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AIR POLLUTANTS IN OFFICE ENVIRONMENTS AND
EMISSIONS FROM ELECTRONIC EQUIPMENT: A REVIEW
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Eduardo O. Fernandes2, Dikaia E. Saraga3, Chrysanthi Dimitroulopoulou3,
John G. Bartzis3, Diana Rembges1, Josefa Barrero-Moreno1,* and Dimitrios Kotzias1,4
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2
IDMEC – Institute of Mechanical Engineering, University of Porto, Rua Dr. Roberto Frias, 4200-465 Porto, Portugal
3
Univ. Western Macedonia, Dept of Mechanical Engineering, Sialvera and Bakola, 50100, Kozani, Greece
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Present address: Palacky University, Department of Analytical Chemistry,
Faculty of Science, University of Olomouc, 17 listopadu 12, CZ 77146 Olomouc, Czech Republic

ABSTRACT

KEYWORDS: Office buildings, VOCs, particulate matter, emissions, concentrations

The aim of this review is to evaluate existing knowledge
on the presence of indoor air contaminants in office buildings, and to report on recent studies on volatile organic
compounds and particle emissions from electronic equipment. The most commonly found chemicals are aromatic
compounds (BTEX), linear and cyclic alkanes (hexane,
nonane, methyl-cyclohexane), terpenes (α-pinene, limonene), carbonyl compounds (formaldehyde, acetaldehyde)
and particulate matter. Concentrations of volatile organic
compounds (VOCs) in office buildings in Europe and
North America are in the range of 0.1-1000 µg/m3, with
average concentrations being in most cases <100 µg/m3.
Higher concentrations (up to 1600 µg/m3) were measured
in Asiatic countries. Thus, concentrations of benzene and
toluene in European countries range from 2 to 11.2 and
from 4.3 to 43.1 µg/m3, respectively, while, in non-European
countries, concentrations range from 3.4 to 87.1 and from
52.8 to 287.3 µg/m3, respectively. Emission rates of chemicals from office equipment (including fax machines, laser
jet printers, ink-jet printers, scanners, and photocopying
machines) were studied in test chambers. Highest emission rates were obtained for toluene, ethylbenzene, m,pxylene, and styrene, as these compounds are normally used
as solvents in toner for printers. Emissions from desktop
computers using CRT or TFT screens include aromatic
hydrocarbons, alkanes, alcohols, ketones and aldehydes,
particularly formaldehyde, with emission rates upto 103 µg/h
per unit.
For particles, the PM levels measured in European offices range from 7 to 180 µg/m3 (for PM10) and 5 to 60 µg/m3
(for PM2.5). Indoor/outdoor ratios ranged from 0.34-0.88
(for PM2.5) and 0.46-1.7 (for PM10). Significant PM levels
are generally found during operation of printers, copy machines and multi-functional devices.
* Corresponding author

1 INTRODUCTION
Over the last few decades, major changes have occurred in office environments. The need to reduce energy
consumption, particularly in modern office buildings, led
to tighter office spaces and to the accumulation of chemical compounds of various classes and origin. In addition,
centralized air conditioning and ventilation systems often
create an uncomfortable feeling for office occupants.
Advances in information technology have increased
the quantity and diversified the nature of electronic equipment used in proximity to office workers. According to
Eurostat [1], more than 90% of employees in small, medium and large enterprises have access to computers. Table
top printers, fax machines and photocopiers are prevalent
in office environments too. There is an increasing concern
regarding the use of both consumer products and electronic devices (e.g. cleaning products, computers, printing
equipment), which might substantially contribute as emission sources to the accumulation of contaminants in office
environments. Furthermore, commonly used building materials in office buildings, such as wood (MDFs and particle
boards), thermal and acoustic insulations, carpets, fire proof
materials and PVC, may have an impact on indoor air quality [2].
Exposure of office occupants to compounds emitted from the above sources in modern offices can be quite
substantial and might significantly affect comfort and human health. Moreover, reactive chemicals (e.g. terpenes)
contained in cleaning agents, in waxes and varnishes, can
undergo, in the presence of indoor ozone, reactions similar to those occurring outdoors. The products may be new
compounds, particles and short-lived radicals with unknown toxicological properties. Personal exposure to pollu-
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tants emitted from office equipment may be enhanced when
users remain/work close to a source for an extended duration
of time [3-6]. Proximity can be particularly important in the
case of semi-volatile organic compounds (SVOCs), ultrafine
particles and reactive oxygen species (ROS).
The INDEX "Critical Appraisal of the Setting and
Implementation of Indoor Exposure Limits in the EU"
project [7] attempted the assessment of health risks of relevant indoor–originated chemical pollutants, and recommendation of potential exposure limits and risk management measures. Such an assessment was especially difficult
in the case of products formed by the reaction between
terpene compounds and ozone, since very limited information was accessible about the uses and concentrations of
terpene compounds in indoor environments. In addition,
many of the formed compounds could not be analyzed by
traditional methodologies. Moreover, it has been established that radicals, such as OH, HO2 and RO2 and peroxides, are formed during the ozonolysis of terpene compounds in the indoor environment, as well as stable products
such as aldehydes, and condensed phase compounds, some
of which are sensory eye and airway irritants [8, 9-11].
A number of symptoms, such as eye, skin, nose or
throat irritation, contact lens problems, coughing, sneezing, respiratory difficulties, headache and fatigue [8, 12],
have been reported and associated with poor indoor air
quality during office working hours. Wolkoff [13] carried
out a recent review focusing on indoor air pollutants
(VOCs, SVOCs and particles) and their impact on odour
perception and sensory irritation, in office environments.
According to this review, a number of air pollutants were
identified and categorised to the following groups, in
relation to their effects: priority compounds (according to
the World Health Organization –WHO- and the Scientific
Committee on Health and Environmental Risks -SCHER),
compounds associated with perceived air quality, with
sensory irritation, with deteriorated performance and with
longer term effects. These compounds are recommended
for measurements in order to identify potential causes in
the cases of complaints and minimise the reports of irritation symptoms, the cardiovascular and pulmonary effects,
improving in this way the performance of office workers.
Ventilation plays a major role in achieving the appropriate indoor air quality conditions, by removing or diluting indoor generated pollutants to acceptable levels. Experimental and cross-sectional studies showed that increasing ventilation above minimum levels can raise
productivity, decrease the Sick Building Syndrome in
office environments and improve perceived air quality
[14-17]. Evaluation of emissions control should focus on
source control, ventilation, and air cleaning, or a combination of these. Identifying specific constituents of concern
can direct efforts to reformulate the source material (e.g.,
toner, photoconductive surface in the case of laser printer),
or make alterations in the process that will reduce the
emission potential.

The aim of the present paper is to evaluate the existing knowledge on indoor air contaminants (VOCs and particulate matter) in office buildings including modern office buildings, to report on emissions of chemicals including particles from electronic devices, which can be seen
as new less investigated emission sources, and to discuss
needs and approaches for future research on this subject.
2 VOCs AND CARBONYL COMPOUNDS
IN OFFICE BUILDINGS
2.1. VOC and Carbonyl concentrations

One of the first studies reporting measurements of
VOCs was in 12 northern California office buildings and
dated back to 1994 [18]. TVOC and 39 individual VOCs
were measured in order to characterize indoor air exposures to VOCs, their chemical composition and concentrations, and, furthermore, to identify VOC potential sources
in the office buildings. Indoor TVOC concentrations ranged
from 230 to 7000 µg/m3 (geo mean: 510 µg/m3). The highest
TVOC concentrations were reported for two buildings with
wet-process photocopiers. Individual VOCs had geometric mean concentrations < 5 ppb.
A survey on indoor air pollution in office buildings
with an average age between 3 and 17 years has been conducted by Zuraimi et al. [19]. They compared the concentration levels of VOCs both in modern and non-modern
office buildings in Singapore and Europe, and calculated
the emissions of the VOCs from indoor sources. Concentrations of 2-methylpentane and n-heptane were significantly higher in the EU buildings, while those of ntetradecane, 2-ethyl-1-hexanol, benzene, toluene, m/pxylene, benzaldehyde and naphthalene were significantly
higher in Singapore buildings. Area-specific emission rates
of the methylpentane isomers, n-heptane and isoprene were
significantly higher in the EU buildings, while those of 2ethyl-1-hexanol, benzene, toluene and naphthalene were
significantly higher in the Singaporean buildings.
According to this study, concentrations of target VOCs
determined in the two types of office buildings (modern
and non-modern) were within health and comfort guidelines. However, this statement is based on occupational
exposure limit values for the target compounds, and cannot necessarily be valid for chronic exposure to these
pollutants. Mean concentrations in Singapore buildings
reached values up to 87 µg/m3 and 287 µg/m3 for benzene
and toluene, respectively. In EU buildings, the corresponding mean concentrations for benzene and toluene were
14 µg/m3 and 35 µg/m3, respectively.
Chao and Chan [20] quantified indoor VOCs in buildings of different construction age in Hong Kong with mechanical ventilation, including offices and public places,
such as customer service centres and shopping centres. The
most dominant VOCs found in indoor samples from modern office buildings were benzene, toluene, ethylbenzene,
xylenes and dichloromethane. More than 75% of the sam-
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ples were found to contain chloroform, p-dichlorobenzene
and 1,2,4-trichlorobenzene. The weight percentages of
chlorinated and aromatic hydrocarbons were estimated to
be 48 and 38%, respectively.
In another study [21], concentrations of VOCs in
17 buildings (17 offices) renovated between 2004 and
2008 were measured in the Greater Bangkok Area. The
results show that VOC concentrations varied significantly
among the studied buildings. The two most dominant VOCs
were toluene and limonene, with concentrations varying
from 35 to 230 and from 113 to 241 µg/m3, respectively.
Measurements for aldehyde compounds were carried out
in the same office buildings [22]. The most abundant aldehydes measured were formaldehyde and acetaldehyde with
mean concentrations reaching values up to 35.5 µg/m3 and
17.1 µg/m3, respectively.
In all the aforementioned studies, the air change rates
in the various buildings have also been reported. Generally, due to the overall climatic conditions in the Asian
countries, the air change rates are kept relatively low (0.4
to 0.6 ach), which may, to a certain extent, justify the
higher pollutant concentrations in the buildings of Singapore, Hong Kong and Bangkok compared to the buildings
in European Union countries that generally apply higher
ventilation rates in office buildings (0.6 to 1 ach).
Apart from the above studies, a series of large-scale
campaigns measuring VOCs indoors, both in Europe and
in the US, have been carried out, as follows:
Within the frame of the European Project Audit “European audit project to optimize indoor air quality and
energy consumption in office buildings” (1993-1995),
several buildings were object of study: 18 buildings from
Denmark, Norway and Finland, 20 buildings from France,
Germany and Switzerland, 12 buildings from UK and
Holland, and 6 buildings from Greece [23, 24].
The European Indoor Air Monitoring and Exposure
Assessment (AIRMEX) Project involved the measurement
of pollutants in common indoor environments in different
EU countries. Thus, indoor pollution in offices, kindergartens and residences were monitored during the years
2003-2008 [25, 26].
In US, the EPA conducted a similar study (BASE –
Building Assessment Survey and Evaluation Study) in
1994-1998 in order to monitor the environmental and
comfort measurements, characterize the buildings, heating, ventilation and air conditioning systems, and to evaluate the symptoms and perceptions of building occupants
in regards to a poor indoor air quality. 100 different office
and public commercial buildings throughout the US were
evaluated [27, 28].
Table 1 presents the average concentrations of VOC
pollutants in modern office buildings in both European
and non-European countries. The differences observed
between the different countries have been attributed to
diverse ventilation rates, relative humidity values, ventilation systems and construction materials [19].

2.2. VOC emissions from office equipment

A detailed review [6] has been carried out on the
emission rates of VOCs, SVOCs, carbonyl compounds,
ozone and particulate matter emitted from office equipment, such as desktops, notebooks, printers and photocopy machines. The authors concluded that the comparison of emission rates between different studies is nowadays
quite difficult, as each of them has used a different setup
(e.g. varying temperatures and relative humidity, evaluation of emission of chemical pollutants in idle, standby or
operation mode).
In order to facilitate the comparison of emissions from
different electronic equipment, the European Computer
Manufacturers Association has currently developed a
standard method [29]. Temperature and relative humidity
values are set to (23 ± 2) °C and (50 ± 5) %, respectively.
Additionally, in the case of printers in the operation mode,
60-80 g/m2 A4 paper with a water content of 3.8-5.6%
should be used.
Except for organophosphate flame retardants, whose
concentrations in the indoor environment can be directly
correlated with their presence in emissions from office
equipment, the source apportionment of the rest of indoor
pollutants is less straightforward, as they can be emitted
by a wide variety of sources.
Bako-Biro [30], Nakagawa [31] and Hoshino [32] have
evaluated the emission rates of diverse VOCs and carbonyl
compounds from desktop computers equipped with CRT
(cathode ray tube) and TFT (thin-film-transistor liquid crystal display) monitors and notebook computers. Results from
these experiments indicate that emission rates are higher in
the case of desktop computers using CRT screens and
lower in the case of notebook computers. Emitted compounds include aromatic hydrocarbons, alkanes, alcohols,
ketones and aldehydes, particularly formaldehyde, with
emission rates up to 103 µg/h per unit.
Emission rates of chemicals from office equipment
(including fax machines, laser jet printers, ink-jet printers,
scanners, and photocopying machines) were studied in
test chambers by Lee et al. [33]. Highest emission rates
were obtained for toluene, ethylbenzene, m,p-xylene, and
styrene, as these compounds are normally used as solvent
in toner for printers.
A comparison of TVOC emissions among the different types of printers points out that the highest emissions
(5.7-7.0 µg/page) were obtained from laser-jet printers, in
comparison with ink-jet printers (0.7-1.2 µg/page) and allin-one machines (0.2 µg/page). Chemical emissions were
in all cases slightly higher during the operation mode.
In general, the emission rates from photocopiers are
much higher than those from printers and multi-functional
devices but the variability among the studies is very high.
Most commonly emitted compounds include BTEX, carbonyl compounds (i.e. formaldehyde, acetaldehyde, benzaldehyde) and linear alkanes with emissions as high as
30000 µg/h per unit [34].
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TABLE 1 - Average concentrations (µg/m3) of VOCs found in office buildings.
Pollutant
REFERENCE
1,2,4-trimethylbenzene
1,2-propanediol
1-butanol
2-ethyl-1-hexanol
2-phenoxyethanol
Acetaldehyde
Acetic acid
Acetone
Benzaldehyde
Benzene
Buthoxypropanol
Carene
Decane
Dichloromethane
Dodecane
Ethylacetate
Ethylbenzene
Formaldehyde
Heptane
Hexanal
Hexane
Hexanoic acid
Isoprene
Limonene
m,p-xylene
Methylcyclohexane
Nonanal
Nonane
Octanal
Octane
o-xylene
Propanal
Propylbenzene
Toluene
Undecane
α-pinene

Ireland
25
26
1.8

4.7
12.3
2

5.27
13.7
1.9
16.9
2.3
6.6
0.8

3.5
2.2
0.9

1.6
1.2
0.9
4.3
1.4
1.4

EUROPEAN COUNTRIES
NON-EUROPEAN COUNTRIES
Netherlands Greece Finland Germany Cyprus Belgium Hungary Singapore Hong Kong Thailand USA
25
23
23
25
25
25
21
27
23-26
19
20
26
24
24
26
26
26
22
28
0.75
7.8
1.3
7.4
1.6
0.3
2.2
8.6
7
1.8
1.2
5.7
12.2
4.2
1.6
4.4
3.3
3.4
30.6
1.8
1.6
6.4
9.3
11.1
7.2
7.3
7.3
17.1
7.8
7.1
11.3
29.6
21.9
19.3
16.5
42
5.0
29
2.7
11.2
3.9
2.0
8.0
1.9
2.7
87.1
8.1
8.8
4.2
1.3
0.5
1.7
13.9
24.8
15.6
50.2
21
29.8
9.6
2.1
3.7
1.1
7.7
16.1
0.9
3.7
0.8
0.5
7.3
12.1
3.7
9
17.9
11
24.3
26.9
12.2
16.2
35.5
16
14.7
9.8
8.6
5.1
5.0
21.2
13.3
12.7
18.5
5.4
2.5
5.3
6.7
25.6
4.6
2.3
2.1
34.6
7.5
3.9
5.5
10.5
3.2
14.2
2.2
15.8
7.0
2.8
65.1
60.6
12
2.7
21.7
4.2
1.8
9.5
2.0
1.2
143
12.3
12.2
14
14.2
9.5
1.8
2.0
36.4
2.6
2.5
4.3
7.6
9.4
3.0
3.3
1.5
7.7
16.3
0.7
3.9
1.0
0.4
43.4
5.5
9.6
4.1
2.8
1.9
4.4
2.6
3.4
2.7
3.6
1.7
5.2
43.1
32.3
3.7
19.4
7.7
2.2
287.3
52.8
110
16
13
32.9
9.5
0.25
2.6
5.5
0.8
2.6
1.3
2.1
3.9

	
  
	
  
	
  

3 PARTICULATE MATTER (PM)
IN OFFICE BUILDINGS
3.1. PM concentrations

Although limited, a number of studies monitoring
particulate matter (PM) levels in offices have been conducted on European level and are discussed in this section. These include HOPE, EUROPART, EC-Audit and
EXPOLIS projects. Table 2 summarizes the findings of the
studies carried out in real office environments in Europe,
over the last couple of decades.
The instrumentation used for measurements of PM
concentrations in real office environments includes either
impactors for particles collection on preconditioned filters
[24, 35] or on-line monitors [36-40]. The disadvantage of
the former (gravimetric method) is the lack of time variation, focusing only on the average mass concentration.
The fractions measured with this method are TSP (total
suspended particles), PM1, PM2.5, PM10, or respirable particles. In some cases of gravimetric measurements [35], a
chemical analysis for elements, ions, black smoke, elemental and organic carbon and phthalates identification
followed through the use of XRF, ion chromatography,

reflectometer, and HPLC analysis methods. On-line measurements can be conducted with the use of optical particle
counters (OPCs), condensation particle counters (CPCs)
and scanning mobility particle sizers (SMPS). These
instruments offer the prospect of measuring particles
mass or number in the size range between some nm and
over 25 µm.
Regarding the factors affecting the PM levels in office
environments, a significant influence of ventilation on
particles <0.4µm levels was observed by Saraga et al. [41].
During working hours, the particles concentration reached
the value of 450000particles/L but was significantly decreased when windows were opened (190000 particles/L).
The effect of ventilation was also studied by Horemans et
al. [35], where it was observed that offices without any
ventilation system had an I/O ratio for TSP of 0.60, while
this ratio decreased to 0.47 for offices with mechanical
ventilation, and 0.28 for offices where the outdoor air supply was filtered. The effect of ventilation on I/O ratio was
examined by Riain et al. [39]. I/O ratios for the whole
sampling period were generally lower in the "naturally ventilated" spaces than in "mechanically ventilated" rooms.
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TABLE 2 - Overview of studies in European office environments, measuring ultrafine particles (UFP), PM1, PM2.5, PM10, and total suspended
particles (TSP).
Pollutant

Country (Ref)

UFP

Finland [36]
Finland [37]
Germany [38]
Greece [41]

PM1

Finland [36]

Concentrations

Units

0-1.07
0-1.1
10000-30000
5000
8100-18250
1085000
6440000
87500
1.9-9.18
1.27-3.86
1.78-6.54

µg/m3

12.1 ±4.5
15 ±7.8
n.a.
2.5
9.9
10.3
5.2-13
5.3
21.1
19.8
34 ± 39
n.a.
n.a.

µg/m3

18.1 ±7.8
21.9 ±14.3
6.6
14.5
13
<2

µg/m3

0.62 ±0.14

µg/m3
µg/m3
µg/m3
µg/m3

n.a.
0.71-0.73
n.a.
n.a.

14 ± 4

µg/m3

0.60-0.64

Italy [40]

PM2.5

UK [14]
Belgium [35]

France [42]
Greece [41]
Italy [40]

PM10

Norway [43]
UK [14]
Norway [43]
Portugal [44]
UK [14]

Particles/cm

3

Particles/cm3
Particles/cm3

µg/m3

µg/m3

µg/m3

I/O

Comments

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

At height 0.4 and 1.1 m
At height 1.8 m
Daytime
Nighttime

0.66 ±0.12
0.61
0.37
0.88
0.38
0.34-0.56
0.4
0.6
0.77
n.a.
2.2-8.5
1.2-1.7

13 ± 7

0.66-0.69

23 ± 13

0.46
0.71

UK [24]
UK [45]
TSP

Belgium [35]

Denmark [46]
Netherlands [24]
Denmark [24]
UK [24]
Greece [24]
France [24]
Switzerland [24]
Norway [24]
Germany [24]

20
18.9
23
7.6
11.9 - 31.1
15
7-24.2
10.9
26.7
28.7
86-328
72
88
20
149
76
181
20
61

µg/m3
µg/m3
µg/m3

µg/m3
µg/m3

Note: n.a.: not available
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n.a.
n.a.
n.a.
0.33
1.05
0.4
0.16-0.63
0.24
0.34
0.73
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

Non smoking
Smoking
Weekend (no activity)
At height 0.4 m
At height 1.1 m
At height 1.8 m
Four offices
Warm season
Cold season

Smoking
Non smoking
Four offices
Warm season
Cold season

all wind directions:
- unoccupied office with
fans off
- unoccupied office with
fans on full,
- occupied office
(single-sided ventilation)
- occupied office
(cross ventilation)

Ground floor
First floor
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A critical characteristic of a crowded office environment is the number of visitors and occupants working in
it. Thus, a significant factor affecting PM levels is human
movement, which prevents particulates from depositing
and also re-suspends those which already have. Luoma et
al. [36] underlined the influence of the number of occupants in an office environment as I/O ratio values (for
TSP) decreased from 0.60 to 0.48 and 0.32 for offices
with <10 m2, 10-20 m2 and >20 m2 per occupant, respectively. In the same study, resuspension from the floor was
indicated by the higher impacts found at low (0.4 m)
heights for the larger (5-25 µm) particles, which are most
readily re-suspended.
3.2. PM emissions

Pollutant emission measurements in a real office environment comprise a different approach, as factors, such
as ventilation patterns, variety and number of sources,
occupants’ activities, air temperature and humidity, and
volume of the room, are significantly different from those
in a test chamber. A characteristic example is given by
Wensing et al. [38], who conducted PM emissions measurements from a printer in a chamber and in a real office
room. As underlined, due to the differences between the
environmental parameters of an emission test chamber
and a real-room, it can be expected that particle measure-

ments in a chamber will not reflect real-life exposure. Due
to the lower air exchange rate and low air velocity, the
particle loss-rate in the office room is ten times lower than
in the chamber. Generally, PM emissions result from both
the generation of new particles and the resuspension of
previously settled particles, both processes that depend on
vibration, humidity, temperature, particle accumulation,
air velocity etc. Without reproducing such building-specific
conditions, chamber tests may not provide meaningful
results. Additionally, many occupant behaviors cannot be
easily reproduced in even very large chambers [36].
Characterizing particulate matter emissions from office equipment, even in environmental chambers, can be
complicated due to the diversity of available equipment,
the rapid evolution and turnover of product lines, and the
variability in environmental and operating conditions [6].
Therefore, studies designed to investigate emissions from
office equipment are quite limited. To date, the tested
equipment includes laser and ink printers, photocopiers
(dry-process copiers), fax machines and all-in-one devices, all operating the printing activity. To the best of our
knowledge, PM emission rates from desktop and notebook computers have not been reported in the literature.
Table 3 presents an overview of the relative studies of PM
emissions from office equipment conducted up to date in
environmental chambers.

TABLE 3 - Studies of PM emissions from office equipment.
Particle
fractions studied
PM10

Reference

0.07-3 mm

[48]

PM2.5
UFPs

[48]
[49]

n.a.
0.03-146 x 104
197 x 104

TSP
UFPs
UFPs

[50]
[51]
[38]

4.3 x 105
2.3 x 1010
500-343000/cm3 for
particles >7nm and 638000/cm3 for particles >100nm

Particles/cm3
Particles/s

PM10

[33]

20-65

µg/m3

PM10
< 2 mm

[52]
[53]

µg/m3

n.a.
n.a.

50-244 nm

[54]
[59]

65
increase of particles
levels to 30 times the
chamber background
61
5.3-1.2 x 104

µg/m3
Particles/cm3

[60]

3 x 1010 - 4 x 1012

Particles per print

n.a.
3.25 x 103 particles/cm3 s1 and
0.07mg/h
3.40 x 103 particles/cm3 s1and
0.039 mg/h
9.35 x 103 particles/cm3 s1 and
0.449 mg/h
n.a.

5.6-560 nm and
0.3-20µm
Note: n.a.: not available

[47]

Concentration
in chamber
6-11 (idle)
19-22 (in operation)
n.a.

Units

Emission rates

Comments

µg/m3

1420-2950 µg h-1 unit-1
1.6-2.6 µg/page
0.04-159 x 109 particles/min
4.21-92.8 x 109 particles/min
0.29±0.07 µg/min
n.a.
n.a.

New cartridges
Old cartridges
New cartridges
PM0.1
5-560 nm, AER: 2 h-1

Particles/cm3
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n.a.
n.a.
(21±7) x 104part./cm3
(5±2) x 104 part./cm3
(21±9) x 104 part./cm3
(22±5) x 104 part./cm3
n.a.

5-1000 nm
Paper tray
Fan / toner waste
Rear of printer
Board cooler
Operation, standard
copy
Operation

printing speed
5 prints/min
printing speed
24 prints/ min
printing speed
38 prints/ min
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The instrumentation used in chamber measurements
includes either impactors for particles collection on preconditioned filters or on-line monitors [optical particle
counters (OPCs), condensation particle counters (CPCs)
and scanning mobility particle sizers, SMPS]. Typically,
the experimental conditions that are applied during particle emission studies employ multiple equipment modes (including off, idle, operating and sometimes power saving
modes or different copying rates) and different types of
materials (toner, cartridge, paper).
Although reported emission measurements are limited, different particle size fractions were studied, depending on the instrumentation availability. Special attention
has been given to ultrafine particles, due to their connection to adverse health symptoms [55]. More specifically,
toner and paper dust from printing devices may disperse
in air, generating respirable particles that include ultrafine
aerosols [33, 48, 56-60]. Particle emissions from different
parts of a printer were measured in another study [38] and
concluded that ultrafine particles originate from the hightemperature fuser unit but not from the toner. On the contrary, direct emissions from the toner seem to be associated
to fine and coarse particles production. Toner powder in the
air exhaust from laser printers can cause PM10 emission in
the indoor environment [33].
However, it is rather difficult to examine all the possible factors that affect the pollutant emissions from office
equipment since different machines and processes give a
wide range of emission levels. Even for the same machine
model, the emission levels would be affected by other
factors, such as age, product history, maintenance cycle,
air exchange rate, and product loading. For instance, particle emission rates are printer-type specific and are affected by toner coverage and cartridge age [48]. The dependence of particles’ emission from the printing rate
(number of printed pages/min) was examined by Brown et
al. [47], Schripp et al. [49] and Byeon et al [59]. Brown et
al. [47] tested simultaneously three parameters: the copy
rate (10 or 15 copies/min), the kind of copying (single or
double), and the percentage of the cover of the sheet surface (0 and 15%). In general, their results indicated that
toner coverage and cartridge age could be the most significant factors affecting the emission rates of a particular
printer; however, more study on the effect of these factors
on printer particle emissions is needed. The toner coverage
(0%, 5% or 50%) in combination with two different types
(of different water content) of paper was also examined by
Morawska et al. [50]. Microanalysis of printer aerosols
collected onto transmission electron grids confirmed that
the emissions were almost entirely composed of SVOCs,
with only trace quantities of some inorganic particles. On the
basis of the elements detected in the particles (Ca, Fe), they
appeared to be mostly related to the paper, which was coated
with calcium carbonate, and to iron oxide from the toner.

4 GENERAL INFORMATION ON
THE FORMATION OF SECONDARY
ORGANIC AEROSOLS THROUGH
THE OZONE / TERPENE REACTIONS
Reactions between monoterpenes and ozone can also
produce secondary organic aerosol (SOA) [61-70]. Weschler
and Shields [62] found that particles were formed from
the reaction of limonene with ozone, with yields in the
region of 10-15%. Sarwar et al. [63] observed rapid fine
particle growth through the reaction of ozone with α-pinene,
and subsequent gas-to-particle partitioning of the products in
a stainless steel chamber. Shortly after introducing α-pinene
to the chamber, they noted a burst of particles in the 0.021 µm range, the number of which decreased and then
attained a steady concentration.
The nature of the particles formed has been the subject of a few studies. For instance, laboratory studies have
suggested that bi- and multi-functional carboxylic acids,
such as pinic and pinonic acid, are generated from the ozonolysis of α- and β-pinene [64, 67]. Outdoor field studies
have suggested that as well as the above compounds, norpinonic acid, pinonaldehyde and nopinone contributed to the
fine particle mass [64]. Glasius et al. [67] also identified a
range of ketoaldehydes, hydroxyketoaldehydes, ketones and
hydroxyketones in SOA following the reactions of various terpene compounds with ozone. However, there have
been no studies to date investigating the composition of
particles formed indoors: such studies should be a future
focus of research efforts in indoor air pollution. Finally, it
has been noted that the behaviour of particles indoors is
highly dependent on ventilation rates: low ventilation rates
lead to a larger concentration of SOA [63, 68]. The longer
residence times at lower ventilation rates allow the particles
more time to form in the first place, but also more time to
accrete organic material and grow in size [68].
To what extent the aforementioned terpene reactions
and the subsequent formation of SOA can play a significant role in indoor environments, in particular in modern
office environments, is still open. This is a challenging
area and could become one of the foci in future research
activities.
5 CONCLUSIONS
In the present study, we reviewed and evaluated existing information on the presence of volatile organic
compounds including low molecular weight carbonyls,
and particulate matter of various sizes in office building
environments. The main conclusions may be summarised
as follows:
• Most commonly found chemicals are aromatic compounds (BTEX), linear and cyclic alkanes (hexane,
nonane, methylcyclohexane…), terpenes (α-pinene,
limonene), carbonyl compounds (formaldehyde) and
particulate matter. Average concentrations of benzene
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and toluene in European countries range from 2 to
11.2 and 4.3 to 43.1 µg/m3, respectively, while in nonEuropean countries, they range from 3.4 to 87.1 and
from 52.8 to 287.3 µg/m3, respectively.
• Differences in the concentrations of VOCs, carbonyl
compounds and particulate matter between the different countries / regions may be associated with ventilation rates, relative humidity values, the use of different
ventilation facilities, various office equipment, and
construction and building materials.

ACKNOWLEDGEMENT
This work was supported from the project "OFFICAIR" (On the reduction of health effects from combined
exposure to indoor air pollutants in modern offices) funded by the European Union 7th Framework (Agreement
265267) under the Theme: ENV.2010.1.2.2-1.

• Electronic equipment present in offices (i.e. computers,
printers, photocopiers) has been reported to emit variable quantities of VOCs, carbonyl compounds and particulate matter. Source apportionment for the majority
of these compounds in modern offices is quite difficult
due to the variety of emitting sources.
• A few studies refer to the formation of secondary organic aerosols (SOAs) from the oxidation of VOCs, in
particular of terpenes, taking place in indoor environments.
• To date, the tested equipment includes laser and ink
printers, photocopiers (dry process copiers), fax machines and all-in-one devices, all operating the printing activity. To the best of our knowledge, particles
emission rates from desktop and notebook computers
have not been reported in the literature.
• The particles emission rates depend on several factors:
the kind and age of printers, the operation mode, the
printing rate, the number of printed pages, the toner
coverage, the type of cartridges (old/new) etc.
• The size distribution of the emissions from printing
devices was examined and ultrafine particles (<100 nm)
predominated in every case. The emission rate for ultrafine particles ranged between 0.04-160x109 particles/min or 21-206 x 103 particles/cm3.
• Significant levels of particulate matter are generally
measured in test chambers during the operation of printers, copiers and multi-functional devices. The maximum
reported concentrations were 4 x 105 particles/ cm3 (for
number of PM measurements) and 65 g/m3 (for particles’ mass measurements).
• A few studies reported in the literature refer to the
chemical formation of ultrafine (UFPs) particles from
the oxidation of VOCs emitted from printers, underlying the importance of clarifying the emission mechanism of ultrafine particles.
• To date, PM measurements in modern office environments have been conducted in Belgium, Czech Republic, Denmark, France, Finland, Germany, Greece, Italy,
Netherlands, Norway, Portugal, Sweden, and United
Kingdom.
• The indoor/outdoor ratio in cases of real office environments ranged between 0.34- 0.88 (for PM2.5) and
0.46-1.7 (for PM10).
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ACUTE TOXICITY OF SELECTED IMIDAZOLIUM IONIC
LIQUIDS TO Scenedesmus obliquus AND QSAR STUDY
Xiang Hu*, Junfeng Li and Chunxi Li
Beijing University of Chemical Technology, Beijing 100029, PR China

ABSTRACT
Ionic liquids have hazard potential to humans and the
environment. Acute toxicity of 10 imidazolium ionic liquids was studied by using Scenedesmus obliquus as indicator organism. The effective concentrations (EC50) of these
ionic liquids at 96 h were determined, respectively, and
quantitative structure-activity relationships (QSAR) were
also examined. Experimental results indicated that the toxicity of these ionic liquids to Scenedesmus obliquus is different,
which is induced from the different head groups, functionalized side chains and anions. The toxicity of these ionic
liquids increases with the increase of the length of functionalized side chains, and does not change obviously
when the cations are kept the same. QSAR analysis indicated that the acute toxicity relates to the molecular weight.
The toxicity of imidazolium ionic liquids has the trend to
increase with the increase of energy of the highest occupied molecular orbital (EHOMO), but to decrease with the
increase of the largest positive atomic charge on a hydrogen atom (qH+).

KEYWORDS: Imidazolium ionic liquids; Scenedesmus obliquus;
acute toxicity; quantitative structure-activity relationships (QSAR)

1 INTRODUCTION
Ionic liquids (ILs) represent a class of novel chemicals being designed to replace traditional volatile organic
solvents in industrial processes [1]. As a kind of special
non-molecular ionic solvents, ILs have gained considerable attention as “green solvents” [2], due to their idiographic physicochemical properties: low melting points,
non-volatility, non-flammability, and high thermal, chemical and electrochemical stability, besides their ability to
dissolve many organic and inorganic compounds which are
then easy to recycle. However, some experimental results
indicated that most of ILs are not biodegradable, or hard to
be degraded, besides their high solubility and high stability in water [3, 4]. The potential effects of ILs on aquatic
* Corresponding author

ecosystems have been poorly studied, despite the possibility of unintentional discharge into rivers and lakes, and
their intentional disposal in wastewater treatment plants
[5-8].
Most methods used to evaluate the environmental risk
of a substance in aqueous media are those measuring their
toxicity by using an inhibition assay [9]. Among these,
algal assays are the most widely used ones as biological
tools in environmental impact studies as they are relatively simple, quick and inexpensive, in comparison to bioassays with other organisms [2]. Herein, one kind of
green algae - Scenedesmus obliquus - will be used to evaluate the toxicity of these 10 imidazolium ILs.
Up to now, the developments in ecotoxicology, organic pollution chemistry and other subjects have presented some new exploring trends, such as from description to inference, from qualitative to quantitative analysis,
or from macrostructure to microstructure analysis. Research
on quantitative structure-relativity relations (QSAR) has
been developed as main method to study structure-activity
relations. Based on the molecular structure of compounds,
molecular energy character and test data, this method can
be used to establish planar, three-dimensional and multidimensional modes to predict physico-chemical activity
relationships, and biological activities of the untested
compounds [10-12].
In this study, we focused on examining the toxicity of
imidazolium ILs to Scenedesmus obliquus. QSAR were
used to analyze the relationship between the molecular
spatial structure and various quantum chemistry parameters, so as to offer toxicologic data for venture evaluation
and environmental impact assessment of ILs.
2 MATERIALS AND METHODS
2.1 Imidazolium ionic liquids (ILs)

Four kinds of ILs, 1-ethyl,3-methylimidazole tetrafluoroborate ([EMIM]BF4), 1-ethyl,3-methylimidazole
hexafluorophosphate ([EMIM]PF6), 1-hexyl,3-methylimidazole tetrafluoroborate ([HMIM]BF4), and 1-hexyl,3methylimidazole hexafluorophosphate ([HMIM]PF6), were
purchased from Shanghai Cheng Jie Chemical Co. LTD,
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TABLE 1 - The samples of imidazolium ionic liquids.
IL samples

Abbreviation

1,3-dimethylimidazole methylphosphonate
1-ethyl,3-methylimidazole methylphosphonate
1-butyl,3-methylimidazole methylphosphonate
1-butyl,3-methylimidazole HCl salt
1-butyl,3-methylimidazole tetrafluoroborate
1-butyl,3-methylimidazole hexafluorophosphate
1-ethyl,3-methylimidazole hexafluorophosphate
1-ethyl,3-methylimidazole tetrafluoroborate
1-hexyl,3-methylimidazole hexafluorophosphate
1- hexyl,3-methylimidazole tetrafluoroborate

[MMIM]DMP
[EMIM]DMP
[BMIM]DMP
[BMIM]Cl
[BMIM]BF4
[BMIM]PF6
[EMIM]PF6
[EMIM]BF4
[HMIM]PF6
[HMIM]BF4

and all the others selected for this study were prepared by
ourselves (as shown in Table 1). All compounds were
checked for their purities by HPLC analysis following a
method of Stepnowski et al. [13]. The ILs were used as
supplied, without any additional pre-treatment.
2.2 Batch cultures

Scenedesmus obliquus used in this study was inoculated from the Institute of Hydrobiology, Chinese Academy of Sciences. Scenedesmus obliquus used in the experiments was cultivated and inoculated twice with fresh
culture medium M11 under aseptic conditions. The stock
solution of culture medium M11 is shown in Table 2.
TABLE 2 - The composition of M11 culture medium.
Molecular formulation
NaNO3
K2HPO4·3 H2O
MgSO4·7H2O
CaCl2·2H2O
Na2CO3
Ferric citrate·x H2O
EDTA

Dosage (g)
50
5
37.5
20
10
3
0.5

ρ (mg/L)
100
10
75
40
20
6
1

Molecular
formula
C7H15N2O4P
C8H17N2O4P
C10H21N2O4P
C8H15N2Cl
C8H15N2BF4
C8H15N2PF6
C6H11N2PF6
C6H11N2BF4
C10H19N2PF6
C10H19N2BF4

Molecular
weight
222.180
236.207
264.261
174.673
226.024
284.184
256.130
197.970
312.238
254.077

Purity
99%
99%
99%
99%
99%
99%
99%
98%
99%
99%

the results did not exceed 5% on the inhibition scale. The
number of Scenedesmus obliquus cells was determined
microscopically, every day in a counting chamber.
2.3 Toxicity tests

The IL toxicity tests were carried out according to the
modified versions of the methods recommended in the
European Committee for Standardization’s guidelines
[14]. The rate of Scenedesmus obliquus cell growth K was
determined by the following equation:

K = (lg N t − lg N 0 )/ t

(1)

where, T is the measurement in time, N0 the cell
number in the culture incubated without toxicant, and Nt
is the cell number in the culture incubated with toxicant.
2.4 QSAR study

In this study, a half-experience computer software
MOPAC-AM1, included by ChemOffice (version 04) was
used to calculate the quantum chemistry parameters.

The concentration of Scenedesmus obliquus used in
the experiments was about 105 cells·ml-1. All seven compounds were dissolved, separately transferred to volumetric flasks (1 L), diluted by 1000 times, pH was adjusted to
7.8 ± 0.2 with HCl or NaOH, and finally, they were sterilized for half an hour at 121.3 °C.
Stock cultures of the test organisms were acclimatized
for 8 days at 24±1 °C in the presence of photosynthetically
active radiation at 2000 Lux using a light/dark photoperiod of 12:12 h. Irradiance was measured using a quantummeter LiCor (LI-189) with a cosine collector. The final
batch cultures used in the experiments were obtained by
mixing a known amount of the stock culture in the log
growth phase with sterile medium. The initial density of
Scenedesmus obliquus was approximately 19.9 105 cells·ml1
, and suspensions were transferred into glass Erlenmeyer
flasks (50 ml). Then, 0.1 ml of aqueous IL solutions with
different concentrations was added to the flasks to obtain
final concentrations. Finally, all the flasks were incubated
in culture chambers for 6-8 days at 24 ± 1 °C. All experiments were run minimally in triplicate. The variability of

3 RESULTS AND DISCUSSION
3.1 Test concentration of selected ILs

The appropriate concentrations of the tested ILs are
listed in Table 3.
TABLE 3 - The determined test concentrations of ILs (mg·L-1).
[MMIM]DMP
[EMIM]DMP
[EMIM]BF4
[EMIM]PF6
[BMIM]DMP
[BMIM]Cl
[BMIM]BF4
[BMIM]PF6
[HMIM]BF4
[HMIM]PF6

ρ1
100
50
50
50
20
20
20
20
20
20

ρ2
150
100
100
100
50
50
50
50
50
50

ρ3
200
150
150
150
100
100
100
100
70
70

ρ4
250
200
200
200
150
150
150
150
90
90

ρ5
300
250
250
250
200
200
200
200
110
110

3.2 Toxicity of ILs

During the experiment, the dose-response curves of all
the tested ILs were made. All five different concentrations
of toxicants (take [BMIM]DMP for example) can inhibit
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FIGURE 1 - Effect of [BMIM]DMP on the growth of Scenedesmus obliquus.
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FIGURE 2 - K-(-lg ρ) curve of Scenedesmus culture solution containing [BMIM]DMP.

the growth of Scenedesmus obliquus, and the toxicity
became much stronger with increasing the dosage as
shown in Fig. 1.
When taking [BMIM]DMP, for example, the K-(-lg
ρ) curve can be received, where ρ is the mass concentration of ILs, as shown in Fig. 2.
From Fig. 2, it can be seen that Scenedesmus obliquus
will not be influenced significantly when above the H
area, and EC50 value at 96 h can be observed at the point
of H/2. EC50 values of all these 10 tested ILs at 96 h were
determined by using this method, as shown in Table 4.
From Table 4, we can see that all imidazolium ILs inhibit Scenedesmus obliquus growth, with EC50 values ranging between 58.88 mg·L-1 and 219.28 mg·L-1 when incubation time is 96 h. The inhibition effect becomes stronger

with the increase of the mass concentration of ILs. But
Scenedesmus obliquus cells can grow faster when the concentration of ILs is lower.
TABLE 4 - EC50 values of test ILs at 96 h.
ILs
[MMIM]DMP
[EMIM]DMP
[EMIM]BF4
[EMIM]PF6
[BMIM]DMP
[BMIM]Cl
[BMIM]BF4
[BMIM]PF6
[HMIM]BF4
[HMIM]PF6

2502

K50
0.0718
0.0759
0.0851
0.0801
0.0902
0.0718
0.0827
0.0798
0.0849
0.0883

-lg ρ
3.659
3.796
3.869
3.903
3.999
4.026
4.048
4.079
4.221
4.230

EC50 (mg/L)
219.28
159.96
135.21
125.03
100.23
94.19
89.54
83.37
60.12
58.88
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TABLE 5 - The toxicity and quantum chemical descriptors of the imidazolium ionic liquids.

C7H15N2O4P
C8H17N2O4P
C6H11N2BF4
C6H11N2PF6
C10H21N2O4P
C8H15N2Cl
C8H15N2BF4
C8H15N2PF6
C10H19N2BF4
C10H19N2PF6

-lg EC50
Measured value
0.66
0.80
0.87
0.90
1.00
1.03
1.05
1.08
1.22
1.23

Predictive value
0.72
0.78
0.82
0.92
0.95
1.02
1.06
1.10
1.09
1.16

residual
0.06
-0.02
-0.05
0.02
-0.05
-0.01
0.01
0.02
-0.13
-0.07

EHOMO
-11.27
-11.24
-11.12
-11.10
-10.28
-9.93
-9.90
-9.79
-9.21
-9.02

ELUMO
0.10
-0.05
0.56
0.24
-0.04
0.21
0.13
-0.21
1.03
0.24

qN +
-0.26
-0.26
-0.30
-0.24
-0.25
-0.23
-0.26
-0.25
-0.33
-0.24

qC-0.25
-0.41
-0.37
-0.40
-0.37
-0.37
-0.35
-0.37
-0.34
-0.37

Compound

Molecular formula

[MMIM]DMP
[EMIM]DMP
[EMIM]BF4
[EMIM]PF6
[BMIM]DMP
[BMIM]Cl
[BMIM]BF4
[BMIM]PF6
[HMIM]BF4
[HMIM]PF6
Compound
[MMIM]DMP
[EMIM]DMP
[EMIM]BF4
[EMIM]PF6
[BMIM]DMP
[BMIM]Cl
[BMIM]BF4
[BMIM]PF6
[HMIM]BF4
[HMIM]PF6

Mr

TE (eV)

EE (eV)

CCR (eV)

222.18
236.21
197.97
256.13
264.26
174.67
226.02
284.18
254.08
312.24

-2924.05
-3079.81
-3349.43
-4371.40
-3391.35
-2019.15
-3660.56
-4684.43
-3971.78
-4994.96

-2459.05
-2697.47
-14818.23
-3388.81
-3320.05
-1739.85
-18779.21
-4163.77
-20547.12
-4133.86

-7.97
-382.35
11468.80
-982.60
-71.30
-279.29
15118.65
-520.66
16575.34
-861.09

qH+
0.47
0.45
0.44
0.41
0.41
0.39
0.38
0.37
0.38
0.36

FHOF(KJ)
-441.12
-462.76
-1274.15
-1046.43
-507.40
-41.19
-1278.88
-1234.98
-1292.86
-1181.43

IP
10.15
10.27
9.79
14.00
10.09
9.93
7.72
10.32
9.21
13.42

µ
32.85
32.98
8.53
12.17
27.87
17.47
7.72
32.28
3.95
12.81

Mr = molecular weight, TE = total energy, EE = electronic energy, CCR = core-core repulsion energy, EHOMO = energy of the highest occupied
molecular orbital, ELUMO = energy of the lowest occupied molecular orbital, qN+ = the largest positive atomic charge on a nitrogen atom, qC- = the
largest negative atomic charge on a carbon atom, qH+ = the largest positive atomic charge on a hydrogen atom, FHOF = the final heat of formation, IP
= ion polarization energy, and µ = dipole moment.

A relationship between the alkyl-chain length of the
ILs and their inhibitory potency can be deduced, as shown
in Table 4. It is indicated that the inhibition of ILs to
Scenedesmus obliquus growth will increase with the increase of the chain length. This is consistent with previous
conclusions drawn by Pernak et al. [15]. The toxic effects
will become much stronger with the increase of alkyl
chain, which fits all of the main ILs, such as pyridine,
imidazole, and quaternary ammonium salts.
3.3 QSAR analysis

On the other hand, the toxic effect caused by anions was
also studied. Four kinds of ILs, [BMIM]Cl, [BMIM]DMP,
[BMIM]PF6, and [BMIM]BF4, were selected from the
tested compounds. After minimizing energy and optimizing molecular structure of the tested ILs, a series of quantum chemistry parameters were calculated when keeping
the key words as AM1, GEO-OK, MMOK, and MULLIK, as shown in Table 5.
As shown in Table 5, the EC50 values of the four ILs
get close to each other. This means that the toxic effect to
Scenedesmus obliquus caused by the four ILs do not have
much difference. The cation in the four ILs was kept as
[BMIM]+, and it can be deduced that the toxicity of the
ILs was mainly attributed to the alkyl chain other than for
anions [16].
While the differences among these studies are noteworthy, the anions of the ILs can have a limited effect on
their toxicity [17, 18], but it does not mean that inhibition

attributed by anions would be neglected. As it can be
seen from Table 5, the toxicity order of [BMIM]Cl,
[BMIM]DMP, [BMIM]PF6, and [BMIM]BF4 is as follows:
[BMIM]PF6 > [BMIM]BF4 > BMIM]Cl > [BMIM]DMP,
and this indicated that the toxicity order of the four anions
is as follows: PF6 > BF4 > Cl > DMP. This is consistent
with one previous study which was carried out by C.W.
Cho [19]. Besides, the toxicity caused by anions to
Scenedesmus obliquus will decrease with the increase of
the length of alkyl chains [20].
In the process of inhibition tests, it was found that
Scenedesmus obliquus will expand and be crushed; this
phenomenon will come late, and the number of Scenedesmus obliquus cells which will be influenced is small when
there is only a little amount of ILs in the culture media.
When more IL was added to the culture, the deviant phenomenon will come early, and the influenced cells will
increase. The liposolubility of the ILs will become stronger
with increasing alkyl chains [21]. At present, the specific
ILs toxicity mechanism remains unclear, but it was indicated that the structures of many ILs are similar to those
of surfactants, for which the mode of toxic action is likely
narcosis via membrane disruption [22]. It was thought
that ILs could pass through the cell wall of Scenedesmus
obliquus, which is composed primarily of cellulose and
dissolved in the cellulose ester membrane. In one previous study, it was reported that the ionic liquids can disrupt
synthetic membranes, suggesting a more subtle mechanism of IL toxicity to freshwater algae [23]. Besides, in
the transport of materials in and out of the cell, the cell
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FIGURE 3 - The correlation between the experimental value and the predictive value of (-lg EC50(S)).

wall of Scenedesmus obliquus is playing a critical role; so,
the toxicity mechanism must have something to do with
the structure of the cell wall. However, more studies are
needed to get a reasonable explanation. Another job we
need to do is to scale the effects of ILs across organisms
more accurately, and improve our ability to predict their
effects in a natural environment.
As Table 5 indicates, the toxicity is becoming stronger
with the increase of EHOMO, which can significantly influence the change of –lg EC50. It means that the electron can
affect the inhibition to Scenedesmus obliquus. As the
measurement of electrons given out by molecules, EHOMO,
is related with molecular ionization potential and can
reflect the trend of electron translation when the tested
compounds react with the aimed molecule of the organism. The activity of the circumambient electrons in the
out space of the molecules will become much stronger
with the increase of the absolute EHOMO value. Compared
with EHOMO, the effect of the other significant factor, qH+,
is just contrary. The value of –lg EC50 will decrease with
the increase of qH+ value. For this, there is a hypothesis:
there may be repulsion between qH+ and the aimed molecule, which makes it hard for ILs to enter into the organism and lower the toxicity.
A kind of statistic software (SPSS 11.5) was used to
administer multiple regression analysis, in order to find
the relation between toxic effects and quantum chemistry
parameters, and the parameters which can be used in
QSAR model were determined as follows:

− lg EC 50 (S ) = 2.689 + 0.029 E HOMO − 3.537 qH + (2)
n = 8; R = 0.967; SE = 0.04346; F = 36.016 (p<0.05)

As shown in Fig. 3, the fitted curve is in keeping with
the actual data, and the data points were distributed around
the line y=x. The predictive value and the actual measurements do not have obvious difference. Most of the
residuals are between -0.3-0.3, and the relative error is not
exceeding 10%. The correlation between the experimental
value and the predictive value of –lg EC50 is significant.
In other words, it is indicated that the established QSAR
model, which is used to predict the toxic effects of ILs to
aquatic animals, is a successful one.
5 CONCLUSIONS
It has been shown that all the ten tested imidazolium
ILs can inhibit the growth of Scenedesmus obliquus in the
short bioassay used. Among these tested compounds, the
most toxic one is [HMIM]PF6, and its EC50 value at 96 h
is 58.884 mg/L. The results also showed that the toxic
effect of imidazolium ILs to Scenedesmus obliquus is
mainly caused by cations. All the tested imidazolium ILs
had relatively strong toxicity to Scenedesmus obliquus,
and the order is as follows: [HMIM]PF6>[HMIM]BF4>
[BMIM]PF6>[BMIM]BF4>[BMIM]Cl>[BMIM]DMP>[E
MIM]PF6>[EMIM]BF4 >[EMIM]DMP >[MMIM]DMP.
The effect of the anions on toxicity is weak, but the
toxic effect is different when the anion changes. The order
of the tested 4 kinds of anions is as follows: PF6> BF4>
Cl> DMP.
QSAR analysis also indicated that the acute toxicity
relates to the molecular structure. The toxicity of imidazolium ionic liquids has the trend to increase with the increase of EHOMO but it decreases with the increase of qH+.
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A suitable QSAR model was achieved to predict the toxic
effects of ILs to aquatic algae.

[14] International Standard Organization. (1989). Water qualityfresh water algal growth-inhibition test with Scenedesumus
subspicatus and Selenastrum capricornutum. ISO. 8692.
[15] Pernak, J., Sobaszkiewicz, K. and Mirska, I. (2003) Antimicrobial activities of ionic liquids. Green Chem. 5, 52-56.
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ABSTRACT
Glyphosate, a non-selective and broad-spectrum herbicide, is widely used for plant control in terrestrial and
aquatic environments. The objective of this work was to
evaluate the effects of this herbicide on blood parameters
of the common carp (Cyprinus carpio L.), adult fish, which
were acutely and chronically exposed (4 and 21 days) to 6
and 12 mg L-1 of glyphosate. In this study, a significant
increase was determined in the number of total leucocyte
count and agranulocytes for both acute and chronic exposure to glyphosate. On the other hand, granulocyte and
erythrocyte count, hemoglobin level, hematocrit, mean
corpuscular volume and platelet were significantly decreased
in both acute and chronic exposure to glyphosate (p< 0.05).
Experimental results indicated that the changes occurring
in hematological parameters depending on the dose and
duration were compensated by propolis.
KEYWORDS:
Glyphosate, propolis, blood parameters, Cyprinus carpio

1 INTRODUCTION
Glyphosate is a nonselective and broad spectrum
herbicide that is widely used for plant control in terrestrial
and aquatic environments [1]. Despite the reduction in
glyphosate's use in developed countries, it is still highly used
in less developed and developing countries [2]. Herbicides
constitute a heterogeneous category of chemical products,
specifically made for weed control, which can reach aquatic
ecosystems intentionally or indirectly, through soil surface run-off from areas where they are applied [3].
* Corresponding author

As glyphosate has a high solubility in water, both soil
and aquatic system are constantly contaminated. Owing to
the fact that non-target organisms can be also affected accordingly, the alterations on these creatures' growing, morphology, physiology, immunology and biochemical parameters are likely to occur [4]. Glyphosate-based herbicides have been reported to be more toxic than glyphosate’s
pure form to the aquatic organisms [5]. Glyphosate is in the
3rd class in terms of environmental toxicity [6], and it has
a low toxicity to humans, other mammals and birds. Sublethal doses cause DNA damage [3], brain AChE, protein
metabolism inhibition [7] and lipid peroxidation [8], increase
in serum cortisol values, behavior and swimming disorders
[9], hematological and histopathological changes [10], and
antioxidant activity disorder in fish [11].
Propolis (bee glue) is a complex resinous sticky substance that honeybees collect from buds and exudates of
various plants, mix it with their own salivary secretions and
waxes, and thought to be used as a protective barrier and
sterilant in beehives. Due to its numerous pharmacological properties, it has been used in folk medicine since
ancient times [12]. Propolis contains a variety of chemical
compounds, such as polyphenols (flavonoid aglycones,
phenolic acids and their esters, phenolic aldehydes), alcohols and ketones, sesquiterpene quinones, coumarins, steroids, amino acids, and inorganic compounds [13]. Propolis
is a therapeutical natural substance. It supports the immune system and has a high antioxidative effect. There
are many studies concerning the therapeutic effects of
propolis on biochemical and physiological changes in the
organisms. For example, it has been reported to have some
biological properties, such as anticancer [14], antioxidant
[15], antimicrobial [16], antiinflamatory and antibiotic activity [17]. Besides, the propolis samples with the prepared
extract of ethanol were notified to have positive effects on
the immune system of animals and patients [18], and
inhibit antiviral and platelet aggregation [19].
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The purpose of this study is to reveal the adverse effects of glyphosate, extensively used in agricultural areas,
on carp, and to demonstrate the possible protective effect
of propolis against these effects.

2.1 Animals

The carps used in the experiment have the weight of
335.40±7.85 and length of 30.85±1.24 (mean ± standard
deviation, n=8-9). The study's Ethics Committee approval
was issued by the Faculty of Veterinary, Selcuk University (letter No. 472, dated 03.16. 2012). The fish used in the
experiment were transported from Yedikır Fisheries
Farm, which is run by the 73rd Branch Office of General
Directorate of State Hydraulic Works, Ministry of Forest
and Water Affairs, to the laboratory and were fed in 350-L
glass aquariums (depending on the specific density of fish
10 g/L) for 15 days, and their adaptation to the environment was ensured. The experiment was carried out with a
semi-static system in natural light (12 h light-12 h dark).
During the experiment, fish were nourished with Pinar
pallet feed (45% protein, 19% fat, 3% crude fiber) once a
day. Twelve h after the last feeding dose, blood analyses
of the fish were done following the experiment.
2.2 Water quality criteria

The water to be used in the experiment was first passed
through a central water treatment unit in order to fix its
total hardness and pH, and from there, it was transferred
to glass aquariums. The water quality criteria of aquarium
water before and after treatment are given in Table 1.
TABLE 1 - The criteria of water used in the experiment.
Before treatment

After treatment

7.75±0.41

7.28±0.30

16.17±0.22

18.14±0.18

Temperature (°C)

12.4±0.10

13.6±0.15

pH

7.32±0.24

7.61±0.32

Turbidity

0.81±0.05

0.94±0.06

Conductivity (mS)

124.7±5.10

137.4±6.20

Total Hardness (CaCO3)
(mg/L)

101.5±3.40

92.6±2.10

Dissolved Oxygen
(mg/L)
Chemical Oxygen
(mg/L)

In the experiment, glyphosate's commercial form
“Roundup ® ” 441gr/L containing potassium salt (N(phosphonomethyl glycine) was used.
2.5 Experimental design and treatments

2 MATERIALS AND METHODS

Parameters

2.4 The applied chemical

The experimental groups were arranged in different
periods (4-21 days) and doses (6-12 ppm).
1. Control group: only nourished with the pallet feed
during the experiment.
2. Group: 4 days, 10 ppm propolis
3. Group: 21 days, 10 ppm propolis
4. Group: 4 days (LC 50 96-h, 6 ppm) glyphosate
5. Group: 21 days (LC50 96-h, 6 ppm) glyphosate
6. Group: 4 days (LC50 96-h, 12 ppm) glyphosate
7. Group: 21 days (LC50 96-h, 12 ppm) glyphosate
8. Group: 4 days (LC50 96-h 6 ppm) glyphosate + 10 ppm
propolis
9. Group: 21 days (LC50 96-h 6 ppm) glyphosate + 10 ppm
propolis
10. Group: 4 days (LC50 96-h 12 ppm) glyphosate + 10 ppm
propolis
11. Group: 21 days (LC50 96-h 12 ppm) glyphosate + 10 ppm
propolis
2.6 Blood analysis

The blood was taken from the live fish by using the tail
cutting method, transferred from dorsol aorta into EDTA
tubes, and the blood analyses were done within 2 h. Blood
samples (total leukocyte, granulocyte, agranulocytes,
erythrocyte, hemoglobin, hematocrit, erythrocyte indices
MCV, MCH and MCHC, and platelet counts) were analyzed using automated veterinary haematology analyzer
MS 4e automated cell counter (Melet Schloesing Laboratories, France) according to the manufacture’s instructions.
2.7 Statistical analysis

Statistical analysis was carried out using the SPSS
10.0 statistical program (SPSS Inc., Chicago, IL, USA).
All data were expressed as arithmetic means ± SD. For
the analysis of the experimental parameters, one-way
ANOVA followed by Duncan’s multiple range test was
used. Value of p<0.05 was considered to be statistically
significant.

3 RESULTS AND DISCUSSION

2.3 Preparation of propolis extractive solution

In the present study, propolis was collected from a
farm at the village Kocaavsar in Balikesir, Turkey. Propolis was prepared to 30% in ethanol (30 g of propolis, completing the volume to 100 ml with 70% ethanol), protected from light, and moderately shaken for one day at room
temperature. After that, the propolis extract was filtered
twice, dried and stored in sealed bottles at 4 °C until use
[20].

Tables 2 and 3 show the changes occurring in the blood
parameters of fish to which different doses (6-12 ppm) and
periods (4-21 days) of glyphosate and propolis (10 ppm)
were applied. Glyphosate application (6-12 ppm, for 421 days) to carps led to a statistically significant change
in haematological parameters (p<0.05). A significant increase in the values of WBC and Agranulocyte as hemato-
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logical parameters was monitored, and, on the other hand,
a significant decrease was found in Granulocyte, Erythrocyte (rbc), Hemoglobin (Hb), Hematocrit (PCV), Mean
Corpuscular volume (MCV), and platelet (PLT) counts (p<
0.05). There was no significant difference between the blood
parameters of control (0 ppm) and propolis (10 ppm) groups
(p>0.05). The hematological parameters of glyphosate+
propolis groups were similar to the control group (p >0.05).

In addition, a significiant difference was also found in the
blood parameters of the fish to which glyphosate was
applied for 4 and 21 days (p<0.05).
The percent changes in blood parameters and therapeutic ratio are shown in Table 4. Glyphosate in chronic
phase (21 days) with (12 mgL -1 ) dose worsened blood
parameters more (B→D comparison), when compared to

TABLE 2 - Blood parameters of carps exposed only to water (control), to 6 mg L-1 of glyphosate, to 10 mg L-1 propolis or to 6 mg L-1 of
glyphosate + 10 mg L-1 propolis, for different experimental periods (4 and 21 days).
Experimental Groups
Blood Parameters
Total Leukocyte Counts
WBC (x 103mm-3)
Granulocytes (%)
Agranulocytes (%)
Total Erythrocyte Counts
RBC (x 106 mm-3)
Hemoglobin
Hb (g L-1)
Hematocrit
PCV (%)
Mean Corpuscular Volume
MCV (fL)
Mean Corpuscular Hemoglobin
MCH (pg)
Mean Corpuscular Hemoglobin
Concentration
MCHC (g L-1)

Control
Exposure
Time (days)
4
21
4
21
4
21
4
21
4
21
4
21
4
21
4
21

Propolis

n=8

n=8
b

b

9.99±0.31
9.33±0.44b
27.14±2.23a
26.81±2.71a
72.86±2.23b
73.19±2.71b
1.58±0.09a
1.56±0.07a
10.24±0.65a
10.01±0.46a
38.00±2.77a
37.80±2.35a
240.05±3.24a
242.30±3.32a
64.81±1.84
64.16±1.65a

26.94±1.10
4
26.48±1.05
21
4
145.10±5.68a
3
-3
PLT (x 10 mm )
21
141.52±4.95a
[*]
There is a statistical difference between the averages in each column

Glyphosate +
Propolis

n=9

n=8
a

9.87±0.38
9.07±0.36b
26.65±2.65a
25.45±2.23a
73.35±2.65b
74.55±1.63b
1.59±0.08a
1.58±0.09a
10.48±0.46a
10.14±0.62a
37.60±1.50a
37.90±1.86a
236.47±2.41a
242.94±2.54a
65.91±2.05
64.17±1.94a
27.87±1.14
26.75±1.08

[ab]

Glyphosate

142.30±4.42a
141.80±4.74a
and row (p<0.05).

14.03±0.59 *
17.41±0.74 a *
20.10±1.02 b *
17.30±1.36 b *
79.90±1.02a*
82.70±1.36a*
1.30±0.07b*
1.10±0.05b*
8.14±0.52b*
6.50±0.62b*
29.77±1.23b*
24.65±1.51b*
229.00±2.10b*
224.09±1.86b*
62.61±2.12
59.09±1.80b

9.14±0.65b
10.26±0.52b
25.97±2.14a
25.22±1.93a
74.03±2.14b
74.78±1.93b
1.54±0.12a
1.52±0.10a
9.80±0.92a
9.40±0.74a
37.90±3.10a
37.11±2.60a
246.10±4.74a
244.14±4.97a
61.84±3.54
63.81±2.21a

27.34±1.10
26.36±1.04

25.85±1.26
25.33±1.30

120.20±5.12b*
101.72±4.36b*

136.75±6.41a
134.40±5.87a

TABLE 3 - Blood parameters of carps exposed only to water (control), to 12 mg L-1 of glyphosate, to 10 mg L-1 propolis or to 12 mg L-1 of
glyphosate + 10 mg L-1 propolis, for different experimental periods (4 and 21 days).
Experiment Groups
Blood Parameters
Total Leukocyte Counts
WBC (x 103mm-3)
Granulocytes (%)
Agranulocytes (%)
Total Erythrocyte Counts
RBC (x106mm-3)
Hemoglobin
Hb (g L-1)
Hematocrit
PCV (%)
Mean Corpuscular Volume
MCV (fL)
Mean Corpuscular Hemoglobin
MCH (pg)
Mean Corpuscular Hemoglobin
Concentration
MCHC (gL-1)

Control
Exposure Time
(days)
4
21
4
21
4
21
4
21
4
21
4
21
4
21
4
21

Propolis

n=8

n=7
b

9.45±0.57
9.51±0.62b
30.20±2.41a
31.11±2.60a
69.80±2.41b
68.89±2.60b
1.65±0.08a
1.67±0.07a
11.04±0.85a
11.07±0.63a
40.10±2.15a
40.80±2.18a
243.03±3.50a
244.31±3.60a
66.90±3.70
66.28±3.50a

b

9.65±0.62
9.18±0.68b
32.65±2.75a
30.45±2.15a
67.35±2.75b
69.55±2.15b
1.70±0.06a
1.72±0.08a
11.78±0.81a
11.54±0.70a
41.20±1.80a
41.50±1.90a
242.35±2.30a
241.27±2.25a
69.29±4.05
67.09±3.84a

27.53±1.20
28.59±1.32
4
27.13±1.15
27.80±1.40
21
a
4
142.30±4.80
140.30±3.22a
PLT (x 103mm-3)
21
141.20±4.71a
141.50±3.52a
[* ]
There is a statistical difference between the averages in each column [a,b] and row (p<0.05).

2508

Glyphosate

Glyphosate +
Propolis

n=9

n=9
a

15.21±0.59 *
19.54±0.95a*
19.10±1.12b*
15.30±1.64b*
80.90±1.12a*
84.70±1.64a*
1.25±0.03b*
1.05±0.05b*
7.75±0.20b*
6.05±0.34b*
27.65±1.50b*
22.70±1.62b*
221.2±3.05b*
216.19±2.80b*
62.00±3.12
57.61±2.80b

10.08±0.85b
11.26±0.92b
29.10±2.70a
30.20±2.60a
70.90±2.70b
69.80±2.60b
1.54±0.10a
1.55±0.12a
10.20±0.90a
10.80±0.75a
37.70±2.90a
37.75±1.72a
244.80±3.51a
243.54±3.25a
66.23±3.14
69.67±3.40a

28.02±1.60
26.65±1.74

27.05±1.12
28.60±1.20

115.10±5.40b*
80.50±7.50b*

138.15±4.20a
134.10±5.10a
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TABLE 4 - The Changes in propolis and glyphosate groups in comparison to the control group and therapeutic effects of glyphosate (%).
Fish Experimental Groups
Therapeutic
Therapeutic
Ratio
Ratio
A
B
C
A
D
E
Application
Blood Parameters
B→C
D→E
Time (days)
Total Leukocyte Count
4
-1.20
+40.44
+2.10
94.81
+2.11
+60.95
+6.66
65.50
WBC (x 103mm-3)
21
-2.78
+86.60
+9.96
88.50
-3.47
+105.46
+18.40
81.82
Granulocyte (%)
4
-1.80
-25.94
-4.32
83.85
+8.11
-36.76
-3.65
90.08
21
-5.07
-35.48
-5.94
83.26
-2.12
-50.87
-2.93
94.25
Agranulocytes (%)
4
+0.60
+9.66
+1.60
83.44
-3.51
+15.90
+1.57
90.13
21
+1.85
+12.99
+2.17
83.30
+0.95
+22.94
+1.32
94.25
Total Erythrocyte Count
4
+0.63
-17,73
-2.54
85.68
+3.03
-24.25
-6.67
72.50
RBC (x106mm-3)
21
+2.34
-29.49
-4.41
85.05
+2.99
-37.13
-7.19
80.64
Hemoglobin
4
+4.60
-20.51
-4.30
79.04
+6.70
-29.81
-7.61
74.48
Hb (gL-1)
21
+1.29
-35.07
-6.10
82.61
+1.29
-45.35
-2.44
94.64
Hematocrit
4
-1.05
-21.66
-0.27
98.79
+4.24
-31.05
-5.99
80.71
PCV (%)
21
0.20
-34.79
-1.83
94.74
+1.71
-44.37
-7.48
83.15
PLT (x 103mm-3)
4
-1.93
-17.17
-5.76
66.46
-1.40
-19.12
-2.92
84.73
21
+0.01
-28.15
-5.04
82.10
+0.21
-42.99
-5.03
88.30
Erythtocyte İndexes
4
-1.50
-4.61
+2.52
145.34
-0.27
-8.99
+0.72
108.1
MCV (fL)
21
+0.26
-7.52
+0.75
100.90
-1.24
-11.51
-0.32
97.56
MCH (pg)
4
+1.69
-3.40
-4.59
35.00
+3.57
-7.33
-1.01
86.23
21
+0.10
-7.91
-0.55
93.09
+1.22
-13.09
+5.11
139.03
MCHC (gL-1)
4
+3.56
+1.48
-4.05
273.64
+3.85
+1.77
-1.75
198.87
21
+1.01
-0.46
-1.33
289.13
+2.46
-1.71
+5.41
316.37
A (Propolis), B (Glyphosate 6 ppm), C (Glyphosate 6 ppm+Propolis 10 ppm), D (Glyphosate 12 ppm), E (Glyphosate 12 ppm+ Propolis 10 ppm.

control group. When the 6 mg L-1 and 12 mg L-1 glyphosate-exposed experimental groups were compared, the
therapeutic effect of propolis in the acute phase and for
the 6 mg L-1 dose group was more effective.
The chemicals used intensively in agricultural areas
pose a risk for the ever-increasing sustainable fish production. Therefore, fish production areas must be protected
against such chemicals, and even water pollution policies
need to be expanded. Furthermore, this contamination is
also increased by the application techniques (spraying
from aircraft, etc.) of agricultural chemicals [21], and this
may affect the global economy, fish and human health.
The hematological parameters are used as indicators in
determining the effects of a variety of agricultural chemicals on fish. Identifying the hematological parameters of
fish that are especially under stress is one of the least
expensive methods [22, 23]. In many studies, the effect of
glyphosate (LC50 96-h), which is one of the various agricultural chemicals, on fish and neotropical tadpoles were
determined [7, 24-29]. In this study, the effect of glyphosate's sub-lethal doses, in acute and chronic exposure, on
blood parameters were investigated.
According to Sepici-Dinçel et al. [23], no significant
differences were observed in erythrocyte and leukocyte
counts of carps between the control and experimental groups
exposed to 10 mg/L cyfluthrin for 48 h and 1 week. On the
other hand, the investigators reported that total thrombocyte
counts of fish exposed to cyfluthrin for 48 h were significantly decreased. Also no changes were seen in hematocrit and
MCV values of the groups [23]. Prusty et al. [30] reported
on increased RBC, Hb and MCHC levels in a sub-lethal
concentration of fenvalerate-exposed groups (Labeo rohita), whereas WBC, Hct and MCV were significantly

reduced in fenvalerate-exposed groups as compared to
control group. Kreutz et al. [21] observed that Silver catfish
(Rhamdia quelen) fingerlings exposed to sublethal concentrations (10% of the LC50-96h) of glyphosate for 96 h had a
significant reduction in blood erythrocytes, thrombocytes,
lymphocytes and total leukocytes. On the other hand, these
investigators reported the values of hematocrit, monocytes
and neutrophil were similar amongst exposed and control
groups [21]. In another study, Saravanan et al. [31] exposed Cyprinus carpio to a median lethal concentration of
lindane (0.38 ppm) for 24 h, and during acute treatment
(24 h), hemoglobin (Hb), hematocrit (Hct) and erythrocyte
(RBC) values were decreased, whereas leucocyte (WBC)
count increased in the pesticide-treated fish. The hematological indices like mean cellular volume (MCV), mean
cellular hemoglobin (MCH) and mean cellular hemoglobin
concentration (MCHC) were decreased when compared to
control group [31]. Velisek et al. [32] studied effects of
terbutryn in common carp. Hematological profiles of common carp exposed to terbutryn at the recorded environmental concentration of 0.02 µg L-1 showed no differences
with regard to untreated fish. In groups with 0.2 µg L-1 and
2 µg L-1, fish erythrocyte count, mean corpuscular hemoglobin concentration, and neutrophil granulocyte bands increased significantly (P<0.01), and leukocyte count, lymphocyte count, and mean corpuscular volume decreased
significantly (P<0.01) relative to controls. The values for
Hb, Hct and MCH were similar among all groups [32].
Neotropical fish (Prochilodus lineatus), juvenile species, were acutely exposed (6, 24 and 96 h) to 1 mg L-1
and 5 mg L-1 of glyphosate or only water (control). In blood
samples for hematological analysis, a significant increase
in hematocrit and number of erythrocytes in the group
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with a dose of 5 mg L-1 was found after 24- and 96-h exposure. There was also a significant increase in the total number of leukocytes (WBC) and lymphocytes, and a reduction in the number of neutrophils in the same group after
96 h of exposure [11].
In our study, there was an increase in total leukocyte
and agranulocyte values of the adult carps exposed to
glyphosate for short and long term. On the other hand,
granulocytes, erythrocytes, hemoglobin, hematocrit, mean
corpuscular volume (MCV), and platelet count were decreased. Our findings are in agreement with those of other
studies [11, 23, 30-32].
Talas and Gulhan [33] reported that propolis increased
the leukocyte and granulocyte counts in Oncorhynchus
mykiss. Kashkooli et al. [12] investigated long-term effects
of propolis administration on serum biochemical parameters of rainbow trout (Oncorhynchus mykiss). The investigators reported propolis is a non-toxic substance and might
not have any side effects [12]. Yonar et al. [34, 35, 37]
and Talas et al. [36] reported therapeutic effects of propolis on fish exposed to oxytetracycline, chlorpyrifos, arsenic and chromium.
In the present study, it was determined that glyphosate
changed the hematological parameters of adult carps, and
experimental results indicate that propolis may have therapeutic effects on hematological parameters of adult carps
exposed to glyphosate. This reveals that the chemicals
used in agriculture have negative effects on aquatic organisms and environmental monitoring reports need to be
done periodically in order to prevent the occurrence of
any negative situations in the future.

Kolpin, D.W., Thurman, E.M., Lee, E.A., Meyer, M.T.,
Frlong, E.T. and Glassmeyer, S. T. (2006). Urban contributions of glyphosate and it’s degradate AMPA to streams in
the United States. Science Total Environmental 354, 191–
197.

[6]

Corbera, M., Hidalgo, M., Salvadó, V. and Wieczorek, P.P.
(2005)
Determination
of
glyphosate
and
aminomethylphosphonic acid in natural water using the capillary
electrophoresis combined with enrichment step. Analytica
Chimical Acta 540, 3–7.

[7]

Glusczak, L., Miron, S.D., Crestani, M., Fonseca, B.M., Pedron, A.F., Duarte, F.M. and Vieira, P.L.V. (2006) Effect of
glyphosate herbicide on acetylcholinesterase activity and metabolic and hematological parameters in piava (Leporinus obtusidens). Ecotoxicology and Enviromental Safety 65, 237-241.

[8]

Kaya, I., Karapehlivan, M., Yilmaz, M., Ersan, Y. and Koc,
E. (2012) Investigation of effects on plasma nitric oxide,
malondialdehyde and total sialic acid levels of glyphosate in
Kars Creek Transcaucasian barb (Capoeta capoeta capoeta
Guldenstaedt, 1772). Fresenius Environ. Bull. 21, 123-126.

[9]

Cericato, L, Neto, J.G.M., Fagundes, M., Kreutz, L.C, Quevedo, R.M., Finco, J., Rosa, J. G.S., Koakoski, G., Centenaro,
L., Pottker, E., Anziliero, D. and Barcellos, L.J.G. (2008)
Cortisol response to acute stress in jundiá Rhamdia quelen
acutely exposed to sub-lethal concentrations of agrichemicals. Comperative Biochemical Physiology C Toxicology
Pharmacology 148, 281-286.

[10] Langiano, V.C. and Martinez, C.B.R. (2008) Toxicity and effects of a glyphosate-based herbicide on the Neotropical fish
Prochilodus lineatus. Comperative Biochemical Physiology
C 147, 222–231.
[11] Modesto, K.A. and Martinez, C.B.R. (2010) Effects of
Roundup Transorb on fish: Hematology, antioxidant defenses
and acetylcholinesterase activity. Chemosphere 81, 781–787.
[12] Kashkooli, O.B., Dorcheh, E.E., Mahboobi-Soofiani, N. and
Samie, A. (2011) Long-term effects of propolis on serum biochemical parameters of rainbow trout (Oncorhynchus mykiss).
Ecotoxicology and Environmental Safety 74, 315–318.

ACKNOWLEDGMENTS
Special thanks to Aksaray University, Science and
Technology Application and Research Center, (Aksaray,
Turkey) for the experimental process of this study.

[13] Bankova, V.S., Castro, L.S. and Marcucci, M.C. (2000)
Propolis: recent advances in chemistry and plant origin.
Apidologie 31, 3–15.
[14] Grunberger, D., Banerjee, R., Eisinger, K., Oltz, E.M., Efros,
L., Caldwell, M., Esterez, V. and Nakanishi, K. (1988) Preferential cytotoxicity on tumor cells by caffeic acid phenetyl
ester isolated from propolis. Experientia 44, 230–232.

The authors have declared no conflict of interest.

REFERENCES
[1]

[5]

Alberdi, J.L., Saenz, M.E., Di Marzio, W.D. and Tortorelli,
M.C. (1996) Comparative acute toxicity of two herbicides,
paraquat and glyphosate to Daphnia magna and D. spinulata.
Bulletin of Environmental Contamination and Toxicology 57,
229-235.

[15] Pascual, C., Gonzalez, R., and Torricella, R.G. (1994) Scavenging action of propolis extract against oxygen radicals.
Journal of Ethnopharmcology 41, 9–13.
[16] Bosio, K., Avanzini, C., D’Avolio, A., Ozino, O., and Savoia,
D. (2000) In vitro activity of propolis against Streptococcus
pyogenes. Letters in Applied Microbiology 31, 174–177.

[2]

IARC (1977). Monographa on the Evaluatin of the Carcinogenic Risk of Chemical to Man. International Agency for Research on Cancer 15, Lyon.

[17] Bianchini, L. and Bedendo, I.P. (1998) Antibiotic effect of
propolis against plant pathogenic bacteria. Scienta Agricola
55, 149–152.

[3]

Cavalcante, D.G.S.M., Martinez, C.B.R. and Sofia, S.H.
(2008) Genotoxic effects of Roundup® on the fish Prochilodus lineatus. Mutation Research 655, 41–46.

[18] Frankiewicz, L. and Scheller, S. (1984). Bienen-kittharz stimuliert das Immunsystem. Arzneimittel Praxis, 2869–2872.

[4]

Tate, T.M. Spurlock, J.O. and Christian, F.A. (1997) Effect
of glyphosate on the development of Pseudosuccinea columella snails. Archive Environmental Contamination Toxicology 33, 286-289.

[19] Serkedjieva, J., Manolova, N., and Bankova, V. (1992) Antiinfluenza virus effect of some propolis constituents and their
analogues (esters of substituted cinnamic acids). Journal of
Natural Products 55, 294–297.

2510

© by PSP Volume 22 – No 9. 2013

Fresenius Environmental Bulletin

[20] Mani, F., Damasceno, H.C.R., Novelli, E.L.B., Martins,
E.A.M. and Sforcin, J.M. (2006) Propolis: Effect of different
concentrations, extracts and intake period on seric biochemical variables. Journal of Ethnopharmacology 105, 95–98.
[21] Kreutz, L.C., Barcellos, L.J.G., Valle, S.F., Silva, T.O., Anziliero, D., Santos, E.D., Pivato, M. and Zanatta, R. (2011)
Altered hematological and immunological parameters in silver catfish (Rhamdia quelen) following short term exposure
to sublethal concentration of glyphosate. Fish & Shellfish
Immunology 30, 51-57.
[22] Kavitha, C, Malarvizhi, A, Kumaran, S.S. and Ramesh, M.
(2010) Toxicological effects ofarsenate exposure on hematological, biochemical and liver transaminases activity in an
Indian major carp, Catla catla. Food and Chemical Toxicology 48, 2848-54.
[23] Sepici-Dinçel, A., Benli, A. C. K., Selvi, M., Sarıkaya, R.,
Sahin, D., Ayhan Özkul, I. and Erkoç, F. (2009) Sublethal
cyfluthrin toxicity to carp (Cyprinus carpio L.) fingerlings:
biochemical, hematological, histopathological alterations.
Ecotoxicology and Environmental Safety 72, 1433-9.
[24] Soso, A.B., Barcellos, L.J.G., Ranzani-Paiva, M.J., Kreutz,
L.C., Quevedo, R.M., Anziliero, D., Lima, M., Silva, L. B.,
Ritter, F., Bedin, A.C. and Finco, J.A. (2007) Chronic exposure to sub-lethal concentration of a glyphosate-based herbicide alters hormone profiles and affects reproduction of female Jundia (Rhamdia quelen). Environmental Toxicology
and Pharmacology 23, 308-313.

[32] Velisek, J., Stara, A., Kolarova, J. and Svobodova Z. (2011)
Biochemical, physiological and morfological responses in
common carp (Cyprinus carpio L.) after long-term exposure
to terbutryn in real environmental concentration. Pesticide
Biochemistry and Physiology 100, 305–313.
[33] Talas, Z. and Gulhan, M. F. (2009) Effects of various propolis concentrations on biochemical and hematological parameters of rainbow trout (Oncorhynchus mykiss). Ecotoxicology
and Environmental Safety 72, 1994-1998.
[34] Yonar, M.E, Yonar, S.M., and Silici, S. (2011) Protective effect of propolis against oxidative stress and immunosuppression induced by oxytetracycline in rainbow trout (Oncorhynchus mykiss, W.). Fish & Shellfish Immunology 31, 318-325.
[35] Yonar, M.E., Yonar, S.M, Ural, M.Ş., Silici, S. and
Düşükcan M. (2012) Protective role of propolis in chlorpyrifos-induced changes in the haematological parameters and
the oxidative/antioxidative status of Cyprinus carpio carpio.
Food and Chemical Toxicology 50 2703–2708.
[36] Talas, Z.S., Dundar, P.S, Gulhan, M.F., Orun, I. and
Kakoolaki S. (2012) Effects of propolis on some blood parameters and enzymes in carp exposed to arsenic. Iranian
Journal of Fisheries Sciences 11, 405- 414.
[37] Yonar, M.E., Mise Yonar, S., Coban, M.Z. and Eroglu, M.
(2012) The effect on paraoxonase and arylesterase activities
of propolis against chromium in Cyprinus carpio. Fresenius
Environ. Bull 21, 1399-1402.

[25] Glusczak, L., Miron, D.S., Moraes, B.S., Simões, R.R.,
Schetinger, M.R.C., Morsch, V. M. and Loro, V.L. (2007)
Acute effects of a glyphosate herbicide on metabolic and enzymatic parameters of silver catfish (Rhamdia quelen). Comperative Biochemical Physiology C Toxicology Pharmacology 146, 519-524.
[26] Lushchak, O.V., Kubrak, O.I., Storey, J.M., Storey, K.B. and
Lushchak,. V.I. (2009) Low toxicity herbicide Roundup induces mild oxidative stress in goldfish tissues. Chemosphere
76, 932-937.
[27] Barcellos, L.J.G., Kreutz, L.C., Quevedo, R.M., Fioreze, I.,
Rodrigues, L.B., Soso, A.B., Ritter, F., Conrad, J., Cericato,
L., Fagundes, M., Lacerda, L.A. and Terra, S. (2004). Hematological changes in jundiá (Rhamdia quelen, Quoy and
Gaimard Pimelodidae) provoked by usual aquaculture practices, with emphasis on immunosupressive effects. Aquaculture, 237, 229–236.
[28] Köprücü, S.S, Köprücü, K, Ural, M. S, Ispir, U. and Pala, M.
(2006) Acute toxicity of organophosphorous pesticide diazinon and its effects on behavior and some hematological parameters of fingerling European catfish (Silurus glanis L.).
Pesticide Biochemical Physiology 86, 99-105.
[29] Lajmanovich, R., Lorenzatti, E., Maitre, M.I., Enrique, S. and
Peltzer, P. (2003) Comparative acute toxicity of the commercial herbicides glyphosate to neotropical tadpoles Scinax nasicus (Anura: Hylidae). Fresenius Environ. Bull. 12, 364-367.
[30] Prusty, A.K,. Kohli, M. P.S, Sahu, N.P., Pal, A.K., Saharan,
N., Mohapatra, S. and Gupta, S.K. (2011) Effect of short
term exposure of fenvalerate on biochemical and haematological responses in Labeo rohita (Hamilton) fingerlings.
Pesticide Biochemistry and Physiology, 100, 124–129.
[31] Saravanan, M., Kumar, K.P. and Rameshn, M. (2011) Haematological and biochemical responses of freshwater teleost
fish Cyprinus carpio (Actinopterygii: Cypriniformes) during
acute and chronic sublethal exposure to lindane. Pesticide
Biochemistry and Physiology 100, 206–211.

2511

Received: December 31, 2012
Accepted: May 07, 2013

CORRESPONDING AUTHORS
İbrahim Orun
Aksaray University
Department of Biology
Faculty of Science and Letters
Aksaray
TURKEY
Phone: +903822882200
Fax: +903822882125
E-mail: orunibrahim@gmail.com
FEB/ Vol 22/ No 9/ 2013 – pages 2504 – 2509

© by PSP Volume 22 – No 9. 2013

Fresenius Environmental Bulletin

IN VITRO EFFECT OF SOME PLANT EXTRACTS
ON ACETYLCHOLINESTERASE ENZYME IN
HUMAN ERYTHROCYTES AND SERUM
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ABSTRACT

1 INTRODUCTION

In this study, the effect of soluble extracts of five
plants on the inhibition activity of acetylcholinesterase
(AChE: E.C.3.1.1.7) enzyme were investigated. The results
indicated that some of the plants achieved inhibition AChE
which is an important enzyme for the nervous system of
the human body. AChE catalyzes the hydrolysis of acetylcholine, a neurotransmitter substance which functions
in certain parts of the nervous system. Ziziphora clinopodioides L., Chrysopthalmum montanum (DC.), Boiss.
(Asteraceae), Melissa officinalis L. (Labiatae), Plantago
(Plantaginaceae) lanceolata L. and Valeriana officinalis L.
(Valerianaceae) plants are used for pharmacotherapeutic
(cancer) aims by the people, in the east region of Turkey.
In this study, the effect of soluble extracts of five plants
on AChE activity was investigated in vitro. Cholinesterase
activity was spectrophotometrically measured using
acetylthiocholine iodide (AChI) as a substrate and dithiobisnitrobenzoic acid (DTNB) as the coloring agent using
different aliquots of the plant extracts. Ziziphora clinopodioides L. and Chrysopthalmum montanum were shown
to have competitive inhibition on the erythrocyte, but
Melissa officinalis L. and Plantago have shown noncompetitive inhibition effects on the erthrocyte. Melissa officinalis L. had shown non-competitive inhibition effects on
the serum. The extracts of the five plants used in this
study were found to inhibit AChE in the test at different
concentrations. This study is the first one to show the relationships of erythrocyte and human serum AchE activity, in
Labiatae family (Lamiaceae), Valeriana officinalis L. (Valerianaceae), Chrysophthalmum montanum, Ziziphora
tenuior L., and lemon balm (Melissa officinalis).

KEYWORDS: acetylcholinesterase, inhibition, plant extraction,
serum, erythrocyte.
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There is a wide range of valuable products that originate from the plant kingdom, including dyes, flavors, medicines, and cosmetic, cancer or food preservatives. The World
Health Organization estimates that plant extracts or their
active constituents are used as folk medicine in traditional
therapies by 80% of the world population [1]. Over 50%
of all modern clinical drugs are of natural product origin.
Turkish people have a tradition of using a number of plant
species for the treatment of infectious diseases, cancers
and various ailments [2, 3].
Anticancer plants, in its most general sense, are cancer-preventive and cancer-healing plants. In popular usage, it refers to antineoplastic drugs used to treat cancer.
Some clinical trials appeared recently in oncology adding
a phytotherapy to usual treatment schemes [4]. Lemon
balm (Melissa officinalis) is a perennial herb in the mint
family Lamiaceae, native to southern Europe and the Mediterranean region. Lemon balm is used medicinally as a
herbal tea, or in extract form. It is claimed to have antibacterial/antiviral properties (it is effective against herpes
simplex), and it is also used as a mild sedative or calming
agent [5]. At least, one study has found it to be effective
in reducing stress, although the study's authors call for
further research [5]. Its antibacterial properties have also
been demonstrated scientifically, although they are markedly weaker than those from a number of other plants
studied [5]. Valeriana officinalis L. (Valerianaceae) is
the common name for over 250 worldwide plant species
of the genus Valeriana. Although all of the species’ roots
contain similar medicinal constituents and qualities, in the
West, Valeriana officinalis is almost exclusively the species found in preparations [6].
The Labiatae family (Lamiaceae or Melissa officinalis
L.) is one of the largest and most distinctive families of
flowering plants, with about 220 genera and almost 4000
species worldwide. This family has an almost cosmopolitan
distribution. Some genera, such as Nepeta, Phlomis, Eremostachys, Salvia and Lagochilus, have a great diversity in
the Mediterranean and C/SW Asia [7-10]. It represents a
hitherto undescribed species of the genus Chrysophthalmum montanum (DC.) Boiss., of the tribe Inuleae (s.s.), a
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genus that is part of the Irrula complex sensu Anderberg
(1991) [11]. Apart from being used by the people as a cure
for some diseases, Ziziphora tenuior L. is a common
teapot herb, in addition to other species of the genus like
Z. clinopodioides Lam.
Plant extracts are some of the most attractive sources
of new drugs and have been shown to produce promising
results for the treatment of gastric ulcer and stomach
cancer [12, 13]. AChE: E.C.3.1.1.7 catalyzes the hydrolysis of acetylcholine, a neurotransmitter substance which
functions in certain parts of the nervous system. AChE is
found in all conducting tissues of all animal species investigated; it is mainly found in the brain, nerve cells, muscles and erythrocytes [14-17].
The aim of the study was to determine the I50, Km, Vmax,
and Ki values of the plants Ziziphora clinopodioides Lam.,
Chrysopthalmum montanum (DC.) Boiss., Melissa officinalis L. (Labiatae), Plantago (Plantaginaceae) lanceolata L.
as inhibitors of AChE, and to investigate, in vitro, the effects
of soluble extracts of these 5 plants on AChE. I50 is defined
as the point where the enzymatic activity drops to 50 %.
2 MATERIALS AND METHODS
2.1 Materials

All chemicals were of reagent grade and purchased from
Sigma Chem. Co. (St Louis, Missouri, USA). Ziziphora
clinopodioides Lam., Chrysopthalmum montanum (DC.)
Boiss., Melissa officinalis L. (Labiatae), and Plantago
(Plantaginaceae) lanceolata L. were collected between April
and September in 2009 from Van, Turkey and identified
according to the relevant literature [18]. Determination of
sample species was conducted by Dr. Lutfi Behcet (YYU,
Faculty of Science Department of Biology) and the plant
samples were recorded in YYU, Faculty of Science, Department of Biology, Herbarium of Lake Van Basin; VAN
Herbarium numbers: Plantago (Plantaginaceae) lanceolata
L., 13623; Valeriana officinalis L., 13567; Ziziphora clinopodioides Lam., 13581; and Chrysopthalmum montanum
(DC.) Boiss. and Melissa officinalis L. (Labiatae) were
purchased from the local Van market, Turkey.

ford method [19], with bovine serum albumin as a standard.
2.3.2 Measurement of AChE activity

AChE activity was determined by the method of
Ellman and co-workers [20], using thiocholine esters as
substrates. The reaction mixture in a final volume of 3 ml
contained 0.1 ml of 10 mM DTNB reagent [prepared in
0.005 M phosphate buffer, pH 7, containing 15 mg of NaHCO3 (10 ml)], 0.1 ml of suitably diluted enzyme and 2.7 ml
of buffer (0.05 M sodium phosphate buffer, pH 8). The blank
contained buffered substrate, DTNB and heated enzyme.
The mixture was pre-incubated for 5 min at 37 °C, and the
reaction was initiated by the addition of 0.1 ml of 3 mM
substrate (acetylthiocholine iodide). The mixture was incubated for 10 min, and the increase in absorbance was measured at 412 nm.
2.3.3 Inhibition

The blood samples used for the inhibition effect of
plant extracts were provided from Medicine Faculty, University of Yuzuncu Yil Van-Turkey. I50 value was determined by using the graph percent activity versus inhibitor
concentration ([I] (mg ml-1)) (in the equation y = ax + n, 50
is inserted for y value, and x value is calculated as I 50).
Davenport determined the value of this expression (K,
representing the inhibitor concentration when the inhibition is 50%) for Ziziphora clinopodioides Lam., Chrysopthalmum montanum (DC.) Boiss., Melissa officinalis L.
(Labiatae), and Plantago (Plantaginaceae) in diluted enzyme solutions, by measuring the inhibition at different
concentrations of the inhibitor. After that, Vmax and Km
values were obtained from Lineweaver-Burk graphs using
esterase activities measured at 4 different substrate concentrations (2.5.10-5, 5.0.10-5, 1.10-4, 1.25.10-4, 1.50.10-4),
which have been chosen according to the concentrations
applied for the normal activity measurements. Among these
5 data, 2 of them are smaller and 2 of them are greater than
the aforementioned values, and the one in the middle is
equal to the concentration of the substrates for the normal
activity measurement. K i values were calculated from
Lineweaver-Burk graphs using esterase activities
measured at 3 different inhibitor concentrations for each
substrate concentration.

2.2 Extract preparation

Aliquots (1 g) of each plant (Ziziphora clinopodioides
Lam., Chrysopthalmum montanum (DC.) Boiss, Melissa
officinalis L. (Labiatae), and Plantago (Plantaginaceae))
were dissolved in 0.05 M (pH 8) sodium phosphate buffer
solution and diluted to 100 ml with the same buffer solution. After that, the solutions were centrifuged, and undissolved content was filtered, dried, weighed and substracted
from the initial amount to obtain the extraction buffer.
2.3 Biochemical analysis
2.3.1 Protein determination

Quantitative protein determination was achieved by
absorbance measurements at 595 nm according to Brad-

3 RESULTS
The optimal pH and temperature values of serum and
erythrocyte enzymes were 8.5-9 and 30 °C and 8-8.5 and
35 °C, respectively. Specific activities for serum and erythrocytes were found to be 2.398 EU.mg-1 and 3.695 EU.mg-1.
The graphics of the activity-I percentages have been drawn
for the erythrocytes. I50 values in these graphics were calculated. I50 values were found as Ziziphora clinopodioides Lam. 0.514 mg/ml, Chrysopthalmum montanum
1.074 mg/ml, Melissa officinalis L. 8.462 mg/ml, and
Plantago (Plantaginaceae) 7.814 mg/ml, respectively. I50
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FIGURE 4 - Inhibition of erythrocytes of AChE by the extract of
dried Melissa officinalis L. (Labiatae).
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FIGURE 2 - Inhibition of erythrocytes of AChE by the extract of
dried Ziziphora clinopodioides L.

FIGURE 5 - Inhibition of erythrocytes of AChE by the extract of
dried Plantago (Plantaginaceae).
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FIGURE 3 - Inhibition of erythrocytes of AChE by the extract of
dried Chrysopthalmum montanum (DC.) Boiss.).

FIGURE 6 - Inhibition of erythrocytes of serum of AChE by the
extract of dried Melissa officinalis L. (Labiatae).
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of Melissa officinalis L. (in serum) was found to be only
7.425 mg/ml. The inhibitor concentration causing 50%
inhibition (I50) was calculated from the activity-inhibitor
concentration graph.
4 DISCUSSION
Plants as sources of medicinal compounds have continued to play a dominant role in the maintenance of human health since ancient times. Cancer is thought to be
caused by the interaction between genetic susceptibility and
environmental toxins. Like most chemotherapeutic drugs,
anticancer plant extracts work by impairing mitosis (cell
division), effectively targeting fast-dividing cells [4]. Melissa
officinalis is a flagship aromatherapy essential oil, has useful
properties in aromatherapy & herbal medicine, and any
doubts about its safety in a perfumery application would
appear inconsistent with its widespread and fairly untroubled history of use in aromatherapy practice for the past
several decades. Another study reported virucidal and antiviral effects of Melissa extracts, with respect to Herpes
simplex virus type 1 (HSV-1). Of interest is that Melissa
has also been reported to have anti-HIV-1 activity in vitro.
Melissa officinalis also has reported to possess antibacterial
and antifungal activity in vitro. Melissa officinalis was
reported to have antioxidant effects in vitro, most likely
based on flavonoid content (rosmarinic acid). Melissa officinalis traditionally has been used as a nervine drug, or agent
that supports the nervous system, and aids in decreasing
stress with sometimes improving sleep [21-27].
The Labiatae family (Lamiaceae) plants are used in
traditional and modern medicine and recent investigations
have proven the basis of these medicinal uses. There are
diverse uses of the family members in traditional ways in
different parts of the world. These plants have been surely
used by humans since prehistoric times. Archeological
excavations show that some species of this family, which
are now known only as wild plants, had been cultivated at
local scales in the past [28]. From this family, 28 genera
are widely distributed, and over 240 species are endemic
to Turkey. Many plants of Lamiaceae family have been
used in Anatolia as folk medicines to treat various health
problems, such as common cold, throat infections, psoriasis, seboreic eczema, hemorrhage, menstrual disorders,
miscarriage, ulcer, cancer spasm and stomach problems,
since ancient time. Their constituents, particularly
diterpenoids and triterpenoids, have been found to have
antiseptic, antibacterial, anti-inflammatory, anticancer,
cytotoxic, cardioactive etc effects [2, 29-31]. Pharmacological studies demonstrated anti-bacterial, hypotensive
and cardiotonic effects for this plant. A high aromatic
compound content of the phenol-rich oils (carvacrol &
thymol), which are found in aerial parts of the plant, seems
to be accounting for the strong antibacterial activity [10].
Valeriana officinalis L. (Valerianaceae) has demonstrated muscle-relaxant qualities. Valerenic acid, valtrate,

and valeranone were spasmolytic in guinea pig ileum,
possibly through direct effects on smooth muscle. Valeriana officinalis L. (Valerianaceae) is traditionally used in the
treatment of intestinal spasms, colics, and “nervous stomach,” with gastrointestinal calming noted “unless given in
too large doses or too long continued” [32-34]. Pulvers of
the dried leaves of Chrysophthalmum montanum are extensively used against nasal insufflation possibly damaging sinuses [3].
Acetylcholinesterase (AChE, E.C.3.1.1.7) is an important regulatory enzyme that plays a critical role in cholinergic transmission by hydrolyzing the excitatory transmitter acetylcholine (ACh) [35]. However, there is little
data about the AChE inhibitory activities of these plants.
Many plants and chemicals at relatively low dosages affect
the metabolism by altering normal enzyme activity, particularly by inhibition of a specific enzyme [36]. In keeping with these in vitro properties, the cognitive and mood
effects of single doses of extracts with confirmed AChEinhibiting properties have been assessed in placebocontrolled, randomized, balanced crossover studies both with
young participants [37, 38]. In addition, effects of three pesticides from different chemical families have been demonstrated (carbamate, phenylurea, sulfonylurea) on AChE
activity in goldfish in vivo [39]. Previous researches have
shown that another plant species with cholinergic properties (Melissa officinalis; which has been shown to have
the potential to bind to nicotinic and muscarinic receptors
in human brain tissue) increased self-rated calmness in
healthy young participants [40-42]. An ethanolic extract
of M. officinalis significantly ameliorated the negative
mood consequences of 20 min completion of a mild psychological stressor battery (DISS), again in healthy young
humans [43].
We examined the effects of inhibitors on the Labiatae
family (Lamiaceae), Valeriana officinalis L. (Valerianaceae), Chrysophthalmum montanum, Ziziphora tenuior
L., and lemon balm (Melissa officinalis) AChE. Kinetic
parameters without and with inhibitors of AChE in the
human blood are shown in Figs. 1-6. The graphics of the
activity-I percentage have been drawn for the erythrocytes.
I50 values in these graphics were calculated. I50 values
were found as Ziziphora clinopodioides Lam. 0.514
mg/ml, Chrysopthalmum montanum 1.074 mg/ml, Melissa officinalis L. 8.462 mg/ml, and Plantago lanceolata L.
7.814 mg/ml, respectively. Melisa officinalis L. has shown
inhibition effects on the enzyme activity, but Plantago
activation effects on the enzyme. I50 value of Melissa officinalis L. (in serum) was found only to be 7.425 mg/ml. We
currently have no information on the relationship between
the in vitro cholinesterase inhibiting properties of Melissa
officinalis L., as demonstrated herein, and any in vivo
inhibition in humans. At this level of the kinetic study,
we have studied 5 different substrates and 3 different
inhibitor concentrations. Ziziphora clinopodioides Lam.
and Chrysopthalmum montanum have shown competitive
inhibition effects on the erythrocytes, whereas Melissa
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officinalis L. and Plantago have shown non-competitive
ones. Melissa officinalis L. has also demonstrated noncompetitive inhibition effects on the serum. It was determined that the serum enzyme was active within the pH
range of 8.5-9, and that the optimal pH was 8.5. The temperature range of its activity was 15-55 °C, and optimal
temperature was 30 °C. The optimal pH and temperature
of the erythrocyte enzyme were determined to be 8 and 35
°C, respectively. Organic solvents decreased AChE activity of the human erythrocyte membrane significantly at 37
°C under in vitro conditions [44]. Specific activity values
for serum and erythrocytes have been found to be 2.398
EU.mg-1 and 3.695 EU.mg-1. The effects of other erythrocyte and serum enzymes of the Labiatae family (Lamiaceae), Valeriana officinalis L. (Valerianaceae), Chrysophthalmum montanum, Ziziphora tenuior L., and lemon balm
(Melissa officinalis) forms should be studied so as to understand the pathological aspects of red cell metabolism in
human blood. Changes in the human membrane-bound
AchE may be one of the factors determining membrane
fluidity. In addition, the traditional use of these plants for
improvement of diseases should be partly substantiated.
However, there are no studies that examined the relationship between AChE profiles as in Valeriana officinalis L. (Valerianaceae), Chrysophthalmum montanum,
and Ziziphora tenuior L.). Therefore, this study is the first
one to show the relationships of erythrocyte and serum
AchE activity, in Labiatae family (Lamiaceae), Valeriana
officinalis L. (Valerianaceae), Chrysophthalmum montanum, Ziziphora tenuior L., and lemon balm (Melissa officinalis).
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DYNAMICS OF PHYTOPLANKTON AND PERIPHYTIC ALGAE
IN A DANUBIAN FLOODPLAIN LAKE: A COMPARATIVE
STUDY UNDER ALTERED HYDROLOGICAL CONDITIONS
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ABSTRACT
The changes in composition and abundance of phytoplankton and periphytic algae during the successions of
dry and flood phases were investigated in an eutrophic
Danubian floodplain lake during the summer-autumn period. The in-lake conditions (high nutrient concentration,
high water temperature) during the dry phase in summer
stimulated an increase of phytoplankton abundance and
supported cyanobacterial bloom development. An extremely high flood pulse altered the physical and chemical
environment of the lake. Consequently, phytoplankton
abundance was low with dominance of species characteristic for a mixed environment.
Contrary to phytoplankton, abundance of periphytic
algae reached its peak value under the conditions of flooding, with the predominance of diatoms with low to medium resistance to physical disturbance. Periphytic algal
abundance was reduced during the dry phase in the conditions of high grazing pressure. The rapid increase in abundance of prostrate diatoms indicated the periphyton recovery. Altogether, flooding dynamics appeared as the most
influential cause of dominance and abundance changes of
phytoplankton. In the same time, periphytic algae were
found to benefit from the environmental changes caused
by flooding. Further investigations are necessary to elucidate a variety of factors important for controlling periphytic
algal development in complex and dynamic ecosystems
like temperate floodplains.
KEYWORDS: flooding, floodplain, algae, C (competitors) - S
(stress-tolerants) - R (ruderals) concept

1 INTRODUCTION
Floodplains are complex systems where flood pulse is
recognized as the driving force of the system dynamics [1,
2]. The degree of connectivity of the main river channel and
* Corresponding author

the floodplain varies between dry phase when the floodplain habitats are isolated from the river and flood phase
characterized by open water connection along a riverfloodplain system. Consequently, floodplains are among
the most productive ecosystems. Aquatic and terrestrial
productivity of floodplains depends mainly on the nutrient
status of the water and sediments, on the climate, and on
the flood pulse [3, 4]. Algal communities play a key role
in primary productivity, nutrient cycling, and food web
interactions in aquatic floodplain habitats. Current researches focused on the ecology of algal communities
stressing the prevailing role of flooding ﬂuctuations in
structuring and dynamics of phytoplankton [5]. Moreover,
some recent studies [6, 7] showed that periphytic biomass
in different types of aquatic habitats along the floodplain
is closely related to the hydrologic cycle and disturbances
caused by flood pulses. However, the role of periphyton
and its relationship with phytoplankton has been comparatively less explored, with a small number of studies
concluding that the competition for light and nutrients
results in changes of their relative biomass contribution in
lakes [8, 9]
This study was conducted in the Kopački Rit floodplain (Croatia), one of the largest conserved floodplain
areas in the middle section of the Danube River. The aim
is to compare the changes in composition and density of
periphytic algae and phytoplankton during the successions
of dry and flood phases in the summer-autumn period.
Seeking for a simplified understanding and comparison of
algal communities in response to environmental changes,
we applied the classification of the ecological strategies of
plants proposed by Grime [10], transferred and adapted
for phytoplankton [11, 12] and periphyton [13]. According to this approach, known as C-S-R concept, species are
assigned to groups based on their evolutionary responses
to disturbance and stress, being regarded as competitors
(C), stress-tolerants (S) and ruderals (R). We hypothesized that the changes in phytoplankton and periphytic
algal assemblage associated with fluctuating hydrological
conditions will reflect the differences in stability and
sensitivity of algal communities to flood-induced environmental changes.
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2 MATERIALS AND METHODS
2.1 Study area

The study was carried out in Lake Sakadaš located in
the western part of the natural floodplain along the Danube River (river 1383 -1410 km), a protected area of the
Kopački Rit Nature Park (Croatia). The lake has an average depth of about 5 m and maximum depth of ca. 12 m,
with a surface water area of about 0.15 km2. The mixing
regime is closely connected to flood events, and thermal
stratification is usually expressed during the summer
(June - September). Flooding of the lake begins when the
Danube water level at the gauge station river 1401.4 km
rises above 3 m [14]. Floodwater enters the lake through
the natural channels. Although floods may occur at any
time of the year, the most frequent floods occur in spring
and early summer. During the past few decades, the lake
was in eutrophic/hypertrophic state according to the OECD
system [15].
2.2 Physico-chemical and algal analyses

Sampling was done at monthly intervals during the
period July - November 2007. Water samples for chemical analyses were taken just beneath the surface at approximately 0.20 m at the standard sampling site for water quality monitoring located in the central part of Lake
Sakadaš. The following parameters were measured in situ:
water depth (WD), water transparency (SD) using Secchi
disc and dissolved oxygen concentration (DO) with a portable multimeter (Multi 340i/set, WTW, Weilheim, Germany). Water chemical variables, total phosphorus (TP) and
total nitrogen (TN) were analyzed according to APHA [16].
Phytoplankton samples were collected at a depth of
ca. 0.20 m below the water surface and fixed with Lugol's
solution with acetic acid. Periphytic algae investigation was
conducted using artificial substrata, microscopic glass slides
(76 x 26 x 1mm) placed vertically into the plastic frame.
Glass slides were immersed at a depth of ca. 0.25 m below
the water surface and exposed in the water for 1 month
(June 2007) prior to the first sampling (July 2007). During
each sampling event, six slides were collected. The three
glass slides were used for periphyton chlorophyll a (PChla)
determination while the other three slides were used for
qualitative and quantitative algal assay.
For determination of chlorophyll a concentration (Chla)
in the water column and in periphyton (PChla) gently removed from the glass slides, samples were filtered through
Whatman GF/C filters, extracted with acetone and analyzed
spectrophotometrically. Chla concentration was calculated
according to Komárková [17].
Algal species were determined under a light microscope (Carl Zeiss Jena) using standard literature for species determination [18 - 23]. Quantitative analysis of phytoplankton was done by counting the cells settled in
Utermöhl chambers [24] at multiple magniﬁcations (100x,
400x). The abundance of each species is presented as

individual number per L (ind. L-1). Periphyton samples for
qualitative and quantitative algal analyses were gently
removed from the glass slides and fixed with 4% formaldehyde. For a quantitative analysis of periphyton algae,
the cells of each species were counted on a mm-grid with
an area of 1 cm2. For diatom determination, samples were
cleaned in distilled water, H2O2 and HCl treated, washed
and embedded on glass slides in Canada balsam. In each
sample, 300 - 400 valves were counted and identified to
species level. The abundance of each species is presented
as individual number per square cm (ind. cm-2). Dominant
algal species were estimated from percentage contribution of individual species to total abundance. Only those
species which had a minimum of 5% contribution to
total abundance were considered to be the dominants.
Several statistical methods were used to explain the
variations in the environmental variables, phytoplankton
and periphytic algal communities. Correlations (Pearson's
coefficient, r) were performed to analyze the correlation
between environmental variables, phytoplankton and periphytic algal abundance. Comparisons in the algal abundance between periphyton communities with different exposition time were tested using Kruskal-Wallis test. Statements
of statistical significance refer to p < 0.05. Calculations
were performed using software Statistica 7.0 (StatSoft,
Inc.). Hierarchical cluster analysis was used to determine
similarity between phytoplankton and periphytic algal
abundance. Similarities were calculated using the BrayCurtis similarity index computed on the dominant phytoplankton and periphytic algal abundance. The abundance
data of dominant algal species for both analyses were logarithmic-transformed. Cluster analysis was performed with
the multivariate analytical package PRIMER, version 5.

3 RESULTS
3.1 Environmental parameters

The flooding patterns can be defined according to the
fluctuations of the Danube water level (Fig. 1). Significant
correlation between Danube water level and lake water
depth (r = +0.9468, p = 0.015) was found. During the investigation period, fluctuations of dry and flood phases
characterized the hydrological conditions of the floodplain lake. The beginning of the research period was characterized by long-term dry conditions (July and August).
In that time, transparency was very low (less than 0.7 m)
and the thermal stratification was established. Short-term
(lasting ca. 18 days) extremely high (river water level up
to 6.2 m) flood pulse occurred in September. Consequently,
lake water depth increased from 3.3 to 6.0 m, isothermal
conditions were established, and the surface water layer
was anoxic (0.94 mg L-1). Water transparency and Chla
significantly correlated (r = -0.9025, p = 0.036). Low value
of Chla (7.37 µg L-1) and high transparency (1.78 m) was
found under the conditions of flooding. After that, rapidly
falling river water levels caused an outflow from the flood-
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3.2 Phytoplankton characterization

The phytoplankton abundance was in the range 2.19 x
106 – 71.12 x 106 ind. L-1 (Fig. 2A). The abundance
maxima occurred during the summer dry phase (in August)
characterized by the bloom of Planktothrix agardhii and
Cylindrospermopsis raciborski. Accompanied species were
chlorococcal algae, particularly Monoraphidium irregulare.
Remarkable decline of phytoplankton abundance (Fig. 2A)
occurred in September during the conditions of extremely
high flooding. However, considerable differences in
dominant phytoplankton species were expressed (Table 1,
Fig. 2C). The phytoplankton community was dominated
by chrysophyte Dinobryon divergens (34.91%), diatom
Stephanodiscus hantzschii and green alga M. irregulare,
whereas other Chlorophyceae contributed 12.43% to total
phytoplankton abundance. With the establishment of dry
phase in October, phytoplankton abundance slightly increased (Fig. 2A) and Euglenophyceae and Chrysophyceae
became the significant components of phytoplankton. Their
contributions to total algal abundance were close to 40%.
Trachelomonas spp. (Euglenophyta) and Synura uvella
(Chrysophyta) were the most abundant species. Different
Chlorophyceae also characterized the phytoplankton composition in October. M. irregulare was the most abundant
(23.81% to total abundance) one whereas other Chlorophyceae contributed with 20.15% to total abundance. In
November, Bacillariophyceae reached high abundance and
S. hantzschii was the most abundant species.
3.3 Periphyton characterization

FIGURE 1 - River Danube water level (data source: daily recordings during the research period at river 1401.4 km, A) and the
physico-chemical water properties of Lake Sakadaš: water depth
and transparency (B), water temperature and dissolved oxygen (C)
and total phosphorus and total nitrogen concentrations (D).

plain, causing the lake to become isolated very quickly with
a water depth decrease to 3.1 m in October. This dry phase
was interrupted with a new flood pulse in November. In
these changeable hydrological conditions, nutrient concentrations fluctuated over the research period (July - November), yet the mean values were high (mean value of
TP 189.8 µg L-1 and mean value of TN 1229.3 µg L-1).

The periphytic algal abundance continuously increased
from 1.47 x 103 ± 0.60 ind. cm-2 in July to 20.95 x 103 ±
13.07 ind. cm-2 in September. After the decrease in October (3.88 x 103 ± 0.65 ind. cm-2), it reached high abundance (16.37 x 103 ± 10.68 ind. cm-2) in November (Fig. 2B).
The statistical difference in algal abundance was observed
between periphyton communities with different exposition time (Kruskal-Wallis test, χ2 = 12.31, p = 0.02). Total
periphytic algal abundance significantly correlated with
water transparency (r = +0.8977, p = 0.039) and Chla in
the water column (r = -0.9041, p = 0.035). The significant
changes in the relative abundance of periphytic algal species were observed with diatoms being predominant during the whole research period (Table 1, Fig. 2D). In the
summer dry phase (July - August), dominant species were
Rhopalodia gibba, Gomphonema truncatum and G. subclavatum as well as Cymbella tumida and Epithemia sorex.
Cyanobacteria Planktothrix agardhii contributed about 6%
to the total algal abundance. Significant changes in dominant diatom populations together with the increase in total
algal abundance were observed during the flood phase in
September. The most abundant (58.51% of total algal abundance) were Encyonema ventricosum, Amphora ovalis,
Navicula cryptocephala, Cyclotella meneghiniana and Aulacoseira granulata. Several species from genera Fragilaria, Gomphonema, Navicula, and Nitzschia were codominant (contributing 20.44% to total algal abundance).
Algal abundance significantly decreased with the estab-
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TABLE 1 - Morpho-functional characterization of dominant species in phytoplankton and periphyton established in Lake Sakadaš (C =
competitors, S = stress-tolerants, R = ruderals).
Phytoplankton
Cylindrospermopsis raciborskii (Woloszynska) Seenayya & Subba
Raju
Planktothrix agardhii (Gomont) Anagnostidis & Komárek
Pseudanabaena limnetica (Lemmermann) Komárek
Trachelomonas spp.
Dinobryon divergens O.E.Imhof
Synura uvella Ehrenberg
Stephanodiscus hantzschii Grunow
Monoraphidium irregulare (G.M.Smith) Komárková-Legnerová

Morpho-functional characterization
Nostocales, N2-fixing species, R-S-strategist
Thin filamentous Cyanobacteria (Oscillatoriales), non N2-fixing species, R-Sstrategist
Thin filamentous Cyanobacteria (Oscillatoriales), non N2-fixing species, R-Sstrategist
Small euglenophytes, potential mixotrophs, C-S-strategist
Large colony forming chrysophytes, potential mixotrophs,
R-S-strategist
Large colony forming chrysophytes, potential mixotrophs, R-S-strategist
Small centric diatoms, C-strategist
Coenobium forming, naked chlorophytes, C-strategist

Periphytic algae
Planktothrix agardhii (Gomont) Anagnostidis & Komárek
Amphora ovalis (Kützing) Kützing
Aulacoseira granulata (Ehrenberg) Simonsen
Cyclotella meneghiniana Kützing
Cymbella tumida (Brébisson) van Heurck
Encyonema ventricosum (C.Agardh) Grunow
Epithemia sorex Kützing
Gomphonema subclavatum (Grunow) Grunow
Gomphonema truncatum Ehrenberg
Navicula avenacea (Rabenhorst) Brébisson ex Grunow
Navicula cryptocephala Kützing
Rhopalodia gibba (Ehrenberg) Otto Müller

Not attached, thin filamentous Cyanobacteria (Oscillatoriales), non N2-fixing
species
Tightly attached, unicellular, medium cell size diatoms
Not attached, filamentous, medium cell size diatoms
Not attached, unicellular, medium cell size, centric diatoms
Prostrate, unicellular, medium cell size diatoms, S-strategist
Stalk forming, unicellular, medium cell size diatoms
Prostrate, unicellular, medium cell size diatoms, S-strategist
Stalk forming, unicellular, medium cell size diatoms
Stalk forming, unicellular, medium cell size diatoms
Prostrate, unicellular, medium cell size diatoms
Prostrate, unicellular, medium cell size diatoms, C-S-strategist
Prostrate, unicellular, medium cell size diatoms, S-strategist

FIGURE 2 - The changes in phytoplankton abundance and chlorophyll a concentration (A), periphytic algal abundance and periphytic
chlorophyll a concentration (B), relative abundance of dominant species in phytoplankton (C) and periphyton (D) in Lake Sakadaš. Bars
represent standard deviations (n = 3).

lishment of dry phase in October. E. ventricosum and A.
ovalis were dominant while the co-dominant species retained and contributed more than 30% to total algal abundance. In another flood phase, which occurred in Novem-

ber, algal abundance increased once again and A. ovalis
over-dominated with the contribution of 51% in the total
algal abundance.
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The cluster analysis performed revealed two distinctive groups at Bray-Curtis similarity level of approximately 60%. Group I represents periphyton algal communities,
whereas group II represents phytoplankton (Fig. 3). Each
group was divided into the two additional subgroups
indicating changes in qualitative and quantitative algal composition and abundance, and suggesting the strong differences in the behavior of the algal communities studied.

FIGURE 3 - Dendrogram based on phytoplankton and periphytic
algal abundance in Lake Sakadaš during the research period (July November) in 2007.

4 DISCUSSION
The dynamic of phytoplankton assemblages observed
through the investigated period, characterized by fluctuations of dry and flood phases in the floodplain, expresses
the sensibility of phytoplankton to environmental changes
caused by flooding. The in-lake conditions during the dry
phase in summer (July - August), e.g. conditions of high
nutrient concentrations associated with the stability of the
water column and high water temperature, led to a high
increase of phytoplankton biomass due to the cyanobacterial bloom. Long-term investigations of phytoplankton in
the investigated floodplain support these findings [25],
and also confirm the general scale of phytoplankton ecology [26]. Dominant species were filamentous non N2-fixing
cyanobacteria
tolerant
to
low-light
conditions
(Planktothrix agardhii) and invasive species, Cylindrospermopsis raciborskii, which appear occasionally in
cyanobacterial bloom in the investigated lake. With the
inherently slow rates of cell growth, cyanobacterial species are particularly sensitive to flushing [27]. However,
Lindenschmidt and Chorus [28] reported that the growth
of P. agardhii, as an R-S strategist by clear “K” selection,
is enhanced by intensive epilimnetic mixing, but does not
subsist when the mixing becomes too deep. C. raciborskii
has the similar functional characteristics being defined as an
R-strategist by some authors [29]. According to our longterm investigations and the appearance of its blooming in

floodplain waters, we support the findings that C. raciborskii can be qualified as an R-S strategist.
Flood phase was characterized by the massive inflow
of water into the whole floodplain and, consequently, the
volume of the lake rapidly increased and overflowed. In
such conditions of low residence time, dilution and washout effects significantly influenced phytoplankton losses
(Fig. 2A). Cyanobacterial populations disappeared due
to the intensive column mixing. Small chlorococcaleans
(Monoraphidium species), appearing during the dry phase
as co-dominants to Cyanobacteria, became more significant
but with low abundance. The participation of these Cstrategists would be associated with their inoculation from
other habitats, since they are small species with a high reproductive rate requiring high radiation and nutrient concentrations to develop [30]. Generally, in the well-mixed open
water lakes, the chlorococcaleans are the most characteristic
phytoplankton elements [31] being also associated with
open water of floodplain lakes with long annual flood
duration [32].
Small centric diatom Stephanodiscus hantzschii became co-dominant with small chlorococcaleans. The particular fit of this C-strategist for mixed water environments
is due to its tolerance toward relatively high flushing [33]
which ensures high potential for in situ growth rates, even
in particularly turbulent environments where other species
are outcompeted [34]. A higher abundance of diatoms in
the lake, during the mixing of river and floodplain waters,
may partly be the result of their input from the potamoplankton. Moreover, the centric diatoms are the most abundant representatives of the Danube River phytoplankton [35].
All together, during the flood phase, similarly as found in
the Parana River floodplain [30], the selection would favor
C-strategists probably due to their capacity to resist the
dilution effects with a higher growth and reproduction
velocity.
High oxygen demand during the flood phase suggested
the heterotrophic conditions which promoted the autotrophic energy gain of Dinobryon divergens. Additionally,
the phagotrophic phosphorus gain may explain why Dinobryon benefited from these environmental conditions, in
contrast to most other phytoplankton species. According to
the findings of Zhang et al. [36], D. divergens is identified
as an R-strategist, while Reynolds [37] described it as R-S
strategist what better describes its appearance in the investigated lake.
With the establishment of dry phase in autumn (October), nutrient concentrations reached the peak values and
total phytoplankton abundance increased with the predominance of small chlorococcaleans (Figs. 2A and 2C). The
succession of flagellate chrysophytes appeared and Synura
uvella, also an R-S strategist [37], occurred. Synura bloom
usually appears in Lake Sakadaš in late autumn and winter
periods [38]. High organic matter due to the collapse of
macrophyte vegetation as well as low values of dissolved
oxygen favored mixothrophs [39]. Thus, different Trachelomonas species were developed. A new flood phase in
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November, associated with low temperatures, low availability of light and water column mixing, favored another
increase in the abundance of centric diatoms.
Comparing the abundancy dynamics, the density of
periphytic algae increased as the abundancy of planktonic
algae decreased, with the highest value of periphytic algal
abundance found in September during the summer flood
phase (Fig. 2B). Prostrate and low stalk-forming algal
species (e.g. Gomphonema, Encyonema) dominated periphyton communities allowing entanglement of different
planktonic species. Thus, during the dry phase characterized by cyanobacterial bloom, P. agardhii was caught by
well developed periphyton cover, while the centric diatoms
(e.g. C. meneghiniana, A. granulata) settled out from the
phytoplankton during the flooding conditions. Dominating prostrate diatoms R. gibba and E. sorex are classified
as S-strategists with low resistance to disturbance [13]
whereas N. cryptocephala as an C-S- strategist has a lowto-medium resistance, similarly as it was found for C. tumida [40]. Many recent studies showed that algal growthforms may be correlated to the disturbance in a way that the
expanded forms with a high biomass are more competitive
in more stable environments while prostrate species are
more resistant to disturbance [41 - 43]. Thus, the welldeveloped periphyton communities characterized by relatively low uplifted growth suggest that flood pulse seems to
be the stimulating factor rather than a disturbance for the
periphyton development. As it is known, floodwaters can
stimulate periphytic algal growth due to the intensive
nutrient penetration inside the periphyton mats [44]. However, significantly reduced algal abundance under the conditions of dry phase in October indicates that periphyton
growth was constrained by other disturbance events, rather
than flooding. An explanation for the low periphytic algal
abundance can be found in a strong grazing pressure by
invertebrates (nematodes, oligochaetes, chironomids, cladocerans, copepods, ostracods, turbellarians and bryozoans)
occurring in that time within the periphyton mats [45].
Similarly, studies done by Liboriussen et al. [46] documented that grazing activity can significantly control periphyton production and substantially depress periphytic algal
biomass. Grazer activity also removes senescent algae,
which alters light and nutrient levels to the underlying cells
and, consequently, alters periphyton development [47].
As a result, altered periphyton community structure develops, allowing the more intense growth of horizontally
positioned diatoms which are more resistant to grazing
pressure [48]. Thus, A. ovalis, which is tightly attached to
the substratum became over-dominant in the periphyton
community. This species has a high resistance to removal
and, consequently, high resistance to disturbance [49]. In
the absence of disturbance, rapid periphyton recovery was
observed (Fig. 2B), probably stimulated with the reproduction of persistent species, mostly diatom assemblages capable of developing into a complex three-dimensional matrix.

nance and abundance changes of phytoplankton. In the
same time, periphytic algae can benefit from the environmental changes caused by flooding. Further investigations
are necessary to elucidate a variety of factors important
for controlling periphytic algal development in complex
and dynamic ecosystems like temperate floodplains.
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ANALYSIS OF OZONE AND ITS PRECURSORS AT AN
URBANIZED AND INDUSTRIALIZED CREEK VALLEY
(GOLDEN HORN, ISTANBUL, TURKEY)
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ABSTRACT
High air pollution concentrations lead to serious health
problems in urbanized and industrialized areas. In Istanbul,
Golden Horn is a creek valley which is identified by its
special terrain that makes air pollutants difficult to disperse.
The goal of this study is to determine the ozone levels in
this region, considering that reducing of ozone precursor
emissions accomplishes surface ozone control. Ozone in
surface boundary layer is formed by photochemical reactions involving nitrogen oxides, and is affected by urbanization, traffic and industry. In order to investigate the air
quality levels in Golden Horn, the surface ozone concentrations and its precursors (NO and NO2) in Alibeykoy
and Kagithane regions are temporally analyzed herein.
Moreover, the relationship of ozone with precipitation is
also determined.

sis rate and NO2 / NO ratio. These complicated conditions
and relationships cause large diurnal, day-to-day, seasonal
and year-to-year variations in ozone concentrations [9, 14].
Therefore, surface ozone control is generally achieved by
reducing its precursor emissions of both NOx and VOCs
into the atmosphere.
According to Leighton relationship, in urban areas,
with dense motor vehicle emissions in the presence of
nitrogen oxides, surface ozone is produced by the following reactions through the photolysis of nitrogen dioxide
under atmospheric conditions at wavelengths less than
430 nm [15, 16].
The reaction is as follows:
NO2 + hν (λ < 240 nm) → NO + O (3P) (J1)
O (3P) + O2 + M → O3 + M (k2)
NO + O3 → NO2 + O2 (k3)
The above cycle predicts that the photostationary state
mixing ratios of the three species are related by the following expression:

KEYWORDS:
Ozone, NO, NO2, urban, industry

[NO].[O3]/[NO2]=J2/k1
where, J2 is the rate of NO2 photolysis, and k1 is the
rate coefficient for the reaction of NO with O3 [16-18].

1. INTRODUCTION
Surface ozone concentrations have received extensive
attention worldwide because they can damage human health
and ecosystems [1-7]. Surface ozone is formed by photochemical reactions involving nitrogen oxides (NOx) and
volatile organic compounds (VOCs) which can be accumulated at the surface atmosphere under favorable meteorological conditions [8-10]. Surface ozone and the factors as well as processes affecting ozone formation and its
accumulation have been extensively studied in the world
[11-13]. The formation of ozone in the surface boundary
layer begins with NO2 photolysis, after which the NO
reacts with ozone to regenerate the NO2 and, hence, ozone
remains in a stationary state that depends on NO2 photoly* Corresponding author

Ozone levels in urbanized and industrialized areas are
also greatly impacted by the variations of meteorological
conditions and precursor concentrations, and the detection
of ozone trends is central in evaluating the effect of precursor emission control programs. Recent studies have shown
that rapid urbanization and developments of industry and
transportation facilities have caused a series of severe problems related to air pollution. Particularly, increasing emissions based on fossil fuels by motor vehicles and industrial activities in urban areas resulted in increased emission of
ozone precursors (NOx, VOCs, CO, etc.) into urban atmosphere.
Istanbul is a megacity with about 14 million inhabitants within its 5350 km2 area. About 3 million motor
vehicles are on the streets and major high-ways of the
city. The city’s complex topography, such as valleys and
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hills, led to poor dispersion conditions in some specific
regions of the city. The Golden Horn natural harbor receives water from Kagithane and Alibeykoy creeks, is connected to the Sea of Marmara, and the creek valley lies to
the northeast. Kagithane is in a creek valley and surrounded by hills, and Alibeykoy is located at the north
edge of the Golden Horn. Incecik (1986) [19] investigated
the surface boundary layer of Golden Horn atmosphere in
1980s. He showed weak dispersion conditions in this
region making it more difficult for air pollutants to disperse (Fig. 1). Golden Horn was named in antiquity because of its shape, and the natural harbor receives water
from Kagithane and Alibeykoy creeks, is connected to the
Sea of Marmara and the creek valley lies to the northeast.
Alibeykoy creek is located at the northwest part of the
Golden Horn while Kagithane creek is located at the
northeast. There are also so many reasons for the air pollution of Alibeykoy and Kagithane creeks. Alibeykoy is
exposed to the Sea of Marmara in the south direction, and
hills up to 150 m are located just behind (Fig. 1). Kagithane
region is in a creek valley, surrounded by hills. This special terrain in both regions makes air pollutant dispersion
more difficult. In winter, when a great amount of coal
instead of natural gas is consumed for heating, the city
often suffers from higher concentrations of particulates. In
addition, many industrial pollutant sources are located in
this urbanized area. Hence, Kagithane creek valley supports
the formation of inversion layer that can last for several
days, particularly during the winter season. In this study,
we attempt to quantify and identify the surface ozone and
its precursor (NO and NO2) concentrations in Alibeykoy
and Kagithane regions of Golden Horn, and the levels and
temporal variations of ozone and its precursors were analyzed. The differences between weekend and weekday concentrations of ozone were also examined in both regions.

2. MATERIALS AND METHODS
The study was performed in the northern parts of
Golden Horn, Istanbul. The Golden Horn is about 8 km
long, and a 800 m wide natural harbor for the historical
peninsula of the old city. In the Byzantine times, the naval
headquarters were established in this harbor. Since 1954
until mid 1980s, the harbor was much polluted by the
industrial and domestic wastes at this region with a population of about 1 million. Following 1990s, several projects have been applied to the region. The station of
Alibeykoy measures the quality of air in the northwest of
Golden Horn. Kagithane station is placed about 2 km east
of the Alibeykoy and located in a creek valley. Alibeykoy
area is one of the most polluted (specifically for PM10)
regions of Istanbul based on the municipality monitoring
network [18]. Furthermore, the Turkish Scientific and
Technical Research Foundation has recently established an
additional monitoring system to Kagithane region which is
identified by its special terrain [20]. It is reported that
Kagithane region has also significant pollution problems,

such as PM10 and NOx. According to the report, the region
is largely affected by transportation, industry and domestic
heating [21]. The population in Alibeykoy is about 169,000
while it is 420,000 in Kagithane urban area. In Alibeyköy,
the main sources of pollution are domestic heating ad traffic but in Kagithane region, there are many small-scale
industries (e.g. chemical, wood, metal, textile, etc.), additionally existing to traffic and domestic heating. The map
of Fig. 1 shows the locations of the measurement sites.
In this study, we used hourly data regarding O3, NO,
and NO2 concentrations extracted from the database of the
air quality network of Istanbul Metropolitan Municipality
for Alibeykoy. Alibeykoy the station is located 30 m
away from a road called Kazim Karabekir (41° 4' N, 28°
56' E) from which it is mainly affected by the busiest
traffic in Golden Horn. In Kagithane air quality station
(41° 5' N, 28° 59'E), the measurements were carried out at
a location of the highly busiest traffic connected to the
main highway in the creek valley at the yard of the Directorate of Technical Works Building of the Kagithane Municipality. The measurement site is surrounded by three
main roads (the major one is named Cendere street which is
located at the central Kagithane). The region has busy
roads with traffic of about 80,000 vehicles per day [22].
The ozone, NO and NO2 concentrations in both Kagithane creek valley and Alibeykoy were analyzed by
hourly, daily, and monthly levels. The study periods included 1 April 2010 - 7 February 2011 for Kagithane, and
1 April 2010 – 18 June 2012 for Alibeykoy station.
Ozone was continuously measured using a typical
UV photometric analyzer (Thermo Environmental Instruments, model 49C), based on the absorption of UV
radiation by ozone at 254 nm (limit of detection: 1 ppbv).
The instrument was operated continuously for 24 h. The
interval of each measurement was 1 min, and the data
presented in this paper are hourly averaged values. Additionally, the NO and NO2 concentrations at this site were
measured by a Low Source NO-NO 2-NOx analyzer
(Thermo 42i-LS) utilizing chemiluminescent technology to measure the amount of nitrogen oxides in the air
(lower detectable limit: 0.01 ppm). Each instrument at this
site was checked automatically every two weeks, and
instrument maintenance was conducted to assure the quality of the obtained data.
3. RESULTS
3.1. Monthly seasonal variations of surface ozone and its
precursor concentrations

The monthly variation of the hourly and daily concentrations of ozone in Alibeykoy including a 2-years
measurement period is presented in Fig. 1. It can be noticed that the highest monthly average ozone concentrations were measured in the summer months whereas the
lowest ones were measured in the winter months. Ozone
concentrations start to increase slowly from May to Au-
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gust while a considerable decrease can be seen from September to December. Its lowest levels occurred in December with 17 µg/m3. Low values of O3 in winter months
are attributed to low UV radiation intensity and low air
temperatures.
Table 1 shows the means of maximum concentrations
of ozone, NO and NO2 during the four seasons for
Alibeykoy and Kagithane sites, and 8-h average ozone
concentration have been used in the table. The maximum
mean ozone levels in Alibeykoy occurred in summer, followed by spring and fall; in Kagithane, they occurred in
spring, followed by fall and summer. The ozone levels in
Kagithane were lower than in Alibeykoy.
The hourly averaged ozone concentrations showed
significant seasonal differences with a clear order of summer>spring>fall>winter for Alibeykoy whereas it was
spring>fall>summer>winter for Kagithane. The highest
daytime ozone concentrations were recorded during the
summer while the lowest levels were found during winter
season for Alibeykoy. The mean values of 8-h average
ozone were 23.6, 37.9, 48.3 and 65.5 µg/m3 during the
winter, fall, spring and summer seasons, respectively. The
summer/winter ratios of ozone concentrations were 2.77
in Alibeykoy but 1.79 in Kagithane. NO and NO2 levels
were also examined for the two sites. The mean values of
NO concentrations presented a clear seasonal variation in
both sites of the Golden Horn showing a typical order of
fall>winter>spring>summer. However, the seasonal patterns of NO2 for both sites were also found to be in the
same order as spring>winter>fall>summer.

As seen in Table 1, NO levels in Kagithane were
much higher than in Alibeykoy. The seasonal levels of
NO concentrations were examined by winter/summer ratios. The winter/summer ratios of NO concentrations were
found to be 2.84 in Alibeykoy, and 1.69 in Kagithane. The
higher ratio for Kagithane indicates that traffic sources
were dominant in both seasons, although domestic heating
in winter. Nitrogen dioxide concentrations closely follow
vehicle emissions in many situations. Therefore, nitrogen
dioxide levels are generally a reasonable marker of exposure to traffic-related emissions. Health risks from nitrogen oxides may potentially result from nitrogen dioxide
itself. The annual NO2 standard of EU (40 µg/m3) is exceeded in both Alibeykoy and Kagıthane sites. In addition,
a maximum of 1-h NO2 concentration limit (200 µg/m3)
was exceeded in each of the sites while the numbers of
exceedance were 17 in Kagithane and 41 in Alibeykoy,
with regard to 2010-2011 calendar years. This value exceeded the 1-h maximum NO2 EU standard with a maximum 18 times per calendar year. This result reflects the
different emission sources and different dispersion conditions in Alibeykoy and Kagithane.
Furthermore, NO/NO2 ratios were highly different for
the two sites. The ratios were 1.2 and 0.55 for winter and
summer in Alibeykoy while 2.60 and 2.04 in Kagithane,
respectively. The reason of a higher NO/NO2 ratio in
Kagithane comparing to Alibeykoy is the dense traffic
emission. Diapouli et al. (2008) [7] have shown that higher
NO/NO2 ratios occurred in locations of traffic-affected
stations for Athens.

TABLE 1 - Descriptive statistics of the O3, NO, and NO2 in Golden Horn stations.
8hr O3 (µg/m3)

NO (µg/m3)

NO2 (µg/m3)

Kagithane (April 2010
– February 2011)

Season

Spring
(A,M)
Summer
(J,J,A)
Fall
(S,O,N)
Winter
(D,J)

mean

max

% data
captured

Total
Hours

mean

max

% data
captured

Total
Hours

mean

max

68.2

139

98.2

456

118

906.4

96

1368

87.9

243.9

96

1368

19.6

85.1

100

736

93.2

625.2

99.7

2208

45.6

183.5

99.7

2208

26

82.2

99.7

728

173.1

1496.5

94.6

2184

56.6

218.4

94.6

2184

10.9

55.2

97.4

552

157.4

1350.9

98.7

1656

60.5

210.9

98.7

1656

8hr O3 (µg/m3)

NO (µg/m3)

% data Total
captured Hours

NO2 (µg/m3)

Alibeykoy (April 2010
– June 2012)

Season

Spring
(M,A,M)
Summer
(J,J,A)
Fall
(S,O,N)
Winter
(D,J,F)

% data Total
captured Hours

mean

max

% data
captured

Total
Hours

mean

max

% data
captured

Total
Hours

5160

35.3

540

95

5160

62.2

344

95

5160

74.9

4824

22.6

464

76.6

4824

40.6

196

76.6

4824

103

95.6

4368

47.8

874

75.6

4368

45.6

180

75.6

4368

101

96.1

4344

64.3

799

85.9

4344

53.3

242

85.9

4344

mean

max

48.3

98

89.8

65.5

117

37.9
23.6
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a)

b)

c)

FIGURE 1 - The monthly averages of O3, NO and NO2 concentrations in Alibeykoy (1 April 2010 – 7 February 2011): a. O3 Alibeykoy (April
2010 – May 2012), b. NO2 Alibeykoy (April 2010 – May 2012), and c. NO Alibeykoy (April 2010 – May 2012).

3.2. Diurnal Variations
3.2.1. Ozone

The diurnal variation of O3 is strongly affected by
levels of its precursors as well as the meteorological conditions. The study of the diurnal variations of ozone precursors can present the influences of emissions, physical
and chemical processes that operate on a diurnal cycle.
Because ozone levels tend to follow the solar radiation
intensity, higher ozone concentrations during the daylight
period result. This leads to ozone maxima in the afternoon
hours. At night-time, there is no photolysis of NO2 and
reaction leads to the removal of ozone. The average diurnal period of ozone for both Alibeykoy and Kagithane air
quality stations is given in Fig. 3. In Alibeykoy station, O3
concentration reaches highest levels during the daytime

and lowest levels in the nighttime. The minimum ozone
concentration appears during the morning hours at 8 am.
Higher values are recorded in the afternoon with ozone
peaks of 48.3 µg/m3 at around 16 pm local standard time
(LST) in Alibeykoy, and 43.2 µg/m 3 at 15 pm LST in
Kagithane. The shift of the afternoon peaks is a probable consequence of the busiest traffic as well as an accommodation road to a highway in Kagithane creek valley. Table 1 indicates the differences of these sites, specifically that of NO concentrations due to Kagithane which
show a typical pattern for much polluted urban and industrial areas.
As seen in Fig. 3, ozone concentrations in Kagithane
site raised rapidly after 09:00-10:00 LST coinciding with
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the increase of solar radiation, reaching a peak value at
around 14:00–15:00 h LST, and then, after sunset, concentrations decreased slowly. Ozone levels at this much
polluted area were observed to be relatively steady and
low at night because photochemical processing of O3 is
stopped due to the absence of the photochemical reactions, and the O3 that remains in the atmosphere is then
consumed by deposition processes. This leads to a secondary maximum of ozone. A nocturnal secondary peak
of ozone in Kagithane compared to Alibeykoy site also
occurred (Figs. 2a and b). Im et al. (2013) [23] showed
similar results for the island ozone data in Istanbul. Figure 2
shows that from 05:00 ozone values continuously decreased
at a low rate up to 8 am. The loss of ozone is attributed to
in situ destruction of ozone due to the chemical loss by
NO and deposition processes at the surface. Ozone maintained a relatively low value in nighttime, and the minimum value in the day appeared during the early morning
hours near sunrise (06:00–07:00). Chemical loss of ozone
by nitrogen oxides as well as meteorological factors (lack
of solar radiation. low temperature. light wind, development of a nocturnal inversion layer, etc.) is one reason for
the low levels of ozone in the early morning. Then, ozone
concentration started rapidly coinciding with the increase of
solar radiation after sunrise by photochemical production.
3.2.2. NO and NO2

Figure 3 presents the diurnal variations of NO in both
Alibeykoy and Kagithane sites. Morning and evening peaks

of NO present traffic emissions at both sites, and morning
peaks in Kagithane region were about 3-fold those of
Alibeykoy. This pattern was supported by the weekly
variation of NOx (NO + NO2) concentrations in the polluted Kagithane creek valley (Fig. 4). As seen in Fig. 4,
weekdays-weekend patterns for NOx could not be clearly
seen in both ozone season (May-September) and full period
for Kagithane.
Furthermore, the complex terrain in the creek valley
of Kagithane region could trap the cold air produced by
substantial nighttime cooling due to the cold dense air
settling to the valley floor. This could suppress the vertical exchange of low level air, and then, the suppression
leads to a buildup of pollutants at the surface.
3.3 Diurnal variation of O3, NO and NO2 in Kagıthane and
Alibeykoy for the weekend (Sunday) and weekdays

In order to better understand the ozone process, we
assessed the diurnal variations in Alibeykoy and Kagithane
air quality stations. Figures 5 and 6 present the diurnal
variations of O3, NO and NO2 for weekdays and weekend
(Sunday). As seen in Fig. 6, Alibeykoy ozone levels are
higher than those for Kagithane creek valley. The major reason is the dense traffic, and a weak boundary-layer
mixing process due to Kagithane creek valley topography.
Alibeykoy site is exposed to the Golden Horn harbor. In
the present study, the morning NO peaks were at 08:0009:00 for both weekdays and Sundays (245 and 76 µg/m3,
respectively) while nighttime peaks were at 23:00 (146 and

a)

b)

FIGURE 2 - The average diurnal period of ozone (a) in Alibeykoy (April 2010 – May 2012), and (b) in Kagithane (April 2010 - February
2011).
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a)

FIGURE 3a - Diurnal variation of NO in Alibeykoy (April 2010 – May 2012).

b)

FIGURE 3b - Diurnal variation of NO in Kagithane ( April 2010-February 2011).

FIGURE 4 - Weekly variation of NOx in Kagithane for ozone season and full period.

105 µg/m 3 , respectively). The NO concentration in
Alibeykoy has its maximum slightly below at 100 µg/m3
while it reaches 250 µg/m3 in Kagithane during the rush
hours in the morning of weekdays whereas NO could
exceed 105 µg/m3 in the same hours on Sundays.
The higher levels of NO (Fig. 6) lead to increased O3
destruction and, correspondingly, ozone concentrations
are depressed. Lower NO emissions in Kagithane region
on weekend, due to the weak traffic dense, consume less
ozone exceeds, and then, ozone concentrations cannot be

depleted compared to the weekdays. The weekend reduction in vehicular traffic in the region caused an increase of
ozone. This leads to ozone accumulation on Sundays due
to the creek topography in the region as seen from Fig. 5.
3.4. Surface ozone and its precursor concentrations on precipitation and non-precipitation days.

It is widely known that precipitation cleanses the atmosphere. Rainfall not only washes out surface ozone but
also its precursors. Therefore, precipitation has a signifi-
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FIGURE 5 - Diurnal profiles of O3, NO, and NO2 during weekdays and weekend (Sunday).

FIGURE 6 - Time series of precipitation and ozone concentrations in Alibeykoy (O3 data is recorded in Kagithane; precipitation data from
Goztepe meteorological station).
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cant influence on the decrease of surface ozone. Time
series of daily averaged ozone concentrations and daily
total precipitations are presented in Fig. 6.
As seen in Fig. 6, ozone concentration decreased
sharply when precipitation appeared. This may be due to
the precipitation scavenging function on ozone precursors
during precipitation days, and humidity increase around
precipitation process. Particularly, we analyzed the influences of precipitation on ozone during a frequent precipitation period within the study period in which precipitation
days were almost equal to non-precipitation days. Ozone
concentration data were identified according to precipitation and non-precipitation days. Daily average O3 and NO
concentrations in Alibeykoy site for the precipitation and
non-precipitation days are given in Table 2. The results
suggest that averaged ozone concentration on precipitation days is 21.1 µg/m3, and on non-precipitation days is
31.7 µg/m3. Similarly, the average NO concentrations in
precipitation days are found to be lower than its nonprecipitation days with 28.3 and 43.3 µg/m3, respectively.
This result clearly reflects the reduction of ozone concentration during precipitation days.
TABLE 2 - The average ozone concentrations of Alibeykoy in the
precipitation and non-precipitation days.

Precipitation days

82

Non-precipitation days

232

Avg ozone in precipitation days

27.1µ/m3

Avg ozone in non-precipitation days

31.7 µ/m3

Avg NO in precipitation days

28.3 µ/m3

Avg NO in non-precipitation days

43.3 µ/m3

4. CONCLUSIONS
This study emphasizes the variability of surface ozone
and its precursor concentrations measured at the two air
quality stations placed in the north parts of Golden Horn,
Istanbul. One station (Alibeykoy) is exposed to the Golden
Horn coast, and the other (Kagithane) is located at a creek
valley. Kagithane creek valley area faced rapid urban
expansion and development as well as air pollution problems coming from industry, traffic and domestic heating.
Both regions often suffer from higher concentrations of
NO2 than the EU limit values in both annual and shortterm periods. The ratios of NO/NO2 showing the influences
of traffic emissions were 1.2 and 0.55 for winter and summer in Alibeykoy but 2.60 and 2.04 in creek valley of
Kagıthane, respectively.
The hourly averaged NO concentrations showed significant seasonal differences with a clear order of summer>spring>fall>winter for both sites while that of NO2
are ordered as follows: spring>winter>fall>summer. The

NO concentration in Alibeykoy has its maximum around
100 µg/m3 while it reached 250 µg/m3 in Kagithane during the morning rush hours on weekdays whereas NO
could exceed 105 µg/m3 in the same hours on Sundays.
The highest daytime ozone concentrations were recorded during summer while the lowest levels were found
during the winter season for Alibeykoy. The mean values
of 8-h average ozone were 23.6, 37.9, 48.3 and 65.5 µg/m3
during winter, fall, spring and summer seasons, respectively. The summer/winter ratios of ozone concentrations
were 2.77 in Alibeyköy and 1.79 in Kagıthane. Although the
ozone levels were not exceeding the EU air quality standard,
the measurements showed that ozone levels in Alibeykoy
are higher than in Kagıthane creek valley of Golden Horn.
The concentrations of O3 precursors (NO and NO2) during
weekends (Sundays) in Kagıthane region were lower than
those found during the week while ozone concentrations
on weekends were higher than during the week due to the
titration of NO during the weekdays. Low NO emissions
during weekend mornings consume less O3 whereas, in the
daytime, it cannot be depleted further thus leading to accumulation of ozone in the creek valley. Similar patterns
have been found in Alibeykoy and other parts of the city.
The seasonal ozone levels followed the order of spring>
fall> summer>winter in the polluted creek valley while it
was summer>spring>fall>winter in Alibeykoy.
The most high ozone days were observed in spring in
Kagıthane which indicates that photochemical pollution in
the region is much more intense in spring. This result has
been shown by Topcu and Incecik 2002 [24] and 2003
[25], in the urban atmosphere of Istanbul. In addition, a
diurnal variation of ozone in Kagıthane shows a typical
pattern for polluted urban areas characterized by high
levels during noon or afternoon but low levels during late
night or early morning. Frequencies of the time in which
the daily maximum ozone concentrations in the polluted
creek valley within 24 h appeared show two peaks (one
peak at 14:00–15:00 during daytime and another one at
03:00–05:00 during nighttime).
Rainfall not only washes out surface ozone but also its
precursors. Daily average O3 and NO concentrations in
Alibeykoy site for precipitation and non-precipitation days
are examined. The result suggests that averaged ozone
concentration of precipitation days is 21.1 µg/m3 and that
of non-precipitation days is 31.7 µg/m3. Similarly, the
average NO levels during precipitation days are found to be
lower than its non-precipitation days, with 28.3 µg/m3 and
43.3 µg/m3, respectively. This result clearly reflects the
reduction of ozone concentration during precipitation days.
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ABSTRACT
Plant survival and recovery after submergence are
greatly affected by duration and water depth, and they are
particularly important for species establishment in periodic submergence habitat. In this study, we conducted a
research on the morphological changes, aerenchyma formation, biomass allocation and its recovery of bermudagrass after submergence. All deep-submerged plants
survived and regenerated quickly after they were desubmerged in the present research. The photosynthetic
abilities of the submerged plants had recovered well after
re-emergence for 30 d. The biomass decreases were progressive and proportional to the stress magnitude (i.e.,
depth and duration), and at the end of the experiment,
total biomasses of 1, 5 and 15 m depth submerged plants
were 61%, 53% and 39% of their initial total biomass, respectively. Aerenchyma contents in shoots and roots increased with the increase of submergence depth. We concluded that bermudagrass had submergence-tolerance
instinct, and the main reasons of bermudagrass enduring
long-term and deep submergence were followings: (1)
photosynthesis recovery after re-aeration; (2) aerenchyma
development; (3) keeping higher biomass remainder.

KEYWORDS: bermudagrass; submergence; recovery; photosynthesis; biomass

1 INTRODUCTION
Gas diffusion rate in water is 10000 folds slower than
in air, which severely hampers gas exchange between plants
and the aquatic environment [1]. Consequently, oxygen concentrations within plants decrease rapidly during submergence [2], aerobic respiration is inhibited, and the carbohydrate and energy status drop to harmful levels [3]. Additionally, light intensity at a depth 30 cm is almost nil due
* Corresponding author

to the presence of silt in floodwater [4], which influences
plant photosynthesis, nutrition accumulation, and leads to
energy crisis or even death [5-7].
In order to cope with the stress related to water logging
or submergence, many species possess tactics that increase
survival during flooding. These tactics include anatomical,
morphological, and physiological features, such as numerous stomata, large surface to volume ratios, leaf and stem
elongation, adventitious root formation, aerenchyma development, and dormant life strategies [8-11]. However,
plant survival is still greatly affected by duration, water
depth and physicochemical characteristics (e.g., oxygen
and carbon dioxide concentration, pH, turbidity, and temperature) [3, 4]. He et al. [12] found that the survival
percentage of Ranunculus repens decreased from 70% to
0% with the increase of submergence duration from 4
to 6 weeks.
Submergence tolerance has been evident in association with biomass allocation [5]. For instance, Phragmites
australis allocates more biomass to below-ground organs
during the period of submersion [13]. Tolerant cultivars
commonly suppress underwater elongation of leaves and
keep a higher level of carbohydrates during submergence
[14], but sensitive cultivars fail to survive owing to the
faster biomass and chlorophyll losses [5, 15]. Cultivars that
maintained more than 6% of their initial non-structural
carbohydrate at the time of re-aeration have been found to
be capable of quickly developing new leaves [14]. Therefore, it is reasonable to conclude that high biomass status
after submergence contributes to the endurance.
In riparian areas, plants are subject to periodical and
seasonal submersion. They usually experience changes
from aerobic condition to anaerobic condition during complete submergence and from anaerobic to aerobic conditions when the floodwater recedes [16]. Quick regeneration
following submergence can ensure production of sufficient
biomass and carbohydrate of the submerged plants. It is very
important that submerged plants complete their life cycle
between two subsequent submersion events and survive
successfully.
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Bermudagrass is a warm season perennial terrestrial
species adapted to tropical and subtropical climates. They
stop growth when temperature is lower than 16℃ and become dormancy (usually in winter). Previous studies have
demonstrated that bermudagrass can survive in dry condition or under prolonged submergence [17, 32]. In this
study, we conducted experiments to 1) demonstrate the
recovery ability differences of two habitats bermudagrass
subjected to submergence; 2) investigate the photosynthesis, chlorophyll content and biomass allocation of bermudagrass subjected to submergence; 3) explore the morphological changes and aerenchyma formation of bermudagrass after submergence. The ultimate goal was to explore the possibility of bermudagrass revegetation in the
water-level fluctuation area of China’s Three Gorges
Reservoir or other riparian areas.
2 MATERIALS AND METHODS
2.1 Experiment 1: Plant recovery after prolonged and deep
submergence

The first experiment was conducted to evaluate the recovery indices after prolonged and deep submergence. Two
varieties of bermudagrass, i.e., XB and FB, were used in
the experiment. XB was selected from the riparian zone in
the Yangtze River, and it had been subject to periodic submergence. FB was above altitude 300 m in Zigui county,
Hubei Province, China, and did not experience any submergence events.
The current year’s tillers were collected on August 21,
2007. Ten identical shoots were transplanted into 30 cm×
15cm×12 cm plastic pot containing sterilized sandy loam.
Because one shoots could not provide enough materials
for indices determination, 10 shoots in each pot represented one replication. Five drainage (0.5 cm in diameter)
holes were drilled on the bottom of each pot. The pots
with transplanted plants were evenly spaced every 30 cm
to ensure similar growth condition in the Lanling rivulet’s
natural environment (E110°54′，N30°52′). Two months
later, the plants were put into Lanling river at 0 (control), 1,
2, 5, 10 and 15 m depth-submerged stress, respectively.
After 150 d continuous submergence, seven replications of
each treatment were taken out from the water on April 18,
2008. The recovery indices and photosynthetic parameters
were determined after re-emergence 10 d and 30 d respectively.
After de-submerged 10 d, plants were considered to
have survived if green, turgid leaves and/or buds were
present. The number of new buds and shoots were counted
after re-emergence 10 d. Maximum shoot length, maximum
leaf length and width of different treatments were measured
at the same time. Photosynthesis and transpiration after the
plants re-aeration for 30 d were measured using a Li-6400
portable photosynthesis system (LI-COR Inc., Lincoln).
Three to five mature leaves for each replication were chosen for the measurement of photosynthetic rate (Pn), tran-

spiration rate (Tr), stomatal conductance (Gs), and intercellular CO2 concentration (Ci). The parameters measurements were carried out between 10 a.m. and 12 p.m. under
normal environmental conditions. The photosynthetic active radiation was 800–1000 µmol·m2·s and the temperature range was 29–32 ℃.
2.2 Experiment 2: Morpho-physiological responses to submergence

The second experiment was conducted to evaluate the
morpho-physiological responses to submergence. Current
year’s tillers of XB were collected from the same site as
experiment 1. The preparing method of materials was the
same as the experiment 1 on August 28, 2008. On November 2, 2008, the experiment was carried out with four
submerged depths (0, 1, 5, and 15 m). Chlorophyll content,
biomass allocation, morphological changes, and aerenchyma
formation were determined. The submersion periods of
the two experiments were according to the run rhythm of
the Three Gorges Reservoir (submergence in NovemberApril).
Stem diameter and maximum root length were determined using vernier caliper and ruler. Shoot and root porosity (aerenchyma) was measured in four replicates by the
pycnometer method [18]. The indices were determined
immediately after submergence 0, 3, 7, 15, and 30 d.
0.3 g of leaves was cut and distilled using 80% acetone after only submerged 0, 3, 7, and 15 d using the
method of Zhang [19] to measure chlorophyll contents.
Not enough leaves remained of all treated plants to determine chlorophyll in the prolonged periods. The absorbance was set at 645 nm and 663 nm.
All treated plants were harvested for biomass analysis
at submerged time 0 (control), 3, 7, 15, 30, 60, 90, 120,
and 150 d, respectively. Plants were taken out of the pot
and were gently washed under running water. It was tried
to keep root loss to a minimum during cleaning. Plants
were patted dry with absorbent paper, and divided into
shoots and roots. All samples were dried at 65 ℃ to
constant weight, and then total biomass, shoot weight and
root weight were determined.
2.3 Statistical analysis

Statistical analysis was performed using SPSS 16.0.
Differences among treatments were determined with
ANOVA. Multiple comparisons of means were performed
by LSD test at the 0.05 significance level. Data were log10transformed when necessary to reduce data heterogeneity,
and homogeneity was tested using Levene’s test.
3 RESULTS
3.1 Recovery indices

Shoot numbers, average shoot length, maximum leaf
length and width of XB and FB were congruously diminished with the increase of submerged depth after de-
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submerged 10 d. All of the XB parameters were higher
than FB except bud numbers. XB bud numbers increased
slightly with submerged depth increase except 1 m depth
treatment. Bud numbers of FB decrease as the water depth
increase among treatments. ANOVA showed submerged

depth had significant effects on all recovery indices (P <
0.05; Tables 1 and 2). Recovery indices had significant differences between two entries except maximum leave width
when the submerged depth is the same (P<0.05; Tables 1
and 2).

TABLE 1 - Bud appearance time after de-submergence, shoot number, average shoot length, bud number, maximum leaf length and width
of XB in different submerged treatments after recovery 10 d (means±S.D.)
Depth
Bud appearance
Shoot number
Average shoot
(m)
time (d)
(No.)
length (cm)
1
2
31.86±1.353a
8.17±0.487a
2
2
30.71±2.112a
8.15±0.789a
5
2
25.86±1.696b
4.30±0.477b
10
5
18.14±1.993c
3.60±0.399c
15
6
8.00±1.864d
2.86±0.425d
Letters(a-d) means significant difference among treatments (P 0.05).

Bud number
(No.)
7.71±1.997a
2.71±0.714b
5.71±1.107a
7.14±2.017a
8.43±2.543a

Maximum leaf
length (cm)
4.47±0.596a
3.74±0.426a
1.84±0.334b
2.06±0.251b
1.46±0.223c

Maximum leave width
(mm)
2.59±0.128a
2.39±0.161a
2.31±0.142a
1.67±0.099b
1.44±0.144b

TABLE 2 - Bud appearance time after de-submergence, shoot number, average shoot length, bud number, maximum leaf length and width
of FB in different submerged treatments after recovery 10 d (means±S.D.)
Depth
Bud appearance
Shoot number
Average shoot length
(m)
time (d)
(No.)
(cm)
1
2
22.71±0.892a
3.8±0.168a
2
2
17.29±1.658b
3.6±0.339a
5
2
15.14±1.752bc
3.4±0.477a
10
6
7.86±1.280d
2.86±0.425a
15
6
6.71±0.565d
2.19±0.099b
Letters(a-d)means significant difference between treatments (P 0.05).

Bud number (No.)
24.43±1.494a
19.29±1.375b
18.29±1.861b
17.71±1.149bc
14.00±1.069c

Maximum leaf
length (cm)
2.34±0.136a
1.94±0.126b
1.91±0.309b
1.57±0.191cd
1.26±0.184d

Maximum leave
width (mm)
2.71±0.172a
2.49±0.135a
2.33±0.457a
2.10±0.072bc
2.07±0.097c

FIGURE 1 Photosynthetic rate, stomatal conductance, internal CO2 concentration and transpiration rate of the each treatment were the
average value of six independent measurements ±SE.
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3.2 Photosynthesis and Chlorophyll content

All the photosynthetic parameters of plants failed to
recover to the level of non-submerged control (Fig.1). The
values of all indices slightly decreased with the increase
of the submergence depth. A two-way ANOVA showed
that submerged depth had significant effects on all photosynthetic parameters (P < 0.05 for all cases; Fig. 1), but
there had not significant differences between two entries
(P > 0.05 for all indices; Fig. 1). Chl a, Chl b and total
chlorophyll in control plants increased with submergence
duration. A similar trend was obvious for 1 m treatment,
but the increased level was less than that of control. There
were sharp declines in Chl a, Chl b and total chlorophyll
content in leaves of 15 m submersion plants.
3.3 Biomass allocation

Within the initial 60 d after the onset of submergence,
the shoot weight of non-submerged treatments (control)
increased over time, but has not significant change from
60 d to 120 d (P > 0.05, Fig. 3), the values of 150 d plants
were very less than that of 120 d. The shoot weight of 1 m

depth increased within 15 d, then decreased with the submergence duration increase. The values of 5 m and 15 m
treatments were consistently decreased with the submergence extension. Final shoot biomass was progressively
lowered by submergence depth increase: 1, 5, and 15 m
submerged plants maintained 57%, 52 %, and 37% of their
initial shoot biomass respectively (P < 0.05 for all cases;
Fig. 3).
The maximum root weight of control appeared on the
60 d after the experiment onset, and then the value decreased with the increase of duration (Fig. 3). The root
weights of 1 m and 5 m treatments were slightly increased
within 30 d. The maximum value of 1 m or 5 m depth
treatments appeared on the 60 d or 30 d respectively.
After then the values were decreased with the submersion
duration increase (Fig. 3). The values of 15 m always decreased from the beginning to the end of the experiment.
1 m, 5 m and 15 m depth treated plants maintained 89% ,
61 % and 58% of their initial root biomass respectively
(P< 0.05 for all cases; Fig. 3).

FIGURE 2 Effects of different submergence on chlorophyll a, chlorophyll b and total chlorophyll. Each point is the average value of six
independent measurements ±SE.
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The total biomass of control plants increased firstly
and then decreased. Within the experimental 15 d, the
biomass of 1 m depth treatment was slightly increased
compared to the original value, and then decreased until
the end of the experiment. Those of 5 and 15 m treatments
decreased over time. Altogether, the biomass decrease level
was progressive and proportional to the magnitude of the
submergence stress (treated depth and duration). At the end
of the experiment, total plant biomasses of 1 , 5, and 15 m
submerged plants were 61%, 53% and 39% of their initial
total biomass respectively (P < 0.05 for all cases; Fig. 3).
3.4 Morphological changes and aerenchyma formation

The diameters of stem base of control plants increased
within the submerged 3 d, and then decreased over time.
The values of different depth decreased with the submersion time. On submerged 3, 7, and 15 d, there were no
significant differences between the stem base of 1 and 5 m
depth treatments plants (P>0.05, Fig.4). There were significant differences when the value of 15 m treatments com-

pared to that of 1 and 5 m (P<0.01, Fig.4). There were no
significant differences among all treatments on the submerged 30 d (P>0.05, Fig.4).
The maximum root lengths of all submerged treatments were lower than that of control (Fig. 4). The maximum root length significantly differed among depths treatments (except control and 30 d) (P<0.05, Fig.4) and did not
significantly differ among days after the treatment (P>
0.05, Fig.4).
Shoot porosity and root porosity significantly differed
among different treated depths and days (P<0.05, Fig. 5).
Shoot and root porosities increased with the increase of
submerged duration and depth, and were much higher in
the submerged plants than their original values (P<0.05,
Fig. 5). Bermudagrass showed low root porosity under welldrained conditions (Fig. 5). The shoot and root porosity
was about 7% and 1.5% in non-submerged plants respectively.

FIGURE 3 Effects of different submergence stress on shoot weight, root weight and total biomass. Each point is the average value of six
independent measurements ±SE.
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FIGURE 4 Effects of different submergence stress on stem diameter and maximum root length. Each point is the average value of six independent measurements ±SE. Different letters indicate significant differences of different depth treatments at the same time.

FIGURE 5 Effects of different submergence stress on shoot and root porosity. Each point is the average value of six independent measurements ±SE.

4 DISCUSSION
4.1 Recovery growth after de-submergence

All deep-submerged plants survived and regenerated
quickly after they were de-submerged in the present research. The shoot numbers, average shoot length, bud numbers, and maximum leaf length and width, clearly indicated that bermudagrass could endure long-term and more
than 10 metres deep-submerged stress (Tables 1, 2) [17].
Although the bud numbers of XB were less than those of
FB, the shoot numbers were far more than FB. Because
FB was on the animated budding period when we determined the indices, XB buds had become shoots at the
same time. All the values of the recovery parameters of

XB were higher than that of FB except bud numbers (Tables 1, 2), since habitat had a significant effect on these
phenotypic traits, indicating that species originating from
periodic submergence habitats had an inherent higher expression of these traits considered to be important under full
submergence [20]. Two entries’ recovery abilities decreased
with the increase of the submerged depth, demonstrating
the regeneration were weakened with submergence depth
increase.
Many studies indicated complete submergence of terrestrial plants not only restricts aerobic metabolism, but
also severely hampers their photosynthesis [5, 21]. Severely stressed plants normally lose all leaves, take much
longer to recover and develop new leaves and tillers. Since
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new leaf is the important photosynthetic organ that contributes to the nutrition assimilation, it’s critical for the survival of submerged plants to initiate new leaves and recover
photosynthesis as quickly as possible. In the study, bermudagrass initiated new leaves within 6 days after reemergence (Tables 1, 2). Although their photosynthetic
parameters failed to recover to the level of control plants
after 30 d recovery, submerged bermudagrass after returning to terrestrial conditions could have stored sufficient
carbohydrates after more prolonged recovery periods
before the next flooding event. The results also found in
rice and submergence tolerant wetland species, e.g.,
Phragmites australis [13] and Eleocharis cellulosa [21].
4.2 Biomass allocation

The plant ability to survive for long periods under extremely high water level is related to the storage organs
being able to survive and to regenerate new shoots and
roots after the water level recedes [22]. Usually, submergence endurance species have a strong trade-off between
investing into reproduction and keeping alive, and establish
highly conservative resource consumption under submergence [21]. Eleocharis cellulosa, a surviving prolonged
submergence species, was found to reduce its biomass
under submergence [23]. After 7 days of submergence, the
total biomass and root/shoot ratio of flooded Lepidium
latifolium were significantly less than those of un-flooded
controls [24]. The main reason of biomass reduction of
submersion plants may be due to submergence reduces
the irradiance to organs, carbon assimilation, oxygen production and biomass accumulation [23].
Leaf chlorophyll contents’ keep is very important for
plants’ growth and survival by photosynthesis. In the
present study, Chl a, Chl b and total chlorophyll of 1 m
treatment increased with submergence extension within
submergence 15 d. There were sharp declines in Chl a,
Chl b and total chlorophyll content in leaves of 15 m
submersion plants. Root weight, shoot weight, and total
biomass decreased with the increase of submergence
depth and duration, but the biomass remainder were still
high (Fig. 3). Because the major photosynthetic organs
(leaves) of plants were green in 60 d under submergence
of 1 m depth, which could synthesize carbohydrate. The
root dry weight under 5 m depth treatment was a little
more than the original value within 30 d. The submerged
stress might have provided a signal to induce the bermudagrass dormancy and facilitate the biomass transfer from
the aboveground to the belowground. The suddenly shift
to the very deep water (15 m), plants would consume
energy to make quick physiological and metabolic responses to acclimate the change, leading to more cost to
the plant in terms of immediate biomass loss. Also, the
submerged time was in winter (November-April), and it
was accordant with the dormancy season of bermudagrass. Moreover, winter floods have always been assumed to exert little direct effects, either because plants
may be metabolically inactive during winter [25], the low

water temperature reduces respiration [15] or because of
relatively high oxygen concentration in cold water [26].
4.3 Aerenchyma formation and morphological changes

One of the uppermost traits of plants to avoid oxygen
deficiency is aerenchyma formation. Aerenchyma is an
important adaptive response in wetland plants to waterlogging and submergence [27, 28], because it provides a
low-resistance internal pathway for gas exchange between
the plant parts above the water and the flooded tissues, and
improves the internal supply of oxygen [1]. In the present
study, the submerged plants maybe could get some oxygen
because the experimental water regime had water flow
through the experimental period and all the submerged
plants were survived (Tables 1, 2). In our prepared experiment, submerged bermudagrass all died in a dead water
regime. Moreover, aerenchyma development derives a low
respiratory demand of tissues due to cortical cells death
leading to aerenchyma lacunae formation. This point is crucial under submergence because the energy and carbohydrates crisis suffering by plants under this scenario can be
ameliorated as a result of a lower respiratory load (all
organs well under water). Although aerenchyma contents
in shoots and roots increased with the increase of submergence depth (Fig. 5). Through the submerged period,
the porosities of root and shoot were respectively lower
than 10% and 16%. The root porosity of the submergence
tolerant species, such as Lepidium latifolium [24] and rice
[29], was more than 20%, and the average root porosity of
the species whose habitat preference included those with
standing water above the soil surface for all or most of the
year was 29.6% or 24.1% under flooded or unflooded
environment respectively [24,27]. Bermudagrass has a strong
fibrous root system. Moreover, development of adventitious
roots is considered to be amongst the most important developmental characteristics affecting flooding tolerance in
some plants. We extrapolate there maybe exist other ways
of submerged bermudagrass, such as adventitious roots
development, to get oxygen or dormant bermudagrass needs
very little oxygen to keep alive. However, how long-term
and deep submerged bermudagrass get oxygen actually is
an interesting problem and deserves further research.
Plants usually produce thinner shoots or leaves when
they are submerged [23, 30]. Exceptionly, Eleocharis
sphacelata changes its morphology under flooded conditions by reducing its pith cavity diameter and increasing the
basal diameter, thus making the basal part of the shoot
stronger [30]. In our study, the stem base diameter and
maximum root length decreased with the increase of submergence duration and depth. The stem base diameter
decreases may be correlated with the epidermal death,
shelling and the dormancy of bermudagrass. Emergent
shoot tissues had thick secondary walls in the epidermal
cells and several palisade layers beneath, but submerged
shoots lacked this anatomy [23]. Maximum root lengths
of submerged plants were lower than control, but did not
have significant difference among submersion treatments
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(P > 0.05, Fig. 4). Moreover, the strong fibrous root system of bermudagrass always kept white and vital during
the submersion. The results indicate that the effect of
submergence on bermudagrass root is very limited, and
the root system of bermudagrass maybe plays a pivotal
role in the submergence tolerance.
A broader criterion for anoxia tolerance is based on a
tissue’s ability to survive a period of anoxia with physiological and metabolic processes upon submersion [31].
Rapid recovery of physiological and metabolic processes
upon re-emergence can provide a further indicator of anoxia tolerance in plant tissues. Submerged bermudagrass has
strong submergence endurance and regeneration capacity,
and it may be involved a variety of strategies including
aerenchyma development, high biomass remainder, and
balance between the formation and detoxification of activated oxygen species [32]. However, some important
mechanisms were not explained here, such as the effects
of water conditions, oxygen content, temperature, pressures, light availability and sediments in different water
depths. Nevertheless, quick regeneration following submergence is a desirable trait to determine the anoxia tolerance, since it can ensure early recovery and production
of sufficient biomass.
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PLANT AVAILABILITY OF ZINC
IN DIFFERENTIATED SOIL CONDITIONS
Beata Rutkowska*, Wiesław Szulc and Karolina Bomze
Agricultural Chemistry Department, Faculty of Agriculture and Biology,
Warsaw University of Life Sciences, Nowoursynowska 159, 02-776 Warsaw, Poland

ABSTRACT
The aim of this study was to evaluate the effects of
selected soil properties, such as: soil texture, soil pH, the
content of organic carbon in soil, the degree of soil contamination with Zn, as well as the total concentration and
activity of zinc in the soil solution, on availability of zinc
for plants. The study was conducted based on the microplot experiment. The test plant was the Napa cabbage
(Brassica rapa subsp. pekinensis). It was found that the
concentration of zinc in the plant increased together with
soil acidity, higher Zn soil contamination and raised organic carbon in soil. At the same time, zinc concentration
was increased in the plants grown in sandy soil when
compared to those in clay soil, and positively correlated
with the total concentration of zinc and the concentration
Zn2+ in the soil solution. In view of that, the assessment of
plant availability of zinc should be carried out based on
the analysis of concentration and activity of this element
in the soil solution, taking into account other factors affecting zinc mobility in the soil environment, such as soil
pH, the content of organic matter and soil texture.

KEYWORDS: zinc, soil, plant, soil solution, soil pH, organic carbon, soil texture

1 INTRODUCTION
Plant availability of trace elements, including zinc, depends both on their presence in the soil environment as
well as on the number of soil properties which affect mobility of these elements. A scale of ecotoxicity risk brought
about by Zn should be assessed not only based on overall
Zn soil contamination, but also on additional indicators of
mobility of these elements in soil [1, 2]. Even though the
total concentrations of Zn in the soil solution often correlate well with bioavailable Zn reserves, they are not sufficient enough indicators to reflect availability of this element for plants. According to several authors the latter is
the result of considerable influence of other factors which
* Corresponding author

affect availability of Zn for plants, such as soil pH value
and the content of organic carbon in soil [3-5]. Soil reaction has the biggest effect on zinc accumulation in plants
when compared with other soil properties. Additionally, it
is stated that particularly strong soil acidification enhances
mobility of metal cations, whereas with increased soil pH
these cations can be immobilized owing to formation of
metal compounds with lower solubility [6-10]. Fulvic acids
form with zinc complexes of different solubility. In soluble complexes Zn can be available for plants, but in complexes at solid stage these elements are immobilized. However, with time organic constituents solved in the soil solution decompose and turn into insoluble forms of complexes.
Therefore, the total concentration of soluble zinc decreases
and this results in lower plant availability of metals [11, 12].
Decomposing organic matter, especially under the conditions of strong soil acidification, could enhance uptake of
zinc by plants [13].
Relationships between uptake of Zn by plants and the
total content of this element in soil are rarely observed [9].
The research of López-Mosquera et al. [14] did not indicate significant relationships between the above soil factor and zinc content in plants. Haq [15] did not find considerable correlation (r = 0.31) of Zn soil contamination
and zinc uptake by plants based on studies on several
dozen soils with various degrees of zinc contamination.
Davis-Carter and Shumann [16] also observed weak correlation (r = 0.08) of the total content of zinc in soil and the
content of zinc in stems of the peanut (Arachis hypogaea).
However, Parker et al. [17] observed significant influence
of overall zinc soil contamination on the concentration of
this element in peanut leaves (r = 0.65). Meers et al. [1]
identified, besides soil reaction, the total content in soil as
one of the main factors influencing zinc mobility in the
soil environment.
This led to the suspicion that a scale of ecotoxicity risk
caused by zinc should be assessed not only based on overall soil contamination but also taking into account additional indicators of mobility of this element in soil. The
aim of this study was to evaluate availability of zinc for
plants as related to different soil properties, such as soil
texture, soil pH, the content of organic carbon, the degree
of Zn soil contamination as well as the total concentration
and activity of zinc in the soil solution.
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2 MATERIALS AND METHODS
The research was carried out based on the microplot
field experiment located at the experimental station of the
Faculty of Agriculture and Biology - Warsaw University
of Life Sciences-SGGW which is located in Skierniewice
(central Poland). Stoneware pots (1.2 m long and 40 cm
wide) filled with soil and placed in open air were treated
as microplots. The study was conducted in the long term
experiment, founded in 1998. This experiment, systematically examined the basic soil parameters (pH, organic matter content, content of zinc) in order to keep them at a constant level.
Experimental factors were:
- three levels of soil pH: 4, 5 and 6,
- two levels of contents of soil fraction with particles
with the diameter lesser than 0.02mm: 17% - sandy
soil and 29% - clay soil,
- three levels of the content of soil organic carbon: 0.6,
0.9 and 1.2g C kg–1,
- four degrees of soil contamination with Zn: 0o (42.0 mg
Zn kg-1 d.m. soil), Io (80.0 mg Zn kg-1 d.m. soil), IIo
(150.0 mg Zn kg-1 d.m. soil) and IIIo (320.0 mg Zn kg-1
d.m. soil).
The investigation carried out encompassed 216 microplots which formed 72 combinations of observed factors. All factors were investigated in 3 replications. Napa
cabbage (Brassica rapa subsp. pekinensis) was selected
for evaluations of zinc availability for plants. In every
experimental year, four plants were planted in each microplot. Mineral fertilization amounted to (g m-2): N – 2.8
as KNO3, P – 4.0 as Ca(H2PO4)2, K – 7.6 as KNO3. In
autumn, all plants grown in every microplot were collected, and next plant fresh weight was estimated. Subsequently, the plants were thoroughly washed with tap and
redistilled water, dried out at 60oC (Premed drier), plant
dry weight was assessed and then aforementioned plant
material was ground and milled with the use of a rotor mill
(ZM200, Retsch). Plant material was mineralized following
the wet chemistry method using a mixture of acids HNO3
and HClO4 at a ratio 5:2 (VELP SCIENTIFICA). The
plant samples prepared in this way were utilized for determination of the total content of zinc by atomic absorption spectroscopy (AAS) (apparatus SOLAAR M6 ThermoElementar). Simultaneously, soil solutions were obtained from soil samples collected from microplot earth
surface layer (0-30 cm), following the vacuum displacement method with the use of a vacuum pump Dynavac
OP4. The total concentration of zinc in the soil solutions
was determined by Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES) (apparatus IRYS Advantage ThermoElementar) and the activity of free ions
Zn2+ was estimated using MINTEQA2 for Windows software.
The study included the determination of a relationship
between the amount of zinc in the soil solution of plough

soil layer and zinc uptake by plants. For calculations [18]
the following solution recovery coefficient (SRC) was
applied:
SRC =

Element uptake by plant yield
Element amount in solution of plough soil layer

Solution recovery coefficient ratio is defined as a relation between a given element uptake by plant yield and
its amount in the soil solution of plough soil layer. The
proportion value which equals one indicates that plant
uptake of a given element from the plough soil layer
comes to the amount of this element in the soil solution.
The values of SRC which are lower or higher than one
indicate that element uptake by the plant is lower or higher, respectively, than element concentration in the soil
solution. The SRC allows for the prediction of the mobility and potential toxicity of the element.
The results were statistically analyzed with multifactor ANOVA and simple linear regression. Significance of
differences between means was determined using the
Tukey’s test at a significance level p = 0.05. The statistical
analyses were performed with Statgraphics 5.1 software.
3 RESULTS AND DISCUSSION
The observed average yield depended on the soil
properties analyzed and ranged from 79.4 to 123.3 g of
dry matter per microplot (Table 1). Moreover, high differentiation of zinc content in cabbage plants was observed,
and depending on soil properties it amounted to a range
from 187.8 to 429.6 mg kg-1d.w.
TABLE 1 - Cabbage yield (g per microplot) and plant zinc content
(mg kg-1d.w.) according to soil properties
Soil properties
Content of
fraction with
particles
<0.02mm
LSD0.05
Soil reaction
(pHKCl)

17%

Yield
112.7

Zinc content
300.5

29%

101.4

297.0

13.5
80.7
117.1
123.3
15.2
112.7
109.2
99.2
15.2
122.5
117.6
108.6
79.4
16.6

18.3
429.6
249.5
217.0
20.1
274.6
314.2
307.3
19.5
187.8
267.4
312.4
427.3
24.7

pH = 4
pH = 5
pH = 6

LSD0.05
Content of
organic carbon
(g kg-1)
LSD0.05

0.6
0.9
1.2

Degree
of Zn soil
contamination

0
I
II
III

LSD0.05

The results of the study did not indicate statistically
significant relationships between soil texture and yield quantity as well as zinc content in plants. Other authors [19-22]
also point out inconsiderable influence of soil granulometric composition on the concentration of zinc in plants.
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Together with increasing concentration of colloidal parts,
there increased soil capacity of sorption of zinc, which
impeded uptake of this element by plants [23].
The study indicated that soil pH was the factor significantly affecting plant yield and the concentration of zinc in
the investigated plants (Table 1). Statistically significant
yield augmentation was observed with increasing soil pH.
The change of soil pH from 4 to 6 caused twofold decrease
of Zn concentration in plants. According to several authors
[6-10] soil reaction has the biggest effect on zinc accumulation in plants when compared with other soil properties.
Additionally, it is stated that particularly strong soil acidification enhances mobility of metal cations, whereas with
increased soil pH these cations can be immobilized owing
to formation of metal compounds with lower solubility.
The degree of zinc soil contamination significantly
influenced both yield and the concentration Zn in Napa
cabbage plants (Table 1). With increased zinc soil contamination, the amount of zinc observed in plants was twofold higher when compared with the experimental objects
with 0 (natural) and III degree of heavy metal contamination. Cabbage yields were the highest on soil with naturally heavy metal contents. Only in the case of yielding on
soils with 0 and I degree of heavy metal contamination,
no significant differences were observed. The results
concerning the effect of overall heavy metal concentration
in soil on accumulation of these elements in plants reported by other authors are differentiated. Relationships between uptake of Zn by plants and the total content of this
element in soil are rarely observed [9, 15, 16, 23]. The
research of López-Mosquera et al. [14] did not indicate
significant relationships between the above soil factor and
zinc content in plants. However, Parker et al. [17] observed
significant influence of overall zinc soil contamination on
the concentration of this element in peanut leaves (r= 0.65).
Decreasing concentration of zinc as well as yield in
tested Napa cabbage plants were observed with the increase
of the content of organic carbon in soil (Table 1). Fulvic
acids form with zinc cations of sparingly soluble complexes, therefore, zinc availability to plants decreases with
increasing organic matter content in soil [11, 12]. The decomposing organic matter, especially under the conditions
of strong soil acidification, could enhance uptake of Zn by
plants [13].
This study also conducted an evaluation of the relationships between the total zinc concentration as well as
the activity of free zinc ions in the soil solution and the
content of zinc in the tested plant - Brassica rapa subsp.
Pekinensis. It was observed that with increased total zinc
concentration as well as the activity of Zn2+ in the soil
solution, the concentration of zinc in plants increased significantly. Correlation coefficient r for the relationship
between the content of zinc in plants and the total concentration of zinc in the soil solution was 0.79 (Fig. 1).
An even higher value of correlation coefficient was
obtained in the relationship between the content of zinc in
the Napa cabbage and the activity of free ions Zn2+ in the

soil solution (r = 0.81) (Fig. 1B.). Estimated total metal
concentration in a given sample offers only limited analytical information because this does not indicate the
environmental processes in which investigated metal
takes part, thus does not provide information on element
mobility, bioavailability and its actual toxicity [2, 24-28].
Research carried out by other authors confirmed close relationships between the total concentration of zinc in the soil
solution and zinc content in plants [29, 30]. However, during
investigations on hydroponic cultures, Checkai et al. [31]
observed that the contents of cadmium, zinc, manganese
and copper in the above-ground parts of tomato were more
strongly linked with the concentration of active forms of
these elements than with their total concentration in the
soil solution.

FIGURE 1 - Relationship between Zn content in plants and Zn
concentration in the soil solution (A) and Zn2+concentration in the
soil solution (B)

It should be stressed that the soil properties analyzed
in this study significantly determines the total zinc concentration and activity of free ions Zn2+ in the soil solution. Therefore, it can be concluded that the evaluation of
zinc availability for plants should be carried out based on
the analysis of the concentration and activity of this element
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TABLE 2 - Solution recovery coefficient (SRC) according to soil properties

SRC

Content of soil
fraction with
particles
<0.02mm
17%
29%
9.4
11.5

Content of organic carbon in
soil
(g kg-1)

Soil reaction
(pHKCl)
pH 4
5.1

pH 5
12.3

pH 6
25.7

0.6
10.7

in the soil solution taking into account other factors influencing zinc mobility in the soil environment, such as soil
reaction and organic matter content in soil.
It was found that solution recovery coefficient (SRC)
values for zinc ranged from 5 to 25 (Table 2), which indicates easy displacement of this element from soil into the
plant.
Earlier studies [32] have shown that there is a significant positive correlation between Zn2+and total concentration of Zn in soil solution (r = +0.90) and the sharing of
Zn2+in the soil solution is high and amounts to even 70%
of the total concentration of this element. Therefore, bioavailability of Zn as well as its potential toxicity can be
very high, even under the conditions of natural contamination of soils with this element.
4 CONCLUSIONS
The content of zinc in the plant increases with soil
acidity and the increase of heavy metal soil contamination
as well as organic carbon content in soil, and it is higher in
plants grown in sandy soil when compared with clay soil.
The content of zinc in the plants is positively correlated with the total zinc concentration as well the concentration of free zinc ions in the soil solution. The zinc content depends more on the concentration of free ions Zn2+
than on the total concentration of Zn in the soil solution.
Comparison of Zn uptake by plants with the amount
of this element in the soil solution (SRC) indicates the
high mobility of zinc in soil and its easy displacement
from soil into the plant. Therefore, availability and potential toxicity of zinc for plants can be extensive, even in
soils not contaminated with this element.
Evaluation of the availability of zinc for plants should
be carried out based on the analysis of this element’s concentration, as well as its activity in the soil solution, and it
should take into consideration other factors which affect
zinc mobility in the soil environment, such as: soil reaction, the content of organic matter in soil and soil texture.

0.9
9.8

1.2
8.0

Degree of Zn soil contamination
0
10.8

I
10.5

II
8.6

III
7.5
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ABSTRACT
The adsorption of methylene blue on activated carbon
derived from brewer’s yeast was systematically investigated in this study. Activated carbon prepared by chemical activation with Na2CO3 (weight ratio of Na2CO3/yeast
was 2:1) at 700 ℃ for 2 h, presenting high BET surface
(957.7 m 2/g) and large pore volume (0.81 mL/g), was
more effective for methylene blue removal than those prepared under other conditions. 88% of the uptake of methylene blue by this activated carbon occurred in 2.0 h, and
the equilibrium was obtained within 3.0 h, which was well
described by pseudo–second–order kinetics. The methylene blue adsorption on activated carbon decreased as
the solution pH was increased from 3.0 to 4.0 and then
increased obviously as the pH was further increased,
which was caused by the pH–dependent surface charge of
activated carbon. The adsorption isotherm was better
described by the Freundlich isotherm than the Langmuir
isotherm. The maximum methylene blue uptake was estimated to be 407.78 mg/g. Fourier transform infrared spectroscopy studies showed that carbonyl and amine groups
in activated carbon were involved in the adsorption of
methylene blue.
	
 

KEYWORDS:
Activated carbon; Brewer’s yeast; Adsorption; Methylene blue

been made to develop inexpensive activated carbon from
agricultural residues [5] and waste materials [6]. Spent
brewer’s yeast, the by–product from the brewing industry,
is being produced in large amount annually due to the increasing beer production [7]. Conversion of yeast to activated carbon could alleviate the problem of its disposal and
provide a low–cost end product.
Over 7×105 tons of dyes are produced annually in the
world and about 10–15% is eventually released into the
aquatic environment, which caused various severe problems such as inhibiting the growth of aquatic biota by
blocking sunlight penetration and utilizing dissolved oxygen [8, 9]. Methylene blue, one of the most commonly used
basic dye, has many applications including coloring paper,
dyeing cottons, wools and coating for paper stocks [10].
Methylene blue has harmful effects on the human beings.
On ingestion through the mouth, it can produce a burning
sensation and may cause nausea, vomiting, diarrhea, and
gastritis [11]. Thus it is of utmost importance to remove
methylene blue from aqueous solutions. Moreover, methylene blue is generally used as a convenient indicator in
the evaluation of activated carbon [12].
In this study, activated carbon using brewer’s yeast as
a precursor by chemical activation with Na2CO3 was prepared and used as an adsorbent for the removal of methylene blue. Batch adsorption experiments were conducted
to investigate the adsorption performance. Spectroscopic method was used to elucidate the adsorption mechanism.

1 INTRODUCTION
2 MATERIALS AND METHODS
Activated carbon adsorption has been cited by the US
Environmental Protection Agency as one of the best available control technologies for water pollution [1] and applied in the removal of diverse types of pollutants (e.g.
dyes, pesticides and heavy metals) from wastewater [2–4].
However, the widespread use of activated carbon is restricted due to its high cost. In recent years, attempts have
* Corresponding author

2.1 Materials

The brewer’s yeast was collected from King Longquan
Beer Company in Hubei Province of China. The brewer’s
yeast was washed thoroughly with water to remove impurities, dried at 60 ℃ for 24 h and then ground into powder.
The elemental analysis revealed that the carbon, hydrogen,
nitrogen and sulfur contents in the brewer’s yeast were
42.3%, 7.4%, 0.6% and 0.08% (w/w), respectively. The ash
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TABLE 1 - Design of orthogonal table and the amount of methylene blue adsorbed on the prepared activated carbon.
Exp.
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Level
Weight ratio of yeast to Na2CO3
1:1
1:2
2:1
3:1
1:2
1:1
3:1
2:1
2:1
1:1
3:1
1:2
1:1
3:1
1:2
2:1

Activation temperature (℃)
400
500
600
700
400
500
600
700
400
600
500
700
700
400
600
500

content was 9% by weight. Thus, the brewer’s yeast was
suitable to prepare activated carbon because of its high
carbon content and low ash content. Fine analytical grade
Na2CO3 (Sinopharm Chemical Reagent Co., Ltd., China)
was used as the activation agent. Methylene blue (microscopic grade, Shanghai chemical reagent, China) was used
without any further purification. Other chemicals were of
analytical grade. Deionized water was used for all experiments.
2.2 Preparation and characterization of activated carbon

Activated carbon was prepared in the laboratory according to the following procedure: the brewer’s yeast
powder was mixed with Na2CO3 at specific weight ratio
(brewer’s yeast/Na2CO3). The mixture was then placed in
a sealed ceramic crucible and kept in a muffle furnace.
The temperature was ramped from room temperature to a
certain temperature (activation temperature) and retained
for several hours (activation time) in the muffle furnace.
After the heat treatment, the carbon was cooled to room
temperature, then boiled in 0.1 mol/L HCl solution for 20
min and washed with deionized water to remove remaining NaOH. The resulting carbon was dried at 120 ℃
overnight and then ground into fine powder for use. Orthogonal experiments designing was adopted to optimize
the preparation parameters. Four levels were set for each
parameter and the orthogonal table L16 (43) was designed.
The investigation parameters and the corresponding levels
as well as the orthogonal experiments designing was
shown in TABLE 1. Activated carbons prepared under
different conditions were tested for the adsorptive removal of methylene blue (see Section 2.3). The activated
carbon which showed the best adsorption performance for
methylene blue was selected as a potential adsorbent and
used for further characterization.
The crystalline phase of activated carbon was determined using an X-ray diffraction (XRD, Bruker D8, Germany). The sample was dried at 1000C for 12 h prior to

Activation time (h)
1
1
1
1
2
2
2
2
3
3
3
3
4
4
4
4

Methylene blue adsorbed (mg/g)
95.09
171.89
14.12
15.42
43.84
56.45
171.93
170.24
166.38
171.44
18.76
10.77
20.06
19.69
88.12
171.50

analysis. XRD pattern was obtained with a graphite monochromated Cu Kα radiation (λ = 0.154 nm) at 50 mA and
50 kV. Scans were recorded between 10° and 80° (2θ) with
a step size of 0.02° and scanning speed of 2°/min.
The textural characterization of activated carbon was
based on the N2 equilibrium adsorption–desorption isotherms determined at 77 K using surface area and pore
size analyzer (Autosorb–1, Quantachrome, USA). The surface area and the pore size distribution were estimated using
the BET model and the Barrett–Joyner–Halenda method,
respectively.
A zeta potential analyzer (ZEN 3600, Malvern, UK)
was used to analyze the zeta potential of activated carbon.
The content of activated carbon in the solution was 2.0 g/L.
0.1 mol/L NaCl was used as background electrolyte to maintain an appropriate constant ionic strength. After mixing
for 24 h, 10 mL of suspension was transferred to a sample
tube. A minimum of 10 readings were recorded, and the
mean value was reported. Zeta potential of the suspension
was then determined by electrokinetic analysis.
2.3 Adsorption experiments

All the experiments were conducted at 298 ± 0.1 K.
The methylene blue adsorption on activated carbon mentioned in Section 2.2 was conducted by adding 50 mL
solutions with 400 mg/L methylene blue to 100 mL flasks
containing 0.1 g of activated carbon prepared with different parameters. The flasks were continuously shaken at
150 r/min for 3.0 h, and then the samples were collected
and immediately filtered through a 0.45–µm membrane
filter. Prior to analysis, the filtered solutions were acidified with concentrated HCl in an amount of 1%, and stored
in acid–washed glass vessels. Then the concentrations of
methylene blue in the aqueous samples were determined
by UV/Vis spectroscopy (U–2450, Kyoto, Japan). The
amount of methylene blue adsorbed was calculated from
the difference in concentrations between the initial and
the equilibrium solution.
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The activated carbon which showed the best adsorption performance for methylene blue was used in the
subsequent experiments. An adsorption kinetics experiment was conducted to understand the characteristics of
the process. In the experiment, 1.0 g of activated carbon
was added to 500 mL solution with initial methylene blue
concentration of 1000 mg/L. The suspension was stirred
at 150 r/min. Samples were taken at different time intervals and analyzed for methylene blue concentration.
In the pH effect experiments, 50 mL of 400 mg/L
methylene blue solutions at various pH values (3–9) were
added to 100 mL flasks containing 0.1 g of activated
carbon. The solution pHs were measured and adjusted
accordingly during the experiments by 0.1 mol/L HCl or
0.1 mol/L NaOH. The flasks were continuously shaken at
150 rpm for 3.0 h, and then the samples were collected for
the analysis of methylene blue concentration.
In the adsorption isotherm experiments, 50 mL of
methylene blue solutions with different concentrations
were added to 100 mL flasks containing 0.1 g of activated
carbon. After reacting for 3.0 h, the residual methylene
blue concentrations were measured.

spond to the microcrystalline graphite structure of activated carbon, compared with those in the standard powder
XRD files (JCPDS) published by the International Center
for Diffraction Data.
TABLE 2 - Statistics analysis for the preparation parameters of
activated carbon.
Preparation parameter
Weight ratio of yeast to
Na2CO3

Activation
(℃)

Activation time (h)

3 RESULTS AND DISCUSSION
3.1 Optimization of the preparation parameters

The statistics parameter K for each level of the preparation parameter was calculated by the average of four
values of the amount of methylene blue adsorbed on the
activated carbon prepared under the corresponding level
(TABLE 1) and summarized in TABLE 2. Basically, the
larger the K value, the better the adsorption performance
of the prepared activated carbon. The results showed that
the activated carbon prepared under the condition using
brewer’s yeast/Na2CO3 of 1:2, activation temperature of
700 ℃ and activation time of 2 h was more effective for
methylene blue removal than the others.
3.2 Properties of activated carbon

The XRD pattern of activated carbon is shown in FIGURE 1. The peaks emerging at 240–260 and 430 (2θ) corre-

K (mg/g)
74.13
110.61
91.84
74.84
25.35
24.43
131.22
170.42
81.34
104.87
73.23
91.98

600
500

Intensity

2.4 Fourier Transform Infrared Spectroscopy

Activated carbon and methylene blue–loaded activated carbon were analyzed by Fourier transform infrared
spectroscopy (FTIR, Nexus–6700, Thermo–NicoLet, USA).
Each sample was mixed with pure potassium bromide
(KBr) which acted as background at an approximate mass
ratio of 1:10 (sample: KBr) and then was ground in an
agate mortar. The resulting mixture was pressed at 10 tons
for 5 min to form a pellet. The pellet was used for the
FTIR analysis. 32 scans and 2 cm-1 resolutions were applied in recording the spectra. The background obtained
from scan of pure KBr was automatically subtracted from
the sample spectra. All the spectra were recorded and
plotted in the same scale on the absorbance axis.

temperature

Level
1:1
1:2
2:1
3:1
400
500
600
700
1
2
3
4

400
300
200
100
0

0

10

20

30

40

50

60

70

80

2 theta
FIGURE 1 - XRD spectrum of activated carbon.

The BET surface area of activated carbon is 957.7 m2/g,
with the total pore volume of 0.81 mL/g and the average
pore diameter of 3.83 nm. In comparison, the surface areas
of activated carbons derived from other biomaterials are as
follows: 33–692 m2/g from brewer’s spent grain lignin
activated with phosphoric acid [13]; 200–1300 m2/g from
sugar beet pulp activated with carbon dioxide [14]; 248–
1170 m2/g from palm shell activated with potassium carbonate [15]; 792.2–1368.5 m2/g from sugar beet molasses
activated with zinc chloride [16]. It can be concluded that
the surface area of the activated carbon prepared in this
study is reasonable and comparable to the activated carbons prepared from other materials and those available
commercially which typically have surface areas in the
range of 400–1500 m2/g [17].
The zeta potential of activated carbon suspension at
different pH is presented in FIGURE 2. It decreased with
the increasing solution pH. Activated carbon is found to
have an isoelectric point of about 4.5. That is to say, the
surface of activated carbon is positively charged at pH <
4.5 while it is negatively charged at pH > 4.5.
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TABLE 3 shows the predicted model constants for the
above kinetic equations. The pseudo–second–order kinetic
equation is found to best fit the test data as judged by the
correlation coefficients (R2), suggesting that the adsorption mechanism might be a chemisorption process [21]. The
equilibrium adsorption amount predicted by the pseudo–
second–order kinetic equation is close to that observed in
FIGURE 3.

0
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-30
-40

Methylene blue adsorbed (mg/g)

Zeta potential (mV)

10

-50
-60

2

3

4

5

6
pH

7

8

9

10

FIGURE 2 - Zeta potential of activated carbon at different pH (m =
2.0 g/L).
3.3 Adsorption experiments
3.3.1 Adsorption kinetics

The adsorption kinetics of methylene blue on activated
carbon is shown in FIGURE 3. It can be seen that 88% of
the uptake of methylene blue by activated carbon quickly
occurred in 2.0 h, followed by a relative slow process. The
adsorption equilibrium could be established within 3.0 h.
In order to investigate the rate law describing methylene blue adsorption by activated carbon, the kinetic data
were analyzed using three kinetic equations, i.e., the pseudo–
first–order kinetics, the pseudo–second–order kinetics and
the intraparticle diffusion model.
The pseudo–first–order kinetic equation is given as [18],

log(qe -qt ) = log (qe ) - k1t/2.303

(1)

where qe (mg/g) and qt (mg/g) are the amount of methylene blue adsorbed on per unit adsorbent at the equilibrium and elapsed time t (min), respectively. k1 (min–1) is the
pseudo–first–order rate constant for the adsorption process.
The pseudo–second–order kinetic equation is given as
[19],

t / qt = 1/(k2 qe 2 ) + t / qe

(2)

where k2 (g/(mg·min)) is the pseudo–second–order
rate constant.
The equation for the intraparticle diffusion model is
given as [20],
1
2

qt = kint t + C

(3)
1/2

where kint (mg/(g·min )) is the relevant rate constant
and C (mg/g) is the intercept constant.

400
300
200
Experimental data
Pseudo-second-order kinetic modeling

100
0

0

100

200

300

400

Time (min)
FIGURE 3 - Adsorption kinetics of methylene blue on activated
carbon (m = 2.0 g/L, [methylene blue]0 = 1000 mg/L).
3.3.2 Effect of pH

As shown in FIGURE 4, the solution pH significantly
affects the amount of methylene blue adsorbed. The methylene blue uptake decreased slightly from 38.1 to 34.4 mg/g
with an increase in pH from 3.0 to 4.0. As pH was further
increased to 9.0, it increased evidently to 168.1 mg/g.
The adsorptive behavior may be associated with the surface characteristics of activated carbon and the chemistry of
methylene blue in the solution. Methylene Blue dissociates
in aqueous solution like electrolytes into methylene blue
cation and the chloride ion [12]. At 3.0< pH <4.5, the
positively charged activated carbon surface with the zeta
potential of 3.81~0 eV (FIGURE 2) induced an electrostatic repulsion of positively charged methylene blue
cations, which may account for the relatively low adsorption capacity of methylene blue in this pH range. At pH >
4.5, the activated carbon surface became negatively
charged (FIGURE 2), and methylene blue could be removed by activated carbon through electrostatic attraction. As pH was increased from 4.5 to 9.5, the zeta potential of activated carbon surface decreased sharply from 0 to
–50.8 eV. Thus, more negative charged adsorbent surface
led to an enhancement in the electrostatic attraction between methylene blue and the adsorbent surface and caused

TABLE 3 - Kinetics constants for the adsorption of methylene blue on activated carbon.
Pseudo–first–order kinetics
qe (mg/g)
k1 (min–1)
372.2
0.0584

R2
0.975

Pseudo–second–order kinetics
qe (mg/g)
k2 (g/(mg·min)
405.3
0.0002
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R2
0.993

Intraparticle diffusion model
kint (mg/(g·min1/2))
C (mg/g)
20.0
98.73

R2
0.796
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Where K f (mg1–n·Ln/g) and n are the Freundlich
constants that show the adsorptive capacity and intensity,
respectively.

200

500

Methylene blue adsorbed (mg/g)

Methylene blue adsorbed (mg/g)

an remarkable increase in the methylene blue adsorption,
which was in accordance with the pH effect on the methylene blue removal at pH > 4.5 (FIGURE 4).

150
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6
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400
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Langmiur isotherm
Freudlich isotherm

100
0
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FIGURE 4 - pH effect on the adsorption of methylene blue on activated carbon (m = 2.0 g/L, [methylene blue]0 = 400 mg/L).

0
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200
300
400
500
Methylene blue equilibrium concentration (mg/L)

FIGURE 5 - Adsorption isotherm of methylene blue on activated
carbon (m = 2.0 g/L).

3.3.3 Adsorption isotherm

Adsorption isotherm of methylene blue on activated
carbon is given in FIGURE 5. The methylene blue adsorption increased with the increasing methylene blue
concentration in the equilibrium solution.
Langmuir and Freundlich isotherms are commonly used
in the description of adsorption behavior [22]. The Langmuir
isotherm assumes that the surface of the adsorbent is
uniform, all the adsorption sites are equivalent and adsorbed molecules do not interact. The Langmuir isotherm
is commonly expressed as [22],
(4)

qe = qmax bCe （1 + bCe）

where qe is the same as the above mentioned, Ce
(mg/L) is the equilibrium aqueous methylene blue concentration, qmax (mg/g) is the Langmuir constant representing maximum monolayer sorption capacity, and b (L/mg)
is the Langmuir constant related to the binding energy of
adsorption.
The Freundlich isotherm describes the relationship between equilibrium liquid and solid phase capacity based on
the multilayer adsorption (heterogeneous surface). This
isotherm is based on the assumption that the adsorption
sites are distributed exponentially with respect to the heat
of adsorption and is given by the following equation [22],

qe = K f Ce n

(5)

The Langmuir and Freundlich isotherm parameters
together with the regression coefficients are listed in TABLE 4. The Freundlich isotherm fits the experimental
data better with higher correlation coefficient (R2 = 0.946)
than that of the Langmuir isotherm (R2 = 0.909), leading
to the conclusion that the surface of activated carbon is
made up of small heterogeneous adsorption patches which
are very much similar to each other in respect of adsorption phenomenon [23].
The Freundlich constant (n) of 0.163 (0 < n < 1) suggests the favorability of methylene blue adsorption onto
activated carbon [22]. The maximum methylene blue
adsorption amount calculated by the Langmuir isotherm
reaches 407.78 mg/g. It is clearly shown that the activated
carbon developed in this study has a great potential for the
decontamination of methylene blue polluted water.
3.3.4 Fourier Transform Infrared Spectroscopy

The FTIR spectrum of the virgin activated carbon shows
that activated carbon has absorption bands at 3406.24,
2371.10, 1593.11, 1380.8, 1195.67 and 1123.38 cm-1
(FIGURE 6). The band at 3406.24 cm–1 can be ascribed
to the overlapping of O–H and N–H stretching bands [24].
The band at 2371.10 cm–1 corresponds to C–O group of the
ketone [25]. The appearance of the band at 1593.11 cm–1
may be related to N–H bending vibration and C=O stretching

TABLE 4 - Langmuir and Freundlich parameters for methylene blue adsorption isotherm on activated carbon.
Langmuir

Freundlich

qmax (mg/g)

b (L/mg)

R2

Kf (mg1–n·Ln/g)

n

R2

407.78

0.571

0.909

177.46

0.163

0.946
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FIGURE 6 - FTIR spectra of activated carbon and methylene blue–loaded activated carbon
.

vibration. The bands at 1195.67 and 1123.38 cm–1 are due to
C–N stretching vibration. The above analysis reveals that
functional groups, such as carbonyl and amine groups exist
on the surface of activated carbon.
As shown in FIGURE 6, the band at 1593.11 cm–1 in
the spectrum of activated carbon shifts to 1590.88 cm–1
after the interaction with methylene blue, indicating that
amino and carbonyl groups in activated carbon are involved in the methylene blue adsorption. The bands at
1195.67 and 1123.38 cm–1 shift to 1259.5 and 1225.5 cm–1
after the ad-sorption, respectively, further demonstrating
the participation of amino group in the adsorption. Moreover, the involvement of carbonyl group in the methylene
blue adsorption can be confirmed by the band shift at
2371.1 cm–1.
4 CONCLUSIONS
Activated carbon prepared from brewer’s yeast with
Na2CO3 activation (weight ratio of Na2CO3/yeast was 2: 1)
at 700 ℃ for 2 h, which presented a BET surface area of
957.7 m2/g, a total pore volume of 0.81 mL/g, average
pore diameter of 3.83 nm and an isoelectric point of 4.5,
showed better adsorption performance for methylene blue
than those prepared under other conditions. The kinetics
experiment study showed that 88% of the adsorption of
methylene blue onto this activated carbon occurred rapidly in 2.0 h, and the equilibrium was reached within 3.0 h.
Pseudo–second–order kinetics can adequately describe the
adsorption kinetics of methylene blue on activated carbon.
The methylene blue adsorption decreased as the solution

pH was increased from 3.0 to 4.0 and then increased significantly as the pH was further increased to 9.0. The
effect of pH was associated with the pH–dependent surface charge property of activated carbon. The Freundlich
isotherm described the adsorption isotherm better than the
Langmuir isotherm. The maximum methylene blue uptake
by activated carbon was estimated to be 407.78 mg/g.
These results indicated that brewer’s yeast is a promising
precursor to prepare activated carbon for the treatment of
methylene blue polluted water. Furthermore, FTIR studies
showed that the functional groups in activated carbon
were responsible for the adsorption of methylene blue.
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ABSTRACT
Diagnosis of soil salinity and characterizing its spatial
variability both vertically and horizontally are needed to
establish control measures in irrigated agriculture. In this
regard, it is essential that salinity development in varying
soil depths be known temporally and spatially. The main
objectives of this paper were to investigate potential use
of electromagnetic induction technique, i.e. EM38 device,
to determine soil salinity, ECe, at varying soil depths through
utilizing apparent electrical conductivity, ECa, measurements at horizontal- and vertical-dipole configurations of
the device, and to develop soil salinity maps to delineate
severity of salinity in large-scale irrigation schemes. The
salinity of a large area, irrigated with irrigation return
flows in Yemisli irrigation district (7 110 ha), Adana,
Turkey was assessed using the EM38 device at 112 randomly selected sites distributed homogeneously over the
area in horizontal- (ECa-H) and vertical-dipole (ECa-V)
configurations. The EM38 data was calibrated against standard soil extract conductivity measurements (ECe) of gravimetric samples collected from 20 randomly selected
sites, representing the whole area. The values of ECa-H
and ECa-V had asymmetrical hypergeometric and poisson distributions, respectively, with most readings in the
non-saline range (ECe<4 dS m-1) and a sharp transition to
relatively high readings. Most salinity profiles were in
regular configuration (i.e. ECa-V > ECa-H), except in areas
with similar salinity values where the profiles were uniform (i.e. ECa-H = ECa-V). Soil salinity contour maps
were produced from the 112 ECe values estimated from
the EM38 data and the 20 measured values of ECe. Even
though it was claimed that [e.g., 1, 2] horizontal and vertical dipole positions is suitable for diagnostic and agronomic purposes for the soil layers of 0-100 and 0-200 cm,
respectively, this study showed that ECa-H values should
be preferred to ECa-V to predict ECe values at all soil depths.
* Corresponding author

This is especially true for assessing and characterizing salinity in 0-30 and 0-60 cm depths in the areas irrigated with
low quality irrigation return flows. Theoretical frequency
curves developed exclusively for varying depths in this
work can be used for assessing the probability of observing a given soil salinity, or vice versa.

KEYWORDS:
Irrigated agriculture, soil apparent electrical conductivity, EM38,
soil salinity contour maps, theoretical frequency curves

1. INTRODUCTION
The increase in population has caused an increase in
water demand for both urban and agricultural purposes.
Use of marginal quality of waters such as municipal
wastewater, poor quality groundwater, and drainage water,
with elevated levels of salinity is one likely option to meet
the supply of increased demands. However, irrigation water
salinity may jeopardize the sustainability of agricultural
production due to mismanagement of irrigation schemes
and other inherent problems of irrigation methods. Likely
salt accumulation in plant root-zone may closely be
associated with the quality of irrigation water [3-5] and/
or the irrigation method used [6]. Of the world’s agricultural areas, 37% are sodium and 23% are salt affected
soils. The remaining 40% are only fertile agricultural areas.
There are more than 100 countries whose agriculture is
severely affected by salinity [7]. Areas left annually out of
agricultural production are 40 000 ha [8]. Salt affected
soils in Turkey are nearly equal to 20% of the whole
irrigated areas [9].
Soil salinity level can be assessed with electrical conductivity (EC) measurements of soil samples using either
laboratory or field methods. Laboratory methods typically
measure the EC of a saturated soil-paste extract (ECe) or
the EC of a soil water extract from a mix of 1 part of soil
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and 5 parts of deionised water (EC1:5). Electrical conductivity of the saturated soil extract is generally used to
classify soil salinity levels as low, medium and high because it relates more closely to the soluble salt concentration of the soil solution and hence is more related to plant
response across soils of different texture than EC1:5 which
is a measure of total soluble salts per gram of soil. Conventional soil salinity appraisal techniques require too many
of salinity sampling in large areas. Additionally, handling of
a high number of soil samples and classical and conventional
methods for soil salinity assessment are difficult and time
consuming. An easy assessment and quantification of soil
salinity is essential in many situations. Therefore, new
methodologies have been developed in recent years for
easy and quick assessment of soil salinity in agricultural
areas [10, 11].
Electromagnetic induction (EM) is a non-invasive
mapping technique based on the emission of a primary
electromagnetic wave and the concurrent measurement of
a soil-induced secondary magnetic wave whose intensity
depends, among other variables, on the electrical conductivity of the bulk soil. The method is increasingly being
applied in precision agriculture and has been widely used
for different purposes such as assessing soil salinity [1,
12- 16], salt leaching [15], suitability of land for rice [17],
soil sodicity [11, 18], soil acidity [19], spatial variation of
soil moisture [20], soil texture [21, 22], depth to clay pan
[23-25], crop yield responses to salinity [26, 27] and in
applications to upgrade soil map [28] and precision agriculture [29, 30]. The EM salinity meter is portable and
designed for convenient salinity assessment in agricultural
areas [31]. Data collected with the EM technique are called
apparent soil salinity (ECa). Since ECa is a field based
measure of bulk electrical conductivity of the undisturbed
soil profile, it can be converted to standard soil salinity
(ECe) with a proper site specific calibration equation.
Lower Seyhan Plain (LSP) which is among the largest irrigated areas in Turkey is opened to irrigation first
with the construction of Seyhan Regulator in 1942, and
the irrigated areas extended further with construction of
the Seyhan Dam in 1956 [32]. Presently irrigated area
in LSP is 133 431 ha, although total irrigable land is
174 088 ha [3, 32]. Although the flow capacity of Seyhan
River (6.3 km3 year-1) is more than adequate for irrigating
the complete area, there are 40 657 ha of land is still waiting development of irrigation systems which would bring
fresh irrigation water to the area directly from Seyhan
Dam [32, 33]. Farmers of the area presently utilize irrigation return flows in drainage ditches, coming from upstream irrigated areas. They all use flood irrigation with
low irrigation efficiency. Because the area under study is
outside of the existing irrigation scheme, there are no
groundwater observation wells for monitoring impact of
presently used irrigation practice on soil salinity and crop
productivity. The objectives of this study were to a) evaluate
the usefulness of ECa measurements for describing vertical
and lateral distribution of soil salinity in a large area irri-

gated with irrigation return flows, b) figure out if EM38
readings done at horizontal- and vertical-dipole configurations might be used effectively to determine indirectly
salinity development in the underlying soil layers up to
200 cm as 0-30, 0-60, 0-100, 0-130, 0-160 and 0-200 cm
and to construct soil salinity maps using geographical
information system and c) obtain the best fitted probability distribution models for the salinity data and assess the
areal extent of estimated ECe values in different soil
layers, up to 200 cm.
2. MATERIALS AND METHODS
2.1. Experimental Area

This study was carried out in Yemisli Irrigation District having 7 110 ha of land with high potential of crop
production. It is located within southern latitudes of 36˚
43' 32"-36˚ 38' 07" and eastern longitudes of 35˚ 20' 08"35˚ 27' 12" in south-eastern direction of the city Adana
(Figure 1). The area has Mediterranean climate with cool
and rainy winters, hot and dry summers. August is the hottest
month with long-years average temperature of 28.1°C, and
January is the coolest with temperature of 18.8°C. Annual
average precipitation is 775 mm [5].
Helvaci soil series, consisting of largely alluvial deposits of delta plain, is dominant in the area. The low
permeability of the soils due to very heavy clay texture is
the major constraint to farming practices. Soil lime content of 20% is rather high. Soil pH ranges from 7.1 to 7.4
with high exchangeable Na. Source of irrigation water
largely used in the area is obtained through diverting of
irrigation return flow of inferior quality from the drainage
ditches coming from up-stream areas. The topographic
survey of the area showed that the altitude of the study
area was indeed very low, ranged from 0.97 m to 6.28 m
with a mean value of 2.37 m. The farm land between
Yemisli village and the main drainage channel P2-D1 had
the lowest altitude (Figure 1).
During implementation of the study in 2008, the major crops grown in the area was wheat (Triticum spp) and
cotton (Gossypium hirsutum L.). Maize (Zea mays L.),
planted (8.1%) following the harvest of wheat, has the
secondary importance. Wheat planted area (42.5%),
grown during winter from November to May, is not irrigated. Cotton grown during summer, from April to May,
had the largest acreage of 46.5%. Cotton and other crops
of secondary importance like water melon (Citrullus vulgaris) were all irrigated with flood irrigation of very low
irrigation efficiency [34].
2.2. Soil Salinity Measurements

The soil ECa values were measured with EM38 placed
on the ground first in horizontal- (ECa-H) than in verticaldipole (ECa-V) orientations at 112 randomly selected sites
of the area. As a precaution, any metal objects that may
influence the electromagnetic field of the EM38 were
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FIGURE 1 - Location of the study area, EM38 lecturing sites and soil sampling points.

removed during the measurement process. Twenty of the
112 points, covering both the entire irrigated cropped
fields and the full range of EM38 readings were selected
for soil sampling and calibration procedure of the EM38
(Figure 1). For this purpose, 6 gravimetric soil samples
from 0–30, 30–60, 60–100, 100–130, 130–160 and 160–
200 cm-depth layers of soil profile were collected directly
beneath the EM38 reading site. Total of 20 such sampling
sites were used. Soil moisture increased with depth at all
sampling sites due to the influence of shallow groundwater table. In addition, soil temperatures were measured at
depths of 50 and 100 cm by using a digital soil thermometer, in order to convert ECa data to a reference temperature of 25oC. Both the ECa reading locations as well as
soil sampling sites were determined as UTM using GPS
equipment with reference to ED50 datum.
Collected soil samples (n=120) were air-dried, grounded
and sieved to pass through a 2-mm screen. Saturation soil
pastes were prepared using 100 g sub-samples, kept in the
laboratory for 12 hours of equilibrium time and the saturation extracts were taken to measure electrical conductivities
(ECe) following the procedure described by [35]. Average
ECe values were calculated for each of the six soil depths (030, 0-60, 0-100, 0-130, 0-160 and 0-200 cm) for EM38
calibration process.
2.3. Data Analysis

Temperature corrected EM38 readings and calculated
ECe values for the six increasing soil depths were submitted to exploratory data analysis [36] by histograms,
measures of central tendency (mean, median and quartiles),
and dispersion (standard deviation, skewness and coefficient of variation).

2.4. Calibration of the EM38

The EM38 readings from 20 soil sampling sites including ECa-H and ECa-V were separately calibrated against
the ECe values of the six increasing soil depths and the best
fit models for six-soil profile were selected by curve estimation procedures [37]. To this aim, mean ECe values for
a specified depth served as a dependent variable and
temperature adjusted soil apparent conductivities measured
(ECa-H and ECa-V) at the locations where soil samples
were taken as the independent variable, i.e. ECe=f(ECa-H)
or ECe=f(ECa-V). All likely models expected to give
good fit, including linear, curvilinear, exponential and
power curves, were tested to examine the influence of
horizontal and vertical EM38 measurements on soil salinity at a soil depth considered. To facilitate the selection
of the best fitting model, the association between the two
variables was first examined on scattered graphs. The
model with all of the parameters significantly different
from zero (P < 0.01 level) and with the smallest mean
square error (MSE) was selected as the best representative
model for calibrating the EM38 with ECe.
2.5. Spatial Variability of Soil Salinity

The vertical distribution of soil salinity was studied
by examining salinity in the 0-200 cm soil depths obtained
at each of the 20 sample points. It is considered that a profile was regular if the ECe of the deeper layers was greater than that of the upper layers; otherwise it is called as
inverted profile. Herrero et al. [1] claimed that this is an
important consideration, since inverted profiles are usually developed in the presence of shallow water tables.
The spatial distribution patterns of soil salinity were
studied by examining the ECe maps produced through
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readings were below 4.0 dS m-1. The EM38 histograms
obtained for the 112 monitoring and 20 soil sampling
points were quite similar (Figure 2).
Table 1 displays relevant statistics of ECa-H and ECaV, and the average soil salinities at 0-30, 0-60, 0-100, 0130, 0-160 and 0-200 cm soil depths at the 20 sampling
points. Electrical conductivity values of the saturated soil
paste extract, ECe, increased with increasing soil depth
indicate that the vertical variability and level of salinity in
the deeper horizons were high. The substantial differences
observed between the mean and the median were in good
agreement with the histograms shown in Figure 2. The
coefficient of variations of ECa-H, ECa-V and ECe were
very high (i.e. particular for ECe), confirming the large
variability in soil salinity of study area. On the other hand,
decreased values for coefficient of variations with increasing depth were observed. These values showed that
soil salinity cannot be characterized by a normal probability distribution model.

using inverse distance squared interpolation technique
[38]. The contour maps were produced for the ECe-H and
ECe-V values estimated from the ECa-H and ECa-V readings, respectively, for the six increasing soil depths including 0-30, 0-60, 0-100, 0-130, 0-160 and 0-200 cm by
using geographical information system, ArcView 3.0a
GIS [38] and the procedure described by Çetin and Diker
[39]. Probability distribution models [40] of estimated
ECe-H and ECe-V values for the study area at the six increasing soil depths were also determined according to
Çetin et al. [41].
3. RESULTS
3.1. Exploratory Data Analysis and Salinity Profiles

Frequency histograms of ECa-H and ECa-V taken at
all the 112 EM38 monitoring and 20 soil sampling points
indicated a hypergeometric and poisson distributions, respectively (Figure 2). Both histograms showed that most
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FIGURE 2 - Frequency histograms of the ECa-H and ECa-V readings taken at 112 EM38 monitoring sites and 20 soil sampling points

TABLE 1 - Descriptive statistics of apparent soil salinity readings at horizontal- (ECa-H) and vertical-dipole position (ECa-V) readings of
EM38 at salinity monitoring sites and soil sampling points, and ECe values obtained from soil samples taken at the sampling sites. Salinity
values are in dS m-1 unit

Statistics

EM38 readings at
Monitoring points

Sampling points

ECa-H
Number of samples 112
(n)
Mean
2.63
Median
1.81
Minimum
0.41
Maximum
12.25
Standard deviation 2.07
1.86
Skewness
4.41
Kurtosis

ECa-V
112

ECa-H
20

ECa-V
20

3.27
2.56
0.56
12.32
2.24
1.38
2.02

2.96
2.24
0.41
9.79
2.43
1.66
2.62

CV (%)

69

82

3.55
2.73
0.56
10.04
2.51
1.27
1.22
71

79
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ECe values at soil depths (cm)
0-30
0-60
0-100

0-130

0-160

0-200

20

20

20

20

20

20

2.93
1.35
0.35
16.10
3.74
2.57
7.81
128

4.05
2.06
0.37
18.02
4.79
1.82
2.95
118

5.51
3.59
0.39
20.61
5.92
1.54
1.44
107

5.85
3.52
0.42
20.12
5.97
1.40
0.87
102

6.19
3.79
0.44
20.99
6.34
1.43
1.01
103

6.48
4.18
0.44
22.10
6.62
1.48
1.24
102
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(a)
ECa-V = 1.06xECa-H + 0.49
R2 = 0.95
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(b)
ECa-V = 1.02xECa-H + 0.53
R2 = 0.98
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FIGURE 3 - Linear relationships between horizontal- (ECa-H) and vertical- (ECa-V) dipole position apparent soil salinity lectures of electromagnetic induction meter (EM38): (a) at reading points (n=112), (b) at soil sampling sites (n=20)
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FIGURE 4 - Soil salinity profiles at soil sampling points (Fig. 1) in 2 m soil depth. Pi stand for sampling site (i=1, 2, 3, …, 20)

The point patterns on the graphs for ECa-H vs. ECa-V
readings at the EM38 monitoring sites (n=112) and soil
sampling points (n=20) showed that the relationship between variables were in the linear form with the determination coefficient >95%, although some dispersion was
evident for the EM38 readings (Figure 3). Herrero et al.
[1] and Amezketa [10] concluded that both ECa-H and
ECa-V readings were similar (i.e. slopes close to 1 and
intercepts close to 0). In this study, ECa-H and ECa-V
readings were similar but in most cases ECa-V readings
were slightly higher than ECa-H readings.

The ECe salinity profiles obtained at the 20 sampling
points showed that they were quite uniform for ECe values below 1 dS m-1, but showed high variability and had
in general a regular configuration for ECe values above
3 dS m-1 (Figure 4). In general, the highest ECe values
were observed at either 60-100 or 100-130 cm of the soil
profile, indicating influence of salt accumulation at these
depths due to either salt leaching from upper soil layers or
upward movements of salts from saline and shallow
groundwater. In a study realized in Spain by using EM
technique and EASP software, Amezketa [31] found
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similar results and claimed that the main reasons of increased salinity with increasing depth were improper use
of the farm land and limited water use or ineffective
drainage conditions. The most regular salinity profile
configuration occurred at points P4, P7, P11, P13, P14, P18
and P19 (Figure 4). These points were located along the
main drainage canal in the center of the study area having
the lower altitude compared to drainage access point, P2D1 (Figure 1). Therefore a pumping station was constructed
for facilitating discharge of returning excess irrigation
water from the study area and the drainage water coming
from the up-stream irrigated areas. For preventing salt
accumulation in the area, the proper operation of the
pumping station requires close monitoring of farm lands
as for soil salinity.
3.2. Evaluation of the EM38-ECe Calibration Equations

Either ECa-H or ECa-V measurement at the 20 soil
sampling points was preferred as a covariate to obtain
calibration equations for ECe. Strong power correlations
were obtained between the various average ECe depths
(i.e. from 0-30 to 0-200 cm soil depths) and the ECa-H
and ECa-V values (ECe = a·(EM38)b) with all the parameters significantly different from zero (P < 0.01) and with
the smallest MSE values (Table 2). The coefficient of
determination (R2) at each depth and both EM38 readings
(ECa-H and ECa-V) were found significant (P < 0.001) and
ranged from 0.62 (between ECe and ECa-V for 0-30 cm of
soil profile) to 0.93 (between ECe and ECa-H for 0-200 cm
of soil profile). With increasing soil depth, values of “a”
coefficient in the calibration equations together with R2
values increased for both the horizontal and vertical dipole configuration (Table 2). There are acute increases in
R2 values up to 100 cm of soil profile. The absence of
large residuals for the regressions leads to conclude that
the calibration equations allow accurate prediction of ECe
from EM38 values especially for soil depths of 100 cm or
greater (R2 = 87%). Similar conclusions were drawn by
Herrero et al. [1] but there were strong linear (not power)
relationships between average ECe depths (from 0-25 to

0-150 cm soil depths) and ECa-H and ECa-V values. Even
though horizontal and vertical ECa readings can be done
easily with the EM38 sensor, ECe predictions from ECa-H
values can be suggested for all soil profile depths due to
lower MSE and higher R2 values than the predictions
obtained from ECa-V values.
3.3. Soil Salinity Maps and Areal Coverage

Soil salinity maps were drawn for 0-30, 0-60, 0-100,
0-130, 0-160 and 0-200 cm soil depths based on predicted
ECe values obtained from both ECa-H (Figure 5) and
ECa-V data (Figure 6) using the calibration equations
given in Table 2. In both Figure 5 and 6, the salinity assessment within the layer 0-100 cm was sufficient to
indicate if development of the natural vegetation or sustaining good crop growth was feasible. However, the
salinity assessment within the layer 0-200 cm depth was
only adequate for deciding if reclamation measures were
needed through knowing soil salt accumulation.
Based on the soil salinity maps, the ranges of salinity
and their respective areal coverage were also tabulated
(Table 3). The low-saline areas (i.e. ECe < 2 dS m-1) was
around 91, 70, 56, 51, 48 and 45% (ECe estimated from
ECa-H values), and 72, 93, 53, 47, 45 and 42% (ECe estimated from ECa-V values) in 0-30, 0-60, 0-100, 0-130, 0160 and 0-200 cm-depth layers, respectively. It is important to note that Table 3 can only be useful for
certain ranges of soil salinity values such as ECe<4, 4-8,
8-16and >16 dS m-1. To eliminate this disadvantage of
Table 3, Figure 7 was developed for the study area in
order to obtain the extent and severity of soil salinity at
different depths estimated from ECa-H and ECa-V values.
For example, considering the estimated ECa-H graph, ECe
val-ues equal or greater than 2, 6, 10, 12 and 14 dS m-1 in
the 0-100 cm soil profile have areal coverage of 82, 23, 9,
5 and 3% of the studied area, respectively. This figure
known as hypsometric soil salinity curves [3] can also be
used to determine the ratio of area having a specified ECe
value or

TABLE 2 - Selected models and their parameters to estimate soil salinity (ECe, dS m-1) at different soil depths through using apparent soil
salinity lectures of EM38 device at horizontal- (ECa-H) and vertical-dipole (ECa-V) positions. The adopted model form is ECe= a (ECa)b
EM38
lectures

Soil
depth
a
b
(cm)
0-30
0.682****2(0.127)3
1.115****(0.168)
0-60
0.754****(0.110)
1.339****(0.131)
0-100
1.148****(0.121)
1.304****(0.096)
ECa-H
0-130
1.288****(0.122)
1.279****(0.086)
0-160
1.360****(0.131)
1.279****(0.087)
0-200
1.434****(0.134)
1.278****(0.084)
0-30
0.511**(0.134)
1.385****(0.103)
0-60
0.517**(0.113)
1.138****(0.209)
0-100
0.770****(0.121)
1.398****(0.174)
ECa-V
0-130
0.859****(0.114)
1.392****(0.125)
0-160
0.901****(0.116)
1.378****(0.106)
0-200
0.949****(0.118)
1.386****(0.099)
1
MSE: mean square error of the model
2
** and ****: significant at 0.01 and 0.0001 probability levels, respectively
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MSE1

R2

F

P

0.336
0.204
0.109
0.087
0.090
0.086
0.437
0.303
0.156
0.113
0.106
0.099

0.709
0.853
0.912
0.925
0.923
0.926
0.622
0.782
0.873
0.903
0.910
0.915

44.08
104.09
185.90
223.22
217.33
228.17
29.78
64.43
124.37
168.49
181.21
195.42

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
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Figures in parentheses are standard errors of the related parameters

ECe-H 0-30 cm

ECe-H 0-60 cm

ECe-H 0-100 cm

ECe-H 0-130 cm

ECe-H 0-160 cm

ECe-H 0-200 cm
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FIGURE 5 - Spatial variability of soil salinity at different soil depts. ECe data were estimated from EM38 readings at horizontal-dipole
position (ECa-H) through using models given in Table 2

ECe-V 0-30 cm

ECe-V 0-60 cm

ECe-V 0-100 cm

ECe-V 0-130 cm

ECe-V 0-160 cm

ECe-V 0-200 cm

FIGURE 6 - Spatial variability of soil salinity at different soil depts. ECe data were estimated from EM38 readings at vertical-dipole position
(ECa-V) through using models given in Table 2
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TABLE 3 - Areal coverage (%) of soil salinity (ECe, dS m-1) at soil depths with areal means and standard deviations
Parameter

ECe-H

ECe-V

Soil depth (cm)

Areal mean and standard deviations

0-30
0-60
0-100
0-130
0-160
0-200
0-30
0-60
0-100
0-130
0-160
0-200

2.15±1.29
3.22±2.32
4.66±3.27
5.05±3.48
5.34±3.67
5.62±3.86
3.06±2.01
2.13±1.16
4.71±3.12
5.21±3.43
5.35±3.49
5.70±3.74

Soil salinity (dS m-1)
<4
4-8
Areal coverage (%)
91.1
8.6
69.8
26.1
55.5
30.5
50.7
31.5
47.7
31.8
44.9
32.0
71.6
26.2
92.6
7.3
52.6
32.3
46.8
33.7
45.1
34.1
41.5
34.2

8-16

16<

0.3
3.9
13.2
16.8
19.3
21.2
2.2
0.1
14.7
18.7
19.8
22.7

0.0
0.2
0.8
1.0
1.3
1.9
0.0
0.0
0.4
0.8
1.0
1.5

20
ECe-H in 0-30 cm
ECe-H in 0-60 cm
ECe-H in 0-100 cm
ECe-H in 0-130 cm
ECe-H in 0-160 cm
ECe-H in 0-200 cm

18
16
14
12
10
8
6
ECe (dS m-1) >=

4
2
0
20
ECe-V in 0-30 cm
ECe-V in 0-60 cm
ECe-V in 0-100 cm
ECe-V in 0-130 cm
ECe-V in 0-160 cm
ECe-V in 0-200 cm
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FIGURE 7 - Areal extent and severity of soil salinity predicted from ECa-H and ECa-V EM38 readings for soil depths considered

greater than that one. For example, if 0-100 cm soil depth
is considered, 80, 50, 30 and 10% of the area are expected
to have ECe values of 2.2, 3.6, 5.2 and 9.2 dS m-1 or
greater, respectively.

In general, there was a statistically significant variability in different vertical ECe profiles predicted from
either ECa-H or ECa-V values (Table 4). The highest average ECe values predicted within the layer 0-200 cm soil
depth were not found significantly different in 0-160, 0130 and 0-100 cm soil depths. However, the lowest mean
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ECe values were found within the surface layer of 0-30
(from ECa-H values) and 0-60 cm soil depth (from ECa-V

values) which was not significantly different.

TABLE 4 - ANOVA test results for multiple comparisons of mean soil salinities at different soil depths. Soil salinities were predicted by using
ECa data in regression models developed
Treatment
Group size
Mean
Treatment
Group size
Mean
ECe-H 0-30
112
2.07±1.84 d£
ECe-V 0-30
112
2.94±2.84 cd
ECe-H 0-60
112
3.08±3.38 bcd
ECe-V 0-60
112
2.06±1.61 d
ECe-H 0-100
112
4.47±4.76 abc
ECe-V 0-100
112
4.52±4.41 abc
ECe-H 0-130
112
4.85±5.05 ab
ECe-V 0-130
112
4.99±4.85 a
ECe-H 0-160
112
5.12±5.33 a
ECe-V 0-160
112
5.13±4.93 a
ECe-H 0-200
112
5.39±5.61 a
ECe-V 0-200
112
5.46±5.28 a
£
Rows of data within a column followed with different letters are significantly different (P=0.05) based on Tukey’s mean range test.
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FIGURE 8 - Observed probability plots of soil salinity predicted from horizontal and vertical EM38 readings for different soil depths

The ECe maps obtained from either ECa-H (Figure 5)
or ECa-V values (Figure 6) were nearly the same in all soil
layers except 0-30 and 0-60 cm soil depth. The salinity
within layer of 0-30 depth, estimated with ECa-H and ECa-1
V data of >4 dS m covered a larger area in Figure 6 than
that of Figure 5. However, the salinity >4 dS m-1 covered
a lesser area in the 0-60 cm soil depth in Fig. 6 than that
of Figure 5. In other words, ECe maps for 0-30 and 0-60 cm
soil layers estimated from ECa-H data were similar to ECe
maps assessed using ECa-V data. In addition, ECe profile
maps up to 60 cm, in general, illustrate a regular soil profile
configuration (increased ECe with increasing depth) in Figure 5 but an inverse configuration in Figure 6. Since the
salinity profiles of the 0-30 and 30-60 cm-layers were similar
to the estimated ECe profile maps from ECa-H values, a
regular soil profile configuration in the study area was the
case. It could therefore be concluded that the ECa-H data
should be preferred to ECa-V to predict ECe data for the
soil layers of 0-30 and 0-60 cm depths
3.4. Probability Distribution Models of Estimated ECe Values

In addition to developing hypsometric salinity curves
for determining areal extent and severity of soil salinity in
the area, frequency analysis were done for ECe series belonging to different soil depths- estimated either from
ECa-H or ECa-V values. Anderson-Darling (AD) goodness-of-fit-test results suggested that ECe data were best
fitted to 3-parameter lognormal distribution at 95% probability level. Both observed probabilities and theoretical
frequency curves with model parameter of probability
distribution models of the estimated ECe values at each
depth estimated from ECa-H or ECa-V values were presented in Figure 8. By using frequency factor equation [41, 42],
it was found that the probability of occurrence of equal or

lower salinity than critical soil salinity (i.e. ECe = 4 dS m-1)
was 47, 53, 57, 67 and 75% (for ECe estimated from ECaH) and 43, 49, 52, 71 and 65% (for ECe estimated from
ECa-H) for 0-30, 0-60, 0-100, 0-130, 0-160 and 0-200 cm
soil depths, respectively. In other words, at 80% probability level, soil salinities of 4.9, 7.0, 8.2, 8.4 and 9.0 dS m-1
or lower (for ECe estimated from ECa-H) and 7.0, 4.8,
8.4, 8.8 and 9.2 dS m-1 or lower (for ECe estimated from
ECa-H) were expected within soil layers of 0-30, 0-60, 0100, 0-130, 0-160 and 0-200 cm-depths, respectively. It
should be noted that the ECe data were getting with the
increasing soil depth if the ECa-H data was used in estimation. However, the soil layer 0-60 cm-depth seems to
be less saline than 0-30 cm-depth if the ECe was estimated with ECa-H data. These results agreed with soil salinity
maps as discussed before. Research results lead us to
conclude that ECa-H data should be preferred to ECa-V for
estimation of ECe data for the soil layers of 0-30 and 0-60
cm-depths. The ECe data measured at the 20-soil sampling sites also showed that regular or uniform soil salinity profiles were preponderant in the study area.
4. DISCUSSION
Ground-based EM instruments can provide a rapid
measure of ECa, hence rapid salinity assessment of relatively
large and scattered areas become relatively easy. Portability
of the instrument is another advantage of its usage. If the
exact locations of measurement are recorded by a global
positioning system (GPS), i.e. geo-referenced, the survey
can be repeated over time to assess changes [15]. The sensitivity of the EM38 response to soil ECa varies with soil
depth as well as other soil physical and chemical parameters such as clay content, type of minerals, water content,
pH etc. Slavich and Petterson [43] stated that measure-
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ments in the horizontal mode (ECa-H) have greatest sensitivity to soil ECa at the surface and declining sensitivity
to a depth of 0.35 m; while measurements in the vertical
mode (ECa-V) are more sensitive to soil ECa at 0.35 m
depth and declining sensitivity to a depth of 1.5 m. Herrero
et al. [1] and Lesch et al. [2] claim that the portable electromagnetic sensor, EM38, is suitable for diagnostic and
agronomic purposes, since around 80% of the ECa response is due to the 0-100 cm (horizontal-dipole position)
and 0-200 cm (vertical-dipole position) soil depths while
others profess a maximum soil depth of 150 cm [11, 15, 22,
43, 44]. McLeod et al. [15] explained that the relative value
between ECa-H and ECa-V can be used to estimate the
distribution of soil salinity in the soil profile. They mentioned that greater ECa-H values than ECa-V indicate that
salt levels are likely to be greatest in the top soil profile or
vice versa and concluded that this difference in sensitivity
can be used to assess salt leaching process. On the other
hand, soil salinity determination by EM38 in different depths
cannot be done as easily as in 0-1 and 0-2 m depths.
This study highlighted the potential use of apparent
electrical conductivity measurements at horizontal- and
vertical-dipole configurations of EM38 device for determining soil salinity at varying soil depths in large-scale
irrigation schemes irrigated with irrigation return flows in
southern parts of Turkey. Thus, it adds to a growing body
of research on diagnosis of soil salinity and characterizing
its spatial variability both vertically and horizontally, where
soil salinization is a major issue. Similarity between the
EM38 histograms and computed mean and median ECa-H
and ECa-V values for the 112 monitoring and 20 soil sampling points indicates that the sampling points properly
represented the salinity distribution over the study area
(Figure 2 and Table 1). When counted, 81 out of the 112
ECa-V measurements (72%) were slightly greater than the
collocated ECa-H measurements, which show the presence
of higher conductive subsoil below less conductive topsoil in these points. This result suggests that most salinity
profiles were in regular configuration (i.e. ECa-V > ECaH), except at points with similar salinity values where the
profiles were uniform (i.e. ECa-H = ECa-V). Soils with
vertical uniform conductivity are very rare in practice, and
it is very unlikely that the soil at the experimental sites
had such uniformity, unless there was less variability in
their properties at different depths [45].
The adopted relationship between ECe and ECa-H can
be used to predict soil salinity within a specific soil depth
considered. In this regard, the salinity within different soil
depths can be assessed easily based on ECa-H data, in
contrast to conventional measurements where soil salinity
determination is very costly and time consuming. This
type of new usage alternative may increase total usability
of the electromagnetic induction meter, EM38, in large
and marginally irrigated areas.

5. CONCLUSIONS
Electromagnetic induction technique (i.e., EM) for
assessing soil salinity facilitates field spatial variability of
soil salinity with least effort. Since the correlations between EM data and ECe were highly significant, the EM
measurements could be utilized for characterizing the vertical and lateral distribution of soil salinity in a large-scale
irrigation area. The EM38 survey may be helpful for
locating proper soil sampling sites for its calibration
against ECe. The best calibration equation found for assessing ECe based on ECa-H, ECa-V data was linear. The
coefficient of variations of ECa-H, ECa-V and ECe in the
calibration equations was rather high, confirming high spatial
variability of soil salinity in the study area. On the other
hand, decreasing of coefficient of variations with increasing depth suggested that spatial variability of soil salinity
within the subsoil decreased compared to the upper soil
layers. However, the ECe data, either within the surface
or subsurface layers, cannot be characterized by a normal
probability distribution model due to the multiple effects
of complex processes governing salinity development in
the soil profile and also shallow and saline groundwater.
With increasing soil depth, R2 values increased for both
the horizontal and vertical dipole configuration. The predicted ECe profiles maps obtained from either ECa-H or
ECa-V data were nearly similar within all soil layers except 0-30 and 0-60 cm-depths. Since the measured ECe
data at 20-soil sampling sites showed a regular or uniform
soil salinity configuration and lower MSE and higher R2
values, ECa-H values should be preferred to ECa-V to predict
ECe values, especially for the 0-30 and 0-60 cm-depths.
Theoretical frequency curves can easily be used to predict
the expected probability levels for a given soil salinity level
or vice versa. An essential advantage of the ECa-based
maps to the maps made with the conventional soil salinity
measurements is the high number of measurements which
can be collected with the least effort and cost. Hence it is
possible to produce maps with a very high spatial resolution, as it is needed for precision farming or generally for
a site-specific soil use and management. The ancillary use
of EM38 device to assess soil salinity development in
different soil depths, except for the 0-100 and 0-200 cm
depths will widen its use in large-scale irrigation schemes.
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ABSTRACT
In this study, thermophilic bacterial strain from thermal
region in Pamukkale (Denizli) displaying decolorization
capability was isolated. Lysinibacillus fusiformis B26 exhibited capability decolorization and degradation of Turquise
Blue HFG (an initial concentration of 50 mg/l, starch, peptone from casein) within 34 h at temperature 50 oC and
pH 7.5. Biosorption capacity obtained from L. fusiformis
B26 was 2.97%. GC-MS and FT-IR results indicate that
one remarkable metabolite (diethyl phthalate) was detected
at the end of degradation process. Consequently, Turquise
Blue HFG textile dye was biotransformed by Lysinibacillus fusiformis B26.
KEYWORDS: Turquise Blue HFG; Reactive dye; Decolorization,
Metabolite, Thermophilic bacteria, Lysinibacillus fusiformis

1 INTRODUCTION
Rapid industrialization and urbanization resulted in
the discharge of large amount of waste to the environment,
which in turn creates more pollution. Majority of the colored effluents consisting of dyes, released to the environment from textile dyestuff and dyeing industries [1]. Synthetic dyes are the main pollutant source in dye effluents
for their extensive use in the textile, cosmetic, plastic, food,
and pharmaceutical industries. Such pollution is particularly associated with the reactive dyes used in the textile industry. The degradation products of textile dyes are
often toxic, mutagenic and carcinogenic. Therefore it is
necessary to search for and develop effective treatments and
technologies for the de-colorization of dyes in such effluents
[2]. Microbial decolorization of dyes has recently received
much attention as it is a cost-effective method for dye
removal. The effectiveness of microbial decolorization
depends on the adapt-ability and the activity of selected
* Corresponding author

microorganisms. Commonly, yeast, fungi and algae have
been used in dye decolorization [3-6]. Bacteria are easier
to culture and they grow more quickly than fungi. Also,
they are more amenable to molecular genetic manipulations. It is well known that bacteria are able to degrade
and even completely mineralize many organic contaminants using them as carbon and energy source under certain conditions [7]. Hence, in recent years, a number of
studies have focused on the bacteria such as Halomonas,
Staphylococcus, Bacillus, Citrobacter, Cyanobacteria and
Pseudomonas which are capable of decolorization dyes
[7-11]. Recently, trend is shifting towards use of thermophilic microorganisms. Thermophilic microorganisms are
amongst the most studied extremophiles and are gaining
wide industrial and biotechnological interest due to the fact
that they are well suited for harsh industrial processes.
Biodegradation using thermophilic, thermo-tolerant and/
or methanogenic microorganisms has been reported by many
investigators [12-15].
The present investigation is taken up with the following major objectives. (i) Lysinibacillus fusiformis B26
strain was evaluated as a color degrader. Because, no
thermophilic, thermotolerant or mezophilic microorganisms is reported to biodegrade Turquise Blue HFG to the
best of our knowledge. This will be the first scientific
study to provide data that the thermophilic Bacillus sp.
possesses Turquise Blue HFG degradation (ii) this paper
describes the degradation of Turquise Blue HFG by
Lysinibacillus fusiformis B26 and shows a plausible initial
pathway for the biodegradation of Turquise Blue HFG.
(iii) The effects of parameters such as pH, temperature,
carbon and nitrogen sources, and dye concentration on the
decolorization rate are studied quantitatively. Additionally, the decolorization products of dye were analyzed by
FT-IR and GC-MS. (iv) We also report the optimization
of parameters required for the dyes efficiently in a short
period and information obtained from this work is expected to become a useful reference for further development of effective Turquise Blue HFG decolorization bioprocesses utilizing thermophilic isolate.
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2 MATERIALS AND METHODS
2.1 Dye stock

The industrial quality Turquise Blue HFG dye stock
solution was obtained from Dystar Textile Co., Turkey
(Figure 1). It was purified by dissolving the powdered
dyestuff in distilled water at 1000 mg/l (w/v) and sterilized by filter. Appropriate volumes of the stock dye were
added to Tryptic Soy Broth (TSB, Merck) medium containing flasks.

N
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N

(SO3H)l
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N

N

2.5 GC-MS and FT-IR analysis

N

Cu

dye decolorization were investigated. The decolorization
experiments were performed in 250 ml Erlenmeyer flasks
containing decolorization medium. Turquise Blue HFG
was added to decolorization medium and the inoculation
amount of B26 strain was 10% (w/v). The samples were
withdrawn at different time intervals and analyzed for
decolorization efficiency. The aliquot was centrifuged to
separate the bacterial cell mass. The decolorization rate
was monitored spectrophotometrically (UV-Vis Lange
DR5000) by reading the decrease in absorbance (595 nm)
of the dye in culture supernatant. Decolorizing activity is
expressed in terms of percentage decolorization. The growth
of cells was also routinely monitored by measuring optical
density (OD) at 600 nm. The experiments were performed
in duplicate and the mean values were taken into account.
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FIGURE 1 - Chemical structure of
Turquise Blue HFG (λmax = 595 nm).
2.2 Bacterial strain and medium

Lysinibacillus fusiformis B26, which was previously
isolated in our laboratory, was used in this study. The strain
B26 was inoculated to a 250 ml Erlenmeyer flask containing 100 ml Tryptic Soy Broth (TSB, Merck) medium and
shacked 150 rpm.
2.3 Determination of optical density (OD) of culture supernatant

Samples from experimental and control flasks were
clarified. The OD of the supernatant was determined with
spectrophotometer at λmax for dye (595 nm for Turquise
Blue HFG dye). The decolorization efficiency was calculated using the following equation:
Decolorization efficiency (%) = 100x (ODi- ODt) / ODi
where ODi refers to the initial absorbance at 595 nm
and ODt refers to the absorbance measured in the degradation. The percentage of decolorization was measured at
different time intervals. All decolorization experiments were
performed in duplicate. Abiotic controls (without microorganisms) were always included.
2.4 Decolorization studies of Turquise Blue HFG by Lysinibacillus fusiformis B26

Effects of various operating parameters, including
dye concentration (10, 50 and 100 mg/l), initial pH (6.0,
7.0, 7.5, 8.0, 9.0 and 10.0), temperature (40 and 50 oC),
carbon sources (starch, xylose, sucrose, glucose, lactose
and galactose), and nitrogen sources (peptone from casein, peptone from meat, yeast extract, ammonium chloride, aspartic acid, arginine, glycine, meat extract) on the

Shimadzu GC-2010, gas chromatograph (Kyoto, Japan) equipped with MS-QP2010 plus mass spectrometer,
AOC-20s auto sampler and AOC-20i auto injector were
used for analysis. A 30 m x 0.25 mm teknokroma 5MS
fused silica capillary column (Teknokroma, Barcelona,
Spain) was employed. The column temperature program
was set as follows: 60 oC hold for 1 min, at 10 oC / min to
200 oC hold for 15 min. The GC injector was held isothermally at 250 oC with a splitless period of 3 min. All
injection volumes were 1 µl in the splitless mode. The
solvent delay time was set at 5 min. Helium was used as
the carrier gas, at a flow rate of 10 ml min-1 by using electronic pressure control. The GC/MS interface temperature
was maintained at 250 oC. The MS was operated in electron impact (EI) ionization mode with electron energy of
70 eV and scan ranged from 50 to 500 amu (atom to mass
unit) to determine appropriate masses for selected ion
monitoring. Pelkin Elmer Spectrometer, BX FT-IR (Fourier
Transform Infrared Spectroscopy) Pelkin Elmer, USA),
was also used for the analyzing biodegradation products.
3 RESULTS AND DISCUSSION
3.1 Effect of initial dye concentration on decolorization

The initial dye concentration in an aqueous solution
may have an important effect on decolorization because
of the toxicity of the dye at higher concentrations, and the
ability of the enzyme to recognize the substrate efficiently
at the very low concentrations [16]. It is reported that dye
decolorization can be strongly inhibited when a high concentration dyestuff is used to examine the poisonous effect
of the dye on the degrading microorganisms [17]. Thus,
Turquise Blue HFG decolorization efficiencies at different initial concentrations were investigated and the decolorization rate of Lysinibacillus fusiformis B26 is shown in
Figure 2. The decolorization efficiency decreased gradually
with an increase in the initial dye concentration. When the
effect of different initial dye concentrations of Turquise
Blue HFG on decolorization was observed using 10, 50 and
100 mg/l, the required times to reach a maximum decolor-
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ization extent were 24, 36 and 36 h, respectively (Figure
2). But good results were not obtained after 24 and 36
hours of incubation, B26 strain decolorized the dye only
36.24%, 36.22% and 29.54%, respectively. In the absence
of any supplementation (carbon and/or nitrogen sources),
bacterial strain showed lesser decolorization which
indicates the necessity of a supplementary source for
growth and decolorization of dye as denoted by many
researchers. Over and above, the strain B26 showed higher
decolorizing performance in 50 mg/l initial dyestuff concentrations. The decolorization extent was only 29.54% at
100 mg/l dye after 36 h incubation.
3.2 Effect of different carbon and nitrogen sources on decolorization

It is important to study the effects of different electron donors and acceptors on bacterial dye reduction [18],
because the reduction of dyes depends on the presence
and availability of co-substrate. The ability to decolorize
Turquise Blue HFG in presence of carbon and nitrogen
sources was tested to obtain efficient and faster decolorization. Figure 3A and 3B show the effect of various carbon sources on the decolorization by the L. fusiformis
B26 strain. In general, bacterial decolorization rate increased in carbon or nitrogen sources. So, literature findings are in accordance with the results obtained in the
present study. Among carbon sources, starch recorded
significantly higher color reduction (Figure 3A). It yielded
higher decolorization of 52.44% on 76th h. Xylose and
sucrose were found to be the next best carbon sources
with 50.11% and 49.46%, respectively. In the control
flasks (50 mg/l dye), 36.22% decolorization was observed
within 36 h. Supplementation of glucose, lactose and

galactose resulted in poor decolorization yields (48.61%,
48.30% and 47.45%, respectively). The general trend with
reference to the influence of carbon sources on decolorization was starch> xylose> sucrose> glucose> lactose>
galactose. The electron donors such as sodium acetate,
sodium formate, sodium succinate, sodium citrate and
sodium pyruvate have been shown to enhance the azo dye
decolorization of C.I. Reactive Orange 16 with isolated
Bacillus sp. ADR [19]. Gurulakshmi et al. [20] reported
starch and peptone to be the most effective carbon-nitrogen
sources in decolorization. Junnarker et al. [21] indicated
that starch and casein to be the most effective carbonnitrogen source in decolorization of Direct Red 81 by
bacterial consortium. Modi et al. [22] found that B. cereus
M1 gave maximum decolorization with maltose followed
by sucrose, glucose and glycogen. Also, they reported that
peptone was the best nitrogen source for efficient decolorization of Reactive Red 195 by the isolate B. cereus M1
among all nitrogen sources including four organic and
four inorganic. For determining the influence of nitrogen
on decolorization, eighth nitrogen sources were screened
(Fig. 3C and 3D). The maximum decolorization was obtained with peptone from casein and yeast extract at all
nitrogen sources tested. Peptone from casein resulted in
50.88% colors reduction at 106th hours while yeast extract resulted in 49.77% reduction at 84th hours. These
were followed by ammonium chloride (49.41%), peptone
from meat (49.35%) and meat extract (49.23%) (Figure
3C). But aspartic acid, arginine and glycine decolorization
was little different from peptone from casein or yeast
extract decolorization. Aspartic acid resulted in the lower
decolorization activity (48.84%) followed by arginine
(48.42%). Glycine (48%) showed the least effect on color
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FIGURE 2 - Effect of initial dye concentration on the Turquise Blue HFG decolorization by Lysinibacillus fusiformis.
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FIGURE 3 - Effect of different carbon and nitrogen sources on the Turquise Blue HFG decolorization (50 mg/l) by Lysinibacillus fusiformis.
A: starch, xylose and sucrose, B: glucose, lactose and galactose, C: peptone from casein, yeast extract, ammonium chloride and peptone from
meat, D: glycine, arginine, aspartic acid and meat extract.

reduction in all the nitrogen sources tested (Figure 3D).
Some researchers reported yeast extract as the best nitrogen source supplement among different nitrogen sources
such as peptone, tryptone, monosodium glutamate, meat
extract, beef extract, yeast extract, urea, beef extract,
soybean meal checked for enhancing the decolorization
rate of dyes [23, 24]. However, Modi et al. [22] reported
that peptone was the best nitrogen source for efficient
decolorization of Reactive Red 195 by the isolate B. cereus M1 among all nitrogen sources including four organic
and four inorganic.
3.3 Effect of pH on decolorization

The medium pH is also an important factor with regard to decolorization capability and color stability. The
pH has a major effect on the efficiency of dye decolorization, and the optimal pH for color removal is often between 6.0 and 10.0 [23,25,26]. The rate of color removal
is higher at the optimum pH, and tends to decrease rapidly
at strongly acid or strongly alkaline pH. It is thought that
the effects of pH may be related to the transport of dye
molecules across the cell membrane, which is considered
as the rate limiting step for the decolorization [2,27]. In
our laboratories similar results were observed. We identified the suitable pH value on decolorization in samples
including approximately 50 mg/l initial dye at the end of
133 h of incubation (Figure 4). Six different pH values
(6.0, 7.0, 7.5, 8.0, 9.0 and 10.0) were tested to find an
appropriate pH for the highest decolorization by L. fusiformis. The B26 strain could decolorize this dye over a
broad pH range 6.0-10.0; the optimum pH was 7.5. Altering the pH within a range of 7.0–9.0 had little effect on
the dye reduction process. Color reduction ranged from

19.78-36.22% at pH 7.0, 10.64-41.82% at pH 7.5, 7.7337.37% at pH 8.0 and 6.48-35.12% at pH 9. The color
reduction (41.82%) was the highest at pH 7.5. The lowest
decolorization occurred at pH 6.0 and 10.0 levels. On the
other hand, with an increase in alkalinity, color reduction
also decreased. Similarly, pH 6.0 had also a negative effect
on decolorization because of poor cell growth. The general
trend with reference to the influence of pH on decolorization was pH 7.5 > pH 8.0 > pH 7.0 > pH 9.0> pH 6.0> pH
10.0 for L. fusiformis. Various reports exist supporting our
results [16,22,27,28]. Anjayena et al. [28] showed that the
decolorization of Metanil Yellow by Bacillus sp. AK1
and Lysinibacillus sp. AK2 was observed in the pH range
from 5.5 to 9.0; and the optimum pH was 7.2. The effective decolorization of Reactive Red 190 by isolated
Citrobacter sp. CK3 in strongly acidic (at pH 4) and
strongly alkaline (at pH 12) conditions has also been
reported [10].
3.4 Effect of temperature on decolorization

The ability to decolorize azo dyes at such elevated
temperatures has been previously reported [12,29,30] and
the advantages of obtaining cultures with such a capability are obvious for industrial application, particularly as
most discharged effluents have elevated temperatures
which necessitate the use of cooling or holding tanks. The
availability of thermophilic or thermotolerant microorganisms therefore may reduce the treatment cost significantly,
through decreasing the need for further removal of lowgrade heat and allowing more immediate treatment [15].
In the present study, the temperature effect on the decolorization was significant. Turquise Blue HFG decoloriza-
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tion rate increased with increasing temperature and reached

the maximum value (53.63%) at 50 oC. But temperature
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FIGURE 4 - Effect of different pH levels on the Turquise Blue HFG decolorization (50 mg/l) by Lysinibacillus fusiformis.
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FIGURE 5 - Effect of different temperature on the Turquise Blue HFG decolorization (50 mg/l) by Lysinibacillus fusiformis (▲: 40 oC, ■: 50 oC).

40 oC showed the weaker decolorization (36.02%) at the
end of 43 h of incubation (Figure 5). On the other hand,
the decolorizing extent increased from about 36.02% to
53.63% when the temperature increased from 40 oC to 50
o
C, respectively. The optimum decolorizing activity for
this dye was at 50 oC.

incubation (Figure 7), which might be attributed to the
adsorption by dead bacterial cells. These results provide
solid evidence that decolorization by Lysinibacillus fusiformis B26 was mainly attributed to biodegradation rather
than biosorption.
3.6 Analysis of metabolites

3.5 Decolorization of dye with all optimum conditions and
biosorption

Decolorization parameters were optimized and 52.97%
decolorization was observed for 50 mg/l Turquise Blue
HFG after 34 h under the optimum conditions: starch and
peptone from casaein, initial pH 7.5 and 50 oC (Figure 6).
Addition of heat-killed bacterial cells as the control only
led to 2.82% Turquise Blue HFG decolorization after 24 h

The purpose of GC-MS analyses is to identify some
degradation or biotransformation products produced from
the degradation of the Turquise Blue HFG. Turquise Blue
HFG in the samples was identified by retention time. In
the GC analysis, retention time of Turquise Blue HFG was
detected as 11.667 min. According to the results, diethyl
phthalate (10.572 min) metabolites were observed by GC
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after biodegradation process. Diethyl phthalate peak (m/z:

149) was showed in mass spectrum (Figure 8).

Biodecolorization rate (%)

60
50
40
30
20
10
0
0

10

20

30

40

50

60

70

80

90

Time (h)

FIGURE 6 - Effect of optimization conditions on the Turquise Blue HFG decolorization (50 mg/l, starch, peptone from casein, 50 oC, pH: 7.5)
by Lysinibacillus fusiformis.
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FIGURE 7 - Biosorption of Turquise HFG by Lysinibacillus fusiformis.
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FIGURE 8 - (A) GC chromatogram of pure Turquise Blue HFG (50 mg/l), (B) GC chromatogram of last day of biodegradation and (C) mass
spectrum of Diethyl phthalate (metabolite).

FIGURE 9 - (A) FT-IR spectrum of last day of biodegradation and (B) FT-IR spectrum of pure Turquise Blue HFG.

The infrared spectra of Turquise Blue HFG (in KBr)
showed diethyl phthalate aliphatic (C-H) bands at 2984
and 2942 cm-1, aromatic C-H band at 3072 cm-1, aromatic
C=C bands at 1600 and 1580 cm-1, ester C=O band at
1727 cm-1, ester C-O band at 1286 cm-1 (Figure 9).

4 CONCLUSION
The use of thermophilic bacteria for textile dye decolorization is yet to be deeply investigated. Few papers have
been found in the literature on this issue. There are some
benefits of working at high temperatures, such as reduced
cooling costs, increased solubility of most compounds,
decreased viscosity and a lower risk of contamination. In
this work, the Turquise Blue HFG was selected as the
target compound representing a dye pollutant of industrial
wastewater. Up to our knowledge, there are almost no
reports dealing with thermotolerant, thermophilic or mesophilic aerobic/anaerobic decolorization processes of this
dye, so Pamukkale thermal region in Denizli was screened
to find thermophilic aerobic bacteria that could efficiently
decolorize. We optimized initial dye concentration, carbon
and nitrogen sources, pH and temperature for achieving
maximum decolorization by the selected bacterial isolate.

The effect of initial dye concentration, carbon and nitrogen sources, pH value and temperature on decolorization
was identified. We studied also decolorization of dye with
all optimum conditions. A newly isolated Lysinibacillus
fusiformis B26 was found to degrade Turquise Blue HFG.
52.97% decolorization was observed for 50 mg/l Turquise
Blue HFG after 34 h under the optimum conditions: starch
and peptone from casein, initial pH 7.5 and 50 oC. Biosorption capacity obtained was 2.97%. GC-MS and FT-IR results
indicate that one remarkable metabolite (diethyl phthalate)
was detected at the end of degradation process. Consequently, Turquise Blue HFG textile dye was biotransformed by
Lysinibacillus fusiformis B26.
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EFFECT OF NANO-SIO2 ON HYDRATION PROPERTIES
OF BASIC OXYGEN FURNACE SLAG-CEMENT MIXED
MATERIAL COMPARED WITH SILICA FUME
Jun Du and Jiaxiang Liu*
College of Materials Science and Engineering, The State Key Laboratory of Chemical
Resource Engineering, Beijing University of Chemical Technology, Beijing 100029, P. R. China

ABSTRACT
Silica fume (SF) and nano-SiO2 (NS) were separately
used as active component in basic oxygen furnace slagcement mixed material (SCMM) which was the mixture
of Portland cement and steel slag with mass ratio of
70:30. The compressive strength of mortars was tested, and
the hydration products of pastes were investigated. The
results showed that NS was more effective on strength
improvement of SCMM than SF, especially at early ages.
With 5% NS added, the 3 d, 7 d and 28 d compressive
strength of mortars increased by 48.5%, 45.38% and
30.7%, respectively. In the pastes with NS added, a large
amount of small hydrated calcium silicate (CSH) gel
particles with size of 200 nm were generated to deposit on
the surface of steel slag particles and improve the surface
binding power of steel slag particles. NS was used as a
filler to improve the microstructure, as a crystal nucleus to
speed up the hydration reaction, and as an activator to promote pozzolanic reaction.
KEYWORDS: Nano-SiO2; Silica Fume; Steel Slag; Portland
Cement; Hydration Property

1. INTRODUCTION
Basic oxygen furnace slag is a by-product and waste
of the processing of iron to steel [1], and the amount of
steel slag corresponds to ten percent of the steel production. The chemical composition of steel slag consists of
CaO, SiO2, Al2O3, Fe2O3, FeO, MgO and P2O5, and the
mineral composition consists of Olivine, merwinite,
tricalcium silicate (C3S), dicalcium silicate (C2S), tetracalcium aluminoferrite (C4AF), dicalcium ferrite (C2F), CaOFeO-MnO-MgO solid solution (RO phase), free-CaO and
free-MgO [2-4]. Therefore, the compositions of steel slag
are similar to that of Portland cement, and steel slag can
be used as a substitution for cement which reduces the
pollution of cement production [5]. Due to the slow cooling
* Corresponding author

speed, the content of C3S and C2S in steel slag is much
lower than that in Portland cement [4, 6].With 8% (by
mass) or 10.5% steel slag added in Portland cement, the
produced composite cement could get satisfactory quality,
and only the early strength of concrete decreases a little[7,
8]. However, if the addition amount reaches 30%, both
the early and late strength of concrete decrease sharply [9,
10]. Therefore, the application of SCMM with large content of steel slag added is limited.
In order to improve the activity of SCMM containing a large amount of steel slag, the steel slag is fine
ground [11], and various activators (e.g. NaOH, sodium
silicate and CaSO4·nH2O) are added in SCMM. However,
the mechanical activation on steel slag is limited, because
the early strength and the grinding efficiency will decrease
if the Blain specific surface area is over 550 m2/kg [12].
In addition, the activators may reduce late strength of
SCMM [13-15]. Recently, NS is widely used in Portland
cement [16-21]. The nano scale-size of particles can result
in dramatically improved properties from conventional
grain-size materials of the same chemical composition. In
this paper, using the experience of NS in Portland cement
for reference, the effect of NS on hydration properties of
SCMM is investigated. The purpose is to make SCMM
containing 30% steel slag comply with Chinese 42.5 grade
composite cement standard.
2. MATERIALS AND METHODS
2.1. Raw materials

Ordinary Portland cement (42.5 grade, Blain specific
surface area was 325 m 2 /kg) complying with Chinese
standard was used. Its chemical compositions are listed in
Table 1.
Steel slag, coming from scrap smelting in basic oxygen furnace, was supplied by XinYu Steel and Iron Company (JiangXi, PR China). The Blain specific surface area
of steel slag was 550 m2/kg. Its mineralogical phases,
which are determined by XRD analysis, are given in
Figure 1. Its chemical compositions are listed in Table 1.
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TABLE 1 - Chemical compositions of cement, steel slag, silica fume
and nano-SiO2 (w %).
Composition
Cement
Steel slag
Silica fume
Nano-SiO2

SiO2
21.18
11.04
96.60
99.9

Al2O3
5.02
1.35
0.41
/

Fe2O3
3.14
12.69
0.49
/

CaO
63.42
41.35
0.23
/

MgO
4.32
8.62
0.3
/

FeO
/
12.74
/
/

As shown in Figure 1, calcium silicates and calcium
aluminate, which are the primary strength contributing
phases during Portland cement hydration, are present in
steel slag. However, it should be noticed that RO phase
and Fe3O4, which are predominant mineral phases in steel
slag, do not exist in Portland cement and have no cementitious property [4].

Both SF and NS in this study were commercially
available materials. The particle size of SF was 100 nm,
and the Blain specific surface area was 25000 m2/kg. The
particle size of NS was 25 nm, and the Blain specific
surface area was 150000 m2/kg. The chemical compositions of these two materials are listed in Table 1, and SEM
photographs of which are shown in Figure 2. As seen in
Figure 2(b), because of high surface energy, the particles
of NS agglomerated heavily.
The superplasticizer used was naphthalene series superplasticizer with water reduction up to 20%. The content was adjusted for each mix to ensure that no bleeding
and segregation would occur.
Aggregates used complied with Chinese ISO standard.
2.2. Methods

FIGURE 1 - XRD pattern of steel slag. 1. C3S, 2. C2S, 3. C4AF, 4.
C12A7, 5. RO, 6. Ca2Al2Si3O12, 7. Ca(OH)2, 8. Fe3O4.

SCMM used was the mixture of Portland cement and
basic oxygen furnace slag with mass ratio of 70:30 marked
S0. Two contents of SF were 3% and 5% by weight of the
cementitious materials marked SF3 and SF5, respectively.
Four contents of NS were 1%, 2%, 3% and 5% marked
SN1, SN2, SN3 and SN5, respectively. Details of mix
proportion for mortars containing SF and NS are given
in Table 2. The water-cementitious ratio (w/cm) was 0.5.
The sand-cementitious ratio (s/cm) was 3:1. The dosages
of superplasticizer are shown as a percentage of weight of
the cementitious materials (Table 2), and were adjusted to
ensure that no bleeding or segregation was reported. The
mortars were cured in moist chamber at (20±1) °C with a
relative humidity over than 95%.

(a)

(b)

FIGURE 2 - SEM photographs of materials (a) silica fume and (b) nano-SiO2.
TABLE 2 - Mix proportion of the mortar specimens.
Name of
specimens
S0
SF3
SF5
SN1
SN2
SN3
SN5

Water
(mL)
225
225
225
225
225
225
225

Cement
(g)
315
305.6
299.5
316.3
309
305.5
299.5

Steel
Slag (g)
135
130.9
128
133.7
132
131
128

Sand
(g)
1350
1350
1350
1350
1350
1350
1350
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Silica fume
(g)
13.5
22.5
-

NanoSiO2 (g)
4.5
9
13.5
22.5

Superplasticizer (%)
0.9
1.6
2.5
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TABLE 3 - Mix proportion of the paste specimens.
Name of specimens
S0
SF5
SN5

Water
(mL)
150
150
150

Cement
(g)
350
332.5
332.5

Steel Slag
(g)
150
142.5
142.5

Details of mix proportion for pastes are given in Table 3. The w/cm was 0.3. The curing condition of pastes
was the same as that of mortars. At the ages of 1, 3, 7 and
28 days, the hydration was stopped by soaking the samples in alcohol.
The content of Ca(OH)2 (CH) in pastes was tested by
DTA. The hydration products were minerlogically determined by X-ray diffraction. XRD mearurements were
conducted with Rigaku/max-2500VB diffractometer using
nickel-filtered CuKα1 radiation(=1.5450 Å), 50KV voltage and 200mA current. The microstructures of hydration
products were observed by SEM (HITACHI S-4700).
The rate of heat evolution during the hydration of S0
and SN5 was measured by a Toni Technik 7338 isothermal calorimeter with an accuracy of 0.2 J/g under a constant temperature of 25 ℃. The w/cm was 0.5.
3. RESULTS AND DISCUSSION
3.1. Compressive strength of mortars

Compressive strength as well as activity index of
mortars is shown in Table 4. The activity index is the ratio
of the strength of mortars with SF or NS added to the
strength of S0. With NS or SF added in SCMM, mortars
complied with the Chinese 42.5 grade composite cement
standard. It was found that the compressive strength of
SF3 and SF5 was higher than that of S0, but the early
strength was improved slightly compared with the late
strength. For example, the 3 d compressive strength of SF5
increased by only 4.6%, but the 7 d and 28 d compressive
strength increased by 13.0% and 29.0%, respectively.

Silica fume
(g)
25
-

Nano-SiO2
(g)
25

Superplasticizer
(%)
2

The results showed that both SF and NS could enhance the compressive strength of SCMM. However, with
the same dosage added, nano-particles were thought to be
more effective in pozzolanic reaction than silica fume [16].
In addition, NS would fill pores to increase the mortar
strength as SF did.
3.2. Non-evaporable water (wn) of pastes

Non-evaporable water of the hydrated pastes was determined to evaluate the degree of hydration [4]. The pulverized samples were first put into an oven and heated at
60 °C for 24 h, and then transferred into a muffle furnace
and heated at 1000 °C for 2 h. The difference in mass
between the sample heated at 60 °C and at 1000 °C was
the wn.
Non-evaporable water content of the three pastes
cured after 28 d can be seen in Figure 3. As it was expected, the wn content of the three pastes increased with
curing age grew. The wn content of SN5 was higher than
that of S0 and SF5 at the same hydration age, especially at
early ages. The difference in the w n content could be
attributed to the nucleaction [22] of NS. As a crystal nucleus, NS speeded up the hydration reaction of C3S, C2S
and C3A to increase the hydration products in the system.
The results of w n measurement were consistent to the
compressive strength test.

TABLE 4 - Compressive strength (Mpa) and (activity index) of
mortar specimens.
S0
SF3
SF5
SN1
SN2
SN3
SN5

3 days
18.8 (100)
19.5 (103.7)
19.7 (104.6)
19.98 (106.3)
22.18 (118.0)
24.18 (128.6)
27.92 (148.5)

7 days
26.88 (100)
28.58 (106.3)
30.37 (113.0)
28.29 (105.2)
30.15 (112.2)
35.15 (130.7)
39.08 (145.4)

28 days
38.6 (100)
44.58 (115.5)
49.79 (129.0)
42.78 (110.8)
43.13 (111.7)
45.35 (117.5)
50.45 (130.7)

FIGURE 3 - Non-evaporable water contents of the three pastes.
3.3. Hydration products

However, with NS added in SCMM, the compressive
strength of mortars was obviously improved, especially at
early ages. For example, the compressive strength of SN5
increased by 48.5%, 45.4% and 30.7% at curing ages of 3 d,
7 d and 28 d, respectively.

Figure 4 shows the results of DTA of the three pastes
hydrated for 7 d. The DTA curves show two endothermic
peaks at or around 130 °C and 470 °C which respectively
are the dehydration of CSH gel and decomposition of crystalline CH produced by the hydration of calcium silicate
phases of the SCMM [23]. As we can see in Figure 4, the
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content of CH in SN5 was much lower than that in the
other two pastes, which was attributed to the high pozzolanic activity of NS. Therefore, NS could reduce the
content of CH in the paste more effectively than SF did.
In addition, compared with granulated blast-furnace slag,
the ratio of CaO to SiO2 of steel slag was much higher [24].
Therefore, much more nano-SiO2 was needed in steel slag
for pozzolanic reaction.

ated on the surface of steel slag particles in SF5 than that
in S0, but the quantity of CSH gel was still not enough to
encase the particles and the particle contour was clearly
visible. However, large quantity of CSH gel which could
fill the interface of steel slag was generated by high pozzolanic activity of NS, and no steel slag particle exposed
on the surface of the pastes which indicated that the bind(a)

FIGURE 4 - DTA curves of three different pastes cured for 7 d.

(b)

Figure 5 shows the XRD patterns of the hydration
products of the pastes at different curing ages. No matter
adding NS or SF, the hydration products were the same in
the three pastes which consisted of ettringite, CH, unhydrated calcium silicate phases and RO phase.
The effect of NS or SF on CH orientation in the
pastes can be determined by XRD pattern as shown in
Figure 5. The orientation in this paper is defined as R=I
(001)/I (101), where I (001) and I (101) is crystal face
peak intensity of (001) and (101), respectively, and R is
orientation index. Orientation indexes of S0 were 1.89,
1.32 and 1.38 at ages of 3 d, 7d and 28 d, respectively,
and the indexes of SF5 were 2.76, 1.11 and 1.46. But
those of SN5 were very great and were 19.02, 3.46 and
4.31 at the above ages. The results revealed that NS could
increase the orientation of CH. However, as pozzolanic
reaction continued, the CH orientation decreased sharply
with curing ages grew which was beneficial to late strength.

(c)

3.4. Microstructure of the pastes

Figure 6 shows the microstructure of the three pastes
cured for 3 d. As we can see from Figure 6(a), CSH gel
was the main hydration product which could not be identified by XRD because of its amorphous state. The
amount of CSH gel on the surface of steel slag particles
was little, which was an indication of low hydration degree of steel slag particles, so the interface between steel
slag particles and other hydration products was a weak
region of the whole paste. Therefore, when external force
was loaded on the paste, it was easy to form cracks in the
interface which would decrease the early strength of the
paste. Figure 6(b) shows that a little more CSH gel gener-

FIGURE 5 - XRD patterns of hydration products at different curing
ages (a) 3 d, (b) 7 d and (c) 28 d. 1. C3S, 2. C2S, 3. Ca(OH)2, 4. AFt, 5.
RO.
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(a)

(b)
steel slag
steel slag

(c)

FIGURE 6 - Morphology of the three pastes cured for 3 d: (a) S0, (b) SF5 and (c) SN5.

ing force of the interface between steel slag and other
hydration products was strong enough, so that no crack
was formed in this region and this was beneficial to the
early strength development, as shown in Figure 6(c).
Figure 7 shows the microstructure of the three pastes
cured for 28 d. Due to continuous hydration of cementitious compositions, the whole structure of hardened pastes
was much denser than that at 3 d. Figure 7(a) shows that
the hydrated steel slag particle was wrapped by the gel,
but the binding force was weak. Therefore, it was easy to
form cracks as shown in Figure 7(a). Figure 7(b) shows
large plate shaped CH, which was harmful to the strength
of mortars, generated in S0. However, no plate shaped CH
was found in SF5 paste, and CSH gel covered on steel
slag particle and made steel slag particle well connect
with the whole paste which revealed that SF mainly
played activity at late ages, as seen in Figure 7(c).
Figure 7(d) shows that a large amount of needleshaped hydration products was formed, and the steel slag
particle was embedded in the paste. Figure 7(e) shows
that CSH gel particles with size of 200 nm were generated
and deposited on the surface of steel slag particle to improve the interface between steel slag particles and other
hydration products. In addition, Figure 7(f) shows that

needle-shaped hydration products built up a framework,
resulting in a strong structure.
3.5. The rate of heat evolution

Figure 8 shows the exothermic rate during hydration
of S0 and SN5. Though the hydration rate of S0 and SN5
were different, the hydration processes of them were the
same which consisted of five stages. When the specimens
mixed with water, an exothermic peak was formed soon
(stage 1). This was followed by an inactive period called
dormant period in which the concentration of Ca2+ needed
a period to reach saturation state before further hydration
(stage 2). Then calcium silicate phases had begun to react
again with renewed vigor. The silicate continued to hydration rapidly, reaching a maximum rate at the end of the
acceleration period (stage 3). With the reduction of active
components, the reaction rate slowed down (stage 4). At
last, the exothermic rate decreased to a low level, and the
hydration process entered the steady state (stage 5). The
amount of heat evolved from S0 and SN5 in 80 h were
179.87 J/g and 186.65 J/g, respectively. The results indicated that NS increased the amount of heat evolved during the hydration process. However, the superplasticizer
added retarded the 1 d hydration process of SN5, as seen
in Figure 8. Heat-treating was necessary to speed up the
early hydration and pozzolanic reaction.
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(a)

(b)
steel slag

(c)

steel slag

(e)

(d)

steel slag

(f)

CSH gel particles

steel slag

FIGURE 7 - Morphology of the three pastes cured for 28 d: (a,b) S0, (c) SF5 and (d,e,f) SN5.

4. CONCLUSION
1. NS can improve the compressive strength of SCMM.
With 5% NS added, the 3 d, 7 d and 28 d compressive
strength of mortars increased by 48.5%, 45.38% and
30.7%, respectively.
2. As a crystal nucleus, NS speeds up the hydration
reaction of SCMM to increase the content of hydration
products, especially at early ages. In addition, the high
pozzolanic reaction of NS can reduce the content and the
size of CH in the pastes.
FIGURE 8 - Calorimetric curves of heat evolution.

3. With NS added, a large amount of small CSH gel
particles with size of 200 nm were generated which can
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improve the interface between steel slag particles and the
other hydration products. Moreover, the needle-shaped
hydration products can build up framework, resulting in a
dense paste.
4. The amount of heat evolved from SN5 is higher
than that from S0 which can speed up the hydration process of SCMM at early ages.
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EFFECTS OF SELECTED PHARMACEUTICALS ON GROWTH,
REPRODUCTION AND FEEDING OF DAPHNIA MAGNA
Guanghua Lu*, Zhihua Li and Jianchao Liu
Key Laboratory of Integrated Regulation and Resources Development of Shallow Lakes of
Ministry of Education, College of Environment, Hohai University, Nanjing, 210098, China

ABSTRACT
In the present study, the acute and chronic toxicities of
caffeine (CAF), norfloxacin (NFX) and sulfamethoxazole
(SMX) were investigated using Daphnia magna as a model
animal. The median lethal concentrations were 177.49 mg/L
for CAF, 187.48 mg/L for NFX and 234.18 mg/L for SMX
after 48 h of exposure. The selected pharmaceuticals (alone
and in combination) significantly suppressed the growth
and reproduction of D. magna after 21 days of exposure,
and obvious concentration-response relationships were observed. The endpoints “number of offspring per female in
the first brood”, “number of offspring per brood per female” and “intrinsic rate of natural increase” were the most
sensitive parameters to pharmaceutical exposure. Single
and combined pharmaceuticals significantly reduced the
feeding rates of D. magna. The median effective concentrations were obtained based on reproduction and feeding
rates of D. magna. In addition, the order of toxicity which
was CAF>NFX>SMX was consistent, and synergistic or
additive effects were observed during co-exposure.

KEYWORDS:
Daphnia magna, pharmaceutical, reproduction, ingestion

1 INTRODUCTION
Due to the rise in global pharmaceutical use and the
increased sensitivity of detection methods, scientific researchers and regulators are focusing their attention on
trace quantities of pharmaceuticals in wastewater effluents
and receiving water bodies, which has resulted in an increased level of concern regarding the potential environmental risks of these compounds [1-3]. Pharmaceuticals
enter aquatic environments via many routes including biomedical, veterinary medicine, agricultural, and industrial
routes [4]. The stimulant, caffeine, has been used for the
treatment of neurasthenia and coma recovery in the clinic,
and is also a common ingredient in coffee, tea, soft drinks
* Corresponding author

and energy drinks [5]. The antibiotics, norfloxacin and sulfamethoxazole, are widely used for the treatment of digestive system infections, respiratory tract infections and urinary tract infections. Another source of entry for these two
antibacterial agents in the aquatic environment is their use
in veterinary medicine, mainly in aquaculture practices
[6,7]. In previous studies, the occurrence, fate and removal
of pharmaceuticals in wastewater treatment plants have been
determined [8-10]. However, little is known regarding the
ecological impacts of these pharmaceuticals on non-target
aquatic organisms.
Daphnia magna is common in freshwater zooplankton and is a sensitive organism which has been used for
many years in standard tests of toxicity [11-13]. D. magna
plays an important role in aquatic food chains by serving as
an intermediate between primary producers and fish, and
life cycle changes in Daphnia can trigger community- or
ecosystem-level responses [14]. Although there are toxicity
data on single pharmaceuticals in aquatic organisms, there
is a lack of information on the joint effects of pharmaceutical mixtures. As the aquatic environment is usually contaminated by a mixture of drugs and not only single compounds, it is important to study the possible joint effects of
these pharmaceutical mixtures [15,16]. Recent studies have
demonstrated that pharmaceutical mixtures can elicit different effects to those predicted for single compounds. It
was reported that a mixture of carbamazepine and clofibrinic acid exhibited stronger effects on D. magna during
immobilization tests than the single substances at the same
concentrations [17]. In recent years, the feeding behavior of
D. magna has been studied as a physiological response to
toxic chemicals, and feeding rate tests have been successfully used to determine sublethal or chronic effects in both
laboratory and field studies [18,19].
In this study, we conducted three types of Daphnia
bioassays: (1) 48 h acute toxicity test, in which the median lethal concentrations (LC50) of the three pharmaceuticals were determined; (2) 21-day chronic bioassay, in
which D. magna was exposed to single and mixed pharmaceuticals, and both growth and reproductive endpoints
such as survival, body length, number of offspring and the
intrinsic rate of population growth (r) were determined to
detect chronic cumulative effects; (3) a feeding experiment,
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which was performed to explore whether these pharmaceuticals interfered with food intake and ultimately caused
toxicity in D. magna.
2 MATERIALS AND METHODS
2.1 Test Organisms

D. magna were obtained from the Chinese Center for
Disease Control and Prevention (Beijing, China). Cultures
of D. magna were maintained in artificial medium, consisting of 64.75 mg/L NaHCO3, 5.75 mg/L KCl, 123.25
mg/L MgSO4·7H2O, and 294 mg/L CaCl2·2H2O (OECD,
2004). The cultures were maintained in an environmental
chamber at a constant temperature (20±1°C) in a 16 h:8 h
light:dark photoperiod. The culture medium was renewed
twice a week and the animals were fed daily with the green
alga Scenedesmus obliquus, which was supplied by Wuhan
Institute of Hydrobiology, Chinese Academy of Science
(Wuhan, China). According to the OECD procedure, a reference test with potassium dichromate (K2Cr2O7) was carried out to test the sensitivity of D. magna.
2.2 Chemicals

Caffeine (CAF), sulfamethoxazole (SFX) and norfloxacin (NFX) were purchased from Japan Wako Pure
Chemical Industries, Ltd (Osaka, Japan) and the stated
purities were >98%. Stock solutions were prepared by
dispersing the pharmaceuticals in distilled water. The test
solutions for the toxicity tests were prepared immediately
prior to use by diluting the stock solution with the Daphnia culture medium [11]. Medium contamination was controlled by chemical analysis using a 1260 UHPLC instrument (Agilent) equipped with a 6460QQQ triple quadrupole mass spectrometer with electrospray ionization. To
assess contamination accuracy, chemical analyses of five
samples at each concentration when freshly prepared and
at the time of renewal were performed. The determinations were repeated weekly.

dure for the D. magna reproduction test [20]. According to
a preliminary test, no mortality was observed at the concentration of 10 mg/L for all three pharmaceuticals, therefore,
neonates (<24 h old) were exposed to five concentrations
ranging from 0.12 to 10 mg/L for each pharmaceutical
(CAF, NFX and SMX) in the chronic toxicity tests. Binary mixtures (CAF/NFX, CAF/SMX and NFX/SMX) were
also tested according to an equiconcentration (W/V) ratio
of 1:1 and the total exposure concentrations were 0.12,
0.37, 1.11, 3.33 and 10.00 mg/L. Twenty neonates per
pharmaceutical concentration were individually transferred to 100 mL glass beakers containing 50 mL of the
test medium (one neonate per beaker), fed 1×106 cells of
S. obliquus per animal per day and were maintained in a
chamber at 20±1°C in a 16 h:8 h light:dark photoperiod.
The test solution was renewed every other day. Survival,
reproduction (fecundity) and growth of the animals were
monitored for each of the 20 replicates in this 21-day life
cycle study. Days to first pregnancy, days to first brood,
number of offspring per female in the first brood, and
average offspring in each brood were the criteria used to
evaluate fecundity. Reproduction (number of neonates) was
recorded and neonates were removed from the beakers.
The length of each surviving animal (mm) was measured
from the apex of the helmet to the base of the tail spine
after 21 days of exposure.
This study also examined the intrinsic rate of population growth (r), and the endpoint integrates the measures
of age-specific survival and fecundity to estimate the
effect of toxicant exposure on population growth [21,22].
The r value was calculated using the following formula:
∑lxmxe–rx=1, where lx is the proportion of individuals
surviving to age x, mx is the age-specific fecundity (number of neonates produced per surviving female at age x),
and x is days. As r calculated in D. magna after 21 days is
indistinguishable from r estimated for the entire lifespan,
due to the importance of early reproduction [23], all calculations were based on the 21-day experiments.
2.5 Feeding Experiment

2.3 Acute Toxicity Tests

The acute toxicity tests were performed according to
the OECD standard procedure [11]. The test concentrations
of individual pharmaceuticals were 50, 100, 200, 300 and
400 mg/L based on range finding experiments. Ten neonates (<24 h old) were placed in a 100 mL glass beaker
containing 50 mL solution of each test concentration and
control, respectively. All experiments were performed in
triplicate. Test organisms were not fed during the test
period. Test vessels were maintained for 48 h at 20±1°C
in a 16 h:8 h light:dark photoperiod. Mortality was recorded 48 h post-treatment. The animals whose heartbeat
had stopped were considered dead. The heartbeat was observed under a stereomicroscope (4×magnification).
2.4 Chronic Toxicity Tests

Chronic toxicity tests were conducted for selected
pharmaceuticals according to the OECD standard proce-

Based on the acute toxicity results, a feeding experiment was conducted using the method of Villarroel et al.
[24]. Ingestion rates were used as a measure of feeding in
these experiments. The feeding experiments were carried
out in 100 mL glass beakers containing 50 mL of test
solution and 10 neonates (<24 h old). Five concentrations
ranging from 0.12 to 10 mg/L were used for each pharmaceutical. For each concentration and control, the experiments were performed in triplicate. The tests were conducted at 20±1°C with a dark photoperiod for 5 h. During
the exposure period the organisms were fed 1×106
cell/mL of S. obliquus. The final food concentration was
then measured using a hemocytometer under a light optical microscope (400×magnification). Filtration rate (F) is
defined as the volume of medium swept clear by an animal in a unit of time and the ingestion rate (I) as the number of cells consumed by an animal during a specific time
interval. Equations (1)-(3) taken from Gauld [25] were
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used to calculate the average F (µL/ind/h) and I
(cells/ind/h):

F=

V ln C0－ln Ct
×
−A
n
t

(1)

A=

ln C0－ln Ct '
t

(2)

I = F×

C0 ⋅ Ct

(3)

Where C0 and Ct are initial and final food concentrations (cell/µL), t is time (duration of the experiment in
hours), and n is the number of animals in volume V (µL);
A is a correction factor for changes in the control flask
without zooplankton with a final concentration Ct’ after
time t. The expression C0 ⋅ Ct represents the geometric
mean of food concentration during time t.
2.6 Data Analysis

Results were expressed as the mean and standard deviation (SD). Data from chronic toxicity tests and feeding
experiments were compared using one-way analysis of
variance (ANOVA) and statistically different treatments
were identified by Dunnett’s test. Differences were considered significant at P<0.05. LC50 values were gained
through variable linear regression analyses of the logarithm of compound concentrations and the mortality rates
as the relative toxic potency. The median effective concentrations (EC50) of the pharmaceuticals (alone and in
combination) on D. magna reproduction were calculated
using variable linear regression analyses of the logarithm
of compound concentrations and the parameter “number
of offspring per brood per female”. All statistical analyses
were performed using SPSS 17.0 (SPSS Co., Chicago, IL,
USA).
The joint effects of pharmaceutical mixtures were
evaluated using the mixture toxicity index (MTI) as proposed by Könemann [26]. Toxic units (TU) were calculated as TUi =Ci/EC50i, where Ci is the concentration of an
individual chemical present in a mixture, and EC50i is the
median effective concentration of an individual component. MTI was defined as follows: MTI = 1–logM/logM0,
where M = ∑TUi, M0 = M/TUmax (TUmax is the largest TU
value in the mixture). Simple addition is characterized by
MTI=1. MTI<0 represents antagonism, 0<MTI<1 partial
addition, MTI>1 synergism and MTI=0 indicates independent action.

The LC 50 values after 48 h of exposure were
177.49 mg/L for CAF, 187.48 mg/L for NFX and
234.18 mg/L for SMX. No mortality occurred in the control vessels during the 21-day test period. The effects of the
three pharmaceuticals on the growth and reproduction of D.
magna after 21 days of exposure are shown in Table 1.
Even at the lowest concentration, significant effects were
detected both for single compounds and their mixtures.
However, it should be noted that the number of offspring
per brood per female was low in the control compared
with previous reports.
The EC50 values of the pharmaceuticals for D. magna
reproduction are shown in Table 2. In general, the smaller
the EC50 value, the more toxic the chemical was. Thus,
the order of toxicity of the pharmaceuticals tested on the
reproduction of D. magna was CAF>NFX>SMX. MTI values for the mixtures studied were also calculated (Table 2).
With regard to CAF/NFX and NFX/SMX mixtures, the
MTI values were both more than 1. This suggested that NFX
combined with CAF or SMX may induce synergistic effects
in D. magna. The MTI value for CAF/SMX co-exposure
was between 0 and 1, suggesting a partial additive effect.
In order to determine whether exposure to these pharmaceuticals interfered with normal food intake and caused
further toxicity in D. magna, a feeding experiment was
carried out. The effects of the selected pharmaceuticals on
the feeding behavior of D. magna are shown in Fig. 1.
The ingestion rates differed significantly from those of the
control, and significant decreases were observed at all test
concentrations of single and mixed pharmaceuticals (P<
0.05), except at the lowest concentration (0.12 mg/L) of
SMX and NFX/SMX, and a concentration-dependent response was apparent. The most significant inhibition was
found at the highest concentration (10 mg/L) of all the
selected pharmaceuticals, and the inhibitory rates ranged
from 83% for SMX to 91% for CAF/NFX.
The EC50 values for the ingestion rate in D. magna
are also shown in Table 2. The EC50 values for ingestion
rate were much lower than those for reproduction for all
test pharmaceuticals, although the toxicity order was
consistent. However, the joint effects of the pharmaceutical mixtures were not totally consistent with the results of
the reproduction test. The mixture of CAF/NFX exhibited
a synergistic effect and CAF/SMX induced a partial additive effect. However, NFX/SMX resulted in simple addition instead of synergism.
4 DISCUSSION

3 RESULTS
Chemical analyses showed that the measured concentrations of the pharmaceuticals generally varied less than
20% from the nominal concentrations. Therefore, all calculations were based on nominal concentrations [20]. The
pH values ranged from 7.8 to 8.4 with the dissolved oxygen content ≥3.5 mg/L during the exposure period.

Data on the acute toxicity of SMX in D. magna have
been reported by other authors. Kim et al. [27] reported
that the EC50 of SMX for immobilization of D. magna
was 189.2 mg/L at 48 h and 177.3 mg/L at 96 h. Ferrari et
al. [28] found that the 48 h LC50 value of SMX in D.
magna was more than 100 mg/L in an acute toxicity test.
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TABLE 1 - Size, survival and fecundity of D. magna exposed to the test pharmaceuticals in a 21-day life study.
number of offnumber of offspring
days to first brood spring per female
length
per brood per
(d)
in the first brood
(mm)
female (ind)
(ind)
Control
6.94±0.66
9.00±0.61
6.87±1.19
6.98±0.72
2.78±0.26
0.12
7.59±0.87*
9.76±0.90*
4.63±1.02*
4.30±0.09*
2.50±0.32
*
*
*
*
0.37
8.13±0.92
10.13±0.92
4.00±1.88
4.01±0.26
2.39±0.38*
CAF
1.11
8.94±1.06*
11.06±1.06*
3.69±1.25*
3.86±0.80*
2.23±0.28*
3.33
9.77±1.01*
12.31±0.95*
3.27±1.19*
3.38±0.47*
2.06±0.21*
10.00
11.06±0.68*
13.63±0.50*
2.00±0.74*
2.39±0.48*
1.99±0.28*
Control
6.88±0.99
9.12±0.99
6.80±1.08
7.03±0.75
2.77±0.17
0.12
7.47±0.72
9.65±0.93
4.69±1.54*
4.91±0.57*
2.66±0.27
0.37
7.87±0.83*
10.20±0.77*
4.21±1.31*
4.23±0.74*
2.43±0.39*
NFX
*
*
*
*
1.11
8.44±1.21
10.81±1.28
3.81±1.56
4.17±0.71
2.25±0.32*
*
*
*
*
3.33
9.31±1.11
11.77±1.30
3.45±1.29
3.50±0.39
2.10±0.39*
10.00
10.25±1.00*
12.81±0.75*
2.64±1.12*
2.61±0.14*
2.06±0.11*
Control
6.71±0.59
8.65±0.61
6.93±1.58
7.11±0.76
2.67±0.21
0.12
6.94±0.77
8.88±0.81
4.63±1.02*
5.10±1.01*
2.55±0.33
0.37
7.06±1.18
9.07±1.10
4.13±1.19*
4.57±1.04*
2.34±0.24*
SMX
1.11
7.19± 0.98
9.06±0.93
4.07±1.16*
4.39±0.32*
2.24±0.27*
3.33
8.06±0.77*
10.07±0.73*
3.36±0.81*
3.58±0.63*
2.09±0.22*
*
*
*
*
10.00
9.50±0.73
11.50±0.82
2.91±1.51
2.86±0.35
2.07±0.28*
Control
6.88±0.70
9.18±0.64
6.67±2.02
7.00±0.72
2.76±0.56
0.12
7.65±0.86*
9.88±0.93*
4.56± 1.50*
4.32±0.28*
2.43±0.40
0.37
8.31±1.01*
10.63±1.31*
3.87±1.88*
3.97±0.28*
2.34±0.33*
CAF/NFX
1.11
9.13±0.96*
11.56±1.15*
3.53±1.12*
3.79±0.72*
2.22±0.49*
3.33
10.08±1.12*
12.69±1.11*
2.55±1.29*
2.76± 0.29*
2.03±0.21*
10.00
11.44±0.63*
13.94±0.57*
2.27±1.42*
2.17±0.20*
2.01±0.28*
Control
6.94±0.66
9.00±0.61
6.87±1.19
6.98±0.72
2.88±0.26
0.12
7.59±1.00
9.76±0.90*
4.31±1.54*
4.94±0.66*
2.71±0.31
*
*
*
*
0.37
8.20±0.94
10.33±0.82
4.07±1.44
4.15±0.58
2.54±0.39*
CAF/SMX
1.11
8.50±1.75*
11.19±1.68*
3.88±1.54*
4.09±0.81*
2.48±0.57*
3.33
9.54±1.27*
11.92±1.32*
3.27±1.19*
3.44±0.42*
2.41±0.49*
10.00
10.88±1.02*
13.50±0.82*
2.45±1.04*
2.52±0.23*
2.09±0.18*
Control
6.88±0.70
9.18±0.64
6.67±2.02
7.00±0.72
2.76±0.56
0.12
7.29±0.69
9.47±0.87*
4.63±1.26*
4.94±0.64*
2.47±0.41
*
*
*
*
0.37
7.75±0.68
10.19±0.75
4.13±1.19
4.19±0.39
2.37±0.26*
NFX/SMX
1.11
8.31± 0.79*
10.69±0.95*
3.63±1.71*
3.79±0.51*
2.25±0.25*
3.33
8.92± 0.86*
11.54±1.05*
3.18±0.87*
3.21±0.23*
2.13±0.30*
10.00
10.13±0.96*
12.75±0.77*
2.91±1.04*
2.95±0.51*
2.01±0.30*
Values in the tables are means ±SD, n=20. Asterisks indicate values that are significantly different from control values (P<0.05).
Pharmaceutical
(mg/L)

days to first
pregnancy (d)

intrinsic rate of
natural increase
0.304±0.015
0.242±0.017*
0.230±0.039*
0.215±0.015*
0.207±0.034*
0.192±0.016*
0.309±0.012
0.248±0.022*
0.242±0.035*
0.231±0.012*
0.215±0.037*
0.199±0.014*
0.315±0.019
0.254±0.014*
0.250±0.042*
0.247±0.022*
0.219±0.030*
0.208±0.020*
0.295±0.018
0.237±0.009*
0.224±0.030*
0.207±0.017*
0.199±0.037*
0.185±0.022*
0.304±0.015
0.250±0.019*
0.240±0.034*
0.221±0.009*
0.212±0.037*
0.198±0.013*
0.295±0.018
0.251±0.023*
0.243±0.035*
0.219±0.007*
0.210±0.037*
0.201±0.016*

TABLE 2 - EC50 of pharmaceuticals for D. magna reproduction and ingestion rate and MTI values.
pharmaceutical
CAF
NFX
SMX
CAF/NFX
CAF/SMX
NFX/SMX

EC50/(mg/L)
1.41
2.39
3.30
0.91
2.17
2.22

reproduction
MTI

EC50/(mg/L)
0.44
0.88
1.29
0.53
0.78
1.10

2.46
0.73
1.41

However, there have been no relevant reports on the acute
toxicity of CAF or NFX in D. magna.
In the 21-day chronic toxicity test in the present study,
obvious concentration-response relationships were observed for both single and mixed pharmaceuticals, the
growth parameter “length” and the population parameters
“number of offspring per female in the first brood”, “number of offspring per brood per female” and “intrinsic rate
of natural increase” decreased continuously with elevated
concentrations, and the days to first pregnancy and the

ingestion rate
MTI

1.25
0.41
0.91

days to first brood were delayed (Table 1). Furthermore,
the test pharmaceuticals (alone and in combination) significantly decreased the “number of offspring per female
in the first brood”, “number of offspring per brood per
female” and “intrinsic rate of natural increase” even at the
lowest concentration (0.12 mg/L). This suggested that these
three parameters were the most sensitive endpoints in the
21-day chronic toxicity test, which was consistent with
the results of other researchers. Heckmann et al. [29] investigated the chronic effects of ibuprofen on D. magna
life cycle and population parameters, and found that 14 days
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FIGURE 1 - Ingestion rates of D. magna after exposure to CAF, NFX, SMX and their binary mixtures for 5 h (n=3). Asterisks indicate values
that are significantly lower than control values (P<0.05).

of ibuprofen exposure significantly reduced the population growth rate and reproduction, and even caused mortality at the concentration of 80 mg/L. In addition, Barbosa et al. [30] assessed the chronic effects of the steroid
compounds, testosterone and 4-hydroxyandrostenedione,
on D. magna life cycle parameters using a 21-day chronic
toxicity assay, and found that testosterone reduced D. magna
fecundity and fertility at concentrations ranging from 0.31 to
2.48 mg/L during long-term exposure, while 4-hydroxyandrostenedione increased the mortality of neonates at
0.84 mg/L.
However, information regarding the joint effects of
pharmaceutical mixtures on aquatic organisms remains
limited, especially chronic toxicity on growth and reproduction. In previous acute toxicity tests in Daphnia and
algae, Cleuvers [31] demonstrated considerable toxicity
caused by mixtures of different anti-inflammatory drugs,
even at concentrations where the single compounds
showed no or only very slight effects.
Goto and Hiromi [32] reported that a mixture of 17αethynylestradiol and norethindrone had a synergetic effect
on D. magna reproduction in 25-day chronic toxicity tests,
in which the mixture significantly decreased the number of
offspring to 57% of the control. Pavlaki et al. [33] assessed the joint effects of chemical mixtures on life cycle
parameters in D. magna in a 21-day chronic toxicity test,
and found that the mixture of imidacloprid and thiacloprid
resulted in a synergistic effect, while an additive effect was
observed with the mixture of imidacloprid and nickel. Recently, the increased focus on the potential ecological risks
due to pharmaceuticals has resulted in an increased level
of concern regarding the joint effects of pharmaceutical

mixtures at sublethal or environmentally relevant concentrations during long-term exposure [34]. Dietrich et al.
[35] conducted a multigenerational study on the single and
joint toxicity of four pharmaceuticals (carbamazepine,
diclofenac, 17α-ethinylestradiol and metoprolol) at environmentally relevant concentrations in D. magna. They
found that detectable effects due to these pharmaceuticals
occurred in the first observed generation of D. magna,
followed by a short acclimation period and a recurrence
of drug effects in later generations.
In previous studies, the feeding behavior of cladocerans was investigated to determine the toxic effects of xenobiotics [18,36]. Quinn et al. [37] reported the EC50 values,
based on the feeding behavior of Hydra attenuata, were
1.76 mg/L for gemfibrozil, 3.85 mg/L for ibuprofen,
2.68 mg/L for naproxen, 3.76 mg/L for carbamazepine,
8.59 mg/L for bezafibrate and 13.53 mg/L for novobiocin
in the 96-h toxicity test. Feeding rates were also reduced
in D. magna after exposure to endosulfan (0.31, 0.41, and
0.62 mg/L) and diazinon (0.45, 060, and 0.90 µg/L) [38].
The uptake of food by zooplankton requires the movement of appendages and coordination of the nervous system. Therefore, toxicants which affect the nervous system
will cause loss of coordination and/or paralysis and will
reduce the rates of filtration [39].
An additive effect in the freshwater cnidarian (Hydra
attenuata) was also observed when exposed to a mixture
of eleven pharmaceuticals [16]. This suggested that the
reduction in feeding rate in D. magna during long-term
exposure resulted in profound changes at the population
level, since all the main population growth and survival
parameters are dependent on energy input. Our data indi-
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cated that the test pharmaceuticals caused inhibition of
ingestion and resulted in further adverse effects on growth
and reproduction, but did not cause mortality in D.
magna. This was consistent with the results of Barata and
Baird [40], who found that feeding in D. magna was
physiologically linked with growth and reproduction, and
hence, effects on feeding were usually translated into
population responses.
5 CONCLUSIONS
Acute and chronic toxicity tests using three pharmaceuticals (single and in combination) in D. magna were
performed in this study. The LC50 values in D. magna
were 177.49 mg/L for CAF, 187.48 mg/L for NFX and
234.18 mg/L for SMX after 48 h of exposure. The population parameters “number of offspring per female in the
first brood”, “number of offspring per brood per female”
and “intrinsic rate of natural increase” were most sensitive
to pharmaceutical exposure with regard to chronic toxicity.
The exposure of D. magna to pharmaceuticals resulted in a
reduction in food intake, which affected their growth and
reproduction. Synergism was observed in chronic toxicity
and feeding tests, suggesting that pharmaceutical mixtures
may cause more adverse effects on aquatic organisms when
they are simultaneously or successively released into the
aquatic environment. Further research is needed to extend
our knowledge on the influence of pharmaceuticals at environmentally relevant levels during long-term exposure,
especially multiple mixtures on non-target organisms.
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ABSTRACT

1 INTRODUCTION

Hydrilla verticillata (Linn.f.) Royle is usually employed
as a pioneer species for vegetation replanting in China. The
morphology, reproduction and carbohydrate storage of H.
verticillata were examined at different water depth gradients (30, 60, 90, 120 and 150 cm) in an outdoor mesocosm with 10-week experiment duration. The results indicated that H. verticillata could acclimatize itself to different
water depths and conditions via physiological and morphological changes in the life history. However, in different water depth, the strategies of morphology acclimations,
reproduction and carbohydrate metabolism showed various
states, and some significant differences were detectable
between them in most measured indexes. The relative
growth rate (RGR) of the plants increased with water depth
until 120 cm, which were 74.1±2.5 mg.g-1.d-1 dry weight
(DW) and 68.6±2.2 mg.g-1.d-1 DW at 120 and 90 cm water
levels. The number of ramets and shoots, especially the
flowering buds number & biomass, which is important for
colonization and the maintenance of macrophyte populations, were relatively higher at 90 cm water level. Among
the three different non-structural carbohydrates (soluble
sugar, reducing sugar and starch) measured, which can
increase the ability of the plant to re-grow, or survive time
periods of seasonal dormancy, H. verticillata in 90 cm
water depth allocated and stored significantly higher contents of starch and soluble sugar (P<0.05). Consequently,
90 cm would be the optimal water depth for the growth of
H. verticillata compared with the other levels.

Due to the increasingly severe water pollution, caused
by the fast development of economy and urbanization in
the past 3 decades in China, restoration of degraded waters has become the highlight practice, in which recovery
of macrophytes is an important component of the issue [1,
2]. Some previous studies illustrated that water depth
affects the growth of vegetation by limiting the availability
of resources, particularly light, atmospheric carbon [3, 4]
and oxygen [5]. The impact of water level and duration of
flooding on wetland emergent macrophytes are well documented [6, 7], but there is little research on the impact of
fluctuating water levels on the growth of submersed species.
In general, the water depth for submerged macrophytes ranged between 60-200 cm [8] while Pal and Nimse [9] reported that H. verticillata could survive in a few
cm of water, or in depths of up to 6 m. Moreira et al. [10]
suggested depths of less than 100 cm to be optimal for
Myriophyllum aquaticum growth, and Vallisneria natans
showed an optimal clonal growth at 110–160 cm water
depth [11]. Hence, two problems were put forward—how
does the water level affect the growth characteristics of
submersed macrophytes, and how does the plants adapt to
the various water levels. To find the answers, H. verticillata was chosen, which is a rooted submersed macrophyte
with typically high rates of reproduction and growth [12],
and usually employed as the pioneer species for vegetation
replanting in China, to study the morphological strategies
and carbohydrate metabolism of H. verticillata at different
water levels and trying to work out the optimal water level
to benefit the vegetation replanting in shallow waters.

KEYWORDS: Vegetation replanting, water level fluctuation,
Hydrilla verticillata (Linn.f.) Royle, morphology acclimation, biomass production, carbohydrate metabolism

2 MATERIALS AND METHODS
2.1 Material

* Corresponding author

Hydrilla verticillata (Linn.f.) Royle, which was selected for experiments, is a freshwater submerged plant,
belongs to family Hyrocharitaceae (tape grass family),
and widely distributes in water-bodies such as lakes, ponds,
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rivers, streams and marshes, throughout China, India, United States and other countries. The seeding of H. verticillata
was collected from East Lake at Wuhan, Hubei Province,
China, and washed with flowing water to remove the
surface-deposited inorganic and organic materials. Sediment was also collected from East Lake (TN =
3.894±0.152 mg g-1 DW, TP = 1.357±0.028 mg g-1DW,
and organic matter content = 7.032±0.194%, mean±SD,
N=6) and placed into pots (20 cm in diameter, 15 cm
high) as planting base.

The analysis method for reducing sugar was as follows: 3 g dried powder of shoot was put in a mortar,
ground to a paste, and washed into a 250-ml volumetric
flask. When the volume was nearly 150 ml, 2-3 drops of
methyl red indicator were added; if it was red, 0.1mol/L
of NaOH was added to pale yellow. The flask was placed
in a 80 °C thermostatic water-bath for 30 min, then cooled
and absorbance was measured at 590 nm (spectrophotometer (DaojinUV-1800).
2.5 Data analysis

2.2 Experiment setting

Five water-depth treatments were created to test the
individual effect of water regime on H. verticillata. The
hydrologic treatments were 30, 60, 90, 120 and 150 cm
relative to the substrate. The plants were pre-incubated in
tape water for 20 days. Prior to the initiation of the experiments, apical shoots of H. verticillata (15.0±0.5 cm in
length with similar morphology, 0.89±0.05 g fresh weight)
were uniformly planted in sediment-filled plastic pots
(one shoot per pot) with the lower 5 cm buried in the
sediment. Three parallel treatments were set in ponds to
establish an outdoor mesocosm. The characteristics of the
water in the mesocosm were recorded every 3 days at
each water level using a ZDS-10 luminometer (Shanghai,
China) and an in-situ water quality analyzer (Thermo
ORION 5-STAR, America). The water level of each pond
was maintained artificially throughout the experiment.
The experiment lasted 10 weeks.

The data of biomass, relative growth rates (RGR), stem
length, ramet and shoot number were the means of three
replicates with standard deviation.
RGR (mg g-1 DW day-1) were calculated for total biomass at each water depth using the following equation:
RGR= (lnW2-lnW1)/ (t2-t1)*1000.
W1 and W2 indicated the initial and final plant dry
weights, respectively, and (t2-t1) indicated the experimental time (days).
Statistical analyses were conducted by SPSS 13.0
(SPSS Inc., Chicago, IL USA). Data were tested for normality and homogeneity of variances to meet the assumptions of analysis-of-variance (ANOVA). The difference
between data was tested by Tukey’s LSD and Duncan
tests. All analyses were conducted at a P<0.05 level of
significance.

2.3 Morphological assay

The initial morphological parameters of H. verticillata
were measured or counted. During the whole experimental
period, the shoot structures were observed and recorded
carefully. At the end of experiment, the plants were uprooted from the sediment and cleaned by tap water. After
then, the plants were divided into shoots, roots and flowerings, and their lengths and/or number were measured
and/or calculated, dried at 80 °C for 72 h for biomass
weighing, and powdered for carbohydrate measurement.
2.4 Carbohydrate analysis

The content of non-structural carbohydrates (including
starch, soluble and reducing sugars) was analyzed according to the methods described by Yemn and Willis [13].
100 mg dried powder of shoot was extracted in distilled
water by boiling it twice at 100 °C in a water-bath for
30 min. The extract was then used for soluble sugar analysis, and then cooled, centrifuged (3000 rpm, 10 min) and
fixed to a volume of 25 ml. It was heated with 0.5 ml anthrone reagent, 5 ml concentrated sulfuric acid (18.6 mol/ L)
in distilled water by boiling at 100 °C in a water-bath for
1 min, subsequently immediately cooled, and the absorbance was measured at 630 nm using a spectrophotometer
(Daojin UV-1800). The residue remaining after soluble
sugar extraction was dried and extracted using 30% perchloric acid and analyzed for starch (as glucose equivalent) using the anthrone reagent.

3 RESULT AND DISCUSSION
3.1 Water physico-chemical characteristics in the mesocosm

During the experimental period, water chemical conditions were listed (Table 1). H. verticillata can colonize a
diverse range of habitats and tolerate disturbances to these
habitats. The growth rate of plants appears to be primarily affected by temperature and light availability [10, 14].
Growth initiates when water temperatures reach 8 °C and
displays a direct relationship with temperature [10]. Temperature compensation point of H. verticillata was 6.5 °C,
and temperatures above 33 °C may retard the growth of H.
verticillata. Water temperature in the mesocosm was averaged to be 28.6 ± 0.5 °C (range = 13.9-33.6 °C) (Table 1).
Water temperature descended gradually from the water
level to 150 cm, being there even lower by 2-4.5 °C than
that at the top level. So, in most of the experimental period, the water temperature was suitable for the growth of
H. verticillata. The light intensity decreased rapidly along
with the experimental phase, which could be attributed to
the dense mat or canopy formed by the plant at the water
surface, which reduced the penetration. Light compensation point and light saturation point of H. verticillata was
about 2 k lx and 30 h lx, respectively. The average light
intensities of the mesocosm ranged from 253 lx to 14159 lx
(Table 1). Thus, the light availability was the main factor
for limiting plant growth in the present study.

2597

© by PSP Volume 22 – No 9. 2013

Fresenius Environmental Bulletin

3.2 Biomass of plant at different water levels

TABLE 1 - Water chemical conditions during the experiment.
Mean value

S.D.

Range

Water temperature (°C)

28.6

2.5

13.9-33.6 °C

Illumination (lx)
pH
TSS (mg L-1)
DO (mg L-1)
Chl a (µgL-1)
EC (µS/cm)
TDS
Transparency SD (cm)
ORP (mV)
Turbidity (NTU)

5046
7.69
2.28
8.22
1.53
187.0
760.2
72.8
-136.2
1.95

431
0.003
0.46
0.023
0.47
0.31
1.34
33.12
2.1
0.63

253-14159
7.58-7.94
2.08-2.37
7.90-8.36
1.41-1.98
186.5-188.4
758.3-763.9
62.3-150.0
-132.1--138.9
1.39-2.35

Biomass allocation patterns of individual plant tissues

Parameter

18

c

total biomass
the above ground biomass
root biomass

16

c

14

b
b

12

ab

c

10
8

a

6
4

a

ab

a

2

30

b

a

a

0

60

90

b

c
120

150

water depth(cm)

FIGURE 1 - The average biomass allocation patterns of individual
plant tissues for H. verticillata in different depths of water. The bars
on the column are standard deviations; letters a, b, c on the column
means significant difference (P<0.05).

The largest total biomass occurred at water depth
120 cm with 15.8±1.8 g DW per pot at the end of experiment, followed by the 90 & 150 cm water levels
with 10.4±2.9 g DW per pot and 12.1±2.5 g DW per pot,
respectively, being significantly larger than those in 60 &
30 cm water levels (P<0.05). The lowest biomass was
found at the 30 cm water level with 3.3±0.4 g DW per
pot. The root biomass occupied 3.8–14.9% of total biomass, and no significant difference of it was found among
different water level treatments (P>0.05). The shoot biomass above ground showed the similar tendency as total
biomass with water depth, and accounted for 83.7–95.6%
of total biomass at all water levels. Some other studies also
found that allocation to above-ground biomass increased in
response to increasing water depth [15, 16]. Consequently,
we can conclude that water level affected the biomass of H.
verticillata, especially the aboveground biomass.
The highest RGR occurred at 120 cm with 74.1
±2.5 mg.g-1.d-1DW at the end of experiment, followed by
the 90 & 150 cm water levels with 68.6±2.2 mg.g-1.d-1
DW and 72.2±1.0 mg.g-1.d-1 DW, respectively, which were
significantly higher than those in 60 & 30 cm water layer
(P<0.05) with the biggest gap of 34.7% (Fig. 2). Additionally, the root/shoot biomass ratio was highest at 30 cm
(P<0.05) (Fig. 2)
These results could be related to the plastic growth of
H. verticillata and the response to light intensity in its
growing environment. H. verticillata grown at the shallow
water level did not have to switch growth forms, as evidenced by the increased RGR, and could allocate energy
to horizontal growth over the water surface, growth of

c

-1 -1
RGR( mg g d DW )

80

b

70

(A)
bc

a

60

a

50
40
30
20

The belowground/the aboveground biomass

10
0

c

0.18

(B)

b

0.16
0.14
0.12
0.10

a

0.08
0.06

a

a

0.04
0.02
0.00
0

30

60

90

120

150

water depth(cm)

FIGURE 2 - The effect of the water level on the RGR(A) and belowground biomass/the aboveground biomass(B)of H. verillata. The bars
on the column are standard deviations; letters a, b, c on the column means significant difference (P<0.05).
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Ramet number

b

b

80
60
40

(A)
ab

a

a

20
0

b

Mean shoot number

500

b

(B)
ab

400
300

a

a

200
100
0

(C)

Mean shoot length(cm)

150

c
c
100

b
50

a

ab

30

60

0
90

120

150

Water depth(cm)

FIGURE 3 - Mean stem length, ramet number, shoot number of H. verticillata in different depths of waters over the course of 10 weeks. The
bars on the column are standard deviations; letters a, b, c on the column means significant difference (P<0.05).

stolons and growth of adventitious roots [17]. In deeper
water, growth would be limited or inhibited by light
availability. High growth rate was an advantage to rapidly
occupy the limited space and to acquire more resources
[18]. The ratio of below-ground biomass/aboveground biomass decreased significantly with water levels (P< 0.05),
which was coincident to the reports that enhanced water
depth-stimulated ratios of shoot/root [18, 19].
3.3 Morphologic adaptation of plant to different water levels

The ramet number counted at the end of experiment was
highest at 90 cm (63.0±14.5), followed by that at 60 cm,
which were both significantly higher than that at 30 cm
(P<0.05) (Fig. 3). We inferred from these values that too
shallow and too deep water could do against the ramet
number.
Nevertheless, although shoot proliferated rapidly at
120 cm water depth initially, the relatively larger shoot
number was detected in the 60and 90 cm water levels at
the end of the experiment, which was significantly more
than that of the plants grown at 30and 150 cm (P<0.05)
(Fig. 3). Studies also showed the proliferation of shoots in
deep water under low light conditions was several times
lower than that in shallow water [20-22].
However, the mean length of shoot increased with
water depth obviously (Fig. 3), and was the highest
(108.8±14.4 cm) at 150 cm water depth, which was 2-fold
longer than that at 30 cm water depth (41.1±3.0 cm). The
results were in accordance with that of Eleocharis cellulose [16].

In addition, the stem was more branched with rooting
at nodes, and longer with spreading thick mats in deep water
than shallow water. Especially in mature plants, shoot morphology differed from each treatment. Shoots were more
whitish in shallow water (30, 60 cm), but more rough green
in deep water (120, 150 cm). In shallow water, each shoot
was short, and internodal distances from the apical to the
basal part were relatively small, as well as the stem diameter. A relatively uniform structure and short internodes
throughout the entire shoot implied the short life cycle of
each shoot [23]. In deep water, the shoot was longer and
composed of a new apical part with shorter internodes, and
a long mature middle part with longer internodes. Several
researchers have reported similar morphological differences [24, 25].
3.4 Reproductive strategy of plant at different water levels

H. verticillata ecologically possesses numerous mechanisms of vegetative reproduction, because the plant produces various types of vegetative propagules, including
stem fragments, axillary turions, and tubers (subterranean). During the experimental period, H. verticillata
blossomed out, and flowerings were tiny, white in small
umbels floating on the surface of water. At the end of
experiment, the number of flowering buds was significantly higher in the plants with 60, 90, and 120 cm
treatments (P<0.05), but highest in 90 cm (Fig. 4A).
The highest dry weight production of flowering buds was
also found at 90 cm water level (P<0.05) (Fig. 4B). This
supported some studies that the fruits were declined when
the depth reached a certain value, and the long internodes
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The number of flower buds

15

(A)

b
b

b

12

9

a

6

a
3

0
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90
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The biomass of flower buds
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c

0.16
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0.14
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0.12

(B)

0.10

b
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a
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0
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90

120
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water depth(cm)
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-1

Reducing sugar contents (mg g )

-1

Solube sugar contents (mg g )

FIGURE 4 - The number (A) and biomass of flowering buds (B) of H. verticillata in different depths of water. The bars on the column are
standard deviations in depth of water. The bars on the column are standard deviations; letters a, b, c, d on the column means significant
difference (P<0.05).
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FIGURE 5 - The contents of soluble sugar (A), reducing sugar (B) and starch (C) in the shoots of H. verticillata in different depths of water. The bars on the column are standard deviations; letters a, b, c on the column means significant difference (P<0.05).
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and large shoot proliferation in deep water are at the expense of sexual reproduction [26, 27]. Also, the vegetative biomass was not high in shallow water, indicating a
possibly high sexual reproduction rate in shallow water
compared to that in vegetative reproduction in deep water
[23]. All these facts demonstrated that water depth was
one of the significant factors controlling successful sexual
regeneration of aquatic macrophytes, since water depth
affects other environmental factors, such as light, temperature and/or oxygen conditions required for seed germination. Some studies suggest that sexual reproduction is important for colonization and the maintenance of populations
of aquatic macrophytes [26, 28, 29]. Therefore, the situation of sexual reproduction as a key factor should be considered for choosing water level to carry out the macrophyte restoration.
3.5 Carbohydrate storage of plant at different water levels

The effects of water depth on the content of nonstructural carbohydrates (including soluble sugar, reducing sugar and starch) in the shoots of H. verticillata
were explored. The soluble sugar concentrations were
50.7±7.5 mg g-1, 47.9±9.4 mg g-1, 121.7±69.5 mg g-1
DW, 35.0±15.3 mg g-1 DW, 49.5±7.9 mg g-1 DW at 30, 60,
90, 120 and 150 cm water levels, respectively (Fig. 5A). At
90 cm, the soluble sugar content in shoots was significantly
higher than that in all other treatments (P<0.01).
The highest and lowest reducing sugar contents in
the shoots of H. verticillata were 0.0892 mg g-1 DW and
0.0716 mg g-1 DW under 30 and 60 cm water level, respectively (Fig. 5B). Statistic analysis indicated that there
was no significant difference among the treatments in all
water levels except 30 cm (P>0.05).
The starch contents in shoots were similar to those of
soluble sugar. Significantly higher content was found at
90 cm water level, with the value of 56.1±2.5 mg g-1 DW
(P<0.05), followed by 38.8±5.5 mg g-1 DW, 32.5±5.7 mg
g-1DW, 19.3±6.4 mg g-1 DW and 16.9±0.6 mg g-1 DW at
150, 120, 60 and 30 cm water level, respectively (Fig. 5C).

shoot length of H. verticillata was positively affected by
the water depth. The production of ramets, shoots and
flowering buds were obviously higher at intermediate water
levels (60, 90 cm). In addition, the shoot structure showed a
distinct or regular variation in each treatment. H. verticillata allocated and stored highest contents of non-structural
carbohydrates (including starch, and soluble sugar) in 90 cm
water depth among the treatments. Overall results indicate
that it was possible to manipulate species composition if
water levels were controllable. Moreover, the results indicated that water depth may be a disturbance factor that
affects the plant growth and population expansion of H.
verticillata. Water depth might restrict the ability of the
species to colonize permanently and deeply. In conclusion, H. verticillata showed an optimum growth at 90 cm
water levels upon vegetative growth, reproduction strategies and non-structural carbohydrate contents, which may
provide useful information for restoration and reconstruction of aquatic plants for modeling ecosystem dynamics
after disturbances. Also, under the impact of global change
with increased water level fluctuations, it may be useful to
predict future habitat conditions and ecological management in water-bodies and wetlands of China.
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The allocation of carbohydrates is a fundamental aspect in the life history of plants. Macrophytes allocate and
store carbohydrates to support growth, photosynthesis and
maintenance throughout the growing season [30, 31].
Madsen [32] found that the stored carbohydrates could
exploit reduced energy reserves within the plant, thereby
increasing the ability of the plant to re-grow, or survive
times of seasonal dormancy. Based on the above results, it
could be concluded that H. verticillata owned better growth
ability in the 90-cm water depth.
4 CONCLUSION
In the present study, H. verticillata was acclimated to
water depths in different morphological patterns. There
were similar trends between the RGR and biomass allocation of H. verticillata with increasing water depth. The mean
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ABSTRACT
The contamination of sediments is a hot topic from
traditional to emergent pollutants. Although there are numerous related reports, they focus on pollutants rather than
sediments themselves. Ignoring the effects of sediments
leads to the difficulty in comparison of different researches.
To close the research gap, two typical sediments (surface
natural water source and artificial water source) are proposed as model sediments in the present work, and polycyclic musks as targeted emerging pollutants were studied.
The occurrence and sorption kinetics of polycyclic musks
in the two sediments and pore water are significantly
different. The essential reasons, revealed by scanning
electron microscopy and fourier transform infrared spectroscopy, are the physicochemical properties of sediments. This work initiatively proposes two natural model
sediments in the fate of organic pollutants. In order to close
the research gaps between special sediment research and
general sediment research, the model sediments are recommended to be applied in the future.

KEYWORDS:
Model sediment; polycyclic musks; sorption kinetics; pore water

1 INTRODUCTION
The occurrence and fate of organic pollutants in river
sediments is a permanent topic in environmental science.
From traditional pollutants (such as PAHs) to emergent
pollutants (such as polycyclic musks), the contamination of
sediments is a key issue [1, 2]. Sediments are critical in
pollutants’ fate; for example, the transformation or translocation of contamination among surface water, sediments,

* Corresponding author

living organs, and underground water [3, 4]. However, environmental research has focused on the pollutants while
ignoring the sediments. For instance, different pollutants
in the same sediments have been studied. Although these
studies are important in understanding pollutants’ fate in
sediments, there has not been sufficient attention paid to
the effects of physicochemical properties of sediments on
the fate of pollutants. As a result, concentrations of pollutants in different sediments have not been compared.
In fact, no sediments are the same, neither in two rivers nor in different locations of the same river. Thus, it is
unreasonable to discuss the properties of every sample.
Instead, it is practical to screen typical sediments. Most
rivers have a natural surface water source or an artificial
contaminated water source. Correspondingly, the sediments
can be divided into natural and artificial sediments. Natural
sediments of rivers are frequently studied [1, 2], and the
artificial sediments of rivers are also monitored [5, 6]. This
study compares both sediments, reveals the effects of sediments on pollutants’ fate, and verifies the possibility of the
division of sediments. Hahe River (HR) and Dagu Sewage
Drainage Channel (SDC) were selected as natural surface
water source and artificial contaminated water source. HR,
one of the largest water systems in Northern China, with a
200-year history, flows through Tianjin City, gathers many
other streams, and empties into the Bohai Bay. The main
stream in Tianjin City is 72 km long with a watershed area
of 2,066 km2. SDC, with a line length of 67.5 km, is a river
which collects domestic and industrial wastewater from
sewage treatment plants in Tianjin [7]. SDC has been
receiving wastewater for more than 50 years, and is one
of China’s typical sewage drainage rivers.
In this study, polycyclic musks (PMs) as target pollutants were tested. In recent years, PMs have become the
most important commercial synthetic musks [8]. Among
the worldwide production of polycyclic musks, 95% are
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galaxolide (HHCB, chemical name: 1,3,4,6,7,8- hexahydro-4,6,6,7,8,8-hexa-methylcyclopenta(g)-2-benzo-pyran)
and tonalide (AHTN, chemical name: 7-acetyl-1,1,3,4,4,6hexamethyl-1,2,3,4-tetrahydronaphthalene) [9]. In this study,
HHCB and AHTN were selected as priority compounds in
PMs. During the last two decades, much more attention
has been paid to HHCB and AHTN as emerging pollutants in wastewater, sediment, soil, air, and human milk
[10]. Studies have shown that the dominant PMs in sewage
treatment plants and rivers were HHCB and AHTN [11, 12].
First, this work aims to expound the occurrence of
PMs in the sediments and pore water of HR and Dagu
SDC. Subsequently, the sorption and desorption characteristics of PMs in both sediments are discussed. Finally,
the mechanism of environmental behaviour of PMs is
verified using Scanning Electron Microscopy (SEM) and
Fourier Transform Infrared Spectroscopy (FT-IR). The
purpose of the present work is to establish and recommend two model sediments to evaluate the fate of pollutants, and close the research gap between specific sediment and general sediment research.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents

AHTN with ≥ 98% purity was purchased from Toronto Research Chemical, Canada. HHCB with ≥ 51% purity
was bought from Crescent Chemical, USA. Hexamethylbenzene (HMB) as the internal standard was obtained
from J&K Chemicals, India. Analytical grade dichloromethane (DCM) and n-hexane were bought from Concord
Technology Co., Ltd. Silica gel and neutral alumina (Advanced Technology Industry Co., Ltd, Hong Kong) were
Soxhlet-extracted with DCM for 12 h. Ultrapure water was
prepared with a Milli-Q water purification system (Millipore, 18. 2MΩcm, USA).
The following materials and instruments were used:
12 tubes for solid phase extraction (USA, Supelco); a
freezing centrifuge (Hettich 32R, Hettich GmbH & Co,
Tuttlingen, Germany), a nitrogen pressure blowing concentrator (China, MTN-2800W, Automatic Science Instrument), SEM (Shimadzu SS-550), and FT-IR (JASCO V660, UK).

2.2 Sample preparation and analysis

Sediment samples were collected in winter 2011 along
the SDC and HR (see Fig. 1). Surface sediments (0-20 cm)
were sampled by a grab device (XDB0201, Beijing New
Landmark Soil Equipment Co., Ltd). All samples were
collected in amber solvent-washed glass bottles and immediately transported to the laboratory for analysis under
cooled conditions.
An aliquot of lyophilized sediments (0.2 g) was transferred to a polytetrafluoroethylene (PTFE) digestion vessel
containing 15 ml acetone and 5 ml n-hexane, followed by
microwave-assisted extraction (MAE) (Ethos, Milestone,
Italy) at 100 °C for 15 min. The extractant was centrifuged
for 15 min at 4,000 rpm. Finally, the supernatant was transferred into a 100-ml brown flask for further analysis. To
obtain a high recovery, the residues in a centrifuge tube
were repeatedly extracted as above. The second supernatant was combined with the previous in the brown flask.
The pore water samples were separated from the sediment
samples by centrifugation (9,000 rpm, 25 °C) for 15 min.
The supernatant was cleaned by SPE, and then eluted with
ethyl acetate. Silica gel chromatography was used as a
final clean-up step for extracts from all samples. Silica gel
(5 g, 60–200 mesh, n-hexane washed and activated) was
packed into a glass chromatographic column. The column
was topped with 2 g anhydrous sodium sulfate. Approximately 50 ml n-hexane was used to elute the analytes.
The combined eluate was concentrated to a final volume
of 0.5 ml with the nitrogen pressure blowing concentrator.
The GC-MS/MS analysis was performed according to
a previous work [13]. Quantification was performed by
spiking internal standard (hexamethyl benzene) before
extraction using GC-MS/MS with correlation coefficients
of 0.99 or higher (linear ranges from 1 to 100 µg/L). Recoveries of HHCB and AHTN by MAE for sediment samples after spiking with 0.1 mg kg-1 were 88±7% and
85±9%, respectively. The quantification limits (LOQs,
signal to noise = 10) for HHCB and AHTN in sediment and
water samples were 100 ng/g and 125 ng/L, respectively.
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FIGURE 1 - Sampling locations of the Dagu Sewage Drainage Channel (D1-D11) and the Haihe River (H1–H9) in Tianjin, China.
2.3 Sorption-desorption, SEM and FT-IR analysis
of the most widely used anionic surfactant groups in

The methods for sorption-desorption, SEM, and FTIR were adopted from previous studies [14, 15]; however,
sample preparation was different from the previous work.
The mixed sediments as a blank sample were lyophilized
and then dried at 60 °C for 24 h in an oven, in order to
remove volatile PMs.
3 RESULTS AND DISCUSSION
3.1 Distribution characteristics of PMs in two typical sediments

The concentrations of HHCB and AHTN in surface
sediments of SDC ranged from 0.51 to 4.54 mg/kg and
0.09 to 1.66 mg/kg, respectively. As shown in Fig. 2a, the
concentration of HHCB was clearly higher than that of
AHTN. The ratio of HHCB to AHTN varied from 2.7 to
14.2. Because HHCB is more stable than AHTN [16], the
ratio of HHCB to AHTN could be a marker to indicate the
contamination of PMs. As presented in Figs. 1 and 2a, the
ratio could denote the distance from the sources. The concentrations of HHCB and AHTN of pore water varied from
0.77 to 33.5 µg/L and 0.32 to 1.97 µg/L, respectively (Fig.
2b). The ratio of HHCB to AHTN in pore water was different from that in sediments, indicating that the distribution mechanism of PMs in pore water was different from
that in the sediments. Compared with other environmental
media, the contamination level of PMs was noticeable in
SDC. The average concentrations of HHCB and AHTN
from the other rivers were less than 0.1 µg/L [17]. The
concentrations of PMs from SDC were comparable with
those from sewage treatment plants in China, USA, and
Germany [9, 18, 19].

the
household and personal care sectors that are similar to
PMs. This work studied the relationship between TOC,
or LAS, and PMs. The concentrations of TOC or LAS
were not correlated with that of PMs in SDC sediments
(for TOC, R2 = 0.122, P > 0.015; for LAS, R2 = 0.01, P
>0.31). Liu et al. [7] also reported that HOCs had poor
correlations with TOC in the SDC. However, there were
good linear relations between TOC (LAS) and PMs in
sediments of HR (for TOC, R2 = 0.96, P <0.001; for
LAS, R2 = 0.80, P <0.001). The divarication was related
to the variety in physical and chemical properties of the
two sediments; for example, black carbon (BC) with strong
sorption. The average concentrations of BC in HR and
SDC were 2.95% and 10.3%, respectively.
An additional interesting result is described in Fig. 2d.
The contamination level of PMs in pore water from the
SDC was lower than that from the HR, which was con-

As shown in Fig. 2c, the average concentrations of PMs
in sediments from SDC were three times more than those
from HR. Total organic carbon (TOC) played an important
role in the distribution of hydrophobic organic compounds
(HOCs), and had a linear correlation with HOCs in sediments [20]. Linear alkylbenzene sulfonates (LAS) are one
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trary to the result from the sediments (Fig. 2c). This phenomenon could be explained by the following result from
SEM. Furthermore, the pore water models were used to
reflect the distribution characteristics of PMs in the SDC.
The single mechanism model and the dual mechanism
model are depicted in equations (1) and (2), respectively
[21, 22].
Cpw = Cs / (KTOC × fTOC)
(1)
where, Cs is the amount of a contaminant sorbed to
the dry-weight of sediments at equilibrium, Cpw is the

FIGURE 2 - Occurrence of HHCB and AHTN in Dagu Sewage
Drainage Channel (SDC) and Haihe River (HR): (a) sediment from
SDC, (b) pore water from SDC, (c) sediment from SDC, and (d) HR
and pore water from SDC and HR; SD = sediment; PW = pore water.
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concentration of a contaminant in pore water at equilibrium, and fTOC is weight fraction of TOC in the dry sediments.
Cs = fTOC × Koc × Cw + fBC × KBC × CWn

(2)

where, fBC is the mass fraction blank carbon in sediments, n is the Freundlich non-linearity fit parameter, and
KBC is the Freundlich blank carbon-water distribution
coefficient.
lgKBC = 1.6 lgKOW – 1.4

(3)

FIGURE 3 - Assessment of the distribution models in pore water: for HHCB (a) and AHTN (c) in Dagu SDC;. for HHCB (b) and AHTN (d)
in HR).

FIGURE 4 - Sorption kinetics (a) and sorption-desorption isotherms (b) of PMs in the two typical sediments.

According to previous studies, KBC was derived from
KOW [22], which is presented in equation (3). The values
of KOW referred to the previous report [23].
By comparing the models with the measured results
in the field (Figs. 3a-d), it was concluded that the single

mechanism model was more consistent with the measured
results than the dual mechanism model, particularly for
HHCB (Fig. 3a) in SDC. Normally, it had been assumed
that the dominating sorption phase in either natural and
impacted sediments or soils was TOC [24]. The results of
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the dual mechanism model were significantly lower than
the measured results in a field (Figs. 3a-d). The fitting
trends for the same model and compounds (Figs. 3a-b for
HHCB and Figs. 3c-d for AHTN) were significantly different between SDC and HR. The data from the SDC fit
more accurately by using the single mechanism model,
suggesting that TOC played an important role in the distribution of PMs in pore water of SDC.
3.2 Sorption and desorption characteristics of PMs in the two
typical sediments

Sorption-desorption analysis is very important in interpreting the environmental behaviour of pollutants in
sediments. The kinetic models (two-constant equation and
Elovich equation) were applied to describe the sorption
processes of PMs in the two typical sediments. The results are listed in Table 1. As shown in Fig. 4a, the time
required for PMs to reach the equilibrium state in the test
sediments was 48 h. The data fit well using the two equations, as indicated by the high regression coefficients,
particularly for the data of sediments in SDC. Compared
with the parameters for HR, the value of AE was big and
the value of BE was small for SDC, thereby indicating the
sorption rate of PMs was higher in sediments of SDC.
Compared to the results from HR, the value of AT was
large and the value of BT was small from SDC, illustrating that PMs were easily accumulated in SDC sediments.
As presented in Table 1 and Fig. 4a, AHTN had a
greater sorption capacity and faster sorption rate than
HHCB, likely because of the coordination from ketone
group and small molecule volume.
The Freundlich equation and Langmuir equation were
used to describe the sorption processes of PMs in sediments
(Table 1 and Fig. 4b). Data fit well with the two equations,
as indicated by the high regression coefficients. The Kf
was related to the amount of sorption. The Kf value of
sediments from the SDC was higher than that from the
HR, thus suggesting that PMs tended to be more strongly
adsorbed in sediments from the SDC. The isotherms were
found to be slightly nonlinear, with the Nf exponent ranging from 0.51 to 0.68. Values of Nf <1 imply the sorption
by heterogeneous media where high energy sites were
occupied first, followed by sorption at lower energy sites.
In Fig. 4b, desorption isotherms represent the per g of
sediments sorbed PM ng. The data from the desorption
experiment fit well with the Freundlich isotherm, as indicated by high regression coefficients. Sorption was found
to be partly reversible, but the desorption Kdf values were
consistently higher than those for sorption. This was related to the high amount of retained PMs. The values of
Ndf in desorption process were <1, thus demonstrating a
nonlinear relationship between concentration of PMs and
its sorption on sediments. As presented in Table 1, a sorp-

tion-desorption hysteresis was apparent for all sediments.
In all cases of desorption, it was observed that the amount
of desorbed PMs was smaller than the total amount of
adsorbed PMs, which indicated a positive hysteresis and
suggested that a significant amount of PMs was tightly
bound to sediment particles, and was not readily desorbed.
The H from SDC sediments was higher than that from HR,
implying that PMs are more difficult to desorb from the
sediments of SDC. The sorption-desorption mechanisms
of PMs on sediments were studied as follows.
3.3 SEM and FT-IR analysis

Structural characteristics of sediments are useful to
explain the migration and transformation of PMs in sediments. The SEM images of the two sediments are presented in Figs. 5a and 5b. The aperture and surface area of
both samples indicate that the surface characteristics of
the two sediments are clearly different. The SEM characteristics of HR sediments are like folded sheets, with big
aperture and small surface area. In contrast, the SEM characteristics of SDC sediments are granular, with small aperture but large surface area. On the other hand, the formation
of sediments determines the structural features. HR sediments with little human disturbance are formed after long
periods of deposition. SDC sediments primarily came
from suspended particles of the effluent sewage where the
actions of microorganisms as well as physical and chemical disturbances were intense. The concentration of PMs
in the pore water of SDC corresponded with the SEM images with small aperture, which led to less presence of
PMs. The structural characteristics of the SDC sediments
tended to sorb PMs on surface. The small aperture agreed
with the sorption-desorption characteristics of PMs in
sediments.
As shown in Fig. 5c, the bands of FT-IR for the two
sediments were similar. The intensity of peaks for SDC
sediments was higher than that for HR sediments, suggesting that the former had higher concentrations of functional groups. This could be attributed to the severe influences by industrial and domestic wastewater in SDC.
Bands at 1,500-1,800 cm-1 could be associated with the
absorption of amides, carboxyl groups, and humic compounds [25, 26]. Bands at 2,400-2,300 cm-1 were related
to the absorption of C≡C and C≡N [27]. The bands between 2,850 cm-1 and 2,950 cm-1 were owing to C–H vibrations in –CH3, –CH2, and –CH groups of organic compounds [28]. The regions 3,500–3,700 cm-1 corresponded
well with –OH molecular vibrations in silicates [27]. These
functional groups could bind to the nitrogen and oxygen
from PM molecular structure by coordinates and hydrogen bonds, which induced strong sorption of PMs to sediments.
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FIGURE 5 - Scanning electron microscope (SEM) images of HR sediment (a), SDC sediment (b), and FT-IR spectra (c).

4 CONCLUSIONS
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ABSTRACT
In the present study, the use of waste aluminum filing
as an adsorbent for removal of fluoride (F) from aqueous
solutions has been studied. Series of batch experiments
were carried out to assess parameters that influence the F
adsorption process. The parameters investigated include
adsorbent dose, pH, contact time, interfering anions, adsorbent activation temperature and initial F concentration.
The removal percentage increased with increase in contact
time, adsorbent dose, adsorbent activation temperature, pH,
adsorption temperature and decreasing initial F concentration. The removal of F with interfering anions was reduced in the following order PO43− > HCO3− > CO32− but
Cl−, SO42− and NO3− had no significant effect on F adsorption by adsorbent. The adsorption was found to be endothermic and better fitted to the Freundlich model which
was indicative of multilayer adsorption.

* Corresponding author

Adsorption is one of the most favorable techniques in
defluoridation of aqueous solutions due to its economic,
public acceptance, regulatory compliance, environmentalfriendly and simplicity aspects. Soils and clayey soils [17],
cake alum and polymeric anionic flocculent [18], granular
ferric hydroxide (GFH) [19], fly ash [20], bone char [21],
calcium phosphate [22], zeolites and apophyllite [23], bioadsorbents [24], brick powder [25] as well as different
waste materials, such as kaolin mining tailings [26], waste
of alum manufacturing [27], waste mud [28], spent bleaching
earth [29], iron oxide [30], alum sludge [31], and carbon
slurry [32] were successfully used and proposed for F
removal from aqueous solution.
The present study focused on F removal from aqueous solutions, using low cost and locally available aluminum filing waste.

KEYWORDS:
Adsorption, aluminum filing, fluoride

2 MATERIALS AND METHODS

1 INTRODUCTION
Besides natural weathering, anthropogenic activities,
such as fertilizer, aluminum, steel, ceramics, bricks, and
glass industries, as well as nuclear applications play an
important role in water resource pollution by fluoride (F)
[1-6]. Different studies in Iran have reported on F levels
of drinking water, air, fish, tea, and also removal of F
content from water [7-15]. The effects of high F intake,
especially from drinking water, have been well-documented.
Besides damaging teeth and bones, excessive intake of F is
known to cause a wide range of adverse effects in soft
tissues [10, 14, 16]. As a result, several studies focused on
defluoridation methods of water and industrial
wastewaters.

Aluminum filing was collected from the small aluminum manufacturing units in Gonabad city, washed with
deionized water carefully, and then, heated in an oven at
different desired temperatures ranging from 500-900º C.
The residence time at maximum heat temperature was 4 h.
The effect of adsorbent dose, initial F concentration, pH,
interfering ions and contact time as well as sorption isotherms and adsorbent capacities were studied using batch
sorption experiments. After agitation at 250 rpm, samples
were filtered through Whatman no. 42 filter papers, and
filtrates were analyzed for residual F content using the
SPADNS method with a UNICO UV-2100 spectrophotometer. All experiments, except those mentioned, were
performed at room temperature (23±2 °C), without controlling pH and activation of aluminum filings at 900°C.
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3 RESULTS AND DISCUSSION
F removal as a function of contact time and adsorbent
dose was studied, and the results are shown in Fig. 1. The
dose of adsorbent was varied as 5, 10, 15 and 20 g/L for
the initial F concentration of 10 mg/L. As shown, the
removal percentage increased with increasing adsorbent
dose from 5 to 20 g/L. In the beginning, adsorption rate
was fast but then continued at a slower rate with increasing contact time. This shows that at these doses equilibrium is reached, which is due to overlapping of the active
areas on adsorbent at higher dosage, thus decreasing the
net surface area. In a report on F removal from water using

fresh leaves of trees, with increasing adsorbent doses from
0.5 to 12 g/L, the F removal was increased from 20 to 85%
[33]. Other studies had similar results and reported higher
efficiencies in defluoridation of aqueous solutions with
increasing adsorbent doses [29, 34].
The effect of the aluminum filing activation temperature on defluoridation performance was studied. The results
showed that increasing activation temperatures from 500
to 900 °C increased F removal percentages. With increase
of activation temperature from 500 to 700 °C, F adsorption was more than with an increase from 700 to 900 °C
(Fig. 2).

FIGURE 1 - F adsorption as a function of adsorbent dose and contact time (F = 10 mg/L).

FIGURE 2 - F adsorption as a function of aluminum filings activation temperature.
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FIGURE 3 - F adsorption as a function of initial F concentration (adsorbent dose = 10 g/ L).

To measure the effect of initial F concentration on the
adsorption rate at a fixed adsorbent dose of 10 g/L, different initial F concentrations (5, 10, 15 and 20 mg/L) were
used in the experiments. As shown in Fig. 3, adsorption
rate was decreased as the initial F concentration was raised.
In present adsorptive reaction, the F removal rate varied directly with the concentration of adsorbate (F). The
capacity of the adsorbent got exhausted with increase in
initial F concentration. Other researchers have also reported on lower adsorption rates at higher initial F concentrations when using different adsorbents [33, 34].
In the presence of competing anions, at 200 and
400 mg/ L concentrations, the removal of F was reduced
in the following order: PO43−> HCO3-> CO32− but Cl−,
SO42− and NO3− had no significant effect on F adsorption
by adsorbents.
When 200 mg/L of different competing anions were
added in F solutions, pH of solutions increased from 6.3
to 7.68, 8.23, 6.35, 6.7, 6.38, and 7.1 for HCO3-, CO32−,
Cl−, NO3 −, SO42− and PO43−, respectively. In a study, it
was reported that Cl− and SO42− had negative effects on
adsorption performance of granular ferric hydroxide
(GFH) [19]. Mahramanlioglu et al. [29], in their study on
F adsorption from aqueous solution by acid treated spent
bleaching earth, have reported that presence of sulfate,
nitrate and phosphate reduced the adsorption of F on
adsorbent; the anions decreased the F adsorption in the

order phosphate > sulfate > nitrate [29]. But Nigussie et
al. [27] have concluded that, except bicarbonate, other
examined anions including chloride, sulfate and nitrate
had no significant effects on F adsorption by waste residue from alum-manufacturing process in their experiments [27]. The effect of pH in a range from 2 to 12 on F
adsorption was investigated and shown in Fig. 5. Increasing pH increased removal percentage. In a research, the
efficiency of F adsorption on GFH at different pH values
(6, 7 and 8) was studied, and it was found that highest pH
(pH 8) had highest efficiency on F adsorption. In another
study, for defluoridation of groundwater by brick powder,
pH range from 6-8 has been reported to be optimal. Gupta
et al. [32] also examined the F adsorption on waste carbon slurry in pH values ranging from 2-12, and observed
highest F removal efficiency at pH 8 [32]. It must be
noted that there are some reports on F adsorption by different adsorbents that reported higher efficiencies at lower
pH levels [29, 33]. But Kemer et al. [28] and Nigussie et
al. [27] have reported that pH had no effect on F adsorption by waste residues from alum-manufacturing process
and waste mud, respectively.
The adsorption of F increased with increasing temperature from 20-50 °C, indicating that the adsorption
process was endothermic (Fig. 6). Kemer et al. [28] have
also cited that F adsorption on waste mud is an endothermic process.
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FIGURE 4 - F adsorption as a function of presence of competing anions.

FIGURE 5 - F adsorption as a function of pH (F = 10 mg/L, adsorbent dose= 10 g/L).

FIGURE 6 - F adsorption as a function of adsorption temperature (shaking time = 30 min).
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FIGURE 7 - Isothermal investigation of F adsorption by aluminum filings (F = 10-100 mg/L, adsorbent dose = 10g/L, pH 12 and shaking time
8 h).

Freundlich and Langmuir isotherms are useful models
for description of adsorption processes via different adsorbents. So, in this study, the equilibrium data were
analyzed using Freundlich and Langmuir equilibrium
models to obtain the best fitting isotherm. Equilibrium
adsorption of F was conducted at different concentrations
ranging from 10- 100 mg/L at pH 12. The Freundlich
model refers to surface heterogeneity of adsorbent [35]:
Log (qe)= log kf+ 1/n log Ce
where, 1/n and kf are Freundlich constants, associated
with adsorption intensity and adsorption capacity, respectively. The slope of the line in Fig. 7 is corresponding to
1/n and intercept of the line give kf. In our experiments,
the values of 1/n and kf were obtained to be 2.060 and
2444.5, respectively. Langmuir model assumes uniform
energies of adsorption onto surface and no transmigration
of the adsorbate in the plane of the surface:
1/qe= 1/qm+ 1/qm bCe
where, qe is the adsorbed amount at equilibrium concentration, and Ce, qm and b are the Langmuir constants
responding to adsorption capacity and Langmuir constant
energy of adsorption. Figure 7 shows that Freundlich
model is slightly better fitted than Langmuir model.
Freundlich isotherm considers the heterogeneous adsorption surface and the possibility of multilayer adsorption.
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EFFECTS OF CHLORPYRIFOS ON
ACUTE TOXICITY, MOBILITY AND REGENERATION
OF PLANARIAN DUGESIA JAPONICA
Xiufang Zhang, Hao Tong, Sichao Bi, Qiuxiang Pang, Xinhua Song and Bosheng Zhao*
Laboratory of Developmental and Evolutionary Biology, School of Life Sciences, Shandong University of Technology, Zibo, 255049, P. R. China

ABSTRACT
Planarian worm, a favored animal model in developmental biology, is being recognized as an animal model in
toxicological research. This study was conducted to investigate the acute toxicity, mobility and regeneration performance of chlorpyrifos toward planarians. The 24, 48,
72 and 96-h LC50 values were calculated to be 0.540, 0.428,
0.221 and 0.175 mg L-1, respectively. In planarians exposed to sub-lethal doses of chlorpyrifos, the stimulatory or
hormetic effect at low concentrations, followed by a concentration–response relationship, was observed for locomotor activity. The regeneration IC50 values for eyespots
and auricles were 0.056 and 0.054 mg L-1 for exposure
times of 6 days, respectively.
KEYWORDS: Planarian Dugesia japonica; acute toxicity; motility
assay; regeneration; chlorpyrifos.

1 INTRODUCTION
Chlorpyrifos (CPF) is a broad-spectrum organophosphate insecticide used extensively in both agriculture and
residential environments. The USEPA has eliminated its

use, for it has negative impacts on human health [1].
However, CPF is still extensively used in China as an
agricultural pesticide and termiticide [2]. The toxicity of
CPF has been studied in a variety of species. It is reported
to be involved in multiple mechanisms like causing hepatic dysfunction [3], genotoxicity [4], neurobehavioral [5]
and developmental toxicity [6]. Although the studies of
acute toxic effects and asexual reproduction of CPF on
planarians have been done earlier [7, 8], the information
regarding the mobility and regeneration nature of CPF
toward planarians is scanty, especially the data pertaining
to the locomotor behavioral effects of CPF in planarians.
CPF-induced behavioral deficits could demonstrate CPFinduced neural damage affecting cell replication and disruptions of a variety of brain system [9].
* Corresponding author

Planarians are members of the platyhelminthes and
an important component of the aquatic ecosystem. Traditionally, they have been a favoured animal model in developmental biology, for they have extraordinary regeneration capacity. Nowadays, they are being recognized as an
animal model in toxicological research [10-14]. The high
regenerative power makes them a suitable system for
testing teratogenic effects in adult organisms. The teratogenic alterations during planarians regeneration have been
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used as biomarker for xenobiotics exposure in a freshwater environment [8].
In this study, planarian D. japonica was employed as
a test material. There were two main aims of this study.
First, an acute toxicity test of D. japonica under the effect
of CPF was developed. The second objective of this study
was to conduct mobility and regeneration assays to evaluate the sub-lethal effects of CPF on Planarian D. japonica.
2 MATERIALS AND METHODS
2.1 Test organisms and chemicals

Planarians were originally collected from Chishang
town，Boshan, China. Prior to the beginning of the experiment, planarians (D. japonica) were acclimated to laboratory conditions by holding them in cold boiled water, at least
for 2 weeks. Water was renewed once every 2 days. Animals were fed with raw chicken liver once a week, and
water was renewed after feeding. Seven days before and
during the experiment, planarians were not fed [15].
CPF (purity 98%) was purchased from the AgroEnvironmental Protection Institute, Ministry of Agriculture of China. It was prepared in analytical grade acetone as a carrier solvent.
2.2 Acute toxicity test

A range-finding test was first carried out to determine
the range within which the CPF affected the D. japonica.
Based on the results obtained in range-finding tests, a series
of CPF concentrations between 0.05-1 mg CPF L-1 was
used for the definitive tests in the study. Each group of 20
planarians (1.0-1.2 cm long) were cultured in CPFcontaining water, or in dechlorinated water (controls). All
tests were carried out in 25 ml of test solution and glass
Petri dishes (7.5 cm in diameter) that had been preconditioned for at least 96 h with the same concentration of
CPF. The solutions were renewed every day to achieve
semi-static acute exposure. Observation was made at
every 24 h. Dead planarians were recorded and discarded
daily. The sensitivity of D. japonica to lethal concentrations of CPF was expressed as the concentration that killed
50% of individuals (LC50).
2.3 Mobility measurements

As to mobility measurements, we used a modification
of a published behavioral protocol, which measures changes
in planarian locomotor activity in response to exposure to
experimental substances [16, 17]. Briefly, each individual
was placed into a glass Petri dish (7.5 cm in diameter). The
dish was placed over paper with gridlines spaced 0.5 cm
apart. Prior to behavioral observations, planarians were
placed into glass Petri dishes by adding test solution
(0.025 mg CPF L-1) with or without the CPF for a variable
amount of time. Following CPF treatment, planarians were
transferred to dechlorinated tap water for recovering, and
locomotor activity was measured. Planarian locomotor activ-

ity was quantified as the number of gridlines crossed or
recrossed by each planarian over a 5-min observation
period. Observation period was conducted in a well-lit
room between 10 a.m. and 4 p.m. Each worm was used
only once. Only forward movement of the treated planarians was counted.
A follow-up experiment was conducted to determine
if the locomotor activity varies with CPF exposure concentration. The locomotor activity was measured after a
24-h continuous exposure to CPF (0, 0.001, 0.01, 0.025,
0.05, 0.1, 0.2, 0.4 mg L-1). Locomotor activity was quantified and expressed as above. The observation period was
8 min.
2.4 Regeneration assay

Planarian regeneration assay was measured as previously described [18]. Briefly, worms were decapitated at
a level midway between head and pharynx with a razor
blade, removing heads behind the auricles. The test started
immediately after the removal of heads for beheaded
planarians. Decapitated individuals were observed daily
for 6 days by direct observation in an inverted microscope.
The regenerative capacity of planarian was scored as the
number of the regenerative eyespots and auricles for complete head regeneration in decapitated planarians [11]. A
series of CPF concentrations between 0.02-0.08 mg CPF L-1
was selected for the regeneration assay. The regeneration
test utilized 20 adult planarians per concentration for
culturing. At the same time, 20 individuals selected randomly were exposed to control in which the dechlorinated
water was present. Cultures were maintained for a period
of 6 days with daily CPF solution/dechlorinated water
changes. The regeneration data were used to calculate the
regeneration half-inhibitory concentration (rIC50) in exposure times of 6 d.
2.5 Statistical analysis

All treatments were replicated three times in the experiments. Data presented were means ± SD. LC50 and IC50
values were determined using probit analysis as described
by Zhou and Zhang [19]. One-way analyses of variance
followed by least significant difference tests were performed to compare toxicant-dependent effects with control treatments on each biochemical parameter studied.
Significant differences were established at p < 0.05.
3 RESULTS
3.1 Acute toxicity

There was no mortality in control groups during the
entire treatment. LC50s of CPF for planarians exposed to
water with different CPF concentrations is summarized in
Table 1. The LC50s for adult planarians D. japonica at 24,
48, 72 and 96 h were calculated as 0.540, 0.428, 0.221and
0.175 mg CPF L-1 for the measured concentrations, respectively.
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TABLE 1 - LC50 for planarians exposed to water with different CPF
concentrations.
Exposure
LC50 (mg/L)
95% confidence
Slope
time (h)
interval for means
24
0.540a
0.494- 0.586
2.97
48
0.428b
0.390- 0.466
3.39
72
0.221c
0.142- 0.300
5.93
96
0.175d
0.125- 0.215
7.63
LC50 values were independently calculated in each test for exposure
times of 24, 48, 72 and 96 h.
Means with different letters are significantly different from each other
(P < 0.05) according to the LSD test.

At first, acute exposure to CPF resulted in a slight
concentration-dependent increase in locomotor activity.
Then, the locomotor activity decreased with the increase of
the CPF concentration. Results from that experiment
revealed that CPF decreased planarian locomotor activity
to 50% of the control values at a concentration of about
0.1 mg L-1. Planarian motility was completely abolished
when exposed to 0.4 mg CPF L-1. This concentration is
near to the LC50 value at an exposure time of 24 h. The
effect of CPF exposure concentration on planarian locomotor activity is presented in Fig. 2.
3.3 Regeneration assay

3.2 Mobility measurements

The effect of CPF (0.025 mg/L) exposure time on planarian locomotor activity is presented in Fig. 1. Locomotor
activity in CPF-exposed planarians tested was significantly
less than that of CPF-free planarians tested for all exposure
times excluding 5 min. The peak reduction occurred when
planarians were tested following a maximal CPF exposure
time of 24 h, which produced approximately 59% decrease
in locomotor activity in contrast to the controls. In the
worms exposed to 5 min, locomotor activity increased
compared to the control ones. However, no significant
locomotor activity was observed.

After 4 days of regeneration, a pair of small eyes was
evident within the anterior blastema of control animals.
After 6 days of regeneration, the control planarians fully
accomplished their head regeneration. The regeneration
rIC50 values for eyespots and auricles were 0.056 and
0.054 mg CPF L-1 for exposure times of 6 days, respectively (Table 2). An apparent inverse correlation between
eyespots or auricles appearance and CPF concentration
was observed, although there was no significant difference between control and 0.02 mg L-1 CPF exposure. The
lowest-observed-adverse effect concentration (LOAEC)
value for head regeneration (6 days) was 0.04 mg L-1.

FIGURE 1 - Effects of CPF exposure duration on the degree of locomotor activity in planarians. Planarians were exposed to CPF (0.025
mg/L) for 0, 5, 15, 30, 45, 60 min, and for 24 h, and then tested individually for locomotor activity in water for 5 min. Locomotor activity was
quantified as the number of gridlines crossed or re-crossed over a 5-min interval, and is expressed as the mean± SD of the cumulative locomotor activity. N= 10 planarians per group. *P < 0.05 or **P < 0.01 compared to CPF exposure time of 0 min.
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FIGURE 2 - Effect of CPF on planarian motility. The worms were exposed to CPF at the indicated concentrations for 24 h and then tested
for 8 min. This was plotted as cumulative crosses vs. time. Locomotor activity was quantified as the number of gridlines crossed or re-crossed
over an 8-min interval and is expressed as the mean ± SD.
TABLE 2 - CPF regeneration IC50 (rIC50) for planarians exposed to water with different CPF concentrations.

Each replicate (I, II, III or IV) consisted of four samples of 20 planarians, with each sample cultured in CPF-free water (control) or in water with a given CPF concentration (0.02, 0.04, 0.06 and 0.08 mg/L). Planarians were cultured
for 6 days, with the regeneration stage of each individual in a sample scored by the end of that time.
a
Number of animals in each sample with eyespots or auricles recorded after 6 days of culture in each given experimental condition.
b
Mean values ± SD are shown. *p <0.05, compared to controls (one-way analysis of variance (ANOVA) followed
by the LSD.
c
CPF rIC50 values, expressed in mg L-1, were independently calculated in each test and means ± SD values for both
eyespots and auricles for exposure time of 6 days.

4 DISCUSSION
D. japonica is widely distributed in China, Japan, Korea and southern Siberia [20]. Unfortunately, no literature
data for CPF toxicity to D. japonica could be found. This
study represents the first approach to investigate the acute
toxicity, behavioural and regeneration effects of pesticide
CPF on planarians. In the present study, the CPF 96-h LC50
value obtained for D. japonica is higher than that reported
previously; 0.13 µg L-1 in crustacean Neomysis integer [21],

7.17 µg L-1 for guppy juveniles [22], and 0.085 mg L-1 in
Gambusia yucatana [23]. However, many researchers found
96-h LC50 values of CPF to mosquito fish Gambusia affinis,
South African clawed frog Xenopus laevis and freshwater
fish Gambusia affinis to be 0.297, 2.41 and 0.811 mg L-1,
respectively [24-26]. CPF toxicity reported by Sharbidre et
al. [27] to guppy fish Poecilia reticulate was 0.176 mg L-1.
Behavioral responses of planarians have been studied
in neuropharmacology extensively [28]. Recently, they
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have also been studied in ecotoxicological researches, for
behavioural endpoints are a good link between physiological and ecological effects [13, 18, 28-30]. In planarians
exposed to CPF, the stimulatory or hormetic effect at
low concentrations, followed by a concentration–dependent
decrease of the locomotor activity, was observed. Our previous study on cadmium also showed that the Cd2+ decreased planarian D. japonica locomotor behavior in a
concentration-dependent manner at sub-toxic concentrations [31]. Some authors have reported that CPF enhanced
the locomotor activity in crustacean Amphipoda, Gammarus fossarum, and zebrafish Danio rerio [32, 33].
Roast et al. (2000) [34] suggested that the hyperactivity in
swimming may correspond to an avoidance response
towards chemical stress. The chemosensory systems are
the chemosensory neurons, the specialized neurons [35].
Therefore, an increase in locomotor activity may be due to
the effects of CPF on the nervous system of planarian.
The planarians stimulate the avoidance response.
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Cholinesterase (ChE) activity in planarians was characterized by Li [36]. She showed the presence of both acetylcholinesterase and butyrylcholinesterase in planarians
D. japonica. We suggested that the nervous system may
be damaged with the increase of the CPF concentration.
CPF affects nervous system though inhibiting ChE activity levels in planarian brain. Some researchers thought that
CPF affects nervous system, acts as neuronteratogen and
inhibits DNA synthesis [26, 32].
D. japonica regeneration was significantly delayed by
CPF-exposure in comparison to non-exposed control animals. Planarian regeneration is similar to embryonic development. In the regeneration, the morphogenesis and cell
differentiation occur in the regeneration bud, or blastema,
in order to replace the missing structures [37]. CPF has
been shown to inhibit replication of brain cells, to elicit
alterations in neurontrophic signaling governing cell differentiation and apoptosis [38]. For that reason, we thought
that CPF delay the regeneration of planarians. This can be
due that it exerts its effects on cell differentiation.
5 CONCLUSIONS
Overall, the effects of CPF on critical parameters, including mortality, locomotor activity and regeneration,
were dependent on exposure time and concentration in
exposures. Locomotor activity was the most sensitive parameter for the acetylcholinesterase inhibitor CPF in acute
exposures. The findings in the present study, along with the
unique biological characteristics of planarians, suggest
that the development of planarians as a potential model
for toxicological studies should be considered.
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THE EFFECT OF THE SUM OF ABSOLUTE VALUES
OF NUTRIENT STATUS INDEXES IN PLANTS OF TWO
HYBRID TYPES OF MAIZE (ZEA MAYS L.) ON DYNAMICS OF
DRY MATTER ACCUMULATION IN INITIAL VEGETATION PERIOD
AT VARIED SOIL NITROGEN AND MAGNESIUM RESOURCES
Piotr Szulc*
Department of Agronomy, Poznań University of Life Sciences, Dojazd 11, 60-632 Poznań, Poland

ABSTRACT

1. INTRODUCTION

The field experiment was conducted at the Department of Agronomy, Poznań University of Life Sciences,
on fields of the Swadzim Teaching and Experimental Station in the years of 2009–2011. It was carried out in a random block design with 3 experimental factors in 4 field
replications. The aim of the experiment was to investigate
the effect of 4 doses of urea (0, 50, 100, 150 kg N.ha-1)
and 2 doses of magnesium (0, 25 kg MgO.ha-1, in the form
of kieserite) on the dynamics of dry matter accumulation in
the initial growth period (BBCH 15-16) in 2 hybrid types
of maize – ES Palazzo [FAO 230-240] and ES Paroli [FAO
250] of the stay-green type (SG). It was found that dry
matter in the aboveground parts of a single plant, yield of
dry matter and its content at the 5-6 leaf stage were not
significantly influenced by the dose of nitrogen within the
range 50-150 kg N.ha-1. Recorded values of these traits
differed significantly in relation to the control (0 kg N.ha-1).
The stay-green hybrid was characterized by a significantly
greater vigour of initial growth in comparison to the traditional cultivar. The dynamics of initial maize growth expressed in terms of dry matter accumulation was most
strongly limited by the deficit (a lack of available resource)
of phosphorus in soil. The nutrient status of maize at the 56 leaf stage was to a greater degree determined by weather
conditions than doses of N, Mg, and type of maize hybrid.
Maize grain yield was negatively correlated with the sum
of absolute values of corn nutritional status indexes in the
5-6 leaf stage (BBCH 15-16) but positively correlated
with single plant dry matter of above-ground parts and
dry matter yield in the discussed developmental stage.

KEYWORDS:
Maize, stay-green (SG), nitrogen, magnesium, BBCH 15-16

Maize is a staple crop in Poland facilitating a balance
of energy and protein in the nutrition of all groups of animals. Apart from the genetic factor (hybrid), amount of
grain yield is affected by fertilization with nitrogen, obviously with retaining ratios to other mineral elements [1].
Maize has considerable nutrient and fertilizer requirements,
particularly in relation to nitrogen [2] while, at the same
time, exhibiting low sensitivity to overdoses of this nutrient. For this reason, doses of nitrogen fertilizers applied in
farming practice under maize are frequently higher than it
would result from its actual needs. High doses of nitrogen
fertilizers applied before sowing at a long interval from
sowing to maize emergence pose a risk of nitrogen leaching,
especially at higher precipitation levels. Additionally, as a
consequence of maize cultivation at wide inter-row spacing (approx. 70 cm), before a plant forms a deep root
system capable of absorbing minerals broadcast in a mineral
fertilizer, it is no longer available [3]. According to Maidl
[4], maize to mid-June forms only 25% final root mass, of
which over 90% is located in the vicinity of the seeding row.
Księżak et al. [5] reported that the application of large
doses of nitrogen, particularly on light soils, poses a threat
for the environment, as it might lead to the accumulation
of nitrates in soil, contamination of ground waters, and
eutrophication of water-bodies. For this reason, in order to
fully utilize the yielding potential of maize, it is necessary
to apply nutrients, including nitrogen, so that their uptake
by maize is consistent with its rhythm of growth [6]. At
the stages from the 6th to the 12th leaf, maize develops the
potential yield structure, since, at that time, ears of corn are
set and the number of rows in the ear is determined [7].
Binder et al. [8] showed that a delay in the application of
nitrogen to the 6th leaf stage reduced yield of grain in
maize by 12%.

* Corresponding author

The hypothesis of the conducted experiment assumed
that hybrids of maize (their types) exhibit a varied sensi-
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tivity to temperature conditions in the initial growth period, which may determine the varied accumulation of dry
matter in that period. Thus, the aim of the conducted field
experiments was to determine the dynamics of initial growth
in two types of maize hybrids, expressed in terms of dry
matter accumulation under varying soil resources of nitrogen and magnesium. Additionally, to order nutrients in
terms of the power, with which they reduce dry matter
accumulation at the juvenile phase of maize (BBCH 1516); the diagnosis and recommendation integrated system
developed by Beaufils [9] was applied in this study.
2. MATERIALS AND METHODS

soil; 44.0 mg Mg.kg-1 of soil); 2010 (37.8 mg P.kg-1 of
soil; 97.1 mg K.kg-1 of soil; 40.0 mg Mg.kg-1 of soil); 2011
(61.2 mg P.kg-1 of soil; 54.8 mg K.kg-1 of soil; 81.0 mg
Mg.kg-1 of soil).
2.2. Temperature and moisture conditions

The years of the study varied greatly in terms of temperature and precipitation conditions in the discussed period of maize development (Table 2). The greatest amount of
precipitation was found in the year 2010, while it was
lowest in 2011. Mean daily air temperature was highest in
2011, while it was lowest in 2010.
TABLE 2 - Weather conditions in the period from sowing to the 5-6
leaf stage (BBCH 15-16).

2.1. Experimental field

The field experiments were conducted at the Department of Agronomy, at the Poznań University of Life Sciences, on the fields of the Swadzim Teaching and Experimental Station in the years 2009–2011. They were carried
out in a random block design (split-split-plot) with 3 experimental factors in 4 field replications (Table 1). The
experiment investigated the effect of 4 doses of urea (0,
50, 100, 150 kg N.ha-1), 2 doses of magnesium (0, 25 kg
MgO.ha-1, in the form of kieserite), on the dynamics of
dry matter accumulation in the initial vegetation period in
2 hybrid types of maize, i.e. ES Palazzo [FAO 230-240]
and ES Paroli [FAO 250] of the stay-green type (SG).
Phosphorus at a dose of 80 kg P2O5.ha-1 was applied
in the form of 46% P2O5 pelleted triple superphosphate,
while potassium was supplied at a dose of 120 kg K2O.ha-1
in the form of 60% K2O potash salt. Nitrogen was applied
in accordance with the experimental design. Nitrogen,
phosphorus, potassium fertilizers and kieserite were sown
before corn sowing. They were traditionally broadcast on
soil surface. Maize was sown with a 4-row fertilizer drill
by Monosem. Maize sowing rate in all the fertilizer combinations was the same and amounted to 7.93 pcs.m -2
(79.300 pcs.ha-1). Winter wheat was a forecrop plant for
maize in each year of the research. Soil concentrations of
phosphorus, potassium and magnesium in the soil profile
of 0-25 cm in the individual years of research were as follows: 2009 (36.1 mg P.kg-1 of soil; 121.2 mg K.kg-1 of

Specification
Total precipitation in the period
from sowing to 5-6 leaf stage [mm]
Mean air temperature in the period
from sowing to 5-6 leaf stage [°C]
Mean soil temperature at a depth of 10 cm
in the period from sowing to 5-6 leaf stage [° C]

Years
2009

2010

2011

129.1

142.3

21.3

14.5

13.9

14.8

12.6

10.5

11.4

2.3. Methods of determination

At the 5-6 leaf stage (BBCH 15-16), plant samples
were collected from two central rows of each plot, and
next roots were separated from the aboveground parts.
Plant samples (8 plants) were collected in the 5-6 leaf
stage (BBCH 15-16) from two middle rows of each plot,
and then roots were separated from above-ground parts.
After plant drying in a dryer (95 oC), dry matter in maize
seedlings and single plant dry matter were assessed.
An analysis of the concentration of mineral components in the dry matter (d.m.) was performed at the laboratory of the Department of Agronomy, Poznań University of Life Sciences. Furthermore, potassium and
calcium were determined using a Flapho 40 flame spectrophotometer, while phosphorus and magnesium were identified using a Spekol 11 colorimeter. In the present study,
nitrogen content in dry matter was assessed using the
Kjeldahl method with the KjeltecTM 2200 FOSS apparatus.

TABLE 1 - Field diagram of the experiment (I-IV – field repetitions, a – hybrid ES Palazzo, b – hybrid ES Paroli SG).

IV

III

II
I

150 kg N.ha-1
100 kg N.ha-1
50 kg N.ha-1
0 kg N.ha-1
25 kg MgO.ha-1 0 kg MgO.ha-1 25 kg MgO.ha-1 0 kg MgO.ha-1 25 kg MgO.ha-1 0 kg MgO.ha-1 25 kg MgO.ha-1 0 kg MgO.ha-1
b
a
a
b
b
a
a
b
b
a
a
b
b
a
a
b
100 kg N.ha-1
0 kg N.ha-1
150 kg N.ha-1
50 kg N.ha-1
0 kg MgO.ha-1 25 kg MgO.ha-1 0 kg MgO.ha-1 25 kg MgO.ha-1 0 kg MgO.ha-1 25 kg MgO.ha-1 0 kg MgO.ha-1 25 kg MgO.ha-1
a
b
b
a
a
b
b
a
a
b
b
a
a
b
b
a
50 kg N.ha-1
150 kg N.ha-1
0 kg N.ha-1
100 kg N.ha-1
25 kg MgO.ha-1 0 kg MgO.ha-1 25 kg MgO.ha-1 0 kg MgO.ha-1 25 kg MgO.ha-1 0 kg MgO.ha-1 25 kg MgO.ha-1 0 kg MgO.ha-1
b
a
a
b
b
a
a
b
b
a
a
b
b
a
a
b
0 kg N.ha-1
50 kg N.ha-1
100 kg N.ha-1
150 kg N.ha-1
0 kg MgO.ha-1 25 kg MgO.ha-1 0 kg MgO.ha-1 25 kg MgO.ha-1 0 kg MgO.ha-1 25 kg MgO.ha-1 0 kg MgO.ha-1 25 kg MgO.ha-1

2626

© by PSP Volume 22 – No 9. 2013

a

b

b

Fresenius Environmental Bulletin

a

a

b

b

a

Values of indexes were calculated based on the following equations [10]:
I (N) =
I (P) =
I (K) =
I (Ca) =
I (Mg) =

[(N/P) + (N/K) – (Mg/N) – (Ca/N)]
4
[(P/Mg) - (N/P) – (K/P) – (Ca/P)]
4
[(K/P) - (N/K) – (Ca/K) – (Mg/K)]
4
[(Ca/N) + (Ca/P) + (Ca/K) – (Mg/Ca)]
4
[(Mg/N) + (Mg/K) - (P/Mg) + (Mg/Ca)]
4

N, P, K, Ca, and Mg concentration of nutrients in
percent.
Only the ratios between the contents of elements were
calculated, called also a form of relationships. Index, e.g.
I/N is the numerical value for nitrogen, which shows the
balance in an examined plant sample in comparison with
other nutrients. It is calculated as mean of all function values and is related to a specific element. The indices are
compared to assess their relative value (deficiency or excess) in a given plant sample, which was made only in the
present study.
3. RESULTS AND DISCUSSION
The obtained results show significance of weather
conditions, varying in the years of the research, on the
values of accumulated single plant dry matter (Table 3),
dry matter yield (Table 4), and dry matter content (Table 5)
in the 5-6 leaf stage of maize. On average for the years, the
highest values of investigated traits, irrespective of the analyzed experimental factors, were recorded in 2011 (1.68 g
and 122.05 kg ha-1, 14.53%), and the lowest in 2010 (0.92 g
and 68.24 kg ha-1, respectively; 13.05%). It needs to be
stated that the lowest vigour of initial growth in maize,
expressed by the dynamics of dry matter accumulation,
occurred in 2010, characterized by a cool spring and, at
the same time, the highest total precipitation in the period
from sowing to the 5-6 leaf stage (Table 2). Kruczek and
Sulewska [11] reported that the reason for the lower yields
of maize is connected with less advantageous soil conditions and adverse weather conditions, observed particularly
at initial stages of maize growth and development, which
was also shown in this study. Synthetically speaking, for
the period of the three years of the study, the doses of nitrogen and the type of maize hybrid significantly determined dry matter of aboveground parts of a single plant,
yield of dry matter and its content at the 5-6 leaf stage
(Tables 3, 4, 5). Significantly, the lowest dry matter in the
aboveground parts of a single plant and the yield of dry
matter were found for the dose of 0 kg N.ha-1, in comparison to the 3 other N fertilization levels, for which the
values of analyzed traits were statistically the same. In
case of dry matter contents in the discussed development
phase of maize, significantly, the lowest dry matter con-

a

b

b

a

a

b

b

a

tent was recorded for the dose of 0 kg N.ha-1 (13.54%)
and the highest one for the dose of 150 kg N.ha-1 (14.51%)
– Table 5. Usually, an increase in nitrogen dose is followed
by a decrease in plant dry matter. Own research from a
synthetic perspective demonstrated the opposite relationship between dry matter content and nitrogen dose size. It
resulted from weather conditions (mainly humidity) in
2011. It was a factor determining dry matter content in the
5-6 leaf stage of maize. One should note that under conditions of limited water uptake, concentration of nitrogen
(nitrate form) in soil solution grows, which increases nitrogen uptake and dry matter accumulation in a plant in the
juvenile stage [12]. In turn, when investigating the effect of
the type of maize hybrid on the dynamics of initial growth,
expressed as rate of dry matter accumulation, it was found
that cv. ES Paroli SG produced significantly greater dry
matter in the aboveground parts of a single plant, yield of
dry matter and the content of dry matter, in comparison to
cv. ES Palazzo. These differences amounted to 0.13 g,
15.17 kg.ha-1, and 0.26 % points. Also, in earlier studies
by the authors [13, 14], it was stated that the stay-green
cultivar was characterized by a significantly greater vigour of initial growth, expressed in terms of dry matter accumulation, in comparison to the traditional hybrid. In this
study, an interaction between the doses of nitrogen and the
type of maize hybrid was also found in the modification of
TABLE 3 - Dry matter in the aboveground parts of a single plant at
the BBCH 15-16 stage (g).
Factor
Level of factor
Dose of
nitrogen
kg.ha-1
LSD 0.05
Dose of
magnesium
kg MgO.ha-1
LSD 0.05
Type of hybrid

0
50
100
150
0
25
ES Palazzo
ES Paroli SG

LSD 0.05
Mean
ns – difference non-significant

2009
1.20
1.43
1.48
1.40
ns
1.39
1.37

Years
2010
0.86
0.98
0.93
0.90
ns
0.88
0.95

2011
1.42
1.67
1.81
1.82
0.261
1.73
1.63

Mean
1.16
1.36
1.41
1.37
0.125
1.33
1.32

ns
1.37
0.39
ns
1.38

ns
0.88
0.95
ns
0.92

ns
1.53
1.83
0.191
1.68

ns
1.26
1.39
0.078
-

TABLE 4 - Yield of dry matter in maize at the BBCH 15-16 stage
(kg.ha-1).
Factor
Level of factor
0
Dose of
50
nitrogen
100
kg.ha-1
150
LSD 0.05
Dose of
0
magnesium
.
-1 25
kg MgO ha
LSD 0.05
ES Palazzo
Type of
hybrid
ES Paroli SG
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2009
92.65
110.47
115.71
107.05
ns
107.81

Years
2010
64.81
73.93
69.14
65.10
ns
65.73

2011
105.05
123.95
132.35
126.86
17.96
125.54

87.50
102.79
105.74
99.67
11.370
99.70

105.13

70.76

118.57

98.15

ns
103.70
109.24

ns
62.16
74.33

ns
108.17
135.94

ns
91.34
106.51

Mean
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ence described above, for the interaction of doses of nitrogen with the type of maize hybrid in the modification of dry
matter accumulation in the initial period of maize growth,
was also shown by the author in an earlier publication [13].

LSD 0.05
ns
6.790
13.839
5.851
Mean
106.47
68.24
122.05
ns – difference non-significant
TABLE 5 - Dry matter content at the BBCH 15-16 stage (%).
Factor
Level of factor
0
Dose of
50
nitrogen
100
.
-1
kg ha
150
LSD 0.05
Dose of
0
magnesium
25
kg MgO.ha-1
LSD 0.05
ES Palazzo
Type of
hybrid
ES Paroli SG
LSD 0.05
Mean
ns – difference non-significant

2009
14.49
14.16
14.39
14.65
ns
14.39

Years
2010
12.17
12.97
13.29
13.76
0.832
13.08

2011
13.97
14.60
14.45
15.12
0.772
14.48

14.45

13.01

14.58

14.02

ns
14.32
14.52
ns
14.42

ns
13.26
12.84
0.326
13.05

ns
14.03
15.03
0.343
14.53

ns
13.87
14.13
0.170
-

Mean
13.54
13.91
14.04
14.51
0.302
13.98

the amount of dry matter in a single plant (Fig. 1A), and the
yield of dry matter (Fig. 1B) at the 5-6 leaf stage (BBCH
15-16). These dependencies were described by 2 equations,
whereas for cv. ES Paroli SG the values of the discussed
traits were higher than those of cv. ES Palazzo. The depend-

In the case of N, P, K, Ca, Mg and Na contents in dry
matter of maize plants at the 5-6 leaf stage (BBCH 15-16),
the direction of changes under the influence of the tested
experimental factors in all the years was similar, and the
statistically confirmed interaction resulted only from the
difference in the power of action of the factor in the individual years of the experiment. Thus, in order to present the
dependence in a more comprehensive manner, it was decided in this study to present the effect of doses of nitrogen,
magnesium and the type of maize hybrid on these traits by
using mean values from the years of the analyses (Table 6).
It was shown that the doses of nitrogen and magnesium did
not have a significant effect on the contents of these macronutrients in dry matter at the juvenile phase of maize. On
average for the years of the study, the type of maize hybrid significantly modified contents of N, P and Mg in dry
matter of maize at the discussed development phase. Significantly greater contents of these macronutrients were
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FIGURE 1 - Dry matter of a single plant (A) and yield of dry matter (B) at the BBCH 15-16 stage, depending on the type of maize hybrid and
level of nitrogen fertilization (2009-2011).
TABLE 6 - Concentration of macronutrients in dry matter of maize at the BBCH 15-16 stage (2009-2011).
Factor
Level of factor
0
50
100
150

Dose of nitrogen kg N.ha-1
LSD 0.05
Dose of magnesium kg MgO.ha-1

0
25

LSD 0.05
ES Palazzo
ES Paroli SG

Type of hybrid
LSD 0.05

N

P

38.98
39.16
39.41
40.06
ns
39.32
39.48
ns
39.74
39.06
0.524

2.80
2.68
2.52
2.53
ns
2.66
2.60
ns
2.68
2.58
0.099

K
Ca
g.kg-1 of dry matter
44.64
0.70
44.31
0.74
42.08
0.73
41.19
0.71
ns
ns
43.17
0.71
42.95
0.73
ns
ns
43.00
0.74
43.12
0.71
ns
ns

Mg

Na

2.17
2.22
2.19
2.28
ns
2.20
2.23
ns
2.39
2.04
0.094

0.57
0.51
0.60
0.54
ns
0.57
0.54
ns
0.55
0.56
ns

ns – difference non-significant

TABLE 7 - Correlation coefficients between contents of nutrients and dry matter of a single plant at the 5-6 leaf stage, irrespective of dose of
magnesium (2009-2011).
Factor

ES Palazzo

N

ES Palazzo

ES Paroli SG

0 kg N.ha-1

ES Palazzo

ES Paroli SG

50 kg N.ha-1

ES Palazzo

ES Paroli SG

100 kg N.ha-1

ES Paroli SG

150 kg N.ha-1

N
P
K
Mg
Na
Ca
DMSP
N
P
K
Mg
Na
Ca
DMSP
N
P
K
Mg
Na
Ca
DMSP
N
P
K
Mg
Na
Ca
DMSP
N
P
K
Mg
Na
Ca
DMSP
N
P
K
Mg
Na
Ca
DMSP
N
P
K
Mg
Na
Ca
DMSP
N
P
K
Mg
Na
Ca
DMSP

1
0.45
0.37
0.46
-0.39
0.02
0.66*
1
0.83*
0.90*
0.47
0.17
-0.35
0.83*
1
0.92**
0.41
0.53
0.63
-0.51
0.75*
1
0.91*
0.92**
-0.02
0.79
-0.60
0.44*
1
0.88*
0.69
0.35
0.51
-0.57
0.28
1
0.81*
0.87*
0.45
-0.24
-0.08
0.95**
1
0.97**
0.69
-0.07
0.12
-0.59
0.72
1
0.91**
0.58
0.57
0.51
-0.35
0.83**

P

K

Nutrients
Mg

Na

Ca

DMSP

1
0.96*
-0.52
0.49
-0.83*
0.26

1
-0.60
0.49
-0.81*
0.11

1
-0.93**
0.86*
0.57

1
-0.89*
-0.60

1
0.23

1

1
0.92**
0.09
0.48
-0.63
0.68

1
0.28
0.24
-0.38
0.84*

1
-0.75
0.59
0.55

1
-0.96*
-0.04

1
-0.03

1

1
0.53
0.36
0.77
-0.66
0.57

1
0.62
0.01
0.14
0.56

1
-0.27
0.41
0.38

1
-0.97**
0.16

1
0.01

1

1
0.87*
-0.16
0.88*
-0.71
0.23

1
0.01
0.66
-0.40
0.61

1
-0.53
0.66
0.44

1
-0.95**
-0.06

1
0.31

1

1
0.67
0.14
0.60
-0.68
0.36

1
0.77
-0.15
0.04
0.52

1
-0.56
0.49
0.50

1
-0.98**
-0.17

1
0.18

1

1
0.49
0.03
0.29
-0.55
0.75

1
0.68
-0.57
0.30
0.90*

1
-0.92**
0.80
0.60

1
-0.94**
-0.34

1
0.07

1

1
0.66
0.01
0.11
-0.57
0.74

1
0.48
-0.55
0.12
0.80

1
-0.88*
0.78
0.50

1
-0.85*
-0.51

1
0.01

1

1
0.35
0.25
0.66
-0.64
0.68

1
0.82*
-0.22
0.33
0.66

1
-0.29
0.50
0.74

1
-0.89*
0.01

1
0.08

1
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DMSP – Dry matter of a single plant. significance level: *P < 0.05;**P < 0.01

recorded for hybrid ES Palazzo in comparison to cv. ES
Paroli SG. This difference for nitrogen was 0.68 g.kg-1
d.m., for phosphorus 0.1 g.kg-1 d.m., while for magnesium
it was 0.35 g.kg-1 d.m. (Table 6). In order to determine the
dependence between contents of individual nutrients and
dry matter in the aboveground parts of a single plant, correlation coefficients were determined between analyzed traits
(Table 7). However, due to a lack of a significant effect of
the doses of magnesium on values of these traits, these
considerations pertain solely to doses of nitrogen and the
type of maize hybrid. It was shown that dry matter in the
aboveground parts of a single plant is significantly correlated with the contents of nitrogen for both analyzed types
of maize cultivars at the fertilization levels of 0 kg N.ha-1
and 50 kg N.ha-1 (Table 7). For the higher level of nitrogen fertilization, i.e. for doses of 100 kg N.ha-1 and 150 kg
N.ha-1, only for cv. Es Paroli SG, a strict dependence was
shown between dry matter in a single plant and contents
of nitrogen in the plant. Moreover, significant correlations
were found in cv. ES Paroli SG between the contents of
potassium and dry matter in a single plant at the 5-6 leaf
stage. Such a dependance was found for doses of 0 kg N.ha-1
and 100kg N.ha-1 (Table 7). In turn, for each dose of nitrogen and the type of maize hybrid, a negative dependence
was observed between concentration of Na and Ca in dry
matter of maize.
None of the analyzed experimental factors determined
significantly the uptake of phosphorus and calcium from
dry matter of a single plant, and with the yield of dry
matter at the 5-6 leaf stage (Table 8). Doses of nitrogen
modified significantly only the uptake of nitrogen, magnesium and sodium. The significantly lowest values of uptake
for the above-mentioned nutrients were found for the dose
of 0 kg N.ha-1 in comparison to the three other doses of nitrogen, for which values of the discussed traits were statistically
the same (Table 8). In turn, the type of maize hybrid significantly modified uptake of nitrogen, magnesium and sodium.
Significantly greater accumulation of nitrogen, potassium
and sodium from dry matter of maize plants at the 5-6 leaf
stage was observed in hybrid ES Paroli SG in relation to
cv. ES Palazzo. The difference between the analyzed
cultivars was as follows: N (4.21 mg.plant-1, 0.54 kg.ha-1),
K (5.49 mg.plant-1, 0.65 kg.ha-1), Na (0.09 mg.plant-1,

0.02 kg.ha-1) – Table 8. In turn, in a study by Szulc [15],
apart from the greater uptake of nitrogen and potassium,
also significantly greater uptake levels of calcium and sodium were recorded in comparison to the traditional cultivar.
Analyses of plants may supply an extensive body of
essential information on the agrisystem, particularly contents and ratios of elements in plants, which may constitute the basis for the development of fertilization recommendations [16]. One of the methods using contents and
ratios of elements in the plant for the assessment of plant
nutrient supply is offered by the diagnosis and recommendation integrated system developed by Beaufils [9]. This
method makes it possible to order nutrients in terms of the
power, with which they limit yields. Thus, DRIS indexes
are a relative measure of nutrient deficit or excess as well
as a relative measure of a balanced nutrient status in plants
[17]. In this study, no significant effect was shown for any
of the tested experimental factors on nutrition of maize
plants at the 5-6 leaf stage. The sums of absolute values for
nutrient status at individual levels of experimental factors
were as follows: (0 kg N.ha-1 = 21.6; 50 kg N.ha-1 = 22.5;
100 kg N.ha-1 = 22.8; 150 kg N.ha-1 = 22.9; 0 kg MgO.ha-1
= 22.4; 25 kg MgO.ha-1 = 22.5; ES Palazzo = 22.5; ES
Paroli SG = 22.4). Thus, the balance of deficits and excesses of macronutrients in dry matter of maize plants at
the 5-6 leaf stage for individual years is given in Fig. 2. In
each of the three years of the study, the volume of yield of
dry matter in maize at the discussed development phase,
irrespective of the analyzed experimental factors, was most
strongly limited by the deficit (no possible uptake) of phosphorus. As it was reported by Kruczek and Szulc [3], slow
initial growth caused by too low soil temperatures in the
vegetation period of maize results from a reduced uptake
of water and nutrients, particularly phosphorus [18]. Low
soil temperature increases viscosity of the soil solution
and reduces the rate of diffusion [19, 20], thus decreasing
the amount of phosphorus reaching the root surface to be
absorbed. An increase in soil temperature by 1 °C causes
an increase in the contents of phosphorus in the soil solution by 1-2 % [21]. At present, the only method increasing
availability of phosphorus in early stages of maize growth
and development is placing a fertilizer in immediate prox-

TABLE 8 - Uptake of macronutrients with dry matter of maize at the 5-6 leaf stage (BBCH 15-16) in 2009-2011.
Factor
Levels of factor
Dose of
nitrogen
kg N.ha-1
LSD 0.05
Dose of
magnesium
kg MgO.ha-1
LSD 0.05
Type of

0
50
100
150
0
25
ES Palazzo

N

P

K

mg.plant1
45.70
53.94
56.15
56.08
5.884
53.11
52.82

kg.ha1
3.42
4.05
4.20
4.04
0.438
3.95
3.91

mg.plant1
3.35
3.75
3.67
3.64
ns
3.67
3.53

kg.ha1
0.25
0.28
0.27
0.26
ns
0.27
0.26

mg.plant1
52.50
61.21
60.08
57.52
ns
58.17
57.48

kg.ha1
3.93
4.60
4.50
4.15
ns
4.33
4.26

ns
50.86

ns
3.66

ns
3.48

ns
0.25

ns
55.08

ns
3.97
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Mg
mg.plant1
kg.ha1
2.60
0.19
3.12
0.23
3.17
0.23
3.25
0.23
0.378
0.028
3.04
0.22
3.03
0.22
ns
3.12

ns
0.22

Ca
mg.plant1
kg.ha1
0.84
0.06
1.08
0.08
1.08
0.08
1.00
0.07
ns
ns
0.99
0.07
1.01
0.07
ns
1.01

ns
0.07

Na
mg.plant1
kg.ha1
0.65
0.04
0.71
0.05
0.83
0.06
0.72
0.05
0.076
0.005
0.74
0.05
0.72
0.05
ns
0.68

ns
0.04
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4.20
0.238

3.72
ns

0.28
ns

60.57
3.493

4.62
0.258

2.95
ns

0.22
ns

0.99
ns

0.07
ns

0.77
0.046

0.06
0.003

ns – differences non-significant

FIGURE 2 - Relative deficit or excess of nutrients in dry matter of maize (BBCH 15-16) in individual years.

imity of seeds [22-24]. Such a method of fertilizer application is called row, starter or localized placement. It consists of placing a fertilizer 5 cm deeper, and at a distance of
5 cm from seeds [3], and results in better supply of young
plants with nutrients, accelerates their vegetation [23], and
positively affects grain yield [3]. Starter fertilization enables also limitation of phosphorus dose [25] owing to its
better utilization in a year of application, and reduces the
rate of its immobilization in soils with low content of this
nutrient. In addition, this method of phosphorus application causes placement of the nutrient in a deeper, moister
soil layer, thereby resulting in its better uptake [26].
One of the functions of roots is to absorb nutrients
from the substrate. Maize plants due to their rapid growth
have a very well developed root system, which supplies
them with an adequate amount of water and nutrients. As
it was reported by Sowiński et al. [27], at low temperature, the root pressure, responsible for mineral supply for
the shoot, is observed to decrease. Ching and Barber [19]
showed that growth rate of roots in maize at a temperature
of 15 °C was by ½ slower than at 29 °C. Dibb et al. [28]
found that an increase in soil temperature from 5 to 27 °C
results in approx. 4-fold growth of the aboveground parts in
maize, while that of phosphorus uptake was 275%. Root
growth is then by 7600% greater in relation to the aboveground parts. Statements presented above clearly show that
the main cause for the deficit of phosphorus was not a lack
of this nutrient in soil, but the fact that plants could not
absorb it at low temperatures.

In 2009, soil temperature at a depth of 10 cm was
12.6 °C [I (P) = -6.1], in 2010, it was 10.5 °C [I (P) = -7.8],
while for 2011, it was 11.4 °C [I (P) = -9.9]. The deficit of
phosphorus in the juvenile period of maize is thus a classical example for the action of the law of minimums. In
view of the rule, it is not possible to utilize the yielding
potential of the crop at a deficit of even a single mineral
nutrient, as it was shown and confirmed herein. The sum
of absolute values of nutrient status indexes indicates that
nutrient status of maize in 2009 differed from the nutrient
equilibrium status by 22.5 points, in 2010 by 25.10 points,
while in 2011, it was by 19.90 points (Fig. 2). This means
that the yield of dry matter in maize in 2011 was closest
to the optimal nutrient equilibrium status, resulting in the
obtaining - irrespective of experimental factors - of the highest dry matter from a single plant and the yield of dry
matter (Table 9). Moreover, in this study, a dependence
was observed between the nutrient status of a plant expressed
in the sum of absolute values of the nutrient deficit/excess
indexes and dry matter of a single plant, yield of dry matter, and yield of grain (Table 9). A trend may be observed
indicating that the lower the nutrient status indexes, the
higher the values of dry matter in a single plant as well as
yield of dry matter and yield of grain. In order to determine the dependence between nutrient status of maize at
the 5-6 leaf stage (BBCH 15-16) and the level of generative
yield (yield of grain), correlation coefficients were determined between analyzed traits (Table 10). It was shown
that the lower the sum of absolute values, the higher the
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yield of grain (correlation coefficient - 0.49). A better
nutrient equilibrium at the juvenile phase of maize also
determined a greater dynamics of dry matter accumula-

tion, which, in turn, is positively correlated with the yield
of grain correlation coefficients for dry matter of a single

TABLE 9 - Dependencies between sum of absolute values of nutrient status indexes in maize plants at the 5-6 leaf stage and dry matter of a
single plant at the 5-6 leaf stage, yield of dry matter at the 5-6 leaf stage, and yield of grain.

Year

Sum of absolute values of nutrient status
indexes

2009
2010
2011

22.5
25.1
19.9

Dry matter of a single
plant
[g]
1.38
0.92
1.68

Yield of dry matter
[kg.ha-1]

Yield of grain
[dt.ha-1]

106.47
68.24
122.05

75.86
71.25
88.97

TABLE 10 - Correlation coefficients between observed traits.
Dry matter of a single plant at
the BBCH 15-16 stage
[g]
Dry matter of a single plant at the BBCH 15-16 stage [g]
1
Yield of dry matter at the BBCH 15-16 stage [kg.ha-1]
0.98**
Sum of absolute values of nutrient status indexes
-0.39**
Yield of grain [dt.ha-1] d.m.
0.42**
** significant at P=0.01
Specification

plant (0.42) and yield of dry matter (0.49). The results
recorded in this study confirm earlier literature reports by
the author [29], in whose opinion good initial vigour of
maize, expressed in terms of dry matter of a single plant
and yield of dry matter as well as adequate plant nutrition
in the juvenile phase, determines the amount of grain
yield and, at the same time, guarantees the utilization of
yielding potential of maize hybrids.
4. CONCLUSIONS
1. The amount of dry matter in the aboveground parts
of a single plant, yield of dry matter and its content at the
5-6 leaf phase were not significantly determined by the
level of nitrogen fertilization. A significant difference was
only observed between the fertilized objects (50, 100 and
150 kg N.ha-1) and the control (0 kg N.ha-1) in values of
the discussed traits.

Yield of dry matter
at the BBCH 15-16 stage
[kg.ha-1]
1
-0.46**
0.49**

Sum of absolute values
of nutrient status indexes

1
-0.49**

ited by the deficit (no possible uptake) of phosphorus from
the soil.
6. The volume of grain yields in maize was negatively correlated with the sum of absolute values of nutrient
status indexes in maize at the 5-6 leaf stage (BBCH 1516), while it was positively correlated with dry matter in
the aboveground parts of a single plant and the yield of
dry matter at the discussed development phase.
7. Hierarchy of nutrient requirements of maize at the
5-6 leaf stage (BBCH 15-16) in the years of the study
may be ordered as follows: for 2009 and 2010 (P, Ca, K,
N, Mg), but for 2011 (P, Ca, Mg, N, K).

2. The dose of magnesium (25 kg MgO.ha-1) applied
to the soil is not a factor determining dry matter accumulation at the 5-6 leaf phase (BBCH 15-16).
3. Hybrid ES Paroli SG was characterized by a significantly greater vigour of initial growth, expressed in the
dynamics of dry matter accumulation at the juvenile stage
in relation to cv. ES Palazzo.
4. The equilibrium of deficits and excesses of macronutrients in dry matter of maize plants at the juvenile
phase depended on the weather conditions, in the period
from sowing to the 5-6 leaf stage (BBCH 15-16)
5. The dynamics of initial maize growth expressed in
terms of dry matter accumulation was most strongly lim-
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ABSTRACT

through natural sources, such as continental dust, volcanic
dust and gas, sea spray, or biogenic particles [2, 3]. The

In this study, the concentrations of cadmium (Cd),
chromium (Cr), copper (Cu), iron (Fe), nickel (Ni), manganese (Mn), lead (Pb) and zinc (Zn) in some selected
nature and cultivated plants and media samples were
determined by inductively-coupled plasma-atomic emission spectrometry (ICP-AES) in Seydişehir industrial area.
It was found that (p<0.05) mean Fe concentration was
higher in the soils, followed by Mn, Ni, Zn, Cr, Cu, Pb
and Cd, on dry weight basis. In some soil samples, the
concentrations of Cd, Cr and Ni exceeded the permissible
limits; however, their accumulation in plants was lower
due to the physical and chemical properties of the soils,
which prevented their translocation to plants. Although
the concentration of Mn was found within the safe limits
in fruiting vegetables, it was above the recommended
international standards in some leafy plant specimens.
Portulaca oleracea has shown its potential as phytoremediation species for most of the selected heavy metals
in the study area.

KEYWORDS:
Heavy metal, soil, edible plants, Seydişehir, Konya

1. INTRODUCTION
Metals have traditionally been classified into categories, such as light, heavy, semimetal, toxic and trace ones,
depending on density, weight, atomic number, and degree
of toxicity. The term ‘‘heavy metals’’ refers to elements
with densities greater than 5.0 g/cm3, and usually also
indicates heavy metals associated with pollution and toxicity [1]. Although heavy metals are natural components
of the environment, they are emitted into the environment

* Corresponding author

mobility and bioavailability of heavy metals depend on soil
characteristics, such as pH, organic matter, cation exchange
capacity, soil redox potential [4], and the biological peculiarities of plant species. Phytoremediation is evolving a
field of science and technology to clean up contaminated
sites [5], and may become an established environmental
clean-up method [6]. The use of native plants for phytoremediation is important because they are often better in
terms of survival, growth and reproduction under environmental stress than plants introduced from other environments. Therefore, it is possible to identify metal-tolerant
plant species from natural vegetation in field sites contaminated by heavy metals [7].
The presence of a metallurgical aluminium processing plant, high emission of vehicles, the usage of
synthetic fertilizers and pesticides in the agricultural area,
and the study area known as “mine region” may cause a
combined metal pollution risk in plants and media samples of Seydişehir. The health risks of heavy metals through
consumption of the edible plants are of great concern and,
therefore, there has not been any research on heavy metals
in the soils and plants of the study area.
The overall objectives of this research are: i) to determine total concentration of heavy metals in soil and
some edible plants growing in contaminated sites, known
as mining and metallurgy industry centres in Seydişehir,
ii) to compare the metal concentration in the non-arable and
arable lands, iii) to assess the heavy metal concentrations of
the soils and some plants with the maximum values admitted by the related literature, and iv) to identify plant species
which have the potential for phytoremediation.
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2. MATERIALS AND METHODS
2.1. Study area and sampling locations

Seydişehir is located at the southwest of Konya on
Suğla tectonic Groove, and nearer to the Taurus Mountains. The soil and plant samples were collected from metalcontaminated sites at various distances (0-10 km) to the
aluminum plant located in the urban area of Seydişehir
(Fig. 1). The region covers an area of about 300 km2 with
latitude from 37o 24’ to 37o 36’ N and longitude from 31o
48’ to 31o 54’ E. It has suitable climatic conditions for
plant production, and most of the soils are currently used
for agricultural production in the area. Sometimes, research area was influenced by a very cold air mass region
of Siberian origin. The area has a semi-arid upper cold
type of Mediterranean climate predominating in the
mountainside behind Mediterranean Sea. The annual
average rainfall is 773.9 mm, and the maximum average
rainfall occurs in December (90.4 mm); minimum (11.3
mm) in August. The annual average temperature is about
11.8 °C. The dominant wind direction is NW-SE formed
by mountains’ direction in Seydişehir [8].
2.2. Sampling and pre-treatments

Some edible wild and cultivated plants were used for
biomonitoring (Table 1). Most of these plants are edible
by local people and widely available from the region. The
media samples of these plants were also investigated for
heavy metal contents.
The plants and soil samples were collected from altitudes of 1130 m in a highly polluted industrial area during
May-August 2010. Soil samples were taken at 0-25 cm
depths in accordance with the principles declared by Jackson [9] from the same sites and location points as the
plants. 60 soil samples and 106 plant samples were collected from 20 localities. The plant samples were taken
from several individuals within each species. Herbariums
of these plants were prepared and nomenclatured. The
taxonomic determination of the plant samples was carried
out according to Davis [10].
2.3. Analytical procedure for heavy metal analysis

Soil samples were air-dried and passed through a 2-mm
stainless steel screen. The pH and EC values (solid:distilled
water = 1:5) of soil/sediment samples were measured using
a pH-meter and an EC(electrical conductivity)-meter, respectively. The organic matter was measured using SmithWeldon method [11]. The soil samples were then digested
with concentrated HNO3:HCl (4:1, v/v) for the determination of total metal contents. The solution was filtered

FIGURE 1 - Distribution of sampling locations in the study area (N1-10: non-arable lands; A1-10: arable lands).

TABLE 1 - Botanical names, used parts for analyses, and collecting localities of the plants examined.
Wild plants
Capsella bursa-pastoris

Used part Localities
leaf
N1, N2-6, N9
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Cultivated plants
Portulaca oleracea

Used part
leaf

Localities
A1-4, A6,7, A9
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Cichorium intibus
Eryngium campestre
Papaver rhoeas
Plantago lanceolata
Robinia pseudo-acacia
Scorzonera cana var. jacquiniana
Tragopogon longirostris var. longirostris
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leaf
leaf
leaf
leaf
leaf
leaf
leaf

N1, N2-6, N8, N10
N1, N2-6, N8,9
N1, N2-5, N8-10
N1, N2-5, N7-9
N1, N2-5, N7, N9,10
N1, N2-5, N7-9
N1, N2-6, N8,9

through Whatman filter paper No. 42, and the filtrate was
directly analysed by ICP-AES for Cd, Cr, Cu, Fe, Mn, Ni,
Pb, and Zn.
The plant samples transported to the laboratory for
analysis were thoroughly washed with running tap water
and rinsed with deionized water to remove any soil/sediment
particles attached to the plant surfaces. Washed samples
were dried at 60 ºC for 72 h to a constant weight, and 0.5 g
of the dried plant samples were then powdered and digested with 2 ml of H2O, 2 ml H2O2 (30%) and 4 ml HNO3,
and heated in a closed system microwave (MARS-5 CEM
Corporation Manufactures in USA, 3100 Smith FarmRoad Matthews, NC 28105-5044). The samples were
brought up to 25 ml and filtered through a Whatman filter
paper No. 42. The amounts of Cd, Cr, Cu, Fe, Mn, Ni, Pb,
and Zn in the extracts were determined by ICP-AES (VistaPro Axial; Varian Pty Ltd, Australia) as described by
Soltanpour and Workman [12]. In order to maximize
accuracy, the results were checked by carrying out a triplicate analysis for all samples. The accuracy was also
checked by parallel determination of reference materials
(SRM-2711 Montana soil, SRM-1547 peach leaf) from

Phaseolus vulgaris
Capsicum annuum
Lycopersicon esculentum
Abelmoschus esculentus
Vitis vinifera

fruit
fruit
fruit
fruit
leaf

A2,3, A5-8, A10
A2-7, A9
A1-4, A6-8
A1-4, A6, A9,10
A2-4, A6-9

the National Institute of Standards and Technology
(NIST).
2.4. Statistical analysis

The data were subjected to one-way analysis of variance (ANOVA), with Fisher’s least-significant difference
procedure (LSD) and standard deviation (SD), using the
software program MSTAT-C.
3. RESULTS
3.1. Heavy metals in non-arable lands

The soil properties of the study area have moderate
organic matter (2.06-3.09%), clayey-loamy in texture,
neutral in pH (7.04-7.51) and with low salinity (EC =
111.3-180.6 µs/cm). The mean heavy metal concentration
of the soil samples and the acceptable levels in the published literature are given in Table 2. It was found that
(p<0.05) the mean Fe concentration (7170.62 mg/kg) was
higher in the region, followed by Mn (148.77 mg/kg), Ni
(43.48 mg/kg), Zn (34.05 mg/kg), Cr (30.73 mg/kg), Cu
(22.67 mg/kg), Pb (5.64 mg/kg), and Cd (0.15 mg/kg), on
dry weight (dw) basis.

TABLE 2 - Mean concentrations (mg/kg dw) of heavy metals in non-arable soils (P<0.05) of the study area and tolerance limits.
Locality
Cd
Cr
Cu
Fe
Mn
N1
0.24 c
19.82 b
10.01 de
10020 a
209.0 ab
N2
0.24 b
96.21 a
8.08 e
8021 c
223.9 a
N3
0.14 e
14.12 cd
10.28 de
9036 b
139.7 d
N4
0.07 g
7.67 f
9.77 de
4237 e
167.4 c
N5
0.35 a
94.02 a
9.75 de
10840 a
205.0 b
N6
0.15 d
19.89 b
94.40 a
10350 a
134.2 d
N7
0.04 h
12.19 de
3.48 f
5601 d
70.92 g
N8
0.04 ı
8.94 ef
36.62 b
2563 f
108.9 e
N9
0.09 f
18.39 bc
14.29 d
3483 e
136.2 d
N10
0.14 e
16.07 b-d
30.02 c
7561 c
92.38 f
Mean
0.15
30.73
22.67
7170.62
148.77
Minimum
0.04
7.67
3.48
2563
70.92
Maximum
0.35
96.21
94.40
10840
223.9
LSD0.05
0.002
4.15
4.59
817.9
16.14
SD0.05
0.0006
1.3
1.44
255.7
5.05
T. Limitb
<0.1
10-80
50-100
NAc
100-400
a
b
c
n = number of samples; [13, 14, 15]; not available; N1-10: Non-arable lands

Ni
17.19 e
162.1 a
12.26 ef
5.28 f
115.3 b
13.42 ef
6.10 f
26.99 d
32.15 d
44.01 c
43.48
5.28
162.1
7.99
2.5
10-50

Pb
5.58 cd
6.28 c
5.26 d
2.28 g
6.23 c
9.41 a
3.11 f
1.04 h
8.13 b
4.12 e
5.14
1.04
9.41
0.83
0.26
2-13.4

Zn
27.35 d
19.29 f
23.89 de
21.16 ef
49.43 b
90.14 a
18.42 f
27.86 d
38.42 c
24.55 de
34.05
18.42
90.14
4.15
1.3
60-780

a

n
3
3
3
3
3
3
3
3
3
3

TABLE 3 - Mean concentrations (mg/kg dw) of heavy metals in some wild edible plants (P<0.05) of the study area and permitted tolerance
limits.
Nature plants
C. bursa-pastoris
C. intibus
E. campestre
P. rhoeas
P. lanceolata
R. pseudo-acacia
S. cana

Cd
0.71 a
0.27 b
0.12 d
0.10 d
0.18 b-d
0.09 d
0.17 cd

Cr
2.45 a
0.68 d
0.54 e
0.98 b
0.83 c
0.39 f
0.59 de

Cu
5.90 g
13.44 b
9.25 d
12.20 c
7.30 f
8.17 e
15.65 a

Fe
213.1 c
155.8 e
76.5 h
220.3 b
279.4 a
104.5 f
92.3 g
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Mn
39.53 e
42.24 d
58.02 b
27.62 f
50.11 c
18.38 g
57.39 b

Ni
2.97 d
3.91 b
1.71 e
1.25 f
1.88 e
3.64 c
0.97 g

Pb
0.05 h
0.07 g
0.08 f
0.14 b
0.12 c
0.08 e
0.19 a

Zn
21.18 e
74.18 a
27.41 c
43.57 b
42.33 b
24.57 d
24.42 d

na
8
8
8
8
8
8
8
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T. longirostris
0.26 bc
0.71 cd
9.10 d
167.3 d
75.98 a
5.42 a
0.11 d
24.26 d
8
Mean
0.237
0.896
10.13
163.7
46.16
2.72
0.104
35.24
Minimum
0.09
0.39
5.90
76.54
18.38
0.97
0.05
21.18
Maximum
0.71
2.45
15.65
279.44
75.98
5.41
0.19
74.18
LSD0.05
0.102
0.125
0.586
6.59
2.58
0.19
0.001
1.72
SD0.05
0.03
0.04
0.175
1.97
0.77
0.06
0.0003
0.51
d
b
b
c
b
b
d
Tolerance Limits
<0.2
0.1-1
2-20
50-200
10-20
1-10
0.3
55-100b
a
b
c
d
number of samples; tolerance limits in vegetables and fruits [13, 14, 15]; [16, 17]; maximum concentration levels for leafy vegetables [18, 19].
3.2. Heavy metals in edible wild plants
to 0.3 mg/kg in A6 locations. Similarly, minimum Cr concen-

The concentration of 8 heavy metals in 8 different
wild edible plants of Seydişehir industrial area was studied. The mean concentrations of heavy metals were highest for Fe, followed by Mn, Zn, Cu, Ni, Cr, Cd, and Pb.
Among edible wild plants, Cd and Cr levels were found to
be highest in C. bursa-pastoris, and lowest in R. pseudoacacia. Cu and Pb were found to be highest in S. cana and
lowest in C. bursa-pastoris. Maximal concentrations of
Mn and Ni were found in T. longirostris and minimal ones
in R. pseudo-acacia and S. cana. Maximum concentration
of Fe was found in P. lanceolata and minimum in E. campestre. The concentration of Zn was found to be highest in
C. intibus, but lowest in C. bursa-pastoris (Table 3).
3.3. Heavy metals in arable lands

The physical characteristics of the soils in 0-30 cm
depths are as follows: Neutral (6.72-7.36) in pH, clayeyloamy in texture, moderate organic matter (2.33-3.1%), and
low saline (EC, 169.7-272 µs/cm). The results of the analysis of the heavy metal contents in different soil samples
vary to a great extent from sample to sample as depicted in
Table 4 (P<0.05). In arable soils, levels of Cd varied by
more than one order of magnitude, from 0.02 mg/kg in A4

tration was 12.14 mg/ kg in A4 and maximum one was
124.7 mg/kg in A6. The concentrations of Cu ranged from
2.24 mg/kg in A 1 to 73.11 mg/kg in A 10. Fe (316517010 mg/kg) is the most abundant metal in the arable
lands. The concentrations of Mn, Ni, Pb and Zn were found
to range between 30.95-320.1 mg/kg, 6.36-208.3 mg/kg,
0.15-9.98 mg/kg, and 8.58-73.82 mg/kg, respectively. The
mean concentration of Fe was highest (8641.1 mg/kg) in the
region, followed by Mn (160.02 mg/kg), Ni (43.74 mg/kg),
Cr (39.30 mg/kg), Zn (38.40 mg/kg), Cu (22.67 mg/kg),
Pb (4.23 mg/kg), and Cd (0.16 mg/kg), on dw basis.
3.4. Heavy metals in cultivated plants

The concentrations of 8 heavy metals in different edible parts of 6 vegetables are presented in Table 5. The
results of heavy metal accumulation (P<0.05) indicated that
Cd, Cr, Fe, Ni, Pb and Zn concentrations were found to be
highest in P. oleracea. Cu and Mn maximum values were
found in C. annuum and V. vinifera, respectively. The
concentrations of Cr, Cu, Fe, Mn, Ni, and Pb were found
to be lowest in A. esculentus. Minimum levels of Cd and
Zn were found in P. vulgaris and V. vinifera, respectively.

TABLE 4 - Mean metal concentrations (mg/kg dw) of arable soils in the study area.
Locality
Cd
Cr
Cu
Fe
A1
0.25 ab
76.13 b
2.24 g
3165 h
A2
0.15 c
29.31 e
20.14 e
17010 a
A3
0.04 d
12.38 g
10.72 f
7813 e
A4
0.02 d
12.14 g
3.70 g
5404 g
A5
0.24 b
17.67 f
10.20 f
10370 c
A6
0.30 a
124.7 a
29.65 c
9079 d
A7
0.28 ab
39.84 d
11.45 f
6019 fg
A8
0.23 b
48.65 c
24.13 d
15510 b
A9
0.07 d
18.72 f
43.01 b
6602 f
A10
0.06 d
13.49 g
73.11 a
5436 g
Mean
0.16
39.30
22.84
8641.1
Minimum
0.02
12.14
2.24
3165
Maximum
0.30
124.7
73.11
17010
LSD0.05
0.06
2.28
3.45
849.9
SD0.05
0.02
0.71
1.08
265.7
T. Limitsb
<0.1
10-80
50-100
NAc
a
number of samples; b [13, 14, 15]; c not available; A1-10: arable lands

Mn
39.0 h
203.6 b
94.4 f
70.3 g
212.2 b
186.3 c
169.7 d
320.1 a
178.8 cd
125.7 e
160.02
38.95
320.1
11.42
3.57
100-400

Ni
61.58 b
30.25 c
10.18 ef
6.36 f
16.42 de
208.3 a
33.13 c
36.28 c
21.91 d
13.00 ef
43.74
6.36
208.3
7.32
2.29
10-50

Pb
0.59 f
9.98 a
4.17 c
3.15 d
6.15 b
6.18 b
6.69 b
0.15 f
1.36 e
3.87 c
4.23
0.15
9.98
0.63
0.2
2-13.4

Zn
8.58 h
58.22 b
29.86 f
18.35 g
28.34 f
36.43 e
30.73 f
73.82 a
53.54 c
46.17 d
38.40
8.58
73.82
2.99
0.93
60-780

na
3
3
3
3
3
3
3
3
3
3

TABLE 5 - The concentrations (mg/kg dw) of heavy metals in various cultivated plants (p<0.05) in the study area and permissible limits.
Vegetables
P. oleracea
P. vulgaris
C. annuum
L. esculentum
A. esculentus

Cd
0.23 a
0.07 de
0.22 a
0.15 bc
0.19 ab

Cr
0.92 c
0.47 f
0.42 f
0.64 d
0.26 g

Cu
10.97 d
10.44 e
12.89 a
12.31 b
8.08 f

Fe
194.81 a
89.64 d
99.34 c
71.37 f
71.52 f
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Mn
34.45 c
17.74 f
11.91 g
7.15 h
7.00 h

Ni
3.76 a
2.93 b
2.39 c
0.86 f
0.66 g

Pb
1.65 a
0.26 c
0.18 d
0.06 e
0.05 e

Zn
42.09 a
31.58 d
32.54 d
22.17 f
35.43 c

na
7
7
7
7
7
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V. vinifera
0.11 c-e
0.55 e
11.76 c
131.66 b
70.85 a
1.27 e
0.46 b
18.58 g
7
Mean
0.16
0.54
11.08
109.72
24.85
1.98
0.44
30.40
Minimum
0.07
0.26
8.08
71.37
7.00
0.66
0.05
18.58
Maximum
0.23
0.92
12.89
194.81
70.85
3.76
1.65
42.09
LSD0.05
0.056
0.087
0.443
2.406
1.256
0.084
0.074
1.466
SD0.05
0.017
0.03
0.136
0.738
0.385
0.026
0.023
0.45
d
b
b
c
b
b
d
T. Limits
<0.2
0.1-1
2-20
50-200
10-20
1-10
<0.3
55-100b
a
b
c
d
number of samples; tolerance limits in vegetables and fruits [13, 14, 15]; [16, 17]; maximum concentration levels for leafy vegetables [18, 19]

4. DISCUSSION
Heavy metals can be divided into three groups owing
to their cumulative behaviour: Group I contains the nonvolatile elements with high boiling points, such as Mn and
Fe; Group II contains the medium volatile elements, such
as Co, Cr, Cd, Pb and Zn, and Group III contains the
highly volatile elements, such as Hg and Se which are
completely gaseous after combustion and do not condense within the furnace due to their low vaporization
points [16, 20].
The results of the analysis revealed that the mean
heavy metal concentrations of the soils are in the order of
Fe>Mn>Ni>Zn>Cr>Cu>Pb>Cd. On the other hand, there
are some differences between heavy metal concentrations
in the non-arable and arable soils, especially Cd, Ni and
Pb. Nabulo et al. [21] stated that the strongest relationship
between tissue concentration and soil type was that for Ni,
followed by Cd and Zn; no correlation with soil type was
seen for Cu and Pb.
On average, concentration of Fe is the most abundant
in both arable and non-arable soils and plants in the research area. There is a link between the heavy metals in
soils and plants with the source rocks in the region. Accordingly, the accumulation of Fe was higher in P. lanceolata (279.4 mg/kg), P. rhoeas (220.3 mg/kg) and C. bursapastoris (213.1 mg/kg) in the edible wild plants, and slightly
above the critical concentration levels (50-200 mg/kg).
Fe was found to be within the tolerance limits (68.46194.81 mg/kg) in all the cultivated plants. Fe originates
both from anthropogenic and natural sources [3]. Aluminium deposits in Turkey are mainly of three types:
böhmitic, iron and diasporitic bauxites. Boehmitic bauxite
deposits in Seydişehir supply material for the aluminium
plant in Seydişehir (Konya). Seydişehir bauxite consists
of 17-18% Fe2O3 [22]. The high concentration of Fe may
be due to presence of bauxite soils containing high
amounts of iron in the region.
Mn minerals are widely distributed as oxides, silicates,
and carbonates. Pyrolusite and rhodochrosite are among the
most common Mn minerals [23]. Fe and Mn oxides play an
important role in the soil, fixing trace elements such as Co,
Cu, Zn, and Ni as well as pollutants like Pb [23, 24]. The
toxicity of Mn is commonly associated with acidic soils
and warm climates because of the presence in the NADmalic enzyme systems found in C4 plants. The mean concentrations of Mn in both non-arable and arable lands
extremely varied from 70.92 to 223.9 mg/kg, and 38.95 to
320.1 mg/kg, respectively. Herein, Mn was found in the
second highest amounts in all plant and soil specimens

after Fe. All of the Mn concentration levels of the soil
specimens are in the safe limits published in literature
(Tables 2 and 4). The concentrations of Mn in edible wild
plants grown in non-arable lands are high and above the
recommended international standards, except for R. pseudoacacia (Table 3). Similarly, mean Mn concentrations
are slightly above acceptable levels (10-20 mg/kg) for
leafy plants, such as V. vinifera (70.85 mg/kg), P. olerace
(34.45 mg/kg), T. longirostris (75.98 mg/kg), E. campestre
(58.02 mg/kg), and S. cana (57.39 mg/kg); however, its
concentration was found within the safe limits for fruiting
vegetables like P. vulgaris, C. annuum, L. esculentum, and
A. esculentus in cultivated plants (Table 5).
The mean Ni concentrations are quite close to each
other, and within the standard limit values in both nonarable and arable lands. Ni concentrations of the soil samples vary to a great extent. Although Ni levels in the localities of N2 and N5 in non-arable soils as well as A1 and A6 in
agricultural soils exceeded the standard limits, whereas
A4, N4 and N7 localities were below these limits. Similarly,
Ni concentrations in edible wild and cultivated plants were
below the permitted concentration levels (Tables 3 and 5).
Zn is not one of the more abundant heavy metals in
nature with an average concentration in the lithosphere of
about 80 mg/kg. Zn is an essential element in all organisms and plays an important role in the biosynthesis of
enzymes, auxins and some proteins [23]. The highest Zn
accumulation occurred in C. intibus (74.18 mg/kg) in all
plant specimens. This result is consistent with the findings
of Khan et al. [14] in Gilgit (Northern Pakistan). The mean
concentration of Zn was below the acceptable limits for
soils (60-780 mg/kg) and vegetables (55-100 mg/kg).
The mean concentration of Cr was higher in agricultural
soils (39.30 mg/kg) than non-arable ones (30.73 mg/kg), and
all of the mean values are within the threshold limits. The
amount of Cr was above the standard limits at stations N2,
N5 and A6 in both non-arable and arable soils (Tables 2
and 4). The concentration of Cr in all edible plants in the
research area was lower than tolerance limits for vegetables
(0.1-1 mg/kg), except for C. bursa-pastoris (2.45 mg/kg).
The mean concentrations of Cu in non-arable (3.4894.40 mg/kg) and arable soils (2.24-73.11 mg/kg) obtained in the present study were also below tolerance
limits, and lower than concentrations reported by Tandi et
al. [25], Mapanda et al. [26] and Sharma et al. [27]: 2.50133.3, 7-145 and 2.55-203.45 mg/kg, respectively. The
mean concentration of Cu (8.08 mg/kg) in A. esculentus is
lower than those (37.57 and 9.18 mg/kg, respectively) in
the studies carried out by Demirezen and Aksoy [28] and
Sharma et al. [29] in urban areas. In the present study, the
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mean concentration of Cu (5.76-15.65 mg/kg) was found
within the tolerance limits (2-20 mg/kg) in all plant specimens (Tables 3 and 5).
Pb is considered to be potentially toxic to the plants
and other life forms [30, 31]. Because of the industrial
activity and the density of the traffic, the distribution of
Pb (0.15-9.98 mg/kg) is very variable but within the tolerance limits in both non-arable and arable soils in the research area. The average Pb concentration was higher in
the arable sites than non-arable ones (Fig. 2). According
to Rai et al. [31], the higher concentration of Pb in agricultural soils was probably due to excessive use of phosphate fertilizers and pesticides, which are sources of lead
contamination. For Pb, there was no discernable correlation between tissue concentration and either soil or plant
type [21]. The results obtained are lower than concentrations reported by Çelik et al. [23] in Denizli (34.2-336.5
mg/kg), Cicek and Koparal [16] in Tunçbilek Thermal
Power Plant (15-401 mg/kg), and Yoon et al. [7] in Jacksonville-Florida (90-4100 mg/kg). Concentrations of Pb in
all plant specimens were below EU statutory limit and the
maximum concentration in leafy vegetables recommended by the joint FAO/WHO Food Standards Programme of 0.3 mg/kg dw [18, 19], except for P. oleracea
(1.65 mg/kg). The pollution of Pb in the research area
may be due to emissions from industrial and motor vehicles
using leaded gasoline, the irrigation with wastewater, and
the application of pesticides and fertilizers in some area.
Cd is a mobile element in the soil and taken up by
plants primarily through the roots [23], and shows some
dependence on soil metal concentration [21]. Although the
mean Cd concentration is the lowest in the research area, it
is above the maximum permitted levels (0.1 mg/kg) in
many localities (N2,3,5 and A1,5,6,7). The intensity of heavy
metal accumulation in plants depends on the type of the
soil, the species of plants, the physicochemical properties
of heavy metals, and their content in the soil [32]. Among
20 stations sampled, N2 and N5 in non-arable soils and A6
in agricultural soils were the most contaminated with Cd,
Cr and Ni. However, when compared to the general critical soil concentrations, the total concentrations for all
selected heavy metals in the soil samples were below the
general critical soil concentration values, except for Cd,
Cr and Ni in some locations (Fig. 2). Similarly, with the
exception of C. bursa-pastoris (0.71 mg/kg), C. intibus
(0.71 mg/kg), T. longirostris (0.26 mg/kg) and P.
oleracea (0.23 mg/kg), the concentration values of Cd
were below the recommended maximum value for leafy
vegetables of 0.2 mg/kg dw [18, 19] in all plant samples.

FIGURE 2 - Comparison of mean heavy metal concentrations of the
soils with the tolerance limits.

As fertilizer is the largest agricultural consumption
material in soil, high heavy metal contents of chemical
and organic fertilizers are important sources of Cr, Ni, Cu,
As, Cd, and Zn in soils [33]. Soil pH has a great influence
on the mobility and bioavailability of heavy metals.
Strongly acidic soils increase plant uptake of Cd, Co, Mn,
Ni and Zn, and increase the potential for phytotoxicity
from Cu, Ni and Zn [34]. The mobility and availability of
heavy metals in the soil are generally low, especially
when the soil is high in pH, clay and organic matter [7].
The soil properties of the study area, such as organic
matter (2.06-3.09%), clayey-loamy texture, neutral pH
(7.04-7.51) and lowest salinity (EC = 111.3-180.6 µs/cm)
have prevented uptake of more heavy metals by plants.
5. CONCLUSION
The mean Cd concentrations of soils in N1, N2, N5, A1,
A2, and A5-8 localities, and Cr and Ni in N2, N5, and A6
localities are higher and slightly above the tolerance limits. Generally, arable lands have more heavy metal accumulation than non-arable lands in some areas. The main
reasons of them may be due to the excessive using of the
fertilizers and pesticides, and irrigation with waste-water
in the arable lands. Although the concentrations of Mn in
the selected leafy plants are higher and above the tolerance limits, they are lower and within the safe limits in
fruiting vegetables, such as P. vulgaris, C. annuum, L.
esculentum and A. esculentus. The concentrations of Cd
and Cr in C. bursa-pastoris as well as Fe in P. lanceolata
are higher and slightly exceed the tolerance limits. Among
those plant species collected from the study area, P.
oleracea was considered to be the most promising species
for phytoremediation of heavy metal-contaminated sites.
The reason of high accumulation of metals obtained in
some soil samples in the present study depends on soil
chemical character, fossil fuels, industrial wastes, and intensive pesticide and fertilizer application. The application
of chemical fertilizers and pesticides with high contents of
heavy metals should be avoided to prevent the accumulation of heavy metals, and keep high quality soils for sustainable use in arable lands. The consumption of the vege-
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tables grown in the study area is not a health risk for the
local population.

[16] Cicek, A. and Koparal, A.S. (2004) Accumulation of sulfur and
heavy metals in soil and tree leaves sampled from the surroundings of Tunçbilek Thermal Power Plant. Chemosphere 57, 10311036.
[17] Fergusson, J.E. (1990) The heavy elements: chemistry, environmental impact and health effects. Pergamon Press, England.
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ABSTRACT
The past two decades have witnessed a boom of scientific articles on relevant processes governing aqueous
contaminant removal in the presence of metallic iron (Fe0).
Nonetheless, transforming accumulated data into useful
knowledge is difficult. The major limitation is that a theory of the system is yet to be established or accepted. Generally, the theory of the system is established during the
period between a discovery and its market introduction
(‘valley of death’). This communication argues that the
too short ‘valley of death’ has harmed progresses in Fe0
technology. The introduction of this technology was coupled with the consensus that Fe0 is a reducing agent.
However, the question as to whether the reductive transformation theory was worthy of pursuit remained inadequately addressed. The aim of this paper is to offer an
answer to this question. A critical evaluation of the reductive transformation theory is presented. It is established
that pursuing the reductive transformation theory was
irrational. It is shown that it is worthy to base future work
on the concept that contaminants are removed during the
dynamic process of Fe0 oxidative dissolution and subsequent hydroxide/oxide precipitation.
KEYWORDS: Environmental remediation, False premise, Permeable reactive barriers, Valley of death, Zerovalent iron.

1 INTRODUCTION
The use of metallic iron (Fe0) in environmental remediation was first introduced in 1992 [1]. This innovation was
a part of collective efforts to realize of a concept for groundwater remediation in permeable reactive barriers (PRBs)
introduced by McMurty and Elton [2]. The Fe0 PRB technology was built on the fortuitous observation by Reynolds
et al. [3] that Fe0 eliminated trichloroethylene and other
organic compounds from aqueous solutions [4, 5]. Consequently, Fe0 was mistakenly introduced as a reducing agent.
* Corresponding author

By the early 2000's, the Fe0 PRB was already regarded
as an accepted remediation technology [5]. Today, more
than 180 commercial Fe0 PRBs are installed worldwide [5].
However, with regard on the huge number of contaminated
sites around the world, this record should be regarded as
very modest.
Initially used as filling materials for Fe0 PRBs [2,5-14],
the use of Fe0 has expanded to (i) soil mixing with granular
Fe0 and Fe0 bimetallics (Fe0/Me) [8,14], (ii) groundwater
treatment with injected nano-scale Fe0 (nano-Fe0 and
nano-Fe0/Me) [15-18], (iii) drinking water and wastewater
treatment with Fe0, Fe0/Me, and nano-Fe0 [19-20]. However, despite a great deal of research, the Fe0 technology
as a whole is still not really accepted [21, 22]. This communication argues that this situation is partly justified by
a lack of scientific understanding of the Fe0/H2O system
and/or a lack of readiness of the research community to
test new ideas. While the lack of scientific understanding
is due to the too short ‘valley of death’, the rejection of
new ideas in science is rather surprising.

2 THE ORIGIN OF THE REDUCTIVE
TRANSFORMATION CONCEPT
The origin of the still well-accepted theory that Fe0 is
a reducing agent can be summarized by a report by Eitzer
[23] entitled: “Seeking zero-valent iron's reaction mechanism”. The whole text reads: “Zero-valent iron has been
shown to chemically reduce chlorinated hydrocarbons
quickly and cheaply in laboratory and field demonstrations, but the mechanism this process uses is still uncertain. L I. Hardy and R. W. Gillham attempted to determine the reaction mechanism and products of iron in
aqueous solutions. Hydrocarbons ranging from methane
to pentanes were produced from aqueous CO2 and subjected to the metal. The product distribution was similar
to that found with Fischer-Tropsch hydrocarbon formation from CO and H2 over a metal catalyst. Results
suggest that the reduction rate of chlorinated organics in
groundwater cleanup may be limited by adsorption of
hydrocarbon products onto the iron.”
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The batch experiments of Hardy and Gillham [24]
were performed with 10.0 g of a commercial Fe0 in 40 mL
(250 g/L) of an aqueous solution. The system was homogenized on a rotating disk at 2 rpm. While this mixing
operation is certainly suitable, the used Fe0 mass loading
(250 g/L) is not realistic [25, 26]. Under such conditions,
extreme reducing conditions are generated which are not
likely to be reproduced in nature. In presenting their results, Hardy and Gillham [24] properly referenced Matheson and Tratnyek [27] which is virtually considered as the
demonstration of the reductive transformation concept [25].
Matheson and Tratnyek [27] have reported on a reaction
that is unaffected by a temperature variation between 4 and
35 °C. This behaviour was attributed to the slow diffusion
of contaminants to the reaction sites on the Fe0 surface.
However, the oxide scale across which migration should
occur may exhibit positive adsorptive characteristics to
contaminants of concern and it contents reductive species
(FeII, H/H2).
A careful read of the report of Eitzer [23] reveals that
chemical reduction was already accepted as reaction mechanism, the remaining question concerned the reaction path.
The quest for the reaction mechanism was considered resolved after a paper by Weber [28]. Since then, chemical
reduction mostly by electrons from Fe0 (direct reduction) is
considered the mode of action of Fe0/H2O systems. Even
the documented removal of other species by different
mechanisms does not seriously question this concept
[29-33]. The best example in this regard is the quantitative removal of AsV and AsIII without chemical transformation although reduction to As0 is thermodynamically
favourable [34,35]. In another example, Furukawa et al. [36]
excellently demonstrated the kinetic limitations of Fe0
oxidative dissolution under strictly anoxic conditions but
presented their results as a simple extension of the ‘redoxpromoted contaminant degradation’ concept. An original
aspect of the work of Furukawa et al. [36] was that they
focused their attention on iron corrosion products and described the effect of their nature on contaminant removal.
Furukawa et al. [36] concluded that “the ubiquitous presence of ferrihydrite suggests that the use of Fe0-PRBs may
be extended to applications that require contaminant adsorption rather than, or in addition to, redox-promoted
contaminant degradation”. The abundance of ‘ferrihydrite’
and other corrosion products in Fe0/H2O systems suggests
that despite low adsorptive affinity of certain organic chemicals for iron particles [37], quantitative sorption and coprecipitation will occur [38-40].
Already in the early phase of investigations on the
Fe0/H2O system, a reproducible observation was made,
that would have been addressed before reduction is regarded
as a ‘removal mechanism’. Schreier and Reinhard [41] observed a time lag in the transformation of chlorinated organic compounds by powdered Fe0 materials. If more attention was paid to this important observation, contaminant reduction (by Fe0) would have never been suggested

as ‘removal’ mechanism for two reasons: (i) if Fe0 was a
relevant reducing agent (under operational conditions),
reduction should have been quantitative immediately after
immersion because the Fe0 surface is still accessible (no
time lag), (ii) the time lag should be regarded as the time to
produce relevant reducing agents including FeII and H/H2.
Moreover, chemical reduction has never been used as
stand alone mechanism for contaminant removal because
reduced species have to be removed from the aqueous
phase. Relevant removal mechanism included adsorption,
co-precipitation, precipitation, size-exclusion and volatilisation. In other words, it was irrational to introduce and
pursuit the reductive transformation theory.
3 A TOO SHORT ‘VALLEY OF DEATH’
The introduction of the Fe0 technology was a radical
innovation as water treatment was achieved in the subsurface (no pumping, no treatment plants) [5]. From the open
scientific literature, it is known that the gap between research and market introduction for many radical innovations is often about 2 or 3 decades [39,40]. For the Fe0
technology, however, this period was only 2 years (0.2
decade) as the first Fe0 PRB was installed in 1994 [5, 44,
45]. Disregarding the actual duration of the ‘valley of
death’ for other technologies, it is clear that 2 years is really
short for the implementation of systems that are supposed
to work for several decades (up to four [5]).
The reason for the usually long valley of death can be
summarized as follows: any new technology may initially
have low performance which reduces market viability. The
promising aspects of the innovation have to be thoroughly
understood and optimized in other to avoid the introduction of systems with a ‘crude’ performance. In other words,
the establishment of the theory of the system, the technical
implementation and initial improvement, the development
of a body of technical knowledge, and its translation into
design rules and rules of thumb often takes up to 30 years
[42]. There is clear evidence that the theory of the Fe0/H2O
system was not established by the pioneers of the Fe0 technology as prolifically demonstrated in previous communication and summarized in Noubactep [46].
4 MISCONCEPTIONS
0
ON THE Fe TECHNOLOGY
One basic misconception of the Fe0 technology has
been that the huge literature on aqueous iron corrosion
has not been properly considered [47]. For example, while
an average corrosion rate of up to 10 µm/year has been
reported for the corrosion of Fe0 pipes under anoxic conditions [48], service life of more than 50 years has been
predicted for particles which are inferior in their diameter
to the thickness of Fe0 pipes. In the same time, the typical
micro-size of conventional Fe0 materials has been reduced
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in order to increase its reactivity [13], meaning that micro-scale Fe0 are necessarily more reactive than Fe0 pipes.
While arbitrarily considering that micro-Fe0 is only three
times more reactive than a Fe0 pipe, a barrier containing a
material with a diameter (D) of 2 mm will be exhausted
within about 30 years. 2.0 mm is a good average size of
available reactive material for groundwater remediation [49].
Instead of considering available knowledge on iron
corrosion, the Fe0 research community has considered corrosion by water as a side reaction and Fe0 PRBs are currently designed based on the assumption that Fe0 is a reducing
agent. Accordingly, the amount of Fe0 materials contained
in an operative barrier corresponds to the mass of iron
necessary to chemically transform the expected flux of
contaminants over the years/decades [7-9]. As an example, Reardon [50] calculated the kinetics of iron corrosion
in terms of millimoles /kg Fe0/day (about 0.4 m moles /kg
Fe0/day). While assuming particles with 1 mm (1000 µm)
diameter, the calculations using these data showed that up
to 130 years may be needed for complete corrosive depletion [15]. This estimation is the basis for the currently
given service life of Fe0 PRBs but is not based on field
observations.
The oversimplified view that Fe0 is corroded by contaminants has been more or less clearly rejected by several
researchers as summarized by Togue-Kamga et al. [51].
However, working scientists on the Fe0 technology do not
seem to be interested in any controversial discussion or
alternative views as long as they can self-satisfactorily
rationalize their results in the eyes of the majority of colleagues including journal’s reviewers and editors [52,53].
This regrettable situation has let to the false premise of
‘reducing Fe0’ still prevailing and quantitatively published
in ‘authoritative’/‘archival’ journals although it has been
proven inconsistent more than 6 years ago [38,39,54].
5 MAINTAINING MISCONCEPTIONS
ON THE Fe0 TECHNOLOGY
Chemistry is one of the most highly developed and
well established fields of science. Iron corrosion on which
Fe0 technology is based in essence on electrochemistry.
Electrochemistry is a branch of chemistry that studies

chemical reactions taking place in a solution at the interface of an electron conductor (e.g. Fe0) and an ionic conductor (e.g. contaminated water). The electrochemical
reaction involves electron transfer between the electrode
and the electrolyte or species in solution. The use of metallic iron for water treatment was based on the view, that
the contaminant of interest induced Fe0 oxidative dissolution during its reduction. However, the solvent, water (E0
= 0.00 V) acts as oxidizing agent for Fe0 (E0 = - 0.44 V)
and the interaction of Fe0, FeII, and FeIII with H2O yield a
multi-layer oxide scale on Fe0 [55-58].
The oxide scale acts as a physical barrier, limiting the
transport of FeII and H2 from the Fe0 surface or its vicinity. The oxide scale also limits the transport of water and
dissolved species to the vicinity of the Fe0 surface [59]. In
other words, the formation of an oxide scale inhibits the
corrosion process in such a way that the predictions from
Table 1 (uniform corrosion) are not really realistic. However, current predictions are not based on a better assumption
(§ 4). Calculations in Table 1 assumed that under oxic
conditions, iron corrosion is 65 times more rapid than under anoxic conditions [60]. The data in Table 1 show that,
assuming uniform corrosion, even under anoxic conditions, a Fe0 PRB using particle size lesser than 1 mm will
not last for 50 years. However, current estimations are
based on the mass of Fe0.
The non uniform nature of iron corrosion suggests that
any prediction based on reaction stoichiometry is faulty.
Moreover, the inaccessibility of the Fe0 surface and the
evidence that the multi-layered oxide scale on Fe0 surface
is insulating (non conductive – despite the inner Fe3O4layer [60]) suggest that secondary (FeII, H/H2) and tertiary
(e.g. Fe3O4, green rust) reducing agents should be incorporated in models. Moreover, observed and reported (quantitative) contaminant reduction might be attributed to secondary and tertiary reducing agents [57,61]. The abundance
of these reducing agents within the system primarily depends on the continuation of the corrosion process. In
other words, contaminant reduction in Fe0/H2O systems is
not necessarily an electrochemical process (electrons from
Fe0) but more likely a chemical process (electrons from
H/H2, FeII, green rust). Whether contaminants are reduced
or not, they are removed from the aqueous phase by the
same mechanisms.

TABLE 1 - Dependence of the service life of a Fe0/H2O system from the diameter (D) of used Fe0 under oxic and anoxic conditions. Used
corrosion rates are 10 and 30 µm/year under anoxic conditions.
D
(mm)
1
2
4
6
8
10

Particle dimension
D
(µm)
1000
2000
4000
6000
8000
10000

R
(µm)
500
1000
2000
3000
4000
5000

icorr = 10 µm/year
t (years)
anoxic
50
100
200
300
400
500
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oxic
0.08
0.15
0.31
0.46
0.62
0.77

icorr = 30 µm/year
t (years)
anoxic
16. 7
33.3
66.7
100.0
133.3
166.7

oxic
0.26
0.51
1.03
1.54
2.05
2.56
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While properly considering contaminant removal as
resulting from the dynamic nature of the expansion/ compression processes characterizing aqueous iron corrosion,
it has been established that contaminant removal in
Fe0/H2O systems occurs through three different mechanisms: (i) adsorption, (ii) co-precipitation, and (iii) adsorptive size exclusion. Adsorptive size exclusion occurs
at two different scales: (i) in the vicinity of Fe0 or within
the oxide scale (local size exclusion) and/or (ii) in the
inter-granular pore space in Fe0 filtration systems (large
scale size exclusion).
5.1 Acceptance of
exclusion concept

the

adsorption/co-precipitation/size-

A considerable part of the research community is still
criticizing that very few experimental data has been published to directly support the adsorption/co-precipitation/
size-exclusion concept. However, this concept was validated with experiments on the discoloration of methylene
blue (MB) solutions. MB discoloration demonstrated clearly
that a non reductive species, with poor adsorptive affinity
to iron oxides, is quantitatively removed by co-precipitation.
Moreover, chemical reduction has never been reported as a
stand alone removal mechanism for micro-pollutants.
The sole research group that tested the adsorption/coprecipitation/size-exclusion concept to date has confirmed its validity [62-65]. The fact that so many active
researchers are rejecting a concept they have never poised
to test is a reprimand to the mainstream science.
5.2 Arguments against the adsorption/co-precipitation/sizeexclusion concept

Researchers currently consider that there is a paucity
of experimental evidence to support the adsorption/coprecipitation/size-exclusion. However, as recalled in § 5.1,
the experiments with MB alone are sufficient to support
the concept as it is based not on individual species but on
the chemistry of iron corrosion (see the discussion on
Furukawa et al. [36] in § 2). On the other hand, a recurrent
argument against the new concept has been that the reductive transformation concept is widely accepted [52,53,66].
However, the inconsistency of the well-accepted concept
has been largely demonstrated (§ 2) [57]. The most important being that it can not explain why compounds
without redox properties for the FeII/Fe0 couple (including
methylene blue and ZnII) are quantitatively removed [38,
39, 46].
It should be properly considered that the new concept
is regarded as the theory of the Fe0/H2O system. In essence, it is a guide to constrain the choice of models in the
further development of the Fe0 technology. In addition, most
of the observations made by working researchers using a
wide variety of analytical tools [67,68] are just static snapshots of dynamic systems [69]. For example, it is certain
that before Fe0 depletion, residual Fe0, various hydroxides
and oxides will be present is all Fe0/H2O systems. These
iron species results either for the forward Fe0 dissolution

or from a ream of forward and back transformations of
oxides/hydroxides. The actual challenge is to correlate relevant species with contaminant removal/reduction in a dynamic process. Given the abundance of the number of reactions and transformations involved, it is real challenge to
generate non-trivial models of the dynamic processes
within the Fe0/H2O system over time scales from few
days/weeks (lab) to several decades (field). As an example
the linearity of the kinetics of iron corrosion sustaining the
data in Table 1 will never be encountered in nature.
An apparent argument against the new concept, as
expressed by authors of some commented articles is that
organic compounds, known for their relatively low adsorptive affinity onto iron oxides, are not likely to be sequestered (co-precipitated) by the oxides in the same fashion as
metals. As already pointed out (§ 5.1) methylene blue with
a well-documented weak adsorption onto iron oxides [70,
71] is quantitatively enmeshed into iron corrosion products [26]. On the other hand, in their partly severe replies
on comments from the author of the new concept, researchers have mostly falsified the comments to point out
the irrelevancy of made critics.
Two relevant examples for illustrating the impression
which a journal reader may remain with: (i) Elsner et al.
[72] were criticized for failing to resolve contradictions in
the literature pertaining to uranium reduction when their
paper dealt with chloroethenes. (ii) Kang and Choi [66]
were criticized for neglecting to acknowledge the Becher
process that takes place at temperatures in excess of 1000 °C,
when they suggested that NOM electron shuttles were involved in the oxidative degradation of organics by Fe0 at
room temperature. Based on these impressions, Tratnyek
and Slater [52] prefer not to address the critics made on
their article. As pointed out above, Dr. Ghauch who also
sceptically received the new concept [73] has validated it
using further organic compounds (β-lactam antibiotics,
clofibric acid, diclofenac) [62-65]. It is rather surprising
that researchers are actively combating/refuting a concept
they have not tested.
5.3 Effortlessness in rejecting new ideas

Based on a mass balance of iron in Fe0/H2O system, a
rule of thumb was recently introduced for the design of
Fe0 filters [74-78]. This rule states that the volumetric
proportion of Fe0 should never exceed 52 %. Experimental works validating this rule have only been recently
published [79-83]. However, Ruhl et al. [49] have already
presented results seemingly disregarding this theoretically
sound concept. These authors mixed anthracite, gravel,
pumice and sand with Fe0 in dual columns to treat TCE
contaminated groundwater. Their results confirmed differences in porosity for the four tested systems (Fe0/anthracite,
Fe0/gravel, Fe0/pumice, Fe0/sand) but comparable efficiency for H2 evolution and TCE breakthrough. They concluded that the “mixed reactive filters are therefore not appli-
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cable for treatment of the here tested groundwater with its
indigenous microorganisms”.
The major problem with this conclusion is that it is
not supported by presented data as all systems contained
100 g Fe0 and different masses of relevant additive material. The conclusion even negates field evidence that sand
was successfully mixed to Fe0 to reduce installation costs
or meet design requirements [5, 14, 84-86].
The concept for testing material mixture stipulates
that the same volumetric proportion should be used, the
materials should have comparable grain size and the experimental design should include pure material systems
(e.g. anthracite, Fe0, gravel, pumice, sand) [84]. On the
other hand, the fact that no difference was observed by
Ruhl et al. [49] suggests that the experimental duration
was too short or the flow velocity too high. It is essential
to note that the reported similarity in the reactivity corresponds to quantitative H2 production, which is compatible
with the fact that the same mass of the same Fe0 sample
was used is all columns.

However, to be an efficient approach, competences have to
be defined and respected. The views presented herein are
those of the chemical thermodynamics of the Fe0/H2O system [91-94]. The issue of appropriate methods for the installation of Fe0 PRBs should be resolved by competent engineers. Chemist or electrochemists must trust that competent
engineers will design the Fe0 PRBs in a way that their recommendations for sustainability are achieved. If the technology develops on this path, the research community, the
public and private sectors that are longing for clean environment will soon benefit from the huge potential of this
versatile technology.
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To sum up, the presentation of Ruhl et al. [49] suggests that, because of their poor experimental design, their
inappropriate conclusion may contribute to the dismissal
of a sound concept. However, the fact that pure Fe0 systems (100 % Fe0 filters) are not sustainable has already
been demonstrated in the context of the development of
Fe0-based household filters [85,87-90]. Moreover, it is over
to the practitioners of PRBs to explain how pure Fe0 PRBs
are functioning for several years. The first valid explanation is the availability of anoxic conditions (Table 1) [60,
78]. However, a critical review on the performance of
installed Fe0 PRBs is urgently needed to correlate O2
availability, Fe0 intrinsic reactivity, Fe0 size and form, used
admixing agent, Fe0 ratio in the mixtures, groundwater
chemistry and flow rate and efficiency of the systems.

6 CONCLUDING REMARKS
In summary, given the already restricted willing to
further support research on ‘Fe0 remediation’ [21], it is
worth revisiting prevailing assumptions and/or be open
for alternative views. The current established paradigm
has been a useful one to achieve current stage of acceptance of the Fe0 technology but its limit has been solidly demonstrated. Everything possible should be done to
avoid that preventable failures result in a complete dismissal (or low acceptance) of an already demonstrated
affordable and efficient technology. However, the objective of this communication was not to ‘save’ the Fe0 technology but rather to accelerate its science-based development which could/would result in better or fully acceptance.
Multidisciplinary approach is recommended and is
even unavoidable to resolve complex environmental issues.
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