two foliose (P. sulcata and X. parietina) lichens are compared in Table 4.
Cladonia spp., growing in soil on the ground, accumulated most of the elements (except Cd, Ni, Fe and Al) in
lesser concentrations than the moss samples at the same
sites. However, they had many times greater element
content (except Zn and Cd) compared to E. prunastri, a
fruticose epiphytic species on trees. The two foliose species P. sulcata and X. parietina, which are also epiphytic,
had slightly higher content for many elements than E.
prunastri (Table 4). Consequently, in this study, foliose
lichens are more capable of accumulating elements from
the air compared to fruticose ones. As the elemental
chemistry of lichens has taxonomic significance [9], it is
not surprising that the levels of elements differed between
certain species.
Based on the average values of the elements in the lichen and moss monitors, among the 10 collection sites in
Istanbul, Heybeliada appears to be the most polluted station when only the data of the lichen samples are considered, followed by Maslak, Büyükada, Polenezköy,
Çamlıca Hill, Kınalıada, Maltepe, Hidiv Kasrı, Belgrad
Forest and Şile (Fig. 3, Table 2). This order changes after
the first two stations to Hidiv Kasrı, Şile, Çamlıca, Belgrad Forest and Polenezköy based on the results of solely
the moss samples (Table 3).
The highest element concentrations were found at
Heybeliada, on one of four of Istanbul islands (Prince’s)

Kocaeli –Urban
13.83
71.11
0.92
0.45
140.99
4.94
29.46
6.77

Kocaeli – Suburban
7.04
80.33
0.66
0.44
75.73
2.77
12.90
3.52

located to the south of Istanbul in the Marmara Sea, about
4 km away from Maltepe (the Anatolian side of Istanbul).
This is unexpected because no motor vehicles are allowed
on these islands, but ferryboats make quite frequent visits
from the many seaports to the islands. These elevated
ratios (especially for Cu, Ni, Pb, Cr, Fe and Al) are probably due to fossil fuel use by the inhabitants for heating,
then the particles are transported by the wind, and also the
presence of an old copper mine on the island. In the samples from the other islands of the group, Büyükada and
Kınalı, the concentrations of the elements (except Zn,
which is greater in Büyükada) are at approximately at the
same level, but lower than at Heybeliada. The sites with
considerably lower element content are Maltepe, Hidiv
Kasrı, Şile, Çamlıca Hill, Polenezköy and Belgrad Forest,
which are further away from the city centre, at a higher
altitude, and covered with more natural areas with trees
and less residential areas. High lead (Pb) values were
observed at Büyükada, Çamlıca Hill and Polenezköy,
which are tourist sites with heavy traffic. The reason for
the very high content of Al, Fe, Co, Cu and Zn in the
biological samples collected in a park area in Maslak, on
the European side of the city, could be that fireworks are
very often organized for social activities the whole year
round. In addition to various chemicals, it is known that
fireworks include Fe, Mg, Cu, Zn, Al and Ti.
The environmental pollution by metals in Istanbul is
still lower when compared to the industrial regions of
Kocaeli (the eastern neighboring city with heavy indus-
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try), but it seems more polluted than the urban and suburban regions of Kocaeli [17], monitored using lichens. The
amount of Cd in Istanbul is lower than for all regions in
the province of Kocaeli (Table 5).
CONCLUSIONS
This study reports that Istanbul is exposed to many
pollutants that can be clearly monitored using biological
material. Manganese, zinc, lead, copper, aluminum, nickel
and chromium were detected in high levels in the samples,
all of which have been used in several industrial applications. Since they cause environmental pollution in increasing amounts in the air and are toxic to humans, it is important to periodically report levels of pollution to measure changes over time.
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ABSTRACT
Power production using fossil fuels can bring significant adverse effects on the surrounding environment. In this
study, detection of industrial ash turbidity from a coal-fueled
power plant in marine water and its interaction with marine
environment were evaluated using 3 satellite imageries. To
this aim, e-Cognition v.4.0.6 software was utilized to perform detection, classification and comparison of the polluted
area in the aquatic marine environment using Landsat-5
TM satellite imageries and Landsat-7 ETM + satellite imagery. Total polluted area, obtained from Landsat satellite imageries, was classified into 3 regions: highly polluted,
moderately polluted and less polluted region, and their polluted field dimensions were evaluated to be 10.19 km2 and
7.50 km2 for Landsat TM imageries as well as 37.73 km2 for
Landsat ETM+ imagery. Total suspended solids (TSS) levels
were determined as 2380±213 mg.L-1, 361±118 mg.L-1
and 57±24 mg.L-1 for the highly, moderately and less polluted regions, respectively. This study may serve as a database for future comparisons to identify the trend of improvement or deterioration of coastal environment of
Zonguldak.

KEYWORDS: Landsat, marine pollution, slug and fly-ash, classification and turbidity.

INTRODUCTION
Due to a direct consequence of both natural and anthropogenic causes, the Black Sea has been the subject of environmental degradation during the last decades. Since the
Black Sea is the world’s largest land-locked inland sea, it
receives pollutants via rivers, continental runoff and point
sources coming from mainly urban and industrial activities. Pollution inputs and other factors have been radically
changing the Black Sea ecosystems and seriously threatening biodiversity [1].
The resources of the Black Sea and its problems are
shared by surrounding coastal countries, Bulgaria, Geor-

gia, Romania, Russia, Ukraine and Turkey, and as well as
by Moldova. On the Southern Black Sea site, Turkey is the
only country having a coastal region to use the resources and
to cause the environmental problems. Especially the West
Black Sea region of Turkey is the most industrialized area
in the basin. Iron and steel, cement, ceramic, wood, food,
textiles, coals, pulp and paper, bricks, shipyard and energy
are among the main industrial activities.
Energy is one of the building blocks of modern society
and its supplies are key limiting factors to economic growth.
Power production and energy use can bring about significant adverse environmental effects. Among the other fossil
fuels, coals and lignite are Turkey’s most abundant and
utilized fossil fuels for energy production. Fuels used in
power plants are exceptionally contaminant due to their low
calorific value as well as high sulfur, moisture and ash contents. Especially the slag and fly-ash management in the
coal-fired power plant is a main environmental problem in
west Black Sea region of Turkey [2].
Remote sensing applications have been utilized in many
different fields: analyzing land-use changes in various parts
of arid environment [3], assessment of the human impact
on the fragile ecosystem of arid environment [4], determination of chlorophyll-a [5], monitoring agricultural landchanges [6], oil spill detection [7], remote sensing of coral
reefs [8], and remote sensing of suspended sediment [9].
Using Landsat data to evaluate water or marine pollution is also one of the remote sensing applications. The main
constituents of water that affect its optical properties include chlorophyll, dissolved organic matter and suspended
sediments. The physical dynamics of suspended particulate
materials also has important implications to the water chemistry and biology of marines. Many environmental and ecological properties can be measured using remote sensing.
These properties include sea surface temperature (SST),
chlorophyll-a, suspended sediment concentration, precipitation, solar radiation, salinity, wind speed and algal blooms.
Utilizing LANDSAT aerial views, one can measure the light
attenuation coefficients, cloud cover, chlorophyll-a concentration, algal blooms, suspended sediment concentration
and etc. [10]. It was also indicated that polluted water reflects the light more than clean water, even if light reflection of clean water is almost zero [11].
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Delineation of water-bodies with a classification accuracy of 96.9%, in the Wagga Wagga region of Australia
[12], an investigation of the relationship between spatial
patterns of urbanization processes and water quality in
Sanghai [13], determination of sea water quality parameters including turbidity, chlorophyll-a, phaeopigment and
total pigment [14], estimation of suspended sediment concentrations in Moon Lake in Coahoma County, Mississippi [15], and classification of sea water turbidity [2] are
some of the remote sensing applications in water environment.
Since it is not easy or feasible to survey over the sea by
geodetic or other ground methods, remotely sensed data
were employed for quantifying and classifying the pollution
effects in marine environment. In this case, computerassisted classification which is useful for extracting information that can be exploited for cartographic purposes, such
as in the generation of thematic maps of land-cover types.
In this study, three satellite images were processed to
detect, classify and compare a power plant’s solid waste
effect area on the marine environment, and its dispersion
in the coastal region. For these purposes, imageries of Landsat-5 TM and Landsat-7 ETM+ were used as remote sensing instruments.
MATERIALS AND METHODS
Location of the Study Area

The study area is located in west Black Sea region of
Turkey. The test and polluted sites were in the vicinity of
Çatalağzi power plant (ÇATES). The Landsat image of the
polluted site indicated with a white rectangular shape is

given in Fig. 1. The plant was founded at the sea-side consisting of 2 units (ÇATES-A and ÇATES-B), and it uses
pulverized bituminous coal, excavated from the Zonguldak
coal field in the region, to produce electricity. Initially,
ÇATES-A unit was built in 1948 and due to its life span, it
was closed in 1991. Then, the ÇATES-B unit was built to
produce electricity since 1991 [16].
Chemical Analysis of Fuels and Solid Wastes

The power plant uses approximately 1,500,000 tons
hard coal per year. Coal used in the plant was analyzed and
specified - low calorific value (3200±100 cal/g) and high ash
contents (47±3 %). Therefore, the plant produces 705,000
(±45) tons per year slag and fly-ash (mainly fly-ash, 80%).
Approximately 15 % of fly-ashes are sold to be utilized in
cement industry since 2005. Chemical analysis of slag and
fly-ashes (Table 1) showed that the main chemical components on weight basis are SiO2, Al2O3 and Fe2O3 with 58 %,
24% and 6% in fly-ash and 60 %, 19% and 10% in slag,
respectively [17, 18].
TABLE 1 - Chemical analysis of slag and fly-ash [17, 18].
Components
P2 O5
SiO2
Fe2O3
Al2O3
TiO2
MgO
CaO
SO3
Na2O
K2 O
Heating Lost
Others

Slag (%, w/w)
0.11
59.58
9.53
19.05
1.25
1.94
2.71
1.30
0.75
0.85
1.43
1.50

FIGURE 1 - Location of the studied area by Landsat ETM+ image.
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Fly-Ash (%, w/w)
0.18
57.45
6.00
23.68
1.33
0.95
5.32
0.22
1.66
0.78
0.65
1.73
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Sedimentation Test of the Solid Waste (Slag and Fly-ash)

In order to determine size distribution, a sieving experiment for slag and fly-ashes was performed in the laboratory. It was found that 93 % of the sieved materials were
less than 250 µm in size, and particles less than 100 µm in
size were found to be 73 %. Sedimentation tests were performed using (slag + fly-ash)/marine water mixture with a
ratio of 1/10 as a function of the time to investigate settling and floating behavior of the particles on the marine
environment. Sedimentation experiment reached an equilibrium within 5 min, and it was found that two separate regions were formed in the settling column. In order to calculate total suspended solids (TSS), samples were taken from
test tube and TSS levels were investigated as a function of
time and settling velocity of the particles (6.5 cm/min).
It was found that floating materials on the sea surface
were mainly from slag rather than fly-ash. Experimentally,
6 % (w/w) of the mixture (fly-ash+slag/sea water) were
found to be floating material. The real-case floating material on the marine surface is shown in Fig. 2. The details of
the sedimentation experiments can be found elsewhere [2].

coast about 25-30 km from west to east or reverse, and
from the coast into the sea about 1-3 km by wind and
waves depending on the marine turbulences. The mixturedischarging canals, the real-case turbidity and dispersion of
the pollution along the coast breadth-wise and lengthwise
are presented in Fig. 3.

FIGURE 3 - The mixture transportation and discharging by canals
and dispersion of coal ash particles and their turbidity in the marine
environment.
Detection of the Marine Pollution from the Satellite Imageries

In this study, to detect, classify and compare the pollution in the marine environment, object-oriented classifications were performed using e-Cognition v.4.0.6 software
(licensed to Zonguldak Karaelmas University). For this purpose, Landsat-5 TM (Thematic Mapper) satellite imageries
(25 July, 1987 and 06 July, 1993) and Landsat-7 ETM+
(Enhanced Thematic Mapper) satellite imagery (04 July,
2000) were processed to find out the marine pollution and
its dimension and dispersion in the coastal region.

FIGURE 2 - The floating ash materials on the marine surface.

In the removal process of the ashes, daily produced
ashes are collected from the electrostatic filters and bottom
of burners and mixed with marine water in a 1/10 ratio, and
discharged directly into the marine environment using
1105 m long small-size canals. Although there are electrostatic filters to collect the fly-ashes in the power plant, unfortunately there is not any storage at the plant to control
the ashes. So, approximately 1,770 tons of ash per day is
discharged in to the marine environment. The process resulted in suspended and floated particle pollution and turbidity all over the region. This phenomenon causes pollution in the marine environment and is called the marine
pollution in this text. There is not any natural river in the
vicinity of the discharging point that carries the natural or
unnatural TSS to pollute the marine environment. So, the
mixture of ashes with marine water is the only pollutant
source in the vicinity of the discharge point. From this discharging point, the pollution was dispersed out along the

The basic processing units of object-oriented image
analysis are segments (also called image objects) and not
single pixels. The purpose of image segmentation is, at first,
to subdivide an image into groups of pixels (segments)
corresponding to meaningful objects in the field and then
to classify them. The size of the image objects is closely
related to the scale of the analysis. The splitting/merging
process is controlled by similarity or dissimilarity
measures, relying on one or several image features, e.g.
brightness or color, texture, shape, or size [19].
Object-oriented approach takes the form, textures and
spectral information into account. Its classification phase
starts with the crucial initial step of grouping neighboring
pixels into meaningful areas, which can be handled in the
later step of classification. Such segmentation and topology generation must be set according to the resolution and
the scale of the expected objects. By this method, not single
pixels are classified, but homogenous image objects are
extracted during a previous segmentation step. This segmentation can be done in multiple resolutions, thus allowing differentiating several levels of object categories.
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Segmentation phase is followed by the classification of
images with eCognition software which offers two basic
classifiers: a nearest neighbor classifier and fuzzy membership functions. Both act as class descriptors. While the
nearest neighbor classifier describes the classes to be detected by sample objects, separately for each class which the
user has to determine. Fuzzy membership functions describe intervals of feature characteristics wherein the
objects do belong to a certain class or not by a certain
degree [20].
In the above processes, the results of multi-space image segmentation of the region for there imageries are presented in Fig. 4. Marine environment is segmented into
several parts including the polluted area. It can be realized
that the smaller scale increases the dimensionality dividing the object into the sub-groups, while the larger scale

combines the multi-segments into one. Segmentation parameters were determined using trial/error approach in the
software. Except scale parameters, the other segmentation
parameters (color, shape, smoothness and compactness)
were selected to be the same. As shown in Table 2, scale
parameters range from 10 to 35 for Landsat-5 TM imageries and from 10 to 40 for Landsat-7 ETM+ imagery. In
this process, polluted area was segmented into three regions
according to segmentation parameters for three imageries:
highly polluted, moderately polluted and less polluted region.
After segmentation, further classifications of the polluted area for three Landsat imageries were performed and
their results are presented in Fig. 5. Industrial pollution resulting from the power plant was classified into three regions: highly polluted area (first region, red-colored, K1),

FIGURE 4 - Image segmentation results for Landsat 5 TM and Landsat 7 ETM+.

TABLE 2 - Segmentation parameters for Landsat 5 TM satellite image
dated 1987 and 1993, and Landsat 7 ETM+ satellite image dated 2000.
Level
Scale Parameter Color Shape Smoothness
Landsat 5 TM satellite image (25 of July 1987).
Level 1 10
0.5
0.5
0.5
Level 2 20
0.5
0.5
0.5
Level 3 30
0.5
0.5
0.5
Level 4 35
0.5
0.5
0.5
Landsat 5 TM satellite image (06 of July 1993).
Level 1 10
0.5
0.5
0.5
Level 2 20
0.5
0.5
0.5
Level 3 30
0.5
0.5
0.5
Landsat 7 ETM+ satellite image (04 of July 2000).
Level 1 10
0.5
0.5
0.5
Level 2 20
0.5
0.5
0.5
Level 3 30
0.5
0.5
0.5
Level 4 40
0.5
0.5
0.5
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0.5
0.5
0.5
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Normal
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0.5
0.5
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FIGURE 5 - Classification of the pollution by the results of image segmentation with defined regions.

TABLE 3 - Classification of polluted area and their dimensions for three satellite views.
Classes
K1
K2
K3
Total

Landsat 5 TM
(25 July1987)
Area (km2)
3.62
2.16
4.41
10.19

Area (%)
35.53
21.20
43.27
100.00

Landsat 5 TM
(06 July 1993)
Area (km2)
0.34
3.62
3.54
7.50

moderately polluted area (second region, orange in color,
K2) and less polluted area (third region, light-yellow in
color, K3). In the classification, dimensions of the polluted
areas were figured out for three Landsat satellite imageries.
The dimensions were calculated as follows: 3.62 km2,
2.16 km2 and 4.41 km2 for Landsat TM dated 25 of July
1987, 0.34 km2, 3.62 km2 and 3.54 km2 for Landsat-5 TM
dated 06 of July 1993, and 3.47 km 2, 4.01 km 2 and
30.25 km 2 for Landsat-7 ETM+ dated 04 of July 2000.
For comparison purposes, Landsat-7 ETM+ imagery dated
04 of July 2000 has more polluted area than Landsat-5
TM imageries dated 25 of July 1987 and 06 of July 1993,
with regard to total polluted area. Dimensions of these three
imageries are given in Table 3. High-polluted area has the
lowest dimension among the three regions, whereas less
polluted area has the highest dimension.
In the images of the marine pollution, one point should
be well explained to judge the pollution case fairly. Since
the marine environment is not calm and steady, the pollution images and their areas are subject to change from time
to time. One cannot say that the marine pollution remains
always at the same level or increases by time, but it can be
easily visualized and classified from three satellite images.

Landsat 7 ETM+ (04 July 2000)
Area (%)
4.53
48.27
47.20
100.00

Area (km2)
3.47
4.01
30.25
37.73

Area (%)
9.20
10.63
80.17
100.00

There is one case that the marine pollution is reality in the
west Black Sea region of Turkey, and can be easily tracked
by satellite images at any time.
In the west Black Sea region, pollution in the marine
environment has affected the tourism, especially domestic
tourism all along the coast, especially in the summer period.
It may also affect the plankton, sea plants, and fish to breathe
naturally, and cause light shortening in the water. These
problems may result in breakage of the food chain in the
water ecosystem. In order to figure out and understand
these problems, further collaborative researches are needed
in the area. To prevent this pollution, a slag and fly-ash storage was decided to be built in the area by the local authorities. However, the fly-ash-slag storage dam is still under construction in the region and expected to be finished in autumn 2009.
Determination of the Pollution Concentration on the Regions

Since this study was performed after the satellite passed
over the region, we were not able to collect samples in the
vicinity of the classified region to quantify pollution using
the satellite images. However, in order to determine concentration of the marine pollution, TSS concentrations were
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determined later in the region. 10 representative samples
for each classified region were collected in the vicinity of
the classified regions (K1, K2 and K3) with the aid of RTK
GPS equipment (Thales Z-Max) and analyzed in the laboratory to quantify the pollution as TSS in the marine

environment. The experimental results of TSS analysis are
given in Table 4 for each classified region. It is obvious
that the most-polluted area, K1, has 2380 ± 213 mg.L-1 of
TTS and the less-polluted area K3 has 57 ± 24 mg.L-1 of
TTS in the marine environment.

TABLE 4 - TSS concentration in the vicinity of the classified regions and their coordinates.
Classified Region and Sampling Coordinates
K1
K2
406930 E, 459688 N
406120 E, 4598560 N
TSS concentrations (mg.L-1 ± SD)
2380 ± 213
361 ± 118
Note: N=10 samples from vicinity of each classified region.

CONCLUSIONS
The total polluted area of each satellite image was easily classified into 3 regions: highly polluted, moderately
polluted and less polluted. In addition, the high-polluted
area has the lowest dimension among these 3 regions,
whereas the less polluted one has the highest dimension.
Pollution in the coastal area accumulated with the time in
this coastal region.
Since this study was performed after the satellite passed
over the region, it was not possible to sample and quantify
the marine pollution in the vicinity of the classified region.
But later, representative samples from the vicinity for each
classified region were collected and TSS concentrations
were determined to be 2380±213 mg.L-1, 361±118 mg.L-1
and 57±24 mg.L-1 for the highly, moderately and less
polluted region, respectively.
Uncontrolled slag and fly-ash waste from the power
plant has potential hazards in Zonguldak province and
throughout the west Black Sea region. This study shows
that remote sensing methods are not only used in land
applications but also in marine environment application.
Furthermore, using remote sensing, one can observe,
detect and also track the pollution itself, as well as its
routes, dimensions and effects in the marine environment.
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ABSTRACT

INTRODUCTION

Many ecosystems have been under the continuous influx of both organic and inorganic xenobiotics, including
organophosphorus compounds, as a result of intense agricultural and industrial activities. Biochemical biomarkers
have been increasingly used in determining the effects of
xenobiotics in studies aimed at assessing ecological risks
on ecosystems. In this study, as a model organism, housefly (Musca domestica L.) samples collected from 48 different locations belonging to 16 provinces in Aegean and
Mediterranean regions of Turkey were screened for their
variation in glutathione S-transferase (GST), percent remaining acetylcholinesterase (AChE) and general esterase activities, as biomarkers of environmental pollution. In all
Aegean populations, the percent remaining AChE activities were found much higher than that of the control WHO
strain indicating heavy organophosphate usage in this region, and a resistance mechanism likely developed as AChE
insensitivity. However, the results also showed that compared with Aegean region, the populations from Mediterranean Region are more sensitive to this group of insecticides on the base of this enzyme. GST activities were also
much higher than that of the susceptible control in all,
except Osmaniye, populations that is indicative of intense
usage of xenobiotics in these regions. General esterase activity assays resulted in the preference of α-NA in higher
proportions than β-NA as substrate. Also the results of these
assays can be interpreted as development of resistance on
the basis of mutant ali-esterase hypothesis to organophosphate group of insecticides in some areas screened. The concurrence of the significant variations observed in housefly
AChE, GST, and general esterase enzyme activities, with
the different xenobiotic stress conditions of locations emphasize their suitability to be utilized as biomarkers in biomonitoring.
KEYWORDS: Esterases; glutathione S-transferase; acethylcholinesterase; Musca domestica;; biomarker

In recent years, the rapid increase of anthropogenic activities have overloaded ecosystems with substances of both
industrial and/or natural origins, such as agricultural fertilizers, pesticides, heavy metals, and organic synthetic compounds causing an accelerated degradation of the ecosystems [1]. In order to determine the rate of exposure and the
effects caused by xenobiotics including pesticides, biochemical biomarkers such as GST, AChE and other esterase
activities are being used in the evaluation of response of organisms to environmental stressors and ecological risk assessment studies of the ecosystems [2-4]. Biomarkers were
previously described as “any biochemical, histological, or
physiological alterations as manifestations of environmental
stress” [4]. However, the term biomarker is now more
commonly used in a more restrictive sense, “biochemical
sublethal changes resulting from individual exposure to
xenobiotics” [4]. Biomarkers are crucial because of their
potential as rapid early warning systems of potentially damaging effects at higher levels [3, 5]. After selecting suitable biomarkers, it is important to perform the field studies
to understand how the environmental toxicants and biotic
factors change the biomarker responses of the studied species populations by comparison with laboratory controls
where these factors are controlled [4].
AChE hydrolyses the neurotransmitter of acetylcholine
(ACh) at the cholinergic synapses of the central nervous
system, and it is the primary target for organophosphate (OP)
and carbamate insecticides [6]. They block the transmission of nerve impulses by inhibiting the enzyme and causing the desensitization of the ACh receptor. This results in
increased concentration of ACh in the synapsis and a hyperexcited central nervous system which may lead to death
of the organism [7, 8]. The insensitivity of AChE against
OPs has been studied extensively in M. domestica [7, 9-11].
GSTs play an important role in detoxification of xenobiotics including insecticides. GSTs can produce resistance
to a range of insecticides by conjugating reduced glutathione (GSH) to the insecticide, or by its primary toxic
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metabolic products [12, 13]. Elevated levels of GST activity have also been associated with resistance to OPs in
housefly [14-16].
Esterase enzymes preferentially hydrolyze the esters of
carboxylic acids, are thought to play a role in reproductive
behavior, pheromone and hormone metabolism, digestion,
and neurotransmission [17]. In many insect species, changes
in esterase activity have been associated with OP or carbamate resistance [12, 18]. In green peach aphid (Myzus persiace) and mosquitoes (Culex quinquefasciatus and C. pipiens), resistance to OPs is achieved by tandem gene amplifications of a particular carboxylesterase gene. Although
the enzyme has negligible OP hydrolytic activity, over-expression enables it to sequester sufficient amount of OPs
for the organism to survive [12, 17].
In Turkey, the OP insecticides have been used in
higher proportion comparing with other groups of insecticides [19, personal communication of Ministry of Agriculture and Rural Affairs, General Directorate of Protection
and Control]. Unfortunately, there is a failure in control of
insecticide usage for the pest species. Therefore, many
different chemical compounds are still being used by the
farmers. The Aegean and Mediterranean regions are the
most important agricultural as well as industrial areas in
Turkey, and these regions are under the continual influx of
both organic and inorganic xenobiotics such as pesticides.
The aim of this research was to understand the level of
variation in general esterase, GST and AChE activities,
which can be accepted as important biochemical biomarkers,
in addition to their role in metabolic resistance in field collected populations of Musca domestica L. from Aegean and
Mediterranean regions of Turkey. Although widespread use
of biomarkers in aquatic ecosystems has been found in

literature, this research will contribute to the availability of
them in terrestrial ecosystems.
MATERIALS AND METHODS
Housefly samples

The housefly samples were collected from farms and
garbage disposal sites of 16 provinces in Aegean (Mugla,
Aydin, Izmir, Manisa, Kutahya, Usak, Afyon, Denizli) and
Mediterranean (Isparta, Burdur, Antalya, Mersin, Adana,
Osmaniye, Kahramanmaras, Hatay) regions of Turkey
(Fig. 1) in the summer of 2005. From each province, 3 different locations were used as sampling sites. The samples
were reared as described previously [20]. The F1 generations were frozen and stored at –80 °C until use. The WHOIN susceptible strain, obtained from the Department of
Biology, Hacettepe University, Ankara, was used as a reference strain for comparison.
Preparation of extracts for enzyme assays

Enzyme activity assays were carried out by using 20
individuals from each of 48 locations (totally 60 flies for
each province). All flies used in extractions were 4-5 days
old. Flies were homogenized in 300 µl of 0.1M phosphate
buffer containing 1% Triton X-100 (pH 7.5), and the homogenates of the same 60 individuals were used for determination of AChE and general esterase activities. However,
for GST activity measurements, different 60 flies were used
due to the usage of 225 mM Tris-HCl (pH 7.5) homogenization buffer. All the enzyme activities were determined at
room temperature and their activities measured by using a
Labomed UVD2950 spectrophotometer.

FIGURE 1 - Map of the sampling sites in Aegean and Mediterranean regions of Turkey.
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Biomarkers quantification

AChE activities were measured according to the method
of Moores et al. [21]. In this method, 60 flies from each
population were homogenized individually. The AChE activities were measured by using acetylthiocholine iodide as
substrate. The released thiol product was detected calorimetrically upon its reaction with DTNB (5,5’-dithiobis-2nitrobenzoic acid). Assays were monitored at 405 nm with
or without 10 µM malaoxon inhibitor solution. Percent remaining activities were calculated as follows: Mean inhibited activity X 100/ uninhibited activity.
GST activities were measured according to Habig et al.
[22] with some modifications. Briefly, 60 flies were homogenized individually in 300 µl buffer. To 100 µl of homogenized sample, 300 µl of 225 mM Tris-HCl buffer, 100 µl
of 9 mM 1-chloro-2-4-dinitrobenzene (CDNB), and 400 µl
of 5 mM GSH were added. Enzyme activities were measured at 344 nm and expressed as nmol/min/mg protein.

maining activity. The populations of Burdur, Denizli,
Kutahya, and Usak had percent remaining activities between
38.8 ±15.9 and 40.4 ± 20.0, which were nearly two times
higher than that of the control strain. In addition, the mean
percent remaining AChE activities of the populations of
Adana, Afyon, Antalya, Kahramanmaras and Mersin were
grouped together with the activities between 29.0 ± 12.3
and 35.1 ± 23.7. However, Hatay population, being not
significantly different from the control, had the lowest
percent remaining activity of AChE with regard to the
other populations. Manisa and Osmaniye populations
showed mean percent AChE activities of 37.3 ±14.8 and
25.5 ± 11.40, respectively. Afyon population was found to
have the highest, and Hatay population the lowest standard
deviation in percent remain-ing AChE activity, indicating a
heterogeneous and a homogenous population, respectively.
400

General esterase activities were determined according
to the method of Zhu and He [23], homogenizing 60 flies
from each population individually in 0.1 M phosphate buffer,
pH 7.5 (containing 1% Triton X-100), and using α- and βnaphthylacetates (NA) as substrates. Absorbance was determined at 600 nm for α-NA and 560 nm for β-NA.
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Data were analyzed by SAS version 8.0 software (SAS
Institute Inc., Cary North Carolina, USA). Before analysis,
data were rank-transformed to homogenize the variance of
enzyme activities (N=3). After one-way ANOVA, weighted
for sample size differences were used to detect differences
among mean enzyme activities of cities. If ANOVA indicated significant differences (α = 0.05), Duncan’s multiple
range tests was used to separate the mean activities.

L oc ations

FIGURE 2 - The mean (±SD, N=3) acetylcholineesterase activities of
M. domestica populations (means shown by the same letter are not
significantly (p>0.05) different).
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The mean AChE activities obtained from field populations were grouped into 12 different classes. The activities varied from 124.9 ± 63.2 to 280.5 ± 89.4 nmol/min/mg.
Antalya (260.0 ± 77.1) and Mersin (280.5 ± 89.4) populations had the highest AChE activities, whereas the populations from Izmir (126.9 ± 70.9) and Kahramanmaras
(124.9 ± 63.2) had the lowest AChE activities compared to
the other populations, but having activities slightly higher
than the control (116 ± 24.4) (Fig. 2). The remaining 12
populations were distributed into 12 different groups with
the ranges between them.
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Populations were categorized into 5 groups according
to the mean percent remaining AChE activities based on
the diagnostic concentration of malaoxon (Fig. 3). AChE
insensitivity to malaoxon was most noticeable in populations of Aydin, Isparta, Izmir and Mugla with over 40 % re-
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FIGURE 3 - The mean (±SD, N=3) percent remaining acetylcholineesterase activities of M. domestica populations (means shown by
the same letter are not significantly (p>0.05) different).
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to 41.8 ± 13.6 µmoles produced α-naphtol/min/mg. However, Denizli, Kahramanmaras and Kutahya populations
were not different from the control WHO. The activities
in populations of Adana, Aydin, Burdur and Isparta ranged
from 48.9 ± 16.8 to 51.4 ± 16.5 µmoles produced αnaphtol/min/mg.
90
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The specific activities of GST with CDNB in populations varied between 138.5 ± 61.3 and 484.0 ± 229.5 nmol/
metabolized CDNB/min/mg (Fig. 4). Analysis of variance
and Duncan’s multiple range test grouped populations into
11 different classes based on their GST activities. In all
populations, except for Osmaniye, the GST activities were
much higher than that of the control strain. The populations of Afyon, Antalya, and Aydın had over 3-fold elevated GST activities compared with the susceptible WHO
strain. Hatay, Manisa, and Mersin populations had mean
GST activities ranging from 283.5 ± 121.9 to 331.1 ± 141.2
nmol/metabolized CDNB/min/ mg and were grouped together. Adana, Izmir, Kahramanmaras and Mugla populations had over 2-fold elevated GST activities with respect
to the activity obtained from flies in control. Usak,
Kutahya, and Denizli populations belong to the second
lowest activity group after control and Osmaniye populations, with the activities ranging from 221.8 ± 132.6 to
250.9 ± 164.5 nmol/metabolized CDNB/min/mg. The
population of Antalya had the highest standard deviation
indicating a heterogeneous population, while the population
of Osmaniye had the lowest standard deviation denoting a
homogenous population.
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FIGURE 5 - The mean (±SD, N=3) of total esterase activities (using
α-naphthyl acetate as substrate) of M. domestica populations (means
shown by the same letter are not significantly (p>0.05) different).
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Total esterase activities by using β-NA are presented
in Fig. 6. The activities in populations of Adana, Antalya,
Hatay, Isparta and Mersin varied from 31.1 ± 14.2 to 23.3
± 9.0 µmol β-naphtol/min/mg protein being higher than that
of control strain. However, the populations from Burdur,
Denizli, Kahramanmaras, Mugla, Osmaniye and Usak had
activity values ranging from 10.2 ± 4.4 to 15.6 ± 12.8 µmol
produced β-naphtol/min/mg being lower than that of the
WHO control strain. The remaining 6 populations (Afyon,
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Aydın, İzmir, Kutahya and Manisa) were grouped together with the control.
DISCUSSION
Many ecosystems are under the continual exposure of
both organic and inorganic xenobiotics including OPs because of intense human activities. A most widely used approach to detect a wide range of contaminants is the chemical analysis of tissue concentrations. However, this approach
does not provide any indication of biological significance
and deleterious effects on the ecosystems. For that reason,
the measurement of biological effects caused by contaminants has gained an increasing importance in environmental
risk assessment studies. More effective identification and
measurement methods are required in order to obtain information about biological impacts of these contaminants on
organisms as well as the health of the populations. In this
respect, the use of biomarkers for evaluation of the exposure
and/or contamination of natural populations by these chemicals has increased enormously in recent years. Biological
impacts of the chemicals are generally noticed at the molecular/biochemical level, at first. In order to anticipate,
predict, and prevent the negative effects that may occur
later at higher levels of organizations i.e. population, community and ecosystem, biochemical alterations at organism
level have been used as environmental biomarkers. In other
words, biomarkers have been proposed as sensitive earlier
warning tools in environmental risk assessments [25].
Previously, the contamination of organochlorine pesticides and their pollution potential in sediments was studied by Filiz and Kucuksezgin [26] in a limited region of
western part of Turkey. In this study, in a wide geographical spectrum, including 48 different locations in Aegean
and Mediterranean regions of Turkey where intense agricultural and industrial activities have been carried out, variations in biochemical activities of general esterase, GST and
AChE were detected in organism level in M. domestica to
assess the environmental pollution of these regions. Since
houseflies have short generation time, give large numbers
of offspring and are easy to handle, they were chosen as
model organism in this study.
The Isparta population from Mediterranean region, and
Mugla, Aydin, and Izmir populations from Aegean region
had the highest percent remaining AChE activities in the
presence of malaoxon as inhibitor (Fig. 3) but they were
placed into the 4th, 6th, 8th, and 11th group with no inhibitor
assay, respectively (Fig. 2). This indicates that these are
the most OP-resistant populations screened in this study.
On the one hand, the populations of Afyon, Denizli, Burdur, Kutahya, Manisa and Usak (rest of the Aegean region) were distributed into the 2nd and 3rd groups according to their percent remaining AChE activities indicating
that they also have high OP resistance, following the abovementioned provinces. On the other hand, the percent remaining AChE activity analysis of Mediterranean region

populations of Mersin, Antalya, Hatay, Adana, Osmaniye
and Kahramanmaras resulted in the distribution of these
populations into the 3th and 4th groups having lower activities (Fig. 3). According to the AChE activity analysis,
the same populations were grouped into the 1st, 2nd, 2nd,
3rd, 10th and 11th classes, respectively. These results provide
us that these Mediterranean region populations have the
lowest OP resistance among that studied, on the basis of
this enzyme due to the most likely use of insecticide groups
other than OPs.
The detection of 2-3 times higher CDNB-GST activities in all studied populations, except Osmaniye population, with regard to the sensitive WHO strain pointed to
the wide-spread use of organic and inorganic xenobiotics
including different groups of insecticides, agricultural fertilizers, heavy metals etc., which are the main causes of
environmental pollution in the studied regions. Osmaniye
population with very low GST activity, is out of this general frame which is consistent with the information that
traditional agricultural methods have been practiced in
this area, and it is not under the effects of intense industrial activities. On the contrary, Antalya, Afyon and Aydin
populations had the highest GST activities among all populations studied, because these regions are under the effects
of intense industrial and agricultural activities. The detection of high percent remaining AChE activities, in addition to highest GST activities, in Aydin and Afyon populations indicate that OP group insecticides are one of the
main reasons for environmental contamination in these locations. Placement of Antalya population in lower percent
remaining AChE activity group can be explained by the
wide-spread pollution effect of chemicals other than OPs.
Although the other 12 populations showed 1-2 times higher
GST activities than the control, their activity levels were
close to each other. This might be the result of the similar
environmental contaminations caused by the xenobiotics
other than OPs.
In all populations screened for general esterase activities, it was determined that α-NA was preferred in higher
proportions than β-NA as substrate. It was reported by
Campbell et al. [27] that parathion / diazinon (OPs) resistant M. domestica strains exhibited 25–50% less general esterase activities than susceptible strains. In addition
to this, in OP-resistant strains of M. domestica, the resistance is associated with reduced ali-esterase activity,
defined as the hydrolysis of aliphatic esters such as methyl butyrate, NA or similar molecules. In order to explain
this correlation, it was proposed that in these strains the
major ali-esterase is mutated and, as a result, its ability to
hydrolyze OPs had increased. At the same time, it compromises the enzyme activity toward artificial ester substrates known as “the mutant ali-esterase hypothesis” [27,
28]. In our in-vestigation, we detected lower esterase
activity values for Denizli, Kahramanmaras and Kutahya
populations when using α-NA as substrate. Burdur, Denizli,
Izmir, Kahraman-maras, Mugla and Usak populations
showed lower activities by using β-NA. This implies the
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development of resistance on the basis of mutant aliesterase hypothesis to this group of insecticides, in these
areas. The investigation of esterases in housefly populations at DNA level might contribute to understand the
importance of these enzymes as environmental biomarkers.
In conclusion, this study indicated the power of percent remaining AChE, GST, and esterase enzyme activities
as effective biomarkers in biomonitoring of ecosystems by
using housefly as a model organism.
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ABSTRACT
This paper presents results of a study on successful
treatment of a toxic industrial (coke) wastewater, using Sequential Batch Reactor (SBR) technology. The wastewater
contained a high nitrogen load (NH3-N = 640 mg L-1, total
Kjeldahl nitrogen (TKN) = 760 mg L-1) as well as phenols,
thiocyanate, cyanide and arsenic. The removal of NH3-N,
TKN and phenols was about 100%. Concentrations of soluble chemical oxygen demand (SCOD), thiocyanate, cyanide and arsenic were reduced by 92.5, 99.2, 98.8 and
89.9%, respectively. The desired discharge limit of NH3N <1 mg L-1 was achieved.
Monitoring the DO profile during the fill and react
phases was used to optimize (HRT and temperature) the
SBR operation. The selected conditions were applied to observe the biomass response to an induced upset, which
simulated a malfunction of the pH adjustment system. It has
been demonstrated that changes in the DO profile during
fill and react phases allow detecting pre-upset conditions,
indicating a potential problem in the treatment system.
Monitoring the DO profile during the SBR treatment of
wastewater is proposed as a convenient and inexpensive
method, providing useful information about the biomass
activity and warning about upset conditions.

KEYWORDS: Biological wastewater treatment, SBR, DO monitoring, nitrification upset.

INTRODUCTION
It has been generally accepted that well-acclimated
microorganisms can degrade a variety of organic and inorganic contaminants of municipal and industrial wastewater.
However, any biological treatment system can potentially
experience an upset that would result in a decrease of its
efficiency, or even a failure. Such an upset is more likely to
occur for the systems treating toxic wastewater with high

ammonia content because nitrifying bacteria, which generate the energy from the oxidation of ammonia to nitrite or
nitrate, are very sensitive to a number of environmental
factors including the presence of inhibitory substances [19].
Development and maintaining the biomass capable of
removing all contaminants below discharge limits at the
lowest cost is the main objective of any wastewater biological treatment. Monitoring its acclimatization and performance is typically conducted using chemical analyses
of the influent and effluent as well as microscopic examination of the activated sludge. This is labor-intensive and
expensive, particularly for heavily contaminated
wastewater streams.
In a plug-flow treatment system, the nitrogen removal is
usually monitored by measurements of the ammonia (NH3N) and nitrate (NO3-N) nitrogen concentrations [10], while
the dissolved oxygen (DO) concentration and pH value are
kept at the optimum range: DO >2 mg and pH 7.2 – 7.8.
The SBR system allows the use of a single tank in which
the biological processes are conducted under a sequence
of different operating conditions [11]. It offers more flexibility than a plug-flow treatment but requires a higher level
of control and automation.
Results of recent laboratory studies and full-scale operations indicated that measurements of DO concentration,
oxidation-reduction potential (ORP), and pH during a specific cycle may provide a valuable information about a biological system allowing for its optimization and control.
Measurements of DO can be applied to identify the endpoint of the SBR react phase [12, 13], and they can be used
in an on-line control strategy for the treatment of municipal wastewater using SBR technology [14, 15].
While DO measurements are carried out at biological
treatment plants, DO profile during feed and react phases
of SBR is not monitored. To our best knowledge, monitoring changes in DO level (DO profile during the fill ad
react phases) as a tool for the optimization of the treatment, and detecting upset conditions, has not been reported.
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Coke plant effluents contain high concentrations of
toxic compounds including phenols, cyanide and thiocyanate, and have been considered to be one of the most toxic
wastewaters, not easy to be treated by biological methods.
It has been reported that phenols and free cyanide may
seriously inhibit nitrification [16], and that the kinetic of
thiocyanate biodegradation may be affected by the presence
of ammonia and cyanide [17, 18]. Biological treatment of a
coke wastewater is usually preceded by a series of physical-chemical processes including steam stripping which
reduces the ammonia load [16-19]. Several reports on the
application of the SBR treatment of synthetic and real
coke wastewaters have been recently published [18-20].
In this paper, an application of the DO profile for optimization and monitoring the SBR treatment of a toxic
industrial (coke) wastewater has been described. The wastewater studied in this work contained NH3-N (640 mg L-1)
as well as phenols, thiocyanate, cyanide and arsenic. The
objective of the treatment was to achieve the discharge
limit of NH3-N <1 mg L-1. There was no limit for the NO3N concentration in the effluent. The NO3-N presence was
considered to be beneficial because the effluent was to be
injected underground into a contaminated soil where nitrate
would stimulate anaerobic processes, enhancing in situ bioremediation.
MATERIALS AND METHODS
Materials

All chemicals used in the study were of analytical grade,
purchased from Anachemia Science, Lachine, QC. The
wastewater and activated sludge samples were collected
from two different coke wastewater treatment plants. Alkalinity of the wastewater was 530 ± 50 mg CaCO3 L-1; pH
was 7.5 ± 0.1. Average concentrations of the main contaminants of concern in the wastewater to be treated are
given in Table 1.
Equipment

The study was conducted in two identical 20-L SBR
reactors. Each reactor was equipped with the influent and
effluent peristaltic pumps (Masterflex with L/S Easy-Load
head, Cole-Parmer, Vernon Hills, IL), a mixer (GK Heller
dual shaft, Cole-Parmer, Vernon Hills, IL), an aeration system (4 Tetratec DW96 air pumps, TetraTec, Blacksburg,
VA), and a heater (AquaClear Heater, Hagen, Montreal,
QC). Electronic timers controlled operation of the pumps,
the mixer and the aeration system. The reactors were also
equipped with copper coils connected to a potable water
supply in order to control temperature of the treated water
and keep it at a specific level within a range from 20-30°C.
The pH in the reactors was kept at 7.5 with soda ash 5%
solution, using automatic pH controllers (Cole-Parmer,
Model 5625).
The pH was also measured using a laboratory pHmeter (ThermoOrion Model 58804) with combination

electrode. When the automatic pH controller readings differed more than 0.2 pH units as compared to the laboratory
pH-meter readings, the electrode of the pH controller was
replaced and calibrated. The content of the reactors was
mixed and aerated. DO in the reactors before the feed phase
was adjusted automatically and kept at 5.5 mg ± 0.5 mg L-1.
DO was monitored manually, at least three times a day,
with YSI Model 55 DO-meter (YSI Environmental, Yellow
Springs, OH). The DO-meter was calibrated every day according to the manufacturer’s manual.
During the SBR operation, the NH3-N concentration
was analyzed using a ThermoOrion 4 Star pH/ISE-meter
with ammonia-selective electrode K-58823 (both supplied
by Cole-Parmer, Vernon Hills, IL). Effluent samples were
analyzed for NH3-N, NO3-N, phenols and thiocyanate (SCN)
sing a Lachat QuickChem Model 8500 flow injection
analyzer (Lachat Instruments, Milwaukee, WI) and applying the US EPA methods: 350.1, 353.4, 420.2 and 335.5,
respectively [21]. Nitrite (NO2-N) concentration was measured using a HACH Nitrate-Nitrite Test Kit, Model NI-12
(HACH Company, Loveland, CO). Other parameters were
analyzed using standard methods [22]. All analyses were
conducted three times and results were averaged.
Procedures

The reactors were seeded with a biomass from a coke
wastewater treatment plant, which used an extensive steam
stripping pretreatment and had the NH3-N wastewater
content lower than 30 mg L-1. The wastewater used in this
study had a higher NH3-N (640 mg L-1) content, and so
the biomass was acclimated for 3 months to maintain a
sustain nitrification. During the acclimatization, the SBRs
were fed with the same volume of the influent (potable
water and wastewater mixture), gradually increasing the
wastewater concentration from 10 to 100%. The content
of the wastewater in the influent was increased after the
SBR had produced the effluent with NH3-N <1 mg L-1 for
5 days. After the completion of the acclimatization, the
reactors initially operated under steady state conditions at
30 °C, with three cycles per day, 5 days hydraulic retention
time (HRT) and 90 days solids retention time (SRT). The
cycle was divided into 60 min fill, 260 min react, 100 min
settling and 60 min draw phases. Sludge wastage was conducted at the end of the draw phase to maintain the SBRTSS concentration in the 3600–3800 mg L-1 range.
Influent and effluent from each SBR were regularly
(every 3, 3.5, 4, 4.5 or 5 days, depending on the HRT)
analyzed for SCOD, NH3-N, NO3-N, phenols, SCN, CN
and arsenic. The effluents from both reactors were achieving the desired discharge criteria of NH3-N <1 mg L-1. The
averaged typical parameters of the effluent (supernatant)
generated by the acclimatized biomass in both SBRs are
presented in Table 1.
During the optimization experiments, one reactor operated at 30 °C and different HRTs (changed gradually from
5 to 3 days), while the other operated at 5, 4.5, 4, 3.5 or
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3 days HRT and different temperatures (decreased gradually from 30°C to 20°C). Each reactor operated at a specific HRT and temperature for at least three HRTs (until
NH3-N in the effluent was lower than 1 mg L-1). NH3-N
analyses (using the ion selective electrode) and DO measurements were conducted during two consecutive feed cycles every day. Aeration time required to achieve NH3-N
<1 mg L-1, at the specific HRT and temperature, was measured and the data were used for the optimization.
During the simulated upset, the reactor operated at
optimum conditions (25 oC and HRT = 3 days). Two feed
and react cycles were implemented at pH 9.6, obtained by
an addition of 20% NaOH solution. The NH3-N and DO

analyses were conducted during both feed cycles. The supernatant after the second (upset) feed cycle was also analyzed for other parameters. Results are shown in Table 1.
RESULTS AND DISCUSSION
Removal of key parameters

During the preliminary experiments (effluent 1, temperature 30 oC and HRT = 5 days), an excellent removal
(~100%) of NH3-N, TKN and phenols was achieved. Concentrations of SCOD, CN, SCN and arsenic were reduced
by ~93%, 92.9%, 98.7% and 86.5, respectively (Table 1).

TABLE 1 - Analyses of the treated wastewater (influent) and the effluents from SBR reactors.
Influent a)
(mg L-1)

Effluent 1 b)
Effluent 2; standard c)
Effluent 3; upset d)
pH = 7.5 ± 0.1
pH = 7.5 ± 0.1
pH = 9.6 ± 0.1
(mg L-1)
Removal (%)
(mg L-1)
Removal (%)
(mg L-1)
Removal (%)
TKN
99.74
99.76
160 ±1
78.95
760 ± 50
2.0 ± 0.5
1.8 ± 0.5
NH3-N
99.86
99.85
46 ± 0.5
92.82
640 ± 40
0.9 ± 0.2
0.95 ± 0.2
SCOD
93.12
92.50
380 ± 2
76.25
1600 ± 70
110 ± 6
120 ± 8
TOC
89.76
89.05
148 ± 1
64.77
420 ± 30
43 ± 4
46 ± 6
SCN
98.63
99.16
23 ± 05
87.89
190 ± 15
2.6 ± 0.6
1.6 ± 0.5
CN
92.86
98.80
0.65 ± 0.05
84.52
4.20 ± 0.8
0.30 ± 0.05
0.05 ± 0.05
Phenols
99.99
<0.05
>99.99
0.05 ± 0.05
99.99
260 ± 15
0.05 ± 0.05
Arsenic
86.52
89.89
n/a
n/a
8.9 ± 0.7
1.2 ± 0.4
0.9 ± 0.3
NO3-N
87.55e)
90.76e)
460 ± 0.1
77.44e)
0.5 ± 0.5
560 ± 8
580 ± 10
Notes: a) Average concentrations during the final 3 months of the study; b) Effluent 1: HRT = 5 days, SRT = 90 days, temp. = 30 °C; c) Effluent 2:
HRT = 3 days, SRT = 85 days, temp. = 25 °C (standard); d) Effluent 3: HRT = 3 days, SRT = 85 days, temp. = 25 °C (upset); e) Percentage of the
removed NH3-N converted to NO3-N.
Parameter

Ammonia and DO profiles

Figure 1 presents changes in the NH3-N and DO concentrations during the fill and react phases at 30 oC and
HRT = 5 days. The data are mean values from measurements carried out over 20 days. During the fill phase, the
NH3-N concentration increased to the maximum value of
25 mg L-1 after 60 min (the end of the fill phase). Then it
decreased to ~2 mg L-1 after 100 min, and finally, to ~ 0.2
mg L-1 after 200 min.
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Oxidative biodegradation of cyanide also generates
ammonia [25]. Cyanide monoxygenase converts cyanide
to cyanate (Eq. 3), which is further converted to ammonia
in the same way as is the cyanate (Eq. 2), formed from thiocyanate in (Eq. 1).
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As it can bee seen from Table 1, the TKN concentration of the investigated wastewater was ~760 mg L-1, higher
than the NH3-N concentration (~640 mg L-1), indicating the
presence of nitrogen organic compounds that could degrade
generating ammonia. The wastewater also contained thiocyanate (~190 mg L-1) and small amounts of cyanide (4.2
mg L-1) which undergo biodegradation, producing ammonia [16-18, 20, 23-25]. Mechanism of the thiocyanate biodegradation includes hydrolysis to cyanate (Eq. 1), which
is further hydrolyzed to ammonia (Eq. 2):
(1) SCN- + H2O → HCNO + HS
(2) HCNO + 2H2O → NH4+ + HCO3-

(3) HCN + O2 + H+ + NAD(P)H
NAD(P)+ + H2O

320

Time (min)

FIGURE 1 - DO profile and changes in the NH3-N concentration
during the fill and react phases. Temperature: 30oC. HRT = 5 days.

→

HOCN +

Oxidative dioxygenase generates ammonia in the following step:
(4) HCN + H+ + O2 + NAD(P)H → CO2 + NH3 +
NAD(P)+
where NAD(P)+ = nicotinamide adenine dinucleotide
phosphate
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Thus, in addition to the amount of ~ 640 mg L-1, already present in the investigated wastewater, more NH3-N
was generated during the described treatment contributing
to the changes in NH3-N concentration observed in Fig. 1.
The observed DO values result from a balance between
the gas-liquid transfer and the uptake by the biomass. At
the well-determined conditions of the described experiments
(specific temperature, stable airflow and mixing), the DO
data were related to the consumption by microorganisms.
As shown in Fig. 1, DO level substantially decreased (from
~ 5.0 mg L-1 to 2.4 mg L-1) during the initial 20 min of the
fill phase, then remained at that level for about 40 min and,
finally, slowly increased to the initial value of ~ 5.0 mg L-1.
Since the oxygen supply to the system was steady, the initial sharp decrease in DO concentration resulted from an
enhanced oxygen uptake during the aerobic biodegradation of organic substances, followed by nitrification. Heterotrophic organisms in the activated sludge feed on organic
compounds. Nitrifying bacteria utilize carbon dioxide as
their carbon source using the energy obtained from the
oxidation of ammonia to nitrite or nitrate. The nitrification
processes start when most of organic substrate is already
degraded [1].
Nitrification of ammonia nitrogen to nitrate nitrogen
requires substantially more oxygen (4.3 mg O2 per mg of
NH3-N) than biodegradation of organic carbon to carbon
dioxide (2.6 mg O2 per mg of organic carbon) [10]. As the
concentration of NH3-N in the wastewater was ~640 mg
L-1 and that of the total organic carbon (TOC) was ~ 420 mg
L-1, the observed biological oxygen uptake and DO level
were mostly related to the nitrification processes. The processes include oxidation of ammonia by Nitrosomonas
bacteria to hydroxylamine (Eq. 5) and nitrite (Eq. 6), followed by Nitrobacter bacteria oxidizing nitrite to nitrate
(Eq. 7):

During the fill and react phases, the DO values were
inversely correlated to the NH3-N concentrations suggesting that the DO profile (Fig. 1) could be applied as a useful indicator of the biomass performance during the biological treatment of industrial wastewater.
Effect of HRT and temperature on the DO and NH3-N profiles

Research data on the application of DO profile for the
treatment of synthetic and municipal wastewater has been
recently reported [12-14]. However, no effect of temperature or HRT on the DO profile has been described. The
purpose of the next experiments was to optimize the conditions of the treatment by reducing HRT and/or temperature while achieving the same effluent quality.
The maximum growth rate (µN) of nitrifying bacteria
depends on the temperature [2], and for Nitrosomonas this
effect can be expressed by the following equation:
(8) µN = 0.47e 0.098 (T-15) day-1
Changes in the DO concentration during the fill and
react phases at different temperatures (HRT = 5 days) are
presented in Fig. 2. As temperature decreased, the DO profile became shallower and the initial drop in the DO concentration was slower. It resulted from a combination of two
effects: higher solubility of oxygen at lower temperature
(9.45 mg L-1 at 20 oC versus 7.54 mg L-1 at 30 °C) [10], and
slower nitrification.
60

→ 2 NH2OH + 2H+

(6) 2 NH2OH + 2 O2

→ 2 HNO2 + 2 H2O

7
6

50
-1

(7) 2 HNO2 + O2 → 2 HNO3

NH3 -N concentration (mg L )

(5) 2 NH4+ + O2

the treated water in the form of nitrogen gas (N2). Under
some aerobic conditions, Nitrosomonas can use NO2-N as
an additional electron acceptor, reducing it to N2 [26]. NH3N conversion to N2 gas during the SBR deammonification
process has also been reported [27]. It is also expected that
some NH3-N could be stripped out of the wastewater because of the aeration [10].

While ammonia is converted to hydroxylamine in the
step (Eq. 5), the reactions (Eq. 6 and Eq. 7) also require
oxygen. Consequently, some oxygen is still being consumed by the biomass, even when concentration of NH3N in the SBR reactor is very low.
o

At moderate temperatures (< 30 C), the maximum
growth rate of Nitrobacter is considerably higher than the
maximum growth rate of Nitrosomonas, and NO2-N is
usually promptly oxidized to NO3-N. No nitrite was detected in the effluent during the described experiments, but
the final NO3-N concentration (~580 mg L-1) was lower
than expected when comparing it with the influent NH3-N
(~640 mg L-1), as well as TKN (~760 mg L-1) and thiocyanate (~190 mg L-1) concentrations (Table 1). Investigation of this matter was beyond the purpose of this work.
However, based on the recent literature reports, one can
expect that some nitrogen could have been removed from
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FIGURE 2 - DO profile and changes in the NH3-N concentration
during the fill and react phases. Temperature: 20oC, 25oC and 30oC.
HRT = 5 days.

The impact of temperature on the biokinetic of nitrification is also demonstrated by the results of NH3-N meas-
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urements (Fig. 2). Lowering the temperature from 30 to
20 °C resulted in a much higher NH3-N concentration peak
at the end of the fill phase, and in a much slower NH3-N
decrease in the react phase. At 20 °C, the minimum NH3-N
concentration (0.6 mg L-1) was achieved only after ~320
min, while at 30 oC a comparable decrease was observed
after ~150 min. One should note here that on increasing
the temperature, air stripping became more efficient what
likely contributed to the observed changes in the NH3-N
concentrations.

perature = 25 °C) are presented in Table 1 (Effluent 2).
They show that the desired effluent level of NH3-N <1.0
mg L-1 was achieved whereas concentration levels of TKN,
ammonia and phenols were reduced by ~100%. The removal
of other parameters was as follows: SCOD -92.5%, TOC
-89.1%, SCN -99.2%, CN -98.8%, and arsenic -89.9%.
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Reducing HRT (at the same temperature) had also a significant effect on the DO profile, substantially extending
the lowest part of the profile and slowing the oxygen concentration recovery (Fig. 3), what was related to a higher
load of COD and NH3-N during the fill phase at a shorter
HRT.
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FIGURE 4 - Relation between the aeration time (required to achieve
NH3-N < 1.0 mg L-1) in the effluent and HRT. The aeration time
data are mean values calculated from measurements conducted
during three consecutive HRTs. Temperature: 20oC, 25oC and 30oC.
Simulated upset

Time (min)

FIGURE 3 - DO profile and changes in the NH3-N concentration
during the fill and react phases at different HRT. Temperature:
30oC.
Optimization

Measurements of the DO profile can provide information, which is useful in selecting the optimum conditions
(temperature and HRT) of the SBR treatment. Fig. 4 shows
a relation between the aeration time during the fill and react
phases (needed to achieve NH3-N <1.0 mg L-1 in the effluent) and the HRT, obtained for different temperatures.
For the same HRT, the required aeration time at 20 ºC was
much longer than that at 25 ºC, while the difference between the aeration time at 25 and 30 ºC was much smaller.
The temperature selected as the optimal in this study was,
therefore, 25 ºC. Lowering it would have decreased the
rate of the processes, requiring the longer aeration time
(and higher aeration cost), while increasing it, would have
increased the heating cost. The selected optimum HRT
was 3 days. Application of a longer HRT would have reduced the aeration time in one cycle, but it would have increased the size (and cost) of the reactors.
Parameters of the effluent produced at the selected
optimum (standard) conditions (HRT = 3 days and tem-

The selected optimal conditions (HRT = 3 days and
temperature 25 °C) were applied to observe the biomass
response to an induced upset. The upset was created by
simulating a malfunction of the pH controllers at the fullscale SBR treatment. During the two consecutive feed and
react cycles, the system was operated at pH ~9.6. The response of the biomass was monitored by measuring the
NH3-N and DO concentrations. As shown in Fig. 5, during the first (pre-upset) cycle, the DO profile became shallower as compared to the standard conditions. During the
second (upset) cycle, the DO profile became almost flat.
It indicated that biomass was under stress.
Under standard conditions (pH 7.5), about 91% of NH3N was removed through nitrification. When the pH was
increased to 9.6 (upset conditions), the activity of the biomass was inhibited and the oxygen uptake decreased (Fig.
5) what agrees with the literature reports that Nitrosomas
and Nitrobacter exhibit a marked pH-dependence [1, 2].
As shown in Table 1, the NH3-N removal decreased to
92.8% (from ~100%). While it was still relatively high, less
(~77%) of the NH3-N removed was transformed into NO3N than before the upset, when about ~91% removed NH3N was converted to NO3-N. Nitrification was indeed inhibited, as expected. At the same time, more NH3-N was
removed through air stripping, known to be more efficient
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at high pH [10]. Removal of all other parameters, except
phenols, was also lower than that at pH 7.5 (Table 1), suggesting that not only nitrifying but also heterotrophic organisms were upset by the elevated pH.
80
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Results of our studies show that the DO profile is a
more useful indicator of the biomass performance than DO
values are. The DO measurements are routinely conducted
at biological treatment plants and the available data can be
easily applied to monitor the DO profile during the SBR
operation. The measured DO profile could be compared
with the standard DO profile using a PLC or another control system. Any significant differences (like those shown
in Fig. 5) would warn of a potential problem in the treatment system, and it would allow preventing the situation
when nitrification is substantially inhibited.
CONCLUSIONS
Results of a treatability study on a highly contaminated
coke plant wastewater demonstrated that SBR technology
is able to achieve an excellent removal of all inorganic and
organic parameters, and to reduce the ammonia level to the
desired limit of NH3-N <1 mg L-1. The DO profile (during
the fill and react phases) was used to optimize (temperature
and HRT) the SBR operation. It has been demonstrated
that the DO profile can be used to detect pre-upset conditions.
DO profile is proposed as a convenient and inexpensive method for monitoring the SBR treatment of highly
contaminated wastewater streams, which can prevent the
failure of the biological treatment system.
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REMOVAL OF THE PESTICIDES DIURON AND CARBOFURAN
IN AQUEOUS SOLUTIONS BY ACTIVATED CARBON
Araceli Rodríguez, Juan García*, José Luis Sotelo, Gabriel Ovejero and María Mestanza
Grupo de Catálisis y Procesos de Separación (CyPS), Departamento de Ingeniería Química,
Facultad de Ciencias Químicas, Universidad Complutense de Madrid, Avda. Complutense s/n, 28040 Madrid, Spain.

ABSTRACT
The adsorption of diuron and carbofuran from aqueous
solutions onto granular activated carbon in a batch system
for initial pesticide concentrations in the range of 1040 mg·L-1, with different pHs (3.0, 5.0 and 7.0) and temperatures (20-40 °C), was studied. The adsorption equilibrium was described by the Langmuir and Freundlich models. Adsorption capacity is affected by the initial pesticide
concentration, pH and temperature as the experimental results show. An increase in pH results in a significant increase of adsorption capacity. The adsorption kinetics for
both pesticides have been experimentally established. Pseudo-first and pseudo-second order kinetic models were used
to describe the experimental data, and the rate constants
were evaluated.

KEYWORDS:
Adsorption, granular activated carbon, pesticides, wastewater.

pesticides from waters, the most conventional being oxidation and adsorption. Concerning the oxidation process,
Fenton, ozonation, photo-Fenton and other AOPs for wastewater treatment have been extensively studied [2, 6], but
their use remains limited due to high operational costs,
generation of UV radiations by lamps, H2O2 consumption
in case of Fenton reactions, etc. Furthermore, several pesticides are only partly oxidized under ozonation, involving
the formation of by-products. They are considered to be
priority pollutants, since they are harmful to organisms at
low concentrations, and many of them have been classified
as hazardous pollutants because of their potential harm to
human health. Adsorption on activated carbon does not
present the disadvantage of by-products formation. Liquid
phase adsorption processes have been considerably efficient for removal of colors, odors, and organic pollutants
from industrial processes or waste effluents [7, 8]. It is currently used in drinking water treatment as powder or as
granules, showing in this case high adsorption kinetics and
adsorption capacity. Its adsorption properties have been
demonstrated for various pollutants present in water [9, 10].
A great variety of carbon materials, such as carbon nanotubes, carbon nanofibers, activated carbons, and clay
minerals have been used for pesticides adsorption in liquid phase [11-13].

INTRODUCTION
Agrochemicals, such as insecticides, herbicides and
fungicides, are classified among the most dangerous toxicants. The presence of such compounds in agrochemicals
and industrial effluents perturbs their biological treatment
due to their toxicity. This contamination of water resources
is above the European regulations on drinking water quality, which set a maximum concentration of 0.1 µg.L-1 for
individual pesticides and some of their degradation products, and 0.5 µg.L-1 for total pesticides amount in the sample (directive 80/778/CEE, decree 2001-1220).
Pesticides are widely used in Spanish food production.
In this context, the removal of pesticides and metabolites
from aqueous solutions is of great interest in the environmental field. Environmental chemicals may disrupt reproductive development by inhibiting the action of the gonadal
steroid hormones [1]. Many pesticides have shown potential endocrine disruption. According to the literature, several processes have been widely investigated to remove

Recently, the use of high-area carbon has been investigated as well as adsorption behavior of various adsorbates
with different surface active centres, such as inorganic Scontaining anions [14], ethylxanthate and thiocyanate [15],
phenol, phenoxide and chlorophenols [16, 17] and some
aromatic heterocyclic compounds [18, 19] in relation to
wastewater purification.
The description of adsorption systems with theoretical
models has also been widely published in literature. For
example, the pore diffusion model was used by Liapis and
Rippin [20] to describe literature data of the adsorption of
alcohols on activated carbon, and by Garcia et al. [21] for
the adsorption of phenolic mixtures on a polymeric adsorbent.
On the other hand, García-Araya et al. [22] also observed an increase in the adsorption of gallic, p-hydroxybenzoic, and syringic acids with rising temperature, which
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they ascribed to activated diffusion into the micropores
and chemisorption.
The objective of the present work is to examine the
pesticides adsorption, such as diuron and carbofuran (highly toxic), and to investigate the effects of various factors,
such as adsorbate concentration, contact time, pH and temperature, on the adsorption capacity. Equilibrium modelling has been carried out using Langmuir and Freundlich
isotherm equations. The obtained results may contribute to
reduce the risk assessment of surface and groundwater contamination by diuron and carbofuran.
MATERIALS AND METHODS
Materials

Diuron [3-(3,4-dichlorophenyl)-1,1-dimethyl-urea] and
carbofuran [2,3-dihydro-2,2-dimethylbenzofuran-7-yl methyl-carbamate] were purchased from Sigma-Aldrich, Germany, with a certified purity greater than 95%.
Granular activated carbon MERCK, having a specific
area of 992.0 m2·g-1, external area of 112.4 m2·g-1 and
microporous volume of 0.3624 cm 3·g-1, manufactured
by Merck Chemicals (Darmstadt, Germany) and supplied
by Sigma-Aldrich (Germany), was used as adsorbent in
this study. The activated carbon was washed several times
with distilled, deionized water, dried in an oven at 110 °C
for 48 h before use, and stored in a desiccator. Previous to
ex-periment, the activated carbon was boiling in deionized water for 20 min. The objective of this pretreatment
was to eliminate impurities and fine particles. Deionized
water was used in adsorption experiments.

Preparation of pesticides solutions

Buffered solutions (pH 3.0, 5.0, and 7.0) for the examined pesticides were prepared by dissolving known
quantities of analytically pure reagents in deionized water.
Due to the low solubility of diuron in water, it was initially dissolved in a small quantity of acetone, before the
preparation of its buffered solutions. The initial concentration of the diuron and carbofuran solutions was in the
range 10-40 mg.L-1. An experiment was conducted to test
the effect of acetone on the adsorption solubility.
Experimental set-up and adsorption experiments

Adsorption isotherms of pesticides on activated carbon were obtained for 0.05-0.20 g of carbon and 250 ml
of pesticide solutions at different concentrations. Adsorption was carried out at temperatures from 20 to 30 °C and
at pHs 7.0, 5.0 and 3.0 using a phosphate-citrate and disodicmonosodic phosphate buffer. Suspensions were mechanically stirred at the selected temperature. HPLC analysis was
performed with a Varian system equipped with a binary LC
pump (Varian model 250), an injection valve with 20 µL
sample loop, and a UV diode-array detector (DAD) (Varian model 235). Data processing and integration were performed with Varian Star software. The adsorbed amount
(q) from experimental data was calculated by the following
equation:

q=

V (Ci − Ce )
M

(1)

where q is the adsorbed amount (mg·g-1), V the volume (L) of solution, Ci the initial pesticide concentration
(mg.L-1), Ce the equilibrium pesticide concentration (mg.L-1)
and M is the amount of adsorbent (g).

The main physico-chemical characteristics of pesticides used in this work as well as their structure are listed
in Table 1.

TABLE 1 - Physico-chemical properties of the pesticides.

Structure

CAS #

a

Water
Molecular
solubility
Log Kow
weight
at 25ºC
(g.L-1)

Vapor
Pressure
at 26.1ºC
(mm Hg)

Compound

Class

Diuron

Substituted urea

330-54-1

233.10

2.77b

0.042b

3.1x10-6 b

Carbofuran

Carbamate

1563-66-2

221.25

2.32c

0.7c

3.4x10-6 c

a

Chemical Abstracts Service number
Data available at http://pmep.cce.cornell.edu/profiles/extoxnet/dienochlor-glyphosate/diuron-ext.html (2008).
c
Environmental protection agency (EPA) (2008).
b
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The blank experiments demonstrated that the pesticides decomposition was negligible. All the experimental
data were the average of duplicated experiments. The data
relative errors were about 5%.
Characterization

Textural characterization of the activated carbon was
done by using N2 adsorption-desorption at 77 K in a Micromeritics ASAP 2010 apparatus as described in a previous work [23]. IR spectra were recorded in the range 4004600 cm-1 using a Thermo Nicolet FT-IR spectrophotometer. Thermogravimetric analysis (TGA) was performed with
an EXTAR 6000 Seiko thermal analyzer at a heating rate
of 10 ºC/min in air flow (20 ml·min-1).

which depends not only on components diffusion in the
adsorbent but also on the adsorbent/adsorbate interaction.
In order to determine equilibrium time for maximum
uptake of diuron and carbofuran, the adsorption of both
pesticides on AC was studied at a fixed concentration as a
function of contact time. The results are shown in Fig. 3
(adsorbate concentration 30 mg·L-1, adsorbent dose 0.1 g,
and pH 5.0). As it can be expected, the pesticide concentration in solution decreases with time until it reaches a
constant value. In this sense, the equilibrium was reached
within 100 h. Thus, for all equilibrium adsorption essays,
the contact time was kept for 100 h. The effect of concentration on the equilibrium time was also investigated at

3
Volume adsorbed / cm /g STP

350

RESULTS AND DISCUSSION
Textural characterization of activated carbon

Fig. 1a shows the adsorption/desorption isotherms of
N2 for the activated carbon. The adsorbed volume for AC
increased as P/P0 increased. The isotherm was Langmuir
type [24]. The initial part of the isotherm represents the
micropore filling (rather than surface coverage) and the low
slope is indicative of multilayer adsorption on the external
surface. AC also exhibited a narrow pore size distribution
that was essentially microporous. It is noted that the micropores are often the major contributor to the adsorption
capacity for adsorbate molecules small enough to penetrate.
However, transport within these pores can be severely
limited by steric effects. Also, TEM micrograph of the asreceived carbon is shown in Fig. 1b. The as-received carbon was a disordered and porous microstructure consisting
mainly of tightly curled single carbon layers.
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The FTIR spectrum of AC is shown in Fig. 2a. The
band at 3618 cm-1 corresponds to stretching vibrations of
superficial hydroxyl groups and chemisorbed water. The
peak between 2800 and 3000 cm-1 demonstrates the presence of aliphatic species [25]. The band at 1635 cm-1 corresponds to the quinones. Besides, the wavelengths bands at
1000 cm -1 and 1300 cm -1 correspond to the ethers and
phenolic structures.
On the other hand, Fig. 2b represents the TGA and
DTG curves of AC under an oxidative atmosphere. The
thermal decomposition of carbon takes place at 550 ºC.
The total weight loss is 53%. The derivative profiles TGA
(DTG) provide more detailed information about the mass
change behaviors during the oxidation process. Fig. 2b indicates that the mass loss occurred mainly within a very
narrow temperature range between 550-600 ºC, with a
maximum mass loss rate of 20% per min at 606 ºC.
Adsorption process
Equilibrium time

The equilibrium time between the adsorbate in liquid
phase and that adsorbed on the solid is reached with a rate

FIGURE 1 - a) Adsorption/desorption isotherms of N2 for the activated carbon; b) Conventional TEM micrograph showing general
appearance of activated carbon.
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FIGURE 2 - a) FTIR spectrum of activated carbon; b) TGA and
differential TGA curves of the activated carbon at 10 ºC/min under
20 sccm air flow rate.
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In order to check the influence of diffusion on the observed results, some essays with different particle sizes were
done. Fig. 5 shows the experimental results obtained. The
average sizes of the fractions used are 1.00-0.589 and 1.191.00 mm. As can be seen, the adsorption capacity for diuron is similar for both particle sizes, but the kinetic rate
is higher for the smallest particle size. Large particles with
deep pores need longer time to be saturated with the adsorbate molecules, than small particles with shallow pores
(do not need such time). This means that particle size has
very limited effect on the maximum adsorption capacity
of the pesticide used. This would suggest the existence of
accessibility problems to the pores [26, 27]. The liquid
phase concentration of pesticides and their load in the carbon surface are locally related by an equilibrium law. From
the experiments carried out, it can be concluded that the adsorption process in diuron and carbofuran is governed by
internal diffusion and not by external mass transfer.
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FIGURE 4 - Effect of initial concentration of diuron on the adsorption (pH=5.0, adsorbent dose= 0.1 g, temperature = 30 ºC).
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FIGURE 3 - Effect of contact time on the diuron and carbofuran
concentration (pH=5.0, adsorbent dose= 0.1 g, temperature = 30 ºC).
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different concentrations as shown in Fig. 4 (diuron). The
total adsorbed amount increases as initial diuron concentration increases. It is clear that the adsorption rate of both
pesticides depends on the initial concentration of adsorbate. Similar results were obtained for carbofuran (Fig. not
given).
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FIGURE 5 - Effect of particle size on adsorption of diuron.
(pH=5.0, adsorbent dose= 0.1 g, diuron concentration =30 mg.L-1).
Effect of pH

The pH of the solution may affect some properties of
pesticide molecules and, consequently, their adsorption.
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FIGURE 6 - Influence of pH on diuron and carbofuran adsorption at
T= 20 and 30 ºC (pesticide concentration = 30 mg.L-1, adsorbent dose = 0.1 g).

A portion of surface functional groups (including carbonyl, hydroxyl, lactones, etc.) should become more deprotonated with increasing pH, exceeding the pH experimental range from 3.0-7.0. This effect results in a less positively or more negatively charged carbon surface at higher
pH than at lower pH. The pH increase from 3.0 to 7.0 for
diuron resulted in an increase in adsorption (33%). However, increase from 3.0 to 7.0 resulted in a decrease (40%) in
adsorption for carbofuran. In the first case (diuron), it can
be explained from the relation between the facts that diuron
solubility increases as pH increases from 41 mg.L-1 at pH
4.0 till 45 mg·L-1 at pH 10.0. This also can be explained
from appearance of electrostatic forces [28]. The value of
pHPZC – the pH value at the point of zero charge in the
interface -·was 8.3, and at pH 7.0 the electrostatic forces
are small, because diuron is positively charged at pHs lower
than 7.0 and neutral charge at pH 7.0. In this case, at pH
7.0, the adsorption is favourable.
In the second case (carbofuran), adsorption depends on
temperature. At 30 ºC, adsorption follows the same tendency of diuron, but at 20 ºC, the adsorption decreases with
pH, suggesting that the adsorption was dominated by pesticide-adsorbent surface interaction [28].
Effect of Temperature

The influence of temperature on the pesticide adsorption on activated carbon is evaluated using 3 temperatures
(20, 30 and 40 ºC) for diuron and carbofuran. Fig. 7 shows
a comparison of adsorption isotherms at 20 and 30 ºC for
diuron as example. It can be observed that adsorption increases with increase in temperature, indicating that the
process is apparently endothermic (similar to observations
for carbofuran).

200
175

T = 20ºC
T = 30ºC

150

qe / mg.g-1

Additionally, the surface functional groups of adsorbate make adsorption difficult, due to the charge characteristics of the adsorbent surface. The influence of initial pH
solution on the adsorption of diuron and carbofuran was
examined at 30 ºC. The results are presented in Fig. 6.
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FIGURE 7 - Influence of temperature
on diuron adsorption process at pH 5.0.
Adsorption Isotherms

Equilibrium data are basic requirements for the design
of adsorption systems. These data provide information on
the capacity of the adsorbent, or the amount required to
remove a unit mass of pollutant under the system conditions.
The adsorption parameter isotherms have been evaluated and compiled in Table 2. It is further seen from Table 2
that the adsorption capacity is higher for diuron than for
carbofuran. This could be due to the presence of two chlorine atoms in diuron. Further, it may be explained on basis
of donor–acceptor complex mechanism [29] involving carbonyl oxygen of the carbon surface as donor and the aromatic ring of the pesticides as an acceptor. It is expected that
electron withdrawing groups, which deactivate the ring,
would promote adsorption through complex formation via
donor–acceptor mechanism. It is known that chloride and
acid substituents deactivate the ring due to inductive effect [30]. Thus, the deactivation degree in diuron is higher
than in carbofuran, and adsorption too.
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TABLE 2 - Adsorption of diuron and carbofuran on granular activated carbon at different pHs and temperatures (C0 =30 mg.L-1,
adsorbent doses = 0.1 g in 250 ml).
Pesticide
Diuron

T (ºC)
20
30

Carbofuran

20
30

qe (mg.g-1)
66.9
65.1
63.6
63.5
53.4
58.0
41.2
55.5
44.5
61.6

pH
3.0
5.0
7.0
3.0
5.0
7.0
3.0
7.0
3.0
7.0

% adsorption
98.9
99.2
99.8
99.5
99.5
99.7
62.8
89.3
62.9
88.0

molecule occupies a site, no further adsorption can take
place at that site. Theoretically, therefore, a saturation
value is reached beyond which no further adsorption can
take place. The well-known expression of the Langmuir
model is given by Eq. (2):

q=

qm b Ce
1 + b Ce

(2)

The linearized form of the Langmuir equation is:
Ce
C
1
=
+ e
q
qm b qm

The Langmuir and Freundlich equations are in use for
describing adsorption isotherms for water and wastewater
treatment applications [28-31], and it has been used here
to explain the adsorption of pesticides on activated carbon.
A basic assumption of the Langmuir theory is that adsorption takes place at specific homogeneous sites within the
adsorbent. It is assumed that once a diuron or carbofuran

(3)

The values of qm and b can be determined from the
linear plot of Ce/q versus Ce. They were estimated from
the plots along with the correlation coefficients, and are
listed in Table 3. Langmuir isotherm model fits correctly
the diuron and carbofuran adsorption equilibrium by AC.
The b values reflect the affinity of the adsorbent for pesticides, thus it can be observed that the adsorbent has more
affinity for diuron than for carbofuran.

TABLE 3 - The parameters of Langmuir and Freundlich isotherms for the adsorption of diuron and carbofuran.
Pesticide

T (ºC)

pH

Diuron

20

3.0
5.0
7.0
3.0
5.0
7.0
3.0
7.0
3.0
7.0

30

Carbofuran

20
30

qm (mg.g-1)
130±1
157±16
237±115
278±128
199±43
258±79
172±40
131±11
69±13
87±15

Langmuir
B (L.mg-1)
4.02±0.16
2.84±0.71
5.71±4.43
2.06±1.26
3.49±1.32
3.81±1.79
0.04±0.01
2.78±1.26
0.42±0.06
3.69±1.01

The Freundlich isotherm equation is given as below:

q = k Ce1/ n

(4)

where k and n are the constants of adsorption density
and adsorption intensity, respectively. Eq. (4) can be linearized as follows:

1
L n q = Ln k + Ln Ce
n

(5)

The values of k and n can be estimated from the intercept and slope of the linear plot of experimental data of
ln q versus ln Ce. The Freundlich isotherm provides no
information on the monolayer adsorption density in comparison with the Langmuir model.
The values of k and n from the linearized plots are
shown in Table 3, as well as the regression coefficients.
The value of n >1.0 indicates that diuron adsorption was
favorable on AC for different adsorbent amounts.
For lower AC amount, diuron adsorption could reach
higher adsorption capacity at all the conditions. At AC

R2
0.999
0.973
0.960
0.984
0.953
0.973
0.945
0.948
0.986
0.926

Kf (L.g-1)
79±4
107±9
407±164
299±68
200±33
334±77
48±5
24±4
39±5
8±1

Freundlich
n
1.46±0.24
1.68±0.29
1.24±0.18
1.45±0.37
2.03±0.32
4.59±0.58
2.80±0.16
2.72±0.59
2.52±0.70
1.31±0.11

R2
0.966
0.938
0.978
0.954
0.944
0.988
0.908
0.916
0.873
0.967

amount below 0.1 mg.L-1, adsorption capacity significantly
decreased with increasing AC amount. At a constant AC
amount, the equilibrium adsorption capacity of diuron increased with initial diuron concentrations increasing from
10 to 40 mg.L-1.
Table 4 compares the adsorption capacity of different
types of adsorbents used for removal of pesticides. The
value of qm in this study is comparable to those in most of
previous works. This suggests that diuron and carbofuran
could be easily adsorbed by granular activated carbon. Langmuir isotherm was good to fit data better than Freundlich
isotherm.
TABLE 4 - Comparison of pesticides adsorption of previous works.
Pesticide
Metsulfuron
methyl
Lindane
Carbofuran
Diuron
Dinoseb
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Adsorbent

qm (mg.g-1)

Reference

PAC

339.6

[11]

Compost soil
Red soil
Activated carbon-cloth
Activated carbon-cloth

23.4
1.2
213.1
301.8

[33]
[33]
[34]
[34]
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log ( qe − qt ) = log qe −

k1
t
2.303

(6)

where qe and qt are the amounts of pesticide adsorbed
on surface at equilibrium time and at time t (mg.g-1), respectively, and k1 is the rate constant of first order adsorption of pesticide (min-1). A straight line of log(qe-qt ) versus t suggests the applicability of this kinetic model to fit
the experimental data. The equilibrium adsorption capacity, qe, is required to fit the data, but in many cases qe remains unknown due to slow adsorption processes. For this
reason, it is necessary to obtain the real equilibrium adsorption capacity, qe, by extrapolating the experimental data
to t = ∞ or by using a trial and error method. Also, in many
cases, the first order equation of Lagergren does not fit well
for the whole range of contact time and is generally applicable over the initial stage of adsorption processes [36, 37].

In order to analyze the adsorption kinetics for the diuron, the pseudo-first and second order kinetic models were
used to analyze the experimental data. The calculated correlation coefficients obtained from the first order kinetic
model are low compared with second order kinetic values
(Fig. 8). This finding suggests that the adsorption of diuron onto the activated carbon is not a first-order reaction.
Table 5 lists the calculated values. The correlation coefficients for the second order kinetic model were greater than
0.991. A similar phenomenon was also observed in the adsorption of other pesticides.
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On the other hand, a pseudo-second order equation
based on equilibrium adsorption [28, 36] is expressed as:
t
1
1
=
+ t
2
qt
k2 q e
qe

140

t/q

The Lagergren’s equation, a pseudo-first order equation, is given as follows:

There is no need to know any parameter beforehand, and
qe and k2 can be determined from the slope and intercept
of the plot. Also, this procedure is more adequate to predict
the behavior over the whole range of adsorption, and is in
agreement with adsorption rate-controlling step [37, 38],
which may involve covalent bond through electrons sharing, or electrons exchange between anions and adsorbent.

t/q

Several models such as homogeneous surface diffusion model have been extensively used for batch reactors
to describe the transport of solutes inside adsorbent particles; however, the mathematical complexity of these models makes them inconvenient for practical use. Any kinetic
or mass transfer representation is likely to be global. From
a system design point of view, a lumped analysis of kinetic
data is hence sufficient for practical operation [28, 34, 35].

-1

Adsorption kinetics

t/q / min.g.mg
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where k2 (g·mg ·min ) is the rate constant of second
order adsorption. If second-order kinetics is applicable,
the plot of t/qt versus t should show a linear relationship.

FIGURE 8 - Linearized pseudo-second order plots
for diuron adsorption (pH =3.0, adsorbent dose = 0.1 g).

TABLE 5 - Adsorption rate constants estimated and coefficient of correlation associated to the pseudo-second order kinetic models.
Pesticide

T(ºC)

pH

Diuron

20

3.0
5.0
7.0
3.0
5.0
7.0
3.0
7.0
3.0
7.0

30

Carbofuran

20
30

Second order model
K2 x10-4 (g.min-1.L-1)
qe (mg.g-1)
1.26
66.9
1.69
65.1
2.16
63.6
1.69
63.5
4.99
53.4
10.2
58.0
0.09
45.3
0.10
61.5
0.20
45.8
0.70
67.9

CONCLUSIONS
The adsorption of diuron and carbofuran on granular
activated carbon has been studied. The adsorbent has a

R2
0.999
0.994
0.999
0.999
0.999
0.999
0.998
0.997
0.990
0.997

medium-specific surface area (992.0 m2·g-1) and contains a
0.362 cm3.g-1 micropore volume. Adsorption of diuron and
carbofuran showed the influence of pH and temperature,
with Langmuir maximum adsorption isotherm capacities

2104

© by PSP Volume 18 – No 11. 2009

Fresenius Environmental Bulletin

of 107 mg·g-1 at 20 ºC, 200 mg·g-1 at 30 ºC, and pH 5.0 for
diuron. It was found that activated carbon is a good adsorbent for the removal of pesticides as diuron and carbofuran from aqueous solutions under conditions described
earlier. The adsorption of pesticides studied was found to
follow a second-order kinetics.
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ABSTRACT
A method for the speciation of thallium was proposed
using a mini-column filled with Dowex Monosphere 550A
(OH) anion exchange resin. A highly sensitive, selective
and simple column-solid phase extraction method has been
developed to separate trace amounts of thallium species.
Dowex Monosphere 550A (OH) anion exchange separation
technique followed by analysis with ICP-MS was evaluated for the study of thallium speciation in river waters.
Experimental conditions such as pH, eluent type, flowrate, sample volume, effect of matrix ions, etc., have been
optimised for quantitative recovery. The retained analytes
on the resin were recovered with 10 ml of thiourea solution at only one step. Thus, the experimental results showed
that Dowex anion exchange resin can be used to separate Tl
(I) and Tl (III) species. The dominant thallium form found
(75.3-81.6 ng L-1) in the samples was Tl (III). The enrichment factor obtained in this work is 100-fold better than
that of similar methods compared in literature. This developed method was applied to synthetic solutions, real sample solutions and standard reference material for thallium
speciation and determination study.

KEYWORDS:
Thallium, Speciation, Dowex resin, ICP-MS.

INTRODUCTION
Thallium is a highly toxic element that is listed by the
United States Environmental Protection Agency (US EPA)
as a priority pollutant [1]. It is a soft and malleable heavy
metal with a bluish-white colour. Thallium with an atomic
number of 81 and a relative atomic mass of 204.37 is a
ubiquitous trace element [2]. It is classified in the group III
A of the periodic chart; the metals of this group are electropositive; as their atomic weights increase, so does their
basic character [3, 4]. Thallium is a non-essential toxic element with no known beneficial biological role [5]. This
compound is used in optical systems, low temperature thermometers, dye pigments, photoelectric cells, chemical synthesis, in medicine, and as a rodenticide [6, 7]. Thallium can

be found in two different oxidation states, Tl (I) and Tl
(III) [7, 8]. All forms of thallium are soluble (in nitric, hydrochloric, and sulphuric acids), enough to be toxic to living
organisms [1, 2]. Thallium can be found in nature as Tl(I)
and Tl(III) species but its monovalent state has higher stability, whereas its trivalent state forms complexes of greater
stability [9]. Tl(I) ions are more stable in aqueous solutions and exhibit more biological activation [10]. Therefore, the determination of chemical species in the environment is important, and interest in it has considerably increased in the last few years [11].
The stability of Tl(III) in acidified natural water solutions has been discussed by Lin and Nriagu [12]. Ensafi et
al. [7] reported that speciation of thallium is based on the
reduction of Tl(III) to Tl(I) by hydrazine hydrochloride,
so that total thallium can be determined. It has been shown
that the lower valency state is more toxic, and the trivalent
state is generally less reactive [7]. Hence, the content of
thallium and its speciation are important and should be
systematically controlled [7]. Ion chromatography in combination with inductively coupled plasma-mass spectrometry (IC/ICP-MS) has been demonstrated to allow for a quantitative determination of Tl(I) and Tl(III) in aqueous solutions [3] and plant extracts [7].
Direct determination of thallium species including Tl(I)
and Tl(III) by instrumental techniques including atomic
absorption spectrometry (AAS) [8, 13], inductively coupled plasma atomic emission spectrometry (ICP-AES),
inductively coupled plasma-mass spectrometry (ICP-MS)
[14], etc. is not suitable. Only total thallium could be determined by these techniques. Separation-preconcentration
techniques including solvent extraction, cloud point extraction and solid phase extraction (SPE) [14, 15] have been
used for speciation of Tl(I) and Tl(III). Concentrations of
thallium in river and lake waters compared to international
standards are summarized in Table 1.
In this study, Dowex Monosphere 550A (OH) anion
exchange resin can be used to separate Tl(I) and Tl(III)
species. Dowex Monosphere 550A (OH) anion exchange
resin is a premium quality resin with high total exchange
capacity, exceptional bead integrity and distinguishable
light colour. It is ideally suited to the high flow-rate demands commonly encountered in power plant condensate
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polishing systems. The aim of this study is to speed up the
elution process by decreasing the volume of the eluate.
TABLE 1 - Concentrations of thallium in river and
lake waters compared to international standards [2, 11].
River
Warta
Odra
Plica
Rhine
Mahanadi
Viskan
Stors Nedern
Huron
Raisin
Sakarya
Lake
Kiekrz
Superior
Erie
Ontario
Golaalv
Landvettersjon
Radasjon
Stora Kasjon
Lilla Delsjon

Country
Poland
Poland
Poland
Germany
India
Sweden
Sweden
USA
USA
Turkey
Country
Poland
USA-Canada
USA-Canada
USA-Canada
Sweden
Sweden
Sweden
Sweden
Sweden

Concentration (ng L-1)
USEPA
WHO
EU
14.3
16.7
5.1
71
73.300
2.000
56
13
40
43
120
USEPA
8.5
1.2
9.1
5.8
24
2.000
24
20
16
18

Not
Not
Established Established

WHO

using 150 ml of ultrapure water into the column through a
funnel and allowed to drain through. At the end, the resin
was cleaned. Sample solutions (100 ml) containing 0.5 mol
L-1 HCl but different concentrations and pHs were passed
through the column at 2 ml min-1 flow-rate. Then, metal
ions sorbed on the Dowex resin were eluted by 0.5 mol L-1
thiourea + 0.1 mol L-1 HCl solution (at 1.5 ml min-1 flowrate). Eluate was collected in a 10-ml calibrated flask and
metal ions were determined by ICP-MS. The recovery of
metals was calculated from the eluate/sample ratio of metal
amount in eluate.

EU

Not
Not
Established Established

MATERIALS AND METHODS
Apparatus and chemicals

Agilent 7500A model ICP-MS was used for determination of thallium. The operating parameters for thallium
were set as recommended by the manufacturer. The pH of
solution was adjusted by adding HCl and NaOH solutions
and controlled with a Hanna 213 pH-meter. Distilled deionized ultra-high quality (UHQ) water was used throughout
the experiments. All chemicals used were of analytical reagent grade and obtained from Merck (Darmstadt, Germany). These solutions were diluted carefully to the required concentrations with UHQ water (chemical resistivity: 18 MΩ cm-1 at 25 °C). UHQ water was obtained from a
Milli-Q Plus water system (Millipore, Bedford, MA, USA).
For validation of the method described in this study as
an analytical technique, thallium content of certified sediment sample (NCS-DC 73312) obtained from China
was determined. All glassware and polyethylene bottles
used were cleaned overnight by soaking in 10 % HNO3,
rinsing 5 times with distilled deionised UHQ water prior
to use, and all solutions were diluted carefully to the required con-centrations with UHQ water.
Dowex resin and column preparation

A column (20 cm length, 0.8 mm i.d.) filled with 1 g
Dowex resin was used for separation. Resin aliquots (ca.
1 g) were pre-weighed and sealed in 50-ml polyethylene
beakers with Parafilm. Disposable columns were made by
combining polyethylene tubing and connectors (Fig. 1).
The pre-weighed resin was placed into polyethylene
tubing between two glass wool layers (Fig. 1) and washed

FIGURE 1 - Dowex Resin-filled column.
Spiked samples

1000 mg L-1 Tl(I) and Tl(III) stock solutions were prepared by dissolving an appropriate amount of TlNO3 and
Tl(NO3)3.3H2O. Each compound was dried in a desiccator
for 48 h before use. Varying concentrations of thallium (I)
and (III) solutions were made by diluting the stock solutions
in ultrapure water. The pH of spiked samples was adjusted
by adding HNO3 or NaOH solutions.
RESULTS AND DISCUSSION
In order to obtain quantitative recoveries of thallium
(III) ions on Dowex resin, the SPE procedure was optimized
for various analytical parameters. The percentage of thallium (III) adsorbed on the resin was calculated from the
amounts of thallium in the initial sample and final solutions
obtained by application of the general procedure.
Sorption of Tl(I) and Tl(III)

Ultra-pure hydrochloric acid (4.2 ml of 0.5 mol L-1
HCl) was added to 100-ml sample solutions. The samples
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containing 2 mg L-1 of both thallium species were passed
through the Dowex resin columns at a constant flow of
approximately 2 ml min-1. During this process, Tl(III) was
removed from water sample onto Dowex resin, and was then
eluted by 0.5 mol L-1 thiourea + 0.1 mol L-1 HCl solution
at 1.5 ml min-1 flow-rate. Tl(I) was determined in the first
eluate.
Effect of pH

The solutions of Tl ions were adjusted to various concentrations and pHs, and then transferred to a column filled
with Dowex resin (mean particle size 590 ± 50 µm, total
exchange capacity, min. 1.1 eq. L-1, 25-35 mesh). Then, the
adsorbed metal ions were eluted from the column (flow-rate
2 ml min-1) and determined by ICP-MS. The recoveries of
Tl(III) were calculated from the results. The effect of solution pH on ions` recovery is shown in Fig. 2.
100

90

80

---> % Adsorption

70

Complexometric methods for the determination of thallium reported earlier were not effective in the presence of
diverse metal ions because of their poor selectivity. Thiopyrine, thiocarbohydrazide, thiosemicarbazide and DL-cysteine have been used as masking agents for the determination of thallium, but these were not selective. Hydrazine sulphate was reported as a demasking agent for the determination of thallium, but a small excess of the reagent adversely affects the pH of the solution [16].
In this study, the retention of Tl(III) by thiourea in the
column can be explained by the affinity of Tl for sulphur.
To the best of our knowledge, there are only two papers
published for speciation and determination of thallium
with thiourea as reducing agent [7, 17].

Tl(III) solutions were percolated through the column
at flow-rates varying from 1 to 6 ml min-1. As can be seen
in Fig. 3, quantitative recoveries were obtained at flowrates between 1-3 ml min-1. The optimum flow-rate of 1.5
ml min-1 was chosen in subsequent experiments.

% Adsorption Tl (I)

50

Tl (III) ions adsorbed on the column could be quantitatively eluted with a solution containing 10 ml of a 0.5 mol
L-1 thiourea and 0.1 mol L-1 HCl mixture at a flow-rate of
1.5 ml min-1.

Effect of sample flow-rate

% Adsorption Tl (III)

60

The recovery of metal ions with various eluents is shown
in Table 2.

40
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10

0
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FIGURE 2 - The effect of pH on the adsorption of Tl(I) and Tl(III).

In addition, the Dowex resin can be used for separation of Tl(I) and Tl(III) ions by controlling solution pH. It
was found that both Tl(I) and Tl(III) species can be studied in a wide range of pH.

---> Recovery, R

---> pH

80
70
60
50
40
30
20
10
0

Effect of eluent

1

For elution of Tl(III) ions adsorbed on the column, hydrochloric acid, nitric acid, sodium chloride, potassium
chloride and thiourea solutions at various concentrations
were tested. The flow-rates of eluents were 1.5 ml min-1.

2

3

4

5

---> Flow rate, (ml/min.)

FIGURE 3 - The effect of different
flow-rates on the recovery of Tl(III) ions.

TABLE 2 - The effect of different eluents on the recovery of Tl(III) ions.
Eluent
1 mol L-1 Thiourea
0.5 mol L-1 Thiourea

0.25 mol L-1 Thiourea

+ 0.1 M HCl
+ 0.5 M HCl
+ 0.1 M HCl
+ 0.1 M HCl
+ 0.5 M HCl
+ 1 M HCl
+ 0.1 M HCl
+ 0.1 M HCl
+ 0.5 M HCl
+ 0.1 M HCl

Eluent volume (ml)
10
10
5
10
10
10
5
10
10
5
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Recovery, % Tl (III)
99.1 ± 1.1
98.9 ± 2.0
94.6 ± 2.1
100 ± 1.0
97.2 ± 2.1
98.4 ± 2.0
95.3 ± 2.2
96.1 ± 1.3
95.6 ± 2.0
93.5 ± 3.1

Enrichment factor
10
10
20
10
10
10
20
10
10
20
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As flow-rate increased, the recovery rates decreased
because of Tl(III) elution rates.
Adsorption isotherm and adsorption capacity

The adsorption capacity of the resin for thallium(III)
was determined by the batch technique. The experimental
conditions are as follows: amount of resin, 100 mg; pH of
0.5 M HCl; volume of sample solution, 50 ml; thallium(III)
concentrations, 50-800 mg L-1. The effect of contact (shaking) time on adsorption of thallium was evaluated at room
temperature. For this purpose, 50 ml of the sample solution and 100 mg of the resin were placed in a flask. The
flask was shaken with different time intervals at 200 rpm.
The amount of residual thallium(III) in solution was determined by F-AAS after filtration. The data obtained showed
that a contact time of 75 min was sufficient to achieve
equilibrium, and the adsorption did not change with further increase in contact time. The adsorption behaviour of
Dowex resin was determined by studying the amount of
adsorbed thallium as a function of thallium concentration.
The profile of the resin adsorption isotherm for thallium is shown in Fig. 4, representing the amounts of adsorbed thallium(III) versus thallium concentration of the
supernatant, under equilibrium conditions. The analysis of
the isotherm data is important in order to develop an equation that accurately represents the results. The data of the
isotherm reveal that the adsorption process conforms to
the Langmuir model. Adsorption capacity of Dowex resin
for thallium(III) species was measured to be 277.8 mg g-1.

---> Adsorbed amount (mg/g)

300
250
200

ment factor of 100 was obtained. It could be seen that the
recoveries of metal ions were gradually decreased with increasing sample volume. The recovery rates of Tl(III) were
higher than 95 % at high sample volume (i.e. 1000 ml). It
can be said that the Dowex resin can adsorb Tl(III) ions at
very low concentration from large volumes of solution.
-0.40

100

-2.25

-3.63

96

---> Recovery, %
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Relative error, %

88
84
80
0

250

500

750

1000

---> Sample solution volume (ml)

FIGURE 5 - The effect of the sample
volume on the recovery of Tl (III) ions.
Precision of method and limit of detection

Precision of Tl(I) and Tl(III) speciation on Dowex resin
column was investigated at optimum conditions (100 ml
sample volume, 10 ml 0.5 mol L-1 thiourea + 0.1 mol L-1
HCl as eluent; 1.5 ml min-1 flow-rate). The recovery rates
of Tl(III) were 99.42% ±0.34 at 95 % confidence level,
which means quantitative, and the described method can be
reliably used for the speciation of thallium. Adsorption
properties of the Dowex resin that showed very good stability were not changed after use for 10 times. Detection limit
of thallium was determined as 0.100 µg L-1 with ICP-MS
technique.

150

Effect of matrix
100
50
0
0

100

200

300

400

500

600

---> Ce (mg/L)

FIGURE 4 - Adsorption isotherm of
Dowex resin for Tl(III) in batch procedure.
Effect of sample volume

Maximum applicable sample volume on recovery rates
of Tl(III) was studied. Various volumes (100, 500 and
1000 ml) of 1 mg L-1 Tl(III) solutions, being pH-adjusted
by a final 0.5 mol L-1 HCl solution, were passed through the
column. The break-through volume in SPE is the maximum
volume of sample containing a fixed amount of the analyte, until recovery rate is quantitatively.
The results are shown in Fig. 5. Consequently, by using 10 ml eluent and 1000 ml sample solution, an enrich-

The effects of matrix ions on recoveries of thallium
were investigated because real samples such as sediment
contain alkaline earth and some heavy metal ions. For this
purpose, 2 mg L-1 thallium (III) solution at optimum concentration in 0.5 mol L-1 HCl was prepared by containing
different matrix ions (sodium, potassium, calcium, magnesium) at various concentrations. The prepared solutions were
passed through the column at optimal conditions. The results are shown in Table 3. As can be seen, the recovery
of Tl(III) decreased by increasing matrix ion concentrations. However, the recovery of thallium(III) was at least
90.1 %. A Dowex resin loaded column can be used for
speciation of Tl(I) and Tl(III) in sediments, CRM or environmental samples. The recovery of Tl (III) ions was not
affected significantly by alkaline and alkaline earth metal
ions.
Determination of thallium in certified reference material (CRM)

A total of 5 ml concentrated HNO3 acid was added
onto 0.1 g CRM. The solution was heated in a water-bath
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for few min and 3 ml H2O2 was added. The solution was
further heated for a few min, cooled and filtered. After
that, 1 µg L-1, 2 µg L-1 and 5 µg L-1 Tl(III) solutions were
added into 100-ml 0.5 mol L-1 HCl solutions. The solutions
were transferred into 50-ml flasks, and diluted to marks
with distilled water. A sample solution was passed through
the column with 2 ml min-1 flow-rate and Tl(I) was determined in the eluate. Then, Tl(III) ions sorbed on Dowex
resin could be eluted from the column with 10 ml of 0.5
mol L-1 thiourea + 0.1 mol L-1 HCl (1.5 ml min-1 flow-rate)
solutions (Table 4).

at 1.5 ml min-1 flow-rate (Table 6). Only synthetic solutions of Tl(I) and Tl(III) were analysed by AAS.
TABLE 6 - Average recoveries and standard
deviations of standards with single species of Tl(I) and Tl(III).
Group

A
B
C
D
E
F
G
H

TABLE 3 - The effect of matrix ions on the recovery of Tl (III) ions.
Matrix ion

50
400
1000
50
500
1000
50
100
500
50
100
500

Na+

K+
Ca2+

Mg

Recoveries (%)
Tl (III)
99.5
93.8
90.1
99.8
94.7
90.4
99.4
96.3
91.7
99.7
98.2
92.1

Concentration (mg L-1)

2+

1.90 ± 0.40

Added Thallium Found Thallium
(µg L-1)
(µg g-1)
1
4.77 ± 0.11
2
5.80 ± 0.24
5

The concentrations of Tl(I) and Tl(III) in river water
samples are presented in Table 7. The average concentrations of total thallium in Adliye köprüsü and E-5 Sakarya
köprüsü stations were 120 and 110 ng L-1, respectively.
TABLE 7 - Determination of thallium species in
Sakarya River water by using ICP-MS analysis.
Sampling point
Adliye köprüsü
E-5 Sakarya köprüsü

- 2.80
- 3.61

For validation of the method described in this study
as an analytical technique, thallium content of certified
sediment (NCS-DC 73312) sample was determined.
TABLE 5 - Determination of total thallium in
CRM using different digestion approaches (µg g-1).
CRM
value

Open system
acid digestion

1.90 ± 0.40

1.84 ± 0.19

Relative
error
(%)
-3.20

Microwave
acid bomb
digestion
1.87 ± 0.21

Tl (III)
Added
Recovery
(µg ml-1)
(%)
0
0
0.1
99.6 ± 1.8
0.2
99.8 ± 1.4
0.5
98.9 ± 2.3
0.1
99.6 ± 2.5
0.2
100.0 ± 1.3
1.0
99.8 ± 2.4
0.1
99.3 ± 2.1

A volume of 41.5 ml 0.5 mol L-1 HCl was made up to
1 L. Then, river water samples were passed through the
Dowex resin column at a constant flow of approx. 2 ml
min-1. The level of Tl(I) was calculated by difference between total thallium and Tl(III) concentrations.

Relative error
(%)
- 4.20

8.79 ± 0.25

Tl (I)
Added
Recovery
(µg ml-1)
(%)
0.1
99.2 ± 2.1
0
0
0.2
99.4 ± 1.4
0.1
101.1 ± 1.2
0.5
98.8 ± 2.4
0.3
101.9 ± 2.1
0.1
98.8 ± 2.0
1.0
101.4 ± 1.7

Determination of thallium species in Sakarya River water

TABLE 4 - Determination of Tl(III)
in certified sediment (NCS-DC 73312).
CRM value
(µg g-1)

Number
of Duplications
5
5
4
4
4
4
4
4

Relative
error
(%)
-1.60

According to the data obtained in Table 5, microwave
digestion method was applied to sediment reference material due to its digestion speed and reliability for total thallium analysis. The results are in good agreement with the
certified values for thallium (Table 5). In addition, the application of the proposed procedure for total thallium determination was performed to microwave-digested environmental samples summarised in Table 7 [18].
Determination of thallium species in synthetic solutions

Synthetic solutions were passed through the column
with 2 ml min-1 flow-rate and Tl(I) was determined in eluate. Then, Tl(III) ions sorbed on Dowex resin were eluted
by 10 ml 0.5 mol L-1 thiourea + 0.1 mol L-1 HCl solution

Thallium species (ng L-1)
Calculated Tl(I)
Found Tl(III)
38.4 ± 3.1
81.6 ± 2.1
34.7 ± 2.2
75.3 ± 4.1

CONCLUSIONS
The main objective of this work was to develop the
speeding up of a thallium speciation using ion exchange
columns filled with Dowex Monosphere 550A (OH) resin,
followed by ICP-MS analysis. This study demonstrated
that the Dowex resin-loaded column offers a simple, accurate and efficient method for the determination and speciation of thallium. The Dowex resin can adsorb Tl(III) ions
at low flow-rates and from large volumes of solution. In
addition, the recovery is not affected by matrix ions.
The stability of Tl(III) in acidified natural water solutions has been discussed by Cheam [19] and Lin and
Nriagu [20, 21], who have used a cation-exchange resin to
separate Tl(I) and Tl(III) in samples from the Great Lakes
and tributaries. Both studies revealed Tl(III) as the dominant redox species, comprising 66 and 68 % of total dissolved thallium in these lentic and lotic environments. Reported average levels of thallium in natural waters include
1-410 ng L-1 in lakes, 13-1350 ng L-1 in rivers, 1-550 ng L-1
in ground water, and 10-20 ng L-1 in seawater. Tl(III) comprised 74 % of total dissolved thallium after a 60 h incubation in surface waters from Lake Ontario [22], revealing a
maximum species oxidation rate of 0.014 h-1.
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As a result, a simple, sensitive, selective and low cost
method has been developed to determine trace amounts of
thallium species. It was found that both Tl(I) and Tl(III)
can be studied in a wide range of pH. Thus, the experimental results showed that Dowex Monosphere 550A
(OH) anion exchange resin can be used to separate
Tl(I) and Tl(III) species. This developed method was applied to synthetic solutions, real sample solutions, and
standard reference materials for thallium speciation and
determination studies. The results were also compared with
literature data, which showed poor efficiency results. In
this study, 10 ml of elution solution was necessary for a
total of 100 ml sample solution. The enrichment factor for
a 1-L sample solution was 100-fold increased. Thus, the
retained analytes on the resin were recovered with 10 ml of
thiourea solution only with one step. Not any study in literature succeeded in giving such high enrichment factors but
low elution volumes as our study.
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ABSTRACT
The polyaldehyde derivative of water-soluble dextran
sulphate (DS) (Mw: 500 000 Da) was covalently coupled to
Aspergillus oryzae α-amylase (EC 3.2.1.1) in aqueous solution with different molar ratios (nenzyme/npolymer: 10, 20, 30).
These conjugates were obtained by multi-point covalent
bonding of dextran sulphate aldehyde to the enzyme. The
aldehyde group is responsible for covalent bonding, and
the negatively charged sulphate group provides electrostatic attraction of the positively charged biomolecules. The
conformational changes of the enzyme molecule in conjugates were observed using fluorescence techniques. These
studies revealed that the enzyme molecules in conjugates
were stretched and more exposed to water molecules in
aqueous solutions. The conjugation caused the expansion
of pH activity range of the enzyme through the lower pH.

KEYWORDS: Aspergillus oryzae α-amylase, dextran sulphate,
covalent conjugates, activity, fluorescence.

INTRODUCTION
Conjugates of natural and synthetic macromolecules
have recently been found various biomedical and biotechnological applications, in particular with respect to drug
delivery, immobilization of enzymes and cells in bioreactors, and in immunoassays. The mechanism of the formation of the conjugates of water-soluble and insoluble
polymers with proteins have been widely investigated. In
these studies, protein molecules have been coupled to
polymers by covalent binding, or by complex formation
via metal ions. Some of these conjugates containing antigenic molecules revealed strong immunogenecity, and
were used for immunization and vaccine production [1-8].

However, immobilisation of industrial enzymes by coupling to several kinds of support leads to ease of removal
from the product and re-use. Attachments of the enzymes
on water-soluble or insoluble materials have been studied
for improving their stability. Recently, covalently coupling
of enzymes to synthetic or natural macromolecules have
been investigated [9, 10].
The enzyme stability and activity are, in general, of opposite nature, and these factors are considered in the selection and design of the enzymes. Because hydrophobicity/
hyrophilicity balance of enzymes plays a fundamental role
in their catalytic activities, enzyme activity can be altered
by modifying the surface (microenvironment). Hence, the
covalent modification of the enzyme via the lysine residues
at the surface of enzyme molecules by attaching amphiphilic polymers or other modifiers have been widely
studied [11-14]. Modification of amino groups generally
gave no drastic decrease in enzyme activity, but occasionally led to the improvement of stability and reactivity [15].
The covalent coupling of cellobiase and alkaline proteinase to periodate-oxidized dextran increase the resistance
of the enzyme to heat inactivation [16, 17]. Immobilization of enzymes cause the shift of pH-optimum, which
depends on the nature of the matrix [17, 18]. The effect of
decreasing the activity of immobilized enzymes with
temperature is related to the change in the kinetic parameters [17]. The rigidification of native enzyme structure by
conjugation with polymers can lead to stabilization of the
enzyme, particularly against thermal inactivation [12].
Starch polymerization by amylolytic enzymes is a key
step in several industrial food processes, including breadmaking, brewing and the production of corn syrup of high
fructose content. In these processes, starch is totally or
partially hydrolized to a mixture of dextrins, maltose and
glucose by microbial amylases, such as Aspergillus oryzae
α-amylase (Taka-amylase) [19, 20]. α-Amylases (1,4-α-Dglucan glucanohydrolases; EC 3.2.1.1) are a family of endoamylases that catalyse the hydrolysis of α-D-(1,4)-glycosidic
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linkages in starch and related compounds. Fungal α-amylases have three domain structures consisting of the catalytic core domain A linked to a C-terminal eight-stranded βsheet domain. Domain B is found to be inserted between
the third β-sheet and the helix of the (α/β)8- barrel, and
plays a role in both enzyme stability and substrate binding. A single structural calcium-binding site is found between the A and B domains in all amylase structures. The
catalytic residues of α-amylase of Aspergillus oryzae are
Glu-230 and Asp-297, although Asp-206 is also shown
close to the glycosidic bond to be broken in the computergenerated structure of a complex between this enzyme
and an α-glucan segment [21-28].
Fluorescence spectroscopy is widely used to study peptides and proteins. The aromatic amino acids tryptophan,
tyrosine and phenylalanine offer intrinsic fluorescent probes
of protein conformation, dynamics and intermolecular interactions. Of the three, tyrptophan is the most popular probe.
The fluorescence of tyrptophan in proteins is heterogenous
having different fluorescence maxima and quantum yields
depending on the protein, and its state of naturation. It has
been suggested that these properties are dependent on differing of solvent exposure of tryptophans, or on the polarity
of their environment. In principle, if the protein structure is
known, the changes in tryptophan fluorescence can be interpreted in structural terms at atomic resolution [27-31].
Trytophan fluorescence in proteins is susceptible to
multiple quenching interactions. Two common quenchers
of trytophan fluorescence are water molecules and peptide
bonds. The amino acid side-chains also quench trytophan
fluorescence. In proteins, proximity, specific geometry
or local polarity may enhance the quenching of amino acid
side-chains. Trytophan molecules show quenching by H3O+
and OH-, or may be partially due to protonation or deprotonation of the amino acid side-chains [28,29].
Conformational changes are essential for the activity
of many proteins. The internal fluctuations of proteins are
related to slow conformational changes that mediate protein functions. The molecular orientational fluctuations are
reflected by the anisotropy decays. The time window in
which the anisotropy can be detected depends on the range
of the fluorescence intensity decay [33-35]. Fluorescence
techniques have been used to study protein-polyelectrolyte
complexations. From the fluorescence emission shift of
trytophan residues in proteins, it is possible to localize
the interaction between proteins and polyelectrolytes at
certain protein domains [36]. Recently, the interactions of
bovine serum albumin with polysaccharides in the presence of different transient metal ions have been also investigated by fluorescence methods [37].
In the present paper, we studied the covalent conjugates of industrial enzyme α-amylase of Aspergillus oryzae
(Taka amylase) with the polyaldehyde derivative of dextran
sulphate for the first time. The activities of the enzyme
and conjugates were measured at different pHs and temperatures. The conformational changes of this enzyme molecule

containing 9 tryptophan and 28 tyrosine residues were
investigated, depending on coupling ratio under different
conditions, using fluorescence techniques.
MATERIALS AND METHODS
Materials

Aspergillus oryzae alpha-amylase (E.C. 3.2.1.1) (Mw
~ 50.000 Da) and soluble starch were purchased from Fluka.
Dextran sulphate T5 (Mw ~ 500.000 Da) was purchased
from Sigma (USA). All other chemicals used were of analytical grade.
Preparation of enzyme-dextran sulphate conjugates

NaIO4 (5x10-4 mol/g) was added to a dextran sulphate
(10 ml/g) aqueuos solution. The mixture was stirred at
20 °C for 5 h, and then dialysed for 24 h. The obtained
aldehydic polymers were recovered by freeze-drying. The
conjugation of enzyme to polyaldehyde derivative of dextran sulphate was carried out in phosphate buffer (pH 7)
using 10, 20, and 30-mol ratios of enzyme/polymer, and
conjugate I, II and III were obtained. The concentration of
the enzyme in buffer was 1, 2, and 3 mg/ml [12].
Determination of enzyme activities

The activities of enzyme and conjugates were analyzed
as a function of pH and temperature. The assay procedure
was as follows: 1 ml 1.0% (w/v) starch solution was
transferred to 10-ml volumetric flasks and equilibrated at
20 °C. 1 ml enzyme solution was added to the flasks, mixed
by swirling and incubated for exactly 3.0 min at 20 °C.
Then, 1 ml reagent solution (8 ml 5.3 M Na-K-tartrate solution added to 20 ml 96 mM 3,5-dinitrosalicylic acid solution, and volume adjusted to 40 ml) was added to reaction
content in the flask, capped and placed in a boiling waterbath for exactly 15 min, then cooled on ice to room temperature. After the addition of 9 ml distilled water to the
solution, the absorbance was recorded using a Jenway 6061
model colorimeter against the blank. The activities of the
samples were determined from the obtained calibration
curve [22, 26].
Fluorescence measurements

The fluorescence characteristics of the enzyme and
conjugates were determined using Quanta Master and Time
Master spectrofluorometers (Photon Technology International, Canada). Fluorescence emission spectra were obtained with Quanta Master spectrofluorometer operating in
quanta-counting mode. The slits of excitation and emission
monochromators were adjusted to 2 or 3 nm, and excitation
was carried out at 290 and 300 nm. The wavelengths at the
maximum of emission spectra (λmax) and fluorescence
intensity decay graphs were obtained with the excitation at
297 nm using the Time Master mode (C-71 model) of the
instrument with a thyroton-gated nitrogen flash lamp, and
fluorescence lifetimes were calculated.
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RESULTS AND DISCUSSION
Activity Results

The covalent conjugation of Aspergillus oryzae αamylase with dextran sulphate changed the action pattern
of the enzyme. The isoelectric point of the conjugate III
(1/30) was at 5, but that of free enzyme at 6.5. The activities of enzyme and conjugates are presented in Fig. 1.
Conjugation with dextran sulphate slightly decreased the
enzyme activity at pH 4. It was also observed that the
activity of conjugates was higher than that of free enzyme
at pH 3. In addition, after covalent conjugation of the
enzyme with dextran sulphate, the activity pH range was
shifted through the acidic pH.

FIGURE 2 - Maximum emission wavelength of the enzyme and conjugates as a function of coupling ratio at different temperatures (pH 3,
excitation wavelength: 300 nm).
TABLE 1 - The maximum emission wavelengths of the enzyme and
conjugates.

FIGURE 1 - The activities of enzyme and conjugates depending on
pH at 20 °C.
Fluorescence Results

Conformational changes in enzyme molecule can be
indicated as the changes in the positions of fluorescence
spectra maxima. Since the Aspergillus oryzae α-amylase
molecule contains 9 tryptophan and 28 tyrosine residues,
the fluorescence results obtained with the excitation 300
nm were preferred for the elimination of the tyrosines
fluorescence. As shown in Fig. 2, covalently coupling with
dextran sulphate in 1/30 (dextran/enzyme) molar ratio
caused slighty red shift, and increase of dextran sulphate
ratio in conjugates from 1/30 to 1/10 resulted in substantialy blue shift at pH 3 and all temperatures examined.
The variation of fluorescence maxima depending on coupling ratio at pHs 3, 5, 7 and 9 were different. The maximum emission wavelengths of enzyme and conjugates at
different pHs and temperatures are presented in Table 1.
The variation of fluorescence maxima depending on
pH at 20 °C is given in Fig. 3. The emission maxima of the
free enzyme decreased regularly from 334 nm to 325 nm
with the increase of pH, and induced a blue shift. After
conjugation, the variation of fluorescence maxima of enzyme molecule in conjugates depending on pH was different for each coupling ratio. The conjugates showed red
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nEnz/nDex:20
nEnz/nDex:30

325

3

4

5

6

7

8

9

pH

FIGURE 3 - Maximum emission wavelengths of the enzyme and
conjugates as a function of pH (excitation wavelength: 300 nm,
temperature 20 °C).
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shift for some pH ranges with the increase of pH, especially from pH 7 to pH 9. These results indicated that the
free enzyme molecule lost its charge with the increase of
pH in the aqueous medium. But, the variations of electrical charge of the conjugates were not similar with the
enzyme molecule in these conditions.

TABLE 2 - Fluorescence intensities of the enzyme and conjugates at
the emission maxima (excitation wavelength: 300 nm).

Fig. 4 presents fluorescence spectra of conjugate II
(nenz./ndext.: 20) at pH 5 and different temperatures. Fig. 5
shows the fluorescence intensities of free enzyme and conjugates at pH 3 and different temperatures. The fluorescence intensities of enzyme and conjugates at different pHs
and temperatures are presented in Table 2. These results indicate that fluorescence intensities of the coupled enzyme
were changed depending on the dextran sulphate contents
of the conjugates. When the dextran sulphate molar ratio was
30 in the conjugate, the fluorescence intensity was about
15-fold that of the free enzyme. The fluorescence intensities of free enzyme and conjugates slightly decreased with
the increase of temperature.

Fluorescence lifetimes of the free enzyme and conjugates were calculated from the intensity decay profiles
obtained with the excitation at 297 nm using Time Master
mode (C-71 model) of the spectrofluorometer (PTI). The
variation of the results depending on pH and temperature
are presented in Table 3.
TABLE 3 - Fluorescence lifetime of the enzyme and conjugates.

FIGURE 4 - Fluorescence spectra of conjugate II (nenz/ndex: 20)
depending on temperature at pH 5 (excitation wavelength: 300 nm).

CONCLUSION

FIGURE 5 - Fluorescence intensities of the enzyme and conjugates
depending on coupling ratio, at different temperatures and pH 3
(excitation wavelength: 300 nm).

In conclusion, although the conjugate solutions were
not homogenous samples, the fluorescence results related
that covalent conjugation with dextran sulphate changed the
conformation of Aspergillus oryzae α-amylase. The enzyme
molecules were stretched with the covalent binding of dex-
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tran sulphate, and their tryptophan rests were more exposed
to water molecules in aqueous solutions. The electrical
charges of enzyme molecules in conjugates were changed
depending on binding ratio in the solutions with different
pH values. The pH range of enzyme activity in the conjugates was expanded shifting through the lower acidic pHs.

The authors wish to commemorate this study to the beloved professor Mehmet Mustafaev Akdeste. The authors
would like to thank Dr. Miroslava Demchenko.
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ABSTRACT
Enhanced biological phosphorus removal (EBPR)
processes are one of the most popular methods for nutrient
control. In this study, effects of seasonal wastewater composition upon key characteristics of the EBPR process were
investigated in a large wastewater treatment plant (İzmir
WWTP). Microbial activities were determined by anaerobic-anoxic-aerobic batch tests using fresh activated sludge.
In addition to batch tests, wastewater composition, environmental conditions and operational variables of the plant
were compiled in the period of the study. Quantification of
microbial groups was based on a model. All of the compiled data were evaluated statistically. Decrease in the ratio
of influent readily biodegradable soluble COD (rbsCOD)
to total phosphorus (TP) (rbsCOD TP-1) from 16 (winter) to
9 (summer) affected mass fraction of the microbial groups
and intracellular phosphorus content of polyphosphate accumulating microorganisms (PAOs). Intracellular phosphorus (P) content of PAOs ranged from 10% to 30%. Average
mass fraction of ordinary heterotrophic microorganisms
(OHOs), glycogen accumulating microorganisms (GAOs)
and PAOs were 54.3%, 21.2%, 24.4% in the winter period
and 51.6%, 8.2% and 9.5% in the summer period. A positive
correlation between PAOs activities (anaerobic-anoxicaerobic) and influent rbsCOD TP-1 ratio was observed. Decrease of the ratio below 10 resulted with significant EBPR
deterioration.

KEYWORDS: Enhanced biological phosphorous removal (EBPR),
wastewater characterization, PAOs, GAOs, OHOs, full scale, large
wastewater treatment plant, mass balance

INTRODUCTION
The process of enhanced biological phosphorus removal
(EBPR) relies on the enrichment of the activated sludge

with polyphosphate accumulating microorganisms (PAOs)
by exposing the microorganisms into anaerobic-anoxicaerobic environments. Preferential selection of PAOs in the
system is attributed to energy conversion ability of these
microorganisms in anaerobic condition with storage ability of simple carbohydrates. In these assimilative reactions,
energy is derived from hydrolysis of intracellular poly-P
reserves. Stored carbohydrates are utilized using nitrate or
dissolved oxygen (DO) to generate required energy for reproduction of new cells and restoring depleted poly-P reserves in anoxic and aerobic conditions [1, 2].
Wastewater composition is one of the critical concern
for both design and operation periods of EBPR plants.
Nutrient levels of the wastewater could be used for selection of process configuration at design level, and could also
be used to predict the effluent quality during operation
period [3, 4]. Many scientific investigations showed that
performance of the EBPR processes highly depends on
easily biodegradable substrate forms [4, 5]. However, there
is significant gap in reported optimum COD P-1 ratios that
suggested for providing a stabile EBPR performance [4, 6,
7]. Results of full-scale studies also proposed that carbon
concentration of wastewater could influence the occurrence
and activity of microbial groups [8, 9]. Especially low P C-1
ratios may cause domination of GAOs in the activated
sludge system. Laboratory-scaled studies proposed that P
COD-1 ratio of 0.03:1 may provide effluent phosphorus of
less than 1 mg L-1 [10-12]. A recent study, conducted in
eight treatment plants, suggested that influent P VFAs-1 ratio
of 0.12 may provide effluent phosphate concentration less
than 1 mg L-1 [13].
Although EBPR systems are well established, identification of microbial dispersal in these systems is still under
investigation. It was also reported that, although several
methods developed to analyze the microbial structure of
the EBPR process, several critical issues are still unclear
[13, 14]. Furthermore, many scientific investigations in this
field were performed on laboratory-scaled pilot plants. It
should be underlined that practically all studies have been
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carried out at laboratory-scale, whereas comparative data
and observations from full-scale studies are still limited.
Therefore, there is a clear need to verify and extend the
findings of laboratory-based studies to full-scale operating
plants [14].
The objective of the present paper is to determine how
environmental and operational conditions as well as seasonal variations of wastewater composition may influence
the EBPR activities of a large-scale WWTP plant. Research
was carried out in İzmir Wastewater Treatment Plant
(WWTP), designed to serve 3.5 million population equivalent. Experimental studies have been carried out for one
year from January to December 2006. In order to evaluate
the EBPR process accurately, COD, BOD, volatile fatty
acids (VFAs), phosphate, ammonium, nitrate, total nitrogen,
pH, temperature and DO were measured in influent and
effluent wastewater. Mass balances were also performed
around anaerobic, anoxic and aerobic zones considering all
main and side streams. Some important parameters of this
process, such as mixed liquor volatile suspended solids
concentrations (MLVSS), hydraulic retention times in biological treatment units and solids retention time (SRT),
were determined depending on the period. Flow data including inflow, external - internal sludge recirculation and
sludge withdrawal rates were monitored and recorded continuously. Batch-scale tests were also performed parallel to
the full-scale investigations to identify microbial responses.
All of the experimental results were statistically analyzed
and compared with the results of previous studies.

MATERIALS AND METHODS
Process Configuration for full scale investigations

The WWTP was designed to treat domestic and industrial wastewaterwith an average flow-rate of 605,000 m3/day.
In the plant, wastewater firstly comes to pre-treatment units
which consist of fine screens, aerated grit chambers and
circular primary sedimentation tanks. Following the grit
removal process, wastewater is distributed equally to three
treatment lines. On each of these independent treatment
lines, wastewater is settled in primary clarifiers. Pre-treated
wastewater is then introduced to an anaerobic tank in which
settled wastewater comes into contact with microorganisms
carried by the return sludge line. In the process, return activated sludge flow-rate (RAS) is controlled by the inflow
rate (Q) (RAS Q-1:0.76). SRT is one of the most important process variables and average SRT of the process was 15 days in the period of the study.
After the anaerobic contact period, wastewater is at first
exposed to anoxic conditions for denitrification reactions.
Following to the anoxic zone, the activated sludge is introduced to aerobic conditions in oxidation ditches for combined removal of carbon, nitrogen and phosphorus. Mixed
liquor rich in nitrate is recycled from aerobic zone to anoxic zone with an internal recycle of 400% based on inflow.

Biomass and effluent phases are separated in circular final
clarifiers.
Sampling & Analytical Methods
Sampling Methods

Samples were collected periodically in the influent,
start - end of the biological stages (anaerobic, anoxic and
aerobic), and in the effluent of the final clarifiers as flow
portioned. Since chemical characteristics of the samples
(both wastewater and activated sludge) are very unstable,
the periods from sampling to analysis were kept as short
as possible (<1 h).
Analytical Methods

BOD test is performed by respirometric methods in
which pressure differences were measured automatically
by the aid of lithium hydroxide. COD measurement was
based on reaction of oxidizable substances with sulphuric
acid – potassium dichromate solution including silver sulfate as a catalyst. VFAs concentration is determined according to reaction between fatty acids and diols in an acidic
environment, resulting with formation of fatty acid esters.
Total nitrogen concentration is determined photometrically
by oxidizing inorganically and organically bonded nitrogens to nitrate with peroxide-sulphate. The method used
in determination of ammonium concentration is based on
reaction of ammonium ions with hypochlorite and salicylate ions in the presence of sodium nitroprusside as a catalyst to form indophenols blue. Nitrate concentration was
determined according to the reaction of nitrate ions with
2.6-dimethylphenol in sulphuric/ phosphoric acid medium
to form 4-nitro-2.6–dimethylphenol. Phosphate measurement was based on reaction of phosphate ions with molybdate and antimony in an acidic solution to form an antimony phosphomolybdate complex. Microwave digestion
method was also used to measure activated sludge phosphorus content. Suspended solids (SS), mixed liquor suspended solids (MLSS) and MLVSS were measured according to Standard Methods [15]. Values of pH and temperature were measured using well calibrated probes.
Determination of nutrient levels in the influent of the anaerobic and anoxic zones

The RAS from the final sedimentation tanks to the inlet of the anaerobic tank is essential for the maintenance
of desired biomass concentration in the process. Substrate
concentrations in the inlet of the anaerobic tank should be
determined using mass balance approach considering both
influent and the return sludge characteristics [16]. Therefore, the initial substrate concentrations were defined as
follows:

Sf =

[Q(S ) + Qr (S r )]
[(Q + Qr )]

(1)

In this equation Sf symbolizes various substrate forms,
including COD, VFAs, nitrogen, phosphorus, and DO as
mg L-1. Inflow and return sludge flow-rates were symbol-

2120

© by PSP Volume 18 – No 11. 2009

Fresenius Environmental Bulletin

ized by Q and Qr as m3 s-1. S and Sr define substrate concentration in the influent and return sludge as mg L-1.
Although return sludge contains inert soluble COD, dilution effect of this side stream was considered.
In the oxidation tanks, nitrified mixed liquor is recycled from the aerobic to the anoxic zone. The internal recycle ratio is 4:1 based on the inflow. Soluble substrate forms
in the influent of anoxic zone (Sanoxic-inf) were determined
performing mass balance around the anoxic zone.

[S anoxic−inf

[(Q + Q ) × [S
]=
r

an −eff

]+ (Q × [S ])]
int

ae

[(Q + Qr + Qint )]

its various fractions. In addition to COD fractions, BOD5,
TN, NH4-N, TP and PO4-P parameters were also monitored
for each one of experimental sets. Since the activated sludge
is composed of non-PAO and PAO microorganisms, P content of the activated sludge is equal to the average, mass
fraction and intracellular P content of these microbial groups.
Therefore, P content of the activated sludge could be defined
using the following equation as a function of mass fraction
(Px) and intracellular P content (Fp):

Pactivateds ludge =

(2)

(2)

In this equation, internal recycle flow was symbolized
by Qint as m3 s-1. San-eff and Sae are substrate concentrations
in the anaerobic tank effluent (phosphate) and in the internal activated sludge (phosphate and nitrate) as mg L-1.
Model description and calibration

PAOs / GAOs metabolisms were established by considering the previous studies [7, 17]. Under anaerobic conditions, PAOs take up VFAs and store them as PHA. Energy required for acetate uptake and its conversion to acetylCoA are aided by utilization of stored poly-P, leading to
orthophosphate release from the cell [18, 19]. Under oxidative conditions, stored PHA is utilized to generate required
energy for cell synthesis and restoration of emptied polyP pools. The models used in this study for simulation
incorporate a large number of stoichiometry and kinetics
parameters relating to both PAOs and GAOs. The parameter values were derived from the calibration procedures
done in previous studies [7, 17, 20]. Due to the over-parameterized structure of the models, some parameters responsible for PAOs and GAOs, such as rates of lysis, saturation
and inhibition coefficients, as well as stoichiometric parameters, were set to their default values as proposed in the
literature in order to reduce the number of parameters to be
calibrated. The important point in the first step of the model
calibration is to maintain the biomass concentrations of
PAOs or GAOs in the activated sludge system by simulating the same amount of MLVSS concentrations. The second step is to fit the model simulation results on other
measured components, such as acetate uptake or phosphate
release, which were measured by batch tests using fresh
activated sludge collected from the plant.
In establishing the stoichiometry, acetate uptake which
was reported as one of the most important parameters in
PAOs metabolism, was determined by direct measurements
using freshly collected activated sludge samples. Determined P VFAs-1 ratios varied from 0.60 to 0.66 P-mol Cmol-1 which were in accordance with those obtained previously [21].

Pxnon − PAOs × Fpnon − PAOs + PxPAOs × FpPAOs (3)
Pxnon − PAOs + PxPAOs

Intracellular P content of the activated sludge was determined using both direct analytical measurement technique and calibrated model to validate the assumed parameters. Therefore, this approach also provided control of
estimated microbial mass fractions and intracellular P
content. P content of PAOs and mass fractions of microbial groups were estimated using the model.
Experimental procedures for batch-scale investigations

2-L Woulff bottles (Woulff’sche Flaschen, DURAN®,
Schott) were used to perform the batch-scale experiments.
Time interval of the batch tests was determined according
to the sludge age of the system. During the batch tests, mixing was provided by a magnetic stirrer. N2 gas was fed to
the reactor by a diffuser from N2 tube in anaerobic and anoxic batch tests. Oxygen demand was provided with an air
pump connected to a diffuser in aerobic batch tests. All samples were filtered immediately using single-use syringe filters with a pore size of 0.45 µm, and pH of the batch reactors was adjusted according to the field measurement results.
Anaerobic phosphorus release batch test

Freshly collected effluent and activated sludge samples were obtained from the return activated sludge (RAS)
pumping station. A portion of the effluent, acetate and
activated sludge were placed into the reactor. The volumetric mixture ratios between effluent, acetate and activated
sludge were determined according to the actual F/M ratio
of the treatment plant (0.1 – 0.2 g BOD (g MLVSS d-1)).
The reactor was continuously flushed by N2 gas to avoid
oxygen entrance. Samples were taken periodically at 1, 5,
10, 15, 20, 30, 60 and 90 min.
Acetate in excess (100-500 mg HAc-C L-1 or (266800 mg sCOD L-1) was instantly added at the beginning
of the test and anaerobic conditions were provided. PO4-P,
VFAs and MLVSS concentrations were measured for 1.5 h
to determine the phosphorus release rate (mg P g VSS-1
min-1) and VFA utilization rate (mg VFAs g VSS-1 min-1)
[22, 23].

Validation of the obtained results by field based tests

Field-based studies were performed using mass balance equations based on detailed wastewater characterization. Influent wastewater was characterized for COD and

Anoxic and aerobic phosphorus uptake batch tests

The activated sludge samples collected from the return
sludge line were firstly exposed to anaerobic conditions in
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the presence of acetate in order to deplete internal poly-P
pool and to increase the PHA level of the biomass [23].
Acetate was instantly added to the reactor under anaerobic
conditions as carbon source. After a 2 h-anaerobic period,
acetate was fully consumed and phosphorus was released
into solution. At this point, sludge was divided into two
equal parts to perform anoxic and aerobic phosphorus uptake batch test.

same (ρ=0.835). Average difference of influent TP concentration between the periods was 1.836 mg L-1. Since the
decrease of carbonaceous content (rbsCOD and VFAs) was
much higher as compared to decrease in TP concentration,
average summer rbsCOD TP-1 ratio was significantly lower
than winter period up to 56%.

Anoxic conditions were maintained by the addition of
surplus amount of nitrate at the beginning of the test (24 mg
N L-1). The reactor was mixed for 3.5 h and samples were
taken periodically at 0, 1, 30, 60, 90, 120, 180 and 210
min. PO4-P, NO3-N and MLVSS concentrations were measured to determine the anoxic phosphorus uptake rate (mg
P g VSS-1 min-1) and nitrate utilization rate (mg NO3-N g
(VSS)-1 min-1)

Data
Data
Mean
Groups Number
BOD
Winter
24
194.241
mg/L
Summer
24
106.108
COD
Winter
24
529.106
mg/L
Summer
24
342.206
bCOD
Winter
24
318.111
mg/L
Summer
24
174.118
rbsCOD
Winter
24
159.156
mg/L
Summer
24
68.147
VFAs
Winter
24
64.156
mgHAC/L
Summer
24
31.148
Winter
24
16.144
rbsCOD/TP
Summer
24
9.242
*Dimension of the parameters is mg L-1

The remaining part of the activated sludge was exposed to aerobic conditions for 3.5 h. The reactor was
mixed for 3.5 h and samples were taken periodically at 0,
1, 30, 60, 90, 120, 180 and 210 min. PO4-P and MLVSS
concentrations were measured to determine the aerobic
phosphorus uptake rate as mg P g (VSS)-1 min-1.

TABLE 1 - Descriptive statistics of influent carbonaceous content.
Parameter

Std.
Dev.
61.398
14.545
176.902
40.708
100.570
23.439
54.979
10.885
21.717
4.889
4.169
2.434

TABLE 2 - Statistical comparison of seasonal influent carbonaceous
content.

Statistical analysis

In this study, seasonal variations in population quantification of microbial groups, environmental parameters (influent and effluent characteristics) and operational parameters (sludge age, internal and external recirculation) and
design aspect (nominal anaerobic, anoxic and aerobic hydraulic retention times) were compared with each other
statistically using Independent Samples T Test. SPSS v.13
software was used in the data analysis.

Std. Error
Mean
14.891
5.498
42.905
15.386
24.392
8.559
13.334
4.414
5.267
1.848
1.011
0.920

BOD, COD, bCOD, rbsCOD, VFAs,
rbsCOD TP-1
Parameter

ρ

BOD
COD
bCOD
rbsCOD
VFAs
rbsCOD:TP

0.001
0.001
0.000
0.000
0.000
0.000

Mean
Difference
88.185
186.261
144.604
90.202
33.244
7.160

St. Err.
Difference
15.874
45.581
25.951
13.955
5.582
1.367

95% Confidence
Interval of the
difference
Lower

Upper

55.039
91.031
90.967
60.967
21.577
4.853

121.331
281.490
198.809
119.437
44.911
10.578

TABLE 3 - Descriptive statistics of influent N and P composition.

RESULTS AND DISCUSSION

Data
Data
Mean
Groups
Number
TN
Winter
24
36.701
mg/L
Summer
24
27.821
NH4-N
Winter
24
23.011
mg/L
Summer
24
23.523
TP
Winter
24
9.441
mg/L
Summer
24
7.618
*Dimension of the parameters is mg L-1

Parameter

Wastewater characterization results

Investigation results indicated that wastewater organic
composition showed seasonal drastic fluctuations during
the period of study. As it could be seen from the statistical
analysis results, given in Tables 1 and 2, influent carbonaceous composition of winter and summer seasons were
significantly different from each other (2- tailed sig.(ρ)
<0.005). Especially, concentration of vital nutrients for
proliferation of PAOs, such as rbsCOD, and VFAs, decreased significantly in the summer period. Pinf VFAsinf-1 (mg
mg-1) ratios measured in the winter and summer period
varied from 0.13 to 0.16 mg mg-1and 0.25 to 0.27 mg mg-1
in the period of study. It could be concluded that the level
of Pinf VFAsinf-1 ratio was not sufficient in the summer
period as compared to the results of previous studies [1, 5,
11-13].
It is evident from Tables 3 and 4 that variations in TN,
NH4-N and TP were not critical as compared to the decrease in carbonaceous level. Especially seasonal ammonium (NH4-N) concentration of the influent was nearly the

Std.
Dev.
4.820
4.486
5.540
4.750
2.490
0.811

Std. Error
Mean
1.169
1.695
1.512
1.942
0.605
0.306

TABLE 4 - Statistical comparison of seasonal influent N and P composition.
95% Confidence
Interval of the difference

(TN, NH4-N, TP)
Mean
Difference
0.000 8.970
0.835 -0.525
0.073 1.836

Parameter ρ
TN
NH4-N
TP

St. Err.
Difference
2.124
2.461
0.679

Lower

Upper

4.564
-5.932
0.425

13.377
4.881
3.246

One of the other important environmental factors is
initial wastewater pH, which is effective on both anaero-
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Wastewater temperature is not only important for EBPR
but also for all biochemical reactions. In general concept, inreasing temperature could enhance overall performance of
biological nutrient removal including nitrification and denitrification reactions. However, it was also reported that
high activated sludge temperature may result in GAOs
domination over PAOs [26, 27]. Investigation results indicated that average temperature difference between summer
(25 ˚C) and winter (18 ˚C) period was approximately 7 ˚C.
However, measured average g VFAsconsumed (g Preleased)-1
was nearly the same during the whole monitoring period.
Interestingly, mass fraction of GAOs did not increase in
the summer period as an outcome of increasing
wastewater temperature. This situation could be attributed
to COD limited conditions (rbsCODTP-1<10) in the summer
period. Anaerobic, anoxic and aerobic PAOs activities
measured in summer period were also lower as compared
to the winter period.
Full scale process monitoring results

It was reported that optimum MLVSS concentration for
a typical EBPR configuration should be within the range of
2.5-3.0 g L-1 [16, 28]. Seasonal MLVSS concentrations
were also examined statistically during the monitoring period. According to the descriptive statistics, average summer
MLVSS concentration was 2.5 g L-1 and average winter
MLVSS concentration was 2.6 g L-1. Therefore,
wastewater composition could be evaluated as suitable for
bacterial growth, and the maintained biomass concentration
were always nearly optimum during the monitoring period.
Sludge age of the biological system ranged between 720 days and average winter and summer SRT was nearly
equal to each other as 15 days.
Another important operational parameter in EBPR is
anaerobic retention time (HRTa). Although the optimum
HRTa varies according to the process type, it could be said
that HRTa should be higher than 1 h for many EBPR processes [16]. In the full-scale systems, HRTa would be
variable as a function of inflow rate through the day. Therefore, anaerobic EBPR activities, including VFAs uptake
and P release rates, may be variable in the hourly basis.
In this study, to obtain comparable results and evaluate the
EBPR process accurately, samples were taken at similar
flow-rates, corresponding to nearly equal HRTa values of
higher than 1 h.

Full-scale investigation results of this study proposed
very high rbsCOD TP-1 ratio (of 21) as compared to those
values obtained from previous pilot studies. One of the
reasons of this high carbon requirement could be electron
acceptor input to the anaerobic zone that has a net reducing effect on simple substrate forms. It was also reported
that 1 g nitrate could consume 5–9 g of rbsCOD [6]. Measurement results indicated that both influent and return
sludge lines contained significant amounts of electron acceptors ranging from 2 to 4 mg L-1 (nitrate and DO). Another reason of this gradually higher carbon requirement
could also be explained with fermentation degree of the
rbsCOD present in the influent. Moreover, if rbsCOD fraction contains significant amount of poorly fermented substances, VFAs generation yield could be expected at lower
rates.
It is evident from Fig. 1 that increase of rbsCOD TP-1
ratio from 6 to 21 resulted with a significant increase of
overall EBPR efficiency up to 88%. In this figure, experimental sets proceeded in the summer period were labeled
from II to VII (in the X-axis) and other numeric labels (I,
VIII- XII) represent winter period. Investigations also
indicated a strong correlation (R2=0.98) between rbsCOD
TP-1 ratio and EBPR efficiency.
As it was also depicted in Fig. 1, fundamental EBPR
characteristics including anaerobic phosphorus release,
phosphate concentration in effluent of anoxic and aerobic
zones indicated a serious improvement trend with parallel
increase of rbsCODTP-1 ratio as well. Effluent phosphate
concentration also decreased from 5 to 1 mg L-1, parallel
to the increase of rbsCOD TP-1 ratio. Average TP removal
efficiency in the summer period was 30% indicating the
magnitude of EBPR failure. On the other hand, COD and
nitrogen removal efficiencies were up to 90% and sludge
settling characteristics (sludge volume index ≈100) were
nearly optimum level in the summer period contrary to
failure in phosphate removal.
30

100
Influent

90

A naerobic

25

80

A noxic

EBPR Efficiency, %

bic and aerobic microbial metabolism. It was clearly
demonstrated that PAOs domination could be achieved
over neutral pH [24, 25]. Furthermore, it was also reported that GAOs may dominate at pH levels of less than 7
[26]. According to the statistical analysis, average pH was
7.8 in the winter and 7.5 in the summer period. Mean
difference of seasonal pH variation (0.3) was negligible. It
could be con-cluded that wastewater pH were nearly optimum for proliferation of PAOs in the period of study.
Furthermore, GAOs domination could not be expected at
this level of pH for both winter and summer periods.

PO 4 -P Conc., mg/L; rbsCOD/TP
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FIGURE 1 - Measured PO4-P concentrations in process,
rbsCOD/TP ratios and observed EBPR efficiencies in the period of
study.

Enrichment of the activated sludge microorganisms with
P content ranging from 4.1 to 15.6% is an important indi-
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cation of a well-established EBPR process [28, 29]. Descriptive statistics of the estimated (model) and analytically
measured intracellular P contents are given in Tables 5 and
6. According to the statistical analysis, mean difference
between estimated (model) and measured P contents were
not significant. Furthermore, 95% confidence interval of
the difference was lower -1.496 and 1.779 for upper range.
These results clearly indicated that stoichiometric equations were well calibrated and could be used to estimate
PAOs mass fraction and intracellular P content. Measured
P contents in winter and summer were also significantly
different from each other. Winter and summer MLVSS-P
average contents were 8.1 and 4.3%. In the summer period,
although P enrichment of the activated sludge (4.3%) was
higher as compared to a conventional activated sludge (2%),
daily mass flux of influent TP (1000 kg P d-1) could not be
taken up by the activated sludge due to insufficient mass
fraction of PAOs.
TABLE 5- Descriptive statistics of MLVSS P content.
Data
Data
Groups
Number
MLVSS P
Estimateda
24
Content, % Measuredb
24
*Dimension of the parameters is mg P
model; b: measurement result
Parameter

Std.
Std. Error
Dev.
Mean
8.12
1.91
0.55
7.98
1.95
0.56
gVSS-1; a:Estimated from the
Mean

TABLE 6 - Statistical comparison of estimated and measured
MLVSS P contents.
(Estimated – Measured MLVSS P
content, %)

95% Confidence
Interval of the
difference

Parameter

ρ

Mean
Difference

St. Err.
Difference

Lower

Upper

MLVSS
P Content

0.859

0.141

0.789

-1.496

1.779

TABLE 7 - Descriptive statistics of PAOs P content
Data
Data
Groups
Number
PAOs
Winter
24
P content, %
Summer
24
*Dimension of the parameters is %

Mean
25.390
14.501

Std.
Dev.
5.381
2.665

These results also proposed that mass fraction of microbial groups in full-scale systems could be completely different from those cultivated in laboratory-scaled pilot plants.
This difference could be explained with the fractions of COD
used in bacterial cultivation. In the laboratory-scaled investigations, influent of pilot plants contains only soluble COD
forms. However, influent of full-scale systems contains significant amounts of particulate COD. Most of these particulate COD forms could not be utilized by PAOs. Therefore,
preferential selection of these microorganisms may be limited by rbsCOD fraction of COD in full-scale plants. Moreover, mass fraction of OHOs could rise up to 82% within
the activated sludge culture due to low influent soluble carbon forms.
Batch scale investigation results

A recent laboratory-scaled scientific investigation indicated that intracellular P content of PAOs ranged from
24% to 37% for different P COD-1 ratios, and mass fractions of PAOs in the activated sludge culture ranged from
10 to 71%. It was also reported that mass fraction of OHOs
ranged between 2-3% [6]. During the monitoring period,
PAOs intracellular P content varied from 10 to 30%. As it
could be seen from Table 7, average summer and winter P
contents of PAOs, obtained from the model were 14.5%
and 25.39%.

Parameter

ter mass fractions of PAOs were significantly different
from each other (ρ=0.001). Mean difference of PAOs mass
fraction between the seasons was 5.8%. Investigation results also proposed that PAOs domination may be proportional to rbsCOD TP-1 ratio. Microbial dispersal determined
in this full-scale study revealed that 22.3% PAOs domination resulted in an EBPR efficiency of 88%. Mass fractions of the OHOs varied from 42.1% to 82.3% and maximum OHOs domination (82.3%) was observed in summer
season at rbsCOD TP-1 ratio of 6. Mass fraction of GAOs
varied from 9.5% to 28.3% and average winter and summer GAOs fractions were 24.4% and 17.7%. Maximum
GAOs domination was observed in winter period at rbsCOD
TP-1 ratio of 14.7.

Std. Error
Mean
1.268
1.088

During the monitoring period, mass fraction of PAOs
ranged from 8.2% to 24.6%. Moreover, summer and win-

During the monitoring period detailed batch scale activated sludge tests were performed including anaerobic
phosphorus release and VFAs uptake test, as well as anoxic and aerobic phosphorus uptake tests. Fig. 2 demonstrates typical summer and winter anaerobic idealized metabolic profile of the activated sludge. Similar to the fullscale results, measured P release rates and VFAs uptake
rates were significantly different. While average summer
P release rate was 0.1 mg P (gVSS)-1 min.-1, that of winter
was 0.2 mg P (gVSS)-1 min.-1. However, ratio of VFAs uptake rate to P release rate did not indicate any significant
seasonal variation. This ratio was 4.2 mg VFAs (mg P)-1 for
summer period, and 4.1 mg VFAs mg P-1 for winter period.
In pure cultures of PAOs, this ratio could be as low as
1.5 mg VFAs mg P-1 [26]. Therefore, it could also be concluded that PAOs and GAOs could be nearly coexisting
within the activated sludge system.
Seasonal anoxic phosphorus uptake profile of the activated sludge is depicted in Fig. 3. Average anoxic phosphorus uptake rate, measured in the summer period, was
0.03 mg P (g VSS)-1 min-1 and average winter anoxic phosphorus uptake rate was 0.06 mg P (g VSS)-1 min-1. Average denitrification rate in summer period was 0.02 and
0.03 mg NO3-N (g VSS)-1 min-1 for winter period. Although a higher denitrification rate could be expected due to
warmer wastewater temperature during the summer period,
winter denitrification rate was 66% higher. This result
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VFAs, mgHAC/L

PO4 -P Conc., mg/L

could be explained with high mass fraction of anoxic PAOs
in the winter period. Denitrification rates of anoxic PAOs
and ordinary denitrifiers were different from each other.
While PAOs use internally stored carbon forms for nitrate
utilization, ordinary denitrifiers use external carbon sources
that require much more complex biochemical reactions.
26
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CONCLUSION
Increase of PAOs mass fraction from 8.2% to 24.6%
resulted with increase of EBPR efficiency from 30% to
88%. This performance boost could be the result of increase in rbsCOD TP-1 ratio from 6 to 21. Obtained results
also indicated that rbsCOD TP-1 ratio below 10 would have
led to biological phosphorus removal deterioration. Observed main difference with the results of previously conducted laboratory-scaled studies was a significantly higher
mass fraction of OHOs in the activated sludge culture.
Mass fraction of these microorganisms may rise up to
82.3% in full-scale systems. This gradually higher OHOs
existence could be explained with particulate fraction of influent COD.
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FIGURE 2 - Seasonal anaerobic P release and VFAs utilization
profile.
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FIGURE 3 - Seasonal anoxic P uptake and nitrate utilization profile.

Typical aerobic phosphorus uptake profile of the
WWTP is demonstrated in Fig. 4. Average aerobic phosphorus uptake rate of the summer period was 0.03 mg P
(g VSS)-1 min-1 and winter period was 0.06 mg P (g VSS)-1
min-1). These results also proposed that seasonal mass
fractions of PAOs were significantly different. Furthermore,
decrease of rbsCOD TP-1 ratio below 10 could limit the
domination of PAOs for full-scale systems.
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CADMIUM(II) AND LEAD(II) EXTRACTION AND
TRANSPORT IN SUPPORTED LIQUID MEMBRANE
USING TOPO AND D2EHPA AS MOBILE CARRIERS
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ABSTRACT
The extraction and transport of Cd(II) and Pb(II) in supported liquid membrane (SLM) using TOPO and D2EHPA
as mobile carriers was studied. The liquid-liquid extraction
tests showed a maximum distribution coefficient when the
carrier concentration was greater than 10-3 M. In transport
experiments, the trans-membrane flux increased with increasing carrier concentration reaching a limiting value at
greater than 10-3 M concentration. An impregnation time of
1 hour of the support in the organic phase is necessary for
giving a good efficiency to the SLM. The optimum of other
fundamental parameters (carrier concentration, metal concentration and support characteristics) was determined. The
diffusivity was significantly higher using Celgard 2400 support with respect to Celgard 2500, 2402 and 3401. A comparative study of the transport across such a membrane containing TOPO or D2EHPA has shown that the Cd(II) and
Pb(II) transport efficiency was decreased using a mixture
of both.

KEYWORDS: Extraction, facilitated transport, cadmium, lead, Trin-octylphosphine oxide (TOPO), di(2-ethylhexyl) phosphoric acid
(D2EHPA).

INTRODUCTION
Separation methods based on traditional solvent extraction (henceforth abbreviated as SX) usually consume large
amounts of reagents, solvents and extractants. In order to
reduce these amounts of reactants and energy needed for
separations and to decrease the environmental and economic
impact of SX separations, several membrane-based separation techniques have been proposed in the past 30 years.
Among these, supported liquid membranes (SLM) have
been extensively studied since they offer high transport rates
and good selectivities, therefore being a very interesting
option to overcome the SX downsides [1] (for a very inter-

esting review on supported liquid membrane-based separations). Nevertheless, SLM show an inherent lack of stability that hinders their use in practical applications.
Most of the conventional processes of separation and
concentration used in hydrometallurgy, such as precipitation, ion exchange on resins or liquid-liquid extraction [213], are today reconsidered under the point of view of their
possible substitution by new processes using synthetic membranes. During the last decades, among involving processes
membranes (SLM) [14-23] appear especially interesting for
the treatment of hydrometallurgical diluted solutions, because they permit to combine the advantages of liquidliquid extraction and those of other membrane processes
(Donnan dialysis, ultra-filtration, electrodialysis, etc). SLMs
usually consist of an organic solution, immobilized in the
pores of a hydrophobic microporous membrane, containing
a complexing agent (carrier), which binds one of the components very selectively in the feed-membrane interface.
The SLM separates, by means of two interfaces, the aqueous solution containing the diffusing species (feed) and the
solution into which the species will diffuse (strip). The permeation of the species is due to a chemical potential gradient (the driving force of the process) existing between the
two opposite sides of the SLM. A major drawback associated with SLM is poor stability. These factors have severely rendered liquid membranes mostly impractical for
many large-scale applications.
Transport in SLM is accomplished by a carrier that is
essentially a complexing agent or an ion-exchanger. The
complex or ion-pair formed between the metal ion and the
carrier is solubilized in the membrane and facilitates metal
ion transport across the membrane. The well-known classes
of extraction reagents namely basic (quaternary amines [21],
tertiary amines [22], pyridine and derivatives [23]), acidic
and chelating (hydroxyoximes, hydroxyquinoline, β-diketones, alkyl phosphoric acids [24]), neutral or solvating
(phosphoric acid esters, phosphonic acid esters) as well as
macrocyclic and macromolecular ones [19-20] have all
been studied in SLM.
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Alternatively, several authors have reported that polymer inclusion membranes (PIMs) show good long-term
stabilities, although, in general, lower fluxes can be obtained with this kind of membranes due to their high viscosity. Recently, a comparison between SLM and PIM performance has been reported by Paugam and Buffle [25],
who show that similar phenomena control Cu(II) facilitated
transport across both types of membranes using lauric acid
as carrier.
However, they do not discuss on the stability of both
membrane systems. In a similar way, Schow et al. [26] compared the fluxes of K+ through a cellulose tri-acetate (CTA)2-nitrophenyloctyl ether (NPOE) PIM containing crown
ether as carrier (DC18C6) with several other DC18C6-chloroform liquid membranes. These authors found that PIM
fluxes were three orders of magnitude larger than those
exhibited by the thin sheet and hollow fiber SLM. PIM
systems have been successfully designed for metal extraction using solvating-type carriers, such as crown ethers,
TOPO, TBP and β-diketones [27–35]. The most common
methods for the treatment of water containing heavy metals include precipitation and adsorption. The coagulation,
ion exchange and a combination of both are still widely
used for the recovery of heavy metals [36-37].
In the present work, we compared the behaviour of
di(2-ethylhexyl) phosphoric acid (D2EHPA) and tri-n-octylphosphine oxide (TOPO) towards liquid-liquid extraction
and facilitated transport of lead and cadmium through a
supported liquid membrane.
MATERIALS AND METHODS
Solutions of each metal ion were prepared from lead
and cadmium nitrates (Fluka) at variable concentrations.
The carriers were organic solutions of different concentrations of D2EHPA and TOPO (Aldrich) dissolved in chloroform (Fluka). Double-distilled water was used as stripping
solution.
The permeation cell consisted of two compartments
separated by the supported liquid membrane as described
in Fig. 1. Each compartment, feed and strip, had a maximum volume of 50 ml, and was provided with a mechanical stirrer. Polypropylene microporous membranes of different characteristics: Celgard 2500 (porosity ε = 45%, pore

Φ = 0.04 µm, thickness d0 = 25 µm ), Celgard 2400
(porosity ε = 41%, pore size Φ = 0.02 µm, thickness d0 =
25 µm), Celgard 2402 (porosity ε = 38%, pore size Φ =
size

The immobilized liquid membrane was prepared by
soaking the porous polymer in the carrier solution. Then,
the SLM was placed between the two half cells. The two
compartments were filled with the feed and strip solutions
(45 ml each).
Feed

SLM

Strip

FIGURE 1 - Transport cell scheme

Each compartment was provided with a vertical mechanical stirrer at stirring speed 800 rpm which was previously determined as high enough to minimize the thickness of the boundary layer. The experiments began when
starting the stirring motors in both compartments of the cell.
The concentrations of lead and cadmium ions and that of
the carriers were fixed at 0.1 M, except when the concentration was studied as a transport parameter. At different
intervals of time, 0.5-ml aliquots of solutions were withdrawn from the feed and strip compartments and analysed
by atomic absorption spectroscopy (Perkin Elmer spectrophotometer model 2380). All the experiments were performed in a thermostated bath at 25±0.1 °C.
Equilibrium investigations were carried out by liquidliquid (L-L) extractions: equal volumes (3/3 ml) of the
aqueous phase containing the investigated metal, and the
organic phase D2EHPA/chloroform or TOPO/chloroform
at the chosen concentrations, respectively, were contacted
for 5 min by means of an agitator with variable speeds
(Heidolph, type Top-Mix 94323). The metal ion concentration in the aqueous phase was determined and the distribution ratio D (D = C / Ca, with C as the overall concentration of all forms of the metal where the bar indicates the organic phase and «a» the aqueous phase) was
calculated from a mass balance of the ion between organic
and aqueous phases.
Tree independent experiments were realized to determine Pb and Cd concentrations. The experimental standard
deviation was determined to be ± 5 %.
Theory

0.02 µm, thickness d0 = 50 µm) and Celgard 3401 (porosi-

TOPO carrier. The equilibrium reaction can be schematized as follows [32]:

ty ε = 38%, pore size Φ = 0.02 µm, thickness d0 = 25 µm)
(Hoechst Celanese Corporation, North Carolina, USA).
The useful area of the membrane supports in the cell was
8.04 cm2.

(1)
where Mn+ is the metal ion, L the ligand, and A- the
co-ion (NO3- in this work).
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The extraction constant Ke is defined by:
[ MLmAn]
Ke =
[M

n+
m
][L]

- n
[A ]

(2)

D
m
n
[A ] [L ]

Eq. (3) can be written as:
(4)

In this hypothesis, the variation of Log D vs. the log
(L) maintaining (Mn+) as the constant, permits the calculation of m (which corresponds to the stoichiometry of the
complex formed in the organic phase).

RESULTS AND DISCUSSION
Liquid-liquid extraction
Determination of the distribution coefficient

Figs. 2 and 3 represent the evolution of the logarithm
of the distribution coefficient D versus, respectively, the
pH (feed solution of D2EHPA) and concentration variation of TOPO from 10-5 to 10-1 M. The curves, depicted in
Fig. 2 (insert) and 3 (insert), show a linear fit of log D
versus pH (in the case of D2EHPA) and log D versus log
[TOPO] (in the case of TOPO).

D2EHPA carrier. The equilibrium reaction can be
schematized as:
(5)
The extraction constant Ke is defined by:
[ M Lm ] . [H+]m
m
m+
[ M ]. [ HL ]

1,0

(6)

Pb+D2EHPA
Cd+D2EHPA

0,8
0,6

D2EHPA Cd : SD = 0,1778
D2EHPA Pb : SD = 0,0769

0,4
0,2

R= 0,9693
R= 0,9929

1,0

PB + D2EHPA
Cd + D2EHPA

0,8

0,0

0,6
0,4

Log D

LogD

Ke =

-0,2

0,2
0,0

-0,4

-0,2
-0,4
-0,6

-0,6

-0,8
0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

2,2

pH

-0,8
0,0

0,5

1,0

1,5

(8)

In this hypothesis, the variation of log D vs. the pH
maintaining [HL] as the constant, permits the calculation
the value of m (which corresponds to the stoichiometry of
the complex formed in the organic phase).

(3)

Log D = (n log [A-] + log Ke) + m log [L].

(7)

Eq. (7) can be written as:
Log D = log Ke + m log [ HL ] + m pH

This constant is bound to the coefficient of distribution, D, of the metallic ions in the organic phase by:
Ke =

D . [H+] m
m
[ HL ]

Ke =

2,0

2,5

3,0

3,5

4,0

pH
FIGURE 2 - Logarithm of the distribution coefficient D versus pH:
[D2EHPA] = 10-1 M. [Metal ]i = 0.1 M. Insert: log D vs. pH in the range: 0.5 ≤ pH ≤ 2
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Pb + TOPO
Cd + TOPO

-0,2
-0,4

Log D

-0,6
-0,8

-0,2

Pb + TOPO
Cd + TOPO

-0,4

-1,0

-0,6

-1,2
Log D

-0,8

-1,4

-1,0
-1,2
-1,4

-1,6

-1,6

-1,8

-5,0

-4,5

-4,0

-3,5

-3,0

Log [TOPO]

-5

-4

-3

-2

-1

Log [TOPO]
FIGURE 3 - Logarithm of the distribution coefficient D versus log [TOPO].
[TOPO] = 10-1- 10-5M. [Metal ]i = 0.1 M. Insert: log D vs. log [TOPO] in the range: 10-5-10-3 M.

The results obtained show that the distribution coefficient increases when the initial carrier level increases in
the range 10-5-10-3 M. Beyond a concentration of 10-3 M,
the carrier has a limited effect on Pb(II) and Cd(II) ion extraction. This could be due to reaching high organic phase
viscosity values when increasing the carrier concentration.
Table 1 presents the extraction constants of the two
metallic ions with D2EHPA and TOPO. The co-ordinance
of the complexes formed is 1:1 type.
TABLE 1 - Coordination and extraction constant
of lead and cadmium with D2EHPA and TOPO.
Pb(II)
Ligand
m
D2EHPA 0.81 ± 0.03
TOPO
0.82 ± 0.05

Log Ke
5.39 ± 0.37
2.75 ± 0.14

Cd(II)
m
0.89 ± 0.02
0.85 ± 0.04

and of big density, the better it will be co-extracted by the
complex cation-carrier) and also to the mineral salt solubility in chloroform.
TABLE 2 - Extraction efficiency of lead and cadmium
using D2EHPA versus the nature of acids. [Metal] = 0.1 M
Acid
HNO3
HCl
H2SO4
H3PO4

Extraction efficiency (%)
of Cd(II)
(D2EHPA)
59
52
50
47

Extraction efficiency (%)
of Pb(II)
(D2EHPA)
65
57
52
50

Facilitated co-transport

Log Ke
5.30 ± 0.33
3.81 ± 0.25

Transport of lead and cadmium ions obeys to a facilitated co-transport in the case of TOPO (solvating-type carrier) but counter-transport in the case of D2EHPA (acidtype carrier).

Influence of the nature of acid

In order to study the effect of the acid nature, we used
two monobasic acids (HNO3 and HCl), a dibasic (H2SO4)
and a tribasic one (H3PO4).
Table 2 regroups the values of the of Pb and Cd extraction efficiency versus the nature of the acids.
The obtained results show that the coefficient of distribution for lead and cadmium varies in the following
sequence: D (NO 3-) > D (Cl-) > D (SO42-) > D (PO43-)
evidencing the effect of the anion in the case of the formation of pair ions. It is probably due to the size and the
density of load of the anion (the more the anion is small

The mechanism of transport is represented in Figs. 4a
and 4b. The metal ion is complexed at the interface feedphase/membrane, and the complex formed diffuses through
the membrane phase to the interface membrane/strip-phase
where the decomplexation of the metal ion is realized.
The mass flux can be calculated by the equation J =

Δn
SΔt

where Δn is the variation of the number of moles in
the feed phase during the interval time Δt (s), and S is the
membrane area (cm2).
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M

MLmAn

n+

M n+

nA

mL

Mn+

ML n

+

nH

+
nH

nHL

(a)

(b)

FIGURE 4 - (a) Facilitated co-transport, (b) Facilitated counter-transport mechanisms.

TABLE 3 - Variation of lead and cadmium concentrations in strip
compartment versus the impregnation time. [D2EHPA]i = 0.1M.
Support: Celgard 2400
Impregnation Time (h)
0.5
1
3
24

2+

2

[Pb ] .10 M (strip)
3.22
3.53
3.89
3.19

2+

2

[Cd ] .10 M (strip)
2.08
2.81
2.23
1.91

25

10

20

Pb+D2EHPA
Cd+D2EHPA

-1

Table 3 regroups the evolution of the concentration of
Pb(II) and Cd(II) in the strip compartment versus the
impregnation time of the membrane. The obtained results
show that a time of impregnation of 1 h is extensively
sufficient to achieve an efficient transfer of the metallic
ions.

The two extractants showed a different order of selectivity as well as in the case of liquid-liquid extraction.
However, the same explanations remain valid.

-2

We examined the effect of the impregnation time of
the membrane in the organic phase on the fluxes of transfer of metallic ions. Celgard 2400 support has been impregnated at variable times in 0.1M of D2EHPA.

Flux of transport (mol,cm ,s ),10

Influence of the impregnation time

15

10

5

0

0

20

40

60

80

100

3
[D2EHPA],10

Influence of the carrier concentration

The flux of lead and cadmium ions increases sharply
with the increasing of carrier concentration in the membrane. The maximum flux has been obtained with Pb and
Cd level of 10-1 M.
This behaviour is in agreement with the results found
by some authors with other systems [38-39]. Furthermore,
fluxes of lead obtained with D2EHPA are slightly lower
than that of TOPO. This can be also related to the difference in viscosity between the two organic phases of
D2EHPA and TOPO, as well as, probably, to the formation of emulsions in the organic phase of TOPO that
would block the pores of the support and prevent the
metallic ions to react with TOPO molecules present in the
membrane.

FIGURE 5 - Evolution of flux of Pb(II)
and Cd(II) vs. [carrier] D2EHPA. Support: Celgard 2400.

20
18

-2 -1
10
Flux of transport (mol,cm ,s ),10

Membrane supports have been soaked during 1 h in
organic solutions of D2EHPA and TOPO of different
con-centrations, and have been used for transport of
Pb(II) and Cd(II) ions (initial concentration 0.1 M). The
variation of the fluxes of both ions across the SLM versus
the concentration of the two carriers is reported in Figs. 5
and 6, respectively.
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FIGURE 6 - Evolution of flux of Pb(II)
and Cd(II) vs. [carrier] TOPO. Support: Celgard 2400.
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Influence of the metal concentration

30

Figs. 7 and 8 represent the variation of Pb(II) and Cd(II)
ion mass flux versus the initial concentration of two ions.
In the case of low metal concentrations (10-5-10-2 M), the
flux is function of the feed initial concentration. However,
beyond a concentration of 10-2 M, the flux tends to a maximal value and becomes independent of the metallic ion
concentration. This is due to the saturation of the membrane by the metal-carrier complex molecules as the decomplexation at the strip interface is presumably the ratelimiting step.

Pb+D2EHPA
Cd+D2EHPA

20

-2

-1

Flux of transport (mol,cm ,s ),10

10

25

15

10

5

0

Influence of the support characteristics

-5

-

increases when the porosity of the support increases;

-

decreases when the thickness of the support increases.

-4

-3

-2

-1

Log [Metal]

FIGURE 7 - Evolution of Pb(II) and Cd(II) flux vs. the [metal] i.
[D2EHPA]0 = 0.1 M; Support:Celgard2400 impregnated during 1 h.

28
24

-2 -1
10
Flux of transport (mol,cm ,s ),10

Thickness and porosity of the membrane support are
also some fundamental operative parameters which can influence the stability of the SLM and, therefore, the value of
the metallic ion transfer flux. The influence of these parameters has been studied using 4 supports of different physical characteristics. The obtained results (Table 4) show
that for the two ions, the concentrations of strip phase:

This is in conformity with the results obtained by some
authors [40, 41]. The membrane Celgard 2400, the more
porous and less thicker, is the one which gives better mass
fluxes of the two metallic ions.
Influence of the mixture of carriers

Table 5 regroups the concentration values of lead and
cadmium ions in a strip phase using D2EHPA, TOPO and
an equimolar mixture of both.

Pb+TOPO
Cd+TOPO

20
16
12
8
4
0
-5

-4

-3

-2

-1

Log [Metal]

FIGURE 8 - Evolution of Pb(II) and Cd(II) flux vs. the [metal] i.
[TOPO]0 = 0.1 M; Support:Celgard2400 impregnated during 1 h.

TABLE 4 - Strip concentrations of lead and cadmium changing the support characteristics.
MLS: D2EHPA/chloroform 0.1 M, support impregnated during 1 h, [metal] = 0.1 M.
Support
Celgard 2500
Celgard 2402
Celgard 2400
Celgard 3401

Porosity
(%)
45
38
41
38

Thickness
(µm)
25
50
25
25

Pores diameter (µm)
0.04
0.02
0.02
0.02

[Cd2+] .102
M
2.09
1.69
2.81
2.33

[Pb2+] .102
M
2.94
2.33
3.53
3.12

TABLE 5 - Lead and cadmium concentrations in a strip phase using D2EHPA, TOPO and a mixture of D2EHPA+TOPO. [Metal]0 = 0.1 M.

[Carrier]. M

[Pb2+].M (strip)
D2EHPA

TOPO

10-1
10-2
10-3
10-4

Pb(II)
3.53 .10-2
4.70 .10-3
1.15 .10-3
3.67 .10-4

Pb(II)
1.44 .10-2
3.28 .10-3
0.47 .10-3
2.33 .10-4

D2EHPA
+ TOPO
Pb(II)
1.36 .10-2
4.11 .10-3
0.79 .10-3
3.31 .10-4
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[Cd2+].M (strip)
D2EHPA

TOPO

Cd(II)
2.81 .10-2
3.21 .10-3
0.66 .10-3
1.72 .10-4

Cd(II)
3.69 .10-2
3.86 .10-3
2.75 .10-3
6.19 .10-4

D2EHPA
+ TOPO
Cd(II)
3.07 .10-2
3.14 .10-3
2.70 .10-3
5.03 .10-4
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We note that the quantities of Pb and Cd transferred
in the strip phase using a mixture of both carriers are definitely lower than those with D2EHPA or TOPO separately
used. Therefore, the addition of the second carrier disfavoured the diffusion of the complex through the membrane. This result is in perfect concordance with the one
found in liquid-liquid extraction.
CONCLUSION
This work shows that liquid-liquid extraction and facilitated co-transport and counter-transport of Pb and Cd
with D2EHPA and TOPO depends on the carrier concentration, ion concentration, nature of acid and pH. However,
other physical and chemical factors also influence the efficiency of transport: impregnation time of the membrane in
the organic phase and membrane support characteristics.
Carrier and metal concentrations of 0.1 M, impregnation
time of 1 h for D2EHPA and TOPO, Celgard 2400 as support, HNO3 as acid and pH 1 have been shown to be the best
conditions for maximum efficiency of the studied systems.
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