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THE COMPARATIVE EFFECT OF EXOGENOUS GLUTATHIONE
WITH NIFEDIPINE AND NICARDIPINE ON H2O2-INDUCED
OXIDATION OF BOVINE LENS EPITHELIAL CELLS
Hikmet Basmak, T. Erdal Kabadere, Selda Kabadere1,* and Gokhan Kus1
Eskisehir Osmangazi University, Medical Faculty, Departments of Ophthalmology and Physiology1, Eskisehir, Turkey

ABSTRACT
Oxidation causes cataract formation in human and
hydrogen peroxide (H2O2), present in aqueous humor,
rises 5-10 fold and is cytotoxic in cataract patients. Lens
has a high concentration of glutathione (GSH) which can
detoxify the oxidants, but GSH decreases with age and
development of cataract. Calcium channel blockers such
as nifedipine and nicardipine display antioxidant activity.
Therefore, we compared the effects of GSH with nifedipine and nicardipine on H2O2-induced oxidation of bovine
lens epithelial cells (BLEC). BLEC were cultured in a
humidified atmosphere of 5 % CO2, at 37 0C. For determination of IC50, 100, 200, 300 or 500 µM H2O2 were
applied for 3 hours. Simultaneously 200 µM H2O2 either
with GSH, nicardipine (1, 3 µM) or nifedipine (1, 3 µM)
were added to the culture medium for 3 hours, removed
and refed for 24 hours. After 27 hours, drug cytotoxicity
was determined by using a colorimetric assay. H2O2 at 200
µM induced approximately 50 % cell death (p<0.001) and
1000 µM GSH was protective against H2O2 toxicity. GSH
increased cell viability by 25 % (p<0.001), but nifedipine
and nicardipine did not prevent H2O2-caused death. When
applied simultaneously with H2O2, GSH has a strong antioxidant effect however, nicardipine and nifedipine can not
block the oxidation.

KEYWORDS: Bovine lens epithelial cell, H2O2, glutathione,
nifedipine, nicardipine, oxidation.

1. INTRODUCTION
Cataract is defined as any opacity of the lens that affects vision and is the major cause of blindness worldwide
[1,2]. It is well accepted that oxidation is one of the major
factors for age-related cataract formation in human [3-5].
The sources for oxidants can be external or internal of the
* Corresponding author

lens [3]. For instance, the oxidizing agent, hydrogen peroxide (H2O2) is present in normal aqueous humor in low
intracellular concentrations and elevated levels of H2O2
have been found in the aqueous humor of cataract patients
[2]. In lens culture experiments, H2O2 at these higher
concentrations causes lens opacification and produces a
pattern of oxidative damage similar to that found in human cataract [6]. Under oxidative stress, the high level of
cellular glutathione (GSH) can be utilized to detoxify the
oxidant [7]. In experimentally induced cataract, GSH has
been shown to markedly decrease in concentration well
before the onset of opacity, suggesting that its loss may be
associated with the development of the cataract. GSH also
decreases with age and with the development of cataract
[8]. It is well known that exogenous GSH and amino acid
precursors for GSH [glutamate, cysteine and glycine] can
provide protection against oxidative injury on lens cells
[9-12].
Several L-type calcium channel blockers display
varying degrees of membrane antioxidant activity [13,14].
Of the three groups of L-type channel blockers [i.e. dihydropyridines (DHPs), phenyalkylamines and benzothiazepines], the DHPs i.e. nifedipine and nicardipine displayed more prominent antioxidant activities in endothelial cells [13,14]. DHPs also possess antioxidant activity
on the cochlear neurosensory epithelium of the guinea pig
[15], bovine aortic endothelial cell culture [16], rat brain
slices [17] and isolated rat hearts [18]. Additionally, cataract formation is prevented by administration of verapamil,
belongs to phenyalkilamines, to diabetic [19] and radiation-induced rats [20]. In another study, using the in vivo
digital camera system designed for capturing images of
the horizontal lens of small animals, Kametaka et al found
that nifedipine shows inhibitory effects on progression of
cataracts induced with very high plasma glucose levels in
rats. They suggest that nifedipine may be considered as a
candidate drug to suppress the progression of diabetic
cataracts [21]. This study was designed to compare in
vitro effects of exogenous GSH with nifedipine and
nicardipine on H2O2-induced oxidation of bovine lens
epithelial cells (BLEC).
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2. MATERIALS AND METHODS
2.1. BLEC culture

Eyes were removed from four freshly slaughtered bovines that were under 2 years old and kept on ice for use
within 1 to 3 hours. The eyes were soaked in a 70 % alcohol solution for 30 seconds before dissection of the lens.
To prepare primary lens explants, the eyes were cut in half
3 to 5 mm posterior to the limbus and the entire vitreous
was removed. Under an operation microscope (Nikon
SMZ645), the zonules were cut and the lenses were placed
in a culture dish with the posterior capsule downward. A
wide circular anterior capsulotomy was initiated with a
25-gauge disposable needle and completed using capsulorrhexis forceps. Four or more pieces of a single anterior
lens capsule were placed epithelial side up on the bottom
of a 60x15 mm tissue culture dish containing 1 ml of
medium [22]. Additional medium was added 24 hours
later. Culture medium consists of Dulbecco’s modified
Eagle’s medium [DMEM], 10 % fetal bovine serum and 1
% penicillin + streptomycin. Explants were cultured in a
humidified atmosphere of 5 % CO2 and 95 % air at 37 0C.
The medium was changed every two days and cell outgrowth was noticed 72 hours after establishing the culture.
Using sterile forceps, the capsule remnants were removed
from the tissue culture plate several days later and confluence was achieved in 20-30 days. Primary epithelial cells
were dissociated with trypsin-ethylenediaminetetraecetic
acid (EDTA, 0.25 %) and placed into larger tissue culture
flasks. Second to fourth passage cells were used for experimental protocol.
2.2. Drug preparations

All chemicals were purchased from Sigma. H2O2 was
a solution of 30 % in water and further dilutions were
made in DMEM. Nifedipine and nicardipine were dissolved in absolute ethanol at 10 mM concentrations. GSH
was dissolved in DMEM at 10 mM concentration. By using
10 mM stock solutions, serial dilutions were made at ratio
of 1:10 in DMEM to reach desired final concentrations of
nifedipine (1 or 3 µM), nicardipine (1 or 3 µM) and
GSH (1000 µM) in 250 µl/well medium. The maximum
concentration of ethanol was adjusted to be 0.01 % (the
amount added to the culture medium together with the
highest calcium channel blocker concentration of 3 µM
drug) and was found to have no effect on cell viability
when used alone. All solutions were prepared freshly
before each experiment.

c. H2O2 + GSH: Treated with 200 µM H2O2 and 1000 µM
GSH simultaneously for 3 hours in serum deprived medium.
d. H2O2 + Nifedipine: Treated with 200 µM H2O2 plus
1 or 3 µM nifedipine simultaneously for 3 hours in DMEM
[23].
e. H2O2 + Nicardipine: Treated with 200 µM H2O2
and 1 or 3 µM nicardipine simultaneously for 3 hours in
DMEM [23]. After 3 hours, drugs were removed and all
the wells were fed with normal medium for 24 hours, and
then 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium
bromide, thiazolyl blue (MTT) test was applied.
2.4. MTT Assay

Drug cytotoxicity screening was performed by using
MTT colorimetric assay, originally described by Mossmann [24] and modified by Alley et al [25]. Since the formation of formazan as a product of MTT has been found to
correlate with the number of living cells, MTT assay was
applied before density limitation of the cell growth occurred in control wells. The optical density read from the
drug-treated wells was converted to a percentage of living
cells against the control using the following formula;
Absorbance of treated cells in each well x100 / the
mean absorbance of control cells.
The dose response curves were calculated for each
drug at the above-mentioned concentrations and expressed as the mean percent fraction of control ± standard
error of mean [SEM]. Statistical significance was ascertained by one way analysis of variance, followed by Tamhane multiple comparison test. The results are means of
three independent assays and a p value less than 0.05 was
considered to be significant.
3. RESULTS
Figure 1 shows the general appearance of the cultured
BLEC at the first passage. H2O2 at doses of 100, 200, 300
and 500 µM decreased the cell number about 32, 47, 59
and 75 %, respectively. When all H2O2 doses were compared to the control, there were statistically significant
differences (p<0.001, Figure 2). Since 200 µM dose of
H2O2 was induced approximately 50 % cell death, we
used this dose as IC50 for further experiments.

2.3. Experimental protocol

The cells at exponential growth phase were seeded in
96 well microtiter plates (2x104 cells/well) and incubated in
8 wells for the control and 8 wells for each tested drug dose.
a. Control: Included growth medium only.
b. H2O2: Doses of 100, 200, 300 or 500 µM were used
to determine approximately 50 % inhibitory concentration (IC50).

FIGURE 1 - The general appearance of cultured bovine lens epithelial cells at the first passage (light microscopy x200).
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FIGURE 2 - Dose dependence of the antiproliferative effect of H2O2 on bovine lens epithelial cells. C: control (***: p<0.001)
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FIGURE 3 - Effects of GSH, nifedipine or nicardipine combined with H2O2 for 3 hours on bovine lens epithelial cells. a: p<0.001 when compared to the control, b: p<0.001 when compared to H2O2. hyd.per.: H2O2, nifed: nifedipine, nicar: nicardipine.

The cells were first treated with 200 µM H2O2 plus
1000 µM GSH simultaneously for 3 hours, removed and
then fed with normal medium for 24 hours. MTT assay
was applied after 27 hours. While cell viability was estimated as 53 % in 200 µM H2O2 group, cell viability was
78 % in GSH + H2O2 group. GSH increased cell viability
by 25 %. GSH group differed from both the control and
H2O2 groups (p<0.001, Figure 3).

At the concentration of 1µM, nifedipine which added
together with 200 µM H2O2 for 3 hours increased the
number of living BLEC by 5 %, but at 3 µM did not influence the cell number in culture. Both nifedipine groups
were not statistically different from H2O2 group or from
each other (p>0.05, Figure 3). The cell viability was 53 %
in 200 µM H2O2 group but, in 1 and 3 µM nicardipine
groups BLEC survivals were only about 56 and 48 %,
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respectively. Both nicardipine groups were not different
from either H2O2-treated group or each other (p>0.05,
Figure 3).
4. DISCUSSION AND CONCLUSION
In cataract, normally clear and transparent lens in the
eye becomes opaque. Evidences from human lenses obtained after cataract surgery indicate a role for oxidation
in this opacification process [2]. Exogenous H2O2 was used
in this study to induce oxidative damage in the BLEC and
it was cytotoxic in a dose dependent manner. Our results
indicate that either 100, 200, 300 or 500 µM H2O2 was
added to the culture medium for 3 hours, the reductions in
the cell number were 32, 47, 59 or 75 %, respectively.
Similarly, Xing et al [3] investigated the long term effect
of H2O2 on cell growth of human lens epithelial cell line
(HLE B3). For this purpose, 8x105 HLE B3 cells were exposed to a series of different concentrations of H2O2. After
7 days, the growth was inhibited 15 % by 30 µM H2O2.
About 75 % of growth inhibition was observed at 50 µM
H2O2. In another study, Lou et al [4] studied the effect of
50 µM H2O2 on the growth of 5x104 cells from two rabbit
lens epithelial cell lines (N/N 1003A and OB3L). The
cells in the control group, not exposed to H2O2, increased
to 2- 2.5x106 cells after seven days. The susceptibility of
the two cell lines to H2O2-induced growth inhibition varied. Cell line N/N 1003A was more resistant to oxidation
and grew from 5x104 to 8.3x105, a 16 fold increase in seven
days, but cells from line OB3L increased to 1.8x105, only a
3.6 fold increase in number. When our results were compared with the above data, the susceptibility of the cells to
H2O2-induced growth inhibition varied dose dependently.
On the other hand, it is found that H2O2 can promote the
mitotic activity of lens epithelial cells. However, the proliferation was concentration dependent with low doses
leading to proliferation and high doses killing the epithelial cells [26]. This may be explained by the detoxification
of H2O2 by lens epithelial cells, because lens epithelial
cells have the GSH system to degrade H2O2. Therefore,
the effects of H2O2 may depend on its dose and on the
initially seeded number of lens epithelial cells.
The lens has both biosynthetic and regenerating systems for GSH to maintain its large pool size. However,
aging lenses or lenses under oxidative stress show an extensively diminished size of GSH pool [27]. Donma and
co-workers [28] indicated that the blood GSH levels also
decreased in senile and diabetic cataractous patients compared with normal individuals. As expected, current study
shows that exogenous GSH prevented H2O2-induced
growth inhibition of BLEC. Such protection may occur
through a variety of mechanisms, including well- characterized GSH peroxidase dependent reduction of hydroperoxides and/or direct reaction with toxic aldehyde products of
lipid peroxidation such as 4-hydroxy nonenal [29].
In the current study, DHP calcium blockers namely
nifedipine and nicardipine did not prevent oxidative in-

jury due to H2O2. Similar to our results, Sugawara et al
[30] showed that nifedipine and diltiazem had no inhibitory effects on the lipid peroxidation of myocardial membranes. Also, Cominacini et al showed that lercanidipine,
amlodipine, nimodopine and nifedipine did not clearly
change the reactive oxygen species formation of bovine
aortic endothelial cells [31]. Although there are several
reports indicating that L-type channel calcium blockers
display varying degrees of membrane antioxidant activity
[13,14, 23], we did not encounter with a study exploring
DHP’s effect on oxidative injury of lens epithelial cell.
In a study, endothelial cells incubated with combined
NO/O2- for 60 min resulted in 45 % loss of viability.
However, when the cells were pretreated for 30 min with
the DHP calcium blockers before combined NO/O2- exposure, varying degrees of protection against the loss of cell
viability were achieved: nisoldipine>nicardipine>> nifedipine [23].
In conclusion, our results demonstrate that exogenous
GSH can protect the BLEC from H2O2-induced toxicity,
but nifedipine and nicardipine can not.
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ABSTRACT
The purpose of the study was to do a temporal and
spatial monitoring of water and sediment quality in seven
different locations from Saint George branch, the southern
branch of the Danube Delta.
In water and sediment samples, the levels of metals,
polycyclic aromatic hydrocarbons (PAHs), polychlorinated
biphenyls (PCBs), organochlorine pesticides (OCPs) and
mineral oil were investigated to evaluate their potential
pollution risks.
Taking into account the previous results, sampling was
monthly performed in the period February 2009 - February
2011. The values obtained for the quality indicators were
compared with the quality standards stipulated in the
Romanian Order No.161/2006.
The monitoring activity indicated a significant organic
load (BOD, COD) at all the sampling points in most parts
of the investigated period. In sediments, only at the sampling point situated in Murighiol upright to the pontoon of
ship supply (S6), higher concentrations of PAHs, DDTs
and PCBs were detected comparing with the maximum
allowed values for the second quality class.
KEYWORDS: Danube Delta, water, sediment, physical-chemical
monitoring

1. INTRODUCTION
The Danube, the second largest river in Europe after
Volga, flows to several countries from where it receives
* Corresponding author

discharges of agricultural, industrial and urban effluents [1].
The Danube River waters flow into the Black Sea through
its delta (5600 sq. km), which constitutes the largest wetland of Europe. Designated by UNESCO as a Ramsar World
Heritage and a reservation of the biosphere, the Danube
Delta is the third delta in ecological significance among
the 300 reserves of the world. The delta wetlands have
many important functions contributing to the ecological,
social and economical wealth of the region. The most important threats to the Danube Delta are represented by
changes in the quantity and quality of water reaching from
upstream catchments.
Danube Delta Biosphere Reservation (DDBR) includes Danube Delta, the complex Lagoon Razim-Sinoe,
navigable Danube up to Cotul Pisicii, the district Isaccea–
Tulcea including floodable zone, the area from Lake Saraturi - Murighiol to Plopu and, finally, the Black Seaside
from Chilia Branch to Midia Cape. About 14,000 inhabitants live on the reservation territory (according to 2005
statistics).
There are three categories of areas in DDBR: the first
one is the core area – strictly protected area, were no
human activities are allowed, except research. The second
category is the buffer area, where traditional activities are
allowed, and the third category is the economic area where
economic activities are allowed, including commercial
fishing [2].
Disturbed aquatic ecosystems, biodiversity and habitats are occurring in the Danube Delta due to a large number
of activities, including navigation, intensive agriculture, fish
farming and, most recently, recreation and tourist industry.
In many areas of the Danube Delta, the combination of
these practices had led to a decrease of the river’s selfcleaning capacity but to an increase of polluted effluents
resulting in a continuous deterioration of river quality [37]. Such activities often conduct to supplementary quanti-
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ties of nutrients and potentially hazardous substances, such
as heavy metals, mineral oil, persistent organic compounds
including pesticides and PCBs, into the Danube Delta
ecosystems.
One of the acute problems of the inhabitants of the
Danube Delta is the lack of drinking water, wastewater networks and treatment plants [8]. Using water directly from
the Danube for household consumption, while the water
quality has been deteriorated greatly over the reference
period 1950-1960, presents a series of disadvantages, such
as a high risk of disease for the population, the impossibility to promote economical activities, which requires
drinking water. In addition, the local population cannot
develop and practice some tourism activities, which would
represent an important source of income for them.

Protection and conservation of this Biosphere Reserve
ecosystem need a long-term assessment of the physicalchemical and biological water quality in order to provide
information concerning the discharge of different pollutants, and to point out a potential trend of eutrophication.
This work is an extension of previous studies [3-5],
performed between 2003-2008 as spatial and temporal
monitoring of water and sediments quality in two major
areas of the Danube Delta: Uzlina and Murighiol.
The results obtained in the 5 years of investigation
led the idea to extend the monitoring area to other seven
sampling points situated in the southeast part of the Danube Delta, on St George branch. This branch is the most
southern one carrying 23% of the Danube water discharge
and 21% of the Danube sediment discharge [14].

The lack of sewerage system and wastewater treatment plants involves uncontrolled discharges of wastewaters with various loads of pollutants, which affect both
human health and the quality of the environment, generating pollution and leading the degradation of the environmental factors. As recorded in a research study, water
pollution in the DDBR has contributed to losses of biodiversity [9]. Therefore, a great concern is focused on water
quality.

Different weather conditions, seasons, both floods and
droughts, controlled or uncontrolled discharges may influence the degree of pollution of water and sediment from the
investigated areas.

Contamination by potentially toxic metallic elements
in the natural environment is one of the major problems
for human health and environmental quality because these
elements are indestructible, and most of them have toxic
effects on living organisms when exceeding a certain concentration [10]. Trace elements may be introduced into
the aquatic systems by both natural processes (eg. weathering and corrosion) and also human activities (heavy nutrient loads from agricultural fertilizers and heavy metals
from industry) [11, 12]. Sediment represents one of the
ultimate sinks for heavy metals discharged into the aquatic
environment. Contaminants are not necessarily fixed permanently by the sediments, and under changing environmental conditions, metals may be released to the water
column by various processes of remobilization. Thus, in
aquatic ecosystems, sediments may be both a carrier and
possible source of pollutants [13].

In this study, different types of OCPs were analyzed:
α-HCH, β-HCH, δ-HCH and γ–HCH, heptachlor, aldrine,
dieldrine, endrine, 4,4-DDD, 2,4-DDE, 4,4-DDT and also
individual PCB congeners (28, 52, 101, 138, 153, 180)
both in water and sediment samples.

In 2005, the Romanian Ministry of Environment approved a Master Plan for sustainable development of DDBR.
The most important issues were improvement of monitoring
system for the Danube Delta ecosystems using modern surveillance; improving of infrastructure, utilities, transport
and communications; support for the development of
alternative economic activities in order to reduce pressure
on fisheries resources.
According to Government Decision 1516/2009 [8],
until 2013, the drinking water networks supply will be
introduced in all communities situated in DDBR. In the
same time, sewage networks and wastewater treatment
plants will ensure the quality of water discharged into the
Danube Delta.

OCPs and PCBs are toxic organic contaminants
widespread throughout the ecosystem because of their
persistence and potential for bioaccumulation in the environment. These occur in water, air, soil, sediment and
biota in different areas around the word [15].

The tables and figures presented in this article try to
synthesize multiple data and information obtained during
two years of investigation (2009-2011). The indicators
analyzed were reported to the reference values of the Romanian Order 161/2006 [16].
There were also locations (for example S1 and S2)
and months (February-July), in which in the first phase of
the study sampling was not performed. Samples that were
not analyzed are listed in tables with NA.
In March 2009, December 2010 and January 2010,
sampling was not possible to be performed because of unfavorable weather conditions, especially in winter.
The study aims at elucidating the recent contamination status as well as their usage pattern and sources. In
addition, the water and sediment concentrations were
compared to guideline values for sediment quality.
2. MATERIALS AND METHODS
2.1. Study area and sample collection

Water and sediment sampling was performed in seven
different locations of Saint George branch: S1 -Mahmudia
site before bifurcation (45°088’N-29°095’E); S2 - artificial
channel (45°056’N-29°171’E); S3 - Uzlina upstream
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(45°076’N-29°222’E)); S4 - Uzlina upright to pontoon
(45°075’N-29°223’E); S5 - Uzlina downstream (45°070’N29°222’E); S6 - Murighiol upright to the pontoon of ship
supply (45°040’N-29°185’E); S7 - the St. George branch
at confluence with artificial channel (45°043’N-29°192’E)
(Fig. 1).

tions for surface water: very good (I), good (II), moderate
(III), poor (IV) and bad (V). The parameters evaluated for
the chemical and physical-chemical characterization of
water quality are temperature, oxygen, nutrients, pollution
with dangerous substances, pH and the mineralization (Ca,
Mg, Na). The Romanian Order 161/2006 provides two
categories of chemical conditions for all aquatic, sediment
and biota systems: good chemical conditions (all quality
parameters for the indicators are within the limits imposed
by the quality standards) and bad chemical conditions (one
or more parameters exceed the limits imposed by the
quality standards).
2.4. Methods and equipments

S1

S3
S4
S5

S2

S6

S7

FIGURE 1 - Map of the Saint George with the sampling locations
for water and sediments.

All water and sediment samples were monthly collected from February 2009 to February 2011, as momentary samples. The sampling and preservation step was
done according to the recommendations of specific international guidelines (ISO 5667/ parts 1, 3, 6, 12; EN ISO
9391) [17-20].
Water samples were collected and stored in glass bottles. From each sampling location, 10 L of water were
collected. The sediment samples were taken from 2-3 m
within the Danube using a van Veen bottom-sampler. All
samples were kept in cooling boxes at 4 °C during transportation, and analyses were performed immediately after
receiving the samples in the laboratory.
2.2. Pollutants and quality indicators

In all the samples (surface water and sediments), analytical determinations of toxic metallic elements, such as
arsenic, chromium, cadmium, copper, nickel, lead, mercury, iron, zinc and also organic compounds (mineral oil,
PAHs, organochlorine, organophosphorus and triazine pesticides, PCBs) were performed.
2.3. Reference comparison values

The Romanian Order 161/2006, transposed from Directive 2000/60/EC, introduced a classification of the
quality factors that describe the ecological conditions of
surface water. This classification consists in five condi-

Load contents: BOD (DIN EN 1899/1, 2/03, 02);
COD (SR ISO 6060: 1996).
PAHs (fluoranthene, benzo(b)fluoranthene, benzo(k)
fluoranthene, benzo(a)pyrene, benz(a)anthracene, benzo
(g,h,i)perylene, indeno(1,2,3-cd)pyrene, naphthalene, phenanthrene, anthracene, chrysene, pyrene) were determined
with an Agilent 1100 HPLC equipment (fluorescence
detection).
The quantitative analysis of total mineral oil was performed with an FT-IR system (Perkin Elmer, Spectrum
BX II).
The quantitative determination of pesticides was performed on a GC System (Agilent Technologies 6890 N)
with ECD detector for OCPs (α-HCH, β-HCH, γ-HCH, δHCH), with NPD detector for organophosphorus pesticides
(malathion, parathion, dichlorvos) and triazine pesticides
(atrazine, simazine, propazine).
Polychlorobiphenyls (PCB 28, PCB 52, PCB 101,
PCB 138, PCB 153, PCB 180) were analyzed on a GC
System (Agilent Technologies 6890 N) with ECD.
For the quantification of Phenol Index, a specific
equipment for water sample pre-treatment and a Perkin
Elmer Lambda 25 UV/VIS spectrometer were used.
Analytical techniques used for determination of metallic elements from water and sediment samples were flame
atomic absorption spectrometry performed on a ThermoScientific M6 Dual Solaar equipment; cold-vapour technique coupled to AAS using an ATI/Unicam Solar AA 929
spectrometer; ICP-EOS technique with a Perkin Elmer
Optima 5300 DV equipment.
The sediment dry weight was determined with a separate sub-sample: approximately 1 g was dried at 105 ± 2 ºC,
up to constant weight. A correction to “dry matter” (quantity of metal per g dry sediment) was applied to all analytical results.
2.5. Pre-treatment of the samples

For PCB and OCP determinations, the water samples
were extracted with 30 ml hexane. Polar matters were
removed from the extract by adding Florisil. Non-volatile
hydrocarbons from the extract were then determined by
GC-ECD analysis.
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For determination of organophosphorous pesticides,
the water samples were extracted with 30 ml dichloromethane. Polar matters were removed from the extract by
adding Florisil. Non-volatile hydrocarbons from the extract were then determined by GC-NPD analysis.
For PCB and OCP determination, the sediment samples were agitated with 30 ml acetone for 30 min, and then
with 30 ml hexane for 30 min. The organic extract was
cleaned with ultra-pure water in a separation funnel. The
final organic extract was analyzed by gas chromatography
with capillary column and ECD detection.
For determination of organophosphorous pesticides,
the sediment samples were agitated with 30 ml acetone for
30 min, and then with 30 ml hexane for 30 min. The organic extract was cleaned with water in a separation funnel.
The final organic extract was analyzed by gas chromatography with capillary column and detection with NPD.
For the determination of mineral oil, at first, the surface
water samples were acidified (pH <5) with hydrochloric
acid and then extracted with tetrachlorethylene (25 ml for
each sample). The organic extracts were filtrated on sodium
sulphate for retention of water traces. Polar matters were
removed from the extract by adding silica gel.
The sediment samples were dried with sodium sulphate
and then extracted with tetrachlorethylene (25 ml for each
sample) using a mechanical shaker. The supernatant was
filtrated on sodium sulphate. Polar matters were removed
from the extract by adding silica gel.
For the analysis of PAHs, the surface water samples
were extracted with hexane using a mechanical shaker. The
extract was concentrated by evaporation and the residue
taken up in acetonitrile.
The sediment samples were extracted by shaking with
acetone and petroleum ether, and the supernatant was
washed with ultra-pure water. The extract was concentrated
by evaporation and purified by passing a SPE C18 cartridge.
The triazine pesticides were extracted from surface
water samples by solid-liquid extraction on RP-C18 material and elution with methanol. The extracts were concentrated by evaporation with a rotary evaporator under reduced pressure at 30 °C to dryness. The residue was dissolved in 1ml methanol.
For determination of metallic compounds, the surface
water samples were digested with supra-pure nitric acid
(5 ml for each sample) and concentrated from 150 ml
(sample volume) to 25 ml [21].
After drying the sediment samples at room temperature, the fractions with particle size <60 µm were used for
extraction of all metallic elements. The “pseudo-total concentrations” of metallic elements dissolved in aqua regia
(mixture of nitric acid and hydrochloric acid in the report
1:3) from sediment samples were compared with the re-

ference values for the sediment quality according to the
Romanian Order 161/2006.
In Tables 1 to 4, the detection limit, the quantification
limit and the uncertainty of measurement (the value representing the expanded uncertainty for a coverage probability of 95%, the coverage factor is k = 2, for pollutants
both in water and sediment samples) are presented.
2.6. Quality Assurance (QA) and Quality Control (QC) data

The samples were analyzed in Pollution Control Department, which is accredited by RENAR (Romanian Accreditation Association) and follows the requirements of
SR EN ISO/CEI 17025:2005 standard. The Department has
certification with BVQI (Bureau Veritas Quality International) in accordance with SR EN ISO 9001/2008 standard, and has periodical participation to internal and external audits.
For all the analyzed parameters, the laboratories used
standard methods (ISO, SR ISO, EN, SR EN, SR, STAS,
EPA), reference materials and certified reference materials. All these standard methods are validated in the laboratory according to SR EN ISO/CEI 17025:2005, and the
TABLE 1 - Performance parameters and analytical techniques
applied for determination of metallic elements from surface water.
Indicator
LOD (µg/L)
LOQ (µg/L)
U (%)

As
Ba
Cd
Co
Cu
Cr
0.05
0.5
0.13
0.5
4
5
0.17
1.5
0.43
1.5
11
13
9.1
4.3
6.6
6.6
3
7.5
ICPAnalytical
ICPICPICPAAS
AAS
EOStechnique
EOS
EOS
EOS
FIAS
Indicator
Hg
Fe
Mn
Ni
Pb
Zn
LOD (µg/L)
0.05
5
3
1
1
1
LOQ (µg/L)
0.17
14
9.5
3.20
3
3.3
U (%)
10.4
3.1
3.2
6.6
9.9
3
ICPAnalytical
ICPICPEOSAAS
AAS
AAS
technique
EOS
EOS
FIAS
FICP-EOS-FIAS: Flow injection analysis system coupled with inductively coupled plasma atomic emission spectrometry
TABLE 2 - Performance parameters and analytical techniques
applied for determination of metallic elements from sediment.
Indicator
As
Ba
Cd
Co
Cu
LOD
0.05
0.02
0.01
0.02
0.10
(mg/kg)
LOQ
0.13
0.06
0.03
0.05
0.35
(mg/kg)
U (%)
10.3
5.1
7.1
7.2
3.5
Analytical
ICPICPICPICPAAS
technique
EOS
EOS
EOS
EOS
Indicator
Hg
Fe
Mn
Ni
Pb
LOD
0.05
0.13
0.08
0.13
0.25
(mg/kg)
LOQ
0.15
0.35
0.23
0.37
0.71
(mg/kg)
U (%)
5.7
3.5
3.7
5.3
5.2
Analytical
CVAAS
AAS
AAS
AAS
technique
AAS
CV-AAS: Cold vapour atomic absorption spectrometry

236

Cr
0.20
0.58
8.2
AAS
Zn
0.03
0.1
3.6
AAS
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TABLE 3 - Performance parameters and analytical techniques applied for determination of organic micro pollutants from surface water.
PCBs 28, 52, 101,
138, 153, 180

Indicator

Malathion, Parathion,
Dichlorvos

HCH compounds, Aldrin,
Dieldrin, Endrin, Alaclor,
Simazine
Heptaclor, 4,4-DDD; 2,4-DDE

Triazine

LOD (µg/L)

0.001

0.003

0.001

0.1

0.1

LOQ (µg/L)

0.005

0.01

0.005

0.43

0.43

U (%)

10

8

12

9.0

7.2

Analytical technique

GC-ECD

GC-NPD

GC-ECD

HPLC

HPLC

Benz(a)pyrene
0.002

Indicator

Propazine

PAH com-pounds*

Benz(ghi)perylene,
Indeno(1,2,3cd)pyrene

LOD (µg/L)

0.1

0.005

0.001

Mineral oil
0.05

LOQ (µg/L)

0.46

0.017

0.004

0.007

0.17

U (%)

7.9

5.9

6.3

5.4

4.3

Analytical technique

HPLC

HPLC

HPLC

HPLC

IR

* Fluoranthene, benzo(b)fluoranthene, benzo(k) fluoranthene, benz(a)anthracene, naphthalene, phenanthrene, anthracene, chrysene, pyrene

TABLE 4 - Performance parameters and analytical techniques
applied for determination of organic micro pollutants from sediment.

Indicator

PCB
28,
52,
101,
138,
153,
180

Malation,
Paration,
Diclorvos

HCH isomers,
Aldrin,
Dieldrin,
Endrin,
Alaclor,
Heptaclor,
4,4-DDD;
2,4-DDE

LOD (mg/kg)

0.003

0.01

0.01

0.01

LOQ (mg/kg)

0.01

0.05

0.00

0.04

12

10

14

9.5

GC-ECD GC-FID

GC-ECD

HPLC

Indicator

Atrazin

Propazine

PAH compounds

Mineral oil

LOD (mg/kg)

0.01

0.01

0.01

25

U (%)
Analytical
nique

tech-

Simazine

LOQ (mg/kg)

0.04

0.04

0.04

70

U (%)

8.4

8.6

7.5

5.5

HPLC

HPLC

HPLC

IR

Analytical
nique

tech-

3. RESULTS AND DISCUSSION
The occurrence of the selected pollutants and their
temporal and spatial distribution at seven sampling points is
discussed below. The values obtained for the quality elements were evaluated for their compliance with quality
standards stipulated in the Romanian Order No. 161/2006
[16].
3.1. Water samples

The watercourse analyzed in studied location presented a high organic load. The BOD and COD values at
S6 location exceeded the imposed limits, the highest values being 22.5 mg O2/L for BOD and 76.8 mg O2/L for
COD (Figs. 2 and 3).
In the whole period of investigation and in all studied
locations was observed a deficit of oxygen.
The level of nutrients (mineral nitrogen, total phosphorus) was almost constant and below the limit values
set for a good status.

main performance parameters (limit of detection, limit of
quantification, linearity, accuracy, precision, selectivity, the
uncertainty of measurement) were established with existing equipment of the laboratories.
The department participates every year at tests for the
evaluation of its capability by inter-laboratories comparisons (IMEP Belgium, IAWD Germany, CALITAX Spain,
IELAB Spain, AQUACHECK LGS, Quality Infrastructure
Denmark) for different groups of pollutants (organic compounds, metallic elements, inorganic compounds) from
complex matrixes (surface water, wastewater, drinking
water, soil, sediment, sludge). The results obtained in these
inter-laboratory studies were included in the accepted range
(-2 ≤ score Z ≤ 2).

The content of heavy and toxic metals in Danube
River water was in most cases below the limits according
to the national legislation. The exception was iron, which
was detected in water over the limits (0.5 mg /L) in S1
location (1.72 mg/L) in March 2010 (Fig. 4).
Concerning organic compounds, mineral oil, DDTs
and PCBs were periodically recorded in river water being
higher than the limit.
Concentrations of mineral oil in water samples from
all seven location are presented in Table 1. Values below
the allowed limit, and even below the method detection
limit, were recorded during May-December 2010. This
can be caused by the floods on the Danube in June and
July 2010. The highest value, 910 µg/L (about four times
more than the allowed limit) was recorded at S6 location,
in June 2009.
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FIGURE 2 - The temporal and spatial variations of BOD in Danube River water.
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FIGURE 3 - The temporal and spatial variations of COD in Danube Rriver water.
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FIGURE 4 - The temporal and spatial variations of iron in Danube River water.
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The variation of DDTs in Danube River water is presented in Fig. 5. The highest DDT (sum of DDT, DDE, and
DDD) concentrations were detected at S7 location from
April 2010 to February 2011. In January 2011, 0.649 µg/L
was recorded which exceeded the limit value (0.025 µg/L).
Figure 6 illustrates the composition of DDTs at S7 location in the same period. The balanced proportion of ∑(DDE
+ DDD)/DDT in this study indicates that degradation of
DDT occurred slowly.
Other persistent organic pollutants detected in June
2009 in the surface water of the three Uzlina locations (S1,
S2, S3) were PCBs, ranging from 0.003 to 0.013 µg/L.
3.2. Sediment Samples

Concentrations of heavy and toxic metals in the Danube sediments, in most samples corresponded to the
norms for the aquatic organisms’ protection. The exception was the presence of copper (Fig. 7), mercury (Fig. 8)
and nickel (Fig. 9)

The highest value for Cu (90 mg/kg) was found in
March 2010 at S7 being 2-fold higher than the admissible
limit. The limit for mercury (0.3 mg/kg) was exceeded in
February 2009 at S6 and S7 locations (0.48 mg/kg; 0.46
mg/kg), respectively, and in June 2009 (0.41 mg/kg; 0.38
mg/kg). Nickel recorded higher values han the admitted
limit in all period and studied locations but the highest
value was recorded in September 2010 at S5 (40.3 mg/kg).
In the Romanian Order 161/2006 of the Romanian
Ministry of the Environment and Water Management,
transposed from Water Frame Directive 2000/60/EC [16],
the concentration for mineral oil in sediment is not limited. In Table 2, concentrations of mineral oil (mg/kg) in
sediment samples collected from the studied locations are
shown. The lowest values were recorded from July to
October 2010, possibly also because of the floods from
that period. The highest value was 553 mg/kg in February
2010, at S6 location.

.

TABLE 5 - Concentration of mineral oil (µg/L) in water samples.

Location

S1

Ma
r
09
NA
1

Month/Year
Ma
Jun
y
e
09
09
NA

NA

July
09

Aug
09

Sept
09

Oct
09

Nov
09

Feb
10

Mar
10

Apr
10

Ma
y
10

Jun
e
10

No
v
10

Dec
10

Feb
10

NA

320

230

170

180

576

230

230

ND2

120

ND

ND

240

260
115
360
124
130
310

170
170
400
240
450
350

ND
150
ND
ND
ND
ND

ND
120
ND
ND
110
ND

ND
ND
ND
ND
110
190

ND
ND
ND
ND
110
170

199
320
110
150
190
180

S2
NA
NA
NA
NA
330
260
160
S3
350
220
370
220
510
230
140
S4
370
270
390
280
470
260
160
S5
360
260
350
260
540
270
170
S6
430
340
910
390
470
250
190
S7
310
260
890
300
350
290
180
Quality Standard 200 mg/L; NA1 = not analyzed in this period of year; ND2

270
589
220
330
190
575
220
145
580
ND
440
910
= not detected

0.7
0.65
0.6
0.55
0.5
0.45
0.4

µg/L

0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
02.09 04.09 05.09 06.09 07.09 08.09 09.09 10.09 11.09 02.10 03.10 04.10 05.10 06.10 07.10 08.10 09.10 10.10 11.10 12.10 01.11 02.11
S1

S2

S3

S4

S5

S6

S7

Quality standard

FIGURE 5 - The temporal and spatial variations of DDT/DDE/DDD in Danube River water.
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FIGURE 6 - The percentage variations of DDT/DDE/DDD in Danube River water at S7 location.

.
100

mg/kg

80

60

40

20

0
02.09

04.09
S1

05.09
S2

06.09

07.09
S3

08.09
S4

09.09

10.09
S5

11.09

02.10

S6

03.10
S7

04.10

05.10

06.10

07.10

08.10

09.10

10.10

11.10

12.10

01.11

02.11

Quality standard

FIGURE 7 - The temporal and spatial variations of Cu in sediment.
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FIGURE 8 - The temporal and spatial variations of Hg in sediment.
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FIGURE 9 - The temporal and spatial variations of Ni in sediment.
TABLE 6 - Concentration of mineral oil (mg/kg ) in sediment samples.
Location
S1
S2
S3
S4
S5
S6
S7

Apr
09
NA1
NA
ND
30.1
28.1
52.9
34.6

Location
S1
S2
S3
S4
S5
S6
S7

Apr
09
NA1
NA
ND
30.1
28.1
52.9
34.6

Month / Year
May June
09
09
NA
NA
NA
NA
71.6
123
116
151
75.9
97.2
36.4
78.7
42.1
91.4
Month / Year
May June
09
09
NA
NA
NA
NA
71.6
123
116
151
75.9
97.2
36.4
78.7
42.1
91.4

July
09
NA
NA
193
235
246
275
116

Aug
09
392
93.9
94.8
143
101.4
309
125

Sept
09
105
70.2
123
69.8
99.6
79.7
113

Oct
09
92.1
61.6
136
72.4
93.2
65.3
86

Nov
09
60.3
37.9
92
92
69.9
195
29.9

Feb
10
373
452
448
536
252
553
382

Mar
10
64.5
98.2
156
164
88.4
173
134

Apr
10
75.9
64.5
136.8
141.2
73.2
90.4
78.8

May
10
351
276
441
153
46.8
56.9
ND

June
10
49.9
54.2
54.3
321
70.9
84.5
48.4

July
10
ND2
ND
ND
ND
27.1
26.1
25.2

Nov
10
216
72.5
61.7
113.7
49.6
55.3
59.1

Dec
10
173
74.2
58.3
98.4
51.6
48.7
61.2

Ian
11
256
194
217
195
146
NA
162

Feb
11
64.7
43.1
41.9
39.6
37.7
96.6
50.8

July
09
NA
NA
193
235
246
275
116

Aug
09
392
93.9
94.8
143
101.4
309
125

Sept
09
105
70.2
123
69.8
99.6
79.7
113

Oct
09
92.1
61.6
136
72.4
93.2
65.3
86

Nov
09
60.3
37.9
92
92
69.9
195
29.9

Feb
10
373
452
448
536
252
553
382

Mar
10
64.5
98.2
156
164
88.4
173
134

Apr
10
75.9
64.5
136.8
141.2
73.2
90.4
78.8

May
10
351
276
441
153
46.8
56.9
ND

June
10
49.9
54.2
54.3
321
70.9
84.5
48.4

July
10
ND2
ND
ND
ND
27.1
26.1
25.2

Nov
10
216
72.5
61.7
113.7
49.6
55.3
59.1

Dec
10
173
74.2
58.3
98.4
51.6
48.7
61.2

Ian
11
256
194
217
195
146
NA
162

Feb
11
64.7
43.1
41.9
39.6
37.7
96.6
50.8

NA1 = not analyzed in this period of year; ND2 = not detected

In this study, presence of PAHs over order was detected (Fig. 10). The highest values were found at S6
location in March 2010 (24.57 mg/kg dry matter) and in
February 2011 (21.3 mg/kg) while the maximum admissible values were 1 mg/kg. PAHs with highest levels
detected at S6 in March 2010 were chrysene (15.15
mg/kg), pyrene (0.92 mg/kg), fluoranthene (0.83 mg/kg)
and benz(b)fluoranthene (6.34 mg/kg). In February 2011,
the composition of PAHs was anthracene (1.65 mg/kg),
chrysene (5.28 mg/kg), fluoranthene (3.58 mg/kg), naphthalene (1.26 mg/kg), phenanthrene (5.14 mg/kg), and
pyrene (1.91 mg/kg).
Chrysene recorded the highest values from the entire
period of the study in April 2010 at S4 (7.29 mg/kg ) and
S3 (5.56 mg/kg ). In April 2009, the highest values were
found for anthracene (3.25 mg/kg) at S6 whereas benzo(b)fluoranthene was highest in November 2009 at S2
location(5.37 mg/kg ).

DDTs (sum of DDT, DDE and DDD) and HCHs
(sum of α-, β, δ- and γ-HCH) are two groups of OCPs that
have been frequently detected in sediments of the previously studied locations [4, 5]. In Table 3, the concentration of DDTs is indicated as sum of DDT, DDE, and
DDD in sediments, and also in Table 4, the composition
of DDTs in sediments from all studied locations. S6 was a
location with higher concentration of DDTs from the total
concentration in which 4,4-DDD represented 61.0692.78%, followed by 2,4-DDE (7.21–38.93% %). 4,4DDT was not detected. These results were compared with
Sudaryanto [22] regarding Mekong River Delta, where
most of the samples were characterized by higher proportion of p,p'-DDE (47–96%), followed by p,p'-DDD (2.0–
51%) and p,p'-DDT (0.60–27%), from total DDTs concentration. In the environment, DDT can be biodegraded
to DDE under aerobic conditions, and to DDD under
anaerobic conditions [23]. The higher proportions of 2,4DDE and 4,4-DDD in this study indicate that degradation
of DDT occurred significantly.
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FIGURE 10 - The temporal and spatial variations of PAHs in sediment.

TABLE 7 - Concentrations of DDTs (µg/kg ) in sediments.
Location

Feb
09
NA1
NA
1.4
2.0
1.0
3.0
4.0

Month
Apr
09
NA
NA
1.0
1.0
1.0
4.0
2.1

May
09
NA
NA
0.7
1.0
0.2
ND
ND

Aug
09
2.0
0.7
2.2
1.8
0.2
ND
ND

Apr
10
0.4
ND
ND
1.7
0.6
8.3
1.4

May
10
0.7
ND
ND
1.2
2.8
13.1
2.8

June
10
0.4
ND
ND
4.0
1.3
12.2
9.0

S1
S2
S3
S4
S5
S6
S7
Quality
∑ DDT/DDE/DDD = 10.0 µg/kg
standard
NA1 = not analyzed in this period of year; ND2 = not detected

July
10
0.9
ND
ND
3.5
1.9
12.6
5.0

Aug
10
1.1
ND
ND
5.0
5.8
14.8
3.0

Sept
10
1.0
ND
ND
6.0
1.9
20.7
2.1

Oct
10
4.0
ND
ND
6.1
3.5
23.8
3.2

Nov
10
6.0
ND
ND
3.9
6.8
29.1
3.5

Dec
10
9.4
ND
ND
5.7
9.6
22.5
3.4

Ian
11
5.0
ND
ND
1.8
1.8
19.1
3.3

Feb
11
ND
ND
ND
12.6
30.4
26.7
4.3

TABLE 8 - Compositional profiles of DDTs (µg/kg) in sediments.
Location

2,4DDE

4,4DDD

4,4DDT

Month / Year
Apr
May
09
09
NA
NA
0.5
0.8
1.0
0.7
1.0
0.5
0.2
1.5
1.1
0.8
ND
ND
ND
ND
0.2
0.2
1.0
2.0
0.5
1.8
ND
1.8

S1
S3
S4
S5
S6
S7
S4
S5
S6
S7
S3
S4

Feb
09
NA1
0.7
2.0
1.0
1.5
2.0
ND
ND
1.5
2.0
0.7
ND

Aug
09
ND2
ND
ND
ND
0.4
ND
ND
ND
ND
ND
ND
ND

Apr
10
0.4
ND
0.9
0.3
4.3
0.4
0.3
0.3
4.0
1.0
ND
0.5

May
10
0.7
ND
1.4
0.5
5.1
0.8
0.8
0.7
8.0
2.0
ND
0.6

June
10
0.4
ND
1.6
0.3
3.2
1.0
1.3
1.0
9.0
8.0
ND
1.1

July
10
0.9
ND
1.2
0.7
3.6
1.0
1.1
1.0
9.0
4.0
ND
1.2

Aug
10
1.1
ND
1.8
0.8
3.8
1.8
1.7
5.0
11.0
1.2
ND
1.5

Sept
10
1.0
ND
1.5
1.1
2.7
1.2
2.4
0.8
18.0
0.9
ND
2.1

Oct
10
4.0
ND
2.2
2.5
1.8
1.8
2.1
1.0
22.0
1.4
ND
1.8

Nov
10
6.0
ND
2.8
1.8
2.1
1.4
2.9
5.0
2.7
1.1
ND
1.1

Dec
10
8.0
ND
2.1
1.4
2.5
1.9
2.2
8.0
24.0
1.5
ND
1.4

Ian
11
5.0
ND
1.8
1.8
3.1
1.5
2.0
11.0
16.0
18.0
ND
1.6

Feb
11
9.0
ND
2.4
2.4
2.7
2.1
8.0
28.0
24.0
2.2
ND
2.2

S6

ND

ND

12.5

1.4

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

S7

ND

ND

1.5

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

NA1– not analyzed in this period of year, ND2 – not detected

In the case of HCHs, γ-HCH (lindane) was the dominant isomer in sediments. The highest value (0,014
mg/kg) was found at S3 location in May 2009. The concentration of lindane is presented in Table 10, and of the
other HCH isomers (α-HCH, β-HCH, δ-HCH) in Table 9.

The occurrence of other OCPs, like heptachlor and
endrin is also presented in Table 9. At S1 location, most
concentration values exceeded the quality standard.
The concentration of congener sum of PCBs detected
at the studied locations is presented in Table 11, and concentration of PCBs in Table 12.
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TABLE 9 - Concentrations of organochlorinated pesticides (µg/kg) in sediments.
Compound

Location

α-HCH

S3
S4
S6
S3
S4
S5
S6
S7
S1
S3
S4
S1
S1
S3

β- HCH

δ- HCH

Heptachlor
Endrin

Apr
10
0.3
0.3
0.4
0.3
1.9
1.6
2.6
1.0
0.3
0.3
0.6

Month / Year
May
June
10
10
0.8
1.0
0.5
0.2
0.4
0.2
3.5
1.4
2.5
1.5
22.0
1.5
3.2
2.7
2.1
2.0
0.8
1.1
0.9
0.3
0.8
0.9

0.7
1.6
0.3

1.1
2.2
0.5

1.5
2.1
0.5

July
10
1.0
0.2
0.2
2.8
1.6
1.8
3.8
2.8
1.3
0.5
0.9

Aug
10
4.0
0.9
0.2
3.1
1.7
1.7
3.3
2.5
1.5
0.5
1.9

Sept
10
7.0
1.4
4.0
2.2
1.2
2.8
4.2
3.4
1.2
1.0
1.6

Oct
10
5.0
2.5
0.7
2.7
2.4
3.1
3.8
2.4
1.6
4.0
1.5

Nov
10
4.0
1.8
0.4
0.2
1.6
2.7
2.6
3.1
2.0
7.0
2.2

Dec
10
2.0
2.1
0.4
2.4
1.9
2.5
2.2
2.7
4.0
8.0
2.5

Jan
11
9.0
2.8
0.7
2.8
2.3
3.0
2.5
1.9
9.0
6.0
2.9

Feb
11
11.0
2.5
0.5
2.1
1.8
5.0
3.2
1.5
0.2
8.0
2.6

1.9
2.8
0.2

1.9
2.2
0.7

1.7
1.2
0.4

2.2
1.4
0.8

2.2
1.2
0.8

2.6
1.4
3.0

2.0
2.5
8.0

8.0
1.8
11.0

Quality
standard
-

0.7
0.04

TABLE 10 - Concentrations of lindane (µg/kg) in sediments.
Month/ Year
Feb 09
Apr 09
May 09
June 09
July 09
Aug 09
Sept 09
Apr 10
May 10
June 10
July 10
Aug 10
Sept 10
Oct 10
Nov 10
Dec 10
Ian 11
Feb 11
ND1–= not detected

Location
S3

S4

S5

S6

S7

9.0
5.0
14.0
3.0
1.0
0.2
0.4
0.3
0.6
0.4
0.4
0.7
0.5
0.8
0.3
0.5
01.0
7.0

45.0
2.0
5.0
3.0
2.0
0.2
0.5
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

2.0
2.0
2.0
3.0
2.0
2.0
ND1
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

6.1
2.5
7.0
7.0
0.6
8.0
0.3
0.9
1.1
2.1
2.4
2.8
3.5
2.6
3.2
2.8
2.1
1.8

2.8
2.1
4.0
2.0
0.5
3.0
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

Quality
Standard

0.05

TABLE 11 - Concentrations of PCBs (µg/kg) in sediments.
Month / Year
Feb
Apr
May
June
July
09
09
09
09
09
S1
NA1
NA
NA
NA
NA
S2
NA
NA
NA
NA
NA
S3
0.5
4.0
1.0
0.3
ND
S4
0.6
3.0
2.0
0.2
ND
S5
0.8
2.0
5.0
0.5
ND
S6
7.8
ND
8.2
7.3
4.0
S7
1.1
4.4
3.2
19.8
ND
NA1– not analyzed in this period of year, ND2 – not detected
Location
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Aug
09
65.0
43.0
74.0
67.0
39.0
415.0
27.03

Sept
09
0.4
0.4
0.7
0.5
0.6
13.6
7.1

Oct
09
ND2
ND
ND
ND
ND
8.7
ND

Nov
09
ND
ND
ND
ND
ND
8.7
ND

Quality
Standard

20.0
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TABLE 12 - PCBs congeners in August 2009 (µg/kg) in sediments.
Congeners
Congener 28
Congener 52
Congener 101
Congener 153
Congener 138
Congener 180
PCBs = ∑ Congeners
Quality Standard
ND1 – not detected

Location
S1
61.0
1.7
ND
ND
1.0
0.8
64.5
20.0

S2
41.1
0.2
ND
0.2
0.9
0.4
42.8

S3
64.7
3.4
0.4
0.4
5.0
0.3
74.0

PCBs have been used mainly for industrial purposes,
such as dielectric fluids in transformers and capacitors.
They are a group of 209 related industrial compounds,
which differ only in the number and pattern of chlorine
atoms attached to biphenyl molecule. These compounds
are termed congeners of PCBs. The patterns of chlorine
substitution ultimately modify and dictate each congener's
environmental fate and toxicity. Of the 209 congeners of
PCBs, some have been reported to have toxicological
effects.
The limit concentrations of PCBs used for regulatory
purposes are based either on the "total PCB" level or,
more recently, on standard individual congeners (28,
52,101, 138, 153, 180) chosen in order to cover a wide
range of chlorination (from three to seven chlorine atoms), and taking into consideration their relatively high
levels in samples [5]. In August 2009, exceeding values
of PCBs were recorded at all sampling locations, with
high values for 28 PCB congener (Table 8).
Tri- to penta-PCBs were detected for approximately
90% of total PCBs, but octa- to deca-PCBs were not detected. In addition, the relative abundances of tri-PCBs at
all locations represented more than half of total PCBs.
This probably was connected with congener types of
technical PCBs used in August 2009 [24].

S4
63.1
2.8
0.8
0.3
0.3
0.4
67.0

S5
37.0
0.3
0.5
0.3
0.4
0.6
39.0

S6
348.8
48.7
4.9
0.8
4.8
7.0
415.0

S7
25.2
ND1
0.6
0.2
0.9
0.4
27.3

At some locations, in sediment, higher concentrations
of copper, nickel, mercury, lindane, PAHs, DDTs and
PCBs were detected exceeding the quality standards according to Romanian legislation transposed from Frame
Water Directive 2000/60/EC.
The presence of Fe, DDTs, PCBs, and mineral oil in
surface water represents an acute problem for the inhabitants of the Danube Delta. The use of water directly from
the river, without any treatment for household consumption, presents a series of disadvantages, such as a high risk
of diseases for the population, mostly for children and old
people.
Target analyses of selected pollutants showed that
occasionally they were present in high concentration, and
revealed the need to safeguard the quality of the river
water from future deterioration, firstly by a long-term
monitoring. Further studies need to be carried out also on
the biota compartments (fish) from this area, in order to
evaluate the occurrence of persistent organic pollutants
and toxic metals in tissues, and to assess the risk of these
contaminants on the ecosystem and human health.
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ABSTRACT
The adsorption of Methylene blue (MB) on the longan fruit pericarp pretreated with KCl and NaOH was
studied using untreated longan fruit pericarp as control, in
order to explore its potential use as a low-cost adsorbent
for wastewater dye removal. Characterization of the raw
and pretreated longan fruit pericarp was performed using
Fourier transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM) and X-ray diffraction (XRD),
respectively. It was observed that the kinetic data of the
adsorption fitted well with a pseudo-second-order equation.
Fitting parameters revealed that rate of adsorption increased with decrease in ionic strength. The adsorption was
favorable at higher pH and temperature, and the equilibrium data were well fitted by the Langmuir and Freundlich
isotherm. Thermodynamic parameters suggest that the adsorption is a typical physical process, spontaneous, and endothermic in nature. The adsorption capacity, estimated
according to Freundlich’s mode, the Langmuir constant
KL and Qm indicate that KCl and NaOH treatment enhanced the adsorption properties of the original material.
KEYWORDS: adsorption; longan fruit pericarp, methylene blue,
pretreatment

1. INTRODUCTION
Dyes and pigments are common constituents of effluents discharged by various industries, such as textiles, cosmetics, pulp mills, leather, dye synthesis, printing, foods,
and plastics. Such effluents are characterized by fluctuating pH with large load of suspended solids and high oxygen demand and resistance to biological oxidation, and
* Corresponding author

many dyes and pigments are harmful to human beings and
hazardous to aquatic organisms. Among the numerous dye
removal techniques, adsorption is the preferred method and
gives the best results as it can be used to remove various
types of coloring materials [1]. Activated carbon is the most
widely employed adsorbent for the removal of color from
textiles due to its effectiveness and high adsorption capacity. However, its high operating costs limit its use. Research is currently focusing on the use of low cost commercially available organic materials as viable substitutes
for activated carbon [2].
Many sorbents based on low cost waste materials
have been used for dye sorption from wastewater, which
included pineapple leaf powder [3], wheat straw, [1], waste
rubber tire [4], red mud [5], bottome [6], deoiled soya [7],
prehydrolysed beech sawdust [8], castor seed shell [9],
deoiled mustard [10, 11]， coconut coir [12, 13], durian
shell [14], olive bagasse [15], coconut-husk [16] and banana stalk waste [17], sugarcane bagasse [18], peanut hull
[19], etc. Gupta et al. [2] have reviewed the utility of low
cost adsorbents for the removal of various pollutants including dyes. Some of the advantages of using agricultural
waste for wastewater treatment include simple operation,
processing, good adsorption capacity, selective of effluent
adsorption, low cost availability and easy regeneration [20].
In addition, the exhausted adsorbents can be disposed off by
burning and the heat can be used for steam generation [21].
However, the application of untreated agricultural or
plant waste as adsorbents has some drawbacks such as low
adsorption capacity, high chemical oxygen demand (COD)
and biological oxygen demand (BOD) as well as total organic carbon (TOC) due to release of soluble organic compounds contained in the plant materials [22].
To overcome the above problems, the agricultural
wastes need to be pre-treated or modified before they can
be used as good adsorbents. In this paper, the removal of
chemical grade methylene blue with KCl and NaOH pre-
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treated longan fruit pericarp (TLFP) was studied using
untreated longan fruit pericarp (LFP) as the control. The
batch adsorption kinetics of the methylene blue was used
to estimate the adsorption capacity of the LFP and TLFP.
Longan is largely cultivated in the subtropical region of
China, such as Guangxi, Guangdong, Fujian and Taiwan
province. In Guangxi province, 3.8 million tons of longan
is harvested annually, in recent years [23], and the output
of Logan ranks the second in the whole nation. After
longan is processed, the residual longan fruit pericarp are
normally discarded or burned, which makes the materials
as waste or as air pollution resource. This study will provide potential applications of agricultural wastes in the
removal of industrial discharged effluents such as dyes.
2. MATERIALS AND METHODS
2.1. Preparation of dye solution

The cationic dye used in this study, MB or Basic Blue 9,
was purchased from Shantou Xilong chemical Co., China.
MB is a monovalent cationic dye with a molecular weight of
373.90 and its chemical formula is C16H18ClN3S. The cationic MB dye produces an intense molecular cation (C+) and
reduced ions (CH+) in the aqueous solution. The MB used
was of chemical grade without further purification. A stock
solution, 500 mg/L, was prepared by dissolving an appropriate quantity of MB in distilled water. The working solutions were prepared by diluting the stock solution with
distilled water to give the appropriate concentrations of the
working solutions. The pH of MB solution is about 6.8, and
when the solution is diluted, the pH dose not nearly change.
MB concentration in the sample solution was determined
using a spectrophotometer (722s, Shanghai, China) at a
wavelength of 660 nm.
2.2 Materials development and characterization

The composition of raw and the pre-treated longan
fruit pericup (cellulose, hemicelluloses, lignin) was determined [24].
The longan fruit pericarp used in this study was obtained from a local market. The collected biomaterial was
extensively washed with tap water to remove soil and
dust, sprayed with distilled water and then dried in an oven
at 80℃ to a constant weight. Dry biomass was powdered
using a grinder. The longan fruit pericarp powder was passed
through a mesh screen. Particles with diameter less than
75 µm were isolated and then preserved in a desiccator for
use.
The treatment process was performed in a 500 mL
glass beaker. The particles with diameter less than 75µm
of 10 g was added into the beaker, and then was soaked in
1.0 mol.L-1 KCl of 300 ml for 12 h. The resulting mixture
was leached. The KCl treatment longan fruit pericarp powder was obtained and washed with distilled water. The
KCl treatment longan fruit pericarp powder was soaked
again in 1.0 mol.L-1 NaOH of 300 ml for 10 h. The mix-

ture was leached. KCl and NaOH treatment Longan fruit
pericarp powder (TLFP) obtained was washed with distilled water till the washings were neutrality and then
dried in an oven at 80℃ for use.
The specific surface area was measured by N2 adsorption isotherm using an ASAP 2010 Micromeritics instrument and by the Brunauer-Emmett-Teller (BET) method.
Crystallinities of the raw and treated sorbents were determined by a diffraction unit (Model D/max-1200) and using
“Crystallinity M.peak Sep. method” software available
from instrument system. Scanning electron micrographs
(SEM) were obtained to study the morphological features
and surface characteristics of the LFP and TLFP by using
an environmental scanning electron microscope (QUANTA
2000 ESEM, FEI). Proximate Fourier transform infrared
(FTIR) analysis was applied to determine the surface functional groups, using FTIR spectroscope (AVATAR 360,
Nicolet), where the spectra were recorded from 4000 to
400 cm-1.
TABLE 1 - Composition and BET surface area of the LFP and
TLFP
Component

cellulose
hemicelluloses
lignin
BET surface area (m2/g)

Composition (expressed in
% w/w on a dry weight basis)
Original logan
Treated logan
fruit pericarp
fruit pericarp
23.58%
26.27%
19.63%
15.14%
17.79%
13.35
2.1355
2.4018

2.3. Kinetic studies

Kinetic studies were carried out to establish the effect
of time on the adsorption process and to quantify the
adsorption rate. A concentration of 1.27g/L adsorbent was
added to the 55mL of solution containing a fixed MB
concentration in a 100 mL conical flask and the mixture
was agitated in a thermostatic mechanical shaker at a constant speed and room temperature (30℃) for 150 min. 5 mL
liquor was removed at given time intervals and immediately
centrifuged to collect the supernatant. The residual MB
concentration in the supernatant was determined spectrophotometrically (λmax=660 nm). Each run of the experiment was replicated and the average values were used in
the data analysis.
The effect of ionic strength on adsorption rate was investigated using the procedures described above except
that different ionic strengths (0.2-1.0 mol/L) were used.
The amount of MB adsorbed at contact time t (min),qt
(mg/g), was calculated using Eq.(1):
qt=(C0-Ct)V/W

(1)

where, C0 and Ct (mg/g) represent the concentrations
of MB in the solution at time t=0 and t=t, respectively, V
(L) is the volume of solution and W (g) was the dose of
adsorbent.
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2.4. Equilibuirm adsorption studies

Adsorption isotherms were derived from batch experiments. Following the batch procedure, accurately weighed
quantities of adsorbent were transferred into 100mL bottles, where a 50mL of adsorbate solution were added. The
MB initial concentrations were 50-250 mg/L. The bottles
were sealed and mechanically tumbled on a reciprocal shaker
at 150 excursions/min and at room temperature (303K) for
80 min. This contact time was found to be adequate for
reaching equilibrium adsorption based on the results of a
separate kinetic study. The resulting solution concentrations were determined and the equilibrium data from each
bottle represented one point on the adsorption isotherm
plots. The experimental procedure employed for studying
the effect of temperature on the dye adsorption isotherm
was the same as that described above except that the temperature was controlled under isothermal conditions at 293,
303, 313, 323K.

b
a
c

FIGURE 1 - FTIR spectrum of (a) LFP, (b)TLFP before adsorption
and (c) TLFP after adsorption.

a

3. RESULTS AND DISCUSSION
3.1.Adsorbent characteristics

The composition of LFP and TLFP (cellulose, hemicelluloses, lignin) was presented in Table 1. The hemicellulose and lignin content of the LFP was decreased by treatment; the initial hemicellulose and lignin content value of
19.63% w/w and 17.79% w/w of the original dry material
was decreased to 15.14% w/w and 13.35% w/w of the pretreated dry material, respectively, while the cellulose remained practically unchanged (see Table 1). FTIR spectra
of LFP and TLFP before and after adsorption are shown
in Fig. 1. In LFP spectrum [Fig.1(a)] intense and broad
band ranging from 3050 to 3750 cm-1 relates to the hydrogen-bonded OH vibration of the cellulosic structure of
LFP and N-H bending, respectively [25, 26]. A strong and
sharp band at 2910 cm-1 is attributed to the C-H stretching
vibration from CH2 group of cellulose and hemicellulose.
The peaks at 1733 and 1619 cm-1 are due to carboxyl and
C=C, respectively, in hemicellulose and the peak observed
at 1516 cm-1 can be assigned to aromatic nitro compound
group. The peaks at 1453 and 1235-1259 cm-1 indicate the
existence of lignin and hemicellulose structures, respectively [26]. The peaks at 1371, 1040, 883 and 607 cm-1
reflect the C-H, C-O, C-C and C-C stretch [22]. From the
FTIR spectra, it is clear that some surface functional
groups are present on the LFP, but the specific surface
functional groups are unclear. Some distinct changes are
noted in the spectrum between LFP [Fig.1(a)] and TLFP
[Fig.1(b)]. The peak at 1735 cm-1 seen in LFP disappears
upon TLFP. This is due to the removal of the carboxylic
group by alkali treatment by a process called deesterification [26]. The carboxylic group may also be present in the
fiber as traces of fatty acids present in oils. It can be seen
that the peaks between 1420-1460 cm-1 and 1235-1259 cm-1
evidently decrease or nearly disappears after alkalization,
indicating the mostly removal of hemicellulose materials
and lignin. From these results it is clear that several reac-

b

c

FIGURE 2 - Scanning electron microscope of (a) LFP, (b)TLFP
before dye adsorption and (c)TLFP after dye adsorption.
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tions take place during alkalization. However, in the case
of TLFP [Fig.1(c)] after adsorption, there is remarkable shift
in positions of –OH, C=C and –C-C- group peaks which indicates MB binding mostly at –OH and C=C groups. The
FTIR spectra confirm the complexation of MB with functional groups present in the adsorbents.

Degree of crystallinity of LFP and TLFP were measured to be 13.58% and 30.47%, respectively. It indicated
that the crystallinity of TLFP was actually increased by
removal of the hemicelluloseds and the amorphous part of
cellulose.
3.2. Adsorption kinetic studies
3.2.1. Effect of ionic strength

Fig.3. shows the amount adsorbed as a function of
contact time at various ionic concentrations. The amount
adsorbed increased with time and reached a plateau when
dynamic equilibrium was attained. The time required to
reach the adsorption equilibrium was 80 min (NaCl concentration =0 mol/L). As shown, the adsorption process
was divided into three stages: (1) an initial stage with
adsorption occurring instantly, (2) subsequently slow
adsorption, and (3) a final stage with adsorption reaching
equilibrium and remaining constant. The first stage can be
attributed to the rapid attachment of MB to the surface of
the TLFP by surface mass transfer. At this stage, more
than 85% of TLFP adsorption was found. This could be
ascribed to a large number of vacant sites available at the
initial stage; as a result an increased concentration gradient existed between the MB molecules in solution and on
the adsorbent surface. The second stage was slower, possibly because many of the available external sites were
already occupied and because many of the slow diffusion
of MB molecules into the pore spaces of the TLFP. An
asymptotic trend was found after approximately 20 min.
the amount adsorbed did not vary significantly changed at
contact times longer than the equilibrium time (80 min).
The kinetics of the adsorption process indicates that the
adsorption of MB onto TLFP can be considered as a fast
adsorption process because more than 85% of MB was
adsorbed with in 20 min. Such finding reveals the benefits
of using TLFP for the treatment of wastewaters rich in
dyes in general and MB in particular.

0.8
% MB Removal

The SEM micrographs of LFP and TLFP before and
after MB adsorption are shown in Fig. 2(a), (b) and (c). It
is clear that there are good enhancements in pores at
TLFP surface where there is a good possibility for dyes to
be trapped and adsorbed into these pores. Further more,
the surface of TLFP is rougher than that of LFP. So,
based on the morphology, it can be concluded that this
material presents an adequate morphological profile to
retain dye ions [27]. It is shown in Figure 2 (c) that very
distinguished dark spots which can be taken as a sign for
the effective adsorption of dye molecules in the cavities
and pores of this adsorbent. The BET surface area of LFP
and TLFP were measured to be 2.1355 m2/g, 2.4018 m3/g,
respectively.

1

NaCl浓度

0.6

0.0mol/L
0.2mol/L
0.4mol/L
0.6mol/L
0.8mol/L
1.0mol/L

0.4
0.2
0
0

50

100
t(min)

FIGURE 3 - Effects of ionic strength on the adsorption kinetics.
Conditions: initial MB 150 mg/L, TLFP 1.4 mg/L, 303K, final pH
6.8±0.1.

The influence of ionic strength on the MB adsorption
kinetic was studied with a series of experiments at different NaCl concentration (0.2-1.0 mol/L). The results show
that the amount of MB adsorbed decreased in the presence of NaCl.
The kinetic data was analyzed using pseudo-secondorder (PSO). The PSO model [28] given by
dqt/dt = k2(qe-qt)2
(2)
Where k2 is the second-order rate constant. For the
boundary conditions t=0 to t=t and qt=0 to qt= qt, the
linear form of the equation is
t/qt =1/k2qe2＋(1/qe)t

(3)

The kinetic data for the adsorption of TLFP were calculated and are listed in Table 2. Besides the value of R2,
the applicability of the kinetic models is verified through
the normalized standard deviation, ∆q. The validity of the
model was determined by standard deviation (∆q,%)
given by :

∆q =

∑[(q

q

t , exp − t , cal

) / qt , exp ]2

n −1

× 100

(4)

Where the qt,exp and qt,cal refer to the experimental and
calculated values, respectively, and n is the number of
data points. The higher the value of R2 (≥0.999) for
pseudo-second-order models and the lower the value of
∆q indicate the goodness of fit indicating the applicability
of this kinetic equation. The PSO model fit parameters
(given in Table 2) show that an increase in ionic strength
(0.2 to 1.0 mol/L) led to a decrease in the adsorption rate
constant (6.58×10-3 to 4.10×10-3 g/mg min). Ionic strength
is one of the key factors affecting the electrical double
layer (EDL) structure of a hydrated particulate. The
thickness of EDL (m), 1/k, can be determined from the
relationship [3]:

1  2 F 2 I × 1000 

=
k  εε 0 RT 

−0.5

(5)

Where F is the Faraday constant (96,5000 C/mol), I is
the ionic strength (mol/L), R is the molar gas constant
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TABLE 2 - Kinetic parameters for the removal of MB by TLFP at different ionic strengths (initial MB concentration 150 mg/L)
Pseudo-second-order model
Ionic strength(M)
qe,exp(mg/g)
0
104.41
0.2
99.05
0.4
91.54
0.6
85.90
0.8
82.54
1.0
79.29
Intra-particle diffusion model
Ionic strength (mol/L)
kp1
0
4.677
0.2
4.158
0.4
3.798
0.6
3.504
0.8
3.306
1.0
3.117

qe,cal(mg/g)
105.26
100.00
92.60
86.96
82.64
81.30
R2
0.9797
0.9828
0.9647
0.9111
0.9663
0.9677

intercept
74.67
71.46
65.75
60.84
56.68
53.39

1.4
pretreatment
original

1.2
t/qt

1
0.8
0.6
0.4
0.2
0
0

20

40

60

80

100

k2(g/mg.min)
0.00668
0.00658
0.00627
0.00601
0.00525
0.00410

120

140

t(min)
FIGURE 4 - Lagergren plots(second order kinetics) of MB by LFP
and TLFP at 303K(initial MB concentration 150mg/L).

(8.314 J/mol K), T is the absolute temperature (K), ε is the
dielectric constant of water (78.5), and ε0 is the vacuum
permittivity (8.854×1012 C/Vm). As indicated by Eq. (5),
an increase in ionic strength leads to a decrease in EDL
thickness and an increase in the amount of indifferent ions
approaching the adsorbent surface. Thus, the results shown
above can be attributed in part to increased competition
between MB and Na+ ions for surface sites with increasing
the ionic strength.
The calculated second order rate constant value (k2)
of the Lagergren equation for the raw material was found
to be lower than that estimated for the pretreated material
under the same conditions (Fig.4). The results show that
the pretreatment enhances the adsorption rate by increasing both the amount of dye adsorbed per unit mass of the
adsorbent (q in mg/g) at equilibrium time and the second
order rate constant (k2 in min-1) for the adsorption process. The enhancement can possibly be attributed (a) to the
removal of the hemicelluloses and lignin during treatment
(see Table 1), resulting in the ‘opening’ of the lignocellulosic matrix’s structure with an increase in surface area of
the absorbent material and (b)the activation of the material’s surface owing to an increase in the number of dye
binding sites.
3.2.2. Intra-particle diffusion

The variation in the amount of adsorption with time
could be further processed for evaluating the role of diffu-

kp2
0.292
0.478
0.810
1.125
1.267
1.311

R2
1
1
1
1
0.999
0.999
intercept
101.32
94.15
82.76
74.21
68.54
66.15

∆q(%)
0.097
0.326
0.891
1.23
2.86
3.01
R2
0.9034
0.7773
0.7993
0.8734
0.7925
0.8643

sion in the adsorption process. Adsorption is a multi-step
process involving transport of the solute molecules from
the aqueous phase to the surface of the solid particulates
(boundary layer diffusion) followed by diffusion of the
solute molecules into the pore interior. Intra-particle diffusion (IPD) equation was originally used to identify the
diffusion mechanism [29]:
qt= kpt1/2+C
(6)
Where kp is the IPD rate constant (mg/(min1/2g) and C
is the intercept, which gives an indication of the thickness
of the boundary layer (i.e., the larger the intercept, the
greater the boundary layer effect). The kp values are found
from the slopes of qt vs t1/2 plots. If the plot of qt versus
t1/2 gives a straight line, then the sorption process is controlled by intra-particle diffusion only. However, if the data
exhibit multi-linear plots, then two or more steps influence
the sorption process. It is assumed that the external resistance to mass transfer surrounding the particles is significant only in the early stages of adsorption. This is represented by first sharper portion, indicating boundary layer
effect. The second linear portion is the gradual adsorption
stage with intra-particle diffusion dominating [27]. The IPD
plots and the fit parameters of the effect of ionic strength
are depicted in Fig.5 and Table 2, respectively. These plots
clearly exhibit two distinguishable intercepting lines, which
indicate that the adsorption process was controlled by a
multi-step process, involving adsorption on the external
surface and diffusion into the internal pores of the TLFP
[27]. As shown in Table 2, the calculated intra-particle
diffusion coefficient kp2 values increase with increasing
ionic strength. The linear correlation (R2) of the plot was
found to be low (0.7773-0.9034). The deviation of straight
lines from the origin may due to the difference in rate of
mass transfer in the initial and final stages of adsorption.
Further, such deviation of straight line from the origin
indicates that pore diffusion is not the sole rate limiting
step. So the adsorption process may be of a complex nature consisting of both surface adsorption and intra-particle
diffusion [30]. Furthermore, the multiple nature of the
intra-particle plot, the deviation of the straight line from
the origin, and the low linear correlation of the intra-particle
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portion of the multi-linear steps suggest that the adsorption of MB may be controlled by external mass transfer
followed by intra-particle diffusion mass transfer.
110

qt(mg g-1)

100
90

NaCl

80

0.0mol/L
0.2mol/L
0.4mol/L
0.6mol/L
0.8mol/L
1.0mol/L

70
60
50
40
0

2

4

6

8

10

hence, MB is completely ionized at pH greater than 0.04
and serves as a cationic species. As shown in table 3, the
removal of MB is minimum at pH 2, and the removal dose
not been considerably changed over the initial pH ranges
of 4-12. At alkaline pH, a significant strong electrostatic
attraction exists between the positively changed cationic
dye and the negatively charged TLFP surface due to the
ionization of TLFP functional groups. Lower adsorption of
MB at acidic pH can be attributed to the positively charged
surface of adsorbent and the presence of excess H+ ions
competing with the cationic groups on the dye for adsorption sites. Because the pH of the mixed solution containing MB and sorbent is about 7.0, the pH was not adjusted
for the all other experiments.
TABLE 3 - Effect of pH on adsorption percentage. Contact time
80min, sorbent amount 1.4g.L-1, T=303K

12

t1/2(min1/2)

pH

FIGURE 5 - Intra-particle diffusion plots for MB adsorption of onto
TLFP.
2
4
6
8
10
12

3.3. Equilibrium studies
3.3.1. Effect of adsorbent dosage

The effect of adsorbent dosage on the uptake of MB
onto TLFP was studied at T=303K and C0=150mg/L and
results were shown in Fig. 6. The percent removal of MB
was found to be increased from 79.43 to 97.52% with an
increase in the adsorbent dosage from 0.6 to 1.4 g/L. the
removal remained unchanged for adsorbent dosage >1.4 g/L.
initially, rapid increase in adsorption with the increase in
adsorbent dose can be attributed to greater surface area
and availability of more adsorption sites [31].

Percent Removal

100%
80%
60%

Initial MB（mg.L-1）
50
100
removal（%）
24.52
10.30
97.96
97.21
98.24
98.12
97.90
97.26
97.21
96.57
96.59
96.15

150

200

250

9.25
96.49
97.63
97.06
95.54
94.45

7.24
96.30
97.04
96.37
93.66
91.60

5.42
94.91
94.95
94.92
92.20
90.81

As shown in Table 3, when the dye concentration was
increased from 50 to 250 mg/L, the percentage of MB
sorbed on TLFP appreciably decreased at same pH.
3.3.3. Effect of temperature

The effect of temperature on the adsorption isotherm
was investigated under isothermal conditions in the temperature range of 293-323K. The temperature dependence
of the MB adsorption isotherm is shown in Fig.7. The
comparison of the adsorption capacities of the untreated
and pre-treated samples was based on the Freundlich [33]
and Langmuir [34] isotherm models,
The Freundlich isotherm form is given by the following equation:

40%
0

0.5

1

1.5

2

Qe=K(Ce)1/n

2.5

Adsorbent dosage (g/L)
FIGURE 6 - Effect of sorbent amount on adsorption percentage.
Contact time 80min, Initial MB concentration 150 mg.L-1,T=303K.
3.3.2. Effect of initial pH

The effects of pH on the MB adsorption onto TLFP
are shown in Table 3. As shown, the amount of MB adsorbed increases with increasing pH. The adsorption of
MB onto TLFP seems to be greatly affected much by the
solution’s pH. Such pH-dependence may be due in part to
the fact that the surface charge of TLFP is strongly related
to the solution pH.
Results from the FTIR analysis indicate that TLFP
consists of various functional groups such as hydroxyl that
may be influenced by the pH. The pKa of MB is 0.04 [32];

(7)

Where Qe is the amount adsorbed per unit mass of the
adsorbent (mg g-1), Ce is the equilibrium concentration of
the adsorbate (mg L-1) and K, n are the Freundlich constants related to adsorption capacity and intensity, respectively. The logarithmic form of Eq.(7) gives the following
linearized expression:
Log Qe= log KF +1/n log Ce

(8)

The Freundlich constants KF and n were estimated by
linear regression analysis from the experimental adsorption data obtained at different temperature for methylene
blue (Table 4). In Fig. 8, methylene blue adsorption on the
original and the treated samples at different temperature are
given for sake of comparison between them. The KF values estimated for the treated samples were significantly
higher than those of the untreated materials for MB dye,
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equation, the parameters KL and Qm can be obtained by
plotting 1/Qe vs. 1/Ce. Table 4 presents the estimated parameter values for the data gathered in the present study.
The maximum adsorption capacities (Qm) obtained for
original samples were lower than the values for the treated
samples.

indicating an increased adsorption capacity of the former.
The goodness of fitting of the Freundlich equation to experimental data shows that the untreated adsorbents’ surface was most probably heterogeneous and capable for
multiplayer adsorption.
200

The essential characteristics of the Langmuir [34] isotherm can be described by a dimensionless constant called
‘equilibrium parameter’ or ‘separation factor’ RL, defined
by the following equation:

Qe(mg/g)

150
293K
303K
313K
323K

100
50

RL =

5

10

15

20

25

30

Ce(mg/L)
FIGURE 7 - Effect of temperature on the isotherm for MB adsorption onto TLFP.

The Langmuir [34] isotherm equation is based on the
following pseudo-monolayer’adsorption model.

1
1
1
1
)( )
=( )+(
Qe
Qm
K LQm Ce

(10)

Where, C0 is the initial dye concentration (mg L-1)
and KL is the Langmuir constant (L mg-1). It is generally
accepted that RL values indicate the type of isotherm, with
an RL values close to zero indicating favorable adsorption.
At present, the RL values were found to be close to zero
for dye concentrations C0 in the range of 50-250 mg L-1,
for adsorbents studied. Moreover, the higher RL value of
the untreated samples indicates that adsorbent treatment
enhanced adsorption properties and verifies the findings
according to the Freundlich model.

0
0

1
1 + K L C0

(9)

LFP and TLFP were both found to adsorb MB. The
KF values and the adsorption capacities (Qm), estimated
using the Freundlich and the Langmuir models (Table 4),
respectively, indicate that the adsorption properties of the
LFP were enhanced by treatment due to ‘opening’ of the
structure of the lignocellulosic matrix, which was resulted
in by the efficient swelling of the hemicelluloses and cellulose, the availability of cellulose and hemicelluloses for
binding with the dye molecules, the higher surface area.

Where KL is the Langmuir constant related to the energy of adsorption (L mg-1) and Qm the maximum adsorption capacity (mg g-1), implying a corresponding change
in the adsorption driving force, which is the difference
Qe-Qt, where Qe and Qt are the amounts of dye adsorbed
per unit mass of the adsorbent material (in mg g-1) at
equilibrium time (∞) and adsorption time t, respectively. If
the isotherm experimental data approximates the Langmuir

TABLE 4 - Langmuir and Freundlich Parameters of adsorption isotherms
T(K)
LLFP

TTLFP

293
303
313
323
293
303
313
323

Langmuir
Qm(mg/g)
86.96
99.01
97.09
99.01
217.39
222.22
232.56
238.10

KL(L/mg)
0.0669
0.0626
0.0744
0.0865
0.1103
0.1331
0.1419
0.1544

RL
0.12
0.12
0.11
0.092
0.074
0.063
0.059
0.055

R2
0.9099
0.9268
0.9216
0.9138
0.9918
0.9996
0.9982
0.9993

Freundlich
KF(mg/g)
11.67
11.44
12.79
13.96
29.16
32.21
35.31
37.43

n
2.29
2.08
2.19
2.20
1.74
1.77
1.81
1.78

TABLE 5 - Comparison of adsorption capacity of various modified adsorbents for methylene blue
Adsorbent
Peanut hull treated with sulfuric acid
Phosphoric acid treated Parthenium hysterophorus
Sulfuric acid treated Parthenium hysterophorus
Beech sawdust pretreated with CaCl2
NaOH-modified rejected tea
Citric acid modified wheat straw
Phosphoric acid modified rice straw
NaOH-modified Longan fruit pericarp

Adsorbent capacity (mg/g)
123.5
88.49
39.68
13.02
242.11
432.8
208.33
222.22
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R2
0.9332
0.9688
0.9730
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0.9680
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lnQe

5
4.5
4
3.5
3
0
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2
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lnCe
FIGURE 8 - Freundlich isotherms for the removal of MB by adsorption on original and treated longan fruit pericarp

available for binding due to the removal of lignin and
more negatively charges on TLFP surface on the basis of
NaOH treatment, which increased electrostatic attraction
between positive adsorbate species and adsorbent particles
The linear correlation values (R2) obtained from the fitting
of the data with these two isotherm models (Table 4) revealed that MB sorption by LFP took place more on heterogeneous surface, with a uniform distribution of heat of
adsorption over the surface, than monolayer coverage,
whereas MB sorption by TLFP more monolayer coverage,
than on heterogeneous surface [35]. The adsorption capacity of TLFP is compared with some agricultural byproduct and activated carbons as shown in Table 5.
As shown in Fig. 7, the magnitude of adsorption increased with increasing temperature, suggesting that the
adsorption reaction was endothermic in nature requiring
some amount of activation. Thus, as shown in Table 4, an
increase in temperature of the adsorbate-adsorbent system
resulted in increased sorption capacity of MB.

a constant TLFP amount of 1.4 g/L with an agitation time
of 80 min, The values of ∆H0 and ∆S0 can be computed
from the slopes and intercepts, respectively (Fig. 9). These
plots have very good linearity with regression coefficient
varying from 0.96 to 0.99. The calculated thermodynamic
parameters are given in Table 6. Table 6 shows (the negative values of ∆G0) that the MB adsorption onto TLFP is
spontaneous, confirming the affinity of adsorbent for the
dye and. Generally, a value of ∆G0 in between 0 and -20
kJ/mol is consistent with electrostatic interaction between
adsorption sites and the adsorbing ion (physical adsorption) while a more negative ∆G0 value ranging from -80
to -400 kJ/mol indicates that the adsorption involves
charge sharing or transferring from the adsorbent surface
to the adsorbing ion to form a coordinate bond (chemisorption) [3, 40, 41]. As shown, the magnitude of ∆G0 (16.34 to -18.01 kJ/mol) for this adsorption system is the
physical adsorption range. These values suggest that the
adsorption is a typical physical process enhanced by the
chemical effect. The small value of ∆H0 in the temperature range, 293-313 K, for five different dye concentrations, varied between 8.50-11.50 kJ/mol with a mean
value of 10.12kJ/mol. The adsorption interaction is endothermic in nature, but the required activation enthalpy is
not very large. The adsorption is accompanied by an increase in entropy of 55.80 J/(K mol) (mean value), which
shows that the adsorbed dye molecules on TLFP surface
are organized in a much more random fashion compared
to the situation in the aqueous phase. In general, the thermodynamic parameters indicate that the adsorption is
spontaneous and endothermic.
50mg/L

Log(Qe/Ce)= △S0/(2.303R)- △H0/(2.303RT)

(11)

△G0=△H0-T△S0

(12)

Where Qe/Ce is called the adsorption affinity, which
is the ratio of Qe, the amount adsorbed per unit mass to
the solute concentration in unit volume of the solution at
equilibrium. By plotting a graph of log(Qe/Ce) vs. 1/T for

log(Qe/Ce)(L/g)

To determine whether the process will occur spontaneously, a set of thermodynamic parameters such as the
change in Gibbs energy (∆G0), enthalpy (∆H0) and entropy (∆S0) were determined by using the following equations [40]:

100mg/L

150mg/L

200mg/L

250mg/L

1.6
1.4
1.2
1
0.8
0.6
0.0031 0.0031 0.0032 0.0032 0.0033 0.0033 0.0034
1/T(K)

FIGURE 9 - The plots of log(Qe/Ce) vs. 1/T for adsorption of MB at
temperatures of 293, 300, 310 and 320 K (agitation time 80 min,
TLSP amount 1.4 g/L)

TABLE 6 - Thermodynamic parameters for adsorption of MB by treated Longan shell (1.4g/L) after an agitation time of 80 min)
Dye
(mg/L）

H0
(kJ/mol)

S0
(J/mol.K)

50
100
150
200
250
Mean

10.83
11.50
10.34
8.50
9.42
10.12

62.22
63.15
57.17
48.96
47.50
55.80

- G0 (kJ/mol）at tempertatures
293K
303K
18.22
18.84
18.49
19.12
16.74
17.31
14.34
14.83
13.91
14.38
16.34
16.90
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313K
19.41
19.75
17.88
15.31
14.86
17.44

323K
20.09
20.39
18.45
15.80
15.33
18.01
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4. CONCLUSIONS
The results presented herein showed that treated Logan
fruit pericarp enhanced its adsorption properties considerably for the removal of MB from aqueous solution due
to the efficient swelling of the hemicelluloses and cellulose resulting in ‘opening’ of the structure of the lignocellulosic matrix, the increasing of the BET surface area of
the absorbent and the removal of surface impurities on
plant fibers resulting in the exposure of the hydroxyl groups
to MB. The equilibrium between the adsorbate in the solution and on the adsorbent surface was practically achieved
in 80 min. Adsorption kinetics was found to follow a
second-order rate expression. Thermodynamic parameters
suggest that the adsorption is a typical physical process,
spontaneous, and endothermic in nature. The adsorption
capacities of TLFP for MB dye were obtained as 217.39,
222.22, 232.56 and 238.10 mg/g at 293, 303, 313 and
323K, respectively. Thus, this low cost adsorbent could be
made widely available for use as an alternative to commercial activated carbons for the removal of basic dyes from
water/wastewater effluents.

This work was supported by the Natural Science
Foundation of Guangxi in China (2010GXNSFA013008);
the Research Funds of the Guangxi Key Laboratory of
Environmental Engineering, Protection and Assessment;
Key Laboratory of Ecology of Rare and Endangered Species and Environmental Protection (Guangxi Normal
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ABSTRACT

1. INTRODUCTION

The effective removal of m-cresol is currently both an
environmental problem and economic challenge. ZnO removed several organic contaminants under UV irradiation;
however, UV equipment can be very expensive to operate
on a large scale. Therefore, using a sunlight photocatalyst
offers a way to overcome both problems. This paper
shows how degradation of m-cresol was carried out, in the
presence of visible light (46% sunlight); by a 1.0 wt% Mn
doped ZnO as photocatalyst. To measure the efficiency of
photodegradation, different variables including amount of
photocatalyst, concentration of m-cresol and pH were
studied. The residue of m-cresol and mineralization were
measured using UV-VIS spectrophotometer and TOC
analyzer, respectively. The intermediate was detected by
Ultra Performance liquid Chromatography (UPLC). The
results showed that m-cresol has high stability in the presence of visible light but absence of photocatalyst, and adsorption of m-cresol over photocatalyst was 5%. In optimum
conditions, the amount of photocatalyst and concentration
of m-cresol were 1.5 g/L and 35 ppm, respectively. Mcresol photodegradation was favorable in the pH range of
6-9. TOC studies showed that 68% of total organic carbon
was excited from solution during irradiation time. The
detected intermediates were 2,5-hydroxy-benzalde-hyde
and 3,5-hydroxytoluene. Reusability showed no significant
reduction in photocatalytic performance/m-cresol photodegradation. This study indicates that 1.0 Mn-doped ZnO
can remove m-cresol from wastewater under visible
light irradiation, being more economic than UV light,
and this methodology could be applied on an industrial
scale.

KEYWORDS: mineralization, Mn-ZnO, photocatalyst, environmental pollution, m-cresol
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Environmental pollution, and particularly water pollution,
on a global scale have drawn scientists’ attention to the
vital need for environmentally clean and friendly chemical processes. Phenolic compounds such as m-cresol are
widely used in manufacturing products such as cresolbased resins, herbicides, pharmaceuticals and surfactants
[1]. Wastewater from these these materials contains mcresol which has been listed as priority pollutant by the
United States Environmental Protection Agency [2]. Water solubility of m-cresol is more than 24 g/L at 25 °C
[3]. Therefore, m-cresol can be a significant threat to
surface and groundwater sources, or generally the environment [4, 5]. The effective removal of m-cresol is currently both an environmental and economic problem [6, 7].
Photocatalysis is the field of current interest given its
application in disinfecting drinking water and wastewater
[8, 9]. Photocatalytic reaction is initiated when a photoexcited electron is promoted from the filled valence band of
a semiconductor photocatalyst (SC) to the empty conduction band as the absorbed photon energy, hν, and equals
or exceeds the band gap of the photocatalyst. The hole
pair (e--h+) is generated at the surface of the photoexcited
photocatalyst as shown below [10]:
SC+hν→ e− +h+
(1)
(O2)ads +e→− O2−•
(2)
−
+
(3)
H2O → OH +H (in solution)
O2−• +H+→ HOO•
(4)
HOO• + e− → HO2−
(5)
−
+
HOO +H → H2O2
(6)
H2O2+e-→ OH− +OH•
(7)
+
+
•
(8)
H2O+h →H +OH
The hydroxyl (•OH) radical is a powerful oxidant for
degrading non-selective organic compounds [11, 12]. The
most frequently used photocatalysts are TiO2 [13], ZnO,
ZrO2, CdS, and SnO2 [14, 15]. Among these, ZnO removed several environmental contaminants under UV
irradiation [16-19]. The great advantage of ZnO is its
ability to absorb larger fractions of the solar spectrum

256

© by PSP Volume 21 – No 2. 2012

Fresenius Environmental Bulletin

than the other photocatalysts, removing many organic
contaminants in aqueous solution under visible irradiation
[5, 20, 21]. When using visible light, however, ZnO has
several drawbacks in optical properties including low
surface area and an unsuitable band gap energy (3.3 eV).
Today, there is much interest in modifying ZnO in order
to apply it under visible light, which is 46% solar energy
[22], free and available in comparison to UV light [5, 23].
To enhance the optical properties of ZnO, much attention
has focused on the investigation of transition metal-doped
ZnO, including the metals Cr, Cu, Ni, Ti and Sc and La
[24-27]. Mn-doped ZnO was used in the photodegradation
of a dye under visible light in ethanolic media [28] While
most environmental pollution occurs in aquatic solutions.
More recently, our previous work reported photodegradation of o-cresol in process visible/Mn doped ZnO [29].
However, no study has been conducted on aquatic m-cresol
photodegradation using Mn-doped ZnO. This work looks at
the photodegradation of m-cresol by 1%wt Mn-doped ZnO
(photocatalyst) under visible light irradiation. The effects of
variables, including m-cresol concentration, photocatalyst
loading and pH, on photodegradation were studied. In
addition, the mineralization and photoproducts were investigated by TOC measurement and Waters Acquity ultra
pressure liquid chromatograph (UPLC).

The gradient elution method was applied over a 3-min run
time. The mobile phase was acetonitrile/water (35/65%),
while a photodiode array (PDA) spectrometer, operated at
fixed detection wavelength for each experiment, was used
as detector. The percentage degradation was calculated as
follows:
(9)
where C0 = initial concentration of m-cresol, and C =
concentration of m-cresol after photoirradiation. All photocatalytic degradation experiments were carried out in
duplicate.

Visible lamp

Beaker covered with
aluminum foil

Air pump

Quartz

Air

Solution
Magnetic

2. MATERIALS AND METHODS

FIGURE 1 - Schematic view of the visible photorector.

M-cresol (99%), NaOH (99%), H2SO4 (95%-97%)
and other required chemicals of reagent grade, obtained
from Merck, and used without further purification. Mndoped ZnO (1%wt) with average diameter 35 nm, Eg 2.2eV
and surface area 35m2/g was synthesized according to
procedures previously described [30]. Various concentrations of m-cresol solution were prepared using deionized
water. Photocatalytic degradation of m-cresol was performed in a batch photoreactor (Fig. 1). To make the produced gas volatile (CO2), and to increase solution fluidization and access oxygen for eq. (2), air was blown into the
reaction solution using an air pump at a flow-rate of
150 ml/min. Magnetic stirring at 200 rpm was applied to
dissolve suspended particles during the reaction. Blowing
cooled air into the solution eliminated the lamp’s heat
effect and kept the temperature at around 25 °C. The
photoreactor was located in an aluminum-sealed tube to
enhance the radiation by reflection. A Philips lamp (23 watt)
was used as light source. Throughout the experiment, the
appropriate concentration of m-cresol solution was contacted with an appropriate amount of photocatalyst in the
photoreactor. At specific time intervals, samples were
withdrawn from the bulk solution, and filtered through
0.2-µm PTFE filters. The concentrations of m-cresol and
residue organic carbon were measured with a Shimadzu
UV-1650 PC and a TOC-VCSN analyzer, respectively.
An Acquity UPLC of Waters was used in the project,
fitted with an Acquity BEH phenyl C18 column (10 cm ×
2.1 mm × 1.7 µm), and the detector wavelength was 277 nm.

3. RESULTS AND DISCUSSION
3.1. Effect of photocatalyst loading

Photodegradation of m-cresol was investigated in the
absence of photocatalyst. Results showed that only 3% of
m-cresol was photolysed under visible light irradiation in
the absence of photocatalyst. Therefore, m-cresol is stable
under visible light irradiation. The concentration of mcresol was determined in the presence of photocatalyst in
the dark. It showed a 13% decrease in m-cresol, suggesting that it can be related to adsorption of m-cresol on the
photocatalyst surface. A series of experiments was carried
out by varying the amount of catalyst (0.5-2.0 g/L) to obtain the effects of catalyst loading. Fig. 2 shows degradation of m-cresol using varying amounts of photocatalyst.
The maximum per-centage was obtained in 1.5 g/L of photocatalyst. This may be due to the fact that increasing the
amount of photocatalyst increases the number of effective
sites and, consequently, leads to enhanced production of
•
OH radicals. Moreover, the number of m-cresol molecules adsorbed was increased owing to an increase in the
number of photocatalyst particles, causing increased
photodegradation% [31]. When the amount of photocatalyst was enhanced beyond optimum, however, photodegradation% was not increased. The decreased efficiency
beyond the optimum photocatalyst loading may be attributed to the screening effect of excess photocatalyst parti-
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cles in the solution [5]. Furthermore, agglomeration and
sedimentation of pho-tocatalyst particles is also possible
[32]. In such a condition, a part of the photocatalyst surface probably becomes unavailable for photon absorption
and m-cresol adsorption, thus bringing little stimulation to
the photocatalytic reaction.
3.2. Effect of m-cresol concentration

The photocatalytic degradation of various m-cresol
amounts, 25-50 ppm, was studied (Fig. 3). With an increase in concentration of m-cresol, photodegradation %
was decreased. As observed, 25 ppm sample was completely and that of 35 ppm by >80% degraded. However,
with an increase in concentration of m-cresol, photodegradation % was decreased. At a high m-cresol concentration, some of light may be absorbed by m-cresol and its
intermediates (P&I) rather than the photocatalyst particles
[32]. The presumption is that active sites are covered by

P&I ions that can cause reduced generation of e--h+,
which reduces photodegradation efficiency. The other
possibility is that as the initial m-cresol concentration
increases whereas the mass of photocatalyst, the intensity
of light and illumination time are constant, •OH and O22species formed on the surface of photocatalyst are constant,
so that the relative ratio of the •OH and O22- for attacking
m-cresol decreases, and photodegradation% decreases
[33]. Another factor which may be responsible for the
reduction in photocatalytic degradation rate is the competition be-tween adsorbed m-cresol and H2O molecules for
photodegraded h+ [10].
3.3. Effect of pH

The effect of pH on the photodegradation of m-cresol
was studied (Fig.4). The optimum amount of photocatalyst and m-cresol were used as in the previous experiment. As observed the amount of m-cresol photodegraded

FIGURE 2 - Effect of photocatalyst loading on photodegradation% of m-cresol under visible irradiation (initial conditions: m-cresol concentration = 25 ppm, pH = 7.61).

FIGURE 3 - Effect of m-cresol concentration on photodegradation% under visible light irradiation, [photocatalyst] = 1.5g/l, pH=7.61, during
6h.
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gradually increased with increasing pH from pH 4 to 9.
Most organic compounds are removed on or near the
surface of photocatalyst; therefore the activity of photocatalyst seriously depends on adsorption of amount of
pollutant over photocatalysis [34-35]. Increasing photodegradation may be due to the increase in adsorption of
m-cresol on the photocatalyst surface. Increasing adsorption may be due to a decline of the electrostatic repulsive
forces and increased interaction between photocatalyst
surface (pHzpc= 9) [36] and m-cresol because with increasing pH the number of positive species (m-cresol-H+)
decreases. It has also been reported that in alkaline solution (pH 8-9), •OH is easier to generate by oxidizing more
OH- available on the photocatalyst surface [32]. Thus, the
photodegradation% is expected to increase with increasing pH due to an increase in available •OH for the reaction. However, photodegradation decreased at pH 10.

This can be attributed to a reduction in the amount of mcresol adsorbed on the catalyst surface at pH 10. It should
also be noted that •OH radicals are rapidly scavenged in
high concentrations of hydroxyl ions and they have insufficient opportunity to react with the substrates [37]. Hence,
a drastic drop in the amount of m-cresol photodegraded
by photocatalyst was observed at pH 10.
3.4. Effect of visible irradiation time

The effect of irradiation time on m-cresol photodegradation efficiency was studied with regard to optimum
conditions (previous sections). The experiment was designed to degrade a high concentration of m-cresol (50
ppm) under visible light irradiation over a longer time (9
h). Results showed m-cresol photodegradation percentages of 20, 43 and 57 for 3, 6 and 9 h. This indicates that
photodegradation was continuing.

FIGURE 4 – Photodegradation% of m-cresol at various initial pH values under visible irradiation (initial m-cresol concentration = 25 ppm,
photocatalyst = 1.5 g/L, during 6 h).

FIGURE 5 - The amounts of TOC and TIC during photodegradation of m-cresol under visible light irradiation (initial conditions: m-cresol
concentration = 35 ppm, photocatalyst = 1.5g/L and pH = 7.61).

259

© by PSP Volume 21 – No 2. 2012

Fresenius Environmental Bulletin

FIGURE 6 - Selected UPLC chromatograms of m-cresol under visible light irradiation showing (a) 3,5-hydroxytoluene, (b) 2,5-hydroxybenzaldehyde, (c) unknown, as intermediates, as well as (d) m-cresol (concentration of m-cresol = 25 ppm at 60 min).

3.5. Mineralization

4. CONCLUSION

Mineralization is the main aim of photodegradation of
m-cresol, followed by measuring the total organic carbon
[38] and total inorganic carbon (TIC). Fig. 5 shows the
TOC and TIC values of m-cresol under visible light irradiation by 1%wt Mn-doped ZnO. The amount of TOC was
steadily decreased with increasing irradiation time, which
indicates the decline of m-cresol intermediates when irradiation time is increased. On the other hand, the TIC curve
shows that the amount of TIC was generated in the first
hour of reaction being constant thereafter. This is most
likely due to some organic carbon converting to inorganic
carbon, for example, carbonate ions, and after a few min,
TIC remained constant. According to the results, it can be
concluded that 68% organic carbon is removed from mcresol solution.
To confirm the previously proposed pathway in the
presence of hydroxyl radicals [6, 39], determination of some
photoproducts of m-cresol photodegradation was carried out
by UPLC. The photoproducts of m-cresol under visible-light
irradiation were identified by UPLC (Fig. not shown). The
chromatograms showed many peaks, maybe due to the
detection of carboxylic acids and other aromatic intermediates [6]. At 60-min irradiation, detected intermediates were
2,5-hydroxy-benzaldehyde (Rt=2.230 min) and 3,5-hydroxytoluene (Rt=2.370 min) (Fig. 6).

The photodegradation of m-cresol was carried out with
1.0 wt% Mn-doped ZnO under visible light irradiation.
The different variables studied included the amount of
photocatalyst, concentration of m-cresol, pH, irradiation
time and their impact on the efficiency of photodegradation. In optimum conditions, the amount of photocatalyst
and concentration of m-cresol were 1.5 g/L and 25 ppm,
respectively. M-cresol photodegradation was favourable in
pH range 6-9. TOC studies showed that 68% of total organic carbon is removed from the solution during irradiation time. The detected intermediates were 3,5-hydroxytoluene and 2,5-hydroxy-benzaldehyde confirming the
previously proposed pathway in the presence of hydroxyl
radicals. Reusability studies showed that 1%wt Mn-doped
ZnO can be used for more than three times. This study
indicates the great potential of 1.0wt% Mn-doped ZnO to
remove m-cresol from wastewater under visible light
irradiation.
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HEAVY METAL POLLUTION IN RURAL AREA
OF CHINA: A CASE STUDY OF POND SEDIMENTS
FROM SIXIAN COUNTY, NORTHERN ANHUI PROVINCE
Lin Hua Sun*, He Rong Gui, Dong Sheng Xu and Shu Ling Huang
Suzhou University, School of Earth Science and Engineering, 234000 Suzhou, China

ABSTRACT
Heavy metal concentrations in pond sediments from a
rural area in Sixian County (northern Anhui Province,
China) have been determined by using X-ray Fluorescence
(XRF). Calculation of enrich factor and index of geoaccumulation, as well as a multivariate statistical analysis
(including principle component and cluster analysis) have
been processed for evaluating the pollution degrees and
sources of heavy metals, respectively. The results indicate
that pond sediments are not polluted by V, Cr, Zn and Pb,
whereas Cu pollution is observed when compared to the
soil environmental background value of China. Two
sources, including lithogenic (V and Cr) and anthropogenic (Cu), have been identified by using multivariate
statistical analysis, as well as a similar distribution pattern
of Pb concentrations and residence community. Zn and Pb
were mainly derived from anthropogenic activities, with
minor contribution from the background.

The rural areas in China have experienced notable
development, especially in the last decades. However,
with industrial strides and motor vehicles use, a number
of small Chinese towns and villages in rural areas may
have been polluted to some extent. These changes would
inevitably cause changes of water quality, especially in
surface water, and then lead to the potential hazards of
public health because pond water in rural area is not only
utilized as farmland irrigation and laundry, but also as
drinking water in some areas of China [9].
Sediments are good indicators of water quality as they
can reflect the pollution degree of water, because they are
not only collectors of contaminants in water, but also can
release pollutants into the water [10-12]. In this paper, we
report the concentrations of heavy metals (V, Cr, Cu, Zn
and Pb) in pond sediments from a typical rural area in
Sixian County, northern Anhui Province, China. The goals
of the present study include (1) determining the degrees of
heavy metal pollution, and (2) distinguishing their sources
by using multivariate statistical analysis (e.g. correlation,
principle and cluster analysis).

KEYWORDS: heavy metals; pond sediments; statistical analysis;
rural area; northern Anhui Province

2. MATERIALS AND METHODS
2.1. Study Area

1. INTRODUCTION

The study area is located in the north part of Sixian
County, in northern Anhui Province, China, with longitudes ranging from 117°45′00″ to 117°52′00″, and latitudes from 33°37′00″ to 33°43′00″. There are four main
towns in the area (Huangwei, Yangzhuang, Xinji and Dazhuang) and a large village (Gonggou) located in the north
(Fig. 1). The study area is surrounded by roads between
these 4 major towns with heavy traffic. There was a lot of
industry in Huangwei, including iron, copper and chemical works, before 2005, but now some of them have been
banned.

With only trace levels in water, air, dusts, soils and
sediments, heavy metals (Cu, Co, Pb etc.) have long been
recognized as health hazards. However, with technological development (especially the method related to trace
element analysis), more and more studies on heavy metals
in cities and their related environments have been carried
out. For instance, many researches have focused on the
dusts [1, 2], soils [3, 4], and river sediments in and near
the cities [5, 6]. In contrast, similar work related to the
rural areas, where accommodate up to 57% of residents in
China, are limited [7, 8].

2.2. Sampling and Analysis

* Corresponding author

Only the surface sediments (0-5 cm) had been collected by using a homemade sediment sampler, and a total
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FIGURE 1 - Sketch map of the study area and locations of pond sediment samples.

of 25 pond sediment samples had been collected in the
study area (Fig. 1). Sample collection was performed in
December, 2010. Samples were firstly air-dried in natural
conditions, and the debris of animals and plants had been
removed by hands. Then, the samples were powdered to
200 meshes, after parching for 24 h at 80 °C in a dryer.
Samples were made into tablets by using a 30-t condenser, and then analyzed by XRF (Explorer 9000SDD)
in the Engineering Research Center of Coal Exploration,
Anhui Province, China. Recently, the method has been
widely used for heavy metal analysis [13, 14]. National
standard sediment sample of China (GBW07307) was
analyzed simultaneously for calibration, and the relative
standard derivations of heavy metals were <10%. The
statistical analysis of the data was performed by SPSS
(version 11).
3. RESULTS
3.1. Descriptive Statistics

Concentrations of heavy metals of pond sediments in
the study area are listed in Table 1, where the mean values
of heavy metal contents were arranged in the following
decreasing order: V> Zn> Cr> Cu> Pb. Therefore, heavy
metals, such as V and Zn, present higher levels in pond
sediments, whereas Pb presents the lowest.
Previous studies revealed that AEF value (Average
Enrich Factor = AC/BC, where AC and BC are the average

concentrations of sample and background, respectively) is
a good indicator for monitoring the degree of pollution,
and 4 degrees had been subdivided: <1 means light pollution, 1-3 means moderate pollution, and >3 means considerable pollution [15]. The soil environmental background
values of China [16] were chosen for comparison, and the
results of calculated AEF values are listed in Table 1. The
results indicate that the pond sediments are moderately
Cu-polluted because the average AEF value of Cu is 1.75,
where-as V, Cr, Zn and Pb pollutions are considered to be
light because AEF values are <1.
Additionally, although most of the average concentrations of heavy metals (except for Cu) in this study are
lower than the soil environmental background values of
China, there are differences between samples and their
locations. It can be seen from Table 1 that the maximum
concentrations of V, Cr, Cu, Zn and Pb (101, 67, 74, 107
and 34 mg/kg, respectively) are higher than those of background (82.4, 61.0, 22.6, 74.2 and 26.0 mg/kg, respectively), implying that the distribution of heavy metal pollution in the study area is heterogeneous.
3.2. Correlation Matrix

The close inspection of correlation matrix is useful as
it can point out associations between variables that can
show the overall coherence of the data set, and thus indicate the participation of the individual chemical parameters in several influence factors [17].

TABLE 1 - Heavy metal concentrations (mg/kg) of pond sediments in the study area.
Igeo-2
N
Minimum
Maximum
Mean
Std. Deviation
BC
AEF
Igeo-1
V
25
62
101
80.0
9.0
82.4
0.97
-0.63
-0.22
Cr
25
40
67
55.6
7.7
61.0
0.91
-0.72
-0.11
Cu
25
24
74
39.5
9.6
22.6
1.75
0.22
0.13
Zn
25
44
107
69.0
15.9
74.2
0.93
-0.69
0.06
Pb
25
20
34
25.6
4.9
26.0
0.98
-0.61
-0.23
Note: BC means soil environmental background values of China [16], Igeo-1 means normalized to BC, whereas Igeo-2 means normalized to the minimum
value in the Table.
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TABLE 2 - Correlation matrix of heavy metal concentrations of pond sediments in the study area.
V
Cr
Cu
V
1
Cr
0.71**
1
Cu
0.20
-0.01
1
*
0.21
0.47*
Zn
0.49
0.49*
0.38
Pb
0.43*
Note: ** and * mean correlations are significant at the 0.01 and 0.05 level, respectively.

Zn

Pb

1
0.76**

1

TABLE 3 - Total variance explained and component matrixes for heavy metal contents.
Component
PC1
PC2
Component Matrix
V
Cr
Cu
Zn
Pb

Extraction Sums of Squared Loadings
Total
% of Variance
Cumulative %
2.7
53.8
53.8
1.2
24.7
78.5
PC1
0.77
0.66
0.51
0.82
0.85

Rotation Sums of Squared Loadings
Total
% of Variance
2.0
39.7
1.9
38.8
Rotated Component Matrix
PC1
V
0.26
Cr
0.01
Cu
0.83
Zn
0.84
Pb
0.72

PC2
-0.43
-0.67
0.66
0.36
0.16

Cumulative %
39.7
78.5
PC2
0.85
0.94
-0.12
0.31
0.47

FIGURE 2 - (a) Loadings of heavy metals and (b) Score plots of samples based on principle analysis.

Table 2 is the correlation matrix of the 5 heavy metals. Because there are 25 samples in total, the critical
value of correlation coefficient can be calculated as 0.40.
It can be seen from Table 2 that some of the heavy metals,
such as V, Cr, Zn and Pb, are closely correlated with each
other, especially the relationships between V and Cr (r =
0.71) as well as Zn and Pb (r = 0.76).
3.3. Principle Component Analysis (PCA)

before and after the rotation of matrix. As a result, heavy
metals can be grouped into a 2-component model that
accounts for 78.5% of the data variation. PC1 is responsible for 39.7% of the total variance, and is represented by
Cu, Zn and Pb, whereas PC2 explains 38.8% of the total
variance and is mainly participated by V and Cr (Table 3
and Fig. 2a).
Fig. 2b shows the score plot of the 2 PCs, and it can
be concluded that the pond sediment samples can be subdivided into 2 groups with high and low PC2 scores, respectively. Moreover, it is also noted that samples (e.g. 5,
8, 9, 11, 15 and 24) showing high PC1 scores in Fig. 2b
are characterized by high Pb concentrations (>30 mg/kg).

In order to obtain detailed statistical information,
more robust statistical methods, such as PCA, Q mode
and cluster analysis, are processed for discriminating the
origin of the elements in this study. Varimax rotation is
applied because orthogonal rotation minimizes the number of variables and facilitates the interpretation of results.

3.4. Cluster Analysis

The results of PCA for heavy metal concentrations
are presented in Table 3. According to the results, the
eigenvalues of the 2 extracted components are >1 both

The results of the hierarchical cluster analysis of variables and cases are given as dendrogram in Figs. 3 and 4,
respectively. As can be seen from Fig. 3, the variables are
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separated into 2 groups: V-Cr and Cu-Pb-Zn, which is
similar to the results of principle component analysis (Fig.
2a). Additionally, cluster analysis also shows that all of
the samples can be subdivided into 3 groups (Fig. 4):
Group 1 samples are expressed by high V and Cr levels,
Group 2 samples are characterized by high Cu, Zn and Pb
contents, whereas Group 3 samples are low in all of the
metals. The result is similar but more significant than that
obtained from PCA in Fig. 2b.

FIGURE 3 - Dendrogram of the hierarchical cluster analysis of
heavy metals (RDCC- Rescaled distance cluster combine).

4. DISCUSSION
4.1. Source of Heavy Metals

Previous studies revealed that fractionation, geological section, GIS and enrichment factor analysis have long
been used for source discrimination of heavy metals [1921], and the sources of heavy metals have been considered mainly as lithogenic and anthropogenic ones.
The contour plot of Pb concentrations is given in Fig. 5.
It can be found that 5 areas with high Pb levels are presented, including Huangwei, Xinji, Dazhuang, Gonggou,
and an area between Huangwei and Yangzhuang. Such a
feature is consistent with the distribution of towns and villages, as well as roads between them (compare Figs. 1 and
5), implying that the source of Pb is mainly anthropogenic.
The results of PCA indicate that the sources of heavy
metals in this study can be subdivided into 2 types (Table 3,
Figs. 2 and 3), including either lithogenic or anthropogenic. PC1 are considered to be anthropogenic, because Pb
source is anthropogenic and the loading of Pb over PC1
is 0.72. The anthropogenic factor explains 39.7% of the
total variance.

FIGURE 4 - Dendrogram of the hierarchical cluster analysis of samples.

FIGURE 5 - Contour plot of lead concentration of pond sediment samples in the study area.
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Moreover, because Cu and Zn have high positive loadings
over PC1 (0.83 and 0.84, respectively), it is indicated that
they also have anthropogenic provenance, just like Pb. It
is worth-noting that, although Cu has high positive loading over PC1, it has small negative loading over PC2, suggesting that Cu in sediments is of anthropogenic origin
without lithogenic contribution. In contrast, Zn and Pb are
mainly determined by anthropogenic sources as expressed
by their high loadings over PC1; the contribution from lithogenic source cannot be ruled out because they have low
positive loadings over PC1 (0.31 and 0.47, respectively).
Additionally, PC2 can be considered to be a lithogenic component with high positive loadings of V and Cr (0.85 and
0.94, respectively). However, limited contribution of V
from anthropogenic source is evidenced by its low positive loading over PC1 (0.26).
4.2. Environmental Risk Evaluation

The index of geo-accumulation (Igeo) enables the assessment of contamination degrees by comparing the current and pre-industrial concentrations [22], and it is calculated as Igeo = log2C/ (1.5*B), where C is the measured concentration of the element in the sediment, and B is the geochemical background value. The measurement of Igeo can
be subdivided into 5 degrees: <0, unpolluted; 0-1, light
pollution; 1-3, moderate pollution; 3-5, heavy pollution;
>5, serious pollution. The calculated Igeo values are listed
in Table 1, and the average Igeo data normalized to soil environmental background values of China [16] imply “unpolluted” for V, Cr, Zn and Pb (Igeo-1 <0), except for copper
with light pollution (Igeo-1 = 0.22).

5. CONCLUSIONS
The concentrations of V, Cr, Cu, Zn and Pb in pond
sediments from rural area in Sixian County, northern Anhui
Province, China had been analyzed by X-ray Fluorescence,
and a series of conclusions can be obtained:
(1) Results of enrichment factor and index of geoaccumulation based on soil environmental background
value of China generally indicate that pond sediments are
lightly polluted by V, Cr, Zn and Pb. However, when compared with the lowest values in the study area, Cu pollution
is categorized as moderate, and that of the others as light.
(2) Multivariate statistical analyses (including PCA
and cluster analysis) imply that these metals have two
sources: lithogenic (V and Cr) and anthropogenic (Cu). Zn
and Pb are mainly contributed by anthropogenic activities
and, to a lesser extent, the background.
(3) Loading score of PCA, as well as cluster analysis,
can subdivide all samples into 3 groups: high V-Cr, high
Cu-Zn-Pb, and low concentration of metals. The distribution of Cu, Zn and Pb concentrations are similar to those
of towns and roads, implying their anthropogenic origin.
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It is instructive to normalize metal concentrations of
the sediments in this study to the soil environmental
background values of China [16] for purposes of comparison to earlier studies. However, normalizing to local background values is considered to be more meaningful as the
background values all over China are heterogeneous [16].
Because of the lack of the background value in the
study area, we chose the lowest value of metals in this
study for calculation. The results of average Igeo-2 suggest
light pollution for Cu and Zn (Table 1). However, the calculated maximum Igeo-2 data of V, Cr, Cu, Zn and Pb are
0.12, 0.16, 1.04, 0.70 and 0.18, respectively, suggest moderate pollution with Cu in some of the study area, whereas
the other metals show light pollution with varying degrees.
In summary, the pond sediments in the study area can
be considered to be not polluted, or only lightly polluted
by heavy metals, such as V, Cr, Zn and Pb, with the exception of Cu. However, as shown by the Igeo data normalized to the minimum concentration of metals in the study
area, Pb, Zn and Cu pollution should be noticed as these
metals are related to motor vehicles or industries. The
results imply that although the pollution of these metals is
limited at the moment, they may become more serious
with industrial development, as well as a rise in motor
vehicles in the area.
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ABSTRACT

1. INTRODUCTION

The rapid development of livestock and poultry farming has produced large amounts of animal manure annually in the municipality of Beijing. The excessive manure
application may have adverse environmental and ecological risks. Using the GIS technique (geographic information system) together with the comprehensive evaluation
of environmental, social and geographical factors, a quantitative analysis of the farmland suitability for manure
application in ten Beijing counties was conducted to answer whether rural Beijing has enough farmland capacity
for animal manure and to provide an appropriate manure
application scheme for Beijing. The results indicate that
10.4% of the total land is suitable for animal manure
application; soil texture and proximity to residential areas
and water bodies are identified as the primary factors
limiting the manure utilization. A total of 266.7 km2 of
farmland is located in the 100 m water buffer zones, an
area in which the application of animal manure should be
forbidden. Basically, the north region is more sensitive to
water pollution issues. Additionally, some counties, especially Miyun, Shunyi and Pinggu counties, are found to
overproduce animals in terms of their manure phosphorus
loads. Conversely, Daxing, Tongzhou and Changping counties contain more cultivated land and have better geophysical conditions than the other counties; thus, they have the
potential to expand their animal production. Overall, the
results of this study can be used as site-specific animal
production and manure application guides to achieve a
sustainable development of livestock production in Beijing. Finally, some manure management practices are suggested to minimize the socio-environmental risks.

KEYWORDS: animal manure, farmland, loading capacity, application strategy, rural Beijing

* Corresponding author

China has witnessed one of the highest growth rates
in livestock and poultry production and is currently the
largest pork and poultry producer in the world. It is a common practice in China to apply animal manure onto agricultural land as organic fertilizer, which may not only supply plant nutrients and improve the soil fertility, but also be
an environmentally benign way to dispose the organic
waste. However, excessive manure application may have
adverse environmental effects, such as eutrophication of
surface water [1], accumulation of metals in soil [2] and
spreading of disease or uncontrolled release of odor [3].
Indeed, in the last thirty years, nitrogen (N) and phosphorus (P) eutrophication of major Chinese lakes and water
systems has been rapidly growing worse. N and P inputs
from animal husbandry in some developed regions (rural
areas in large and coastal cities) have reached very high
levels, as much as 1721 kg N and 639 kg P2O5 per hectare
of farmland, far beyond the soil carrying capacity of these
organic nutrients [4]. In almost all of the important watersheds in China, non-point source N- and P- discharge to
aquatic ecosystems from animal husbandry has been a
crucial pollution source [4]. Accordingly, it is necessary to
develop methods that enable application of animal manure
to farmland while avoiding environmental pollution.
Animal manure application rates are generally based
on phosphorus or nitrogen content, because they are the
most important nutrients influencing eutrophication and
toxic algae blooms [5,6]. However, determining manure
application rates based solely on nutrients (P or N) levels
in different manure types or in soils that accept animal
manure is incomplete and inadequate. Non-point source
pollution from farmland is often characterized by remarkable temporal and spatial variability, depending on human
driving forces along with geographical and environmental
variables, like climate, soil texture and topography. However, the environmental, geographical or social variables
differ in their scales and spatial features [7]. For example,
simply applying manure to inappropriate sites may result
in odor or economic viability problems, while the application of manure to sandy soils may lead to run-off and
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leaching losses of nutrients [6,8]. Certainly, animal manure should not be applied on farmland adjacent to a water
body within an area draining to perennial streams, lakes or
ponds [9]. Therefore, it is necessary to comprehensively
evaluate the suitability of farmland to effectively control
environmental pollution from animal manure application.
The municipality of Beijing is the site of large-scale
livestock production with a high rate of regional growth.
Specifically, there were approximately 3000 concentrated
livestock and poultry farms in rural Beijing until 2005
[10]. Because of the “2008 Green Olympics”, by the end
of 2005 animal operations were required to move outside
the fifth ring road that surrounds the city of Beijing.
However, animal production still provides the dominant
income for farmers, and currently accounts for 60% of their
annual incomes. As a result, large amounts of animal manure are produced annually, and most is used in agriculture,
which has resulted in the municipality of Beijing facing
severe environmental problems [11,12]. Nonetheless, the
development of animal production is still encouraged by
governments in the rural counties in order to increase farmers’ incomes and ensure the supply of animal products for
markets in the city of Beijing.
The objectives of this study are to answer the questions as to whether rural Beijing has enough farmland for
the animal manure that is being produced and to determine where and how many farmlands are suitable for the
application of animal manure, Once answers to these questions are obtained, a further objective is to identify an appropriate manure application scheme and a well-constructed livestock production strategy for Beijing.
2. MATERIALS AND METHODS
2.1. Study area

The total area of the municipality of Beijing is 1.64×
104 km2 and comprises 8 districts and 10 rural counties.
The climate is characterized by temperate semi-wet monsoons, with a mean annual temperature of 12oC and an
average annual precipitation of 640 mm. The mountainous
areas are located primarily in northwestern Beijing.
The study area includes a section of the Hai River basin and contains a total of eighty rivers, as well as the
Miyun reservoir (in Miyun County) and the Guanting
reservoir (in Yanqing County). These reservoirs are the
most important drinking water sources for Beijing residents. The study area includes 10 rural counties with an
area of 15,025 km2, where 98% of the livestock and poultry in the municipality of Beijing are produced. Fig. 1
shows the administrative regions and watercourses in the
study area.
2.2 Methods
2.2.1 Data collection and pre-processing

for Resources and Environmental Sciences at Chinese
Academy of Sciences. Land slopes were determined using
a digital elevation model (DEM) map. The town coverage
was extracted from the digital land use/cover map. All
data sets were pre-processed using ArcGIS 9.2 to create
raster grids with a 50 m×50 m cell resolution. Euclidean
distances were calculated from the water bodies, towns,
roads and intensive animal farms based on their respective
data sets. Data regarding animal production were obtained
from the Statistics Yearbook of Beijing and investigations
by members of the research group.

YQ: Yanqing County, HR: Huairou County, MY: Miyun County, PG:
Pinggu County, TZ: Tongzhou County, DX: Daxing County, FS: Fangshan County, MTG: Mentougou County, CP: Changping County, SY:
Shunyi County, DT: Downtown; H: Hai River, T: Tang River, B: Bai
River, C: Chao River, CB: Chaobai River, JY: Jinyun River, WS:
Weishui River, WY: Wenyu River, LS: Liangshui River, F: Feng River,
YD: Yongding River, TT: Tiantang River, DS: Dashi River, JM: Juma
River; GT: Guanting Reservoir, MY: Miyun Reservoir.
FIGURE 1 - Study area: administrative regions and watercourses in
Beijing
2.2.2 Determination of suitable land area for animal manure
application

The selection of analysis factors, their attribute standardization, factor weighting, and land suitability determination, was conducted using the modified methods developed by Basnet et al. [6,13]. In this study, six major input
factors were chosen for a comprehensive analysis of land
suitability for manure application [14]. The exclusionary
criteria for all factors to avoid the risks involved in manure application in sensitive agricultural lands were determined based on the national statutes and available
literature (Table 1).
Land suitability was predicted using the following
weighted linear combination (WLC) model.

The data sets of 1:100 000, 1:250 000 and 1:1 000
000 digitized maps were acquired from the Data Center
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TABLE 1 - Exclusionary criteria applied to input factors
Input Factors

Exclusionary criteria

F1: Soil texture

Application of manure on sandy soils was avoided since they are likely to produce
high run-off.
Manure application on fields with slopes greater than 25o is not recommended. Lesser
slopes are highly desirable.
No manure application within 100 m from water bodies. Areas away from watercourses are more suitable.
Application of manure was restricted to lands more than 250m from residential areas.
Suitability increases with distance from residential areas.
No manure application within 25 m from either side of the road.
A 100 m radius around intensive animal farms is considered unavailable for waste
application.

F2: Slopes
F3: Proximity to water bodies
F4: Proximity to residential areas
F5: Proximity to roads
F6: Proximity to intensive animal farms

where Si is the suitability value for cell i; Xij is the attribute scale of cell i for factor j; Wj is the respective
weight for factor j based on Basnet et al. [6,13] and n is
the number of input factors.
2.2.3 Calculation of the maximum carrying capacity

The maximum carrying capacity was estimated for
animal production in each county based on the recommended maximum application rate, suitable land area and
suitability value. For the convenience of contrasting the
maximum carrying capacity with the current livestock
production, the final results are expressed as the number
of pigs. Accordingly, livestock population numbers for
different types of current animal populations were converted to an equivalent number of pigs. Information on
the conversion of head counts to animal units, parameters
used to calculate animal units and manure phosphorus are
given in Kellogg et al. [18].
m

CM j = ∑ R × S i × Ai
×p

(3)

LM j = ∑ AU l × M l × Cl

(4)

CAj =

E× f
n

l =1

LPj =

LM

j

E× f

×p

(5)

[16]
[9]
[9]
[9]
[17]

where CMj (manure P2O5) and CAj (pigs) denote the
maximum carrying capacity for county j; m is the total
number of cells for each county; R is the recommended
maximum application rate (157.5 kg manure P2O5·ha-1·a-1)
[19] for fertilizer on cultivated land in Beijing; Ai is the
area of cell i; LMj (manure P2O5) and LPj (pigs) are the
current carrying quantity for county j; n is the total number of animal types (pig, cattle, sheep and poultry); AUl is
the animal unit for type l (an animal unit represents 1,000
pounds of live animal weight as a common unit for the
calculation of the quantity of manure P2O5); Ml is the
annual amount of manure produced per animal for type l;
Cl is the phosphorus content of the manure for animal
type l; E is the amount of manure produced per pig animal
unit annually; and f is the phosphorus content of pig manure; p is the pig heads per animal unit.
3. RESULTS AND DISCUSSION

(2)

i =1

CM j

Relevant
reference
[15]

3.1 Features of suitable farmland for manure application in
rural Beijing

The features of the suitable regions for the application
of animal manure identified in rural Beijing are shown in
Table 2. In Beijing’s ten counties, the areas suitable for
manure application range from 34.2 km2 to 459.6 km2 and
account for 10.8% to 61.5% of the cultivated land in each
county. Overall, 35.3 % of the arable farmland in the rural
counties is fit for manure application.

TABLE 2 Distribution of lands suitable for manure application in rural Beijing
Total land area Cultivated land area Cultivated land (% Suitable land area Suitable land (% of
(km2)
of total land)
(km2)
cultivated land)
(km2)
DX
1016.6
747.5
73.5
459.6
61.5
TZ
930.5
658.5
70.8
382.2
58.0
FS
2038.7
490.8
24.1
163.2
33.3
MTG
1401.4
77.4
5.5
36.6
47.3
SY
1011.6
681.1
67.3
196.7
28.9
CP
1345.6
371.5
27.6
113.9
30.7
PG
950.2
316.5
33.3
34.2
10.8
HR
2127.9
289.1
13.6
62.6
21.6
YQ
2002.9
461.7
23.1
105.2
22.8
MY
2199.8
456.8
20.8
51.0
11.2
Sum
15025.2
4550.9
30.3
1605.3
35.3
DX: Daxing, TZ: Tongzhou, FS: Fangshan, MTG: Mentougou, SY: Shunyi, CP: Changping, PG: Pinggu, HR: Huairou, YQ: Yanqing, MY: Miyun county

Administrative unit
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F1- F6 are used to denote the farmland area (km2) impacted according to exclusionary criteria applied to input factors. F1: soil texture; F2: slope; F3:
proximity to waters; F4: proximity to towns; F5: proximity to roads; F6: proximity to intensive animal farms. DX: Daxing, TZ: Tongzhou, FS: Fangshan, MTG: Mentougou, SY: Shunyi, CP: Changping, PG: Pinggu, HR: Huairou, YQ: Yanqing, MY: Miyun county
FIGURE 2 Farmland area impacted by six factors.

Daxing and Tongzhou counties, which are located in
southeastern Beijing, have arable land areas of 747.5 km2
and 658.5 km2 (Table 2), respectively. The cultivated
lands in these two counties are mostly flat (slope < 25º)
and sandy soil comprises no more than 2.5% of the farmland (Fig. 2). As a result, upwards of 50% of the farmland
in these two counties is qualified for animal manure utilization; this rate is far higher than that in the other eight
counties.
Proximity to residential areas (F4) is found to be the
primary factor influencing the suitability for the application of manure in Daxing and Tongzhou counties, and the
total land areas impacted by F4 are 242 km2 and 246 km2,
respectively (Fig. 2). The two southwestern counties, Fangshan and Mentougou, have large areas of cultivated land
and have a relatively high percentage of suitable land for
manure application (33% and 47%, respectively). Unlike
Daxing and Tongzhou counties, two factors, soil texture
(F1) plus F4, are the primary reasons why the application
of manure to farmland is limited on these two counties.
Changping and Shunyi counties are located near the northern portion of the city. Animal manure cannot be applied to
approximately 50% of the farmland in these two counties
due to the sandy texture of soil (F1). Meanwhile, 148.7 km2
and 246.6 km2 of the cultivated lands are estimated to be
influenced by F4, respectively. When the factors F4 and
F1 are combined, around 70% of the farmland in the two
counties is not appropriated for the application of animal
manure.
Pinggu, Yanqing, Huairou and Miyun counties, the
northern outermost counties, are regions that contain a
large amount of mountainous land; only 13.6%-33.3% of
the land in these areas can be cultivated (Table 2). Of the
cultivable land in these areas, 73% is sandy texture; more-

over, land desertification has become serious as reported
from investigations in 1999 and 2005 by Cheng et al. [20].
Thus, F1 is the primary factor that limits the use of animal
manure in these northern outer counties. In addition, the
expansion of industrial and residential areas (F4) also acts
as a restricting factor. Most of all, 60% of the surface
water resources in Beijing, including the Miyun and Guanting reservoirs, are located in these four counties. Therefore, animal manure could not be applied to 147 km2 of
farmland in these areas in compliance with the restriction
of manure application within 100 m of water body (F3)
[9]. Totaling the impacted factors, only 16.6% of the
arable land is suitable for the manure application in
Pinggu, Yanqing, Huairou and Miyun counties.
3.2 The estimation of buffer areas from water pollution

Major rivers in China are suffering from increasingly
severe degradation of water quality. As is well known,
Beijing is facing severe water supply problems. These
problems are exacerbated by pollution of the water sources.
For example, water from the Guanting reservoir, the fourth
largest water source for the city, is not fit for drinking, nor
even for irrigation of crops. Some studies have shown that
the rapid growth of animal manure in municipality of
Beijing is one of the important sources which has led to
increased pollution pressure on the surface water [12].
According to Wang and Jin [11], N and P quantities from
animal manure released to the Miyun reservoir (the largest reservoir in Beijing) were far greater than those from
chemical fertilizer utilization. Therefore, it is necessary to
know how much farmland adjacent to water bodies could
not receive animal manure in case of runoff containing
manure nutrients. Fig. 3 gives an overview of the susceptible farmland along water resources. It shows the areas of
influenced farmland and proportions of cultivated land to
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DX: Daxing, TZ: Tongzhou, FS: Fangshan, MTG: Mentougou, SY: Shunyi, CP: Changping, PG: Pinggu, HR: Huairou, YQ: Yanqing, MY: Miyun
county
FIGURE 3 Farmland unsuitable for manure application in the buffer regions to water bodies

which the application of manure is forbidden based on
two controlling distances from farmland to water body:
minimum distances of 100 m [9] and maximum distances
of 400 m [15], respectively.

maximum application rate for animal manure application,
the maximum carrying capacity is estimated and the
growth potential of animal production in ten counties is
also evaluated (Fig. 4).

As shown in Fig. 3 (a), the application of animal manure is forbidden in a total of 266.7 km2 and 922.4 km2 of
farmland located in the 100 m and 400 m buffer regions,
respectively. Fig. 3 (b) shows the proportion of each
county’s cultivated land to which manure may not be applied. Due to their large amount of water resources, Huairou, Yanqing and Miyun counties have the largest buffer
areas and the highest proportions of total cultivated lands.
A range of 7.8%-14.1% of farmland in Huairou, Yanqing,
Miyun and Mentougou counties are within the 100 m distance to a water body, respectively. For the environmental
protection of water resources, more attention is needed to
avoid the application of animal manure. The proportions
of farmland areas located within the 100m buffer in the
remaining six counties are similar to each other and occupy less than 5% of their farmland areas.
Overall, the north region of Beijing is more sensitive
to water pollution; thus, vegetated riparian buffers may be
necessary to improve the resistance of local water resources
to pollution pressure induced by the application of animal
manure.
3.3 The carrying capacity and growth potential of animal
production in rural Beijing

As described above, soil texture (F1) is likely the
primary biophysical factor, while proximity to residential
areas (F4) is the chief social factor influencing the land
application of manure in rural Beijing. In addition, proximity to water bodies (F3) is another primary factor of concern in the northern region. In sum, 64.7% of the farmland
in rural Beijing is not fit for animal manure utilization. In
terms of land suitability analysis and the recommended

FIGURE 4 - Maximum carrying capacity of animal production for
ten counties (104 heads of pig)

The results indicate that in some of the ten counties
the current animal production is not in agreement with the
maximum carrying capacity of their suitable farmland
areas (Fig. 4). Clearly, more animals have been raised in
eastern regions than in western regions, and most counties
there have a negative capacity for the acceptance of increased amounts of animal manure due to animal overproduction. The three counties with the highest exceedance
of animal production over carrying capacity, Shunyi,
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Pinggu and Miyun counties, contain numerous intensive
animal farms and limited amounts of farmland suitable for
the application of manure. In addition, Mentougou, Fangshan and Miyun counties currently achieve their maximum animal production; no additional farmland is available for animal manure. Conversely, Tongzhou, Daxing
and Changping counties still have the potential to increase
production by 15.8, 11.2 and 4.5 million pigs, respectively. Overall, these findings suggest that it is very important to reasonably adjust the distribution and structure
of animal production or the policies concerning the application of animal manure in rural Beijing.

production in terms of their farmland carrying capacity.
Because they have a wider distribution of cultivatable
land and better geophysical conditions, Daxing, Tongzhou,
and Changping counties possess a high potential for animal
production. Therefore, expanding animal production could
be put into practice in these areas if effective integration
of cropping and livestock activities is implemented. It is
suggested that manure management practices designed to
minimize the environmental and social risks are necessary
in the municipality of Beijing.
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ELEMENT CONTENTS OF SPINY DOGFISH (Squalus
acanthias L., 1758) FROM THE MARMARA SEA (TURKEY)
Nermin Berik* and Dilek Kahraman
Çanakkale Onsekiz Mart University, Faculty of Fish and Fisheries, Department of Fisheries and Processing Technology, 17100 Çanakkale - Turkey

ABSTRACT
In this study, the concentrations of elements in muscle, liver and cartilage tissues of spiny dogfish (Squalus
acanthias) were investigated. Spiny dogfish caught from
the Marmara Sea at three different times of the year (October 2008, January and April 2009) were purchased from
sea products factories (exporter) in Çanakkale (Turkey).
The results showed that the element accumulations were
higher in liver than the cartilage and muscle tissues in all
three months. Al, Fe and Zn concentrations in all examined tissues were remarkably higher than the other elements. However, all the elements (especially Al, Cd, Pb)
were below the Turkish legislation and European Commission legal limits for fish muscle, cartilage and liver.
Therefore, we can conclude that Squalus acanthias from
Marmara Sea (Turkey) are safe for human consumption.

KEYWORDS: Dogfish, meat yield, element, Marmara Sea

1. INTRODUCTION
Chemical pollution of water is one of the most important environmental problems which threat all forms of life
[1]. The Marmara Sea which is a semi-enclosed deep basin
between the Mediterranean and the Black Sea has been
subject to high levels of pollution due to several industrial
complexes, municipal wastewater, agricultural chemicals,
oil pollution and airborne particles. Large industrialized
seaports are often flagged as hotspots for elevated concentrations of heavy metals in water and sediment [2]. The
elements can also produce toxic effects when its intake is
excessively elevated.
The spiny dogfish (Squalus acantias) is a member of
the marine ecosystem. In addition to their predatory behavior, sharks are good indicators of contamination in
marine ecosystems and represent sites for biological accumulation of pollutants [3,4]. Furthermore, some parts of
* Corresponding author

the shark, including the muscles, cartilages and livers are
used completely for human consumption and pharmaceutical industry. Vannuccini [5] reported that shark meat,
fins, skin and internal organs are often used as food. Cartilage has also been used for the treatment of a variety of
diseases. In addition, liver oil is mainly used in the textile,
tanning and cosmetics industries, pharmaceutical products, and lubricants. Vitamin A and E are extracted for human consumption from shark’s liver. The spiny dogfish is
widely distributed all over the world and at Turkish coastal
areas [6]. Squalus acanthias meat is highly valued, particularly in Europe, with European market demand driving
fisheries that preferentially target aggregations of mature
(usually pregnant) females. The small fins enter the international trade other products (liver, oil, skin) are less fully
utilized than big ones [7].
In Marmara Region, detailed studies have been reported about elemental contents of various fish, crustacean and mollusk species. Species used in these studies
were also obtained from the other seas (Black Sea, Aegean, and Mediterranean) of Turkey [8,9]. There is only
one study reporting the element concentration (only mercury) of spiny dogfish from the eastern Mediterranean [3].
On the other hand, there is no study reporting the element
contents of spiny dogfish from the Marmara Sea. Thus, the
objective of this study was to determine the element levels
of muscle, liver and cartilage tissues of spiny dogfish
caught from the Marmara Sea and compare the results with
the legal limits permitted by Turkish legislation and European Commission for fish muscle, cartilage and liver.
2. MATERIALS AND METHODS
2.1. Sample Collection and Measurements

12 spiny dogfish caught from the Marmara Sea during the October (2008), January (2009) and April (2009)
were purchased from sea product factories in Çanakkale.
Total length of each fish was measured to the centimeter,
from the tip of the snout to the tip of the upper lobe of the
caudal fin and total weights were recorded [10]. The samples were placed in ice, brought to the laboratory, washed,
separated by species and then stored frozen at -20°C before analyzed.

276

© by PSP Volume 21 – No 2. 2012

Fresenius Environmental Bulletin

2.2. Element Analysis

Calcium (Ca), Magnesium (Mg), Sodium (Na), Potassium (K), Aluminum (Al), Boron (B), Barium (Ba),
Cadmium (Cd), Cobalt (Co), Chromium (Cr), Copper
(Cu), Iron (Fe), Manganese (Mn), Nickel (Ni), Lead (Pb)
and Zinc (Zn) contents of muscle, liver and cartilage of
each fish were analyzed. For element analysis, a piece of
muscle, liver and cartilage of each fish were dissected,
weighed and turned into soluble forms in the microwave
(CEM Mars Xpress, USA). All samples were placed in decomposition beakers and, nitric acid (65%, w/v; Merck,
Germany) were added to each. The residues were then
dissolved and diluted with nitric acid. After the application
of organic digestion process, samples were filtered and
diluted with deionized water (Millipore, USA) [11]. Element analysis was applied using Varian Liberty AX Sequential ICP-AES [12]. Element concentrations were calculated in “microgram per gram wet weight”(µg g-1).
2.3. Statistical Analysis

The descriptive statistics (mean and standard error of
the mean) were conducted using SPSS software. Data were
subjected to a one-way analysis of variance (ANOVA).
When a significant difference was found among values,
Tukey’s multiple range test was performed [13]. Possibilities less than 0.05 were considered statistically significant
(P<0.05).
3. RESULTS AND DISCUSSION
The average length and wet weight of fish were determined as 61.1±2 cm and 1018±74.6 g, respectively.
Based on these results, we can conclude that the fish were
mature. Chatzispyrou and Megalofonou [8] reported that
the first maturity for S. acanthias of Aegean Sea was at

47.0 - 51.8 cm. On the other hand, maturity sizes were
reported as 67.0 - 72.0 cm [14] in the Black Sea.
3.1. Element Contents

Element concentrations (µg g-1) of spiny dogfish determined in different months October (2008), January
(2009) and April (2009) and tissues (muscle, cartilage and
liver) were shown in Table 1. As seen in the Table 1, the
maximum level for Ca concentration was determined in
cartilage, while the highest concentration of Mg, Na and
K levels were determined in liver. The statistical differences were found in Ca, Mg and K levels among the tissues (P<0.05), while, there were no statistically important
differences in Na levels between muscle and cartilage
tissues (P>0.05). The changes in element concentrations
are at least one order of magnitude and originate from
differences in physiological functions of muscle and liver
[15]. The differences in element concentrations may be
related to the composition of seawater and fish species. Ca,
Mg, Na and K are essential for a wide variety of metabolic and physiologic processes in the human body [16].
They are important for many enzymatic activities, for the
composition of the skeletal system and control the volume
of extracellular and intracellular fluid in the body [17,
18]. Thus, these elements are necessary and important for
human health. The daily recommended intake of Na, K, Ca
and Mg are approximately 500 mg, 7400 mg, 1100 mg
and 800 mg, respectively [19, 20].
The maximum Al concentration in spiny dogfish tissue was 0.339 µg g-1 in muscle, 1.208 µg g-1 in cartilage
and 1.175 µg g-1 in liver (Table 1). There was no statistical differences in Al levels between the cartilage and liver
tissues (P>0.05). Similar to our results, the highest Al
concentrations were found to be below the 2 µg g-1 (dw)
in muscle [13]. Aluminum is known to accumulate in brain
tissue and induce neurofibrillary degeneration and neuronal cell death [21, 22].

TABLE 1 - Metal concentration (µg g-1 of wet weight) of spiny dogfish in different months and tissues
Months Tissue
October
January Muscle
April
October
CartiJanuary lage
April
October
January Liver
April

Ca
Mg
Na
52.912c 16.270 c 80.052b
±3.956
±1.016 ±2.791
16.128b 79.910b
52.510c
±2.756
±1.004 ±2.783
53.279c 16.351 c 81.156b
±3.721
±1.009 ±2.863
942.754a 22.758b 79.488b
±7.611
±1.618 ±3.781
935.659a 22.704a 78.156b
±8.216
±1.487 ±3.975
938.753a 22.861b 81.798b
±8.935
±1.912 ±2.181
226.923b 28.069a 241.484a
±5.129
±1.132 ±6.652
205.756b* 23.078a* 201.155a*
±4.342
±1.092 ±5.750
235.803b 31.142a 261.786a
±6.782
±1.276 ±7.416

K
152.067b
±5.813
147.625a
±5.002
158.109b
±5.018
105.550c
±3.112
104.431b
±4.591
108.497c
±2.760
177.417a
±6.251
155.243a*
±5.218
181.162a
±5.714

Al
0.329b
±0.063
0.330b
±0.045
0.339b
±0.071
1.203a
±0.103
1.200a
±0.124
1.208a
±0.147
1.175a
±0.080
1.036a*
±0.061
1.164a
±0.052

B
0.057c
±0.003
0.048c*
±0.003
0.058c
±0.002
0.144b
±0.043
0.146b
±0.051
0.145b
±0.052
0.358a
±0.032
0.262a*
±0.045
0.350a
±0.072

Ba
0.095c
±0.002
0.095c
±0.004
0.097c
±0.003
1.116a
±0.052
1.118a
±0.061
1.121a
±0.071
0.486b
±0.021
0.480b
±0.018
0.495b
±0.020

Cd
0.006b
±0.0006
0.004b*
±0.0002
0.008b
±0.0005
0.001c
±0.0001
0.001c
±0.0002
0.002c
±0.0001
0.025a
±0.002
0.026a
±0.003
0.028a
±0.001

Co
0.002c
±0.001
0.002b
±0.001
0.004b
±0.001
0.007b
±0.001
0.008a
±0.002
0.009a
±0.001
0.011a
±0.001
0.009a
±0.002
0.012a
±0.004

Cr
0.024c
±0.002
0.020c
±0.001
0.029c
±0.004
0.035b
±0.003
0.034b
±0.002
0.038b
±0.003
0.097a
±0.002
0.084a*
±0.001
0.098a
±0.002

Cu
0.042c
±0.01
0.040c
±0.01
0.042c
±0.01
0.073b
±0.012
0.071b
±0.014
0.079b
±0.011
0.681a
±0.014
0.550a*
±0.017
0.704a
±0.018

Fe
7.045b
±0.161
6.021b*
±0.171
7.148b
±0.112
0.625c
±0.021
0.622c
±0.018
0.645c
±0.051
15.426a
±0.421
13.321a*
±0.231
15.969a
±0.514

Values are mean ± standard error of mean (SEM) of four replicates.
Different asterisk in same column indicate significant differences within months of same fish tissue (P<0.05).
Different lower case letters (a-c) show the significant differences between the tissues of same months (P<0.05).
Nd: Undetermined value.
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Mn
0.074c
±0.01
0.071b
±0.01
0.074c
±0.01
0.209b
±0.018
0.205a
±0.021
0.211b
±0.032
0.290a
±0.032
0.185a
±0.045
0.324a
±0.057

Ni
nd
nd
nd
0.004a
±0.0002
0.003b
±0.0005
0.004a
±0.0002
0.004a
±0.0003
0.005a
±0.0004
0.004a
±0.0005

Pb
0.033b
±0.001
0.023b*
±0.002
0.034b
±0.001
0.010a
±0.002
0.020b
±0.005
0.010c
±0.003
0.320a
±0.034
0.297a*
±0.021
0.335a
±0.034

Zn
2.484b
±0.215
2.479b
±0.211
2.490b
±0.210
1.196c
±0.09
1.187c
±0.07
1.217c
±0.09
8.284a
±0.121
7.106a*
±0.154
8.351a
±0.116
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The concentrations of Boron (B) in the analyzed
samples ranged from 0.048 to 0.058 µg g-1. The statistical
significant differences were found among the tissues (P<
0.05). The highest level of B was found in liver, while the
lowest value was determined in muscle. The lower element concentrations in muscle than those of cartilage and
liver may be related to the low metabolic activities of this
organ. Boron is an essential element for human health at
some range while it is toxic in higher ranges [23]. WHO
[24] has reported a provisional guideline value of 0.5 mg L-1
using the tolerable daily intake value of 0.16 mg B/kg/day
and the drinking water consumption of 2 L for 60 kg
adults.
The highest Barium (Ba) concentration was found as
1.121 µg g-1 in cartilage (Table 1). The statistical differences were determined among the tissues (P<0.05). Differences in concentrations of Ba between tissues might be
related to the habitat, fish diet and fish ages.
The maximum level for Cadmium (Cd) concentration
0.028 µg g-1 was determined in liver (Table 1). We found
significant variations in the Cd concentrations in tissues
among the three sampling periods. In a previous study
with different shark species (Galeorhinus galeus, Galeus
melastomus, Mustelus asterias, S. acanthias and Scyliorhinus canicula), the levels of Cd were determined in the
range of <0.16 - 1.00 µg g-1 in muscle [25]. Our results show
similarities with this study. The legal limit for Cd presence in
all shark and fish species has been set as 0.05 mg/kg in
Turkish legislation [26] and European Commission [27].
Satarug et al. [28] reported that cadmium may also accumulate in the kidney and liver. It has a ubiquitous carcinogenic pollutant with multiple biological effects [29].
Cobalt (Co) levels changed significantly in different
tissues (P<0.05). The lowest and highest Co concentrations in analyzed fish were 0.002 µg g-1 in muscles and
0.012 µg g-1 in livers (Table 1). There is no information
about maximum permissible Co limits in food. Cobalt is
an essential nutrient for human. It has functional part of
vitamin B12 [30].

from 0.4 to 3.3 µg g-1 in muscle. Copper plays an essential role in human’s antioxidant system [33]. However,
high oral intakes of its salts can be toxic and, cause an
emetic effect [34]. The maximum permissible Cu level
reported by Turkish legislation for fish are 20.0 mg/kg [35].
The lowest Iron (Fe) levels were 6.021 µg g-1 in muscle and 13.321 µg g-1 in liver during January measurements (P<0.05). The maximum Fe concentration obtained
was 15.969 µg g-1 in liver (Table 1). The statistical differences were found in tissues among the sampling periods
(P<0.05). Our results show similarities with Turchozy et
al [15] and Domi et al [25]. But, they are lower than the
results of Bellamy and Hunter [36]. Iron (Fe) is essential
for human health, because it is a component of hemoglobin, myoglobin, and haem enzymes [37]. However, iron
can be toxic for people at high doses and its tolerable value
for adults is 45 mg/day [32].
The maximum and minimum Manganese (Mn) concentrations obtained, were 0.324 µg g-1 in liver and, 0.071
µg g-1 in muscles (Table 1). The maximum Mn concentration was found in liver (P<0.05). Our results are lower
than previous studies (Table 2). Manganese is considered
as an essential nutrient for humans because it is known to
have a function as an enzyme activator and, be a constituent of at least three metalloenzymes [38]. Greger [39] proposed its concentrations in water as 4.2 mg Mn/d for a
70-kg individual.
Nickel (Ni) values were under the detection limits in
muscle (Table 1). The concentrations of Ni were similar
in cartilage and liver tissues (Table 1). There is no information about maximum permissible nickel limits in fish.
Nickel (Ni) has not been established as an essential element and, indicators of nickel status have not been identified. There has been no stimulus to determine the effect of
nickel supplementation on healthy adults [40]. FDA determined its permissible concentration in shellfishes as
80 mg/kg. On the other hand, based on animal studies, if a
dietary requirement is found for humans, it most likely
will be less than 100 µg/day [40, 41].

The maximum and minimum Chromium (Cr) concentrations obtained were 0.098 µg g-1 in livers and 0.020 µg g-1
in muscles (Table 1). There are statistically significant
differences between the tissues for all sampling periods
(P<0.05). Chromium functions in the maintenance of blood
glucose levels by potentiating the activity of insulin [31].
Some forms of chromium are known to be toxic, but those
are not present naturally in foods or contains in currently
available dietary supplements [32]. However, FDA has
declared its limit as 13 mg/kg.

Lead (Pb) levels of muscle (0.023 µg g-1) and liver
(0.297 µg g-1) were shown in Table 1. The statistical differences were found among the tissues and, the maximum
Pb content was determined in liver (P<0.05). Lead (Pb)
affects hemopoietic, nervous, gastrointestinal and renal organ systems in human [34]. The legal limit for lead presence in sharks or other fish species has been set as 0.3 and
0.4 mg/kg respectively for Turkish legislation [26] and in
European Commission [27].

The highest level for Copper (Cu) concentrations
0.704 µg g-1 were determined in liver (Table 1). There are
significant variations in Cu concentrations among the
tissues (P<0.05). Domi et al. [25] studied the copper levels of five different shark species (Galeorhinus galeus,
Galeus melastomus, Mustelus asterias, S. acanthias and
Scyliorhinus canicula) and found that Cu levels ranged

Maximum level for Zinc (Zn) concentration (8.351
µg g-1) was determined in liver (Table 1). We found statistically significant differences in Zn levels among the
tissues (P<0.05). Zinc is an essential element for enzyme
functioning and present in all organs, tissues, fluids and
secretions of the human body [42]. Turkish legislation has
set the legal limit in fish as 50 mg/kg [35].
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TABLE 2 - Comparison of mean element concentrations of different species of dogfish reported in other studies (µg g-1)
Species and
Tissue

Area

Ca

Mg

Na

K

Al

B

Ba

Cd

Co

Cr

Cu

Fe

Mn

Ni

Pb

Zn

Reference

S.acanthias
Marmara
Muscle (wet.wt.) Sea

53.28
- 2.91

16.1316.351

79.91 81.16

147.63158.11

0.330.34

0.050.06

0.0950.097

0.0040.008

0.0020.004

0.0200.029

0.040
- 0.042

6.02
-7.15

0.074

nd

0.0230.034

2.48 2.49

Our study

S.acanthias
Celtic Sea
Muscle (dry wt.)

-

-

-

-

-

-

-

<0.16

-

-

<-0.3

7.2 - 11.1

3.38

-

-

8.3 11.4

[25]

D.calcea, C.
Australia
crepidator
Muscle (dry wt.)
S.acanthias
Canada
Muscle (dry wt.)

-

-

-

-

107 10.7

-

-

<0.01

<0.01

1411.1

15.57 0.2

<0.02

<0.05

107 2.1

[45]

-

-

-

-

-

-

-

0.05

-

-

2.31

-

-

0.19

-

[46]

Centroscymnus
crepidator
Muscle (wet wt.)
C. crepidator
Muscle (dry wt.)
Centroscymnus
owstonii
Muscle (wet wt.)
C. owstonii
Muscle (dry wt.)
Deania calcea
Muscle (wet wt.)
Deania calcea
Muscle (dry wt.)
Galeorhinus
Galeus
Muscle (wet wt.)
Galeorhinus
Galeus
Muscle (wet wt.)
S.acanthias
Cartilage (wet
wt.)
S.acanthias Liver
(wet wt.)
S.acanthias Liver
(dry wt.)
S.acanthias Liver
(wet wt.)
C. kumu Liver
(wet wt.)
C.milii Liver
(wet wt.)

Tasmania

-

-

-

-

-

-

-

0.003

-

-

0.065

0.8

<0.01

<0.03

2.2

[15]

Tasmania

420

1160

4300

16500

<2

-

<2

0.011

-

<7

0.26

3.2

1.0

<0.6

<0.1

8.8

[15]

Tasmania

-

-

-

-

-

-

-

0.013

-

-

0.0073

0.6

0.19

<0.01

<0.03

2.4

[15]

Tasmania

420

1230

5900

16100

<2

-

<2

0.053

-

<7

0.29

2.4

<0.6

<0.1

9.6

[15]

Tasmania

-

-

-

-

-

-

-

0.01

-

-

0.058

1.0

0.12

<0.01

<0.03

2.0

[15]

Tasmania

<0.01 4.43 - 0.2

0.25

360

1200

5100

16500

<2

-

<2

0.38

-

<7

0.23

3.8

0.47

<0.6

<0.1

7.8

[15]

U.K.

-

-

-

-

-

-

-

0.01

-

-

0.50

3.55

0.04

2.01

0.14

-

15
(Vas.1987)

U.K.

-

-

-

-

-

-

-

<0.02

-

-

0.44

3.14

0.03

1.79

0.16

2.12

15
(Vas.1991)

Marmara
Sea

935.66
- 942.75

22.70
- 22.86

78.16
- 81.80

104.43- 1.20 - 0.14 108.50 1.21 0.15

1.12

0.001- 0.007 - 0.034 - 0.07- 0.08
0.002 0.009 0.038

0.62 0.65

0.21

0.003
- 0.004

0.01 0.02

1.19 1.12

Our study

Marmara
Sea
Canada

205.76 235.80
-

28.07 31.14
-

201.16 - 155.24- 1.04 - 0.26 261.79 181.16 1.18 0.36
-

0.490.50
-

0.025- 0.009 - 0.084 - 0.55- 0.70 13.32 0.02
0.012 0.098
15.97
20.7
25.6
-

0.190.32
6.48

0.004 0.005
-

0.30 0.34
0.071

7.11 8.35
-

Our study

Otago,
N.Zeland
Otago,
N.Zeland
Otago,
N.Zeland

-

-

-

-

-

-

-

2.2

-

-

3.6

112

0.76

-

111

9.3

[36]

-

-

-

-

-

-

-

1.36

-

-

5.9

65

1.08

-

63

50

[36]

-

-

-

-

-

-

-

0.10

-

-

5.4

28

0.60

-

77

11

[36]

[46]

Nd: Undetermined value.

In January, the Ca, Mg, Na, K, Al, B, Cd, Cr, Cu, Fe,
Pb and Zn levels significantly decreased in liver tissue
(P<0.05). These results are illustrated as breeding season
of spiny dogfish around this time; and by these reason
metals are also transferred to the embryo from the other
tissues. Windom [43] has reported the tissue concentration series for the study species S. acanthias for the Cd
and Cu metals were liver > embryo > muscle > yolk and,
Zn were an embryo > yolk > liver > muscle in decreasing
concentration. These results reflect the fact that the embryo accumulated so many metals in the uterus.
In our study, the concentrations of Cd, Cu, Fe, Mn,
Pb and Zn were found to be lower over than previous
studies (Table 2). This difference could be accounted for
by the different habitats characteristic variables. The
results showed that the element accumulations were
higher in liver than the cartilage and muscle in all months.
This might be due to the liver plays an important role in
the detoxification [44].

effects. Especially increased element levels (Pb, Cd, Al)
in fish meat are a big problem for consumers. The dogfish
are not traditionally consumed by Turkish people. However, they are caught according to International legislations and exported to European countries.
In conclusion, all the element concentrations were
found to be below the Turkish legislation and European
Commission legal limits for fish muscle, cartilage and
liver. Thus, spiny dogfish caught along the Marmara Sea
could be used as a source of food for human consumption.
Also, cartilage and liver tissues could be used in the
manufacture of pharmaceutical products.

The population of the environment can make even the
best food toxic or harmful to health. The tissue content of
the raw material is very important. There are some preventive rules in law to keep the human from their negative
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ABSTRACT

1. INTRODUCTION

To investigate the spatial distribution and seasonal
variation of dissolved organic nitrogen (DON) in surface
sediment, field study was performed in Lake Qingnian
and Wetland Qilihai from February to December in 2010.
Meanwhile, simulation experiments were carried out to
better understand the degradation of DON. The pollution
of Lake Qingnian was more serious than that of Wetland
Qilihai. Total hydrolyzable amino acid (THAA-N), accounting for about 40% of DON, was the dominant nitrogen species in the sediment. Bacterial residues were the
most important source of organic nitrogen in the sediment
of Wetland Qilihai, where DON more highly degraded than
Lake Qingnian. Degradative Index (DI) was successfully
applied to examine the degradation status of sedimentary
organic matter in different seasons. That DI decreased in
spring and summer whereas increased in autumn and winter, illustrated that more degraded organic matter in summer and autumn than spring and winter in the cores. By
principal component analysis, that a higher loading of Leu,
Glu, Ile, Gly, Ser and Thr in the first principal component
reflect the degradability of sedimentary organic nitrogen.
As to natural shallow anoxic sediments, the decomposition
rate of organic nitrogen in anoxic condition was slightly
higher than that of aerobic condition, whereas aerobic condition conducive to the degradation of amino sugar (HA-N).
The degradation of DON was major in terms of THAA-N
which accounting for about 45% of the DON degradation
in control. In the degradation of the THAA-N by microbe,
THAA-N were absorbed and utilized in terms of polypeptide before decomposed into free amino acids.

KEYWORDS: Sediment, Dissolved Organic Nitrogen, Hydrolyzable Amino Acid, Simulation Experiments, Degradative Index

* Corresponding author

The organic nitrogen distribution and degradation in
sediments has been concerned over decades of the world
[1-3]. Lake sediments were the main destinations of pool
nutrients after diagenetic transformation, when some endogenous nitrogen released from the sediment to the
freshwater which led to eutrophic restoration under some
conditions [4, 5]. Organic nitrogen accounts for over 90%
of TN in the sediment [6]. Few proportion of the organic
nitrogen is buried, whereas the majority are converted
into inorganic nitrogen and released back into water recycled by phytoplankton in the sediment [7]. As a significant fraction of organic matter in sediments, proteins are
ubiquitous components of living organism [8, 9]. Amino
acids are the basic structural units of proteins ranged from
42% to 72% of DON [10]. Over a wide range of time
scales, amino acid is degraded faster than bulk organic
matter [11].
Studies with amino acids in sediment trap materials
and fresh samples in situ indicated that the contribution of
individual amino acids is fluctuated of total hydrolyzable
amino acids (THAAs) during the process of organic matter mineralization [12-15]. Studies revealed that neutral
amino acids (alanine and aminobutyric acid) are composed of small quantities in marine organisms. The relative percentage of neutral amino acids is increasing with
the aging process of organ. After the decomposition of
organisms, protein will result in the decarboxylation of
their precursor amino acids [10]. Basic amino acids (lysine, histidine, arginine) are relatively easily adsorbed onto
available mineral surface and are assumed to be less susceptible to microbe degradation [16-19]. Based on the
variation of amino acid composition in diagenesis, degradation index (DI) was developed by Dauwe and Middelburg,
which ranged from 1.5 (fresh phytoplankton) to -2.2 (degraded sediment) [15].
Oxygen plays one important role in the degradation
of sedimentary organic matter [20]. Utilized as a source of
C and N by bacteria, dissolved free amino acids (DFAAs)
is a nutrient of micro-algae, particularly with low level of
inorganic N [21, 22]. Therefore, simulation of aerobic
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state, source of C and N is to better understand the degradation of organic nitrogen.
Based on the relationship of individual amino acids
and amino sugar in mineralization, the study is to discuss
the degradation of organic nitrogen with seasonal variations. Meanwhile, to better understand the degradation
state of the sedimentary organic nitrogen, simulation experiments were performed with micro environmental parameters.
2. MATERIALS AND METHODS
2.1. Sample collection

Samples were obtained from Lake Qingnian (latitude
39°06′38′′N, longitude 117°06′59′′E) and Wetland Qilihai
(latitude 39°17′21′′N, longitude 117°35′32′′E) in Tianjin.
Lake Qingnian is a typical shallow urban lake and its
eutrophication status is still critical in recent years after
most pollutant sewage sources have been controlled,
mainly through the release of nutrients from the sediment.
Wetland Qilihai was evolved by a process of marine regression at the late Holocene in North China Plain, features as one marsh wetland with agriculture and fisheries.
A great amount of chemical organic wastewater and domestic sewage were discharged into the lake annually.
Samples of Lake Qingnian were obtained from two contrasting spots named ‘QNP’ and ‘QNC’, whereas Wetland
Qilihai only one sampling spots named ‘QLH’ (Figure 1).
‘QNP’ was a zone which had luxuriant plants near the
edge of bay and ‘QNC’ is a deep open zone in the center
of the lake. Collected by a self-made cylindrical core sampler from the surface (5±2 cm depth) of sediments, five
cores were mixed together in order to obtain the average
concentration of various nitrogen species. The samples of
overlying water were collected at 0.5 m under the water
surface vertical to the sediment sampling sites. The sediment and water samples were stored in acid-washed PE
bottles for prompt delivery to the laboratory.

Within 12 h after the sample collection, the pore water was obtained by the centrifugal drainage technique
from the fresh sediment. The pore water and overlying
water was vacuum filtered by 0.45 µm cellulose acetate
membranes (Beijing N&D Co. Ltd., China). The sediment
samples were dried and then sieved by 60 meshes, while
part of fresh samples was left for moisture content determination. All treated samples were stored at -4 °C.
2.2. Simulation experiments

Treated sediments were placed in 4 L organic glass
bottles, where 3.5 L filtered overlying water and 500 g
fresh sediment (wet weight) were added. The sediment
thickness was nearly 5 cm and the water depth was nearly
20 cm. Considering the initial concentration of amino
acids/amino sugar in sediment, five simulation samples
with control and four test samples were handled with
aeration, added 20 mg glucose, added 20 mg leucine and
added 20 mg pramlintide acetate, respectively. The concentrations of DON, THAA-N, HA-N and total free
amino acids (TFAA-N) in the sediment were measured at
day 0, 1, 3, 6, 10 and 15.
2.3. Sample analysis

Inorganic nitrogen species of ammonium (NH4+-N),
nitrate (NO3--N) and nitrite (NO2--N) were colorimetrically determined by UV-2800 ultraviolet spectrophotometer (Unico Co. Ltd., China). Total nitrogen (TN) in water
was determined by the means of Persulfate Oxidation
(PO) while the concentration in the sediment was monitored by Kjedahl method [23]. DON was calculated as the
margin between the TN concentration and inorganic species concentration (combined NH4+-N, NO3--N and NO2--N).
Chlorophyll-α (chl-α) was colorimetrically determined by
Jin’s method [24].
The pre-treatment of hydrolyzable amino acids
(THAA-N) and amino sugar (HA-N) followed the method
of Grutters [25]. Briefly, 5 mL, 6 M HCl was added to

FIGURE 1 - Location of sampling core
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TABLE 1 - Linear regression equation, correlation coefficient, limit of detection (LD) and repeatability (n=5) in amino acids/amino sugar
analysis.
Amino acids/Amino sugar
His
Ser
Arg
Gly
Asp
Glu
Thr
Ala
Pro
Cys
Lys
Tyr
Met
Val
Ile
Leu
Phe
Glucosamine
Galactosamine

Linear regression equation
y=0.0120x-0.341
y=0.0110x-0.0191
y=0.0111x-0.204
y=0.0109x-0.0727
y=0.0111x-0.1466
y=0.0117x-0.2129
y=0.0107x-0.003
y=0.0086x-0.0661
y=0.0105x-0.0641
y=0.0122x-0.2195
y=0.016x-0.3419
y=0.0116x-0.323
y=0.0112x-0.2731
y=0.0102x-0.0194
y=0.0107x-0.0583
y=0.0102x-0.0634
y=0.0112x-0.3154
y=0.0069x-0.0113
y=0.0102x-0.0954

Correlation coefficient (r)
0.9959
0.9977
0.9934
0.9933
0.9984
0.9960
0.9927
0.9945
0.9921
0.9953
0.9962
0.9915
0.9953
0.9937
0.9949
0.9951
0.9958
0.9965
0.9972

LD (µmol/L)
0.050
0.050
0.030
0.050
0.050
0.025
0.030
0.050
0.050
0.050
0.025
0.030
0.050
0.050
0.050
0.030
0.030
0.050
0.025

Repeatability (RSD, %)
0.97
0.28
2.1
1.1
2.4
0.77
0.81
0.94
0.77
0.93
1.7
1.3
0.69
0.97
1.2
1.0
1.7
1.2
0.83

TABLE 2 - Depth, temperature, pH, turbidity, chl-α, and moisture content in field study.
Cores
QNP
QNC
QLH

Depth (m)
1.7
3.9
4.2-4.8

pH
8.4
8.4
8.2

Moisture content (%)
55-64
61-72
50-59

0.20 g dried sediment in 10 mL N2-flushed glass screw
cap vials. Hydrolysis was processed at 110°C for 24 h.
The standards of amino acids were from National
Center Certified Reference Materials, containing 17 amino
acids. The amino sugar standards solution (glucosamine
and galactosamine) was purchased from Sigma, USA.
After hydrolysis and concentration, amino acids and amino
sugar was determined by amino acid analyzer (Hitachi L8900, Japan). The repeatability (n=5) of peak area RSD
and the limit of detection (LD) were showed in Table 1. It
depicted that amino acid/amino sugar have good linear
correlation which all correlation coefficients (r) were
greater than 0.99 with their chromatographic peak area in
the detection range.
The Eh was monitored by platinum electrodes following the national standardized operation (SL94-1996). The
content of FDA was monitored as the following: after the
addition of FDA solution and phosphate buffer, through
the vibration and centrifugation, the surface sediment
samples were colorimetrically determined at 490 nm. The
depth, pH, turbidity and chlorophyll-α in the overlying
water as well as the moisture content of fresh sediment in
three sampling spots are shown in Table 2.
3. RESULTS AND DISCUSSION
3.1. Distributions of nitrogen components

The average concentrations of TN, DON, THAA-N,
HA-N and NH4+-N in overlying water, pore water and

Turbidity (NTU)
61-73
55-70
42-53

Chlorophyll-α (µg/L)
55.2
39.7
15.3

sediments are summarized in Table 3. The concentrations
of TN, DON and THAA-N in the sediments were hundred
times than those in pore water and overlying water,
whereas there’s no significant gradient difference between
overlying water and pore water. The NH4+-N concentration gradient between sediments and pore water as well as
among pore water and overlying water were only about
ten times. Meanwhile, NH4+-N accounted for more than
40% of TN in pore water. The facts suggested that NH4+N was the major nitrogen component in endogenous release, and sediments appeared a strong adsorption capacity of TN, DON, THAA-N and NH4+-N. As for DON,
accounting for more than 90% of TN, was the main nitrogen species in sediment. The phenomenon that the concentrations of TN, DON, THAA-N, HA-N and NH4+-N in
QNP and QNC were much higher than those in QLH
suggested that Lake Qingnian suffered more serious nitrogen pollution than Wetland Qilihai.
The organic nitrogen in sediments is mainly derived
from the residues of phytoplankton, bacteria or aquatic
higher plants. Protein which accounting for about 50% of
organic nitrogen was the main component in phytoplankton and in bacterial, whereas accounts for 3% to 20% from
aquatic higher plants [8-9, 26]. Amino sugar is mainly
derived from vesicle of phytoplankton and cell walls of
bacterial [12]. The major amino sugar in vesicle of phytoplankton was Gluco while the ratio of Gluco/Gal is ranged
from 1.0 to 3.0 in bacterial cell walls. Concentrations of
THAA-N in sediment was 1569, 1777 and 579 mg/kg in
QNP, QNC and QLH, respectively. That THAA-N ac-
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TABLE 3 - Average contents of TN, DON, THAA-N, amino sugar and NH4+-N in three sampling points. (mg/kg)

TN
DON
THAA-N
HA-N
NH4+-N
Gluco
Gal

QNP
6.45
4.32
1.88
-0.90
---

Overlying Water
QNC
6.57
4.45
1.91
-0.88
---

QLH
8.87
4.60
1.61
-----

Pore Water
QNC
17.81
3.07
3.98
0.61
13.94
0.43
0.18

QNP
14.42
3.06
3.79
0.55
11.13
0.36
0.19

counts for about 40% of DON revealed that DON in
sediments mainly influenced by the residues of phytoplankton and bacterial. The value of THAA-N/DON was
0.43 in Wetland Qilihai, which is higher than that in Lake
Qingnian. However, chlorophyll-α was lower in Wetland
Qilihai than that in Lake Qingnian. Meanwhile, the ratios
of Gluco/Gal were 2.39, 2.18 and 0.63 in QNP, QNC and
QLH, respectively. Results revealed that bacterial residues were the major source of organic nitrogen in Wetland Qilihai sediment. Compared with amino acids, amino
sugar was harder to break down and easier to accumulate
in sediments [12]. Therefore, the degradation of organic
matter in a certain extent is reflected by the ratio of HAN/THAA-N. The ratio of Wetland Qilihai (0.13) was
significantly higher than that in Lake Qingnian (0.09)
revealed that organic matter in Wetland Qilihai sediment
was highly degraded.
3.2. Degradative index (DI) of hydrolysable amino acids in
sediment

Dauwe and Middelburg demonstrated that amino acid
composition provides a powerful measure of quality and
degradation history of sedimentary organic matter [15]. A
“Degradative Index (DI)” was derived from a diversity of
samples using principal components analysis (PCA) to
link amino acids to organic matter digenesis. It was performed by the mole percentage of amino acids and the
following formula:

DI =

QLH
10.42
4.13
2.50
0.46
4.27
0.31
0.15

∑[
i

QNP
4293.61
4182.31
1569.23
145.61
106.30
102.65
42.96

Sediments
QNC
4818.83
4656.41
1777.68
163.44
156.04
112.01
51.43

QLH
1562.89
1355.91
579.36
77.18
82.91
47.35
29.83

v a ri − A V G v a ri
] × fa c .C o e . f i
S T D v a ri

Where, vari is the mole percentage of individual
amino acids in THAA, AVG vari and STD vari are mean
deviation and standard deviation for the mole percentage,
respectively. The fac.Coe.fi is the factor coefficient by
Dauwe and Middelburg [15]. The more negative the DI
value is the more degraded is the sample, with positive DI
values indicative of fresh materials.
With principal components analysis of individual
amino acids, Dauwe and Middelburg found that the contents of Leu, Ile, Phe, Tyr and Glu decreased when the
contents of Gly, Ser and Thr increased with the sample
degradation [15]. Cowie and Hedges [27] found that the
preferential degradation of Tyr, Phe, Glu and Arg is due
to the instabilities of Gly, Ser, Ala and Lys, easier to
accumulate in sediments. Tyr, Phe and Glu had higher
contents in the cytoplasm when Gly, Ser and Thr were
abundant in the diatom cell walls structures. In contrast,
other amino acids such as Phenylalanine, glutamic acid,
tyrosine, leucine, and isoleucine became depleted with
increasing degradation [15, 28]. The average mole percentages, standard deviations and factor coefficients for individual amino acids in QNC, QNP and QLH are listed in
Table 4. By principal component analysis, Leu, Glu, Ile,
Gly, Ser and Thr had higher loadings on the first principal
component.

TABLE 4 – Mean standard deviation and factor coefficient for individual amino acids in QNC, QNP and QLH.
QNP
Asp
Glu
His
Ser
Arg
Gly
Thr
Ala
Tyr
Cys
Pro
Met
Val
Phe
Ile
Leu
Lys

AVG vari
7.35
8.58
2.44
5.85
12.47
10.75
7.24
7.68
2.01
0.73
4.11
1.54
6.18
3.65
3.47
6.94
8.99

QNC
STD vari
0.46
0.26
0.44
0.46
1.00
1.24
0.58
0.24
0.03
0.04
0.63
0.04
0.26
0.30
0.10
1.14
0.45

AVG vari
7.23
9.05
2.53
5.76
12.21
10.23
7.08
7.29
1.96
0.74
4.35
1.46
6.23
3.73
4.47
7.13
8.56

QLH
STD vari
0.49
1.44
0.42
0.42
1.27
1.06
0.85
0.26
0.14
0.05
0.37
0.24
0.22
0.46
0.78
1.09
0.48

AVG vari
8.41
9.59
2.33
5.08
11.59
10.57
7.91
7.84
1.82
0.86
4.08
1.34
5.77
3.43
3.68
6.88
8.79

STD vari
0.72
1.02
0.40
0.39
0.97
1.12
1.08
0.21
0.16
0.29
1.09
0.18
0.56
0.35
0.40
1.19
0.55

fac.Coe.fi
-0.102
0.065
0.158
0.015
-0.115
-0.099
-0.129
-0.043
0.178
0.203
0.099
0.134
-0.044
0.134
0.139
0.169
-0.086

AVG vari are in unit of %. Asp: aspartic acid, Glu: glutamic acid, His: histidine, Ser: serine, Arg: arginine, Gly: glycine, Thr: threonine, Ala: alanine,
Tyr: tyrosine, Cys: cystine, Pro: proline, Met: methionine, Val: valine, Phe: phenylalanine, Ile: isoleucine, Leu: leucine, Lys: lysine.
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Seasonal variations of DI and micro environmental
parameters are shown in Figure 2. These three factors T,
FDA and Eh had similar seasonal variations which increased from February to June and decreased from July to
December. As to Eh, there was an obvious difference
between QNP, QNC and QLH while values were no more
than 200 mV rendered reduction condition apparently.
Weak reduction condition was showed with the sediments
of QLH, whereas strong with reduction condition of QNC.
The FDA in QNC and QNP were higher than that in QLH,
whereas no obvious difference showed between QNC and
QNP.

nated to generated ammonia. Higher temperature and FDA
were conducive to the degradation of amino acids. Continuing high value of FDA in summer and autumn and strong
correlation between FDA and DI (R2=0.75) illustrated that
microbe accelerated the degradation process of amino
acids. The temperature and FDA in QNP were higher than
those in QNC while the DI in QNC was lower than that in
QNP. This fact illustrated that a highly degradation of
amino acids appeared in QNC. A reasonable explanation
was that higher Eh representing weak reduction condition
inhibited the degradation process of amino acids in QNP.
It suggested that anaerobic environment is conducive to
the degradation of amino acids in the natural sediment.
Relationships between individual amino acid and DI
are shown in Figure 3. The mole percent of Leu, Ile and
Glu increased and Gly, Ser and Thr decreased when DI
rose. No obvious relationship was represented between
other amino acids and DI. This fact means that the proportion of Leu, Ile and Glu were decreased and the proportion of Gly, Ser and Thr were increased with highly
degraded of organic nitrogen. Therefore, one new indicator DI’ was mentioned which performed by the mole
percentage of amino acids with the following formula:
DI’ = (Leu+Ile+Glu)/(Gly+Ser+Thr)
A higher DI’ means a higher activity and lower degradation of organic nitrogen in sediments. The strong positive correlation between DI and DI’ (R2=0.75) revealed
that DI’ reflect the degradability of organic nitrogen. That
DI’ was 0.91, 0.88 and 0.80 in QNP, QNC and QLH,
respectively. It reflected that the organic nitrogen in QLH
was highly degraded
3.3. Simulation experiments

FIGURE 2 - Seasonal dynamics of degradative index (DI) and micro
environmental parameters in sediments.

DI ranged from 1.69 to -1.98 with an apparent downward trend was showed from February to June and then
increased from June to December. An obvious seasonal
variation of DI was observed with negative values in summer and autumn, whereas positive values in spring and
winter. More obvious DON degradation was occurred in
summer and autumn. Amino acids are utilized by microbe
as nitrogen source and carbon source, afterwards deami-

Simulation experiments were carried out to disclose
the degradation of DON in the sediments. The variations
of DON, THAA-N, HA-N, TFAA-N and micro environment parameters are shown in Figure 4. After 15 days of
simulation experiments, 8.81% of DON and 11.07% of
THAA-N were degraded, whereas there was no obvious
degradation with HA-N of control. The degradation of DON
was major in terms of THAA-N which accounting for
about 45% of the DON degradation. The degradation of
DON and THAA-N declined when the degradation of
HA-N reached 7.32%, which was significantly larger in
the aeration sample than that in the control sample.
Meanwhile, in the aeration sample, with the increasing of
Eh in the sediment, FDA presented an obvious downward
trend in the beginning of experiment and then increased.
This may be due to that the major microbe in natural
surface sediments was anaerobic microbe. With the aeration
experimenter, aerobic microbe grew and reproduced. The 15
days average degradation rate of DON was 29.11 mg·kg-1·d-1
and 25.24 mg·kg-1·d-1 in control sample and aeration sample, respectively. These results revealed that the decomposition rate of organic matter in anoxic condition was
slightly higher than that in aerobic condition, and aerobic
condition were conducive to the degradation of HA-N in
natural surface sediments.
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FIGURE 3 - Relationship between individual amino acids and DI.

FIGURE 4 - Variations of DON, THAA-N, HA-N, TFAA-N, Eh and FDA with the simulation days.
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After glucose, leucine and pramlintide acetate were
added into samples of groups. The degradations of DON
were 10.03%, 12.16% and 12.10% and the degradations
of THAA-N were 12.59%, 17.78% and 16.89% of groups.
The degradations of DON and THAA-N were larger than
those of control revealed that adequate nitrogen source
and carbon source could promote the degradation of organic nitrogen. The degradations of THAA-N were similar in the added leucine and pramlintide acetate samples.
Meanwhile, the concentrations of TFAA-N were almost
stable in pramlintide acetate samples. The fact proved that
polypeptide is directly absorbed and utilized by microbe
before broken down into free amino acids. The FDA increased obviously in added leucine and pramlintide samples than those of added glucose sample, whereas the Eh
added leucine and pramlintide samples was lower than that
in added glucose sample. This may be due to that nitrogen
source play a greater role on the growth of microbe than
carbon source. The degradations of DON and THAA-N in
added nitrogen source samples were larger than that in
carbon source sample also confirmed the previous conclusion.
4. CONCLUSIONS
Results clearly indicated that: (1) the concentrations
of TN, DON, THAA-N and NH4+-N in QNP and QNC
were much higher than those in QLH. Accounting for
about 40% of DON, THAA-N was the dominant nitrogen
species in the sediment. (2) By principal component
analysis, Leu, Glu, Ile, Gly, Ser and Thr showed high
loadings on the first principal component. However, Leu,
Glu, Ile, Gly, Ser and Thr showed an obvious relationship
with DI that could simply reflect the degradability of
organic nitrogen. DI is negative in summer and autumn,
whereas positive in spring and winter. The fact illustrates
DON degradation was more significant in summer and
autumn. (3) With simulation experiments, the decomposition rate of organic nitrogen in anoxic condition is slightly
higher than those in aerobic condition, where aerobic condition is conducive to the degradation of amino sugar (HAN) and polypeptide is absorbed and utilized by microbe
directly.
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ABSTRACT
Boron (B) is an essential micronutrient for normal
growth of higher plants. On the other hand, its toxicity is
also a significant problem that can limit plant growth on
soils of arid and semi-arid environments in agricultural
regions across the world. In this study, two tomato (Lycopersicon esculentum Mill.) varieties (SC2121 and SAFARI F1) are used, and toxic effects of B treatment (3 mM)
were studied. Germination was not affected, and seeds of
both varieties germinated nearly to 100%. These in vitro
germination experiments were accomplished in MS medium. Malondialdehyde (MDA) content, and antioxidant
enzyme activites (superoxide dismutase (SOD), peroxidase (POX), catalase (CAT), ascorbate peroxidase (APX)
and glutathione reductase (GR)) were investigated in root
and shoot tissues of tomato seedlings.
Oxidative damage increased with 3-mM B treatment
in tissues of SC2121 plants compared to control, and antioxidant enzyme activities were decreased, except APX. B
toxicity inhibited only CAT activity in root tissues, but
CAT, GR, SOD, POX and APX activities were inhibited
in shoot tissues of SAFARI F1. However, B toxicity in
this variety did not cause oxidative damage. Root tissue of
SAFARI F1 variety, in particular, was found to be a better
protection than SC2121. This might indicate that SAFARI
F1 variety is based on the protection of antioxidant enzymes. However, similar protections against B toxicity
were not detected in shoot tissues of both varieties.

KEYWORDS: Boron, toxicity, antioxidant enzymes, malondialdehyde, Lycopersicon esculentum, SC 2121, SAFARI F1.

1. INTRODUCTION
Boron (B) is an essential microelement in plants for
normal growth. Its threshold between deficiency and tox* Corresponding author

icity is narrow for most plants. B is directly involved in
many physiological and biochemical processes of plant
growth, such as cell elongation and division, cell wall biosynthesis, and membrane function. B toxicity is an important disorder that can limit plant growth on soils of arid
and semi-arid environments in agricultural area across the
world. High B concentration may exist naturally in soil
and groundwater, or be added to the soil from mining, fertilizers, and irrigation water. B-rich soils decrease plant
growth and crop yield in different regions of the world [1].
The typical symptoms in plants exposed to excess B are reduced vigor, delayed development, leaf burn, as well as
decreased number, size and weight of fruits [2-4].
Reactive oxygen species (ROS) are defined as the
forms of free radicals [O2-, OH·and HO2] and non-free
radicals [1O2 and H2O2]. They are partially reduced forms
of atmospheric oxygen (O2), and typically result from the
excitation of O2 that generates singlet oxygen (1O2). They
may also emerge as result of the transfer of 1, 2 or 3 electrons to O2 in order to produce superoxide anion (O2-), hydrogen peroxide (H2O2), or hydroxyl radical (OH·), respectively. There are many potential sources of ROS in plants,
and some of them are involved in normal metabolism, such
as photosynthesis and respiration. However, environmental
stresses, such as UV-light, salinity, drought, heavy metals,
chilling and nutritional deprivation, can cause an increase
in ROS leading to oxidative stress. ROS cause lipid peroxidation, denaturation of proteins and mutation of DNA
[3, 5, 6, 8-11], and lead to cell death [7].
Plants contain antioxidant enzymes, such as superoxide
dismutases (SODs), catalases (CATs) and peroxidases
(POXs), ascorbate peroxidase (APX) and glutathione peroxidase (GPX), as well as non-enzymatic antioxidants,
against ROS and their harmful effects [8, 9].
Boron tolerance mechanism of plants has a similarity
to salt tolerance mechanism [4]. NaCl salinity caused an
increase in leaf injury due to B toxicity symptoms in salttolerant tomato plants, but more severe in salt-sensitive
cucumber plants [12]. Conversely, salinity significantly increased H2O2 and proline concentrations, antioxidant activity, membrane permeability, lipid peroxidation and stomatal
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resistance in spinach plants, whereas application of B
only increased proline concentrations [13].
Under most of the ionic stresses, toxic levels of B
lead to the formation of ROS (partially reduced forms of
O2), and B toxicity can also trigger oxidative stress [3, 4].
However, in protection against oxidative damage, antioxidant response is a critical process in some plants [3]. It
has already been reported that excess B induced oxidative
damage by lipid peroxidation and H2O2 accumulation [1].
There are many studies about effects of B toxicity to
different plants: Helianthus annuus [14], Triticum aestivum [15], Hordeum vulgare [16], Solanum lycopersicum
[3, 14], Cicer arietinum [17], and Artemisia annua [1].
However, there is inadequate data relating to B toxicity,
and the response of the plants` antioxidant defense systems [3, 14]. This study focused on changes in antioxidant
enzyme system of two tomato varieties (Lycopersicon
esculentum Mill. cv SC2121 and cv SAFARI F1) with B
toxicity treatments.
2. MATERIALS AND METHODS
2.1. Plant Growth Conditions and B Application

Two tomato cultivars (Lycopersicon esculentum Mill.),
SC2121 and SAFARI F1, were used in this study. The seeds
were surface-sterilized by soaking in 5 % (v/v) sodium
hypochlorite solution for 15 min, and rinsed with sterilized distilled water three times. After this, they were sown
in full strength basal Murashige and Skoog (MS) medium
that contained 0.1 mM H3BO3 (referred as control) and, in
full strength, MS medium that contained 3 mM H3BO3
(referred as excess boron treatment) [18].
These in vitro germination experiments were accomplished in 100-ml Erlenmeyer flasks with 20 ml of the medium, and 5 seeds were placed in each culture vessel. The
cultures were incubated in a growth chamber (25 ± 2 °C and
16/8-h photoperiod with fluorescent light (90 mol m-2 s-1)).
The experimental design was a randomized complete block
with 3 replicates. The experiments were repeated 3 times
under the same conditions. The percentage of seed germination was calculated at the end of 10 days.
The effects of B toxicity to enzymes of antioxidative
defense mechanism were accomplished with 10-days old
seedlings of the plant grown in vitro.
2.2. Antioxidant Enzyme Assays

For SOD, CAT and GR enzyme assays, frozen root
and shoot samples of 10-d old seedlings of the plant were
ground to a fine powder with liquid nitrogen, and extracted with ice-cold 50 mM sodium phosphate buffer, pH
7.8, containing 1 mM ethylene diamine tetraacetic acid
(EDTA), and 0.5% polyvinylpyrrolidone (PVP). For ascorbate peroxidase analysis, extraction buffer contained 5 mM
ascorbate. As for peroxidase analysis, plant material was
extracted with ice-cold 50 mM sodium acetate (NaC2H3O2)
buffer, pH 6.5. All homogenates were centrifuged at

14,000 rpm for 30 min at +4 °C, and the supernatants
were used for enzyme activity and protein determinations.
Total protein contents were determined according to
Bradford method [19]. SOD (EC 1.15.1.1) [20, 21], POX
(EC 1.11.1.7) [22], GR (EC 1.6.4.2) [23], CAT (EC
1.11.1.6) [24] and APX (EC 1.11.1.11) [25] activities
were measured spectrophotometrically.
Lipid peroxidation was determined by measuring MDA
formation, using the thiobarbituric acid method. The
absorbance of the supernatant was measured at 532 and
600 nm. After subtracting the non-specific absorbance at
600 nm, the MDA concentration was determined by its
extinction coefficient of 155 mM -1 cm -1 [26].
MDA content and antioxidant enzyme activities (SOD,
POX, CAT, APX and GR) were measured between root
and shoot tissues of these varieties.
2.3. Statistics

The data compiled were submitted to analysis of variance (ANOVA), and the differences between the means
were compared by Tukey`s HSD test. Each data point was
the mean of 6 replicates (n=6), and comparisons with P
<0.05 were considered to be significantly different.
3. RESULTS AND DISCUSSION
The seeds belonging to cv. SAFARI F1 and cv. SC2121
of Lycopersicon esculentum Mill. germinated to about
100 %, in both media (Table 1). Thus, we may consider
that the germination ratio was not affected by the presence of 3mM H3BO3 for these tomato cultivars; however,
with the lowest percentage (80%), cv. SAFARI F1 seemed
to be more sensitive to excess B.
TABLE 1 - Seed germination in control and excess boron treatment
medium for Lycopersicon esculentum Mill.cv. SAFARI F1 and cv.
SC2121 at the end of 10 days in vitro.
Cultivars of
tomato

Germination (%)
MS with 0.1 mM
MS with 3 mM H3BO₃
H3BO₃ (control)

SAFARI F1
SC2121

94
100

(excess boron treatment)
80
100

MDA content was determined in root and shoot tissues of 10-d old in vitro grown seedlings in order to establish the oxidative cell damage by determining lipid peroxidation level caused by 3 mM B level (Figs. 1 and 2). Although MDA in Safari F1 root and shoot tissue was not
determined as a statistically significant decrease, all antioxidant enzyme activities in shoot tissues were decreased
dramatically. A significant decrease was determined only
in CAT activity, for this variety root tissue (Fig. 1). Increases or decreases in the levels of other enzymes were
not statistically significant.
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FIGURE 1 - MDA content and alterations of SOD, POX, CAT, GR and APX activities in tomato root tissue. White columns indicate control
groups and black columns indicate 3 mM B toxicity groups. Vertical bars indicate ±standard error.

FIGURE 2 - MDA content and alterations of SOD, POX, CAT, GR and APX activities in tomato shoot tissue. White columns indicate control
groups and black columns indicate 3 mM B toxicity groups. Vertical bars indicate ±standard error
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Increasing of MDA content in both root and shoot
tissues of SC2121 indicates that level of oxidative cell
damage is high. There is a harmony in increasing MDA
content with decreasing CAT, GR and POX activities when
compared to control plants, especially in shoot tissues.
SODs act as a first line of defense against ROS, dismutating superoxide to H2O2. Subsequently, APX, GPX,
and CAT detoxify H2O2. POXs and CATs belong to the
important enzymes removing ROS in plants [27, 28]. Our
results showed that B toxicity caused oxidative stress in
both cultivars. Increasing levels of MDA indicated that
SC2121 was more sensitive than Safari F1 against B
toxicity. MDA levels supported with decreasing activities
of POX, CAT and GR in root tissue SC2121.
The high B concentrations (2 mM) provoked oxidative damage in leaves of Lycopersicon esculentum Mill,
inducing a general response of antioxidant enzymes (SOD,
CAT, GR, APX, L-galactose dehydrogenase (L-GalDH),
monodehydroascorbate reductase (MDHAR), ascorbate
oxidase (AO) and DHAR) [3]. The data also indicate that
non-enzymatic antioxidant activity, by synthesizing molecules such as glutathione and ascorbate, could present a
protective function against oxidative stress by B. The shoots
of drought-tolerant chickpea variety are better protected
against B stress (1.6 mM and 6.4 mM) due to enhanced
SOD, CAT and APX activities than a drought-sensitive
variety [17]. Ascorbate is the most abundant antioxidant
in plants and plays a key role with Halliwell-Asada cycle
against ROS formation. Therefore, plants are preventing
from oxidative damage [7]. Our data indicate that all antioxidant enzymes of cultivars were inhibited in root and
shoot tissues, except SC2121 root APX activity, when
3 mM B was applied to tomato varieties. Increasing levels
of APX activity may indicate protection from oxidative
stress but GR levels did not.

Interestingly, the levels of all antioxidant enzymes were
decreased dramatically in shoot tissues of both varieties.
Moreover, MDA contents not indicated oxidative plant
damage. It is known that cultivated species of tomatoes are
more susceptible to B toxicity [14]. In addition, B concentrations in the culture medium provoke oxidative damage in
tomato leaves, inducing a general response of antioxidant
enzymes and non-enzymatic antioxidant activity, by synthesizing molecules such as glutathione, which could present a protective function against oxidative stress by B [3].
It was thought that Safari F1 variety might protect from
oxidative damage with some plant-protective molecules,
except the antioxidant enzymes in shoot tissues of both
varieties.
4. CONCLUSIONS
B is known to play an important role in the structure
of cell walls and membranes [29]. B provokes oxidative
damage in leaves of tomato, inducing a general response
of antioxidant enzyme activity of plants [3, 14]. However,
the power of antioxidant defense is not sufficient to remove B toxicity symptoms, such as growth decrease [14].
According to our results, B toxicity triggers oxidative
stress in both cultivars, and SC2121 and Safari F1 varieties had significant differences in their antioxidant enzyme activities. The MDA contents of shoot tissues indicated that non-enzymatic protective molecules, such as
ascorbate and glutathione, were provided for protection
from oxidative damage. Although cultivated species of
tomatoes are more susceptible to B toxicity, SAFARI F1
was more resistant to B toxicity compared to SC2121.

Increased activities of CAT, POX and SOD were
noted in response to increasing levels of B stress in Artemisia annua L. As a result of mild stress of B, artemisinin content increased in A. annua L. with increasing H2O2
levels [1]. In the tomato leaves, GR and SOD activity
increased but CAT activity decreased with high B levels.
In the same study, activities of 3 enzymes increased in sunflower leaves but CAT and GR activity began to decrease
at applications >40 µg B g-1 [14]. Oxidative stress damage
was induced in chickpea varieties with excess B, and
tolerance of B stress was found closely related to increased
capacity of the antioxidative system (total SOD, CAT and
APX) to scavenge ROS, thus suppressing lipid peroxidation under B stress [17]. In contrast to these studies, MDA
levels and activites of SOD, POX, GR and APX were not
changed in Safari F1 with 3 mM B toxicity. On the other
hand, activites of POX, CAT and GR were decreased in
SC2121 variety. B toxicity caused oxidative damage in
tomato leaves, and antioxidant defenses were increased [3].
Our results indicated that SC2121 variety was not protected from oxidative stress, and more affected from oxidative damage than Safari F1, especially in root tissues.
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ABSTRACT
The aim of this study was to: 1) determine key environmental parameters influencing presence of toxigenic
blooms dominated by Microcystis aeruginosa and microcystins (MCs); 2) determine MCs quantity and quality;
and 3) verify the hypothesis that chlorophyll a together
with semi-quantitative densitometrical analysis of mcyA
gene can be used in order to detect the presence of cyanobacteria dominated by M. aeruginosa and the dynamic of
their toxigenicity at an early stage in Jeziorsko Reservoir.
Samples were collected from June until September 2008.
Non-toxic cyanobacterial samples from urban Stefański
Reservoir were used as a negative control for genetic
analysis. All the physico-chemical and biological parameters exceeded threshold limits for the process of eutrophication. The total phosphorus (TP) was found to be the
decisive parameter for the development of toxigenic
cyanobacterial bloom and MCs presence. Toxigenic MCsproducing cyanobacteria dominated by M. aeruginosa were
found in almost all analyzed samples in Jeziorsko Reservoir, in opposite to non-toxigenic cyanobacteria in Stefański Reservoir. The result of semi-quantitative measurements of mcyA gene band indicated the highest toxigenic
potential in late summer in Jeziorsko Reservoir. The highest risk related with recreational use of this reservoir was
identified in August and September (MCs > 2 µg/L). A
positive correlation between chlorophyll a and cyanobacterial biomass (R=0.73, p<0.05) and total MCs concentration (R=0.78 and 0.84, p<0.05, respectively for the ELISA
and HPLC) was observed. Moreover, the variation of results of semi-quantitative measurements of mcyA gene correlated positively with M. aeruginosa (R=0.76, p<0.05), also
with the total cyanobacterial biomass (R=0.81, p<0.05),
MCs concentration (R=0.95 and 0.85, p<0.05, for the
ELISA and HPLC respectively) and chlorophyll a (R=0.79,
P<0.05). The analysis of chlorophyll a concentration and
* Corresponding author

densitometrical semi-quantification of mcyA gene were
recommended for application in the early warning system
against cyanobacteria and MCs-producing cyanobacteria
dominated by M. aeruginosa in Jeziorsko Reservoir.

KEYWORDS: cyanobacteria, Microcystis aeruginosa, mcyA,
phosphorus, chlorophyll a, early warning.

1. INTRODUCTION
According to the first principle of Ecohydrology, the
fundamental step for water quality problem-solving is a
quantification of hydrological processes in basin scale and
monitoring of threats [1]. One of such serious threats on a
global scale are toxic cyanobacterial blooms. Therefore in
our studies, carried out in accordance with the concept of
Ecohydrology, we try to develop various methods of monitoring and evaluation of cyanobacterial risks and elaboration of methods for improvement of water quality [2-6].
Toxic cyanobacterial blooms commonly occur in such
ecosystems as freshwaters, marine waters and may contaminate drinking water sources, including groundwater
wells, and pose a serious threat to people, wildlife and livestock [7-14]. The bloom formation depends on many different environmental parameters whose optimal values
coincide with the threshold values for the process of eutrophication. These parameters include water temperature
(18-25°C), pH (6-9), nutrient availability and their ratio (TN
> 1.5 mg/L; TP > 0.1 mg/L; TN/TP = 15/1; DN > 1.5 mg/L;
DP > 0.06 mg/L), chlorophyll a (Chl a > 25 µg/L), slow
current velocity and long retention time [15-17]. Therefore
the first important step in health hazard prevention and sustainable water management involves the determination of
which of these environmental factors play the key roles in
the development of cyanobacterial bloom in studied water
body.
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Microcystins (MCs), which are hepatotoxins, represent the most common group of cyanotoxins for which
there are many international studies available due to their
toxic properties [12, 13]. The MCs can contribute to an
increased phosphorylation of cytosolic and cytoskeletal proteins, and inhibit protein phosphatases 1 and 2A
(PPl and PP2A). Furthermore, they can cause skin irritation when present in water or gastrointestinal discomfort
when ingested [9, 12, 18, 19]. Thus it is necessary to
monitor popular recreation sites in order to prevent potential consequences for people exposed to the MCs contained in water and cyanobacterial cells [9].
In this study we decided to: 1) investigate the key
abiotic and biotic parameters influencing presence of
cyanobacterial bloom, its toxigenic variant and its hepatotoxins - MCs; 2) determine MCs quantity and quality; and
3) verify the hypothesis that chlorophyll a can be used in
combination with semi-quantitative densitometrical analysis of PCR products as an early warning methods for assessing the presence of cyanobacteria including MCsproducing M. aeruginosa.
The study site was the Jeziorsko Reservoir, located in
Central Poland. It represents a popular recreation site for
thousands of visitors coming each year from different parts
of the Lodz Region (Fig. 1). In the preliminary research,
which was performed in 2004 and 2005 in the same reservoir, toxigenic M. aeruginosa and its metabolites – MCs
were found [20]. This publication presents results of the
comprehensive monitoring, which included identification
of physico-chemical and biological factors crucial for the
development of MCs-producing cyanobacteria and their
hepatotoxins in the Jeziorsko Reservoir.
2. MATERIALS AND METHODS
2.1. Sampling site
2.1.1. Jeziorsko Reservoir

The monitoring of cyanobacterial blooms in Jeziorsko
Reservoir (Fig. 1) was carried out weekly during summer
season 2008, from June until September (Table 1). For
analysis, surface water samples were taken in one of the
heavily occupied bathing sites (Fig. 1). Jeziorsko Reservoir
was chosen for the research due to its important recreational function for Lodz Province (Fig. 1). This Reservoir
is located in the middle course of the unregulated Warta
River (drainage area – 55 100 km2) between the towns:
Pęczniew and Warta (18°41' East 51°47' North). The
reservoir covers at its maximum capacity 42.3 km2 with a
total capacity of 203.8 106 L and average depth of 4.1 m.
The catchment area is composed mainly of agricultural
land. Arable lands cover approximately 42% of the land’s
surface, meadows and pastures approximately 14% [21].
2.1.2. Stefański Reservoir

In genetic studies, as negative controls for toxigenic
strains responsible for production of MCs, surface water

FIGURE 1 - Study site – Jeziorsko Reservoir. The grey star shows
the sampling point.

samples from urban Stefański Reservoir were taken during summer monitoring in 2009. Stefański Reservoir is
artificial water body, with urban catchment, located in
Lodz, in the May 1st Park. Reservoir is located on the Ner
River. It covers of 11 400 m2, has 165 m width and 2.5 km
length, and has a depth of 1 m to 4 m. Occasionally it is
used for recreational purposes, however in 2009 it was
closed due to algae bloom development.
2.2. Sample analysis

Physical parameters, including: water temperature, oxygen concentration (The WTW oxygen meter WTW-OXI), pH
and conductivity (multimeter) were determined in situ during
water sampling. Analysis of chemical components like dissolved forms of nitrogen (DN) and phosphorus (DP) was
performed with use of ion chromatography (Dionex ICS1000) which enable the quality and quantity analysis of
cations with Ion Pac CS15 column (NH4+) and anions with
the Ion Pac AS14A column (NO2-, NO32-, PO43-). Analysis
of total nitrogen concentration was performed using the
persulfate digestion method (method no. 10071; HACH,
1997). Samples for total phosphorus (TP) analysis were
digested with the addition of Oxisolve® Merck reagent
(Merck, Darmstadt, Germany) with Merck MV 500 Microwave Digestion System and determined using the ascorbic
acid method [22]. Chlorophyll a was analyzed by a method
based on acetone extraction and determined by spectrophotometry [23]. Water samples for the determination of
phytoplankton biomass were analyzed using microscopic
method according to Izydorczyk et al. [24].
2.3. Determination of toxigenic (potentially toxic) cyanobacterial strains

For DNA analysis, 100 mL of water from each sampling from Jeziorsko and Stefański reservoirs was filtered
on Nitrocellulose Membrane filter 0.45 µm (Millipore,
EU). Filters were stored in sterile tubes with lysing buffer
containing 40 mM EDTA; 400 mM NaCl; 0.75 M of
sucrose and 50 mM Tris-HCl (pH 8.3) and kept in -20°C
till DNA extraction was performed. Nucleic acid extraction from the filters was performed according to Giovannoni et al. [25] with minor modifications (described in
Mankiewicz-Boczek et al. [20]).
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2.4. Amplification of mcyA gene by PCR (Polymerase Chain
Reaction)

For amplification of mcyA gene fragment (395 bp
region), specific for M. aeruginosa, three different
DNA concentrations of samples from Jeziorsko were
taken: 1 µL, 0.5 µL and 0.25 µL. Due to the lack of
sufficient quantities of DNA, the test was performed on
eight samples from the monitoring season 2008. The
PCR was performed with the 5 pmol of forward primer
mcyA-f1 (5′-AACCTATCCCGGTTGCTCAGATG-3′)
and reverse primer mcyA-r1 (5′- CACATCTCCAAGGAAAATACACCCC-3′), designed on the purpose of
the project MNiSW NN 305096439, and 3 mM of MgCl2,
2.5 mM of dNTP, 0.1 mg/L of BSA and 1U of Taq polymerase (Qiagen). The initial denaturation step at 95 °C for
5 min was followed by 30 cycles of DNA denaturation at
94 °C for 30 s, primer annealing at 55 °C for 30 s, strand
extension at 72 °C for 1 min, and final extension step at
72 °C for 10 min. PCR products were separated by 1.5%
agarose gel electrophoresis using a constant voltage (70 V)
and visualized using ethidium bromide (2.0 mg/ml), with
ΦX174-HaeIII (Finnzymes) marker. Gels were documented
using Uvitec system (Cambridge, UK).
For amplification of the same mcyA gene fragment
from samples taken from Stefański Reservoir, 1 µL of
isolated DNA was used.
2.5. Preliminary semi-quantitative analysis of mcyA gene

For semi-quantitative analysis of relative amounts of
mcyA gene (395 bp) of samples from Jeziorsko Reservoir,
the band intensities of amplified products were related
densitometricaly to the signal intensity of each other. The
results were given in gray level units. Densitometrical
evaluation was performed using ImageJ 1.43u software
[26]. This method was described and successfully applied
previously in the work of Mankiewicz-Boczek et al. [6].
2.6. Determination of quality and quantity of microcystins
2.6.1. ELISA (Enzyme Linked Immunosorbent Assay)

For the determination of microcystins (MCs) concentrations in water from Jeziorsko Reservoir ELISA plate
test (EnviroGard, USA), with a range 0.1-1.6 µg MC-LR/L,
was used. Testing procedure was performed according to
the manufacturer’s recommendations. ELISA test is a colorimetric method, which allows quantitative analysis of
MCs and nodularins in water samples. On the basis of MCLR standard (included into the kit) it is possible to evaluate the total concentration of all variants of MCs in water
samples as equivalents of MC-LR, with the detection
limit of 0.1 µg/L.
2.6.2. HPLC-DAD (High Performance Liquid Chromatography Diode Array Detector)
2.6.2.1. Sampling and preparation of water samples to analysis

Water samples in volume of 1 L from Jeziorsko and
Stefański Reservoir were filtered through GF/C filters
(Whatman) to separate cyanobacterial cells from water
and to determine MCs in the water and cells using the

HPLC-DAD method. The preparation and analysis of MCs
was performed according to Jurczak et al. [27].
2.7. Estimation of correlation

Statistical analyses of studied parameters, including:
temperature, pH, dissolved oxygen, conductivity, total
phosphorus and nitrogen and their ion forms, and occurrence of toxigenic cyanobacteria (mcyA gene band intensities), their biomass, chlorophyll a concentration and total
MCs concentration in Jeziorsko Reservoir were developed
using Spearman rank order correlations (Statistica 8.0).
Eight samples were used for estimation of the correlation
between the results of semi-quantitative mcyA gene analysis and other parameters.
3. RESULTS AND DISCUSSION
3.1. Decisive physico-chemical parameters for cyanobacteria
growth

The results of the summer physico-chemical monitoring (Table 1) carried out in 2008 in the Jeziorsko Reservoir (Fig. 1) indicated the eutrophic nature of the investigated water body and conditions favorable for the development of cyanobacterial blooms. All the average values
established for the analyzed parameters exceeded threshold values for the process of eutrophication, including:
temperature (20.6°C), pH (8.7), total (TN) and diluted
nitrogen (DN) (3.15 mg/L and 0.55 mg/L, respectively),
total (TP) and diluted phosphorus (DP) (0.14 mg/L and
0.06 mg/L, respectively) and chlorophyll a (49.82 µg/L)
(Table 1-2). In previous publication the average concentration of TN and TP in summer season was: 1) 1.2 mg/L
and 0.1 mg/L (2004), and 2) 2.84 mg/L and 0.59 mg/L
(2005), respectively [20].
In the present study, regular summer monitoring in
2008 indicated the concentration of nutrients (TN and TP)
to be still above the limit value for the process of eutrophication (Table 1). It is therefore necessary to propose
appropriate methods to reduce nutrients content in the
studied reservoir. However, before this, an analysis of the
relationship among the physico-chemical parameters was
performed in order to establish a hierarchy of factors
responsible for the development and toxicity of cyanobacterial bloom in the Jeziorsko Reservoir. The total phosphorus (TP), as the only investigated physico-chemical
parameter, significantly correlated with all the cyanobacterial factors, including: total cyanobacterial biomass, biomass of M. aeruginosa, presence of toxigenic cyanobacteria, and MCs concentration (Table 4). Therefore TP is considered to be the key factor for the development of toxic
cyanobacterial bloom in the Jeziorsko Reservoir. This is
in line with other field studies [24, 28-32] and laboratory
experiments, where rising phosphorus concentration enhanced development of toxic cyanobacterial biomass and
the MCs production [33-35]. Taking into consideration
the strong correlation of TP between the biomass of M.
aeruginosa and the MCs concentration (Table 4), we can
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assume that the increase of phosphate concentration as
building material stimulating the cyanobacterial cell growth,
can also indirectly impact the levels of the MCs concentration. Generally, both N and P over-enrichment played a
role in the bloom dynamics. However, as shown in this
study, all evaluated cyanobacterial parameters in the Jeziorsko Reservoir were strictly dependent on the concentration of phosphorus, in contrast to the concentration of nitrogen. Therefore the first measure to improve water quality should be targeted at reducing the amount of phosphorus flow into the reservoir. On the other hand, one should
not forget the close, regular monitoring of the other physical and chemical parameters, with particular emphasis
placed on nitrogen, which is the second parameter taken
into account with regard to the development of cyanobacterial blooms [36-38].
3.2. Dynamic of MCs-producing cyanobacteria growth

The microscopic analysis confirmed the presence of
cyanobacterial bloom from June until September, with the

average biomass of 23.26 mg/L in Jeziorsko Reservoir
(Table 2). With regard to the recreational use of the reservoir, the fact that the highest biomass of cyanobacteria
was identified in the middle of August when the reservoir
was heavily used by holidaymakers was of importance. In
general, Microcystis aeruginosa remained a dominant species in the total cyanobacterial biomass during the whole
monitoring season (>60%) with the high biomass in the
second part of summer - in the middle of August and in
the first part of September (Table 2). The microscopic
analysis indicated that M. aeruginosa was the only possible MCs-producing species in the Jeziorsko Reservoir,
therefore only the dynamic of this species was covered by
this study. In samples taken from Stefański Reservoir,
cyanobacterial bloom was consisted mainly from non-toxic
cyanobacteria: Aphanizomenon flos-aque, Oscillatoria
limosa, Spirulina sp., Chroococcus minutes, and Coelosphaerium sp., with only small part of M. aeruginosa
(0.11 mg/L) in August.

TABLE 1 - Seasonal dynamic in physico-chemical parameters of samples taken from Jeziorsko Reservoir in 2008.
Water
pH
TN
TP
TN/TP
DN
DP
temperature
[°C]
[mg/L]
[mg/L]
[mg/L]
[mg/L]
1
11.06.2008
21.20
8.7
2.50
0.04
64.10
1.21
0.03
2
25.06.2008
22.80
8.6
2.90
0.06
48.33
1.08
0
3
11.07.2008
22.50
8.7
2.10
0.15
14.00
0.11
0.01
4
16.07.2008
21.50
8.6
1.40
0.09
16.28
0.12
0.01
5
24.07.2008
20.70
8.7
3.20
0.13
23.88
0.04
6
30.07.2008
25.30
9.0
2.10
0.07
28.77
0.01
7
06.08.2008
21.50
8.6
3.50
0.22
16.13
0.12
0.18
8
13.08.2008
21.00
8.2
7.40
0.33
22.29
0.53
0.15
9
20.08.2008
21.30
8.6
6.80
0.15
44.16
0.39
10
27.08.2008
19.60
8.6
3.40
0.13
25.95
1.09
11
04.09.2008
21.20
9.5
2.20
0.19
11.64
0.44
0.03
12
11.09.2008
20.60
9.1
1.20
0.16
7.50
0.08
0.16
13
17.09.2008
15.10
8.6
3.50
0.14
24.31
2.31
14
24.09.2008
14.10
8.3
0.80
0.09
8.89
0.23
0.01
Average
20.60
8.7
3.15
0.14
25.45
0.55
0.06
TN – total nitrogen; TP – total phosphorus; DN- diluted nitrogen – NO2-, NO32-, NH4+; DP – diluted phosphorus – PO43-; TN/TP – total nitrogen to
total phosphorus ratio
Date of
collection

No.

TABLE 2 - Seasonal dynamics in biomass of chlorophyll a concentration, total cyanobacterial biomass and contribution of Microcystis
aeruginosa in samples taken from Jeziorsko Reservoir in 2008.
No.

Date of collection

Chlorophyll a

Total cyanobacterial biomass

1
2
3
4
5
6
7
8
9
10
11
12
13
14

11.06.2008
25.06.2008
11.07.2008
16.07.2008
24.07.2008
30.07.2008
06.08.2008
13.08.2008
20.08.2008
27.08.2008
04.09.2008
11.09.2008
17.09.2008
24.09.2008

[µg/l]
4.17
20.99
27.23
30.28
33.32
13.62
151.71
186.95
37.17
22.75
70.17
53.03
33.16
12.98
49.82

[mg/l]
0.20
20.90
4.80
3.00
4.70
5.10
50.60
83.60
12.30
10.90
58.00
37.60
28.50
5.50
23.26

Average
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Microcystis aeruginosa in total
cyanobacterial biomass
%
100
33.3
96.7
98.2
74.9
69.5
10.1
28.3
62.7
81.8
62.0
66.1
92.9
67.3
67.41
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In the next step, a quick and simple analysis of the
mcyA gene copies (395 bp) was performed with an aid of
the semi-quantitative densitometrical method in order to
detect MCs-producing cyanobacteria (Fig. 2). Generally,
mcyA was amplified in all analyzed samples taken between June and September. That indicated that the cyanobacteria of the M. aeruginosa genus which were able to
synthesize MCs were present in the Jeziorsko Reservoir
(Fig. 2). In Stefański Reservoir, no mcyA gene product
was amplified, which indicated the absence of M. aeruginosa able to produce MCs in the investigated water body
(Fig. 2).
Based on differences between the intensity of bands
from samples from Jeziorsko Reservoir in a given monitoring season, it was possible to assess how the risk caused
by the presence of toxigenic cyanobacteria strains had
changed. The larger band indicated that more toxigenic
cyanobacteria should be present in the analyzed sample.
We realized that by using the standard PCR with environmental samples, the intensity of the product could be
assessed incorrectly due to the reaction inhibitors present
in the sample that caused falls-negative or weak signals.
Therefore this assessment should be approached with caution. In order to check the presence of inhibitors in the
analyzed samples, three different concentrations of the
selected DNA samples were tested (Fig. 2). However, the
ratio of intensity between different concentrations did not
change significantly (1 µl vs. 0.5 µl R=1; 1 µl vs. 0.25 µl
R=1; p<0.05). A dynamics in the density of bands was
noted, which was associated with a varied number of toxigenic cyanobacteria during the monitoring period (Fig. 2).
The number of potentially toxic M. aeruginosa grew from
the end of June, increased rapidly in the middle of August
and reached the highest volume at the beginning of September (Fig. 2). The experiment involving dilution showed
that despite the presence of inhibitors in the samples, this
test could be recommended in the early monitoring of
toxigenic cyanobacteria in the Jeziorsko Reservoir.
Nevertheless, the number of gene copies represented
in this study as gene band intensities, revealed only a

potential to produce toxin and did not indicate whether the
genes were expressed [39, 40]. In order to check whether
the results of the gene expression were present in the study
reservoir, an analysis of the MCs concentration was performed.
3.3. Analysis of MCs concentration

The MCs were determined using two different methods: ELISA screening to determine the MCs total concentration, and analytical HPLC-DAD method to determine
quantity and quality analysis of these hepatotoxins. Based
on HPLC analysis, no MCs were detected in Stefański
Reservoir. In Jeziorsko Reservoir, both these methods
demonstrated the values of the MCs reaching approx 3
µg/L with the highest concentration in the middle of August
(Table 3). According to the WHO guidelines [9], that result
indicated the First Alert Level for recreational water use,
during which minor health problems, such as rashes and
nausea, may occur if the MCs-producing cyanobacteria
dominated.
Based on a comparison of retention times of the MCs
analyzed by the HPLC-DAD with retention times of the
standards available (MC-RR, MC-YR, MC-LR), three of the
above variants of the MCs were identified (Table 3). Two
variants of MCs: MC-YR (with the average of 0.49 µg/L)
and MC-LR (with the average of 0.49 µg/L), were dominant in relation to the third MC-RR (with the average of
0.26 µg/L) (Table 3). Both study variants were found to
be most toxic of more than 80 known variants of MCs
[41] and, as demonstrated by Gupta et al. [42], expressed
the highest toxicity to mice, which could indicate an increased risk to human health during exposure.
The differences in the MCs concentration analysis between the screening method (ELISA) and analytical method
(HPLC-DAD) might be explained by several reasons. On
the one hand ELISA facilitates a very quick detection of
MCs [35, 36, 43, 44], but it also has some disadvantages
since antibodies used in the assay may cross-reactivate
differently with the MCs variants [45]. Also the studies
conducted by Tillmans et al. [46] indicated that the MCs

FIGURE 2 - The PCR analysis of water samples for the presence of mcyA (395 bp) gene: A) – negative control – no mcyA amplification with 7
samples taken from Stefański Reservoir in 2007; B) mcyA amplification in eight diluted samples taken from Jeziorsko Reservoir monitoring
in 2008. C – negative control; M - marker ΦX174 DNA-HaeIII Digest. Densities are given below the bands (gray level units).
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concentration measure by ELISA was up to 4 times higher
than when analyzed by the HPLC-DAD. He suggested
that the differences might depend on the number of variants produced in site and the number of the MCs that
could be positively identified with the HPLC-DAD. Another explanation for the positive results in water could be
related with the activity of microorganism feeding on the
MCs which contributed to their degradation and presence
of MCs by-products in the environment [47]. In the study
of Matthiensen et al. [48], even after 33 days, the ELISA
still confirmed the products of the MCs biotransformation
as MC molecules, whereas the HPLC demonstrated decreasing concentrations.
Despite the differences in the results of cell-bounded
MCs detection with an aid of the ELISA and HPLCDAD, a statistically significant correlation between both
methods was established (R=0.88, p<0.05), similarly to

Rapala et al. [49]. This suggests that the ELISA screening
test could be a useful method for a quick preliminary identification of risks emerging from the presence of cyanobacteria in the Jeziorsko Reservoir (Table 4).
A comparison revealed that the highest MCs concentration occurred earlier (the middle of August) than occurrence of the greatest number of toxigenic M. aeruginosa
(the most intensive band of mcyA, which was observed in
the early September) (Table 3, Fig. 2). Similar results were
established by Ye et al. [39], where the peak value of the
potential MCs-producing genotypes was observed in late
summer (September), while the top MCs value was detected in August. That finding is also similar to the results
of a study of a Finnish lake, where the highest mcy gene
concentration remained behind the highest MCs concentration [16]. These results may indicate that in the present

TABLE 3 - Seasonal dynamic in intra- and extra-cellular microcystins concentration measured by screening method (ELISA) and intracellular microcystins variants concentration measured by analytical method (HPLC) in samples taken from Jeziorsko Reservoir in 2008.
No.

Date of collection

ELISA
Water
0.237
0.333
0.631
0.487
0.493
0.457
0.535
0.410
0.428
0.402
0.470
0.426
0.950
1.215
0.534

Microcystins concentration [µg/L]
HPLC (Cells)
Total
MC-RR
MC-YR
0.342
0.000
0.000
1.068
0.102
0.152
1.738
0.084
0.170
1.299
0.098
0.171
1.533
0.352
0.507
1.305
0.070
0.280
1.817
0.176
0.564
2.641
0.986
1.275
1.959
0.172
0.526
1.802
0.094
0.385
2.481
0.477
0.853
2.302
0.426
0.685
2.941
0.537
1.082
2.098
0.002
0.188
1.809
0.255
0.488

Cells
1
11.06.2008
0.104
2
25.06.2008
0.735
3
11.07.2008
1.107
4
16.07.2008
0.812
5
24.07.2008
1.040
6
30.07.2008
0.848
7
06.08.2008
1.282
8
13.08.2008
2.232*
9
20.08.2008
1.531
10
27.08.2008
1.399
11
04.09.2008
2.011*
12
11.09.2008
1.876*
13
17.09.2008
1.991*
14
24.09.2008
0.883
Average
1.275
* - value above the calibration scale (1.6 µg/L)
MC-RR – microcystins RR; MC-YR – microcystin YR; MC-LR – microcystin LR

MC-LR
0.000
0.243
0.214
0.108
0.414
0.221
0.349
1.006
0.332
0.237
1.062
0.885
0.772
0.126
0.426

Total
0.000
0.50
0.47
0.38
1.27
0.57
1.09
3.27
1.03
0.72
2.39
2.00
2.39
0.32
1.17

TABLE 4 - Spearman rank order significant correlation between cyanobacterial parameters: total cyanobacterial biomass, biomass of Microcystis aeruginosa, presence of toxigenic cyanobacterial strains (mcyA), intracellular microcystins concentration measured by screening
method (ELISA) and analytical method (HPLC); and environmental parameters: chlorophyll a and total phosphorus (TP) concentrations, in
samples taken from Jeziorsko Reservoir in 2008.
Total Cyanobacterial biomass
(n=14)
Total Cyanobacterial biomass
(n=14)
Biomass of M. aeruginosa
(n=14)
mcyA
(n=8)
ELISA
(n=14)
HPLC
(n=14)
Chlorophyll a
(n=14)
TP
(n=14)

Biomass of
M. aeruginosa
(n=14)

mcyA
(n=8)

ELISA
(n=14)

HPLC
(n=14)

0.86

-

0.81

0.76

-

0.78

0.86

0.95

-

0.79

0.78

0.85

0.88

-

0.73

0.59

0.79

0.78

0.84

0.76

0.65

0.76

0.87

0.78
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study, as in the publications cited, only a few active MCsproducing cyanobacteria were present in the total potential MCs-producing population.
In this research such a situation might have been
caused by a sudden occurrence of large amounts of competing species of Aphanizomenon sp. in the early and midAugust (Table 2). The differences between biomass of M.
aeruginosa and Aphanizomenon sp. were described in
detail in our previous publication [5].
3.4. Early warning methods against MCs-producing cyanobacteria

The final stage of this study involved an attempt to
verify the hypothesis stating that chlorophyll a and densitometric semi-quantification of mcyA gene could be used
for the purpose of an early detection of risks emerging
from the presence of cyanobacteria and their toxigenic
variants dominated by M. aeruginosa in the Jeziorsko
Reservoir. Chlorophyll a significantly correlated with the
biomass of all the cyanobacteria, also the biomass of M.
aeruginosa and MCs concentration (Table 4). The present
results suggested a possibility of successful application of
this biological parameter in the “early warning system” as
an indicator of cyanobacteria occurrence and also as an
indicator of MCs-producing cyanobacteria in the studied
water body. This complies with the WHO guidelines,
which have adopted chlorophyll a concentration in order
to predict risks caused by cyanobacteria [7]. However,
other authors, such as Oh et al. [34], and Kameyama et al.
[35] suggest that chlorophyll a cannot be applied as the
only indicator in risk assessment, since it is an indicator
used for all phytoplankton species, not just for cyanobacteria, and their toxigenic strains in particular. Nevertheless in this study, the chlorophyll a concentration reached
the First Alert Level in almost all samples (Table 2). In
accordance with the WHO guidelines [9], this might indicate the presence of the MCs at the level up to 2-4 µg/L
(in case of M. aeruginosa dominant blooms), which was
confirmed by the ELISA and HPLC-DAD analysis in the
present study.
Densitometrical analysis of the gene mcyA gene
bands was the second indicator investigated in the context
of the early detection of toxic cyanobacterial blooms
dominated by M. aeruginosa (Fig. 2).The positive correlation between mcyA gene band intensity and total cyanobacterial biomass, M. aeruginosa biomass and the MCs
concentration, indicated the dominance of active MCsproducing strains in the Jeziorsko Reservoir (Table 4).
The results demonstrated that the amplification of mcyA
gene was a good method for early detection of toxigenic
M. aeruginosa in the Jeziorsko Reservoir. The present
results indicated, that mcyA gene specific for M. aeruginosa may serve as a good molecular marker to determine
MCs-producing strains in other water bodies with established dominance of this species. However should be used
carefully with unrecognized reservoirs, where the presence of other MCs-producing cyanobacteria is possible.

4. CONCLUSIONS
To summarize, our findings underline the necessity to
perform a complex analysis in order to determine factors
responsible for cyanobacterial blooms development and to
recommend appropriate early warning for MCs-producing
cyanobacteria based on Jeziorsko Reservoir case study.
The results of the physico-chemical and biological
parameters analysis indicated that all the limits for the
process of eutrophication were exceeded (Table 1). The
total phosphorus (TP) was found to be the decisive parameter for the eutrophication process and development
of toxigenic cyanobacterial bloom in the Jeziorsko Reservoir (Table 4). Therefore in order to recultivate and prevent the bloom development in the study water body, first
of all it is recommended to reduce phosphorus inflow into
the reservoir from the catchment. However we are aware
that the data refer only to the one-year regular monitoring.
Therefore the described result should be treated only as a
guide for future rehabilitation of reservoir. Further regular
studies of the impact of abiotic and biotic parameters on
the formation of toxic cyanobacterial blooms in order to
develop strategies to prevent their formation in the Jeziorsko Reservoir are needed. Only early warning, with a
comparative analysis and nutrient circulation relative to
the catchment scale, will allow the identification of hotspots and focusing on restoration strategies (3rd Principle
of Ecohydrology) [51], like application of tributary floodplains, which can serve as a natural cleaning system using
sedimentation process, including nutrient allocation in
cultivated meadows [2-4] and willow plantations [52] (2rd
Principle of Ecohydrology).
Analysis of chlorophyll a concentration and densitometrical semi-quantification of mcyA, were recommended
in the early warning system for identification of threat
caused by toxigenic cyanobacterial blooms with domination of M. aeruginosa in Jeziorsko Reservoir.
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ABSTRACT
The concentrations of cadmium, iron, lead, zinc, copper, manganese, nickel, chromium and cobalt were determined by ICP-AES in muscles and livers of Atlantic
horse mackerel, Trachurus trachurus, from coastal waters
of Turkey. The analyzed fish samples were collected from
different locations in the Black, Marmara, Aegean and
Mediterranean seas. The heavy metal concentrations in
tissues were significantly affected by sampling sites (p<
0.05). Iron showed the highest levels in both tissues from
all locations, followed by Zn. In all locations, the heavy
metal concentrations in livers were higher than those in
muscles. In addition, the differences between the heavy
metal concentrations in tissues were statistically significant
(p<0.05). Heavy metal levels in tissues were compared
with national and international permissible limits. Heavy
metal concentrations in the edible parts of fish were assessed for human uses.

KEYWORDS:
Heavy metals, Trachurus trachurus, fish, Turkey waters

1. INTRODUCTION
Industrial wastes, geochemical structure and mining
of heavy metals create a potential source of heavy metal
pollution in the aquatic environment [1, 2]. Under certain
environmental conditions, heavy metals might accumulate
up to toxic concentrations and cause ecological damage
[3, 4]. Therefore, numerous studies have been carried out
on heavy metal accumulation in different fish [5-9]. On
the other hand, fish have been popular targets of heavy
metal monitoring programs in marine environments because sampling, sample preparation and chemical analysis
* Corresponding author

are usually simpler, more rapid and less expensive than
alternative choices, such as water and sediments [10]. Our
specific objectives were to determine the distribution of
analyzed heavy metals in muscles and livers of Trachurus
trachurus from the coastal waters of Turkey, to evaluate
the differences between the heavy metal levels in different
sites, and to compare the results with national and international permissible concentrations.
2. MATERIALS AND METHODS
Fish samples were obtained from commercial fishing
efforts of local fishermen from along six different sites in
the coastal waters of Turkey, from November 2004 to
March 2005. These sampling sites were SNP and BRT in
the Black Sea, YLV in the Marmara Sea, NAS and CAS
in Aegean Sea, and IB in Mediterranean Sea (Fig. 1).
Specimens obtained during the sampling period were
brought to laboratory on ice. Total length and weight of
the samples were measured to the nearest mm and g before dissection. Approximately 0.5-g samples of muscle
and entire liver (for small fish, the livers of 2-4 samples
were pooled) from each fish were dissected, washed with
distilled water, weighed, packed in polyethylene bags and
stored at -18 oC, prior to analysis.
All tissue samples were transferred into 100-ml Teflon beakers. Thereafter, 10 ml ultra-pure concentrated nitric
acid was added slowly to the sample. The Teflon beaker
was covered with a watch glass, and heated at 200 oC on a
hot plate for 3 h, to evaporate the solution slowly to near
dryness. Two ml of 1 N HNO3 was added to the residue,
and the solution was evaporated again on the hot plate. By
repeating the additional digestion twice, all organic materials in each sample were completely digested. After cooling, 2.5 ml of 1 N HNO3 was added to the digested residue, transferred to 25-ml volumetric flasks, and then diluted to level with deionized water. Before analysis, the
samples were filtered through a 0.45-µm nitrocellulose
membrane filter. Sample blanks were prepared in the
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FIGURE 1 - The sampling locations from the coastal waters of Turkey (SNP: Sinop, BRT: Bartın, YLV: Yalova, NAS: North Aegean Sea,
CAS: Central Aegean Sea, IB: İskenderun Bay).

laboratory in a similar manner to the field samples [5].
Metal contents were expressed as µg g-1 wet weight for
tissues. All samples were analyzed three times for Cd, Co,
Cr, Cu, Fe, Mn, Ni, Pb and Zn by ICP-AES (Varian Liberty Series-2). Standard solutions were prepared from stock
solutions (Merck, multi element standard). The accuracy
and precision of our results were checked by analyzed
certified reference material (CRM, Dorm-2). The results
showed good agreement between the certified and the
analytical values, and the recovery of elements ranged from
93 to 109%. To test the differences between the concentrations in tissues of the samples from different sites, one-way
ANOVA and following post-hoc test (Duncan) were performed with SPSS 13.0 for Windows.

3. RESULTS AND DISCUSSION
The mean heavy metal concentrations in the tissues of
Atlantic horse mackerel, Trachurus trachurus, from different locations in the coastal waters of Turkey are presented in Table 1. Iron had the highest levels in both tissues, followed by zinc at all locations. Copper generally
showed the third-highest levels, except Ni in liver from
SNP, and Mn in muscle from BRT. On the other hand,
cadmium showed the lowest levels in both tissues from all
locations, especially in YLV and NAS. Cobalt had the
second-lowest levels, in agreement with the results of
many researchers [6, 8, 11]. In addition, the heavy metal
concentrations in livers were higher than those in muscles
from all locations. This situation is in agreement with the
results of many researchers [5, 8, 12-14].

TABLE 1 - Mean heavy metal concentrations with SE in the tissues of T. trachurus from the coastal waters of Turkey and comparison of
different sites (µg g-1 wet wt)*.
H.M.
Cd
Co
Cr
Cu
Fe
Mn
Ni
Pb
Zn
*

T.
M.
L.
M.
L.
M.
L.
M.
L.
M.
L.
M.
L.
M.
L.
M.
L.
M.
L.

SNP
0.03±0.00ab
0.09±0.02b
0.07±0.01b
0.16±0.03ab
0.20±0.09a
0.46±0.12ab
1.17±0.12bc
1.31±0.28b
24.9±5.09ab
165±42.34ab
0.39±0.08ab
1.12±0.10ab
0.83±0.24bc
3.97±0.53d
0.41±0.13a
1.01±0.16a
8.78±0.67b
17.5±1.45a

BRT
0.08±0.01c
0.19±0.03b
0.08±0.01b
0.41±0.02ab
0.16±0.06a
0.83±0.09b
0.82±0.09abc
20.5±2.54a
28.0±1.59ab
76.7±9.89a
0.86±0.05c
2.11±0.17c
0.27±0.02ab
0.77±0.12ab
0.16±0.04a
0.59±0.12a
4.34±0.84a
37.9±2.75b

YLV
<0.01a
0.04±0.01a
0.05±0.01b
0.11±0.04a
0.07±0.02a
0.14±0.08a
0.56±0.15ab
1.33±0.14b
39.4±13.3bc
102±21.1a
0.19±0.09a
0.46±0.12a
0.06±0.01a
0.16±0.04a
0.44±0.15a
1.28±0.44a
9.24±0.83b
19.5±1.12a

Sites
NAS
<0.01a
0.05±0.01a
0.16±0.03a
0.41±0.05ab
0.08±0.02a
0.63±0.09ab
1.03±0.32abc
16.7±2.60a
52.3±2.88c
93.1±8.00a
0.64±0.16bc
1.29±0.19abc
1.03±0.19c
1.89±0.33bc
0.31±0.05a
1.79±0.35a
11.2±1.15b
20.6±1.77ab

CAS
0.05±0.02b
0.10±0.03b
0.04±0.01b
0.64±0.22b
0.13±0.03a
0.84±0.14b
0.48±0.12a
6.13±1.69b
29.9±5.08ab
308±89.9b
0.21±0.04a
1.94±0.45bc
0.46±0.17abc
2.58±0.31c
0.29±0.11a
0.93±0.19a
3.41±0.72a
16.0±2.58a

IB
0.03±0.00ab
0.11±0.03b
0.03±0.01b
0.20±0.07ab
0.22±0.02a
1.02±0.32b
1.30±0.22c
3.73±0.38b
19.3±2.32a
182±37.9ab
0.30±0.06a
0.86±0.14a
0.44±0.13ab
0.92±0.18ab
0.28±0.13a
1.08±0.38a
9.79±1.06b
32.3±7.15ab

Horizontally, letters a, b and c show differences among sites. Means with the same letter are not statistically significant, p>0.05 (H.M.: Heavy metal,
T.: Tissue, M.: Muscle, L.: Liver, SE: Standard error).
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TABLE 2 - Comparison of the overall heavy metal concentrations in the muscles of Trachurus trachurus from Turkey waters with other
studies from different seas and guidelines.
Sites
a
This study
b
Tüzen (2003)
c
Türkmen et al (2007)
d
Tepe et al (2008)
e
Türkmen et al (2009)
f
Mendil et al (2010)
g
Minganti et al (2010)
h
da Silva Carneiro et al
(2011)
i
Guideline
j
Guideline

Cd
<0.01-0.08
0.09-0.48
0.02-0.30
0.01-0.40
0.01-0.38
0.10-0.62
<0.01
-

Co
0.03-0.16
0.04-0.26
0.03-0.44
0.01-0.53
0.14-0.87
-

Cr
0.07-0.26
0.07-1.19
0.10-1.60
0.05-1.87
0.38-2.2
0.50

Cu
0.48-1.30
1.28-2.93
0.34-16.7
0.15-5.06
0.21-5.89
0.56-3.1
1.3-2.2
0.18

Fe
19.3-52.3
9.52-32.4
18.5-72.3
8.93-160
11.6-43.3
13.9-107
8.8-19
6.12

Mn
0.19-0.86
1.33-3.76
0.07-2.58
0.08-1.12
0.14-1.33
0.44-8.7
0.3-0.6
0.27

Ni
0.06-1.03
0.01-2.78
0.02-4.22
0.06-4.70
0.02

Pb
0.08-0.44
0.22-0.74
0.04-1.31
0.11-1.00
0.09-0.81
0.17-1.1
-

Zn
3.41-11.2
9.50-22.94
3.36-42.6
3.15-12.9
3.85-15.9
6.4-52.9
15-22
6.74

0.1
0.05-5.5

-

1.0

20
10-100

-

-

-

1.0
0.5-6.0

50
30-100

a

This study, Trachurus trachurus (µg g-1 wet wt).
Tüzen (2003) [6], five fish species from middle Black Sea (µg g-1 dry wt).
c
Türkmen et al. (2007) [15], five fish species from Black, Marmara, Aegean and Mediterranean seas (µg g-1 wet wt).
d
Tepe et al. (2008) [16], two fish species from Black, Marmara, Aegean and Mediterranean seas (µg g-1 wet wt).
e
Türkmen et al. (2009) [12], two fish species from Black, Marmara, Aegean and Mediterranean seas (µg g-1 wet wt).
f
Mendil et al. (2010) [17], four fish species from Black Sea (µg g-1 wet wt).
g
Minganti et al. (2010) [18], İtaly (µg g-1 dry wt).
h
da Silva Carneiro et al. (2011) [14], two fish species from Sepetiba Bay (µg g-1 wet wt).
i
TKB (2002) [21], Turkish Permissible Concentrations.
j
Nauen (1983) [20], The ranges of maximum permissible concentrations for different countries (FAO) (µg g-1 wet wt).
b

The tissue concentrations of the analyzed heavy metals were significantly affected by sampling sites, and differences between the heavy metal levels in similar tissues
of samples from different locations were statistically significant (p<0.05). In muscles, the levels of cadmium and
manganese in BRT, cobalt, nickel, zinc and iron in NAS,
chrome and copper in IB, and lead in YLV were higher
than those at other locations. Again in muscles, cadmium
in YLV and NAS, and lead in BRT, cobalt and iron in IB,
chrome, manganese and nickel in YLV, copper and zinc
in CAS had lower levels than those at other locations. In
livers, the levels of cadmium, copper, manganese and zinc
in BRT, cobalt and iron in CAS, chrome in IB, nickel in
SNP and lead in NAS were higher than those in other locations. Again in livers, the levels of cadmium, cobalt,
chrome, manganese and nickel in YLV, copper in SNP,
iron and lead in BRT, zinc in CAS had lower levels than
those in other locations.
Table 2 compiles the data on concentrations of heavy
metals in the muscles of Trachurus trachurus from coastal
waters of Turkey with other studies, Turkish permissible
concentrations (TPCs) and tolerable concentrations in fish
according to the Turkish Fisheries Law and Regulations.
When our results were compared with other studies, as
can be seen, the concentrations of Cd, Cu, Mn, Pb and Zn
presented by Tüzen [6] were generally higher but that of
Fe lower than our results. The concentrations of all heavy
metals reported by Türkmen et al. [15] were generally
higher than our results. All heavy metal levels reported by
Tepe et al. [16], except Mn and Zn, were in agreement
with ours, but higher than our results. Although Fe level
presented by Türkmen et al. [12] was lower than our results, Mn and Zn levels were higher, whereas others were
in agreement. Metal levels presented by Mendil et al. [17]
were higher than our results. Although Cd, Fe and Mn

levels reported by Minganti et al. [18] were lower, Cu and
Zn levels were higher than our results. The levels of all
heavy metals, except Cr, presented by da Silva Carneiro
et al. [14] were lower than our results. In general, there
were differences between the levels of some heavy metals
reported in this study and other studies; the reason for
these differences may be different species, sampling location and season. It is very difficult to compare the heavy
metal concentrations, even within the similar tissues of two
different species, because of different feeding habits, the
differences in the aquatic environments concerning the
source and level of water pollution [19], growing rates of
the species, types of tissues analyzed, and some other factors. Thus, the differences between heavy metal accumulations in similar tissues of different species are probable
ones. When our results were compared with guidelines,
Cd, Cr, Cu, Pb and Zn levels were lower than those in UN
FAO Codex for fish and Turkish Fisheries Law and Regulations [20, 21].
The present study provides useful information on the
distribution of heavy metal concentrations in tissues of
Trachurus trachurus from coastal waters of Turkey (Black,
Marmara, Aegean and Mediterranean seas). Based on the
samples analyzed, the values for cadmium, cobalt, chrome,
copper, iron, manganese, nickel, lead and zinc measured in
the edible parts of fish are not heavily burdened with heavy
metals, and the concentrations did not exceed the established quality standards for fish and mussels [20, 21].
Therefore, it can be concluded that these heavy metals in
edible parts of the examined species should pose no health
problems for consumers. However, in the future, bioaccumulation of analyzed heavy metals in this study can
be a possible risk for the consumption of these species, if
the dose of pollution discharged into these seas increases.
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BORON REMOVAL FROM AQUA SOLUTION WITH
A HYBRID SYSTEM (CRYSTALLIZATION-FILTRATION)
M.Tolga Yılmaz1,* and Recep Boncukcuoglu1
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be applied in boron removal from wastewater as an advanced method [5-8], but this method is very expensive.

ABSTRACT
Boron ores are used in production of various boron
compounds such as boric acid, borax and boron oxide.
Boric acid is produced by reacting colemanite with sulphuric acid, and borax is produced by dissolving tincal in
hot water. During those production processes, a large
quantity of boron oxide is discharged. In this study, evaluation of wastewater of boron industry discharged directly to
environment during borax and boric acid production was
investigated to recover B2O3 and to reduce the toxic effect
of waste. For this purpose, dimethyl sulfoxide (DMSO)
was used to attract the water in the solution and to crystallize B2O3 and then B2O3 was filtered.The best result with
DMSO was 290 mg L-1 effluent boron concentration for
3700 mg L-1 influent boron concentration with efficiency
of 92%. After DMSO was added to the boron solution,
boron begun to crystallized. For the separation of solidliquid, cross-flow membrane filtration and vacuum filtration were used respectively, and vacuum filtration was
found to be more efficient. The result of this study showed
that the boron recovery efficiency was as high as 95%.

The study presented in this paper aimed at the crystallization of boric acid/borate with dimethyl sulphoxide and
complexation with polyvinyl alcohol integrated with membrane filtration systems. Dimethyl sulphoxide was chosen as
the agent to decrease the solubility of water and polyvinyl
alcohol was chosen as the model polyol. The separation of
the complex was examined primarily by employing a microfiltration (MF) and vacuum filtration (VF) membrane
as a model of pressure driven-desalination technology.
Microfiltration and vacuum filtration were chosen in order
to enable the examination of rejection patterns as influenced by the separation mechanism. The purpose of the
current work was to investigate factors affecting the specific resistance of boron complex cake as well as performance of the cross flow micro filtration of boron suspension at high concentrations. On the basis of the experimental findings, the permeate flux was monitored during
the micro filtration process. The effects of process parameters on specific cake resistance such as boron concentration, membrane pore size, transmembrane pressure
drop and cross flow velocity were investigated.

KEYWORDS:
Boron, crystallization, filtration, removal

2. MATERIALS AND METHODS
1. INTRODUCTION
The elemental boron is widely distributed in low concentrations in nature. Boron has a number of minerals, in
nature, mostly calcium and/or sodium borates, such as
colemanite, ulexite and tincal, etc. [1-4]. The production
of boron compounds has substantially increased recently,
due to increasing demand for these compounds in nuclear
technology, in rocket engines as fuel, in the production of
heat-resistant materials, such as refractories and ceramics,
high quality steel, catalysts, etc. Increasing the production
of boron compounds has caused an increase of pollution
sourced by boron. Inorganic boron compounds are antiseptics. Because of boron antiseptics, conventional biological treatment methods cannot be used for boron removal
from wastewaters. Nevertheless, ion exchange methods can
* Corresponding author

All the chemicals used in the experiments have purity
of 99%. Membranes used for micro filtration and vacuum
filtration were 0.2 µm and 0.45 µm pore sized teflon membrane. A schematically view of experimental system is
given in Figure 1. The crystallization system is composed
of a magnetic stirrer (Heidolph MR 309) to stir the solution
and a pH meter (WTW Multi 340i) to optimize the pH. The
microfiltration apparatus consisted of a flow circuit in which
10 L of water containing a known amount of boron was
pumped continuously through a crossflow filtration at
predetermined cross flow velocity and transmembrane
pressure drop (∆P). The prescribed filtration conditions
were maintained by two manually operated valves. The
temperature of the suspension was kept constant at 30 ◦C
using a plate-type heat exchanger placed in the feed tank,
which had its own cooling circuit. The vacuum filtration
system is composed of a vacuum pump which can increase to 1 bar and membrane apparatus with vacuum flask.
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FIGURE 1 - Schematically view of experimental system

Wastewater used in this study was prepared synthetically from sodium tetraborate decahydrate and boric acid.
The analytical determination of boron was done potentiometrically by means of mannitol forming a complex
compound with boric acid. For this purpose, boron analysis was carried out as follows: Solution pH after filtrating
was adjusted to 7.60. Then, 5 g mannitol was added to
solution. The solution was titrated with 0.5 M KOH until
solution pH became 7.60. Boron amount was calculated
from KOH consumption. 1 ml 0.5 M KOH is equivalent
to 17.41 mg B2O3 [9].
3. RESULTS AND DISCUSSION
3.1. Cristallization Experiments

In order to recover the boron from wastewater, crystallization experiments were performed using dimethyl
sulphoxide. In the experimental phase, 1.5, 2, 2.5, 3, 3.5, 4
g polyvinyl alcohol was added to syntactical wastewater
containing 100, 250, 500, 1000, 2000, 3000 mg L-1 boron
concentration, respectively. It was found that the viscosity

of solution was increased with increasing both amount of
boron concentration and polyvinyl alcohol. However, boron
removal efficiency has not changed significantly. In aqueous environments, boron is mainly present in the form of
boric acid and/or borate ions [10]. Boric acid and borates
react with chemical compounds containing multiple
hydroxyls groups (polyols), such as polyvinyl alcohol
generating complexes at the neutral pH of water. With
carbohydrates and most polyols possessing 1,2-diol systems, the borate ion forms anionic mono (1:1) and bis (1:2)
diol-monoborate species [11]. The stability of the borate
complex constituted is strongly dependent on the type of
diol, namely 1,2 or 1,3-diols. If the diol involves the –OH
groups oriented in such a way that they accurately match
the structural parameters required by tetrahedrally coordinated boron, a strong complex will be formed [12]. When
polyvinyl alcohol was added to syntactical wastewater, a
gel formation was observed. But boron removal efficiency
was not significantly changed depending on to gel formation. SEM micrographs, pictures of the polymeric formation obtained from polyvinyl alcohol and X-Ray difractogram, are shown in Figures 2a, 3a and 4a, respectively.

(b)

(a)

FIGURE 2 - SEM micrograph of polyvinyl alcohol and boron (a), SEM micrograph of polyvinyl alcohol, boron and dimethyl sulphoxide
compound (b)
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(b)

(c)

FIGURE 3 - The picture of polyvinyl alcohol-boron gel (a), The picture of polyvinyl alcohol-boron and dimethyl sulphoxide gel (b), The
picture of crystals obtained with dimethyl sulphoxide (c)

B2O3 B2O3

(a)

B2O3

(b)
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Na2B4O7.5H2O

Na2B4O7.5H2O
Na2B4O7.5H2O

Na2B4O7.5H2O
Na2B4O7.5H2O

Na2B4O7.5H2O

(c)
FIGURE 4 - X-Ray difractogram of polyvinyl alcohol-boron gel (a), X-Ray difractogram of polyvinyl alcohol-boron and dimethyl sulphoxide
gel (b), X-Ray difractogram of boron and dimethyl sulphoxide gel (c)

Dimetyl sulphoxide was added in aqueous media in
order to form a better complex between polyvinyl alcohol
and boron. The characteristic of the mixture was also investigated. For this purpose, 30 ml dimetyl sulphoxide
and 20 ml 6250 mg L-1 boron solution was mixed for 30 min.
After mixing, the crystallized part was precipitated. Dimethyl sulfoxide (DMSO) is a polyfunctional molecule
with a highly polar S=O group and two hydrophobic CH3
groups. Its polar site can interact with water forming
strong hydrogen bonds, and its nonpolar sites can cause
effects of hydration of DMSO molecules [13]. Due to their
forceful associative character, the DMSO aqueous solutions show a strong nonideal behavior revealed by a number of physicochemical properties. At xDMSO≈0.33, the
freezing point of water is depressed down to about
−140 °C in contrast to 18.6 and 0 °C for the pure components, respectively [13].
The results of Lei et al. [13] showed that for DMSOwater aggregates where the hydrogen atoms of water were
facing the oxygen atoms of DMSO and the oxygen atoms
of the water were facing the methyl groups of DMSO. So
both the DMSO and water compete as acceptors of hydrogen bonds donated by water molecules. Thus, dielectric coefficient of DMSO and water mixtures was decreased [14] and also, free water contents of mixtures were
decreased. Thus, dissolving inorganic matter in water was
crystallized with the adding of DMSO.
Boron concentration decreased to 300 mg L-1 after
precipitation. The same process was applied with boron
containing solutions which had 3000, 2000, 1500 and
1000 mg L-1 boron and boron concentration decreased to
280, 250, 230 and 230 mg L-1, respectively. Boron removal efficiency depending on initial boron concentration
is shown in Figure 5.
In order to investigate the influence of amount of dimethyl sulphoxide on boron removal efficiency, a fixed

boron concentration of 3700 mg L-1 in aqueous media was
chosen. Obtained results are given Table 1 and the relationship between dimethyl sulphoxide and boron removal
is shown in Figure 6. Besides, obtained sediments picture

FIGURE 5 - Boron removal efficiency obtained from polyvinyl
alcohol-boron and dimethyl sulphoxide compound.

FIGURE 6 - The effect of amount of dimethyl sulphoxide on boron
removal efficiency
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TABLE 1 - Influence of dimethyl sulphoxide (Boron concentration 3700 mg L-1)
Amount of
dimethyl sulphoxide (mL)
10
20
30
40
50
60
70
80
90

Amount of
boron solution (mL)
90
80
70
60
50
40
30
20
10

Boron removal
(%)
1.5
17.1
67.8
83.4
89.3
92.2
92.4
92.5
92.7

Boron concentration
After 30 min (mg L-1)
3645
3067
1190
613
397
290
280
276
271

and X-Ray difractogram after adding dimethyl sulphoxide
are given in Figures 3c and 4, respectively. As can be
seen in Table 1, the best results of boron removal were
achieved by mixing 40 ml boron and 60 ml dimethyl
sulphoxide.
3.2. Filtration Experiments

3700 mg L-1 boron concentration was also adopted in
filtration experiments. The solution containing 60% dimethyl sulphoxide and 40% wastewater containing 9250 mg
L-1 boron were mixed for 30 min. and obtained syntactical
wastewater contained 3700 mg L-1 boron, which was used
in filtration experiments. After dimethyl sulphoxide was
added in this wastewater, filterable capacity of the obtained mixture was investigated with vacuum filtration and
crossflow filtration. The cross-flow microfiltration is an
important technique to separate particulate matters from
the aqueous solutions for various fields including biotechnology, water and wastewater treatment and also mineral processing. There are many studies to clarify the membrane fouling mechanisms using direct observation technique in literature [15, 16]. Li et al. [15] investigated direct
observation of particle deposition (boron complex) on the
membrane surface during cross-flow microfiltration. Authors described that below a critical flux, the particle deposition was negligible; however, the particle deposition was
significant near the critical flux and particle layers formed
on the membrane surface [15-17]. The particle size distribution of the deposit changed with the cross-flow velocity: the smaller particles deposited on the membrane at
higher cross-flow velocity. As the feed concentration

increases, the steady-state permeate flux decreases and
may became zero. The feed concentration at zero flux is
known as gel concentration (Cg). Cg is determined by
plotting permeate flux versus logarithm of feed concentration and then extrapolating the flux to zero. In some cases,
this semi-logarithmic plot is not linear and the permeate
flux tends to approach to a constant value, as observed in
surfactant mediated metal ion removal or during the electro-filtration of surfactant or macro-molecular dispersions
[18-20]. In the non-linear variation, the extrapolation is
based on the linear part of the plot; permeate flux versus
logarithm of feed concentration and the extrapolated feed
concentration is known as pseudo-gel concentration (C*g).
The pseudo-gel concentration has some unique properties. It does not depend on the processing conditions but
is dependent on the membrane/ solute interactions. Therefore, the pseudo-gel concentration can be used to characterize the physical chemistry of the filtration system [21].
Vacuum filtration was performed under 0.5 atm using
membranes with 0.2, 0.45 and 1.0 µm pore size. After the
mixture was stirred with mechanic stirrer at 120 rpm and
30 min., formed crystals were filtrated with vacuum filtration. In permeate flux, boron removal efficiency was
reached to up 90%.
The same operation was used in cross flow membrane
filtration. For these purposes, the solution containing 60%
dimetyl sulphoxide and 40% 7500 mg L-1 boron yielded
syntactical waste water containing 3000 mg L-1 boron
used in cross flow membrane filtration. At these experiments, teflon membrane of 0.2 µm pore size, pressures of

TABLE 2 - The effect of rate of dimethyl sulphoxide on boron removal with vacuum filtration
The amount of
dimethyl sulphoxide
(mL)
10
20
30
40
50
60
70
80
90

The amount of
adding boron solution
(mL)
90
80
70
60
50
40
30
20
10

The amount of mixture boron concentration
(3700 mg L-1) after vacuum filtration
( mg L-1)
3464
2887
902
505
325
215
210
205
200
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The boron removal efficiency
(%)
6.4
22
75.6
86.4
91.2
94.2
94.3
94.5
94.6
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EFFECTS OF ZINC TOXICITY ON SEED GERMINATION AND
PLANT GROWTH IN TOMATO (Lycopersicon esculentum Mill.)
Taylan Kösesakal* and Muammer Ünal
Istanbul University, Faculty of Science, Department of Biology, Botany Division, 34134 Süleymaniye, Istanbul, Turkey

ABSTRACT
In this study, Hoagland solutions containing different
amounts of Zn (1, 3, 5, and 7 mM ZnCl2) were used as
growth medium to comprehend the possible effects of
zinc toxicity on seed germination and plant growth in
tomato. The highest zinc accumulation was obtained in
the roots of the plants treated with 7 mM. The zinc concentration in the vegetative parts was highest in roots but
lowest in cotyledons. To elucidate the physiological consequences of this element, anthocyanin, carotenoid, chlorophyll, and total soluble protein contents as well as the
level of peroxidase enzyme activity were measured in roots,
hypocotyls, and cotyledons of 8 day-old plants. 1 mM of
ZnCl2 was found to have induced germination of tomato
seeds; however, concentrations above this value, especially 5 mM, were inhibitory. Root and hypocotyl development was induced in 1 mM, but significantly retarded
in the media containing 3-7 mM. Total soluble protein
contents were increased in 1-5 mM, especially in roots
and hypocotyls, but at 7 mM were significantly reduced.
Furthermore, concentrations higher than 1 mM resulted in
enhancement of peroxidase activity. Similarly, carotenoid
and chlorophyll contents of cotyledons of the plants
grown in 1-5 mM were significantly higher than the ones
grown in control medium. Our results suggested that
tomato plants were able to tolerate zinc between 3-5 mM
but excess Zn showed toxic effects on tomato seedlings.

KEYWORDS: Zinc toxicity, germination, tomato, accumulation,
chlorophyll, anthocyanin, peroxidase activity

1. INTRODUCTION
The life cycle of higher plants begins with seed germination, which depends on perceptions of different environmental stimuli [1]. Seed germination could be affected
* Corresponding author

negatively or positively by many factors including dormancy, embryonic inadequacy, germination inhibitors,
water, temperature, gases, and light as well as organic and
inorganic chemicals, such as zinc, which naturally exist in
earth’s crust and atmosphere [2, 3]. Zn is one of the essential micronutrients playing a significant role in many
vital metabolic processes [4, 5]. For instance, Zn is a
cofactor for several enzymes, such as anhydrases [6],
dehydrogenases, oxidases and peroxidases [7]. Furthermore, Zn could be also involved in chlorophyll formation
by taking part in the regulation of cytoplasmic concentrations of nutrients. For example, Fischer [8] reported that
Mg-deficiency decreased chlorophyll concentration in
beans and Welkie et al. [9] recorded that there was a linear relationship between leaf-Fe and chlorophyll content
in peppers. Zn as enhancer of chlorophyll and carotenoid
biosynthesis, is ultimately beneficial for the photosynthetic
machinery of the plant system [10], and, conclusively, Zn
is a must for plant development.
Heavy metals, such as zinc, copper, and cadmium
could be one of the main abiotic stresses adversely affecting plant yield in highly contaminated lands as a result of
industrial, municipal sources, and bad agricultural practices [11]. Albeit some of these heavy metals at low doses
are essential micronutrients for plants, they cause metabolic disorders and stunt growth for most of the plant
species at high doses [12]. Since it is absorbed at early
developmental stages by plants, Zn could be extremely
phytotoxic [13]. Excess Zn can have negative effects on
plants. Zinc accumulation inhibits plant growth and root
development [14]. Moreover, high Zn levels could cause
cellular oxidative damage and membrane lipid peroxidation in plant cells [15], and affect the activity of many
antioxidative enzymes and antioxidant contents in plants
[16]. In conclusion, this study will help us to shed light on
the potential adverse effects of high Zn concentrations on
tomato plants.
The main purpose of this study was to elucidate the
potential effects of zinc toxicity on seed germination and
plant growth in tomato (Lycopersicon esculentum Mill.),
and to investigate zinc uptake and accumulation in early
stages of tomato growth.
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2. MATERIALS AND METHODS
Tomato plants (Lycopersicon esculentum Mill) were
grown in Hoagland and Arnon (1938) [17] medium containing 0 (control), 1, 3, 5 or 7 mM of ZnCl2. After strelization with 70 % ethanol, tomato seeds were imbibed in
experimental solutions at room temperature for 24 h, and
then transferred into Petri dishes containing filter paper
soaked with experimental solutions. Next, each Petri dish
received distilled water every two days. Plants were grown
under a 12-h light/dark cycle at 25±1 °C and 8000 lux light
intensity in a growth chamber. For analyses, roots, hypocotyls and cotyledons of the plants were collected at appropriate times.
2.1. Germination percentage and Plant Growth

The germination of the tomato seeds that were
wrapped into the filter papers saturated with Hoagland
solutions plus 1, 3, 5 and 7 mM ZnCl2 as well as control
after 24-h imbibition were recorded daily until germination
stopped. Seeds were considered to have germinated at
radicula emergence from the testa, and their germination
percentage was measured. After 8 days of growth under
the above-mentioned conditions, the lengths of roots and
hypocotyls of the seedlings were measured.
2.2. Zinc Analysis

For zinc analysis, various plant parts (roots, hypocotyls and cotyledons) were thoroughly washed with deionized water in order to remove adsorbed metal ions. Samples were dried at 70 °C (Heraeus) to a constant weight
and pulverized. Each dry plant sample was digested with
concentrated HNO3 on a hot-plate for 96 h. Zinc concentrations in the digests were determined by flame atomic
absorption spectrophotometry (Shimadzu AA6701F). The
concentrations for each sample solution were measured
for three times. The results obtained were defined as mg
kg-1 DW (dry weight) [18].
2.3. Zn-Uptake, Total Accumulation Rate (TAR), Transport
Indices and Bioconcentration Factor (BCF)

To study the transport behavior of zinc, indices, such
as primary transport index (PTI) and secondary transport
index (STI), were calculated following Moral et al. (1994)
[19]. PTI is the ratio of the heavy metal concentration in
the hypocotyl to that in the root. STI was calculated by
dividing the heavy metal concentration in the cotyledons
by that in the hypocotyls. The BCF was calculated by
dividing the metal concentration in plant tissue (µg g-1
DW) at harvest by that in the Hoagland solutions. Heavy
metal uptake was calculated using the following formula:
Uptake (µg plant-1 d-1) = (M2W2-M1W1)/(T2-T1)
where, M1 and M2 are metal concentrations in the
plant tissue, and W1 and W2 are the plant biomass at time
T1 (initial sampling) and T2 (final sampling).
Total accumulation rate (TAR) (µg plant-1 d-1) was
calculated using the following formula [20]:

TAR = [(Hagp x Bagp ) + (Hbgp x Bbgp)] / [(Bagp x Bbgp ) x 8]
where, Hagp and Hbgp are heavy metal concentrations
in the above- (hypocotyls and cotyledons) and below(roots) ground plant parts, and Bagp and Bbgp are the aboveand below-ground plant biomass, respectively.
2.4. Anthocyanin Determination

Mancinelli’s method [21] was employed for the determination of anthocyanin content in the plant parts (hypocotyls and cotyledons). According to this method, plant
samples of 200 mg of fresh weight were extracted in 3 ml
methanol-HCl (1% HCl, v/v) and kept under refrigeration
at 3-5 ºC for 2 days with occasional shakings. Then, the
extract was filtered and the anthocyanin content in the
filtrate was measured at 530 nm, while the chlorophyll
content was measured at 657 nm, and the results were
placed in A530-A657 formula. As a result, upon subtraction of chlorophyll absorption, the anthocyanin content
was expressed as O.D. 530/g fresh weight.
2.5. Chlorophyll and Carotenoid Analysis

The plant materials (hypocotyls and cotyledons) were
extracted in 90% acetone and extracts were kept in the
dark at 4 oC for 24 h. The samples were then centrifuged
(Heraeus Labofuge 400 R) at 3000 g (4 oC) for 15 min.
The pigment contents (chlorophyll a and b, total chlorophyll and carotenoids) were measured (Shimadzu 1601
UV-VIS spectrophotometer) and determined in µg g-1 FW
(fresh weight)[22].
2.6. Total Soluble Protein Assay

Plant parts (roots, hypocotyls and cotyledons) were
homogenized with ice-cold 0.1 mM sodium phosphate
buffer (pH 6.8). The homogenates were then centrifuged
at 13,000 rpm for 30 min at 4 oC, and supernatants were
used for the determination of total soluble protein content
and total peroxidase enzyme assays. Protein contents of
the extracts were determined according to Bradford [23]
using Bovine Serum Albumin (BSA) as standard and defined quantitatively as µg ml-1.
2.7. Guaiacol Peroxidase (POD) Activity Assay

POD (guaiacol:H2O2 oxidoreductase, EC 1.11.1.7)
activity was measured according to the method of Birecka
et al. (1973) [24]. The reaction mixture consisted of 0.1 M
sodium phosphate buffer (pH 7.0), 0.25% guaiacol, 0.1%
H2O2 and enzyme extract. Increase in the absorbance due
to oxidation of guaiacol (E = 26.6 mM-1 cm-1) was measured at 470 nm (Shimadzu 1601 UV-VIS spectrophotometer). Enzyme activity was defined in terms of µmol of
guaiacol oxidized min-1 g-1 FW.
2.8. Replication of Experiments and Statistical Analysis of
Data

Three replicate experiments were performed and data
were analyzed by ANOVA. Bars and “±” represent the
standard deviations.
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3. RESULTS AND DISCUSSION
3.1. Germination Percentage

There was no germination in any of the media after 1day incubation (Fig. 1). The highest rate of germination
was observed in the Petri dish containing 1 mM ZnCl2.
There was very little delay in the germination of the tomato seeds incubated in the media containing 3 and 7 mM
ZnCl2 relative to control. The hindering effect of ZnCl2 on
germination was much obvious in the Petri dishes containing 5 mM ZnCl2 with regard to control after 2-days
incubation, and only 5.38% of the seeds germinated. The
adverse effect of high Zn concentration on germination
was still observable after 3-5h days. Although many studies have been carried out concerning Zn effects on plant
nutrition, only few of them have tried to shed light on the
potential effects of this element on seed germination. In
this study, we showed that the highest percentage of ger-

mination occurred in tomato seedlings grown in Hoagland
solution containing 1 mM ZnCl2 (Fig. 1). Mahmood et
al. [25] reported that the germination of Zea mays seeds
was not influenced by the presence of 3, 6, 9 and 12 ppm
ZnSO4 in the culture medium. Peralta et al. [26] found
that Zn was the only metal that did not significantly reduce seed germination, even at a concentration of 40 ppm.
We concluded that the germination percentage of tomato
seeds was not affected by 1, 3 and 7 mM Zn levels tested,
but was clearly influenced by 5 mM Zn. This result corroborates with those of the study carried out to show the
effect of Zn on germination of Cajanus cajan L. seeds.
Madhava Rao and Sresty [27] reported that the percent
germination decreased with increasing concentrations of
ZnSO4 treatment (2.5, 5 and 7.5 mM). Briefly, we concluded that Hoagland solution containing 1 mM ZnCl2
induced germination of tomato seeds and is appropriate
for seed germination of tomato plants. Even though Zn

FIGURE 1 - The germination percentage of tomato seeds grown in Hoagland solution containing 0 (control), 1, 3, 5 and 7 mM ZnCl2.

FIGURE 2 - The root and hypocotyl lenghts of 8 day-old tomato seedlings grown in Hoagland solutions containing 0 (control), 1, 3, 5 and 7 mM
ZnCl2 (Bars represent the SD).
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levels ≥ 5 mM noticeably reduced seed germination, the
seedlings were able to develop much better in the medium
containing 5 mM ZnCl2 in comparison to those grown in
7 mM ZnCl2; this could mean that tomato seedlings were
able to show tolerance to Zn levels <7 mM.
3.2. Plant Growth

The root and hypocotyl lengths of tomato seedlings
grown in Hoagland solutions plus different amounts of
ZnCl2 after 8 days are shown in Fig. 2. It is clear that 1
mM ZnCl2 promoted root and hypocotyl growth. In
contrast, the media with 3, 5 and 7 mM ZnCl2 showed a
remarkable negative effect on root and hypocotyl growth.
This inhibitory effect was much worse in Petri dishes with
5 and 7 mM ZnCl2 (Fig. 2). Hoagland solution with 1 mM
ZnCl2 was the most suitable for tomato seedling development, similar to germination experiments. The presence
of excessive Zn amounts (3-7 mM ZnCl2) significantly
retarded the growth, especially in roots (Fig. 2). This result
implies again that even though Zn is an essential micronutrient for a healthy plant development, it could show toxic
effects impeding regular growth at excessive concentrations, especially in roots [28]. This conclusion is in perfect compliance with the results of previous studies on
this subject [29-31].
3.3. Zinc Concentrations

The seedlings of tomato were grown in Hoagland solutions with increasing ZnCl2 supplements for 8 days and
then roots, hypocotyls and cotyledons of the seedlings
were harvested to analyze their Zn content. Zinc was
found in all plant organs, especially in roots (Fig. 3). With
increasing Zn levels, Zn amounts in plant parts also increased. Zn in tomato seedling roots grown in 5 mM
ZnCl2-supplemented medium was decreased, compared to
3 mM ZnCl2 roots. In our early study [32], we found that
Zn in tomato seedling roots grown at 5 mM ZnCl2 was
decreased. We hypothesized that it could be a gravitropic behavior disorder seen in the roots. At 7 mM ZnCl2,

Zn in roots was 580-fold, hypocotyls 55-fold and cotyledons 44-fold that in control tissues. Vaillant et al. [33]
established that Zn increased in roots and leaves of Datura species with increasing ZnSO4 concentrations. In
addition, they found that for the 4 Datura species, with 5
mM Zn in the nutrient solution, concentrations of Zn
measured in the roots were higher than those in leaves.
The sufficient Zn concentration in shoots of plant species
ranges between 10-30 mg Zn kg-1 DW [34]. The roots of
higher plants were considered as a barrier against heavy
metal translocation to the top parts [35], reflecting a potential tolerance mechanism operating in the root cells.
Hagemeyer [36] stated that the organs which were in
direct contact with Zn, such as the roots, were generally
sensitive. In the present study, even under conditions of
severe Zn toxicity (5 mM ZnCl2), tomato seedlings were
able to survive. It can be concluded that roots of tomato
seedlings are able to endure high levels of zinc and improve, to a certain extent, the defense capability.
3.4. Uptake, Total Accumulation Rate (TAR) and Transport
Indices, Bioconcentration Factor (BCF)

In comparison with the control, Zn uptake increased
considerably with increasing Zn level in the medium
(Table 1). The highest Zn uptake was observed for 5 mM
ZnCl2 application, but uptake level was decreased at
higher concentrations (1, 3, 5 and 7 mM ZnCl2 increased
Zn uptake 20-, 26-, 47- and 39-fold, compared with
control). The TAR for zinc was highest in 7 mM ZnCl2
(2152 mg kg-1d-1) treatments while the lowest TAR,
278 mg kg-1 d-1, was observed in tomato plants exposed to
1 mM ZnCl2. Transport indices, such as primary and secondary transport, changed according to the increasing Zn
concentrations (Table 1). In the present study, the PTI of
Zn decreased initially in 1 mM Zn treatment but thereafter
gradually increased in the plants treated with 3 and 5 mM
ZnCl2. It was significantly lower in all applications with
respect to control plants. The secondary transport of Zn
was higher in 5 mM Zn treatment. When compared with

FIGURE 3 - Zn concentrations in roots, hypocotyls and cotyledons of 8-day-old tomato seedlings after treatment in Hoagland nutrient solutions (control as well as 1, 3, 5 and 7 mM ZnCl2 applications); mg kg-1 DW; data are means ± SD).
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TABLE 1 - Total accumulation rate (TAR), uptake, primary transport index (PTI) and secondary transport index (STI) of zinc in tomato
plants grown in media with 1, 3, 5 and 7 mM ZnCl2 supplements.
Uptake
TAR
(mg kg-1d-1)
(mg kg-1d-1)
Treatments
1106.99 ± 249.07
31.38 ± 7.06
Control
21993.19 ± 4948.47*
278.09 ± 62.57*
1 mM ZnCl2
29274.06 ± 6586.66*
1024.06 ± 230.41*
3 mM ZnCl2
52266.53 ± 11759.97*
1378.23 ± 310.10*
5 mM ZnCl2
42812.56 ± 9632.83*
2151.76 ± 484.15*
7 mM ZnCl2
Data are means ± SD; * indicate values that differ significantly from the control at P<0.0001

PTI

STI

3.70 ± 0.83
0.29 ± 0.07*
0.39 ± 0.09*
0.43 ± 0.10*
0.35 ± 0.08*

0.57 ± 0.13
0.65 ± 0.15*
0.79 ± 0.18*
1.42 ± 0.32*
0.45 ± 0.10*

TABLE 2 - BCF for zinc in tomato seedlings grown in media with 1, 3, 5 and 7 mM ZnCl2 supplements.
Treatments
1 mM ZnCl2
3 mM ZnCl2
5 mM ZnCl2
7 mM ZnCl2
Data are means ± SD.

Root
56.99 ± 12.82
57.17 ± 12.86
32.53 ± 7.32
65.85 ± 14.82

Bioconcentration Factor (BCF)
Hypocotyl
Cotyledon
16.54 ± 3.72
10.80 ± 2.43
22.29 ± 5.02
17.55 ± 3.95
14.02 ± 3.15
19.84 ± 4.46
23.30 ± 5.24
10.46 ± 2.35

the control, uptake of Zn as well as TAR tend to increase
significantly with increasing Zn level in the medium.
Transport indices changed according to increasing Zn concentrations. The effects of different treatments on BCF for
Zn in several plant parts are represented in Table 2. When
compared with 1 mM ZnCl2 application, BCF for Zn was
lowest in the roots and hypocotyls of 5 mM ZnCl2 application. BCF for Zn was highest in the roots, followed by
hypocotyls and then cotyledons, at 1 and 3 mM ZnCl2
levels.
3.5. Pigment Contents

Anthocyanin accumulated in hypocotyls was enhanced
with increasing ZnCl2 amount. However, the amount of
this pigment in the hypocotyls of the seedlings incubated

in 7 mM ZnCl2 was lower than with 5 mM ZnCl2 (Fig. 4).
A similar pattern of change in the relative amount of anthocyanin was also observed in the cotyledons (Fig. 4). Anthocyanins play a role in the protection of plants against different biotic and abiotic stresses. We observed that presence of excessive Zn amounts in the medium caused the
augmentation of anthocynanin in both hypocotyls and
cotyledons of tomato seedlings. It is well-known that plants
defend themselves against a variety of hostile environmental conditions by inducing the biosynthesis of certain
chemicals, such as anthocynanins and antioxidants, and
by hyping the activity of certain enzymes [37-39]. Thus,
from the results of our trials, we can claim that the tolerance level of tomato plants to zinc could be higher than 3
mM (Fig. 4).

FIGURE 4 - The amount of anthocyanin per FW in hypocotyl and cotyledon tisues of 8-day tomato seedlings grown in Hoagland solution
containing 0 (control), 1, 3, 5 and 7 mM ZnCl2 (Bars represent the SD; * indicate values that differ significantly from the control at P<0.001).
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As for chlorophyll, it was observed that the amount of
chlorophyll in the hypocotyls of seedlings increased with
ZnCl2 increase; this increase peaked between 5-7 mM of
ZnCl2 and then, the trend reversed remarkably (Table 3
and Fig. 5). In brief, chlorophyll increase of cotyledons
grown in Hoagland solution containing different amounts
of ZnCl2 (1-5 mM) was positively correlated with increasing amount of ZnCl2 . However, Hoagland solution containing 7 mM ZnCl2 radically reversed this trend, and
chlorophyll level in cotyledons of these plants was even
lower than that in control medium (Table 3 and Fig. 5).
The total chlorophyll content of Ceratophyllum demersum
grown in Cd-containing medium dropped significantly,
but the addition of Zn to the medium visibly reversed the
trend [10]. Furthermore, another study done with Zn and
Mn accumulating Brassica species showed that chlorophyll content of the callous tissue of these species increased with Zn increase in tissue culture medium [40]. It
could be hypothesized that Zn helps to maintain and stabilize the chlorophyll content by protecting sulfhydryl
group (-SH), a function thought to be mainly performed
by this element [41]. Zn always prefers binding to the -SH
groups of the protein moiety, and protects them from thiol
oxidation and disulphide formation [42], either by direct
binding, or to a site close to the sulfhydryl group, or by

conformational change resulting in apparent stability of
the enzymes, membrane proteins as well as the lipid structure [43]. Our results clearly support not only the protection of chlorophyll, but also an increase in chlorophyll
indicating that Zn may be also involved in further chlorophyll biosynthesis above control level [10] On the other
hand, we observed that the chlorophyll content of the
cotyledons of the seedlings grown at 7 mM ZnCl2 was
lower than in control plants corroborating the conclusions
of Kaya and Higgs [44]. Van Assche [45] has proven that
excessive Zn presence in growth medium inhibits metabolic activities. Hence, this could suggest that chlorophyll
content decrease may originate from Zn toxicity at high
concentration levels.
There was an in increase in carotenoid level of the
seedlings grown in Hoagland solutions containing 1, 3,
and 5 mM ZnCl2; however, the level of this pigment
dropped significantly in 7 mM ZnCl2 growth medium
(Fig. 6). Carotenoids are known to quench the oxidizing
species and triplet state of the chlorophyll and other excited
molecules in the pigment bed, which are seriously involved
in disrupting metabolism through oxidative damage to
cellular components [46]. It could be hypothesized that
relative change of carotenoid content in various tissues

TABLE 3 - Chlorophyll a, b (µg/gFW) and chl a and chl b ratio of hypocotyls and cotyledons of tomato seedlings grown in Hoagland solutions containing 0 (control), 1, 3, 5, and 7 mM ZnCl2.
Zn Conc.
(mM)
Chlorophyll a
95.2 ± 6.8
Control
109.3 ± 6.6
1 mM
121.0 ± 3.8
3 mM
218.8 ± 11.9
5 mM
91.5 ± 4.9
7 mM
Data are means ± SD.

Hypocotyl
Chlorophyll b
46.7 ± 5.5
53.2 ± 3.9
57.9 ± 4.2
107.0 ± 7.6
77.8 ± 3.7*

Chl a / Chl b
2.0
2.1
2.1
2.0
1.2

Chlorophyll a
642.1 ± 11.1
805.2 ± 47.7
808.8 ± 38.4
1087.6±55.9
431.3 ± 3.2

Cotyledon
Chlorophyll b
409.4 ± 16.6
409.2 ± 35.2
485.3 ± 16.3
328.2 ± 21.1
157.0 ± 3.3

Chl a / Chl b
1.6
2.0
1.7
3.3
2.7

FIGURE 5 - Total chlorophyll contents of hypocotyls and cotyledons of tomato seedlings grown in Hoagland solutions containing 0 (control),
1, 3, 5, and 7 mM ZnCl2 (Bars represent the SD; * indicate values that differ significantly from the control at P<0.001).

320

© by PSP Volume 21 – No 2. 2012

Fresenius Environmental Bulletin

FIGURE 6 - Carotenoid contents of hypocotyls and cotyledons of tomato seedlings grown in Hoagland solutions containing 0 (control), 1, 3,
5, and 7 mM ZnCl2 (Bars represent the SD; * indicate values that differ significantly from the control at P<0.001).

FIGURE 7 - Total soluble protein of roots, hypocotyls and cotyledons of tomato seedlings grown in Hoagland solutions containing 0 (control),
1, 3, 5, and 7 mM ZnCl2 (Bars represent the SD; * indicate values that differ significantly from the control at P<0.001).

could be as result of physiological response caused by
Zn excess. The low total carotenoid content of seedlings
grown in the presence of 7 mM ZnCl2 maybe a result of
damaging Zn effects on cell membrane integrity [47].
3.6. Total Soluble Protein Content

As the amount of ZnCl2 in the growth medium increased, the total protein content in the roots also increased. But at 7 mM ZnCl2, total soluble protein of roots
dropped dramatically, it was even lower than in roots of
control plants (Fig. 7). A similar trend in total protein
content of seedling hypocotyls was observed, and 7 mM
ZnCl2, caused a dramatic reduction. Similar observations
were also made for cotyledons (Fig. 7). The total protein

content of callus tissue of two Brassica species (Brassica
campestris and Brassica juncea), known to be Zn and Mn
tolerant, is increased with addition of increasing Zn
amounts to culture medium [40]. These results are in
compliance with our values for total protein content of
tomato seedling cotyledons (Fig. 7). In another experiment, it is shown that total protein of the root mitotic cells
of Festuca rubra (Zn-tolerant) was significantly higher
relative to control plants after 12-96 h of submergence in
a solution containing high Zn concentrations; on the contrary, the total protein in the same cells of Zn-sensitive
Festuca rubra was lower than in controls. Davies et al.
[48] suggested that the enhancement in the amount of
total protein in the cells of tolerant plants could be a result
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of the induction of stress-related proteins, and the decrease in the sensitive plants could be caused by toxic
effects of Zn on cell metabolism. The results obtained
from our experiments demonstrated that the addition of 15 mM ZnCl2 to the growth medium of the tomato seedlings caused protein increase in the roots, hypocotyls and
cotyledons (Fig. 7). This increase could be caused by the
induction of de novo synthesis of Zn-stress proteins under
elevated Zn levels. A drop in total protein developed in
the medium containing 7 mM ZnCl2 (possibly due to
toxic Zn effects at this high concentration). This conclusion is further buttressed by the hindering effects of Zn at
that concentration on root and hypocotyl elongation of the
seedlings (Fig. 2).
3.7. Guaiacol Peroxidase (POD) Activity

The addition of increasing amounts of ZnCl2 (1-7
mM) into the growth media caused more peroxidase activity in the roots (Fig. 8). Peroxidase activity in hypocotyls of seedlings developed in Hoagland solutions containing 7 mM ZnCl2 was extremely high (Fig. 8). The addition of extra amounts of Zn to the growth medium of the
seedlings enhanced peroxidase activity in the hypocotyls
and cotyledons; however, the activity of this enzyme
noticeably dropped in the same tissues of seedlings ex-

posed to 5 mM ZnCl2 during growth (Fig. 8). High Zn
concentrations in growth medium increased peroxidase
activity in leaves of rice [49], and in stems of Brassica
juncea seedlings [29]. Similarly, Nashikar and Chakrabarti [50] observed that the activity of two enzymes, catalase and peroxidase, was much higher in plants grown on
heavy metal-contaminated soils.
4. CONCLUSIONS
Growth medium with 1 mM ZnCl2 promoted seed
germination as well as root and hypocotyl growth. Carotenoids, anthocyanins, chlorophyll, protein content and
peroxidase activity of tomato seedlings grown in medium
with 1 mM ZnCl2 were infinitesimally different with
regard to control plants. These results may suggest that 1
mM ZnCl2 in the medium is required for ideal growth
conditions of tomato plants. Furthermore, we observed
that tomato plants were able to tolerate Zn concentrations
between 3-5 mM, but the higher concentrations showed
toxic effects on tomato seedlings. There was a strong
correlation between increased peroxidase activity and
retarded plant development in the media containing excessive Zn amounts.

FIGURE 8 - Peroxidase activity of roots, hypocotyls and cotyledons of tomato seedlings grown in Hoagland solutions containing 0 (control),
1, 3, 5, and 7 mM ZnCl2 (Bars represent the SD; * indicate values that differ significantly from the control at P<0.001).
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ABSTRACT
The study presents the microbiological and biochemical characterisation of peat substrates supplemented with
composts manufactured from sewage sludge, maize, lupine and wheat straw under cultivation of garden verbena.
At three successive plant developmental stages, substrate
samples were collected and subsequently analysed microbiologically and biochemically.
The performed microbiological analyses involved determination, using the Koch plate method, of total numbers of heterotrophic bacteria, actinomycetes and molds.
The experimental substrates were also subjected to
biochemical analyses which involved spectrophotometric
determination of levels of dehydrogenase activity.
In addition, the following plant morphological analyses
were performed: plant height, shoot number and length,
number of buds, inflorescences and leaf greenness index
(SPAD).
It was found that the plants cultivated on peat substrate, with addition of various composts, grew properly
and their appearance did not differ from plants grown on a
traditional peat substrate. It was further found that the
addition of some composts (especially K3 made up of
sewage sludge, rape straw and sawdust) to the peat made
it possible to obtain higher plants, and stimulated the
development of inflorescence buds.
On the other hand, majority of the employed composts
failed to exert a stimulatory effect on the greenness index
of plants, or the number of developed inflorescences.
It was observed that, irrespective of the kind and
dose, the applied composts following their addition into
peat contributed most to the stimulation of actinomycetes,
molds development and dehydrogenases` activity, but to a
* Corresponding author

lesser degree, the development of heterotrophic bacteria.
Among major factors determining substrate enzymatic
activity as well as changes in numbers of the investigated
microorganisms were substrate pH value as well as the
developmental phase of garden verbena.
KEYWORDS: Microorganisms, dehydrogenases` activity, sewage
sludge, compost, peat, verbena

1. INTRODUCTION
It is often said that natural resources should be protected due to the fact that our earth is unique. This is also
the case with peats, which are threatened with extinction
caused by inappropriate management or enhanced mineralization.
Out of concern for the protection of natural environments, we should look for alternative ways of replacing
peat substrates, which are applied very widely in horticulture and, in the majority, are imported from East European countries. It is, therefore, essential to look for new
components which will help replace completely or, at least,
partly these natural resources which are so difficult to renew.
The above problem can be solved by the utilisation
for plant cultivation of composts prepared on the basis of
various sewage sludges which are by-products of mechanical, chemical and biological treatment of sludge.
According to data from the Institute of Environmental
Protection, approximately 413 000 to 450 000 tonnes of
dry matter (DM) bulk of communal sewage sludge is produced in Poland. In countries belonging to the European
Union, about 6 476 000 tonnes DM of sludge are produced
annually, and it is predicted that this amount will increase
by 50% in the near future [1].
Bearing in mind fertiliser values of sewage sludges,
the readiness of their utilisation for horticultural purposes
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is quite justified and understandable as they provide a rich
source of nutrients for plants, and their fertiliser value
depends on the concentration of principal nutritional elements for plants, e.g. N, P, Ca, K as well as microelements [2-4].
In Poland, sewage sludge disposal continues to remain by far the most popular method of its management.
In EU legal regulations, waste disposal is considered as a
necessary evil [5]. According to the directive of the Minister of Economy and Labour issued on 7 September 2005
regarding the criteria and procedures allowing waste disposal in waste dumps of a given type (Regulation 2005,
No. 186, pos. 1553 and from 2006, No. 38, pos. 264),
deposition of sewage sludge which has not been subjected
to appropriate processing will not be allowed on waste
dumps as of 01.01. 2013. Therefore, it appears essential to
develop effective methods of rendering sewage sludge
harmless in a more friendly way for the environment. One
such method is the composting process, which, according
to Krzywy et al. [6], seems to be the most popular technique of sewage sludge stabilisation to date. As a result of
this process, transformation of wastes containing easily
degradable organic materials and micro-organisms into
sanitarily safe material takes place [7-12].
It is evident from a review of literature on the subject
that composts made on the basis of sewage sludges are
suitable for the cultivation of selected species of ornamental plants. In the case of cultivation of bed and balcony
plants, it is recommended to mix composted sewage
sludge with a substrate characterized by low pH, e.g. high
moor peat. The quantity of composts from sludges as an
additive to peat may vary depending on species. According to Ingelmo et al. [13], such supplementation can range
from 20 to 50%. Investigations were also carried out regarding the impact of higher contents of composts made of
sewage sludge in cultivations of garden pansy, largeflowered chrysanthemum, touch-me-not Balsam and New
Guinea touch-me-not [14-16].

Making nutrients from organic compounds of the
substrate available for plants takes place with the assistance of microorganisms which remain in close relationship with plants, their root systems as well as root secretions. In addition, microorganisms also participate in the
degradation of toxic materials and, furthermore, are responsible for the synthesis of secondary metabolites exerting a
stimulatory effect on plant growth (plant growth hormones,
phytochelatins, organic acids and group B vitamins) [17].
The process of microorganisms making nutrients
available for plants is facilitated by intra- and extracellular
enzymes. A close relationship was observed between the
activity of such enzymes and the content of organic matter
in the soil, and the number of soil microorganisms [18, 19].
The objective of the present investigations was to determine the influence of the applied mixtures of peat with
composts made using sewage sludge as a base on the development dynamics of the total number of heterotrophic
bacteria, actinomycetes and molds, and on the activity of
dehydrogenases.
Studies on the growth of selected groups of microorganisms as well as substrate biochemical activity will make
it possible to assess which of the applied substrates intended for the cultivation of verbena contributing most significantly to changes in numbers and activity of microorganisms.
In addition, these experiments also aimed to evaluate
the impact of composts on growth and flowering of ‘Quartz
Blue’ garden verbena.
2. MATERIALS AND METHODS
The experiment was carried out in 2009 using ‘Quartz
Blue’ garden verbena (Verbena x hybrida) in one of the
glasshouses of Marcelin Experimental Station belonging
to the Department of Ornamental Plants of Poznań University of Life Sciences.

FIGURE 1 - Schematic diagram of the bioreactor: 1-pump, 2-flow regulator, 3-flow meter, 4-isolated chambers, 5-drained liquids container, 6composted mass, 7-sensors array, 8-air cooling system, 9-condensate container, 10-multiplate gas sensor array, 11-32 channel recorder, 12-air
pump steering system (the structure of bioreactor - Institute of Agricultural Engineering, University of Life Sciences in Poznań).

326

© by PSP Volume 21 – No 2. 2012

Fresenius Environmental Bulletin

TABLE 1 - Percentage composition of composts used in experiments.
Combinations

Composition (%)
Sewage sludge 50
Wheat straw 30
Sawdust 20
Sewage sludge 50
Maize straw 30
Sawdust 20
Sewage sludge 50
Lupine straw30
Sawdust 20
Sewage sludge 50
Fresh maize straw 30
Sawdust 20

K1

K2

K3

K4

TABLE 2 - The number of microrganisms and dehydrogenases` activity in materials (beginning of experiment).
Groups of microorganisms

Sewage sludge
1992.01·106
198.34·105
1723.12·105
0

Bacteria
Molds
Actinomycetes
Salmonella spp.
Helmints eggs (ATT)

0

Dehydrogenases activity
TPF = triphenyl formazone

0.06

Wheat straw
Maize straw
cfu·g-1 d.m. of material
10.09·106
67.22·106
11.33·105
65.21·105
5
82.33·10
62.22·105
0
0
piece⋅kg-1 d.m.
0
0
µmol TPF·g-1 d.m. of compost·5h-1
0.005
0.001

The composting process was conducted under controlled conditions in four 160 dm3 volume chambers (K1,
K2, K3, K4) of a bioreactor (Fig. 1). The composted material comprised sewage sludge together with sawdust and
maize, lupine and wheat straw (Table 1). Results of microbiological analyses of the applied biowastes are summarized in Table 2.
The composting process in the bioreactor was conducted for a period of three months, and the composted
material was subjected to air flow of the same intensity
(3.5 dm3·min-1). In order to control the correctness of the
course of the composting process, measurements of selected process parameters were taken systematically (pH,
ammonia and carbon dioxide concentrations).

Lupin straw

Sawdust

14.66·106
22.44·105
87.90·105
0

23.01·106
201.87·105
478.56·105
0

0

0

0.004

0.001

The obtained mature composts were mixed with high
moor peat at appropriate proportions. Plants growing in
deacidified high moor peat supplemented with 3 g·L-1 of
slow-release fertilizer Osmocote 3-4 M (Table 3) were
treated as a control group. Substrates prepared as described
above were subjected to chemical analyses (Table 4).
Seedlings of garden verbena were planted into pots of
9 cm in diameter and cultivated in a glasshouse. No topdressing was applied in the course of cultivation. After
three months of cultivation, in the course of flowering,
measurements of the following morphological features
were taken: plant height, number and length of shoots,
number of buds and inflorescences. Leaf greenness index
(SPAD) was also assessed, using a hand-held N-Tester
device (Yara) for this purpose.

TABLE 3 - Percentage composition of substrates used under cultivation of verbena.
Combination
K (control)
K1 I
K1 II
K1 III
K2 I
K2 II
K2 III
K3 I
K3 II
K3 III
K4 I
K4 II
K4 III

Composition (%)
100% peat
75% peat+25% compost
50% peat +50% compost
25% peat +75% compost
75% peat +25% compost
50% peat +50% compost
25% peat +75% compost
75% peat +25% compost
50% peat +50% compost
25% peat +75% compost
75% peat +25% compost
50% peat +50% compost
25% peat +75% compost
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TABLE 4 - Chemical properties of substrates.
Combination
K (control)
K1I
K1II
K1III
K2I
K2II
K2III
K3I
K3II
K3III
K4I
K4II
K4III

Volumetric weight
(g·dm3)
300
360
420
500
340
370
430
310
370
380
350
390
440

N-NO3
651
203
429
607
351
378
505
813
1150
1600
408
423
472

mg dm3 substrate
K
Ca
610
1650
510
2530
970
2500
1500
2200
300
2750
640
2460
1100
2250
290
2400
590
2500
870
2030
310
2300
670
2050
950
1450

P
229
385
532
696
318
504
680
259
466
606
229
311
451

The main factor determining the moment of sample
collection adopted in the methodological assumption was
the current developmental phase of verbena plants: date I
– seedling phase (14.03.2009); date II – phase of vegetative development (18.04.2009); and date III – phase of
plant flowering (7.05.2009).
Microbiological analyses were performed on the basis
of Koch’s plate method involving determination (using
selective substrates) of the numbers of colony forming
units (cfu) of heterotrophic bacteria, molds and actinomycetes. Estimation of cfu numbers of the above-mentioned
microorganisms is a measure of their intensity of current
high metabolic activity.
The number of heterotrophic bacteria was determined
on Merck standard agar, after 5-6 days of incubation at 28
o
C [20]. Molds were determined on Martin substrate for 5
days at 24 oC [21], and numbers of actinomycetes were
assessed on a selective Pochon substrate [22] following
plate incubation for 7 days at 26 oC.
In addition, the activity of dehydrogenases in the collected samples of the composted material was determined
spectrophotometrically at 485 nm, employing as a substrate 1% TTC (triphenyl tetrazolium chloride) following
a 24-h incubation at 30 oC. Enzyme activity was expressed in µmol triphenyl formazone (TPF)·g-1 substrate
DM 24h-1 [23], since the examination of enzymatic activity reflects the microbiological activity of substrates
against the background of the traditional determination
method of total numbers of microorganisms by Koch’s
plate method.
The sewage sludge employed in the described experiments was subjected to sanitary purity analyses in
order to rule out the presence of Salmonella spp. bacteria
as well as live eggs of parasites of Ascaris, Trichuris and
Toxocara genera.
Salmonella spp. were determined on XLT 4 medium
(Merck) after 18-24 h at 35 oC [24]. In order to make sure
that the isolated bacteria were those of Salmonella spp.
genus, Polish Standard PN-Z-19000-1 [25] procedures
were followed, performing a confirming identification.

Mg
197
416
567
742
311
418
596
265
388
515
232
348
389

Cl
72
190
338
551
132
206
376
120
181
252
138
240
330

g NaCl·dm3
6.00
3.54
6.00
7.32
2.69
3.59
5.04
4.44
6.12
7.26
2.70
3.90
4.56

Eggs of parasites from Ascaris spp., Trichuris spp.
and Toxocara spp. genera were isolated from the sewage
sludge used in the experiment with the assistance of a
floating method [26].
Statistical analyses employed in the experiment were
performed using the STATISTICA 8.0 program [27].
3. RESULTS AND DISCUSSION
Composting is a method which allows management
of many different, apparently useless, wastes [28]. In our
own experiments, four composts were used in which the
main component was sewage sludge supplemented with
straw and sawdust.
As demonstrated by investigations of Raviv et al. [29],
sewage sludge should be mixed with peat as it minimizes
the negative impact of the sludge alone, among other
things, on high salinity. Also Wiater and Kryluk [30]
reported that excessive doses of sewage sludge led to
increased salinity inhibiting plant growth and development due to disadvantageous physical properties. The above
was also corroborated by chemical analyses carried out
during our own investigations showing that the lower the
addition of peat, the higher the substrate salinity (Table 4).
In cultivations of bed flowers, it is possible to use 20-50%
addition of sewage sludge [31, 32]. In the discussed trials,
proportions recommended in the literature were used, and
a higher 75% dose was applied.
On the basis of the obtained research results, a significant influence of substrates supplemented with sewage
sludge was observed on growth and flowering of ‘Quartz
Blue’ garden verbena. In addition, the composition of the
compost prepared from sewage sludge, straw and sawdust
was also found to play a significant role.
All plants cultivated on substrates with the addition of
sewage sludge exhibited appropriate appearance as well
as healthy and properly formed leaves, which means that
the addition of sewage sludge can partially replace peat,
whose resources are exploited intensively. This is also eco-
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TABLE 5 - The influence of compost media on morphological traits of Verbena x hybrida.
Trait

Combination
K1
Control
18.7 ab
75% peat+25% compost
22.1 cd
Height of plant (cm)
50% peat+50% compost
18.0 a
25% peat+75% compost
18.2 a
Control
5.0 bcd
75% peat+25% compost
6.2 e
Number of shoots
50% peat+50% compost
5.0 bcd
25% peat+75% compost
5.4 cde
Control
13.7 abcd
75% peat+25% compost
12.7 abc
Length of shots (cm)
50% peat+50% compost
11.3 ab
25% peat+75% compost
11.4 ab
Control
1.6 ab
Number of inflores- 75% peat+25% compost
1.2 a
cences
50% peat+50% compost
1.0 a
25% peat+75% compost
1.0 a
Control
6.1 a
Number of inflores- 75% peat+25% compost
9.4 def
cences buds
50% peat+50% compost
6.5 ab
25% peat+75% compost
6.8 abc
Control
50.7 c
Greening index of
75% peat+25% compost
49.6 bc
leaves (SPAD)
50% peat+50% compost
58.8 d
25% peat+75% compost
56.4 d
Means followed by the same letter do not differ significantly at α = 0.05.

nomically justified because, according to Ingelmo et al.
[13], the cost of substrates supplemented with sewage
sludge is lower by 20-40%.
The tallest plants were obtained on the K3 substrate
with 75% addition of peat. The smallest influence on
height was observed in plants growing on substrate K1,
with the exception of 75% peat supplementation (Table 5).
Also numbers of shoots of garden verbena were observed
to be differently affected by the applied substrates. The
largest number of shoots was developed by plants growing on K1 and K3 substrates with 75% addition of peat as
well as on K2 substrate with 75% addition of compost.
Similar results were reported by Dobrowolska et al. [14]
in cultivations of Wallerian touch-me-not and New Guinea touch-me-not. Taking into account shoot length, the
longest shoots, in comparison with the control group,
were formed by plants growing on substrate K3 with 50%
addition of peat.
Flowering of experimental plants was only slightly
influenced by communal sewage sludge and, in fact,
plants from all experimental substrates did not differ
significantly in comparison with the control plants. The
only exception was substrate K4 with 75% peat supplementation, in which plants were characterized by a greater
number of inflorescences. When analysing the next trait –
the number of inflorescence buds, which is also referring
to plant flowering – it was found that bud development
was significantly dependent on the type of substrate as
well as the proportion of peat in those substrates. Distinctly more flower buds were observed in plants growing
in K1 and K4 substrates, i.e. combinations with lower
(25%) peat supplementation. In the remaining combina-

K2
18.7 ab
21.4 bcd
22.1 cd
20.9 abcd
5.0 bcd
4.1 ab
4.8 abc
6.0 de
13.7 abcd
10.5 a
13.3 abcd
15.0 cd
1.6 ab
2.1 bc
8.1 bc
1.6 ab
6.1 a
6.3 a
9.3 cdef
10.5 f
50.7 c
43.0 a
47.2 abc
46.8 abc

K3
18.7 ab
26.1 e
20.0 abc
23.0 cd
5.0 bcd
6.2 e
4.8 abc
5.4 cde
13.7 abcd
13.7 abcd
19.0 e
13.6 abcd
1.6 ab
1.4 ab
1.8 ab
1.5 ab
6.1 a
8.8 bcdef
7.5 abcde
9.0 cdef
50.7 c
42.9 a
47.0 abc
46.0 abc

K4
18,7 ab
21.0 abcd
22.9 cd
23.9 de
5.0 bcd
4.0 a
5.3 cde
5.8 cde
13.7 abcd
14.2 bcd
16.3 de
16.3 de
1.6 ab
2.7 c
1.5 ab
1.7 ab
6.1 a
7.0 abcd
9.1 cdef
10.0 ef
50.7 c
43.6 a
45.4 ab
47.2 abc

tions, with the exception of substrates K1 (50% peat
+50% compost) and K2 (75% peat + 25 % compost), the
experimental plants formed more buds in comparison
with the controls.
Some species of ornamental plants, for example,
Gloxinia sylvatica, Lysimachia congestiflora and Justicia
carnea, can respond with a slight growth inhibition and
weakening of flowering [32].
One of the factors exerting a decisive impact on plant
quality is leaf colour, which can be determined on the
basis of its greenness index (SPAD). In our experiments,
leaves of higher SPAD values were observed only in the
case of substrate K1 with 50% and 25% peat supplementation. No significant differences were observed between
plants in the remaining treatments. Results reported by
other researchers (Krzywy et al. [15], Zawadzińska and
Klessa [33], Dobrowolska et al. [14]) confirm the lack of
an effect of composts prepared from sewage sludge on the
leaf greenness index.
It was concluded, on the basis of data in Fig. 2, that
the greatest number of heterotrophic bacteria occurred,
irrespective of the kind of the applied combination, on the
first date of examination (the phase of seedling planting).
In addition, it was found that, at this date, the highest
number of the discussed microorganisms was recorded in
combination K3 I, which, apart from 75% peat content,
also contained 25% compost consisting of sewage sludge,
peat and lupine straw. The statistical analysis revealed
that, on the first date of examination, differences in the
numbers of bacteria, in comparison with the control
treatment, were statistically highly significant only in the
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case of some of the applied objects (Fig. 2). The significant differences in numbers of the discussed microorganisms between the analysed combinations on the abovementioned date were probably associated with different
substrate chemical compositions (Table 4).
On the next date of analyses (II – phase of vegetative
growth), proliferation of bacterial cells in the analysed
material declined rapidly, which could have been associated with changes in quantitative and qualitative composition of plant root secretions. According to Garcia et al. [34]
and Pietr [35], the composition of root secretions depends
not only on plant species or variety but also on their developmental stage. Różycki and Strzelczyk [36] as well as
Barabasz and Smyk [37] maintained that root secretions
can either stimulate or inhibit the development and activity of microorganisms in the substrate. Szember [38] as
well as Niewiadomska et al. [39] claimed that the highest
number of bacteria usually occurs during the stage of
plant intensive growth.
It is evident from our own results that numbers of
bacteria in samples collected from substrates on the last
date of analyses (III) depended on the type of combination. In mixtures containing compost K1 (I-II), K2 (I-III)
and K3 (I-III), further declines in bacterial counts were
observed. On the other hand, in combinations containing
compost K4 (sewage sludge + sawdust + fresh maize
straw), bacteria multiplication increased.
The above phenomenon can be explained by the fact
that the analysed substrates were characterized by differences in chemical composition (Table 4). Substrate K4
could still contain a certain amount of easily-decomposed
organic compounds capable of providing nutrients for
microorganisms.
When analysing results of statistical analyses presented
in Table 6, it was concluded that the pH value of the ex-

phase I

phase II

perimental substrates exerted a significant impact on changes
in heterotrophic bacteria. According to Wysocki and
Lira [40], at values of Pearson`s linear correlation coefficient 0.2≤│ς│<0.5, the relationship between traits was
weak, whereas at │ς│<0.2, it practically ceased to exist.
Krogulec [41] maintained that the appropriate pH in the
compost bulk ensures appropriate environmental conditions for the development of microorganisms. Individual
genera, or even species and strains of microorganisms,
require specifically defined and optimal pH values.
Analysing data presented in the form of Fig. 3, it was
found that the pH value in the examined combinations, on
the first date of analyses (I), ranged from 5.9 to 6.9, while
on the second (II), substrate reactions varied depending
on the combination. A slight increase in pH was recorded
in the majority of the experimental substrates only on the
last date of analyses.
Furthermore, when analysing data presented in Fig. 2,
it was observed that the highest mean bacterial counts on
all dates of analyses occurred in combination K3 I (75%
peat + 25% compost K3) being 1463.30 cfu·105·g-1 DM,
whereas the lowest number of bacteria on all analysed
dates was recorded in the K1 III combination (25% peat +
75% compost K1), where it reached 220.74 cfu·105·g-1
DM. This could have been caused by considerable differences in the substrate pH values (Fig. 3), or different
chemical composition of substrates (Table 4).
The next group whose growth dynamics were assessed in the experiments was that of actinomycetes. It is
a very important group of microorganisms inhabiting all
natural and artificial ecosystems, and its role is associated
with the mineralization of organic compounds, both simple and those difficult to break down, e.g. lignins. Their
metabolites, such as antibiotics, dyes and vitamins, affect
the microflora which accompanies them in a given sub-

phase III

3500

I term
LSD 0,01=1122,97
LSD 0,05=905,55
II term
LSD 0,01=778.02
LSD 0,05=627.38
III term
LSD 0,01=433.05
LSD 0,05=349.20

10 5 cfu• g -1 d.m. of substrate
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FIGURE 2 - The changes of the total bacterial number.
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FIGURE 4 - The changes of the total actinonycetes number.

strate [42]. According to Newman et al. [43], two-thirds
of antibiotics are produced by actinomycetes, of which
75% are attributed to the Streptomyces genus. It is evident
from experiments carried out by Franco-Correa et al. [44]
that some strains of actinomycetes are able to improve
plant growth and nutrition. Microbiological investigations
carried out in this study, further corroborated by statistical
analysis (Fig. 4), demonstrated that changes in numbers of
actinomycetes in our experiments depended on both the
kind of the applied substrate and the plant developmental
stage.

In the analysed experimental material, proliferation of
actinomycetes followed an identical course as in the case
of bacteria (Fig. 2). The highest number of the discussed
microorganisms was recorded on the first date of analyses,
and with the passage of time, in the majority of the experimental combinations, multiplication of actinomycetes continued to decline during the next two developmental phases
of verbena.
Changes in numbers of actinomycetes in the analysed
experimental combinations during the successive phases
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of verbena development could have been associated with
changes in the quantitative and qualitative composition of
root secretions, as confirmed by experiments carried out by
Wielgosz et al. [45], who claimed that root secretions
change substrate physicochemical properties and, by doing
so, they also exerted an influence on microorganisms.
Barabasz and Smyk [37] maintained that plant roots can
also secrete such substances as saponins, glucosides or
hydrocyanic acid, which can exert a toxic effect on some
soil microorganisms.
According to Ivanow et al. [46], root secretions of
verbena contain, among other things, the glycoside verbalin as well as gentian substances. On this basis, it can
be presumed that the main factor contributing to reduced
numbers of actinomycetes on the 2nd and 3rd dates of
analyses was the composition of secretions of plant roots.
It is clear from the data presented in Table 6 that pH
values turned out to be a factor significantly affecting
changes in numbers of actinomycetes but only in some
combinations. According to Zakharowa et al. [47], the
majority of actinomycetes require a neutral or slightly basic
substrate reaction for optimal growth and development. On
the other hand, Phoebe et al. [48] found that some strains
of actinomycetes are capable of growth in extreme environmental reactions, i.e. basic or acid.
The analysis of the data presented in Fig. 4 also revealed that the highest mean numbers of actinomycetes on
all the dates of analysis occurred in combination K1 II
(50% peat + 50% compost K1), whereas the lowest one
was recorded in combination K1 III (25% peat + 75%
compost K1). This phenomenon could have been the
consequence of discrepancies in the substrate pH values
(Fig. 3), or differences in substrate chemical composition
(Table 4).
Alongside bacteria and actinomycetes, molds constitute another group of microorganisms which play a key
role in the nutrient circulation of soil due to production of
a wide spectrum of enzymes [49]. In addition, it was also

demonstrated that some species of mould fungi produce
several secondary metabolites with a broad spectrum of
antimicrobial activity [50-52]. For example, Trichoderma
virens produces gliotoxin and gliovirin, which, according
to Howell [53], exert an inhibitory influence on the development of plant pathogens.
The microbiological analysis of experimental substrates presented in Fig. 5 showed that – as in the case of
bacteria and actinomycetes – also molds were observed to
decrease their numbers on the next (2nd) date of analyses.
It is quite probable that, as in the case of other groups of
microorganisms, the above phenomenon was associated
with changes in quantitative and qualitative composition
of plant root secretions. Paul and Clark [54] observed that
the composition of plant root secretions depends on many
factors but primarily on the plant species and its developmental stage, temperature and moisture content, as well
as on the redox potentials of the substrate and its reaction.
The comparison of mold numbers among the analysed experimental treatments revealed that, on the 1st
date of analyses, their highest and statistically significant
development was recorded in combination K2 III (25%
peat + 75% compost K2), while the lowest was observed
in object K1 III (25% peat + 75% compost K1) (Fig. 5).
Differences in mould counts in the above-mentioned
combinations were most likely attributable to differences
in substrate chemical composition (Table 4) because the
pH value in both cases was at a similar level (Fig. 3).
During the flowering phase of verbena, another increase of proliferation of mould fungi took place in the
majority of experimental combinations.
It can be presumed that one of the main factors affecting changes in numbers of the discussed microorganisms
in the analysed combinations was the composition of
plant root secretions. Nevertheless, based on the results of
the statistical analysis presented in Table 6, it is apparent
that pH values in the examined material could also have a
significant impact on numbers of fungi.

TABLE 6 - Pearson`s correlation coefficient between the number of chosen groups of microorganisms. enzymatic activity in composts, and
pH value of substrates.
Combination
K (control)
K1 I
K1 II
K1 III
K2 I
K2 II
K2 III
K3 I
K3 II
K3 III
K4 I
K4 II
K4 III

Bacteria x pH
0.92
-0.98
-0.99
-0.85
0.97
-0.99
-0.99
0.99
-0.97
-0.85
-0.66
-0.47
0.67

Pearson Correlation Coefficient
Molds x pH
Actinomycetes x pH
-0.78
0.95
0.71
-0.99
0.74
-0.99
-0.85
0.05
0.39
0.98
-0.52
-0.96
-0.99
-0.99
-0.02
0.84
-0.79
-0.31
-0.77
-0.95
-0.83
-0.98
0.67
-0.70
0.16
0.12
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Dehydrogenases x pH
-0.80
0.81
-0.35
0.98
0.76
0.21
0.59
-0.85
0.80
0.28
0.66
0.64
0.23
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FIGURE 5 - The changes of the total molds number.

TABLE 7 - Pearson`s correlation coefficient between the number of chosen groups of microorganisms and enzymatic activity in composts.
Combination
K (control)
K1 I
K1 II
K1 III
K2 I
K2 II
K2 III
K3 I
K3 II
K3 III
K4 I
K4 II
K4 III

Bacteria x Dehydrogenases
-0.52
-0.72
0.39
-0.76
-0.60
-0.09
-0.49
-0.82
-0.64
0.25
0.11
0.36
0.87

Pearson Correlation Coefficient
Molds x Dehydrogenases
0.99
0.98
0.36
-0.76
0.29
0.72
-0.52
0.54
-0.28
0.37
-0.14
0.99
0.87

Dehydrogenases are believed to play a special role in
the process of biological oxidation of organic material by
microorganisms [55]. According to Tiquia et al. [56], the
activity of dehydrogenases can be used as an indicator of
total numbers and activity of microorganisms in a given
substrate. It is also evident from observations made by
Benitez et al. [57] that high dehydrogenases` activity correlated positively with high activity of microorganisms and.
hence. can act as a sensitive indicator of the extent of organic matter mineralization in the substrate.
Data in Table 7 indicate that the activity of dehydrogenases, to a greater extent, correlated negatively with
numbers of bacteria and actinomycetes than with that of
mould fungi. According to Brzezińska and Włodarczyk
[19], this index of the metabolic activity of microorganisms relates, in particular, to bacteria and actinomycetes.
On the other hand, Pędziwilk and Gołębiowska [58],
as well as Lynch and Panting [59], reported that the number of microorganisms does not always correlate posi-

Actinomycetes x Dehydrogenases
-0.61
-0.75
0.40
0.22
-0.63
0.04
-0.54
-0.44
0.31
0.007
-0.53
0.99
0.99

tively with the level of metabolic activity of microorganisms, which, according to the above researchers, means
that microorganisms that have abundantly proliferated in
a given environment can exhibit low activity.
Analysing changes in dehydrogenase activity in experimental combinations (Fig. 6), it was concluded that
their course corresponded to changes in numbers of microorganisms. So the highest dehydrogenase activity in
the majority of experimental mixtures was recorded during the phase of plant flowering (date III), especially in
combination K3 I (75% peat + 25% compost K3). Date II
(phase of vegetative growth) was, in turn, characterised
by the lowest level of substrate biochemical activity. In
addition, the activity of dehydrogenases in the control
combination (K) was never found to differ statistically
significantly from the experimental combinations (with
the exception of combination K3 I).
Changes in the activity of dehydrogenases at individual dates of analyses could have been caused by the pres-
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FIGURE 6 - The changes of the dehydrogeneses activity.

ence degradable root secretions in the substrate. Moreover, Koper and Piotrowska [60] found that roots themselves are a source of soil enzymes and, therefore, they
can change the substrate enzyme pool not only quantitatively but also qualitatively. Moreover, it is evident from
the results presented in Table 6 that one of the factors,
which can affect levels of dehydrogenase activity in a given
substrate, is the pH value. The above conclusion was corroborated by the results of Fuchs [61] and Sundgerg et al.
[62], who claimed that pH value, alongside temperature
and organic matter content, is one of the main factors influencing levels of metabolic activities of microorganisms.
4. CONCLUSIONS
Communal sewage sludges can be used in cultivation
of garden verbena. Their action depends on the components applied during the composting process as well as on
the proportion of the compost in the substrate.
Plants growing in substrates containing sewage sludge
grew correctly, and their appearance was not different from
plants cultivated in traditional substrate.
The tallest plants were obtained from the substrate
which consisted of 75% peat and 25% compost, the latter
of which contained 50% sewage sludge, 30% lupine straw
and 20% sawdust.
The applied substrate failed to affect the number of
inflorescences, with the exception of substrate K4, with a
predominance of peat.
The applied substrates stimulated the development of
inflorescence buds with the exception of combinations K1
II (50% peat +50% compost) and K2 I (75% peat + 25%
compost).
Substrates based on sewage sludge did not exert a
significant effect on the leaf greenness index, with the
exception of substrates K1 containing 50 and 25% peat.

It was found that experimental composts, irrespective
of their dose and proportion in the substrate, exerted the
strongest impact on the stimulation of actinomycetes and
molds development and influenced, to a lesser degree, the
development of heterotrophic bacteria.
The lowest mean activity of dehydrogenases was also
recorded in the control combination.
However, none of the applied composts was found to
stimulate simultaneously proliferation of all the analysed
groups of microorganisms. So, the development of bacteria was optimally stimulated by addition of compost K3 to
peat, that of actinomycetes by K1, and that of molds by
K4.
It was observed that verbena developmental phase
and substrate pH value turned out to be the main factors
affecting changes in numbers of all the examined groups
of microorganisms, as well as the activity of dehydrogenases.
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ABSTRACT
In this study, the effect of salt concentration on growth
characteristics and pigment accumulation of two strains of
Dunaliella viridis Teodoresco (Ayvalık and Dalyan) which
were cultured both at the laboratory and outdoor conditions
were studied. The highest growth was found at 2M NaCl
(1.33±0.12 d-1) for outdoor conditions. The highest cell
numbers were observed at Ayvalık strain for both laboratory (8.06±0.40 x106cell ml-1) and outdoor conditions
(5.83±0.19 x106cell ml-1). The minimum cell numbers
determined at 3M NaCl cultures for laboratory experiments
while it was found at 1M NaCl for outdoor cultures. It
was measured that the cell volume of laboratory cultures
(67.6±14.4 - 198.7±9.8 µm3) were higher than outdoor
cultures (48.7±9.7 - 110.5±4.9 µm3). The total chlorophyll
(a+b) and carotenoid contents were the highest at laboratory cultures for all salinity concentrations (p<0.05). The
total chlorophyll and carotenoid concentration increased
with salinity increase at outdoor conditions. In this study,
growth rates, cell density and pigment content of two
strains of D. viridis (Ayvalık and Dalyan) was determined
and compared both under controlled laboratory and outdoor conditions with different salinity regimes. The results showed that the growth parameters and the pigment
composition of D. viridis Ayvalık and Dalyan strains were
strongly dependent on salinity.

KEYWORDS: Dunaliella viridis, growth parameters, pigment
composition, cell density, salinity.

1. INTRODUCTION
The green microalgae of the genus Dunaliella are the
main primary producers in salt lakes and the evaporation
ponds of the saltworks, and they show a remarkable degree of adaptation to various salt concentrations from 0.2 %
* Corresponding author

to 35 % [1-3]. This genus has no rigid cell wall, and the
microalgae can change the cell shape and cell volume
rapidly [4]. D. viridis Teodoresco and D. salina (Dunal)
Teodoresco is dominant phytoplankton organisms in salt
lakes and saltworks [5].
Many studies have been carried out on D. viridis, and
they have centered on biology of the organisms and the
growth responses [6-10]. A number of variables such as
salinity, temperature and light intensity affect the growth
of D. viridis. The optimal values vary according to the
species and strains [6, 8, 10 -13].
The microalgae culture studies focus on physiological
characterization of species or strains for evaluating the
desirable characteristics of them [8]. The aim of this study
was to determine and compare the growth rates, cell density and pigment content of two D. viridis strains (Ayvalık
and Dalyan), which are potential candidates for producing oxygenated carotenoid, both under controlled laboratory and outdoor conditions with different salinity regimes.
The results of this study will play an important role for
mass cultivation of these strains.
2. MATERIALS AND METHODS
Dunaliella viridis cells were isolated from Ayvalık
solar saltworks (39o15’51.97” N, 26o43’01.38” E; Balıkesir, Turkey) and Dalyan salt lake (39o45’22.93” N,
26oC08’31.80”E; Çanakkale, Turkey). The stock cultures
were established under laboratory conditions (25 ±1oC, 50
µmol photon m-2s-1) in a Modified Johnson Medium [14]
at 2M NaCl.
The laboratory and outdoor culture experiments were
conducted under continuous shaking, with three replicates.
The laboratory experiments were carried out at 1 L culture
vessels and, three salinity concentrations (1M, 2M and 3M)
were tested. The irradiance of 50 µmol photon m-2s-1 (cool
white fluorescent light) with 25 ±1oC temperature was
used for laboratory experiments. The study was carried
out for 30 days. The outdoor experiments were performed
at 2 L rectangle culture vessels. Three salinities (1M, 2M
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and 3M NaCl) had been studied for 35 days. No temperature regulation or additional illumination was provided to
the outdoor cultures. The circulation of the cultures was
achieved by bubbling air at the rate of 0.5 L min-1. The
light intensity was measured with a LI – 250A light meter. The temperatures of the outdoor cultures were monitored with hand thermometer.
The cells were counted using a Neubauer hemocytometer and a microscope. The total chlorophyll (a+b) and
carotenoid contents were found spectrophotometrically in
90 % acetone using the equations of Scor-Unesco [15]. The
specific growth rate (µ) was calculated as in the following
equation: µ=lnX2-lnX1/t2-t1
Where, X2 and X1 represent the cell density at the
times t2 and t1, respectively.
The data concerning specific growth rate, cell number, cell volume, total chlorophyll and total carotenoid
contents for two groups were analyzed by one-way
ANOVA. All variables in two strains were compared using
the Student’s t-test. Before the ANOVA and/or t-test, all
data were checked for homogeneity of variance and normal
distribution [16].
3. RESULTS
3.1. Laboratory Experiments

The Dalyan strain showed higher specific growth rates
than the Ayvalık strain at all NaCl concentrations (p<0.05).
The highest growth was found at 2M NaCl (1.11±0.05 d-1)
for the Dalyan strain. The Ayvalık strain showed maximum growth at 2M NaCl concentrations (0.40±0.05 d-1).
There was no significant difference between 1M and 3M
NaCl concentrations (p>0.05) (Table 1). The highest cell
density was determined at 2M NaCl (8.06±0.40 x 106 cell
ml-1) for the Ayvalık strain. There was no significant difference between 1M NaCl to 2M NaCl (p>0.05), but the

cell number was significantly low at 3M NaCl (p<0.05)
for this strain (Table 1). The maximum cell number was
found at 2M NaCl (5.97±0.16 x106 cell ml-1) for the Dalyan
strain. The statistically significant differences were determined among the cell numbers of the groups (p< 0.05) for
this strain (Table 1). The cell volume in both strains increased in response to increasing NaCl concentrations
(Table 1). The maximum cell volumes were calculated at
3M NaCl concentrations for both strains. The significant
differences in cell volumes were found in all NaCl concentrations (p<0.05) for both strains.
The Dalyan strain exhibited almost two times higher
total chlorophyll content (a+b) than the Ayvalık strain (Fig 2
and Table 1). The total chlorophyll content of the Ayvalık
strain ranged from 1.51±0.12 to 1.81±0.08 pg cell-1. There
was no statistically significant difference between 1M to
3M NaCl concentrations (p>0.05) for the Ayvalık strain.
The total chlorophyll content of the Dalyan strain changed
from 2.35±0.13 to 3.47±0.11 pg cell-1 (Figure 1 and Table 1).
The significant differences were observed among the salt
concentrations (p<0.05) for the Dalyan strain. The carotenoid content of the Dalyan strain (1.47±0.08 pg cell-1)
was higher than the content of the Ayvalık strain (1.00±
0.02 pg cell-1) (Figure 2 and Table 1). The carotenoid
content of the Ayvalık strain varied from 0.82±0.03 to
1.00±0.02 pg cell-1 (Table 1). The significant differences
were found among the NaCl concentrations (p<0.05) for
the Ayvalık strain.
3.2. Outdoor Experiments

The light intensity of the sun was high during the season when the experiments were carried out. The highest
light intensity was determined as 1850±160 µmol photon
m-2s-1. The maximum water temperature of the cultures
was determined as 30±1.7oC during the experiments.
The changes in specific growth rates are shown in
Table 2. The Ayvalık strain showed lower specific growth
rates than the Dalyan strain (p<0.05). The highest specific

FIGURE 1 - Changes in total chlorophyll contents of D. viridis Ayvalık strain (a) and Dalyan strain (b) at laboratory conditions.
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FIGURE 2 - Changes in total carotene contents of D. viridis Ayvalık strain (a) and Dalyan strain (b) at laboratory conditions.

TABLE 1 - Effect of salt concentrations on specific growth rate, cell number, cell volume, total chlorophyll and total carotenoid of both D.
viridis Ayvalık and Dalyan strains at laboratory conditions.
Ayvalık Strain
Dalyan Strain
Parameters
1M NaCl
2M NaCl
3M NaCl
1M NaCl
2M NaCl
3M NaCl
Specific growth rate (d-1)
0.28±0.03Bb
0.40±0.05Ab
0.27±0.04Bb
0.55±0.04Ba
1.11±0.05Aa
0.47±0.05
Cell No.
(x106 cell ml-1)
7.51±0.52Aa
8.06±0.40Aa
4.19±0.20Ba
5.12±0.13Bb
5.97±0.16Ab
4.66±0.17Ca
Cell volume (µm3)
125.9±13.5Ba
152.3±14.9ABa
172.6±22.6Aa
67.6±14.4Cb
114.1±2.0Bb
198.7±9.8Aa
Total chlorophyll (pg cell-1)
1.51±0.12Bb
1.81±0.08Ab
1.53±0.04Bb
2.35±0.13Ba
3.47±0.11Aa
2.83±0.17Ba
Total carotenoid (pg cell -1)
0.92±0.10Ba
1.00±0.02Ab
0.82±0.03Ba
0.89±0.12Ba
1.47±0.08Aa
0.80±0.20Ba
Different capital letters (A-C) show the significant differences among the NaCl concentrations of the strains according to ANOVA results (p<0.05).
Different lower letters (a-b) show the significant differences between the strains according to t-tests results (p<0.05).

FIGURE 3 - Changes in total chlorophyll contents of D. viridis Ayvalık strain (a) and Dalyan strain at outdoor conditions

growth was noted at 1M NaCl concentrations (1.73±0.27
pg cell-1) for the Dalyan strain. The lowest specific
growth rate was found at 2M NaCl (0.24±0.05 d-1) for the
Ayvalık strain. There was no significant difference between 1M to 2M NaCl concentrations (p>0.05). The specific growth rates were significantly high at 3M NaCl
(0.45±0.05 d-1) (p<0.05) for the Ayvalık strain (Table 2).
The maximum cell number was measured at 2M
NaCl (5.83±0.19 x106 cell ml-1) for the Ayvalık strain.

There were significant differences among the NaCl concentrations (p<0.05) (Table 2). The highest cell number
was determined at 1M NaCl (4.92±0.26 x106 cell ml-1) for
the Dalyan strain, and no statistically significant difference was found (p>0.05). The cell volumes in both strains
increased when NaCl concentrations increased (Table 2).
The minimum cell volumes were calculated at 1M NaCl
concentrations for both strains. The significant differences
in cell volumes were determined for all NaCl concentrations of the two strains (p<0.05).
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TABLE 2 - Effect of salt concentrations on specific growth rate, cell number, cell volume, total chlorophyll and total carotenoid of both D.
viridis Ayvalık and Dalyan strains at outdoor conditions
Ayvalık Strain
Dalyan Strain
Parameters
1M NaCl
2M NaCl
3M NaCl
1M NaCl
2M NaCl
3M NaCl
Specific growth rate (d-1)
0.26±0.04Bb
0.24±0.05Bb
0.45±0.05Aa
1.73±0.27Aa
1.33±0.12Aa
0.28±0.05Bb
Cell No. (x106 cell ml-1)
3.89±0.13Cb
5.83±0.19Aa
4 .92±0.26Ba
4.92±0.38Aa
4.65±0.24Ab
4.70±0.23Aa
3
Ba
Ba
Aa
Ba
Ba
Cell volume (µm )
58.8±11.1
70.7±7.1
107.0±8.4
48.7±9.7
65.4±8.9
110.5±4.9Aa
Total chlorophyll (pg cell-1)
1.45±0.12Ba
2.02±0.12Aa
1.97±0.09Aa
1.25±0.16Ba
0.86±0.12 Bb
2.29±0.21Aa
Total carotenoid (pg cell -1)
1.46±0.02ABa
1.43±0.02Ba
1.48±0.01Ab
1.29±0.13Ba
0.88±0.13Cb
1.55±0.07Aa
Different capital letters (A-C) show the significant differences among the NaCl concentrations of the strains according to ANOVA results (p<0.05).
Different lower letters (a-b) show the significant differences between the strains according to t-tests results (p<0.05).

FIGURE 4 - Changes in total carotene contents of D. viridis Ayvalık strain (a) and Dalyan strain at outdoor conditions

The maximum total chlorophyll content (a+b) was
determined at 3M NaCl (2.29±0.21 pg cell-1) for the
Dalyan strain. The total chlorophyll content changed from
1.45±0.12 (1M NaCl) to 2.02±0.12 pg cell-1 (2M NaCl) for
the Ayvalık strain. The minimum total chlorophyll content
was measured at 2M NaCl concentrations (0.86±0.12 pg
cell-1) for the Dalyan strain (Figure 3 and Table 2). The
total chlorophyll contents of the groups showed statistically significant differences (p<0.05) for the Dalyan strain.
The carotenoid content of the Ayvalık strain ranged from
1.43±0.02 to 1.46±0.02 pg cell-1. The lowest carotenoid
content was found at 2M NaCl concentrations (0.88±0.12 pg
cell-1) for the Dalyan strain, and there were significant differences among the groups (p<0.05). The highest carotenoid
content was determined at 3M NaCl cultures for the Dalyan
strain (1.55±0.07 pg cell-1) (Figure 4 and Table 2), and the
statistically significant differences were determined for
carotenoid contents of the groups (p<0.05).
4. DISCUSSION
4.1. Specific growth rates

The Dalyan strain of Dunaliella viridis showed higher
specific growth rates than the Ayvalık strain at all NaCl
concentrations (p<0.05) for both laboratory and outdoor
conditions (Table 1 and 2). The highest growth for labora-

tory cultures was obtained at 2M NaCl, and it decreased
with salinity increase. The salinity concentrations of the
cultures clearly affected the growth rate of the algae. The
results of our study has similarities with those of Jimenez
and Niell [6], Gordillo et al. [8], Borowitzka et al. [12] and
Borowitzka and Borowitzka [13].
The specific growth rates ranged 0.24±0.05 to
1.73±0.27 d-1 in our study. These values were higher than
many studies, which growth rates changed within 0.17 to
1.0 d-1 [7, 8, 10, 17]. Many researchers agreed that the
growth rates of algae were influenced by geographic
localization. The algae, which isolated different geographic distinct, do not adapt to a specific saline condition, but it can tolerate a wide range of salinity concentrations [8, 14, 18]. The maximum growth rates and salinity
response vary among Dunaliella species and even among
the strains of one species [18, 19].
The specific growth rates in laboratory conditions were
lower than in outdoor conditions of both strains. This situation may be related to photon flux density and temperature.
The growth rates probably increased due to high light
photon flux density in outdoor conditions. The low photon flux density (50 µmol photon m-2 s-1) caused slow
growth in laboratory experiments. These results show
similarities with Garcia et al. [8] and Gordillo et al.
[9]. Also, the temperature varied between 22.1±1.2 to
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30.47±2.16oC during a day. After midday hours, the temperature of the cultures reached at 26oC. According to
other studies, the high temperature may cause an increase
in growth rate. The optimum temperature for the growth
of D. viridis changed from 26 to 30oC [6, 8].
4.2. Cell density

The highest cell numbers were observed in the Ayvalık strain for both laboratory and outdoor conditions.
The minimum cell numbers determined at 3M NaCl cultures in laboratory experiments (Table 1). The cell number at 1M NaCl was the lowest among all salinity concentrations for outdoor cultures (Table 2). It was decided that
salinity clearly affected cell density in both D. viridis
strains. These results were similarities with Ak et al. [10].
In addition, the temperature affected cell numbers. The
optimum temperature for the growth of D. viridis was
changed from 26 to 30oC, as has been previously reported
by many authors [6, 20]. The suboptimal temperatures
lead to a linear decrease of the growth rate, and to a significant increase of the maximum cell density [6]. Furthermore, it was determined the maximum growth rate at
26oC for D. viridis Yucatan strain [8]. The situation was
observed our experiments, and results have similarities
with García et al. [8].
Algal cultures, grown outdoors, are usually exposed
to the combination of the environmental stress. The most
common combination is high light and low temperature. It
happens that while changes in light intensity occur in a
range of 1- 2 h, the increase of temperature takes about 4 5 h. This situation negatively affects photosynthesis and
growth of outdoor algal cultures [21]. The effect of low
temperature on photosynthesis and growth of outdoor
cultures of Spirulina in tubular reactors was examined
and, it was found that photoinhibition reduce the daily
productivity of culture by 33 % with respect to another
culture grown at 35oC. In our study, the cell number in
outdoor cultures was lower than laboratory cultures because of the photoinhibition phenomenon.
4.3. Cell volume

The maximum cellular volume of 198.7±9.8 µm3 in
3M NaCl was recorded for the Dalyan strain in laboratory
conditions. It was suggested that D. viridis cell volume to
below 200 µm3 [22], which was within the volume range
for the Ayvalık and the Dalyan strains for both laboratory
and outdoor conditions (Table 1 and 2). It was determined
in another study that there were no significant differences
in D. viridis cell volume with increasing salt concentrations [8]. The changes in D. viridis cell volume are due to
osmoregulation, in which cell regulates the increase of
solute in the medium through glycerol synthesis [22]. In
this study, it was found that the cell volume of the laboratory cultures were higher than outdoor cultures (Table 1
and 2). This situation may be explained by photoacclimation which is response mechanism for adaptation. The
photoacclimation process involves the changes at optical,

biophysical, biochemical, ultra structural, physiological
and molecular levels [21].
4.4. The pigment composition

The total chlorophyll (a+b) and carotenoid concentrations were the highest in laboratory cultures for all salinity concentrations. It was observed that a clear decrease
both total chlorophyll and carotenoid contents with increasing light intensity. The culture grew fast at a higher
light intensity, so pigment accumulation could not be
promoted. By the adaptation of algae to high photon flux
intensity, the dimensions of light harvesting antenna
lessen, and thylakoid membranes become more efficient,
which as a natural process [23-25].
In our study, the total chlorophyll content fluctuated
with raising the salinity. Ak et al [10] measured the chlorophyll a content between 1.34 to 4.09 pg cell-1 in laboratory conditions. Our results were within the range to this
study. It was known that the chlorophyll a and carotenoid
content of culture decreased with increasing salinity [6, 10,
26]. In the present study, the maximum carotenoid content
per cell obtained in outdoor cultures (1.55±0.07 pg cell-1).
The carotenoid content of D. viridis changed 0.4 to 1.5 pg
cell-1 in many studies [3, 7, 14, 20]. The total chlorophyll
and carotenoid concentration was high with salinity increase in outdoor conditions. The pigment concentrations
of the cultures were rising at 2M NaCl, and then they
decreased at 3M NaCl. However, the minimum total chlorophyll and carotenoid contents were found at 2M NaCl
concentrations for outdoor cultures of the Dalyan strain. It
was determined that the Dalyan strain of Dunaliella viridis, which were grown at 2M NaCl, could not adapt the
outdoor conditions.
5. CONCLUSION
According to Moulton and Burford [7] Duneliella viridis could be a potential candidate for mass culture to produce oxygenated carotenoid. Data on the physiological
responses of both strains helped to understand the production systems. The results showed that growth parameters
and pigment composition of D. viridis Ayvalık and Dalyan
strains were strongly dependent on salinity. The differences
were found in growth rate, cell number, cell volume and
pigment content for both D. viridis strains from Turkey.
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DIRECT SPECTROCHEMICAL DETERMINATION OF
CARBOPLATIN SPECIES IN HUMAN BLOOD SERUM
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Ingrid Hagarová, Marek Bujdoš, Jana Kubová and Peter Matúš*
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ABSTRACT

1. INTRODUCTION

The aim was to propose and apply a relatively simple
and rapid method for the direct determination of carboplatin
([diammine(1,1-cyclobutanedicarboxylato)-platinum(II)]
species in blood serum of chemotherapy patients by electrothermal atomic absorption spectrometry (ET AAS) after
its optimization and verification comparing measured results with the data achieved by inductively coupled plasma
mass spectrometry (ICP MS). The calibration range of Pt
determination by ET AAS was 0.11-2.15 µmol l-1 with
RSD better than 8 and 12 % for within-run and betweenrun precision, respectively.
The method was successfully used for the investigation
of some pharmacokinetic parameters to compare intravenous (one cycle) and intraperitoneal (four cycles) infusion
of carboplatin. The Pt concentration declined in blood serum by power and exponential function following a both
ways of dose administration. From the comparison of plotted Pt concentrations in blood serum versus time it was
evident that area under the curve (AUC) was different for
all five cycles. The half-life of Pt in blood serum (t1/2)
ranged from 10.5 to 12 h and around 1.33 h for intraperitoneal and intravenous infusion, respectively. Additionally, up to 51.6-56.2 % and only 12.5 % of initial Pt concentration (18-82 µmol l-1) was found in blood serum after
10 h from the dose administrated intraperitoneally and
intravenously, respectively. Anyway, the obtained results
showed that the intraperitoneal administration of carboplatin is more favourable.

KEYWORDS: Platinum, Carboplatin, Human blood serum, ET
AAS, ICP MS, Pharmacokinetic study.
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The history of platinum in cancer treatment began
170 years ago with the first synthesis of cisplatin (cis-dichlorodiammineplatinum(II)). Rosenberg, 120 years later,
reported its ihibition activity on Escherichia coli division [1]
and its efficacy in human cancer patients was established
in 1971 [2]. Unfortunately, a notable toxicity of cisplatin
connected with unfavourable side-effects such as nephrotoxicity and neurotoxicity [3] and acquired resistance to
cisplatin has limited these drugs clinical applications [4]
and have led to the development of the second-generation
Pt-containig compounds. Among them, carboplatin (diammine-(1,1-cyclobutanedicarboxylato)platinum(II)) has
shown a significant activity against a variety of solid tumors (including ovarian cancer), high response rates, prolonged survival and decreased nephrotoxicity [5]. Since
introduction of carboplatin into clinical trials in 1981, its
greater chemical stability in comparison with cisplatin
accounts for its lower reactivity with nucleophilic sites of
DNA were confirmed [6,7]. The development of carboplatin was predominantly focused on improving patients
quality of life during Pt based chemotherapy.
In oncological practice, doses of anticancer agents are
often adjusted to body surface area, but for many drugs
this strategy fails to control drug concentration in individual patients. Since cancer chemotherapy is often associated with high toxic risks, adaptive dosing and therapeutic
drug monitoring based on pharmacokinetic parameters
may reduce toxicity and even enhance efficacy [8]. In
order to study in detail the pharmacokinetics of antitumour platinum drug, it is necessary first to optimize and
verify a method for determining the quantity of Pt.
Various analytical methods have been developed for
the determination of Pt in biological fluids and environmental samples, including electrothremal atomic absorption spectrometry (ET AAS), X-ray fluorescence (XRF)
and total reflection X-ray fluorescence (TXRF) spectrometry, proton-induced X-ray emission (PIXE), neutron
activation analysis (NAA), inductively coupled plasma
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optical emission spectrometry (ICP OES) and inductively coupled plasma mass spectrometry (ICP MS) [919]. Indeed, due to their sensitivities, plasma methods are
the most used for Pt determination in biological fluids. But
plasma instrumentation is still expensive to purchase and
to maintain, especially if only one element is to be determined at a time. This explains why AAS has maintained
its place among the spectrometric trace analysis methods,
since these techniques show a good compromise between
adequate limits of detection and costs, especially in
monoelemental analysis. Thus, AAS has also been applied
in the determination of Pt in clinical samples [18].
The aim of this work was to propose, optimize and
verify a relatively simple interference-free ET AAS method
for the direct determination of Pt in blood serum of chemotherapy patients. ICP MS was used as a reference
method for the evaluation of reliability of ET AAS method.
The data obtained in this study were finally utilized in
pharmacokinetic calculations for a proposal of new therapeutic options and dosing strategies.
2. MATERIALS AND METHODS
2.1. Reagents

All reagents used were of analytical grade and all solutions were prepared in doubly distilled water (DDW).
Stock standard Pt solution (1000 mg l-1) was obtained
from Merck (Germany). The non-ionic surfactant Triton
X-100 was obtained from Sigma-Aldrich (Germany). Working Pt standard solutions were prepared by stepwise dilution of the stock solution in 0.2 % (v/v) HNO3 (Merck,
Germany) just before use. Working surfactant solutions
were prepared by dissolving suitable amounts of Triton
X-100 in DDW. All stock solutions were stored in polyethylene bottles in a refrigerator held at 4 °C. All glassware
was kept in 10 % (v/v) HNO3 (Lachema, Czech Republic)
for at least 24 h and washed three times with DDW before
use.
2.2. Instrumentation

All measurements were carried out using a PerkinElmer 3030 ET AAS spectrometer (USA) equipped with
an HGA 600 graphite furnace and an AS-60 autosampler
[20]. The spectrometer was provided with a Zeemanbased background corrector. All measurements were performed in the peak area mode. Pyrolytic graphite tubes
(Perkin-Elmer, USA) were used exclusively. Argon was
used as the purge gas at a flow rate of 250 ml min-1 (in
atomization step it was stopped). Hollow cathode lamp
for Pt (Perkin-Elmer, USA) was operated at 20 mA with
a spectral bandwith of 0.7 nm. The selected wavelength
was 265.9 nm. Injection volume of the sample was 20 µl.
A Perkin Elmer/Sciex Elan 6000 quadrupole ICP MS
spectrometer without dynamic reaction cell (DRC) was
used for the determination of Pt in serum samples to verify the ET AAS method. The ICP mass spectrometer was

equipped with a cross-flow nebulizer with double pass
spray chamber and nickel cones. Experimental parameters
such as the liquid flow rate, nebulizer gas flow rate, plasma
RF power, and focusing lens voltage were optimized
for the best sensitivity and minimal values for oxide and
doubly charged ion formation to 620 µl min-1, 0.9 l min-1,
1200 W, and 6 V, respectively. The 194Pt, 195Pt, 196Pt and
198
Pt and 103Rh (Rh was used as an internal standard) isotopes were all monitored using a dwell time of 50 ms,
20 sweeps, 1 reading and 5 replicates giving a total measurement time of 31.8 s. The detector was operated in a
dual mode [17,19,21]. ICP MS method was developed in
our previous work [19].
2.3. Samples

Venous blood samples of women undergoing chemotherapy (receiving carboplatin combined with paclitaxel, a
mitotic inhibitor used in cancer chemotherapy) were collected before infusion (at 0 h), at the end of infusion (at
0.5 h) and then at the appropriate time intervals (1-24 h)
after the end of each infusion. The samples were centrifuged and the serum was separated using established contamination-free protocol [22-24]. The serum samples were
stored at -20 °C in Eppendorf polypropylene micro test
tubes. Before analysis the serum samples were thawed at
room temperature and carefully shaken [25,26].
2.4. Determination of Pt by ET AAS

Total Pt concentrations in the serum samples were determined by ET AAS after their dilution with 0.2 % (v/v)
Triton X-100 directly in 2 ml ET AAS autosampler cups.
The diluted serum samples were injected into the furnace.
The sample dilution ratio varied from 1/2 to 1/50 (preferably 1/20). All solutions were analyzed in five replicates.
2.5. Determination of Pt by ICP MS

Total Pt concentrations in the serum samples were determined by ICP MS after their 1000-fold dilution with 2 %
(m/v) HNO3 and addition of 0.1 µmol l-1 of Rh (used as an
internal standard). All solutions were analyzed in five replicates.
3. RESULTS AND DISCUSSION
3.1. Optimization of pyrolysis and atomization temperatures
for Pt signal measurement in ET AAS method

The pyrolysis temperature was investigated in the
range of 500-1900 °C at a constant atomization temperature of 2500 °C using 2.0 µmol l-1 Pt standard solution
prepared in 0.2 % (v/v) HNO3 or 0.2 % (v/v) Triton X100 and diluted serum sample spiked with the same
amount of Pt. A maximum loss-free pyrolysis temperature
of 1400 °C, 1500 °C and 1700 °C for Pt standard solution
prepared in HNO3, Triton X-100 and a spiked serum
sample, respectively, were observed. Based on these data,
pyrolysis temperature of 1400 °C was selected for all
further ET AAS measurements.
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TABLE 1 - Optimized temperature program for the determination of Pt in blood serum by ET AAS.
Step
Drying
Pyrolysis
Atomization
Cleaning

Temperature
(°C)
110
1400
2550
2650

Ramp time
(s)
20
20
0
1

The atomization temperature was investigated in the
range of 2000-2600 °C at a constant pyrolysis temperature of 1400 °C. The absorbance reached the maximum
increasing the atomization temperature to 2400 °C for Pt
prepared in 0.2 % (v/v) HNO3 and 2500 °C for Pt prepared in 0.2 % (v/v) Triton X-100 and a real serum sample spiked with Pt. Finally, atomization temperature of 2550
°C was chosen for all further ET AAS measurements.
Optimized temperature program for the determination of
Pt in blood serum by ET AAS is shown in Table 1.
To eliminate the undesirable sample effects on the
drying, pyrolysis and atomization processes during the ET
AAS measurement of Pt in the serum, its dilution was
performed using non-ionic surfactant Triton X-100. The
pyrolysis of serum proteins and Triton X-100 results in
the formation of a carbonaceous residue with carbon active
sites. These active sites form a uniform coating on the
graphite surface, on which Pt is uniformly dispersed as individual atoms. For this reason, the distribution of Pt on
the atomization surface is very close to monoatomic. In
aqueous solutions, the atomization mechanism of Pt is
suggested to change progressively from an adsorptiondesorption to an condensation-evaporation model with the
increase of Pt mass. In serum samples, an adsorption-desorption mechanism model takes place during the atomization of Pt for all masses [15].
The dilution ratio of serum sample varied from 1/2 to
1/50. At sample dilution ratio 1/20, high reproducibility
(better than 95 %) and minimum carbonaceous residue in
the graphite furnace were observed. The addition of Triton X-100 to serum sample is recommended to make
better the contact with the graphite surface what leads to
the improving of the drying and ashing steps [27]. The
concentration of Triton X-100 was optimized, see following part.
3.2. Optimization of Triton X-100 concentration for samples
treatment in ET AAS method

In order to evaluate the simplest procedure for sample
preparation before direct determination of Pt by the optimized ET AAS method, the different concentrations
(0.05-1.6 % (v/v)) of Triton X-100 were tested for the
dilution of serum samples. Using 0.05 % and 1.6 % Triton
X-100, the worst repeatibility of the measurements with
relative standard deviation (RSD) around 15 % was
achieved. It seems that the lowest concentration (0.05 %)
of Triton X-100 was not sufficient for reproducible sample drying and its highest concentration (1.6 %) caused

Hold time
(s)
30
30
4
3

non-reproducible injection because of relatively high
viscosity of injected sample. Using 0.2, 0.4, and 0.8 %
(v/v) Triton X-100, RSD to 5 % was achieved. Finally,
Triton X-100 concentration of 0.2 % was selected and
used for the dilution of the serum samples prior to their
ET AAS analysis.
3.3. Calibration for Pt signal measurement in ET AAS method

In order to use the simplest calibration as possible,
calibration curve method (CCM) and standard addition
method (SAM) were compared for the determination of Pt
in analyzed samples, see Figure 1. For CCM, Pt calibration standards in 0.2 % (v/v) HNO3 (CCM-1) or 0.2 %
(v/v) Triton X-100 (CCM-2) were prepared. While no
statistically significant differences (P < 0.05) between the
Pt concentrations evaluated by CCM-1 and SAM were
observed, statistically significant differences between the
Pt concentrations evaluated by CCM-2 and SAM were
evident. Similarly, the slopes of obtained functions for
CCM-1, CCM-2 and SAM 0.1346, 0.1099 and 0.131, respectively, can be compared each other with the same findings, see Figure 1. Based on these observations, the calibration CCM-1 with Pt calibration standards prepared in 0.2
% (v/v) HNO3 were used thorough all further ET AAS
measurements.
3.4. Analytical figures of merit

Limit of detection (LOD) and limit of quantification
(LOQ) for Pt determination in blood serum by ET AAS
were calculated according to 3SD and 10SD criteria, respectively, where SD is the standard deviation of the blank
measurement for 10 replicates. The resulting LOD and
LOQ were 0.032 and 0.107 µmol l-1 Pt, respectively.
To determine the linear range, a series of standards
above the upper calibration range (from 2.00 to 2.50 µmol
l-1) were analyzed as the samples. The upper linear range,
defined as being the highest concentration for which the
result (in concentration units) is within ± 10 % of the true
(prepared) value, was determined to be 2.15 µmol l-1.
Within-run precision and between-run precision (expressed as relative standard deviation, RSD) of the optimized method were determined at different concentration
levels. Within-run precision did not exceed ± 8 % and
between-run precision did not exceed ± 12 % for all the
measured concentrations. Both were thus within acceptable criteria for bioanalytical quantitative assays [28].
Recovery experiments were performed by comparing
the results for 12 samples at three concentration levels
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(low, medium and high) in the interval from 0.4 to 50
µmol l-1 Pt. Serum samples were spiked by 0.1 µmol l-1 of
Pt and the spike recoveries in the range of 101 ± 5 % for
all 12 samples were achieved.
In order to verify the accuracy of the optimized ET
AAS method, the results of 19 samples from the ET AAS
analysis were compared to those from the ICP MS measurement. The results are summarized in Youden plot (Figure 2), a simple but effective graphical method often used
in medical research to analyze and compare the withinlaboratory data variability. As it can be seen, the results
obtained by ET AAS are very similar to those obtained by

ICP MS. Relative errors calculated as (mean value determined by ET AAS - mean value determined by ICP MS) /
mean value determined by ICP MS did not exceed 12 %
for all the measured Pt concentrations.
3.5. Application in pharmacokinetic study of intravenous and
intraperitoneal chemotherapy

The clinical applicability of the optimized and verified ET AAS method was demonstrated by the analysis of
blood serum samples of chemotherapy patients who had
received different amounts of carboplatin administered
intravenously (one cycle) or intraperitoneally (four cycles).

FIGURE 1 - Comparison of calibration curve method (Pt calibration standards in 0.2 % (v/v) HNO3 (CCM-1) or 0.2 % (v/v) Triton X-100
(CCM-2) were used) and standard addition method (SAM) for Pt determination by ET AAS.

FIGURE 2 - Comparison of Pt concentration data measured by optimized ET AAS and ICP MS (Youden plot).
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FIGURE 3 - Time-dependent function of Pt concentration in blood serum after the intravenous (one cycle) and intraperitoneal (four cycles)
dose administration.

another important parameters of therapeutic effect of the
chemotherapy.
The area under the curve (AUC) of carboplatin concentration in blood serum against time after its administration is the important determinant of its therapeutic effect.
From the comparison of plotted Pt concentrations in blood
serum versus time it is evident that AUC was different for
all five cycles, see Figure 3. The systemic and sufficient
drug exposition by intraperitoneal drug injection was
achieved (with only slight decreasing AUC) and futhermore the initial Pt concentration in vascular system is
lower than in the case of its intravenous administration.
The Pt blood serum concentration versus time profiles declined by power and exponential function following an intravenous and intraperitoneal infusion, respectively, see Figure 4. This fact was confirmed by high correlation coefficients for all five fitted function trendlines. As
it was mentioned above, all measured maximum Pt concentrations were lower than theoretical Pt concentrations in t0
calculated from function equations, see Table 2.
The half-life (t1/2) of Pt in blood serum is the time
which takes to lose half of its physiologic activity. In a
pharmacological context, the t1/2 also describes the time

The obtained results are presented as the time-dependent
functions of Pt concentration in blood serum after the dose
administration terminated at 0.5 h, see Figure 3. Thereafter,
to describe decreasing of Pt in blood serum in more detail,
the power and exponential trendlines were fitted to the data
measured after the maximum Pt concentration in blood
serum was achieved, see Figure 4. Similarly, to compare
some pharmacokinetic parameters of all five chemotherapy cycles, the power and exponential trendlines were
fitted to the data from Figure 4 normalized to the theoretical Pt concentration in time 0 h (t0) calculated from function equations for decreasing of Pt in blood serum, see
Table 2 and Figure 5. At t0 the Pt concentration in blood
serum would be theoretically at highest level. In the case
of intravenous administration the maximum Pt concentration 81.5 µmol l-1 was used for the data normalization because of impossibility to calculate the theoretical Pt concentration in t0. Except the equations of time-dependent
functions for decreasing of Pt in blood serum, the correlation coefficients of fitted trendlines, measured maximum
Pt concentrations and theoretical Pt concentration in t0 the
Table 2 contains such pharmacokinetic parameters as calculated half-life (t1/2) of Pt in blood serum and theoretical
Pt concentration in time of 10 h, which are considered for

TABLE 2 - Pharmacokinetic parameters measured or calculated in the study of intravenous (one cycle) and intraperitoneal (four cycles)
chemotherapy.
Dose administration (cycle)

Maximum
Pt concentration

Equation of timedependent function

R

t1/2
(h)

Pt concentration
in t0
(µmol l-1)

(µmol l-1)
Intravenous
81.5
y = 49.541x-0.6854
0.9995 1.33*
Intraperitoneal 1
39.6
y = 39.876e-0.0577x
0.9930
12.0
39.9
0.9970
11.0
35.7
Intraperitoneal 2
30.2
y = 35.712e-0.063x
0.9845
10.5
29.9
Intraperitoneal 3
25.8
y = 29,869e-0,0661x
0.9791
11.1
18.7
Intraperitoneal 4
18.1
y = 18,682e-0,0615x
* maximum Pt concentration instead of Pt concentration in t0 was used in the calculation
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Pt concentration (Pt concentration in time 10 h /
in time of 10 h
Pt concentration in t0) x 100
(µmol l-1)
(%)
10.2
22.4
19.0
15.4
10.1

12.5*
56.2
53.3
51.6
54.1
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FIGURE 4 - Time-dependent function of Pt concentration in blood serum after the intravenous (one cycle) and intraperitoneal (four cycles)
dose administration plotted as the power and exponential trendlines.

FIGURE 5 - Time-dependent function of Pt concentration in blood serum after the intravenous and intraperitoneal dose administration
plotted as the power and exponential trendlines normalized to Pt concentration in t0.

which takes for the Pt blood serum concentration to half
of its original value. For intraperitoneal administration of
carboplatin at all concentration levels the t1/2 ranged from
10.5 to 12 h, see Table 2 and Figure 5. This value is 8-9
times higher than the t1/2 estimated for intravenous infusion (1.33 h). After 10 h from the intravenous dose administration only 12.5 % of initial Pt concentration was
found in vascular system. In the case of intraperitoneal
infusion the Pt concentration was up to 51.6-56.2 % of its
initial level. Finally, these findings repeatedly favour the
intraperitoneal administration of carboplatin chemotherapy.
4. CONCLUSION
The achieved correlation (R=0.9984) of obtained results with those measured by independent method (ICP

MS) confirmed the accuracy of Pt determination in blood
serum by ET AAS. ET AAS, due to its low limits of detection, is particularly suitable for the analysis of clinical
samples. Moreover, since part of the matrix is eliminated
along the temperature program, sample pre-treatment can
be simplified (only a dilution step using Triton X-100),
minimizing potential contamination risks or losses [18].
From these and other economic and practical reasons, ET
AAS is considered as the preferred method of choice in
pharmacokinetic studies of carboplatin. The analytical
results were utilized for reliable monitoring of new dosing
strategy when significant extend live out of ovarian cancer patients treated by carboplatin intraperitoneal chemotherapy was reached.
The methods of ET AAS or ICP MS are suitable for
purposes of the tolerability monitoring and chemotherapy
efficiency of carboplatin dosing. Our results would have
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benefited for studies of the quality of life of women with
ovarian cancer, management of their often neuropathic
pain and medical decision making. These methods are
rugged and well suited for routine use.
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ABSTRACT
The biodiversity and concentrations of different genera of indoor airborne fungi, a potential opportunist infection factor, in the respiratory intensive care unit of the
pulmonary diseases department, medical faculty of Ege
University, were investigated. To accomplish the purpose,
air samples were collected at 4 different points of intensive care unit for 10 days with a Merck MAS 100 air
sampler. After identification of isolates obtained from 566
microfungal colonies counted, 12 different species belonging to 8 genera were determined (Aspergillus, Penicillium,
Alternaria, Cladosporium, Mucor, Rhizopus, Fusarium, and
Trichoderma). In this study, aimed to emphasize the importance of monitoring the presence of airborne fungal flora,
particularly Aspergillus spp, in the departments of a hospital
where patients of high-risk groups were hospitalized, we
could not isolate A. fumigatus, an opportunist pathogen.

KEYWORDS:
intensive care unit, aerial microfungal flora

1. INTRODUCTION
Fungi grow in organic substances, their spores are
ubiquitously dispersed in the air affecting its quality. Certain species of fungi can cause infectious diseases in severely immuno-suppressed persons [1].
Hospital-acquired infections prolong hospitalization
period, increase treatment costs and lead to high morbidity/mortality. The incidence of fungal infections in hospitalized patients has significantly increased in the last twenty
years. Compared to the other departments of a hospital,
there is a great increase in fungal infections, particularly
* Corresponding author

due to Aspergillus genus, in intensive care units (ICUs)
resulting in deaths of 95% of immuno-suppressed patients
staying there. Moreover, approaches performed for the
treatment and prevention of these infections lead to additional costs [2].
Indoor environments are enclosed spaces where aerosols are confined and infectious doses accumulate. Although most of the aerosols are not loaded with pathogens, they pose a higher risk to patients with weaker or
suppressed immune system, thus leading to diseases. It is
a well-known fact that hospital air includes larger microbial population and is a good source of several infections
[3].
Evaluation of bioaerosols and knowing the incidence
of microflora in hospitals are of great importance in order
to understand the types of infections and the problems
caused by them [1, 3]. Particularly due to the increase in
the number of patients with suppressed immune systems,
there have been increases in the infections caused by rare
fungal pathogens which were hardly to detect in the past.
Since fungi are present in various natural sources, it
becomes vital to find out the source where the fungi
spread from, and to keep them away from the health center. It is considered that, due to the fluctuation of airborne
fungal load in a hospital setting, dominant species affect
the incidence of opportunist fungal infections. Therefore,
airborne fungal flora of a hospital room has been the
subject of several studies investigating the causes of potential hospital infections [4-7].
Studies conducted in our country aim to determine
environmental flora and its relationship to allergic diseases. The number of the studies performed on microflora
in hospital environments is very limited. Therefore, the
amount of indoor airborne microfungi was determined,
and concentration and diversity of the genera were investigated in the respiratory intensive care unit of Chest Diseases Department in the medical faculty of Ege University.
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The number of colony forming units (cfu) calculated
from the above formula is normally expressed as follows
(cfu/m3) [9]:

2. MATERIALS AND METHODS
2.1. Sampling location

The intensive unit is 60 m2 and has 8 beds. It is ventilated not through the windows but with HEPA filters. To
heat and cool the unit, two portable air conditioners are
used. In the year when this study was conducted, 175 patients were hospitalized. They all suffered from respiratory
failure. Approximately a quarter of them were immunosuppressed patients. The number of the patients admitted
during the study period was 18. Only one of them had
lung cancer, had undergone chemotherapy and hospitalized with a diagnosis of rapidly progressing pneumonia and
respiratory failure. In his respiratory samples, mixed Candida (C. albicans and C. tropicalis) was found, and he
lost his life 4 days after his admission.
2.2. Isolation

The Chest Disease Department is separated from
other departments of the hospital and is a 55-year old
institution with 100 beds and 4 wards covering all types
of inpatient care facilities and several outpatient facilities.
Double-parallel air samples were collected from 4 different points (A-D) of the intensive care room for 10 days
in January. Sampling procedure was performed with a volumetric Merck MAS 100 air sampler placed 140-150 cm
above the floor [8]. Samples were collected between 11.0013.00 when human activities were at the highest.
Before each use, the upper lid of the instrument was
disinfected with 70% ethyl alcohol, a disposable Petri
dish filled with sterile Rose–Bengal Chloramphenicol
Agar (RBCA) was placed in the instrument, and 100 L of
air was aspirated into each Petri dish after the instrument
was operated. Petri dishes filled with aspirated air samples were incubated in a laboratory setting at 25 °C for 57 days. Then, after all the fungal colonies were counted,
they were transferred into MEA medium and preserved at
4 °C for the identification procedures [8].

X = Adjusted colony count on plate x 1000 / Volume
of air drawn into sampler (L)
2.3. Identification

Identification of the fungal genera was conducted according to Barnett and Hunter [10].
Identification of the Aspergillus isolates was carried
out according to Klich [2002]. In order to identify the genus, each isolate was incubated at 25 and 37 °C in Czapek
Yeast Extract Agar medium (CYA25 and CYA37), and at
25 °C for 7 days in Czapek Dox Agar (CZ), Czapek Yeast
Agar with 20 % sucrose (CY20S), and Malt Extract Agar
(MEA) media [11].
For the identification of the species belonging to Penicillium, the isolates were incubated at 25, 37 and 5 °C for
7 days in CYA medium, and at 25 °C for 7 days in 25 %
Glycerol Nitrate Agar (G25N) and Neutral Creatine Sucrose Agar (CSN) media as described by Pitt [12].
The species of the other genera were identified after a
7-days incubation period at 25 °C according to Booth [13],
Domsch [14], Hasenekoglu [15], and Barnett and Hunter
[16].
3. RESULTS
Throughout the study, 566 fungal colonies were
counted. The number of the fungi (cfu/m3) “ and the fungal
colonies are shown in Table 1.
After the identification of the isolates, 12 species belonging to 8 genera were obtained: Penicillium (3 species),
Aspergillus (3 species), Alternaria (1 species), Fusarium
(1 species), Cladosporium (1 species), Rhizopus (1 species), Trichoderma (1 species,) and Mucor (1 species). The
genera isolated and their numbers are shown in Table 2.

TABLE 1 - Numbers of the fungal colonies (cfu/m3).
*cfu./m3
B
C
Mean of
Mean of
Std Deviation
Mean of
Std Deviation
colonies
colonies
colonies
1st day
60
0.00
50
0.00
50
0.00
2nd day
100
0.00
250
10.00
90
0.00
3rd day
90
10.00
110
0.00
200
0.00
4th day
60
10.00
10
0.00
40
10.00
5th day
30
0.00
60
10.00
40
0.00
6th day
100
10.00
80
0.00
170
10.00
7th day
240
10.00
210
10.00
370
10.00
8th day
330
10.00
210
0.00
260
0.00
9th day
160
0.00
180
10.00
180
0.00
10th day
180
20.00
80
0.00
220
0.00
*cfu/m3 = “colony forming units/m3”; A, B, C and D: Sampling points in the intensive care room
Days

A
Std Deviation
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Mean of
colonies
130
200
80
20
110
120
110
130
340
400

D
Std Deviation
0.00
0.00
10.00
0.00
10.00
0.00
0.00
0.00
10.00
0.00
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TABLE 2 - The genera isolated and their numbers shown as “cfu/m3”.
Genera
Aspergillus spp.
Penicillium spp.
Alternaria spp.
Cladosporium
spp.
Fusarium spp.
Rhizopus spp.
Mucor spp.
Trichoderma
spp.

Genera
Aspergillus spp.
Penicillium spp.
Alternaria spp.
Cladosporium
spp.
Fusarium spp.
Rhizopus spp.
Mucor spp.
Trichoderma
spp.

1st day
A
B
20
10
10
20
10
10
20
0

C
0
20
0
10

D
40
10
0
30

2nd day
A
B
30
100
30
80
0
20
30
40

C
10
40
0
30

D
20
150
0
20

3rd day
A
B
0
10
90
90
0
0
0
10

C
0
190
0
10

D
10
30
0
10

4th day
A
B
0
0
20
0
10
0
20
0

C
0
30
0
10

D
0
0
0
10

5th day
A
B
10
10
0
20
0
0
0
0

C
0
40
0
0

D
40
10
0
10

0
0
0
0

0
0
0
10

10
0
0
10

10
0
0
40

0
10
0
0

0
10
0
0

0
10
0
0

0
10
0
0

0
0
0
0

0
0
0
0

10
0
0
20

10
0
0
0

0
0
0
0

10
0
0
0

0
0
0
20

0
0
0
0

10
0
0
40

6th day
A
B
20
0
20
20
10
0
0
30

C
20
30
0
30

D
20
80
10
0

7th day
A
0
220
0
0

A
20
20
10
0

B
0
20
0
30

C
20
30
0
30

8th day
D
A
20
0
80
220
10
0
0
0

A
20
20
10
0

B
0
20
0
30

9th day
C
D
20
20
30
80
0
10
30
0

A
0
220
0
0

A
20
20
10
0

10th day
B
B
0
10
20
20
0
0
30
0

C
0
40
0
0

D
40
10
0
10

50
0
0
0

90
0
0
0

10
0
0
0

10
0
0
0

50
0
0
0

30
0
0
0

90
0
0
0

10
0
0
0

50
0
0
0

30
0
0
0

90
0
0
0

10
0
0
0

50
0
0
0

30
0
0
0

0
0
0
0

10
0
0
40

30
0
0
0

0
0
0
0

10
0
0
0

10
0
0
0

10
0
0
0

0
0
0
30

0
0
0
30

Identification of the genera of the isolated fungi was also conducted. The species identified, sampling time and sampling points are shown in Table 3.

TABLE 3 - List of fungal species isolated from intensive care unit, sampling time and sampling points.
Species
Aspergilllus flavus
A. sydowii

Sampling time (sampling points)
1 (A,D), 2 (A,B), 3 (B,D),
5 (A,B,D), 6 (A,C,D), 7 (C),
8 (A,D), 9 (B,D), 10 (C,D)
1 (A,B), 5 (D), 6 (D)

A. ustus

2 (B)

Penicillium
pactum

brevicom-

P. chrysogenum

P. expansum
Alternaria alternaita
Cladosporium herbarum

1 (C,D), 2 (C,D), 3 (A,B,C),
4 (A,C), 5 (B,C), 6 (A,B,C,D), 7
(A,B,C,D), 8 (A,B,C,D),
9 (A,B,C,D), 10 (A,B,C,D)
1 (A,B,C,D), 2 (A,B,C,D),
3 (A,B,C,D), 4 (A,C), 5 (C,D), 6
(A,B,C,D), 7 (A,B,C,D),
8 (A,B,C,D), 9 (A,B,C,D),
10 (A,B,C,D)
1 (D), 2 (B), 3 (A,B,C,D), 7 (A,B,C,D), 8
(A,B,C,D),
9 (A,B,C,D), 10 (A,B,C,D).
1 (A,B), 2 (B), 4 (A), 6 (A.D), 8 (C), 9
(C.D), 10 (C)

Mucor racemosus

1 (A,C,D), 2 (A,B,C,D), 3 (B,C,D), 4
(A,C,D), 5 (D), 6 (B,C), 7 (B),
8 (C), 9 (B,C,D), 10 (C)
8 (C, D), 9 (D), 10 (A, D).

Rhizopus oryzae

2 (A,B,C,D)

Fusarium graminearum

1(C,D) ,3 (D), 4 (A,B,D), 5 (D), 6
(A,B,C,D), 7 (A,B), 8(B).

Trichoderma hamatum

1(B,C,D), 3 (D), 5 (A,B,D)

Diseases they may lead to
This species is an etiologic agent causative for mycotoxicoses owing to
aflatoxins, hypersensitivity pneumonitis, otitis, sinusitis, and invasive
disease [17-19].
İnvasive aspergillosis, onychomycosis, peritonitis and keratinomycosis
[4, 20]
Cause of disseminated infections, otitis media, skin burn infections and
cutaneous infections [4, 21]
One case of invasive lung infection in an allogeneic BMT recipient [4]

Cases of otomycosis, endophthalmitis, keratitis, endocarditis and a fatal
case of necrotizing esophagitis in an AIDS patient [4]

Keratitis [4].
A. alternaria is one of the most common fungi associated with asthma
[22].
Cladosporium spp. are causative agents of skin lesions [4].
Mucor spp. are opportunistic pathogens in immunosuppressed patients
and diabetic individuals [23].
Rhizopus oryzae is the most common cause of zygomycosis, a lifethreatening infection that usually occurs in immunocompromised patients [24].
Fusarium species can produce a range of mycotoxins, including trichothecenes, a family of sesquiterpene epoxides. Trichothecenes inhibit
protein synthesis, and have been associated with a wide range of human
and animal diseases including anaemia, immunosuppression, or hemorrhage [25].
Trichoderma infections are opportunistic and develop in immunocompromised patients [26].
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4. DISCUSSION
The method used was suitable for the detection of living or fungal viable propagules only, and sampling was
done at 11.00-13.00 when human activities were at the
highest. After the air samples were collected at 4 different
points of the intensive care room for 10 days, the number
of fungal spores was determined to be 10-400 cfu/m3 (average of 130; Table 1). It is emphasized that the concentration of fungal spores in special care units should be less
than that in ordinary patient care rooms (<100 cfu/m3) but
Rainer et al. [4] determined an average of 124-360 cfu/m3
fungal spores in an intensive care unit whereas Li and Hou
[27] found 0-319 cfu/m3 as well as Gniadek and Macura
[28] who reported on fungal spores varying between 12 and
172 cfu/m3.
Besides this relatively high number of contaminants
in intensive care units, the species spectrum is also important. Infections in intensive care units, particularly caused
by Aspergillus species, lead to serious problems [1]. Aspergillus species cause invasive infections, especially in
immunosuppressed individuals, as well as pulmonary,
rhinocerebral or disseminated infections in solid-organ
transplant patients. Surgical wounds in which Aspergillus
species exist are frequently seen in liver transplant patients [29]. In another study, it was reported that fungal
invasion developed in 3 of 4 liver transplant patients with
invasive infection, and that all those patients lost their
lives [30].
Aspergillus spores or propagules range in size from 2
to 6 µm, are mostly found in organic materials and can
travel great distances as airborne particles. The existence of
Aspergillus species in the environment is an important risk
factor for the development of nosocomial invasive aspergillosis. The development of the infection is associated with
the construction or renovation of the hospital buildings,
contaminated air-conditioning systems and other environmental factors. Inhalation or the direct inoculation of the
tissues with the spores is the most common way for the
infection to be transmitted. Except for donor-recipient
transmission, no human-to-human transmission of Aspergillus species has been reported [29].
Of the airborne fungi, A. fumigatus has been found to
be responsible for more than 80% of invasive fungal infections [31]. Pegues et al. [29] observed that A. fumigatus infection developed in a patient who was staying in
the intensive care unit after undergoing liver transplantation. They also observed that two other patients staying in
the same unit developed A. fumigatus infection. After the
molecular studies, it was determined that Aspergillus spores
were firstly transmitted into the air while wound dressings
were changed, and then indirectly to other humans as airborne spores. This study emphasizes that, unlike invasive
mycelial form, sporulation occurs in Aspergillus-infected
wounds, and then the infection is transmitted to other humans through spores in the air. Health care providers of
immunosuppressed patients should especially be aware of

this kind of risk. In order to avoid the risk resulting from
wounds or cutaneous Aspergillus infections, extra care
should be taken when the wound dressings of hospitalized
individuals are changed, and the wounds should not be
exposed to air. If possible, patients should be taken into a
negative pressure room. The room should be kept closed,
and high efficiency filtration should be considered [29].
Several authors suggest that the number of Aspergillus should <5 cfu/m3 [9]. In our 10-days study, the concentration of Aspergillus spores varied between 0 and 40 cfu/m3
(Table 2), but reached 30-40 cfu/m3 in the area close to the
door and in the section where the intensive care unit materials were stored, which was considered to be the result of
human activities (Table 2).
In several studies, the most common isolated agent as
a fatal pulmonary mycosis factor was A. fumigatus. In a
hospital in Innsbruck, in addition to A. fumigatus, A. terreus was determined as a fatal pulmonary aspergillosis
agent in patients who underwent bone marrow transplantation [1, 3]. In our study, we did not observe A. fumigatus or A. terreus, the most pathogenic species. The most
common invasive disease agents in immunosuppressed
patients are A. fumigatus, A. terreus, A. flavus, A. niger
and Emericella nidulans [1, 3]. In our study, A. flavus was
isolated for 9 days, A. sydowii for 3 days and A. ustus for
1 day. However, A. niger and Emericella nidulans were
never isolated (Table 3).
In studies conducted so far, present in a hospital setting, only Aspergillus species were identified [3]. Airborne
fungi were identified at genus level [1, 27, 28, 31-34], and
herein, all the isolates were identified at species level.
Although, except for Penicillium marneffei, no invasive infections of Penicillium genera have been identified,
Lyratzopoulos et al. [35] reported an invasive infection due
to P. chrysogenum and P. decumbens [35]. In our study, the
dominant genus was Penicillium, and species identified
during the 10-days study were P. expansum, P. brevicompactum and P. chrysogenum (Table 3).
In our study, Cladosporium herbarum was isolated at
high concentrations. The presence of this species in intensive care units, where isolated patients are treated, suggests that the air conditioning system did not work efficiently, and that there was not an effective barrier between the unit and outdoor environment. In addition to C.
herbarum known as potential fungal allergen, Alternaria
alternata, another allergen, was detected in indoor air
(Table 3).
The number of infections caused by Mucor and
Rhizopus in patients treated in ICUs has been increasing in
recent years. In a hospital in Spain, gastrointestinal system
zygomycosis caused by Rhizopus microsporus was detected. It was also determined that the infection developed
because of a spatula used by the staff [36]. The sources and
transmission of Rhizopus microsporus, a member of Zygomycetes, were similar to those of Aspergillus genus. It
is also known that members of Aspergillus spp. and Zy-
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gomycetes are the most common airborne fungal pathogens found inICUs, and contamination was caused by
renovation or construction of hospital buildings [36]. In our
study, Rhizopus oryzae was isolated for 1 day and Mucor
racemosus for 3 days (Table 3).The fact that these genera
are not frequently isolated from ICU air accounts for the
absence of colonization in the unit. However, the cause of
the fungi in the unit air might be the people entering the
unit, the air conditioning system, the equipment used for
the treatment, or possibly, the house flora the staff carries.

conditioning systems should be checked regularly, and the
staff and patients’ relatives should be trained on the matter. Through these measures, it is apparent that risks for
fungal infection will noticeably decrease.

Fusarium species usually exist in the soil and can
lead to eye, nail or skin infections, and/or severe systemic
infections in immunosuppressed people, or in people with
autoimmune disorders [31, 36]. In our study, Fusarium
graminearum was detected for 7 days (Table 3).
Trichoderma hamatum belonging to Trichoderma genus was also isolated for 3 days (Table 3), and is known
to cause perihepatic hematoma infection in liver transplant recipients, or peritonitis in dialysis patients [2].
Over the last five years, active surveillance has been
conducted in the respiratory ICU of the Department of
Chest Diseases, Ege University, Medical Faculty. For instance, according to the 2009 findings, the mean infection
rate was 37.5% and the mean infection incidence density
was 50.9/1000. When the results of the first six months of
2010 were evaluated, it was determined that the mean infection rate was 44.4%, the mean infection incidence density was 48.4/1000, ventilator utilization rate was 0.76, and
the incidence density of ventilator-associated pneumonia
(VAP) was 46/1000.
Infection control measures in our hospital consist of
engineering and administrative infection control measures. Engineering infection control measures: Ideal ICU
setting is the first step to be taken for infection control.
Major structural measures include enough space around
beds (at least 20 m2 for each bed), appropriate ventilation
conditions, special rooms (an isolation room for every six
beds, staff room etc) and special areas for activities, clean
and dirty equipment, or hygienic applications.
Most of the fungi solated were thermo-tolerant and
could grow at body temperature. The major risk factors
for diseases by these fungi are either an underlying disease and/or the suppression of autoimmunity of the host
due to long-term treatment. Fungal infections cause more
mortality and morbidity than do other nosocomial infections, prolong the hospitalization period of the patients,
increase the incidence of nosocomial infections and bring
forth additional costs due to their treatment and precautions for infection prevention.
Since there are no standards for the quality of the air
in hospital rooms, in terms of the concentration levels of
fungal spores, all the values mentioned above are the
recommended ones. Since the development of fungal
infection risk factors depends on the type and the severity
of the immune suppression, the concentration levels of
indoor fungal spores in hospital rooms, units, and air
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ABSTRACT
An in situ study was conducted to evaluate the Cu uptake and distribution in two Iris L. species, namely Iris
lactea var. chinensis (Fisch.) Koidz. and I. pseudacorus L.
grown on abandoned tailings. The biomass and tiller were
measured and the Cu contents in the different parts of
plants and in the rhizosphere tailing were determined using
atomic absorption spectrometer. The dry weights (DWs) of
shoots, rhizomes and roots of I. lactea var. chinensis and I.
pseudacorus increased significantly during growth period.
New tillers of both species were formed after 150 d. Cu
concentrations in roots, rhizomes and shoots of I. lactea
var. chinensis were 306, 182 and 101 µg·g-1, respectively
after 150d grown in the tailing. And the Cu concentrations
in the roots, rhizomes and shoots of I. pseudacorus were
251, 126 and 95 µg·g-1, respectively for the same time
period. The present study indicated that both I. lactea var.
chinensis and I. pseudacorus could uptake Cu from the
tailing effectively and the phytoremediation by using I.
pseudacorus for Cu tailings worked better than I. lactea
var. chinensis.

KEYWORDS: Copper (Cu) tailing; Iris L.; Phytoremediation;
Bioconcentration factor (BCF); Translocation factor (TF)

1. INTRODUCTION
As international attentions and concern on the pollution of atmosphere, water and soil are growing, the disposal of various mine wastes generated from disused or
abandoned mines has been recognized as a high priority
[1,2]. Mining processes including raw material grinding,
ore refining and solid waste disposal may be sources of
contamination to the environment [3]. Among the solid
wastes, tailings are one of the most difficult to decontaminate, particularly when at low pH and high concentrations of heavy metals [4]. Moreover, the free heavy metal
ions present in the leachate may contaminate the aquatic
* Corresponding author

environments including surface water and groundwater,
and significantly impacts water quality and natural ecosystems through acid mine drainage [5]. When mine wastes
such as the tailings from the mine are neglected for long
periods of time, these environmental pollutants begin to
contaminate soil, water and air in the surrounding areas.
These pollutants sometimes bring some social problems
causing damages, not only to animals and plants, but also
to the people health [6].
The remediation of metal-contaminated sites is possible by means of a variety of acid neutralization and metal
removal treatments based on the use of alkaline materials
such as limestone [7], by Fe-oxides [8] or electrodialytic
remediation [9]. Natural attenuation processes include
physical, chemical, and biological processes that can reduce
the mass, concentration, and mobility of contaminants, such
as neutralization, adsorption, and mineral precipitation [5].
Among the remediation measures, phytoremediation by
using plants to remove and concentrate a wide range of
chemical have been reported [10-14] and such approach
has also been applied to mine tailings as vegetation cover
on highly contaminated and phytotoxic areas [15]. There
are two approaches to phytoremediation of mine tailings,
phytoextraction and phytostabilization. Phytostabilization
focuses on establishing a vegetative cap that does not shoot
accumulate metals but rather immobilizes metals within the
tailings [16]. Phytoextraction exploits the ability of plants
to translocate a great fraction of metals taken up to harvestable biomass [17]. These technologies take advantage
of the physiological and biochemical abilities of plants to
extract, transport and metabolize pollutants from the environment through harvestable biomass.
Due to the extreme toxic condition, most plants cannot grow in mine tailings [18]. Therefore, successful establishment of pioneer species is vitally important in improving soil characteristics by enriching organic matter contents
and possibly reducing toxicity of tailing site, so that more
sensitive plants can develop and thus a healthy diverse ecosystem can eventually be achieved [19]. A suitable pioneer
species, which can withstand the detrimental effects of
heavy metals and accumulate more heavy metals in the
above- and below-ground parts, needs to be found. Plants
used for this purpose should ideally combine characteristics of high metal accumulation in shoots and high bio-
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mass production. To evaluate plants for phytoremediation,
the efficiency of phytoremediation by a plant is expressed
by the metal biological absorption coefficient, i.e., the
plant (harvestable)-to-soil metal concentration ratio [20].
Besides the convenient biological absorption coefficient,
both the high bioconcentration factor (BCF, root-to-soil
metal concentration ratio) and the translocation factor (TF,
shoot-to-root metal concentration ratio) can positively affect
phytoextraction [21]. Species of Iris L. have been used
previously in Pb/Zn tailing study to improve soil quality
and for re-vegetation purposes through their contribution
of organic matter and heavy metals accumulation [22,23].
In this study, two species of Iris L., Iris lactea var. chinensis (Fisch.) Koidz. and I. pseudacorus L. were cultivated on
the Cu tailing. The main objectives of this study were: (1)
to investigate the tolerance of two species of Iris L. to
heavy metal pollution in copper mining, (2) to examine the
characteristics of soils throughout the growth stage of the
grasses, and (3) to evaluate the phytoremediation ability
of two species of Iris L. to the abandoned Cu mine sites.
2. MATERIALS AND METHODS
2.1. Location of the study area and Experimental setup

The research site, an abandoned copper mine tailing
of Jiuhua Copper Mine (N 32°04′，E119°04′), is situated in
the north of Tangshan, Nanjing, China. The annual average
temperature is 16.4℃, with a mean temperature at 30.6℃
in July and a mean temperature at -1.6℃ in January. The
annual average precipitation is 1106.5 mm. There are a few
plants, Erigeron Canadensis, Cyperus microiria, Equisetum
ramosissimum growing sparsely on the site (see Fig. 1, A
and B), and Phragmites australis growing on the surrounding of the deposit. The characteristics of Copper mine tailing had a depth of 20 cm as shown in Table 1. The top 20 cm

and rainfall. No chemical, organic fertilizers or pesticide
was used during the experimental period. Five plants and
tailings in the rhizosphere of plants were randomly sampled at 30, 60, 90, 120 and 150 d for each replicate of the
species for assessment of the growth and Cu accumulation
in different parts of the plants.
2.2. Cu tailing sampling and Cu analysis

20 samples of tailings to a depth of 20 cm from the
copper mine tailing in the experimental area were randomly collected before the planting of Iris L. cultivated.
The samples were composited into a bulk sample for the
examination of original characters. Tailing pH values were
measured by electrometric methods in a 1:1 (w/v) tailing:
water mixture using a pH/conductivity meter. Total organic carbon and total N were determined with CHNS
analyzer PE2400 and total P by the molybdenum blue
method; Cu, K, Ca, Na and Mg concentrations in the tailings were determined as the method of Cu concentrations
in the rhizosphere tailings (see below).
In order to correlate the metal content in plant tissues
with the Cu concentration in the tailings on which the
plants growing, 5 samples of tailings in the rhizosphere to
a depth of 10 cm in each block were collected. All the
samples were digested using a mixture of HNO3–HCl–
HClO4 (5:1:1). Cu, K, Ca, Na and Mg concentrations in
the rhizosphere tailings were determined using atomic
absorption spectrometer (TAS-990).
2.3. Measurement of biomass and tiller

The plants were harvested and washed thoroughly
with running tap water after growing for 30, 60, 90,120
and 150 days and divided into three parts: shoots, rhizomes and roots. The dry weights (DW) were measured
after the shoots, rhizomes and roots were dried at 80℃ to
constant weight. The tillers of both species were counted.

TABLE 1 - The characteristics of the Jiuhua Cu mine tailing in the
experimental area.

2.4. Determination of the Cu contents in the different parts of
plants

Parameters
Organic carbon (g·kg−1)
pH
Ntotal (%)
Ptotal (mg·kg−1)
Ktotal (mg·kg−1)

The plants were harvested once every 30 days after
plants were transplanted to the field. Plant samples were
washed thoroughly with deionized water to remove surface dust and soil, divided into root, rhizomes and shoot.
And then the roots were immersed in the 20 mmol L-1 NaEDTA for 20 min clear away the Cu attached on the surface of the roots. The shoots, rhizomes and roots were dried
at 80 °C to constant weight and ground in a porcelain mortar, and the samples (0.1-0.2 g) were weighed and dissolved
in a mixture of concentrated HNO3-HClO4 (87:13, v/v) and
digested with Digestion System (LabTech ED36). The Cu
concentrations of the extract were determined using flame
atomic absorption spectrometer (TAS-990).

Value
0.63
7.4
0.001
3.8
75.6

Parameters
Catotal (mg·kg−1)
Mgtotal (mg·kg−1)
Natotal (mg·kg−1)
Cutotal (mg·kg−1)

Value
1345.4
134.2
29.6
593.4

depth of the tailing was ploughed. The experiment was initiated in May of 2009. The seedlings of I. lactea var.
chinensis (Fisch.) Koidz. and I. pseudacorus L. used in
the experiment were transplanted from the Iris Resource
Collection Garden of Nanjing Sun Yat-Sen Memorial
Botanical Garden. The experimental design was a randomized complete block in triplicate (three experimental blocks)
for each species and each block was 3×5 m in size. The
approximately similar sized plants of both species were
planted in 20 cm apart between plants, and 30 cm between
rows. After transplanting, the plants of both species were
watered so that plants recovered their growth then stop
watering until harvesting, under natural conditions of light

2.5. Bioconcentration factors and translocation factor calculation

To evaluate the phytoextraction potential, bioconcentration factors (BCF) and translocation factor (TF) were
calculated.
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BCF was calculated to evaluate the capability of plant
to accumulate the metal in the aerial part (shoots) from
tailing,
BCF = Cshoots/Ctailing
Where C shoots represents the Cu concentration in
the shoots and Ctailing represents the Cu concentration in
the tailing [24].
TF was calculated to evaluate the capability of plant
to accumulate the metal in the aerial part (shoots) from
roots,
TF= (Cshoots/Croots)
Where Cshoots represents the Cu concentration in the
aerial part of the plant and Croots represents the Cu concentration in the toots [24].
2.6. Statistical treatment

All data presented were mean values. The measurements were done with three replicates for the biomass and
Cu concentration examination. One-way analysis of variance (ANOVA) in randomized complete block design was
performed to check the variability of data and validity of
the results. Significantly different treatment means at P ≤0.05
were separated using a Duncan’s multiple range test. The
data were analyzed with SAS software system [25].
3. RESULTS AND DISCUSSION
3.1. Plant development

Plant exposed to heavy metals has always resulted in
a strong reduction of plant growth as a consequence of
significant alterations in metabolic processes and photosynthetic activities [26,27]. The DWs of roots, rhizomes
and shoots of I. lactea var. chinensis after 150 d were
7.2，3.8，2.2 times, respectively, of those at 30 d growth
(Fig. 1). And the DWs of roots, rhizomes and shoots of I.
pseudacorus for 150 d were 12.2，3.7，4.0 times, re-

spectively, of those at 30 d (Fig. 2). The tillers of both
species increased and the tillers of I. lactea var. chinensis
and I. pseudacorus after 150 d cultivation in the Cu tailing were 1.3 and 1.7 times, respectively, of those at 30d
cultivation (Fig. 3).
Due to mine tailings suffering from high concentrations of heavy metals, poor soil structure, low water holding capacity, and a lack of organic matter and basic plant
nutrients such as N, P and K, most plants have difficulties
growing in tailings. Therefore, some researchers tried to
improve the tailings by amending organic matters [18] or
soil [19]. The research of Neuschütz and Greger [28]
found that the use of Phalaris arundinacea in phytostabilization of a dry cover of sewage sludge and fly ash on
mine tailings can prevent leakage of metals and nutrients,
mainly by decreasing the amount of leachate. In a greenhouse pot experiment for the phytostabilization of copper
mine tailings of Santibáñez et al. [18] found that Cu tailing treated with biosolids (6%) and planted Lolium perenne could be suitable for being used in phytostabilization
of copper mine tailings. L. perenne grown on biosolidstreated tailings produced high dry matter yields, which
could limit erosion and drainage processes in tailings. Chan
et al. [19] in the research of remediation of Pb/Zn and Cu
Mine Tailings found that Sesbania sesban and S. rostrata
showed superior growth performance, compared to the
other two species of Sesbania and higher biomass was
found in plants growing in tailings with a higher portion
of garden soil. However, the results in our experiment
showed that the plants of I. lactea var. chinensis and I.
pseudacorus cultivated in the Cu tailing without any improvement by providing organic matter and essential nutrients survived with no visual symptoms of injury, and the
DWs (Figs. 1 and 2) and tillers (Fig. 3) increased significantly during the growth period. The results suggested that
I. lactea var. chinensis and I. pseudacorus were tolerant to
Cu tailing environment.

FIGURE 1 - The dry weights of roots, rhizomes and shoots of I. lactea var. chinensis during the different period growth on Cu tailing. Data
are means±SE. Different letters in the same row indicate significant difference at the different period (P﹤0.05)
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FIGURE 2 - The dry weights of roots, rhizomes and shoots of I. pseudacorus during the different period growth on Cu tailing. Data are
means±SE. Different letters in the same row indicate significant difference at the different period (P﹤0.05)

FIGURE 3 - The tillers of I. lactea var. chinensis and I. pseudacorus during the different period growth on Cu tailing. Values were the means
of three replicate measurements.

3.2. The accumulation of Cu in the different parts of the
plants

Phytoremediation is the process of application of green
plants to remove or render environmental contaminants
harmless and provide a cost-effective, long-lasting and
esthetic solution for remediation of contaminated sites [29].
Therefore, high biomass plants which concentrate considerable amounts of heavy metals an order of magnitude
lower in aboveground plant parts could be of more practical for application. Cu concentrations in the roots, rhizomes and shoots of I. lactea var. chinensis increased
gradually during the growth period (Fig. 4). The order of
Cu concentrations from highest to lowest in the different
parts of the plant of I. lactea var. chinensis was roots﹥

rhizomes﹥shoots. The Cu concentrations in the roots,
rhizomes and shoots of I. lactea var. chinensis grown in
the tailing for 150 d were 305.8, 181.9 and 101.20 mg•kg-1
and were 2.8, 4.0 and 3.9 times of those at 30 d, respectively. The changes of Cu concentrations in the different
parts of I. pseudacorus (Fig. 5) show the same manner with
those of I. lactea var. chinensis. The Cu concentrations in
the roots, rhizomes and shoots of I. lactea var. chinensis
were higher than those in the roots, rhizomes and shoots
of I. pseudacorus after 150 d growth. The Cu concentrations in the roots, rhizomes and shoots of I. pseudacorus
cultivated in the tailing at 150 d were 251.3, 125.9 and
94.5 mg•kg-1 and were 2.7, 2.4 and 5.7 times of those at
30d, respectively. The Cu concentration in shoot of L.
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FIGURE 4 - The Cu concentrations of roots, rhizomes and shoots of I. lactea var. chinensis during the different period growth on Cu tailing.
Values were the means of three replicate measurements. Different letters in the same row indicate significant difference at the different
period (P﹤0.05).

FIGURE 5 - The Cu concentrations of roots, rhizomes and shoots of I. pseudacorus during the different period growth on Cu tailing. Values
were the means of three replicate measurements. Different letters in the same row indicate significant difference at the different period
(P﹤0.05).

perenne grown in the Cu tailing (without biosolids)
reached a concentration of 20.9 mg•kg−1, whereas Cu concentrations in shoot in the tailing amended with biosolids
were ranged from 34.6 to 53.8 mg•kg−1 [18]. In the research of Michaud et al. [30], the concentration of Cu in
the shoot of durum wheat (Triticum turgidum durum L.)
cropped in Cu contaminated soil with 1030 mg•kg−1Cu
was 39 mg•kg−1DW. In the present study, the Cu concentrations in the shoots of I. lactea var. chinensis and I. pseuda-corus grown in the tailing for 150 d reached 101.2 mg•kg1
(Fig. 4) and 94.5 mg•kg-1 (Fig. 5), respectively. The
results indicated that I. lactea var. chinensis and I. pseudacorus have wide application value in the remediation of
Cu tailing and contaminated soil.
3.3. The changes of Cu concentrations in the rhizosphere
tailing of the plants

Cu concentrations in the rhizosphere of the tailing
(depth of 0-15cm) decreased gradually during the growth
period of the plants of Iris L (Table 2). The largest drop of

TABLE 2 - The changes of Cu concentrations in the rhizosphere of
tailing (depth of 0-15cm) after cultivation of I. lactea var. chinensis
and I. pseudacorus
Cu concentrations in the tailings (mg•kg-1)
I. lactea var. chinensis
I. pseudacorus
0
593.47±7.26 a
593.47±7.26 a
30
546.36±4.33 b
471.16±17.70 b
60
514.89±25.08bc
429.03±32.77 c
90
481.03±28.37 c
401.83±3.95 cd
120
479.20±28.94 c
391.63±9.14 d
150
425.01±13.40 d
375.00±16.13 d
Values were the means of three replicate measurements. Different letters
in the same row indicate significant difference at the different period
(P﹤0.05)
samples collected time

the Cu concentrations in the tailing were found at 150 d
after planting and the Cu concentrations in the rhizosphere
of tailing in the blocks which cultivated the plants of I.
lactea var. chinensis and I. pseudacorus were decreased
by 28% and 37%, respectively. Although the Cu concentrations in the roots, rhizomes and shoots of I. pseudacorus were not as high as in the I. lactea var. chinensis,
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the Cu concentrations in the rhizosphere tailing of I. pseudacorus was decreased by 7% more than that in the
rhizosphere tailing of I. lactea var. chinensis by the higher
biomass of I. pseudacorus. The results indicated that the
plants of I. lactea var. chinensis and I. pseudacorus could
clean up the Cu from the tailing effectively and the phytoremediation of I. pseudacorus for Cu tailing worked
better than I. lactea var. chinensis did.
3.4. Bioconcentration factors and translocation factor

Under normal growing conditions, plants can potentially accumulate certain metal ions an order of magnitude
greater than the surrounding medium. Plant uptake of
heavy metals from soil occurs either passively with the
mass flow of water into the roots, or through active transport
crosses of the plasma membrane of root epidermal cells
[31] and the metal concentrations in plants vary with plant
species [22,32]. Tolerant plant species tend to restrict soil–
root and root–shoot transfers, and therefore have much less
accumulation in biomass, whereas hyperaccumulators
actively take up and translocate metals into above-ground
tissues. These tolerant plant species which have strong
ability to reduce metal translocation from roots to shoots
are suitable as phytostabilizers for metal-contaminated soils
such as mine tailing [33]. The BCF values of both species
of Iris L. increased significantly as the plants growing time
elongated (Table 3). The BCF biggest values of both species of Iris L. appeared at the end of the experiment (150 d)
and the BCF values of I. lactea var. chinensis and I. pseudacorus were 0.23 and 0.25, respectively. The TF values
of I. lactea var. chinensis ranged from 0.2 (120 d) to 0.3
(Table 3) and those of I. pseudacorus ranged from 0.1 (30 d)
to 0.3 (150 d) and the values of both species of Iris L.
were not very high. Furthermore, there was no correlation
of TF values to the duration of plants growth. In our re-

search, the values of BCF and TF (Table 3) of I. lactea
var. chinensis and I. pseudacorus were lower than 1. According to Yoon et al. [24] suggested that plants with high
BAC (greater than 1) are suitable for phytoextraction; those
with high BCF (higher than 1) and low TF (lower than 1)
have potential for phytostabilisation. I. lactea var. chinensis
and I. pseudacorus can only used for phytostabilisation.
However, I. lactea var. chinensis and I. pseudacorus are
perennials, especially I. pseudacorus is a fast growth and
high biomass plant [23], and the Cu concentration in the
shoots and rhizomes of I. pseudacorus after 150 d cultivation reached 125.9 and 94.5 mg·kg-1DW (Fig. 5), respectively. And the Cu concentrations in the rhizosphere of
tailing after 150 d of cultivation of I. pseudacorus were
decreased by 37%. The results indicated that the both
species could effectively remove Cu through harvestable
biomass from the tailings. Therefore, the determination of
plants suitable for phytostabilisation or phytoremediation
cannot only consider the values of BCF and TF alone, but
also the other factors, such as the kinds of heavy metals,
the biomass of the plants (or other parts easy to harvest),
the conditions of the surroundings.
I. lactea var. chinensis and I. pseudacorus cultivated
in situ experiment on abandoned Cu mine tailing responded
the growth and the Cu concentrations in the roots, rhizomes
and shoots of both species of Iris L. positively to the
growth period in the Cu tailing. It is concluded that I. lactea var. chinensis and I. pseudacorus could serve as appropriate pioneer species to be used in remediation of Cu
tailings, to modify the harsh environment by providing
additional organic matter and nutrients. Future research
work will be focused on modification the cultivation condition to enhance the biomass and the concentration of heavy
metals in the aboveground parts of the species of Iris L. to
increase the phytoremediation ability of Iris L.

TABLE 3 - Bioconcentration Factors (BCF) for Cu from tailing to the shoots and translocation factor (TF) for Cu from roots to the shoots of
I. lactea var. chinensis and I. pseudacorus
Bioconcentration factors
Translocation factor
I. lactea var. chinensis
I. pseudacorus
I. lactea var. chinensis
I. pseudacorus
0.05±0.01 c
0.04±0.02 c
0.18±0.07 a
0.12±0.06 b
0.10±0.01 bc
0.06±0.02 c
0.31±0.02 a
0.16±0.08 ab
0.14±0.06 b
0.06±0.02 c
0.19±0.09 a
0.12±0.08 b
0.15±0.06 b
0.14±0.03 b
0.16±0.05 a
0.18±0.05 ab
0.23±0.03 a
0.25±0.01 a
0.22±0.28 a
0.26±0.06 a
means of three replicate measurements. Different letters in the same row indicate significant difference at the different period

samples collected time
30
60
90
120
150
Values were the
(P﹤0.05)
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ABSTRACT
At present study, the performance of electrocoagulation process using iron and aluminum as sacrificial anode
for removal of phenol from aqueous solutions has been
investigated. Several working parameters, such as initial
phenol concentration, pH, applied voltage, conductivity
and reaction time were studied in an attempt to achieve a
higher removal capacity. Experiments were performed in
a bipolar batch reactor, with iron and aluminum electrodes, separately. The maximum efficiency of phenol
removal which was obtained in voltage of 60 V, reaction
time of 80 min, initial concentration 5 mg L-1, conductivity 3000 µS cm-1 and pH 5 and 7 with aluminum and iron
electrodes, respectively are equal to 94.72% and 98.0%.
In addition, it is found that an increase in the applied
voltage the speed of the treatment significantly. However,
simultaneous increase of electrode and energy consumption was observed. The method was found to be highly
efficient and relatively fast compared to conventional
existing techniques and also, it can be concluded that the
electrocoagulation process has the potential to be utilized
for the cost-effective removal of phenol from water and
wastewater.

KEYWORDS:
electrocoagulation, phenol, iron and aluminum electrodes.

1. INTRODUCTION
There is growing concern about wide spread contamination of surface and ground water by various organic
compounds due to the rapid development of chemical and
petrochemical industries over the past several decades [1].
Phenol and its derivatives are toxic pollutants, frequently
found in surface and tap waters, and in aqueous effluents
from various manufacturing processes [2] such as petroleum and petrochemical, coal conversion, synthetic rub* Corresponding author

ber, plastics, paper, oil refineries, ceramic, steel, conversion processes, phenolic resin industries and phenol-producing industries [3, 4]. Therefore, it is listed as a toxic substance and is included in the priority list of hazardous substances as well, which demonstrates its serious health and
ecological effects [5].
Phenol is very soluble in water. That presence in water supplies is noticed as bad taste and odour. In the presence of chlorine in drinking water, phenol forms chlorophenol, which has a medicinal taste, which is quite pronounced and objectionable. Also, phenol is potential human carcinogen and is of considerable health concern, even
at low concentration. Owing to their toxic effects, including
permeabilisation of cellular and cytoplasmic coagulation,
phenolic contaminants can damage sensitive cells and thus
cause profound health and environmental problems [6-9].
Wastewaters containing phenols and other toxic compounds need careful treatment before discharge into the
receiving bodies of water. Biological treatment [10-12],
ultrasonic degradation [13, 14], activated carbon adsorption and other adsorbents [15-18], photocatalytic degradation [19, 20], membrane filtration [6], enzymatic treatments
[21], solvent extraction [22], chemical oxidation and electrochemical methods [23-25], are the most widely used
methods for removing phenol and phenolic compounds
from wastewaters. Such problems as high cost, low efficiency, and generation of toxic by-products are associated
with the above methods [26]. Biological and electrochemical methods have little or no harmful effects on the environment, because these techniques do not involve the use
of harmful reagents. On the other hand, electrochemical
reactions are more or less independent of the condition of
the wastewater and can proceed as long as a current is
supplied to the electrode [27].
Electrocoagulation process is an alternative of the conventional coagulation process in which coagulant agents
are generated in situ through the dissolution of a sacrificial
anode by applying current between the anode–cathode
electrodes. The electrocoagulation process has several advantages that make it attractive for treating various contaminated streams. In the past decades electrocoagulation
has been applied for the treatment of many kinds of waste-
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water such as landfill leachate, restaurant wastewater, textile wastewater, petroleum refinery wastewater, tannery
wastewater, laundry wastewater and for removal of fluoride, pesticides and heavy metals from aqueous environments [28-35].
An examination of the chemical reactions occurring
in the electrocoagulation process shows that the main
reactions occurring at the iron and aluminum electrodes
are:
Fe+3 aq + 3e- (anode)

Fe (s)
-

(1)

-

3H2O + 3e

3/2 H2 g + 3OH aq (cathode) (2)
3+

In addition, Fe and OH- ions generated at electrode
surfaces react in the bulk wastewater to form ferric hydroxide:
Fe+3 aq + 3OH-aq

Fe(OH)3

(3)

and for aluminum electrodes:
Al+3 aq + 3e-

Al (s)
-

Al

aq

(4)

-

3H2O + 3e
+3

(anode)

3/2 H2 g + 3OH aq (cathode) (5)
-

+ 3OH aq

Al(OH)3

(6)

The iron and aluminum hydroxide flocs act as adsorbents and/or traps for pollutants and so eliminate them
from the solution [36, 37]. The main purpose of this
work is to study of the electrocoagulation process efficiency for phenol removal from aqueous environments
with iron and aluminum electrodes and determination of
the effects of pH, electrical conductivity and reaction time
on the removal efficiency.
2. MATERIALS AND METHODS
At present study all chemicals including phenol, sodium hydroxide (NaOH), concentrated sulfuric acid (H2SO4)
and potassium chloride (KCl) were used as analytical grade.
A stock phenol solution was obtained by dissolving 1 g of
phenol, (99.99% from Merck, Germany), in deionized
distilled water and dilute to 1000 mL. Desired concentrations of phenol solutions (5, 20, 40 and 70 mg L-1) were
prepared by diluting proper amount of stock solution with
deionized water. In order to survey the effect of electrical
conductivity of the solution on phenol removal efficiency,
the experiments was performed at various electrical conductivity (1000, 1500, 2000, 2500, 3000 µS cm-1) with
adding proper amount of potassium chloride (KCl 1 N) before injecting solution into the electrocoagulation reactor.
The chloride salt added to the solution can also prevent the
formation of the oxide layer on the anode and therefore
reduce the passivation problem of the electrodes. Also, the
pH of influent solution was adjusted to a desired value (3,
5, 7 and 9) using H2SO4 and NaOH solutions (0.1 M).

minum electrodes). Only the outer electrodes were connected to the power source, and anodic and cathodic reactions occurred on each surface of the inner electrode when
the current passed through the electrodes. The internal size
of the cell was 10 cm × 13cm × 12cm (width × length ×
depth) with an effective volume of 1000 cm3. The volume
(V) of the solution of each batch was 1 L. The active area
of each electrode (plate) was 10× 10 cm with a total area
of 400 cm2. The distance between electrodes was 1.5 cm.
A power supply pack having an input of 220V and variable
output of 0–60V (20, 40 and 60 V for this study) with
maximum current of 5 ampere was used as direct current
source. The temperature of each system was maintained at
25 ± 1 0C. The pH values in influent and reactor unit were
measured using a pH meter model E520 (Metrohm Herisau, Switzerland). A Jenway Conductivity Meter (Model
4200) was employed to determine the conductivity of the
solution. Different samples of 25ml were taken at 20 min
intervals for up to 80 min and analysed to determine the
residual of phenol. The analytical determination of phenol
was carried out using UV-spectrophotometer (Model T80
UV/VIS) by analyzing the colour resulting from the reaction of phenol with 4-aminoantipyrine at maximum wavelength λ = 500 nm. During the runs, the reactor unit was
stirred at 150 rpm by a magnetic stirrer to allow the chemical precipitate to grow large enough for removal. During
electrocoagulation, an oxide film formed at the anode. In
order to overcome electrode passivation at the anode, the
electrodes were rinsed in diluted HCl solution (5% v/v)
after each experiment and rinsed again with tap water and
finally weighted. All analyses were conducted in duplicate
for reproducibility of data, and all of the data in the Figures
and Tables were the average ones. The efficiency of phenol removal, % Removal, was calculated as:
% Removal = (Ci–Cf) / Ci × 100
Where Ci is the initial phenol concentration (mg L-1)
and Cf is the final phenol concentration (mg L-1).

Experiments were performed in a bipolar batch reactor (Figure 1), with four iron electrode installed parallel to
each other (the same condition was performed with alu-
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3. RESULTS AND DISCUSSION
3.1. Effect of initial phenol concentration

Figures 2 and 3 represent the relation between the
percentage removal of phenol and initial solution concentration. The percentage removal for aluminum electrodes
was gradually decreased from 94.72 to 82 % as the phenol
concentration increased from 5 to 70 mg L-1. Also the
percentage removal of phenol for iron electrodes was decreased from 98 to 85.3 % as the phenol concentration increased from 5 to 70 mg L-1. This result is in accordance
with previously published works [38]. This may be attributed to the fact that at a constant current density the same
amount of aluminum ions passes to the solution at different phenol concentrations. Consequently, the formed amount
of complex aluminum and iron hydroxide was insufficient to
coagulate the greater number of phenol molecules at higher
phenol concentrations [39]. On the other hand, the decrease in removal efficiency with increasing initial phenol
concentration may be attributed to requiring more coagulant when increasing levels of pollutant.

FIGURE 4 - Effect of initial phenol concentration on energy consumption (pH: 5 for aluminum electrodes and pH: 7 for iron electrodes, conductivity: 3000 µS cm-1, reaction time: 80 min).

Also, by increasing the concentration of phenol from
5 to 70 mg L-1, the energy consumption was increased
from 24.32 to 34.4 kWh g-1 phenol for aluminum electrodes and 29.32 to 40.7 kWh g-1 phenol for iron electrodes as shown in Figures 4. Therefore, at present research, initial phenol concentration 5 mg L-1 is chosen as
optimum phenol concentration for further studies.
3.2. Effect of applied voltage

FIGURE 2 - Effect of initial phenol concentration on removal efficiency with aluminum electrodes (applied voltage: 60 V, pH: 5,
electrical conductivity: 3000 µS cm-1).

FIGURE 3 - Effect of initial phenol concentration on removal efficiency with iron electrodes (pH: 7, electrical conductivity: 3000 µS
cm-1).

In electrochemical processes, the applied voltage
strongly affects the performance of electrocoagulation
process [40]. The effect of applied voltage on the phenol
removal rate from wastewater was studied at 20 V, 40 V,
and 60 V. A series of experiments was conducted with
5.0 mg L-1 initial phenol concentration, electrical conductivity 3000 µS cm-1, and a pH equal 5 and 7 for aluminum
and iron electrodes, respectively. As the time of electrolysis was increased, comparable increases in the phenol removal rate were observed for all applied voltages. On the
other hand, for a given time, the removal efficiency increases significantly with an increase in applied voltages.
After 80 min of electrolysis, it can be seen from Figures 5
and 6 that 84.40%, 88.50%, and 94.72% of the original
phenol for aluminum electrodes and 84.3%, 91.72%, and
98.0% for iron electrodes, were removed for applied voltages of 20 V, 40 V, and 60 V, respectively. As the applied
voltage was increased from 20- 60 V, the phenol removal
rate also increased. Also, as the applied voltage was increased, the required time for the electrocoagulation process decreased. This was ascribed to the fact that at high
current, the amount of metal oxidized increased, resulting
in a greater amount of precipitate for the removal of pollutants. In addition, it was demonstrated that bubbles density increased and their size decreased with increasing current density [39, 41], resulting in a greater upwards flux
and a faster removal of pollutants and sludge flotation. As
the current decreased, the time needed to achieve similar
efficiencies increased. As the current decreased, the time
needed to achieve similar efficiencies increased. This shows
that electrolysis can produce more Al3+ and Fe3+ at a higher
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where C (g L-1) is the iron or aluminum concentration
in the electrolytic cell, I is the current intensity (A), t is
the electrocoagulation time (s), M is the molecular weight
of the anode (g mol-1), Z is the chemical equivalence, F is
the Faraday constant (96500 C mol-1) and V is the volume
of the treated wastewater (L).

FIGURE 5 - Effect of applied voltage on phenol removal efficiency
with aluminum electrodes (initial phenol concentration: 5.0 mg L-1,
pH: 5, conductivity: 3000 µS cm-1).

It can be seen from Figure 7 that electrical energy and
electrode consumption were found to increase with increasing the applied voltage as would be expected in any
other electrolytic process. An increase in applied voltage
from 20 to 60 V causes an increase in energy consumption from 7.2 to 24.32 kWh g-1 and 9.7 to 29.32 kWh g-1
of phenol for aluminum and iron electrodes, respectively.
Also, an increase in applied voltage from 20 to 60 V
causes an increase in electrode consumption from 0.01 to
0.05 kg g-1 and 0.06 to 0.13 kg g-1 of phenol for aluminum
and iron electrodes, respectively.
When the applied voltage was increased from 20 V to
60 V, the phenol removal efficiency increased appreciably, from 84.4% to 94.72% and from 84.3% to 98% for
aluminum and iron electrodes, respectively, whereas the
corresponding specific energy consumption increased only
slightly. Therefore, in present study, 60 V is chosen as
optimum operating voltage for electrocoagulation process.

FIGURE 6 - Effect of applied voltage on phenol removal efficiency
with iron electrodes (initial phenol concentration: 5.0 mg L-1, pH: 7,
conductivity: 3000 µS cm-1).

current density (applied voltage) and then a greater amount
of aluminium and iron hydroxide can improve electrocoagulation.
Electrical energy consumption is a very important
economical parameter in the electrocoagulation process.
Therefore, for the same operating conditions, after 80 min
of electrocoagulation, consumption of energy and electrode material is also represented in Figure 7. The electrical energy consumption was calculated using the following equations [42].
E = (U.I.t) / V

(7)
3 -1

where E is the energy consumption (kWh m ), U is
the applied voltage (V), I is the current intensity (A), t is
the electrocoagulation time (h), and V is the volume of
the treated wastewater (L).
The amount of electrode dissolved was calculated
theoretically by using Faraday's law.
C = (I.t.M) / (Z.F.V)

(8)

FIGURE 7 - Energy consumption during electrocoagulation process
(initial phenol concentration: 5.0 mg L-1, reaction time: 80 min, pH:
5 and 7 for Al and Fe electrodes, respectively).
3.3. Effect of initial pH

It has been established that the pH has a considerable
influence on the performance of electrocoagulation process [43-45]. Therefore, pH (3, 5, 7 and 9) was examined
as one of the main variables affecting electrocoagulation
removal of phenol from synthetic solutions. The results
are shown in Figure 8, from which the variation of removal efficiency of phenol with the solution initial pH
could be clearly identified. The efficiency of phenol removal was low either at low pH or at high pH. The optimal pH was 7 for iron electrodes (removal efficiency ~
98%) and 5 for aluminum electrodes (removal efficiency
~ 95%), at which higher phenol removal efficiency could
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be reached. For aluminum electrodes the average phenol
removal increased from 85.0% to 95.0% when the pH was
increased from 3 to 5. Further increasing the pH to 9
resulted in a reduction of phenol removal efficiency to
86%. This behavior was attributed to the amphoteric character of aluminum hydroxide which does not precipitate at
very low pH [46]. Moreover, high pH leads to the formation of Al(OH)4-, which is soluble and useless for adsorption of phenol [47]. Therefore, further increase of the influent pH would decrease the phenol removal efficiency.
For iron electrodes the average phenol removal increased
from 78.0% to 98.0% when the pH was increased from 3
to 7. Further increasing the pH to 9 resulted in a reduction
of phenol removal efficiency to 89%. This result support
that electrocoagulation efficiency is a function of pH and
these results are in accordance with other researchers who
have reported the maximum performance for the electrocoagulation process at pHs between 7 and 8 when using
Fe as the sacrificial electrode [38, 48, 49]. Consequently
pH 5 and 7 are chosen as optimum pH for electrocoagulation
process with aluminum and iron electrodes, respectively.
The trend observed for phenol removal versus solution pH in the electrocoagulation process can be explained
by accounting for the sacrificial electrode material and its
predominant species diagram from which the removal mechanism can be deduced. The mechanism of contaminant
removal in the electrocoagulation process is complex [50].
The possible mechanism deduced for phenol removal is described in equations 1-6. Fe(OH)3 and Al(OH)3 are gelatinous hydroxide precipitates; therefore, phenol molecules,
have likely been removed from the water through the formation of surface complexes. The phenol molecules complex with the active sites present on the surfaces of growing
hydroxide flocs (coprecipitation) and undergo physical
adsorption onto the gelatinous amorphous Fe(OH)3 flocs
by Van der Waals forces [51]. These flocs can be attached
to one another and flocculated by mixing, thus forming a
particle that can be separated from the liquid phase by
settling, flotation, or filtration [51].

FIGURE 8 - Effect of pH on the phenol removal efficiency (applied
voltage: 60 V, initial phenol concentration: 5.0 mg L-1, conductivity:
3000 µS cm-1, and reaction time: 80 min).

Furthermore, as shown in Figure 8, the pH of the solution changes during the process. The pH variation of the
solution after electrocoagulation process (Figure 8) showed
that the final pH for all of the experiments with iron and
aluminum electrodes is higher compared to the initial pH,
which is in agreement with results obtained by other researchers [32, 38, 52].
3.4. Effect of reaction time

In accordance with Faraday Act, the time of electrolysis in electrocoagulation process affects the rate of metal
ion released into the system [53], so, the removal efficiency
of phenol in the electrocoagulation cell was evaluated as a
function of the reaction time. As shown in Figures 5, 6 and
9, phenol removal increased with increasing reaction time
and most of the reduction in phenol was achieved within
the first 20 min of the reaction and was approximately
64.6% and 72.0 % for aluminum and iron electrodes,
respectively. A further increase in reaction time to 80 min
resulted in an improved phenol removal of approximately
94.7% (phenol concentration <0.264 mg L-1) and 98.0 %
(phenol concentration <0.1 mg L-1) for aluminum and iron
electrodes, respectively that is less than permissible limit
for the discharge of effluent into surface water resources
(1 mg/L). This is ascribed to the fact that at high current
densities the dissolution of anode electrode increases according to Faradays law, the resulting iron and aluminum
hydroxids produces more sludge with a consequent significant removal of phenol due to sweep coagulation [54].
Furthermore, more bubbles are generated at higher current
and this improves the degree of mixing of Al(OH)3,
Fe(OH)3 and phenol which enhances floatation ability of
the cell with a consequent increase in the phenol removal
efficiency [55]. This result is in agreement with the results
obtained by other researchers [30, 56-58]. Consequently
reaction time 80 min is chosen as optimum time of electrocoagulation process for effective removal of phenol
from aqueous environments.

FIGURE 9 - Effect of reaction time on the phenol removal efficiency
and energy consumption (applied voltage: 60 V, initial phenol concentration: 5.0 mg L-1, conductivity: 3000 µS cm-1, pH: 5 and 7 for
Al and Fe electrodes, respectively).
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3.5. Effect of electrical conductivity

A set of experiments was performed to determine the
effect of electrical conductivity of solution on phenol removal efficiency. These experiments were performed using
KCl as the electrolyte in the range of 1000–3000 µS cm-1 at
applied voltage of 60 V, initial phenol concentration equal
5.0 mg L-1 and pH 5.0 and 7.0 for aluminum and iron electrodes, respectively.
The results obtained at different electrical conductivity values (Figure 10) showed that conductivity of solution has a considerable influence on the performance of
electrocoagulation process. As the solution conductivity
increased from 1000 µS cm-1 to 3000 µS cm-1, the phenol
removal efficiency increased from 83.7 to 95% for the
aluminum electrodes and from 88.7 to 98.0% for the iron
electrodes pairs. The residual phenol concentrations were
0.25 and 0.1 mg L-1 after 80 min of electrocoagulation at
conductivity of 3000 µS cm-1 for aluminum and iron electrodes, respectively. When the conductivity of the solution increased, the current flow during electrocoagulation
increased; as a result, the efficiency of phenol removal
was enhanced. Golder et al. [55] reported that the availability of metal coagulants increases with increasing conductivity.

(Figure 11) that at constant voltage, increasing of solution
conductivity resulted in the increase of electrical energy
consumption. Also, it can be seen from Figures 10 and 11
that phenol removal efficiency and energy consumption
with iron electrodes for all conductivities is more than
aluminum electrodes.

FIGURE 11 - Effect of conductivity on electrical energy and electrode consumption (applied voltage: 60 V, initial phenol concentration: 5.0 mg L-1, reaction time: 80 min, pH: 5 and 7 for Al and Fe
electrodes, respectively).

4. CONCLUSIONS

FIGURE 10 - Effect of conductivity on the phenol removal efficiency
(applied voltage: 60 V, initial phenol concentration: 5.0 mg L-1,
reaction time: 80 min, pH: 5 and 7 for Al and Fe electrodes, respectively).

In previous studies, Chen et al. [31] found that conductivity had little effect on the separation of pollutants
from restaurant wastewater in the investigated range from
443 µS cm-1 to 2850 µS cm-1. Kobya et al. [32] studied
the effect of wastewater conductivity on the performance
of the electrocoagulation process using aluminum and
iron electrodes. They found that the turbidity removal
efficiency remained almost unchanged in the conductivity
range of 1000-4000 µS cm-1 for both electrode materials.
But, it was in contrast to that given by Lin and Peng [59]
for electrocoagulation of textile wastewater using iron
electrodes. Increasing solution conductivity resulted in the
reduction of cell voltages that caused a decrease in electrical energy consumption [49]. But our findings showed

The present study attempted to investigate the applicability of an electrocoagulation method using iron and
aluminum electrodes in the removal of phenol from aqueous environments. The influence of various variables such
as applied voltage, reaction time, pH and conductivity of
solution on the removal of phenol was investigated. The
results obtained with synthetic solutions revealed that the
most effective removal capacities of phenol were achieved
at 60 V electrical potential. In addition, the increase of
electrical potential (applied voltage), in the range of 20-60 V,
enhanced the treatment rate. The maximum efficiency of
phenol removal which was obtained in voltage of 60 V,
reaction time of 80 min, initial concentration 5 mg L-1,
conductivity 3000 µS cm-1 and pH 5 and 7 with aluminum
and iron electrodes, respectively are equal to 94.72% and
98.0%. Finally, the results show that electrocoagulation
process can effectively reduce phenol contaminant to a
very low level.
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ABSTRACT
In the course of this study, 15 of the 16 Environmental Protection Agency – Polycyclic Aromatic Hydrocarbons (EPA-PAH) in household dust were determined.
The method developed for this purpose and the selective
determination by means of high performance liquid chromatography combined with fluorescence detector (HPLCFLD) allowed the detection of PAH up to the ppb range.
Via matrix-adapted calibration using baked seasand as
matrix, recovery rates of 70 to 120 % in contrast to a simple external calibration with recovery rates of 25 to 70 %,
only, were achieved. In order to estimate and identify regional differences and potential indoor emitters, empirical
data concerning e.g. smoking and vacuuming habits, location of the house and the presence of fireplaces were collected alongside with the dust sampling. These characteristics were correlated with the analysed results both by
means of F- and t-test and using analysis of variance
(ANOVA). The dust’s pollution in the investigated households varied between 0.28 mg kg-1 and >14.7 mg kg-1. Significant differences between dust samples collected in
British or US-American households compared to those
originating from Germany were gained by evaluating the
samples.

KEYWORDS:
Household dust, indoor chemicals, HPLC/FLD, PAH

1. INTRODUCTION
Air is an aerosol consisting of several finely divided
solid and liquid particles in a gas, thus forming a colloidal
system. The focus of the present study was on the solid
particles which are e.g. sooty particles in smoke or dust.
The smaller the particle size is, the easier they can penetrate the alveoles. The fact that these particles are an outstanding carrier for semi and non volatile, environment* Corresponding author

tally harmful toxic compounds gives a high danger to them.
Environmental chemicals can attach to the surface of dust
by adsorption [1, 2]. Hence, dust is of special importance
indoors. “Indoors” was defined in 2002 as “rooms in buildings which are destined for the prolonged stay of men”
with the exception of working rooms for which special
regulations for the handling of hazardous material are applied [3]. Central Europeans spend about 90 % of their time
indoors [4]. Therefore, the analyses of household dust
gained public interest [5, 6]. The composition of dust is
quite diverse. It has been declared as a “complex mixture
of biologically-derived material (animal dander, fungal
spores, etc.), particulate matter deposited from the indoor
aerosols, and soil particles brought in by foot traffic” by
the US-EPA [7].
According to Butte and Heinzow [1], dust is an integral indicator for indoor exposure. This is of special importance to small children. These come into contact with
the dust directly by playing on the floor and hand-to-mouth
behaviour with objects on which dust has sedimented. Besides, small children’s organs have not reached the developmental state of those of grown-ups which increases
their endangering. The average small children’s weight is
about a fifth of that of an adult. Therefore, the incorporation of pollutants in relation to the body weight is considerably higher for children [4, 8-12]. Moreover, elderly people belong to the high-risk group endangered by indoor
chemicals as they very often stay inside permanently which
leaves them exposed to the dangers of household dust allday.
Polycyclic aromatic hydrocarbons (PAH) are, as well
as biocides, phthalates [2], and flame retardants, semi and
non volatile compounds which may enrich in the dust
classified as sink for semi and non volatile compounds.
Due to the carcinogenic effect of PAH, as they can cause
lung and skin cancer, investigations concerning this class
of substances are of general interest [3, 13, 14]. For this
reason, corresponding studies dealing with household dust
have been carried out and published consistently [10, 11,
15, 16]. The indoor sources proposed in these studies,
wood preservatives, burning processes and contaminated
air from the outside, were to be confirmed in this study.
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Furthermore, the contamination situation was of interest.
In order to estimate the indoor load, household dust was
consulted as it occurs in any habitation and office which
enables the comparison of indoor pollution. Besides, the
dust is easily available by the means of the bags included
in many vacuum cleaners.
A corresponding fast and meaningful method for the
analysis of the 16 EPA-PAH in dust had to be developed.
Therefore, the analytical devices GC/MS and HPLC/FLD,
which have been described in literature, were compared
regarding the peak seperation they gained [8, 17-19]. With
the help of the developed method, 53 samples of dust from
different households were analysed and quantified. The
load of pollution measured in these samples were correlated with empirically obtained data concerning e.g. the
consumation of tobaccos, fireplaces in the habitation, the
proximity to industrial estates and rural or urban location
of the residence. An evaluation by the means of statistical
tests (ANOVA, F- and t-test) was performed.
2. MATERIAL AND METHODS
2.1. Chemicals

The calibration and determination of recovery rates of
naphthalene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo[a]anthracene, chrysene,
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, dibenzo[a,h]anthracene, benzo[g,h,i]perylene, and
indeno [1,2,3-cd]pyrene was done with a PAH-Mix
(100 ng µL-1; Dr. Ehrenstorfer GmbH). Single standards
were applied for the determination of retention times. HPLC
solvents obtained from Fisher Scientific with purity of
99.99 % were used. Housedust was worked up with solvents
purchased by Carl Roth GmbH & Co. KG. The seasand
utilised for the matrix-adapted calibration was procured
by the same company, silica gel with particle size 0.063 to
0.2 mm by Macherey-Nagel GmbH & Co. KG.
2.2. Equipment

A Beckman-Coulter HPLC-device with a Shimadzu
RF-551 fluorescencedetector was used for this study. The
corresponding autosampler was obtained from Triathlon.
For seperation, the ES-PAH column (Trentec) with the
dimension 250 mm x 3 mm x 5 µm was employed.

and to λEx. = 300 nm and λEm. = 500 nm after 34 min. These
modifications of wavelengths are due to a suggestion
which was available for the detector RF-551.
2.4. Sample origin and preparation

The dust originating from Germany, England and the
US was provided exclusively by participants holding interest in this study. The commercially available vacuum
cleaner bags obtained on this way were thereupon used for
analysis. Dust collected in miscellaneous households from
Germany, England and the US was examined. This is consistent with the thesis proclaimed by Colt et al. [9] stating
that there are no significant differences for the results of
dust analysis using dust of commercial vacuum cleaner
bags and dust collected through standardised methods.
In order to guarantee a sufficient homogenity, the
samples were sieved to a fraction ≤ 63 µm. These dust
samples were stored in glass bottles before the analysis
was carried out. Subsequently, 20 mL of methanol were
added to 1 g of sample material. Extraction was performed
by ultrasonication for 10 min at 20 °C. The dust was separated from the solvent by filtration. Afterwards, the extract was concentrated to a volume of 5 mL. A mini silica
gel column was used for the clean up. For this purpose,
2.1 g of silica gel deactivated with 5 % distilled water
were transferred to a glass column and rinsed with dichloromethane and n-hexane. A 200 µL aliquot of the dust
extract was added and elution was done with 10 mL of
dichloromethane and 10 mL of n-hexane. The eluate was
concentrated to a volume of 5 mL using an evaporator.
1 mL of acetonitrile, the keeper for readily volatile components, was added and the solution was evaporated to 1 mL.
The possibility to determine highly volatile PAH (e.g.
naphthalene), too, was gained by blowing off under argon
stream up to the volume of 200 µL. These prepared samples were analysed by HPLC-FLD.
2.5. Statistics

The statistic evaluation of empirically obtained data
took place both via F- and t-tests and by ANOVA. These
analyses of arithmetic means were, analogue to the evaluation of the factorial design, done with the software Microsoft ® Excel 2002. The residual risk for the factorial design
was 5 %.

2.3. HPLC/FLD-Method

It was possible to seperate the 15 PAH in only 50 minutes with the following gradient. 70 % methanol (M) and
30 % water (W) were used as starting eluent. After 10 min,
the content of methanol was increased to 90 % before being
raised to 100 % after 22 min. In order to equilibrate the
column, the eluent was resetted to 70 % M again after
37 min. The corresponding excitation wavelength of
λEx. = 275 nm and emission wavelength of λEm. = 350 nm
were changed to λEx. = 260 nm and λEm. = 420 nm after
18 min, to λEx. = 290 nm and λEm. = 430 nm after 26 min

3. RESULTS AND DISCUSSION
3.1. Detection of PAH

It emerged that, within the devices available, the PAH
were seperated better by HPLC-FLD, even though the
detection of acenaphthylene was not possible due to its
low fluorescence quantum yield [20]. An appropriate
selected ion monitoring (SIM) method did not enable the
attribution of superimposed peaks in the GC/MS either
due to equal mass numbers.
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3.2. Matrix adapted calibration

One aim of the study was to develop a fast analytical
method. It should be tested whether an external calibration could be used for quantification to avoid the timeconsuming standard addition. Therefore, spiked dust samples were analysed in triplicate and quantification was done
applying an external calibration. The obtained recovery
rates were estimated. As the resulting recovery rates of 25 –
70 % were not satisfactory, an external matrix-adapted calibration was carried out. Since there was no certified reference material for dust containing PAH available in the
present study, baked seasand was used as matrix. Although
the composition of seasand is likely to differ from that of
dust (particularly as the organic matter content which may
cause matrix effects is missing) it was chosen as matrix
since its surface size resembles that of the sieved house
dust. Additionally, it was procurable free of PAH. Therefore EPA-PAH was added to the seasand. The spiked
seasand was used as calibrandts. The preparation of calibrants was the same like the preparation of the house dust.
This kind of approach enabled the obtainment of recovery
rates of 70 – 120 %. The detection limits yielded are
shown in table 1.
3.3. Comparison between a Soxhlet-extraction and an ultrasonic extraction

Furthermore, a time- and solvent-expensive Soxhletextraction was compared to ultrasonication in order to
achieve a fast analytical method. For this purpose, a dust
sample was examined with the help of both techniques.
The comparison of the measured precision and PAHcontents (F- and t-test) showed similar effectiveness of a
Soxhlet-extraction with 100 mL of solvent for 7 h and
ultrasonication for 20 min with 20 mL of solvent. Furthermore, there were no differences in the detected amounts
whether acetone or methanol was used as solvent, as shown

in Fig. 1 exemplary for benzo[a]pyrene. These two extracting agents were used according to a study by Sun et al. [21]
showing that acetone and methanol are the preferred solvents. The difference described in [21] could not be confirmed for PAHs here. Due to the higher PAH content
earned with methanol, this was chosen as extracting
agent.
TABLE 1 - Detection limits for PAH indicator substances [ng g-1]
detection limit
[ng g-1]
Naphthalene
99.3
Acenaphthene
8.4
Fluorene
6.9
Phenanthrene
6.5
Anthracene
5.0
Fluoranthene
12.8
Pyrene
8.1
Benzo[a]anthracene
1.2

detection limit
[ng g-1]
Chrysene
6.3
Benzo[b]fluoranthene
5.0
Benzo[k]fluoranthene
5.0
Benzo[a]pyrene
5.0
Dibenzo[a,h]anthracene
5.0
Benzo[g,h,i]perylene
10.3
Indeno[1,2,3-cd]pyrene
5.0
Acenaphthylene
n. d.

n.d. not detectable

Facing the aim of an environment-friendly and fast
method, the further minimization of solvent volume and
extraction time for the ultrasonication were attempted. A
2³ factorial design was carried out. In this context the
influence of the temperature was tested additionally.
However, the evaluation showed no significant influences
of any of these parameters. The analysis according to
Plackett & Burman also confirmed that none of these factors had a significant influence on the extraction of PAH.
Representative for all PAH, the factorial design’s analysis
results for benzo[a]pyrene are shown in Fig. 2. It illustrates
that increased contents of benzo[a]pyrene are gained with
the extraction volume of 20 mL. The remaining factors
were chosen in a way to enable an as fast as possible proceeding of the extraction with no additional energy supply
needed. Therefore, an extraction with 20 mL of methanol
for 10 min at 20 °C was carried out.

FIGURE 1 - Comparison of Soxhlet-extraction and ultrasonication (USB) for the example of benzo[a]pyrene
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FIGURE 2 - Analysis of the factorial design – three factors: extraction time (10 and 30 min), temperature (20 and 40 °C), and solvent volume
(10 and 20 mL). The results of the analysis are shown for the example of benzo[a]pyrene.

3.4. Clean-Up

Even if the aim is the fast and cheap analysis of PAH,
a purification step is always recommendable due to the
subsequent reasons. On the one hand, the elimination of
disturbing components leads to an increased durableness
of the HPLC-column, on the other hand, interferences
with the components that are to be determined are minimized. Coinciding with the optimized analysis, a solidphase extraction was carried out. In the comparison of
cyclohexane, dichloromethane and n-hexane as eluents,
the use of 10 mL dichloromethane and subsequently
10 mL of n-hexane turned out to be most suitable. With
this eluent composition, recovery rates of 70 – 106 %
were achieved.
3.5. Contamination of the analysed dust samples and correlation to empirical data

The developed method was applied to analyse 53 dust
samples. All investigated samples of household dust were
contaminated with PAH. The average pollution of dust
with the 15 determined PAH was 2.0 mg kg-1. Data points
beyond the calibration range were calculated with value
of the calibration maximum. It varied in a range of 0.28 mg
kg-1 to >14.7 mg kg-1. Fig. 3 shows the distribution of the
diverse compounds. Hence, benzo[g,h,i]perylene and phenanthrene predominate in household dust while naphthalene, acenaphthene, anthracene, and dibenzo[a,h]anthracene
have only a small share in the dust’s exposure with PAH.
This was well in accordance with the results presented by
other studies [10-11, 18].
The minor contents of naphthalene and acenaphthene
may be attributed to their volatility as compounds with
2 –3 aromatic rings are expected in the indoor gas phase

rather than adsorbed to particles. Furthermore, recovery
tests with low concentration applying the matrix-adapted
external calibration yielded in recovery rates for these two
PAH as low as < 70 %. Therefore, the obtained results of
these two compounds were ascertainable only halfquantitatively.
The contaminations differing according to Figure 4
suggest varied indoor emitters. To detect potential indoor
emitters empirically collected data were evaluated. In order
to compare different factors of influence, F- and t-tests, or,
with several examined characteristics, analysis of variance
(ANOVA) tests were applied.
The mentioned statistic tests were done for the consumption of tobaccos as well as their frequency, for the
volume of traffic, rural or urban origin of the sample, the
building’s age, the proximity to industrial estates, for a
garage’s direct connection to the house as well as vacuum
cleaning of a car, for the nature of heating as well as the
use of a fireplace, for the “age” of the vacuum cleaner bag
and the frequency of vacuum cleaning. All these factors
were chosen as potential PAH emitters for the indoor
environment.
The influence of a smoker household on the contamination of dust with PAH discussed repeatedly before
could not be confirmed in the scope of this study. Thus,
these results correlate with those obtained by Chuang et
al. [8] and Maertens et al. [11]. Furthermore, the influence
of the volume of traffic around the sample origin was not
significant which is in accord with Vyskocil et al. [19].
Although Murakami et al. [22] obtained significant differences in the pollution of street dust depending on the
volume of traffic, no significant influence of the volume
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FIGURE 3 - Substance profile of PAH in dust. Average amount of each of the 15 flourescent EPA-PAH detected in the analysed household dust.

[ng g-1]

Dust samples
FIGURE 4 - Variation of total PAH-contents of dust samples (HS1 to HS53) in ng g-1

of traffic was detected for samples from different origin in
the present study [22]. The low mobility of the low volatile compounds might be the reason for not reaching interior rooms.

A coherence between the dust’s pollution with PAH
and the building’s age as expected by Ohura et al. [23]
could not be confirmed in this study. Furthermore, no
significant correlation was found for the measurement
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results with possible industrial estates in the neighbourhood, fireplaces in the lodging or other types of heating
like gas and oil. Correlations between the PAH content
and both the age of the vacuum cleaner bag, the frequency
of vacuuming, the direct connection to a garage and the
vacuum cleaning of a car could not be proven significantly.
The possible sources for indoor PAH described above
were correlated with the amount of “B2-PAH” measured.
These are six selected PAH of the 16 EPA-PAH which
are assumed to cause cancer in the human body [15]
(http://www.epa.gov/ttn/atw/hlthef/polycycl.html, 2010).
However, no significant factor of influence could be proven
in this study. Evaluating the questionnaires of the sample
with the highest and the lowest load led to the following
results. Both samples were collected in rural areas. However, the building with the highest loaded dust had, in
contrast to the one with the lowest pollution, a direct connection to a garage, an industrial estate in close proximity
and a fireplace insert operated in the winter. Furthermore,
apart from the house, a car was relieved of dust with the
vacuum cleaner. Therefore, it was assumed that these
parameters might be responsible for a higher PAH dust
load, although they were not significant.
Consequently, a comparison of the samples with regard to their origin suggested itself. The sampling locations
are apparent from Fig. 5. Comparing the samples originating from Germany concerning regional discrepancies did
not result in any significant differences. In contrast, the
PAH-contents of samples originating from Germany could
be distinguished significantly from those collected in the
US and UK. The samples from the US and UK (5.6 mg kg-1
in average) were polluted higher with PAH than the Ger-

man household dust (2.1 mg kg-1 in average). Unfortunately, reasons for the differences could not be resolved
satisfactory due to scarce data. Besides, it needs to be
noted that 45 of the 49 examined samples were from
Germany which interdicts the generalization as the lower
load in Germany in contrast to the US and UK could not
be validated statistically due to the fact that this study was
performed with samples provided by volunteers. Therefore, only four dust samples from countries other than
Germany were obtained.
A comparison with other studies regarding the average load showed higher pollution in samples from North
Carolina, Ottawa, Berlin and Italy [11, 15, 24, 25]. However, results from Kuwait [10] and Vienna [16] showed a
lower load. In addition, further studies dealing with the
PAH load in Germany by Fromme et al. [24] and by the
Hamburg Authority for Health, Labour and Social Affairs
[4] show considerably higher values than those measured
here in 2010. The comparison with these studies examining the pollution of household dust in Hamburg [4] and
Berlin [24] showed fivefold to sixfold higher contaminations (0.27 mg kg-1 for benzo[a]pyrene in Berlin and 0.30
mg kg-1 for benzo[a]pyrene in Hamburg) than the present
study (0.05 mg kg-1). This could be attributed on the one
hand to the size of location of sample drawing. The Hamburg Authority [4] and Fromme et al. [24] measured samples from the metropolises Hamburg (pop. 1.77 million)
and Berlin (pop. 3.43 million) [26] whose traffic volume
differs decidedly from the cities and villages examined here
(e.g. the rural regions around Frankfurt (pop 0.66 million),
Leipzig (pop 0.52 million), Halle (pop 0.23 million), Leer
(pop 0.03 million) [26]). On the other hand, according to

FIGURE 5 - Origin of dust samples. Each pin indicates the origin of one or several examined household dust samples.
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Fromme et al. [24], the high percentage of apartments
with coal heating in inner cities of Berlin compared to the
rest of Germany could be regarded as a possible reason
for the discrepancy between the measured loads of PAH.
It should be noted that, for the studies from North
Carolina [15] and Ottawa [11], the samples had been
sieved to a diameter of < 150 µm. Likewise, in the study
performed in Berlin, the dust was not sieved smaller 63 µm
but instead taken directly out of the vacuum cleaner bags
from between the inner and outer paper layers [24]. In
contrast, in the Italian study, the fine dust accumulation
1.5 – 2 m above the ground was analysed [25]. Examinations by Lewis et al. [27] on this matter showed that the
smaller the particle diameter of the dust fraction, the higher
is its load with PAH. Therefore, smaller fractions of the
North Carolina [15] and Ottawa [11] dust samples might
also contain higher loads of PAH. Thus, the differences
measured in this study between the samples from England
and the USA in contrast to the German samples could be
supported, although those found here could not be proved
by a high sample number.
4. CONCLUSIONS
Concluding, the aim of developing a fast and competitive method to determine the PAH in household dust
was achieved in the study. With matrix-adapted calibration methods, recovery rates for the PAH turned out to be
better than with external calibrations. Besides, a time- and
solvent-economic ultrasonication extraction could be
carried out as this gained PAH-contents analogue to those
achieved via Soxhlet-extraction. HPLC-FLD demonstrated
to be a valuable analytical measurement to determine 15 of
the 16 EPA-PAHs. It was possible to evaluate the load of
PAH on different households. All analysed samples of
household dust were contaminated in the study presented
here. A statistic evaluation of the data showed no significant source of influence. Nevertheless, an effect of these
possible sources on the pollution of the household dust
with PAH cannot be ruled out completely on this way. A
comparison of similar studies showed, analogue to samples from Vienna, a lower load detected here than in
Hamburg, Berlin, Italy, North Carolina and Ottawa.
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