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PHYTOTOXIC EFFECTS OF
SIX SURFACTANTS ON Allium cepa L. PLANTLETS
Halide Akbaş1, Feruzan Dane2, Gülden Yılmaz2,*, Fatmanur Öztürk2 and Sinem Leventer2
1

Trakya University, Faculty of Science, Department of Chemistry, Balkan Campus, 22030 Edirne, Turkey
2
Trakya University, Faculty of Science, Department of Biology, Balkan Campus, 22030 Edirne, Turkey

ABSTRACT
In this study, the effects of two anionic surfactants,
sodium dodecyl benzene sulfonate (DBSNa) and sodium
dodecyl sulfate (SDS), one meric and one dimeric cationic
surfactant, cetyltrimethylammonium bromide (CTAB) and
gemini surfactant (16-2-16), and two non-ionic surfactants,
polyoxyethylene tert-octylphenyl ether (Triton X-100)
and polyoxyethylene (23) lauryl ether (Brij 35) were evaluated under laboratory conditions using onions (Allium cepa
L.) as test material. The phytotoxic effects of surfactant
solutions were observed. The phytotoxic effects on roots
were determined by measuring root elongations of onions
for each day in a week under laboratory conditions at
16.0±0.5 ºC, after treated them by different surfactants.
All surfactants used in this study were tested at three different concentrations, 5.00, 2.50 and 1.25 g/L (w/v), and some
differences were observed between the effects of them. The
phytotoxic effects were observed on onions which treated
by anionic, cationic surfactants and nonionic surfactant
Triton X-100. Stimulatory effects only occurred on onions
treated by Brij 35 while inhibitory effects were observed
on onions treated by all concentrations of Triton X-100. It
was observed that inhibitory effects increased with increasing concentrations of Triton X-100.

KEYWORDS:
Effects, onion, phytotoxic, root, stimulatory, surfactant.

1 INTRODUCTION
Surfactants are compounds that lower the surface tension of a liquid, the interfacial tension between two liquids,
or between a liquid and a solid. They can influence the wetting and spreading of liquids, and can modify the dispersion,
suspension, or precipitation of a pesticide in water. Surfactants are amphipathic molecules consisting of a hydrophobic (alkylated phenol derivatives, fatty acids, longchain linear alcohols, etc.) and a hydrophilic part (gener* Corresponding author

ally ethylene oxide chains of various lengths). From the
commercial point of view, surfactants are often classified
according to their use. Due to their favorable physicochemical properties, surfactants are extensively used in
many fields of technology and research. There are nonionic (no electrical charge), anionic and cationic surfactants [1].
Surfactants are used to improve the effectiveness of
foliar applied herbicides, other pesticides and defoliants by
reducing the surface tension of aqueous systems. However,
there is evidence that surfactants are capable of exerting inhibitory as well as stimulatory effects upon plant growth
and behavior [2]. Nonionic surfactants are an integral part
of the majority of pesticide formulations [3]. They increase
the leaf retention of spray solutions [4], enhance adhesional
forces of aqueous droplets on crop leaf surfaces [5], and
generally improve the effectiveness of active ingredients
[6, 7]. Lewis [8] studied the chronic toxicities of surfactants
and detergent builders to algae. Fornia et al. [9] investigated the effects of SDS (used in our study) on Lemna
minor L. and Azolla filiculoides Lam.. SDS and SDBS
were studied for adjuvant effects by Clausen et al. [10].
While Singh and Matsuoka [11] studied liquid-liquid interfece study of hydrocarbons, alcohols, and cationic surfactants wıth water, Gürses et al. [12] studied thermodynamics
and mechanism of cetyltrimethylammonium adsorption
onto clayey soil from aqueous solutions cationic gemini
surfactant (CG) and nonionic surfactants (Brij35, TX 100)
have been studied [13]. Akbaş et al. [14] studied cloud
points of Triton X-100 and gemini surfactants, and Brij 35
was used in mixed surfactants [15]. The optimum surfactant concentration required for maximum lowering of
surface tension is about 0.0l to 0.1% depending upon the
surfactant [20]. But surfactant concentrations used in
practice are far in excess of these levels and could modify
the effects of test material.
Surfactants have the potential to pose environmental
problems unless they are used in a well-controlled manner. Anionic surfactants, used as the main cleaning agents
in most laundry detergents, are not generally absorbed by
inorganic solids, but cationic surfactants are strongly
absorbed by solids, particularly clays. Anionic and non-ionic
surfactants are also absorbed in activated sludge and organic river sediments to a significant degree. Therefore, it
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is important to understand phytotoxic effects of surfactants on several kinds of plants. The aim of this study was
to investigate the phytotoxic effects of different anionic,
cationic and nonionic surfactant solutions on root growth
under laboratory conditions using Allium cepa as a test
material.
2 MATERIALS AND METHODS
Two anionic surfactants, sodium dodecyl benzene
sulfonate (DBSNa) and sodium dodecyl sulfonate (SDS),
the meric cationic surfactant cetyltrimethyl ammonium

bromide (CTAB), and two non-ionic surfactants, polyoxyethylene octylphenyl ether (Triton X-100) and polyoxyethylene (23) lauryl ether (Brij 35) were supplied from
Merck and Sigma, and used without purification. Dimeric
cationic surfactant, gemini surfactant (16-2-16), was synthesized in our laboratory [14]. The purities were checked
via nuclear magnetic resonance (NMR). The 1H NMR
spectra were recorded in deuteriochloroform solution with
a Varian Mercury Plus 300 MHz spectrometer, and the
13C spectra were recorded at 75 MHz. All solutions were
prepared with tap water. Characterizations of the experimental surfactants are given in Table 1.

TABLE 1 - Characterization of the experimental surfactants
Surfactant
Sodium dodecyl sulfate
Sodium dodecyl benzene sulfonate
Cetyltrimethyl ammonium bromide
Polyoxyethylene 23 lauryl ether
Polyoxyethylene octyl phenyl ether
Alkanediyl- α-ω-bis(hexadecyl dimethyl ammonium bromide)

Surfactant symbol
SDS
DBSNa
CTAB
Brij 35
TX-100
gemini (16-2-16)

Onion (Allium cepa) was selected as material for this
study because it is a good specimen for study and has
many primoridal (adventitious) roots that are growing
rapidly. So, it has got much absorption surface. Onions
represent the third largest fresh vegetable industry in
some countries. Onion is inherently a poor competitor with
weeds because of its narrow leave morphology, slow
growth, and small leaf canopy. All experiments were performed on primordial roots of the onion. The onions were
prepared by Akbaş et al. [17] as described by Wierzbicka
to obtain equal growth of primordial roots. Healthy and
equal–sized bulbs of common onions were used. Before
starting the experiment, the outer dry scales of the bulbs
were removed and the ring of the root primordial was left
intact. Twenty-four onions composed an experimental set,
and 6 onions within each set were selected for control. At
the beginning of the experiment, onions were placed individually in 60 ml vessels containing different surfactants as
seen in Fig. 1. The temperature of the laboratory was kept
at 16.0 ± 0.5 ºC. Three different surfactant concentrations
(5, 2.50, 1.25 g/L) were prepared from stock solution for
each surfactant (5 g surf./1000 ml). The control groups
were treated only with tap water. Experiments were replicated three times. Root lengths were measured using a
millimeter ruler starting at the onset of incubation, then
after 1st, 2nd, 3rd, 4th, 5th, 6th, and 7th days. At the end of the
7th day, the total root lengths were measured. Means and
standard deviations of the length of onion root tips were
determined. The phytotoxicity results were based on the
effective concentration (EC50) that reduced root growth
by 50%. The pH values were measured with three repetitions by a Jenway 3040 Ion Analyzer with a combination
glass electrode.

Classification
Anionic
Anionic
Cationic
Non-ionic
Non-ionic
Cationic

Structural formula
CH3 (CH2)10 CH2OSO3- Na+
CH3(CH2)11C6H4SO3Na
C16H33) N+(CH3)3BrC2H4O)23C12H25OH
C14H22O(C2H4O)n (n = 9.5)
C16H33N+(CH3)2-CH2-(CH2-OCH2)2-CH2-+(CH3)2C16H33, 2Br-

a.

b.
FIGURE 1 - Some onions in the surfactant solutions used for the
treatment - a. Brij-35 (stimulatory effect is seen); b. Triton X-100
(inhibitory effect is seen).
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Statistical analysis were performed and given in the
results section. A SPSS 19 statistical package was used to
run statistical analyses. Conformance of the measurable
data to the normal distribution was checked by single sample Kolmogorov Smirnov test. Kruskal-Wallis variance
analysis and Mann Whitney U test were used in comparison between the groups not showing normal distribution.
Median (Min-Max) values and arithmetical means ± standard deviation were provided as descriptive statistics. Significance limit was specified as (p≤0.001) for all statistics.
After Kruskal-Wallis variance analysis, in comparison to
the results of Mann Whitney U, Benferroni correction was
made.
3 RESULTS
In this study, the phytotoxic effects were observed on
onion roots which were treated by all surfactant solutions
described above. Stimulatory effects were observed only
on roots of onions treated by Brij-35.
The effects of surfactants on A. cepa root elongations
after 7-days were varied by surfactant types. It was observed that anionic and cationic surfactants had phytotoxic effects more than nonionic ones (Fig. 2). The highest phytotoxic effects were observed for CTAB solutions
at 1.25 g/L dose. When we compared the phytotoxic effect of Triton X-100 doses, that of 5.00 g/L was found to
be very toxic. EC concentration of Triton X-100 was
determinated to be 1.25 g/L dose (Fig. 2).
The effects of Triton X-100 and Brij-35 treatments on
A. cepa root elongations after 7-days are given (Fig. 3).

Stimulatory effects were observed at all concentrations,
especially doses of 5 and 1.25 g/L of nonionic surfactant
Brij-35. However, there was no stimulatory effect of the
other nonionic surfactant Triton X-100 (Fig. 3).
TABLE 2 - Arithmetical mean values of root elongations after 1week treatment with 6 different surfcatants (sodium dodecyl sulfate
(SDS), sodium dodecylbenzene sulfonate (DBSNa), cetyl trimethylammonium bromide (CTAB), alkanediyl-α-ω-bis(hexadecyl dimethyl ammonium bromide (gemini), polyoxyethylene (23) lauryl
ether (Brij 35), polyoxyethylene octylphenyl ether (Triton X-100).
GROUP

ROOT LENGTH
Arithmetical Mean ± Standard Deviation,
Median, (Min-Max)
14.75 ± 12.71, 10, (1-55)
(*) 1.99 ± 0.82, 2,
(1-3)
(*) 3.31 ± 1.15, 3,
(1-5)
(*) 4.70 ± 2.38, 5,
(1-9)
(*) 3.07 ± 1.76, 3,
(1-9)
(*) 4.01 ± 1.63, 4,
(1-8)
(*) 2.99 ± 1.80, 3,
(1-7)
(*) 2.02 ± 0.82, 2,
(1-4)
(*) 2.04 ± 1.04, 2,
(1-4)
(*) 1.87 ± 1.07, 1.5 (1-5)
(*) 2.41 ± 1.1,
2, (1-5)
(*) 2.34 ± 1.64,
2, (1-9)
(*) 2.52 ± 1.23,
2,
(1-7)
(*) 23.15 ± 20.07, 15, (1-70)
22.01 ± 21.36,
12, (1-77)
20.99 ± 19.07,
13, (1-60)
(*) 3.02 ± 1.73,
2.5 (1-8)

CONTROL
SDS (5.00 g/L
SDS (2.50 g/L)
SDS (1.25 g/L)
DBSNa (5.00 g/L)
DBSNa (2.50 g/L)
DBSNa (1.25 g/L)
CTAB (5.00 g/L)
CTAB (2.50 g/L)
CTAB (1.25 g/L)
GEMINI (5.00 g/L)
GEMINI (2.50 g/L)
GEMINI (1.25 g/L)
BRIJ 35 (5.00 g/L)
BRIJ 35 (2.50 g/L)
BRIJ 35 (1.25 g/L)
TRITON X-100
(5.00 g/L)
TRITON X-100
(*) 3.19 ± 2.07,
2, (1-8)
(2.50 g/L)
TRITON X-100
(*) 7.26 ± 6.46,
5, (1-28)
(1.25 g/L)
(*) indicates significant differences at the 5% level between values
obtained under control and treated plants (P≤0.001).

FIGURE 2 - The mean of root elongations affected by 6 surfactant solutions after 7 days: No 1: SDS, No 2: DBSNa, No3: Cetyl trimethylammonium bromide (CTAB), No 4: Alkanediyl-α-ω-bis(hexadecyl dimethyl ammonium bromide) gemini surfactant (16-2-16), No 5: Polyoxyethylene 23 lauryl ether (Brij 35), No 6: Polyoxyethylene octyl phenyl ether (Triton X-100).
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a

b
FIGURE 3 - The means of onion root lengths treated by two nonionic surfactants during 7 days: a. Triton X-100; b. Brij-35.

4 DISCUSSION AND CONCLUSIONS
There are only some studies about the phytotoxic or
stimulatory effects of SDS, DBSNa, CTAB, Brij 35, Triton X-100 and gemini surfactants used herein on root elongations of other plants. However, there are some phytotoxic
and inhibitory effects of different surfactants in plant
systems including repressed potassium uptake in barley

by Tween-20 and Tween-80 [18], decreased translocation of
phosphorus in beans by Tween-80 [19], decreased growth in
tobacco by hexadecanol and docosanol [20], and lowered
germination in clover by santomerse No. I [21]. It was
found that the toxicity of surfactants was dependent on
the number of ethylene oxide groups and the hydrophobic
state of the surfactant [22].
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Surfactants also have shown some stimulatory effects. Tween-20 increased the hormonal activity in apple
[23 , 24], Tween-20, Tween-80 and Surfax 505 increased
the growth of leaves and roots in barley [18], Tween-20,
Tween-80 and fatty acid esters increased growth of pea
stem sections [25, 26], and Tween-20 increased growth
and nicotine synthesis in tobacco [27].

[10] Clausen, S.K., Sobhani, S., Poulsen, O.M., Poulsen, L.K. and
Nielsen, G.D. (2000) Study of adjuvant e€ect of model surfactants from the groups of alkyl sulfates, alkylbenzene sulfonates, alcohol ethoxylates and soaps. Food and Chemical
Toxicology 38, 1065-1074.

Surfactants are widely used in many fields and exert
both beneficial and toxic effects. They bind to proteins as
well as to phospholipids influencing (stimulating or inhibiting) enzyme activity and membrane permeability. As recent
research indicates, the biological effects strongly depend on
the structure of surfactants [22]. In this study, it was found
that anionic and cationic surfactants were very toxic for
Allium cepa. The toxicity of nonionic surfactants was affected by the number of the ethylene oxide groups. Stimulatory effect of Brij 35 was seen obviously while phytotoxic effect of Triton X-100 was determined. EC concentration of Triton X-100 was found to be 1.25 g/L.

[12] Gürses, A., Karaca, S., Açıkyıldız, M. and, Korucu, M.E.
(2009) Thermodynamics and mechanism of cetyltrimethylammonium adsorption onto clayey soil from aqueous solutions. Chemical Engineering Journal 147, 194–201.

In conclusion, surfactants make stimulatory effects
[28] and also have phytotoxic effects [29]. Consequently,
the effects of surfactants have a marked impact on human
health care, biotechnology, environmental protection and
agrochemistry. It is important that the determined EC50
concentrations are close to control values. In addition, it
must be selected an appropriate surfactant which has
minimal toxicity and maximal benefits for each purpose.
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ABSTRACT
Mixed TiO2 sol and SiO2 nanoparticles in different
proportions were added into PVDF membrane, and their
effects on pure water flux, retention rate and mechanical
properties of PVDF membrane were discussed. The SiO2TiO2/PVDF membrane surface and section structures were
characterized by SEM, FT-IR, and XRD analyses. In addition, membrane mechanical properties and hydrophilicity
were tested. The results indicated that mixed TiO2 sol and
SiO2 nanoparticles could increase both hydro-philic and
mechanical strength of PVDF membrane. When the
SiO2/TiO2 mixed ratio was 3:10, membrane performance
was optimized (porosity 81%, flux 13.9 L·m-2·h-1·KPa, retention rate 78%, tensile strength maximum loading 50N,
tensile stress 3.18MPa, tensile strain 18%).

KEYWORDS: Polyvinylidene fluoride (PVDF), TiO2 sol, SiO2
nanoparticles, membrane structure, membrane performance

1 INTRODUCTION
Poly(vinylidene fluoride) (PVDF) is a common ultrafiltration and microfiltration membrane material because
of its excellent chemical resistance and thermal stability
[1-3]. Though its hydrophobic nature is favor of promoting the selective absorption and transport of the organic
component of an organic/water feed solution, the neat
PVDF membrane is liable to be contaminated by impurities of water and wastewater treatment, which leads to a
drop of pure water flux of the membrane [4-6]. Modification of PVDF membranes has been extensively investigated
to improve the membrane hydrophilicity and mechanical
strength, respectively. Blending with inorganic materials,
especially nanoparticles, have attracted great attention due
to their convenient operation and good performance. The
introduced nanoparticles to polymer membranes mainly
* Corresponding author

include SiO2 [7], TiO2 [8], ZrO2 [9], Al2O3 [10,11] and
Fe3O4 [12], to fabricate organic–inorganic hybrid membranes. Among these nanoparticles, SiO2 and TiO2 particles have been widely applied due to their stability, availability, hydrophilicity and suitable mechanical strength.
When dispersed to PVDF membrane, SiO2 nanoparticles
can improve the mechanical property, and TiO2 sol can
improve the hydrophility of PVDF membranes to enhance
the flux. To date, hydrophilic modified PVDF ultrafiltration membrane was mainly concentrated on adding individually nanoparticles or sol to the PVDF casting solution. However, single nanoparticles only can improve a
particular aspect of PVDF membrane performance. How
to improve simultaneously mechanical strength as well as
hydrophilic or other performances of PVDF membrane is
important for further applications in water and wastewater
treatment. Mixing nanoparticle and nano-sol modification
for PVDF ultrafiltration membranes is rarely reported.
In our study, neat PVDF and SiO2-TiO2/PVDF membranes were prepared by a phase inversion method and
characterized by pure water flux and retention efficiency
of blood serum albumin (BSA). The main purpose of our
work was to investigate and compare the effects of SiO2
nanoparticle and TiO2 sol mixer on the performance and
structure of the PVDF membrane.
2 MATERIALS AND METHODS
2.1 Materials

Commercial PVDF (Solef® 1015, Mw 5.73×105 g/mol)
was purchased from Solvay Solexis and dried at 100 °C
for 24 h before use. SiO2 particle (20 nm, 99+%) was purchased from Alfa Aesar. N,N-Dimethyl-acetamide (DMAC),
ethanol and polyvinylpyrrolidone (PVP, K30, Mr = 30000)
were purchased from Sinopharm Chemical Reagent (China).
Tetrabutyl titanate (TBT) and lithium chloride (LiCl) were
purchased from XinJing Chemical Reagent (China). Bovin serum albumin (BSA Fraction V, Mr = 67000) was
purchased from Sigma-Aldrich (USA). All other chemicals reagent were all of AR grade.
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2.2 Preparation of composite membranes

TiO2 sol was prepared by sol-gel method. In a typical
procedure, 10.0 ml TBT was directly added dropwise to a
95% aqueous solution of ethanol to start hydrolyzation
and condensation reactions under vigorous stirring. The
total volume of solution was controlled up to 45 ml, followed by adding 2.0 ml glacial acetic acid to the solution.
The sol was kept at about 30 °C for about 30 min under
vigorous stirring. Then, a mixed solution of 0.5 ml nitric
acid, 10 ml ethanol and 1 ml deionized water was added
to the sol to form a stable colloidal sol. The sol was kept
at about 30 °C for about 1 h under stirring conditions until
a uniform pale-yellow sol was obtained.
PVDF (15%) was dissolved in DMAC (80%) at 60
°C and stirred for 12 h to obtain a homogenous PVDF
solution. Then, lithium chloride and polyvinylpyrrolidone
(5%) were added and the mixture was stirred at 60 °C
until the additives were dissolved. Different mixing ratios
of TiO2 sol and SiO2 nanoparticles were added to the
PVDF solution, and mixtures were stirred for 24 h at 60
°C until a uniform milky suspension, the final complex
solution, was obtained. The complex solution was then
casted onto a glass plate to produce a flat sheet membrane
via the phase inversion method. The fabricated membrane
was immersed into fresh deionized water to remove all
the residual solvents before characterization. The wet
membranes were used to measure the porosity, while the
dry membranes (dried in air at room temperature) were
used for other characterizations.
2.3 Membrane characterizations

The water flux was deduced from the volume of water infiltration per min at 0.1MPa.The membrane had a
filter area of 41.8 cm2. The measuring protocol was as
follows: for the first 40 min, the membrane was compacted at 0.15 MPa to get a steady flux; then, the flux was
recorded at 0.1 MPa every 6 min, at least 5 readings were
collected to obtain an average value. In the process of
experiment, membrane fluxes were calculated as follows:

J

=

Q
At

where J is the permeation flux (L/m2 h), Q is total permeation volume (L), A is effective membrane area (m2),
and t is filtration time (h).
Pure water was changed to 0.1 g/L BSA solution.
BSA concentrations of both feed J and permeate solutions
were measured by UV-VIS spectrophotometry (DR5000,
HACH) at 280 nm.The rejection of BSA was calculated
using the following equation:

A 
R (%) =  1 − 1  × 100 %
A0 


where A1 is the absorption value of the permeate solution, and A0 is the absorption value of the feed solution.
The porosity (Pr, %) was calculated as a function of
the membrane weight:

Pr =

W

w − W
Sdd m

d

× 100 %

where Ww and Wd are membrane weights at equilibrium swelling with water and at dry state, dm is the area of
the membrane, d is the average thickness of the membrane, dm is the density of water.
The average pore size (r,nm) was calculated as a
function [13]:

r=

8 × (2.90 − 1.75Pr ) µLJ
Pr ∆P

where J is the permeation flux (L/m2h),PT is the porposity (%),L is the membrane thickness, µ is the water
viscosity, and ∆P is the pressure inside of the membrane.
A Fourier transform infrared attenuated total reflection spectrometer (FTIR-ATR， Perkin Elmer) was used
to detect chemical compositions of membrane top surface
before and after mixing nanoparticles. The samples were
placed on the sample holder, and all spectra were recorded
in wave number range of 4000-500 cm-1 by cumulating
32 scans at a resolution of 2 cm-1.
The wide-angle X-ray diffraction patterns were recorded by the reflection scan with nickel-filtered Cu Kα
radiation using an X-ray diffractometer (X'Pert Pro,
PAN analytical). The X-ray generator was run at 40 kV
and 80 mA. All the WAXD measurements were performed
at 2θ between 10◦ and 80◦.
Morphological structures of the prepared PVDF membranes were examined by scanning electron microscopy
(SEM, S-3000N, HITACHI). The cross section samples
were fractured in liquid nitrogen. Both the surface and cross
section of the samples were gold-sputtered for 90 seconds
for observation.
Mechanical property of membrane was determined
using a tensile tester (Instron-5565) with the stretching
rate of 2 mm/s at room temperature. Each sample was cut
into 10×4 cm, and the thickness of the sample was measured according to the SEM micrograph.
The contact angle between water and membrane top
surface was measured to evaluate the membrane hydrophilicity, using an OCA-20 contact angle goniometer
(Dataphysics). To minimize experimental error, the contact
angles were measured 5 times for each sample, and then
were averaged.
3 RESULTS AND DISCUSSION
3.1 Membrane performance

The membranes were prepared via a phase inversion
method. All the compositions in the casting solutions with
15 wt% PVDF were optimized. As shown in Table 1, the
water flux of the modified membranes were significantly
increased. Though the pore size was increased by 7.3 nm
and 10.5 nm, all the BSA rejection efficiencies were close
to 80 %.
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TABLE 1 - The performance and surface pore status of the SiO2-TiO2/PVDF membrane.
Nanoparticle
mixed ratio
(SiO2/TiO2)
None
SiO2/TiO2=1:5
SiO2/TiO2=3:10
SiO2/TiO2=2:5
SiO2/TiO2=1:2

Pure water
flux
(L/m2·h·KPa)
9.6
10.7
13.9
11.5
7.7

All prepared membranes showed typical ultrafiltration characteristics. The membrane performance and membrane pore status were changed by different mixing ratios
of nanoparticle addition. Pure water fluxes of modified
PVDF membrane was enhanced sharply while rejection
was not changed, or slightly decreased. With the increase
in different mixing ratios of nanoparticles, the porosity
and average pore size increased firstly but then decreased.
All values of pure water flux, porosity and average pore
size showed a consistent trend.
The complicated phenomena might be derived from
the intrinsic nature of nanoparticles. Liang et al. [14]
modified the PVDF hollow fibre membrane by adding
about 10 wt.% TiO2 into the casting solution. They considered that the surface of TiO2 was abundant with hydroxyl which could enhance remarkably the flux of PVDF
membrane. Chiang et al. [15] also figured that there were
hydrogen-bond effects between the fluorine atoms in
PVDF and oxygen atoms in TiO2. As mentioned above,
since nanoparticles have high affinity to water, the pure
water flux of membrane performance can be improved.
Nanoparticles can increase water-solvent inter-diffusion
velocity in the coagulation bath, and make membranes
more porous because of their hydrophilic nature. It plays
the same role as water-soluble additives, such as PVP and
LiCl, during the phase inversion. However, the fate of
nanoparticles is different from that of those additives after
the phase inversion. While the polymers and inorganic
additives can be removed from the membrane by dissolving to water after phase inversion, nanoparticles remain in
membrane matrix and plug the membrane pores. Liu et al.
[16] studied on progress in the production and modification of PVDF membranes by adding simple TiO2
nanoparticles into the casting solution, and water flux was
7.5 L/m2·h·KPa. Shen et al. [17] also demonstrated that
the water flux of the PES membrane was 5.1 L/m2·h·KPa
after modifying it by adding simple SiO2 nanoparticles
into the casting solution. In our work, by changing
nanoparticle mixed ratio of SiO2-TiO2 into casting solution, the maximum water flux of prepared membranes can
reach 13.9 L/m2·h·KPa. This is probably due to the SiO2TiO2/PVDF membrane which has excellent hydrophilicity
and good connectivity of membrane morphology, possibly enhancing the flux of the membrane. But we found
large amounts of nanoparticles in the casting solution were
not acceptable because of aggregation and sedimentation

Rejection
(%)

Porosity
(%)

Average pore size/
(nm)

84
81
78
80
90

75
80
81
71
64

7.3
8.1
9.9
10.5
6.6

weakening the nm-effects and blocking the membrane
pores leading to an extreme decrease in membrane performance.
3.2 Membrane morphology analysis

The morphologies of SiO2-TiO2/PVDF membrane
were observed by SEM. Fig. 1 shows the effect of different mixing ratios of SiO2 and TiO2 nanoparticles on membrane skin layer and cross-section structure.
Since mixing of nanoparticles has high affinity to water, penetration velocity of water into the nascent membrane increased with nanoparticle content during the phase
inversion. In addition, the solvent diffusion velocity from
membrane to water can also be increased by nanoparticle
addition. Since the interaction between polymer and solvent molecules decreased by the hindrance of nanoparticles, solvent molecules can diffuse more easily from the
polymer matrix [18]. It is well-known that pore size and
porosity increased with solvent interdiffusion velocity
[19, 20]. Therefore, pore size and porosity of nanoparticle-entrapped membrane could be high. However, porosity decreased due to the plugging of excessive amounts of
nanoparticles into some pores during phase inversion.
Water flux decreased due to the clogging of some pores
on membrane surface. SEM photographs of membranes
confirmed this fact. Fig. 1(d) clearly shows that some
particles were put together with other ones forming larger
aggregates.
It was clearly observed that near the surface of the
membranes, long finger-like structures were present and
there were sponge-like structures near the non-woven
fibre of the membranes. With the increase of nanoparticles in different mixing ratios, apertures inside of SiO2TiO2/PVDF membrane become small and long finger-like
structures become narrow. In this study, with SiO2/TiO2 =
3:10 contents in the membranes, apertures were comparatively large. It might be considered that low little nanoparticle levels would improve the inner structure, and dimension of nanoparticles might play some role in the solute
transport of PVDF membranes.
3.3 FTIR-ATR analysis

To see the formation of layers of TiO2 and SiO2 on
the membrane surface, FTIR-ATR spectra were taken as
shown in Fig. 2.

2861

© by PSP Volume 21 – No 10. 2012

Fresenius Environmental Bulletin

(a) surface and cross-section of SiO2-TiO2/PVDF(SiO2/TiO2=1:5)

(c) surface and cross-section of SiO2-TiO2/PVDF(SiO2/TiO2=2:5)

(b) surface and cross-section of SiO2-TiO2/PVDF(SiO2/TiO2=3:10)

(d) surface and cross-section of SiO2-TiO2/PVDF(SiO2/TiO2=1:2)

FIGURE 1 - SEM images of SiO2-TiO2/PVDF membranes.
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FIGURE 2 - FTIR-ART spectra of PVDF and SiO2 /TiO2/PVDF
hybrid membranes.

It can be seen from Fig. 2 that PVDF membrane prepared with addition of mixing nanoparticles in casting
solution all show a significant peak at 798.69 cm-1, and
around 1000-1100 cm-1 assigned to Si-O, besides the Ti-O
stretching peaks around 600-800 cm-1. As expected, all
membranes showed the main typical spectra of PVDF,
i.e.-CF2 deformation and stretching vibration bonds at
1180 cm-1 and 1400 cm-1, β phase vibration at 1280 cm-1,
amorphous phase at 840 and 880c m-1 indicating that the
reaction in the complex would not damage the chemical
structure of PVDF. For the SiO2-TiO2/PVDF membrane,
significant peaks around 761 cm-1 and 976 cm-1 assigned
to α phase vibration of PVDF have vanished, showing
that the addition of nanoparticles could also influence the
crystalline phase of semi-crystalline PVDF to some extent. From these spectra, it was proven that the SiO2 and
TiO2 nanoparticles were successfully formed on the
PVDF membrane.
3.4 X-ray diffraction(XRD) analysis

For analyzing the crystalline phase, wide angle X-ray
diffraction measurement is a useful method. XRD patterns
for SiO2, TiO2, PVDF membrane and SiO2-TiO2/PVDF
membrane are illustrated in Fig. 3 showing the change in
dominant crystal phase due to TiO2 nanoparticles in the
PVDF membrane. Microstructural information, such as
the grain size and lattice micro-stains, can be determined
by analyzing the broadening of the measured peak with
respect to the instrumental resolution. Mohammadi et al.
[20] stated that any properties of the nanoparticles vary
with grain size.

10

20

30

40

50

60

FIGURE 3 - XRD patterns of the membrane and nanoparticles: (a)
SiO2-TiO2/PVDF membrane, (b) PVDF membrane, (c) SiO2 nanoparticles, and (d)TiO2 nanoparticles.

When comparing XRD diffraction of blend membranes before nanoparticle extraction (b) and after nanoparticles extraction (a), peaks around 20.5° and 36.3° are
related to the formation of β phase, and peaks at 17.6,
18.3, 19.9 and 26.5° are related to the formation of α
phase [21, 22]. Presence of a sharp peak at 20.5° and a
small peak around 36° confirm the formation of β phase
for all of the prepared membranes. The peak intensities
for two membranes were almost the same. This means β
phase portion is similar for these membranes, and it means
that 3 peaks (range 17-20°) were merged together. Merging
of these peaks may be the possibility of coexistence of αand γ-phase PVDF for the fabricated membranes [23]. The
XRD pattern obtained from the membrane also confirms
the presence of the SiO2 and TiO2 nanoparticles. The
small 2 peaks at around 22.5 and 25 degrees of 2θ of the
XRD pattern indicate the presence of the SiO2 and TiO2
on the membrane surface.
3.5 Mechanical properties and hydrophilicity analysis

For analyzing effects of nanoparticles on mechanical
properties and hydrophilicity of the SiO2-TiO2/PVDF
membrane, tensile tester and contact angle goniometer are
useful tools, and results are shown in Table 2.
PVDF has been well-known for its better chemical
properties. But hydrophilicity and mechanical properties
of pure PVDF membrane is poor. Bae et al. [24] modified
the PVDF membrane by adding simple TiO2 nanoparticles into the casting solution. The contact angle of membrane surface was only decreased from 86.7 to 81.1°.

TABLE 2 - The mechanical properties and hydrophilicity of the SiO2-TiO2/PVDF membrane
Nanoparticle mixed ratio
(SiO2/TiO2)
None
SiO2/TiO2=1:5
SiO2/TiO2=3:10
SiO2/TiO2=2:5
SiO2/TiO2=1:2

Tensile
extension
(%)
20.9
20.5
17.8
16.9
16.5

70

2 th e t a ( d e g .)

Tensile strength maximum loading (N)

Tensile Stress
(MPa)

Static CA
(°)

9.0
17
46
37
23

1.07
1.64
3.19
2.93
2.05

92±0.5
65±0.1
56±0.1
54±0.3
53±0.5
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Liu et al. [16] also studied on progress in the production
and modification of PVDF membranes, but the contact
angle of the membrane surface decreased from 91 to 68°
and mechanical tensile stress was 2.81 MPa. Kim et al.
[25] prepared PVDF nanofibrous membranes by adding
silica. The mechanical tensile stress was 3.0 MPa. The
purpose of adding SiO2 was to enhance the mechanical property of PVDF membrane whereas adding of TiO2 could
enhance hydrophilicity of PVDF membrane. It is surprising that addition of mixed nanoparticles enhanced SiO2TiO2/PVDF membranes` hydrophilicity and mechanical
properties, without considerable changes in their tensile
extension. The contact angle of prepared membranes decreased from 92 to 56 ° and mechanical tensile stress was
3.19 MPa under optimized conditions of SiO2/TiO2 =
3:10. As shown in Table 2, SiO2-TiO2/PVDF membrane
has the better tensile extension, tensile stress and tensile
strength maximum loading than the pure PVDF membrane. The nanoparticles attachment to PVDF could enhance the mechanical strength to some extent; however, the
nanoparticles aggregated and sedimentation would weaken
the mechanical strength. Therefore, in order to minimize
the loss in the membrane mechanical property, an optimal
addition of mixing nanoparticles in the complex solution
needs to be selected.
Nanoparticles play an important role for improving
membranes hydrophilicity of PVDF material. To verify
this fact, the contact angle was measured and results are
also presented in Table 2. The result clearly showed that
the entrapment of nanoparticles in membranes can increase the hydrophilicity of their surface. Therefore, it can
be concluded that the entrapment of nanoparticles is simple and a powerful method for surface modification. In
this study, mixing nanoparticles entrapped PVDF membrane showed the best results because of hydrophilic
nature of SiO2 and TiO2 nanoparticles.
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4 CONCLUSION
PVDF-based ultrafiltration membranes have been prepared from a complex comprising PVDF and SiO2/TiO2
mixing nanoparticles by the phase inversion method. The
pure water flux of the membrane increased with the addition of mixing nanoparticles. SEM micrograph demonstrated the good shin layer and cross-section structure of
the membrane at SiO2/TiO2 = 3:10. FT-IR and XRD results indicated that addition of mixing nanoparticles influence the crystalline phase of PVDF to some extent and
show nanoparticle presence of SiO2 and TiO2 on the
membrane surface. The mechanical and contact angle test
results showed that addition of nanoparticles can enhance
the membranes` hydrophilicity and mechanical properties.
The results showed when the SiO2/TiO2 mixture ratio was
3:10, membrane performance was optimized, porosity
was 81%, the flux was 13.9 L·m-2·h-1·KPa, retention rate
was 78%, tensile strength maximum loading was 50N,
tensile stress was 3.18 MPa, and tensile strain was 18%.
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HISTOPATHOLOGICAL CHANGES IN TESTIS
OF THE SWORDTAIL FISH, Xiphophorus helleri
(Pisces: Poecilidae) EXPOSED TO DELTAMETHRIN
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ABSTRACT
This experiment was done in order to investigate the
effects of deltamethrin on the testis tissue of swordtail fish.
In this study, 90 swordtail fishes were examined in 2 experimental groups. Low (0.2 ppm) and high (0.4 ppm)
sublethal doses of deltamethrin were added into the habitat of fishes which were sacrified after 72 hours. Tissues
were dissected out, fixed in Bouin’s fixative, stained with
Hematoksilen & Eosin, and examined using light microscopy. It is observed that a low dose of deltamethrin in the
testis of swordtail does not generate structural defect characteristics. Depending on increasing doses, numbers of
mature sperm were significantly reduced, and degenerative
changes in seminiferous tubules were observed. In conclusion, we can say that pesticide contamination affects the
quality of sperm significantly.

KEYWORDS:
Deltamethrin, testis, histopathology, swordtail fish

1 INTRODUCTION
Pesticides and herbicides are frequently used in agriculture for the eradication of pests and weeds, and to increase production. They are also used to prevent diseasespreading insects like mosquitoes, flies, and termites.
During the last decade, there has been increasing concern
at the level of industrial and agricultural contaminants in
the aquatic environment and the possible effects of such
pollution on both human health and the well-being of animals. The seas and lakes, via rivers and other water courses,
become the final resting point for pollutants emanating
from factory effluents or agricultural applications [1, 2].
The present use of pesticides has been accepted as rather
indispensible condition for enhancing agricultural productions. At the same time, these pesticides have been recognized as environmental pollutants of toxicological concern
* Corresponding author

for fish as evidenced by their acute chronic toxic effects
[3]. Pesticides are highly toxic to most fish; about 40% of
the LC50 values for fish are less than 1.0 ppb. Synthetic
analogues of the pyrethrins, extracts from the ornamental
Chrysanthemum cinerariaefolium, have been developed to
circumvent the rapid photodegradation problem encountered with the insecticidal natural pyrethrins [4]. Pyrethroids
have been reported to be extremely toxic to fish and some
beneficial aquatic arthropods, for example, lobster and
shrimp [5, 6]. Bradbury and Coats [5] also reviewed pyrethroid toxicology in mammals, birds, amphibians and
both terrestrial and aquatic invertebrates. A high rate of
absorption of deltamethrin through gills also makes fish a
vulnerable target of its toxicity [6].
One of these pyrethroids that has found wide acceptability is deltamethrin ((S) cyano-3-phenoxybenzyl-(1R)cis-3-(2.2-dibromovinyl)-2,2-dimethylcyclopropane carboxylate) [7]. Deltamethrin is popular not only because of
its effectiveness, but also for characteristics that allow the
insecticide to work efficiently at low doses. Deltamethrin
is a type-II pyrethroid that is highly toxic to fish, which
are the most abundant aquatic organisms, while it is less
toxic to birds and mammals [8]. Deltamethrin is one of the
most toxic; allethrin is one of the least toxic; and cypermethrin, permethrin and fenvalerate are intermediately toxic.
Emulsifiable concentrate formulations of pyrethroids are
usually two to nine times more toxic than the technical
grade, most likely due to synergistic interactions. Pyrethroids are more toxic to fish at lower temperatures, and
appear to be more toxic to smaller than larger fish. Pyrethroids can indirectly affect fish due to diminished and
contaminated food supplies. Another indirect effect of
pyrethroid contamination of still waters is massive increases of a green filamentous alga, which can lead to a
progressive reduction of dissolved oxygen.
Deltamethrin exposure also caused hypophosphatemia
and was linked to the possible redistribution of electrolytes
between intracellular or extracellular compartments, or
impairment of renal function, or both. Deltamethrin may
disturb the calcium and phosphate homeostasis and may
lead to an effect on the reproductive state of the fish [6].
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Swordtails (Xiphophorus helleri) are small and easily
raised species of ovoviparous fish with a short generation
time, which are easy to distinguish (males from females),
as the secondary sex characteristic of the former is a
“sword,” a set of lengthened rays at the ventral margin of
the caudal fin. These distinct advantages [9] make it an
ideal species for studies on endocrine-disrupting chemicals (EDCs).
The aim of this study was to study the histopathological changes in testis tissue of swordtail fish (Xiphophorus
helleri ) exposed to low and high doses of deltamethrin.
2 MATERIALS AND-METHODS

and 96 h after the start of the tests. Dead individuals were
removed immediately. Control group received acetone at
its maximum volume used in dilution of the dosing concentrations (group I: 0.2 µg/L deltamethrin, group II: 0.4
µg/L deltamethrin, and group III: control group). After
giving different doses of deltamethrin, fishes were dissected on the fifth day of the study. The testes of adults
were fixed in Bouin’s fixative for 18 h and stored in 70%
methanol. The tissues were dehydrated using a series of
graded ethanol solutions (70–100%), cleared in xylene,
embedded in paraffin, and sectioned at 6–8 µm. The sections were then stained with hematoxylin and eosin
(H&E) (hydro-soluble) and processed for histological
examination by light microscopy.

2.1 Chemicals

Technical grade (98%) deltamethrin stored at +4 °C
was prepared by weighing a certain amount and diluting it
in acetone to give the stock material.
2.2 Fish

Six to seven-months-old adult swordtails were purchased from a local breeder in İstanbul with no water
pollution. The fish were separated by sex into different
aquariums. Fish system water, obtained by carbon/sand
filtration of municipal tap water, was maintained at 26 ± 1
ºC and pH 7.2-7.7 with a 14:10 h light:dark photoperiod.
Test chambers were glass aquaria of about a 20-L capacity. The fish were fed once daily in the morning with flake
food (Tetra, Germany), and once daily at dusk with frozen
blood worm (Ocean World; Guangzhou, China).
2.3 Experimental design

Following the preliminary experiment, all determinations were repeated two times. The swordtail fishes are
divided into three groups (n=30) concerning their different deltamethrin doses. After 48 h of adaptation, the different concentrations of deltamethrin were added to the
experimental aquaria. Mortality was controlled 24, 48, 72,

3 RESULTS
3.1 Control group

In transverse sections, testes contain numerous
seminiferous tubules which are different in shape and
size. Each tubule is at the height of spermatogenetic activity with different stages of spermatogenesis. The primary
spermatogonial cells, primary and secondary spermatocytes, spermatids and sperm bundles are visible. Interstitial cells and connective tissues are present in between the
tubules. The lumen of the seminiferous tubule contains
numerous sperms.
Testis was covered by tunica albuginea on its outer
surface. Testicular section showed many spermatogenic
lobules. The compactly arranged cysts were present in the
lobules. The cysts containing spermatogonia were visible
in the peripheral area. Each spermatogonium was large
and spherical compared to other cells, and possessed a
large lightly stained spherical nucleus with distinct nucleolus. Other cysts contained primary and secondary
spermatocytes. Primary spermatocytes were smaller than
secondary ones, and round spermatids were also observed
in some of the cysts (Fig. I).

FIGURE 1 - Section of a control group testis demonstrating the various cyst types which were quantified stereologically. SG: spermatogonia;
SC: spermatocytes; ST: spermatids; SZ: spermatozeugmata (HE-stained. a - x20, b - x100).
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FIGURE 2 - Testis section from a specimen exposed to 0.2 µg/L of deltamethrin. The number of cysts are reduced, but the testicular ducts
contain spermatozeugmata. SG: spermatogonia; ST: spermatids; SZ: spermatozeugmata (HE-stained. a - x20, b - x100).

FIGURE 3 - Testis section from a specimen exposed to 0.4 µg/L of deltamethrin. The shape of the tubules was not that well defined. In addition, the number of cell layers inside the seminiferous tubules seemed to have decreased. Spermatogonia numbers decreased. SG: spermatogonia; SC: spermatocytes; ST: spermatids; SZ: spermatozeugmata (HE-stained. a - x20, b - x100).

3.2 Treatment group I

It was observed that low dose of deltamethrin in the
testis of swordtail does not generate structural defect characteristics. Histopathological analysis found degenerative
and necrotic cells in seminiferous tubules following the
exposure to 0.2 µg/L deltamethrin. The testes with lesions
were also associated with highly suppressed spermatogenesis. Spermatogonia were fewer and loosely arranged. The
primary and secondary spermatocytes showed clumping.
The cysts containing spermatids increased in number and
showed clumping. The number of cysts were reduced, but
the testicular ducts contained spermatozeugmata (Fig. 2).

cytes, secondary spermatocytes and spermatids increased
due to an arrest of spermatogenic cycle, and showed
clumping like that in treatment group I. The shape of the
tubules was not well defined. In addition, the number of
cell layers inside the seminiferous tubules seemed to have
decreased. Spermatogonia numbers decreased (Fig. 3).
4. DISCUSSION AND CONCLUSION

3.3 Treatment group II

The current study was conducted to evaluate the adverse effects of deltamethrin on testicular histology of the
swordtail fish, Xiphophorus helleri, because no information about this is available.

The testicular wall showed a decrease in thickness.
Spermatogonia containing cysts were fewer and loosely
arranged compared to control. They had irregular cell
membrane and nuclear membrane of primary spermato-

Generally, gonadal atrophy following pesticide treatment has been reported [10]. Atretic and depraved oocytes
were detected on ovary tissues of zebrafish (Danio rerio)
exposed to deltamethrin [11]. Pandey and Shukla [12]
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observed necrosis of seminiferous tubules, atrophy of interstitial cells, and thickening of sperm duct in 1,2,3,4,5,6hexachlorocyclohexane (c-BHC; 2 mg L-1)-treated Oreochromis mossambicus. According to Bhattacharya and
Pandey [13], DDT, even at very low doses, caused degeneration of seminiferous tubules, germinal epithelium,
spermatocytes, and interstitial cells in this species. Saxena
and Mani [3] observed histopathological damages in the
testis of Channa punctatus after 120 days of fenitrothion
treatment. Johnson et al. [14] observed a decrease in the
GSI of English sole (Parophrys vetulus) from Duwamish
Waterway contaminated with aromatic hydrocarbons, and
PCBs from Sinclair Inlet.
Sinha et al. [15], while studying effects of endosulfan
on spermatogenesis in rats, investigated that testis showed
significant decrease in weight. Singh and Pandey [16] observed that endosulfan did not alter the body weight and
testicular weights of the treated rats. In another study,
intercellular vacuolation, ondulation of seminiferous tubules
wall and atrophy were observed on testicular tisues of Wistra albino rats exposed to endosulfan [17]. Kalsoom et al.
[18] observed that histological examination revealed disintegration of some of the spermatogenic cells within the cysts
of some lobules in Cyprinion watsoni. In addition, treatment with 1 ppb endosulfan revealed that lobules changed
their organization, and the cysts and lobules are loosely
arranged i.e. the interlobular space increased compared to
control. Similar results were obtained by Ishaq [19] while
studying the effect of 10 mg Arochlor 1242 (PCB) on the
testis of Cyprinion watsoni. The cysts containing spermatogonia decreased and they had irregular cell and nuclear membranes. The number of primary and secondary
spermatocytes containing cysts increased. Similar results
(disintegration of spermatogenic cells) were observed by
Sangalang et al. [20] while studying the effect of 2.5 µg/g
PCB diet on Gadus morhua. Zutshi [21] observed the effects of fenthion on the testis of Glossogobius giuris. They
observed reduction in size with spermatids and sperms in
degenerating conditions.

tail length was reported for fish exposed to 2.0 µg/L
BPA [9]. Katti and Sathyanesan [22] observed exposuredependent and concentration-mediated changes in testis
of C. batrachus treated with lead. Kinnberg, et al. [23]
have documented concentration-dependent effects of nonylphenol on testicular structure of the fish, Xiphophorus
maculatus. Exposure to nonylphenol caused changes in
the number and size of Sertoli cells in fathead minnows
(Pimephales promelas) [24], and had marked effects on
the cytology of Sertoli cells of eelpouts (Zoarces viviparus) [25]. Recently, an estrogen receptor – with affinity
for nonylphenol – has been identified in the testis of the
Atlantic croaker Micropogonias undulatus [26].
According to Kinnberg et al. [23], nonylphenol exposure dramatically altered testis structure. Testis from the
control fish contained regularly organized cysts with the
different spermatogenetic stages. Squamous Sertoli cells
surrounded the developing spermatozeugmata, and mature
spermatozeugmata were observed in the efferent ducts.
Recently, Cengiz and Unlu [27] reported histopathological effects of deltamethrin on the gills, liver, and gut tissues in mosquitofish (Gambusia affinis) after exposure to
sublethal concentrations of 0.25 and 0.50 µg/L.
It is concluded from this study that low-dose treatment of deltamethrin reduced the number of cysts, while
treatment with high doses of deltamethrin decreased the
number of spermatogonia. This suggests that high dose of
deltamethrin does not bring in major changes in morphology of the testis, but it has more harmful effects on histology of the testis. In the present study, changes associated
with testicular atrophy and damage of the seminiferous
tubules and spermatogenic cells have been observed in
deltamethrin-exposed fish. These changes may culminate
in the partial or total arrest of spermatogenesis.

Kalsoom et al. [18] investigated the effect of endosulfan
on male reproductive system of Cyprinion watsoni, at morphological and histological levels. Treatment of 0.75 ppb
endosulfan caused thinning of testicular walls compared to
control. The cysts and lobules were loosely arranged
compared to control. Irregular cell membrane and nuclear
membrane was observed in spermatogonia. Histological
examination also revealed disintegration of some of the
spermatogenic cells within the cysts of some lobules. Similar results (disintegration of spermatogenic cells) were observed by Sangalang et al. [20] while studying the effect of
2.5 µg/g PCB diet on Gadus morhua. In this study, spermatogonia numbers decreased and showed clumping and
irregular cell membranes. Clumping of early spermatocytes
was also observed by Sangalang et al [20].
In a recent work with swordtail fish (Xiphophorus
helleri), Kwak et al. [9] have suggested that tail length in
male fish correlates with reproductive success. Reduced

2869

The authors have declared no conflict of interest.

REFERENCES
[1]

Kime, D.E. (1995) The effects of pollution on reproduction
in fish. Reviews in Fish Biology and Fisheries 5, 52-96.

[2]

Sharma, D.K. and Ansari, B.A. (2010) Effect of the synthetic
pyrethroid deltamethrin and the neem-based pesticide achook
on the reproductive ability of zebrafish, Danio rerio (Cyprinidae), Archives of Polish Fisheries 18, 157-161.

[3]

Saxena, P.K. and Mani, K. (1987) Effect of safe concentration
of some pesticides on testicular recrudescence in the freshwater
murrel, Channa punctatus (Bloch): a morphological study
Ecotoxicology and Environmental Safety 14, 56–63.

[4]

Viran, R., Unlu Erkoc, F., Polat, H., and Kocak, K. (2003)
Investigation of acute toxicity of deltamethrin on guppies
(Poecilia reticulata). Ecotoxicology and Environmental
Safety 55, 82–85.

[5]

Bradbury, S.P. and Coats, J.R. (1989) Comparative toxicology of the pyrethroid insecticides. Reviews of Environmental
Contamination and Toxicology 108, 133–177.

© by PSP Volume 21 – No 10. 2012

Fresenius Environmental Bulletin

[6]

Srivastav, A.K., Srivastava, S.K. and Srivastav, S.K. (1997)
Impact of deltamethrin on serum calcium and inorganic
phosphate of freshwater catfish, Heteropneustes fossilis. Bulletin of Environmental Contamination and Toxicology 59,
841–846.

[7]

Sayeed, I., Parvez, S., Pandey, S., Bin-Hafeez, B., Haque, R.
and Raisuddin, S. (2003) Oxidative stress biomarkers of exposure to deltamethrin in freshwater fish, Channa punctatus
Bloch, Ecotoxicology and Environmental Safety 56, 295–301.

[8]

[9]

Venkataramudu, M., Reddy, M.N., Chennaiah, K., Naik, M.J.
and Indira, P. (2008) Sub-lethal toxicity of deltamethrin in relation to sex: Enzymatic studies in the freshwater fish
Channa punctatus. Journal of the Indian Society of Toxicology 4, 22-30.
Kwak, H.I., Bae, M.O. and Lee, M.H. (2001) Effects of nonylphenol, bisphenol A and their mixture on the viviparous
swordtail fish (Xiphophorus helleri), Environmental Toxicology and Chemistry 20, 787-95.

[10] Lal, B. (2007) Pesticide induced reproductive dysfunction in
Indian fishes, Fish Physiology and Biochemistry 33, 455–
462.
[11] Koç, N.D., Muşlu, M.N., Kayhan, F.E. and Çolak, S. (2009)
Histopathological changes in ovaries of zebrafish (Danio rerio) following administration of deltamethrin. Fresenius Environmental Bulletin 18, 1872-1878.
[12] Pandey, A.K. and Shukla, L. (1980) Effect of benzenehexachloride - an insecticide on the testicular histology in Oreochromis mossambicus. Geobios 7, 251–253.
[13] Bhattacharya, L. and Pandey, A.K. (1989) Inhibition of steroidogenesis and pattern of recovery in testes of DDT exposed
cichlid - Oreochromis mossambicus. Bangladesh Journal Zoology 17, 1–14.

[21] Zutshi, B. (2005) Ultrastructural studies on the effect of fenthion on pituitary (GTH cells) and testis of Glossogobious
giuris (Ham) during breeding phase. Journal of Environmental Biology 26, 31-36
[22] Katti, S.R. and Sathyanesan, A.G. (1985) Chronic effects of
lead and cadmium on the testis of the catfish, Clarias batrachus, Environment and Ecology 3, 596-598.
[23] Kinnberg, K., Korsgaard, B. and Bjerregaard, P. (2000) Concentration-dependent effects of nonylphenol on testis structure in adult platyfish Xiphophorus maculatus, Marine Environmental Research 50, 169-173.
[24] Miles-Richardson, S.R., Pierens, S.L., Nichols, K.M.,
Kramer, V.J., Snyder, E.M., Snyder, S.A., Render, J.A., Fitzgerald, S.D. and Giesy, J.P. (1999) Effects of waterborne exposure to 4-nonylphenol and nonylphenol ethoxylate on secondary sex characteristics and gonads of fathead minnows
(Pimephales promelas), Environmental Research 80, 122137.
[25] Christiansen, T., Korsgaard, B. and Jespersen, A.E. (1998)
Effects of nonylphenol and 17β-estradiol on vitellogeninsynthesis, testicular structure and cytology in male eelpout Zoarces viviparus, Journal of Experimental Biology 201, 179192.
[26] Loomis, A.K. and Thomas, P. (1999) Binding characteristics
of estrogen receptor (ER) in Atlantic croaker (Micropogonias
undulatus) testis: different affinity for estrogen and xenobiotics from that of hepatic ER, Biology of Reproduction 61, 51–
60.
[27] Cengiz, E. and Unlu E. (2006) Sublethal effects of commercial deltamethrin on the structure of the gill, liver and gut tissues of mosquitofish, Gambusia affinis: A microscopic study.
Environmental Toxicology and Pharmacology 21, 246–253.

[14] Johnson, L.L., Misitano, D., Sol, S.Y., Nelson, G.M., French,
B., Ylitalo, G.M. and Ham T. (1998) Contaminant effects on
ovarian development and spawning in Rock sole from pudget
sound, Washington Transaction American Fisheries Society
127, 375-392.
[15] Sinha, N., Adhikari, N. and Saxena, D.K. (2001) Effect of
endosulfan on the enzymes of polypathway in rat Sertoli
germ cell coculture, Bulletin of Environmental Contamination and Toxicology 67, 821-827.
[16] Singh, S.K. and Pandey, R.S. (1990) Effect of subchronic endosulfan exposures on plasma gonadotrophins, testosterone,
testicular testosterone and enzymes of androgen biosynthesis
in rat, Indian Journal of Experimental Biology 25, 953-956.
[17] Koç, N.D., Kayhan, F.E., Sesal, N.C. and Contuk, G. (2008)
Histological and biochemical effects of endosulfan and
malathion on rat testis, Fresenius Environmental Bulletin 17,
2262-2265.
[18] Kalsoom, O., Samina, J. and Shami, S.A. (2005) Effect of Endosulfan on Histomorphology of Fresh Water Cyprinid Fish,
Cyprinion watsoni, Pakistan Journal of Zoology 37, 61-67.
[19] Ishaq M. (2001) Reproductive toxicity of polychlorinated biphenyl (Aroclor 1242) in male Cyprinion watsoni. M.Phil
thesis, Department of Biological Sciences, Quaid-i-Azam
University, Islamabad
[20] Sangalang, G.B., Freeman, H.C. and Croweli, R. (1981) Testicular abnormalities in Cod (Gadus morrhu) fed Aroclor
1254, Archives of Environmental Contamination and Toxicology 10, 617-626.

2870

Received: January 31, 2012
Revised: April 17, 2012
Accepted: May 03, 2012

CORRESPONDING AUTHOR
Nazan Deniz KOÇ
Sakarya University
Faculty of Sciences
Department of Biology
Sakarya
TURKEY
Phone: +90 264 295 5462
E-mail: nkoc@sakarya.edu.tr
FEB/ Vol 21/ No 10/ 2012 – pages 2866 – 2870

© by PSP Volume 21 – No 10. 2012

Fresenius Environmental Bulletin

USE OF TEQUILA VINASSES AS CARBON SOURCE AND
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ABSTRACT
Tequila vinasses represent a pollution problem in Mexico, while nitrate contamination is an environmental problem world-wide. Carbon sources contained in vinasses
could serve as electron donors for biological nitrate removal while nitrates are added as electron acceptors. Three
different sources of microorganisms were tested for their
ability to degrade vinasses, and simultaneously consume
nitrate: activated sludge; anaerobic sludge, and soil.
Different modes of aeration and vinasse pretreatments were
also studied. The anaerobic sludge was the most efficient
inoculum; nitrate removal was highest under non-aerated
conditions. Highest removal rates of organic matter and
nitrate were achieved in thermally pretreated vinasses. Removal efficiency values after 14 days of non-aerated incubation were: COD 59.4%, nitrates 100% (746 mg).
KEYWORDS:
Vinasses, Tequila, denitrification, activated sludge

nated waters represent serious health hazard to humans
and animals [3-5]. Sources of nitrate contamination include agrochemical fertilizers and animal excreta, the nuclear fuel processing, and the pharmaceutical and dairy
industries [6]. Biological denitrification can be used to remove this contaminant. This process consists in the dissimilative reduction of nitrate (NO3-) to nitrogen gas (N2)
by heterotrophic bacteria using nitrate as a terminal electron acceptor [7], in the presence of a source of electron
donors [8]. Some carbonaceous electron donors successfully used to stimulate nitrate reduction are methanol [9],
methane [10], acetate, glucose [11], and formiate [8]. Inorganic electron donors, such as hydrogen, have been also
utilized by certain bacteria [8, 12]. In the above examples,
electron donors are all relatively expensive and, therefore,
there is still a need to identify economically viable electron donors to stimulate nitrate reduction, such as wastes
[13]. Based on the environmental problems of high COD
wastes and nitrate contamination, we consider that the
two wastes could be simultaneously degraded in a microbial-mediated process using vinasses as electron donor
and nitrate as electron acceptor.

1 INTRODUCTION
Vinasses from Tequila production process represent a serious environmental problem in Mexico because
of the following issues: large volume of production (ca.
2,000 million L/year) [1]; high total solids concentration
(30-40 g/L); high COD (40-80 g/L); low pH (3.4-3.7) and
high discharge temperature (80-90 °C). Only few scientific
studies on vinasses treatment, or their reuse, have been proposed [2]; nevertheless, a large volume of Tequila’s vinasses is just discharged to the drainage system or to waterbodies. Another practice is to dispose them directly on crop
lands without any control, affecting the composition and
fertility of the soil [2]. On the other hand, nitrates are
deleterious to the environment because they are one of the
main causes of eutrophication. Moreover, nitrate-contami* Corresponding author

2 MATERIALS AND METHODS
A 500-ml glass flask fitted with influent and effluent
ports was used as batch-type bioreactor. For aerobic or
mixed (aerobic/anaerobic) treatment, air was bubbled
through the gas inlet. The stirring of the liquid medium
was performed by an agitation bar and magnetic stirrer.
When non-aerated treatment was used, the outlet gas line
was extended and submerged into water. The vinasse samples were collected from a Tequila factory located in the
city of Guadalajara, Jalisco, Mexico. They were physically and chemically characterized taking into account the
parameters shown in Table 1.
In a first experiment, there were tested three sources
of microbial consortia in order to identify the most efficient in degrading the vinasses and remove nitrates. They
were as follows (Table 2): 1. sludge from brewery waste-
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water aerobic reactor; 2. sludge from an anaerobic digester
of the same brewery; and 3. soil taken from an excavated
open area where the distillery disposed vinasses. The pH
values of the vinasses were firstly adjusted to 6.6 with 1M
NaHCO3; then, 4 g (dry weight) of each microbial source
were used and introduced into the bioreactor with 400 ml
of vinasses. In order to analyze if vinasses were feasible
carbon sources for nitrate reduction, KNO3 was added from
a 1 M sterile stock solution to give a final concentration of
12.5 mM (175 mg NO3-N/L), and whenever nitrates were
depleted, they were added again in the same concentration.
The bioreactors were aerated for 7 days with 0.5 vvm (volume of air per volume of medium per min), and then incubated without aeration for another 7 days. The experiment was conducted in duplicate, and there were taken
samples every 24 h in order to analyze reducing sugars,
volatile solids, total solids, and nitrate content. In a second experiment, the effects of vinasse pretreatment, aeration modes, and vinasses’ endogenous microflora on
nitrate removal and vinasse degradation were tested using: 1. vinasses without any pretreatment, not autoclaved,
and not inoculated (V); 2. vinasses thermally treated for 1
h at 15 lb and 121 °C, and inoculated with anaerobic
sludge (TV+I). In the treatments, microbial inoculum was
added (40 ml of anaerobic sludge) and 360 ml of vinasses.
The bioreactors were incubated under three aeration modes:
1. aerobic: aerated for 14 days by permanently spargling air
through the gas inlet tube (0.5 vvm); 2. mixed: aerated for 7
days, then incubated for another 7 days without aeration;
and 3. non-aerated: incubated for 14 days without aeration. In this experiment, additional bicarbonate was added
as needed to maintain the pH at 6.5, and if nitrate was
determined to be below the diphenylamine detection limit
(50 µM), more nitrate was introduced. The experiment
was done in triplicate. In the tables, multi-factorial
ANOVA analyses with 95% confidence intervals were applied. Regarding the chemical analysis performed during
the experiments, the presence/absence of nitrate was determined using the diphenylamine colorimetric method
[14]. Total solids, volatile solids, chemical oxygen demand,
and biochemical oxygen demand, were measured using

standard method numbers 2540B, 2540E, 5220B, and
5210 B, respectively [15]. Reducing sugars were assessed
using the dinitrosalicylic acid method [16]. Gas from the
bioreactor exhaust was intermittently collected and analyzed in a Perkin-Elmer 990 gas chromatograph, equipped
with a 1-m 5Å – molecular sieve column and thermal
conductivity detector.
3 RESULTS AND DISCUSSION
The chemical and physical characteristics of the vinasses from the distillery are shown in Table 1. It is worth
to point out the high organic load of this effluent. The
results obtained in this work regarding parameters such as
COD, settleable solids (SS) and total suspended solids
(TSS) are slightly lower in comparison to those reported
in other studies: COD 43,541-74,414 mg/L; SS 72-900
mL/L; TS 6,400-26,666 mg/L [2]. It is important to notice
that there are few studies about Tequila’s vinasses characterization, treatment, or reuse. Therefore, its chemical
composition has not been completely defined yet, and it
could vary from one distillery to another, according to the
Tequila production process. Concerning the nitrogen
content in the vinasse (ammonium, nitrate, total), it was
low (Table 1), which is normal since agave juice is mostly
composed by carbohydrates (inulin), and the addition of
nitrogen to the fermentation broth for Tequila production,
mainly as ammonium salts, is low.
Results after 14 days of incubation at room temperature (25 °C) (Table 2) showed that all three sources of
microorganisms consumed between 43 and 45% of the
reducing sugars initially present in the vinasses. The microbial inoculum from the aerobic sludge did not reduce
any of the nitrates, whereas both the soil and the anaerobic sludge degraded 80 and 100% of the nitrates, respectively (Table 2). The anaerobic sludge inoculum degraded
41 and 60% of the total and volatile solids, whereas the
other inocula were ineffective. Henceforth, the anaerobic
sludge was used as microbial source in the experiment

TABLE 1 - Characterization of the Tequila’s vinasses used in this study.
Parameter
Result
Conductivity
3,210
pH
3.4
Chemical oxygen demand (COD)
34,100 + 830
Biochemical oxygen demand (BOD)
12,000 + 472
Fluorides
5 + 0.72
Total phosphorous
35 + 2.13
Ammonium
35.36 + 3.18
Total nitrogen
3,750 + 462
Nitrates
125 + 24
Phosphates
8.75 + 1.4
Settleable solids (SS)
35 + 3
Total suspended solids (TSS)
2,200 + 149
Reducing sugars
14,000 + 1,862
*Analysis (except for reducing sugars) were performed according the Standard Methods [15].
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TABLE 2 - Removal efficiency of reducing sugars, solids and nitrates by different microbial sources after 10 days of incubation.
Microbial sources

Reducing
sugars (%)
Aerobic sludge
43a + 2.7
Anaerobic sludge
43a + 4.6
Soil
45a + 4.5
Values represent the mean obtained from two replicate bioreactors and within
cantly different from each other, at p < 0.05.

Total
Volatile
Nitrate
solids (%)
solids (%)
removal (mg)
a
a
4 + 1.2
28 + 3.1
0a + 0.0
b
b
41 + 4.7
60 + 8.5
175b + 23.3
3a + 1.5
1c + 1.0
140b + 8.7
each column, and values followed by the same letter are not signifi-

TABLE 3 - The effect of aeration and vinasse’s pretreatment on the removal efficiency of reducing sugars, solids, COD, and the total removal of nitrates during 14-day incubation.
Aeration
modes

Vinasse’s
Treatment

Reducing
Sugars
(%)

Total
Solids
(%)

Volatile
Solids
(%)

Nitrate removal
(mg)

COD removal
(%)

V
75a + 3.1
22a + 2.7
19a + 2.3
275a + 80
37.4a + 7.3
TV+ I
73a + 4.4
29a + 3.3
35b + 3.6
466b + 40
52.0b + 6.5
V
80a + 5.3
29a + 2.4
38a + 3.7
204a + 40
55.0b + 6.2
Aerated
TV+ I
88a + 3.7
61b + 5.8
61b + 5.7
606b + 80
58.2b + 7.8
V
71a + 3.9
19a + 3.1
26a + 2.7
288a + 40
37.2a + 6.8
Non-aerated
TV+ I
81a + 5.2
52b + 5.2
59b + 4.6
746b + 40
59.4b + 7.7
Mixed = 7 days aerated, 7 days not aereated; Aerobic = 14 days aerated; Non-aerated = 14 days without aereation; V = Vinasses without any pretreatment, not inoculated; TV+I = Vinasses thermally treated plus anaerobic sludge.
Values represent the mean obtained from two replicate bioreactors and within each column, and values followed by the same letter are not significantly different from each other, at p < 0.05.
Mixed

described below, due to its capability for using nitrates
and vinasses as electron acceptor and donor, respectively.
Regarding this result, there has been reported the use of
different microbial systems, such as anaerobic sludge, for
nitrates removal using different carbon sources as electron
donors. Hendriksen and Ahring [17] performed an investigation about the integrated removal of nitrate and carbon
in an up-flow anaerobic sludge blanket reactor. They found
that using this system during steady-state, at a loading of
336 mg NO 3-N/L/d (24 mmol NO 3/L/d) and 6,600 mg
COD/L/d, more than 99% removal of both nitrate and
carbon was achieved. Akunna et al. [18] studied the nitrate
reduction by anaerobic sludge using glucose as electron
donor at various nitrate concentrations, and they found that
the denitrification capacity of the anaerobic sludge used
was very high, since up to 80% of added nitrate was denitrified. On the other hand, in the aerobic sludge used in this
study, it seems that there were not present denitrifying organisms since the added nitrates were not consumed. Experiments were performed to examine the effects of aeration modes and vinasse pretreatments on degradation of
sugars, solids, COD and nitrates as well as to examine the
role of the vinasse’s indigenous microorganisms on the
degradation process (Table 3). Denitrification processes
have been reported under different aeration conditions,
such as anaerobic, microaerophilic, and mixed (aerobic/ anaerobic) ones [19-23]. Herein, results due to the aeration
modes showed the following effects: 1. There were no significant differences observed among aeration treatments on
the degradation of reducing sugars; 2. Total solids and
COD were more efficiently removed under aerobic or nonaerated conditions; 3. Under non-aerated conditions, nitrates were reduced to a greater extent than compared to
other treatments; 4. The removal rates of COD, solids,

and nitrate were higher, particularly when the vinasses
were thermally treated (Table 3). This might be related to
the fact that heat could have hydrolyzed complex carbohydrates making them more accessible for microorganisms. This result is similar to that obtained by Shuang et al.
[24] who applied thermal pretreatment to ethanol’s vinasse
before its fermentation to produce lactic acid, and found
that, after the thermal treatment, the acid yield increased
significantly. Results due to microbial inocula effects indicate that microbes native to the vinasses removed less solids, COD and nitrates than when the vinasses were inoculated with anaerobic sludge. In this regards, the removal
of nitrates using anaerobic sludge is common since there
has been frequently reported the presence of denitrifiers in
this microbial system [25]. The gas analysis from the
bioreactor exhausts showed that methane was not produced during not-aerated conditions, which suggests that
the degradation of the organic matter present in the vinasses was mainly due to the denitrification process.
4 CONCLUSION
The goal of the work was to study the effect of different microbial sources and the culture conditions, on the
reduction of Tequila’s vinasses organic load, with external addition of nitrates as electron acceptors, and it can be
concluded that:
1. Tequila’s vinasses can serve as an effective source
of carbon and energy to stimulate the removal of nitrates.
2. In order to achieve the removal of vinasses’ organic load using nitrate as electrons acceptor, there is a
requirement for inoculation, since vinasses without in-

2873

© by PSP Volume 21 – No 10. 2012

Fresenius Environmental Bulletin

ocula neither consumed nitrates nor removed COD to the
extent that the inoculated vinasses did.
3. The anaerobic sludge used as inoculum was the
most effective among the other microbial sources, in
terms of organic matter degradation and use of nitrates as
electron acceptors.
4. The non-aerated treatment presented better performance regarding COD and nitrates removal.
5. It will be important to optimize this process in order to achieve higher COD removal efficiency, as well to
use suitable wastes as source of nitrates. On the other
hand, it would be interesting to investigate the biological
removal of nitrates in contaminated soil using Tequilas’
vinasses as the electron donor.

[13] Quan, Z., Jin, Y., Yin, C., Lee, J.J. and Lee, S. (2005). Hydrolyzed Molasses As An External Carbon Source In Biological Nitrogen Removal. Biores. Technol. 96, 1690-1695.
[14] Morgan, M.F. (1930). A sample spot test for nitrate-nitrogen in
soil and other extracts. Science. 71, 343-344.
[15] APHA. (1992). Standard Methods for the Examination of Water
and Wastewaters. 18th Edition. American Public Healh Association, Washington, U.S.A.
[16] Miller, G.L. (1959). Use of dinitrosalicylic acid reagent for determination of glucose. Anal. Chem. 31, 426-428.
[17] Hendriksen, H.V. and Ahring, B.K. (1996). Integrated removal of
nitrate and carbon in an upflow anaerobic sludge blanket (UASB)
reactor: operating performance. Wat. Res. 30, 1451-1458.
[18] Akunna, J.C., Bizeau, C. and Moletta, R. (1994). Nitrate reduction by anaerobic sludge using glucose at various nitrate concentrations - ammonification, denitrification and methanogenic activities. Environ. Technol. 15, 41-49.
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ABSTRACT
Ecologic restoration criteria in degraded areas from
extraction activities require to make use of their own
wastes. These materials do not meet fertility conditions to
guarantee the restoration success and therefore need the
incorporation of organic amendments to obtain efficient
substratum. It is propose to reduce the deficiencies in the
organic material and restoration material nutrients with
the contribution of treated sewage sludge. To study the
mobility of polluting agents through the substratum, the
authors have designed an experiment that attempts to
reproduce the behavior of Cd in the soil as a part of the
non-saturated zone. This work was based on a controlled
experiment using soil columns. The water contribution was
carried out with a device that simulated either short-duration
rain or a flooding irrigation system, to cover the surface
and then percolate through the soil. The collection of
leached water took place 24 hours after the latest application. A calcareous substratum was amended with 30,000,
90,000 and 180,000 kg sludge/ha. Cadmium was analyzed
in soil samples at intervals of 15 cm of depth, also leachates
were collected at the bottom of the columns and Cd were
also analyzed. No important displacement or mobility of
Cd has been found in the calcareous soil examined in this
study. Significant quantities of heavy metals did not appear in leachates, which means that the pollutants analyzed
in this research, and under these irrigation conditions, are
not likely to be a source of contamination of waters.
KEYWORDS: Cadmium; Sewage sludge; Soil pollution; Water
pollution; Quarry restoration.

1. INTRODUCTION
The use of treated sewage sludge is foreseeable, but
even more so one that improves the environmental security of the restorations: less water (surface or subsurface)
contamination risk [1]. Ecologic restoration criteria in
* Corresponding author

degraded areas from mining activities require making use
of their own mine spoils [2-4]. These mine spoils do not
have the fertility requirements to guarantee restoration
success, and need the incorporation of organic amendments to obtain an efficient substratum. Both the obligation to restore these areas plus the correct application of
sewage sludge are accredited by legislation concerning
the management of residues, sewage sludge and soil conservation [1]. An adequate contribution of sewage sludge
in restoration has demonstrated its efficiency in previous
studies [5, 6].
Much research on the depth-related distribution of
metals through the profile of soils fertilized with sludge
have shown that, in a short term, there is a relatively small
downward movement of metals [7-9]. Even after the application of sludge up to a maximum of 1800 tons per ha
on a loam soil, Cd, Zn, Ni, Fe and Co tend to remain in
the zone of incorporation for a nine-year period [10].
Sludge used in the experiment caused a progressive acidification with increasing rate of application, but did not
tend to increase metal movement down the profile. With
sludge applied to the surface of grassland, authors have
found that Cd, Cr, Cu, Mo, Ni, Pb and Zn moved into the
top 10 centimetres of the profile, with an average of 87%
of the metals on the first 5 cm [11].
Some authors however suggest a higher degree of the
movement of metals. In a loam prairie soil, Zn suffers the
greatest downward movement, and Ni and Cd to a smaller
extent [12]. Other authors found that in a coarse textured
soil, which had received several applications of sludge,
Cd moved from the surface to depths of 60 to 80 cm, Ni
to 40 to 60 cm, Pb to 20 to 40 cm, but Cr remained in the
surface [13].
The movement of heavy metals in soils usually requires the metal being in the soil solution. Nevertheless,
heavy metals that have very low water solubility, the
plow-caused physical mixture of the soil surface during
repeated cultivation could be the main factor which contributes to increase the concentrations of many heavy
metals underneath the zone of application [14]. A study
suggested that the lack of metal mobility in soils is partially due to metals in their carbonate forms or those or-
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ganically stable and residual in sludge [15]. A conclusion
of the previously research, indicates that the movement of
heavy metals as a result of the applications of sludge in
soils is limited and likely to take place in acid sandy soils
[15].
The aim of this experiment was to determine if these
observations are reproduced in a calcareous substratum
used for quarry restoration. Given the project duration (the
two-year period 2005- 2006), these improvements were
fundamentally centered upon the first cycle that follows the
application of the amendments. This is the most critical
period because the integration of the organic and mineral
fractions must occur, with strong biochemical and chemical transformations in the organic. In particular, and keeping the seasonal time frame in which the project was
developed in mind, it was centred upon:
i) Optimizing the evaluation of mine spoils generated
in limestone exploitations, by mixing with other organic
residuals; and ii) determining renewable conditions from
the application of sewage in these environments, verifying
no movement of metals. In this paper the behaviour of Cd
is discussed. Cd has been selected due to our findings
revealed that cadmium is virtually ubiquitous, not only
being deposited and accumulated in various body tissues,
but found in varying concentrations throughout all environmental compartments (air, soil, food, and water) in which
man must live. It appears that within the past two decades
there has been increased industrial production (i.e. metallurgy, metal mechanical, glass and ceramics, etc). Concomitantly, there has been an increased incidence of both
acute and chronic cases of clinically identifiable cadmiosis.
Medical experimental evidence obtained under controlled laboratory conditions suggests that cadmium may
function in or may be an etiological factor for various
pathological processes including testicular tumors, renal
dysfunction, hypertension, arteriosclerosis, growth inhibition, chronic diseases of old age, and cancer. In addition,
it was reported that cadmium may result in hemorrhagic
lesions in sensory ganglia within the central nervous system [16].
2. MATERIALS AND METHODS
The experiment was carried out under controlled
conditions inside a greenhouse (temperature around 20ºC
and 50% of relative humidity). The test was based on a
controlled study using columns packed with soil from the
surface of a calcareous substratum. The procedure was
based on the construction of 48 columns with a height of
60 cm (the depth which limits root action in most plants
of agronomic interest), from a PVC pipe with an internal
diameter of 10.5 cm. Each column was cut at sampling
into four sections: 0-15 cm, 15-30 cm, 30-45 cm and 4560 cm. These sections allowed the observation of the
differential mobility of Cd through the mine spoil. At the

bottom of the columns a container was placed to gather
the water infiltrated through the substratum leachate.
Three treatments and one control treatment were used,
according to the municipal sewage sludge (pH=6,5) quantity applied: 0 kg/ha (L0), 30,000 kg/ha (LB), 90,000 kg/ha
(LM) and 180,000 kg/ha (LA) wet weights. Each column
was prepared and tested in triplicate. Columns were irrigated with water to simulate rain (100 mm/week). Samples were collected each month for 4 months. Therefore a
total of 48 columns were prepared. Samples were collected at 4 depths (0-15 cm, 15-30 cm, 30-45 cm and 4560 cm) and analysed for total Cd, exchangeable Cd, water
soluble Cd and available Cd. Also, leached water after
irrigation was analysed for Cd2+ content.
The experiment is conducted with a mine spoils, very
rich in calcium carbonate. The mine spoil tested comes
from the extraction of limestone, basically formed by the
levels of interspersed non-limestone materials and remains
of stripped soils. This usually presents balanced textures
but with elevated heterometry soil stoniness (up to 60%)
and is richer in clays. The characteristics of the mineral
substrate employed appear in Table 1. This substrate were
amended with treated sewage sludge according to the
quarry restoration methodology with treated sewage sludge
[17,18]. The doses of organic material were adjusted to the
characteristics of the treated sewage sludge and it was
kept in mind that it is performed in a single application
[19].The characteristics of the sewage sludge employed
appear in Table 2.
To establish as much similarity as possible between
real conditions and the experiment, the substratum (mine
spoil) in the columns were irrigated with a quantity of
water equivalent to 100 mm every seven days. With the
purpose of controlling what was added to the columns of
soil during the watering, many water samples were collected and analyzed. A short study on the parameters obtained indicated that the water used was properly qualified
for the irrigation.
TABLE 1 - Characteristics of the substrate (mine spoil) used in the
experiment.
Texture
Mine spoil

% Clay
21.37

Parameter
pH
C.E. µS/cm (25ºC)
O.M. (%)
P (mg/kg d.m.)
Ca (g/ kg d.m.)
Mg (mg/kg d.m.)
Na mg/kg d.m.)
K (mg/kg d.m.)
Fe (mg/kg d.m.)
Cu (mg/kg d.m.)
Mn (mg/kg d.m.)
Zn (mg/kg d.m.)
N (%)
d.m.: dry matter
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% Silt
26.00

% Sand
52.63
Mine spoil
8.926
56.32
0.27
2.07
3.26
337.57
63.27
64.31
1.48
0.18
1.07
0.36
0.02
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TABLE 2 - Composition of sewage sludge (dry matter).
Parameter
Gravim. humidity.
T.O.M. 500ºC
Al
As
B
Ba
Ca
Cd
Cr
Cu
Fe
Hg
K
Li

Unit
%
%
g/kg
mg/kg
mg/kg
mg/kg
g/kg
mg/kg
mg/kg
mg/kg
g/kg
µg/kg
g/kg
mg/kg

Value
82
59.8
10.33
1.0
82
535
55.72
49.1
50
413
3635
11
1.39
2.5

Parameter
Oxid. C.
Oxidizable O.M
Mg
Mn
Mo
N
Na
Ni
P
Pb
Sr
Ti
V
Zn

Four samples of substratum were taken during the experiment with an interval of one month between each. Three
columns were chosen per treatment and control treatment,
that is to say, 12 columns altogether separated into the
different layers. At the same time, the leachates accumulated from each column were also collected.
The determination of the total Cd was carried out using
dried soil samples (dried at 105 ºC and sieved to < 2 mm)
after microwave digestion using HNO3 and H2O2 (4:1 v/v).
To estimate the exchangeable Cd, an ammonium acetate solution was used (1N, pH 7) [20]. Available Cd for
plants were determined by DTPA extraction [21]. Soluble
Cd was determined after extraction with deionized water
(1:5 w/v). The atomic absorption technique with a graphite furnace (GF) and ICP-MS were used to analyze Cd
[22]. An ANOVA F test was used to evaluate the statistical significance of treatments and depth (∗, ∗∗, ∗∗∗ significant at the 0.05, 0.01 and 0.001 probability levels,
respectively; ns: no significance).
3. RESULTS AND DISCUSSION
Detailed knowledge of the calcareous mine spoil at
the application site, especially pH, CEC, clay content and
organic matter, is essential. The sewage sludge incorporation has modified the calcareous substrate composition,
leading to the increment of heavy metals. The heavy metals in this set of biosolids-amended mine spoils were
mostly and variously associated with residual, reducible
and carbonate soils. Mainly heavy metals are associated
with the residual phase. However, Cd is mainly associated
with carbonate forms.The pH resulting from the interaction of the sewage sludge (acidic, 6.5) with the calcareous
substrate (alkaline, 8.9) is a fundamental factor in controlling Cd mobility. It is well known that, above pH 7, Cd
can co-precipitate with CaCO3 or precipitate as CdCO3.
Cd mobility in calcareous soils is very low. No important
displacement or mobility of Cd has been found in the calcareous substratum examined in this experiment. Cadmium
is recovered mainly in the sorbed-carbonate and residual

Unit
%
%
g/kg
mg/kg
mg/kg
g/kg
g/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg

Value
19.7
33.9
379
166
5
4217
855
292
236
102
461
22
94
225

fractions for the calcareous soils. Authors found that Cd,
both native or sludge-derived, was mainly in the carbonate fraction [22, 23].
There was a very low concentration of cadmium in all
the soil samples, which makes its determination quite
difficult. The quantity present (approximately 0.5 mg/kg
d.m.) varies in an irregular way and results are not clear
indication of an increase in the concentration of this metal
because of sewage sludge application (Fig. 1).

FIGURE 1 - Total Cd (µg/kg d.m.) content (mg/kg d.m.), in each
columns section and treatment.

FIGURE 2 - Exchangeable Cd in each columns section and treatment.

Exchangeable Cd concentrations are very low (Fig. 2).
The amount of exchangeable cadmium increases signifi-
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groundwater. The water quality might be conditioned by
the presence of these metals and established limits to
prevent toxicity must not be transcended, if its destiny is
related to human or animal consumption.

cantly with increasing sludge treatment in the first sampling in each column section. Its concentration is very
low, and there is positive relationship with the presence of
sludge in the 0-15 cm section [22, 24]. We observed an
increasing exchangeable Cd with increasing the presence
of organic matter in the calcareous substrate.
There is an extensive bibliography about the use of
DTPA extractable metals in soils as a predictor of plant
uptake, but contradictory results are found. It is also true
that it is difficult to find works including a wide range of
soil types. It is remarkable the importance of the texture
in the available Cd behavior. In fact, the sand content may
be has a positive relationship with the Cd uptake, being
one of the most important soil property controlling heavy
metal availability. There is a significant increase in available Cd concentration after sludge treatment in the surface
level, as also found by other authors [25]. In the columns
treated with sludge there is a decrease in extractable cadmium with depth (Fig. 3).

FIGURE 4 - Soluble Cd content (µg/kg d.m.) in each columns section and treatment.

With respect to the pH values in leachates, these are
found within the range of limit values in all of the irrigation applications. As such, from the environmental point
of view, there are not at all worrisome values. No significant changes between samplings were produced in the
pH. An acidifying tendency in the treatments is solely
seen in the first and third samples. The evolution of pH
over time shows values that the irrigation water possesses
before being added to the substratum. With respect to the
control, an increase in electrical conductivity was observed in the water collected from the sewage sludge
treated columns. This is due to the washing produced in
the soluble salts that contributed the sewage sludge application. In leachates, cadmium increases with sewage
sludge application only in the third sampling (Table 3). In
the other sampling there are no significant differences
between control and treatments. The presence of low
molecular weight organic compounds coming from the
degradation of the organic matter in sludge treatments,
from L0 to LA, may favor the Cd displacement [26]. This
experiment shows that the very low concentrations of Cd
in leachates are probably not a cause of concern. This fact
indicates that the contamination agents analysed in these
columns with a calcareous mine spoil base under these
conditions of irrigation should not be a source of groundwater pollution.

FIGURE 3 - Available Cd content (mg/kg d.m.) in each columns
section and treatment.

In the calcareous substrate amended with sewage
sludge, a low percentage of Cd was soluble-exchangeable,
probably due to metal chelation that increases metal solubility in alkaline conditions. In the first sampling, Cd
increases with the sludge treatments in relation to the
control at every depth, although it be said it is directly
proportional to quantity of sludge applied (Fig. 4). There
are no significant variations with depth; in general, the
last samplings show lower levels than the first ones. The
determination of this element is necessary to evaluate
their possible loss towards the water of the subsoil and

TABLE 3 - Cd content (µg/L) in leachates.
Sampling
1
Mean

Treatment
L0
LB
LM
LA
F-ANOVA

2
C.I

0.1
0.2
0.2
0.2

0.1
0.1
0.1
0.1
0.61 ns

3

Mean
C.I.
Cd (µg/L)
0.1
0.1
0.2
0.1

Mean
0.0
0.0
0.1
0.0

1.83 ns

C.I. Confiance interval; ns No significance, *** significant at the 0.001 probabiliy level.
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1.0
1.1
1.6
4.5

4
C.I.

Mean
0.1
0.1
1.0
1.3

77.61 ***

C.I.

0.5
0.8
0.8
0.8

0.1
0.2
0.2
0.5
0.10 ns
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4. CONCLUSIONS
The main problem, and the main advantage for using
this sewage sludge in restoration of limestone quarries, is
that the amount of Cd which is supplied to soil by sewage
sludge is very small also when 180 tons per ha are added.
This makes very difficult to set up a study which aims at
investigating and understanding the mobility of this element in the mine spoil substratum.
Significant quantities of Cd did not appear in leachates, which means that the pollutant analyzed in this research, and under these irrigation conditions, are not likely to be a source of contamination of waters.
Interpretation of the preliminary results obtained in
this research is certainly useful to obtain a general picture
of what has happened in this soil following sludge addition, and to discover the environmental problems that
such fertilization may lead to. No doubt, this is a starting
point to develop a mathematical study that allows the
modeling and evaluation of the evolution and mobility of
heavy elements in the calcareous mine spoils used in
quarry restoration.
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1 INTRODUCTION

ABSTRACT
Effect of wastewater irrigation on the changes of some
soil properties, distribution and fractionation of heavy metals (Cu, Pb and Cd) in soil profiles was investigated by
monitoring different plots from Pengzhou, China, which
had been irrigated with wastewater for varying periods of
time (5, 12 and 20 years, respectively). The non-wastewaterirrigated plot served as the control. Total concentrations of
heavy metals at different soil depths were analyzed by
acid digestion, and their fractions were partitioned by a
sequential extraction procedure, where the speciation of
metals was experimentally defined as exchangeable, carbonate-, Fe-Mn oxide-, organic matter-bound and residual
fraction. Results showed that soil pH values were significantly (p < 0.05) lowered in plots with more than 12-year
irrigation to a depth of 80 cm, while electrical conductivity was elevated for all three plots compared with control,
and soil organic matter increased in top 40 cm layers in
plots with 12- and 20-year wastewater irrigation. Longterm irrigation with wastewater (12 and 20 years) has led
to significant increases in heavy metals’ total amounts in
surface layer (0-40 cm), in which it also resulted in a
marked increase in heavy metal concentrations in the all
non-residual fractions, and correspondingly affected the
relative binding capacity of heavy metals (except for Pb
in soil profile from plot with 20-year irrigation). It was
also found that the amounts of heavy metals in residual
fractions kept almost unchanged in all plots. The study
concludes that long-term wastewater irrigation might give
rise to the accumulation and mobilization of heavy metals
in upper soil horizons, which may limit the use of wastewater for landscape and agriculture.
KEYWORDS: wastewater irrigation, fractionation, distribution,
heavy metal, soil

* Corresponding author

Wastewater irrigation is now recognized as a readily
available and economically feasible way to supplement
freshwater for agricultural lands, which has been commonly practiced in China´s arid and semi-arid zone areas
since 1950s [1]. Wastewater irrigation has both positive
and negative consequences. It could provide the soils with
nutrients and organic matter, and also serves as an environmentally safe disposal method for treated effluents [2].
However, as a result of prolonged irrigation with wastewater, many questions have been raised regarding to gradual
changes in soil characteristics, and accumulation of environmental contaminants in soils of the irrigated region,
which may consequently degrade the soil quality and
elevate the contaminant levels in soil-water-plant system
[3, 4]. One of the most limiting factors for land disposal
and agricultural use of wastewater is the presence of high
levels of heavy metals from industries and municipal sewage [5, 6]. Long-term use of wastewater on agricultural
lands contributes significantly to the buildup of the elevated
levels of heavy metals in soils, leading to increased uptake
of heavy metals by crops and their possible introduction to
animals and humans through the food-chain [7-9].
Total metal concentrations are often determined for
soil pollution assessment with index assessment models in
which the raw analytical results are transformed into
unitless subindex values after dividing National Soil Environmental Quality Standards or local soil background
values as the assessment criteria [10, 11]. However, the
determination of the total concentration of metals alone is
insufficient in assessing their environmental impact. It is
now widely recognized that the toxicity and mobility of
heavy metals mainly depend on their specific chemical
forms and binding states [12]. Sequential extraction procedures have often been recommended to be the best available method for providing more information on the speciation, availability, mobility, and transformation of heavy
metals in the solid phase components of soils and sedi-
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ments, despite the limitations of absence of validation, sensitivity to procedural variables, post-extraction re-adsorption,
selectivity, and sample preservation [13-15]. Among numerous sequential extraction methods, the method proposed by Tessier et al. [16] was most widely used. According to this protocol, metals in soil were fractionated
into exchangeable, carbonate-, Fe–Mn oxide-, organic matter-bound and residue fractions. Generally, the exchangeable
fractions are considered to be readily mobile and bioavailable, whereas other metal fractions, especially a residual
fraction, are considered to be immobile and tightly bound,
and may not be expected to be released under natural
conditions.
The most commonly applied method to study the influence of wastewater irrigation on contaminants accumulation in soil is to compare their levels between wastewater-irrigated and non-wastewater-irrigated soils [17-20].
Investigations are often made; however, between different
sites receiving irrigation with different duration of time,
which generally had completely different soil type, or
irrigation water characteristics, or irrigation schedules. In
the present work, Pengzhou wastewater-irrigated region
in Sichuan province, southwestern China, was selected to
be the studied area which consists of many plots irrigated
with wastewater for different periods of time (0, 5, 12,
20 years, respectively). Due to the homogeneity of both

irrigation wastewater and soil properties from these plots,
this area is ideal for our research purposes. The aim of
this study is to pinpoint the effect of wastewater irrigation
for different time periods on the temporal changes of accumulation and fractionation of the heavy metals Cu, Pb
and Cd in soil by monitoring different plots from Pengzhou
wastewater-irrigated region.
2 MATERIALS AND METHODS
2.1 Study area

The Pengzhou wastewater-irrigated region is located
in the Pengzhou City, Sichuan Province, southwestern
China (N 30º57´, W 103º76´) (Fig. 1). This area, built for
cultivation of rice and vegetables, is irrigated by wastewater from Pengzhou sewage treatment plant from 1970s. It
is set up to be a monitoring station for agricultural use of
wastewater by Chinese Academy of Agricultural Sciences
(CAAS) in 1985, with a total area of over 5334 m². The
irrigation area consists of many different plots receiving
wastewater irrigation for varying periods of time. As shown
in Fig. 1, in this study, plots #1, #2 and #3 were selected
which were irrigated with wastewater for 5, 12 and 20 years,
respectively. Non-irrigated plot #0 was applied as control
(CK).

FIGURE 1 - The sampling plots from wastewater-irrigated fields at Pengzhou city, Sichuan province, China.
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The soils of the studied site are predominantly purple
soil. The purple soil is one of the most important soils for
agricultural production in subtropical areas of China, which
is derived from Trias-Cretaceous system and classified as
Eutric Regosols in FAO Taxonomy [21], or Pup-CalricEntisol in the Chinese soil taxonomy [22]. The climate of
the studied area is subtropical humid monsoon with an
average annual precipitation of 850-1000 mm, and the
average annual temperature is 15–16 °C.
2.2 Soil sampling

Randomized block design with four replications was
employed for soil sampling. Soil samples in 4 plots from
layers at depths of 0-20 cm, 20-40 cm, 40-60 cm and 6080 cm were taken by drilling in March 2010. For each
replicate, four drills of soil samples in a 1×1 m size area
were collected and the same-depth layer soils were mixed.
Soil samples were sealed in plastic bags and transported
to the laboratory in iced containers for measurement.
2.3 Characteristics of irrigation wastewater

Effluent samples of wastewater were taken from the
reclamation plant in October 2010 and March 2011, and
their characteristics were determined. The pH values were
5.01 in 2010 and 4.36 in 2011 from effluents. Average
concentrations of Cu, Pb and Cd in effluents were 0.099,
0.017 and 0.010 mg·kg-1, respectively.
2.4 Soil analysis

Soil samples were air-dried, ground and sieved through
a 2-mm sieve. Soil pH was measured in a 1:5 (w/w) ratio of
soil/water by a glass electrode, and then the electrical conductivity (EC) of its extract was determined. Soil organic
matter (OM) was determined by oxidation with K2Cr2O7H2SO4 [23].

openings were used for determining Cu, Pb, and Cd contents.
Extractions were conducted in 100 ml polypropylene
centrifuge tubes. Between each successive extraction, the
supernatant was centrifuged at 4000 rpm for 30 min, and
then filtered.
2.6 Metal determination and quality control

The concentrations of Cu, Pb and Cd in soil were determined by digesting 0.5 g soil samples (oven-dry weight)
with HNO3·/HF·/HClO4 mixture, followed by elemental
analysis. The concentrations of Cu, Pb and Cd in all solutions were AAS-analyzed (AA220Z, Varian, USA). All the
reagents used for analysis were of analytical grade or better. All containers were soaked in 10% HCl, rinsed thoroughly in deionized water, and dried before use. The standard substances (geochemical standard reference sample
soil in China, GSS-1) were used to examine the precision
and accuracy of determination. As a check for the reliability of sequential extraction procedure, the relative errors
(REs) between the sum of the metal concentration in
individual fractions and the measured total metal concentration in soil samples were calculated, and ranged from 13.35% to 11.44%.
2.7 Statistical analysis

Statistical analysis of ANOVA by LSD test at 5%
level and model fit were performed using the software of
SPSS 17.0 for Windows.
2.8 Assessment model of metal relative binding intensity in
soil

To assess the status of chemical speciation of heavy
metals in soils, Partition Index of element (I), and the
Reduced Partition Index (IR) were applied in this study,
defined as follows [24]:

2.5 Sequential extraction procedure

k

The sequential extraction proposed by Tessier # was
employed in the current study. Chemical reagents, extraction conditions and corresponding fractions are defined as
follows:
1. Exchangeable fraction (EXC): 2 g of soil sample
(oven-dry weight), 16 ml 1.0 mol·L-1 MgCl2, pH 7, shaken 1 h, 20 °C.
2. Carbonate-bound fraction (CAR): 16 ml of pH 5,
1.0 mol·L-1 sodium acetate, shaken 5 h at 20 °C.
3. Fe-Mn oxide-bound fraction (OX): 40 ml of 0.04
mol·L-1 NH4OH·HCl in 25% (v/v) acetic acid at pH 3 for
5 h at 96 °C, with occasional agitation.
4. Organic matter-bound fraction (OM): 6 ml of 0.02
mol·L-1 HNO3 and 10 ml of 30% H2O2 (pH adjusted to
2 with HNO3), water bath, 85 °C for 5 h, with occasional
agitation, and 10 ml of 3.2 mol·L-1 NH4OAc in 20% (v/v)
HNO3, shaken for 30 min.
5. Residual fraction (RES): Dried in a force-air oven
at 40 °C for 24 h. Sub-samples after sieving with 0.149 mm

I = ∑( Fi × (i ) n )

(1)

I R = I / (k n )

(2)

i =1

where, i is the fraction (step) number (1: least aggressive, k: most aggressive), Fi is the fractional content of
the element in fraction i out of its total extracted, and n is
an integer (usually 1 or 2). In our case, k = 5 (seen in 2.4)
and n = 2 (square relationship clearly expresses the increasing binding strengths of metals with increasing i in
the sequential selective dissolution process, and keeps
calculations simple and convenient); thus minimal IR =
0.04 and maximal IR = 1.
Parameter IR is introduced to describe quantitatively
the relative binding intensity of metals in soil samples,
and enables comparison of the binding intensity of a given metal among treatments, and of different metals in the
same soil. A low value of IR (i.e. close to the minimum
0.04) represents a distribution pattern in which much of the
metal resides in the soluble and exchangeable fraction,
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2011, respectively). Long-term changes in soil pH occurred
markedly as a result from inputs of nitrate and sulfate loads
from wastewater, which decrease soil pH through mineralization and nitrification processes, or addition of weak organic acids in soil, or excessive leaching of basic cations.
Additionally, soil buffering capacity adjusted the irrigated
soil pH to the level not as low as that in effluents. The
results that irrigation caused the drop of pH values in longterm irrigated fields were consistent with the findings by
Xu [4] and Usman [25], but contrary to an increase of pH
levels observed in some irrigated soils where the irrigation effluents were generally alkaline [26, 27].

whereas a high value (i.e. close to the maximum 1) results
from a high proportion of the metal strongly bound in the
more stable fraction. Furthermore, intermediate values manifest patterns involving metal partitioning among all fractions.
3 RESULTS AND DISCUSSION
3.1 Distribution of pH, OM and EC in soil profiles with different irrigation time

Effect of wastewater irrigation on soil pH is shown in
Fig. 2a. For non-irrigated and wastewater-irrigated soils,
the soil pH varied from 5.31 to 6.61. In contrast with
control profile #0, average soil pH has been decreased by
0.55 and 0.86 units in the soil profiles (0-80 cm) irrigated
with wastewater for 12 and 20 years, respectively. Especially, these soils showed lower pH values in the surface
layers (0-40 cm) than in the subsurface layers (40-80 cm).
From plots with irrigation time of 5 years, soil pH value
has been slightly affected, showing no significant differences between pH data from plot #0 and #1. The decrease
of soil pH was consistent with the acidic pH values of the
wastewater effluents (pH values of 5.01 and 4.36 were determined in effluents taken in October 2010 and March

EC of the soil profiles in plots #1, #2 and #3 increased due to wastewater irrigation (Fig. 2b). Effects of
wastewater irrigation on EC of the soil profile were evident up to 80 cm depth, and the EC values declined with
increasing soil depth. For the whole examined soil profile
(0-80 cm), average EC values in plots with irrigation
times of 0, 5, 12 and 20 years were 0.075, 0.115, 0.143
and 0.229 dS·m-1, respectively, while 0.081, 0.124, 0.172
and 0.273 dS·m-1 were obtained, respectively, from corresponding plots averaged for the top 40 cm horizons.
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FIGURE 2 - pH, EC and OM in soil profiles from plots with different periods of irrigation time (error bars denote standard deviation).
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3.2 Metal distribution and fractionation in soil profiles with
different irrigation times

Furthermore, higher EC values were generally found
in top layer than in lower layers, which might result from
salts in the wastewater as well as a preponderance of upward water movement and subsequent evaporation at the
soil surface [18]. Considering the length of time that wastewater has been irrigated on the different plots and the field
and vegetable crops tolerances to salinity, it seems unlikely
that salinity will be a serious problem as long as adequate
over-irrigation is practiced to keep soluble salt levels below
those presently existing in the soil profile.
The OM contents in examined soil profiles ranged between 22.33 to 55.63 g·kg-1 from top to subsoil layers. In
contrast with concentrations in the control soil profiles in
plot #0, data showed that wastewater application caused
increased soil organic matter to the depths of 20 cm on
plot #1, and to the depths of 40 cm on plots #2 and #3.
Compared to its pristine content, soil OM in the top 20
cm horizons was increased by 20.50, 52.56 and 81.26% in
soils with wastewater irrigation times of 5, 12 and 20
years, respectively. The increase was only significant (p <
0.05) at top 40 cm soil layers, and non-significant difference was found in lower layers (Fig. 2c). The accumulation of OM in wastewater-irrigated fields could not only
increase soil fertility and crop production, but also improve
soil structural properties, acting as a nutrient reserve and
counteracting the effects of salinity [28].

80

(a)
0-20 cm

Concentrations (mg/kg)

70

Cu

a

b

20-40 cm
a a

60
50

c
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1) Total concentrations and fractionation of examined
heavy metals Cu, Pb and Cd in soil profiles indicated no
significant changes in the chemical status of soil associated with wastewater irrigation of 5 years. Results from
short-term irrigation (5 years) coincide with the finding of
Xu et al. [4], who reported no change in the concentrations of heavy metals after 3 years of effluent irrigation.
2) The variations of concentrations and fractionation
of heavy metals were only significant at top 40 cm soil
horizons of plots long-term-irrigated (more than 12 years).
The concentrations and fractionation of heavy metals Cu,
Pb and Cd in 40-80 cm soil horizons of plots irrigated for
12 years and 20 years were consistent with those of control plots, revealing that irrigating with wastewater did not
cause changes in heavy metal levels and speciation to this
depth of soil profile.
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3.2.1 Total concentrations of heavy metals in soil
3.2.1.1 Copper

For the whole examined soil profile (0-80 cm) in control plot #0, average concentration of Cu was 45.44 mg·kg-1
(Fig. 3). After long-term wastewater irrigation over a 12year period, Cu mainly accumulated in the top layer (020 cm) of the soil profiles, where the concentrations of
Cu increased almost 1.4-fold (62.36 mg·kg-1) for plot #2
(12-year irrigation) and 1.7-fold for plot #3 (20-year irrigation) compared with that of control plot #0 (44.97 mg·kg-1).
Copper in the subsurface layers (20-40 cm) of soil profiles in
plot #2 and plot #3 were also significantly elevated (p <
0.05), amounting to 55.88 mg·kg-1 and 56.19 mg·kg-1, respectively, which were probably attributable to the fact that
Cu was leached downward within the soils. National
Soil Heavy Metals Standards (GB15618-1995) Grade II
(50 mg·kg-1, pH < 6.5) was slightly exceeded in the 040 cm layers of both plots #2 and #3 indicating a less
severe contamination with the metal by long-term wastewater irrigation.
3.2.1.2 Lead

Average total concentration of Pb in soil profile (0100 cm) of control plot #0 accounted for 54.70 mg·kg-1

(Fig. 3). Long-term irrigation (more than 12 years) changed
soil heavy metal levels and influenced their distribution in
soil profiles. Highest level of Pb was accumulated in the
top layer (0-20 cm) of the soil profile in the plot irrigated
with wastewater for 12 years, where the total concentration
of Pb increased almost 1.6-fold (86.94 mg·kg-1) compared
with that of control plot (53.77 mg·kg-1). 77.81 mg·kg-1 Pb
was present in the 20-40 cm layer of plot #2 with 12-year
irrigation, 1.4-fold that in corresponding layer of control
plot (55.66 mg·kg-1). The total amounts of Pb in all studied soil profiles of plots were much lower than the value
of Heavy Metals Standards (GB15618-1995) Grade II
(250 mg·kg-1, pH < 6.5). It can also be observed that 20year wastewater irrigation caused remarkable decreases of
Pb levels in 0-20 cm and 20-40 cm horizons of soil profile
in plot #3 compared with those in control plot #0 (p <
0.05), which accounted for an average of 41.09 mg·kg-1.
Considering the continual input of metals through wastewater irrigation and trace metals adsorption on soil particles, this result was unexpected which could probably be
attributed to plant uptake in surface layer. Similarly, some
other studies also showed that the heavy metal contents
could be lower in topsoil after irrigation by polluted water
for years [29, 30].
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3.2.1.3 Cadmium

The average concentration of Cd in 0-100 cm soil horizons of control plot #0 was 0.342 mg·kg-1 (Fig. 3). In
plots #2 and #3, highest level of cadmium generally accumulated in top 0-20 cm soil layer, up to 0.856 mg·kg-1
and 1.111 mg·kg-1 (2.5-fold and 3.25-fold compared with
control plot, respectively). The lower horizons of plots #2
and #3 (20-40 cm) had also considerably high Cd concentrations (0.777 mg·kg-1 and 0.868 mg·kg-1, respectively),
which were probably ascribed to the fact that some Cd
was leached downward within the soils. The total Cd concentrations in topsoil of plots #2 and #3 exceeded National Soil Heavy Metals Standards (GB15618-1995)
Grade II (0.3 mg·kg-1, pH < 6.5) by far, indicating comparably severe soil pollution by prolonged wastewater irrigation.
3.2.2 Metal fractionation in soil profiles with depth
3.2.2.1 Copper

In all studied soil profiles, Cu was mostly found in
the residual fraction (28.89-38.72 mg·kg-1, equivalent to
42.04-80.77% of total concentrations), followed by OM
(3.28-17.31 mg·kg-1, equivalent to 6.48-22.47% of the
sum) and OX fractions (3.29-14.38 mg·kg-1, equivalent to
6.93-18.50% of the sum) (Fig. 3). High contents of Cu in
the residual fraction are often described in soils [31, 32],
and the presence of Cu in organic fraction is in strong
agreement with that observed in many earlier studies in
soil [33, 34]. Cu in organic fraction is supported by the
high formation constants of Cu-organic complexes. Scanning Electron Microscopy/Energy Dispersive X-Ray (SEM/
EDX) analysis done by Adamo et al. [35] on polluted soils
also confirms the strong association of Cu with organic
matter. Fe–Mn oxide bound form was also the important
non-residual fraction. Many researches have indicated that
the high surface area and adsorbing capacity of Fe-Mn
oxides coupled with the ability of Cu to replace Fe2+ in
some Fe oxides may be an important control of Cu levels.
Cu bound to carbonate ranged from 1.61-7.68 mg·kg-1
(equivalent to 3.51-9.88% of the total concentrations).
Exchangeable fraction accounted for a comparatively low
percentage of Cu (0.89-5.69 mg·kg-1, equivalent 1.857.21% of the total concentrations), which was in agreement with the previous studies of Ma and Rao [32] and
Ramos et al. [36].
In the top 40 cm layers of soil profiles in plots #2 and
#3, both amounts and proportions of Cu bound to EXC,
CAR, OX and OM fractions tended to elevate with increasing irrigation time (over 12 years), while the amount
of Cu in the residual fraction remained almost unchanged
(on an average 32.94 mg·kg-1), but the proportion of RES
fraction descended (Fig. 3). Consequently, reduced partitioning index (IR values) of Cu in topsoil (0-20 cm and
20- 40 cm) in all studied plots with different lengths of
irrigation time generally followed the order CK = 5 yr >
12 yr > 20 yr (Fig. 4), implicating that long-term wastewater irrigation resulted in the higher proportion of Cu to

be presented in the labile fractions in the top 0-40 cm
layer of soils, leading to greater bioavailability and increased uptake of heavy metals by crops and their possible introduction to animals and humans through the foodchain. The concentrations of the RES fractions of Cu kept
unchanged with irrigation time which meant the exogenous Cu in topsoil induced by long-term wastewater irrigation hardly entered the crystalline lattice. This result
probably suggested that Cu associated with the residual
fraction mainly originated from the parent material of the
soils whereas, bound to non-residual fractions, it was of
pedogenic (weathering of minerals) and anthropogenic
(e.g. wastewater irrigation) origins.
3.2.2.2 Lead

In all layers of plots #0-3, Pb was mainly distributed
in the residual fraction; its amount was on an average
37.45 mg·kg-1 and barely changed with irrigation time,
being equivalent to 51-89% of the total Pb (Fig. 3). The
high percentage of lead in the residual fraction in sewageirrigated soils has been observed by many studies [37, 38].
The proportions of Pb in the OX fractions were also substantial (second largest), amounting to 4.73-29.64% of the
total Pb. This distribution translated into 1.78-24.33 mg·kg-1
of Pb bound to oxides, suggests that Fe-Mn oxides play an
important role in Pb retention. The adsorption of Pb cations
on the hydrous oxides of Fe and Mn is considered to be a
reasonably universal fixation mechanism [39]. Early studies also showed similar results [36, 40]. In all studied soil
profiles, 1.41-12.69 mg·kg-1 Pb (3.12-15.46% of the total
concentrations) were associated with organic matter. Apparently, organic matter of the soils has same higher binding capacity for Pb as for Cu. The finding of Smith et al.
[26] reported that Pb in soils forms stable complexes with
organic ligands (humic and fulvic acids) and inorganic
species (Cl- and CO32-), particularly in soils with high OM
contents and pHs between 6 and 8. For all soil layers of
plots #0-3, only <5% Pb occurred in the CAR fractions,
while < 4% Pb were in the EXC fractions. The result that
Pb was scarcely exchangeable and associated with CAR
fractions was in line with other sequential extractions carried out on wastewater irrigated soil [41, 42].
Compared with control plot #0, both amounts and proportions of Pb occurred in all non-residual fractions in 0-20
and 20-40 cm layers of soil profile in plot #2 with 12-year
wastewater irrigation increased, leading to the decreased IR
in top 40 cm horizons, while those in plot #3 with 20-year
wastewater irrigation diminished, with the increased IR in
top 40 cm horizons correspondingly (Fig. 4).
3.2.2.3 Cadmium

In all layers of soil profile in control plot #0 and 40100 cm layers of soil profiles in plots #2 and #3, Cd was
mostly found in the RES fractions, up to 0.172-0.199 mg·kg-1
(equivalent to 45.12-49.75% of the total Cd) (Fig. 3). The
second largest proportion of Cd (0.092-0.11 mg·kg-1, equivalent to 22.77-28.06% of the sum) occurred in the OX
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fractions. Cd associated with EXC, CAR and OM fractions were evenly partitioned, accounting for 0.031-0.042
mg·kg-1 (8.22-11.14% of the total Cd). In 0-20 cm and 2040 cm soil horizons of plots #2 and #3, the amounts of Cd
in the extracted fractions decreased generally in the following order OX (0.201-0361 mg·kg-1, equivalent to 24.4031.71% of the total concentrations) > RES = OM = CAR
(0.159-0.224 mg·kg-1, equivalent to 18.12-20.34% of the
sum) > EXC (0.029-0.139 mg·kg-1, equivalent to 9.0116.00% of the sum). In general, by contrast with Cu and
Pb, Cd showed the highest percentage in EXC fraction in
soil layers of all studied plots, which suggested greater
environmental availability, and more frequent examination of the levels of Cd in soil may be necessary to determine its transfer in soil-plant systems, and potential health
hazards to local residents or consumers. Naidu et al. [43]
reported that the exchangeable Cd was probably hydrated
Cd2+ and adsorbed via out-sphere surface complexation
and, hence, barricading the transformation from exchangeable fraction. The comparatively high percentage of Cd in
the carbonate fraction can be attributed to the fact that the
carbonate phase could be an important sink for Cd in
soils. Han [44] pointed out that isomorphs substitution of
Cd in the layer silicates is difficult due to its relatively
large ionic radius, but Cd has similar ionic radius to Ca,
and the solubility of CdCO3 is low. Thus, Cd is easily
bound to the CAR fraction. Contrary to our findings, Fitamo
et al. [45] showed Cd to be mainly associated with the
carbonate (48%) and the residual fraction (30%) in Ethiopian topsoil irrigated with municipal wastewater.
Similar to Cu, wastewater irrigation for more than 12
years also led to a marked Cd increase in the EXC, CAR,
OX and OM fractions at top 40 cm soil layers, whereas
the amount of its RES fraction nearly kept unchanged, on
an average 0.182 mg·kg-1. IR of Cd in top 40 cm soil horizons of studied plots with different lengths of time were
generally in the order CK = 5 yr > 12 yr > 20 yr (Fig. 4).
Additionally, Cd had comparatively lower IR than Cu and
Pb in corresponding soil horizons in all studied plots 3,
indicating its lability in soil and the lack of strong binding
mechanisms for this metal to the solid-phase of soil.

non-residual fractions at top 40 cm soil layers (except for
Pb in plot #3 with 20-year irrigation), while the amount of
their RES fractions barely changed. Therefore, the possible accumulation and mobilization of heavy metals in soil
cause many potential problems after long-term wastewater irrigation. The results suggest that regular monitoring
of irrigation wastewater and soil as well as appropriate
management are needed to keep the safe application of
wastewater for landscape and agriculture.
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ABSTRACT
Aquatic organisms are usually exposed to both metal
pollution and eutrophication. The effects of phosphorus
levels and nitrogen species on the accumulation and biotoxicity of Cd in freshwater zooplankton Daphnia magna
were investigated. Results showed that P in water could
increase Cd body burden, and inhibit metallothionein (MT)
induction in D. magna after Cd exposure. The ratio of Cd
body burden/MT increased markedly with increasing P
levels, accounting for phosphorus in water could intensify
Cd biotoxicity to D. magna. Different nitrogen species in
water had different effects on Cd accumulation in D. magna,
with the order NH4+-N > NO3--N > NO2--N. NH4+-N and
NO3--N in waters, which could disturb MT induction in
D. magna, reinforcing Cd biotoxicity to D. magna. NO2-N could not affect Cd biotoxicity to D. magna, whereas
NO2--N itself could produce toxic effects on D. magna inducing MT synthesis. The ratio of metal body burden/MT
was more suitable to predict metal toxicity to D. magna
than metal body burden or MT alone.
KEYWORDS:
Accumulation; Toxicity; Cadmium; Nitrogen; Phosphorus

1 INTRODUCTION
The increasing worldwide pollution of freshwater
with metals is a serious environmental problem due to the
adverse effect on aquatic organisms and human health
through unsafe drinking water. Over the past few years,
metal accumulation and biotoxicity in the freshwater cladoceran Daphnia magna, which is a standard indicator for
toxicant exposure, have been extensively investigated [16]. To evaluate the tolerance and accumulation of D.
magna for metal, besides half-lethal concentration, mortality rate and metal body burden, metallothionein (MT)
in D. magna as biomarker have drawn much attention [7,
8]. MT, a sulfhydryl-rich and metal-binding protein, can
* Corresponding author

be induced by the essential metals, such as Cu and Zn,
and the non-essential metals, such as Cd, Ag and Hg. It
has been supported by the numerous studies that MT
synthesis in organisms is associated with the capacity for
binding metals and protection against metal toxicity [911]. The induction of MT has been extensively used as
biomarker of metal pollution.
Accompanied by metal pollution, eutrophication, which
has been concerned since 1950s, is another threat to aquatic
ecosystems [12]. Aquatic organisms are thus frequently
exposed to both metal pollution and eutrophication. Recent studies have shown that the enrichment of N and P,
as the main driving factors of eutrophication, in waters
can affect metal accumulation in phytoplankton and invertebrates [13-16]. Wang and Dei [13] reported that Cd
uptake by phytoplankton species was considerably enhanced with the increase of ambient nitrate concentration
and was not appreciably affected by the concentration of
ammonium. Pokarzhevskii and Straalen [16] exposed that
Cd accumulation in terrestrial isopod Porcellio scaber
was stimulated by P but diminished by N additions.
The different metal accumulation in aquatic organisms under eutrophication conditions may directly result in
metal subsequent trophic transfer in the food chains and
jeopardize ecological security. And more importantly,
whether nutrients also affect the biological effect of metals in aquatic zooplankton remains essentially unknown.
Accordingly, the objective of this research was to investigate the influence of phosphorus levels and nitrogen species on the biological effect of Cd in freshwater zooplankton D. magna. Cd body burden and MT in D. magna under
different phosphorus levels and nitrogen species after Cd
exposure were evaluated.
2 MATERIALS AND METHODS
2.1 Water samples

Water samples used in this study were collected from
Jing Mi Cannal, Beijing (116° 16′ 732 E, 39° 58′ 401 N,
50 m). The samples were immediately delivered to the
laboratory after sampling and filtered to eliminate any
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suspended solids before use. The water quality parameters
were as follows: pH 7.8, TOC 5.23 mg/L, COD 11.23 mg/L,
Cd2+ 0.007 µg/L, and P 0.015 mg/L. The background
water sample and water samples spiked with P to about
1.0 and 5 mg/L, respectively, using potassium dihydrogen
phosphate, represented three different phosphorus levels.

centrifugation. The supernatants were digested and Ag+
concentration was analyzed as described above. The MT
(µg/g wet wt) in the sample was calculated by the following equation [18]:

The background water samples were spiked with different nitrogen species, NH4+-N, NO3-N and NO2-N, to
about 0.5 mg/L using ammonium chloride, sodium nitrate
and sodium nitrite to investigate the impacts of different
nitrogen species on the biological effect of Cd. The background water sample without the addition of nitrogen was
set as control.

(1)

cAg+

× 7000
MT = 108×18
ww

where, cAg+ is the Ag+ concentration in the final mixture, and ww is the wet weight of the daphnia.
3 RESULTS AND DISCUSSION

2.2 Organisms and exposure to Cd

2.3 Cd body burden and MT

After the exposure, all alive daphnids were evacuated
their gut contents for 1-2 h in clean dechlorined tap water
and washed with deionized water. Ten to 15 daphnids
were dried at 80 °C to constant weight, digested to translucent with 68% HNO3 (superior grade) at 110 °C, as
described in [1]. Total Cd concentrations of the digested
solution fixed with 2% HNO3 were measured using inductively coupled plasma mass spectroscopy (ICP-MS; VG
PQ2-Turbo; VG Elemental Limited, Cheshire, UK). The
Cd body burden (µg/g dry wt) was calculated based on the
dry weight of the daphnids.
MT was then measured using the modified silver saturation method [18]. Ten to 15 exposed individuals were
weighed after removing the water residue on their body
surfaces, homogenized by ultrasonication in 0.5 ml of
sucrose buffer (0.25 M) and centrifuged at 16,000 g min-1
in a refrigerated centrifuge for 20 min. Supernatants were
added to 0.5 ml of 20 µg/ml Ag+ solutions incubating for
10-20 min at room temperature. Red blood cell hemolysate (0.1 ml) was pipetted into the mixture, heated in a
boiling water-bath for 5 min, and subsequently centrifuged at 1,200 g min-1 for 5 min. The final supernatants
were collected by a 15-min centrifugation at 16,000 g min-1
after the repeated process from hemolysate addition to

3.1 Effect of phosphorus levels on Cd biological effect
3.1.1 Effect of phosphorus levels on Cd accumulation

Fig. 1 discloses the effect of phosphorus levels in waters on the Cd body burden in D. magna. It can be shown
that as Cd concentration in waters increased, the Cd body
burden in D. magna increased. There was a good linear
relationship between Cd concentration and Cd accumulation (P < 0.01, t test). During exposure, Cd in the aqueous
phase, which was the only Cd source in D. magna, significantly affected Cd accumulation in D. magna. As seen
from Fig. 1, Cd accumulation in D. magna was also greatly
influenced by the P levels in waters. The Cd body burden
increased substantially with increasing P levels indicating
that P presence in waters could promote Cd accumulation
in D. magna. This result was in accordance with the former report that P in the food had a stimulatory effect on
Cd accumulation in isopods [16]. This could be due to the
interaction between P and Cd. Dietary phosphorus could
reinforce this interaction.

Cd body burden (¦Ìg/g dry wt)

D. magna which had been cultured in monoculture in
our laboratory for many years was used in the present
study. The daphnids were raised at 22.5 ± 1 °C with the
same 14:10-h light:dark cycle in the growth chamber by
feeding them the green alga, Chlamydomonas reinhardtii.
at a concentration of 1-2 × 105 cells ml-1 on a daily basis.
The C. reinhardtii was grown in artificial Woods Hole
Chu-10 (WC) medium [17], and collected by centrifugation at the exponential growth stage.
Daphnids (14-21 days) were exposed to 300 ml water
samples with the addition of different concentrations of
dissolved Cd for 3 days without feeding. The concentrations of Cd used for the exposure experiments were 0.2, 1,
5, 10, 20 and 50 µg/L. Twenty to 30 daphnids were used
for each exposure treatment, with 3 replicates for each
treatment.

400
Level 1
Level 2
Level 3

300
200
100
0

0

20

40

60

Cd concentration (¦Ìg/L)
FIGURE 1 - Effect of phosphorus levels in waters on the Cd body
burden in D. magna.
3.1.2 Effect of phosphorus levels on MT induction

Fig. 2 plots the effect of phosphorus levels in waters
on MT induction in D. magna after Cd exposure. MT
induction was highly dependent on Cd exposure concentration (P < 0.05, t test), in agreement with the former
research in our laboratory [1]. As the P levels in waters
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increased, MT induction in D. magna significantly decreased. This result may be associated with the interference of MT gene transcription by Cd in D. magna. When
Cd accumulation in D. magna increased, on one hand, MT
gene express was induced stimulating MT production; on
the other hand, Cd2+ in D. magna could compete with
Ca2+, which was important in MT gene expression, interfering MT synthesis. As P levels in waters increased, the
inhibition of MT gene transcription was more considerable than induction with the increase of Cd accumulation
in D. magna. MT was the dominant fraction in sequestering metal in D. magna. Cd biotoxicity to D. magna could
increase if MT decreased with Cd accumulation in D.
magna increasing. It implied that P in waters had a positive effect on Cd biotoxicity to D. magna.

MT (¦Ìg/g wet wt)

The ratio of Cd/MT in D. magna with different P levels in waters is plotted in Fig. 3. With the increase of
exposure Cd concentrations, Cd/MT ratio in D. magna increased (P < 0.05, t test). It showed that the increase of
Cd concentration in waters could raise the Cd biotoxicity
to D. magna. Cd/MT ratio increased markedly as P levels
increased, suggesting that P in waters could intensify Cd
biotoxicity to D. magna. This result confirmed the above
conclusion, illustrating that Cd/MT ratio could evaluate
the metal toxicity to D. magna better than the metal body
burden, or MT alone.
3.2 Effect of nitrogen species on Cd biological effect

150

3.2.1 Effect of nitrogen species on Cd accumulation

Level 1
Level 2
Level 3

100

50

0

mechanism. When the ratio of Cd body burden to MT
(Cd/MT) was >6, the higher the value of Cd/MT, the
greater the biotoxicity of Cd to D. magna was.

0

20

40

60

Cd concentration (¦Ìg/L)

Cd body burden (¦Ìg/g dry wt)

FIGURE 2 - Effect of phosphorus levels in waters on MT induction
in D. magna after Cd exposure.

Fig. 4 presents the effect of nitrogen species in waters
on the Cd body burden in D. magna. It was evident that
there is a positive relationship between Cd body burden in
D. magna and Cd concentration in waters (P < 0.05, t test).
Compared with the controls, inorganic nitrogen species in
waters stimulated Cd accumulation in D. magna. Some
researches have demonstrated that nitrogen fertilizer could
promote plants growth and trace metal uptake in plants
[13, 19-21]. As is well-known, nitrogen is an important
element of protein constituents in organisms. Nitrogen
enrichment significantly enhances the synthesis of protein
which could combine with metal ions increasing metal
uptake in organisms. Therefore, nitrogen addition in waters could increase Cd accumulation in D. magna.

Cd body burden/MT

80
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Level 2
Level 3

60
40
20
0

0

20
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60

350
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NO3-N

280

NO2-N
NH3-N
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140
70
0
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Cd concentration (¦Ìg/L)

Cd concentration (¦Ìg/L)
FIGURE 3 - Cd body burden/MT in D. magna with different phosphorus levels in waters.

FIGURE 4 - Effect of nitrogen species in waters on the Cd body
burden in D. magna.

3.1.3 Cd body burden/MT with different phosphorus levels

Different nitrogen forms in waters had different effect
on Cd body burden in D. magna, with the following order: NH4+-N > NO3--N > NO2--N (Fig. 4). NH4+-N in
water could notably increase Cd accumulation. This may
be due to the decrease of water pH with NH4+-N addition
causing excess uptake of cations over anions. On the other
hand, greater Cd accumulation might be related to greater
nitrogen availability for NH4+-N than NO3--N and NO2--N

Metal body burden and MT are usually used to assess
metal biotoxicity to aquatic organisms. The recent studies
suggested that one MT molecular could combine 6 Cd2+ at
the most [8]. When the combination between MT and Cd
in organisms reached saturation, immoderate Cd accumulation in organisms could cause toxicity to other cellular
components in organisms without other detoxicification
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in protein synthesis in D. magna body to bind with more
Cd. Previous researches also illustrated that nitrogen
forms could influence metal uptake in plants. Gao et al.
[20] reported that application of anhydrous ammonia
generally resulted in higher Cd concentration in durum
grain than application of the same levels of other nitrogen
sources. However, Xie et al. [21] and Monsant et al. [19]
found that the concentration of Cd and Zn was higher in
NO3--fed plants than that in NH4+-fed plants. The effect of
nitrogen species in waters on Cd accumulation in hydrocoles has been rarely executed.
3.2.2 Effect of nitrogen species on MT induction

MT induction in D. magna with the addition of different nitrogen species in waters is shown in Fig. 5. Compared with the controls, NO3--N in waters substantially
inhibited MT induction in D. magna and NO2--N in waters greatly increased MT induction in D. magna after the
exposure to different concentrations of Cd. With the addition of NO3--N and NH4+-N, there was no correlation
between MT induction and Cd concentration in waters.
Nitrogen species could seriously affect MT induction in
D. magna after the exposure to Cd.

transport, by transferring across the erythrocytic membrane. MT may be induced by this oxidation process
according to the antioxidant role of MT. MT overexpression increases the resistance of tissues and cells to oxidative stress [23]. This may be the reason that NO2--N increased MT induction in D. magna.
3.2.3 Cd body burden/MT with different nitrogen species

Fig. 6 illustrates Cd/MT with the addition of 3 N species after Cd exposure. With the addition of NH4+-N and
NO3--N in water, Cd/MT increased greatly compared with
the controls. It implied that the presence of NH4+-N and
NO3--N in water could reinforce Cd biotoxicity to D.
magna, consistent with the result of MT induction. With the
addition of NO2--N in water, Cd/MT changed only weakly
relative to the controls. It indicated that NO2--N in water
could not increase Cd biotoxicity to D. magna. However,
NO2--N itself could produce toxic effects on D. magna
inducing MT synthesis. This result further verified that
the ratio of metal body burden/MT was better than metal
body burden, or MT alone, to predict metal toxicity to D.
magna.
120

Cd body burden/MT

MT (¦Ìg/g wet wt)
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FIGURE 5 - Effect of nitrogen species in waters on MT induction in
D. magna.

NH4+-N with positive charge may disturb the combination of Cd2+ with MT, and even compete with Cd2+ for
the binding sites of MT interrupting MT expression.
Therefore, MT induction in D. magna did not relate to Cd
concentration, with addition of NH4+-N in waters. Higher
Cd accumulation but lower MT induction in D. magna
with NH4+-N enrichment led to the spillover of Cd to
other cellular toxicity values to daphnids. The inhibition
of MT induction with the addition of NO3--N in waters
may be due to the competition of Cd2+ in D. magna with
Ca2+ interfering MT synthesis. No relevance between MT
induction and Cd concentration with NO3--N enrichment
suggested that there may be other protection mechanisms
in D. magna under Cd stress. NO2--N itself in waters was
toxic to aquatic animals and caused multiple physiological
effects [22]. As reported, nitrite could lead to oxidation of
haemoglobin to methaemoglobin compromising blood O2

FIGURE 6 - Cd body burden/MT in D. magna with different nitrogen species in waters.

4 CONCLUSIONS
High level of phosphorus in waters could increase Cd
accumulation and inhibit MT induction in D. magna after
Cd exposure. Cd/MT increased markedly as the phosphorus levels increased, indicating that phosphorus in waters
could intensify Cd biotoxicity to D. magna. Different
nitrogen species in waters had different effects on Cd
accumulation in D. magna following the order NH4+-N >
NO3--N > NO2--N. NH4+-N and NO3--N in waters, substantially disturbing MT induction in D. magna, and reinforcing Cd biotoxicity to D. magna. NO2--N could not
affect Cd biotoxicity to D. magna; however, NO2--N itself
could produce toxic effects on D. magna inducing MT
synthesis. The ratio of metal body burden/MT was better
than metal body burden, or MT alone, to assess metal
toxicity to D. magna.
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CONVERSION OF HEAVY METAL FRACTIONS IN WASTEACTIVATED SLUDGE DURING ANAEROBIC DIGESTION
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ABSTRACT
The conversion of chemical fraction with typical heavy
metals was investigated, and feasibility for agricultural use
of sludge samples was accessed in this work. Anaerobic
digestion experiment was conducted on waste-activated
sludge from a wastewater treatment plant. Typical heavy
metals in sewage sludge were extracted by Tessier step
extraction method, and the content of each form as well as
total concentration of heavy metals was determined by
ICP-OES. The results showed that the heavy metal forms
changed obviously during anaerobic digestion, from unstable form to organic matter-bound and residual form,
which are relatively stable.
Anaerobic digestion can effectively decrease heavy
metals mobility and bioavailability of sludge. Sludge after
anaerobic digestion can be better for land-use.

KEYWORDS: chemical speciation analysis; heavy metals; waste
activated sludge; anaerobic digestion

1 INTRODUCTION
With the rapid development of population and urbanization, the amount of sewage sludge, as an inevitable
by-product of wastewater treatment, is increasing year by
year in China. The treatment and disposal of these sludge
amounts account for a major part of wastewater treatment
plants, involving a lot of money and effort. In 2010, it has
been estimated that the sludge production in China reached
2.2×107 tons and the amount is still increasing rapidly at a
rate of about 10% per year [1]. Sludge production in other
countries is similar, for example, in UK it was 1.2 million
tons in 1999 [2], in the United States, about 6.2 million
tons of dry sewage sludge is produced each year, and for
the whole European Union (EU), sludge production reached
10 million tons in 2005 [3]. Besides, only less than 20%
of total sewage sludge was stabilized and disposed,
mainly through landfill.
* Corresponding author

There are three disposal methods for sewage sludge,
landfill, incineration and land application [4], while ocean
dumping and lagooning have been forbidden in most countries. Recent developments in waste management have also
led to a decree which forbids the landfill of solid wastes
with organic matter contents higher than 5% [5]. Incineration, on the other hand, causes air pollution and, hence,
requires expensive off-gas treatment [6]. No doubt that land
application will be the first choice for sludge disposal [7-9].
Before being disposed, sewage sludge should be stabilized. Among all of the stabilizing treatment methods,
anaerobic digestion has become common spending low
energy, allowing a reduction of sludge quantity, and the
production of biogas or volatile fatty acids can even make
the process profitable [10]. Thus, combination of anaerobic digestion and land application is a very promising
technical route for sludge treatment and disposal.
However, there is a concern that heavy metals in sewage sludge may accumulate in soil and cause serious pollution. And this concern mainly results from its non-biodegradability, toxicity and consequent persistence [11].
The total metal content in polluted environmental samples is not enough to indicate its bioavailability, mobility
and toxicity; these properties basically depend on the different chemical binding forms between trace metals and
solid phases of the sample [12-14]. Different extraction
methods of metals from environmental samples are extensively studied [15, 16], among which Tessier method is
widely used and has been modified by many researchers
[17-19].
According to Tessier method, existence of heavy metals is divided into five fractions, that is, (a) the exchangeable fraction which is likely to be affected by changes in
water ionic composition (e.g., in estuarine waters), as well
as sorption–desorption processes, (b) the carbonate fraction that would be susceptible to changes of pH, (c) the
reducible fraction that consists of iron and manganese
oxides which are thermodynamically unstable under anoxic conditions, (d) the organic fraction that can be degraded leading to a release of soluble metals under oxidizing conditions, and (e) the residual that contains mainly
primary and secondary minerals, which may hold metals
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within their crystal structure. These metals are not expected to be released in solution over a reasonable time
span under the conditions normally encountered in nature.
In general, the rank of bioavailability, mobility and toxicity of these fractions is exchangeable > bound to carbonate > bound to iron and manganese oxides > bound to
organics > residual.
Increase of biogas production and VS removal has been
studied by many researchers. However, few studies have
been done on the conversion of the chemical fraction of
heavy metals during anaerobic digestion. Thus, it is necessary to conduct experiments to study it.
The objectives of this research were (1) to determine
the total concentration of four heavy metals (Cu, Cr, Zn,
Ni) in waste activated sludge from Shiwulihe wastewater
treatment plant for evaluating the feasibility of land application, and (2) to investigate the conversion of chemical
forms of heavy metals in sludge with low organic matter
during anaerobic digestion.
2 MATERIALS AND METHODS
2.1 Anaerobic digestion

Dewatered sludge was collected, respectively, at the
dehydration machine room of Shiwulihe wastewater treatment plant in Hefei. Sludge was stored at 4 oC. Some typical
characteristics, such as moisture content and VS/TS, were
determined. Both of the sludge samples were diluted to a
moisture content of 90%.
The moisture, organic matter and pH of the sludge
samples were measured using the Methods of Municipal
Waste-water Treatment Plant Sludge Test (CJ/T221-2005)
as follows: the moisture and organic matter content of
sludge were determined by air drying at 105 oC for 12 h
and ignition loss at 550 oC for 1 h, while sludge pH values
were measured for sludge extraction at a sludge/deionized
water ratio of 1:10 (w/v ) by a digital pH-meter (pHs3C,Shanghai Weiye Instrument Company, China.)
Three anaerobic digesters were built to operate batch
experiments, each of 6 L content. Sludge samples were
divided into three parts, 4 kg each part. The digestion experiments were run for 24 days. A mixture of 4 kg wasteactivated sludge (WAS) taken from Shiwulihe wastewater
treatment plant and 2 kg seed sludge were used.
The main properties of dewatered sludge and anaerobic digestion are shown in Table 1.
TABLE 1 - Chemical and physical properties of sludge samples.
Parameter
pH
Moisture content of raw sludge
VS/TS of raw sludge
Moisture content of digested sludge
VS/TS of digested sludge
Biogas production per VS

6.69
0.8863
0.56
0.9005
0.43
861ml/g VS

2.2 Analytical methods

For determining the total heavy metal concentration
in sludge before and after anaerobic digestion, a known
quantity (1 g) of sample was digested with 10 ml of conc.
HNO3 according to Zorpas et al. (1998) [18]. After the
completion of digestion, the samples were vacuum-filtered,
and the filtrate was used for the determination of heavy
metal concentrations by ICP-AES, using a Perkin Elmer
Optima 2100 DV ICP-AES.
The chemical fractions of heavy metals were determined by the use of the sequential extraction procedure of
Tessier et al. [19]. The steps are listed below:
(i) Exchangeable: The sediment was extracted at room
temperature for 1 h with 8 ml of magnesium chloride solution (1 M MgCl2, pH 7.0) with continuous agitation.
(ii) Bound to Carbonates: The residue from (i) was
leached at room temperature with 8 ml of 1 M NaOAc
adjusted to pH 5.0 with acetic acid. Continuous agitation
was maintained and the time necessary for complete extraction was evaluated.
(iii) Bound to Fe-Mn Oxides: The residue from (ii)
was extracted with 20 ml of 0.04 M NH2OH-HCl in 25%
(v/v) HAc. The experiments were performed at 96 °C
with occasional agitation, and the time needed for complete dissolution of the free iron oxides was evaluated.
(iv) Bound to Organic Matter: To the residue from
(iii) were added 3ml of 0.02 M HNO3 and 5 ml of 30%
H2O2 adjusted to pH 2 with HNO3, and the mixture was
heated to 85±2 oC for 2 h with occasional agitation. A
second 3-ml aliquot of 30% H2O2 (pH 2 with HNO3) was
then added, and the sample was heated again to 85±2 oC
for 3 h with intermittent agitation. After cooling, 5 ml of
3.2 M NH4OAc in 20% (v/v) HNO3 was added, and the
sample was diluted to 20 ml and agitated continuously for
30 min.
(v) Residual: The residue from (iv) was digested with
HNO3 according to the procedure described below for
total metal analysis.
Between each extraction, the samples were centrifuged (5000 rpm for 30 min) and filtered. The filtrate was
digested with HNO3 before being used for the determination of heavy metal concentration using a Perkin Elmer
Optima 2100 DV ICP-AES.
3 RESULTS AND DISCUSSION
3.1 Total concentration and chemical fraction

Total concentration and chemical fraction of Cu, Zn,
Ni and Cr before and after anaerobic digestion were analyzed. The results are shown in Table 2.
As can be seen from Table 2, the ranking order of total
concentration of these 4 heavy metals is Zn>Cu>Cr>Ni.
According to controlling standard of heavy metals in sludge
for agricultural use (CJT 309-2009; shown in Table 3), total
concentration of all these heavy metals did not exceed

2897

© by PSP Volume 21 – No 10. 2012

Fresenius Environmental Bulletin

TABLE 2 - Concentration of different forms of Cu, Zn, Ni and Cr in sludge (mg/kg-1) before and after anaerobic digestion.

Exchangeable
Bound to carbonates
Bound to Fe-Mn oxides
Bound to organic matter
Residual
Cumulative total
Total
Recovery rate

Cu
0.20
0.46
2.95
9.76
40.27
53.63
58.78
91.23

raw sludge
Zn
Ni
19.57
14.81
94.96
6.62
199.42
8.72
45.90
1.31
207.80
9.77
567.64
41.24
595.89
46.63
95.26
88.44

controlling standard. Thus, both raw sludge and digested
sludge can be used for agriculture. However, the levels of
Zn, Cu, Cr and Ni appeared to increase after anaerobic
digestion, which mainly can be attributed to loss of organic matter during anaerobic digestion. This result accorded with composting experiments [20-23]. Concentration of Ni in digested sludge exceeded the control standard of A level sludge. As a result, digested sludge can
only be used as B level sludge.

Cr
0
0
32.65
47.28
32.65
112.58
121.94
92.32

Cu
0.21
0.52
0.83
24.34
57.08
82.98
89.63
92.58

digested sludge
Zn
Ni
51.43
3.25
186.01
8.33
356.69
17.48
75.83
1.93
504.00
31.20
1,173.96
62.20
1,276.57
57.40
91.96
92.28

Cr
0
3.98
23.43
67.80
81.68
176.89
182.45
96.95

is different in 1–6, 6-15 and 15-24 days. In 1-6 days, the
Cu percents in residual phase decreased but that in organic phase increased. In 6- 15 days, the percentage of Cu
in residual phase increased and that in organic phase decreased. After 15 days, Cu in these two phases almost
kept constant. It can be seen in Fig. 1 that Cu seems to be
stabilized by anaerobic digestion, with little percentages
in exchangeable, carbonates and reducible.

TABLE 3 - The controlling standard of heavy metals in sludge for
agricultural use (CJT 309-2009).
Heavy
metals
Zn
Cr
Cu
Ni

Controlling standard (mg/kg-1)
A level Sludge
B level Sludge
<1500
<3000
<500
<1000
<500
<1500
<100
<200

3.2 Conversion of chemical fraction of sludge during anaerobic digestion

The sequential extraction procedure was utilized for
the raw sludge (S0), and S5 (during and after anaerobic
digestion process).
The metal partitioning in raw sludge as determined by
sequential chemical extraction, is shown in Figs. 1-4.
Almost 94% of Cu was bound to the residual and organic
fractions. Almost all Cr was bound to the residual, organic and reducible fractions. Zn was found to be bound
to the residual, reducible and carbonate fractions (about
88%). Ni was found almost in substantial proportions in
all phases. In general, various chemical fractions of heavy
metals exist in raw sludge, including all the five fractions.
And distribution of chemical fractions differs for different
kinds of heavy metals.
As observed in Figs. 1-4, it is evident that Cu, Cr, Zn
and Ni are remarkably affected during the anaerobic digestion process.

FIGURE 1 - Cu concentration before, during and after the anaerobic digestion process (%).

FIGURE 2 - Cr concentration before, during and after the anaerobic digestion process (%).

3.2.1 Cu

In Fig 1, the percentage of Cu is higher in organic and
residual phases during anaerobic digestion than the other
three fractions. During anaerobic digestion, Cu seems to
be transferred to organic and residual phase, and at the
end of anaerobic digestion, Cu in organic and residual
phase reached 98%.It is obvious that the behaviour of Cu

3.2.2 Cr

In Fig. 2, the changes in the percentage of each fraction of Cr during anaerobic digestion are presented. The
behaviour of Cr is different in 1-15 and 15-24 days. In 115 days, Cr in organic and residual phases increased to
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100% but after 15-24 days the percentage decreased,
which suggested that Cr seems to become instable in 1524 days. As a result, the best anaerobic digestion time for
Cr stabilization may be 15 days.

Ni in residual increased from 23 to 50%. It can be seen in
Fig. 4 that Ni seems to be remarkably stabilized by anaerobic digestion.

3.2.3 Zn

4 CONCLUSIONS

During anaerobic digestion, the chemical fractions of
Zn did not change much compared with Cu and Cr. Within
1-12 days, the percentages of Zn in residual and organic
phases kept decreasing and increasing, respectively (Fig. 3).
In 15-24 days, Zn in residual and organic phases kept constant. It is obvious that in 12-15 days large amounts of Zn
were transferred from organic to residual fraction. In general, chemical fractions of Zn did not change after 15 days.

FIGURE 3 - Zn concentration before, during and after the anaerobic digestion process (%).

(1) Total concentrations of the four heavy metals in
both raw sludge and digested sludge did not exceed the
control standards of heavy metals in sludge for agricultural use (CJT 309-2009), and both raw sludge and digested sludge can be used for agriculture. However, compared with raw sludge, heavy metal concentration in digested sludge increased a lot, resulting from loss of organic matter during anaerobic digestion.
(2) It is concluded in studies carried out before [21,
24-27] that chromium, copper and nickel were found in
similar proportions in all fractions while zinc was mostly
found in the organic and reducible fractions. However, in
this study, the distribution of Cu, Cr, and Zn was quite
different. Chromium and copper were found to be mainly
present in organic and residual phases. As for zinc, the
percentages of residual, reducible and carbonates were
mostly higher than 80. Nickel has been observed to have
substantial proportions in all phases, which is in accordance with studies done by others.
(3) Anaerobic digestion had a remarkable influence
on distribution of chemical fractions of the 4 heavy metals. Conversion of chemical fractions of different kinds of
heavy metals differs. In general, all 4 heavy metals were
stabilized after anaerobic digestion compared with raw
sludge.

ACKNOWLEDGEMENT
This work was supported by the National Key Technologies R&D Program of China (2010BAC67B04) and
the key projects of National Water Pollution Control and
Management of China (2011ZX07316-004).

FIGURE 4 - Ni concentration before, during and after the anaerobic
digestion process (%).
3.2.4 Ni

Fig. 4 presents the changes in all fractions for Ni during anaerobic digestion period. Before the anaerobic digestion process, nickel was found to be associated with
the exchangeable fraction (36%), residual fraction (24%),
reducible fraction (21%) and the carbonates (16%). No
doubt that compared with Cu, Cr and Zn, nickel was the
most instable. During the anaerobic digestion process, the
percentage of Ni in exchangeable and carbonate phases is
greatly decreased. After anaerobic digestion, Ni in exchangeable decreased from 36 to less than 5%, and that of
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ABSTRACT
A novel columnar activated carbon was prepared from
agricultural waste walnut shell and applied for flue gas
desulfurization. The pyrolusite was blended with the walnut shell chars as a catalyst in the process of CO2 activation. The produced activated carbons were characterized
using Brunauer-Emmett-Teller (BET), Scanning electron
microscope-Energy dispersive spectrometer (SEM-EDS),
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), in order to evaluate the effects of pyrolusite addition on the properties of activated carbon. The
BET results indicated that the activated carbon with 5 wt.%
pyrolusite addition had the highest BET value of 687 m2/g
and total pore volume of 0.45 cm3/g, which were 21.6%
and 18.4%, respectively, higher than the blank sample.
The XRD and XPS results showed that the manganese
oxide in pyrolusite was evenly dispersed in the activated
carbon’s matrix. Compared to the blank activated carbon
(137 mg/g), the pyrolusite-modified activated carbon with
5 wt.% pyrolusite achieved 243 mg/g of sulfur adsorption
capacity. This could be attributed to the improvement of
carbon porous structures during the activation of pyrolusite-modified activated carbon and to the catalytic
oxidation of SO2 in desulfurization process.

capacity limit the wide application of this technology with
common activated carbons. Therefore, it is necessary to
develop a novel effective desulfurization adsorbent with
low cost and high sulfur capacity.
Many researchers have chosen various agricultural
wastes as raw materials to prepare activated carbons because of their enormous generation and the low price [5,
6]. On the other hand, some kinds of transition metals, such
as Co, Ni, Mn, V and Cu, have been used as catalysts
which prove to be efficient in the improvement of the sulfur capacity [7-14]. Pyrolusite is a widely distributed natural ore, containing a variety of transition metals including
MnO2, Fe2O3 and a certain amount of Ni, Co, Ti. Previous
studies have proved its catalysis effect in desulfurization
[15-17]. However, pyrolusite has never been used in the
preparation of biomass-based columnar activated carbon
(GAC) for the application of desulfurization.
In this study, a novel activated carbon for flue gas
desulphurization was prepared using walnut shell with
pyrolusite as catalyst, in view of low cost and high sulfur
capacity. The characteristics of the adsorbents with pyrolusite addition were examined. The adsorbent performance was determined by the sulfur capacity and the adsorption behavior was further discussed.

KEYWORDS:
Activated carbon; Pyrolusite; Walnut shell; Desulfurization

2 MATERIALS AND METHODS
2.1 Preparation of activated carbon

1 INTRODUCTION
The emission of SO2 is currently a serious threat to
environment and human health because of its role in acid
rain generation. Research work on developing high efficient desulfurization technology becomes increasingly important. Application of activated carbon in the process of
flue gas desulfurization (FGD) has been proved to be an
effective method [1-4]. However, high cost and low sulfur
* Corresponding author

Walnut shell was used as the raw material for activated carbon preparation. Elemental analysis showed that
the walnut shell mainly consisted of (wt.%): C 48.99%, H
5.74%, O 45.03%, and N 0.24%. Pyrolusite fine powder
mainly consists of (wt. %): MnO2 37.4%, SiO2 42.3%,
Fe2O3 12.2%, CaO 4.1%, Al2O3 2.2%, and K2O 1.2%.
Walnut shell was crushed and sieved to a particle size
in a range of 0.14-0.28 mm. Then walnut shell chars were
prepared with the precursor in the muffle furnace at 873 K
for 1 h with a constant heating rate of 5 K/min. After
carbonization, the produced char was grounded and fil-
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tered with a 200-mesh screen, and mixed with pyrolusite
fine powder in a weight ratio of 2%-10%. Subsequently,
the mixture was combined with starch fluid, binder and
hot coal tar (about 333 K), stirred thoroughly in a 343 K
water bath and molded in a vacuum extruder to form a
column with a diameter of 3 mm. After adequate drying,
the molded carbon columns were activated in muffle
furnace under purified N2 (99.99%). When the temperature
reached 1123 K at the constant heating rate of 5 K/min,
nitrogen was replaced by CO2 (1000mL/min) and the
activation lasted for 2.5 h. The prepared activated carbons
were designated as AC-P0, AC-P2, AC-P5, AC-P7, ACP10, respectively, according to the weight ratio of pyrolusite to walnut shell char of 0%, 2%, 5%, 7%, and 10%.
The compressive strength of all products was examined and
all can achieve the standard of 15 Mpa.
2.2 Characterization

Elemental analyses of walnut shell were determined
using a Euro EA 3000 Elemental Analyzer. Compressive
strength was measured with Electronic Universal Test
Machine (AG-10TA, SHIMADZU Corporation).
The BET surface area, pore volume and pore size distribution were calculated by nitrogen adsorption–desorption
isotherms at 77 K, obtained with an AUTOSORP ZXF-6
vacuum volumetric sorption instrument.
Powder X-ray diffraction (XRD) patterns were collected from an X-Pert PRO MPD diffractometer using Cu
Kα radiation source. A Cu tube served as the X-ray source,
and the working voltage and current were 30 V and 20 A,
respectively. The samples were scanned within the 2 theta
range 10–80 with steps of 0.028.
Scanning electron microscopy (SEM) was obtained
by JSM-7500F (JEOL) at an acceleration voltage of 0.5–
40 kV and a resolution of 40 A. Energy dispersive spectrometer (EDS) was measured using X-Max 51-XMX0019
(Oxford Instruments) at an acceleration voltage of 20 kV.
The samples were dried for 8 h at 378 K in an air convection oven prior to analysis.
X-ray photoelectron spectroscopy (XPS) was examined by XSAM 800 (KRATOS) using an Mg Kα radiation
source (generated at 15 kV and 30 mA) with the base
pressure in the analyzer under 10-4 Pa.
2.3 Desulfurization experiments

Desulfurization experiments were carried out in a
fixed-bed reactor system. The operational conditions were
determined based on the results of other studies and our
previous experiments [18-20]. A synthetic flue gas containing ca. 5000 mg/m3 SO2, 9 vol.% O2, 10 vol.% water
vapor and balance N2 was preheated to 353 K and flowed
through the columnar reactor (Ø18 mm × 300 mm)
with 15 grams of activated carbon at a space velocity of
600 h-1. The SO2 concentration was continuously monitored until 10% penetration. The amount of SO2 removed
was calculated by integration of outlet SO2 concentration
versus time curves.

3 RESULTS AND DISCUSSION
3.1 Surface area and porous structure

The BET surface area and the pore distributions of
the prepared activated carbons are shown in Table 1. The
BET value and the total pore volume of AC-P5 are the
highest among the pyrolusite-modified products, which
increased about 21.6% and 18.4%, respectively, as compared to AC-P0 without mineral addition. The enhancement of the porous properties could attribute to the catalysis effects of the transition metals in pyrolusite on the formation of new pores by etching the carbonaceous skeleton
via activation. However, excess pyrolusite may increase
the ash content in the activated carbon, which leads to the
decrease of BET value and pore volume, as shown by
AC-P10. All the activated carbons show mesopore structures with a volume of 67% to 79%, which could ensure
good mass transfer for SO2. Among these activated carbons,
AC-P5 has the biggest total pore volume with the largest
mesopores of 0.34cm3/g, which is 13.3% higher than that of
the AC-P0. The mean radius of these products is ca. 1.5nm,
also indicating the mesopore-dominated structure.
TABLE 1 - Surface area and pore volume distribution of activated
carbons
Product
AC-P0
AC-P2
AC-P5
AC-P7
AC-P10

SBET
(m2/g)
564.8
555.2
687
678.7
503.5

Rmean
(nm)
1.565
1.463
1.598
1.425
1.549

Vtotal
(cm3/g)
0.38
0.36
0.45
0.42
0.34

Vmic
(cm3/g)
0.078
0.082
0.110
0.12
0.082

Vmes
(cm3/g)
0.30
0.28
0.34
0.30
0.26

3.2 XRD analysis

The XRD patterns of the pyrolusite and the produced
activated carbons with different ratios of pyrolusite addition are shown in Fig.1. Two wide peaks in all carbon
samples, 2θ at 24° and 43°, respectively, indicated an
amorphous form of carbon in the products, while SiO2 is
the main component of mineral pyrolusite.
As shown in XRD pattern, the diffraction peaks at 2θ
of 35°and 41°are assignable to MnO of AC-P5, AC-P7
and AC-P10. However, it is observed that AC-P2 showed
similar XRD patterns to AC-P0, with no significant metal
peaks. These results suggest that manganese oxides are
highly dispersed to the activated carbon with low Mn loading amount, or only forming MnOx nano-clusters below the
detect limit of XRD. It is in accordance with the previous
studies [21, 22]. The relatively high addition ratio (>5wt.%)
of pyrolusite made abundant manganese metals agglomerate into small particles. These small particles were present in crystalline state at high temperature during the
activation. It is assumed that the crystal form of manganese could change along with the variation of the temperature [23].
3.3 SEM-EDS analysis

SEM observation was carried out under a certain magnification (×10000) and the SEM images of AC-P0 and
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AC-P5 are shown in Fig.2. The surface morphology of
AC-P5 is quite different from that of AC-P0, which may
be the result of a new microenvironment on the carbon
surface due to pyrolusite modification. In order to investigate the effects of manganese oxide on the properties of
the carbon samples, EDS surface scanning was applied for
AC-P5, which had the highest BET value among all the
samples (Table 1). As shown in Fig. 3b, the carbon element was evenly distributed and formed the carbon skele-

ton within the sample. The manganese element was also
evenly dispersed into the carbon matrix (Fig.3c).
3. 4 XPS analysis

Fig. 4 shows the results of XPS analysis of the sample AC-P5. Other samples had similar chemical constitutions. The XPS wide-scan spectrum of the AC-P5 was
shown in Fig.4a, and the fitted spectrum of C1s and manganese was shown in Fig.4b and 4c. As shown in Fig.4b,

FIGURE 1 - X-ray diffraction patterns for carbon samples and pyrolusite

FIGURE 2 - Morphology of sample AC-P0 and AC-P5 by SEM
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FIGURE 3 - Morphology of sample AC-P5 by SEM-EDS(×500)

FIGURE 4 - XPS spectrum of sample AC-P5

the peaks corresponding to the graphitizing carbon (C-C
or C-H, 65.84%) and C-OH (20.15%) appeared at 284.6
eV and 286.2 eV, respectively. Additionally, the peaks at
higher binding energy (288.0 eV and 289.4 eV) can be
assigned to C=O (7.59%) and COOH (6.42%) groups,
respectively. For AC-P5, the content of surface oxygencontaining functional groups (e.g, C-OH, C=O, COOH)
decreased compared with that of AC-P0. This is consistent
with the parameters obtained from the XPS analysis of the
chemical constitutions of sample AC-P0 and AC-P5 (Table 2). A slight decrease of oxygen content was observed
from 9.55% of AC-P0 to 9.15% of AC-P5. Noticeably,
there was no metal manganese peak observed in Fig.4a,
because the amount of manganese in the prepared adsorbents was too low to be observed on the overall XPS
sepctrum. As shown in Table 2, AC-P5 only had 0.33%
manganese.

rolusite-modified activated carbons except AC-P10 exhibit higher desulfurization efficiency and longer desulfurization time than AC-P0. AC-P5 was the best adsorbent
with a steady SO2 removal efficiency 100% for about 19
hours, while AC-P0 had a 100% SO2 removal efficiency
for about 10h.

TABLE 2 - Chemical constitutions of sample AC-P0 and AC-P5

The pyrolusite addition has roles of improving pore
structure and catalyzing SO2. The transition metals contained in pyrolusite have an obvious effect on the pore
formation both in carbon gasification and activation, which
improve to form pore structures and enhance the mass transfer of SO2 within the adsorbent. On the other hand, based
on the previous studies using metals Mn, Fe, Ni and Co as
catalyst, the transition metals in pyrolusite may behave

Product
AC-P0
AC-P5

C1s,%
90.45
90.29

O1s,%
9.55
9.15

Mn2p,%
0.33

O1s/C1s,%
10.56
10.13

3.5 Application on flue gas desulfurization

The desulfurization results of the prepared carbon
samples are shown in Fig.5. It can be seen that the py-

The sulfur capacities of these carbon samples after the
breakthrough point are illustrated in Fig.6. The sulfur capacity of AC-P2 and AC-P5 was 219.8mg/g and 243 mg/g
respectively, and 60.1% and 77% higher than that of ACP0 (137 mg/g). However, the sulfur capacity of AC-P10 is
lower than that of AC-P0. This indicates that the catalysis
effect of pyrolusite can be achieved in a certain addition
ratio. The optimum dosage of pyrolusite used for the
carbon adsorbent modification will depend on the grade of
the chosen mineral, and in this study the best dosage is 27 wt.% of pyrolusite vs. walnut shell.
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FIGURE 5 - Desulfurization by activated carbons with various loading ratio of pyrolusite

FIGURE 6 - Sulfur capacity of activated carbons after breakthrough point

as active spots for the catalytic oxidation of SO2, and thus
increase the reaction velocity of SO2 transformation into
SO3. Meanwhile, the complex transition metal compounds
in pyrolusite may have synergistic effects that have better
catalytic activity than a single metal component [24].
As compared to the results of others using adsorbents
from different agriculture wastes, the sulfur capacities were
ca. 40 mg/g of rice husk ash (RHA)/lime (CaO) sorbent
[25], 31.5 mg/g of palm shell [26] and 128.4 mg/g of
corn-cob [27]. Obviously, the activated carbons prepared
in this study quite outstand in terms of the performance in
the flue gas desulfurization.

This study provides a new preparation method of activated carbon with low cost and high desulfurization capacity. Moreover, the application of such an adsorbent in
flue gas desulfurization could reduce the consumption of
activated carbons and work volume of the reactor in pilot
scale or field scale.
4 CONCLUSIONS
The novel columnar activated carbons from agricultural waste walnut shell with different addition amount of
pyrolusite were prepared through CO2 activation. The ex-
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periment results showed that it existed an optimum pyrolusite addition ratio vs. walnut shell char for flue gas
desulfurization. The BET surface area of the activated carbon AC-P5 prepared with 5 wt.% of amorphous pyrolusite
increased significantly compared with that of AC-P0 without pyrolusite. AC-P5 had the biggest total pore volume
with the largest mesopores of 0.34 cm3/g, which is 13.3%
higher than that of AC-P0. SEM-EDS analysis showed
that pyrolusite was evenly distributed within the carbon
skeleton. AC-P5 had the highest desulfurization capacity
of 243 mg/g, which was 1.77 times more than AC-P0. It
demonstrated that the transition metals contained in pyrolusite played an important role to obtain good adsorbents with low cost and high sulfur capacity by improving
pore structure and catalyzing SO2.
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REGIONAL TRENDS OF PRECIPITATION IN TURKEY
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ABSTRACT
This paper applies a procedure that identifies trends
in monthly precipitation totals across Turkey. The procedure utilizes the regional average Mann-Kendall non-parametric test with both serial and cross-correlation to detect
trends for a network of 52 Turkish precipitation gauging
stations for a 30-year period (1968-1997) in seven geographical regions of Turkey. The application of regional
trend analysis confirmed spatial and temporal changes in
the behaviour of precipitation over Turkey. The regional
trend analysis revealed that almost no evidence of significant change was experienced with a general upward regional direction appearing primarily in the Black Sea,
Mediterranean Sea, Southeastern Anatolia, Eastern Anatolia regions and partly in the Marmara region compared
to the Central Anatolia and Aegean regions. The regional
insignificant increasing trends appeared to be dominant
starting from June ending with December all over Turkey.
In contrast, the most number of regional insignificant decreasing trends were obtained in January and spring months
over Turkey except for the Southeastern Anatolia and
Black Sea regions with some significant trends in the Aegean region.
KEYWORDS: Trend detection; regional average Mann-Kendall
test; monthly total precipitation; Turkey

1 INTRODUCTION
Precipitation as a main source of water is one of the
most important climate elements directly influencing human society, natural systems and economic activities [1].
Therefore, understanding the possible impacts of climate
change on precipitation is of great importance for especially developing countries that would possibly be affected most severely from climate changes such as Turkey
where semi-arid climate prevails and water resources are
not properly developed [2, 3]. In addition, due to the lack of
sufficient water during the year, natural systems and human activities are at risk in most part of Turkey [4]. One
reasonable way to understand whether or not precipitation
has been impacted by climatic changes is to investigate if
* Corresponding author

changes exist in historic precipitation records [5]. Therefore, potential changes in precipitation increasingly attracted scientists’ attention in Turkey [6-22].
The precipitation data is quite different from the
streamflow data in that the former is point data and the
latter is polygon data. The precipitation data observed at
one station can only provide information about that point
and a limited amount of surrounding area. On the other
hand, the streamflow data observed at one gauge station
can give information for the whole catchment above that
station [23]. Therefore, a local approach for precipitation
data is limited. Besides, most trend detection studies ignored the role of temporal (serial) correlation and/or spatial (cross) correlation among datasets [24]. The existence
of serial and cross correlation affects the ability of statistical tests such as Mann-Kendall (MK) test to assess the
significance of trends [5]. The presence of positive serial
and cross correlation leads to a higher probability of rejecting the null hypothesis of no trend while it might be
true [5, 24]. Therefore, both serial and cross correlation
should be considered in the detection of the regional significance of trends. Yue and Wang [5] proposed a methodology namely regional average Mann-Kendall (RAMK)
statistic that takes into account these affects applied by
some other researchers later for streamflow [25] and evapotranspiration data [26, 27].
An analysis of Turkish precipitation trends taking serial and cross-correlation among sites into consideration
at the national scale has not previously been undertaken.
Such kind of approaches may help us to understand the
regional interpretation of locally recorded changes. The
aim of this study, therefore, is to analyse the monthly
precipitation totals in seven homogeneous geographical
regions of Turkey to identify changes through time using
the regional average Mann-Kendall statistic with both
serial and cross-correlation.
2 MATERIAL AND METHODS
Turkey consists of seven geographical regions having
a drainage area of 780,576 km2 and is a large peninsula
surrounded by the Mediterranean Sea in the south, the
Aegean Sea in the west, and the Black Sea in the north
(Fig. 1). Most of the precipitation falls during late autumn, winter and early spring due to main precipitation
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FIGURE 1 - Geographical distributions of 52 precipitation gauging stations used over Turkey

sources of moist air masses coming from the Atlantic
Ocean and the Mediterranean Sea [6]. Mean annual precipitation totals decrease generally from the coastal belts
to interiors. The range of mean annual precipitation totals
are from 350 to 500 mm in the Central Anatolia (CA)
region; 600 to 800 mm in the Marmara (MAR) and Aegean (AEG) regions. Annual precipitation totals increase
from the continental Southeastern Anatolia (SEA) (400 mm)
to Eastern Anatolia (EA) (800 mm). Mean annual precipitation is above 800 mm in the Mediterranean Sea (MED)
region where precipitation mostly occurs in winter. Mean
annual precipitation totals are above 1000 mm along the
western MED, and the western and eastern Black Sea (BS)
coastal areas where rainfall shows almost uniform distribution over time. For more details on the climatology
of Turkey, readers are referred to Türkeş [6, 9] and
Kadıoğlu [8].
The data network used in the study are a set of 52
precipitation station (PS) records with monthly totals for a
30-year period (1968-1997). The main considerations for
selecting these stations were the following: spatial distribution of the stations across the country; availability of
the longest possible records having common periods
within the period 1929-1997 and completeness of the
records. Fig. 1 shows the location of each meteorologic
station and indicates the geographical region for each
station. The geographical regions are as defined by Tayanç et al. [17] and Türkeş et al. [28]. Stations are broadly
distributed, not only across the country but also across the
geographical regions of Turkey; the exceptions are the EA,
CA, SEA and west of the MED regions. This is mainly
due to a greater number of missing values, shorter record
lengths, and insufficient number of gauging stations in the
regions. There are 4 PSs in the SEA, 5 PSs in the CA, 6
PSs in the EA, 11 PSs in the MAR, 7 PSs in the AEG, 7

PSs in the MED and 12 PSs in BS region. The data were
observed and recorded by the Turkish State Meteorological Service (DMI), along with many hundreds of other
Turkish station records.
2.1 Methodology

A quite detailed description of the RAMK test is
given below [25] and a complete discussion can be found
in Yue and Wang [5].
2.2 The MK test statistics of a random sample data at a site

The Mann-Kendall non-parametric test has been
commonly used to assess the significance of trends in
hydro-meteorological time series [5]. This approach needs
few assumptions for the data, especially concerning their
distribution. The Mann-Kendall test is based on the null
hypothesis that a sample of data is independent and identically distributed, which means that there is no trend or
serial correlation among the data points. The alternative
hypothesis is that a trend exists in the data [29]. The trend
test is applied to the data series xi ranked from i = 1,…, n1, and xj is ranked from j = i + 1,…, n. Each data point xi
is used as a reference point and is compared with all other
data points xj such that
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 1 for x j > xi

sgn ( x) =  0 for x j = xi

- 1 for x j < xi

(1)

The MK test statistic S is calculated as
n-1

S =∑

∑ sgn (x
n

i =1 j =i +1

j

- xi )

(2)

© by PSP Volume 21 – No 10. 2012

Fresenius Environmental Bulletin

where n is the length of the data set. The statistic S,
when n ≥ 8, is approximately normally distributed with
the mean and the variance given by

E [S ] = 0

In practice, the population serial correlation coefficient ρj is always replaced by the sample serial correlation
coefficient rj as follows
1 n-j
∑ (xi − x )(xi + j − x )
n − j i=1
rj =
1 n
(xi − x )2
∑
n i =1

(3)
n

Var( S ) =

n(n − 1)(2n + 5) - ∑ t i (i )(i − 1)(2i + 5)
i =1

18

(4)

in which ti denotes the number of ties to extent i. The
summation term in equation (4) is only used if data values
are tied in the series. The standardized MK statistic Z is
calculated by




Z =




S −1
Var( S )
0
S +1
Var( S )

for S > 0

where x is the mean of all xi in the series.
An extensively used measure of time dependence in
hydro-meteorological series is the lag-1 serial correlation
coefficient (r1) for the sample. The confidence limits for
lower and upper limits on r1 are then estimated as suggested by FAO [30]
CL (r1) = [-1 / (n-1)] ± [1.96 ((n-2) / (n-1)1.5 )]

(5)

for S = 0
for S < 0

Yue and Wang [5] states that modification of the
variance of the MK statistic given by equation (4) may be
one reasonable way to limit the influence of serial correlation on the MK test. Then, the modified one is equaled to
that with serial correlation. The modified variance Var*(S)
is given by
s

Var*(S) = (n/n*) Var(S) = n Var(S)

 2 n −1
1 + n ∑ (n − j )ρ j
j =1

s
n =
2
n +1
1 + 2 ρ1 − nρ1 + (n − 1)ρ1
2

n(ρ1 - 1)


for j < 1

In the case of trend, however, the serial correlation
coefficient calculated by equation (9) is affected and therefore a non-parametric robust estimate of the magnitude of
the slope, β , determined by Sen [31] is first eliminated from
a time series and then the lag-1 serial correlation coefficient r1 is calculated [5].
 (x j - xi )

 ( j − i) 

β =

(7)

for j = 1

(11)

Yue and Wang [5] adopt the RAMK statistic proposed
by Douglas et al. [24] to assess the field significance of
trends at a regional scale and calculated the sum of the
MK statistics of m independent sites as given by
m

S SUM = ∑ S k

(12)

k =1

where Sk is the MK test statistic at site k.
The null distribution of the MK statistic at each site is
the normal distribution as the joint distribution function of
the sum of m independent normal variables is also normal
[5]. In practice, population mean and the variance of the
MK statistic of site k are replaced by the sample mean
E[Sk] and sample variance Var(Sk) respectively. Hence,
the sample mean and variance of the RAMK statistic are
computed as

[]

(13)

E S =0

where ρj and ρ1 are the lag-j and lag-1 serial correlation coefficient respectively.
The modified standard MK statistic reflecting the effect of serial correlation on the MK test statistic at a site is
then given by

for all i < j

2.3 The regional MK statistic without temporal and spatial
correlation

(6)

where Var(S) is calculated using equation (4), n is the
actual number of samples, n* is the effective sample size,
and ns is termed the correction factor for serial correlation. The correction factor can be also given by

Z

(10)

If the computed r1 falls outside the confidence limits,
the null hypothesis that r1 is zero is rejected at the 5%
level of significance using a two-tailed test.

and follows the standard normal distribution with
mean of zero and variance of one under the null hypothesis of no trend in the series. The null hypothesis is rejected if |Z| ≥ z1-α/2 at the α level of significance, where z1α/2 is the (1-α/2)-quantile in the standard normal distribution. A positive Z value indicates an upward trend, whereas
a negative value indicates a downward trend. In the analysis, a significance level of 5% will be used which means
that we are 5% uncertain it is correct to reject the null
hypothesis that a trend does exist in the data set.

Z* =

(9)

Var (S ) =

1
m2

m

∑ Var(S )
k =1

k

(14)

If there are no ties in data at all sites, then equation (14)
can be rewritten as

(8)

ns
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Thus, the standardized RAMK statistic S can be
given as follows




Z =





S −1
Var(S )
0
S +1
Var(S )

for S > 0

(16)

for S = 0
for S < 0

Zc =

2.4 The regional MK statistic with both serial and crosscorrelation

The modified variance with consideration of both serial
and cross-correlation Yue and Wang [5] can be given as
m −1 m − k
1 m s
 (17)
nks nks +l Var(S k )Var(S k +l ) ρ kc,k +l 
∑ nk Var(S k ) + 2 ∑∑
m 2  k =1
k =1 l =1


in which

The standardized RAMK statistic respectively with
serial correlation and cross-correlation at sites [5] can be
obtained by
Zs =

Yue and Wang [5] indicated that the null distribution
of the RAMK statistic they derived can be applied to a
network that even has only two observation stations
(m=2).

Var(S sc ) =

2.5 The regional MK statistic with serial and cross-correlation
separately

ρ kc,k +l

Z

(23)

n

Z

(24)

n

c

where n and nc are the correction factors for serial
and cross-correlation respectively. The term, n , performs
the same function as ns does at a site and nc is given as
follows
n c = 1 + (m − 1)ρ k ,k +l

in which

ρ k ,k +l

(25)

is the average of cross-correlation

coefficients of the network, and is given by [5, 24]
m −1 m − k

ρ k ,k +l =

is the cross-correlation between site

2∑
k =1

∑ρ
l =1

c
k ,k +l

m(m − 1)

(26)

k and site k+l.
In practice, the population cross-correlation coefficient

ρ kc,k + l

correlation coefficient rk,k+l which can be computed from
the data at site k and site k+l as follows

(

rk ,k +l =

)(

1 n k
xi − x k xik + l − x k +l
∑
n i=1

( )

( )

Var x k Var x k +l

)
(18)

If no ties exist in data at all sites, equation (17) can be
rewritten as follows
Var (S sc ) =

m −1 m − k
Var (S )  m s

n
2
nks nks +l ρ kc,k +l  (19)
+
∑
∑
∑
k

2
m  k =1
k =1 l =1


2 m −1 m − k

 (20)
= Var (S ) n sc  n sc = n + ∑ ∑ nks n ks + l ρ kc,k +l 
m k =1 l =1



where
n=

1 m s
∑ nk
m k =1

(21)

The standardized RAMK statistic can be calculated by
Z sc =

Z

3 RESULTS AND DISCUSSION

is always replaced by the sample cross-

(22)

n sc

Equation (20) reflects the effect of both temporal and
spatial correlation on the variance of the RAMK statistic
and equation (22) indicates the modification made by the
serial and cross-correlation coefficients on the RAMK
statistic [5].

The regional significances of trends in monthly pan
evaporation series within each of seven geographical
regions in Turkey were determined using the RAMK test
(Eq. 22). The assessment results by the RAMK test at the
significance level of 5% are presented in Table 1 in which
the directions of pan evaporation trends are also provided
regionally.
There are differences in the geographical regions of
trends in the monthly precipitation totals considered implying that changes are not spatially uniform. Only insignificant upward (51 times) and insignificant downward
(29 times) trends rather than significant downward (2 time),
upward trends (1 time) and no-trend (1 time) were obtained nationally for each months and regions.
The regional increasing trends were determined to be
almost insignificant all over Turkey with the strongest
magnitude in late autumn, December and July. In other
words, the most number of regional insignificant increasing trends were obtained for November (7 times over 7),
October, December and July (6 times each), September,
February, June and August (4 times each) with the least
number of increasing trends in January and spring months
(at least 2 times). Similarly, Partal and Kahya [13] also
found that the regional insignificant increase appeared
predominantly in summer, late autumn and December.
However, for monthly mean streamflow data of the period
1968-1997, Topaloğlu [25] identified less number of regional insignificant upward trend (totally 9 times over 84)
in November (3 times) followed by January and April
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(2 times each), December and February (1 time each)
months. In other words, the insignificant increase in
monthly precipitation totals did not generally result an
increase in monthly mean streamflows of Turkey. This is
possibly due to the fact that catchments distributed in
different geographical locations may not respond directly
to the runoff events. Furthermore, in reality the climate
regions in Turkey does not match exactly the catchment
boundaries. Lettenmaier et al. [32] stressed that the trend
in streamflow are not fully parallel to the changes in precipitation and temperature due to a combination of climate and water management effects. Similarly, Beven
[33] indicated that climate effects, such as changing rainfall patterns, are not the only possible causes of change to
flood regime, even when considering change at a national
scale. Bates et al. [34] also indicated that trends in runoff
are not always consistent with changes in precipitation.
Morán-Tejeda et al. [35] concluded that this situation is
most likely because of a lag in the response of a hydrological system to precipitation events. In Mediterranean
environments, most water from precipitation does not
become runoff until the soil attains saturation in winter.
Besides, it is the only January that the same trend directions were obtained for all regions in both studies. Additionally, Fu et al. [23] mentioned that the same monthly
precipitation with different precipitation characteristics
could produce quite different runoff results. They also reported that land use/land cover change, including agricultural activities, deforestation/forestation, urbanization and
road building may outweigh any climatic trends. It is also
interesting that the regional trends in monthly precipitation totals are generally increasing in Turkey despite a
decreasing trend was determined in some recent climatic
studies [3, 16, 20]. A similar result was also noted by Tayanç et al. [17] for the MED region with a regional increasing precipitation.

A remarkable number of regional insignificant decrease in monthly precipitation totals were observed for
January (5 times over 7) and March-May (4 times each).
Besides, September, February and August (3 times each),
June (2 times), October and December (1 time each) and
November and July (null) showed the least number of
regional decrease among the others. February and June
were the only months exhibiting regional significant decreases among 84 test results. Partal and Kahya [13] noted
that monthly precipitation totals (from 1929 to 1993)
generally have a decreasing trend over Turkey and the
number of downward trends exceeded that of upward
trends in September, October, January, February and
March. Recently, Türkeş et al. [19] also found that
monthly total precipitation series (from 1930 to 2002) in
January, February and September decreased apparently
with the most number of stations in January and February.
They observed the marked decreasing trends in these
months all over Turkey, except for the Black Sea, Southeastern Anatolia and Marmara regions. A relatively well
consistency was obtained between the number of regional
decreasing monthly precipitation totals (31 times) and the
number of regional decreasing monthly mean streamflows
(74 times) [25] with respect to the observed behaviour
between the number of regional increased precipitation
(52 times) and increased streamflow (9 times). That is, the
decrease in monthly precipitation totals appeared to have
generally resulted in a decrease in monthly mean streamflows of Turkey. Zhang et al. [36] and Fu et al. [23] explained the decreasing trend in streamflow by increasing
trends in temperature combined with almost no change in
precipitation. Recently, Morán-Tejeda et al. [35] reported
that the decrease in precipitation was not noteworthy; however the decrease in river discharges was intense. Partal and
Kahya [13] concluded that decreases in mean streamflow in
western Turkey were due most likely to decreases in pre-

TABLE 1 - The monthly results of the RAMK test ( Z sc ) in seven geographical regions of Turkey
Months

Geographical Regions
MAR

AEG

MED

SEA

CA

BS

EA

September

-1.554 ↓

-1.256 ↓

0.009 ↑

0.600 ↑

-0.426 ↓

0.156 ↑

0.408 ↑

October

0.990 ↑

-0.429 ↓

1.096 ↑

0.546 ↑

0.428 ↑

1.870 ↑

0.662 ↑

November

1.150 ↑

0.398 ↑

1.815 ↑

1.649 ↑

1.205 ↑

1.517 ↑

0.598 ↑

December

0.368 ↑

0.003 ↑

-0.036 ↓

1.192 ↑

0.063 ↑

0.086 ↑

0.222 ↑

January

-0.979 ↓

-1.193 ↓

-0.856 ↓

0.009 ↑

-0.774 ↓

0.287 ↑

-0.372 ↓

February

-0.943 ↓

-2.850 *↓

1.666 ↑

0.872 ↑

-0.940 ↓

0.809 ↑

0.840 ↑

March

-0.075 ↓

-0.461 ↓

-0.020 ↓

2.044 *↑

0.424 ↑

0.091 ↑

-0.833 ↓

April

0.090 ↑

1.404 ↑

-1.215 ↓

-1.176 ↓

-0.815 ↓

0.761 ↑

-0.471 ↓

May

-0.570 ↓

-0.690 ↓

0.532 ↑

0.007 ↑

-0.813 ↓

1.405 ↑

-0.627 ↓

June

0.056 ↑

-3.442 *↓

0.645 ↑

0.768 ↑

-0.637 ↓

1.810 ↑

-0.687 ↓

July

1.136 ↑

0.290 ↑

0.043 ↑

0.000 ↔

0.319 ↑

1.812 ↑

0.349 ↑

August

-0.636 ↓

0.170 ↑

0.220 ↑

-0.769 ↓

-0.511 ↓

0.622 ↑

0.303 ↑

(*) represents that Eq. (22) are significant at 5% significance level if –1.96 ≥

Z sc

≥ +1.96. Arrows show the precipitation direction: ↓, refers to downward trend; ↑, refers

to upward trend and ↔, refers to no-trend.
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cipitation in the same region. Similarly, Kukul et al. [15]
pointed out that the decreasing trend of streamflows in
Gediz river basin could be directly explained by precipitation decrease during the same period of 1966-1998. However, more recently, Ozkul [18] did not attribute the significant decrease in monthly streamflows to the monthly
precipition decrease in both Gediz and Big Menderes
basins (both in the AEG region) as the spatial coverage of
meteorological stations in both basins is not sufficient.
The researcher considered this result as a basin-wide result
rather than anthropogenic interventions that may lead to
possible reductions in streamflows.
A downward tendency was generally determined especially for the AEG (7 times), CA (7 times) and the
MAR (6 times) regions, partly for the EA and MED regions in which the AEG region was the only region showing significant downward tendency. Topaloğlu [25] also
found a regional significant streamflow decrease mostly
in these regions except for the EA region. Moreover, the
trend directions of the RAMK in both studies matched
well in the CA (8 times over 12), AEG (7 times), MAR
and SEA (6 times each) regions with respect to the other
regions (at least 4 times). Similarly, Tayanç et al. [17]
observed an important number of insignificant decreases
in the station-based precipitation amounts mostly in the
AEG, MAR and the EA regions together with fewer number of decreases in central part of the BS, CA, SEA and
eastern MED. Besides, the regional results of this study
correspond well with the regional results obtained by
Tayanç et al [17] except the CA region. Partal and Kahya
[13] obtained also similar regional trends for monthly
precipitation totals in five regions of Turkey with completely reverse results in the BS and mostly different results
in the MED regions due may be to different regionalization
method, time period and the geographical extents of the
climatic zones considered in both studies. Recently, Karaburun [22] determined a general decrease in regional
monthly precipitation totals in the MAR region for the
period of 1975-2006 with some opposite results in January, April and July for the period of 1985-2006. On the
other hand, the BS region was determined to be the sole
region exhibiting the insignificant increase in all months
followed by the MED and SEA (8 times each) and EA
(7 times) regions. Besides, the significant increase was
only determined in the SEA region for March. Recently,
Tayanç et al. [17] identified that insignificant increasing
trends in precipitation series appeared generally in the BS
region and in almost all regions with the most number of
significant increases especially in central parts and northwestern parts.
Monthly precipitation totals were mostly determined
to be increasing (52 times out of 84) for all months with
the most number of increases in autumn (17 times over
21) and summer months (14 times) followed by winter
(12 times) and spring months (9 times). In other words,
the number of increasing trends exceeded that of decreasing trends predominantly in autumn and summer. These

trends, upward in autumn and summer and downward in
spring, may indicate a shift in the annual cycle of the hydrologic regime as noted first by Zhang et al. [36] for
streamflow data and later by Partal and Kahya [13] for
precipitation data. Similarly, Tayanç et al. [17] found a
large number of significant and insignificant increasing
trends in precipitation totals in especially autumn and
spring, whereas a decreasing trend was prevalent in winter
and summer. In contrast, Topaloğlu [25] determined less
number of streamflow increases in all seasons (at most
4 times over 21). Finally, the directions of the RAMK in
the study matched well with those of monthly streamflow
data [25] in late winter and spring months (at least in
4 regions for a month) compared to summer and autumn
months (at most in 3 regions) in all regions. Human activities such as over exploitation of groundwater, irrigation, expansion of irrigated area and some other reasons
explained above may potentially be leading factors to this
situation encountered in summer and autumn as in the
Yellow river basin [23].
4 CONCLUSIONS
Regional trends in monthly precipitation totals at the
52 stations with monthly totals for a 30-year period
(1968-1997) in seven geographical regions of Turkey
were determined using the RAMK test statistic with both
serial and cross-correlation. The application of regional
trend analysis confirmed great spatial and temporal changes
in the behaviour of precipitation over Turkey. The regional
trend analysis has resulted in the identification of a general insignificant increasing trends appearing primarily in
the BS, MED, SEA, EA regions and partly in the MAR
region compared to the CA and AEG regions. In other
words, the CA and AEG regions followed by the MAR
region exhibited the most number of regional insignificant
decreasing trends. The regional insignificant increasing
trends appeared to be dominant starting from June ending
with December all over Turkey. Besides, only February
and June were determined to have regional significant
increasing trends. In contrast, January and spring months
exhibited the most number of regional insignificant decreasing trends over Turkey except for the Southeastern
Anatolia and Black Sea regions with some significant
trends in the Aegean region. The absence of regional
trend in monthly precipitation totals agrees mostly with
the recent regional conclusions of Tayanç et al. [17] and
those of Partal and Kahya [13]. The results of this study
were also found to be partly in aggrement with those of a
previous study done by Topaloğlu [25] using the same
regional method, time period and the geographical regions
for streamflow data. That is, the increase in monthly precipitation totals did not generally result an increase in
monthly mean streamflows of Turkey. However, the decrease in monthly precipitation totals appeared to have
generally resulted in a decrease in monthly mean streamflows of Turkey. In addition, the directions of the RAMK
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matched well with those of monthly streamflow data in
late winter and spring months compared to summer and
autumn months in which the human activities become
more concentrated.
The study presented herein is the first attempt in the
country to assess the regional precipitation changes of
Turkey using the RAMK test. Regional precipitation trend
analyses will provide the design of more robust adaptation
strategies to climate change and useful information for
both policy makers and practitioners to undertake effective water resources planning and management at a regional scale rather than a local scale. The observed trends
can also not be extrapolated beyond the observation period.
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SELECTING SUITABLE MAP PROJECTIONS IN
MINIMIZING DISTANCE DISTORTIONS IN GIS-BASED
APPLICATIONS: A CASE STUDY FROM TURKEY
Faruk Yıldırım1,*
1

Karadeniz Technical University, Department of Geomatics Eng., 61080 Trabzon, Turkey

ABSTRACT
Organizations responsible for transportation networks,
energy transmission lines and waterways are increasingly
using the Geographical Information System (GIS) in order
to determine the planning and analysis objectives. In this
respect, the accuracy of the right of way and alignment
sheet used in GIS applications becomes highly important.
Distance is another important concept for special needs
required by mapping. The accuracy of the distance data
affects the aim and cost of the project. The sensitivity of
the distance data is directly related to the selection of the
map projection. Particularly in countries such as Turkey,
which lay from west to east and whose maps are produced
based on Universal Transversal Mercator (UTM) zone,
the selection of map projection becomes more important.
This study aimed to discover which map projection type
should be selected by investigating different deformation
characteristics that exist in the ArcGIS software. The
most suitable map projection was investigated for the GIS
application which covers the area bounded by the geographical frontiers of Turkey. As a result, it was seen that
equidistant map projection selection in the GIS application gave more sensitive results in terms of distance.
KEYWORDS:
GIS, transportation networks, energy transmission lines, waterways, right of way, alignment sheet, equidistant map projection

1 INTRODUCTION
In recent years, GIS applications have increasingly
been used by organizations responsible for transportation
networks (highway, railway, sea and air ways), energy
transmission lines (electricity, natural gas and petrol pipelines) and of water supplies (rivers, irrigation network and
canals) in order to determine their planning and analysis
objectives. The right of way and alignment sheet is used
for this kind of project in GIS applications. Another spe* Corresponding author

cial need for the project applications is the distance value
of linear objects. The accuracy of the distance value gains
importance as the size of application area expands. In addition to the field accretion, the accuracy of the distance value
is directly related to the selection of the map projection in
GIS applications. Appropriate selection of the map projection in GIS applications affects the aims and cost of the
project [1-6].
Distortions occurring during map projections alter the
interrelations among the points on ellipsoid surface.
Therefore, deformations occur in the distances, area and
direction. The distance, area and arc-to-chord distortions
are determined by comparing the values between the
ellipsoid surface and the projection map surface. In mapping projections, it is important to know the distortions in
terms of determining the accurate values of the required
size on the map and assessing which projection type
should be used. There are three types of projections according to the distortion type; conformal, equal area and
equidistant [7].
For right of way and alignment sheet projects, large
scale maps (geodetic map projection) are used for the
geodetic-aimed calculation (cadastral survey and engineering service) but not the cartographical maps produced
for drawing and visuality, which are used to make small
scale maps (cartographical map projections). The aim of
this type of geodetic map projections is to obtain the geodetic calculation with the necessary corrections to be
made on the map surface but in accordance with the values of ellipsoid surface [8]. For this reason, it is necessary
to assess the projection types in the mapping and GIS
software used today, and to place them in two categories
(geodetic or cartographical map projections).
For Turkey, the projection type used in geodetic applications, and thus for the right of way and alignment
sheet projections, is UTM and conformal. This is because
the purpose in mapping applications is generally to maintain the shape of objects, conformal projections are preferred. However, in GIS applications the distortion type of
the current map might be changed depending on the importance of the size required for the investigation and the
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analysis since the size of the area and distance distortion
will differ from the other projection types.
Other factors affecting the distortion sizes during the
projection selection are the type of projection surface (cylindrical, conical, azimuthal), the aspect (transverse or
equatorial, oblique, normal or polar), tangency or secancy,
and the parameters of the projection center (central meridian or longitude and latitude of origin, standard parallel).
The software used in the application projection has to be
selected with a great care based on its specialties and parameter values [9].
The projects in Turkey for transportation networks,
energy transmission lines and waterways have been carried out using the 3° zone UTM (Modified Transverse
Mercator, MTM), in accordance with the related government
agency and the regulations. If these kinds of projects that
cover all over Turkey were to be subjected to planning regulations by the related government agencies or social institutions, the MTM system would be inadequate because it is
zone-based. Therefore, a unique coordinate system has
been not provided for right of way and alignment sheet
projects. In such cases, The Lambert Conformal Conic
(LCC) map projection is used in place of UTM and MTM
systems for Turkey. The LCC uses a cone for its developable surface and maintains distance precisions in the eastwest direction; thus, it is predominantly used in east-west
states [10].
The determination of the distortion type of the selected projections for the right of way and alignment sheet
projects that exceed the UTM or MTM zones is also important. This is because distance investigation is important in these projects given that the type of projection
(conformal, equal area or equidistant) affects the distance
distortion. Therefore, in the selected projection, it is necessary to provide both coordination unity and a minimum
distance distortion.
Geographical coordinations alone are insufficient for
projects that exceed a UTM or a MTM zone, and need to

be determined by a unique coordination. Geographical
coordinators provide a coordination unity but they are not
sufficient for drawings or calculations. Current calculation and drawings with geographical coordinates are not
supported by GIS based software. For these reasons, it is
crucially important to provide a coordination unity and to
determine a coordination system for the calculation and
drawing, and thus the projection.
Coordinate union is important the constitution of a
National Geographic Information System and a National
Spatial Data Infrastructure both of which are underway in
Turkey. The aim of these systems is to provide a common
coordinate unity for the transportation networks, energy
transmission lines and water ways within the national
borders, and in this way to prevent differences occurring
among the map coordinate produced by different state institutions. Furthermore, it is also necessary to determine the
standards in this coordinate system (such data, coordinate
and projection) [11].
1.1 UTM System for Turkey

For Turkey, the MTM zone central meridians with 3°
zone width are 27°, 30°, 33°, 36°, 39°, 42°, 45°, and the
UTM zone central meridians with 6° zone width are 27°,
33°, 39° and 45°. It comprises four zones numbered 35,
36, 37 and 38. The coordinates for UTM and MTM are
Easting and Northing. The scale factor in the UTM system is m0 = 0.9996 and m0 = 1 in MTM system. In order
not to cause confusion, the zone numbers are added in
front of the Easting value in UTM coordinates. This is not
done for MTM system but, instead, the zone central meridian needs to be known (Fig. 1)
In Turkey, the maps produced within the MTM system have scales between 1:1000 and 1:10000, and those
produced according to UTM system have scales between
1:25000 and1:250000. There are four different coordinate
axis origins for the UTM and eight for the MTM system
in the latitude longitude borders of Turkey; therefore,
within each zone there is a different coordinate system.

FIGURE 1 - UTM zones for Turkey.
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Since different-scaled maps are used and in the situations when they coincide in both zones anonymously, a
transformation is required between the UTM and MTM
coordinates. These transformations are processed by considering the zone to which the coordinates belong. This
process can either be done within itself or between each
other. If central meridians of the zone are equal in both
systems, transformation is carried out on the coordinates
Easting and Northing. If the central meridians of the zone
are not equal and the difference is 3°or 6°, then zone
transformation is required. Another important point in the
transformation process is that redundant part in the neighboring zone should be in the zone overlap with a size of
between 0.5° and 1°. However, if the application exceeds
the zone overlap, transformation is not processed.
Therefore, for countries like Turkey that lie in the eastwest direction using the UTM and MTM systems may lead
to problems in that they cannot provide coordinate unity for
the GIS applications which use right of way and alignment
sheet maps. This issue might cause confusions for the users.
There are several GIS and engineering project samples using right of way and alignment sheet maps for the
situations where the UTM projections remain insufficient
in the fields of energy transmission and transform, and
where the distance distortions are severe in Turkey. For
example, in the field of energy transmission: Baku-TbilisiCeyhan (BTC) Raw Petroleum Pipeline (1768km), IraqTurkey Raw Petroleum Pipeline (986 km), Samsun-Ceyhan
petroleum pipeline (555 km), The Baku-Tbilisi-Erzurum
(BTE) Natural Gas Pipeline (Shah Sea Project, 970 km),
Greece connection of the South European Gas Ring (Turkey-Greece-Italy Pipeline, 350 km) and the NABUCCO
Project (3400 km) within the scope of activities to bring
natural gas to Europe. As for the field of transportation:
Ankara-İstanbul (533 km), Ankara-İzmir (663 km), and
Sivas-Erzincan-Erzurum-Kars (710 km) high speed railways,
between Ankara-İzmir (562 km), Gerede-Doğubeyazıt (1243
km) highways and Karadeniz Coast highways (542 km).

1.2 A case study for Turkey

This study aimed to determine the most convenient
projection in the right of way and alignment sheet projects
conducted for transportation networks, energy transmission lines and waterways to be established all over Turkey; therefore, the study area was bounded by the geographical frontiers of the country. Selected map projections are geodetic projections available in the ArcGIS 9.0
software, and the parameters of the projections were determined according to the application field as shown in
Table 1.
Routes of different lengths were selected from three
different locations in order to determine the distance distortions that resulted from map projection selection. The
selected routes consist of three different locations, each of
which is composed of the sum of the edges with distance
of 1, 2, 5 and 10 km, given below:
The longitudes of the starting points are the same but
the latitudes are different, and the constant azimuths by
90º together with the geographical coordinates are in the
east-west direction (Fig. 2).

FIGURE 2 - Routes in the East-west direction.

The latitudes of the starting points are the same but
the longitudes are different, and constant azimuths by 0º
together with the geographical coordinates are in the northsouth direction (Fig. 3)

TABLE 1 - Selected Map Projections in ArcGIS and parameter values.
Distortion type

Equal area

Conformal

Equidistant

Map projection
Albers Conic
Cylindrical
Double Stereographic
Lambert Azimuthal
Hotine Oblique Mercator
Lambert Conic
Oblique Lambert Conic
Stereographic
Lambert Conic
Cylindrical
Two-Point
Azimuthal

Central
meridian
35°
35°
35°
35°
35°
35°
35°
35°
35°
35°
27°,42°
35°
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Standard
parallels
37.5°
37.5°
37.5°
38.5°

39.5°
39.5°
39.5°
38.5°

Latitude of
origin
38.5°
38.5°
38.5°
38.5°
38.5°
38.5°
38.5°
38.5°
38.5°
38.5°
38.5°

Azimuth

Pseudo
Standard
parallel

45°
45°

80°
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FIGURE 3 - Routes in the North-south direction.

FIGURE 4 - Routes in the Northeast-northwest direction.

The latitudes of the starting points are the same but
the longitudes are different, and constant azimuth by 30º
and 330º together with the geographical coordinates are in
the northeast-northwest direction (Fig. 4).

The calculation of other points from constant points
was carried using the solution of the direct problem, and
the total distances were calculated using the solution of
the inverse problem. For these calculations, ellipsoidal
geographical coordinates are using the Vincenty method
[12]. ITRF96 geodetic datum and GRS80 ellipsoid was
chosen for calculations. The total distances were geographically calculated and accepted as the true (S, geodesic distance). The route and edge distances, point numbers, starting and end points are shown in Table 2.
The route distances of the map projections (S') were
calculated by converting the map projections given in
Table 1 from the geographical coordinates in the ArcGIS
9.0 software selected from three locations. In order to
determine the map projection selection, the distortions of
the distance values were obtained shown in Tables 3, 4
and 5, based on the absolute value dS = (S- S').
Map projections lower than 200 m of dS in Table 3
are as follows: Equidistant Azimuthal, Equidistant Lambert Conic, Equal area Albers Conic and Conformal Lambert Conic. Map projections lower than 100 m of dS in
Table 4 are Equal area Albers Conic, Equidistant Lambert
Conic and Conformal Lambert Conic. In Table 5, the map
projections lower than 100 m of dS are Equidistant Lambert Conic and Equal area Albers Conic. As can be seen in
the Tables, Conic projections in three different locations

TABLE 2 - Route data.
Route
number

(S), (km)
Total Geographic
distance of route

Edge
distance
(km)

Total number
of route
numbers

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

1247
1230
1215
1200
334
334
335
340
603
604
600
600

1
2
5
10
1
2
5
10
1
2
5
10

1248
616
244
121
335
168
68
35
604
303
121
61

Starting point coordinates
for routes
B
L (longitude)
(latitude)
37° N
28° E
38° N
28° E
39° N
28° E
40° N
28° E
37° N
28° E
37° N
31° 30' E
37° N
38° 30' E
37° N
42° E
37° N
28° E
37° N
31° 30' E
37° N
38° 30' E
37° N
42° E

Endpoint coordinates
for routes

Azimuth
A
90°
90°
90°
90°
0°
0°
0°
0°
30°
30°
330°
330°

B
36° 59' 57.6135″ N
37° 59' 55.1200″ N
38° 59' 47.5125″ N
39° 59' 34.4479″ N
40° 03' 46.0677″ N
40° 00' 31.5406″ N
40° 01' 03.9619″ N
40° 03' 46.0677″ N
41° 42' 12.4538″ N
41° 42' 40.2081″ N
41° 40' 46.9979″ N
41° 40' 45.4360″ N

L
42° 0' 31.3728″ E
42° 0' 11.4439″ E
42° 1' 29.1833″ E
42° 3' 04.2060″ E
28° E
31° 30' E
38° 30' E
42° E
31° 30' 00.7176″ E
35° 00' 23.0400″ E
35° 01' 01.3886″ E
38° 30' 57.9385″ E

TABLE 3 - Map projection distances in the East-west direction (1, 2, 3, and 4).

Equidistant Conformal Equal area

Map projections

1 km edge
1. route

S' (m)
2 km edge
2. route

5 km edge
3. route

10 km edge
4. route

1 km edge
1. route

dS = (S-S') (m)
2 km edge 5 km edge
2. route
3. route

10 km edge
4. route

Albers Conic
Cylindrical
Double Stereographic
Lambert Azimuthal

1247176.375
1222018.938
1248132.950
1246546.112

1229806.160
1221536.032
1230916.792
1229475.693

1214805.863
1223419.812
1215895.091
1214496.847

1200176.202
1225722.522
1201055.667
1199608.181

176.375
24981.062
1132.950
453.888

193.840
8463.968
916.792
524.307

194.137
8419.812
895.091
503.153

176.202
25722.522
1055.667
391.819

Hotine Oblique Mercator
Lambert Conic
Oblique Lambert Conic
Stereographic

1248133.910
1247179.563
1247386.682
1248028.263

1230916.481
1229805.513
1231135.887
1230882.817

1215893.909
1214806.497
1217296.086
1215930.666

1201050.926
1200173.004
1203903.154
1201159.829

1133.910
179.563
386.682
1028.263

916.481
194.487
1135.887
882.817

893.909
193.503
2296.086
930.666

1050.926
173.004
3903.154
1159.829

Lambert Conic
Cylindrical
Two-Point
Azimuthal

1247177.964
1220432.806
1245634.715
1247100.001

1229805.835
1219950.526
1228420.586
1229965.436

1214806.179
1221831.863
1213332.017
1214956.851

1200174.598
1224131.595
1198366.411
1200069.231

177.964
26567.194
1365.285
100.001

194.165
10049.474
1579.414
34.564

193.821
6831.863
1667.983
43.149

174.598
24131.595
1633.589
69.231
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TABLE 4 - Map projection distances in the North-south direction (5, 6, 7, and 8).

Equidistant Conformal Equal area

Map projections

S' (m)
10 km edge
8. route

1 km edge
5. route

dS= (S-S') m
2 km edge
5 km edge
6. route
7. route

1 km edge
5. route

2 km edge
6. route

5 km edge
7. route

10 km edge
8. route

Albers Conic
Cylindrical
Double Stereographic
Lambert Azimuthal

334003.267
333931.493
334777.180
334366.061

334003.267
333931.493
334201.600
334077.594

335003.047
334910.204
335202.316
335077.753

340001.907
339801.850
340791.649
340372.316

3.267
68.507
777.180
366.061

3.267
68.507
201.600
77.594

3.047
89.796
202.316
77.753

1.907
198.150
791.649
372.316

Hotine Oblique Mercator
Lambert Conic
Oblique Lambert Conic
Stereographic

334833.344
333978.393
334159.924
334778.166

334208.072
333978.393
334536.444
334201.971

335195.203
334978.570
335539.902
335202.774

340725.616
339979.543
340167.822
340793.180

833.344
21.607
159.924
778.166

208.072
21.607
536.444
201.971

195.203
21.430
539.902
202.774

725.616
20.457
167.822
793.180

Lambert Conic
Cylindrical
Two-Point
Azimuthal

333990.831
334933.742
334788.167
334501.438

333990.831
334933.742
334442.025
334118.566

334990.811
335936.286
335516.221
335118.928

339990.735
340949.002
340949.050
340510.515

9.169
933.742
788.167
501.438

9.169
933.742
442.025
118.566

9.189
936.286
516.221
118.928

9.265
949.002
949.050
510.515

TABLE 5 - Map projection distances in the Northeast- northwest direction (9, 10, 11, and 12).

Equidistant Conformal Equal area

Map projections

S' (m)
10 km edge
12. route

1 km edge
9. route

dS= (S-S') m
2 km edge
5 km edge
10. route
11. route

1 km edge
9. route

2 km edge
10. route

5 km edge
11. route

10 km edge
12. route

Albers Conic
Cylindrical
Double Stereographic
Lambert Azimuthal

602905.862
599513.384
603907.673
603268.389

603905.154
600492.480
604216.607
603991.867

599908.279
596580.357
600213.630
599992.906

599908.342
596583.428
600903.593
600266.657

94.138
3486.616
907.673
268.389

94.846
3507.520
216.607
8.133

91.721
3419.643
213.630
7.094

91.658
3416.572
903.593
266.657

Hotine Oblique Mercator
Lambert Conic
Oblique Lambert Conic
Stereographic

604170.499
603126.191
604327.105
603938.317

604227.569
604127.624
606280.796
604246.661

600202.706
600122.062
602241.389
600242.939

600644.619
600121.984
601306.719
600933.665

1170.499
126.191
1327.105
938.317

227.569
127.624
2280.796
246.661

202.706
122.062
2241.389
242.939

644.619
121.984
1306.719
933.665

Lambert Conic
Cylindrical
Two-Point
Azimuthal

603017.446
605933.595
603615.785
603456.232

604017.824
606947.248
604249.347
604060.818

600016.543
602893.516
600320.170
600060.435

600016.535
602893.839
600775.579
600453.745

17.446
2933.595
615.785
456.232

17.824
2947.248
249.347
60.818

16.543
2893.516
320.170
60.435

16.535
2893.839
775.579
453.745

TABLE 6 - dS averages for the complete application.

Equidistant Conformal Equal area

Map projections

average dS= (S-S') m
2 km edge
5 km edge
route
route

1 km edge
route

10 km edge
route

Albers Conic
Cylindrical
Double Stereographic
Lambert Azimuthal

91.260
9512.062
939.268
362.779

97.318
4013.332
445.000
203.345

96.301
3976.417
437.012
196.000

89.922
9779.081
916.969
343.597

Hotine Oblique Mercator
Lambert Conic
Oblique Lambert Conic
Stereographic

1045.918
109.120
624.570
914.915

450.707
114.573
1317.709
443.816

430.606
112.332
1692.459
458.793

807.054
105.148
1792.565
962.225

68.193
10144.844
923.079
352.557

73.720
4643.488
756.929
71.316

73.185
3553.888
834.792
74.171

66.799
9324.812
1119.406
344.497

Lambert Conic
Cylindrical
Two-Point
Azimuthal

give better results. In order to decide which map projections should be selected, the overall average of all the dS
values in Tables 3, 4 and 5 were calculated, and the results are shown in Table 6.
Map projections lower than 100 m of dS value given
in Table 6 are Equidistant Lambert Conic and Equal area
Albers Conic projections. These differences are also the
distance distortion values that might be reduced more by
the correction formulations. However, in the current ArcGIS software, correction values are not calculated; only

the area, distance and angle values are calculated over the
projection coordinates. Users of the ArcGIS software can
choose correction formulations depending on the significance of the size of the distortion values.

3 RESULTS AND SUGGESTIONS
In our study, the aim was to determine the most appropriate projection in a GIS-based application to be con-
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ducted for the right of way and alignment sheet projects to
be utilized for transportation networks, energy transmission lines and waterways that exceed the UTM and MTM
zone in countries, such as Turkey, that lie in east-west
direction. Since the distance value comes to fore in these
projects, the map projection type was selected from the
conformal, equal area and equidistant map projections.
In the current study, distance distortion size resulting
solely from the map projection selection was determined.
Other factors like map scale, coordinate accuracy and
digitization that led to distortion were ignored. Parameters
need to be changed accordingly to the location and size of
the application area. The distortion size increases in the
event of improper selection parameters. The parameters
for the application were selected for the whole of Turkey;
however, if the application was not for a country but for a
particular route, the distortion size might be reduced to a
minimum level through the selection of different parameters.
Generally, the LCC map projection is preferred by
government agencies or social institutions for GIS applications conducted by using the right of way and alignment sheet maps that exceed a UTM or MTM zone. However, the results of this study showed that the Equidistant
Lambert Conic and Equal area Albers Conic map projections have proven to give more sensitive results in terms
of the distance distortion values compared to LCC map
projection. Between these two map projections, the Equidistant Lambert Conic projection should be chosen since
it gave better results. It was also seen that in GIS applications where the distance value is essential, the map projection selection that maintains the distance value and
appropriates selection of the map projection parameters
have positive affect on the results of planning and analysis of the project.
The distortion size in the distance relies on the edge
size. Since the edge size in our study is greater than 1 km,
accordingly, the distortion value increased. If the edge
size is greater than 1 km, as in our study, correction formulations should certainly be used in order to reduce the
distortion size. However, in the ArcGIS software, these
corrections are ignored and needed to be calculated separately. Therefore, users should take care when this distortion occurs.
National Geographic Information System is still currently in use in Turkey, and the National Spatial Data
Infrastructure is under construction. For the data including
the transportation networks, energy transmission lines and
water ways, the Equidistant Lambert Conic map projection suggested in this study might be preferable in order to
establish a common coordinate system and to keep the
distance distortion value at a minimum level.
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ABSTRACT
In present study, biosorptions of lead (II), cadmium
(II), cobalt (II) and chromium (III) ions from water were
studied and dead algae biomass (Scenedesmus quadricauda Chodat) was used as natural and biological sorbents. The effects of pH, contact time and metal concentration on the biosorption capacity were investigated. The
maximum biosorption capacities for Co (II), Cr (III), Cd
(II) and Pb (II) were found to be 32.8, 20.3, 63.9 and
123.0 mg/g, respectively. The experiments showed that
when pH increased, an increase in the biosorption capacity of the biomass was observed. Freundlich and Langmuir isotherm models were applied to experimental equilibrium data of metal ions adsorption and the value of RL
for Co (II), Cr (III), Cd (II) and Pb (II) was found to be
0.639, 0.580, 0.915 and 0.949, respectively. The algae
biomass was effectively used as a sorbent for removal of
metal ions from aqueous solutions.
KEYWORDS:
Scenedesmus quadricauda, heavy metal, biosorption

1 INTRODUCTION
It is known that contaminations of heavy metals are
consisted of the most important problem facing all over
the world for water resources. Heavy metal concentration of
water is generally affected by the waste products of industry
and their amounts could increase as a result of direct or
indirect effects of human activities [1]. This release of heavy
metals into the environment has resulted in many problems
for both human health and aquatic ecosystems [2-4].
The removal of heavy metals from industrial wastewaters has been the standard practice for several decades,
the methods used, such as oxidation and reduction, chemi* Corresponding author

cal precipitation, filtration, electrochemical treatment, evaporation, ion exchange and reverse osmosis are all restricted of
cost-effectiveness limitations [5, 6]. Generally, cost-effective
alternative sorbents for heavy metal removal from water
resources can be obtained from materials which exist abundantly in nature or arise as by-products and waste materials
from various industries [5-9]. Some of the known low-cost
sorbents are as bark/tannin-rich materials, lignin, chitin/
chitosan, dead biomass, seaweed/algae/alginate, xanthate,
zeolite, clay, fly ash, peat moss, bone gelatin beads, leaf
mould, moss, iron-oxide-coated sand, modified wool and
modified cotton [6]. Recently, researchers have reported
that materials with biological origins, such as microorganism, agricultural and animal waste, are effective and usable in the removal of heavy metals [4, 10-15].
In present study, the biosorption of Co (II), Cr (III),
Cd (II) and Pb (II) ions from aqueous environments by
dead algae biomass (Scenedesmus quadricauda Chodat)
which are of natural origin were investigated. The removal efficiency of the adsorbent was investigated as a
function of pH, contact time and initial metal concentration. Langmuir and Freundlich models were used to find
adsorption isotherms with the best fit to the experimental
data.
2 MATERIALS AND METHODS
2.1 Preparation of Algae Biomass

The green microalgae, Scenedesmus quadricauda
Chodat (Ege-MACC54) was obtained from EGEMACC
(Ege University Microalgae Culture Collection). The cells
were grown photoautotrophically in sterilized nutritive modified Bold’s Basal Medium [16]. The culture was illuminated at 3000 lux with photoperiod of 12 hours in the light
and 12 hours in the dark, they were incubated at a temperature of 25±2°C and stirred by air pump (500 ml/min). The
culture that the ends of the exponential phase (10 days after
inoculation, dryweight 0.42 mg/L) was harvested. Then
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microalgae biomass was separated by filtration from water phase. The biomass was dried at 40°C and then protected at -10°C for heavy metal adsorption experimental.
Microalgae biomass is denoted as Sq.
2.2 Apparatus and Chemicals

ICP-AES was used for determination of elements
(Co, Cr, Pb and Cd) and controlled with Intel Pentium IV
PC and Liberty ICP-Expert Sequential (version: v.30)
software. pH of metal solutions were measured with Consort-C864 (Belgium) pH-meter. FT-IR (Perkin Elmer FTIR-Spectrum One, using ATR technique, 4000-550 cm-1)
was used for the characterization of algae biomass. Olympus BX-51 microscopes were used for photograph images
and characterization of algae biomass. Cobalt (II) chloride
hexahydrate, CoCl2.6H2O (Merck, 99%), chromium (III)
chloride hexahydrate, CrCl3.6H2O (Merck, >99), lead (II)
nitrate, Pb(NO3)2 (Merck, 99%) and cadmium chloride
monohydrate, CdCl2 H2O (Fluka, 99%,) were used for preparing metal solutions. pH values of metal solutions were
adjusted with 0.01 M HNO3 (Merck, 65%) and 0.01 M
NaOH (Merck, ≥97.0%).
2.3 Biosorption experiments

Biosorption studies were performed in 100 ml Erlenmeyer flasks containing 0.5 g algae biomass and 50 ml
aqueous metal ions, solid to liquid ratio 1:100, at room
temperature (25oC±2) and stirring rate 150 rpm for 2 hours.
Dried algae biomass (Sq) was exposed to aqueous metal
ions to determine of their biosorption capacity values. The
amount of metal ions (final metal concentration) was determined in the remaining metal solutions after filtration

through a 0.20 µm PTFE syringe filter by ICP–AES. Sq
was used in the sorption experiments of Pb (II), Cd (II),
Co (II) and Cr (III) ions which denoted as Sq-Pb, Sq-Cd,
Sq-Co and Sq-Cr respectively.
The biosorption capacities of algae biomass as milligram per gram of biomass (mg/g) were calculated with
equation (1) [17]:
qe.exp =(C0-Ct).V/W

(1)

C0 is the initial concentration of metal ions (mg/l), Ct
is the metal ion concentrations after biosorption time t
(mg/L). V is the volume of metal ion solutions (ml) and W
is the weight of algae biomass (g). qe.exp and qe,cal are experimental and calculated biosorption capacities (mg/g),
respectively.
RESULTS
3.1 Characterization of Algae Biomass

Genus Scenedesmus, which is one of the members of
the order Chlorococcales is green microalgae. The species
of Scenedesmus are consisted of multi-layered cell walls.
It is known that the interior layer contains cellulose embedded in a hemicellulose matrix, while the outer layer,
with its three sub-layers, consists of the degradationresistant polyterpene, sporopollenin [18].
In present study, the functional groups, which caused
linking heavy metal ions, are investigated by FT-IR Spectrum. To analyze the structure and changes of functional
groups on Sq is very important to understand the linking

FIGURE 1 - The microscope images of Sq (living) and Sq (nonliving)
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mechanism of metal ions on Sq. FT-IR spectrums of SqPb, Sq-Cd, Sq-Co and Sq-Cr and Sq were given in the
Fig. 2. According to Fig. 2, there were several functional
groups found in the structure of Sq. Analysis of the IRspectra indicated strong broad bands at 3450-3270 cm-1,
representing bonded –OH and –NH groups. The bands
observed at about 2920 cm-1 are attributed the –CH stretch.
The dominating peaks which are appear at the 1730 and
1640 cm-1 are characteristic for the C=O and C=N stretching, respectively. The peaks at about 1395 and 1234 cm-1,
also are due to characteristic –OH and SO3 stretching,
respectively. The peaks which are appeared in the regions
of 1060 and 1050 cm-1 are possible the results of C-O
vibration, which are alcohol groups in carbohydrate. In
comparing between algae and metal-laden algal biomass,

it was shown that there was a shift in the FT-IR spectrums.
Disappearing of -OH peak at about 1395 cm-1, for all metals shows that heavy metal ions are bonded on the –OH
group onto biomass. Besides in comparison algae and metalladen algae biomass was observed that there are a shift at
3450 and 1640 cm-1 in the FT-IR spectrums of Sq-Cd, SqPb, Sq-Co and Sq-Cr. On the other hand, after lading Cd (II),
Co (II) and Cr (III) ions on biomass, the peak of S-O vibration at about 1234 cm-1 shifts to 1237, 1229 and 1240 cm-1,
respectively. According to these results; it can be said that
the biosorption of Cd (II), Pb (II), Co (II) and Cr (III) ions
is onto the stretching bands of O-H, N-H and S-O [19].
Therefore, the biosorption of metal ions on to the biomass
surfaces can be explained with many different mechanisms.

FIGURE 2 - FT-IR spectra of Sq (1), Sq –Co (2), Sq -Cr (3), Sq -Cd (4), Sq -Pb (5)

FIGURE 3 - The effect of contact time on the biosorption of metal ions
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The effects of time on the biosorption capacities for
Co (II), Cr (III), Cd (II) and Pb (II) were shown in Fig. 3.
4 DISCUSSION

intensity on biomass increases because of deprotonation
in metal bonded centers [19]. It decreases the competition
between protons and metal ions. Therefore, an increasing
in sorption capacity is observed. In conclusion, to guarantee no interference from metal precipitation, further experimental were performed at pH 6 and 4.

4.1 Effect of pH

pH is related with many parameters such as optimum
pH value, the chemical nature of metal ions, the interaction of these functional groups with metal ions, and the
structure of the functional groups on Sq. Therefore, the
value of pH is one of the most important parameters
which affect the biosorption process of metal ions from
wastewater [19]. In this study the pH values at the alkali
limit is not preferred because of the possibility of it can
collapse as hydroxide of metals is regard. The experiments for Pb (II), Cd (II) and Co (II) are performed at the
value of pH 3, 4, 5 and 6. On the other hand, the experiments for Cr (III) are applied at the value of pH 3 and 4.
Because, the pH 3 and 4 for Cr (III) were studied, because
Cr (III) with increasing the solution pH turn to Cr(OH)2+
and Cr(OH)2+ and occurs the precipitation of Cr (III) ions
as the formation of chromium hydroxides [20].
Biosorption capacities at the value of pH 3, 4, 5 and 6
are determined as 96.9, 101.0, 107.1, 113.7 mg/g for Pb
(II); 22.5, 27.12, 30.0, 32.8 mg/g for Co (II) and 40.5,
49.2, 57.1, 63.9 mg/g for Cd (II), respectively. Biosorption capacities for Cr (III) at pH 3 and 4 are determined as
12.2 and 16.8 mg/g, respectively. As a result of these
data, pH 6.0 for Pb (II), Cd (II) and Co (II) pH 4.0 for Cr
(III) are defined as the reaction conditions of biosorption
process. From Fig. 4, it is seen as pH increases the biosorption amount, for all metal ions, increases. Because of
high proton concentration in low pH values, biosorption
amount of algae is low. These protons are in competition
with the metal ions about formation a bond with active
centers (the functional groups) on algae. So, these centers
are filled with protons and for other metal ions they are
inaccessible. But, an increasing in pH value means decreasing in proton concentration and the negative charge

4.2 Effect of Metal Concentration and Adsorption Isotherms
Study

Adsorption isotherms are widely used as important
criteria in optimizing the use of adsorbents because they
describe the nature of the interaction between adsorbate
and adsorbent [21]. Two isotherms were used to describe
the experimental results for the adsorption process of metal
ions on Sq, namely the Langmuir and the Freundlich adsorption isotherms. The Langmuir adsorption model assumes that the adsorbent surface has a saturated monolayer
of molecules and finite number of identical sites which
shows homogeneous surfaces [22]. The Langmuir equation is given by equation (2) [23-25]:
Ce/qe= Ce/Qmax + 1/Qmaxb

(2)

Ce (mg/L) and qe (mg/g) are the residual metal concentration in solution and the amount of the metal adsorbed on the sorbent at equilibrium, respectively. Qmax
(mg/g) is the maximum amount of the metal ions per unit
weight of sorbent and b is the Langmuir adsorption equilibrium constant related to the affinity between the sorbent and metal ions. The constants of Qmax and b were
calculated from the slope and intercept of the curve of
(Ce/qe) versus Ce (Fig. 5) and the obtained results are
shown in Table 1. To determine whether the adsorption
process was favourable or unfavourable for the Langmuir
adsorption, RL was used, given in equation (3) [26, 27]:
RL =1/(1 + bC0)

(3)

C0 (mg/L) and b (L/mg) are initial metal concentration and Langmuir constant, respectively. The value of RL
indicates the shape of the isotherm to be unfavorable (RL
> 1), linear (RL = 1), favorable (0 < RL < 1) or irreversible
(RL = 0). The RL values between 0 and 1 indicate favor-

FIGURE 4 - The effect of pH on the biosorption of metal ions
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able adsorption. The Freundlich equation is applicable to
heterogeneous surfaces and multi-layer adsorption. The
linear form of the Freundlich equation is given by following equation (4) [24, 25, 28]:
lnqe=lnKF + (1/n)lnCe

(4)

KF and n are the adsorption capacity of the sorbent
and adsorption intensity, respectively. The values of KF
and n are calculated from the intercept and slope of the
plot of lnqe versus lnCe (Fig. 5) and and the obtained
results are given in Table 1.

The adsorption capacities at different concentrations
are given in Fig. 6. It can be seen that the sorption capacity for all metals increased with an increase in the concentrations. Based on the calculated correlation coefficients
(R2) for the Langmuir and Freundlich isotherms, it can be
suggested that the experimental data for the adsorption of
Co (II), Cr (III), Cd (II) and Pb (II) ions on Sq fit by
Langmuir isotherm model (Fig. 5). The value of RL of Co
(II), Cr (III), Cd (II) and Pb (II) was found to be 0.639,
0.580, 0.915 and 0.949 (Table 1), respectively. The calculated RL value indicated that the adsorption of all metal
ions on Sq was favorable metal concentration.

FIGURE 5 - Langmuir and Freundlich isotherms of metal ions

TABLE 1 -Adsorption isotherms constants of Co (II), Cr (III), Cd (II) and Pb (II)
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FIGURE 6 - The effect of metal concentrations on the biosorption

Algae biomass, which has many specific advantages
such as low-cost, easy availability and natural origin, can
be used as sorbents to remove heavy metal. More precisely biologic methods, mainly used to removal heavy
metals, can also be used in practice for processing wastewater of high volume–low contamination level which
involves other inorganic and organic pollutants. The advantages of living algae are that it is found all over the
world, it can be grown easily and quickly, and the conditions for cultivation are relatively simple. In present
study, the green microalgae Sq was used as a natural
sorbent to remove Co (II), Cr (III), Cd (II) and Pb (II) ions
from aqueous environments. The highest removal capacities for Co (II), Cr (III), Cd (II) and Pb (II) were found to
be 32.8, 20.3, 63.9 and 123.0 mg/g, respectively. As a
result, it can be said that algae biomass with increasing
interest is used to remove toxic heavy metal ions from the
wastewater or water resources. In this context, biologic
methods may be seen as an alternative to traditional
methods.
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DIOXINS, DIOXIN-LIKE PCBs AND NON DIOXIN-LIKE PCBs IN
FISHES FROM INNER CITY SURFACE WATERS IN HAMBURG
Rainer Götz*
Nettelhof 6, 22609 Hamburg, Germany

ABSTRACT
In the mid-1990s, a set of fish samples (eel, bream, and
perch) from inner city surface waters in Hamburg were
analyzed for dioxins, dioxin-like PCBs, and non dioxin-like
PCBs (ndl-PCBs). This paper re-assesses the results in light
of new maximum levels for dioxins, dioxin-like PCBs and
ndl-PCBs, as introduced by the European Commission 2011.
The re-assessment shows that the concentrations of dioxins, dioxin-like PCBs and ndl-PCBs in the eel samples
lie above the maximum level set by the European Commission 2011. It is noteworthy that the concentrations of the
sum of six ndl-PCBs in some eel samples exceed the
maximum level of the European Commission by more than
a factor of ten. Model scenarios show that the tolerable
weekly intake (TWI) will be exceeded when people consume fishes with such high contents of dioxins and dioxinlike PCBs. Hence, it is worrisome that private anglers use
these fishes for private consumption. At minimum, therefore, it is necessary to carry out new fish monitoring with
regard to organic pollutants like PCBs and dioxins in
Hamburg´s inner city surface waters.

KEYWORDS:
Dioxins, dioxin-like PCBs, PCBs, fish, eel, sediment

The fish samples were analyzed for polychlorinated
dibenzo-p-dioxins (PCDD) and polychlorinated dibenzofurans (PCDF) – referred to collectively as dioxins in the
following text –, dioxin-like polychlorinated biphenyls
(dioxin-like PCBs), non-dioxin-like polychlorinated biphenyls (ndl-PCBs) and other contaminants. This investigation was the first of its kind. The results were publishedin [1] together with a bulletin for private anglers, containing consumption recommendations. Dioxins and dioxin-like PCBs were not mentioned in this bulletin. At
that time, no maximum levels for dioxins and dioxin-like
PCBs in fish to be used for human consumption had been
established in Germany or the European Union.
In Germany, maximum levels for fish have been applied regarding six ndl-PCB congeners (PCB 28, PCB
52, PCB 101, PCB 138, PCB 153, and PCB 180) since
1988 [2]. These maximum levels were transferred to the
German Kontaminanten-Verordnung [3].
Since 1 July 2002, maximum levels for dioxins in fish
and other foodstuffs have been in place in the European
Union member states [4] and, in addition, maximum levels for the sum of dioxins and dioxin-like-PCBs in fish
and other foodstuffs have been in place since 4 November
2006 [5]. In the EU regulation of December 2011 [6] the
maximum levels for dioxins and the sum of dioxins and
dioxin-like-PCBs were amended. Additionally, maximum
levels for non dioxin-like PCBs (ndl-PCBs) were established. Fishes with dioxin, dioxin-like PCB and ndl-PCB
concentrations that exceed the maximum levels are not
marketable.
The results from the 1996 survey, concerning dioxins
and dioxin-like PCBs in fishes from the river Elbe in
Hamburg and from the Port of Hamburg were published
together with a re-assessment of the results in [7].

1 INTRODUCTION
In 1995 and 1996, the Hamburg Environment Authority conducted a special investigation concerning a wide
range of organic pollutants in eels, breams and perches
caught in the river Elbe in Hamburg, the Port of Hamburg
and in Hamburg’s inner city surface waters (Außenalster,
Alster, Alster canals, Obere Bille und Bille-Kanal).

To the best of our knowledge, there are no more recent published representative analysis results for dioxins
and dioxin-like -PCBs in fishes from Hamburg’s inner
city surface waters. The surface waters in the inner city of
Hamburg, where fishes were tested for dioxins, dioxin-like
PCBs and ndl-PCBs, are a popular place for private anglers
[8 – 12].

* Corresponding author

It has to be assumed that some anglers and their families consume a considerable amount of self-caught fish.
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Especially in view of the fact that fishes from the inner
city surface waters in Hamburg were very highly contaminated with dioxin-like PCBs and ndl-PCBs, in particular
eel samples, it is necessary to publish these data, together
with a reassessment of the results. This includes a comparison of the contaminant levels found in the fishes with
current valid maximum levels. Model exposure scenarios
are calculated, wherein hypothetical fish consumption and
contamination data are evaluated to derive the resulting
intake of dioxins and dioxin-like PCBs. This is compared
with the tolerable weekly intake (TWI).
In this context, we want to mention the Stockholm
Convention [13], which lists persistent organic pollutants
(POPs) causing effects on humans and the ecosystem.
PCDD, PCDF and dioxin-like PCBs are listed there in
Annex C (Unintentional production) and PCBs in Annex A
(Elimination). For the compounds listed in Annex C, measures must be taken to reduce their unintentional release. For
the compounds listed in Annex A, measures must be taken
to eliminate their production and use. The Stockholm Convention entered into force on May 17, 2004 and has been
ratified by Germany.

2 MATERIALS AND METHODS
2.1 Sampling sites and fish sampling

Fish samples were taken from the following inner city
surface waters in Hamburg: Außenalster, Kuhmühlenteich
(near Außenalster), Alster and Alster canals (Isebekkanal,
Goldbekkanal and Osterbekkanal), as well as Obere Bille
and Bille-Kanal in the east of Hamburg. The lake Eichbaumsee was selected as a reference sampling site. This
lake is situated to the east of Hamburg. There are no known
discharges into the lake Eichbaumsee, therefore it can be
assumed that the only significant input of contaminants
occurs via the atmosphere. The locations of the sampling
sites are shown in Figure 1. The investigation was focussed
on the species eel (Anguilla anguilla L.), bream (Abramis
brama L.) and perch (Perca fluviatilis L.).
The fish sampling, the fish sample preparation and
the analysis for dioxins, dioxin-like PCBs and ndl-PCBs
has been described in [1]. A short description is summarized here. Fishes were caught by the company LimnoBios (Hamburg), using electro fishing and gillnets.

Elbe

Port of Hamburg

Elbe

FIGURE 1 - Fish sampling sites at inner city surface waters in Hamburg
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2.2 Chemical analysis

was assigned a TEF value of 1.0, the TEF values of the
other toxic congeners were determined [14].
From the ndl-PCBs, concentrations for 6 congeners
were determined: PCB 28, PCB 52, PCB 101, PCB 138,
PCB 153, and PCB 180. The ERGO Forschungsgesellschaft, Hamburg performed the analysis, following the
method described in [15].

Fish fillets were prepared for analysis. Pooled samples were assembled using several individuals. Of the 41
pooled samples, 11 pooled eel samples, 4 pooled bream
samples and 2 pooled perch samples were analyzed for
dioxins and dioxin-like-PCBs. ndl-PCBs were determined
for all the pooled samples, as well as the percentage of fat
in the pooled samples as a supplementary parameter.
The pooled samples were analyzed for the 17 toxic
PCDD/PCDF, for the 10 Cl4 to Cl8 PCDD/PCDF homologues, and for the dioxin-like -PCBs PCB 77, PCB 126,
and PCB 169 at the laboratory of the Hamburg Environment Authority. The instrumental analysis was carried out
by high resolution gas chromatography - high resolution
mass spectrometry (HRGC - HRMS). Dioxin toxicity
equivalent (TEQ) concentrations were calculated using the
1998 World Health Organization (WHO) toxic equivalent
factors (TEF) for dioxins and dioxin-like PCBs. Relative
to the toxicity of 2,3,7,8-TCDD (“Seveso dioxin”), which

3 RESULTS AND DISCUSSION
3.1 Dioxins and dioxin-like PCBs

The results of the analyses for dioxins and dioxin-like
PCBs in pooled fish samples, together with the dioxin
toxicity equivalent (WHO-TEQ) concentrations and the
percentage of fat, are shown in Table 1.
For the purpose of assessment, these results are compared with the current maximum levels of the European Union member states [6] (Table 2). In this paper the

TABLE 1 - PCDD/PCDF (dioxins) and dioxin-like PCB concentrations (pg/g ww) in fishes from inner city surface waters in Hamburg
fish sampling sites

fish
age
number of individuals in the
pooled sample
percentage of fat (%)
pg/g ww
dioxins
sum of dioxins
(PCDD/PCDF)
WHO-PCDD/PCDF-TEQ
dioxin-like PCBs
PCB 77
PCB 126
PCB 169
WHO-PCB-TEQ
WHO-TEQ (sum of WHOPCDD/PCDF-TEQ and WHOPCB-TEQ)
proportional portion of WHOPCB-TEQ in WHO-TEQ (%)
fish sampling sites

fish
age
number of individuals in the
pooled sample
percentage of fat (%)

Alster
Winterhuder
Brücke
eel
old (o)

Außenalster Isebekkanal
Mundsburger
Kanal
eel
young (y)

Isebekkanal

Osterbekkanal Osterbekkanal Goldbekkanal

Goldbekkanal

Hoheluft

Hoheluft

Barmbekerstr.

Barmbekerstr.

Saarlandstr.

Saarlandstr.

Saarlandstr.

eel
old (o)

bream
medium age (m)

eel
young (y)

bream
medium age (m)

eel
young (y)

eel
old (o)

perch
young (y)

Kuhmühlenteich

Kuhmühlenteich

eel
young (y)

eel
old (o)

1

11

1

3

7

6

10

5

31

8

3

31,1

20,3

23,1

1,28

28,9

1,13

28,8

14,2

0,51

22,4

14,8

85,2

53,9

4

5,5

2

4,6

20,2

5,9

3,1

3

3

2,63

0,74

1,45

0,60

0,01

0,36

2,18

0,46

0,18

0,02

1,60

42
380
121
39,2

19
164
55
17,0

44
287
76
29,5

315
34
3
3,6

26
324
133
33,7

280
29
2
3,1

81
428
144
44,3

19
228
108
23,9

174
36
2
3,7

18
189
112
20,0

15
142
74
14,9

41,9

17,7

30,9

4,2

33,8

3,4

46,5

24,3

3,9

20,0

16,5

93,7

95,8

95,3

85,7

100,0

89,5

95,3

98,1

95,5

99,9

90,3

Billekanal Billekanal Obere Bille
Obere Bille
Eichbaumsee
AussAusschläger Serrahnchläger
Serrahnwehr
Billdeich
wehr
Billdeich
eel
bream
eel
bream
eel
old (o)
old (o)
old (o)
medium age (m)
old (o)

Eichbaumsee

perch
old (o)

5

5

3

2

7

2

23

0,97

31,4

0,54

12,1

0,82

pg/g ww
dioxins
sum of PCDD/PCDF
WHO-PCDD/PCDF-TEQ

271
1,23

3
0,20

7
0,21

2,6
0,19

15,7
2,77

1,5
0,13

dioxin-like PCB
PCB 77
PCB 126
PCB 169
WHO-PCB-TEQ

78
219
101
22,9

305
69
12
7,2

29
355
110
36,6

124
37
7
3,8

6
45
16
4,7

27
6
0
0,6

24,2

7,4

36,8

4,0

7,4

0,7

94,9

97,3

99,4

95,3

62,7

83,1

WHO-TEQ (sum of WHOPCDD/PCDF-TEQ and WHOPCB-TEQ)
proportional portion of WHOPCB-TEQ in WHO-TEQ (%)

Goldbekkanal
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TABLE 2 - Maximum levels (European Commission 2011) for dioxins, the sum of dioxins and dioxin-like PCBs, and ndl-PCBs (In brackets:
the former maximum levels of the European Commission from 2006)
WHO-PCDD/PCDF-TEQ
WHO-TEQ
(dioxin toxicity equivalent (TEQ) concentration
(dioxin toxicity equivalent (TEQ) concentraof the sum of dioxins and dioxin-like PCBs;
tion of dioxins)
WHO-PCDD/PCDF-PCB-TEQ)

3.2 Model exposure scenarios

To evaluate the health risks associated with the consumption of fish some model calculations were made following the approach in [19]. Exposure scenarios are used
to calculate the hypothetical WHO-TEQ intake. These intake concentrations are compared with the tolerable weekly
intake (TWI) of 14 pg WHO-TEQ/kg body weight (bw)
for humans established by the Scientific Committee on
Food of the European Commission [20]. The results of the
model calculations are shown in Table 3. In the first column the WHO-TEQ concentrations are listed, which cover
the measured concentrations in the fishes. In the second
column the WHO-TEQ amounts for a portion of 200 g fish
are listed. The third column contains WHO-TEQ concentrations per kg body weight (bw) for a person with a body
weight of 60 kg and the consumption of 200 g fish. Col-

125 ( - ) ng/g wet weight

10 (12.0) pg /g wet weight

300 ( - ) ng/g wet weight

Eichbaumsee perch o

Goldbek-Kanal perch y

Billekanal bream o

Obere Bille bream m

Osterbekkanal bream m

Eichbaumsee eel o

Isebekkanal bream m

Billekanal eel y

Obere Bille eel o

Kuhmühlenteich eel o

Osterbekkanal eel y

Kuhmühlenteich eel y

Goldbek-Kanal eel o

Isebekkanal eel o

Goldbek-Kanal eel y

umn 4 shows for how many weeks 100 % of the TWI are
reached through the consumption of the 200 g fish.

Alster eel o

abbreviation WHO-TEQ for WHO-PCDD/PCDF-PCBTEQ which is the sum of the dioxin toxicity equivalent
(TEQ) concentrations for dioxins (WHO-PCDD/PCDFTEQ) and the dioxin toxicity equivalent (TEQ) concentrations for dioxin-like PCBs (WHO-PCB-TEQ) was used.
Figure 2 shows that in all pooled eel samples (apart
from the pooled eel sample from the reference sampling
site Eichbaumsee) the concentrations exceed the maximum
level of 10 pg WHO- TEQ/g wet weight (ww) for eel. In
some pooled eel samples the concentrations were several
times higher than this maximum level. The highest values
were detected in pooled eel samples from the Goldbekkanal
and the Alster: 46 and 41.5 pg WHO-TEQ/g ww, respectively. The WHO-TEQ value of the pooled eel sample
obtained from the reference sampling site Eichbaumsee
were below this maximum level. In one pooled bream sample, the WHO-TEQ concentration just exceeds the maximum level of 6.5 pg WHO- TEQ/g ww for fish excluding
eel (Figure 2).
In the fish samples the total WHO-TEQ consists on
average of 95 % WHO-PCB-TEQ. However, in sediments
of the above-mentioned surface waters the share of WHOPCB-TEQ was on average only 27 %. The reason for this
difference is unknown. In another study [16] 700 farmed
and wild salmon from all over the world were analyzed
and 75 % of the total WHO-TEQ was due to WHO-PCBTEQ. In a Swiss survey study on the dioxin and PCB
contamination of fishes from surface waters the proportion of WHO-PCB-TEQ of the total WHO-TEQ content
was found to be about 90 % [17, 18].

6.5 (8.0) pg /g wet weight

Außenalster eel y

Muscle meat of wild caught fresh
3.5 (4.0) pg /g wet weight
water fish, excluding eel
Muscle meat of wild caught eel
3.5 (4.0) pg /g wet weight
(Angilla anguilla)

Sum of 6 ndl-PCBs
Sum of PCB 28, PCB 52, PCB
101, PCB 138, PCB 153 and PCB
180

FIGURE 2 - Dioxins (WHO-PCDD/PCDF-TEQ) and dioxinlike
PCBs (WHO-PCB-TEQ) in fish samples. 6.5 pg/g ww: maximal
value for the sum of dioxins and dioxin-like PCBs (WHO-TEQ) in
fish excluding eel. 10 pg/g ww: maximal value for the sum of dioxins
and dioxin-like PCBs (WHO-TEQ) in eel. y: young; o: old; m:
medium age

For example, a person who consumes 200 g eel with
a WHO-TEQ concentration of 45 pg/g eel (the maximal
measured concentration in pooled eel samples) can eat
this portion of fish only one time during 11 weeks, if the
mean TWI over this time is not to be exceeded. If an
additional weekly intake of 7 pg WHO-TEQ/kg bw
through other foodstuffs is taken into account [19] this
period takes about 21 weeks.
The model calculation for a portion of 200 g eel with
the WHO-TEQ concentration of the maximum level of
10 pg/g for eel (Table 2) gives the following results: A
person can eat this portion of eel only one time during 2.4
respectively 5 weeks without exceeding the mean TWI
over this time period.
The model calculation was also made for a portion
of 200 g fish with WHO-TEQ concentrations of 3, 4 or
6.5 pg/g fish. These concentrations lie in the range of the
measured WHO-TEQ concentrations found in bream and
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TABLE 3 - Model exposure scenario
pg WHO-TEQ in 200g
fish

pg WHO-TEQ/g fish

pg WHO-TEQ/kg body weight (bw) through the
consumption of 200g fish
for a person with a body weight of 60 kg

1
200
2
400
3
600
4
800
6
1200
8
1600
10
2000
12
2400
15
3000
20
4000
25
5000
30
6000
35
7000
40
8000
45
9000
TWI (tolerable weekly intake): 14 pg WHO-TEQ/kg bw for humans

3
7
10
13
20
27
33
40
50
67
83
100
117
133
150

perch samples (pooled bream samples: 4.2, 3.4, 7.4 and
4.0 pg/g ww; pooled perch sample: 3.9 pg/g ww; Table 1).
The measured concentrations lie below respectively just
over the maximum level of 6.5 WHO-TEQ pg/g ww for
fish, excluding eel (Table 2). The results of the model calculation are: Taken into account an additional weekly intake of 7 pg WHO-TEQ/kg bw through other foodstuffs the
WHO-TEQ intake through the consumption of a portion of
200g fish with the above-mentioned concentrations already
during one week exceeds the TWI for 40 %, 90 % or 200 %.
These results show that even the consumption of fish with
WHO-TEQ concentrations below the legal maximum may
also cause consumers to exceed the TWI value.

100 % TWI reached through the consumption of 200g
fish after x weeks
for a person with a body weight of 60 kg
x weeks
0,2
0,5
0,7
1,0
1,4
1,9
2,4
3
4
5
6
7
8
10
11

German permitted maximum level of 300 ng/g ww [3] was
exceeded for both of the two congeners in all of the
pooled eel samples, except for the pooled sample from the
reference sampling site Eichbaumsee. The values were in
some cases several times higher than the maximum level.
The highest concentrations for PCB 153 and PCB 138
were found in the pooled eel samples taken from the Alster
(2160 and 2130 ng/g ww), the Goldbekkanal (1530 and
1550 ng/g ww), the Obere Bille (1490 and 1780 ng/g ww)
and the Osterbekkanal (1230 and 1550 ng/g ww).
In 2011 the European Commission established for the
first time maximum levels for the sum of 6 ndl-PCBs
(PCB 28, PCB 52, PCB 101, PCB 138, PCB 153, PCB
180) in fishes (Table 2) [6]. As can be seen in Figure 3,
the measured concentrations for the sum of 6 ndl-PCBs in
pooled eel samples exceed the maximum level of 300 ng/g
ww for eel, most of them by an order of magnitude. Peak
concentrations were measured in the pooled eel samples
from the Alster with 5700 ng/g ww and the Obere Bille
with 4180 ng/g ww. The sum of 6 ndl-PCBs of the two
pooled eel samples obtained from the reference sampling
site Eichbaumsee was below this maximum level.
The maximum level of 125 ng/g ww for fish excluding
eel was exceeded in 3 out of 23 pooled fish samples (bream
and perch).

Eichbaumsee eel y

Figure 4 contrasts the ndl-PCB concentrations (sum of
6 ndl-PCBs) in fish with the ndl-PCB concentrations in
sediments. The sediment concentrations are taken from [21].

Eichbaumsee eel o

Obere Bille eel y

Obere Bille eel o

Billekanal eel y

Billekanal eel o

Kuhmühlenteich eel y

Kuhmühlenteich eel o

Osterbekkanal eel y

Osterbekkanal eel o

Goldbek-Kanal eel o

Isebekkanal eel o

Goldbek-Kanal eel y

Außenalste eel o

Isebekkanal eel y

Außenalster eel y

Alster eel y

Alster eel o

3.4 Comparison of the concentrations of ndl-PCBs in sediment and in fish (eel)

3.3 Non-dioxin-like polychlorinated biphenyls (ndl-PCBs)

At the lake Eichbaumsee, which was chosen as the reference site, both the sediment samples (4.0 und 9.7 ng/g
dw) as well as the pooled eel samples (133 und 221 ng/g
ww) show very low ndl-PCB values. In surface waters with
high ndl-PCB concentrations in the sediments the pooled
eel samples also showed high ndl-PCB concentrations.

The pooled eel samples showed especially high concentrations for the ndl-PCBs PCB 138 and PCB 153. The

In the Alster and the Alster canals the average of the
ndl-PCB concentrations were 340 ng/g dw for the sedi-

FIGURE 3 - Sum of 6 ndl-PCBs in eel samples. 300 ng/g ww: maximum value for the sum of 6 ndl-PCBs in eel. y: young; o: old
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FIGURE 4 - Concentrations of the sum of 6 ndl-PCBs in eel samples (A) and sediment samples (B) from Hamburg’s city surface waters.

ment samples and 2580 ng/g ww for the pooled eel samples. In the Billekanal and neighbouring canals the average for the sediments was 700 ng/g dw and in the
Billekanal the average of the two pooled eel samples was
1200 ng/g ww. In the eel samples the ndl-PCB concentrations are higher than in the sediment samples.

of dioxins, dioxin-like PCBs and ndl-PCBs and to determine if they remain above the maximum levels set by the
European Commission and German government authorities.
The results of such an investigation should be communicated to the anglers. In case those high levels of contamination should be found, we recommend establishing new
dietary advice on fish consumption for the consumers.

4 CONCLUSIONS
High levels of PCB were measured in fish in the
Hamburg´s city surface waters in 1995 and 1996.
To my best knowledge, since 1996 there has been no
monitoring of fishes for dioxins, dioxin-like-PCBs and
ndl-PCBs in Hamburg´s city surface waters. Neither has
there been any substantial sediment remediation in these
waters. Thus, it cannot be ruled out that fishes, especially
eels, are severely contaminated today. Since these surface
waters are popular locations for private anglers, anglers
and their families constitute a special risk group. Currently this exposure group is not protected by legislation
since foodstuffs obtained in this manner are not subjected
to official controls.
Therefore, it is of utmost urgency to take new fish
samples in order to assess the fish contamination levels

2934

The author declares no conflict of interest

REFERENCES
[1]

Hamburger Umweltberichte (55/98). Götz, R., Sievers, S. and
Roch. K. (1998). Endokrin wirksame Stoffe und andere
Schadstoffe in Fischen aus Hamburger Gewässern. Freie und
Hansestadt Hamburg, Umweltbehörde. Germany.

[2]

Schadstoff-Höchstmengenverordnung (1988). Verordnung
über Höchstmengen an Schadstoffen in Lebensmitteln
(Schadstoff-Höchstmengenverordnung-SHmV). 23. März
1988. Bundesgesetzblatt Nr. 13 vom 31.03. 1988 Bonn,
Germany.

[3]

Kontaminanten-Verordnung (2010). 19. März 2010, Bundesgesetzblatt I S.287. Germany.

© by PSP Volume 21 – No 10. 2012

[4]

Fresenius Environmental Bulletin

European Commission (2001). Council regulation (EC) No
2375/2001 of 29 November 2001 amending Commission
Regulation (EC) No 466/2001setting maximum levels for
certain
contaminants
in
foodstuffs.
http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2001:32
1:0001:0005:EN:PDF accessed 21 June, 2012.

[5]

European Commission (2006). Commission regulation (EU)
No 1881/2006 of 19 December 2061 setting maximum levels
for certain contaminants in foodstuffs. http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2006:36
4:0005:0024:EN:PDF accessed 21 June, 2012.

[6]

European Commission (2011). Commission regulation (EU)
No 1259/2011 of 2 December 2011 amending Regulation
(EC) no 1881/2006 as regards maximum levels for dioxins,
dioxin-like PCBs and non dioxin-like PCBs in foodstuffs.
http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:
2011:320:0018:0023:EN:PDF accessed 21 June, 2012.

[7]

Stachel, B., Christoph, E.H., Götz, R., Herrmann, T., Krüger,
F., Kühn, T., Lay, J., Löffler, J., Päpke, O., Reincke, H.,
Schröter-Kermani, C., Schwartz, R., Steeg, E., Stehr, D., Uhlig, S., Umlauf, G. (2007). Dioxins and dioxin-like PCBs in
different fish from the river Elbe and its tributaries, Germany.
Journal of Hazardous Materials148, 199-209.

[8]

Anonymous (2011). Alster. http://angelnanderalster.de.to/ ;
accessed 30 June, 2012.

[9]

Anonymous (2012). Isebekkanal.
http://angelnanderalster.npage.de/der_isebekkanal__60813254.html; accessed 30 June, 2012.

[18] Tennegg, M., Schmid, P. and Tremp, J. (2010). PCB fish
contamination in Swiss rivers-tracingof point sources. Organohalogen Compounds 72, 362-365.
[19] BfR (2010). Contamination of wild freshwater fish with dioxins and PCBs. Federal Institute for Risk Assessment (BfR)
Germany. Updated BfR Opinion Nr. 027/2010, 16 June 2010.
[20] SCF (Scientific Committee on Food, European Commission)
(2001). Opinion of scientific committee on food on the risk
assessment of dioxins and dioxin-like PCBs in food. Adopted
on 30 May 2001.
http://ec.europa.eu/food/fs/sc/scf/out90_en.pdf; accessed 19
January 2011.
[21] Hamburger Umweltberichte (59/2000). Roch, K. (Redaktion)
(2000). Gewässergütebericht Hamburg 1999. Freie und Hansestadt Hamburg, Umweltbehörde. Germany.

[10] Anonymous (2012). Goldbekkanal.
http://angelnanderalster.npage.de/goldbekkanal__90130220.html; accessed 30 June, 2012.
[11] Anonymous (2012). Kuhmühlenteich.
http://angelnanderalster.npage.de/kuhmühlenteich_35038253.
html; accessed 30 June, 2012.
[12] Anonymous (2012). Billwerder Bucht.
http://angelnanderalster.npage.de/billwerder_bucht__230974
09.html; accessed 30 June, 2012.
[13] Stockholm Convention (2001). Stockholm Convention on
Persistant Organic Pollutants. Geneva, Switzerland.
www.pops.int
[14] Van den Berg, M., Birnbaum, L., Bosveld, A.T., Brunström,
B., Cook, P., Feeley, M., Giesy, J.P., Hanberg, A., Hasegawa,
R., Kennedy, S.W., Kubiak, T., Larsen, J.C., van Leeuwen,
F.X., Liem, A.K., Nolt, C., Petersen, R.E., Poellinger, L.,
Safe, S., Schrenk, D., Tillitt, D., Tysklind, M., Younes, M.,
Waern, F., Zacharewski, T. (1998) Toxic equivalency factors
(TEFs) for PCBs, PCDD, PCDFs for humans and wildlife.
Environ. Health Persp. 106, 775-792.

Received: March 05, 2012
Revised: July 13, 2012
Accepted: July 16, 2012

[15] Kruse, R., Bock, K. and Wolf, M. (1983). Der Gehalt an Organochlor-Pestiziden und polychlorierten Biphenylen in Elbaalen. Archiv für Lebensmittelhygiene 34, 81-86.

CORRESPONDING AUTHOR

[16] Hites, R.A., Foran, J.A., Carpenter, D.O., Hamilton, M.C.,
Knuth, B.A. and Schwager, S.J. (2004). Global assessment of
organic contaminants in farmed salmon. Science 303, 226-229.

Rainer Götz
Nettelhof 6
22609 Hamburg
GERMANY

[17] Schmid, P., Zenegg, M., Holm, P. andPietsch, C. (2009). Polychlorierte Biphenyle (PCB) in Gewässern der Schweiz. Daten zur Belastung von Fischen und Gewässern mit PCB und
Dioxinen, Situationsbeurteilung. Umwelt-Wissen Nr. 1002.
Bundesamt für Umwelt, Bern, Schweiz.

2935

E-mail: rainer.goetzgoetz@web.de
FEB/ Vol 21/ No 10/ 2012 – pages 2929 – 2935

© by PSP Volume 21 – No 10. 2012

Fresenius Environmental Bulletin

POLYPHENOL OXIDASE ACTIVITIES IN
EMBRYO AND ENDOSPERM OF WHEAT SEEDS
DURING GERMINATION UNDER BORON STRESS
Hülya Ölçer* and Berna Mecit
Dumlupınar University, Faculty of Science and Arts, Department of Biology, Kütahya, Turkey.

ABSTRACT
Polyphenol oxidases (PPOs) are active during germination of seeds in which the activites may be effected by
environmental factors. This study was conducted to determine the effect of boron (B), an important nutrient in phenolic metabolism, on PPOs in embryo and endosperm fractions of two wheat varieties during germination. Seeds were
subjected to various concentration of B for 24 h. The germination percentage of both wheat cultivars was not affected by boron concentrations up to 50 mM, and decreased by 100 mM and 150 mM. The lower boron concentrations (0, 0.1 and 50 mM) increased PPOs activity at
the beginning of germination up to 6- 9 h whereas its
excess levels (100 and 150 mM) decreased PPOs in embryo and endosperm during germination of both cultivars.
Dopa and caffeic acid oxidasing PPOs had more activity
in embryo and endosperm of drought resistant genotype
Kıraç-66 in all treatments as compared with those in susceptible Sultan-95. The PPO activities in both embryo and
endosperm tissues of Kıraç-66 seeds showed a similar
occurrence, but the activities in embryos of Sultan-95 seeds
were higher than endosperm. The findings suggest that
wheat seeds having high PPO activity during germination
in both embryo and endosperm fractions may tolerate B
stress better than the seeds exhibiting low PPO activity.

KEY WORDS:
Boron, germination, polyphenol oxidase, stress, wheat

quite variable among plants and it is reported to be 10 to
50 mg L-1 ( 0.16 to 0.82 mM) [3]. Monocots are usually
insensetive to B deficieny during germination while dicots
have higher external B requirement as compared to cereals
at vegetative stage [4, 5]. For example low B treatment
(0.03 µM) in rice or high be treatment (3 mM) in tomato
had no effect on seed germination [6, 7].
It is well known that B is one of the nutrients responsible for the changes in concentration and metabolism of
phenolic compunds in different plant parts or tissues [8, 9].
Boron deficiency causes an accumulation of phenolics [10,
11], and an increase in polyphenoloxidase (PPOs) activity
[12-14]. Polyphenol oxidases occur in all plants with very
different activities and specificities, and play roles in
browning reactions and defense system in plants [15, 16].
They catalyze the hydroxylation of monophenols to odihydroxyphenols (E.C.1.14.18.1) and the oxidation of odihydroxyphenols to o-quinones (E.C. 1.10.3.2), which
play an important role in respiratory chain is one of a number of oxidation systems reported in seeds and seedlings
[17, 18]. The presence of PPOs in seeds is known and in
wheat either determined based on whole seed assay to
eliminate high PPO wheat breeding lines [19, 20] or in bran
fractions [21]. However PPOs are also active during germination [16] and their induction might change in different
seed fractions under environmental stresses. Therefore
this study was conducted in order to determine the activities of PPO in embryo and endosperm tissues of drought
resistant and susceptible wheat cultivars during germination and to investigate possible changes that might occur
under B stress.

1 INTRODUCTION

2 MATERIALS AND METHODS

Boron (B) is an essential micronutrient required for
growth of plants and its deficient or toxic levels in soil
and irrigation water affects the productivity of cultivated
crops in many parts of the world [1, 2]. Boron requirement during germination and seedling establishment is
* Corresponding author

2.1 Seed Germination

Wheat cultivars used in this study, Triticum aestivum
L. cv. Kıraç-66 (drought resistant) and cv. Sultan-95 (susceptible) were obtained from Anadolu Research Enstitute,
Eskişehir, Turkey. Seeds were surface-sterilized with 1% of
sodium hypochloride for 10 min and washed three times
with distilled water. Then the seeds were imbibed in dis-
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tilled water for 3 h. Seeds were sown in 9 cm Petri dishes
lined by two layers of Whatman No 1 filter paper containing 12 mL of distilled water (accepted as 0 mM B) or 0.1
– 150 mM H3BO3 solutions prepared in distilled water.
Petri dishes were left in an incubator at 25 ºC in continuous dark. Germination percentages were determined at intervals of 3 h up to 24 h. Seeds were separated into embryo
and endosperm fractions after 3 h of imbibition in distilled
water (0 h) and on 3 h intervals up to 24 h for 0, 0.1, 50,
100 and 150 mM B treatments, and all the samples were
stored at –85 °C until further analyses.
2.2 Enzyme extraction and determination of PPO activities

Seed fractions - embryo and endosperm - tissues were
ground in ten volumes of chilled 0.1 mM phosphate buffer
(pH 6.5). The homogenate was centrifuged at 18,000 rpm
at 4 °C for 15 min. The supernatant was used for determination of the enzyme activities.
Polyphenol oxidase activities were determined by using four substrates, namely catechol (pyrocatechol), caffeic
acid (3,4-dihydoxycinnamic acid), L-Dopa (3,4-dihydroxyphenylalanine) and tyrosine (3,4-hydroxyphenylalanine).
Tyrosine (2.5 mM) and each of the other substrates (10 mM)
were preapared in 0.1 mM (pH 6.5) phosphate buffer solution. The reaction mixture containing 1 mL of substrate and
50 µL of crude extract was incubated at 30 °C for 3 min
or 3 h in the case of tyrosine. The absorbance was measured by a spectrophotometer at 490 nm for o-diphenolase
activity using catechol, caffeic acid or dopa and at 430 nm
for monophenolase activity using tyrosine. The mixture
without crude extract served as a blank. The absorbance
values at the mentioned wavelength were expressed as
PPO activity units per g seed fraction per minute (A 490 or
A430 g tissue –1 min-1) [22].
3 RESULTS AND DISCUSSION
3.1 Germination

Germination of wheat seeds was delayed and 15% to
20% reduced by B (100 or 150 mM) at 24 h (Fig. 1). The
delay in germination was greater in cultivar Sultan-95
compared with Kıraç-66. A decline in seed germination
percentage at elevated levels of B as indicated in the present study are lines with the previous reports on pea (93
µM B) [23], maize (10-20 mM B) [24, 25] and mung bean
(15-20 ppm B) [26]. Boron requirement of graminaceous
plants are higher in the reproductive stage than vegetative
stage and they can tolerate B deficieny in the early stage
of growth as compared to dicots [4, 6]. Because of high B
requirement during seed development, monocots may also
tolerate higher B concentrations more than dicots during
germination. Interestingly, it has been recently shown that
B stored in the endosperm of rice seeds contributes significantly to the growth of rice seedlings when external B
supply is limited [6].

100

Kýraç-66

80
60
40
Germination (%)
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12
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Time (h)
FIGURE 1 - Time course of Triticum aesticum seed germination in
cv. Kıraç-66 and cv. Sultan-95. Seeds were germinated in solution
containing 0 mM (z), 0.1 mM (), 50 mM ({), 100 mM ( ) and 150
mM (U) B at 25 °C in continuous dark. Data represents the mean ±
SD √n where n= 150 - 216 seed for each point.
3.2 Polyhenol oxidase activities

The patterns of change in PPO activities were determined in embryo and endosperm tissues of both wheat
cultivars treated with 0, 0.1, 50, 100 and 150 mM B. The
PPO activity of Kıraç-66 embryos showed no significant
changes both during the experimental period and in all B
treatments when catechol was used as substrate (Fig. 2
A). The patterns of change in PPO activity measured
using dopa was similar in embryos of Kıraç-66 seeds
treated with 0 and 0.1 mM B during a 24 h period. In
addition, between 0 h and 6 h, PPO activity was found to
be increased and after a sharp decline at 6 h it was not
shown an important change up to 24 h (Fig. 2 B). The
changes in PPO activity measured using caffeic acid were
similar to dopa for all B treatments (Fig. 2 C). However
the activity of PPO oxidizing tyrosine in Kıraç-66 embryos was increased between 0 h and 9 h then showed a
decline in all B treatments (Fig. 2 D).
The activities of PPO in the endosperm tissue of Kıraç66 showed a similar pattern as in the embriyonic tissue.
The activities in the endosperm of 0, 0.1 and 50 mM B
treated seeds, which measured using dopa, caffeic acid
and tyrosine as subtrates, began to increase markedly after
0 h, and reached to a maximum at 6 h, then decreased
with time to the 0 h level (Fig. 2 F, G, H). There was no
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FIGURE 2 - Time course of PPO activities in embryo and endosperm of Triticum aesticum cv. Kıraç-66 seeds during and following germination. Seeds treated with solution containing 0 mM (z), 0.1 mM (), 50 mM ({), 100 mM ( ) and 150 mM (U) B for 24 h. The activities were
determined using catechol (A, E), dopa (B, F), caffeic acid (C, G) and tyrosine (D, H) as indicated in the figure. Vertical bars represent standard error of means of three independent experiments.

change in PPO activity of endosperm when catechol used
as substrate in all B treatments (Fig. 2 E).
The PPO activities in the embriyo and endosperm tissues of Sultan-95 seeds were generally lower than those
of Kıraç-66 seeds for all B treatments (Fig. 3). The activities in embryo, which were measured using catechol, dopa
and caffeic acid, increased with time and reached a maximum at 9 h then decreased in 0 and 0.1 mM B treated
seeds (Fig. 3 A, B, C). On the other hand, there were no

significant changes in PPO activity of embryos both during
the experimental period and in all B treatments when tyrosine was used as substrate (Fig. 3D). However in endosperm tissues the activity of PPO oxidizing tyrosine was
increased between 0 h to 9 h in 0, 0.1 and 50 mM B treatments and there were no changes in diphenolase activity.
The present results showed that the activities with diphenolic substrates were higher than monophenolic subtrate (tyrosine) in both embryo and endosperm tissues of

2938

© by PSP Volume 21 – No 10. 2012

Fresenius Environmental Bulletin

both varietes. Furthermore, dopa and caffeic acid oxidasing PPO had more activity in embryo and endosperm of
drought resistant genotype Kıraç-66 in all treatments as
compared with those in susceptible Sultan-95. The PPO
activities in both embryo and endosperm tissues of Kıraç-

66 seeds showed a similar occurrence, but the PPO activities in embryos of Sultan-95 seeds were higher than endosperm. Also increases in PPO activity during germination had the highest level at 6 h of treatments in Kıraç-66
seeds while it was around 9 h in Sultan- 95 seeds.
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FIGURE 3 - Time course of PPO activities in embryo and endosperm of Triticum aesticum cv. Sultan-95 seeds during and following germination. Seeds treated with solution containing 0 mM (z), 0.1 mM (), 50 mM ({), 100 mM ( ) and 150 mM (U) B for 24 h. The activities were
determined using catechol (A, E), dopa (B, F), caffeic acid (C, G) and tyrosine (D, H) as indicated in the figure. Vertical bars represent standard error of means of three independent experiments.

2939

© by PSP Volume 21 – No 10. 2012

Fresenius Environmental Bulletin

A general increase in PPO activity during germination
is usually suggested to be a defensive response against
wounding of the seed tissues by radicle penetration and
reported in varies plants such as wheat [27], maize [25],
cicer milkvetch [28], barley [29]. The activity also shown
to be increased during germination of primed amaranth
seeds [30]. However PPO activities during germination and
post germination in testa or endosperm part of seeds are
higher than embryo in some species or vise versa or not
present. A study on cicer milkvetch (Astragalus cicer L.)
seeds, which is a legume species, showed that the initially
high activity of the testa related PPO decreased during the
first days after germination. However the activity of seedling related PPO became detectable again in seven days
after the onset of germination being the highest in roots,
than cotlyledons and hypocotly [28]. Recently it has been
shown that germination of barley up to 12 h decreased the
PPO activity in milling fractions (whole flour, bran and refined flour) however the PPO activity increased upon germination for 24 h. The level of decrease or increase in the
activity was differed among eight barley cultivars [29].
Kocaçalışkan et al. [31, 32] reported higher PPO activity in
embryos than reserve tissues of six plant species seeds
during germination while Erdal et al. [33] reported high
PPO activity in the endosperm of maize. On the other hand
PPO was not activated in germinated sorghum grains [34].
Although PPOs are present in seeds it is not possible to
generalize their function during germination because of
different activation statues in seed fractions.

and endosperm fractions may tolerate excess B stress
better than seeds exhibiting low PPO activity. In contrary
plant breeders wish to select germplasm and cultivars
with low PPO activities to improve product clour as stated
in previous studies. In future osmopriming studies using
B might be useful for reduction of PPOs in seeds.

However, excess levels of B (100 and 150 mM) decreased or unchanged PPO activities in germinating and
germinated wheat seeds (Fig. 2, 3). Similarly high concentrations of B decreased PPO activity in the roots of
Linum usitatissimum L. [35] and in maize seeds [25]. In
tomato, high levels of B supply decreased PPO activity in
roots of Josefina cv. whereas increased in roots of Kosaco
cv. [36]. In some studies, PPO activity increases by B deficiency in leaves of sunflower [12], tobacco [10] and in
roots of turnip [14]. However it has been also shown that
both low and excess B decreases the PPO activity in
leaves of gram [11]. Unlike B deficiency, there are not
many reports showing the effect of excess B on PPOs. In
studies with mineral nutrient N and Cu show that excess
N in green bean [37] and excess Cu in sugar beet [38]
decreases PPO activity in contrary to wheat seedlings
under NaCl stress [39] and olives under excess Mn [40].

4 CONCLUSION
There is substantial variation in PPO activity among
plant species, cultivars and tissues even with seed size [27].
A study on different wheat genotypes showed that growing
location and population also had an effect on grain PPO
activity [41]. As it has been shown in this study, wheat
cultivars differ in seed PPO activity and seeds which maintain high PPO activity during germination in both embryo
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ABSTRACT
The overuse of drugs in aquaculture and the expansion of aquaculture have resulted in water quality deterioration. Because it was believed that microbial preparation
could improve water quality in aquaculture, a new one
was developed by using 8 strains (Saccharomyces cerevisiae, Bacillus natto, Bacillus subtilis, Bacillus licheniformis, Rhodopseudomonas palustris, Lactobacillus casei,
Streptococcus faecalis and Candida utilis). The cell nutrients of this new microbial preparation and the change of
water quality parameters after applying this preparation were
assessed. The results show that the new microbial preparation was rich in nutrition, and could increase dissolved oxygen but reduce chemical oxygen demand and pollutants,
such as ammonia nitrogen, nitrite nitrogen, nitrate nitrogen
and sulfide in rearing water. The existing research results
suggest that the new microbial preparation could be a useful agent for water management in aquaculture.

KEYWORDS:
aquaculture; microbial preparation; water quality

treat eel, which reduced the mortality caused by Edwardsiella sp. Since then, alive microbial preparation has gained
more and more attention due to its safe, non-toxic and environment-friendly nature. Application of live microbial
preparations has become a hot field in controlling aquaculture pollution and improving aquatic products quality. The
main roles of microbial preparations in aquaculture were to
improve water quality and prevent diseases. The microbial
preparations in aquaculture could decompose and convert
organic matter in water; thus, they could improve water
quality and maintain a healthy aquaculture environment.
Fang et al. [2] approved that live microbial preparations
could improve rearing water quality in saline-alkali land,
and effectively reduce chemical oxygen demand but increase shrimp yield. Gunther et al. [3] found that a live
microbial preparation of Bacillus subtilis could improve the
rearing water quality and inhibit pathogens. It has been
reported that use of Bacillus sp. improved growth rates
and health status of juvenile Penaeus monodon, and reduced the pathogenic vibrios in water [4].
In this study, a microbial preparation was developed by
using Bacillus licheniformis ZHU-1 isolated by our laboratory, and 7 other strains [5]. The new microbial preparation
was proven to be effective in experiments about improving
water quality. Thus, this preparation was recommended for
aquacultural use after being further improved.

1 INTRODUCTION
Water quality deterioration is one of the urgent problems in aquaculture industry, which is not only directly
harmful to aquatic animals, but also introduces a variety of
diseases and enlarges its hazards. With the expansion and
development of aquaculture, water source shortage and
water source pollution have greatly restricted the frequency
and quantity of water exchange. Application of chemicals,
such as antibiotics, could prevent diseases; however, it
would lead to new troubles, such as antibiotics resistance,
drug contamination, drug residues and ecosystem injury
etc. Kozasa [1] firstly applied microbial preparation in an
aquaculture field in 1986, and Bacillus toyoi was used to
* Corresponding author

2 MATERIALS AND METHODS
2.1 Bacteria strains

Rhodopseudomonas palustris, Lactobacillus casei,
Streptococcus faecalis and Candida utilis were obtained
from Chinese Academy of Agricultural Sciences; Saccharomyces cerevisiae, Bacillus natto, Bacillus subtilis and Bacillus licheniformis were isolated and preserved in our laboratory.
2.2 Chemicals

Potassium iodide, mercuric iodide, potassium dichromate, sodium thiosulfate, iodine, soluble starch and ascorbic acid were of analytical reagent grade and purchased

2942

© by PSP Volume 21 – No 10. 2012

Fresenius Environmental Bulletin

from Sinopharm Chemical Reagent Co., Ltd. Ammonium
chloride (≥99.5%) was purchased from Sigma-Aldrich. All
other chemicals used were of analytical reagent grade and
commercially available.
2.3 Instruments

UV-Vis spectrophotometer (Shimadzu UV-2550, Japan), Shaking incubator (QHZ-98B, China), drying oven
(DHG-9149A, China), vacuum freeze dryer (Christ ALPHA 2-4 LSC, Germany), super-clean worktable (ESCO
SCV-4A1, Singapore), centrifuge (Sigma 3K30, Germany),
pH meter (Mettler Toledo S20K, Switzerland) and dissolved oxygen meter (Mettler Toledo SG6, Switzerland)
were used for measurement.
2.4 Preparation of microbial preparation
2.4.1 Fermentation of strains

At first, all strains were activated under appropriate
culture conditions and inoculated in the following media,
separately for expanding culture until logarithmic phase.
OD600 was adjusted to 1.5 (if OD600 > 1.5, medium was
diluted to 1.5; if OD600 < 1.5, medium was centrifuged
and part of the supernatant was discarded, and then adjusted to OD600=1.5), and finally, equal volumes of each
strain medium were blended for further drying.
Medium: beef extract 2.0 g, peptone 4.0 g, yeast extract 1.0 g, peeled potatoes 100.0 g, glucose 12.0 g, NaCl
2.0 g, ammonium acetate 2.0 g, KH2PO4 0.5 g, MgSO4•7H2O
0.2 g, FeSO4•7H2O 0.01 g, water 1000.0 ml, pH 7.0, autoclaved at 121 °C for 30 min.
2.4.2 Freeze-drying

The above blended strain medium was centrifuged at
5000 rpm and 4 °C for 10 min, the supernatant was discarded, lyoprotectant (saline solution containing 10% skim
milk powder and 8% glycerol) was added, and then mixed
to bacterial suspension. The suspension was pre-frozen at
-76 oC for 2 h, and the frozen samples were freeze-dried
in a vacuum freeze dryer until moisture content ≤3%.

2.6 Effect of the microbial preparation on purifying aquaculture water

The simulated aquaculture pond in this study was 1 ×
1 × 1 m (L W H) with about 10 cm thick pond sludge on
the bottom and 70 cm deep rearing water. 15 crucian carps
(220-250 g) were stocked in each simulated pond and the
water temperature was kept within 20-25 °C. One 100-W
incandescent lamp was installed above each pond as supplement of natural light (lamp was turned off at 7:00 pm
until 7:00 am of next day). Four groups of simulated
ponds were set, and each group had three repeats. Group 1
was a control group without addition of microbial preparation, and groups 2, 3 and 4 were the test groups with
addition of 2, 4 and 6 mg/L microbial preparation, respectively. Rearing water samples were collected every 3 days
and pH, dissolved oxygen, chemical oxygen demand
(COD), ammonia nitrogen, nitrite nitrogen, nitrate nitrogen and sulfide contents were determined according to the
methods described by [7, 8], and test lasted 15 days in
order to investigate the dynamic changes of water quality.
3 RESULTS AND DISCUSSION
3.1 Nutrition content of bacterial cells in microbial preparation

The 8 strains in this study were feed-grade microorganisms allowed by Notice No. 318 (2005) of Agriculture
Ministry of China, which guarantees that the microbial
preparation was beneficial to cultured animals. It was
shown (Table 1) that the crude protein content of microbes in microbial preparation was higher than that of
soy; crude fat and crude fiber content were close to those
of corn, suggesting that the microbial preparation was rich
in nutritives and beneficial to cultured animals.
TABLE 1 - Nutrition content of the microbes in microbial preparation (%).

Microbe cells
Corn (for control)
Soy (for control)

Crude protein
42.9
9.6
39.3

Crude fat
4.4
4.0
17.9

Crude fiber
2.9
2.2
7.9

2.5 Determination of nutrition content of bacterial cells in
microbial preparation

3.2 Effect of microbial preparation on pH of water

The strain mixture from 2.4.1 was centrifuged at
5000 rpm and 4 oC for 10 min, and the supernatant was
discarded; distilled water equal to volume of the discarded
supernatant was added, the strains liquid was mixed and
centrifuged at 5000 rpm for 10 min, and the supernatant
was discarded again. The process was repeated twice in
order to completely discard culture medium. After centrifugation and washing, the microbial cells were collected and dried at 80 °C for 1 h, and kept in a calorstat at
105 °C for 3 h, and then the dried microbial cells were
quickly cooled in a desiccator for use. The weight of the
dried microbial cells was determined accurately, crude
protein, crude fat and crude fiber, etc. were determined
according to the method described by Zhang [6].

The effect of microbial preparation on pH of aquacultural water is shown in Fig. 1. Application of different
concentrations of microbial preparation did not have significant effect on pH value (P>0.05). In addition, there
were also no significant differences between the test
group and the control (P>0.05). During the first 15 days,
pH values of the water were within 7.68-7.89, which was
suitable for most aquacultures (pH 7.0-8.5 is safe for fish
to live). The results indicated that application of the microbial preparation did not affect pH under the experimental conditions. But the actual culture cycle was much more
than 15 days; whether microbial preparation has effects on
pH in a long-term period, remains to be further investigated.
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was speculated that there were two reasons for this result;
the dynamic change of the strains proportion (especially the
aerobic/anaerobic microbes ratio) in community, which
was caused by microbial competition or various external
factors, may be the most important reason [9]. In addition,
the aging of the microbes in the post-stage may be another
reason. Thus, how to maintain the stability and persistence of microbial properties was also a problem for further research.
3.4 Effect of microbial preparation on chemical oxygen demand (COD) in aquaculture water

FIGURE 1 - Effect of the different concentrations of microbial
preparation on pH.

FIGURE 2 - Effect of the different concentrations of microbial
preparation on dissolved oxygen.

Effect of the microbial preparation on COD is shown
in Fig. 3. In contrast to COD increase of the control, COD
of the test groups declined significantly until 9th-12th day,
but then rose again back. The significant differences between test group and control (P<0.01) indicated that the
microbial preparation was effective to control COD. Some
strains in the microbial preparation could decompose organic matter and grow by utilizing energy and nutrients released from the decomposed organic matters, which would
reduce COD in water. There was a small fluctuation about
decrement of COD when the concentration of microbial
preparation increased from 2 to 6 mg/L, but statistical
results showed that the difference was not significant
(P>0.05). The increase of COD in the test group at the 9th12th day may be attributed to aging and death of microorganisms at a later stage; the body of dead bacteria could
directly lead to COD rise. In addition, if the death rate of
microorganisms was greater than reproduction rate, this
would result in the decline of degradation ability. Therefore, it was necessary to explore the duration of microbial
preparation in a specific environment and the dynamic
changes of the number of living microbes and proportion
of main strains.

3.3 Effect of microbial preparation on dissolved oxygen in
aquacultural water

Effect of microbial preparation on dissolved oxygen in
water is shown in Fig. 2. Application of microbial preparation led to a substantial increase of dissolved oxygen content in water. For example, the dissolved oxygen content
of test group (group 3) was 6.18 mg/L on the ninth day
after applying microbial preparation, while that of control
group was only 4.77 mg/L. The statistical results showed
that the dissolved oxygen content in test group increased
significantly (P <0.01), suggesting that application of microbial preparation could increase dissolved oxygen content in water. The increase of dissolved oxygen content
was significantly higher with addition of 4 or 6 mg/L
microbial preparation than that with addition of 2 mg/L
microbial preparation. However, the dissolved oxygen
content did not change significantly when dosage of
microbial preparation increased from 4 to 6 mg/L, suggesting that dosage of 4 mg/L was enough for the microbial preparation to play its full role. The dissolved oxygen
content continued to increase until the ninth day after
applying microbial preparation, then began to decline. It

FIGURE 3 - Effect of the different concentrations of microbial
preparation in water on chemical oxygen demand (COD).
3.5 Effect of microbial preparation on nitrite nitrogen in
aquaculture water

Effect of the microbial preparation on nitrite nitrogen
is shown in Fig. 4. In contrast to the sharp increase of

2944

© by PSP Volume 21 – No 10. 2012

Fresenius Environmental Bulletin

nitrite nitrogen in the control (about 2-fold increase within
15 days), nitrite nitrogen in the test groups maintained at
low levels. The significant differences between the test
groups and the control (P<0.01) suggested that the microbial preparation could play a certain role in controlling
nitrite nitrogen content in water. When concentration of
the microbial preparation increased from 2 to 6 mg/L,
there were no significant differences on nitrite nitrogen
content between different test groups (P>0.05). It was
reported that some Bacillus species and photosynthetic
bacteria could convert nitrite in rearing water [10, 11].
Bacillus subtilis, Bacillus licheniformis and Rhodopseudomonas palustris in the microbial preparation may be
capable of reducing nitrites in water. In addition, it was
speculated that some natural strains were capable of reducing the nitrite-nitrogen as well. The original microbial
ecosystem was changed after addition of the microbial
preparation; some non-dominant microbes in the natural
environment may become dominant strains and play their
full roles.

ammonia nitrogen was at a lower level, which would be
beneficial to the normal growth of fish or other cultured
animals. The natural regulation of ammonia nitrogen in
water was mostly conducted by microbial nitrification,
which converts ammonia nitrogen to nitrate nitrogen, and
then, nitrate nitrogen was further converted to N2 through
bacterial denitrification. Some bacteria could directly utilize ammonia nitrogen as a nitrogen source for growth and
reproduction, and result in ammonia nitrogen decrease [12,
13]. Thus, it was of great significance to rationally introduce nitrifying bacteria and denitrifying bacteria in aquaculture water. In addition, because nitrifying and denitrifying bacteria widely exist in natural environment, it was
also an effective way for ammonia removal that these
microbes had the proper conditions for playing their role.

FIGURE 5 - Effect of the different concentrations of microbial
preparation in water on ammonia nitrogen.

FIGURE 4 - Effect of the different concentrations of microbial
preparation in water on nitrite nitrogen.
3.6 Effect of microbial preparation on ammonia nitrogen in
aquaculture water

The effect of microbial preparation on ammonia nitrogen in water is shown in Fig. 5. It could be seen that, in
contrast to the substantial increase of ammonia nitrogen
content in the control group (20% within 15 days), the
ammonia nitrogen of the test groups decreased dramatically. The significant differences between test group and
control (P<0.01) suggested that the microbial preparation
was effective to decrease ammonia nitrogen content in
water. There were no significant differences on the decrease of ammonia nitrogen content between the different
test groups. In addition, ammonia nitrogen in test group
did not decrease immediately during the first 3 days, and
it is possible that NH4-N eliminating strains need to adapt
to new environment. The strains grew and reproduced fully
after a short period, and played an important role in eliminating ammonia nitrogen in water. The strains further
adapted to the environment and formed a relatively stable
equilibrium system in the post stage of test; finally, the

3.7 Effect of microbial preparation on nitrate nitrogen in
aquaculture water

The effect of microbial preparation on nitrate nitrogen is shown in Fig. 6. In contrast to the increase of the
nitrate nitrogen content in the control (approximately 28%
within 15 days), the nitrate nitrogen of the test groups
decreased approximately by 25% within 15 days. There
were significant differences in nitrate nitrogen content
between the test groups and control (P<0.01), suggesting
that the microbial preparation could play a role in the
decrease of nitrate nitrogen. Some strains in the microbial
preparation may be involved in the regulation of nitrate
nitrogen in water. The strains in the preparation gradually
adapted themselves to natural environment after applying
microbial preparation, and formed a relatively stable balance system, eventually regulating nitrate nitrogen to a low
lever. To a great extent, the nitrate/nitrite nitrogen in water
was regulated by microbial denitrification, which could
convert nitrate or nitrite to N2, and ultimately lead to nitrogen removal. In addition, some bacteria could utilize nitrate
in a completely different way; they could use nitrate as
nitrogen source and convert it to an integral part of themselves, which was known as the assimilatory nitrate reduction: NO3- → NH4+ → organic nitrogen [14, 15].
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4 CONCLUSION
In this study, a microbial preparation was developed,
and its nutritional composition and effect on water quality
improvement were evaluated. The results show that:
-

the microbial preparation was rich in nutrition and
could supply nutrients to aquatic animals;

-

the microbial preparation could improve water quality
by increasing the dissolved oxygen and significantly
reduce pollutants, such as ammonia nitrogen, nitrite
nitrogen and sulfide;

-

Based on results of this study and literature data [20],
it was speculated that the selected strains in this microbial preparation could play a role in aquaculture,
and help to improve ecological environment and
aquatic products quality. Although the initial
achievement has been obtained in this study, there
were still some problems for further exploration, such
as:

-

The proportion of strains in microbial preparation
needs further to be optimized.

-

The optimal environmental conditions for microbial
preparation need further to be evaluated.

-

The feasibility of introducing new strains into microbial preparation for meeting specific needs.

-

The performance stability of microbial preparation.

-

The relationships of various strains in microbial
preparation, and interaction between artificial microorganisms in microbial preparation and aboriginal microorganisms in natural environment.

FIGURE 6 - Effect of the different concentrations of microbial
preparation in water on nitrate nitrogen.
3.8 Effect of microbial preparation on sulfide in aquaculture
water

The effect of microbial preparation on sulfide in water
is shown in Fig. 7. It can be seen that the sulfide concentration of the control group rose from 0.186 to 0.265 mg/L
after 15 days, increasing approximately by 42%. Application of microbial preparation could result in the decrease
of sulfide in water (decrease about 52-54% after 15 days).
There were significant difference between the test groups
and control (P<0.01), suggesting that the microbial preparation could play a role in decreasing sulfide in water. It
had been reported that some strains (Bacillus subtilis,
Rhodopseudomonas palustris) could decompose H2S [16].
The sulfide concentration was reduced to a lower level
after applying microbial preparation; it was mostly attributed to photosynthetic bacteria and sulfur bacteria. These
bacteria have a sulfide oxidation system that could oxidize sulfide to sulfur which was stored in the cells, or
directly oxidized to H2SO4 [17-19].
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HIGH ENRICHMENT OF PRION PROTEIN-PrPScFROM BSE INFECTED BRAIN HOMOGENATES BY
ADSORPTIVE BUBBLE SEPARATION (ABS)
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ABSTRACT
A new enrichment method for prion protein (PrPSc)
from cattle brain on the basis of adsorptive bubble separation(ABS) using sodium dodecylsulfate (SDS) as surface
active component was developed. The obtained results
demonstrate, that prion protein (PrPSc) could be enriched 140 fold in the foam phase and determinate therefore very sensitive with officially accreditated rapid assay
tests. By this way very weak contaminated brains, which
lead to negative results in the routine analysis, could be
positively tested.

KEYWORDS:
BSE, prions, adsorptive bubble separation, ELISA

1 INTRODUCTION
Transmissible spongiform encephalopathies (TSEs,
also known as prion diseases) are neurodegenerative diseases in humans and animals that can lead to decease [1].
These disorders include the bovine spongiform encephalopathy (BSE) pathogen for cattle and the CreutzfeldtJakob disease (CJD) for human, with increase in incidences
of mortality CJD variants during the years 1994–2005 as
has been revealed in a recent study [2]. To combat these
fatal diseases, it is imperative to firstly cease the spread of
infectious materials, and secondly to develop diagnostic
methods that are sensitive enough to detect cases of illness. Currently acknowledged methods for the detection
of prion diseases comprise the bioassay, histology examinations and several rapid tests kits available on the market
[3-6]. The bioassay involves animal experiments as the
only possibility to directly substantiate the infectivity of
TSE corrupt materials. The nature of the cause of TSE is
* Corresponding author

well known, the causal correlation, however, between the
infectious prion protein (PrPSc) and the infectivity is not
yet established in details. This correlation can only be elucidated through direct comparison of immunologically and
molecularly evaluation methods and the bioassay. Therefore, animal experiments are the only way to evaluate the
infectivity of prion proteins occurring in different forms
and amounts. Moreover, the prion protein possesses a
minimal infection dose, which necessarily must not lie
above the detection limit of a certain evaluation test.
Animal experiments, however, demand high expenditures
of time and materials, and furthermore, the validity of the
results obtained is restricted as the species barrier (in general mice are used as test animals) plays an important role
during the transmission of TSE [7].
In accordance with O.I.E. Paris, histology examinations (hepatic encephalopathy staining or immunohistochemistry) must be conducted in case of positive or inconclusive results and, thus, they serve to confirm BSE
suspicion, but cannot disprove it, because if the result is
negative, an infection with BSE cannot be expelled for
certain. Several rapid tests have been acknowledged through
European parliament regulations (EC No. 999/2001 and EG
No. 260/2005). They are based on proving the infectious
prion protein in the Obex region of the bovine’s brain
stem [8]. This tissue, however, cannot be extracted within
the frame of a biopsy and, therefore, these tests can only
be performed post mortem. Recent research in TSE diagnostics focuses on the development of reliable ante mortem tests, which should enable the diagnosis of BSE in
tissues of body fluids extracted within the frame of a biopsy,
or simply in excreted body fluids. In such a case, there
would be no need anymore to slaughter animals. Useful
textures for the analysis ante mortem are on first hand
blood, liquor, and urine. Despite that a reliable detection of
the Prion protein by currently available diagnostic methods
is not possible due to lack of sensitivity, the transmission of
TSE via blood and liquor could already be proven by
bioassay [9]. Therefore, the finding that infectious prions
exist in liquids assumes that once a proof of PrPSc is sensitive enough, a diagnosis ante mortem would be possible.
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Herein we show that by using adsorptive bubble separation (ABS) [10-15], the prion pathogen can be separated
from infected brain homogenate in sufficient large magnitude so that an applied BSE test provides positive results,
as in contrast to a negative result determined before. Making use of this technique was encouraged by the fact that
especially substances contained in liquids with low concentrations can be enriched very efficiently. In principle
adsorptive bubble separation works by inducing gas into a
liquid so that bubbles are formed above the liquid pool.
On these bubbles, substances attach at the interface between liquid and bubble-surface and get enriched while
ascending along the fractionation column. After the process, the foam liquidizes back to the “foamate”, containing
the substances of interest in highly concentrated form.
2 MATERIALS AND METHODS
2.1 Materials

BSE-positive cattle brain, brainstem samples and
cerebrospinal solutions were obtained from the Chair for
Animal Hygiene, Technical University of Munich, 85350
Freising-Weihenstephan, Germany. SDS, Merck-Germany.
Glasfrit, Robu-Hattert-Germany. Phosphate Buffered
Saline, Research Center for Food Quality, 85350 Freising-Germany. TSE-analysis, ELISA for Prion proteins,
Roboscreen Betaprion BSE-EIA test, Recombinate bovine
prion protein (PrPc), Roboscreen-Leipzig-Germany. For
ABS-experiments a special apparatus were used (Scheme 1).
For safety reasons, all experiments were done in a L3-typ
laboratory. Quantifications were accomplished by the
ELISA-Roboscreen-prescriptions.

2.2 Methods

A sterile environment for the ABS- set-up has been
created as shown in Scheme 1. Quantification of prions by
ELISA occurred according to protocols provided with the
test kits (Roboscreen® BetaPrion® BSE EIA, purchased
from Roboscreen, Leipzig, Germany). Due to the very low
amounts of the brain tissue available, the protocols were
modified at those parts where aliquots were used. Sodium
dodecyl sulfate (SDS) was used in lowest amounts in order
to enhance foaming (high amounts led to a worse signal
during ELISA and to impaired enrichment factors). From
the initial solution, several foamates were obtained with
each of them used for quantification. Nitrogen was used
as the foaming gas. Its flow rate was adjusted so that at
first the foam was built up visually and then ascended the
column until a constant height was reached. Fractionation
then occurred stationary for about 20 to 30 min before the
foamate was collected. Between collections and the follow up foam fraction experiments, the foam collapsed
entirely so that the upcoming trial could be considered new
and that the remaining pulp served as the initial solution.
Thereby, foamate fractions were obtained successively and
are stated F1, F2, etc. The contents were determined photometrically after the ELISA test. The secondary antibody
of the Sandwich-ELISA was bound to the enzyme horseradish peroxidase, which catalyses the conversion of the
color free agent into to a colored compound. The obtained
amount of the colorant is directly proportional to the
PrPSc content and is determined through extinction. The
quantification was aided by calibration curves, which were
measured and which ascertained a linear measurement area.
An OD-value between 0.05 and 1 was used, lying within
the linear measurement area of both the photometer and
the ELISA.

SCHEME 1 - Sterile ABS set-up used to enrich the PrPSc from pathologic brain stem homogenate. The glass frit through which nitrogen was
led through had the porosity of 4. The column length measured 350 mm in height, and the arch for collecting the foamate, 50 mm. The ID of
all tubes (made of glass) was 18 mm. Fractionation trials with BSE positive materials were conducted in an L3 laboratory to minimize danger
of infection. Besides the fractionation unit, a gas washing vessel containing 4 M NaOH and a cold trap with liquid nitrogen (–196 °C) was
used to resublimate aerosol components that possibly occur in the gas flow and that could be released from the washing vessel. A laminarflow sterile bank was placed above the ABS- apparatus.

2949

© by PSP Volume 21 – No 10. 2012

Fresenius Environmental Bulletin

3 RESULTS AND DISCUSSION
Figure 1 shows the enrichment of PrPSc during adsorptive bubble separation of the initial solution blended
with different amounts of BSE positive brain homogenates.
The given ratios state the volumetric part of the pathologic
brain homogenate related to the initial. The foamates were
collected after 30 min foaming and after the final foamate
collection, respectively. The volume of the foamates analyzed with ELISA measured ca. 100 µL, and the sample
volumes from the initial ranged between 250 µL and 5.4 mL.
The PrPSc concentrations given in the diagrams refer to pure
and undigested brain homogenate, which has been assigned
the concentration of “1”. A real and objective quantification of PrPSc is not possible as the prion protein is not
available as a standard and, thus, it can only be worked
with a calibration curve related to a chosen sample.
For the first experiment, a solution consisting of
phosphate buffered saline (PBS) and 230 mg/L of SDS
was prepared and treated with 1/97 brain homogenate.
From the initial, 12 mL were used for foam fractionation.
It can be seen that the prion concentrations decrease in the
first three foamate fractions, while in the fourth fraction a
larger concentration is found compared to fraction 2 and 3.
The enrichment factors, however, increase significantly from
one fraction to the next.
Similar processed as before, it can be observed for the
1/161 fractionation that the PrPSc concentrations and the
enrichment factors increase from one fraction to the next,
obtained 30 min later. For the following fractionation with

1/309 brain homogenate, PBS and 230 mg/L of SDS were
added, and the initial solution was increased in volume up
to 25 ml, as a larger volume along with increased dilution
is needed for quantification. The enrichment factors and
absolute concentrations augmented in the first three foamate fractions.
For the last experiment in this series, 1/376 of native
brain homogenate was subjected to a mixture of PBS and
2.5 mg/mL of SDS. The volume of the initial was reduced
to 15 mL and each foamate was collected after 30 min. The
enrichment in the second fraction increased to such an
extent that no quantification was possible anymore. However, a least achieved enrichment factor can be stated, because at the OD-value of 0.05, which is the limit of the
linear photometric measurement area, the enrichment would
amount to 140, although the real enrichment factor must
be higher due to an OD-value below 0.05.
In terms of diagnosis in correlation with foam fractionation, the infectious PrPSc can be detected more sensitive by currently applied BSE tests than it was possible
until now without enrichment. This means that the pathological prion protein can be assessed positively which previously had been assessed negatively due to concentrations too low for the BSE test to be detected. The mixture
ratios of the blended pathological brainstem homogenates
were chosen so that according to an acknowledged BSE
test, it would be attested BSE negative. The OD-values
measured in the obtained foamates upon ABS are shown
in Figure 2.

FIGURE 1 - PrPSc concentrations in the initial and foamates, related to pure brain homogenate; 1/97 of the initial consists of PrPSc positive
brain homogenate and, respectively, 1/161, 1/309, and 1/376 for the other solutions. The enrichment factor (EF) is the quotient of the PrPSc
concentration in the foamate to this in the initial solution.
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diseased individuals [9]. The liqueur could be abstracted
in harmless amounts (mL range) within the frame of lumbal-, subokzipital-, or ventrikel punctuation, although the
total amount of available liquor may present an obstacle,
if insufficient amounts would be available.
The enrichment factor of more than 140, achieved by
ABS, creates new perspectives in the challenge of developing an ante mortem test to diagnose BSE in living individuals. Follow up experiments should be performed with
PrPSc infected liquids in combination with developing a
BSE test ante mortem.
FIGURE 2 - OD-values according to the respective content of PrPSc
during foam fractionation of a mixture of BSE positive and healthy
homogenates. BHmix is a diluted solution; the initial is a mixture of
BHmix and the buffer (PBS) and F1 to F5 are the successively
obtained foamate fractions.

For the first two fractions (F1 and F2), the OD-values
are within range at which the BSE test provides a negative
result. The OD-values of the next three fractions (F3 to
F5) lie above 0.2, which is the limit according to the BSE
tests, and, therefore, assume positive, or at least, equivocal results. It applies for the enrichment that the lower the
concentration of the pathological homogenate in the initial is, the higher is the enrichment factor . Furthermore,
the number of successively gained fractions affects positively the magnitude of EF once the PrPSc is strongly depleted from the initial marsh. It should be noted in this
respect that low concentrations refer to dilution in an aqueous solution and not to blending with healthy brain homogenate, as in this case, matrix compounds would affect negatively the enhanced enrich
4 FUTURE PERSPECTIVES
As matrices feasible for ABS can serve e.g. the urine.
It was demonstrated for mice with chronic nephritis that
the prion protein can be proven in this liquid [8]. BSE,
however, could not be determined in mice without nephritis, but it cannot be expelled that the prion reaches the
urine of healthy individuals in low concentrations. Foam
fractionation in this case would be a promising method, as
large volumes were available. The prion could further be
detected in milk of cows suffering from mastitis [16]. The
availability would be similarly favorable as for urine, although other ingredients may influence negatively the
enrichment. In blood serum, a low, and respectively in
buffy coat, a higher infectivity could be proven [17]. The
latter, therefore, is relevant for ABS after the matrix has
been homogenized. A dilution, most favorably with serum
containing PrPSc in low concentrations, could lead to a
diagnostically relevant enrichment.
The serum alone may also serve well the aim, if the
prion protein is contained in amounts significant enough
for foam fractionation. Cerebrospinal liquid, as the targeted matrix herein, has been attested with infectivity in
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ABSTRACT
The present study evaluated the physiological and
biochemical changes in two mustard cultivars (Brassica
juncea L.), Varuna and local Rohoni, under individual
and combined effects of Cd and Pb stress. Cd and Pb
affected most of the considered parameters, e.g. reduction
in shoot and root length, dry weight of shoot and root
which ultimately leads to decreased biomass content. Cd
and Pb stress induced oxidative stress leading to increase
in peroxidation of membrane lipids and electrolyte leakage. The interaction of Cd+Pb was found to be more harmful for the plant growth. Under high Cd+Pb (300 mg/kg
soil each) levels, a decrease in catalase (CAT, EC 1.11.1.6),
accompanied with increases in superoxide dismutase (SOD,
EC 1.15.1.1), ascorbate peroxidase (APX, EC 1.11.1.11) and
glutathione reductase (GR, EC 1.6.4.2), was observed detoxifying the negative effects of active oxygen species
(AOS). The proline content was also increased in both the
cultivars but the increase was more in Varuna than Rohini. At lower concentrations of Cd and Pb, protein content increased but decreased at higher levels. Maximum
decrease in chlorophyll content was observed in Rohini as
compared to Varuna cultivar.

KEYWORDS: AOS; Mustard; Physio-biochemical attributes;
Antioxidant enzymes

1 INTRODUCTION
Cadmium (Cd), toxic to humans, animals and plants,
is a widespread pollutant with a long biological half-life
[1]. It often competes with essential elements leading to
the blockage of enzymatic reactions which, in turn, ham* Corresponding author

pers the plant growth and development. Cd is easily taken
up by plant roots and can be loaded into the xylem for its
transport into aerial plant parts [2]. Excess of Cd negatively affects the plant metabolism due to the production
of active oxygen species (AOS) which, in turn, affect the
plant by (i) hampering uptake of nutrient elements [3], (ii)
changing nitrogen metabolism [4], (iii) disturbing chlorophyll metabolism and chloroplasts structure [5], (iv) damaging the photosynthetic apparatus, in particular the light
harvesting complex II and photosynthetic carbon metabolism [6], and (v) hampering water uptake [7]. Lipid peroxidation and alterations in the antioxidant system have
been related to Cd phytotoxicity [8]. The above parameters may thus be used as indicators of Cd phytotoxicity.
Lead (Pb) is one of the main sources of environmental pollution causing two types of unfavourable processes in biological systems. Firstly, lead inactivates several enzymes by binding with their SH-groups [9]. Secondly, Pb ions, similarly as those of other heavy metals,
can intensify the processes of AOS production leading to
oxidative stress [10]. Pb-induced oxidative stress disrupts
the normal functioning of the plant cell as many metabolic processes got affected, such as (i) oxidative phosphorylation [11], (ii) lower activity of nitrogenase in nodules of leguminous plants [12], (iii) inhibition of replication and transcription [13], (iv) inhibition of photosynthetic activity, lipid peroxidation, and DNA damage [14].
In extreme cases, when ROS level exceeds the capacity of cell defence mechanisms, structural and functional
damage takes place, leading to cell death [15]. Pb through
the food chain enters the body of humans and causes
health complications [16].
Plants are equipped with a wide variety of mechanisms to counteract the negative effects of ROS in cellular
compartments [17]. Plants respond to the production of
AOS through the use of antioxidants [18]. The antioxidant
enzymes include superoxide dismutases, peroxidases, catalases and glutathione reductases. The superoxide anion,
which is the most dangerous ROS, is scavenged in plants
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by superoxide dismutase, which converts superoxide
anions to hydrogen peroxide [19]. Hydrogen peroxide
(H2O2) is scavenged directly by catalase, which converts
it to water and molecular oxygen. Measurement of activities of antioxidant enzymes can thus be used to indicate
oxidative stress in plants [20].
Mustard (Brassica juncea) is a heavy metal accumulator plant and an important oil seed crop also. Plant experiences heavy metal stress (Cd, Cu, Pb, As) and leads to
reduction in the crop production. India is the second largest producer of rapeseed mustard. Heavy metal stress is
the main problem of Indian soils. Using metal-accumulating
plants to remove these excessive metals from soil and aqueous streams is one of the solutions with less labour. However, it is necessary to study the physio-biochemical changes
operating within the cell under heavy metal stress in order to
understand the tolerance mechanism of the plants. The
present study was undertaken to investigate the effects of
Cd and Pb but also their interactions on biomass, biochemical attributes, lipid peroxidation, and the activity of
some antioxidant enzymes, exemplified in two mustard
cultivars, Varuna and Rohini.
2 MATERIALS AND METHODS
Seeds of B. juncea were sown in earthen pots, containing homogenously mixed soil with farmyard manure.
Seeds were sown in bottom-perforated, plastic pots containing sand rinsed with distilled water and 600 g per pot
of fertilizer (vermicompost). The pots were watered daily
as well as kept under a natural photoperiod of 12-13 h and
at 28±4 °C. Care was taken to avoid drainage of solution
during the treatment by giving water slightly less than
field capacity. Different concentrations of CdSO4.8H2O
and Pb(C2H3O2)2.3H2O were used to induce stress in B.
juncea. B. juncea was subjected to different concentrations of Cd and Pb (150 and 300 mg/kg soil) and their
combination Cd+Pb (Cd 150 + Pb 150 mg/kg soil, Cd 300
+ Pb 300 mg/kg soil). The plant leaves were collected
after 60 days for analysis. Pots containing five plants (each
replicate is a plant) were taken for all the treatments (each
treatment was replicated five times) arranged in completely randomized block design (CRD).
2.1 Determination of Pigments

Pigments content was determined by the method of
Hiscox and Israelstam [21]. Fresh leaves (100 mg) were
kept in the extraction reagent DMSO. The tubes were kept
in oven at 65 °C for 40 min. A 1-ml aliquot was mixed
with 2 ml DMSO and vortexed. Absorbance was determined photometrically at 480, 510, 645, and 663 nm
(Beckman 640 D, USA) using DMSO for a blank.
2.2 Proline Estimation

Proline concentration was determined using the method
of Bates et al. [22]. Fresh leaves (300 mg) were homogenized in 10 ml of 3% aqueous sulphosalicylic acid. The

homogenate was centrifuged at 9000 × g for 15 min. A 2ml aliquot of the supernatant was mixed with an equal
volume of acetic acid and acidic ninhydrin, then incubated for 1 h at 100 °C, and reaction was terminated in an
ice-bath before extraction with 4 ml of toluene. The extract was vortexed for 20 s, the chromatophore-containing
toluene was aspirated from the aqueous phase, and absorbance was determined photometrically at 520 nm (Beckman
640 D, USA) using toluene for a blank.
2.3 Protein Estimation

Proteins were estimated by the method of Bradford
[23]. Fresh leaves (0.5 g) were homogenized in 1 ml phosphate buffer (pH 7.0). The crude homogenate was centrifuged at 5000x g for 10 min. Freshly prepared trichloroacetic acid (TCA; 0.5 ml)) was added and centrifuged at
8000x g for 15 min. The debris was dissolved in 1 ml of
0.1 N NaOH, and 5 ml Bradford reagent was added. Absorbance was recorded photometrically at 595 nm (Beckman 640 D, USA) using bovine serum albumin as standard.
2.4 Relative Water Content, Lipid Peroxidation and Electrolyte Leakage Estimation

Leaf relative water content (RWC) was measured in
fully expanded leaves of four plants per replicate. Five
leaf discs of 10 mm diameter were excised from the interveinal areas of each leaf. For each replicate, 20 discs
were pooled and their FW determined. The leaf discs
were floated on deionized water for 7 h under low irradiance, and then the turgid weight (TW) was recorded. Afterwards, the samples were dried at 80 oC for 24 h to determine the DW. The tests showed that complete hydration
of the leaf discs occurred within 4 h. The relative water
content (RWC) was calculated using the formula given by
Smart and Bingham [24]:
RWC (%) = (FW-DW/TW-DW) X 100
MDA concentration was determined by the method of
Heath and Packer [25]. Fresh biomass was ground in 1%
TCA (10 ml/g fresh weight) with a mortar and pestle. The
ground material was centrifuged at 10,000 rpm for 5 min,
and 1.0 ml of supernatant was taken in a separate test
tube, to which 4.0 ml of 0.5% TBA were added. The
mixture was heated at 95 °C for 30 min and, after cooling
in an ice-bath, centrifuged at 5000 rpm for 5 min for clarification. A532 was recorded and corrected for unspecific
turbidity by subtracting the value obtained at 600 nm. The
blank was 0.5% TBA in 20% TCA. The concentration of
MDA was calculated using an extinction coefficient of
155 mM-1cm-1.
The total inorganic ions leaked out in the leaves under salt stress were measured as described by DionisioSese and Tobita [26]. Twenty leaf discs were taken in a
boiling tube containing 10 ml of deionized water and electrical conductivity (EC) was measured (ECa). The contents were heated at 50 and 60 °C for 25 min, each in a
water-bath, and EC was measured (ECb). Later, the con-
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tents were boiled at 100 °C for 10 min, and EC again recorded (ECc). The electrolytic leakage was calculated using
the formula:

absorbance at 290 nm. APX activity was expressed as unit
mg-1 protein.
2.6.4 Glutathione reductase

Electrolyte leakage (%) = (ECb – ECa/ECc) x 100
2.5 Antioxidant Enzyme Estimation
2.5.1 Extraction of the enzymes

All experiments were performed at 4°C. The 10 g leaf
were homogenized with 50 volumes of 100 mM Tris–HCl
(pH 7.5) containing 5 mM DTT, 10 mM MgCl2, 1 mM
EDTA, 5 mM magnesium acetate and 1.5% PVP-40.
After filtration in cheesecloth, the homogenate was centrifuged at 10,000 rpm for 15 min. The supernatant collected
was used as a source of enzyme. Serine and cysteine proteinase inhibitors (1 mM PMSF + 1 µg/ml aproptinin)
were also added in the extraction buffer. For measuring
APX activity, the tissue was separately ground in homogenizing medium containing 2.0 mM ascorbate in addition to other ingredients. The soluble protein content was
determined by Bradford method [23] with standard curves
prepared using bovine serum albumin.

Glutathione reductase (GR, EC 1.6.4.2) activity was
determined by following the rate of NADPH oxidation as
measured by the decrease in the absorbance at 340 nm
[30]. The assay mixture (1 ml) contained 0.75 µl potassium phosphate buffer (pH 7) with 2 mM EDTA, 75 µM
NADPH (2 mM), and 75 µl GSSG (20 mM). Reaction was
initiated by adding 0.1 ml enzyme extract to the mixture,
and the decrease in absorbance was measured at 340 nm for
2 min. GR activity was calculated with the extinction coefficient of NADPH of 6.2 mM-1 cm-1, and expressed as µmol
NADPH oxidized min-1 (units mg-1 protein).
2.7 Statistical Analysis

Statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by Duncan’s
Multiple Range Test (DMRT). The values are expressed
as means ± S.D. for six samples in each group, and P
values≤0.05 were considered to be significant.

2.6 Enzymes assay
2.6.1 Superoxide dismutase

Superoxide dismutase (SOD, EC 1.15.1.1) activity
was determined by the method of Van Rossun et al. [27]
(following photo-reduction of nitroblue tetrazolium). The
reaction mixture contained 50 mM phosphate buffer (pH
7.8), 0.1 mM EDTA, 13 mM methionine, 75 µM nitroblue
tetrazolium (NTB), 2 µM riboflavin and 100 µl of the
supernatant. The reaction was initiated by placing the
tubes under two 15-W fluorescent lamps. The reaction
was terminated after 10 min by removing the reaction
tubes from the light source. Non-illuminated reaction
mixtures served as blanks. Absorbance values of the reaction products were measured at 560 nm. SOD activity was
expressed as unit mg-1 protein. One unit of SOD was
defined as the amount of protein causing a 50% decrease
of the SOD-inhibitable NBT reduction.
2.6.2 Catalase

The method of Luck [28] was employed for the assay of
catalase (CAT, EC 1.11.1.6). The enzyme extract (50 µl) was
added to 3 ml of 20 mM hydrogen peroxide and 50 mM
phosphate buffer (pH 7.0) solution. The decrease in absorbance was measured at 240 nm. Enzyme activity was
calculated using the extinction coefficient of 36x103 mM-1
cm-1, and expressed as unit mg-1 protein.
2.6.3 Ascorbate peroxidase

Ascorbate peroxidase (APX, EC1.11.1.11) was spectrophotometrically assayed following a decrease in the
absorbance at 265 nm [29]. The 3-ml assay mixture contained 0.1 mM EDTA, 0.5 mM ascorbate and 0.1 mM
H2O2 in 50 mM potassium phosphate buffer (pH 7.0),
with 0.1 ml of the enzyme extract. The H2O2-dependent
oxidation of ascorbate was followed by a decrease in

3 RESULTS AND DISCUSSION
3.1 Growth Responses

Shoot and root lengths were decreased in both the
cultivars. The effect of decrease was more in combination
(Cd+Pb) than individual effects. Cultivar Varuna showed
less decrease than Rohini. Cd decreased shoot length by
51% in Varuna and 55.2% in Rohini at Cd 300 mg/kg soil
while Pb 300 mg/kg soil decreased only 44.3% in Varuna
and 48.3% in Rohini. The combination of Cd+Pb (150
mg/kg soil each) showed a decrease of 59.3% in Varuna
and 64.3% in Rohini as compared to control (Table 1).
Shoot DW was observed to be decreased by 44.8% in
Varuna but 58.1% in Rohini at Cd+Pb (300 mg/kg soil),
which is maximum decrease with regard to the individual
effects of Cd and Pb. Root DW also showed highest decrease at Cd+Pb (300 mg/kg soil each) in both cultivars
but maximum decrease was observed in Rohini (Table 1).
Cd caused a significant reduction for all of the considered growth parameters (length and dry weight of
shoots and roots) in the present study. Similar results
were observed by Popova et al. [31] in pea. Combined
applications were more toxic in the present study than
individual ones of Cd and Pb. Xu et al. [32] also showed
that combinations of other heavy metals (Cd+Zn) are
more severe than their individual effects on Vetiveria
zizanioides. The reduction in growth parameters may be
due to less nutrient uptake, and lowering of water potential. The reduction in growth of B. juncea could also be
due to the suppression of the elongation growth rate of
cells, because of an irreversible inhibition exerted by Cd
on the proton pump responsible for the process [33].
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TABLE 1 - Shoot length, Root length, Shoot DW, Root DW of Brassica juncea plants grown under Cd (mg/kg soil) and Pb (mg/kg soil) stress.
Different letters indicate significant difference between means at p < 0.05 (DMRT). Values are means ± S.E (n = 5).

Control
150 Cd
150 Pb
150 Cd+150Pb
300 Cd
300 Pb
300 Cd+300Pb

Varuna
Shoot length
(cm/plant)
57.89±6.3a
40.21±5.1b
44.17±4.8b
35.42±3.6c
28.31±3.8d
32.22±3.5c
23.51±2.7d

Root length
(cm/plant)
27.87±3.5a
23.86±3.1a
25.31±2.7a
20.61±2.3b
11.87±1.8c
21.86±2.1bc
9.71±1.4d

Shoot DW
(g/plant)
12.5±1.6a
11.3±1.4a
11.5±1.2a
10.5±1.1a
8.6±0.9b
9.1±1.3b
6.8±0.7d

Root Dw
(g/plant)
6.3±0.5a
5.1±0.9a
5.7±0.8a
4.6±1.2b
3.7±1.1c
4.1±1.3c
3.3±1.5d

Rohini
Shoot length
(cm/plant)
56.7±6.1a
35.5±5.7b
38.2±4.1b
32.6±3.2b
25.4±2.4c
29.3±2.7c
20.2±1.8c

Root length
(cm/plant)
27.1±2.1a
20.3±2.2b
22.1±1.9b
17.5±1.5c
9.2±1.1d
18.3±1.1c
7.5±0.8d

Shoot DW
(g/plant)
12.2±1.6a
10.7±1.4a
11.1±1.3a
9.6±1.2b
7.2±1.1c
8.8±1.4c
5.1±1.1d

Root DW
(g/plant)
6.0±1.1a
4.8±1.2b
5.3±1.4c
4.3±1.1d
3.1±1.6d
3.5±1.4d
2.8±1.2d

FIGURE 2 - Effect of different concentrations of Cd and Pb, and
their interaction on chlorophyll MDA content (nmol/g FW) after
60 days of treatment in two cultivars of mustard (Each point is the
mean of five replications and the bars indicate ± SE).
3.2 Pigment Content, Proline Content and Protein Content

The results related to the effect of Cd and Pb on
Chlorophyll content is shown in Fig. 1. Chl-a showed a
decrease of 47.3% in Varuna and 52.1% in Rohini at
Cd+Pb (150 mg/kg soil each) but at Cd+Pb (300 mg/kg
soil each) the decrease was 80.5% and 84.7% in Varuna
and Rohini, respectively (Fig. 2). The same trend was
observed for chl-b and total chl., decreased to a significant level in the present study. Decrease in chlorophyll
content was also reported in sunflower [34] and almond
[35]. Reduction in chlorophyll content by Cd has also
been reported in Riccia sp. by Prasad et al. [36] who concluded that high Cd levels inhibit the formation of chlorophyll by interfering with proto chlorophyllide production.
Decrease in chlorophyll by heavy metals may be due to
the inhibition of important enzymes, δ-aminolevulinic
acid dehydratase (ALA-dehydratase) [37] and proto
chlorophyllide reductase [38], associated with chlorophyll
biosynthesis.

FIGURE 1 - Effect of different concentrations of Cd and Pb, and
their interaction on chlorophyll ‘a’ (A), Chlorophyll ‘b’ (B) and
Total Chlorophyll (C) (mg/g fw) after 60 days of treatment in two
cultivars of mustard (Each point is the mean of five replications and
the bars indicate ± SE).

With increasing concentrations of Cd and Pb, proline
accumulation was observed to increase in both cultivars
but the increase was higher in Varuna than Rohini.
Maximum increase of 63.8% was observed in Varuna and
59.6% in Rohini at Cd+Pb (300 mg/kg soil each) as compared to control (Table 2).
Our results of proline accumulation with Cd and Pb
corroborated with the findings of Dhir et al. [39] who
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TABLE 2 - Proline (µg/g FW), Protein (mg/g FW), RWC and Electrolyte leakage (%) of Brassica juncea plants grown under Cd (mg/kg soil)
and Pb (mg/kg soil) stress (different letters indicate significant difference between means at p <0.05 (DMRT); values are means ± S.E (n = 5)).

Control
150 Cd
150 Pb
150 Cd+150Pb
300 Cd
300 Pb
300 Cd+300Pb

Varuna
Proline
(µg/g FW)
56.2±5.5a
110.6±14.1b
87.3±10.7c
119.7±16.2b
135.6±19.4d
98.7±10.6bc
155.6±20.1d

Protein
(mg/g FW)
18.7±1.9a
20.1±1.8a
19.7±1.9a
23.5±2.1a
16.1±1.5b
17.4±1.6b
15.6±1.3c

RWC
90.5±9.5a
58.2±6.2b
66.1±7.1b
54.3±5.6b
36.1±3.8c
49.1±3.9bc
29.4±2.5d

Electrolyte
leakage%
8.3±1.2a
21.2±1.9b
18.5±1.9b
32.4±2.6c
30.4±3.1c
23.5±3.1d
47.7±4.2cd

showed proline accumulation in shoots of B. juncea,
Triticum aestivum and Vigna radiata in response to Cd2+
toxicity. Similar results of increasing proline content by
Cd2+ was also reported by Zengin and Munzuroglu, [34]
in sunflower. Proline is supposed to participate in the
reconstruction of chlorophyll, activates the Krebs cycle,
and constitutes an energy source [40]. It is also an important part of structural proteins and enzymes and participates in repair processes. Proline accumulation may contribute to osmotic adjustment at the cellular level and
enzyme protection stabilizing the structure of macromolecules and organelles.
Heavy metal stress individually affects protein metabolism [41]. In the present study, lower levels of Cd and
Pb caused protein increase but decrease at higher levels
(see Table 1). Our studies of soluble protein content coincides with the findings of Tian et al. [42] who demonstrated that single and combined heavy metals induced a
reduction in soluble protein contents in barley. Singh and
Sinha [43] also showed decreased protein contents in B.
juncea during heavy metal stress. The decrease in protein
content by heavy metal stress may be due to the enhanced
protein degradation process as a result of increased protease activity [44]. It is also likely that these heavy metals
may have induced lipid peroxidation and fragmentation of
proteins due to toxic effects of ROS which led to reduced
protein content. Another reason may be due to a significant decrease in the activity of nitrate reductase resulting
in decreased NO3− reduction and subsequent inhibition of
protein metabolism.
3.3 RWC, Lipid Peroxidation and Electrolyte Leakage

Decrease in RWC was observed in both cultivars at all
stress regimes. Cd at 150 mg/kg soil decreased RWC to
35.6% in Varuna and 41.4% in Rohini while Pb 150 mg/kg
soil decreass the RWC to 26.9% and 38.1% in Varuna and
Rohini, respectively. Cd+Pb combinations showed higher
decreasing rates compared to individual effects of Cd and
Pb. Other reports with NaCl have also shown decrease in
leaf relative water content, Ahmad and Jhon [45] in pea
and Ahmad et al. [46] in mulberry. Thus, the growth inhibition in less tolerant plants could be related to the decrease
of RWC provoked by salt treat-ment. Reduction in leaf
RWC indicates loss of turgor that resulted in limited water availability for cell extension process [47].

Rohini
Proline
Protein
(mg/g FW)
(µg/g FW)
54.6±4.6a
18.1±1.8a
b
101.3±15.2
19.2±1.7a
79.5±6.8a
18.8±1.5a
104.2±10.6b
21.5±1.9a
121.4±13.5c
15.2±1.3b
85.7±9.2d
16.7±1.8b
135.3±14.5c
14.8±1.6c

RWC
88.7±11.2a
51.9±9.5b
54.9±9.7b
47.7±8.1c
31.4±2.7c
46.2±6.8d
24.4±3.1c

Electrolyte
leakage%
8.7±1.6a
25.4±2.1b
20.1±2.1b
37.2±2.9c
33.6±2.9c
27.4±1.9d
52.7±6.7bc

In the present study, Cd and Pb treatments led to increased lipid peroxidation in both cultivars. The percent
increase was more in Rohini (43.3%) than in Varuna
(41.3%) at Cd+Pb (150 mg/kg soil each), as well as 52.7%
(Rohini) and 50.7% (Varuna) for 300 mg/kg soil each,
respectively. Malondialdehyde (MDA) level is considered
as an indicator for lipid peroxidation and represents a balance of oxidative stress that induced production of MDA
in relation to heavy metal treatments. Lipids are very
sensitive to hydroxyl radicals (OH•) and peroxidation of
lipids is the primary sign of oxidative stress (Savoure et
al. [48]). Our results also corroborated with the findings
of Sanità di Topi and Gabbrielli [49].
Electrolyte leakage was decreased with the order
Cd+Pb>Cd>Pb in both cultivars but the decrease was
more pronounced in Rohini than Varuna. Our results of
decrease in electrolyte leakage is in accordance with findings of Hossain et al. [50] who demonstrated that increase
in electrolyte leakage from the leaves of salt-sensitive R2
mutant was 5-fold compared to 2.5-fold increase in salttolerant R1 mutant of Chrysanthemum morifolium. Ekmekçi et al. [51] also reported that Cd stress increased the
electrolyte leakage in two maize cultivars. Increased leakage of ions from roots or leaves has also been reported by
Mishra et al. [52] in Bacopa monnieri, Lee et al. [53] in
rice, De Vos et al. [54] in roots of Silene cucubalus, and
Quartacci et al. [55] in roots of wheat.
3.4 Antioxidant Enzymes

Activities of SOD, CAT, APX, and GR as well as
MDA content of leaves were increased for all Cd and Pb
treatments following the order Cd+Pb>Cd>Pb in both
cultivars but the higher was observed in Varuna, except
CAT, as compared to Rohini (Fig. 3).
Superoxide dismutase is considered to be the first line
of defence which converts O2−• to H2O2. The formation of
H2O2 is lethal for the plant metabolism but catalases convert 2H2O2 to O2 + 2H2O [56]. APXs also reduce H2O2 to
water and play an important role in the antioxidant system
of plants [57]. Kling and Olsson [58] proposed that defence mechanisms involve metal-induced transcription of
genes encoding proteins with key roles in antioxidant
defence, including POD, SOD and CAT. Increase of POD,
SOD and CAT activities has been considered as an adap-
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FIGURE 3 - Effect of different concentrations of Cd and Pb, and their interaction on SOD (unit mg-1 protein) (A), CAT (unit mg-1 protein)
(B), APX (unit mg-1 protein) (C) and GR (unit mg-1 protein) (D) after 60 days of treatment in two cultivars of mustard (each point is the mean
of five replications and the bars indicate ± SE).

tive response of plants to toxic environmental factors
[59]. Antioxidant enzymes have worked in a synergistic
way to protect the cell against oxidative stress [60]. Cd
and Pb induced oxidative stress leads to increased activities of antioxidative enzymes in plants [61, 62]. For example, an increase in total SOD, APX and GR activity
was found after the application of Cd in Bacopa monnieri
[52], Triticum aestivum [63], and Brassica juncea [64].
Treatments with Pb also lead to increased activities in
SOD, APX and GR in rice plants [65]. In the present
study, CAT activity was observed to decline which coincides with the results of Mishra et al. [52] in Bacopa
monnieri, Iannelli et al. [66] in Phragmites australis, and
Mba et al. [67] who also observed that the activity of
SOD in cabbage increases with the increasing concentration of Cd. There are other reports which showed that
abiotic stress leads to the increase in antioxidant enzymes
(SOD, APX, GR) e.g. in peas [68], pine [69], mustard
[70], and mulberry [46]. Different heavy metal stress
conditions also have shown increased antioxidant activity
in different plants, e.g. Cu in Dunaliella tertiolecta [71],
Zn and Cd in Arabidopsis thaliana [72], and Ni in Nicotiana tobacum [73].

and/or metal hyperaccumulator genotypes with their nontolerant relatives. The present work concluded that the
phytotoxicity was greater with Cd than Pb. The activities
of antioxidants (SOD, APX and GR), MDA and proline
significantly increased in both the cultivars. Varuna was
found to tolerate metal toxicity more than Rohini. In consequence, tolerant cultivars of mustard can be used for the
phytoremediation of soil and water contaminated with
heavy metals.
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ABSTRACT
Phenol is one of the major components concerned in
industrial wastewater. Physico-chemical or conventional
biological methods are usually used for the treatment of
wastewater with high concentrations of phenol. In the
present study, the adsorption potential of pistachio-nut shell
ash in a batch system for the removal of phenol from aqueous solutions was investigated. Batch kinetics and isotherm studies were carried out to evaluate the effect of
contact time (15, 30, 45, 60, 75, 90, 105 and 120 min),
initial pH of solution (2-13), initial phenol concentration (1,
5, 10, 15, 20, 30, 40, 50 and 100 mg L-1), and adsorbent
dose (0.1-0.6 g L-1) on sorption efficiency. Maximum adsorption capacity (98.28% phenol removed) of the pistachionut shell ash was 327.6 mg/g at pH 5, initial concentration of
100 mg L-1 and 25±2 °C. The adsorption equilibriums were
analyzed by Langmuir and Freundlich isotherm models. It
was found that the data fitted to Freundlich (R2 = 0.9436)
better than Langmuir (R2 = 0.8395) model. According to
the achieved results, it was defined that pistachio-nut shell
not only was an inexpensive absorbent, but also a quite
effective factor in removal of phenol from water and
wastewater.
KEYWORDS: Phenol removal, pistachio-nut shell ash, adsorption, aqueous solution

1 INTRODUCTION
Phenols are natural products originating from plant
and animal decomposition [1]. Also, phenol is one of the
most common pollutants in wastewater from industries
producing resins, plastics, fibers, adhesives, iron, steel,
aluminum, leather, rubber, etc. It is also used as solvent,
as antiseptic and additive in disinfectants [2, 3]. Nearly all
phenols are toxic, and some are known to be human carcinogens. They are incorporated in the food-chain and
generate important environmental problems [4].
* Corresponding author

Phenolic compounds are released in the surface water
by a number of industries, mainly by pharmaceutical plants,
petroleum and petrochemical, oil refineries, coke plants,
pulp, plastics, ceramic, steel, resin and food-processing
industries [5-9]. These industries are distributed in a wide
area, which results in serious environmental problems
because of their toxicity, poor biodegradability and accumulation potential in plants and tissues (i.e. fish living in lakes
and rivers contaminated with phenolic compounds have a
queer taste and bad odor). Therefore, the wastewaters
containing phenolic compounds must be treated before
their discharge into water streams.
Phenol is a combustible compound that is very soluble in water, oils, carbon disulfide and numerous organic
solvents [10]. It is characterized by a typical pungent sweet,
medicinal, or tar-like odor [11], which is noticed as bad
taste and odor in water supplies. In the presence of chlorine in drinking water, phenol forms chlorophenol, which
has a medicinal taste, quite pronounced and objectionable.
Also, phenol is a potential human carcinogen and of considerable health concern, even at low concentrations. Owing to their toxic effects, including permeability of cellular and cytoplasmic coagulation, phenolic contaminants can
damage sensitive cells, and thus cause profound health and
environmental problems [7, 12-14]. US Environmental
Protection Agency (EPA) listed phenolic compounds as
priority pollutants with a discharge limit of less than 1 mg
L-1 in the treated effluent in order to protect human health
from the potential toxic effects caused by exposure to
phenol [15]. In Iran, a maximum phenol level of 1.0 mg
L-1 is permitted in wastewater for discharge to surface
water resources by the Institute of Standard and Industrial
Research of Iran (ISIRI). Also, according to the World
Health Organization regulation, 0.002 mg L−1 is the permissible limit for phenol concentration in potable water [16].
Wastewaters containing phenols and other toxic compounds need careful treatment before discharge into the
receiving bodies of water. Various techniques have been
employed for the removal of phenolic compounds from
aqueous environments including biological treatment [1719], ultrasonic degradation [20], photocatalytic degradation [21], membrane filtration [12, 22], enzymatic treat-

2962

© by PSP Volume 21 – No 10. 2012

Fresenius Environmental Bulletin

ments [23], solvent extraction [24], chemical oxidation
and electrochemical methods [25-27], photo-oxidation and
photosonochemical degradation [28, 29] and wet oxidation [30].
Adsorption technology is currently being used extensively for the removal of organic and inorganic micropollutants from aqueous solutions [10]. Adsorption process is the simplest, the quickest, the most efficient and
economical alternative for removing phenol [31-34]. Lowcost and easily available materials, such as agricultural
wastes, have been widely used as adsorbent for phenol
removal. These include activated carbon [35-37], clay [38],
polymeric materials [39], red mud [40], zeolites [41], chitosan [42] and chitin [43]. Among these materials, commercial activated carbon has strong affinity to phenol [33].
However, commercial activated carbons and their regeneration process are very expensive, making this adsorbent the
worst choice considering economic aspects [44].
In order to reduce preparation cost, the use of lowcost starting materials (industrial or agricultural residues)
for activated carbon preparation has emerged as a potential alternative [45]. Besides the cost reduction, the conversion of agricultural waste into low-cost adsorbents may
solve the problem of biomass disposal. Agricultural wastebased carbon has the advantage of exhibiting low ash
content, reasonable hardness and high surface area, and/or
adequate porous structures [45, 46].
The choice of activated carbon precursors largely depends on their availability, costs, and purity, but the manufacturing process and intended applications of the products
are also important considerations [47]. Therefore, evaluation
of biomass is getting increased attention in all over the
world as it is renewable, widely available, cheap, and environmental-friendly [48].
Iran is one of the major pistachio (Pistacia vera) producer and exporter countries. Pistachio production is nearly
200000 tons/year. Thus, wastes generated from pistachio
processing have a major economic importance and exhibit
a high affinity for phenols. Therefore, in this study, adsorption of phenol from aqueous solutions on activated
carbon prepared from pistachio wastes was studied. The
effects of different parameters including initial pH, adsorbent dosage, initial phenol concentration, and contact
time were studied. Additionally, the sorption isotherm
was explored to describe the experimental data.
2 MATERIALS AND METHODS
2.1. Adsorbent material

Pistachio-nut (Pistacia vera) shells used in the batch
experiments were collected from lands near to Rafsanjan
city (30°23 ׳N, 56°00 ׳E) of Kerman province in the southeastern part of Iran. This natural wastes were firstly washed
with distilled water to remove impurities, such as sand
and leaves as well as soluble and colored components,
dried at 110 °C for 24 h, burned at 700 °C for 2 h, crushed

in a domestic grinder, and sieved to obtain particle sizes in
the range of 60–200 mesh. The powdered adsorbent was
stored in an airtight container until use. No other chemical
or physical treatments were used prior to adsorption experiments.
2.2. Phenol solution (absorbate)

All chemicals used for this study were of analytical
grade (AR) and obtained from Merck. Stock solutions of
phenol were prepared by dissolving the required amount
of phenol in deionized water without pH adjustment. Working solutions of the desired concentrations (1, 5, 10, 15, 20,
30, 40, 50 and 100 mg L-1) were obtained by successive
dilutions.
2.3. Analysis

The residual phenol concentration in the solutions
was determined using an UV-spectrophotometer (model
T80 UV/VIS) by analyzing the color resulting from the
reaction of phenol with 4-aminoantipyrine at maximum
wavelength λ = 500 nm. Solutions with concentrations
higher than that detected by spectrophotometry were determined by dilution. The pH of solution was measured using
a pH-meter (WTW, Germany).
2.4. Batch adsorption experiments

Phenol removal experiments with the pistachio nut
shell ash were carried out as batch tests in 250-ml flasks
under magnetic stirring. Each test consisted of preparing a
100-ml aliquot of phenol solution with a desired initial
concentration and pH by diluting the stock phenol solution with distilled water, and transferring it into the beaker
on the magnetic stirrer. The pH of the solution was adjusted using 0.1N HCl or NaOH solutions. A known mass
of pistachio nut shell ash (adsorbent dosage) was then
added to the solution, and the obtained suspension was
immediately stirred for a predefined time. After the desired
contact time, the samples were withdrawn from the mixture
by using a micropipette, and the mixtures were then filtered through Whatman No. 42 filter paper. The concentration of phenol in the filtrates was analyzed. Then, the
amount of phenol adsorbed, qe (mg g-1), was obtained as
follows:

(C0 − Ce )V
(1)
M
where, C0 and Ce are the initial and equilibrium liquid
phase concentration of phenol (mg L-1), respectively. V is
the volume of the solution (L), and M is the amount of
adsorbent used (g).
To express the percent of phenol removal, the following equation was used:
qe =

%=

(C0 − C f )
C0

.100

(2)

where, C0 and Cf represent the initial and final (after
adsorption) phenol concentrations, respectively. All tests
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TABLE 1 - The ranges of experimental parameters.
pH
2, 3, 5, 7, 9, 11, 13

adsorbent dosage
(g L-1)
0.1, 0.2, 0.3, 0.4, 0.5, 0.6

Phenol concentration
(mg L-1)
1, 5, 10, 15, 20, 30, 40, 50, 100

were performed in duplicate to insure the reproducibility
of the results; the mean of the two measurements is reported. All experiments were performed at room temperature (25± 2 ºC). The investigated ranges of the experimental variables are given in Table 1.
2.4.1. Effect of initial pH

The effect of solution pH on the adsorption capacity
of pistachio-nut shell ash (0.03 g) was investigated using
a 100-ml solution of 40 mg L-1 of phenol for a pH range
of 2 to 13 at 25±2 °C. Flasks were agitated on a rotary
shaker at 120 rpm for 45 min to ensure that equilibrium
was reached. The mixtures were then filtered through
Whatman no. 42 filter paper, and concentrations of phenol in the filtrates were analyzed spectrophotometrically.
The above procedure was repeated two times, and the
average value was taken.
2.4.2. Effect of adsorbent dosage

Batch adsorption experiments were done at different
pistachio-nut shell ash levels (0.01-0.06 g) in 100 ml of
40 mg L-1 phenol solutions at pH 5, for a contact time of
45 min at 25±2 °C. The samples were then agitated and
filtered, and filtrates were analyzed as mentioned before.

Temperature,
0
C
25 ± 2

Contact time,
min
15, 30, 45, 60, 75, 90, 105, 120

pollutants to actives sites on the adsorbent surface. Hence,
in order to determine the desired pH for adsorption of
phenol over pistachio-nut shell ash, the uptake of phenol
as a function of hydrogen ion concentration was studied.
Figure 1 shows the effects of initial pH values within the
range of 2–13 on the efficiency of phenol adsorption by
pistachio-nut shell ash, with initial dosage of 0.3 g L-1 and
initial phenol concentration of 40 mg L-1.
As shown in Fig. 1, it is evident that the phenol removal efficiency increased with the increase of pH up to 5
(97.6%), but remained almost constant until pH 7. However, after that, the phenol removal decreased with pH
increase. Maximum adsorption capacity of the pistachionut shell ash was 130.13 mg g-1 at pH 5. The pH of the
aqueous solution of phenol affects its uptake on activated
carbon and, in general, the uptake decreases at lower as
well as higher pH values [7]. At lower pH value, the uptake of phenol is less due to the presence of H+ ions suppressing the ionization of phenol and, hence, its uptake on
polar adsorbent is reduced. In the higher pH range, phenol
forms salts which readily ionize leaving negative charge
on the phenolic group. At the same time, the presence of
OH- ions on the adsorbent prevents the uptake of phenolate ions [49].

2.4.3. Effect of contact time

Batch adsorption experiments were carried out at different contact times (15, 30, 45, 60, 75, 90, 105 and 120 min)
for an initial concentration of 40 mg L-1 of phenol solution
at pH 5. The pistachio-nut shell ash dose was 0.03 g in
100 ml solution in 250-ml conical flasks at 25±2 °C. The
samples were then agitated and filtered. The filtrates were
analyzed as mentioned before.
2.4.4. Effect of initial phenol concentration

Batch experiments were carried out by contacting
0.03 g of pistachio-nut shell ash with 100 ml of phenol
solution of different initial concentrations (1, 5, 10, 15, 20,
30, 40, 50 and 100 mg L-1) at pH value of 5 at 25±2 °C.
A series of such conical flasks was shaken for 45 min at
120 rpm. The samples were then agitated and filtered. The
filtrates were analyzed as mentioned before.
3 RESULTS AND DISCUSSION
3.1. Effect of initial pH on the adsorption efficiency

The pH of the solution is one of the most critical parameters which influence the chemical properties of both
adsorbent and adsorbate [46]. This parameter is directly
related from competition ability of hydrogen ions with

FIGURE 1 - Effect of solution pH on the adsorption of phenol onto
pistachio-nut shell ash (initial phenol concentration = 40 mg L-1;
adsorbent dose = 0.3 g L-1; contact time = 45 min).
3.2. Effect of adsorbent dosage (pistachio-nut shell ash) on
the adsorption efficiency

The adsorbent concentration is an important parameter determining the capacity of the adsorbent (pistachio
nut shell) for a given initial phenol concentration. In order
to determine the effect of adsorbent dosage on adsorption,
0.1 to 0.6 g L-1 adsorbent (pistachio nut shell ash) were
used for adsorption experiments at fixed initial pH (pH 5),
initial phenol concentration (40 mg L-1), and temperature
(25±2 ◦C) for 45 min.
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As it can be seen from Fig. 2, phenol removal is dependent on the mass of adsorbent present in the solution,
and it increases when the adsorbent dosage increases. On
the other hand, the percentage of phenol removal steeply
increases with the adsorbent loading up to 0.3 g L-1. This
result can be explained by the fact that the sorption sites
remain unsaturated during the sorption whereas the number of sites available for sorption site increases by increasing the adsorbent dose. The maximum adsorption efficiency
of phenol onto pistachio nut shell ash was found to be
97.73% (130.3 mg g -1) at adsorbent concentration of
0.3 g L-1. Also, as it can be seen from Fig. 2, there was a
non-significant increase in the percentage removal of phenol
when the adsorbent concentration increases beyond 0.3 g L-1.
This suggests that after a certain dose of biosorbent, the
maximum adsorption is attained and, hence, the amount
of pollutants remains constant, even with further addition
of dose of adsorbent [50]. Also, when the adsorbent dosage increased, percentage removal of phenol also increased but amount of adsorbed phenol ,per g adsorbent
(qe) decreased due to the fact that fixed phenol concentration (40 mg L-1) led to unsaturated active sites on adsorbent surface, and increase in the adsorbent concentrations
caused particle aggregation [51]. Thus, the adsorbent dose
was maintained at 0.3 g L-1 in all the subsequent experiments, which was considered to be the best relation between total adsorbed amount of phenol and percentage of
removal.

shell ash was 130.27 mg g-1. Hence, in the present work,
45 min was chosen as the equilibrium time. Generally, the
removal rate of sorbate is rapid initially, but it gradually
decreases with time until it reaches an equilibrium. This
phenomenon is attributed to the fact that a large number
of vacant surface sites are available for adsorption at the
initial stage, and after a lapse of time, the remaining vacant surface sites are difficult to be occupied due to repulsive forces between the solute molecules on the solid and
bulk phases. On the other hand, the rate in percent of phenol removal is higher at the beginning due to the larger
surface area of the adsorbent being available for the adsorption of pollutants. As the surface adsorption sites become
exhausted, the rate of uptake is controlled by the rate of
transport from the exterior to the interior sites of the adsorbent particles [50]. Similar findings were reported by
Cengiz and Cavas [52], and Senthil Kumar et al. [53].

FIGURE 3 - Effect of contact time for the adsorption of phenol onto
pistachio nut shell ash (initial phenol concentration: 40 mg/L, pH: 5,
adsorbent dosage: 0.3 g L-1).
3.4. Effect of initial phenol concentration on the adsorption
efficiency

FIGURE 2 - Effect of adsorbent dose on the adsorption of phenol
onto pistachio-nut shell ash (initial phenol concentration = 40 mg L-1;
pH= 5; contact time = 45 min).
3.3. Effect of contact time on the adsorption efficiency

The contact time is an important parameter to determine the equilibrium time of adsorption process. The effects
of contact time on adsorption were studied at 25±2 ◦C, initial
phenol concentration (40 mg L-1) and 0.3 g L-1 adsorbent
dosage for 15 to 120 min. Figure 3 shows the effect of
contact time on adsorption capacity, and percent removal
of phenol onto the pistachio nut shell ash at constant initial
concentration (40 mg L-1). The adsorption capacity and percent removal of phenol significantly increased during the
initial adsorption stage, and then equilibrium was nearly
reached after 45 min. At this time, removal efficiency
reached 97.7%, and adsorption capacity of pistachio-nut

The initial concentration provides an important driving force to overcome all mass transfer resistance of the
adsorbate between the aqueous and solid phases [54]. The
effects of initial phenol concentration on adsorption were
studied at 25±2 °C and 0.3 g L-1 adsorbent concentrations
for 45 min. As can be seen from Fig. 4, when the initial
phenol concentration is increased, the amounts of adsorbed
phenol also increase; therefore, the removal of phenol depends on its concentration. For example, when the initial
phenol concentration increases from 5 to 100 mg L-1, the
equilibrium sorption capacities of pistachio nut shell ash
increase from 14.6 (87.6%) to 63.6 mg g-1 (98.08%). Similar trends have also been observed for methylene blue dye
sorption onto bamboo-based activated carbon [55], cotton
waste [56], and fly ash [57]. This increase in the proportion
of removed phenol may be probably due to equilibrium
shift during sorption process. A similar result has also been
recorded for adsorption of Congo red from aqueous solution onto calcium-rich fly ash [58].
The initial phenol concentrations provide an important
driving force to overcome the mass transfer resistance of
the dye between the aqueous phases and the solid phases;
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thus, increasing initial concentrations would enhance the
adsorption capacity of phenol. These results are in accordance with obtained findings by other researchers [52, 54].

ated from the intercept and the slope, respectively, of the
linear plot of log qe versus log Ce based on experimental
data. The Freundlich equation can be linearized in logarithmic form for the determination of the Freundlich constants as shown below:

1
log qe = log K f + log Ce
n

(6)

The isotherms based on the experimental data, and
the parameters obtained from nonlinear regression by
both models, are shown in Figs. 5 and 6, and all parameters are listed in Table 1. The correlation coefficient of the
Freundlich model was higher than that of the Langmuir
model, indicating that the Freundlich model is suitable for
describing the adsorption equilibrium of phenol onto
pistachio nut shell ash.
FIGURE 4 - Effect of initial phenol concentration for the adsorption of phenol onto pistachio nut shell ash (pH=5, adsorbent dosage: 0.3 g/L and contact time=45 min).

TABLE 1 - Isotherm parameters for adsorption of phenol onto
pistachio nut shell ash at 25±2 ºC.

3.5. Adsorption isotherms

Langmuir isotherm
kL
R2
qm
(mg g-1)
(L mg-1)
22.68
0.71
0.8395

Isotherms study can describe how an adsorbate interacts with the adsorbent. The isotherm provides a relationship between the concentration of phenol in solution and
the amount of phenol adsorbed on the solid phase when
both phases are in equilibrium. Figures 5 and 6 show the
equilibrium isotherms for the adsorption of phenol onto
pistachio nut shell ash, and the equilibrium adsorption data
were analyzed by using the Langmuir and Freundlich isotherm models. The Langmuir isotherm model is valid for
monolayer adsorption onto surface containing a finite number of identical sorption sites which is presented by the
following equation:
qe =

qm K l Ce
1 + K l Ce

(3)

where, qe is the amount of phenol adsorbed per specific amount of adsorbent (mg g-1), Ce is equilibrium concentration of the solution (mg L-1), and qm is the maximum
amount of phenol required to form a monolayer (mg g-1).
The Langmuir equation can be rearranged to linear form for
the convenience of plotting and determining the Langmuir
constants (KL), and maximum monolayer adsorption capacity of pistachio nut shell ash (qm). The values of qm and KL
can be determined from the linear plot of 1/qe versus 1/Ce:

1
1
1 1
=
+
qe q m q m K l C e

1

77.93

0.33

R2

0.9436

FIGURE 6 - Langmuir isotherm for sorption of phenol onto pistachio nut shell ash (R2=0.8395).

(4)

The Freundlich equation is purely empirical based on
sorption at a heterogeneous surface, which is commonly
described by the following equation:
qe = K f Ce n

Freundlich isotherm
kf
n

FIGURE 7 - Freundlich isotherm for sorption of phenol onto pistachio nut shell ash (R2=0.9436).

(5)

where, Kf and 1/n are the Freundlich constants related
to adsorption capacity and adsorption intensity, respectively. The Freundlich equilibrium constants were evalu-

4 CONCLUSIONS
From the present study, it can be seen that pistachionut shell ash can be used effectively for the removal of
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phenol from aqueous solutions. The percentage eliminated
was found to depend on pH, amount of adsorbent, initial
concentration of the phenol, and pollutant-adsorbent contact time. The pistachio-nut shell ash was able to remove
up to 98% of phenol from solutions with initial concentrations varying between 5-100 mg L-1. The adsorption of
phenol on pistachio-nut shell ash has been described by
Langmuir and Freundlich isotherms. It was found that
Freundlich model is suitable for describing the adsorption
equilibrium of phenol onto pistachio nut shell ash. The
removal of the phenol from aqueous solutions is induced
by adsorption onto surface sites of the solid for low phenol concentrations while both adsorption and internal
exchange take place for high concentrations.
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ABSTRACT

1 INTRODUCTION

The surface water quality of the lower reach of Shaying River Basin (SRB) was assessed based on chemical
analysis of 13 parameters in 15 sampling sites along the
river during 2008 to 2010. According to the surface water
standards of China (GB3838-2002), the water quality of
all 15 sites was worse than Class V mainly due to the presence of ammonia nitrogen (NH3-N) and total nitrate (TN).
Multivariate statistical techniques were applied to characterize the water quality in the study area. Ordination diagram of correspondence analysis demonstrated that Sites 3
and 5 were the most affected by NH3-N and TN. The sites
located downstream of Fuyang City were found to be
heavily polluted due to wastewater discharge from industry and domestic sewers. Three factors were identified by
principal component analysis, representing 95.33% of the
total variation. The first factor (PC1) captures variables of
PI, BOD, NH3-N, COD, TN, F and S. The second factor
(PC2) is significantly related to Oil and total coliform,
with total phosphorus accounting for the greatest loading
for Factor 3 (PC3). Hierarchical cluster analysis showed
that the sites were divided into several groups: two for
PC1, three for PC2, and three for PC3. BOD, NH3-N, and
TN were the priority pollutants identified in the wastewater from SRB (lower reach). These priority pollutants should
be reduced and purified before being discharged into rivers
and a more comprehensive water quality monitoring network should be also established across the SRB as soon
as possible.

KEYWORDS: Water quality; correspondence analysis; principal
component analysis; hierarchical cluster analysis; Shaying River
Basin

* Corresponding authors

Huai River is one of the largest rivers in China. Since
China began its economic reform in the early 1980s, Huai
River has become seriously polluted by both point and
nonpoint sources [1]. The Shaying River Basin (SRB) is
the largest and the most severely polluted tributary of
Huai River. Although its drainage area only accounts for
one-seventh of the entire Huai River, its discharge of
wastewater, NH3-N, and chemical oxygen demand (COD)
occupies more than 40% of the total pollutants received
by the main stream of Huai River [2]. Nearly all largescale pollution-related accidents in the Huai River Basin
took place in the SRB area [3]. Recently, several sources
of surface drinking water in SRB have been found to be
highly polluted, posing great risk to the health of local
residents [4]. Monitoring and assessing water quality help
to protect the sources of drinking water. Water quality is
affected by both anthropogenic activities and natural processes, combined with physical, chemical, and biological
factors [5, 6]. Long-term water monitoring management
covers numerous sampling sites and produces large numbers of complicated data sets that are difficult to analyze
and interpret, from which comprehensive information is
difficult to extract [7]. A reliable water quality assessment
seems difficult since people are unable understand the
chemical and biological characteristics of water.
Various tools are used to extract information from
quality variables and most are statistical methods [8, 9].
Multivariate statistical techniques are the most appropriate tools for meaningful data reduction and interpretation
of multiconstituent chemical and physical measurements
[10]. Statistical methods used to characterize water quality and its temporal and spatial changes include correspondence analysis (CA), principal components analysis
(PCA) and hierarchical cluster analysis (HCA) [11-16].
PCA can illustrate the association between variables with
reducing dimensionality of data structure. It involves the
transformation of the original variables into new uncorrelated one scaled principle components (PCs), which is
accomplished on the diagonalization of the correlation
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matrix of the data structure [17-18]. HCA adopts the
Euclidean distances as a measure of dissimilarity. It has
been commonly used for hydrochemical analysis, a combination of the Euclidean or squared Euclidean distance as
a similarity measure and the Ward’s agglomeration scheme
to link clusters and yield optimal results [20-22]. Application of multivariate statistical techniques facilitates interpretation of complicated data matrices to better understand the temporal and spatial variations of water quality.
These techniques also help to identify possible factors that
influence the water systems and offer valuable tools to
better manage water resources.
The present study aimed to discuss seasonal and spatial variations of surface water quality in the lower reach
of SRB located in Anhui Province of China. Multivariate
statistical techniques including CA, PCA and HCA were
used to determine the water parameters responsible for the
temporal and spatial variations of the water quality. These
tools were also used to investigate the similarities or dissimilarities among sampling sites, the influence of the
physicochemical parameters, and the source apportioning.
2 MATERIALS AND METHODS
2.1 Study Area

Shaying River originates from Funiu Mountain in
Henan Province. It flows through Zhoukou City, Jieshou
City, Taihe County, and Fuyang City, and joins Huai River

at Mohekou in Yingshang County [22]. The main stream
of Shaying River and its tributaries including Ci River, Ji
River and Quan River are located in SRB, between 114°
78' E – 116° 66' E and 32° 28' N – 33° 67' N, with 4112
km2 area or approximately 11.2% of the total area of SRB
(Fig. 1).
2.2 Monitored parameters and analysis methods

Surface water was sampled for physical-chemical
analysis on odd months (i.e., January, March, May, July,
September and November) from 2008 to 2010 in 15 gauging cross-sections situated along Shaying River, Ci River,
Ji River and Quan River. Water samples were collected
and stored in polyethylene bottles, transported to the laboratory, and analyzed within 48 h. Water quality comprising 13 water quality parameters were analyzed from the
monitoring sites of each cross-section. Water pH was
measured using a pH meter model SensION1 (Hach, USA).
Dissolved oxygen (DO) was measured with a YSI 1000 DO
meter (YSI, USA). Biochemical oxygen demand (BOD),
chemical oxygen demand (COD), total nitrate (TN), and
total phosphate (TP) concentrations were analyzed using a
spectrophotometer (Hach, 2010). Permanganate index (PI),
ammonia nitrogen (NH3-N), Oil (OIL), total nitrogen (TN),
total phosphorus (TP), fluoride (F), anionic surfactant (AS),
sulfide (S) and total coliform (TC) were determined according to APHA [23]. The sampling was conducted in
triplicate in each site and the mean of each parameter
analyzed were for water quality assessment.

FIGURE 1 - Location of 15 sampling sites in Shaying River (lower reach), Anhui Province, China
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2.3 Statistical methods

CA, PCA, and HCA were performed using SPSS 17.0
(IBM SPSS Statistics, USA) run on Microsoft Windows 7
(Microsoft Co., USA). HCA was used to summarize proximity of the water quality parameters and river sites. The
13 original variables (i.e., pH, DO, BOD, COD, TN, TP,
PI, NH3-N, TN, F, AS, S and TC) were reduced using PCA.
To evaluate the similarities of the studied sites in terms of
water quality, HCA was performed using the square-roottransformed data based on each significant principal factor obtained by PCA.
For CA, the water quality data were initially standardized by z-scale transformation since the water quality
variables were measured in different units [24], and water
quality was assessed using a single linkage method. In the
single linkage method, the distances or similarities between two clusters A and B are defined as the minimum
distance between a point in A and a point in B:
D(A, B)=min{d(xi, xj), for xi in A and xj in B}
(1)
where d(xi, xj) is the Euclidean distance in Eq. (1). At
each step the distance was determined for every pair of
clusters and the two clusters with smallest distance (largest similarity) were merged. Then the procedure is repeated for the next step: the distances between all pairs of
clusters were calculated again, and the pair with minimum
distance was merged into a single cluster. The result of
HCA procedure can be displayed graphically using a tree
diagram, also known as a dendrogram, which shows all
the steps in the hierarchical procedure [25]. HCA is the
most common approach that forms higher clusters step by
step using Euclidean distances as a measure of similarity.
The cluster result is usually illustrated by a dendrogram
which provides a visual summary of the clustering processes, exhibiting high internal (within cluster) homogeneity and high external (between clusters) heterogeneity
[26-28]. In this study, the Euclidean distance with between-groups linkage method was used as a measure of
similarity. PCA was designed to transform the original
variables into new, uncorrelated variables (axes), called the
principal components, which are linear combinations of

the original variables. The new axes lie along the directions
of maximum variance. PCA provides an objective way of
finding indices of this type so that the variation in the data
can be accounted for as concisely as possible [29].
3 RESULTS AND DISCUSSION
The average concentration values of 13 nonmetal parameters on water quality in the 15 sites are shown in
Table 1. In China, surface water quality is classified into
five classes [30]. Based on the standards, all 15 sites were
found to be severely and alarmingly polluted by NH3-N
and TN, with average concentrations of 6.15 and 9.59
mg/L, respectively. These values are both higher than the
control targets of 1.5 mg/L (Class V) based on the water
environment function division of Ministry of Environmental Protection (MEP) [31]. The parameters of BOD in
ten sites (Sites 3, 5, 8, 9, 10, 11, 12, 13, 14 and 15) were
all higher than the standards of water quality class V. DO,
PI, COD, and F in Sites 3 and 5, as well as TP in Site 5,
were considered higher than corresponding standards of
water quality class IV. The most significant parameters in
all 15 sites were pH, OIL, AS, S, and TC. Clearly, NH3-N
and TN were the parameters most severely affecting water
quality in the lower reach of SRB. These results are similar to the other major rivers in China, such as Yangtze
River, Huang River, Zhujiang River and Liao Rivers [32].
Many successful applications of CA to water quality
assessment have been reported in recent years [18, 33-35].
Fig. 2 illustrates the CA ordination diagram of water
quality parameters and river sites. Sites 3 and 5 were
mostly affected by NH3-N and TN. Sites 7, 8, 10, 11 and
14 were generally affected by F, BOD, COD, PI, and S
since nitrate and COD are fair measures of the redox condition [36]. Sites 2 and 4 were affected mostly by DO, AS,
pH, and TC. The parameter values of Sites 1, 6, 9, 12, 13,
and 15 differed greatly from those of other sites, and were
predominantly characterized by OIL and TP in the ordination diagram.

TABLE 1 - Average concentration with standard deviation of water quality parameters in the lower reach of the SRB
Biochemical
Chemical
Ammonia
Oxygen
Oil
Oxygen
Nitrogen
Demand
Demand
1
7.9±0.3
5.39±2.11
7.09±2.31
5.74±1.86
3.75±3.10
0.28±0.07
21.80±5.35
2
8.0±0.2
6.43±2.06
6.92±2.56
5.64±1.93
2.43±1.76
0.26±0.07
20.45±8.63
3
8.2±0.3
3.27±2.65
21.59±15.93
15.74±11.28 21.85±17.00 0.29±0.08
63.69±45.21
4
8.0±0.2
6.18±2.26
6.75±2.62
5.95±2.01
2.35±1.80
0.28±0.08
20.23±8.39
5
8.1±0.2
3.39±2.63
18.27±11.28
14.45±9.18
21.98±15.28 0.31±0.08
61.75±41.63
6
7.9±0.2
5.79±1.77
7.17±2.13
5.88±1.65
3.12±2.44
0.30±0.08
21.40±5.66
7
8.1±0.2
6.17±2.50
6.20±3.08
5.11±1.89
2.02±2.38
0.17±0.11
17.43±7.43
8
7.9±0.3
5.89±2.16
7.73±3.82
6.73±2.99
3.46±2.57
0.32±0.09
19.87±9.21
9
8.0±0.2
5.96±2.24
9.25±4.09
7.56±2.99
5.57±3.80
0.33±0.10
25.94±12.31
10
7.8±0.2
5.24±2.26
8.13±2.42
6.57±2.14
4.74±3.31
0.33±0.07
24.32±8.87
11
7.9±0.2
5.25±1.87
7.90±2.89
6.12±1.79
4.20±3.37
0.31±0.07
23.09±8.34
12
8.1±0.3
7.12±1.90
7.07±1.84
6.01±2.62
3.66±3.18
0.23±0.06
21.75±7.84
13
8.1±0.3
7.29±1.72
7.04±1.64
6.34±2.00
3.64±3.17
0.23±0.07
23.56±11.77
14
7.9±0.2
5.61±1.94
8.36±3.30
7.16±2.35
4.74±3.37
0.31±0.08
23.97±9.30
15
7.9±0.2
5.70±1.61
8.18±3.30
6.82±2.56
4.78±3.42
0.33±0.07
25.28±10.18
Mean
8.0±0.3
5.65±2.31
9.18±6.73
7.45±4.98
6.15±8.53
0.28±0.09
27.64±21.38
pH is a no dimensional parameter; TC is in colony-forming unit CFU/L; all other parameters are in mg/L.
Number
of Sites

pH

Dissolved
Oxygen

Permanganate
Index
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Total
Nitrate

Total
Fluoride
Phosphorus

Anionic
Surfactant

Sulfide

Total
Coliform

6.86±3.32
4.21±2.01
30.05±21.24
4.46±2.02
28.52±18.53
6.55±3.49
3.84±2.86
5.80±2.64
8.76±4.72
8.07±3.54
7.00±3.31
6.25±3.53
6.58±3.44
8.66±4.28
8.27±4.87
9.59±10.58

0.32±0.21
0.25±0.12
0.31±0.15
0.27±0.11
0.41±0.29
0.33±0.22
0.17±0.10
0.26±0.10
0.26±0.10
0.38±0.27
0.35±0.19
0.30±0.16
0.31±0.15
0.34±0.21
0.34±0.22
0.31±0.19

0.05±0.02
0.05±0.02
0.08±0.02
0.05±0.02
0.08±0.03
0.05±0.02
0.04±0.01
0.05±0.02
0.06±0.02
0.04±0.02
0.05±0.02
0.04±0.02
0.04±0.02
0.06±0.02
0.07±0.02
0.05±0.02

0.04±0.01
0.04±0.01
0.09±0.05
0.04±0.01
0.09±0.07
0.04±0.01
0.03±0.01
0.04±0.01
0.04±0.01
0.04±0.01
0.04±0.01
0.03±0.01
0.04±0.01
0.05±0.01
0.05±0.02
0.05±0.03

3844±2346
4113±2708
4187±2255
4447±2718
4507±2371
4194±2618
3619±2665
4680±2906
4867±3176
3950±2319
3679±2233
3280±2197
3470±2371
3944±2268
4250±2409
4069±2468

0.88±0.14
0.84±0.12
2.29±1.26
0.84±0.12
2.69±1.69
0.87±0.11
0.95±0.14
0.87±0.11
0.90±0.15
0.89±0.15
0.87±0.18
0.90±0.12
0.89±0.12
0.91±0.20
1.42±2.20
1.13±0.94
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Dimension 2

Dimension 1

FIGURE 2 - Proximity of the water quality parameters and sites in lower reach of SRB with ordination diagram from correspondence analysis

PCA was performed to identify characteristics of water quality variables in all sites, and the factor loading
matrix is listed in Table 2. Three significant factors (i.e.,
eigenvalue >1) were extracted using PCA, representing
95.33% of the total variation. Singh and colleagues classified the factor loadings as “strong”, “moderate”, and
“weak”, corresponding to absolute loading values of >0.75,
0.75–0.50, and 0.50–0.30, respectively [13]. According to
this standard, the first factor (PC1) accounted for 67.37%
of the total variance and had strong positive loadings for
COD, TN, NH3-N, PI, BOD, F and S, and moderate loading for pH. This factor may be considered a major industrial pollution. The area is populated by large-scale manufacturers and industries that discharge pollutants in large
quantities and high concentrations directly into the river
[37]. The second factor (PC2) accounted for 14.14% of
the total variance and was significantly related to OIL and

TC. TP accounted for the greatest loading for Factor 3
(PC3), representing 13.82% of the total variation.
HCA was applied to classify the sites based on each
significant factor obtained by PCA. Three dendrograms
produced by multivariate cluster analysis for Factors 1, 2,
and 3 are shown in Figs. 3, 4, and 5, respectively.
For Factor 1, the 15 sites were divided into two groups
using cluster analysis in spatial (Fig. 3). The water quality
of group 2 (site 3 and site 5) had more similar variation
trend than other sites. According to the average values of
variables significantly related to Factor 1 for each group
in Table 3, the high factor scores corresponded to high
influence of the factor in the sampling sites [38]. Group 1
includes 13 sites that were found to be the cleanest sites in
the lower reach of SRB. Group 2 includes Sites 3 and 5,
which showed relatively higher PI, BOD, COD, NH3-N,

TABLE 2 - Component loadings in principal components analysis
Variables
PC1
PH
0.726*
Dissolved oxygen(DO)
-0.817
Permanganate index(PI)
0.979*
Biochemical oxygen demand (BOD)
0.982*
0.989*
Ammonia nitrogen (NH3-N)
Oil
0.107
Chemical oxygen demand (COD)
0.990*
Total nitrogen (TN)
0.985*
Total phosphate (TP)
0.349
Fluoride (F)
0.964*
Anionic surfactant (AS)
0.847*
Sulfide (S)
0.941*
Total coliform (TC)
0.220
Variance explained by components
8.758
Percent of total variance explained
67.37
* Indicates the factor loading belonging to “strong” or “moderate.”
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PC2
-0.365
-0.264
0.117
0.131
0.067
0.700*
0.055
0.065
-0.079
0.057
0.370
0.219
0.953*
1.839
14.14

PC3
-0.538
-0.317
0.071
0.072
0.111
0.674
0.110
0.138
0.908*
0.095
0.136
0.209
-0.054
1.796
13.82

© by PSP Volume 21 – No 10. 2012

Fresenius Environmental Bulletin

FIGURE 3 - Dendrogram of hierarchical cluster analysis for Factor
1 (PC1) dataset (PI, BOD, NH3-N, COD, TN, F, and S)

FIGURE 4 - Dendrogram of hierarchical cluster analysis for factor
2 (PC2) dataset (OIL and TC)

TABLE 3 - Average values of the indicators related to factor 1 (PC1) for the two groups computed using cluster analysis, based on the national water quality standards of China
Group 1

Group 2

13 sites

2 sites

PH

7.95±0.25
（7.23–8.96）
Permanganate index( PI )
7.53±2.83
（3.02–19.40）
Biochemical oxygen demand (BOD )
6.29±2.27
（2.0–14.1）
Ammonia nitrogen (NH3-N)
3.767±3.07
（0.19–14.90）
Chemical oxygen demand (COD)
22.34±8.93
（6.8–56.60）
6.64±3.76
Total nitrogen (TN)
（0.53–19.90）
0.93±0.65
Fluoride (F)
（0.54–10.20）
Anionic surfactant (AS)
0.05±0.02
（0.02–0.11）
Sulfide (S )
0.04±0.01
（0.01–0.08）
PH is a no dimensional parameter and the other parameters are in mg/L; the
mum and maximum values.

and TN concentrations than Group 1. These two sites are
located in downstream of Fuyang City, and NH3-N and
TN were the worst water quality parameters. A direct
cause of water pollution in SRB is the excessive load of
total pollution, which far exceeds the water environment
capacity [4, 39]. Rapid urbanization is the principal reason for the deterioration of water quality in this area. This
factor may be considered as major industrial pollution.
The area is populated by large-scale manufacturers and
industries that discharge pollutants in large quantities and
high concentrations directly into the river [40]. For example, our study showed that the actual measured amount of
NH3-N discharging only from industrial establishments in
the study area was 1585.7 t/a during 2010. This is 4.4

Water quality guideline
Class
Ⅰ
Ⅱ
Ⅲ
6–9
6–9
6–9

Ⅳ
Ⅴ
8.17±0.29
6–9
6–9
（7.75–8.92）
19.93±13.67
2
4
6
10
15
（3.09–50.50）
15.09±10.13
3
3
4
6
10
（4.0–35.60）
21.915±15.88
0.15
0.5
1
1.5
2
（2.12–52.50）
62.72±42.71
15
15
20
30
40
（13–160）
29.28±19.60
0.2
0.5
1
1.5
2
（2.42–69）
2.49±1.48
1
1
1
1.5
1.5
（0.7–6.28）
0.08±0.024
0.05
0.05
0.05
0.1
0.1
（0.03–0.13）
0.09±0.06
0.05
0.1
0.2
0.5
1
（0.06–0.34）
means are given with standard deviation and bracket numbers are mini-

times higher than the emission limitation of 362.7 t/a [37].
It should be noted that this data does not include the other
large volumes of NH3-N from local and upstream farmland, breeding sites, and domestic sewage, etc. At present,
NH3-N has become the most difficult restriction factor for
water quality in the lower reach of SRB, similar to the
situations in the other watersheds of China [41].
Based on the second factor (PC2) dataset (OIL and
TC), all 15 sites were spatially classified into three groups
with different similarities (Fig. 4). Group 1, comprising
sites 6, 10 and 11, was the cleanest in study area in terms
of OIL and TC. Groups 2 including sites 1, 2, 3, 4, 5, 9,
12, 13, 14 and 15 had higher concentrations of OIL and
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TABLE 4 - Average values of the indicators related to Factor 2 (PC2) for the three groups computed using cluster analysis, based on the
national water quality standards of China
Group 1
3 sites

Group 2
10 sites

Group 3
2 sites

Water quality guideline
Class
Ⅱ
Ⅲ
Ⅳ
0.05
0.05
0.5

Ⅰ
Ⅴ
0.211±0.09
0.030±0.75
0.33±0.09
0.05
1
（0.04–0.43）
（0.14–0.53）
（0.17–0.54）
Total coliform
3447.0±2358.0
4097.0±2371.0
4773.0±2992.0
200
2000
10000
20000
40000
(TC)
940–9200）
（1100–9400）
（1400–11000）
TC is in colony-forming unit (CFU)/L and the Oil is in mg/L; the means are given with standard deviation and bracket numbers are minimum
and maximum values.
Oil

TABLE 5 - Average values of the indicators related to Factor 3 (PC3) for the three groups computed using cluster analysis, based on the
national water quality standards of China
Group 1

Group 2

Group 3

Water quality guideline
Class
Ⅰ
Ⅱ
Ⅲ
0.02
0.1
0.2

1 site
4 sites
10 sites
Ⅳ
Total nitrogen
0.17±0.10
0.26±0.11
0.34±0.21
0.3
(TP )
(0.06–0.46)
(0.01–1.16)
（0.06–0.43）
The Total nitrogen is in mg/L; the means are given with standard deviation and bracket numbers are minimum and maximum values.

TC. And group 3 comprising sites 7 and 8 had the highest
concentrations of OIL and TC. However, all the sites had
lower concentrations of OIL and TC than the corresponding criteria of water quality class IV of the surface water
standards of China. So, OIL and TC were not the major
factors contributing to the bad water quality in HRB.

FIGURE 5- Dendrogram of hierarchical cluster analysis for factor3
(PC3) dataset (TP)

Fig. 5 shows the HCA results based on the third factor dataset (TP) and Table 5 lists the detection results of
related variables. Three groups were produced among the
15 sites according to the spatial similarity. Group 1 includes only 1 site (6) has the lowest average concentration
of TP lower than the standard of Class III water body,
whereas Groups 2 and 3 consist of 4 and 10 sites with
higher concentrations of TP, respectively. Sites 1, 3, 5, 6,
10, 11, 12, 13, 14 and 15, representing in group 3, differed from the other sites in groups 1 and 2 in terms of the
higher TP than the corresponding standard of Class IV
water body. Because SRB is one of the most important
grain-production bases in China [1, 4], the high TP values

Ⅴ
0.4

in these sites may have resulted from the huge fertilizer
requirements in the area and the corresponding high loss
rate from the continuous agricultural activities.
4 CONCLUSIONS
In summary, this study measured the water quality
variables in 15 sites in the lower reach of SRB and assessed the water quality using multivariate statistical
methods. Three factors were identified using PCA, representing 95.33% of the total variation. The first factor
(PC1) comprises PI, BOD, NH3-N, COD, TN, F and S
accounted for 67.37% of the total variance. The second
factor (PC2) including OIL and TC, and the third factor
with TP accounted for 14.14% and 13.82% of the total
variance respectively. HCA indicated that the 15 sites
were divided into several groups in each factor (PC1, PC2
and PC3) because of different spatial similarities. Anthropogenic activities have significant effects on water quality
in this area. Sites 3 and 5, located in the downstream of
Fuyang City, were characterized by severe pollution due
to the indiscriminate discharge of pollutants from industry, farmland, breeding sites, and domestic sewage. Results suggest that BOD, NH3-N, and TN are the priority
pollutants present in the wastewater in SRB (lower reach).
Thus, these pollutants should be removed or reduced
before being discharged into the rivers. A more comprehensive water quality monitoring network should be also
established in the SRB as soon as possible.
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THE EFFECT OF pH ON THE
SORPTION OF HUMIC ACIDS ON BENTONITE
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Comenius University, Faculty of Natural Sciences, Institute of Laboratory
Research on Geomaterials, Mlynská dolina, Bratislava, 842 15, Slovak Republic

ABSTRACT
This article evaluates the impact of pH (4.0-8.5) on the
sorption capacity of bentonite for humic acids. The sorption
capacity of bentonite was higher in an acidic solution. The
maximum sorption efficiency was observed at pH 5. Pseudofirst and pseudo-second order kinetic models, as well as
the Freundlich isotherm were applied to fit the experimental results at pH 7.5, which was compared to sorption
efficiency at pH 5.5. The equilibrium was achieved after
49 and 32 hours for pH 5.5 and 7.5, respectively. Within
the experimental concentration scale of humic acid, the sorption capacity expressed by the values of Freundlich constants
at pH 5.5 (0.377 mg.g-1) and at pH 7.5 (0.142 mg.g-1)
indicates a high affinity of humic acids for bentonite in
diluted aqueous solutions.

of humic acids in solution, solution pH (a more intense at
pH ≤ 5), temperature and water content [5]. The binding
of humic acids onto the mineral surface affects their behavior and mobility [6]. Because of humic acid sorption,
the alternation in chemical and physical properties of mineral surface cotributes to further interactions with metals
and other organic substances [7]. Interactions between
mineral phases and organic matter, including humic acids
are important in the formation and stabilization of organomineral soil aggregates [8], as well as speciation and mobility of pollutants in the environment [9].
In this work sorption of humic acids on bentonite was
studied. The main objectives was to determine the capacity of binding of humic acids to bentonite from aqueous
solutions and to examine the effects of different parameters such as contact time, sorbate concentration and initial
pH value on the sorption process.

KEYWORDS:
humic acids, bentonite, pH, sorption kinetics, sorption isotherm

2 MATERIALS AND METHODS

1 INTRODUCTION
Humic acids are complex, macromolecular organic
compounds with acidic nature, which are commonly found
in soils in the anionic form [1]. The chemical and physical
characteristics of humic acids, strongly depends on the
source of their origin. Their highly variable chemical composition reflects the diversity of active functional groups
(such as carboxylic, phenolic, carbonyl, hydroxyl), which
results in high adsorption capacity of humic acids [2].
Thus, the humic acids in soil solutions can be effectively sorbed onto the immobile soil phases, such as minerals, including bentonite [3]. Bentonite due to its physical and chemical characteristics (large specific area, cationic exchange capacity and affinity for organic and inorganic ions) is highly valued for its sorptive properties [4].
Extent of sorption of humic acids on the surface of soil
mineral phases is affected by several factors, such as chemical and physical properties of mineral surface, concentration
* Corresponding author

Humic acids used in the sorption experiments were
purchased from ACROS ORGANICS (New Jersey, USA).
Stock solution of humic acids was prepared by dissolving
0.1 g of humic acids in 100 mL deionized water. The
solution was filtered through a membrane filter (0.45 µm
pore size) and the filtrate was used in the experiments.
Commercially obtained bentonite (Envigeo a.s., Banská Bystrica, Slovak Republic) with smectite as a major
mineral component (64%) was used as sorbent material in
this study. The fraction below 40 µm (obtained by dry
milling) with specific surface area 383.5 m2.g -1 was
used. The major components of the bentonite were: SiO2
(67.26%), Al2O3 (19.54%), Fe2O3 (6.98%), MgO (1.68%),
CaO (1.31%), K2O (1.70%), TiO2 (0.75%).
2.1 Sorption experiments

The sorption experiments were conducted by the batch
method in 250 mL encapsulated conical flasks in a dark
room at laboratory temperature. The volume of 15 mL of
0.1M phosphate-citrate buffer solution with pH 5.5 or pH
7.5 along with 0.1 g of bentonite was added to each flask.
Then the volume of 5 mL of humic acids solutions with
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the concentration 250 mg.L-1 or with the concentrations in
the range of 25 mg.L-1 to 1000 mg.L-1 were added for
kinetic and isotherm study, respectively. There were corresponding bentonite-free and humic acids-free controls
for each experiment.
The flasks with solutions were placed in a rotatory
shaker (Unimax 2010, Heidolph, Germany) and shaken at
120 rpm. To determine the sorption kinetics and isotherm,
the samples were collected every 150 min or after 48 hours,
respectively. After the desired period of time the solutions
were filtered through 0.45 µm membrane filter and residual concentrations of humic acids in the filtrate were determined spectrochemically at 420 nm using the VIS spectrophotometer OPTIMA SP-300 (Tokyo, Japan). Obtained
experimental results were analyzed by program QtiPlot.

tween negatively charged surface of bentonite and ionized
humic acids. This effect can be easily recognized in Fig.1
above the pH 6.5 as a significant decrease in sorption efficiency. According to a study of Andjelkovic et al. [12], the
pKa values of Aldrich humic acids, which were also used
in the present experiment, are moving in the pH range 4.96.1. This information supports the behavior of humic acids,
represented by removal efficiency by bentonite in Fig.1.

2.2 Effect of pH on humic acids sorption

The conical flasks (250 mL) with the volume of 15 mL
of 0.1M phosphate-citrate buffer solutions with different
pH values in the range of 4.0 to 8.5 were prepared. Then
5 mL of stock solution of humic acids with the concentration 1000 mg.L-1 and 0.1 g of bentonite was added to each
flask, except for controls which did not contain bentonite.
After 120 hours the residual concentration of humic acids
in solution was measured in the same manner as described
above.

FIGURE 1 - The effect of pH on concentration of humic acids in
solution (fraction of bentonite below 40 µm, initial concentration of
humic acids in solution 250 mg.L-1 and the bentonite dosage 5 g.L-1)
3.2 Sorption kinetics of humic acids on bentonite

3 RESULTS
3.1 Effect of pH on sorption of humic acids

The effect of pH was monitored in the range of 4.0 to
8.5 and it showed significant influence on sorption capacity of bentonite. The maximum sorption efficiency was observed at pH 5 (74.5 %). The experimental results are displayed in Fig.1. A similar course of HA sorption on bentonite was also recorded in Salman et al. [10]. Based on
preliminary experiments, the influence of precipitate exclusion during filtration of humic acids on apparent sorption capacity was minimal (less than 2 %). However, this
error was taken into account in Fig.1.
To understand the trend of sorption capacity of bentonite as a function of solution pH as is presented in Fig.1,
it is necessary to know its surface charge and ionic state
of humic acid during the experiment. Therefore, for the
interpretation of results, the values of the isoelectric point
of bentonite and pKa of humic acids were used. The research of Duman and Tunç [11] clearly showed that
isoelectric point value for bentonite was not found in pH
range from 1.75 to 11.56. Therefore we concluded that in
pH range examined here, the overall surface charge of
bentonite was negative. With increasing pH of solution
the negative net charge of the surface increased, leading
to significant decrease in humic acids uptake by bentonite. This is probably the result of formation of negatively charged humic acids molecules in near neutral and
alkali region and subsequent repulsive interaction be-

For the apparent slow rate of the humic acids sorption
on to the bentonite (Fig.2) the Lagergren’s (1898) [13]
pseudo-first order (1) and the Ho and McKay’s (1998) [14]
pseudo-second order (2) kinetic models were applied as
follows:

S t = S eq (1 − e ( − k1t ) )
St =

S eq2 k 2 t
1 + S eq k 2 t

(1)
(2)

where St and Seq (mg.g-1) express sorption capacity at
time t (h) and in equilibrium, respectively; k1 and k2 are
the pseudo-first (h-1) and the pseudo-second order rate
constant (g.mg-1.h-1), respectively. These kinetic parameters were calculated by nonlinear regression analysis of
experimental data and are presented in Table 1. Within
the experimental time scale, sorption capacity was significantly higher at pH value of 5.5. The calculated value of
Seq from pseudo-second order kinetic model was 9.24
mg.g-1. The equilibrium was achieved after 49 and 32
hours at pH 5.5 and 7.5, respectively. The presented Seq
values indicated that the sorption of humic acid on bentonite at pH 5.5 was more effective. According to the
coefficient of determination (R2), both applied kinetic
models describe the experimental sorption data well. To
determine the kinetic model which fits most accurately
the experimental data, the corrected Akaike’s information
criterion (3) was applied:
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AICc = N P ln( RSS / N P ) + 2 k

(3)

where NP represents the number of data points, RSS is
the residual sum of squares, k is the number of parameters
in the model. The calculated values were then transferred
to Akaike weights, which more clearly indicate the probability that the model is the best among the whole set of
candidate models. According to values of Akaike weights
referred in Table 1 the model of pseudo-first order at pH
5.5 fitted the experimental results better (0.999), while at
pH 7.5 the experimental sorption data were better described by pseudo-second order kinetic model (0.614).
3.3 Humic acids sorption isotherm

The Freundlich isotherm (4) was applied for the evaluation of the experimental data. It is considered to be
appropriate for describing both multilayer sorption and
sorption on heterogeneous surfaces [15]. The nonlinear
expression for this model is:

S eq = K F C eq

N

FIGURE 2 - Sorption kinetics of humic acids on bentonite at pH 5.5
and pH 7.5 (fraction of bentonite below 40 µm, initial concentration of
humic acids in solution 250 mg.L-1 and the bentonite dosage 5 g.L-1)

(4)

where Seq is the equilibrium concentration of sorbent
(mg.g-1), Ceq is the equilibrium concentration in solution
(mg.L-1), N is a constant that corresponds to the heterogeneity of binding sites, and KF is the Freundlich constant,
which represents the sorption capacity of the sorbent in
case that the value of Ceq is unitary. A relatively high R2
value (R2 > 0.73) indicates that the model successfully
describes the sorption of humic acids on bentonite.
Freundlich parameter N is an indication of the heterogeneity of the sorption surface. The closer the value of N is to
1, the more uniform is the surface [16]. Since N=0.76 for
the pH 5.5 and N=0.69 for the pH 7.5 in this study, the
humic acids surface can be considered as relatively heterogeneous. The calculated values of Freundlich isotherm
parameters are presented in Table 2 and the isotherm
curves are shown in Fig.3.

FIGURE 3 - Freundlich isotherm for sorption of humic acids on
bentonite at pH 5.5 and pH 7.5 (fraction of bentonite below 40 µm
and the bentonite dosage 5 g.L-1)

TABLE 1 - The kinetic model parameters for sorption of humic acids on bentonite at pH 5.5 and pH 7.5
pH
pH 5.5
pH 7.5

Seq (mg.g-1)
9.24±0.33
10.12± 0.23
5,91±0.34
6.83± 0.54

Kinetic model
pseudo-first
pseudo-second
pseudo-first
pseudo-second

k
0.339±0.044
0.049± 0.006
0.122±0.023
0.020± 0.007

R2
0.94
0.98
0.95
0.94

Akaike weight
0.999
0.001
0.386
0.614

TABLE 2 - The parameters of Freundlich isotherm at different pH
pH 5.5
pH 7.5

KF
0.38± 0.09
0.14±0.15

N
0.76±0.04
0.69±0.17

4 CONCLUSIONS
Within the experimental pH scale, sorption capacity
of bentonite for humic acids was optimal in solutions at

R2
0.98
0.73

lower pH values, which is further supported by the data
obtained from kinetic experiments. The relatively high
value of Freundlich constant at pH 5.5 (0.377 mg.g-1)
indicates a high affinity of bentonite for humic acids in
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diluted aqueous solutions. The sorption equilibrium was
achieved after 49 hours and 32 hours for pH 5.5 and 7.5,
respectively.

[13] Lagergren, S. (1898) Zur theorie der sogenannten adsorption
gelöster stoffe. Kungliga Svenska Vetenskapsakademines
Handlingar, 24, 1-39.
[14] Ho, Y.S. and McKay, G. (1998) Kinetic models for the sorption of dye from aqueous solution by wood. Process Safety
and Environmental Protection, 76, 183-191.
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ABSTRACT

1 INTRODUCTION

The comet assay, also called the single-cell gel electrophoresis (SCGE) assay, is a rapid, simple and sensitive
microgel electrophoresis technique for measuring DNA
damages (strand breaks and alkali-labile sites) in individual cells. The technique enables us to evaluate the mechanisms of genotoxic and cytotoxic effects of physical and
chemical agents on living organisms. In principal, isolated
DNA from cells are embedded in agarose, was unwound
in an alkaline buffer, and is subjected to a weak electric
current in which the broken negatively charged DNA becomes free to move towards the anode. The migrated
DNA structures stained with a fluorescent dye resemble a
shape of a “comet” when observed by fluorescence microscopy. The intensity of the comet tail relative to the head
reflects the number of DNA breaks. The analysis of comets is generally carried out with either the use of a computer
image-analysis program or with manual scoring through a
scale. There are several image analysis programs commercially available providing a large number of measurement
outcomes (i.e., tail length, tail moment, etc.) to evaluate
the extent of DNA damage. However, these are highly
expensive methods and need to be updated on a regular
basis. In this study, we compared analysis of the same
slides by CASP (comet analysis software program) and a
manual method. The manual method for comet analysis
provided good and reliable data and correlated well with
the parameters, such as TM (tail moment), OTM (Olive tail
moment), comet length etc., obtained from the CASP.
However, the analysis of comets with CASP minimized
time, faults and expertise but offered a large number of
comets to be analyzed with many valuable parameters. The
image analysis program is freely available and meets the
necessity of parameters of many commercially available
programs.
KEYWORDS: Alkaline single cell gel electrophoresis, comet
analysis, DNA damage, pesticides, CASP program

* Corresponding author

The single-cell gel electrophoresis (SCGE) assay, also
known as comet assay, is a rapid, simple and sensitive electrophoresis technique for measuring of multiple classes of
DNA damages, such as single and double strand breaks and
oxidative base damage in individual cells. The assay has a
wide range of application including genetical and toxicological studies allowing us to measure the genotoxicity of
pesticides, heavy metals and various oxidative stress agents
along with the kinetics of DNA repair in the organisms.
The assay is easily applied to both prokaryotic and eukaryotic cells. Although the method was originally developed to measure the level of DNA damage as well as the
repair capacity in mammalian cells, the assay has now
gained popularity in agricultural and environmental studies as well [1, 2].
The method was initially introduced by Ostling and
Johanson [3] to measure DNA single strand breaks. Later, a
modified version was developed by Singh et al. [4] which
employed alkaline electrophoresis (pH >13) to detect double strand breaks, alkali labile sites, cross-links, and incomplete DNA repair sites in individual cells. Subsequently, numerous modifications have been made to date
[5-7]. Although comet assay has a few versions, such as
neutral (neutral unwinding/neutral electrophoresis, N/N),
alkaline (alkaline unwinding/alkaline electrophoresis, A/A),
and alkaline-neutral (alkaline unwinding/neutral electrophoresis, A/N), the most commonly used version is the
alkaline one. Compared with other genotoxicity tests, it
measures the low levels of DNA damage, with low financial cost, and with a little amount of test samples within a
few hours. Basically, the assay is composed of a few
steps; the preparation of microscopic slides with a layer of
NMP (normal melting point) agar, a mixture of isolated
nuclei and LMP (low melting point) agar onto the slides,
cooling of the slides at 4 °C and removal of cover-slides,
unwinding and electrophoresis in alkaline conditions and
neutralization of slides, staining, visualization and, finally,
analysis of slides [2].
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In general, the structures of damaged DNA molecules
have breaks inside. When the supercoiled DNA complex
is disrupted by unwinding and electrophoresis, the breaks
are liberated and extend in the direction of the anode forming an image resembling the tail of a comet after fluorescence staining. The detailed protocol for prokaryotic and
eukaryotic cells in toxicological and environmental studies for this method was clearly explained and illustrated in
the works of Dikilitas et al. [1], Gichner et al. [8], and
Dikilitas and Kocyigit [9].
In this technical and research note, various concentrations of a commonly used pesticide dimethoate (10, 20 µg
ml-1) was applied to human cells in vitro to obtain DNA
damages at various levels, and a comparison between the
manual scoring and computer analysis on comets was
evaluated.
2 MATERIALS AND METHODS
2.1 Chemicals

Dimethoate (O,O-dimethyl S-methylcarbamoylmethyl
phosphorodithioate) was purchased from the local pesticide market and prepared in various concentrations (0, 10,
20, 50 and 400 µg ml-1) to induce DNA damage at various
degrees. Other chemicals used in the comet assay were
purchased from Sigma (www.sigma.com) unless otherwise
stated. The chemicals used herein were of analytical reagent grade quality.
2.2 Cell preparation and comet assay

The peripheral blood samples (total 6 ml) were collected from an antecubital vein into tubes with heparin
(50 U mol-1 sodium heparin), and processed immediately.
The donor was a 26-year-old non-smoking healthy male
with no backgrounds of any diseases which might negatively affect the condition of DNA. An amount of 1 ml
heparinized blood was carefully layered over 1 ml histopaque 1077 (Sigma), and centrifuged for 35 min at 500 g
and 25 °C. The interface band containing mononuclear
leukocytes was washed with phosphate buffered saline
(PBS), and then collected by 15-min centrifugation at 400 g.
The resulting pellets were re-suspended in PBS, and the
cells were counted with an automatic cell counter (Abbott
3700, USA). Cell viability of mononuclear leukocytes was
determined using trypan blue exclusion method, and viability was expressed as the percentage of viable cells in
the total number of cells counted (100). The cell concentrations were adjusted to approximately 2x104 ml-1 in which
varying µl amounts of pesticide and PBS buffer were added
to top up the total volume to 1 ml. The cells were then
incubated for 30 min at 37 °C in an incubator together
with the control samples. Each treatment consisted of
5 replicates. After exposure periods, DNA damage was
analyzed by alkaline comet assay according to Kocyigit
et al. [7]. Incubated mononuclear leukocyte cells (10 µl)
were mixed with 80 µl of 0.7% low-melting point agarose
(LMP) in PBS at 37 °C. Then, 90 µl of this cellular sus-

pension was spread onto slides that had been previously
coated with thin layers of 1% normal melting point (NMP)
agarose (60 °C), and covered with a cover-slip at 4 °C for
at least 5 min to allow the agarose to solidify. After removing cover slips, the slides were submersed in freshly prepared cold (4 °C) lysing solution (2.5 M NaCl, 100 mM
EDTA-2Na; 10 mM Tris-HCl, pH 10-10.5; 1% Triton X100 and 10% DMSO added just before use) for at least
1 h. Slides were then placed side by side in a horizontal
gel electrophoresis tank containing freshly prepared alkaline electrophoresis buffer (0.3 mol l-1 NaOH, and 1 mmol
L-1 Na2EDTA, pH>13). The slides were left in this solution at 4 °C for 25 min to allow DNA unwinding and expression of alkaline-labile sites as DNA strand breaks. Electrophoresis was then conducted at a current of 25V/300 mA
for 25 min at 4 °C. All procedures were carried out under
minimal illumination and the electrophoresis tank was
covered with a black paper in order to avoid additional
DNA damage due to stray light. After electrophoresis, the
slides were neutralized (0.4 mol L-1 Tris–HCl, pH 7.5) for
5 min. The dried microscope slides were stained with
ethidium bromide (2 µg ml-1 in distilled H2O; 70 µl/slide),
covered with a cover-slip and 100 randomly selected and
non-overlapping cells per slide were scored using a CCD
camera attached to a fluorescence microscope equipped
with a rhodamine filter (excitation wavelength 546 nm;
barrier 580 nm, Olympus BX 51, Japan) with a magnification of 200x.
2.3 Analysis of DNA damage

For the analysis of comets, two measurement methods were compared, which have been credited in various
publications. The first one was manual scoring in which
the comets had been evaluated by an expert eye who had
to score at least 100 comets from each slide to determine
the level of DNA damage. This process was repeated with
another expert to make a double check. Visual analysis
was made by simply observing the status of comets according to a scoring scale of 0-4 based on fluorescence
beyond the nucleus developed by Kobayashi et al. [10] in
which 0 = no comet; 1 = comet <0.5 times the width of
nucleus; 2 = comet equals to width of nucleus; 3 = comet
greater than width of nucleus; 4 = comet > twice the
width of the nucleus. Scoring cells via this method has
been used in many highly cited publications [7, 11, 12]
substituting the computed image analysis method, and has
also been shown to be time-efficient. The visual comet
score (VCS) characterizing the degree of DNA damage in
each concentration group was simply calculated as follows: The total comet score is calculated by adding individual comet scores and divided by the number of comets.
The figure obtained via this way showed the level of DNA
damage in that particular population exposed to toxic
doses.
In the second way of measuring comets, in general,
commercially available computerized analysis programs
have been used to facilitate fast scoring of large numbers
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of cells. However, these programs are quite expensive and
need a highly sophisticated microscope and a computer
attached. Although the analysis in this way is quick and
examines many parameters, an alternative semi automatic
analysis program offers comet evaluations for the same
purpose. The program called CASP (comet analysis software program) was devloped by Konca et al. [13] and is
freely available through internet (http://www.casp.of.pl).
The program enables users to evaluate more parameters
that cannot be possible by visual scoring methods, such as
%Tail DNA (percent of DNA in the comet tail), % Head
DNA (percent of DNA in the comet head), TL (tail length,
which is the distance of DNA from the body of nuclear
core), TM (tail moment, %Tail DNA x TL, µm) and OTM
(Olive tail moment, %Tail DNA x [(tail CoG, center of
gravity) – (head CoG)]. Cells with an increased frequency
of DNA strand breaks displaying increased amount of
DNA in the comet tail are presented in Fig. 1.

FIGURE 1 - The measurements in the comet images page: 1 Head
extent, 2 Body extent, 3 Tail extent, 4 Comet extent.

The program works with either color or gray-scale
images of fluorescence-stained comets saved in TIF format. An investigator using this program can mark as many
comets as she/he selects. The program would then load
them into “image view” window as shown in Table 1.
Comets should be viewed from left-hand side (head) to
right-hand side (tail). If the comet is not in this order, the
picture in TIF file should be rotated to ensure the above
order. The comets desired to be analyzed should be
framed by dragging the mouse around the comet, and the
frame should be adjusted according to the size of comets.
The comet frame is split into two frames, of which one is
assigned with background, and the other is assigned with
the comet image. There is also a separate window attached to the “image window” summarizing the numerical
results of CASP analysis. After the analysis of comets, the
results associated with those of comets can be imported
into a statistical analysis program.
The program simply defines the comet by subtracting
the background level intensity from the image intensity.
The difference between these two values, also known as
threshold level, is accepting that the image could belong
to a comet. The important issue here is that the threshold

value should be set correctly by the user. Therefore, a
second investigator, or after some time, the first investigator measured the same slides again to check the previous
results obtained.
2.4 Statistical methods

The values were expressed as means ± SE. The comparisons of parameters were performed using One-Way
ANOVA test. The experiment was conducted with 5 replications in each dose concentration. A p-value <0.05 was
accepted to be significant. Data were analyzed using
SPSS® for Windows computing program (Version 16.0).
3 RESULTS AND DISCUSSION
Various concentrations of dimethoate (10, 20, 50 and
400 µg ml-1) resulted in various degrees of DNA damages
in peripheral lymphocytes which were classified in Table
1. As previously reported [9, 12], application of dimethoate led to significant DNA damages on lymphocytes and
erythrocytes. Therefore, we used various doses of the
insecticide to obtain various levels of DNA damages
measured via manual scoring and a computerized analysis
method to compare and evaluate both methods for the
same purpose. In both methods, the amount of DNA
breakage migrating towards the anode was used to measure the conditions of DNA (Fig. 1). Manually scored
DNA damage according to the work of Kobayashi et al.
[10] was compared and correlated with results of parameters obtained from the computer analysis, such as % of
DNA in the head and tail, length of DNA head and tail,
and total comet length as well as TM and OTM values
(Table 2).
The parameters correlated well with the results obtained from the manual scoring method of comet (Fig. 2).
Correlations between VCS and comet length as well as
between VCS and comet tail length were found to be
almost linear (Figs. 2A and B, r = 0.96 and r = 0.91, respectively). On the other hand, negative significant correlation was evident between VCS and % Head DNA (r=
0.96, Fig. 2C) while the correlation between VCS and %
Tail DNA was positive (r = 0.94, Fig. 2D). There was
also a correlation between VCS and OTM showing a
polynomial curve indicating that the linearity between
VCS and OTM was evident up to the damage level of 3 of
VCS, which corresponded to 45 for OTM in the computer
image analysis. However, when the damage was scored as
4 in VCS, the value for OTM in computer image analysis
was 177 in which the ratio between 177 and 45 was much
higher than the ratio of 4 to 3 in VCS. Therefore, the
correlation between VCS and OTM showed polynomial
distribution (Fig. 2E, r = 0.94). When the distribution of
OTM was normalized through log transformation, the
correlation between VCS and OTM showed linearity (Fig.
2F, r= 0.94). Since the TM and OTM values reflect the
DNA damages at similar levels, herein we only presented
the comparison of OTM values with VCS.
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Although the manual scoring method for comet analysis presented in this work provided good and reliable data
in a very short time, the image analysis offered more pa-

rameters for the same purpose, and was found more sensitive than the manual scoring method. For example, the
slides scored through manual analysis showing 3 for VCS

TABLE 1 - Comparison of DNA damages at various levels via manual and computerized methods.
VCS (Visual
Comet Score)

Dmethoate
(µg ml-1)

0

0

1

10

2

20

3

50

4

400

Various comet shapes reflecting DNA damages
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TABLE 2 - Results of DNA damages obtained from manual scoring and computer analysis.
Dimethoate
L Head
L Tail
L Comet
% H DNA % T DNA T DNA/H DNA TM
OTM
(µg ml-1)
a
a
0
99.97
0.03
0.00
0.00
0
0.00a
45 ± 08
4±2
49 ± 3
b
b
10
95.19
4.81
0.05
1
1.16 ± 0.5
2.24b ± 0.8
87 ± 10
24 ± 4
111 ± 6
20
83.74
16.26
0.19
2
9.10c ± 03
8.92c ± 03
81 ± 09
56 ± 4
137c ± 5
50
54.17
45.83
0.84
3
4.61d ± 07
45.53d ± 09
145 ± 11
141± 6
286d ± 5
400
11.03
89.97
8.15
4
314.93e ± 15
177.19e ± 11
63 ± 09
354± 9
417e± 8
VCS:, Visual comet score, L Head: length of head, L Tail: length of tail, L Comet: length of comet, % H DNA: Percentage of head DNA, % T DNA:
percentage of tail DNA, T DNA/ H DNA, TM: tail moment, OTM: Olive tail moment. Parameters with different letters in the columns are significantly different from each other at 0.05 level. The results were expressed as means ± SE.
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FIGURE 2 - Correlation between manual scoring and computerized image analysis of lymphocytes with respect to DNA damages obtained
from comet assay. A) Correlation between VCS and comet length; B) correlation between VCS and comet tail length; C) correlation between
VCS and % Head DNA; D) Correlation between VCS and % Tail DNA; E & F) Correlation between VCS and OTM.

might also contain some DNAs damaged at level 4 in a
treatment; if the mean of these comets are calculated, it

would be obvious that the mean value would be much
lower than those obtained from the computer image analy-
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sis in which the score 4 would be highly numbered as in
our case which would increase the significance of DNA
damages at that particular treatment.
Overall, the manual scoring method made directly
through the eyepiece of a microscope seems to be quicker;
however, we were unable to provide any information regarding the ratio of % H-DNA to % T-DNA due to the lack
of densitometric information. Since the researcher concentrates on the total length of comets rather than the total
area, the evaluation of comets would be uncomplete because the increased tail length would not always correlate
with the increased total comet area in which the increased
length throughout a line would occupy less area than
expected. For example, Azqueta et al. [14] stated that the
visual scoring systematically overestimated low levels of
DNA damage compared with computerized image analysis. However, they also stated that heavily damaged comets were less efficiently detected with full-automated image
analysis. Overall, the degree of agreement between the
manual and automated scoring methods was within acceptable limits according to a Bland-Altman analysis [14]. It is
important to remember that the potential problem with image
analysis is the condition of overlapping comets which are not
scorable. In these conditions, visual analysis could well be a
good solution where fully automated image analysis could
mislead our results. This case is inevitable, especially where
many breaks and high DNA damages occur.
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