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FATE OF “PASTAZZO” AND COMPOST
ORGANIC MATTER IN SOIL AS DETERMINED BY
ISOELECTRIC FOCUSING AND 13C NMR SPECTROSCOPY
Francesco Alianiello*, Alessandra Ciampa and Maria Gabriella Mascia
CRA, Consiglio per la Ricerca e Sperimentazione in Agricoltura (ARC, Agricultural Research Council) – Centro di ricerca per
lo Studio delle Relazioni tra Pianta e Suolo (Research Centre for the Soil-Plant System), Via della Navicella, 2-4, 00184 Roma.

ABSTRACT

INTRODUCTION

An incubation experiment on two different organic matrices mixed to a soil was carried out to monitor changes in
the chemical composition of organic matter.
Aim of the experiment was the knowledge of chemical changes occurring to organic matter added to soil due
to stabilization processes.
A control soil without any addition, a mixture of the
same soil plus compost, and a mixture of the same soil plus
“pastazzo” (an organic residue from industrial processing
citrus fruits) were incubated in microcosms under controlled conditions of temperature and moisture.
Sub-samples, taken from the microcosms at start of the
experiment and fixed times during incubation, were analyzed to determine total organic carbon and humification
parameters; then, they were extracted with NaOH and
Na4P2O7, and the extracts were analyzed by CP-MAS
13
C NMR and iso-electric focusing (IEF). IEF showed
that the bandwidth of peaks produced by focused material on the right side of the profile increased by increasing incubation time, probably due to stabilization of the
samples.
The 13C NMR spectra of pastazzo seem to demonstrate
its organic matter was completely mineralized by the gradual disappearance of its characteristic peaks, compared
with those of the untreated soil. On the contrary, the spectrum characteristics of the compost were still recognizable
after 2-years incubation, demonstrating higher stability.
In all samples, an extra peak appeared after 6 months
at nearly 170 ppm, corresponding to the area of the carboxylic groups, probably due to the production of esters.
Both techniques can be used to profitably monitor transformations of organic residues when added to soil, specially
by integration of the information obtained about the humification level suggested by IEF with the chemical characteristics of the samples determined by NMR.
KEYWORDS: Compost, CP-MAS
tric focusing, soil, pastazzo

13

C NMR, incubation, isoelec-

Soil	
  organic	
  matter	
  includes	
  non	
  decomposed	
 
and	
  partially	
  decomposed	
  vegetal,	
  animal	
  and	
 
microbial	
  residues,	
  biota	
  and	
  humic	
  substances.	
 The	
 origins	
 of	
 humic	
 substances	
 are	
 still	
 
to	
  be	
  completely	
  understood, and several theories
interpret their structure and origins [1]. Humic substances are naturally produced from organic matter added to
soil, and organic input can be natural or artificial, obtained
through additions of organic materials such as wastes
from agriculture, livestock and agro-industry.
The effect of different agro-industrial and crop amendments on soil properties and processes like humification of
the residues are still investigated [2-4]. Studies were carried
out on different kinds of amendment, added to soil in field
conditions [5-8], and analyzed by CP-MAS 13C NMR,
thermal analysis, FTIR and other techniques. Not always
significant differences were found in soils amended compared to the control but, in some cases, a lignin increase
was detected. Soil physical properties were found to be improved and organic carbon concentration increased by
addition of other amendments [9].
Composted sewage sludge amendment was found to
influence alkaline and heavy metals content in the soil [10].
A long-term amendment with manure and mycorrhizainoculated compost was found to significantly affect soil
saturated hydraulic conductivity, porosity, aggregate stability, and nitrate leaching [11].
Effects of organic amendment with manure and stabilized organic sludge were also studied on soil microbial
activity, and microbial indicators were used to assess the
health state of soils [12].
In Italy, citrus is extensively used in agroindustry, with
production of a residue called “pastazzo”. The effects of
pastazzo on the organic carbon content and microbial activity of soil have been already studied after addition to soil
under field conditions [5], and also those of mature compost in an incubation experiment [13], where aromatic com-
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pounds were found in bigger amount in the amended soils
compared to the control.
Aim	
 of	
 this	
 study	
 was the knowledge of chemical changes occurring to organic matter added to soil due
to stabilization processes, through	
 the	
 examination	
 of	
 
the	
  fate	
  of	
  organic	
  matter	
  of	
  two	
  very	
  different	
  matrices	
  added	
  to	
  soil:	
  changes	
  occurring	
 
to	
  their	
  chemical	
  properties	
  were	
  monitored	
 
within	
  the	
  incubation	
  time,	
  and	
  the	
  main	
  stabilization	
 processes	
 in	
 the	
 soil	
 were	
 tracked.	
 
The	
 two	
 matrices	
 were	
 pastazzo	
 and	
 mature	
 compost,	
  with	
  very	
  different	
  characteristics	
  of	
 
chemical	
  composition	
  and	
  stability.	
  Compost is
usually considered to be a good organic amendment, while
pastazzo is not, due to its variable composition [14], although recently its use as a soil amendment has been considered acceptable under certain conditions [5].
The	
 study	
 was	
 conducted	
 in	
 microcosms,	
 already	
  largely	
  used	
  for several studies, e. g. nitrogen
mineralization [15] and soil respiration [16]. Microcosms
allow the performance of experiments in repeatable conditions of temperature and moisture, which is worth to be
accomplished in soil science investigation: under field
conditions, climate variations and heterogeneity, even
among plots of the same soil, provide results of difficult
interpretation.
Changes in the chemical properties of the two organic
amendments added to soil were monitored by determination of total organic carbon (TOC) and humification parameters [17], and by analyses with IEF	
 and	
 CP-MAS	
  13C	
 
NMR of	
  soil	
  extracts.	
  IEF	
  separates	
  the components of a mixture based on their isoelectric point, and is
assumed to provide information on the stabilization of
the organic matter in soil. Usually, the position of the IEF
bands depend on the molecular weight of the organic
compound: the heavier the molecule, the closer to the cathode [18-20]. CP-MAS 13C NMR analysis can detect organic chains and functional groups providing information on
the chemical composition of extracted components [21],
thus improving a better understanding of IEF profiles of
soil extracts.
MATERIALS AND METHODS
Materials

The main characteristics of the soil are listed in Table 1.
The surface soil (0-15 cm) was sampled near Viterbo
(Italy), and treated with a compost (C) and a pastazzo (P)
from oranges of Sicily. Their characteristics are shown in
Table 2. The former was mature (90 days) compost obtained from citrus and pruning residues. It is considered to
be already humified and stabilized [14, 22]; the latter,
pastazzo, is a mixture of citrus pulp and peel, a fresh and
acidic material made up mostly of labile substances, such

as monosaccharides, polysaccharides, pectin and organic
acids [5].
TABLE 1 - Main characteristics of the soil used.
Soil (S)

pH

Inceptisol

6.9

Texture

Organic
C (g/kg)
9.0±0.8

N total
(g/kg)
1.24±0.08

Carbonate
(g/kg)
absent

clayeyloamy
TABLE 2 - Main characteristics of the matrices used.
pH

Compost
Pastazzo

8.1
3.2

Organic C
(g/kg)
452.7±5.7
472.7±7.1

N
total
(g/kg)
28.1±2.3
13.4±0.9

P2 O5
(g/kg)
18.3±0.4
2.9±0.3

K2 O
(g/kg)
7.1±0.4
8.2±0.6

Incubation

Compost and pastazzo were added separately to the
soil S (500 g) in a quantity enough to double the soil
organic C concentration, (corresponding approximately to
20 Mg ha-1 in the O-layer, the rate of an ordinary field
amendment). This high rate was necessary to detect changes
in the composition of organic matter of the matrices during
incubation. The soil mixtures were incubated at 30 °C and
60% of the water holding capacity (2.5 pF) in flasks covered with a porous lid, which allowed gas exchange while
preventing fast evaporation. Sample weight was measured
three times per week and soil moisture was kept constant by
water addition when necessary. Each treatment was in
triplicate and sub-samples were taken at 0, 3, 6, 12 and
24 months, and mixed together to obtain a composite sample of each thesis. Values of soil moisture and temperature
were chosen in a possible agronomic range capable to enhance the process speed.
Analysis

Humification parameters were calculated as described
by Ciavatta et al. [17], after determination of total organic
carbon (TOC), total extractable carbon (TEC) and humic+
fulvic acids (HA+FA), as follows:
Humification Degree (HD = (HA+FA)/TEC*100) and
Rate of Humification (RH = HA+FA)/TOC*100).
Organic carbon content was determined by the SpringerKlee [23] method. These determinations were carried out
in triplicate.
Both isoelectric focusing and CP-MAS 13C NMR analysis were carried out on soil extracts. Soil (2 g) was extracted with 100 ml solution of 0.1 M NaOH and 0.1 M
Na4P2O7 at 60 °C for 48 h under nitrogen atmosphere.
The soil extract was dialyzed against water by membranes
of 6-8000 molecular weight cut-off, until it reached pH 7;
then, the soil extract was freeze-dried. Extraction, dialysis
and freeze-drying permitted to obtain solid samples free
of paramagnetic substances for CP-MAS 13C NMR analysis and, after dissolution, for IEF, where cations, whose
presence could invalidate the analysis, were removed.
IEF was performed according to Alianiello [24]. The
freeze-dried material was dissolved with water to reach
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the C concentration of 25 mg ml-1. The polyacrylamide gel
plate (0.5 mm thick, 225×125 mm large; acrylamide:
bisacrylamide ratio = 37:1) contained a mixture of carrier ampholytes (Ampholines purchased from Amersham
Pharmacia Biotech) in the pH range 3.5-8.0 (75%, 3.5-5.0;
12.5 %, 4.0-6.0 and 12.5%, 5.0-7.0). An IEF pre-run was
carried out for 2 h 30' under 1200 V tension (1200 V, 21 mA
and 14 W were set) to produce the pH gradient within the
gel. After the pre-run, 20-µl samples were poured beside
the cathode, and the electrophoretic run was performed for
2 h under the same conditions of the pre-run; the pH values were read by a pH-meter with a surface electrode. The
long pre-running time (2 h 30') is considered to be optimal
for the successive separation of humic substances [25].
Finally, the plate was stained with Blue Coomassie G 250,
and the profiles were scanned with a laser scanner.
The CP-MAS 13C NMR analysis was performed on
freeze-dried extracts, using a Bruker Avance 400 MHz
NMR, on a 7 mm CP-MAS probe, and a cross polarization pulse program. Contact time was 1000 µs, acquisition
time 40 ms, recycle time 1 s. Line broadening of 50 Hz
was used. The rotor spin rate was 7 kHz. The number of
scans was variable, depending on the C concentration and
the amount of sample available. The contact time chosen
is that traditionally used for the investigated materials.
Even if it does not provide quantitative results of relative
peak widths within the same spectrum (but this inconvenience occurs with any contact time [26]), it allows comparison of the same ppm ranges among the different spectra. The determination of absolute quantitative values of
integrated areas of peaks in the same spectrum was not the
aim of this study, but changes in the peaks’ width within
time, i.e. change of the areas of the same ppm range among
spectra of different sub-samples collected at different times.
Overestimation or underestimation is possible in a ppm
range, but the same effect in the same measure occurs in
all the spectra in the same ppm range, making it possible
to positively compare spectra with each other.

RESULTS AND DISCUSSION
Humification parameters, namely HR and DH, were
determined at start of experiment to evaluate the maturity
of the organic matrices and the soil. The values of the mature compost were higher than those of pastazzo, as expected (Table 3). The soil demonstrated rather low values
of DH and HR.
TOC decreased with time in all samples, as expected.
After 2-years incubation, in all the theses TOC had been
significantly lowered. The pastazzo-treated soil TOC was
at start approximately double that of the soil alone, as requested, but after 2 years, the two values were almost the
same. The TOC of the compost-treated soil after 2 years,
instead, was nearly 1.5 times higher (Table 4). This
demonstrates minor degradation of the organic matter,
due to higher stability of the compost compared to pastazzo.
The current interpretation of IEF profiles identifies
the most humified material as the one focused in the direction of the cathode side, to be found at the right side of
the profile. An interaction of humic substances with carrier ampholytes could even occur and cause artefacts [19],
but De Nobili [27] disagrees with this statement. According to Alianiello and Baroccio [28], the hypothesis of
dependence on molecular weight of focusing position
during IEF is only partially valid. Indeed, most of the
humified material generally focuses on the highest pI
values where bands are present, (3.8 – 3.9), whereas in the
remaining pI interval, (4.0 - 8.0), clear bands are not usually found. Bands at pI values lower than 3.8 are considered to be produced by less humified material [29].	
 
The IEF profiles and the 13C NMR spectra of the untreated soil and of the used organic matrices are shown in
Fig. 1. The compost profile shows the presence of humified substances (sharp peaks at 3.8-3.9 pI), not present in
the pastazzo profile. This confirms the DH and HR analyses (Table 1), which indicated the compost as the most
stabilized matrix.
During the incubation, the IEF profiles of all the
samples demonstrated an increase of the band width at
3.8/3.9 pI with time, probably due to higher stabilization
(Fig. 2).

TABLE 3 - TOC (g/kg), TEC (g/kg), (HA+FA) (g/kg), DH (%, humidification
degree) and HR (%, rate of humification) of the soil S, pastazzo P and compost C.
TOC (g/kg)

TEC (g/kg)

C(HA
(g/kg)

S

9.0±0.8

4.0±0.8

P

472.7±7.1

355.0±7.9

C

452.7±5.7

184.7±6.7

+

FA)

DH (%)

HR (%)

2.0±0.3

48.1±5.7

21.2±3.1

109.0±7.5

37.3±1.9

22.8±1.2

160.3±8.7

64.7±0.4

30.7±0.7

TABLE 4 - Total organic carbon (TOC) (g/kg ) during incubation of the three theses.
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Months

0

3

6

12

24

S

9,4±0,3

7,9±0,6

7,1±1,0

7,1±0,8

6,0±1,0

S+P

16,6±1,3

11,7±0,4

10,2±0,6

7,6±0,9

6,4±0,6

S+C

17,8±0,7

14,6±0,8

13,2±0,8

11,5±0,7

9,4±0,8

S = soil; P = pastazzo; C = compost.

FIGURE 1 - IEF profiles (left) and 13C NMR spectra (right) of soil (A), compost (B) and pastazzo (C).
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FIGURE 2 - Evolution of IEF profiles of the soil samples, at 0 time (A), after 3 (B), 6 (C), 12 (D), and 24 months (E).

The CP-MAS 13C NMR spectra (Fig. 3) show the following shift range:
R1 (10-45) due to methyl-and alkyl-C (lipids, waxes
and aliphatic hydrocarbons);

weather spinning side bands could invalidate the spectra
(Fig 3, lower side). Therefore, one of the experimental
samples (soil plus compost at start) was analyzed by NMR
at the spin rates of 1000, 3000, 5000 and 7000 Hz: the
spectrum at 1000 Hz shows an apparent band`s broadening: between 100 and 220 ppm, all peaks are included in a
large band ; at 3000 Hz, the same band differentiates and
two spinning side bands can be observed at 150 and
220 ppm, which appear more separate and smaller in the
spectrum at 5000 Hz, and, finally, disappear in the spectrum at 7000 Hz. In the rest of the spectrum, no indication
of spinning side bands is found. This demonstrates that
NMR experiments at 7000 Hz on these materials do not
show relevant spinning side bands to contaminate the results.
The NMR spectra of the untreated soil S, pastazzo
and compost are shown in Fig. 1. The most evident characteristic of the pastazzo NMR spectrum was a sharp peak
around 75 ppm, due the presence of aliphatic alcohols and
polysaccharides. The other aliphatic and aromatic components were much less represented, especially compared with
the soil and the compost.
The spectrum of the compost was characterized, if
compared with the one of the soil, principally by a peak at
about 55 ppm due to CH 2 O groups and C 6 moieties of
polysaccharides [30]. The same peak was shown by the
spectrum of the untreated soil (S) as a shoulder of the peak
at 75 ppm. Also aliphatic compounds content was higher
than in the soil. This is typical of more humified materials
[31].

FIGURE 3 - Top: the 13C NMR main approximate regions of functional groups. Bottom: 13C NMR spectra of preliminary trials,
carried out at different rotor spin rates on the same sample (from
bottom to top: 1000, 3000, 5000 and 7000 Hz).

R2 (45-60) due to methoxy- and alkyl-amino-C (lignin substituents, amino acids and amino sugars);
R3 (60-90) due to o-alkyl-C (carbohydrates);
R4 (90-110) due to acetals- and ketals (carbohydrates);
R5 (110-160) due to aromatic-C (phenyl propylene
subunits of lignin):
R6(160-200) due to carbonyl-C (organic acids and
amino acids, peptides).

The treated soil spectra (Fig. 4) looked intermediate
between those of the soil and the added organic residue,
as expected. As in the pastazzo spectrum, the peak at 75 ppm
was apparent in soil mixed with pastazzo, and also in the
untreated soil. After 3 months, the shape of the spectrum was
very similar to that of the control. So the peak at 75 ppm was
rapidly reduced, but did not disappear, leaving unchanged
the peak originally present in soil organic matter, that represents aliphatic alcohols and polysaccharides already
present in the soil; these ones did not disappear with time,
suggesting that, despite the similarity of the groups involved, other structural reasons (not detectable on the low
resolution spectra of CP-MAS 13C NMR) confer stability
to those components of the soil organic matter.
On the contrary, the spectrum of the compost-treated
soil still contained the characteristics of the compost, even
after 2 years, where the peak at 55 ppm is particularly
apparent (Fig. 4, right row). The CH2O groups and the C6
moieties of polysaccharides represented by this peak seem
to be hardly degraded with time.

Preliminary analyses of extracts from treated soils
were carried out at different rotor spin rates to find out
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In Fig. 5, integrated areas of the NMR bands are shown.
It is possible to see that the compost-treated soil and control
spectra show a slight decrease with time of the range 048 bands, typically corresponding to aliphatic compounds.
On the contrary, it was increased in the pastazzo treated soil
spectrum, due to the different chemical and microbiological

environment produced by pastazzo addition, which prevented mineralization of aliphatic compounds.
Also aromatic carbon seems to be more than doubled
in the pastazzo-treated soil, while in soil and in soil+
pastazzo, only a small reduction appears.

FIGURE 4 - 13C NMR spectra of soil (left), soil + pastazzo (medium), soil +
compost (right) at 0 time (A), after 3(B), 6 (C), 12 (D) and 24 months (E) incubation.
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FIGURE 5 - Integrated areas(%) of the main bands of 13C NMR spectra of soil, soil plus compost and soil plus pastazzo during incubation.

In all treated and untreated soils, after 6 months, a new
peak appeared between 165 and 170 ppm, close to the carboxylic groups, probably due to the presence of substituted
carboxylic groups, such as esters or amides [32], since it
cannot be attributed to phenolic substances, ranging between 145 to 160 ppm. Artefacts due to the presence of
carbonates are excluded: they are not in the soil and, even
if present, alkaline extraction and subsequent dialysis at
6-8000 Da should remove them. Amides are usually present in soil organic matter [2] but their signal was not
detected, probably for their low concentration or because
obscured by the peak (180 ppm) of carboxylic acids [33].
Probably, under the incubation conditions, the concentration of carboxylic groups was increased and these groups
were at least partially esterified.
The bands increase at higher pI values during humification is probably due to neutralization of carboxylic groups
by esterification, which was also responsible of an increase
in molecular weight.
If this hypothesis is valid, a decrease within time in
the NMR spectra of the bands in the chemical shift area of
alcohols should be observed. This did not occur, probably
due to alcohols` production during humification.

CONCLUSIONS
The changes observed in the IEF profiles and 13C NMR
spectra of both the compost and pastazzo under controlled
temperature and humidity conditions are due to stabilization or degradation processes.
The pastazzo was soon completely mineralized, as
shown by the values of total organic carbon of the treated
soil, and by the gradual disappearance of the characteristics
of pastazzo 13C NMR spectrum from those of the soilpastazzo mixtures. This demonstrates the lability of the pastazzo organic matter. On the contrary, a significant extra
amount of organic carbon, compared to the control, was
found in the soil treated with compost, while the characteristics of spectra of the compost were still recognisable
after 2 years of incubation, demonstrating the stability of
the compost.
Stabilization processes can lead to esterification of
carboxylic acids, as shown by the NMR spectra.
Probably, the observed changes in the isoelectric focusing profiles did not depend on interactions of the organic matter with the carrier ampholytes, but they may be
due to esterification of carboxylic groups of humic sub-
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stances with increase in molecular weight and focusing at
higher pI values.
The use of the techniques suggested in this study permits to monitor the fate of the materials added to soil as
well as the stabilization of their organic matter.
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ABSTRACT
Antioxidant and antimicrobial activities of methanolic extract of Vitex agnus castus were studied. The antioxidant properties of the extracts were evaluated using different antioxidant tests, including ferric chelating, scavenging activity of hydrogen peroxide and cupric reducing
antioxidant capacity. The highest antioxidant activity was
observed to be 93.5±0.8% by scavenging activity of hy-

drogen peroxide. However, total flavonoid and phenolic
content of the methanolic extract were determined. Antimicrobial activity tests were carried out using disc diffusion method and broth microdilution method with 7 bacteria and 1 yeast. Results suggested that Vitex agnus
castus may be important in variety improvement,
nutraceuticals, bio-pharmaceuticals and food additives as
possible cost-effective natural antioxidant.
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Aldrich. All chemicals and reagents were of analytical grade.
Double distilled water was used in the experiments.
Plants

INTRODUCTION
The use of herbal drugs, forming a major part of complementary and alternative medicine or traditional medicine, is on the rise world-wide [1]. The global trend leads
to an increased demand of medicinal plants for pharmaceuticals, phytochemicals, nutraceuticals, cosmetics, and
other products and is an opportunity sector for commerce
over the world. Medicinal effects of the plants, such as
vegetables, fruits, seeds and roots are attributed to their
phytochemical constituents. Studies have indicated that the
phytochemicals as flavanoids, carotenoids and other phenolic compounds provide significant antioxidant activity and
health benefit [2, 3]. Antioxidants may exert their effects
on biological systems through different mechanisms including metal chelation and electron donation as reducing
agent by reducing the oxidative damage associated with
many diseases like cardiovascular disease, cataracts, atherosclerosis, diabetes mellitus, immune deficiency diseases and
aging [4-6]. Several methods are available to identify
antioxidant activities of natural compounds of the plants
and biological systems [7-9].
Vitex agnus-castus L. (Verbenaceae) is a medicinal
plant [10], traditionally used for the treatment of several
health problems and symptoms, such as premenstrual ones
and spasmodic dysmenorrhea, certain menopausal conditions, insufficient lactation and acne. Several works have
been reported that Vitex agnus castus contained flavonoids, diterpenoids, ecdysteroids as well as essential and
fatty oils in the fruits, flowers and leaves [11-15].
In this study, we evaluated the antioxidant activity of
methanolic extract of Vitex agnus castus grown in the
south of Turkey by ferric chelating method, scavenging
activity of hydrogen peroxide assay and cupric reducing
antioxidant capacity (CUPRAC) assay. In addition to antioxidant analysis, total flavonoid and phenolic content of the
methanolic extract were determined. Antimicrobial properties of the extract were studied by using disc diffusion
method and broth microdilution method with 7 bacteria
and 1 yeast.
MATERIALS AND METHODS
Chemicals

Gallic acid, butylated hydroxytoluene (BHT), butylated hydroxyanisol (BHA), aluminium chloride, hydrogen peroxide solution, sodium carbonate, neocuprine, ammonium acetate, standard copper solution and methanol
were supplied by Merck. Folin & Ciocalteu’s phenol reagent, rutin, trolox and quercetin were obtained from Sigma

The leaves of Vitex agnus castus were collected from
a garden of Antalya (southern Turkey) in August 2008.
The plant collected was identified by a senior scientist,
Dr. Suleyman Gokturk at Akdeniz University, Department
of Biology, Antalya, Turkey. The plant materials were
cleaned, washed, dried and carefully powdered. All samples were kept in tightened light-protected containers.
Preparation of Extracts

Vitex agnus castus leaves powdered by grinding were
extracted with methanol for 6 h at 35 °C using a magnetic
stirrer [16]. The mixture was filtered through a filter paper
(Whatman No. 1). Resulting solution was evaporated under
vacuum to 10 ml, then dried at –50 °C in a lyophiliser
(yield, 11% w/w). Extract was kept in a freezer for further
experiments.
Determination of Total Phenolic Content

The concentration of total phenolics was measured by
the method of Gulcin et al. (2007) [17]. In this method, an
aliquot of diluted extracts and standard solutions of gallic
acid with different concentrations ranging between 0.010.5 mg ml-1 were added to a 25 ml volumetric flask containing 9 ml of ddH 2 O. 2.5 ml of 10% (v/v) Folin &
Ciocalteu’s phenol reagent and 7.5 ml of 20% (w/v)
Na2CO3 were added to the mixture and shaken vigorously.
After incubation for 120 min at room temperature, the
absorbance was recorded at 750 nm. The total phenolic
content of Vitex agnus castus extract was expressed as mg
gallic acid equivalents (GAE mg/g) for the dry extract by
using standard curve equation (y = 4.214x + 1.031, R2 =
0.999). All samples were analysed in three replications.
Determination of Total Flavonoid Content

Total flavonoid content of the methanolic extract of
Vitex agnus castus was measured according to
Ebrahimzadeh et al. (2008) [18]. In this method, 0.5 ml
of appropriately diluted sample or standard solution was
added to a 10-ml volumetric flask containing 1.5 ml methanol. 2.8 ml of double-distilled water, 0.1 ml of 1 M sodium acetate and 0.1 ml of 10% (w/v) AlCl3. After incubation for 30 min at room temperature, absorbance of the
reaction mixture was measured at 415 nm with a doublebeam Shimadzu UV-Vis spectrophotometer (Shimadzu,
Japan). The calibration curve was prepared by quercetin
at concentrations between 0.01-0.5 mg ml-1. The total
flavonoid content of the extract was expressed as mg
quercetin equivalents (QE mg g-1 dry extract) by using
standard curve equation, y = 5.219x + 0.054, (R2 = 0.998).
All tests were carried out in triplicate.
Cupric Reducing Antioxidant Capacity (CUPRAC)
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The cupric reducing antioxidant capacity of the methanolic extract from Vitex agnus castus was determined according to Gulcin et al. (2008) [19]. 1 ml of 10 mM Cu(II),
7.5 mM neocuprine, and NH4Ac buffer (1 M, pH 7.0) solutions were mixed in a test tube to prepare the reaction mixture. Extracts at different concentration (0.01-0.5 mg ml-1)
were added to the reaction mixture until 4.1 ml of final
volume. After 1 h of incubation, the absorbance was recorded at 450 nm. CUPRAC procedure was repeatedly
applied to trolox solutions at different concentrations,
and calibration curve of trolox (0.2-2 mM) was drawn.
The results were expressed as mM trolox equivalents to
antioxidant capacity (TEAC) per g dry weight of the extract by using standard curve equation, y = 4.923x +
0.075, R2 = 0.998. The samples were run in triplicate.

Ferrous Ion Chelating Capacity

The method described by Que et al. [20] was used to
determine the ferrous ion chelating activity of the methanolic extract of Vitex agnus castus. 0.1 ml of 2 mM
FeCl2.4H 2O, 0.2 ml of 5 mM ferrozine (3-(2-pyridyl)5,6-bis-(4-phenylsulfonic acid)-1,2,4-triazine) and 3.7 ml
of methanol were mixed with 0.1 ml of methanolic extract
at different concentrations (0.05-0.5 mg ml-1) in a test tube
and incubated for 10 min. The absorbance at 562 nm was
recorded, and ferrous ion chelating capacity was calculated
as follows:
I% = [(Ablank – Asample) /Ablank] × 100
where Ablank is absorbance of the blank, Asample is absorbance of extract or standard. Rutin was used as comparative standard. The samples were run in triplicate.
Scavenging Activity of Hydrogen Peroxide

The ability of the plant extract to scavenge hydrogen
peroxide (H2O2) was described by the method of
Benkeblia et al. [21]. 2 mM of H2O2 solution was prepared in phosphate-buffered saline (PBS, pH 7.4). H2O2
concentration was determined spectrophotometrically at
230 nm. 0.1 ml of the extract was added to H2O2 solution
(0.6 ml) and absorbance of the hydrogen peroxide at 230
nm was read after 10 min against a blank solution containing extract in PBS without H2O2. The scavenging of H2O2
was determined by using the following equation by Gülçin
et al. [22]:
I% = [(Ablank – Asample) /Ablank] ×100
where Ablank is absorbance of blank (extract in PBS
without H2O2), Asample is absorbance of extract or standard
with H2O2. Solutions of quercetin, rutin and ascorbic acid
were used as comparative standards. The samples were
run in triplicate.
Antibacterial and Antifungal activity

Biological activity of the methanolic extract of Vitex
agnus castus was determined by using 7 bacteria and 1 yeast
including Escherichia coli ATCC 25922, Escherichia coli
ATCC 3166 :09 K:35 K:99, Pseudomonas aeruginosa
ATCC 29853, Klebsiella pneumoniae Type B , Staphylococcus aureus ATCC 6538, Streptococcus salivarius
RSHE 606, Bacillus cereus ATCC 11778 and Candida
albicans as test organisms. Bacterial strains and yeast were
cultured overnight at 37 oC in Nutrient Broth. Two different methods, disc diffusion method and the broth microdilution method were employed for the determination of
antimicrobial activity.
Disc Diffusion Assay

The extract was dissolved in DMSO:PBS (1:1) to a final concentration of 100 mg ml-1 and sterilized by filtration
(0.45 µm, Millipore filters). 100 µl of suspension containing 108 CFU ml-1 of bacteria (0.5 Mc Farland Standard
turbidity) and 106 CFU ml-1 of yeast were spread on
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Mueller-Hinton Agar (MHA) medium, respectively [23].
The discs (6 mm in diameter) were impregnated with 20 µl
of the extracts (2000 µg/disc) at the concentration of 100
mg ml-1 and placed on inoculated agar. Negative controls
were prepared using the same solvents employed to dissolve the plant extract. Ampicillin (10 µg/disc) and Penicillin G (10 µg/disc) were used as positive reference
standards to determine the sensitivity of one strain/isolate
in each microbial species tested. The inoculated plates
were incubated at 37 oC for 24 h for clinical bacterial
strains, but 48 h for the yeast. Antimicrobial activity was
evaluated by measuring the zone of inhibition against the
test organisms [24]. Each assay in this experiment was
repeated twice.
Broth Microdilution Test

The minimal inhibition concentration (MIC) values of
the extract were also studied for the microorganisms. The
inocula of microorganisms were prepared from 12-h broth
cultures and suspensions adjusted to 0.5 McFarland
standard turbidity. The 96-well plates were prepared by
dispensing into each well 100 µl of nutrient broth. A 100µl from Vitex agnus castus extract, initially prepared
at 100000 µg ml-1 level, was added into the first wells.
Then, 100 µl from first well was transferred into 10 consecutive wells and diluted and then, 100 µl inoculum was
distributed to each well. Ampicillin solution was used as
positive control. Then, plates were incubated at appropriate temperatures for 24 h. Microbial growth was determined by absorbance at 600 nm using the ELx 800
universal microplate reader (Biotek Instrument Inc., Highland Park, VT, USA) [25, 26].

(p < 0 . 5 ) . The results revealed that the methanolic extract
of Vitex agnus castus contained significantly more phenolics and flavonoids than several other plants [27, 28].
The trolox equivalent antioxidant capacity (TEAC) was
defined as equvailent to mg trolox per mg extract in the
study. The TEAC value of the methanolic extract of Vitex
agnus castus was determined according to the CUPRAC
method. The TEAC value was measured from the absorbance of solution allowed to stand for 30 min at room temperature at 450 nm after addition of the extract. TEACCUPRAC values were simply calculated by standard curve equation obtained from calibration curve of trolox at different
concentrations of the extract. The results of CUPRAC
antioxidant assay of Vitex agnus castus extract at different
dilutions are depicted in Figure 1 showing good agreement
(R2= 0.998) between measured TEACCUPRAC values and
solid extract. Hovewer, TEACCUPRAC value of the extract
was significantly related to the total phenolic and flavonoid contents. Figures 2 and 3 show the correlation between the total phenolic and flavonoid content and CUPRAC values. The linear curves had higher corre-
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Statistical analysis

The statistical analysis was carried out by using
OriginPro 7.5 software. One-way ANOVA was applied to
data and results were compared by using Tukey`s test. A
difference was considered to be statistically significant
when the p-value is lower than 0.05 (p < 0.05).
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FIGURE 1 - CUPRAC values of the methanolic extract of Vitex
agnus castus at different concentrations (R2 = 0.998)

RESULTS AND DISCUSSION
Antioxidant Activity

5

Flavonoids and phenolic compounds are secondary
metabolites of the plants. They have the ability to scavenge reactive oxygen species which are harmful to tissue and organs [2, 3]. They exert their action scavenging
or chelating process in antioxidant mechanism.

4

In this study, the total flavonoid and phenolic contents of the methanolic extract of Vitex agnus castus were
determined. The total flavonoid content of the extract was
defined as quercetin equivalent. And also, the total phenolic content of the extract was expressed as gallic acid
equivalent. The total flavonoid and phenolic content of Vitex
agnus castus extract were 27.45±1.36 mg QE and
48.05±1.02 mg GAE per dry extract, respectively
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FIGURE 2 - CUPRAC values against total flavonoid content of the
methanolic extract of Vitex agnus castus ( (R2 = 0.998)
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(92.1±1.1%), used as comparative standard antioxidant,
was approximately higher than that of the methanolic extract (86.2±0.8%). High chelating ability of the extract is
attributed to high flavonoid content.
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FIGURE 3 - CUPRAC values against total flavonoid content of the
methanolic extract of Vitex agnus castus (R2 = 0.998).

lation coefficients (R2) of CUPRAC versus the total phenolic and flavonoid contents, 0.998 and 0.998, respectively. The results showed that CUPRAC values were associated with the total flavonoid and phenolic contents of
the extract. However, the major antioxidant capacity of
the extract is a direct outcome of their phenolic and flavonoid contents [29, 30].
Flavonoids, such as flavones and flavonols, exist abundantly in plants, vegetables and fruits. Especially, flavonols
are known to act as antioxidants, both as radical scavenger
and metal chelator [29]. The ability of the plant extracts to
chelate transition metal ions can be followed spectroscopically. In addition to their ability to donate hydrogen atoms,
phenolics and flavonoids in the plant extracts resulted in
acting as chain-breaking antioxidants. And they also inhibit free radical formation by chelating transition metal
ions [31]. The chelating ability of the methanolic extract
from Vitex agnus castus on ferrous ions was determined
spectroscopically at 562 nm. As shown in Figure 4, the
methanolic extract had significantly stronger ferric chelating antioxidant capacity (p<0.05). However, chelating
ability of rutin
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FIGURE 5 - Absorbance change against increasing concentration of
the methanolic extract of Vitex agnus castus and standards, rutin
and quercetin.
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The main role of the phenolics and flavonoids is
scavenging of the free radicals [29, 30]. Antioxidative
properties of various extracts from the plants are of great
interest in both academic researches and food industry,
since their possible use as natural additives emerged from
a growing interest to replace synthetic antioxidants by
natural ones.

60

Antibacterial and antifungal activity

40

In this study, seven different bacteria and one yeast
species were used to screen the possible antimicrobial activities of the methanolic extract of Vitex agnus castus.
Disc diffusion assay and broth microdilution methods were
performed. The extract did not exhibit antibacterial activity against all bacteria in the disc diffusion method. Inhibition zone was measured only for Candida albicans as 11
mm at 100 mg ml-1. Candida albicans is the microbe responsible for most clinical yeast infections, e.g. in mouth
infections. In the broth microdilution method, we confirmed

Vitex	
  agnus 	
  c as tus

Metal	
  c helating	
  c apac ity,	
  %

Hydrogen peroxide is a product of normal metabolic
pathway in human metabolism. Hydrogen peroxide causes
oxidative damage by production of hydroxyl radicals in the
cell [31]. Phenolic compounds, such as phenolic acids,
flavonols, flavonoids and anthocyanidins, inhibit these
hydroxyl radicals from hydrogen peroxide. In our experiments, absorbance change of H2O2 by addition of the
methanolic extract of Vitex agnus castus is shown in Figure
5 and antioxidant activity of the extract was compared with
those of rutin and quercetin as standards. The scavenging
activity of the extract and standards on H2O2 was in the
order of the methanolic extract (93.5±0.8%) > quercetin
(89.4±0.5%) > rutin (86.1±0.7), at concentration of 0.5 mg
ml-1. There were significant differences (p < 0.05) among
the extract and standards.
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FIGURE 4 - Metal chelating capacity at different concentrations of
the methanolic extract of Vitex agnus castus and rutin on ferrous ion
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that all bacterial strains used in the experiments were resistant to the methanolic extract of Vitex agnus castus.
However, the extract exhibited antifungal activity against
Candida albicans. MIC value was determined as 0.39 mg
ml-1. In previous studies, some Vitex species manifested
good growth inhibition against Gram-positive bacteria
(0.02–8.00 mg ml-1) but lower activity against the Gramnegative bacteria and yeast (0.50–8.00 mg ml-1) [32]. Antimicrobial activity of Vitex trifolia leaves has been investigated before. All extracts inhibited the growth of grampositive and gram-negative species. Only DCM leaf extract caused in-hibition to Candida albicans at 5 mg ml-1
dose [33]. Disc diffusion assay was performed with petrol
extract and ethanolic extract of Vitex trifolia. Petroleum
ether fraction was found to be more active than ethanolic
one. [34]. In our study, the methanolic extract of Vitex
agnus castus exhibited only antifungal activity.

CONCLUSION
The methanolic extract of Vitex agnus castus exhibited
stronger antioxidant activity by cuprac reducing antioxidant
capacity, ferric chelating ability and scavenging ability of
H2O2 as compared with activities of standard antioxidant
compounds, rutin and quercetin. The results indicated that
there was a good relation between antioxidant activity and
the total phenolic and flavonoid contents of the extract.
The main reason of high antioxidant activity of Vitex agnus
castus is due to variation of different phenolic compounds.
The methanolic extract of Vitex agnus castus is a complex
mixture of the total phenolic and flavonoid compounds. So,
Vitex agnus castus, rich in phenolics, is a new naturally
potential antioxidant source. However, strains used in the
experiment were resistant to activity of the methanolic extract. It possessed noticeable antifungal activity against
Candida albicans when compared with standard and strong
antimicrobial compounds, such as ampicillin and penicillin.
The results of this study present that the methanolic
extract of Vitex agnus castus can be used as a source of
natural antioxidants and a possible food supplement, or also
in pharmaceutical industry. However, the components responsible for the antioxidant and antimicrobial activities of
the extract are currently unclear. Therefore, it is suggested
that further works should be carried out on the isolation
and identification of the antioxidant components in Vitex
agnus castus.
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ABSTRACT
Albania is rich in various water resources, both surface and ground waters which are continuously endangered. Water pollution is one of the most pressing environmental concerns for Albania. The reason is the general
absence of sewage and wastewater treatment facilities for
both industrial and domestic activities. Six sampling points
in the regions of Tirana and Gjanica River, Ohrid Lake
and canals in the city of Vlora were selected in order to
evaluate the quality of the receiving water bodies. Determined parameters include TDS, total COD, dissolved
COD, BOD5, ammonia nitrogen, nitrite and nitrate nitrogen, phosphate phosphorus pH, temperature, conductivity,
salinity and dissolved oxygen. Results showed severe
environmental problems in most cases, mainly attributed
to the high levels of nitrate and phosphates.

KEYWORDS: nutrient concentrations, surface water, untreated
sewage, Tirana river, Ohrid lake

INTRODUCTION
Albania is located at the northern part of the Mediterranean zone. The country combines a coastal plain in the
West with fairly high mountains: the highest point reaches
2751 m at the triple border with Yugoslavia and FYROM,
while many ridges exceed 2000 m in the northern, central
and southern parts of the country. The rain comes mainly
in south-west direction. This gives a variety of climates and
rainfall patterns in the different regions of the country, as
show the values extracted for stations with 30 years of
continuous observation [1]. Albania has considerable water
resources being continuously endangered. A serious environmental issue for Albania is the water pollution, coming
from both industrial and domestic activities. In the western Adriatic lowland areas, where the most inhabited and
industrial centers develop, urban wastewater and industrial wastes are collected directly in channels, disposed
untreated in rivers and finally transported and discharged

to the sea [2]. In general, the industries connected to the
sewerage system, discharge the wastewaters without any
treatment. The only treatment, known to be used for this
reason, is a mechanical type primary treatment based on
sedimentation and filtration that is located in Vlora city
near a PVC-factory. It concerns about 500 small and medium sized enterprises. All the companies which are required
to do the self-monitoring of their discharges exceed the
allowed norms. There are no continuous data related to
discharges into the sewage system and discharges into natural waters in Albania [3].
The coastal area and the inland lakes have a big potential for tourism in Albania. The water quality of the
lakes and of most of the coastal areas is good, except for
the metropolitan areas of Durresi and Vlora, caused by the
discharge of untreated municipal wastewaters in these regions. Based on the Water Supply and Sanitation Strategy,
approved in 2003 by the Council of Ministers, the aim is
to treat 25% of the urban wastewater by 2012. According
to the local experts, the improvement of the river water
quality will result in an increase in the number of local
tourists. The total population would benefit from a bathing
water quality improvement of inland waters, through a
reduction of the nitrates and phosphates loads discharged.
The population of the coastal counties and the tourists visiting seaside resorts would benefit from the coastal bathing
water quality improvement.
Tirana, with more than 700,000 inhabitants, is situated
in the Ishmi, Lana and Tirana watershed. Industry, especially of the food sector, is growing rapidly in the Tirana
plain. Neither the wastewater from industry nor the municipal one is treated at all. Solid waste continues to be disposed randomly along the riverbanks. However, much water
is used from the rivers for irrigation, livestock, fishing
and drinking through the wells in suburban areas or wells
of food factories [4]. Moreover, the Albanian water supply plays an important role on the Eastern Adriatic coast.
Significantly, this is the point where knowledge on water
quality can provide important information on the level of
disposed contaminants and the degree of environmental
deterioration.
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Ishmi river and Gjanica river are the most polluted rivers in Albania. Problems are caused by organics (as determined by BOD5 and COD) as well as by micropollutants
such as BTEX, phenols etc. Because of the high level of
pollution in Gjanica river, all living species in this river
have been seriously damaged and the natural biodiversity
has deteriorated [2]. Gjanica River is heavily polluted with
wastewaters from oil industry and its byproducts coming
from the area of oil production and oil refinery of Marinza
and Ballshi cities. Flowing along the Fieri city, urban
wastewaters are discharged to the Gjanica river as well. It
has been estimated that about 12 587-18 091 m3 of
wastewaters, con-taining hydrocarbons and industrial oils
are discharged in the river within a year [5].

discharges directly to the sea. About 80% of the population
of Vlora (with about 120000 habitants) discharges their
wastes into this main collector. The length from the main
discharge tube, working with four pumps, to the sea is
about 100m and the quantity being discharged is about
18m3/sec in the winter and it is doubled in the summer,
during the touristic season. At the seashore, four small
channel collectors are built in order to collect the
wastewaters of this area being lately populated and where
domestic wastes discharge untreated directly to the sea.
About 20% of the families of the city discharge their
wastewaters in this small collectors and each channel
discharges to the sea about 2m 3/sec of wastes, a quantity
which is also doubled during the touristic season.

Ohrid Lake is the deepest lake in the Balkans, with a
total surface area of 348.8 km² and a maximum depth of
285 m (average 164 m). It drains into Black Drini river
(regulated outflow in Struga at ca. 22 m³/sec, according to
the needs of the river power plants). The main economic
activities in this region are tourism (very important for
Albania) and fruit production. Numerous pressures on
fisheries (over-harvested), the littoral zones (losses of the
native reed zone) and on the currently oligotrophic state
(eutrophication and fecal contamination by Communities
such as Pogradeci) have started to alter the sensitive character and uniqueness of the lake. A yet not quantified problem is caused by Albanian mine fields. The condition of
Lake Ohrid is linked to its watershed. Agricultural activities, forestry practices, mining, urban and suburban developments, especially those along the shoreline, are all
producing non-point source pollutants that can make their
way into the lake through rainfall and runoff. These nonpoint source pollutants add to the pollution coming from
sewerage. Agriculture is probably a major contributor of
phosphorus, pesticides and sediments to the lake.

There is almost no organized wastewater treatment in
Albania. Municipal and industrial wastewaters are discharged directly into receiving waters. Effluent discharges
are not measured, and surface and groundwater monitoring
is not systematic. Industrial pollution sources include producers of cement, leather, ceramics, textiles, as well as
mines, smelters, oil and gas producers, and wood processing facilities. With the observed decline in industrial
output and increase in consumption in the recent years,
municipal waste has become the primary source of water
quality concern.

Kamza town is located in the edge of the greater Tirana complex which has grown extremely rapidly in recent years. It is expected that this rapid growth will continue over the next 20 years. Kamza is an urbanization and
migration ‘springboard’ for people to reach the capital of
Tirana. It has and will continue to grow rapidly. Total
population figures indicate a tenfold increase of Kamza’s
population in the last decade, while estimates foresee yet
another twofold increase by 2022. The economy is mainly
service oriented. Households are poor with almost half the
population living below poverty line. The area has been
characterized by rapid, unplanned subdivision and development. Due to demographic changes and economic growth
the waste amounts in Kamza have increased tremendously
in the recent years, resulting in the generation of a considerable amount of municipal solid wastes. As a waste collection system is missing, usually the residents either leave the
waste along the rivers or burn it in the yard, increasing the
level of pollution.
The main sewage discharge collector of Vlora municipality is situated in the North-west part of Vlora city and

Monitoring of surface water in Albania has been irregular and the information given is often not reliable or
even contradictory. Some data of the monitoring of water
quality of the rivers in the Adriatic lowland probably represent mean values [5, 6]. Other and more recent data give
minimal–maximal values of the same parameters. For example, as far as nutrient concentrations are concerned, high
levels of nitrites were found in rivers Lana, Ishmi, Gjanica,
Osumi, Semani, Shkumbini and Tirana; they exceed the EC
guide values for high quality fresh water (<0.01 mg/lfor
Salmonid waters and <0.03 mg/l for Cyprinid waters). In
Shkumbini, Tirana, Gjanica and Semani, nitrates even
exceeded the EC guide value of 25 mg/l given for surface
water. The same holds for total ammonia, where EC guide
and imperative values are <0.04 and <1 mg/l (Salmonid
waters), <0.2 and 1 mg/l (Cyprinid waters), respectively
[7]. The high levels of ammonium and nitrite indicate reducing conditions in the water, due to a high organic load.
About 30 to 35 million m3/year of liquid waste with a high
content of toxic compounds were discharged directly into
Shkumbini River; furthermore, about 300,000 t /year of
solid waste were disposed on its riverbanks [8]. The situation has slightly improved since then, but strong sources
of pollution from Elbasani town and from the rest of the
Metallurgic Complex still remain.
The aim of the present work is to present experimental results on the surface water quality of some of the
most polluted sites of Albania. Albania is rapidly growing
in population and in economic activity. Increasing volumes of domestic and industrial wastewater flows are discharged mostly untreated into the drainage. At downstream
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level, these polluted nutrient-rich waters, are used for irrigation or end up directly to the sea. Field research was
done at six points, in Tirana, Fieri, Vlora and Pogradeci,
during the period 2008-2009. The study was intended first
to assess nutrients content such as nitrates, nitrites, ammonium and phosphates.
MATERIALS AND METHODS
In the present study, the water quality of six selected
sampling points in the above mentioned places was evaluated. In order to assess annual variations, sampling expeditions were conducted in four different seasons, during
the period October 1, 2008 - September 30, 2009. The main
characteristics and the concentrations of major pollutants
were measured in receiving surface water and wastewater
samples to assess the actual environmental quality level
and the contribution of domestic and industrial pollutants
to the overall environmental burden. Monitoring of surface water and wastewater quality was studied in Tirana
River (city of Tirana), Gjanica River (city of Fieri), Ohrid
Lake shore (city of Pogradeci), in a small discharge channel at the seashore and in the main collector channel of
the municipality of Vlora. Measured parameters included
total COD, dissolved COD, BOD, ammonia nitrogen, nitrite and nitrate nitrogen, phosphate phosphorus, pH, temperature, conductivity, salinity and dissolved oxygen. .
The sampling stations are numbered (1-6) and are
shown in Figure 1. The main sampling took place in: December of 2008, March, June and September of 2009.

the industrial and urban wastes running from Fieri city
and small cities nearby, are collected. The water turbidity
is very high and the flow rate is small. The river watershed at this point is about 20m wide and about 70 cm
deep. Station number 2 is at Tirana Rive, near the town of
Kamza. The river watershed at this point is about 17 m
wide and about 50 cm deep.
Two sampling points were selected in Vlora city: station 3; situated at the seashore, in a small urban wastes
collector channel and station 6; situated in a very strategic
point near the sea, at the exit of the main collector of
urban and industrial wastes of Vlora municipality.
The sampling station numbered 4 belongs to one of
the small collectors of domestic wastes of many families
living around the hill of Kamza as well as wastes coming
from small activities which are growing every day. It goes
just across the Agricultural University of Tirana Campus,
untreated and at the end it flows to Tirana River. It is a
very polluted channel, especially during hot days and represents a potential source of odors and insects which
bother the students residing in the University area.
Our selection point in Lake Ohrid shore (station 5) consists of a metallic tube (φ = 40 cm) which is used as a collector of domestic wastes and wastes from small activities
developing along the lake shore. Its flow is about 20 liter/
min in the winter and about 40 liter/min in the summer.
Water pH, temperature, conductivity, salinity and dissolved oxygen were measured in situ with a Multi meter
model 340i/SET water checker. Samples were collected
using a horizontal PVC sample collector. The water samples
were placed in 1L acid-washed polyethylene bottles and
were stored at 4oC. Total solids were measured using the
Total Solids Dried at 103-105oC method 203.A of the
‘‘Standard Methods for the Examination of Water and
Wastewater’’ [9].
The concentration of nitrites, nitrates, ammonia and
total soluble phosphorus were measured using the 419NO2- Colorimetric Method, 418-NO3- C. Cadmium Reduction Method, PO4 424-C 3-persulphate digestion
method and 424-F. Ascorbic Acid Method and 417-NNH3 C Phenate method of the ‘‘Standard Methods for the
Examination of Water and Wastewater’’ [9]. All nutrients
were determined by spectrophotometry using an UV-VIS
Spectrophotometer.
Dichromate open reflux method was used for COD
determination. Total chemical oxygen demand (CODT) was
determined in unfiltered samples whereas dissolved COD
was determined in samples filtered with Gelman Sciences
47 mm, 0.7µm Nominal filters.

FIGURE 1 - Map of 6 sampling stations

The sampling point in Gjanica River (station 1) lies
under the bridge at the exit of Fieri city. At this point all

Biochemical oxygen demand was determined using the
BOD measuring device, OxiTop IS 6, after 5 days of incubation in 20oC.
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RESULTS AND DISCUSSION

2mg/l, which implies that untreated sewage discharges lead
to severe deoxygenation of the water.

Total solids, Total dissolved solids and electrical conductivity

Temperature is an important water quality parameter
and affects the solubility and availability of dissolved gases
such as oxygen and carbon dioxide in the water. Temperature in this study followed the expected seasonal fluctuation for all stations and the values ranged from 10.5 –
24.9. Higher water temperature can reduce the dissolved
oxygen concentrations in water and may thus affect the
aquatic organism’s life.
30
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Organic content (BOD5, CODT and CODs)
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COD (total and soluble) and BOD5 express the content
of organic matter. The drinking water quality standard for
800

COD is 4 mg/l. This is exceeded in several stations for
this study.
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FIGURE 7 - Yearly fluctuation of the CODT (mg/l) for all sampling
stations.
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FIGURE 8 - Annual fluctuation of nitrites (N-NO2), nitrates (N-NO3) and ammonia (N-NH4) in all sampling stations.

Nutrient (N and P)

Of particular interest in defining the eutrophication
status of natural waters are the concentration levels of nutrients, nitrogen and phosphorus. The generally accepted
upper concentration limits for waters free of algae is 0.3 mg/l

of ammonia plus nitrate nitrogen and 0.02 mg/l of orthophosphate at the time of the spring overturn [13].
The annual fluctuation of nitrites, nitrates and ammonia are presented in Figure 8. From the above results it becomes obvious that all sampling stations accept important
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inflow of waters polluted with nitrates. Nitrate may rise from
the excessive application of fertilizers (agricultural activities)
or from leaching of wastewater or other organic wastes into
surface water. In all sampling points nitrates were found to
exceed the EC guide values for high quality fresh water
(<0.01 mg/l for Salmonid waters and <0.03 mg/l for Cyprinid waters). Although nitrates did not exceed the EC
guideline value of 25 mg/l for surface water, the existence
of nitrates indicates contamination. Moreover, ammonia
values were in high levels and during the summer and autumn in sampling station 4 the values exceeded 100 mg/l. All
sampling stations exceed the ammonium limit of 0.16 mg/l
N-NH4 of ECC Directive for cyprinid waters. Finally, nitrites
for all seasons and for all the sampling stations were below the United States Environmental Protection Agency
(USEPA) safety limit of 1 mg/l. However, the presence of
nitrites is an indicator of sewage pollution of waters.

very high, much higher than the limit of 65.3 µg/l P-PO4
of the ECC Directive for salmonid waters.
In Table 1 Pearson correlations between data of the
different variables are presented. There were no significant correlations observed between pH and electrical
conductivity, TS and ammonia concentration. However,
there were significant positive correlations between pH
and DO, nitrite and phosphate indicating that the increase
in pH is correlated to the increase of the plankton which is
a result of high concentrations of nitrite, phosphate and
nitrate. On the other hand pH was correlated negatively
with temperature, BOD5, CODT and nitrate.
BOD5 and CODT were positively correlated with
ammonia and phosphate, which explains the pollution of
the sampling sites from domestic and industrial
wastewater sewage. The agricultural influence in the
quality of the waters is explained by the strong positive
correlation of nitrates with phosphates.

The annual fluctuations of the total soluble P are presented in Figure 9. Most phosphate measurements are
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FIGURE 9 - Annual fluctuation of total soluble P (mgP-PO4/l) in all sampling stations

TABLE 1 - Pearson correlations between data of the different variables considered

pH
Temp
EC
Total
Solids
DO
BOD5
CODT
NO3
NO2
NH4
PO4

pH

Temp

-0.53
0.16

0.14

-0.07
0.34
-0.31
-0.31
-0.28
0.23
0.14
0.43

0.17
-0.77
0.68
0.55
0.41
-0.26
0.46
0.08

EC

Total Solids

DO

BOD5

CODT

NO3

NO2

NH4

0.25
-0.07
0.19
0.5
0.01
-0.24
0.31
0.13

-0.16
0.76
0.61
0.24
0.18
0.1
0.15

-0.6
-0.56
-0.29
-0.06
-0.45
-0.19

0.96
0.19
-0.18
0.81
0.52

0.23
0.16
0.74
0.37

-0.01
-0.28
0.71

-0.28
-0.07

0.71
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CONCLUSIONS
The primary objective of this study was to evaluate the
aquatic quality of the surface water of six selected sampling
points in the region of Tirana River, Gjanica River, Ohrid
Lake shore and a canal in Vlora municipality, in Albania.
Determined parameters included TDS, total COD, dissolved
COD, BOD, ammonia nitrogen, nitrite and nitrate nitrogen,
phosphate phosphorus pH, temperature, conductivity, salinity and dissolved oxygen.
One of the most critical parameters studied was the
dissolved oxygen concentration during summer and autumn,
the levels of which exceed the environmental limits. This is
caused by discharges of untreated liquid urban wastes.
Levels of nitrate, ammonium and phosphate attributed
mainly to urban wastes and agricultural effluents, were relatively high. This suggests that the trophic state may be
affected by eutrophication in the sampled regions.
The untreated sewage is discharged directly from the
sewer networks into rivers, lakes and finally into the sea,
as sewage treatment plants are lacking in large cities. To
reduce pollution, there is need to ensure that wastewater is
properly treated before discharge to the environment.
Adequate measures to remove nutrients and the oxygen
demanding components from the wastewater should be
adopted.
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ABSTRACT
To improve cellulose degradation capability of an upflow anaerobic sludge blanket (UASB) reactor for swine
wastewater treatment, a composite microbial consortium
was inoculated to bioaugment the reactor. The effects of
bioaugmentation on pollutant removal and microbial community structure of activated-sludge in the UASB reactor
were significant: COD removal rate was elevated 2-7%,
and cellulose degrading capability more than 20%. Judging
from VSS and VSS/TSS values, the bacteria activity was
improved as well. And the results of PCR-DGGE indicate
that the microbial community structure was changed apparently, with the inoculated bacteria Flavobacterium mizutaii and Pseudomonas as the dominant strains in the reactor. Due to bioaugmentation, bacterial populations such as
Clostridia, Acidobacteria and Nitrospira occurred in the bioaugmented system. All of the dominant groups of Chloroflexi and Acidobacteria, and the three groups of Bacteroidetes, one group of Proteobacteria and one group of
Firmicutes either had much lower density or disappeared
in the incubated bacterial system.
KEYWORDS: bioaugmentation; cellulose degradation; microbial
community; swine wastewater treatment

INTRODUCTION
Cellulose is the primary product of photosynthesis in
terrestrial environments, and the most abundant renewable
bioresource produced in the biosphere (about 100 billion
tons of dry mass per year) [1]. Large quantity of hardly
degradable cellulose pollutant exists in fecal slurries and
swine wastewater from livestock and poultry industry.
Although cellulose-degrading microorganisms have been
well studied and, three enzymes of endoglucanase, exoglucanase and cellobiase were found to be involved in the conversion of cellulosic material to methane [1, 2], most of the
cellulose-degrading microorganisms in previous studies only
could produce one of the three enzymes in artificial media

and more detailed work on the degradation efficiency is
still needed to guide practice of wastewater treatment in
natural cellulose degradation [3].
In our previous laboratory work, a composite microbial
system was constructed with five different cellulose degrading bacteria. Such a microbial consortium could produce different types of cellobiase that co-catalyze degrading
natural cellulose effectively in artificial medium [4].
Bioaugmentation accelerates the removal of undesired
compounds from contaminated waste sites or bioreactors
by using indigenous or allochthonous wild-type or genetically modified organisms [5, 6]. In activated sludge systems, for instance, bioaugmentation helps to enhance removal of specific pollutants such as phenols [7], chloroaniline [8], chlorobenzoate [9], dichlorophenoxyacetic acid
[10], polycyclic aromatic hydrocarbon [11], and acid red
GR [12]. However, not all cases of bioaugmentation are
effective. The addition of specialized strains to activated
sludge to enhance the removal of pollutants present in the
influent is not yet widely applied, because bioaugmentation is less predictable and more difficult to control. Under natural conditions, the laboratory strains have to compete with the established microbial community, resulting in
a decrease in the amount of inoculated cells [13]. Therefore, successful bioaugmentation requires not only a catabolically active inoculum but also a microbial strain or consortium that can survive well in the target environment.
The objectives of this study are: (1) to ascertain whether
the bioaugmentation with the mixed bacterial culture capable of cellulose degrading could accelerate the rate or extent of biodegradation of raw swine wastewater in lab scale
UASB reactors; and (2) to examine the effect of the bioaugmentation on microbial community of activated sludge
with DGGE technique.
MATERIALS AND METHODS
Bioreactor operation, microorganism and growth condition

Two lab-scale UASB reactors (A and B) were operated
in parallel to treat the same raw piggery wastewater with
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3000-5000 mg/L COD and 1500-2500 mg/L BOD. The
raw piggery wastewater was sampled from an intensive pig
farm breeding 8000 pigs in Wuhan city. These two UASB
reactors were 50 cm long with an inner diameter of 7 cm
and a volume of 1.0 L (Fig. 1). Before inoculating a
mixed bacterial culture of cellulose degrading bacterial
consortium into the reactor B, both of these two reactors
were steadily operated for one month. The hydraulic retention time (HRT) of this reactor was 3.0 days.

Analytical methods

COD and VSS (volatile suspended solids), TSS (total
suspended solids) and analysis were carried out in accordance with Standard Methods [14]. The VFAs (volatile
fatty acids) were measured according to a titration procedure described by Anderson and Yang [15].
The concentrations of cellulose were determined using the improved concentrated sulfuric acid hydrolysis
method [16]. Samples were vacuum pumped to filtrate
through a micropore membrane, which was then transferred into a glass tube that contained 20 ml of deionized
water and was kept in an ice water bath. 1.5 ml sulfuric
acid (98%) was then added into the tube. After 12 hours’
reaction, 1 ml of digested solution was taken out into another glass tube into which 0.5 ml 2% anthrone and 5 ml
sulfuric acid (98%) were added to get a mixed solution.
After stewing for 12 min, the OD620 value of the mixed
solution was determined. The concentrations of cellulose
were then calculated. The deionized water was served as
blank control.
Extraction of DNA, PCR- DGGE, sequencing and phylogenetic analysis

FIGURE 1 - Schematic diagram of the UASB reactors.

The mixed bacterial consortium consists of cellulose degrading bacterial strains Pseudomonas citronellolis LCB03,
Stenotrophomonas maltophilia LCB12, Pseudomonas
aeruginosa LCB52, Pseudomonas aeruginosa LCD12 and
Flavobacterium mizutaii LCD51 [4]. The five strains were
deposited in the GenBank nucleotide sequence databases
under the accession number in the order FJ194516,
FJ194517, FJ194518, FJ194519 and FJ194520 respectively.
For inoculum preparation, the bacterial consortium was
grown overnight in LB medium at 30 oC and 120 rpm, and
harvested in exponential phase (OD600 =0.8). The cells
were washed twice with minimal salts medium (MSM) and
re-suspended in sterile H2O before being added into the
reactors (1.0×108 CFU/mL). The final addition of water
with the inoculum brought the water content of the
microcosm to 10% of the total water holding capacity for
the reactors. Microcosms were maintained in the reactor
for one week to avoid being washed out. The sludge in
these two reactors was sampled after the reactors had run
for one month.

Total bacterial DNA was extracted from the sludge in
the reactor after operation for one month. Each of 2 g
sample was centrifuged at 8 000 rpm for 5 min and the
supernatant was decanted. The samples were washed with
10 mL of TENP (Tris 50 mM, EDTA 50 mM, NaCl 100
mM, PVPP 1 %, pH=10.0) three times. Genomic DNA in
the suspension was extracted according to the procedures
described in Zhou et al [17] and purified with a DNA
fragment purification kit (Toyobo Co. Japan). Purified
DNA was eluted with 100 mL of Tris-HCl buffer and
stored at -20 oC for subsequent analyses. DNA integrity
was checked by agarose gel electrophoresis and quantified
by comparing with DNA standards using VisionWorksLS
analyst software (UVP EC3, USA).
A nested approach for amplification of 16S rRNA gene
fragments from sediment or active sludge suitable for DGGE
analyses was used. In the first PCR, the universal bacterial
primers F27 and R1492 (annealing temperature at 56°C)
were used to amplify 1450 bp of the 16S rRNA gene
(Table 1). The amplicons obtained from the first PCR were
then diluted 1: 50 and used as a template for a second PCR
with bacterial DGGE primers F341GC and R534 (annealing temperature at 52°C) (Table 1). PCR reactions were
performed with the following thermocycler program: predenaturation at 94 °C for 5 min, 30 cycles of denaturation

TABLE 1 - The sequences of the primers
Oligonucleotides
Sequence (5’-3’)
Product
GC clamp-CCTACGGGAGGCAGCAG
F341GC
V3 region
R534
ATTACCGCGGCTGCTGG
V3 region
F27
AGAGTTTGATCCTGGCTCAG
16S rRNA
R1492
ACGGTTACCTTGTTACGACTT
16S rRNA
GC clamp: CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGCGGGGGCACGGGGGG
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at 94 °C for 1 min, annealing at corresponding temperature
for 1 min, and elongation at 72 °C for 1 min; and postelongation at 72 °C for 10 min.
DGGE was performed using a D-Code Universal Mutation Detection System (Bio-Rad). 500 ng per lane PCR
products were electrophoresed in 8 % (w/v) polyacrylamide
(37.5:1 acrylamide/ bisacrylamide), 1.5 mm-thick gels submerged in 1× TAE buffer. The linear denaturing gradient
ranged from 36 % to 56 %. Electrophoresis was performed
for 4.5 h at 150 V, 60 °C. Gels were stained with ethidium
bromide, unstained with deionised water, visualized on an
UV transilluminator and photographed with an EC3 gel
documentation system (UVP Co.). Gel images were analyzed using Quantity One Software Version 4.1 (Bio-Rad,
Hercules, CA, USA). Band patterns were analyzed using
Dice coefficient (band based) [20]. Bacterial DNA marker,
the 16S rDNA V3 region fragments the inoculated bacteria,
was loaded to compare electrophoretic proﬁles.

Effects of bioaugmentation on microbial activity

For characterization of activated sludge, parameters
such as VSS density and VSS/TSS ratio can be used to
describe the activity of the microorganism. Table 2 shows

Nucleotide Sequence Accession Numbers

The sequences obtained in this study have been deposited in the GenBank database. The DGGE bands named
SWADUC (swine wastewater anaerobic digestion uncultured) 1-5, 7-15, 17, D and E were given the accession
numbers as FJ554548-FJ554552, FJ554554-FJ554562,
FJ554564, FJ644339 and FJ644340.

FIGURE 2 - Comparison of COD removal rates between the control
reactor (RA) and the reactor enriched with the mixed microbial
population (RB). Removal Phase A: before bacteria supplementation;
Phase B: inoculation and incubation. Phase C: bioaugmentation.

RESULTS
Impact of bioaugmentation on pollutants removal

The removal rate compared between the control reactor A and the reactor B enriched with the mixed microbial
consortium during the whole process is presented in Fig. 2
and Fig. 3. Before the bacteria supplement, the two reactors showed similar pattern of changes in COD and cellulose. After the inoculation and one week of incubation,
the removal rates of pollutants in the two reactors became
different. Although increase in COD removal rate was
insignificant (2 % to 7 % increase, Fig. 2), the cellulose removal rate of the enriched bioreactor was more than 20 %
higher than that of reactor A, when the influent concentration was 436.5 mg/L (Fig. 3). It was evident that the continuously bioaugmented bioreactor demonstrated higher
capacity in removing the recalcitrant pollutants.

FIGURE 3 - Comparison of cellulose removal rates between the
control reactor (RA) and the reactor enriched with the mixed microbial population (RB). Removal Phase A: before bacteria supplementation; Phase B: inoculation and incubation. Phase C: bioaugmentation.

TABLE 2 - Characteristics of activated sludge grown in the reactor A and B in the whole process.

Time (day)
9
18
27
36
45

VSS
(g/L)
50.5
52.2
55.6
59.2
63.5

Reactor A
TSS
(g/L)
101.0
100.4.
97.4
98.6
103.8

Reactor B
VSS/TSS

Time (day)

0.50
0.52
0.57
0.60
0.62

9
18
27
36
45
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VSS
(g/L)
51.3
60.3
65.5
70.2
78.2

TSS
(g/L)
98.7
102.2
100.5
106.3
110.1

VSS/TSS
0.52
0.59
0.65
0.66
0.71
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the effect of bioaugmentation on the properties of activated
sludge in reactor A and B. The value of VSS density in
these two reactors ranged from 50.5 to 78.2 g/L. The
activated sludge in both reactors exhibited similar patterns
of variation in VSS density and VSS/TSS in phrase A.
After bacteria supplementation (phase C, bioaugmentation),
the VSS density in reactor B was much higher than that in
reactor A, indicating the apparent increase in cell density
by bioaugmentation.

banding profiles between RA and RB which also indicated the significant effect of bioaugmentation.

Effects of bioaugmentation on microbial community structure

Analysis of 16S rDNA gene diversity using PCRDGGE further indicated the effect of inoculation on significant changes in microbial community structure (Fig. 4).
The DGGE banding patterns of the sludge community
showed apparent variations in microbial structure between
the native and the bioaugmented system. There are four
major new bands, named as SWADUC15, 17, D and E, in
the bioaugmented reactor B. Another two bands SWADUC3
and 12 appeared with a stronger intensity. However, it
should be noted that some of the dominant bands such as
SWADUC1, 7, 11 and 13 remained unchanged throughout the microcosm incubation. Moreover, the band SWADUC10 showed lower intensity in reactor B. According to
the results of Pearson’s correlation coefficient analysis,
the bacterial population showed 65.1% of similarity in

FIGURE 4 - Denaturing gradient gel electrophoresis (DGGE) profile of the reactor A (RA) and reactor B (RB). M: DNA marker; M1:
Stenotrophomonas; M2: Pseudomonas; M3: Flavobacterium. The
reactor A and reactor B were inoculated with the same seed sources
firstly, and reactor B was also inoculated with the composite bacterial consortium.

FIGURE 5 - Phylogenetic relationship of the DGGE dominant bands of three reactors. Accession numbers of the sequences retrieved from
GenBank are given together with their names. 17 bands in DGGE profiling are in bold face. Class names given on the right are based on the
taxonomic hierarchy used in the second edition of Bergey’s Manual of systematic bacteriology. Bootstrap values (expressed as the percentage
of 1,000 replications) greater than 50% are shown at branch points. Bar 0.02 nucleotide substitutions per position.
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The dominant bands in the DGGE profiles of the bioaugmented system and the control were excised from the
gel, re-amplified, purified, ligated into pGEM-T vector and
sequenced. A total of 17 bacterial bands yielded sequences
that were analyzed using the BLAST program. A phylogenetic analysis was conducted with sequences that showed
a high homology with those identified or unidentified sequences. Taxonomic similarities and phylogenetic relationships of the 16S rRNA partial sequences are shown in
Fig. 5. Groups were considered to belong to the same species if their 16S rDNA sequence showed more than 97%
homology, a value generally considered as a minimum for
species-level affiliation [21]. The Taxonomic affiliations
were located in six different phyla, which revealed a wide
diversity of bacteria. Four sequenced bacterial bands were
associated with Firmicutes, 5 bands belonged to Bacteroidetes, and 3 to Proteobacteria, 3 to Acidobacteria, 1
to Nitrospira, 1 to Chloroflexi phyla. However, it should
be noted that it is difficult to make specific associations
with the limited sequence information available. Most of
the bands sequence affiliations were highly similar to the
un-cultured unidentified bacteria.
DISCUSSION
It has been found that a complex microbial community with the symbiosis of cellulolytic bacteria together with
other noncellulolytic bacteria could be effective to degrade
cellulose for natural cellulosic materials [3]. In this study,
the COD removal rate, cellulose degrading rate, and VSS
and VSS/TSS ratio were enhanced significantly, due to the
joint effects of incubated microbial consortium and indigenous microbial populations in the activated sludge.
The bioaugmentation was accomplished by incubation
of a composite microbial consortium with five cellulose degrading bacteria. The combination of these cultured bacteria had significant effects on the diversity and structure of
the microbial population. These cultured strains identified
as Pseudomonas, Flavobacterium and Stenotrophomonas
belong to the phyla of Proteobacteria and Bacteroidetes.
According to the DGGE profile and taxonomic affiliations
analysis, two of the newly appearing bands SWADUCD
and E associated with the phyla of Proteobacteria and Bacteroidetes respectively were matched with the DNA marker
of Pseudomonas and Flavobacterium respectively, which
implies that the inoculated bacteria Flavobacterium mizutaii LCD51 and the Pseudomonas strain had successfully
dominated in the microbial community in the bioaugmentation system. However, there was no band in the bioaugmented microbial community corresponding to the M1
bands marking the genus of Stenotrophomonas, indicating
that the inoculated strain Stenotrophomonas maltophilia
LCB12 failed to dominate in the bioaugmentation system.
The possible reason is the co-incubation with the indigenous activated sludge microbial community that neutralizes the growth of the bacteria. The dynamics of the bioaugmented microbial community exhibited not only domi-

nation of the inoculated bacteria, but also new appearance
of other dominant bands SWADUC15, 17 and the two
bands SWADUC3 and 12 appeared with stronger intensity.
Bands SWADUC15 and 17 were identified as the class of
Clostridia of Firmicutes phylum, and SWADUC3 and 12
belonged to Acidobacteria and Nitrospira respectively.
Microorganisms associated with class of Clostridia may
develop widely in anaerobic systems and play important
roles in anaerobic digestion. Most of them could be involved in degradation of amino acids as well as in hydrogen
producing and fermentation steps of toluene-degradation
[22-24]. The class of Acidobacteria could degrade and
hydrolyze some organic compounds under microaerophilic conditions, produce acids and form syntrophic association with hydrogenotrophic methanogens [25]. The
dominance of Nitrospira phylum, the ammonium oxidizing bacteria, indicates the strengthening of anaerobic
ammonium oxidation in the augmentated anaerobic reactors. The anaerobic digestion, including hydrolysis, acidogenesis and acetogenesis and methanogenesis, were attributed to different metabolic groups. Different bacterial
populations show synergistic and perform different steps
[26]. The dynamics of the microbial community bioaugmented by the mixed bacteria culture indicates the effect of
the whole microbial community structure on improving
functions of the bioaugmented system, and the improvement could be related to the synergistic effect of the integrated microbial community.
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ANTIBACTERIAL AND ANTIFUNGAL EFFECTS OF
Geranium purpureum Vill. (Geraniaceae) EXTRACTS
Ömer Ertürk
Department of Biology, Faculty of Arts and Sciences, Ordu University, Perşembe, Ordu, Turkey

ABSTRACT
In this study the antibacterial and antifungal activities
of extracted G. purpureum samples in acetone, ethyl acetate, ethanol, methanol and dimethyl sulfoxide (DMSO)
from Trabzon province of Turkey were investigated. Antimicrobial activity of G. purpureum varied depending on
the extract of samples, dosage of extracts, and the extraction solvents for all test microorganisms. Staphylococcus
aureus, Stereptococcus salivarius, Klebsiella pneumonia,
Escherichia coli, Salmonella enteritidis, Streptococcus
pneumonia, Bacillus cereus, Listeria monocytogenes, Streptococcus mutans, Pseudomonas aeruginosa, Bacillus licheniformis, Micrococcus luteus, Bacillus subtillis, Proteus vulgaris and Candida albicans were studied by using discdiffusion and agar dilution method. The results indicated
that each of the crude extracts of G. purpureum exhibited a
more or less pronounced antibacterial and antifungal potency in the case of both Gram-positive and Gram-negative
bacteria and fungi. In the Gram-negative group, the most
sensitive microorganism to G. purpureum was E. coli. In
the Gram-positive group, the most sensitive microorganism
to G. purpureum was S. mutans. The least sensitive microorganism was M. luteus. The results presented in this paper
suggest that G. purpureum possesses a new antimicrobial
compound that has an effect against some Gram-negative,
Gram-positive bacteria and fungi.

KEYWORDS:
Antimicrobial activity, microorganisms, G. purpureum, S. mutans

INTRODUCTION
Plant-derived drugs remain an important resource, especially in developing countries, to combat serious diseases.
Approximately 60-80 % of the world's population still relies
on traditional medicines for the treatment of common illnesses [1]. Natural products have served in the past as
abundant source of compounds proven to be useful in the
treatment of human diseases. A novel source of natural
plant products of which effect on yield extracts to that

antineoplastic, antimicrobial and antiviral. [2]. Since plants
have a variety of chemical compounds in their leaves, roots
and flowers, they have been used in the treatment of various human diseases for thousand of years all over the
world. Similarly, a lot of plants have been used by rural
people in Turkey for the purpose of the treatment of several diseases, including microbial infections for emetic
and strengthening effects and for increasing urine and
decreasing tension [3].
Most of the plants used for medicinal purpose have
been identified, and their uses are well documented and
described by different authors [4-6], but the efficacy of
many of these plants are yet to be verified [5]. Also natural plant extracts have been tested in the laboratory
against bacteria and fungi. The first compound with antimicrobial activity was found in the 1930’s [7]. Since
that period the development and use of these substances
has increased, especially with the appearance of resistant
strains [8].
Plants, which have been used as medicines over hundreds of years, constitute an obvious choice for study. Some
plants have allelopathic effects on other plants [9], but they
were not investigated for their medicinal effect. It is interesting to determine whether their traditional uses are supported by actual pharmacological effects or merely based
on folklore.
There are 35 Geranium (Geraniaceae) species recorded
in the flora of Turkey [10, 11]. Some Geranium species are
used as antidiabetic, hemostatic, antihemorrhoidal, antidiarrheic and for the treatment of pain, fevers and gastrointestinal ailments [12]. Leaves of some Geranium species are
consumed as food in Anatolia [13]. Furthermore, tubers of
G. tuberosum in Erzurum and aerial parts of G. purpureum in Kocaeli are used as vegetable [13, 14]. Plants
from the genus Geranium are known to contain flavonoids [15, 16], tannins [16, 17], lignans [18] and essential
oils [19]. Recent papers reported that flavonoids and tannins isolated from this genus have different biological
activities such as antileishmanial [16], anti-inflammatory
[20], antiprotozoal [21], antiinfluenza [22] antioxidant [15,
17, 23], antiproliferative [23] activities .
In the present study the effect of Geranium purpureum
Vill. (Geraniaceae) extracts in acetone, ethyl acetate, etha-
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nol, methanol and dimethyl sulfoxide (DMSO) on Grampositive bacteria, Gram-negative bacteria and one fungi
was investigated. The antimicrobial effect of this plant has
not yet been studied. The results of this study showed that
the Geranium purpureum extracts showed antimicrobial
activity in acetone, ethyl acetate, ethanol, methanol and
dimethyl sulfoxide.
MATERIALS AND METHODS
Plant materials

The plant materials were collected from January to
May 2004 in Trabzon province of Turkey. The identification of these specimens derived from the pictures and descriptions of the book Flora of Turkey [10].
Preparation of extract

Fresh plants were dried at 45°C for 5-6 hours. The extract of the plants were prepared according to the methods
described by Holopainen et al. [24] with slight modifications. Dried plants were extracted by acetone, ethyl acetate, ethanol, methanol and dimethyl sulfoxide (DMSO)
(50g, 1/5 solvent) at room temperature. The extracts were
kept at 4°C for 5 days. Then they were filtered through a
45 µm membrane filter, and the filtered solution was
dried with an evaporator. The crude extracts were stored
at -20°C until use for the analysis.
Test strains and culture media

Strains of bacteria and fungi were obtained from ATCC
(American Type Culture Collection, Rockville, Maryland).
Antimicrobial activities of five crude extract samples obtained from the G. purpureum species plants were assayed
against Staphylococcus aureus ATCC 6538, Stereptococcus salivarius RSHE 606, Klebsiella pneumonia ATCC
5041, Escherichia coli ATCC 25922, Salmonella enteritidis ATCC 13076, Stereptococcus pneumonia 10015,
Bacillus cereus ATCC 11778, Listeria monocytogenes
NCTC5348, Stereptococcus mutans RSHE 676, Pseudomonas aeruginosa ATCC 27853, Bacillus licheniformis
B1001, Micrococcus luteus B1018, Bacillus subtillis B209,
Pseudomonas aeruginosa B2679, Proteus vulgaris B123
and Candida albicans ATC 25922. The species of bacteria
were grown in Mueller Hinton Agar (Merck) and Mueller
Hinton Brot (Merck). C. albicans was grown in Saboraud
Dextrose Broth (Difco) and Sabouraud Dextrose Agar
(Oxoid). The concentration of bacterial suspensions were adjusted to 108 cells/ml, and that of fungal suspensions to 107
cells/ml.

um (Merck) (20 ml) was used and Saboraud Dextrose
Agar (Oxoid 20ml) was used for fungus were poured into
a 15cm Petri dish. All bacterial strains were grown in
Mueller Hinton Broth medium (Merck) at 37°C for 24 h,
and C. albicans, was grown in Saboraud Dextrose Broth
(Difco) at 27°C for 48 h. Growth was adjusted to OD (600
nm) of 0.1 by dilution with Mueller Hinton Broth medium
(Merck) for bacteria and Saboraud Dextrose Broth
(Difco) for fungi. Suspension (100µl) with approximately
108 bacteria and fungi per millilitre was placed in Petri
dishes, over agar and dispersed. Then, sterile paper discs
(Oxoid, CT09988, 6mm diameter) were placed onto the
agar to load 15µl of each plant sample (1g/ml). For fungi
one hundred units of nystain was used as a positive control and alcohol as a negative control. For bacteria ampicillin and cephazolin obtained from a local pharmacy were
used as a positive control, solvents were used as a negative
control. Inhibition zones were determined after incubation
at 27°C for 48 h. All of the tests were made in triplicate.
Minimum inhibition concentration

The agar dilution method, described by Vanden Berghe
and Vietinck [26] was used for the antibacterial screening
with slight modifications. Instead of 96 well micro titter
plates 24 well tissue culture (Corning) plates were used.
The crude extracts were dissolved in acetone, ethyl acetate,
ethanol, methanol and dimethyl sulfoxide (DMSO) and
physiological Tris buffer (Amresco 0826-500G) 1:4 and they
were mixed with an equal amount of 3% agar solution at
45°C to a final concentration of 4, 2, 1, 0.5 and 0.25 mg
of extract/ml. From the solutions, 400 µl was transferred
into each well of the tissue culture (Corning) plate. After
solidification each well was inoculated with 10µl of freshly
prepared bacterial suspension of 108 bacterial/ml and incubated at 37°C for 24 h. For bacteria, Ampicillin and
Cephazolin obtained from a local .pharmacy and nystatin
for fungus were used at 4, 2, 1, 0,5 and 0.25 mg/ml (1g/ml
stock) as positive control, and solvents were used as negative control. The bacterial growth was assessed by a stereo
microscope after the incubation period. All of the tests were
made in triplicate.
Statistical analysis

The data were analyzed using SPSS for Windows (v.
13.0). The differences between the means of the inhibition
zones were tested with one-way variance analysis followed
by Tukey’s HSD test. The results were evaluated in the
confidence limit of 0.05.
RESULTS AND DISCUSSION

Antifungal Assay and Antibacterial Assay

Antibacterial and antifungal activities were measured
using the method of disc diffusion plates on agar [25]. In
order to test the antibacterial and antifungal activity, the
G. purpureum plant samples were dissolved in acetone,
ethyl acetate, ethanol, methanol and dimethyl sulfoxide
(DMSO). For bacterial grown Mueller Hinton Agar medi-

In the present study, the antimicrobial activity of G.
purpureum extracts in different solvent such as acetone,
ethyl acetate, ethanol, methanol and dimethyl sulfoxide
(DMSO) from Trabzon province of Turkey were investigated. The antibacterial and antifungal activity of G. purpureum extracts in different solvent were initially evalu-
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ated by disc diffusion method using fourteen strains of
(Gram-positive, Gram-negative) bacteria and one fungi
(yeast strain). The five tested compounds exhibited relatively strong antibacterial and antifungal activity. The results obtained in the disc diffusion assay regarding the
growth inhibition zones of the tested microorganisms are
shown in Table 1.A Generally, methanol extracts of G.
purpureum samples did not exhibit inhibitory action on B.
cereus, M. luteus, P. vulgaris and S. pneumonia but the
samples showed an inhibitory effect on the growth of B.
cereus and B. licheniformis (12-14 mm/15 µl inhibition
zone) among bacteria. On the other hand, antifungal activity was shown against C. albicans (11 mm/15 µl inhibition
zone). However, ethanol extract of G. purpureum samples
highly exhibited an inhibitory action on C. albicans, L.
monocytogenes and B. licheniformis among bacteria. But
they did not exhibit an inhibitory action on B. cereus.
Acetone extracts of G. purpureum samples showed
antibacterial and antifungal activity (16-8 mm/15µl inhibition zone) against the P. aeruginosa, L. monocytogenes,
B licheniformis, S. mutans and C. albicans, but they did
not show antibacterial activity against the M. luteus (Table 1A). On the other hand, ethyl acetate extracts of G.
purpureum samples weakly showed an inhibitory action
on the P. aeruginosa, P. vulgaris and B. subtillis but the
samples showed a strong inhibitory effect on the growth of
S. enteritidis, L. monocytogenes, S. pneumonia and C. albicans among bacteria and fungi. Dimethyl sulfoxide
(DMSO) of G. purpureum samples showed an inhibitory
action on the L. monocytogene., However, (DMSO) of G.
purpureum samples weakly showed inhibitory action on
the test organism. Evaluation of MIC’s of different solvent
extracts by means of agar dilution experiment method is
reported in Table 1B. The ethanol extract of G. purpureum
samples required an MIC of 0.25-0.5mg/ml for S. pneumonia, B. licheniformis L. monocytogenes, and C. albicans. The
ethanol extract of G. purpureum samples required an MIC of
2mg/ml for M. luteus. The methanol extract of G. purpureum samples required an MIC of 0.5mg/ml for B. licheniformis. On the other hand, ethyl acetate extract of G.
purpureum samples exhibited an MIC of 0.25-0.5mg/ml for
S. enteritidis, L. monocytogenes and S. pneumonia. The
most sensitive microorganism to G. purpureum samples was
E.coli in the Gram-negative group and Streptococcus mutans was in the Gram-positive group. The least sensitive
microorganism was M. luteus. A control test run with
standard antibiotics revealed that G. purpureum samples
had a similar inhibitory effect on the growth of E.coli, B.
licheniformis L. monocytogenes. According to the results,
it may be concluded that, in general, Gram-positive bacteria and fungi were more susceptible to antibacterial action
of all G. purpureum samples than Gram-negative bacteria
(Table 1A). De novo synthesis of water-insoluble glucan is
essential for the adherence of S. mutans and other oral microorganisms to the tooth surface, forming a barrier that
prevents the diffusion of acids produced by the bacteria
[27]. Extensive screening for biologically active compounds
from natural sources with these effects had been performed.

For example, except for the methanol extract of G. purpureum, the other G. purpureum extracts more or less
inhibited the growth of S. mutans. A control test run with
standard antibiotics revealed that G. purpureum samples
had a similar inhibitory effect on growth E. coli.
The ethanol and acetone extracts of G. purpureum
were considerably more effective than the other extracts.
However, all of the extracts from this plant more or less
inhibited the test organism. For all that, dimethyl sulfoxide (DMSO) extract of this plant were weakly inhibited on
the test organism. It should be pointed out that G. purpureum plant samples were more dissolved in acetone,
and ethanol G. purpureum plant samples were not fully
soluble in methanol and dimethyl sulfoxide (DMSO). Currently, these species were extensively studied [28]. However, the antimicrobial and histological data is sporadic and
they are not comparable [28]. The phytochemistry of the
Geranium genus is reasonably well known today, the
most studied classes of active principles are tannins, essential oils and lavonoids. Tannin-rich plants are used in
folk medicine because of their antimicrobial properties,
and act as scavengers of free radicals [29]. Laks [30]
studied the antifungal activity of flavonoids derived from
a thiolysis reaction with alkyl thiol resulting in epicatechin-4-alkylsulphides. In the Geranium species were also
identified organic acids (citric acid, tartric acid), vitamin
C, B-sitosterol and lipophilic acids: petroselinic acid and
vernolic acid [28]. Acetic, citric, succinic, malic, tartaric,
benzoic, and sorbic acids are major organic acids that naturally occur in fruits and vegetables [31]. Organic acids also
have antimicrobial activity [32].
The Geranium species are used for the following actions: antibacterial, antiviral and antifungal effect, action
on the digestive tract, antis welling, analgesic effect and
action against fever, action against diabetes mellitus, action
on the cardiovascular system, action on the nervous central
system and action in ocular diseases [28]. The antimicrobial action of some hydroalcoholic Geranium extracts were
tested against Staphylococcus aureus and they were active
against it at a concentration of 5% (m/v), the results being
comparable and even superior to some results from the
literature [28].
Up to date, there is no information about free radical
scavenger or antimicrobial activities of examined species.
However, Guo et al. [33] reported that some tannins and
flavonoids isolated from G. sibiricum showed antibacterial activity and corilagin, which is a hydrolyzable tannin
had strong activity against S. aureus. Considering to antimicrobial activity of polyphenolic compounds stated in
the literature [34, 35], it seems logical to attribute the
antimicrobial activity of tested plants to their polyphenolic contents. Şöhretoğlu et al. [36] reported that EtOAc
extracts of the Geranium tuberosum L. subsp. tuberosum,
G. purpureum Vill., and G. lasiopus showed antimicrobial
activity against Staphylococcus aureus, Enterococcus faecalis, Eschericha coli and Pseudomonas aeruginosa.
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TABLE 1A - Results of antimicrobial screening some G. purpureum extracts determined by the agar diffusion method (inhibition zone in mm).
Microorganisms Inh. Zone (mm) (mean-+ S.E.)

Samples

Geranium Acetone
Geranium Alcohol
Geranium Methanol
Geranium Ethyl
Acetate
Geranium DMSO
Ampicillin
Cephazolin
Nystatin

E.c.

S.a.

S.s

K.p.

.S.e

S.p.

B.c

L.m.

S.m

.B.l.

M.l

B.s

P.a.

P.v.

C.a

15.0±0.5
gh
15.0±0.4
d
9.3±0.3
c

10.0±0.5
c
10.0±0.4
b
10.0±0.3
cd

12.0±0.5
de
10.0±0.4
b
9.0±0.3
c

13.0±0.5
ef
9.0±0.4
b
7.0±0.3
b

11.0±0.5
cd
9.0±0.4
b
9.0±0.3
c

14.0±0.5
fg
15.0±0.4
d
0.0±0.3
a

11.0±0.5
cd
15.0±0.4
d
12.0±0.3
e

15.0±0.5
gh
15.0±0.4
d
0.0±0.3
a

15.0±0.5
gh
10.0±0.4
b
9.0±0.3
c

14.0±0.5
fg
20.0±0.47
e
14.0±0.3
f

0.0±0.5
a
12.0±0.4
c
0.0±0.3
a

13.0±0.5
ef
0.0±0.4
a
0.0±0.3
a

16.0±0.5
h
14.0±0.4
d
10.0±0.g
cd

10.0±0.5
c
10.0±0.4
b
0.0±0.3
a

8.0±0.5
b
14.0±0.4
d
11.0±0.3
de

13.0±0.5
f
9.3±0.2
de
15.3±0.3
d
15.3±0.3
c

9.0±0.5
cd
0.0±0.2
a
10.3±0.3
b
0.0±0.3
a

9.0±0.5
cd
6.0±0.2
b
10.0±0.3
b
0.0±0.3
a

8.0±0.5
bc
7.0±0.2
c
13.7±0.3
c
10.3±0.3
b

15.0±0.5
g
10.0±0.2
e
35.3±0.3
h
35.7±0.3
h

15.0±0.5
g
0.0±0.2
a
27.7±0.3
f
21.7±0.3
d

9.0±0.5
cd
0.0±0.2
a
26.7±0.3
f
22.7±0.3
d

20.0±0.5
h
14.0±0.2
f
24.7±0.3
e
32.0±0.3
g

11.0±0.5
e
10.0±0.2
e
24.7±0.3
e
30.0±0.3
f

10.0±0.5
de
10.0±0.2
e
30.00±0.3
g
25.0±0.3
e

0.0±0.5
a
0.0±0.2
a
0.00±0.3
a
35.0±0.3
h

9.0±0.5
cd
0.0±0.2
a
35.7±0.3
h
37.7±0.3
i

7.0±0.5
b
7.0±0.2
c
28.0±0.3
f
24.0±0.3
e

9.0±0.5
cd
0.0±0.2
a
28.0±0.3
f
0.0±0.3
a

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

9.0±0.5
cd
9.0±0.2
d
0.0±0.3
a
0.0±0.3
a
15.0±0.4
d
-

Solvents
The differences between the means in the same column by the same letter are not statistically significant P>0.05
-: no inhibition, NT: Not tested,; Microorganisms: S. salivarius RSHE 606, S. aureus ATCC 6538, K. pneumonia ATCC 5041, E. coli ATCC 25922, S. enteritidis ATCC 13076, S. pneumonia 10015,
B. cereus ATCC 11778, L. monocytogenes NCTC 5348, S. mutans RSHE 676, P. aeruginosa ATCC 27853, B. licheniformis B1001, M. luteus B1018, B. subtillis B209, P. aeruginosa B2679, P.
vulgaris B123 and C. albicans ATCC 25922.

TABLE 1B - Results of antimicrobial screening of G. purpureum extracts determined
by the agar-well diffusion method (minimum inhibitory concentration. MIC. in mg/ml)
Samples

Microorganisms MIC. in (mg/ml)
E.c.
S.a..
S.s
K.p.
.S.e
S.p.
B.c
L.m.
S.m
.B.l.
M.l
B.s
P.a.
P.v
C.a
Geranium -Acetone
0.25
2
2
2
2
0.25
2
0.5
0.5
0.25
4
0.5
0.25
2
2
Geranium - Alcohol
0.5
2
2
4
4
0.25
0.25
0.25
2
0.25
2
1
2
1
Geranium - Methanol
4
2
4
4
4
2
4
0.5
2
2
Geranium - Ethyl Acetate
2
4
4
4
0.25
0.25
4
0.25
1
2
1
2
4
4
Geranium – DMSO
4
4
4
2
1
2
2
4
4
-: no inhibition, NT: Not tested, Microorganisms: S. salivarius RSHE 606, S. aureus ATCC 6538, K. pneumonia ATCC 5041, E. coli ATCC 25922, S. enteritidis ATCC 13076, S. pneumonia 10015, B.
cereus ATCC 11778, L. monocytogenes NCTC 5348, S. mutans RSHE 676, P. aeruginosa ATCC 27853, B. licheniformis B1001, M. luteus B1018, B. subtillis B209, P. aeruginosa B2679, P. vulgaris
B123 and C. albicans ATCC 25922.

Phytochemical investigations of the EtOAc extracts
from G. tuberosum subsp. tuberosum and G. lasiopus also
revealed the presence of flavonoids (quercetin, kaempferol
and their different glycosides), simple phenolic compounds and a hydrolysable tannin [37, 38]. These phenols
are well known antioxidants and antimicrobials. Our results
are in good agreement with previous reports [39].

therapeutic antimicrobials and carry out further pharmacological evaluation.

G. purpureum extracts in acetone, ethyl acetate, ethanol, methanol and dimethyl sulfoxide (DMSO) affected
bacteria and fungal growth because they probably contain
tannins, the essential oils, the flavonoids and organic
acids or other similar substances. However, at this level it
is not clear what kind of substances exactly affect bacteria
and fungal growth in the studied plant extracts.
In conclusion, the results indicated that each the crude
extracts of G. purpureum exhibited more or less pronounced
antibacterial and antifungal potencies in the case of both
Gram-positive and Gram-negative bacteria and fungi. Especially, acetone and ethanol extracts of G. purpureum plant
could be potential sources of new antimicrobial agents.
The results of this paper support the traditional usage
of the studied plant and they suggest that some of the plant
extracts possess compounds with antimicrobial properties
that can be used as antimicrobial agents in new drugs for
the therapy of infectious diseases caused by pathogens. The
most active extracts can be subjected to isolation of the
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ABSTRACT

INTRODUCTION

Natural organic matter (NOM) fouling continues to
be the major barrier to efficient application of ultrafiltration (UF) in drinking water treatment. Algogenic organic
matters (AOM), the main contributor to total NOM levels
in raw waters characterised by elevated algae levels, is currently the subject of much investigation. In this study, the
effect of AOM on fouling of ultrafiltration and the effectiveness of MIEX® pre-treatment for AOM removal
and membrane fouling control was evaluated. The results
showed that, the main species of algae in raw water were
Chlorella vulgaris, which accounted for 80% of total algae.
AOM was predominantly hydrophilic (50% or more) with
a low SUVA (1.7Lm-1mg-1). Coagulation alone could not
remove AOM effectively (less than 20%), however, when
combined with MIEX® pre-treatment, more than 60% of
AOM was be removed. MIEX® pre-treatment followed by
coagulation was observed to be very effective in controlling membrane fouling by AOM. The application of MIEX®
technology at a bed volume treatment rate (BVTR) of 800
was observed to effectively eliminate fouling of UF membrane. Careful analyses of the molecular weight (MW)
distribution of AOM and UV absorbance of treated water
revealed that the effectiveness in membrane fouling control was the result of the changes in AOM molecular
characteristics in treated water, namely a change in MW
due to the preferential removal of high molecular proteins
by coagulation and MIEX® pre-treatment. The results
demonstrate that MIEX® followed by coagulation might is a
new membrane pre-treatment option for UF membrane fouling control.

KEYWORDS:
Algogenic Organic Matter; Ultrafiltration; MIEX®-pre-treatment

Membrane processes, especially ultrafiltration (UF),
are increasingly being used in drinking water treatment [1,
2]. In spite of the various advantages UF systems offer,
poor removal of organic matter and fouling of membranes
are two major obstacles to broader application of UF in
water and treatment [3]. Algae are ubiquitous in lakes and
reservoirs supplying drinking water treatment facilities [4].
When algae populations increase, treatment processes can
be adversely affected. For example, coagulant demand is increased, floc morphology and quality deteriorates and
membrane fouling is increased [5]. This results not only in
increased cell concentration but also increases associated
algogenic organic matter (AOM) which can form a substantial component of the algae system. AOM arises extracellularly via metabolic excretion, forming extracellular
organic matter (EOM) or intracellularly due to autolysis
of cells, forming intracellular organic matter (IOM), and
is known to comprise proteins, neutral and charged polysaccharides, nucleic acids, lipids and small molecules, of
which polysaccharides can comprise up to 80–90% of the
total release [6]. The IOM proportion increases with increasing age of the algae system. AOM provides a significant contribution to the heterogeneous mixture of compounds that forms dissolved organic matter (DOM) in algal
systems.
AOM in drinking water sources is the major precursor of disinfection by-products (DBPs) when chlorine is
used for disinfection [7]. Therefore, removal of AOM is
usually desired before chlorination. Unfortunately, UF membrane is generally ineffective in removing AOM because its
molecules are typically smaller than the pores of UF
membrane. Although pre-treatment for UF systems using
conventional treatment processes such as coagulation/flocculation can partially remove AOM, the removal efficiency
is low at low AOM concentrations. On the other hand,
AOM is a major membrane foulant [5]. Membrane fouling
results in reduction in membrane permeability, and hence
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decline of membrane permeate flux or increase in applied
pressure, which leads to higher operating costs. Over time,
fouling causes deterioration of membrane materials, resulting in compromised product water quality and ultimately
shorter membrane life[8]. Although fouling can be reduced
by utilizing low-fouling membrane materials [2], optimizing system operation [9], and chemically cleaning membrane units [10], fouling is inevitable as long as foulants
exist in the membrane feed water. Therefore, development
of effective pre-treatment methods to remove or transform
NOM from membrane feed water is key to improving the
cost-effectiveness of membrane systems and to broader
application of membrane technology in water treatment.
Magnetic ion-exchange (MIEX®) resin has emerged
as an effective technology for removing organic matters
from raw water. Use of MIEX® as a pre-treatment before
coagulation has consistently shown a good removal effect
of organic matter from drinking water. Depending on specific water characteristics, MIEX® pre-treatment can remove from 30% to over 70% of the DOC from the water
[11, 12]. The treated water therefore has a much lower
coagulant demand allowing much lower doses to be applied when compared with conventional coagulation of the
same raw water [13,14]. For example, Fearing et al. [15]
demonstrated that DOC and UV254 removals (75% and
95%, respectively) were improved with a corresponding
decrease in the coagulant dose from 14 to 5mgL-1 as Fe
(ferric sulphate) when using MIEX pre-treatment (20mLL-1
for 20 min). Whilst the MIEX® technology is currently
used as a pre-treatment to MF and UF membranes systems in North America, Australia and Europe, the potential of MIEX® pre-treatment for controlling membrane
fouling by AOM has not been fully explored. Importantly,
comparing the different treatment stages indicates that the
varying character of AOM from the different algae means
that each species will cause a unique set of challenges restricting the ability to generalise about the treatment of
algae.
In this study, the effectiveness of MIEX® pre-treatment
for AOM removal and fouling control of UF membranes
was evaluated. AOM removal effect as well as changes in
AOM molecular and XAD fractionation characteristics during MIEX® pre-treatment was investigated to elucidate
mechanisms of AOM removal and subsequent fouling
reduction.

A MIEX® pilot plant was used to treat raw water directly and without any pre-treatment.
The UF membrane used in the evaluation was a PVC
membrane with a molecular weight (MW) cut-off of 50
kDa Supported by Suzhou Litree ultra-filtration membrane
technology co,. lid. . All membrane samples were stored in
purified water at 4℃ with water replaced regularly.
Analytical methods

Samples were analysed un-filtered for turbidity and
were filtered using a glass fibre paper (0.45µm pore size,
Xin-ya, China) for DOC, UV254.
Ultraviolet absorbance

UV254 and UV scan was measured using T6 spectrophotometer (Pu-xi Instruments Inc., Beijing, China).
DOC measurements

DOC was measured using a Shimadzu TOC-5000A
analyser as the difference between total carbon and inorganic carbon. Each sample was analysed in triplicate with
errors less than 2%. SUVA was calculated as UV254/DOC.
Turbidity

Turbidity was measured using a Hach 2100N Turbidimeter (Hach Co., Loveland, CO).
XAD resin fractionation

Further characterisation work was carried out by fractionating raw waters using published methods [17]. During this process, 2 L of raw water was filtered through
0.45 mm glass fibre papers and acidified to pH 2. The
water was then passed through three fractionation columns,
the first containing 60mL of XAD-8 resin, the second
containing 60mL of XAD-4 resin and the third containing
60mL of IRA-958 resin. Effluent passing through all of the
columns was the hydrophilic neutral fraction (HIN). Both
the ion-exchange columns were back-eluted with 250mL
of 0.1M NaOH. The eluate from the XAD-8 column was
the hydrophobic fraction (HPO). The eluate from the XAD4 resin was the weak hydrophobic fraction (WHPO). The
eluate from the IRA958 resin was the hydrophilic charged
fraction (HIC). The fractions were filtered and analysed
for DOC.
Molecular weight fractionation

MATERIALS AND METHODS
Raw water, MIEX® System and Membranes

Raw water was pumped from Hong-ze Lake, in middle
China in August or late summer during which algae content
reached 2000×104 cells/L. AOM was characterized using
techniques including dissolved organic carbon (DOC),
specific UV adsorption (SUVA), hydrophobicity, molecular weight (WC). All analytical instruments were calibrated
using the associated calibration procedure for the instrument prior to use.

Nitrogen gas at a constant pressure of 1 bar was used
to drive the AOM solution through ultrafiltration membranes (Millipore, Billerica, MA, USA) using the Amicon
Stirred Cell (Model 8200) in series such that AOM was
fractionated into portions of 30, 30~10, 3~10, 1~3 and <1
kDa. Each MW fractionation was repeated in triplicate.
Pilot plant description and operation

Orica Watercare, Melbourne, Australia provided a
90 L/min pilot instrument and MIEX® resin. The pilot plant
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was set up at the water plant in Huai-an, China, which
treats surface water from Hong-ze lake. The pilot plant was
operated in August 2008. The pilot instrument operated
continuously, and the dosing and regeneration of resin were
controlled automatically. Multiple raw water and pilot plant
effluent (i.e. MIEX® treated water) samples were taken
daily and monitored for DOC, UV254, pH, and turbidity.
Additional raw water and effluent samples were collected
periodically for molecular weight and XAD resin fractionation analysis, coagulation jar-tests and membrane filtration.
Membrane fouling experiments

The water before and after MIEX® pre-treatment,
coagulation and MIEX® and coagulation were tested
for membrane fouling potential. To avoid interference by
flocs during fouling experiments, the treated suspension
was filtered by a sand filter to remove the flocs in the water. The supernatant was collected and used as the feed
solution for the membrane fouling experiments. Membrane
fouling experiments were conducted in a bench-scale UF
filtration instrument (a flow rate of 40L/h). Raw water
before and after treatment of coagulation and MIEX® pretreatment was filtered through the membrane to evaluate its
fouling potential. End folw was adopted during system
operation, with optimum conditions including operation
period of 45min, filtration flux of 40L/(m2h) and time of
44min, backwash flux 100 L/(m2h) and time of 1min. The
water used for the backwash was the filtered water.

ter while the low SUVA value (＜4.0 Lm-1mg-1) are indicative of water containing mostly hydrophilic organics. The
values of SUVA for the raw water were about 1.7 Lm-1mg-1,
which indicated the organic matters in the raw water
were mainly hydrophilic. More detailed hydrophobicity
characterisation was made using XAD resin fractionation
(Fig. 1). However, while the SUVA of the raw water suggested that there was a low hydrophobic content, 35% of
the water was determined to be hydrophobic after fractionation, indicating that this water contained a large proportion of non-UV254-absorbing hydrophobic compounds
that the SUVA measurement was not able to identify.
2.0

Sample 1
Sample 2
Sample 3

1.5
DOC(mg/L)
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1.0

0.5

0.0

HPO

3.0

Raw water characterisation

DOC(mg/L)

2.0
1.5
1.0
0.5
0.0
>30k

TABLE 1 – Raw water characteristics.
10/8/2008
5.6
0.98
1.75
8.01
19.2
137
1956

20/8/2008
5.9
0.105
1.78
8.15
19.6
128
2016

HIN

sample 1
sample 2
sample 3

2.5

The raw water feeding the MIEX® pilot plant was
characterised throughout the duration of the investigation.
As can be seen from Table 1, the physical and chemical
characteristics of the raw water remained relatively constant over the course of the study. The raw water had a
high turbidity of about 20.0NTU as a result of containing
high concentrations of algae. Microscopic examination identified that the dominant species in this water were green
algae (Chlorella vulgaris), which account for 80% of the
total algae cells.

HIC

FIGURE 1 - Fractionation of OM in raw water

RESULTS

Parameter
DOC(mg/L)
UV254(1/cm)
SUVA(L/m•mg)
pH
Turbidity(NTU)
Alkalinity (mg/Las CaCO3)
Algae cell count (×104 cells/L)

WHPO

10～30k

3～10k

1～3k

<1k

FIGURE 2 - MW distribution of OM in raw water
30/8/2008
6.1
0.100
1.64
8.30
20.3
118
2557

Water hydrophobicity was measured in two ways.
Firstly, the SUVA provided a quick indication of the nature
of the organics present in the raw water. High SUVA
(＞4.0 Lm-1mg-1) values are indicative of a hydrophobic wa-

The MW distribution of AOM was dependent on the
species of algae in raw water. The MW distribution of the
AOM in raw water used in the experiment is shown in
Figure 2. As seen from Fig. 2, the AOM was of smaller
MW and not bimodal with 21% greater than 30 kDa, 40%
between 1 and 30 kDa, and 39% less than 1 kDa, respectively. These observations are not in agreement with Lusse
et al. [17], who demonstrated bimodal distributions for stationary phase green algae including Chlorella sp., Scenedesmus obliquus and Dictyosphaerium sp. and the cyanobacteria, Pseudanabaena catenata, using 0.2 mm and <1.1nm
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(~2 kDa) membranes. The reason may lie in the observation that the organic material in raw water was not exclusively AOM, rather there were some other organic contaminants present which altered the MW distribution.
AOM arises extracellularly via metabolic excretion, forming
extracellular organic matter (EOM) or intracellularly due to
autolysis of cells, forming intracellular organic matter
(IOM), and is known to include glycolic acids, carbohydrates, polysaccharides, amino acids, peptides, organic
phosphorous, enzymes, vitamins, hormonal substances,
inhibitors and toxins[5,18]. Compounds such as polysaccharides and proteins have a higher MW than humic and fulvic
acids, however, compounds such as uronic acid are typical
of the charged, small MW.

of the dominant algae in the water sampled here, some
small MW AOM (charged compounds such as uronic acid)
was removed from this water [13]. In addition, large polysaccharides and proteins exuded by microbes and algae
have a higher MW than humic and fulvic acids, indicating
that size exclusion may play a significant part in the poor
removals seen from this water using MIEX® resin. However, by enhancing the dose of MIEX® and making full
use of the mechanism of adsorption, the process has
demonstrated it can effectively remove large polysaccharides and proteins, improving the removal of AOM.
6

AOM removal effect

coag.
500BV+coag.
800BV+coag.
1200BV+coag.

Removal effect(%)

80

Turb. (NTU)

5

Figure 3 shows the removal effect of DOC, UV254 and
CODMn by different processes.
100

500BV
800BV
1200BV

4
3
2
1

60

0
MIEX+8

40

MIEX+10 MIEX+12 MIEX+14 MIEX+16

raw+32

Dosage of PAC(mg/L)
FIGURE 4 - Turbidity removal at
various BVTR and coagulant doses.

20

0

DOC

CODMn

UV254

FIGURE 3 - NOM removal at various BVTR coagulant doses.

As seen from Fig. 3, only 20% of DOC was removed
during coagulation alone, similar to the results of previous
study [19]. The reason lay in that hydrophilic water is generally assumed to have a low coagulant demand due to its
low charge density and relatively low DOC removals can
be anticipated on coagulation. In comparison, DOC removals of 68%, 65%, 61% were observed upon MIEX® treatment applied at 500, 800 and 1200 bed volumes. respectively. Similar results were observed for the removal of
UV254 and CODMn. The removal effect of DOC (above
60%) observed here, is higher than former research on highalgae raw water (about 33%) [12]. This may relate to the
inherent variability in AOM composition in source waters
and the MIEX® operating conditions used. According to
Boyer’s research, the consistently low NOM removals seen
for high-algae, high AOM water may be explained by the
combination of size exclusion and low charge. Many of
these compounds tend to be uncharged and are therefore unlikely to have a strong affinity for exchange onto the resin
[13]. However, it has been shown that algal-derived extracellular organic matter (EOM) is dependent on species.
Algae such as Chlorella vulgaris produce EOM with a
charge density 3.2meqg-1 DOC [18]. As Chlorella was one

Seen from Figure 4, MIEX® pre-treatment process
not only improves the removal effect of organics but also
enhance the coagulation process. Better turbidity removals
by reducing the coagulant (PAC) dose from 32 to 16 mgL-1
when using magnetic resin pre-treatment.
Effect of MIEX pre-treatment on AOM fouling of UF membranes

Membrane fouling experiments were conducted using
UF membranes. Raw water before and after different treatment by MIEX® as well as coagulation were used as the
feed solutions to the membranes. The results obtained are
shown in Figures 5a and 5b.
The total fouling rate curves (Fig. 5a) were obtained
by plotting the slope of each of filtration cycles in Fig. 5b
against the filtration cycle number. From Fig. 5a, the total
fouling rate generally increased with the sequence of
MIEX®+ coag., coag., raw water. This was partly due to increased concentration of AOM fractions. Generally speaking, membrane fouling can be divided reversible and irreversible fouling. The first one maybe caused by larger molecular NOM and film particles, which can be eliminated
through the way of backwash; the latter one may be owe
to smaller molecular NOM that can enter the pore of UF
membrane, which can only through the way of chemical
cleaning. Similar results were reported by Fan et al. who
concluded that the large MW fraction of NOM (>30 kDa -
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most likely in colloidal state) was responsible for most of
the flux decline. Fan et al. [20] seemed to agree when they
concluded that higher SUVA NOM contained a greater
amount of colloidal NOM molecules (i.e. >30 kDa) and
caused greater fouling than lower SUVA NOM. Cho et al.
found that large sized NOM components such as amino
acids, polypetides, proteins, colloidal NOM, and not the
smaller sized humic substances were efficiently rejected
by UF membranes. However, these were well represented
in the raw water to the high algae levels. Therefore, membrane fouling is severe when raw water is loaded directly
onto the membrane. A detailed description of the mechanisms involved is presented later following the discussion
on the results of UV scan and molecular weight.
30
coag.

raw water

20

As can be seen in Figure 6, coagulation could achieve
good removal of those compounds that had high adsorption at wavelength higher than 250nm, i.e. high molecular
and aromatic organics. In comparison, coagulation was observed to remove a very limited amount of those compounds
that absorb strongly between 190 and 220nm. In contrast,
MIEX® pre-treatment was observed to very effectively remove organics absorbing UV across the entire spectrum
applied. It is suggested that the ability of MIEX® resin to
remove a wide range of organic material is its main advantage compared to other process used in drinking water.
Since both coagulation and MIEX® pre-treatment could
remove compounds that have adsorption at wavelength higher than 250nm, both are likely to have the ability to materially reduce the fouling of UF membranes.

15

2.0

10

raw water
coag.
MIEX pre-treatment
MIEX+coag.

1.8
5
0
0

1

2

3

4

5

Filtration cycle No.

FIGURE 5a - Total fouling rates for the various UF feeds.
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brane fouling by NOM [20,21]. Meanwhile, a good correlation has been reported between trihalomethane and haloacetic acid formation and UV254 of NOM [3]. As UV scans
of all NOM samples could give more information, these
were measured and results are shown in Figure 6a and 6 b.
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Changes in AOM molecular characteristics

NOM fractions of different molecular characteristics,
e.g. hydrophobicity, MW, and aromaticity, have been found
to foul membranes differently [20]. The experimental results
presented above strongly suggest that NOM compounds
were decomposed into intermediate products that have lower
membrane fouling potential. Therefore, further characterization was carried out to understand such changes.
Changes in UV scan

UV254 of NOM is an indicator of its aromaticity and
hydrophobicity, which has been found to relate to mem-
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FIGURE 6b - UV scan of the
water after different treatments

Changes in molecular weight

AOM MW distributions of samples were determined
by molecular weight fractionation analysis. The results are
presented in Figure 7. The raw water contained NOM consisting of organic compound with MW’s ranging from less
than 1000 to over 30,000 Da.
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CHARACTERISTICS OF ORGANIC PHOSPHORUS
IN SEDIMENTS OF LAKE DIANCHI, CHINA
Haiying Gao, Tao Liu, Fangtong Zhu and Lin Deng*
Department of Municipal Engineering, Southeast University, Nanjing 210096, P.R. China

ABSTRACT
The amounts and forms of organic phosphorus (OP)
in surface sediments of Lake Dianchi, Yunnan, South China,
were examined using a sequential chemical extraction
method. OP in thirty three sediment samples of Lake Dianchi were defined as labile, moderately labile and nonlabile
fractions based on their solubility during the extraction
procedures. The results showed that the concentration of OP
in sediments decreased from the north to the south regions
excluding the samples from the northwest region polluted
by phosphate ore mining. The average content of total
phosphorus (TP) in sediments far exceeds 2000mg/kg,
showing that the sediments have been heavily polluted.
Moderately labile and nolabile organic phosphorus are
the main compositions, accounting for about 90% of the
OP in sediments. There is no obvious correlation between
OP fractions and organic matter (OM). However, labile,
moderately labile and nonlabile organic phosphorus are significantly correlated with OM if excluded the nine samples
in the southwest zone. Labile and moderately labile OP are
also positively correlated with labile inorganic phosphorus (IP), indicating their potential bio-availability.

KEYWORDS: organic phosphorus, sediment, Lake Dianchi,
sequential extraction

INTRODUCTION
Eutrophication, a major environmental problem in many
aquatic systems, is normally controlled by the availability
of phosphorus, which is considered as a limiting nutrient.
Although external source phosphorus loading to the lake
decreased, the trend of lake eutrophication had never eased
up. It is because of the release of sediment P into the water
column, which deteriorates water quality. The releasing
potential of sediment P depends on phosphorus speciation in sediments. At present most of studies focus on
sediment inorganic phosphorus using sequential extraction methods [1] such as SEDEX sequential extractions [2],
EDTA sequential extractions [3-4] and SMT program [5],

but few researches on OP in sediments have been conducted
because of the limit of analysis methods. OP is considered
important to the growth of phytoplankton, but the influence
of OP on the water phosphorus cycle fractions in sediments
has not been clarified. OP can be fractionated base on different stability by chemical reagents, but this method is
mostly applied to soil OP. Bowman and Cole [6] divided soil
OP into four parts according to a fractionation procedure, including labile, moderately labile, moderately resistant and
highly resistant OP. To enhance the extraction efficiency,
Ivanoff et al. [7] developed this procedure by increasing
some steps on extraction of stable OP in soils. In recent
years, the sequential extraction methods were applied to
sediment OP in lake. Zhang et al. [8] has characterized OP
fractions in sediments of six different lakes using Ivanoff’s
method. The results showed that the concentrations of
OP and its fractions in the heavily-polluted sediments were
higher than those in moderately and nonpolluted sediments.
Chang et al. [9] studied bioavailable phosphorus in surface
water and sediment in 14 temperate lakes in southwestern
China, Correlation analysis indicated that sediment bioavailable phosphorus (BAP) and total phosphorus (TP) in
investigated lakes changed along, trophic gradient, and the
sediment BAP concentration tended to decrease with the
increase of macrophytes biomass and species. Akasya et
al [10] determined the seasonal and spatial patterns of
phosphorus in the littoral sediment of Lake Mogan, and its
potential release into the lake water.
Lake Dianchi is centered in the Yungui Plateau in southwestern China, adjacent to Kunming, the capital of Yunnan
Province, where large quantities of industrial wastewater
and municipal sewage have been directly discharged into
Lake Dianchi. Meanwhile, catchments runoff drains a significant amount of P into the lake. At present, the lake
water in Dianchi is polluted and suffering from eutrophication. TP has increased with time, and algal blooms occur
frequently from April to November each year [11].
The research is of important theoretical and practical
value to understand the status and to control the developmental trend of eutrophication in Lake Dianchi, and the
objectives of this study were: (1) explore the distribution
characteristics of OP in surface sediments of Lake Dianchi;
and (2) discuss the relationship between organic phosphorus fractions and bio-available phosphorus. In our previ-
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ous work [12], the contents of organic phosphorus and
total phosphorus in sediments and the significant correlations were simply discussed, while this paper demonstrated
further only these problems but also the distribution characteristic of organic phosphorus in sediments and more fullscale evaluated the	
  characteristics of organic phosphorus
fractions in sediments of Lake Dianchi.

MATERIAL AND METHODS
Sediment Collection

Thirty three surface sediment samples (0-1cm) were
collected by using a gravity core sampler in October 2007
and sampling points using GPS localization were divided
into the northwest, the north, the middle and the south
part according to the pollution degree (Fig.1). The samples were kept under low temperature and taken to a la-

boratory. All the samples were lyophilized at -80℃,
sieved to pass through a 100-mesh sieve, and then stored
at room temperature until analysis.
Sample analyses
Analysis of sample properties

Total P (TP) was measured by treating at 500℃ (2h),
followed by HCl extraction. IP was determined by direct
extraction with 1 M HCl (16h). Po concentrations in sediments were calculated as the difference between TP and IP
[13]. Organic matter (OM) in sediments was analyzed as
the loss of ignition at 500℃ for 2h [14]. For all samples,
triplicates were analyzed and the results were expressed as
their average. Experimental data were subjected to standard
analysis of variance technique appropriate to a factorial
randomized block design. Wherever appropriate, the treatment means were compared at 5% level of significance
using least significant difference.

FIGURE 1 - Location of sampling sites in Lake Dianchi.
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Extraction of sediment OP

OP fractionation procedure was primarily based on
the Ivanoff et al. scheme [7]. This scheme originally for
soil was used because the fractions were consistent with
well-known operationally defined sediment components.
OP in lake sediments was classified into labile, moderately
labile and nonlabile fractions. Labile OP was initially extracted with 0.5 M NaHCO3 at pH 8.5. The extracted OP
was mainly referred to the loosely sorbed OP on sediment
colloids. Moderately labile OP was extracted with 1.0 M
HCl, followed by 0.5 M NaOH. The NaOH extract was
acidified with concentrated HCl until pH 0.2 to separate
the nonlabile fraction from the moderately labile fraction.
Finally, the highly resistant and nonlabile fraction was determined by ashing the residue from the NaOH extraction
at 550℃ for 1 h, followed by dissolution in 1 M H2SO4. OP
in the sample solutions was calculated by subtracting IP from
TP.
RESULTS AND DISCUSSION
Distribution characteristic of organic phosphorus in sediments
of Lake Dianchi

OM ranged from 1.6% to 35.9% for all the thirty three
sediments, with on average 29.9% for the nine sediments
from the north region, and 12.6% for the others. Sediments TP ranged from 680 mg/kg to 13104 mg/kg. The
average value is 2728mg/kg, which exceeds more than
40% of that in Meiliang Bay, Taihu [15]. Organism would
be obviously damaged if the content of sediments phosphorus exceeded 2000 mg/kg according to sediments quality
compass from Canada [16]. Mean content of sediments
phosphorus in Lake Dianchi greatly exceeded 2000mg/kg,
as it indicated sediments had been heavily polluted.

FIGURE 2 - Horizontal distribution of total phosphorus in sediments.

Distribution of TP in the sediments from Lake Dianchi could be seen in Fig.2. Total phosphorus presented high
in the north and south regions, while low in the center.
There were three TP maximum regions, one of which lay in
the south beyond Jinyang in Kunyang town (29#) and the
other two lay in the north at Cao Lake (2#) and Daqing
estuary (12#), respectively. The north of Lake Dianchi was
adjacent to Kunming city, where much domestic sewage
and industrial wastewater with rich phosphorus was inflooded. As for the south, the crust of earth in Jinning was
high in phosphorus. Recently, lots of phosphorus flowed
into Lake Dianchi through rainfall flush and runoff because
of increasing phosphate ore exploited, which led to plenty
of phosphorus precipitated into the sediments.
Sediments OP ranged from 153.0 mg/kg to 1136.8
mg/kg, with average of 571.4mg/kg, and with the contribution of TP ranged from 10.5% to 52.2%. The distribution of OP was nearly the same as TP (Fig.3), which
presented higher OP content in the south and the north,
while in the center of the lake was much lower. The accumulation of OM led to higher concentration of OP in the
north and the south zone, where plenty of phosphate were

FIGURE 3 - Horizontal distribution of organic phosphorus in sediments
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injected, although the input of OM was relatively lower.
Khoshmanesh et al. [17] hold that sediments bacteria could
luxury uptake of phosphorus, and under aerobic condition
when only acetate was available, Poly-P accumulating organisms took up phosphorus as polyphosphate granules inside the cell.
The recovery of OP and TP ranged from 75% to 104%
and 80% to 110%, respectively. TP extracted with NaHCO3
ranged from 62.6~536.1mg/kg, with the relative contribution of 3.2%~19.2% in sediments, among which the content of OP, just labile OP extracted with NaHCO3, was 18.0~
89.5mg/kg, and took up about 10% of OP. The content of
moderately labile and nonlabile OP ranged from 55.6~
566.8 and 44.6~464.2 mg/kg, with the mean concentration
295.6 and 185.2 mg/kg, respectively. The two fractions
contributed nearly 90% to the total organic phosphorus in
sediments.
Relationship between sediment OP and OM

Table 1 showed that there was no significant correlation between OP fractions and OM in the thirty three
sediments of Lake Dianchi, which was in contradiction to
the results of Zhang et al. [8]. Excluding the nine samples
from the northwest region, significant correlations were
observed between organic matter and organic phosphorus
fractions such as TP, organic phosphorus, inorganic phosphorus, labile organic phosphorus, moderately organic
phosphorus and nonlabile phosphorus. Table 1, which was
in consistency with the results of Zhang et al [8]. It is
suggested that OM was the important support of OP. In
the district near sediments-water interface, when redox

potential changed or bacteria decomposition occurred, the
depositive OM probably released OP, and further entered
into the water column. In the northwest where exogenous
input severely, the depositive rate of OM far exceeded its
mineralization degree, which made the adsorbed OP buried
quickly, and became one of main approaches about phosphorus loss from exogenous input [18]. Moreover, the complicate composition of domestic sewage and industrial
wastewater injected from northwest might be the important
reason that there was no instinct correction between OM
and OP.
TABLE 1 - Correlation coefficients between organic
phosphorus fractions and organic matter in sediments
OP

IP

Labile
OP

Moderately Nonlabile
labile OP OP

OM1 0.131

0.014

0.074

0.128

0.151

OM2 0.623**

0.575** 0.588** 0.669** 0.492*

TP

-0.223
0.644**

Note: OM1 represents OM of thirty three samples and OM2 represents
OM of twenty four samples with nine samples in northwest excluded.
“*”、“**” show the significance at p<0.05 and 0.01, respectively.
Relationship between labile IP and OP fractions

Most inorganic phosphorus concentrated in HCl extraction, with a contribution of 52.3% ~80.2% to total
phosphorus in sediments. Inorganic phosphorus extracted
with NaHCO3 occupies a certain proportion about 3.1%~
20.2%. The inorganic phosphorus recovered by NaOH
was 8.9%~33.4%. Statistical analysis was used to phosphorus fractions based on thirty two samples (29# excluded), and the results showed that total phosphorus,
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FIGURE 4 - Relationships of inorganic phosphorus extracted by NaHCO3 with total phosphorus, labile and moderately labile organic phosohorus in sediments (“*” and“**” show the significance at p<0.05 and 0.01, respectively).
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labile organic phosphorus and moderately organic phosphorus were all correlated with inorganic phosphorus extracted with NaHCO3, but there was no significant correlation between nonlabile organic phosphorus and inorganic
phosphorus extracted with NaHCO3. Inorganic phosphorus extracted with NaHCO3 (Olson-P) was one of the most
important indexes in evaluating soil nutrition level [19].
The soil might reach relatively high nutrition level when
Olsen-P exceeded 46mg/kg. In sediment, there was obvious
correlation between Olsen-P and total phosphorus, and in a
certain range, Olsen-P also became the quantitative index
of algae available phosphorus within a certain range [20].
Because of these, Olsen-P was considered as bioavailability phosphorus and had a close relation with dissolved
labile phosphorus in water [21]. Inorganic phosphorus
extracted with NaHCO3 were easy to be mineralized, and
became plant available phosphorus in certain periods [7].
As important composition of moderately organic phosphorus, organic extracted with acid could be mineralized
or hydrolyzed and transformed into labile dissolved phosphorus. Labile and moderately labile organic phosphorus
were significantly correlated with inorganic phosphorus
extracted with NaHCO3 (Fig.4), indicating that both of the
two fractions were bioavailability phosphorus.
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ANTIGENOTOXIC PROPERTIES OF CHLOROPHYLLIN AND
CHLOROPHYLLS IN THE DROSOPHILA WING SPOT TEST
Eşref Demir, Serap Kocaoğlu and Bülent Kaya*
Akdeniz University, Faculty of Sciences, Department of Biology, 07058, Antalya-Turkey

ABSTRACT
In this study, the protective effects of chlorophyllin,
chlorophyll a and chlorophyll b in response to both potassium dichromate (K2Cr2O7) and cobalt chloride (CoCl2) were
investigated using the Drosophila wing somatic mutation and recombination test in vivo. For this purpose, two
groups were formed for tested chemicals, with a pre-treatment and a co-treatment for the antimutagenic group. When
the results were compared with those of individuals exposed only to genotoxic metal doses, chlorophyllin, chlorophyll a and chlorophyll b clearly decreased genotoxic activity of CoCl2 in both treatments. However, it seems that decrease in inhibition rate does not depend on the dose. The
genotoxic activity of K2Cr2O7 increased in the treatments
with chlorophyll a and b, being higher in the 48 ± 4 h pretreatment, while the genotoxic activity of K 2Cr2O 7 with
chlorophyllin increased in the co-treatment.

KEYWORDS: Drosophila melanogaster, chlorophyllin, chlorophyll
a, chlorophyll b, cobalt chloride, potassium dichromate

INTRODUCTION
The expression of mutations associated with genotoxic
effects is the result of the interplay between risk factors and
responses of the host organism. These processes can be influenced by dietary agents such as micronutrients. Approximately 40 micronutrients (vitamins, essential minerals and
other compounds required in small amounts for a normal
functioning of the metabolism) are required in the diet [1].
Some antioxidant micronutrients, such as Vitamin C (ascorbic acid), anthra-quinone food pigments, Vitamin E, carotenoids and flavonoids also protect the cells against oxidative damage [1-5]. The continuous exposure of human population to mutagenic, carcinogenic and toxic environmental
agents has led to intense research on natural plant products
that reduce genotoxic effects [6]. In recent years, there has
been an increasing awareness that certain naturally occurring substances in plants and other sources have protective
effects against environmental mutagens/carcinogens and

endogenous mutagens [7]. Epidemiological studies have
shown that the consumption of vegetables and fruits is associated with low risks of human cancer [8, 9].
Different studies have been performed during the last
years to investigate the genotoxic or antigenotoxic properties of chlorophyllin and chlorophylls, and have been summarized by several authors [10-13]. Chlorophyll has been
widely studied for its ability to protect against genotoxicity
induced by clastogenic, mutagenic or carcinogenic agents in
different test systems [6, 14, 15]. Nevertheless, in some
cases, some anti-mutagens act as a co-mutagen. Thus, it can
promote the generation of oxygen radical-induced sisterchromatid exchanges in cultured mammalian cells [16], as
well as some other types of genetic damage [17-20].
In this study, we used the wing spot test of D. melanogaster as described by Graf et al. [21] to evaluate the protective effects of chlorophyllin, chlorophyll a and chlorophyll b
against oxidative damage with the Drosophila somatic
mutation and recombination test. To study the antigenotoxic
action of chlorophyllin, chlorophyll a and chlorophyll b, we
performed co-treatments and pre-treatments with two sets
of mutagenic metals (K2Cr2O7 and CoCl2). We have chosen
the Drosophila somatic mutation and recombination test
(SMART) due to the many advantages that this eukaryotic
organism has shown in in vivo genotoxicity tests [22].
MATERIALS AND METHODS
Chemicals

Chl-a (C 55 H 72 N 4 O 5 Mg, CAS No. 479-61-8), Chl-b
(C 55 H 70 MgN 4 O 6 , CAS No. 519-62-0), chlorophyllin
(C34H31CuN4Na3O6) (CAS No. 11006-34-1), dimethyl sulfoxide (DMSO, CAS No. 67-68-5), potassium dichromate
(K2Cr2O7, CAS No. 7778-50-9), cobalt chloride, hexahydrate (CoCl2; CAS No. 7791-13-1) and ethyl methane sulfonate (EMS; CAS No. 62-50-0) were purchased from
Sigma. Chlorophylls a and b were dissolved in DMSO at
0.5% and diluted in distilled water to obtain the test concentrations (0.5, 1, and 2 µM). CHLN and mutagens were
dissolved in distilled water to obtain the test concentrations (1, 2.5 and 5 %). Mutagen	
   doses	
   were	
   determined	
  
from	
  our	
  previously	
  published	
  data	
  [19].	
  Distilled water
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and DMSO served as a negative control; 1 mM EMS was
used as a positive control.

rophyllin (1, 2.5 and 5%), chlorophyll-a and chlorophyllb (0.5, 1 and 2 µM), and then, 24 h later, the larvae
were treated by the genotoxic doses of cobalt chloride (8
mM) and potassium dichromate (0.5 mM).

Drosophila Strains

Two D. melanogaster strains were used: the flare-3
strain with genetic constitution flr3/In (3LR) TM3, Bds, as
well as the multiple wing hairs strain with genetic constitution mwh/mwh. More detailed information on the genetic
symbols and descriptions can be found in Lindsley and
Zimm [23].
Experimental procedure

Somatic mutation and recombination test (SMART)
in the wings of D. melanogaster is based on the loss of
heterozygosity (LOH) for two recessive markers mwh (30.3) and flr3 (3-38.8) (21). This test is able to detect a wide
spectrum of alterations, including point mutations, deletions,
mitotic recombination, chromosomal loss and non-disjunction [24]. The trans-heterozygous larvae were obtained
by parental crosses between flr3 virgin females and mwh
males; and only the trans-heterozygous individuals were
analyzed. Eggs were collected from this cross during 8-h
periods. Third instar larvae were floated off with tap water and then transferred into plastic vials containing 3 g of
dry Drosophila Instant Medium (Carolina Biological Supply Company Burlington, NC, USA) re-hydrated with 9 ml
of the freshly prepared respective test solutions (chlorophyllin, chlorophyll-a, chlorophyll-b, mutagens (cobalt
chloride and potassium dichromate) and mutagen + chlorophyllin, chlorophyll-a and chlorophyll-b, and distilled water,or 0.5% DMSO for the negative controls). The larvae
were fed with different concentrations of the test compound, and feeding ended with pupation of the surviving
larvae. All experiments were performed at 25±1 oC and a
relative humidity of approximately 65%. 1 mM EMS was
used as a positive control.
The experimental procedure used to detect antigenotoxic effects against potassium dichromate and cobalt chloride of chlorophyllin, chlorophyll-a and chlorophyll-b was
as follows:
1. At the first group, two-days-old (48±4 h) trans-heterozygous larvae were exposed to chlorophyllin (1, 2.5
and 5%), chlorophyll-a and chlorophyll-b doses (0.5,
1 and 2 µM).
2. At the second group, three–days-old (72±4 h) transheterozygous larvae were exposed to chlorophyllin (1,
2.5 and 5%), chlorophyll-a and chlorophyll-b doses
(0.5, 1 and 2 µM).
3. At the third group, doses of chlorophyllin (1, 2.5 and
5%), chlorophyll-a and chlorophyll-b doses (0.5, 1 and
2 µM) as well as genotoxic doses of cobalt chloride
(8 mM) and potassium dichromate (0.5 mM) were exposed to 72±4 h Drosophila larvae simultaneously.
4. At the fourth group, the second instar (48±4 h) Drosophila larvae were first exposed to three doses of chlo-

The percentage of inhibition was also calculated as
follows, according to Abraham [25]:
Inhibition =

a-b
x 100
a

where a is the frequency of total spots induced by genotoxic agents alone and b is the frequency of total spots
induced by genotoxic agents in the presence of chlorophyllin, chlorophyll-a and chlorophyll-b.
Preparation and microscopic analysis of the wings

After metamorphosis, trans-heterozygous flies were collected, and then stored in a 70% ethanol solution at + 4 oC.
Afterwards, the wings at Nikon SMZ645 model stereo microscope were removed and mounted on slides in Faure’s
solution (30 g of gum arabic, 30 ml glycerol, 50 g chloral
hydrate and 50 ml distilled water). They were scored at
Nikon YS100 model light microscope (400X magnification)
for the presence of clones of cells showing malformed
wing hairs. Wings were scored for (1) small (1-2 cells)
single spots, (2) large (>2 cells) single spots, both with
mwh or flr3 phenotype, and (3) twin spots (phenotypes
mwh and flr3 in adjacent clone) [21]. While single spots are
originating from recombination, non-disjunction, deletion
and point mutation, twin spots are originating from recombination.
Statistical analysis

The data were evaluated according to Frei and
Würgler [26, 27] multiple-decision procedure. This method
tests for two alternative hypotheses: (i) the mutation frequency in the treated group is not higher than the mutation
frequency in the control group; and (ii) the frequency in the
treated group is not less than m times as high as the observed spontaneous mutation frequency in the control. For
the statistical calculations, the conditional binomial test
according to Kastenbaum and Bowman [28] was used at
5% significance levels.
RESULTS AND DISCUSSION
The results obtained with trans-heterozygous flies
(mwh/flr3) in the wing spot test are shown in Tables 1-6.
The data of 2-days-old (48±4 h) and 3-days-old (72±4 h)
trans-heterozygous larvae exposed to the chlorophyllin (1,
2.5 and 5 %), chlorophyll-a and chlorophyll-b (0.5, 1
and 2 µM) until pupation are summarized in Tables 1 and
2. As indicated in Tables 1 and 2, chlorophyllin, chlorophyll-a and chlorophyll-b did not induce significant increases in the frequency of mutant spots at any of the three
concentrations tested after larval feeding. Thus, in the
wing spot test, an in vivo model, chlorophyllin, chloro-
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TABLE 1 - Forty-eight-hour larvae were treated with chlorophyll-a, chlorophyll-b and chlorophyllin in the Drosophila Wing Spot Test (results obtained with mwh/flr3 wings).
Treatment

Number
of wings
(N)

Small single
spots
(1-2 cells)
(m=2)
No
Fr
D
17 (0.21)

Distilled
80
water
(48 h)
0.5 % DMSO
100
24 (0.24)
(48 h)
48±4 h Chlorophyll-a treatment (µM)
0.5
80
11 (0.14)
1
80
10 (0.13)
2
80
15 (0.19)
48±4 h Chlorophyll b- treatment (µM)
0.5
80
8
(0.10)
1
80
11 (0.14)
2
30
4
(0.13)
48±4 h Chlorophyllin treatment (%)
1
80
9
(0.11)
2.5
80
8
(0.10)
5
80
4
(0.05)
No: number, Fr: frequency, D: statistical
factor, probability levels α = β = 0.05.

Large single
spots
(> 2 cells)
(m=5)
No Fr
D
0 (0.00)

Twin spots
(m=5)

Total mwh spots
(m=2)

No Fr
D
1 (0.01)

Total spots
(m=2)

Frequency of
clone formation
per 105 cells

No
18

Fr
D
(0.23)

No
18

Fr
D
(0.23)

0.92

i

5

(0.05)

i

0

(0.00)

i

28

(0.28) i

29

(0.29)

i

1.15

-

0
2
5

(0.00)
(0.03)
(0.06)

-

0
0
2

(0.00)
(0.00)
(0.03)

i
i
i

11
12
22

(0.14) (0.15) (0.28) -

11
12
22

(0.14)
(0.15)
(0.28)

-

0.56
0.61
1.13

-

1
1
0

(0.01)
(0.01)
(0.00)

-

0
0
0

(0.00)
(0.00)
(0.00)

i
i
i

9
12
4

(0.11) (0.15) (0.13) -

9
12
4

(0.11)
(0.15)
(0.13)

-

0.46
0.61
0.55

0
0
0
and

(0.00)
(0.00)
(0.00)
Würgler

i
i
i
[26], +:

9
(0.11) 9
9
(0.11) 9
5
(0.06) 5
positive, i: inconclusive,

0 (0.00)
1 (0.01)
1 (0.01)
diagnosis according

i
i
i
to Frei

(0.11) 0.46
(0.11) 0.46
(0.06) 0.26
-: negative, m: multiplication

TABLE 2 - Seventy-two-hour larvae treated with chlorophyll-a, chlorophyll-b and chlorophyllin in the Drosophila Wing Spot Test (results
obtained with mwh/flr3 wings.
Treatment

Number
of wings
(N)

Small single
spots
(1-2 cells)
(m=2)
No
Fr
D
16 (0.20)

Distilled
80
water
(72 h)
0.5% DMSO
100
29 (0.29)
(72 h)
1 mM EMS
80
163 (2.04)
72±4 h Chlorophyll-a treatment (µM)
0.5
80
10 (0.13)
1
80
19 (0.24)
2
70
20 (0.29)
72±4 h Chlorophyll-b treatment (µM)
0.5
80
19 (0.24)
1
80
23 (0.29)
2
52
12 (0.23)
72±4 h Chlorophyllin treatment (%)
1
80
14 (0.18)
2.5
80
13 (0.16)
5
80
21 (0.26)
No: number, Fr: frequency, D: statistical
factor, probability levels α = β = 0.05.

Large single
spots
(> 2 cells)
(m=5)
No
Fr
D
1 (0.01)

Twin spots
(m=5)
No
0

Total mwh spots
(m=2)

Fr
D
(0.00)

Total spots
(m=2)

No
17

Fr
D
(0.21)

No
17

Frequency of
clone formation
per 105 cells

Fr
D
(0.21)

0.87

i

3

(0.03)

i

0

(0.00)

i

32

(0.32) i

32

(0.32)

i

1.31

+

89

(1.11) +

32

(0.40)

+

273

(3.41) +

284

(3.55)

+

13.99

-

4
2
4

(0.05)
(0.03)
(0.06)

i
i
i

1
3
2

(0.01)
(0.04)
(0.03)

i
i
i

15
24
26

(0.19) (0.30) (0.37) -

15
24
26

(0.19)
(0.30)
(0.37)

-

0.77
1.23
1.52

-

4
2
4

(0.05)
(0.03)
(0.08)

i
i
i

2
0
0

(0.03)
(0.00)
(0.00)

i
i
i

25
25
16

(0.31) (0.31) (0.31) -

25
25
16

(0.31)
(0.31)
(0.31)

-

1.28
1.28
1.26

i
i
i
to Frei

0
1
0
and

(0.00)
(0.01)
(0.00)
Würgler

18 (0.23) 18
16 (0.20) 17
23 (0.29) i
23
[26], +: positive, i: inconclusive,

4 (0.05)
3 (0.04)
i
2 (0.03)
diagnosis according

phyll-a and chlorophyll-b do not appear to be genotoxic.
Similarly, other studies also suggested that chlorophyllin,
chlorophyll-a and chlorophyll-b did not show genotoxic
action [14, 29-31].
With respect to co-treatment and pre-treatment experiments, Tables 3 and 4 show the results obtained with
tested doses of CoCl2 and chlorophyllin, chlorophyll-a and
chlorophyll-b. Co-treatment with CoCl2 reduced the fre-

(0.23) 0.92
(0.21) 0.82
(0.29) i
1.18
-: negative, m: multiplication

quency of total spots from 44.26 to 45.90% with chlorophyll-a, from 36.07 to 45.90% with chlorophyll-b and from
34.43 to 50.82% with chlorophyllin (Table 3). When the
results were compared with those of individuals exposed
only to chlorophyllin, chlorophyll-a and chlorophyll-b, 24-h
pre-treatment of larvae, followed by a treatment with the
genotoxic doses of CoCl2, clearly show that the number of
total spots decreased from 18.03 to 62.30% for genotoxic
activity of CoCl2 (Table 4).
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TABLE 3 - Wing spot test data obtained by co-treatment with chlorophyll-a (Chl-a), chlorophyll-b (Chl-b) and chlorophyllin (CHLN) in
combination with cobalt chloride (CoCl2). Results with the mwh/flr3 wings.
Treatment Number
of
wings
(N)

Small single
spots
(1-2 cells)
(m=2)

Large single
spots
(> 2 cells)
(m=5)

Twin spots
(m=5)

No Fr
D
No Fr
D
No Fr
Control water 80
16 (0.20)
1 (0.01)
0 (0.00)
8 mM CoCl2 80
42 (0.53) +
5 (0.06) i
2 (0.03)
Chlorophyll-a (Chl-a) + CoCl2 72 ± 4 h simultaneously treatment
0.5 µM Chl-a 80
23 (0.29) 3 (0.04) 1 (0.01)
+
1 µM Chl-a 80
25 (0.31) 1 (0.01) 0 (0.00)
+
2 µM Chl-a 80
19 (0.24) 5 (0.07) 2 (0.03)
+
Chlorophyll-b (Chl-b) + CoCl2 72 ± 4 h simultaneously treatment
0.5 µM Chl-b 80
20 (0.25) 4 (0.05) 2 (0.03)
+
1 µM Chl-b 80
23 (0.29) 3 (0.04) 5 (0.06)
+

Total mwh
spots
(m=2)

D

Total spots
(m=2)

i

No
17
49

Fr
D
(0.21)
(0.61) +

No
17
49

i

27

(0.34) -

-

26

i

Frequency Percentage
of clone of inhibition
formation
(↓) and
per 105 cells induction
(↑) (%)

Fr
D
(0.21)
(0.61) +

0.87
2.51

27

(0.34)

-

1.83

↓ 44.26

(0.33) -

26

(0.33)

-

1.33

↓ 45.90

26

(0.33) -

26

(0.33)

-

1.33

↓ 45.90

i

26

(0.33) -

26

(0.33)

-

1.33

↓ 45.90

i

30

(0.38) -

31

(0.39)

-

1.54

↓ 36.07

30

(0.38) -

30

(0.38)

-

1.54

↓ 37.70

24

(0.30) -

24

(0.30)

-

1.23

↓ 50.82

32

(0.40) -

32

(0.40)

-

1.64

↓ 34.43

21

(0.31) -

21

(0.31)

-

1.26

↓ 49.18

2 µM Chl-b 80
27 (0.34) 3 (0.04) 0 (0.00) +
Chlorophyllin (CHLN) + CoCl2 72 ± 4 h simultaneously treatment
1 % CHLN 80
21 (0.26) 2 (0.03) 1 (0.01) i
+
2.5 % CHLN 80
27 (0.34) 2 (0.03) 3 (0.04) i
+
5 % CHLN 68
16 (0.24) 5 (0.07) 0 (0.00) +
No: number, Fr: frequency, D: statistical diagnosis according to Frei and Würgler
factor, probability levels α = β = 0.05.

[26], +: positive, i: inconclusive, -: negative, m: multiplication

TABLE 4 - Wing spot test data obtained after 24-h pre-treatment with chlorophyll-a (Chl-a), chlorophyll-b (Chl-b) and chlorophyllin
(CHLN) in combination with cobalt chloride (CoCl2). Results with the mwh/flr3 wings.

Treatment Numbe
r of
wings
(N)

Small single
spots
(1-2 cells)
(m=2)

Large single
spots
(> 2 cells)
(m=5)

Twin spots
(m=5)

Total mwh
spots
(m=2)

Total spots
(m=2)

Frequency Percentage
of clone of inhibition
formation
(↓) and
per 105 cells induction
(↑) (%)

No
Fr
D
No Fr
D
No
Fr
D
No
Fr
D No
Fr
D
Control water 80
16 (0.20)
1 (0.01)
0 (0.00)
17 (0.21)
17 (0.21)
0.87
8 mM CoCl2 80
42 (0.53) +
5 (0.06) i
2 (0.03) i
49 (0.61) +
49 (0.61) +
2.51
48±4 h Chlorophyll-a (Chl-a) + 72±4 h CoCl2 treatment
0.5 µM Chl-a 80
34 (0.43) 3 (0.04) 2 (0.03) i
39 (0.49) 39 (0.49) 2.00
↓ 19.67
+
1 µM Chl-a 80
23 (0.29) 3 (0.04) 1 (0.01) i
27 (0.34) 27 (0.34) 1.38
↓ 44.26
+
2 µM Chl-a + 80
18 (0.23) 0 (0.00) 0 (0.00) 18 (0.23) 18 (0.23) 0.92
↓ 62.30
48±4 h Chlorophyll-b (Chl-b) + 72±4 h CoCl2 treatment
0.5 µM Chl-b 52
13 (0.25) 1 (0.02) 0 (0.00) i
14 (0.27) 14 (0.27) 1.10
↓ 55.74
+
1 µM Chl-b 80
18 (0.23) 2 (0.03) 1 (0.01) i
21 (0.26) 21 (0.26) 1.08
↓ 57.38
+
2 µM Chl-b 80
34 (0.43) 4 (0.05) 2 (0.03) i
40 (0.50) 40 (0.50) 2.05
↓ 18.03
+
48±4 h Chlorophyllin (CHLN) + 72±4 h CoCl2 treatment
1 % CHLN 80
29 (0.36) 4 (0.05) 1 (0.01) i
34 (0.43) 34 (0.43) 1.74
↓ 29.51
+
2.5 % CHLN 80
29 (0.36) 2 (0.03) 3 (0.04) i
34 (0.43) 34 (0.43) 1.74
↓ 29.51
+
5 % CHLN 80
30 (0.38) 5 (0.06) 0 (0.00) 34 (0.43) 35 (0.44) 1.74
↓ 27.87
+
No: number, Fr: frequency, D: statistical diagnosis according to Frei and Würgler (1988), +: positive, i: inconclusive, -: negative, m: multiplication
factor, probability levels α = β = 0.05.
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Generally, with three doses of chlorophyllin, chlorophyll-a, chlorophyll-b and a genotoxic dose of K2Cr2O7
72±4 h exposure of Drosophila larvae simultaneously
results in an induction in frequency of clone formation in
each of the spot categories compared to that obtained by
K2Cr2O7 alone. Especially, a significant positive response
in twin spots, total mwh spots and total spots for 5%
CHLN + K2Cr2O7 has been shown while positive results
for only twin spots of Chl-a and Chl-b could be demonstrated. Since the induction of frequency in twin spots
results from recombination, in simultaneous treatment of
K2Cr2O7 with Chl-a, Chl-b and CHLN somatic recombination was induced. The number of total spots obtained
from K2Cr2O7 increased from 6.78 to 33.90% for chlorophyll-a, from 1.69 to 32.20% for chlorophyll-b (except
0.5 µM Chl-b + K2Cr2O7) and from 20.34 to 57.63 for
chlorophyllin under co-treatment conditions (Table 5).
Similarly, Kaya et al. [19] demonstrated that ascorbic acid
significantly reduced the effect of K2Cr2O7. On the other
hand, in our study, with regards to the genotoxic activity
of K2Cr2O7, the number of total spots induced were from
272.88 to 413.56% for chlorophyll-a, 66.10 to 466.10%
for chlorophyll-b under pre-treatment conditions. However,
it has been observed that pre-treatment of chlorophyllin at
48±4 h reduced the genotoxicity of K2Cr2O7 from 16.95 to
59.32% (Table 6). In addition, some authors [32, 33] have

demonstrated the antigenotoxic effects of sodium selenite
against the genotoxicity induced by K2Cr2O7, and of chlorophyllin against genetic damage induced by chromium(VI)
oxide, and it seems that α-tocopherol protects against the
renal damage caused by K2Cr2O7 [34].
There are several studies showing that Chlorophylls
and Chlorophyllin are effective reducing the mutagenicity
induced by mutagens such as UVB, methyl methane sulphonate (MMS) and 4-nitroquinoline 1-oxide (4NQO) under
simultaneous treatment conditions [14, 29-31]. Numerous
reports have been published demonstrating the genotoxicity
of chromium (VI) compounds and their mutagenic effects
in different test systems [19, 35]. Different types of chromium such as (II, III, IV, V and VI) can enter Haber-Weisstype reactions leading to the generation of hydroxyl radicals (•OH) [36]. Chromium (VI) compounds seem to exert
their genotoxic action by generating reactive oxygen types
that cause DNA damage [36-37]. Cr (VI) compounds are
highly toxic, since they induce genotoxicity, carcinogenicity, dermatotoxicity, immunotoxicity, and neurotoxicity [38].
In our experiments, K2Cr2O7 was genotoxic; while Chlorophyllin, Chlorophyll-a and Chlorophyll-b (except 0.5 µM
Chl-b + K2Cr2O7) showed an increased effect of K2Cr2O7
under co-treatment and pre-treatment (except Chlorophyllin) experiments.

TABLE 5 - Wing spot test data obtained by co-treatment with chlorophyll-a (Chl-a), chlorophyll-b (Chl-b) and chlorophyllin (CHLN) in
combination with potassium dichromate (K2Cr2O7). Results with the mwh/flr3 wings.
Treatment Number
of wings
(N)

Small single
spots
(1-2 cells)
(m=2)

Large single
spots
(> 2 cells)
(m=5)

Twin spots
(m=5)

Total mwh
spots
(m=2)

Total spots
(m=2)

No
Fr
D
No Fr
D
No
Fr
D
No
Fr
D No
Control
80
16 (0.20)
1 (0.01)
0 (0.00)
17 (0.21)
17
water
0.5 mM
80
29 (0.36) +
17 (0.21) +
1 (0.01) i
44 (0.55) +
47
K2Cr2O7
Chlorophyll-a (Chl-a) + K2Cr2O7 72 ± 4 h simultaneously treatment
0.5 µM Chl-a 80
28 (0.35) 21 (0.26) i
14 (0.18) +
62 (0.78) w
63
+
1 µM Chl-a 80
38 (0.48) i
9 (0.11) 9 (0.11) +
56 (0.70) i
56
+
2 µM Chl-a 80
32 (0.40) i
11 (0.14) 7 (0.09) +
50 (0.63) i
50
+
Chlorophyll-b (Chl-b) + K2Cr2O7 72 ± 4 h simultaneously treatment
0.5 µM Chl-b 80
25 (0.31) 11 (0.14) 9 (0.11) +
43 (0.54) 45
+
1 µM Chl-b 80
30 (0.38) i
11 (0.14) 7 (0.09) +
46 (0.58) i
48
+
2 µM Chl-b 80
32 (0.40) i
14 (0.18) 16 (0.20) +
62 (0.78) w
62
+
Chlorophyllin (CHLN) + K2Cr2O7 72 ± 4 h simultaneously treatment
1 % CHLN 80
22 (0.28) 32 (0.40) w
6 (0.08) i
57 (0.71) i
60
+
2.5 % CHLN 80
29 (0.36) i
20 (0.25) i
8 (0.10) +
57 (0.71) i
57
+
5 % CHLN 80
38 (0.48) i
22 (0.28) i
14 (0.18) +
72 (0.90) +
74
+
No: number, Fr: frequency, D: statistical diagnosis according to Frei and Würgler [26], +: positive, w: weak
multiplication factor, Probability levels α= β = 0.05.
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Frequency Percentage
of clone of inhibition
formation
(↓) and
per 105 cells induction
(↑) (%)

Fr
D
(0.21)

0.87

(0.59)

+

2.25

(0.79)

i

3.18

↑ 33.90

(0.70)

i

2.87

↑ 18.64

(0.63)

i

2.56

↑ 6.78

(0.56)

-

2.20

↓ 5.08

(0.60)

i

2.36

↑ 1.69

(0.78)

i

3.18

↑ 32.20

(0.75)

i

3.07

↑ 27.12

(0.71)

i

2.92

↑ 20.34

(0.93)

+

3.69

↑ 57.63

positive, i: inconclusive, -: negative, m:
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TABLE 6 - Wing spot test data obtained after 24-h pre-treatment with chlorophyll-a (Chl-a), chlorophyll-b (Chl-b) and chlorophyllin
(CHLN) in combination with potassium dichromate (K2Cr2O7 ). Results with the mwh/flr3 wings.
Treatment Number
of wings
(N)

Small single
spots
(1-2 cells)
(m=2)

Large single
spots
(> 2 cells)
(m=5)

Twin spots
(m=5)

Total mwh
spots
(m=2)

No Fr
D
No
Fr D
No Fr
D
Control
80
16 (0.20)
1 (0.01)
0 (0.00)
water
0.5
mM 80
29 (0.36) +
17 (0.21) +
1 (0.01) i
K2Cr2O7
48±4 h Chlorophyll-a (Chl-a) + 72±4 h K2Cr2O7 treatment
0.5 µM Chl-a 40
41 (1.03) +
41 (1.03) +
39 (0.98) +
+
1 µM Chl-a 40
38 (0.95) +
23 (0.58) w
27 (0.68) +
+
2 µM Chl-a 40
36 (0.90) +
28 (0.70) +
28 (0.70) +
+
48±4 h Chlorophyll-b (Chl-b) + 72±4 h K2Cr2O7 treatment
0.5 µM Chl-b 40
40 (1.00) +
27 (0.68) +
29 (0.73) +
+
1 µM Chl-b 32
47 (1.47) +
25 (0.78) +
35 (1.09) +
+
2 µM Chl-b 80
32 (0.40) i
29 (0.36) i
17 (0.21) +
+
48±4 h Chlorophyllin (CHLN) + 72±4 h K2Cr2O7 treatment
1 % CHLN 80
24 (0.30) 8 (0.10) 5 (0.06) i
+
2.5 % CHLN 80
23 (0.29) 11 (0.14) 5 (0.06) i
+
5 % CHLN 80
15 (0.19) 2 (0.03) 2 (0.03) i
+
No: number, Fr: frequency, D: statistical diagnosis according to Frei and Würgler
multiplication factor, Probability levels α = β = 0.05.

In our study, the number of mutant clones decreased
under co-treatment conditions with CoCl2 and 3 doses of
chlorophyllin, chlorophyll-a and chlorophyll-b. In contrary,
Kaya et al. [19] demonstrated that ascorbic acid significantly increased the effect of CoCl2 under co-treatment experiments. Chlorophyllin has been capable of effectively
minimizing methotrexate-induced chromosomal damage in
V79 cells and DNA mutation induced by cyclophosphamide
or benzo(a)pyrene in rats [39, 40]. Similarly, it has been
demonstrated that the genotoxic action of MMS decreased
under pre-treatment conditions of chlorophyllin, chlorophyll-a and chlorophyll-b [29]. Cobalt salts are extensively used in industrial applications, such as the production
of alloys and hard metals, diamond polishing, catalysts in
electroplating, drying agents in paints, additives in animal
food, and in pigments [41]. Under our experimental conditions, CoCl2 was clearly genotoxic. These results agree
with previously wing spot test studies by Ogawa et al.
[42], as well as that in other mutation assays [41]. Other
studies have indicated that cobalt compounds react with
H2O2 to produce 1O2 and •OH, probably via the cobaltoxygen complex [43].
Chlorophylls and chlorophyllin seem to be the most
promising chemoprotective agents because the antioxidant
properties of these compounds are associated not only with

Total spots
(m=2)

Frequency Percentage
of clone of inhibition
formation
(↓) and
per 105 cells induction
(↑) (%)

No
17

Fr
D
(0.21)

No
17

Fr
D
(0.21)

0.87

44

(0.55) +

47

(0.59)

+

2.25

117

(2.93) +

121

(3.03)

+

11.99

↑ 413.56

87

(2.18) +

88

(2.20)

+

8.91

↑ 272.88

92

(2.30) +

92

(2.30)

+

9.43

↑ 289.83

94

(2.35) +

96

(2.40)

+

9.63

↑ 306.78

105

(3.28) +

107

(3.34)

+

13.45

↑ 466.10

76

(0.95) +

78

(0.98)

+

3.89

↑ 66.10

35

(0.44) -

37

(0.46)

-

1.79

↓ 22.03

38

(0.48) -

39

(0.49)

-

1.95

↓ 16.95

19

(0.24) -

19

(0.24)

-

0.97

↓ 59.32

[26], +: positive, w: weak positive, i: inconclusive, -: negative, m:

a radical scavenging activity, but also their action as
desmutagenic molecules, or intercepting capability. Our
results indicated response reduction or induction for
K2Cr2O7 and CoCl2 under co-treatment and pre-treatment
experiments are not dose-dependent. In summary, it
should be noted that the Drosophila wing somatic mutation and recombination test is suitable, especially to detect
the anti/pro-mutagenic effects of some chemicals.
CONCLUSIONS
1. In this study, chlorophyllin, chlorophyll a and chlorophyll b clearly decreased genotoxic activity of CoCl2 in
both pre-treatment and co-treatment. But, it seems that
decreases in the inhibition rates do not depend on the
dose.
2. The genotoxic activity of K2Cr2O7 increased in both
treatments with chlorophyll a and chlorophyll b, and the
genotoxicity of K2Cr2O7 increased with chlorophyllin in
co-treatment group while the genotoxicity of K2Cr2O7
decreased under pre-treatment conditions.
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ABSTRACT

INTRODUCTION

The aim of our study was to investigate the effects of
methylated adrenomedullin (met-AdM) on some antioxidant enzymes, such as catalase (CAT), glutathione peroxidase (GSH-PX) and superoxide dismutase (SOD) in rat
kidney and heart tissues after cold stress treatment. Male
Wistar rats were divided into 4 groups (control, met-AdM,
cold stress and cold stress + met-AdM treatments). The rats
were kept at room temperature, exposed to a 16/8-hours
light/dark cycle. The rats were maintained at ad libitum
(free) feeding habit. In met-AdM treated group, animals
received intraperitoneal injection of met-AdM (2 mg/g
body weight) once a day during a week. For the cold stress
exposure, the rats were kept in separate cages at 10 °C for
a week. Control group rats were kept at laboratory conditions. CAT, GSH-PX and SOD enzyme activities were investigated in kidney and heart tissues. In kidney tissue compared to control, CAT and GSH-PX enzyme activity was decreased but SOD was increased in met-AdM-treated group.
In met-AdM+cold stress group, only the SOD enzyme activity was significantly increased but CAT and GSH-PX
decreased. SOD and GSH-PX enzyme activities were increased by cold stress but CAT was decreased in kidney. In
heart tissue, CAT and GSH-Px activities were decreased
but SOD was increased in met-AdM-treated group compared to control. All enzyme activities were decreased in
met-AdM+cold stress group as well as by cold stress in
heart, with regard to control. Cold stress can disrupt the
balance in an oxidant/antioxidant system and cause oxidative damage to kidney and heart tissues by altering the
enzymatic and non-enzymatic antioxidant status. We can
suggest that met-AdM has possible roles in regulation of
stress but we need further studies revealing responses of
met-AdM in different tissues.

KEYWORDS:
Antioxidant enzymes, cold stress, methylated adrenomedullin, rat

Adrenomedullin (AdM) is a 52-amino acid vasodilating and natriuretic peptide, originally isolated in human
pheochromocytoma [1]. AdM is synthesized and secreted
by a number of cells and tissues, such as adrenal medulla,
adrenal cortex, kidney, lung, heart, spleen, small bowel,
and brain. AdM is a potent vasodilator but it is also considered to be a neuromodulator, an angiogenic factor, and a
hormone regulator. AdM possesses antiapoptotic, antioxidant, and antimicrobial properties [2]. The antioxidative
properties of AdM have been reported recently. Through its
antioxidative effect, adrenomedullin can protect organs from
damage induced by stressors [3]. Post-translational protein
modifications, including phosphorylation, methylation, ubiquitylation, sumoylation, and lipidation, play key regulatory
roles in determining enzyme/substrate specificity, protein
localization and stability. The biological roles of these various modifications differ greatly, depending on the type of
alteration and the substrate being modified, allowing for a
diversity of effects for each post-translational modification
[4]. Protein methylation can occur on arginine, lysine,
histidine, proline, and carboxyl groups. Methylation can be
expected to add bulk and hydrophobicity that can promote
or inhibit intra- or intermolecular interactions (with proteins or other types of molecules). Such altered interactions
may change the shape and, thus, the function or stability of
the methylated protein, or may serve to facilitate or interfere with intermolecular (e.g., protein-protein or proteinRNA) interactions or enzymatic activities that play important roles in specific signaling pathways [5].
It is well-known that chronic exposure to stress leads to
a series of biochemical, physiological and behavioral
changes, thus altering normal body homeostasis [6]. The
physiological components of stress response to cold covers
metabolic, circulatory and hormonal process; however, the
cellular and molecular mechanisms mediating these responses are largely unknown [7]. It is well-known that intensive stress response results in creation of reactive oxygen
species (ROS), e.g. superoxide anion (O2 −), hydrogen peroxide (H2O2) and hydroxyl radical (OH ) that cause lipid
peroxidation, especially in membranes, and can play an important role in tissue injury [8]. Humans and other mammals have a well-developed biochemical defense system,
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which includes enzymatic and non-enzymatic reactions.
Altered activities of antioxidant defense system enzymes
and the levels of free radical scavengers have been found
to correlate with various physiological, pathological conditions, including stress or many compounds including
drugs and xenobiotics [9, 10].
There are different enzymes and non-enzymatic compounds participating in the antioxidant chain in biological
systems. Among them, SOD converts superoxide anion
(O2 −) to H2O2, CAT reduces H2O2 to water and oxygen,
and GSH-PX detoxifies both H2O2 and organic hydroperoxides (ROOH) using reduced glutathione as a cofactor [11].
There are several researches that are related to the effects of
cold stress on antioxidant system in various tissues after
acute [12-15] or chronic [16-19] cold treatment, although
there are no reports concerning the influence of methylated
adrenomedullin for one week on the antioxidant status in
kidney and heart tissues.
The aim of the present study is to determine the compensating effect of methylated adrenomedullin supplementation on the enzymatic antioxidant capacity of kidney and
heart tissues in Wistar rats exposed to cold stress. Therefore, the activities of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-PX) have
been determined.
MATERIALS AND METHODS
Animals

Rats were obtained from the Experimental Animal Research Facility, Inonu University. Twenty four male Wistar
albino rats (8 months old, 190–240 g) were housed individually under diurnal lighting conditions (12–12 h) with free
access to drinking water and a standard pellet diet. The
environment in the animal rooms was maintained at 22 ±
2 °C, and relative humidity of 45 ± 5%. The rats were divided into the following 4 experimental groups: control group
(n = 6), methylated-adrenomedullin group (met-AdM) (n =
6), cold stress group (n = 6) and cold stress+ methylated
adrenomedullin group (met-AdM+cold stress) (n = 6).
Adrenomedullin was methylated by using methylation
kit, and methylation was determined with FT-IR (Fourier
Transform Infrared Spectrometry) analysis. The met-AdMtreated groups received an intraperitoneal (i.p.) injection of
met-AdM (2 mg/g body weight) for 1 week. In cold stress
treatment group, animals were exposed to 10 °C cold during a week. In cold stress + met-AdM treatment groups,
both animals were exposed to 10 °C cold during a week,
and were given met-AdM intraperitoneally at a single dose
of 2 mg/g body weight for a week.
Antioxidant enzyme assays

At the end of the experiment, the rats were anaesthetized by intraperitoneal injection of ketamine/xylazine hydrochloride (20/2 mg kg−1 b.w.), and the kidney and heart
were removed immediately. These tissues were homoge-

nized (PCV Kinematica Status Homogenizator) in ice-cold
phosphate buffered saline (pH 7.4). The homogenate was
sonified with an ultrasonifier (Bronson sonifier 450) by
6 cycles (20 s sonications and 40 s pause on ice). The homogenate was centrifuged (15,000 g, 10 min, 4 °C) and the
supernatant was subjected to enzyme assays immediately.
The activity of CAT was determined spectrophotometrically. CAT activity was measured at 37 °C by following the
rate of decomposed hydrogen peroxide (H2O2) at 240 nm
(240 = 40 M −1 cm−1) [13]. One unit of catalase activity
is defined as the amount of enzyme catalyzing the degradation of 1 µmol of H2O2 per min at 37 °C, and the specific activity corresponding to transformation of substrate (in
µmol) (H2O2) per min per mg protein. The protein content
of samples was determined using colorometric method of
Bradford et al. [20] with BSA as the standard. The activity
of SOD was determined by using The Cayman Chemical
Superoxide Dismutase Assay kit (catalog No. 706002). It
utilizes a tetrazolium salt for detection of superoxide radicals generated by xanthine oxidase and hypoxanthine. One
unit of SOD is defined as the amount of enzyme needed
to exhibit 50% dismutation of the superoxide radical. The
activity of GSH-PX was determined by using The Cayman
Chemical Glutathione Peroxidase Assay Kit (catalog No.
703102). GSH-PX activity was determined in a coupled
assay with glutathione reductase by measuring the rate of
NADPH oxidation at 340 nm using H2O2 as the substrate.
The animal experiments were performed in accordance
with the guidelines for animal research from the National
Institute of Health, and were approved by the Committee of
Animal Research at Inonu University, Malatya, Turkey
(2007/51).
Statistical analysis

Statistical analysis was carried out using the SPSS
12.0 software. All data were expressed as means ± SE.
Duncan’s multiple range test was used to determine the
differences between the groups.
RESULTS
In met-AdM-treated group, kidney SOD enzyme activity was not changed significantly when compared with
control. SOD enzyme activity was not changed depending
on cold stress in kidney tissue. In met-AdM + cold stress
group, SOD enzyme activity was increased according to
control group (Fig. 1).
The kidney CAT enzyme activity was significantly
decreased in met-AdM treated group when compared to
control. CAT enzyme activity was reduced depending on
cold stress in kidney tissue. In met-AdM + cold stress
group, CAT enzyme activity was decreased according to
control group (Fig. 2).
Kidney GSH-PX enzyme activity was not changed in
met-AdM treated group with respect to control. GSH-PX
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FIGURE 1 - Activities of SOD in rat kidney tissue depending on cold stress and met-adrenomedullin treatment (*: compare to control, #:
compare to the stress; ANOVA followed by Duncan's Multiple Range Test, *#p < 0.05).

FIGURE 2 - Activities of CAT in rat kidney tissue depending on cold stress and met-adrenomedullin treatment (*: compare to control, #:
compare to the stress; ANOVA followed by Duncan's Multiple Range Test, *#p < 0.05).

FIGURE 3 - Activities of GSH-PX in rat kidney tissue depending on cold stress and met-adrenomedullin treatment (Difference between
groups is not statistically important; ANOVA followed by Duncan's Multiple Range Test, p >0.05).
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FIGURE 4 - Activities of SOD in rat heart tissue depending on cold stress and met-adrenomedullin treatment (*: compare to control, #:
compare to the stress; ANOVA followed by Duncan's Multiple Range Test, *#p < 0.05).

FIGURE 5 - Activities of CAT in rat heart tissue depending on cold stress and met-adrenomedullin treatment (*: compare to control, #:
compare to the stress; ANOVA followed by Duncan's Multiple Range Test, *#p < 0.05).

FIGURE 6 - Activities of GSH-PX in rat heart tissue depending on cold stress and met-adrenomedullin treatment (*: compare to control, #:
compare to the stress; ANOVA followed by Duncan's Multiple Range Test, *#p < 0.05).
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enzyme activity was not changed significantly in metAdM + cold stress group or depending on cold stress in
kidney tissue compared to control (Fig. 3).
In stress+met-AdM group, kidney SOD enzyme activity was increased but CAT was decreased whereas GSH-PX
activity was not changed significantly, compared with cold
stress-treated group in kidney tissue.
The heart SOD enzyme activity was increased in metAdM treated group when compared to control. SOD enzyme activity was reduced depending on cold stress in
heart tissue. In met-AdM + cold stress group, SOD enzyme
activity was decreased according to control group (Fig. 4).
In met-AdM treated group, heart CAT enzyme activity was decreased when compared with control. CAT enzyme activity was decreased depending on cold stress in
heart tissue. In met-AdM + cold stress group, CAT enzyme activity was decreased according to control group in
heart (Fig. 5).
Heart GSH-PX enzyme activity was not changed significantly in met-AdM treated group. GSH-PX enzyme
activity was not channged depending on cold stress in heart
tissue when compared to control. In met-AdM + cold stress
group, GSH-PX enzyme activity was decreased (Fig. 6).
In stress+met-AdM group, heart SOD and CAT enzyme activities were decreased but GSH-PX activity was
increased, with regard to cold stress group.
DISCUSSION AND CONCLUSIONS
In the present study, we examined the effects of metAdM administration on antioxidant enzyme activities in
kidney and heart tissues, in response to chronic cold exposure in rats. To our knowledge, there is no previous
study about the effect of methylated-adrenomedullin on
the oxidative damage induced by cold stress.
Exposure to the external pro-oxidative attacks may alter the balance between activities of different antioxidant
enzymes and, consequently, impair the antioxidant defense
system [21]. In living organisms, chemical carcinogens
(pesticides, heavy metals etc.), infections (bacterial, parasites, viral etc.), radiation damages and environmental stress
factors (water pollution, seasonal variations) may cause
oxidative stress. The harmful effects of free radicals are
checked by the cellular antioxidant defense system [22].
All living organisms respond to stress changes in the
environment in various ways. Activation of the stress system leads to behavioral and peripheral changes to improve
the ability of the organism to adjust homeostasis, and increase its chances for survival [7]. Exposure to an extreme
environment, such as heat and cold, is a form of stress experienced by all organisms [23]. The physiological components of stress response to cold are metabolic, circulatory
and hormonal [24]. The endogenous antioxidant system may
counteract the ROS, and reduce the oxidative stress with

the enzymatic antioxidants SOD, CAT, GSH-PX and SOD
accelerating the conversion of superoxide to hydrogen peroxide while CAT or GSH-PX reduce hydrogen peroxide to
water [25]. Depletion in enzymatic or non-enzymatic activity can be owed to an enhanced radical production
during stress conditions. Addition of stress to this physiological response activates hypothalamic-pituitary-adrenal
axis and, subsequently, release of corticosteron from the
adrenal cortex into the blood stream [26]. The elevation of
endogeneous corticosterone due to the stress response has
been reported to accelerate the generation of free radicals
[27].
Various studies have examined the relationship between cold exposure and the antioxidant defense system [14,
18, 19], and it was found that the effect of cold exposure on
this antioxidant system is tissue-specific. In the present
study, SOD and CAT activities significantly decreased in
heart tissue when compared to control depending on cold
stress but GPx activity of the cold stress group was not
significantly changed in heart tissue. In kidney tissue, SOD
and GPx activities were also not changed significantly but
CAT activity was decreased significantly in cold stress
group. There is some controversy between SOD-CAT and
GSH-PX activities in the present study. The discrepancy may
be explained by different responses of antioxidant systems to
oxidative stress. One of the reasons for these results may be
the change in free radicals, such as O2 − and OH on account of cold stress, because cold stress may cause enhanced production of active oxygen species in the respiratory chain by induced concentration of dissolved oxygen.
Protein methylation is a post-translational modification
that can facilitate or interfere with intermolecular interactions through altering structure and stability of methylated
substrates [28]. Similar to other post-translational modifications, protein methylation is known to play important roles
in key cellular events being involved in regulating proteinprotein interactions resulting in a plethora of effects during key cellular events, including regulation of transcription [29-31], stress response, ageing and protein repair [32],
T-cell activation [33], nuclear transport [34], neuronal
differentiation [26, 35], ion channel function, and cytokine
signaling. Yurekli et al. [36] investigated the effects of
adrenomedullin and methylated-adrenomedullin treatments
on some antioxidative enzyme activities and malondialdehyde levels in rat liver. They found that administration of
AdM and met-AdM in benzo(a)pyrene-treated rats increased
SOD, CAT and GSH-PX activities, and the increases of antioxidant enzyme activities in met-AdM group more than in
AdM group. They suggested that met-AdM may have more
potent protective effect than AdM against benzo(a)pyrene
or heavy metal-induced oxidative stress. Yildirim et al. [37]
investigated some antioxidant enzyme activities depending
on adrenomedullin treatment and cold stress in rat liver
tissue. It is concluded that cold stress induces decrease
in catalase, superoxide dismutase and glutathione peroxidase activities in rat liver. Adrenomedullin treatment cor-
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rected only glutathione peroxidase activity while catalase
and superoxide dismutase activities further decreased.
Yildirim et al. [38] investigated also the effects of cold
stress, adrenomedullin and methylated adrenomedullin treatments on total RNA levels of some rat tissues. In total RNA
level of groups exposed to cold stress accompanied by AdM
or met-AdM, a statistically significant decrease was found.
Yildirim et al. [39] further investigated the effects of
adrenomedullin and methyl-adrenomedullin treatments
on TNF-alpha levels in some rat tissues and suggested that
methylated adrenomedullin has possible roles in regulation
of stress.
In our study, metylated-adrenomedullin treatment corrected only superoxide dismutase activity in heart tissue but
further decreased catalase and glutathione peroxidase activity in heart and kidney tissues. Catalase activity was significantly decreased in heart and kidney tissues when compared to control. The results suggest that protein methylation may interfere with intermolecular interactions through
altering structure and stability of methylated substrates
[28]. When the results are taken together, it can be suggested that met-AdM may have possible roles in regulation of
stress but we need further studies to reveal responses of
met-AdM in different tissues. The study of post-translational
modifications (methylation) is a broad topic, and our group
intends to investigate its mechanism of regulation on the
suggested rat model.
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ABSTRACT
A humic substance isolated from a forest soil was
separated into carboxyl and phenolic fractions by affinity
chromatography using a weak-base amine resin. Humic
substance and its fractions were analyzed for physical and
chemical characteristics. Their biological effects were compared on growth and root development of Arabidopsis
thaliana seedlings. A greater degree of aromaticity was observed for the unfractionated humus (F0) and the carboxyl
fraction (FI) compared to the phenolic fraction (FII). A high
amount of carboxyl carbon and total sugars were detected in
the FI fraction. The FII fraction mainly contained fatty
acids and phenolic acids. The F0 did not affect the growth
and the development of Arabidopsis thaliana seedlings,
by contrast, the fractions reduced seedling growth inducing a different development of the root system. In particular the FII fraction, at the highest concentration (5 mg C L-1),
strongly inhibited the primary and secondary root length
representing an acute stress for plants. Conversely, the
reduction of lateral root growth induced by the FI fraction
was not dose-dependent and it was mainly addressed to
the root elongation rather than to the lateral root number.
When F0 and its humic fractions were added to the culture medium at the concentration of 5 mg C L-1, a faster
root hair differentiation process was observed. The diverse
biological effects of the humic fractions utilized may be
attributed to the relative content of specific classes of humic components and it may be also explained by the additive or antagonistic interaction of the single chemical compounds.

KEYWORDS: Arabidopsis thaliana, chromatography, humic
substances, root morphology, relative growth rate.

INTRODUCTION
Stimulatory effects of humic substances (HS) on plant
growth have been observed and widely documented [1-3].

Numerous experimental evidence showed that the humified organic matter was capable of significantly improving the yields of agricultural crops [4]. The influence of
humic material on plant growth has been investigated on
biometric factors and numerous studies showed that humic substances were able to enhance root, leaf, shoot growth
and germination of various crop species [5-7], interacting
directly with physiological and metabolic processes [2]
such as nutrient uptake [8], and cell permeability [9] and
root morphology miming the hormone activity [10, 11].
In this context many reports showed that humic substances were able to affect root morphology not only by
promoting lateral root growth, root hair expression and
root cell differentiation rate [12-14], but also affecting the
enzymes associated with the root plasma membrane (PM)
[12], and the expression of specific genes, such as the two
H+-ATPase isoforms Mha1 and Mha2 [15]. These modifications enhanced the root absorptive surface area, representing an important plant strategy when the nutrient supply was inadequate. In fact, root system development represents an important agronomic trait, and changes in root
architecture can mediate the adaptation of plants to soils
and to environmental factors [16, 17]. This dynamic development (plasticity) allows the plants to integrate signals
and information from its environment into acclimation
responses which include changes in morphological and
developmental patterns as well as physiological and biochemical processes [18, 19].
Regarding the biological effects of HS, many authors
[20-22] found that high molecular size humic fractions or
humic acids affected positively plant growth, even if many
other recent reports addressed a phytohormonal-like properties to HS with low molecular mass, as fulvic acids [2,
15, 21]. The results are up to date controversial, and Zandonadi et al. [23] suggested a phytohormone-like activity
only for the humic fractions which were able to mimic the
responses induced by gibberellic (GA) and indole-3-acetic
acids (IAA).
Because the auxin plays a key role in shaping plant
architecture and it mediates response to a broad range of
external signals, it has been suggested that hormonal activi-
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ty and, in particular, auxin-like activity of HS could be
involved in the modifications of root apparatus. In fact, in
root morphology the emergence of lateral roots and root
hair initiation and elongation are governed by auxin [24].
However, Schmidt et al. [25] showed that a low molecular
weight water extractable humic fraction (WEHS) altered
root development without affecting the plant’s auxin homeostasis, indicating that the humic fractions used did not
act in an auxin-like manner.
Taking into account that plants on the woodland floor
are constantly exposed to humic substances in their rooting environment, in this paper we investigated the chemical composition of HS and to better understand the mechanism of action and the structure-activity relationships of HS
we fractionated HS on the basis of carbohydratic and phenolic functional groups considered the main responsible
for HS biological activity. In this study we compared the
biological effects of a forest HS and its fractions on growth
and root development of Arabidopsis thaliana seedlings,
using an in vitro approach to avoid interferences from the
external environment and from soil itself. Fractionation can
be a useful experimental method by selectively separating
one group of organic compounds from another on the
basis of their physical and chemical properties.
MATERIALS AND METHODS
Study sites

This study was conducted on soil sampled from the
Ah horizon of a Typic Eutrudept, under Pinus nigra J.F.
Arnold trees, located at Monte Peripoli (San Lorenzo)
Aspromonte Southern Italy, 1270 m above sea level, lat 38°
04’ 00” N, long 15° 52’ 08” E, with a mean rainfall of
about 1250 mm. The soil was classified according to Soil
Survey Staff [26].
Humic substance extraction and fractionation

Soil samples (1 kg) were taken in triplicates from the
Ah horizons (depth 4-22 cm) for each soil profile and analyzed separately. The samples were brought to the laboratory on the same day and kept in the refrigerator at 4 °C for
up to 24 h until processing. Prior to the soil analysis, all the
soil samples were air-dried, sieved (< 2 mm), and visible
roots were removed.
Humic substance was extracted from the air-dried samples with 0.1 M KOH (1:20 w/v) at room temperature for
16 h under a N2 atmosphere and was freed from the suspended material by centrifugation at 7000 x g for 20 min.
The humic extract was transferred into 18000 mol wt cutoff dialysis Visking tubing (Medicell, UK) and dialysed
against double-distilled water. The retained solution was
desalted by ion exchange on Amberlite IR 120 (H+ form)
[27]. A secondary amine weak-base [-N (CH3)2] resin (Amberlyst A-21, Merck) was used for separating phenolic and
carboxyl groups present in the humic extract [28, 29]. The
principle of this technique is based on the affinity between

neutral nitrogen of the resin and phenolic functional groups
present in the humic extract at neutral pH [30]. After passing through the resin column, the elute contains few phenolic functional groups and all carboxyl groups. Then, an
elution at pH 13 allows the collection of a fraction rich in
phenolic groups. The resin (0.3-1.2 mm size with density
of 680 g L-1) was initially washed with 10% NaCl, filtered
through Whatman paper N° 42, and packed in a 25 cm column (diameter 1.7 cm). The humic extract (F0) supplemented with NaCl to maintain a desirable conductivity (up
to 10.000 mmho cm-1) was pumped into the column to the
rate of 4 to 6 ml min-1; the effluent collected was termed as
the carboxyl fraction (FI). The fraction with a higher content of the phenolic group (FII) was subsequently collected
after the resin was eluted with 1 N NaOH. The pH of both
fractions was adjusted to 7.0 ± 0.2 with HCl 1 N and the
solutions were dialyzed against distilled water to remove
the salts and then freeze-dried and stored at -20 °C. Each of
the two fractions collected and the unfractionated humus
were subjected to the elemental and chemical analyses.
Elemental and functional analyses

The C, H, N, and S contents were performed with an
elemental analyzer (Carlo Erba CHNS-O EA 1108) on
humic samples. Prior to elemental analysis, the samples
were dried in a vacuum oven at 60 °C to a constant weight
(16 h). The ash content was determined by the weight loss
after ignition at 800 °C for 6 h. The ash contents of the
humic samples were estimated by the following equation:
Ash% = (W800/W60) x 100%, where W60 is the weight
of humic sample after heating at 60 °C for 16 h and W800
is the weight of the sample residue after heating at 800 °C
for 6 h [31]. The experimental values of C, H, N and S
content were recalculated with an ash free basis and the
oxygen content was calculated by the difference method.
The calcium acetate and barium hydroxide methods [32]
were used to determine the concentrations of carboxylic
and total acidic functional groups, respectively. The suspensions were filtered through 0.45-mm membrane filters
as recommended by Perdue [33]. Phenol acidity was estimated as the difference between total and carboxyl acidity.
Optical density of the HS and its fractions was measured with a spectrophotometer (Shimadzu UV-Vis 2100) at
465 and 665 nm wavelengths, respectively, dissolving humic samples in 0.05 N NaHCO3 at pH 7.3 . The E4/E6 ratio
[34] has been used to estimate the degree of condensation
of humic substances [35].
Liquid-state

13

C NMR spectroscopy

Spectra were obtained with a Bruker AMX-500 instrument (Bruker, Rheinstetten, Germany), using inverse-gated
decoupling experiments for quantitative intensity distribution [36]. For every spectrum the number of scans was
150000. The free induction decays were processed applying line broadening and baseline correction from 20 to
100 Hz. Peak areas were obtained by integration. The
chemical shift was expressed in ppm on a scale relative
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to external sodium 3-trimethylsilyl-propionate (TSO) at
0 ppm.
The relative intensity observed for a given chemical
shift value, expressed as a fraction of the total signal intensity acquired, represents the proportion of that type of
C present in the sample [37]. The spectrum was divided
into chemical shift regions assigned to the chemical groups,
classes aliphatic C (0-48 ppm), peptide-C and carbohydrate-C (63-105 ppm), aromatic C (105-145 ppm), phenolC (145-165 ppm), and carboxyl-C (165-190 ppm), respectively [38, 39]. By integrating the signal intensity contained within each chemical shift region, the proportion of
a given type of C was calculated.
Analysis of phenolic acid

Individual phenolic compounds in the humic extracts
were analyzed by injecting 50 µL of sample in a PerkinElmer LC 250 equipped with a 250 x 4.6 mm i.d. Nucleosil C18 (5 µm) analytic column. Elution was carried out
using a linear gradient between solvent A (CH3OH) and B
(40 mM HCOOH) increasing from 5% to 60% A in 25 min.
The flow rate was 2 mL min-1 and detection was performed
by using a Perkin-Elmer LC 135 diode array detector tuned
at 280 nm.
Analysis of fatty acids

Fatty acids were subjected to a mild alkaline transmethylation procedure to produce fatty acid methyl esters
[40-42]. The fatty acid methyl esters were analyzed on an
Agilent 6890 GC interfaced with an Agilent 5973N Mass
Selective Detector. Analytical separation of the compounds was accomplished using a 30 m × 0.25 mm i.d.
DB-5 ms fused-silica capillary column (J&W Scientific,
Folsom, CA). The column temperature was programmed
from 50 °C to 120 °C at 10 °C/min, and then to 280 °C at
3 °C/min. Individual compounds were identified from
their mass spectra. Response factors were obtained for
each compound using duplicate injections of quantitative
standards at five different concentrations. Concentrations
of individual compounds were obtained based on the
GC/MS response relative to that of an internal standard
(C22:0 fatty acid ethyl ester), after correction for recovery
efficiency using a C18:0 fatty acid ethyl ester.
Method blanks were extracted with each set of samples and were assumed to be free of contamination if their
chromatograms contained no peaks. A standard containing known concentrations of 11 fatty acids was analyzed
daily on the GC/MS to check analytical accuracy (>90%).
Total lipids were detected following the method of Fang
and Findlay [42].
Analysis of organic acid

Organic acids were identified and classified by injecting an aliquot of 50 µL into the ion chromatograph (Dionex
4000 IC, equipped with a conductivity detector, Dionex
Corporation, CA). Each peak was identified by retention

times of known organic standard solutions and also by
spiking each known organic standard individually into the
sample [43].
Analysis of carbohydrate

Fifty microliters of the sample were injected into the
Dionex IC system (autosampler AS 50, gradient pump
GP 40 and electrochemical detector ED 40 with a thinlayer type amperometric cell). Columns were CarboPac
PA 20 (3×150 mm) with 3×30 mm CarboPac PA 20 guard
column and an amino trap guard (4×50 mm) (Dionex).
Data acquisition and processing were done with the Dionex
Chromeleon 6.70 software. The analytes were detected with
a quadrupole-potential waveform on a gold working electrode.
Analysis of IAA

Quantitative determination of IAA in soil, humic substance and its two fractions was carried out using a colorimetric assay [44, 45]. IAA was extracted from the airdried soil sample with methanol (1:10 w/v) at room temperature for 16 h and was freed from the suspended material by centrifugation at 7000 x g for 20 min. The IAA
was estimated on soil supernatant, F0, FI and FII fractions.
To 1 mL of extract 1 mL of Salkowski’s reagent (50 mL
of 35% HClO4 + 1 mL of 0.5 M of FeCl3) was added [46].
Red colour formation was determined at 530 nm in a Shimadzu spectrophotometer. A standard curve was prepared
from serial dilutions of IAA stock solution. Despite this
technique is specific for IAA, indolepyruvic acid, and
indoleacetamide rather than for IAA alone [47] it remains
accurate since IAA alone is the main synthesized auxin in
soil. The precision based on replicate analyses, were ± 3%
for IAA measurement. The detection limit is 4.2 ng mL-1.
The quantitative determination of IAA in the humic
substance (F0) and its fractions (FI and FII) was made by
an enzyme-linked immunosorbent assay (ELISA) (Phytodetek-IAA, Sigma, St Louis, MO). Tracer and standard solutions were prepared following the manufacturers’ instructions. To each well, 100 µL of standard or F0, FI or FII
and 100 µL of diluted tracer were added. After incubation
at 4 °C for 3 hr, the wells were decanted and washed by
adding 200 µL of wash solution and then 200 µL of substrate solution. After 60 min at 37 °C, 50 µL of stop reagent
was added to each well, and the absorbance at 405 nm was
then read using a 450 Biorad microplater reader (Biorad,
Hercules, CA) The detection limit for IAA was 0.1
picomoles /0.1 mL [48].
Plant material and growth conditions

Arabidopsis thaliana, ecotype Columbia (Col-0) was
used as model plant in our experiment. Seeds were surface-sterilized with 4% (v/v) NaOCl (or commercial bleach)
and 96% ethanol for 10 min, then rinsed thrice in sterile
water. We applied two days cold stratification at 4 °C in the
dark, before sowing the seeds on square Petri dishes containing 50 mL of half strength Murashige and Skoog me-
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dium [49] adjusted at pH 6.0 and solidified with 0.5% agar.
Humic substance and its fractions, previously filtrated with
a 0.2 µm sterile filter, were added directly to Petri dishes at
a final concentration of 1.0, 2.5 and 5.0 mg C L-1. Plates
were then incubated into a growth chamber at 21 °C under 16 h of light (40W/m2). Root growth was measured by
keeping the dishes vertical, in order to promote downward
root growth.
Root and shoot morphology analysis

At a fixed sampling time (12 days) plants were harvested and root and shoot weight were measured. Roots
were scanned on a STD 1600 system and their length was
determined using the WinRHIZO image analysis system
(Regent Instruments, Quebec, Canada). The shoot analysis
was carried out by measuring rosette diameter and counting
the leaf number of each rosette. The growth of primary and
lateral roots was expressed by relative growth rate (RGR)
values.
RGR =

(L2 - L1) / (T2 - T1)

where L2 and L1 were the root lengths (cm) at final
(T2) and initial (T1) times respectively, for either primary
or lateral roots.
Root hair analysis

Root hair analysis was performed on primary root
traits. We have considered I, II, III mm traits, starting from
the root tip. After 7 days of growth, parameters such as
elongation zone, number and length of root hairs were
recorded using a stereoscopic microscope Olympus MICD at 98x magnification.

RESULTS
Elemental composition

The results of the elemental analysis (C, H, N, O, S)
expressed on an ash-free basis, evidenced that, carbon and
oxygen were the major constituents (more than 90 %) of
humus and its fractions (Table 1). The F0 and FII contained
more carbon than FI. Compared to the FI, the FII fraction
contained more carbon, nitrogen and hydrogen and less
oxygen. Sulphur values were below 0.02 g kg-1 (limit of
detection, LOD) in all samples examined. The organic
material with a relatively high O-alkyl and carboxylic acid
composition resulted in a high O/C ratio. The FII fraction
with the lowest value of O/C ratio was more aromatic than
F0 and the FI fraction. The value of H/C ratio, used to
asses the degree of maturity of humic substances, confirmed that the FII fraction contained more aromatic or
substituted aromatic ring than F0 and the FI fraction. The
low value of C/N ratio in the FII fraction indicated the
presence of resistant form of N in the phenolic fraction
compared to F0 and the FI fraction. In all fractions the ash
content was < 0.5%. The FII fraction showed the lowest
E4/E6 ratio, and this result confirmed a greater aromaticity degree of this fraction compared to the other two fractions (Table 1).
Carboxyl groups were the major component of the total acidity for F0 (56 %) and the FI fraction (78 %) and
they represented only 33% of total acidity for the FII
fraction (Table 1). In contrast, FII had a lower value of
total acidity and a greater phenolic hydroxyl content (67
%) compared to F0 and the FI fractions.
13

Statistical analysis

The data were statistically processed by analysis of
variance and means with standard errors were calculated
using the program SYSTAT version 12. Univariate analyses of variances (ANOVAs) were calculated with Tukey
as a post hoc test (Sokal and Rohlf, 1995) [50].

C-NMR spectroscopy

The results revealed that the F0 was significantly (P ≤
0.05) richer in aliphatic-C components than the other two
fractions (Table 2). A significantly (P ≤ 0.05) greater
amount of peptide-C and carbohydrate-C groups was revealed in the F0 and FI compared to the FII. Aromatic C did
not differ between F0 and its fractions. Significant differ-

TABLE 1 - Chemical characteristics of unfractionated humus (F0) and its carboxylic (FI) and phenolic (FII) fractions.
Elemental analysis (g kg-1)
Functional groups (cmol kg-1)
C
H
N
O
O/C
H/C
C/N
Ash
Total acidity COOH
Phenolic OH E4/E6
F0 537.9a† ± 23 40.1c ± 1.0 29.0b ± 0.5 393a ± 7.0 0.73a 0.074c 17.1b
3.2 b ± 0.1 1150a ± 30
640b ± 15 510a ± 26
3.04b
a
b
b
a
a
b
a
b
b
a
c
FI 528.0 ± 8
47.4 ± 0.8 28.0 ± 0.4 396 ± 9.0 0.75
0.089 18.8
3.0 ± 0.1 890 ± 25
700 ± 22 190 ± 14
3.37a
FII 533.0a ± 21 67.4a ± 1.5 34.3a ± 1.0 364b ± 5.0 0.68b 0.126a 16.8c
3.8a ± 0.1 640c ± 28
210c ± 24 430b ± 37
1.23c
†Values in the same column followed by the same letter are not statistically different at P ≤ 0.05. Values are the mean ± SE of three experiments.

13

TABLE 2 - Relative distribution (%) of signal area over chemical shift regions (ppm) in
C-NMR spectra of unfractionated humus (FO) and its carboxylic (FI) and phenolic (FII) fractions.

0-48
48-105
105-145
Aliphatic C
Peptidic carbohydratic C
Aromatic C
b
a†
FO
29.1 ± 0.7
20.5a ± 0.6
32.1 ± 0.4
b
a
FI
25.6 ± 0.5
31.5 ± 0.8
19.5a ± 0.4
FII
20.1c ± 0.2
26.3c ± 0.3
20.7a ± 0.3
†Values in the same column followed by the same letter are not statistically different at P≤0.05.
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145-165
Phenolic C
13.0b ± 0.5
3.0c ± 0.1
14.5a ± 0.2

165-190
Carboxyl C
16.5a ± 0.6
17.1a ± 0.8
7.3b ± 0.5
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Values are the mean ± SE of three experiments
TABLE 3 - Phenolic compounds (µg mL-1) and carbohydrates (µg mg-1) found in
the unfractionated humus (F0) and its carboxyl (FI) and phenolic (FII) fractions.
Identified products
F0
FI
FII
Phenolic Compounds
Acids
Vanillic acid
0.4b†
0.013c
9.73a
b
††
Benzoic acid
3.4
Nd
35.93a
Cinnamic acid
0.13b
0.007c
0.4a
Salicylic acid
0.4a
Nd
0.4a
Syringic acid
0.4a
Nd
0.33b
Ferulic acid
0.3a
Nd
0.2b
m-Coumaric acid
0.13b
Ndc
1.3a
p-Coumaric acid
0.13a
0.033c
0.13b
b
Protocatechuic acid
0.26
Nd
6.0a
Caffeic acid
0.26b
Nd
2.5a
p-Hydroxybenzoic acid
0.6b
0.026c
3.7a
a
Gentisic acid
0.26
Nd
0.26a
Aldehydes
Vanillin
0.26b
0.013c
0.4a
Carbohydrates
Arabinose
Nd
0.07a
Nd
Glucose
0.013b
0.16a
Nd
Galactose
0.02b
0.27a
Nd
Glucoronic acid
0.007b
0.093a
Nd
Mannose
0.02b
0.25a
Nd
b
a
Galacturonic acid
0.007
0.04
Nd
Total carbohydrates
0.06b
1.89a
Nd
†Values in the same row followed by the same letter are not statistically different at P ≤ 0.05. Values are the mean of three experiments.
††Nd = not detectable; for all compounds the limit of detection (LOD) was around 0.01 µg mL-1

TABLE 4 - Relative abundance and composition of organic and fatty acids (µg mg-1)
detected in the unfractionated humic substance (F0) and in its carboxyl (FI) and phenolic (FII) fractions.
Identified products
F0
FI
FII
Organic acids
Tartaric
2238a
518b†
Nd††
Total Lipids
53.3a
13.3b
40b
Fatty acids
Miristic
0.13a
0.06b
0.13a
Palmitoleic
0.13b
0.07c
0.3a
b
c
Palmitic
2.3
0.07
4.5a
Linoleic
2.0a
0.7c
1.6b
Oleic
9.2b
0.53c
19.7a
Stearic
0.87b
0.6c
1.1a
Arachic
0.07a
0.053b
0.07a
††Values in the same row followed by the same letter are not statistically different at P ≤ 0.05. †Nd = not detectable; for organic and fatty acids
the limit of detection (LOD) was around 0.04 µg mL-1. Values are the mean of three experiments.

ences (P ≤ 0.05) in the distribution of the amount of phenol-C and carboxyl-C groups between the FI and the FII
were observed. The FII was endowed with a greater quantity of phenol groups (14.5 %) compared to the FI fraction
(3.0 %), whereas the FI fraction had more carboxyl groups
(17.1 %) than the FII fraction (7.3 %).
The classes of compounds identified

The majority of the compounds identified was represented by phenolic and fatty acids (Tables 3 and 4); a shift
of relative content was observed from the unfractionated
humus to the fractions. Phenolic compounds were more
prominent in the FII than in the FI fraction and F0.

Total carbohydrates were detected in greater amount
in the FI fraction compared to the F0 and the FII fraction
(Table 3). The pool of eluted carbohydrates, both in the FI
and to a minor extent in the F0, was represented by mannose and galactose, which are microbically produced. The
FI fraction had the highest contents of mannose, galactose,
and glucose and they represented 8.21 %, 4.48 % and
10.45 % of total carbohydrates, respectively. In FII all
eluted carbohydrates were less than the detection limits.
Organic acid amounts were less abundant than the
other compounds in the F0, FI and FII fractions. Among
the organic acids, only tartaric acid was detected, and just
in the F0 and FI fraction (Table 4). The tartaric acid was
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more abundant in the FI fraction (2238 µg mg-1) compared to the F0 (518 µg mg-1).
Total lipids were more abundant in F0 (53.3 µg mg-1)
and in FII (40 µg mg-1) than in FI (13.3 µg mg-1). Among
the fatty acid detected, palmitic, linoleic, oleic and stearic
were more common than miristic, palmitoleic and arachic
acids, both in the F0 and FII fraction. Oleic was the most
abundant acid found in the FII fraction.
In the soil was found an IAA content of 7.2 ng mL-1
and 9.8 ng mL-1 with the colorimetric and ELISA methods, respectively. No IAA was detected in the F0 and its
two fractions FI and FII by either methods (data not shown).
Effect of humic fractions on plant growth

The humic fractions, at all concentrations, did not
significantly affect the germination time and the percent
of germinated seeds (data not shown).
The low concentration (1.0 mg C L-1) of humic substances did not affect the fresh weight of plants in comparison with control (Table 5). The high concentrations
(2.5 and 5.0 mg C L-1) of FI and FII reduced the fresh
weight of both root and shoot compared to the control,
and the root growth was more affected than shoot growth.
The negative effect of the FII fraction was considerable; at

2.5 mg C L-1 the root weight was lowered by 80 % and a
total inhibition was observed at 5.0 mg C L-1. Interestingly, root and shoot weight of seedlings exposed to the F0
was similar to that of the control and this result did not
reflect an additive activity of the FI and the FII fractions.
The value of shoot/root ratio confirmed the reduction of
root biomass in seedlings treated with the high concentrations of humic fractions.
Effect of humic fractions on shoot development

The FII fraction lowered significantly the leaf number
and rosette diameter at the concentration of 2.5 and 5.0
mg C L-1 (Fig. 1, Table 6). The FI fraction at 2.5 and 5.0
mg C L-1 did not affect the leaf number, but decreased the
rosette diameter compared to the control, in a dosedependent manner. So at the end of the experimental
period, the plants had the same leaf number of the control
(ca 6) but the leaf area of the FI-treated plants was significantly smaller than that of control seedlings. These results suggested that the FI fraction influenced cell expansion rather than cell division of the shoot. The length

TABLE 5 - Fresh weight (FW, g) and shoot/root values of Arabidopsis thaliana seedlings exposed for 12 days to different concentrations of
the humic substance (F0) and its fractions (FI, FII).
Treatments
Total FW
Root FW
Shoot FW
Shoot/Root
1.9
0.0 mg C L-1
15.6a† ± 1.2
5.7a ± 0.7
10.7a ± 0.5
1.0 mg C L-1
15.2a ± 0.5
4.8a ± 0.2
10.2a ± 0.2
1.9
FI
2.5 mg C L-1
10.6b ± 1.0
2.5b ± 0.2
8.1b ± 0.2
3.2
-1
b
b
b
5.0 mg C L
8.9 ± 0.7
2.1 ± 0.4
7.3 ± 0.3
4.6
1.0 mg C L-1
17.0a ± 1.9
5.9a ± 0.7
11.1a ± 1.3
2.0
FII
2.5 mg C L-1
7.0c ± 0.8
1.1c ± 0.1
5.9bc ± 0.6
4.5
-1
d
c
5.0 mg C L
3.3 ± 0.5
0
3.3 ± 0.4
1.0 mg C L-1
17.3a ± 2.0
5.9a ± 0.7
11.4a ± 1.3
2.1
F0
2.5 mg C L-1
14.5a ± 1.0
4.7a ± 0.5
10.7a ± 0.7
2.3
5.0 mg C L-1
13.8a ± 1.4
4.1a ± 0.6
9.9a ± 0.9
2.5
† Values in the same column followed by the same letter are not statistically different at P ≤ 0.05. Values are means ± SE of three experiments.
Control
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FIGURE 1 - Shoot development of Arabidopsis thaliana seedlings grown for 12 days on ½ MS in presence of A) 1.0 mg C L-1; B) 2.5 mg C L-1; C)
5.0 mg C L-1 of F0, FI and FII.
TABLE 6 - Shoot growth parameters in Arabidopsis thaliana seedlings exposed for 12 days to different concentrations of the humic substance
(F0) and its fractions (FI, FII).
Rosette diameter
Petiole length
(mm)
(mm)
Control
0.0 mg C L-1
6.2 a† ± 0.09
17.56 a ± 0.50a
4.62 a ± 0.14a
1.0 mg C L-1
5.96a ± 0.13
16.62a ± 0.56
4.59a ± 0.19
FI
2.5 mg C L-1
6.25a ± 0.16
14.01b ± 0.65
3.18b ± 0.23
5.0 mg C L-1
5.81a ± 0.15
13.12b ± 1.14
3.35b ± 0.23
1.0 mg C L-1
6.51a ± 0,26
18.04a ± 0.49
4.91a ± 0.23
FII
2.5 mg C L-1
5.14b ± 0.20
12.53b ± 056
3.00b ± 0.36
5.0 mg C L-1
3.51c ± 0.27
4.91c ± 0.52
1.15c ± 0.14
1.0 mg C L-1
6.16a ± 0.16
18.16a ± 0.41
4.48a ± 0.13
F0
2.5 mg C L-1
5.85a ± 0.14
17.01a ± 0.46
4.87a ± 0.41
-1
a
a
5.0 mg C L
6.38 ± 0.24
18.83 ± 0.81
4.69a ± 0.11
Values in the same column followed by the same letter are not statistically different at P ≤ 0.05. Values are means ± SE of three experiments.
Treatments

Leaf number

of the petiole, which is the major component of the rosette
diameter, was reduced by the high concentrations of the
FI and the FII fractions. The F0 induced shoot growth and
development similar to that of the control.
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FIGURE 2- a) Primary root length (cm) and b) lateral root length
(cm) in Arabidopsis thaliana seedlings exposed to different concentrations of F0 and its two fractions FI and FII. Standard error of the
mean is marked on the columns by bars, n = 3. Bars with the same
letters overscript, for each treatment, indicate no significant difference according to the Tukey’s test (P ≤ 0.05). C = Control (seedlings
on ½ MS medium); F0 = unfractionated humus; FI = carboxyl humic
fraction; FII = phenolic humic fraction.
Effect of humic fractions on the root system
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After 12 days, the plants grown with 1.0 mg C L-1 of
the FI showed a 35 % reduction of the primary root length
compared to the control, this negative effect was not evident at the high FI concentrations (2.5 and 5.0 mg C L-1)
(Fig. 2a). The FII fraction reduced the primary root length
at high concentrations. In particular, at the concentration
of 5.0 mg C L-1, the FII reduced the primary root length at
about 90 % compared to the control. The F0, at each concentration, did not significantly affect the primary root
length (Fig. 2a). The lateral root branching was negatively
influenced by the FII fraction and increasing the concentration from 1.0 to 5.0 mg C L-1, a total inhibition of lateral root expression was observed (Fig. 2b). The FI fraction affected the lateral root length (-50 %) (Fig 2b) more
than the number (-22 %) (Table 7), evidencing a negative
effect mainly on the elongation rather than on the initiation and emergence of lateral roots. By contrast, the FII
fraction inhibited lateral root number and length in a concentration dependent-manner. The F0 did not affect the root
morphology, and its effect was different from that of the
two fractions singly.

The root density values (Table 7), obtained by dividing the number of lateral roots by the length of the primary root, are considered indicative of the root system evolution during the plant growth. At 12 days, the FII fraction, at
all concentrations tested, decreased this ratio. In contrast, the FI fraction reduced the root density only at the
high concentrations.
The relative growth rate (RGR) further supported this
result (Fig. 3a, b). In particular, the FI fraction at 1.0 mg
C L-1 reduced the RGR of the primary root compared to
the control; at 2.5 mg C L-1 RGR value was similar to the
control; at the concentration of 5.0 mg C L-1, the RGR was
higher than control. The FII fraction decreased in a dosedependent manner the RGR of the primary roots. F0 at the
concentrations 1.0 and 2.5 mg C L-1 induced a RGR similar to that of the control; at 5.0 mg C L-1 the relative growth
rate of the primary root increased (Fig 3a).
The RGR of lateral roots, in plants exposed to the FI
fraction, was negatively affected and regardless of con-

TABLE 7 - Lateral root number and root density values of Arabidopsis thaliana seedlings
exposed to different concentrations of the humic substance (F0) and its fractions (FI, FII).
8th day
12th day
Treatments
Lateral root number
Root density
Lateral root number
Root density
Control
0.0 mg C L-1
4.8 a† ± 0.6
2.0
28.4 a ± 2.4
5.2
1.0 mg C L-1
3.5 a ± 0.4
1.8
23.4 b ± 1.5
6.0
-1
b
b
FI
2.5 mg C L
2.8 ± 0.3
1.4
22.3 ± 1.3
3.7
5.0 mg C L-1
4.1 a ± 0.6a
2.1
20.5 b ± 3.6
3.3
1.0 mg C L-1
1.9 b ± 0.3
0.6
22.9 b ± 1.0
4.0
-1
c
FII
2.5 mg C L
0
0
4.5 ± 0.9
2.8
5.0 mg C L-1
0
0
0
0
1.0 mg C L-1
3.5 a ±0.5
1.4
28.8 a ± 3.6
5.6
-1
a
a
F0
2.5 mg C L
3.4 ± 0.5
1.4
26.0 ± 3.3
5.0
5.0 mg C L-1
5.9 a ± 0.8
2.2
26.6 a ± 2.9
4.9
†Values in the same column followed by the same letter are not statistically different at P ≤ 0.05. Values are means ± SE of three experiments.
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FIGURE 3 - RGR (relative growth rate) of the primary roots (a) and lateral roots (b) in Arabidopsis thaliana seedlings exposed to different
concentrations of F0 and its two fractions FI and FII. Standard error of the mean is marked on the columns by bars, n = 3. Bars with the same
letters overscript, for each treatment, indicate no significant difference according to the Tukey’s test (P ≤ 0.05). C = Control (seedlings on ½
MS medium); F0 = unfractionated humus; FI = carboxyl humic fraction; FII = phenolic humic fraction.

TABLE 8 - Number and length of root hairs on II and III mm of primary root traits in Arabidopsis thaliana seedlings exposed for 7 days to
different concentrations of unfractionated humus (F0) and its fractions (FI, FII).
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Root hair number
Primary root traits mm
II

III

Concentration
mg C L-1
0.0
1.0
2.5
5.0
0.0
1.0
2.5
5.0

FI

FII

F0

5.8 ± 0.25
12.0 ± 1.77 *
3.0 ± 0.58
15.5 ± 2.53**
12.0 ± 1.22
23.5 ± 1.22**
10.8 ± 1.11
16.3 ± 1.37*

5.8 ± 0.25
0
21.3 ± 5.66*
0
12.0 ± 1.22
5.0 ± 2.54*
30.3 ± 4.40 **
0

5.8 ± 0.25
10.0 ± 1.41*
4.8 ± 0.8
10.3 ± 1.38*
12.0 ± 1.22
15.3 ± 1.03
11.0 ± 2.34
11.3 ± 1.25

Root hair length (µm)
Concentration
FI
FII
F0
mg C L-1
0.0
16.0 ± 0.41
16.0 ± 0.41
16.0 ± 0.41
1.0
30.0 ± 4.20*
0
24.0 ± 2.94 *
II
2.5
10.5 ±3.77
223.8 ± 16.75***
19.5 ± 2.17
5.0
33.0 ± 3.60*
0
16.0 ± 0.00
0.0
25.8 ± 0.25
25.8 ± 0.25
25.8 ± 0.25
1.0
30.0 ± 2.13
78.5 ± 27.86*
30.3 ± 1.88
III
2.5
27.2 ± 1.04
329.4 ± 53.48***
23.9 ± 1.05
5.0
55.3 ± 7.19*
0
19.5 ± 2.06*
Asterisks indicate significant differences within column and between the values of treated and control plants:
2 D*0.01
G ra p<
hp
1 < 0.05; **0.001< p < 0.01;
***p < 0.001. Values are means ± SE of three experiments.
Primary root traits mm

centration (Fig 3b). The high concentration of FII fraction
reduced the RGR. The F0 at all concentrations induced a
growth rate of lateral roots similar to the control (Fig. 3b).

C
-1

2 .5 m g C l

-1

5 .0 m g C l

-1

b
a

F0

b

Root hair growth

In plants exposed to the FI fraction at the concentration of 5.0 mg C L-1, the root analysis underlined a greater
number and major length of root hairs (Tab. 8) and a shorter
distance between the root tip and the root hair zone (Figs. 4
and 5). A similar trend was observed for F0. In plants
grown with 1.0 mg C L-1 of the FII fraction the extent of
the elongation zone was greater and root hairs were present only on the 3rd mm root trait (Fig. 5A). Moreover, the
hair number was reduced but the length was significantly
higher than the control. The FII fraction, at 2.5 mg C L-1,
caused significant hair development and the hairs were
longer and more adjacent to the root tip than the control
(Figs 4 and 5B). The high FII concentration (5 mg L-1) inhibited totally the primary root growth and consequently
the root hairs (Fig 5C).

1 .0 m g C l

0

a

b

F II

a
a
b
a

FI

a

0 ,0

0 ,5

1 ,0

1 ,5

2 ,0

a

2 ,5

mm

FIGURE 4 - Elongation zone (mm) in primary roots of Arabidopsis
thaliana seedlings grown for 7 days on ½ MS and in presence of 1.0
mg C L-1; 2.5 mg C L-1; 5.0 mg C L-1 of F0 and the FI and the FII
fractions. Bars represent standard errors (mean ± SE). Different
letters indicate significant differences (Tukey’s test P ≤ 0.05). C =
Control (seedlings on ½ MS medium); F0 = unfractionated humus; FI
= carboxyl humic fraction; FII = phenolic humic fraction.
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B

A

C
FIGURE 5 - Root hair development ( I, II and III mm of primary root) of Arabidopsis thaliana seedlings grown for 12 days on ½ MS in presence of 1 mg C L-1 (A); 2.5 mg C L-1 (B); 5 mg C L-1 (C) of F0, FI and FII. Scale bar= 100 µM at 98X magnification. C = Control (seedlings
grown on ½ MS); F0 = unfractionated humus; FI = carboxyl humic fraction; FII = phenolic humic fraction.
TABLE 9 - Variance analysis of root morphology in Arabidopsis thaliana seedlings after 12 days of growth in presence of different concentrations of the humic substance (F0) and its fractions (FI, FII).
F-ratio
Source of
variance
HS
Conc
HS* Conc
R²

d.f.
3
2
6

Primary root
length
55.31***
65.88***
21.00***
0.844

Lateral root
length
104.97***
48.12***
13.74***
0.819

Lateral root
number
91.47***
51.65***
12.86***
0.806

Root Hairs
IIº mm
Length
Number
17.46***
6.66**
47.13***
3.61*
67.24***
39.94***
0.880
0.789

Root Hairs
IIIº mm
Length
Number
90.06***
12.94***
59.28***
14.92***
68.38***
29.38***
0.917
0.775

*Significant P<0.05 ; **Significant P < 0.01; ***Significant P < 0.001

The F-ratios from the analysis of variance for root
morphology indicated that the lateral root development
was mainly affected by HS chemical composition more
than the concentration used (Tab. 9). Otherwise, in plants
exposed to humic fractions for 12 days, the primary root
growth was affected by the concentration rather than the
nature of the fractions used. Instead the different devel-

opment of root hairs (number and length) was the result of
a combined effect of both HS fractions and dose.
DISCUSSION
Many studies have demonstrated different biological
activities induced by humic substances, such as a direct
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action on seed germination and on plant growth, by influencing metabolic processes such as respiration, nucleic
acid synthesis, and ion uptake [5, 27, 51-55].
Humic substances, originating from the chemical and
biological degradation of plant, animal residues and from
metabolic activities of microrganisms, contain a lot of
chemical compounds with varying structural and functional characteristics. Although the role of its different
functional groups is unclear, oxygen bearing carboxyl and
phenolic hydroxyl groups are considered very important
for their complexation ability [56] and responsible for
humic-plant interaction [57]. HS may also contain a series
of compounds produced by soil microrganism activity that
make up humus. In particular auxin, that is a plant signalling molecule implicated in embryogenesis, root and shoot
patterning, growth branching and organogenesis as well
as in directional growth responses [58, 59]. There are many
controversial findings about the biological and auxin-like
activity of humic substances.
Despite the remaining large uncertainties, in this work
we formulate some hypothesis about the relationship between structure and biological activity of a natural humic
substance. A forest humic substance (F0) was fractionated
in two fractions, the FI fraction rich in carboxyl groups,
sugars and tartaric acid and the FII fraction, with high
content of phenolic hydroxyl groups, phenolic and fatty
acids. In this case the biological activity of the HS and its
two fractions may be not related to the auxin content because no IAA was found in F0 and its fractions.
The production of IAA in soil is strictly dependent on
soil characteristic, amount and type of microbial biomass,
root and vegetation. Frankenberger and Arshad [60] revealed that high soil pH was correlated with high auxinproducing and that IAA activity of forest soil under conifers was less than that of other forest soils indicating the
importance of the nature of litter type and soil organic
matter. Thus different soils and humic substances could
contain diverse amount of IAA.
The results demonstrate the unfractionated humus and
its two fractions can differently influence the development of Arabidopsis thaliana seedlings. Moreover, the
modifications induced by the humic fractions were observed at concentrations that can be encountered in the
field [61], making it likely that the alterations in root
growth and morphology, observed during 12 days of treatment, are also occurring in the natural environment.
In particular, the FII fraction featuring small total
acidity, COOH group and O content, and higher H, exhibited on A. thaliana seedlings a larger inhibitory effect than
the FI fraction. These results are in good agreement with
recent findings reported by Muscolo and Sidari [29],
showing that the inhibition induced by HS, on the growth
of Pinus laricio callus, was negatively correlated with the
total acidity, COOH groups, O content and positively
correlated with H contents. We can thus hypothesize that

the negative effects of HS on A. thaliana may be more
related to hydrophobic than hydrophilic properties of
humus, as also reported by Loffredo et al. [62]. Further,
the experimental data evidence a negative effect induced
by the fraction rich in phenolic and fatty acids (FII) on
root and shoot development of Arabidopsis thaliana.
The phenolic acids are considered as allelopathic inhibitors more often than other class of chemicals, and their
effects on plant systems depend mainly on the concentration and even more on the sort of phenolic acids [63-65].
The interaction of phenolic acids with root cell leads to
membrane depolarization, efflux of ions, reduction of hydraulic conductivity and net nutrient uptake [66, 67], resulting in changes in plant water relationship and in mineral
nutrition. As final result a cascade of secondary effects is
observed and their intensity and duration are dependent
on the species sensitivity.
Numerous works have also demonstrated a negative
effect of fatty acids on root development and seedlings
growth [68-70]. The inhibitory effect was associated with
disruption of cellular organization, which included rupture of vacuoles, loss of structural order and condensation
of cellular contents. These events were evoked at a low
concentration (20 µM) of fatty acids and in presence of
cis-double bonds. This means that the amount and the
kind of fatty acids are critical for the effective inhibitory
activity, suggesting that the larger is the hydrophobic
component (lipid and phenolic acids) in humic samples,
the lower becomes the positive biological activity of HS
on plant.
The contradictory effect induced by the lowest dose
of FI on primary root growth could be explained as a
hormetic response in roots, due to an alteration in plant
homeostasis. Hormesis, in fact, characterizes the doseresponse continuum as a sigmoidal shape leading to a
biphasic response curve with a threshold operating at low
doses [71]. Thus, after an initial toxic effect of FI at the
concentration of 1 mg C L-1, the plants adopted a compensatory response with a return to control values, as
indicated by RGR data.
The F0 did not reflect an additive action of the compounds contained in the FI and the FII fractions. This
suggests that even if the complex HS structure includes a
wide variety of chemical constituents and molecules, its
biological activity cannot be simply explained as the sum
of the effects of the single compounds but rather as their
additive or antagonistic effects [68].
When the F0 and its fractions were present in the medium culture at the highest concentration, a reduction of
elongation zone was observed in the primary root, indicating a faster root hair differentiation process. The F0 and
FI fraction at 5.0 mg C L-1 significantly increased the root
hair density and length. A differential root hair growth, in
response to heterogeneous environmental conditions, is
considered an example of root plasticity. Since root hairs
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are outgrowths of single root epidermal cells, the plastic
response is relatively faster than root growth and root
branching [72]. Many functions have been attributed to
root hairs; they facilitate water and nutrient uptake from
the soil into the plants and help to anchor the plant body
in the soil. Longer and denser root hairs generally do not
increase shoot biomass but substantially increase the total
surface area of the root, extending soil exploration. Particularly, acquisition of the resources depends on the
temporal and spatial soil exploration by roots when the
availability of nutrients is scarce or their movement by
diffusion is slow [73]. Thus, the root hair development
can maximize root surface area in the shortest possible
time and their cost in terms of carbon skeletons and metabolic energy is significantly lower in comparison to that
of lateral root branching.
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In presence of the FII fraction at 2.5 mg C L-1 the increase in root hair expression observed can be considered
a common plant response in terms of morphological and
developmental patterns to many distinct stresses [74]. It is
recognized as a generic “stress induced morphogenic response” (SIMR) whereby the plant growth is re-orientated
to diminish stress exposure. This acclimation strategy involves some common molecular processes and it is not
caused by a specific stress per se, but by a degree of stress
[75]. These “stress-induced morphogenic responses”
(SIMRs) could be observed in plants exposed to relatively
low doses of a variety of distinct abiotic stresses and are
impeded under severe stress conditions. Thus, the FII
fraction that induced only at the concentration of 2.5 mg
C L-1 cell differentiation and root hairs expression could
be considered a serious stress factor for A. thaliana seedlings.
In short, this study suggests that the chemical compounds contained in humus are vary as concentration and
quality and humus composition depends on the origin,
age and different decomposition processes of parent organic materials. The single chemical compounds contained in
humus can interact with each other in an antagonistic or
additive way, explaining the singularity of action of each
humid substance and the different effects on plant growth
and development.
CONCLUSION
The results of our study indicate that the negative biological effects of humus analyzed on Arabidopsis thaliana
may be consistent with the absence of IAA, and with the
presence of phenols and fatty acids. The positive biological activity may be instead related to the presence of carbohydrates able to up-regulate root hairs and to enhance
the primary root growth rate inducing a competitive advantage in the uptake of essential nutrients. More investigations with molecular based approach are needed to
clarify the crosstalk between humic substances and plant
systems.
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ABSTRACT
The variation of small zooplankton abundance and
distribution patterns was studied in a shallow temperate
southern European estuary (Mondego estuary, Portugal).
Monthly plankton sampling was carried out from February 2005 to July 2006 at five stations, in both arms of the
estuary – north and south, with subsurface 63 µm mesh
tows. Concomitant hydrological parameters were measured. 84 zooplankton taxa were identified in the northern
and southern arms stations. Copepods were the most abundant group (95.6% of the total abundances). Nauplii were
the most abundant copepod development stage (80.3% of
the total), followed by copepodites (14.4%). Marine zooplankters were reported at the mouth of the estuary and
downstream stations while freshwater and estuarine species dominated in the inner part of the estuary. Statistical
analysis (RDA) correlated marine species with high salinity and temperature while freshwater and estuarine species were correlated with low salinity and temperature and
high nutrient concentrations. The relationship between
species distribution and environmental parameters suggests
adaptive strategies of the first stages of copepods to hydrological variations which explain the adults’ abundances.

KEYWORDS: Zooplankton, distribution, abundance, RDA analysis, environmental parameters, temperate shallow estuary.

INTRODUCTION
High biological productivity [1, 2] and the provision
of ecological and ecosystem services [1, 3], makes coastal
ecosystems one of the most important environments on
Earth. The Mondego estuary is a temperate shallow ecosystem located along the western coast of Portugal. It is subjected to a variety of anthropogenic stressors (e.g. eutrophication) leading to biological impoverishment [4, 5]. This
ecosystem is widely well-documented in terms of benthic

and mesozooplankton (> 200 and 335 µm) communities
[6-10 and references therein]. These earlier studies (with
> 200 or > 335 µm) sampled only adult and large copepodites of the dominant organisms in the estuary: copepods and other macroplanktonic taxa. However studies
on the small size fraction of zooplankton (> 63 µm), and
on early development stages of crustaceans with the aim
to compare the ecology of different life stages (e.g. adults,
juveniles – copepodites, and nauplii) have not been carried out. Furthermore, information about smaller zooplankton is lacking in literature [11, 12], especially on
estuarine areas of south Europe. Still, there was a single
work performed by Vieira et al. [13] that used a fine mesh
net (63 µm), but only the southern arm was studied, contributing to a limited overview of the system.
Earlier life-history stages (mainly nauplii stages) are
pivotal for the further development and growth rate of
juveniles, due to their sensitivity and vulnerability to
environmental conditions, ability in handling and ingesting small food particles.Thus, high mortality of nauplii,
associated to a failure in complete development, leads to a
limited survival and maintenance of copepod populations
[11]. Plankton, particularly zooplankton, is considered to
be a good indicator of environmental changes [14]. Because they play an important role in marine and freshwater food webs, the high sensitivity of zooplankton assemblages to physical and chemical variations can be manifested as changes in abundance and community structure
[12, 15]. Thus, information about earlier stages is crucial
to compare the ecology of the various taxa and structural
patterns.
Therefore, the aim of the present work is focused on
the small-sized zooplankton fraction and early development stage mainly of copepods in order to: 1) describe the
spatio-temporal patterns; 2) compare distribution and
structure in both arms of the estuary and 3) identify the
major environmental factors that may affect the distribution of small-sized fraction of zooplankton assemblages in
Mondego estuary.
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MATERIALS AND METHODS
Study area

The Mondego estuary is located in a warm temperate
region, on the Atlantic coast of Portugal (40º08’ N, 8º50’
W) covering an area of 3.4 km2. It is divided in two arms
with different hydrographic characteristics, separated by
the Murraceira island (Fig. 1). The north arm is deeper (48 m during high tide, tidal range 1-3 m), mainly influenced
by freshwater discharges of the Mondego river, constituting
the principal navigation channel and the location of the
Figueira da Foz harbour. The south arm is shallower (2-4 m
during high tide, tidal range 1-3 m) and the water circulation is mainly due to tidal cycles. The freshwater input
flow is low deriving mainly from a tributary, the Pranto
river, which is controlled by a sluice according to rice
crops irrigation needs in Mondego Valley [16, 17]. Anthropogenic activities in the estuary led to an ongoing process of eutrophication since the end of the 1980s which led
to a decline of the environmental quality of the estuary,
mainly in the southern arm [2, 6, 18]. A management programme has been implemented since 1998 and the system
is gradually recovering [2, 19].

ured in situ with appropriate sensors (WTW) and transparency with a Secchi disc (m). Simultaneously, water
samples were taken in each sampling station for determination in laboratory of chlorophyll a (Chl a, mg.m-3), nutrient concentrations (nitrates, phosphates, ammonia and
soluble silica – mg.L-1) and total suspended solids (TSS,
mg.L-1). Samples were filtered using a GF/C and stored
frozen at -18 ºC until further analysis following standard
protocols. Monthly precipitation values were measured at
the Soure 13 F/01G station and acquired from INAG –
Portuguese Water Institute (http://snirh.inag.pt) [20]. Annual
precipitation average from 1961 to 1990 was 1016 mm that
can be considered as the climate normal (IM – Portuguese
Weather Institute, http://web.meteo.pt) [21]. During the
study period precipitation was lower (2005-2006: 855.9mm
and 2006-2007: 866.5mm). The study period can thus be
considered as rather dry (Fig. 2).

FIGURE 2 – Monthly precipitation (mm) in Mondego estuary during
the study period (2005-2006). Grey filled circles represent monthly
average of 1961 to 1990 (http://snirh.inag.pt).
Laboratory analyses

FIGURE 1 - Map of the Mondego estuary, located on the western
coast of Portugal. Sampling stations are indicated (M – mouth
station, N1 and N2 – northern arm stations, S1 and S2 – southern
arm stations).
Sampling procedure and in situ measurements

Samples were taken monthly during high tide from
February 2005 to July 2006 at five stations spread over
both arms of the estuary: M – mouth station; N1 and N2
- northern arm stations; S1 and S2 – southern arm stations, in order to have representative area coverage of the
system, ranging from freshwater to marine waters (Fig.1).
Samples were collected by sub-surface tows (1m below the
surface) with a 63 µm mesh net (mouth diameter 0.30 m),
equipped with a Hydro-Bios flowmeter mounted in the
mouth to estimate the volume of water filtered by the net.
Sampling was performed at spring tides with few exceptions due to logistic constrains. After collection, samples
were fixed in 4% buffered formaldehyde. Simultaneously,
environmental parameters such as water temperature (ºC),
salinity, dissolved oxygen (DO, mg.L-1), pH were meas-

Standard methods were followed to determine nutrient concentrations [22 – for ammonia and phosphate; 23 –
for nitrate and nitrite]. Chl a concentration was determined by filtering 500-1000 mL of water samples volume
through GF/C filters, which were then treated with acetone (90%) to extract the Chl a measured at 630, 647, 665
and 750 nm [24]. Total suspended solids (TSS) was estimated by filtering 500-1000 mL water through pre-combusted and pre-weighted Whatman GF/C filters, and dried
at 60 ºC for 72 h and combusted at 450ºC for 8h [25]. Zooplankton sub-samples were obtained for numerical abundance using a Folsom plankton splitter. The organisms
were counted (number of individuals m-3) and identified to
the lowest possible taxon. At each subsample a minimum
of 500 individuals were counted.
Data analysis

A spatial and seasonal variation analysis was performed for the five sampling stations in order to define
ecological distinct groups in zooplankton assemblages, their
contribution to zooplankton abundance and differences in
community composition.
A Detrended Correspondence Analysis (DCA) was
performed followed by a redundancy data analysis (RDA)
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to investigate the relationship between species distribution
and environmental data, using CANOCO version 4.5 [26].
A forward selection of environmental variables was used
to select those most closely associated with the spatiotemporal structure of the zooplankton taxa, and to quantify their relative importance. The statistical significance
was tested with Monte Carlo permutation tests (499 unrestricted permutations) (P < 0.05).
Two distinct zooplankton matrixes were constructed
– Copepoda and Other Taxa - and only the species with
densities up to 3 ind.m-3 in each sampling station were
considered [27]. This cut-off was applied to eliminate those
taxa having a low occurrence and decrease the number of
zeros in the analyses [27, 28]. An (ln+1) transformation of
the data was used due to the huge differences of densities
between species. Environmental parameters were standardised before statistical analysis. The diversity of zooplankton assemblages in the five stations of the system was
assessed as species richness (the number of species estimated for each station) and by the Shannon-Wiener index
(log base 2) [29].
RESULTS
Environmental parameters

In Table 1 the hydrological data are listed. Nutrient
concentrations showed higher values associated with the
upstream stations (S2 and N2). The peak of nitrates
(1.84 mg.L-1) and silica (2.71 mg.L-1) concentrations
were observed at station N2 in winter months (December,
January and February). Ammonia concentrations were
higher at station S2 in the spring (March, April and May)
(0.42 mg.L-1) and summer (June, July and August)
months (0.55 mg.L-1). The maximum values of nitrites and
Chl a concentration were observed in the upstream stations
(S2 and N2), with the upstream station of south arm (S2)
registering higher values (0.06 mg.L-1 and 19.42 mg.L-1).
For nitrates and ammonia the concentrations were higher
also in winter months at all sampling stations (St M: 0.80
mg.L-1 (NO3) and 0.06 mg.L-1 (NH4); St N1: 1.12 mg.L-1
(NO3) and 0.23 mg.L-1 (NH4); St N2: 1.84 mg.L-1 (NO3)
and 0.25 mg.L-1 (NH4); St S1: 0.41 mg.L-1 (NO3) and 0.06
mg.L-1 (NH4); St S2: 0.66 mg.L-1 (NO3)). At station S2
the highest value of ammonia was registered in spring
(0.42 mg.L-1) and summer months (0.55 mg.L-1). During
the study period phosphate concentrations were very low
at all sampling stations with the maximum values registered at station S1 in spring months (0.23 mg.L-1 (spring
2005) and 0.80 mg.L-1 (spring 2006)). Considering Chl a
concentrations, a slight increase in spring and summer
months at downstream stations (M, N1 and S1) and a considerably rise at upstream stations (S2 and N2) were observed. Salinity was high in downstream stations (M, S1
and N1), varying between 31.6 and 34.2. The highest values
were recorded in spring and summer months. The lowest
salinity values were observed at station N2 where the
maximum and the minimum values were found in sum-

mer and winter months of 2006 ranging between 14.6 and
0.0, respectively. The water temperature varied from 9 to
25 ºC, reaching maximum and minimum values during
summer and winter months, respectively. Upstream stations
(N2 and S2) were characterized by the highest and lowest
temperatures. Considering dissolved oxygen (DO), values
ranged from 4.6 to 12.9 mg.L-1. The station S2 presented
the lowest values in the summer months of 2006 and the
mouth station (St M) the highest values in winter months
of 2005 (Feb05). pH varied from 7.2 to 8.6 with the lowest value at station N1, in winter months of 2005 (Feb 05)
and the highest value at station N2, in spring months of
2006. Total suspended solids (TSS) increased from lower
to upper estuary at the south arm. In general, TSS increases
while Secchi transparency decreases with increasing distance from the mouth.
Zooplankton abundance, composition and distribution

In Table 2 are referred the main groups identified in
this study. Life-history stages are reported, mainly to Copepoda, where were identified naupliar, juveniles and adults
stages. Figure 3 shows no distinct seasonal pattern in the
distribution of Copepoda development stage groups. However they appeared to be numerically less important during winter months. Nauplii of copepod were absent at the
south arm in March and the adults were absent in the
northern arm at station N1 in December 2005 and April
2006, as well as at the south arm at station S2 in August
2005 (Fig. 3A). Additionally, at times of higher precipitation (see Fig.2 e.g. October 2005) nauplii of copepods
were observed in higher abundance (total abundance:
1.84×106 ind.m-3) at the mouth station (St M). At this
station no data was obtained in March 2005 due to logistic
problems.
The zooplanktonic groups with lowest abundance
(‘Other Taxa’, Fig. 3B) included: Cladocera, ichthyoplankton, Medusae, Mysidaceae and larvae of Decapoda,
Polychaeta, Oligochaeta and Cephalopoda. For Other Taxa
a seasonal pattern was registered. In general, higher abundance was recorder in summer months. Together, these
taxonomic groups presented lower total abundance
(4.28×102 ± 7.44×103 ind.m -3) than the copepod species (7.30×103 ± 3.99×105 ind.m-3). At the north arm of
the estuary, Other Taxa zooplankton exhibited the highest
abundances in summer/autumn 2005 (3.23×102 ± 1.24×103
ind.m-3/ 5.86×102 ± 2.19×103 ind.m-3) followed by a decrease of abundance in winter 2006 (27 ± 1.40×102 ind.m-3),
rising again in spring 2006 (2.92×102 ± 1.65×103 ind.m-3)
(Fig. 3B). Despite the lowest abundance (2 ± 15 ind.m-3)
observed during winter 2005 at the stations of the southern arm, the Other Taxa groups were more abundant in
later autumn/winter (November/December at station S1:
1.07×103 ± 4.02×103 ind.m-3 and October/November at
station S2: 6.89×102 ± 4.52×103 ind.m-3) in this area of the
estuary. During the study period, Chaetognatha occurred
regularly in the last semester of 2005 at downstream stations (M, N1 and S1) and sporadically in station N2. Appendicularia (Oikopleura dioica Fol, 1872 and Fritillaria
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TABLE 1 – Average and standard deviation (SD) of environmental parameters
measured at the sampling stations in Mondego estuary during the study period.

W05
(Feb05)
SP05
S05
M

A05
W06
SP06
S06 (June
06)
W05
(Feb05)
SP05
S05

N1

A05
W06
SP06
S06 (June
06)
W05
(Feb05)
SP05
S05

N2

A05
W06
SP06
S06 (June
06)
W05
(Feb05)
SP05
S05

S1

A05
W06
SP06
S06 (June
06)
W05
(Feb05)
SP05
S05

S2

A05
W06
SP06
S06 (June
06)

Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD
Average
SD

Si
(mg.L-1)
0.22
0.18
0.04
0.70
0.59
0.18
0.09
1.42
0.31
1.22
1.11
0.50
0.19
0.31
0.11
0.61
0.35
0.36
0.20
1.91
0.88
0.73
0.57
0.34
0.91
1.24
0.17
1.07
0.56
1.09
0.95
2.71
0.04
2.58
0.83
1.78
0.29
0.23
0.09
0.43
0.21
0.41
0.17
0.99
0.41
0.80
0.76
0.41
0.69
0.97
0.25
1.40
0.83
0.87
0.05
1.79
0.62
1.85
0.97
1.72
-

PO4
(mg.L-1)
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.03
0.00
0.03
0.01
0.03
0.03
0.01
0.01
0.01
0.01
0.02
0.01
0.04
0.01
0.04
0.01
0.04
0.07
0.07
0.01
0.04
0.01
0.05
0.02
0.03
0.02
0.04
0.01
0.07
0.03
0.23
0.09
0.01
0.01
0.02
0.01
0.03
0.01
0.80
0.76
0.03
0.04
0.06
0.01
0.06
0.02
0.06
0.01
0.04
0.01
0.05
0.02
0.05
-

NO2
(mg.L-1)
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.01
0.00
0.02
0.01
0.01
0.01
0.01
0.04
0.03
0.02
0.01
0.00
0.02
0.01
0.03
0.01
0.02
0.00
0.02
0.01
0.01
0.01
0.00
0.00
0.01
0.00
0.01
0.00
0.01
0.01
0.01
0.02
0.03
0.01
0.03
0.02
0.06
0.01
0.04
0.01
0.05
0.02
0.04
-

NO3
(mg.L-1)
0.34
0.10
0.07
0.07
0.05
0.05
0.05
0.80
0.15
0.46
0.43
0.26
0.35
0.18
0.07
0.06
0.09
0.09
0.06
1.12
0.54
0.41
0.45
0.16
1.84
0.89
0.17
0.21
0.08
0.56
0.52
1.53
0.24
1.38
0.11
1.08
0.41
0.11
0.03
0.06
0.06
0.10
0.06
0.54
0.18
0.36
0.37
0.18
0.26
0.15
0.07
0.04
0.01
0.12
0.02
0.66
0.26
0.48
0.48
0.13
-

NH4
(mg.L-1)
0.01
0.05
0.03
0.01
0.01
0.00
0.00
0.06
0.03
0.04
0.03
0.05
0.23
0.06
0.06
0.02
0.01
0.02
0.01
0.11
0.08
0.06
0.06
0.03
0.25
0.16
0.06
0.05
0.06
0.11
0.06
0.15
0.13
0.07
0.06
0.07
0.01
0.05
0.02
0.03
0.01
0.02
0.02
0.06
0.03
0.05
0.06
0.05
0.05
0.42
0.08
0.29
0.05
0.30
0.06
0.30
0.16
0.34
0.09
0.55
-

Chl a
(mg.L-1)
4.42
3.84
1.38
5.76
2.99
2.97
0.99
2.02
0.67
2.72
0.51
1.14
2.86
4.81
2.39
4.23
0.46
2.68
0.57
4.38
4.60
3.32
0.21
8.12
7.46
10.48
6.14
10.17
4.20
3.15
1.25
8.13
6.27
11.53
1.16
6.49
4.42
4.07
2.05
5.57
2.32
3.49
1.24
1.86
0.13
3.79
1.99
1.34
16.12
8.13
3.91
19.42
11.55
19.29
10.60
5.52
1.11
11.03
2.56
6.44
-

SST
(mg.L-1)
24.76
27.24
3.01
23.42
0.50
25.80
4.66
17.51
3.97
15.66
7.67
22.31
24.84
31.30
2.83
27.11
4.06
22.70
10.11
13.05
7.63
18.82
5.78
28.87
10.74
19.94
5.77
22.09
0.71
23.46
5.51
7.20
3.22
7.97
0.25
13.80
22.29
36.59
10.38
28.33
2.96
27.68
3.57
23.42
1.49
19.61
3.25
27.11
33.22
49.71
19.33
37.59
6.97
45.09
12.40
28.05
8.17
27.02
2.84
26.91
-

pH
8.23
7.93
0.56
7.87
0.32
7.94
0.34
7.84
0.32
8.19
0.14
8.14
8.25
8.14
0.21
7.31
1.08
8.04
0.10
8.06
0.46
8.16
0.09
8.12
8.19
7.83
0.26
7.22
0.68
7.70
0.32
8.01
0.17
8.61
0.26
7.74
8.21
8.12
0.25
7.73
0.18
7.80
0.21
7.88
0.12
8.16
0.09
8.08
8.11
7.92
0.07
7.55
0.31
7.50
0.44
7.58
0.34
6.75
0.42
7.51
-

O2
(mg.L-1)
12.87
9.56
0.78
8.33
1.22
8.88
1.43
11.00
0.34
9.22
0.55
8.93
10.89
9.48
1.09
7.80
1.01
7.76
0.66
10.36
0.53
9.35
0.74
8.75
10.63
7.36
1.52
6.54
1.99
7.25
0.88
9.90
0.68
8.61
0.26
6.74
11.01
9.63
1.06
7.88
1.14
8.16
0.93
10.48
0.37
9.66
0.54
8.75
9.65
8.05
0.21
6.29
1.78
6.50
1.14
9.23
0.99
7.83
0.08
4.63
-

Temp
(ºC)
11.70
16.47
1.17
18.40
2.88
16.03
1.94
10.97
0.35
16.17
1.27
15.80
12.00
15.87
0.87
20.43
4.06
16.43
3.43
10.73
0.42
16.13
1.63
16.70
11.50
19.30
3.87
23.80
1.47
17.37
4.35
10.10
0.70
17.80
3.40
22.90
11.80
16.07
0.87
19.10
1.97
15.80
1.56
11.30
0.00
17.03
0.97
17.20
12.50
20.77
4.09
24.83
1.75
17.50
3.55
8.83
2.02
20.87
1.01
23.20
-

Sal
(‰)
31.60
31.53
4.06
27.30
6.45
22.97
4.45
14.87
9.99
20.00
16.50
34.20
33.40
33.30
2.08
19.70
12.66
10.37
6.88
9.60
13.39
21.43
18.34
32.80
4.60
9.90
7.86
9.97
13.90
1.07
1.00
0.00
0.00
3.60
5.98
14.60
31.70
33.40
1.30
31.20
2.51
30.50
3.51
21.37
4.86
27.97
8.81
32.80
26.10
28.10
1.73
18.93
15.45
30.53
3.97
11.20
8.45
17.33
6.86
24.00
-

Transpar.
(m)
1.80
2.40
0.85
2.57
1.12
1.47
0.15
1.40
0.36
2.10
0.17
2.20
1.70
1.77
1.10
1.47
0.64
1.17
0.25
0.93
0.12
1.40
0.66
2.00
0.90
1.07
0.51
0.80
0.35
0.83
0.15
0.83
0.15
0.90
0.30
1.60
1.60
1.57
0.59
1.20
0.75
0.77
0.06
1.20
0.26
1.43
0.40
1.50
0.60
0.57
0.12
0.47
0.06
0.53
0.06
0.60
0.10
0.57
0.12
0.60
-

Note: Winter 2005 (W05) means February 2005 and Winter 2006 (W06) means December of 2005, January and February 2006; Spring 2005 (SP05) and Spring 2006 (SP
06) means March, April and May months of 2005 and 2006 correspondingly; Summer 2005 (S05) and Summer 2006 (S 06) means June, July and August months of 2005
and 2006 respectively; Autumn 2005 (A05) and Autumn 2006 (A 06) means September, October and November months of 2005 and 2006 correspondingly.
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TABLE 2 – List of taxonomic groups and codes used in RDA analysis.

Taxon

Copepoda

Cirripedia

Cladocera

Code
Nauplii Copepoda

Naco

Copepodite / Adult Euterpina acutifrons
Copepodite / Adult Paronychocamptus nanus
Copepodite / Adult Microsetella norvegica
Copepodite / Adult Microsetella sp.
Copepodite Canuella sp.
Copepodite Harpacticus sp.
Macrosetella gracilis
Paraleptastacus cfr. spinicauda
Mesochra sp.
Metis cfr. ígnea
Ectinosoma melaniceps
Ectinosoma sp.
Nannopus palustris
Harpacticus obscurus
Leptocaris brevicornis
Apodopsyllus sp.
Copepodite Acartia sp.
Copepodite / Adult Acartia clausi
Copepodite / Adult Acartia tonsa
Copepodite / Adult Centropages sp.
Copepodite / Adult Centropages typicus
Copepodite /Adult Centropages chierchiae
Copepodite Pseudoparaclausocalanus (Paracalanus type-form)
Copepodite / Adult Pseudocalanus elongatus
Copepodite Pseudocalanus sp.
Copepodite Pseudocalanus parvus
Copepodite Paracalanus sp.
Paracalanus parvus
Copepodite / Adult Clausocalanus arcuicornis
Copepodite Clausocalanus sp.
Copepodite / Adult Calanus helgolandicus
Copepodite / Adult Temora longicornis
Copepodite / Adult Eurytemora velox
Copepodite Eurytemora sp.
Copepodite / Adult Copidodiaptomus numidicus
Copepodite / Adult Calanipeda aquae dulcis

CpEuac / Euac
CpPana / Pana
CpMino / Mino
CpMisp /Misp
CpCansp
CpHarsp
Macgr
Parspi
Mesp
Metig
Ectmel
Ectsp
Napa
Harob
Lepbr
Aposp
CpA
CpAcl / Acl
CpAto / Ato
CpC / Cesp
CpCty / Cety
CpCch /Cech
CpPspacl
CpPsel /Psel
CpPs
CpPpa
CpP
Papa
CpClar /Clar
CpCl
CpChe / Cahe
CpTlon / Telo
CpEuve / Euve
CpEu
CpConu / Conu
CpCaqdu /
Caqudu
CpIscl / Iscl
CpCal
CpOi
CpOipl / Oipl
CpOina / Oina
CpOihe / Oihe
CpAcro / Acro
CpAc
CpCyc / Cyc
Cyae
CpCoan / Coan
CpCo
CpOn / Onsp
Sap
Papu
Cpni
Cyci
Naci
Dplo
Dasp
Boslo
Popo
Pole
Evnor
Peav

Copepodite / Adult Isias clavipes
Copepodite Calanoida
Copepodite Oithona spp.
Copepodite / Adult Oithona plumifera
Copepodite / Adult Oithona nana
Copepodite / Adult Oithona helgolandica
Copepodite / Adult Acanthocyclops robustus
Copepodite Acanthocyclops sp.
Copepodite / Adult Cyclopoida
Cyclopidae
Copepodite /Adult Corycaeus anglicus
Copepodite Corycaeus sp.
Copepodite / Adult Oncaea sp.
Sapphirina sp.
Pachos punctatum
Copepodite not identified
Cypris Cirripedia
Nauplii Cirripedia
Daphnia longispina
Daphnia sp.
Bosmina longirostris
Podon polyphemoides
Podon leuckartii
Evadne nordmanni
Penilia avirostris
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Mollusca

Polychaeta

Siphonophora

Medusae

Mysidaceae
Euphausiacea

Decapoda

Appendicularia
Chaetognatha
Ichthyoplankton
Echinodermata
Isopoda
Amphipoda
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Veligera Gastropoda
Post-Veligera Gastropoda
Veligera Bivalvia
Post-Veligera Bivalvia
Cephalopoda (larvae)
Cephalopoda
Terebellidae (larvae)
Syllidae-Autolytus sp. (larvae)
Polychaeta (larvae)
Trocophora Polychaeta
Eunicidae (larvae)
Spionidae (larvae)
Magelonidae (larvae)
Diphyes sp.
Muggiaea sp.
Muggiaea atlantica
Cnidaria (Medusae)

VeG
PosVeG
VeB
PosVeB
LaCep
Cep
Terla
SyAusp
Pola
Tropol
Eula
Sptro
TroMa
Dy
Musp
Muat
Cni

Lizzia blondina
Obelia sp.
Solmaris corona
Sarsia prolifera
Podocoryne minima
Zanclea costata
Liriope tetraphylla
Mysidaceae not identified
Neomysis integer
Heteromysis formosa
Gastrosaccus spinifer
Euphausiacea (larvae)
Decapoda not identified
Zoea Processa sp.
Zoea Upogebia sp.
Zoea Palaemon sp.
Zoea Crangon crangon
Zoea Carcinus maenas
Zoea Pachygrapsus marmoratus
Zoea Pisidia longicornis
Oikopleura dioica
Fritillaria borealis
Sagitta friderici
Fish larvae

Lizbl
Ob
Soco
Sapr
Pomi
Zaco
Lite
Myni
Nein
Hefo
Gasp
Eup
Deni
Pro
Upo
Pal
Crcr
ZoCama
ZoPama
ZoPilo
Oidi
Frbo
Safr
Fila

Ophiopluteus sp.
Eurydice spinigera
Paragnathia formica
Isopoda (larva not identified)
Gammarus sp.
Ostracoda
Acaridae
Aranidae
Larva not identified
Organism not identified

Ophi
Eusp
Pafo
Isolani
Gam
Ost
Aca
Ara
lani
Orgni

borealis Lohman, 1896) were present in all sampling
stations, being more abundant in the first year of the study
period (1.20×103 ± 4.92×103 ind.m-3 at 2005; 1.40×102 ±
4.91×102 ind.m-3 at 2006) and in downstream stations (M:
2.76×103 ± 1.02×104 ind.m-3, S1: 3.92×102 ± 8.04×102
ind.m-3 and N1: 1.99×103 ± 3.96×103 ind.m-3). Bivalvia
larvae presented higher abundances in autumn 2005 at the
mouth station (M: 8.08×103 ± 1.12×104 ind.m-3) and in
winter 2006 at upstream station of south arm (S1: 4.39×103
± 6.21×103 ind.m-3). In general, Cirripedia (e.g. Cypris
and nauplii) and Gastropoda larvae occurred regularly in
both arms of the estuary, with the latter one being more

abundant (1.48×104 ± 1.82×104 ind.m-3) in autumn at the
mouth station (M).
Concerning the main groups of zooplankton, copepods were the most abundant group with 95.6% of the
total abundance followed by Gastropoda, Cirripedia, Bivalvia and Appendicularia representing 0.6%, 0.4%, 0.2% and
0.2%, respectively (Fig. 4B). A set of groups with lowest
abundances (“Others”) reached 3% of the total abundance
and included the following zooplankton groups: Chaetognatha, Cladocera, ichthyoplankton, Medusae, Mysidaceae,
larvae of Decapoda, Polychaeta, Oligochaeta and Cepha-

3172

© by PSP Volume 19 – No 12b. 2010

Fresenius Environmental Bulletin

FIGURE 3 – Monthly pattern of the abundance (ind.m-3) of main zooplankton groups (A) Copepoda and (B) Other Taxa at each station.
Logistic problems did not allow collecting the samples at station M at April 2005
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FIGURE 4 – (A) Total abundance [log(x+1)] and (B) relative abundance (%) of the different zooplanktonic groups to total zooplankton
abundance of 63 µm taxocenosis in the Mondego estuary.

lopoda. A total of 112 zooplankton taxa were recorded. In
general, the number of species at station N2 was higher
with highest values in May of 2005. The sampling stations of the north arm (N1 and N2) and the mouth station
(M) showed a higher number of species than the southern
arm, with the upstream station (S2) showing an irregular
pattern. Analyzing the Shannon-Wiener index (H’), in
Figure 5, higher values were found at stations of the north
arm (N1 and N2) than in the south, with the former exhibiting the highest value (max: 4.19). A decrease in heterogeneity values from March to December 2005 at station
N1 was recorded, followed by a decrease in the number of
species. During the study period it was not possible to
recognize a trend between sampling stations. Still, it was
observed a decrease in heterogeneity and in the number of
species at the five sampling stations. This may be due to
the huge variety of species and stages of small zooplanktonic species present in the samples. Some of them occurred in very high densities (e.g. nauplii Copepoda and
nauplii Cirripedia) in contrast to species that appear only
once or twice during the year. Figure 6 shows the temporal distribution at each sampling station of the main
zooplankton species. Copepods, mainly the first stages
(nauplii and copepodites), were clearly dominant along
the estuary (except station M). This group showed a rise
of abundance from February 2005 to November 2005/

December 2005, with nauplii of copepod and copepodites
exhibiting a peak of abundance in the latter period. Copepod nauplii showed the highest abundance following
cyclopoid species represented mainly by Oithona spp.
and Oithona plumifera Baird, 1843. Other copepod species that occur with high frequency in Mondego estuary
are copepodites and adults of Euterpina acutifrons Dana,
1849 (harpacticoid), copepodites of Acartia tonsa Dana,
1849 (calanoid), copepodites of Acanthocyclops robustus
G. O. Sars, 1863 (cyclopoid) and copepodites of Paracalanus-type form (calanoid). Copepodites of Pseudocalanus sp., Paracalanus sp. and Clausocalanus sp. are
referred as Paracalanus-type form when they do not show
the main characteristics of each genus to their identification. Copepodites of O. plumifera occur in higher densities at stations of southern arm and at mouth station (S1, S2
and M). Cladocerans occur regularly in the estuary, with
higher numbers ascribed to the marine species Podon
polyphemoides Leuckart, 1859, at stations M, N2 and S1,
and to the freshwater species Bosmina longirostris O. F.
Müller, 1776 at S2 and north arm stations (mainly at N2).
Polychaeta larvae, namely Spionidae trochophora, showed
higher abundance at stations M, N1 and S2. Mollusca (Gastropoda post-veligers) also dominate the zooplankton in
Mondego estuary at the upstream station of northern arm
(N2).
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FIGURE 5 – Spatial and temporal variation of biodiversity based on number of taxa (dark line) and Shannon-Wiener index (grey line).
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FIGURE 6 – Monthly pattern of abundance [log(x+1)] of the six most abundant zooplankton taxa at the five sampling stations.
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FIGURE 6 – continued.
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FIGURE 6 – continued.

(Eigenvalues: Axis 1 – 0.146; Axis 2 – 0.057; Axis 3 – 0.026; Axis 4 –
0.016. Sum of eigenvalues : 0.245)

Eigenvalues: Axis 1 – 0.125; Axis 2 – 0.027; Axis 3 – 0.021; Axis 4 –
0.013. Sum of eigenvalues : 0.186)
FIGURE 7 - Results of RDA analysis (A) Environmental variable
vectors and Copepod species (B) Environmental variable vectors
and no Copepod species.

The total of inertia values from DCA analysis was
<2.6 (2.5). The results of redundancy analysis of the environmental parameters and copepods and of environmental
parameters and Other Taxa species are presented in Figures 7A and B, respectively. Among the environmental
factors, Monte Carlo permutation showed that nitrate, ammonia, temperature, total suspended solids (TSS), dissolved
oxygen, nitrite and phosphate were significant in explaining the ordination, in decreasing order of importance (Fig.
7A). The environmental parameters that contributed sig-

nificantly to explain the distribution in plot 7B are nitrates,
salinity, ammonia, nitrite, silica and dissolved oxygen, in
decreasing order of importance. The environmental variables considered in the RDA analysis explains in the first
canonical axis 53.5% and 62.9% of the variance (Figs. 7A
and 7B respectively), being strongly related with temperature and nitrate concentrations. Dissolved oxygen, nitrite
and phospate concentrations were correlated with the second canonical axis (explaining more than 21% of the
variance (Fig. 7A). At Figure 7B, dissolved oxygen concentration and salinity were correlated with the second
canonical axis, explaining more than 14% of the variance.
Relatively to figure 7A, the first axis is positively correlated with nutrient concentrations and dissolved oxygen
and negatively with temperature and TSS (Table 3A). Furthermore, second axis has higher correlation with nitrites,
phosphates and dissolved oxygen (Table 3A). In Figure 7B,
the first axis is positively correlated with nitrate, nitrite,
ammonia, DO and silica and negatively with salinity,
which has an important contribution in second axis (Table
3B). The freshwater and estuarine copepods species such
as copepodites of A. robustus, Copidodiaptomus numidicus
Gurney, 1909, Eurytemora velox Lilljeborg, 1853, Calanipeda aquae dulcis Kritschagin, 1873 and adults and
juveniles of A. tonsa were situated in the right side of the
plot (Fig. 7A) associated with lower temperature and TSS
and characterized by higher quantities of nutrients. Similarly, the Cladocera Daphnia sp., Daphnia longispina O.
F. Mueller, 1785, B. longirostris and Penilia avirostris
Dana, 1849 and Ostracoda inhabited the zone with lower
salinity situated in the lower right side of the plot (Fig. 7B).
The marine copepodites and adults like Acartia clausi
Giesbrecht, 1889, Calanus helgolandicus Claus, 1863 and
Temora longicornis O. F. Müller, 1785, the Cladocera Podon leuckartii G. O. Sars, 1862, P. polyphemoides, Evadne
nordmanni Lovén, 1836, Decapoda (e.g. Crangon crangon
Linnaeus, 1758, Processa sp.) Appendicularia (e.g. O.
dioica), Polychaeta (e.g. Terebellidae larvae), Mollusca
larvae and Hydromedusae and some gelatinous zooplankters (e.g. Dyphies sp., Muggiaea sp., Muggiaea
atlantica
TABLE 3 - Biplot scores of the most significant environmental
variables with Redundancy analysis (RDA) axes to environmental
A
variable vectors and Copepod species (A) and environmental variable vectors and no Copepod species (B).

B
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Name
DO
T
Si
PO4
NO2
NO3
NH4
TSS

AX 1
0.2984
-0.3625
0.6947
0.5705
0.6352
0.7515
0.6118
-0.1326

AX 2
A
-0.4296
-0.0493
0.3598
0.4473
0.548
-0.0209
0.3378
0.0096

AX 3
-0.1656
0.4521
-0.4716
0.4211
0.3544
-0.5104
0.5012
0.7169

AX 4
-0.176
-0.0502
-0.0443
-0.1678
0.2852
-0.014
0.1434
0.5023

Name
DO
Sal

AX 1
0.4901
-0.2098

AX 2
B
0.5582
0.6518

AX 3
-0.2574
0.6765

AX 4
-0.1902
-0.2212
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Si
NO2
NO3
NH4

0.643
0.4927
0.7255
0.4909

-0.6596
-0.5978
-0.3166
-0.3523
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-0.1613
0.3773
-0.5317
0.5012

0.1916
-0.2611
-0.2246
0.1664

Cunningham, 1892, Lizzia blondina Forbes, 1848) were
situated in the left side of the plot, associated with high
temperature, TSS and salinities, (see Figs. 7A and B, respectively). A standard taxonomic list with the codes of
zooplankton species used is presented in Table 2.
DISCUSSION
This work represents the first study of small zooplankton communities in Mondego estuary and its relationship to
physical and chemical environmental forcing factors. The
undersampling of the early developmental stages and smaller
copepod specimens in the studies on Mondego estuary
mesozooplankton assemblages conducted so far, may have
masked some seasonal trends corresponding to the reproductive activities. Temporal changes in the relative abundance of nauplii and copepodites are useful to detect recruitment and growth rate of some species of copepod
which have seasonal breeding. Thus, studies which did
not sort the early copepod stages have no information
about changes in species and thus cannot infer about seasonality fluctuations due to a lack of information about
the earlier developmental stages. This frequent undersampling of small copepod species, and mainly the earlier
stages, may lead to a limited view of the ecology of
planktonic systems and must be considered when comparing results [30, 31].
As in other marine coastal areas (e.g. Mpenjati Estuary, South Africa; Ria de Aveiro, northern of Portugal) [3234], copepods dominate the mesozooplankton in the
Mondego estuary [10, 13, 35]. Indeed, in the Mondego
estuary the total zooplankton abundance reflects the seasonal variation of the copepods population. In the mesozooplankton assemblage, Copepoda was the main dominant
group and A. tonsa the more abundant taxon [10, 27, 36,
37]. The upper reaches of the northern arm were dominated by A. robustus and C. numidicus and in the southern
arm the resident estuarine copepod A. tonsa was dominant. Marine reaches of the estuary are usually dominated
by marine calanoid copepods A. clausi, T. longicornis and
the cyclopoid copepod Oithona nana Giesbrecht, 1892
[13, 27]. The present study complemented quite well the
mesozooplankton data of the Mondego estuary adding
relevant new zooplanktonic information. For example,
amongst small copepods, the cyclopoid Oithona is a key
element and can be seen as the most abundant genus in the
zooplankton community [12, 38]. Evidence indicates that
Oithona is being underestimated due to larger mesh net used
in zooplankton sampling [39]. This fact is in agreement
with our results, which demonstrated that the methodology used in previous zooplankton studies underrepresented
the smaller-sized copepods, particularly O. plumifera. This
species is one of the major food sources for many fish

larvae, Chaetognatha and jellyfish, which depend almost
exclusively on it, making these small copepods an important element in the structure of many food webs [12,
40]. This cyclopoid shows a wide distribution from south
coast of South Africa [12] to south western Mediterranean
and Central Baltic Sea [38, 40]. Moreover, these results
emphasize the availability and abundance of other small
copepods such as harpacticoids [41], Pseudocalanus sp.
and their early development stages in the water column,
which have been underestimated due to the large mesh
size previously used in zooplankton studies in the
Mondego estuary [8, 42].
The calanoid copepod A. tonsa reached higher abundances in upstream stations of southern arm (S2) where
the concentration of particulate organic matter (TSS) was
highest, a distributional pattern already reported [43, 44].
Moreover, and according to Ianora [45], A. tonsa finds a
winter benefit from the early phytoplankton bloom in
terms of reproductive performance. Afterwards its annual
peak in egg production rate occurs in February with increasing numbers of juveniles and adults in spring. It
hatches from resting eggs in the sediments when temperatures exceed 15 ºC and due to its sensitivity to temperature
one might predict an increased period of dominance of A.
tonsa in response to warmer winters or earlier springs, in
Narragansett Bay (USA) [46]. Additionally, Holste and
Peck [47] stated that temperature and salinity are key
factors in the reproductive success of A. tonsa, influencing the cosmopolitan distribution of this species. These
authors observed the highest rate of eggs production at high
temperatures (23 ºC) and salinities between 17 and 25.
Adult Acartia congeners have distinct seasonal and spatial
distribution patterns but nauplii of all species survive at
higher salinities. According to Chinney and Williams [11]
the poorly swimming nauplii allows a differential distribution of different life stages in estuarine systems. At
Mondego estuary, copepods, mainly the first stages (nauplii and copepodites) were clearly dominant along the estuary (except at mouth station - M) due to higher salinities.
Moreover, nauplii occurred mainly at the mouth station
during rainfall months, being advected from upstream
areas, which corroborated the results of those authors.
However, A. tonsa adults are less tolerant to salinity than
adults of A. clausi [11], as found in the present study. This
study clearly showed that A. tonsa copepodites reached
higher densities in upstream stations (N2 and S2) (contrarily to A. clausi copepodites) in November and December
and in spring months in the estuary. This distribution
pattern is related to salinity and temperature which reached
the lowest and highest values at upstream stations (N2 and
S2), respectively. Our results are in accordance to Leandro
et al. [48] and Chinnery and Williams [11] which stated
the development time of A. tonsa decreases with increasing temperature. Furthermore, Chinnery and Williams [11]
claimed A. tonsa is mainly restricted to upper reaches of
Southampton Water (UK) estuary with lower values of salinity. Moreover, as mentioned above, autumn and winter
months showed the lowest values of salinity, due to pre-
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cipitation, and lowest values of temperature. Considering
nauplii and copepodites stages, salinity, temperature and
food quality and quantity may affect their development
and growth rate [11, 48]. According to an experiment conducted by Fernández [49] some calanoid naupliar stages,
have different optimal size of prey due to low ability in
handling and ingesting small food particles as well as due
to food abundance and composition. Therefore, nauplii
stages present the highest mortality [11] due to differential tolerances and physiological regulation strategies for
success in adverse environments [e.g. 50, 51] such as
estuaries. For instance, the tolerance to temperature and
salinity by nauplii of calanoid copepods (e.g. Eurytemora
affinis Poppe, 1880) is controlled by regulatory genes
related to the synthesis of proteins for metabolic activity
[52]. Furthermore, naupliar development duration becomes
longer at lower temperatures and could not be complete
below 5 ºC [52, 53]. Moreover, other nauplii are more
tolerant to high salinities than adults being frequently
flushed into open sea water imposing an adaption to survive at those conditions. The E. velox adults and copepodites were abundant and clearly associated to the marine - freshwater gradient (Fig. 7) in a brackish position.
These species adults can endure freshwater and a salinity
of 40, however since nauplii do not tolerate wide variation
of salinity a population could not be maintained [11, 54].
The occurrence and distribution of zooplankton species in Mondego estuary, as in other marine coastal areas,
are related with biotic and abiotic factors [e.g. 27, 31, 37].
The main environmental gradients are related with temperature and salinity which have a pronounced effect in
spatial and temporal patterns of zooplankton species [5557]. Our data evidenced also a clear spatial temperature,
salinity, gradient associated to a marine, brackish – freshwater faunal gradient. As stated by Marques et al. [37, 42]
the differences in zooplankton abundance between the
sampling stations and, more precisely, between north and
south arms are related to distinct hydrological conditions
in such a way that both arms can be considered as two
different subsystems. Freshwater discharges occur mainly
in the north arm causing a higher salinity variation. In the
southern arm salinity changes are slighter due to a more
stable water column and water masses and shallow depth,
added to nutrient enrichment predominantly in upstream
areas enhancing higher zooplankton abundances [27, 37].
For example, E. acutifrons was observed in all sampling
stations due to its ability to adapt to a wide range of salinity and temperature conditions presenting a wide distribution [41]. So species-specific distribution with generalists (e.g. E. acutifrons) occurring all over the estuary and
specialists (e.g. A. tonsa) found in a restricted area.
Studies carried out by Vieira et al. [13] stated that copepods, mainly copepodites stages, and larvae of Mollusca, Cirripedia and Polychaeta were dominant in the
Mondego estuary. The same pattern was also reported from
other estuarine systems (e.g. Ria Formosa, southern Portu-

gal; Mediterranean coastal area) [58, 59]. Similar results
were obtained in the present study, where nauplii of copepod, copepodites and larvae of Mollusca, Polychaeta and
Cirripedia demonstrated to be important components of
the plankton in the Mondego estuary. Vieira et al. [13] also
claimed that O. nana, Oithona similis Claus, 1866, A.
tonsa, A. clausi were the most common species in the
Mondego estuary. In this study, Oithona spp., and particularly O. plumifera, is one of the dominant copepod
species showing higher densities than reported by Vieira
et al. [13]. This could be explained due to differential
sampling stations in both works. The study performed by
Vieira et al. [13] was limited to the south arm of the
Mondego estuary and in addition, copepodites of Oithona
spp. may include copepodites of O. nana. According to
Porri et al. [12] this could be supported by physical explanations as Oithona spp. presents an irregular patchiness and extreme variability in abundance making the
densities of this genus, and particularly Oithona plumifera
highly unpredictable due to variable hydrodynamic conditions. Patterns of local hydrodynamics are extremely variable and change over long and short temporal scales making the distribution of zooplankton very patchy. In the
present work, adults of Oithona spp. were typically found
in downstream regions of the Mondego estuary, while
copepodites occurred in all study area. Probably this occurs due to a higher sensitivity of adults of Oithona spp. to
salinity. This cyclopoid has a wide distribution (e.g. estuaries, open waters, tropical and sub-tropical waters) and
shows a high abundance associated with particular physiological characteristics, making Oithona one of the most
important copepod in food webs [12, 31]. Abundance of
zooplankton species is also related to nutrients concentrations and Chl a concentration that are higher at the upper
estuary, similarly to results of previous studies [27, 42].
CONCLUSION
The small copepods are important links in marine food
webs, serving as major grazers of phytoplankton and as
prey for ichthyoplankton and other larger pelagic carnivores [31]. The Mondego estuary food chain supports an
important fish community [19]. Studies performed by Martinho et al. [5] and Dolbeth et al. [6], who analyzed the
feeding ecology of the main fish species of Mondego estuary, concluded that copepods, were an important component of fish diets, mainly for the juveniles of the European
sea bass Dicentrarchus labrax Linnaeus, 1758. Consequently, high zooplankton densities may lead to important
trophodynamic effect in fish community.
The present study documents the role of spatial and
temporal variance in the dynamics of small-sized zooplankton fraction in an estuary. The results stressed the
species-specific responses in this diverse environment.
The challenge for future research lies in disentangling the
role of this natural variability and variability due to hu-
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man impact (e.g. eutrophication, responses to climate
change, extreme events).

[11] Chinnery, F.E., and Williams, J.A. (2004) The influence of
temperature and salinity on Acartia (Copepoda: Calanoida)
nauplii survival. Marine Biology 145, 733–738.
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ABSTRACT

INTRODUCTION

Wine production in Portugal has been localised in
large wineries over the last few decades, resulting in an
increase in the potential environmental impact of winery
effluents (WE). We collected samples over a three year
period in order to evaluate the environmental impact of
WE and provide physicochemical characterization of raw
effluent. Water consumption and WE production were also
evaluated.
There are two distinct seasonal water consumption and
WE production periods: a low season (November to August) with reduced water consumptions, and a high season
corresponding to vintage/first rackings (September and October) with high water consumption. Water consumption
during the high season increases three to fourfold, corresponding to about 35 to 50% of the total annual water
consumption.
The average flow of WE is variable, a function of the
size or the phase of the productive cycle in the winery. WE
average flow rate ranges were 1.3 m3 day-1 for the smallest
winery and 95.7 m3 day-1 for the biggest winery. The average specific production of WE is between 1.5 and 2.6 L
water/ L wine produced, and inversely proportional to the
size of the winery.
High seasonality and heterogeneity was observed in
pollutant load, suspended solids and pH. Effluents with
higher suspended solids and pollutant load were produced
in the vintage/first rackings (high season). Three typical
effluents (corresponding to 1st, 2nd and 3rd rackings) with
very different physicochemical characteristics were identified, corresponding to the highest pollutant operations of
the wine productive cycle. However, all of them had similar
BOD5/COD ratios (between 50 to 55%), soluble COD/total
COD ratios (about 73%) and are generally acidic.

KEYWORDS: Port wine Region; Winery effluents; wastewater
characterization; water consumption

The Douro Region (RDD), situated in the north of
Portugal, is the oldest world wine production [1]. It is a
protected and regulated region, recently recognized as a
World Heritage by UNESCO [1]. The principal activity of
this region is wine production, bottling and trading, particularly of Port Wine. Despite their high COD loads, the
winery effluents (WE) are frequently left untreated, creating a negative environmental impact. As a result of this
impact a systematic evaluation and characterization of the
WE is necessary in order to identify the stages that cause
highest problems and treat them.
WE are 10 to 100 times more polluting than urban effluents; as a result, their treatment became a matter of concern in the 1990’s due to the detection of soils and water
pollution [2-4]. The wine industry is also characterized by
high levels of water consumption at specific stages of the
vinification process. Jourjon et al. [4] and Lemière [5] indicate an average consumption between 1 to 3 L water/L
of wine produced. However, they noticed that this consumption is influenced by many factors such as the size of
the winery, the winemaking process, the vinification technologies used, and the geographical location of the production unit. They reported an average COD of 10 g L-1.
WE production is seasonal, exhibiting significant temporal variations in volume and organic load according to
the phase of the productive cycle (high season: vintage
production and racking; low season: bottling and cleaning),
to the type of wine (red or white, sparkling, sweet, etc.)
and the technology used [6].
These effluents have typical substances present in
grapes and wines (organic acids, sugars, alcohol, phenolics
[anthocyanins, tannins], etc.), residues of the vinification
processes (yeasts, bacteria, clarification and filtration
agents), detergents and disinfectants used for cleaning the
enological equipment [4, 7]. Treatment of WE is possible
either by anaerobic processes [8-10], aerobic processes [6,
11-15] and a combination of both methods [2, 4, 16-19].
This study aims to study the influence of the port wine
production on the quantity and quality of winery effluents
produced in this important wine production region.
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MATERIAL AND METHODS
Wineries characterization

Three representative modern wineries with different
sizes but similar types of production processes were selected in the RDD region (Table 1). For each winery, WE
production and physicochemical properties of WE were
evaluated at weekly intervals over a period of at least
2 years. The selected wineries were Quinta da Gaivosa
(small size producer and bottler - Q. Gaivosa), Adega Cooperativa de Vila Real (medium size producer and bottler ACVR), Quinta do Sol (large size producer - Q. Sol).
All three wineries are well equipped, with mashing/
macerating equipment, pneumatic presses, vacuum filters
for lees, stainless steel tubes and vats, producing high
quality, mainly red wines (about 70%–86%) produced with
similar blends of the regional recommended vines (Tinta
Roriz, Touriga Franca, Touriga Nacional, Tinta Barroca,
Sousão, Tinto Cão, Viosinho and Malvasia Fina). Quinta
do Sol also has robotic mashing/macerating equipment.
All three wineries have proper cleaning equipment, with
recirculation of vats cleaning products until saturation is
reached.
An evaluation was performed of production stages and
their respective effluents (WE) production was carried out
during three wine producing periods from 2007 to 2009,
interpreting respective productive cycles and characterizing the different effluents specific to each production stage.
All the three wineries collect and send vat bottoms (lees)
and pomaces for distillation after filtration in vacuum filters. However, they do not collect the filtration earths that
are processed together with the remaining effluents.
All three wineries have a detailed registry of wine
production per type (red, white, wood maturation, etc) but
no qualitative and quantitative data on water consumption
and effluent production. Water is not incorporated in the
final product; therefore the effluent production is identical
to the water consumption [4], [6]. Thus, water flow meters registering daily consumption were installed in the
main water supply pipes of each winery.
Wine production characterization

Analysis of wine production by type in each winery
(Table 1), shows that that Q. Sol is a large size winery
with about 6.5 million L of wine/year. ACVR is an average size winery, with about 3.2 million L of wine/year. Q.
Gaivosa is small size individual winery, with about 0.17
million L of wine/year. All three wineries mostly produce
red wines.
This is very important, since red wines undergo a
longer fermentation process, with more phenolics compounds and small particles in suspension, which gives
them a deep red colour. Alcoholic fermentation (in September/October) in red wines is followed by the malolatic
fermentation (in January/February), resulting in effluents
with a high pollutant load. White wines generally undergo

cold stabilization and deposition of suspended particles
before alcoholic fermentation, which occurs only with the
decanted juice of the grapes, resulting in effluents with
lower pollutant loads. Winery by-products (lees, pomaces)
do not contribute to local pollutant loads since they are
filtered out and transported for use in the distillation industry.
TABLE 1 - Wine production per species of the different
wineries (m 3 ) listed per type from different wineries.
Quinta da
Gaivosa
Year
2004
2005
2006
2007
2008
Average
annual production (m3)

ACVR

Quinta do Sol

Total
(m3)

% red
wine

Total
(m3)

% red
wine

Total
(m3)

% red
wine

127
138
160
163
248

91
9
93
77
82

2726
2104
4506
2967
3661

71
71
70
70
66

5751
5702
7209
6991
6717

81
84
85
88
84

167

86

3193

70

6474

85

Sampling and analytical methods

Effluent samples proportional to the flow were collected weekly, from each winery and analyzed according
to Standard Methods for Chemical Oxygen Demand COD
(method 5220 C), Biochemical Oxygen Demand – BOD5
(method 5210 B), Total Suspended Solids - TSS (method
2540 D) and Volatile Suspended Solids - VSS) (method
2540 E) [20]. WTW sonde probes were used to measure
Dissolved oxygen, pH and temperature at the time of collection.
RESULTS AND DISCUSSION
Seasonality of the daily water consumption

Daily water consumption of Quinta do Sol winery
from 2007 to 2009 is given to exemplify all three wineries
(Figure 1). Quinta do Sol had the largest absolute consumption varying between 10 and 50 m3 day-1 during the low
season (between vintages), and 40 to 200 m3 day-1 during
the high season (corresponding to the vintage period), with
some sporadic consumption peaks due to certain production operations. The other two wineries had a similar behavior.
ACVR had a lower water consumption of 5 to 20 m3
day during the low season and 15 to 60 m3 day-1 during
the high season. Similar to Quinta do Sol, there are sporadic peaks in water consumption during certain production
stages. However, ACVR water consumption was more
regular than Q. Sol, due to a specific production activity
(washing of returned glass packages) over the whole year,
increasing water consumption compared to wineries without
this process.
-1

Q. Gaivosa water consumption was very low and irregular, varying between 1 and 5 m3 day-1 in the low sea-
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2007
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180

Flow (m3 day-1)

150

No available data
120
90
60
30
0
27-12

12-12

27-11

12-11

28-10

13-10

28-9

13-9

29-8

14-8

30-7

15-7

30-6

15-6

31-5

16-5

1-5

16-4

1-4

17-3

2-3

15-2

31-1

16-1

1-1

Date

FIGURE 1 - Daily water consumption in the Quinta do Sol winery (large size production)

son (from November to August), and 3 to 15 m3 day-1
(vintage period). Water consumption peaks that occurred
were also due to specific production activities.
Water consumption patterns were similar across all
three wineries over the sampling period. Outside this vintage period, consumption levels were much lower but during the vintage/first rackings period (September and October) water consumption increased at an exponential rate
representing 35 to 50% of the annual consumption. This
pattern was obvious for Q. Sol and Q. Gaivosa wineries,
where the water consumption increase is higher in this
period, because it excludes the washing of the returnable
glass packages.

Daily average consumption was highest in Q. Sol
with 38.8 m3 day-1, followed by ACVR with 23 m3 day-1
and finally Q. Gaivosa with only 2 m3 day-1, which are in
accordance with their size (Figure 2).
Due to the different size of the three selected wineries, specific water consumption (litre of water consumed
per litre of processed wine) was calculated as a parameter
to provide an indication of water use efficiency.
Q. Sol was the most efficient installation (1.45 L water L-1 processed wine), followed by ACVR with 1.81 L
water L-1 processed wine, and finally Q. Gaivosa with the
highest index (2.58 L water L-1 processed wine, Figure 3).

2007

2008

Q.Sol

ACVR

2009

40
35

3

-1

Water consumption (m day )

45

30
25
20
15
10
5
0

Q.Gaivosa

FIGURE 2 - Average daily water consumption of the wineries studied
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2007

2008

2009

3,0
-1

(L water L wine )

Specific consumption

3,5

2,5
2,0
1,5
1,0
0,5
0,0

Q.Sol

ACVR

Q.Gaivosa

FIGURE 3- Average specific water consumption of the wineries studied

Following installation of the flow meters, the two
smallest wineries made an effort to decrease specific water
consumption, resulting in a 25 to 30% reduction. The values obtained from this study were compared with the specific production of winery effluents in several countries/
wine production regions of the world (Table 2).
The values for Quinta do Sol are within the range of
values for European countries. ACVR is within the range
for French and Italian wineries of similar dimensions.
Quinta da Gaivosa has a higher specific water consumption
in relation to the most French wineries, but is within the
range for Italian small wineries (0.5-6 L water L-1 wine).
Qualitative characterization of the produced effluents (WE):
seasonality of their characteristics

Q. Sol results only (Figure 4) are given since the other
wineries follow a similar pattern. Wastewater from the
largest winery had the lowest pollutant loads although values
varied over different phases of the wine production cycle,
reaching maximum COD values of 8-15 g COD L-1. There
are also organic peaks associated with specific operations,
such as filtrations, centrifugation and washing of vats. BOD5
content oscillated from 20 to 90% of COD, depending on
the wineries operating cycle.
TSS content, directly related to the associated pollutant load, varied between 0.05 and 1.25 g L-1. The VSS
content was highly variable with values between 9 and
99% of the TSS content as a consequence of the operative
cycle of the winery. The pH oscillated between 3.7 and
12.3, with mostly basic values during the vintage period
and predominantly acid values outside this period.
Average COD, BOD and TSS values over the production cycle are presented in Table 3.

TABLE 2- Specific production of winery effluents in
several countries/wine production regions of the world [6]
Specific water consumption (L water L-1 Source
wine)
South
Walsdorff and
2-8
Africa
Kraayenburg, (2004)
Australia
South
2-6
Bell, (2000)
USA
California 2-8
Ryder, (1995)
Vlyssides et al.,
Greece
1.2
(2004)
Muller et al., (1999)
0.4-2
Rochard et Viaud,
0.8
(2000)
France
0.3-3
Jourjon et al., (2001)
0.5-5
Desenne et al., (2003)
2-10
Bidault, (2004)
Angers
1.8 (0.1-1)* (0.3-2)**
Arcanger et al., (1999)
Jourjon et Arcanger,
France
Anjou
1.2 (0.6-3.8)
(1998)
Bourgogne 0.9-3.6
Lemiere et al., (1998)
Italy
Romagne (0.3-0.6)*** (0.5-6)**** Farolfi, (1995)
Piemonte 1.8 (0.2-4.5)
Airoldi et al., (2004)
Portugal
1.4-4.9
Duarte et al., (2004)
Caetano and BerardiPalmela
1.5
no, (1998)
*
Large wineries 0.5-13 ML wine year-1 **small wineries 50-200 kL
wine year-1
***
****
Large wineries ≈600 kL wine year-1
small wineries 10-30 kL
wine year-1
Country

Region

Wastewater values from ACVR were variable over
the wine production cycle and the activity of the winery,
with higher maximum values during the 3rd raking between February and June (up to 120 g COD L-1). Peaks
associated with specific operations (filtrations, centrifugation, washing of vats, etc) occurred particularly in the
period immediately after the vintage. BOD5 values varied
from 36 to 97% of COD, depending on the operative
cycle of the winery.
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FIGURE 4 - COD, BOD5, TSS and VSS evolution in Q. Sol winery effluents

TABLE 3- Average values for COD, BOD and TSS according to the different periods of the year (g L-1)
Vintage/first rakings
COD
BOD5
TSS
(g L-1)
(g L-1)
(g L-1)
14±4
10±3
2±1

COD
(g L-1)
6±2

ACVR

14±2

6±2

1.5±0.3

14±3

Q. Gaivosa

70±10

18±8

21±3

30±5

Winery
Quinta Sol

2nd Rakings
BOD5
(g L-1)
4±1

TSS
(g L-1)
0.5±0.2

COD
(g L-1)
11±2

3rd raking
BOD5
(g L-1)
8±2

6±2

6±1

120±20

80±10

9±0.9

15±3

6±0.8

10±3

9±2

1±0.5

TSS
(g L-1)
1.2±0.5

TSS content varied between 0.02 and 9 g L-1, with a
direct relationship to the associated pollutant load. The
VSS content was also extremely variable, with values
between 11 and 98% of the TSS content; maximum values were attained during the vintage period. Values of pH
varied between 3.5 and 12.1, with higher values during
the vintage period when the winery washes out vats with
NaOH, and lower values outside this period.

Comparison among the wineries

Wastewater pollutant loads showed a similar pattern
at Q. Gaivosa although the pollutant load was very high
due to the extremely red-coloured/high-tannin wines produced in this winery. Maximum values occurred immediately after the vintage period (up to 70 g COD L-1), sometimes lasting until March (end of the malolatic fermentation). The BOD5 content varied from 20 to 95% of the
COD content, dependent on the operative cycle of the
winery.

BOD5 values followed a similar pattern with Q.
Gaivosa presenting higher values (8-13.11 g BOD5 L-1),
followed by ACVR (0.8-11.1 g BOD5 L-1) and Q. Sol
(0.7-2.6 g BOD5 L-1). With the exception of Q. Sol, the
other two wineries exhibited an increase in annual average
values of COD and BOD5 from 2007 to 2009 independent
of wine production; values for Q. Sol showed no significant variation. These findings are a direct result of the decrease in specific water consumption at Q. Gaivosa and
ACVR (reduction of 25% and 33% respectively, from
2007 to 2009).

The TSS content was highly variable (0.01-33 g L-1)
and was proportional to the associated pollutant load. The
VSS content varied between 40 and 99% of the TSS content, with the highest values occurring immediately after
the vintage period. The values of pH varied between 3.5
and 12.1, with mostly acid values and some basic peaks
when vats were washed out with NaOH.

The highest pollutant loads were at Q. Gaivosa, the
smallest winery, with annual averages between 11.5 and
25.7 g COD L-1 (related to the type of red-colored wines
production), followed by ACVR with 4.4-19.1 g COD L-1
and finally Q. Sol, with values varying between 2.4 and
3.6 g COD L-1 (Figure 5).

WE from Q. Gaivosa had the highest TSS content
(Figure 6), with annual averages varying between 1 and
7.7 g L-1 (associated with the type of red wines produced),
followed by the other two wineries (ACVR values varied
between 0.3-1.1 g L-1, and Q. Sol values 0.2-1.4 g L-1).
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FIGURE 5 – Annual average COD and BOD5 of the effluents from the wineries
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FIGURE 6- Annual average TSS and VSS of the effluents from the wineries

VSS content followed an identical pattern, with Q.
Gaivosa having higher values varying between 1-6.7 g L-1,
ACVR values ranged from 0.25 to 0.7 g L-1 and Q. Sol
values from 0.08-1.33 g L-1. In contrast to the other 2 wineries, Q. Gaivosa annual average values in TSS and VSS
increased from 2007 to 2009. This trend occurred independently from the wine production cycle, but was associated with the decrease in water consumption.
The trend in pH values showed that ACVR produced
WE with higher pH values (highest than 8.1), due to the
frequent use of NaOH (soda) to clean glass returnable
packages. Q. Sol and Q. Gaivosa had acidic effluents (pH
from 5.6 to 6.5).

CONCLUSIONS
From this study, we can conclude that:
(1) There were two different periods of water consumption and WE production: a low season (from November to
August), with reduced water consumption, and a high season
corresponding to the period of vintage/first rackings (September to October). In this latter period there is a threefold increase in water consumption in the smallest winery
and a fourfold increase in the larger wineries. Water consumption in this period corresponds about 35 to 50% of the
total annual consumption. Water consumption is more
regular outside the peak period with occasional peaks cor-
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responding to specific operations during the operating cycle
of the wineries.
(2) The average WE volumes were dependent on the
size of the winery and the phase of the wine production
cycle, with annual average values varying between 2 and
39 m3 day-1 (higher values occurred in the larger size
wineries). The specific production of WE varied between
1.45 and 2.58 litres of water per litre of wine produced,
and is inversely proportional to the size of the winery.
(3) There was marked seasonality and irregularity of
WE pollutant load, TSS content and pH with a direct relationship between the period of the year/phase of the wine
production cycle and the type and pollutant load of the
WE associated with those operations. The WE with higher
pollutant load and higher content of suspended solids in
each winery were produced in the vintage and immediately following this period (first rackings).
(4) WE for the Port wine region represent an extremely
variable pollutant load between 0.1 and 72 g COD L-1, with
an average value around 12 g COD L-1. BOD5 is about
58% of COD, with an average value of 6.4 g L-1. In relation to the suspended solids content, the values obtained are
between 0.01 and 18.6 g TSS L-1, with an average value of
2.3 g TSS L-1, while VSS values are between 0.1 and 14 g
L-1, with an average value of 1.7 g L-1. The pH values are
between 3.5 and 12.1, with a tendency value of 6.7.
(5) The smallest winery that produces mainly red
wines (Q. Gaivosa) had acidic WE (this winery uses nonreturnable bottles), with higher pollutant organic loads and
higher suspended solids (lower water consumption) that are
less biodegradable. Larger wineries, mostly produced less
organic polluting WE, with lower suspended solids (have
higher water consumption).
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ABSTRACT

INTRODUCTION

Field trials were undertaken in order to evaluate sulphate-based aluminum phytotoxicity mitigation with
maize as a test plant. Sulphate treatments corresponded to
0, 33.0, 66.0 and 132.0 kg S-SO4 ha-1 applied as MgSO4
H2O (23.2% S-SO4). Exchangeable aluminum (Alex),
readily exchangeable Al (REAl) - difference between Alex
and aqueous aluminum (Alaq) were assayed. Chemical
tests involved also the aqueous sulphate [S-SO4 (aq)] forms
extracted by using deionized water. Gibbs-free energy
was calculated for Alex and REAl fractions in investigated
soils. Data obtained in the current study have indicated
that the experimental site was characterised by pH 3.73
and exchangeable (Alex) amounting to 135.2 mg kg-1. The
low level of organic matter implies, that the soil is typically mineral, i.e., conditions favorable for high monomeric activity (aqueous Al = 51.6 mg kg-1). Furthermore,
soil incorporation of sulphates decidedly induced a net
formation of insoluble Alx(SO4)y, and the efficiency of
this process, as compared to the control treatment, varied
as follows: 11.6, 45.7, 63.2%, accordingly to S-SO4: 33,
66, 132 kg ha-1. At S-SO4 rate of 66 kg ha-1, Gibbs-free
energy change (ΔG) values amounted to -5.11 and -5.79
kJ mol-1 for readily exchangeable aluminum pool (REAl)
and exchangeable aluminum (Alex), respectively. This
implies the predominance of Al-mineral controlling processes, hence a natural stability strengthened by anthropogenically incorporated S-SO4. Aluminum phytotoxicity
weakened definitely to concentration levels practically not
exhibiting further harmful effects. This resulted in a significant increase of maize biomass (at anthesis) of ca 46,
70 and 58%, as compared to the control treatment, for SSO4 rates of 33, 66 and 132 kg ha-1, respectively. The
application of sulphate may be a targeted practice for
counteracting acidification-based aluminum constrains.

KEYWORDS: Aluminum, phytotoxicity mitigation, sulphate, acidity, proton generation, Gibbs energy, maize.

Aluminum toxicity is among the most widespread
problems of ion toxicity stress in plants, beside salinity,
and strongly constrains crop performance on acid soils [1,
2]. The toxic effects of Al3+ ions on plants have already
been described in the first decade of the last century. It is
known for years that roots usually are the most Al-sensitive
organs, and that Al causes fast inhibition of the elongation
of the main axis and restriction of lateral root development leading to a short stunted root system [3, 4].
Diagnosing and confirming exactly when plants become stressed by Al toxicity has been difficult to determine. Tissue analysis has provided useful criteria for outlying nutrient efficiencies in many plants, but similar criteria for evaluating metal toxicity are not readily available [5].
One of the main attribute of these discrepancies is that Al
content in soils is basically ruled by natural soil processes,
which are hardly controlled by plant growers and farmers,
too. The vulnerable topic of soil acidity has been examined some decades ago, in a detailed review by Coleman
and Thomas [6], and it is still a challenge of soil and plant
scientists [7]. Chemically, the hydrolysis of aluminum in
aqueous solutions has been assumed to proceed throughout the first-stage hydrolysis reaction: Al3+ + H2O →
AlOH2+ + H+ (water of hydration is omitted for convenience). This agrees with the view, that hydrolysis of the
Al ions produces a moderately strong acidic environment,
so it is not surprising that many of the properties of acid
soil are controlled by the chemistry of aluminum [4, 8, 9].
The direct tool for mitigating Al phytotoxic effects is
up to date via correcting/improving soil pH by liming practices or other practices [10]. Such approach has been standardized for highly contrasting soil acidity conditions under
different crop growth. It has been reported, that gibbsite,
the thermodynamically stable phase of Al(OH)3 tends to
dissolve along with increasing proton concentrations. However, equilibrium is established very slowly, particularly
in undersaturated solutions [11, 12].
The long-term control of Al-based acidity is strictly
related to the formation of Al compounds, insoluble under
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extreme pH ranges, i.e., acidic as well as neutral to alkaline. Sulphates anions (SO42-), occurring in the soil solution, may react and further precipitate Al3+ ions present in
the soil solution to form the commonly designated aluminum sulphate. Some years ago, Singh [13] and Sumner [14]
have reported the occurrence of aluminum sulphate compounds: AlSO4+ or Al(OH)SO4 as meta-stable phase formed
during the neutralization of aluminum ions, limiting partly
the acidic hydrolysis of Al3+. Therefore, the application of
sulphate-bearing compounds, such as calcium, ammonium,
potassium or magnesium sulphate, may be considered as an
additional tool for alleviating aluminum phytotoxicity in
arable soil subjected to strong acidity constrains.
The purpose of the current work was to assess the influence of sulphate applied as magnesium sulphate on the
mitigation of aluminum toxicity for maize under strong
soil acidification.
MATERIALS AND METHODS

and Al, whereas the second one was titrated after Al precipitation with NaF [18]. The Alex was obtained from the
difference between these chemical tests. Aqueous aluminum (Alaq) and sulphate [S-SO4 (aq)] forms were extracted
by using deionized water at sample/water ratio of 1:2.5.
Moreover, the readily exchangeable Al (REAl) pool was
calculated as the difference between Alex and Alaq. Sulphur
was assessed by the turbidimetric method based on the
extraction of S-SO 4 compounds by 2% CH 3COOH and
further precipitation of S-SO 4 with a 20% BaCl2 solution [19]. Sulphur concentrations were determined by using
the Specord 40 Analytik Jena equipment.
Aluminum dynamics at soil/solution interface

The aluminum (Alex and Al3+) exchange/adsorption
processes were additionally used to evaluate thermodynamic
changes of Al dynamics in investigated soils. Gibbs-free
energy was calculated on the basis of equilibrium constant
as suggested by Rawat et al. [20] and Critter and Airoldi
[21], by using the relationship (readapted for Al):

ΔG = − RT ln K R ( Al ) ;

Field trial and soil sampling

Field trials were established at Gluszyna Lesna (52o14,
N and 16o56, E), an Agricultural Farm located near Poznan
(Poland). Experimental areas (5 x 6 m) were replicated
4 times, which gave in total 16 plots for the following
sulphate treatments: 0, 11.0, 22.0 and 44.0 mg S-SO4 kg-1
soil, which corresponded to 0, 33.0, 66.0 and 132.0 kg SSO4 ha-1, applied as MgSO4·H2O (23.2% S-SO4). Magnesium sulphate was applied at early November, 2007. Maize
(Zea mais L.), variety Anamur was used as test plant in
order to assess the efficiency of Al phytotoxicity mitigation
by S-SO4. Soil samples were collected at the depths 0-20 cm
and 20-40 cm as follows: i) initial samples – just before
MgSO4 H2O application and at ii) anthesis of maize.
Soils chemical analysis

Prior to chemical analyses, soil samples were air-dried
at room temperature for 4 days, crushed to pass a 1.0 mm
screen, and stored in plastic bags before chemical analyses.
The pH was determined potentiometrically (w/v, 1:5) according to Polish Standard [15] in 1-molar KCl solution. Organic
carbon was determined by the Walkley-Black method as
reported by Nelson and Sommers [16]. Exchangeable calcium (Caex) was extracted by 1-molar CH3COONH4 (pH
7.0) as described by Thomas [17]. These elements were determined by the FASS method (Varian Spectra AA - 250
Plus). Exchangeable aluminum (Alex) was determined by
using 1 mol KCl for displacing Al ions. The recovered
extracts were divided into two aliquots, of which one was
directly titrated for determining the concentrations of H

K R ( Al ) =

S Al

Ce

where ΔG: Gibbs free energy (J mole-1); R: Universal
gas constant (8.314 J mol-1 K-1); T: Absolute temperature
(273 K).
All chemical analyses were performed in duplication
under laboratory temperature set at 20 oC. Graphs and computations were made by using Excel® Sheet.
RESULTS AND DISCUSSION
The evaluation of the level of soil acidification has
been undertaken via several ways, but the most frequently
reported descriptive parameters are pH, acidity expressed
as Al + H, and the concentration of exchangeable alkaline
elements, of which exchangeable calcium (Ca ex) is the
mostly targeted. Data reported in Table 1 sum up some
selected chemical properties of soils within the experimental site. As it can be observed, the level of acidification is extremely high, and this is reflected by the simultaneously very high concentrations of exchangeable aluminum (Alex), on average 135.24 mg kg-1. The geochemical conditions are fully suitable for the emergence of any
Al-based phytotoxicity since the ratio of Caex/Alex is significantly narrow (1.49), on one hand, and the content of
organic matter (as an efficient aluminum sorbent), very

TABLE 1 - Selected chemical soil properties of the experimental site before trial settlement (n = 16).
Soil layer
(cm)
0-20

pHKCl
3.75

C org
g kg-1
6.82

Alex
150.03
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S-SO4
mg kg-1
19.68

Caex
207.12

Altot (%)
1.8
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3.70

5.48

120.45

low, on the other hand. The latter parameter implies that
soils of the experimental site are decidedly mineral, which
may increase the activity of aluminum ions in the soil
solution.
The verification of S-SO4 versus Al remediative concept, as stated above, may fully be argumented provided
the deficiency or low level of initial soil-born sulphate
(listed in Table 1). It should be mentioned, that only a
slight amount of this sulphur may be considered as readily
reactive, due to the fact, that the greatest fraction is chemically almost inactive (2% CH3COOH soil test). Therefore,
the incorporation of reactive S-SO4 under such experimental conditions may result in the formation of

Incorporated magnesium induced Ca displacement,
and both (Mg and Ca) elements have undergone hydrolization processes [21], which, in turn, were responsible for
the observed slight pH raise along with S-SO4 rates. Despite this promising effect, the highest pH value leveled at
4.01, which, in turn, corresponded to the highest S-SO4
input, i.e. 132 kg ha-1. However, it should be kept in mind
that further excessive concentrations of sulphates must be
avoided, since the effect of Mg and Ca hydrolization
processes may not be in position to counteract secondary
soil acidification. This is supported by the low levels of
exchangeable calcium (Table 1), i.e. unfavorable condi-

19.05

194.94

Alx(SO4)y compounds, chemically inactive and inducing
the mechanisms of Al-based phytotoxicity alleviation.
Sulphate-aluminum reaction versus geochemical changes

Changes observed for pH values as illustrated in Fig. 1
are worth the attention. In fact, pH slightly and progressively increased by 1.6, 3.8 and 7.5% as compared to the
control treatment, along with increasing sulphate (i.e.
MgSO4 H2O) rates. Such geochemical reaction was hardly
expected, due to the chemical feature of S-SO4 as well as
the strong soil acidity. The main reason for explaining the
observed reaction relies on mechanisms involved in the
so-called aluminum phytotoxicity mitigation induced by
magnesium sulphate, reported below:

tions, for the formation of CaSO4 intended to alleviate the
S-SO4- based secondary soil acidification.
The occurrence of potential Al phytotoxicity under
such conditions depends on two basic factors: i) pH and
ii) concentrations of Al3+. Based on the diagram of Al dissolution, as described by Lindsay [22], monomeric Al forms
(i.e., Al3+) are basically expected at pH < 5.0 and most precisely at pH <4.7, whereas less phytotoxic forms, Al(OH)2+,
Al(OH)2+, emerge within pH range 5.0-6.5. According to
Dlapa et al. [4], concentrations of the quickly reacting Al
in soil extracts was a much more sensitive indicator of the

4,5

pHKCl

4,3

LSD0.05 = 0.21

4,01

4,0
3,87
3,79

3,8

3,73

3,5
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FIGURE 1 - Changes in soil reaction (pH) as induced by sulphur incorporation (as magnesium sulphate).
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FIGURE 2 - Influence of sulphur application (as magnesium sulphate) on the
contents of water-soluble forms of aluminum (Alaq) and sulphate (S-SO4aq).

increase in aluminum toxicity to plants, with regard to the
Al total concentration, and, particularly, soil acidification
strengthens the activity of more toxic Al species. Data
reported in Fig. 2 outline the effect of chemical reactions
of Al – SO4 resulting in the progressive and significant
reduction of water-soluble aluminum (Alaq) and sulphate
(S-SO4aq).
The Alaq fraction represents the most stressing factor
for biological growth, and expresses the level of Al-based
acidity. Soil incorporation of sulphates evidently induced
a net formation of insoluble Alx(SO4)y, and the efficiency
of this process, as compared to the control treatment, varied
as follows: 11.6, 45.7, 63.2%, accordingly to S-SO4: 33,

66, 132 kg ha-1. The striking evidence of S-SO4 direct
reaction with Al appears on the levels of S-SO4aq remaining quite similar (14.6 – 17.6 mg kg-1) along with increasing its rate. The rough estimation gives -19.8 kg S-SO4 ha-1
(readily deficient), +22.2 and +79.8 kg S-SO4 ha-1 (readily
available) for efficiently precipitating Al. Therefore, one
may expect a possible Al negative effect in the case of
33 kg S-SO4 ha-1 on one hand, and the emergence of sulphate toxicity at its highest rate, i.e., 132 kg S-SO4 ha-1.
Aluminum geochemistry, i.e., release/retention/precipitation, is strictly related to the pool of both exchangeable (Alex) as well as readily exchangeable (REAl) part
(Fig. 3). Consequently, the latter one represents the stabil-
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FIGURE 3 - Contents of aluminum exchangeable (Alex) and readily exchangeable
aluminum (REAl) as related to sulphur application (as magnesium sulphate).

ity course of these processes and is expected to outline the
size of Alx(SO4)y. Reactions involved in cation exchange
in soils assume, that the easier the cation is exchanged,
the weaker its retention/precipitation and vice-versa. Aluminum exchangeability as shown in the Fig. 3 supports
this chemical feature, since higher Al levels are readily exchangeable at lower S-SO4 rates and inversely. This implies the formation of more and more insoluble aluminum
sulphate compounds expressing the simultaneous process
of aluminum toxicity mitigation [23].
Chemically, this reaction and the resulting product
are hardly reversible. Such chemical remediation aspect is
of great environmental importance, since the inactivated
harmful metal is quite permanently stabilized.
Sulphate-based aluminum dynamics in acid soils

Aluminum chemistry in acid soils has been challenging soil scientists and ecologists for long decades due to
the dualistic character of buffering mechanisms: i) ion
exchange reactions: Al-X + 3H+ → Al3+ + 3H-X, and ii)
soil organic matter (SOM) aluminum complexation: SOMAlm+ + nH+ → SOM-Hn(m+n-3)+ + Al. Practically, the soil
solid phase is the core element controlling Al dynamics in
the ecosystem, and hydrogen ions, to carry the acidity steady
state. The geochemical characteristics of these parameters
are in close relationship with pH changes and outlined in
Fig. 4.
The partition coefficient [KR(Al)] expresses the relationship between Al in the soil solid phase to its concentration in the soil solution. Higher values imply more Al is
retained (immobilized) in the soil solid phase, which induces simultaneously low Al solution concentrations, and
vice versa. The equilibrium at this interface is dynamically controlled by hydrogen ions being generated by Al

for maintaining its solubility/activity. The evaluation of
this capacity is made on the basis of α (moles H+ produced
by a mole of Al3+ retained), and is equal to the linear coefficient value (y = αx + β, where y = logKR(Al); x = pH; β =
moles of negative charges produced by soil).
The linear relationship between logKR(Al) and soil pH
suggests higher and higher generation of hydrogen ions
(H+) by Al3+ along with raising pH (Fig. 1). It means each
chemical reaction leading to the neutralization of H+ creates suitable conditions for intensive H+ generation. This
mechanism is graphically reported in Fig. 4, where the progressive precipitation of aluminum (Al3+) by S–SO4 increases H+ generation (αH amounted to 0.83 moles H+ per mol
Al3+) in order to lower soil pH and further ensure Al activity. This is supported by the fact, that higher amounts of
exchangeable Al were found within the pH range 3.70–
4.10, which corresponds to aluminum partition coefficients
(logKR(Al)) varying from 1.90–2.70 dm3 kg-1. It should be
mentioned, that the Al toxicity mitigation approach as
outlined in the paper needs special care due to the relevance of data recorded under such acidity levels.
Thermodynamic processes involved in the precipitation and possible release of Al were decidedly controlled
by the incorporation of S-SO4 as expressed by the magnitude of Gibbs-free energy changes (Table 2). From the thermodynamical point of view, it may be argued, that even
though soluble Al may be instantaneously replenished from
exchange sites, the ultimate source of Al is mineral dissolution [24].
This may be correct in theory, but its application to
soils will depend on the time scale of interest, and the
kinetics of Al release from different soil phases. The
evidence appears at S-SO4 rate amounting to 66 kg ha-1,
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FIGURE 4 - Relationship between soil buffering capacity for aluminum [KR(Al)] and pH as an expression of geochemical activity of Al ions.
TABLE 2 - Gibbs-free energy changes for readily exchangeable (REAl)
and exchangeable (Alex) aluminum as regulated by S-SO4 soil incorporation.
Readily exchangeable Aluminum (REAl)
ΔG (kJ mol-1)
- 3.99
- 3.97
- 5.11
- 4.97

Sulphate rate
kg S-SO4 ha-1
0
33
66
132

Exchangeable Aluminum (Alex)
- 4.99
- 4.98
- 5.79
- 5.69

5,0
4,1
3,8

t ha -1 (D.W.)

4,0

3,5

3,0
2,4

2,0

1,0
0,3

0,0
0

33

66

132

LSD0.05

-1

kg S-SO4 ha

FIGURE 5 - Maize (Zea mais L.) above-ground biomass response to
sulphate-based aluminum toxicity mitigation at the anthesis growth stage.

which efficiently has lowered the most ΔG values to -5.11
and -5.79 kJ mol-1 for readily exchangeable aluminum
pool (REAl) and exchangeable aluminum (Alex), respec-

tively. Practically, the lower the ΔG values, the less exchangeable and mobile Al ions become. It is apparent that
the dynamic nature of soils means, that one cannot neces-

3197

© by PSP Volume 19 – No 12b. 2010

Fresenius Environmental Bulletin

sarily assume, that the least soluble Al-containing mineral
will be controlling the amount of Al3+ in solution, and one
has to appreciate that soils are essentially thermodynamically unstable, particularly those rich in organic matter [25].
The significantly low content of organic matter (Table 1) implies the predominance of Al-mineral controlling processes,
hence a natural stability strengthened by anthropogenically
incorporated S-SO4.
Sulphate-based aluminum phytotoxicity alleviation

The ability to predict toxic quantities of aluminum in
acidic soils is limited by the knowledge of the interaction
between different soil forms of Al in solution, and the
difficulties to target which forms really control soluble Al
and its further harmful effects. Data reported in Fig. 5
show the evidence of unfavorable Al impact (control treatment, basically) on the whole maize biomass production.
This plant has been reported [1] to be extremely sensitive
to Al toxicity and low pH, which clearly hamper its
growth. Field trials undertaken herein do not fully confirm these aspects, since at pH 3.73, exchangeable (Alex)
amounted to ca 135.2 mg kg-1, (Table 1), and recorded
yield biomass was 2.4 t ha-1 (dry weight basis), (Fig. 5).
The agro-environmental significance of this process
relies in the fact, that huge amounts of sulphate were
inactivated as did for toxic aluminum species. Experimental data reported by Lidon and Barreiro [5] have
stressed on the Al toxicity threshold for maize (ca 9.0 mg
dm-3) and significant biomass reduction was observed at
81.0 mg dm-3. Alaq concentrations (Fig. 2) fluctuated
accordingly (20.6, 18.2, 11.2, 7.6 mg dm-3 for S-SO4: 0,
33, 66, 132 kg ha-1). Assuming 80% of Alaq represents
aluminum monomeric ions (Al3+), potentially inducing
toxicity effects, therefore the readjusted Alaq appears as
16.5, 14.6, 8.9, 6.1 mg dm-3 [22]. From these data, it may
me formulated on the basis of the Al toxicity threshold for
maize (ca 9.0 mg dm-3), that a possible aluminum toxicity
should be expected in the case of the control treatment
characterised by a concentration of ca 16.5 mg dm-3. This
effect weakened decidedly to concentration levels practically and potentially not exhibiting any phytotoxicity. This
resulted in a significant increase of maize biomass of ca 46,
70 and 58%, as compared to the control treatments for SSO4: 33, 66, 132 kg ha-1, respectively. These findings set
additional in situ light to some chemical [4, 26], environmental [2, 27, 25, 28, 30] and physiological [2, 29] constraints encountered, when plants grow under strong acidification along with high Al exchangeable levels. The application of sulphate under such conditions may be a targeted practice for counteracting these constrains.

ly mineral, i.e., conditions favorable for high monomeric
activity (aqueous Al = 51.6 mg kg-1).
2. Soil incorporation of sulphates decidedly induced
a net formation of insoluble Al x (SO 4 ) y , and the efficiency of this process, as compared to the control treatment, varied as follows: 11.6, 45.7, 63.2%, according to
S-SO4: 33, 66, 132 kg ha-1. The rough estimation gives
-19.8 kg S-SO4 ha-1 (readily deficient), +22.2 and +79.8 kg
S-SO4 ha-1 (readily available) for efficiently precipitating
Al.
3. At S-SO4 rate of 66 kg ha-1, ΔG values amounted
to -5.11 and -5.79 kJ mol-1 for readily exchangeable aluminum pool (REAl) and exchangeable aluminum (Alex),
respectively. This implies the predominance of Al-mineral
controlling processes, hence a natural stability strengthened by anthropogenically incorporated S-SO4.
4. Aluminum phytotoxicity was weakened apparently
to concentration levels practically not exhibiting further
harmful effects. This resulted in a significant increase of
maize biomass (at anthesis) of ca 46, 70 and 58%, as compared to the control treatment, for S-SO4 rates of 33, 66 and
132 kg ha-1, respectively.
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REMOVAL OF NITRATE BY
AUTOSULFUROTROPHIC DENITRIFYING BACTERIA:
OPTIMIZATION, KINETICS AND THERMODYNAMICS STUDY
Shun Tang, Qi Yang*, Haitao Shang and Tao Sun
School of Water Resources and Environment, China University of Geosciences (Beijing), Beijing, P.R. China

ABSTRACT
In order to find an effective way to remove nitratenitrogen (NO3−-N) in wastewater, the autosulfurotrophic
denitrifying bacteria, which could oxidize elemental sulfur and reduce nitrate, was screened from facultative anaerobic sludge. The optimum conditions for denitrification
were determined by studying pH, temperature and the
initial sodium bicarbonate concentration. Moreover, the
kinetics and thermodynamics of NO3−-N degradation were
also estimated. The dominant bacteria had the shortest halflife of 1.42 hours for denitrification under a neutral pH of
7, 303 K and initial sodium bicarbonate concentration of
2.5 g/L. Under the different pH, temperature and initial
sodium bicarbonate concentration, the removal of NO3−-N
conformed well to the first-order reaction kinetic model.
When the temperature was range from 293 K to 303 K, the
values of activation energy, activation enthalpy and activation entropy in NO3−-N biodegradation were 82.81 kJ/mol,
80.42 kJ/mol and −54.31 J/ (mol K), respectively.
KEYWORDS: Autosulfurotrophic denitrifying bacteria; nitrate;
kinetics; thermodynamics; biodegradation

INTRODUCTION
Nitrate is transported into surface water or groundwater through the arbitrary discharge of pollution sources,
such as industrial or domestic wastes, animal wastes, agricultural drainage, landfill leachate, and feedlot runoff [1].
Nitrate transforms into carcinogenic nitrite endangering
human health and causes methemoglobinemia in infants.
The physical or chemical denitrification costs too much
and often causes some troubles such as toxic residuals and
formation of by-products. Therefore, biological denitrification is regarded as the most environmental sound pathway
and the most economical strategy [2, 3]. The microorganisms can utilize nitrate-nitrogen for microbial cell synthesis, changing nitrogen form and reducing nitrogen content
in external environment. Compared with heterotrophic denitrifying bacteria, autotrophic bacteria are not necessary to

add organic carbon sources and have a lower growth,
which can reduce the costs of operation and sludge treatment. Moreover, autosulfurotrophic denitrifying bacteria
are harmless for human beings and raw sulfur is relatively
cheap. Consequently, autosulfurotrophic denitrification has
received much attention all over the world.
Autosulfurotrophic denitrifying process had been
adopted for the treatment of drinking water [4], petrochemical industries [5], metal plating wastewaters [6], municipal wastewater [7], highly-concentrated wastewaters such
as baker’s yeast effluent [8], and for the remediation of
groundwater [9]. The denitrification was the results of microbial community in the biofilm on the sulfur particle surface. There were only several bacteria truly degrading
nitrate in the autotrophic denitrifying community. Kinetics
and thermodynamics was used to analysis the feasibility of
biodegradation pathway. At present, only a few studies on
the degradation kinetics and thermodynamics of pure culture of autosulfurotrophic denitrifying bacteria were done in
the open literature.
In this study, the facultative anaerobic denitrifying
sludge was used as the seed source for acclimatization of
autosulfurotrophic denitrifying bacteria. The dominant strain
was screened and several factors affecting denitrification
were investigated. Moreover, the kinetics and thermodynamics of dominant strain were also estimated.
MATERIALS AND METHODS
Microorganisms and culture

A mixed culture containing autosulfurotrophic denitrifying bacteria was provided by the facultative anaerobic
denitrifying sludge collected from a treatment plant at Beijing in China. Total suspended solid and volatile suspended
solid of the original activated sludge were 1.684 g/L and
1.241 g/L, respectively. The cultures were fed synthetic
wastewater and incubated at 30 ◦C. The synthetic
wastewater were consisted of distilled water containing
KNO3 0.18 g/L (NO3−-N 25 mg/L), K2HPO4 0.005 g/L,
NaHCO3 2.5 g/L, NH4Cl 0.0025 g/L, MgSO4⋅7H2O
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0.0025 g/L, FeSO4⋅7H2O 0.0025 g/L, pH 7, sulphur particles.
Bacterial separation and purification

Autosulfurotrophic denitrifying bacteria were separated by the integration of spread plate method and streak
plate method. The cultivated sludge was diluted to a proper
concentration and spread on axenic culture medium. The
solid culture medium was described by Koeing and Liu
[10]. Through the macroscopic morphological differentiation such as size, color and smoothness between different
strains in the plate, different kinds of bacteria were attained.
Different strains were purified through restreaking four
additional times.
The amplification culture of each pure strain was
adopted in axenic liquid culture medium which component
was the same with culture medium except ager. When the
OD600 (monitor growth by optical density at 600 nm) of
bacterial suspension were greater than 0.2, and then the
liquid culture experiments were terminated. The OD600 of
bacterial suspension was diluted to 0.2 with the liquid
culture medium.
Experimental design

The experiment of screening dominant strain was
achieved through a few steps as follows. The 100 mL of
synthetic wastewater was taken into six 250 mL of conical flasks in turn, whereafter, all of conical flasks were
autoclaved controls at 120 ◦C for 20 min. The 5 mL of
bacterial suspension of different strains were added into
different conical flasks using the pipette after sterilized by
an oven at 160 ◦C for 2 hours, and then six conical flasks
were agitated at 110 rpm at 303 K. Aseptic conditions were
maintained during all manipulations. The 2 ml of samples
in each conical flask were taken out to analyze the concentration of NO3−-N at 2 h, 4 h, 6 h, 8 h and 10 h.
Based on the nitrate degradation process of each strain,
the dominant strain was screened. The effects of temperature on dominant strain were studied at 293K, 298K, 303 K
and 313 K. The pH tests were performed at 5, 6, 7, 8, and 9
by altering pH through 1% HCl and 1% NaOH. The
influences of NaHCO 3 were investigated at 0, 0.25 g/L,
1.25 g/L, 2.5 g/L, 5 g/L and 7.5 g/L. All the other operative parameters were maintained constant with screening
dominant strain.
Analytical methods

The ultraviolet spectrophotometry, described in the
“Standard Methods for the Examination of Water and
Wastewater” [11], was adopted in the measurement of
NO 3−-N in the water.
RESULTS AND DISCUSSION
Strains separation and dominant strain screening

Six pure cultures, N-I, N-II, N-III, N-IV, N-V, N-VI,
were enriched and separated from the facultative anaero-

bic denitrifying sludge. Among the six strains on culture
medium, N-I, N-IV, N-V and N-VI were translucent colonies and uneasy to be observed. N-II and N-III were white
colonies and N-II was fungus. The strain N-I and N-III
were found throughout the medium.
30
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FIGURE 1 - Removal of NO3--N by various strains under the same
condition.

The removal curve of NO3--N degraded by various
strains were shown in Figure 1. It could be seen that the
NO3--N concentration decreased gradually with an increase in time, and the degradation rates of each strain were
quite different. When the initial NO3−-N concentration was
25 mg/L, strain N-I had the biggest removal rate for the
NO3--N concentration, for NO3--N was below detection limit
in 6 hours. The strain N-III, N-V and N-VI processed relatively good denitrifying capability and completely eliminated NO3--N after 8 hours. However, strain N-II and N-IV
had little effect on denitrification and the NO3--N removal
efficiencies of two strains were 44.6% and 24.8%, respectively. The degradation ability of NO3--N of each strain was
as follows: N-I > N-V> N-III > N-VI > N-II > N-IV. As a
result, the strain N-I was the dominant bacteria to degrade
NO3--N in the facultative anaerobic denitrifying sludge.
Optimization of dominant strain
Effect of pH

The pH played an important role in reducing NO3—N
by strain N-I. As shown in Figure 2a, the strain N-I could
completely decomposed NO3--N only under pH of 7, and
the denitrifying effects were similar at the pH equal to 6 or
8 for concentrations of NO3--N were both lower than 5 mg/L.
While under the pH of 5 or 9, the NO3--N concentrations
were higher than 15 mg/L at the end of this batch experiment. The lower or higher pH would influence on the activity of some enzymes, which reduced the activity of bacteria
and weakened its degradability. In Delwiche, Bryan and
Karlsen [12] reported that a lot of denitrifying bacteria
were capable of denitrification between pH 5.8 and 9.2, with
an optimum between 7 and 8.2. From Driscoll, Baalsrud and
Bisogni [13] suggested a minimum of pH 6.2 for T. denitrificans. Vidal et al. [14] showed that autotrophic denitrifying
bacteria had good degradation performance under pH range
from 5.9 to 6.9. In concordance with values in these literatures, interruption for the growth of autosulfurotrophic deni-
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trification bacterial strain N-I was verified between pH 6
to 8 in this study.
30

NO3--N(mg/L)

25
20
15

pH=5
pH=6
pH=7
pH=8
pH=9

10

Effect of temperature

As depicted in Figure 2c, the concentration of NO3--N
under different temperature after 6 hours were below
10 mg/L, the maximum concentration level of nitrate in
potable water. When the temperature was 293 K, 298 K,
303 K or 313 K, the NO3--N removal efficiencies of the
strain N-I were 77.7%, 92.3%, 100% or 84.2%, respectively. It demonstrated that strain N-I was suitable for the
temperature range from 293 K to 313 K. Claus and Kutzner
[18] proved that sulfur oxidation rates increased with increasing temperature until optimum temperature was reached
and then declined. The strain N-I could rapidly degrade
nitrate at 303K.
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Kinetics study

In this study, the kinetic data of NO3--N reduction fitted well to the first-order reaction kinetic models (Equation [a] and [b]).
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a buffered environment in the mixed liquid. According to
the stoichiometric equation of sulfur-based autotrophic
denitrification [10, 16, 17], hydrogen ions could be produced during the process of NO3--N degradation. Hence, it
needed NaHCO3 to provide a buffered surrounding. As to
the strain N-I, greater than or equal to 2.5 g/L was the optimum of initial NaHCO3 concentration for denitrification.
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[b]

The NO3--N degradation kinetics of strain N-I were
estimated by using the data of NO3--N concentration which
varied with time under different pH, temperature and
initial NaHCO3 concentration. Figure 3 demonstrated the
representative of ln(C/C0) against t and Table 1 presented
the relevant kinetic parameters and coefficients.
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[a]

Where C0 (mg/L) expressed the initial NO3--N concentration, C (mg/L) denoted the NO3--N concentration at
the time of t, k (1/h) showed the rate constant and t (hour)
was time.

25
20

-dC/dt = kC

4

6
8
10
12
t (h)
FIGURE 2 - Optimization of the dominant strain N-I.
(a) effect of pH; (b) effect of NaHCO3; (c) effect of temperature

Effect of sodium bicarbonate

Figure 2b stated that the removal efficiency of NO3-N first increased and then decreased with the increasing
initial NaHCO3 concentration. When the initial NaHCO3
concentration was less than 2.5 g/L, the removal efficiency
of NO3--N achieved approximately 50%. Thus greater than
or equal to 2.5 g/L, the strain N-I could completely metabolize NO3--N and enjoyed relatively stable degradation
ability. The carbon source of strain N-I was provided by
NaHCO 3, meanwhile, NaHCO 3 was used to buffer the
decrease of pH and sustain acid-alkali balance. Ghafari et
al. [15] tested that bicarbonate afforded a suitable mean to
maintain the pH in the desirable of 7 to 8.2 and resulted in

As shown in Figure 3 and table 1, the correlation coefficients (0.9391–0.9997) indicated that there were great
linear relationships between ln(C/C0) and t. In other
words, it was concluded that the degradation kinetics of
NO3--N by strain N-I corresponded well with the firstorder kinetic model under different reaction conditions. It
should be noted that these kinetic parameters were measured under extant condition. The physiological state of
cells used in present tests had an impact on the rate of
substrate depletion. However, Sikora et al. [19] confirmed
the first-order kinetics could be adopted in the sulfurlimestone autotrophic denitrification process used for
nitrate removal in wastewater. Based on rate constants
and half-life in table 1, the strain N-I processed the good
degradation ability at the optimum reaction conditions,
such as a neutral pH of 7, 303 K and initial sodium bicar-
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bonate concentration of 2.5 g/L, with a rate constant of
0.4880 h-1 and a half-life of 1.42 hours.
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FIGURE 3 - First-order kinetics of NO3--N degradation by the dominant
strain N-I at different condition. (a) pH; (b) NaHCO 3 ; (c) temperature.

TABLE 1 - Degradation kinetic equations of NO3--N by dominant strain N-I at different condition
pH
5
6
7
8
9
-

NaHCO3(g/L)
0
0.25
1.25
2.5
5
7.5
-

T.(K)
293
298
303
313

R-square
0.9941
0.9943
0.9947
0.9971
0.9391
0.9802
0.9997
0.9983
0.9947
0.9869
0.9785
0.9984
0.9921
0.9947
0.9941

Activation thermodynamics analysis

On the basis of rate constants obtained from temperature-dependent data of degradation kinetics, the activation
thermodynamic parameters, including activation energy
(Ea), activation enthalpy (ΔH≠), activation entropy (ΔS≠)
and activation Gibbs free energy (ΔG≠) could be estimated

k(1/h)
0.0284
0.1769
0.4880
0.1997
0.0149
0.0142
0.0250
0.0678
0.4880
0.2479
0.2147
0.1587
0.2486
0.4880
0.1894

Half-lifet1/2(h)
24.40
3.91
1.42
3.47
46.51
48.80
27.72
10.22
1.42
2.80
3.23
4.37
2.78
1.42
3.67

from Arrhenius equation [c], Eyring equation [d] and the
definition of Gibbs free energy [e].
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lnk = -(Ea/RT) + lnA

[c]

ln(k/T) = -(ΔH≠/RT) + ΔS≠/R + ln(KB/h)

[d]
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ΔG≠ = ΔH≠ - TΔS≠

[e]

Where A, KB, h and R were the Arrhenius pre-exponential factor, Boltzmann constant, Planck’s constant and
gas constant, respectively.

1/T(K-1)
0.00325
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FIGURE 4 - The activation thermodynamics for NO3--N degradation by the dominant strain N-I. (a) Arrhenius plot; (b) Eyring plot

TABLE 2 - The activation thermodynamics for the nitrate degradation by dominant strain N-I
T.(K)

k(×10-5 s-1)

293

4.41

298
303

6.91
13.56

Ea(kJ/mol)

ΔH≠ (kJ/mol)

ΔS≠J/(mol K)

ΔG≠ (kJ/mol)
96.33

82.81

80.42

−54.31

96.60
96.88

Figure 4a and 4b showed the representative Arrhenius
plots of lnk against 1/T and the Eyring plots of ln(k/T)
against 1/T, respectively. Based on the slopes and intercepts of linear plots, the Ea, ΔH≠, ΔS≠ and ΔG≠ of NO3--N
degradation were listed in Table 2.
From Table 2, the 82.81 kJ/mol of Ea was low, for the
value of activation energy of general chemical reaction was
ranged from 42 kJ/mol to 420 kJ/mol. Compared with other
results, the activation energy for sulfur oxidation reaction
were ranged from 26 kJ/mol to 89 kJ/mol [20]. It indicated
the biodegradation reaction of strain N-I had a low potential energy barrier [21]. For the range from 293 K to 303 K,
the value of ΔG≠ was positive but small, indicating that
the reaction was easy to occur. Moreover, the values of
ΔH≠ and ΔS≠ were 80.42 kJ/mol and −54.31 J/(mol K),
respectively. The positive ΔH≠ values for the biodegradation gave clear evidence that the interactions between nitrate and the strain N-I might be strong [22, 23]. The value
of ΔS≠, −54.31 J/(mol K), was characterized by the negative sign, which was the same with some specific enzyme
catalyzed reactions [24]. The ΔS≠ suggested that a decrease
in randomness in the transition state [25]. The positive values
of Ea, ΔG≠ and ΔH≠ were quite common because the activated complex in the transition state was in an excited form
[26]. The values of Ea, ΔG≠ and ΔH≠ were so small that the

NO3--N biodegradation of strain N-I was very easy to react
and proved the feasibility of using autosulfurotrophic
denitrifying bacteria to remove nitrate.
CONCLUSIONS
The strain N-I was the dominant autosulfurotrophic
denitrifying bacteria in facultative anaerobic sludge. The
strain N-I was suitable for neutral or partial alkali conditions, moderate temperature and the initial NaHCO3 concentration greater than or equal to 2.5 g/L.
As to the strain N-I, the NO3−-N degradation followed
the first-order kinetic model under different pH, temperature and initial NaHCO3 concentration, and the values of
Ea, ΔH≠ and ΔS≠ at temperature range from 293 K to 303 K
were 82.81 kJ/mol, 80.42 kJ/mol and −54.31 J/(mol K),
respectively. The degradation kinetics and thermodynamics of strain N-I demonstrated that autosulfurotrophic denitrifying method was an effective and promising way to
remove nitrate in the wastewater.
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KINETIC AND EQUILIBRIUM STUDIES OF METHYLENE
BLUE BIOSORPTION BY VINEYARD PRUNING WASTE
M. Hamdi Karaoğlu* and Mehmet Uğurlu
Department of Chemistry, Faculty of Science and Arts, Muğla University, Muğla 48000, Turkey

ABSTRACT
Adsorption studies were conducted to measure the removal of methylene blue (MB) from aqueous solution on
vineyard pruning waste (VPW) under varying experimental conditions, such as different pH values, initial
concen-trations, adsorbent dosages, ionic strength and
temperatures. The adsorption amount increased with increasing pH from 3.0 to 11.0, and it was seen that the
increase in ionic strength resulted in a decrease of adsorption amount. VPW exhibited the highest MB uptake capacity
of 46.082 mg g-1 at 298 K and natural pH. Kinetic studies
were fitted to the pseudo-second-order kinetic model (R2:
0.999). But, the first order kinetic model (R2<0.960) and
intra-particle model (R2<0.973) did not adequately fit to
experimental values. The diffusion coefficient values calculated for MB were in the range of 3.48×10−9 to
38.10×10−9 cm2s-1. The equilibrium adsorption data were
interpreted using Langmuir and Freundlich models, and
the adsorption of MB on VPW was better represented by
the Langmuir (R2>0.990) than Freund-lich (R2<0.844) equation. Thermodynamic parameters; standard enthalpy (ΔHo),
standard entropy (ΔSo) and standard free energy (ΔG o)
were found to be -7,638 kJmol−1 and -280.83 jmol-1K-1,
and 78.86 kJmol−1, respectively. VPW was characterized
by FTIR and scanning electron microscopy (SEM).

KEYWORDS: Vineyard pruning waste; methylene blue; biosorbent; kinetics; thermodynamic parameters; recovery

INTRODUCTION
Wastewater generated as a result of different activities, such as domestic, agricultural and industrial ones, often
contains various regulated compounds, both organic and inorganic in nature. Among industrial wastewaters, dye
wastewater from textile and dyestuff industries is one of
the most difficult waters to treat. This is because dyes usually have a synthetic and complex aromatic molecular
structure, which makes them more stable and difficult to

biodegrade [1, 2]. MB is the most commonly used substance for dying cotton, wood and silk. It can cause eye
burns which may be responsible for permanent injury to the
eyes of humans and animals. On inhalation, it can give rise
to short periods of rapid or difficult breathing, while ingestion through the mouth produces a burning sensation
and may cause nausea, vomiting, profuse sweating, mental confusion and methemoglobinemia. Therefore, the treatment of effluents containing such dyes is of interest, due to
its harmful impacts on receiving waters [3, 4]. During the
past three decades, several physical, chemical and biological decolourization methods, such as aerobic and anaerobic microbial degradation, coagulation, chemical oxidation,
membrane separation, electrochemical, dilution, filtration,
flotation, softening, and reverse osmosis, have been proposed. However, all of these methods suffered from one
or another limitation, and none of these were successful in
removing colour from the wastewater completely [5].
Amongst the numerous techniques, adsorption techniques are widely used to remove certain types of pollutants in wastewater treatment processes. Recovery of costly
toxic substances from the wastewater is an added advantage of the adsorption procedure. With the selection of
a proper adsorbent, the adsorption process can be a promising technique for the removal of contaminants [6-8]. If
the adsorption system is designed correctly, it will produce a high-quality treated effluent. Most commercial
systems currently use activated carbon as sorbent to remove dyes in wastewater because of its excellent adsorption
ability. How-ever, although activated carbon is a preferred
sorbent, its widespread use is restricted due to high costs.
In order to decrease the cost of treatment, attempts have
been made to find inexpensive alternative adsorbents.
Recently, numerous approaches have been studied for the
development of cheaper and effective adsorbents. Many
non-conventional low-cost adsorbents, including natural
materials, biosorbents, and waste materials from industry
and agriculture, have been proposed by several workers.
These materials could be used as sorbents for the removal
of dyes from solution. Some of the reported sorbents
include clay materials (bentonite, kaolinite, sepiolite),
zeolites, siliceous material (silica beads, alunite, perlite),
agricultural wastes (bagasse pith, maize cob, rice husk,
coconut shell, olive stone), industrial waste products
(waste carbon slurries, metal hydroxide sludge), biosorbents (chitosan, peat, biomass) and others (starch, cy-
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clodextrin, cotton, and vineyard pruning waste (VPW) [911]. VPW is a substance at a rate of 200,000 tons as a
waste generated from vineyards annually in Turkey during
winter. Generally, this adsorbent is evaluated mainly by
burning on around of vineyard areas. In addition, these
materials are used in the production of wood panels [12].
The purpose of this work is to investigate the efficiency
of VPW as a biosorbent for removal of MB. The effect of
various operating parameters on biosorption was investigated, and optimal experimental conditions were determined.
Different kinetic models (pseudo-first, pseudo-second-order
kinetics and intra-particle diffusion) were used to find out
the most suitable models for describing our experimental
findings.

agitation speed (400 rpm), 25 oC and natural pH. Agitation was made for 60 min. Two ml of samples were drawn
at suitable time intervals. The samples were then centrifuged for 15 min at 5000 rpm and the concentration in the
supernatant was analysed spectrophotometrically (Shimadzu 1601 UV–Vis spectrophotometer) by monitoring
the absorbance changes at wavelength of maximum absorbance (663 nm for MB). Each experiment was continued until equilibrium conditions were reached (no further
decrease in dye concentration). Calibration curves were
plotted between absorbance and concentration of dye
solution [5]. Effects of the following parameters on the
rate of MB removal by VPW in experiments were investigated.

MATERIALS AND METHODS
Adsorbent Preparation

VPW used as an adsorbent was collected from Manisa, Turkey and washed repeatedly with deionized water to
remove the water-soluble impurities and other surfaceadhered particles. Then, this VPW was first air-dried and
then dried in a pre-heated oven at 100 oC for 2.5 h to get
rid of the moisture and other volatile impurities. The particles were crushed using a ball mill to pass through a
100-µm metal sieve. The fraction of the particles between
0 - 100 µm was used in further experiments.
Adsorbate preparation

The aqueous solution of MB was prepared by dissolving a known quantity of C16H18ClN3S xH2O (Fluka, 97 %)
in double-distilled water (Fig. 1). It was further diluted to
obtain standard solutions. The pH of the solution was
adjusted using either hydrochloric acid (Riedel, 37%) or
NaOH (Merck, 97 %). All the reagents used were of analytical grade.

FIGURE 2 - Reactor for batch processes.
Effect of stirring speed

The effect of stirring speed on removal rate of MB
with VPW was investigated at different speeds (200, 400
and 600 rpm) at initial dye concentrations of 50 mg L-1,
25 oC and natural pH. The best suited mixing speed for
adsorption experiments was observed to be 400 rpm.
Effect of initial dye concentration

The initial tested concentrations of dyes were 25, 50
and 100 mg L-1 for MB at 25 oC, natural pH and 400 rpm.
FIGURE 1 - The structure of MB.
Effect of pH
Kinetic studies

Adsorption capacity experiments were carried out using the batch technique at 298 K. Initial MB concentrations were prepared in the ranges of 5, 15, 25, 50, 75, 100,
125 and 150 mg L-1. The Erlenmeyer flask was shaken
using an electric shaker for a prescribed period of time to
attain equilibrium at 298 K. Adsorption kinetic experiments
were carried out using a mechanic stirrer (Fig. 2). MB
solution was prepared with ultrapure water. Kinetic experiments were carried out by agitating 2 L of solution (constant dye concentration) with 10 g of VPW at a constant

The effect of pH on the rate of colour removal was
analysed in the pH range 3 - 11 at 25 oC, natural solution
pH, 400 rpm and constant initial dye concentration. The
pH was adjusted using 0.1 N NaOH and 0.1 N HCl solutions by using a WTW 330i pH-meter with a combined
pH electrode, standardized with NBS buffers before every
measurement.
Effect of ionic strength

The effect of ionic strength was investigated at
0.001– 0.100 mol L-1 KCl salt concentrations at 25 oC,
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natural solution pH, 400 rpm and 50 mg L-1 initial concentration.

The amount of MB in the aqueous solution was determined
using the method explained in section kinetic studies.

Effect of solution temperature

The effect of temperature on adsorption capacity of
VPW was examined at 25, 35 and 45 oC in a thermostated
water-bath at natural pH, 400 rpm and 50mg L-1dye concentration.
Data evaluation

In the kinetic experiments, the amount of dyes adsorbed at any time t, qt (mg g-1), was calculated using the
following mass balance equation:

q t = (C0 − C t )

V
W

(1)

where C0 and Ct are initial and liquid-phase concentrations at any time t of dye solution (mg L-1), respectively; qt is the dye concentration on adsorbent at any time t
(mg g-1), V the volume of dye solution (L), and m is the
mass of VPW sample used (g).
Desorption experiment

Desorption studies help to explain the nature of adsorption as well as recycling of the used adsorbent and the
dye. Initially, in order to determine desorption of VPW,
the experiments were conducted using a 5 g L-1 VPW and
50 mg L-1 MB concentration. Then, VPW samples were
removed by filtration and dried at room temperature (298 K)
until constant weight. These dried samples were used for
desorption experiments. Desorption studies were done
with 0.1 M HCl, 0.1 M NaOH and 12% ethyl alcohol as
desorbing agents. The closed Erlenmeyer flasks were shaken
at 298 K, and then the adsorbent was removed by filtration.

RESULTS AND DISCUSSION
Characterization of VPW

When the FT-IR vibrational spectrum of VPW is analyzed, there is a strong peak at 3,343 cm−1 representing
the –OH stretching of the phenol group of cellulose and
lignin, and the peak at 2,920 cm−1 shows the presence of
C-H stretching (Fig. 3). The appearance of peaks at 1,736
and 1,629 cm−1 indicates the presence of C=O stretching
of the aldehyde group, whereas the appearance of peaks at
1,511 and 1,367 cm−1 indicate the presence of secondary
amine and carboxyl groups, respectively. The peaks at
1,248 and 1,035 cm−1 might be due to C–O stretching of
the hydroxyl and ether groups of cellulose, respectively.
The FT-IR spectrum of MB on adsorbent indicates that
the peaks, due to the above functional groups, are affected
in their position and intensity (Fig. 3). It indicates that the
adsorption of MB on the surface of VPW is either through
complexation or through chemical means, which might be
hydrogen bonding. The FT-IR spectra of VPW loaded
with MB shows prolongation of these bands after adsorption, indicating the role of these groups in adsorption [13].
Scanning electron micrograph of the VPW (1000×) is
shown in Fig. 4. At the 1000× magnification, the VPW
appears mostly fibrous in shape (Fig. 4). In addition, BET
surface areas for raw VPW and MB on VPW were measured, and found to be 159 m2g-1 and 0.54 m2g-1, respectively. The decrease observed in the surface area after MB
adsorption on VPW can be explained by filling pores and
interaction of functional groups in the structure of VPW.

FIGURE 3 - FT-IR of VPW alone and in the presence of MB on VPW.
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Effect of initial concentration

The effect of initial MB concentration on adsorption
is shown in Fig. 5. These sorption tests were conducted at
25 ºC at natural pH solution. It can be seen from Fig. 5 that,
with increased MB, the adsorption of MB increased. As the
initial concentration of MB increased from 25 to 100 mg L-1,
the equilibrium uptake capacity increased from 4.99 to
19.76 mg of MB per g of VPW. Thus, the effect of initial
MB concentration plays a significant role in determining
the maximum uptake capacity of the VPW for MB.
Effect of adsorbents dosage

FIGURE 4 - SEM micrograph of VPW.
Effect of adsorption system parameters

In this section, in order to describe the adsorption
process of MB on VPW, the effects of different factors,
such as adsorbent dosage, initial dye concentration, temperature, solution pH and ionic strength were investigated.
25

In the present study, the adsorbent doses were varied
from 0.5 to 5.0 g L-1 for VPW at natural pH, 25 oC and
adsorbate concentration 50 mg L-1. The effect of adsorbent dosage on the removal of MB by VPW is shown in
Fig. 6. It can be seen that, as the adsorbent dosage increases, the adsorbent sites available for the dye molecule
also increase and consequently better adsorption takes
place. Moreover, it is apparent that the removal efficiency
increased rapidly with an increase in the concentration of
the adsorbent due to the greater availability of the exchangeable sites or surface areas at higher concentrations
of the adsorbent [14].
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FIGURE 5 - The effect of initial concentration (a) and pseudosecond-order plots of MB onto VPW (b) (solid/liquid: 5 g L-1, 298 K,
natural pH, ionic strength: 0.0 g L-1 and stirring speed: 400 rpm).

(b)
FIGURE 6 - Effect of adsorbents dosage (a) and pseudo-secondorder plots of MB onto VPW (b) (298 K; natural pH, C0: 50 mg L-1,
ionic strength: 0.0 g L-1 and stirring speed: 400 rpm).
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Effect of pH on adsorption process

It is well-known that adsorption processes depend
greatly on pH because of the high sensitivity of functional
groups on the adsorbent surfaces to hydrogen and hydroxyl
ions [12]. To determine the effect of pH, experimental
studies were conducted over the entire pH range (3.0–
11.0) at a fixed concentration of adsorbate (50 mg L-1) and
contact time (60 min). The effect of pH on the adsorption
of MB is given in Fig. 7.

adsorption on mansonia (Mansonia altissima, wood sawdust) [16], and MB on hazelnut shells [8].
Effect of temperature

Figure 8 shows the effect of temperature on the adsorption of VPW at natural pH and 50 mg L-1 initial dye
concentration. Increasing temperature from 25 to 45 oC decreased adsorption capacity because adsorption is an exothermic process [12]. At higher temperature, the mobility
of solute molecules increases and they will have a tendency
to escape from solid to liquid phase, leading to a decrease
in the amount of solute molecules held by the adsorbent.
Increasing the temperature will also expand the pores, and
some of the dye molecules from the interior of adsorbent
will be released to the solution. Similar results have been
indicated by Bhattacharyya and Sharma [17] for exothermic adsorption of Congo Red on Azadirachta indica leaf
powder.
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FIGURE 7 - Effect of pH (a) and pseudo-second-order plots of MB
onto VPW (b) (solid/liquid:5 g L-1, 298 K, C0: 50 mg L-1, ionic
strength: 0.0 g L-1 and stirring speed: 400 rpm).

As seen in Fig. 7, it is observed that uptake increases
from 9.68 to 10.01 mg g-1 for an increase in pH from 3.0
to 11.0. The adsorption of MB on VPW relative to pH may
be attributed to several reasons. The surface of the VPW
contains a large number of reactive sites. At lower pH, the
surface of the VPW gets positively charged, thus making
the H+ ions compete effectively with MB cations causing
a decrease in the amount of dye adsorbed (mg g-1). At
higher pH, the surface of the VPW gets negatively charged,
which enhances the interaction of positively charged dye
cations with the surface of VPW through the electrostatic
forces of attraction [15].
In the similar studies, the negative charge of the adsorbent surface was observed for MB and methyl violet

(b)
FIGURE 8 - The effect of temperature (a) and pseudo-second-order
plots of MB onto VPW (b) (solid/liquid: 5 g L -1 , natural pH, C 0 :
50 mg L-1, ionic strength: 0.0 g L-1 and stirring speed: 400 rpm).
Effect of ionic strength

The increasing ion strength decreases adsorption capacity when there is an electrostatic attraction between adsorbent surface and adsorbate ions. As ionic strength of
solution increases, final pH of suspension decreases (Fig. 9).
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This means that the number of positively charged sites on
VPW increases. Therefore, the adsorption capacity of MB
on VPW decreases. Furthermore, since the salt screens the
electrostatic interaction of opposite changes of biosorbent
surface and dye molecules, the adsorbed amount will also
decrease with increased KCl concentration. Doğan et al.
[5] and Maurya et al. [18] found similar results.

FIGURE 10 - Batch desorption results of VPW (Contact time
60 min, T= 298 K, C0: 50 mg L-1, natural pH, and solid/liquid: 5 g L-1).

(a)

(b)
FIGURE 9 - The effect of ionic strength (a) and pseudo-secondorder plots of MB onto VPW (b) (solid/liquid: 5 g L-1, 298 K, natural
pH, C0: 50 mg L-1 and stirring speed: 400 rpm).
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Desorption experiment

Results of desorption are presented in Fig. 10. Experiments were carried out separately in 3 different desorption
solutions (0.1M HCl, 0.1M NaOH and 12% ethyl alcohol).
Desorption of dye/sorbate provides an insight into the nature
of sorbent–sorbate bonding, and also into the ion-exchange
nature of the biosorbent. Comparatively higher desorption
of dye was observed in acidic solution (0.1N HCl; yield
2.64%), followed by basic solution (yield 1.64%) and ethyl
alcohol (yield 0.46%).
Sorption isotherms

The Langmuir and Freundlich isotherm models were
applied to the experimental data. The data confirm the
linear form of the Langmuir model [19] as follows:
q KC
(2)
qe = m e
1 + KC e

Ce
C
1
=
+ e
qe qmK qm

(3)

where qe (mg g-1) and Ce (mg L-1) are the amount of
adsorbed MB per unit weight of adsorbent and non-adsorbed MB concentrations in solution at equilibrium, respectively, qm is the maximum amount of MB bound per
unit weight of adsorbent to form a complete monolayer on
the surface at high Ce, and K is the equilibrium constant
or Langmuir constant related to the affinity of binding sites
(L mg-1). The qm and K were calculated from the slope and
intercept of the straight lines of the plot Ce/qe vs. Ce [10].
The adsorption equilibrium data was also applied to
Freundlich model [20]:
1

q e = K F C en

(5)
where KF is a Freundlich constant that shows both the
adsorption capacity of an adsorbent and the strength of the
relationship between adsorbate and adsorbent. The slope
1/n, ranging between 0 and 1, is a measure of adsorption
intensity or surface heterogeneity, becoming more heterogeneous as its value gets closer to zero. In general, as KF
increases, the adsorption capacity of an adsorbent for a
given adsorbate increases. KF and (1/n) can be determined
from the linear plot of lnqe vs. lnCe [20]. Values of qm, K,
KF, and n were calculated from the intercept and slope of
the plots. The values for qm and K are shown in Table 1.
The isotherm data were calculated from the least square
method, and the related correlation coefficients (R2 values) are given in the same table.
TABLE 1 - The characteristic parameters of sorption process of MB
on vineyard pruning waste.

298

Langmuir
isoterm
qm (mg g-1)
46,082

Kinetics analysis

Adsorption kinetic study is important in the treatment
of aqueous effluents as it provides valuable information
on the mechanism of adsorption process [21]. In order to
investigate the adsorption kinetics of MB dye on VPW,
three equations have been tested: pseudo-first order, pseudosecond order and intra-particle diffusion models. The Lagergren pseudo-first-order equation was used to fit the experimental results:

(4)

1
lnq e = lnK F + lnC e
n

Temp.
(K)

Langmuir equation represents the adsorption process
very well; the R2 value was found to be 0.99, indicating a
very good mathematical fit (Table 1). Still, it was seen that
the Freundlich isotherm was not suitable (R2<0.844). The
fact that Langmuir isotherm fits the experimental data
very well may be due to the homogeneous distribution of
active sites on biosorbent surface, since Langmuir equation assumes that surface is homogenous [19, 20]. As seen
in Table 1, the maximum adsorption capacities for MB
onto the biosorbent surface were found to be 46.082 mg g-1.
In addition, the essential characteristics of Langmuir isotherm can be described by a separation factor or equilibrium parameter of RL which is defined by Eq. 6:
1
(6)
RL =
1 + KC e
The value of RL indicates the type of the isotherm to
be either unfavorable (RL > 1), linear (RL = 1), favorable
(0 < RL < 1) or irreversible (RL = 0). The RL values are
reported in Table 1, which shows the adsorption behaviour
of VPW. The value of RL for the adsorption of MB on
VPW indicates that the adsorption process is very favourable because RL value lies between 0 and 1 (Table 1).

-1

2

K (Lmg ) R
0,450
0,990

RL
0,384-0,888

Freundlich
isoterm
R2
0,844

ln(q e − q t ) = lnq e − k 1 t

(7)

The straight line of the plot of ln(qe-qt) versus time
suggests the applicability of the Lagergren equation for
the present system. The values of R2 were determined from
the slope of the plots and are given in Table 2. Recently,
Ho and Kay [22] have reported that most of the sorption
systems followed a second-order kinetic model which can
be expressed as follows:

t ⎡ 1 ⎤ t
= ⎢
⎥ +
q t ⎣ k 2 q e2 ⎦ q e

(8)

where k2 is the adsorption rate constant (g mg-1min-1).
The values of k2 were determined by the slope of the plot
and are given in Table 2. Lagergren’s first order model
showed a correlation coefficient (R2) of 0.782–0.960
(Table 2), whereas that of the second order kinetic model is
0.999. In addition, pseudo-second-order plots for initial concentration, adsorbent dosage, pH, temperature and ionic
strength are shown in Figs. 5b to 9b, respectively. As can
be seen, these adsorption systems follow a pseudo-second
order kinetic model. Based on the second-order model, the
initial adsorption rate and half-adsorption time are estimated
in Table 2 according to the following equations: half-adsorption time, t1/2, is defined as the time required for the
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adsorption to take up half as much VPW as its equilibrium
value. This time is often used as a measure of the adsorption rate [5, 23]:

t 1/2 =

1
k 2q e

(9)

TABLE 2 - First, pseudo-second order kinetics and intra-particle diffusion model parameters for the adsorption systems in the study.
First-order
Parameters

R

2

Temperature (K)
298
0.910
308
0.851
318
0.782
Initial Concentration (mg L-1)
25
0.835
50
0.910
100
0.930
pH
3.0
0.960
5.0
0.950
7.0
0.920
9.0
0.950
11.0
0.930
Ionic strength [M]
0
0.910
0.001
0.950
0.01
0.889
0.1
0.940
Adsorbent dosage (g L-1)
0.5
0.920
2.5
0.930
5.0
0.910

Pseudo-second-order
qe(cal)
qe(exp)
(mg g-1)
(mg g-1)

k2
(g/mg min)

Intra-particle diffusion
D (cm2 s-1)
R2
x109

R

t1/2
(min)

9.95
8.94
7.92

10.03
9.00
8.00

0.289
0.272
0.254

0.999
0.999
0.999

0.585
0.549
0.611

9.00
7.60
6.28

0.347
0.411
0.497

4.99
9.95
19.76

5.02
10.03
19.88

0.780
0.289
0.166

0.999
0.999
0.999

0.970
0.585
0.973

12.16
9.00
10.27

0.257
0.347
0.304

9.68
9.91
9.96
9.99
10.01

9.79
9.97
10.02
10.03
10.05

0.181
0.342
0.326
0.559
1.210

0.999
0.999
0.999
0.999
0.999

0.646
0.689
0.578
0.612
0.682

5.48
10.59
10.14
17.45
38.10

0.570
0.295
0.308
0.179
0.082

9.95
9.93
9.89
9.80

10.03
9.99
9.94
9.89

0.289
0.367
0.385
0.238

0.999
0.999
0.999
0.999

0.585
0.615
0.658
0.718

9.00
11.40
11.92
7.30

0.347
0.274
0.262
0.428

8.63
9.62
9.95

8.87
9.78
10.03

0.055
0.115
0.289

0.999
0.999
0.999

0.957
0.719
0.585

1.48
3.45
9.00

2.109
0.904
0.347

According to the model of intra-particle diffusion
based on the theory proposed by Weber and Morris, a
graphic plot for adsorption capacity at time t, qt, versus
square root of time, t1/2, should be linear for a rate controlled by intra-particle diffusion [24]. The linear form of
the equation:

qt = k dif t + C

(10)

where qt is the amount of MB adsorbed at time t (mg
g ); C is the intercept and kdif is the intra-particle diffusion rate constant (mg s-1/2g-1). The intra-particle diffusion
process model showed a correlation coefficient (R2) of
0.549–0.970 (Table 2). Therefore, the intra-particle diffusion process model is not a good fit for MB adsorption on
VPW.
-1

The D values were calculated from the following
equation:

t1 2 =

0.030r02
D

(11)

where t1/2 is the half life in seconds, as calculated
from Eq. (11), r0 is the radius of the adsorbent particle in
cm and D is the diffusion coefficient value in cm2s-1. In
these calculations, it has been assumed that the solid
phase consists of spherical particles with an average radius between the radii corresponding to upper- and lowersize fractions. The value of r0 was calculated as 2.5×10−3

2

cm for VPW samples. The D values calculated at all parameters are presented in Table 1. D values under these
parameters are in the range of 1.48×10−9 to 38×10−9 cm2s-1.
Similar results were found for Maxilon red GRL and Maxilon yellow 4GL on kaolinite [5], and phenol and benzene
on carbon [25].
Comparison of VPW with other adsorbents

A comparison between MB adsorption capacities of
various biosorbents is given in Table 3. The biosorption
capacity of VPW for MB is higher than that of the majority of other biosorbents mentioned. Therefore, it can be noteworthy that the VPW has important potential for the removal of MB from an aqueous solution.
TABLE 3 - Comparison of adsorption capacities of different adsorbents for the removal of MB.
Adsorbents
Spent coffee grounds
Brazil nut shells
Rice husk
Sawdust
Orange peel
Lemon peel
Orange peel
Marine seaweed
Pear millet husk carbon
Phoenix tree's leaves
Vineyard pruning waste
Thermodynamic study

3214

qmax. (mg g-1)
18.73
7.81

References
[26]
[27]

9.83
4.89
5.87
29.00
20.50
3.42
66.00
80.90
46.08

[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
In this study
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Temperature is an important parameter in thermodynamic study. Several thermodynamic parameters including
the Arrhenius activation energy (Ea), free energy change
(ΔG0), activation enthalpy change (ΔH0), and activation
entropy change (ΔS0) can be calculated by using different
equations [36]. The pseudo-second-order rate constant of
dye adsorption is expressed as a function of temperature by
the Arrhenius relationship:
E
(12)
ln k 2 = ln k 0 − a
R gT
where Ea is the Arrhenius activation energy, and k0 is
the Arrhenius factor. To extract k0 and Ea from kinetic
data, we plot the series of rate constants measured at different temperatures in a graph of ln k versus 1/T. As
shown in Fig. 11a, the corresponding activation energy
(5.08 kJ mol-1 for adsorption from its solution) was determined from the slope of the linear plot. The magnitude
of activation energy gives us an idea of the type of adsorption which is mainly natural. Since the values of the
activation energy are lower than 40 kJ mol-1 [5], the adsorption has a potential barrier corresponding to a physisorption. Similar values (- 4.85 kJ mol-1) were reported
by Özer et al. [37] for biosorption of Acid Red 274 (AR
274) on Enteromorpha prolifera.

The thermodynamic experiments were carried out at
298, 308 and 318 K using 5g L-1of VPW and 50 mg L-1 of
MB solution. The thermodynamic parameters, ΔH0 and ΔS0,
were obtained from the following Eyring equation [36]:
0
0
⎛ k ⎞
⎛ k ⎞ ΔS ΔH
ln⎜ ⎟ = ln⎜ b ⎟ +
−
⎝ T ⎠
⎝ h ⎠ R g R g T

where kb and h are Boltzmann’s and Planck’s constants, respectively. According to Eq. 13, a plot of ln(k/T)
versus 1/T should be a straight line with a slope -(ΔH0/Rg)
and intercept [ln (kb/h) + (ΔS0/Rg)]. ΔH0 and ΔS0 were
calculated from the slope and intercept of the line (Fig.
11b). The thermodynamic parameter, ΔG0, was calculated
from the following Gibbs-Helmholtz equation:
∆G0 = ∆H0 – T ∆S0

-ln(k 2)

(14)

ΔG0 was calculated at 308 K from Eq. 14. It is found
that the values of the free energy ΔG0, enthalpy (ΔH0), and
entropy (ΔS0) of activation are 78.86 kJmol−1, -7.638 kJmol−1
and -280.83 J mol-1K-1, respectively. This indicates that
the adsorption followed an exothermic process. The negative entropy (ΔS0) values for the adsorbents reflect a reduced randomness at the solid solution interface during
the adsorption of dye [38-41].

1,38
1,36

CONCLUSIONS

1,34
1,32
1,3
1,28
1,26
1,24
1,22
3,1

3,15

3,2

3,25
-1

3,3

3,35

3,4

3

1/T (K )x10
(a)

7,15
7,1
-ln(k 2/T)

(13)

7,05
7
6,95
6,9
3,1

3,15

3,2

3,25

3,3

3,35

The present study shows that the VPW, an abundant
low-cost biosorbent, can be used for the removal of MB
from aqueous solutions, and was studied at different conditions in batch experiments. From the experiments, the
adsorption amount was highly dependent on operating variables, such as pH, ionic strength, temperature, biosorbent
dosage and initial dye concentration. The adsorption amount
increased with increasing pH value from 3.0 to 11.0, and
it was seen that increase in ionic strength resulted in a decrease of MB onto VPW. The adsorption isotherms followed the Langmuir model of isotherms (R2>0.99). VPW
exhibited the highest MB uptake capacity of 46.082 mg g-1
at 298 K and natural pH. Biosorption of MB onto VPW
best fitted the pseudo-second-order kinetic model. The
intra-particle diffusion model could not well explain the adsorption process for VPW. Thermodynamic studies indicate that the adsorption process follows an exothermic
route due to the negative value of enthalpy change. Taking
into consideration the above results, the method may be
helpful for designing and fabricating an acid dye-rich effluent treatment plant in the future.

3,4

1/T (K-1)x103
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ABSTRACT
In this study, individual and combined effects of
various advanced oxidation processes (individual experiments: UV, O 3, US, H 2O 2; combined experiments:
UV/US, UV/O 3, US/O 3, UV/H 2O 2, US/H 2O 2, O 3/H 2O 2,
UV/US/O 3, UV/US/H2O2, UV/ O3/H2O2, US/ O3/H2O2 and
UV/US/O3/H2O2) as a pre-treatment option for olive mill
effluent (OME), which is known to contain a significant
amount of inhibitory compounds (e.g., phenolics and tannins), were comparatively evaluated in order to enhance
the anaerobic degradation of OME. Following the pretreatment with the AOPs given above, Biochemical Me-

thane Potential (BMP) assay was employed in order to
monitor and comparatively evaluate any increase in biogas
production as an indicator of improvement in anaerobic
biological degradation before and after pretreatment. It
was observed that pretreatment provided significant enhancement in biodegradation of OME. Compared to the
results obtained with raw OME, all pretreated samples,
except for a few cases, showed 2-6 fold enhancement in
anaerobic degradation of the OME samples studied.
Amongst AOPs applied, UV, UV/H2O2/US, UV/O3, and
UV/US/O3/H2O2 were the best in terms of enhancement in
anaerobic degradation. Both single and combined pretreatment processes resulted in about 50% COD removal. In
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addition, total phenol degradation between 80-98% was
achieved
by
pre-treatment
with
UV/O3/H2O2,
UV/US/O3/H2O2, UV/O3 and UV alone.
KEYWORDS: Advanced oxidation, ozone, sonolysis, ultraviolet
radiation, olive mill effluent, enhancement

INTRODUCTION
Mediterranean region is the most important region of
olive oil production, one of the oldest agricultural industries there, all over the world [1-2]. During olive oil, production, large quantities of water are consumed and, as a
result, high amount of process wastewater, so-called olive
mill effluent (OME), is generated [1].
Olive mill effluent is a very complex wastewater and,
therefore, it is very difficult to find an effective disposal
method. The treatment of OME is the major environmental
concern in Mediterranean countries [3].
Characteristics of OME depend on various factors,
such as type of olive and its production method [4]. Generally, OME is composed of sugars, tannins, polyphenols,
polyalcohols, pectins and lipids [5]. Phenolic and aromatic
compounds are the important contributors to the toxicity of
OME [5, 6].
The main characteristics of OME depending on olive
type and production method are as follows: 50-100 g/L biological oxygen demand (BOD) , 80-200 g/L chemical oxygen demand (COD), 24-120 g/L total solids, 2-15 g/L fats,
total phenolics 0.5-1 g/L, pH 4.5-5.5. From characteristics
can be seen that BOD and COD values are 200-400 times
more concentrated than those of domestic wastewater [7].
Disposal of untreated OME to environment has been
a serious concern for most of the olive/olive oil producing
countries [8]. Furthermore, the presence of phytotoxic
phenolics generally is an obstacle for the direct use of untreated OME for agricultural purposes [9]. For the removal
of the inhibitory organic matter which is frequently present
in some industrial effluents, like those generated in different types of agro-industrial plants, anaerobic biodegradation could be a less costly alternative from an energy point
of view, since the final product of the process (bio-methane)
could eventually cover a large part of the energy needs in
the plant [10-12]. Although anaerobic biological treatment
is a promising alternative, the effectiveness of this technology is not always satisfactory as some compounds, such as
phenolics, in OME may contribute to the inhibition of
anaerobic microflora [13-15]. AOPs have shown their worthiness for toxic compounds` elimination in water and wastewater treatment; however, the total mineralization through
these processes is very costly. On the other hand, biological
treatment is relatively cheap and a reliable process but there
are substances, which are not amenable to biological treatment. A combination of both processes (AOPs and biological processes) would mean a cheaper option for total or-

ganic degradation from a toxic wastewater, or a
wastewater containing refractory organics.
AOPs constitute a suitable treatment method for industrial effluents relying upon the intermediacy of chemical initiators (i.e. free radicals) and energy (i.e. heat) to
destroy the target pollutants. These processes include ozonation, ultrasonic irradiation, UV irradiation, photocatalysis,
hydrogen peroxide/ferrous iron oxidation (the so-called
Fenton’s reagent), electrochemical oxidation, wet air oxidation as well as various combinations of the above. Depending upon the specific remediation objectives, AOP may be
used either for the complete mineralization of all pollutants to carbon dioxide, water and mineral salts, or for the
selective removal of the more bioresistant pollutants and
their conversion to biodegradable intermediates. In recent
years, AOPs have been extensively studied regarding their
efficiency to treat OME and typical examples are reviewed
by Mantzavinos and Kalogerakis [16] and Paraskeva et al.
[17]. Uner et al. [18] studied advanced oxidative treatment
of dye-house effluent using Fenton’s reagent, O3, O3/H2O2
processes and found that, with respect to traditional oxidation methods, the combined Fenton’s oxidation and
Fenton’s coagulation as well as H2O2-enhanced ozonation
processes can be regarded as efficient, economically feasible and environment-friendly alternatives. Coupling AOPs
and biological processes has received a lot of attention in
recent years as a promising treatment alternative for effluents containing inhibitory compounds. The underlying principle behind process integration is that pretreatment using
AOPs may be capable of converting most of the biorecalcitrant pollutants commonly found in industrial effluents to
more readily biodegradable intermediates, followed by a
biological treatment step to convert these intermediates to
biomass, biogas and water. It is evident that process integration generally enhances OME remediation [19, 20].
The effective performance of electro-coagulation (EC)
technique in OMW treatment was investigated using Al and
Fe electrodes. Current densities (CD), electrode materials
(Al and Fe), electrolyte amounts, time and initial pH value
were selected as parameters. It was found that the removal
efficiency depends on time, types of electrodes, applied
current and electrolyte amounts, and pH value. Optimum
working pH was found to be in the range from 3 to 7 [21].
However, in some cases, an adverse effect has been observed since the chemical oxidation step may have led to
the formation of intermediates that would have been more
biorecalcitrant or toxic than the original effluent. Pretreatment usually comprises a mild ad-vanced oxidation process
aiming at the partial rather than complete mineralization;
consequently, treatment costs associated with this step are
relatively low.
In this study, totally 15 different types of AOP,
which were composed of 4 individual AOP steps, such as
ozonation, UV irradiation, sonolysis (ultrasonic irradiation), H2O2 and their various combinations at different pH
values, were tested for COD, total phenol and color removal. Following AOPs, the pre-treated samples were fed
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to anaerobic batch reactors in order to monitor any possible enhancement in anaerobic degradation of OME. A respective number of reports on using AOP for complete
treatment could be found, but studies on integrative use of
AOP, followed by anaerobic degradation, are very limited.
In this study, it is aimed to screen and evaluate a wide
range of AOP pretreatment processes for the purpose of enhancing anaerobic degradation of OME.
MATERIALS AND METHODS
Characterization of OME

OME used in this study was obtained from a local olive
oil production plant located in Izmir, Turkey, which uses a
3-phase olive oil extraction process with a maximum daily
olive processing capacity of 60 t.
Pre-treatment by Advanced Oxidation Processes

Various advanced oxidation experiments as pretreatment were conducted as follows: UV, O3, H2O2, sonolysis
(US), UV/US, UV/O3, US/O 3, UV/H 2O 2, US/H 2O 2,
O 3/H 2O 2, UV/US/O 3, UV/US/H 2O 2, UV/ O 3/H 2O 2, US/
O 3/H 2O 2 and UV/US/O3/H2O2, respectively. Later, in a
second phase, both raw OME (without any pretreatment)
and pretreated OME samples were tested using BMP procedure in order to monitor any increase in the anaerobic
degradation. Results of raw and pretreated OME with AOPs
were compared to evaluate any enhancement in anaerobic
biodegradation.
In order to test the effect of pH, all advanced oxidation experiments were carried out at pH values of 3, 7,
and 10, respectively. A photo-reactor was set up for the
experiments with UV (Purfect) in batch mode operation. A
TUV-8 model Phillips 26 W lamp (wavelength λ = 254 nm)
enclosed in a quartz sleeve with an inner diameter of 39 mm
and a length of 39 cm was positioned within the center of
a 2.5-L stainless steel reactor as light source. A water jacket
was installed around the reactor to keep it at a desired temperature (20 ± 0.5 oC) by means of a continuous water recirculation controlled by a thermostat. The recirculating cooling solution and the wastewater sample never contacted
each other. The content of the reactor was continuously
mixed by the help of a circulating peristaltic pump. During the experiments where ozone is applied, ozone gas was
generated by passing an oxygen stream through an ozone
generator (Ozone Safe) which had a ozone generation capacity of 30 g h-1. Sonication of OMW samples was conducted
at 800 kHz, an applied power of 100 W (MEINHARDT
Ultrasonics). Reactions were carried out in a cylindrical
glass reaction vessel, which was closed during ultrasonic
irradiation. Again, reactor temperature was kept at 20 ±
0.5 oC by means of a continuous thermo-stated water recirculation system.
The pH was manually adjusted to the desired range
using 0.1 N sulphuric acid or sodium hydroxide (Merck),
and then, the predetermined amount of H2O2 (supplied from

Riedel de Haen, 35%) was added. The experiments using
H2O2 were carried out at different pH values with predetermined H2O2 dosage of 2500 mg L-1. All experiments were
run for at least 120 min and reduction in COD, color and
total phenol by time was monitored. The selected supernatant, after at least 1-h sedimentation and neutralization,
was used for anaerobic biodegradation (BMP) tests.
All combined experiments were carried out at pH
values of 3, 7, and 10 using 0.1 N sulphuric acid and/or
0.1 N sodium hydroxide (Merck) for adjustment. Sample
pH values, after pretreatment with AOP, were finally adjusted to neutral level before used in BMP assays.
Biochemical Methane Potential (BMP) Assay

In order to determine anaerobic biodegradability, the
BMP assay was performed [22]. BMP tests were applied
to both raw and pretreated samples for comparison purposes. The procedure for implementing the BMP assay involves placing an aliquot of the effluent sample (up to 20 ml
depending on COD concentration required in reactor), inoculums (10 ml) and basal medium (5 ml from a 10-fold concentrated stock chemical solution) so that the total working volume is about 50 ml, in 100-ml serum bottles capped
with rubber stoppers and sealed with aluminum covers. The
serum bottles were seeded with granule anaerobic cultures
(VSS: 50 g L-1) obtained from a full-scale anaerobic bioreactor operating on wastewater generated from beer
production. As mentioned above, bioreactors were seeded
with 10 ml inoculums obtained from a main stock to provide VSS concentration of 10 g L-1 in bioreactors. After
adding varying volumes of either only raw OME or chemically pretreated OME corresponding to the predetermined
initial COD level (5 g COD L-1) in the bottles, all bottles
were purged with a gas mixture of 75% N2 and 25% CO2
for 4 min to provide anaerobic conditions. The serum bottles were then incubated at 36 ± 1 °C in a temperaturecontrolled room and shaken at 100 rpm throughout the
experiment. Total gas production was recorded daily until
it ceased with the help of a hypodermic needle connected
to a calibrated fluid reservoir through the serum cap.
When needed, methane content of biogas in the headspace was determined as follows: A known volume of the
headspace biogas was withdrawn by a syringe and injected into another serum bottle that contained 20 g KOH L-1.
This serum bottle was then shaken for about 3 min to be
able to have all the CO2 and H2S absorbed in KOH solution. The ratio of total biogas volume before and after
absorption by KOH provided the percentage of CH4 in the
headspace gas. The control serum bottles that contained
only biomass but no organic wastes were also run in all
experiments to determine the background gas production.
All experiments were run in triplicate, and the mean values of net biogas production were reported in this study.
Basal Medium and Nutrients used in BMP Assays

The composition of the basal medium used in BMP assays was as follows (concentrations given in parentheses as

3219

© by PSP Volume 19 – No 12b. 2010

Fresenius Environmental Bulletin

mg L-1): NH4Cl (1200), MgSO4·7H2O (400), KCl (400),
Na2S·9H 2O (300), CaCl2·2H 2O (50), (NH 4)2HPO 4 (80),
FeCl2·4H2O (40), CoCl2·6H2O (10), KI (10),
MnCl2·4H2O (0.5), CuCl2·2H2O (0.5), ZnCl2 (0.5),
AlCl3·6H2O (0.5), NaMoO 4·2H 2O (0.5), H 3BO 3(0.5),
NiCl2·6H 2O (0.5), NaWO4·2H2O (0.5), Na2SeO3 (0.5),
cystein (10), and NaHCO3 (6000). This basal medium contained all the necessary micro- and macro-nutrients required for an optimum anaerobic microbial growth [1220].
Analytical Methods

In order to decompose residual H2O2, which interferes with COD and absorbance measurements, the samples containing H2O2 were treated with MnO2 powder.
Before each analysis, samples were centrifuged and filtered on 0.45-µm Millipore membranes to remove MnO2.
COD, color, and suspended matter (SS) were measured in
accordance with Standard Methods [23]. The pH measurements were taken with a Sartorius pH-meter. Total phenol values as caffeic acid were measured by using FolinCoicalteu method [24]. Gas produced in each serum bottle
was measured daily using a gas displacement device.
RESULTS AND DISCUSSION
COD, color and total phenol removal results obtained
after the application of various AOP pretreatments are
given in Figs.1 to 3. Enhancement in gas production as an

indicator of biological activity after the related AOP pretreatment is also shown in Fig. 4.
Among the AOP alternatives used in this study, the
highest biogas production yield was obtained by UV application at neutral pH. UV application resulted in 3-fold increase of biogas yield in comparison to raw OME sample
for the same COD concentration without any AOP pretreatment. Total biogas production increased to 63 ml,
115 ml and 98 ml for pHs 3, 7 and 10, respectively, compared to 18 ml with raw OME (Fig. 4). The gas conversion
values were calculated as 48, 87 and 74% for pHs 3, 7 and
10, respectively. The results for gas conversion and total
phenol removal of individual AOP experiments could be
ranked as follows: UV > O3 > US > H2O2. Table 1 also
shows the COD and color removal values during the pretreatment using AOP techniques individually (Fig. 4).
Individual applications of UV pretreatment reduced influent COD between 9-44% (pH 10 being the worst one).
UV application was found to be very effective in removing total phenols (55-80%). UV pretreatment resulted in
varying rates of decolorization (25-77%), except for the
experiment carried out at pH 7, showing even more darkening.
To the best of our knowledge, there is no study on
OME degradation by sonolysis. Tiehm et al. [25] reported
that ultrasonic pretreatment can lead to an increase of
bioavailability of some micropollutants to the degrader consortium via the intensification of the organic matter solubilization induced by ultrasonic action. It was also reported
that an important refractory family compound, having a
hydrophobic character and a low water solubility that limit

FIGURE 1 - Results of COD Removal (%) values (average of three replicates).
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FIGURE 2 - Results of Phenol Removal (%) values (average of three replicates)

FIGURE 3 - Results of Color Removal (%) values (average of three replicates)

FIGURE 4 - Total gas (ml) and Gas Conversion (%) values* (average of three replicates)

*The theoretical expected gas conversion is assumed to be 100% [Gas conversion (%)=actual gas production (ml)/theoretical expected gas production (ml)]Theoretical gas production for 5 g COD l-1
is 132 ml (50 ml working volume) and all conversion values were calculated accordingly(-) Indicates that there is no color removal but the color of the sample gets even darker.

TABLE 1 - Results of pre-treatment operations and biogas productions (averages of triplicates)
Pretreatment

pH

Raw OME
UV

US

O3
H2O2 (2.5 g l-1)

3
7
10
3
7
10
3
7
10
3
7

COD Removal
Phenol Removal
(%)
(%)
No pretreatment applied
28±1.5
55±5.5
44± 11.4
70±2.5
9±4.1
80±1.3
48±2.3
37±3.8
45±5.8
43±2.5
49± 5.8
16±1.9
7±2.5
6± 2.1
35± 4.7
74± 1.8
18± 2.2
77±7.1
16±2.3
18±3.5
12±0.1
19±0.7
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Color Removal
(%)
25± 7.3
-5± 2.4
77±3.3
-41±3.9
3± 1.2
14±1.7
-29± 5.4
77±5.8
29± 0.5
41± 4.3
40± 2.9

Gas Conversion*
(%)
13± 1.2
48± 3.3
87± 1.7
74± 3.9
44± 7. 5
26± 5.7
15± 3.5
34± 6.8
53± 10.1
46± 11.2
24± 9.4
26± 4.6
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10
3
7

20±6.9
51±2.9
47± 1.6

19±0.8
5±1.2
58± 3.8

10

39± 4.3

64± 20.1

3
7
10

29±3.6
31± 10.9
13± 2.7

78± 2.6
79± 5.5

53± 2.3
51± 5.4
60± 1.8
2± 1.1
46± 0.7
40± 7.5

31± 4.5
35± 8.4
22± 7.1
12± 3.1
43± 4.6
26± 3.5

85± 2.3
91± 6.7
14± 4.2
3
15±1.6
67±12.2
27± 1.1
38± 4.0
UV/O3
7
30± 3.76
86± 3.9
53± 1.6
70± 2.5
10
60± 3.7
69± 10.4
44± 3.7
61± 5.9
3
29± 1.0
78± 4.1
46± 1.8
43± 1.6
UV/H2O2 (2.5 g l-1)
7
31± 12.5
79± 14.0
40± 9.1
26± 3.6
10
13± 8.0
85± 6.2
91± 16.2
14± 1.9
3
6± 2.2
52± 2.4
3±4.4
6± 1.1
US/H2O2 (2.5 g l-1)
7
83± 1.1
41± 1.5
44±0.1
11± 5.6
10
49± 1.2
50± 13.3
31± 9.4
11± 3.4
3
10±1.0
26± 4.7
2± 0.1
28± 7.2
O3/ H2O2 (2.5 g l-1)
7
5± 3.8
86± 12.4
0
49± 2.7
10
28± 6.7
39± 2.9
0
34± 1.1
3
16± 2.0
40± 2.1
66±6.0
26± 5.4
UV/US/O3
7
19± 6.4
85± 4.1
86±2.0
35± 1.5
10
22± 3.5
83± 1.5
71± 1.0
30± 2.9
3
42± 2.2
5± 0.5
51± 13.1
38± 2.6
UV/US/H2O2 (2.5 g l-1)
7
57± 5.6
58± 0.5
60±3.2
77± 4.1
10
60± 15.4
64± 1.3
2±0.2
70± 3.0
3
54±4.9
98± 2.7
61± 3.4
23± 1.0
UV/O3/H2O2 (2.5 g l-1)
7
55± 7.7
98± 3.3
64±2.3
29± 2.0
10
57± 2.6
98± 1.6
50±3.7
22± 4.6
3
47± 4.3
32± 1.2
67±1.5
9± 4.3
US/O3/H2O2 (2.5 g l-1)
7
42± 0.6
93± 1.6
65±5.0
35± 2.8
10
48± 2.1
88± 2.4
88± 0.9
57± 6.8
3
24± 2.2
97± 4.1
37±0.1
43± 5.7
UV/US/O3/H2O2 (2.5 g l-1)
7
18± 3.2
94± 4.3
96±8.0
36± 8.1
10
31± 2.1
96± 3.9
91± 3.5
41± 4.1
*
The theoretical expected gas conversion is assumed to be 100%
[Gas conversion (%)=actual gas production (ml)/theoretical expected gas production (ml)].
Theoretical gas production for 5 g COD l-1 is 132 ml (50 ml working volume) and all conversion values were calculated accordingly.
(-) Indicates that there is no color removal but the color of the sample gets even darker.

anaerobic biodegradation, can be successfully biodegraded
as a result of ultrasonic pretreatment [26]. Enhancement of
organic matter removal and, therefore, biogas and methane production as a consequence of ultrasonic pretreatment of sludge, have been also reported [26-28]. Neis and
Tiehm [27] decided, because of the reasons mentioned
above, to utilize sonoloysis process both alone and with
other AOP alternatives for the pretreatment purpose before anaerobic degradation test of OME. Application of
US alone reduced almost 50% of the influent COD better
than UV alone. Total phenol removal was seen to be a
function of working pH, thus varying between 16-43%. On
the other hand, US did not seem to be as effective as UV
application for the enhancement of biogas production
yield which varied between 15-44%. Decolorization by
US pretreatment was not significant, moreover, the color
of the sample turned into black at pH 3.
During the ozone applications, three pH ranges were
studied: pH 3 for acidic solution, pH 7 for neutral solution, and pH 10 for basic solution. The best results are 35%

COD removal, 74% total phenol removal and 77% color
removal for pH 7. Total gas production was approximately
4 times that of raw OME sample (70 ml total gas production and 54% gas conversion obtained with ozonation at
pH 7 but only 18 ml total gas production and 14% gas
conversion obtained by raw OME). Although the results
obtained at pHs 3 and 10 for removal of COD, total phenol and color were not as high as those obtained at pH 7,
these processes also resulted in increasing biogas production and gas conversion values compared to raw OME
control. Total gas productions for pHs 3 and 10 were 45
and 61 ml, respectively, and the gas conversion values
reached 34 and 46%. Canizares et al. [29] reported a 33%
reduction of COD by ozonation. They claimed that the most
important issue for ozonation operation is the reaction time
and improper ozonation might result in some intermediate
compounds that would be more toxic for the anaerobic
consortium. Andrenozzi et al. [30] also demonstrated that
longer operation time could increase toxicity of OME.
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Hydrogen peroxide alone is not a good alternative for
COD or total phenol reduction of OME, and enhancing the
biodegradability of OME. It is a good oxygen source for
advanced oxidation processes and, in our study, better results
were obtained while using it in combination with other processes.
The combination of UV-US and ozone processes resulted in a high removal of COD (57%), total phenols (58%)
and color (60%), respectively. The total biogas production
was increased approximately two times more compared to
raw OME. Ozone process was seen to be very effective on
the removal of total phenol yielding 74 and 77% removal
rates for pHs 7 and 10, respectively. Combined use of ozone
with UV, and then with US, resulted in 86 and 85% total
phenol removal, respectively, together with a 2-fold increase
in biogas production.
Application of ozone with UV at pH 7 increased the
biogas production with a gas conversion value of 70% and
provided a total phenol removal of 86%.
US did not provide as good removal results for COD,
total phenol reduction and biogas production as UV process. Interestingly, the combined use of US and UV
showed lowered removal efficiencies. Even though the
results for biogas production (46 ml and 29 ml, respectively) obtained at pHs 3 and 7 were still higher than those of
the raw samples, these values are lower than by UV process
alone.
Combining UV process with hydrogen peroxide resulted
in higher total gas production than raw samples (56 ml and
35 ml at pHs 3 and 7, respectively). Although better results
could be obtained by UV and H2O2 alone at pH 10, combination of both processes had negative impact on biogas
production. The best result for color removal was obtained
as 91% via UV/H2O2 process.
83% COD removal was obtained by US/H2O2 process
at pH 7, but biogas production values were again found to
be lower than with raw OME. Using H2O2 is thought to
cause toxic effects to anaerobic consortium. O3/H2O2 process
resulted in 86% total phenol removal at pH 7, and total
gas production values raised to 37 ml, 64 ml and 45 ml
for pH values 3, 7 and 10, respectively. Since ozone application alone gave similar results for biogas production,
it was considered that H2O2 use is not necessary because
of extra costs.
Drouiche et al. [31] studied color removal of OME by
combined ultrafiltration and UV/H2O2 treatment. They
found that the color of OME could be totally removed and
the effluent COD was reduced to 52 mg L-1. In this study,
by UV/H2O2 treatment 83% KOI as well as 43% color
removal were obtained, and additional ultrafiltration could
improve the removal of color. UV/H2O2 treatment is a very
effective process for COD reduction, and this would cause
an improvement in biogas production because total organic
matter to be degraded for anaerobic microorganisms was
reduced.

Combinations of three processes generally improved
biogas production performances. UV/US/O3 gave the best
results for total phenol removal as 40, 85 and 83%, and
color removal 66, 86 and 71%, for pHs 3, 7 and 10, respectively. Total gas production values were 34, 46 and
40 ml, and gas conversion values 26, 35 and 30% for pHs
3, 7 and 10, respectively. This combination of the three
processes is not good for COD reduction but for total
phenol removal as well as total biogas production.
Combination of UV/US/H2O2 raised biogas production values to 100 and 92 ml at pHs 7 and 10. Combination
of UV/O3/H2O2 was very effective for total phenol removal
(99, 98 and 98% at pHs 3, 7 and 10). Total biogas production was approximately two fold improved.
Combination of US/O3/ H2O2 at pH 7 and 10 resulted
in 93 and 98% total phenol reduction, as well as 46 and
76 ml total gas production. Removal of total phenol had a
positive impact on anaerobic microflora for gas production.
Finally, combination of all processes at pHs 3, 7 and
10 had very high rates of total phenol removal (97, 94 and
96%), color removal (96 and 91% for pHs 7 and 10). Total
gas production increased to 56l, 47 and 55 ml for pHs 3, 7
and 10, respectively. Combining these advanced oxidation
process with H2O2 increased the removal yields. The COD
removal value of UV process was increased from 44 to
83% when adding H2O2 process. Combining the processes
UV/US, UV/O3 and US/O3 with H2O2 resulted in total
phenolic compound removal of 98, 93 and 94%, respectively. But toxic effect of H2O2 resulted in reduced biogas
production. H2O2 could also cause production of toxic intermediate components that had negative effects on anaerobic consortium.
AOP pretreatment options could be classified in
terms of their ability to remove total phenols as follows:
UV/O3/H2O2 ≥ UV/US/O3/H2O2 > UV/O3 > UV. On the
other hand, increase in gas production in comparison to
raw OME sample indicates that the best pretreatment option is UV alone, followed by UV/US/H2O2 and UV/O3
(Fig. 1). It is interesting that although the best total
phenol removal was achieved by pretreatment option of
UV/US/O 3/H 2O 2, this combination did not result in the
highest enhancement of OME anaerobic degradation. This
could be explained by the fact that although process integration generally enhances OME remediation, in some
cases, an adverse effect could be observed since the chemical oxidation step may have led to the formation of intermediates that would have been more biorecalcitrant or
toxic than the original effluent. Reports indicating negative
effects of using some pretreatments before biological application were described, for example, by Andreozzi et al.
[30] who studied the integrated treatment of OME coupling
ozonation with anaerobic digestion. Ozonated OME exhibited, in general, a longer lag phase and lower yields in
methane than OME themselves. Results indicate that ozonation products of oleic acid are more inhibitory than the
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original substrate. On the other hand, Benitez et al. [10]
reported on better yield in methane production after 8-h
ozonation of OME sample. Khofi et al. [32] applied electro-coagulation and sedimentation as pre-treatment technologies for OME before anaerobic digestion, achieving
43% COD and 90% color removal, respectively, and improvement in biogas production yield.
Heredia et al. [33] studied p-hydroxybenzoic acid
reduction of OME with UV, O3, UV/O 3, UV/TiO 2,
O 3 /Fe +2 , O 3 /H 2 O 2 , O 3 /UV, UV/H 2 O 2 , H 2 O 2 /Fe +2 and
H 2O 2/O 3/UV/Fe+2. According to HPLC results, best reduction values were obtained by the latter 4-process combination.
It is obvious that use of AOP processes either single
or in combination could reduce COD, total phenol and
color in OME samples in significant amounts, and have
positive impact on anaerobic biodegradability of OME as
well as biogas production and gas conversion, except for a
few cases.
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INFLUENCE OF MYCORRHIZAL FUNGI ON REMEDIATION
OF SOIL CONTAMINATED BY PETROLEUM HYDROCARBONS
Anna Małachowska-Jutsz and Joanna Kalka*
Environmental Biotechnology Department, Silesian University of Technology, Akademicka str. 2A, 44-100 Gliwice, Poland

ABSTRACT
Arbuscular mycorrhizal fungi (AMF) can play an important role in phytoremediation by improving plant establishment and growth on soils contaminated by anorganics as well as organics. The benefits of AMF to plants
are often related to increased nutrition and water uptake
as well as enhanced tolerance to environmental stress.
The aim of the present study was to investigate the efficacy of remediation techniques (plant cultivation, bacterial
inoculation, arbuscular mycorrhizal fungi inoculation) on
petroleum contaminated soil. It was found that wheat may
be successfully applied in the phytoremediation of soil
with a long history of contamination by high levels of
petroleum hydrocarbons. Application of bacterial or fungal inoculation alone was not as effective as combining
inoculation with plant cultivation.

KEYWORDS: mycorrhiza, petroleum hydrocarbons, contaminated soil, wheat (Titricum aestivum L)

INTRODUCTION
High concentrations of polycyclic aromatic hydrocarbons (PAHs) in petroleum-contaminated soils limit plant
growth and survival by affecting water and nutrient uptake to the roots [1, 2]. Studies have demonstrated that these
stressful conditions may be alleviated by association of
plants with certain beneficial rhizospheric microorganismsbacteria, fungi, actinomyces, that contribute to nutrient
availability as well as improving phytoremediation of soil
pollutants [3-5]. Phytoremediation of organic pollutants is
the synergy between soil microorganisms and plant roots
to increase the rate of degradation of recalcitrant and potentially toxic compounds [6]. The beneficial effect of plant
roots is dual: firstly – root execretions can provide energy
for microorganisms, secondly - the presence of roots can
alter the physical and chemical conditions in polluted soil
in a manner that promotes microbial degradation. Earlier
research revealed that the activity of rhizosphere microorganisms is an important factor influencing remediation
efficiency. Currently, research is focused mainly on the

investigation of mycorrhizal fungi effects on remediation
processes. The role of mycorrhizas in phytoremediation was
initially attributed to heavy metal plant tolerance and the
prevention of erosion [7, 8]. Yet, the widespread occurrence of mycorrhizas, their key role in plant stress tolerance
and their impact on other microbial interactions in the
rhizosphere, have led to speculation on a possible role in
new applications such as degradation of organic pollutants
through phytoremediation [9, 10]. Indeed, some recent reports have shown that arbuscular mycorrhizal fungi (AMF)
may play a role in phytoremediation by improving plant
establishment and growth on soils contaminated by organics, and by enhancing degradation rates for some organic
pollutants [11, 12]. Mycorrhiza increases the bioavailability of nutrients, reduces stress connected with low levels of
water, increases the resistance to pathogen organisms, increases production of phytohormones and improves soil
structure making it beneficial for the plants [2, 13, 14]. It
is now believed, that properly developed mycorrhiza could
be an important factor increasing survival of plants at contaminated sites.
The present study was focused on the effect of inoculating soil with bacterial and/or fungi cultures to enhance
phytoremediation of petroleum hydrocarbons. The soil selected for the experiment was sampled at an oil refinery and
was characterized by its long history of contamination by
petroleum hydrocarbons.
MATERIALS AND METHODS
Soil samples

Soil samples for the experiments were taken in 2005 at
the site of an existing oil refinery at Czechowice-Dziedzice
(CZOR). The CZOR refinery was established in 1896.
Over the next century it steadily increased production of
vacuum oil, which currently exceeds millions of tons per
year. Both, the out of date sulfuric acid – based refining
process and the disposal of process wastes is in unlined
lagoons cause large scale contamination of the refinery
ground and surrounding area, making them unacceptable
under current regulations.
Samples were taken near the waste lagoons (ca. 2 m
distance). The site was selected to obtain a high level of
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contaminants in soil samples. During sampling ca. 50 kg
of soil was dug out from three sampling points (Fig. 1).
Samples were dug by a shovel from the surface to a depth
of 30 cm. Sampled soil was air dried, then homogenized
and sieved through a 2 mm mesh to discard stones and
gravel. Chemical characteristics and the contamination
level of sampled soils are shown in Tables 1 and 2. According to the hydrometer method, the soil texture was classified as silty clay loam.
FIGURE 1 - Map of sampling area (1, 2, 3 – sampling points)

TABLE 1 - Physico-chemical parameters of soils used in experiments
Parameter
pH
Hydrolytic acidity
Cation exchange capacity
Organic matter
Organic carbon
Humus content
Total N
Total P
C/N
sand
silt
clay
*- mean value ± standard deviation (n=3)

Units
--cmol·kg-1 soil
cmol·kg-1 soil
%
%
%
g·kg-1 soil
g·kg-1 soil
%
%
%

Chemical analysis

Analysis of the basic soil parameters was conducted
according to the methodology provided by Ostrowska et
al. [15]:
pH was measured using 1:5 (w/v) soil: water ratio,
organic matter content was determined by ignition loss at
440 0C for 12 h, total organic carbon was determined by
Tiurin’s method [16], hydrolytic acidity by Kappen’s
method, cation exchange capacity – by the ammonium
acetate method, humus content – by Tiurin’s method, total
nitrogen was extracted by Kjeldahl digestion and analyzed
by the Berthelot reaction [17], total phosphorus was extracted by Kjeldahl digestion and analyzed by the molybdenum blue method, particle size analysis was carried out
using the hydrometer method.
Polycyclic aromatic hydrocarbons (PAHs) were analyzed using a HPLC system with a fluorescence detector
(Hewlett Packard HP1050 with FID detector HP 1046A)
according to PB-06 IETU, 1999: Determination of polycyclic aromatic hydrocarbons (PAHs) in soil by HPLC
method. 10 grams of dry soil sample were extracted with
100 ml of dichloromethane in an automatic extractor (Soxtherm). The extract was preconcentrated to 1 ml under
gentle nitrogen flow at ambient temperature, and purified
by chromatographic column (packed with Florisil). The
column was washed with dichloromethane. Eluate was
collected, dried by sparging with N2 and dissolved in 1 ml

Value
6.2 ± 0.5
13.7 ± 0.9
0.6 ± 0.04
5.6 ± 0.4
3.8 ± 0.3
6.6 ± 0.5
1.5 ± 0.1
0.2 ± 0.01
25.3
1.5
59.6
38.9

dichloromethane. Separation was carried out on a reversed
phase column (Bakerbond PAH 16-Plus, RP C18, dimensions: length 250 mm, inner diameter 3 mm, with precolumn); using a mobile phase of water and methanol at a
constant solvent flow rate of 0.5 ml min-1 in 270C. The
chromatograms were monitored using an excitation wavelength of 218/332 nm and an emission wavelength of
260/420 nm for phenanthrene, 290/420 nm for benzo(b)fluoranthene and 248/500 nm for indeno(1,2,3-cd)pyrene.
Total recoveries and detection limits obtained for individual PAHs were detected using a standard mixture solution
(PAH Mix PM-611 Ultra Scientific). A standard soil with
certified concentrations of PAHs (CRM 104-100) was
used as reference material.
Aliphatic hydrocarbons were analyzed with IR spectrometry method. Analysis was conducted using an FT-IR
spectrometer (VECTOR 22; Bruker Optik GmbH, Germany) according to PB-07 IETU, 1999: Determination of
aliphatic hydrocarbons with IR spectrometry method. Using this method aliphatic and aromatic petroleum products
were determined. The integral intensity of absorption bands
were measured with a Fourier-transform IR spectrophotometric complex. Organic compounds were extracted with
carbon tetrachloride from soil samples, polar compounds
were separated on Florisil (60-100 mesh) and residual
aliphatic hydrocarbons were determined in the extract in
the spectral range 3200 cm-1 - 2800 cm-1.
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Heavy fractions (e.g. asphaltens, parafin wax, lubricating oil) - were determined by a standard gravimetric
method: PN-86/C-04573/01: Determination of substances
extracted with organic solvents.
Preparation of fungi inoculums - spore collection

100 g of soil from the oil refinery were placed in water (1 L) and blended at high speed for a few seconds. The
blended material was immediately poured through two
sieves (with openings 500 and 38 µm). The material remaining on the bottom sieve was collected and centrifuged
(2-3 min) in 60% gradient sucrose. Spores and fine organic
detritus suspended in the sucrose were quickly decanted
into smaller sieves (400 ÷ 56 µm), washed under tap water
and transferred into a Petri dish. Spores were collected
manually and suspended in sterile isotonic salt solution.
Morphological identification showed that the dominant
genera were Glomus species: Glomus mosseae, Glomus
fasciculatum, Glomus claroideum, Glomus lamellosum [18].
Preparation of bacterial inoculums

Bacterial inoculums were obtained from indigenous
soil microflora taken from the oil refinery according to following method:
10 grams of soil were placed in flasks containing 90 ml
sterile isotonic salt solution and shaken for 72h at 200C.
Flasks were then centrifuged for 15 min (4000 rph); 10 ml
of supernatant was taken and placed in an Erlenmeyer
flask with sterile 100 ml MM medium (the medium was
composed of (g/l) NH4Cl, 20; MgSO4 x 7H2O, 0,4; NH4NO3,
4g; Na2SO4, 8 g; KH2PO4, 4g; K2HPO4, 12g) without glucose, supplemented with 7% diesel [16]. Bacterial isolates
with good growth in the presence of hydrocarbons as only
carbon source were transferred onto MM agar plates with 0.5
ml diesel. Four dominant isolates characterized by in-tensive
growth, were selected for biodegradation assays and subsequently identified by biochemical procedures. Gram staining method was used and isolated strains were identified as
gram negative. Phenotypic identification was carried out
using:
- thirteen identification reactions: cytochrome oxidase,
catalase, urease, sulfuric acid production, indole, lysine
decarboxylation, arginine decarboxylation, ornithine decarboxylation, tryptophan deaminase, squaline hydrolysis,

Voges–Proskauer reaction, reduction of nitrate to nitrite
and b-galactosidase,
- five tests of substrate utilization: citrate, malonate,
acetamide, tartrate, oxidative/fermentative metabolism,
- nine tests of carbohydrate fermentation with: glucose,
sucrose, sorbitol, raffinose, rhamnose, arabinose, inositol,
adonitol, and melibiose.
Biochemical analysis showed that isolated strains were:
Pseudomonas putida, Pseudomonas fluorescens, Acinetobacter radioresistens and Rhodococcus sp. Inoculums containing the above mentioned microorganisms (1:1:1:1)
were prepared.
Plant selection

Vegetation in an engineered phytoremediation project
must be able to survive in the contaminated soil for the
technology to be effective. Earlier findings revealed that
wheat was the plant most resistant to aged contamination
of soil from this particular oil refinery [19]. The plant for
phytoremediation was also selected on the basis of the
assumption that only native species should be applied.
Native plants may be better able to survive in the local
climate or soil conditions and do not pose the same risk that
non-native vegetation may present, of undesirable effects
on the ecosystem [3].
Phytoremediation trial (pot experiment)

10 kg of dry soil were placed in plastic pots (height:
0.4 m; diameter: 0.15 m with perforated bottom φ =
0.001m). Experimental variants using a mixture of bacteria and AMFs are presented in Fig. 2. The experiment was
carried out in five replications.
Pots with mycorrhizal treatments were inoculated by
mixing 500 ml of AM fungi inoculums (containing 5 ×107
spores) with 10 kg of soil. The initial soil was not sterilized. Pots with bacteria treatments were inoculated by
mixing 500 ml of bacteria inoculum (6⋅109 cells per ml)
with 10 kg of soil. Pots with bacteria and AMF were preincubated for a week before host plant seeds were planted.
Preincubation period allowed microorganisms acclimation.
Seeds of wheat were pre-germinated in Petri dishes before
being introduced to the pots. 50 seeds (with 3mm germs)
were introduced per pot.

Natural attenuation - series A

Natural attenuation - series B

Inoculation with bacteria - series C

Inoculation with bacteria - series E

Inoculation with AMF - series D

Inoculation with AMF - series F

FIGURE 2 - Experimental variants using a mixture of bacteria and AMFs
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Experiments were conducted for 12 weeks in a climate chamber with 16 h of lighting (Osram
Langfeldleuchten, light color 31, lighting intensity: 11830
lx) per day at a temperature of 20 ± 2 ◦C (day) and 16 ± 2
◦C (night). The humidity of the soil was checked periodically and distilled water was added to the pots whenever needed (70% of water holding capacity was maintained).
After 12 weeks the entire 10 kg of soil was removed
for analysis. The root zone had penetrated to the bottom
of pots. Roots were removed from the soil (plant material
was discarded); the soil was homogenized again and then
sampled for hydrocarbon analysis.
RESULTS AND DISCUSSION
Chemical analyses showed that the refinery soil was
contaminated mainly with heavy fractions, aliphatic and
aromatic hydrocarbons (Figure 3, Table 2). Moreover, the

soil was contaminated with 4 ring polycyclic aromatic
hydrocarbons (PAHs) as 67.3 % of the total PAHs, 5 and
6 ring PAHs 17.9 % of the total PAHs and 2 and 3 ring
PAHs 14.8% of the total PAHs).
Results obtained after 12 weeks of remediation of soil
sampled at the oil refinery area are presented in Figure 4
and Table 3. The highest reduction of contamination was
observed for 2-ring hydrocarbons – over 96% in samples,
in which a combination of plant cultivation and artificial
inoculation (with bacteria-series E- or fungi – series F)
was applied as bioremediation technique. There were only
slight differences between the % removal of 2-ring hydrocarbons between series B, E and F. This suggests that the
plants in this study had a direct role in the remediation of
2-ring hydrocarbons. Certain lower molecular weight
hydrocarbons may be transported by plants and are either
lost by transpiration from the vegetative plant parts or
may be degraded within the plant tissue [20-22].

FIGURE 3 - Concentration of main groups of hydrocarbon in soil used in experiment (mean value of 3 repetitions).
TABLE 2 - Selected hydrocarbon contents of soil used in the present experiments
Concentration of hydrocarbons *
[mg·kg-1 d.w.s**]
1.00 ± 0,30
0.22 ± 0,06
0.21 ± 0,06
3.73 ± 1,10
2.76 ± 0.81
4.82 ± 1.40
9.08 ± 2.56
3.98 ± 1.11
12.60 ± 3.52
3.92 ± 1.13
1.72 ± 0.49
2.72 ± 0.76
2.62 ± 0.81
0.84 ± 0.26
3.42 ± 0.95

Parameter
Naphthalene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo(a)anthracene
Chrysene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(a)pyrene
Benzo(ghi)perylene
Dibenzo(ah)anthracene
Indeno(1,2,3-cd)pyrene
* – mean value ± UR (n=3)
**– d.w.s. dry weight soil,
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UR –extended uncertainty (resulting from method validation; n=3)

FIGURE 4 - Removal of hydrocarbons [%] after 12 weeks of remediation (mean values of 3 replications).

TABLE 3 - Concentration of main groups of PAHs in sampled soil before and after remediation process.
Parameter

Sampled soil *

Series A*

Time (weeks)
0
Aliphatic hydrocarbons
54.9 ± 6.6
46.73 ± 5.6
[g·kg-1 d.w.s.]
Aromatic hydrocarbons
10.4 ± 1.3
9.74 ± 1.17
[g·kg-1 d.w.s.]
2-rings hydrocarbons
1.00 ± 0.30
0.40 ± 0.11
[mg·kg-1 d.w.s.]
3-rings hydrocarbons
6.92 ± 1.45
6.29 ± 1.51
[mg·kg-1 d.w.s.]
4-rings hydrocarbons
36.12 ± 9.39
35.56±7.72
[mg·kg-1 d.w.s.]
5-rings hydrocarbons
5.34 ± 1.44
5.20 ± 1.35
[mg·kg-1 d.w.s.]
6-rings hydrocarbons
4.26 ± 1.15
4.10 ± 1.07
[mg·kg-1 d.w.s.]
Heavy fractions
117.7 ± 2.5
117.0 ± 2.5
[g·kg-1 d.w.s.]
-1
* – mean value of concentration [g kg dws] ± UR,
**– d.w.s. dry weight soil,
UR –extended uncertainty (resulting from method validation; n=3).

Series B*

Series C*

Series D*

Series E*

Series F*

12
32.66 ± 3.6

33.0 ± 3.37

42.9 ± 5.15

16.14 ± 1.5

8.73 ± 0.96

6.90 ± 0.76

8.18 ± 0.84

8.53 ± 1.02

5.11 ± 0.56

3.45 ± 0.31

0.10 ± 0.03

0.08 ± 0.00

0.25 ± 0.07

0.03 ± 0.00

0.01 ± 0.00

3.60 ± 0.10

3.98 ± 0.11

5.71 ± 1.31

1.75 ±0.37

0.76 ± 0.17

26.25±6.82

28.12±5.78

26.78±6.54

16.46±3.78

10.47±2.51

4.51 ± 1.21

4.50 ± 1.19

4.81 ± 1.30

3.22 ± 0.83

2.34 ± 0.6

3.66 ± 0.95

3.58 ± 0.97

3.82 ± 0.99

2.98 ± 0.80

2.31 ± 0.62

114.7 ± 2.9

116.4 ± 3.4

116.5 ± 3.4

109.5 ± 2.2

107.6 ± 2.1

The biodegradability of hydrocarbons was inversely
proportional to the increase of the number of rings in the
hydrocarbon molecules. Applying only bacterial or fungal
inoculation (series C and D) was not as effective as com-

bining inoculation with the cultivation of a plant (series E
and F). Statistical analysis of experiment results (t-Student
test) allowed to point out that important differences at
p>0.95 level were observed between series E and F only
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for removal of aliphatic as well as 2- rings and 3-rings
hydrocarbons (Table 3).
The best, statistically important results, measured as
the enhancement of PAHs biodegradation rate, were observed for series F and hydrocarbons with 2, 3, 5 and 6
rings (Figure 4). In series F, removal of above mentioned
hydrocarbons was on average 15% higher than in series E.
In earlier studies other authors had observed enhanced
losses of PAHs in planted soils and suggested that root
excretions stimulated growth of the microbial community
involved in the dissipation of aromatic compounds [23].
Hard fractions of hydrocarbons were the most recalcitrant element of contamination. Introduction of monocotyledonous plants and AMF inoculums (series F) enhanced 15-fold the removal of hard fractions in comparison to the soil from series A (no remediation measures)
and by four fold in comparison with the soil from series B
(only plant).
Wheat roots were colonized by AM fungi (Figure 5).
Inoculation of soil with AM fungi merged with wheat cultivation affected the hydrocarbon reducing bacteria. The
total number of microorganisms after 12 weeks of experimentation was 0.46±0.045·106 in naturally attenuated soil
(series A); 1± 0.1·107 in soil in which wheat cultivation
was used (series B) and as high as 1.7±0.2·108 in soil with
wheat cultivation and AM fungi inoculation (series F).
The overall increase in the number of microorganisms
resulted in enhanced remediation of soil. The increase of
remediation effectiveness in series F was as follows:
• for 2-rings hydrocarbons – 39%
• for 3-rings hydrocarbons – 41%
• for 4-rings hydrocarbons – 44%
• for 5-rings hydrocarbons – 39% and

Mycorrhiza-associated microflora may be more effective in PAH degradation than microflora of nonmycorrhizal roots, simply by chance, or due to mycorrhizal enhancement of aromatic compounds in rhizosphere soil or roots.
That, in turn, may induce degradation of more complex
compounds with comparable chemical structure. Similar results were obtained by Joner and Leyval [11] during
phytoremediation of two kinds of industrially polluted soil.
The increase of PAHs degradation in planted mycorrhizal
soil comparing to the nonmycorrhizal planted soil has two
possible explanations. According to Joner and Leyval, the
first was that mycorrhiza modify root physiology (enzyme
activity, secretion, longevity) in a manner that stimulates
PAH degradation, either by root derived enzymes or by
rhizosphere organisms. The second explanation given by
some authors is that mycorrhizal colonization affects root
surface properties or rhizosphere soil properties that act
on PAHs availability through adsorption [11].
The present research showed that augmentation of soil
with mycorrhizal fungi spores coupled with plant cultivation resulted in an increase in the removal of petroleum
contaminants in industrially-polluted soil. Although the results obtained were promising, further research needs to be
focused on plants which are naturally associated to degraded ecosystems.
CONCLUSIONS
Wheat, a plant resistant to PAHs contamination, was
successfully applied as a host plant in remediation experiments. Arbuscular mycorrhizal fungi efficiently contribute
to the removal of petroleum contaminants. The efficiency
of remediation was increased significantly in soil in which
inoculation with AMF was used in combination with cultivation of wheat.

• for 6-rings hydrocarbons – 32%
in comparison to samples in which only cultivation of
the plant was used (series B; Figure 4).
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PREPARATION OF AUTOCLAVED
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ABSTRACT
Large quantities of gold mine tailing (GMT) dumps
cause environmental problems. One of the possibilities to
solve these problems is to use GMT for preparing some
useful recovery products. The feasibility of reutilizing
GMT as a major component in construction materials was
investigated. GMT, mainly comprising quartz and kaolinite, was obtained from Shewushan Gold Mine Co. Ltd. in
Xianning, Hubei, the largest-scale laterite gold deposit in
Asia. Lime was used as a major additive to prepare autoclaved bricks based on GMT. Flexural and compressive
strength of the autoclaved bricks obtained under optimal
preparation conditions could reach 3.25 MPa and 21.06
MPa, respectively. The durability of the autoclaved brick
was investigated by 15 freezing-thawing cycles at temperatures from -20 °C to 20 °C. The results showed that
the weight loss was less than 1% and the compressive
strength was kept as 19.40 MPa after all of the cycles. Microstructural characteristics of the autoclaved bricks were
investigated by XRD and SEM. The results demonstrated
that 11-Å tobermorite [Ca5(Si6O18H2)·4H2O] and hydrogarnet [Ca3Al2(SiO4)3-x(OH)4x, x=0.2-3] were the hydration products, responsible for the strength development.
The re-sults of this study suggested that it is an alternative
to reutilize GMT as many construction and building materials, i.e. landfill liners, slurry walls and building blocks
instead of traditional tailings` disposal.

KEYWORDS: gold mine tailing; autoclaving; hydration products;
solid wastes management

INTRODUCTION
The GMT is an industrial by-product of gold extraction
by leaching process. Nearly 1-1.5 million tons of tailings
are produced per annum from Shewushan Gold Mine Co.
Ltd. in Xianning, Hubei, the largest-scale laterite gold deposit in Asia. Therefore, a huge quantity of the tailing dumps
pose various environmental and storage problems. One of
the problem solutions is to reutilize these tailings as construction and building materials [1-3]. Dean et al. [4] inves-

tigated the feasibility of using GMT in Montana as aggregate in concrete construction materials. Surendra et al. [5]
studied the feasibility of using gold mill tailings at Kolar
Gold Field (KGF), Karnataka for making two types of
bricks, termed as cement–tailing bricks cured by immersing them in water and soil–tailing bricks fired at a temperature of 750, 850 or 950 °C, respectively.
In previous studies, most of gold mine tailings consisted of finely ground siliceous rock wastes generated
after extraction of gold [4]. However, in this study, the
tailings consisted of both fine clays and large rocks with
different sizes since heap leaching process was used in the
extraction of gold without grinding pretreatment of raw
ore. Therefore, it is necessary to separate larger particles
of rocks from the tailings.
Many articles have reported the autoclaved sand/lime
bricks, based on the formation of calcium silicate hydrate
gels and 11-Å tobermorite [Ca5(Si6O18H2)·4H2O] [6]. Auto-claved fly ash/lime bricks have also been prepared on
the formation of both C-S-H phases and C-A-S-H phases,
since fly ash contains considerable amounts of SiO2 and
Al2O3 in quartz and mullite [7, 8]. Autoclaved metakaolinlime-quartz and autoclaved kaolin-lime–quartz were
investigated by Klimesch et al. [9, 10], and hydrogarnet and
11-Å tobermorite were found to be formed in the presence of aluminous and siliceous sources.
Most of above research works on autoclaved products
were based on purer materials or solid wastes i.e. sand,
metakaolin, and fly ash. However, very little information
on the reutilization of GMT as a major component in autoclaved bricks is available. The present study reported the
investigations of the feasibility of using GMT as a major
component in autoclaved bricks with the addition of lime,
and then microstructural characteristics and hydration products were studied for the autoclaved bricks based on GMT.
MATERIALS AND METHODS
Raw materials

GMT used in this study was obtained from Shewushan
Gold Mine Co. Ltd. in Xianning, Hubei. Lime was obtained from the local construction material market in Hubei,
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TABLE 1-Chemical compositions of GMT (wt %).
Constituent

SiO2

Al2O3

TFe2O3

CaO

MgO

K2 O

Na2O

MnO

TiO2

LOI

GMT

70.41

12.02

5.58

1.60

0.42

1.27

0.09

0.13

0.30

6.88

Notes: T Fe2O3 means total content of iron; LOI means loss on ignition.
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FIGURE 1 - The XRD pattern of GMT.
Lime and additive

with content of 47% free-CaO [11]. A composite additive
was self-synthesized, contributing to the hydration reaction and the strength of autoclaved bricks based on GMT.
The chemical compositions of GMT are shown in Table 1.
Quartz and kaolinite were identified as the major mineral
phases, shown in the XRD pattern of GMT (Fig. 1).

Molding

Autoclaving treatment

Size separating-grinding pretreatment process of GMT
Autoclaved brick

Since heap leaching process is used in the extraction
of gold without grinding pretreatment of raw ore, the
tailings not only contain fine clay, but also many rocks
with different sizes. Therefore, it is necessary to separate
large particles of rocks from GMT. The size distributions
of GMT are summarized in Table 2. The tailings under size
of 10 mm were directly used as fine raw materials or aggregates in the preparation of bricks, and other tailings.
Over size of 10 mm particles were firstly ground to smaller
ones in the size of less than 10 mm, and then used as aggregates in the preparation of bricks. The schematic for
the preparation of GMT bricks is shown in Fig. 2.

FIGURE 2 - The schematic of GMT brick preparation.
TABLE 3 - Proportions of brick mixtures.

TABLE 2 - The size distributions of GMT.
Size ranges
(mm)
>100

Weight percentage
(%)
2.90

Treatment approaches

30-100

4.73

10-30

18.53

1-10

14.90

Used as aggregates after
grinding
Used as aggregates after
grinding
Used as aggregates after
grinding
Directly used as aggregates

<1

58.94

Directly used as raw materials

Mix
designation

Tailing
(wt %)

Lime
(wt %)

Additive
(wt %)

I-1
I-2
I-3
I-4
I-5
II-1
II-2
II-3
II-4
II-5
III-1
III-2
III-3
III-4

78
80
83
86
88
80
80
80
80
80
80
80
80
80

20
18
15
12
10
15
17
19
18
20
15
15
15
15

2
2
2
2
2
5
3
1
2
0
5
5
5
5

Forming
pressure
(MPa)
20

20
10
15
20
25

Preparation of brick specimens

The mix proportions of tailing-lime bricks are given
in Table 3. The designed experimental plan included three
groups, noted as I, II and III, respectively. Group I was
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designed to study the effect of the ratio of tailing to lime
on the strength of bricks; group II was designed to study
the effect of the content of the composite additive on the
strength; group III was designed to study the effect of brickforming pressures on the strength.
Procedures of preparation of brick specimens were
represented in our published articles [12, 13]. The autoclaving treatment was carried out with a steam at the pressure of
0.80 MPa for 4 h in a local autoclaved fly ash brick plant.
Autoclaved bricks were tested for compressive strength,
flexural strength, and durability after staying in the air for
over 24 hours. All of test procedures were followed by Chinese test methods for wall bricks (GB/T 2542-2003) [14].

pressive strength changed significantly, and it indicated
that lime played an important role in the autoclaved quartzkaolinite-lime bricks. The compressive strength increased
to 18.14 MPa as lime content increased to 18%, but the
compressive strength decreased as lime content increased
above 18%. Furthermore, the flexural strength achieved a
maximum value when lime content was 18%. In general,
the optimal lime content is from 15% to 20%, and the
optimal tailing content is from 78% to 83%.
Flexual strength

Compressive strength

18
16

Broken brick specimen of II-3 after the strength test
was immersed and saturated in ethanol for 24 hours in
order to end hydration reaction, and then dried at 40 °C
for 48 hours. A small section of dried sample was prepared
for morphology analysis after coating with gold for SEM
analysis (Sirion 200); and the crystalline phases were investigated by powder XRD technique (D/Max-3B).

Strength（MPa）

14
12
10
8
6
4
2

RESULTS AND DISCUSSION

0
8

Effects of tailing and lime on the strength of bricks

In the first group of experiments labeled I-1, I-2, I-3,
I-4, I-5, effects of different ratios of tailing to lime on the
strengths were investigated. Effects of the tailing content
on the strengths are shown in Fig. 3. The compressive
strength of autoclaved bricks achieved a peak when tailing content was about 80%. The flexural strength was
almost kept constant with the tailing content from 78% to
80%, but the flexural strength decreased as the tailing
content increased above 80%.

14
16
Lime content （％）

18

20

22

Flexual strength

Compressive strength

22
20
18
16

Compressive strength

18
16

14
12
10
8
6

14
Strength（MPa）

12

FIGURE 4 - The effect of the lime
content on the strength of autoclaved bricks.
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FIGURE 5 - The effect of the content of the
composite additive on the strength of autoclaved bricks.
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FIGURE 3 - The effect of the tailing
content on the strength of autoclaved bricks.

Effects of the lime content on the strengths are shown
as Fig. 4. With the increase of the lime content, the com-

In the second group of experiments labeled II-1, II-2,
II-3, II-4, and II-5, the influences of the composite additive content on the strengths were investigated, as shown
in Fig. 5. The compressive strength increased as the composite additive content increased from 0% to 1%, but the
compressive strength values decreased as the composite
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additive content increased above 1%. The flexural strength
was obtained as maximum with the composite additive of
approximately 1%. Generally, optimal composite additive
content is from 0% to 2%.

and kaolinite, and hydration products of 11-Å tobermorite
[Ca5(Si6O 18H 2)·4H 2O] and hydrogarnet [Ca 3Al2(SiO 4)3x(OH)4x, x=0.2-3]. 11-Å tobermorite is the principal binder
a

Effects of brick-forming pressures on the strength of bricks

In the third group of experiments labeled III-1, III-2,
III-3, and III-4, the influences of brick-forming pressure
on the strengths were investigated, as shown in Fig. 6. The
compressive strength of autoclaved bricks increased significantly when brick-forming pressure increased from 10
MPa to 15 MPa. However, compressive strength did not
change significantly as brick-forming pressure increased
above 15 MPa. The effect of brick-forming pressures on
the flexural strength is not significant. In general, optimal
brick-forming pressure is from 15 to 25 MPa.
Flexual strength

Compressive strength

12

b

Strength（MPa）

10
8
6
4
2
0
5

10

15
20
Forming pressure（MPa）

25

FIGURE 6 - The effect of the brick
forming pressure on the strengths.
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FIGURE 7 - The XRD pattern of the autoclaved bricks.
Microstructural characteristics of the autoclaved bricks

The XRD pattern of autoclaved specimen II-3 is
shown in Fig. 7. The major mineral phases were quartz

FIGURE 8 - SEM images of the autoclaved bricks: (a) hydrogarnet
coexisting with 11-Å tobermorite; (b) crystalline platy tobermorite;
(c) rounded hydrogarnet agglomerates.
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of many autoclaved lime-quartz based building materials
[6]. Since GMT consisted of both quartz and kaolinite, the
formation of hydrogarnet can be attributed to an aluminous source of kaolinite in autoclaved kaolilnite-lime-quartz
bricks. Klimesch et al. [9, 10] demonstrated the coexisting
formation of 11-Å tobermorite and hydrogarnet in autoclaved kaolin-lime-quartz construction materials based on
purer materials, which is consistent with the microstructural characteristics of GMT bricks in this study.
SEM images of brick specimen II-3 are shown in Fig. 8.
In Fig. 8(a), hydrogarnet coexisting with 11-Å tobermorite
was observed in autoclaved kaolinite-lime-quartz bricks.
As shown in Fig. 8(b), a large quantity of crystalline platy
tobermorite was clearly observed. As shown in Fig. 8(c),
rounded hydrogarnet agglomerates could be significantly
demonstrated. Morphologies of coexisting hydrogarnet and
11-Å tobermorite were consistent with the XRD results of
the autoclaved brick.
Tests of properties of the autoclaved bricks

The durability of autoclaved bricks of specimen II-3
was investigated by 15 freezing-thawing cycles at temperatures from -20 °C to 20 °C, and the results are shown
in Table 4. After all of 15 cycles, the average compressive
strength of autoclaved bricks was 19.40 MPa, and the
average weight loss was 0.75%, which indicates that the
autoclaved bricks owned good durability.

1999), the autoclaved bricks based on GMT were competent
for 1st-class brick, and could be applied as many construction and building materials, i.e. landfill liners, slurry walls
and building blocks.
CONCLUSIONS
GMT, mainly consisting of quartz and kaolinite, is a
mining & mineral waste of gold extraction by leaching
process. This study has suggested that it is feasible to
reutilize GMT after size separating-grinding pretreatment process as autoclaved quartz-kaolinite-lime brick. The
optimal proportions of GMT bricks were suggested as follows: 78-83% GMT, 15-20% lime, and 0-2% of the composite additive.
From the results of microstructural characteristics of
autoclaved bricks by XRD and SEM, hydrogarnet agglomerates coexisting with 11-Å tobermorite were the significant hydration products, which contributed to the strength
of autoclaved bricks in SiO2-Al2O3-CaO system.
Both strength and durability of the autoclaved bricks
based on GMT showed that the bricks could be used as
many construction and building materials, i.e. landfill liners, slurry walls and building blocks, instead of traditional
tailings` disposal.

TABLE 4 - Results of freezing-thawing experiment of specimen II-3.
Flexural strength
Compressive
before freezing- strength before
thawing cycles freezing-thawing
(MPa)
cycles (MPa)
3.25

Compressive
Weight loss
strength after
after freezingfreezing-thawing
thawing
cycles (MPa)
cycles (%)

21.06

19.40

0.75

TABLE 5 - Results of tests of multi-properties of GMT brick.
Tests

25.2
4.08

Criterion of
1st-class brick
≥20
≥4

19.4

≥16.0

0.6-0.9

≤2.0

0.61
0.97

≤0.75
≥0.8

0.2

≤1

0.3

≤1

Results

Compressive strength (MPa)
Flexural strength (MPa)
Compressive strength after 15 cycles of
freezing-thawing from -20 °C to 20 °C
Weight loss after 15 cycles of freezingthawing from -20 °C to 20 °C (wt%)
Drying shrinking (mm/m)
Coefficient of carbonation (%)
Radioactivity parameter I (

A

)≤ 0.1

Ra

200
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ABSTRACT
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The soils in the Eastern Black Sea Region of Turkey
are under serious degradation and erosion due to misused
of land, over grazing and intensive agricultural activities.
In this study, some soil properties and the effects of land
use types on the erodibility indices were investigated for
the Torul Dam located on the Harşit River, which is in the
Backward of Black Sea region in Turkey. By selective sampling method, samples were collected from three different
sites used for agriculture, forest and bare space amount of
soil samples from each site are 16, 26 and 18 respectively.
Soil samples were gathered according to depth levels of
0-20cm and 20-50cm for each sample plot, and a total of
280 soil samples disturbed and undisturbed soil samples
were collected from four sites at each of the three different
land-use types. Sixty sample plots were selected from frontier lands with the same aspect in the same altitude zone
and the same parent material from which soil develops. In
soil samples, analyses such as particle size distribution
(sand, silt, clay), soil organic matter (SOM), dispersion
ratio (DR), erosion ratio (ER), colloid-moisture equivalent
ratio (C-MER), clay ratio (CR), water holding capacity
(WHC), hydraulic conductivity (HC), bulk density (BD),
total porosity (TP), available water capacity (AWC), soil
pH and total lime (CaCO3) were performed for each soil
sample. The analysis of variance was performed in order to
test whether the obtained results showed differences according to interaction to land use regime and soil depth.
The results show that significant differences the average
erodibility indices (DR, p<0.05, ER, C-MER, CR, p<0.001),
sand (p<0.01), silt, clay, CaCO3, SOM (p<0.001) and soil
properties such as BD, TP, WHC, HC, pH (p<0.001) vary
according to land use regime. The results show that significant differences the average DR, BD, TP (p<0.05) and
SOM (p<0.01) vary according to interaction to land use
regime and soil depth. As a result, it was determined that
soils of all three land use types in the dam basin are
strongly susceptible to erosion. Therefore, it is necessary to
make a plan for planting the bare areas without effecting
the water production in a negative way.

INTRODUCTION
Soil erosion started to increase in Turkey like in the
world as a result of the changing in the natural balance that
was established between soil, water and vegetation. Besides
the changes that took place in the climate characteristic in
the recent years, things like over and unplanned grazing,
conversion of forests to agriculture areas, and doing agriculture even at very steep hillsides have increased erosion
in a significant way. For hundreds of years, the unconscious
and disorganized use of soil by humans has broken down
the balance between soil, water and vegetation and most
of the fertile soils were removed away.
Besides the human based factors, natural factors of
Turkey like topography, geology and climate also tend to
increase erosion. In general, Turkey has a high, slopy and
steep terrain geography, consisting of various geographical shapes. The geological structure is also appropriate
for erosion [1]. The mean elevation of Turkey is 1132m
and this is higher than Europe (330m) 3.5 times and even
more than Asia (1050), which is the highest continent on
earth. The steep terrain and strongly sloping regions are
occupy more than half of the country; regions with less
than 20% of slope are 61% of the total area and regions
with more than 40% of slope are more than 45% of the
country [2]. All of these physico-graphical properties
increase to the speed and increase the effects of erosion.
Erosion, which is the most important environmental problem, makes the country people poor and forces them to
immigrate.
The risk of running out of oil resources, and the increasing cost of using these resources, and the environmental
problems caused by thermal and nuclear power plants made
it necessary to develop energy resources which have less
risks and are nature friendly. Rivers are hydro-electrical
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energy sources, which need to be used in order to solve these
problems [3].
Most of the developed countries use their energy
sources till the end whereas this ratio is around 20% in the
rest of the world which has about 75% of the hydraulic
energy potential in the world [4]. This ratio is about 15%
in Turkey, and this shows that it is mandatory to use hydro-electrical power plants for maintaining the energy
need of the country. However, planning mistakes made
during the construction of these plants shorten the lifetime
of these plants as well as damaging the natural balance.
Obviously it is maintaining the energy and water needs of
the increasing population. However, efficiency should be
taken into consideration while maintaining these needs.
Water maintenance is an important problem in Turkey, which is mostly in the arid and semi-arid climate region. Dams are built to obtain water for drinking, using,
agricultural irrigation, industry and hydroelectric consumption. A precondition for having enough amount of water in
the required quality in the dams is to operate them in a
good management with the soil and vegetation present in
the basin. Therefore, before building dams, precautions
should be taken to protect the vegetation-soil-water balance [5].
Just like all around the world, dams are being constructed to obtain water for the population in natural ways.
During the construction periods of these dams, by following the plans, it is possible to increase the life times of
these dams as well as decrease the effects that could damage the natural balance. It is necessary to use the dam basins, which are the natural boundaries providing water to
the dams, according to scientific criteria. By damaging the
forests and the natural balance of these areas, soil is carried to the dams along with water.
The functionality of the dam depends on the land use
and land cover in the basins. Therefore, in order to maintain continuous water efficiency, it should be noted that
the upper rain basins have an important effect. The most
important property for a dam is whether or not it is able to
collect enough amounts of water. The continuous maintenance of the dam capacity, in other words the long lifetime of dams, is also important. In order to realize these
two related properties, it is necessary to protect soils around
the dam, in other words it is necessary to avoid erosion [6].
Changes in land use and land cover have significant effects
on natural resources through the changes in soil and water
quality, biodiversity, and global climatic systems that they
cause [7, 8]. Land use and management implementations
may impact the direction and amplitude of changes in the
soil environment [9, 10]
As the main resource for nearly all land types, and the
most important component of sustainable development [11,
12], soil plays a important role in the global change, especially in the global C cycle [13,14]. In these days, increasing attention has been paid to the impact of the global land
use change impacts on soil nutrient, biogeochemical cycles

[15, 16]. Consequently, it is important to analyze soil quality [17] and the direction of its change with time [18,19],
and to use these as primary indicators of sustainable land
use and management [18,20].
About 80% of Turkish soils are harmed by erosion,
and it is necessary to take permanent precautions in agricultural areas against to water and soil erosion. The main
factor for these precautions is the level of erosion effect.
The most important soil factors effective in erosion are
parent material, land use type and field slope [21].
Different tests and methods have been developed in
order to determine the resistance of the soils against erosion. Some researchers offer soil erodibility factors [22, 23]
whereas others offer aggregation ratio or dispersion ratio
[23-25]. Some sources indicate that the relative erodibilities, the WEPP model is a very good index [26-27].
The study was done in the rain basin of the Torul
Dam, which was constructed on the Harşit River for electricity production. Since soil carrying that could take place
in the dam basin directly effect the economical lifetime of
the dam, the resistance against erosion is very important for
basin areas. For this purpose, some erodibility indices and
the change of some hydro-physical properties of different
land use types (cultivated, forested and bare space) were
demonstrated with this study. The objective of the study is
to show the hydro-physical properties of the soil and the
effects of land use regime and interaction land use type
and soil depht on erodibilities of soils in the dam basin.
MATERIALS AND METHODS
Description study area

The study area is placed in the East Black Sea (Backward of Black Sea region) region of Turkey, and it is in the
borders of the Torul town of the province Gümüşhane.
The total area of the Torul dam is about 212727.56 ha and
it is the closest dam to that basin (about 7-8 km). It is
approximately 11km in length and lays in the southwestnortheast direction. Its distance to the town center is 45km. The basin is located between 40° 35' 00''- 40° 42' 04''
northern parallels and 39° 18' 05''- 39° 25' 46'' eastern meridians.
In the basin, needled tree types are frequent. Of the
needled types, Scotch pine, fir, and spruce fir types are
present and of the leafed types damaged oak types are
present. The fir, spruce fir and Scotch pine species form
mixed stands in certain locations. Most of the Scotch pine
stands are in a form of damaged stand.
The research area is located in the East Back Black
Sea growing region. Therefore it is far away from the sea
effects. The annual rainfall rate of Torul is about 300 mm
and the average height of the town is about 950 m [28]. This
area does not show coastal climate effect of Black Sea.
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The basin area starts from a height of 900 m and goes
up to 2500 m. The average height of the basin is 1710 m.
The average slopes of the agriculture-bare space and forest
regions are respectively 35.1%, 41.3% and 46.5%. The
basin has a very steep and sharp field structure. There are
riyodacite-rhyolite rocks in the research region. The soil
samplings were taken at 566.5 ha agriculture, 1309 ha
bare space and 1525 ha forest regions. Attention was paid
to do samplings from adjacent area with different land use
types. The sample plots were distributed between 1000 m
and 2000 m of altitudes and similar aspects were chosen.
Soils were examined from three different land-use regimes (cultivated, forested and bare space). Samples located
cultivated (16), forested (26) and bare space (18) respectively were random collected for detailed analysis from the
sites. The samples were taken from two soil depths, 0–20
and 20–50 cm, at each plot. Particle size distribution and
soil organic carbon were determined using disturbed soil
samples passed through a 2-mm sieve using the Bouyoucos
hydrometer method [29, 30] and a 0.5-mm sieve using the
modified Walkley-Black wet oxidation procedure, respectively. Soil organic matter (SOM) was calculated by multiplying soil organic carbon by 1.72 [31, 32]. Calcium carbonate content (CaCO 3) and soil acidity (pH) were
measured using the procedures outlined by Arp [32] and
Page et al. [33]. Dispersion ratio (DR) was determined according to the methods described by Middleton [34]. Total
clay (TC) and total silt (TS) contents were determined from
the particle size distribution using the hydrometer method
[35]. The clay and silt fractions obtained by chemical dispersion were taken as TC and TS, while water-dispersible
clay and silt (WDCS) was obtained as above, except that no
chemical dispersant was used. Colloid-moisture equivalent
ratio (C-MER) and erosion ratio (ER) [36], available water
capacity (AWC) [37], water holding capacity (WHC) [38],
and permeability (HC) [39] were also determined.
Statistical analyses

Analyses of variance (ANOVA) were performed to
determine the effects of land use regime and soil depth on
the hydro-physical properties of the soil. Also how the soil
properties make difference according to the interaction between land use type and soil depth levels in the sample
areas were determined by performing a two way analysis of
variance using the Student–Newman–Keuls multiple range
test at alpha level of 0.05. Prior to analysis of variance and
the Student–Newman–Keuls multiple range test, arcsin and
square root transformations were performed on data consisting of percentage values, but the means based on the
original measurements are presented in the tables. Statistical analyses were performed using SPSS.
RESULTS AND DISCUSSION
The rain first drops onto the top soil and surface flow
are more effective on the top soil. Therefore, it is more
important to know the erosion erodibilities of the top soil

layers (0-20cm). Human related activities that damage
natural soil sources in forest; pastured land and agricultural areas in Turkey are primarily effective on the top soil.
Also, improvements efforts (terrace, pasturing, afforestation) done to reduce these difficulties are mainly focus on
the top soil. For this reason, top soil has great importance
as far as soil losses and preventing these soil losses are
concerned.
The hydro-physical properties and erosion susceptible
of soils under three different types of land use (cultivated,
forested, bare space) in the field closest to the dam lake
placed in the Gümüşhane-Torul dam basin were determined, and their variations depending on the land use type
were tested with variance analyses.
The variance analyses results showed that the effect
of land use type on soil properties like sand, silt, clay,
dispersion ratio (DR), erosion ratio (ER), colloid moisture
equivalent ratio (C-MER), clay ratio (CR), water holding
capacity (WHC), permeability (hydraulic conductivity)
(HC), (BD), total porosity (TP), soil organic matter (SOM)
and CaCO3 (p<0.05, p<0.01, p<0.001, Table 1). In addition to this, the effect of land use type on soil properties
like available water capacity (AWC) and pH are insignificant.
In this study, among the three chosen land use types,
the average sand amount of the top soils (0-20 cm) is
highest in the cultivated areas. As far as the amount of
sand is concerned, agricultural areas and bare spaces are
similar but forest top soil is different. The lowest amount
of sand was found in forest regions [40]. There are studies
in which the amount of sand was found to be high in agricultural fields [41]. Karagül [42] has found close values of
the sand amount in forest, agriculture and pastured lands
(55.28%, 55.12% and 56.86% respectively). The erosion
tendency of soil increases when sand and silt fractions are
high and clay fractions are low in the soil. There exists a
positive correlation between the erodibility indices and
the coarse fraction of the soil [43,44]. In this study, erosion was found very susceptible in three of the land use
types where the coarse fractions are high (at a depth of 020cm). (DR and ER high, C-MER low) (Table 1).
The top soil (0-20cm) clay amounts of the study area
changes depending on the land use type. The highest value
of clay (15.5%) is at forest soil, which is followed by agriculture soil (9.0%) and bare space soil (8.3%). Agriculture and bare space soils are similar as far as the amount
of clay is concerned (Table 1). It is interesting that the clay
amount of top soil in the forest region (15.5%) is higher
than agriculture and bare space regions. The clay amount
is higher in agriculture top soil (0-20cm) than it is in other
usage types (forest, pasture, bare space) [5,45-47]. The
research area is located in arid and semi-arid region. The
average annual rainfall is 300 mm and the rains are
mostly in spring, April-May-June. The evaporation in these
months is much more than the rainfall [48]. In the agricultural and bare space fields, most of the rainfall reaching
the earth goes to runoff. Some of them return to the at-
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mosphere as a result of evaporation [49]. In the agricultural and bare space areas, of the required conditions of
separation, temperature is appropriate but humidity is not
sufficient. In other words, due to non-optimum separation
conditions, the soil formation and development steps proceed slower in forest regions. The amount of water entering the soil with infiltration is much less as compared to
forest regions. In forest regions, the amount of water
entering the soil with infiltration is close to 82% of the
total rainfall [50]. Due to sufficient humidity and temperature, it can be said that separation takes place at better
conditions compared to bare space and agriculture areas.
Also, it should not be forgotten that the root systems of
forest trees play a biological active role at separation [51,
52]. The increase in the clay amount of soil while passing
from the first depth level (0-20cm) to the second depth
level (20-50) makes us understand that the amount of water
entering into the soil is high in forest areas and this causes
a leaching and transporting event to take place in the soil
profile. Whereas, in bare space and agriculture regions, the
change in the clay amount between different depth levels
is not as obvious as it is in forest regions (Table 1). In
forest regions, water kept in the forest floor enters into the
soil slowly for a long time period. Therefore, as compared
to soils of bare space and agriculture region, more water
reaches to the forest top soil (0-20cm) and they become
over washed and full of clay. Because of this, the clay
amount is low and sand is high in the top soil form which
clay is washed away. As a result of transportation processes that continue in the forest regions, the clay amount
increase in the deeper soil. In a study conducted by
Hajabbasi et al. [53]; it was found that more of the clay
accumulates at depths of 30-130cm in spaces bareed from
forest and in agricultural areas whereas more of the clay
accumulates in the top soil (0-30cm) of the forest regions.
The research area has a high sloppy and soil losses take
place especially in agriculture and bare fields [54]. These
soil losses cause wind erosion along with runoff. In other
words, although slightly, clay can be removed away from
the fine fractions of soil. Wind can also be responsible for
finding lower amounts of clay in top soils of agriculture
and bare space as compared to the forest top soils. It is
declared that the land use type is effective in the changes
taking place in the clay amount [55,56]. Soils having
clay between 9-30% are most susceptible to erosion [57].
The erosion sensitivities of soils increase when their clay
amount is between these values.
Variance analyses showed that the clay ratios (CR) of
the basin fields are different depending on the land use
type. The CR is close to each other in agriculture and bare
space soils (11.9% and 11.7%) whereas in forest soils CR
is lower than the other two regions (6.30%). The increase
in the clay ration of the soils indicates an increase in
erodibility [57]. In other words, high fractions of sand and
silt fractions and low fractions of clay increase the erosion
tendency of soils.

The soils of research area are very susceptible to erosion in all three types of usage types. The ER and DR values of the soils were found much higher than the boundary values (10 and 15), and the C-MER value was found
less than the boundary value, which is 1.5. In this study
DR changes between 35 and 98. There are studies in which
the DR values change between 13-69 [58] and 26-95 [59].
In the research area, the average DR values of the top soils
of agriculture, forest and bare space lands are 72.2, 65.6
and 64.4 respectively. When Table 1 is examined, a difference in the DR values depending on the usage type can
be seen. However, this index is similar in bare space soils
and forest soils. According to the DR values, research
area top soils (0-20cm) are very susceptible to erosion and
the lowest DR values are found in bare space soils. It is
declared that bare space soils are more resistive to erosion
as compared to agriculture and forest soils in terms of DR
values. Several studies [40,44,60] announce that agriculture, forest and spaces bared from forest top soils are resistive to erosion in terms of DR values.
Depending on the land use type, the average ER values were found as 210.8 in agriculture areas, 114.8 in forest
areas and 146.5 in bare spaces. Variance analyses showed
that the top soil ER value of the studies areas differ with
land use type (Table 1). The highest ER, just like the DR,
was found in agriculture top soils, and it is higher than the
boundary value 10 in all three types of lands. According
to the ER values, the soils of research areas are very susceptible to erosion. In some studies, the ER values were
found high in pasture areas [28,46] whereas in some studies it was found higher in forest soils [44, 60].
The average C-MER values of the soils were found as
0.54, 0.69 and 0.48 in top soils of agriculture, forest and
bare space respectively. The analyses of variance results
show that the forest soils take the highest value and the
agriculture areas differ from the bare space fields (Table 1).
The C-MER values of the soils are lower than the boundary value of 1.5 and they are susceptible to erosion. Due to
their high clay contents, the forest soils are less susceptible to erosion as compared to other land use types. There
are studies in which the forest soils were found as susceptible to erosion in terms of their C-MER values [44,46, 60].
Variance analyses have shown that the average WHC
values differ depending on the land use type (Table 1).
The WHC averages of the top soils of research lands (020cm) are 27.3%, 36.2% and 25.5% in agriculture, forest
and bare space regions respectively. The mean WHC was
found highest in forest soils and lowest in bare space
soils. It is thought that low bulk density and particle density with high porosity and organic material content is
effective in the high water holding capacities of the forest
top soils. Properties like the soil organic material content,
soil texture, rockiness of the soil, TP [60] and clay+silt
content [44] are effective on the water holding capacities
of soils. The average clay+silt content is highest in forest
soils (31.5%). Also, the organic material contents and porosity are high and bulk densitys are high in forest soils.
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Heiskanen and Makitola [62] have mentioned that thin
fractions and SOM are effective on the WHC values of
soils. The high water holding capacities of forest soils
were related to their high SOM contents [64].
The permeabilities (hydraulic conductivity) (HC) of
the soils differ significantly depending on the land use type
(p<0.01, Table 1). The agriculture and bare space soils are
similar to each other, but the forest soils are different than
the other to as far as HC is concerned. Permeability is
highest in forest top soils (126.5cm/h) and lowest in agriculture top soils (45.2 cm/h). The high HC value of the
forest soils can be explained by high amounts of organic
material, high total porosity (TP) and the vacuum system
formed by the tree roots. The low permeability values of
the agriculture top soils can be the loss of organic materials as a result of agricultural operations done on the top
soil. It is mentioned that with physical operations on the
soil, the HC is going to decrease parallel to the decrease
in the organic material content [65]. Existence of permeable soils in the basin is important for erosion resistivity
and water production for high quality and quantity. The
transportation of water to the rivers through underground
flow rather than surface flow is important for both the
reduction of erosion and increment of the life times of
dams. In all land use types, increasing the permeabilities
of the basin soils is going to decrease the erosion threats.
Forming permanent vegetation on parts of the agricultural
and bare space areas can be thought as a precaution to
erosion.
Among the research land use types, the highest BD
values were found in agriculture and bare space soils
(1.15gr/cm3) and the lowest BD value was found in forest
soils (1.04 gr/cm3). Variance analyses showed that the BD
values differ depending on the land use type. In numerous
studies, it is mentioned that the BD values change with
land use type [66-68]. In the study of Celik [54], the highest BD values were found in agriculture top soils and the
forest soils are different from the agriculture soils while
similar with pasture soils. As similar to this study, it was
thought that the low BD values of forest top soils were
due to high values of organic material content, root ratio
and porosity. There exist similar studies in which the BD
values were found low in forest soils [60,69].
Total porosity values of research area top soils change
depending on the land use type (p<0.001, Table 1). Results
show that the average TP value was highest in forest soils
(60.6%), followed by agriculture soils (57.0%) and bare
space soils (56.3%). However, while the agriculture and
bare space areas are similar to each other, the forest soils
differ from the other two land use types. The total porosity (TP) of soils is determined by their SOM content, sand,
silt and clay content and soil structure [36]. TP also increases the organic material content of the soils. Among
the three land use types, the highest amount of organic
material was found in forest top soils. Also, the highest
porosity was observed in forest top soils. In addition to
this, the clay content of forest top soils is higher than the

agriculture and bare space top soils. The porosity of the
soil increases with the clay content of the soil [36]. It was
mentioned that the total porosity of clay soils are higher
than the sand soils [51]. Also, the root ratio of the forest
soils has increased the total porosity (TP). It was found
that the total porosity changes with land use type [38,
70,71]. Along with that, activity of irregular and over
grazing causes soil compaction and this decreases the
total porosity of the soil [72, 73].
The change of AWC values of the soils with the land
use type is not statistically significant (p>0.05, Table 1).
The highest AWC values were in forest top soils (8.60%)
and the lowest was in agriculture top soils (8.29%). It is
an expected result to find high AWC values in forest top
soil. It is thought to be a result of the organic materials
present in the research field. The SOM content was found
to be low in bare space top soils in which the AWC values
are also low (Table 1). It was mentioned that the organic
material content of the soils would increase the available
water capacity (AWC) [63, 74].
The pH values are high in agriculture and bare space
regions (pH=6.99), and low in forest top soils (pH=6.66).
The lower pH value of the forest regions is due to the
presence of organic materials. While the forest floor decomposes to organic materials, the organic acids formed
decrease the soil reaction [51]. The study area soils are in
slight acidic character. In studies at which different land
use types were compared, the pH values of forest soils
were found lower [40, 44-46, 60]. In this study, the differences in the pH values of the soils in different land use
types are not statistically significant.
The SOM contents of the basin fields differ depending on the land use type. This difference effects the organic matter content of the soil, and the organic matter content of the agriculture soils are lower than the forest soils
[60, 66, 67, 75, 76]. In this study, the highest amount of
organic matter was found in forest top soils, and it was
followed by bare space and agriculture fields. The forest
soils are different than bare space and agriculture fields,
which are similar in SOM content. The forest fields are
covered by permanent vegetation. This vegetation decomposes into organic materials in time. Therefore, the SOM
values of the forest soils were found high. The SOM content (4.45%) of the bare space soils is due to the partial
grass present on these areas. The average SOM content in
agriculture fields is 2.85%. This is a value, which should
not be underestimated. Kantarcı classifies soils having
SOM amount between 2.1-4.0% as humus soils. In various studies [40, 46, 77] the agriculture top soils are poor
in organic material amount. There are studies, which can
classify the SOM amount as high in humus [56]. The organic matter content and the forest floor present in the
forest lands have an important role for preventing erosion.
Especially, the sub forest floor can hold water 9-10 times
of its own weight and prevents the loss of water with
surface flow. Along with the forest areas, bushes and
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pasturing plants also prevent the surface flow and increase
the amount of water going into the soil [78].
The average CaCO3 values of the soils differ depending on the land use types. The highest CaCO3 values was
found in the agriculture soils (10.3%) and it is followed
by bare space (7.83%) and forest soils (6.84%) (Table 1).
The higher contents of calcium carbonate present in agriculture and bare space soils as compared to forest soils
can be explained by the fact that low level evaporation
happening in the forest soils. It is mentioned that the
amount of evaporation happening in the forest regions is
about half of that is happening in a bare space under same
conditions [79]. The diluted CaCO3 present in the soil
solution may be accumulate in the soil at the bare space
and cultivated areas be exposed to with more evaporation.
Forest areas with low CaCO3 contents have high DR and
ER values [40]. Also it is declared that the high values of
calcium carbonate content increase aggregation and the
aggregate stability [43].
In basins where the soil erosion is effective, the top
soil can change significantly due to external effects.
Therefore it is important to know the erosion erodibilities
and soil properties of lower soil depths. The lower soil
depths have more stable conditions and mostly reflect the
properties of the parent material on which it develops.
Also, when the top soil is removed with erosion, the erosion erodibilities and other properties of the lower soil
depths get even more important. Therefore it is important
to know the soil properties of the lower soil depths (2050cm) in the research basin.
The differences in the lower soil depths (20-50cm)
were determined with variance analyses and the results
were shown in Table 1. Variance analyses show that
properties like silt, clay, ER, CR, C-MER, WHC, HC, pH,
SOM and CaCO3 significantly differ depending on the
land use type.
While passing from the top soils to the lower depths,
a decreasing in the sand amount and an increasing in the
clay amount happen. An increasing in the silt and clay
contents of the lower layer soil depths is expected due to
the transportation of the fine fractions. Also, important
drops in the organic matter contents of the soil happen as
depth increases. Changes in the physico-chemical soil
properties like SOM, CaCO3, silt, sand, and clay content
effect the erosion sensitivity of the soil. The DR value
increase in all three land use types with increasing depth
due to the decreasing organic matter content (Table 1).
There is a negative relation between the organic matter
content and the DR of the soils [42]. Lower soil depths
are susceptible to erosion also in terms of other erodibility
indices (ER, C-MER, and CR). The increase in the occuerence of small amount of clay with increase in soil
depth has caused the decrease in the CR.
The changing in the hydro-physical characteristics of
the soils, under the same land use, in relation with the

depth levels was evaluated by using analysis of variance.
The values belonging to the amounts of sand (%) and silt
(%), dispersion ratios among the erodibility indices, and
clay ratios of the soils in the cultivated areas did display
significant differences in relation with the depth levels.
Sand, among the granules which constitutes the mechanical composition of the soil, decrease from the upper depth
level (0-20 cm) towards the lower depth level (20-50 cm)
while the amounts of the silt and clay were found higher
in the lower depth level (20-50 cm) than the upper depth
level (0-20 cm). This increases did display a statistically
significant change existed in relation with the depth levels
for the silt and clay (Table 1). The values belonging to the
water holding capacity, available water capacity, soil
organic matter, and total CaCO3 amount, and of the soils
decreased as the depth of the soil increased. The decrease
in the value in the lower depth level (20-50 cm) can be
explained by the decreasing in the amount of sand while
the increases in water holding capacity and available
water capacity values of the soil in the same level can be
attributed to the decrease in the amount of the soil organic
matter.
The amounts of sand (%), clay (%), DR (%), C-MER
(%), CR (%), and SOM (%) inside the soils belonging to
the forest areas also displayed differences in relation with
the depth levels (Table 1).
As can be seen from Table 1, the amounts of clay in
the soils were higher levels at the forest areas. More
change in the amount of clay, when descending from the
upper levels of the soil towards the lower levels, was
observed for the forest areas (Table 1). This can be attributed to the carrying of the clay caused by the more
amounts of water passing through the forest areas by
infiltration. The movement of the water inside the soil
profile, besides the organisms and vegetation types living
in the soils, cause the movement of the fine sections, and
effect the mineralogical composition and chemical properties of the soil [79]
When descended from the upper depth levels (0-20
cm) towards lower depth levels (20-50 cm) an increase
was observed in the amounts of clay and silt, and in the
values of DR, C-MER, WHC, BD, and soil pH while ER,
CR, HC, TP, AWC, SOM, and total CaCO3 amounts were
observed to be decreasing. For the soils in the bare space
areas, the amounts of sand (%), silt (%), and clay (%)
belonging to the soils in these areas did show statistically
significant differences in relation with their depth levels.
The SOM amounts also showed differences, as well as
DR (%) and CR (%) among the erodibility indices, in
relation with the depth levels of the soils (Table 1).
In this study, conducted to display the hydro-physical
properties of the soils under different types of land uses, it
was determined how the soil properties change according
to the interaction between land use type and soil depth
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levels in the sample areas by performing a two way analysis of variance.

The results belonging to this conducted analysis of
variance are presented in Table 1. According to the results

TABLE 1 - The mean values of the hydrophysical soil properties that present a statistically
significant relation as regards to the interaction between the factors of land use type and soil depth
Soil properties

Land use type

Cultivated

Sand (%)

Forest

Bare space

Cultivated

Silt (%)

Forest

Bare space

Cultivated

Clay (%)

Forest

Bare space

Cultivated

Soil depth
A*

(0-20 cm)

72.2a*±3.36

Aı

(20-50cm)

67.4b±3.49

B

(0-20 cm)

68.5a ±4.17

Aı

(20-50 cm)

64.7b ±8.39

C

(0-20 cm)

71.4a ±4.43

Aı

(20-50 cm)

67.5b ±4.90

A

(0-20 cm)

18.8a ±3.98

Aı

(20-50cm)

21.9 b ±3.99

B

(0-20 cm)

16.0a ±4.17

Bı

(20-50 cm)

16.7a ±5.27

A

(0-20 cm)

20.3a ±3.85

Aı

(20-50 cm)

22.7 b ±4.43

B

(0-20 cm)

9.0a ±3.52

Bı

(20-50cm)

10.7a ±4.19

A

(0-20 cm)

15.6 a ±5.57

Aı

(20-50 cm)

18.6b ±5.85

B

(0-20 cm)

8.22a ±1.72

Bı

(20-50 cm)

9.75 b ±2.14

A

(0-20 cm)

72.2a±11.7

(20-50cm)

79.0b ±11.1

(0-20 cm)

65.6a±11.4

(20-50 cm)

75.5b±13.0

(0-20 cm)

64.4a±11.8

(20-50 cm)

81.0b±8.77

(0-20 cm)

0.54a±0.38

(20-50cm)

0.63a ±0.36

(0-20 cm)

0.69a±0.26

(20-50 cm)

0.91b±0.45

(0-20 cm)

0.48a±0.16

(20-50 cm)

0.51a±0.20

B

(0-20 cm)

210.8a ±151.6

Aı

(20-50cm)

183.3a ±126.4

A

(0-20 cm)

114.8a±81.3

Bı

(20-50 cm)

101.52a±64.0

B

(0-20 cm)

146.5a±52.3

Aı

(20-50 cm)

182.2a±72.2

A

(0-20 cm)

11.9a ±5.02

Aı

(20-50cm)

9.64b±3.65

B

(0-20 cm)

6.30a±2.80

Bı

(20-50 cm)

4.89b±1.88

A

(0-20 cm)

11.7a±2.74

A

ı

B
Dispersion ratio (%)

Forest

A

ı

B
Bare space

A

ı

A
Cultivated

Col. Moist.Equ.
Ratio (%)

B

ı

B
Forest

A

ı

AB
Bare space

Cultivated

Erosion Ratio (%)

Forest

Bare space

Cultivated
Clay Ratio (%)
Forest
Bare space

Land use type (LUT)
Mean±Std.Dev.

B

ı

3245

Soil depth (SD)

LUTxSD

F

Sig.

F

Sig.

F

Sig.

7.50

0.001

26.706

0.000

0.158

0.854

31.36

0.000

11.920

0.001

1.617

0.201

83.65

0.000

12.113

0.001

0.761

0.469

3.63

0.028

49.980

0.000

7.049

0.039

18.26

0.000

6.277

0.013

1.582

0.208

17.97

0.000

0.018

0.893

2.009

0.137

74.75

0.000

20.157

0.000

0.415

0.661
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Aı

(20-50 cm)

9.69b±2.20

*A: Means with different letters are significantly different in the same row among the land use types for the same soil physical properties
(for 0-20 cm depth, ) (A1 for 20-50 cm depth) (p<0.05).
a* : Means with different letters are significantly different in the same row the same land use types different soil depth for the same soil physical properties

Soil properties

Land use type

Cultivated

Water holding capacity (%)

Forest

Bare space

Cultivated

Hydraulic conductivity
(cm/h)

Forest

Bare space

Cultivated

Bulk Density (gr/cm3)

Forest

Soil depth

Mean±Std.Dev.

B

(0-20 cm)

27.3a ±10.7

Bı

(20-50cm)

25.6a ±8.87

A

(0-20 cm)

36.1a±11.6

Aı

(20-50 cm)

37.8a ±10.7

B

(0-20 cm)

25.5a±6.99

Bı

(20-50 cm)

26.2a±6.48

B

(0-20 cm)

45.2a±27.8

Bı

(20-50cm)

48.8a±28.4

A

(0-20 cm)

126.5a±72.2

Aı

(20-50 cm)

123.8a±55.2

B

(0-20 cm)

68.1a±77.7

Bı

(20-50 cm)

66.4a±66.0

A

(0-20 cm)

1.15a±0.14

Aı

(20-50cm)

1.09a±0.11

B

(0-20 cm)

1.03a±0.13

(20-50 cm)

1.07a±0.13

(0-20 cm)

1.15 a±0.09

(20-50 cm)

1.10 a±0.11

(0-20 cm)

57.0a ±5.00

(20-50cm)

58.7a±4.64

(0-20 cm)

60.6a±4.84

(20-50 cm)

59.2a±5.13

B

(0-20 cm)

56.3a±5.30

A

(20-50 cm)

58.6 a±5.15

A

(0-20 cm)

8.29a±4.80

(20-50cm)

6.96a±2.64

A

ı

A
Bare space

A

ı

B
Cultivated

A

ı

A
Total porosity (%)

Forest

Bare space

Cultivated

Avaliable Water Capacity
(%)

Forest

Bare space

Cultivated

pH

Forest

Bare space

Cultivated

Soil organic matter (%)

Forest

Bare space

A

A

ı

ı

A

(0-20 cm)

8.60a±2.97

Aı

(20-50 cm)

8.08a±3.20

A

(0-20 cm)

8.40a±3.28

Aı

(20-50 cm)

8.73a±3.67

A

(0-20 cm)

6.95a±0.64

Bı

(20-50cm)

6.88a±0.73

A

(0-20 cm)

6.65a±0.60

Bı

(20-50 cm)

6.76a±0.66

A

(0-20 cm)

6.95a±0.64

Aı

(20-50 cm)

7.36b±0.87

C

(0-20 cm)

2.84a±1.93

Bı

(20-50cm)

2.68a±1.18

A

(0-20 cm)

8.82a±2.06

Aı

(20-50 cm)

6.49b±2.07

B

(0-20 cm)

4.44a±2.16

(20-50 cm)

2.98b±1.18

B

ı
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Land use type (LUT)

Soil depth (SD)

LUTxSD

F

Sig.

F

Sig.

F

Sig.

34.07

0.000

0.044

0.835

0.577

0.562

38.26

0.000

0.001

0.974

0.058

0.944

7.92

0.000

0.204

3.742

3.742

0.025

5.66

0.004

1.703

0.193

3.235

0.041

1.32

0.268

1.167

0.281

0.925

0.398

8.05

0.000

2.497

0.116

1.927

0.148

159.86

0.000

27.133

0.000

6.537

0.002
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Forest

Bare space
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A

(0-20 cm)

10.3a±5.15

Aı

(20-50cm)

8.79a±3.63

A

(0-20 cm)

6.84a±2.28

Aı

(20-50 cm)

6.65a±2.45

A

(0-20 cm)

7.83a±5.52

Aı

(20-50 cm)

8.96a±4.77

9.98

0.000

0.118

0.731

1.779

0.171

*A: Means with different letters are significantly different in the same row among the land use types for the same soil physical properties
(for 0-20 cm depth, ) (A1 for 20-50 cm depth) (p<0.05).
a* : Means with different letters are significantly different in the same row the same land use types different soil depth for the same soil physical properties

of the analysis of variance, the hydro-physical properties of
the soil, with the exception of AWC (%), did display statistically significant differences in relation with the land use
(p<0.05, p<0.01, and p<0.001, Table 1). The conducted
analysis of variance revealed that amounts belonging to
the sand (%), silt (%), Clay (%), Dispersion ratio (%), CMER (%), Clay ratio (%), and SOM (%) also changed in
statistically significant levels in relation with the depth
levels of the soil. The change in the values of other soil
properties (ER, WHC, HC, BD, TP, AWC, pH, and total
CaCO3) in relation with the depth levels of the soil, on the
other hand, were not statistically significant.
When the changes in values of the soil properties in
relation with the interaction between land use and soil
depth were evaluated, the changes in the amounts of sand
(%), silt (%), clay (%), C-MER (%), and CR (%) of the
soils were statistically significant in relation separately
with the land use type and soil depth whereas the values
were not statistically significant in relation with the interaction between these two factors.
Changes in the dispersion ratio (%) and soil organic
matter (%) amounts, among the soil properties, displayed
significant differences in relation with the land use type
and depth levels of the soils. The interaction between the
land use type and soil depth levels was also significant as
regards to the dispersion ratio and soil organic matter
amounts (Table 1). The dispersion ratio reached its highest
values, in the upper soil depth level (0-20 cm), respectively,
for the cultivated, forest, and bare space areas while, in the
lower soil depth level (20-50 cm), the highest dispersion
ratio values were observed, respectively, for bare space,
cultivated, and forest areas. In other words, the increase in
the dispersion ratios were slower (gradually) for cultivated
and forest areas whereas a higher increase was in question
for the bare space areas. This situation, accordingly, displayed that the interaction between the land use types and
soil depth levels was significant (Table 1).
Besides the condition that the change in the soil organic matter amount was significant as regards to the land
use types and soil depth levels separately, changes in the
value of this property of soil with interaction of the land
use types and depth levels was also statistically significant. The amounts of soil organic matter decreased more,
when descending from the upper soil depth level towards
lower depth levels, in the forest areas whereas this de-

crease was at lesser amounts in the bare space and cultivated areas. This condition causes the change in the organic
matter amounts to be statistically significant in relation
with the interaction of the factors.
CONCLUSION
There are total 22 basins in the Torul Dam basin,
which was constructed for energy production on the
Harsit River. In the basin that is closest to the dam lake,
according to the Hydro-physical properties, land use type
and soil depth how changes in soil properties were investigated in this study. As far as the investigated erodibility
indexes are concerned (DR, ER, C-MER and CR) the
study area soils are very sensitive to erosion. However, although they are sensitive to erosion, the forest area soils
are not actively exposed to erosion because of the permanent vegetation they have. The porosities, water holding
capacities and permeabilities of forest soils are highest.
Therefore, soil loss with surface flow is very low in forest
soils, and the amount of filtrated water into soil may increase. Infiltrated water into the soil feeds the underground rivers and as a result more water is carried to the
dam lake. In this way, water does not carry any sediment.
In agriculture and bare space regions, erosion is active
and threatens the economical lifetime of the dam. Unless
the erosion sensitive areas located in dam basins are occupied with a permanent vegetation, the dam lakes will
complete their lifetimes early as a result of the erosion.
The main objective of the water collecting basins of
dams is water production. For this reason, the relations
between the soil and the vegetation of under soil have
great importance. The basin is under strong erosion threat
as far as the topographical structure; vegetation and land
use is concerned. Besides topographical conditions like
high steepness and latitude, misusage of the lands also
causes the basin to be effected by heavy erosion.
Since the basin is going to be used for water production purposes, it would be useful to make planting plan
that will reduce the water consumption instead of planting
trees all around the lands. Applications of these plans will
contribute to water production. Also, with minimizing the
aspects that damage the nature will increase the life times
of dams. The feeding of the dams with adequate amount
of water continuously and regularly is mostly related to
vegetation due to its role in the hydrological cycle. Planting certain regions for increasing the water production,
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will prevent the dam body to be filled up with sedimentation and also will protect the ecosystem of rivers. Therefore, negative events (erosion, flood, overflowing, global
warming) that could take place on the hydraulic cycle in
the dam basin are, whose effects will be felt in long time
periods can be minimized.
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SEASONAL VARIATION OF NUTRIENTS, COD AND BOD5
IN KLISOVA LAGOON CHANNELS (S.E. MESOLONGHI –
AETOLIKO LAGOON COMPLEX), W. GREECE
Pavlos Avramidis*, Vlasoula Bekiari, Evagelos Tsiotsis and Evagelia Kalimani
Technological Educational Institute of Mesolonghi, Department of Aquaculture and Fisheries Management, Nea Ktiria 30200 Mesolonghi Greece

ABSTRACT
The seasonal variations June / 09 – May / 10 of nutrients (nitrates, nitrites, ammonium and phosphates), Chemical Oxygen Demand (COD), Biological Oxygen Demand
(BOD5) and Total Suspended Solids (TSS), as well as pH,
salinity (S‰) and dissolved oxygen (DO), were measured
over twelve months in four channels, which discharge their
load into Klisova lagoon. The measurements were taken
after two ecological shocks that took place on December
2006 and July 2008 and caused the massive death of fishes.
Moreover, a telemetric environmental station was installed
and data were collected. High values of BOD5, COD and
TSS were continuously measured during the one year
study, while occasionally high values of ammonium and
phosphates were observed. The results of the analysis indicate that human activities such as drainage activities and
the operation of the municipal wastewater treatment plant,
which discharge poorly treated wastes via the channel into
the Klisova lagoon, are the main pollution sources of the
ecosystem.
KEYWORDS: nutrients, pollution, Klisova lagoon, ecosystem,
Greece.

INTRODUCTION
In Greece there are 24 lagoons, with a total surface of
24,500 ha. 10 % of this surface is natural, 85 % partially
natural and 5 % man-made. There are also marshes with a
total surface of 70,900 ha [1]. Wetlands are among the most
threatened environmental areas. A lot of detrimental impacts
have been observed as a result of intensive agriculture, aquaculture, industry, and overexploitation of the water resources,
pollution due to human activities and urbanization, intense
pasturing as well as over-fishing. As a result of the above
anthropogenic activities, coastal lagoons are subjected to increased nutrient inputs, eutrophication and subsequent death
and decomposition of the increased plant biomass which
leads to dystrophic crises in the aquatic systems [2,3].
The last twenty years Greek coastal lagoons have been
investigated for their productivity potential, geomorphologi-

cal and ecological characteristics as well as temporal variations of physicochemical parameters. Most of the Greek
lagoons are of great economical importance for fisheries
and are of international significance as they are protected
by international conventions and are listed in the Natura
2000 European Community Network of Protected Areas.
In the present work, the studied area is the Klisova lagoon and specially the channels that discharge their water
load into the lagoon. The Klisova lagoon is located in the
southeast of the Mesolonghi – Aetoliko lagoon complex
(Fig. 1), which is a wetland of great ecological importance
and is protected under the Ramsar convention. It is an extremely shallow lagoon with a mean depth of 0.5m and is
listed in the Natura 2000 (E.C.) Network with code number GR2310015. This lagoon is threatened by the waste
water treatment plant (WWTP) from the city of Mesolonghi
(Fig. 2) and irrigation water. Several times in the past, environmental disturbances had taken place that resulted in
massive death of fishes. The last ecological shocks took
place on December 2006 and July 2008 where massive death
of fishes was observed in the channels which discharge in
the lagoon (estimate weight three tons).
Several studies have been made for the ecological status
of Mesolonghi–Aetoliko lagoon complex and Klisova lagoon [4-9]. Until now all the above studies accomplished
in the area, dealt with physicochemical and biological factors concerning the extensive lagoon complex of Mesolonghi – Aetoliko as their sampling stations were located

FIGURE 1 - Map showing the Mesolonghi – Aetoliko lagoon complex and the location of Klisova lagoon.
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was used as a reagent to determine nitrates at 345 nm. Nitrites were determined using the diazotization reaction forming intensively coloured azo dye which absorbs with a max
at 515 nm. Finally, phosphates were determined using the
molybdenum blue method at 890 nm. In the case of COD
oxidizable substances react with sulfuric acid-pottasium
dichromate solution in the presence of silver sulfate as a
catalyst using a thermo reactor Hach LT200 (Shilu, China).
The reduction in the yellow coloration of Cr+6 at 348 nm is
evaluated. The Biological Oxygen Demand (BOD5) was
measured manometrically using a WTW OxiTop IS/6
system [10], while the Total Suspended Solids (Dried 1031050C) were measured according to APHA method (Standard Methods of Water and Waste Water 2540D) [11].
FIGURE 2 - Map showing the northern part of Klisova lagoon with
the locations of the monitoring stations K1-K7 in the channels which
discharge their water load into the lagoon, the waste water treatment plant (WWTP) and the location of the telemetric monitoring
station.

only into the lagoons. The present paper focuses in studying the seasonal variation of the physical and chemical
parameters in the water of the channels that discharge into
the Klisova lagoon (Fig. 2) an approach that has been
never followed in the past. Moreover, it aims to contribute towards the identification of possible sources of pollution and proposes some necessary actions.

MATERIAL AND METHODS
The samples were collected during June 2009 to May
2010 from seven monitoring stations (K1-K7) in the channels that discharge into Klisova lagoon (Fig. 2) and twenty
four (24) samples from each station were analyzed. The
samples were collected in one liter polypropylene bottles
which were previously cleaned with HCl 5% w/w. The
samples were transferred within one (1) hour of collection
in the laboratory and were immediately analyzed. pH, salinity (S, ‰), temperature (T, 0C) and dissolved oxygen (DO,
mg/L) were field measured twice per week with a portable
instrument HACH HQ40D (Loveland, Colorado USΑ),
while sampling was carried out every fifteen (15) days for
all other parameters studied. In the channel, where twice
(December 2006 and July 2008) massive death of fishes
was observed a polyparameter telemetric station (Yellow
Springs Inc. - YSI 6200 DAS) was installed and measurements (pH, Conductivity, Salinity, T and DO) were monitored every ten (10) minutes.
Spectrophotometric determination of nutrients (nitrates, nitrites, ammonium and phosphates) and COD
was carried out using a Hach DR2800 (Berlin, Germany)
absorption spectrophotometer, using Hach cuvette test
(LCK). Thus, ammonium ions were reacted with salicylate and hydrochlorite ions in the presence of sodium
nitroprusside as a catalyst and the absorbance of indophenol blue at 690 nm was measured. 2,6 dimethylphenol

RESULTS AND DISCUSSION
Physical Parameters

Due to the low depth of the channels water (<1.0m)
and the very low mean flow velocity of the water
(<4cm/sec) into the channels, the mean month water temperature from all the monitoring stations (K1-K7), were
close to the atmospheric temperatures around the year and
varied from 7 0C to 35 0C (Fig. 3). Salinity values ranged
from 0.18‰ to 8.15‰ (Fig. 3). In periods with very low
fresh water input the salinity increased, indicating partial
intrusion of saline water from the Klisova lagoon into the
channels. Terrain around the lagoon is very smooth and
the intrusion of the saline water is made via the tide.
pH values had in general similar trends to all the stations around the year, with an exception station K7 where
values were slightly higher (Fig. 3). pH ranges between
6.42 to 8.94 (Fig. 3). Dissolved oxygen ranged between
0.14 to 19.21 mg/L indicating in general poor oxygenation
and around saturation and super saturation conditions. The
existence of dissolved oxygen daily fluctuation is related to
photosynthesis phenomenon. Saturating and supersaturating values during the day is related to the photosynthesis
while the very low values is the result of the stoppage of
photosynthesis and taking over of respiration, which take
place late night to early dawn hours. The observed very
large variations of DO concentrations are a clear indication
of intense eutrophication (high biomass values) within the
channels and seem to intensify the natural photosynthesis /
respiration cycle.
The daily fluctuation of dissolved oxygen, pH, T and
salinity were monitored in station K1 with the installation
of a polyparameter telemetric station (YSI 6200) (Fig. 2 &
4). The measurements of this station prove the hypothesis
of the existence phenomenon of photosynthesis and respiration which result the very low values of DO at late night
to early dawn hours. This fluctuation is well recorded in
station K1 as is presented in Fig. 4. Moreover, very low
values of DO have been observed in station K2 and K3 in
the exit of the waste water treatment plant (WWTP).
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FIGURE 3 - Monthly average values of temperature, salinity, pH and dissolved oxygen in monitoring stations K1-K7.

3254

© by PSP Volume 19 – No 12b. 2010

Fresenius Environmental Bulletin

Antenna
GSM Modem

Field Station

GSM Modem

Battery

6200 Data Collection Platform

Η/Υ with EcoWatch Software

GSM Modem

30
28
26
24
22
20
18
16
14
12
10

1,0
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

Temperature

Salinity
3/6/2009 1:31

7,8
7,6
7,4
7,2
7,0
6,8
6,6
6,4
6,2
6,0

13/6/2009 3:31

17/6/2009 7:31

21/6/2009 11:31

25/6/2009 15:31

29/6/2009 19:31

Salinity (‰)

Base Station

10

pH

8
6

DO

4
2

DO mg/L

pH

o

Temperature ( C)

Polyparameter
6600 YSI

Water Temperature
Salinity
Dissolved Oxygen
pH
ORP
Depth/Level

0
3/6/2009 1:31

13/6/2009 3:31

17/6/2009 7:31

21/6/2009 11:31

25/6/2009 15:31

29/6/2009 19:31

FIGURE 4 - The configuration of the telemetric monitoring station and representative results received during June.

Chemical Parameters

In Fig. 5 we present the mean monthly fluctuation of
the nutrients that were measured during the one year monitoring. Phosphates (Fig. 5) ranged from 0.025 to 19.5 mg/L.
The highest values of phosphates were systematically observed around the year, in stations K2 and K3, in the exit of
the waste water treatment plant (Fig.2 ). Relatively higher
values of phosphates were observed during the winter (stations K1, K4 K5, K6 & K7), with exception stations K2 and
K3. Ammonium values ranged from 0.068 to 19.1 mg/L,
while the highest values were observed in stations K2 and
K3 (Fig. 5). The lower values of ammonium in all monitoring stations were observed during summer and autumn.
Nitrates ranged from 0.046 to 6.69 mg/L and for most of
the time kept at high (>0.1mg/L) to very high levels
(>1mg/L). The highest values of nitrates (>2mg/L), to all
stations were observed during winter and specially on January (Fig.5) and can be related to the rainfall washing out
of cultivation fertilizers, while relatively higher values were
also observed during autumn. Nitrites in the monitoring
stations appeared to have low values with exceptions stations K2 and K3 where systematically the highest values
were observed. The highest values (>0.2 mg/L) were ob-

served on March only in stations K2 and K3. In the other
stations similar trends in nitrites concentration existed
during the year (Fig. 5).
BOD values exceed 5 mg/L in almost all the stations
around the year, while the highest values were measured
in stations K2 and K3 where extremely high values of 420
and 680 mg/L were observed on March (Fig. 6). COD
ranged from 5.4 to 11620 mg/L with extremely high values
in stations K2 and K3 (Fig. 6). TSS follows the BOD and
COD trends with highest values presented in stations K2
and K3 on March with values of 9600 and 3720 mg/L
respectively. BOD, COD and TSS values indicate polluted
waters and organic load, due to the influx of wastes into
the channels, as it verified from the similar trends of the
above parameters around the year.
During the one year monitoring we observed extremely
high values of phosphates, ammonium, BOD, COD and a
malfunction incident of waste water treatment plant on
March 2010. We observed discharge of activated sludge
in the channel (March 2010) where stations K2, K3 exist
and as a result of, the highest values of BOD, COD and
TSS were measured (Fig. 6). The above incident influences
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FIGURE 5 - Monthly average values of phosphates, ammonium, nitrates and nitrites in monitoring stations K1-K7.
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FIGURE 6 - Monthly average values of Total Suspended Solids, Biological Oxygen Demand and Chemical Oxygen Demand in monitoring
stations K1-K7.

the physicochemical (DO) and chemical parameters (nutrients such as ammonium and phosphates) of K1 and K2
for the next three months (Fig. 5). The decomposition of
particulate organic matter by bacteria, increases the easily
biodegradable organic matter, increases ammonium - phosphates values and decreases in extremely low levels the DO
values, for three months after the incident of malfunction.
The nitrogen to phosphorous (N/P) [12] ratio around
the year in all stations indicates that phosphorus is the
limiting nutrient (Fig. 7). Based on the observed phosphorus values it seems that the main input of phosphorus in
the ecosystem was coming from the waste water treatment
plant and secondary from the washing out of cultivation
land around the lagoon.
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FIGURE 7 - Relative proportion between Nitrogen and Phosphorus
in stations K1-K7 during the four seasons.
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CONCLUSIONS
From the evaluation of physical and chemical parameters of the water flow into the Klisova lagoon via the
peripheral channels, seems that the ecosystem of the lagoon is threatened by the nutrient and waste load of the
channels. The geographical distributions of the examined
parameters indicate the disagreeable role of the operation
of the waste water treatment plant of city of Mesolonghi.
The most extremely high values to all parameters during the
one year monitoring were observed in stations K2 and K3,
due to the malfunction of waste water treatment plant. The
above result has been also mentioned by Hotos & Avramidou) [7] studying the seasonal fluctuation of the above
parameters in stations located inside the Klisova lagoon.
They also refer to an ‘alarming situation’ for the ecosystem
of Klisova lagoon. Unfortunately, after more than fifteen
years from the above study and after five years from Marazioti et al. study which was published in 2010 [9], the
channels continue to discharge polluted water into the
lagoon, with high content of nutrients and organic load. The
existence of the massive death of fishes was closely related
to the big amount of nutrients and organic load. We
recorded extremely high values of ammonium and phosphates, which in combination with pH and temperature can
be very toxic for aquatic animals and specially for fishes.
As BOD and COD is an indicator of water organic load, the
extremely high values support the assumption of the influx
of polluted water as we observed it in stations K2 and K3
(Fig. 2). Moreover the fluctuations of DO with supersaturating (>12mg/L) and very low (<1mg/L) values, as we
observed from the telemetric station (Fig. 4), is a phenomenon that is common via photosynthesis and respiration and
can cause the massive death of fishes. This is a phenomenon that took place in the past [7] and could be repeated in
the future if water discharge in the lagoon continues to have
the same polluted load as this study records. From the
above study it seems that in the last twenty years Klisova
lagoon re-mains a heavily polluted ecosystem and
measures have to be taken. It is clear that the first measure
is the improvement of the operation of the waste water
treatment plant and the limited use of fertilizers around the
lagoon as high values of phosphates and nitrates (observed
on January and Autumn) are closely related to the washing
out of cultivation. Following the reduction of the polluted
water load into the channels, another measure that has to
be taken is to improve the circulation of the water inside the
Klisova lagoon via the Patras Gulf (Fig. 1). Further more an
attempt can be made in order to discharge the water of the
channels not directly into the water of Klisova lagoon but
in the boarder of the lagoon where reed are growing up.
As a result of the above action, nutrient input into the lagoon
will be extremely decreased. Finally the Prefecture of
western Greece, following the directives of the European
Community, has to develop and install a permanent water
monitoring procedure in order to manipulate and limit the
environmental risk of the protected and threatened ecosystem
of Klisova lagoon. The above integrated system for the

monitoring and management of Klisova lagoon will support
decision making by non-expert users such as regional water
authorities and water consuming units.
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ABSTRACT
Application of the European Water Framework Directive requires Member States to have better understanding of the quality of surface waters in order to improve
knowledge of priority pollutants. Xenobiotics in urban receiving waters are an emerging concern. This study proposes a screening campaign of laurylalkylbenzene sulfonates in a separated sewer system. An analytical method
by solid-phase extraction and liquid chromatography coupled
with mass spectrometry detection was developed providing
satisfactory detection and quantification limits. Ten sites
and seven types of waters (wastewaters, treated
wastewaters, ground water, rainwaters, roof collected
waters, run-off waters and carwash wastewaters) were
investigated over one year in Toulouse (France) using
quantitative monitoring. Ground, rain and roof collected
water concentrations are similar to treated wastewater levels. Run-off water was the most polluted and impacted the
aquatic environment. Washing stations were responsible
for 75% of the LAS load in stormwaters. The wastewater
treatment plant reduced laurylalkylbenzene sulfonates
concentrations by 90% before discharge into the environment. The results showed that laurylalkylbenzene sulfonates concentrations were variable over time and space
in all urban water compartments. No correlation between
laurylalkylbenzene sulfonates concentrations and global
water pollution parameters was observed.

KEYWORDS: surfactant, pollution, quantification, liquid chromatography, mass spectrometry

about 18 million tonnes [2]. Thus, it is the most surfactant
used in detergents and cleaning products (shampoos, personal care products …). They consist of a mixture of homologues differing in the number of carbons in the aliphatic chain. For each homologous, positional isomer exist
depending on the position of the benzene sulfonate group
on the aliphatic chain. Commercially, produced LASs are
mixtures containing homologues with alkyl chains ranging from 10 to 13 carbon atoms [3]. Their detergency
depends mainly on the position of the benzene sulfonate
group from the alkyl chain and the length of this channel
[4]. These surfactants enter into wastewater treatment plants
(WWTP) and are dispersed into the environment through
effluent discharges into surface waters. They could also be
discharged directly in surface waters [1]. LASs were found
in range of concentrations of 1.6 to 3.7 µg.L-1 in drinking
waters and between 14 and 155 µg.L-1 in river water [5]. In
WWTP, reported values of LASs are between 104 and
1920 µg.L-1 in wastewaters and between 11 and 872 µg.L-1
in treated wastewaters [6]. Evaluation of LAS levels in environmental samples were principally performed by highperformance liquid chromatography (HPLC) coupled with
UV-detection [7, 8] or fluorescence detection [3, 9, 10, 13].
Methods using mass spectrometric detection were more
rare [6].
Thus, the aim of this study was to develop and optimize an analytical method to quantify the LASs in different water samples by liquid chromatography coupled with
mass spectrometry detection in order to determine LAS
concentrations in the urban water cycle of Toulouse
(France).
MATERIALS AND METHODS

INTRODUCTION

Reagents and standards

Linear alkylbenzene sulfonates (LAS) are synthetic
anionic surfactants, produced since the 1960s. They were
introduced to substitute highly branched alkyl benzene
sulfonates which were slowly biodegradable [1]. In 2003,
worldwide consumption of LASs has been estimated at

All chemicals used were analytical quality. Methanol,
acetonitrile and hydrochloric acid 37% Multisolvent HPLC
grade were purchased from Scharlau (Paris, France). Nhexane Suprasolv and ammonium acetate were obtained
by VWR Merck (Fontenay-sous-Bois, France). Condea
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Chimie SARL supplied the Marlon ARL which is a commercial surfactant powder containing 80% of C10–C13 LAS.
This commercial homologue LAS mixture has the following
homologue mass distribution: C10 (14.3%), C11 (35.7%), C12
(30.8%), and C13 (19.2%). C8-LAS from Alfa Aesar (Schiltigheim, France) was used as internal standard at 10 mg.L-1
in each extract. Sodium DodecylSulfate (SDS; 99% purity) was purchased from Acros Organics (Illkirch, France).
It was added in extract at the concentration of 2 mM.
GF/C filters (glass microfibre; 1.2 µm) from Whatman
(Versailles, France) were used for filtration of water samples. Lichrolut RP-18e SPE cartridges (500 mg; 3 mL) were
obtained by VWR Merck (Fontenay-sous-Bois, France) and
SAX (Strong Anionic eXchange) SPE cartridges (500 mg;
3 mL) were purchased from Varian (Massy, France). Syringe filters in PTFE with a 0.45 µm pore size from VWR
Merck (Fontenay-sous-Bois, France) were used to filtrate
extract before analysis.

Sample collection

Nine sites were investigated in Toulouse in order to
evaluate the LASs contamination. Ground water was collected under a normally frequented urban road. Rainwaters
were collected in a zone free from any overhanging interference. Roof collected waters were taken from buildings
in the town centre. The town of Toulouse is equipped with
a separated sewer system where pollutants in wastewater
system could not mix with the stormwater. The two main
outlets of Toulouse (France) were selected in order to
evaluate the stormwater quality. Outlet 1 fed from an urbanised catchment area of 439 hectares. Outlet 2 drains
water of a low urbanised area which corresponds to a catching area of 1428 hectares. Three carwashes were investigated: truck carwash which trucks were washed manually,
self-service carwash for car and motorcycles equipped with
self-service high-pressure water jet and petrol station carwash equipped with self-service high-pressure water jet

Truck carwash

Self-service carwash
WWTP

Petrol station carwash

Run-off (outlet 2)
Run-off (outlet 1)

Rainwater

Roof collected water

Ground water

FIGURE 1 - Location of sampling sites
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and washing roller brushing. These three sites discharged
wastewaters into the stormwater network after a pre-treatment process composed of a scrubber and an oil separator.
The Toulouse wastewater treatment plant (WWTP) was also
investigated. This treats about 125 000 m 3 per day of
wastewaters and discharges its effluent into the River
Garonne. It is composed of a pre-treatment grid, sand trap
and degreaser plus three treatment units: treatment unit n°1
(400 000 equivalent inhabitants), treatment unit n°2
(150 000 equivalent inhabitants), treatment unit n°3
(250 000 equivalent inhabitants), followed by a nitrification
unit (800 000 equivalent inhabitants) which treats all water
from treatment unit n°1, 2 and 3, before discharging it
into the River Garonne. In this study, wastewater entering
treatment unit n°1 (biological treatment using activated
sludge) and treated wastewaters (after nitrification unit)
were investigated. Figure 1 shows the locations of the sampling sites.

methanol. This extract was then transferred to a SAX SPE
cartridge pre-conditioned with 3mL of n-hexane followed
by 10 mL of methanol. LAS were eluted with 2 mL of
hydrochloric acid/methanol mixture (20/80; v/v). The final
extract was concentrated under a gentle stream of nitrogen
and redissolved in 1mL of methanol. The extract was
filtered through a 0.45 µm syringe filter. Then, 10 µL of
internal standard C8-LAS at 1 g.L-1 and 20 µL of SDS at
28.8 g.L-1 were added to the extract.

Sampling method

Four samples were collected from ground water, rainwater and roof collected water between November 2008
and November 2009. For ground water, samples were
taken in dry weather in order to limit road scrubbing and
were made in a sealed manhole chamber. For rainwater,
forty basins in high density polyethylene were distributed
on the ground in order to cover a large area. For roof
collected water, samples were taken from the gutter down
pipe. Each time, around 15L of water was collected and
then homogenized in order to obtain a representative
sample. For the two outlets studied, an automatic sampler (ISCO 3700, Neotek) was used for ten events over
24 hours. Concerning carwashes, five samplings were made.
Samplings were realised manually from a conveyance at
the pre-treatment process exit. Outlet and carwashes samples were collected between December 2006 and December 2007. For wastewaters and treated wastewaters, two
automatic samplers were used to sample four dry events and
four rainy events over 24 hours. WWTP sampling was carried out between March 2008 and March 2009. Amber
glass bottles of 1L were filled with samples and stored at 25°C prior to analysis.
Sample extraction

LASs determination in environmental samples was
carried out according to a protocol of several determinative steps, that is, pretreatment, extraction, and analysis
(Figure 2).
Water samples were filtered through GF/C filters to
remove suspended solids in order to avoid clogging of the
cartridge. Water sample extractions were performed with
Lichrolut RP-18e SPE cartridges (500mg; 3mL) preconditioned with 10 mL of methanol followed by 10 mL
of milliQ-water. 1000 mL of water sample was transferred
to the SPE cartridge using a vacuum manifold system
(Supelco). The SPE cartridge was rinsed with 5 mL of
milliQ-water followed by 5 mL of methanol/milliQ-water
mixture (20/80; v/v). LAS were eluted with 10 mL of

FIGURE 2 - Outline of LASs analysis
Sample analysis

Chromatographic analysis was preformed on a Dionex
high performance liquid chromatography (Dionex, France)
equipped with a SOR100 degasser, a P680 HPLC pump, a
ASI 100 autosampler, a TCC 100 thermostated column
compartment and a UVD340U ultraviolet diode array. A
mass spectrometer MSQ Surveyor (Thermo Finnigan,
France) was connected on line. The system was computercontrolled with data acquisition and processing using
Chromeleon (Dionex) software.
LASs separation was carried out using a Lichrospher®
100 RP-18e (250x4 mm id, 5µm) column protected by
Lichrospher® 100 RP-18e (4x4 mm id, 5µm) guard column (VWR Merck, France). The injection volume was set
at 30 µL, the column was thermostated at 25°C and the
flow rate was 0.8 mL.min-1. The elution was performed with
a gradient composed of milliQ-water (A) and a solution of
acetonitrile/milliQ-water (80/20; v/v) containing 2 mM of
ammonium acetate (B). The gradient programme for the
first 3 min was 30% B and was increased linearly to 100%
B over 10 min, then kept isocratic for 2 min and decreased
linearly to 30% B over 2 min (Figure 3).
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LASs detection was carried out using UV detector at
224 nm and mass spectrometer equipped with an ESI
probe in negative mode (Figure 4 and 5). The ESI conditions were as followed: probe temperature 350°C, capillary tension 3 kV, ion fragmentation energy 80V. The
fragments (m/z) used for the identification and quantification of LASs were: 297 (C10-LAS), 311 (C11-LAS), 325
(C12-LAS), 339 (C13-LAS), 270 (C8-LAS) and 183 as
common fragment ion.

Multivariate data analysis

The multivariate data analysis simulation was performed using the commercial software XL stat. The objectives of Principal Component Analysis (PCA) are to find
and interpret hidden complex and casually determined
relationships between dataset. The key idea is to study the
data structure in a reduced dimension while retaining the
maximum amount of variability present in the data. A matrix of pairwise correlations among compounds concentra-

100%
90%

Percentage of solvent B (%)

80%
70%
60%
50%
40%
30%
20%
10%
0%
0

3

13

15

17

Time (min)

Intensity (%)

FIGURE 3 - Diagram of gradient used for the separation of LAS homologues. Flow-rate=0.8 mL.min-1.

Wavelength (nm)
FIGURE 4 - UV spectrum of LAS.
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ture of LASs. LASs were separated in 17 min, with retention time of 11.1 min, 11.9 min, 12.6 min and 13.3 min for
C10, C11, C12, C13-LAS, respectively. The quantitative calculations are made from the peak area corrected with C8
peak area. LASs were determined as the sum of homologous C10 to C13 LASs. The calibration curve was obtained
with standard solution of LASs. The linear range was set
between 0.01 µg.L-1 and 3 mg.L-1 for the sum of LASs
(C10-C13), with regression coefficient (r²) above 0.99.

Relative abundance (%)

311 – C11

325 – C12

297 – C10
339 – C13

Common ion

m/z
FIGURE 5 - Mass spectrum of LAS.

tions is decomposed into eigenvectors, which, are sorted in
descending order of their corresponding eigenvalues. In
this work, the variables were standardized in order to ensure that they have equal weights in the analysis (mean is
equal to zero and the standard deviation is equal to the
unit. Then, the calculation of the covariance matrix by
identifying the eigenvalues and their corresponding eigenvectors was carried out.

The precision of the chromatographic determination
was evaluated by standard solution of 5 mg.L-1. The
standard solution was analysed ten times and the relative
standard deviation (%) was calculated. The repeatability
of the chromatographic determination was found to be 7%
for the sum of LASs. Reproducibility of the method was
tested on EVIAN water spiked with three concentrations
of the sum of LASs (0.7, 10 and 300 µg/L). Extraction was
repeated three times for each concentration at different days.
The Σ LAS (C10-C13) percentages of recovery for each
concentration were respectively in the 120 ± 5 %, 84 ± 6 %
and 60 ± 3 %. The percentages of recovery were good for
the concentration of 0.7 and 10 µg.L-1. For the concentration of 300 µg.L-1, the recovery was lower than other due
to the possible saturation of the cartridge during the extraction time. On the other hand, the matrix which is
moderately mineralized could also interact with the
sorbent and induce a decrease of the percentages of recovery. Limit of detection, determined as 3 standard deviations above the mean blank signal, was 0.01 µg.L-1 for
the sum of LASs. Limit of quantification was determined as
10 standard deviations above the blank signal and was
equal to 0.03 µg.L-1. The method developed in this paper
allows to obtain limits lower than those obtained by other
works [3, 10, 12, 13].
Concentrations in environmental samples

Chromatographic separation, calibration and limits of detection

LAS concentration was determined for the ten types
of water investigated in Toulouse. The results of analysis
were summarized in Table 1. The minimum, maximum,
mean and standard deviation (SD) values were calculated.

Figure 6 shows the chromatogram resulting from the
methodology described above applied to a standard mix-

Values less than the quantification limit were taken as
zero for statistical calculations.

Counts number

RESULTS AND DISCUSSION

Time (min)
FIGURE 6 – HPLC chromatogram of LASs standard mixture at 5 mg.L-1 with MS detection
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TABLE 1 - Statistical data on LAS
concentrations found in studied waters.
Type of water

n
4
4
4

Minimum
(µg.L-1)
0.01
0.03
0.02

Maximum
(µg.L-1)
0.03
0.21
0.09

Mean
(µg.L-1)
0.02
0.09
0.04

SD
(µg.L-1)
0.01
0.08
0.03

Ground water
Rainwaters
Roof collected
waters
Run-off waters
Truck carwash
Self-service
carwash
Petrol station
carwash
Wastewaters
Treated
wastewaters

20
5
5

6.20
0.005
8 100

920
53.0
64 000

252
14
20 120

244
23.0
24 540

5

46.0

3 000

719

1 280

8
8

2.70
0.08

6.80
0.14

3.84
0.11

1.36
0.02

A schematic representation and box plot representation of LASs concentration in the different waters was
shown in Figure 7 and 8 respectively.

Wastewaters

Roof collected
waters

0

0.1

1

2

3

4

12

According to Figure 7 and Table 1, wastewaters from
self-service carwash were the most polluted water and
presented LAS values higher than those observed in literature for wastewater [6, 13]. The petrol station carwash
studied discharges 700 µg.L-1 of LASs in mean into the
stormwater network. LAS concentrations observed from
petrol station carwash were in order of magnitude of values observed for surface waters in England [9] and in
Spain [12]. LAS concentrations found in wastewater from
truck carwash are low compared with data from surface
waters in England (mean=147 µg.L-1) [9] and in Spain
(mean=44µg.L-1) [12]. The difference of LAS concentrations between self-service carwash and petrol station carwash could be explained by the difference between carwash
processes, perhaps high-pressure water jet consumes more
detergent with LASs than washing roller brushing. Moreover, the self-service carwash could be more used than the
petrol station carwash.

Truck
carwash

13

14

200

Petrol station carwash

300

Rainwaters and
treated
wastewaters

Groundwaters

400

500

600

20 000

700

Run-off waters

Σ LASs
(µg.L-1)

Self-service carwash

FIGURE 7 - Schematic representation of mean concentration of LASs in studied waters.

Was tewaters
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R o o f	
  c o llec ted	
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  c o llec ted	
  
waters
R ainwaters
R ainwaters
G ro und	
  waters
G ro und	
  waters

0

1

2

3

4

5

6

7

0

LAS (µg/L)

0,05

0,1

0,15

0,2

0,25
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FIGURE 8 - Box plots of LAS concentrations by sampling site, noting the minimum and maximum values, the median (⎯) and the mean (+).
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The wastewater treatment plant (WWTP) reduced LAS
concentrations by 90% before discharge into the environment. LAS concentrations in wastewaters from WWTP
were lower than those found in the literature for
wastewaters from WWTP in Spain (mean=837 µg.L-1) [6], in
Jordan (mean=10.21 µg.L-1) [8] and in Italy (mean=6329
µg.L-1) [13]. The levels observed in WWTP entry are
lower than those of wastewaters from carwash. A Spanish
study re-ported LAS mean concentrations for treated
wastewaters (590 µg.L-1) higher than those observed in
this study [6]. Two other studies reported LAS values of
2.59 µg.L-1 [8] and 68 µg.L-1 [13] which were higher than
values found in treated wastewaters in Toulouse.
Mean values observed for the two outlets were comparable to concentrations found for surface water in Turkey (mean=224µg.L-1) [11] and in England [9]. Groundwater, rainwaters and roof collected waters have low
concentrations of LASs. Rejected waters by the outlets to
the environment were more polluted than those rejected
by WWTP. Wastewaters entering in unit treatment G1 of
WWTP were less concentrated in LASs than stormwaters.
As carwashes are allowed to reject wastewaters into
the stormwater network after a pretreatment, a compari-

son of loads from carwashes to pollution flows at outlets
was performed. Thanks to an inventory of the organizations owning discharges licences and a modelisation scenario, we manage to establish the composition of the two
outlets: two self-service carwashes, two petrol station carwashes and one truck carwash. Thus, for run-off waters
(outlet 1 and 2), 75% of the LAS pollution could attributed to the carwash discharges [13].
Correlation study

Principal Component Analysis was carried out in order to find relationships between LAS and global parameters of water pollution. More than LAS levels, samples were
measured for pH, conductivity, turbidity, chemical oxygen
demand (COD), nitrogen (Nt), phosphorus (Pt), suspended
solid (MES) and volatile suspended solid (MVS). A data
matrix, with columns representing the different samplings
(observations) and rows corresponding to the measured
parameters (variables), was constructed. A total of 48 complete observations were selected for analysis. Table 2 present the statistical data on the different parameters measured.

TABLE 2 - Statistical data on different parameters concentrations found in studied waters.
Variable
LAS
COD
Pt
Nt
pH
Conductivity
Turbidity
MES
MVS

Unit
µg.L-1
mg.L-1
mg.L-1
mg.L-1
µS.cm-1
NTU
mg.L-1
% MES

Observations
48
48
48
48
48
48
48
48
48

Minimum
0.0
29.0
0.0
4.0
4.1
7.5
0.8
2.9
15.3

Maximum
920.0
890.0
9.7
81.0
8.7
971.0
304.7
448.0
100.0

Variables (axes F1 et F2 : 76,32 %)

Mean
104.2
157.7
1.8
27.3
7.4
458.9
49.8
69.1
65.6

SD
224.1
230.6
2.8
24.7
0.9
293.1
93.5
112.3
26.2

Variables (axes F1 et F3 : 69,51 %)

1

1
MVS

0 ,75

0 ,75
LA S 	
  ( µg /L)
0 ,5

0 ,2 5

F3 (9,86 %)

F2 (16,67 %)

0 ,5

T urbidité
D
O
MC
PETS
0
NT

-‐0 ,2 5

MCEO
D
S
T urbidité

0 ,2 5

PT
0
NT

MVS
-‐0 ,2 5

C onductivité

C onductivité
-‐0 ,5

-‐0 ,5

pH

pH

LA S 	
  ( µg /L)

-‐0 ,75

-‐0 ,75

-‐1

-‐1
-‐1

a)

-‐0 ,75

-‐0 ,5

-‐0 ,2 5

0

0 ,2 5

0 ,5

0 ,75

1

-‐1

F1 (59,65 %)

b)

-‐0 ,75

-‐0 ,5

-‐0 ,2 5

0

0 ,2 5

0 ,5

0 ,75

F1 (59,65 %)

FIGURE 9 - The square cosines for all variables in a) components F1 and F2 and b) components F1 and F3.
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The Principal Component Analysis showed that of
the 9 components, the first component (F1) accounted for
about 59.6 % of the total variance, the second component
(F2) accounted for about 16.7 % of the total variance and
the third component (F3) accounted for about 9.9 % of the
total variance of the dataset. The loadings for the three
first components and square cosines are presented in
Figure 9.

We would like to thank Bernard Sentenac and Isabelle
Dos Santos Meira for their technical support.
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