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EFFECT OF THE MARMARAY PROJECT ON
AIR POLLUTION IN ISTANBUL: AN IVE MODEL APPLICATION
Tugba Saatcioglu1, Kadir Alp1, Asude Hanedar2,* and Edip Avşar1
1

Department of Environmental Engineering, Civil Engineering Faculty, Istanbul Technical University, 34469, Maslak, Istanbul, Turkey
2
Namik Kemal University Corlu Engineering Faculty, Department of Environmental Engineering, 59860, Corlu, Tekirdag, Turkey

ABSTRACT
This study evaluates how air pollution in Istanbul for
the years 2015 and 2030 will be impacted upon by decreasing automobile usage through the Marmaray Project, which
is a new transport system to pass through Europe to the
Asian continent. To investigate the effect of the project,
the existing transportation situation in Istanbul was determined, and then an emission calculation was performed
for the city regarding the cases of “with” and “without”
the Marmaray Project for 2015 and 2030. The emission
factors and calculations were performed for three types of
pollutants, criteria pollutants (CO, VOC, VOC-evaporated,
NOX, SOX, PM), toxic pollutants (1,3-butadiene, acetaldehyde, formaldehyde, NH3, benzene) and greenhouse
gases (CO2, CH4, N2O), by applying the International Vehicle Emission modeling technique. The obtained results
were evaluated according to pollutant types, road type and
driving modes. According to the modeling results, the rate
of decrease in emissions will be 12.4% in 2015 and 11.6%
in 2030, for all types of pollutants. Because of the increasing usage of gasoline engines, criteria pollutants will be
higher, especially in the start mode. The most important
factor for toxic pollutants was fuel type, and the decreasing emissions of toxic pollutants will be created by decreasing automobile usage. The development of vehicle technology will cause a decrease in the emissions of greenhouse
gases. When the existing situation was compared with 2015
and 2030, it was clearly seen that the emission rate of the
“without the Marmaray Project” situation had a much
faster increase than that of “with the Marmaray Project”.

KEYWORDS: Marmaray, IVE, criteria pollutants, toxic pollutants,
greenhouse gases

1. INTRODUCTION
The rise of living standards and increase in the population has caused an enormous increase in car usage from
* Corresponding author

year to year in Turkey, especially in Istanbul which is the
most populated city in the country. This problem has led
authorities to search for other public transportation alternatives in the city. There are 2,538,742 vehicles in Istanbul, based on the 2007 data. Motor vehicles constituted
58% of total public transport, and automobiles were 34% of
this portion. Vehicle numbers have increased in the city
and the number of cars per capita has been rising, especially from 2003 to 2007 [1].
Because of its location, spread out between both the
Asian and European continents, transportation is the most
serious problem in Istanbul. The current daily traffic flow is
provided with two intercontinental bridges. Approximately
400,000 cars pass everyday over the bridges in the city [2].
Bridges and connection roads are congested with traffic,
especially in the morning and evening rush hours, and this
situation has resulted in a high air pollution problem [3].
The Marmaray Project is expected to be the solution
of the traffic problem in the city with an immersed tube
tunnel technique connecting the two continents. This project will influence not only the daily traffic pattern of Istanbul, but it will cause a decrease in emission rates in the
urban atmosphere. The project is one of the world’s largest
transportation infrastructure projects. The improved and
new railway systems will include approximately 76 km of
track and 36 surface stations. Figure 1 shows the route of
the project with the existing and new lines. The most important expected benefits from the project are decrease in
traffic congestion, traffic accidents and air pollution, as well
as shorter traveling times and energy savings.
In this study, the International Vehicle Emissions
(IVE) model was used. The model was created at the University of California in Riverside and supported by US Environmental Protection Agency (USEPA). It is specifically
designed to have the flexibility needed by developing countries in their efforts to address mobile source air emissions.
It has been applied in several cities worldwide, including
Mexico City, Beijing, Shanghai and China [4, 5]. The
model is able to take into account different technologies,
conditions (driving mode, road type etc.), and vehicle
driving patterns (such as vehicle specific power and engine stress distributions, which have a profound effect on
the tailpipe emissions) [6, 7].
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Route of immersed tube tunnel

FIGURE 1 - Route of the Marmaray Project (available at: http://www.marmaray.com/html/technical.html, 10.02.2011).

In recent years, the model has been applied especially
to the populated cities of Asia. For example, Wang et al.
2007 [8] used the IVE model in a study to determine the
fleet, speed, acceleration and yearly usage conditions of
vehicles, and it was found that NOX and PM emissions
were caused by heavy vehicles, and the most important
source of CO was light duty cars. Determinations were
evaluated according to road type and it was found that
slow traffic and differences in modes increased emissions.
Another study was done in China by Hui et al. 2007 [7],
and average fuel-based emission factors, derived from the
remote sensing measurements, were compared with corresponding emission factors, derived from IVE calculations,
for urban and hot stabilized conditions.
Since the amount of emissions created by automobiles is dependent on many variables, such as vehicles’
technology, usage rate, ambient condition factors, vehicle
activity (such as driving behavior, driving patternsstarting, traveling and parking etc.), the factors must be
calculated and predicted logically, especially for prospective studies. The IVE model was able to take into consideration all of these factors [9].
In this study, firstly, the current situation in terms of
numbers, usage and properties of automobiles and suburban usage was determined, and then, the IVE model was
applied to the data to evaluate how this would impact on
Istanbul air pollution in 2015 and 2030, with and without
the Marmaray Project. Emission factors and amounts were
calculated for criteria pollutants (CO, VOC, VOCevaporated,
NOX, SOX, PM), toxic pollutants (1,3-butadiene, acetaldehyde, formaldehyde, NH3, benzene), and greenhouse
gases (CO2, CH4, N2O), and the evaluation was performed
according to pollutant types, road types, and operating
modes.

2. MATERIALS AND METHODS
Current situation: Population data and vehicle numbers per capita were obtained from the Turkish Statistical
Institute databank [1]. Automobile numbers in years to
come were calculated from the curve of projection of
previous years (1980-2010) (Fig. 2).
Suburban usage and decreasing in automobile numbers by project: To determine the decrease in automobile
usage with the project, the percentage of automobile usage with and without the project was calculated. Details
of the calculations are given in Tables 1 and 2.
In Table 1, predicted number of automobile and daily
total travel with and without automobiles were calculated
by taking into account the predicted population, capacity
usage of the project, automobile numbers and travel demand values, based on 2010, 2015 and 2030, in the case
of “without project”. This knowledge was also used in
Table 2, and these values were evaluated with number of
people who already use suburban. Expected number of
people to prefer Marmaray was calculated and new automobile numbers and daily total travel with automobile
was calculated according to these obtainings. As can be
seen from Table 2, the decreasing percentage of automobile usage with the project is 2 and 3%, respectively, for
2015 and 2030. These values were compatible with the
climate change reports by the Turkish Ministry of the
Environment and Forests [10]. In this report, the numbers
of people expected to prefer the Marmaray Project were
calculated as 1,787,700 and 2,426,660 for 2015 and 2030,
respectively. In this study, the same numbers were calculated as 1,781,301 and 2,166,592 for 2015 and 2030,
respectively.
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FIGURE 2 - Number of automobiles for per 1,000 people according to the year.

TABLE 1 - Decreasing in percentage of automobile usage without project.

Year

2010
2015
2030

Predicted population
[1]

Automobiles/
1,000 person
(Fig. 2)

Travel demand
(travel/
person-day)
[13]

b
142
161
215

c
1.20
1.23
1.30

a
13,003,637
13,691,324
15,432,503

Predicted number
of automobiles
d=a*b/1000
1,846,516
2,204,303
3,317,988

Without project
Daily total
Daily total travel
travel with all
with only autotype vehicle
mobiles
(travel/day)
(travel/day)
e=a*c
f=d*c
15,604,364
2,215,820
16,840,329
2,711,293
20,062,254
4,313,385

Percentage of
automobile usage
(%)
g=f/e*100
14.2
16.1
21.5

TABLE 2 - Decrease in percentage of automobile usage with project.

Year

2010
2015
2030
(1)
(2)

With project

Predicted
usage of
Autocapacity by
Travel
mobiles/
Daily total
the project
demand
1000
Predicted travel with
(passenger/
(travel/
Predicted
person
all type
one
person-day) number of
population
(Fig. 2)
automobiles vehicle
direction[13]
[1]
(travel/day)
hour)
[12]
a
13,003,637
13,691,324
15,432,503

b
68,000
75,000
94,000

c
142
161
215

d
1.20
1.23
1.30

Passenger
number per
day with
double
direction
(passenger/
doubleday)(1)
e=a*c/1000
g= b*2*17
f=a*d
1,846,516 15,604,364 2,312,000
2,204,303 16,840,329 2,550,000
3,317,988 20,062,254 3,196,000

The
The
The number
number of
number of
Decrease
of people
people
people who
in number
who prefer
expected
already use
of cars
suburban
to prefer
suburban(2)
Marmaray
h=g/d
1,926,667
2,073,171
2,458,462

i
291,870
291,870
291,870

Daily total
New
travel with Percentage
automoonly
of automobile
automo- bile usage
number
biles
(%)
(travel/day)

j=h-i k=c*j/1000 l=e-k
m=l*d
1,634,797 232,141 1,614,375 1,937,250
1,781,301 286,789 1,917,514 2,358,542
2,166,592 465,817 2,852,171 3,707,822

o=m/f
12.4
14.0
18.5

with 17 hours working per day (from 06:00 a.m. to 07:00 p.m)
the obtained value according to TSI on the basis of yearly increase in population.

IVE model application: The IVE model has some differences in its approach to making emission estimates for
on-road mobile sources compared with other models for
mobile sources. Most models depend on fixed driving patterns to make their calculations, and then make approximate
adjustments based on roadway speeds. The advantage of
this model is that it takes into account the different technologies and conditions existing in most developing coun-

tries and vehicle driving patterns, such as vehicle specific
power (VSP) and engine stress distributions [9, 11].
The model estimates emissions by taking the fraction
of time that a vehicle spends in each of the 60 different
power demand bins, and multiplying the fraction of time
by an emissions adjustment factor in summary. The 60
multiplications are then summed up, creating an average
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correction factor (CF) for that driving pattern. The emission
adjustment factors for each bin are based on test data. Then,
the portions are multiplied with CF, which is a product of
the Federal Test Procedure (FTP) modes [9]. The CF values depend on the test data and the reliability of the factors
increases with an increasing number of tested vehicles.
The general equation of the model is [14]:
Q[t] = B[t] * Kp[t] * K2[t] * K3[t] * ...Kx[t]
B[t] refers to the base emission rate in the model for
either start emissions or running emissions. In the model,
there are 1,400 different emission rates.
Kp[t] is the overall driving correction factor for technology, driving mode or ambient factors, etc. Formula of
Kp[t] is as follows:
Kp[t] = ∑b Cb[t] * Fb
Cb[t] is the driving correction adjustment for power bin
b and technology t, and Fb is the fraction of time a vehicle
spends driving in power bin b. The sum is from bin 0 to
bin 59.
CFs could be divided into three groups: ambient factors (ambient temperature, humidity, altitude, inspection/
maintenance, and base emission adjustment), fuel factors
(fuel quality, contents of sulfur, lead, benzene, etc.), and
power and driving adjustment (driving adjustment, road
grade, air conditions use, start-up adjustment). Base emission factors (Q[t]) are obtained, depending on these factors
for each technology by the model, with formulas based on
start-up and driving emissions, traveled km, speed time,
etc. [14].
Automobile profile in the city: Detailed vehicle profile information was necessary as model input data, such
as: the number of automobiles and yearly profile; automobile usage amount; classifying depending on emission control technology classes, cylinder volumes, exhaust emission standards; vehicle ages; fuel types; information of
travel distance way per day, etc. However, there was not a
detailed classification based on vehicles in Istanbul. In the
study, vehicle profiles for 2015 and 2030 were predicted
on the basis of classification for 2007, bearing in mind the
possibility of advances in automobile technologies (such
as hybrid vehicles or 3MPFI mechanisms).

Automobile number: Most of the data was provided
by TSI, but data for Istanbul was not available. Therefore,
most of the obtained data was converted to Istanbul’s data
from Turkish general data with some exceptions. As a result, a correlation was performed for the 2004-2007 data
and the equation was as follows:
[y=5,1167x-2E+06]
where, x is the automobile number for Turkey and y
is the automobile number for Istanbul [1]. This formula
was used for 2015 and 2030 automobile number prediction
in Istanbul.
Model years: The data for the model years of the automobiles was also available only for Turkey [1]. The data for
Istanbul was calculated with the above equation. The general results of the evaluation were vehicles which originated
from 1981-1990, 1991-2000, 2001-2005 and 2005, representing 19, 40, 21 and 20% of all the total numbers of
current automobiles, respectively.
Origin of the automobiles: There are some differences
between imported and non-imported automobiles in Turkey, especially regarding exhaust emission standards. According to the data from the Association of Automotive
Distributors (AAD), in the period 2004-2008, the number
of imported cars slightly decreased and the portions of
imported autos to the total number were 70% in 2004 and
68% in 2008, in the city [15].
Exhaust standards: “Euro Exhaust Standards” are used
in Turkey. European Union emission regulations for passenger cars and light commercial vehicles were specified in
EU Regulation 715/2007 (Euro 5/6) [16]. Emission standards for light-duty vehicles are applicable to all light duty
vehicles category. EU regulations introduce different emission limits for compression ignition (diesel) and positive
ignition (gasoline, LPG etc.) vehicles. Diesels have more
stringent CO standards but are allowed higher NOx. Positive ignition vehicles were exempted from Particular Matter
(PM) standards through the Euro 4 stage. The common
standard type was Euro 4 or 5 in Turkey. The classification
of emission standards depends on the origin model years,
taken from the Turkish Ministry of Environment and Forests’ Environmental Workshop Report, 2009 [17, 18], given
in Table 3.

TABLE 3 - Emission standards of non-imported automobiles [16, 17].
Model Yılı
1993
1994
1995
1996
1997
2000
2001
2002
2002

Emission Standards
Non-control
1% Euro I + 99% ECE15.04
1.8% Euro I + 98.2% 15.04
4% Euro I + 96% 15.04
9.4% Euro I + 90.6% 15.04
30% Euro I + 70% 15.04
28.2% Euro I+ 61.2% 15.04+ 10% Euro III
Euro III (gasoline)
Euro I (diesel)

Model Yıl
Emission Standards
2003
Euro III
2004
Euro III
2005
Euro III
2006
100% Euro III
2007
100% Euro III
2008
90% Euro III + 10% Euro IV
2009
Euro IV
2010
Euro V
2011
Euro V (in some models, in production)
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Fuel type: Automobile classification was also performed according to fuel type, and it was found that 47.8%
of total automobiles were gasoline, 38.3% of the totals
were diesel, and 7.3% of the totals were LPG in 2007, in
Istanbul [1].
Cylinder volume: Cylinder volume is one of the important factors in determining vehicles power and fuel
consumption. The total displacement of an engine determines its power. So the larger the total cylinder volume
causes the more consumption of fuel. Cylinder volume
information was provided by the Turkish Ministry of Finance and Industry with the numbers of taxes paid for
automobiles [19]. Cylinder volumes were divided into three
groups, and distributions were made according to the model
years (Table 4). As can be seen, low cylinder volume
automobiles were common in Turkey in 2008.
TABLE 4. Cylinder volume according to model years [18].
Model
0-1500cc
1992 and before 67.3%
1996
62.8%
1999
48.8%
2000
53.2%
2005
56.0%
2008
68.4%

1501-3000cc
32.4%
36.6%
50.5%
46.1%
43.3%
31.1%

>3000cc
0.33%
0.61%
0.71%
0.70%
0.71%
0.45%

Travelled distance: In Table 5, traveled km for all vehicle types are given. These values were taken from results
of the Turkish Ministry of the Environment and Forests’
Environmental Workshop Report, 2009 [18]. Table 5 was
based just on automobiles with different fuel types as in
this study. As can be seen, LPG vehicles travel more than
other vehicle type because they are commonly used as
transportation vehicles in Turkey.
TABLE 5 - Average yearly travel distance (km/year) [16, 17].
Average
Way/
2000
2001 2002
Year
Gasoline
12,400 10,550 10,400
Diesel 12,400 10,550 10,400
LPG
28,200 28,500 24,500

2003

2004

2005

2006

2007

9,750 9,400 8,900 8,400 7,850
9,750 9,400 8,900 8,400 7,850
24,200 19,230 18,060 16,970 17,500

The outlined parameters were compiled as input data
for the years 2007, 2015 and 2030. Increased automobile
numbers were projected on the basis of new automobiles
and technologies. Vehicle fleet interfaces were accepted
as constant, and traveled distances (km) and vehicle numbers were accepted as changes for future years. In calculations, additional emissions from the Marmaray Project (from
the rail) were accepted as negligible and emission reductions were predicted based on giving up automobile usage.

2030, also with the project and without the project. These
five different scenarios were performed for residential
(bus road and local) roads and arterial roads (highway and
intercity roads) in the model. All of the calculations were
done for start-up and operating modes.
Speed and acceleration values were taken from the
IVE Vehicle Emissions Reports for Istanbul, Turkey. 42
different vehicles were used in the FTP cycle for different
income degrees and road types in the report [20]. The
results from the report were used for similar road types
and driving modes for the years 2007, 2015 and 2030 in
this study.
Arterial and residential road usage amounts were taken from the statistics of the General Directorate of Highways for 2006 [2]. According to these values, automobiles
were driven on residential roads for 28% and on arterial
roads for 72% of their total traveling distance. In the
model, VSP values, resulting from the driving cycle, fluefleet information, road types, operating modes, etc., were
used. VSP distributions were accepted as the same in the
future but only vehicle numbers were increased in the
input data. Emission values, according to time, were calculated and comprised for with and without project situations.
3.1. Criteria pollutants

In Figure 3, the reductions on emission criteria pollutants are given for 2015 and 2030, with and without the
project. As can be seen from Fig. 3, the reduction
amounts for emission were 12.8 and 11.9% for 2015 and
2030, respectively. A maximum reduction was observed
for CO and a minimum one for VOC in 2015. The reduction amount was not high in the start-up mode for SOX. It
is known that the most important source of SOX was diesel engines and emissions from start-up modes for diesel
engines were not high. In 2030, a maximum reduction
was observed for VOCevaporated, and it was thought that this
was an indicator of an increase in the use of gasoline cars,
which is a more volatile fuel than diesel.
Toxic pollutants

Since the most important source of toxic pollutants is
the fuel type, and these pollutants are not highly related to
technology, a decrease in toxic pollutants was observed
which was lower than other types of pollutants. Reduction
amounts of toxic emissions were calculated as 12.3 and
11.7% for 2015 and 2030, respectively. The decreasing
amount was affected only by the number of vehicles. The
maximum decrease was observed for formaldehyde and
the minimum for butadiene in 2015. Depending on the
progress in fuel quality in future years, the decrease
amount is expected to be higher in 2030 (Fig. 4).
3.2. Greenhouse gases

3. RESULTS
The IVE model was applied for the years 2007 and
2015 with the project and without the project, and for

Decreasing greenhouse gas emissions were 12.2 and
11.2% for 2015 and 2030, respectively. The decrease in
these pollutants was lower, especially for N2O in 2015,
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FIGURE 3 - Calculated yearly reduction amounts for criteria pollutants.
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FIGURE 4 - Calculated yearly reduction amounts for toxic pollutants.

although the decrease was higher for 2030. Progress in
technology was thought to be the cause of this decreasing
amount (Fig. 5).

engines because the volatility of the fuel is lower. Some
hydrocarbons like acetaldehyde and formaldehyde occur
as agents in gasoline, so emission factors for these pollutants were higher for gasoline.

3.3. Emission factors

Emission factors were obtained from model application given in Table 6, according to fuel type and driving
modes. Emission factors were higher for the operating
mode, except for CO2 and CH4. CO emissions were higher
for gasoline emissions and lower for diesel engines. Startup emissions of CO are ten times higher for operating modes
because of incomplete combustion, especially in the idle
mode. VOCevaporated emissions were almost zero for diesel

3.4. Decreasing emissions depending on driving mode

In Table 7, the calculated decreasing amounts of some
pollutants according to driving modes are given. As can be
seen, start-up emissions increased, although emissions in
operating modes decreased in 2030. We thought that the
major cause of this decreasing trend was the advantage of
new technologies, such as more convenient air/fuel ratio
and higher fuel transfer in the start-up mode.
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FIGURE 5 - Calculated yearly reduction amounts for greenhouse gases.

TABLE 6 - Calculated emission factors by IVE model (g/km).
Pollutant
CO
VOC
VOCevaporated
NOx
SOx
PM
1,3 Butadiene
Acetaldehyde
Formaldehyde
NH3
Benzene
CO2
N2 O
CH4

Mode
Start-up
Operating
Start-up
Operating
Start-up
Operating
Start-up
Operating
Start-up
Operating
Start-up
Operating
Start-up
Operating
Start-up
Operating
Start-up
Operating
Start-up
Operating
Start-up
Operating
Start-up
Operating
Start-up
Operating
Start-up
Operating

Gasoline
298.600
22.700
18.400
2.850
1.268
0.349
5.410
1.830
0.065
0.029
0.054
0.011
0.021
0.008
0.037
0.014
0.097
0.037
0.034
0.049
0.969
0.000
181.000
263.000
0.017
0.000
0.368
0.570
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Diesel
10.550
1.780
2.520
0.796
0.000
0.000
0.156
1.110
0.006
0.022
0.366
0.114
0.004
0.002
0.006
0.003
0.019
0.010
0.007
0.003
0.000
0.000
51.630
224.000
0.005
0.000
0.000
0.000

LPG
294.300
21.190
4.930
0.760
1.440
0.390
6.540
1.670
0.000
0.000
0.000
0.000
0.000
0.000
0.010
0.005
0.110
0.040
0.020
0.032
0.000
0.000
157.100
212.000
0.012
0.000
22.170
3.430
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TABLE 7 - Reduction in emissions according to driving mode and road type (%).

CO2
NOx
CH4
NMVOC
CO
PM
SOx
Ave.

Decrease depending on driving mode (%)
Start-up
Operating
2015
2030
2015
2030
0.41
0.44
12.38
10.63
1.52
1.87
11.19
9.44
2.12
2.95
10.65
8.74
3.16
3.91
9.70
7.77
3.85
4.54
9.12
6.96
5.85
6.74
6.96
5.97
0.00
1.14
12.31
10.29
2.42
3.08
10.33
8.54

3.4. Decreasing emissions depending on road type

In the IVE model, the usage type of the vehicles, for
example the density of the traffic, speeds and start-up-stop
amounts, effects the emissions. In Table 7, yearly reductions in emissions, depending on road type, are given.
Negative values are present in terms of increases in emissions. When comparing the 2015 values, the decreasing
emissions rate was higher for residential roads. It is thought
that the major cause of this is the increased use of these
roads. When comparing 2015 and 2030 emissions on residential roads, the decrease is higher in 2015. It is supposed that the most important cause of this is an increase
in traffic density in 2030.
4. CONCLUSIONS
The Marmaray Project is the expected solution for
traffic congestion between two continents with the immersed tube tunnel technique in Istanbul. To evaluate the
advantages of the project, the decreasing of automobile
usage and emissions of toxic pollutants and greenhouse
gases were calculated upon the implementation of the
project for the years of 2015 and 2030 in this study. The
calculations were performed with IVE modeling and the
results were evaluated according to pollutant types, road
types and operating modes.

Decrease depending on road type (%)
Residential
Arterial
2015
2030
2015
2030
9.82
11.54
2.75
-0.48
9.79
11.42
3.01
-0.16
9.96
11.63
2.81
0.06
9.95
11.52
2.98
0.16
9.71
11.15
3.17
0.31
10.31
11.75
2.51
0.77
10.00
12.00
2.31
-0.57
9.93
11.57
2.79
0.11

In terms of pollutant types, it was calculated that criteria pollutants will increase, especially in the start-up
modes in 2030 because of the increasing use of gasoline
engines. Toxic pollutants were not affected by technology
but affected especially by fuel type, so the decreasing rate
was lower for toxic pollutants. It is expected that a decrease in greenhouse gases will be achieved by progress
in technology.
According to the results, arterial road usage will increase, and as a result, emissions will be elevated in 2030.
Emission factors were calculated according to driving
modes, and it was found that emissions in the start-up mode
were almost 5-10 times higher than in the operating mode.
Emissions in the starting modes will decrease in years to
come. It is expected that emission amounts will decrease
in 2030 due to progress in technology.
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ABSTRACT
The proposed research describes the application of
cloud point extraction (CPE) methodology for the preconcentration of ultra-trace amounts of Cu2+, Co2+, Zn2+, and
Mn2+ ions prior to their determination. In this technique,
non-ionic surfactant Triton X-114 in the presence of (2(pyridin-2-yl)-1H-benzo[d]imidazole) (PBI) as chelating
agent has been applied, and influence of variables that
affect the CPE efficiency and FAAS signal were optimized.
Carrying out pre-concentration with 15 ml sample solution
allowed to achieve a pre-concentration factor of 30, and enhancement factors of 33, 38, 28 and 25 for Cu2+, Zn2+,
Co2+ and Mn2+ ions, respectively. The calibration graph
using the pre-concentration system was linear in the range
of 0.01–0.25 µg ml-1 for Cu2+ ions, 0.01-0.21 µg ml-1 for
Zn2+, 0.015-0.28 µg ml-1 for Co2+ and 0.015-0.31 µg ml-1
for Mn2+ ions, with correlation coefficients of 0.998-0.999.
The lower limit of detection (3s) obtained under optimal conditions was in the range of 1.5-2.5 mg ml−1, while the relative standard deviation (R.S.D.) for 5 replicate determinations at 100 mg ml−1 level was between 3.1-4.2%. The
pro-posed method successfully applied for the determination of trace amounts of metal ions in tomato, orange, date
and fennel samples.
KEYWORDS: 2-(pyridin-2-yl)-1H-benzo[d]imidazole; cloud point
extraction; Triton X-114; preconcentration, metal ions

1. INTRODUCTION

at trace levels, especially in environmental samples with
low concentration and high saline content of the matrices,
is difficult and very important. FAAS, as the most accessible and low-cost instruments for the assessment of trace
amount of metal ions, suffer from the matrix of the samples or too low concentration of ions in various samples.
Cloud point extraction (CPE) is superior to other extraction methods, such as liquid-liquid extraction, exhibiting
much more environmentally friendly properties, and it is a
safe method because small volumes of noxious surfactants
are used instead of toxic organic solvents [4-9]. Due to advantages of CPE pointed out in literature, it was efficiently
applied for trace metal enrichment [10-16]. Heating a surfactant solution over the critical temperature (cloud point
temperature), the following centrifugation leads to separation of phase one at surfactant concentration below or equal
to a critical micelle concentration (bulk aqueous phase),
and to a small-volume surfactant-rich phase that efficiently
bound the hydrophobic compounds to the micelles being
extracted to this phase [17-23]. Carrying out this procedure
prior to FAAS improves the detection limits and selectivity
of determinations, and permits an extraction scheme that is
simple, fast, cheap, and highly efficient with lower toxicity
to the environment. Generally, CPE is an operational separation technique by reducing the consumption and exposure
to a solvent, disposal costs and extraction time following
formation of sparingly water-soluble complexes [24-29].
Therefore, its performance is significantly influenced by hydrophobicity of the ligands and of extractable species, and
their tendency and kinetics of distribution to the surfactant-rich phase [20, 23].

Metal ions are the main sources of pollution in the
environment and, therefore, they have a significant influence on its ecological quality [1-3]. Metal ions evaluation

2.1. Instrumentation

* Corresponding author

A Shimadzu AA-680 atomic absorption spectrometer,
equipped with deuterium background correction and respec-

2. MATERIALS AND METHODS

2350

© by PSP Volume 20 – No 9a. 2011

Fresenius Environmental Bulletin

tive hollow-cathode lamp as the radiation source applied at
resonance wavelengths according to instrument instructions,
while the instrumental parameters were adjusted according
to the manufacturer’s recommendations, was used for analyses. A 30 E 148 Sheme fan or a Hettich centrifuge was
used to accelerate the phase separation process. A
Metrohm 692 pH-meter furnished with a combined glasssaturated calomel electrode was used for pH measurements.
2.2. Reagents and Materials

All chemicals used in this work were of analytical reagent grade, purchased from Merck, and used without
further purification. De-ionized water was used for all dilutions. Standard solution was prepared by dissolving appropriate amounts of nitrate salts of these ions in deionized
water. A 1.0 % (w/v) Triton X-114 (Merck, Darmstadt, Germany) solution was prepared by dissolving 1.0 g of Triton
X-114 in 100 ml distilled water. Methanol was purchased
from Merck Company, and ligand PBI (Fig. 1) was synthesized according to [18].

of 50 ml of water samples was adjusted to 7, and preconcenrtation procedure given above was applied.
A 20-g sample of apple, date and tomato was heated in
silica crucible for 3 h on a hot plate, and the charred material was transferred to a furnace for overnight heating at
650 ºC. The residue was cooled, treated with 10.0 ml concentrated nitric acid and 3 ml 30% H2O2, and again kept
in a furnace for 2 h. The final residue was treated with 3 ml
conc. hydrochloric acid and 2-4 ml of 70% (w/w) perchloric acid, and evaporated to fume. The solid residue was
dissolved in water, filtered and the pH was adjusted to 6.0
by addition of KOH and HCl. The preconcentration procedure given above was then applied to these solutions.
For digestion of orange juice samples, 5.0 g of them
were accurately weighed, added to 5 ml of conc. HNO3 in
the digestion vessel, and a heating program was executed.
After that, 1 ml of H2O2 (30%, w/v) was added and heated
for 2 h at 650 °C. The residue was cooled, filtered and then,
the procedure given above was applied.
3. RESULTS AND DISCUSSION

N

3.1. Effect of pH on CPE

All extraction procedures of metal ions involve the formation of sufficiently hydrophobic extractable species into
the small volume of surfactant-rich phase, to obtain their preconcentration.

N

NH
FIGURE 1 - Structure of ligand (PBI).
2.3. Procedure

A typical CPE experiment required the following steps:
a 15-ml aliquot of a solution containing Cu2+, Co2+, Zn2+,
Mn2+, 0.13 % (w/v) Triton X-114, 1.0 M NaCl and 1.4 mM
of PBI was adjusted to pH 7.0 by addition of KOH. The
mixture was shaken for 1 min and left to stand in a thermostated bath at 55 °C for 20 min. Separation of the phases
was achieved by centrifugation at 3,500 rpm for 15 min.
The whole system was cooled in an ice-bath for 15 min
that the surfactant-rich phase would regain its viscosity. In
this way, the bulk aqueous phase was easily decanted. The
remaining micellar phase was dissolved in 0.5 ml of 1.0 M
HNO3 in methanol, and then metal content was readily
evaluated by FAAS.
2.4 Application of real samples

Juice of fennel samples collected from Gachsaran, Iran
was analyzed by the presented method. Before the analysis, the samples (100 ml) were filtered through a cellulose
membrane filter (Millipore) with pore size of 0.45 µm. The
organic contents of the juice of fennel samples were oxidized in the presence of 5 ml of 1% H2O2 and addition of
5 ml concentrated nitric acid. After acidification to 1% (w/v)
with concentrated nitric acid, samples were stored in polyethylene bottles. For the pre-concentration procedure, pH

The pH influence on the efficiency of metal ions extraction was studied using solutions in the pH range of 2–
10, and the results are shown in Fig. 2, while the pH was
adjusted by the addition of diluted HNO3 and/or KOH
solutions. It was observed that increasing pH from 2 to 7
leads to increasing sensitivity and achieving maximum
recovery rates [30]. From lower pH, probably due to protonation of ligand-reactive atoms and functional groups,
when increasing pH caused formation of insoluble hydroxy precipitates which significantly decrease the extraction efficiency.
3.2. Effect of PBI concentration on recovery of analytes

The PBI was employed as a complexing agent for CPE
of metal ions under study. In this regard, a set of similar
experiments with various amounts of PBI in the range of
0.4-4.0 mmol L-1 was conducted, and the absorbance as a
function of PBI concentration is shown in Fig. 3. It was
found that using at 1.4 mmol L-1 PBI concentration leads to
obtain maximum sensitivity; therefore, it was chosen for
subsequent experiments, while at higher concentration of
PBI, probably due to formation of charged un-extractable
species, the sensitivity decreased significantly.
3.3 Surfactant type and its concentration

The CPE efficiency depends on inherent interaction of
analytes with micellar structures, so that the micelle hydrophobic core is the more employed binding site in CPE
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procedures for chelate extraction; thus, in the absence of
chelating agent, probably due the existence of different

solubilization sites in a micelle (on micelle surface among
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FIGURE 2 - Effect of pH on cloud point extraction of analyte ions (N=3).
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FIGURE 4 - Effect of concentration of Triton X-114 on cloud point extraction of analytes (pH 7, N=3).

the hydrophilic head groups, the space among the polyoxy-ethylene groups, the interface between the head groups
and the core and hydrophobic core), CPE with high efficiency was achieved. Generally, the cloud point temperature is correlated with the hydrophilic property of a suitable
surfactant (criterion for its selection). Efficient selection
of surfactant benefits researchers by minimizing the phase
volume ratio enormously to improve the performance of
proposed CPE. Among two applied surfactants, such as
Triton X-114 and Triton X-100, application of Triton X114 gave better performance due to its lower cloud point
temperature (about 30 °C) and higher density of the surfactant-rich phase that facilitates phase separation procedure following centrifugation. Fig. 4 illustrates the method
sensitivity versus concentration of Triton X-114, and it was
seen that highest sensitivity was obtained using 0.13%
(w/v) Triton X-114. At higher (Triton X-114) values, the
surfactant-rich phase volume increased the phase volume
ratio and the viscosity of the surfactant-rich phase increased;
both processes led to diminishing the sensitivity [31, 32].
At lower Triton X-114 concentrations (below 0.13%, w/v),
the pre-concentration efficiency significantly decreased, due
to insufficient assemblies that were inadequate to quantitatively entrap the hydrophobic complex [33, 34]. A Triton
X-114 concentration of 0.13% (w/v) was selected for all
further works.
3.4. Effect of the temperature on metal ions CPE

To achieve easy phase separation and pre-concentration
as efficient as possible, optimal incubation time and temperature are necessary for complete reactions. It was desirable to employ the shortest equilibration time and the
lowest possible equilibration temperature as a compromise
between completion of extraction and efficient separation
of phases. The dependence of extraction efficiency upon
equilibration temperature above the cloud point in the range
of 25–60 °C was thoroughly optimized. The results showed
that an equilibration temperature of 55 °C was adequate to
achieve maximum sensitivity. Unreasonably high temperatures are not suitable in the proposed analytical method,
since they could create stability problems for chelates and
chelating agents. Moreover, non-ionic surfactants appear
relatively more hydrophobic at higher temperatures due to
an equilibrium shift that favors dehydration of the ether
oxygen. This leads to an increased concentration in the
number of micelles.
Keeping temperature constant, the influence of incubation time on CPE was studied in various times (0-20 min).
It was observed that the incubation time before centrifugation has no significant influence upon the extraction
efficiency. Therefore, in order to keep analysis time as short
as possible, the turbid solution was centrifuged immediately, and under this condition, the maximum sensitivity
was obtained using a single-step extraction. On the other
hand, no detected signal in the aqueous phase after CPE was
observed.

3.5 Effect of electrolytes on metal ions CPE

It was observed that the presence of electrolytes decreases the cloud point (salting-out effect), improving and
accelerating the dehydration of the poly(oxyethylene)
chains [23, 20], and this fact is directly related to desorption of ions to the hydrophilic parts of the micelles,
increasing micelles inter-attraction; both phenomena lead
to the precipitation of surfactant molecules. Based on this
discussion, NaCl was investigated as electrolyte in the
concentration range from 0.2-3.5 M in order to decrease
the cloud point and facilitate phase separation. The highest absorbance was obtained at 1.0-2.0 M NaCl levels. It
was seen that signal decreased considerably with further
increasing NaCl concentrations (2M). Increasing the surface charge of surfactant assemblies by increasing NaCl concentration, also changed the molecular architecture of the
surfactant and, consequently, the micelle formation process. It is necessary to emphasize that different blank
solutions were also evaluated and no significant signal was
ob-tained. In this way, 1.0 M NaCl level was used in all
further experiments.
3.6. Effect of added methanol volume

Generally, it was necessary that viscosity of the surfactant-rich phase (without significant dilution of surfactant rich-phase) could be decreased facilitating its introduction into the atomizer of the spectrometer (achieved using
suitable diluents). In these regard, different eluting solutions including methanol and methanolic/acidic solutions
of various volume and concentration were tested, and it
was seen that 0.5 ml of 1.0 mol L-1 nitric acid is sufficient
for complete and quantitative introduction of sample. To
achieve high sensitivity using lower volumes of eluents is
not sufficient for quantitative transfer of sample solution
(surfactant-rich phase) to the graduated tubes, while using
larger eluent volumes leads to significant reduction of signal. Therefore, 0.5 ml of 100 ml L-1 of HNO3 in methanol
was selected and used throughout the remaining experiments.
3.8. Effect of foreign ions

The interference in proposed method can be attributed
due to either determination or pre-concentration step. Flame
atomic absorption spectrometry (detection system) has high
selectivity, and interference can be mainly related to the
pre-concentration step. Therefore, both processes, complexation of cations with the proposed ligand and/or anions with
studied metal ions, decreased sensitivity. The tolerance
limit is defined as the ion concentration causing a relative
error smaller than ±5% related to the pre-concentration and
determination of analytes. Assessment of performance
of proposed CPE method in the presence of high salt
content samples is very important. To study the effect of
interference of other metal ions, 15 ml solution containing
100 ng ml-1 of these ions and various interfering ions in
different interferents-to-analyte mass ratios in the pres-
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ence of 0.13 % (w/v) Triton X-114, 1.4 mm PBI were
subjected to the complete procedure and results are presented in Table 1. As it can be seen, this method is efficiently suitable for determination of these under study
metal ions in real samples with complicated matrix.
3.9. Characteristics of the method

Calibration graphs were obtained by conducting preconcentrating procedure using 15 ml of a sample containing known amounts of these analyte ions under the experimental optimized conditions, and the respective results
are presented.

TABLE 1 - Effects of the interfering ions
on the recoveries of the examined metal ions.

Li+, Na+, K+
Al3+
Ba2+, Mg2+, Ca2+
SO42Pb2+, Ni2+
Cd2+
CH3C00Hg2+
Ag+, Cl-

Interfering ion to analyte tolerable mass ratio
Zn2+
Cu2+
Co2+
Mn2+
800
1000
900
500
400
350
800
100
200

The limits of detection (LOD), based on three times
the standard deviation (s) of the blank (n = 10), were found

TABLE 2 - Levels of analyte ions in real samples (N=3).
Sample

Ion
Cu2+
Zn2+
Co2+
Mn2+
Cu2+
Zn2+
Co2+
Mn2+
Cu2+
Zn2+
Co2+
Mn2+
Cu2+
Zn2+
Co2+
Mn2+
Cu2+
Zn2+
Co2+
Mn2+
Cu2+
Zn2+
Co2+

Added, µg g-1
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2
0
0.2

Found, µg g-1
0.461
0.668
0.439
0.645
0.333
0.527
0.030
0.226
0.779
0.985
0.186
0.394
0.436
0.643
0.308
0.512
0.311
0.516
0.580
0.788
0.086
0.292
0.343
0.537
0.280
0.473
1.413
1.603
0.024
0.219
0.577
0.784
1.240
1.446
0.641
0.847
0.184
0.376
0.361
0.566
0.882
1.089
0.909
1.11
0.281
0.486

2354

RSD %
3.7
3.0
3.4
2.8
3.4
3.0
---3.1
3.6
3.1
3.8
3.2
3.3
2.6
3.6
3.0
3.7
3.2
3.4
2.7
3.8
3.3
3.2
2.7
3.4
2.6
2.6
2.0
3.6
2.7
2.4
2.0
2.2
1.8
1.9
1.6
3.4
2.8
3.0
2.5
2.5
1.9
2.1
1.7
3.2
2.6

Recovery %
---103.5
--103.0
---97.0
---98.0
--103.0
--104.0
--103.5
--102.0
--102.5
---104.0
---103.0
--97.0
--96.5
--95.0
---97.5
--103.5
--103.0
--103.0
---96.0
--102.5
---103.5
--100.5
--102.5
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Mn2+

0
0.2

0.086
0.293

to be 1.6, 1.5, 2.1, 2.5 ng ml-1 for Cu2+, Zn2+, Co2+ and
Mn2+ ions, while the limits of quantification (LOQ), defined as 10 times the standard deviation (s) of the blank
solution (ligand, triton X-114 and NaCl at optimum value
and conditions) (n = 10), were found to be 10 ng ml-1 for
Mn2+ and Co2+ ions and 7.5 ng ml-1 for Cu2+ and Zn2+
ions. The pre-concentration of 15-ml sample solution allowed us to achieve a pre-concentration factor of 30, and
enhancement factors of 33, 38, 28 and 25 for Cu2+, Zn2+,
Co2+ and Mn2+ ions respectively. The calibration graph
using the pre-concentration system was linear in the range
of 0.01–0.25 µg ml-1 for Cu2+, 0.01-0.21 µg ml-1 for Zn2+,
0.015-0.28 µg ml-1 for Co2+ and 0.015-0.31 µg ml-1 for
Mn2+ ions, with correlation coefficients of 0.998-0.999. The
repeatability values of the method as extraction efficiency
at 200 ng ml-1 of these ions under optimum conditions of
variables are 2.8, 2.9, 2.7 and 2.6 % for Mn2+ , Co2+, Cu2+
and Zn2+ ions, respectively.
3.10. Accuracy and applications

We investigated the applicability of proposed CPE
pre-concentration procedure based on application of PBI
in the presence of Triton X-114. It has been successfully
applied for separation and/or pre-concentration, followed
by the determination of Cu2+, Co2+, Zn2+, and Mn2+ ions in
different matrices treated according to experimental section. This evaluation was assessed by standard addition
method carrying out spiking experiments, and respective
results are presented in Table 2. As it can be seen, the
recovery of spiked samples is satisfactory reasonable and
was confirmed by standard addition method that efficiently
showed the capability of the system for the determination
of these investigated analytes in real samples.

4. CONCLUSION
The micellar extraction of copper, nickel and cobalt
ions with PBI into the phase of non-ionic surfactant Triton X-114 has been investigated. The sensitivity, characteristics, ecological safety, simplicity, and convenience of
the suggested procedure are competitive with respect to the
methods based on the extraction with organic solvents. The
results presented have confirmed its applicability to the
separation and pre-concentration of Cu2+, Ni2+, Zn2+ and
Mn2+ ions, primarily due to its high stability constants and
high pH dependency with high selectivity loading when
elution has been carried out.
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ABSTRACT
A laboratory-scale anoxic-oxic biofilm reactor system using natural zeolite as supporting medium was employed to investigate its start-up characteristics and the optimum operational parameters for coking wastewater treatment. Experimental results indicated that the start-up of
the zeolite biofilm reactor was quite different from the traditional biofilm reactor systems. Only when the nitrification
attained stable state rather than the stable NH4-N removal
efficiency, the start-up period comes to an end. The parameter experiments showed that the hydraulic residence time
(HRT), the reflux ratio (R), NH4-N and COD volumetric
loading rate had significant influence on the performance of
the system. When the influent flow-rate was 1.0 L/h, the
reflux ratio was 2.0, the temperature was 33±2 °C, the total
HRT was 50.24 h, and COD and NH4-N removal efficiencies were 81.13 and 99.69%, respectively. The system could
endure the strong shock loading. Even though the NH4-N
volumetric loading reached 103 mg·(L·d)-1, the NH4-N removal efficiencies remained at approximately 90%. But the
COD volumetric loading should not be too high, as the NH4N removal efficiency had declined below 80% when COD
volumetric loading rate was more than 669 mg·(L·d)-1. The
results obtained in this study indicated that natural zeolite
is a very excellent supporting medium, potentially applicable to the present system for the treatment of coking
wastewater.

KEYWORDS:
Zeolite, anoxic-oxic process, biofilm, coking wastewater

1. INTRODUCTION
Coking wastewater is generated from coal coking,
coal gas purification and by-product recovery processes
of the coke plants. The composition of the wastewater is
complicated and varies from one plant to another, depend* Corresponding author

ing on the types of raw coal, carbonation temperature, and
method used for by-products recovery. The wastewater
contains phenolic compounds, ammonia, cyanide, thiocyanide, polynuclear aromatic hydrocarbons (PAHs), polycyclic
nitrogen-containing aromatics, oxygen and sulfur-containing
heterocyclic and acyclic compounds, and it is a refractory industrial waste [1-3]. The massive discharge of the untreated
coking wastewater can cause long-term pollution to the environment and endanger human beings health directly [4].
Therefore, it is urgent to investigate the methods and techniques for coking wastewater treatment.
Conventional activated sludge process has been widely
applied for the treatment of the coking wastewater. But it is
not effective for the COD removal due to the presence of
refractory and inhibitory organic compounds in coking
wastewater, and also has no effect on removing highstrength ammonia nitrogen [5]. In recent years, the anoxic/
oxic (A/O) or anaerobic/anoxic/oxic (A/A/O) activated
sludge process has been adopted to remove COD and ammonia nitrogen simultaneously [6]. However, the suspended
microbes in activated sludge easily flow out of reactors and
result in shorter sludge retention time, which has an adverse
impact on the ammonia nitrogen removal. Furthermore, the
aforementioned processes have inherent shortcomings, such
as weak resistance to shock loading, less settle-ability and
costly operation [7].
With the development of new supporting media for the
microorganisms, biofilm processes were gradually introduced to treat coking wastewater [8-11]. Free microorganisms are fixed on the supporting media through physical or
chemical methods. The nitrifying bacteria extend their residence time in reactor by being trapped on the supporting
media of the biofilm reactor system, which contributes to
the nitrification reaction and enhances the ammonia nitrogen removal. In addition, biofilm processes have the stronger
resistance to shock loading compared with the activated
sludge processes.
Natural zeolite, a porous non-metallic mineral, not only
has strong ammonium ion exchange capacity but also has
developed interspaces structure and huge specific surface
area, which makes it being an excellent supporting me-
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dium for the growth and propagation of microorganisms
[12]. The hybrid between ion exchange and biofilm facilitates the ammonia nitrogen and COD removal in the wastewater [13]. In recent years, the zeolite biofilm process was
used to treat heavy-metal wastewater [14, 15] and degrade
4-chlorophenol [16], micro-polluted source water [17] and
removal of ammonium ions from synthetic aqueous solutions and leachate [18], and secondary effluent [19]. However, relatively few studies [20, 21] have focused on treating high concentration organic industrial wastewater with
the zeolite biofilm system, especially for coking
wastewater treatment.
The purposes of the present study are: 1) to investigate
the feasibility of treating coking wastewater by anoxic/oxic
zeolite biofilm reactor system; 2) to explore the start-up
characteristics of anoxic/oxic zeolite biofilm reactor system
for coking wastewater treatment; 3) to study the effect of
hydraulic retention time (HRT), reflux ratio (R), NH4-N and
COD volumetric loading on the NH4-N and COD removal
efficiencies.
2. MATERIALS AND METHODS

The process flow diagram is given in Fig. 1. Raw
wastewater and recycled effluent from oxic reactor were
mixed in the high cistern. Then, the mixed liquor flowed
by gravity into the anoxic reactor from its bottom, where
denitrification was carried out. Subsequently, the effluent
from the anoxic reactor passed into the oxic reactor in
which the residual organic matters were further degraded
and nitrogen-containing organic compounds were converted into nitrate by ammonification and nitrification.
The system was made of transparent plexiglas. The
heights of the anoxic and oxic reactors were both 1500 mm,
and the diameters of them were 100 and 200 mm, respectively. In order to regulate HRT, a series of outlet nozzles
were set at the height of 1100, 1200, 1300 and 1400 mm
from the bottom of the anoxic and oxic reactors.
The system was operated in a temperature-controlled
room at 33±2 °C. Sodium carbonate solution was quantitatively dosed into the oxic reactor to compensate for alkalinity lost due to nitrification, and pH was kept at 6.5-7.0.
Throughout the whole experimental period, the DO level
in the anoxic reactor was kept at a concentration below
0.5 mg/L, while the DO concentration of the oxic reactor
was maintained at about 4 mg/L.

2.1. Process flow diagram

Laboratory-scale experiments were conducted to evaluate the efficiency of the anoxic/oxic zeolite biofilm system
for ammonia nitrogen removal and organics degradation.

2.2. Packing media

The natural clinoptilolite (Gansu, China) was used as
the packing medium to immobilize the microorganisms.

FIGURE 1 - Schematic diagram of the experimental set-up.
1-Feed storage tank 2-Influent metering pump 3-High cistern 4-Anoxic reactor 5-Oxic reactor
6-Air pump 7-Effluent storage tank 8-Circulation metering pump 9-Outlet nozzles 10-Exhaust vent

TABLE 1 - The chemical composition and physical parameters of clinoptilolite.
SiO2
70.00

Al2O3
12.50

Specific surface area
7.82-10.91 m2/g

CaO
1.60

MgO
1.10
Density
2.16 g/cm3

FeO
0.75

Chemical composition (wB / %)
P2 O5
MnO
Na2O
Fe
0.03
0.03
2.90
2.30
Physical parameters
Packing density
Mohs hardness
1.120 g/cm3
4-5
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K2 O
1.00

CO2
2.00

Particle diameter
3.00-5.00 mm

H2 O
3.10

Others
2.69

Appearance
light brown
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Both the anoxic and oxic reactors were packed with zeolite
of 1000 mm height. Its chemical composition and physical
parameters determined by the Central Laboratory of Gansu
Geology and Mineral Resources are given in Table 1.
2.3. Wastewater and seed sludge

The raw coking wastewater used in the experiment
was collected from the regulating tank of coking plant of
Maanshan Iron and Steel Company in Anhui, China. The
wastewater quality parameters are listed in Table 2.
Monopotassium phosphate was added into the raw
wastewater to regulate the pH and provide phosphorus
source to the microorganisms. Additionally, appropriate
methanol was also dosed into the raw wastewater to enhance the denitrification and reduce the effluent COD
concentration [22, 23]. The seed sludge introduced to the
system was obtained from the anoxic and oxic tanks of
coking wastewater treatment plant in Maanshan Iron and
Steel Company, at 1:1 proportion, respectively. The sludge
was firstly washed with tap water in order to remove impurities and some sludge with poor sedimentation performance, and then settled 45 min as seed sludge. The
characteristics of the seed sludge are summarized in
Table 3.
TABLE 2 - Water quality parameters of raw coking wastewater.
pH

COD (mg/L)

6.5-8.2

500-1800

NH4-N
(mg/L)
90-220

Temperature
(°C)
30-48

TABLE 3 - Characteristics of the seed sludge.
Item
Value

MLSS /
(mg/L)
5980

MLVSS /
(mg/L)
3269

SVI /
(mg/L)
61

Water
content
98.8%

2.4. Analysis methods

Water samples collected from each reactor were firstly
filtered through 0.45-µm filter membranes. Samples were
always kept under refrigeration at 4 °C if not being able to
carry out immediate analyses. The concentrations of COD

and NH4-N were determined in accordance with K2CrO4
method and spectrophotometric method, respectively, as
described in standard methods for the examination of water
and wastewater [24]. Values of pH were measured by selective electrodes (Sartorius, PB-10, Germany), DO level
was monitored by means of a Dissolved Oxygen Meter
(AM39K, Germany).

3. RESULTS AND DISCUSSION
3.1. The start-up characteristics of the system

The seed sludge was infused into the anoxic and oxic
reactors up to 50% of their effective volumes in order to
provide the initial microorganisms, adopting continuous influent and continuous effluent. In order to prevent an inhibitory action of the higher COD and NH4-N concentrations on the microorganisms’ growth, the raw coking wastewater was diluted by tap water to maintain the COD and
NH4-N levels in the initial influent around 300 mg/L and
50 mg/L, respectively. After stable operation was achieved,
the influent COD and NH4-N concentrations increased
gradually to normal biological treatment level (COD from
1200 to 1700 mg/L, NH4-N approx. 200 mg/L) by decreasing the dilution ratio. From the start-up period, the concentration and the removal efficiencies of COD and NH4-N
were determined and calculated, respectively. Meanwhile,
change of the biofilm on the supporting medium surface
was also observed. On the 15th day, the biofilm could be
seen at the surface of supporting medium, and a few bubbles can be observed in the anoxic reactor simultaneously.
On the 19th day, the bubbles were generated markedly in
the anoxic reactor, indicating that the denitrifying bacteria
had acclimated. Figs. 2 and 3 show the chronicle COD and
NH4-N removal performance by zeolite biofilm reactor
during the start-up operation.
The average COD concentrations in the influent and
the removal efficiency were 300.59 mg/L and 42.96%,
respectively, at the initial phase. At this stage, biofilms had
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FIGURE 2 - The effect of domestication time on the COD removal.

FIGURE 3 - The effect of domestication time on the NH4-N removal.

not formed on the surface of the supporting media, while
the COD removal efficiency varied from 36.03 to 47.43%
but increased step by step (Fig. 2). This expectation should
be attributable to the huge specific surface area of the natural zeolite and its strong adsorption capacity for organic
substances. Meanwhile, its filtration function on organic
substances could not be ignored either. Then, the biofilms
on the surface of the supporting media matured gradually,
and denitrification tended to carry out normally. Both biological function and ion exchange were at work at the same
time, but biological function was at a leading role in later
stage. The COD removal efficiency had reached above
72.05% about 40 days later.
From Fig. 3, the average NH4-N concentration in the
influent and the removal efficiency were 51.06 mg/L and
96.46%, respectively, at the initial phase. The high NH4-N
removal efficiency at the start-up period could be attributed to ion exchange function of the zeolite. The anoxic
and oxic reactors were equivalent to the ion exchangers
connected in series, which played a dominant role in removing NH4-N. Then, denitrifying and nitrifying bacteria
grew on the surface of the zeolite, and the system gradually transformed into biological reactors, while biological
removal functions are inferior to ion exchange. The NH4N removal efficiency dropped sharply when ion exchange
zone moved gradually to the outlet, resulting in suddenly
increasing NH4-N levels in the effluent. The lowest NH4-N

removal efficiency was to be found on the 25th day (roughly
70%). Subsequently, the biofilms matured stepwise and
were mainly responsible for the NH4-N removal, leading
to decreasing NH4-N concentration in the effluent, and the
removal efficiency increased gradually. The NH4-N removal
efficiency kept constant about 40 days later, which could be
considered as the end of cultivation and acclimation.
From the above analysis, it could be concluded that the
start-up characteristics of the zeolite biofilm reactor were
somewhat different from the conventional biofilm reactors.
It included two types of reactions: ion exchange and biodegradation. The start-up experiments of the system in this
study showed that the effects of filtration and ion exchange were the major contributors to COD and NH4-N
removal at the initial phase while biodegradation played the
leading role at the later phase.
3.2. The effect of HRT on COD and NH4-N removal

After the start-up period, the system turned to stable
state operation. The influent metering pump and circulation
metering pump were regulated at flow-rates of 1 and 3 L/h,
respectively, and the temperature was kept at 33±2 °C. The
HRTs of the anoxic and oxic reactors were controlled by
choosing different outlet nozzles. The determination was
performed when the system was operated for at least 3 days
at each HRT adjustment. The steady-state performances of
the biofilm process with different HRTs are listed in Table 4.

TABLE 4 - The performance of the system at different HRTs.
HRTA

HRTO

HRTT

(h)

(h)
34.54
37.68
40.82
43.96

(h)
43.18
46.32
49.46
52.60
49.46
50.24
51.03
51.81

8.64
8.64
9.42
10.21
10.99

40.82

COD
of influent
(mg/L)
1438.42
1266.47
1693.98
1612.64
1349.69
1498.3
1651.73
1638.41

COD
of effluent
(mg/L)
590.56
448.13
541.36
471.19
421.61
300.84
446.41
419.68

COD removal
efficiency
(%)
58.94
64.62
68.04
70.78
68.76
79.92
72.97
74.38
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NH4-N
of influent
(mg/L)
214.42
199.13
206.43
211.65
183.17
212.43
203.52
191.67

NH4-N
of effluent
(mg/L)
100.71
46.29
4.11
2.09
8.63
6.07
6.68
2.69

NH4-N removal
efficiency
(%)
53.03
76.75
98.01
99.01
95.29
97.14
96.72
98.60
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HRTA: hydraulic residence time in anoxic reactor

HRTO: hydraulic residence time in oxic reactor

As shown in Table 4, when HRTA was maintained constantly at 8.64 h, the COD removal efficiency kept relatively stable with the increase of HRT0 from 34.54 h to
43.96 h, while the NH4-N removal efficiency increased
from 53.04 to 99.01%. The HRT0 worked in two ways to
affect the activity of the microorganisms. On the one hand,
most organic matters were degraded in anoxic reactor due
to the denitrification, while the denitrification could not be
guaranteed only by increasing HRT0. On the other hand, as
the NH4-N was solely removed as a result of the nitrification, the longer HRT0 means the better performance of nitrification, resulting in the greater NH4-N removal efficiency. This phenomenon had been observed in previous
studies [4, 25]. As HRTT was increased from 49.46 to
52.60 h, the COD and NH4-N removal efficiencies just had
a slight fluctuation, indicating that 40.82 h HRT0 was
appropriate for the nitrification, so it was unnecessary to
extend it. Moreover, HRT0 was kept invariably at 40.82 h
and HRTA was increased from 8.46 to 9.42 h, but the NH4-N
removal efficiency remained relatively stable, while COD
removal efficiency increased from 68.76 to 79.92%. Prolonged HRTA had no contribution to the COD and NH4-N
removal, indicating that 9.42 h HRTA was sufficient for
the denitrification.
In order to ensure the efficiencies for simultaneous
removal of COD and NH4-N during long-term running, it
could be concluded that the optimum HRTT in this study
was 50.24 h (9.42 h and 40.82 h for the anoxic and oxic
reactors, respectively).
3.3. The effect of Reflux Ratio (R) on COD and NH4-N removal

The recycled effluents from oxic reactor to anoxic reactor could supply nitrate nitrogen for denitrification as
electron donor, which had a significant influence on the
organic matters and the nitrogen removal of the anoxic/oxic
zeolite biofilm system. Generally speaking, the nitrogen removal efficiency would be greater if the carbon source was
sufficient, but a too high R might have adverse effects on
the denitrifying performance. The performance of the system
is listed in Table 5 when HRT and the temperature were
kept at 50.24 h and 33±2 °C, respectively.
It was clear from Table 5 that the COD and NH4-N removal efficiencies of the system were all increased with
the rising of reflux ratio from 1 to 2, corresponding COD
from 59.09 to 81.13% and NH4-N from 95.17 to 99.69%.
A possible explanation was that the less reflux ratio (R=1)

HRTT: total hydraulic residence time

led to nitrate nitrogen and available organic substrates insufficient for the denitrification in the anoxic reactor. With
the increment of reflux ratio (R=2), nitrate nitrogen and
available organic substrates for denitrification were increased
in the anoxic reactor, which made COD removal efficiency
significantly increasing. Meanwhile, nitrifying autotrophic
bacteria were the dominant microorganisms whereas heterotrophic bacteria were inferior due to a decrease of organic substrates, which was advantageous for the nitrification, Hence the NH4-N removal efficiency increased correspondingly. But when the reflux ratio rose in succession,
the COD and NH4-N removal efficiencies of the system
decreased again. The reason was that a too high reflux
ratio increased DO concentration in the anoxic reactor,
which might had inhibitory action on denitrification and,
hence, led to a decrease of the COD removal efficiency.
In addition, the increase of organic substrates in the oxic
reactor had an adverse effect on nitrification performance,
resulting in the decrease of NH4-N removal efficiency.
Even if the reflux ratio was increased to 6, the NH4-N removal efficiency still kept at 91.16%, which is also an excellent performance of the system compared to conventional biofilm systems. It could be assumed that the strong
ammonium ion exchanging capability in anoxic/oxic zeolite biofilm system played a great role in NH4-N removal.
In summary, the ideal reflux ratio was 2 in this study.
3.4. The effect of NH4-N loading rate on COD and NH4-N removal

The NH4-N volumetric loading rate was increased by
quantitatively dosing the solution of ammonium chloride.
The operational parameters were kept as follows: influent
flow-rate at 1 L/h, HRT at 50.24 h, temperature at 33±2 °C,
and the reflux ratio at 2.
From Fig. 4, it might be discerned that the NH4-N removal efficiency decreased gradually from 99.72 to 89.92%
with the increase of the NH4-N volumetric loading rate. On
the one hand, ammonia nitrogen inhibited nitrating aerobic
bacteria to make use of the DO, which weakened the
nitrification. On the other hand, a too high ammonia nitrogen concentration led to the ratio of carbon to nitrogen
maladjusted, and the cumulative NO2-N and NO3-N had an
inhibitory effect on the activity of nitrifying bacteria. The
double-inhibitory effects led to the decrease of the NH4-N
removal efficiency. According to the previous studies, the
presence of the zeolite materials could improve the removal

TABLE 5 - The effect of varying reflux ratio on the removal efficiency
reflux ratio
R
1
2
3
4
5

COD
of influent
(mg/L)
1448.29
1296.45
1668.93
1202.84
1400.38

COD
of effluent
(mg/L)
592.51
244.68
385.59
356.29
447.65

COD
removal efficiency
(%)
59.09
81.13
76.90
70.38
68.03
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NH4-N
of influent
(mg/L)
185.82
206.56
189.64
184.96
202.58

NH4-N
of effluent
(mg/L)
8.97
0.65
0.82
2.63
2.48

NH4-N removal
efficiency
(%)
95.17
99.69
99.57
98.58
98.78
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555.76

57.42

192.35

17.01

91.16

FIGURE 4 - The effect of NH4-N volumetric loading rate on COD and NH4-N removal.

of ammonia ions [26], and the adaptability to NH4-N shock
loading [27]. A phenomenon observed in this study was
that the NH4-N removal efficiency still kept around 90%,
even when NH4-N volumetric loading rate was increased to
103 mg·(L·d)-1, which was consistent with previous researches.

3.5. The effect of COD loading rate on COD and NH4-N removal

Additionally, the NH4-N removal efficiency was maintained above 99% before a NH4-N volumetric loading rate
of 57 mg·(L·d)-1, indicating that nitrification was fully carried out in the oxic reactor, and most organic matters in the
influent were degraded in the anoxic reactor. The COD removal efficiency in the anoxic reactor kept relatively stable
with the increase of the NH4-N volumetric loading rate,
but the heterotrophic bacteria propagated quickly in the
oxic reactor due to the sufficient organic substrates, so the
COD removal efficiency increased gradually.

As shown in Fig. 5, the COD removal efficiency was
increased from 50.32 to 65.89% with the COD volumetric
loading ranging from 287 to 431 mg·(L·d)-1 when the influent flow-rate was at 1 L/h, HRT at 50.24 h, temperature
at 33±2 °C, and reflux ratio at 2. The reason for this was
that the increase of the available carbon source promoted
the nitrification in the oxic reactor. Meanwhile, the nitrifying bacteria propagated rapidly due to the decrease of the
organic substrates in the oxic reactor, resulting in an increase
of NH 4-N removal rate from 97.12 to 99.73%. Then,

The COD loading rate was also important for the design and operation of the system. The COD volumetric
loading rate was increased by quantitatively dosing a solution of methanol.
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FIGURE 5 - The effect of COD volumetric loading rate on COD and NH4-N removal.

the COD removal efficiency increased slowly with the
increase of the COD volumetric loading rate from 431
to 863 mg·(L·d)-1; this is because too much carbon source
had an inhibitory effect on the denitrification in the anoxic
reactor, the COD removal efficiency kept stable in anoxic
reactor, and the redundant organic matters were degraded
by heterotrophic bacteria in the oxic reactor. However, the
boom of the heterotrophic bacteria was adverse to the nitrification because the partial DO was consumed by heterotrophic bacteria, resulting in the NH4-N removal efficiency
decreasing sharply from 99.73 to 70.11%.
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ABSTRACT

approximately 220 genera with 6,000 species in the subfamily Scolytinae [2].

Essential oil obtained from the plant species Artemisia
spicigera C. Koch and Helichrysum plicatum L. (Asteraceae), Mentha longifolia L., Origanum acutidens L.,
Rosmarinus officinalis and Salvia multicaulis Vahl (Lamiaceae) were tested for their toxicities against the larvae of
Dendroctonus micans (Kugelann) (Coleoptera: Curculionidae: Scolytinae) in laboratory conditions. The results
show that essential oils of A. spicigera, H. plicatum, M.
longifolia, O. acutidens, R. officinalis and S. multicaulis
have an insecticidal effect against the larvae of D. micans,
in comparison with controls. The mortality of the larvae
of D. micans increases significantly after treatment
with the essential oils (P<0.01). The amounts of essential
oils applied were 5 and 10 µl in each, corresponding to
38.46, and 76.92 µl/L air. The mortality rates of 1-2 larval
stages of D. micans after 72 h of treatment with 5-10 µl
doses of essential oils of R. officinalis (73.3%), O. acutidens
(73.2%) and M. longifolia (70.8%) clearly demonstrate an
insecticidal effect. M. longifolia (26.6%), A. spicigera
(25.5%) and H. plicatum (24.4%) have the highest mortality rates for 3-4 larval stages .

KEYWORDS:
Dendroctonus micans, essential oils, insecticidal effect.

1. INTRODUCTION
One of the major causes of crop losses is herbivory by
larvae and adults of some insect species [1]. Scolytinae subfamily is one of the most dangerous insect groups for forests. Bark beetles are a rich species group representing

* Corresponding author

They are small (1-9 mm) and usually cylindrical. The
subfamily is very diverse, with >6000 species known
worldwide, having a wide variety of life histories. Most
species of bark beetles cause little or no economic damage,
as they normally infest branches, stumps, and stems of
standing dead or severely weakened trees, or downed
woody material. A few species will attack and kill living,
apparently healthy trees. For instance, members of the bark
beetle genus Dendroctonus can cause severe outbreaks,
resulting in high levels of tree mortality [3]. One of these
insects, the great spruce bark beetle, Dendroctonus micans
Kugelann (Coleoptera: Curculionidae, Scolytinae), has
been causing sig-nificant damage to spruce stands in
Europe and Asia. D. micans was first discovered in oriental spruce forests in the Republic of Georgia in 1957,
and infested over 100.000 ha of oriental spruce stands in
1963 [4-6]. D. micans is established in Austria, Belgium,
Czechoslovakia, Denmark, Finland, France, Germany,
Netherlands, Sweden, Rumania, Turkey, Great Britain, the
former USSR and former Yugoslavia [7]. The usual hosts
are Picea spp., mainly P. abies, P. sitchensis and P.
orientalis, but also occasionally P. breweriana, P. engelmannii, P. glauca, P. jezoensis, P. mariana, P. obovata, P.
omorika and P. pungens [8]. This beetle has adapted to
many climatic and eco-logical conditions [10]. Several
countries have this significant pest and spent considerable
amounts of money and effort trying to control it [9, 10].
D .micans was firstly discovered in Turkey in 1966 [11]
and infested 36% of the spruce trees in the native distribution range of the spruce in the eastern Black Sea region [12].
Millions of trees were dead as a consequence of infestations in the oriental spruce forests [13]. Oriental spruce,
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Picea orientalis (L.) Link. distributes throughout the eastern Black Sea mountains in Turkey and Caucasus mountains in Georgia.
Its total area is 286,851 ha in Turkey [14]. According
to Akinci et al. [15], the areas damaged dominantly by D.
micans in native distribution of oriental spruce forests were
in north-eastern Turkey. A total of 22.8 million m3 standing trees were damaged. In 11.43 million m3 standing trees,
infestations were observed and 6.96 million m3 of trees
were cut which occupied 120,000 ha of D. micans infestation areas. In pure spruce stands, 26.5% of the trees were
infested during 2001 – 2007.
The common methods for controlling these types of
insects are chemical, biological and physical control (or a
combination of these methods). Natural products are wellknown to have a range of useful biological properties
against insect pests. The search for natural compounds
having pest-suppressing potential continues in an attempt to
find alternatives, which pose fewer risks to humans and the
environment than existing conventional pesticides [16].
Turkey has the flora that is rich in indigenous aromatic and medicinal plant species. Rosmarinus officinalis
L., Artemisia spicigera C. Koch and Helichrysum plicatum L. (Asteraceae), Mentha longifolia L., Origanum
acutidens L. and Salvia multicaulis Vahl (Lamiaceae) are
widely grown in Turkey since antiquity, and are known
for their medicinal and aromatic properties.
The genus Helichrysum, belonging to the family
Asteraceae is represented by approximately 300 species in
the world. This genus is represented in Turkish flora by
18 taxa, of which 9 are endemic. The plants of this genus
are notable for their involucre, made up of a large number
of bracts located in several rows, which are yellow and
shiny [17].
Rosmarinus officinalis L. is an evergreen shrub of the
Lamiaceae family, native to most Mediterranean countries,
which grows to a height of 1.5 m. Its leaves are 2.5 cm and
it has small, light blue flowers. Leaves and flowers yield
highly aromatic essential oils. The genus Rosmarinus contains several species with a range of varieties and forms
[18]. Rosmarinus oil is usually isolated through steam distillation of fresh or slightly wilted leaves and flowers. The
most abundant constituents documented for this oil are αpinene, 1,8-cineole, verbenone and camphor [19].
The genus Artemisia, small herbs and shrubs, is one of
the largest and most widely distributed genera of the Compositae family. Members of this genus have a characteristic scent or taste, have botanical and pharmaceutical interest, and are used in the liqueur-making industry. Among
them, A. spicigera are found growing naturally in large
areas of south-eastern Anatolia region of Turkey [20]. The
essential oil of A. spicigera contains camphor (34.9%),
1,8-cineole (9.5%), borneol (5.1%), spathulenol (3.7%), piperitone (2.6%), caryophyllene oxide (1.8%) and α-terpineol (1.6%) [21].

The genus Origanum L. (Tribe Mentheae, Family Labiatae) is represented in Turkey by 22 species or 32 taxa,
21 being endemic to Turkey. The rate of endemism among
the Turkish Origanum species is 63%. Out of 52 known
taxa of Origanum, 32 are distributed in Anatolia, meaning
60% of all Origanum taxa are recorded to grow in Turkey. This high rate is suggestive that the gene centre of
Origanum is Turkey [22]. Essential oils of Origanum
acutidens are mainly composed of carvacrol (87.0%), pcymene (2.0%), linalool acetate (1.7%), borneol (1.6%) and
ß-car-yophyllene (1.3%) [23].
The genus Mentha L. is well-known due to high aromatic species having economic importance. The Mentha
species constitute one of the most popular essential oil
crops. The essential oil of Mentha longifolia contains menthol (32.5%) menthone (20.7%), pulegone (17.8%) 1,8-cineole (5.6%), terpineol-4 (4.8%) and piperitone (2.2%) [24].
The genus Salvia belongs to the Lamiaceae family (subfamily Nepetoideae), which is one of the most widely distributed around the world and comprises herbs and shrubs
growing in the temperate and warmer zones of the world.
The main compounds of Salvia multicaulis were 1,8-cineole (17.0%), camphor (13.2%), α-pinene (9.3%), valeranone (8.5%) and α -eudesmol (5.7%) [25].
Essential oils obtained from plants are under particular investigation for their broad spectrum of pest control
properties. They have been shown to possess insecticidal
activity as vapors [26-29].
In Turkey, aromatic plants are widely distributed and
there is a very rich and diversified flora, famous for its nutritional and medicinal characteristics. They are used for the
production of cosmetics, perfumes, detergents, as well as in
pharmacology and food flavoring. In addition to these rapidly evolving traditional sectors, a new industrial application
may develop in the field of plant protection.
2. MATERIALS AND METHODS
2.1. Plant material and isolation of essential oil

The aerial parts of Rosmarinus officinalis L. were purchased at vegetative stage from a local market. Artemisia
spicigera C. Koch and Helichrysum plicatum L. (Asteraceae), Mentha longifolia L., Origanum acutidens L. and
Salvia multicaulis Vahl (Lamiaceae) were collected at the
flowering stage in August 2009-2010 in Turkey. Collected
plant materials were dried in the shadow and ground in a
grinder. The dried plant samples (500 g) were subjected to
hydrodistillation (plant material in boiling water) using a
Clevenger-type apparatus for 4 hours. Hydrodistillation of
A. spicigera, H. plicatum, M. longifolia, O. acutidens, R.
officinalis and S. multicaulis yielded 0.25, 0.82, 1.38, 0.60
1.46 and 0.80 % (w/w) of essential oils, respectively. The
yields were based on dry materials of plant samples.
2.2. Insects
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The larvae of D. micans were collected from spruce
forests in Artvin-Hatila National Park (41° 51' N, 41° 06' E)
at the Black Sea region of Turkey. Within the study area,
there are mixed stands made up of spruce, hornbeam, fir,
beach and oak, but at altitudes of 1700-2100 m forest formation types are almost pure oriental spruce trees. Bioassays were carried out under the same conditions and in the
same laboratory.
2.3. Bioassays

In order to test the toxicity of the oil against to larvae,
25 larvae of the insects with 25 g of sawdust (wood particles) were placed in Petri dishes (9 cm). Aliquots (5 and
10 µl) of the oils were applied with a variable pipette on
Whatman No. 1 filter papers (2 cm × 2 cm) attached to
the upside of the Petri dish, corresponding to 38.46 and
and 76.92 µl/L air concentrations. After exposure, mortality of the larvae was determined at 24, 48 and 72 h. Petri
dish applied with only sterile water was used as control
group. Three replicates were used for each dose and exposure time combination, and insecticidal activity of the oil
was expressed as % mean mortality of the larvae (1-2; 3-4).
2.4. Data analysis

In order to calculate significant differences in toxicity
between doses and exposure times, two-way analysis of
variance (ANOVA) using the SPSS 10.0 software package at
P< 0.01 and P< 0.05 levels was carried out.

O. acutidens, R. officinalis and S. multicaulis have potential for development as new effective insect control agents
against D. micans larvae, one of the most important pests
in Turkey.
The toxicities of 5 and 10 µl/Petri dish doses of the
oils on spruce forest D. micans were determined (Tables 1
and 2). The mortality increased with increase in exposure
time. The oils caused 71.6–96.6% mortality of D. micans
larvae 1-2 and 8.6-40.8% mortality of D. micans larvae 3-4,
respectively, at 10 µl/Petri dish after 72-h exposure. D. micans 1-2 larval stage, at the end of 24 h at doses of 5-10 µl
of the most effective essential oil of R. officinalis evidenced
51.0% mortality, and 80.0-96.6% within 48 and 72 h with
the volatile oil of O. acutidens.
Overall, the essential oil extracted from R. officinalis
was found to be the most effective with a rate of 73.3%,
followed by the oils extracted from O. acutidens and M.
longifolia with 73.2 and 70.8%, respectively (Table 1;
Fig. 1). In addition, the essential oil of A. spicigera was
the most effective one with 19.1% at the end of 24 h after
doses of 5-10 ml were applied on D. micans’ third and
fourth period larvae. However, it was determined that the
essential oil of M. longifolia was the most effective at the
end of both 48 and 72 h, with rates of 32.5 and 40.8%,
respectively. At the end of 72 hours, usually against thirdand fourth-period larvae, the most effective essential oils
were those of M. longifolia (26.6%), H. plicatum (25.5%)
and A. spicigera (24.4%), respectively (Table 2).

3. RESULTS AND DISCUSSION
These plant essential oils possessed very strong insecticidal activity. A. spicigera, H. plicatum, M. longifolia,

TABLE 1- The results of multiple comparison with mean (M) and std. error (SE) of
exposure time and dose of essential oil of six plant species on D. micans (1 and 2 larval stages).
H. plicatum M. longifolia A. spicigera O.acutidens S.multicaulis R.officinalis Control
Dose (µl)
M±SE
M±SE
M±SE
M±SE
M±SE
M±SE
M±SE
5
40.0±
50.0±
45.0±
39.3
8.6
38.0
4.0
10
38.3±
45.0±
38.3±
46.6
16.6
64.0
4.0
Mean ± SE
39.1±2.3c
47.5±3.4b
41.6±1.7c
43.0±1.5c
12.6±1.4c
51.0±1.4c
4.0±0.8c
48
5
65.0±
73.3±
61.6±
82.6
68.6
71.3
16.6
10
53.3±
81.6±
61.6±
77.3
68.6
82.0
16.6
Mean ± SE
59.1±2.3b
77.5±3.4a
61.6±1.7b
80.0±1.5b
68.6±1.4b
76.6±1.4b 16.6±0.8b
72
5
76.6±
85.0±
68.3±
94.6
89.3
87.3
20.6
10
66.6±
90.0±
76.6±
98.6
90.6
97.3
20.6
Mean ± SE
71.6±2.3a
87.5±3.4a
72.5±1.7a
96.6±1.5a
90.0±1.4a
92.3±1.4a 20.6±0.8a
Grand M.±SE
56.6±1.2b
70.8±1.2a
58.6±1.2b
73.2±1.2a
57.11±1.2b
73.3±1.2a
13.7±1.2c
Values followed by different lower-case letters in the same column differ significantly at P < 0.01 (**).
Time (h)
24

Grand M ± SE
32.1±
36.1±
34.1 ±0.5c
62.7±
63.0 ±
62.9 ±0.5b
74.5 ±
77.2 ±
75.9 ± 0.5a
57.6 ±0.4

TABLE 2 - The results of multiple comparison with means and std. errors of exposure
time and dose of essential oil of six plant species on D. micans (3 and 4 larval stages)
Time(h)
24

Dose (µl)
5

10
Mean ± SE
48
5

H. plicatum
M±SE
13.3±

M. longifolia
M±SE
5.0±

A. spicigera
M±SE
21.6±

O.acutidens
M±SE
0.6

S.multicaulis
M±SE
4.6

R.officinalis
M±SE
2.0

Control
M±SE
0.6

Grand M ± SE
6.8±

11.6±
12.5±2.3c
28.3±

8.3±
6.6±3.4b
33.3±

16.6±
19.1±1.7b
28.3±

0.6
0.6±1.5b
2.6

2.0
3.3±1.4b
7.3

0.6
1.3±1.4b
0.6

0.6
0.6±0.8a
0.6

5.8±
6.3 ±0.6c
14.4±
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10
21.6±
31.6±
25.0±
3.3
2.0
Mean ± SE
25.0±2.3b
32.5±3.4a
26.6±1.7a
3.0±1.5b
4.6±1.4b
72
5
43.3±
45.0±
31.6±
18.0
30.0
10
28.3±
36.6±
30.0±
32.6
25.3
Mean ± SE
35.8±2.3a
40.8±3.4a
30.8±1.7a
25.3±1.5a
27.6±1.4a
Grand M.±SE
24.4±1.0a
26.6±1.0a
25.5±1.0a
9.6±1.0b
11.8±1.0b
Values followed by different lower-case letters in the same column differ significantly at P < 0.01 (**).
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3.3
2.0±1.4b
11.3
6.0
8.6±1.4a
4.0±1.0c

0.6
0.6±0.8a
1.3
1.3
1.3±0.8a
0.8±1.0d

12.5 ±
13.5±0.6b
25.8 ±
22.9 ±
24.3 ± 0.6a
14.7 ±0.3

© by PSP Volume 20 – No 9a. 2011

Fresenius Environmental Bulletin

FIGURE 1 - Mortality of Dendroctonus micans (1 and 2 larval stages) at different doses of the test essential oil vapors and exposure times.

A. spicigera essential oils caused significant mortality
(about 80–90%) at 9 µl/L air dose after 48-h exposure
against Sitophilus granarius adults [25]. Toxicity of the
essential oil from Mentha longifolia (Lamiaceae) leaves
was evaluated against Sitophilus zeamais, an insect that is
the major cause of deterioration in stored grains, including maize. The essential oil at 0.50 µl/g of maize grains in
the contact bioassay caused 100 % mortality of S. zeamais
[30]. O. acutidens oil showed 68.3 and 36.7% mortality
against Sitophilus granarius and Tribolium confusum
adults, respectively [31].
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ABSTRACT

1. INTRODUCTION

Catalase is one of the most common and important
enzymes in biological systems. However, its purification
process has some difficulties and it can be easily decomposed in aqueous or nonaqueous solutions. Therefore, a catalase should be adsorbed on solid materials to reduce its
inactivation and to increase its economic value. Activated
carbon which was obtained from Turkish low-rank coal
(Gölbaşı-Adıyaman) by chemical activation was used as a
solid carrier to adsorb catalase for the first time in this
research. The pore structure of the activated carbon was determined by A Tri Star 3000 (Micromeritics, USA) surface analyzer and scanning electron microscope. In order
to determine adsorption properties of catalase, ionic strength
effect, temperature-activity, pH-activity, storage stability
and operational stability of the activated carbon were investigated. The kinetic and thermodynamic mechanisms of
adsorbed enzyme were also studied. The experimental results pointed out that the obtained activated carbon is a
viable candidate for an alternative solid carrier for catalase and it may be a promising material for various biotechnological applications.

KEYWORDS:
Catalase; Activated carbon; Turkish lignite; Immobilization
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Catalase (EC1.11.1.6) is one of the most common and
important enzymes in biological systems. It can be obtained from various organisms and tissues, such as fungal
or mammalian sources [1, 2]. This enzyme is rarely found
in living organism, and its purification process has some
difficulties. In addition, enzymes can be easily decomposed
in aqueous or nonaqueous solutions. Therefore, a catalase
is generally adsorbed on solid materials to reduce its inactivation and to increase its economic value [3-8].
Adsorption is the most economic and the simplest
process among immobilization techniques and the literature survey showed that it has been widely used for an
adsorption of enzyme onto solid carriers [7, 9, 10]. In the
present study, adsorption technique (dynamic batch) was
applied to adsorb catalase using activated carbon based
Turkish low rank coal. Activated carbon is a generic term
for a family of highly porous, amorphous carbonaceous
ma-terials and it cannot be characterized by a structural
formula or chemical analysis [11]. Adsorptive characteristics of activated carbon are due to its extended surface area,
highly developed pore structure (especially micropore) and
a high degree of surface reactivity [12]. This is the first and
main reason to be selected activated carbon as a solid
carrier in the study. To obtain activated carbon, local resource, Gölbaşı – Adıyaman (Turkey) lignite which can
not be used for domestic heating due to the high ash content and low calorific value, was used.
Host matrix is one of the most important factors which
affect the adsorption properties of enzyme. In the literature, numerous solid carriers have been used to immobilize catalase. Especially, inorganic materials have been chosen due to their good mechanical properties, thermal stability and resistance against microbial attack and organic
solvents [9, 13]. Some of them are: controlled pore glass
[14], asymmetric cellulose membrane [15], nylon membrane [16], alumina [17], ultrafine silica particles [18],
pHEMA based membrane [7], silica gel [9], montmoril-
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lonite analcime –clay [10] and an activated carbon based
walnut [19]. Furthermore, more investigation is still needed
to find the newest and the best solid carrier for catalase
enzyme so this is the second reason for choosing an active
carbon as a solid carrier in the present study. The main aim
of the present study was to determine the adsorption properties of catalase onto the activated carbon based Adiyaman
Lignite.
2. MATERIALS AND METHODS
2.1. Material

Catalase (CAT) (hydrogen peroxide oxidoreductase;
EC.1.11.1.6) from bovine liver (250.000 U mg -1) was purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Hydrogen peroxide, tetrasodium pyrophosphate, ZnCl2
and all other chemicals and solvent with high purity were
supplied from MERC AG (Darmstadt, Germany). Activated carbon was obtained from lignite which is plentiful
and locally available product in Adiyaman, Turkey.
2.2. Preparation of activated carbon

Activated carbon was prepared from Gölbaşı –
Adıyaman (Turkey) lignite which was chosen as a precursor due to its availability and cost. The experimental procedure was based on the study carried out by Sarici et al.
[20] and Depci et al. [21]. Lignite samples were crushed
and sieved to -60 + 40 mesh size fraction. They were impregnated with distilled water and ZnCl2. The lignite
/ZnCl2 ratio (impregnation ratio) was selected as 1:1. The
blend was dried at 378 K and then heated in tube furnace
at 773 K for 1 hour, under N2 (100 mL/min) atmosphere,
with a 283 K/min heating rate. Afterwards, the sample was
cooled under flowing N2 and washed with diluted HCl. In
order to remove chloride ions from activated carbon, the
sample rewashed with distilled water several times until
filtrate gave no reaction with AgNO3 and dried at 105 ºC.
The activated carbon was ground in a standard ring mill
and sieved under 400 mesh sizes (-0.038 mm).
2.2.1 Characterization of activated carbon

Surface area and pore structure of activated carbon
were determined by a Tri Star 3000 (Micromeritics, USA)
surface analyzer which was used to measure nitrogen adsorption isotherm at 77K in the range of relative pressures
from 10-6 to 1. Before measurement, the sample was degassed at 673 K for 2 h. BET surface area, total pore volume, average pore radius, micropore area were obtained
from the adsorption isotherm. Mesopore volume was determined by subtracting the micropore volume from total
pore volume.
Scanning electron microscope was used to investigate
the morphology and the surface of activated carbon. Fei
Quanta 400 D which does not need pelletizing was used
to obtain SEM micrograph.

2.3. Adsorption of catalase onto the activated carbon

The experimental procedure was based on the study
carried out by Alkan et al. [22]. The activated carbon was put
into an equilibrium sodium phosphate buffer with 0.05 M at
pH 7.0 and dispersed by vigorous stirring for 30 min. and
then the solution was centrifuged. This procedure was repeated several times until a constant pH was obtained.
125 mg of the obtained activated carbon was put into the
solution which was prepared mixing 1 ml of catalase enzyme with 4 ml sodium phosphate buffer (0.05 M). The
mixture was shaken with vortex mixer. The solid part was
removed by centrifugation at 3000 rpm for 30 min and then
it was washed 4 times with 5 ml of phosphate buffer. The
supernatant was analyzed to determine the remaining catalase in solution by Shimadzu UV-VIS spectrophotometer (Model UV-HITACH U-2900, Japan).
2.3.1. Determination of the best adsorption conditions

Effects of ionic strength, temperature and pH on the
activity of free and adsorbed enzyme were studied.
Influence of pH was investigated in the range of 4 – 9.
Free and adsorbed catalase preparations were incubated at
303 K for 24 h in 0.05 M phosphate buffer which was at
different pH.
In order to determine of ionic strength, 0.05, 0.1, 0.2
and 0.3 M sodium phosphate buffers were added to reaction medium at constant pH value.
Thermal stability of free and adsorbed catalase were investigated at different temperature (in the range of 293 –
343 K) in 0.05 M phosphate buffer for 2 and 5 hours.
2.3.2. Kinetic and thermodynamic mechanism of immobilization conditions

In the present study, kinetic and thermodynamic
mechanisms of adsorbed enzyme were also studied. For
kinetic parameters, the enzyme activities were determined
using substrate solutions in different concentration. Substrate solution was prepared mixing 50 ml of 0.05 M phosphate buffer with 0.1 ml of H2O2 (30 %). After analyzing
of experimental results, the Linewear - Burk plots were
drawn for free and adsorbed enzymes and apparent Michaelis constants (Km) and apparent maximum rate values
(Vm) were calculated from the slope and intercept of these
plots, respectively according to Michaelis – Menten equation given below:

1 Km 1
1
=
* +
V Vmax S Vmax

(1)

Thermal stability and thermodynamic mechanism of
adsorbed catalase was also investigated at different temperatures (in the range of 313 – 343 K) in different substrate concentrations (0.1 M, 0.2 M and 0.3 M).
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2.3.3 Storage stability of free and adsorbed catalases

In order to investigate storage stability of free and adsorbed catalase, their activities were periodically measured for a period of 60 days. The free and adsorbed catalases were stored in a phosphate buffer (50mM, pH 7.0)
at 277 K. The experimental procedure was based on the
study carried out by Çetinus and Öztop [23].
2.3.4. Operational stability of adsorbed catalase

For this step, the procedure presented by Akgöl et al. [7]
was followed. A retention activity of the adsorbed catalase
was determined in a batch system for 16 batches run at 288
K for 60 minutes. The solid part was removed from solution and washed with phosphate buffer (0.05 M, pH 7) at
room temperature. And then, they were put into fresh reaction medium (10 mM H2O2). The same experimental procedure was repeated for 16 times.

TABLE 1 - Surface area and porosity values of the prepared activated carbon
SBET
Smic
m2/g
m2/g
921
812
Dp:4V/A by BET

Smezo
m2/g
109

Vt
cm3/g
0.476

Vmic
cm3/g
0.427

Vmeso
cm3/g
0,049

Dp
nm
2.11

SEM micrograph of the activated carbon is given in
Figure 2. The figure clearly shows that the activated carbon has a porous structure. It was coherent with to the
BET results.

For all the experimental studies, reproducibility during activity measurements was ensured by repeating the
experiments three times under identical conditions and
calculating the average values.
3. RESULTS AND DISCUSSION
3.1. Characterization of activated carbons

In order to obtain adsorption isotherm of activated
carbon, nitrogen adsorption, which is a standard method,
was applied. N2 adsorption isotherm of the activated carbon
is given in Figure 1. It can be classified as Type 1, characteristic of micropores solids in IUPAC classification [24].

FIGURE 2 - SEM microphotograph of the activated carbon
3.2 Effect of pH on enzyme activity

Liang et al. [25] claimed that enzyme activity might
show differences depending on the nature of carriers at
different pH values. Figure 3 indicates comparative curves
of free and adsorbed enzyme depending on the pH of the
medium. Free and adsorbed catalases showed similar curve
structures. They were less sensitive at alkaline pH`s. The
maximum relative activities for both were obtained at about
pH 7. It indicated that maximum activity of adsorbed en-

FIGURE 1 - Adsorption isotherm of nitrogen at 77 K for activated
carbon

Table 1 represents the porous structure parameters
which were obtained by applying the BET equation to N2
adsorption at 77 K of the activated carbon. The activated
carbon had remarkable surface area, which was primarily
contributed by micropores.
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zyme could not be easily changed depending on the structure of active carbon and there was no electrostatic interaction between catalase and the activated carbon. In the present study, maximum relative enzyme activity was obtained
at neutral pH value which was very close to isoelectrical
point of catalase [7].

transfer restrictions. Rogalski et al. [28] claimed that four
main factors (change in enzyme conformation, steric effects, microenvironmental and bulk diffusional effect), control changes in kinetics of adsorbed enzymes. Literature
survey revealed that this situation is depended on the
probable structural changes in the enzyme or poor accessibility of the solution to the enzyme [9, 10, 22, 26, 27].

3.3 Effect of Temperature

Figure 4 indicates the effect of temperature on free
and adsorbed catalases. The maximum relative activities
of the free and the adsorbed enzyme were found as 303 K
and 313 K, respectively. The obtained result for free enzyme showed great similarity with our previous work [9,
10]. The relative activity of adsorbed enzyme was higher
than that of free enzyme at high temperature. It meant that
the immobilization process had a protecting effect at the
temperatures at which enzyme deactivation took place
and immobilization process increased the thermal stability
of the system [26, 27]. After the maximum temperature,
activity decreased due to the deactivation of the enzyme.

FIGURE 5 - Effect of ionic strength on the activity of free and
adsorbed catalase
TABLE 2 - Kinetic parameters for the free and adsorbed catalases

FIGURE 4 - Effect of temperature on the activity of free and adsorbed catalase.
3.4 Effect of ionic strength

The effect of buffer concentration on the relative enzyme activity of free and adsorbed catalase is depicted in
Figure 5. The activity of the free catalase increased while
increasing the buffer concentration (i.e., ionic strength). Almost the same trend was observed on the relative enzyme
activity of adsorbed enzyme which appeared more active
than free catalase except high ionic strengths (0.25 M and
0.3 M). The results are compatible with literature data [9,
10, 22].
3.4 Kinetic

The kinetic parameters, Vmax and Km of the free and
the adsorbed catalase are given in Table 2. By comparing
the kinetic parameters of free and adsorbed catalases, it
was determined that the values were different from one
another. This showed that the system was affected by adsorption of catalase onto the activated carbon due to mass

Samples

Km / mV

Free catalase
Adsorbed catalase

32.3 ± 1.3
89.4 ± 2.2

Vmax / µmole/min mg
protein
18727.5 ± 85.2
8356.5 ± 100.4

Small Vmax value and high Km value for the adsorbed
catalase might be explained with lower possibility of
forming a substrate–enzyme complex or a less accessibility of the substrate to the active sites of the adsorbed enzyme due to diffusion constrains and diffusion resistance
[23, 26]. Briefly, the higher Km indicated the lower interaction between the adsorbed catalase and the substrate. It
might be depending on the properties of the activated
carbon which had high surface area and micropore structure. Lohmann and Legge [1] adsorbed bovine liver catalase in tetraethoxyortho silicate based sol-gels and they
claimed that the oxygen bubbles which were produced by
catalase could clog pores of the solid carrier and prevented the transportation of substrate. In terms of this explanation, it could be stated that an accumulated rate of the
substrate onto the activated carbon surface was faster than
the adsorption rate of the substrate from surface to pores.
3.5 Thermodynamic

The effect of temperature on immobilization process
is depicted in Figure 6. The change in standard free energy ( ΔG ) , enthalpy ( ΔH ) and entropy (ΔS ) of adsorption were calculated using below equations:
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Standard enthalpy ( ΔH ) and entropy (ΔS ) of adsorption can be estimated from the van’t Hoff equation (2) as
given;
ln

K d ΔS ΔH
=
−
T
R RT

(2)

where R is the gas constant, Kc is the equilibrium
constant and T is the temperature. The slope and intercept
of the van’t Hoff plot is equal to - ΔH /R and ΔS /R, respectively [30].
The standard free energy (ΔG ) is computed,
(3)

ΔG = ΔH − TΔS

The thermodynamic parameters are summarized in
Table 3.
The values of the enthalpy ( ΔH ) for all catalase concentration were positive which indicated that the process

was endothermic. ΔH decreased with the increase of
catalase concentrations. There was a strong interaction
between catalase and the obtained activated carbon at low
concentration. The entropy (ΔS ) reflects affinity of adsorbent materials towards catalase enzyme. Like ΔH , the
values of ΔS decreased while increasing the catalase concentration. Especially, ΔS was negative at high level concentration. This point out randomness decreased during
adsorption.
The degree of spontaneity of adsorption process is determined by the Gibbs free energy. The values of standard
free energy (ΔG ) were positive values which indicated
the presence of an energy barrier in the adsorption process. Besides, the value of ΔG decreased with the increase
of temperature indicating enzyme adsorption was not
more favorable at higher temperatures than lower temperatures.

FIGURE 6 - Van’t Hoff plots of adsorbed enzyme for different catalase concentration

TABLE 3 - Thermodynamic parameters for adsorbed catalase
Temperature, K
313
ΔH / J/mol

ΔS / J/mol.K

ΔG / J/mol

0.1 M
0.2 M
0.3 M
0.1 M
0.2 M
0.3 M
0.1 M
0.2 M
0.3 M

323

333

343

10381.93
9730.751
8522.849

9668.227
9704.438
8557.742

34148.09
10607
7360.88
71.37
2.64
-3.49
11809.32
9783.379
8453.061

11095.62
9757.065
8487.955
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3.6 Storage stability

A literature survey showed that the applicability of
adsorbed catalase depends on some factors and one of the
key factor was storage stability for a period of time at a
certain temperature [10, 23, 29]. The results of the storage
stability of free and adsorbed catalases are depicted in Figure 7. As shown in Figure 7, the activity of adsorbed catalase remained nearly stable in 15 days and it lost only 25 %
of its activity at the end of the experimental time (60 days).
In addition, the same process was followed to compare
the new solid carrier with the other solid carriers, natural
and modified montmorillonite analcime clays, silica gel
and bentonite which were used in our previous works [9,
10, 23]. At the end of the experiment, the remaining enzyme activities were obtained as 65 %, 69 %, 58 % and
73 % for natural and modified montmorillonite analcime
clay, silica gel and bentonite, respectively. According to
the results, the activated carbon had better storage stability than the others. It could be attributed to its surface area
and pore structure. On the other hand, activity of free catalase decreased sharply depending on the time. Its remaining
activity was obtained as 13 % after 60 days. It was observed that the adsorbed catalase was more stable than free
catalase as expected.

In addition, like the storage stability part, the same
process has been followed for the solid carriers which were
used in our previous work. At the end of the 16 cycles, the
remaining enzyme activities were obtained as 35 %, 41 %,
32 % and 45 % for natural and modified montmorillonite
analcime clay, silica gel and bentonite. Comparison of the
operational stability showed that the activated carbon is
the best solid carriers among them. As mentioned before,
this might depend on the surface area and pore structure
of the activated carbon which were higher than the abovementioned solid carriers.

FIGURE 8 - The stability of adsorbed catalase depending on the
reuse in a batch system.

4. CONCLUSION
In the light of the experimental results, the following
conclusions were obtained:
1) The N2 adsorption isotherm of the activated carbon is
of Type 1. The values of SBET, Vt, Smicro, and Vmicro are
921 m2/g, 0.476 cm3/g, 812 m2/g and 0.427 cm3/g respectively. According to the results of DFT plus, activated carbon has a regular micro pores structure.
FIGURE 7 - Storage stability of adsorbed catalase
3.7 Operational stability of adsorbed catalase

Figure 8 indicates the residual activity of adsorbed
catalase versus the repeated reuses. It was observed that
the values of residual activity had nearly the same values
at first 6 cycles. After that, residual activity was constantly
decreased with increasing the reuses as expected. At final
stage, the residual activity was obtained as 47 % which
was attributed to poisoning effect of substrate. Akgöl et al.
[7] mentioned that operational stability was one of the most
important factors to use adsorbed enzyme for various biotechnological applications. The obtained result indicated
that this adsorbed catalase onto the activated carbon could
be a promising material for various biotechnological applications.

2) Maximum activity of adsorbed enzyme did not easily
change depending on the structure of active carbon at
different pH values and the activated carbon improved
the thermal stability of the system.
3) The kinetics parameters of the adsorbed and free catalases were found to be different from one another
which meant that the system was affected by adsorption of catalase onto the activated carbon due to mass
transfer restrictions depending on its the surface area
and pore structure.
4) The adsorption of the catalase onto activated carbon
was endothermic according to thermodynamic data.
The strongest interaction between catalase and the obtained activated carbon was determined at low concentration and randomness decreased during adsorption at
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high level concentration. The degree of spontaneity of
adsorption process indicated that the enzyme adsorption was not more favorable at higher temperatures
than lower temperatures.
5) The activity of adsorbed catalase remained nearly stable
in 15 days and it lost only 25 % of its activity at the end
of the 60 days. On the other hand, remaining activity of
free catalase was obtained as 13 % after 60 days. It was
observed that the adsorbed catalase was more stable
than free catalase as expected. The adsorbed catalase
was used several times and residual activity was 47 %
which was attributed to poisoning effect of substrate
after 16 cycles.
6) The result of the present study indicated that the adsorbed catalase onto the activated carbon may be a
promising material for various biotechnological applications and the obtained activated carbon is a good
support material for simple adsorption mechanism.
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ABSTRACT

1. INTRODUCTION

This paper presents a study of the influence of different emission sources on the levels of PM10 in an industrialized area (Almazora, Spain). Particulate matter can enter
the atmosphere from both natural and anthropogenic sources.
Once in the atmosphere, air pollutants may be widely
dispersed and transported by winds. In the study area, the
most important winds are land or sea breezes. PM10 concentrations were obtained from January to August 2009.
The profiles of PM10 concentrations show that higher levels
of this pollutant are detected when there is a dominant
land breeze. This is associated with an additional contribution of particles from industrial areas. However, when
there is not a land breeze, concentrations between 15 and
35 µg/m3 are obtained, due to the existence of other anthropogenic emission sources, the most important of which is
traffic. In addition, scanning electron microscopy (SEM)
was used to characterize PM10 with the aim of identifying the main emission sources. The particles identified in
PM10 samples have been grouped into three main types:
mineral phases, compounds from combustion and spherical particles emitted in high-temperature processes. The morphological analysis of PM10 samples shows that when there
is a land breeze, the particles found are mainly a mixture of
mineral and other ones from combustion processes. However, when there is a sea breeze, most particles come from
combustion processes. This fact confirms the strong influence of mineral raw material processing industries
when levels of PM10 increase.

KEYWORDS: airborne particles, winds, PM10, SEM, mineral
phases, combustion particles.

* Corresponding author

Numerous studies have shown that air pollution can
damage people's health [1-2], and especially that of patients with respiratory symptoms [3]. Some of these emissions are composed of particulates that can enter the atmosphere from both natural and anthropogenic sources. It appears that the different characteristics of each measuring site
affect the levels of PM [4]. Previous	
  studies	
  in	
  the	
  sam-‐
pling	
  area	
  have	
  shown	
  that	
  the	
  main	
  sources	
  of	
  parti-‐
cles	
   are	
   dust	
   emissions	
   from	
   extraction,	
   transporta-‐
tion,	
   loading	
   and	
   unloading	
   of	
   mineral	
   raw	
   materials,	
  
and	
  combustion	
  of	
  fossil	
  fuels	
  from	
  traffic	
  [5,	
  6].	
  
Monitoring of atmospheric particulate matter in suspension is a challenge for the European Union. A specific
regulatory framework has been developed in this area in
order to reduce the possible adverse effects that air pollution may have on the health of living beings, on atmospheric visibility and on climate, as well as to develop mechanisms for informing the public. In 2008, the European
Union adopted a new directive on ambient air quality and
cleaner air for Europe [7] where, in addition to setting the
particulate limit values for PM10 (40 µg/m3 annual limit), for the first time in European legislation, it also set an
exposure limit value for PM2.5 (25 µg/m3 annual limit).
Levels and composition of airborne particulats depend
on the weather conditions (temperature, humidity, radiation, rain scavenging potential, re-circulation of air masses
vs. disperse conditions) and the geography of the study
area (topography, soil cover, and proximity to arid zones
or to the coast) [8, 9]. Winds have a great influence on the
dispersion and transport of air pollutants, which makes it
important to know the type of wind that is predominant in
a sampling area. Winds can be classified into constant air
currents (with uniform direction and constant intensity) and
periodic air currents (with periodic changes of direction).
Constant winds are less common than periodic winds, and
their characteristics are more variable, which complicates
their classification as one particular type or group. In coastal
areas, the most important air currents are periodic land
and sea breezes [10]. These types of winds are the result
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of daily variation in temperature between two surfaces, the
land on the coast and the surface of the sea. During the
diurnal cycle of solar radiation, the land surface undergoes
greater warming than the water surface beside it. This
difference creates variations of pressure and density in the
air currents that cause breeze of the sea to flow on to land
(sea breeze). In contrast, during the night, the temperature
difference is reversed and the breeze flows from land to
sea (land breeze). These two components of the breeze flow
in opposite directions.
In order to discern the origin of particulate matter, it is
necessary to identify the different types of compounds that
make up the sample [6-11]. The techniques of X-ray diffraction and fluorescence allow for the identification of the
different mineral compounds, vitreous phases, combustion
compounds, etc., present in samples of particle material.
However, when the sample amount is very small, these
techniques cannot be applied.
The main advantage of the scanning electron microscopy (SEM) technique is that, apart from being applicable
to a very small sample amount, it allows for the individual
analysis of particles, one by one, regardless of whether they
are isolated or in groups; thus, if morphological differences
exist they may be classified, and later their origin can also
be deduced [12-14].
Another key aspect of SEM is that it stands out as the
best technique for carrying out morphological studies of
particles [15]. Soot and carbonaceous particles are the compounds that are of greatest importance in studies on the
effects of particulate contaminants on health [16]. Although

these particles produced by combustion still generally have
a homogeneous composition of mainly carbon content,
they can present morphologies that vary greatly according
to their origin (type of combustion, combustibles, temperature, etc.); so SEM is the ideal technique for their study.
For example, soot particles with dendritic structures are the
ones that have a greater tendency to interact with the nasal
system, the thorax, and the bronchioles of humans [17, 18].
Furthermore, SEM allows for the identification of individual particle sizes and consequent establishment of the
size ranges of these particles.
The aim of this paper is to examine the potential influence of anthropogenic sources present in the sampling
area on PM10 levels. For this purpose, a study of variation
of PM10 concentrations during the day and their relationship with the breeze regime were carried out. In addition, a
characterization of particulate was performed with the aim
of identifying the main types of particles found in the
samples of PM10 that were captured in the study area.
The characterization (morphology and composition) was
performed using SEM analysis.
2. MATERIALS AND METHODS
2.1. Site description

Figure 1 shows a map of the study area. The city of
Almazora is situated in the eastern part of the province of
Castellón (in a Mediterranean coastal basin), at an altitude
ranging from 0 to 30 m above sea level, with a resident

FIGURE 1 - Location of the study area.
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population of 21,772 inhabitants. This town can be divided
into three zones: the urban area, the north-western area
adjacent to National Highway 340, and the coastal area
next to El Grao de Castellón and near a petrochemical complex (Serrallo industrial estate). The sampling point is located east of the resort town of Almazora (geographical
coordinates: 39 º 56'20''N and 0 º 00'02''W).

equipment was incorporated into the microscope to allow
us to analyze these particles in detail.

One of the most important sources of atmospheric particulates in the study area is very dense industry. The most
important industrial activity in the area is the manufacture
of ceramic tiles and related activities (extraction and transportation of raw materials, manufacture of frits, enamels,
ceramic pigments, etc.). Another important source of atmospheric particulates is the intense traffic in the study area.

As the sampling area is located on the coast, the most
important air currents are periodic land and sea breezes.
The direction and speed of these two wind components in
one area may vary depending on the topography. A general characteristic of the Mediterranean basin is the low
speed of the winds.

2.2. Geology

This area is based on Quaternary materials generated
by torrents from the inland massifs (Maestrazgo Range
and tributaries from the Sierra de Espadan Range), which
have formed lagoons moving closer to the sea. This process is reported to have started at the end of the Tertiary
period, as the Pliocene became the Pleistocene Era, favoring a climate suitable for the torrents. The main source of
sediments is the River Mijares. The supply of sediments
has reduced in the last few years because of regulation in
the course of the river [19].
2.3. Sample collection

The sampling period was from January 2009 to August 2009. The samples were collected using the captor 3.1
LVS of Derenda. This captor is considered as reference in
European Standard [20] for sampling PM10. Quartz fibre
filters (47 mm diameter) were used to collect airborne particles. Samples were subjected to gravimetric analysis to determine the mass of PM10. Before sampling and after collection, the filters must be kept under controlled conditions
with a temperature of 20±1 ºC, and humidity of 50±5% for
48 h before they were weighed.
Filters (pre- and post-collection were weighed on an
analytical balance with a precision of 10 µg. The PM concentrations are shown in µg of pollutant per cubic meter
of aspirate air. The data of wind direction, speed and the
horary time data of concentration of atmospheric particulate matter (PM10) were obtained from the sampling station Conselleria de Medioambient, Aigua, Urbanisme y Vivenda (www.gva.es) situated in the area.
2.4. SEM analysis

Suspended particles were analyzed using the SEM
technique, with a scanning electron microscope type JEOL
model JSM-7001F. Approximately 1 cm2 of the quartz fibre
filter was cut off and mounted onto an aluminium SEM stub
using a conducting carbon tab, and then coated with at least
30 nm of Au/Pd in order to ensure sufficient electrical
conductivity to suppress the massive background of carbon and oxygen, and to get a higher quality secondary
electron image. In addition, OXFORD EDS micro-analysis

3. RESULTS AND DISCUSSION
3.1. Breeze regime in the study area

A study of the breeze regime in the city of Castellón
[21] showed monthly differences in the number of hours
that each of the active breeze components, due to different
amounts of solar radiation that reaches the earth, a factor
that influences in the regime of breezes.
The same phenomenon is also detected in the municipality of Almazora but, in general, the sea component is
dominant during the hours from 8:00-11:00 until 19:0022:00, depending on the month studied. The predominant
direction of wind in this interval is SE. Moreover, the direction of the land component varies from W to NW. The
duration or interval in which this occurs is much longer and
can be from evening until early morning. Two minimums
were detected in the speed of the breeze that coincide with
the hours of wind direction change.
3.2. Levels of PM10

A discussion of the air quality in the study area is outside the scope of this work. The mean PM10 concentration
recorded in the study period was 28 µg/m3 (Table 1). This
value is low when compared to the PM10 annual and 24-h
limit value of the new EU Air Quality Directive (40 µg/
m3). So the values in the sampling area are within this legislative control parameter.
TABLE 1 - Mean values for PM10.
PM10 (µg/m3)
Mean in
Mean in
Difference
Station
Mean*
Non-working
working days
%
days
X±SD
X±SD
X±SD
28±12
30±12
24±11
Almazora
20
(n=84)
(n=60)
(n=24)
(n) number of samples; * Mean obtained in the sampling period.

In relation to the daily limit value, 50 µg/m3 [7], in
the sampling area were found only five days in which that
value is exceeded (Table 2), corresponding to 6% of the
sampling days. Of these five cases, only the results for
05/13/09 and 05/20/09 were influenced by air masses from
Africa. On these days, two factors combined to produce
these high values: anthropogenic factors (of human origin)
and natural factors (episodes of African dust intrusions).
The African air mass transport over North-eastern Spain
is usually associated with very high PM concentration at
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all the monitoring stations [22]. In addition, others studies
proved that Saharan dust is expected to play an important
role in loaded air masses in the Mediterranean region [23,
24].
TABLE 2 - Days with levels of PM10 higher
the limit value recommended in the legislation.
Date
03/12/2009
03/18/2009
03/23/2009
05/13/2009
05/20/2009
*Influenced by African Dust Episodes

PM10 (µg/m3)
60
52
66
53*
55*

On the other hand, a study of the difference in particulate levels between working days (Monday to Friday)
and not working days (Saturday, Sunday and holidays)
was performed in order to determine the influence sources

in the sampling area. The results are presented in Table 1.
This table shows that there is a slight decrease of 20% in
the average level of concentration of PM10 on not working days (NWD). The two main reasons for this are a reduction of traffic and a reduction in manufacturing output
on these days. Traffic is an increasingly dominant contributor to air pollution. The rise in its relative importance
reflects the rising volume of vehicles and km traveled
[25]. On the NWD, a decrease in the moving to working
place is observed that results in lower levels of PM10.
Besides, on NWD, there is a reduction in the production
of ceramics companies, which are predominant in the
sampling area. This also reduces the level of concentration of PM10. Thus, the strong influence of anthropogenic
activities in the sampling area is shown, where these are
understood as those carried out by humans (industrial
processes, traffic, combustion, etc.).

FIGURE 2 - Hourly data of PM10 levels and wind direction.
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3.3. PM10 concentration profiles

In this section, an analysis was made of possible
sources of anthropogenic emissions that can affect the
levels of PM10 collected in the sampling area. To carry
out the study, first the concentrations of PM10 were represented against wind direction (Fig. 2), in order to determine at what time of day PM10 levels are higher. The
analysis was limited to days on which the daily limit
value was exceeded. In this case, only five days are found
(Table 2).
As shown in Fig. 2, similar concentration profiles for
the levels of PM10 were recorded on these five days.
However, on March 12, 18 and 23, the prevailing wind is
the breeze; in addition, its two components (the sea component and land component) can be observed. Generally,
the highest concentrations were detected in the hours in
which the land component of the breeze is active (at
night). This component is active from the late afternoon to
8:00 or 11:00 in the morning. Furthermore, the wind direction of this land component varies from W to NW.
The following assessment was made to observe the
evolution of PM10 levels throughout one day. In Fig. 3,
the evolution of PM10 concentrations recorded in the
period 09/02/09-09/06/09 was represented in three different time intervals (from 03:00 to 11:00, from 11:00 to
19:00 and 19:00 to 3:00). The results showed, in general,
that the highest PM10 concentrations occur during the
hours that the land component of the breeze is active.
However, it was noted that the PM10 concentrations on
09/05/09 did not follow the same trend. This is because,

on this day, the breezes were not present, unlike on the
four remaining days (Fig. 4).
3.4. Possible anthropogenic sources

The PM10 concentration profiles were then studied
and potential anthropogenic emission sources were analyzed. For this purpose, the anthropogenic emission sources
located in the areas covered by the predominant directions
of the land component were determined. First, the sources
closest to the sampling point were studied. As shown in
Fig. 5, in the predominant direction of the land component of the breeze (W-NW), there are two important industrial zones that produce an important contribution of
particles during the hours when this component of the
breeze is active. Secondly, the contribution due to more
distant sources was studied. In the area covered by the
predominant direction of the evening breeze (land component), two locations (Fig. 6), both with high industrial
density, were found. These emission sources also influence the PM10 levels obtained.
However, PM10 concentrations between 15 and 35 µg/
m3 were recorded on days when the prevailing winds were
not the breezes, and the dominant direction was not WNW, or in the time slots when the sea component was
active (SE direction). Under these conditions, the contribution of particles from industrial areas located in the WNW directions is not important; so, there must be other
emission sources of particulate matter of great importance.
These particle emissions are associated with anthropogenic
activities, such as construction, some agricultural activities
(biomass burning) and, most importantly, traffic [12].

FIGURE 3 - Evolution of PM10 concentrations recorded during the period 09/02/09-09/06/09.
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FIGURE 4 - Profiles of wind direction recorded on the period 09/02/09-09/06/09.

FIGURE 5 - Sources close to the sampling point in the predominant direction of the land component of breeze.
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FIGURE 6 - Sources far away from the sampling point in the predominant direction of the land component of breeze.

3.5. SEM analysis of PM10

B. Compounds from combustion processes

3.5.1. Particles identified

The compounds from combustion processes (Fig. 8)
are composed of particles with high carbon content and exhibit a variety of morphologies. The principal ones identified in this study were sphere-like particles (Fig. 8A) and
soot dendritic aggregates (Figs. 8B and C). The origin of
these particles is mainly associated with the incomplete
combustion of fossil fuels [16, 17]. Normally, these two
morphologies are found together [32] in the study of particles of combustion originating from nickel refinement;
both types of particle were identified, with soot representing approximately 50% of the total particles. The difference
in content and distribution between compact masses of
carbon, sphere-like particles, and dendritic soot aggregates
is due to, among other factors, the proximity to traffic
routes (the number of particles diminishes by 50% within a
distance of 100 m from a road [33]), to the velocity of the
vehicles on these nearby roads (the greater velocity, the
greater the probability that nucleation phenomena will be
produced, thereby increasing the probability of soot formation), and to the transport capacity of the different types
of morphologies. The soot aggregates have a small size and
low density, so they can travel great distances in the air [16].

The particles identified by SEM in PM10 samples in
this study were grouped into three main groups: mineral
phases, compounds from combustion processes, and spherical particles emitted in high-temperature processes. Also
other particles, primary biological aerosol particles, were
found but in a smaller proportion.
The types of particles identified are detailed below,
in some cases accompanied by the EDS (microanalysis of
particles). It should be noted that as quartz-fibre filters
(SiO 2) were used, the peaks of Si and O appear in all
EDS microanalyses.
A. Mineral phases

Mineral particles (Fig. 7) can come from natural emissions or from anthropogenic sources. The study area is
situated in a Mediterranean coastal area. This type of area
presents episodes of high levels of mineral particles caused
by some natural emissions: 1) the incidence of a semi-arid
climate (dryness and loss of precipitation) that favors erosion and wind transport of particles [26-29], 2) inputs of
particulate matter from long-distance transport (e.g., Saharan dust) [30, 31], and 3) phenomena of re-suspension
and particle accumulation [11, 12].
Besides, the sampling point is in an area where the
industry is based primarily on the treatment of mineral
raw materials. This results in a significant increase in the
amount of such particles in the air. Dust emissions are
mainly produced when the raw materials are moved around:
extraction, transportation, loading, unloading, atomization
and pressing [5, 6].
Quartz, illite/mica (Fig. 7A), kaolinite/chlorite, calcite
and dolomite (Fig. 7C) are the most common compounds,
but Na-Ca plagioclase (Fig. 7B) and Na-K feldspar are also
common.

In addition to these two types of particles, the assessment also identified spongiform spherical particles (Fig. 8D).
These particles come from the combustion of fuel oil. We
found this type of particulate in emissions of petroleum
refining plants, in petrochemical combustion plants that
use fuel oil or mixtures of fuel oil / fuel-gas as fuel, and
emissions of steam boilers that use fuel oil as fuel [13].
These particles are usually hollow due to the ejection of
inner material and the mechanical stability of the surface
that allows this form, and they are very common. Such
particles are usually supported on carbon structures with
significant traces of sulphur (S).
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C. Spherical particles emitted in high-temperature processes

Spherical particles have a perfect spherical morphology (Fig. 9), a geometrical shape that excludes any possible explanation based on a crystalline genesis process [34].
Particles with a spherical morphology were classified into
two main groups: smooth spheres (Fig. 9A) and rough
spheres (Fig. 9B). The smooth spheres, in the study area,
generally come from atomization of clay or other processes in which this compound is used as atomized feedstock.
In contrast, the rough spheres are associated with emissions of ceramic tile firing and frit melting processes. Due
to the strong transfer of gases and the high temperatures
reached in the interior of the frits fusion or ceramic tile
firing kiln, a small proportion of the fused material can be
dragged in the form of fine aerosol from the interior to the
atmosphere. A possible justification for the existence of
networks can be determined by the cooling rate in the
transformation interval. If the cooling is rapid (the gas
exhaust stream temperature is much lower than the melting

temperature), the added constituents will be limited in their
mobility by the sharp increase in viscosity. The resulting
glass will reach its rigidity with a more open structure, and
therefore, with a low contraction level (low cracking probability). However, if the cooling is slower (gas evacuation
stream temperature is higher than the melting temperature),
the increase in viscosity will be gradual and the reticulated units will have more time to gather into a closer and
compact form that will lead to a higher degree of concentration (high cracking probability) [5, 34, 35].
D. Others

Finally, some Primary Biological Aerosol Particles
(PBAP) were found (Fig. 10). PBAP, including pollen,
spores, plant debris, epithelial cells, bacteria, algae, protozoa and viruses, are ubiquitous components of the atmospheric aerosol. They are present in all size ranges [36].
The sources of PBAP with radius >2 µm are primarily the
plants that release pollen and spores actively or passively

FIGURE 7 - Mineral phases identified in PM10 samples. (A) illite/mica, (B) Na plagioclase and (C) dolomite.
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FIGURE 8 - Compounds from combustion processes: (A) sphere-like particles,
(B and C) soot dendritic aggregates and (D) spongiform spherical particles.

FIGURE 9 - Spherical particles emitted in high-temperature processes: (A) smooth spheres and (B) rough spheres.
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FIGURE 10 - Primary biological aerosol particles (PBAP).

into the atmosphere. Biological particles with radius <2 µm
originate, to some extent, from the bubble-burst-mechanism
of the oceans and fresh water-bodies [37], and from resuspension, but mostly they are produced by industrial and/
or municipal activities (sewage plants etc.), by agriculture
(fertilizing etc.), or by human life (coughing) [38].
Biological aerosol particles appear alone or adhered
to other particles, such as, mineral particles or particles of
combustion residues.
3.6. Morphologic analysis of PM10 samples

Morphological analysis of particles is very useful to
identify their sources. For this reason, collected PM10 samples within the three time intervals chosen in the assessments (03:00 to 11:00; 11:00 to 19:00 and 19:00 to 03:00)
were analyzed using SEM.
Micrographs with a magnification of 500 of these
samples were taken and the main features observed were
described.
Interval from 03:00 to 11:00
In this time interval, as discussed in previous sections, the land breeze is active. As shown in Fig. 11A (representative example of micrograph of the samples in this
interval), the particles found are mainly a mixture of mineral particles (framed by a square) and particulate matter
from combustion processes (framed by a circle).
Interval from 11:00 to 19:00
In this case, the sea breeze is active. Figure 11B (representative example of micrograph of the samples in this
interval) shows a smaller amount of particles than in the
previous case, and they are mainly particles from combustion processes (framed by a circle).
Interval from 19:00 to 03:00
In this time interval, as in the first interval, the land
component of the breeze is active. As shown in Fig. 11C
(representative example of micrograph of the samples in
this interval), the total number of particles is mainly a mixture of mineral particles (framed by a square) and particulate matter from combustion processes (framed by a circle)

FIGURE 11 - PM10 micrograph. (A) from 3:00 to 11:00 h, (B) from
11:00 to 19:00 h and (C) from 19:00 to 3:00 h.

2390

© by PSP Volume 20 – No 9a. 2011

Fresenius Environmental Bulletin

So, in the central time interval (11:00 to 19:00), the
amounts of particles are smaller than in the other two
periods studied. This fact is in line with the lowest levels
of PM10 having been recorded in this interval.
On the other hand, the largest amount of particles in
the other two intervals (03:00 to 11:00 and 19:00 to 03:00),
in which the active component is land breeze, is associated
with an increase of mineral particles. This increase is associated with the extra contribution of particles, when the
land breeze is active (Figs. 5-6) that come primarily from
industrial sources (mostly raw material treatment industries).
4. CONCLUSION

Generally, the highest PM10 concentrations were detected in the hours with W-NW wind direction. In this wind
direction, W-NW of the sampling station, there are industrial centres (two closer and two more remote) that influence particulate levels significantly. However, when the predominant direction is not W-NW, significant levels of
PM10 were measured, which are mainly associated with
traffic emissions.
The particles identified by SEM in PM10 samples, in
this study, were grouped into three main groups: mineral
particles, compounds from combustion processes, and
spherical particles emitted in high-temperature processes.
The mineral particles and compounds from combustion
processes are the most abundant phases. This indicates that
in this area the main contributions to particulates are from
the raw material processing in industry and traffic.
From the morphological analysis performed on samples of PM10 for the three study time intervals (3:00 to
11:00 h, 11:00 to 19:00 h and 19:00 to 3:00 h), the following conclusions can be drawn: i) the highest concentrations of particles collected on filters in the first and third
interval, when land component is active, are associated with
an increase in the amount of mineral particles, and ii) levels
measured in the interval, in which the land component of
the breeze is not active, are mainly due to particles from
combustion processes (mainly traffic).
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ABSTRACT

1. INTRODUCTION

The initial abstraction ratio (Ia/S) in the original SCSCN equation is generally assumed to be 0.20. However,
mounting evidence indicates the Ia/S ratio is not constant
and is typically less than 0.20. The impact of this value on
runoff prediction is considerable particularly in semi-arid
climates where typical 6-month design storms are less than
2.54 cm of total effective precipitation. In addition, in cold
climates, the presence of snow cover at the onset of rainfall
influences the abstraction ratio and increases runoff volumes
due to rapid snow melting. In this study, the validity of the
currently used 0.20 value in semi-arid cold climate regions
where most design storm runoff events are generated as a
result of rain-on-snow events with frozen ground conditions
was investigated. To accomplish this, a rainfall simulator
system was developed to simulate rainfall on a 1.22 m wide
x 2.44 m long plot. The programmable rainfall simulator
produced rain intensities and durations according to the
design hyetographs encountered in semi-arid cold regions.
The artificial rainfall intensities were less than 3.5 mm/hr
and durations were up to 30 hours. Runoff responses were
simulated under different snow depths (2.5-10.0 cm), snow
water equivalents (0.5-5.58 cm) and plot slopes (0-5%).
These three parameters were used to propose an alternative
methodology for assigning Ia/S ratios. Data from 19 test
runs were used to develop a multiple regression equation
for application in Eastern Washington to demonstrate the
utility of the methodology. The new methodology improves
estimates of initial losses during rain-on-snow events.

KEYWORDS: stormwater management, curve number, SBUH
method, BMP design, rainfall simulator.
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Increased stormwater runoff as a result of urbanization
generates both quantity and quality concerns. Studies have
concluded that increased stormwater runoff causes eroded
stream banks, channel instability, increased turbidity and
pollution, and increased downstream flooding [1]. These
effects can have adverse impacts on downstream drinking
water supplies as well as fish and other organisms living
in the receiving waters [2-4]. Infiltration treatment best
management practices (BMPs) are designed to reduce these
impacts by retaining surface runoff volumes and allowing
these volumes to infiltrate into the ground thereby reducing
both pollutant loadings and peak stream discharges.
Designs of infiltration treatment BMPs are generally
based on runoff volume computed from a prescribed precipitation event (e.g., the 24-hour SCS Type 1A storm)
with a return frequency (e.g., 6-month) using a single event
hydrograph model [5, 6]. Many single event hydrograph
models are available for computing the design runoff
volumes. One widely used single event model is the Santa
Barbara Urban Hydrograph (SBUH) model [7]. This model
applies the U.S. Soil Conservation Service Curve Number
(SCS-CN) equations to an approach that determines the runoff hydrograph [8, 9]. Based on the computed design runoff volume, the size of the infiltration facility is selected so
that it captures and treats a target percentage (e.g., at least
90 %) of the annual runoff volume [5].
The abstraction ratio (Ia/S), defined as the ratio of the
initial losses (Ia) to the maximum possible losses (S), in the
original SCS-CN equation was developed based on actual
watershed data from 24-hour duration storms and was fixed
at a nation-wide average value of 0.20 [10]. This approach
does not allow for regionalized values based on geologic
and climatic settings [11]. In addition, recent research has
shown that the Ia/S ratio is not constant and that the
assumption of Ia/S = 0.20 is usually high [12, 13]. Furthermore, the applicability of Ia/S = 0.20 to storm durations other
than 24-hours is uncertain. This is significant because the
Washington State Department of Ecology (WSDOE) iden-
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tified two types of design distributions based on analysis of
historical storms collected for 37-years of record since 1966
in Eastern Washington. These are: 1) the short duration
storm and 2) the long duration storm. The short duration
storm occurs over a 3-hour duration for all climate regions
in Eastern Washington whereas the long duration storm
occurs over a period of 24 to 72 hours.
Numerous articles have been published concerning the
SCS-CN method and several modifications have been proposed over the years on both the method and its parameters
for more accurate computation of surface runoff volume [1417]. However, very few studies have investigated the
applicability of the SCS-CN initial abstraction storage
ratio in cold regions. The impacts of Ia/S on runoff predictions are considerable, particularly in semi-arid climates
where typical 6-month design storms are less than 2.54 cm
of total effective precipitation. In addition, frozen soil
conditions can significantly impact this ratio by limiting the
near surface pore-volume available for initial abstracttions [18]. In this work, rain-on-snow based hydrograph
analysis was used as a tool to assess the SCS-CN initial
abstraction ratio for predicting runoff treatment volumes
in semi-arid cold climate regions.
In this work, the applicability of the 0.2 initial abstraction ratio for long storm durations in semi-arid cold
climates, where frozen ground and rain-on-snow act to
produce design storms, was examined. Snowfalls represents an important source of water in these regions since
runoff generated from snow melting and rain-on-snow
events play a major role in recharging ground water and
replenishing surface water storage [19]. However, such
events can cause problems because the increased runoff
volumes generated from snow melt can fill or saturate
stormwater BMPs prior to the actual design event [5]. If
soils are frozen, runoff quantities associated with such
events may cause signifi-cant flooding, erosion, and subsequent downstream sedi-mentation. In addition, the presence of snow on the ground at the onset of rainfall does
not account for the additional losses likely to occur and
may therefore underestimate the runoff hydrograph response time and the size of the required treatment facility.
Based on these phenomena, the critical runoff event may
be caused by these unique conditions, and therefore, it
may be more appropriate to use snowmelt events for BMP
design rather than design rain-fall events [20].
In many cold regions, under-designed facilities may
fail to achieve required treatment targets. Thus there is a
need for reexamining the initial abstraction term during
long duration, cold climate storms. This study was carried
out with the prime objectives of: (1) examining the
applicability of using the SCS-CN methods to runoff prediction from rain-on-snow events in semi-arid cold climates, and (2) developing a new abstraction relationship
for use in semi-arid cold climates by performing SBUH
model calibration using rainfall runoff data from simulated rain-on-snow events. To achieve these goals, an application case study using data collected in Eastern Washington

was used to modify the existing design variables in the
model, specifically the initial abstraction ratio (Ia/S), to
account for cold weather conditions related to frozen
ground and snow considerations including rain-on-snow
and snowmelt events.
2. MATERIALS AND METHODS
The research goals were achieved by: (1) designing
and creating an artificial rainfall simulator system to mimic
the natural long duration rainfall events applicable to cold
regions (2) collecting and analyzing rainfall/runoff data
from 19 simulated rain-on-snow events, and (3) performing
model calibration to modify the existing initial abstraction
parameter.
2.1. Rainfall simulator design

In this work, an artificial rainfall simulator system
was developed to apply a controlled rainfall rate on a test
plot. The rainfall simulator created rainfall characteristics
typical of low energy natural storms encountered in the
inland Pacific Northwestern U.S [21]. The simulated storms
in this work have low intensities (less than 3.5 mm/hr)
over durations lasting 30 hours.
The rainfall simulator system was comprised of a spray
nozzles system, water tank, piping system, flow meter/
controller, impervious snow table, air compressor, and a
collection gutter on the down-gradient end draining to a
tipping bucket recorder (Figure 1). The spray nozzle system
consisted of two 2.44 m long x 5.1 cm thick (8.0 ft long x
2.0 in thick) wood frames, 14 KES white nozzles, and
9.5 mm (3/8 in) diameter rigid PVC tubing. Seven nozzles
were mounted 30.48 cm (1ft) apart along both of the overhead members. After testing their performance and coverage
area across the plot at different heights, the nozzles were
located at 1.22 m (4 ft) above the plot surface.

  
FIGURE 1 - Rainfall simulator and Plot frame setup

A 16-bit precision water flow meter and water flow
controller (L-10LPM-D) with a solenoid control valve
mounted downstream of the controller was installed in
line to regulate water flow to the spray nozzles during
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application of the rainfall hyetographs. The valve operation,
and thus the various rain intensities, was controlled by providing the flow meter with a set point that corresponded
to a specific water flow rate and a defined interval. The
amount of water required for a simulation event was
supplied to the nozzles by a 151.42 L (40 gallon) insulated steel vertical water tank placed near the simulator. An
electric powered 2-hp, 45.4 L (12 gallon) compressor was
used to pressurize the water in the tank to approximately
413.7 KPa (60 psi) through a 9.5 mm (3/8 in) diameter hose
connected to the tank. A pressure regulator in the compressor
was used to adjust the water tank pressure to ensure constant
pressure within the tank.
The simulated rainfall was applied over a 1.22 m wide
by 2.44 m long (4.0 ft wide x 8.0 ft long) smooth surface
area made of plywood to represent an impervious surface.
The plot was enclosed on three sides by a 15.24 cm (6 in)
high wooden border in order to define the rainfall/snow
catchment area and to prevent the loss of direct surface
runoff. A steel mesh was fastened to the fourth side of the
plot to allow runoff to drain into a gutter installed at this
edge and to prevent sliding of the snow while simulating
different plot slopes.

Runoff rates were monitored by collecting runoff in the
gutter at the down gradient edge of the plot and passing it
into a standard tipping bucket rain gauge equipped with
Onset Hobo data logger that counted and recorded the
time of each tip. Data stored by the logger was then used
to determine the runoff rates for each event.
The simulated rainfall/runoff events were designed to
examine the impacts of different average snow depths
(2.5 cm, 5 cm, 7.5 cm, and 10 cm) as well as various plot
slopes (0.0159, 0.031 and 0.047 m/m) on runoff rates.
Because snow was collected at different times throughout
the winter, snow density was also a factor. For each test
run, the snow water equivalent, defined as the amount of
water contained within the snow pack, was determined by
weighing the snow and then spreading it evenly across the
test plot area to obtain the desired depth. The snow water
equivalent (SWE) for each case was calculated as:

SWE = DS

ρs
ρw

(1)

where Ds is the snow depth [cm], and ρs and ρw are
the density of water and snow [g/cm3], respectively [22].

2.2. Rainfall/runoff data collection

The applied rainfall distribution for the city of Spokane,
WA was used to develop a case study for application in
Eastern Washington regions subjected to cold weather
conditions under different rain-on-snow simulations. The
long duration hyetograph was computed using the 24-hour,
6-month design storm of Spokane, WA after adjusting the
design storm value using the associated regional conversion
factor [5]. Graphical representation of the long duration
design storm hyetograph is shown in Figure 2.

Each of these simulations was conducted inside Albrook
Hydraulic Laboratory near a large sliding door that allowed
exposure to near natural, but uncontrollable, air temperatures. Measurements of the average air temperature during
the duration of each simulation event were obtained by
averaging the values of the air temperatures recorded
during each of the defined rainfall intervals.
2.3 Calibrating the SCS-CN for the Test Plot

Based on the SCS-CN published tables, a CN of 98 was
selected to describe the characteristics of the plot surface.
160
However, the accuracy of using this value for calculating
140
the runoff hydrograph under the different plot slopes used
120
in this study (S = 1.56 %, 3.13%, and 4.69%) was exa100
mined by conducting three control runs. For each of the
control runs, rainfall was applied on the test plot with no
80
snow cover and the observed runoff hydrograph was ob60
tained. By plotting and comparing the observed runoff
40
hydrograph obtained from each of the control runs to the
20
calculated runoff hydrograph obtained by SBUH method,
0
it was found that there is a disagreement between the two
0
5
10
15
20
25
30
hydrographs. Therefore, to achieve a better agreement
Time (hr)
   between the simulated and observed runoff hydrograph,
FIGURE 2 - Long duration rainfall distribution for the city of
the curve number parameter in SBUH method has been adSpokane, Washington and surrounding area.
justed using a trial and error adjustment procedure until
During each simulated event, the continuously variable the difference between the SBUH outputs (runoff volume
rainfall intensity and duration intervals were controlled by and peak discharge) and the measured hydrograph outputs
writing a script that defines the set point that corresponded (measured runoff volume and measured peak discharges)
to each of the rainfall intensities at the defined interval. was minimum. The calibrated CN values for each of the plot
The script operated the inline flow meter and controller slop values were then recorded to be used in calculating the
device through serial communication with a laptop computer runoff hydrograph for the simulated rain-on-snow events.
Table 1 listed the CN-value assigned for each plot slope.
using a digital RS-232 signal and Hyperterminal® program.
Rainfall Intensity (CCM)

180
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TABLE 1 - The calibrated Curve Number (CN) values assigned for
each plot's slope.
Slope, S %
1.56
3.13
4.56

Curve Number, CN
93
96
99

Measured runoffs generated from each of the simulated
events listed in Table 2 were plotted to examine the hydrographs. Figures 3 through 5 compare the calculated runoff
hydrographs with the observed runoff hydrographs obtained from the simulated events.

3. RESULTS AND DISCUSSION
3.1. Runoff hydrographs analyses

Plot runoff from 19 rain-on-snow events simulated under various snow conditions and plot slopes was monitored
and recorded. Table 2 presents a summary of the snow
depths, densities, and plot conditions for each event. The
simulated events in Table 2 represent different snow layer
characteristics in terms of the snow density and the
associated snow water equivalent for each layer. Some
events were simulated using a fresh dry low-density snow
(new, just falling) and some were simulated using an old
wet dense (ripe) snow. Snow density variation between the
same depth snow layers is the reason for the differences in
the snow water equivalent computed for each simulated
event.
The SBUH method was used in this study to calculate
the runoff hydrograph for each of the simulated rainfall
events due to its historic application in Eastern Washington.
To facilitate the calculation process, a spreadsheet (Microsoft
Excel) model of the SBUH procedure was created. However,
instead of using the customary form of SCS-CN equation, a
general form of the SCS-CN method was used. The total
runoff depth for each time increment was computed as:

Q (t ) =

( P(t ) − λS )2
P(t ) − S (λ + 1)

For all of the simulated rain-on-snow events, snow
covers were assumed to occur on a frozen, saturated ground
(no infiltration).

(6)

The actual measured runoff volumes and the peak discharges exceeded the simulated runoff volumes and peak
discharges in all of the simulations. This was expected and
could easily be attributed to the contribution of water from
snow during melting to runoff volumes. On the other hand,
the response time, defined as the time between the beginning
of water input and the beginning of measurable response
[23], reflected the integrated influences of: 1) snow cover
conditions, 2) plot slope, and 3) average air temperature
during the simulated events. For example, during the month
of March, the higher temperatures (e.g. T air > 10 oC)
combined with an old dense snow pack in the simulated rainon-snow events caused runoff hydrographs to rise dramatically and much earlier. Hence earlier responses (Tresp
< 1 hr) in the observed runoff hydrographs were observed
(Figure 5). Whereas, long response times (range from 1.628.65 hr) were observed in the runoff hydrographs resulted
from the rain-on-snow events simulated early in the winter
season (December and January) as indicated in Figures 3
and 4. Additionally, plot slope shows a significant effect
on runoff onset; increased slopes caused faster observed
runoff whereas decreased slopes caused later onsets of
runoff. For example, the observed response time, Tresp, for
the simulated rain-on-snow events ranges from 0.15 to
2.73 hr, 0.5 to 3.49 hr, and 0.5 to 8.65 hr for plot slopes of
4.69%, 3.13 % and 1.56 % respectively.

TABLE 2 - Details of input measured parameters for each of the simulated events

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

Air Temperature,
Ta (oC)
14.2
5.8
6.2
6.0
5.7
5.2
5.3
2.2
4.8
2.5
2.9
13.6
13.4
11.4
14.3
14.5
10.5
9.3
11.6

Measured Parameters
Plot slope,
Snow weight,
S (%)
Wt (kg)
1.56
15.0
1.56
17.2
1.56
38.8
1.56
35.8
3.13
24.0
3.13
42.6
3.13
29.9
4.69
31.3
4.69
72.6
4.69
38.1
1.56
43.5
4.69
82.1
4.69
136.1
3.13
43.5
1.56
125.6
3.13
135.6
1.56
42.2
3.13
73.5
4.69
51.3
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Snow depth,
Ds (cm)
2.5
2.5
5.1
2.5
2.5
5.1
5.1
2.5
5.1
5.1
5.1
7.6
10.2
10.2
7.6
7.6
10.2
10.2
10.2

Calculated Parameters
Snow density,
Snow water equivaρs (g/cm3)
lent, SWE (cm)
0.20
0.50
0.23
0.58
0.26
1.30
0.47
1.20
0.32
0.81
0.28
1.43
0.20
1.01
0.41
1.05
0.48
2.44
0.25
1.28
0.29
1.46
0.36
2.76
0.45
4.58
0.55
5.58
0.55
4.22
0.60
4.56
0.14
1.42
0.24
2.47
0.17
1.72
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FIGURE 3 - The pattern of rainfall input and the calculated and
observed runoff hydrographs from the events simulated during December, 2007.

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
FIGURE 4 - The pattern of rainfall input and the calculated and observed runoff hydrographs from the events simulated during January, 2008.
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FIGURE 5 - The pattern of rainfall input and the calculated and observed runoff hydrographs from the events simulated during March, 2008.

Another aspect worth noting was that depending on
these three variables, the shape of the output hydrograph
produced from each simulated rain-on-snow event varied
considerably. Some events produced a single extended runoff peak hydrograph and those were associated with the
events simulated during warm temperatures (e.g. the runoff hydrograph resulted from the simulated events 12
through 16 in Figure 5). Whereas some events produced
two runoff peaks hydrograph as those shown in events 1
through 6 in Figure 3. The two-peak runoff output hydrographs were due to the snow melting process accelerated by

the rain events which caused the first measured peak discharge to occur at much sooner than the simulated peak
discharge. Following the snow melting period, runoff
volume decreased and, as the rainfall event continued,
a second peak occurred due only to the rainfall event. The
single extended peak hydrographs with long response times
appeared to be associated with cold, deep snow cover,
while the single extended peak hydrographs with rapid
response times were observed in the springtime hydrographs.
Additionally, time to peak values observed in the measured
simulated rain-on-snow events did not agree with those
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calculated using the SBUH method. The results show that
the peak runoff and hence time to peak in the measured
runoff hydrographs occurs much earlier than the peak
runoff and time to peak in the simulated hydrographs.
This work proposed that knowledge of the response
time of the output hydrographs could be used to predict
initial losses during rain-on-snow events. Hence, the next
step was to develop a SBUH model using the observed response times as the calibration parameter to predict the
initial losses in each test run.
3.2. SBUH method Calibration

Calibration was performed to determine an alternative
λ (or Ia/S) value(s) that would be more applicable for use
with the long duration storms occurring in Eastern
Washington regions. For each simulated rain-on snow
event, calibration was accomplished using a trial and error
adjustment process for the initial abstraction ratio, λ, in
the SBUH spreadsheet until the response time of the calculated runoff hydrograph matched the response time of
the observed runoff hydrograph from the rain-on-snow
event. The values of λ derived by the calibration of SBUH
method and the associated Ia values for all of the rain-onsnow events are presented in Table 3.
3.3. Regression equation for estimating the initial losses.

A mathematical model that describes the behavior of
λ was developed using Minitab15® statistical software.
This model predicted λ in terms of snow depth (Ds), snow
water equivalent (SWE), air temperature (Ta), and plot
slope (S). The p-value at the 5 percent level (α = 0.05)
was used to test the model. The first proposed model took
the following form:

λ = A ⋅ TaB ⋅ S C ⋅ SWE D ⋅ DsE

(3)

where A, B, C, D, and E are regression constants.

Multiple regression analysis was performed to find the
five regression constants (A, B, C, D and E) in Equation (3)
as: A = 0.0872, B = −3.21 C = 0.17, D = −2.1, and E =
3.34. Substituting these values into Equation 7 yields the
following equation:

λ = 0.08716 ⋅ Ta−3.21 ⋅ S 0.17 ⋅ SWE −2.1 ⋅ Ds3.34

where λ is the initial abstraction storage ratio
[dimensionless], the Ta is the air temperature [oC], S is
the plot slope [%], SWE is the snow water equivalent
[cm], and Ds is the snow depth [cm]. Based on calculated
p-value of < 0.001 and a coefficient of multiple determinations (R2) of 0.853, the proposed model is considered
significant.
The p-values for the estimated coefficients of the
average air temperature (Ta), the snow depth (Ds), and
the SWE are less than 0.002, indicating that they are significantly related to the initial abstraction storage ratio at
the 0.05 level. However, for the slope (S) coefficient the
p-value is 0.756 thus indicating that the slope explained
the least significant proportion of the variation in the initial
abstraction storage ratio. It also suggests that a model with
only Ta, Ds and SWE would be more appropriate for estimating the initial abstraction storage ratio. This finding can
be explained by the fact that the slope effect was accounted
for during the curve number selection for each of the plot
slopes considered in this study.
The second proposed model was represented by the
following equation:

λ = 0.10753 ⋅ Ta−3.26 ⋅ SWE −2.06 ⋅ Ds3.36

(5)

The p-value for the second model is less than 0.001
and the coefficient of determination (R2) is 0.852. The pvalues for the estimated coefficients of the average air
temperature (Ta), the snow depth (Ds), and SWE are less
than 0.001.

TABLE 3 - Values of the parameters derived from SBUH method calibration
Event
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

(4)

Response time, Tresp (hr)

Initial abstraction ratio, λ

Initial abstraction, Ia (mm)

0.41
2.7
4.66
1.75
1.6
3.03
3.49
2.77
2.53
5.49
8.65
0.76
0.15
0.5
0.5
0.5
3.54
3.03
2.93

0.001
0.02
0.08
0.009
0.01
0.05
0.07
0.18
0.15
0.30
0.20
0.001
0.001
0.001
0.001
0.001
0.04
0.05
0.19

0.019
0.382
1.529
0.172
0.106
0.529
0.741
0.462
0.385
0.770
3.824
0.003
0.003
0.011
0.019
0.011
0.765
0.529
0.487
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FIGURE 6 - Calculated versus calibrated initial abstraction storage ratio, λ cal

The significance of Ds in Equation 5 is overemphasized
due to the fact that snow depth also occurs in the SWE
term. Analysis using only the snow density (ρs) term in
lieu of Ds yields:

λ = 0.0602 ⋅ Ta−3.05 ⋅ ρ s −2.23 ⋅ Ds1.40

(6)

Based on the p-value and the R2 of the new model,
considering the snow conditions (Ds and ρs or SWE) and
the average air temperature during the cold season (Ta),
was believed to be adequate for assigning a λ value during
rain-on-snow events. Therefore, Equation 5 or Equation 6
can be used for assigning the initial abstraction storage
ratio (λ) for predicting runoff treatment volumes during
rain-on-snow events.
3.4. Verification

For verification of the proposed equation, λ was computed using the proposed regression equations (Equations 5
and 6) and compared to the observed initial abstraction
storage ratio of the simulated rain-on-snow events. A plot
of the best fit relationship between observed and modeled
initial abstraction storage ratios is shown in Figure 6. As
illustrated in the figure, the slope of the straight line is 1.69
and the y-intercept is 0.0361. In addition, the coefficient of
determination is 0.84. However, while the regression line
appeared to fit most of the data points, there were a few
points which lie far away from regression line. These
points were found to be associated with events performed
during cold air temperatures.
4. CONCLUSIONS
Deficiencies in the SCS initial abstraction estimate
during rain-on-snow events typical of cold climate regions
were investigated in this study. A rainfall simulator was
constructed to produce variable rainfall intensities of less
than 3.5 mm/hr over a duration of 30 hours. The artificial
rainfall events were simulated under a variety of snow

conditions, plot slopes, and air temperatures. Observed
runoff hydrographs analysis obtained from simulated rainon-snow events were used to improve estimates of the
initial abstraction term during such events. From the
analyses of the hydrographs, a clear dependence of the
initial abstraction ratio on the conditions of snow, the plot
slope, and the average air temperature during the rain-onsnow event was found. These combined factors governed
the magnitude of the snowmelt runoff volume, the rate of
snow melting, as well as how fast runoff may start during
rain-on-snow events.
Using the SBUH method calibration, a new procedure
for determining the initial abstraction term in the SCS-CN
method during rain-on-snow events was proposed. The regression equation for calculating the initial abstraction during
rain-on-snow events produces a more realistic estimate of the
initial losses during such events and improves outflow hydrograph prediction for design of infiltration treatment BMPs
in cold regions. While this procedure will result in more
efficient BMPs in terms of performance, larger facilities
will generally be required.
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ASPECTS OF DECAPOD CRUSTACEAN ASSEMBLAGES FROM
SOFT BOTTOMS SUBMITTED TO STRONG HYDRODYNAMIC
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(TURKISH STRAIT SYSTEM)
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1

Canakkale Onsekiz Mart University, Gokceada School of Applied Sciences, PO Box 8 - 17760 Gokceada, Canakkale- Turkey.
2
Hellenic Centre for Marine Research, Inst. of Oceanography, 19013 Anavissos, Attica, Greece.

ABSTRACT
This study deals with the structure of decapod crustacean assemblages and their relationships with biotic and
abiotic conditions in Canakkale Strait in 2006 and 2007. A
total of 45 Decapod species were found, of which one
species (Calliax lobata) is recorded for the first time from
Turkish waters, four species are new for the Turkish Strait
System and 11 species for the Canakkale Strait. Number of
species, abundance, richness and biodiversity were negatively correlated to sand percentage and positively correlated to TOC values. In addition, ABC analysis showed that
Canakkale Strait is subjected to natural stress. Hydrodynamic conditions have been recognised as the most important natural stress factor. While seasonal changes were
not statistically significant, differences in biomass and
species number were statistically important among stations,
clearly separating eastern from western costs. Spring could
be con-sidered as decapods reproductive period in Canakkale Strait. Four different feeding types were distinguished,
carnivors being the dominant one in the area. Athanas
nitescens and Pisidia blutelii were the most important
species, representing 62.6 % of the total abundance. These
dominant species were significantly correlated with different sediment variables (percentage of sand, medium gravel
and fine gravel). Different feeding mode and niche partitioning are advantageous for survival in such a harsh environment. No alien decapods were found in the study area,
but during warm seasons, the presence of the invasive
macroalga Caulerpa racemosa in the southeastern part of
Canakkale Strait could favour some scavenger decapod
species.
KEYWORDS: Decapoda, soft bottoms, quantitative distribution,
Canakkale Strait, Turkish Strait System

* Corresponding author

1. INTRODUCTION
Canakkale Strait is one of the two straits in the Turkish Straits System and connects the Mediterranean Sea
(Aegean basin) with the Sea of Marmara, which further
communicates with the Black Sea through the Istanbul
Strait at its other extremity. A very dense maritime traffic
occurs in all Turkish Straits, even though they are difficult
to navigate. Totally, 49,453 vessels of 667,412,661 gross
tons passed through the Canakkale Strait during 2009. The
dense maritime traffic is severely affecting the environment.
Accidents, garbage and used oil dumping, ballast water and
waste water discharges contribute to a great extent to marine pollution [1] On the other hand, Straits play an important role as a biological corridor between the Mediterranean and the Black Sea, and act as an acclimatization zone
for the Mediterranean species [2].
Decapod crustaceans are an important ecological component in the Mediterranean Sea, and constitute a key taxon
linking lower and higher trophic level [3, 4]. Despite of its
biogeographical interest, the Canakkale Strait is one of
the most poorly studied areas in the Mediterranean Sea as
regards to decapod assemblages [5-13]. Moreover, most of
these studies focus on decapod taxonomy, without any investigation on ecological requirements and/or adaptations
to the peculiar environmental conditions of the Strait. It is
however undeniable that physical and chemical processes
within sediments affect the benthic infaunal activity [14],
and spatial and temporal variation of species is important
for the comprehension of interactions between biotic and
abiotic environmental factors [15, 16].
The objectives of the present study were 1) to examine decapod biodiversity in coastal and offshore soft bot-
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toms, 2) to illustrate the seasonal dynamics of decapod
fauna and 3) to correlate temporal variation with abiotic
parameters such as hydrodynamism and water circulation.
2. MATERIALS AND METHODS
2.1. Study area

Samplings were performed along the southern part of
the Canakkale Strait (Figure 1a). It has an approximate
length of 70 km, and its average width and depth are of
3.5 km and 55 m respectively. Water masses traversing the
Strait outline two distinct layers, of Black Sea and Mediterranean origin respectively: the upper layer water mass
enters into the Canakkale Strait from the Sea of Marmara.
Relatively uniform conditions prevail in the upper half of
Canakkale Strait, but at Cape Nara (Figure 1b) the upper
layer undergo intense vertical mixing when joining the
Aegean Sea water, which results in a thin surface layer of
less than 10 m with salinity of 25.0-28.0 psu and variable
temperature according to the season. The relatively dense
Mediterranean underflow enters into the Canakkale Strait
below 10-15 m depth, with salinity of 38.9-39.0 psu and
temperature 16-17 ºC [17]. The surface layer in the Canakkale Strait flows towards the Aegean Sea, at speed of 50200 cm s-1. The bottom layer moves in the opposite direction, towards the Sea of Marmara, with speed of 20-40 cm s-1
[18]. Some 1257 km3 of colder and fresher water flows
annually into the Aegean Sea whilst, at the same time,
957 km3 of the more saline Aegean Sea water enters the
Sea of Marmara through the Canakkale Strait [19].
2.2. Sampling design

Soft bottom samples were collected in February, June,
September and November 2006 by means of a 0.1 m2 van
Veen grab at 11 stations; six of them were located along the
European shelf and the remaining five stations were in the
Asian shelf. Samples were collected from depths between
7 and 26 m using the R/V Bilim 1 (Figure 1a). At each
station, three replicates were taken for benthic analysis. In
addition, seven more stations were sampled by means of

van Veen grab, dredge and box-corer along the mid-line of
the Canakkale Strait from R/V K. Piri Reis on 22.06.2007
at depths between 30 and 80 m (Figure 1b). Because of the
high water hydrodynamism, the sampling gear capacity was
very low. Moreover, maritime traffic did not permit long
permanence at each station. Therefore only a total of twelve
samples were taken in the strait’s mid-line, which were used
in this study for merely qualitative analyses. However, it
must be noticed that the present was the first attempt to
obtain benthic samples from this area. Coordinates, depth,
used sampling gear as well as sediment types are given in
Table 1.
All benthic samples were sieved through a 0.5 mm
mesh size sieve and fixed with 4 % formaldehyde-sea water solution. In the laboratory, the decapods were separated
under a stereomicroscope and preserved in 70 % ethanol.
Specimens were counted and identified, while the total wet
weight of each species was estimated by using a balance
with 0.0001g sensitivity.
Samples from the two layers (surface and bottom) of
the water column were collected with Nansen bottles to
perform analyses of oceanographic parameters: Temperature, Salinity, Dissolved Oxygen concentration (DO), pH,
Total Dissolved Solids (TDS) and Conductivity were
measured on board by using the YSI 556 Multiprobe System. In addition, the visibility (as Secchi disc depth) was
determined in each station. Granulometric analyses were performed following Lewis [20]. The percentage of organic
carbon was determined spectrophotometrically in sediment
samples following the sulphochromic oxidation method [21].
The amount of total nitrogen was measured by the
Kjeldahl’s method. Unfortunately, due to several technical
problems some parameters were missing (bottom water
parameters at all stations in summer, DO values of all stations and all parameters at stations KL, GK, DC, HS in
winter) [22]. Thus, all statistical analyses were applied to
the available abiotic parameters.

a)

b)
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FIGURE 1 - Map of sites sampled in Canakkale Strait, a) coastal sites (seasonal samplings), b) mid-line area (sampled in June 2007).
TABLE 1 - General characteristics of the study sites.
Station

Lat.	
  (°N)	
  

Long.	
  (°E)

AK
KY
CB
KB
SD
AB
KL
GK
KF
DC
HS
12
13
14
15
16
17
18

40 13 605
40 12 094
40 10 395
40 08 296
40 05 923
40 02 960
40 00 252
40 02 409
40 04 988
40 07 783
40 09 500
40 11 603
40 10 026
40 07 663
40 06 065
40 04 333
40 03 593
40 01 749

26 25 735
26 22 005
26 22 082
2622 436
26 19 004
26 12 544
26 14 884
26 20 011
26 21 490
26 23 786
26 24 000
26 23 366
26 23 548
26 23 145
26 20 000
26 18 668
26 16 614
26 13 342

Depth
(m)
19
12
15
10
15
13
22
20
18
19
21
60
83
81
40
60
69
83

2.3. Data analysis

Two statistical methods were used to assess potential
spatial and temporal differences in the decapods assemblages, based on the null hypothesis of no difference in
the decapods assemblage between stations and seasons.
2.3.1. Univariate analyses

Univariate analyses were applied to characterise the
community in terms of relative abundance and diversity.
Species number (S), Abundance (N: individuals m-2), Margalef richness index (d), Pielou’s evenness index (j) and
Shannon-Wiener’s diversity index (log2 base) (H') were
calculated for each station and season. The frequency of
occurrence (Ci) of the species was calculated to discriminate the most representative species, as described by Soyer
[23] and results were evaluated as constant (1 ≥Ci ≥ 0.5),
common (0.5 > Ci ≥ 0.25) and rare (Ci < 0.25) species. Dominance indices (Di, relative total abundance in percentage) and the hierarchical importance of each species
(given by the product Ci x Di) were also calculated [24].
The index of dispersion [25] was applied to all data to test
the randomness. Each species was assigned to a feeding
type after accurate research of available literature on each
single species. The feeding types considered include carnivores, suspension feeders, deposit feeders, and omnivores.
Seasonal abundance, biomass and mean individual size
of the three most important species were also calculated, to
verify check any geographical or temporal trend in their
distribution.
Spearman’s rank correlation coefficient was used for
the whole assemblage as well as for the most important
species, in order to determine correlation between biotic and

Gear used

Sediment type

van Veen Grab
van Veen Grab
van Veen Grab
van Veen Grab
van Veen Grab
van Veen Grab
van Veen Grab
van Veen Grab
van Veen Grab
van Veen Grab
van Veen Grab
van Veen Grab, dredge
van Veen Grab
van Veen Grab
Box corer, dredge
Box corer
Box corer
Box corer

sandy+muddy+stone
sandy + detritus (shell)
Mytilus galloprovincialis+sand
sandy + detritus (shell)
sandy+Posidonia oceanica
sandy+Posidonia oceanica
muddy + Caulerpa racemosa
muddy
muddy
sandy
sandy+ stone
stone
gravel
sandy
sandy
muddy
muddy
muddy

abiotic parameters. Temporal trends at each station were
tested using one-way ANOVA.
2.3.2. Multivariate analyses

Multivariate analyses were applied to compare assemblage structures between stations and sampling seasons.
Numerical abundance data were analyzed using cluster
and multidimensional scaling (MDS) techniques, based on
Bray Curtis similarity, using the PRIMER package ver.
5.0 [26]. Cluster analysis was based on log10 (x+1) transformation with the “Taylor’s Power Law” method concepts
[27]. The one-way ANOSIM permutation test was used to
assess significant differences between pre-defined groups
of sample sites in the cluster analyses. SIMPER analysis
was performed to identify the percentage contribution of
each species to the overall similarity/dissimilarity within
each species to the groups identified from the cluster analysis. To evaluate levels of disturbance, an Abundance-Biomass Comparison (ABC) was made using seasonal abundance data obtained from each station.
Bray-Curtis dissimilarity matrix of decapods abundance
was tested by two-way orthogonal nonparametric (Permutation-based) MANOVA (PERMANOVA software; [28]
for differences in decapod assemblages under a model of
the stations nested in the seasons.
3. RESULTS
3.1. Analysis of Decapod assemblages structure

A total of 2141 specimens m-2 belonging to 45 Decapod species, including 9 Caridea, 11 Anomura, 2
Thalassinidea, and 23 Brachyura, were caught in the study
area. Of them, Calliax lobata was a new record for Turkish
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Seas, while Paguristes syrtensis, Anapagurus chirocanthus, Ebalia edwardsii, Lissa chiragra were new records
for the Turkish Strait System and 11 more species were
recorded for the first time from the Canakkale Strait (Table
2). Furthermore, Goneplax rhomboides was collected only
at station 15, in the mid-line of Canakkale Strait at 40 m of
depth. During the study, at station CB in autumn it was
impossible to take grabs samples (due to the presence of a
M. galloprovincialis facies). Additionally, no decapod
specimens were obtained at stations KL, GK, KF and DC
in winter, at stations KB and GK in spring, at KB in summer, and at AB, KB, KL and DC in autumn.

coasts, consequently 23 species were present only at stations located on the eastern coast and 10 were present
only on the western coast.
Species number (S), abundance (N: number of individuals m-2), species richness (d), diversity (H’), evenness
(J) and biomass for each season and station are shown in
Figure 2. The highest number of species was found in
summer (41 species), followed by autumn with 34 species,
and winter with 29 species, while the lowest species number (27 species) was found in spring (Figure 2). Station SD
was the richest, with 21 decapod species, while the lowest
number was found at stations KB and DC with only three
species.

On the total of 45 identified species, 34 were found
along the western coast and 21 along the eastern coast of
Canakkale Strait. Only 11 species were present on both

TABLE 2 - List of decapods collected from Canakkale Strait and their abundance (ind m-2). Ni: total abundance; Ci: frequency; Di: dominant species ranked by the average density. * new record for Turkish Seas; **new records for Turkish Strait System; *** new records for
the Canakkale Strait
Western coast
Species/ Abundance
AK
KY
CB
Athanas nitescens (Leach, 1814)
107
202
367
Pisidia bluteli (Risso, 1816)
75
357
Xantho pilipes H. Milne- Edwards, 1867
7
20
17
Diogenes pugilator (Roux, 1829)
23
23
Pilumnus spinifer H. Milne- Edwards, 1834*** 3
18
22
Pisidia sp.
27
10
30
Alpheus dentipes Guérin-Meneville, 1832 *** 3
28
Eualus cranchii (Leach, 1817)***
7
5
Processa nouveli nouveli Al-Adhub & Willimson, 1975***
Pisidia longimana (Risso, 1816)
50
Liocarcinus navigator (Herbst, 1794)
3
10
Pisidia longicornis (Linnaeus, 1767)***
73
Processa edulis edulis (Risso, 1816)***
10
20
Pagurus forbesii Bell, 1845***
Anapagurus chiroacanthus (Liljeborg, 1856)**
Galathea intermedia Liljeborg, 1851***
Upogebia pusilla (Petagna, 1792)
3
3
Liocarcinus depurator (Linnaeus, 1758)
Liocarcinus corrugatus (Pennant, 1777)***
7
Hippolyte leptocerus (Heller, 1863)***
3
Cestopagurus timidus (Roux, 1830)***
Paguristes syrtensis De Saint Laurent, 1971**
Ebalia edwardsii Costa, 1838**
Ilia nucleus (Linnaeus, 1758)
Pilumnus hirtellus (Linnaeus, 1761)
5
Pilumnus sp.
15
Xantho poressa (Olivi, 1792)
Galathea squamifera Leach, 1814
Lissa chiragra (Fabricius, 1775)**
Hippolyte inermis Leach, 1815
Hippolyte sp.
Processa sp.
Anapagurus sp.
Galathea sp.
Paguristes eremita (Linnaeus, 1767)
Pagurus alatus Fabricius, 1775
Calliax lobata (de Gaillande &
Lagardére, 1966)*
Pagurus sp.
Achaeus cranchii Leach, 1817
Brachynotus sexdentatus (Risso, 1827)
3
Ethusa mascarone (Herbst, 1785)*
Liocarcinus vernalis (Risso, 1816)
Macropodia longirostris (Fabricius, 1775)
Macropodia sp.
Goneplax rhomboides (Linnaeus, 1758)

KB
7
7
3

SD
97
20
47
3
20
3
7
7

AB
7

7

3

Eastern coast
KL GK KF
3
10
17

Midline
DC
3

7

HS
73
3
7

3
3

10
3
3

7
10
23

3

23
7

3
3

3

5
3

3

3

3

7
3
3

3
3

3
3

3
3

3
3
10
7
7
3
3
3
3
3
3
3
3
3
3
3
3
3
3
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Ni
893
455
112
55
63
83
38
29

Ci
0.26
0.05
0.10
0.09
0.08
0.06
0.06
0.04

Di
41.32
21.02
5.25
2.54
3.05
3.73
1.86
1.02

CixDi
10.577 +
1.004
0.544
0.259
0.243 +
0.208
0.104 +
0.057

23
73
16
73
30
23
10
11
9
9
14
6
6
6
6
6
8
15
10
7
7
3
3
3
3
3
3
3

0.04
0.02
0.04
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

1.19
2.88
0.85
3.73
1.19
1.19
0.51
0.51
0.51
0.51
0.68
0.34
0.34
0.34
0.34
0.34
0.34
0.51
0.51
0.34
0.34
0.17
0.17
0.17
0.17
0.17
0.17
0.17

0.047
0.046
0.034
0.030
0.019
0.019
0.016
0.012
0.012
0.011
0.011
0.005
0.005
0.005
0.005
0.005
0.005
0.004
0.004
0.003
0.003
0.001
0.001
0.001
0.001
0.001
0.001
0.001

3
3
3
3
3
3
3
3
0

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00

0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.00

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000

+

+

+

+
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No. of specimens m-2
No. of species
Biomass g m-2
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196
414
946
17
258
51
32
11
11
11
3
21
13
4
24.65 78.16 60.15 0.72 16.77 11.21 0.5

The abundance of decapods was maximum in winter
(847 ind m-2) and minimum in spring (295 ind m-2) (Figure 2). Although it was impossible to obtain samples from
station CB during autumn, this showed the highest total
decapod abundance (946 ind m-2). Athanas nitescens,
Pisidia blutelii and P. longimana were the dominant species at this station.
The highest diversity index (H’) was found in winter
at SD and in autumn at station GK (H’ = 2.6), while the
highest evenness (j) value (j = 1) was found in winter at
stations AK and AB, in spring at stations SD, AB and KL
and in summer at stations KF and DC (Figure 2).
According to ANOVA, the species number was significantly different among stations at P < 0.05. Moreover,
it was positively correlated with the TOC (Total Organic
Carbon) content in the sediment (Spearman rank r=
0.348) and negatively correlated with the percentage of
sand (r= -0.3709) at P < 0.05. Similarly, decapod abundance decreased with increasing percentage of sand con-

44
11
4.69

37
9
137
4
3
10
0.33 1.02 7.2

2141
2 205.37

tent (r= -0.3371). The diversity index was positively correlated with the TOC content (r= 0.3983) of sediment and
negatively correlated with sand percentages (r= -0.369) at
P < 0.05. Also species richness was positively correlated
with TOC (r= 0.4583) and TN (Total Nitrogen) (r=
0.3897), whereas it was negatively correlated with the
percent of sand (r= -0.4349). No significant differences
were found in temporal and spatial variations in abundance, species richness, diversity and evenness measures.
A total biomass of 205.37 g m-2 was measured in the
study. The highest total value was obtained in winter (100
g m-2), two times higher than the value obtained in spring
which was the second higher biomass (50 g m-2). The
highest biomass was measured in winter (70 g m-2) at
station KY, where the most important species were
Xantho pilipes (41 g m-2) and Pilumnus spinifer (19 g m-2)
(Figure 2). Results of one-way ANOVA revealed significant variations in biomass (p= 0.0361) among stations
(P< 0.05), but no seasonal discrimination.
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FIGURE 2 - Seasonal qualitative and quantitative distribution of decapod fauna per station in Canakkale Strait (N: Number of individuals
m-2 , d: Species richness, J: Evenness, H’: Diversity, Biomass).

PERMANOVA showed that the decapod distribution
interacted significantly with stations and seasons (Table 3).
TABLE 3 - Results of PERMANOVA for decapod assemblages, * =
significant (p‹ 0.05)
Source of
variation
Season
Station
Station x
Season
Residual
Total

df

SS

MS

F

P

3
9
27

17071.9686
80624.1777
99951.4812

5690.6562
8958.2420
3701.9067

1.5372
2.4199
1.3609

0.0880
0.0010*
0.0230*

80
119

217609.7167
415257.3442

2720.1215

number of specimens (Table 2). Its highest abundance was
observed in winter, followed by a sharp decrease in
spring, which was succeeded by an important increase in
summer (Table 4). The second discriminant species was
Pisidia bluteli (5 > Ci x Di % > 1). Both of them represent 62.3 % of the total abundance (Table 2).
Among stations, A. nitescens had its maximum contribution along the western coast (except for stations KB
and AB) and its minimum abundance along the eastern
coast (except for station HS) (Table 2). Concerning biomass, the larger brachyuran Xantho pilipes prevailed (75 g),
followed by Pilumnus spinifer (45 g), Liocarcinus corrugatus (19 g), P. bluteli (18 g) and Athanas nitescens (8 g).

3.2. Dominant species

As it can be observed in Table 2, in the whole study
area constant species (Ci ≥ 0.5) were absent, whereas the
only common species (0.5 > Ci ≥ 0.25) was Athanas nitescens. It was the most important and characteristic species in the taxocoenosis (values Ci x Di % > 5) responsible for its structure, representing 41.3 % of the total

TABLE 4 - Seasonal abundance (ind m-2), biomass (g m-2) and mean
individual size (g m-2) of Athanas nitescens, Xantho pilipes, Pilumnus
spinifer.
winter spring summer autumn
Total
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Abundance
Biomass

847
99.51

295
49.87

641
33.2

358
22.74
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Mean individual size
A. nitescens Abundance
Biomass
Mean individual size
X. pilipes
Abundance
Biomass
Mean individual size
P. spinifer
Abundance
Biomass
Mean individual size
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0.12
326
3.58
0.011
43
50
1.16
8
23
2.86

0.17
86
2.13
0.025
7
6
0.86
17
16
0.94

0.051
273
1.32
0.005
30
16
0.53
12
2
0.17

0.063
207
1.29
0.006
30
3
0.1
27
5
0.18

p-level

Fine gravel %

p-level

Sand %

p-level

Bottom DO

rs
p-level

Surface temp

rs
p-level

Bottom temp

rs
p-level

Med. gravel %

rs

ns
0.068
ns
-0.004
ns

0.001
0.299
ns
-0.491
0.003

0.000
0.7
0.000
-0.336
ns

0.000
0.679
0.000
-0.317
ns

3.3. Feeding types

TABLE 5 - Spearman’s rank correlation coefficient between biotic
and some abiotic parameters. Statistically significant correlations in
bold.

rs

rs
p-level

Spearman’s rank correlation applied between Athanas
nitescens and Pisidia blutelii abundance, biomass and abiotic
parameters revealed a slight negative correlation of A.
nitescens biomass with turbidity and of its abundance with
sand percentage, while positive correlation of its abundance with bottom dissolved oxygen and percent of medium gravel was observed (Table 5). Both biomass and
abundance of the second dominant species, P. blutelii, had
a significant positive correlation with the percentages of
medium and fine gravel, and negative correlation with
bottom temperature, while only its abundance was negatively correlated to surface temperature.

Turbidity

rs

Carnivors were the most important feeding type in the
area (43 %), folowed by deposit feeders (31%) and suspension feeders (20%), while omnivores were represented
only for 6%. Observing Figure 3 carnivors and deposit
feeders were present in all stations, ranging respectively
from 33 to 91 % and 9 to 39 %. Suspension feeders, while
dominant at station CB, showed very low percentages or
were absent from other stations. Omnivors, on the contrary,
were absent only from station CB, even though showing
the lowest total percentage.
Cluster analysis performed on the total abundance of
each feeding group per station resulted in two different
groups (Figure 4). The first group includes stations HS, SD,
KY, AK at similarity level approximately 90%, joined by
CB at similarity level higher than 80%. These stations
where located on the eastern coast (except HS) northward of
Canakkale Strait and had high abundance of all feeding
type. The second group’s stations were characterized by
the absence of suspension feeders (except station KF)

Athanas nitescens
Biomass N

Pisidia blutelii
Biomass N

3.4. Multivariate patterns of assemblage structure
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-0.273
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-0.184
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-0.325
ns
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Based on Bray-Curtis similarity, three major groups
of stations can be recognized, subdivided in subgroups of
similarity. The density of Athanas nitescens is most responsible for the similarity of groups. The six stations
(AB, SD, AK, KY, CB, HS) characterised by the highest
abundance, form the group I, with average similarity
41.57. Except for HS, all these stations are located on the
west coast of Canakkale Strait. The highest similarity
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FIGURE 3 - Relative contribution of each feeding type in the sampling stations
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FIGURE 4 - Cluster analyses according to the feeding type (a) and abundance (ind m-2) (b).

value (59%) was estimated within group II (Stations KB
and DC), with sandy substrate, both located just below
Cape Nara (Figure 2), where mixing of Black Sea and
Aegean Sea waters occurs. Group III includes stations GK
and KF, with muddy substrate, both located on the east
coast of Canakkale Strait. Station KL showed the highest
dissimilarity. While no decapods were found during winter and autumn from KL, three specimens of Pagurus
forbesii and Pagurus srytensis were obtained at spring and
twenty specimens of P. forbesii and three specimens of
Athanas nitescens and Hippolyte sp. were obtained in
summer, justifying the high dissimilarity showed by this
station.
Results of one-way ANOSIM and SIMPER analysis
applied to the total abundance of each species among sampling stations are shown in Table 6. ANOSIM detected a
significant difference (P < 0.005) between group I and
group III, and between group I and KL. Differences in
abundance and biomass justify this result: the abundance

of all stations belonging to group I ranged between 51 and
946 specimens and their biomass between 7.2 and 78.16 g,
meanwhile the abundance of group III was 37 and 44
specimens and their biomass very lower (0.33 g and 4.69 g)
(Table 2). According to SIMPER, the most discriminating
species was Pagurus forbesii (dissimilarity 91.85 %), followed by Xantho pilipes (79.35 %) and Athanas nitescens
(79.35 %).
According to the Abundance-Biomass comparison
(ABC) plots (Figure 5), able to determine levels of disturbance, the abundance curve lay above that of biomass, but
the curves are closely coincident and cross each other twice
(except for summer). Even though W-statistic values were
positive (except for winter), they were quite low (0.090.15). Thus, even if no severe pollution is affecting decapods assemblages, a moderate disturbance can be detected
in the area. This is testified by the negative value found in
winter (-0.008).

TABLE 6 - One-way ANOSIM results of the assemblages abundance structure between sampling stations (R values and significance level, P).
Global R=0.892. SIMPER result showing the average dissimilarities (%), the most contributing to the dissimilarity, and its contribution
ratios to the average dissimilarities between stations.
Groups
group 1 vs KL
group 1 vs group 2
group 1 vs group 3
KL vs group 2
KL vs group 3
group 2 vs group 3

One-way ANOSIM
R value
P value
0.854
0.036*
1
0.143
0.885
0.036*
1
0.33
1
0.33
1
0.33

SIMPER
Average Dissimilarity (%)
91.85
78.59
79.35
76.60
79.41
76.27
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W = -0,008
40
20
0
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9.68
7.72
33.24
20.25
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Discriminating species
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FIGURE 5 - Abundance-Biomass Comparison (ABC) plots for the Deacapod fauna of Canakkale Strait (○: Abundance, ▲: Biomass).

4. DISCUSSION AND CONCLUSIONS
Considering the totality of collected specimens, even
though distribution presented gaps in stations and/or seasons, we can conclude that Canakkale Strait hosts a quite
diverse decapod fauna (45 species), represented almost
completely by rare species, with the exception of few ones.
Boero [29] reported that rare species can play a significant
role in the description of the communities. These species
can in fact represent an important source of diversity within
the assemblages itself, thus allowing a certain number of
adjustments in the assemblages composition in response
to biotic and/or abiotic disturbance.
The total abundance was not very high, showing its
maximum in winter and minimum in spring (847 decapod
specimens m-2 in winter, 295 in spring, 641 in summer and
358 in autumn), while biomass did not follow the same
pattern (maximum in winter followed by a gradual decrease
through the other seasons (Table 4). Comparing total abundance and biomass, decapods seem to be represented by a
high abundance of large specimens in winter, followed by
an abrupt decrease of abundance and an increase in size
during spring. Summer seems to host a large population of
very small individuals, which grow up during autumn.
Thus, it seems that spring could be considered as decapods
reproductive period in Canakkale Strait. On the other hand,
the decrease of total abundance from summer to autumn
could be caused by both the regression of algae, acting as
hosts, and pressure of predators.
Considering the most abundant species, both in abundance and biomass (Table 4) we can see that A. nitescens

clearly follows the same pattern, as it presents the bigger
specimens in spring and a large number of individuals of
low biomass in summer and autumn. On the contrary, data
on X. pilipes and P. spinifer suggest that their reproductive
period could be placed in winter, but the observed abundance in this study is too low to hazard any conclusion.
Zupo [30] and Lopez de la Rosa et al. [24] reported a
similar decrease of decapod abundance in spring, in areas
with two recruitment periods. Garcia Raso [31] reported
Athanas nitescens as dominant from April to October in
Posidonia oceanica beds, while in the present study the
species had its highest abundance in winter. The reasons
of this difference could be linked to different habitat type
and hydrographic conditions. Indeed, seasonal grain size
analyses in the studied area showed significant fluctuation
at each station, with coarser sediments during winter and
spring, due to sediment instability caused by winter winds,
and finest sediments in summer and autumn, as a result of
lower wind and lower currents [22]. In this case, it is obvious that individual settlement was favoured in periods and
areas with milder conditions, getting higher diversity in
finer sediments (summer, autumn) and higher abundance
in coarser sediment (winter). This is in some way opposite
to the generally observed situation in other areas, where
sites with finest sediment do not show changes in winter,
but present substantial seasonal faunal changes in the
coarser sediments [32].
Considering the total 45 decapod species identified in
the study area, it is worth noticing that 44 species were
encountered from shallow waters (sampling depth between
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7 and 26 m), while only six of them and Goneplax rhomboides were obtained from depths between 30 and 80 m.
In soft bottoms, the increase of the finest fractions in the
sediment [33] results in the decrease of habitat heterogeneity [31, 34], thus in the decrease of microhabitats favouring a greater biodiversity [35, 36]. As a consequence,
a negative correlation between biotic factors and clayfraction and a positive correlation between biotic and fine
sand bottoms are to be expected. It is also known that
both number of species and individuals abundances are
higher in fine sand bottoms [31, 36-38]. However, in this
study it has been found that number of species, abundance, biodiversity and richness tended to be lower in fine
sand and higher in finest or coarser sediments. The same
results were obtained in studying peracarid assemblages in
the same area [22]. Reduced diversity of benthic assemblages in sandy substrata has been reported in stressed
conditions [39]. ABC analysis showed that Canakkale
Strait is subjected to a natural stress. Hydrodynamic conditions could be appointed as the main stress factor, as currents have been indicated as the most important factor of
environmental control, modifying the granulometric composition and amount of organic matter in the sediment
[24, 32, 35, 40].
Aydın & Sunlu [41] reported that TOC value is lower
in the south Aegean than in Canakkale Strait, probably
reflecting differences between the strongly eutrophic Black
Sea and the oligotrophic/mesotrophic Aegean Sea. Dense
maritime traffic, strong current regime and storms, human
activities like aquaculture may have caused the increase
of TOC value in the study area. It is indicative that the
highest TOC value was measured at station KY, where
some aquaculture activities were operating in the past.
Organic matter enriching surface sediments constitutes a
significant food source for zoobenthos [42] According to
the same author’ classification, TOC values are separated
in three groups: high (>35 mg g-1), low (<10 mg g-1), and
intermediate (between 10 and 35 mg g-1) concentrations.
Thus, values from Canakkale Strait (between 0.54 and 22 mg
g-1 [22]) can be accepted as low and intermediate, probably positively acting on decapod assemblages by enhancing the trophic web of the area. This is testified by the
positive correlation of TOC with species number, biodiversity and richness of decapods.
It is known that velocities of the bottom and surface
water masses of Canakkale Strait change seasonally from
20 to 40 cm s-1 and from 50 to 200 cm s-1, respectively [18]
while TOC and TN concentrations in sediments increased
in summer and autumn. Biernbaum [32] suggested that the
great faunal change observed in winter involves sediment
instability caused by winter winds. Areas having high negative skewness together with high gravel content in winter
indicate a significant bottom scour. The strong winter
currents of the study area increase the sifting of the sediments thus reducing turbidity. Indeed, the lowest turbidity
was measured at winter and increased thereafter reaching

its peak in summer [22]. Mucha and Costa [14] showed
that hydrodynamism appears to be a stabilizing factor
for macrobenthic assemblages. Strong hydrodynamism,
decreasing organic load and fine fraction sediment content, foster less reducing conditions, and concomitantly
result in a decrease in nutrients reduced forms and an increase in nitrate contents in interstitial water. These conditions lead to a reduction in the disturbance state of the
assemblages. Although sediment properties change seasonally in the Canakkale Strait, the high hydrodynamism
and its two different current systems may justify some peculiarities of this area. Garcia-Raso & Manjon-Cabeza [43]
reported that decapod assemblage living in a strongly
hydrodynamic area is well adapted to this condition and
better resists disturbances. According to all applied analyses (PERMANOVA and ANOSIM), no seasonal difference in decapod assemblages from Canakkale Strait
was detected. The lack of seasonal differences could be
due to the complexity of biotopes, the interaction between
assemblages and species moving between substrates [44].
Also García-Raso & Muñoz [45] reported that decapod
assemblage is stable due to some properties like strong
hydrodynamism. Moreover, Mucha & Costa [14] suggested that enrichment can be observed not only in terms
of phyla and species but also in terms of trophic and dynamic groups, involving a wide range of ecological behaviours. Decapod species from Canakkale Strait revealed
a very diverse trophic status: carnivore, deposit feeder,
suspension feeder, omnivor. Most of the species can adopt
different feeding types, leading to a big advantage in
order to survive in such a hard environment. Discriminating species were significantly correlated with different
sediment variables and there might be a niche partitioning
in order to avoid direct trophic competition for resources
linked to the sediment variables [46]. Pisidia blutelii and
Athanas nitescens showed a positive correlation with the
percentage of medium gravel and Athanas nitescens
showed also a negative correlation with the percentage
of sand in sediments. Abele [47] suggested that composition of decapod species and dominance are determined by
substratum. Likewise, feeding behavior and biogenic detritus where they live, allow them to survive among the shell
remains and gravel, protected from strong bottom currents.
Other factors such as the presence, or the increase, of seaweed could affect the structure of decapod assemblages.
The type of substratum (sediment and seaweed) and its
evolution determine the dominance and composition of
decapod species living in detritic bottoms [48].
A particular situation was observed at station KL,
where decapods were absent during cold seasons, but a few
scavenger species were present during warm seasons, together with the invasive alien species Caulerpa racemosa,
considered their preferred source of detritus [49]. Decapod
assemblages in Caulerpa racemosa are very diverse and
highly abundant [50] due to an increase in habitat complexity. Pagurus forbesii, here firstly recorded from the
Turkish Strait System (TSS) and Paguristes syrtensis are
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characteristic of detritic bottoms [44]. Vazquez-Luis et
al. [51] reported that the effects of C. racemosa on habitat
structure were more important during warm season, due to
its life cycle. This invasive species could be responsible for
the increased biodiversity of the “barren” station KL and
consequently directly affecting TSS. Thus, it seems that
the presence of these scavengers in this station only during warmer seasons is closely related to the presence of
Caulerpa racemosa in the area.
To summarise, the study of composition and distribution of decapod fauna in the different seasonal sediment
composition of Canakkale Strait revealed that they are
directly influenced by the high hydrodynamism and the two
different current systems of the area. Further investigation
should be devoted to monitoring of species and their relationships, in order to predict impact of natural or human
induced stress conditions.
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ABSTRACT
Hexavalent chromium biosorption from aqueous solutions by dried biomass, immobilized dried and immobilized
live Synechocystis sp. but also plain Ca-alginate beads was
studied. Maximum biosorption capacities of dried biomass,
immobilized dried, immobilized live cyanobacterial forms
and plain Ca-alginate beads were found to be 78.20, 6.67,
5.38 and 3.58 mg/g, respectively (pH 2.0, 25 °C, 60 min).
Langmuir and Freundlich isotherm models were suitable for
describing the biosorption of chromium by dried biomass
of Synechocystis sp. All the tested cyanobacterial forms
were regenerated using 0.1 M HCl with up to 90% recovery;
and biosorbents were reused in 5 biosorption-desorption
cycles without any considerable loss in sorption capacity.

KEYWORDS: Biosorption; Chromium(VI) removal; Cyanobacteria; Synechocystis sp.

1. INTRODUCTION
There has been growing attention on the existence of
heavy metals in the aqueous environment; the accumulation of heavy metals in living tissues poses a serious health
and a worldwide environmental problem [1]. Concern over
this problem has led to the development of alternative
technologies for achieving the removal of these pollutants
from aqueous effluents. The use of low-cost and waste biomaterials as adsorbents of dissolved metal ions has been
shown to provide economic solutions to this global problem [2].

While hexavalent (HCrO4− and Cr2O72−) and trivalent (Cr3+
and CrOH2+) species of chromium are prevalent in industrial waste solutions, the hexavalent form has been considered to be more hazardous to public health due to its mutagenic and carcinogenic properties [5].
Biosorption is a term that describes the removal of
heavy metals by passive binding to nonliving microorganisms (such as dead bacteria, fungi and algae) and other biomass (such as peat, rice hull, fruit peel, leaves and barks
of trees) from an aqueous solution [6]. Biosorption technology has been shown to be a feasible alternative for removing heavy metals from wastewater [7]. Cyanobacteria
(also known as blue-green algae) are the largest and most
diverse group of photosynthetic prokaryotes, and they have
developed natural methods of responding to metals, such as
copper, lead, and cadmium, through passive accumulation
in cells and surface-binding to various functional groups [8].
The purpose of this research was to study the enhancement of the adsorptive capacity of the biosorbent system for
the removal of heavy metal ions from aqueous solution. For
this purpose, Synechocystis sp. was used as dried biomass
as well as immobilized dried and immobilized live cells in
order to remove Cr(VI) ions from the aqueous solution in a
batch system. The effects of pH and temperature on biosorption capacities were characterized by measuring the adsorption of Cr(VI) ions on dried biomass, immobilized dried
and immobilized live Synechocystis sp. at different pH and
temperature values. The adsorption phenomena were explained by the Langmuir and Freundlich isotherm models.
Finally, to assess the applicability of cyanobacterial species
in wastewater treatment technologies, elution–reuse of dried
biomass, and immobilized dried and immobilized living
Synechocystis sp. preparations were evaluated.

Chromium is commonly used in industrial applications,
such as leather-tanning processes, electroplating, pigmentation, nuclear power plants, textile industries, catalyst for
corrosion inhibitors, and wood preservatives [3], and its concentrations could range from tens to hundreds of mg L–1 [4].

2.1. Reagents

* Corresponding author

All chemicals were of analytical reagent grade unless
otherwise stated. Double-distilled deionized water was used

2. MATERIALS AND METHODS
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throughout the study. Chromium stock solution (1000 mg/L)
was prepared by dissolving a calculated amount of dried
potassium dichromate (Merck). The working solutions were
prepared by diluting the stock solution to appropriate volumes. The Britton-Robinson (B-R) buffer solution was prepared by dissolving 2.3 ml of glacial acetic acid, 2.7 ml of
phosphoric acid, and 2.5 g of boric acid in double-distilled
water, and dilution to 1.0 L. As much as 100-ml portions
of this solution were taken and the desired pH was adjusted
between 2.0 and 8.0 by adding appropriate amounts of
2.0 M NaOH [9].
2.2. Apparatus

A Varian 240 FS model flame atomic absorption spectrometer equipped with deuterium lamp background correction, hollow cathode lamp (HCL), and air acetylene
burner was used for the determination of Cr(VI). Conditions
of absorption measurements were performed with 357.9 nm
wavelength and 13.50 L min-1 air flow-rate. All pH measurements were carried out with a JENWAY 3010 model
digital pH-meter.
2.3. Microorganisms and media composition

The Synechocystis sp. (BASO670) was isolated from
freshwater samples of Mogan Lake in Turkey; the previously isolated and pure culture was grown according to the
procedure described by Rippka et al. [10] on a BG-11 medium. The composition of the BG-11 medium used was as
follows: NaNO3 (15 g/L), K2HPO4 (0.4 g/L), MgSO4.7H2O
(0.75 g/L), CaCl2.2H2O (0.36 g/L), citric acid (0.06 g/L),
iron(III) ammonium citrate (0.06 g/L), Na2-EDTA (0.01 g/
L), Na2CO3 (0.2 g/L), and trace metal mix (1 ml) containing
H3BO3 (61 mg/L), MnSO4.H2O (169 mg/L), ZnSO4.7H2O
(287 mg/L), (NH 4 ) 6 Mo 7 O 24 . 4H 2 O (12.5 mg/L) and
CuSO4.5H2O (2.5 mg/L). The pH of the BG-11 medium
was 6.8.
The cells were grown in sterile flasks containing 100 ml
of BG-11. Cultures were incubated for 21 days at 22-25 °C
with light/dark cycles of 12/12 h using an incubator shaker
(MINITRON) suitable for photosynthesis. The intensity of
light during the light period was 3000 lux. Cells were
removed from the culture medium by centrifugation
(6000 rpm, 5 min) and washed three times with deionized
water in order to remove the remaining culture medium,
and then dried at 60 °C for 24 h.
2.4. 16S rRNA-based identification of cyanobacterial isolate

Genomic DNA was extracted using the DNeasy-Blood
and Tissue Kit (Cat. no.: 69504, QIAGEN, UK). Cyanobacterial 16S rRNA gene sequences were amplified using
cyanobacteria-specific primers as previously described [11]:
CYA106F (50-CGGACGGGTGAGTAACGCGTGA-30)
and CYA781R (50-GACTACAGGGGTATCTAATCCCT
TT-30). Also, BACF (50-GCCAGGGGAGCGAAAGGGA
TTAGA-30) and BACR (50-CATGGTGTGACGGGCGG
TGTG-30) primers, designed by one of the authors (B.
Aslim), were used for amplification. PCR amplifications

were performed with a Hybaid thermocycler (ThermoHybaid, UK), and conditions were evaluated as described by
Nubel et al. [11] (1997). Sizes of the amplified fragment
for CYA106F-CYA781R and BACF–BACR primers were
640 and 629 bp, respectively. The sequencing process was
performed via the REFGEN process (Ankara, Turkey), and
the sequences obtained were searched against The Gen
Bank DNA database using the blast function.
2.5. Immobilization

Dried and live biomasses of Synechocystis sp. were suspended in 5 ml of double-distilled water, mixed with 2%
(w/v) sodium alginate solution, and dropped into 0.1 M
calcium chloride solution using a syringe to form algal beads
(4.0 ± 0.1 mm diameter). The beads were kept overnight at
4 °C in CaCl2 (0.5 M) to complete the process of gelation.
Plain Ca-alginate beads (without algae) were also prepared
by a similar procedure.
2.6. Biosorption experiments

Solutions containing 100 mg/L Cr(VI) ions and 0.05 g
of dried biomass, 0.950 g of immobilized dried biomass,
0.987 g of immobilized live biomass, and 0.900 g of plain
Ca-alginate were mixed separately in a flask. The effects
of the medium pH, temperature, and the concentration of
Cr(VI) ions on the biosorption rate and capacity were studied. The effect of pH on the biosorption rate was investigated in the range 2.0–8.0 by addition of the BrittonRobinson (B-R) buffer. The mixture was agitated magnetically at 100 rpm for 60 min at 25 °C. Determination of
Cr(VI) ion was performed in liquid phase (supernatant) by
flame atomic absorption spectrometry (FAAS).
Each experiment was repeated three times, and the results evaluated were the average values. Five measurements
were done for each sample by FAAS to compute the mean
value. Calibrations were performed within a linear calibration range of Cr(VI), and the calibration curves with correlation coefficients less than 0.990 were repeated. The difference between the initial and remaining metal ion concentrations was assumed to be taken up by the biosorbent. The
amount of adsorbed Cr(VI) ions per unit biosorbent (mg
metal ions/g adsorbent) was obtained by using the following expression (Eq. (1)):
q = (C0 - C)V / m

(1)

where q is the amount of metal ions adsorbed onto the
unit amount of the adsorbents (mg/g); C0 and C are the concentrations of the metal ions in the initial solution (mg/L)
and after biosorption, respectively; V is the volume of the
aqueous phase (L) and m is the amount of the adsorbent (g).
2.7. Desorption

In order to determine the reusability of the biosorbents,
consecutive biosorption-desorption cycles were repeated
five times using the same cyanobacterial forms. Desorption
of Cr(VI) ions was performed by 50 ml of 0.1 M HCl. The
dried biomass, immobilized dried Synechocystis sp., im-
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mobilized live Synechocystis sp., and plain Ca-alginate
beads loaded with Cr(VI) ions were placed in the desorption medium and stirred at 100 rpm for 1 h at 20 °C. After
each cycle of adsorption–desorption, the biomass was reconditioned by washing with 0.85% saline solution. The
final concentration of the chromium ions in the aqueous
phase was determined by FAAS analysis as described above.
Desorption ratio was calculated from the amount of metal
ions adsorbed on the dried biomass and the immobilized
preparations, and the final metal ions concentration in the
adsorption medium. Desorption ratio was calculated from
the following equation (Eq. (2)) [12]:
Desorption ratio = (amount of Cr(VI) ions desorbed/
amount of Cr(VI) ions adsorbed) × 100
(2).

tests, the initial pH values of 100 mg/L aqueous metal
solutions were adjusted in the range of 2.0–8.0 before
adding the biosorbent. The results are shown in Fig. 1. The
area to the left of the y-axis belongs to dried biomass in
Fig. 1. The greatest biosorption was obtained at pH 2.0
for Cr(VI) ions. The micro-algal cell wall contains a high
amount of polysaccharides, and some of these are associated with proteins and other components [13]. These biomacromolecules on the algal cell surfaces have several
functional groups (amino, carboxyl, thiol, sulfhydryl, and
phosphate groups). Metal biosorption depends on protonated or unprotonated form of these functional groups on
the surface of the cell wall. The ionic forms of the metal
ions in solution and the electrical charge of the algal cell
wall constituents depend on the solution pH. At acidic pH
(1.0 - 2.0), protonation of the amino groups of the algal cell
wall components enhanced the biosorption capacities of the
biosorbents to Cr(VI) ions. The increased binding of Cr(VI)
ions at low pH may be explained by the electrostatic binding
to positively charged groups (i.e., amino groups) on the
algal cell wall surface [14]. Maximum Cr(VI) ion biosorption was observed at pH 2.0 for various microbial biomasses, such as Rhizopus nigricans [15], Streptococcus equisimilis, Saccharomyces cerevisiae, Aspergillus niger [16],
and R. arrhizus [17]. The distribution of Cr(VI) ion species is dependent on both the total concentration of Cr(VI)
and the pH of the biosorption medium. As the pH increased, the overall surface charge on the cell walls became
negative, and biosorption decreased. For the biosorption of
Cr by green algae Spirogyra species, the maximal adsorption occurred at pH 2.0 [18]. The amounts of adsorbed
Cr(VI) ions on dried biomass, immobilized dried and
immobilized live cyanobacterial preparations, and plain
Ca-alginate beads at pH 2.0 were found to be 78.20, 6.67,
5.38, and 3.58 mg/g biosorbent, respectively; therefore,
further biosorption experiments were carried out at pH 2.

3. RESULTS AND DISCUSSION
3.1. 16S rRNA-based identification of cyanobacterial isolate

The isolate was identified by amplification and sequencing of its 16S rRNA gene. Sequence was initially
analyzed at NCBI server (http://www.ncbi.nlm.nih.gov/)
using BLAST (blastn) tool, and the corresponding sequences
were downloaded. Using internal primers, the sequence
showed 98% similarity with Synechocystis sp. PCC 6803
(BA000022.2). On the basis of 16S rRNA gene sequence
analysis, the isolate (BASO670) was identified as Synechocystis sp.
3.2. Effect of pH and temperature on the biosorption capacity

m g 	
  C r(V I)/g 	
  bios orbent

Metal ion biosorption onto biosorbents from aqueous
solutions is dependent on the pH of solution as it affects biosorbent surface charge, degree of ionization, and the species
of biosorbents. In order to demonstrate the effect of pH on
Cr(VI) biosorption by dried biomass, immobilized dried
Synechocystis sp., and immobilized live Synechocystis sp.,
solutions of different pH values were prepared. In these
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FIGURE 1 - Effect of pH on the biosorption isotherm of dried biomass, and immobilized dried and immobilized live cells
of Synechocystis sp. for Cr(VI) ions (Co, 100 mg/L; temperature, 25 °C; 60 min). Left-hand y-axis belongs to dried biomass.
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FIGURE 2 - Effect of temperature on the biosorption isotherm of dried biomass, and immobilized dried and immobilized
live cells of Synechocystis sp. for Cr(VI) ions (Co, 100 mg/L; pH, 2.0; 60 min). Left-hand y-axis belongs to dried biomass.

The temperature of the adsorption medium could be
important for energy-dependent mechanisms in metal biosorption by microbial cells [19]. Adsorption is mostly an
exothermic process, although a few examples of endothermic adsorption have also been reported [20]. The biosorption of Cr(VI) by all the tested algal biomass preparations appears to be temperature-dependent over the temperature range tested. From 20 to 25 °C, the biosorption of
the dried biomass, immobilized dried and immobilized live
cyanobacterial preparations, and plain Ca-alginate beads
for Cr(VI) ions increased about 2.4-, 1.4-, 1.3-, and 1.5fold, respectively. From 25 to 40 °C, the biosorption of
the cyanobacterial preparations for Cr(VI) decreased. As
adsorption is generally an exothermic reaction, the uptake
of pollutants by adsorption process decreases as the reaction temperature increases [21]. Temperature is known to
affect the stability of the cellwall and its configuration,
and can also cause ionization of chemical moieties. These
factors may simultaneously affect the binding sites on
dried biomass, immobilized dried and live Synechocystis
sp., and plain Ca-alginate beads causing reduction in heavy
metal removal by increasing temperature. The optimum
temperature for the maximum adsorption was found to be
25 °C as indicated in Fig. 2. The area to the left of the yaxis belongs to dried biomass in Fig. 2.
3.3. Effect of Cr(VI) ions concentration on biosorption

Biosorption capacities for Cr(VI) ions of all the tested
cyanobacterial forms were presented as a function of the
Cr(VI) ions between 50 and 300 mg/L (Fig. 3). The area
to the left of the y-axis belongs to dried biomass in Fig. 3.
Biosorption capacities of all the tested cyanobacterial forms
increased up to 200 mg/L with increasing concentration of
chromium ions. Between 200 and 300 mg/L of Cr(VI), biosorption was stabilized for each form. The amounts of biosorbed Cr(VI) ions on the dried biomass, immobilized dried

and live Synechocystis sp., and plain Ca-alginate beads
were 78.20, 6.67, 5.38 and 3.58 mg/g dried biomass, respectively. The biosorption capacity of Cr(VI) ions on the
dry biomass of Synechocystis sp. was about 11.7, 14.5, and
21.8 times higher than that of immobilized dried forms, live
forms, and plain Ca-alginate beads, respectively. The biosorption capacity order of the cyanobacterial preparations
was observed as follows: dried biomass > immobilized
dried > immobilized live > plain Ca-alginate beads. The
final biomass of the living immobilized Synechocystis sp.
was not changed. An increase in biosorption capacity of
the dry biomass may be due to biosorptive characteristics
of the algal cell wall constitutes. On the other hand, the
low biosorption capacity obtained for both the immobilized forms compared to the dry biomass of Synechocystis
sp. may be due to the non-effectiveness of the functional
groups belonging to cell wall by immobilization. This is a
significant achievement in the development of immobilized
biosorbent systems over the currently used gel-immobilized
biosorbent systems where a significant decrease in amount
of metal sorption has been reported, in comparison to free
cells [22]. The reduction in the ratio of metal uptake by the
gel-immobilized biosorbent has been projected to be due
to limitations in the movement of metal ions, or the masking of active sites on the biosorbent. Moreover, part of the
cell surface might be shielded by the gel matrix and, thus,
would not be available for metal binding [23].
3.4. Analysis of adsorption isotherms

The adsorption process is a mass transfer operation that
can be described mathematically by an equilibrium process
and a rate process. The equilibrium is established between
the concentration of the metal ions dissolved in aqueous
phase and that bound to the biosorbent. The isotherm is used
to characterize the interaction of each chromium species with
the adsorbent. This provides a relationship between the con-
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FIGURE 3 - Biosorption isotherm of dried biomass, and immobilized dried and immobilized live cells of
Synechocystis sp. for Cr(VI) ions (pH, 2.0; temperature, 25 °C; 60 min). Left-hand y-axis belongs to dried biomass.

centration of Cr(VI) in the adsorption medium and the
amount of Cr(VI) adsorbed on the solid phase when both
phases are at equilibrium. Among the several isotherm
equations, Langmuir and Freundlich adsorption isotherms
were investigated, which are widely used to analyze data
for water and wastewater treatment applications. The Langmuir model is based on the assumption of surface homogeneity, such as equally available adsorption sites, monolayer surface coverage, and no interaction between adsorbed
species [24]. The mathematical description of this model
is (Eq. (3)):
C
1
1
(3)
=
+
C
q Q max b Q max
where C is equilibrium concentration (mg/L); qe is
the amount of Cr(VI) adsorbed at equilibrium (mg/g); and
Qmax (mg/g) and b (L/mg) are Langmuir constants showing
the adsorption capacity and energy of adsorption, respectively. The values of Langmuir constants (Qmax and b)
were calculated from the slope and intercept of the plots.
The Freundlich equation is the empirical relationship
whereby it is assumed that the adsorption energy of a
metal ion binding to a site on an adsorbent depends on
whether or not the adjacent sites are already occupied.

One limitation of the Freundlich model is that the amount
of adsorbed solute increases indefinitely with the concentration of solute in the solution [19]. This empirical equation takes the following form (Eq. (4)):
q = KF(C)1/n
log q = log KF + (1/n log C)
(4)
where KF and n are the Freundlich constants, the
characteristics of the system. KF and n are the indicators of
the adsorption capacity and adsorption intensity, respectively. The ability of the Freundlich model to fit the experimental data was examined. For this case, the plot of
log C versus log q was employed to generate the intercept
value of KF and the slope of n. The Langmuir and Freundlich adsorption constants calculated from the corresponding
isotherms with the correlation coefficients are presented
in Table 1. As shown in Table 1, the sorption capacity of
dried Synechocystis sp. is higher than those of other
sorbents studied. The correlation coefficients of the isotherms are found to be high enough for all of the sorbate–
sorbent systems. However, higher KF value was obtained
for free dried biomass than that of other biomass forms
with corresponding higher adsorption capacity.

TABLE 1 - Langmuir and Freundlich constants, and correlation coefficients
of isotherm models for the biosorption of Cr(VI) ions from aqueous solutions.
Forms of Synechocystis sp.
Dried biomass
Immobilized dried
Immobilized live
Plain Ca-alginate

Langmuir constants
Qmax (mg/g)
b (L/mg)
90.09
8.18
6.51
4.38

0.02
0.02
0.02
0.02
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R2
0.99
0.99
0.99
0.99

Freundlich constants
KF
n
R2
3.84
2.87
2.84
2.74

0.21
2.04
3.63
1.19

0.96
0.98
0.94
0.95
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3.5. Desorption and reuse

The use of a biosorbent in wastewater treatment not
only depends on the biosorptive capacity but also on how
well the biomass can be regenerated and used again. For
repeated use of a biosorbent, the adsorbed metal ions should
be easily desorbed under suitable conditions. Desorption of
the adsorbed Cr(VI) ions from the biosorbents were studied in a batch system. The Cr(VI) ions adsorbed onto biosorbents were eluted with 50 ml of 0.1 M HCl, and more
than 90% of the adsorbed Cr(VI) ions were desorbed. In
order to show the reusability of the biosorbents, the adsorption–desorption cycle of Cr(VI) ions was repeated
5 times using the same preparations. There was no obvious
change in adsorption capacities of all the tested biosorbents during the repeated adsorption–desorption operations. Regeneration of the cyanobacterial biomass showed
that the biosorption–desorption process using the dried
biomass, immobilized dried and immobilized live Synechocystis sp., and plain Ca-alginate beads was a reversible
process.
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ABSTRACT

KEYWORDS: Formalin, ethanol, salt, preservation, stable isotopes, freshwater fish, Perca fluviatilis, Blicca bjoerkna

Stable isotope is a powerful method for characterizing
flows of energy through ecosystems. The power of this
method, however, may be affected by preservation methods of the samples. We investigated the effects of four
common preservatives (salt, formalin, and ethanol and
freezing [control] and preservation duration (six and three
months) on δ15N and δ13C values of two freshwater fish
species, Perca fluviatilis (perch) and Blicca bjoerkna (silver bream). Six-month preservation caused little enrichment
in δ15N of both species compared to three month but had
almost the same effects on δ13C values of both species as
in three-month preservation. All methods caused significant
shifts (enrichment) in δ15N of both species, and the effects
in general were greater in perch (range: 0.28‰-2.19 ‰)
than in bream (range: 0.31‰-1.29‰), which suggested that
preservative induced shifts in δ15N was species-specific. The
methods caused little enrichment (ethanol-range: 0.03‰ 0.26‰ bream and 0.30‰-0.48 ‰ perch and salt: 0.18 ‰
perch three month) and depletion (salt-range: 0.03 ‰0.13‰ bream and 0.13‰ perch six month) in δ13C. Of the
preservatives, however formalin had significant but consistent effects on δ13C in both species (-1.27‰ and 1.25‰) for the entire preservation duration. Preservationinduced shifts in δ13C were consistent in direction and
magnitude for both species. The results suggested that
ethanol and salt could be used without correction factor
and formalin with correction factor for preservation of
samples solely in δ13C studies.. For the studies requiring
use of carbon and nitrogen together, however, ethanol at
least six month in preservation may be suitable for storing
samples when considering detection of changes less than
2 ‰ is required in ecological applications.

* Corresponding author

1. INTRODUCTION
Stable-isotopes of carbon and nitrogen have been increasingly used as a tool to evaluate the sources of energy
and organic carbon in ecosystems [1-5], food web structure
[5,6], trophic position [7,8] and anthropogenic impacts on
ecosystems [9-11].Stable isotope methods providing valuable insights into ecosystem processes, species interactions,
and community dynamics are preferred over stomach contents analysis. Stable isotopes provide information on food
items assimilated and it is an easy method to determine food
webs compared to stomach contents analysis. Although
stable isotopes of carbon and nitrogen provide powerful information on ecosystem dynamics, inconsistencies in the
use of techniques for preparing and storing samples prior
to the analysis preclude the comparison of results from different investigations.
From the methodological point of view, the usual way
of processing biological samples prior to stable isotope
analysis is drying. However, drying immediately after collection is not always possible. Therefore, samples often
need to be stored for some time prior to analysis, ideally by
deep-freezing or immersion in liquid nitrogen [12]. Again,
these methods of preservation are not always feasible in
field situation, especially when working in remote areas or
sampling a large number of species. To overcome this difficulty, researchers have tried to preserve samples using
chemical solution including formalin, ethanol and salt. A
number of studies have been performed in both aquatic
and terrestrial organisms in order to determine how much
a chemical product alters isotopic values [12-26]. But there
is little apparent agreement on the significance of observed
preservation effects [26]. Some studies found both significant and non-significant statistical preservation effects
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[17] and Edwards et al. [19] related significant variations
to the differences in species. Bosley and Wainright [16]
showed that formalin, formalin/ethanol and mercuric chloride solutions produced a significant increase in δ15N values
and a decrease in δ13C values in two marine organisms.
Arrington and Winemiller [18] concluded that salt was the
best way of preserving fish samples because of the fact
that it changes isotopic signature little and is easily applicable in remote field conditions.
The studies on the effects of preservation on stable isotope signature in general indicate that chemical preservative changes isotopic signature of organisms. Some studies
indicate that changes in isotopic signature are species-specific [17, 26, 27], whereas others point out the importance
of preservation duration of animal tissues [19, 27]. Therefore, the aim of this study is to quantify time and speciesspecific changes in isotopic signatures of muscle tissues
of two freshwater fish species, European perch (Perca
fluviatilis) and silver bream (Blicca bjoerkna). These organisms are chosen because they occupy different trophic
position; the perch being a carnivore and bream an omnivore. We used the same preservative (deep-freezing, formalin, ethanol and salt) used in literature for this kind of research in order to compare our results with those of others.
2. MATERIALS AND METHODS
2.1. Sampling methods and preservations

We collected 27 individuals from each species (perch
and silver bream) from Suat Uğurlu Dam Lake located on
the Yeşilırmak River of Turkey. Immediately after capture,
fishes were euthanized and four pieces of muscle tissue
(~3 g) were removed from the dorsum of each individual.
Each piece of fish muscle tissue was rinsed with distilled
water. A piece of muscle tissue sample was separately
placed in closable plastic bag and stored at -20ºC in deepfreezer. We used -20 ºC to froze samples as control as it is
used in other studies [18]. The remaining three pieces of
tissue were randomly put into three 50 ml plastic bottles
and bottles were filled with ethanol (70% v/v), buffered
formalin (10%) or crystallized non-iodized salt. Each
bottle was fully filled with given preservative ensuring that
preservative was in contact with the entire surface area of
the muscle sample. In order to understand the effects of
preservatives separately, we did not transfer formalin preerved muscle tissue into the ethanol.
First and second set of samples consisting of 15 and
12 individuals from each species were prepared for stable
isotope analysis after 3 and 6 months of preservation. The
samples were soaked and then rinsed with distilled water
to remove excess preservative [18]. Deep-frozen samples
were rinsed with distilled water only. Salt-preserved samples were rinsed with distilled water and then soaked in
distilled water for 4h [18]. Formalin and ethanol preserved
samples were rinsed with distilled water and soaked in
distilled water for 48 h [18]. All samples were then dried

at 60 ºC for approximately 48 h in an oven. After drying,
samples were ground to a fine powder with a mortar and
pestle. Approximately 2 mg of powdered fish muscle were
weighed into ultraclean tin capsules (Elemental Microanalysis Limited, England). Prepared samples were analyzed for percent carbon, percent nitrogen and isotope ratio
(13C:12C and 15N:14N) by an isotope-ratio mass spectrometer (Carlo Erba NA1500 CHN Elemental Analyzer coupled
to a Thermo Delta V Isotope Ratio Mass Spectrometer via
a Thermo Conflo III Interface) at Analytical Chemistry
Laboratory, University of Georgia, USA. Results of stable
isotope analyses were reported as parts per thousand (‰)
deviations from the international standards Pee Dee Belemnite limestone for carbon and atmospheric N2 for nitrogen, according to the following equation.

13

where X is 15N or 13C and R is the corresponding ratio
C: C and 15N:14N.
12

2.2. Data Analysis

Impacts of preservation method on stable isotope signatures (δ13C and δ15N) of each species within each time
period were analysed by using one way analysis of variance (ANOVA) model. Combined effects of all preservatives and preservation duration on stable isotope signatures
were evaluated by using two-way ANOVA model. When
there were significant differences among the means, we
used Student-Newman-Keuls (SNK) test to evaluate all pair
wise comparison tests after testing for data normality and
homogeneity of variance. All statistical analyses were done
using SAS 8.0 for Windows software. We also performed
linear regression analysis between the freezing and other
preservatives to evaluate the predictability of the preservatives.
3. RESULTS
3.1. The effects of preservative within each time period

We found significant differences for δ15N values between frozen and preserved samples of each species for
both (three and six month) preservation duration (bream:
F3,42=19.16; P<0.001(three); F3,33=6.40; P=0.002 (six); perch:
F3,42=272.52; P=0.001 (three); F3,33=28.03; P=0.001 (six)
(Table 1). Increasing δ15N values from 0.28‰ to 2.19‰ relative to frozen samples, salt had greater impacts on δ15N
values of both species for each preservation duration, except for six month preservation of perch sample, on which
ethanol had more impact elevating the mean by 0.70‰
(Table 1). The magnitudes of salt-induced increases in δ15N
values of each species for each preservation duration, on
the other hand, were not significant than those of formalin
and ethanol with the exception for three month preservation
of bream samples, on which salt had significantly greater impact (1.29 ‰) than ethanol (0.80‰) and formalin (0.71‰).
In general, three month preservation of the samples with
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TABLE 1 - Species-specific mean isotopic signature of nitrogen and carbon stable isotopes for each preservation duration. Diff: Differences
between mean of frozen samples and other preservatives. r2 regression coefficient between frozen samples and other preservatives. Bolded
values of r2 are significant at P<0.05. SL: Standard length of fish. The same letter indicates no differences among the mean values.
Fish species

N

Time (Month)

Preservative

Mean δ15N(±SD)

Blicca bjoerkna

15

3

Freezing

13.78±0.96 (A)

Blicca bjoerkna

15

3

Salt

15.07±0.34 (B)

0.293

1.29

Blicca bjoerkna

15

3

Ethanol

14.58±0.30 (C)

0.018

0.80

Blicca bjoerkna

15

3

Formalin

14.49±0.30 (C)

0.003

0.71

Perca fluviatilis

15

3

Freezing

12.71±0.62 (A)

Perca fluviatilis

15

3

Salt

14.91±0.54 (B)

0.557

2.19

Perca fluviatilis

15

3

Ethanol

14.90±0.46 (B)

0.484

2.19

Perca fluviatilis

15

3

Formalin

14.76±0.44 (B)

0.489

2.05

Blicca bjoerkna

12

6

Freezing

13.72±0.54 (A)

Blicca bjoerkna

12

6

Salt

14.27±0.48 (B)

0.653

0.54

Blicca bjoerkna

12

6

Ethanol

14.07±0.46 (B)

0.640

0.35

Blicca bjoerkna

12

6

Formalin

14.04±0.46 (B)

0.086

0.31

Perca fluviatilis

12

6

Freezing

14.10±0.59 (A)

Perca fluviatilis

12

6

Salt

14.38±0.71 (B)

0.698

0.28

Perca fluviatilis

12

6

Ethanol

14.80±0.68 (B)

0.940

0.70

Perca fluviatilis

12

6

Formalin

14.45±0.64 (B)

0.875

0.34

all three preservatives had higher impact on δ15N values of
each species (range 0.71‰-2.19‰) (i.e., more enriched) than
six month preservation (range 0.28‰-0.70‰) (Table 1).
Relationships between δ15N values of frozen and preserved samples for six month preservation were all significant for each species (P<0.05), except for formalin preserved bream samples that had weaker and insignificant
association (P<0.05; r2 =0.086) (Table 1). Except for ethanol and formalin preserved bream samples, three month preserved samples had also significant but relatively weaker
(mean: r2=0.307; range: 0.003-0.557) relationships with
frozen samples for δ15N values of both species (p<0.05),
compared to six month (mean r2=0.649; range 0.086-0.940).
The salt-induced δ15N values of both species had significant
association with frozen samples for each preservation duration (mean r2=0.550; range: 0.293-0.698) (Table 1). Compared to bream, δ15N values of perch samples preserved
with all preservatives had significant relationships with frozen samples for each preservation duration (P< 0.05), with
r2 ranging from 0.484 to 0.940. Of the preservatives, ethanol
had the highest association with frozen samples for δ15N
values, which was observed only for perch for six month
preservation duration (r2=0.940) (Table 1).
In the case of δ13C values, we also found significant
differences between frozen samples and preserved ones of
both species for each preservation duration (bream F3,42=
61.06;P=0.001 (three); F3,47=66.62;P=0.001(six); perch:
F3,42=6 36.61;P=0.001 (three); F3,33=28.03; P=0.001(six)
(Table 1). We observed for both species for each preservation duration that ethanol and salt, except for six month
preservation of perch samples with salt, caused δ13C to
decrease (i.e., depletion). The magnitude of decrease (depletion) in δ13C caused by salt (range:0.03 ‰ to 0.13 ‰)

r2

Diff.

Mean δ13C(±SD)

r2

Diff.

(A)-29.09±0.64

0.468

-0.03

(B)-28.79±0.66

0.688

0.26

(C)-30.14±0.64

0.003

-1.09

(B)-26.97±0.72

0.966

0.18

(C)-26.67±0.67

0.945

0.48

(D)-28.35±0.67

0.946

-1.20

(A)-29.10±0.74

0.925

-0.13

(A)-28.94±0.67

0.930

0.03

(B)-30.45±0.61

0.410

-1.48

(A)-27.56±0.92

0.764

-0.12

(B)-27.14±0.84

0.981

0.30

(C)-28.59±0.83

0.927

-1.14

SL (±SD)(mm)

(A)-29.05±0.80
165.63±15.59

(A)-27.15±0.75
155.00±12.30

(A)-28.97±0.79
159.08±15.04

(A)-27.44±0.81
148.83±10.71

did not differ significantly (p>0.05) from frozen samples of both species for each preservation duration, except
for six month preservation of perch samples that were
elevated by 0.18 ‰. Except for six month preservation of
bream samples that were enriched little (0.03‰), ethanol,
on the other hand, had statistically significant impact
on δ13C values, elevating the mean by 0.26‰ and 0.48 ‰
for three month preservation of both species and by 0.30
‰ for six month preservation of perch samples (Table 1).
Formalin caused significant (P<0.05) and greater impacts on
δ13C values than ethanol and salt, decreasing (i.e. depleting) the mean values of bream and perch samples by 1.09 ‰,
1.48 ‰, 1.20 ‰ and 1.14 ‰ for three and six month preservation duration, respectively. Unlike δ15N values, differences between mean δ13C of frozen samples and preserved ones did not vary much between preservation durations (Table 1).
Associations between δ13C values of frozen samples
and preserved ones of both species were significant (p<
0.05) for each preservation duration, except for bream samples preserved with formalin for three months (Table 1).
Regression coefficients obtained for δ13C were higher
(mean r2 =0.746; range: 0.003-0.981) than the coefficients
obtained for δ15N (mean r2 =0.478; range: 0.003-0.940)). The
δ13C values of ethanol-preserved samples of both species
had greater association (i.e., higher regression coefficient)
with the frozen samples for each preservation duration
(range: r2=0.688-0.981). Salt, on the other hand, another
preservative having stronger associations with frozen samples, especially for three-month preserved perch samples
(r2=0.966) and six-month preserved bream samples
(r2=0.925). Except for three-month preserved bream samples, regression coefficients for δ13C did not vary much
between preservation durations (Table 1).
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3.2. The effects of preservation for the entire preservation
duration

Averaging for the entire preservatives, three month preserved bream samples had significantly higher mean δ15N
values (14.48± 0.71 SD) than those preserved for six month
(14.02±0.51 SD) (F1,100=15.23; P<0.0001) (Table 1). Contrary to bream samples, mean δ15N values of perch samples preserved for three (14.32±1.06) and six month (14.43±
0.68 SD ) did not exhibit significant differences (F1,100=
0.99; P=0.323). Mean δ13C values of three month (-29.26 ±
0.91 SD) and six month (-29.36±0.93 SD) preserved bream
samples did not differ significantly, but did differ significantly for perch samples (-27.28±0.94 SD (three); -27.73±
1.03 SD (six) (F1,100=8.78; P=0.004) (Table 1).
Averaging for the entire preservation duration, preservatives significantly altered δ15N values of both species
(F3,100=5.59;P<0.0001 bream; F3,100=38.89;P<0.0001 perch)
(Table 2).
Salt, elevating the mean by 0.96‰, had significantly
higher impact on δ15N values of bream samples than ethanol (0.59 ‰) and formalin (0.51‰), which did not show
significant difference from each other. Three preservatives,
on the other hand, significantly altered the mean δ15N values of perch samples by 1.34‰ (salt), 1.49 ‰ (ethanol) and
1.29 ‰ (formalin), which were higher than their effects on
bream samples (Table 2).
In the case of δ13C values averaged for the entire preservation duration, we also found significant differences
between the mean values of frozen samples and preserved
ones for both species (F1,100=23.82; P<0.001 bream; F3,100=
23.53; P<0.0001 perch) (Table 2). Formalin had significantly higher impact on δ13C values of both species, depleting (more negative) the mean values by 1.27‰ (bream)
and 1.25‰ (perch). The other preservatives, on the other
hand, did not significantly alter the mean δ13C values of
frozen samples of both species. Ethanol enriched (less
negative) the mean δ13C values of frozen samples of both
species by 0.16 ‰ (bream) and 0.40‰ (perch), whereas
salt increased and decreased the mean δ13C value of perch
by 0.05 ‰ and 0.07‰, respectively (Table 2).

Aside from barely significant associations between the
δ15N values of frozen and salt preserved samples for bream
(F1,25=5.85; P=0.023; r2=0.189) and ethanol preserved for
perch samples (F1,25=6.58; P=0.017; r2=0.210), the relationships between δ15N values of frozen and preserved
samples pooled by preservation duration for both species
were not significant with regression coefficients (r2) ranging from 0.025 to 0.098. Unlike these weak and insignificant relationships for δ15N values, δ13C values of frozen
samples for bream had stronger and significant associations with preserved ones (F1,25=81.48; P<0.001; r2=0.76
ethanol; F1,26=248.15; P<0.001; r2=0.661 salt; F1,26=25.59;
P<0.001; r2=0.51 formalin) (Table 2). The associations
for δ13C values were stronger for perch (F1,25=455.22;
P<0.001; r2=0.95, ethanol; F1,25=331.91; P<0.001; r2=0.93
formalin; F1,25=130.40; P<0.001; r2=0.83 salt) compared
to bream (Table 2).
4. DISCUSSION
Preservatives (ethanol, formalin and salt) significantly
altered δ13C and δ15N values of dorsal muscle tissues obtained from perch and silver bream. This result agreed with
previous studies suggesting the magnitude of the preservation effect was medium dependent [14, 17-19, 22, 24, 26].
The mean δ15N values of frozen samples were significantly
lower than those of mean δ15N values of other preservatives. Mean δ15N values of ethanol, formalin and salt samples did not differ from each other, suggesting that all three
preservatives had almost the same effects on nitrogen isotopic signatures of both species. Of the preservatives, however, salt had the greatest effects, except for six-month preserved perch samples, enriching the isotopic signature of
both species from 0.28‰ to 2.19‰ with a mean value of
1.08‰ for each preservation duration and from 0.96‰ to
1.34‰ for bream and perch across preservation duration,
a result agreed with the result obtained by Arrington and
Winemiller [18] with a value of 0.72‰ enrichment. From
a fieldwork perspective, salt is an easy method to use to
preserve a range of tissues and is applicable in remote field
sites; but it greatly affected δ15N and resulted in greater
sample variability for each and across preservation dura-

TABLE 2 - The mean values of Blicca bjoerkna and Perca fluaviatilis samples pooled by the entire preservation duration. Diff: Differences
between mean of frozen samples and other preservatives. r2 regression coefficient between frozen samples and other preservatives. SL:
Standard length of fish. The same letter indicates no differences among the mean values.
Fish species

N

Preservatives

Mean δ15N ±SD

Diff.

r2

Blicca bjoerkna

27

Freezing

13.76±0.78(A)

Blicca bjoerkna

27

Salt

Blicca bjoerkna

27

Blicca bjoerkna

14.71±0.57(B)

0.96

0.189

(A)-29.09±0.67

Ethanol

14.35±0.66(C)

0.59

0.098

(A)-28.85±0.66

0.16

27

Formalin

14.29±0.63(C)

0.53

0.064

(B)-30.28±0.63

-1.27

Perca fluviatilis

27

Freezing

13.33±0.78(A)

Perca fluviatilis

27

Salt

14.67±0.85(B)

1.34

0.025

(A)-27.23±0.85

Perca fluviatilis

27

Ethanol

14.86±0.73(B)

1.49

0.210

(A)-26.88±0.73

0.40

Perca fluviatilis

27

Formalin

14.62±0.76(B)

1.29

0.074

(B)-28.53±0.76

-1.25

2426

Mean δ13C±SD

Diff.

(A)-29.01±0.78
-0.07

(A)-27.28±0.78
0.05
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tion for both species. In parallel to a previous study, our
results suggested that salt is as good as freezing for
preservation of fish muscle for δ13C, but not for preserving of fish muscle for δ15N.
While formalin preservations depleted δ13C values of
both species, ethanol enriched δ13C relative to the δ13C value
of frozen samples. Similar results were obtained for previous studies [17, 18] and studies cited by Barrow et al. [28].
As suggested by Hobson et al. [14], this depletion in δ13C
is likely related to the direct incorporation of isotopically
light carbon from the formalin. Formalin binds to certain
biochemical constituents of the tissues and contains its
own source of carbon. Therefore, it is likely that changes in
isotope signatures of samples are at least dependent on
isotopic composition of fixative and the amount of the
fixative bound to the tissue [17]. The mean depletion
caused by formalin in δ13C values of both species was
approximately 1.23‰, which was close to the values obtained by some previous studies [14,17]. Kaehler and
Pakhomov [17] indicated that formalin should not be used
as a preservative for storing samples intended for carbon
isotope analysis due to the fact that depletion in δ13C
varied greatly between species. Formalin preservation that
had greater impact on δ13C values of both species could
not be at least used for the reasons (i.e. high variability
among species) presented by Kaehler and Pakhomov [17].
Consistency in shifts caused by formalin between species
and preservation duration in our study, however, may indicate that formalin could also be used with correction factor.
Ethanol significantly increased δ15N values of both
species with the values ranging from 0.35 ‰ to 2.19 ‰. On
the other hand, ethanol significantly enriched δ13C values
of the species for each preservation duration with the exception of six month preservation of bream samples, which
did not significantly differ from frozen samples. The mean
values of ethanol-preserved samples pooled across entire
preservation duration significantly differed from the mean
values of frozen samples of both species (0.16 ‰ bream
and 0.40 ‰ perch). These mean values were lower than
those obtained by Kaehler and Pakhomov [17] ranging
from 0.7‰ to 1.5 ‰. Enrichment caused by ethanol was
more likely due to fact that ethanol acted as solvent of isotopically lighter compounds which have lower carbon values such as lipids present in the samples [29]. The studies
[15, 30-32] showed that extraction of isotopically lighter lipids from body tissues may enrich the whole body δ13C of
an organism. As Kaehler and Pakhomov [17] indicated, as
ethanol is known to act as a solvent as well as a preservative, ethanol-induced enrichment in δ13C may, therefore,
be explained by lipid extraction. Kaehler and Pakhomov [17]
advised that ethanol should not be used for storing samples
due to fact that ethanol-induced enrichment varied from
species and over time. Ethanol-induced changes in mean
values of δ13C varied from 0.03 ‰ to 0.26‰ for six and
three month preserved bream samples and from 0.30 ‰ to
0.48 ‰ for six and three month preserved perch samples,

respectively. Enrichments by this preservative across
preservation duration for bream and perch were 0.16‰ and
0.40‰, respectively. These results suggested that mean
values of ethanol preserved samples exhibit little variation
among species and preservation duration.
The regression coefficients (r2) between δ13C values
of frozen samples and other preservatives for both species
were higher (range: 0.010-0.980, mean: 0.750±0.300 SD for
each preservation duration; range:0.510-0.950 mean: 0.770±
0.170 SD across preservation duration) compared to δ15N
(range: 0.01-0.94, mean:0.48±0.31 SD for each preservation duration; range 0.03-0.21, mean: 0.11±0.07 SD across
preservation duration). Ethanol among preservatives yielded
higher coefficients (r2) (range: 0.690-0.980 mean: 0.890±
0.130 SD for each preservation duration; 0.770 bream and
0.950 perch, across preservation duration). Meanwhile, δ13C
values of salt (range: r2= 0.010-0.950, mean: 0.570±0.450
SD for each preservation duration ; r2= 0.660 and 0.840 for
bream and perch samples across preservation duration, respectively) and formalin preserved samples (range: r2=
0.470-0.970, mean: 0.780±0.230 SD for each preservation
duration and r2=0.510 and r2=0.930 for bream and perch
across preservation duration) increased with δ13C values
of frozen samples. From the point of the regression analysis, all three preservatives could be used for storing samples due to fact that all three preservatives changed δ13C
values in predictable way. Our study, contrary to the study
by Kaehler and Pakhomov [17], suggests that ethanol may
be used to store samples. Although ethanol may be used as
storing samples, it is flammable and difficult to transport
because of the safety regulations [28]. Due to ease nature
of transport, salt which also changed predictable way with
frozen samples may be used as an alternative preservative
medium to store sample for δ13C in remote areas.
Earlier temporal preservation studies indicated that longterm preservation does not appear to alter isotopic ratios [19,
33] as after a few weeks of preservations [17] the tissue has
come to equilibrium with the preservative and no addition
occurs [34].We found a similar trend of temporal changes
in isotopic signatures of samples. Compared to three month
preservation, in general, the six month preservation for both
species caused little depletion in δ15N values. This stabilizing (decline in differences between freezing and other
preservatives) trend was more pronounced in δ15N values
of both species compared to δ13C values. Regression coefficients between frozen samples and other preservatives
also suggested that long term preservation of samples may
stabilize δ13C and δ15N values of both species, especially
for bream.
Kaehler and Pakhomov [17], combining their data
and other studies, suggested that the impacts of formalin
and ethanol on δ13C values are highly variable between
species and that of use of correction factors may, therefore,
not be possible. On the other hand, Kaehler and Pakhomov
[17] found that δ15N values were affected to a far lesser
degree. Kaehler and Pakhomov [17] argued that nitrogen
signature of preserved samples may facilitate the use of
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preserved samples in trophic dynamic studies that are concerned solely with stable isotope of nitrogen. Our study,
however, presented data that were not in accordance with
Kaehler and Pakhomov [17] findings. Compared to nitrogen signature, carbon signatures varied far less among species and preservation duration. Even so, formalin depleted
carbon signature most, but amount of depletion caused by
formalin are nearly constant, i.e., it did not change much
among species and preservation duration. Therefore, we
suggest that preserved samples may be used in trophodynamic studies that are concerned solely with stable isotopes
of carbon. The differences between the results of our study
and Kaehler and Pakhomov [17] study may be due to differences in species used in the studies.
Carbon sources differ by greater than 2‰ for many
ecosystems [19]. For example, the average δ13C value was
found to be -22‰ compared to -17‰ for marine benthic
algae [35] and C3and C4 plants were also found to differ
approximately 14‰ [35]. Using this information, Carabel et
al. [36] reasoned that as long as carbon sources are isotopically different by more than 2‰, a shift of this magnitude in preserved specimens would not therefore confound
any results. In our study, significant shift caused by preservation techniques in δ13C values were less than 2‰. Preservation-induced shifts in carbon isotopic signature in
our study were lower than 2‰. From this point of view, in
all cases, except for formalin which made the largest variation (less than 2‰ though) it seemed that other preservatives could be used to preserve samples especially for the
studies solely using carbon signature. On the other hand,
diet-tissue fractionation of δ13C in trophodynamic studies
is assumed to be 0-1‰ per trophic level or smaller among
species in a community [37]. The magnitudes of shifts
caused by all preservative except for formalin, salt and ethanol were lower than 1‰ and directionally predictable; suggesting that ethanol and salt could be used as preservatives
when freezing is not available at remote settings.
Some studies indicated that freezing at 20-25 °C, the
range of degree commonly used to store samples for stable isotope samples [5,18,38] when fresh processing of
sample especially in remote field settings is not possible,
may have significant effects on δ13C and δ15N values of
several organisms including clams [33]. Some other studies, on the other hand, indicate that freezing at 20-25°C
did not significantly alter the δ13C and δ15N values of fish,
octopus, and kelp [5, 17, 28, 39]. As it is seen, freezing at
20-25°C has varying effects on δ13C and δ15N values. More
recently, Fanneli et al. [38] used the frozen samples of
deep-sea macrofauna at 20°C as control to compare the
effects of formalin and ethanol. In our study, we also used
the samples frozen at 20 °C as control and believe that
freezing did not alter significantly δ13C and δ15N values of
fish samples. Considering the effect of formalin, salt and
ethanol are less than 2 ‰, the effects of freezing at 20 °C,
commonly used to store samples when rapid processing of
the sample is not possible, may not have significant effects on δ13C and δ15N values.

5. CONCLUSIONS
The results presented in this study indicated that three
preservation methods have significantly different effects on
isotopic signatures of muscle tissues of two freshwater fish
species. The data in this study presented the results contrary to other studies indicating that the effects of formalin
and ethanol on carbon signature are highly variable between species and that the use of correction factors may
not be possible. The data of our study indicated that salt,
ethanol and formalin made almost the same effects on
carbon isotopic signatures of both species for both preservation duration, which suggested that all three preservatives could be used in place of frozen samples to preserve
samples in studies of using solely δ13C. However, largest
depletion caused by formalin may indicate that formalin
could be used to preserve samples of carbon isotopic signature with the use of correction factor. On contrary to
δ13C, preservation effects on δ15N are highly variable
among species and preservation duration and that of use
of correction factor may, therefore, not be possible to
preserve samples for nitrogen isotopic signature. The fact
that, however, salt and ethanol causing differences lower
than one and change predictable way with frozen sample
may suggest that ethanol and salt could be used as preservatives after at least storing the samples for six month
when freezing is not available at remote settings for carbon and nitrogen isotopic studies requiring to use both of
them. For the studies requiring use of carbon and nitrogen
together, however, ethanol at least six month in preservation may be suitable for storing samples when considering
detection of changes less than 2 ‰ is required in ecological applications.
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ABSTRACT
In this study, an innovative carrier as sulfur impregnated activated carbon in the lab-scale fluidized bed bioreactor treating nitrate contaminated drinking water was
evaluated. Variation of different operational parameters such
as nitrate removal efficiency, nitrite, sulfate, turbidity, hardness and TOC in the effluent was examined during the
whole experiment under influent nitrate volume rates ranging from 84 to 590 g NO-3-N/m3.d corresponding to HRT
of 5.53 h and different HRT ranging from 2.94 to 1.5 h
corresponding to feed nitrate concentration of 90mgN/L.
The results indicated that when the bioreactor operated at
HRT=5.53h, the denitrification rate was not depended on
the influent nitrate loading rate and the nitrate removal
efficiency was up to 98%. Nitrite concentration was lower
than 1mg/L. With the decrease of HRT to 1.5 h nitrate
removal efficiency was lower and a high nitrite concentration was observed in the treated water. Therefore the reactor could be operated efficiently at the influent nitrate nitrogen concentration of 45 mg/L and HRT of 2.4 h.

KEYWORDS: Nitrogen removal, elemental sulfur, impregnation,
activated carbon, autotrophic denitrification, fluidized bed reactor

1. INTRODUCTION
In recent years, nitrate contamination of ground and
surface waters has become an increasingly serious problem due to inadequate treatment of industrial and sanitary
wastewater and excessive use of fertilizer in agriculture in
most countries of the world [1-6]. Methemoglobinemia or
blue baby syndrome in infants and increased incidence of
some form of human cancer are related to its consump-

tions [4]. Physicochemical technologies to remove nitrate
from water like reverse osmosis (RO), ion exchange (IE),
and electro-dialysis (ED) are often expensive and concentrate nitrate from water to brine wastes and need afterwards
treatment. Biological treatment processes to convert nitrate ions to nitrogen gas [4, 6] are considered an efficient
technology in the treatment of water contaminated with
nitrates [2, 4, 6-10]. However, application of the process
is limited due to very low concentration of chemical oxygen demand in groundwater as a carbon source to denitrifying bacteria [3, 8, 10]. Autotrophic denitrification processes based on inorganic carbon sources (e.g.CO2,
HCO3-, CO32-) that use reduced forms of sulfur compounds
(e.g. H2S, S, S2O32-,S4O62-, SO32) and hydrogen gas as electron donors have been examined by many researchers [2, 6,
10-13]. The main advantages of an autotrophic denitrification over a heterotrophic denitrification technology are: no
need for an external carbon source, lower operation and
maintenance costs and lower cell yield [1, 3, 14, 15].
Among the sulfur compounds as electron donor, elemental sulfur because of its high durability, non toxicity
and low cost has been extensively used as an ideal
source of energy to autotrophic denitrification utilize
denitrifying bacteria like Thiobacillus denitrificans and
Thiomicrospira denitrificans [1, 16-20]. According to Eq.
(1) [16], the autotrophic denitrification process consumes
alkalinity, so in order to adjust pH and nitrate in contaminated water with an insufficient buffered system, alkalinity may have to be supplied to control the pH.
Sulfur-limestone autotrophic denitrification (SLAD)
processes have been investigated worldwide [1, 3, 4, 12,
18] and limestone serves as an alkalinity source to adjust
the pH as well as to supply inorganic carbon source [1, 4,
18, 19]. However increases of hardness concentration in
treated water can limit its application [10, 18]. Hence an
alternative alkalinity source which has been studied and

1.1S ° + NO3− + 0.76 H 2 O + 0.4CO2 + 0.08 NH 4+ → 1.1SO42− + 0.08C5 H 7 NO2 + 1.28 H + + 0.5 N 2 (1)
* Corresponding author

2431

© by PSP Volume 20 – No 9a. 2011

Fresenius Environmental Bulletin

applied in some researches is sodium bicarbonate [20].
Sulfur autotrophic denitrification has been studied mainly
in packed bed bioreactor [3, 7-9, 19, 21]. Some operational
problems such as clogging the column and gas entrapping
led to the use of this system is associated with complications [20-22]. The results from other studies have presented
the advantages of the fluidized bed reactors over other
packed bed treatment systems [22-24]. Among the biological denitrification processes, only a fluidized bed reactor
has been applied for wastewater effluent treatment in which
elemental sulfur was used as a biofilm carrier for immobilized sulfur utilizing denitrifier bacteria [22], and their performances have never been applied for biological autotrophic water denitrification. In previous sulfur autotrophic denitrification studies elemental sulfur was not
only used as an electron donor but also was considered as
a biofilm carrier [10, 18, 19, 21]. Currently in the immobilized bio-reactor, some alternative matrixes such as poly
vinyl alcohol, ceramic, sand and activated carbon have been
proposed as a carrier biofilm in literatures [7, 25, 26].
Granular activated carbon is known to be kind of the
recommended carrier because of its high specific surface
area, low cost and better resistance to pressure drop, higher bacterial ad-sorption capacity as well as the simple operation and maintenance than the others [1, 26]. In order to
use the combined elemental sulfur and granular activated
carbon for take full advantage of autotrophic denitrification, elemental sulfur impregnated activated carbon can
be used as both of the biofilm carrier and energy source
for sulfur utilizing denitrifying bacteria. Recently some
researchers have produced and applied activated carbon
impregnated with elemental sulfur for mercury controlling
from coal-fired power plants [27, 28]. The novelty of this
study was using fluidized bed bioreactor (FBBR) with
autotrophic denitrifying microorganisms immobilized on
the surface of sulfur im-pregnated activated carbon.
Hence, the main objectives of this research include preparation of sulfur impregnated activated carbon, feasibility
of the fluidized bed bioreactor to treat nitrate contaminated
groundwater and determines the effects of different operation parameters on the autotrophic denitrification.

and trace elements solution at concentration of 2ml/L. The
trace element solution contained (per liter): 40 mg ZnSO4,
55mg CaCl2, 50 mgMnCl2, 20 mg(NH 4)6Mo7O 24.H 2O,
20 mg CuSO4, 20 mg CoCl2 and 500 mg EDTA (3,8,25)
were all of analytical grades and purchased from Merck
chemical company. After sufficient development of biomass,
the attached denitrifying bacteria on the elemental sulfur has
been separated for introduction into the fluidized bed bioreactor with a centrifuge at 8000 rpm for 10 min.
2.2. Preparation of activated carbon impregnate by Sulfur

A Sulfur impregnation method according to the previous described method [27] was used in our study. After
preparation of each fine powder elemental sulfur in 4*6 U.S
mesh sizes and activated carbon in 170*200 U.S mesh
sizes with the sulfur to carbon ratio 1:1 both of them were
mixed into a cylindrical quartz tube with 150 mL volume
and was located inside a horizontal furnace. Subsequently,
to impregnated activated carbon the furnace temperature
was raised quickly to 600° C and held at that level for120
min then the system was quickly cooled down. During
impregnation high purity nitrogen gas (N2) was continuously injected into the tubular oven through a quartz pipe as an
inert gas.

2. MATERIALS AND METHODS
2.1. Enrichment of Thiobacillus denitrificans and inoculation

Autotrophic denitrifying microorganism was pre-enriched from sludge obtained from an anaerobic digestion of
a wastewater treatment plant of the Gooshtiran CO, in
Tehran. An anoxic batch mode reactor was equipped by
both of a peristaltic pump to recirculation and a constant
water bath to control the temperature at 30±2°C with effective volume of 3.5 l which is filled with 5-7 mm granular
elemental sulfur. The reactor was fed with an influent containing synthetic solution, sludge and nitrate ions (50 mg
NO3--N/L), The basal mineral medium utilized in this study
was composed of (per liter): 1g K2HPO4, 0.3g KH2PO4, 0.4 g
NH4Cl, 0.1 g MgSO4, 1.2 g Na2HPO4 ,30mg FeCl3.6H2O

FIGURE 1 - Schematic diagram of the experimental apparatus
1) Feed Tank, 2) Peristaltic Pump, 3) Fluidizing Pump, 4) Recirculation, 5) Treated Effluent
6) Gas Outlet, 7) Sampling Ports, 8) Fluidizing Bed Reactor, 9)
Incubator
2.3. Experimental design

The sketch of the experimental set-up used in this
study is shown in Fig. 1. The fluidized bed bioreactor,
which is kept in the incubator at temperature of 30±2 ° C,
was a 1500 mm Plexiglas column with a 50 mm inner
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diameter and a total volume of 2.65l. The above end of the
column was expanded at the diameter of 150mm and a
height of 150 mm. Impregnated activated carbons as a biofilm carrier having a diameter of 1-3 mm were filled to the
reactor column to a depth of 700mm and column porosity
of 40% respectively.
The media bed inside the reactor was expanded by
30% with a recirculation of effluent by a fluidizing pump.
Synthetic feed water was prepared with ordinary treated
tap water in addition to various nitrate ions at a concentration
of 16-136mgNO3--N/L, sodium bicarbonate as the carbon
source at a constant concentration of 500mg/L and following trace nutrients containing 2 mg K2HPO 4 -P/L, 1mg
NH 4Cl-N/L, 1mgMgSO 4/L, 1mgFeCl3-Fe/L and 2ml/L
trace element [21] essential to the bacterial growth, was
mixed in the 110 l sealed plastic tank and pumped to the
bottom of the reactor by a adjustable peristaltic pump. However the initial pH value of influent during each phase of the
experiment kept constant at 8.0±0.3 by adding NaOH 1 N
solution.
Nitrogen gas was sparged into the feed tank for 30 min
in order to remove dissolved oxygen to ensure anoxic situation in the reactor. Optimal operation conditions were determined at two operation stage. First, under batch mode
and in order to form a biofilm on the surface of impregnated activated carbon, enriched culture containing sulfur
denitrifying bacteria, nitrate at a concentration of 16 mg
NO3--N/l and other ingredients in the hydraulic retention
time of approximately 6 h introducing into the reactor and
it was operated in about 1 month. Second, when the biofilm
was formed on the matrix, removing 90% of nitrate for
the batch mode steady state, the reactor was applied under
continuous-flow regime at different HRT (5.53-1.5 h). However the nitrate-nitrogen loading rate was further increased
from 84 to 590 gNO3-N/m3.day sequentially.

2.4. Analytical method

Samples were collected from the final effluent once
every day and filtered through 0.45µm membrane to determine nitrate, nitrite and sulfate ions. Samples were measured at each steady state condition. pH, alkalinity, turbidity and hardness of effluent were measured according to
standard methods for the examination of water and
wastewater [29]. The concentration of nitrate nitrogen was
obtained with UV spectrometry at 254nm (DR5000,
Hach Co). The nitrite nitrogen and sulfate was assayed
according to procedures developed by Hach Company.
TOC was measured by a TOC analyzer (Model TOCVcsh, Shimadzu, Japan). X-ray diffraction (XRD)analysis was per-formed using a X-ray Diffractometer,
Bruker D8 Adavance Xradiation (CuKα 1.5406Å), and
energy dispersive X-ray (EDX) patterns of the impregnated activated carbon and scanning electron microscopy
(SEM) imaging was acquired using a SEM-EDX device
(SEM, AIS2100, Seron Technologies Inc, Korea), respectively.
3. RESULTS AND DISCUSSION
3.1. Characterization of XRD, EDX and SEM

The XRD results of activated carbon impregnated with
elemental sulfur are shown in Fig. 2(a). This image revealed
the existence and coating of elemental sulfur on the surface
and inside of bulk activated carbon under impregnation
process. The successful impregnation process has been
confirmed by EDX analyses that are shown in Fig 2(b).
The results indicated that the elemental sulfur consist over
than 90% w/t into the activated carbon after impregnation
process compared with 0% w/t before impregnation process. Fig 3(a) shows the Scanning Electron Microscope
(SEM) image of the impregnated activated carbon before reaction and Fig. 3(b) shows the SEM micrographs of
the granule surface at the end of the experiment, respectively. It can be found that a complex microorganism composition had been observed on the sulfur-impregnated
activated carbon.

FIGURE 2 - (a) XRD and (b) EDX patterns of activated carbon after impregnation by elemental sulfur
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(a)

(b)

FIGURE 3 - SEM image of the surface of granule activated carbon before reaction (a) and SEM micrograph of the biofilm after reaction (b)

3.2. Denitrification efficiency

The fluidized bed bioreactor operation to performance
water denitrification was lasted for 100 days. Also, the
effects of feed solution nitrate content and feed solution
flow rate was evaluated. The nitrate and nitrite concentration of treated water under varying nitrate-nitrogen loading rates, which was in the range from 84 to 590 gNO3-N/m3.d at constant 5.53 h hydraulic retention time is shown
in Fig. 4 (phase1). It could be seen that by the increase of
nitrate-nitrogen loading rates the concentration of nitrate
in effluent was always below 10.00 mg NO-3 -N/L. However, when the influent nitrogen loading rate was increased
to 135 g NO-3 -N/m3.d, the denitrification efficiency was
slightly decreased. Indeed the average nitrite residual concentration in the product water was 0.57 ± 0.06 mg NO-2N/L. The same result was reported by other literature that the

Nitrate out

influent nitrate loading did not effect on nitrate removal
efficiency [7]. The performance efficiency of denitrification process mainly depends on to investigation of optimal
hydraulic retention time (HRT). With increasing HRT in
the reactor, the construction cost would increase and the
efficiency would decrease. And the shorter the HRT in the
reactor, the higher the nitrite concentration in the effluent
was. Also HRT can change the effluent characteristics of
treated water such as alkalinity, pH and hardness [7]. Hence,
determination of appropriate HRT in the reactor is recommended. To determine the optimal HRT, the hydraulic
retention time was maintained at 1.5, 2.4, 2.94 and 5.53 h
(low flow rate) and influent nitrate-nitrogen concentration
was kept at 90mg/L. The denitrification efficiency with
different HRT is shown in Fig. 4. It can be seen from Fig. 4
(phase2) that the concentration of NO3--N and NO2-_N in
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FIGURE 4 - Effects of nitrogen loading rates on the nitrate and nitrite removal rate in the FBBR at constant HRT =5.53 h (phase 1) and
different HRT(phase 2)
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treated water increased by decreased the HRT. However
when the HRT was higher than 2.4 h, nitrate removal efficiency was more than 98.2% and NO2--N was below 1mg/L,
respectively. The highest influence of hydraulics retention
time occurred at HRT=1.5 h as the removal efficiency of
the nitrate and nitrite in effluent decreased and their concentration in treated water exceeded to 24 and 7.41 mg-N/L,
respectively. Hence the NOx-N concentration is exceeding
the recommended guideline value for drinking water [5,
30]. This provides further support to earlier work that by
decreasing of HRT the denitrification rate was decreased
[10]. In this research the appropriate HRT was 2.4 h with
which a removal efficiency of 99% at concentration of
90 mg N/L was achieved.
3.3. Sulfate concentration and pH in the effluent

Sulfate ion generation is a disadvantage of the sulfur
autotrophic denitrification process. Based on equation 1
approximately 1.1 mg SO42- produced per mg NO3- reduced
into nitrogen gas.
Fig 5 shows the variation of sulfate ion concentration
and pH in the effluent of the FBBR. The sulfate concentration in the influent was varied from 49 to 71 mg/L where
the HRT kept constant at 5.53 h as shown in Fig 5 (phase 1),
with increasing of nitrate-nitrogen concentration from 17
to 68 mg/L (for the periods during 1-38 days), the SO42concentration (sulfate in the influent and generated) increased up from 109 to 500 mg/L.
With the increase of influent nitrate-nitrogen concentration from 68 to 90 mg/l, the generation of sulfate was
achieved up to 900 mg/L depend on influent nitrate-nitrogen
concentration. It could be concluded from Fig 5 that efflu-

Sulfate out

ent sulfate concentration remained higher than 400 mg/L
after 37 days of operation until the end of experiment. With
the decrease of HRT at constant influent nitrate-nitrogen
concentration (90 mg/L), the sulfate concentration showed
a decreasing tendency as shown in Fig 5 (phase 2). This
result clearly illustrated that the effluent sulfate concentration could be controlled by change of hydraulic retention time. The present study indicated that the concentration ratio of generated sulfate to reduced NO3--N was 6.95
(data not shown) which was lower than the reported value
of other studies [10, 31-33]. The findings of other researches
have shown that both hydraulic retention time and initial
nitrate ion concentration affects the production of sulfate in
the whole autotrophic denitrification processes [1, 3]. pH is
one of the most important factors which affects biochemical reactions and microbial growth yield. It influences the
enzymes activity of bacteria, the ionization of chemicals,
and the transport of nutrients into the cell [34].The optimum pH for growth of autotrophic denitrifying bacteria is
between 6.5-8.3 [18, 21, 35]. In autotrophic denitrification
processes according to equation 1 the H + is generated.
Hence, limestone was used not only as a source of carbons
but also to achieve the pH adjustment [3, 18]. In this study,
pH kept at 8± 0.3 by adding NaOH into the influent. The
changes of influent and effluent pH of both of phase 1 and
phase 2 were shown in Fig 5. It was shown in Fig 5 that the
effluent pH of both parts decreased and remained between
6.3 and 7.8 with the average of 6.6 ± 0.3 during the entire
period of testing, respectively. The result from this study
showed that the pH value was reduced by the denitrification process by about 1.2-1.7 units. Hence, to obtain
suitable effluent quality, the pH of influent should be maintained at 8. Similarly, Batchelor and Lawrence [11] and
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FIGURE 5 - Variation of sulfate concentration and pH in the FBBR effluent at constant and different HRT.
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Compose et al. [16] have shown that the variation of pH
autotrophic denitrification process is low and can be ignored.

tively. As seen from Fig 6 (phase 2), the turbidity increase
seemed to be more pronounced with decrease HRT from
5.53 to 1.5 h it is likely that some slime off the medium
occurs at low HRT.

3.4. Turbidity and TOC in the effluent

Turbidity was used as a factor to determine the presence of bacteria in the biological water purification systems
[2]. It can be seen in Fig 6 that the average turbidity of influent was 1.92 NTU. The result from this study indicated
that the turbidity of effluent of FBBR reactor has been
slightly increased and rich to 4.6 NTU on day 50 after the
start of the operation as shown in Fig 6 (phase 1) respec-

Also, Fig 6 shows TOC concentration variation in the
feed and effluent of the FBBR reactor as a function of nitrate loading rates (phase1) and HRT (phase2). It could be
seen that the TOC concentration in the effluent of reactor
was lower than 1.98 mg/L during the whole operation period. However the TOC concentration in the effluent was a
little higher than those in the influent as HRT decreased
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as shown in Fig 6 (phase 2) maybe due to increases in the
number of bacteria in the effluent and sloughing. Similarly
Soares [20] and Liu et al [27] recognized that TOC was
detected a magnitude of 4 mg/L in the effluent of autotrophic denitrification process. However the increase of
TOC in present study was smaller than the other studies.

6. According to the results autotrophic denitrification
with sulfur-impregnated activated carbon in the FBBR
reactor for the remediation of nitrate at the concentration
of 45 mgNO-3-N/L and optimum hydraulic retention time
2.4 hr can be possible for treatment of nitrate contaminated surface and groundwater.

3.5. Hardness in the effluent

The hardness in the effluent of the FBBR reactor did
not change obviously with influent hardness during the
whole operation period. This is because of using sodium bicarbonate as the carbon source and is not using limestone
as a pH adjustment in this study. In some sulfur/limestone
processes increasing of hardness in the permeate due to
using of limestone as both of the carbon source and buffering agent were observed. Liu and Koenig [18] clearly reported that between 150 to 400 mg/l of hardness has been
produced in a steady state experimental with different sulfur limestone volume ratio. Other researchers also have confirmed that the increasing of hardness in the effluent of the
SLAD systems could be a problem [2, 10].
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4. CONCUSIONS
In the present study, the autotrophic (sulfur oxidizing)
water denitrification with the impregnated activated carbon
by elemental sulfur as a carriers in a fluidized bed bioreactor was used to investigate. According to the results obtained from this study the following conclusions are made:
1. Activated carbon impregnate with elemental sulfur
had significant potential as both of the energy source and
microorganism support capacity into the FBBR reactor.
XRD and EDX studies clearly confirm that the activated
carbon contain elemental sulfur.
2. Under optimum condition high removal of nitrate
was achieved in the FBBR reactor operated from 84 to
900 gNO3--N/m3.d. The nitrate removal efficiency was
higher than 98 % in the whole of operation period. However
the concentration of unfavorable products such as nitrite,
turbidity and TOC was generally low, down to the standard.
3. With the decrease of HRT from 5.53 to 1.5 h at a
constant nitrate influent (90mgN/L), only at HRT- 1.5 h
(1.45 kgNO3--N/m3.d) the removal efficiency of bioreactor
was below and effluent nitrate concentration was higher
than 10 mgN/L and high nitrite accumulation was observed.
4. Unlike SLAD systems because the limestone was
not necessary to added in this study, the hardness increase
could be avoided but the effluent sulfate concentration was
high when the influent nitrate-nitrogen achieved to 45 mg/L.
5. Sodium bicarbonate supplies effective carbon source
to denitrifying bacteria for complete autotrophic denitrification.

2437

REFERENCES
[1]

Zhang, T.C and Lamp, D.G. (1999). Sulfur: limestone autotrophic denitrification processes for treatment of nitrate ontaminated water: batch experiment, Journal of Water Research, 33(3), 599-608.

[2]

Wan,D., Liu, H., Qu, J., Lei, P., Xiao, S. and Hou, Y.
(2009),.Using the combined bioelectrochemical and sulfur
autotrophic denitrification system for groundwater denitrification, Journal of Bioresour Technology. 100, 142–148.

[3]

Sierra-Alvarez, R., Beristain-Cardoso, R.,
Salazar, M.,
Gomez, J., Razo-Flores, E. and Field, JA. (2007). Chemolithotrophic denitrification with elemental sulfur for groundwater treatment, Journal of Water Research. 41, 1253 –1262.

[4]

Timur, H. (2001). Denitrification of wastewater in a fixed
film reactor. Journal of Fresenius Environmental Bulletin.
10(4). 396-400.

[5]

WHO. (2006).Guidelines for drinking-water quality. 3rd ed,
Geneva, Switzerland. Vol. 1: Recommendations, World
Health Organization,

[6]

Darbi, A. and Viraraghavan, T.(2004). Effect of low temperature on denitrification. Journal of Fresenius Environmental
Bulletin. 13 (3b). 279-282.

[7]

Pekdemir, T., Kacmazoglu, E.M., Keskinler, B., and Algur,
O.F.(1998). Drinking Water Denitrification in a Fixed Bed
Packed Biofilm Reactor. Turkish Journal of Engineering Environmental Science.22, 39-45.

[8]

Sanchez, I., Fernandez, N., Amils, R., and Sanz, J.L. (2008).
Assessment of the addition of Thiobacillus denitrificans and
Thiomicrospira denitrificans chemolithoautotrophic denitrifying bioreactors. Journal of International Microbiology.
11.179-184.

[9]

Liu, H., Jiang, W., Wan, D., and Qu, J. (2009). Study of a
combined heterotrophic and sulfur autotrophic denitrification
technology for removal of nitrate in water. Journal of Hazardous Material. 16.23-28.

[10] Qu, J., and Wang, H. (2003). Combined bioelectrochemical
and sulfur autotrophic denitrification for drinking water
treatment. Journal of Water Research .37. 3767–3775.
[11] Batchelor, B., and Lawrence, A.W. (1986). Autotrophic denitrification using elemental sulfur. Journal of Water Pollution Control Fed. 50(8). 1986–2001.

© by PSP Volume 20 – No 9a. 2011

Fresenius Environmental Bulletin

[12] Zhang, T.C., and Shan, J. (1999). In situ septic tank effluent
denitrification using a sulfur-limestone process. Journal of
Water Environmental Research. 71(7) .1283–1291.

[29] APHA, AWWA, WPCF. (1992) Standard Methods for the
Examination of Water and Wastewater. 18th ed, Washington
DC, APHA.

[13] Wang, H., and Qu, J. (2003). Combined bioelectrochemical
and sulfur autotrophic denitrification for drinking water
treatment. Journal of Water Research .37. 3767–3775.

[30] USEPA. (1999). Guidelines for drinking water quality. Environmental Protection Agency.

[14] Batchelor, B., and Lawrence, A.W.(1987) Autotrophic denitrification using elemental sulfur, Journal of Water Pollution
Control Fed. 50 .1986–2001.
[15] Sierra-Alvarez, R., Beristain-Cardoso, R., Salazar, M.,
Gomez, J., Razo-Flores, E., and Field, J.A.(2007). Chemolithotrophic denitrification with elemental sulfur for groundwater treatment. Journal of Water Research. 41.1251–1262.
[16] Campos, J.L., Carvalho, S., Portela, R., Mosquera-Corral,
A., and Mendez, R. (2008). Kinetics of denitrification using
sulphur compounds: effects of S/N ratio, endogenous and exogenous compounds. Journal of Bioresource Technology.
99.1293–1299.
[17] Van der Hoek, J.P., Hijnen, W.A.M., Van bennekom, C.A.,
and Mijnarends, B.J. (1992). Optimization of the sulphurlimestone filtration process for nitrate removal from groundwater. Journal of Water SRT-Aqua. 41.209–218.

[31] Islam. S. and Suidan, M.T. (1998). Electrolytic denitrification: long-term performance and effect of current intensity.
Journal of Water Research. 32. 528–536.
[32] Koenig, A. and Liu, L.H. (1996). Autotrophic denitrification
of landfill leachate using elemental sulphur. Journal of Water
Science and Technology. 34.469–476.
[33] Hashimoto, S., Furukawa, K. and Shioyama, M. (1987). Autotrophic denitrification using elemental sulfur. Journal of
Ferment Technology. 63(5). 683–692.
[34] Bitton, G. (2005). Wastewater microbiology, John Wiley
&Sons Inc Publication, Florida.
[35] Wang, Y.R. (1995).Theory, experiment of enhancing biological denitrification efficiency for the wastewater. Journal of
Environmental Prot Petrochemical Ind. 93(1995).

[18] Liu, L.H., and Koenig, A. (2002). Use of limestone for pH
control in autotrophic denitrification: continuous flow experiments in pilot-scale packed bed reactors. Journal of Biotechnology. 99. 161-171.
[19] Zeng, H. and Zhang, T.C.(2005). Evaluation of kinetic parameters of a sulfur–limestone autotrophic denitrification
biofilm process. Journal of Water Research.39. 4941-4952.
[20] Soares, M.I.M. (2002).Denitrification of groundwater with
elemental sulfur. Journal of Water Research .36.1392–1395.
[21] Koenig, A., and Liu, L.H. (2001). Kinetic model of autotrophic denitrification in sulfur packed bed reactors. Journal
of Water Research .35. 1969-1978.
[22] Kim, H.R., Lee, L.S and Bae, J.H. (2004). Performance of a
sulphur-utilizing fluidized bed reactor for post-denitrification.
Journal of Process Biochemical .39(11).1591-1597.
[23] Rabah, F.K. and Dahab, M.F. (2004). Nitrate removal characteristics of high performance fluidized-bed bioreactors.
Journal of Water Research. 38. 719-3728.
[24] Rabah, F.K. and Dahab, M.F. (2004). Biofilm and biomass
characteristics in high performance fluidized bed biofilm reactors. Journal of Water Research. 38(19). 4262-4270.
[25] Zhang, Z., Lei, Z., He, X., Zhang, Z., Yang, Y. and Sugiura,
N. (2009). Nitrate removal by Thiobacillus denitrificans immobilized on poly (vinyl alcohol) carriers. Journal of Hazard
Material. 63. 1090–1095.
[26] Ma, L.U., Yang, B.L. and Zhao, J.L. (2006). Removal of
H2S by Thiobacillus denitrificans immobilized on different
matrices, Journal of Bioresource Technology. 97. 20412046.
[27] Liu, W., Vidic, R.D., Brown, T.D. (2009). Optimization of
high temperature sulfur impregnation on activated carbon for
permanent sequestration of elemental mercury vapors. Journal
of Environmental Science and Technology. 34(3). 483-488.
[28] Vidic, R.D., Liu, W. and Brown, T.D. (1997). Development
of novel activated carbon-based adsorbents for control of
mercury emissions from coal-fired power plants, Proceedings
of the Aadvanced Coal-Based Power and Environmental Systems Conference. Pittsburgh, Pennsylvania.

2438

Received: November 29, 2011
Accepted: March 23, 2011

CORRESPONDING AUTHOR
Hossien Movahedian
Department of Environmental Health Engineering
and Environmental Research Center
University of Medical Sciences
Hezar-Jarib Avenue
81676-36954 Isfahan
IRAN
Phone: +98-311-7922667
E-mail: Movahedian@hlth.mui.ac.ir
FEB/ Vol 20/ No 9a/ 2011 – pages 2427 – 2434

© by PSP Volume 20 – No 9a. 2011

Fresenius Environmental Bulletin

ENHANCING NITROGEN REMOVAL
PERFORMANCE OF VEGETATED FLOATING-BED BY
ADDING HYRIOPSISCUMINGII LEA AND AN ARTIFICIAL MEDIUM
Hai-Liang Song, Xian-Ning Li*, Xiang-Jing Wang and Xi-Wu Lu
School of Energy and Environment, Southeast University, Nanjing 210096, P.R. China

ABSTRACT
A freshwater mussel Hyriopsiscumingii Lea and a type
of semi-soft assembly medium were integrated simultaneously into traditional floating-bed planted with Ipomoea
aquatica in order to improve the performance of floating-bed for nitrogen removal from polluted water. The
results of microcosm experiments show that the floating-bed
(VFA- FB) concurrently employing I. aquatica, H. cumingii
Lea, and the artificial medium performed best among all
kinds of floating-bed, demonstrating that the co-existence of
the three units was beneficial to enhancement of nitrogen
removal. Mass balance analysis implies that nitrificationdenitrification process was the principal pathway of nitrogen removal in VFA-FB, which accounted for about 60%
of total nitrogen removal. Further mechanism analysis
indicates that the main role of I. aquatica was absorption
of nitrogen while the main role of H. cumingii Lea was
promoting the resolvability and ammonification of particulate nitrogen through filter-feeding thus favoring the nitrification. The key role of artificial medium was to improve
microbial nitrification and denitrification by providing vast
surface area for attached growth microorganisms. The
results of microbial analysis indicate that the presence of
H. cumingii Lea facilitated the enrichment of nitrifying
bacteria while had little effect on the amount of total
bacteria attached on the artificial medium.

KEYWORDS:
floating-bed, nitrogen, freshwater mussel, artificial medium

1. INTRODUCTION

two decades [1, 2]. The primary causative agent of eutrophication is the excessive loading of nutrients such as
phosphorus and nitrogen. Many efforts concerning the
eutrophication control has been conducted. Planted floating-beds, a phytoremediation technology for the so-called in
situ direct-treatment of eutrophic water, have been applied
in Europe, Japan, United States, and also in China since the
late 1980s [3-5]. Harvesting plants with assimilated nitrogen
and phosphorus is effective for nutrient removal from water.
Furthermore, planted floating-beds have extensive adaptability and little limitation in plant species in comparison to
free-floating aquatic plants treatment systems. However, the nutrient-removal efficacy of traditional planted
floating-beds is controlled by the growth rate and limited stand biomass of the plant growing in the floatingbeds [6]. To accelerate the control and remediation of
eutrophication, the development of effective methods to
improve the purification performance of planted floatingbeds is desirable.
Based on the theory of environmental ecology, the
higher the biodiversity, the higher its biological productivity is and the higher its self-purification potential is.
Therefore, we attempted to improve the water purification
performance of the conventional planted floating-bed by
adding a freshwater mussel and an artificial medium. The
new type of floating-bed system combining three units,
vegetation unit, freshwater mussel unit and artificial medium unit is shortly named in this work as VFA-FB.
The aim of this study is to assess the enhanced performance of VFA-FB especially for the removal of nitrogen in comparison to that of conventional floating-bed. In
addition, the function of vegetation, freshwater mussel
and artificial medium in VFA-FB was quantitatively analyzed. Moreover, the mass balance as well as the removal
pathway of nitrogen was also determined.

Eutrophication is the most widespread water quality
problem in the world. In China, since the rapid industrialization, urbanization and intense agricultural practices, most
of the lakes and reservoirs served as raw-water supply
have been eutrophicated or eutrophicating in the recent

2.1 Design of VFA-FB

* Corresponding author

The vegetation used in present study was water spinach (Ipomoea aquatica), also known as water convolvulus.

2. MATERIALS AND METHODS
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I.aquatica, a popular edible vegetable in China, has a worldwide distribution in tropical and subtropical warm regions,
and is a fast-growing herbaceous vine with a hollow stem
up to 3 m long or more, commonly found creeping along
muddy stream banks or floating in freshwater marshes and
ponds [6,7].
The freshwater mussel used in present study was
Hyriopsiscumingii Lea, which is a kind of freshwater
bivalve mollusks, is widely cultured in China for producing
pearls. Freshwater mussel of H. cumingii Lea (7.2 ± 0.4 cm
shell length; 21 ± 3 g total weight) was picked from a
commercial pearl farm in Nanjing, China.
The artificial medium used in present study was a type
of semi-soft assembly medium composed of plastic ring
skeleton, onto which thousands of rayon fiber was adhered.
The plastic rings were evenly assembled on a 50-cm long
loop of polypropylene rope at an interval of 7 cm.
The skeleton of VFA-FB was like a tray with 45 cm in
length, 45 cm in width, and 20 cm in height, which was
made by polyvinyl chloride (PVC) plate (Fig.1). The
tray was covered by nylon net supporting the growth of
I. aquatica. The bottom of the tray consisted of a PVC
grid (slots of 40 cm × 3 cm), which hung vertically in
series by cylindrical nylon net bag and the artificial medium. By tying a knot in the intermediate cross-section of
the nylon net bag, the nylon net bag was separated into
two compartments, into both of which one mussel of H.
cumingii Lea was individually put. There were 18 nylon
net bags hanging beneath the tray, thus 36 mussels in
total were caged in a VFA-FB. The semi-soft assembly
medium hanging beneath the freshwater mussel unit will
provide additional substrate for attaching and growing
microorganisms. There are 81 clusters of semi-soft assembly medium in a VFA-FB. The buoyancy of VFA-FB
was provided by sealed empty drinking bottles which were
fixed peripherally to the PVC skeleton.

FIGURE 1 - Schematic diagram of the new type of floating-bed
system combining three units, vegetation unit, freshwater mussel
unit and artificial medium unit.

In order to quantitatively analyze the function of the
units of vegetation, freshwater mussel, and artificial medium in VFA-FB, we further designed three more floatingbed systems with different combining schemes, which were
named as VF-FB (floating-bed consists of vegetation unit
and freshwater mussel unit), VA-FB (floating-bed consists of vegetation unit and artificial medium unit) and
FA-FB (floating-bed consists of freshwater mussel unit
and artificial medium unit), respectively. All the floatingbed systems had the same buoyancy platform structure with
VFA-FB as shown in Fig. 1. For the same unit in different
floating-bed systems, the corresponding biomass of I.
aquatica or H. cumingii Lea or the quantity of artificial
medium was identical at the beginning of the experiment.
2.2. Microcosm experiment

The study site was located in Jiulonghu campus of
Southeast University, east of China. The microcosm experiments were performed outdoor in 15 cylindrical polyethylene flow-through tanks with an identical inner dimension of 1.2 m in diameter and 1.6 m in depth. The experimental design consisted of five treatments in triplicate: (1)
a tank containing a VF-FB, (2) a tank containing a VAFB, (3) a tank containing a FA-FB, (4) a tank containing a
VFA-FB, and (5) a tank with no floating-bed used as blank
control. All the tanks were under a shed of glass roof that
facilitated natural photoperiods and avoided the effects of
rainfall. The water in a landscape lake in Jiulonghu campus of Southeast University was pumped into the parallel
tanks. The hydraulic retention time for each tank was 7 d.
The microcosm experiment lasted from August to November 2009.
2.3. Water analysis

Water samples were taken every 5 days at around
10:00 a.m. for analysis of common water quality parameters. Temperature and pH were measured with thermometer and pH-meter, respectively. Half of each sample was
filtered (Whatman GF/C glass fiber 0.45 µm pore size) and
analyzed for ammonia nitrogen (NH4+−N) and total dissolved nitrogen (TDN). Unfiltered subsamples were analyzed for total nitrogen (TN). Concentrations of particulate
nitrogen (PN) were calculated as: PN=TN−TDN. NH4+−N
was measured by Nessler's reagent colorimetric method
(GB7479-1987, China). TN and TDN were measured by
alkaline potassium persulfate-ultraviolet spectrophotometry after digesting (GB11894-89, China).
2.4. Calculation of removal efficiency for floating-bed

Ⅰ Vegetation unit, Ⅱ Freshwater mussel unit, Ⅲ Artificial medium
unit, 1 Ipomoea aquatica, 2 Caged Hyriopsiscumingii Lea, 3 Semisoft assembly medium,4 Buoyant bottle

Taking into account that the effect of physical sedimentation exists not only in blank control tanks but also
in tanks containing floating-beds, the removal efficiencies
of floating-beds in the present study were calculated as
follows:
Removal efficiency ﹦100% × (CB – CF) / CB
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Where CF is the average outflow concentration of triplicate tanks with floating-bed of a kind, CB is the average
outflow concentration of triplicate blank control tanks.
2.5. Calculation of subordinated removal efficiency of each
unit

To quantitative evaluate the role of each unit (vegetation unit, freshwater mussel unit and artificial medium
unit) contained in VFA-FB, we firstly estimated the subordinated removal efficiency (SRE) of each unit for a certain water quality index by pairwise comparison between
the pollutants removal efficiencies of VF-FB, VA-FB,
FA-FB and VFA-FB as follows.
SRE of vegetation ＝ Removal efficiency of VFA-FB
− Removal efficiency of FA-FB
SRE of artificial medium ＝ Removal efficiency of
VFA-FB − Removal efficiency of VF-FB
SRE of freshwater mussel ＝ (Removal efficiency of
FA-FB + Removal efficiency of VF-FB) − Removal
efficiency of VFA-FB
Then we calculated the relative contribution rate of
each unit for the elimination of pollutants as follows.
Relative contribution rate of vegetation unit ＝ SRE of
vegetation/ Removal efficiency of VFA-FB
Relative contribution rate of freshwater mussel unit ＝
SRE of freshwater mussel/Removal efficiency of VFA-FB
Relative contribution rate of artificial medium unit ＝
SRE of artificial medium/Removal efficiency of VFA-FB
2.6. Biofilm microbial biomass

Total microbial biomass on the artificial medium was
determined by analysis of the phospholipid content after
digestion of extracted lipids with per-sulfate. Each sample
analysis was performed in triplicates. The procedure followed an established method with minor modification [8].
Samples of biomass-laden rayon fibers were withdrawn
from the artificial medium and gently washed with sterilized distilled water to remove any loosely attached planktonic bacteria. The weighted rayon fibers were then ultrasonically extracted with a solvent mixture of chloroform/
methanol/phosphate buffer (pH 7.4, 1:2:0.8 [v/v/v]) for
10 min in centrifuge tubes, followed by shaking for 2 h
at 21 ± 2 °C. The solvents were separated by centrifuging
(4,000 rpm), and the volumes were measured. Chloroform
and phosphate buffer were added to achieve a final ratio of
chloroform/methanol/phosphate buffer (pH 7.4; 1:1:0.9
[v/v/v]), and the samples were centrifuged for 10 min
(10,000 rpm). The organic phase was removed and collected. The aqueous phase was re-extracted five times with

chloroform. The supernatants of the first extraction and the
following five re-extractions were combined and evaporated to dryness under a gentle nitrogen stream and stored
at −20 °C. The dried lipid extract was added to 4 ml of
saturated solution of potassium persulphate and incubated
in an autoclave at 120 °C and 1.01 MPa for at least 8 h.
After cooling, 0.8 mL of ammonium molybdate solution
and 1.8 ml of malachite green indicator were added at room
temperature. After incubation for 30 min, the sample was
then analyzed with a spectrophotometer at 610 nm and the
lipid phosphate contained in the samples was calculated
based on the standard curve derived from the absorbance
in standard samples. The results were expressed as µg P g-1
dry artificial medium.
2.7. Enumeration of total bacteria and nitrifying bacteria

Fluorescence in Situ Hybridization (FISH) technique
was used to enumerate the total bacteria and nitrifying
bacteria in the assembly medium. The used oligonucleotide
probes are shown in Table 1. Pieces (approximately 2 g)
of polypropylene rayon fiber were cut from the assembly
medium and then transmitted into phosphate-buffered saline (PBS, 130 mM NaCl and 10 mM NaHPO4/NaH2PO4,
pH 7.4) after weighting. The biofilm on the polypropylene
rayon fiber was detached and homogenized to crude suspension by ultrasonicator. The crude suspension were centrifuged three times at 10,000 rpm for 3 min, and then fixed
with 4% paraformaldehyde for 3 h at 4 °C. After fixation,
the cells were washed with PBS and stored in a 1:1 mixture of PBS and ethanol at −20 °C. Before hybridization the
samples were dispersed into individual cells by ultrasonicator, and placed in wells on the gelatin-coated microscopic
glass slides, then dehydrated by successive ethanol solution
50%, 80%, 96% each for 3 min, dried in the air. The hybridization and washing procedures were carried out according to an established protocol [9] with minor modification.
All hybridizations were performed by placing the samples
within vials containing the hybridization buffer and the
probe at 46 °C for 3h. The hybridization buffers were composed of 0.9 M NaCl, 20 mM trishydroxymethylaminomethane–hydrochloric acid (Tris–HCl), 0.01% sodium dodecyl
sulfate (SDS) and a probe-specific formamide percentage as
indicated in Table 1. The probe concentration within the
hybridization buffer, for each of the three probes used in
this study, was 5 ng µL-1. Hybridization was followed by
rinsing the samples with a washing buffer at 48 °C for
20 min. The washing buffers consisted of 20 mM Tris- HCl,

TABLE 1 - Probe sequences, specificity, and hybridization conditions used for the rRNAoligonucleotide probes used in this study.
Probe

Probe sequence

Specificity

EUB338
NSO190

GCT GCC TCC CGT AGG AGT
CGA TCC CCT

Bacteria
Ammonia-oxidizing bacteria

2441

Hybridization conditions
Formamide
NaCl
concentration (%)
concentration (mM)
20
0.225
55
0.020

© by PSP Volume 20 – No 9a. 2011

NIT3

Fresenius Environmental Bulletin

GCT TTT CTC C
CCT GTG CTC
CAT GCT CCG

Nitrite-oxidizing bacteria

5 mM ethylenediaminetetraacetic acid (EDTA), 0.01% SDS
and a probe specific NaCl concentration as shown in Table 1.
After being rinsed with sterile distilled water, and being air-dried, the slides were analyzed with fluorescence
microscope (OLYMPUS-BX42, Japan) immediately. At
least 20 different visual fields (each containing more than
1000 cells) were examined for each sample of biofilm.
2.8. Nitrogen content in I. aquatica and H. cumingii Lea

I. aquatica and H. cumingii Lea samples were taken
at the beginning and the end of the experiment to determine
the nitrogen accumulation and calculate the mass balance of
nitrogen. The plant materials were rinsed thoroughly with
distilled water and dried on blotting paper, and then dried
to constant weight at 80 °C for weighting the total plant dry
mass. The dried plant tissues were ground to pass through a
1-mm sieve, and then stored in plastic bags for chemical
analysis. The soft tissues of clams were frozen in sterile
micro-centrifuge tubes, freeze-dried, and dry tissue mass
was recorded. The dried clam soft tissues were mashed into
mincemeat. Approximately 50 mg homogeneous samples of
dried I. aquatica or H. cumingii Lea samples were digested
for 4 h at 390 °C, in a concentrated sulphuric/salicylic acid
mixture containing LiSO4:CuSO4 catalyst in the ratio 10:1.
After cooling, the extracted solutions were made up to
40 mL with deionized water for colorimetric determination of nitrogen.
3. RESULTS AND DISCUSSION
3.1. Assessment of nitrogen removal

The experimental results for nitrogen removal in different floating-bed microcosms are shown in Table 2 As
shown in Table 2, the highest removal efficiency of TN,
TDN, PN and NH4+−N was achieved in the VFA-FB microcosm, suggesting that the co-existence of the vegetation
unit, freshwater mussel unit and artificial medium unit was
important for enhancing the nitrogen removal capacity of
floating-bed. The percent reductions of TN in the VA-FB
microcosm and FA-FB microcosm were comparable, lower
than VFA-FB microcosm while higher than VF-FB mi-

40

0.056
+

crocosm. With regard to TDN and NH4 −N, the lowest
removal was also found in the VF-FB microcosm. Considering that only VF-FB microcosm was absent of artificial medium unit, it was inferred that artificial medium
unit was essential for enhancing the removal of TN, TDN
and NH4+−N.This might be the result of enrichment nitrogen-transforming microbes on the artificial medium.
In contrast, the percent reduction in PN appeared to
follow the order: microcosm VFA-FB > FA-FB > VF-FB
> VA-FB. Because there was no freshwater mussel unit in
VA-FB microcosm, it can be deduced that the presence of
freshwater mussel can improve the removal of PN. This
can be attributed to the filter-feeding effect of H. cumingii
Lea. It is well documented that filtration by freshwater
mussel might improve the water quality by removing
seston and chlorophyll-a from water bodies, thus reducing
the concentrations of suspended sediments, detritus, and
particulate bound nutrients (nitrogen and phosphorus) in
aquatic systems [10, 11].
3.2. Mass balance of nitrogen

We analyzed the nitrogen mass balance in microcosm
VFA-FB to obtain more information on nitrogen removal
pathway. The results are shown in Fig.2. The mass of nitrogen removed by plant absorption was 1135 mg, accounting for 13.3% of the total removed nitrogen in microcosm
VFA-FB. Nitrogen recovered in sedimentation amounted
to about 15.5% of nitrogen removal. The amount of nitrogen removed by assimilation of H. cumingii Lea accounted
for 11.2% of the total removed nitrogen in microcosm
VFA-FB. The other removal of nitrogen (about 60%) should
be attributed mainly to the combined nitrification-denitrification process. Denitrification, plant uptake and assimilation of freshwater mussel were the permanent nitrogenremoval routes, but the nitrogen removal by denitrification was significantly higher than either the plant uptake
or the assimilation of freshwater mussel, or even the sum of
both. These results clearly show that nitrification and
denitrification were the main mechanisms involved in the
nitrogen removal in microcosm VFA-FB.

TABLE 2 -Effluent concentration(Mean ± S.D.) of total nitrogen(TN), particulate nitrogen (PN) and ammonia nitrogen (NH4+−N) from the
varying microcosms, and the removal efficiency(Mean ± S.D.) of the corresponding floating-bed.
Parameters
TN

Concentration(mg/L)
Removal efficiency(%)

VF-FB
4.08±1.19
15.1±5.52

VA-FB
3.83±1.21
20.7±7.78

FA-FB
3.72±1.14
22.8±7.29

VFA-FB
3.46±1.28
29.3±10.5

Blank control
4.76±1.19
-

TDN

Concentration(mg/L)
Removal efficiency(%)

3.24±1.05
6.1±4.5

2.89±1.07
17.4±8.4

3.02±0.97
12.2±5.8

2.88±1.12
17.8±9.3

3.43±1.04
-

PN

Concentration(mg/L)
Removal efficiency(%)

0.85±0.36
36.8±15.0

0.94±0.31
27.8±17.2

0.69±0.31
47.1±19.3

0.58±0.36
56.8±20.2

1.33±0.42
-
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1.82±1.38
23.3±5.8

1.39±1.22
41.7±14.8

1.47±1.22
38.2±11.6

1.19±1.12
51.9±15.2

2.30±1.67
-

vantage is that only some parts of nitrogen is assimilated
by mussel during the filter-feeding process, other parts of
nitrogen is excreted mostly as NH4+-N [13]. This also can
be applied to explain why the relative contribution rate of
freshwater mussel unit was the highest for PN whereas
was the lowest for TDN and NH4+-N (Fig.3).

FIGURE 2 - Removal pathway of nitrogen in microcosm VFA-FB
with a total removed nitrogen of 8523 mg.
3.3. Contribution of vegetation unit, freshwater mussel unit
and artificial medium unit

We calculated SRE as well as the relative contribution
rate of each unit to acquire further information on the function of each unit in VFA-FB. On the basis of the data
shown in Table 2, the SRE of vegetation, freshwater mussel and artificial medium for TN elimination was calculated as 6.5%, 8.6%, and 14.2%, respectively. Accordingly,
the relative contribution rate of vegetation unit, freshwater
mussel unit and artificial medium unit for TN removal was
calculated as 22.2%, 29.3%, and 48.5% (Fig. 3). These results indicate that the artificial medium unit was the principal unit in VFA-FB for TN removal. Similarly, the relative contribution rate of artificial medium unit was also the
highest for both TDN and NH4+−N removal, as can be
seen in Fig.3. This is mainly because the reduction of
TDN and NH4+−N depended mostly on the nitrification/
denitrification activity of biofilm attached on the artificial
medium. In comparison, for the removal of PN, the relative contribution rate of freshwater mussel unit was the
highest, followed by artificial medium unit and vegetation
unit (Fig. 3).
These results indicate that the freshwater mussel unit
played a major role in the removal of PN, while a minor
role in the removal of TDN. This might be related to the
filter-feeding effect of H. cumingii Lea. The filter-feeding
effect of freshwater bivalve has been well documented.
However, the filter-feeding effect is a "double-edged sword".
The advantage is that the filter-feeding on algae and other
kinds of organic nitrogen can result in pronounced removal of PN. For example, Jordan and Valiela [12] calculated that a mussel of 0.46 g of flesh weight submerged
12.3 h per day filtered 4,650 liters of water or 419 mg of
particulate nitrogen yearly. On the other hand, the disad-

FIGURE 3 - The relative contribution rate of vegetation unit,
freshwater mussel unit and artificial medium unit for the removal of
TN, TDN, NH4+-N, and PN.

Nonetheless, no accumulation of NH4+-N was observed in microcosm VFA-FB and FA-FB throughout the
experiments. Furthermore, the performance of VFA-FB and
FA-FB were both superior to VF-FB, although the three
floating-beds all contained freshwater mussel unit. The
explanation for these results is that there was artificial
medium unit in either VFA-FB or FA-FB, while no in
VF-FB. Because the excreted NH4+-N could be eliminated
immediately by coupled nitrification-denitrification process resulted from the action of microorganisms attached
on the artificial medium in VFA-FB and FA-FB. Over all,
the filter-feeding effect of freshwater mussel promoted the
resolvability and ammonification of particulate organic nitrogen, meliorating the substrate-supplying condition for
nitrification and denitrification by the microbes enriched on
semi-soft assembly medium therefore enhanced the TN
removal in total.
Furthermore, the relative contribution rate of vegetation unit (22.2%) was higher than the proportion of removal
by plant uptake (13.3%) determined by mass balance analysis. This implies that the direct uptake accounts for most,
but not all, of the removal mechanisms of vegetation unit.
The other possible mechanisms can be nitrification/ denitrification of root-associated bacteria as well as accelerating settlement of particulate nitrogen by root system.
The relative contribution rate of freshwater mussel
unit (29.3%) was likewise larger than the proportion of re-
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moval by assimilation of H. cumingii Lea (11.2%) obtained
by mass balance analysis. This result suggests that assimilation was not a principal mechanism of nitrogen removal

by freshwater mussel unit. Conversely, the principal mechanism should be promoting the resolvability and ammonification of particulate organic nitrogen by filter-feeding there-

TABLE 3 - The microbial biomass and density of total bacteria of the biofilm attached on the artificial medium in VA-FB, FA-FB, and VFA-FB.

Date
20 October
31 October
15 November

Biomass
(µg P g-1 dry artificial medium)
VA-FB
FA-FB
VFA-FB
12.66
13.78
14.51
18.46
17.02
21.45
5.73
5.11
6.24

Total bacteria density
(108cells g-1 dry artificial medium)
VA-FB
FA-FB
VFA-FB
2.33
2.31
2.14
2.18
2.29
2.01
0.56
0.74
0.73

TABLE4 - The density of ammonium-oxidizing bacteria and nitrite-oxidizing bacteria attached on the artificial medium in VA-FB, FA-FB,
and VFA-FB.

Date
20 October
31 October
15 November

Ammonium-oxidizing bacteria
(107cells g-1 dry artificial medium)
VA-FB
FA-FB
VFA-FB
1.54
1.93
2.08
1.81
2.05
2.03
0.48
0.50
0.45

by improving the substrate-supplying condition in terms
of nitrification and denitrification.
3.4. Characteristics of microorganisms enriched on artificial
medium

In order to get more insight into the function of artificial medium unit, we determined the microbial biomass
and nitrifying bacteria of the biofilm attached on the artificial medium. Table 3 shows the microbial biomass and
the density of total bacteria of biofilm obtained from the
artificial medium contained in VA-FB, FA-FB, and VFAFB, respectively. As indicated in Table 3, there was no
significant difference with respect to the microbial biomass among the three floating-bed systems for the same
sampling occasion. Moreover, the density of total bacteria
of biofilm was also comparable for the three floating-bed
systems. These results indicate that the effects of I. aquatica and H. cumingii Lea on the microbial biomass and the
density of total bacteria was similar. The decreases of both
microbial biomass and density of total bacteria on November as shown in Table 3 was likely the result of the
distinct decline of water temperature. On October, the water
temperature was always above 20 °C. In contrast, water
temperature dropped sharply to 5 °C on November 15.
Table 4 shows the density of ammonium-oxidizing
bacteria and nitrite-oxidizing bacteria attached on the artificial medium in VA-FB, FA-FB, and VFA-FB, respectively. For all the three sampling campaigns, the density of
ammonium-oxidizing bacteria was higher in VFA-FB and
FA-FB both with H. cumingii Lea than that of VA-FB
without H. cumingii Lea. The similar tendency can be
found in Table 4 for the density of nitrite-oxidizing bacteria. The experimental data implies that the presence of H.
cumingii Lea increased the densities of nitrifying bacteria.
This should be attributed to the excretion of NH4+-N by

Nitrite-oxidizing bacteria
(107cells g-1 dry artificial medium)
VA-FB
FA-FB
VFA-FB
1.92
2.21
2.29
1.78
2.13
2.05
0.53
0.54
0.63

H. cumingii Lea, which improved the substrate-supplying
condition for nitrification and stimulated the multiplication of nitrifying bacteria. Overall, the presence of H. cumingii Lea can improve the enrichment of nitrifying bacteria,
although it had little effect on the total bacteria. In comparison, it is seemed that neither nitrifying bacteria nor the
total bacteria attached on the artificial medium was affected by I. aquatica.
The obvious decrease of the density of nitrifying bacteria on November indicated in Table 4 can be explained
by two reasons both related to the low water temperature.
One reason is that both ammonium-oxidizing bacteria and
nitrite-oxidizing bacteria themselves are generally vulnerable to low temperature. Another reason is that the activity
of H. cumingii Lea was negatively influenced by the decrease of water temperature. It should be noted that during
our experiments we observed that the valves of H. cumingii Lea were rarely to open or close on November, suggesting that the physiological activity of H. cumingii Lea
was remarkably inhibited due to the low temperature. The
decrease of the physiological activity of H. cumingii Lea
would lead to a decline of the rate of NH4+-N excretion by
H. cumingii Lea, which is not conducive to the growth of
nitrifying bacteria.
4. CONCLUSIONS
The VFA-FB achieved highest removal of TN, TDN,
PN and NH4+−N, which suggests that the combination of
I. aquatica, H. cumingii Lea and artificial medium was
use-ful for enhancing the nitrogen removal capacity of
floating-bed.
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The most important removal pathway of nitrogen in
VFA-FB microcosm was nitrification and denitrification,
which accounted for about 60% of total nitrogen removal.
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EFFECT OF THALLIUM ON THE SURVIVAL AND MORPHOLOGY
OF TUBIFEX TUBIFEX (OLIGOCHAETA, TUBIFICIDAE)
Volkan Kılıç, Ferhat Altunsoy and Gözde Aydoğan Kılıç*
Anadolu University, Faculty of Science, Department of Biology, 26470, Eskişehir, Turkey

ABSTRACT
The present study aims to investigate the effect of Tl
on the survival and morphology of Tubifex tubifex
(sludge worm). For this purpose, Tl was applicated to the
animals for 96 h of daily renewal tests at the following
test concentrations: 0.005, 0.01, 0.025, 0.05, 0.1 and 0.5
mg/L-1. Acute toxicity was analysed by the measurement
of 96-h LC50 value, and daily survival rates were analysed. Auto-tomy was evaluated as a criterion for sublethal
toxicity. Mor-phological observations were conducted by
binocular microscopic and scanning electron microscopic
analyses. 96- h LC50 and EC50 values were determined to
be 0.018 mg L-1 and 0.0077 mg L-1, respectively. The
worms exhibit mortality starting from the lowest concentration (0.005 mg/L-1). When exposure time was extended, autotomized worms were observed to be deceased. Tl
exposure resulted in the appearance of morphological
alterations and adaptation responses in exposed worms.
Constriction and/or loss of segments were observed in
caudal region of most animals. There was a beaded appearance in the degenerating part of body. Mucus production was found to be increased. The re-sults revealed that
Tl is toxic to T. tubifex worms, even at lowest concentration (0.005 mg L-1).. This study represents the first assessment of Tl impact on T. tubifex at laboratory conditions.

sively released into the environment during the last decades as a result of its use in mining and smelting, sulphuric
acid production, cement industries, phosphate fertilizer and,
more recently, in many branches of high-tech industries [3,
4]. Measurements obtained during the past few years show
that average dissolved Tl concentrations were 5–10 ng/L in
unpolluted but 20–50 ng/L in polluted freshwater [2, 5,
6].
Tubifex tubifex is an aquatic oligochaete, widely distributed in freshwater sediments. Tubifex worms ingest
large volumes of sediments for feeding and are exposed to
contaminants from sediment particles and interstitial water
[7]. They form an important link in the aquatic food chain
and any harmful effects of toxicants on these organisms
are likely to be reflected in the whole ecosystem. Thus,
they have been proposed as test organism for ecotoxicological studies [8-10].
Toxic effects of some metals, such as cadmium, copper, chromium, lead and mercury, have been studied on T.
tubifex [8, 10, 11]. These studies were manifesting the
harmful effects of heavy metals on tubificid worms, and
emphasizing them as a reflector of the whole ecosystem.
However, there are not available data about the toxicity of
Tl on this worm. The present study reports the effects of
Tl on the survival and morphology of T. tubifex by evaluating responses of acute and sublethal toxicity.

KEYWORDS:
survival, morphology, thallium, toxicity, Tubifex tubifex

2. MATERIALS AND METHODS
2.1. Animals and holding conditions

1. INTRODUCTION
Thallium (Tl) is a rare but widely dispersed element.
It is a cumulative poison. All forms of Tl are soluble enough
in water, to be toxic for living organisms. Ecotoxicological importance of Tl is derived from its high acute toxicity
on living organisms, comparable to that of lead and mercury [1, 2]. Although it is a naturally distributed substance,
Tl concentrations have been significantly increased in
aquatic ecosystems by human activities. It has been exten-

T. tubifex worms were collected from a Tl-free nonpolluted site near the origin of Porsuk River. The worms
were carefully extracted and washed several times with tap
water (pH 7.2 ± 0.2, dissolved oxygen (DO) 5.6 ± 0.2 mg/L,
total hardness 260 ± 7 mg/L as CaCO3, and temperature
20.2 ± 1 oC). They were cultured in aquaria filled with tap
water under a photo period of 12 h/12h light-dark cycle, at
least for 1 month. The water was renewed weekly and the
animals were fed with commercial bait once a week. They
were starved 24 h before and during the experiments.
2.2. Setting up the aquaria and dissolved TI contamination

* Corresponding author
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Since the dilution medium was distilled water for Tl
exposure, the worms were maintained in distilled water
for 7 days before contamination. Healthy animals were
transferred from the stock tank into the glass aquaria containing 1 L of distilled water (density of 10 animals per
100 ml). Tl was added as Tl (I) acetate (Sigma) and animals were exposed to a series of 6 concentrations: 0.005,
0.01, 0.025, 0.05, 0.1 and 0.5 mg /L-1 for 24; 48; 72 and
96-h time periods in triplicate. Control worms were placed
in another aquarium containing uncontaminated water.
Temperature, lightening and DO concentrations were
as mentioned.

Number of autotomized animals (constriction and/or
loss of segments) was evaluated as the criterion for sublethal toxicity [11]. Tl concentration inducing 50% autotomy among living animals (EC50) was 0.0077 mg L-1 at the
end of 96 h. (Table 2).
TABLE 1 - LC50 (mgL-1) values of Tl at 24, 48, 72 and 96 h
LC50 (mgL-1)
0.086
0.038
0.029
0.018

Time
24 h
48 h
72 h
96 h

95 % confidence limits
0.059-0.127
0.022-0.072
0.013-0.036
0.008-0.024

2.3. Acute toxicity testing

Worms were observed daily for 4 days, and the number of dead animals was recorded. Animals were considered to be dead when there was no response to physical
stimulation. Dead animals were immediately removed from
the medium. Acute toxicity was determined by measuring
the 50% lethal concentration at 24, 48, 72, and 96 h. Results were subjected to Probit analysis.
2.4. Sublethal toxicity testing

Morphological changes of the animals were observed
daily under a Leica MZ12.5 stereomicroscope. Percentages
of worms autotomized among the living organisms were determined. Then, living organisms were prepared for further
scanning electron microscopy. The worms were fixed in
2.5 % glutaraldehyde in 0.1 M cacodylate buffer overnight at +4 oC, and dehydrated in a series of acetone (50,
70, 90 and 100 %). After critical point drying and coating,
they were examined under a Zeiss scanning electron microscope.

FIGURE 1 - Survival rates of T. tubifex exposed to Tl at different
doses.
TABLE 2 - Percentages of autotomized worms among the living
organisms after 24, 48, 72, and 96 h of Tl exposure.

TI (mgL-1)

3. RESULTS
3.1. Analysis of the results

All experiments were done in triplicate. Statistical
analyses were performed by using SPSS student’s t-test.
The LC50 and EC50 values with 95% confidence interval
from the dose-response studies were calculated by EPA
Probit analysis program (version 1.5).
3.2. Acute toxicity

LC 50 of Tl was determined to be 0.018 mgL-1 at the
end of 96 h. Toxicity of Tl was increasing depending on
exposure time (Table 1). Survival percentage was decreasing
depending on increasing exposure time and increasing dose
of Tl. Survival rate of control was stable during exposure
time and always 100 % (Fig. 1). The survival rate of the
animals was not significantly different from that of control worms at 0.005 mgL-1 dose during the first 24 h. The
adaptation period of the worms in Tl-con-taminated environment was very short, even at the lowest dose.
3.3. Sublethal toxicity

Control
0.005
0.01
0.025
0.05
0.1
0.5

24 h
0
0
0
0
11
16
100

48 h
0
0
0
7
28
64
All dead

72 h
0
12
15
24
78
100
All dead

96 h
0
28
69
87
100
All dead
All dead

3.4. Autotomy and malformations

Tl induced morphological alterations in T. tubifex.
These changes were particularly observable at 96-h LC50.
As illustrated in Fig. 1, the most typical malformations
were the changes in the posterior part of the body. There
was a beaded appearance in the caudal region. Constriction was observed at the posterior region of the
worms. Some parts of the body increased with excrescences. There was an increase in mucus production.

FIGURE 2 - Morphology of control worms and alterations after Tl
exposure at 96-h-LC50 (A: Morphology of a non-exposed worm with
intact appearance of anterior region (ar) and caudal region (cr)
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(magnification x15); B: Beginning of constriction (arrowhead) at
posterior region (pr) (x35); C: Beaded appearance of the degenerating part at posterior region (pr), constriction (c) (arrowhead), anterior region (ar) (x15)).

FIGURE 3 - Morphological alterations in T. tubifex after Tl exposure at 96-h-LC50 (A: Constriction (c) at the beginning of (arrowhead) posterior region (pr), degenerating tail (dt), anterior region
(ar) (x35); B: Wound healing after constriction and loss of a part of
the caudal region (x15)).

FIGURE 4 - Morphological alterations in T. tubifex after Tl exposure at 96-h LC50 (A: High magnification showing the beginning of
constriction (arrowhead); B: Beginning of constriction (arrowhead)
at the posterior region (pr); C; Mucus production by the worms
exposed to LC50 (arrowhead)).

4. DISCUSSION AND CONCLUSION
Very few data exist on the toxicity of Tl on T. tubifex.
Previous studies were mainly focused on the distribution
of Tl in these worms [12], or discussed the effects of Tl-exposed worms on other organisms, such as fish, when they
are used as prey [13]. We determined the 96-h LC50 value
of Tl on T. tubifex as 0.018 mg L-1. This value was lower
than those reported for many other metals on T. tubifex.
Maestre et al. [14] determined LC50 values of copper, cadmium and chromium on T. tubifex over a 3-years period,
and 96-h values were between 0.25-0.9 for Cd; 4.89-7.22
for Cr and 0.03-0.08 mg L-1 for Cu. Another study reported
96-h LC50 for Hg as 0.18 mg L-1 [15]. TI is also known to
be more acutely toxic than many other metals in mammals.
Lucan-Bouche et al. [16] defined the term adaptation as
non-significant difference of the survival rates between
control and exposed worms. In their study, the adaptation
time of T. tubifex worms to Cd toxicity lasted over 96-h
test period, at doses of 0.005 and 0.01 mg L-1. In the present study, the adaptation period of the worms in Tlcontaminated environment continued only during the first
24 h, even at the lowest dose of 0.005 mg L-1. There was
no adaptation period of the worms exposed to 0.01 mgL-1
or higher doses of Tl. Survival percentage of the worms
decreased depending on both increasing exposure time and
Tl dose. However, worms with a long-term history of exposure to a metal are reported to be more tolerant when
they were further exposed [11]. Tl exposure resulted in the

appearance of morphological alterations and adaptation responses in exposed worms. Constriction and/or loss of segments were observed in caudal region of most animals.
There was a beaded appearance in the degenerating part
of body. Autotomy is the most characteristic response of
Tubifex worms to survive in highly contaminated media
[17]. Since bioaccumulation of metals occurs primarily in
the posterior region of Tubifex worms, autotomy of the caudal region is generally considered to be the way of worms
to excrete metals for the adaptation to sublethal doses [16].
We investigated the number of autotomized animals as the
criterion for sublethal toxicity. According to the daily observations and microscopic analyses, Tl induced times and
concentrations were dependent on autotomy of T. tubifex.
The slight increase in the percentage of autotomy was particularly observed between 72 and 96 h. even at lower
doses. 96-h EC50 value was 0.0077 mg L-1. There was also
an increase in mucus production beginning from dose of
0.005 mgL-1, and secretion increased slightly at 0.05 mg L-1.
Previous studies indicated that autotomy induced by chemicals generally occurs in time and concentration-dependent
manner being accompanied by excess mucus secretion. Increased mucus production may serve as an adaptive response by sequestering metals and limiting their absorption. Although mucus may induce physiological disturbances when produced in large amounts, it is an effective
barrier and detoxification mechanism [11, 16, 18].
Tl toxicty caused increased mortality and autotomy in
both time- and concentration-dependent manner. Although
these parameters are non-specific responses which can be
induced either by other metals, Tl is revealed to be extremely toxic, even at very low doses. The present study is
the first assessment of Tl impact on T. tubifex worms under
laboratory conditions, and constitutes the forefront
knowledge for future investigations.
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SOIL MINERAL NITROGEN CONTENT AFTER
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ABSTRACT
The paper presents results of studies carried out from
2006 to 2009 which aimed to determine the effect of springor autumn-incorporated undersown crops on the mineral
nitrogen content in the soil profile determined in autumn
and in spring in conventional and organic farming systems.
The field experiments were conducted at the Zawady Experimental Farm owned by the University of Natural Sciences and Humanities in Siedlce. The following treatments
were examined: factor 1 – the control (no undersown crops),
an undersown crop with its biomass ploughed down in
autumn (Persian clover, Westerwold ryegrass), and an undersown crop with its biomass used as a spring-in-corporated mulch (Persian clover, Westerwold ryegrass);
factor 2 – farming system: conventional and organic. Ammonium and nitrate nitrogen contents were determined in
two soil layers (0-30 and 30-60 cm) twice, i.e. in autumn
and spring. The results showed that the undersown crops
reduced the amount of mineral nitrogen in soil in autumn
and an increase was observed in spring. The highest soil
concentrations of ammonium and nitrate ions were determined in spring following Persian clover incorporation.
The autumn and spring-determined soil contents of mineral nitrogen were significantly higher in the conventional in
comparison to organic farming system. Mulching of the
soil surface with undersown crops over late autumn and
winter, Westerwold ryegrass in particular, significantly reduced the mineral nitrogen content in soil in spring compared with the autumn-incorporated undersown crops.

* Corresponding author

1. INTRODUCTION
An assessment of mineral nitrogen content in soil has
been assumed to be an indicator of environmental risk due
to an excess concentration of nitrogen in the soil [1]. Cultivation of catch crops is a factor which can reduce the content of mineral nitrogen in soil. A special role is attributed
to undersown crops which increase stand density and provide a soil cover persisting till late autumn. As a result is
can be assumed that contamination of ground water and
water bodies by agricultural holdings where catch crops
are grown is lower compared with the farms which grow
maincrops only [2, 3]. Catch crops are thus used as “accumulators” of the nutrients unused by the plants proceeding in the rotation. Leaching of nutrients into ground waters
from plant-covered or mulched soils is much lower compared with “black” fallow [2-6]. Suggestions are also made
to leave catch crops on the soil surface as mulch over the
winter months [4, 7-9]. Such a solution ought to reduce
nitrate leaching in autumn and winter. There is still a paucity of experimental data on the topic, however. As a result, a
need arises to continue studies to determine the effect of
undersown crops (autumn-incorporated or left as mulch
till spring) on mineral nitrogen contents determined in the
soil profile in autumn and spring, in the conventional and
organic farming system.

2. MATERIALS AND METHODS

KEYWORDS:
mineral nitrogen, soil, undersown crop, mulch, farming system

Field studies were conducted in the years 2006-2009
at the Experimental Farm in Zawady owned by the University of Natural Sciences and Humanities in Siedlce.
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Each spring, before the experiment was taken, from the
topsoil three primary samples were taken to perform
chemical analysis. Then soil samples were poured on the
plastic tray and thoroughly mixed. Larger lumps of earth
were grounded and visible parts of debris and stones were
removed. Mixed soil was transferred back to the cardboard box, which was an attempt (overall), a representative of the entire surface of experience. The experimental
soil was Stagnic luvisol. Arable layer of soil contained
from 18 to 17% granulometric fraction with a diameter
<0.02 mm, and the decay from 1.39 to 1.42%. The pH in
KCl of the topsoil ranged between 6.4 and 6.6 and the soil
contained 0.687-0.694 g kg-1 Nog,, including 4.43-4.49 mg
kg-1 N-NH4 and 7.24-7.27 mg kg-1 N-NO3, and the following available forms: P, K and Mg at the respective
amounts of: 50.6-50.8, 112.8-113.4, and 53.8-54.4 mg kg-1.
The content of available forms of potassium was determined by Egner-Riehm method. Extraction of magnesium
from the soil was carried out with an aqueous solution of
CaCl2. However, the content of mineral nitrogen in soil
(forms: N-NO3 i N-NH4) was determined after extraction
with 1% K2SO4 colorimetric method [10]. The experiment
was established as a split-block design with three replications. The size of a plot was 20 m2 and the harvested plot
area was 15 m2. The following treatments were examined:
factor 1 – undersown crop: control (no undersown crop),
undersown crop with its biomass plowed down in autumn
(Persian clover, 25.3 t ha-1, Westerwold ryegrass, 36.4 t
ha-1), undersown crop and its spring-incorporated mulch
biomass (Persian clover 25.4 t ha-1, Westerwold ryegrass
36.2 t ha-1); factor 2 – conventional and organic farming
system. Spring triticale grown for grain was undersown
with the aforementioned crops. Prior to the experiment
set-up, mineral fertilizers were applied in the conventional
farming system at the following rates: 60 kg N, 39.6 kg P
and 99.6 kg K per l ha. In the organic system, instead of
mineral fertilization, farmyard manure was applied at the
rate of 30 t ha-1 taking into consideration the fertilizer
needs of potato which was to follow the undersown crops.
Both spring triticale and undersown crops were planted in
early April. Spring triticale was harvested in early August.
After the harvest of spring triticale nitrogen fertilization
was applied into the plots under Westerwold ryegrass at
the rate of 60 kg N ha-1. The control was tilled (to maintain “black” soil) from the harvest of spring triticale to late
autumn. Soil samples were collected from two soil layers
(0-30 and 31-60 cm) twice, that is in autumn (late October) and the next spring (early April). The ammonium and
nitrate nitrogen contents were determined by the colorimetric method [10]. The soil samples were taken by means of a
soil auger. Then they were placed in a plastic bag and kept

frozen until analysis. All the characteristics studied were
subjected to split-block variance analysis. When sources
of variation were declared significant by analysis of variance, Tukey’s test was used to separate means.
3. RESULTS AND DISCUSSION
Autumn-determined mineral nitrogen content in the
soil profile was significantly affected by the experimental
factors and their interaction (Table 1 and 2). The highest
soil mineral nitrogen content was recorded in the control
with no undersown crops. This is in agreement with the
results reported by Fotyma [11] as well as Nowakowski
and Krüger [5] who demonstrated that in autumn, when
vegetation has ceased due to diminished nitrogen uptake
and organic nitrogen mineralization, mineral nitrogen content in soil may increase. In this study inclusion of undersown crops into the cropping system, particularly Westerwold ryegrass which is a non-leguminous plant, significantly reduced the soil mineral nitrogen content. The content was also significantly lower in the plots under Persian
clover, compared with the control, though higher than
under Westerwold ryegrass. There was a clear reduction
in soil mineral nitrogen content determined in late autumn
following cultivation of undersown crops although is was
definitely lower than the values reported elsewhere [1017]. The possible explanation is that the soil nitrogen reservoir following cereals is large under intensive farming
conditions, hence a greater influence of the catch crop.
What is more, under favourable habitat conditions (better
soil, longer growing season) more biomass is produced by
a catch crop and, as a consequence, more nitrogen is taken
up. In the present study a higher soil nitrogen concentration was determined in the conventional versus organic
farming system. Studies by Halberg et al. [18], Werff et
al. [19] and Jończyk [20] showed that the conventional
farming system is characterized by excessive nitrogen
which is used less efficiently. In this study there was found
an interaction indicating that the highest soil mineral nitrogen content was in the control treatment where no undersown crop had been cultivated in the conventional farming

TABLE 1 - Soil N-NH4+ contents determined in autumn, g kg-1 d.m. soil (means for 2006-2008)
Farming system
Undersown crop

Conventional
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Means
Organic
Soil layer, cm
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0-30
31-60
0-30
31-60
0-30
Control
4.89
2.45
3.95
1.87
4.42
Persian clover
2.18
1.42
1.98
1.20
2.08
Westerwold ryegrass
1.31
1.14
1.02
0.96
1.17
Persian clover- mulch
2.16
1.41
1.96
1.18
2.06
Westerwold ryegrass-mulch
1.33
1.15
1.04
0.97
1.18
Means
2.37
1.51
1.99
1.24
2.18
LSD0.05
Undersown crop
0.19
Farming system
0.18
Interaction
0.23
TABLE 2 - Soil N-NO3- contents determined in autumn, mg kg-1 d.m. soil (means for 2006-2008)
Farming system
Undersown crop

Conventional

Control
Persian clover
Westerwold ryegrass
Persian clover- mulch
Westerwold ryegrass- mulch
Means
LSD0.05
Undersown crop
Farming system
Interaction

0-30
7.29
4.86
3.49
4.85
3.50
4.80

31-60
4.87
2.38
1.84
2.36
1.86
2.66

ming system, and the lowest in the organic treatment under
Westerwold ryegrass. Similar findings were reported by
Halberg et al. [18] as well as by Duer [21].
An analysis of mineral nitrogen content in two soil
layers in the study discussed here revealed that there was
a clearly higher nitrogen concentration in the topsoil compared with the subsoil. It agrees with the results reported
by Kuś and Jończyk [3]. Similarly to Mazur et al. [22]
and Trawczyński [23], the present work demonstrated a
higher nitrate versus ammonium nitrogen content in the
two soil layers. In autumn, the concentration of both the
ions was the highest in both the soil layers of the control.
Cultivation of undersown crops was followed by a significant reduction in N-NH4+ and N-NO3- contents compared
with their concentrations recorded in the two soil layers in
the control with no undersown crops. The lowest ammonium and nitrate N contents were determined in the topsoil and subsoil following Westerwold ryegrass, which
agrees with the results reported by Breland [24] and Płaza
et al. [25].
The statistical analysis revealed a significant influence of the experimental factors together with their interaction on mineral nitrogen content in the soil profile in the
spring (Table 3 and 4). Cultivation of undersown crops
leads to significant increase of mineral nitrogen content in
the topsoil, particularly following the incorporation of Persian clover. This beneficial influence, that is stimulation

0.17
0.15
0.21

Means

Organic
Soil layer, cm
0-30
31-60
6.31
3.94
4.18
1.97
2.98
1.23
4.15
1.94
3.02
1.25
4.13
2.07

0-30
6.80
4.52
3.24
4.50
3.26
4.46

31-60
4.41
2.18
1.54
2.15
1.56
2.37

1.24
1.12
1.68

0.21
0.15
0.30

of the process of organic nitrogen mineralization, is called
the “priming effect” [11, 22, 26-28]. A significantly lower
content of mineral nitrogen in soil, although higher than
after Westerwold ryegrass, was recorded following Persian clover left as mulch till spring. The lowest mineral
nitrogen concentration in the soil was determined in the
treatment under Westerwold ryegrass left on the soil surface over autumn and winter and incorporated in spring.
According to Kuś and Jończyk [3], Nowakowski and
Krüger [5], Thorup-Krinsen [29] as well as Sanju and
Sangh [30], the biomass of catch crop left on the soil
surface decomposes more slowly than when ploughed in.
In the present study it was demonstrated that, with adoption of this solution, there is potentially less risk of nitrogen loss from the soil over autumn and winter. The lowest
mineral nitrogen content in the topsoil was measured in
the control. Also, the farming system significantly influenced the mineral nitrogen concentration in the soil. The
highest ammonium and nitrate nitrogen contents were
recorded in the conventional farming system, the finding
previously reported by Halberg et al. [18] and Jończyk [20].
There was found an interaction between the experimental
factors in the trial discussed, which revealed the highest
mineral nitrogen content in the topsoil after autumn-incorporated Persian clover in the conventional farming
system, and the lowest in the control in the organic farming system.

TABLE 3 - Soil N-NH4+ content determined in spring, mg kg-1 d.m. soil (means for 2007-2009)
Farming system
Undersown crop

31-60
2.16
1.31
1.05
1.30
1.06
1.38

Conventional
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Means
Organic
Soil layer, cm
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0-30
31-60
0-30
31-60
0-30
Control
5.47
3.98
4.32
2.73
4.90
Persian clover
7.21
2.85
6.65
2.37
6.93
Westerwold ryegrass
5.86
2.17
5.73
2.04
5.79
Persian clover- mulch
6.53
2.32
6.12
1.98
6.33
Westerwold ryegrass- mulch
5.70
2.08
5.44
1.36
5.57
Means
6.15
2.68
5.65
2.10
5.90
LSD0.05
Undersown crop
0.21
Farming system
0.19
Interaction
0.28
TABLE 4 - Soil N-NO3- content determined in spring, mg kg-1 d.m. soil (means for 2007-2009)

31-60
3.36
2.61
2.11
2.15
1.72
2.39
0.18
0.16
0.23

Farming system
Undersown crop

Control
Persian clover
Westerwold ryegrass
Persian clover- mulch
Westerwold ryegrass- mulch
Means
LSD0.05
Undersown crop
Farming system
Interaction

Conventional
0-30
8.93
19.38
13.93
15.21
12.37
13.96

Organic
Soil layer, cm
0-30
31-60
7.81
5.84
17.30
3.69
12.37
2.96
14.86
3.08
10.24
2.12
12.52
3.54

31-60
6.92
5.84
3.87
4.18
2.96
4.75

Analysis of mineral nitrogen content in soil showed a
higher concentration of nitrate versus ammonium ions both
in autumn and spring. This is in agrweement with the
results of studies reported by Möler and Stinner [26],
Mazur et al. [22] as well as Dogan and Saygideger [31]. The
subsoil mineral nitrogen content in the present study was
the highest in the control, and the lowest after Westerwold
ryegrass left on the soil surface as mulch until spring. It
should be stressed that reduction of nitrogen losses in the
soil by means of including undersown crops in both the
conventional and organic farming systems has recently become an issue of special importance.

Means

0-30
8.37
18.34
13.15
15.04
11.31
13.24

31-60
6.38
4.77
3.42
3.63
2.54
4.15

1.32
1.14
1.75

0.23
0.18
0.34

The topsoil was characterized by a higher ammonium
and nitrate nitrogen contents compared with the subsoil.
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ABSTRACT
Response surface methodology (RSM), involving central composite design in four most important operating
variables: NH4Cl, MgSO4·7H2O, CaCl2·2H2O and initial
pH was successfully applied to optimize the culture conditions for tetrahydrofuran (THF) degradation by Pseudomonas oleovorans DT4. According to analysis of variance
(ANOVA) results, the coefficient of determination (R2=0.91)
and probability value (P < 0.0001) indicated significance for
the second-order regression model. The optimum combination of initial pH 7.88, NH4Cl 3.5 g/L, MgSO4·7H2O
0.35 g/L, CaCl2·2H2O 0.02 g/L predicted via RSM was
confirmed in shake-flask cultivation, indicating a 1.64-fold
enhancement of degradation efficiency after optimization.
Meanwhile, the maximum degradation rate increased to
317.2 mg THF/(h·g dry weight) in P. oleovorans DT4,
demonstrating that the degradation rate of DT4 was much
higher than that of any other previously reported THF-degrading strains. Furthermore, fed-batch studies showed that
the repetitive degradation of THF could proceed more cycles in the optimized medium than in the original medium,
implying that the optimized one was more helpful for fullscale THF biodegradation.

KEYWORDS: tetrahydrofuran; biodegradation; response surface
methodology; central composite design; fed-batch

1. INTRODUCTION
Tetrahydrofuran (THF), a 4-carbon polar ether, is
widely used as a reagent in the manufacture and processing
of polymers and the fabrication of materials for packaging,
transporting, and storing foods [1]. The widespread use of
THF has undoubtedly resulted in its ubiquity in industrial
effluents and groundwater [2-4]. THF has been reported to
* Corresponding author

cause adverse effects on animals’ nervous system problems
such as narcosis, edema, and colonic muscle spasms [5-7].
Due to its structural stabilization, relatively low boiling point
and high solubility in water with any ratio [1,2,8], the removal of THF from the environment is crucial.
Among all remediation technologies for treating THF
contamination, biodegradation appears to be an economical alternative due to its reputation as an environmentally
friendly and widely acceptable treatment technology [9].
Thus, much effort is being made in identifying and characterizing the potential microorganisms to improve the bioremediation of THF. To our best knowledge, THF-degrading
strains isolated to date were almost actinomycetes or fungus,
including Rhodococcus rubber strain 219, Pseudonocardiaceae sp. CB1190, Pseudonocardia sp. strain K1, Pseudonocardia sp. strain M1, Pseudonocardia sp. strain M2,
Cordyceps sinensis strain A, Pseudonocardia sp. strain
ENV478 and Rhodococcus sp. YYL [10-16]. Until more recently, we have firstly reported a relatively highly efficient
THF-degrading bacterium, Pseudomonas oleovorans DT4,
whose generation time and maximum degradation rate were
respectively 2.7 h and 203.9 mg THF/(h·g dry weight)
under the unoptimized medium [17]. However, low degradation rate which results in high cost remains to be seen
as one of the major obstacles to the isolates’ industrial
application. In addition, the medium components, such as
nitrogen resource, metal ions, pH and so on, play a key
role in affecting the growth of microorganism which is
absolutely essential to guarantee THF degradation efficiency, so medium optimization is recognized as a simple
but effective method for achieving high degradation efficiency.
The traditional approach of “one variable at a time
(OVAT)” is widely accepted, but the technique is not only
time-consuming and laborious, but also deficient in representing the effect of interaction between different factors
[18]. In this respect, the response surface methodology
(RSM), which is used to study the effects of several factors influencing the responses by varying them simultane-
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ously and carrying out a limited number of experiments,
is very productive. RSM, an empirical modelization technique, is essentially a particular set of mathematical and
statistical methods for designing experiments, building
models, evaluating the effects of variables, and seeking the
optimum conditions of variables to predict targeted responses [19]. These designs are capable of fitting a secondorder prediction equation for the response. RSM has been
used successfully in a variety of experimental process [2022], however, its application in optimization of THF biodegradation by Pseudomonas sp. in fed-batch culture is
not available in the previous literature.

THF degradation efficiency was calculated as the following formula: THF degradation ratio (%)= C/C0×100, where
C was the THF concentration in the medium after 6 h of
culture and C 0 was the THF concentration at 0 h. The
initial THF concentrations and biomass were respectively
5 mM and 3.2 mg/L in the culture. Each experiment was performed in triplicate and the results represented the mean
values of three independent experiments. And controls were
maintained without bacterial cultures.
2.2.1. Central composite design

A standard RSM design called CCD, which is sui le
for fitting a quadratic surface and helps to optimize the
effective parameters with a minimum number of experiments as well as to analyze the interaction between the parameters [21], was selected to study simultaneously the
effects of four medium components on THF degradation
efficiency. Generally, CCD consisted of three parts: the 2n
factorial design, six center points and 2n star points at the
distance of α from the design centre (the value fixed at 1.2
in this study), where n is the number of factors. For each
categorical variable, a 24 full factorial central composite
design for four factor designed experiments consists 16
factorial points, 8 axial points and 6 center points, indicating altogether 30 experiments were required in this study.

In the present work, a central composite design (CCD)
of RSM was used to develop mathematical equations in
terms of degradation efficiency and to optimize the medium components for THF degradation by P. oleovorans
DT4. The regression model provided an excellent explanation of the relationship between the independent variables and the response. Additionally, the optimum conditions were experimentally validated by comparing the degradation efficiency and repetitive degradation cycles, under
the optimized culture conditions and the initial unoptimized
medium, respectively.

The coded and actual values of the experimental variables, investigated at five different coded levels (-1.2, -1,
0, +1, +1.2), are shown in Table1. The THF degradation
efficiency was taken as the response of the design experiments. The quadratic equation model for predicting the
optimal points was expressed according to Equation 1:

2. MATERIALS AND METHODS
2.1. Microorganism and media composition

A THF-degradation strain P. oleovorans DT4 (CCTCC
M 209151), which had been previously isolated and identified in our laboratory, then maintained in the China Center for Type Culture Collection (CCTCC) [17], was used
for the present work. The strain was cultured at 160 rpm
and 37°C using the original mineral medium (pH 7.5) modified from the literature [17], which was composed of
(per liter of distilled water) 4.5 g Na2HPO4·12H2O, 1.0 g
KH 2 PO 4 , 2.0 g NH 4 Cl, 0.2 g MgSO 4 ·7H 2 O, 0.03 g
CaCl2·2H2O, and 1 mL vitamin solution described by
Bern-hardt and Diekman [10]. To study the effect of
THF de-gradation efficiency, the above medium was
amended with 5 mM THF as the sole carbon source.

n

n

n

Y = β 0 + ∑ βi χi + ∑ βi i χi2 + ∑
i =1

i =1

∑β

ij

χi χ j + ε (1)

i =1 j = i +1

Where Y is the response (dependent variables), β0 the
constant coefficient, βi, βii and βij the coefficient for the
linear, quadratic and interaction effect, xi and xj the factors
(independent variables) and ε is the error.
2.2.2 Statistical analysis

Design Expert software (Stat Ease, 7.0 version) was
used for the experimental designs and subsequent regressional analysis of the experimental data. Statistical analysis of the model was performed to evaluate the analysis of
variance (ANOVA). The quality of the polynomial model
equation was judged statistically by the coefficient of determination R2, and its statistical significance was determined
by the Fisher’s F-test. The significance of the regression

2.2. Experimental design and data analysis

The results obtained for preliminary single-factor experiments revealed that the major variables affecting the
performance of the culture in terms of THF degradation
efficiency were NH4Cl, MgSO4, CaCl2 and pH. These components were chosen for further optimization. Additionally,

TABLE 1 - Coded and actual values of variables used in the response surface study
Factors(g/L)

Symbol

NH4Cl
MgSO4·7H2O
CaCl2·2H2O
pH

X1
X2
X3
X4

-1.2
0.2
0.02
0
5.7

-1
0.5
0.05
0.01
6.0
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Coded levels of variables
0
2.0
0.20
0.04
7.5

+1
3.5
0.35
0.07
9.0

+1.2
3.8
0.38
0.08
9.3
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coefficients was tested by a t-test. The residual error, pure
error and lack-of-fit were calculated from the repeated
measurements [23].
2.3 Validation experiment in fed-batch culture

The mathematical model generated during RSM implementation was validated by conducting experiment on
given optimal medium setting against the original medium.
THF of 5 mM was continuously added without supplement
of any external nutrients until the culture lost its biodegradation efficiency to the significant extent. Samples were
removed for analysis of the residual THF at designated intervals during degradation. Each experiment was performed
in triplicate. And controls were maintained without bacterial cultures.
2.4 Analytical Methods

Cultures were centrifuged at 12,000 rpm for 10 min
and the supernatant was analyzed for THF concentration
by gas chromatography (Agilent 6890) equipped with a
flame ionization detector. The analysis was carried out on
a silica HP-Innowax capillary column (30 m×0.32 mm ID,
film thickness 0.5 µm, J&W Scientific, USA) with spilt

mode (5:1) using nitrogen as carrier gas at a flow rate of
1mL/min. The injector and detector temperatures were set
at 250°C and 300°C, respectively. The temperature program was: 60°C as initial temperature for 6 min, increased
by 30°C/min to 150°C, and kept for 5 min.
3. RESULTS AND DISCUSSION
3.1. Predictive model of regression and statistical analysis

The experimental results concerning THF degradation efficiency (response, Y) using four factors CCD experimental design namely NH4Cl (X1), MgSO4·7H2O (X2),
CaCl2·2H2O (X3) and pH (X4), are shown in Table 2. By
applying multiple regression analysis methods, the predicted response, Y can be obtained and given as in equation (2).
The significance of each coefficient in the Equation 2
was determined by Student t-test and P-values. As shown
in Table 3, Fisher’s F-test with a very low probability value
[(P-model > F) = 0.0001], indicated that all the factors and
interactions considered in the experimental design and

TABLE 2 - The central composite design for the independent variables on biodegradation of THF in actual and predicted values
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

NH4Cl
(g/L)
0.50
3.50
0.50
3.50
0.50
3.50
0.50
3.50
0.50
3.50
0.50
3.50
0.50
3.50
0.50
3.50
0.20
3.80
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00

MgSO4·7H2O
(g/L)
0.05
0.05
0.35
0.35
0.05
0.05
0.35
0.35
0.05
0.05
0.35
0.35
0.05
0.05
0.35
0.35
0.20
0.20
0.02
0.38
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20

CaCl2·2H2O
(g/L)
0.01
0.01
0.01
0.01
0.07
0.07
0.07
0.07
0.01
0.01
0.01
0.01
0.07
0.07
0.07
0.07
0.04
0.04
0.04
0.04
0.00
0.08
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04

Degradation Y %
Experimental value Predicted value
0.095
0.080
0.31
0.29
0.30
0.31
0.46
0.47
0.25
0.24
0.31
0.32
0.42
0.42
0.48
0.45
0.28
0.32
0.53
0.50
0.47
0.44
0.54
0.56
0.28
0.24
0.30
0.30
0.29
0.31
0.32
0.31
0.41
0.43
0.51
0.55
0.31
0.36
0.49
0.51
0.38
0.40
0.29
0.34
0.30
0.33
0.36
0.39
0.52
0.45
0.51
0.45
0.48
0.45
0.47
0.45
0.42
0.45
0.45
0.45

pH
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
9.00
9.00
9.00
9.00
9.00
9.00
9.00
9.00
7.50
7.50
7.50
7.50
7.50
7.50
5.70
9.30
7.50
7.50
7.50
7.50
7.50
7.50

Y = 0.45 + 0.052 X1 + 0.061X 2 − 0.024 X 3 + 0.024 X 4 − 0.015 X1 X 2 − 0.032 X1 X 3 − 0.006976 X 1X 4
2

2

2

− 0.012 X 2 X 3 − 0.029 X 2 X 4 − 0.059 X 3 X 4 + 0.027 X1 − 0.011X 2 − 0.058X 3 − 0.062 X 4
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TABLE 3 Analysis of variance for response surface quadratic model terms
source
Sum of squares
DF*
Mean square
F-value
Prob > F
Model
0.31
14
0.022
10.95
< 0.0001a
X1
0.051
1
0.051
25.09
0.0002
X2
0.070
1
0.070
34.11
< 0.0001
X3
0.011
1
0.011
5.54
0.0327
X4
0.0011
1
0.011
5.46
0.0337
X1 X2
0.003656
1
0.003656
1.79
0.2007
X1 X3
0.017
1
0.017
8.22
0.0117
X1 X4
0.0007787
1
0.0007787
0.38
0.5461
X2 X3
0.002732
1
0.002732
1.11
0.3080
X2 X4
0.013
1
0.013
6.51
0.0221
X3 X4
0.055
1
0.055
27.17
0.0001
X1 2
0.003764
1
0.003764
1.84
0.1946
X2 2
0.0006634
1
0.0006634
0.33
0.5770
X3 2
0.017
1
0.017
8.44
0.0109
2
X4
0.020
1
0.020
9.68
0.0072
Residual
0.031
15
0.002041
Lack of fit
0.024
10
0.00237
1.71
0.2876b
Pure error
0.006921
5
0.001384
Cor. total
0.34
29
*DF=degree of freedom. a Significant under 95% level of confidence. b Not significant relative to the pure error due to noise.

Remarks
significant
significant
significant
significant
significant
significant
significant
significant
significant
significant
Not significant

Design-Expert?Software
degradation ratio

The ANOVA statistics for the response surface quadratic model for THF degradation efficiency (shown in Table 3) demonstrated that the model was highly significant,
as was evident from the very low value of “Prob > F” and
insignificant result from the lack-of-fit [(P-model > F) =
0.2876 > 0.05]. The lack-of-fit measures the failure of the
model to represent data in the experimental domain at
points which are not included in the regression, and the
test is performed by comparing the variability of the current model residuals to the variability between observations
at replicate settings of the factors [24]. There is a 28.76%
chance that a “lack-of-fit F-value” could occur due to noise.
The Adequate precision measures the signal to noise ratio
by comparing the range of the predicted values at the design points to the average prediction error. The ratio of
15.044 obtained in this research indicates that an adequate
signal for a ratio greater than 4 is desirable, and that this
model can be used to navigate the design space.
Figure 1 describes the predicted versus actual plot of
THF degradation efficiency. The predicted values were calculated from the approximating function used for the
model. Similarly, actual values were determined for a particular run. As could be seen from the plot, the predicted

0.56

0.44

Predicted

model are statistically significant. There
is only a 0.01 per
Color points by value of
ratio:
cent chance that a “model F-value” degradation
could
occur
due to
0.5422
noise alone. And the fitted model is considered adequate
0.095
if the F-test is significant (P < 0.05) at the 95 per cent
confidence level. In this case, X1, X2, X3, X4, X1 X3, X2 X4,
X3 X4, X32 and X42 are significant model terms, while, X1
X2, X1 X4 and X2 X3 are all insignificant to the response.
The R2 value of 0.91 indicates good correlation between
the experimental and predicted values of the responses obtained from the model, in other words, more than 91 per
cent of the variance is attributable to the variables, but only
9 per cent of the total variance cannot be explained by the
model.

0.32

0.20

0.08

0.10

0.21

0.32

0.43

0.54

Actual

FIGURE 1 - Predicted versus actual plot of THF degradation efficiency.

values obtained were quite close to the experimental values, suggesting that the model developed was successful
in representing the correlation between the medium components to the response. Figure 2 presents the studentized
residuals and normal per cent probability plot. The normality of the data was checked by plotting the normal probability plot (NPP) of the residuals [25]. The normal probability plot is a graphical technique for assessing whether
or not a data set is approximately normally distributed, and
the residual is the difference between the observed and
predicted values from the regression. If the points on the
plot fall fairly close to the straight line, then the data are
normally distributed, that is, small residual values indicate
that model prediction is accurate. Furthermore the Cook’s
distance and studentized residuals illustrate the normal dis-
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tribution and constant variance of the residuals, the goodness of fit, linearity of the fitted model, and the independence [26]. It can be observed from the Cook’s distance plot
(Fig. 3) that there were no points that were potentially
powerful due to their location in the factor. Thus, it was
possible to build response surface and define the regions of
interest.

value of
o:

The effect of the interaction between NH4Cl and
MgSO4·7H2O on THF degradation efficiency is illustrated
in Figure 4a. The enhancement of degradation efficiency
resulted from the increase of NH4Cl and MgSO4·7H2O
concentrations, probably because chemical nutrients like
nitrogen and magnesium played an important role in determining the rates and extent of chemical degradation [27].
Meanwhile, the highest degradation efficiency (54.22%) was
observed at NH4Cl 3.5 g/L with MgSO4·7H2O of 0.35 g/L.
Figure 4b shows the effect of interaction between NH4Cl
and CaCl2·2H2O concentrations on the response surface.
This three-dimensional plot explains that the impact of
NH4Cl concentration is more than that of CaCl2·2H2O for
the individual coefficient of NH4Cl is positive while that
of CaCl2·2H2O is negative and thus their interaction effect
is negative. The maximum biodegradation was achieved
with CaCl2·2H2O around 0.034 g/L. Further increase in calcium concentration (> 0.034 g/L), a significant decrease in
biodegradation efficiency occurred. Figure 4c and Figure 4d
show the interaction between initial pH and the concentrations of MgSO4·7H2O and CaCl2·2H2O, respectively. These interactions had a significant effect on THF degradation, even with a small increase or decrease of initial pH
and the concentrations of MgSO4·7H2O and CaCl2·2H2O.
Especially, the THF degradation efficiency was sensitive to
initial pH, and it was elevated from 32% to 51% when the
initial medium pH value changed from 7.0 to 7.88, but
decreased as initial pH higher than 7.88 probably due to the
precipitation of trace elements and the inactivation of enzymes [16].

99
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plot of THF degradation efficiency.
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The optimum values of the variables can be analyzed
by saddle point or by checking the maxima formed by the
X and Y coordinates. The conditions were obtained at the
saddle point for the best response. Responses were initial
medium pH 7.88, concentrations of NH4Cl, MgSO4·7H2O
and CaCl2·2H2O respectively 3.5, 0.35 and 0.02 g/L, and
THF degradation efficiency of up to 58.7% was achieved
under such optimum growth conditions. These points were
located within the experimental ranges, implying that the
analytical techniques could be used to identify the optimal
conditions.
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dimensional response surfaces as the graphical representation of the regression equation were generated to directly
study the interaction among the four factors tested and to
visualize the combined effects of factors on the THF degradation efficiency (Fig.4). The response surface plots showed
THF degradation efficiency by P. Oleovorans DT4 as function of two factors, while the other variables were set at
their zero level.

29

Run Number
FIGURE 3 - Cook’s distance plot of THF degradation efficiency.

3.2 Interaction among factors influencing THF degradation
efficiency

Using RSM, the effects of the independent factors
(initial medium pH, concentrations of NH4Cl, MgSO4·7H2O
and CaCl2·2H2O) and their interactions on the THF degradation efficiency are represented, meanwhile, the optimum
values of THF degradation can be determined. The three-

3.3 Model validation

Based on the medium optimization, the quadratic model
predicted that the maximum THF degradation efficiency of
P. oleovorans DT4 was up to 58.7%, at 5 mM initial THF
concentration in the optimized medium containing (per
liter of distilled water) 4.5 g Na2HPO 4·12H 2O, 1.0 g
KH2PO4, 3.5 g NH4Cl, 0.35 g MgSO4·7H2O, 0.02 g
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CaCl 2·2H 2O, and 1 mL vitamin solution at pH 7.88.
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Error =

actual value − predicted value
actual value

In the past decades, a few microorganisms have been
reported that can utilize THF as the sole carbon and energy
source. But it takes a relatively long time to completely
5

Residual THF conc. (mM)

verify the predicted results, validation experiment was performed in triplicate tests. As seen in Figure 5, strain DT4
completely degraded 5 mM THF within 9 h when cultured
in the optimized medium, meanwhile the THF degradation efficiency was 57.4% on 6 h, which was almost 1.64fold of that under the initial culture conditions. Mohajeri
[26] reported that the validation of experiments could be
judged statistically by the standard deviation and per cent
error and errors between predicted and actual values according to the following equation (3):

× 100 (3)

The Error value of 2.26% filled with 5%, indicating
that the process optimization by CCD was capable and reliable to optimize THF biodegradation.
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Time (h)
FIGURE 5 - Experimental validation of the optimum condition (■)
identified from the RSM compared with the original conditions (▲).

2462

© by PSP Volume 20 – No 9a. 2011

Fresenius Environmental Bulletin

Another aliquot of THF was added at around 90% of biodegradadata are the average of triplicate samples with the standard deviation of THF (for 5 mM). The initial culture density and THF contions (error bars) given.
centration in each bottle were 3.22 mg/L and 5 mM, respectively. All
TABLE 4 - THF biodegradation by various microorganisms described in the literature
Initial
THF
(mM)
7.5

Microorganism

Medium

Rhodococcus strain 219

MSM

Pseudonocardiaceae CB1190
Pseudonocardia sp. strain K1
Pseudonocardia sp. strain
M1/ M2
Cordyceps sinensis strain A
Pseudonocardia sp. strain
ENV478
Rhodococcus sp. YYL

BSM
MSM
Synthetic
wastewater
BSM
BSM

10
-

Pseudomonas oleovorans
DT4

Efficiency of degradation/ Generation Tolerance
Reference
maximal degradation rate time (h)
(mM)

Inoculum
-a

-

10

0.09 (D1)
-

28.5 mg THF/
(h·g dry weight)
-

11
14
-

60
11.1

Bernhardt and
Diekmann [10]
Parales et al. [11]
Kohlweyer et al. [12]
Daye et al. [13]

34
0.35

unkown

96%/3 d
63 mg /h/g TSS

-

-

Nakamiya et al. [14]
Vainberg et al. [15]

BMM with
0.06 g/L yeast
extract
unoptimized

6

0.08 (D2)

137.6 mg THF/
(h·g dry weight)

11.2

200

Yao et al. [16]

5

3.22

2.7

100

Chen et al. [17]

optimized

5

3.22

203.9 mg THF/
(h·g dry weight)
317.2 mg THF/
(h·g dry weight)

-

-

this study

a

“-”: not mentioned
D1, D2: biomass were monitored at 578 nm and 560 nm respectively by spectrophotometer

remove THF, that is to say, the degrading efficiency is relatively low, for the medium used for THF degradation by
these isolates have almost been inherited from other studies. In addition, there are knowledge gaps regarding for
optimizing the culture conditions to accelerate THF removal; only one reported study [16] has attempted to enhance the THF degradation rate by screening the interactive effects of different culture conditions, including the
initial medium pH and the concentration of K2HPO4·3H2O,
NH4Cl and yeast extract. Throughout the previous investigations, the maximum THF degradation rate in Rhodococcus sp. YYL increased to 137.6mg THF/(h·g dry weight)
under the optimized medium [16], which was nearly fives
times that by the first reported THF-degrading microorganism, Rhodococcus strain 219, whose degradation rate was
28.5 mg THF/(h·g dry weight) [10]. During our previous
investigation with P. oleovorans DT4 cultured in unoptimized medium at 30°C, the maximum THF degradation
rate of DT4 was superior to that of Rhodococcus sp. YYL
and reached 203.9 mg THF/(h·g dry weight) [17]. Subsequently, the maximum THF degradation rate of DT4 increased to 253.8 mg THF/(h·g dry weight) under the original medium modified from the literature [17] on the basis
of the single-factor test results. Such result was a convincing verification in the importance of culture condition optimization. Since the modified medium was just a simple
combination of the optimal single-factors that were lack in
describing the effect of interaction between different factors, the interactive effect of the major variables affecting
the performance of the culture needed to be further investigated. When cultured in the optimized medium derived
from RSM, the isolate P. oleovorans DT4 reached a higher
THF-degrading activity with 317.2 mg THF/(h·g dry
weight), indicating that the optimization of culture condi-

tions greatly accelerated the THF degradation. According
to Table 4 which presented a comparison between P. oleovorans DT4 and other THF-degrading strains, P. oleovorans DT4 shows a great potential in THF biodegradation
for the isolate bears the highest THF degradation rate.
3.4. Fed-batch study

Biodegradation of THF under fed-batch conditions was
also shown in Figure 5. It described that the repetitive degradation of THF could proceed for only 4 cycles when carried
out in the original medium. However, no significant biodegradation was observed after the fourth addition, likely
due to nutrient limitation [28]. But when cultured in the
optimized medium, the repetitive degradation of THF could
proceed for more than 5 cycles with less time, probably for
the adequate nitrogen and magnesium nutrition. And time
taken for biodegradation before the first addition was 9 h
whereas it was only 6 h after the 1st addition, even reducing time to 5 h in the 3rd and 4th cycles. From 5th cycle up to
last cycle, the degradation efficiency gradually decreased,
while more time was required for degradation. Repeated
addition of THF to the medium reduces the degradation
efficiency, might due to the culture entering into the stationary phase and subsequently into the death phase, resulting in the inhibition of enzyme systems gradually [29].
However, all the observations showed that the optimized
medium was more helpful for multiple biodegradation cycles.
4. CONCLUSIONS
From the significant model and mathematical evaluation, RSM approach proved to be a very useful and accu-
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rate methodology to optimize the best culture conditions for
achieving high THF degradation efficiency of P. olevorans
DT4. In this study, the value of the determination coefficient (R2 = 0.91) demonstrated that the negligible parts of
total variations were not explained by the quadratic model
constructed from the total 30 experiments. The final composition of the optimized culture conditions was as follows (per liter of distilled water): 4.5 g Na2HPO4·12H2O,
1.0 g KH2PO4, 3.5 g NH4Cl, 0.35 g MgSO4·7H2O, 0.02 g
CaCl2·2H2O and 1 mL vitamin solution at pH 7.88. These
optimized conditions were further experimentally validated
and significantly improved THF degradation, as well as increased the repetitive cycles of THF degradation compared
to the original conditions in the fed-batch cultivation. The
optimum culture medium obtained in these experiments has
provided a basis for further study with batch or fed-batch
cultivation in a bioreactor for the degradation of THF in
dilute industrial effluents.
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ON ALKALINE PHOSPHATASE ACTIVITY IN VITRO
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ABSTRACT
The inhibition kinetic parameters of 2,4-dichlorophenol (2,4-DCP) and 2,4,6-trichlorophenol (2,4,6-TCP) on
bovine intestinal mucosa alkaline phosphatase (ALP) activity were studied by spectrophotometry. Both 2,4-DCP and
2,4,6-TCP inhibited ALP activity in a concentration dependent manner, and the 50% inhibitory concentration (IC50)
was estimated to be 11.45 mM for 2,4-DCP and 10.20 mM
for 2,4,6-TCP, respectively. The apparent Michaelis–Menten constant (Km) and apparent maximum reaction rate
(Vmax) for the hydrolysis of 4-Nitrophenyl phosphate disodium salt hexahydrate (p-NPP) was found to be 0.124 mM
and 1.80 µM·min-1, respectively. Both values of Km and
Vmax decreased distinctly in the presence of 2,4-DCP and
2,4,6-TCP. Lineweaver–Burk plots indicated that the nature of the inhibition was of an uncompetitive type. Kinetic
analysis indicated that the values of the inhibition constant (Ki) were estimated to be 9.93 mM for 2,4-DCP and
8.36 mM for 2,4,6-TCP. Therefore, 2,4,6-TCP showed a
stronger inhibition effect on ALP activity and displayed a
higher affinity for the enzyme–substrate complex than
2,4-DCP.

KEYWORDS: 2,4-dichlorophenol, 2,4,6-trichlorophenol, alkaline
phosphatase, inhibition, kinetics, uncompetitive inhibitor.

1. INTRODUCTION
Chlorophenols are extensively used as preservative
agents, pesticides, antiseptics, disinfectants and in a variety of industrial applications [1-2]. 2,4-DCP is used primarily as an intermediate in the production of the herbicide
2,4-dichlorophenoxyacetic acid and other herbicides. 2,4,6TCP is widely used in the manufacturing of antiseptics,
bactericides, fungicides, wood and glue preservatives. Both
2,4-DCP and 2,4,6-TCP have been designated as priority
pollutants by the Environmental Protection Agency [3].

2,4,6-TCP is also regarded to be a potential carcinogen [4].
Chlorophenols are the focus of extensive research in ecotoxicology and environmental chemistry. A great deal of research has been done on their toxicity and their degradation [5-8].
Alkaline phosphatase (ALP, EC 3.1.3.1) are nonspecific phosphohydrolases that are found in many organisms from bacteria to mammals [9]. In living organisms
ALP activity serves a variety of essential functions which
include nutrition, phosphate metabolism, intracellular signalling as well as modification and transport of metabolites
across biological membranes. In mammals, ALP is a particularly ubiquitous enzyme that is very important in physiological functions and medical diagnosis [10]. Both the structure and catalytic characterization of ALP have been widely
studied and reviewed [11-13]. The inhibition mechanism of
ALP from Escherichia coli by L-phenylalanine was
demonstrated to be of an uncompetitive type [14-15],
and that of human placental and germ-cell ALP by L-Leu
and L-Phe was also found to be uncompetitive [16]. Moreover, the non-competitive inhibition of ALP from Escherichia coli by okadaic acid was demonstrated by
Meštrović and Pavela-Vrančić [17].
However, kinetics of ALP inhibition by 2,4-DCP and
2,4,6-TCP have not been elucidated. In this study, the inhibition kinetics of 2,4-DCP and 2,4,6-TCP on bovine intestinal mucosa ALP were investigated in vitro. This research aims to elucidate the toxicological effect of chlorophenols on ALP and to provide a more accurate estimate
of its toxicity and availability.
2. MATERIALS AND METHODS
2.1. Chemicals and Solutions

Alkaline phosphatase (ALP, ≥10 DEA units/mg solid,
from bovine intestinal mucosa) and 4-nitrophenyl phosphate disodium salt hexahydrate (p-NPP, ≥ 99.0%, enzymatic, used as substrate) were purchased from Sigma–
Aldrich Inc (St. Louis, USA). Tris base (> 99.9%, ultra
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TABLE 1 - Procedure for the determination of ALP activities

Sequence of Solution Addition

Final Concentration
Control System
(Without Inhibitor)
0.1 M, pH 9.8
0.20 to 0.64 mM
2 mM
–

System treated with chlorophenols
(With Inhibitora)
0.1 M, pH 9.8
0.20 to 0.64 mM
2 mM
2.0 to 20 mM

Tris-HCl buffer
p-NPP
MgCl2
inhibitor a
Equilibrate at 37℃ for 5 min, then add:
ALP
0.60 nM
Determination of the absorbance of p-nitrophenol in the reaction mixture for 15 min at 37 ℃.
a
2,4-DCP or 2,4,6-TCP.

pure grade) was purchased from Amresco Inc (Solon,
USA). 2,4-DCP and 2,4,6-TCP (analytical grade) were purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). All other reagents were of analytical
grade. Ultra-pure water (18.2 MΩ·cm) was used throughout experiments.
A 5.0×10-5 M ALP stock solution was prepared in 0.1 M
Tris-HCl buffer solution (pH 9.8) and kept at -20℃, the
desired ALP concentration for the experiment was obtained
by diluting the stock solution with Tris-HCl buffer solution. A 0.1 M p-NPP stock solution was also prepared in
0.1 M Tris-HCl buffer solution (pH 9.8) and kept at 4℃.
The desired p-NPP concentration was also obtained by
diluting the stock solution with Tris-HCl buffer. A 0.01 M
2,4-DCP and 0.01 M 2,4,6-TCP stock solution was prepared in anhydrous ethyl alcohol. The desired concentration for the experiment was obtained by diluting the stock
solution. A 0.1 M MgCl2 solution was prepared in ultrapure water.
2.2. Assay of ALP activity

ALP activity was measured spectrophotometrically at
405 nm based on formation of yellow colour from p-nitrophenol produced by hydrolysis of p-NPP in alkaline solution at 37℃ [18]. In our experiment, the assay for ALP
activity was carried out at 37℃ for 15 min employing
0.40 mM p-NPP in 0.1 M Tris buffer (pH 9.8) containing
2 mM MgCl2 ( used as activator). The absorbance of pnitrophenol in the reaction mixture was continuously measured spectrophotometrically at 405 nm using a SP-723C
spectrophotometer (Shanghai, China) equipped with a 1 cm
cell and a SDC-6 thermostat bath (Ningbo, Zhejiang). To
achieve temperature equilibration, the mixture was added
into the colorimetric tube and was incubated for 5 min
prior to addition of ALP solution. The exact procedure is
given in Table 1.
The p-NPP concentration for measuring IC 50 was
0.40 mM, and in experiments determining Michaelis–
Menten constants and inhibition constants was varied from
0.20 to 0.64 mM. Each assay was made in triplicate. The
relatively activity of ALP in the presence of inhibitor was
calculated as follows:

Relatively Activity (%) =

0.60 nM

A
× 100%
Acontrol

(1)

Where, A is the absorbance in the presence of inhibitor; Acontrol is the absorbance in the absence of inhibitor.
2.3. Computation of kinetic parameters

Michaelis–Menten constants (Km) were determined by
Lineweaver–Burk plots, using initial velocities obtained
over a substrate concentration range of 0.20 to 0.64 mM.
The initial reaction velocity of p-NPP hydrolysis was
defined as the change in product concentration with reaction time, and it was calculated as follows:

v=

A
× 10 3
ε •b•t

(2)

Where, ν is the hydrolysis reaction rate, µM·min-1; A is
the absorbance of p-nitrophenol produced by hydrolysis of
p-NPP at 405 nm; ε is the absorption coefficient of p-nitrophenol at 405 nm, it was determined to be 19.7 mM-1·cm-1
under the experiment condition of 37℃ and pH 9.8 in our
study; b is the length of absorption cell, cm; t is the reaction time, min.
The kinetic constants were estimated from Lineweaver–
Burk plots of l/v against 1/[S], lines being fitted to the experimental points by the method of least squares. The inhibition constants (Ki) were derived from plots of reciprocal apparent Michaelis–Menten constant versus inhibitor
concentration.
3. RESULTS AND DISCUSSION
3.1. Estimation of IC50

The concentration of inhibitor that inhibits 50% of enzymatic activity, IC50, was determined by plotting percentage residual activity and percentage inhibition versus
concentration of inhibitor [19]. In our investigation，IC50
was determined at fixed substrate concentration (p-NPP
4.0× 10-4 M) and fixed enzyme concentration (ALP 6.0×
10-10 M). IC50 was estimated by plotting percentage residual activity and percentage inhibition versus the concentration of 2,4-DCP (Figure 1(a)) and 2,4,6-TCP (Figure
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1(b)). As shown in Figure 1, IC50 was found to be 11.45 mM
for 2,4-DCP and approximately 10.20 mM for 2,4,6-TCP.
The lower value of IC50 means stronger inhibition, hence,
the inhibitory effect of studied chlorophenols on ALP activity follows the pattern: 2,4,6-TCP > 2,4-DCP.
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FIGURE 2 - Lineweaver–Burk plots of ALP activity in the absence
and presence of 2,4-DCP (a) and 2,4,6-TCP (b).
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[TCP] / mM
FIGURE 1 - Inhibition of ALP activity as a function of chlorophenols
concentration. (a) 2,4-DCP; (b) 2,4,6-TCP
3.2. Determination of kinetic parameters

Reversible enzyme inhibitors have been classified as
competitive, uncompetitive, non-competitive or mixed, according to their effects on Km and Vmax. The reversible inhibition type can be determined by the Lineweaver–Burk
plot (double reciprocal plot) as follows [20]:

1 Km
1
1
=
•
+
v Vmax [ S ] Vmax

-3

(3)

Where, v is reaction rate, Km is Michaelis–Menten
constant, Vmax is maximum reaction rate, and [S] is the substrate concentration. Plots of 1/v versus 1/[S] in the absence
and presence of chlorophenols are shown in Figure 2, and
the kinetic constants, Km and Vmax obtained by fitting the
data to the Lineweaver–Burk plot are displayed in Table 2.

TABLE 2 - The kinetic parameters of ALP inhibited by 2,4-DCP
and 2,4,6-TCP
Vmax
(µM·min-1)
Control System
0.124
1.80
5.0 mM
0.085
1.26
2,4-DCP
7.5 mM
0.073
1.06
10.0 mM
0.063
0.91
5.0 mM
0.078
1.15
2,4,6-TCP
7.5 mM
0.066
0.96
10.0 mM
0.057
0.82
* Ki was calculated from plots of 1/K′m versus [I].
Kinetic Parameters

Km (mM)

Ki * (mM)
–
9.93

8.36

When used for determining the type of enzyme inhibition, the Lineweaver–Burk plot can distinguish competitive,
non-competitive and uncompetitive inhibitors. From Figure 2, it can be seen that Lineweaver–Burk plots in the
presence of 2,4-DCP and 2,4,6-TCP are straight lines parallel to those obtained in the absence of inhibitor, but with a
higher y-intercept. The value of Km and Vmax for the hydrolysis of p-NPP by bovine intestinal mucosa ALP, estimated from the Lineweaver–Burk plot was 0.124 mM
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and 1.80 µM·min-1 for the control system, respectively,
while both Km and Vmax decreased in the system treated
with chlorophenols (Table 2). This indicates that the inhibition of bovine intestinal mucosa ALP by 2,4-DCP and
2,4,6-TCP is of an uncompetitive type. Therefore, both
2,4-DCP and 2,4,6-TCP acted as uncompetitive inhibitors
of ALP, which means that the chlorophenols could bind
to the enzyme–substrate (ES) complex and caused a reduction of ALP activity.
In the present study, uncompetitive inhibition of bovine intestinal mucosa ALP by 2,4-DCP and 2,4,6-TCP
was similar to uncompetitive inhibition of Escherichia
coli ALP by L-phenylalanine [14-15] and human placental and germ-cell ALP by L-Leu and L-Phe [16], while it
is different to non-competitive inhibition of ALP from
Escherichia coli by okadaic acid [17]. The Km value, which
depends on the catalytic reaction conditions and the type
of substrate, for bovine intestinal mucosa ALP with pNPP as substrate was found to be near to the value for bone
ALP with β-naphthyl phosphate (0.110 – 0.118 mM) [21]
and the value for intestinal ALP with p-nitrophenyl phosphate (0.1 mM) as substrate [22], but it was larger than
the value for calf intestinal ALP with p-nitrophenyl phosphate at pH 8.5 (0.036mM) [14].
Since the inhibition type is uncompetitive, the apparent Michaelis–Menten constant, is given by the following
equation [23]:

K mʹ′ =

Km
[I ]
1+
Ki

bition of ALP by chlorophenols (2,4-DCP and 2,4,6-TCP)
may be induced by reversible binding of the phenolic hydroxyl group binding to the active-site Zn2+ ion 1, and interferance with the hydrolysis of the phosphoenzyme intermediate, thereby, causing the decrease in ALP activity.
4. CONCLUSIONS
In conclusion, the present data indicate that both 2,4DCP and 2,4,6-TCP act as uncompetitive inhibitors of ALP
activity. Inhibition effects can be caused by binding to the
enzyme–substrate complex. Compared with 2,4-DCP, 2,4,6TCP shows a stronger inhibition effect on ALP activity and
displays a higher affinity for the enzyme–substrate complex.
The results presented here may provide a useful database
for future investigations of the toxicological mechanisms
of representative chlorophenols. However, more detailed
experiments will be required to provide further insight as
to how chlorophenols cause damage in organisms.
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ABSTRACT

KEYWORDS: Anthoxanthum odoratum, A. aristatum, N:P, N:K,
morphological traits.

Anthoxanthum odoratum is a small tussock grass,
which grows abundantly on a wide scale in numerous
habitats, from mesotrophic and eutrophic fens and wet
grasslands, forests, to dry grasslands and swards. In contrast, A. aristatum is characterised by a narrow ecological
scale, and occurs mostly in oligotrophic, segetal habitats,
rarely on sandy road sides. This specificity caused that in
some regions in Central Europe, the species is observed to
disappear from certain sites. The effect of habitat parameters on Anthoxanthum odoratum and A. aristatum occurrence and distribution was analysed in west-central and
northern Poland. Additionally, variability of morphological traits of the examined grasses in different types of
habitats was studied. Habitat conditions and morphological traits of Anthoxanthum odoratum and A. aristatum were
analysed in different types of habitats. The study on A.
odoratum included three types of habitats, i.e. forest, grasslands and fallow lands, while A. aristatum was analysed in
segetal habitats (arable land), forest and fallow lands. In
total, 22 populations of Anthoxanthum odoratum and A.
aristatum were studied. In our experiments, A. odoratum
and A. aristatum were generally associated with a high
range of N concentrations in soil. Anthoxanthum aristatum
usually grows in sites with low nitrogen concentrations,
except for coniferous forest habitat where N concentrations were high and comparable to the concentrations
found in forest sites with A. odoratum. Our study suggests
that phosphorus plays the most important role in plant
distribution and growth of Anthoxanthum species. This
factor seems to play a more important role in the spread
of Anthoxanthum species and their competitiveness than
nitrogen concentrations in the soil. Stoichiometric indices,
N:P and N:K ratios, strongly correlated with plant species
traits and well characterised habitats.

* Corresponding author

1. INTRODUCTION
In the Polish flora the genus Anthoxanthum L. is represented by three species: A. odoratum L. s.s., A. alpinum
Á. Löve & D. Löve and A. aristatum Boiss. Anthoxanthum
odoratum (Sweet Vernal Grass) is a eurybiont, broadly distributed Eurasian species, a common perennial, deciduous,
tussock-forming grass [1, 2]. In North America and Australia, it is classified as an invasive species [3, 4], whereas
in Europe it is considered to be a native species, widely
distributed. Anthoxanthum odoratum grows abundantly on
a wide scale in numerous habitats, from mesotrophic and
eutrophic fens and wet grasslands, forest, to dry grasslands and sward. Apart from natural habitats, this species
has adapted to habitats destroyed by human activities (road
sides, waist land, etc.). It is an euapophythic species – native, fully adapted to conditions in habitats created and
sustained as a result of human activities. The wide ecological range of Anthoxanthum odoratum is confirmed by the
fact that this species is characterised by good growth in
various trophic conditions, observed in controlled conditions [5].
Anthoxanthum aristatum (Annual Vernal Grass) is
characterised by a narrow ecological scale, and occurs
mostly in oligotrophic, segetal habitats, rarely on sandy road
sides. This specificity caused that in some regions in Central Europe (especially Germany), the species is observed
to disappear from certain sites [6]. In Poland, A. aristatum
entered at the end of the 19th century from the west, almost simultaneously via Silesia and Pomerania [7, 8].
In the following decades, it spread across central Poland towards the eastern border of the country, reaching it
in the last decade (Fig. 1) [9, 10]. Currently, Anthoxanthum
aristatum is in a chorological phase of expansion [11] and
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Zielonka Primeval Forest, and Poznań, Ostrów Wlkp,
Szczecinek surroundings) (Fig. 2). A more detailed description of the studied sites can be found in Table 1.
2.2. Habitat study

Soil samples were collected in sites with dominance
of Anthoxanthum species. Five soil samples were taken
randomly from soil depths of 0–10 cm on each plot. Soil
samples were obtained by using a 100 cm3 (5-cm diameter) core sampler. Each sample was divided into two
subsamples. One of the subsamples was frozen immediately for further analyses, and the second one was dried.
Dried material was saved for chemical analysis.

FIGURE 1 - Distribution of Anthoxanthum aristatum in Poland [10].

has achieved the status of an epecophyte, i.e. a species of
foreign origin which occupies only sites created by man
and which remains under constant and strong human pressure [12].

Total soil nitrogen, phosphorus and potassium concentrations were determined with a Kjeldahl procedure [17].
The N and P concentrations of the diluted digested material were determined colorimetrically on a Srecord 40, and
the K concentration with flame emission spectroscopy, on a
Sherwood Model 425. The pH in soil pore water was
measured with a standard KCl pH-electrode. In the frozen
samples, nitrate and ammonium contents were determined
using Bremner methods [17]. N:P and N:K ratios were
determined based on total N and P concentrations in soil.

These species are characterised by a changing ecological scale, although in the literature [13] and in nature
(Drapikowska et al., field observation) hybrids between A.
odoratum and A. aristatum have been observed. However,
site conditions accompanying the spread of such hybrids,
even these species, have not been well recognized. The
distribution and environmental conditions of Anthoxanthum grasses have been analysed in Europe [14, 15], although these conditions are not known in Poland.
The aim of the study was to analyse the effect of habitat parameters on Anthoxanthum odoratum and A. aristatum
occurrence, and to test variability of morphological traits of
the examined grasses in different types of habitats.

2. MATERIAL AND METHODS
2.1. Site selection

The study was carried out in Wielkopolska and Pomerania regions, in the west-central and northern parts of
Poland, during flowering of grasses, from June to August
2009. Habitat conditions and morphological traits of Anthoxanthum odoratum and A. aristatum were analysed in
different types of natural habitats. The study on A. odoratum included three types of habitats, forest, grasslands and
wasteland, while A. aristatum was analysed in arable land
(segetal habitats), forest and wasteland. In total, 22 populations of Anthoxanthum odoratum (14 populations) and
A. odoratum (8 populations) were studied in north-west
Poland (the Notecka Primeval Forest, Nowy Tomyśl Sandr,

FIGURE 2 - Distribution of sampling sites with A. odoratum and
A. aristatum.
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TABLE 1 - Sampled populations of Anthoxanthum odoratum (A.o.) and A. aristatum (A.a.).
Site

Geographic position

Jasionna 1

N 52º46`42.6`` E
16º27`05.5``
N 52º47`17.6`` E
16º26`27.7``
N 52º10`58.9`` E
16º05`05.1``
N 52º12`29.2`` E
16º04`31.9``
N 52º28`08.1`` E
16º55`33.5``
N 52º28`12.7`` E
17º01`55.2``
N 53º46`09.2`` E
16º29`23.3``
N 52º12`26.1`` E
16º04`36.1``
N 52º00`22.8`` E
16º06`28.1``
N 52º12`24.2`` E
16º04`38.3``
N 52º09`27.5`` E
16º07`29.6``
N 51º33`19.7`` E
17º42`15.5``
N 52º27`58.5`` E
16º55`19.8``
N 52º52`08.6`` E
16º14`41.3``
N 52º52`35.4`` E
16º14`19.7``
N 52º46`39.6`` E
16º26`35.8``

Jasionna 5
Ruchocki Młyn 1
Nowa Tuchorza 3
Poznań 2
Kicin
Storkowo
Nowa Tuchorza 2
Ruchocki Młyn 2
Nowa Tuchorza 1

Map
number
4

Date of
sampling
21.05.2009

Habitat

Dominant species

pine forest

8

21.05.2009

pine forest

15

14.05.2009

pine forest

12

14.05.2009

pine plantation

18

07.07.2009

pine plantation

19

07.07.2009

fallow-land

1

25.08.2009

fallow-land

14

14.05.2009

16

29.05.2009

the edge of a
pine plantation
wet meadow

11

14.05.2009

13

07.07.2009

22

04.07.2009

20

07.07.2009

2

21.05.2009

3

22.05.2009

6

21.05.2009

A.o., Deschampsia flexuosa, Juniperus communis,
Pinus sylvestris
A.o., Deschampsia flexuosa, Pinus sylvestris,
Vacinium myrtillus
A.o., Deschampsia flexuosa, Pinus sylvestris,
Vaccinium myrtillus
A.o., Deschampsia flexuosa, Festuca ovina, Pinus
sylvestris
A.o., Calamagrostis epigejos, Padus serotina,
Pinus sylvestris
Anthemis arvensis, A.a., Apera spica-venti, Stellaria media
Achillea millefolium, A.o., Gnaphalium sylvaticum, Holcus mollis,
A.a., Corynephorus canescens, Erophila verna,
Spergula morisonii
Agrostis stolonifera, A.o., Hydrocotyle vulgaris,
Ranunculus flammula
A.a., Erophila verna, Spergula morisonii, Teesdalea nudicaulis
Anthemis arvensis, A.a., Centaurea cyanus, Viola
arvensis
A.a., Centaurea cyanus, Scleranthus annuus,
Viola arvensis
A.a., Apera spica-venti, Vicia villosa, Viola arvensis
A.a., Scleranthus annuus, Spergula morisonii,
Teesdalea nudicaulis
A.a., Spergula morisonii, Teesdalea nudicaulis,
Viola arvensis
A.o., Entodon schreberi, Teesdalea nudicaulis,
Veronica officinalis

Jasionna 4

N 52º46`39.8`` E
16º26`35.3``

7

21.05.2009

Debrznica

N 52º15`52.7`` E
15º03`36.7``

10

29.05.2009

Poznań 1

N 52º28`04.1`` E
16º55`36.5``
N 52º46`51.6`` E
16º.27`59.3``
N 52º45`35.3`` E
16º27`47.5``
N 52º27`54.2`` E
16º55`23.4``

17

07.07.2009

arable land; in
rye crops
arable land; in
rye crops
arable land; in
rye crops
arable land; in
rye crops
arable land; in
rye crops
arable land; in
rye crops
roadside
in coniferous
forest
roadside
in coniferous
forest
roadside
in coniferous
forest
forest roadside

5

21.05.2009

dry meadow

9

21.05.2009

dry meadow

21

07.07.2009

dry meadow

Barłożnia
Świeca
Poznań
Wrzeszczyna 1
Wrzeszczyna 2
Jasionna 3

Jasionna 2
Jasionna 6
Poznań 3

2.3. Morphometric traits

The plant material of A. odoratum and A. aristatum was
collected from each study site. Out of each population, 3035 tufts were collected for morphometric studies. From
the 24 analysed traits of generative organs [18], the five
traits best differentiating populations of A. odoratum and
A. aristatum were selected for the present study (Table 2).
2.4. Statistical analyses

Analyses of environmental databases were initiated by
testing the distribution of environmental variables, using
the W-value according to Shapiro-Wilk criteria [19]. To
assess the normal distribution, most of the variables were

Achillea millefolium, A.o., Deschampsia flexuosa,
Entodon schreberi
A.o., Deschampsia flexuosa, Festuca ovina,
Veronica officinalis
Achillea millefolium, A.o., Hieracium pilosella,
Medicago lupulina
A.o., Deschampsia caespitosa, Holcus lanatus,
Poa pratensis
A.o., Holcus lanatus, Poa pratensis, Potentilla
anserina
A.o., Deschampsia caespitosa, Potentilla anserina, Poa pratensis

transformed, mainly through square root or logarithmic
conversion (Table 3). To test differentiation of environmental
TABLE 2. List of morphometric traits of Anthoxanthum odoratum
and A. aristatum used in the present study.
Trait number
panicle
1
2
3
spikelet
4
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5

Traits’ description
panicle length
number of nodes in a panicle
length of the fifth internode
length of a spikelet on the second branching from a
panicle top
number of spikelets on the second branching from a

© by PSP Volume 20 – No 9a. 2011

Fresenius Environmental Bulletin

panicle top
TABLE 3 - Variables recorded in the soil database.
Parameter

Units
Habitat parameters
mg N·g-1soil
mg P·g-1soil
mg K·g-1soil
-

1.
2.
3.
4.
5.

Nitrogen
Phosphorus
Potassium
N:P
N:K

6.

Ammonium

mg N-NH4+ ·100g-1soil

7.

Nitrate

mg N-NO3- ·100g-1soil

8.

pH

-

factors between species and habitat types, an analysis of
variance (ANOVA) was performed. Additionally, a
factor analysis (principal component analysis – PCA) was
used to uncover the structure of environmental matrices
and reveal directions of ecological variability. Principal
components, revealed within the PCA analysis, were used
with canonical correspondence analysis (CCA) as selected
environmental variables against the selected morphometric traits of Anthoxanthum species [20]. All statistical analyses were performed using Statistica [19] and CANOCO
[21] software.

3. RESULTS
Principal component analysis (PCA) yielded a simplified habitat description of the analysed matrix. Primary
components PCA1 and PCA2 explained altogether 75.83%
of total variation, of which the former factor described
41.72% and the second one 34.11% of variation (Fig. 3).
Table 4 presents the principal components and their corresponding eigenvalues after varimax rotation.

FIGURE 3 - Graphic picture of the principal component analysis
based on soil parameters for A. odoratum s.s. and A. aristatum populations from different habitats.
Abbreviations: A. odoratum, 1 – forest, 2 – grassland, 3 – wasteland; A.
aristatum, 4 – arable land, 5 – forest, 6 – wasteland. Full names of
environmental variables are given in Table 2.

Transformation

Shortcode

ln (x+1)
ln (x+1)
ln (x+1)
ln (x+1)
ln (x+1)

N
P
K
NP
NK

x
x
ln (x+1)

N-NH4
N-NO3
pH

TABLE 4 - Correlation coefficients between six parameters and first
two principal components (PCA1 and PCA2). Values given in boldface are statistically significant at the level p<0.01.
Parameter
mg N·g-1soil
mg P·g-1soil
mg K·g-1soil
N:P
N:K
pH
Variance explained
% of total variance explained

Values of principal components
1
2
0.82
-0.26
-0.75
0.03
0.67
0.62
0.87
-0.25
0.11
-0.90
-0.17
-0.84
2.50
2.05
41.72
34.11

The first principal component was strongly associated
with nitrogen (positively, r=0.82) and phosphorus (negatively, r=0.75) concentrations in the soil; therefore it can
be defined as the gradient indicating nutrient availability
to plants. It is most strongly, positively associated with
the stoichiometric index N:P (r=0.97). The second principal component extracted was strongly related to pH (r=
0.84) and the N and K concentration ratio (r=0.90).
Significant differences between habitat components for
A. odoratum and A. aristatum were found with respect to
nutrient concentrations, particularly phosphorus and nitrogen (Table 5). Anthoxanthum odoratum occurred at the
site with low phosphorus content in the soil (2.26 mg P·g1
± 1.70) compared to the site characteristic for A. aristatum (6.21 mg P·g-1±3.72) (Fig. 4, 5). Nitrogen concentrations varied from 2.10 to 66.61 mg N·g-1 in sites with
A. odoratum (average 19.24 mg N·g-1) and from 6.13 to
13.30 mg N·g-1 in sites with A. aristatum (8.74 mg N·g-1).
The highest variation and biggest values were noted in
sites with A. odoratum (Fig. 4).
Stoichiometric indices of nitrogen and phosphorus concentration ratios in the soil showed significant species preferences for different nutrient availability. These differences were statistically significant between analysed species and between tested habitats (Table 5). N:P ratio effects
were much stronger than the main effects (higher F-ratios
in Table 5), i.e. variations of N:P ratios were lower than N
and P concentrations. N:P ratios ranged from 0.4 to 47.7 for
A. odoratum and from 0.6 to 25.7 in sites characteristic for
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A. aristatum (Fig. 6). No significant differences in potassium

concentrations were found between the studied species

TABLE 5 - Analysis of variance of environmental factors between species and habitat types.
Full names of environmental variables and type of transformations are given in Table 3.
Species
Variable
df
F
p
N
1
6.11
0.016
P
1
20.14
0.000
K
1
0.00
0.993
N:P
1
18.16
0.000
N:K
1
2.59
0.112
N-NH4
1
7.07
0.010
N-NO3
1
21.36
0.000
pH
1
1.26
0.267
Level of significance * p<0.05; ** p<0.01; *** p<0.001

Sig.
*
***
***
*
***

df
2
2
2
2
2
2
2
2

A. odoratum
F
p
7.35
0.002
2.58
0.089
2.60
0.086
7.54
0.002
11.57
0.000
12.83
0.000
2.75
0.078
10.55
0.000
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Sig.
**

**
***
***
***

df
2
2
2
2
2
1
1
1

A. aristatum
F
p
13.12
0.001
9.42
0.003
3.73
0.050
17.44
0.000
1.70
0.219
2.25
0.178
1.15
0.319
6.18
0.042

Sig.
**
**
***

*
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FIGURE 4 - Variability of environmental parameters among different habitat types with Anthoxanthum odoratum. Types of habitats: 1 –
forest, 2 – grassland, 3 – wasteland. The plot indicates mean value ±standard error and ±1.96 standard error. Full names of variables and
their description are in Table 3.

FIGURE 5 - Variability of environmental parameters among different habitat types with Anthoxanthum aristatum. Types of habitats: 4 –
arable land, 5 – forest, 6 – sward. The plot indicates mean value ±standard error and ±1.96 standard error. Full names of variables and their
description are in Table 3.

species (3.34±2.82 A. odoratum, 2.89±2.40 A. aristatum).
Also, N:K did not show significant differences of the
analysed sites between the two grasses; however, significant variability was observed between the analysed habitats with A. odoratum (Table 5, Fig. 7). Nitrate concentrations at the highest standing stock were higher in the
habitat where A. odoratum was growing (0.31±0.15) than
at the site where A. aristatum was growing (0.14±0.03).

Further analyses of nutrient concentrations indicate significant differences between the studied habitats of tested
species (Table 5). In grasslands covered by A. odoratum,
nitrogen concentrations were significantly higher compared
to other habitats (forest and wasteland) (Table 5, Fig. 4). A
similar pattern was observed at the site with A. aristatum
(Table 5, Fig. 5). In forest, nitrogen concentrations were
significantly higher in relation to wasteland and arable
land.
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The P concentrations at the site with A. aristatum were
highest in the wasteland in comparison with arable fields
and forest (Table 5, Fig. 5). However, significant changes

of P concentrations in soil with A. odoratum between the
analysed habitats were not detected. Also, potassium did

FIGURE 6 - Relationships between N concentrations and P concentrations in the soil among different habitat types with Anthoxanthum
odoratum (Aa) and A. aristatum (Ao).

FIGURE 7 - Relationships between N concentrations and K concentrations in the soil among different habitat types with Anthoxanthum
odoratum (Aa) and A. aristatum (Ao).

not show significant differences between analysed habitats. However, N:K concentration ratio indicated an influence of K on N concentrations in soil with A. odoratum
(Fig. 4, 7).
The most significant variations among tested habitats
were observed in the N:P ratio (Table 5, Fig. 6). A. aristatum

preferred sites with high N:P ratio in comparison with the
wide range of occurrence of A. odoratum. The smallest
N:P and N:K ratios were found in wasteland (N:P – 5.76
A. odoratum, 0.67 A. aristatum) and forest (N:K – 6.03 A.
odoratum and 2.69 A. aristatum), respectively (Fig. 6, 7).
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Forms of nitrogen: ammonium and nitrate, as well as
pH varied significantly between sites covered by A. odoratum. Particularly, at sites with high human pressure, low
ammonium and high nitrate concentrations were observed
(Fig. 4, 5). A correlation between pH and NH4+ was detected (r= -0.67, p<0.05).
To investigate the relationship between habitat factors
and grass traits, canonical correspondence analysis (CCA)
was performed (Fig. 8). PCA principal components were
used as environmental variables. It was found that there
were two dominant environmental variables explaining
species traits variability. The results were analysed with
the Monte Carlo permutation test. Their value amounted
to CA= 0.02. The level of significance was at 0.05.
On the basis of canonical analysis (Fig. 8), it was
found that there was a positive relationship between N:K
ratio and panicle length (trait no. 1), as well as between N
and trait no. 1, P and length of the fifth internode of the
panicle (trait no. 3). On the other hand, a much weaker relationship was observed between the length of the spikelet
on the second branching from the panicle top (trait no. 4),
the number of spikelets on the second branching from the
panicle top (trait no. 5) and the level of P and K concentrations.

FIGURE 8 - Canonical correspondence analysis (CCA) plot for
plant response parameters of Anthoxanthum odoratum and A. aristatum and environmental parameters.

4. DISCUSSION
Anthoxanthum odoratum occurred at sites with a very
wide range of nitrogen concentrations in the soil. This broad
amplitude of A. odoratum with respect to nutrient availability and ecological flexibility to grow in different types of
habitats has been recognised in many studies [11, 23, 24].
However, most of the studies analysed the occurrence of
plant species with respect to nitrogen concentrations.
According to Ellenberg et al. [25], A. odoratum has a broad
amplitude with respect to nitrogen (no nutrient indicator

value, on a scale from 1 to 9), whereas Anthoxanthum
aristatum is characteristic for sites of lower fertility (Ellenberg – nutrient indicator value of 3). In our study, A.
odoratum and A. aristatum were generally associated with
a high range of N concentrations in soil. Anthoxanthum
aristatum usually grows in sites with low nitrogen concentrations, except for coniferous forest habitat where N
concentrations were high and comparable to the concentrations found in forest sites with A. odoratum. In the literature, A. odoratum is also observed among pine trees where
it is typically sparsely distributed, whereas in open areas it
is present in greater abundance [26]. Moreover, A. aristatum
was restricted mostly to ruderal sites and was not observed
widely in coniferous forest [9, 11, 12]. It seems that A.
aristatum increased its preferences and adapted to higher
N concentrations.
Significant differences of N concentrations between
sites with A. odoratum and A. aristatum were observed, but
these differences were not as pronounced as in the case of
P concentrations in the soil. Our study suggests that phosphorus plays the most important role in plant distribution
and growth of Anthoxanthum species. This factor seems
to play a more important role in the spread of Anthoxanthum species and their competitiveness than nitrogen
concentrations in the soil. The observed strong effects of
P on plant species composition was in agreement with the
results published by van der Hoek et al. [27], Bohner [28]
or by Wassen et al. [29].
Studies by Koerselman and Meuleman [30] and Güsewell and Koerselman [31] demonstrated that stoichiometric
indices (N:P and N:K ratios) provided better indicators of
nutrients limiting plant growth than nutrient concentrations separately. Our study showed that N:P and N:K ratios
strongly correlated with plant species traits and well characterised habitats. Variations of N:P ratios in the soil were
lower than N and P concentrations independently. Although
K concentrations did not show significant differences between species habitats, they could have influenced the N
uptake. N:K ratios strongly and significantly correlated with
plant traits, which suggested a combined influence of N and
K concentrations on plant species performances. The results obtained in controlled conditions support the importance of the combined effect of N and K on grass species growth [5].
In natural habitats, K shortages are rare, and are usually
combined with poor availability of N or P [32, 33]. This
may explain the significant differences between habitats
with A. odoratum in relation to N:K ratios and correlations
between N:K ratios and plant traits.
In our study, soil pH poorly correlated with morphological traits of the examined Anthoxanthum species, and
although this parameter is not a key factor affecting the
spread and growth of these grasses, it can affect the nutrient cycle. Mainly, soil pH determines root growth [34], mineralisation rates in soil and mineral nutrient availability
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[35]. This impact of pH was confirmed in our study by
negative correlations between pH and NH4+.
Correlations between inorganic nitrogen forms and
traits of studied grasses at the studied sites were not observed, although available inorganic nitrogen forms are the
most important for plant growth [36]. In many natural,
seminatural and agricultural ecosystems, NH4+ is the predominant N source [37, 38], but in high concentrations has
a toxic effect on plant growth [39]. However, lack of a
correlation between nitrogen forms and plant traits could
have been due to single measurements which reflect only
concentrations of inorganic nitrogen forms at the time of
sampling. Concentrations of NH4+ and NO3– in soil are
controlled by a number of factors, such as pH, temperature,
organic matter, etc. [40, 41] and vary considerably during
the vegetation season. The studies of Güsewell and Koerselman [31], and Verhoeven and Aerts [42] suggested that
measurements of inorganic nutrients in soil do not really
reflect nutrients available for plant growth. Some species
have the ability to solubilise “unavailable” phosphorus
[43] or organic nitrogen [44]. This suggests that nutrient
concentration in plants may better reflect the amount of
nutrients available for plant growth than nutrients measured
in soil.
Changes in nutrient availabilities caused by human impact affect species composition and disturbances of plant
communities [44, 45]. These differences between studied
species also result from their diverse life-cycle strategies.
A. odoratum is adapted to habitats where the distribution of
plant species is controlled by moderate intensities of stress
and disturbance (C-S-R strategies) [1, 2]. In contrast,
A. aristatum appears to prefer sites degraded by man frequently characterised by a shift in nutrient availability. In
the case of arable land where A. aristatum occurred, phosphorus availability was high, and the N:P ratio was relatively low. In forest sites, a slight shift of N:P ratio was observed, which explains the increased capability of A. aristatum to occupy new sites or the ability to create hybrids
with A. odoratum in order to increase its range.
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ABSTRACT
Batch experiments revealed that magnesium (Mgo) and
copper/magnesium (Cu/Mg) particles had the potential for
being used in the removal of nitrate from aqueous solutions.
This study suggested that the reductive denitrification of
nitrate by Mgo and Cu/Mg bimetals depended on a number
of parameters including reductant dose, solution temperature,
initial nitrate concentration and contact time. The values of
the activation energy (E a) of nitrate reduction over a
temperature range of 5-60 oC were 20.39, 20.34, 12.77
and 12.13 kJ/mol for Mgo, 0.1% Cu/Mg, 1% Cu/Mg and
5% Cu/Mg, respectively. The predominant by-product depended strongly on the initial pH of the solution and the
reductant type. When the initial pH was 4, Mgo produced
more nitrite and ammonium than the Cu/Mg bimetals. The
time required for the removal of 70% of NO3- from a
100 mg/L solution was about 80 min when the experiments
were conducted using Mgo particles and it was about 5 min
when the reaction was conducted under the same conditions using bimetallic 1% Cu/Mg. Thus, bimetal Cu/Mg
had a greater potential for being used as a reductant during
the denitrification of water in comparison with Mgo as far
as the generation of toxic by-products is concerned.
KEYWORDS:
Magnesium/ copper, Bimetal, Denitrification, Nitrate

and cancer [5-7]. Furthermore, the release of nitrate to water
bodies can promote algal blooms [8] and it was stated previously that fertilization with excessive amount of nitrogen
can cause nitrate accumulation in different vegetables [9].
For these reasons, both the World Health Organization
(WHO) and the Environmental Protection Agency (USEPA)
recommend a maximum nitrate concentration of 10 mg/L
(calculated based on nitrogen) in drinking water [3,5,10].
Additionally, the demand for water is increasing worldwide; therefore, decreasing the nitrate concentration in
drinking water is imperative. The most popular methods of
removing nitrate levels from drinking water are biological
denitrification and physical- chemical processes. Physicalchemical processes such as ion-exchange, reverse osmosis,
electrodialysis and sorption are nitrate selective and efficient;
however, these processes cannot convert nitrate into harmless compounds. Although biological denitrification has been
widely applied to remove nitrate, this method is complex and
difficult to perform practically [11-13]. Therefore, the use
of zero-valent metals such as zinc, aluminum and especially
iron in the chemical method of nitrate removal has been
evaluated intensively through the last decade [14-16].The
reduction of nitrate by Feo poses many challenges, compared with other metals like Mgo , including the need for a
high dose, the possibility of Fe2+ entering the water, blocking the reaction by Fe(OH)3 precipitation and low standard potential (Eo) (Eqs.1-3) [17-21].

1. INTRODUCTION
In recent years, nitrate pollution of groundwater and
surface water has turned to the widespread concern in
many parts of the world due to the overuse of nitrogenous
fertilizers, animal wastes and untreated industrial wastes
[1-4]. High nitrate concentrations in drinking water are related to many health threats such as blue baby syndrome
* Corresponding author

Mg 2+ + 2e− ⎯
⎯→ Mg o

Eo=-2.363 V

(1)

Fe 2+ + 2e − ⎯
⎯→ Fe o

Eo=-0.44 V

(2)

Zn 2+ + 2e − ⎯
⎯→ Zn o

Eo=-0.76 V

(3)

Magnesium is one of the most abundant elements in seawater and the crust of the earth, which is environmen-tally
acceptable (nontoxic) and has a high hydroxide solubility;
therefore, releasing Mg2+ ions during the treatment does not
pose any environmental threat (MCL 150 mg/L according
to the USEPA) [1,22]. Accordingly, zero-valent magnesium
has a better potential for nitrate reduction than iron.
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In the present study, the use of bimetallic Cu/Mg particles consisting of a core metal (magnesium) and a second
metal (copper) was investigated in the removal of nitrate
from water. In several studies, magnesium in a bimetallic
form was used for the dechlorination of chlorinated hydrocarbons and dye removal [19, 23, 24]. These studies
revealed that magnesium in a bimetallic form enhanced reactivity toward chlorinated organic compounds and nitrate
when compared to zero-valent magnesium. However,
Chackraborty and Kumar [1] addressed the area of chemical
denitrification of water by zero-valent magnesium powder
and concluded that further research was still necessary before any definitive answer could be made regarding the
use of this metal for the removal of nitrate from water.
For the treatment with a bimetallic compound, a small
amount of copper was coated onto the surface of magnesium particles to generate Cu/Mg, which enhances the reactivity of magnesium with nitrate solution. Lin et al. [6]
conducted batch experiments and effectively demonstrated
that nitrate can be rapidly reduced by Fe/Cu particles. However, to the best of our knowledge, the effectiveness of bimetallic Cu/Mg particles for the removal of nitrate from
water has not been reported to date.
Thus, the overall objectives of this study were to: (a)
assess the effectiveness of Mgo and Cu/Mg bimetallic
particles during denitrification; (b) evaluate the effect of several parameters including reductant dose, solution temperature, initial concentration of nitrate and contact time on
nitrate removal efficiency; (c) discuss the possible effects
of the presence of dissolved oxygen on nitrate reduction by
Mgo and Cu/Mg particles; and (d) obtain several mechanisms of denitrification from batch studies that may provide
improved input parameters for the design of full scale
remediation operations.
2. MATERIALS AND METHODS
2.1. Chemicals

All chemicals used in this study, including potassium
nitrate, magnesium particles (< 0.1 mm), copper(II) chloride, Nessler's reagent and hydrochloric acid, were of analytical reagent grade. Synthetic nitrate contaminated water
was prepared from potassium nitrate.
2.2. Preparation of Cu/Mg Bimetallic Particles

In this study, bimetallic magnesium was synthesized by
mixing a solution of secondary metal (copper) with zerovalent magnesium particles. The copper metal stock solution
was prepared by dissolving CuCl2 in deionized (DI) water
(0.01 wt. %, 0.1 wt. %, 1 wt. %, 5 wt. % and 10 wt. %). Bimetal Cu/Mg was prepared using the copper bulk loadings
of 0.01-10 wt. % by diluting the appropriate amount of
copper stock solution to 100 ml with DI water, and then
adding this solution to 100 g of fresh magnesium particles
according to the following redox reaction:
o

Mg + Cu

2+

2+

→ Mg + Cu

o

(4)

The samples were then shaken by hand for 3 min after which they were allowed to remain at 25 oC for 5 min
in order to enable the reduction of Cu2+ to Cuo. After
discarding the clear aqueous phase, the resulting Cu/Mg
particles were rinsed with purified water and acetone. The
prepared bimetal was then completely dried in a drying
oven (60-65 oC) for 6-7 h after which it was cooled down
to the room temperature and stored in vials [23,25]. The
bimetal Cu/Mg was found to be green gray with no visual
oxide formation on the surface.
2.3. Experimental Design

All experiments were performed in the batch mode in
75 ml serum bottles. Specifically, 0.25-2.5 g/L Mgo and
Cu/Mg particles were added to the water containing nitrate
at the concentrations of 50, 100, 150 and 200 mg/L and
then mixed at 125 rpm using a rotary shaker (Glas-col)
under ambient conditions and various initial pH values. The
pH of the solution was adjusted to 4, 6 or 7 by adding 0.1 N
HCl. In another experiment, the temperature was varied from
5 to 60 oC in a water bath while maintaining the nitrate
content, solution pH and contact time at 100 mg/L, 6 and
20 min, respectively. Thirty ml aliquots of the samples
were then collected from the serum bottles by pipette at
various time intervals and filtered through 0.42 µm filters.
All experiments were conducted in duplicate and the average
values are presented.
2.4. Analytical Method

The size of the Mgo particles was estimated using a
particle size analyzer (Malvern Instruments Ltd., UK). All
analytical measurements were conducted according to the
APHA [26]. The concentrations of nitrite and nitrate were
analyzed using a UV spectrophotometer (UV 2100, Shimadzu, Japan) while the concentration of ammonia was determined by the phenate method at 640nm after increasing
the pH of the solution and removing the Mg2+. The level
of divalent magnesium ions (Mg2+) was obtained by subtracting the total hardness (Mg2+ + Ca2+) from the Ca2+ ion
concentration. The calcium ion concentration (Ca2+) was
determined using a flame photometer (Flame photometer,
FP-6410, China). In addition, the dissolved oxygen (DO),
oxidation-reduction potential (ORP) and pH of the solution
were measured using a DO meter (WTW, Oxi340, Germany), ORP meter (Suntex, TS-2, Taiwan) and pH meter
(Suntex, TS-1, Taiwan), respectively.
3. RESULTS AND DISCUSSION
o

3.1. Characteristics of Mg and synthesized Cu/Mg bimetallic
particles

The synthesized Cu/Mg bimetallic particles prepared
in this study were found to have a specific surface area of
0.0671 m2/g and a size range of 86 – 97 µm.
The morphology of the bare Mgo and Cu/Mg surface
were obtained using Scanning Electron Microscopy (SEM).
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SEM images [Figs 1 (a), (c) and (e)] of fresh Mgo particles, 1% Cu/Mg and 5% Cu/Mg were taken. The Mgo
particles were rust-free and gray in color. Bright spots which
were present on the surface of the bimetallic magnesium
(Cu/Mg 1 and 5%) were likely to be the deposits of the
second metal; however, some bright spots had a relatively
low intensity on the surface of 1% Cu/Mg. The images of
the particles after reacting with the nitrate are shown in
Figs 1 (b), (d) and (f). The surface of Mgo and Cu/Mg bimetal lost the metallic glaze, the surface color slightly
turned black and small agglomerated particles were found.

The EDX analysis was also used to obtain information
regarding the elemental composition of the Mgo and Cu/Mg
(1 and 5%) before and after reacting with nitrate. The
results are presented in Table 1. The results of the EDX
analysis suggested the presence of 45.4%, 44.1% and
42.8% oxygen in the Mgo, 1% Cu/Mg and 5% Cu/Mg
systems, respectively, before the reaction with nitrate. These
findings indicate that increasing oxygen values on the surface of all reductants after reaction with nitrate may indicate oxidation conditions in aqueous solution.

FIGURE 1 - Scanning electron microscopy (SEM) images for (a) fresh Mgo particles; (b) Mgo particles reacted with 100 mg/L- NO3- for
20 min at the initial pH of 4; (c) fresh bimetallic 1% Cu/Mg particles; (d) bimetallic 1% Cu/Mg particles reacted with 100 mg/L- NO3- for
20 min at the initial pH of 4; (e) fresh bimetallic 5% Cu/Mg particles; and (f) bimetallic 5% Cu/Mg particles reacted with 100 mg/L- NO3for 20 min at the initial pH of 4.

TABLE 1 - Elemental composition of Mgo, 1% Cu/Mg and 5% Cu/Mg particles before and after the reaction with nitrate [nitrate content,
100 mg/L; initial solution pH, 4; contact time, 20 min].
Composition (%)
Reductants
Mg
1% Cu/Mg
5% Cu/Mg

magnesium
54.6
54.2
51.8

Before reacting
oxygen
45.4
44.1
42.8

copper
0
1.7
5.4
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magnesium
42.9
32
32.9

After reacting
oxygen
57.1
66.8
62.3

copper
0
1.2
4.8
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3.2. Effect of Cu loading on denitrification efficiency

The effect of Cu loading on the denitrification efficiency
was investigated and the results are shown in Fig. 2. It is
clearly observable that the denitrification efficiency depends
on the Cu loading. In other words, low Cu loading (≤ 0.5
wt.%) or high Cu loading (5 and 10 wt.%) was not beneficial
to the reduction of nitrate and the optimum loading was
obtained at the second metal content 1 wt.%. According
to the hypothesis, the denitrification of nitrate would occur
once they were adsorbed on the Cu/Mg surface; Cu on
zero-valent magnesium surface played the role of a collector of hydrogen gas that resulted from the corrosion of magnesium. Similar results were reported for the effect of the
loading of the second metal on dechlorination [3]. An increase in the second metal content in bimetallic particles
could promote the magnesium oxidation and, consequently,
the rate and extent of denitrification.

tem increased to greater than 10, which was similar to the
previously observed results in Mgo and Feo systems [1,6].
Overall, the pH of the solution increased rapidly within
10 min and then remained stable for the remainder of the
study period in all systems, especially in the Mgo system.
Additionally, the increase in pH in Mgo was greater than
the increase observed in the systems that employed the Cu/
Mg bimetals. An increase in pH of the solution was commonly reported in previous studies in which a zero-valent
metal was used for the reductive degradation [25,27-29].
This increase may be due to the consumption of protons
(H+) and the generation of hydroxide ions (OH-) as shown
in the following equations (5, 6 and 7):

Mg ° + 2H + + NO − → Mg 2+ + NO − + H O
2
2
3

(5)

4 Mg ° + 10 H + + NO − → 4 Mg 2 + + NH + + 3H O
3
4
2

(6)

5Mg ° + 12H + + 2 NO − → 5Mg 2+ + N + 6H O
3
2
2

(7)

A high pH accelerates the formation of Mg(OH)2 and
may lead to problems such as the formation of a passivation layer on the surface of the reductants and blockage of further nitrate reduction, especially for Mgo
[30,31].
The concentration of residual nitrate with time is
shown in Fig. 4. The Cu/Mg bimetals were found to lead to
a rapid and effective reduction of nitrate. Specifically, the
Mgo and Cu/Mg systems removed 68.3% and 77.8-91.9%

FIGURE 2 - Effect of Cu loading content on the NO3− conversion
[initial nitrate concentration, 100 mg/L; reductant dose, 2 g/L; pH,
4; contact time, 20 min].

A higher catalytic metal loading could increase the
number of catalytic metal ‘islands’ (i.e., galvanic cells) and/
or the total cathodic areas on the magnesium surface. Interestingly, the experimental data showed that increased Cu
loading resulted in the decreased denitrification efficiency
when Cu loading was more than 1wt%. The increased
amount of Cu coating on Mg0 might hinder the formation
of H2 by Mg0 corrosion. Denitrification reaction depended
on an active magnesium surface and, presumably, the number of active sites on the surface was not large enough for
an effective denitrification; therefore, the denitrification
efficiency decreased when Cu loading was more than 1wt%.

FIGURE 3 - Variation in the pH of the solution during nitrate
removal by Mgo and Cu/Mg bimetals [initial nitrate concentration,
100 mg/L- NO3-; initial solution pH, 4; reductant dose, 1.5 g/L].

o

3.3. pH variation of the solution in the Mg and Cu/Mg systems

During the nitrate reduction experiments, the reaction
pH was monitored in the Mgo and Cu/Mg system for 80 min
(Fig. 3). The initial nitrate concentration and reductant dose
(Mgo and Cu/Mg) were maintained at 100 mg/L and 1.5 g/L,
respectively. The pH variation in the Mgo, 0.1% Cu/Mg,
1% Cu/Mg and 5% Cu/Mg systems without any pH control were 4-10.42, 4-10.24, 4-10.41 and 4-10.29, respectively. The pH of the solution in the Mgo and Cu/Mg sys-
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FIGURE 4 - Time course profile for the removal of nitrate using
Cu/Mg bimetals and Mgo alone [nitrate content, 100 mg/L- NO3-;
initial solution pH, 4; reductant dose, 2 g/L].

of the nitrate, respectively, within 80 min. The conversion
of nitrate began to decrease after 5 min in the Mgo system
and after 20 min in the Cu/Mg systems. These changes may
have been due to the precipitation of magnesium hydroxide
onto the surface of the reductants due to an increase in
solution pH. However, based on the results presented in
Figs 3 and 4, it is clear that the influence of the formation
of magnesium hydroxide on the surface of the Cu/Mg bimetals was not great. Therefore, other mechanisms such as
the generation of nascent hydrogen ( 2H + + 2e − → 2H * )
were involved in the remarkable nitrate removal rate,
which was observed in the Cu/Mg bimetallic systems.

NO3-. Therefore, the lowest rate of denitrification by Mgo
particles was obtained when the initial nitrate concentration was 50 mg/L. There are two probable reasons for the
lower denitrification rate observed when there was a lower
initial nitrate concentration in the Mgo system. The first is
that there may have been insufficient Mgo available for
maintaining the constant Mg: NO3- molar ratio at 5 (0.097 g/
L for 50 mg/L - NO3-and 0.387 g/L for 200 mg/L - NO3-),
which would prevent the occurrence of a favorable reaction
for reducing nitrate. The second possible reason is that the
production of nitrite and ammonium (according to Fig. 6)
which may have decreased the nitrate transport to the Mgo
surface. However, further studies are required to identify
possible inhibitory and side effects of intermediates (NH4+
and NO2-) on the reduction of nitrate by Mgo and to develop methods for solving this problem.
As shown in Fig. 5(b), higher nitrate reduction rates
(85.8%) were observed in the 1% Cu/Mg bimetal system
when there were lower initial nitrate concentrations. Specifically, the zero-valent aluminum and magnesium maximum denitrification efficiencies were 50% and 73% when
there were initial nitrate concentrations of 50 and 100 mg/LNO3-, respectively [1,14]. These results indicate that the
mechanism responsible for the reduction of nitrate by 1%
Cu/Mg differs from the mechanism responsible for the
reduction by Mgo. In other words, a rapid nitrate reduction
by 1% Cu/Mg bimetal may be explained by the mechanisms such as the formation of metal-hydride (M-H) complexes with the copper and the dissociation of molecular hydrogen or other hydrogen sources on the second metal surface (Cu) serving as a direct reductant for nitrate.

(a)Mgo

(b) 1%Cu/Mg
FIGURE 5 - Effect of initial nitrate concentration on nitrate reduction a) by Mgo and b) by 1% Cu/Mg [initial solution pH, 6;
Mgo:NO3--N molar ratio constant at 5

FIGURE 6 - By-product generation during nitrate removal by Mgo
and Cu/Mg [initial nitrate concentration, 100 mg/L- NO3-; contact
time, 20 min; initial solution pH, 4; reductant dose 1.5 g/L].

3.4. Effect of initial nitrate concentration

Figs 5(a) and (b) show the nitrate reduction profiles obtained for the Mgo and 1% Cu/Mg bimetal systems when
different initial nitrate concentrations (50- 200 mg/L- NO3-),
an initial solution pH of 6 and a constant molar ratio of
magnesium to nitrate of 5 were used. The highest rate of
denitrification (70.5%) was achieved by Mgo particles with
the highest initial concentration of nitrate. The conversion
efficiency observed when the initial concentration of nitrate
was 200 mg/L was greater than the efficiencies observed
when the initial concentrations were 150, 100 and 50 mg/L-

The identification of intermediate and final products
formed during nitrate reduction was one of the focuses of
this paper. As shown in Eqs. 5-7, nitrate can be reduced by
Mgo and Cu/Mg to nitrite, ammonia or nitrogen gas and divalent magnesium ion (Mg2+). Figs. 6 and 7 show the concentration profiles of residual nitrate, nitrite and ammonium
for the Mgo, 0.1% Cu/Mg, 1% Cu/Mg and 5% Cu/Mg systems. The results indicated that the values of nitrite and
ammonium as intermediate products of nitrate reduction
largely depend on the initial pH of the solution and the re-
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ductant type. When the initial pH was 4 (Fig. 6), Mgo produced more nitrite and ammonium than the Cu/Mg bimetals. However, 37.56% of initial nitrate was released to the
solutions in the Mgo system under these conditions. Additionally, as shown in Fig. 6, remarkable amounts of nitrite
and ammonium persisted in each system that contained
Cu/Mg bimetallic particles at about 15-19 mg/L-NO2- and
8.7-9.6 mg/L-NH 4+, respectively. The greater nitrate removal by the Cu/Mg bimetals may be explained by the
lower nitrite accumulation and acidic pH of the solution.

FIGURE 7 - By-product generation during nitrate removal by Mgo
and Cu/Mg [initial nitrate concentration, 100 mg/L- NO3-; contact
time, 20 min; initial solution pH, 7; reductant dose, 1.5 g/L].

As shown in Fig. 7, at an initial solution pH of 7, the
major intermediate of the nitrate degradation reaction was
ammonium. The generation of nitrite and ammonium generated from the incomplete nitrate reduction by Feo and
Mgo was reported at low or neutral pH [6,14]. Obviously,
the differences in the mechanisms of denitrification by bimetallic particles and magnesium alone also need to be considered. Direct electron transfer can play a primary role in
reduction by metal alone, but in bimetallic systems, such
as the Cu/Mg system, direct electron transfer by adsorbed
hydrogen atoms may result in the reduction of nitrate. Adsorbed hydrogen atoms are formed via the reduction of protons from water at the second metal (Cu) surface, and these
atoms reduce nitrate more rapidly than direct electron transfer. Indeed, it was reported that a variety of organohalides
can be reduced by the adsorbed hydrogen atoms [12,32].

Based on the results of this study, di-valent magnesium can be released into the solution during the reduction of
nitrate by Mgo and Cu/Mg systems. Therefore, an effort
was also made to identify the relationship between Mg2+
ion and Mgo and Cu/Mg dose. As shown in Fig. 8, the
high level of magnesium ion accumulation suggests that a
high level of Mgo and Cu/Mg corrosion occurred when the
initial pH was 4. Typically, when the initial dose of Mgo,
0.1% Cu/Mg, 1% Cu/Mg and 5% Cu/Mg systems was
1.5 g/L, the concentrations of Mg2+ ion in solution were
671.88, 786.05, 811.76 and 788.32 mg/L, respectively,
after 20 min. Although the maximum contaminant level
(MCL) of Mg2+ ion in drinking water is high when compared with the systems that use other metals for nitrate reduction (i.e. Fe2+, Zn2+ and Al3+), it results in hard water.
Therefore, further studies should be conducted to evaluate
the methods of removing this soluble Mg2+ ion, such as
coupling this process with cation ion exchange. Semerjian
and Ayoub [33] reported that Mg2+ is an effective coagulating agent in water and wastewater treatment that can
enhance the removal of many common pollutants such as
total suspended solids, turbidity, color, COD, nutrients and
metals. Despite these findings, magnesium ion is not commonly used because of its higher total operation and
maintenance costs and greater requirements for sludge
handling and processing when compared to the conventional alum treatment. However, these concepts are beyond the scope of the present paper; therefore, further
studies should be conducted to develop methods of recovering and using Mg2+ salts produced during the nitrate reduction by Mgo and Cu/Mg bimetallic particles as coagulating agents.

FIGURE 9 - Effect of Mgo and 1% Cu/Mg dose on the nitrate removal efficiency [nitrate content, 50 mg/L- NO3-; initial solution pH,
6; reaction time; 20 min].
o

3.5. Effect of Mg and Cu/Mg dosage

FIGURE 8 - The effect of Mgo and Cu/Mg dose on Mg2+ concentration as a by-product [nitrate content, 100 mg/L- NO3-; initial solution pH, 4; contact time, 20 min].

Because the reduction of nitrate by Mgo and Cu/Mg
occurs during a reaction at the reductant surface, it was
suggested that the quantity of metal or bimetal strongly
influenced the rate of nitrate reduction. Increasing the dose
of Mgo or Cu/Mg particles in the solution would increase
the reductant surface area. Fig. 9 presents the effects of
Mgo and 1% Cu/Mg (0.25-2.5 g/L) on the nitrate removal
efficiency at an initial nitrate concentration of 50 mg/L,
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solution pH of 6 and reaction time of 20 min. The nitrate removal efficiency increased from 29% for Mgo and 0.25 g/L
to more than 69.84% for Mgo and 1.5 g/L while further increase of Mgo to 2 and 2.5 g/L did not lead to a remarkable increase in the nitrate removal (73.14 and 75.62, respectively). The trend in the 1% Cu/Mg system was consistent with that of the Mgo system although, at doses
greater than 1.5 g/L, a relatively lower nitrate reduction was
observed. Similar results were reported by Li and Chen
[29] and Chackraborty and Kumar [1].

values of ORP in Cu/Mg were higher than the values of
Mgo regardless of DO purging. This was because more
negative ORP led to a more reductive condition which created a more rapid nitrate reduction, thereby allowing the
nitrate removal in the Cu/Mg bimetal system to proceed in
an efficient and rapid manner. However, these results also
confirmed that the presence of oxygen may not affect the
nitrate reduction by Mgo and 1% Cu/Mg bimetallic particles.

a) Without DO purged

FIGURE 10 - Effect of Mgo and 1% Cu/Mg dose on the dissolved
oxygen [nitrate content, 50 mg/L- NO3-; initial solution pH, 6; reaction time, 20 min].

It has been reported that the main advantage of systems that use Mgo and Cu/Mg particles is their ability to
conduct reactions under atmospheric oxygen conditions [1,
23, 24, 31]. To confirm this concept, the reaction was conducted under aerobic conditions without any control of DO
using varying doses of Mgo and Cu/Mg particles and
50 mg/L NO3- (Fig. 10). Twenty min after adding Mgo
particles, the initial DO of the solution (4.47 mg/L) declined remarkably to 2.26, 1.07 and 0.52 mg/L when the
initial doses of Mgo were 0.25, 0.5 and 1 g/L, respectively. For other Mgo doses (1.5, 2 and 2.5 g/L), the DO was
very low or near zero after 20 min. Additionally, the DO
decreased to zero within 20 min when 1% Cu/Mg bimetal
was used at doses 1, 1.5, 2 and 2.5 g/L. Based on a visual
comparison of Fig. 10 and Fig. 9, the DO removal occurred
more rapidly than the nitrate reduction for both the Mgo
and 1% Cu/Mg particles. Because all experiments in Figs 9
and 10 were conducted under the same conditions, the
solution DO may have affected the nitrate reduction when
low doses of Mgo and 1% Cu/Mg bimetallic particles
(<1.5 g/L) were used. However, the anaerobic environment enhanced the nitrate removal by Mgo and Cu/Mg.

b) DO purged
o

FIGURE 11 - Effect of Mg and 1% Cu/Mg dose on ORP a) without
DO purging and b) with DO purging [nitrate content, 100 mg/LNO3-; initial solution pH, 6, reaction time, 20 min].

Figs 11 (a) and (b) show the ORP plots during nitrate
reduction for varying doses of Mgo and 1% bimetallic
Cu/Mg with and without DO purging, respectively. Dissolved oxygen was purged using H2 gas prior to the addition of Mgo and 1% Cu/Mg particles. It should be noted
that the values of ORP under the DO purged conditions
were slightly higher than the values observed without DO
purging for both Mgo and 1% Cu/Mg. Additionally, the
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FIGURE 12 - Nitrogen formation selectivity for nitrate reduction by
Mg0 and Cu/Mg reductants [nitrate content, 100 mg/L- NO3-; initial
solution pH, 4; reductant dose, 2 g/L; reaction time, 40 min].

Fig. 12 shows the selectivity for six reductants. Selectivity was calculated by the equation:
Selectivity = {1-[(NO2-)t+(NH4+)t]/[(NO3-)0-(NO3-)t]}× 100%
(8)
The selectivity of reductants had the following order:
1% Cu/Mg > 5% Cu/Mg > 10% Cu/Mg > 0.1% Cu/Mg >
0.01% Cu/Mg > Mg. The maximum selectivity (16.81 %)
was achieved by 1% Cu/Mg. Due to the relatively low
selectivity for nitrate reduction by Cu/Mg, more attempts
are still necessary before applying this reductant to water
treatment process.

(a) Mg0

are not strongly influenced by temperature. In the present
study, the effects of temperature on nitrate reduction by
Mgo and Cu/Mg particles were measured by conducting
the reactions at 5, 10, 20, 40 and 60 oC (Fig. 13 (a) and (b)).
First order nitrate reduction rates (kobs) by Mgo, 0.1% Cu/Mg,
1% Cu/Mg and 5% Cu/Mg in batch experiments exhibited
a temperature dependency consistent with the Arrhenius
equation:

− Ea
)
(9)
RT
where A is the Arrhenius frequency factor (L/(min.m2),
Ea is the activation energy (kJ/mol), T is the absolute temperature (K) and R is the molar gas constant (0.008314 kJ/
(mol.K)). The Ea for the reaction was determined from the
slope of a plot of ln(kobs) versus inverse temperature (1/T).
Activation energies of 42.5, 25.8 and 16.8 kJ/mol were reported during the nitrate reduction by microscale Feo, nanoFeo and 5% nano-Cu/Fe, respectively [6]. The Ea is a potential energy that must be overcome to enable the reduction
of nitrate and oxidation of Mgo and Cu/Mg bimetals. In
the present study, the nitrate reduction in batch experiments
using Mgo resulted in Ea=20.39 and 20.34 kJ/mol for 0.1%
Cu/Mg, 12.77 kJ/mol for 1% Cu/Mg and Ea=12.13 kJ/mol
for 5% Cu/Mg at temperatures ranging from 5 to 60 °C
(Table 2). A literature review revealed that the typical mass
transport-controlled chemical reaction in water is considered to be 10-20 kJ/mol [35,36]. Because the activation
energy values for all reductants was within the range of
10-20 kJ/mol, the kinetics of nitrate reduction showed the
characteristics of a mass transport-controlled reaction. Furthermore, the lower values of Ea provided further evidence
that faster denitrification rates occurred in systems employing Cu/Mg (1 and 5%) than in those containing Mgo particles.
k

obs

= A(exp

TABLE 2 - Activation energy for nitrate reduction by Mgo, 0.1%
Cu/Mg, 1% Cu/Mg and 5% Cu/Mg [nitrate content, 150 mg/L- NO3-;
initial solution pH, 4; reductant dose, 2 g/L].

o

5 C

10 C

20 C

40 C

60 C

0.094

0.106

0.149

0.248

0.289

Activation
energy
(kJ/mol)
20.39

0.1%Cu/Mg 0.096

0.107

0.155

0.252

0.296

20.34

1%Cu/Mg

1.16

1.39

1.67

2.21

3.08

12.77

5%Cu/Mg

1.09

1.14

1.28

1.94

2.8

12.13

Reductants
Mg

(b) 1%Cu/Mg
FIGURE 13 - Kinetics of nitrate reduction as the function of reaction time in the presence of (a)Mg0 and (b)1%Cu/Mg over the temperature range of 5-60 °C [nitrate content, 150 mg/L- NO3-; initial
solution pH, 4; reductant dose, 2 g/L].

Kobs (1/min)
o

o

o

o

4. CONCLUSIONS

3.6. Temperature effect

Temperature is an important factor involved in chemical reduction which may provide some insights into the mechanisms of the reactions evaluated in this study [34]. Controlled chemical reactions are often sensitive to changes in
temperature whereas processes limited by mass transport

In this paper, the effects of several parameters including the dose of Mgo, three bimetallic Cu/Mg systems (0.1,
1 and 5%), initial concentration of nitrate and temperature
were described on the denitrification of 50-200 mg/L- NO3at initial pH values of 4-7 while focusing on the reactions
conducted under aerobic conditions. The following results
can be derived from the experimental findings of this study:
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1. Nitrate reduction by Mgo and Cu/Mg particles occurred
through nitrite and ammonium as intermediates with
the nitrogen gas as the end product. The distribution of
the intermediate products appeared to depend on the
initial pH and reductant type. At an initial pH of 4, the
rate of producing ammonia ion was greater than when
the initial pH was 7 and there was an adverse effect on
the production of nitrite ions. The Mgo and Cu/Mg particles were oxidized to soluble Mg2+ ion; hence, further
post treatment such as cation ion exchange is needed.
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ABSTRACT

matter of opinion and further studies are required to confirm
or exclude the different hypothesis formulated. In fact, these

In this study, the effects of different concentrations
(7.5, 15, 30 and 60 ppb) of chromium on the fatty acid
composition of Cyprinus carpio carpio that consumed
favorably by the public were investigated. It was determined from the results of 21 days Cr+3 exposure period of
fish, depending on Cr+3 concentration the amounts of crude
fat, saturated fatty acid and unsaturated fatty acids in fish
were decreased when compared with control group (p<
0.05). The most effect was determined in 60 ppb Cr+3
concentration (p<0.01).
KEYWORDS:
+3
Cyprinus carpio carpio, Fatty acids , Crude fat %, Cr

1. INTRODUCTION
Cr3+ is more toxic than other Cr compounds as it is
found prevalently in waters and has high biological activity. Chromium which provides insulin movement in body
and effect carbohydrate, water and protein metabolism, is
found everywhere in nature. More than 0.1 µg/m3 is found
in air and 1 µg/L in unpolluted water [1,2].
In demersal fish species, the heavy metal level is more
compared with pelagic fish. Therefore it is very dangerous
for health to consume fish that is exposed to high level of
chromium [3].
Fish is a vital food source, providing fat, protein, minerals and vitamins [4,5]. Health benefits from the consumption of fish or fish oil may be related to polyunsaturated
fatty acids (PUFAs) especially ω-3 PUFAs [5]. Omega-3
fatty acids (EPA) have examined to have protective effects
in preventing coronary heart disease, reducing arrhythmias
and thrombosis, lowering plasma triglyceride levels and
reducing blood clotting tendency. The molecular explanation for the anti-arrhythmic effect on n-3 FAs are still a

* Corresponding author

EPAs/PUFAs are able to increase the threshold of ventricular fibrillation, increase heart rate variability and reduce ischemic damage. In the most simplistic interpretation, a very high n-6/n-3 ratio is considered detrimental
for human health, while a value as much as possibly close
to 1 is considered protective against degenerative pathologies [6,7].
The content of toxic heavy metals in fish can counteract the positive effects of the omega-3 fatty acids present in fish and their beneficial effects on heart disease
risk [8]. The aim of this study was to investigate the effects of 7.5, 15, 30, 60 ppb concentrations chromium exposure for 21 days on crude fat % and fatty acids composition of Cyprinus carpio carpio.
2. MATERIALS AND METHODS
In the study, common carp (Cyprinus carpio carpio
Linnaeus, 1758) weighing 100±5.00 g was used. The fish
was placed in aquariums including test solutions in various concentrations (7.5 15, 30, 60 ppb Cr+3) at 22-25 ºC
temperature and pH 8-9. The control group was placed in
water which was determined by ICP that it does not contain chromium. Test solutions were renewed 2 times a week
and at the end of 21 days, muscle samples were taken from
the fish to examine % crude fat amount and fatty acid
composition. Cr3+ was used in the study.
2.1. Determining the Fatty Acids Composition in the Samples

Soxhlet method was used for determining the % crude
fat amount [9]. In order to make the chromatographic
analysis of the fatty acids found in lipids, they need to be
converted to non-polar, volatile and stable methyl ester
derivatives. Christie’s [10] method was used to achieve
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this conversion. The extraction of lipids from tissue samples was made by Hara and Radin [11] method where 3:2
(v/v) hexane isopropanol mixture. For this:
2 g tissue sample was homogenized for 30 seconds in
100 ml of hexane-isopropanol mixture with a ratio of 3:2
(v/v). The homogenizer container was washed by 2 ml
breaking solvent and was taken to centrifuge tubes. After
that the upper supernatant part was taken from the tissue
samples that were centrifuged for 10 minutes at 4500 rpm
and placed in to big experiment tubes with cover. 5 ml of
2% methanolic sulfuric acid was added on it and was
stirred by vortex. This mixture was left to methylation in
incubator at 50 ºC for 15 hours. After the tubes were
taken out of the incubator, they were cooled down to the
room temperature and mixed with 5 ml of 5 % sodium
chloride. The fatty acid methyl esters forming in the tubes
were extracted by 5 ml of hexane. The hexane phase was
removed by a pipette and was treated by 5 ml of 2%
KHCO3. After waiting for 4 hours for the phases to separate, the solvent of the mixture including the methyl esters
was evaporated at 45 ºC under nitrogen flow, dissolved by
1 ml of hexane and taken into 2 ml covered auto sampler
vials for analyzing in gas chromatograph (Unicam 610
Gas Chromatograph)
The operation conditions of gas chromatograph are
given below:
Detector: FID
Column: 25 m length and 0.25 mm diameter, Permabond
(Machhery – Nagel, Germay).
Carrier gas: Nitrogen
Temperature Program: Injector: 240°C, Detector: 280 °C,
Column: 130 – 220 ° C, 5 ° C / min and the final temperature was hold 15 min.
Split Ratio: 50: 1
Injection amount: 0.5 µl
2.2. Statistical analysis

Statistical analysis was performed using SPSS® 12
Software. Analysis of variance (ANOVA) and an LSD test
were used to compare the experimental groups with the
controls.

3. RESULTS AND DISCUSSION
In this study both crude fat % and fatty acid levels in
the muscle were statistically found significant in fish exposed to Cr+3 compared with control fish (p<0.05).
While the % crude fat ratio in control group was 5.07,
this value decreased depending on the concentration in
groups where Cr+3 was applied (Fig. 1).
The finding showed similarity with the results of Pierron et al. [12], Larregle et al. [13], Garg et al. [14] and
Konar et al. [15]. The reduction of total lipids in the tissues of fish exposed to Cr+3 may be caused the increase of
lipase activity depending on increase of lipogenic enzymes.
The effect of chromium at different concentrations on
the fatty acid composition of common carp (Cyprinus
carpio carpio Linnaeus, 1758) is seen in figure 2. At the
conclusion of the research, the basic fatty acids in all
groups were determined as palmitic acid (16:0), stearic
acid (18:0), oleic acid (18:1ω9), arachidonic acid
(20:4ω6), eicosapentaenoic acid (EPA, 20:5ω3) and docosahexaenoic acid (DHA, 22:6ω3). However some fatty
acids were only determined in control group (14:0, 18:2
N6T, 18:3 N6, 18:3 n3, 20:1 n9) and they could not be
determined in groups including Cr+3 .
The nutritional benefits of fish are mainly due to the
content of high quality protein and high content of the two
kinds of omega-3 polyunsaturated fatty acids. Toxic heavy
metals in fish can damage the positive effects of the omega-3 fatty acids present in fish their beneficial effects on
heart disease risk [8].
Fatty acid composition and lipid metabolism affected
depend on peroxidation in animals [16]. In the present
study, ıt was showed that lipid levels decreased in muscle
of fish exposed to Cr+3 (Fig. 1).
Lipid peroxidation is the reaction of oxidative deterioration of membrane polyunsaturated fatty acids. The
reduction of unsaturated fatty acids in muscle of fish in
this study showed similarities that of Kawamoto et al.
[17]. The polyunsaturated fatty acids were significantly
decreased after Cr+3 treatment compared to control group.
This decrease might be due to induction of prostaglandin
biosynthesis by Cr+3. This suggestion was confirmed by
Choi et al. [18] and Figueired et al. [19].
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FIGURE 1 - The comparison crude fat (%) in muscle of fish between control group and 7.5, 15, 30, 60 ppb concentrations of Cr+3

FIGURE 2 - The comparison of saturated and unsaturated fatty acid levels in muscle of fish between control and 7.5, 15, 30, 60 ppb Cr+3 for
21 days exposed group (*p<0.05, **p<0.01).

4. CONCLUSION
In this study, showed that the exposure of heavy metals such as Cr+3 has inhibitor effects on enzymes charged
for ∆-9 desaturase and ∆-6 desaturation steps as a result of
their reduced effects on unsaturated fatty acids synthesis.
As a conclusion, it may be stated that Cr+3 application has
effects on the fatty acid components in exposed tissues by
preventing the fatty acid desaturation.

[2]
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Karaytug, S. (2011). Accumulation of chromium in hepatopancreas, gill and muscle tissues of Callinectes sapidus.
Fresen. Environ. Bull. 20 (4): 1089-1092

[3]
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ABSTRACT
The development of wastewater treatment plants to protect the sensitive water bodies has generated a significant
by-product called sludge, which after further treatment is
termed biosolids. Sustainability requires that biosolids are
considered as a valuable resource, rather than as a waste.
The main alternatives emerging in modern society are presented and discussed.

Sewage biosolids may be used as a resource in a
number of sustainable ways instead of being disposed of
as a waste. Indeed, they represent an environmentally sustainable link between the city, where most biosolids are
produced and the countryside, where they can be recycled
to agriculture or other land uses. Alternately, biosolids may
be used as a source of energy, reducing the dependence on
fossil fuels, or in other specialist applications, such as rehabilitation of contaminated land. These uses require consistency in the quality of sewage biosolids, depending on
the intended use. This may be achieved only through proper
management and effective controls.

KEYWORDS:
sludge biosolids, management,valorization, energy recovery

2. LAND APPLICATION OF BIOSOLIDS

1. INTRODUCTION
Biosolids can be defined as sewage sludge which has
been stabilized. There is a need in EU countries for effective utilization of biosolids as a renewable resource. The
strong contribution that sewage biosolids (treated sludge)
can make in enhancing the sustainability of land resources
is often under-valued, ignored or even distorted. This note
focuses on the most important benefits and potential uses of
sewage biosolids, which could be realized if user and public confidence can be established and maintained.
Sewage biosolids result from cleaning urban
wastewaters and are an inevitable by-product of water
recycling. Over 10 million tons of dry solids (DS) are produced every year in the EU. They represent a small percentage (4.1%) of all wastes generated in the EU annually
(250 million tones of DS), and have a tendency to increase
as more wastewaters are collected and treated. The
amounts generated and the corresponding major disposal
practices of sewage biosolids in the EU countries are
shown in Table 1. A total production of 13 million of
DS is expected in 2020 [1].
* Corresponding author

Wastewater spreading on soil, also known as “land treatment”, has a long history, as demonstrated by the elaborate sewerage systems associated with ancient palaces and
cities of the Minoan Civilization, approximately 4000 years
ago [6] and then in northern Greece and central Europe.
Today, recognizing the importance of wastewater management in meeting future water demands, protecting public health, preventing environmental degradation, and ensuring sustainable growth, the use of more modern treatment methods in wastewater management is expected to
increase [7]. Biosolids are also expected to be increasingly
considered as a resource.
The impact of land application of biosolids is positive
not only in comparison to alternative disposal practices but
purely by itself; since biosolids can improve the productivity of land by providing bio-available nutrients, such as
nitrogen and phosphorus. In comparison, the production of
chemical fertilizers is an energy-consuming process and,
consequently, the cause of a significant release of CO2 to
the atmosphere. Biosolids application on land can reduce
the need for fertilizers, resulting in reductions of CO2 emissions, both in relation to fertilizer production and plant
sequestration of CO2.
In the industrial world, more than half of the biosolids
produced in the USA [8] and about 40% of the amount
produced in the EU countries (Table 1) are recycled to land.
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TABLE 1 - Sewage biosolids generated and managed in European countries (Modified from [2]).
Countries
a

Austria
Bulgaria
Belgium:
Brusselsb
Fland.
Wall. c
Cyprus
Czech Republic
Denmark
Estoniag
Finlandd
France
Germanye
Greeceh
Hungaryi
Ireland
Italy
Latvia
Lithuaniaj
Luxemburg
Malta
Poland
Portugal
Roumania
Slovakia
Slovenia
Spain
Swedenf
The Nederlands
UK
Total

Total Volume
(t DS/yr)
266,100
29,987
136,260
2,967
101,913
31,380
7,586
231,000
140,021
Nd
147,000
1,125,000
2,056,486
167289
128,380
42,147
1,070,080
23,942
76,450
7,750
Nd
523,674
408,710
137,145
54,780
21,139
1,064,972
210,000
550,000
1,544,919
10,207,856

Year

Land Use

Landfill

Incineration

Other

2005
2006

18%
40%

12%

48%

22%

2006
2006
2007
2006
2007
2002

0%
0%
35%
41%
26%
59%
Nd
3%
70%
29%
3%
26%
63%
18%
37%
32%
43%
Nd
17%
46%
0%
0%
0%
65%
14%
0%
68%
39%

55%
59%
40%
50%
60%
61%
Nd
40%
5%
10%
96%

10%
34%
2%

45%
7%
23%
9%
14%
10%

2005
2007
2007
2005
2006
2003
2006
2006
2007
2003
2006
2002
2006
2006
2007
2006
2006
2007
2006

37%
28%

6%
Nd
2%
25%
21%
0%

52%

0%

15%

Nd

40%

25%
42%b
0%
32%

40%
1%

0%
2%

42%
Nd

55%

14%

10%
5%
58%

39%
28%

a

Austria has not submitted figures to the Commission for the last two surveys. Figures presented above are from [3]: total biosolids production amounts to 420,000 t DM in
2005. This includes 238,100 t DM municipal sewage biosolids + 28,000 t DM exported and 155,000 t DM of industrial sludge (mainly from cellulose and paper industry).
b
In the Brussels region, there are now 2 STEs; the Southern STW started operating in 2000 for 360,000 p.e. and the northern STW was commissioned for 1.1 M p.e. and
started operating in 2008. In 2002, biosolids production in the Brussels region was reported to amount to around 2800 t DM.; 66% was incinerated, 32% recycled to
agriculture and 2% was sent to landfill[4]. In 2006, there was no longer any recycling to agriculture and 1,720 tds were incinerated and 1,247 tDS were land filled [5].
c
In addition, a large quantity of industrial sludge (food, breweries, paper, drinking water production, etc.) is also recycled to agriculture. In 2007, it amounted to 48,000 tDS.
d
Proportion of biosolids recycling to agriculture was substantially higher in the past, reaching 33% in 1995 and 17% in 2003.
e
Including 80% from urban sources and 20% from industrial sources.
f
No figures reported for total biosolids production.
g
Estimates. No data for Estonia (taken average for Latvia and Lithuania)
h
Based on the WWTP loading [5]
i
Biosolids production in Hungary increased steadily (120,741 tDS in 2004, 125,143 tDS in 2005) while the proportion being recycled to agriculture has decreased (30% in
2004 and 34% in 2005).
j
Biosolids production increased steadily over the last few years from 55,349 tDS in 2004, 65,679 tDS in 2005 and 71,252 tDS in 2006.
Nd: no data available.

Sewage biosolids improve soil physical and chemical properties, providing organic matter, nutrients, and trace elements, enhancing the water holding capacity, stability and
workability. In addition, biosolids enhance the biological activity, through greater water retention and aerationstimulating root growth and increased worm and microorganism populations. Thus, the net effect is improved soil
quality and agricultural yields.
Today, in addition to the classical environmental issues and concerns, such as the considerable increase of
urban biosolids produced, a major concern is the emission
of carbon dioxide to the atmosphere and the resulting
increase of the greenhouse effect, leading to global climate change, a further issue that will be of increasing importance in shaping future environmental policy.

2.1. Use of Biosolids in Agriculture

Biosolids, on the average, contain 25-30% inorganic
matter, with a significant content of macroelements (mainly
phosphorus (0.75 - 4%) and nitrogen (1.5 - 3.5%). Biosolids also contain micro elements (Fe, Mn, Zn, B, Cu, Mo,
Co, and Se) and calcium. These macro and micro elements
can be utilized for the needs of cultivated plants, decreasing thus the needs for fertilizers. It should be noted that
the cost of fertilizers is the biggest contributor to the total
cost of farming products. Moreover, the agricultural utilisation of biosolids improves considerably the natural characteristics of the soil.
Biosolids are also used in agriculture indirectly, for
example after addition of lime or following composting.
These treatments are particularly suitable for certain soils
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and allow applications on land over different times or terrains than would otherwise be the case.

used in some areas where topsoil may be unavailable, like
quarry rehabilitation, to convert them into topsoil capable
of sustaining plant growth [10].

2.2. Use of Biosolids on Forest land

Some soils are more suitable for developing woodlands, such as coppicing to produce biomass for energy
purpose and wood products (fencing etc). Biosolids improve tree growth by providing appropriate nutrients and
improving soil structure.
While biosolids have been extensively applied on agricultural land, application on forest land is discouraged
and usually prohibited in the EU countries. The usual
reason for this is the mitigation of soil degradation in the
forest land. It is hard to grasp the situation where, on the
one hand the soil where human food is grown can accept
(in a controlled manner) biosolids, but on the other hand,
this practice would be considered harmful for forest land.
In addition to that, recently for many years, southern
European countries had fires that devastated huge forest
areas, which could potentially utilize sewage biosolids for
recovery and reclamation. Thus, the responsible authorities must re-evaluate the significance and the benefits of
biosolids application on forest land, not only for the amelioration of existing forest areas, but also for developing
new ones, possibly with the aid of treated effluent irrigation.
It is not easy to understand how the climate-changesensitive Europe has failed so far to integrate domestic
biosolids, as well as treated domestic wastewater in an
aggressive new forest development policy (particularly in
the southern Member States), when it is reported that
China has developed new forest land, covering an area
four times the equivalent area of Greece.
2.3. Soil erosion management

Sewage biosolids are an excellent source of organic
matter for poor quality soils and can make a substantial
contribution to improving the physical condition of soil
and reducing soil erosion, especially in the case of composting sludge, which has a higher humic content and allows more progressive liberation of nitrogen for plant
growth, etc.
2.4. Land restoration and reclamation

The surface of derelict and disturbed land is often deficient in organic matter and usually deficient in nitrogen
and phosphorus. In some areas where topsoil may be unavailable, cover materials need to be brought in and then
converted into topsoil, suitable for sustaining plant growth.
Sewage biosolids contain the organic matter and fertilizer
value to provide a stable medium for such areas and to
help plants establish.
Application of biosolids on land contributes to soil
organic matter restoration, stimulates microbial activity,
supplies crops with essential nutrients for growth, and decreases production costs [9]. Furthermore, biosolids are

2.5. Landfill cover

Biosolids can be used as daily and final cover for
landfill sites, providing a consistent blanket that serves to
reduce nuisance during on-going operations, and ultimately
to restore the filled site for subsequent beneficial use.
3. PROBLEMS AND CONCERNS
RELATED TO CONTAMINANTS IN BIOSOLIDS
One of the main factors that may indeed limit substantially the potential use of biosolids in agriculture is the
presence of traces of heavy metals, and xenobiotic substances in raw sewage biosolids. Some of these are directly
or indirectly discharged to the sewer. Such substances, depending on their hydrophobicity are more or less retained
in the biosolids phase. There are two main contaminant
types that may indeed limit the potential use of biosolids
in agriculture; metals and organic pollutants.
3.1. Metals

Biosolids contain several metal contaminants in trace
amounts. Certain heavy metals, such as copper (Cu), zinc
(Zn) and nickel (Ni), can cause toxicity to plants. Cadmium
(Cd) can cause important hazards to public health, due to
its low soil adsorbability and the fact that it is possible to
have its accumulation in plant mass, resulting to its entry
into the food chain. Most heavy metals are limited by
threshold values set out in regulations, ensuring that biosolids can be used safely in agriculture.
In general terms, high pH limits the mobility of heavy
metals (it increases their adsorption on the particles of soil),
as well as their absorption by the plants. On the contrary,
for values of pH below 6, a disengagement of heavy metals
is observed leading to increased absorption by the plants.
3.2. Organic pollutants

Human industrial activities, but also everyday life
(cleaning, personal care, etc) make use of an extensive
range of organic pollutants such as alkyl benzene sulfonates (LAS), nonyl phenols, phthalate esters, polychlorinated biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHs), which pass to the wastewater. Most of these
substances are not readily biodegradable and it is not possible to remove them through conventional biological wastewater treatment techniques, thus passing on to treated wastewater and biosolids. They are partitioned between
wastewater effluent and biosolids, depending on their hydrophobicity, with the most hydrophobic ones ending up in
biosolids and the less hydrophobic ending up in
wastewater effluents. Frequently, some of these substances
are biologically converted to other substances (metabolites)
making their monitoring an extremely complex affair.
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Epidemiological research (mostly related to drinking water) has shown that many of these substances are potentially harmful to human health and the environment. However,
the knowledge of their up-take by the roots of the plants
and their incorporation to the edible parts of the plants is
rather limited and a matter of further research and investigation [11,12] .
There is one additional emerging important issue to investigate and evaluate, regarding human health and biosolids application on land: medically active substances and
metabolites. It is true that western societies consume substantial amounts of medicines. All these active substances
or their metabolites, to a great extent pass to wastewater and
in some cases, to the biosolids. It has been demonstrated
that many of these compounds, although present at low
concentrations in receiving water bodies, act as endocrine
disrupters having a significant impact on aquatic life. We
do not know the fate of all these substances in soil and
whether they are absorbed by the plants. The presence and
fate of these compounds is of course an issue for biosolids
spread on land. This is a serious matter requiring further
research. Mass balances have to be employed, in order to
identify where and what are the priorities (source control,
wastewater treatment, sludge treatment).
A research initiative, with appropriate funding, is required for the investigation of the uptake of medically
active substances and metabolites by the root system of
plants, in order to enhance existing results and assess the
actual level of risk related to the above substances [12].
Current research results indicate that the presence of medically active substances in biosolids are found in the range
of ng/kg, implying that the real danger for negative effects
is rather small. However, this still needs to be verified, as
medically active substances may influence metabolic regulation even at very low concentrations.
The application of the precautionary principle “we do
not know the effect, so we do not use” has led some States
to completely ban biosolids application on land. If this
approach becomes the predominant one, incineration will
be established as the main or only way for biosolids utilization. Such utilization could waste significant sources,
such as nutrient sources contained in the biosolids, particularly phosphorus.
A key ongoing effort of EU national governments,
and of producers and users of biosolids, is to reduce the
harmful and/or persistent substances at the source. Specific EU legislation on the use of biosolids in agriculture,
now being updated, sets the quality standards and conditions, under which sewage biosolids can be applied safely
on land. A directive on incineration ensures that when
biosolids are burned, emissions are within acceptable limits. The quality of biosolids is monitored regularly to ensure that they meet the required standards and are fit for
their intended use.
The biosolids Directive 86/27/EC has been the main
legal instrument so far for the regulation and protection of

biosolids application on agricultural land. Since 1986, a
great volume of practical experience, as well as scientific
data and evidence have been accumulated, which together
with the mounting pressure for effective and environmentally sustainable disposal of biosolids, have led to preparatory work for the revision of the EU Directive
(86/27/EC).
4. COMPOSTING
Sewage biosolids can be used to improve the quality
of compost with low potassium content by mixing and cocomposting with cow manure of high potassium content
and/or other fermentable solid waste sources, such as crop
residues or municipal solid wastes, green or wood processing wastes etc., leading to the production of high
quality “fused” compost.
The products are aesthetically acceptable and suitable
for soil conditioning and fertilizer applications in situations
where direct biosolids application might not be acceptable
or practicable, such as in gardens, public parks and highway verges. Composting is also a means for reducing odour
during storage and land spreading. The composting process
is an efficient way to reduce volatile compounds and organic xenobiotics and to destroy pathogens. A co-composting
plant was constructed in Luxemburg 12 years ago. In 2003,
about 3300 tons of biosolids were composted (43 % of DS)
together with sand and green waste. One third of the mixture
was biosolids. The compost produced was used in agriculture, in horticulture and parks, and for the production of
biofilters.
5. ENERGY VALUE OF BIOSOLIDS
In general, by using new concepts, technologies, and
process configurations, it is possible to recover and utilize
the energy content present in the wastewater in order to
enhance the energy sustainability of wastewater treatment
facilities. Based on 450mg of COD/L of wastewater and
13.5 MJ/kg of COD, the energy available in wastewater
on a COD basis was calculated by Tchobanoglous et al
[13] to be:
E = (450 kg COD/1000 m3) (13.5 MJ/ kg COD) =
6075 MJ/1000 m3.
On the other hand, the energy required for secondary
wastewater treatment usually ranges from 1,200 to 2,400 MJ/
1000 m3. This means that energy available in wastewater is 2
to 4 times the amount required for its treatment.
Also the total energy content in fresh solids (removed
by a 200 to 350 fabric screen filter from raw wastewater) of
syngas (H2, CH4, CO, and CO2) was calculated as 67,81 MJ/
kg of fresh solids with moisture content of approximately
15% [14]. On the other hand, the electrical energy input for
the above fresh solids quantity was calculated as 27MJ,
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making the net energy production over 2.5 times the electrical energy impact to the system.
Biosolids are a resource containing 19 kJ/g energy that
can be transformed into or used as a fuel. A wide spectrum
of technologies such as digestion, drying and incineration
makes this possible. Some of these are:
5.1. Biotechnological production of gaseous biofuels and
electricity

Anaerobic digestion produces biogas that can be used
as green energy. Biogas can be used on the site of the
wastewater treatment plant for heating or process purposes.
On other occasions, it is converted to electricity and distributed through national grids. Biogas can also be converted into a green vehicle fuel and be used by buses, trucks
and cars with appropriate modification of the fuel distribution system. Storage of the excess digestion gas with an
adsorption storage method using activated carbon as the
adsorption media can be used for a stable supply of gas
throughout the year.
A technology involving co-digestion of biosolids and
plant waste, after being shattered using a steam explosion
treatment (a method used to shatter and soften plant material by keeping it at high steam pressure for a certain time
and then suddenly reducing the pressure), has been developed in Japan to recover methane gas for effective utilization of plant waste such as tree clippings or agricultural
refuse.
In the recent years, it has been possible to produce
biohydrogen, a clean fuel, from biosolids. A two-stage
process may be used to sequentially produce biohydrogen
and methane [15-17].
The great advantage that biotechnological processes
have, is that they are environmentally friendly, as they are
not accompanied by significant atmospheric pollution, they
generate biofuels that represent a renewable energy source,
and last but not least, they generate an effluent that may be
used (either directly or following composting) as soilamendment or fertliliser.
5.2. Thermal energy producing processes

Incineration of mechanical dewatered biosolids can
be realized in an autothermal way that is without any
additional fuel. Co-incineration in plants, not originally
built for waste uses, can use dried biosolids as a secondary fuel. Examples are cement kilns and power plants.
Dried biosolids have a calorific value comparable with
brown coal. The co-incineration of one ton of dried biosolids avoids nearly one ton of CO2 emissions. Incineration of dried biosolids produces the same result. Incineration of biosolids has three major disadvantages:
(a) Incineration of biosolids is possible only after extensive drying. Except for the case that solar drying is
applied, thermal drying or the use of CaO consumes considerable amount of energy, usually obtained from fossil
fuels. Even if the waste heat of a process such as power

generation is used, it means that this power cannot be
used for some other application like domestic or greenhouse heating, which would also reduce the CO2 release
at another point.
(b) the organic matter in the wastewater is not originating only from the human consumption of green matter.
A lot is produced from animal foods and it is well known
that the energy for meat production by far exceeds the
energy equivalent of the “green” food of the animals involved.
(c) Most importantly, biosolids contain a significant
amount of nutrients (nitrogen and phosphorus). These nutrients add high fertilization value to the biosolids. If biosolids are burned, nitrogen is converted to nitrogen oxides, a major pollutant. Even if excellent flue gas treatment is applied, the nitrogen is not recycled to land and
this in the long run is not a sustainable policy.
6. OTHER USES
(PHYSICO-CHEMICAL VALUES)
The physical and chemical properties make sewage
biosolids suitable for a range of alternative products, although most of these are currently not economically viable.
6.1. Products

A number of products could be derived directly from
biosolids or as an admixture with other materials. These include building materials such as bricks [18] or as an additive to cement [e.g. 19]. Biosolids can be used as material
for producing the semi-permeable top layer of a landfill.
Ash from incineration is a potential source of phosphorus
for fertilizer manufacture or a potential building material
such as blocks and aggregate or as raw material in the
cement industry [e.g. 20].
6.2. Extractable materials

Various contents of sewage biosolids could be extracted for use. These components include grease, metals
such as silver or platinum, although currently the processing costs are so high compared with the conventional production methods that they are not commercially
viable. More promising is the extraction of phosphorous
from incineration ash for fertilizer manufacture [e.g. 21].
6.3. Valuable phosphorus resources in biosolids

After several decades, it is estimated that phosphate
rock will be exhausted. Western countries have begun to
secure it, and phosphorus is becoming an increasingly
valuable resource. To prevent water pollution and eutrophication of discharged lakes, advanced wastewater treatment processes have been developed, in order to remove
nitrogen and phosphorus from sewage. Therefore, the content of phosphorus as a valuable resource in the biosolids is
likely to increase.
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Phosphorus granulation may help recover phosphorus
in MAP (Magnesium Ammonia Phosphate) granules formed
by adding magnesium to dewatered filtrate. This process
helps stabilize the removal of phosphorus in wastewater
treatment by reducing the phosphorus load of the recycle
stream from biosolids treatment.
The recovered MAP granules, in Lake Shinji Eastern
WWTP for example, are sold to a fertilizer company at a
rate of approximately 170 tons/yr for 19 yen/kg (as of
2002) as raw materials for fertilizer [22]. It appears that
the MAP process is a very promising example for the
recovery of phosphorus, a resource that will be exhausted
in the course of several decades, from sewage biosolids.
The cost for phosphate recovery with Phostrip at the plant
Geestmerambacht is according to Gaastra et al. [23] about
7.3 euro per kg recovered phosphorus, 55 % of which is
capital cost for the recovery equipment and 20 % is
chemicals.
7. CONCLUSIONS
Society’s demand for a clean water environment produces sewage biosolids. Their production is difficult to reduce in EU countries, with the current wastewater treatment technologies. Sewage biosolids are continuously produced and continuously available, in ever increasing
amounts as more sewage is collected and treated. They are
also a seriously under-valued resource. They have a number of potentially valuable constituents-nutrients, organic
matter, etc and a calorific value that make them suitable for
a range of uses.
Biosolids could even be processed to provide a flexible range of products most appropriate for the intended use.
The quality of sewage biosolids has progressively improved
over the years, especially as manufacturing industry has declined/restructured and management and control over their
discharges to sewer intensified. The local quality of biosolids is predictable and uniform, due to the scale of biosolids
collection and treatment. Sewage biosolids are subject to
close legislative control and careful management. Consistent achievement of environmental standards, conformity with established codes of good practice and recording/ publication of performance details, have verified satisfactory operational performance and an absence of adverse environmental impacts.

are recognized as the Best Practicable Environmental
Option (BPEO) in most circumstances, adding plant nutrients and organic matter and humus-forming material to
enrich the soil, and is supported by the EU Governments
and International Institutions. In the UK for example, over
1 million tones DS of biosolids are produced every year,
of which about 62% is recycled to agricultural land. This
represents less than 5% of the total quantity of organic
material being applied to land with over 90% being animal manure, slurry, and other industrial wastes [24].
As a general conclusion, for a more sustainable future, new methods and strategies must be developed to
change the status-quo with respect to how biosolids are
generated and managed. The utilization of biosolids by
application to soils and its use for energy recovery must be
re-evaluated.
Biosolids application on land is the main practice of
biosolids disposal, with a significant and sustainable net
effect on climate change mitigation. Therefore, within the
limits and constraints related to the protection of human
and animal health, EU Member States (MS) should not
only allow, but encourage and demand the proper application of biosolids on land as a priority practice. To this end,
they should establish competent authorities, which will
undertake the duty to promote, manage and control biosolids application in the farming community.
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Nonetheless, operators still look for improvements to
reassure the public and specific sectors of the community
such as food and agricultural interests. In brief, sewage
biosolids are a valuable resource particularly for fertilizer,
soil conditioning and energy purposes and have the potential to make an important contribution towards a more sustainable society. Finally, treated sewage sludge, also known
as biosolids, have been recycled to agricultural land for
many decades in Belgium, Denmark, France, Luxemburg,
UK, USA, and other parts of the world. This practice as
well as that of its use for land restoration and reclamation
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