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MICROBIAL ACTIVITIES IN THE REMOVAL OF
CHLORINATED HYDROCARBONS THROUGH A
ZERO-VALENT IRON PERMEABLE REACTIVE BARRIER
Alexander Link1, Karl Glas1,* and Hans-Joachim Betko2
1

Institute of Water Quality Control, Technische Universität München (TUM), Munich, Germany
2
Environmental Services, TüV Süd Industrie Service GmbH, Munich, Germany

ABSTRACT

1. INTRODUCTION

In multiple studies about Fe0 permeable reactive barriers (PRBs), it has been proved that microbial activities
within the PRB contribute to the degradation of chlorinated hydrocarbons. There is however a lack of information
on why bacteria are able to act in spite of the unfavourable
environment (pH 10.4). Manual counting of bacterial colony forming units on agar plates demonstrated that bacteria
are present on the contamination site and that the largest
number of bacteria is to be found in the PRB. But only a
few different bacteria species were found within the PRB
samples, underlining the special environment in the PRB.
Further research through isotopic analyses showed that
bacterially produced methane exists in low concentrations
within the PRB.
Monitoring over 3 years showed typical reduction behaviour of chlorinated hydrocarbons within the PRB, characterized by fast degradation of PCE and accumulation of
cDCE. The complete denitrification and demanganization
combined with a strong alkaline environment comply with
findings in other PRBs.
Mineral precipitation was examined using Raman spectroscopy, Scanning Electron Microscopy (SEM) employing
Energy Dispersive X-ray (EDX) and X-ray diffraction. Calcite and magnetite were detected on the surface and inside
the used iron pellets, while dolomite and quartz were
discovered on the surface only. There is an indication that
the existing calcite needles have been formed newly and
that the magnetite crystals originate from magnetotactic
bacteria. Ultimately a connection was established between
the microbial activities in the PRB and certain heavy
metals (e.g. iron, copper, vanadium, manganese) integrated in the iron sponge pellets.

KEYWORDS: chlorinated hydrocarbons, bacteria, isotopes,
mineralization, X-ray diffraction, metalloenzymes

* Corresponding author

Permeable reactive barriers containing iron or reactive
redox barriers are considered as the main applications of the
reactive barrier technology, followed by sorption barriers, in
which activated carbon is mostly applied [1]. This is due to
the environmentally toxicologically unobjectionable use of
zero valent iron and its many-sided application on various
groundwater contaminants such as DDT, PFOS, uranium,
chromate and arsenate [2]. The so-called iron sponge has
proved to be most efficient compared to other macro sized
reactive materials.
Iron is an essential survival element for living organisms. The protein lactoferrin for instance, which binds iron
in the tear fluid and thus prevents the vital supply of iron to
disturbing bacteria is of great benefit [3]. Nanoscale iron
is used not only for the catalytic reduction of chlorinated
hydrocarbons (CHC), but is also being injected on EU approval since 2011 at the Berlin Charité to fight cancer tumours [4]. Nano-iron is moreover present in a natural way,
for example as magnetite (Fe3O4) crystals in magnetotactic
bacteria [5, 6].
Zero-valent iron (ZVI) is suited for the reduction of
pollutants to nonhazadous substances due to its low redox
potential (E0 = -0.44 V) [2]. The oxidation of ZVI during
the catalytic dehalogenation process of CHC is accompanied by the formation of hydrogen (H2) and hydroxide
(OH-). Bacteria use the released hydrogen as an electron
donator to increase the biomass and thus also contribute
to the reduction of chlorinated hydrocarbons. In Rheine, a
polluted site where zero-valent iron is also used as reactive material within a PRB for the degradation of CHC, Rosenthal [1], Ebert [7] and Birke et al. [8] have demonstrated
repeatedly that the bacteria contribute significantly to the
degradation of contaminants. However, until now, the reason why bacteria are active in spite of an extremely alkaline
environment (pH mean value 10.4) within the PRB, is not
understood.
In previous studies on the possible use of molasses at
the investigated site, a connection was established to metalloenzymes, which catalyze the most important biotic pro-
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cesses especially in the PRB [9, 10]. It was found that molasses contains a variety of essential trace elements for
bacteria, which also activate enzymes. This applies also to
the iron sponge.
2. MATERIALS AND METHODS

tion is oriented to the north and the hydraulic gradient (i) is
0.007. The flow velocity was measured with a coefficient
of permeability (kf value) of 1.4 x 10–4 m/s at 0.4 m/day.
The residence time within the PRB is about 36 hours [2].
The groundwater contour lines (Fig. 1) indicate that the
groundwater flow direction is perpendicular to the PRB,
showing that there is no impoundment at the upgradient
sector of the PRB.

2.1 Site description
2.1.1 Contaminant characterization and monitoring of groundwater sampling

Since June 2009 a near surface tetrachloroethene (PCE)
contamination from a former dry-cleaner is being treated
using zero-valent iron (ZVI) sponge in a permeable reactive barrier (PRB).
The monitoring of the groundwater quality is carried out
by regular analysis of seven groundwater monitoring wells
(GWM) instructed by the authorities. The groundwater upgradient is measured with three GWM (GWM 1, GWM 5,
GWM 7). The groundwater downgradient is monitored
with four monitoring wells (GWM 3, GWM 4, GWM 6,
GWM 11). Furthermore three groundwater monitoring wells
(GWM 8, GWM 9, GWM 10) exist within the PRB (Fig. 1).
The locations of the existing PCE contaminations are
marked in the site plan.

FIGURE 2 - Schematic structure of the PRB [2]
2.1.3 Geometry of the barrier and used material

With a length of 29 m and a depth of approximately
2 m, the PRB covers the two known plumes. The fitting
of the reactive barrier into the Tertiary clay layer (0.2 m)
ensures that the contaminated groundwater flows through
the PRB only (Fig. 2). The PRB consists of a mixture of
quartz sand and iron sponge (ReSponge®) in a mixing
ratio of 75/25 (by weight -%) [2].
2.2 Abiotic and biotic processes within the PRB

FIGURE 1 - Map of the groundwater contour lines on the 31.01.2012,
location of GWM 1-11 [11]

Besides the abiotic degradation of CHC by iron, biotic processes take place in the PRB [8, 11, 12]. Evidence
for the presence of bacteria could be delivered [10] by
colony forming units (CFU) measurements. Due to the
anaerobic corrosion of iron, hydrogen is being made available as electron donator for the anaerobic bacteria, which
are involved in the degradation of CHCs. Thus the degradation capacity of the PRB is increased [1, 2].

2.1.2 Hydrogeological characterization

The PRB was installed in the 3.3 m thick quaternary
layer (Fig. 2). The groundwater level varies between 1 and
2 m above the surface of Tertiary clay layer (aquiclude).
The surface of the Tertiary is characterized by undulations
and a high absorption degree of CHC [11]. The flow direc-

2.2.1 Abiotic CHC degradation

The abiotic reductive dechlorination of PCE is realized by the oxidation of zero-valent iron. The chlorine atoms are replaced successively by hydrogen atoms until receipt of ethene or ethane. The following three simultane-
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ously occurring reactions of zero-valent iron are launching
the production of OH- , H2 and the creation of an alkaline
environment within the PRB [2]:
Dissolved oxygen:
2 Fe0 + O2 + 2 H2O à 2 Fe2+ + 4 OH(Eq. 1)
Water:
2 Fe0 + 2 H2O à 2 Fe2+ + 2 H2 + 2 OH-

(Eq. 2)

Chlorinated hydrocarbons:
R-Cl + Fe0 + H2O à R-H + Fe2+ + Cl- + 2 OH- (Eq. 3)
The direct electron transfer (Eq. 3) on the surface of
elemental iron represents the main dechlorination reaction
[7]. The liberated hydrogen is required by the anaerobic
bacteria as auxiliary substrate to degrade higher chlorinated hydrocarbons.
2.2.2 Bacterial CHC degradation

The initial anaerobic microbial attack on PCE must
be reductive [13]. For this purpose anaerobic bacteria utilize hydrogen and acetate as auxiliary substrates. This is
either produced abiotically by anaerobic corrosion of iron
or biotically by fermentation of organic matter. While
tetrachloroethene (PCE) and trichloroethene (TCE) are
degraded comparatively quickly by the anaerobic dechlorination (halorespiration), vinyl chloride (VC) and cis-1.2dichloroethene (cDCE) accumulate [14]. The lower chlorinated hydrocarbons TCE, cDCE and VC are being fully
degraded to ethene in an anaerobic environment, if
dehalorespiring bacteria such as Dehalococcoides
ethenogenes species are present [15]. However, they are
also dechlorinated under aerobic conditions. The aerobic-oxidative degradation happens either co-metabolically
with methane, ethane, ethene, propane, butane, toluene,
phenol

or ammonium as a substrate or without any additional
substrate. In the latter case, the chloroethenes serve as sole
carbon and energy source for the bacteria [13, 14]. The
advantage of aerobic degradation consists in the complete
mineralization of CHCs to chloride and carbon dioxide.
Thus, in the absence of dehalorespiring bacteria, a twophase anaerobic-aerobic system (PCE and TCE to cDCE /
VC to ethene) is required. The PRB meets these conditions
by forming an in situ reactive zone over 0.6 m. This is
illustrated by the very different environmental conditions
within the PRB in comparison with upgradient and downgradient zones from the PBR. Characteristic features of the
present environment are the complete denitrification and
demanganization, the alkaline pH, anaerobic conditions [2]
and a small amount of different bacteria species.
It is important to note, that the biotic degradation process occurs within the first 10 cm of the PRB [8]. The
biotic processes are thereby related exclusively to a microenvironment.
3. RESULTS AND DISCUSSION
3.1 Chemical water analytics

The remediation target (VC < 0.5 µg/l) have been met
for the most part. The CHC concentrations in GWM 11,
downgradient from the PRB, are lower than the detection
level. This supports the fact of complete degradation of
chloroethenes to chloride and carbon dioxide. The maximum value of cis-1.2-dichloroethen (9,600 µg/l) in GWM
8 is due to the relatively rapid degradation of PCE and
TCE and the associated accumulation of DCE and VC
(Fig. 3). Moreover, it can be assumed that by desorption

627

© by PSP Volume 22 – No 3. 2013

Fresenius Environmental Bulletin

FIGURE 3 - CHC average concentration of the transect GWM 7, GWM 8, GWM 6 and GWM 11, June 2009 - July 2012 [11]

FIGURE 4 - CHC average concentration of the transect GWM 5, GWM 10, GWM 4 and GWM 11, June 2009 - July 2012 [11]

from the Tertiary and by diffusion from the unsaturated
zone, PCE is being discharged constantly in the aquifer. The eastern transect GWM 5, GWM 10 and GWM
4 covers the plume of the main contamination source.

The VC-concentration downgradient is consistently low at
GWM 4 and GWM 11 (< 0.5 µg/l) (Fig. 4). The western
transect GWM 7, GWM 8 and GWM 6 stands in a straight
line with the second known plume. It points out the very
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high cis-1.2-dichloroethen concentration within the
PRB (GWM 8). It can be considered as reference for the
degradation process within the PRB.
Downgradient from the PRB, where aerobic conditions are instant, the CHC concentration is reduced considerably due to the oxidative-aerobic dechlorination.
The high chloride concentrations in the groundwater
(max. 150 mg/l) correlate with the low CHC concentrations (mean value 41.7 µg/l). At anaerobic conditions the
PRB provides a sufficiently low redox potential for the
dechlorinating degradation [16].
Furthermore, a demanganization and a nearly complete
denitrification (mean value 0.7 mg/l) take place in the PRB.
The low nitrate (N03-) concentration within the PRB is an
indicator for the reducing conditions (Fig. 5). The anaerobic conditions (mean value 1.6 O2 mg/l), the negative redox
potential and the available hydrogen provide an optimum
environment to anaerobic bacteria. These convert nitrate to
nitrite and further on into molecular nitrogen. Furthermore,
nitrate is being degraded reductively by iron under formation of ammonium [7]. Downgradient from the PRB,
the oxygen concentrations increase smoothly. There
ammonium is oxidized to nitrite (NO2) and nitrate (NO3)
by nitrifiers such as for example the Nitrosomonas and
Nitrobacter species. The negative redox potential in the
PRB (mean value -580 mV) shows that bacteria use the
formed energy to increase their biomass. This process is
coupled to CHC degradation.

FIGURE 5 - Nitrate average concentration upgradient, within and
downgradient of the PRB, June 2009 - July 2012 [11]

The low concentration of calcium in the PRB (mean
value 20.5 mg/l) (Fig. 6) can be attributed in part to the
precipitation of calcium carbonate on the surface and in
the interior of the iron sponge [11, 17]. Another reason for
the concentration decline consists in the calcium uptake by
bacteria. Calcium is essential for the formation and stability
of cell walls.

FIGURE 6 - Calcium average concentrations upgradient, within
and downgradient of the PRB, June 2009 - July 2012 [11]
3.2 Microbial analytics

In July 2011, October 2011 and January 2012 three
groundwater samples from groundwater monitoring wells
upgradient, within and downgradient of the PRB (GWM 4,
GWM 9 and GWM 7) were analysed by means of the
spread plate method by the company Inocre [11]. To determine the number of viable cells of bacteria (CFU: Colony Forming Units) three different nutrient agars were
used: nutrient-rich agar CASO, nutrient-poor R2A agar and
alkaline nutrient agar.
Considering the evaluation of viable cell numbers of
samplings from July and October 2011 and January 2012,
the latter provides a clear trend. In winter all samples
indicate a lower viable cell count. Only GWM 4 achieved
the highest value with 7 x 102 CFU/ml on the Caso agar.
Nevertheless, the difference between the living cell numbers in GWM 4, GWM 9 and GWM 4 consists only in
one order of magnitude, despite different water temperatures in January (4.5°C – 6.5°C) and July (16°C – 18°C).
Therefore it can be assumed that temperature fluctuations
have no significant influence on the growth of on-site
living bacteria (Fig. 7).
As far as the aerobic cultivation is concerned, the expectations in general have been confirmed. Thus, despite
lower growth rates in January, the highest viable cell counts
are in GWM 9 as follows: July 1.4 x 104 CFU/ml (R2A),
October 4.3 x 105 CFU/ml (R2A) and in January 1.1 x 104
CFU/ml (Caso). An additional study on a second well
(GWM 8) was able to confirm these results. GWM 8 contains the highest number of bacteria with 2.9 x 104 CFU/ml
(R2A) and 9 x 104 CFU/ml (Caso). This proves that a
growth-promoting environment exists within the PRB.
By comparing macroscopically the bacteria on the different culture media in July, October and January, it can be
stated generally that the diversity of distinguishable colonies in the PRB monitoring wells (GWM 9) is lower than
in GWM 4 and GWM 7 (Fig. 8). This is most likely due to
the highly anaerobic environment (O2: mean value 1.6 mg/l,
nitrate: mean value 0.7 mg/l), which inhibits the growth of
aerobic bacteria or stops it.
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The high viable cell counts and the relatively low
number of different bacteria in the PRB (GWM 9) provide
a clear indication that there is a special environment in the
PRB, allowing only a few specialized bacteria to be active.

Further research was done on possible mineralization
processes that occur in PRB. In fact, by the anaerobic corrosion of iron in the water, Fe2+ und Fe3+- ions are released.
This can lead to mineral clogging, which impairs the performance of the PRB [1]. The accumulation of secondary

3.3 Mineralogical characterization of the iron sponge

FIGURE 7 - Comparison between CFU number of samples taken from GWM 7, GWM 9 and GWM 4 [11]

.
FIGURE 8 - Comparison between the number of different CFU dependent on the used agar and the sample [11]
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FIGURE 9 - Results of X-ray diffraction. Abbreviations: Si: silicium, C: calcite, D: dolomite, M: magnetite Q: quartz, E-α: alpha iron [11]

minerals is to be found generally within the first 10 to 30 cm
of the upgradient section of the PRB [1, 18]. To determine
the mineralization process, Raman spectroscopy was found
out to be useless because of the topographically highly
varying surface of the iron sponge and the consequently
blurred provided images. Therefore two iron sponge pellets,
one cleaned with deionized water and one untreated, were
analysed using a Scanning Electron Microscope (SEM).
The EDX measurements (Dr. Hanzlik, Department of
Electron Microscopy, TUM) have detected iron (Fe), calcium (Ca), carbon (C), oxygen (O), magnesium (Mg) and
silicium (Si) on the surface of the iron sponge pellets. Further analysis through X-ray diffraction permitted to determine the mineralogy of the crystals.
For the X-ray diffraction analysis (Prof. Gilg, Department of Engineering Geology, TUM), two iron sponge
powder samples were prepared. Sample A was produced by
surface abrasion. Sample B powder was obtained from a
bore into the pellet centre in addition to the surface abrasion in order to cover also material from the interior of the
iron sponge. Both samples were fixed on a silicium single
crystal with acetone.
Besides the alpha iron, precipitates of calcite (CaCO3)
and magnetite (Fe3O4) could be detected, both on the
inside and on the surface of the iron sponge (sample A and
B) (Fig. 9). The SEM image in Fig. 10 shows that calcite
needles, which were not present on the original iron
sponge, have been newly formed. Furthermore, dolomite

FIGURE 10 - SEM image: arrangement of the calcite needles on the
surface of a used iron sponge after 2.5 years [11]

CaMg(CO3)2 and quartz SiO2 were detected on the surface
of the iron sponge pellet (sample A) [11]. Those could
originate from an impure quartz sand mixture used as content material for the PRB. As far as the formation of magnetite is concerned, there is an indication that the mineralization is biogenic. This applies in particular to oxicanoxic transitional zones where bacteria are capable of
producing iron oxides and iron hydroxides [19]. Scheffel
et al. [6] succeeded in explaining the operating principle of
magnetotaxis of magnetotactic bacteria through the example of Magnetospirillum gryphiswaldense by detecting the
protein responsible for building up the magnetite containing magnetosome chain. In addition, Fischer et al. [5]
found out that the magnetosomes are maintained in a special environment with pH 10 under slightly negative voltage (-0.5 V). Magnetotactic bacteria are microaerophilic
and need high amounts of iron for the formation of the
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magnetites [20]. These environmental conditions are also
present in the PRB. Once bacteria have died and the organic matter has been disintegrated, pure magnetosomes accumulate in the soil or groundwater. This underlines the
strong lead that the detected magnetite originates from
magnetotactic bacteria. Besides, magnetite has a catalytical
function in degrading lower chlorinated hydrocarbons
[21, 22].
Nevertheless, the reduction in performance of the PRB
due to mineral clogging has not been observed. The homogeneous in- and outflow of groundwater within the PRB
shows that no impoundment takes place in the PRB. The
formation of preferential flow paths is probable [1].
3.4 Isotope identification

Beneath the monitoring of the degradation process, the
second main application of isotope identification consists in
identifying the origin of materials of different sources [2,
23]. Because methanogenic conditions are favourable for
the CHC degradation, methane should be present in the
PRB. Based on the assumption that methanotrophic bacteria deliver with their methane monooxygenase enzyme a
significant contribution to the reduction of CHCs [9], the
isotope analysis was used to find out the presence and origin
of methane. In fact, the isotopic signature differs depending on the source. By analyzing carbon and hydrogen isotope data of methane, it is possible to identify its source via
Whiticars diagram [24]. Samples were taken from GWM 8
and GWM 9 within the PRB following the standard sampling procedure of the company Hydroisotop [11]. Methane could be detected in both wells. The δ13C values in the
methane lie at -81.4 ‰ (GWM 8) and at -70.3 ‰ (GWM 9)
and the δ2H values at -365 ‰ and -357 ‰ [11]. Biogenic
methane differs in its isotopic signature from geogenic methane. According to Whiticar’s diagram, the methane measured in GWM 8 and GWM 9 clearly is of biogenic origin
(Fig. 11) [24].

FIGURE 11 - Isotopic geochemical characterization of the groundwater taken from the groundwater monitoring wells GWM 8 and
GWM 9 after Whiticar (2002) [24]

The results of the isotope analysis provide additional
evidence for microbial methane activities in the groundwater and the presence of methanogenic or acetogenic bacteria.
3.5 Catalytical parameters for bacteria

Trace elements are of essential importance to the bacteria. Depending on the bacterial species, the need for micro-and macronutrients varies. The needed amount of nutrients can be quantified on the basis of the elemental composition of the bacteria. Carbon (48-50 %), oxygen (20 %),
nitrogen (12.5-14 %), hydrogen (8 %) and phosphorus (2.53 %) are the most important nutrients of the cell dry weight
(Table 1). Table 2 indicates that a substantial part of the
trace elements needed by the bacteria is also present in the
iron sponge. Besides iron, the main elements of an unused
iron sponge pellet (ReSponge®) are chromium (approx.
150 mg/kg), copper (approx. 15 mg/kg), manganese (approx.
500 mg/kg) and vanadium (approx. 90 mg/kg). AdditionTABLE 1 - Chemical composition of bacteria and prokaryotic cells,
*prokaryotes belong to the domain of Archaea and Bacteria
**applies to the remaining micronutrients after [26]
Element
carbon
oxygen
nitrogen
hydrogen
phosphorus
sulfur
potassium
sodium
calcium
magnesium
chlorine
iron
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Fraction of the cell dry mass[%] for
prokaryotic cells* after
bacteria after [25]
[26]
48
50
no data
20
12.5
14
no data
8
2.5
3
0.6
1
2.3
1
0.8
no data
0.6
0.5
0.3
0.5
no data
0.5
0.01
0.2
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0.02
0.01

0.3**

TABLE 2 - Concentration of micronutrients in bacteria dry
weight [27]
Element
potassium
sulfur
sodium
magnesium
iron
calcium
nickel
cobalt
molybdenum, tungsten and selenium
zinc

Concentration range
[ppm]
75-250
50-100
45-200
10-40
10-200
0-75
0.5-30
0.5-20
approximately
0.1-0.35
0-3

s

TABLE 3 - Essential macro- and micronutrients adapted after [25, 28, 29, 30, 31, 32, 33] after [25], °…after [28], *…after [29], …after [30],
x
…after [31], ^…after [32], +…after [33]
Detailed overview of essential nutrients
Element
Available form
Main functions
Macronutrients
carbon
oxygen
hydrogen
nitrogen
sulfur
phosphorus
potassium
calcium
magnesium
sodium
iron

x

x
CO2
main component of the cell mass
x
H2O ,CO2, O2
component of the cell mass and cell water
x
x
H2O, H2
main component of organic compounds
x
x
NO3- , NH4+, N2
main component of the cell mass
x
SO42-, HS- , S0, x constituent of coenzyme A, cysteine, and methionine, essential for the formation of
S2O32enzymes
x
+
HPO42contributes towards the formation of the energy carrier adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide phosphate (NADP), cofactor for enzymes
x
K+
* cofactor in the synthesis of protein, main component in the regulation of the water balance of plants
x
Ca2+
* cofactor for enzymes
*Mg2+
* cofactor in enzymatic reactions
+
*Na+
important for the formation of ATP, ° necessary for a few cells
x
2+
3+
Fe , Fe
^ central atoms of the soluble methane monooxygenase (sMMO), # present in nitrate reductase and nitrogenase
x

Micronutrients or trace elements
chlorine
boron

*Cl*H2BO3-

manganese

x

zinc
copper
molybdenum

x

nickel

x

Mn2+

Zn2+
Cu2+
x
MoO42x

Ni2+

x
cobalt
Co2+
s 5+
vanadium
V
x
selenium
SeO32x
tungsten
WO42Additional trace element: chrome

*required for the step of water-splitting during photosynthesis by plants, ° necessary for a few cells
*cofactor involved in the synthesis of chlorophyll from plants, probably engaged in carbohydrate transport and
nucleic acid synthesis
*participation in the amino acid synthesis , * activation of some enzymes , ° required in photosynthesis for the
step of water-splitting
x
present in alkaline phosphatase, aldolase, RNA and DNA polymerase
*component of many redox systems , ° part of the cytochrome oxidase and oxygenases
x
present in nitrate reductase, nitrogenase and formate dehydrogenase , + component of the cofactor molybdopterin
x
central atom in the cofactor F430, + essential for methanogenesis , * cofactor for an enzyme in the nitrogen
metabolism , # part of hydrogenase , + important for the formation of ATP
° central atom of the vitamin B 12, + part of corrinoids and cobamides , + important for the formation of ATP
#
present in the dinitrogenase reductase
x
present in formate dehydrogenase and glycine reductase
x
present in formate dehydrogenases

ally there are indications of the presence of zinc, molybdenum, nickel, selenium, tungsten and cobalt [11].
Heavy metals are of particular importance to the biotic processes occurring in the PRB. They appear usually in
ion form as a component of active sites of enzyme proteins.
The so-called metalloenzymes are required for the metabolism of the major macronutrients (C, O, H, N, S). This is
particularly true for the bacteria which are responsible for
the conversion of the macronutrients [9]. These include
methanogenic, methanotrophic, oxygen fixating, nitrify-

ing, denitrifying, sulfate-reducing and sulfur-oxidizing
bacteria [9].
Almost all occurring micronutrients and macronutrients at a part represent important components in cofac-
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SCHEME 1 - Reaction of nicotine adenine dinucleotide-hydrogen (NADH) with methane resulting in the production of methanol [32]

tors. These cofactors are essential for biotic processes
happening in the PRB. Table 3 displays those nutrients
with their available configuration in the groundwater.
3.6 Example for the use of metalloenzymes: methanotrophic
and methanogenic bacteria

Randall et al. [34] found out that the dechlorination
rate of CHC is severely reduced if methanogenesis and
sulfate reducing processes are prevented. Therefore it must
be assumed that bacteria responsible for those processes
have a significant share of the biotic degradation of CHC.
Methanogenic bacteria need two cofactors for the reduction of carbon sources: the molybdenum-containing molybdopterin, and the nickel-containing factor F430 of methylcoenzyme M reductase [26, 35, 36]. Due to the presence of
methane and hydrogen, there are good conditions for the
presence of methanotrophic bacteria. Methane-oxidizing
bacteria use the methane monooxygenase enzyme (MMO)
to generate methanol [32]. During this process the molybdenum containing NADH is used as coenzyme.
The MMO exists in two forms: membrane-bound, containing copper (pMMO) or soluble and ferrous (sMMO).
The iron center of the sMMO exists in three oxidation
forms: FeIIIFeIII (MMOHox) FeIIIFeII (MMOHmv) and
FeIIFeII (MMOHred) [37, 38].
A further example of heavy metal-containing enzymes
responsible for the bacterial metabolism of macronutrients
in the PRB is the enzyme complex nitrogenase. This enzyme catalyses the reduction of nitrogen to ammonium
resulting in the production of hydrogen as side effect. It
contains two enzymes: dinitrogenase and dinitrogenase reductase. While dinitrogenase is composed out of iron, the
dinitrogenase reductase provides an iron-molybdenum cofactor. Other forms of nitrogenase contain vanadium instead of molybdenum or only iron [25, 39].
4. CONCLUSION
Trace elements are thus indispensable for enzymatic
reactions. The reason why the bacteria are active in the
PRB despite an alkaline medium (pH mean value 10.4)
can thus be attributed to the key factors hydrogen and trace
elements.
During the anaerobic corrosion of iron, hydrogen is
formed which serves the bacteria as an important electron
donor. Moreover, hydrogen takes about one-third of all

the electrons that are transferred between different bacterial species (interspecies hydrogen transfer) [28], which is
essential for possible bacteria symbioses. The trace elements being integrated in the iron sponge and in active
centres of metalloenzymes can be considered as the essential basis for the catalysis of bacterial reactions. The optimal bacterial degradation within the PRB needs to be supplied with sufficient hydrogen and methane.
The effectiveness of the iron-PRB is thus due to the
combination of iron as a catalyst for CHC-degrading processes and existing microbiology.
5. OUTLOOK
Bacterial symbiosis within the PRB is relatively unexplored. Furnishing evidence about methanol and the existence of MMO could reveal further understanding about a
possible symbiosis between methanotrophic and methanogenic bacteria. Identifying the present bacteria population
via DNA sequencing is a necessary next step. In further
studies the concentration of micronutrients that are needed to
activate metalloenzymes must be examined. The observed
secondary minerals (e.g. calcite and magnetite) should be
examined in order to define whether or not they originate
from bacteria. What remains is the search for a model to
quantify the biogenic degradation within a PRB.
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ALKALINE PHOSPHATASE ACTIVITY AND RELATIVE
IMPORTANCE OF PICOPHYTOPLANKTON IN AUTUMN AND
EARLY SPRING (MLJET LAKES, EASTERN ADRIATIC SEA)
Enis Hrustić*, Marina Carić, Marijeta Čalić and Svjetlana Bobanović-Ćolić
Institute for Marine and Coastal Research, University of Dubrovnik, Kneza Damjana Jude 12, POBox 83, 20000 Dubrovnik, Croatia

ABSTRACT
Trophic status, nutrient limitation, alkaline phosphatase
activity APA and model which predicts picophytoplankton
share in Chl a were tested during autumn and early spring
in Mljet Lakes. The ecosystem was confirmed as oligotrophic with mesotrophic conditions developed below 20 m
in Small Lake (autumn). The euphotic zone was characterised by frequent P-limitation of phytoplankton growth and
absence of P-limitation in PO4 concentration maxima in
autumn. Temperature had great impact on chemical and
biological variables. Abundance and biomass of picophytoplankton were significantly different between lakes rather
than seasons. This was mainly assigned to nutrient limitation and specific trophic interactions which differ two lakes
mutually and Mljet Lakes from the coastal sea. Picophytoplankton Chl a was dominantly attributed to autotrophic
picoflagellates and did not show deviation from model
estimated importance in total Chl a. sAPA maxima in
Small Lake were greater than in Great Lake. In autumn it
was most probably related to significantly greater abundance of cyanobacteria with low content of Chl a (depth 10
m), while in spring difference was weak and most likely
defined by photoadaptation of phytoplankton (low Chl a)
and hazardous impacts of UV-B radiation on APA in
surface layer. Autotrophic picoflagellates, autotrophic
nanoflagellates and nanoplanktonic cyanobacteria showed
significant correlations with inorganic nitrogen species.
Minimum of average Chl a concentration and APA were
found together with maximum of average PO4 concentration (Great Lake, autumn).

surface layer and relatively stable physico-chemical conditions in deep layers [2]. Water circulation is dominantly
driven by tides < 25 cm [2, 3] and tidal phase shifts [4]
through narrow straits which behave like a filter at semidiurnal tidal frequencies [4]. Persistent presence of scyphozoa
Aurelia in both lakes [1], coral Cladocora caespitosa in
Great Lake GL [5], absence of upwelling events in both
lakes [6], greater impact of freshwater springs in Small
Lake SL [7, 8] and possible hypoxia-anoxia in deep layers
of both lakes during stratified conditions [6] could be the
sources of deviation from the expected picophytoplankton
share in Chl a [9]. Priority of the research was to check
fitting of the model [9] throughout euphotic zone in two
transitional seasons (autumn and early spring) and to
detect causes if deviation between estimated and observed
results show up. Trophic status is an important indicator of
the ecosystem balance and will be checked by calculation
of TRIX index [10, 11]. APA and specific APA (sAPA =
APA/Chl a) were used to examine potential P-limitation of
phytoplankton growth and relative engagement of AP synthesis as inductive response to P status [12]. Observed results and estimations gained by the model [9] will be
discussed toward hydrometeorological, physico-chemical
and biological parameters at the time of sampling. A comparison with broad literature and relevant topics may help
to explain results. Special attention will be given to potential impact of Aurelia on the microbial food web and possible role of Cladocora caespitosa on Chl a, APA and PO4
concentration in Great Lake. Cycling of nutrients will be
discussed toward phytoplankton growth limitation,
picophytoplankton biomass in oligotrophic conditions and
phosphatase activity in marine environments.

KEYWORDS: alkaline phosphatase activity, nutrients, picophytoplankton, bacteria, coral reefs, chlorophyll a

1 INTRODUCTION
Mljet Lakes are semi-enclosed and vulnerable marine
ecosystem [1] with advection from the open sea in the
* Corresponding authors

2 MATERIALS AND METHODS
Study area: Veliko jezero (Great Lake) and Malo
jezero (Small Lake) were formed during mesozoic as
karstic depressions filled with fresh water [13]. Around 5 4 thousand years before the present, postglacial sea level
rose and ingression turned them into marine environment
[14]. Complete transformation of SL occurred 2 thousand
years later (~ 3 - 2 thousand years before present) [7].

637

© by PSP Volume 22 – No 3. 2013

Fresenius Environmental Bulletin

Mljet Island is ~ 37 km long and 3.6 km wide in average
and extends parallel to the east Adriatic coast forming the
Mljet Channel (6 – 9 km wide, average depth 80 m).
Thorough research of the Mljet aquatory in the 1950s and
later [6] significantly contributed to the recognition of
Mljet Lakes ecosystem vulnerability and foundation of
the National Park at NW part of the island in 1960. No
permanent freshwater flow was detected on the island due to
prevailing karstic rocks [15]. At Vrbovačka station, inland
freshwater source Fontana have a noticeable impact [15]
while sources of fresh water in SL (Fig 1) [6, 7, 8] are more
operative after high precipitation periods introducing more
heavy metals by washing out dolomite rocks [8]. SL (area
241 000 m2, volume 3 349 000 m3) is under stronger land influence than GL (area 1 450 000 m2, volume 58 000 000 m3)
[3, 4, 6] which is evident from greater range of temperature and salinity in SL throughout the year [1, 3, 4, 6].
Channels between SL and GL (depth 0.8 m, width 2.0 m),
GL and Soline Channel (depth 2.5 m, width 10 m) hinder
an outflow from the deeper layers to coastal sea [3, 4, 16].
Except the obvious connection with GL and Soline Channel, SL actively communicates with the surrounding sea by
karstic cracks [7]. Sea surface currents (depth 3 m) measured seasonally (October 1990 – August 1991) near Rt
Goli (Fig 1) were the strongest in October 1990 (0.53 m s-1)
and markedly weaker in March – April 1991 (0.24 m s-1)
[16] (Table 1). Currents faster than 1 m s-1 are frequently
observed in connecting channels with maximal velocity at
the entrance in SL (1.9 m s-1) [4].
One of the greatest coral reefs of Cladocora caespitosa
in Mediterranean Sea (650 m2 at depth 6 - 18 m) [5] is
situated only few hundred meters south-east from Vrbovačka
station toward Soline Channel (Fig 1). Total wet weight
of scyphozoan medusae Aurelia in GL was estimated on

568 tons with average density 0.1 ind m-3 [17]. Greater
abundance of Aurelia was found in GL compared to SL,
while Aurelia was not observed in the surrounding sea [1].
Sampling: The research was carried out on 20 –
21st October 2006 and 6 – 7th March 2007 in GL at
Vrbovačka Station (depth 46 m) and SL (depth 29 m)
within the National Park of Mljet (eastern Adriatic Sea,
Croatia) (Fig 1). GL was explored vertically till 40 m and
SL up to 26 m. Niskin bottles (5 L) were used to collect
samples for chemical and microbiological analysis. Dissolved oxygen, nutrients, temperature, salinity, Chl a, picoplankton, nanoplankton and microphytoplankton were
sampled or determined in 2 m intervals (14 depths in SL)
and 2 - 5 m intervals (10 depths in GL). Euphotic zone
was assessed by white Secchi disc (d = 30 cm) [18] (Table 1). Hydrometeorological data were ensured by Croatian
Meteorological and Hydrological Service (meteo.hr) (Table
1). Equation for „inverse barometer“ [19] was used to
estimate sea level change Δh (cm) in relation to air pressure change ΔPa (hPa) relative to the standard atmosphere
of 1013 hPa: Δh = -0.993 * ΔPa (Table 1). Other impacts
on sea level change were neglected.
APA in phytoplankton (0.7 – 53 µm): Particulate alkaline phosphatase AP was sampled at 3 depths (surface,
10, 20 m) in each lake. Particulate AP of zooplankton
greater than 90 µm was reported as non-fitting to Michaelis
– Menten kinetics [20]. Since we had 125 µm and 53 µm
pore nets disposable, we rather chose 53 µm as phytoplankton upper size limit, while GF/F Whatman filters
(0.7 µm pore) fitted well to the minimal size of expectedly
dominant cyanobacteria (Synechococcus). Bigger microphytoplankton (> 53 µm) was excluded from APA measurements as well.

FIGURE 1 - Sampling stations in Small Lake and Great Lake including the position of Cladocora caespitosa reef in Great Lake and freshwater springs in Small Lake, * figure developed from [5]
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The weak point of APA analysis (1 filter per sample) was
partially compensated by relatively great volume (1 liter,
fraction < 53 µm) of sea filtered on GF/F using hand
vacuum pump at pressure ≤ 13.2 kPa. Filters were stored
at -22 °C in thick aluminum foil in dark and transferred to
laboratory. Filters were kept 3 weeks in a freezer and
preconditioned at room temperature in dark for 10
minutes before start of the reaction. We carefully unfolded and inserted the filters with the biological material to
sterilised glass test tubes (total volume 10 mL) where the
reaction solution was prepared and started at 37 °C in
water bath with occasional shaking during 5 hours. Initial
concentration of p-nitrophenyl-phosphate p-NPP was
1.812 mM (expected S0 >> Km). Proposed point to stop
reaction was less than 7 % of PO4 formed after initial pNPP concentration [21]. Calibration plot with 10 dilution
concentrations in duplicates of p-nitrophenol 2 x 10-5 – 2
x 10-4 M showed satisfactory linearity till Abs 1.800 at λ
= 400 nm (Perkin Elmer λ15, 1 cm quartz cuvettes). Reaction buffer was Tris-HCl (0.1 M, pH = 8.25, V = 1.9 mL)
in total volume 5 mL (3 mL of autoclaved oligotrophic
sea for Zn2+ and Mg2+ as activators). Reaction was
stopped by abruptly lowering the temperature beneath
10 °C, test tubes were centrifuged (3 min, 3000 rpm),
clear supernatant was transferred to 1 cm cuvette and Abs
of p-nitrophenol read instantly. Blank measurements
(triplicates) followed the same routine (sterilised buffer,
autoclaved oligotrophic sea, blank filter and same initial
concentration of p-NPP). As spectrophotometric measurements are less sensitive than those on fluorogenic substrates, it was favorable to collect more enzymes (greater
volume of the sample filtered) and shorten the time of the
analysis [21]. We have not stabilised samples before filtration. Others also worked on unstabilised biological
material on filters, using p-NPP as well, but kept filters at
+4 °C [22]. Due to possible loss of activity when enzymes
were frozen and thawed on filters, we have conducted a
brief test on the fresh filters (2 samples in 5 replicates, 1 L
per replicate) and frozen-thawed filters (2 samples in 5 replicates, 1 L per replicate) using coastal sea (depth 10 m and
20 m) near Dubrovnik to simulate 3 weeks storage as in
our laboratory practice. T tests between fresh and frozenthawed replicates were positive in both cases (t = 0.251, t
= 0.253, p < 0.05) (data not shown) indicating no significant differences, although means of frozen-thawed APA
were –15 % and +20 % compared to analysis of freshly
filtered sea.
Chl a concentration: Samples for Chl a analysis were
collected by filtering 1 L of sea (without upper size limit) on
GF/F Whatman filters and stored in dark and cold (-22 °C)
until laboratory measurements. Same filtration equipment
and vacuum pressure ≤ 13.2 kPa [23] as for APA were
used. Chl a concentration was measured by Turner TD
700 fluorometer [24].
Nutrients and physico-chemical parameters: Nutrients
(PO4, Total P TP, NO3, NO2, NH4, Total N TN, SiO4)
were determined by standard methods [25, 26] without

filtration [27]. Porg and Norg were calculated as TP minus
PO4 and TN minus total inorganic nitrogen TIN. Porg and
Norg covered dissolved organic P and N (DOP and DON)
as well as insoluble inorganic and organic P and N compounds. Dissolved oxygen was determined by Winkler
method. Temperature T and salinity S were determined by
WTW Cond 315-i conductometer-thermometer calibrated
steadily to CTD probe (SBE 19plus, Seacat, Sea-Bird Electronics Inc.). Reduced density σt and oxygen saturation
O2/O'2 were calculated by Sigma Software (internal usage)
according to international oceanographic tables [28]. TIN
(µg/L), TP (µg/L),│oxygen saturation – 100│ % and Chl a
(µg/L) were used to calculate eutrophication index TRIX
[10, 11].
Direct epifluorescent microscopy [29, 30] was used to
determine abundance of heterotrophic bacteria HBa, picocyanobacteria Cyano, heterotrophic HPF and autotrophic
(pigmented) picoflagellates APF, nanoplanktonic cyanobacteria (2 – 10 µm) Ncyano, heterotrophic HNF and
autotrophic ANF nanoflagellates (2 ─ 10 µm) (Zeiss Jenalumar microscope, 1500x). Taxonomic composition and
abundance of bigger phytoplankton were determined by
Olympus IX 71 microscope (400x for nanophytoplankton
10 – 20 µm NANO 10 – 20 and 100x or 200x for microphytoplankton > 20 µm MICRO) [31]. Plankton smaller
than 10 µm was determined in 39 - 43 out of total 48 samples, while NANO 10 – 20 and MICRO were determined
at the same depths as APA plus 30 m and 40 m in GL in
both seasons. Nanophytoplankton used in discussion is
sum of ANF and NANO 10 – 20.
Statistics: Normality of variables distribution was
tested by Kolmogorov-Smirnov and Lilliefors tests (n =
39 – 48) and considered in Pearson's product moment and
Spearman Rank (non-normal distribution) correlation calculations (Statistica for Windows, Statsoft Inc.). APA (n =
12), sAPA (n = 12), nanophytoplankton 10 – 20 µm (n =
16) and microphytoplankton (n = 16) were considered as
non-normally distributed without testing (n < 30). To
detect significant differences between lakes and two sampling periods for each lake, t-tests were used (Excel, Microsoft).
3 RESULTS AND DISCUSSION
Maxima of sAPA (Fig 2) were determined at 10 m in
October (SL 36.134 nmol P/µg Chl a h; GL 16.694 nmol
P/µg Chl a h) and in surface layer in March (SL 18.085
nmol P/µg Chl a h; GL 15.440 nmol P/µg Chl a h). Mljet
Lakes were generally oligotrophic according to TRIX (October/March Avg+StDev: SL 2.919+0.851/2.969+0.249; GL
2.881+0.596/3.068+0.463). Mesotrophic conditions developed below 20 m in SL (autumn) with maximum of TRIX
4.338 at 24 m (Fig 3). At both stations average Chl a
concentrations in euphotic zone were low (SL 0.341 –
0.457 µg/L; GL 0.256 – 0.583 µg/L) (Fig 3) with greater
values in March. APA and sAPA did not show any sig-
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FIGURE 3 - Index of eutrophication TRIX and Chl a concentration
in Mljet Lakes (─ October; --- March)
FIGURE 2 - APA (+) and sAPA (▲) in Mljet Lakes

TABLE 1 - Hydrometeorological parameters observed during sampling at Mljet Lakes plus data from Goveđari (Mljet) and Lastovo Island
meteorological stations (air pressure and sun irradiation) (provided by Croatian Meteorological and Hydrological Service; meteo.hr)
Lake/Date/Time

SL/20th Oct 2006/
10 am – 1 pm

GL/21st Oct 2006/
11 am – 1.30 pm

SL/6th Mar 2007/
10.30 am – 1.15 pm

GL/7th Mar 2007/
11 am – 1.30 pm

Sun Irradiation
(> 250 W/m2)
Air Pressure/Sea Level
Wind (daily average)

0.0 hours

1.6 hours

10.1 hours

0.0 hours

988.8 hPa/+24.03 cm
SE 6.7 m/s

1001.8 hPa/+11.12 cm
SSE 8.5 m/s

Weather Conditions

Clouds 10/10

989.4 hPa/+23.43 cm
SSE 5.1 m/s
Clouds 8/10,
rain 2.9 mm/day

990.2 hPa/+22.64 cm
SSE 15. 5 m/s
Clouds 10/10,
Rain 0.3 mm/day

Surface Currents
(Average) (depth 3m)
October 1990/March-April
1991 [16]
Secchi Depth/
Euphotic Zone

Clouds 5/10

Factor of stability (%): 78.70
Velocity/Direction (cm s-1/deg): 15.35/358

Factor of stability (%): 58.80
Velocity/Direction (cm s-1/deg): 4.98/310

6.5 m/19.5 m

11 m/bottom

12.5 m/37.5 m

nificant correlation (p < 0.05) with other parameters. The
highest biomass of phototrophs (Chl a 1.11 µg/L, depth
30 m, T 11.5 °C) in GL (March) could be significantly
connected to constantly low temperature and moderate
zooplankton metabolic processes in deep layers of GL
[32] (Fig 3, Fig 4: 2B). APA maxima in SL were detected at
20 m, whilst in GL at 10 m (Fig 2). sAPA maxima were
more defined by lower Chl a (phytoplankton biomass),
except in GL (autumn) when APA and sAPA had maximal values at 10 m. sAPA maximum in whole survey was

12 m/36 m

found within layer of cyanobacteria dominance in picoplankton (8 – 16 m) (SL autumn) (Fig 5A). In GL (autumn, depth 10 m), cyanobacteria abundance was more
than 5 folds lower (Fig 5A) and sAPA more than 2 folds
lower compared to SL (autumn, 10 m) (Fig 2). Possibly
greater contribution of APF (Fig 5B) and NANO 10 - 20
(Fig 6) in APA was observed (GL autumn, 10 m). According to greater abundance, possibly important share of
NANO 10 – 20 in sAPA maximum was detected in SL
(spring) (Fig 6). APA was low with small range of values
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(1.17 – 12.82 nM P/h) and most likely constrained by low
abundance (biomass) of bigger phytoplankton (Fig 6). As
APA was measured in wide size range from cyanobacteria
to microphytoplankton < 53 µm, it was problematic to target
enzymatic activity within plankton. Additional uncertainty
was introduced with an attempt to reveal the level of
phytoplankton inductive response on P status by calculation
of APA per total Chl a. Picocyanobacteria have ~ 1 – 4 fg
Chl a per cell [33, 34] what is possibly hundreds fold less
in comparison to autotrophic picoeukaryotes [34]. Differences with nanophytoplankton and microphytoplankton can
be even greater. AP catalyzes dephosphorylation of monoesteric bonds, being important in Na, K, thiamine and phosphate cell uptake as well [35] and it is not real to expect
total absence of particulate APA in the sea. Heterotrophic
bacteria has generally high affinities for PO4 uptake [36]
and its phosphatase activity can be significantly connected
to regeneration of nutrients and organic C uptake [37]
rather than P-limitation. During stratified season in NW
Mediterranean (depth 10 m) it was determined that 97 %
of total P uptake belonged to fraction < 10 µm and mostly
to 0.4 – 2.0 µm organisms [36]. Cyanobacteria in our survey were dominantly smaller than 1 µm what fits to Synechococcus and Prochlorococcus and they contributed
more than 96 % of picophytoplankton abundance in SL in
both seasons (Fig 5A - 7A). sAPA maximum (SL autumn) was probably connected to the greatest abundance
of cyanobacteria among 12 samples for APA measurements, coupled with low Chl a per cyanobacteria cell [33,
34]. Relatively greater PO4 (0.27 µM) and Porg (0.16 µM) in
this layer were also suitable for faster phosphate uptake by
phytoplankton > 1 µm [38, 39], while APA potentially followed biomass of phytoplankton in linear manner, similar
to findings from the Baltic Sea [12]. sAPA maximum difference between lakes in spring (surface) was low and dominantly defined by lower Chl a in SL possibly due to
stronger photoadaptive response of phytoplankton [40].
Opposite trend of Chl a concentration in surface layer (0 –
2 m) between seasons was evident (Fig 3). Heterotrophic
picoflagellates (size ~ 1 µm) had significantly greater
abundances (103 cell mL-1) in autumn (p < 0.02, SL
7.073+6.705/3.217+1.925; p < 0.03, GL 11.556+8.193/
1.172+0.502). HPF (9.883 x 103 cell mL-1) could have
contributed significantly to sAPA maximum (SL autumn)
and PO4 regeneration since they synthesize alkaline phosphatase as well. TIN/PO4 6 in sAPA maximum was favorable for bacterioplankton growth [41, 42]. Maximal abundance of HBa (219 x 103 cell mL-1) throughout the survey
was found exactly here (Fig 5A). HBa were positively correlated with temperature and Porg concentration (Table 2).
HBa in Mljet Lakes were mostly smaller than 0.7 µm and
probably did not contribute significantly to the measured
APA, while their role in biogeochemical cycling of phosphorus was important. Stratification erosion during winter
ensured intensified mixing of nutrients throughout the
water column followed by early spring heating up of the
surface waters and onset of the thermocline (Fig 4: 1A1B; 2A-2B). In such conditions phytoplankton growth

was more dependent on light and temperature than in
summer – autumn period. UV, especially UV-B radiation
is adverse to abundance of microorganisms with degradation of en-zymes as well [43]. Potential response of microorganisms during UV-B exposure is faster AP synthesis to
substitute enzyme degradation, while the ultimate effect
is usually lower APA [43]. Stronger the UV-B radiation
is, higher requirements of microorganisms for P during
synthesis of nucleotides, repair of DNA and phospholipid
membranes are [44]. UV-B harmful effects are reasonable
explanation for lower APA and sAPA maxima in spring
(Fig 2) although TIN/PO4 increased in both lakes and PO4
concentration ≤ 0.03 µM (surface) (Fig 4: 1D-2D) indicated
P-limitation of phytoplankton growth [45] and P stress in
picophytoplankton [46]. Smaller APA (nM P/h) average
in spring (p < 0.05, SL 10.143+4.022/3.287+1.632) could
be additionally connected to possibly greater grazing pressure from zooplankton while ANF (103 cell mL-1) (p <
0.003; 1.208+0.862/0.421+0.367) and APF (103 cell mL-1)
(p < 0.05; 2.592+1.591/1.602+1.122) had significantly
smaller abundances in spring (Fig 5B; Fig 7B). In GL
APF had lower abundance (103 cell mL-1) in spring as
well (p < 0.001, 8.490+4.842/1.140+0.960). Greater APA
(nM P/h) (3.218+2.517/4.226+2.700) and sAPA (nmol
P/µg Chl a h) (9.248+6.867/10.513+5.643) averages in GL
(spring) were connected to generally lower PO4 concentration which potentially provoked greater AP than Chl a
synthesis at 3 depths where APA was determined (Fig 2,
Fig 3, Fig 4: 2E-2F).
PO4 did not show significant (p < 0.05) differences
between seasons and lakes. Lower averages can be noticed
in spring potentially causing stronger P-limitation (SL
0.098+0.066 µM, 0.072+0.038 µM; GL 0.158+0.231 µM,
0.082+0.052 µM). SL (0.084+0.053 µM) had smaller PO4
average than GL (0.120+0.167 µM). APA (nM P/h) was
lower in GL (3.722+2.399) than in SL (6.715+4.652)
as well as sAPA (nmol P/µg Chl a h) (GL 9.880+5.664;
SL 18.443+10.584). TIN/PO4 in photic zone (SL 21.074+
11.007/43.662+45.299; GL 17.630+8.265/25.868+21.054)
(Fig 4: 1C-D, 2C-D) suggested more probable P-limitation
in SL. Significantly different dissolved oxygen saturation
in SL (p < 0.03; October 0.904+0.195; March 1.013+0.035)
(Fig 4: 1A-2A) possibly contributed to greater sorption of
PO4 on iron and aluminum oxides [47] causing stronger
P-limitation in March. Si was not limiting element of the
phytoplankton growth while Si/TIN was 2.658 – 14.286
(data not shown). PO4 ≤ 0.18 µM throughout survey was
observed with 2 exceptional cases in autumn above picnocline in SL (10 m) and at the bottom of picnocline (20 –
30 m) (0.77 µM) in GL (Fig 4: 1E-F, 2E-F). AP of phytoplankton was probably inhibited (APA not measured) and
synthesis most likely repressed [48] at the bottom of picnocline (30 m) in GL (autumn). TIN/PO4 2.065 accompanied by PO4 > Km of P uptake in diatoms [23] strongly
suggested that phytoplankton was not P-limited in this
layer. In coastal waters great part of particulate DNA (even
70 to 90 %) can be of bacteria and phytoplankton origin
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waters, organic excreta of phytoplankton are poorly dispersed and highly favorable in heterotrophic bacteria
feeding [51], what was probably intensified above thermocline in SL (autumn) where smaller copepods (e.g. Oithona
nana) and copepodites are persistent grazers of phytoplankton throughout year [1]. At the bottom of picnocline
in GL (autumn) sinking of organic matter and its decompo-

Depth (m)

[49]. Apart from direct cell release, nanoflagellates grazing on bacteria can be important source of dissolved DNA
[49]. Bacterioplankton constitutive AP and especially 5'nucleotidase for which phosphate is not competitive inhibitor [50], probably played major role in N compensation
from dissolved DNA simultaneously with organic C uptake
at the bottom of picnocline in GL (autumn). In stratified
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FIGURE 4 - Vertical distribution of selected parameters in Small Lake (1) and Great Lake (2) (A-B: temperature, reduced density and
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FIGURE 6 - Abundance of Microphytoplankton (■) and Nanophytoplankton (10 - 20 µm) (Δ)

sition [52], excretion from Aurelia swarms [1] and other
zooplankton aggregations [53] were probably the most
responsible for great P pool in this layer. If organic excreta
from phytoplankton and zooplankton were significantly of
colloidal nature, it could decrease PO4 adsorption on iron
species and more bioavailable PO4 may appear in the water
column [54]. As a consequence of the N regeneration cycle,
nitrate (SL 1.309+0.181 µM; GL 0.906+0.160 µM) is the
most abundant form of TIN in early spring, while ammonium excreted by zooplankton, benthic organisms and
bacteria is more important source of inorganic N for
phytoplankton in autumn [55]. Uptake of NH4 by phytoplankton is usually fast and favorable compared to NO2 and
NO3, what explains significant drop of ammonium (µM) (SL
0.662+0.052/0.459+0.060; GL 0.646+0.029/0.452+0.053)
with greater phytoplankton biomass (Chl a) (Fig 3) in
March. Nitrite concentration rise during day in euphotic
zone is connected to phytoplankton excretion [56] and
photoinhibition of NO2 oxydation to NO3 [57] as the final
step of ammonium oxydation to nitrate. NO2+NO3 showed
rising trend with depth (Fig 4: 1C-1D, 2C-2D). Significant
nutricline existed only during stratified conditions in both
lakes, partially overlapping with thermocline, but being
situated mostly below thermocline (under 20 m in SL,
under 25 m in GL) (Fig 4). Aurelia is grazing on mesozooplankton and microzooplankton [2]. In the period 2 - 5th
October 2006 daily mean vertical position of Aurelia in
GL was determined at 18.4 m and most of the population
was found throughout thermocline (15 – 20 m, 19 – 13

°C) [58]. Thermocline in GL (21st October 2006) was
determined at 20 – 25 m, 18.9 – 12.3 °C (Fig 4: 2A).
Aurelia in GL is widely dispersed (surface to 40 m)
during winter [2]. Greater abundances of Aurelia in GL than
in SL [1] and its grazing on ctenophores and copepods [59]
can markedly decrease copepod grazing pressure on phytoplankton in GL [59]. During Aurelia grazing on natural
plankton assemblages in Mljet Lakes, Chl a concentration
increased 15 % while in containers without Aurelia, Chl a
concentration decreased by 17 % [59]. Copepods are the
markedly dominant group of mesozooplankton in Mljet
Lakes during spring [60]. These processes were possibly
amenable for lower phytoplankton biomass in SL (Chl a)
compared to GL in early spring (Fig 3). Negative correlation of NO3 with APF and ANF (Table 2) possibly explains
lower uptake of NO3 in phytoplankton growth when autotrophs were significant prey. Copepods in general behave
as opportunistic particle feeders, demonstrating high consumption rates on nanoplankton (2 – 5 µm) [61], while
autotrophic cells are preferential prey over heterotrophic
cells of similar size [61].
Larger protists, copepods and other planktonic grazers are the main predators of nanoflagellates which are the
dominant bacterivores [62]. Significantly (p < 0.05) greater
HNF abundance (103 cell mL-1) was found in GL (0.166+
0.293) compared to SL (0.020+0.079). HBa were more
likely exposed to greater competition for nutrients and
controlled by Porg concentration in SL while in GL they
seemed to be more controlled by HNF abundance.
Greater Total N (µM) in spring (p < 0.05, GL 4.640+
1.863/7.521+3.470) (SL 9.571+4.018/10.876+4.667) suggested an introduction of new N into the water column
between two seasons. We have determined greater abundance (103 cell mL -1) of nanoplanktonic cyanobacteria
(2 ─ 10 µm) NCyano in March in SL (0.453+1.693/ 0.896+
0.739) and GL (p < 0.05, 0.095+0.300/0.76+1.029). N enrichment of the water column did not necessarily occur by
N2 fixation. It was interesting to ask whether potentially
greater feeding of copepods [59, 60] and P-limitation, were
the only reasons for nitrate surplus in the photic zone of SL
(March) or NCyano possibly fixed N2 and released extra
nitrogen to the water column [63]. Picocyanobacteria did
not show any significant (p < 0.05) correlation, while
Ncyano was negatively correlated to NH4 and positively to
NO3 (Table 2). Simultaneous uptake of ammonium and
N2 fixation in natural populations and cultures of Trichodesmium [64] suited well to greater NCyano and lower
NH4 in Mljet Lakes (spring), while TN > 10 µM in SL
might have decreased N2 fixation rate [64]. NH4 concentrations during spring were low (0.36 – 0.58 µM) and
within Km proposed for oligotrophic seas 0.1 – 0.6 µM
[65] what might have exposed phytoplankton to occasional phosphate - ammonium colimitation. Great energy
requirements of diazotrophic metabolism [66] could have
been ensured by strong sun irradiation on 6th March 2007
(Table 1). Positive correlation of NO3 with NCyano could
be connected to findings that Cyanothece are capable to
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FIGURE 7 - A: Abundance of heterotrophic bacteria (HBa) (---) and cyanobacteria (Cyano) (─ or +) in SL and GL in March 2007; B: Abundance of APF (♦ or ─) and ANF ( or ---) in SL and GL in March 2007
TABLE 2 - Spearman Rank and Pearson's product moment significant correlations (r) at p < 0.05
(Bac – Bacillariophyceae; Din – Dinophyta; Pry – Prymnesiophyceae)
HBa
Depth
T
S
O2/O'2
Porg
TP
NO3
NO2
NH4
TN
Si
TIN/PO4
TIN
Norg
Chl a
HPF
HNF
APF
ANF
Micro
Pry

HPF

APF

ANF

Micro

Nano

Bac

Din

-0.85
0.650

0.357

0.370

0.628
-0.395
0.321

Pry

PicoPhyt/
Chl a

NO3+NO2

NCyano

-0.78
0.725

-0.635

-0.567

0.680
-0.388
0.387

0.439
-0.340

-0.365
-0.556
-0.316
0.367
-0.410

-0.327

-0.600

-0.325

-0.636

-0.502
0.382

-0.438

-0.326
-0.316
0.367

0.994

0.381

-0.594
0.545
0.667
0.327
0.901
0.494

-0.456

-0.381

-0.320
0.351
-0.350

0.643

-0.426

0.354
0.328

-0.433
-0.635

0.712
0.906

excrete 89 % of fixed nitrogen back to the water column
[63]. Nitrogen release might have facilitated greater abundances (103 cell mL-1) of picocyanobacteria [63] found in
both lakes in spring (SL 177.793+147.953/ 233.326+
317.517; GL 59.133+44.763/81.728+19.708). Exact answers on this topic can not be given without greater confidence on metabolic properties of detected NCyano.
Picophytoplankton share in biomass and primary production of phototrophs in warm (T > 26 °C) and oligotrophic seas can reach and surpass 50 % when Chl a < 0.3
µg/L and NO3+NO2 < 1 µM [9]. Higher temperature is favorable for phytoplankton growth in general but if the nutrient pool is limited, smaller cells [67] with higher specific
growth rates and lower half saturation constants for uptake
of nutrients will play a greater role among phototrophs.
Temperature is usually inversely related to nutrients and
Chl a concentration [9]. NO3+NO2 can be a measure for

0.705
0.641

nutrient pool since NO3 is an important nutrient of bigger
phytoplankton, while NO2 is an indicator of new primary
production [56]. Faster growth of bigger phytoplankton
than picophytoplankton was noticed when NO3+NO2 was
above 1 µM [9]. Temperature in euphotic zone throughout
the whole survey of Mljet Lakes was < 26 °C and picophytoplankton share in total biomass of phytoplankton was
expected to be lower than 50 %. Abundance and biomass of
picophytoplankton per total Chl a were compared in order
of importance. Conversion factors 200 fg C cell-1 (cyanobacteria) and 183 fg C µm-3 for autotrophic picoflagellates
[68] with assumed volume 4.2 µm3 per cell of APF [36]
were used. The results of picophytoplankton biomass per
Chl a (data not shown) did not differ in order of importance from picophytoplankton abundance per Chl a
PicoPhyt/Chl a (Table 4, Fig 8). In both cases significant
difference was found between lakes (p < 0.05), not seasons. These analysis were introduction to the main test of
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picophytoplankton share in total Chl a. As Chl a content
in picocyanobacteria vary significantly ~ 1 – 4 fg Chl a
cell-1 [33, 34] with possibly more hundreds fold less Chl a
per cell than in APF [34], Chl a differences in picoplankton were attributed to changes in abundance of APF. In
average, APF made 5.6 % of picophytoplankton abundance
being possibly responsible for more than 85.5 % of picoplankton Chl a (hundred fold difference between Cyano
and APF applied). If equal Chl a content per cell volume
of Cyano and APF was assumed, picophytoplankton Chl
a in total Chl a showed the same order of importance (APF
single cell volume equaled ~ 20 – 30 single cell volume of
picocyanobacteria) (data not shown). Since these results do
not present absolute values of Chl a per total Chl a, we
restricted interpretation of the results to relative share of
picophytoplankton in Chl a (APF/Chl a) (Table 4) and compared importance (order) of estimated and observed results in
4 samplings. Regression coefficients [9] on average T, Chl a
and NO3+NO2 from the photic zone were applied. Every
parameter indicated a specific order of picophytoplankton
Chl a in total Chl a (range 10.59 – 34.24 %). Expected

greater APF/Chl a in warmer season (autumn) was confirmed. When all 3 parameters were equally evaluated and
results were averaged, final estimations as percentage and
order of importance were reported and compared to the
observed results. We compared columns (PicoPhyt/Chl a
and APF/Chl a) with averaged estimation (order) gained by
the model. PicoPhyt/Chl a had significantly greater values
in SL (Table 4, Fig 8). Temperature seemed to be dominant parameter connected to seasonal differences in assimilation and regeneration of nutrients (Table 2, Table 3).
Estimation based on T (in percentage) did not show significant difference from the averaged estimation (p > 0.15),
while estimation based on total Chl a presented the same
order of importance as averaged estimation. When model
was tested strictly on picophytoplankton Chl a in total Chl a,
averaged importance (order) gained by model and our
results (APF/Chl a) showed 4/4 (100 %) fit. Significantly different picophytoplankton biomass between the
lakes was probably defined by different trophic interactions
in two lakes, while similar seasonal pattern was evident
within a single lake. Bigger phytoplankton cells probably

TABLE 3 - Spearman Rank and Pearson's product moment significant correlations (r) at p < 0.05
T
S
σt
O2/O'2
PO4
NO3
NO2
NH4
TN
Si
TIN/PO4
TIN

S
-0.613

O2/O'2
0.438

NO3
-0.625

NO2
-0.323

NH4
0.376

TN

Si
-0.710

-0.312
0.588

-0.423
0.401

TIN
-0.547

-0.400
0.581
-0.614

-0.597
-0.522

TIN/PO4

0.604
0.466
0.389

Norg

Porg

-0.333
0.434
-0.454

-0.759
0.286
-0.314
0.695

Chl a
-0.327
0.379

-0.379
0.806
0.446
0.427
0.760

0.337
-0.296
0.993
0.326
0.700
0.349

-0.369

TABLE 4 - Comparison of estimated picophytoplankton share in total Chl a (order) with observed picophytoplankton abundance per Chl a
(PicoPhyt/Chl a) (order) and picophytoplankton Chl a in total Chl a (APF/Chl a) (order)
Average
(µg/L; °C, µM)

Model from [9]

Sampling

0.583
18.364
11.489
16.856
12.106
0.852
1.351
0.841
0.923

Chl a (µg/L)
Ln(y)=0.34*Ln(x)+3.07;
2
r = 0.20, p < 0.05
Temperature (°C)
y=0.56*x+14.55;
r2=0.04, p < 0.05
NO3+NO2 (µM)
log(y)=0.19*log(x)+1.05;
r2=0.16, p < 0.05
Order based on
averaged
estimation

Estimated
Share in Chl a

Observed
PicoPhyt/Chl a

Match
(%)

Observed
APF/Chl a

Order (1 = the
greatest share)

Order (1 = the
greatest share)

Order (1 = the
greatest share)

2
3
1

1
2
3

2
3
1

SL Oct
SL Mar
GL Oct

Share in
Chl a
(%)
31.057
28.119
34.241

GL Mar

25.883

4

4

SL Oct
SL Mar
GL Oct
GL Mar
SL Oct
SL Mar
GL Oct

24.834
20.984
23.989
21.329
11.567
10.596
11.595

1
4
2
3
2
4
1

1
2
3
4
1
2
3

GL Mar

11.393

3

4

4

SL Oct
SL Mar
GL Oct
GL Mar

22.486
19.900
23.275
19.535

2
3
1
4

1
2
3
4

2
3
1
4

Independent
variable
0.341
0.457
0.256

Model

645

25

Match
(%)

100

4
25

0

25

2
3
1
4
2
3
1

0

50

100
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FIGURE 8 - Vertical profiles of picophytoplankton abundance per
Chl a (PicoPhyt/Chl a) in Mljet Lakes (─ October; --- and ● March)

used their greater intrinsic capacity for growth [69] being
exposed to NO3+NO2 close and above 1 µM in spring (see
also Chl a in Table 4) although total growth was frequently
P-limited. Final result was lower APF/Chl a (Table 4) and
PicoPhyt/Chl a within a single lake in spring (Table 4, Fig
8). When significant switch in light availability occurred
in 6 - 7th March (Table 1), photoacclimation response
with 1.5 up to 10 fold greater Chl a per cell of cyanobacteria, picoplanktonic and nanoplanktonic eukaryotes was
possible [70]. This effect potentially contributed to the
greatest average Chl a in GL (spring).
Particulate feeding on phytoplankton may supply
missing N in coral reefs [71]. Uptake rates can be close to
physical limits of mass transfer calculated from declining
Chl a concentrations in the water flowing over the coral
[71]. Scleractinian corals can feed on bacteria, cyanobacteria and picoflagellates as well [72]. Cladocora caespitosa is
potentially important grazer of phytoplankton in GL. In the
Gulf of Mannar (India), high phosphatase activity and
solubilization of insoluble inorganic P by heterotrophic
bacteria were found as important mechanisms for the coral
reef nutrition [73]. Fall of aqueous and particulate APA in
photic zone during stratified conditions was observed in the
southern Gulf of Aqaba [22] where PO4 was injected into
the surface layer by water circulation over the coral reef
flats in the Red Sea. Possible PO4 release from Cladocora
caespitosa and greater impact on GL (PO4 GL > PO4 SL)
can be one of the reasons why APA in GL was lower than
in SL. We assume that the water exchange and currents
regime could be markedly connected to the lowest Chl a
and APA found together with the highest PO4 average
(GL autumn) when the strongest surface currents in Mljet
aquatory were expected [16]. Previously documented
spring surface currents were 3 fold weaker without greater
deviation in average direction [16].
4 CONCLUSIONS
Mljet Lakes were confirmed as oligotrophic ecosystem with mesotrophic conditions developed below 20 m
in Small Lake during stratified season. Average PO4 concentrations suggested stronger P-limitation of the phyto-

plankton growth in Small Lake and spring as well.
Probably the most important for the general depletion of
PO4 in SL (spring) was assimilation by the greatest biomass
of cyanobacteria, which was not followed by the greatest
total Chl a. Phytoplankton was not P-limited in PO4 maxima
of both lakes in autumn. Heterotrophic bacteria were most
likely exposed to greater competition for nutrients and
more dependent on Porg concentration in Small Lake,
whilst in Great Lake they seemed to be more controlled
by HNF. Small Lake had significantly greater picophytoplankton biomass than Great Lake, while bigger picophytoplankton biomass was documented within a single lake
in spring. Lower picophytoplankton share in total Chl a
was estimated in spring. Lower PO4 concentrations and
previously documented lower grazing pressure of Aurelia
on copepods and consequently greater grazing pressure
from copepods on nanoplankton, were possible reasons for
significantly greater picophytoplankton biomass and its
relaxed competition for nutrients with bigger phytoplankton in Small Lake. Greater Chl a and lower abundance of
APF indicated shift in Chl a synthesis and assimilation of
nutrients towards bigger phytoplankton being exposed to
NO3+NO2 close and above 1 µM in early spring. Significant correlations of nanoplanktonic cyanobacteria with
NH4 and NO3 fitted well to potentially new N introduced in
phytoplankton growth during spring. Absence of the
proof for metabolic capabilities of found nanoplanktonic
cyanobacteria was constraint to confirm contribution of
N2 fixation to excess of nitrate in Small Lake (spring).
sAPA maxima were greater in Small Lake. In autumn
it was dominantly related to more than 5 fold greater
abundance of cyanobacteria, while in spring difference
was weak and most likely defined by photoadaptation of
phytoplankton (lower Chl a) and hazardous impacts of
UV-B radiation on APA in surface layer. Cladocora
caespitosa reef and its grazing on phytoplankton was not
explored but targeted as potentially important origin why
APA and Chl a were minimal together with the greatest
average PO4 concentration in Great Lake (autumn). Future research on nutrients, APA, microbial community
and Chl a in spatial gradient from Clacodocora caespitosa
reef towards Vrbovačka and Small Lake on one side and
Soline Channel towards coastal sea on the other side, will
perhaps explain more precisely the impact of Cladocora
caespitosa and currents regime change on P, N and Chl a
budgets in the water column of Great Lake.
Estimation of picophytoplankton share in Chl a (%)
based on T did not show significant difference from averaged estimation based on T, Chl a and NO3+NO2. Temperature was important factor for cycling of nutrients and
abundance of microorganisms. Estimation of picophytoplankton share in total Chl a based on Chl a measurements showed the same order of importance as averaged
estimation based on 3 parameters. Picoplankton share in
Chl a presented as APF abundance per Chl a (order of
importance) showed 4/4 (100 %) fit with the averaged
estimation (order of importance) derived from the model.
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Picophytoplankton abundance and biomass per total Chl a
significantly deviated from APF/Chl a. This suggested
that Chl a in natural picophytoplankton community is not
satisfactory estimator of the biomass. APA and Chl a
determined in wide range of phytoplankton size categories showed few shortcomings when more specific answers on P stress and inductive synthesis of alkaline
phosphatase in phytoplankton were wanted. These were
the first data on phytoplankton APA in Mljet Lakes.
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ABSTRACT
Electrochemical decomposition of leachate, which has
previously undergone A/O (anaerobic-aerobic biological)
treatment and chemical coagulation, was investigated over
Ti/ RuO2·IrO2 anode, stainless steel cathode and coke powder particle electrodes packed into the electrodes in a bipolar three-dimensional electrode reactor (BTDR). The
removal efficiency of COD and ammonia nitrogen increased with applied current density. The main influencing factors of BTDR were evaluated by an orthogonal test
including reaction time, current density, plate distance,
plate amounts and aeration flow-rate. With reaction time
of 80 min, current density of 25 mA/cm2, plate distance of
1.0 cm, plate amounts of 4 pairs, and aeration flow-rate of
2 L/min, most of contaminants in leachate were decreased
by BTDR, which can supply the discharge limit for landfill leachate in China. The BTDR could be employed as a
step of advanced treatment for landfill leachate.
KEYWORDS:
Landfill leachate, advanced treatment, bipolar three-dimensional
electrode reactor (BTDR), electrooxidation, coke powder

1 INTRODUCTION
Leachate generated in municipal landfills has a complex structure and high pollutant load. Generally, leachate
can be considered as complex effluent that often contains
organic compounds, heavy metals, ammonium and many
other pollutant compounds [1, 2]. It is quite hard to supply
the discharge standards for leachate treatment; however,

many different methods have been applied to the treatment
of landfill leachate. Various methods, such as biological
treatment methods, membrane processes, advanced oxidation techniques, coagulation-flocculation methods, and lagoon and wetland application studies, have been applied
during the past several decades [3-5]. However, only a single technology is insufficient to achieve acceptable levels of
pollution decrease. Therefore, advanced treatments, such
as membrane process and chemical oxidation, must be
integrated into the conventional bio-physical processes [6].
Because COD and ammonia nitrogen concentrations of
leachate are hard to meet the emission standards of China,
this research focuses on the remediation of COD and
ammonia nitrogen concentrations in leachate.
Recently, electrochemical method has been applied to
wastewater treatment because of its strong oxidation performance, mild condition, and environmental compatibility [7-9]. Treatment plants like those for textile
wastewater, coke plant wastewater and tannery
wastewater etc. have been well-defined in previous literature ([10-13]. The electrochemical method was also applied for treatment of landfill leachate [14]. Particularly,
bipolar three-dimensional electrodes and electrochemical
methods have been attracting in the recent years. Compared with the conventional two-dimensional electrodes,
the conversion rate of bipolar three-dimensional electrodes, with extensive specific surface area, can be increased largely [15]. Rao et al. [15] reported that reactive
hydroxyl radicals and chlorine are produced by the anode,
as interpreted by Eq. (1) and Eq. (2)
The oxidation of organic compounds and ammonia
[3, 15, 16] is shown in Eqs. (3-6).

H2O → OH· + H+ + e-

(1)

-

2Cl → Cl2 +2e
R-OH+ OH·(Cl2) →CO2 ↑ + H2O (COD removal)
R-NH2+ OH·(Cl2) → N2↑ +CO2 +H2O (COD, TKN removal)
NH4+ + 3OH·→ 0.5N2↑ + 3H2O + H+ + 3e- (NH4+ removal)
NH4+ + 1.5Cl2 → 0.5N2↑ + 4H+ + 3Cl- (NH4+ removal)
* Corresponding author
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(2)
(3)
(4)
(5)
(6)
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The granular activated carbon (GAC) has been widely
used for particle electrodes with its higher surface area-tovolume ratio [17]. Coke powder owns similar properties
and also low-cost compared with GAC; therefore, we preferred coke powders as particle electrodes in this work.
2 MATERIALS AND METHODS
All chemicals used in the experiments were of reagent grade or higher, and were used as received without
further purification. All solutions were prepared with ultrapure/deionized water. Leachate samples, which have previously been treated by anaerobic-aerobic (A/O) biological process and chemical coagulation, were obtained from
Liulitun landfill in Beijing, China. The characteristics and
discharge limits for landfill leachate in China are given in
Table 1 [18].
TABLE 1 - The characteristics and discharge limits of leachate.
Parameters

Concentration range

pH
CODCr
BOD5
SS
TN
NH3-N

7-8
253.5-376.2 (mg/L)
36.5-91.4 (mg/L)
52.6-128.9 (mg/L)
89.8-121.3 (mg/L)
53.8-92.6 (mg/L)

erty. In detail, citric acid and ethylene glycol were mixed
and agitated at 60 °C until full dissolution, and then, the
solution was heated to 90 °C with continuous stirring. The
mixture of RuO2 and IrO2 was added to the solution at the
molar ratio of 140:30:8:2 (citric acid: ethylene glycol:
RuO2: IrO2). The solution was maintained at 90 °C for 30
min to obtain sol-gel. Finally, the sol-gel solution was used
to coat on the Ti sheets by the dip-coating method. After
that, the Ti sheets were dried at 140 °C for 10 min in an
oven and sintered for the coating by thermal decomposition at 500 °C for 10 min in a muffle furnace. The above
operation was repeated 15 times to produce the Ti/
RuO2·IrO2 electrode. The last baking was annealed for 2 h
at 500 °C. In the experiment, a digital d.c. power supply
(MPS 702, 0-36.0 V, 0-32.0 A) was used in order to give
a regulated electricity current to the BTDR. The leachate
sample was fed into the BTDR prior to each experiment.
The BTDR was timed starting when the d.c. power and
compressed air supply were switched on.

Discharge limit for landfill
leachate in China
/
100 (mg/L)
30 (mg/L)
30 (mg/L)
40 (mg/L)
25 (mg/L)

The coke powder was supplied by Shanxi Jiaomei
Company in China. The average coke powder particle size
was 0.85-2.0 mm. The coke powder was rinsed and soaked
with leachate sample for 24 h until its adsorption capacity
was saturated before use.
2.1 Electrochemical experiments

The schematic of the bipolar three-dimensional electrode reactor (BTDR) is shown in Fig. 1. The electrochemical cell was made by organic glass with a 6-L valid working
volume (length x width x height = 30 x 20 x 15 cm).
In all cases, Ti/RuO2·IrO2 electrode (dimension: 20 x
10 cm; thickness: 1 mm) was used as anode, and a stainless steel plate (dimension: 20 x 10 cm; thickness: 1 mm)
was used as cathode. The cathode and anode electrodes
were alternately arranged and kept in the middle of the
reactor. Coke powder was packed into the space between
the electrodes up to a height of 10 cm. When electric
potential was applied across the coke powder-packed bed,
every coke powder particle was polarized and behaved as
an anode on one side and a cathode on the other side [19].
Air was spread into the reactor via an air distribution
manifold situated at the bottom of the reactor. The air was
supplied by a diaphragm pump. The cathode and anode
electrodes were firstly immersed in NaOH solution (5%,
m/m) at 90 °C for 1 h to remove grease, and then, the
sheets were etched in boiling oxalic acid (10%, m/m) for
2 h to produce a grey surface with uniform roughness. Ti/
RuO2·IrO2 electrode was prepared by the sol-gel method
to enhance the anode’s reaction and anti-dissolution prop-

FIGURE 1 - Schematics of bipolar three-dimensional electrode
reactor (BTDR).
2.2 Analyses

The leachate was analyzed for various parameters according to standard methods of China [20]. CODCr was
determined using potassium dichromate titration method.
Ammonia nitrogen test was performed using colorimetric
method, and the pH value was measured by a Shanghai
Leici PHS-3D brand pH-meter. The SS, BOD5 and TN were
detected by gravimetric, analysis, dilution in-oculation and
UV spectrophotometry, respectively.
3 RESULTS AND DISCUSSION
3.1 Single factor effect of current density

The capability of electron transfer and hydroxyl radical generation may govern the degradation efficiency of
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FIGURE 2 - Removal efficiency of COD and ammonia nitrogen at different current density (Plate distance: 1.0 cm; plate amounts: 5 pairs;
aeration flow-rate: 4.0 L/min).

pollutants in wastewater [21]. However, the above abilities, especially hydroxyl radical generation capability,
depend on the applied current density. Hence, the effect
of applied current values on the removal efficiency of
COD and ammonia nitrogen was investigated by setting
the current densities of 10, 15, 20, 25, and 30 mA/cm2. As
shown in Fig. 2, the removal efficiency of COD and ammonia nitrogen were both significantly increased with the
increasing applied current density when the reaction time
was less than 100 min but changed little after the reaction
time was above 100 min.
3.2 Comparison of different electrode reactors

To understand the different treatment effects of the
two-dimensional and the three-dimensional electrode reactors packed with GAC or coke powder, comparison experiments were conducted. The experimental conditions and
results are shown in Fig. 3.
The results suggest that the two-dimensional electrode reactor’s removal efficiency of COD and ammonia
nitrogen was lower than that of the three-dimensional

electrode reactor. Although the removal efficiency of the
three-dimensional electrode reactor packed with GAC was
best, the difference between GAC and coke powder particle
electrode was small. When considering the coke powder’s
price which was much lower than GAC, hence, we choose
coke powders as particle electrodes in the following experiment. In order to probe the behaviour of the coke powder particle electrode for COD and NH3-N removal in the
process of continuous use, the coke powder particle electrode was repeatedly used over 500 times under the same
experimental conditions. The experimental results showed
that there was nearly no decrease for COD and NH3-N
removal efficiency.
3.3 Orthogonal test for optimal removal efficiency of leachate

Previous studies have indicated that current density,
distance and amounts of electrode plate, reaction time and
aeration flow-rate played major roles for the removal
efficiency of pollutants in wastewater [22]. Shi et al. [6]
reported that the three-dimensional-electrode reactor was
applied to treatment of landfill leachate, which activates
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carbon and coated carbon as filled electrode. Impact factors and treatment efficiency were studied. Experimental
results showed that the removal rates of COD，NH3-N
and TOC were affected by current reaction time, current
density, and aeration flow-rate. Xu et al. [5] found that the
current reaction time, current density, plate distance and

amounts were the main effecting factors during the treatment of landfill leachate with the electrochemical method
since various parameters potentially affect the electrolysis
efficiency; the orthogonal test L16(4)5 table was designed
to detect the optimal electrolysis conditions (Table 2).

Removal efficiency(%)

120
100
80

COD
NH ³-N

90.5%

88.3%
75.5%

79.2%
76.5%

62.8%

60
40
20
0
A

B

C

FIGURE 3 - Removal efficiency of COD and ammonia nitrogen at different electrode reactors (A: 2-dimensional electrode reactor; B: 3dimensional electrode reactor with coke powder; C: 3-dimensional electrode reactor with GAC; Reaction time: 80 min; current density: 20
mA/cm2; Plate distance: 1.0 cm; plate amounts: 5 pairs; aeration flow-rate: 4.0 L/min).

TABLE 2 - Factors and levels of orthogonal test
Level

Variable

1
40
0.75
10
5
2

A (reaction time) (min)
B (plate distance) (cm)
C (current density) (mA/cm2)
D (plate amounts) (pair)
E (aeration flow rate) (L/min)

2
60
1.0
15
4
4

3
80
1.25
20
3
6

4
100
1.50
25
2
8

TABLE 3 - L16(4)5 orthogonal test result.

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
K1
K2
K3
K4
R

A
(reaction time)
(min)
COD
NH3-N
1
1
1
1
2
2
2
2
3
3
3
3
4
4
4
4
33.39
39.21
67.37
79.64
83.81
92.98
82.22
91.36
50.42
53.77

B
(plate distance)
(cm)
COD
NH3-N
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
63.90
74.17
67.78
75.70
67.28
76.57
67.83
76.75
3.93
2.58

C
(current density)
(mA/cm2)
COD
NH3-N
1
2
3
4
2
1
4
3
3
4
1
2
4
3
2
1
66.92
74.46
62.80
74.68
67.98
76.88
69.09
77.18
6.29
2.72
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D
(plate amounts)
(pair)
COD
NH3-N
1
2
3
4
3
4
1
2
4
3
2
1
2
1
4
3
66.07
73.49
68.92
77.21
65.79
76.02
66.04
76.03
3.13
3.72

E
(aeration flow-rate)
(L/min)
COD
NH3-N
1
2
3
4
4
3
2
1
2
1
4
3
3
4
1
2
66.85
75.07
67.50
76.66
66.91
76.70
65.52
74.77
1.98
1.93

Removal efficiency
(%)
COD
30.35
33.60
34.54
35.08
58.57
68.23
70.52
72.15
82.44
86.51
85.66
80.62
84.25
82.78
78.40
83.45

NH3-N
33.21
40.26
42.63
40.75
76.52
79.33
80.34
82.35
93.52
94.21
92.80
91.40
93.42
89.00
90.52
92.50
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According to the value of range R in Table 3, reaction
time (A) demonstrated the most significant effect on removal efficiency of COD and NH3-N, and the order of
significant effects on removal efficiency was reaction time
(A) > current density (C) > plate distance (B) > plate
amounts (D) > aeration flow-rate (E). For advanced treatment of leachate, the optimal reaction parameters of BTDR
were named as A3C4B2D3E1, which indicates reaction time
(80 min), current density (25 mA/cm2), plate distance
(1.0 cm), plate amounts (3 pairs), and aeration flow-rate
(2 L/min). Under the above optimal reaction parameters of
BTDR, the main contaminants in leachate were removed,
which can meet the discharge limit for landfill leachate in
China (Table 4).
TABLE 4 - The removal effect of BTDR for contaminants in leachate.
Parameters
pH
CODCr
BOD5
SS
TN
NH3-N

Unit
/
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1

Influent
7-8
238.7-346.4
26.0-83.5
42.2-94.3
66.6-108.5
45.9-82.1

Effluent
7-8
37.5-78.2
8.9-25.6
13.8-22.5
16.9-36.3
6.5-11.4

ing applied current density when the reaction time was
increased from 0 to 120 min.
(2) The two-dimensional electrode reactor’s removal
efficiency rates of COD and ammonia nitrogen were lower
than in a three-dimensional electrode reactor. The removal
efficiency of a three-dimensional electrode reactor packed
with GAC was the best, but the difference between GAC
and coke powder particle electrode was small.
(3) With reaction time of 80 min, current density of
25 mA/cm 2, plate distance of 1.0 cm, plate amounts of
4 pairs, and aeration flow-rate of 2 L/min, the main contaminants in leachate were mostly decreased by BTDR,
and could supply the discharge limit for landfill leachate
in China. The BTDR could be expected to be a new, simple, efficient and promising way for advanced treatment
of landfill leachate.
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With regard to the removal rates of pollutants from
aqueous solutions by both monopolar and bipolar electrodes, almost removal effects of bipolar electrodes were
much better than those of monopolar electrodes [23].
Zhou et al. [12] found that, in a BTDR, the denitrification
rate was greatly improved compared to that in a 2-dimensional reactor. According to Xu and Pan [5], electrochemical
technology is an effective process for treatment of landfill
leachate. The removal efficiency rates of COD and ammonia
nitrogen were 70.34 and 90.01%, respectively, under the
current density of 50 mA/cm2, plate distance of 2 cm and
reaction time of 75 min. Generally, the experimental results
of our work are in agreement with former reports. The last
20 years have seen the publication of a large number of
electrochemical reactors. However, most of them focused
on electrode kinetics, electrode materials and laboratory
techniques; however, an in-depth economical study needs
to be carried out to demonstrate the economical advantage
of the bipolar three-dimensional electrode application (including energy costs, disposal costs and the costs required
to build and operate) over conventional membrane process
and chemical oxidation [25].
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ABSTRACT
Biosorption capability of low cost materials for cadmium and chromium ions removal has been investigated as
a function of appropriate equilibrium time, concentration of
adsorbate and pH using batch system. Kinetic data and equilibrium isotherms were obtained. Equilibration time for
maximum biosorption of Cadmium was 60 minutes, optimum pH was 6 and initial concentration 2mg/L for both
Ulmus leaves and Platanus orientalis leaves respectively.
Simultaneous adsorption of cadmium and chromium ions
was studied using a medium that contained 2mg/L of each
metal ion. Results indicated that Langmuir model gave a
better fit to the experimental data in comparison with the
Freundlich equation. Sorption kinetics was well described
by an empirical power function within the reaction times.
All sorbents exhibited greater sorption capacity for Cd (II)
than Cr (VI) and the presence of both metal ions reduced
the tendency for either to be sorbed although Cd (II) sorption was affected to a greater extent than that of Cr (VI).
The Langmuir binding strength parameter (k) was always
greater for Cd (II) than Cr (VI). However, these k values
tended to increase as a result of the simultaneous presence
of both metal ions that may indicate competition for sorption sites promoting the retention of both metal ions on
more specific sorption sites.

KEYWORDS: Cd (II), Cr(VI), Ulmus leaves, Platenus orientalis
leaves, adsorption isotherm

1 INTRODUCTION
Environmental pollution by toxic metal ions arises
from industrial, agricultural effluents and waste disposal
from various others sources. Many industries such as metal
plating industries, mining operations and tanneries discharge
waste containing heavy metal ions [1].
* Corresponding authors

As pollutants, heavy metal ions were intensively studied due employed their significance from the point of view
of persistence and toxicity. These toxic metal ions can cause
accumulative poisoning, cancer and brain damage when
found above the tolerance levels [2].
There are several methods for treatment of the metal
contaminated effluent such as precipitation, ion exchange,
adsorption etc, but the selection of the treatment method is
based on the concentration of waste and the cost of treatment [3-5]. Adsorption of heavy metal ions on to activated
carbon has been applied widely as a unit operation in the
treatment of industrial wastewater. The use of commercial
activated carbon is not suitable for developing countries
because of high cost. Therefore, there is a need to prepare
activated carbon from cheaper and readily available materials which can be used economically on a large scale.
Activated carbons prepared from rice husk, ground nut
husk, fertilizer waste slurry, peanut hull, jute stick,
moringa olefera seed shell, coconut husk and sawdust [5].
Activated carbons have been used for wastewater treatment and the potential of their ultimate usage maybe
determined by their adsorption capacity, regeneration
characteristics and physical properties of the subsequent
product [6,7]. In recent years, biosorption has emerged as
a cost-effective and efficient alternative for the removal of
heavy metal ions from low strange wastewaters [4].
Microorganisms, including algae’s, bacteria, yeast,
fungi, plant leaves and root tissues can be used as biosorbents for detoxification and recovery of toxic but valuable metal ions from industrial discharges [8, 9]. Certain
waste materials from industrial or agricultural operations
may be potential alternative biosorbents [10].
It has been reported that wood wastes such as saw dust,
barks and tree leaves effectively adsorb cadmium species
from aqueous systems [9].
Tree leaves that are in agricultural operations are generally little or no economic value. Tehran plant leaves (such
as Ulmus and Platanuse Orientalis) have been widely
planted as street and park trees. Although the pruning of
these trees produces waste foliage in large quantities, it
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has been discarded. Large piles of the waste foliage pose
problems in its disposal. This study was performed to investigate the efficiency of tree leaves on removing heavy
metal ions (Cadmium and Chromium) from dilute aqueous solutions. The parameters that have effect on biosorbtion such as contact time; pH and initial concentration
of pollutants were investigated
2 MATERIALS AND METHODS
Tree leaves that used were obtained from the various
parks in Tehran. The tree leaves was then washed with
deionized water to clean and then laid down to be flatted
to be dried in sunlight for 14 days. Dry leaves were then
ground with electrical grinder. After being grounded, the
leaf particles were sieved with 60-70 mesh sieves (0.200.3mm). Then, leaf particles were dried at 100o C for
24 hours to be constant weight. Dried leaf particles were
stored in desiccators until used [2-4, 11].
Adsorption of heavy metal ions in aqueous solution on
ulmus leaves (UL) and platanus orientalis leaves (POL)
were examined by various physicochemical parameters such
as: pH, contact time and concentration of heavy metal ions
were studied.
Stock solution of heavy metal ions (Cr (VI) and Cd(II))
(1000 mg/L) was prepared by dissolving cadmium nitrate
and titrizol chromium (VI) in distilled water. The concentration range of heavy metal ions prepared from stock
solution varied between 2 to 40 mg/L or both tree leaves
[2-4 11].
The experiments were carried out in the batch methods for the measurement of adsorption capacities. Each
heavy metal solution was placed in 1000 ml beaker and
known amount of adsorbents lg were added to each beaker.
The beakers were agitated on jar test equipment at a 300 rpm
constant mixing rate for 30-300 minutes to ensure equilibrium was reached[2,3].
Finally, the suitability of the Freundlich and Langmuir
adsorption models to the equilibrium data were investigated
for heavy metal ions-sorbent system. A duplicate set was
also analyzed for every sample to track experimental average of reproducing results. For quality control purpose, DI
water digested and analyzed with every sample group to
track and possible contamination source [12, 13].
Adsorption equilibrium was calculated according to the
equation (1) [11]:

qe =

(C ° − C e )V
m

(1)

Where:
qe = adsorbent (leaves) phase concentration after
equilibrium, mg adsorbate/g adsorbent
Co= initial concentration of adsorbate, mg/L
Ce = final equilibrium concentration of adsorbate after absorption has occurred, mg/L

V = Volume of liquid in the reactor, L
M = mass of adsorbent, g
The Langmuir model equation is:
q = qmax (KL Ceq/ (1+ KL Ceq)
(2)
where q (mg/g) is the amount of heavy metal ions adsorbed onto the unit mass of the polymeric beads, KL is
the Langmuir equilibrium constant which is related to the
affinity of binding sites; Ceq the equilibrium metal ion concentration, and qmax is the maximum adsorption capacity
(theoretical monolayer saturation capacity) [6,14].
The main characteristics of the Langmuir equation,
constants KL and qmax can be determined from a linearized
form of the Langmuir equation, as follows:
ce/qe= 1/qmax K + ce/qmax
(3)
Therefore, a plot of Ce / q versus Ce, gives a straight
line of slope 1/qmax and intercept 1/KL qmax[15].
The Freundlich model based on adsorption on a heterogeneous surface develop an empirical equation:
qe=k ce 1/n
(4)
Where qe is the adsorption (mg/g); Ce is the equilibrium concentration of adsorbate in solution (mg/L); k and n
are empirical constants, characteristics of the system,
indicating the adsorption capacity and the adsorption
intensity, respectively [16, 17]. The above equation can
be linearized as the following form, also used to confirm
the applicability of the model:
lnqe = lnk + 1/n lnce
(5)
The Langmuir and Freundlich equations were used to
describe the isotherm data obtained for the adsorption of
Cd (II) and Cr (VI) ions by each type of adsorbent beads
over the entire concentration range studied.
The residual heavy metal ions were analyzed through
atomic spectrometry using an ALPH-4-flams atomic absorption spectrophotometer at wavelength of 228.8 for cadmium and 357.9 for chromium using an acetylene air flame
according to standard methods for the examination of water
and wastewater [3, 8].
3 RESULTS AND DISCUSSION
Appropriate the adsorption of heavy metal ions increased with increasing contact time and became almost
constant after 60 min (Fig.1). These results also indicate
that the sorption process can be considered very fast because of the largest amount of Cadmium and chromium
attached to sorbent within the first 60 min. of adsorption.
Similar results were reported by Mahvi et al. [2, 3].
Experiments concerning the effect of pH on the sorption were carried out with the range of pH 3-9 that was not
influenced by the metal precipitation, as metal hydroxide.
The suitable pH ranges for heavy metal ions were performed for the pH range variations of 3-9.
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each metal Ion. Fig. 4, show that this adsorbent was more
efficient for removed of Cd(II) Than Cr (VI). These results were published in my last paper [2-4, 11].
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FIGURE 1 - Effect of contact time on the removal of cadmium and
chromium by tree leaves (Adsorbent dosage = 2g/L;, heavy metal ion
concentration = 2 mg/L).

0
0

10

20

30

40

50

60

C (mg/L)

Fig.2 shows that in most cases, the removal increased
steadily with pH. Adsorption of metal on adsorbent depends upon the nature of adsorbent surface and species
distribution of the metal cation. Surface distribution mainly depends on the pH of the system [16,17].

FIGURE 3 - Effect of heavy metal concentration on the removal of
Cadmium and Chromium by tree leaves (Adsorbent dosage = 2g/L;
pH=6; T=240C; 300rpm; 60min).
1.0
UL (Cd)

The percent of adsorption for heavy metal ion decreased with the decrease in pH, because protons compete
with metal ion for sorption sites on the adsorbent surface
as well as the concomitant decrease of negative charge of
the same surface [7,18].It has been reported that precipitation of cadmium starts at pH 8.3[6,14].
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FIGURE 4 - Simultaneous adsorption of Cd (II) and Cr (VI) ions
was studied using a medium that contained (heavy metal ions concentration = 2 mg/L ; Adsorbent dosage = 2g/L; pH=6; T=240C;
300rpm; 60min)
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Two models, Langmuir and Freundlich equation,
were used to determine adsorption of Cadmium on to tree
leaves. Isotherm studies were than carried out as described in our earlier paper [4, 11].

pH

FIGURE 2 - Effect of pH on the removal of heavy metal ions by
tree leaves Adsorbent dosageb = 2g/L heavy metal ions concentration = 2 mg/L)

The effect of initial metal Ion concentration on the
adsorption capacity of tree leaves was studied under optimum conditions. (pH = 6, Temp = 24-250C). Adsorption
of heavy metal ions on tree leaves increased with increasing initial concentration. These results may be explained
by an increase in the number of metal Ions competing for
the available binding sites in the adsorbent for complexation of Cd (II) and Cr (VI) Ions at higher concentration
levels [9]. These results were shown in Fig. 3.
Simultaneous adsorption of Cd (II) and Cr (VI) ions
was studied using a medium that contained 2 mg/L of

The Langmuir and Freundlich equations were used to
describe the isotherm data obtained for the adsorption of
Cd (II) and Cr (VI) ions by each type of sorbents over the
entire concentration range studied. The characteristics of
Langmuir and Freundlich equations are shown in Tables 1
and 2. The regression coefficients in Table 1 show that
the experimental data reasonably well fitted the linearized
equation of the Langmuir isotherm over the whole Cd (II)
and Cr(VI) concentration range studied.
Data in Table 2 show that the Freundlich isotherm
was also representative for the both heavy metal adsorption by all types of tested adsorbent. However, Langmuir
isotherm could be considered as a better fitting model
than Freundlich for Cd (II)-UL system.
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Although, electrocoagulation process has a higher efficiency in removal of heavy metals, but it can produce
harmful sludge to be discharged in environment [19, 20].
TABLE 1 - Parameters for the Langmuir adsorption isotherms for
Cd (II) and Cr(VI) on the sorbents with various composition.
Sorbent system
UL(Cd (II))
UL (Cr (VI))
POL (Cd (II))
POL (Cr (VI))

qmax
(mg/g)
121
98
140
110

K
(l mg-1)
0.075
0.067
0.085
0.076

Correlation coefficient
r2
0.991
0.925
0.976
0.937

UL(Cd (II))
UL (Cr (VI))
POL (Cd (II))
POL (Cr (VI))

K
(l mg-1)
3.85
2.91
4.63
3.98

n
2.36
1.98
2.13
2.01

Harter RD, Naidu R. (2001) An assessment of environmental and
solution parameter impact on trace-metal sorption by soils. Soil
Science Society of America Journal 65, 597-612.

[8]

Ajmal M, Rao RAS, Anwar J, Ahmad A. (2003) Adsorption studies
on rice husk: removal and recovery of Cd (II) from wastewater. bioresource.Technology 86, 147-149.

[9]

Mahvi AH, maleki A, Eslami A. (2004) Potential of rice husk and
rice hujsk ash for phenol revomal in aqueous system. American
Journal of Applied Sciences 4, 321-326.

[10] Mahvi AH, Gholami F, Nabizadeh R, Omrani GHA, Khairi A.
(2006) Removal of Chromium (VI) from Aqueous Solution by
ULMUS Leaves. Iranian Journal of Environmental Health Science
& Engineering 3, 97-102.
[11] Izanloo H, Naseri S. (2005) Cadmium Removal from Aqueous Solutions by Ground Pine Cone. Iranian Journal of Environmental
Health Science & Engineering 2, 33-42.

TABLE 2 - Parameters for the Freundlich adsorption isotherms for
Cd (II) and Cr(VI) on the on the sorbents with various composition.
Sorbent system

[7]

Correlation coefficient
r2
0.951
0.940
0.972
0.923

[12] Serrano S, Garrido F, Campbell CG, Garc´a-Gonza´lez MT. (2005)
Competitive sorption of cadmium and lead in acid soils of Central
Spain. Geoderma 124, 91-104.
[13] Pino GH, Souza LM, Torem LM, Pinto SAG. (2006) Biosorption
of cadmium by green coconut shell powder. Minerals Engineering
19, 380-387.
[14] Cheung CW, Porter JF, McKay G: (2001) Sorption kinetic analysis
for the removal of Cadmium ions from effluents using bone char.
water Research 35, 605-621.

4 CONCLUSION
The conventional methods for removal of heavy metal ions in the wastewater have been performed by using
the chemical precipitation, ion exchange resin, and separation membrane, respectively, but these are expensive
methods, result in secondary contaminants, and are not
efficient for low concentrations. In this study tree leaves
were prepared. Biosorbents from tree leaves were prepared which effectively removes Cd (II) and Cr (VI). All
sorbents exhibited greater sorption capacity for Cd (II)
than Cr (VI) and the presence of both metal ions reduced
the tendency for either to be sorbed although Cd (II) sorption was affected to a greater extent than that of Cr (VI).
It follows Langmuir isotherm. Hence it may be considered usage of these leaves may be a new method as adsorbent for removal of heavy metal ions from wastewater.

[15] Zouboulis AI, Loukidou MX, Matis KA. (2004) Biosorption of toxic metals from aqueous solutions by bacteria strains isolated from
metalpolluted soils. Process Biochemistry 39, 909-916.
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[17] Fontes MPF, Gomes PC. (2003) Simultaneous competitive adsorption of heavy metals by the mineral matrix of tropical soils. Applied
Geochemistry 18, 795-804.
[18] Zümriye, A . (2001) Biosorption of reactive dyes by dried activated sludge: equilibrium and kinetic modeling. Biochemical Engineering Journal 7, 79–84.
[19] Nouri J, Mahvi AH, Bazrafshan E. (2010) Application of electrocoagulation process in removal of zinc and copper from aqueous
solutions by aluminum electrodes. International Journal of Environmental Research 4, 201-208.
[20] Bazrafshan E, Mahvi AH, Naseri S, Mesdaghinia AR. (2008) Performance evaluation of electrocoagulation process for removal of
chromium (VI) from synthetic chromium solutions using iron and
aluminum electrodes. Turkish Journal of Engineering and Environmental Sciences 32, 59-66.
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ABSTRACT
In this research, an electrochemical process has been
applied for treatment of dairy industry wastewater, on the
basis of removing COD, as most effective parameter of
pollution index.
The variable parameters of the electrochemical system in this research include applied voltage (10, 20 and
30), electrode materials (iron, aluminium, stainless steel)
and contact time (20, 40 and 60 min). The Response Surface Methodology was used for the designing of the experiments in order to do a complete analysis of each individual or power factor effect as well as to analyze the interferential effect of all factors as one. Regarding the reduction in COD, in the experiments performed, the best design
was found under the following conditions: 40 min contact
time, stainless steel as cathode, and 10 V. The optimal
state of the system, which has been suggested as the best
design at the end of the study, was obtained by analyzing
the surface and contour plots.

KEYWORDS: Electro-chemical, industrial wastewater, response
surface methodology, design of experiments

1 INTRODUCTION
The use of electrochemical methods in treatment of
dairy industry wastewater was firstly reported 1880, in
London, England. In recent decades, this procedure has
been used in the treatment of wastewaters from dairy, textile, food processing, defence, paper, petrochemical, and
other industries. Moreover, electrochemistry is expected to
play an important role in protecting the living environment in the future.
* Corresponding author

Application of the electrolysis method in treatment of
wastewater compared with other common methods, which
include the use of chemical coagulants, involves benefits
like the ability to be performed at neutral pH and needing
no other additives in the system output. A further benefit
is that the process can be controlled by an electric current
– as the input electrical current introduced to the electrolyte cell is directly proportional to the amount of chemical
coagulants added to the solvent – whereas, the use of
chemical coagulants is accompanied by an entry of anions
like sulphates or chlorides.
By using the electrochemical methods, different contaminants can also be removed from an electrolytic cell.
Dairy wastewater includes industrial waste, flushed waste,
and waste from aqueous cooling systems. Industrial waste
may originate from washing milk-carrying and milkstoring containers, bottles and glasses, or from sterilizing
depositories, delivery station floors and other installations
present – such as pumps, boilers, etc. The waste from
pasteurization and sterilization units is mainly composed
of machine coolants.
Receiving waters can be affected by diary wastewater
with an increased rate of dissolved oxygen depletion, a
decrease in the pH level due to the conversion of lactose
to lactic acid in the fermentation process, an increase of
casein bed deposit at acidic pH values, an increase in
fungal growth due to a pH drop, and a destruction of
marine life due to the entry of cleansers and detergents
from the cleaning process [1].
COD is one of the most important pollution indexes
of wastewater. Instead of determining the foreign material
in wastewater directly, it is measured indirectly by gauging the amount of oxygen that is required to oxidize the
water. The more the amount of foreign material contaminating the wastewater, the more is the COD value. Owing
to the fact that COD removal is expensive in other methods which is mainly due to high energy costs, electro-
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chemical treatment of dairy industry wastewater has been
growing in importance [2-5].
Activated sludge and electro-coagulation are other
common processes being practiced. Electro-coagulation is
the process of destabilizing suspended, emulsified or
dissolved contaminants in an aqueous medium by introducing an electrical current into the medium during which
the surface charge of the colloidal particles reduces to a
point in which the inter-van der Waals forces can be overcome and coagulation can occur [6]. This electrochemical
(EC) process is characterized mainly by its practicability,
simplicity of equipment, easy operation, good settling
ability of produced sludge, and its ability to reduce operational costs, and to lower total dissolved solids (TDS) in
the wastewater compared with standard chemical procedures [7]. In an EC process, the selected electrode material has a considerable impact on the removal. Kobia et al.
[8, 9] investigated the use of EC technology with iron and
aluminium electrodes in order to treat textile industry
wastewater. Results showed, from a COD removal efficiency and energy point of view, that iron excels aluminum as a sacrificial electrode [8, 9].

Variables include three parameters: electrode material,
contact time and applied voltage. The environmental parameters have been kept constant, as their values are not
important and are not the purpose of this study [10].
At first, Minitab software was used for creating the
initial design of experiment; each full range repetition or
cycle contained 20 experiments (as can be seen in Table 4).
To use this method, variables under investigation were
coded according to the contract, and each code's corresponding value has been noted in Tables 1, 2 and 3.
After designing the experiments, as noted in Table 4,
experiments were planned and performed, and the resulting data were recorded in Table 5. Although COD values
under different conditions are available in this table, it is
not clear what a factor or factors cause the changes in the
object function.
TABLE 1 - Corresponding coded values for the cathode material
variable.
X1
Cathode

-1
Fe

0
Al

1
St

TABLE 2 - Corresponding coded values for the contact time variable.

2 MATERIALS AND METHODS
In this research, the response surface methodology
(RSM) has been used to determine the optimal conditions for the EC process. RSM follows a central composite design (CCD). This method is useful for determining a statistical model of the process, evaluating the interaction between object factors, and recognizing the most
effective factor on the object function. In this study, the

X2

-1

0

1

Time (min)

20

40

60

TABLE 3 - Corresponding coded values for the applied voltage
variable.
X3
Voltage (V)

-1
20

0
10

1
30

TABLE 4 - Coded and corresponding uncoded values of the designed experiments using Minitab software.
Experiment No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

X1
0
-1
1
0
0
-1
0
0
1
0
0
0
-1
1
-1
0
0
1
1
-1

Coded Parameters
X1
-1
1
-1
0
0
0
0
0
-1
0
1
0
-1
1
1
0
0
0
1
-1

X3
0
1
-1
0
0
0
0
1
1
0
0
0
1
1
-1
0
-1
0
-1
-1

Cathode
Al
Fe
St
Al
Al
Fe
Al
Al
St
Al
Al
Al
Fe
St
Fe
Al
Al
St
St
Fe
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Uncoded Parameters
Time (min)
20
60
20
40
40
40
40
40
20
40
60
40
20
60
60
40
40
40
60
20

Voltage (V)
10
30
20
10
10
10
10
30
30
10
10
10
30
30
20
10
20
10
20
20
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TABLE 5 - Obtained experimental values in the performed experimental design.
Experiment
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Coded Parameters
x1
x2
0
-1
-1
1
1
-1
0
0
0
0
-1
0
0
0
0
0
1
-1
0
0
0
1
0
0
-1
-1
1
1
-1
1
0
0
0
0
1
0
1
1
-1
-1

x3
0
1
-1
0
0
0
0
1
1
0
0
0
1
1
-1
0
-1
0
-1
-1

As mentioned before, analyzing the data via software
would prepare a way for discovering the scale of effects
that different parameters involved in the process would
have on the system. The software was used for this analysis after having the experimental data, and helps to reveal
the impact of the different parameters under study on the
object function (Y) using the following equation:
Y = b0 + b1X1 + b2X2 + b3X3 + b1b2X1X2 + b1b3X1X3
+ b2b3X2X3 + b1b1(X1)^2 +b2b2(X2)^2 + b3b3(X3)^2.

The equation coefficients have been obtained by the
help of the software, and the results are given in Table 6.
In this case, the obtained equation would be in the
following form:
Y = 223.791 + 46.400 X1 + (-43.800) X2 + (-27.600) X3 +
-1.875 X1X2 + 13.125 X1X3 + 0.125 X2X3 + 60.773 (X1)^2 +
(26.773) (X2)^2 + (-56.227 )(X3)^2.

COD (mg/L)
(Experimental)
310
126
358
217
219
225
215
141
318
221
207
220
220
245
218
219
210
360
256
284

The coefficients of these equations can be divided into three groups: individual, power and interferential
coefficients. Individual coefficients include X1, X2 and
X3 parameter coefficients, and indicate to what extent the
objective function (COD value) is influenced by separate
but corresponding parameters, while all other parameters
are kept constant. Power parameters are associated with
squared-magnitude coefficients of the three parameters
signifying the effect of intensifying factors on the object
function, while all other parameters do not change. The
effect of square intensification of each variable on the
function of the system, and the effect of power on the
object, can be investigated through these coefficients.
Interferential coefficients are different permutations of the
three parameters, viz. when two factors together affect the
function of the object. Chart 1 illustrates a clear view of
the above situation.

TABLE 6 - The constants in the equation obtained using Minitab software.
Term
Constant
x1
x2
x3
x1*x1
x2*x2
x3*x3
x2*x1
x3*x1
x3*x2

Coefficient

SE Coefficient

T

223.791

5.312

42.132

P
0.000

46.400
-43.800
-27.600

4.886
4.886
4.886

9.497
-8.964
-5.649

0.000
0.000
0.000

60.773
26.773

9.317
9.317

6.523
2.873

0.000
0.017

-56.227
-1.875
13.125

9.317
5.463
5.463

-6.035
-0.343
2.403

0.000
0.739
0.037

5.463

0.023

0.982

0.125
S = 15.45; R-Sq = 96.6%; R-Sq (adj) = 93.5%
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CHART 1 - Illustration of absolute values of individual, power and interferential coefficients.

On the whole, from a qualitative point of view, it can
be said that individual factors, the electrode material, or
contact time have almost equal effects on the object function, and this is stronger than the individual effect of the
third factor. But an intensification (of power) in the first
and the third factors results in an increase in object function; whereas, on the other hand, an intensification of the
time factor causes a decline in its impact. In other words,
an increase in the contact time results in a decrease in the
amount of positive effects on the object function. Although, an increase in effects was in line with individual
effects, the size of interferential effect on the object function is not easily obtainable, and mathematical operations,
like taking an average between two parameters, would not
be correct as the actual effects and interactions inside the
system would not manifest themselves herein. As the
illustration above shows, object function is influenced
less by the factors compared with the other cases – in a
way that a simultaneous change of contact time and applied voltage would not have a significant impact. Thus,
simultaneous change is not recommended for a system in
which change is essential for improving its functioning.
Identifying the optimal state of the system necessitates drawing the surface plots in which the minimum
values of COD are displayed as a continuous field in
terms of coded variables.
As per the figure, the minimum value of COD in the
simultaneous changing process of contact times and applied voltage parameters is achieved at a state in which
both variables become constant (at code 1). Further, the
state having code 0 and code 1 for the variables of contact
time and voltage, respectively, is equal to the previous
state. However, the system is less stable here. This can be
concluded from the fact that the last mentioned state is
closer to a higher COD level. Lower stability means that
if we work in an unstable state, even an insignificant
change in parameters can likely cause an undesirable
transfer to an area of different COD level [10].
Figure 3 indicates that the least COD value resulting
from simultaneous change in electrode materials and

contact time is associated with the states seen in the following chart. Considering the variety of the given codes,
the states below have equal values with regards to the
simultaneous change in these two parameters.

FIGURE 1 - The effect of simultaneous changes in contact time and
applied voltage parameters on the object function, in a 3-dimensional
graph.

FIGURE 2 - The effect of simultaneous changes in contact time and
applied voltage parameters on the object function in a 2-dimensional
graph.
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ture, then, some designs must be chosen and made distinct
by comparing their stability and coordination with other
graphs, in such a way that the unique design of a graph
must not be contradicted by another graph drawn using
the other parameters.

FIGURE 3 - The effect of simultaneous changes of contact time and
cathode material parameters on the object function in a 3-dimensional
graph.

FIGURE 5 - The effect of simultaneous changes of applied voltage and
cathode material parameters on the object function in a 3-dimensional
graph.

FIGURE4 - The effect of simultaneous changes of contact time and
cathode material parameters on the object function in a 2-dimensional
graph.
TABLE 7 - Equivalent state extracted from Fig. 4.
Mode No.

Cathode

Time

1
2
3

0
0
1

0
1
0

4

1

1

FIGURE 6 - The effect of simultaneous changes of applied voltage and
cathode material parameters on the object function in a 2-dimensional
graph.

This design is unique in the fact that the most stable
state (due to isolation from other fields) is related to a
state in which the cathode type and contact times have
been kept constant at 0 and 1 code values, respectively.
That is to say, other similar areas contained within the
above table are not safe for work since selecting similar
states might provide an almost equal level but an unwanted deviation from these levels is probably possible.
Based on Fig. 5, it can be concluded that, when
changing applied voltage and cathode material simultaneously, the applied voltage would be better kept constant at
code 1 in all cases while cathode material code could be
kept at 0 or -1. Selection of a unique design necessitates
investigating and judging all surface plots. Thus, a level
should not be considered to be suitable based on the two
previous graphs but should, in fact, include all the graphs.
If the proposed graphical designs were not unique in na-

4 CONCLUSION
According to the data analysis and investigation of all
factors, the best of the suggested designs has been given
in Table 8. This design would be able to minimize COD
value of the dairy industry wastewater, and to predict the
future behavior of the system against wanted and unwanted changes. This study could be a direction for feasibility studies on electrochemical processes for the treatment of wastewater since a proper selection of equal
states can be made from an economic point of view.
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TABLE 8 - The best-presentable design.
Kind of Cathode

Time (min)

Voltage (V)

COD (mg/L)

-1

1

1
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ABSTRACT
A new hybrid system of DMBR–IVCW, which combines a dynamic membrane bioreactor (DMBR) unit and
an integrated vertical-flow constructed wetland (IVCW)
unit, was applied to treat domestic sewage. The results
showed the total removal efficiencies of DMBR-IVCW
system at three different operation conditions were 90.3,
93.3 and 92.6% for COD, 93.0, 89.8 and 85.1% for TN,
85.4, 88.0 and 90.4% for TP, and 93.3, 97.3 and 99.1%
for turbidity, respectively. The effluent reaches the Class I
of National Discharge Standards for sewage in China
(GB8978-1996), and can be directly used for water reclamation and reuse. We found that the DMBR unit had good
efficiency on removing COD and turbidity, together with
great steady performance to buffer organic loadings and
hydraulic shocks, while the IVCW unit acted more like an
ecological enhanced treatment for the DMBR unit, removing N, P and other nutrients. This hybrid system coupling
the advantages of the both units should provide an effective
method for high quality effluent.

KEYWORDS: Dynamic membrane bioreactor; integrated verticalflow constructed wetland; combination process; domestic sewage
treatment.

1 INTRODUCTION
Being a new ecological process for wastewater treatment, the performance of wetland has been increasingly
studied over the past two decades, and is becoming more
and more popular recently. Constructed wetland (CW) is
actually an eco-technology that extensively used to treat a
variety of municipal, industrial, and urban runoff
wastewaters worldwide [1-3].
Generally, CWs can be classified into two main categories depending on the way wastewater passes through the
systems: free water surface flow (FWS) and subsurface
* Corresponding author

flow (SSF) [4]. The subsurface flow CW can be further divided into horizontal subsurface flow (HSFCW) and vertical subsurface flow (VSFCW) based on detail fluent
characteristics [5, 6]. HSFCW provides conditions for
de-nitrification while nitrification is limited; in contrast, VSFCW can successfully remove ammonia nitrogen but only limited de-nitrification occurs in such systems [7, 8]. Then, a novel type of CW named integrated
vertical flow constructed wetland, which proved to have
integrated merits of both HSFCW and VSFCW, was initially put forward and has been in operation in Wuhan,
China since 1998 [9]. Until now, IVCW (integrated vertical-flow constructed wetland) has been gradually applied
in more than 19 provinces of China.
Compared with the conventional wastewater treatment system currently in use, CWs require low construction and operational costs [10-12]. It can provide required
quality effluent and helps to improve the values of landscape. Nevertheless, wetland typically requires a low
hydraulic loading rate (HLR), a long hydraulic retention time
(HRT) to achieve efficient pollutant removal, and a larger
land area than that of some other methods [4]; furthermore,
wetland seems to be sensitive to high loading rate of influent, including HLR and organic loading rate (OLR)
[13]; Besides, high OLR and TSS rate may contribute to
gravel bed clogging, which is one of the most important
operational handicaps of CWs, and can probably damp the
significant performance of system [14]. Hence, in order to
solve these problems mentioned above, an effective pretreatment process needs to be attached to the CWs. Many
types of processes can be combined with CWs. From the
viewpoint of obtaining low cost and low energy consumption and, in some situations, like low mechanicaltechnology requirements, an anaerobic digester was chosen as pre-treatment process to CWs. In the last 7 years,
the operation of combined systems using high-rate anaerobic digesters as a pretreatment and CW as a posttreatment has been reported. The reported results showed
that a low TSS loading rate could decrease substrate clogging in CW [14]. The cases of anaerobic digesters, usually in the up-flow anaerobic sludge blanket (UASB), followed by constructed wetland treating municipal
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wastewater, the overall effluent of a rural community and
domestic wastewater were intensively investigated in
recent days [15-17].
The disadvantage of anaerobic digesters lies in its
limitation to many operational conditions when temperature plays an important role. In the case of operating temperatures below 20 °C, UASB systems are good for removing suspended solids; however, acetic acid accumulation in the effluent reduces removal efficiencies of COD
(chemical oxygen demand) and BOD (biological oxygen
demand) [18].
Membrane bioreactor (MBR) technology seems to be
another attractive process for wastewater treatment since
its emergence. Due to its advantages of superior effluent
quality, there is no requirement of sludge or mixed liquor
recycle and the absolute separation of hydraulic retention
times (HRT) and solids retention times (SRT) [19, 20],
MBR process has been extensively applied in the treatment of various types of wastewater. Actually, MBR consists of a bioreactor and a membrane filtration unit equipped
with different membrane materials, which functions as a
substitute of secondary clarifier in conventional processes
[21-24]. When the membrane filtration reaches a steady
state, a self-forming dynamic membrane will have been
built up on the surface of membrane body, which mainly
consists of large sludge flocs [25]. These flocs help to
protect membrane surfaces and pores from being fouled,
and this dynamic membrane bioreactor (DMBR) can
effectively improve both the permeate flux and rejection
of solutions [26].
However, MBR, like other wastewater treatment processes already in use, has its own problems including
membrane fouling and huge energy consuming [27],
particularly in re-circulated membrane bioreactor
(RMBR) when compared to submerged membrane bioreactor (SMBR) [28]. For RMBR, the dominant energy consuming existed in three aspects: 1) adequate air/oxygen supply
to make sure influent pollutants can be degraded, 2) proper aeration to form cross-flow preventing membrane from
being contaminated, and 3) pump the liquor or air along
the lines to offer force that needed. To diminish the cost,
we can control the dissolve oxygen (DO) under a certain
lower level, and save most of the energy pump used if the
location of bioreactor and membrane module was properly set up. It is believed that the energy used to offer aeration to membrane filtration process was inevitable to help
maintaining a continuous filtration flux. Meanwhile, the
membrane filtration guarantees low TSS concentration in
effluent, which may effectively reduce the probability of
clogging in wetland. Therefore, RMBR would be a promising pre-treatment process to wetland for the energy cost is
low.
Another problem is membrane fouling, which seems
to have drawn researchers` adequate attention since its first
systematical report. Great efforts have been devoted to
study its mechanisms and clean methods, and the findings
indicate that pore size, hydrophobicity and membrane

material, together with operating conditions, such as hydraulic retention time (HRT), solids retention time (SRT)
and permeate flux, are 4 main factors that contribute to
membrane fouling [29, 30]. In particular, results of fouling experiments using polymeric and/or ceramic membranes revealed that there is a close relationship between
membrane material and fouling in an MBR [31].
The cases of MBR attachment to wetland as a hybrid
system have been increasingly reported recently. A pilotscale hybrid RO-constructed wetland system for irrigation
or other designated uses, such as groundwater recharge or
discharge to surface waters, was studied, and systems presented a viable alternative for treatment and reuse of produced waters from oil fields [32].
Currently, little is yet known about the performance
of wetland combined with MBR under very lower oxygen
condition. The object of this paper is to study the fundamental performance of the DMBR-IVCW system for domestic sewage treatment, and examine the stabilization of
this hybrid system at pilot scale under different operational
conditions, including the performance of each single unit.
2 MATERIAL AND METHODS
2.1 Experimental set-up

As described in Fig. 1, the hybrid system consists of
two units: DMBR and IVCW. DMBR unit includes the
bioreactor section and the membrane module section. The
bioreactor was made of plastic material and had an effective working volume of 60 L. Wastewater in the feed tank
was pumped through pipelines directly to the bioreactor,
in which sewage and sludge were completely mixed by
the fluctuation generated from a stirrer that is equipped in
the middle. After settlement, supernatant fluid flowed
downwards the bottom of membrane module, and penetrated to the inner of membrane body, and finally, outflowed from the top of membrane module to the second
feed tank with the synergic effects of pressure offered by
the aerator, and gravity caused by the height difference
between bioreactor outlet and membrane module inlet.
Membrane module was equipped with an asymmetrical
ceramic membrane with pore diameters ranging from 10 to
100 µm. This type of membrane module was a concentric
tube, which has a total working area of 0.08 m2.
IVCW system was made up of two chambers: downflow chamber and up-flow chamber, and each had a size
of 40 cm in length, 42 cm in width and 42 cm in height.
Substrates like gravel, zeolite, and sand were orderly paved
from the bottom to the top of each chamber, and Canna
indica and Acorus calamus was planted in down-flow
chamber and up-flow chamber, respectively. The substrate surface of down-flow chamber was designed 8 cm
higher than that of up-flow chamber. The effluent of
membrane filtration intermittently flowed into the downflow chamber of the IVCW system, and then downward
through different layers of filtration media; wastewater
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formerly remained at the bottom, thus accordingly was
forced to flow out through the up-flow chamber, and
finally pollutants were
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Bioreactor
Feed tank
Pump

Effluent

Feed tank
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FIGURE 1 - Schematic diagram of the DMBR-IVCW hybrid system.

TABLE 1 - Operation Parameters of the DMBR-IVCW System.
Items

Run1
Run 2
Run 3

Sampling
time
(days)
30
30
30

HRT1 (hydraulic retention
time of DMBR) (h)
24
12
6

OLR
(kg COD ·m-3·d1
)
0.03-0.27
0.06-0.64
0.09-1.05

gradually degraded by a synergistic process of plants,
substrates and microbes contained in wetland system.
2.2 Operation parameters

2.3 Analytical methods

The DMBR-IVCW system was monitored with daily
measurements of COD, TN, TP, NH3-N, turbidity, pH,
DO and temperature. COD was measured by DRB200 and
turbidity by a 2100P Portable turbidi-meter (HACH company, USA). TN, TP and NH3-N were tested according to
Water and Wastewater Monitoring and Analysis Methods
(4th edition, Chinese). DO, pH and temperature were de-

HLR
(m3·m-2·d-1)

36
18
9

0.103
0.206
0.309

QA
(m3·h-1)
0.3
0.3
0.6

tected by an ORION 5 STAR Portable (ORION company, USA). Microbes and photos were observed and
taken by OLYMPUS BH-2. All the analysis statistics
were conducted by Origin 8.0.

As shown in Table 1, the experiment was carried out
under three different operation parameters: Run1, Run2
and Run3.
HRT1 (HRT of the DMBR unit) was extended from 6
and 12 to 24 h, while OLR ranged sequentially from 0.03
to 1.05 kg COD m-3·d-1; HRT2 (HRT of the IVCW unit)
was correspondingly conducted up from 9 and 18 to 36 h,
with its HLR varying from 0.103 and 0.206 to 0.309
m3·m-2·d-1. QA was changed from 0.3 m3·h-1 to 0.6 m3·h-1
at Run3 in order to investigate the performance of membrane fouling with higher aeration rate.

HRT2 (hydraulic retention
time of IVCW) (h)

3 RESULTS AND DISCUSSIONS
3.1 General performance of combination system

To investigate the performance of DMBR-IVCW system under different ratios of OLR and HLR in influent,
the concentration and flow-rate of synthetic wastewater
mixed with sewage pumped from drainage were gradually
increased at a fixed percentage, and mean values of main
water quality parameters were summarized in Table2.
Figure 2 presents the varying concentrations of pollutants in influent and effluent for different operation runs.
“Effluent” in the legend of Fig. 2 represented the effluent
from bioreactor unit and membrane module, respectively,
while “effluent” was effluent from IVCW unit. The effluent concentrations after passing through the DMBRIVCW system were relatively low. All COD values kept
under 33 mg/L (except for the hybrid system effluents of
Run1 in its last period, which could be due to a series of
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high influent OLR after the 22th sampling). The NH4+-N,
as shown in Fig. 2, accounted for the main part of influent
TN and remained 0.77, 0.79 and 1.14 mg/L, while TN
effluents remained 1.49, 1.78 and 2.79 mg/L for all three
runs, respectively. The highest concentration of effluent TP
occurred in run1 and maintained under 0.24 mg/L. And for
the turbidity, a minimal 0.93 NTU value was observed in
Run3, regardless remarkable fluctuations appearing in

influent. The total removal efficiencies of the DMBR-IVCW
system were 90.3, 93.3 and 92.6% for COD, 93.0, 89.8
and 85.1% for TN, 85.4, 88.0 and 90.4% for TP, and 93.3,
97.3 and 99.1% for turbidity at these three runs, respectively. In general, the steady performance of the process
showed that the DMBR-IVCW system is capable of obtaining a good quality effluent, and has a huge capacity of
buffering organic load and hydraulic shocks.

TABLE 2 - Mean values of influent and effluent characteristics for the DMBR-IVCW system.
Items

Run 1

COD (mg L-1)
Influent
279.76
I Effluent
120.90
II Effluent
98.41
III Effluent
26.03
Influent
227.77
I Effluent
94.80
II Effluent
60.50
III Effluent
13.13
Influent
225.07
I Effluent
111.20
II Effluent
75.13
III Effluent
16.90

NH3-N (mg L-1)
20.70
19.62
19.37
0.77
11.17
12.18
11.88
0.80
18.72
17.58
16.54
1.14

TN (mg L-1)
26.40
24.41
22.09
1.49
18.86
17.33
15.46
1.78
20.99
17.92
16.58
2.79

TP (mg L-1)
1.84
1.46
1.31
0.24
1.54
1.11
0.95
0.16
2.24
2.03
1.81
0.20

Turbidity (NTU)
58.85
35.56
5.98
3.95
144.00
53.13
5.60
2.47
110.47
77.07
6.00
0.93

FIGURE 2 - Variation of COD, NH3-N, TN, TP and turbidity in influent and effluent of the DMBR-IVCW system under different operational conditions.
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FIGURE 3 - Removal percentage for each unit and the overall system.

3.2 Performance of each unit
3.2.1 The contribution of DMBR unit

Figure 3 shows the removal of organics and nutrients
for each single unit and for the whole system. I, II, III in
this chart was used to represent bioreactor, membrane
module and IVCW, respectively, while IV stood for the
combined process.
As shown in Fig. 3 (a), unit I seemed to have coped
with much of the influent COD, for it was the main place
where pollutants were degraded with the help of abundant
microorganisms contained in the activity sludge. COD
removal obtained by unit I at three Runs was 58.05, 54.64
and 46.08%, respectively, which are apparently higher
compared to conventional primary treatment septic tanks
[33]. Given the situation that all runs in the experiments
were set at anoxic alternatively with anaerobic conditions
by offering no air or oxygen, it is not surprising that unit I
did not act as efficient as other energy-consuming processes like UASB. Barros et al. [15] claimed in their research that about 65% COD was removed by an UASB.
The relative lower COD removal could be attributed to DO
concentration level, and there is also a trend that removal
rates decrease when HRT alters from 24 h, 12 h to 6 h.
As for unit II, it was widely accepted that membrane
filtration process has little contribution to the removal of
COD. Zhimin Fu et al. [34] found in their study that the
membrane separation contributed 1.8-12.6% to COD removal. In this research, the membrane module gained rather

good removal efficiencies, which was 18.44, 35.57 and
31.19 % for Runs 1, 2 and 3, respectively. These relative
higher COD removal rates are due to the combination of
filtration process of ceramic membrane and self-forming
dynamic membrane attached to the surface of it. When
filtration happens, a layer of self-forming membrane that
varied according to the period and process may appear.
This layer of membrane looks like a dynamic membrane
enhancing the performance of solid membrane. It could be
clearly observed from Fig. 3 (b) that neither unit I nor II
was efficient at eliminating TN. The commonly believed
mechanism of removing nitrogen was that the denitrification process could occur sequentially when nitrification reaction was accomplished.
But in this experiment, no aeration process was
adopted in order to save energy, and a narrow concentration range of DO mainly ranging from 0.2 to 1.2 mg/L
was detected during all three runs. As a result, the extremely low DO concentration throughout the working time
could powerfully support the evidence that the nitrification
process was confined to some extent, and de-nitrification did
not markedly take place accordingly. Thus, this finding
could be helpful in explaining why, in this study, nitrification was the limiting process, and why unit I was not
good at removing TN, which was 5.97, 1.22 and 10.83 %
for Runs 1, 2 and 3, respectively. Furthermore, the DO
conditions inhibited the growth and the enrichment of
nitrifying bacteria. It could also be found in Fig. 2 that the
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effluent ammonium of unit I accounted for the major part
of its effluent TN, and little nitrite accumulated in the
bioreactor. Based on these observations, there was one
supposition that the ANMMOX (Anaerobic NH4+ Oxidation) process occurred in the bioreactor [35]. In that case,
NH4+-N was directly oxidized to N2 by autotrophic bacteria living in anoxic circumstances, and NO2--N was the
electron acceptor possibly accounting for the removal of
TN in the bioreactor under the special conditions.
As for the membrane part, the removals of TN were
7.01, 8.42 and 5.44 % for Runs 1, 2 and 3, respectively.
The membrane body was made of inorganic ceramic with
tiny asymmetric 10 to 100 µm pores. So, when the filtration began, the ammonium molecules, whose granule
sizes were smaller than the diameter of the membrane,
could easily pass through. But with the increase of filtration time, a layer of dynamic membrane was gradually
formed on the membrane body helping to stop some of
ammonium from getting across. Unlike the bioreactor, the
membrane was aerated from the bottom to avoid fouling,
and the bacteria attached to the surface of the dynamic
membrane layer could take advantage of the oxygen to
transfer ammonium to NO2--N or NO3--N forms. Then, in
the inner layer of the dynamic membrane, where the dissolved oxygen was not sufficient, the inhabitants at anoxic conditions helped to transfer nitrite and nitrate configurations into gaseous nitrogen compounds. Thus, traditional de-nitrification other than physical filtration might have
been responsible for the TN removal of the membrane
unit. From this explanation, we can have a better understanding of the decrease of TN concentration in the membrane module.
DO conditions also have great impact on the microbial removal of TP. Generally, it requires an alternative of
aerobic and anaerobic conditions. Fig.3 (c) shows dissatisfied eliminating effects of TP by DMBR. The TP removal
efficiencies of bioreactor were 16.47, 23.12 and 5.79 % for
Runs 1, 2 and 3, respectively. These poor performances
might be attributed to low DO concentration mentioned
above. There was no extra air or oxygen generated in the
bioreactor, and the sources of DO were mainly influent DO
and air above the liquid surface. According to the mechanism of TP removal, it was usually believed that the phosphor would be taken up under aerobic conditions while
released under anaerobic or anoxic conditions. The ability
of phosphate-accumulating organisms (PAOs) in taking
up phosphorus was thus restricted. Meanwhile, some investigators indicated that the more phosphorus bacteria took
up under aerobic conditions, the more phosphorus would
be released under anoxic conditions.
At the end of each stirring period, the phase of sludge
settlement begins. As shown in Fig. 4, the initial DO
concentration was less than 0.5 mg/L and gradually decreased to beneath 0.1 mg/L within 60 min, providing
PAOs insufficient DO and time to complete P uptake and
subsequent release process. Therefore, the process of P
uptake was a limiting step in this research. It was not

difficult to have a better understanding about the dissatisfactory performance of the bioreactor in terms of TP removal. And for the membrane module section, it seems that
the P removal was not as significant as in the bioreactor,
only reaching 9.30, 12.95 and 10.69 % for Runs 1, 2 and
3, respectively.

FIGURE 4 - The change of DO with time in settlement phase of
different runs.

It was observed in Fig. 3 (d) that the bioreactor did
not have good turbidity removal efficiencies. The removal
of turbidity partly depended on the settlement performance of activated sludge in bioreactor. However, the
bioreactor did not function well in eliminating turbidity in
contrast to membrane module. Data showed that the membrane module section played a significant role compared to
that of the bioreactor. For the membrane module, the quality
of turbidity was thought to have an increased trend with the
rise of aeration rate. It could be noted from Fig. 3 (d) that
the removal of turbidity increased from 83.17 % (Run 1) to
90.43 % (Run 3). Regardless of the higher influent turbidity, the aeration was conducted from 0.3 to 0.6 m3·h-1. The
climbing tendency of turbidity removal demonstrated that
the intensive rinse shear generated by higher aeration rate
helped to decrease the possibility of clogging at the surface or inside of the membrane, elongating its effective
working period. Therefore, the increase of aeration intensity would be of help for the membrane filtration procedure.
3.2.2 The contribution of IVCW unit

The major water quality indices of effluent in Fig. 2
showed the quality of the effluents after DMBR. Further
treatment would be needed to meet the standard required
for its direct disposal to the environment.
In general, constructed wetland is currently used to
treat the wastewater with the COD concentrations ranged
from 50 to less than 500 mg/L [36], and good removal
efficiencies are achieved at their steady stages in many
cases. In this research, the two units I and II helps to
decrease the concentration of influent COD. As the concentration of influent COD maintained at low level, the
IVCW system could easily degrade the organics and achieve
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high quality effluent. For unit III, as can be seen from Fig. 3,
very close COD removal rates (71.63, 76.33 and 79.59 % for
Runs 1, 2 and 3) can be obtained.
As has been described in the experimental set-up section, the IVCW was operated intermittently according to the
effluent of DMBR at 3 runs; thus, the wetland system obtained different TN removal rates. It was generally accepted that the removal of pollutants in wetland is a complex synergistic process of substrates, plants and microorganisms. As for nitrogen removal in this experiment, plants
transferred oxygen to the root zone, and the zone thus
formed tiny surroundings with low influent dissolved oxygen, together with the DO contained in the influent, which
enhanced nitrification process. Since the wetlands are
filled with substrates, they provide surface area for microbial growth. As the microorganisms are attached to the
substrates, they form biofilms that play an important role
in wastewater treatment [37]. The influent, which was
from effluent of DMBR unit, also provided the denitrification process with carbon sources needed. The TN
removal efficiency, as shown in Fig. 3 (b), had a declining
trend from Run1 (93.00%) to Run2 (87.55%), and Run3
(81.90%). Thus, the system was capable of achieving over
80% TN removal.
The sharp decline of TN removal could be due to the
increase of HLR as described in Table 1, which actually
changed from 0.103 (HRT = 36 h) to 0.206 m3·m-2·d-1
(HRT = 18 h) in Run2, and to 0.309 m3·m-2·d-1 (HRT = 9
h) in Run3. Moreover, it should be noted that Run3 doubled the aeration of Run2 in terms of wetland influent.
However, the higher aeration rate of wetland influent
seemed to have less effect on improving the nitrification
potential of IVCW system. Therefore, the reduction of TN
removal efficiency demonstrated HLR other than aeration
rate strongly affecting the performance of IVCW system in
terms of TN removal.
Unlike the elimination tendency of TN, the TP removal rate increased slightly from 79.57% (Run1) to
80.14% (Run2), and then jumped to 88.25% (Run3). The
DMBR system removed more than 15.21% (Run1) and
24.76% (Run2) of its influent TP, respectively, whereas
for Run3, the TP reduction was not more than 5%, leaving
the wetland system high TP loading rate. This load was
supposed to be much proper than those of Run1 and
Run2. With higher aeration rate of wetland influent, the
DO conditions at different inner function zones of the
IVCW system were improved. DO was used by substrate,
plants, and microorganisms to complete P uptake process.
The distribution of P showed that its amount captured in
the substrate of the down-flow chamber was significantly
higher than that captured in the up-flow chamber, suggesting that the up-flow chamber was the main source of
P release in this constructed wetland [38]. The P release
procedures usually happened at lower layer of the IVCW,
and, finally, finished the adsorption of P at the upper upflow chamber before its emissions. The adsorption ability
of the substrate played the main role in reducing P in

wetland system [39]. In this research, gravel, zeolite and
silver sand were adopted as the substrates, and zeolite was
the domain substrate in the IVCW. Zeolite had been shown
to effectively stimulate the growth of microorganisms [40].
This kind of substrate had high surface area and rough
surface texture, which could provide an ideal medium for
adhesion of bacteria and the development of biofilms. It
was reasonable that the adsorption of substrates and activities of the microorganisms could be reinforced with higher
DO concentration.
Moreover, even at the end of the sampling times in
Run3 and the influent TP concentration of wetland maintaining above 3 mg/L, the quality of final effluent was
still steady and good, and the concentration of effluent
TP, which can be seen in Fig. 2 (TP, Run3), was far less
than 0.5 mg/L. Results also revealed that the IVCW system had a potential of reducing high concentrations of TP.
Organic load was an indirect parameter leading to
sludge production derived from bacterial growth [14].
Besides, Tanner and Sukias [41] argued that most authors
report on a positive correlation between system clogging
and TSS. Furthermore, Winter and Goetz [42] stated that
clogging problems were not apparent in systems that received less than 5 g/m2 day of TSS. In this research, the
pre-treatment is of great help to control the influent TSS
of wetland in preventing the clogging process caused. Fig. 2
(turbidity) intuitively illustrated that the turbidities of three
initial influents fluctuated among a wide range, and most
of them were removed by the DMBR system. Moreover,
the influent of wetland had very low turbidity, which is
merely between 11 to 34 NTU. In addition, the turbidity
removal from Run1 to Run3 also had an increasing tendency (from 33.94 to 84.70%). Apparently, the low effluent turbidity could effectively diminish the probability of
clogging in wetland.
3.3 Correlations between effluent pollutant concentrations
and influent loads

Figure 3 showed that the hybrid system has a relative
high overall efficiency in cutting off COD, TN, TP and
turbidity. However, the performances of the DMBR and
the IVCW in terms of removal efficiency were not clear.
The correlations between concentrations of effluent pollutants and different influent loads were, therefore, discussed.
Figure 5 demonstrated the linear regression plots of
loading rate with COD, TN, and TP concentrations of I
effluent and III effluent.
Generally speaking, the statistical parameters obtained revealed different levels of correlations. As shown
in Figs. 5 (a) and (b), especially in Run1 and Run3, the
determined coefficients R2 were 0.8296, 0.8524, 0.9026,
and 0.9044, respectively, suggesting the two parameters
had strong correlations.
In Fig. 5 (c), the TN loading rate and I effluent TN
concentration had very close relationships in all of the runs.
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Fig. 5 (d) illustrated the effect of the content of influent TN
per day on the III effluent TN level but it showed really
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FIGURE 5 - Correlation charts of effluent concentration and pollutant load of COD, TN and TP. I effluent: the effluent of bioreactor unit;
III effluent: the effluent of the IVCW; OLR: organic loading rate; NLR: nitrogen loading rate; PLR: phosphorus loading rate; (a) , (b) , (c) ,
(d) , (e) , (f) 1: Run1; 2: Run2; 3: Run3.

complicated curves. As can be clearly observed, for Run1,
a straight line was obtained but parameters of the other
two runs showed negative correlations.
Fig. 5 (e) gave us directly information that the bioreactor unit actually exerts positive effects on the removal of
TP; in other words, the effluent TP concentration would
increase with the increase of influent P load.
Fig. 5 (f) shared the same changing law of fitting curves
with Fig. 5 (e). This phenomenon was not too complicated
to explain, because there existed a balance point at which
adsorption and analytical process of phosphorus occurred in
filters like soil and other substrates. A certain amount of P
would be adsorbed by the filter when the concentration of
phosphate in surrounding environment was above it,
whereas release of P from filter to circumstance would
happen if filter P concentration was higher than that of its
surroundings [43]. At Run1, the influent P loading rates
apparently were lower when comparing to the contents of
wetland substrates; thus, it actually exerted negative effects
on the removal of TP. But in Run3, because the increasing
P loading rate might much higher in contrast to P content
of filter, the effluent TP concentration of wetland was

then mainly controlled by influent P loading rate. These
results were consistent with the explanations discussed
previously.
3.4 System efficiency and performance

Many researches had been focusing on the efficiencies of the system that different disposal methods combined with wetlands like SSF, FWS and VFCW, but little
information had been known yet for IVCW system. Xiao
et al. [44] in their research highlighted the function of each
part. As pre-treatment for IVCW in the SMBR-IVCW
system, the SMBR unit acted more like a secondary treatment contributing to remove organics and to nitrification.
While the IVCW unit was more like a tertiary treatment, it
contributed to the de-nitrification and further dephosphorization. In this study, the DMBR unit was good at eliminating COD. It showed great steady performance to buffer
organic loadings and hydraulic shocks, providing the
wetland unit with suitable influent COD conditions. Further-more, its excellent ability of buffering organic loads
and removing suspended solids helped to reduce the possibility of clogging in IVCW, or at least to delay it. In
addition, the DMBR unit as a pre-treatment could save
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much of construction area for IVCW disposal unit. However, as has been discussed, the nitrification and
dephosphorization in this unit was confined by the anaerobic/anoxic operation conditions; thus, the DMBR did
little to remove the nutrients, and further treatment, therefore, was imperative before the effluent was discharged.
The IVCW unit primarily played a reliable role in coping
with nutrients, and it had a potential capacity of cutting
off much more N, P from the effluent of former process.
Hence, the IVCW unit acted more like a supplemental
treatment for the DMBR unit, while the DMBR unit also
had an indispensable equal function to the IVCW unit.
The hybrid system combined with both advantages of the
two complementary units provided high quality of effluents. Compared to the National Integrated Water Discharge Standard (GB 8978-1996), the majority of effluent
COD, NH4+-N, TN and TP values from the DMBRIVCW system were generally lower than the requirement
of the Class I of national sewage discharge standard, and
can be directly reused.

with both advantages of both units can provide high quality of effluent.
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4 CONCLUSIONS
The hybrid system of DMBR–IVCW showed significant and stable purification on treating domestic sewage.
The results indicated that all COD values of effluents were
under 33 mg/L, and the NH4+-N, accounted for the main
part of influent TN and remained 0.77 mg/L, 0.79 mg/L
and 1.14 mg/L, while TN effluents remained 1.49 mg/L,
1.78 mg/L and 2.79 mg/L for the 3 different runs, respectively. The highest concentration of effluent TP was no
more than 0.24 mg/L, and for the turbidity, a minimal
0.93 NTU was obtained in this study. The COD removal
rates of DMBR decrease when HRT alters from 24 h, 12 h
to 6 h, whereas IVCW has the similar trend. The reduction
of TN removal efficiency demonstrated that HLR other
than aeration rate strongly affected the performance of
IVCW system in terms of TN removal. The TP removal
rate increased slightly from 79.57 to 88.25%. Moreover,
the influent turbidity of wetland was merely ranged from
11 to 34 NTU, effectively prevented the clogging process
in IVCW. And the total removal efficiencies of DMBRIVCW system were 90.3, 93.3 and 92.6% for COD, 93.0,
89.8 and 85.1% for TN, 85.4, 88.0 and 90.4% for TP, and
93.3, 97.3 and 99.1% for turbidity, respectively, with the
three runs designed. They reached the Class I of the national discharge standards for sewage in China, and can
be directly used for the purpose of water reclamation and
reuse.
In this study, the two units complement each other:
the DMBR unit was good for removing COD and turbidity, and it showed great steady performance to buffer
organic loadings and hydraulic shocks; The IVCW unit
primarily played a reliable role in coping with nutrients,
and it had a potential capacity of cutting off most N, P
from the effluent of former process. The hybrid system
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A LOW-VOLUME AIR SAMPLING METHOD
FOR BIOCIDES AND PCBS IN A MICRO-CHAMBER
Birte Mull, Katharina Wiegner and Wolfgang Horn*
BAM Federal Institute for Materials Research and Testing, Berlin, Germany

ABSTRACT
Since semi-volatile organic compounds (SVOCs), including biocides and polychlorinated biphenyls (PCBs),
occur indoors as well as outdoors, air sampling adsorbents
and measuring methods for all these compounds are indispensable. This paper presents the initial steps in the
development of such a method, the aim of which is the
analysis of selected compounds in the above-mentioned
classes using low air sampling volumes and air-exchange
rates close to zero, as is common in museum showcases. For
measurements under easily controlled conditions, a micro-chamber system was used at different temperatures. A
surface modified styrene divinylbenzene (SDVB) polymer
was selected as the air sampling adsorbent for the elution
experiments. After successfully performing pretests using
the micro-chamber system with target compound solutions, the emissions of these compounds from self-soaked
wood samples and contaminated wood samples were investigated for method development.
KEYWORDS:
Micro-chamber, PUF, SDVB polymer, SVOC

International) – for further information, see [4, 5]. The
measurements in the µ-CTE were all performed at 23 °C
and 80 °C to generate detectable air concentrations even
of the higher-boiling SVOCs. Temperatures around 80 °C
are also useful to simulate conditions in museum showcases, in which temperatures can rise to above 60 °C. Importantly, contaminated wood samples were used to check
the applicability of the developed method.
According to ASTM D 4861 [6] and VDI 4301 part 2
[7], polyurethane foam (PUF) is an appropriate adsorbent
for air sampling of biocides and PCBs but the sampling
can also be performed with other adsorbents, for example
silica gel [8], Chromosorb® 102 [9], XAD-2 [8] or PUF in
combination with granular adsorbents like XAD-2 and
Florisil® [10]. With PUF and XAD-2 huge sampling volumes up to several m 3 have to be sampled to achieve
the intended limits of detection according to the abovementioned standards. Sampling volumes no higher than
100 litres were used in this study, because otherwise air
sampling at air-exchange rates close to zero would last
several days. The key benefit for the adsorbent used in
this new method is a shorter work-up process (to use PUF
and XAD-2 according to the above-mentioned standards
would be very time- and solvent-consuming).

1 INTRODUCTION

2 MATERIALS AND METHODS
th

During the second part of the 20 century, organicbased biocides were applied in large amounts for pest control in buildings consisting of wood or wooden elements
[1], and in museum storage rooms, either on organic exhibits or inside storage equipment [2]. Furthermore, PCBs
have been detected in the museum environment, emitted
by several other sources [3].
The aim of this study is the development of a lowvolume air sampling method for selected SVOCs in showcases, emission test chambers and indoor air. In this paper
the initial steps of the study – the selection of an appropriate air sampling adsorbent and the analysis and generation of SVOC air concentrations in a micro-chamber – are
presented. The micro-chamber system used here was the
Micro-Chamber/Thermal Extractor™ (µ-CTE™, Markes
* Corresponding author

2.1 Chemicals

The internal standards were 4-(4-chlorobenzoyl)pyridine (99 %), purchased from Alfa Aesar, and dieldrin
(as PESTANAL® analytical standard), purchased from
Sigma-Aldrich. Pentachlorophenol (PCP) (98 %) was purchased from Sigma-Aldrich as well as lindane, dichlofluanid and isodrin as PESTANAL® analytical standard and PCB 28 and PCB 153 as OEKANAL® analytical
standard. Permethrin (pure), p,p’-DDT (pure) and
tolyfluanid (pure) were bought from Supelco. Toluene (for
organic residue analysis) was obtained from J.T. Baker,
and acetone (analytical reagent A.R.) from Lab Scan.
Silica adsorbent (CUSIL 1000 mg) was purchased
from UCT. Surface modified SDVB-polymer (StrataTM X
200 mg and 500 mg), cyanopropyl adsorbent (StrataTM CN
200 mg), magnesium silicate (StrataTM Florisil (FL-PR)
500 mg) and silica (StrataTM SI-1 Silica 500 mg) were
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purchased from Phenomenex. Trifunctional octadecyl
adsorbent (Bond ElutTM C18 100 mg) and surface modified SDVB-polymer (Bond ElutTM PPL 50 mg) were
obtained from Varian. PUF (2.2 cm O.D. × 7.6 cm
length; PUF density 0.022 g cm-³) was obtained from
Supelco.

ments, are listed. The limits of detection and quantification (LoD and LoQ) (Table 1) were determined in accordance with DIN 32645 [13]. For the evaluation of the
µ-CTE experiments with soaked wood samples and real
wood samples the required LoQs (in µg m-³) were calculated for sampling volumes of 29 l, 36 l, 43 l and 48 l.

2.2 Instrumentation

2.4 Adsorbent selection

The measurements were carried out on a GC-MS-MS
system with a linear quadrupole unit from Agilent Technologies (GC: 7890 A; MS-MS: 7000 A) equipped with a
cooled injection system (CIS; temperature program: 60 °C
for 0.01 min, 12 °C/s to 280 °C for 3 min) from Gerstel.
Nitrogen was the collision gas for the MS-MS system.
Chromatographic separation of the SVOCs was carried out
on a HP-5MS column (30 m × 0.25 mm × 0.25 µm) with
the following temperature program: splitless, 60 °C for
2 min, 40 °C/min to 100 °C, 15 °C/min to 300 °C for
5 min (run time 21.33 min).

An appropriate adsorbent should improve the lowvolume air sampling of air-borne or gaseous biocides and
PCBs. A consideration was that the amount of work required to use the adsorbent should be lower than for PUF
or XAD-2. In Table 2 the selected adsorbents and their
amounts for the tests are listed. The usability and quality
of the listed adsorbents were tested in elution experiments
with target compound solutions in toluene. The tests were
carried out in duplicate for PUF and SDVB-polymer (50
and 200 mg), while for all the other adsorbents a single
determination was performed. For each adsorbent amount,
different amounts of target compound solution (all approx.
c ≈ 100 ng µl-1 (c ≈ 66 ng µl-1 for PUF)) (Table 2) were
applied to the adsorbents and eluted with toluene. PCP
and p,p’-DDT were not available at this stage of the
study. Styrene divinylbenzene (SDVB) polymer (200 mg)
gave the best results in these tests, and was used as the
adsorbent in the subsequent experiments (described in the
Results section).

2.3 Measurement

Quantification and identification was carried out
with internal standards (ISTDs) and calibration curves.
4-(4-Chlorobenzoyl)pyridine was used as the ISTD for
lindane and PCP, and dieldrin was the ISTD for the other
SVOCs. Both ISTDs were selected due to their previous
use for some of these compounds [11, 12]. Unlabeled
ISTDs were used in this stage of the study, because it
was only necessary to control the analysis rather than the
whole process (including air sampling).
The measurements were performed in the multiple
reaction monitoring (MRM) mode, because of its higher
selectivity than the scan and selected ion monitoring
modes of single quadrupole GC-MS systems. MRM measurements are particularly relevant for real samples with a
higher signal-to-noise ratio due to matrix effects, for which
higher selectivity is needed. Due to low sampling volumes it is necessary to use an analytical procedure with a
very high selectivity and sensitivity.
In Table 1 the transitions for quantification and identification, as well as the corresponding collision energies
(CEs) of the compounds necessary for MRM measure-

TABLE 2 - Tested adsorbents and their amounts for sampling of
SVOCs and absolute mass per compound for the elution tests
Adsorbent
Silica
Styrene divinylbenzene polymer

Amount of Adsorbent [mg] Absolute mass [ng]
500 / 1000
≈ 20000
500 / 200 / 50
≈ 20000 / 10000 /
5000
-SiCH2CH2CH2CN (Cyanopropyl)
200
≈ 20000
MgO3Si (Magnesium silicate)
500
≈ 10000
-SiC18H37 (Trifunctional octadecyl)
100
≈ 5000
Polyurethane foam
Small, ORBO 1000
≈ 6600

2.5 Micro-chamber

Because the µ-CTE can operate in a temperature
range from ambient up to 120 °C, and has a low inner surface area, it was used for air sampling experiments in this

TABLE 1 - Analytical parameters for SVOCs. MS-MS transitions for quantification and identification with CE for MRM-measurements.
LoD and LoQ in ng µl-1 in accordance with DIN 32645, and LoQ in µg m-³ for sampling volumes of 29 l, 36 l, 43 l and 48 l with elution volumes of either 1000 µl or 1500 µl
Compound

Quantification
Precursor
Ion

Product CE [eV] Precursor
Ion
Ion

Identification
Product
Ion

680

DIN 32645

29 l
36 l
43 l
43 l
48 l
(1500 µl) (1500 µl) (1000 µl) (1500 µl) (1000 µl)
CE [eV]
LoD
LoQ
LoQ
LoQ
LoQ
LoQ
LoQ
[ng µl-1] [ng µl-1] [µg m-³] [µg m-³] [µg m-³] [µg m-³] [µg m-³]
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Lindane
PCP
derivatized PCP
4-(4-Chlorobenzoyl) pyridine
PCB 28
Dichlofluanid
Isodrin
Tolyfluanid
Dieldrin
PCB 153
p,p’-DDT
cis-Permethrin
trans-Permethrin

181
266
266
217
255
224
192
137
79
289
235
163
163
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>
>
>
>
>
>
>
>
>
>
>
>
>

145
167
167
139
186
123
123
91
51
218
165
91
91

15
35
35
20
30
20
25
25
35
20
30
10
10

219
165
165
111
185
123
66
238
262
218
165
182
182

>
>
>
>
>
>
>
>
>
>
>
>
>

183
130
130
51
151
96
51
137
193
109
115
153
153

681

10
35
35
20
30
20
25
25
35
20
30
10
10

0.01
0.13
0.01

0.03
0.43
0.05

1.66
22.45
2.33

1.33
18.08
1.88

0.74
10.09
1.05

1.12
15.14
1.57

0.67
9.04
0.94

0.03
0.02
0.01
0.01

0.09
0.05
0.05
0.05

4.76
2.74
2.79
2.69

3.83
2.21
2.25
2.17

2.14
1.23
1.26
1.21

3.21
1.85
1.88
1.81

1.92
1.10
1.13
1.08

0.02
0.01
0.06
0.10

0.07
0.04
0.25
0.37

3.62
1.81
13.09
19.09

2.92
1.46
10.54
15.38

1.63
0.81
5.88
8.58

2.44
1.22
8.83
12.87

1.46
0.73
5.27
7.69
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study, since higher temperatures are important to force the
vaporization of the higher-boiling SVOCs into the gas
phase. Higher temperatures are also useful to speed up
production of results on the emission behavior of SVOCs.
Furthermore, better predictions of the long-term emission
behavior at ambient temperature are possible, including
a more precise chronological estimation. Experiments at
higher temperatures are also useful for method development
and to screen real samples, as well as for simulating air sampling under real conditions. All µ-CTE experiments were
conducted with a sampling time of 24 hours at 23 °C, with
the samples remaining in the µ-CTE for experiments at
80 °C. In each run, one µ-CTE chamber was kept empty
to provide blank values. Work-up of the SDVB-polymer
was carried out by moistening it with toluene before applying 15 µl (220 ng µl-1) of each ISTD to the adsorbent,
with elution using 1.5 ml toluene.
2.6 Air sampling and breakthrough experiment

Target compound solutions were used to investigate
the suitability of the SDVB-polymer for air sampling. The
experiment was repeated four times. At the desired temperature (23 °C or 80 °C), 150 µl target compound solution in toluene (c ≈ 66 ng µl-1 per compound) was injected
into the chamber cells. Subsequent air sampling onto
the SDVB-polymer started with an air flow of about
20 ml min-1 (sampling volume approx. 29 l in total). The
air flow through the adsorbent was checked for each chamber cell. The breakthrough behavior of the compounds was
checked with a second SDVB-polymer in series. The workup of the SDVB-polymers was performed as described
above. After the air sampling, the chamber cell walls were
rinsed with 1.5 ml toluene (containing 15 µl of each ISTD)
to determine the remaining amount of compounds on the
chamber surface.
To better determine PCP using MS-MS, the solutions
were derivatized with 10 µl reagent (reagent: 400 µl acetic anhydride and 400 µl pyridine in 200 µl toluene) with
sonication for 30 min.
The µ-CTE experiment at 80 °C was also performed
with PUF in a duplicate to compare the suitability of the
adsorbents for air sampling. 100 µl target compound solution (c ≈ 66 ng µl-1 per compound) was used, and the air
flow was checked before and after sampling with an empty
glass tube (air flow: approx. 30 ml min-1, sampling volume approx. 43 l in total). The work-up of the foam was
carried out according to Schoknecht et al. [14] with an
ISTD concentration of 220 ng µl-1, and derivatization
reagent was added as described above.
2.7 Experiment with soaked wood

It is difficult to obtain homogenous samples contaminated with all the selected compounds, therefore pine (Pinus sylvestris) sapwood pieces (size: 4.1cm × 1 cm ×
0.5 cm; stored at 70 % r. h.) were soaked in solutions of the
target compounds (c ≈ 66 ng µl-1 per compound). The soaking lasted one hour (30 min per side) and the samples
were dried in ambient air for 24 h.

The experiment was carried out for two days at 23 °C
with an air flow of about 30 ml min-1 (sampling volume
approx. 43 l in total), followed by 36 days at 80 °C with an
air flow of about 25 ml min-1 (sampling volume approx.
36 l in total), to investigate the SVOC emissions over the
longer-term. Air sampling at 80 °C was performed on day
0, 1, 7, 8, 35 and 36. Breakthrough was checked at 80 °C
with a second adsorbent in series, directly after loading
and on day 1. Then the samples were removed and the
chamber cell walls were rinsed with solvent to determine
if compounds emitted from the wood were adsorbed on the
chamber surface. 15 µl of each ISTD (1100 ng µl-1) were
added on the adsorbent for the elution with 1.5 ml toluene. The rinsing of the chamber cell walls was carried out
with 1.5 ml toluene containing 15 µl of each ISTD.
2.8 Emissions from real wood samples

Eleven real wood samples (Table 3) were analyzed,
originating from floors or interior equipment of four houses
from the same estate, built at some point in the period
1870–1890. Between 1950 and 1990 the wooden parts
were treated with wood preservatives containing amongst
others PCP, lindane and dichlofluanid as active agents.
These samples were heated up to 80 °C in the µ-CTE to
accelerate the experiment time.
TABLE 3 - Sample description of the analyzed wood samples
#
Description
01 Floor (House 1)
02 Interior equipment (House 1)
03 Interior equipment (House 1)
04 Interior equipment (House 2)
05 Interior equipment (House 3)
06 Floor (House 3)

#
Description
07 Floor (House 4; ground floor)
08 Floor (House 4; first floor)
09 Floor (House 4; second floor)
10 Floor (House 4; third floor)
11 Floor (House 4; fourth floor)

The air sampling of each sample was performed on
two separate days with an air flow of about 33 ml min-1
(sampling volume approx. 48 l in total). 10 µl of each ISTD
(1280 ng µl-1 4-(4-chlorobenzoyl)pyridine and 920 ng µl-1
dieldrin ) were added on the adsorbent for the elution with
1000 µl toluene.
3 RESULTS AND DISCUSSION
3.1 Selection of an adsorbent

The selection of an appropriate adsorbent for the
sampling of selected SVOCs was the first step of this
study. Several adsorbents were tested for these SVOCs,
which were already partially described in the literature [810]. As mentioned earlier, the best adsorbent for the selected SVOCs is SDVB-polymer (200 mg). In Table 4 the
recovery rates obtained with the three different amounts
of SDVB-polymer and PUF are shown, and it can be seen
that the SDVB-polymer results are better than PUF for the
selected SVOCs. The obtained results for 50 mg SDVBpolymer are different in both determinations. Only for
PCB 28 are the results similar; in the case of PUF the
PCB 28 recovery rates are different in both determinations,
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TABLE 4 - Recovery rates of the SDVB-polymers (50, 200 and 500 mg) and PUF in the elution tests
Adsorbent
Compound
Lindane
PCB 28
Dichlofluanid
Isodrin
Tolyfluanid
PCB 153
cis-Permethrin
trans-Permethrin

SDVB 1
(50 mg)
Recovery rate
[%]
92
127
69
97
68
89
53
72

SDVB 2
(50 mg)
Recovery rate
[%]
120
131
124
126
120
129
126
115

SDVB 1
(200 mg)
Recovery rate
[%]
92
95
98
98
96
101
96
100

whereas all the other rates are similar. The recovery rates
obtained with the cyanopropyl adsorbent are between 4981 %, and with the trifunctional octadecyl resin between
86-141 %. Elution of all compounds was not possible with
magnesium silicate and silica (500 mg and 1000 mg).
200 mg of SDVB-polymer is consequently suitable for the
collection of at least up to 100 ng µl-1 SVOCs, which corresponds to a concentration of 3750-5000 µg m-3 for sampling volumes between 30-40 l. This concentration range
is sufficiently high, because with the real wood samples
concentrations up to 2000 µg m-3 were measured at 80 °C
(for details see the section ‘Experiment with real wood
samples’, below).
3.2 Micro-chamber
3.2.1 Air sampling and breakthrough experiment

The air sampling ability of the SDVB-polymer and
PUF were compared in µ-CTE experiments at 80 °C. In
addition to the air sampling quality and the breakthrough
behavior of the adsorbents, the vaporization behavior of
the selected SVOCs was tested at 23 °C and at 80 °C,
which is an important parameter for screening of real samples and for measurements in museum showcases. Table 5

SDVB 2
(200 mg)
Recovery rate
[%]
98
99
102
102
99
104
98
102

SDVB
(500 mg)
Recovery rate
[%]
79
76
97
78
85
84
74
85

PUF 1

PUF 2

Recovery rate
[%]
52
111
72
73
73
77
82
95

Recovery rate
[%]
51
74
72
75
76
77
90
104

shows the results, as relative amounts, of the µ-CTE experiments at 23 °C and 80 °C obtained by elution of the
SDVB-polymer and rinsing of the chamber cells. For a
better comparison of the results the relative standard deviations (RSD) are also shown. 14-56 % of lindane (with
respect to tolyfluanid) of the introduced amount is detectable at 23 °C on SDVB-polymer. At 80 °C 18-69 % of all
compounds are measurable in the eluate. In the rinsing
eluate 16-93 % of all compounds are detectable at 23 °C,
but at 80 °C only 10-34 % of PCP, cis-permethrin and
trans-permethrin are measurable. The relative standard
deviations are between 1-14 % for elution, and for rinsing
they are between 2-20 %.
Table 6 presents the results obtained with PUF in the
µ-CTE experiment at 80 °C. All SVOCs were detectable
on the foam, and have relative standard deviations between 1-10 % in the duplicate determinations.
Breakthroughs through both adsorbents occurred neither at 23 °C nor at 80 °C.
It can be seen that the results and the resulting relative standard deviations obtained with PUF (Table 6) are
better for all detected compounds. For all three experiments

TABLE 5 - Relative amounts of compounds in the µ-CTE and rinsing experiments at 23 °C and 80 °C with the SDVB-polymer
Compound
Elution

Rinsing

Relative
amount [%]
Chamber 1
Lindane
56
PCP
22
PCB 28
38
Dichlofluanid
15
Isodrin
44
Tolyfluanid
14
PCB 153
p,p’-DDT
cis-Permethrin
trans-Permethrin
Lindane
PCP
PCB 28
Dichlofluanid
Isodrin
Tolyfluanid
PCB 153
p,p’-DDT
cis-Permethrin
trans-Permethrin

17
35
26
69
38
75
93
81
75
72

Relative
amount [%]
Chamber 2
54
22
35
14
40
14
-

23 °C
Relative
amount [%]
Chamber 3
56
24
39
15
45
14
-

Relative
amount [%]
Chamber 4
56
22
37
15
44
14
-

RSD
[%]

17
32
28
67
39
72
88
77
71
69

16
32
24
65
34
70
86
76
70
68

17
30
23
63
33
69
86
76
72
69

5
5
10
4
7
3
4
3
3
2
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2
5
5
3
5
1
-

80 °C
Relative
Relative
Relative
Relative
amount [%] amount [%] amount [%] amount [%]
Chamber 1 Chamber 2 Chamber 3 Chamber 4
48
43
45
47
25
23
21
25
34
32
31
40
47
47
45
54
58
58
55
69
41
42
39
45
28
34
25
33
32
38
29
35
21
19
21
18
21
20
21
20
10
22
28

10
28
34

10
21
25

18
23

RSD
[%]
5
9
11
8
10
6
14
11
8
4
3
20
16
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TABLE 6 - Relative amounts of compounds in the µ-CTE experiment at 80 °C with PUF
Compounds
Lindane
PCP
PCB 28
Dichlofluanid
Isodrin
Tolyfluanid
PCB 153
p,p’-DDT
cis-Permethrin
trans-Permethrin

Relative amount Relative amount
[%]
[%]
Chamber 1
Chamber 2
61
60
43
43
73
76
77
75
71
73
71
65
62
58
46
40
25
25
25
25

RSD
[%]
2
1
3
1
2
6
5
10
1
2

Heating the µ-CTE to 80 °C causes the evaporation of
most of the soaked SVOCs, a process that is accelerated
by increasing the temperature. These gas-phase concentrations decrease at 80 °C from the first air sampling to
the last; at 23 °C the concentrations are similar on both
sampling days. The less volatile the compound, the lower
its emitted concentration from the wood sample.
3.4 Experiment with real wood samples

carried out either at different temperatures or with different adsorbents, the sum of the elutions and rinsing results
does not correspond to the introduced amount of target
compound solution. For all compounds it is lower than
expected, but this is reproducible in the fourfold and duplicate determinations.
The relative standard deviations obtained for both adsorbents are all in an acceptable range. Because, with the
SDVB-polymer, all compounds are detectable, the results
are reproducible and the work-up process is faster, this
adsorbent was selected for subsequent experiments, even
though the sensitvity was lower in some cases.
The fact that the relative amounts for all investigated
compounds are lower than 100 % has to be taken into consideration when evaluating experiments with self-soaked
wood samples and real samples. A reason for lower concentrations might be condensation of the compounds on the
chamber lid or on the sampling port.
3.3 Experiment with soaked wood

As already known from the literature, the detection of
SVOCs at ambient temperature requires huge sampling
volumes (up to several m3), and the process of SVOC emission at ambient temperature can last several years [15]. To
achieve such a huge sampling volume with the µ-CTE
would take several weeks. To address this, the suitability
of the SDVB-polymer was further tested in µ-CTE experiments with self-soaked wood samples. With a sampling
volume of approx. 43 l, only the compounds with lower
boiling points (lindane to isodrin) could be detected at
23 °C in the µ-CTE air. With a sampling volume of approx.
36 l at 80 °C, all compounds from lindane to trans-permethrin could be detected on the first and second days of
sampling, whereas on the third and fourth days of sampling
only lindane to isodrin or tolyfluanid could be measured.
Depending on the soaked wood sample studied, a few
compounds (lindane and dichlofluanid) were detectable
in the µ-CTE air until day 8 (sample 1 and 3). After 35
days in the µ-CTE at 80 °C none of the soaked compounds could be measured in the µ-CTE air. Breakthroughs did not occur at 80 °C, as checked on the first
and second sampling days. In addition, no compounds
were adsorbed at the chamber surface.

By investigating the real wood samples, the applicability of the developed method for low-volume air sampling with the SDVB-polymer was checked. At 23 °C no
SVOCs were detectable by air sampling, but at 80 °C PCP,
lindane and dichlofluanid were detectable due to vaporization. With an air sampling volume of 48 l, which is quite
low for air sampling of biocides, concentrations between
35-1800 µg m-3 were measured. Dichlofluanid was present in the chamber air in of eight out of eleven samples,
whereas PCP and lindane were in the chamber air of all
samples.
Comparison of these results with others is difficult.
First, experiments in the literature for measuring biocide
concentrations in air were either conducted at 23 °C in
emission test chambers for a longer period of time (up to
several months or years [14, 15]) or indoors at ambient
temperature. Furthermore, the product loading factor in
µ-CTE experiments is higher than it normally is in emission test chamber measurements [4].
4 CONCLUSIONS
A low-volume air sampling method for SVOCs was
successfully developed using the µ-CTE. An appropriate
adsorbent for this air sampling method was found to be a
SDVB-polymer. It is confirmed (as previously described,
for example [8]), that SDVB-polymer is a good option for
the sampling of SVOCs. One important advantage of this
adsorbent is the short time needed for the work-up (elution) and the low solvent consumption.
The µ-CTE is a suitable device to screen material
emissions under different controlled conditions, and it was
successfully used in this study to test air for SVOCs at
lower sampling volumes. By using higher temperatures
and higher air-exchange rates, SVOC emissions were
successfully generated in the µ-CTE, and it was thus easy
to check if the sample was contaminated with SVOCs.
Furthermore, SVOC air concentrations might be considerably higher in showcases than indoors due to the negligible air-exchange rate and the likelihood of higher temperatures in showcases. Hence, the measuring range of
the method, which is greatly above 1000 µg m-3, is necessary.
A method with low sampling volumes for µ-CTE
sampling was successfully developed but, at the current
stage of development, this method is not applicable for ex-
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periments in emission test chambers and museum showcases. To enable assessment of this approach under reallife conditions – especially in museum showcases – different air sampling strategies will need to be carried out in
showcases or test chambers with low air-exchange rates
(0-1 h-1).
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ABSTRACT

1 INTRODUCTION

This study was conducted to investigate the effects of
three types of vegetation cover (25, 50 and 75%) and nine
vegetation patterns on the changes of nitrogen (N) loss in
runoff and sediment from yellow-cinnamon soil on 38%
sloped land under simulated rainfall conditions in the
laboratory. The results showed that the amount of NO3--N
loss by runoff and sediment is 33% and 36.5% during the
late runoff stage (LRS), respectively, but that NH4+-N loss
was not obvious when there was 25% vegetation cover.
The critical period of controlling NO3--N loss was found
to be the first half of the rainfall event on the upper and
lower slope, and the late runoff stage (LRS) in the middle
slope; however, the amount of NH4+-N lost by runoff and
sediment in the middle runoff stage (MRS) and the LRS
accounted for 71.2-82.8% of that lost throughout the rainfall event when there was 50% vegetation cover. In the
upper slope, the early runoff stage (ERS) was the critical
period for controlling NO3--N loss; however, the law of
NO3--N loss was not obvious in the lower slope, and the
ERS was the best stage for controlling NH4+-N loss when
there was 75% vegetation cover.
The relationship between runoff and runoff-N was
significantly positively correlated with runoff-NH4+-N
(RAN), but not with runoff- NO3--N (RNN). The relationship between sediment and sediment-N was highly significant and positively correlated. Among the three vegetation locations, the reduction in N loss occurred in the
following order: lower slope > upper slope > middle
slope.

KEYWORDS: N loss; runoff; sediment; vegetation cover/patterns;
simulated rainfall

* Corresponding author

Because most point source pollution is gradually being controlled, non-point source pollution has become the
primary cause of water environmental pollution, and N loss
from farmland is an important component of this pollution.
Many researchers are concerned that soil nutrient loss from
farmland can reduce soil quality and harm aquatic systems
and human health [1, 2]. Moreover, nutrients can be lost via
runoff and sediment [3, 4]. Consequently, effectively controlling excessive use of N in farmland is a challenge for
reducing agricultural non-point source pollution (AGNPS)
[5]. The loss of N from sloped land occurs via an interaction between soil erosion and runoff [6], and nitrate nitrogen (NO3--N) and ammonium nitrogen (NH4+-N) are the
main forms of N loss [7]. To protect the water environment,
gradients of >46.7% must be used for returning farmland to
forests or grassland since 1999, in Chinese Mainland; in
addition, the concentrations of NH4+-N and NO3--N must be
<0.5 and 10 mg·l-1, respectively, in the surface water of
central drinking water sources area by State Environmental
Protection Administration of P. R. China (2002) [8]. Zhu
(2006, [9]) reported that the mechanism of N loss in a small
agricultural watershed may be affected by runoff and topographical features. In recent years, more research has focused on the effects of nitrogen leaching in response to
different land-use and tillage systems [10, 11]. However,
few studies have investigated the characteristics of NH4+N and NO-3-N losses by runoff and sediment in response to
different vegetation cover/patterns under simulated rainfall conditions; therefore, this study was conducted to:
§ describe the processes of NO3--N and NH4+-N losses
from yellow-cinnamon soil by runoff and sediment
under different vegetation cover/ patterns.
§ determine the impact of different vegetation cover/
patterns on NO-3-N and NH4+-N losses.
§ determine the effects of runoff and sediment on NO3-N and NH4+-N losses.
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2 MATERIALS AND METHODS
The simulated rainfall experiments were conducted at
Xi’an University of Technology from October to November
2009. The simulated rainfall system was composed of
needle-tubing sprinkler devices that were 13 m high and
could produce raindrops with a final velocity of more than
90% of that of natural raindrops. The soil testing bin was
4 m long× 1 m wide×0.5 m deep, and the area of precipitation was 4 m2. A slot was installed in the bin that enabled timely collection of samples from the bottom. The
rainfall intensity calibration was 2 mm·min-1, the gradient
was 38%, and runoff and sediment samples were collected simultaneously. Polyethylene containers were used to
collect samples at an interval of 2 min throughout the 60min runoff duration. In order to describe the processes of
NO-3-N and NH4+-N losses by runoff, sediment according
to stage-by-stage, the water samples were collected from 020 min, 22-40 min and 42-60 min during each runoff event,
corresponding to the early runoff stage (ERS), middle
runoff stage (MRS) and late runoff stage (LRS), respectively.
The yellow-cinnamon soil was collected from the
eastern suburbs of Xi’an, air-dried and sieved prior to use.
The water mass cover of the tested soil was about 10%,
and the bulk density was 1.15 g cm-3; according to local
agricultural practices, 300 g calcium ammonium nitrate
[CAN], with an average N input of 20.5 g·m-2, was distributed in the tested soil, evenly from the surface to a depth
of 10 cm, about 3-4 days before simulated rainfall. From
the bottom to the top, the soil bin was divided into four
1 × 1 m squares (designated as 1, 2, 3 and 4). The 25%
vegetation cover had four patterns designated as vegetation patterns 1, 2, 3 and 4 (VP1, VP2, VP3 and VP4), while
the 50% vegetation cover had three vegetation patterns
designated as patterns 1+2, 2+3 and 3+4 (VP1+2, VP2+3
and VP3+4), and the 75% vegetation cover had two vegetation patterns designated as patterns 1+2+3 and 2+3+4
(VP1+2+3 and VP2+3+4) (Fig. 1). According to the location on the slope, the vegetation patterns were treated as
upper slope (VP4, VP3+4 and VP2+3+4), middle slope
(VP2, VP3 and VP2+3) and lower slope (VP1, VP1+2
and VP1+2+3). Each pattern consisted of planted grass
about 10 cm thick. In order to near natural rainfall condition, the source water supplied from the groundwater was
stored in a collecting basin for 48 h. The NO-3-N and
NH4+-N were monitored for determining the influence of
source water, and the concentrations of NO-3-N and NH4+N in source water were 0.85 mg·L-1 and 0.07 mg·L-1,
respectively.
After each runoff experiment, the accumulated runoff
was measured, and water samples were then immediately
sent to laboratory. Upon arrival in the laboratory, the samples were allowed to rest for 3 h, after which 500 ml was
obtained from the supernatant and preserved with approximately 2 ml of concentrated sulfuric acid. Samples were
stored at 4 °C until analysis, which was conducted within

48 h. The remaining samples were filtered through a 0.45µ membrane, air-dried and weighed to determine sediment loss. NO3--N and NH4+-N were measured by extracting 20.0 g of 2-mm particle diameter dry soil with 100 ml
of 2 mol·L-1 potassium chloride (KCl), shaking on a shaker for 60 min, filtering, and then draining 2 of 25 ml solution. The samples were then distilled with 10 ml of 3
mol·L-1magnesium oxide (MgO), after which one was
titrated with 0.01 mol·L-1 hydrochloric acid (HCl) and used
to determine the NH4+-N concentration. The other sample
was further distilled with 1 g ferrous sulfate zinc (Zn+FeSO4,
1:5), after which the absorbed ammonia (NH3) was reduced with 0.3 mol·L-1 boric acid (H3BO3), titrated with
0.01 mol·L-1 HCl, and the NO3--N concentration was
calculated.

FIGURE 1 - Distribution of different patterns in 25 % (A), 50 %
(B), and 75 % (C) vegetation covers.

N loss via runoff and sediment was analyzed using
the ANOVA procedure of software SPSS 16.0. The functional relationship was used to describe relationships and
test the regression coefficients between runoff or sediment and N loss to determine the role of runoff and sediment in N loss. The N loss in runoff was defined as RAN
and RNN as well as sediment-NH4+-N (SAN) and sediment-NO3--N (SNN).
The interval amount of N loss was determined from
the following equation:
mWN (t) = CN (t) ×VW (t)

(1)

The interval amount of N loss was determined using
the following equation:
mSN (t) = DN (t) ×ms (t)

(2)

The total amount of runoff, sediment as well as runoff-N and sediment-N losses in each runoff were determined according to the following equations:

688

n

VW =

∑V

W

i =1

(t )

(3)

© by PSP Volume 22 – No 3. 2013

n

MS =

∑m

S

(t )

Fresenius Environmental Bulletin

(4)
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(t )

(5)

(t )

(6)

i =1

n
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∑m
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i =1

where, mWN(t) = the interval content of runoff-N (mg),
CN(t) = the interval concentration of runoff-N (mg·L-1),
VW(t) = the interval runoff (l), mSN(t) = the interval content of sediment-N (mg), DN(t) = the interval concentration of sediment-N (mg·g-1), ms(t) = interval runoff(g), VW
= the total runoff loss in each event (l), MS = the accumulated sediment loss in each event (g), MWN = the accumulated runoff-N loss in each event (mg), and MSN = the
accumulated sediment-N loss in each event (mg).

during the ERS and MRS, and a waveform increase during the LRS. The RAN loss showed a slight decline during the first half of the rainfall event, but a continuous
increase in the latter part for VP4. The starting RAN loss
was VP1>VP3>VP4>VP2, while the accumulated RAN
loss was VP2>VP1>VP3>VP4.
Under 50% vegetation cover, the starting RAN loss
was the same for the three vegetation patterns (Fig. 3B).
The RAN loss increased continuously for VP1+2, while it
showed little fluctuation for VP2+3 and VP3+4 during the
MRS; however, the opposite was true in the LRS. The
accumulated RAN loss was VP2+3>VP3+4>VP1+2.
The starting RAN loss was approximately 2 mg for
75% vegetation cover (Fig. 3C). The RAN loss increased
smoothly for VP1+2+3 during the first 10 min of the ERS,
then showed a fluctuating decline from the 11th-50th min,
followed by a sharp increase from 52 to 60 min. The maximum RAN loss was approximately 14 times higher than the
30

A

3.1 Processes of RNN loss under different vegetation cover/
patterns

RNN (mg)

25

3 RESULTS AND DISCUSSION

As shown in Fig. 2A, at 25% vegetation cover, the
RNN loss in VP1 gradually decreased as the rainfall duration increased, but an improving waveform trend was observed under the three other vegetation patterns during the
experiment. The amount of starting RNN loss was VP1>
VP3>VP2>VP4, and the accumulated amounts of RNN
loss was VP3>VP4>VP2>VP1.

At 75% vegetation cover, the RNN loss in VP1+2+3 occurred steadily across runoff stages (Fig. 2C). For VP2+3+4,
the starting RNN loss was low (2.05 mg), after which it
increased sharply, and peaked (112.69 mg) within 12 min.
The accumulated RNN loss was VP2+3+4>VP1+2+3.
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At 50% vegetation cover, the RNN loss in VP1+2 increased continuously and steadily (Fig. 2B). The RNN loss
in VP2+3 increased obviously within 4 min, after which it
steadily increased in the ERS, while it fluctuated in the
LRS. For VP3+4, the RNN loss increased sharply within
10 min in the ERS, after which it showed a fluctuating decrease. The starting RNN loss was VP2+3> VP3+4>VP1+2,
while the accumulated RNN loss was VP3+4>VP2+3>
VP1+2.
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3.2 Processes of RAN loss under different vegetation cover/
patterns

In 2003, Conan [12] and Balkcom [13] observed that
nutrient loss was closely related to runoff under different
land-use conditions. As shown in Fig. 3A, at 25% vegetation cover, the RAN loss showed a continual decline for
VP1 from the onset of runoff, while for VP2, RAN loss
increased slowly during the ERS, remained steady during
the MRS, and showed a fluctuating improving trend in the
LRS. For VP1, the RAN loss showed a smooth decline
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FIGURE 2 - RNN loss processes of different patterns with rain
duration in 25 % (A), 50 % (B), and 75 % (C) vegetation cover.
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A

16

VP1
VP3

RAN (mg)

12

was observed. For VP3, SNN loss increased in the initial
stages of ERS, then became lower, after which it followed
a fluctuating upward trend. For VP4, SNN loss showed a
fluctuating increase in ERS and LRS. The starting SNN loss
was VP4>VP3>VP2>VP1, while the accumulated SNN loss
occurred in the order of VP4>VP3>VP1>VP2.
For VP1+2 and VP 3+4, SNN loss fluctuated, peaking
during the MRS with 50% vegetation cover, (Fig. 4B). For
VP2+3, the SNN loss was relatively stable; however, it
continued to increase in the MRS and LRS because large
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FIGURE 3 - RAN loss processes of different patterns with rain
duration in 25 % (A), 50 % (B), and 75 % (C) vegetation cover.
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Increases in rainfall duration can lead to changes in
both runoff and sediment yield, as well as corresponding
fluctuations in nutrient loss [14, 15]. As shown in Fig. 4A,
at 25% vegetation cover, the VP1 SNN loss was relatively
smooth, although a notable fluctuation was observed after
approximately 20 min, which was followed by a decrease
in SNN loss. For VP2, SNN loss was rather steady in the
ERS and LRS; however, a notable fluctuation in the LRS

20

1.0

minimum loss. The accumulated RAN was VP2+3+4>
VP1+ 2+3.
3.3 Processes of SNN loss under different vegetation cover/
patterns
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FIGURE 4 - SNN loss processes of different patterns with rain
duration in 25 % (A), 50 % (B), and 75 % (C) vegetation cover.
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amounts of sediment were transported due to the high runoff, and the suspended sediment in the flow could carry the
large SNN [16]. Both the starting and accumulated SNN
loss occurred in the order of VP3+4>VP2+3>VP1+2.
As shown in Fig. 4C, with 75% vegetation cover,
SNN loss fluctuated throughout the runoff process; however, it was controlled at 0.1 to 0.28 mg. For VP2+3+4,
SNN loss peaked in the middle of the ERS, then fluctuated for 30 min and, finally, rose continuously until the
precipitation event was completed. Both the starting and
accumulated SNN loss were following the order of
VP2+3+4>VP1+2+3.
3.4 Processes of SAN loss under different vegetation cover/
patterns

As the vegetation area increased, differences in the reduction of nutrient loss appeared for the different vegetation
patterns and vegetation locations. Overall, the reduction in
runoff, sediment and N losses was according to the order
of lower slope>upper slope>middle slope. Additionally,
the loss of runoff, sediment and N increased as the
vegetation area in the middle of the slope increased, while
it was relatively weak in the upper slope when compared
to the other slopes (Table 1). With the increase of vegetation coverage in three vegetation locations, especially
lower slope, because the grass can reduce sediment,
runoff loss effectively from the slope land, and can increase infiltration and decrease N extraction from soil surface. Vegetation coverage in lower slope was working
best for the reduction in N loss with respect to both other

As shown in Fig. 5A, the starting SAN loss showed
little difference among groups, with 25% vegetation cover.
For VP1, SAN loss continued to increase from 2 to 16 min,
decreased rapidly at 18 min, but then increased. For VP2,
SAN loss was steady during the first half of the experiment, after which it increased sharply. By the end of the
precipitation event, SAN loss was more than nine times
greater as the starting loss. SAN loss was steady throughout
the runoff event for VP3 and VP4, and the accumulated
SAN loss occurred in the order of VP2>VP1>VP3>VP4.
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With 50% vegetation cover, SAN loss fluctuated under all of the investigated vegetation patterns (Fig. 5B),
with especially large peaks being observed during the
MRS and LRS for VP2+3 and VP3+4, respectively. The
starting SAN loss was VP2+3>VP3+4>VP1+2, and the
accumulated SAN loss was VP3+4>VP2+3>VP1+2.
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Under 75% vegetation cover, the SAN loss exhibited
waveform improvement throughout rainfall event for
VP1+2+3, while presenting substantial fluctuation, and the
peak appeared at the point of 40 min which was 7.5 times
the amount of starting SAN loss; then, a decrease followed; however, a sharp increase could be observed at the
point of 56 min until precipitation event was completed
(Fig. 5C). Both the starting and accumulated SAN loss
were according to VP2+3+4>VP1+2+3.
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3.5 N loss and runoff, sediment analysis
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N loss not only depends on the concentration of the
nutrient in the runoff and sediment, but also on runoff and
sediment loss as described by Aulakh et al. [17] and Adelaide [18]. In this study, the relationship between runoff,
RAN and RNN (Figs. 6A and B) could be described by a
power function. Furthermore, the power function correlation between runoff and RNN was not significant, while
was a significant correlation with RAN (p<0.05). As shown
in Figs. 7A and B, the relationships between sediment and
sediment-bound N followed a power function, and were
highly significant and positively correlated (p<0.01). Sediment-bound N was adsorbed onto the surface of sediment
particles, after which it was transported by sediment loss. In
general, the results of the present study indicated that runoff
and sediment losses were major pathways of N loss [19].
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FIGURE 5 - SAN loss processes of different patterns with rain
duration in 25 % (A), 50 % (B), and 75 % (C) vegetation cover.

691

© by PSP Volume 22 – No 3. 2013

Fresenius Environmental Bulletin

A

120

4
3
SNN (mg)

RNN (mg)

90
y = 4.1399x0.7632

60

2

r = 0.2031 n=270

30

A

2
1
0

0
0

2

4
6
Runoff volume (l)

8

0

10

B

4

r = 0.1452 p <0.05 n=270

3

40

y = 2.4965x0.6077

20

40
60
80
Sediment mass (g)

y = 0.0176x1.0359

2

SAN (mg)

30

RAN (mg)

1.0576

y = 0.0213x
2
r = 0.8173 p<0.01 n=270

20
10

100

B

2

r = 0.6622 p <0.01 n=270

2
1

0

0

0

5
10
Runoff volume (l)

15

0

FIGURE 6 - Relationships between runoff volume and RNN (A) as
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FIGURE 7 - Relationships between sediment mass and SNN (A) as
well as SAN loss (B) for the combined data under simulated rainfall
conditions.

TABLE 1 - Reduction of RNN, RAN, SNN and SAN loss of different patterns on three slope locations.
Patterns
Locations
RNN (mg)
Reduction (%)
RAN (mg)
Reduction (%)
SNN (mg)
Reduction (%)
SAN (mg)
Reduction (%)

1
550.0
261.0
14.4
21.2

1+ 2
Lower slope
407.4
25.9
10.4
264.1
-1.2
-10.8
10.9
24.3
48.6
14.3
32.5
79.7

1+2+3
365.1
292.7
5.6
2.9

2

3
Middle slope
437.1
597.8
-36.8
21.2
269.0
226.2
15.9
-38.2
15.9
31.0
-95.0
10.0
23.9
20.2
15.5
-0.5

vegetation locations. Therefore, retaining and reasonably
arranging vegetation on the lower slope is important when
determining vegetation patterns for runoff, sediment and
N conservation [20, 21].

4 CONCLUSIONS
The results of this study demonstrated the complex and
dynamic nature of the various factors affecting runoff,
sediment and N losses from sloped land with different
vegetation cover/patterns. Runoff and sediment losses can
be controlled by changing the cultivation structure and farming patterns by implementing techniques, such as seasonal
no-tillage ridge cropping and terraced plowing during the
ERS [22].

2+3
470.8
312.6
27.9
20.3

4

3+4
2+3+4
Upper slope
666.9
648.8
1657.2
2.7
-155.4
196.9
293.7
338.9
-49.2
-15.4
41.5
32.2
12.7
22.4
60.6
17.5
20 .4
10.0
-16.6
51.0

Under the conditions of 25% vegetation cover, NO3-N loss by runoff and sediment accounted for more than 33
and 36.5% of the total during the LRS, respectively; therefore, the LRS was an important stage for controlling sediment loss. Under 50% vegetation cover, the critical period
for controlling NO3--N loss from the lower and upper slope
was the first half of the rainfall event because NO3--N loss
increased sharply and remained high. On the middle portion of the slope, the key period for controlling NO3--N
loss was the LRS, during which the loss showed greater
fluctuation. Under 75% vegetation cover, vegetation patterns could control NO3--N loss more effectively on lower
portions of the slope than on the upper portions.
Under 25% vegetation cover, changes in NH4+-N loss
were not obvious, and it was necessary to improve vegetation cover to control the loss. With 50% vegetation cover,
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the amount of NH4+-N loss by runoff and sediment during
the MRS and LRS accounted for 71.2-82.8% of the loss
that occurred throughout the entire experiment, and should
enforce the control of NH4+-N loss in the MRS and LRS.
Under 75% vegetation cover, NH4+-N loss increased obviously during the ERS; Moreover, high-nutrient-topsoil was
transported from the slope land by the water flow during
the ERS, NH4+-N was absorbed on the soil particles easily, when the topsoil was lost by runoff, and the NH4+-N
would released into runoff; in addition, NH4+-N was dissolved easily [23, 24]. With the delay of the rainfall duration, a large amount of NH4+-N was lost by runoff and sediment; therefore, the ERS was the key period for controlling
NH4+-N loss.
The relationship between runoff and runoff-N could
be described by a power function; furthermore, the power
function correlation between runoff and RNN had no significant, while that with RAN was significant (p<0.05).
The relationship between sediment and sediment-N could
also be described by a power function, and was highly
significant and positive (p<0.01). The relationship between
runoff and sediment followed an exponential function, and
was highly significant and positive (p<0.01). Runoff and
sediment losses were the two major pathways of N loss.
The reduction in N loss responding to vegetation occurred
in the order of lower slope>upper slope>middle slope.
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CHARACTERIZATION OF A NOVEL DIESEL
OIL-DEGRADING PSEUDOMONAS SP. STRAIN F4
Qun Luo1, 2, Jian-Guo Zhang2, Xian-Rong Shen2, Xin Sui3 and Zheng-Qiu Fan3, *
1
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ABSTRACT
One strain of bacterium F4 was isolated from activated sludge, and was shown to have good effects of degrading diesel oil. The bacterium F4 was identified as Pseudomonas sp. based on its 16S rDNA sequence as well as
various morphological and physiological characteristics.
Under optimal conditions, at pH level of 7.0, temperature
of 37 °C, initial diesel oil concentration of 2% (v/v) and
inoculating bacterial concentrations of 2% (v/v), the degradation rate of diesel oil was up to 78.9%. The results
from the gas chromatography-mass spectrometry analysis
showed that the bacterium F4 could almost completely degrade all components of diesel oil (C11-C21).
KEYWORDS:
Diesel oil, bioreactor, biodegradation, Pseudomonas sp.

1 INTRODUCTION
Environmental biodegradation of petroleum attracts serious public concerns, since petroleum has potential deleterious effects on human health and ecosystem. Previous surveys have indicated that natural removal of the oil is slow,
and it can persist for many years. Bioremediation offers one
available option for remediation of oil pollution. Microbial
isolation and cultivation from oily samples have revealed
that a great variety of organisms exist in these environments [1, 2], and a wide range of metabolically diverse
bacteria have been successfully isolated from petroleum
samples, such as soil [3], marine sediments [4, 5], and seawater [6, 7], but very few reports have described the methods used to isolate petroleum-degrading bacteria from oily
samples.
Activated sludge process (ASP) is widely used in
treatment of urban sewage and industrial wastewater, but
the studies of application of ASP to degrade petroleum
are very few. Activated sludge is composed of a variety of
microbial communities [8]. The diversity of microbial communities and microbial metabolism types are the basis of
* Corresponding author

diversity of activated sludge. In the process of domestication of activated sludge, when domesticating conditions
changed, the sludge microorganisms continuously adapt to
the new environments, and the number of microbial species
decreased [9, 10], whereas microorganisms which adapt to
wastewater were enriched. It is a viable approach to biodegrade the oil pollutants and isolated petroleum-degrading
bacteria by domestication of activated sludge. Recently,
different aspects of microbial biodegradation, such as petroleum-metabolizing ability of bacteria, petroleum degradation mechanisms [11], factors affecting microbial degradation [12], the way of assimilation into bacteria activities to degrade related enzyme and discovery of the degradation-related gene have been researched [13, 14].
In this study, a homemade reactor was built to domesticate activated sludge. Seawater mixed with diesel oil was
used as inducer, and then, some highly efficient degradation bacteria on diesel oil were obtained. The diesel oil degrading Pseudomonas sp. strain F4 was isolated and identified based on its 16S rDNA sequence as well as various
morphological and physiological characteristics. The phylogenesis, biodegradation potential, and characteristics under
different conditions of this bacterium were analyzed.
2 MATERIALS AND METHODS
2.1 Media

Basal salt medium (BSM; 25 g NaCl, 0.7 g KCl, 0.7 g
MgSO4·7H2O, 1 g NH4NO3, 2 g KH2PO4, 3 g Na2HPO4
·2H2O) was sterilized for 20 min at 121 °C, supplemented
with 2 % microelements (sterilized by filtration through a
0.22-µm membrane), at pH 7.5. The medium was supplemented with diesel oil as the sole carbon source. The microelement solution contained 4 g MgSO4·7H 2O, 1 g
CuSO4·5H2O, 1 g MnSO4·H2O, 1 g FeSO4·7H2O, and 1 g
CaCl2 per L. Luria-Bertani (LB) medium contained 10.0 g
NaCl, 10.0 g peptone, 5.0 g yeast extract per L, with pH
of 7.4. Solid LB medium was prepared by adding 20.0 g
agar to 1 L LB medium. HLB medium contained (per L)
30.0 g NaCl, 10.0 g peptone, 5.0 g yeast extract.
Activated sludge was taken from Quyang sewage treatment plant in Shanghai, China.
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All chemicals used were of analytical grade. All organic
solvents used were of high-performance liquid chromatographic (HPLC) grade and purchased from Tedia Company
(Fairfield, OH).
2.2 Enrichment and isolation of diesel oil degrading bacteria

In order to biodegrade petroleum in marine environment, BSM was used as culture medium of domestication.
2 L BSM, 1 L activated sludge and 30 ml diesel oil were
mixed and introduced into the homemade reactor (Fig. 1).
The reactor was filled with optimized filling-material which
was used as the carrier of bacteria, and the filling ratio of
material was 1:2. The liquid mixture was pumped from
the top of the reactor to the bottom surface with a peristaltic pump, so that the liquid mixture could cycle in the reactor, and the diesel oil was mixed equally with water. After
aerobic domestication for about 1 month at 25 °C, the
biofilm was formed on the surface of the filling material.
Subsequently, the degradation rate and the change of components in diesel oil were analyzed by GC-MS, and then,
the biofilm was taken from the filling material to isolate
diesel oil degrading bacteria. Isolation and purification
procedures were carried out on LB agar plates by conventional spread plate techniques. The obtained pure bacterial
strains which could grow with diesel oil as the sole carbon
source were kept on LB slant culture at 4 °C, and stored
as liquid cultures containing 15% glycerol at -80 °C.

3
4
Oily Seawater

2

5
6

1

7

FIGURE 1 - Schematic diagram of homemade reactor (1 water
valve, 2 peristaltic pump, 3 filling-material, 4 aerator, 5 air pump, 6
air valve, 7 magnetic stirrer).
2.3 Morphological and physiological characteristics of strain F4

The morphological properties of bacteria cultured on
agar plates were examined by light microscopy and transmission electron microscopy (TEM). The presence or absence of flagella was examined by TEM using exponentially growing cultured cells. According to the “Manual of
determinative bacteriology” [15], the physiological and
biochemical characteristics of strain F4 were determined.
2.4 Analysis of 16S rDNA sequence and phylogenetics of
strain F4

Genomic DNA was extracted with DNA isolation kit
(TAKARA), and the 16S rDNA gene was amplified by
PCR with primer sets of 27F (5′-AGA GTT TGA TYM
TGG CTC AG-3′) and 1492R (5′-GGH TAC CTT GTT

ACG ACT T-3′) [16]. The amplification cycling conditions
consisted of an initial denaturation at 94 °C for 10 min,
followed by 30 cycles of denaturation at 94 °C for 1 min,
annealing at 53 °C for 90 s, and elongation at 72 °C for 90 s,
with a final elongation at 72 °C for 10 min. The AccuPrep
PCR purification kit (Bioneer Corporation) was used for
PCR product purifications. Sequencing was performed on
both strands by the Shanghai Major Bio Technology Co.
(Shanghai, China). The sequences confirmed by automated
sequencing using the primers 338F (5′-ACT CCT ACG
GGW GGC WGC AG-3′), 536R (5′-ATT ACC GCG GCT
GCT GG-3′) and 907F (5′-AAA CTC AAA KGA ATT
GAC GG-3′) [17]. The DNA sequence of the cloned 16S
rDNA fragments was compared using EzTaxon Server ver.
2.1 (http://147.47.212.35:8080), and sequences were analyzed phylogenetically using the software clustalx ver. 1.83.
The phylogenetical tree was constructed using the Neighbor
Joining method in the software program Mega 4 [18].
2.5 Biodegradation assay of strain F4

The bacterial cells` density was determined by UV
spectrophotometry. At first, the bacterial medium was
introduced into a small centrifuge tube and centrifuged at
3000 r/min for 10 min. After discarding the supernatant
and washing twice with sterile water, the wet bacteria were
finally collected into the sterile water to form uniform and
stable bacterial suspension. With sterile water as the blank
reference, UV absorbance was measured at 600 nm (maximum absorption wavelength of bacterial cells).
Assays to test the degradation of diesel oil were performed in liquid culture using washed cell suspensions.
Bacteria were inoculated into HLB medium from agar plates,
and incubated aerobically at 30 °C on an orbital shaker at
200 rpm for about 16 h. When the optical density (OD600)
of the bacterial suspension was 1.0, the bacterial suspension was centrifuged for 10 min at 3000 rpm. After the
supernatant was discarded and the wet bacteria were washed
with sterilized BSM liquid medium, the cell suspensions
were inoculated into 250-ml conical flasks containing sterilized liquid culture (per flask: 100 ml BSM with a specified
amount of diesel oil) and incubated in darkness on an orbital shaker. The degradation rate was detected by infrared spectrometry according to the People's Republic of
China national standard method.
The relationships between the degradation rate and
several parameters were investigated on the basis of incubation time, initial diesel oil concentrations (v/v: 1, 1.5, 2,
2.5 and 3%), inoculating bacterial concentrations (v/v: 2,
4, 6 and 8%), various pHs (6.0, 6.5, 7.0, 7.5 and 8.0) and
temperatures (20, 25, 30, 37 °C). All biodegradation experiments were performed for three times, and sterilized cultures without inoculation were used as negative control.
2.6 Gas chromatography-mass spectrometry analysis

The degradation effect of diesel oil was examined by
GC-MS analysis (Thermo Focus DSQ GC-MS, Thermo
Scientific, USA). The diesel oil remaining in the liquid
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culture was extracted with dichloromethane for three
times. The organic phase was dehydrated with anhydrous
sodium sulfate, and 1 µl of the organic phase was analyzed by GC-MS. The gas chromatograph was equipped
with a split–splitless injector (split ratio of 50:1) and an
HP-5 MS column (30 m × 0.25 mm × 0.25 µm; Agilent
Technologies). The oven temperature was initially held at
60 °C for 2 min, and then programmed to 300 °C at a rate
of 20 °C min−1 and held for 5 min. The temperatures of the
injector, transfer line and ionization source were all 250 °C.
The electron impact ionization was tuned to 70 eV, and
helium was used as carrier gas with an average linear velocity of 1.0 ml min-1. The mass spectra were recorded within
41–400 amu to collect the total ion current (TIC) chromatograms.
3 RESULTS AND DISCUSSION
3.1 The degradation effect of diesel oil in the reactor

After 1-month domestication, the diesel oil degrading
effect was examined by GC-MS. The chromatograms of
diesel oil remaining in oily water of the reactor are shown
in Fig. 2. Results showed that the degradation ratio of
diesel oil was 98.3%, and most components of diesel oil
(C11-C21) were degraded.

3.2 Isolation of diesel oil degrading bacteria

Nine strains (denoted as F1, F2, F3, F4, F5, F6, F7,
F8, and F9, respectively) which could grow with diesel oil
as the sole carbon source were isolated. The degradation
abilities of these isolated strains are shown in Fig. 3. The
degradation ratio of diesel oil by bacterium F4 was up to
78.9%. Strain F4 was thereby identified, and selected to
study its oil-degrading characteristics.
3.3 Morphological and biochemical characteristics of strain F4

As shown in Fig. 4, through morphological and biochemical examination, it can be seen that colonies of
strain F4 grown on nutrient agar plates for 3 days were
round or nearly round, 1-2 mm in diameter, of mango
yellow color, smooth, moist and low convex. The edge of
colonies was notch-like, and could produce light dark green
soluble pigment. Cells were gram-negative, strictly aerobic,
oxidase-negative, catalase-positive, with rods and short rods,
0.5-0.7 µm in diameter and 0.9-2.0 µm long, and with a
single polar flagellum. Spore formation was not observed.
The strain F4 could use nitrate as alternative electron acceptor for anaerobic respiration (denitrification), but could
not grow under acidic conditions (pH 4.5). The physiological and bio-chemical characteristics of strain F4 are summarized in Table1.

FIGURE 2 - GC-MS analysis of diesel oil before (A) and after (B) degradation in the reactor.
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FIGURE 3 - Biodegradation rate of diesel oil by isolated bacteria. The incubation conditions were pH 7.5, 30 °C, an initial diesel oil concentration of 2% (v/v), and an initial concentration of inoculated bacteria of 3 % (v/v). All data were obtained at ten days of incubation.
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A

(B)

(C)

FIGURE 4 - Photographs of colonies and cells of strain F4:（A) photograph of F4 colonies on nutrient agar plate, (B) morphology of strain
F4, and (C) morphology of strain F4 and flagellum.

TABLE 1 - Physiological and bio-chemical characteristics of F4
bacteria.

3.4 16S rDNA sequence and phylogenetic analysis of strain
F4

Physiological and
biochemical reaction
catalase
oxidase
Anaerobic Growth
oxidative metabolism
denitrification
pH 4.5
pH 7.2
+, positive; −, negative

The complete 16S rDNA sequence of strain F4 was a
continuous stretch of 1469 kb. Subsequent 16S rDNA
based on phylogenetic analysis demonstrated that the strain
belongs to the genus Pseudomonas sp. Figure 5 describes
the relationship between the isolated strain and the nearest
phylogenetic relatives. Similarity calculations by neighborjoining analysis indicated that the closest relative of strain
F4 was Pseudomonas aeruginosa LMG 1242T (99.93%),
belonging to the same cluster of the phylogenetic tree, im-

characteristic
+
+
+
+

T
97 Pseudomonas pseudoalcaligenes DSM 50188 (Z76675)
Pseudomonas oleovorans DSM 1045 T(Z76665)
Pseudomonas indoloxydans IPL-1T(DQ916277)
Pseudomonas mendocina LMG 1223 T(Z76664)
76 Pseudomonas alcaliphila AL15-21 T(AB030583)
33
Pseudomonas flavescens B62 T(U01916)
98
Pseudomonas argentinensis CH01 T(AY691188)
Pseudomonas taiwanensis BCRC 17751 T(EU103629)
58
21
T(AB009457)
100 Pseudomonas plecoglossicida FPC951
58 Pseudomonas monteilii CIP 104883T(AF064458)
Pseudomonas xanthomarina KMM 1447T(AB176954)
Pseudomonas balearica SP1402 T(U26418)
69
12
Pseudomonas stutzeri CCUG 11256 T(U26262)
72
T
100 Pseudomonas psychrotolerans C36 (AJ575816)
81
Pseudomonas oryzihabitans IAM 1568 T(AM262973)
Azotobacter chroococcum IAM 12666T(AB175653)
Pseudomonas nitroreducens DSM 14399 T(AM088474)
47
24
Pseudomonas jinjuensis Pss 26 T(AF468448)
100
Pseudomonas knackmussii B13 T(AF039489)
42
Pseudomonas panipatensis Esp-1T(EF424401)
88
Pseudomonas delhiensis RLD-1 T(DQ339153)
50
90 Pseudomonas citronellolis DSM 50332 T(Z76659)
Pseudomonas alcaligenes LMG 1224 T(Z76653)
Pseudomonas peli R-20805T(AM114534)
98
98
Pseudomonas guineae M8 T(AM491810)
63
Pseudomonas anguilliseptica NCIMB 1949 T(X99540)
Pseudomonas pohangensis H3-R18 T(DQ339144)
Pseudomonas resinovorans LMG 2274 T(Z76668)
Pseudomonas otitidis MCC10330 T(AY953147)
61
Pseudomonas indica IMT37 T(AF302795)
48
F4
58
100 Pseudomonas aeruginosa LMG 1242 T(Z76651)

78
91

0.005

FIGURE 5 - Phylogenetic tree of Pseudomonas sp. strain F4 and related species constructed on the basis of 16S rDNA sequences using the
neighbor-joining method (Bar, 0.005 Knuc unit).
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plying that the stain F4 could be classified into Pseudomona,s and was closest to Pseudomonas aeruginosa. Up
to present, several studies have reported on the isolation of
Pseudomonas aeruginosa and use to degrade various pollutants, such as diesel oil, crude oil, n-alkanes, heavy metal
pollution and PAHs [19-21].
3.5 Influence of different conditions on degradation of diesel
oil by strain F4

A series of degradation tests were carried out at different conditions of pH from 6.0 to 8.5, incubation time
from 1 to 8 days, temperatures from 20 to 37 °C, initial
diesel oil concentrations (v/v: 1, 2, 3 and 4%), and inoculating bacteria concentrations (v/v: 2, 4, 6 and 8%).
Biodegradation rate of diesel oil had a correlation with
bacterial growth, and both of them change with incubation
time. As shown in Fig. 6, biodegradation rate and cell density (OD600) were low (12.4% and 0.39, respectively) on
the first day of incubation, but on the second day, both
biodegradation rate and cell density increased markedly.
In the following days, they increased slowly, while cell
density began to decrease from the seventh day and degradation ratio increased a little. The growth curve indicated that the strain F4 was in adaptation phase within the
first day. Strain F4 could not grow and reproduce immediately, and it took a period of time to grow in the new culture medium. The second day was the logarithmic growth
phase. In this period, bacterial metabolism was dynamic and
synthesis of new cellular material was fast, and then, the

number of cells increased rapidly. Strain F4 was in stationary phase from the third day to the sixth day. In this phase,
metabolite accumulation was toxic to the cells themselves.
The changes of pH, nutrient conditions and inadequate supply of oxygen were all detrimental to bacterial growth, and in
these situations, the bacterial density almost did not change.
From the seventh day, strain F4 was in decline phase. The
death rate was greater than growth rate, and the number of
bacteria was reduced.
Oil concentration greatly influences the degradation
of diesel oil. The high oil concentration would hinder the
use of oxygen and nutrients to some extent; the oxygen
transfer and the toxicity of volatile hydrocarbons would inhibit biodegradation of oil [22]. As shown in Fig. 7, the
biodegradation rate of diesel oil was the highest at the initial oil concentration of 2% (v/v). This result also showed
that Pseudomonas sp. strain F4 could grow at the high oil
concentration, even up to 4% (v/v), whereas the biodegradation rate was relatively low. When the initial concentration of diesel oil was too high, the oil would cover the
surface of water and prevent oxygen to dissolve into liquid culture. The environmental aerobic conditions were
generally considered to be necessary for extensive degradation of oil hydrocarbons, since major degradation
pathways for hydrocarbons involve oxygenases [23].
Several studies have shown that oxygen depletion leads to
sharply reduced biodegradation activities [24], and decreased bio-degradation rate.
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FIGURE 6 - Changes of strain growth and diesel oil biodegradation rate with incubation time. The incubation conditions were pH 7.5, 30 °C,
initial diesel oil concentrations of 2% (v/v), and initial concentrations of inoculated bacteria of 3% (v/v).
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FIGURE 7 - Effect of initial diesel oil concentration on the strain growth and biodegradation rate of diesel oil. The incubation conditions
were pH 7.5, 30 °C, and initial concentrations of inoculated bacteria of 3% (v/v). All data were obtained at seven days of incubation.
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FIGURE 8 - Effect of inoculating bacteria concentration on the strain growth and biodegradation rate of diesel oil. The incubation conditions
were pH 7.5, 30 °C, and initial diesel oil concentrations of 2% (v/v). All data were obtained at seven days of incubation.
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FIGURE 9 - Effect of pH on the strain growth and biodegradation rate of diesel oil. The incubation conditions were pH 7.5, 30 °C, initial
diesel oil concentrations of 2% (v/v), and initial concentrations of inoculated bacteria of 2% (v/v). All data were obtained at seven days of
incubation.
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FIGURE 10 - Effect of temperature on the strain growth and biodegradation rate of diesel oil. The incubation conditions were pH 7.0, initial
diesel oil concentrations of 2% (v/v), and initial concentrations of inoculated bacteria of 2% (v/v). All data were obtained at seven days of
incubation.

The inoculating bacterial concentration also affected
the biodegradation rate of diesel oil. As shown in Fig. 8,
when the inoculating bacterial concentration was low
(2%, v/v), the cell density and biodegradation rate were
both high, probably because when initial bacteria concentration was too high, the microbial would grow quickly,
and bacterial density increased significantly. These were
not conducive to the growth of single bacteria and affected the degradation of diesel oil.

As shown in Fig. 9, results evidenced that there was a
correlation between degradation efficiency and pH. The
cell density was highest at pH 6, but the biodegradation
rate was relatively low. The biodegradation rate was the
highest at pH 7, and Pseudomonas sp. strain F4 could
degrade diesel oil when the pH ranged from 6 to 8. The
pH is an important environmental factor which impacts
microbial growth. Many studies showed that most heterotrophic bacteria and fungi favor a neutral pH [25].
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FIGURE 11 - The chromatogram of rest diesel oil in Pseudomonas sp. strain F4 culture (B) and abiotic control (A) after 10 days of incubation. The incubation conditions were pH 7.5, 30 °C, initial diesel oil concentrations of 2% (v/v), and initial concentrations of inoculated bacteria of 3% (v/v).

Temperature could affect various features of bacteria
[12]. As shown in Fig. 10, although diesel oil biodegradation could occur over a wide range of temperatures, the
biodegradation rate generally decreased with decreasing
temperature. The higher temperatures could increase the
degradation rate of diesel oil. The biodegradation rate of
diesel oil reached the highest value at 37 °C. Temperature
influences oil bioremediation by affecting the physical and
chemical properties of oil, degradation activity, community
structure, etc. [26]. At low temperatures, the viscosity of
the oil increases, while when the volatility of toxic lowmolecular-weight hydrocarbons is reduced, delaying the
onset of biodegradation [27], the degradation rate decreases with decreasing temperature.
The optimal conditions were determined to be at pH
7, 37 °C, initial diesel oil concentration of 2% (v/v), and
initial concentration of inoculated bacteria of 2% (v/v).
The degradation rate of diesel oil was up to 78.9% under
optimal conditions after 10 days of incubation.
3.6 Gas chromatography-mass spectrometry (GC-MS) analysis

Petroleum is a complex mixture of hydrophobic components like n-alkanes, aromatics, resins and asphalthenes
[28]. Microorganisms are known to attack and degrade a
specific component as compared with other components
of oil. It has been observed that the same compounds in
different crude oil samples were degraded to different
extents by the same organisms [29]. The chromatogram of
diesel oil remaining in the culture under optimal conditions
after 10-days incubation is shown in Fig. 11. The components of diesel oil were mixed with hydrocarbons (C11C21), and all components of diesel oil were degraded by
Pseudomonas sp. strain F4. This result was similar to that
reported by Abolas et al. [30]. The Pseudomonas sp. is
one of the representative species capable to grow on nalkanes [31]. Barathi et al. [32] reported that P. fluorescens could utilize almost all of the n-alkanes (C11-C26)
present in crude oil after 4 days of growth in minimal medium containing 0.4% crude oil. Pseudomonas sp. strain
F4 has the unusual characteristic of being able to grow on a
broad range of n-alkanes. These results showed that strain

F4 was potentially useful for the remediation of hydrocarbon pollution in oil-polluted environments
4 CONCLUSION
In this study, through filling with optimized filling
material and microbial strains from activated sludge, a
homemade reactor was built. Artificial seawater mixed with
diesel oil was used as inducer, and then, some highly efficient degradation bacteria on diesel oil were obtained. The
degradation effect indicated that this was a viable approach
applied to degrade oil pollutants and domesticate oil-derading bacteria.
The diesel oil degrading bacterium F4 was isolated
from the reactor, and identified as Pseudomonas sp. based
on its 16S rDNA sequence as well as various morphological and physiological characteristics. The strain could degrade all components of diesel oil (C11-C21), and the degradation rate was up to 78.9% in 10 days at 37 °C, pH 7,
initial diesel oil concentrations of 2% (v/v), and initial conentrations of inoculated bacteria of 2% (v/v). Given the
complexity of oil products and environmental conditions
in a contaminated natural environment, the study of effects
of environmental conditions on degradation of petroleum
was required. The other environmental factors which have
effects on degradation of petroleum, like salinity, dissolved
oxygen, nutrient salt, the mechanism of degradation and
the degradability of strain F4 in the natural environment,
are undergoing further research in this study. These preliminary results indicate that strain F4 could potentially be
useful for the remediation of hydrocarbon pollution, and
exploited further for the development of effective bioremediation technology for oil-containing environmental cleanup.
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ABSTRACT
The photocatalyst NaCl/TiO2 was prepared using a
solid-state method by ball milling through doping NaCl
into TiO2 using anhydrous ethanol as disperser. The light
absorption of the prepared NaCl/TiO2 was successfully
shifted to the red region, and the absorption spectrum
(λ>400 nm) was also extended. Thus, NaCl/TiO2 showed
excellent photocatalytic performance with a degradation
rate of 89.71% in 60 min compared to Degussa P25 in the
degradation of ciprofloxacin (CIP) under visible-light, as
expected. The photocatalyst of NaCl/TiO2 was characterized by UV–VIS diffuse reflection spectroscopy (DRS),
scanning electron microscopy (SEM), X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS,
and transmission electron microscopy (TEM). The results
show that the photocatalytic activity of the NaCl/TiO2
photocatalyst is much higher than that of pure TiO2 and
TiO2 in NaCl (aq). The enhanced photocatalytic performance of NaCl/TiO2 photocatalyst compared with P25 is
mainly attributed to two factors: the red-shifted absorption
which is caused by the impurity level from the doping of
Cl, and the surface defects which usually act as electron
traps from the coupling between Cl- and TiO2 on the particle surface to prevent the recombination of photogenerated electron-hole pairs.

KEYWORDS: NaCl/TiO2; ciprofloxacin; solid-state method; enhanced degradation

1 INTRODUCTION
Nowadays, antibiotics abuse is a serious problem in
human society [1, 2]. More recently, the rise of superbug
gives us a warning that the treatment of antibiotic
wastewater is bound to be propagated. Ciprofloxacin
(CIP) is a

* Corresponding author

typical fluoroquinolone antibiotic, which is widely used for
treating human infectious diseases. Although the effective
removal of these antibiotics can be achieved from the water
stream by adsorption, biodegradation and extraction; photocatalysis is more important because of being energy-free,
low-priced, and environmental-friendly. Several researchers have reported on photocatalysis, such as Yan’s group
[3, 4] synthesizing the photocatalyst and approving that
their modified photocatalyst has improved the degradation
rate of antibiotic wastewater under visible light irradiation.
Semiconductor mediated photocatalytic oxidation and
reduction have been approved to be potentially facile and
cheap methods for removing inorganic and organic pollutants from wastewaters, air and soil [5, 6]. Owing to its
unique properties of high efficiency, stability and lowprice, TiO2 has been applied extensively in the field of photocatalysis. Photocatalytic activity of TiO2 strongly depends
on the morphology, crystalline structure, particle size, and
the prepared methods. But the large band gap of TiO2 photocatalyst makes it hard to achieve high photocatalytic
efficiency, and only 4% of the solar radiation is performed.
Considering the fact that more than 45% energy in the solar
spectrum is visible light, improving of photocatalytic activity has been a hot topic in recent years.
At present, many groups focused on modified TiO2
with visible light response, such as metal doping [7-10],
and combined with other semiconductors [11-14]. Recently,
several workers reported about doping of TiO2 with nonmetallic elements, such as nitrogen [15], sulphur [16], carbon
[12], and halogen elements [17]. Some of these non-metal
dopings can extend the absorption of TiO2 to visible light
region, and make TiO2 active under visible light irradiation. For instance, Xu’s group [18] had synthesized the
nanorods photocatalyst of chlorine-doped rutile TiO2, and
the crystal defects in the photocatalyst by doping of chlorine increased the photocatalytic activity under visible
light. Mingce’s group [19] prepared Cl-TiO2 by hydrolysis
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of tetrabutyl titanate in hydrochloric acid. These photocatalysts showed better photocatalytic performance under
visible light irradiation. Chlorine doped photocatalysts
prepared by chemical methods, such as sol-gel, hydrothermal, or co-precipitation method, have been studied extensively The results show that nearly all the composite semiconductors have presented higher photocatalytic activity
than single ones. Solid-state method by ball milling is also a
simple and effective method to synthesize modified TiO2
photocatalysts, but there was no report on synthesis of
chlorine-doped TiO2 by now.
In this study, a solid-state method using Degussa P25
as the raw material was adopted to prepare the NaCl-doped
TiO2 photocatalysts, combined with ball milling, and the
influence of different temperatures and cations to the photocatalytic activity for ciprofloxacin was also investigated.
Moreover, the photocatalyst was characterized, and the degradation behaviors and mechanisms were discussed in detail.
2 MATERIALS AND METHODS

VIS diffuse reflectance spectra (UV–VIS DRS) of the photocatalyst powder was obtained for dry-pressed disk samples
using a Specord 2450 spectrometer (Shimazu, Japan),
equipped with the integrated sphere accessory for diffuse
reflectance spectra, using BaSO4 as the reflectance sample.
2.4 Evaluation of photocatalysis

The photodegradative reaction of ciprofloxcin (CIP)
was carried out at 308 K in a home-made photochemical
reactor under visible light. The photochemical reactor
contained 0.1g catalyst and 10 mg/L of 100 ml CIP solution. To determine the initial absorbency of samples, the
reactor was kept in darkness for 30 min to reach absorption equilibrium. Then, the lamps were turned on, and a
magnetic stirring apparatus was started. The photochemical reactor was irradiated with two 150 W tungsten halogen lamps (wavelength range 360-760 nm) which were
located with a distance of 8 cm at one side of the containning solution. UV light <420 nm was removed by a glass
filter. The sampling analysis was conducted in 10-min
interval. The photocatalytic degradation ratio was calculated by the following fomula:

2.1 Materials

Anhydrous ethanol (AR), NaCl (AR), NH4Cl (AR),
KCl (AR), ZnCl2 (AR), MgCl2 (AR), BaCl2 (AR) were all
purchased from Sinopharm Chemical Reagent Co., Ltd
(SCRC), China. Commercial P25 TiO2 was purchased from
Degussa AG. All the chemicals were of reagent grade, and
used as supplied without any purification. Deionized water
from a distillation plant was used for all experiments.

DR = [(1−Ai /A0)]×100%.
A0 is the initial absorbency of CIP that reached absorption equilibrium, while Ai is the absorbency after sample analysis.

3 RESULTS AND DISCUSSION

2.2 Preparation

3.1 XRD Measurements

The preparation of the NaCl/TiO2 photocatalyst was
carried out in a QM-1F ball miller. TiO2 powder (5 g) and
agate balls are mixed in the agate ball milling tank, and
then, NaCl and absolute ethyl alcohol are added. After
being milled for 2 h at a speed of 150 rpm, the wet powder
was dried at 70 °C in air. Then, it was calcinated at different temperatures (from 200 to 800 °C) in a muffle furnace
for 4 h. The final samples were used as the photocatalysts
for the evaluation of photocatalytic activity and characterization analyses.

Figure 1 shows the powder XRD patterns of the undoped TiO2 and NaCl/TiO2. The results indicate that the
diffraction peaks of NaCl can be found in XRD patterns,
which shows the perfect combination of sodium chloride
and titanium dioxide. The same phenomenon has been reported by Chen Shifu et al. [20]. The average crystal sizes
of NaCl/TiO2 were about 50 nm determined from the
broadening of the (110) peak by the Scherrer formula (d
= 0.9λ/B cos θ, where d, λ, B, and θ are crystallite size,
Cu Kα wavelength, full width at half-maximum intensity
in radians, and Bragg’s diffraction angle, respectively).
Figure 2 shows the XRD patterns of NaCl/TiO2, calcined at

2.3 Characterization

The SEM images were examined using an S-4800
scanning electron microscope with EDS (HITACHI, Japan).
Transmission electron microscopy (TEM) images were
collected on an F20 S-TWIN electron microscope (Tecnai
G2, FEI Co.), using a 200 kV accelerating voltage. X-ray
diffraction (XRD) technique was used to characterize the
crystal structure. In this work, XRD patterns were obtained
with a D8 ADVANCE X-ray diffractometer (Bruker AXS
Company, Germany) equipped with Ni-filtrated Cu Kα
radiation (40 kV, 30 mA). The 2θ scanning angle range
was 10–90° with a step of 0.04°/0.4 s. X-ray photoelectron
spectroscopy (XPS) data were recorded with a PHI5300
spectrometer using Al Kα (12.5 kV) X-ray source. UV–
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TiO2. Different cation compound doping changed XRD
spectrum of samples only weakly (Fig. 3) suggesting that
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FIGURE 1 - Powder XRD patterns of NaCl/TiO2 and TiO2: (a) TiO2
and (b) Cl-TiO2 (“*”stands for diffraction peaks of Cl).
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FIGURE 3 - XRD patterns of samples doped by different cation
compounds.

different temperatures. As shown in Fig. 2, (NaCl/TiO2)
samples with low calcination temperatures have the prevailing anatase phase, with increasing calcining temperature, the rate of rutile phase increased, and after 800 °C
calcinations, rutile phase was predominant over the anatase
phase. The phase change of crystal structure by calcination
greatly destroyed the p-n bonds between anatase and rutile
phases, and this may impact the catalytic action of NaCl/
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the cation compounds may not be doped into the bulk of
TiO2 particles, but cladding on the surface of the particles
may be observed. Therefore, the photocatalytic activity may
be affected by cooperation with Cl ions.
3.2 SEM and EDS measurements

Figure 4 shows a typical SEM image of NaCl/TiO2.
The crystallites are spherical particles with a particle size
of about 40–50 nm, which is the same as for the XRD.
Further, rhe composition of NaCl/TiO2 using an energy
dispersive X-ray spectrometer (EDS) was investigated. As
presented in Fig. 5, the EDS result does not contain the
oxidation number of Cl atoms, and it can be concluded
that a new solid is not formed in the ball milling process
of TiO2 and NaCl, or maybe, the amount of NaCl is too
low to find it.

FIGURE 4 - SEM images of NaCl/TiO2

FIGURE 5 - EDS spectrum of NaCl/TiO2

FIGURE 6a - TEM and HRTEM images of TiO2
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absorption intensity is also increased. The change in the
optical absorption property can be attributed to the impurity level from the chlorine in TiO2 crystal lattice by powerful ball milling. The reason probably is attributed to the
formation of a defect energy level in the particles during
high-energy ball milling process which is also a hightemperature and high-pressure (HTHP) process. The collision between balls and grains of the powder will increase
the temperature, and induce the reaction between Cl- and
TiO2 can be conducted easily by the tight contact with each
other; thus, the photocatalyst NaCl/TiO2 can be formed [21].
Fig. 7b shows the DRS of the photocatalysts with different
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FIGURE 7a - UV-VIS diffuse reflection spectra of photocatalysts:
A- Degussa P-25; B- NaCl/TiO2.

Figs. 6a and 6b show typical TEM images of TiO2
and NaCl/TiO2, which reveal the stacked nanoparticles
with a diameter of 20 nm. There is no difference between
TiO2 and NaCl/TiO2. The growth direction of the nanorods
is found to be along (101) direction with (110) plane exposing outside according to HRTEM image of NaCl/TiO2, but
the growth direction of TiO2 had no change. From Fig. 6b,
the estimated inter-planar space corresponds to a d-spacing
of about 3.5 nm. This is consistent with the d-101 spacing
in the XRD pattern of NaCl/TiO2. The line defects or dislocations including screw dislocations and edge dislocations
were found on the HRTEM images. These crystal defects
probably resulted from high strain energy caused by the
ball milling. In the process of ball milling, high strain
energy was arising, which resulted in large lattice distortions. As soon as the strain energy exceeds the elastic
deformation limit of crystals, dislocations and stack faults
would arise to overcome the strain energy caused by lattice distortions. The surface defects which usually act as
electron traps from the coupling between Cl- and TiO2 on
the particle surface to prevent the re-combination of photogenerated electron-hole pairs.
3.3 UV–VIS diffuse reflectance spectrum of NaCl/TiO2

Fig. 7a shows the DRS of the Degussa P-25 and the
chlorine-doped TiO2 samples, respectively. From Fig.7a,
it can be seen that absorption edge of the coupled photocatalyst is red-shifted compared with pure TiO2, and its
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FIGURE 6b - TEM and HRTEM images of NaCl/TiO2
3.3 TEM and HRTEM measurement
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FIGURE 7b - UV-VIS diffuse reflection spectra of photocatalysts
with different cations.

cations, and only little difference from the absorption edges
of different samples can be observed, indicating that it is
the Cl- ion which contributes to the red shift of the absorption edge and increase of the photocatalytic activity. Such
a phenomenon is thus attributable to the different surface
properties of the powders. This is plausible in view of that
the cations impact particle surfaces more readily and more
directly.
3.4 XPS of NaCl/TiO2
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Fig. 8a shows the XPS survey spectrum of the
NaCl/TiO2. The peaks, related to Ti, O, C elements and a
trace amount of Cl, could be observed. Figs. 8 b and c
give the high-resolution XPS spectrum of Cl 2p region
around 198 eV and O1s region around 530 eV. The peak
around 198 eV is corresponding to the Cl 2p3, which
reveals the existence of Cl- [18]. The XPS spectrum of the
O1s region shows a major peak at529.2 eV, attributed to
the bulk oxygen (O2-), and a weak peak at 531.4 eV, due
to the presence of surface hydroxyl (OH) groups [22, 23].
The peak at 530.7eV (Fig. 8c) shows that, just because so
much adsorption oxygen exists on the TiO2 surface, they
become captives of photo-generated electron–hole pairs.
preventing the re-combination of photo-generated electronhole pairs. Therefore, the quantum efficiency of photocatalytic reaction is improved. This may be the reason for
the improvement of the photocatalytic activity. Fig. 8d is
the high-resolution XPS spectrum of Ti2p region appearing at 458.55 eV and 464.18 eV for Cl-doped TiO2.The
binding energy shifted to a positive value by 0.25 eV,
compared to undoped TiO2 (458.8 eV) [24].
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3.5 Photocatalytic activity of NaCl/TiO2 under visible light
irradiation

To compare the photocatalytic activities of CIP (aq),
P25, TiO2 in NaCl (aq), NaCl/TiO2, and NaCl/TiO2 calcined at different temperatures and with different cations,
the photocatalytic degradation of CIP under visible-light
irradiation was performed as shown in Figs. 9 and 10.
Fig. 9 shows the photocatalytic degradation curves of
NaCl/TiO 2 calcined by different temperatures. It can be
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FIGURE 8: (a) XPS spectra of NaCl/TiO2 and high resolution scanning XPS spectra of (b) Cl2p, (c)O1s, and (d)Ti2p.
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FIGURE 9 - The degradation rate of 5% NaCl/TiO2calcined by
different temperatures.

The cations had also effects on photocatalytic activities. Rincón and Pulgarin [21] had observed effects against
E. coli in presence of anions to follow the order: Cl− >
NO 3− > SO 42− >HCO 3− > HPO 42−. Sontakke et al. [25]
investigated the effect of various parameters, such as
anions, cations, hydrogen peroxide and pH, on the photocatalytic inactivation. The addition of inorganic ions
showed a negative effect on inactivation. Otherwise, there
is a conflict about the effects of metal cations on photocatalytic degradation of organic compounds [26]. Their works
confirmed the effects of inorganic ions on the photocatalytic activity. It is known that when NaCl and TiO2 form a
doped photocatalyst, the recombination of the photogenerated electron–hole pairs must be decreased. With
ball milling, the surface defects usually act as electron traps
from the coupling between Cl- and TiO2 on the particle
surface to prevent the recombination of photo-generated
electron-hole pairs. Thus, NaCl/TiO2 shows the highest
photocatalytic activity.

100

4 CONCLUSIONS

CIP(aq)
P25

80

NaCl(aq)

A novel chlorine-doped titanium dioxide photocatalyst by ball milling was prepared. With ball milling, the
surface defects usually act as electron traps from the coupling between Cl- and TiO2 on the particle surface to prevent the recombination of photo-generated electron-hole
pairs. Compared with TiO2, the wavelength range of the
coupled NaCl/TiO2 was red-shifted extending the absorption spectrum. From the degradation rate of CIP, and both
the calcination temperature and cation effects, we conclude that uncalcined NaCl/TiO2 displays the best activity,
and its degradation rate is 89.71%.
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FIGURE 10 – The degradation rate of CIP (aq), P25, NaCl (aq)
with TiO2, NaCl/TiO2.

seen that the uncalcined sample possesses the highest activity with a degradation rate of 89.71% in 60 min. With temperature increase, TiO2 transformed from anatase to rutile
which destroyed the p-n bond between anatase and rutile
phases, thus decreasing the photocatalytic activity of
NaCl/TiO2 under visible light.
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From Fig. 10, the photocatalytic activity can be observed, and it can be seen that photocatalyst NaCl/TiO2
has remarkable enhancement and activity of the sample is
higher than that of NaCl solution with TiO2 or P25. It
was also found that, without any photocatalyst, the CIP
showed almost no change. With ball milling, the photocatalytic activities of the NaCl/TiO2 photocatalysts
were increased. Without ball milling, NaCl solution with
TiO2 only played its own photocatalytic role, and photocatalytic couples were not formed, and maybe that Na+
and Cl− affected the photocatalytic activities, respectively. Thus, NaCl/TiO 2 samples evidence high photocatalytic activity.
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AN EARTH OBSERVATION ASSISTED TOOL
FOR IRRIGATION WATER MANAGEMENT
Filiz Barbaros*, Ali Gül and Nilgün Harmancioğlu
Dokuz Eylul University, Water Resources Management Research & Application Center (SUMER), Tinaztepe Campus, Buca 35160 İzmir, Turkey

ABSTRACT
Water is a critical issue worldwide and water conflicts are arising in many regions, with available resources
diminishing in quantity and quality, and the range of uses
in competing sectors increasing. Water for food production and, hence, water for irrigation, represents by far the
largest share among all uses, while water demand is still
growing with increasing population, especially in developing countries. This paper focuses on newly developed
technologies for irrigation water management within a
research and technological development project funded by
the European Commission's 6th Framework Programme,
entitled PLEIADeS (Participatory multi-Level Earth observation-assisted tools for Irrigation water management and
Agricultural Decision-Support). PLEIADeS aims at improving the technical, environmental and economic performance
of irrigation schemes by means of a range of measures
while addressing the efficient and sustainable use of water
for food production in water-scarce environments. A key
feature of the project is a set of systems and services integrated with the comprehensive space-time coverage of
Earth observation (EO) data, and the interactive networking/connecting capabilities of Information and Communication Technologies (ICT). It is also the basis for technical and social learning that enables farmers to act responsibly by fine-tuning their on-farm irrigation management, in accordance with the river-basin water status
and management decisions. In the presented study, the
tool introduced and tested by PLEIADeS Project is briefly
explained, while discussing the capabilities of the new
technique for irrigation water management, and its role in
improving the performance of irrigation schemes along
with potential measures.

dingly, accurate information of water consumption has been
a critical need on irrigation water management, and estimation of the required quantity of water for irrigational use
has been increasingly important, especially in cases where
there is significant competition between water sectors.
Irrigation management under water scarcity and water
pollution has become more important and complex. Water
scarcity affects the quantity of the resources available whereas the pollution affects the quality of the water available for
irrigation. Environmentally, socially and economically sustainable use of water is a priority for agriculture, especially
in water scarce and polluted basins. There are different
causes of water scarcity, which directly impose varying
stresses on irrigation management, such as aridity, drought,
desertification, and water shortage [1].
The concept of irrigation modernization has evolved
over the years from the mere introduction of new technical infrastructure and equipment towards a more holistic
concept including measures to optimize water application.
Such a system now includes also tools to generate information on most efficient water use and mechanisms to
transmit this information to farmers [2]. To this end, several methods have been developed recently to execute the
amount of water demand, on the basis of each crop pattern.
The System of Participatory Information, Decision
support, and Expert knowledge for irrigation and River
basin water management (SPIDER) has been defined as
one of these methods, in scope of a research and technological development project funded by the European Commission's 6th Framework Programme, entitled PLEIADeS.
The system is based on GIS and enables the users to have an
idea of crop water requirements by determining the consumption through satellite images [3].
2 THE ROLE OF EARTH OBSERVATION
IN IRRIGATION MANAGEMENT AND
THE SPIDER SYSTEM

KEYWORDS: Integrated water management, irrigation, Earth
Observation (EO), image processing, GIS.

1 INTRODUCTION
In recent years, several problems have emerged due to
water scarcity and deterioration in water quality. Accor* Corresponding author

Improvements in agricultural water management practices bring important benefits in terms of water availability
for expanded agricultural activities and other competing
sectors, even though it is not an easy task to successfully
implement efficient practices without field measurements
and analytical tools that allow water managers to have a
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good estimation of crop water use [4]. Earth Observation
(EO) which, in general terms, is the gathering of information
about planet Earth’s physical, chemical and biological
systems, allows for efficiently monitoring crop water requirements at field and/or regional levels to make information readily available to decision makers for planning
and controlling purposes, and to farmers as part of an
irrigation advisory system for promoting efficient practices [5].
EO is used to monitor and assess the status of, and
changes in, the natural environment and the built environment. EO provides an objective evaluation of crop
water demand, and the analytical outputs can be used at
different decision levels (from the farmers to the river
basin authorities) to promote a more efficient use of water
resources in agriculture. A rational management of water
resources for irrigation requires information characterized
by high temporal and spatial variability, which cannot be
monitored with traditional field inspections. EO is a mature technology, ready for being transferred to operational
applications in agricultural water management. Detailed
data on crop development and irrigation needs are timely
distributed to final users by means of modern Information
and Communication Technologies.
In this study, which is performed as a part of the European 6th Framework Project PLEIADeS, a portfolio of
EO-based products has been set-up and the methodologies
for their retrieval have been defined, starting from past
experiences and scientific knowledge available among the
partners in the project consortium. F.A.O. (Food and Agriculture Organization) methodology has been adopted as the
standard procedure for computing crop water requirements
from EO-based products.
SPIDER contributes significantly to facilitating participatory process and collaboration of all stakeholders,
and to enhancing transparency in irrigation water management. SPIDER is a web-based GIS [6] that does not
need to install any software in the client PCs. It has been
developed based on those new technologies as a centralized data server where different users can upload different
kinds of layers (vector, raster, alphanumerical, etc), and
work together with them in a participatory and collaborative environment, as a support for the academic and research groups, as well as for the different stakeholder
levels implicated on the water management issue (Fig. 1).

appear for each group at the start and also defining the
rights to access for that group.
3. Loading Information: In SPIDER, the defined users are able to flexibly upload digital information layers
of their site of interest in different file formats.

FIGURE 1 - General components of the SPIDER system.

One of the basic pillars of this software is the use of
EO technologies to cover large areas with a few images,
and supporting different resolution satellites provides a
high potential toolkit for different levels of water management (river basin, governmental and irrigation level stakeholders). The temporal evolution is visualized in interactive charts that also allow accumulation along the time
axis. This kind of layers consists of a dynamic mosaic of
images with a spatial and a temporal component, covering
different areas on different dates, making available the
temporal raster-based analysis of data.
The two most important ways SPIDER helps users
can be resumed as (a) in the river basin level, the system
offers a wide land coverage visualization and a data exploiting tool for monitoring historical changes based on
the land cover use maps and EO data, as well as for planning water distribution plans for following campaigns;
and (b) in the irrigation level as a real-time process, farmers can follow the evolution of their different crops knowing in each moment the amount of water they need and
detecting problems in irrigation systems, crop diseases, etc.
3 STUDY AREA: GEDIZ RIVER BASIN &
MENEMEN LEFT-BANK IRRIGATION

SPIDER basically offers the following functionalities
to decision-makers and its beneficiaries [7]:
1. Managing Users: SPIDER gives the opportunity of
managing different levels of users and groups with restringed access to information by content and by spatial
boundaries, so that the manager is able to give each user
just access to the information he has rights to.
2. Managing Environments: For each group defined
in the SPIDER system, the manager is able to design a
specific environment defining the information that must

The study area, Gediz River Basin, is located in western Anatolia in the Aegean region, neighboring the city of
Izmir. It ranks as the second largest basin in the region
with its drainage area of 18,000 km2 (2.3% of the total
surface area of Turkey) (Fig. 2). The basin holds a total
population of 1 700 000. Within the context of irrigated
agriculture in the basin, 13 irrigation associations perform
operations and maintenance duties over a territorial extension of about 110,000 ha. There are; however, serious
institutional, legal, social and economic drawbacks which
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enhance water allocation and water pollution problems.
Water scarcity contributes more to these problems, and is
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FIGURE 2 - Location of the study area: Gediz River Basin [Background Image Source: Google Earth, Accessed in 2008]

basically due to competition for water among various uses
and water pollution. It is not, however, a mature basin, in
the sense that the institutional set-up is not yet fully developed. Both surface and groundwater use are largely unregulated, and groundwater extraction is growing rapidly
in response to urban and industrial demand.
The largest user of water has been irrigated agriculture, originally deriving from small run-of-the-river diversions from the Gediz and its tributaries dating back some
3000 years. Since 1945, the developments of large-scale
systems and groundwater exploitation have transformed
irrigated agriculture. Adala and Emiralem regulators, the
latter of which diverts water to the Menemen left-bank irrigation, are considered within major structural improvements
serving mainly for irrigation water supply in the basin.
Drinkable water usually comes from deep wells because
of groundwater pollution. Today, Menemen plain is closed
to further groundwater extraction, and irrigation use of
groundwater is largely static or declining as less-water
intensive crops replace cotton.
All these quantitative, qualitative and managerial problems address the need for setting up a generic framework
for irrigation water management and performing feasible
assessments of crop water demand, especially if regular insitu measurements become available and EO-assisted technologies find place extensively in assessments. Another
pillar of such a framework is the process of participation
to tackle the challenges of high variability of rainfall
patterns (increasing due to climate change), the conservative nature of farmers in adapting new technologies, and
the lack of proper control and recording within the current
irrigation system on who uses how much of water.

4 APPLICATION
4.1 Selection of Satellite/Sensor for Images and Basic Image
Processing

The first step in any EO-based operation is the selection of a satellite/sensor combination that satisfies the temporal, spectral, radiometric and spatial resolution requirement for a given application, and that is convenient for use
in agricultural applications. The challenge here is to find a
reliable methodology to inter-calibrate the observations from
different sensors at different observation scales in different
platforms. In this current study, Landsat5-TM (thematic
mapper) images were executed for performing assessments
on irrigation management efficiency (Fig. 3(a)). As the
original images received from the data provider were either
not geo-referenced or lacking correct geometric positioning, they were first processed for geometric correction (or
geo-referencing) by using a set of selected ground control
points with known coordinates and with sufficient coverage of the entire image. This operation was performed on
separate GIS software, IDRISI-Taiga, by using its built-in
resampling techniques. The resampling was based on the
approach of Nearest Neighborhood in which the geometrically closest values are assigned to the locations of questioned values (Fig. 3(b)). These geometrically-corrected
images from different image acquisition dates were then
transformed into the UTM-WGS84 projection that was
preferred as a common working & display platform in the
study (Fig. 3(c)).
Afterwards, atmospheric correction was performed on
the set of images to eliminate or compensate atmospheric
distortion in radiometric signal. In doing so, relative atmospheric correction method was used to normalize the
signal obtained in a satellite time series to the signal of
one single of a cluster of images considered as the reference. Each single band was normalized with respect to the
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reference [8] (Fig. 3(d)). This operation was again performed
on the IDRISI-Taiga software.
4.2 Generation of RGB color composites and NDVI images

RGB (red-green-blue) color composite is a helpful
product in the application of remote sensing techniques.
RGB color composite images were generated in the
study from geometrically-referenced and atmosphericallycorrected Landsat5-TM images based on the combination
of ShortWave Infrared band (SWIR, Band 5) in the red
channel, Near Infrared band (NIR, Band 4) in the green
channel, and Red band (Band 3) in the blue channel to
identify natural surfaces, soil, vegetation, etc.
In order to determine the density of green on a patch of
land, the distinct colors (wavelengths) of visible and nearinfrared sunlight reflected by the plants need to be observed
as well. The Normalized Difference Vegetation Index
(NDVI) is a simple numerical indicator that can be used
to analyze remote sensing measurements, and assess whether

the target being observed contains live green vegetation or
not. The principle here is that chlorophyll causes considerable absorption of incoming sunlight, whereas a plant's
spongy mesophyll leaf structure creates considerable reflectance [9-11]. Thus, NDVI computation employs a difference formula to quantify the density of plant growth on
the Earth, and the equation is in the form of near-infrared
radiation minus visible radiation divided by near-infrared
radiation plus visible radiation. In corresponding terms of
Landsat5-TM bands, the equation is as follows (Figs. 4 (a)
& (b)):
NDVI = (Band 4 - Band 3) / (Band 4 + Band 3)
Calculations of NDVI for a given pixel always result
in a number that ranges from minus one (-1) to plus one
(+1); however, no green leaves give a value close to zero.
A zero means no vegetation (i.e. bare soil) and close to +1
(0.8-0.9) indicates the highest possible density of green
leaves. In the current study, NDVI maps ranging between

(a)

(b)

(c)

(d)

FIGURE 3 - (a) Raw Landsat5TM image, (b) Ground control points used for geometric correction, (c) Projected image, and (d) Image after
atmospheric correction.
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(a)

(b)
FIGURE 4 - (a) Landsat5TM Band 3, and (b) Landsat 5TM Band 4.

FIGURE 5 - NDVI maps from different dates during the irrigation campaign period.

June, 05th and August, 24th, 2008 were generated to be
used in computation of the EO-derived products of interest in later stages of the project (Fig. 5).
4.3 Generation of EO-derived products: crop coefficient
assessments

One fundamental element of performing ex-post
evaluation on recent irrigation applications in a field or
agglomeration of fields in agricultural land, and collecting
basic indications on how to diversify practices for an
efficient irrigation management is the crop evapotranspiration (ET). The computation of ET is based on two other
relevant factors, reference evapotranspiration (also called

reference crop evapotranspiration), ETo, and basal crop
coefficient, Kcb. ETo is defined as the rate of evapotranspiration from a hypothetical reference crop with an assumed crop height of 0.12 m (4.72 in), a fixed surface
resistance of 70 sec m-1 (70 sec 3.2ft-1) and an albedo of
0.23, closely resembling the evapotranspiration from an
extensive surface of green grass of uniform height, actively growing, well-watered, and completely shading the
ground. The grass crop is generally defined as the reference crop in the reference evapotranspiration definition,
and this crop is assumed to be free of water stress and diseases [12]. ETo for grass can be obtained from its satellitebased or ground-measured rates in grass planting areas
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throughout the world. Kcb, on the other hand, is the ratio
of the unstressed crop transpiration over the reference
evapotranspiration [13], and thus, it can be used in other
way around to estimate ET based on the known values of
ETo as performed in this current study. The general analytical framework of activities to obtain ET values is
presented in Fig. 6.

Re fle ctance im ages
and ve ge tation indic es

Ground data
Lea f distribution,
reflectance …

S atellit e ba sed
refe re nce
eva potrans piration

Vegetation indices

Veg. coverage
Leaf Area Index

Empirica l
approach

Ground sta tions
refe re nce
eva potrans piration

In the study, NDVI values were processed through an
analytical approach and used together with other supplementary factors (i.e. vegetation coverage, leaf area index
(LAI), surface albedo coefficient, and canopy height) to
estimate; finally, the applicable rates of Kcb. All these
analyses were conducted for four pilot parcels including
cultivation of three different crop products; vineyard,
cotton and maize (Fig. 7).

Analytical
approa ch

Surface albedo
Ca nopy height

Ba sal crop coeff ic ient

E To

ET
(c rop evapotranspiration)

FIGURE 6 - General analytical framework for ET computation.

Parcel 19-1
(Vineyard)
Parcel 25-1

Parcel 40-1

(Maize)

(Cotton)

Parcel 135-2
(Vineyard)

FIGURE 7 - Locations of pilot parcels and corresponding crop products

5 RESULTS AND DISCUSSION
From the NDVI maps generated for the entire study area that is slightly wider than the coverage of the pilot parcels, NDVI averages inside each parcel were computed for
all dates available in the time tile. Fig. 8 shows the average
NDVI values for different time instants to visualize its
change in time, and have some clues about the evolution
of corresponding crop products (i.e. vineyard, maize and
cotton).
In the SPIDER platform, the NDVI averages for the
pilot parcels were further processed and combined with
other supplementary data (LAI, surface albedo, etc.) to
compute basal crop coefficients that would be required for
the final computation of crop evapotranspirations (Fig. 9).
The basal crop coefficients were finally multiplied by
the reference evapotranspiration, again by using the builtin capabilities of SPIDER, and finally crop evapotranspirations that correspond to the crop type in each of the
pilot parcels were obtained and displayed in the SPIDER
interface as partial duration time series as shown in Fig. 10.

The evolution of crop evapotranspirations in all four
pilot parcels provided a good indication for exploring
the existence of any parallel behavior between the water
requirements associated with the crop growth and the
amounts of irrigation water supplied to the fields. Yet, a
number of improper irrigation applications were detected
in certain time slots due to both the shortcomings in the
water availability in the irrigation campaign periods and
the lack of required knowledge on how to diversify water
supply in crisis periods, or the lack of full public/ administrative awareness that is normally expected to serve for
a near-efficient irrigation water management.
For farmers and irrigation scheme water managers, it
should, however, be acknowledged that SPIDER generates weekly or bi-weekly irrigation scheduling information products from a virtual constellation of highresolution EO satellites, and delivers them to farmers in
near-real- time using leading-edge on-line analysis and
visualization tools. It is supported by a methodology
package to derive crop coefficients and further advanced

719

© by PSP Volume 22 – No 3. 2013

Fresenius Environmental Bulletin

parameters from EO satellite images in an operational
processing chain.
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(a)

(b)

(c)

(d)

FIGURE 8 - NDVI time series for parcels (a) 19-1, (b) 25-1, (c) 40-1 & (d) 135-2.

(a)

(b)

(c)

(d)

FIGURE 9 - Crop coefficient time series for parcels (a) 19-1, (b) 25-1, (c) 40-1 & (d) 135-2.
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(a)

(b)

(c)

(d)

FIGURE 10 - Crop evapotranspiration time series for parcels (a) 19-1, (b) 25-1, (c) 40-1 & (d) 135-2.

6 CONCLUSIONS
Spatial patterns and temporal evolutions of remotely
sensed ET are valuable when used for irrigation scheme
performance assessment. Combining Earth Observation
(EO) Technologies with web-based GIS offers an environment for exploring and analyzing spatial temporal data
and monitoring evolution of crops and natural vegetation,
as well as estimating water consumption in wide regions
of land. At this point, SPIDER comes forward as an innovative system composed of a number of built-in functionalities and system tools designed to this end.
Beyond its analytical capabilities as a stand-alone
software application, SPIDER can connect with external
Web Map Services, offering the option of comparing and
combining the data from SPIDER with other official and
non-official data available in the network based on Open
Geographical Consortium standards, which are widely used,
especially in Europe as a requirement of initiatives like
the European Directive INSPIRE. It is also important to
mention the benefits that SPIDER offers to the scientific
environment for publishing and sharing research results,
and for promoting the collaboration between the different
hierarchy levels in irrigation water management.
Another significant conclusion drawn from the overall operations performed in this study is that traditional
data production processes need some adaptation to the
new technologies and standards, in most cases. It is nec-

essary to be ready for the new revolution that the web is
going to witness, becoming the most important and open
data network.
The launch and rapid improvement of mobile technologies are expected to potentially provide the future
platform for accessing those data from the field. Although
these kinds of innovative approaches were standing as
utopia in the past, it is much more probable today to integrate such technologies into the efforts of efficient and
sustainable irrigation management for improving irrigation water use and securing irrigation water supply, especially in cases of water scarcity arising from either quantitative or qualitative matters. However, the success of these
new approaches depends very much on the efforts to raise
awareness of the general public on the importance of a responsible use of water and, thus, to promote a participative
framework for a bottom-up irrigation water management.
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ABSTRACT

1 INTRODUCTION

This study represents the first scientific effort to evaluate the technical feasibility of rice husk ashes (RHA; ash
burned after RH) as a new water treatment material for adsorption of Sb(III) from drinking water. Three RHA samples (RHA300, RHA450, RHA600) were prepared from RH
at 300, 450 and 600 oC, respectively. Compared with RH,
RHA had great specific surface areas, small particle sizes,
and large total pore volumes. Moreover, the RHA was
characterized by an amorphous structure. In the subsequent
bench-scale tests, the RHA samples were utilized to adsorb
Sb(III) from water. Kinetics tests showed that pseudo firstorder and pseudo second-order kinetics models both well fit
the experimental data, and Sb(III) sorption rates followed the
order of RHA450 > RHA600 > RHA300 > RH. Among the
4 tested adsorption isotherm models (Freundlich, Langmuir,
Temkin, and Dubinin–Radushkevich), the Langmuir isotherm was the best one to fit the measured data, and the
adsorption capacities of RHA300, RHA450 and RHA600
were 1.407, 3.842 and 2.731 mg/g, respectively. Solution
pH, natural organic matters (NOMs) and certain cations
(e.g. Fe3+ and Fe2+) were significant factors controlling
the adsorption process. RHA300 adsorption was increased
with increasing pH from 2 to 12, while RHA450 and
RHA600 showed a high adsorption potential at pHs 4-10.
Their maximum adsorption capacities were observed at pH
values where the lowest zeta potentials were found. Fe3+
and Fe2+ both greatly inhibited RHA adsorption of Sb(III).
In contrast, K+, Na+, Mn2+ and Cu2+, as well as humic acid
(HA) (the major NOM fraction), had a minor impact upon
the adsorption. Our results demonstrate that RHA is a
technically effective sorbent to address the Sb(III) pollution in water.

As a result of a rapid growing industrialization, unintentional and purposeful release of hazardous wastes into
water environment has recently caused numerous environmental problems on a global scale. Among these hazardous wastes, antimony (Sb), a toxic metalloid, has increasingly gained attention. Sb has been extensively used
in lead alloys, battery grids, bearing and power transmission equipment, ammunition, sheet and pipe [1]. Because
the chemical is toxic, especially to kidneys and livers of
human beings, and likely carcinogenic, United States Environmental Protection Agency [2] and the Council of the
European Communities [3] have regarded Sb-containing
species as the pollutants of priority interest. Furthermore,
the World Health Organization (WHO) also makes a Sb
drinking water guideline at 5 µg/L [4]. Toxic characteristics
of antimony depend heavily on its oxidation states and
chemical species. The toxicity of Sb(III) is 10-fold that of
that of Sb(V) [5]. And the most common Sb species in
water is penta-valent antimonate oxoanion (Sb(OH)6−),
followed by antimonite (Sb(OH)3).

KEYWORDS:
antimony(III); rice husk ash; adsorption; thermal treatment

Because of its toxicological effects, Sb ought to be
removed from drinking water. Numerous treatment methods have been studied for the Sb removal, including reduction/ precipitation [6, 7], solvent extraction [8], ion
exchange [9], reverse osmosis [10], membrane filtration
[11] and adsorption [12, 13]. Among them, adsorption has
been paid special attention to considering that it is technically effective and operationally simple. A few sorbent
materials have been tested, such as activated carbon (AC),
silica gel and cellulose polymers [1]. However, the materials are typically costly, so that these material-based adsorption technologies are not economically feasible. Therefore, there is an urgent demand to develop new, low-cost
and effective sorbent materials to address the antimonyinduced water pollution.

* Corresponding author

As a long-term strategy of integrated solid waste
management, solid waste reuse and recovery have a higher
priority than waste disposal, such as land-filling and in-
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cineration. Just recently, some agricultural by-products and
lignocellulosic residues have been demonstrated as innovative adsorption materials for water treatment. Typically,
these materials, such as diatomite [14], bentonite [13] and
orange waste [1], do not require any complex and expensive pretreatment. Moreover, the material regeneration subsequent to their usage appears not to be necessary, given
that the agricultural wastes are readily available. These
unique characteristics allow them to be promising alternatives for the most frequently used but expensive AC in
water treatment.
Rice husk (RH) is one of the most common agricultural byproducts, accounting for approximately one-fifth
of rice in terms of mass [15]. Currently, RH is mostly used
as a fuel to produce steam in boiler furnaces to support
various industrial activities. Thereafter, the RH is oxidized
to rice husk ash (RHA) that is an important biological source
of amorphous silica. RHA has been previously demonstrated
to be an excellent sorbent for certain inorganic species,
especially heavy metals [16], such as Cd(II), Ni(II) [17],
Cu(II) [18] and Cr(III) [19]. However, to the best of our
knowledge, no study has been conducted to remove Sb(III)
with RHA from water, or evaluate the impacts of the
RHA’s physicochemical characteristics upon the adsorption
efficiency. The objective of this study was to characterize
RHAs prepared under different manufacture temperatures,
and evaluate their feasibility to adsorb Sb(III) from water.

in all the vials during the reactions. In a typical kinetics
test, 3 ml uniformly mixed sample was collected in each
designated sampling time, and immediately filtered with
0.45 µm membrane prior to further chemical analysis. In a
typical equilibrium test, samples were analyzed after 4-h
adsorption, during which the adsorption equilibrium was
reached.
2.4 Chemical analysis

Sb(III) in the samples was measured by a flame atomic
absorption spectrophotometer (AAS, iCE3500, ThermoFisher, USA), with the detection limit of 0.05 mg/L at the
wavelength of 217.6 nm by using air-acetylene flame. Before analysis, the standard reagent was appropriately diluted to 0.2-5 mg/L Sb(III)) with 1:1 HCl in 25-ml volumetric
flasks. A zeta potential analyzer (Zetasizer Nano, Malvern
Instruments Ltd., UK) was used to determine zeta potentials of the RHA surfaces at different pH values. Solution
pH was measured using a pH-meter (PHS-3G, Leica Corp.,
China). The specific surface areas, pore volumes and pore
sizes of the RH and RHA samples were measured using the
Brunner-Emmett-Teller (BET) method by an ASAP 2010
Micromeritics instrument. X-ray diffraction (XRD) analysis was carried out using an X-ray energy dispersive spectrometer (GENENIS 400, EDAX corp.). Scanning electron
microscope (SEM) analyses of RH and RHA were carried
out using a scanning electron microscope (SIRON, FEI
corp., Holland).
2.5 Data process

2 MATERIALS AND METHODS

The adsorbent-phase Sb(III) concentration (qt mg/g)
was calculated as follows:

2.1 Chemicals

Sb(III) standard solution (1000 µg/ml) was prepared
from SbCl3 (Aladdir Chemistry Co. Ltd, China). Potassium antimony tartrate (C4H2KO6Sb·1.5H2O) and humic
acid (>90%) were purchased from Aladdir Chemistry Co.
Ltd, China. All the other chemicals were of analytical
grade and obtained from China National Medicines Corp.
2.2 Preparation and characterization of adsorbents

RH was collected from a rice mill in Sichuan Province
of China. The RH sample was washed twice with Milli-Q
deionized water (resistivity: 18.2 MΩ·cm), and then dried
at 105 oC in an oven. RHA was prepared by a 2-h RH calcination in a box furnace at 300, 450 or 600 oC, and the
prepared RHA sorbents were labeled as RHA300, RHA450
and RHA600, respectively. After cooling down to room
temperature, the RHAs were stored in a desiccator until use.
2.3 Experiments

All the tests were carried out at 25 oC in 150-ml stoppered glass vials containing 50 ml of 2 mg/L Sb(III) solution. These reactors were installed in a temperaturecontrolled orbital shaker (HYG-A, China). Solution pH
was pre-adjusted to a desirable value (2-12) with 0.1 M
HCl and 0.1 M NaOH. Reactions were initiated by addition of appropriate amounts of RHA (0.1-5 g/L). A constant 200 rpm rotation ensured a completely mixing state

qt = (C0 − Ct )

V
m

(1)

where, C0 and Ct are Sb(III) concentrations in the
bulk solution at the beginning of adsorption and any specific time t (mg/L), respectively; V is the solution volume
(L); and m is the adsorbent’s mass (g). Adsorption equilibrium models were established using the software KaleidaGraph [20]. The models were evaluated by the coefficients of determination (R2) and Chi-square (χ2). The
Chi-square is calculated as follows:

χ2 = ∑

(qe ,ex − qe ,calc ) 2

(2)

qe ,calc

where, qe,ex and qe,calc represent the measured and
modeled adsorption capacities (mg/g), respectively.
Two empirical kinetic models (pseudo first and second order) were tested to describe the adsorption kinetics
behavior. In pseudo first-order kinetic equation, adsorption capacity is given as follows [21]:

qt = qe (1 − exp(− k1 t ))

(3)

where, qt and qe are the adsorption capacities at time t
and at chemical equilibrium, respectively; and k1 (h-1) is
the first-order rate constant. The pseudo second-order
kinetic model can be expressed as follows [21]:
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qe2 k 2 t
1 + qe k 2 t

(4)

where, k2 (g/(mg·h)) is the pseudo second-order rate
constant. In the two kinetics models, k1, k2, and qe were
determined using the KaleidaGraph software.
Different equilibrium models, including the Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich (D-R)
equations, were tested to fit the experimental data.
3 RESULTS AND DISCUSSION
3.1 Characteristics of RH and RHA

The physicochemical properties of RHA prepared
under different temperatures, including bulk densities,
specific surface areas, pore volumes, pore sizes and elemental mass fractions, are given in Table 1. Apparently, all
the RHA samples possessed greater specific surface areas
and larger total pore volumes than RH (specific surface
area: 57.206-215.043 m2/g vs. 0.288 m2/g; total pore volumes: 0.041-0.225 cm3/g vs. 0.000273 cm3/g). Especially,
RHA450 had the largest specific surface area and pore
volume, followed by RHA600. Pore size data showed that
all the RHA samples were typical mesoporous materials. In
addition, RHA450 (42.3%) and RHA600 (42.2%) exhibited
higher silica contents than RHA300 (14.2%). The result is
in agreement with the finding of Nakbanpote et al. [22]
that less carbon and more silica were observed in the RHA
samples prepared at higher temperature.
SEM images of the RH and RHA samples are shown
in Figs. 1 (a-d). As shown, the RH was characterized by
fibrous structures consisting of numerous micrometer-scale
particles. In contrast, the structures of the RHA samples
tended to be amorphous, in which the particle sizes were
much smaller (one µm or less) and highly varied. With the
increasing manufacture temperature from 0 to 450 oC, the

particle size of RHA obviously decreased, but the pore
volumes increased. According to Table 1 and Fig. 1, any
significant difference was not observed between the micro-structures of RHA450 and RHA600.
3.2 Adsorption kinetics

Both pseudo first- and second-order adsorption models were tested to fit the measured adsorption kinetics
data. In the two models, the different steps successively
occurring during adsorption, such as external diffusion,
internal diffusion, and sorption, were lumped. Our assumption is that the difference between the actual and equilibrium concentrations is the driving force for adsorption, and
that the overall adsorption rate is proportional to either the
concentration gradient (Eq. (3)) or its square (Eq. (4)) [23].
The experimental and modeled adsorption kinetics data
for pseudo first- and second-order kinetics are shown in
Figs .2 and 3, respectively. The corresponding adsorption
parameters are summarized in Table 2. As seen, the both
models well fit the measured data in terms of R2 (> 0.97).
Typically, the adsorbent-phase Sb(III) concentration
increased with time until the equilibria were reached (<
240 min), as shown in Figs. 2 and 3. Within 360 min, the
Sb(III) adsorbed on RH was only 0.08 mg/g, much lower
than 1.58 mg/g achieved by RHA450. The high Sb(III)
removal capacity of RHA was most likely ascribed to a
high silica content. During the RH transformation to RHA,
much amorphous silica was formed, and the silica was
highly reactive due to its ultra-fine size and high specific
surface area [15]. Moreover, large micro-pore volumes
in the RHA prepared at a high temperature might also
enhance the adsorption.
RHA450 had the highest Sb(III) adsorption capacity
at chemical equilibrium (qe,cal), followed by RHA600 and
RHA300. It is likely that the amorphous silica in the RHA
prepared at ~450 oC would be more hydraulically active
in adsorption than the crystalline silica observed in the

TABLE 1 - The characteristics of RH and RHA.
RHA300
RHA450
RHA600
black-brown
grey
white
BET
57.206
215.043
105.662
Specific surface area ((m2/g)
Micro1
12.946
25.758
16.95
BJH2
28.95
184.103
97.574
3
Total
0.041
0.225
0.187
Pore volume (cm3/g)
Micro1
0.00531
0.00994
0.0069
BJH2
0.0358
0.238
0.216
Ave4
28.639
41.929
70.963
Pore size (nm)
2
BJH
49.445
51.647
88.496
C
45.6
7.7
8.1
O
38.9
46
45.6
Si
14.2
42.3
42.2
Mg
0
0.4
0.6
Elemental analysis (Wt%)
Al
0.5
0.6
0.8
K
0.4
1.8
1.7
Ca
0.2
0.5
0.6
Fe
0.2
0.5
0.5
1
Micro: t-plot micropore; 2 BJH: cumulative surface area between 1.7 and 300 nm from BJH adsorption branch; 3 Single point adsorption total pore
volume at P/P0>0.97 (corresponding to less than 700 nm pores); 4 Adsorption average pore width (4 V/A by BET).
Color

RH
yellow
0.288
0.567
0.536
0.000273
0.000237
0.00182
37.876
136.123
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FIGURE 1 - SEM micrograph of RH and RHA. (a-RH, b-RHA300, c-RHA450, d-RHA600).
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FIGURE 2 - The relationship between qt and t for the pseudo firstorder model (C0=2 mg/L for Sb(III), RH or RHA dose: 1 g/L, T=298
K, pH=7).

FIGURE 3 - The relationship between qt and t for the pseudo second-order model (C0=2 mg/L for Sb(III), m=1 g/L for RH or
RHA,T=298 K, pH=7).

TABLE 2 - Adsorption kinetic parameters (C0=2 mg/L for Sb(III),m=1 g/L for RH or RHA, T=298K).
Adsorbent
RH
RHA300
RHA450
RHA600

qe (exp., mg/g)
0.084
1.031
1.583
1.498

400

Time (min)

Pseudo first-order
qe (cal., mg/g) k1 (h-1)
0.093
0.0062
1.018
0.032
1.493
0.056
1.458
0.025

R2
0.977
0.993
0.979
0.989
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Pseudo second-order
qe (cal., mg/g) k2 (g/(mg·h))
0.132
0.0369
1.122
0.0422
1.645
0.0623
1.596
0.0507

R2
0.977
0.990
0.996
0.996
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RHA prepared at higher temperature because dipole interactions and hydrogen bonding between Sb(III) and oxygen-containing functional groups were responsible for
Sb(III) uptake onto RHA450.

observed between pH 4 and 10, which peaked at pH 6
(1.54 mg/g) and pH 4 (1.35 mg/g), respectively. However,
qe dramatically dropped once pH decreased from 4 to 2, or
increased from 10 to 12. Of great interest, ZPs of the RHA

3.3 Adsorption isotherm
1.2

The measured and modeled data for the Sb(III) adsorption by RHA 300, 450, and 600 at chemical equilibrium are shown in Figs. 4 (a), (b) and (c), respectively. The
parameters in different adsorption isotherm models were
determined by nonlinear regression analysis, as summarized in Table 3. Among the 4 tested isotherm models, the
Langmuir isotherm was the best one to fit the experimental data in terms of R2 (> 0.96) and χ2(< 0.06). The
Langmuir theory is established on the assumption that
sorption homogeneously occurs at specific sites on a
sorbent [14]. That is, RHA adsorption of Sb(III) took
place at the functional groups/binding sites on the RHA
surface. Therefore, Langmuir model is a monolayer adsorption. In the Langmuir model, the maximum adsorption
capacities of RHAs 300, 450 and 600 were 1.407, 3.842
and 2.731 mg/g, respectively. Thus, 450 oC was the optimal carbonized temperature for the RAH preparation.
In contrast, the Freundlich model assumes a heterogeneous adsorption surface and active sites with different
energies. As shown in Table 3, in this study, Kf was
0.997-1.756 L/mg, and 1/n ranged within 0.395-0.630. A
1/n value between 0 and 1 demonstrated that the RHA adsorption of Sb(III) was favorable at the studied conditions
[12]. Because R2 ranged from 0.912 to 0.982, the Freundlich model was acceptable in this study. In the Temkin isotherm equation. the isotherm constant KTe represents the
equilibrium binding constant corresponding to the maximum
binding energy, and reflects the adsorbate-adsorbent interactions on the adsorbent’ surface. And the constant b is related to the heat of adsorption. Among the determined constant b values, the one for RHA450 adsorption of Sb(III) was
the lowest, indicating that RHA450 was the most favorable
to adsorb Sb(III). The D-R isotherm model was also tested
to examine whether the nature of adsorption process was
physical or chemical. The model well fitted the experimental data since R2 was from 0.958 to 0.985. Furthermore,
the calculated E values of 2.5~3.3 kJ/mol were below 8
kJ/mol, thus validating that the Sb(III) removal was due to
a physical adsorption in nature [24].
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3.4 Effect of solution pH

Effects of solution pH on the Sb(III) adsorption capacities (qe) and zeta potentials (ZPs) are shown in Fig. 5. It
would be noted that the cation of Sb(III) in water was pHdependent. The predominant antinomy species at pH<3, pH
3-10, and pH > 10 were SbO+/Sb(OH)2+, HSbO2/Sb(OH)3
and SbO2-, respectively [25]. AAS analysis showed that the
mass balance of total Sb(III) in water was maintained at
the tested pH range (2-12). For RHA300, qe increased from
0.028 to 1.44 mg/g with the increasing pH from 2 to 12. In
contrast, RHA450 and RHA600 exhibited a similar adsorption pattern. High qe values of RHA450 and RHA600 were
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FIGURE 4 - Comparison of the fit of various isotherm equations
with the experimental adsorption data for Sb(III) onto different
RHA (C0=2 mg/L, T=298 K, pH=7, (a) RHA300, (b) RHA450, (c)
RHA600).
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TABLE 3 - Isotherm parameters for the adsorption of Sb(III) onto different RHA (C0=2 mg/L for Sb(III), T=298 K, pH=7).
Isotherms
Freundlich,

qe = K f Ce1 /n
Langmuir,

K a C
qe = L L e
1 + a LC e
Temkin,

RT
qe =
ln( K Te C e )
b
Dubinin-Radushkevich,

( RT ln(1 + 1 / C ))2
e )
q = q exp(
e m
2
− 2E

Constants
Kf (L/mg)
1/n
R2
χ2 (Chi-square)
KL (mg/g)
aL (L/mg)
KL /aL
R2
χ2 (Chi-square)

RHA300
0.997
0.395
0.912
0.076
1.407
2.861
0.492
0.969
0.026

RHA450
1.756
0.630
0.977
0.011
3.842
0.917
4.190
0.988
0.057

RHA600
1.375
0.588
0.982
0.044
2.731
1.112
2.456
0.991
0.022

b (kJ/mol)
KTe(L/g)
R2
χ2 (Chi-square)

7.608
23.731
0.962
0.033

3.616
13.767
0.936
0.294

4.367
12.438
0.979
0.052

qm (mg/g)
E (kJ/mol)
R2
χ2 (Chi-square)

1.210
3.336
0.985
0.012

2.420
2.502
0.958
0.196

1.814
2.684
0.961
0.098

KL is the adsorption capacity;
aL is the energy of adsorption;
KL/aL is the maximum amount of
organics adsorbed per unit mass of
adsorbent to form a complete
monolayer.
b is related to heat of adsorption;
KTe is Temkin isotherm constant; R
is the gas constant (8.314×10-3
kJ/K·mol); T is the absolute temperature (K).
qm is the maximum adsorption
capacity; E is the energy of adsorption.

formation of soluble hydroxylated Sb(III) complexes and
their subsequent competition with the RHA active sites.

2.5
0

3.5 Effect of humic acid
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Kf is the adsorption capacity;
n is the adsorption intensity.
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Humic acids (HA), together with fulvic acids (FA)
and carbohydrates, represent the major chemical fractions
of natural organic matters (NOMs), a complex mixture of
organic compounds present in water [26]. In this study,
different concentrations of HA (1.125, 2.25, 4.5 and 9
mg/L DOC, respectively) were tested to evaluate the
effect of humic acid on adsorption of Sb(III) onto RHA.
The Sb(III) adsorption capacities in the presence of HA
are shown in Fig. 6. Apparently, the impact of HA was
insignificant. Even though the concentration of HA was
increased up to 9 mg/L, qe dropped only by 7-10%. The

14

pH

1.5

FIGURE 5 - Effect of pH on the adsorption of Sb(III) onto RHA
(C0=2 mg/L for Sb(III),m=1 g/L for RHA, T=298 K).

0.9

e

q (mg/g)

samples showed opposite trends. ZP of RHA300 continuously went down from 0.535 mV to -58.8 mV with the
pH increase from 2 to 12. The lowest ZPs of RHA450 (42.2 mV) and RHA600 (-35.0 mV) were observed at pH 6
and 4, respectively, where their highest adsorption capacities were accomplished. RHA300 adsorption appeared to
be due to electrostatic attraction between the sulfonate
group of RHA300 and the negatively charged surface. For
RHA450 and RHA600 adsorption, similar results were
reported for the sorption of Sb(III) on metal-loaded saponified orange wastes [1], goethite (α-FeOOH) and activated
alumina [14]. At a very low pH (<2-4), the lower adsorption yield could be because many positive H+ ions competed for the active sites on the RHA surface with Sb (primarily [SbO]+ and [Sb(OH)2]+). When a pH was too high (>10),
reduction in the adsorption efficiency might be ascribed to
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FIGURE 6 - Effect of different concentrations of humic acid on
adsorption of Sb(III) onto RHA (C0=2 mg/L for Sb(III), m=1 g/L for
RHA,; RHA prepared at 300, 450 and 600 oC , T=298 K)
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TABLE 4 - Pseudo second-order kinetic parameters while various cations were coexisting (C0=2 mg/L for Sb(III), m=1 g/L for RHA450,
T=298 K).
qe(cal., mg/g)
1.257
1.237
1.198
1.182
1.214
1.025
0.930
0.792
0.704
0.500

observation was most likely because the active sites for
HA were different from those for the Sb(III) adsorption.
3.6 Effect of coexisting cations

Effects of different cations (0.02 mmol/L) on RHA450
adsorption of Sb(III) are shown in Fig. 7. The cations
tested included K+, Na+, Mn2+, Fe2+ and Fe3. In the absence or presence of these cations, the adsorption processes followed pseudo second-order kinetics patterns (R2
> 0.97). All the kinetics parameters were determined and
summarized in Table 4. Inhibiting effects of different
cations (0.02 mmol/L) on the Sb(III) adsorption followed
the order: no cation (control) ≈ Cu2+ ≈ Mn2+ ≈ K+ ≈Na+ <
Fe3+ < Fe2+. As seen, the impacts of K+, Na+, Mn2+and Cu2+
were marginal. In contrast, Fe3+ and Fe2+ significantly reduced the adsorption efficiencies, probably due to the following two reasons: 1) the strong affinity of Fe3+ or Fe2+
towards the adsorption sites on RHA competing with Sb(III)
for the active adsorption sites; and 2) iron hydroxide formed
from Fe3+ or Fe2+ covered the RHA surface, so that the number of active sites available for Sb(III) adsorption was
significantly reduced.

R2
0.999
0.999
0.996
0.998
0.996
0.995
0.999
0.995
0.976
0.986

k2(g/(mg·h))
0.100
0.124
0.162
0.138
0.110
0.093
0.092
0.069
0.061
0.049

decreased from 1.257 mg/g to 0.500 mg/g with increasing
Fe2+ concentration from 0 to 0.02 mmol/L. That is, addition of 0.02 mmol/L Fe2+ lowered the Sb(III) adsorption
by 60%.
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FIGURE 8 - Effect of different concentrations of Fe2+ on Sb (III)
adsorption onto RHA450 (C0=2 mg/L for Sb(III), m=1 g/L for
RHA450, T=298 K).
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FIGURE 7 - Effect of coexisting cations on Sb (III) adsorption onto
RHA450 (C0=2 mg/L for Sb(III), m=1 g/L for RHA450, cation
concentration=0.02 mmol/L, T=298 K).

The effect of Fe2+ concentrations on RHA450 adsorption of Sb(III) is shown in Fig. 8. The adsorption capacity

This study represents the first scientific effort to apply RHA for adsorption of Sb(III) from water. Our encouraging results demonstrate that RHA is a promising
adsorbent for removal of Sb from water. If RHA can be
commercially used as a new water treatment material to
remove Sb(III), probably together with many other pollutants, during drinking water production, two benefits, at a
minimum, are expected. Firstly, the technology will provide a new material reuse pathway to RH, the common
agricultural waste, thus reducing its loadings in disposal
such as incineration and landfill. Secondly, the RHAbased technology will not only offer a new and effective
water treatment method to improve drinking water quality, but also significantly lower the treatment cost considering that RHA is readily available and its regeneration is
not needed.
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ABSTRACT

1 INTRODUCTION

Nowadays, the discharge of phosphorus (P) as the
critical nutrient for all living organisms became a global
issue to the conservation of freshwater and aquatic ecosystems. In an attempt to explore efficient, available and costeffective adsorbents, and having the potential of land-use
application, the efficiency of municipal solid waste (MSW)
compost ash as an adsorbent for P removal from aqueous
solution has been investigated. The parameters investigated include the effects of adsorbent dose (0.2-1.5 g/L),
contact time (15-60 min), P concentration (10-100 mg/L),
pH (2-12) and interfering anions (200 and 400 mg/L) in a
series of adsorption batch experiments. Results showed a
high P removal efficiency and, with 1.5 g/L, 100% of P
(10 mg/L) adsorbed during the first 10 min of agitation.
Adsorption increased by increasing pH and contact time
but decreased with increasing initial P concentration. Competing anions reduced P adsorption in the following order:
Cl-> HCO3->SO42-> NO3- but CO32- increased P removal
by adsorbent. Equilibrium studies showed that Freundlich
model is better fitted to the adsorption process, indicating
a heterogeneous and multilayer adsorption surface. Finally,
it was concluded that MSW compost ash can be used as a
successful and environmental friendly P adsorbent from
wastewater effluents and agricultural runoffs and the subsequent application of ash, enriched with P as a soil amendment, proposed an appropriate opportunity both from environmental and economical viewpoint.

KEYWORDS: Adsorption, compost ash, municipal solid waste
(MSW), phosphorus (P), soil amendment

* Corresponding author

Phosphorus is a critical and major element for all living organisms [1]. It is an important component of the biological systems and fundamental materials of the agriculture, fertilizer, chemical and metal-plating industries [2].
Today, agriculture and urban activities are the primary
sources of P in the environment [3-5]. Increasing P in environment, as a limiting factor to the productivity of water,
poses a global concern about aquatic ecosystems [3-6]. Decreasing of water quality and aquatic species diversity, fish
kills, loss of submerged vegetation, shellfish and marine
mammal mortalities cause undesirable effects of eutrophication because of high content of nutrients (P and N) [7,
8]. While effluent treatments to control nutrients including P pose both technical and economic challenges to the
agricultural communities [9, 10], P recycling as a fertilizer, or a component in other P products, has many advantages including reduced costs of fertilization and conservation of limited rock phosphate resources, in addition
to controlling nutrient delivery to the aquatic ecosystems,
especially lakes [11].
Adsorption is one of the most acceptable and useful
techniques to decontaminate aqueous solutions including
water and wastewater due to its economic, public acceptance, regulatory compliance, environmental friendly
procedure and simplicity [12, 13]. Using available, lowcost, efficient and environmental benign adsorbents is one
of the most important aspects of successful adsorption
processes [14, 15]. Various low-cost P adsorbent materials are proposed in the literature including waste oyster
shells [16], phosphate mine wastes [17], spent alum
sludge [18], fly ash [19], bituminous and lignitous coal
ashes [20], blast furnace slag [21] and different materials
in constructed wetlands [22].
Composting, which is defined as the aerobic biological degradation of the biodegradable organic wastes, is pro-
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posed as a sustainable, efficient and cost-effective solid
waste management approach [23]. Land application of compost maintains and enhances the fertility and productivity
of agricultural soils, allowing a sustainable land-use [24].
Having plant nutrients, ash, on the other hand, is suggested
as a soil amendment [25-28]. Activated fly ash [29], date
seed ash [30], fly ash zeolite [31], coal fly ash [32, 33] and
municipal solid waste incineration fly ash [34] are also
applied to wastewater streams to remove various pollutants.
In the present work, the efficiency of municipal solid
waste (MSW) compost ash as an adsorbent for
dephosphorization of aqueous solution was studied.
2 MATERIALS AND METHODS

during the first 10 min of agitation. Removal efficiencies
increased with increasing adsorbent dose.

FIGURE 1 - P adsorption as a function of adsorbent dose (P:
10 mg/L).
3.2 Effect of contact time and initial P concentration

2.1 Adsorbent preparation

Municipal solid waste (MSW) compost was purchased
from waste organization management of Mashhad municipality. MSW compost ash was prepared by heating of MSW
compost at 550 °C for 4 h. Then, compost ash was strained
through a 20-mesh sieve and stored in a glass container
for subsequent application.

Adsorption of P at different initial concentrations (10,
20, 40, 80 and 100 mg/L) as a function of contact time
(15-60 min) is shown in Fig. 2. Compost ash showed a
considerable affinity toward P and most of the adsorption
occurred within a few min of contact time. As presented
in Fig. 2, adsorption rate decreased with increasing initial
concentration of P.

2.2 Batch studies

All chemicals, except MSW compost ash, were of
reagent grade. P solutions were prepared by diluting a
1000-mg/L P stock to desired concentrations. Batch adsorption studies were performed in 100 ml Erlenmeyer
flasks containing 50 ml P solution and a specified dose of
compost ash.
Effects of different parameters on adsorption including adsorbent dose, contact time, initial P concentration,
pH and competing anions were evaluated.

FIGURE 2 - P adsorption as a function of initial P concentration
(ash dose: 5 g/L).

During each run, agitation was done at 250 rpm using
an orbital rotary shaker. After process, samples were filtered through Whatman No. 42 filter papers, and filtrates
were analyzed for residual P using a UNICO UV-2100
spectrophotometer. All experiments, excluding those mentioned, were performed at room temperature (23±2 °C)
without controlling of pH.

3.3 Effect of pH

The effect of pH on P adsorption in a range from 2 to
12 was investigated. As shown in Fig. 3, increasing of pH
increased P removal whereas decreasing pH below 4
strongly decreased removal efficiencies.

The data from equilibrium concentrations after 10-h
agitation of solutions with different initial P concentrations were analyzed to find out the most appropriate isotherm using Langmuir and Freundlich isotherm models.
3 RESULTS AND DISCUSSION
FIGURE 3 - Effect of pH on P removal by compost ash (ash
dose: 0.5 g/L).

3.1 Effect of adsorbent dose

To investigate the effect of adsorbent dose on P removal, experiments were performed in the range of 0.21.5 g/L (0.2, 0.5, 0.8, 1 and 1.5 g/L) compost ash on adsorption of 10 mg/L P. As shown in Fig. 1, compost ash
exhibited high dephosphorization efficiency in quite low
dosage. With 1.5 g/L adsorbent, 100% of P was adsorbed

3.4 Effect of competing anions

Adsorption of P in the presence of 200 and 400 mg/L
of interfering anions was studied. Figure 4 (a) shows that
Cl− has the greatest influence on P removal prevention by
MSW compost ash.
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stations was also applied to remove P from aqueous solutions, and up to 99% of P removal was achieved during the
experiments [19]. In another report, lagoon and precipitator
fly ash showed a perfect amendment for coarse sands to
produce an infiltration bed for P removal [36].

FIGURE 4 - (a) Comparative effect of competing anions (anions
concentration, 200 mg/L), and (b) effect of competing anion concentration on P adsorption onto compost ash (P: 10 mg/L, ash
dose: 0.5 g/L, contact time: 30 min).

Competing anions reduced P adsorption in the following order: Cl−> HCO3-> SO42−> NO3− but CO32− increased P removal by the adsorbent probably due to increasing pH. When 200 mg/L of competing anions was
added to P solutions, pH increased from 6.32 to 7.72,
8.21, 6.37, 6.73 and 6.4, for HCO3-, CO32−, Cl−, NO3 − and
SO42−, respectively.
3.5 Equilibrium study

Kinetic studies of P adsorption onto MSW compost
ash were done using a fixed dose (5 g/L) and different
initial concentrations of P. Phosphorus levels in equilibrium after 10-h contact time were analyzed by using Freundlich (log Ce versus log qe) and Langmuir equilibrium
models (Ce versus Ce/qe) to achieve the most appropriate
isotherm. Figure 5 shows that Freundlich model is better
fitted than Langmuir model. Freundlich isotherm considers the heterogeneous adsorption surface and the possibility of multilayer adsorption.
In a study by Yan et al. [20] on P removal using bituminous and lignitous coal ashes, they concluded that fly
ash has a considerable capacity compared to bottom ash,
and suggested that calcium phosphate precipitation was
the main mechanism for P removal. In another study, the
hydrated calcareous oil-shale ash from burning thermal
power plants was used as a potential filter medium in
constructed wetlands, and the high P removal capacity (up
to 65 mg/g) was attributed to the presence of reactive Caminerals [22].

FIGURE 5 - (a) Freundlich and (b) Langmuir isotherm investigation of P adsorption by compost ash (P: 10-100 mg/L, Adsorbent
dose: 5g/L, pH: 12, contact time: 10 h).

4 CONCLUSION
In our study, MSW compost ash showed excellent
adsorption efficiency for P removal from aqueous solutions. Recycling and removing of P from wastewater treatment plant effluents and agricultural runoffs was proposed
as a suitable opportunity both from environmental and
economical viewpoint. As several studies have concluded
and reported adsorbents enriched with P could be added
to soil to enhance the quality of soil and increase of plant
growth, compost ash enriched with P, consequently, could
be used as suitable soil amendment.
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Pilot-scale experiments using Ca-rich alkaline oil shale
ash were evaluated for removal of P, and it was deduced
that, regardless of variable concentrations of inhibitors, P
removal was about 99%, mainly due to precipitation of
Ca-phosphate [35]. Fly ash generated from thermal power
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ABSTRACT
In the present study, Pistacia atlantica seed extract
ability in a batch system to remove Reactive Red-120 from
aqueous solutions was investigated. The effects of major
operating variables, such as coagulant dose (0.05–4 ml L-1),
initial dye concentration (20, 40, 80, 100, 150 and 200 mg/L)
and pH (2-12), were investigated. The optimum pH for Reactive Red-120 removal by coagulation using Pistacia atlantica seed extract was 12 with a coagulant dose 0.1 ml/L, and
the highest removal was found to be 58.2, 60.17, 59.89,
62.31, 69.26 and 70.04% at initial dye concentrations of 20,
40, 80, 100, 150 and 200 mg/L, respectively, as a result of
precipitation, co-precipitation and adsorption mechanisms.
Also, turbidity addition to samples with various dye concentrations improved dye removal efficiency. According to the
achieved results, it was defined that Pistacia atlantica seed
extract not only is an inexpensive coagulant, but also a
quite effective factor in removal of Reactive red-120 from
aqueous environments.
KEYWORDS: Reactive Red-120 removal, Pistacia atlantica,
Coagulation, Natural coagulants

1 INTRODUCTION
Textile industries are one of the major sources for producing highly colored dyeing wastewaters. The concentration of brightly colored water-soluble reactive azo dyes used
in textile industries ranges from 10–10000 ppm, depending
on the strength of the dye and process of operation [1, 2].
About 60–70% dyestuffs get attached to the fabrics depending on the fixation rate of dyes with the fabrics. Thus,
a huge fraction of reactive dyes (~30%) are wasted during
dyeing process because of their high degree of hydrolysis
in alkaline conditions, and get discharged into water stream
* Corresponding authors

without effective treatment [3, 4]. Textile dyes generally
are made of synthetic, organic, and aromatic compounds,
and may contain some heavy metals embodied in their structure. The complex aromatic framework of dyes and presence
of heavy metals induce toxicity, and, in particular, they
may be mutagenic, teratogenic, or carcinogenic [5]. On the
other hand, such dyes can pollute bodies of water and
change biological cycles, affecting photosynthesis processes. Furthermore, they can also threaten human
health since prolonged contact with these products can
lead to toxic reactions, such as skin sensitization (dermatitis), and can affect respiratory tract function [6]. In
addition, dye-stuffs could accumulate in water and soils, and
even con-taminate ground waters. This is the reason why
the removal of dyes from wastewater effluents constitutes a major problem for textile industries. Reactive Red120 (RR-120) is one of the frequently used dyes in textile
industries, and is a potential threat to the aquatic environment due to its poor biodegradability [7].
Many methods have been described in the literature
for color removal from dye-containing wastewater. These
include adsorption (e.g. on active carbon), coagulation–
flocculation, chemical oxidation (chlorination, ozonization,
etc.), photodegradation (UV/H2O2, UV/ TiO2, etc.) enzymatic treatment and sono-chemical processes [8-13]. Nevertheless, the economical removal of dyes and organics remains an important problem.
In water and wastewater treatment, coagulation and
flocculation are used for removing high concentrations of
organic pollutants, heavy metals and some anions [14].
Alum, ferrous sulfate, ferric chlorosulfate and ferric chloride were commonly used [15]. Unfortunately, in many
developing countries, the cost of importing alum, PACl and
other required chemicals for conventional water treatment
may be high and at times prohibitive. There is also the possibility that a secondary pollution problem will arise because
of excessive chemical use. Alternative coagulants [16],
preferably natural and locally grown, might offer an economically viable alternative.
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Natural coagulants of vegetable and mineral origin
were in use in water treatment before the advent of chemical salts, but they have not been able to compete effectively
because of the fact that a scientific understanding of their
effectiveness and mechanism of action was lacking. Thus,
use of natural coagulants has been discouraged without any
scientific evaluation. They have succumbed progressively
under modernization and survived only in remote areas of
some developing countries [17]. Recently, however, there
has been a resurgence of interest in natural coagulants for
water treatment in developing countries, mainly due to their
advantages, such as biodegradability, low sludge production and fewer risks to health and environment [18, 19].
Chestnut and acorn seed extracts [20], Cactus [21],
Moringa oleifera seed [22], tannin [23], Acacia mearnsii
[24] and Ipomoea dasysperma seed gum [25] are some of
natural coagulants used for turbidity, color and other pollutants removal from water and wastewater.
Iran is the world’s largest producer of pistachio (Pistacia spp.), with over 44% of world production [26]. Most
of the production is from orchards that account for 53% of
world planted area, but there are a few places, such as in
the Zagros Mountains, where wild pistachio (Pistacia
atlantica Desf.) persists in natural and extensively managed (i.e., semi-natural) stands. Wild pistachio, known as
Baneh in Iran, is the most economically important species
for rural people in areas of natural forest. Cultivation of
pistachio for multiple uses is believed to have been practiced in Iran for perhaps 3000–4000 years [26]. The fruit
of wild pistachio is an important source of food, although
the fruits are smaller and not as commercially valuable as
those produced in orchards (primarily from cultivars of
Pistacia vera L.). It may require more than 200 years for
trees to reach 1 m diameter but trees up to 2 m in diameter
are known [27, 28].

funnel and once again through a fine filtering Millipore
system (0.45 µm glass fiber). The result is a clear, milk-like
liquid. Pistacia atlantica stock solution prepared in this way
was used the same day it was produced, although there are
references that point out the stability of the extract [18, 29].
2.2. Dye solution preparation

All chemicals used for this study are of analytical
grade (AR) and obtained from Merck company (Germany).
Stock solutions of RR-120 were prepared by weighing the
purified grade chemicals and dissolving them in deionized
water without pH adjustment. The chemical structure and
some of the important physicochemical properties of the
investigated dyes are given in Table 1 and Fig. 1. Working solutions of the desired concentrations (5, 10, 20, 50
and 100 mg/l) were obtained by successive dilutions.
TABLE 1 - Characteristics of Reactive Red-120.
Characteristic
Molecular formula
Color index name
Molecular weight
Water solubility
λmax
Class

RR-120
C44H24Cl2N14Na6O20S6
Reactive Red-120
1469,34 g/mol
70 (g L-1)
515
Diazo (-N=N- bond)

2.3. Analysis

The residual RR-120 dye concentration in the solutions was analyzed by using a UV-VIS spectrophotometer
(Shimadzu, Tokyo, Japan; Model 1601), at λmax = 515 nm.
The pH of solution was measured using a pH-meter
(model E520, Metrohm Herisau, Switzerland).

The current study was intended to remove Reactive
Red-120 dye from its aqueous solution using Pistacia
atlantica seed extract as a natural coagulant. The effect of
various parameters like solution pH, coagulant dose and
initial dye concentration was investigated.
FIGURE 1 - The chemical structure of Reactive Red-120 [30].

2 MATERIALS AND METHODS
2.1 Preparation of Pistacia atlantica seed extract

2.4. Coagulation experiments

Dry Pistacia atlantica seeds were collected around
the vicinity of Kashmar city (35°12` N, 58°30` E), North
Khorasan province, Iran. The preparation and extraction
process was carried out in the following way: The seed
coats and wings were removed, and seeds were reduced
into powder by a domestic mill. A 1-M NaCl solution was
prepared and 5 g of powder were put into 100 ml of it. The
NaCl solution with powder was stirred for 30 min at room
temperature (around 21±2 °C) to extract the coagulationactive components. No pH modification was needed, as
natural pH 7 was achieved. Then, the extract was filtered
twice: once through commercial filter paper in a Buchner

Jar test is the most widely used method for evaluating
and optimizing the coagulation-flocculation processes. This
study consists of batch experiments involving rapid mixing,
slow mixing and sedimentation. The VELP jar test apparatus (TLT6 model) was used in all the coagulation experiments. Glass beakers of 2 L, filled with the model dye solution, were used. The apparatus allowed 6 beakers to be agitated simultaneously, and rotational speed could be varied
between 0 and 140 rpm, thus allowing simulation of different mixing intensities and resulting flocculation processes.
In a typical run, beakers were filled with 1 L of the
model dye solution, placed on the floc illuminator and
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agitated at the pre-selected intensity of rapid mixing.
During rapid mixing, the coagulant dosage was added into
each beaker using micropipettes. The duration of rapid
mixing was controlled with a stopwatch. After rapid mixing, the pre-selected intensity of slow mixing was quickly
established and its duration was controlled again with the
stopwatch. After slow mixing, the beakers were carefully
removed from the floc illuminator and placed at a safe place
for the sedimentation phase to take place. In this study, the
intensity and duration of both rapid mixing and slow mixing
were fixed, respectively, at 120 ± 2 rpm for 2 min in the
case of rapid mixing and 40 ± 2 rpm for 20 min in the case
of slow mixing for flocculation. The duration of sedimentation was kept constant at 30 min. At the end of the settling
period, water samples were taken from the supernatants,
immediately vacuum filtered using a 0.45-µm pore size
membrane filter, and analyzed. All experiments were run at
room temperature (21± 2 ºC) and no pH control was exercised. The ranges employed for these parameters are given
in Table 1. Finally, the efficiency of dye (RR-120) removal
(%) was calculated as follows:

%=

(Ci − C f )
Ci

(1)

× 100

where, Ci is the initial concentration (mg L-1) and Cf
is the final dye concentration (mg L-1).
Moreover, after determination of optimum conditions
(pH and coagulant dose of Pistacia atlantica seed extract)
for dye removal, the effect of initial turbidity on dye removal efficiency was investigated at initial dye concentrations of 20, 40, 80, 100, 150 and 200 mg L-1. Synthetic
turbid water for coagulation tests was prepared by adding
stock kaolin suspension into distilled water. Stock kaolin
suspension contained 10 g of kaolin in 1 L of distilled water. Finally, a series of jar tests were performed using 1 L of
tap water with 20, 40, 80, 100, 150 and 200 mg L-1 of dye
concentration. The characterization of the tap water used
for these experiments is listed in Table 2.

3 RESULTS AND DISCUSSION
3.1. Effect of initial pH

The pH of the solution is one of the most critical parameters in the coagulation process and pollutants removal
from aqueous solutions [31, 32]. Only the use of a coagulant at its optimum pH displays maximum pollutant removal. On the other hand, coagulant chemicals have an
optimum pH range in which good coagulation and flocculation occur within the shortest time with a given dosage.
In order to determine the desired pH for removal of RR120 by Pistacia atlantica seed extract as a natural coagulant, the uptake of RR-120 as a function of hydrogen ion
concentration was studied. Figure 2 shows the effects of
initial pH values within the range of 2-12 on the efficiency
of RR-120 removal by Pistacia atlantica seed extract with
an initial dosage of 0.1 ml/L. As it can be seen, maximum
efficiency was obtained at initial pH 12 for all initial concentrations of the dye. On the other hand, RR-120 dye
removal efficiency increased with increasing solution pH.
The highest removal was found to be 58.2, 60.17, 59.89,
62.31, 69.26 and 70.04% at initial dye concentrations of
20, 40, 80, 100, 150 and 200 mg L-1, respectively, as a result
of precipitation, co-precipitation and adsorption mechanisms.
So, the pH of the original dye was adjusted to 12 for all
further experiments. Color removal in the alkaline pH range
is presumably due to adsorption onto hydroxide flocs [25].
In addition, the results showed that extract of Pistacia
atlantica seed has a minimal effect on the pH of the samples. This result is in agreement with results obtained by
Yarahmadi et al. [33] on removal of turbidity with Moringa
oleifera seed extract; moreover, they reported that the efficiency of the Moringa oleifera extract as a coagulant is
not affected by pH.

TABLE 1 - The ranges of experimental parameters.
pH
2-12

Coagulant
dosage
(ml L-1)
0.05, 0.1, 0.3,
0.5, 0.7, 1.0

Dye concentration
(mg L-1)
20, 40, 80,
100, 150, 200

Rapid mixing,
slow mixing and
sedimentation
2 min (120 rpm),
20 min (40 rpm)
and 30 min

Turbidity
(NTU)
10, 20, 30, 40,
50, 100, 150

TABLE 2 - The typical water quality characteristics used for some
experiments.
Parameter
pH
Conductivity, µS cm-1
Turbidity, NTU
Iron, mg L-1
Manganese, mg L-1
Sulfate, mg L-1
Chloride, mg L-1
Sodium, mg L-1
Nitrate, mg L-1

Concentration
7.71
683
0.7
0.04
0.012
41.2
47.9
28.1
6.3

FIGURE 2 - Effect of pH on RR-120 dye removal (seed extract dose
= 0.1 ml L-1).
3.2. Effect of coagulant dose

Coagulation dosage is one of the most important parameters that have been considered to determine the optimum condition for the performance of coagulants in coagulation and flocculation. Essentially, insufficient dosage or
overdosing would result in poor performance of flocculation. Therefore, it is significant to determine the optimum
dosage in order to minimize the dosing cost and sludge
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formation, and also to obtain the optimum performance in
treatment. Therefore, the effect of coagulant dose (Pistacia
atlantica seed extract) on dye uptake is depicted in Fig. 3,
which shows that coagulation efficiency of RR-120 dye
changed with an increase in dosage of Pistacia atlantica
seed extract from 0.05 to 1 ml/L. The optimum dosage of
Pistacia atlantica seed extract for both low and high dye
solutions was 0.3 and 0.5 ml L-1. On the other hand, the
highest removal was found to be 60.11, 60.53, 61.54,
63.32 and 70.08% at initial dye concentrations of 20, 40,
80, 100 and 150 mg L-1,at coagulant dosage 0.3 ml L-1,
respectively (and 75.43% at 0.5 ml L-1 for initial dye
concentration of 200 mg L-1). More increase in the dosage
of coagulant did not help in improving the removal of
dye; in fact, this increased the residual dye of the coagulated sample. Therefore, herein, coagulant dosage 0.3 ml
L-1 was selected as optimum dose of coagulant. Obtained
results at optimum pH values of coagulant are in good
agreement with the values given in literature [25, 34]. On
the other hand, a further increase in coagulant dose causes
re-stabilization of the particles as charge reversal on the
colloids occurs [35]. Generally, it can be concluded that
lower doses of investigated natural coagulants are better
than higher ones. This is very important not only for process economy but also for lower organic matter load in
processed water because it is known that high organic load
might cause microbial growth [20]. Nevertheless, obtained
results are valid only under the applied conditions.
However, higher removal (>75%) was achieved for
the samples with high concentration of RR-120 dye
(200 mg L-1). This was in agreement with findings reported by other researchers [21, 36]. They documented
the increase in turbidity removal with increasing the initial turbidity of a sample.

FIGURE 4 - Effect of initial turbidity on dye removal (initial concentration of dye = 20 mg L-1, pH = 12, coagulant dose = 0.3 ml L-1).

FIGURE 5 - Effect of initial turbidity on dye removal (initial concentration of dye = 40 mg L-1, pH = 12, coagulant dose = 0.3 ml L-1).

FIGURE 6 - Effect of initial turbidity on dye removal (initial concentration of dye = 80 mg L-1, pH = 12, coagulant dose = 0.3 ml L-1).

FIGURE 3 - Effect of seed extract dose on RR-120 removal (at
optimum pH = 12).
3.3. Effect of turbidity on RR-120 dye removal

Figures 4-9 show the effects of initial turbidity values
within the range of 2-12 on the efficiency of RR-120
removal by Pistacia atlantica seed extract at coagulant
dosage 0.3 ml L-1. The study of the effect of initial turbidity on the RR-120 dye removal at various initial concentrations of dye (Figs. 4-9) indicates that turbidity addition

FIGURE 7 - Effect of initial turbidity on dye removal (initial concentration of dye = 100 mg L-1, pH = 12, coagulant dose = 0.3 ml L-1).
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ABSTRACT
This study analyzed the effects of lead toxicity on
some antioxidant enzyme activities and histopathological
positions of rainbow trout (Oncorhynchus mykiss). It was
determined in rainbow trout liver, kidney and muscle exposed to sublethal concentrations (0.18 and 0.35 mg/L for
21 days) of exposure. Thirty adult fish have been used in
3 groups with 10 fish each, and 2 groups have been exposed to concentrations of 0.18 and 0.35 mg/L.
Liver, kidney and muscle samples were obtained from
all the treatments and control fish at the end of the exposure
period. The results showed that antioxidant activity (catalase (CAT), glutathione peroxidase (GPx), superoxide
dismutase (SOD)) and malondialdehyde (MDA) level was
higher in rainbow trouts exposed to lead during the trial
period when compared with control (p<0.05). In addition,
lead caused a significant increase in histopathological alterations in all tissues. The results of the present study
should be taken into account when using rainbow trout as
an environmental indicator species in studies of heavy
metal biotransformation and biomarker response, as well
as in monitoring programs.

through bioremediation unlike organic pollutants, and their
tendency to accumulate in the environment, especially in
the bottom sediments of aquatic habitats in association with
organic and inorganic matter. When exposed to aquatic organisms, they cause deleterious effects on organs, such as
the liver, gills, gonads and kidney [1, 2].
The histopathological and biochemical profile in fish
has been proven to be a sensitive index for the evaluation
of fish metabolism under metallic stress. In recent years,
antioxidant enzyme activity was used more when clinical
diagnosis of fish physiology was applied to determine the
effects of external stressors and toxic substances [3]. It is
known that physiological and biochemical parameters in
tissues could change when exposed to heavy metals, and
that these parameters are extremely sensitive to these
elements [4].
The aim of the present study is to determine the sublethal toxicity of lead on the activity of the antioxidant
enzymes, and the histopathological alternation of different
tissues in rainbow trout.
2 MATERIALS AND METHODS
2.1 Fish and lead

The rainbow trouts (Oncorhynchus mykiss) were obtained from Ataturk University, Fisheries Faculty (with an
average weight of 125 ± 15 g). They were acclimatized for
28 days before the experiments. The spring water used for
the experiments had a temperature of 10±1 °C, total hardness of 102 mg as CaCO3, free O2 8±0.5 ppm, and pH 7.8.

KEYWORDS:
lead, antioxidant enzyme, histopathological, rainbow trout.

1 INTRODUCTION
Heavy metals are essential to life in trace amounts for
every living being. They have important functions in several enzyme systems, although they can have toxic effects at
high concentrations. Heavy metals have contaminated
aquatic ecosystems in different ways. The two most important factors that contribute to the deleterious effects of
heavy metals as pollutants are their indestructible nature
* Corresponding author

The research platforms were 780-L fiberglass circular
tanks (100 cm diameter, 100 cm depth) with a constant
and fresh water flow (1.5 L min-1) kept in natural light
conditions.
The tanks were aerated with air pumps. Thirty fish were
placed into 3 tanks, 2 tanks for testing the lead (10 fish per
tank), and the other for the control group with 10 fish.
Fish were exposed to lead (PbCl2 -Merck) at two concentrations of 0.18 and 0.35 ppm for 21 days [5]. Enzyme
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measurement and lipid peroxidation assays were carried out
in separate experiments, using 6 fish in each (n = 6) group.
Extracts from each tissue were prepared from each
individual in accordance with Wiegand [6], with modifications. Samples were homogenized by a KH2PO4 (30 mM,
pH 7.3) buffer and then, homogenates were centrifuged at
13000 rpm for 2 h at 4 °C. Antioxidant enzyme activities
(CAT, SOD and GPx) and MDA concentrations were determined in the supernatants. All results were referred against
the protein content in the samples.

lin solution. After the routine alcohol-xylol process, tissue
samples were embedded in paraffin and sectioned in 5 µm
pieces. All sections were stained with hematoxylin-eosine
(H-E) and evaluated with a high-power light microscopic
examination (Olympus BX52 with DP72 camera system).
All histopathological changes were estimated with an
image processing system (Olympus, DP2-BSW). For each
specimen, tissue changes were examined in 10 randomly
selected areas of approximately X40 objective. The scores
were derived semi-quantitatively using light microscopy
on the preparations, and were described as follows: none:
−, mild: +, moderate: ++, and severe: +++.

2.3 Measurement of the MDA level

2.6 Statistical analyses

The MDA levels of rainbow trout liver, kidney and
muscle were estimated according to Gülçin [7]: 800 µl
phosphate buffer (50 mM, pH 7.4), 25 µl BHT and 500 µl
of 30% TCA were added to 200 µl hemolysate, followed
by further mixing and incubation at -20 °C for 2 h, and
centrifugation at 2000 rpm for 15 min. Then, 1.0 ml supernatant was separated. Following this, 75 µl EDTANa2H2O and 250 µl TBA were added to each sample and
the control, and placed in a boiling water bath for 15 min,
cooled to room temperature, and measured at 532 nm.
The total TBA-reactive materials were expressed as
MDA, using a molar extinction coefficient for MDA of
1.56×105 cm-1M-1. The protein content of each homogenate was measured according to Bradford [8] using bovine serum albumin as standard.

All values from chemical analyses are presented as
means ± standard error of the mean. Data obtained was
analyzed by one-way analysis of variance (ANOVA) test
using the Statistical Package for the Social Sciences (SPSS).
Statistically significant differences are indicated as follows:
p<0.05.

2.2 Preparation of liver homogenates

2.4 Assay of antioxidant enzyme activities

SOD activity in all tissues was detected using the method of Sun [9]. GPx and CAT activities were determined by
the procedure of Beutler [10, 11], with some modification.
2.5 Histopathology process

Samples from the liver, kidney and muscle tissues
were collected and fixed in a 10 % buffered neutral forma-

3 RESULTS AND DISCUSSION
In the present study, it was observed that there were
differences between the enzyme activities determined in the
control group after 21 days for CAT, SOD, GPx enzymes
and MDA levels. Results are presented in Tables 1-3. Lead
increased the CAT, SOD, GPx activities and MDA levels
in rainbow trout as compared to control values (p<0.05).
Similarly, for treatment groups, differences were found to
be statistically significant at the same levels.
There were no histopathological changes in the liver
(Fig. 1), kidney (Fig 2) and muscle (Fig. 3) tissues of the
control group. Prominent changes were observed in both
experimental groups. In liver sections, hydropic degeneration was prominent in group II. (Fig. 4) and necrotic changes
were marked in group III (Fig. 7) to which lead was given in
high doses. When kidney sections were examined, tubular

TABLE 1 - Changes in the liver tissue (GPx, CAT, SOD activity and MDA levels) on fish exposed to heavy metal (Pb).
GPx (µmol/mg )
CAT (µmol/mg )
SOD (U/mg)
MDA (nmol/mg)
Control
0.35±0.16 a
0.80±0.01 a
0.32±0.10 a
0.11±0.01 a
0.18ppm
0.67±0.12 a
1.23±0.13 b
0.50±0.19 ab
0.19±0.01 b
0.35ppm
1.74 ±0.03 b
1.58 ±0.17 b
0.79±0.06 b
0.99±0.02 c
The results are expressed as the mean of 6 fishes ± SD, significantly different from the control, p<0.05. Different superscript letters indicate statistically significant differences.

TABLE 2 - Changes in the kidney tissue (GPx, CAT, SOD activity and MDA levels) of fish exposed to heavy metal (Pb).
GPx (µmol/mg )
CAT (µmol/mg )
SOD (U/mg)
MDA(nmol/mg)
Control
0.51±0.17 a
0.84±0.23 a
0.54±0.12 a
0.03±0.01 a
a
a
a
0,18ppm
0.70±0.10
2. 21±0.24
0.74±0.08
0.21±0.01 b
0,35ppm
1.42 ±0.14 b
1.51 ±0.19 a
0.19±0.04 b
0.23±0.01 b
The results are expressed as the mean of 6 fishes ± SD; significantly different from the control, p<0.05; different superscript letters indicate statistically significant differences.

744

© by PSP Volume 22 – No 3. 2013

Fresenius Environmental Bulletin

TABLE 3 - Changes in the muscle tissue (GPx, CAT, SOD activity and MDA levels) of fish exposed to heavy metal (Pb).
GPx (µmol/mg )
CAT (µmol/mg )
SOD (U/mg)
MDA (nmol/mg)
Control
0.02±0.01 a
0.74±0.01 a
0.41±0.03 a
0.03±0.00 a
0.18ppm
0.04±0.01 ab
1.03±0.01 b
0.76±0.15 b
0.15±0.01 b
0.35ppm
0.05 ±0.01 b
1.11 ±0.01 c
1.49±0.07 c
0.16±0.01 b
The results are expressed as the mean of 6 fishes ± SD; significantly different from the control, p<0.05; different superscript letters indicate statistically significant differences.

FIGURE 1 - Group I. Normal histological appearance of liver (H-E).
FIGURE 2 - Group I. Normal histological appearance of kidney (tubulary lumens are empty. H-E).
FIGURE 3 - Group I. Normal histological appearance of muscle tissue (myocytes organized normally, H-E).

FIGURE 4 - Group II. Moderate hydropic degeneration in liver hepatocytes (arrow) (H-E).
FIGURE 5 - Group II. Some tubulary lumens are filled with proteinaceous material (arrows) (H-E).
FIGURE 6 - Group II. There is musculary atrophy and enlarged interstitial spaces (arrows) (H-E).

FIGURE 7 - Group III. Severe necrosis in liver hepatocytes (arrow) (H-E).
FIGURE 8 - Group III. Glomerular atrophy (black arrow) and proteinaceous material within the tubulary lumens (white arrow) (H-E).
FIGURE 9 - Group III. Severe muscular necrosis, musculary atrophy (arrow) and enlarged interstitial spaces (H-E).
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TABLE 4 - The intensity and severity of histopathological changes in tissues.
Histopathologic lesion

Group I
(Control group)

Group II
(0.18 mg/lt Pb)

Group III
(0.35 mg/lt Pb)

-

+++
-

+
+++

-

+++
+

++
+++

-

++

+++

Liver
hydropic degeneration
necrosis
Kidney
proteinaceous material within the tubuli
Glomerular atrophy
Muscle
miyocyte degeneration, necrosis and atrophy

degeneration, and proteinaceous material within the tubuli
was detected in group II (Fig. 5). In addition to these findings, glomerular atrophy was observed in group III (Fig. 8).
Severe histopathological changes in muscle tissue were
also observed in both groups exposed to lead. There was
myocyte degeneration, necrosis and atrophy in increasing
degrees in the experimental groups (Figs. 6 and 9). The
intensity and severity of histopathological changes are
presented in Table 4.
Different classes of environmental pollutants or their
metabolites can enhance the intracellular formation of Reactive Oxygen Species (ROS) and cause oxidative damage in
fish. The present study aimed to investigate the heavy
metal negative effects on aquatic organisms. It is known
that exposure of aquatic organisms to heavy metal can
lead to its bioaccumulation in the liver, kidney and gills.
CATs are enzymes that remove the hydrogen peroxide that
is metabolized to oxygen and water [12]. Our findings revealed that rainbow trout treated with lead showed higher
CAT levels at the end of the treatment period when compared with the control. Significantly increased CAT activity was also observed in some studies after the exposure
to heavy metal, namely Pb, Cd, Hg, Zn, Cu, and As [1316]. Generally, CAT activity is not considered to be a
valid biomarker in toxicological studies, because both
induction and inhibition are observed after exposure to
several contaminants [12].
SOD is known as the cell’s first line of defense against
ROS because superoxide radical is a precursor to several
other highly reactive species; therefore, control over the
steady state of superoxide concentration by SOD constitutes an important protective mechanism [17]. In the present study, rainbow trout exposed to lead displayed an increase in the SOD activity at both tested concentrations.
This data is supported by previous findings observed in
other studies that reported an increased SOD activity in
different fish species [15, 18, 19].
Our results are supported by previous findings in fish
exposed to heavy metal toxicity for GPx activity. The
induction of elevated levels of SOD and GPX, with a
simultaneous increase in the levels of GST and CAT, in
the liver and kidney shows a possible shift toward a detoxification mechanism under long-term exposure to heavy
metals [19].

Our study revealed a maximum activity of CAT, SOD
and GPx enzymes in groups of 0.35 ppm for all tissues.
Similarly, the MDA level increased depending on the
concentration.
On the other hand, histopathological alterations can
be used as indicators of the effects of various pollutants
on the organism including fish, and reflection of the overall health of the entire pollution [20]. In addition, histopathology provides a rapid method for detecting the effects of irritants in various organs [21]. The exposure of
fish to chemical contaminants is likely to induce a number
of lesions in different organs [22]. Lead can alter the
physiological activities and cause histopathological
changes of various organs in fish [20, 23]. In the present
study, the livers of the control group showed normal histological features, although the Pb-treated groups revealed
hydropic de-generation and necrotic changes (Fig. 7). In
our research study, the results in this respect were similar to
the findings of [20, 23]. Mobarak and Sharaf [24] also
reported similar histopathological changes in the digestive
system of Poecilia latipinna, a freshwater fish, after lead
acetate ex-posure.
In fish, as in higher vertebrates, the kidney performs
an important function to maintain homeostasis. The kidney is one of the first organs to be affected by contaminants in water [25]. It has been reported that the kidney of
fish accumulate Pb [26]. The present study showed that Pb
caused a significant increase in histopathological changes,
such as tubular degeneration, proteinaceous material within
the tubuli and glomerular atrophy in the kidney tissue. Our
research results under this aspect were similar to the findings of Sirimongkolvorakul [20].
Changes associated with the histology of muscle due
to exposure to different pollutants are rare in the literature.
It has been reported that Pb accumulation was found in the
muscle of Nile tilapia [27]. Therefore, Pb may cause histopathological alterations in muscles. Histopathological observation indicated that exposure to concentrations of lead
caused myocyte degeneration and necrosis, butr also atrophy in increasing degrees in experimental groups.
Antioxidant enzymes, converting the well-recognized
reactive oxygen radicals into less toxic products, are the
enzymes of SOD, CAT and GSH cycles (glutathione peroxidase, glutathione reductase, glutathion S-transferase)
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[28, 29]. In our study, emphasis was put on the antioxidant
enzyme activity, MDA levels and histopathological situation of the liver, kidney and muscle tissues.
In the organisms that are chronically exposed to lead,
the contaminants may accumulate in the tissues and organs,
and in long-term periods, causing irreversible molecular
changes which have harmful effects [30]. In the light of the
studies being conducted, the parameters regarding the antioxidant defense system and histopathological alteration are
considered to be useful in determining the effects of environmental pollution on aquatic organisms [31].
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ABSTRACT

1 INTRODUCTION

Horseradish peroxidase (HRP) can be readily extracted
from horseradish roots. In this research, the application of
acid blue-25 (AB-25) dye removal by low purity horseradish peroxidase extracted from horseradish root (crude
HRP) was investigated. Parameters, such as amount of HRP,
contact time, pH, H2O2 concentration, AB-25 concentration
and temperature during enzyme-mediated dye degradation
and detoxification, were studied. Results showed that decolorization of AB-25 at 75 min contact time, pH 7and
0.8 mM/L H2O2 for 1 U/ml crude and pure HRP were
approximately 80 and 94%, respectively. Also, gradually
adding of H2O2 and enzyme increased the turnover of the
HRP compared to control. Polyethylene glycol (PEG) in
various concentrations did not significantly affect the reduction of HRP inactivation. Toxicity test with Daphnia
magna showed a reduction in toxicity after the enzymatic
treatment. To meet the optimized conditions in the process,
the ratios of dye/ enzyme and H2O2/dye, and sequences of
the addition of reactants, should be considered.

KEYWORDS: Horseradish peroxidase; azo dye; enzymatic
treatment; crude enzyme

ABBREVIATIONS
HRP: Horseradish peroxidase
AB-25: Acid Blue 25
PEG: Polyethylene glycol
ADMI: American Dye Manufactures Institute
U/ml: Unit enzyme/milliliter
4-AAP: 4-aminoantipyrine
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Synthetic dyes have been extensively used in a broad
range of industries. Over 7×105 tons and approximately
10,000 dyes and pigments are produced annually worldwide, about 10% of which may be found in wastewater [1].
Normally, colors are noticeable at a dye concentration of
more than 1 mg/l; however, an average concentration of
300 mg/L has been reported in effluents from textile manufacturing processes [1-3]. Azo dyes are the major group of
dyestuffs and have been extensively used in textile, printing, leather and cosmetics industries; they have been identified as the most problematic compounds in textile effluents
due to their higher water solubility and lower degradability
[2-4]. Therefore, the decolorization of wastewaters containing azo dyes prior to discharge is mandatory by environmental regulations in many countries.
Decolorization of industrial dyes can be achieved by
physico-chemical methods, such as adsorption, precipitation or chemical degradation, and biological methods (aerobic and anaerobic); some of these methods are very expensive, which limits their application [2, 5-7]. The decolorization of the dyes through intermediates of different color
has been proposed to be a series of multiple reactions. In
case of anaerobic decolorization of azo dyes by some
bacteria, arising intermediates and final products are carcinogenic and, mostly, more toxic than the starting dyes
[2, 8, 9]. In recent years, enzymatic approach has attracted
much interest in the removal of phenolic pollutants from
aqueous solutions as an alternative strategy to the conventional chemical as well as microbial treatments that pose
some serious limitations. Oxidoreductive enzymes such as
peroxidases are participating in the degradation/removal
of aromatic pollutants from various contaminated sites
[10-12].
Peroxidases have been isolated from many species of
plants, animals, and microorganisms. These enzymes are
able to act on a variety of aromatic compounds in the presence of hydrogen peroxide [6, 13-15]. The enzymatic
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treatment efficiency was found to be independent of the
enzyme purity and, therefore, it was possible to utilize a
crude enzyme preparation instead of a purified one. This
feature leads to a significant reduction in treatment costs.
The last research found that PEG greatly reduced enzyme
requirements to achieve a removal of initial substrate [7,
16-20].
This work aims at developing an enzymatic process
to remove toxic dye compounds from industrial
wastewaters. There is no report about the application of
crude HRP for the treatment of azo dyes. The present study
focuses on the evaluation of parameters leading to degradation of AB-25 with concentrations in the range of 11-35
mg/L using crude enzyme prepared from horseradish roots.
Reactions were conducted under several pH values (3-10),
contact time, color, HRP (0.5-4 U/ml), H2O2 (0.2-1 µl/L
mass con-centration) and also the effect of PEG (5-100
mg/l) on batch system. According to the mechanism of
enzymatic degradation of phenol adding mode can effect
on turn over time of the enzyme [21], the effect of adding
mode on the turn over time of the enzyme was studied.
The experimental data of initial reaction rates were fitted
to Michaelis-Menten equation. The acute toxicity tests
with Daphnia magna were carried out to determine the
detoxification capacity of the enzymatic treatment process.
2 MATERIALS AND METHODS
2.1 Materials

Low purity HRP was extracted from horseradish roots
purchased from local vegetable market according to the
procedure given by Bhunia et al. [22]. After cleaning with
water, the roots were crushed in a wet grinder and the extract was centrifuged (6000g, 6 min, 4 oC). The resulting
supernatant was dialyzed using 12KD membrane against
0.1M phosphate buffer (pH 7.4) at 4 oC. The dialyzed enzyme extract was stored at 4 oC and used in the treatment
process; the activity of low purity before any treatment
process was also assayed [16, 18, 23]. One step for purification of the low purity HRP by application of ammonium precipitation in 0-35% and 35-90% saturation of ammonium sulfate was carried out to increase purification of
HRP.
AB-25 [1-amino-9,10-dihydro-9,10-dioxo-4-(phenylamino)-2-anthracenesulfonic acid, monosodiumsalt] (dye
content 45%) was purchased from Aldrich and diluted in
distilled water, up to a concentration of 100 mg/L, giving
a stock solution from which aliquots were taken for the
decolorization experiments. The dye concentrations were
used without prior purification. A correlation between
mg/L of dye and American Dye Manufactures Institute
(ADMI) units was examined, and results show that there
is a linear correlation between ADMI and concentration

of AB-25: ADMI = 47530 X + 4.5 . In this equation, X is
the concentration of AB-25 as g/L.
Aqueous solution of hydrogen peroxide (30% w/v,
specific gravity 1.12), 4-aminoantipyrine, HRP and polyethylene glycol (average molecular mass of 1,500) were
purchased from Sigma-Aldrich. All other chemicals used
were of analytical grade.
2.2 Peroxidase activity assay

HRP enzyme activity was measured using phenol, 4aminoantipyrine (AAP) and hydrogen peroxide as substrates. The approach was to provide all components,
except enzyme near saturation concentration, so that the
initial rate of reaction became directly proportional to
the amount of enzyme present. The assay mixture contained 2.5 ml 9.6 mM of AAP, 1 ml 100 mM of phenol,
1 ml 2 mM of hydrogen peroxide, 4.5–5.0 ml 100 mM of
phosphate buffer, pH7.4 and 0.5–1 ml enzyme solution. The
rate of reaction was measured by monitoring the rate of
formation of the products which absorbed light at a peak
wavelength of 510 nm upon addition of the enzyme; thus,
one unit of activity (U) used in this study is defined as the
number of mM peroxide converted per min at pH 7.4 and
25 °C [17, 22, 24-26].
2.3 Experimental procedure

Mixed solution contains 0.021-1.69 ml of enzyme
source (2.36 U/ml activity), 0.2-1 mM/L of H2O2, 10.431.5 mg/L of AB-25 that caused 500-1500 ADMI in solution, and pH 7.4. The enzymatic reaction was carried out
under shaking in a horizontal shaker at 200 rpm about 570 min. The experiments were conducted at a constant
temperature of 25 °C. Aliquots were removed every 5 min,
being centrifuged at 6,000 rpm and submitted to analytical control.
2.4 Analytical process

The ADMI color value for each sample was measured
via the following procedure: sample pH adjustment; centrifugation (6,000 rpm); absorbance measurement by spectrophotometry; and ADMI color calculation. For the pH
adjustment step, two different pH values were chosen: original (environment) pH and pH 7.6 [27]. A Hach DR 5000
spectrophotometer was used to measure absorbances. Absorbances were measured at 31 wavelengths to calculate
the ADMI index according to the APHA method.
2.5 Acute toxicity test with Daphnia magna

The acute toxicity tests using Daphnia magna were
carried out according to the ABNT standards. The sensitivity tests were carried out with young organisms (6–24 h
of life), which were not fed during the test period. For each
concentration, 10 organisms were used in a 25-ml beaker,
in duplicate for each concentration, along with the controls
with dilution water (basic medium). The acute toxicity
tests with the effluent samples had a duration of 24-96 h,
and after this time of exposure, the number of immobile
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organisms was observed and noted. The organisms were
considered to be immobile, if they did not show any mobility during 20 s of observation [28, 29]. In order to calculate LC50, probit analysis with SPSS (ver 11.5) was
applied.
2.6 Modeling of the reactions

The initial reaction rates were then fitted using the
Michaelis-Menten model with inhibition by the substrate
[18]:

Vi =

Vmax .[H 2 O 2 ]
K m + [H 2 O 2 ] + K `.[H 2 O 2 ]2

(1)
where, Vi and [H2O2] are, respectively, the apparent
rate of the dye consumption and the H2O2 initial concentration, while Vmax is the apparent maximum reaction rate,
Km, the apparent Michaelis constant, and K`, the inhibition constant. The parameters of the kinetic model values
Vmax, Km, and K` were estimated using the least-square
approximation with MS Excel. In this procedure for estimating constants, all the parameters were optimized at the
same time.

In order to determine the effect of pH on AB-25 removal in 70 min contact time, it was varied from 5 to 9 in
the mixture containing 1U/ml of crude HRP, and 1 mM
H2O2 at 25 °C. The results of the experiments are shown
in Fig. 2. These reactions reached the lowest remaining
dye concentration at pH 7. So, the optimum pH was 7 for
these experimental conditions. It was reported that the
mechanism of HRP and H2O2 catalyzing organic pollutants, such as chlorophenols, is that the substrates can be
converted into the free radical products by HRP and H2O2
attack, and the coupling reactions of the free radical products lead to polymerization [10]. The process of HRP
catalyzing the dye removal may be similar to that process.
So, we can say that the pH influenced the activity of enzyme and solubility of by-product that changes the action
efficiency of crude HRP on substrates.
HRP=0.1

1.0

HRP=0.5

0.8

HRP=1

0.6

Ce/C0
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3 RESULTS AND DISCUSSION

To determine the optimum contact time for AB-25
removal and HRP concentration, reaction mixture had 20
ml sample of 500 ADMI dye, 0.5-2 U/ml HRP and 1 mM
H2O2 with phosphate buffer (pH 7.4) at room temperature
(25 °C) being agitated for a period of 75 min. For every 5min time interval, one sample was removed and analyzed
for the residual dye concentration (Fig. 1). Results show
that 70 min contact time and 1 U/ml of crude HRP enzyme led to 79% dye removal. After 70 min of contact
time, a negligible dye removal was noticed. In this treatment conditions, 94% removal of AB-25 was achieved;
that is more than crude HRP (about 75%) according to
Fig. 1. The removal of an aromatic compound is dependent on the concentration of the enzyme added, considering
that the catalyst and also the conversion depend on the
contact time, and the respective optimum performance
parameters (pH, temperature and substrate). The optimization of the quantity of enzyme was carried out aiming at
a high efficiency of decolorization with a lower enzyme
quantity used in the process. According to De Souza et al.
[6], 5 min are sufficient to obtain a degradation of the dye
Lanaset Blue 2R. However, Kim et al. [25] have reported
that 45 min is the time required to catalyze the degradation of the dye Acid Black 10 BX, and that after 5 min,
the removal reaction followed a slower process, and the
decolorization was 67% with HRP in the free form. Sequencing experiments were performed for 70 min contact
time and 1 U/ml crude HRP.
3.2 Effect of pH
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40 50
Time(min)

60

70

80

FIGURE 1 - Effect of the HRP initial concentrations on AB-25
removal in batch reactor (AB-25 = 10.4 mg/L; H2O2 = 0.8 mM; (0-2)
U/ml pure HRP; pH 7, 25 ºC).
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Ce/C0

3.1 Effect of contact time and HRP concentration
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FIGURE 2 - Effect of pH on the efficiency of AB-25 removal.
3.3 Effect of H2O2 concentration

In order to determine the effect of H2O2 concentration
on AB-25 removal, experiments under the same conditions
as above were carried out (H2O2 0.2-1 mM). The results of
the experiments are illustrated in Figs. 3 and 4. Results
show that single HRP and H2O2 did not significantly decrease the remaining dye concentration from dye solutions.
Two initial concentrations of 10.4, 31.5 mg/L of AB-25
were used to assess the effect of dye concentration on H2O2
consumption. A blank was made without H2O2 and after
several min of reaction, the AB-25 concentration did not
suffer any variation. Results show that optimum concentration of H2O2 was 0.8 mM and the concentration of substrate
had no effect on the experiment.
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3.4 Effect of temperature

The effect of temperature on dye removal was investigated at pH 7 over a temperature range of 10-75 °C
(AB-25 500 ADMI, H 2 O 2 0.8 mM, HRP 1 U/ml). The
H2O2=0.2 mM

1.00

H2O2=0.4 mM
H2O2=0.6 mM

Ce/C0

0.80

H2O2=0.8mM
H2O2=1 mM
H2O2= 0 mM

0.60
0.40

pH 7 and 70 min contact time at 25 °C) was investigated.
Results show that gradually adding H2O2 and enzyme was
better than adding the whole amounts of both. According
to the mechanism of phenol polymerization, at high concentration of hydrogen peroxide, peroxidase effectively
converts to a verdohemoprotein referred to as P-670 as it
catalyzes oxidation of aromatic hydrogen donors (AH) in
the catalytic cycle of the reaction. Suicide-peroxide inactivation has been shown to reduce the sensitivity and
efficiency of peroxidase [21]. These results are shown in
Fig. 6.
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FIGURE 3 - Effect of the H2O2 initial concentration on the dye
conversion in the reactor (AB-25 = 10.4 mg/L; HRP = 1 U/ml; pH 7
and 25 ºC).
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FIGURE 6 - Effect of H2O2 and enzyme adding mode.
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3.6 Effect of PEG

0.40
0.20
0.00
0

10

20

30

40

50

60

70

80

Time(min)

FIGURE 4 - Effect of the H2O2 initial concentration on the dye
conversion in the reactor (AB-25 = 31.5 mg/L; HRP = 1 U/ml; pH 7,
25 ºC).
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100
0
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HRP solution of 1 U/ml was prepared and its activity
was measured using the peroxidase activity assay method.
The activity was measured again, but in a buffer with
PEG instead of buffer alone as specified in the assay [30].
Different PEG concentrations (up to 5 mg/L) in the cuvette
were used to observe the dose effect. It was found that the
average activity in the cuvette with PEG increased by about
9–11%, irrespective of PEG dose over a wide range of
concentrations of PEG. These results are different from the
other research, indicating that PEG caused increase in
HRP enzyme usage. Another research reported that PEG
greatly reduced enzyme requirements to achieve a removal of initial substrate such as phenol [30].

0.4

3.7 Effect of HRP removal of AB-25 on toxicity of solution
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FIGURE 5 - Effect of temperature on AB-25 removal.

removal rates of enzymatic reaction depended on the
temperature of reaction (Fig. 5). Results show that dye
removal increased from 10 to 40 °C, and then decreased to
75 °C, which can be probably explained by the inactivation of HRP. So, the optimum temperature dye removal
was 40 °C.
3.5 Effect of H2O2 and enzyme adding mode

To determine HRP and H2O2 adding mode, two samples (gradually adding H2O2 and enzyme and also whole
amounts of H2O2 and enzyme) in enzymatic reaction
process (AB-25 500 ADMI, H2O2 0.8 mM, HRP 1 U/ml,

In the present study, toxicity was evaluated at concentrations of 10-30 mg/L for AB-25 to determine LC50
ranges. Also, control solutions (dye concentration of 0.0
mg/L) were conducted to confirm the accuracy of the test.
The results indicate that the LC50 values of AB-25 for
Daphnia magna are about 6.25 mg/L at 24 h, 4.97 mg/L
at 48 h and 4.05 mg/L at 96-h tests. But after treatment of
AB-25 by HRP, the toxicity was significantly decreased,
and LC50 of AB-25 for Daphnia magna was about 13.35
mg/L at 24 h, 13.35 mg/L at 48 h and 11.62 mg/L at 96-h
tests. This means, application of this process to detoxify
AB-25, significantly decreased toxicity of solution. LC50
values of the solution before and after degradation with
HRP are presented in Fig. 7.
3.8 Modeling of the reactions
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The values of the fitted parameters for different dye
concentrations are presented in Table 1. As it can be observed, the fittings are in good agreement with the experimental data. The results of the enzymatic elimination
have the same trend as obtained by previous works [31].
Before

16

After

14

Although a good fitting of the experimental data of
initial reaction rate was obtained using the kinetic model
of Michaelis-Menten with inhibition, it was not possible
to model globally.

12

LC 50 (mg/l)

But the kinetic parameters cannot be compared with
other literature values because the kinetic model used was
different. The rate constants are different for each type of
peroxidase, and they are functions of the pH, temperature,
the kind of aromatic compound that is treated and, finally,
of the kinetic model applied.

10
8
6
4
2
0
24

48

96

Exposer time (h)

FIGURE 7 - Effect of HRP removal of AB-25 on toxicity of solution.

TABLE 1 - Apparent Michaelis-Menten parameters for the reaction of HRP with AB-25 and H2O2 at optimum condition and different dye
concentrations.
AB-25 (mg/L)
10.4
21.05
31.5

Vmax (mM/min)
1.17
2.57
3.37

Km (mM)
0.43
0.63
1.37

4 CONCLUSIONS

K` (1/mM)
0.35
0.62
0.8

Cumulative error
0.002
0.011
0.016

part of thesis project was supported by the grants from the
Iran National Science Foundation (INSF).

The results of this study have demonstrated the applicability of using crude horseradish peroxidase (HRP)
enzyme for treatment of an azo dye in aqueous solution.
The main findings of this study are optimum conditions of
the reaction: decolorization of the AB-25 at 75 min contact time, pH 7and 0.8 mM/L H2O2 for 1 U/ml crude and
pure HRP was approximately 79 and 94%, respectively;
also gradual adding of H2O2 and enzyme increased the
turnover of the HRP compared to control (whole amounts
H2O2 and enzyme at once). Excess peroxidase had no significant effect on the removal of the dye. The removal
efficiency also increased until the optimum ratio was
reached. PEG has no significant effect on reduction of
HRP inactivation. There was reduction in toxicity after
the enzymatic treatment of AB-25 in aqueous solutions.
Crude HRP has a good efficiency for removal of AB-25
dye, and caused lower treatment costs relative to a pure
source of HRP.
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ACCUMULATION FACTOR OF
HEAVY METALS IN CAPOETA UMBLA FISH SPECIES
Özgür Canpolat*
Firat University, Fisheries Faculty, Elazig, Turkey

ABSTRACT
In this study, some heavy metal concentrations (copper, iron, zinc, cobalt, cadmium, chromium, lead and arsenic) were determined in water and in muscle of Capoeta
umbla fish to study the potential human risk of consumption and the relationship between the heavy metal load of
fish and some of their biological aspects (weight, length
and sex). In addition, the accumulation factors of heavy
metals in Capoeta umbla were determined. Water and fish
samples were analysed using ICP to determine concentrations of Cu, Fe, Zn, Co, Cd, Cr, Pb and As. It was found
that heavy metals were accumulated in muscles of C. umbla
in concentrations higher than that in the water. The correlations between the heavy metal concentrations of fish samples have opposite trends to those of sizes of fish. The
metal levels in the muscles of females were higher than
those in males. All accumulation factors (AF) for water
were >1.00 which means that the C. umbla accumulated
metals from water. The results were discussed and compared with tolerable values for heavy metals provided
from the EPA and FAO to determine whether this species
has any risk for human consumption.
KEYWORDS: Accumulation factor, Capoeta umbla, muscle,
water, heavy metals, Turkey.

1 INTRODUCTION
Anthropogenic activities continuously increase the
amounts of heavy metals in the environment, especially in
aquatic ecosystems. Pollution of heavy metals in aquatic
ecosystem is growing at an alarming rate, and has become
an important problem worldwide [1, 2]. Among environmental pollutants, metals are of particular concern, due to
their potential toxic effects and bioaccumulation ability in
aquatic ecosystems [3]. When heavy metals occur in minute concentrations in unpolluted natural systems, they
may exert beneficial or harmful effects on plant, animal,
and human life, depending on their concentrations [4, 5].
* Corresponding author

These elements are introduced to the environment
through various routes, including smelting processes, fuel
combustion, and industrialization [4, 6].
Fish are widely used to evaluate the health of aquatic
ecosystems because pollutants are built up in their food
chain, and are responsible for adverse effects and death in
the aquatic systems [7, 8]. Contamination of freshwater
fish with heavy metals is a recognized environmental problem. The World Health Organization (WHO) as well as the
Food and Agriculture Organization (FAO) of the United
Nations stated that monitoring of 8 elements in fish (Hg,
Cd, Pb, As, Cu, Zn, Fe, Sn) is obligatory, and monitoring
of others is suggested [9].
The aim of this study is to determine heavy metal
concentrations in muscle of Capoeta umbla from Keban
Dam Lake (Elazig, Turkey) to determine the possible potential human risk of consumption, and to investigate the
relationships between some biological aspects of fish and
metal concentrations in the muscle and accumulation
factors.
2 MATERIALS AND METHODS
2.1 Site Description

Keban Dam Lake was built on the Euphrates River in
the eastern part of Turkey, and is the second largest artificial lake in the country. It is 845 m above sea level, and
has a surface area of 675 km2 at maximum level. Its maximum depth is 160 m, and its catchment area is 64,100 km2
(Fig. 1).
2.2 Reagents

All reagents were of analytical reagent grade unless
otherwise stated. Distilled water was used for the preparation of solutions. All the plastics and glassware were
cleaned by soaking, with overnight contact to 0.1 N nitric
acid solution, and then rinsed with distilled water prior to
use. HNO3 used for digestion was supplied by Merck.
The concentrations of copper, iron, zinc, cadmium,
cobalt, nickel, lead, mercury, arsenic, calcium and magnesium were determined by ICP analysis (Perkin Elmer, Optima 5300 DV).
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FIGURE 1 - Map showing the location of Keban Dam Lake and sampling sites.

2.3 Blank preparation

At each step of the digestion processes of the samples, acid blanks (laboratory blanks) were done using an
identical procedure to ensure that the samples and chemicals used were not contaminated. Blanks contained the
same digestion reagents as real samples, with the same
acid ratios but without fish sample. After digestion, acid
blanks were treated as samples and diluted with the same
factors. They were analyzed by ICP before real samples,
and their values were subtracted to check the equipment
to read only the exact values of heavy metals in real samples. Each set of digested samples had its own acid blank,
and was corrected by using its blank sample.
2.4 Fish Collection and analyses

The concentrations of heavy metals were measured in
the muscles, gills, skin, liver, gonads and kidneys of fish
captured by gill net in the open water of the Keban Dam
Lake (Elazig, Turkey). Then, the captured fish were placed
in plastic bags and immediately transported to the laboratory in a freezer bag with ice. Total length and weight of
each fish was measured to the nearest mm and g before
dissection, and then, approximately 5 g of the muscle
(cleaned from skin) samples were dissected from a total of
50 Capoeta umbla. After they were individually transferred
to 4-ml glass vials previously washed (with 0.1 N nitric
acid), dried and weighed, they were kept in an oven for 24 h
at 105 ºC, and then transferred to a desiccator for a few days
until constant weight was obtained. Vials were again
weighed to obtain dry weight of tissues, and then, sam-

ples were digested (duplicate digestion, in each case) on a
hot plate by adding 2 ml pf supra-pure nitric acid (65%,
Merck, Whitehouse Station, New Jersey). Digested samples were kept at room temperature for 24 h and then diluted to 50 ml with double-distilled water. Standard solutions
for calibration graphs were prepared. Blanks were also
prepared using the procedure above, but without the samples. Diluted samples and blank solutions were analyzed
by ICP (Perkin Elmer, Optima 5300 DV) to determine
Cu, Fe, Zn, Co, Cd, Cr, Pb and As levels [10]. The concentrations of metals were determined from the calibration graphs and calculated as mg per kg dry weight.
2.5 Accumulation Factor (AF) (transfer factor)

The Accumulation Factor (AF) is the ratio between
the accumulated concentration of a given pollutant in any
organ and its dissolved concentration in water. It gives an
indication about the accumulation efficiency for any particular pollutant in any fish organ [11]. Accumulation
Factor (AF) was calculated according to Aboul Ezz and
Abdel-Razek [12] using the following equation:
AF = Mtissue/Mwater
If the accumulation factor is >1.0 then bioaccumulation for metals occurs by fish species.
2.6 Statistical analyses

Graphpad Prisim 5.0 package programs were used for
statistical analyses (t-test and one-way ANOVA, Duncan),
and to obtain the graphs of the data during the research.
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3 RESULTS AND DISCUSSION

concentration in muscle was found as Zn>Fe>Cu>Mn
[17]. All these findings support those in the present study.

3.1 Heavy metals in water

In the water samples, the concentrations of Cu, Fe
and Zn were 0.009, 0.05 and 0.10 mg L-1, respectively. Zn
content was the highest and that of Cu was the lowest in
water. The order of heavy metal accumulation in water was
Zn> Fe> Cu.
Contamination of aquatic ecosystems with heavy metals has seriously increased worldwide attention [13]. By
comparing measured concentrations of metals with water
quality standards, it was found that all metal concentrations
were lower than the permissible limits (Table 1).

TABLE 2- Box-Whisker dissemination of Cu, Fe and Zn concentrations in muscle of C. umbla.

Min.
25%

0.

5.44

5.00

1.

14.99

8.29

Median

1.

20.07

12.41

1.

25.85

17.74

2.

34.57

24.31

1.

19.96

13.28

7.40

5.45

0.87

0.69

26
75%
68
34
Mean
35

Cu
Fe
Zn
Heavy metal concentrations (mg L-1)
0.009
0.05
0.10
Permissible limits (mg L-1)
MC
0.013
0.12
CC
0.009
1
0.12
MC: Maximum concentrations CC: Continuous concentrations

Std. Deviation
0.42
Std. Error

0.
06

3.3 Relationship between heavy metal concentrations and
body sizes

3.2 Heavy metals in fish

Only Cu, Fe and Zn were detected in the muscle tissue samples analysed. Co, Cd, Cr, Pb and As were found
to be undetectable in the muscle samples. In this study, the
lowest concentration of heavy metals was found for Cu in
fish muscle (Fig. 2). The order in relation to the concentration of heavy metals in the muscle is found to be Fe>
Zn>Cu. The dissemination of Cu, Fe and Zn concentration in fish muscle is presented in Table 2.
In this study, the order in relation to the concentration
of heavy metals in the muscle was found to be Fe>Zn>Cu.
Similar result have been reported in some other fish species. Begum et al. [15] investigated the elemental concentration in muscle tissues of freshwater fish (Tilapia nilotica,
Cirrhina mrigala and Clarius batrachus) in Dhammondi
Lake. In a research about Zn, Cu, As, Cd, Hg, and Pb accumulation in the muscle, the order of heavy metal concentrations was found to be Zn>Hg>As>Cu for Silurus
triostegus; Zn>Hg>As>Cu for Aspius vorax; Zn>Cu>
As>Pb for Cyprinus carpio (mirror); Zn>Cu>As>Hg for
Carasobarbus luteus; Zn>Cu>As for Capoeta trutta;
Zn>Cu>Hg>As for Chalcalburnus mossulensis; and Zn>
Cu>As>Pb>Hg for Acanthobrama marmid [16]. In a
research about Fe, Mn, Cu, Zn, Cd, Cr and Pb accumulation in the organs and tissues of Capoeta umbla in Lake
Hazar, the order of these heavy metals in relation to their

An increasing trend in copper, iron and zinc values was
observed with increasing fish weight and length (Fig. 3, 4).
Positive relationship between heavy metal accumulation
in muscle and fish size was observed. The relationships
were found to be significant between fish weight and heavy
metal levels (P<0.05). The heavy metal levels in muscle
tissue showed a rather similar pattern in relation to fish
length.
The present results showed that there were positive
relationships between fish size (length and weight) and sex
with metal concentrations, in most cases. Generally, the
level of all metals analyzed increased with fish size. Canpolat and Calta [17] determined that concentrations of Cu,
Fe, Zn and Mn in the tissues and organs of Capoeta capoeta umbla changed according to the weight groups. Zyadah [18] examined the concentration of heavy metals,
such as Cu, Zn and Cd, in the muscle, gill, liver and gonads of Tilapia zilli caught in Lake Manzalah, Egypt and
observed a relationship between the percentage of metals
in the organs and length and sex of the fish. Heavy metal
concentrations were found to be higher for female species, and it was determined that heavy metal level was
lower in the short length group (8-11 cm) but higher in
medium length group (11-13 cm). In their research on the
concentration of some heavy metals in the muscles of
Lethrinus lentjan, Al-Yousuf et al. [19] found out that Cu.
Zn and Cd were more in female compared to male fish.
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FIGURE 2 - Box-Whisker dissemination diagram of Cu, Fe and Zn concentrations in muscle of C. umbla.
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FIGURE 3 - Box-Whisker dissemination diagram of Cu, Fe and Zn concentrations in muscle tissues of C. umbla fish species in relation to fish
weight.
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Some studies on heavy metal accumulation in fish show that
accumulation level may change according to the weight of
the fish. It is generally accepted that trace element accumulation in living organisms is controlled by specific uptake,
detoxification and elimination mechanisms, depending significantly also on the size-specific metabolic rate of organisms [17, 20, 21].

3.4 Relationship between heavy metal concentrations and sex

The effect of fish sex on the level of the tested metals
was also examined. From Fig. 5, it is obvious that the
concentrations of heavy metals in muscle were higher in
the females in comparison with those of the males. All
tested heavy metal levels were found to be statistically
significant between sexes (P<0.05).
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Table 3 shows concentration levels of heavy metals
in some fish species examined by some researchers,
and heavy metal concentrations determined in the muscle
of C. umbla in this study. As it can be seen in Table 3, the
rate of heavy metal concentration determined by Canpolat
and Calta [22], and Calta and Canpolat [23] in some fish
species was higher when compared to the rates found in
this study. However, concentration rates determined in
other studies [24-28] were lower than those determined
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TABLE 3 - Some heavy metal concentrations (mg/kg) determined in the muscle tissue of C. umbla and some fish species.

C. umbla
C. umbla
Acanthobrama marmid
Cyprinus carpio
Chondrostoma regium
Clarias anguillaris
Heterotis niloticus
Oreochromis niloticus
Tilapia zilli
Serathrodon niloticus
Clarias gariepinus
Ethmaliosa timbriata
Chrysichthys nigrodiitatus
Clarias anguillaris
Tilapia zilli
Mormyrus rume rume
Mormyrusmacrophthalmus
Mormyrus tapirus
Mystus vittatus
Tilapia mossambicu
Ctenopharynodon idella
Saurida undosquamis
Heteropneustus fossilis
Capoeta capoeta umbla
nd: not detectable.

Cu
1.35
3.51
3.18
2.83
3.13
0.63
0.68

0.59
0.56
1.33
0.74
0.64
0.89
0.62
1.46
0.62
1.4
0.6
0.14

Fe
19.96
18.13
9.31
19.02
22.51
0.75
1.50
0.80
1.97
2.84
18.01
6.20
197.60
186.00
443.20
245.50
214.60
296.80

Zn
13.28
46.59
13.28
27.87
38.66
1.24
9.96
1.41
1.04
3.80
10.80
1.85
7.75
14.20
23.30
8.60
11.20
14.50
0.1
0.3
0.6
1.2
0.6
2.31

0.53

herein. The heavy metal accumulation levels in organisms
were much higher than that of changes in the environment, and concentrations were changeable according to
type and concentration of the metal, water quality, species
of organism, season, age and nutrition type [29-31].
As a result, mobility degrees, activities and the accumulation of heavy metals in the living organisms are
related to so many factors, such as pH, temperature, organic matter, processes of ionic changes, and microbial
activity [32]. It was found out that the heavy metal accumulation level may change according to the size, age, life
period, nutrition type of the fish, and the season they were
caught [19, 21, 33, 34].
Accumulation of metals in fish varies between the tissues, and is influenced by the environmental conditions of
the medium in which the fish live [35]. It is found that
heavy metals are hazardous for the aquatic ecosystems,
especially for Cyprinidae species which are nourished in
deep water. As a result, it was determined that these species are more contaminated when compared to the predator fish [36].
These differences in the results may come from the
features of the terrestrial environment as well as industrial, domestic and agricultural facilities. Because of the
contamination of water, directly or indirectly by the
wastes, rise of the heavy metal concentration level is
inevitable [37].
3.5 The Accumulation Factor

The average concentrations of the metals detected in
fish muscles and the values of accumulation factor (AF)
are summarized in Table 4. It was found that the concen-

Cr
nd
nd

9.01
0.01
0.40
0.40
0.80
0.42
0.32
0.28
0.66
0.40
0.34
0.48
0.18
0.64
0.04
0.1
0.06
-

Cd
nd
nd

Ref.
Present study
[22]
[23]
[24]

<0.0.1
0.03
0.14
0.20
0.10

[25]

[26]

0.66
0.48
0.48
0.64
0.02
0.010

[27]

[28]

trations of metals in muscle are much higher than in water. The accumulation factor from water to fish in case of
C. umbla was in the order of Fe (399.2)> Cu (150.0)> Zn
(132.8) Iron was highly accumulated by C. umbla from
water, while the accumulation factor of Cu was the lowest.
TABLE 4 - The accumulation factors (AF) from water in C. umbla
from Keban Dam Lake.
Heavy metal concentrations
(mg L-1) in water
Average heavy metal concentrations
(mg kg-1) in muscle
AF

Cu
0.009

Fe
0.05

Zn
0.10

1.35

19.96

13.28

150.0

399.2

132.8

The presence of high metal levels in fish environment
does not indicate a direct toxic risk to fish, if there is no
significant accumulation of metals by fish tissues [38]. On
the other hand, all AF values from water were >1.00 which
means that the C. umbla accumulated metals from water.
This result agrees with many previous studies. Rashed [39]
determined transfer factors for Co, Cr, Cu, Fe, Mn, Ni, Sr
and Zn from water, sediment and plants in Tilapia nilotica fish in Nasser Lake, and results indicated that only
transfer factors from water for all metals were >1.00,
which means that fish accumulate metals from water.
Also, Abdel-Baki et al. [2] calculated transfer factors of 5
heavy metals from water and sediment in Tilapia fish, and
results indicated that fish accumulated all metals in their
tissues from water. Transfer factors of metals from water
in fish muscles were 41.789, 8.621, 11.923, 24.714, and
35.938 for Pb, Cd, Hg, Cu and Cr respectively. Saygi and
Atasagun [40] determined bioaccumulation factor (BAF)
values of Al (6024), Fe (1298), Cu (8600), Zn (13361)
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and Mo (1118) which were remarkably high in all of the
carp tissues investigated. In particular, Pb and As results
from carp muscle tissue were not within the safe limits for
human consumption.
Our results show that heavy metal levels in the muscle samples taken from C. umbla caught from Keban Dam
Lake were below the dangerous limits given by EPA
(1989) and FAO (1983), and there is no any risk for public health by eating C. umbla (Table 5).
TABLE 5 - Heavy metal concentrations in the muscle tissue of C.
umbla and acceptable values suggested by EPA and FAO.

EPA (1989) (mg/g)
FAO (1983) (mg/kg)
C. umbla
(mg/kg)
nd: not detectable

Cu
54
10.0
1.35

Heavy metals
Fe
Zn
Cr
410
410
4.1
150
19.96
13.28
nd

Farkas, A., Salánkı, J. and Specziár, A. (2002) Relation between growth and the heavy metal concentration in organs of
bream Abramis brama L. populating Lake Balaton.
Archieves of Environmental Contamination and Toxicology
43,236-243.

[8]

Vinodhini; R. and Narayanan, M. (2008) Bioaccumulation of
heavy metals in organs of freshwater fish Cyprinus carpio
(Common carp). Journal of Environmental Science and
Technology 5(2),179-182.

[9]

Stanizkiene, B., Matusevicius, P., Bodreckiene, R., Skibniewska, K.A. (2006) Distribution of heavy metals in tissues
of freshwater fish in Lithuania. Polish Journal of Environmental Studies 15(4),585-591.

[10] APHA (1985) Standart Methods for Examination of Water
and Wastewater. 16th ed. American Public Health Assosiciation, Washington, 1268P.

Cd
1.4
0.2
nd

[11] Authman, M. and Abbas, H. (2007) Accumulation and distribution of copper and zinc in both water and some vital tissues
of two fish species ( Tilapia zilii and Mugil cephalus ) of lake
qarun, Fayoum province, Egypt. Pakistan Journal of Biological Science 10(13),2106-2122.
[12] Aboul Ezz, A.S. and Abdel-Razek, S.E. (1991) Heavy metal
accumulation in the Tilapia nilotica L. and in the waters of
Lake Manzalah. Egypt. Journal Applied Science 6:37-52.

4 CONCLUSION
In conclusion, there was a clear difference between
the concentrations of heavy metals within muscle tissues
of fish. However, there was no rather clear difference for
some heavy metal levels between the comparable parameters, such as fish size and sex. Sometimes, smaller fish
showed higher concentrations of a metal, or bigger fish of
another metal. Heavy metal pollution affects not only
aquatic organisms, but also public health, as a result of
bioaccumulation in the food-chain.

[13] Wagner, A. and Boman, J. (2003) Biomonitoring of trace elements in muscle and liver tissue of freshwater fish. Spectrochimica Acta Part B-Atomic Spectroscopy 58,2215-2226.
[14] USEPA (2002) National Recommended Water Quality Criteria, Office of Water, 822-R-02-047
[15] Begum, A., Amin, M.N., Kaneco, S. and Ohta, K. (2005) Selected elemental composition of the muscle tissue of three
species of fish, Tilapia nilotica, Cirrhina mrigala and Clarius batrachus, from the freshwater Dhanmondi Lake in Bangladesh. Food Chemistry 93,439-447.
[16] Mol, S., Ozden, O., and Oymak, S.A. (2010) Trace metal
contents in fish species from Atatürk Dam Lake (Euphrates,
Turkey). Turkish Journal of Fisheries and Aquatic Sciences
10,209-213.
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DECOLOURIZATION AND REMOVAL OF PHENOL COMPOUNDS
FROM OLIVE MILL WASTEWATER BY O2/UV/NaBO2H2O2.3H2O
Mehmet Uğurlu*, M. Hamdi Karaoğlu and A. Imran Vaizoğullar
*

Department of Chemistry, Faculty of Science, Muğla Sıtkı Koçman University, Muğla 48000, Turkey.

ABSTRACT
The aim of this study was to evaluate the feasibility of
decolourization and removal of colour, phenol and lignin in
OMW by using O2/UV/NaBO2H2O2.3H2O. The operating
parameters were determined to find the suitable conditions
for the best removal, such as; sodium perborate dosage,
temperature, times, pH and effect of UV. From the experimental results, the photolytic degradation of color, lignin,
and phenol was favorable at pH 9-11.0. Optimum values
of sodium perborate and temperature were found to be
10gL-1 and 298K, respectively. In addition, the pseudo-first
order model was applied and r2 values were noted from
0.90 to 0.99. It can be said that this study proves the effectiveness of photolytic removal for highly concentrated
organic pollutants in OMW.

KEYWORDS: Olive mill wastewater (OMW), color, phenols,
lignin, sodium perborate

1 INTRODUCTION
Olive mill wastewater (OMW) generated by the olive
oil extracting industry is a major pollutant because of its
high organic load and the phytotoxic and antibacterial phenolic compounds which resist biological degradation. Mediterranean countries are mostly affected by this serious environmental problem, since they are responsible for 95% of
the worldwide olive-oil production [1-3].
There are many methods used for OMW treatment,
such as the one proposed by Kestioğlu et al. (2004) [4]
who studied the physico-chemical treatment and advanced
oxidation processes by means of ozone or Fenton’s reagent
in the presence and absence of UV radiation. They showed
that the same COD and total phenol removal efficiencies
(99% removal for both COD and total phenol) were found
to have been given by both H2O2/UV and O3/UV combinations. Another method was recently applied to the treatment of OMW and consists of the application of an integrated centrifugation-ultra filtration system [5] allowing
* Corresponding author

an efficient reduction of pollution and a selective separation of some useful product. Traditional physical and
chemical techniques, such as flocculation, coagulation,
filtration, lagoons of evaporation, the electrochemical
treatment of OMW and burning systems also solve the
problem, but only partially [1, 6, 7]. In addition, Oukılı et
al. (2001) [8] have investigated activated clay as adsorbents for removal of organic compounds from OMW, the
removal of phenolic compounds have also been investigated effectively by using lime [9]. Curi et al. (1980) [10]
have tested the treatment of OMW with a mixture of
aluminium sulfate and ferric chloride, calcium hydroxide
solution and also acidifying of the waste with hydrochloric
acid solution. They have determined the clarifying percent
of the wastewater. Calcium hydroxide and aluminium
sulphate have also been used besides magnesium sulphate
by Tsonis et al. (1989) [11]. They have reported that COD
value dropped to 20–30 % with calcium hydroxide, when
it was added until the pH of the waste reached 11. Several
biological studies have also been conducted to eliminate
the pollution effect of OMW [12] and the organic content
of OMW was oxidized using monopersulfuric acid [13].
Lallai et al. (2003) [14] have investigated the biodegradation of phenolic compounds by using aerobic microbial
cultures. As a result, there is no such economical and easy
solution for removal organic compounds from OMW.
Commonly applied method for removal of COD, color,
phenol and organic compounds from industrial effluents is
Advanced Oxidation Processes (AOPs). AOPs are related
to the formation of OH radicals, which will accelerate
the oxidative degradation of numerous organic compounds dissolved in wastewater. It has been found that
AOPs include several processes such as ultraviolet/ozone
(UV/O3), ultraviolet/hydrogen peroxide (UV/H2O2), and
ozone/ hydrogen peroxide (O3/H2O2) [4, 15, 16].
Hovewer, in addition to ozone and hydrogen peroxide
compounds, sodium perborate (NaBO2H2O2.3H2O) is the
source of active oxygen and is an effective bleach. In particular, in the detergent industry, its use as powder instead
of its aqueous form can be of great help for consumers,
chemists, and people working in related fields. In addition,
sodium perborate can be used as oxidizing substance instead of O3 or H2O2 to produce OH radical due to its low
cost.
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In the present study, it was aimed to investigate the
decolourization and removal of some organic compounds
(phenol, lignin) from OMW by using O2/UV/NaBO3. In
addition, there is no study reported in the literature related
to the use of UV and NaBO2H2O2.3H2O together in the
OMW treatment.
2 MATERIALS AND METHODS
2.1 Experimental setup and measurements

The wastewater under study was obtained from an olive oil producing plant (Muğla area of Turkey), which
uses a modern production process. No chemical additives
are used during the olive oil production. Photolytic experiments, by considering the studies in the literature, were
carried out in UV reactor equipped with water cooling
feature, magnetic stirrer and UV lamp (GPH846TL, 17 W,
254 nm). The scheme of the used reactor is shown in Fig. 1.
The contact time, temperature, initial pH, NaBO2H2O2.3H2O
amount and UV intensity were selected as experimental
parameters. The pH of the solution was adjusted with
0.1M NaOH or 0.1 MHCl solution by using a pHmeter
equipped with a combined electrode. Analytical grade
sodium perborate and alkali lignin (Aldrich) were used.
Lignin sample was named as pure lignin, latter. At the end
of the experiment, the solution was centrifuged for 15 min
at 3000 rpm and the concentrations of phenol, lignin, and
color changes were determined spectrophotometrically. In
addition, all experiments were run at least twice.

FIGURE 1 - Appearance schematic of UV reactor used for the
experimental studies.
2.2 Determination of color changes

OMW was put into the Dr. Lange spectro-photometer
and maximum wave length in the visible area and absorbance intensity were determined to be 420 nm and 4.0, respectively. Then, color changes were investigated at this
wavelength and the color removal (%) was calculated
using the following expression.
Color Rem (%):

Aλo (crudeOMW ) − Aλ (treated )
x100
Aλo (crudeOMW )

2.3 Lignin and phenol measurement

APHA Standard Methods were used for the measurements of lignin and phenol in OMW [17]. The concentration of lignin and lignin degradation compounds were
determined by analysis of the developed color resulting
from the reaction of phenol with 4-aminoantipyrine and
from the reaction of lignin with folin phenol reagent
(tungstophosphoric and molybdophosphoric acid) at λmax
700 nm, respectively. The concentrations of phenol were
determined by analyzing the developed color resulting
from the reaction of phenol with 4-aminoantipyrine at
λmax 500 nm [18].
The rate expression of disappearance of phenol and
lignin was simplified as a pseudo-first order kinetic model
as follows [18].

In

Co
= kobst
Ct

where kobs denotes a pseudo-first order kinetic constant, Co is concentration before irradiation and Ct is concentration after irradiation for time t.
3 RESULTS AND DISCUSSION
3.1 Effect of temperature

The effect of temperature on the removal of color,
phenol and lignin was analyzed and the results obtained
are plotted in Figs 2-4. When the temperature effect were
investigated, it was observed that with the increasing
temperature, the speed of removal was initially fast, then
the increase slowed down and reached to peak at the end
of the 8th hour. The color removal was realized at 308 K
(90 %). Moreover, when the speed constants of the temperatures were examined, it was seen that there is a
maximum value of 29x10-4 min-1 for 308 K and there
value is a reduction (21x10-4 min-1) for 318 K (Table 1).
This may be because there is a partial evaporation in the
reactor at high temperatures, particles in OMW dissolve
more at this temperature and the lignin compounds present in the medium dissolve more into colorful compounds.
Lignin is a biopolymer which is synthesized and
stored in plant cell walls together with cellulose and
hemicelluloses which serve the function of making the
root and stem mechanically strong and hard. It serves the
function of a physical and chemical barrier against biodegrading systems. The high extent of the change taking
place in color indicates that the above-mentioned compounds have been considerably degraded and dissolved
into different compounds. In order to analyze this better,
and to see the changes taking place in lignin and phenolic
compounds, the changes taking place in phenol and lignin
concentrations under the same conditions were analyzed.
The results obtained for phenol and lignin are plotted in
Figs 3 and 4, respectively.
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FIGURE 2 - The changes of color due to temperature and times (pH:5. NaBO2H2O2.3H2O:10 g L-1. O2:1,5Lmin-1. UV intensity:17W)
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FIGURE 3 - The changes of degradation amount of phenol(a) and raw lignin(b) concentration due to temperature and times (pH:5.5,
NaBO2H2O2.3H2O: 10 g L-1. O2: 1,5 L min-1. UV intensity: 17 W)
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When the Fig 3 is examined, it is seen that while a
certain increase initially is observed in the gradient of phenol concentration, over time, there is a significant decrease
in C/Co value. Moreover, from the same figure, it is seen
that maximum phenol removal occurs at 308 K. In addition, at the beginning of the reaction, C/Co‘s having a
value bigger than 1 can be accounted for by dissolution of
the compounds with tannin and lignin primarily into phenolic compounds. In order to better understand this situation and monitor phenol conversion, experiments were
carried out under the same conditions but with pure lignin
(Fig 3b). As can be seen in Figure 3(b) with a decreasing
concentration of lignin, a remarkable increase in the amount
of phenolic compounds is observed and over time it turns to
a decrease. This leads us to think that in photolytic degradation, biopolymeric substances such as lignin and tannin
may primarily have turned into polyphenolic and then into
phenolic compounds. Lignin creates an important amount
of color pollution and organic loading in OMW [20]. For
the required purification of OMW to be realized, it is
necessary to remove lignin and similar bioplymeric substances from the medium.
The present study investigated lignin removal ratios
for sodium perborate and different temperatures (Fig 4).
With increasing temperature, lignin removal decreases
correspondingly (Fig. 4). While throughout the first eight
hour a fast removal was observed, after that time period, a
partial decrease was observed in removal. Moreover,
maximum removal was achieved at 308 K with 80 %.
Lower level of removal at 318 K and relatively lower
speed constant can be associated with the evaporation in
the reactor at that temperature and dissolution of colloidal
particles in OMW. In literature, it has been reported that
peroxidiborat salts undergo fast hydrolyzation in aqueous
medium and produce tetrahidroksi borat anions and significant amount of hydrogen peroxide [8]. In another study,

it was shown that in catalytic reactions, organic substances
can be removed to a great extent with UV and H2O2, and
particularly in pesticide derivatives, high efficiency is obtained [21]. In high temperatures, removal is high and this
makes us think that organic matters in OMW may have
been oxidized to carboxylic acids as a result of photolytic
reactions and particularly inorganic forms may have been
abundant and these matters over time may have been
oxidized to be steadier compounds, CO2 and H2O.
3.2 Effect of NaBO2H2O2.3H2O

In the present study, by considering the bleaching effect of sodium perborate, color, phenol and lignin removal
was investigated at different perborate ratios. The results
obtained in relation to time were plotted in Figs 5-7 respectively.
There was an increase over time in OMW color removal depending on perborate amount (Fig. 5). Up to the
first 400 minutes, a fast increase was observed, but after
that point, there was a decrease observed in the speed of
removal over time. Maximum color removal obtained at the
end of 24 hours for 5 g L-1 is 60 %, for 10 g L-1, it is 70 %
and for 20 g L-1, it is 90 %. Moreover, depending on the
amount of perborate, the changes taking place in the removal speed constant were investigated. While the amount
of perborate was changed from 5 g L-1 to 10 g L-1, significant increase was observed in k value, there was not much
change observed at 20 g L-1 and it showed a tendency of
reaching equilibrium (Table 1). When the changes taking
place in the amount of sodium perborate and phenol concentration gradient were investigated, similar to the former parameters, there was initially a significant decrease
(Figure, 6). As stated before, this may be related to the
possibility that lignin and other bioplymeric substances
may have been converted into phenole. Depending on the
increasing time, C/Co value (nearly 100 min. later) reached
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FIGURE 4 - The changes of degradation amount of lignin due to temperature and times (pH:5.5, NaBO2H2O2.3H2O: 10 gL-1. O2:1,5 L min-1.
UV intensity:17 W)
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FIGURE 5 - The changes of degradation amount of colour due to amount of NaBO2H2O2.3H2O and times (pH:5.5, 298 K, O2:1,5 L min-1. UV
intensity:17 W)
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FIGURE 6 - The changes of degradation amount of phenol due to amount of NaBO2H2O2.3H2O and times (pH: 5.5, 298 K, O2:1,5 L min-1.
UV intensity: 17 W)

the starting point (C/Co:1.0) and then decrease was observed. Moreover, maximum phenol removal was achieved
at 20 g L-1 perborate concentration. The changes taking
place in constants of reaction speed between the amount of
perborate and phenol removal are plotted in Figure 6 (b).
When this figure is examined, it is seen that while the
results obtained when 5.0 g L-1 and 10 g L-1 are used are
close to each other, at 20 g L-1 this value is considerably
higher.
Changes taking place in lignin concentration gradient
in OMW depending on the amount of perborate are presented in Figure 7. When Figure 7 is examined, it is seen
that there was a decrease over time in C/Co value depend-

ing on perborate amount. The fact that there is a high
level of removal at high perborate levels can be associated
with large amount of hydroxide coming into being in the
medium. In the literature, it has been reported that OH
which exists in the medium at certain amounts can be
adsorbed into solid and other polymeric molecules and
then effectively be distributed to the surface and lead to
the formation of serial chain reactions [4]. By using UV,
UV/H2O2 processes together or separately, it was found
that H2O2 concentration has an important role to play in
the photo catalytic color removal in industrial waste waters and based on this compound, hydroxyl radical come
into being and they carry out a series of radical reactions
in organic compounds [22-24].
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FIGURE 7 - The changes of degradation amount of lignin due to amount of NaBO2H2O2.3H2O and times (pH:5.5, 298K, O2:1,5 L min-1, UV
intensity:17 W)

3.3 Effect of UV

It has been investigated that sodium perborate and
UV at different intensities are used together. For this purpose, first, UV reactor with one lamp and then with 2 and
4 lamps were used to develop photolytic experiments.
Changes observed in color, phenol and lignin values over
time were analyzed and they were plotted in Figures 8-10
respectively. When figure 8 is examined, it is seen that
when only one lamp is used, there is nearly 50-55 % color
removal in OMW, when two lamps are used, this becomes
nearly % 60 and when 4 four lamps are used, it becomes
95 % at the end 24 four-hour period.
In the literature, it has been reported that fast movements of molecules located under UV may lead to innumerable collisions among the reactants and as a result of

this, the molecules undergo a certain extent of strain and
organic molecules and in particular, phenolic compounds
may disintegrate more in UV/ oxidant medium [25]. In the
present study, with increasing UV intensity, color removal
increases remarkably and as mentioned above, this may
be associated with transformation of bioplymeric substances
into substances with low molecules such as lignin and
tannin. When the changes taking place in C/Co value over
time depending on the effect of UV were examined, it
was seen that for a certain amount of time at the beginning of the reaction C/C o<1.0, yet when one lamp was
used, it was seen that at the end of 300-minute time period, it reached its initial concentration (C/Co:1.0). However, after that time, there was an increase observed in C/Co
value and then it reached to a plateau (Fig. 9).
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FIGURE 8 - The changes of degradation amount of colour due to amount of UV intensity and times (pH: 5.5, 298 K, O2:1,5 L min-1.
NaBO2H2O2.3H2O:10 g L-1)
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FIGURE 9 - The changes of degradation amount of phenol due to UV intensity and times (pH: 5.5, 298 K, O2: 1,5 L min-1 NaBO2H2O2.3H2O:10 g L-1)
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FIGURE 10 - The changes of degradation amount of lignin due to UV intensity and times (pH:5.5, 298K, O2:1,5 L min-1, NaBO2H2O2.3H2O:10 g L-1)

On the other hand, in the experiments where two and
four lamps were used in a similar manner, initially there
was a remarkable increase in C/Co value, and then over
time this increase was followed by notable decreases in
C/Co values. This can be associated with the assumption
that with the increasing intensity of UV, bioplymeric compounds were converted more into phenolic compounds.
Moreover, with the same experimental parameters for lignin, while C/Co value was 0.10 (% 90) (Figure 10), for
phenol removal, C/Co value was 0.60 and this can be explained with the possibility that at high UV, more phenolic compounds were released into the medium as a result
of lignin disintegration.

3.4 Effect of pH

The effect of pH to better observe, OMW samples
with different initial pHs were generated by using diluted
HCl and NaOH solutions and color, phenol and lignin
removal are plotted in Figures 11-13, respectively.
When Figure 11 is examined, it is seen that in general
color removal is closely dependent on solution pH. Particularly, at natural pH (5.5), it is observed that color removal is realized at 75 %. Moreover, when the relationship
between initial pH and speed constant is analyzed, it is seen
that maximum speed constant is at pH 5.0, 26 x10-4 (min-1)
(Table 1).
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FIGURE 11 - The changes of degradation amount of colour due to pH and times (298K, O2: 1,5 Lmin-1. NaBO2H2O2.3H2O:10 g L-1, UV
intensity: 17 W)

TABLE 1 - Effect of temperature, NaBO2H2O2.3H2O amount,
UV ıntensity and pH on the kinetics of colour, phenol and lignin removal
Color

Lignin

kx10-4(min-1)

r2

Phenol
kx10-4(min-1)

r2

kx10-4(min-1)

r2

298

26

0.95

2.0

0.95

13

0.98

308

29

0.94

3.0

0.96

23

0.91

318

27

0.91

7.0

0.98

21

0.92

Parameter
Temp.(K)

NaBO2H2O2.3H2O:10 (gL-1)
5.0

9

0.83

2

0.99

8

0.93

10.0

26

0.95

3

0.92

14

0.98

20.0

29

0.96

7

0.90

28

0.97

6

0.98

UV Intensity (watt)
17

4

0.99

2

0.90

34

5

0.99

5

0.99

9

0.99

68

6

0.90

6

0.90

10

0.96

3.0

21

0,97

6

0.98

15

0.93

5.0

26

0.96

8

0.98

14

0.98

7.0

14

0.97

13

0.98

28

0.97

9.0

17

0.95

15

0.91

34

0.97

11.0

13

0.96

5

0.96

31

0.96

pH

This indicates that organic and inorganic matters present in OMW form colorful compounds at different pHs
and as a result, pollution is removed to a certain extent yet
color remains the same. Moreover, at high pH, a great
amount of color removal is observed and this may be because carboxylic compounds occurring in photolytic process were converted into saponified products having col-

loidal characteristics in alkali medium. At high pHs, remarkable cloudiness and coloring were observed and this
may have resulted from this hydrolysis and other compounds. In OMW, there is a great amount of polyphenolic
matters, and these are the compounds which must not be
present in waste waters and potable waters. The present
study looked at the extent to which phenolic compounds

771

© by PSP Volume 22 – No 3. 2013

Fresenius Environmental Bulletin

can be removed through photolytic processes depending on
solution pH. At the end of the study, the changes taking
place at C/Co value for phenol are plotted in Figure 12.
When Figure 12 is examined, it is seen that at all pH
intervals, remarkable phenol removal is realized. Yet, at
the beginning of the reaction, an increase was observed
in phenol concentration gradient, and at the end of about
250 minutes, the same initial concentration was reached at
all pH values and at pH: 9.0, maximum removal was
achieved. Similar situation was observed for lignin, and
when figure 13 is examined, it is seen that especially in
the first 6 hours, remarkable decrease occurred and then
this decrease gradually decreased. This can be accounted

for by the existence of great amount of OH- ions present at
high pH (pH:9.0).
In similar studies investigating photolytic removal in
textile waste waters, it was reported that in alkali mediums, OH- ions were converted more into OH• radicals and
this may increase the radicalic reactions [26-27]. In another study investigating demineralization and color removal by using UV/H2O2, it was reported that at pH 7-9,
color removal increased steadily and when pH became
<5.0, decrease was observed [28, 29]. In the same study,
it was reported that at pH<5.0 -pH >9.0, performance of
photolytic removal of waste waters can be much higher.
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FIGURE 12 - The changes of degradation amount of phenol due to pH and times (298K, O 2 :1,5 Lmin -1 . NaBO 2 H 2 O 2 .3H 2 O:10gL -1 , UV
intensity: 17 W)
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FIGURE 13 - The changes of degradation amount of lignin due to pH and times (298K, O 2 : 1,5 Lmin -1 . NaBO 2 H 2 O 2 .3H 2 O: 10 gL -1 , UV
intensity: 17 W)
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FIGURE 14 - The changes of degradation amount of color (a), phenol (b) and lignin (c) due to different parameter times (298K, O2: 1,5 L min-1,
NaBO2H2O2.3H2O: 10 g L-1, UV intensity:17 W)

3.5 Effect of O2, O2/UV, O2/NaBO2H2O and O2/UV/NaBO2H2O

It is expected that when O2, UV, NaBO2H2O compounds are used together or alone, the reaction differenti-

ates, which influences the degradation. With the aim of
concretizing this situation, the experiments were carried out
in certain conditions by using O2, O2/UV, O2/NaBO2H2O
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and O2/UV/NaBO2H2O. Changes in color removal, phenol
and lignin concentration gradient are shown in Fig. 14.
When Fig. 14 is analyzed, it is observed that while a
small significant colour and phenol degradation occurred
through O2 and O2/UV, a high amount of degradation was
procured through O2/NaBO2H2O2 and O2/UV/NaBO2H2O2.
In addition, colour, phenol and lignin degradations are
closely related with the existence of NaBO 2 H 2 O 2 .
NaBO 2H 2O 2 compounds are good peroxide source and
produces OH radicals in aqueous abundant. In similar
studies, it was reported that in the process of black water
purification performed with H2O2 and clay, polyphenols
were removed to 95% with H2O2 [23].
4 CONCLUSIONS
The photolytic effect of NaBO2H2O2.3H2O has been
investigated as oxidation compounds for removal of color,
phenol, and lignin from OMW. The degradation of OMW
was facilitated by the presence of 308K, high pH, and
NaBO2H2O2.3H2O amount (10gL-1) combined with UV
intensity. The degradation of phenol and lignin was favorable at pH 9.0, color degradation was observed in acidic
conditions (pH<5.0 and pH>3.0). The optimum conditions
for removal of color, phenol and lignin were found to be
time of 10h, temperature of 308 K, UV power of 34 W, pH
of 9 and NaBO2H2O2.3H2O of 20 gL-1, respectively. From
experimental results, it can be said that this study proves
the effectiveness of photolytic removal for highly concentrated organic pollutants present in OMW.
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KINETIC INVESTIGATION AND SURFACE COMPLEXATION
MODELING OF Cd(II) ADSORPTION ONTO FELDSPAR
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ABSTRACT
The aim of this study is to determine the feldspar adsorption kinetics and isotherm of Cd(II) and to model the
adsorption data with the aid of a metal-surface binary complexation approach. The adsorption of Cd(II) ion onto feldspar was approximated using a triple-site model by the aid
of the FITEQL 3.2 computer program calculating the relative distribution of surface species. Experiments were carried out at I=0.1 ionic strength using an inert electrolyte
(NaClO4). Of the three metal-binding surface sites of feldspar, it was assumed that (K,Na,Ca,Mg)X represents ion
exchangable negative-charged sites, ≡S1OH silanol groups,
and ≡S2OH pH-dependent aluminol groups. Metal hydrolysis was neglected under the experimental conditions employed, and Cd(II) was assumed to bind to the clay surface
as the sole Cd2+ cation. The equilibrium constants of the
reactions between Cd(II) ion and the surface sites were
calculated using FITEQL 3.2. Cd(II) adsorption on feldspar
showed Langmuiran character and pseudo-first order kinetics. The maximum adsorption capacity of feldspar for
Cd(II) ions was found as 1.29 mg metal ion/g adsorbent.
The results of this study are believed to facilitate the solution of environmental problems like metal ion migration
and adsorptive treatment by clay minerals.

KEYWORDS:
Cadmium(II), feldspar, adsorption, modeling, FITEQL

sible adsorption mechanisms comprise metal, ligand or
metal complex adsorption onto sorbents via surface complexation, electrostatic and hydrophobic interactions or ion
exchange [5-10].
In the aluminosilicate mineral orthoclase feldspar, every
fourth tetrahedron has a trivalent Al rather than a tetravalent
Si atom at its center, therefore an extra electron (donated by
potassium) is needed to preserve the octet structure of the
network. Thus for every Al atom in the middle of a tetrahedron of O atoms, there is a K+ ion nearby. Since these networks are negatively charged, they must also accommodate
positive ions as K+, Na+, Mg2+, Ca2+ [11].
Various low-cost and high-affinity sorbents have been
previously used for adsorptive metal retention [12-15]. As
opposed to semi-empirical isotherms, surface complexation
models could better explain adsorption data by assuming
the formation of covalent and ionic surface-metal complexes [16-18]. Differences between these models arise
from the description of the electrical double layer at the
solid-liquid interface. The simplest surface complexation
model is a non-electrostatic one, excluding the electrostatic
correction terms from the mass law equation [19-22].
In this study, Cd(II) adsorption on feldspar was kinetically investigated and modeled using inner- and outersphere complexation with a triple-site model. The equilibrium constants of the complexation reactions between Cd(II)
and surface sites (i.e. (K,Na,Ca,Mg)X, ≡S1OH and ≡S2OH)
and total molar concentrations of surface species were
calculated by the aid of FITEQL3.2 program.

1 INTRODUCTION
Cadmium occurs naturally in the environment by erosion of rocks and soils, and enters the environment via
wastes from various industries such as electroplating, cadmium-nickel batteries, pigments/dyes or textile operations.
Since Cd(II) is highly toxic to humans, plants and animals,
the treatment of Cd(II)-contaminated water is a major research area [1-4]. Adsorption, being a common water treatment process, has not been fully elucidated because of
complex interactions at the sorbent-solution interface. Pos* Corresponding author

2 MATERIALS and METHODS
2.1 Characterization and Preparation of Adsorbent

The feldspar used in experiments was supplied by
KALEMADEN Company (from Çan-Çanakkale). The
chemical analysis of dried adsorbent showed the following
weight percentages of constituents: SiO2: 70.04%, Al2O3:
17.02%, TiO2: 0.07%, Fe2O3: 0.39%, CaO: 0.29%, MgO:
0.47%, Na2O: 2.48%, K2O: 8.6%. Feldspar was washed
with 20% (by wt.) HNO3 and 1 M NaOH, then washed with
distilled water until the eluate was neutral. BET/N2 surface area measurement (Quantachrome (Monosorb) BET
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surface Analyser) and XRD characterization (PAN analytical X' Pert Pro) of the sorbent were performed.
2.2 Potentiometric Titration of Feldspar Suspension

The potentiometric titration of the feldspar suspension
was carried out in a borosilicate reaction vessel at room
temperature under nitrogen atmosphere. After equilibrating
at its natural pH overnight, the clay suspension was titrated
at a solid-to-liquid ratio of 1:10 (i.e. 10 g /100 mL) in
inert electrolyte solutions at 0.1 M and 0.005 M NaClO4.
Titration was carried out with the aid of an ABU 91 Autoburette Radiometer automatic titrator using standard titrants
as 0.1 N HNO3 and 0.1 N NaOH solutions. After each
addition of acid or base, the pH was allowed to stabilize
until the pH drift was less than 0.01 pH unit per minute.
2.3 Adsorption Isotherm Experiments for Cd(II) ions

Working solutions of Cd(II) were prepared just before
adsorption experiments using a 1000 ppm metal cation
stock solution (prepared from Cd(NO3)2 in 1% HNO3
aqueous medium) so that the metal ion concentrations in
final solution varied between 10 and 300 ppm (mg L-1).
Clay masses of 0.5 g were dispersed in 25 mL of Cd(II)
solution so as to maintain a solid/liquid ratio of 20 g/L,
and contacted batchwise in a shaker (Nüve ST 402) for 4 h
at 25 0C without adding acid or base. All experiments were
carried out in 0.1 M NaClO4 aqueous medium so as to
compensate for any change in ionic strength. After filtering
the equilibrated dispersion, Cd(II) concentrations in the filtrate were measured with a flame atomic absorption spectrometer (Varian SpectrAA 220/FS AAS). The equilibrium
pH of each sample was measured with a pH-meter (Orion
410A+) equipped with a glass electrode calibrated with
standard buffers.

As unhydrolyzed metal ion sorption was to be studied,
the critical pH of cadmium hydroxide precipitation (pH*)
should be calculated for each given total Cd(II) concentration. Using pH* versus pMt (Mt = total metal concentration
that can exist in aqueous solution in equilibrium with the
solid hydroxide: M(OH)2(s)) linear curves, limiting pHs of
solubility for varying initial Cd(II) concentrations were
calculated, and adsorption experiments were carried out
below these predetermined pH values [23].
2.4 Measurements of Adsorption Kinetics

Kinetic experiments were carried out for the purpose
of determining the effect of contact time on Cd(II) adsorption. Feldspar suspensions at 20 g/L solid-to-liquid
ratio were reacted with 50 ppm Cd(II) in 0.1 M NaClO4
aqueous solution at fixed pH for different contact time
periods (i.e. 1, 2, 3, 4, 6, 8, 12 and 24 h). Equilibrium
Cd(II) concentration and pH were measured in the filtrate.
2.5 Adsorption Experiments at Different pH

A Cd(II) solution at 10 ppm was treated with feldspar
maintaining a solid/liquid ratio of 100 g/L in the presence
of 0.1 M NaClO4 on a rotator (Snijders) for 15 h at 25 0C.
The pH of samples were adjusted to a range of 4.5<pH<9
using 20% (by wt.) HNO3 and 1 M NaOH. After 15 h, suspensions were filtered, and the equilibrium pH and Cd(II)
concentrations were measured in the filtrates.
3 RESULTS and DISCUSSION
3.1 Results of BET, XRD and Potentiometric Titration Experiments

The BET surface area of feldspar sample was found
as 1.083 m 2 g-1. The adsorbent was identified to consist

FIGURE 1a - XRD spectrum of feldspar sample
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mainly of K-feldspar in form of orthoclase by XRD data
(Fig.1 a), also including Na-feldspar and quartz as a minor
components. As seen in Fig. 1 b, in acidimetric-alkalimetric
titration, there is a significant resistance against pH change
during acid addition (negative abscissa values). This region arises from the permanent negative charges of alkali
feldspar. Because of the relatively high proton concentration at lower pH, the negatively-charged surface sites and
Ca2+, Mg2+, Na+ and K+ binding sites (X-, X2-) were occupied with H+. During base addition, stepwise replacement of
these protonated sites with Na+ ions causes the occurrence of
a pH-resistant region on the titration curve (Fig. 1 b). On the
other hand, neutralization of alumina surfaces (≡S2OH) takes
place at pH > 6.Silica surfaces (≡S1OH) which are known
to have a zero point of charge (zpc) of nearly 2 cause the
feldspar surface to show a strong acidic character at lower
inert electrolyte concentrations. At higher ionic strength,
these negatively-charged surfaces were already occupied
with Na+, so added NaOH solution reacted only with
surface acidic groups.

feldspar for Cd(II) was calculated as 1.29 mg g-1 using a
linearized Langmuir equation.
TABLE 1 - Critical pH (pH*) for bulk precipitation of the metal
hydroxide
Equation
pMt = 2.2 pH -15.276
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FIGURE 2 - QE vs CE isotherm curve of Cd(II) adsorption on feldspar (pH=5.3, [NaClO4]= 0.1 M, Solid/Liquid Ratio: 20 g/L)
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3.3 Adsorption Kinetics

5

As seen in Fig. 3, Cd(II) adsorption developed rapidly
at the start, and most of the Cd(II) was adsorbed within
the first 1-2 hours. The possibility of adsorption data to
follow Lagergren pseudo-first order kinetics is given by;

4
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FIGURE 1b - Acidimetric and alkalimetric potentiometric titration of
feldspar sample (CA=0.1 N, CB= 0.1 N, [NaClO4]= 0.1 and 0.005 M,
Solid/Liquid Ratio: 100 g/L, negative values show mL of added acid)

3.2 Results of Adsorption Isotherm Experiments at Fixed pH

To prevent hydrolytic metal ion precipitation, total
Cd(II) initial concentrations (Mt) in adsorption experiments
were kept below the limiting values calculated for working pH (Table 1) [23]. CE vs QE curves drawn using the
data from isotherm experiments (at fixed pH and different
initial metal ion concentrations) (Fig. 2) showed that Cd(II)
adsorption on feldspar essentially showed Langmuiran character (i.e. displaying a higher correlation coefficient than the
Freundlich equation in the corresponding linearized form,
depicted in Table 2). The maximum adsorption capacity of

dQ =

k1 (QE-Qt)

(1)
dt
where k1 is the first order rate constant, t is the contact time (min), QE is the adsorbed amount of Cd(II) at
equilibrium, and Qt is the adsorbed amount of Cd(II) at
time t. By integrating Eq. 1, the kinetic rate equation becomes:
Log (QE-Qt) = Log QE- k1 t / 2.303
(2)
The rate constant (k1) can be calculated from the
slope of the plot between Log (QE-Qt) and t.
A pseudo-second order model proposed by Ho and
McKay [18] can be used to explain the sorption kinetics.
This model can be expressed with the equations 3 and 4:
k2 (QE-Qt)2
dQ =
(3)
dt

TABLE 2 - Langmuir and Freundlich parameters calculated from linearized equations for Cd(II) adsorption on feldspar
Langmuir Parameters
Equation
y=0.774x + 16.429

Freundlich Parameters

Qmax
(mg Cd(II) / g feldspar)
1.29

R

2

0.996
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Equation

R2

y=0.455x – 0.857

0.970
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TABLE 3 - Rate constants calculated from linearized pseudo-first and -second order kinetic equations and regression coefficients of linearized equations
pseudo-first order kinetic parameters
k1
QE, (mg/g)

Equation
y= -0.005x + 0.025

dQt =

0.011

1.059

pseudo-second order kinetic parameters
k2
QE, (mg/g)

R2
0.999

k2 dt

Equation
y=0.373x – 197.79

(4)

(QE-Qt)2

Integrating Eq. 4;
t
1
t
=
+
Qt
k 2Q E2
QE

0.003

R2
0.850

surface sites and positively charged Cd2+, but results found
by the aid of FITEQL3.2 program support the argument
that chemical adsorption takes place as interaction between
the neutral surface sites and unhydrolyzed metal ion.
100

(5)

90
80

A plot of t/Qt vs t gives the values of k2 and QE (mg/g)
[17,18].
Cd(II) adsorption on feldspar showed pseudo-first order kinetics, as is apparent from the much higher correlation coefficient (R2) close to 1 (Table 3).
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FIGURE 4 - Adsorption percentage vs pH curve for Cd(II) retention by feldspar (C0= 10 ppm, [NaClO4]= 0.1 M, Solid/Liquid
Ratio: 100 g/L)
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3.5 Modeling of Cd(II) - Surface Complexation

0.2

Surface binding constants (as Log K) and molar concentration of surface hydroxyl groups were calculated by
modeling of adsorption measured as a function of pH with
the aid of FITEQL 3.2 (Table 4). This program initially
assumed that basically Cd2+, CdOH+, and Cd2OH3+ species
should represent dissolved cadmium(II) species in aqueous
solution. The relevant equations for complexation equilibria and formation constants of metal-hydroxo complexes,
as extracted from the literature [21], are shown below.
Diffuse Layer Model (DLM) was used for the parameters
in the FITEQL program, because it gave better results than
Constant Capacitance Model (CCM) did.
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FIGURE 3 - The effect of contact time on Cd(II) adsorption by
feldspar (C0= 50 ppm, pH=5.3, [NaClO4]= 0.1 M, Solid/Liquid
Ratio: 20 g/L)
3.4 Results of pH-Dependent Adsorption Experiments

Fig. 4 shows Cd(II) adsorption on feldspar as a function
of pH in the range 4.5 < pH < 9. This is a smooth and distinctly S-shaped curve showing a steep rise in the 7<pH< 8
scale, meaning that adsorption does not involve bulk precipitation of the metal hydroxide and that the adsorptive
retention of Cd(II) mostly occurs on just one type surface
site in the neutral region. Taking into account that alumina
has a higher zpc and maximum Cd(II) adsorption takes place
in the higher pH range, the surface site mainly responsible
for adsorption in this pH range should probably comprise
alumina groups. Cd(II) ion is in unhydrolyzed form in this
pH range (Table 1). In addition, this pH is high enough for
alumina surfaces to lose their protons and become negatively charged. As a result, adsorption may be expected to
occur as a result of interaction between negatively charged

Cd2+ + H2O
2Cd2+ + H2O

CdOH+ + H+

Logβ1 = -9.97

Cd2OH3+ + H+ Logβ2 = -8.40

Possible adsorption reactions regarding the retention
of unhydrolyzed metal ion (Cd2+) on the three distinct surface sites of the sorbent are shown below, where (K, Na,
Ca, Mg)X sites represent cation exchangeable permanentcharged sites of feldspar. Alumina and silica units of feldspar preserve the octet structure of the network by transfering O atoms, so negatively charged sites arise in the halls
between alumina and silica units (Fig. 5). Alkali and alkaline earth metal cations such as K+, Na+, Ca2+, and Mg2+ can
be placed in these spaces, giving rise to ion exchangeable
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TABLE 4 - Stability constants (Log K) of surface complexes and molar concentrations of surface hydroxyl groups calculated by the aid of
FITEQL3.2
Log K values of reactions
between surface and Cd(II)
S1OCd+
-1.76
S2OCd+
-5.63
CdX2
2.77

Molar concentrations of
surface hydroxyl groups(TOH)
S1OH
9.8x10-3

WSOS/DF
2.79

exchangeable surface sites. In the presence of heavy metal
cations as Cd2+ or Cu2+, these cations exchange with alkali
and alkaline earth metal cations. As understood from the
chemical analysis of the dried sorbent, the feldspar sample has relatively high percentages of alkali and alkaline
earth metal oxides, therefore ion exchange reactions must
be taken into account when Cd(II) adsorption on feldspar
is modeled:
≡S1OH + Cd2+
≡S2OH + Cd2+
2 NaX + Cd2+

≡S1O Cd+ + H+
≡S2O Cd+ + H+
CdX2 + 2 Na+

9.9x10-3

S2OH

WSOS/DF

Number of
data
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8
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  %

100
90

exp.	
  datas

80

S1OCd	
  + 	
  

70

CdX2

60

S2OCd	
  + 	
  

50

calculated	
  datas

40
30

K1
K2
K3

20
10
0
3

4

5

6

pH 7

8

9

10

FIGURE 6 - Adsorption percentage vs pH curve for Cd(II)-feldspar
system, showing the contributions of FITEQL3.2−modeled surface
species to experimental adsorption data (C0= 10 ppm, [NaClO4]= 0.1
M, Solid/Liquid Ratio: 100 g/L)

4 CONCLUSION

FIGURE 5 - Structure of orthoclase feldspar (crystallized in monoclinal system)

As seen in Fig. 6 showing both experimental and modeled results, ≡S1OCd+ and CdX2 species are responsible for
Cd(II) retention at pH < 6.5, whereas above this pH, the sole
≡S2OCd+ species (i.e. Cd2+ complexed with alumina surface sites) is mainly responsible for adsorption. On the other
hand, the equilibrium constants of H+-releasing surface complexation reactions are relatively smaller than that of CdX2
formation (Table 4). Modeling shows that with increasing
pH, alumina groups become activated by losing their protons
and adsorb Cd(II) ions. As the sum of FITEQL−modeled
surface species precisely accounts for the experimentally
observed adsorption data over the whole pH region of interest (Fig. 6), cadmium sorption has been successfully explained as a sum of the binary ≡S1OCd+ and ≡S2OCd+
surface complexes together with CdX2 formation (Fig. 6).

Cd(II) adsorption on feldspar rapidly develops within
the first 1-2 h and shows pseudo-first order kinetics. The
permanent negative-charged sites are responsible for Cd adsorption (as the CdX2 adsorbed species) only at acidic pHs.
With increasing pH, silica and alumina surface sites of the
sorbent successively become dominant by losing their protons, and above pH 6.5, the sole ≡S2OCd+ species (i.e. Cd2+
complexed with alumina surface sites) is mainly responsible for adsorptive retention of Cd(II) on feldspar. Adsorption seems to result from the interaction between the sole
(unhydrolyzed) Cd2+ ion and the neutral surface sites plus
negatively charged surface sites. This interaction takes place
via formation of binary surface-metal inner-sphere complexes and of outer-sphere complexes between ion exchangeable X2- surface sites and Cd(II) ion. In terms of contaminant metal ion migration through soil layers with
groundwater movement and of heavy metal adsorptive
removal by natural adsorbents, the essentially complex problems of Cd(II) ion adsorption as a function of pH and metal
concentration from solutions containing unhydrolyzed metal
ions on feldspar has been described in simple terms, which
can clarify heavy metal mobility in the environment.
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BIOLOGICAL DIVERSITY AND ITS THREATS IN TURKEY
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ABSTRACT
Turkey is defined as “Rich” in terms of living species
because of its geographical location, suitable climatic conditions, and its diversity in habitats, wetlands, and landforms. However, a substantial portion of the country’s habitat area and related wildlife components are experiencing
significant adverse pressures due to a variety of factors,
chief among them: a rapid development period. This study
reports on a comprehensive and current assessment of Turkey’s extant biological diversity and its manifest threats.
The paper includes an investigation into a growing number
of emerging threats to the country’s biodiversity.

KEYWORDS: Biodiversity in Turkey, biological diversity threats,
climatic change, traffic and wildlife species

stark conclusion that the atmospheric proportion of CO2 is
increasing at a much higher rate than previously estimated,
supporting the notion of accelerating climatic change and
extinction in the so-called “hotspots” of biodiversity in
the world, and Turkey is considered to be a very important hotspot for biodiversity and its conservation [1520].
Researchers have also concluded that the earth’s temperature is approaching a consistent level that is similar to
how it is believed to have been in its early stages of formation. It is at that level that 95% of all plant and animal
species are threatened with extinction. Some of the articles make the case that four of the five major extinction
periods in history emerged when warm and wet greenhouse
conditions were existent. The most dramatic of these periods
occurred 251 million years ago, leading to the extinction of
95% of the earth’s animal and plant species. Current predictions estimate that "occurrence of such a similar period has
an intuitive probability, at worst, after only 1-2 generations”.
It is paramount that a solid relationship must be established between the earth’s temperature and species extinction, and that a solution must be identified as soon as
possible [3-5, 8, 11, 17].

1 BIOLOGICAL DIVERSITY
Biological diversity is, in short, diversity in life, or the
variety of living organisms. Organisms are terrestrial, marine or other aquatic forms, or in broad terms, the entirety of
species and habitat diversity on Earth. This richness, consisting of millions of animal species, including 1,000,000 defined insect species, and hundreds of thousands of plant
species, comprises the whole of biological diversity on Earth.
Despite its overwhelming importance, biological diversity is
facing tremendous threats around the globe. Anthropogenic
activity has played a critical role in the reduction of global
biological diversity. While there is variation in the type and
influence of human activity on biological diversity, the
end result is either extinction or degradation of species [114]. Global warming is perhaps one of the most relevant
and wide-ranging factors caused by human activity and
taking a toll on nature today. Recent studies came to the

2 BIOLOGICAL DIVERSITY AND TURKEY
It is possible to see European, Asian, Caucasian, Iranian and Arabian species within the boundaries of Turkey. There are depressed mountain forest ecosystems in
the Black Sea, Mediterranean and Aegean zones, and
suitable wetlands that provide habitats for many rare
water birds; and step-characterized grassland ecosystems
in the Central and Eastern Anatolian regions. Owing to all
these reasons, with its continental ecosystem integrity,
Turkey is one of the most important and unique natural
resource reserve areas of the Palearctic region, in terms of
biological diversity and resources. Turkey is viewed as
“important” in terms of biological diversity, not simply in
the Western Palearctic region, but around the globe [2026]. This statement is supported by current flora and fauna
sampling within the country’s borders. For example, with its
11,203 taxa and 3,708 endemic plant species (i.e. indige-
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nous to Turkey), the country maintains a continental characteristic [27, 28].
In so much as the conditions for plant species are
quite favorable, they are not very different for animals,
especially vertebrate species. There are 27 amphibian species, 123 reptile species, 527 bird species, and 170 mammal
species among the animal species currently recorded. These
numbers are equal to or higher than those observed across
the entire European continent. Despite the fact that this
richness is a source of great pride, particularly for scholars,
it also carries tremendous responsibility. Because all plant
and animal species, regardless of their status (native,
summer visitors, winter visitors, or transient), are not the
possession of anyone, they are a common treasure of
humanity, and genetic deposits that we should transfer to
subsequent generations. Thus, steps have been taken for
conserving species and their habitats by force of many
acceded international agreements and conventions. As a
consequence, many protected areas have been designated
National Parks, Natural Conservation Areas, Natural Parks,
Special Environmental Areas, Ramsar Sites, and Wildlife
Protection Areas. It should be emphasized that our natural
richness is not only realized and protected within artificial
borders. The whole of Turkey must be viewed as a living
area and all of the country’s biological richness must be
considered for protection [22, 26, 29-34]. A priority in
Turkey is to improve biophysical inventories at ecosystem,
species and genetic levels. This will be accomplished by
conducting biological inventories, based upon jurisdictional
priorities that take into consideration vulnerable, threatened
and endangered species and ecosystems, critical habitats,
little-studied taxonomic groups, taxonomic groups of
economic importance, areas of high diversity, and areas
where human development and disturbance are the most
significant topics [35-39].
3 WHY TURKEY IS A FORTUNATE COUNTRY
IN BIOLOGICAL DIVERSITY
The primary reasons for having a remarkable biological diversity in Turkey are provided below.

billions of birds, occur between the Western Palearctic
Region and the African continent. Some of the “Major
Bird Migration Routes” pass over Turkey. They are considered to be major in terms of both species richness (i.e.
the number of different species) and species abundance
(i.e. the numbers of individuals of each species). Those
routes used by smaller numbers of species and individuals
are so-called “Secondary Bird Migration Routes”. While
Major Migration Routes over Africa and Europe pass over
the Bosphorus Strait, the eastern Black Sea region, and
Hatay in south-east Turkey, Secondary Migration Routes
are spread over a much wider geographic area. In short, it is
possible to observe such migration routes or migrant bird
species throughout nearly all parts of Turkey [30, 40, 41].
In addition, there are other large-scale migrations in
the Turkey region during spring and autumn with:
“frontal migrations,” which are those exhibited by bird
species with small bodies and small wings, such as
quail (Coturnixcoturnix); and “migration shift” which
refers to uncommon migration routes and periods.
3.3 Climatic Conditions

Turkey’s geography is unique in that different climatic
conditions manifest concurrently, due to the country’s wide
surface area, geographic position, surrounding seas, inland
waters, various landforms, and very diverse vegetation
cover. Different climatic conditions found in Turkey include continental climate, temperate zone climate, hot and
cold climate, high desert climate, the Black Sea climate,
and the Marmara Sea climate [26, 31, 32].
3.4 Habitat Diversity

Turkey has numerous habitats that preserve or contribute in different ways to numerous species from coniferous and broad-leaved forests to arid and salty mountain
steppes and to high-mountain meadows, rich and widespread maquis formations, and delta ecosystems [26, 29,
32, 33].
3.5 Presence of Wetlands

3.2 Geography of Migration Routes

Among the multitude of habitats, perhaps most important are the wetlands that house and support biological
diversity in different ways. There are more than 400 large
and small, natural and artificial wetlands in Turkey. These
wetlands cover 4.5% (3.2 million ha) of Turkey’s surface
area. In addition to their domestic importance, these wetlands are internationally relevant as well. In addition,
there are seven drainage regions that involve 26 river
basins. There are 76 wetlands in Turkey that are in accordance with “Special Criteria for Waterfowls, and Fish
of the Ramsar Convention” having international importance [1, 26, 34, 42].

Turkey is located near the end of the south eastern
part of a wide area defined as the Western Palearctic Region, which lies southwest of the Ural Mountains, and
north of the Middle East and North Africa. Each spring and
autumn, large-scale regular bird migrations, populated by

The total area of these wetlands is approximately
1,300,000 ha. Of these areas, 72 have international importance in terms of waterfowls, four of them are noted
for their fish habitats, and 16 of them are noted for both
waterbirds and fish. In short, Turkey is the most important

3.1 Turkey’s Geographic Position

Turkey is in a very important geographic position. It
lies on both the Asian and European continents, and is
contiguous to Africa. In addition, this peninsular country
has water on three sides, comprising three seas as well as
the major waterways of the Dardanelles and the Bosporus
Straits. The prevailing climatic conditions, created by this
proximity to open water, have played a major role in
shaping Turkey’s biological diversity [11, 26, 30, 40].
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country of Europe and the Middle East in terms of wetlands.
4 BIOLOGICAL DIVERSITY
COMPONENTS OF TURKEY
4.1 Insects (Insecta)

Insects are the richest class of the Arthropods (Arthropoda phylum), in terms of number of species. To date,
more than 1 million of more than 1.5 million living species recorded on the earth belong to this most populous
class [43]. More than 80% of all living animal species are
insects. Compared with other species, these six-legged,
natural-armoured, exo-skeletal 3-pieced residents of the
"Insect Empire" have an advantage in terms of their number of species (known) and, in parallel, the number of individuals. Perhaps more interestingly, at the moment, there are
more insect species expected to be identified in the world
than those currently identified. According to some estimates, this number is between 10-30 million [44-46].
There are no reliable data on the number of insect species in Turkey. However, the estimated number of species is
somewhere between 25,000 and 80,000, and the number of
endemic species among these is more than 5,000 [1, 11].

not naturally found in Turkey, are also members of this
class. In addition, although there are very large numbers
of tortoises within the borders of Turkey, they are found
in much lower numbers in Europe, and are, therefore,
classified as "VU" (i.e. vulnerable) in the Red List. Moreover, the aquatic turtle species (Caretta caretta, Chelonia
mydas, Trionyx triunguis and Rafetus euphraticus) that are
at risk of extinction on a global scale, have important
breeding areas in our country (1, 28, 48-54].
4.5 Mammals (Mammalia)

The number of mammal species identified today is
4,500 [11, 15, 20,3 0, 32, 34, 55, 56], with more than
2,000 listed as rodents. Of the mammal species, 23% are
threatened. 172 mammal species of insectivores (Insectivora), rodents (Rodentia), bats (Chiroptera), hares (Lagomorpha), carnivores (Carnivora), ungulates (Artiodactyla), pinnipeds (Pinnipedia), as well as dolphin and whale
(Cetacea) groups have been recorded in Turkey [25, 30,
32].
5 THE CONSERVATION STATUS OF
FAUNAL COMPONENTS IN TURKEY

4.2 Fishes (Pisces)

Today, more than 30,000 fish species live in aquatic
environments, with the majority in marine environments.
Tropical regions are the richest areas with regard to
freshwater fish. The greatest numbers of freshwater fish
were found in Northeast Asia, North America and Africa,
respectively [28, 39, 47, 48].
Cartilaginous fish (Chondrichtyes) are represented by
64 species whereas the bony fishes (Osteichtyes) are represented by 363 species in the marine environments of Turkey. Likewise, 197 species and 12 subspecies of fish belonging to 15 orders and 29 families are identified inhabiting Turkish inland waters (lakes and rivers) [28-30, 32].

The most important part of the fauna components that
have been identified so far in Turkey has been the establishment of various different national and international
protection designations. For this purpose, the Bern Convention, European Red List prepared by IUCN, and Red
Data Book for Turkish Birds prepared [40, 41, 57, 60-62]
for the bird species recorded in Turkey, are used. The
results of the assessments made these above-mentioned
researchers are provided in Table 1.
6 FACTORS THREATENING
BIOLOGICAL DIVERSITY IN TURKEY

4.3 Amphibians (Amphibia)

Today, of the 6888 amphibian species identified in
the world, one-third (i.e. 2296) are threatened [48-51]. In
addition, 168 amphibian species are defined as “extinct”.
Among these, 34 species are “definitely” known to be extinct. However, the process of the disappearance of these
species has occurred since over 500 years. In contrast,
9 amphibian species, (i.e. 26%) of them have been eliminated in the period from 1980 to the present day. In other
words, extinction is accelerating rapidly. The remaining
134 species are defined as "potentially" extinct species
because of the fact that they have not been seen in recent
times. According to results of an analysis, 34 amphibian
taxa belonging to 27 species were identified in Turkey.
Among them, “endemic” species such as the Taurus Frog
(Rana holtzi) were also found [28, 50, 51].

Biological diversity is threatened by many factors in
Turkey. These factors can make an impact on their own, or
their effects may be increased through multiple interactions.

4.4 Reptiles (Reptilia)

The current number of municipalities in Turkey is
more than 2,000. In contrast, the number of municipalities
that have regular solid waste landfills is about 60. Solid

When reptiles are mentioned, turtles, agamas, lizards
and snakes come primarily to mind. Crocodiles, which are

6.1 Interventions to the Wetlands and Water Regime

Policies pertaining to the drying of wetlands, that
have long been applied in order to expand agricultural
land and to fight against malaria, have been abandoned
through Turkey’s participation in the Ramsar Convention.
However, there are still substantial wetland losses occurring because of drainage, retention of water that feeds the
system in dams, diversion of rivers, and lawless and excessive use of groundwater [32, 42].
6.2 Solid Wastes
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wastes generated by the remaining communities are being

discharged into seas, rivers and natural terrestrial habitats.

TABLE 1 - Terrestrial Faunal Components of Turkey and Conservation Designation.

Class
Amphibia
Reptilia
Aves
Mammalia
Total

Total
Number
of Species
27
121
527
172
847

NT
2
10
27
13
52

ERL
(IUCN)
VU
EN
4
4
4
8
9
3
11
5
28
20

BERN
App-II
12
38
326
62
438

App-III
15
83
190
38
326

Red Data Book for Turkish Bird Species [40-41]
Status
A.1.1 A.1.2
A.2
A.3
A.3.1
Total
2
95
101
94
37
Red Data Book for Turkish Bird Species [40-41]
Status
A.1.1 A.1.2
A.2
A.3
A.3.1
Total
2
95
101
94
37
Red Data Book for Turkish Bird Species [40-41]
Status
A.1.1 A.1.2
A.2
A.3
A.3.1
Total
2
95
101
94
37

DD
0
2
0
19
21

LC
15
83
477
123
698

CR
2
6
4
1
13

EW
--1

EX
--1

--

--

CHC
(2011-2012)
App-I
App-II
--102
-324
100
77
5
503
105

App-III
--31
7
38

A.4
23

A.5
27

A.6
36

A.7
17

B.1.2
24

B.2
11

B.3
19

B.3.1
4

B.4
7

B.5
3

B.6
10

B.7
2

A.4
23

A.5
27

A.6
36

A.7
17

B.1.2
24

B.2
11

B.3
19

B.3.1
4

B.4
7

B.5
3

B.6
10

B.7
2

A.4
23

A.5
27

A.6
36

A.7
17

B.1.2
24

B.2
11

B.3
19

B.3.1
4

B.4
7

B.5
3

B.6
10

B.7
2

Bern Convention [57]
APP-II: Absolutely Protected Species
APP-III: Protected Species
Status of IUCN (International Union for Conservation of Nature and Natural Resources) [60]
DD: Data Deficient; LC: Least Concern; NT: Near Threatened; VU: Vulnerable; EN: Endangered; CR: Critically Endangered; EW: Extinct in
Wild; EX: Extinct
CHC (Decisions of Central Hunting Commission):
APP-I: Wild Animals” Protected by the T.R. Ministry of Environment and Forestry [61, 62]
APP-II: Game Animals” Protected by Central Hunting Commission
APP-III: Game Animals Allowed to Be Hunted by Central Hunting Commission at Certain Periods
RDB (Red Data Book for Turkish Birds) [40, 41]:
A: Bird Species Breeding in Turkey, B: Winter Visitor or Transit Migrant Species
A.1.1: Extinct Natural Population
A.1.2: Under threat of extinction
A.2: Critically under threat of extinction
A.3: High Risk of Extinction
A.3.1: Decreasing Population
A.4: Low Threat of Extinction
A.5: No Threat of Extinction
A.6: Data deficient
A.7: Not Evaluated

6.3 Mining Activities

In the last 10 years, the number of mining licenses issued as a result of efforts to facilitate expansion of the
mining industry has exceeded 35,000. Among licensed
facilities, those in operation have constructed waste ponds,
and extracting gold by the use of cyanide is increasing
gradually. Turkey is not immune to the waste-pool mining
accidents that seem to be reported frequently around the
world. At the same time, almost irreversible damage is
occurring around the growing number of mines. As a
result, wildlife populating the areas around mines is being
harmed in different ways, and habitats are being destroyed.
In addition to losses that take place when a mine is in operation, a parallel challenge is realized when the deficiencies are
also observed during implementation of the rehabilitation
process, following the closure of mining operations.
6.4 Wind Energy and Risks

The renewable energy potential of Turkey is about
20%, and expected to increase to 24%. Turkey is ranked
as number-2 in Europe, in terms of wind potential, and

more than 1,000 turbines have been established in Turkey
[63, 64]. The number of wind power plants has shown a
significant increase in Turkey in the last 5 years. In an
area such as Turkey that is located on the most important
bird migration routes of the Palearctic region, poor choices
have been made in some instances regarding the placement
of wind turbines in bird and bat migratory routes. Unfortunately, there is little reliable data concerning bird and bat
losses resulting from turbines. According to 2011 data
obtained from the Organization of American Bird Conservation in the United States, between 10,000 and 40,000
birds are killed each year by wind power turbines; this
translates to approximately 2.19 losses per turbine per year
[63-65]. Careful environmental impact studies, carried out
before a project is implemented, are very important. Turbine
positioning, their number and arrangement, particularly in
areas sensitive to migration, is of critical importance. In the
United States and Europe, strict monitoring and control
processes are carried out while the turbine is in operation.
6.5 Highway-based Losses
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According to data obtained from the Republic of Turkey
State Highways (1 January, 2011), the number of motor
vehicles in the country had reached 16 million, and the
total length of roads in Turkey had reached 64,685 km. In
addition to the increase in divided roads, there have been
corresponding parallels in the quality of roads and elevated speed limits. As a result, the number of wild forms that
are affected adversely by traffic has visibly increased.
Rare or common wild forms of almost all vertebrate classes and domestic animals are suffering from traffic advances. Very little research in Turkey has been carried out
so far on this subject. Throughout 2011, these researchers
carried out an analysis of wild animals that were killed as
a result of interaction with traffic. The data was collected
over 25 different routes in the country, each with a total
distance of 20 km (i.e. 500 total km) (Table 2). Results of
recorded deaths obtained from this study are given below:
Numbers of Amphibians 1.037 x 365 = 378.687; Reptiles
1.816 x 365 = 662.840; Birds 4.800x 365 = 1.752.000;
Mammals 2.854 x 365 = 1.041.710, and for domestic
animals 4.540 x 365 = 1.657.282.
These figures are annual highway-based losses of
wild animals. The number of vehicles in Turkey with a
population of 74 million inhabitants is greater than the
number of vehicles in China with 1.3 billion inhabitants.
The ratio of highway-based losses of wild forms to vehicles is on the rise due to the increasingly intensive traffic.
In comparison, in England, where there are considerably
more vehicles on the roads, the annual number of bird
deaths is approximately 2.5 million [66]. However, this
figure is over 2.85 in Turkey. In the United States, the

number of private vehicles exceeds 250 million, yet the
number of birds that are adversely affected by traffic is in
the 60-80 million ranges. The estimated kill rate on U.S.
roads is 21 bird-km/year [67]. The Passeriformes order
has the highest mortality rate (NWCC). While in India
this figure is 44 Bird-km/year [68]; and in Australia 1,2
Bird-km/year [69], this figure is calculated as 59 individuals/km/year for wild animals and 27 Bird-km/year for
birds in Turkey. In brief, while Turkey lags considerably
behind in terms of the number of highways and vehicles,
the number of bird deaths that occur in a single year per
km is higher than the comparison countries, except India.
6.6 Electric Transmission Lines

Across Turkey, the length of electricity transmission
lines is increasing, in parallel with the number of energy
projects implemented. These structures pose an especially
potent threat to bird species. For example, in the U.S., 174
million birds die each year due to transmission lines.
Also, one study on birds of prey and transport lines in
Kazakhstan reported that the death rate was calculated to
be 7.6 individuals/km electric line/month [70]. In Spain’s
Donana National Park, 1200 birds and 400 birds of prey
die every year as a result of a 300-km electricity transmission line [71]. There have been no analyses carried out on
this issue in Turkey.
6.7 Air Traffic – Bird Interactions

There is also the issue of airports located on the major
migration routes in the south (Hatay), and the east (Erzurum) of Turkey. As in the case of Kahramanmaraş, airports

TABLE-2 - Interactions between traffic and wildlife species.
No

Route

Date

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

Çorum-Samsun
Adana-Mersin
Erzurum-İspir
Kirşehir-Kayseri
İstanbul-Kirklareli
Adana-K.Maraş
Kayseri-Yahyali
Erzurum-Oltu
Gümüşhane-Kelkit
Tokat-Almus
Gerede-Karabük
Şirnak-Cizre
Giresun-Bulancak
Gümüşhane-Kürtün
Erzincan-Üzümlü
Karabük-Yenice
Adana-Kozan
Balikesir-Sindirgi
Çanakkale-Ezine
Gerede-Kastamonu
Yalova-Çinarcik
Sivas-Divriği
Bursa-Bandirma
İzmir-Dikili
İstanbul-Çatalca

07.05.2011
28.04.2011
02.04.2011
15.03.2011
17.03.2011
27.04.2011
30.04.2011
06.04.2011
22.04.2011
05.06.2011
06.09.2011
12.04.2011
09.07.2011
09.04.2011
08.04.2011
10.04.2011
27.04.2011
10.05.2011
12.05.2011
29.05.2011
07.09.2011
15.09.2011
21.09.2011
07.10.2011
15.10.2011

25.

Distance
(Km)
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

Amphibia
-2
----1
----1
---1
1
-----1
1
--
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Reptilia
-1
-3
1
---1
1
--2
--1
1
---2
1
--

Aves
1
1
1
2
2
4
3
--1
3
2
-1
1
2
-1
3
2
4
-1
2
--

Mammalia
---1
1
-1
-1
1
-1
2
1
-2
1
1
3
1
2
1
1
-1

Domestic
Form
3
4
1
1
2
1
-1
-1
-1
3
--2
4
2
1
-2
-1
2
3
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500

8 (%9,87)

become areas of attraction for birds, which can both pose
a risk to flight safety and cause substantial losses to bird
populations, including rare birds.
6.8 Road Construction

Road construction is increasing gradually. In this
process, many species lose their established routes because
contractors ignore the environment and are not obligated to
conduct such activities as Environmental Impact Analyses.
Additionally, divided highways and motorways are increasingly creating a risk through habitat fragmentation.
6.9 Hydroelectric Power Plant (HEPP) Constructions

The most important detriments from HEPP projects,
which are currently experiencing accelerated growth, are
arising from investors not giving importance to the points
that they have committed to in the EIA process concerning
the reduction of environmental impacts. The ineffectiveness of oversight and the litigation process, in addition to a
complete lack of legal regulations on this subject, make it
difficult to mitigate environmental destruction. Moreover,
long transmission channels that are found within the scope
of a large number of HEPP regulators cause both habitat
loss and habitat fragmentation.
The brunt of such impacts are felt by freshwater wildlife near HEPP projects; yet, dams and other regulatory
bodies associated wıth these projects are also preventing
nutrients from being carried by rivers to the sea. The end
result has been a substantial reduction in marine fish populations.
6.10 Illegal Hunting and Plant Bulb Collection

Despite written measures and stricter punishments to
eradicate poaching, illegal hunting cannot be prevented.
Indeed, there is evidence of its gradual rise due to lack of
education and enforcement. Although hunting of bobcat
(Lynx lynx), caracal (Felis caracal) and brown bear (Ursus arctos) is prohibited, the frequency of harmful interactions between these species and local persons are
steadily increasing. In addition, illegal hunting pressure
on the Great Bustard (Otis tarda) and Houbara Bustard
(Chlamydotis undulata) are placing both these species in
the face of extinction.
Among the greatest threats to the survival of many
species are inadequate controls and insufficient legal enforcement resulting from the collection of the bulbs of
rare plant species. Despite the legal regulations, such as
the CITES, lack of support from rural residents has limited the success of these efforts.
6.11 Sources of Habitat Destruction

An important percentage of wild-life habitats in the
country are being devastated by a multitude of causes.
Among these reasons are investments of infrastructure and
tourism; removal of sand and gravel from wetland areas
and the stream beds that feed them; uncontrolled reed

14 (%17,2)

37 (%45,6)

22 (%27,1)

35

cutting and burning; excessive grazing; releasing of nonnative species to natural wetlands; challenges regarding
protected areas and management of natural habitats; land
speculations on coastal areas; second residence boom; pressures of seasonal changes in demography of local population
on biodiversity and habitats; discharging untreated domestic and industrial wastes to the seas; inability to activate the
country-wide institutional structure that inhibits environmental degradation; deficiencies in legislation leading to
loss of natural habitats which constitute the greatest threats
to biological diversity. In particular, the destruction of
coastal habitats leads to loss of many animal and plant
species inhabiting terrestrial and marine environments.
Since the 1980s, the incentives given for the tourism
sector have resulted in irreversible destruction of coastal
habitats (such as habitats of sea turtles and monk seals),
sand dunes, lagoons, coastal forests and the fertile agricultural land. Inadequate control mechanisms that regulate
fishing time and seasons in both inland waters and in seas
threaten the biological diversity in marine and freshwater
environments. Although currently prohibited, dynamite
fishing led to a serious decline of fish populations, especially
between 1950 and 1980. Similarly, the trawling technique
is still common and destructive. Incentives given to producers of fish feed in the 1980s affected biological diversity by
causing large-scale overfishing, particularly in the Black
Sea.
6.12 Negative Effects of Irrigation

As has occurred in the GAP project, as a result of
tremendous financial investment, unconscious and excessive irrigation are leading to vast agricultural areas becoming gradually salinized land. This situation results in
both a loss of efficiency in these areas as well as a loss of
local biological diversity.
6.13 Forest Destruction

Forests, as well as their other benefits, are among the
most important genetic resources. Increasing and varying
interventions in forest areas have also affected biological
diversity. Among these, deforestation for opening farms
or fields, being unable to resist to demands for tourism,
and forest fires are the major reasons [58-60]. One of the
most important phenomena leading to forest destruction is
the forest fire. Turkey is located in the Mediterranean climate zone. Forest fires are inevitable phenomena of this
zone. Each year, an average of 4 million hectares of forest
in the world burns, and an average of 550,000 ha forest
burns in the Mediterranean zone. The most at-risk region in
terms of fires in Turkey is the area from Hatay to Istanbul, through the Mediterranean and Aegean coastal regions. According to data obtained from the General Directorate of Forestry, the first-degree sensitive area to the
fire is 7,182,051 hectares, and the second-degree sensitive
area to the fire is 5,091,788 ha. Therefore, approximately
60% of our forests (12 million ha) are located in a very
fire-sensitive region. Between 2000 and 2009, there was a
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yearly average of 2091 fires in Turkey, with a total of
20,906 outbreaks. In Antalya alone, there has been an
annual average of 218 fires with a 10-year total of 2176
[61].
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6.14 Stubble Fires

Although they have been prohibited for several years,
stubble fires are being continued for such reasons as preparing a better seed bed; destroying weeds and pests; expediting the crop rotation process; and preventing bunging up
of drill and stubble shafts. Relevant institutions and organizations are hesitant to control and enforce stubble fire infractions. Thereby, this leads to the uneducated producer
continuing this practice. Organic matter which is already
less than 1% in the soil of Turkey, is rapidly disappearing
due to stubble fires contrasting with an increasing loss of
carbon and nitrogen which promote plant growth. When
300 kg of stem burns in one acre of land, 1.5 kg of pure
nitrogen is lost. To recover this amount, 7 kg fertilizer (ammonium sulfate) should be reintroduced to the land. This
brings about unhealthy accumulations in soil and groundwater. The temperature of upper layer of the 1-3 cm of
fertile soil rises from 50 to 75 °C through the burning of
stubble, and it leads to 70% of microorganisms to perish
[45]. One of the most important results of the stubble fires
is the generation of forest fires. In this case, many wild
animals inhabiting the field (birds, rabbits, foxes, jackals,
lizards, tortoises, snakes, etc.) leave their nests or die.
6.15 Other Losses

In addition to the losses emphasized herein, there are
some factors leading to loss of wildlife that have not been
observed or investigated yet. As an example, increasing
numbers of high-rise buildings and communication towers are resulting in a growing number of deaths of birds
and bats.
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