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PRELIMINARY SPAT SETTLEMENT OF FAN MUSSEL PINNA
NOBILIS LINNAEUS 1758 ON A MESH BAG COLLECTOR IN
KARANTINA ISLAND (EASTERN AEGEAN SEA, TURKEY)
Sefa Acarli1,*, Aynur Lök2 and Deniz Acarli1
1

Canakkale Onsekiz Mart University, Gokceada School of Applied Sciences, 17760 Canakkale, Turkey
2
Ege University, Fisheries Faculty, Department of Aquaculture, Bornova, 35100, Izmir, Turkey

ABSTRACT
The study regarding the annual pattern of Pinna nobilis settlement in Karantina Island (Izmir Bay, Turkey) was
conducted using artificial polyethylene-mesh bag collectors (onion bag). The samples were collected by a SCUBA
diver at intervals of 4 weeks, also replacing the collectors
during 12 months at 8-m depth. In addition, environmental
parameters, such as temperature, salinity, chlorophyll-a, particulate organic matter and particulate inorganic matter in
water column, were monthly measured. Fifteen bivalve
species were recorded, and among these, Ostrea edulis,
Pinctada radiata, Chlamys varia, Chlamys glabra, Modiolus barbatus, Mytilus galloprovincialis, Arca noae, and
Anadara inaequivalvis have a commercial value. P. nobilis represented 0.84% of total amount. Settlement was observed only in August (122 individuals/0.4 m2) and spat data
showed significant variations between outside (8%) and inside (92%) of each mesh bag collector but also the deployed
time (P<0.05). Length of spat ranged between 0.3 and
15.3 mm. These results showed that reproduction period of
fan mussel was during summer months in Izmir Bay, and fan
mussel was collected especially in August from natural area.

KEYWORDS: Bivalvia, fan mussel, Pinna nobilis, spat, settlement, the Eastern Aegean Sea, Turkey

1. INTRODUCTION
The fan mussel, Pinna nobilis Linnaeus 1758, is a
Mediterranean endemic bivalve found in soft bottoms [1],
and it lives in the substrates covered with Posidonia oceanica Delile 1813 [2] at depths between 0.5-60 m [3]. The
anterior part of the valve of fan mussel is buried in the sea
bottom and anchored to the substratum by byssus threads
[3]. Fan mussel has a long life, around 27 years [4], and it
* Corresponding author

reaches a body length of 120 cm [5]. Recently, the populations of P. nobilis were negatively affected by means of
amateur collection, destruction of eggs and larvae by the
effects of chemical pollutants, commercial fishing, use of
its shells for decorative purposes, and incidental killing by
trawling and anchoring [6]. Consequently, it is presently
listed as an endangered species in the Mediterranean ecosystem according to European Council Directive 92/43/EEC
(Annex IV). The same problem also occurred in the coastal
waters of Turkey, resulted in a relative reduction of P. nobilis population. The species has been protected by law in
Turkey since 1998 [7], but these prohibitions were not
sufficient to sustain the population of P. nobilis. Information
(distribution, mortality, growth rates, reproductive processes, dispersal of the species) is essential for conservation
management and for the formulation of effective legislation
(e.g. BAP and HAP plans) [8]. For this reason, the studies
on P. nobilis, such as spat settlement, planting young
individuals or reproductive cycle in the area selected, are
crucial for supporting population in natural area. Most of
studies regarding P. nobilis are on population [1, 9, 10], in
situ growth, age, and mortality [11-14]. Reproductive cycle
and spat collection are important sustainability terms of the
species. However, a study about reproductive cycle was
only performed by De Gaulejac et al. [15] and, in addition, spat collection subject was investigated by Peharda and
Vilibić [16] as well as Cabanellas-Reboredo et al. [17].
Spat production essentially depends on success of settlement and survival of the recently settled larvae [18]. Larvae settlement and recruitment are mainly associated with
the time selected for planting collectors. If collectors are
planted in early times of the year, they may become heavily
fouled prior to the beginning of the settlement season for
species cited. Otherwise, if collectors are planted too late,
the peak of the settlement period could be missed [19].
Although P. nobilis has been protected since 1992,
there is no many aquaculture activity for protecting of the
species. The aim of this study is to determine the most
appropriate time to attach fan mussel spat on suspended
nets for supporting natural stocks by aquaculture facilities
in Karantina Island, Izmir Bay.
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FIGURE 1 - Map showing the study area

2. MATERIALS AND METHODS
floating

This study was conducted on the coast of Karantina
Island located on the west part of Izmir Bay, Turkey (GPS
coordinates: 38º22’44” N 26º47’12”E) (Fig. 1). Water
depth in the study area is approximately 10 m. The bottom
is mainly composed of muddy sand and covered with P.
oceanica meadows.
The spat collectors consisted of polyethylene-mesh
bags (onion bags). Each mesh bag was rectangular in shape
and had the size of 50 x 80 cm filled with polyethylenemesh. Four spat collectors (four transects) were monthly deployed on long lines at the depth of 8m, during the year by
a SCUBA diver (Fig. 2). Samplings were monthly carried
out from June 2007 to June 2008, and bags were replaced
by new ones, taken to the laboratory and visually examined. Spats attached were identified by using a light microscope. The numbers of fan mussel spats found inside
and outside of mesh bags were counted, and their lengths
were measured from the umbo farthest point on the posterior edge of the shell by using an electronic caliper (Mitutoyo CD-15PK). Colonization of fouling organisms and
other bivalve species on the collector were estimated during the study period. Finally, spat collectors were washed
using a four-sieve column (0.3, 0.5, 1, and 2 mm).
During the study, seawater temperature was measured
using a handheld thermometer (mercury-in-glass) with a
range of -10 to 100±0.5 °C. Salinity of seawater was determined by light refractometry. Chlorophyll-a concentration,
inorganic (PIM) and organic matter (POM) in the seston
were monthly determined according to Strickland and Parsons [20].

8m
rope

collectors

collectors
2m

weight

FIGURE 2 - Diagram of the spat collector system

Statistical tests were performed using the SPSS program version 13.0 for windows. Kruskal-Wallis was used
to test differences in number of spats attached according to
time. Differences between settlements inside and outside of
the mesh bags were determined by the Mann-Whitney U
test.
3. RESULTS
Temperature was highest at the beginning of the experiments in July (27 °C), decreased to 13.2 °C until Feb-
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ruary, and started to increase again till July 2008 (Fig. 3a).
Salinity ranged between 35.1 (May 2008) and 39.1 ppt (July
2007 and June 2008) during the study period (Fig. 3b). The
highest concentration of chlorophyll-a was measured in
August 2007 (6.05 µg/L). A sharp decrease was observed
between August and September 2007. The chlorophyll-a
concentration was gradually decreased from September
2007 (2.26 µg/L) to January 2008 (0.31 µg/L), and then
increased until July 2008 (Fig. 3b). POM and PIM considerably varied during the experimental period, and low
values were recorded in September 2007 and April 2008.
Peaks in PIM and POM were determined to be 7.6 mg/L
and 4.05 mg/L in July, respectively (Fig. 3c).

Both temporal and spatial variations were observed in
the number of spats found on mesh bag collectors (P<
0.05). Our results indicated that fan mussel spat collection
was only observed on collectors deployed on July 5, 26
days after the fan mussel spats were monitored (August 9).
A total of 122 individuals of P. nobilis was counted during
the experiment. Length of spats was measured from 0.3 to
15.3 mm. The average size of spats (sizes >2 mm) at harvest was 7.2±2.48 mm. Length frequencies of fan mussel
seeds are shown in Fig. 4. Spat settlement of fan mussel was
significantly higher inside (92%) than outside (8%) mesh
bag surface (P<0.05).
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FIGURE 3 - Variation of temperature, (a) salinity, (b) chlorophyll-a,
(c) particulate organic mater (POM) and particulate inorganic
matter (PIM) in Karantina Island during the study period.

Fourteen bivalve species excluding P. nobilis settled on
the collectors during the study. Furthermore, Lima sp. and
Modiolus barbatus Linnaeus 1758 were rarely obtained.
When monitoring abundance and length of the rest of species, they belonged to the families of Pectinidae, Ostredae,
Mytilidae, Arcidae, Anomidae, Cardidae, Veneridae and
Hiatellidae and showed seasonal changes. Eight of them
(Ostrea edulis Linnaeus 1758, Pinctata imbricata radiata
Leach 1814, Mimachlamys varia, Chlamys glabra Linnaeus 1758,, Modiolus barbatus, Mytilus galloprovincialis
Lamarck 1819, Arca noae Linnaeus 1758 and Anadara
inaequivalvis Bruguière 1789) had actual or potential economic importance.
As total bivalve spat numbers were compared, the most
were ranging between 0.3 and 0.49 mm in terms of length
(Table 1). Mytilidae (between 0.5-0.99 mm in length) had
the highest number of spats settled from all bivalves (Table 2). In addition, Limidae was less abundant (2 spats collected with 1 and 1.99 mm length, Table 3.). For all those
>2 mm in length, the maximum number of spats was recorded for family Pteridae (Table 4). The highest settlement rates were noted for M. galloprovincialis (23.5%) and
Musculus sp. (23.6%). During the study, 34 individuals
belonged to M. varia, 122 to P. nobilis, 183 to P. radiata
and 221 to O. edulis, representing approx. 0.2, 0.84, 1.2
and 1.48%, respectively, of the total numeric abundance
examined (around 14921 individuals) (Fig. 5).
Fouling organisms were the lowest outside and inside
collector surface (mainly Polychaeta in July, October, November, January and May as well as Arthropoda, except for
winter months). On the other hand, the highest number of
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TABLE 1 - Total number of bivalve species of the most common taxa monthly collected on onion mesh collector (0.3 - 0.49 mm). Pinc:Pinctada
radiata, Ost:Ostrea edulis, Pec:Pectinidae, Arc:Arcidae Myt:Mytilidae, Car:Cardidae, Ano:Anomidae, Lim:Limidae, Hia:Hiatellidae, Ven:
Veneridae.
Month
Jul
Aug
Sep
Oct
Nov
Dec
Jan 06
Feb
Mar
Apr
May
Jun
Total number

Pinc
0
2
0
4
0
0
1
0
0
15
0
0
22

Ost
9
17
0
1
6
12
0
0
0
12
24
0
81

Pec
1
1
0
6
2
10
0
0
0
0
156
0
176

Arc
0
39
7
74
74
74
0
0
0
0
0
1248
1516

Myt
293
1
42
80
15
922
26
18
0
330
3528
760
6015

Car
5
1
0
5
6
19
0
7
25
30
156
0
254

Ano
0
5
0
173
147
25
0
0
0
30
0
0
380

Lim
0
0
0
0
0
5
0
0
0
0
84
0
89

Hia
3
1
0
0
0
15
5
25
50
150
168
0
417

Ven
4
0
41
16
2
0
0
0
0
15
120
0
198

TABLE 2 - Total number of bivalve species of the most common taxa monthly collected on mesh collector each month (0.5 - 0.99 mm). Pinc:
Pinctada radiaa, Ost:Ostrea edulis, Pec:Pectinidae, Arc:Arcidae Myt:Mytilidae, Car:Cardidae, Ano:Anomidae, Lim:Limidae, Hia: Hiatellidae,
Ven:Veneridae.
Month
Jul
Aug
Sep
Oct
Nov
Dec
Jan 06
Feb
Mar
Apr
May
Jun
Total number

Pinc
1
8
9
23
2
0
5
1
0
0
0
0
49

Ost
4
4
9
3
16
26
0
0
4
4
25
13
108

Pec
3
0
5
28
23
8
0
0
0
25
264
5
361

Arc
221
0
33
20
80
11
0
0
0
1
3
77
446

Myt
39
5
4
2
24
88
33
18
26
98
146
531
1014

Car
12
7
0
2
8
3
36
24
15
147
42
50
346

Ano
2
2
7
35
455
18
12
0
0
22
41
1
595

Lim
1
0
0
0
0
0
0
0
1
2
25
3
32

Hia
1
0
0
0
0
13
236
111
59
416
197
9
1042

Ven
10
0
0
0
3
0
8
0
0
1
11
0
33

TABLE 3 - Total number of bivalve species of the most common taxa monthly collected on mesh collector each month (1 - 1.99 mm). Pinc:
Pinctada radiata, Ost:Ostrea edulis, Pec:Pectinidae, Arc:Arcidae Myt:Mytilidae, Car:Cardidae, Ano:Anomidae, Lim:Limidae, Hia: Hiatellidae, Ven:Veneridae.
Month
Jul
Aug
Sep
Oct
Nov
Dec
Jan 06
Feb
Mar
Apr
May
Jun
Total number

Pinc
0
20
29
3
1
0
9
0
0
0
0
0
62

Ost
4
2
3
2
1
7
0
0
5
1
0
4
29

Pec
0
3
1
29
6
3
0
0
0
3
2
3
62

Arc
0
0
0
1
3
77
0
0
0
0
0
0
81

Myt
45
18
27
122
212
535
1641
0
0
0
0
0
2600

Car
3
8
0
0
2
0
86
0
2
3
0
11
115

Ano
3
3
8
0
66
6
3
0
0
233
14
1
337

Lim
0
0
0
1
0
0
0
0
1
0
0
0
2

Hia
0
1
0
0
1
0
486
0
0
160
8
4
660

Ven
0
0
0
0
1
0
11
0
2
0
0
0
14

TABLE 4 - Total number of bivalve species of the most common taxa monthly collected on mesh collector each month (>2 mm).
Pinc:Pinctada radiata, Ost:Ostrea edulis, Pec:Pectinidae, Arc:Arcidae Myt:Mytilidae, Car:Cardidae, Ano:Anomidae, Lim:Limidae,
Hia:Hiatellidae, Ven: Veneridae.
Month
Jul
Aug
Sep
Oct
Nov
Dec
Jan 06
Feb
Mar
Apr
May
Jun
Total number

Pinc
0
47
13
0
0
0
0
0
0
0
0
0
60

Ost
1
0
0
0
0
0
0
0
0
0
0
2
3

Pec
0
10
1
0
0
0
0
0
0
0
0
1
12

Arc
0
0
0
0
0
0
0
0
0
1
0
0
1

Myt
1
0
0
0
0
0
0
0
0
0
0
2
3
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Car
0
0
0
0
0
0
0
0
0
0
0
0
0

Ano
4
6
1
0
0
0
0
0
0
3
0
0
14

Lim
0
0
0
0
0
0
0
0
0
1
0
0
0

Hia
0
0
0
0
0
0
0
0
0
1
0
0
0

Ven
0
0
0
0
0
0
0
0
0
1
0
0
0
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think that chlorophyll-a peak in August may have effects
on spawning and settlement of P. nobilis.

Limidae
Veneridae
Cardium sp.
Hiatellidae
Anomia ephippium
Mytilus galloprovincialis
Musculus sp.
Modiolus barbatus
Anadara inaequivalvis
Arca noae
Chlamys varia
Chlamys glabra
Ostrea edulis
Pinctada radiata
Pinna nobilis
0

5

10

15

20

25

Percent of bivalve species (% )

FIGURE 5 - Proportion of bivalve species settled on collectors
during the study period.

species (2040 individuals) was found on the collectors
throughout the year belonged to class Gastropoda.
4. DISCUSSION
Collector design, depth, location [21] predation and
immersion time [22] are important vectors for spat collecting. Several natural and artificial materials are used to
collect the bivalve spats, including monofilament gillnet,
PVC-glass, onion bag, bivalve cultch (oyster, mussel, cardium etc.), wood, fiberglass, car tires and tiles [23-25].
Among these collectors, onion bags made of polyethylenemesh were the most effective for collecting fan mussels
based on previous studies. Beer and Southgate [26] indicated for Pinna bicolor Gmelin 1791 that spat recruitment
was 72 spats/collector (0.56 m²) in Northern Australia, and
Cendejas et al. [27] noted for Pinna rugosa Sowerby 1835
that spat recruitment was 14 spats/collector (3.04 m²) in the
Gulf of California. We collected 122 spats/collector (0.4 m2)
in our study, and when comparing our data with results of
Beer and Southgate [26] as well as Cendejas et al. [27],
our value is higher. As known, larvae of bivalves show
negative phototrophic behavior in recruiting substrate [28].
In this study, settlement was significant higher on inside
than outside surface of collectors. P. nobilis larvae showed
the same behavior and preferred inside of collectors.
Reproductive cycle, spawning time, survival of the larvae of bivalves and phase of settlement during the metamorphosis are affected by water temperature, food availability and salinity [29-33]. In this study, chlorophyll-a levels
varied between 0.2 - 6.0 µg/L. These concentrations are
enough with regard to results obtained in previous studies
[24, 25]. According to Burke et al. [18], low food availability may have affected the month of stored energy and,
consequently, delaying gametogenesis and spawning. We

Seawater temperature had effects on spat production
because it influenced adult conditioning spawning and
larval development. Peak settlement period can vary from
year to year [34]. Cendejas et al. [27] notified that number
of P. rugosa spats was correlated with water temperature,
and according to the same authors, this value was 32 ºC in
September for Bacochibampo Bay in the Gulf of California. Our results demonstrated that P. nobilis can only be
collected with an average of 7.2±2.48 mm (>2 mm length)
in August (26 °C) according to De Gaulejac [15]. In the
marine protect area of Palma Bay Mallorca (west Mediterranean), Cabanellas-Reboredo et al. [17] reported on attachment of P. nobilis collected between last week of August and first one of September 2007. We guess that spawning time was in July when seawater temperature was the
highest. Regarding our hypothesis, there is no knowledge
for reproductive and any spawning period of P. nobilis in
the Aegean Sea to compare the settlement results.
Immersion time is important for an efficient spat settlement. Monteforte and Garcia-Gasca [35] showed that
maximum immersion time was established following previous experiences on semi-massive seed collection (personal observation): longer exposure of collected cells caused
clogging of the containers, coating of spats by several colonial species, such as algae, sponges, tunicates, barnacles,
and bryozoans. Meanwhile, the immersion increased the
abundance of predators, such as portunids and xanthids
(carnivorous crabs). In this study, immersion time could be
terminated as one month. Therefore, quantity of fouling organisms, such as polychaetes, or attached silt was the lowest.
The favored collector type affects the density and diversification of bivalve species. A total of 12 bivalve taxa
settled on the monofilament netting was recorded in Eyjafjordur, north Iceland [36]. Lök and Acarli [24] notified
that there were 6 families of bivalves settled on mussel
and oyster shell collectors in Karantina Island. In our
study, 10 families of bivalves were collected by the onion
bags used. Among these, several species have both actual
and potential economic importance. When the target species, P. nobilis, is compared with other species, its attachment time and amount are quite short and less, respectively.
So, we should determine the minimum submerged time
for attachment of P. nobilis.
5. CONCLUSION
Our data show that there is considerable potential for
the culture of P. nobilis in Karantina Island based on the
capture of wild spats from natural area, especially during
the summer. In the future, destroyed populations P. nobilis will be improved and supported by young individuals
being collected by artificial collectors planted in marine
protect areas.
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ABSTRACT
The surface water bodies have become very much susceptible to pollution by pesticides due to their increased
application in agriculture. Ultrafiltration is classified as a
low-pressure membrane technology which effectively removes particulate matter and microorganisms and to a certain extent dissolved organic matter and color. This paper
presents a pilot plant study of different adsorbents for removal of 2,4-Dichlorophenoxyacetic acid from water. The
2,4-Dichlorophenoxyacetic acid adsorption parameters by
adsorbents were first determined by batch adsorption experiments. The decline in permeate flux without addition
of adsorbents was greater as compared to that in hybrid
process. Membrane adsorption capacity of 2,4-Dichlorophenoxyacetic acid was determined by taking samples from
pipe inlet to membrane and from outlet of the membrane.
From the difference in the inlet and outlet concentration
in 2,4-Dichlorophenoxyacetic acid the membrane adsorption capacity was determined. The percent retention of
2,4-Dichlorophenoxyacetic acid with and without adsorbents was also determined.
KEYWORDS: ultrafiltration, magnetic activated carbon, activated
carbon, kinetics, isotherms, permeate flux.

1. INTRODUCTION
Environmental pollution is a natural consequence of
human activities, natural products and industrial processes. The use of pesticides for increasing crops yield has
exposed the human life to many potential hazards. Among
the numerous agrochemicals in use today the pesticide
2,4-Dichlorophenoxyacetic acid (2,4-D) has been widely
applied to control broad-leave weeds in gardens and farming. 2,4-D is commonly preferred because of its low cost
and good selectivity. 2,4-D is a poorly biodegradable
pollutant. It has been frequently detected in water bodies
in various regions of the world. The wide range of pesticides used makes it extremely difficult to produce a single
method for pesticide disposal that applies universally [1].
* Corresponding author

If the effluents containing pesticides are controlled before
they disperse throughout the environment by treatment processes, pesticide pollution can be controlled.
Low pressure membrane process has received considerable attention in the production of portable water, due to
simplicity of operation, development of higher flux membranes with low fouling potentials and lower membrane
costs. Membrane processes showed comparable or lower
costs compared with conventional treatment for small systems [2]. Ultrafiltration (UF) system is effective in reducing turbidity, particulates, suspended solids and total coliforms as well as HPC (hetrotrophic plate count) bacteria.
Because of relatively higher MWCO (molecular weight cut
off), the UF system may not be effective for removal of
synthetic low molecular weight substances. In order to
enhance organic removal and to reduce membrane fouling
by natural organic matter (NOM) and synthetic organic
substances the use of powdered activated carbon (PAC) in
combination with the UF system has been practiced [1].
The efficiency of these combined processes de-pends on
parameters like reactor size and configuration, backwashing frequency, filtration mode (dead-end, cross-flow) and
dosing procedure (one time or continuous addition) [3-8].
It was assumed that the PAC form a porous layer on the
membrane surface which do not affect the permeate flux.
However, the decline in permeate flux due to this porous
layer has been reported by some authors [9-11]. Due to
these drawbacks there is need for an efficient adsorbent.
However the adsorbents other than activated carbon have
low surface area and their adsorption capabilities are
comparatively lower than the activated carbon. Impregnation is a very effective method for converting PAC into the
desired adsorbent for pretreatments in the membrane processes [12].
In our previous work we prepared magnetic activated
carbon (MAC) which is an impregnated composite of PAC
and iron oxide and was used for the removal of contaminants from water [12]. Magnetic activated carbon has low
surface area as compared to powdered activated carbon,
but can easily be removed from treated water with magnetic process and thus cake formation over membrane
surface will not encounter.
In this study MAC was used as pretreatment for the
removal of synthetic organic pesticide 2,4-D in combina-
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tion with UF membrane and membrane parameters like
percent rejection and permeate flux were determined.
2. MATERIALS AND METHODS
The pesticide 2,4-D was obtained from Merck. All the
chemicals were of analytical grade. Ultrafiltration membranes (polyethersulfone) with area 50m2 and Molecular
weight cut off 100KD were purchased from IMT Netherland. Powdered Activated Carbon (BET surface area
1150 m2/g) was obtained from Norit. Magnetic activated
carbon (surface area 868 m2/g) was prepared by method
described in the previous publication by the author [12].
Stock solutions (80mgL-1 and 120mgL-1) of 2,4-D were
prepared by dissolving the required amount of 2,4-D in
double distilled water. Adsorption parameters were determined for PAC and MAC; by taking known concentration
of the adsorbate in 250ml stoppered plastic bottles and
known amount of adsorbents (0.01g) were added to each.
These were shaken for 12 hours in thermostat cum shaking assembly (Thermal EPC 7420). The adsorption kinetic
experiments were performed in a specially designed container of 12L capacity. Mixing was provided by a blade.
Experiments were taken out at the agitation rate of 300 rpm.
Samples withdrawn at different time interval were centrifuged twice and were analyzed by UV-Visible spectrophotometer at 283nm, the maximum wave length (λ) of
2,4-D. Experiments were carried out in triplicate and mean
values are presented.

decide the applicability of these models their correlation
coefficient values were compared.
The linear form of the Langmuir isotherm is given by
the following equation:

(1)
Where q is the amount adsorbed (mgg ), C is the
equilibrium concentration of the adsorbate (mgL-1) and Q0
and b are Langmuir constants related to maximum adsorption capacity and energy of adsorption respectively. C/q
was plotted against C and straight line with slope 1/Q 0,
was obtained (Figs. 1 and 2).The values of Q 0 and b for
activated carbon and magnetic activated carbon were
calculated from the slope and intercept of the straight line
and are given in Table1.
-1

For adsorption-UF hybrid process, 8L solutions of
known concentration (80mgL-1 and 120mgL-1) of the pesticide 2,4-D was prepared in double distilled water and was
channelized to UF membrane system by means of an electric motor. Samples were taken from inlet and outlet of the
membrane system and were analyzed by UV-visible spectrophotometer. From the difference between inlet and outlet
concentration percent rejection and the decline in permeate
flux were determined. The membrane was then used in
combination with continuous stirred reactor, where PAC
and MAC were added to the adsorbate solutions in a single dose and were stirred for one hour before feeding to the
membrane system. The UF membrane system was operated
in dead end mode. In case of MAC, a specially designed
container, equipped with an electromagnetic arrangement was put in the assembly. The membrane parameters
like percent rejection and flux decline for PAC/UF,
MAC/UF and membrane alone were compared.
3. RESULTS AND DISCUSSIONS
3.1. Adsorption Isotherms

Equilibrium relationships between adsorbent and adsorbate are described by adsorption isotherms. Two adsorption isotherm models were used in the present study
namely, Langmuir [13] and Freundlich [14]. In order to

FIGURE 1 - Langmuir plot for the adsorption of 2,4-D on PAC.

FIGURE 2 - Langmuir plot for the adsorption of 2,4-D on MAC.

The results show that magnetic activated carbon has
lower capacity than the powdered activated carbon. This
can be explained by the fact that the impregnation process
decreases the surface area of the adsorbent by blocking
the micropores of the activated carbon. Thus a decrease in
the adsorption capacity for the pollutant was observed.
The logarithmic form of the Freundlich model can be
written by the following equation:
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(2)
Where C is the equilibrium concentration (mgL-1), q
is the amount adsorbed (mgg-1). K and n are Freundlich
constants related to adsorption capacity and adsorption
6

intensity respectively. lnq was plotted against lnC for the
equilibrium data of 2, 4-D and are given in Figures 3 and
4. The Freundlich constants, n and K for the adsorbents
were calculated from slope and intercept of the plot and
are given in Table1.
The correlation coefficient for Langmuir isotherm model for both PAC and MAC are higher than the Freundlich
model. From this it can be concluded that best fit can be
obtained with Langmuir model.
3.2. Giles Isotherms

lnq

5

Giles [15] classified the adsorption isotherms into H,
L, C and S types. These were further divided into subgroups.
This classification is purely based on observations and does
not reveal the processes that lead to different isotherm
shapes. Generally, S isotherms have a concave shape at low
concentrations. While both H and L isotherms have a convex shape, the slopes of H isotherms reach high values
whereas slopes of L isotherms remain constant. This indicates that the sorption affinity of H isotherms increases
with decreasing concentration. C isotherms are defined by
a constant sorption affinity, expressed as a straight line in
q versus C plots. The q versus C plot for 2,4-D on PAC and
MAC shows an L type isotherms. In case of PAC there is
strict plateau (Fig: 5) while for MAC it is without strict
plateau (Fig. 6). L curves are the commonest and the best
known. L curve mostly occurs in adsorption from dilute
solution.

4

3

2
0

2

4

6

lnC
FIGURE 3 - Freundlich plot for the adsorption of 2,4-D on PAC.
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FIGURE 5 - Giles isotherm for the adsorption of 2,4-D on PAC.
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FIGURE 4 - Freundlich plot for the adsorption of 2,4-D on MAC.
TABLE 1 - Isotherm parameters for adsorption of 2,4-D on PAC
and MAC.
Isotherm
Langmuir:
Q0 (mgg-1)
b (Lmg-1)
R2
Freundlich:
K
1/n
R2

Powdered
activated carbon

Magnetic
activated carbon.

190.4
0.05
0.99

176.13
0.08
0.97

37.69
0.516
0.95

16.8
0.33
0.92

FIGURE 6 - Giles isotherm for the adsorption of 2,4-D on MAC.
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3.3. Adsorption Kinetics
3.3.1. Effect of contact time

TABLE 2 - Equilibrium time for PAC and MAC.

The variations of concentration with time for both adsorbents are seen in Figures 7 and 8. Figure shows the
variation of the initial concentration of the adsorbate as a
function of time. The equilibrium times for both initial
concentrations are given in Table 2.	
  The adsorption capacity of 2,4-D increased with time and attained a maximum value and thereafter, it reached a constant value indicating that no more 2,4-D molecules were further removed from the solution. With the increase in concentration the equilibrium time decreases this can be attributed
to an increase in the driving force of the concentration
gradient with the increase in the initial 2,4-D concentration in order to overcome all mass transfer resistance of
2,4-D molecules between the aqueous and solid phases.
Therefore, a higher initial concentration of 2,4-D may increase the adsorption capacity. It can be seen from the table
that the equilibrium time for magnetic activated carbon is
lowered than that of activated carbon. This can be explained by the fact that impregnation process blocks the
micropores of the adsorbent and thus saturates in a comparatively short time.
100

80mgL-1
47min
37min

Adsorbent.
PAC.
MAC.

120mgL-1
44min
35min

3.3.2. Adsorption kinetic model

Kinetic study is very important for understanding the
adsorption process. It depicts the uptake rate of adsorbate,
and controls the residual time of the whole adsorption process. Two kinetic models, pseudo first order [16], pseudo
second-order [17] are selected in this study for describing
the adsorption process. The best fits were obtained for
pseudo second order equation. The pseudo second order
equation can be expressed by the relation:

(3)
Where k2 (gmg-1 min-1) is the rate constant of adsorption, q (mgg-1) is the amount of adsorbate adsorbed at
equilibrium and qt at time t.
The plots of t/q versus t are straight lines (Figs. 9 and
10). The values of k2 and q were calculated from slope
and intercept of the straight line respectively. The values
of k2 and R2 for the adsorbents are given in Table3.
1.60

1.20

80

80ppm.

t/q (min.g/mg)

C (mg/L)

120ppm.

60

80ppm.
120ppm.

0.80

0.40

40
0

100

Time (min)

200

300

0.00
0

FIGURE 7 - Equilibrium time plots for PAC.

100

t (min)

200

300

FIGURE 9 - Pseudo-second order plots for PAC.

FIGURE 8 - Equilibrium time plots for MAC.

FIGURE 10 - Pseudo-second order plots for MAC.
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3.4.2. Effect PAC and MAC on permeate flux

TABLE 3 - Pseudo-second-order adsorption
rate constants and correlation coefficients.
Adsorbent
PAC
MAC

Concentration(mgL-1)
80
120
80
120

Membrane flux was calculated as:
R2
0.998
0.999
0.9988
0.994

k2
0.0019
0.0011
0.007
0.001

j=

3.4. Ultrafiltration/adsorption experiments

2,4-D molecules are smaller than MWCO of UF membrane. Interring into membrane pores causes internal fouling. There is need for pretreatment in order to remove these
molecules from effluents prior to membrane system. In
this study pretreatment with PAC and MAC were applied
and membrane parameters like percent rejection and permeate flux with and without adsorbents are described as
follows:
3.4.1. Rejection of 2, 4-D

The efficiency of the UF process (%) was calculated by
the retention coefficient; R expressed in percent and is
given by the following relation.

(4)  
Where Cp is the concentration of solute in permeate
and Cb is the solute concentration in bulk.
The retention of the solutes depends on the size and
configuration of the solutes relative to the pore sizes of
the membrane. Chemical interactions of the solution and
membrane like adsorption, concentration polarization and
fouling are also important [18, 19]. From Figure 11 it is
clear that the percent rejections of the 2, 4-D is higher for
PAC and MAC than that of membrane only. The percent
rejection of 2,4-D in presence of PAC and MAC are almost equal. This means that MAC is a potent adsorbent
which can replace PAC in the membrane processes.

1 dV
A dt

(5)

Where A is the membrane area and V the permeate
volume at time t.
The reduction in permeate fluxes of 2,4-D and the influence of PAC and MAC are given in figure13. In each
case the little differences in permeate fluxes for PAC and
MAC in fraction are due to the fact that MAC has lower
surface area as the impregnation blocks the micropores of
the adsorbent. Thus the effluent from settling tank in case
of MAC has high concentration of 2,4-D which results in
fraction differences in the permeate fluxes. For distilled
water there is a decline in permeate flux in the initial
stages, which is due to the intrinsic membrane resistance
and may also be due to the interaction of the ions present
in distilled water. The permeate flux then reaches to a
steady state and is no longer effected within the experimental time. The molecular weight of the foulant under
study is smaller than the MWCO of the membrane. This
is expected to pass freely from membrane and the permeate concentration should be equal to that of the bulk concentration. However in spite of low retention, flux reduction was observed for 2,4-D. An improvement in the permeate flux with PAC and MAC was observed which is
attributed to the adsorption capacities of the adsorbents as
compared that of membrane. There was no cake formation for MAC on the membrane surface as it was removed from slurry through magnetic process before entering into membrane system.

80ppm without adsorbent.

60

80ppm with PAC.

Retention[%]

80ppm with MAC.

40

20

FIGURE 12 - Influence of PAC and MAC on permeate flux of 2,4-D
in UF system.
3.4.3. Back wash time

0
0

1

2

V (L)

3

FIGURE 11 - Influence of PAC and MAC on 2,4-D rejection.

4

After each 30 minute cycle back washing with distilled water was applied. The back washing time was low
in case of MAC as compared to PAC. This is due to the
fact in case of MAC the adsorbent was removed from
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solutions through the application of magnet. In case of
PAC some part of the adsorbent was carried inside to
membrane and thus back washing time was high. From economical point of view the use of PAC in the membrane
systems is expensive as compared to MAC, as it reduces
back washing.

Matsui, Y., Yuasa, A., and Ariga, K. (2001) Removal of a
synthetic organic chemical by PAC-UF systems. I: Theory
and modeling. Water Research 35(b), 455–463.

[9]

Lee, S.J., Choo, K.h., and Lee, C.H. (2000) Conjunctive use
of ultrafiltration with powdered activated carbon adsorption
for removal of synthetic and natural organic matter, J. Ind.
Eng. Chem. 6, 357-364.

[10] Lin, C.F., Liu, S.H., and Hao, O.J. (2001) Effect of functional
groups of humic substances on UF performance, Water Research. 35, 2395-2402.

4. CONCLUSIONS
MAC was prepared and its adsorption capacity for 2,4D was measured. A comparison was made between PAC
and MAC. The kinetics data fit well to pseudo second
order kinetics model and the equilibrium data fits well to
Langmuir adsorption isotherm rather than Freundlich model. Percent rejection of 2,4-D was higher for both the adsorbents than that of membrane alone. An improved permeate flux was obtained for both the adsorbents. The percent rejection and improvement in the permeate flux was
almost equal for both the adsorbents. The little differences
were due lower surface area of MAC than the PAC. MAC
can be used as pretreatment in UF systems because it has
high adsorption capacity and it can be separated easily from
medium by application of magnetic field.
ACKNOWLEDGMENT
The study was supported by a research fund of the Istanbul University (Project no: 3822).

[11] Lin, C.F., Liu, S.H., and Hao, O.J. (1999) Ultrafiltration processes for removing humic substances: effect of molecular
weight fractions and PAC treatment, Wat. Res. 33, 1252-1264.
[12] Mahramanlioglu, M., Al, M., Zahoor, M., Cinarli, A., Kizilcikli, I. (2010). Removal of phenol red by activated and magnetic
activated carbons. Fresen. Environ. Bull. 19 (5a), 911-918.
[13] Langmuir, I. (1918) The adsorption of gases on plane surfaces of glass, mica and platinum, J. Am. Chem. Soc. 40, 1361–
1403.
[14] Freundlich, H. (1906) Über die Adsorption in Lösungen (Adsorption in solution). Z. Phys. Chem. 57, 384–470.
[15] Giles, C.H., Macewan, T.H., Nakhwa, S.N., and Smith, D.
(1960) Studies in adsorption. Part IX. A system of classification of solution adsorption isotherms and its use in diagnosis
of adsorption mechanisims and in measurement of specific
surface areas of solids, Journal of Chemical Society, 30,
3973-3993.
[16] Lagergren, S. (1898) Zur Theorie der sogenannten Adsorption geloester Stoffe. Kungliga Svenska Vetenskapsakad,
Handlingar. 24, 1–39
[17] Ho, Y. S., and Mckay, G. (1998) Sorption of dye fromaqueous solution by peat, Chem. Eng. J. 70, 115–124.
[18] Aiken, G.R. (1984) Evaluation of ultrafiltration for determining molecular weight of fulvic acid. Environ. Sci.Technol.
18, 978-981.

REFERENCES
[1]

Aksu, Z., and Kabasakal, E. (2004) Batch adsorption of 2,4dichlorophenoxy-acetic acid (2,4-D) from aqueous solution
by granular activated carbon. Separation and Purification
Technology, 35, 223-240.

[2]

Adham, S.S., Snoeyink, V.L., and Clark, M.M. (1991) Predicting and verifying organics removal by PAC in an ultrafiltration system. Am. Water Works Assoc. J. 83, 81–91.

[3]

Campos, C., Marinas, B.J., Snoeyink, V.L., Baudin, I., and
Laine, J.M. (1998) Adsorption of trace organic compounds in
CRISTAL processes. Desalination 117, 265–271.

[4]

Campos, C., Marinas, B.J., Snoeyink, V.L., Baudin, I., and
Laine, J.M. (2000) PAC-membrane filtration process I: model development. J. Environ. Eng. 32, 97–102.

[5]

Campos, C., Marınas, B.J., Snoeyınk, V.L., Baudın, I., and
Laıne, J.M. (2000) PAC-membrane filtration process II:
model application. J. Environ. Eng. 34, 104–111.

[6]

Matsui, Y., Yuasa, A., and Colas, F. (2000) Effects of operational modes on the removal of a synthetic organic chemical
by powdered activated carbon during ultrafiltration. Proceedings of the Conference on Membranes in Drinking and Industrial Water Production vol. 1. Desalination Publications, Italy: L’Aquila, 215–224.

[7]

[8]

Matsui, Y., Yuasa, A., and Colas, F. (2001) Removal of a
synthetic organic chemical by PAC-UF systems. II: Model
application. Water Research 35(a), 464–470.

2513

[19] Buffle, J., Deladoey, P., and Haedi, W. (1978) The use of ultrafltration for the separation and fractionation of organic ligands in fresh waters. Anal. Chem. Acta. 101, 339-357.

Received: February 14, 2011
Revised: March 28, 2011
Accepted: April 14, 2011

CORRESPONDING AUTHOR
Muhammad Zahoor
Istanbul University
Faculty of Engineering
Department of Chemistry
34320 Avcılar, Istanbul
TURKEY
Fax: +902128522027.
Email: mohammadzahoorus@yahoo.com
FEB/ Vol 20/ No 10/ 2011 – pages 2508 - 2513

© by PSP Volume 20 – No 10. 2011

Fresenius Environmental Bulletin

MULTIWALLED CARBON NANOTUBES AS EFFICIENT
ADSORBENT FOR THE REMOVAL OF CONGO RED
Shapour Ramazani, Mehrorang Ghaedi* and Kianoosh Mortazavi
Chemistry Department, Islamic Azad University, Gachsaran Branch, Gachsaran, Iran

ABSTRACT
The present investigation assesses the applicability of
multiwalled carbon nanotubes (MWCNTs) for the removal
of Congo red (CR) from wastewaters. The CR removal
rates of MWCNTs have been determined by investigating
factors, such as pH effect, initial CR concentration, amount
of MWCNT, contact time, and temperature. Langmuir,
Freundlich, Tempkin and Dubinin–Radushkevich isotherm
models have been used to evaluate the phenomenal adsorption process. With the help of adsorption isotherm data,
different thermodynamic parameters, such as free energy;
enthalpy, and entropy, have been calculated. At optimum
values of all variables, the removal process followed the
pseudo-first-order and pseudo-second-order kinetic equations.

KEYWORDS: Adsorption; Congo red; multiwalled carbon nanotubes (MWCNTs); kinetic and thermodynamics of adsorption.

1. INTRODUCTION
The dyeing effluent discharged from textile industries
is one of the largest contributors to textile wastewaters, and
is comprised mainly of residual dyes and auxiliary chemicals. Dyeing effluent has a serious environmental impact
because disposal of this effluent into the receiving waterbody causes damage to aquatic biota or humans by mutagenic and carcinogenic effects. Such colored effluent can
affect photosynthetic processes of aquatic plants, reducing
oxygen levels in water and, in severe cases, resulting in
the suffocation of aquatic flora and fauna [1-8]. Treatment
of effluents containing synthetic dyestuffs is very difficult,
since the dyes are stable in conditions of light and heat. The
presence of oxidizing agents makes them resistant to aerobic digestion. Several physical, chemical and biological treatment methods (e.g., adsorption, coagulation-flocculation,
biodegradation, ion-exchange, chemical oxidation, ozona* Corresponding author

tion, reverse osmosis, membrane filtration and electrochemical methods) have been applied to remove dye molecules from such effluents. However, these processes vary
in their effectiveness, costs and environmental impact. Adsorption is a more competitive treatment process for dye
removal because of its simplicity, high efficiency, and
wide-ranging availability.
Adsorption as one of the most efficient and general
wastewater treatments, based on transfer of dye molecules
to solid phase; it is superior to other dye removal techniques in terms of initial costs, simplicity of design, ease of
operation and non-toxicity of adsorbents compared to conventional wastewater treatment methods [9-23]. MWCNTs
(as most commonly used building blocks of nanotechnology) are unique and one-dimensional macromolecules,
generally possessing outstanding thermal and chemical
stability as well as unique physicochemical and electrical
properties. MWCNT is one of the best-employed adsorbents for dye removal from aqueous solutions because of
its excellent adsorption properties including high surface,
porous structure and night-time adsorption capacity [6-11].
CR-containing effluents are generated from textiles, printing and dyeing, paper, rubber, plastics industries, etc. Due
to its structural stability, CR is difficult to biodegrade [1932].
The objective of the present work is to investigate the
potential feasibility of activated carbon prepared from a
corn for the adsorption of CR. The kinetic and equilibrium data were analyzed; therefore, the adsorption mechanism was used by analyzing experimental data to different
models.
2. MATERIALS AND METHODS
2.1. Instruments and reagents

Stock Congo red solution was prepared by dissolving
its appropriate amount in double-distilled water, while the
test solutions were prepared by diluting stock solution to
the desired concentrations. The CR concentration was determined at 412 nm. The pH measurements were done using a
pH/ion-meter model-686, and absorption studies were carried out using a Jusco UV-VIS spectrophotometer model
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V-530. All chemicals including NaOH, HCl and KCl with
the highest purity available, were purchased from Merck,
Darmstadt, Germany.

diffusion of the solute ions into the bulk of the adsorbent.
It was found that more than 90% of removal of CR occurred in the first 10 min and, thereafter, the rate of adsorption was found to be slow.

2.2. Measurements of dye uptake

The concentrations of dye in solution were estimated
quantitatively using the linear regression equations obtained
by plotting its calibration curve over CR concentrations. The
efficiency of CR removal was determined at certain time
intervals (5, 10, 15 and 20 min), and the equilibrium was
established after 20 min. The effect of pH on CR adsorption was studied by adjusting pH of dye solutions (50 mg
L−1) in the pH range of 1–7 using 0.5 g L-1 of MWCNT
for 20 min, while the initial pH of solution was adjusted by
addition of HCl or NaOH. Dye adsorption experiments
were also accomplished to obtain isotherms in the range of
40–250 mg L−1 RO12 dye concentrations.
The amount of dye adsorbed on adsorbent (qe (mg
g−1)) was calculated by the following mass balance relationship:
qe = (C0 − Ce) V/W

(1)

where C0 and Ce are the initial and equilibrium dye
concentrations in solution, respectively (mg L−1), V the
volume of the solution (L), and W is the mass (g) of the adsorbent. All experiments were conducted at a stirring rate
of 300 rpm.
3. RESULTS AND DISCUSSION
3.1. Characterization of MWCNT

The FTIR measurements were performed in order to
verify the formation of oxygen-containing functional
groups after oxidation. The FTIR spectra indicate that the
acid treatment process introduces many functional groups
on MNCNT surfaces: carbonyl (1400 cm -1), carboxyl
(1650 cm-1) and hydroxyl groups (3500 cm-1). These functional groups are produced abundantly on the external and
internal surface of oxidized MWCNTs, which increase the
surface polarity and further alter the surface charges.
3.2. Effect of contact time

Equilibrium time is one of the most important parameters in the design of economical wastewater treatment systems. The time depending of CR adsorption process onto
MWCNT at 50 mg L-1 was studied at various contact times
in order to determine the necessary adsorption equilibrium
time, and respective results are presented in Fig. 1. Concerning adsorption of dyes by MWCNT, it was observed
that the adsorption rate is rapid at the initial stages, and
then gradually decreased with the progress of adsorption
until the equilibrium was reached. The rapid adsorption at
the initial contact time can be attributed to the availability
of the positively charged surface of MWCNT, and the
slow rate of dye adsorption is probably due to the slow pore

FIGURE 1 - Effect of contact time on Congo red removal at 0.3 g L-1
of MWCNT at pH 4, at room temperature and congo red concentration 15 mg L−1.
3.3. Effect of ionic strength

Since NaCl is often used as stimulator in dyeing processes, ionic strength affects the activity coefficients for
OH−, H3O+ and, specifically, CR as anionic dye. It was seen
that the NaCl concentrations had no strong impact on CR
removal rate at concentration of 50 mg L−1, 20 °C, and pH
7.0±0.3. With increase of ionic strength of NaCl from 0 to
0.1 M, the removal of CR reached 97%, and further increase to 1.0 mol L−1 led to increasing CR removal of 99%.
The reason is that increase in the ionic strength increases
the positive charge of the surface, thus increasing the
electrostatic interaction between the CR and MWCNTs.
3.4. Effect of pH

For organic acids and organic bases, the occurrence of
their non-dissociated or dissociated species depends on the
solution pH in relation to their dissociated constants (pKa).
When pH<pKa, the non-dissociated species and the dissociated species dominated for organic acids and organic
bases, respectively; whereas, when pH<pKa, the dissociated species (anions) was dominant for organic acids but
the non-dissociated species for organic bases.
The effect of initial pH on the adsorption of CR was
studied in the pH range 1-7 at room temperature and initial
dye concentration of 50 mg L−1, adsorbent dose of 0.4 g L−1
and contact time of 20 min, and respective results are presented in Fig. 2. As it can be seen, the maximum uptake
of the CR is obtained at pH 1.0, depicting that the pH
significantly affects the extent of adsorption of dye over
the adsorbent and a maximum was adsorbed with low pH
whereas at pH >1 and especially in alkaline pH range, adsorption of CR significantly decreased. The most acidic
functional groups of the CR molecule can be easily dissociated; thus, dye molecule had net negative charges under
the working experimental conditions.
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parameter in adsorption studies because it determines the
capacity of adsorbent for a given initial concentration of
dye solution. The effect of MWCNT dose on the CR removal percentage is shown in Fig. 4. It was observed that
initially the removal percentage increased rapidly with
raising the MWCNT upto 0.025 g, and after this value,
the removal percentage almost reached a constant value.
This can be attributed to increased adsorbent surface area
and availability of more adsorption sites with the increasing dosage of the adsorbent.

FIGURE 2 - Effect of pH on the removal of Congo red by MWCNT
at room temperature, contact time of 15 min, adsorbent dosage of
0.025 g in 50 ml and dye concentration of 15 mgL-1.

Changing the pH over the range of 1-7 significantly affected the protonation-deprotonation transition of
MWCNT surface groups as –OH and –COOH, and it
appears that such a transition has significant effect on the
adsorptive affinity of the dye molecule. The effect of pH
on the adsorption of CR was insignificant when the pH was
below the functional group pKa, but the adsorption was considerably hindered when the pH was above the pKa. Moreover, this pH effect was more significant for the adsorption
to oxidized MWCNTs than to as-prepared MWCNTs.

FIGURE 4 - Effect of MWCNT dosage on Congo red removal at dye
concentration of 15 mg L-1, at pH 4, and room temperature.

On the other hand, one glance to pH of zero charge of
this new adsorbent (pH 6.5-7.0) calculated according to
literature (Fig. 3), makes apparent that the high adsorption efficiency of this ionic dye may be attributed to the
contribution of all above-mentioned mechanisms. All adsorption process and the actual value of pH and ionic species activity were significantly influenced by ionic strength,
affecting both electrostatic and non-electrostatic interactions.

FIGURE 5 - Effect of initial dye concentration on removal of Congo
red at 0.025 g of MWCNT in 50 ml, pH 4 and room temperature.
3.6. Effect of initial dye concentration on adsorption of CR

FIGURE 3 - Effect of pH on the removal of Congo red by MWCNT
at room temperature, contact time of 15 min, adsorbent dosage of
0.025 g in 50 ml, and dye concentration of 15 mgL-1.
3.5. Effect of adsorbent dosage

One of the most critical parameters for rapid and efficient dye removal is size and amount of adsorbents, which
must be optimized. The adsorbent dose is an important

Effect of CR initial concentration on the efficiency of its
adsorption was investigated in the range of 10 to 100 mg L-1,
and results are shown in Fig. 5. CR adsorption increased
with increasing concentrations and tends to attain saturation
at higher concentrations. Although, by increasing the initial
dye concentration, the percentage of dye removal decreased,
the actual amount of dye adsorbed per unit mass of
MWCNT increased with the increase in initial concentration, which can be attributed to the decrease in resistance
to the uptake of solutes from dye solution. Hence, the initial
concentration provides an important driving force to over-
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come the mass transfer resistance of dye between the aqueous and solid phases.
3.7. Effect of temperature

Various textile dye effluents are produced at relatively
high temperature; therefore, temperature influence as an
important factor for the real application of the MWCNT
as adsorbent for CR removal must be investigated. To
determine whether the ongoing CR adsorption process on
MWCNT was endothermic or exothermic, in nature, a set
of similar experiments were carried out at 283, 293, 303,
313, 323 and 333 K, at constant initial dye concentrations
of 25 or 50 mg L−1 and pH 1, adsorbent dose of 1.0 g L−1,
and contact time of 5 or 15 min, respectively. Results show
that the adsorption of dyes increased with an increase in
temperature indicating the process is endothermic, and can
be explained by the endothermic spontaneity of the adsorption process (Fig. 6).

Ce/qe =1/kLQm +Ce/Qm

(2)

where KL is the Langmuir adsorption constant (L mg−1)
and Qm is the theoretical maximum adsorption capacity
(mg g−1). The value of Qm and KL constants and the correlation coefficients for Langmuir isotherm are presented in
Table 1. The isotherm of CR on MWCNT was found to be
linear over the whole concentration range studied, and the
correlation coefficients were extremely high (R2 >0.99) as
shown in Table 1.
TABLE 1 - Adsorption kinetic parameters at different initial Congo
red onto 0.3 g L-1 of MWCNT at pH 4, room temperature and Congo red concentration of 15 mg L−1.
Initial Congo red
concentration (mg/L)
15
2.4
27.9
0.983
3.2
54.6
0.998
0.71
0.94
20.4
0.927
0.13
3.7
0.981
50.8

Model
First-order kinetic

Second-order kinetic

Intraparticle diffusion

Elovich

k1× 10-3
qe (calc)
R2
k2 × 10-4
qe (calc)
R2
h
Kdiff
C
R2
β
α
R2

qe (exp)

The Freundlich isotherm is derived by assuming a heterogeneous surface with a non-uniform distribution of sorption heat over the surface, and is presented in the linear
form as follows:

FIGURE 6 - Effect of temperature on removal of Congo red at
0.025g of MWCNT in 50 ml, pH 4, dye concentration of 15 mg L-1.

Probably with increase from 283.15 to 333.15 K, the
interaction between solvent and solid surface was reduced
exposing more numbers of adsorption sites as reported
earlier, and led to enhancement of interactions between
dye and adsorbent. In addition, at high temperature, free
volume was probably favored due to increasing adsorption and weakening of hydrogen bonds and van der Waals
interactions (decreasing the strength of CR interaction
with MWCNT). The overall ∆G◦ was negative and increased with increasing temperature as listed in Table 1.
Since negative ∆G◦ indicates that the adsorption process
is spontaneous, and the shift of ∆G◦ to higher negative
values is indicative of a rapid and more spontaneous adsorption. The negative value of ∆S◦ suggests a slight decrease in randomness at the solid/solution interface with
increasing temperature.
3.8. Adsorption equilibrium study

The parameters obtained from the different models
provide important information on the surface properties of
the adsorbent, and its affinity to the adsorbate [36-39]. Several isotherm equations have been developed and employed for such analyses, and Langmuir isotherm interaction is based on the following equation:

log qe = log KF +1/n log Ce

(3)

1/n

where KF ((mg/g)/(mg/l) ) and n are isotherm constants indicating the capacity and intensity of the adsorption, respectively. Table 1 shows the Freundlich adsorption isotherm constant, and its respective correlation coefficients.
3.9. Kinetic study

The rate as well as mechanism of adsorption process
can be elucidated based on kinetic study.
By plotting the values of log (qe −qt) versus t, a linear
relationship is given from which k1 and qe can be determined from the slope and intercept. If the intercept dose is
not equal qe then the reaction is not likely to be a firstorder one, even when this plot has a high correlation coefficient [35-37].
Experimental data show high degree of nonlinearity
and poor correlation coefficients for pseudo first-order
model. The pseudo-second order model [36-39], which
is generally given as follows, may describe the adsorption kinetics:
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The second-order rate constants were used to calculate the initial sorption rate, given by the following Eq.:
h = k 2q e2

(5)

It was mentioned above that the curve fitting plots of
log (qe −qt) versus t do not show good results for the entire sorption period, while the plots of t/qt versus t give a
straight line for all the initial dye concentrations confirming the applicability of the pseudo-second-order equation.
Values of k2 and equilibrium adsorption capacity qe were
calculated from the intercept and slope of the plots of t/qt
versus t, respectively. The values of R2 and qe also indicated that this equation produced better results (Table 2).
This indicates that the CR-MWCNT adsorption system
obeys the pseudo-second-order kinetic model for the
entire sorption period. In general, the dye sorption is governed either by the liquid phase mass transport rate or
through the intra-particle mass transport rate. The adsorbate species are most probably transported from the bulk of
the solution into the solid phase with an intra-particle
diffusion process. The adsorption process is a diffusive
mass transfer process where the rate can be expressed in
terms of the square root of time (t). The intra-particlediffusion model is expressed as follows:
qt = ki t

0.5

+C

(6)

where qt is the fraction dye uptake (mg/g) at time t, ki
is the intra-particle-diffusion rate constant (mg/(g min0.5 ))
and C is the intercept (mg/g).
TABLE 2 - Isotherm parameters and correlation coefficients calculated by various models.
Langmuir-1:
Ce/qe = (1/KaQm) + Ce/Qm

Qm (mg/g)
Ka (L mg-1)
R2

46.7
2.4
0.996

Freundlich:
log qe = log KF + (1/n) log Ce

1/n
KF (L/mg)
R2
B1
KT×10+5 (L/mg)
R2

0.12
33.4
0.965
3.288
0.22
0.958

Tempkin:
qe = B1 Ln KT + B1 Ln Ce

diffusion plots, the first portion indicates a boundary layer
effect at the initial stage of adsorption. The second portion
of linear curve (Table 2) is the gradual adsorption stage
where intra-particle diffusion is rate-limiting. In some cases,
the third portion exists, which is the final equilibrium stage
where intra-particle diffusion starts to slow down due to
the extremely low adsorbate concentrations left in the solutions. The values of kid and C were obtained from the
second linear portion. Table 2 shows the calculated intraparticle diffusion parameters for the adsorption process
suggesting that intra-particle diffusion was present, but
not the only rate-controlling step, and that some other
mechanisms might be involved.
3.10. Thermodynamic study

Thermodynamic parameters were evaluated to confirm the adsorption nature of the present study. The thermodynamic constants, free energy change, enthalpy change
and entropy change were calculated to evaluate the thermodynamic feasibility and the spontaneous nature of the
process. Therefore, the thermodynamic constants can be
obtained from the following equations:
ΔG◦ = −RT Ln Ko

(7)
−1

where ΔG◦ is the free energy change (kJ mol ), R is
the universal gas constant (8.314 J mol−1 K−1), Ko the
thermodynamic equilibrium constant, and T is the absolute temperature (K). Values of Ko may be calculated from
the relation Ln qe/Ce vs. qe at different temperatures and
extrapolation to zero [36-43]. The obtained thermodynamic parameters are listed in Table 3. The negative ΔG◦
values confirm the spontaneous nature and feasibility of
the adsorption process. The ΔG◦ values were decreased as
the temperature was increased from 298 to 353 K, which
is an indication of the physical adsorption nature of the
process. The values of other parameters, such as enthalpy
change (ΔH◦) and entropy change (ΔS◦), may be determined from Van’t Hoff equation:
Ln K◦ =ΔS◦/R −ΔH◦/RT

Values of C give an idea about the thickness of boundary layer, i.e., the larger the intercept, the greater the contribution of the surface sorption in the rate controlling step.
The plot of qt versus t0.5 will give ki as slope and C as
intercept. The intercept represents the effect of boundary
layer thickness. Its minimum value shows that the adsorption is less boundary layer-controlled. For intra-particle

(8)

ΔH◦ and ΔG◦ can be obtained from the slope and intercept of Van’t Hoff plot of Ln K◦ vs. 1/T. The data are
presented in Table 3. The negative values of ΔH◦ further
confirm the exothermic nature of the adsorption process,
while the negative ΔS◦ values suggest the decrease in
adsorbate concentration in solid–liquid interface, thereby
indicating the increase in adsorbate concentration onto the
solid phase.

TABLE 3 - Thermodynamic parameters for adsorption of Congo red onto 0.31 g L-1 MWCNT at pH 4 and initial dye concentration of 15 mg L−1.
Adsorbent
Carbon-Au

C0 (mg/L)
50
C0 (mg/L)
15

Parameter
Kc
ΔG0 (kJ/mol)

Temperature (K)
283.15
293.15
303.15
313.15
12.71
37.45
250.9
1954.67
-7.49
-11.05
-14.61)
-18.18
ΔS0 (J/mol K)
ΔH0 (kJ/mol)
Ea (kJ/mol)
356.3
93.4
94.5
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323.15
2154.78
-21.74

333.15
2319.6
-25.30
S*
6.8×10 – 19
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4. CONCLUSION
It was observed that batch sorption using MWCNT
was dependent on parameters such as initial concentration
of dye, time, pH, dose of adsorbent and type of dye. The
equilibrium and kinetic studies were made for the adsorption of dyes from aqueous solutions onto MWCNT. Adsorption parameters for Langmuir and Freundlich isotherms
were determined, and the Langmuir model best described
the equilibrium data. The process is endothermic in nature,
and its kinetics can be successfully fitted to pseudo-secondorder kinetic model. The results of the intra-particle diffusion model suggested that intra-particle diffusion was not
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ABSTRACT

1. INTRODUCTION

With the development of economy and the rapid urbanization of China, urban waters have been polluted seriously in recent years, due to the increasing discharge of
domestic and industrial wastewater into urban water bodies. In this work, polyaluminium chloride (PAC) was employed in coagulation-flocculation process for the rapid
treatment of polluted urban river water. And the organic
pollutants removal by coagulation-flocculation process was
investigated. The experimental results showed that the
chemical oxygen demand (COD) removal was significantly
affected by the coagulant dosage and the initial COD concentrations of polluted urban waters. The COD removal
efficiencies increased steadily with the coagulant dosages
increasing at first, then stabilized at the maximum levels
(approximate 60-70%) when the dosages of PAC were
about 0.55, 0.90, 1.20, 1.00 and 1.40mmol/L respectively.
Quadratic regression models and a quick-search diagram
of the three items (coagulant dosage, initial COD concentration and COD removal efficiency) were obtained by Predictive Analytics Software (PASW) 17.0. The analysis of
variance (ANOVA) results showed that the quadratic regression models were significant, and the models fitted the
experiment data well. The validity of quick-search diagram
was confirmed by the additional experiments. The diagram
was demonstrated as a reasonable and simple method to
predict the economical coagulant dosages or the COD
removal efficiency with different dosages in coagulation-flocculation process for polluted urban waters.

KEYWORDS: polluted urban waters, organic pollutant, coagulation-flocculation process
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Water environment pollution has become one of the
most important issues all over the world, and urban water
pollution is more critical [1]. With the development of economy and the rapid urbanization, urban waters have been
polluted heavily due to the constantly increasing discharge
of domestic and industrial wastewaters [2-6]. Especially in
China, urban water quality deteriorates rapidly in recent
years. Large amount of ineffectively treated wastewater represents a large input of contaminants, nutrients, organic
matter, pathogens, etc. and it causes immediate and longterm damages, such as aesthetic pollution, reduction of
dissolved oxygen, degradation of water quality, eutrophication, etc [7]. In Shanghai, The Shanghai Water Environment Supervision Center has carried out overall supervision
on the water quality of river channels in the whole city,
which has shown that most of urban rivers, especially small
tributary rivers, have been polluted seriously in the past
30 years [8], and the most visualized result is that the city
rivers are becoming black and odorous [9]. This brings negative effect to citizen daily life and environment, and has
already deeply affected the urban ecological construction.
There is an urgent need to find a way to treat this type of
polluted water in emergency and preserve urban water environment while maintaining the city’s sustainable development.
Based on the principle, the treatment methods of polluted urban water purification can be divided into three
aspects: physical, chemical and bio-ecological methods.
Physical methods mainly include pollution source interception [10], sediment dredging [11], aeration [12], water diversion [13]; chemical method is mainly coagulationflocculation process [14]; and bio-ecological methods include microbial [15], botanical [16] and zoological [17]
restoration technology, wetland [18] and stabilization pond
[19], etc. But all of these treatment methods have their own
application situations. For example, physical method is
suitable for preliminary treatment and requires large-scale
engineering construction and lots of funds; and chemical
method can removal pollutants quickly and effectively but
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it needs to add chemical agents in treatment process. Wetland and stabilization ponds require comparative largescale space and longer treatment time.
Coagulation-flocculation process is widely used for
wastewater treatment, as it is efficient and simple to operate [14, 20-23]. In bench-scale experiments, optimization
of experiment conditions and factors [24-27], such as type
and dosage of coagulants, pH, mixing speed and time,
temperature and retention time, etc. was studied by many
researchers. In pilot-scale experiments or engineering practices, the optimal and economical dosages of coagulant for
various wastewaters are significant. Given the water quality of polluted urban waters, how to determine the economical coagulant dosages or how to predict the removal
efficiency under the different dosages more quickly and
exactly is a practical problem. Guida et al. [28] found that
the chemical oxygen demand (COD) removal efficiencies
were different for five different wastewaters at the same
coagulant dosage and pH value. It revealed that the COD
removal efficiency is affected by initial COD concentrations of wastewater. This brings difficulties to determine
the economical coagulant dosage or to get a stable efficiency under fixed coagulant dosages for different
wastewater treatment by coagulation flocculation process.
In this study, the COD removal effect with different
initial COD concentrations of seriously polluted urban waters by coagulation-flocculation process was investigated.
Quadratic regression models and a quick-search diagram
were obtained to indicate the quantitative relationship between coagulant dosage and the COD remove efficiency
under different initial COD concentrations of polluted urban
waters. This provides a quickly and reasonable method to
determine coagulant dosage or COD removal efficiency in
coagulation-flocculation process for polluted urban waters
treatment.

TABLE 1 - Characteristic of water quality
Parameters (mg/L)
COD
SS
NH4+-N
TP
pH
1: standard deviation

Range
75.37~199.42
40.26~82.45
7.57~18.24
1.21~4.52
7.06~7.86

Mean
125.79
62.60
12.46
2.96
7.43

S. D.1
14.78
8.50
2.47
0.84
0.24

2.3. Statistical analysis

Predictive Analytics Software (PASW) is the former
SPSS (Statistical Package for the Social Sciences) software, which is one of the most famous statistical software
all over the world. In this study, the quadratic regression
and analysis of variance (ANOVA) were evaluated by
PASW 17.0. At first, the experimental data were regressed
by quadratic models, then, statistical testing of the model
was performed with the Fisher’s statistical test for ANOVA.
Finally, the difference between measured and predicted removal efficiencies was evaluated by Paired Sample T-test
in conformation experiments.
2.4. Data analysis

Raw and coagulated samples were analyzed for their
parameters according to Standard Methods [29]. The raw
and treated samples were repeatedly analyzed in order to
validate the results and the analytical errors were less than
±5%.
3. RESULTS AND DISCUSSION
3.1. Experiment results

Coagulation experiments were performed in order to
investigate the effect of coagulant dosage on the removal
efficiencies of COD at different initial COD concentrations. The dosage of PAC and the removal efficiencies
were shown in Figure 1.

2. MATERIALS AND METHODS
2.1. Materials

Polyaluminium Chloride (PAC) which is employed in
the Jar test experiments was purchased from Taicang
Zhenxin Chemical Co. Ltd. The PAC density is 1.276g/cm3
and the Al2O3 content is 11%. The other reagents were purchased from Sinopharm Chemical Reagent Co. Ltd, China.
They were of analytical reagent grade and used without
further purification.
2.2. Characteristic of water quality

The water samples employed in coagulation and confirmation experiments were collected from 9 different polluted rivers in Shanghai. The parameters of water samples,
such as COD, suspended solid (SS), ammonia nitrogen
(NH4+-N), total phosphorus (TP) and pH value were shown
in Table 1.

FIGURE 1 - COD removal efficiencies obtained for different initial
COD concentrations

The dosage of Al3+ was varied from 0.05 to 1.4mmol/L
for coagulation experiments. While the initial COD con-
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centrations were 75mg/L, 90mg/L, 120mg/L, 150mg/L
and 180mg/L, the removal efficiencies reached a maximum of 67.40%, 63.97%, 67.55%, 73.79%,and 66.75%
according to the dosage of PAC is about 0.55, 0.90, 1.20,
1.00 and 1.40mmol/L, respectively. The results showed
that the COD removal efficiencies were influenced by the
dosage of PAC. The COD removal efficiencies increased
steadily at first and then stabilized at the maximum levels
after the dosage of PAC was about 0.55, 0.90, 1.20, 1.00
and 1.40mmol/L, respectively. The reason for this phenomenon maybe that the organic matter in wastewater can
be divided into three types: particulate, colloidal and dissolved organic matter [30]. Particulate organic matter can
be completely and easily removed by co-precipitation with
the suspended solids. According to the classical theory of
coagulation for colloid removal, colloidal organic matter
can be partly removed according to the classical theory of
coagulation, colloidal destabilization by compressing double electric layers, neutralizing, adsorption and bridging or
sweeping, but dissolved organic matter (DOM) is very
hardly removed by coagulation, because DOM is dissolved
and is unlikely to provide nuclei for precipitate formation
as particle [31]. It can be concluded from Figure 1 that the
maximum COD removal efficiency is approximate 6070%, it indicated that DOM may be account for 30-40%
in the total organic matter.
3.2. Regression of experiment data

The coagulation experiment data were regressed by
quadratic model, the results were shown in Figure 2. Statistical testing of the model was performed with the Fisher’s
statistical test for ANOVA. The results of the ANOVA for
models are shown in Table 2.

FIGURE 2 Quadratic Regression of experiment data

The ANOVA results of the five quadratic models
showed that the models for different COD concentration
were significant, because the calculated F-values (the ratio
of mean square due to regression to mean square to real
error) were 40.53, 74.93, 271.20, 31.56 and 821.87, respectively. The p-values (a specified probability value that
defines the maximum allowable probability that the null
hypothesis will be rejected when it is true) of the models
also implied that the quadratic model fitted the experimental results well. The value of the correlation coefficient (R2=0.890, 0.937, 0.982, 0.840, 0.995) indicates that
only 11%, 6.3%, 1.8%, 16% and 0.5% of the total variation could not be explained by the empirical model, respectively.

TABLE 2 - Model summary and coefficients estimated
Concentration

equation

75mg/L
90mg/L
120mg/L
150mg/L
180mg/L

quadratic
quadratic
quadratic
quadratic
quadratic

R-square
0.890
0.937
0.982
0.840
0.995

Model Summary
F
df1
40.53
2
74.93
2
271.20
2
31.56
2
821.87
2

3.3. Quick-search diagram

Given the water quality of polluted urban waters, how
to determine the economical coagulant dosages or to predict the COD removal efficiency with different dosages
more quickly and exactly is difficult to answer in engineering practice. In order to solve this problem, the quadratic models were transformed to a quick-search diagram
(Figure 3). 11 removal efficiencies (20%, 25%, 30%, 35%,
40%, 45%, 50%, 55%, 60%, 65% and 68%) of five initial
COD concentrations (75mg/L, 90mg/L, 120mg/L, 150mg/L
and 180mg/L) and corresponding dosages of PAC were
calculated by quadratic models obtained in Section 3.2
and scattered the data, then the dots were fitted by isolines.

df2
10
10
10
12
9

p-value
0.0001
0.0001
0.0001
0.0001
0.0001

constant
12.26
10.91
5.49
15.59
2.13

Coefficients
b1
183.26
139.11
138.90
125.42
90.42

b2
-159.28
-95.26
-85.43
-73.63
-31.45

This diagram can be used only for the polluted urban
rivers that COD concentration varies from 70 to 200mg/L.
By using this diagram, (1) given the COD concentration
of untreated polluted water and the expected removal
efficiency, the dosage of PAC can be found, for example,
if the COD concentration of water is 100mg/L, and the
expected removal efficiency is 50%, the dosage of PAC
should be about 0.35mmol/L; (2) given the COD concentration of untreated polluted water and the dosage of PAC,
the removal efficiency can be predicted, for example, if
the COD concentration of water is 130mg/L, and the
dosage of PAC is about 0.7mmol/L, the removal efficiency will be around 60%; (3) given the COD concentration
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4. CONCLUSIONS

of untreated polluted water, the maximum removal efficiency can be also predicted.

FIGURE 3 - Quick-search diagram of initial COD concentration,
dosage of PAC and removal efficiency
3.4. Confirmation experiments

In order to confirm the validity of the quick-search
diagram, four polluted urban water with different initial
COD concentrations were used in confirmation experiments. The sample parameters were shown in table 1. Five
or six different dosage of PAC for each sample was used
in the confirmation experiments. The mean value of Measured and Predicted Efficiency was 48.57 and 50.13 and
standard deviation was 15.13 and 15.40 respectively,
shown in Table 3. The results showed that the correlation
between measured and predicted removal efficiency was
well (R2=0.929). The difference between measured and
predicted removal efficiencies were evaluated by PASW
17.0. The paired samples T-test (Paired T-test is a parametric test for a difference in central location (mean) between
two paired samples.) result shows that there is no obvious
difference between measured and predicted COD removal
efficiency (Table 4). It is confirmed that the quick-search
diagram of COD concentration, dosage of PAC and removal efficiency can be used in the practice of treating
polluted urban waters by coagulation-flocculation process
in Shanghai.

The organic pollutant removal using coagulationflocculation process was investigated in this paper. The
experiment results show that the COD removal efficiency
was significantly influenced by the dosage of PAC and the
initial COD concentration of raw water. The COD removal
efficiencies increased steadily at first and then stabilized at
the maximum levels after the dosage of PAC was about
0.55, 0.90, 1.20, 1.00 and 1.40mmol/L, respectively. The
regression and ANOVA results by PASW 17.0 showed
that the quadratic regression models for different COD concentration was significant and the quadratic model fitted the
experimental data well. Finally, a quick-search diagram of
COD concentration, dosage of PAC and COD removal
efficiency was obtained. The result of confirmation experiments showed that the quick-search diagram can be
used in the practice of polluted urban waters treatment by
coagulation-flocculation process. This study provides a
quick and reasonable prediction method for urban polluted
water by coagulation-flocculation process in Shanghai.
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TABLE 3 - Paired Samples Statistics
Mean N
Pair

Measured
Efficiency
Predicted
Efficiency

48.57

22

Std.
Deviation
15.13

50.13

22

15.40

Std. Error Mean

3.28
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ABSTRACT

sible for such environmental problems like photochemical
smog, acid rain, tropospheric ozone, ozone layer depletion.

Ozone and nitrogen dioxide concentrations which are
secondary pollutants were determined during 12 weeks.
The measurements were weekly performed at 14 sampling
points located in Erzurum city by using passive samplers.
The mean O3 and NO2 concentrations during sampling
period were found as 61.1±11.3 and 13.9±8.1 µg/m3, respectively. These values generally lie below the air quality
standards recommended by the National Ambient Air
Quality Regulation. The seasonal variations showed a maximum O3 concentration during summer while NO2 level
had a maxima in winter. The highest value of ozone and the
lowest value of nitrogen dioxide were obtained in rural
areas where vehicular traffic is lower. The influence of
meteorological conditions on O3 and NO2 concentrations
were also investigated. Ozone showed negative correlation
with pressure and relative humidity, and positive correlation with sunshine duration, temperature and wind speed.
However, nitrogen dioxide had positive correlation with
pressure and relative humidity and negative correlation
with other meteorological parameters. The inverse relation
between O3 and NO2 levels was observed as it seen in
previous studies. The significant impact factors for ozone
were found as sunshine duration, temperature, wind speed
and pressure.
KEYWORDS: Ozone, nitrogen dioxide, passive sampling, meteorological factors, ambient air

1. INTRODUCTION

Ozone is formed as a gas both in the earth’s upper
atmosphere (stratosphere) and ground-level (troposphere).
While stratospheric ozone is called “good ozone”, because it absorbs some of the sun's biologically harmful
ultraviolet radiation, tropospheric ozone is often termed
“bad ozone” due to its harmful effect. Whereas stratospheric
ozone is thinning, tropospheric ozone is increasing in the
world [3]. The sources of tropospheric ozone (surface
ozone), which is a secondary pollutant, are complex photochemical reactions, that take place when volatile organic
carbon (VOC) and nitrogen oxides (NOx) mix in the air
and react chemically in the presence of sunlight, and are
transported downwards from the stratosphere. The volatile organic carbon and nitrogen oxides are called ozone
precursors [4]. Bhungwant et al. [5] and Pulikesi et al. [4]
have reported that combustion processes from traffic
and/or trash burning mainly emit these O3 precursors.
Nitrogen oxides (NOx), emitted from incineration processes consist to 95% of NO nitric oxide and 5% NO2
nitrogen dioxide [6]. Therefore, nitrogen dioxide formed
in the atmosphere through the photochemical oxidation of
nitric oxide is a secondary pollutant.
Nitrogen oxide and atomic oxygen are produced by
NO2 photolysis. The most important reaction in ozone
production in the atmosphere occurs between atomic oxygen and molecular oxygen [7]. Then, ozone is removed by
its reaction with nitrogen oxide. Net ozone production results from the NO2 photolysis, when NO is converted to
NO2 without loss of O or O3. In the troposphere, peroxy
radicals that react rapidly with NO mainly play this role
[8].

Urban air pollution occurs as a result of combustion
in vehicles, in industries and for domestic purposes. One
of the main problems originated by the air pollution in
urban areas is the pollution caused by photochemical oxidants. Among these, the ozone (O3) and nitrogen dioxide
(NO2) are important which cause adverse impacts on human
health including chest pain, throat irritation, congestion and
coughing and in the environment [1, 2]. NOx are respon-

Meteorological parameters like wind speed, temperature and sunshine duration have influence on O3 and NO2
concentrations. Particularly on most of summer days, formation of O3 is strongly influenced by meteorological conditions [4, 9-12]. Meteorology also determines the regional
transport of ozone and it precursors to the area as well as
the penetrates of ozone from upper layer to boundary
layer [13].

* Corresponding author

Monitoring of NO2 and O3 is generally carried out using continuous measurement techniques or active sam-
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pling using a pump. On the other hand, these methods are
expensive and require continuous maintance, calibration
and electric supply. Passive samplers are based on free flow
of pollutant molecules from the sampled medium to a
collecting medium. These devices can be placed almost
anywhere [10]. Although the continuous measurements
and active sampling systems can make concentrations
measurements in a short period, passive samplers are useful
for mean concentrations determinations. Passive samplers
are small, silent and reliable; do not need electricity; and
are less expensive. They can be used for indoors and outdoors monitoring in rural, urban, arctic and tropical environments where they can provide exposure profiles with
high quality. Samplers do not need field calibration, air
volume measurements, and technical demands at the sampling site. They are suitable for determining spatial distribution of gases and establishing atmosphere monitoring
networks. [12, 14].

reaction between the gas and the collection cartridge and
provides high uptake rate [10]. With the same dimensions,
radiello’s uptake rate is at least three times higher than
that of any axial diffusive sampler [15].
Depending on the polluting compound to be sampled,
many different adsorbing or chemiadsorbing cartridges
have been developed. It has 60mm length and 4.8 or 5.8 mm
diameter. They are contained in plastic tubes wrapped up
in a transparent polyethylene thermowelded bag.

In the present paper, NO2 and O3 concentrations were
weekly determined during 12 weeks in the winter, spring
and summer seasons at 14 different monitoring points
covering almost all the city using passive sampler. Based
on the observational data, the levels and variations of O3
and NO2 depending on the seasons and sampling points
were evaluated and the effect of meteorological parameters on O3 and NO2 concentrations were examined.

FIGURE 1 - Sampling area

2. MATERIAL AND METHODS
2.1. The study area

This study was conducted in Erzurum, which located
in the northeast of Turkey, with an urban population of
368,146 in 2009 (Fig. 1). It has 1950m. height above the
sea level. The prevailing climatic condition in the city is
terrestrial, characterized by warm summers and very cold
winters. The major sources of air pollution in Erzurum are
heating and transportation because of low presence of
industrial company. Erzurum city had a serious air pollution problem between 1990 and 2004 winter periods. This
problem gradually has been declined by the use of natural
gas for heating after 2004. There are some reasons for the
air pollution in Erzurum, which is situated on a plateau,
surrounded on three sides by high mountains. While wind
speed is above 3 m/s in the summer, this parameter is 2.5
m/s during winter. In addition, fuel consumption for heating in the city also increases in winter. This special terrain
and climate conditions of the city cause difficulty on
dispersion of air pollutants.
2.2. Explanation of passive sampler

Radiello passive samplers were used for collecting
ozone and NO2 from air. These passive samplers are different from traditional axial samplers since the diffusion
process is radial through a microporous cylinder in which
a cartridge with adsorbent material is positioned. As a
result, there is a greater diffusion area which makes easy

FIGURE 2 - Passive sampler used in this study

Different kinds of diffusive bodies are available to
sample air pollutants. In this study, the blue diffusive
body has been used. It is made of microporous polyethylene 1.7 mm thick and average porosity 25±5 µm. Diffu-
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sion path length is 18 mm and it is opaque to light: It is
suited to the sampling of light-sensitive compounds. Two
cellulose acetate caps are soldered with an epoxy adhesive
to the cylinder ends. For exposition, these components are
screwed onto a plane cellulose acetate equilateral triangle
equipped with an attaching clip (Fig.2) [15].
2.3. Sampling

Samplings were carried out for 14 points covering
almost all the city, simultaneously (Fig.1). These points
were selected as 6 urban, 5 semi urban and 3 rural. Sampling was conducted in 12 weeks. Each sampling was
done during 7 days starting from Tuesday (between Tuesday and Monday) and after the exposure time the cartridges
were kept in airtight containers and the sampler’s cartridges were transferred into a plastic tube and kept in the
refrigerator until the analysis.
The operating principle of Radiello samplers is as follows: The cartridge used for ozone monitoring is filled
with silica gel coated with 1,2-di(4-pyridyl)ethylene (DPE).
Ambient O3 diffuses through the porous membrane until
the cartridge where it is trapped by reaction with DPE.
Hauser and Bradley [16] suggested the probable absorption reaction between O3 and DPE to form an ozonure intermediate, which upon hydrolysis yields 4-pyridylaldehyde
(PA), amongst other products. However, the cartridge used
for nitrogen dioxide is made of mycroporous polyethylene
coated with triethanolamine (TEA). Nitrogen dioxide (NO2)
in atmosphere is chemiadsorbed onto TEA as nitrite (NO2-).
According to the Fick’s first law, the quantity of NO2- and
4-pyridylaldehyde in the sampler is proportional to the
concentration outside the sampler, the diffusion coefficient,
the dimensions of the sampler and the sampling time.
2.4. Extraction and analysis of O3

After the exposure time, the silica gel coated with DPE
contained in the cartridge was placed in a plastic tube for
extraction. 5 mL of 3-methyl-2-benzothiazolinone hydrazone (MBTH) solution (5 g MBTH with 5 mL of concentrated sulphuric acid in 1 L of water) was added into a
plastic tube containing the silica gel. Then, the plastic tube
was hermetically sealed and shaken using a vortex shaker.
To guarantee a complete reaction, this mixture was left
for at least 1hour in the dark at room temperature stirring
from time to time before analysis. In plastic tube, MBTH
solution reacts with PA to yield the corresponding azide
that is a yellow molecule (Fig.3). The absorbance of the
solution was measured in the UV spectrophotometer at
430 nm. The mass of PA in the cartridge was obtained by

FIGURE 4 - Calibration graph for ozone

reference to a linear calibration derived from the spectrophotometric analysis of standard solutions of PA. Therefore, the amount of O3 can be calculated from the amount
of PA taking into account that 1 µg of PA correspond to
0.224 µg of ozone [15]. Calibration graph containing linear
calibration equations with R2 value for O3 is given in Figure 4.
Ozone concentration was calculated from the quantity
of 4-pyridylaldehyde captured in the sampler by means of
Eq.(1)and(2):  

(1)

(2)
where, C represents the ambient air O3 concentration
measured, m is the mass of O3 captured in the sampler, t
is sampling time and QK and Q298 denote sampling rate at
the temperature K and standard conditions, respectively.
2.5. Extraction and analysis of NO2

After the sampling, the NO2 cartridge was put into the
plastic tube and 5 ml ultrapure water was added. The
solution was stirred strongly by vortex for 2 min to allow
the nitrite to dissolve in the water. After stirring, the cartridges were removed from the solution. Nitrite ion (NO2-)
was analyzed by IC. Nitrite calibration graph containing
linear calibration equations with R2 value is given in Figure 5. Nitrogen dioxide (NO2) concentration was calculated from the quantity of nitrite captured in the sampler by
means of Eq. (3) and (4):

(3)

FIGURE 3 - The reaction between MBTH and PA

(4)

2529

© by PSP Volume 20 – No 10. 2011

Fresenius Environmental Bulletin

where, C represents the ambient air NO2 concentration, m is the quantity of NO2- captured in the sampler, t is
sampling time and QK and Q298 denote sampling rate in K
temperature and standard conditions, respectively.

FIGURE 5 - Calibration graph for nitrite.

Two unused cartridges at every sampling period were
subjected in the same manner together with samples. After
that, it was subtracted by the average blank value from
absorbance values of samples.
3. RESULTS AND DISCUSSION
The ozone and nitrogen dioxide samplings were done
during total 12 weeks and samplings at each point were
collected weekly. Therefore, total sampling numbers for
O3 and NO2 are 157 and 158, respectively. First sampling
was done between 23.02.2010 and 19.04.2010. The first 4
weeks of this sampling period (23.02.2010/22.03.2010)
was considered as winter season and the second 4 weeks
(23.03.2010/19.04.2010) was accepted as spring season.
The other sampling was conducted between 08.06.2010
and 05.07.2010 in summer seasons.

3.1. General evaluation of all samples

The average levels of O3 and NO2 measured in Erzurum during three sampling seasons were statistically analyzed and are shown in Table 1 together with Turkish and
international limits. The average concentrations of O3 and
NO2 for all sampling season were found as 61.1±11.3 and
13.9±8.1 µg/m3, respectively. As may be observed from
Table 1, measured concentrations of the O3 and NO2 generally do not exceed the limits of the national ambient air
quality standards in Air Quality Control Regulation
(AQCR) and the international regulations [17-21]. However, the mean O3 concentration is only above the annual
limit value of the EU regulation (for protection materials).
When these values are compared with the data of some
big cities in Turkey, it is seen that NO2 levels in Erzurum
are lower than those in Ankara (40 µg/m3) and Eskişehir
(22.6 µg/m3). O3 concentration in this study was higher
than those in Ankara (20 µg/m3 in winter season) and
Eskişehir (46 µg/m3) [22].
3.2. Seasonal trend of ozone and NO2 concentrations

Table 2 shows some statistical characteristic of the O3
and NO2 according to sampling seasons. The ozone and
nitrogen dioxide concentrations of 6 points were selected
as 2 urban, 2 semiurban and 2 rural areas are shown in
Fig.6 and 7, respectively. It can be seen from Table 2 and
Fig.6,7 that ozone and nitrogen dioxide levels exhibit
variation throughout the different seasons. The mean ozone
concentrations of three seasons follow the order of summer>spring>winter. Although ozone presents a maximum
level in summer, it shows minimum level in winter. This
variation pattern is almost the typical mode that can be
observed in a lot of cities [9-11, 22]. Higher ozone concentration during summer is generally observed because
of its increased formation in presence of precursors and
sunlight in summer season.

TABLE 1 - Statistical Analysis of ozone and nitrogen dioxide (µg/m3) measured for 14 points at all sampling periods with national and international limits.
Pollut.

Mean

St.De

Median

Max

Min

O3

61.1

11.3

62.1

89.5

32.6

NO2

13.9

8.1

13.0

39.7

0.5

Turkish limits
[17]
240 (1h)
300
(daily)

100
(annual)

WHO guidel.
[21]
120 (8h)
40 (annual)

EU regulat.
[18,19]
120 (8h)
40 (annual)
30 (annual)

USEPA regulat.
[20]
157 (8h)
30 (annual)

TABLE 2 - Statistical results of O3 and (NO2) concentrations (µg/m3) observed in three sampling seasons.
Sampling Campaign
1st Camp
(Winter)
2nd Camp.
(Spring)
3rd Camp.
(Summer)

Mean
59.3
(13.7)
60.2
(15.8 )
63.8
(12.0)

St.Dev
10.1
(7.7)
11.2
(9.1)
12.2
(7.0)

Median
59.1
(13.0)
60.4
(13.6)
64.9
(10.4)
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Maximum
82.7
(39.7)
82.8
(38.6)
89.5
(29.8)

Minimum
40.2
(0.5)
37.7
(0.9)
32.6
(0.9 )

N
52
(50)
54
(55)
51
(53)
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and P6 points. Considering the nitrogen dioxide levels,
the highest value was observed at P6, it declined to the P3
and P7 points.

FIGURE 6 - The O3 levels measured at 6 points during sampling
seasons.

FIGURE 8 - Average ozone and nitrogen dioxide concentrations at
14 sampling points

The sampling points were classified according to the
road traffic (urbanization) such as urban, semiurban and
rural. The mean concentrations of O3 and NO2 at each
group during sampling weeks are shown in Fig. 10 (a) and
(b). The highest O3 and the lowest NO2 levels were observed in urban areas, while the lowest O3 and the highest
NO2 levels were seen in rural areas as shown in Fig. 10.
This situation is the result of the photochemical reaction
of nitrogen oxide emission coming from heavy traffic in
urban areas.
3.4. Relationship with meteorological parameters
FIGURE 7 - The NO2 levels measured at 6 points during sampling
seasons.

However, it is seen from Table 2 and Figure 7 that the
lowest NO2 concentration is in summer and the highest
NO2 level is in spring. Lower NO2 levels in summer may
be due to its destruction by photochemical reactions.
Nevertheless, the photolysis of ozone precursors such as
NO2 does not occur more as a result of reduced solar
radiation and lower temperature in winter and spring
seasons. Therefore, tendency of NO2 accumulation is
increased.
3.3. Spatial distributions of ozone and NO2

Fig. 8 shows the average values of O3 and NO2 concentrations at every point along the entire sampling period. Highest value of NO2 and lowest value of O3 was
found at P6 (urban area with heavy traffic). In contrast,
the highest value of O3 and lowest value of NO2 was observed at P3 and P7 points (rural area). In order to show
spatial distribution of these pollutants, a distribution graph
has been drawn in Fig. 9 by using average concentrations
of O3 and NO2 for all sampling points using Surfer 32
software. As it is shown in Fig. 9 (a) and (b) ozone concentrations at P3 and P7 were higher than those of other
sampling points. They gradually decreased towards to P9

Since the meteorological conditions play an important
role in O3 and NO2 (secondary pollutions) formation, transfer and dispersion, the effect of temperature, humidity,
wind speed, pressure and sunshine duration on the concentrations of O3 and NO2 were investigated by using
multiple regression analysis applied in the Statisca 17.0
software package, resulting equations are given below.
O3 = 335.892 - 0.358[pressure] - 0.102[temperature] +
1.864[s.duration] + 3.399[w.speed] -0.059[r.humidity]
(R2 = 0.838)
(5)
NO2 = 34.656 - 0.003[Pressure] - 0.178[temperature] 0.295[s.duration] + 0.390[w.speed] -0.091[r.humidity]
(R2 = 0.591)
(6)
As seen from the equations above, the regression coefficient of Eq. (5) is higher than Eq. (6). Therefore, the
variations of O3 concentrations are able to predict effectively by Eq. (5) better than NO2 concentrations.
In order to show a interrelation between the results
and some meteorological parameters such as the temperature, pressure, humidity, wind speed and sunshine duration recorded by Meteorology Department of Erzurum
during the same period of time, linear correlation analysis
was performed and analysis results are shown in Table 3.
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FIGURE 9 - Spatial distribution maps of (a) O3 and (b) NO2

(a)

(b)

FIGURE 10 - Average concentrations of (a)O3 and (b)NO2 in urban, semiurban and rural areas at every sampling week.
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TABLE 3 - The correlation coefficients the between O3, NO2 concentrations and some meteorological parameters
Parameters
O3
NO2

T
0.547
-0.510

P
-0.474
0.290

RH
-0.148
0.178

WS
0.537
-0.276

SD
0.772
-0.675

O3
1
-0.657

There is a strong negative correlation between O3 and
NO2 concentrations (P<0.05). O3 concentration increases
with decreasing NO2 concentration. The negative correlation is a characteristic of urban areas, where the cycle of
O3 is impacted by traffic. O3 and NO2 formed in the photochemical reactions are secondary pollutants. O3 reacts
with NO in order to form NO2 and O2 in urban areas.
As seen from Table 3, among meteorological parameters, sunshine duration generally has the highest positive
correlation with O3 and the highest negative correlation
with NO2 which shows the importance of photochemistry
on O3 and NO2 formation (P<0.01). Nevertheless, relative
humidity has the lowest correlation with O3 and NO2 concentrations, with a correlation coefficient of -0.148 and
0.178, respectively.
Temperature shows significantly positive correlation
with O3 and the negative correlation with NO2, with the
correlation coefficient of 0.547 and -0.510 (P<0.05) respectively (Table 3). High temperature can make easier the
production of ozone, since temperature plays an attractive
role in the spread rate of the radical chains, and has an
opposite effect on the break down rate of these chains. On
the other hand, pressure shows negative correlation with
O3 and positive correlation with NO2. In urban areas, variations of average temperatures generally show negative
correlation with variations of pressure [9, 23].
It is clearly seen from Table 3 that wind speed has
high positive correlation with ozone and moderate negative correlation with nitrogen dioxide. Wind is very important for the transfer and dispersion of air pollutants.
Increasing in wind speed causes the rising in transport of
the primary pollutants and which may results in lower
pollutant concentrations. Higher wind speed often leads to
lower NO and therefore the loss of ozone is reduced [24].

respectively. Although the obtained ozone and nitrogen
dioxide levels are within the allowed values, the mean O3
concentration is above the annual limit value of the EU
regulation.
It is found that the maximum O3 concentration is in
summer while maxima NO2 level is in winter.
While the high NO2 and low O3 levels may correspond to the intensive road traffic, the low NO2 and high
O3 levels are recorded in rural areas where vehicle traffic
is very lower.
The O3 formation in this study was influenced by meteorological parameters and NO2. While high temperatures,
high sunshine duration, high wind speed and low pressure
increase the formation of O3, the relationship between mentioned meteorological parameters and NO2 is vice versa.
There is an inverse relationship between levels of O3
and NO2 concentrations.
This study is first measurements of O3 and NO2 concentrations in a lot of sampling points in Erzurum. But,
each sample in this paper consists of average weekly value.
Therefore, the diurnal changes of these pollutants could not
be investigated.
Undoubtedly, there is a need for a more comprehensive study, especially based on O3, NOx and VOCs (volatile organic compounds) monitoring, to evaluate their diurnal changes and the photochemical reactions among these
pollutants in the atmosphere.
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Similar variations of ozone and nitrogen dioxide concentration with meteorological conditions have previously
been reported [8-11].
4. CONCLUSIONS
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ABSTRACT
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This study was designed to investigate the effect of
drospirenone/estradiol (Angeliq®) on erythrocyte CAT and
CA enzyme activities, and serum Fe, Mg, Co, Cu, Zn, Pb,
Mn and Cd concentrations in ovariectomized- and drospirenone/estradiol-treated rats. Forty Female Wistar-albino
rats were divided randomly into four groups, each consisting of ten rats. The animals in the first group were not
treated, and served as control. The animals in the second
group were operated but not ovariectomized and served as
sham group. The animals in the third group were operated,
ovariectomized but not treated with drospirenone/estradiol
and served as ovariectomized group. The animals in the
fourth group were operated, ovariectomized and treated
with 0.01 mg/kg 17 beta-estradiol and 0.02 mg/kg drospirenone daily, p.o. for four weeks. Blood samples were
collected at the end of the application period for the determination of the erythrocyte catalase (CAT) and carbonic
anhydrase (CA) enzyme activities as well as serum Fe, Mg,
Co, Cu, Zn, Pb, Mn and Cd concentrations. It was found
that although erythrocyte CAT enzyme activity decreased
in sham group, CA enzyme activity increased in angeliq
group. Serum Pb levels of angeliq group and serum Mg
levels of sham, ovariectomized and angeliq groups decreased. Serum Co, Cu, Mn and Fe levels increased in
angeliq group. There was no significant difference among
groups with regard to the serum Cd or Zn levels. It was
concluded that hormonal replacement therapy might provide beneficial effects on blood antioxidant enzyme activity, heavy metal and some trace element levels in menopause. However, more studies are needed to verify and
clarify the relationship between the hormonal replacement
therapy and blood antioxidant status and trace element
levels in menopause.

1. INTRODUCTION
Angeliq® (drospirenone/estradiol) may provide fast relief from moderate to severe menopausal symptoms, including hot flushes, night sweats, and vaginal dryness. In
just four weeks, symptoms reduction may be close to 70%
by the estrogen in angeliq [1]. Estrogen plays an important role not only in maintaining the reproductive
function and the secondary sex characters of the female
animals, but also in so-classical target tissues, such as the
brain, bone, liver, kidney and the cardiovascular system
[2].
Ovariectomy is the surgical removal of one or both ovaries. If one ovary is removed, a woman may continue to
menstruate and has children. Ovariectomy is performed
through the same type of incision as an abdominal hysterectomy. The ovariectomized rat model has been used to
investigate the effects of antiresorptive agents as well as
parathyroid hormone (PTH) fragments on bone. This model
combines the easy manageability of rats with the main features of postmenopausal osteoporosis in women [3].
Free radicals are known to be the main cause of aging,
coronary heart disease, stroke, diabetes mellitus, rheumatism and cancer [4-7]. There is equilibrium between a free
radical and reactive oxygen species (ROS) formation and
endogenous antioxidant defense mechanisms, but if this
balance is disturbed, it can produce oxidative stress [8].
The tissue injury caused by ROS includes DNA damage
[5], protein damage [9] and oxidation of enzymes [10] in
the human body. The role of sex hormones in lipid peroxidation has been investigated in rat liver homogenates.
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Male rats have a higher content of products of lipid peroxidation than females [11].
Aerobic organisms are protected from oxygen toxicity
by a natural antioxidant defense system involving enzymatic and non-enzymatic mechanisms [12, 13]. Catalase
(CAT, H2O2: oxidoreductase, EC 1.11.1.6) is a well known
plasma antioxidant. This enzyme is found in plants, human
and animal tissues, especially in erythrocytes, hepatic and
renal cells [14]. There is substantial evidence that estrogen
presents antioxidant properties [15, 16]. Carbonic anhydrase (CA, E.C. 4.2.1.1.) is a Zn-containing metalloenzyme
that catalyzes the reversible hydration of carbon dioxide
[17]. CAs appear to have a role in diverse physiological
and biological processes including respiration, acid-base
balance, ion transport, bone absorption, renal acidification,
gluconeogenesis, and ureagenesis as well as the formation
of aqueous humor, cerebrospinal fluid, saliva, and gastric
acid [18, 19].
The role of trace elements individually or in combination has not been completely documented in this field.
Deficiencies of trace elements, such as Zn, Fe, Mn, Cu and
Mg, have been implicated in various reproductive events
like infertility, pregnancy wastage, cancer, pregnancy-induced hypertension, placental abruption, premature rupture
of membranes, still births and low birth weight [20, 21].
Co is an essential trace element being an integral part of
vitamin B12, which is essential for folate and fatty acid
metabolism [22]. Fe is essential for many biological processes and its deficiency or excess is involved in pathological conditions. Cd is one of the most dangerous occupational and environmental toxins. It is found in drinking
water, atmospheric air, and even in food. Products of
vegetable origin are the main carrier of cadmium compounds in food [23, 24].
This study was designed to investigate the effect of
drospirenone/estradiol (Angeliq®) on erythrocyte CAT
and CA enzyme activities, and serum Fe, Mg, Co, Cu, Zn,
Pb, Mn and Cd concentrations in ovariectomized and
drospirenone/estradiol-treated rats.
2. MATERIALS AND METHODS
2.1. Animals

A total of 40 female Wistar-albino rats, approximately
6 months of age, with an average body weight of 250–300 g,
were obtained from the Animal Laboratory of Yuzuncu Yil
University. Rats were housed in specific cages. A 12-h light/
dark cycle was maintained and the rats were fed ad libiium.
All animals received human care according to the criteria
outlined in the “Guide for the Care and Use of Laboratory
Animals” prepared by the National Academy of Sciences
and published by the National Institutes of Health.
2.2. Experimental Design

The animals were divided randomly into 4 groups,
each consisting of 10 rats. The animals in the first group
were not treated, and served as control. The animals in the

second group were operated but not ovariectomized, and
served as sham group. The animals in the third group were
operated, ovariectomized but not treated with drospirenone/
estradiol, and served as ovariectomized group. The animals
in the fourth group were operated, ovariectomized and
treated with 0.01 mg/kg 17 ß-estradiol and 0.02 mg/kg
drospirenone daily, p.o. for 4 weeks. Drug treatment started 15 days after the surgery [25]. Blood samples were
collected at the end of the 4-weeks application period by
the cardiac puncture, and rats were sacrificed in accordance
with the guidelines set out in the Declaration of Helsinki.
The study was approved by the local ethics committee of
the University. Serums were separated by centrifugation,
placed in deionized polyethylene tubes and kept at -80 oC
in a deep-freeze (without thawing) until the day of study.
2.3. Surgical Procedure

Rats were anesthetized with a combination of xylazine
(10 mg/kg) and ketamine (50 mg/kg) given intraperitoneally (IP). Following anesthesia, the animals were placed
in left lateral position. The left flank of the rats (landmark
the ovaries: caudal end of the ribs on left lateral side of the
animal) was shaved with electric clippers and furs removed
completely. The area was washed using chlorhexidine scrub
and 70% ethanol, respectively. Then, povidone/ iodine was
applied to the area to disinfect the skin.
Then, rats were transferred to the surgery room. A 2cm incision was made on the dorso-lateral area from the
second either to middle part of abdomen (transverse incision) using a scalpel blade. Incision was of minimum length
to allow the extrusion of ovaries. The skin of rats is so
loose that the skin incision can be retracted from one side
to the other to remove each ovary from the same skin incision. Then, 1.5 to 2 cm peritoneal incision was made with
iris scissors or a scalpel blade. The left ovary and associated fat were easily located and exteriorized by gentle retraction. The procedure was repeated for the right ovary
through the same incision. After ovaries' removal, peritoneal cavity and skin were closed with absorbable sutures
(peritoneum and muscle layers -3/0 Vicryl continues, skin
- 3/0 Vicryl subcuticular). High degree of aseptic procedure was maintained throughout the operation. After operation, the animal was covered with paper in order to avoid
hypothermia.
2.4. Biochemical Analysis

Determination of serum concentrations of Cu, Zn,
Mg, Mn, Pb, Cd, and Fe was performed by AAS measurements, using a UNICAM-929 spectrophotometer (Unicam Ltd, York Street, Cambridge, UK).
Biochemical analysis of erythrocyte CAT activity
was performed with a method described by Aebi [26] in
the Biochemistry Laboratory of Chemistry Department,
Faculty of Science, Yuzuncu Yil University. Briefly, the
supernatant (0.1 ml) was added to a quartz cuvette containing 2.95 ml of 19 mmol/l H2O2 solution prepared in
potassium phosphate buffer (0.05 M, pH 7). The change
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in absorbance was monitored at 240 nm for 5 min using a
spectrophotometer (Shimadzu UV-1201, Japan).
CA activity was assayed by hydration of CO2. The hydration of CO2 was measured by the method of Rickli and
Wilbur-Anderson with bromothymol blue as indicator [27].
2.5. Statistical Analysis

The results were expressed as median and mean ±
standard deviation (SD) values. Kruskal-Wallis (nonparametric) test was used for the comparison of groups.
When significant differences were observed (p < 0.05),
Tukey`s multiple comparison test was used to determine
the difference between groups. Statistical analyses were
carried out using the SPSS® statistical software package
(SPSS for Windows version 13.0, SPSS Inc., Chicago,
Illinois, USA).
3. RESULTS AND DISCUSSION
Erythrocyte CAT and CA enzyme activities, and serum
Fe, Mg, Co, Cu, Zn, Pb, Mn and Cd concentrations of
groups are shown in Table 1. Erythrocyte CAT enzyme
activity decreased significantly (P < 0.05) in sham group.
Erythrocyte CA enzyme activity increased significantly (P
< 0.05) in angeliq group. Serum Pb levels of angeliq group
and serum Mg levels of sham, ovariectomized and angeliq
groups decreased significantly (P < 0.05). Serum Co, Cu,
Mn and Fe levels increased significantly (P < 0.05) in
angeliq group. There was no significant difference (P >
0.05) among groups with regard to the serum Cd or Zn
levels.
With the decreases of estrogen in postmenopausal
women, the incidences of fracture in osteoporosis, cardiovascular and neurodegenerative diseases often increase [28].
The experience of menopause represents a significant milestone in a woman’s life and is characterized by a transition
period of intense physiologic and psychosocial changes
[29]. Menopausal women become deficient in multiple hormones, particularly estrogen, progesterone, testosterone,
and dehydroepiandrosteron. All of these hormones have

important individual as well as inter-related functions in
the human body [30].
Ovariectomy during the first days of pregnancy prevents implantation in rats. Recent evidence suggests that
implantation does not occur in ovariectomized rats receiving progesterone alone because of endometrial incompetence [31]. Administration of estradiol-17b to ovariectomized animals increases uterine blood flow [32]. However,
when progesterone is administered daily from the time of
operation, viable blastocysts are maintained in the uterus
for long periods, and implantation can be elicited when
desired by a suitable combination of oestrogen and progesterone [33]. The current Federal Drug Administration
approved model for the investigation of menopausal changes is
the ovariectomized rat model [34]. Human and animal immune
functions present sex dimorphism that seems to be mainly
regulated by sex hormones [35].
Oxidative stress due to ROS can cause oxidative damage to cells. Oxidative stress, a pervasive condition of an increased number of ROS, is now recognized to be a prominent feature of various diseases and their progression. There
are numerous drugs which are known to act by the mechanism of oxidative stress, and can be utilized therapeutically
like chloroquin, quinine, mefloquine, primaquin, artemisinin and ciprofloxacin [36]. The antioxidant effect of estrogen has been regarded as the main mechanism for this
hormone to protect skeletal and cardiac muscles, uterus,
and liver from damage [11, 37, 38]. The enzyme CAT very
efficiently promotes the conversion of H2O2 to water and
molecular oxygen [39]. In one literature study, evidence is
presented that, in addition to the metabolic enzymes, estrogen also controls the activity of the antioxidant enzyme
CAT [40]. The present study showed a decrease in CAT
activity in sham group as compared to control group. The
reason of decreased CAT activity in sham group might be
decreased antioxidant and increased free radical levels,
supporting the idea that there is a persistence of oxidative
stress in surgery.
CAs are key enzymes that regulate acid-base homeostasis in both normal and pathological conditions [41].
Although CA activity has been detected in uterine endometrium of various mammals, but which members of CA

TABLE 1 - Erythrocyte CAT and CA enzyme activities, and serum Fe, Mg, Co, Cu, Zn, Pb, Mn and Cd concentrations of control, sham,
ovariectomized and angeliq groups (n = 10).
Parameters
CAT (EU/gHb)
CA (EU/gHb)
Co (µg/dI)
Pb (µg/dI)
Cd (µg/dI)
Mg (µg/dI)
Cu (µg/dI)
Mn (µg/dI)
Fe (µg/dI)

Control
Median
Mean ± SD
182.92
209.97 ± 72.42a
0.017
0.002 ± 0.001b
0.11
0.22 ± 0.29ab
0.80
0.73 ± 0.18a
0.01
0.01 ± 0.01
14.70
14.63 ± 1.31a
0.50
0.52 ± 0.13b
0.01
0.01 ± 0.01b
1.70
1.46 ± 0.66b

GROUPS
Sham
Ovariectomized
Median
Median
Median
Mean ± SD
73.97
87.04 ± 75.13b 276.90
324.53 ± 199.94 a
0.0012
0.001 ± 0.001b 0.0014
0.001 ± 0.001b
.07
0.07 ± 0.02b
0.08
0.08 ± 0.04b
.94
0.87 ± 0.23a
0.84
0.77 ± 0.37a
.02
0.02 ±0.01
0.01
0.01 ± 0.01
8.92
8.22 ± 3.78bc
11.24
10.59 ± 2.83b
b
.52
0.51 ± 0.17
0.46
0.47 ± 0.09b
.00
0.01 ± 0.01b
0.01
0.01 ± 0.01b
b
1.28
1.43 ± 0.66
1.46
1.43 ± 0.71b
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Median
247.14
0.0028
0.15
0.31
0.02
6.28
1.26
0.02
2.46

Angeliq
Mean ± SD
264.68 ± 110.25a
0.003 ± 0.002a
0.34 ± 0.35a
0.32 ± 0.06b
0.02 ± 0.01
7.01 ± 4.42c
1.20 ± 0.35a
0.03 ± 0.02a
2.24 ± 0.69a

p
.001
.001
.035
.001
.332
.001
.001
.001
.025
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Zn (µg/dI)
1.76
1.63 ± 0.54
1.44
1.48 ± 0.51
1.79
1.58 ± 0.64
1.65
1.77 ± 0.77
.772
: Means in the same column with different superscripts significantly differ (P < 0.05); EU/gHb = Enzyme Unit/g Haemoglobin; dI =deciliter

a,b,c
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exist in the uterus and their roles in uterine function have
not been well investigated [42]. The relevance of the relationship between CA and ovariectomy in rats is not shown.
The present study showed an increase in CA activity in
angeliq group as compared to the other groups. These results suggest that estrogen prevents bone loss by reducing
the mRNA levels of osteoclastic bone-resorbing enzymes
in bone tissue [43].
This study demonstrated that the serum Pb levels of
angeliq group and serum Mg levels of sham, ovariectomized and angeliq groups decreased significantly. Pb increases oxidative stress, affects endothelial function, promotes inflammation, downregulates nitric oxide production,
and induces renal dysfunction, a mechanisms that could implicate these metals in the development of patients [44].
This result indicated that angeliq treatment of ovariectomized-rats caused a decrease in serum Pb level leading to
a decrease in its harmful biological effects. Mg is the
fourth-most abundant cation in the body and plays a pivotal role as an enzyme cofactor in biosynthesis of proteins
and mineral administration. Its metabolism is connected
with the bone, and it is indispensable to osteogenesis and
mineralization of bones [45]. Subacute Mg deficiency has
caused lymphopoietic neoplasms in young rats [46]. Mg
deficiency has been associated with the premenstrual syndrome alone, or in combination with inadequacies of zinc,
linoleic acid and B vitamin (predominantly pyridoxine) and
high Ca intake [47, 48].

out the environment. Respiratory effects are also the major effects noted from chronic exposure to cobalt by inhalation, with respiratory irritation, wheezing, asthma, pneumonia, and fibrosis noted. Cardiac effects, congestion of the
liver, kidneys, and conjunctiva, and immunological effects
have also been noted in chronically exposed humans [57].
Animal studies have shown that Co accumulates in the
myocardium and causes myocytolysis. Detrimental effects
on sperm production and fertility have been observed in
rats [22].

4. CONCLUSION
Our study is the first one that shows the relationships
among the erythrocyte CAT and CA activities, and the
serum levels of Cu, Zn, Co, Fe, Mn, Mg, Cd and Pb in
ovariectomized and drospirenone/estradiol-treated-rats.
Our results have suggested that hormonal replacement
therapy might provide beneficial effects on blood antioxidant enzyme activity, heavy metal and some trace element
levels in menopause. However, more studies are needed
to verify and clarify the relationship between the hormonal replacement therapy and blood antioxidant status and
trace element levels in menopause.

This study also demonstrated that the serum Cu, Mn,
Fe and Co levels increased significantly in angeliq group.
Cu is an essential nutrient that plays a role in the production of hemoglobin, myelin, collagen, and melanin [49].
Recent evidence also suggests that adequate intake of Cu
is necessary for normal immune function [50, 51]. Cu deficiency affects various physiological functions that may be
important in immunological defense to pathogenic challenge [52]. It was reported that serum levels of Cu, Fe and
ceruloplasmin activity decreased in Cu-deficient animals
[53, 54]. The cause of the changes in mineral levels may
be due to higher ceruloplasmin concentrations in these
groups, since the method used for copper measurement determines the copper which is bound to ceruloplasmin. Mn is
essential for normal physiologic functioning in humans
and animals, and exposure to low levels of manganese in
the diet is considered to be nutritionally essential in humans [54, 55]. The reason for this change in Mn level may
be a change in the free-radical-scavenging activity of SOD.
Although Fe is an essential nutritional element for all life
forms, it is known that excess Fe and Fe deficiency also
lead to oxidative DNA damage [56]. Fe chelators can deplete Fe or cause oxidative stress in the tumor due to redox
perturbations in its environment. They have been tested for
their anti-tumor activity in cell culture experiments, animal models and human clinical trials [8]. In the presence
of catalytic amounts of transition metal ions, particularly
Fe can generate the highly reactive hydroxyl radical by
Fenton chemistry. Co is a natural element found through-
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IMPOSEX IN THAIS CLAVIGERA USED FOR
BIOMONITORING BUTYLTINS POLLUTION ALONG
THE COASTAL WATERS OF ZHEJIANG, CHINA
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ABSTRACT
We assessed the contamination status of butyltins
(BTs) in the waters and the imposex status of Thais clavigera, i.e. relative penis size index and vas deferens
sequence index (VDSI) along the coastal waters of
Zhejiang, China. The snail samples were collected from 10
different sites from July to August in 2007 and July to
October in 2010. The results showed that wide existences of BTs were found in these samples with detection
rates up to 100%, and the concentrations of the total BTs
ranged from 19.1 to 122.2 ng/L (mean 66.8 ng/L) along
Zhejiang (including Wenzhou, Taizhou, Ninbo and
Zhoushan). The results will serve as an important reference
for long-term monitoring of BTs contamination in these
areas. Meanwhile, the S-curve fitting to tributyltin (TBT)
concentrations and VDSI in T. clavigera indicated TBT
pollution was the key driving force to imposex, and VDSI
was useful and practical for biomonitoring of BTs pollution. Meanwhile, this study could build the biomonitoring
system of marine BTs pollution in the Zhejiang coast. Marine gastropods have strong enrichment ability for BTs.
Therefore, the wide occurrence and serious pollution of
BTs in the seafood indicated potential dangers for people’s
health.

KEYWORDS:
butyltins, food safety, imposex, Thais clavigera, Zhejiang coast

1. INTRODUCTION
Butyltins (BTs) were widely used in the manufacture
(such as antifouling paints), agriculture, transportation and
health industries [1, 2]. These compounds (such as tributyltin, TBT) were toxic to non-target organisms and have

* Corresponding author

been considered among the most harmful substances introduced to marine environments by humans [2]. For example, TBT could lead to the growing of male sexual organs
(penis and/or vas deferens and prostate tissue) on the reproductive system of female marine gastropods, i.e. imposex [3-6]. Meanwhile, many laboratory and field studies have established the causal link between TBT in coastal
waters and harmful effects in biota, such as shell deformations in oysters, imposex in whelks, and immune, neurotoxic and genetic disorders in other marine animals [7-10].
In addition, scholars have agreed that imposex is mainly
induced by the accumulation of TBT in marine gastropods
[10, 11].
To date, more than 170 species of gastropods, represented by 28 families, have been shown to be affected by
imposex around the world [12-20]. Although many countries and regions have banned the use of BTs in antifouling boat-bottom paints [21], yet similar bans or legislative
restrictions in mainland China are lacking [22]. Meanwhile,
Zhou et al. [23] and Jiang et al. [24] found that there was
serious BTs pollution in many seafood and marine waters
at the coast of China. There was a long time history to
eating marine gastropods along the coasts of China and, in
recent years, the fine nutriments (i.e. gastropods) were
spread to the inlands.
Thais clavigera, which belongs to muricidae, neogastropod and gastropoda, is primarily spread over the middle and low tide zone on the rocky shores along the western Pacific coastline, and has been used to monitor TBT
contamination in many countries and regions [10, 11, 2527], such as Mainland China [27, 28], China Taiwan [29,
30], China Hong Kong [31, 32], Japan [33] and Korea
[34]. This species is more sensitive than other congeners
of Thais (such as Thais luteostoma) to TBT contamination [28, 30, 35]. Our preliminary survey has indicated that
it is the only species of neogastropods widely distributed
along Zhejiang coast, and can be collected easily from the
exposed rocks during summer tides at low tide [27, 36].
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Therefore, we studied the methods of investigation,
analysis and assessment of imposex index in T. clavigera,
and explored its potential as an indicator species to improve the bio-monitoring system for marine BTs pollution
along the coast waters of Zhejiang, China. Meanwhile, in
this study, we determine the imposex status of the female
snails, measure the concentrations of BTs in the waters,
and examine the relationship between the two parameters.
In addition, the study may provide scientific basis for the
safety evaluation of the seafood and the control of BTs
pollution.
2. MATERIALS AND METHODS
From July to August 2007 (10 sites, Table 1) and from
July to October 2010 (8 sites, Table 2), the specimens of
T. clavigera and other gastropods were collected or bought
during low tide along the coast waters of Zhejiang, China,
including Wenzhou, Taizhou, Nibo and Zhoushan. Their
shell length was measured with a caliper to the nearest
0.1 mm. The animals were anaesthetized in 7% MgCl2 for
12 hours, the shells were cracked with a small hammer,
and the penis length was measured with a caliper to the
nearest 0.1 mm. The soft bodies were fixed in 4% formaldehyde and observed with a SMZ1000 stereoscopic dissecting microscope.
Specimens were classified into normal male (with testes, a penis, vas deferens and a prostate), normal female
(with ovaries, a capsule gland, an albumen gland and a
sperm-ingesting gland), and female exhibiting the imposex
phenomenon (superimposition of additional male sexual
characteristics, i.e. a penis and/or vas deferens). All photo-

graphic work under the microscope was performed with a
SMZ1000 Axiocam and analyzed using Axio Vision 3.0.
Imposex classification and indices description of imposex was based on the updated scheme proposed by Shi
et al. [19, 20]. Briefly, the development of imposex was
classified into seven stages (0-6, with S0 as normal female)
and six types. Additional imposex indices include: (1) the
incidence of imposex affected females in a sample (IOI);
(2) the relative penis size index (RPSI per site, [(mean
length of female penis)3/(mean length of male penis)3×
100]); and (3) the vas deferens sequence index (VDSI per
site, the average stage in the development of male structures onto females) [4, 37, 38].
Water samples were collected at the same time when
sampling gastropods in 2007. The concentrations of monobutyltin (MBT), dibutyltin (DBT) and TBT were measured
by an Agilent 6890 Series gas chromatograph combined
with headspace solid phase micro-extraction and flame
photometric detector detailed in Lei et al. [39], Huang et al.
[40] and Couceiro et al. [38]. Meanwhile, both imposex
and BTs data were done by Excel 2007 and the figures
were analyzed with Origin 7.0. The regression analysis between BTs and imposex and independent-sample t-test (at
α=0.05) were analyzed with SPSS 17.0.
3. RESULTS
T. clavigera was found among all sampling sites, but
other gastropods (such as Nassarius hepaticus, Neverita
didyma and Cantharus cecillei) were only found among
the partial sites. The stages and types of imposex development of T. clavigera in this study included S0, S1a, S2a, S3a,
S3c and S4 (Table 1, Table 2) defined by the updated scheme

TABLE 1 - BTs concentrations in the waters and imposex index of Thais clavigera in 2007 along the Zhejiang coast.

Site
Wenzhou port
Wenzhou Ruian dock
Taizhou port
Taizhou Yuhuan dock
Ninbo Beilun port
Ninbo Xiangshan dock
Zhoushan Daishan port
Zhoushan Dinghai port
Zhoushan Putuoshan dock
Zhoushan Sanjiang dock

Longitude
＆Latitude
N: 28°00.72′
E: 122°46.65′
N: 27°45.09′
E: 120°38.45′
N: 28°41.22′
E: 121°26.45′
N: 28°08.12′
E: 121°07.40′
N: 29°56.04′
E: 121°51.06′
N: 29°36.94′
E: 121°49.76′
N: 30°08.50′
E: 122°12.08′
N: 30°00.25′
E: 122°06.43′
N: 29°58.58′
E: 122°22.47′
N: 30°19.22′
E: 122°06.89′

BTs in the waters
MBT
DBT
TBT
Ind.(♀/♂) (№)
(ng/L)
(ng/L)
(ng/L)

Thais clavigera
Imposex
IOI
Stages
(%)

RPSI
(%)

VDSI

99.4

0.1

2.7

46(25/21)

S1a, S2a, S4

71.7

0.4

1.6

22.3

nd

0.9

55(30/25)

S0, S2a, S3a

40.0

1.5

0.9

87.9

nd

2.5

49(28/21)

S0, S3c, S4

85.7

0.4

2.1

28.2

0.5

0.4

64(30/34)

S0, S1a, S2a

42.2

0.1

0.1

115.3

0.8

3.8

38(16/22)

S0, S2a, S4

100

2.3

1.5

44.2

nd

0.6

68(40/28)

S0, S1a, S2a

58.8

0.2

0.8

100.3

nd

2.2

75(40/35)

S0, S1a

62.7

1.2

1.0

43.6

0.9

3.2

66(36/30)

S0, S2a

77.3

0.9

1.1

56.4

0.1

1.3

48(26/22)

S0, S1a

72.9

0.8

1.6

68.2

0.3

1.8

59(32/27)

S0, S1a, S2a

44.1

1.6

0.8
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MBT: Monobutyltin; DBT: Dibutyltin; TBT: Tributyltin; nd: no detection; IOI: the incidence of imposex; RPSI: the relative penis size index; VDSI:
the vas deferens sequence index; S0, S1a, S2a, S3c and S4 indicated the stages and types of imposex development.
TABLE 2 - Imposex index of Thais clavigera in 2010 along the coastal waters of Zhejiang, China.
Thais clavigera
Imposex
IOI
RPSI
Ind.(♀/♂) (№)
VDSI
Stages
(%)
(%)
Wenzhou port
35(18/17)
S0, S1a, S2a
35.3
0.1
0.3
Taizhou port
115(50/65)
S0, S1a, S2a
40.0
0.3
0.2
Taizhou Yuhuan dock
44(25/19)
S0, S1a, S2a, S4
26.3
0.1
0.1
Ninbo Beilun port
32(15/17)
S0, S1a, S2a
41.2
2.3
1.2
Zhoushan Daishan port
40(21/19)
S0, S1a
15.8
0.3
0.3
Zhoushan Dinghai port
99(60/39)
S0, S2a
43.6
0.4
0.8
Zhoushan Putuoshan dock
42(20/22)
S0, S1a
31.8
0.3
0.7
Zhoushan Sanjiang dock
32(15/17)
S0, S1a
17.7
0.4
0.3
IOI: the incidence of imposex; RPSI: the relative penis size index; VDSI: the vas deferens sequence index; S0, S1a, S2a and S4 indicated the stages and
types of imposex development.
Site

TABLE 3 - Imposex index of T. clavigera before 2000 in other areas of China and other countries.
Thais clavigera
IOI
RPSI
(%)
(%)

Sampling time

Sampling site

2000.07

Xiameng Huoshao Yu

65(38/27)

100

6.7

4.3

[36]

2000.07

Xiameng Gulang Yu

56(32/24)

100

5.5

3.5

[36]

2000.07

Xiameng Haoyue Park

86(47/39)

100

1.9

3.3

[36]

2000.07

Zhangjiang Haibing Park

78(49/29)

97

10.9

3.0

[36]

2000.03

Zhangjiang Maxie dock

90(37/53)

92

13.7

3.3

[36]

2000.03

Zhangjiang Nansan Island

87(47/40)

100

6.7

2.2

[36]

1995.01-1997.03

61 sites in Korea
22 sites in Seto Inland Sea,
Japan
6 sites in the Sanriku region, Japan

17-58a

0-100

Ind.(♀/♂) (№)

VDSI

Ref.

0-108
ndb
[34]
21.91996.02-1996.03
nd
100
nd
[25]
100.9
44.11996.02-1996.03
nd
100
nd
[25]
104
0.11993.07-1994.09
8 sites in Taiwan
30-51
48-100
nd
[30]
38.1
a
b
: The number of Thais clavigera was from 17 to 58 ind. in 61 sites of Korea.; : "nd" meant no data; IOI: the incidence of imposex; RPSI: the
relative penis size index; VDSI: the vas deferens sequence index.

of imposex by Shi et al. [19, 20] and Zhu [36]. The detailed description was as follows: (1) Stage 0, normal female
without any male characteristics; (2) Stage 1a, tiny penis,
without a penis duct, behind the right ocular tentacle; (3)
Stage 2a, tiny penis with a penis duct, behind the right
ocular tentacle; (4) Stage 3a, penis with a penis duct continuing in a short distal tract of the vas deferens; (5) Stage
3c, penis with a penis duct continuing in a distal portion
of the vas deferens and a short the proximal vas deferens
portion beginning from; (6) Stage 4, penis with a penis
duct and a continuous vas deferens from the penis up to the
vaginal opening.
IOI ranged from 40 to 100% and the average was
about 65% in the ten sites, in 2007 (Table 1), among which
Ninbo Beilun port had the highest IOI, and Wenzhou Ruian
dock was the lowest. For RPSI, its range was from 0.20 to
2.28 and its average was 0.94, and its highest value was

also at Ninbo Beilun port. For VDSI, Taizhou port had
the highest value (i.e. 2.06), and the lowest was Taizhou
Yuhuan dock (i.e. 0.13), and the average of VDSI was
1.15. However, IOI ranged from 16 to 44% and the average
was about 31% in 2010 (Table 2). For RPSI and VDSI,
ranges were from 0.10 to 2.28 and 0.11 to 1.20, respectively.
All samples of MBT and TBT were higher than the
limit of detection, but four sites were lower than the limit
of detection of DBT in 2007 (Table 1). The concentrations
of MBT ranged from 22.3 to 115.3 ng/L, and average
value was 66.6 ng/L. The range of TBT was from 0.4 to
3.8 ng/L, and the average was 1.94 ng/L. There were only
six sites higher than the limit of detection of DBT, and the
highest value was 0.9 ng/L in Zhoushan Dinghai port.
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The correlation analysis of MBT and TBT and imposex index of T. clavigera indicated that the relationship of
VDSI and TBT was logarithmically significant (p＜0.05),
but other relations had no significant level (p＞0.05, Fig. 1).
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FIGURE 1 - The relationships of imposex index of Thais clavigera and the MBT and TBT concentrations in the coastal waters of Zhejiang,
China.

4. DISCUSSION
The anatomy features of T. clavigera showed that
imposex induced by TBT resulted in population decline of
T. clavigera by disrupting the female reproductive mechanism [41]. Imposex in gastropods, used as the biological
monitor, will offer a promising approach in assessing the
effects of endocrine disruptors, such as TBT on marine
organisms [17, 18]. In recent years, among the investigation of inposex along China coast, Shi et al. [17-19, 20,
27] and Tang et al. [39] found that T. clavigera had extensive distribution, sampling easily, and the obvious imposex
features and the highest serious imposex level among the
30 imposex species; therefore, T. clavigera was chosen as
the biomonitor for BTs pollution along China coast, as
observed in the Zhejiang coast in this study. Meanwhile,
imposex indices in the Zhejiang coast were significantly
lower than those in other areas of China and other countries (Table 1, Table 2 and Table 3) [25, 30, 34, 36]. And
imposex indices in 2010 were also lower than those in
2007 in the Zhejiang coast (Table 1, Table 2). Such comparisons made us know that the imposex-affected popula-

tions have recovered in the Zhejiang coast after TBT ban
since 2008.
Many studies indicated that the imposex of marine
gastropods was induced by TBT pollutant in the waters
[25, 34, 37, 42-44]. The significant relationship of TBT in
the waters and imposex index of T. clavigera along
Zhejiang coast in this study (Fig. 1) indicated that TBT
pollution was really the induction factor of gastropods
imposex, and VDSI was thought to a bio-indicator index
of BTs pollution levels of marine waters. Meanwhile, the
BT levels in this study were similar to that reported by
Huang et al. [40], indicating that BTs contamination along
Chinese coast (such as Zhejiang coast, the southeast coast
of China) would be universal and serious, and have shown
adverse effect on ecosystem, especially to marine gastropods.
BTs have been proven to belong to kinds of endocrine
disrupters, and had serials of toxic effects, such as immunotoxicity, neurotoxicity and carcinogenic effects [45].
Meanwhile, BTs among gastropods would not be eliminated
effectively or self-degraded by routine cooking. Therefore,
BTs toxicity may convert to people who eat these gastro-
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pods polluted by BTs. For example, Kannan and Falandysz
[46] reported that BTs had been detected among the liver
tissue from human beings, which might due to BTs pollution from the seafood among people’s diets. In addition, it
could be concluded that there was serious BTs pollution
among Chinese seafood from the results of Li et al. [47].
T. clavigera with high nutrient value was one of the
favorite seafood for the people along China coast, while
there was no the standard of practical residue limit of BTs
in the seafood in mainland China [20]. The acceptable daily
intake of BTs for an adult of 60.0 kg was 0.25 µg/kg·d
according to the rule of European Union, then daily intake
of BTs should be lower than 15.0 µg [25]. Meanwhile,
some marine gastropods had lower metabolic capability
for BTs and higher bio-accumulation coefficient, such as
5000 times of T. clavigera for BTs [48]. And BTs could
induce chronic toxic effects on marine aquatic organisms.
Therefore, the wide pollution of BTs in the seafood would
result in potential dangers for people’s health.
5. CONCLUSIONS
Our data showed that T. clavigera populations were
severely contaminated, and could be chosen as the biomonitoring gastropod for BTs pollution along the coast
waters of Zhejiang, China. And the level of TBT contamination along Zhejiang coast was just as at the other coasts
of China (i.e. China southeast coast). Meanwhile, VDSI
was thought to a bio-indicator index of BTs pollution levels
of marine waters. In addition, the seafood polluted by BTs
from the Zhejiang coast might induce potential dangers for
people’s health. However, it is necessary for us to study
deeply the mechanisms of toxicity from BTs in the bodies
of marine gastropods.
ACKNOWLEDGEMENTS
We are grateful for the funding provided by the Open
Foundation from Ocean Fishery Science and Technology
in the Most Important Subjects of Zhejiang (grant number
20100125) and Key Projects in the National Science and
Technology Pillar Program (grant number 2007BAD43B00).
REFERENCES
[1]

Dowson, P.H., Bubb, J.M., and Lester, J.N. (1993) Temporal
distribution of organotins in the aquatic environment: five
years after the 1987 UK retail ban on TBT-based anti-fouling
paints. Mar. Pollut. Bull., 26, 487-494.

[2]

de Mora, S.J., and Pelletier, E. (1997) Environmental tributyltin research; past, present, future. Environ. Tech., 18,
1169-1177.

[3]

Bryan, G.W., Gibbs, P.E., Burt, G.R., and Hummerstone,
L.G. (1987) The effects of tributyltin accumulation on adult

2546

dog-whelks. Nucella lapillus: long-term field and laboratory
experiments. J. Mar. Biol. Assoc. UK, 67, 524-544
[4]

Bryan, G.W., Gibbs, P.E., and Burt, G.R. (1988) A comparison of the effectiveness of tri-n-butyltin chloride and five
other organotin compounds in promoting the development of
imposex in the dog-whelk, Nucella lapillus. J. Mar. Biol. Assoc. UK, 68, 733-744.

[5]

Gibbs, P.E., and Bryan, G.W. (1986) Reproductive failure in
populations of the dog-whelk, Nucella lapillus, caused by
imposex induced by tributyltin from antifouling paints. J.
Mar. Biol. Assoc. UK, 66, 767-777.

[6]

Smith, B.S. (1971) Sexuality in the American mud snail,
Nassarius obsoletus Say. Proceedings of the Malacological
Society of London, 39, 377-378.

[7]

Bryan, G.W., and Gibbs, P.E. (1991) Impact of low concentrations of tributyltin (TBT) on marine organisms: a review.
In: Newman, M.C., McIntosh, A.W. (Eds.), Metal Ecotoxicology: Concepts and Applications. Lewis Publisher, Boston,
pp. 323-361.

[8]

Alzieu, C. (2000) Impact of tributyltin on marine invertebrates. Ecotoxicology, 9, 71-76.

[9]

USEPA (2004) Ambient aquatic life water quality criteria for
Tributyltin (TBT)-Final. United States Environmental Protection Agency, EPA 822-R-03-031.

[10] Chan, K.M., Leung, K.M.Y., Cheung, K.C., Wong, M.H.,
and Qiu, J.W. (2008) Seasonal changes in imposex and tissue
burden of butyltin compounds in Thais clavigera populations
along the coastal area of Mirs Bay, China. Mar. Pollut. Bull.,
57, 645-651.
[11] Tang, L., Liu, Q.B., Shi, H.H., Wang, X.H., Hong, H.S., Wu
S.P., Zhao, D.M, Luo, H., Xie, W., Fang C. (2009) Imposex
of Thais clavigera and Cantharus cecillei in the coastal waters of Xiamen. Acta Ecological Sinica, 29(9), 4640-4648.
[12] Fioroni, P., Oehlmann, J., and Stroben, E. (1991) The pseudohermaphroditism of prosobranchs, morphological aspects.
Zool. Anz., 226, 1-26.
[13] deFur, P.L., Crane, M., Ingersoll, C.G., and Tattersfield, L.J.
(1999) Endocrine disruption in invertebrates: endocrinology,
testing and assesment. Society of Environmental Toxicology
and Chemistry, Pensacola, FL.
[14] Tan, K.S. (1999) Imposex in Thais gradata and Chicoreus
capucinus (Mollusca, Neogastropoda, Muricidae) from the
straits of Johor: a case study using penis length, area and
weight as measures of imposex severity. Mar. Pollut. Bull.,
39, 295-303.
[15] Horiguchi, T., Cho, H., Shiraishi, H., Shibata, Y., Morita, M.,
and Shimizu, M. (2000) Temporal trends and present status
on imposex and organotin contamination in gastropods. Bull.
Coast Oceanogr., 37, 89-95.
[16] Power, A.J., and Keegan, B.F. (2001) The significance of
imposex levels and TBT contamination in the red whelk,
Neptunea antiqua (L.) from the offshore Irish Sea. Mar. Pollut. Bull., 42, 761-772.
[17] Shi, H.H., and Huang, C.J. (2001) Tributylt in (TBT) pollution and imposex in marine gastropod. Acta Ecological Sinica, 21(10), 1711-1717.
[18] Bech, M. (2002) A survey of imposex in muricids from 1996
to 2000 and identification of optimal indicators of tributyltin
contamination along the east coast of Phuket Island, Thailand. Mar. Pollut. Bull., 44, 887-896.

© by PSP Volume 20 – No 10. 2011

Fresenius Environmental Bulletin

[19] Shi, H.H., Huang, C.J., Yu, X.J., and Zhu, S.X. (2005) An updated scheme of imposex for Cantharus cecillei (Gastropoda:
Buccinidae) and a new mechanism leading to the sterilization
of imposex-affected females. Mar. Biol., 146, 717-723.
[20] Shi, H.H., Huang, C.J., Zhu, S.X., Yu, X.J., and Xie, W.Y.
(2005) Generalized system of imposex and reproductive failure in female gastropods of coastal waters of mainland China. Mar. Ecol. Progr. Ser., 304, 179-189.
[21] Omae, I. (2003) Organotin antifouling paints and their alternatives. Appl. Organometal. Chem., 17, 81-105.
[22] Wei, A., and Hu, J. (2006) Effects of endocrine disrupting
chemicals on China’s rivers and coastal waters. Front. Ecol.
Environ., 4, 378-386.
[23] Zhou, Q.F., Jiang, G.B., and Liu, J.Y. (2001) Small scale
survey on the contamination status of butyltin compounds in
seafood collected from seven Chinese cities. J. Agricul.
Food. Chem., 49, 4287-4291.
[24] Jiang, G.B., Zhou, Q.F., Liu, J.Y., et al. (2001) Occurrence of
butyltin compounds in the waters of selected lakes, rivers and
coastal environments from China. Environ. Pollut., 115, 81-87.
[25] Horiguchi, T., Shiraishi, H., Shimizu, M., Morita, M. (1997)
Effects of triphenyltin chloride and five other organotin compounds on the development of imposex in the rock shell,
Thais clavigera. Environ. Pollut., 95, 85-91.
[26] Horiguchi, T., Urushitani, H., Ohta, Y., Iguchi, T. (2010) Establishment of a polyclonal antibody against the retinoid X
receptor of the rock shell Thais clavigera and its application
to rock shell tissues for imposex research. Ecotoxicology, 19,
571-576.
[27] Shi, H.H., Huang, C.J., Xie, W.Y. (2002) Appl ication of imposex in Thais clavigera to monitoring of marine organotin
compound pollution. Mar. Environ. Sci., 21(4), 37-41.
[28] Shi, H.H., Huang, C.J. (2001b) Morphological characters of
imposex in marine gastropod. J. Oceanogr. Taiwan Strait, 20,
552-555
[29] Liu, L.L., and Suen, I.J. (1996) Prosobranch gastropod imposex in the west coast of Taiwan. Venus, 55, 207-214.
[30] Liu, L.L., Chen, S.J., Peng, W.Y., and Hung, J.J. (1997) Organotin concentrations in three intertidal neogastropods from
the coastal waters of Taiwan. Environ. Pollut., 98, 113-118.
[31] Li, Z.Y. (2005) Seasonal variation in imposex intensity of
Thais clavigera. Chinese J. Oceanology and Limnology, 23,
163-168.
[32] Leung, K.M.Y., Kwok, R.P.Y., Ng, W.C., Horiguchi, T.,
Qiu, J.W., Yang, R.Q., Song, M.Y., Jiang, G.B., Zheng, G.J.,
and Lam, P.K.S. (2006) Ecological risk assessments of endocrine disrupting organotin compounds using marine neogastropods in Hong Kong. Chemosphere, 65, 922-938.

[36] Zhu, S. (2005) A large-scale investigation on imposex in the
coastal waters of mainland China. Masters thesis. Shantou
University, China.
[37] Huang, C., Zhu, S.X., Lin, J., and Dong, Q.X. (2008) Imposex of Mauritia arabica on the south-eastern coast of China.
J. Mar. Biol. Assoc. UK, 88, 1451-1457.
[38] Couceiro, L., Díaz J., Albaina, N., Barreiro, R., Irabien, J.A.,
and Ruiz, J.M. (2009) Imposex and gender-independent butyltin accumulation in the gastropod Nassarius reticulatus
from the Cantabrian coast (N Atlantic Spain). Chemosphere,
76, 424-427.
[39] Lei, Z., Huang, C.J., Jia, L. and Shi, H.H. (2003) Determination of tributyltin compounds in surface sediments of harbour
by gas chromatography with headspace solid phase microextraction. J. Instrum.l Anal., 22, 28-30.
[40] Huang, C., Dong, Q.X., Lei, Z., and Wang, Z.X., Zhou, K.
(2005) An investigation of organotin compound contamination in three harbors along southeast coast of China. Acta
Oceanological Sinica, 27, 57-63.
[41] Yu, X.J., Huang, C.J., Zhu, S.X., Shen, J.M; and Dong, Q.X.
(2004) Anatomical and histological studies on imposex of Thais
clavigera. Oceanologia et Limnologia Sinica, 35, 149-155.
[42] Oelhlmann, J., and Bettin, C. (1996) TBT-induced imposex
and the role of steroids in marine snails. Malacol. Rev.
Suppl., 6, 157-161.
[43] Li, Z.Y. (2001) Application of imposex as a biomonitor of
tributyltin pollution. J. Ocean Univ. Qingdao, 31, 480-486.
[44] Hung, T.C., Hsu, W.K., Mang P.J., and Chuang, A. (2001)
Organotins and imposex in the rock shell, Thais clavigera,
from oyster mariculture areas in Taiwan. Environ. Pollut.,
112, 145-152.
[45] Karl, F. (1996) Ecotoxicology of Organotins Compounds.
Crit. Rev. Toxicol., 26,11-17.
[46] Kannan, K., and Falandysz, J. (1997) Butyltin residues in
sediments, fish, fish-eating birds, harbor porpoise and human
tissues from the polish coast of the Baltic sea. Mar. Pollut.
Bull., 34, 203-207.
[47] Li, Z.Y., Zhou, Q.F., Jiang, G.B., and Liu, G.G. (2003) The
present situation of butyltin compounds contamination in sea
products in several Chinese cities. China Environ. Sci., 23(2),
144-147.
[48] Stewart, C. (1996). The efficacy of legislation in controlling
tributyltin in the marine environment. In: de Mora S.J., editor. Tributyltin: case study of an environmental contaminant:
Cambridge Environmental Chemistry Series, 8. New York:
Cambridge University Press, 264-297.

[33] Horiguchi, T., Shiraishi, H., Morita, M., and Shimizu, M.
(1994) Imposex and organotin compounds in Thais clavigera
and T. bronni in Japan. J. Mar. Biol. Assoc. UK, 74, 651-669.
[34] Shim, W.J., Kahng, S.H., Hong, S.H., Kima, N.S., Kima,
S.K., Shim, J.H. (2000) Imposex in the rock shell, Thais
clavigera, as evidence of organotin contaminaton in the marine environment of Korea. Mar. Environ. Res., 49, 435-451.
[35] Tan, K.S. (1997) Imposex in three species of Thais from Singapore, with additional observations on T. clavigera (Küster)
from Japan. Mar. Pollut. Bull., 34,577-581.

2547

Received: March 29, 2011
Revised: May 05, 2011; May 20, 2011
Accepted: June 16, 2011

© by PSP Volume 20 – No 10. 2011

Fresenius Environmental Bulletin

CORRESPONDING AUTHOR
Si-xi Zhu
School of Marine Science
Zhejiang Ocean University
Zhoushan 316000
P.R. CHINA
Phone: +86 580 2550073
Fax: +86 580 2550073
E-mail: sixi_zhu@163.com
FEB/ Vol 20/ No 10/ 2011 – pages 2540 – 2545

2548

© by PSP Volume 20 – No 10. 2011

Fresenius Environmental Bulletin

LAKE TAIHU WATER TREATMENT BY A FLAT
SUBMERGED MEMBRANE PHOTOCATALYTIC REACTOR
Yong Wei1,2, Huaqiang Chu1,*, Bingzhi Dong1,* and Xuan Li1
1
School of Environmental Science and Engineering, State Key Laboratory of
Pollution Control and Resource Reuse, Tongji University, Shanghai 200092, China.
2
School of Environmental and Safety Engineering, Changzhou University, Changzhou 213164, China

ABSTRACT
A flat submerged membrane photocatalytic reactor
(FSMPR) was developed to treat water from Lake Taihu
with continuous operation. The flat membrane module was
used to separate the catalyst, which was suspended in the
reactor under aeration. The pretreatment of Lake Taihu
water using TiO2/UV photocatalysis has the potential to
improve natural organic material (NOM) removal efficiency,
reduce trihalomethane formation potentials (THMFPs) and
improve membrane permeability. Under a 13.4 h hydraulic
retention time (HRT), which corresponds to a membrane
filtration flux of 30 L/m2·h, the effluent quality proceeded
to the equilibrium end point after 420 min of continuous
operation. The removal efficiencies of dissolved organic
carbon (DOC) and UV254 were 70% and 86%, respectively,
and the effluent concentrations of THMFPs met the Chinese
National Standards for Drinking Water Quality (GB57492006). Photocatalytic oxidation changed the molecular
weight (MW) distribution and the amount of hydrophobic/hydrophilic organic material in the water samples. No
significant membrane fouling occurred, even when the
FSMPR system was operated at high flux levels (above
30 L/ m2·h) during 480 min of treatment. The photocatalytic oxidization preferentially degraded hydrophobic organic matter, which is responsible for membrane fouling, to
smaller hydrophilic organic substances, and the membrane
fouling decreased.

KEYWORDS: surface water, NOM, TiO2/UV photocatalytic,
membrane separation, membrane fouling.

1. INTRODUCTION
Low-pressure membrane systems, such as microfiltration (MF) and ultrafiltration (UF), are being increasingly
used in drinking water treatment [1, 2]. However, some
drawbacks limit their practical application, such as the poor
* Corresponding authors

removal of NOM and membrane fouling by NOM [3-5].
Pretreatment prior to the application of membranes may
be one option to address these problems. These pretreatment processes include coagulation [6, 7], activated carbon adsorption [8], ion exchange [9], ozonation oxidation
[10] and photocatalytic oxidation [11]. Photocatalysis has
been developed as a promising alternative technology for
water purification, and many researchers have shown that
it improves the quality of treated water and controls
membrane fouling by changing the composition of the
solution. Membrane filtration coupled with photocatalysis
has been extensively studied [12], especially the submerged membrane photocatalytic reactor (SMPR). Submerged membranes have been widely used in membrane
bioreactors (MBR) because of the lower cost of fabrication and maintenance [13-15]. The key features of the
submerged membrane module include air bubbling as the
main mechanical method to provide a membrane cleaning
action and suction to withdraw permeate from the system
and to prevent overpressure in the bioreactor. The unpressurized open system also reduces the overall operating
cost of the submerged membrane process [16].
SMPR technology has been used to remove various
pollutants, such as humic acid [17], fulvic acid [18], bisphenol A [19], pesticides [20], dye wastewater [21], NOM
[22, 23], and polluted river water [24]. However, the potential of SMPR for surface water treatment has not been
widely explored. Most of the SMPR researches employed
the hollow fiber membrane [17-19, 23, 24], and a paucity
of literatures coupled with flat submerged membrane. On
the contrary, flat submerged membrane bioreactor (FSMBR)
has been widely applied in wastewater treatment in recent
years with the air bubbles and air-lifted liquid moving
upward along the flat membrane surface. Because the flat
membrane elements are very close together in the module,
the uprising motion causes a wiping or rubbing action
between the membranes and provides surface cleaning.
Compared with the hollow fiber membranes, the fouling
rate of flat membranes appears to be much lower [16, 25].
The objective of this study was to investigate the effectiveness of the FSMPR for NOM removal in Lake Taihu
water and the control of membrane fouling during contin-
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uous operation. The flat membrane module maintained
TiO2 concentration in suspension and reduced TiO2 deposition on the membrane surface. NOM degradation and
changes in NOM molecular characteristics were elucidated as the mechanisms of membrane fouling reduction in
this process.
2. MATERIALS AND METHODS
2.1. Feedwater

Raw water was collected from Lake Taihu, which is the
third largest freshwater lake in China and is located 20 km
south of Wuxi City (latitude 31°34'N, longitude 120°18'E).
Water quality characteristics have been described elsewhere [26]. Water samples were filtered through 0.45 µm
membrane filter to remove colloidal particles. Key water
characteristics of the source water were as follows: pH,
8.0; UV254, 0.08 1/cm; DOC level, 3.5 mg/L; specific UV
absorbance (SUVA), 2.29 l/mg·m; turbidity, 1.65 NTU;
color, 2.5 HU.

sufficient turbulence along the membrane surface. The reaction temperature was maintained at approximately 25 °C by
recirculating cooling water. The flow was maintained by a
peristaltic pump, and the submerged membrane was operated at a flux range of 30-90 L/m2·h. Since the membrane
system was operated in a constant flux mode, the degree
of membrane fouling was evaluated by the variation of
transmembrane pressure (TMP), which was measured using
a precision pressure gauge on the permeate line. A water
level sensor was used to maintain a constant level in the
reactor. A timer was used to allow an intermittent membrane filtration, e.g., 10 min of filtration with a subsequent
1 min pause. At predefined times, samples were taken from
the permeate line and analyzed.

2.2. Photocatalysts and membrane module

All chemicals were of analytical reagent grade, and reagent water was obtained from a Millipore Super-Q plus
water system. TiO2 P25 (BET surface area, ca. 50 m2/g;
particle size, 25 nm) was purchased from Degussa (Germany). The desired amount of TiO2 powder was weighed
out and mixed with a small amount of ultrapure water to
prepare a TiO2 slurry. The membrane module contained a
single side outlet (Lantian Peier Membrane Co., Ltd., China) and was made of a polyvinylidene fluoride (PVDF)
flat-sheet membrane with a mean pore size of 0.08 µm
and an effective filtration area of 0.02 m2. The membrane
module was treated with ethanol/water (3/97 by volume)
for 24 h and then rinsed with purified water to remove
dissolved organic matter from the membrane. All membrane samples were stored in purified water at 4 °C, and the
water was replaced regularly.

FIGURE 1 - Schematic diagram of (a) the FSMPR treatment system; (b) the front view of flat-sheet membrane module. (1. feed
tank; 2. influent pump; 3. UV Lamp; 4. baffle; 5. magentic stirrer;
6. flat membrane model; 7. air diffuser; 8. recycle pump; 9. pressure
guage; 10. effluent pump; 11. control system; 12. flow meter; 13. air
pump; 14. effluent tank; 15. cooling water)
2.4 Analytical methods

2.3. Experimental apparatus

The turbidity was determined using a turbidimeter
(HACH 2100N, USA). A UV-spectrophotometer (Shimadzu
UV-2550, Japan) and a TOC analyzer (Shimadzu TOCVCPH, Japan) were used to measure UV-vis spectra, UV254
and the DOC respectively.

As shown in Fig. 1, the FSMPR was designed and
operated as a laboratory-scale process. The reactor was
made of stainless steel with an effective volume of 8 L. A
stainless steel light-tight baffle separated the reactor into
two parts (the photocatalytic oxidation zone (PCO) and
the membrane separation zone), which were connected by
a bottom flow channel and an overflow channel. Three low
pressure UV lamps (16 W, Philips, China) that emitted a
wavelength of predominantly 253.7 nm were suspended
vertically inside a quartz glass cylinder in the middle of the
PCO zone. The mixture was circulated by a recycle pump
and was magnetically stirred to ensure a homogenous solution during the irradiation process. Coarse bubble aeration
(air pump flow 0-4 L/min) was supplied from a longilineal
air diffuser located directly below the membrane module.
This process provided good mixing and dissolved oxygen
for photoreaction, fluidized the TiO2 particles and created

The THMFP measurement was carried out by reacting phosphate buffered water samples (pH 7.4) with excess of chlorine (approximately 20-30 mg/L). After incubation at 35 °C for 4 days, the sample was quenched excess ascorbic acid. The THMs (chloroform, dichlorobromomethane, dibromochloromethane, and bromoform) were
determined by purge and trap following the US EPA
method 524.2 [27]. Briefly, 5 mL of the aqueous solution
containing THMs was purged with a He flow (40 mL/min)
for 11 min and the stream was passed through a Vocarb
3000 cartridge. After the purge, the He purge was stopped
and volatile compounds trapped onto the cartridge were
desorbed by heating the cartridge at 150 °C The desorbed
volatile compounds were introduced in a GC–MS (Thermo
ultatrace Chromatograph and mass detector) with the column used a DB-5MS fused silica capillary column (30 m ×
0.25 mm × 0.25 µm, J&W Scientific) and a quadrupole
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analyzer. The oven temperature of the GC was programmed
from 40 °C for 5 min increasing at a rate of 8 °C /min up to
280 °C.
The molecular weight (MW) distribution was measured
with the gel permeation chromatography (GPC) method on a
high performance liquid chromatography (LC-10AD, Shimadzu, Japan) system coupled with an SPD-20A UV detector and a TSK-GEL G3000PWXL column (7.8 mm ×
300 mm). Anhydrous sodium sulfate (0.05 mol/L) was
used as the isocratic mobile phase. The separated compounds were detected by UV absorbance at 254 nm. The
MW distribution pattern was derived by calibration with
poly-styrene sulphonate MW standards of 14, 7.5, 4.3,
1.4, 0.7, 0.5 and 0.21 kDa.
The resin fractionation procedure was used to determine the concentrations of the four fractions as described
by Dong et al. [6] during different treatment time. Adsorbent resin (Supelite DAX-8, Amberlite XAD-4, Amberlite
IRA-958, sigma, USA) was used to fractionate the dissolved organic matter of the samples into four components:
very hydrophobic acids (VHA), slightly hydrophobic acids
(SHA), and charged hydrophilic acids (CHA) and neutral
hydrophilic acids (NEU). The sample was filtered through
a 0.45 µm membrane, adjusted to pH 2, and fed onto a
Supelite DAX-8 resin, which retained the VHA. This fraction was eluted with NaOH. The unabsorbed fraction from
the DAX-8 resin was fed onto an Amberlite XAD-4 resin,
which retained the SHA. The unabsorbed fraction from
the XAD-4 resin was fed onto an Amberlite IRA-958
anion exchange resin, which retained the CHA. This fraction was eluted with a NaOH/NaCl mixture. The remaining NEU was not retained by any of the resins.
3. RESULTS AND DISCUSSION
3.1. Catalyst loss and control

Previous studies have shown that some photocatalytic
components always deposit on membrane surfaces or in
membrane pores, which can cause membrane fouling, can

reduce the active TiO2 concentration in suspension and
can result in catalyst loss after a long run in the SMPR
process [28]. The photocatalytic efficiency of TiO2 depends
on its dosage to maintain the number of reactive sites and
the rate of oxidation [11, 18]. The coarse bubbles below the
membrane module can maintain the catalyst in suspension
[28], and both the size and shape of the air bubbles will
have an impact on shear stress on the membrane surface
[29]. Catalyst suspension and conservation are of critical
importance to guarantee sufficient amount of catalyst. In
this study, the effect of catalyst deposition on the membrane surface was investigated with and without coarse
bubble aeration below the membrane module, which was
evaluated by measuring suspended TiO2 concentration in
the reactor.
Catalyst concentration in suspension was measured on
the basis of turbidity identification. The desired amount of
TiO2 powder was weighed and mixed with deionized water
to prepare a TiO2 slurry. Fig. 2a shows the different concentrations of TiO2 (0, 0.2, 0.4, 0.6, 0.8 g/L) and the corresponding turbidity values. The turbidity of the TiO2 slurry
was linearly correlated with TiO2 concentration (R2, 0.9961).
Fig. 2b shows the TiO2 concentration in suspension and the
corresponding TMP with and without aeration after the
same filtration time (operating conditions: TiO2, 0.5 g/L;
membrane flux, 50 L/m2·h). As expected, the use of coarse
bubble aeration (4 L/min) below the membrane module
was able to better maintain the TiO2 concentration in suspension, with only a 10% decrease in catalyst concentration after 48 h of filtration. Coarse bubble aeration reduced the TiO2 deposition and membrane fouling with no
change in TMP. In contrast, the concentration in suspension sharply decreased, and TMP increased after the same
filtration time without aeration. As shown in Fig. 3, it is
clear that the use of coarse bubble aeration below the flat
membrane can reduce the deposition of TiO2 on the membrane surface and maintain the TiO2 concentration in suspension.
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FIGURE 2 - (a) Calibration curve between suspended TiO2 concentration and turbidity; (b) TiO2 concentration in
suspension and TMP during the filtration (no aeration and aeration), initial TiO2 concentration, 0.5 g/L; 50 L/m2·h.
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a

b

FIGURE 3 - TiO2 deposition layer on membrane surface (a) no aeration and (b) aeration after filtration 48 h, membrane flux, 50 L/m2·h.

3.2. Optimization of HRT

then reached a constant value. When the flux was maintained at 30 or 60 L/m2·h with relatively smaller permeation drag, the amount of TiO2 particles deposited on the
membrane surface was less than that at a flux of 90 L/m2·h.
In addition, coarse bubble aeration of 4 L/min was able to
exert adequate shear stress to remove TiO2 particles that
were deposited on the membrane surface. Hence, the lower
permeate fluxes resulted in smaller TMP changes. When
the membrane flux was 30 or 60 L/m2·h, the NOM that
contributed to membrane fouling was removed rapidly
and had little chance to increase the TMP. When the flux
was 90 L/m2·h, the NOM removal efficiency was lower,
which caused membrane fouling and an increased TMP,
particularly during the initial 180 min of operation. When
the degradation time was increased, better NOM removal
was achieved with no change in TMP. The research with
longer operation time will be carried out in the future
study.

The filtration flux of a membrane separation process
determines the mean HRT of the organic substrate in the
continuous system. Therefore, it is necessary to determine
the optimal HRT to obtain good degradation efficiency
for organic substrates [30]. Fig. 4a shows that a longer
HRT resulted in better DOC removal. This result can be
attributed to more contact between the NOM and TiO2 for
oxidation to occur in the FSMPR. With a membrane flux
of 30 L/m2·h, corresponding to the HRT 13.4 h, the removal efficiency of DOC after 420 min reached an equilibrium
end point of 70%; in contrast, when the membrane fluxes
were 60 and 90 L/m2·h, the corresponding DOC removal
efficiencies were 61% and 53%, respectively.
As expected, a lower filtration flux led to a slower increase of the TMP (Fig. 4b). No significant changes in the
TMP were shown after 480 min of operation when membrane fluxes were 30 or 60 L/m2·h. With a membrane flux
of 90 L/m2·h, the TMP slightly increased at 180 min and
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FIGURE 4 - (a) Removal efficiency of DOC in Lake Taihu water by different permeate flux;
(b) Changes of TMP by different permeate flux (TiO2, 0.5 g/L; initial pH 8; aeration, 4 L/min).
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3.3. Changes of the TMP after filtration different solutions

3.4.1. Changes in DOC and UV254

To better understand the relationship between NOM
removal efficiency and TMP, changes in the TMP were
investigated after the filtration of different solutions. According to Darcy's law, the TMP indirectly reflects the
membrane fouling resistance under a constant membrane
flux and normal conditions. Fig. 5 shows the TMP changes
after filtration of three different solutions (TiO2, 0.5 g/L;
membrane flux, 30 L/m2·h; aeration, 4 L/min). During
filtration of the raw water and the mixture of raw water and
TiO2 (without UV), the TMP continuously increased and
was linearly correlated with filtration time. The slopes of
the linear fitted equations for these two solutions (shown
in Fig. 5) were 1.7 Pa/min and 3.2 Pa/min, respectively.
Some of the humic-like NOM in raw water can load onto
the surface of TiO2 particles and occupy the vacancies
between these particles. The humic acid-associated TiO2
particles can be expected to result in a higher membrane
resistance and greater TMP, which is similar to the conclusion of Lee et al. [31]. Thus, the degradation of NOM
present in suspension or bound to the TiO2 particle surfaces may play a central role in the membrane fouling. No
significant change in the TMP was observed when UV
irradiation was included in the process (Fig. 5). Although
the NOM was not completely mineralized by UV irradiation and photocatalysis, the NOM components associated
with membrane fouling were removed by the FSMPR
process. This finding has also been demonstrated by other
researchers [11, 23, 31, 32].

As shown in Fig. 6a, the removal efficiency of DOC
and UV254 by TiO2 adsorption were only 14.3% and
11.3%, respectively, after 30 min. In alkaline solution (pH
8), the Zeta potential of TiO2 is negative, which can generate a charge repulsion effect on the negatively charged
hydrophobic material in NOM [33].

8.0

Raw water+TiO2 with UV
Raw water
Raw water+TiO2 without UV

The removal of DOC and UV254 reached the equilibrium end point after 420 min with removal efficiencies of
70% and 86%, respectively. A higher percentage of UV254
removal was achieved compared with that of DOC, which
suggests that the break-down of aromatic NOM was easier to achieve than NOM mineralization. Some researchers
have reported that photocatalytic processes preferentially
degrade macromolecular NOM (aromatic macromolecules
have a higher UV absorbance) to smaller NOM molecules.
Intermediate decomposition products are then mineralized
to water and carbon dioxide, and the mineralization rate
of small molecules is less than that of macromolecular
substances [34]. The phenomenon of DOC ad-sorptiondesorption was detected during this process, i.e., the DOC in
solution at 60 min was greater than that of at 30 min. This
result can be explained by the degradation of hydrophobic
NOM that was adsorbed on TiO2 surfaces into small hydrophilic organic substances. Before being completely
mineralized, some of the small hydrophilic NOM rapidly
dissolved into the solution and the DOC increased. The
removal efficiency of UV254 always increased. The UV
absorbance continuously decreased (shown in Fig. 6b),
indicating that the intermediate decomposition products of
the photocatalytic oxidation had no UV absorption and confirming the aforementioned conclusion.

3.4. NOM degradation and its effect on membrane fouling

The degradation kinetics of DOC and UV 254 in the
FSMPR process followed a pseudo-first-order rate law, as
shown in Fig. 6c. The analysis time was taken from 0 to
420 min (equilibrium end point). The degradation rate
constants of UV 254 and DOC were 0.0041 min -1 and
0.0027 min-1, which indicates that the mineralization rate
of the NOM was less than that of photocatalytic degradation. The changes in UV254 relative to DOC can be expressed by the SUVA. As shown in Fig. 6d, SUVA decreased rapidly for the first 60 min and then declined
slowly. It has been reported that membrane fouling and
DBP formation are closely related with SUVA [35-37].
Therefore, the observed reduction of SUVA throughout
the process suggests that the SUVA of treated water should
be significantly lower than that of the untreated water [11].
The effect of SUVA on membrane fouling is clearly shown
in Fig. 5, and the effect of SUVA on DBP formation is
described in Section 3.4.2.

To further evaluate and understand the NOM removal
efficiency and the effect of photocatalysis on membrane
fouling, changes in DOC, UV254, SUVA, UV-vis spectra,
THMFP, MW and hydrophilic/hydrophobic fractions were
monitored under the same operating parameters that were
used in Section 2.3 (TiO2, 0.5 g/L; membrane flux, 30 L/
m2·h; aeration, 4 L/min).

At the effluent equilibrium end point after 420 min of
continuous operation, there was approximately 1 mg/L residual DOC in the water sample, which indicates that complete mineralization was not achieved. This result may be
due to the presence of refractory compounds in the original
water sample or oxidation byproducts [38]. The analysis of
NOM MW and hydrophobic/hydrophilic fractions was
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FIGURE 5 - Changes of TMP with filtration different solution
(TiO2, 0.5 g/L; initial pH 8; aeration, 4 L/min; membrane flux, 30
L/m2·h).
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carried out to illustrate this process, as described in Section 3.4.3 and 3.4.4.
3.4.2. THMFP analysis

The THMFP removal by FSMPR is shown in Fig. 7.
Four trihalomethanes were detected, including CHCl3,
CHCl2Br, CHClBr2 and CHBr3. The total THMFP decreased
from the initial 169 µg/L to 49 µg/L after 180 min of continuous operation (flux, 30 L/m2·h; HRT, 13.4 h), which

corresponded to a removal efficiency of 71%. The effluent
concentrations meet the CNSDWQ regulations (GB57492006) which four trihalomethanes of 60, 60, 100 and
100 µg/L for CHCl3, CHCl2Br, CHClBr2 and CHBr3,
respectively. These values would correspond to a removal
efficiency of 89%, 51%, 42% and 40%. The total THMFPs
of the effluent after the equilibrium end point of 420 min
decreased by 18.9 µg/L, which represents 89% total removal. The individual removals for CHCl3, CHCl2Br,
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CHClBr2 and CHBr3 were 94%, 84%, 85% and 71%, respectively. The low total THMFP after FSMPR treatment
was associated with the significantly reduced DOC concentration and UV 254 absorbance. The removal rate of
THMFP exceeds that of DOC, as indicated by a decrease in
the specific TTHMFP (TTHMFP/DOC) from the initial
49.5 µg/mg to 18.5 µg/mg. Hence, the organic matter responsible for THM formation is susceptible to photocatalytic treatment. Although complete mineralization could not
be achieved, photocatalytic oxidation changed the chemical
structure of THM precursors to more hydrophilic organics
that are less reactive towards chlorine [39].

that monitored changes in the MW distribution of NOM
after ozonation [10]. The MW 2789 and 1565 Da peak
heights decreased more than 90% after 180 min, and the
MW 931 Da peak decreased by 80%, indicating that small
organic molecules could also be significantly decreased
(shown in Fig. 6a). The MW 2789, 2345 and 1565 Da peak
heights decreased by 95% after 420 min of treatment, and
a new peak emerged at MW 1173 Da, which was likely an
intermediate product of the treated small molecules. After
480 min of treatment, the MW 261 Da peak did not significantly decrease, which indicates that the NOM range
of MW 261 Da from Lake Taihu water is difficult to decompose or mineralize by photocatalytic oxidation.

3.4.3. Characteristics of MW distribution

The MW distribution of NOM was determined by
GPC analysis. Fig. 8 shows the MW distribution of Lake
Taihu water after FSMPR treatment at 254 nm. The initial
MW distribution of NOM was mostly in the range of 200
to 5000 Da, and the key peaks were 2789, 2345, 1565,
931 and 261 Da. After treatment, the MW peak heights
were significantly decreased. The initial 30 min of treatment significantly reduced the peak heights of MW 20005000 Da by TiO2 adsorption. This fraction of macromolecular NOM mainly comes from hydrophobic substances,
such as humic acid or fulvic acid. In contrast, the smaller
NOM (below 2000 Da) was mainly hydrophilic organic
matter, and the peak height decreased by only about 10%.
As the treatment time increased, all of the peak heights
continuously decreased, particularly the 1000-5000 Da peak
cluster. A similar result was reported in a previous study

3.4.4. Resin fractionation analysis

Fig. 9a presents the change in DOC concentration of
the four fractions (VHA, SHA, CHA and NEU) that were
analyzed, and Fig. 9b shows that the raw water from Lake
Taihu had nearly equal amounts of hydrophobic and hydrophilic NOM. According to the DOC analysis, the percentage of VHA, SHA, CHA and NEU fractions were
32.9%, 16.2%, 11.2% and 39.7%, respectively.
A continuous decrease in the VHA and SHA fractions
was observed during FSMPR treatment. These two fractions are composed of higher MW hydrophobic organic
compounds, which are more prone to be degraded by
photocatalysis. Poor removal of the CHA and NEU fractions was observed, especially for the NEU fraction. After
60 min of treatment, the VHA and SHA fractions were
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significantly degraded, while the concentration of CHA
fraction increased. The larger MW hydrophobic VHA and
SHA fractions were degraded to lower MW CHA. The
NEU fraction consists of mostly carbohydrates, aldehydes,
ketones and alcohols and is difficult to be treated [38, 40].
The MW 261 Da range is associated with the NEU fraction, which can be readily decomposed by microorganisms,
and thus, additional treatment may require a combination
of biological processes [33].
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ABSTRACT
As part of its environmental compliance program required for joining the European Union, Turkey must deal
with the problem of excess runoff of nutrients from both
chemical fertilizers and manure into water. Manure and
other fertilizers cause eutrophication and other water quality problems. It had been thought that phosphorus, which
is in manure as well as chemical fertilizers, was so strongly
bound to soil particles that it did not readily leach into
water. However, recent studies show that phosphorus is
mobile and so poses a threat to water quality.
For this study, soil testing for phosphorus was performed in 832 fields within a 133,000 ha area in the
Çanakkale province of northwest Turkey. The region is dominated by crop fields, and also a large number of livestock. Soils were classified into five categories with respect to phosphorus sensitivity. Satellite imagery was used
to calculate the size of each class. Over 70,000 hectares of
cropland were classified as phosphorus-sensitive due to
overapplication of chemical fertilizers. Chemical fertilizer
applications increased not only the phosphorus values, but
also the zinc content of the soil.

KEYWORDS: Soil test phosphorus, crop fertilizing, livestock
manure, geostatistics, Kriging, remote sensing.

1. INTRODUCTION
Reducing farm animal excrement contamination from
livestock facilities is an important goal. Excrement causes
water quality impairment, and so it needs to be better man* Corresponding author

aged [1]. In developing countries, such as Turkey, management of waste is a new issue that needs to be introduced
to farmers. Until recently in Turkey, there was no regulation of manure as a crop nutrient, and so no control of its
overuse. However, as Turkey heads toward membership
in the European Union (EU), policies regarding manure
application are likely to change due to EU water quality
regulations. In order to develop reasonable policies for
Turkey, it is necessary to assess the current situation there
scientifically.
Accounting for nutrients contributed by manure would
reduce the amount of chemical fertilizers used [1]. However, Burnhill et al. [2] reported that farmer’s perception of
the nutrient value of manure is poor as compared to modern chemical fertilizers. Manure should be applied to
cropland in order to substitute for chemical fertilizers at
specified application rates. The proper manure application
rate is generally calculated based on nitrogen (N) balance.
However, the nitrogen:phosphorus (N:P) ratio in most
manures ranges from 3:2 to 3:1, while the range for crop
requirement ranges from 3:1 to 8:1. Therefore, calculation
of manure application rates based on nitrogen balance
results in overapplication of P [3, 4].
P contamination to surface and groundwater bodies may
occur via direct losses to surface water along with surface
runoff, erosion or leaching from P-enriched soil [5]. Therefore, new indices, such as Natural Resources Conservation Service (NRSC) P and Pennsylvania P indices, have
been developed to manage manure. Concern over water
quality has prompted the U.S. Department of Agriculture
(USDA) to develop criteria for P application. The USDA
has identified what are called “P-sensitive soils”. However, it is difficult to identify threshold soil test P (STP)
values to estimate when soil P reaches the level that result
in high P runoff due to differing soil conditions. Sharpley
et al. [6] summarized the threshold STP values in some
farming regions of the U.S.
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The European Union (EU) adopted a number of
measures to mitigate environmental and food security problems in 2002. One of these measures is “Animal ByProducts Directive 1774/2002”. This law lays out rules for
the use of manure. Turkey has not adopted these
measures. As a country that has applied to the EU for
membership, however, Turkey will need to comply with
the requirements of EU with respect to manure management [7]. Therefore, identification of P-sensitive areas of
Turkish farmland is important.
The goal of this study was to create continuous surfaces of STP using data collected from several hundred
points of the Biga region. Biga is an agricultural-based
city in the Çanakkale province of Turkey. The specific
objectives were a) to use remotely sensed data to be used
in P mitigation, and b) to identify P-sensitive areas using
geostatistical methods to avoid overapplication of chemical fertilizers.

2. MATERIALS AND METHODS
2.1. Description of study area

The Biga region in the Çanakkale province of Turkey
has a surface area of 136,278 ha. Approximately 78,537
ha of total area is cropland and 33,001 ha is forest cover
(Fig. 1). The province consists of 113 villages and approximately 14,000 farmers. Biga’s economy is based mainly on
agriculture. One-third of the surface area is mountains and
hills while the remainder is relatively flat. The soils are
poor in organic matter with textures ranging from sandy
loam to loamy clay. Approximately half the soils have pH
values outside the range 5.5-7.5 which is the range suitable for the crops grown in Biga. Salinity is not a major
problem; however, some high salinity has been observed
recently due to overapplication of chemical fertilizers [8].

Turkey

BI
GA

FIGURE 1 - Biga region

TABLE 1 - Farm animal population in the Biga region.
Animal
Cattle
Broilers
Layers
Sheep
Goats

Number
60,000
2,500,000
70,000
40,000
16,000
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With more than 60,000 cattle and 2.6 million poultry
animals (Table 1), Biga is an important livestock producing
region. However, manure as a plant nutrient is insignificant, since most farmers do not seem to appreciate its potential. Manure is usually dumped untreated into the nearest river or stream.

to extract P from soil, a 0.5 M sodium bicarbonate (NaHCO3) solution with pH of 8.5 was used [10]. In Table 3,
soils were classified into the five categories as described
by Ülgen and Yurtsever [11].
TABLE 2 - Crops and number of samples.
Crop

2.2. Data Collection

Soil samples were collected from 832 parcels in 108
villages. Major crops, sampling locations and number of
samples per each crop were determined based on the results
of a survey (Table 2). The number of samples was determined by the total production area of each crop. Since their
parcel sizes were too small, samples were not collected
from five villages [8].
Soil samples were collected using the method described by Jackson [9]. Samples were air-dried and passed
through a 2-mm sieve, and then analyzed for P2O5. In order

Number of
samples
401
109
83
55
55
37
35
30
12
6
5
4

Wheat
Tomato
Oat
Barley
Sunflower
Corn (silage)
Rice
Capsicum
Triticale
Corn (kernel)
Vetch
Trifolium
da = decameter ?

Total area (da)
206,627
11,070
41,167
27,174
27,121
18,117
18,078
3,073
6,373
2,023
2,170
1,150

Area per
sample (da)
515
101
495
494
493
489
516
102
531
337
434
287

TABLE 3 - Classification of soil samples based on STP values.

Crop
Wheat
Tomato
Oat
Barley
Sunflower
Corn (silage)
Rice
Capsicum
Triticale
Corn (kernel)
Vetch
Trifolium
Total

Soil test phosphorus classes (kg P2O5/da)
<3
3-6
Too low
Low
No
%
No
%
28
7.0
71
17.9
2
1.8
3
2.8
18
21.7
23
27.7
9
16.4
15
27.3
1
1.8
11
20.0
3
8.1
3
8.6
1
3.3
5
16.7
2
16.7
3
25.0
1
16.7
12
25.0

6-9
Normal
No
75
8
13
12
13
7
8
7
1
3
1

2.3. Data presentation and GIS analysis

The base map (i.e., a polygon feature class) of Biga
and soil sampling locations (i.e. point feature class) were
generated using ArcGIS (ver. 9.3) as two different layer
feature classes. The sampling point feature class layer
contained the STP analysis results as attributed values.
The base map and the point layer map were overlaid to
represent the sampling locations within Biga (Fig. 2).
These feature class maps and the multi-spectral, 4-band
FormaSat II satellite image with an 8-m instantaneous field
of view (IFOV) were re-projected to the WGS 84 World
coordinate system. The point layer map was used in
Kriging analysis to create a continuous surface of the STP.
The geostatistical analysis extension module of ArcGIS was
used for analysis and development of continuous kriged
surfaces.

%
18.7
7.3
15.7
21.8
23.6
18.9
22.9
23.3
8.3
60
25.0

9-12
High
No
70
21
8
9
11
5
7
5
1
1
2

%
17.5
19.3
9.6
16.4
20.0
13.5
20.0
16.7
16.7
20.0
50.0

12<
Too high
No
157
75
21
10
19
22
17
12
6
4
1
-

%
39.2
68.8
25.3
18.2
34.5
59.5
48.6
40.0
50.0
66.7
20.0
-

Total
No
401
109
83
55
55
37
35
30
12
6
5
4
832

%
100
100
100
100
100
100
100
100
100
100
100
100
100

tion. Landsat imagery has six spectral bands with 30 m
IFOV. Then, a supervised classification was used to deter-

A Landsat 5 Thematic Image taken on 5th July, 2007
was used for land-use and land-cover (LULC) classifica-
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TABLE 4 – Land-use and land-cover (LULC) for Biga.
LULC class
Forest
Grazing
Crops
Water
Residential
Total

Area (ha)

1
(2)
2 ⎝
⎠
A typical semi-variogram and its parameters are shown
in Fig. 4. In the figure, “sill” is the maximum value of
semi-variogram attained at a distance called the “range”.
The range is average separation needed for two observations
to be considered as uncorrelated [18]. Root-mean-square
error (RMSE) values for different lag sizes and numbers
are observed to determine the best semi-variogram model
[19]. Also, lag size times and the number of lags should
be less than one-half of the longest distance in the database [14, 20].

γ (x, y ) = E ⎛⎜ Z( x ) − Z( y ) 2 ⎞⎟

Area, %

33,001
22,380
78,537
674
1,685
136,277.8

26.40
18.60
53.20
0.50
1.25
100.00

Partial
sill

Semi-variance

Range

Sill

FIGURE 3 - Cropland in Biga region.

mine the land-use and land-cover area. The results are
shown in Table 4. The cropland area was extracted from
the LULC maps to identify the P-sensitive areas within
the cropland (Fig. 3).
2.4. Geostatistical analysis

Kriging is a local interpolation technique used to create prediction maps and spatial statistics to predict unknown values [12]. A kriging prediction is a weighted
linear combination of all output values already observed in.
D (x1, x2,....., xn). These weights depend on the distances
between the inputs for which the output is to be predicted
at locations (x0). This prediction is done by expressing
Z(x0) {where Z ( x) : x ∈ D } is a linear combination of
the data Z(x1), Z(x2), …, Z (xn), or:

n

Z ( x 0 ) = ∑ λ Z ( xi )
i
i =1

(1)

where λi are the kriging weights given to n nearby
sample values used in prediction at non-sampled point x 0 .
The weights (λi) are determined so that the estimate

Z ( x0 ) of the true value Z(x0) is unbiased, and the sum of
squares of errors is minimized [13, 14].
Information on spatial dependence among the survey
points should be known to find these weights [15]. A semivariogram can be used to express this spatial dependence
[16]. Theoretically, a semi-variogram is half of the expected
squared increment of the values between locations x and y
[17], and can be expressed as follows:

Nugget
Distance
FIGURE 4 - Semi-variogram and its parameters.

Spherical, exponential and Gaussian are the common
choices for a semi-variogram model [21]. Once the smallest RMSE values are determined for each model preferred,
the semi-variogram model is determined using cross validation [18; 22]. In cross validation, the smallest RMSE
values are observed. The model that is represented with the
smallest RMSE value is selected [19].
3. RESULTS AND DISCUSSION
The identification of P-sensitive areas required a
method which is both accurate and produces maps that do
not require an expert to interpret. Spherical, exponential and
Gaussian models in the kriging method are used to generate
continuous surfaces of STP. Semi-variogram parameters
that yielded the smallest RMSE are given in Table 5.
TABLE 5 - Semi-variogram parameters.
Semivariogram
model
Spherical
Gaussian
Exponential

No of
lags

Lag size

Nugget

Partial
sill

Range

12
12
12

4,291.70
4,291.70
4,291.70

95.28
96.60
93.77

9.05
7.45
9.75

50,870.68
41,699.86
50,870.68

Results of cross validation for STP are presented in
Table 6. The table shows that all models yielded similar
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validation statistics. However, in this study, the exponential model which had the smallest RMSE value was selected. The selected (fitted) theoretical semi-variogram
model and its parameters together with experimental semivariogram are shown in Fig. 5.
106
Range

104

Semi-variance

102

Nugget

.

Partial sill

100
98
96

FIGURE 6 - Soil Test P Prediction Map.
Experimental semi-variogram

94

Theoretical semi-variogram

92
90
3035

13035

23035

33035

43035

53035

Distance, m

FIGURE 5 - Experimental and theoretical semi-variograms for exponential model.
TABLE 6 - Cross-validation statistics
SemiM[a]
RMSE[b] ASE[c] MSE[d]
RMSSE[e]
variogram
model
Spherical
0.04942 9.820
10.03
0.004883 0.9787
Gaussian
0.05236 9.824
10.08
0.005144 0.9742
Exponential
0.04618 9.817
9.974
0.004593 0.9841
[a]
Mean error. [b] Root-mean-square error. [c] Average standard error. [d]
[e]
Mean standardized error. Root-mean-square standardized error

The exponential semi-variogram model generated a spatial STP map for the Biga region (Fig. 5). Based on the predicted STP values, soils were classified into 5 classes ranging from “too low” to “too high”. The spatial prediction indicated that “high” and “too high” classes of STP values
dominate the majority of the Biga region. According to
Table 7, approximately 87% of the Biga region soils are
in “high” or “too high” STP classes. Less than 1% of the
soils are in the “too low” STP class. To identify STP ranges
within the cropland, the kriged surface was subtracted from
cropland area. Similarly, 89 % of the cropland area was
classified within “high” and “too high” classes (Fig. 6).
Areas representing each class are reported in Table 7.

FIGURE 7 - Soil test P prediction map for cropland only.

“High” and “too high” classes were merged to identify the P-sensitive areas within the cropland (Fig. 7). All
images demonstrate the effect of long-term fertilizer applications on STP. Müftüoğlu [8] reported that overapplication of fertilizer P2O5 within vegetable crop lands,
especially in tomato production, was the main reason for
high STP values.

TABLE 7 - Soil test P classes and represented areas.

P range
kg P2O5/da
<3
3-6
6-9
9-12
>12
Total

Classification
Too low
Low
Normal
High
Too high

Area
(all of Biga)
ha
%

Area
within cropland
ha
%

<1
236
17,208
43,018
72,655
133,177

78
7.982
25,177
45,300
78,573

0.04
0.18
12.92
32.30
54.56
100

0
0.10
10.16
32.04
57.65
100

FIGURE 8 - P-sensitive areas within the cropland.
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TABLE 8 - Approximate manure P2O5 production
Animal
Dairy
<12 months
12-24 months
>24 months
Beef
<12 months
12-24 months
>24 months
Broilers
Layers
Sheep
Goats

Number

Manure P2O5 production
kg/day/head
kg/day

8,600
8,200
17,935

0.0182
0.0409
0.0772

156
335
1384

57,004
122,294
505,253

57
122
505

6,100
5,900
12,464
2,499,730
66,400
40,225
16,308

0.0590
0.0863
0.1589
0.0004
0.0012
0.0091
0.0159

360
509
1981
1021
75
365
259

131,408
185,760
722,869
372,807
27,507
133,313
9,583
Total

131
186
723
373
28
133
95
2,353

The main chemical fertilizers that are applied in the
region are 20:20:0. diammonium phosphate (DAP) and
15:15:15 (containing urea and ammoniacal N plus S). It is
believed that those P-based fertilizers are the main factors
that affect the STP values. Availability of P also depends
on the pH level of the soil. The higher the pH level, the
less the P uptake by vegetation. However, P fertilization is
continuing in the region, despite the high pH level soils [8].
Müftüoğlu [8] also reported that overapplication of Pbased fertilizers also increases the zinc content of soil in the
Biga region. Therefore, applying fertilizers with zinc should
be avoided, since the zinc and P content is already high.
Farmers are still applying chemical fertilizers and seem
to be largely unaware of the value of manure generated by
the livestock industry in the region. As shown in Table 1,
there are approximately 60,000 cows and 2.6 million poultry animals raised in the Biga region. This means that the
region has a large manure production. Manure nutrient contents for different animal species have been reported in literature [23-25]. Annual manure P2O5 production in the
Biga region is calculated based on the data reported in
MWPS-18 [26] and shown in Table 8.
Wheat is the dominant crop in Biga region (20,663
ha). Stevenson and Cole [27] reported that wheat uptakes
34 kg/ha of P for a yield of 5,376 kg/ha. This means that
20,663 ha of wheat require about 703 tons of P2O5 to
achieve this yield. Considering that total cropland area is
78,537 ha, 2,353 tons/year manure-based P2O5 production
is an important source of nutrients.
Even though the use of animal manure as a plant nutrient is ignorable, it is believed that there will be government-imposed measures in the near future. Turkey has
been negotiating with EU to be a member state. Therefore,
managing manure to preserve environmental quality will be
a major issue for producers and local authorities. In this
study, it was reported that high P level in cropland has
already been an environmental concern. Yet, the pollution
potential of manure has not been considered. Dumping into
creeks or rivers is a common method of manure disposal.
As discussed in the paper, only few operations use manure
as a plant nutrient. However, they do not make nutrient

kg/year

ton/year

budget to calculate manure application rate. Hence, high
levels of STP are not the only source of environmental
problems. Since the STPs and manure production capacity
are already high in Biga, alternative ways of manure management should be considered. Composting, biogas generation, exporting to neighboring towns should be some alternative options for manure management.
4. CONCLUSIONS
Soil test P was measured at 832 fields over a 133,000 ha
area in Biga town of Çanakkale province, Turkey. The semivariogram of STP was characterized by spherical Gaussian and exponential models. Cross validation was used to
compare these three models to select the best one that will
represent the area. The exponential model yielded a RMSE
value of 9.871 which was selected to generate kriged surface of STP. Soils were classified under five classes to
demonstrate the P-sensitive areas based on STP values.
Erdas Imagine 9.1 image processing software was used to
calculate the area of each class. Image analysis showed
that 70,477 ha of the 78,573 ha cropland area was classified as P-sensitive due to over-application of P-based
chemical fertilizers over the years. Chemical fertilizer
applications not only increased the STP values, but also
affected the Zn content of Biga soil.
Biga’s agriculture is not limited to crop production.
Large number of livestock population makes Biga an important organic fertilizer producer in the region. New topics, such as nutrient management planning, environmental
quality and agricultural production, should be introduced to
the producers. Extension activities led by the University
and Ministry of Agriculture should be conducted.
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ABSTRACT
Adsorption characteristics of nitric oxide (NO) onto
porous carbon-based materials, such as coconut shell activated carbon (CSAC), coal activated carbon (CAC) and
viscose-based activated carbon fiber (VACF), at 298-343
K were investigated herein. Moreover, influence of pore
structure and surface functional groups of adsorbents on
NO adsorption behaviors were also studied. According to
results of Brunauer-Emmett-Teller (BET) characterization
and Boehm titration, it can be inferred that both adsorbent
pore structure and surface functional groups could affect
NO adsorption behaviors. Adsorption characteristics of NO
onto adsorbents prepared from a same precursor were mainly
determined by their pore structure. Mesopores as transport
pores could play an important role in NO adsorption process like micropores. From results of Boehm titration, it
can be found that increasing total acidity contents of adsorbents surface was conducive to improving NO adsorption
capacity. NO adsorption capacities of four adsorbents
in-creased rapidly with NO partial pressure at different
temperatures. The adsorption equilibrium data for NO adsorbed onto CSAC were ﬁtted to Freundlich, DubininRadush-kevich (D-R) and Sips adsorption isotherm model which was found to be more suitable for description of
NO adsorption process at 298 and 313 K; however, D-R
adsorption isotherm model was more suitable for description of NO adsorption process at 328 and 343 K. Furthermore, NO adsorption behaviors at a wider temperature
range can be predicted from this research. All of these
investigations were conducive to analyzing characteristics
and mechanism of NO adsorption-oxidation onto a carbonbased supported catalyst in low-temperature denitration
technology.

KEYWORDS:
NO; Porous carbon-based materials; Adsorption

Low-temperature catalytic denitration is a hot topic in the
ﬁeld of removal of NOX, at present [1]. Preparation of supported-catalysts with excellent catalytic activity at low temperature is one of the critical tasks for this technology
currently. Furthermore, selection of suitable support is
also important in the process of support-catalyst preparation. Considering porous carbon-based materials which are
usually used as supported-catalyst supports, a better understanding of their adsorption properties can aid in selection
of suitable catalyst support and preparation of excellent
supported-catalyst. On the other hand, it can be conductive to getting a systematic analysis of characteristics and
mechanism of nitric oxide (NO) adsorption-oxidation on
supported-catalyst at low temperature, especially approximate room temperature.
Adsorption properties of porous carbon-based materials mainly depend on their pore structure and surface functional groups. As a result, it is vital to investigate pore
structure and surface functional groups of porous carbonbased materials. Some relative studies on adsorption characteristics of NO onto porous materials, such as molecular
sieve and aluminum oxide, had been already reported [2,
3]. However, systematic investigations on adsorption characteristics of NO onto common porous carbon-based adsorption materials at low temperature, especially approximate
room temperature, are still rare in recent reports [4, 5].
This paper has investigated the influence of adsorbents
pore structure, surface functional groups and adsorption
temperature on NO adsorption behaviors using a static
volumetric method. Herein, NO adsorption isotherms and
isotherm equations [6] are also studied. According to these
investigations, adsorption characteristics of NO within a
wider temperature range can be predicted. In addition, this
research is important for selection of suitable support for
a supported-catalyst and its preparation with excellent NO
catalytic activity.
2. MATERIALS AND METHODS

1. INTRODUCTION

2.1. Materials

In spite of extensive research efforts, environmental
load provoked by NOX is still a major problem to be solved.

The porous carbon-based materials, used as adsorbents
in this study, were 40-60 mesh fresh coconut shell acti-
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vated carbon (CSAC), coal activated carbon (CAC), and
two styles of viscose-based activated carbon fibres (SY1000 and SY-2000 VACF) which had been prepared from
the same precursor. NO and N2 used in this investigation
were purchased from Dalian Special Gases Co., Ltd. The
volume fraction of NO in industrial waste gas is about
0.05%; in this experiment, 1% volume fraction of NO was
selected (N2 was carrier gas), in order to get a smaller experimental error. From preliminary experiments, we have
found N2 to be an inert component with tiny adsorption
capacties on the four adsorbents; therefore, its effect on
NO adsorption process can be ignored, and the adsorption
process can be regarded as one component adsorption.

reactivity of each reagent as follows: NaOH reacts with
all groups, Na2CO3 does not react with R-OH, and NaHCO3 only reacts with R-COOH.
2.4. Experimental section

Adsorption equilibrium data of NO were obtained using a static volumetric method [9]. In each test, a given
mass of adsorbent was heated to a given temperature and
held at this temperature more than 60 min to reach adsorption equilibrium at a certain partial pressure of NO.
The adsorption capacity can be calculated using a mass
balance equation (1):

q
PV + PV = PV + PV
+
RT l1 RT a1 RT l2 RT a 2 m

2.2. Characterization of materials pore structure

The pore structure characteristics of adsorbents were
determined by N2 adsorption at 77 K using an automatic
adsorption instrument [7]. Prior to gas adsorption measurements, the samples were degassed at 573 K under
vacuum conditions for 3h. Adsorption data were obtained
over a relative pressure, P/P0, ranging from approximately
0.0099 to 0.99. The speciﬁc surface area (SBET, m2/g) and
average pore width were calculated using Brunauer-EmmettTeller (BET) equation. The total pore volumes (Vt, cm3/g)
were estimated by converting the amount of N2 gas adsorbed at a high relative pressure around 0.99 to liquid
volume of the adsorbate (N2). The t-plot method was
applied to calculate the micropore volume (Vmirco, m3/g),
external surface area and micropore surface area (Smirco,
m2/g). In addition, the mesopore volume (Vmeso, m3/g) was
obtained by deducing the micropore volume from the total
pore volume. The pore size distribution of the AC and ACF
was obtained from N2 adsorption isotherm by the BerretJoyner-Halenda (BJH) method.
2.3. Quantative analysis of surface functional groups

Surface functional groups, such as carboxyl (R-COOH),
lactone (R-OCO) and phenol (R-OH) groups, were quantified by applying Boehm titration [8]. The principle of
Boehm titration to qualitative and quantitative analysis is
based on the reaction possibility among different intensities of alkali with acidic oxides on the surface of AC or
ACF. According to the consumption of different alkali, the
corresponding concentration of functional groups can be
calculated. Each carbon sample (about 2 g) was placed in
a 100 ml flask. After adding 25 ml of water containing
0.1N of each reagent into each carbon sample, the mixture
was placed on an agitator for 2 h, and then placed in air
for 36 h. After filtering the mixture, each reagent filtrate
was added into 50 ml of water containing 0.1N of HCl, and
then was titrated with 0.1N sodium hydroxide (NaOH).
The pH was continuously monitored and the terminal pH
point was 8.2-10.0 when phenolphthalein, as an indicating
agent, turned from achromatic to reddish color. Three basic
0.1N reagents, such as sodium hydroxide (NaOH), sodium
carbonate (Na2CO3) and sodium hydrogen carbonate (NaHCO3), were chosen to quantify surface functional groups.
Surface functional groups were quantified by assuming the

(1)
where P is pressure, T is temperature, V is volume, R
is the gas constant, m is the molecular weight, and q is the
amount adsorbed. Subscripts 1 and 2 represent the state
before and after adsorption equilibrium, respectively.
In this experiment, four temperatures (298, 313, 328
and 343 K) were selected to investigate the relationship of
NO adsorption capacity with materials pore structure, surface functional groups and adsorption temperature.
3. RESULTS AND DISCUSSION
3.1. Influence of adsorbents on adsorption capacity

NO adsorption isotherms on four adsorbents at four
temperatures were obtained and shown in Fig. 1. As observed, NO adsorption capacities on four adsorbents at
different temperatures decreased in the following order:
CSAC>SY-2000VACF>SY-1000VACF>CAC. On the
whole, the difference among values of NO adsorption
capacities of all adsorbents increased gradually as adsorption pressure increased, which may be due to the difference of pore structure and surface functional groups among
the four adsorbents. Therefore, in order to have a detailed
analysis of the reason what resulted in the difference
among NO adsorption capacities of four adsorbents, pore
structure and surface functional groups of them were characterized. This may be helpful in getting a further analysis
of NO adsorption mechanism on porous carbon-based materials.
3.2. Influence of adsorbents pore structure on adsorption
capacity

It is well-known that the most important property of
AC or VACF is their adsorption capacity, which is related
to speciﬁc surface area, pore volume and pore size distribution. Generally, the greater their surface area, the larger
are their adsorption capacities. In order to investigate the
influence of pore structure of AC and VACF on NO adsorption capacity, distribution of surface area and pore
volume calculated from results of N2 adsorption isotherms
are presented in Fig. 2 and Table 1. As can be seen from
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Table 1, BET surface area and pore volume of the four adsorbents decreased in the following order: SY-2000VACF>
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FIGURE 1 - Adsorption isotherm of NO with NO partial pressure on four adsorbents at 298K (a), 313K (b), 328K (c), 343K (d).

FIGURE 2 - Different surface area (a) and different pore volume (b) of four adsorbents by BJH method.
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TABLE 1 - Pore structure characteristics of the four adsorbents used.
Styles

Vt
(cm3/g)

SBET
(m2/g)

Vmeso
(m3/g)

Smeso
(m2/g)

Vmirco
(m3/g)

Smirco
(m2/g)

average
pore width
(nm)

Vmirco/Vt
(%)

CSAC

0.422

867

0.073

117

0.348

750

1.945

82.6

CAC

0.400

749

0.112

493

0.288

256

2.136

72.0

SY-1000 VACF

0.362

759

0.045

78

0.317

681

1.909

87.6

SY-2000 VACF

0.949

1848

0.539

922

0.410

925

2.054

43.2

CSAC>SY-1000VACF>CAC. Aperture of the four adsorbents distributed in the range of 1-5 nm, and most of
them were micropore ones having a volume with large
proportion to total pore volume.
There was a minute difference in pore structure parameters between adsorbents of CSAC and SY-1000VACF, but
discrepancy in their NO adsorption property was great. It
can be inferred pore structure of an adsorbent is not a critical factor influencing gas adsorption behavior in the process of gas adsorption, and surface chemistry properties,
such as quantity and species of surface functional groups,
also could affect adsorbent gas adsorption behavior.
There was a great discrepancy in the NO adsorption
properties between SY-2000VACF and SY-1000VACF
adsorbents prepared from the same precursor. NO adsorption capacity increased as BET surface area and pore volume increased. So, it was easily known that adsorption
characteristics of NO onto adsorbents prepared from the
same precursor were mainly determined by their physical
characteristics: for instance, BET surface area, pore volume and pore-size distribution.
Generally speaking, adsorbent micropore is a decisive
factor influencing gas adsorption capacity. In this experiment, it was found that mesopores in adsorbent also played
a very important role in the process of NO adsorption.
Vmirco/Vt value of SY-2000VACF was smaller than that of
SY-1000VACF, but its NO adsorption property was superior to SY-1000VACF, indicating that mesopores in adsorbent function as transport pores, also playing an important role in NO adsorption process like micropores.
This inference was also testified by the SY-2000VACF
adsorbent having a larger average pore width. It is commonly known that gas adsorption mostly occurs in mi-

cropores, and then in mesopores. At first, gas molecules
adsorbed on active sites of adsorbent surface, and then,
these adsorbed gas molecules would proceed through a
sequence of diffusion steps from mesopores as passages
into micropores, at last adsorbed in micropores. Therefore, increase of mesopores would enable more adsorbed
gas molecules easily entering micropores. All above effects can increase gas adsorption capacity of adsorbent.
3.3. Influence of surface functional groups on adsorption
capacity

Table 2 shows results of Boehm titration of all adsorbents. It can be seen that it was the discrepancy in the total
acidity of the four adsorbent surfaces that caused their
different adsorption characteristics of NO. NO adsorption
capacity increased with an increase of total acidity on surface of all adsorbents, in general. Hence, increasing total
acidity contents on adsorbent surface was conducive to
improving NO adsorption capacity. The discrepancy of the
both VACF adsorbents in quantity of surface functional
groups may be due to their different preparation process.
3.4. Influence of adsorption temperature on adsorption capacity

In order to analyze the influence of adsorption temperature on adsorption capacity, adsorption characteristics
of NO onto CSAC at four temperatures were selected to
give an analysis. Fig. 3 shows the adsorption isotherms of
NO on CSAC at all four temperatures. NO adsorption
capacities increased rapidly as partial pressure increased at
different temperatures, especially at 298 K. This is because
NO vapor pressure increases with increasing adsorption
temperature, which causes an increase in adsorption energy of NO adsorbed phase. So, the adsorbed phase molecules of NO can be able to obtain enough energy to overcome physical adsorption force to return to gas phase.

TABLE 2 - Surface functional groups of the four adsorbents used.
styles

Carboxyl (mmol/g)

Lactone (mmol/g)

Phenol (mmol/g)

Total acidity (mmol/g)

CSAC

0.070

0.305

0.225

1.500

CAC

0.360

0.020

0.060

0.440

SY-2000 VACF

0.390

0.030

0.030

0.450

SY-1000 VACF

0.630

0.045

0.015

0.690
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FIGURE 3 - Adsorption isotherm of NO with NO partial pressure on CSAC at four temperatures.

3.5. Adsorption isotherms simulation

As described [10], the adsorption equilibrium data of
NO adsorbed onto CSAC was ﬁtted to Freundlich [11], DR and Sips isotherm models at four temperatures, respectively. In addition, average absolute relative error ( Δ )

calculating to ascertain ﬁtting results of the adsorption
isotherms equations was also given in this paper.
The fitting results are presented in Fig. 4, and fitting
isotherm models along with the regression coefficients and
average absolute relative errors are given in Tables 3-5.

FIGURE 4 - Experimental data of NO adsorbed on CSAC and adsorbed amount predicted by Freundlich equation (a), D-R equation (b), and
Sips equation (c).
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TABLE 3 - Freundlich equation parameters for NO adsorbed onto CSAC at four temperatures.
Freundlich Equation Parameters

Temperature(K)
298
313
328
343

k

n

Δ

R2

0.00024
0.00097
0.0023
0.00024

1.7119
1.3761
1.1846
1.4529

7.65
6.53
7.65
4.81

0.9757
0.9770
0.9090
0.9634

TABLE 4 - D-R equation parameters for NO adsorbed onto CSAC at four temperatures.
D-R Equation Parameters

Temperature(K)
298
313
328
343

qm (mg/g)

D

Δ

R2

4.8274 E+04
5.4854 E+03
4.6178 E+02
2.0316 E+03

0.17812
0.14373
0.10084
0.13848

7.37
6.54
5.23
2.76

0.9725
0.9750
0.9646
0.9938

TABLE 5 - Sips equation parameters for NO adsorbed onto CSAC at four temperatures.
Sips Equation Parameters

Temperature
(K)

qs (mg/g)

B

z

Δ

R2

298
313
328
343

4.7752
3.8558
2.3438
1.7817

2.4369E-7
2.6145E-6
2.1442E-7
9.6571E-8

2.84118
2.34719
2.96169
2.88484

4.82
4.87
4.75
4.70

0.9894
0.9882
0.9609
0.9870

Fig. 4 shows Freundlich, D-R and Sips adsorption isotherm model fitting results for NO adsorbed onto CSAC. It
can be seen that Sips adsorption isotherm model achieved
the best fitting results at 298 and 313 K, but D-R adsorption isotherm model gave a best fitting result at 328 and
343K. These fitting results indicated that the role of micropore filling was weak at 298 and 313 K, and at this
time, NO gas molecules were adsorbed into micropores,
mesopores and macropores of the CSAC. When temperature rose, the role of micropore filling began to reinforce;
at this moment, NO gas molecules were adsorbed onto
CSAC mainly in a way of micropore filling rather than
adsorbed on one layer to the next of CSAC wall of hole.
4. CONCLUSIONS
The adsorption characteristics of NO were studied on
porous carbon-based materials (CSAC, CAC and two species of VACF) at four temperatures using a static volume
method.
The influence of adsorbents porous structure, surface
functional groups and adsorption temperature on NO adsorption behaviors were investigated in this paper. Moreover, according to results of BET characterization and
Boehm titration, analysis of effects of adsorbents pore
structure and surface functional groups on NO adsorption
capacity was also given. It can be inferred that pore struc-

ture of an adsorbent is not a critical factor influencing NO
adsorption capacity in adsorption process of NO, and
surface functional groups of adsorbent could also affect gas
adsorption capacity. Adsorption characteristics of NO onto
adsorbents prepared from a same precursor were mainly
determined by adsorbents` physical properties: for instance, BET surface area, pore volume and pore-size distribution. Mesopores of adsorbent could play an important
role in NO adsorbed onto the four adsorbents like micropores. From Boehm titration, it can be found that increasing total acidity contents on adsorbents surface was
conducive to improving NO adsorption capacity. NO
adsorbed capacity of the four adsorbents increased rapidly
as NO partial pressure increased at different temperatures,
especially at 298 K.
The adsorption equilibrium data for NO were ﬁtted to
Freundlich, D-R and Sips adsorption isotherm models. It
was found that Sips adsorption isotherm model was more
suitable for description of adsorption process of NO adsorbed on CSAC at 298 and 313 K; however, D-R adsorption isotherm model was more suitable for description of
NO adsorption process at 328 and 343 K. Furthermore,
NO adsorption behaviors within a wider temperature
range can be predicted from this study. All of these investigations were conducive to analyzing characteristics and
mechanism of NO adsorption-oxidation on carbon-based
supported-catalysts in low-temperature denitration technology.
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ABSTRACT

1. INTRODUCTION

In this study, dye decolorizing potential of crude enzyme from Trametes sp. LH-3 was demonstrated towards
crystal violet (CV) by polymerization reactions. Trametes
sp. LH-3 produced laccase as the dominant lignolytic enzyme during solid state fermentation (SSF) of wheat straw,
an agroindustry waste. Native polyacrylamide gel electrophoresis (PAGE) confirms that crude enzyme contained two
laccase isoforms which were the major enzymes involved
in decolorization of CV. The dye (5 mg L-1) was decolorized by 50% within 24 h by the crude laccase (10 U. ml-1)
alone, but more efficiently in the presence of 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as a
redox mediator, showing 93.5% decolorization within 12 h.
Increasing the ABTS concentration can improve the decolorization rates, but 10 µM ABTS was sufficient for maximum decolorization of CV (5 mg L-1) by the crude laccase
and excessive redox mediators resulting in activity inhibition of laccase. During the decolorization reaction, the characteristic absorption peak of the dye around 589 nm decreased rapidly with slight blue shifts (559 nm), and some
dark-colored precipitates were formed in the samples. Characterization of CV transformation products by UV-VIS and
FT-IR analyses revealed that N-demethylation and polymerization were the key mechanisms of decolorization of
CV by laccase. The results of the present study suggested
that the application of crude laccase and effective mediators that are easily available and inexpensive could overcome its drawbacks in dye effluent treatment.

KEYWORDS: decolorization, crystal violet, laccase, ABTS,
Trametes sp.
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The triphenylmethane group of dyes is used extensively
for textiles, printing, papermaking, leather, food, and the
cosmetics industry [1]. These dyes are recalcitrant molecules and can be antimicrobial, toxic to mammalian cells,
and mutagenic [2]. Thus, the decolorization of
wastewaters containing these dyes prior to discharge is
mandatory by environmental regulations in most countries. For biological treatment of the wastewater containing dyes, the enzymatic decolorization and degradation of
dyes has been of considerable interest [3].
Previous studies showed that laccase (E C 1.10.3.2)
plays a key role in dyes biotransformation process by white
rot fungi [4, 5]. Laccase is a multi-copper-containing enzyme catalyzing the oxidation of a wide range of phenolic
and aniline compounds. Furthermore, in the presence of
a suitable redox mediator like 1-hydroxybenzotriazole
(HOBT) and ABTS, laccases are also able to oxidize nonphenolic structures [6, 7]. Laccase mediator-system has been
widely applied to pulp delignification, polycyclic aromatic
hydrogen degradation, pesticide and herbicide degradation, synthetic dye degradation, toxic phenolic compounds
removal, and chemical synthesis [8]. In view of the high
volume of the effluents generated from dyeing units, the
use of purified enzymes is not economical. Alternatively,
using the crude enzyme would be cost-effective for the
color removal from dye effluents [9]. Production of enzymes by solid state fermentation (SSF) of agro-industrial
wastes has gained much attention in biotechnology due to
its higher productivities and low production costs [10].
Laccase produced from SSF system using agro-wastes has
proven to be an effective synthetic dye degrader [11].
Studies on the biotransformation of triphenylmethane
dyes have focused primarily on the decolorization of dyes
via reduction reactions by microorganisms [12]. However,
researches on decolorization of such dyes via other reaction types are very limited. CV (Fig. 1) is a triphenylmethane dye that has been used extensively in human and
veterinary medicine as biological stain [1]. Therefore, CV

2574

© by PSP Volume 20 – No 10. 2011

Fresenius Environmental Bulletin

was selected as a model dye in this study for decolorization by crude laccase from Trametes sp. LH-3 under SSF
conditions. In order to improve the enzymatic decolorization of CV, ABTS as a redox mediator was employed. We
evaluated transformation of CV by laccase /laccase-ABTS
system from the results of UV-VIS and FTIR spectra of
the reaction mixtures. A possible mechanism involved in
CV decolorization was proposed.
2. MATERIALS AND METHODS
2.1. Organism and culture conditions

Trametes sp. LH-3 was isolated and identified in our
laboratory. For production of laccase, 6 mycelial plugs
(diameter 3 mm) from an actively growing colony fungus
were transferred to 500-ml Erlenmeyer flasks containing
20 g autoclaved wheat straw and 60 ml tap water. The
Erlenmeyer flasks were incubated under stationary conditions at 28 °C.
2.2. Enzyme preparation

The laccase was extracted from the 12-days-old cultures by addition of distilled water. Extracellular enzymes
from SSF were extracted by soaking the culture with 100
mM sodium acetate buffer pH 4.5 at 4 °C overnight [13].
The cultures were then filtered through a nylon filter and
centrifuged at 8,000×g for 20 min to remove the fine particles. Clear supernatant was used as enzyme source. The
protein content of the crude enzyme was isolated by stepwise precipitation with 30 and 75% ammonium sulphate.
The precipitate obtained from 30% saturation was discarded
since no laccase was found. However, complete laccase
protein was precipitated with 75% saturation. Precipitate
was then dialyzed for 24 h against 0.2 M sodium acetate
buffer pH 4.5, then filtered through 0.22-µm microfilter
membranes and used for the dye decolorization purpose.
2.3. Decolorization of CV by laccase

The reaction mixture for CV-decolorizing activity
consisted of an aqueous solution of dye (5 mg L-1), 0.4 ml
of enzyme solution (10 U.ml-1) and sodium acetate buffer
(0.2 M, pH 4.5) in a total volume of 4 ml. In order to improve the enzymatic decolorization of CV, ABTS as a
redox mediator was employed and added at concentrations
specified in the text. To identify whether laccase was the
major enzyme of crude enzyme involved in dye decolorization, a laccase inhibitor NaN3 (1 mM) was added into reaction mixture. The reactions were incubated at 30 °C,
without shaking and in complete darkness. Decolorization
was determined by monitoring the decrease in absorbance
at the wavelength of the maximum absorbance (crystal
violet 589 nm) and expressed in terms of percentage. A
control test in which the enzyme was replaced by denatured enzyme was conducted in parallel. All experiments
were conducted in triplicates, and data were presented as
means of triplicates.

FIGURE 1 - Chemical structure of crystal violet.
2.4. Enzyme assays

Laccase activity was quantified using an assay based
on the oxidation of ABTS. The assay reaction mixture
consisted of 2.5 mM ABTS, sodium acetate buffer (0.2 M,
pH 4.5) and a suitable amount of enzyme to create a total
reaction volume of 3.0 ml that was incubated at 25 °C.
Lignin peroxidase (EC 1.11.1.14) activity was determined using veratryl alcohol. Manganese peroxidase
(EC 1.11.1.13) activity was assayed by the oxidation of
1 mM MnSO 4 in 50 mM sodium malonate (pH 4.5), in
the presence of 0.1 mM H2O2. The unit activity was expressed as 1 µM of product formed per min under the assay
conditions [13].
2.5. Polyacrylamide gel electrophoresis

In order to identify the number of laccase isoforms in
crude enzyme, the crude proteins precipitated with 75%
saturation after dialyzed for 24 h were subjected to polyacrylamide gel electrophoresis (PAGE) on native PAGE
(10%) [13-15]. The electrophoresis was performed at a
constant current of 20 to 25 mA running the gel until the
bromophenol blue dye front reaches the bottom (about 3 h).
After separation of proteins on native PAGE, the gel was
incubated in sodium acetate buffer (0.2 M, pH 4.5) with
ABTS for the laccase activity detection.
2.6. UV-VIS and FT-IR analysis

UV-VIS spectral analysis was carried out using a
Varian CARY50 UV-VIS spectrophotometer and changes
in absorption spectra (200-800 nm) were recorded. FT-IR
analysis was carried out using an EQUINOX55 spectrophotometer (Bruker, Germany) and changes in percentage
transmission at different wavelengths were observed. The
samples of crystal violet and the precipitate for FT-IR
analysis were prepared using KBr pellets.
3. RESULTS AND DISCUSSION
3.1. Enzyme preparation and native PAGE

The maximum activity (2730 U.g−1 substrate) of laccase was detected on 12th day, and then the enzyme level
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was decreased. No lignin peroxidase and manganese peroxidase activities were observed in this strain under the
growth conditions employed in this study. Considering the
high volume of the effluents generated from dyeing units,
the use of purified enzymes is not economical. Alternatively, using the crude laccase would be cost-effective for
the color removal from dye effluents [9]. Thus, simple ammonium sulphate-precipitated proteins from clear supernatant extracted from SSF culture were taken for the decolorization of CV. Crude laccase was obtained by adding 3075% ammonium sulphate, and this preparation exhibited a
specific activity of 98.0 U of laccase/mg protein. In addition, native-PAGE shows that the crude enzyme contained
two laccase isoforms (Fig. 2). The results revealed that
wheat straw can be used as a support-substrate for the production of laccase by Trametes sp. LH-3 under SSF conditions, suggesting that the utilization of such an agro byproduct would mean an important reduction in production
costs. SSF has been considered as an efficient method for
enzyme production in biotechnological process due to its
potential advantages and high yield.

itself does not decolorize the dye at all. In view of no other
lignolytic enzyme activity in crude enzyme, decolorization
was attributed to biotransformation by laccase. Other investigators had reported that crude laccase from Ganoderma
lucidum is able to decolorize the triphenylmethane dye
malachite green, and redox mediators can enhance decolorization [13].
Laccase
Laccase+ABTS
laccase+NaN3
CV
CV+ABTS

100
80
Decolorization (%)
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FIGURE 3 - Decolorization of CV by laccase without and with
ABTS (10 µM).
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FIGURE 2 - Detection of laccase activity of crude enzyme on native
PAGE (samples in all lanes were the same).

0.05

3.2. Decolorization of CV by crude laccase

Approximately18% and 50% decolorization of CV by
crude enzyme alone were achieved within 8 h and 24 h,
respectively (Fig. 3). In parallel, no decolorization in control samples was observed when a laccase inhibitor NaN3
(1 mM) was added into reaction mixture. These results
indicated that laccase is the major enzyme of crude enzyme involved in CV decolorization and able to decolorize CV effectively. On the other hand, the addition of 10
µM ABTS enhanced the decolorization nearly 3.5-fold,
and the maximum decolorization of 93.5% was observed
within 12 h. When CV alone and a CV with ABTS were
incubated with the denatured enzyme, no decolorization
was observed during 24 h. This indicated that CV is stable
in aqueous solution under these conditions, and ABTS

40

1
2 10 20 40 100
ABTS concentration (µM)

FIGURE 4 - Effect of different ABTS concentrations (0.05, 1, 2, 10,
20, 40, 100 µM) on decolorization of CV (5 mg L-1) by laccase (10
U.ml-1).
3.3. Effect of ABTS concentration

The mediator concentration effect was investigated in
the range of 0.05-100 µM. As shown in Fig. 4, increasing
the ABTS concentration can improve the decolorization
rates. About 55% decolorization of CV at ABTS concentration of 10 µM was obtained within 8 h. However, concentrations of ABTS above 40 µM led to obvious decrease
in the decolorization rate, which could be due to laccase
inhibition by excessive free radicals generated in the
process. These results showed that 10 µM ABTS is suffi-
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cient for the decolorization of 5 mg L-1 CV by laccase
under this condition, and excessive redox mediators result
in inhibiting the activity of laccase. Several authors had
pointed out the efficiency of the ABTS as a laccase mediator [16]. In addition, some natural compounds can serve
as redox mediators for laccase and enhance decolorization
and removal of xenobiotic aromatic compounds [17]. If
those natural mediators could replace synthetic redox
mediators for de-colorization, the use of laccase/mediator
system can be ex-tended to the large-scale treatment of
dye wastewaters.
3.4. UV-VIS and FT-IR analysis

The spectra of CV in UV and visible region exhibit a
main peak with a maximum at 589 nm and one weak peak
(293 nm). Increasing decolorization time, the characteristic absorption peak of the dye around 589 nm decreased

rapidly with slight blue shifts (572, 569, 559 nm) (Fig. 5a),
but no new absorption peaks appeared even in UV range
(λ>200 nm). In addition, a color change of the reaction
mixture from dark purple to slight pink was observed during decolorization (Fig. 5b). These results indicated that
CV might be undergoing N-demethylation, and there might
be formation of a series of N-demethylated intermediates
since N-demethylation products have absorption maxima
at wavelengths lower than that of triphenylmethane dye,
and a different color from the original dye [18]. Further
decolorization by laccase with ABTS caused the decrease
of the absorption peak at 559 nm (Fig. 5c), but no further
wavelength shift was observed, inferring that the peak at
559 nm is that of the full N-demethylated product of the
CV dye. Similar phenomena have been reported for the biodegradation of crystal violet by Pseudomonas putida [18].
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FIGURE 5 - UV–VIS spectra of CV decolorization by laccase at different time intervals and photographs before and after decolorization of samples ((a) Decolorization of CV by laccase; (b) Photographs before and after reaction of samples: 1, 0 h; 2, 24 h; (c) Decolorization of CV by laccase
with ABTS).
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Decolorization of the CV dye by laccase both with
and without ABTS was followed by the formation of
dark-colored precipitate, but no precipitate in the samples
was formed when CV alone and a CV with ABTS mixture were incubated with the denatured enzyme, showing
that the dye precipitation was a result of enzymatic reaction, possibly involving free-radical formation followed by
polymerization and precipitation. Previous results have
reported that the free radicals are believed to have ability
to initiate the polymerization of triphenylmethane dyes
[19].
Fig. 6 shows the FT-IR spectra of CV dye (curve a)
and the precipitate (curve b). Curve (a) shows characteristic absorption peaks at 1580.13 cm−1, 1355.86 cm−1 and
1170.56 cm−1. The absorption at 1580.13 cm−1 obviously
resulted from the C=C stretching of the benzene ring, absorption at 1350.56 cm−1 from the -C-N stretching vibrations and absorption at 1170.56 cm−1 from the C-N stretching vibrations. As shown in curve (b), a new absorption
peak at 1405.60 cm−1 is possibly caused by the conjugated
double bonds in polymers. In addition, the intensities of
absorption peak at 1580.13 cm−1 of the precipitate decreased
and absorption peaks at 1355.86 cm −1 and 1170.56 cm−1
disappeared, demonstrating the cleavage of some groups
present in the original structure of CV in the process,
namely, the N-demethylation.
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FIGURE 6- FT-IR spectra of CV (a) and of precipitate (b). The same
amount of CV and precipitate was used to prepare their pellets.

According to these results, we propose the mechanism
of CV decolorization mediated by laccase. Firstly, decolorization of CV by laccase resulted in formation of the successive demethylated CV products and the destruction of CV
chromophores. Subsequently, polymerization reactions of
demethylated products were initiated by free radicals generated by laccase. Finally, the color removal was followed by
the precipitation of polymers. Similar sequential Ndemethylation mechanism has recently been reported in
UV-light-induced photodegradation of malachite green [20].
These water-insoluble precipitates are readily removed
from solution by sedimentation or filtration. The enzymecatalyzed polymerization and precipitation process shows
potential for removing aromatic compounds from industrial
wastewaters which are not removed effectively through
conventional chemical/physical or biological wastewater
treatment methods [21].
4. CONCLUSIONS
In this study, we have reported that crude enzyme
produced by Trametes sp. LH-3 in solid state culture contained two laccase isoforms which were able to decolorize
CV by polymerization reactions. Decolorization rate was
drastically increased when dyes were treated with laccase
in the presence of ABTS. About 90% decolorization of
CV (5 mg L-1) at ABTS concentration of 10 µM was
obtained within 12 h, while decolorization of CV by laccase alone within 24 h was only 50%. Increasing the ABTS
concentration can improve the decolorization rates, whereas
concentrations of ABTS above 40 µM were inhibitory.
UV-VIS and FT-IR analyses showed that N-demethylation
and polymerization were the key mechanisms of decolorization of CV by laccase. The use of crude laccase can be
extended to the large-scale treatment of dye wastewaters by
using immobilized enzyme and relatively cheaper redox
mediators. This as well as the scale-up of enzymatic processes is the subject of a further study.
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ABSTRACT
Sulfate process (SP) is an important and mature method
to produce titanium dioxide (TiO2) pigment. It accounts for
most of TiO2 pigment production, especially in China. However, a large amount of water is consumed and a large quantity of effluent is discharged, which may cause water resource waste and serious environmental pollution. Thus,
water minimization has great benefits to environmental and
industrial sustainability. Both freshwater consumption and
wastewater discharge can be minimized by practicing water
system integration. The paper presents a group optimization method for water minimization under a titanium pigment plant event in China. Six schemes are analyzed and
an applicable water reuse network is obtained.

KEYWORDS: Water minimization, Mathematical programming,
Scenario analysis, Group optimization, Titanium pigment plant
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quantities of titanium pigments are consumed every year;
for example, consumption in China is about 1.4×106 t in
2010, about a quarter of the global consumption [29]. In
China, the SP accounts for most of the TiO2 pigment production. The average consumption of freshwater is about
100-150 t per t TiO2 [30]. Furthermore, the freshwater
demand is about 6-7 times of that of the developed countries. Urgent measures should be adopted to catch up with
the advanced world levels, and to protect both water resources and environment.
This work presents a group optimization method focusing on the water reuse network. Targeting for freshwater minimization in a water network is addressed by using
mathematical programming, the location of water-using
units and the wastewater feature are considered. Six scenarios are analyzed and an applicable water reuse network is
obtained; the water saving rate is 45.97%.

1. INTRODUCTION

2. PROBLEM STATEMENT

The rising costs of freshwater and stringent environmental legislation have driven the process industries to
adopt water minimization approaches and sustainable pollution prevention. One of the ways to minimize water,
especially in high water consumption industry plants, has
been the use of systematic methods for water integration.
Both freshwater consumption and wastewater generation
can be minimized by optimizing the water networks [1,
2]. The approaches to that can be mainly divided into two
classes: water pinch method [3-8] and mathematical programming [9-17]. The applications of the two methods for
industry plants have been reported [18-27], and reductions
in liquid discharge were achieved. Despite the wide-spread
application of water network synthesis techniques, there
remain some plants to be explored by researchers and industrial practitioners; for instance, titania pigment production plants with high water consumption. Titania pigments
are widely used in paint and paper industries [28]. Large

The SP of TiO2 pigment production requires large
quantities of freshwater and also produces abundant
amounts of wastewater. The selected titanium chemical
company has the capacity to annually produce 5×10 4 t
titanium dioxide pigments by SP. For the SP, the titanium
raw material is dissolved in sulfuric acid and precipitated
from the resulting solution as titanium oxyhydrate, then
washed free of impurities, calcined and surface treated, as
shown in Fig. 1. According to data, approximately 183 t
of freshwater is consumed to produce 1 t of titanium dioxide pigment in the plant. Approximately 1×104 t of wastewater is discharged to the sewage treatment plants per day
based on the data of the plant. Wastewater discharged
from the plant accounts for 90% of the total wastewater
discharge of the Chemical Industry Park. It is, therefore,
in serious need to reduce freshwater consumption and
wastewater. By analyzing the main water-using and effluent discharge units, the following seven major units are
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identified as crucial: filter wash 1, filter wash 2, filter
wash 3, clean circulation water, acid circulation water,
seeds preparation and waste gas treatment. The water
balance diagram of the selected seven units is illustrated
in Fig. 2.

taminant and its limit concentration, sources and sinks
identification, unit group method, mathematical model design and network optimization. The implementation of this
approach is carried out as follows:
3.1. Key contaminant and its limit concentration

FIGURE 1 - Sulfate process flow-chart of TiO2 pigment manufacture.

The key contaminant is one that restricts the reuse
possibilities. The selection is made based on the
wastewater characteristics of the industry plant. Fe is one
important water quality parameter in the SP. It has been
considered to be sufficiently representative of the water
quality. In the context of this work, the word ‘contaminant’ refers to ‘Fe’. The limiting data provided in Table 1
are based on the experience of the factory, and tested by
the site measurement. The necessary limiting data of the
process includes the limiting inlet and outlet contaminant
concentration (ppm), and the contaminant mass load
(kg/h) through the unit.
lim

The values Δ m i and Ci ,out are calculated by equations
(1) and (2), respectively [31].
lim
Δmi = Fi lim (C ilim
,out − C i ,in ) /1000

C

lim
i ,out

=C

lim
i ,in

+ Δ mi / Fi

lim

(1)

×1000

(2)

3.2. Sources and sinks identification

FIGURE 2 - Initial water network of seven units selected (unit: t/h).

The work focuses on these seven units in an endeavor
to optimize the processes to reduce both freshwater consumption and wastewater discharge. The water losses and
other changes in water flow-rate during process operations are irrespective.
3. WATER NETWORK OPTIMIZATION METHOD
A mathematical optimization approach targeting freshwater minimization is introduced to design the water network. This approach is composed of four steps: key con-

By definition, a set of water sinks requires a water
flow and tolerates a limiting concentration while a set of
water sources has a water flow and an impurity concentration. The water sources may be recycled to the sinks,
provided they satisfy the flow and composition constraints of the sinks. According to Table 1, units 1-4 are
sources, unit 5 is sinks and sources, units 6 and 7 can be
used as sinks and sources.
3.3. Multi-units combination method

The actual locations of water-using units and the
wastewater features are considered. The units group of the
work is analyzed from three aspects: operating characteristics, unit location and input water feature. According to
the operating characteristics, one group with units 1, 5 and
6 is the filter wash group. The other group with units 2 and
3 is water circulation unit. The third group is composed of
units 4 and 7. Based on the unit location, one group with

TABLE 1 - Limiting data of water inlet and outlet.
Unit number

Process

Cilim
,in

1
2
3
4
5
6
7

Filter wash 3
Clean water circulation
Acid water circulation
Seeds preparation
Filter wash 2
Filter wash 1
Waste gas treatment

0
0
0
0
10
100
500

Fi lim = limiting flow-rate (freshwater requirement);

Δ mi

(ppm)

Cilim
, out
1
1
24
50
75
1000
1000

(ppm)

Fi lim (t/h)

Δ m i (kg/h)

49
35.7
40.3
13
45.4
45.4
26.6

0.049
0.0357
0.9672
0.65
2.951
44.1
13.3

= mass load of contaminant; limiting inlet concentration
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Cilim
, out

) for contaminant mass transfer, and its value depends on the specific use of water.
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units 1, 4, 5 and 6 as well as the other group with units 2
and 3 are located in the same workshop. Unit 7 is located
in another one. According to the input water feature, the
units can be divided into two groups: one group with units
1, 2, 3 and 4 is freshwater input, and the other one with
units 5, 6 and 7 is reuse water or wastewater input. Table
2 shows the combination way.

3.4. Mathematical model design and network optimization

Based on the above analysis, six schemes are studied
including one scheme comprised of all the units together.
The mathematical programming model is illustrated in
Equations (3) - (6).
Mathematical programming model:
Objective function

TABLE 2 - Combination way.
Scheme n
Ⅰ
Ⅱ
Ⅲ
Ⅳ
Ⅴ
Ⅵ

Optimized group n-1
Units 1, 5, 6
Units 1, 4, 5, 6
Units 1, 5, 6, 7
Units 1, 4, 5, 6, 7
Units 1, 2, 3, 4
Units 1, 2, 3, 4, 5, 6, 7

F min = ∑ Fi

(3)

Constraints
∑[C ilim,in − C j ,out ] X i, j + C ilim,in F i ≥ 0

(4)

i

Optimized group n-2
Units 2, 3, 4, 7
Units 2, 3, 7
Units 2, 3, 4
Units 2, 3
Units 5, 6, 7
--

j ≠i

∑[C

lim
i ,out

− C j ,out ] X i , j + C ilim
,out F i = Δ mi

F i + ∑ X i , j − W i − ∑ X j ,i = 0
j ≠i

(a) Water network for scheme I.

28.6
49

9

1

(b) Water network for scheme II.
40

5

49

40

149.4
Freshwater

13
89

4

40.3
3
35.7

2

7

9

62

60.4

13
11.4

5

1

36

6

(6)

j ≠i

11.4
60.4

6

40
35.4
62

13.6
24.4

149.4

13

Wastewater

40.3
22.4

(5)

j ≠i

13

138
Freshwater

4
40.3

76

89

35.7

Freshwater

13

3
2

7

26.6
138
Wastewater

40.3
76
35.7

Reuse water

Freshwater
Reuse water
Wastewater

Wastewater

(c) Water network for scheme III.

(d) Water network for scheme IV.

(e) Water network for scheme V.

(f) Water network for scheme VI

FIGURE 3 - Water network for six schemes (a-e). (unit: t/h).
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The results for the mathematical programming model
are obtained using general algebraic modeling system
(GAMS23.2) solver. The summary of computational results is given in Table 3. The water reuse networks are
optimized to minimize the numbers of inter-connections.
There are two inter-connections between the same two
units, only one is reserved. The main advantage of having a
less complex network is the ease of operation and maintenance. Besides, a simpler network also leads to reduce network costs. The optimized water networks of six schemes
are shown in Fig. 3.

ions while that of unit 4 is titanium dioxide seed. Fe is the
key factor of units 5 and 6 inlets. So, the wastewater from
units 1 and 4 outlets can be reused in units 5 and 6. As for
units 2 and 3, the main component is inhibitor-circulating
water. Furthermore, the clean circulation water of unit 2
can be reused into unit 7 for waste gas treatment.
According to the above analysis, scheme I is the most
feasible project for the selected titanium plant. The 117.4
t/h of freshwater requirement is reduced, and freshwater
saving rate is 45.97%.
5. CONCLUSION

4. RESULTS AND DISCUSSION
As mentioned above, six scenarios are modeled in an
attempt to reduce freshwater consumption. Each scheme
consists of optimized group n-1 and optimized group n-2.
The total water demand refers to the sum of optimized group
n-1 and optimized group n-2. Figure 3 shows the water
network schemes obtained in the process industry. Each
water network is analyzed and the numerical results obtained are presented in Table 3.

This work has presented a group mathematical programming method for the synthesis of water reuse network. Instead of dealing with all the units together, combinations of several units have been proposed for optimization. One titanium plant is chosen to illustrate the applicability of the proposed method, and the optimum water
network is identified. The 117.4 t/h freshwater saved correspond to 45.97% reduction in freshwater requirement, and,
consequently, the wastewater discharge is also reduced.
In addition to freshwater requirement reduction of the
network, it is confirmed that dividing the units into different groups is necessary for optimization, especially when
the positions of units are considered.

TABLE 3 - Results of six optimized schemes.
Scheme n
I
II
III
IV
V
VI
Freshwater
4
4
5
4
7
4
Reuse water
4
5
5
5
2
6
Connection
Waste
6
5
5
4
6
5
discharge
Water saving rate (%)
45.97 45.97 41.5 45.97 22.08 45.97
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NOMENCLATURE

F min ——minimum flow-rate of fresh water, t/h

Fi ——flow-rate from freshwater into unit i, t/h
Cilim
,in

——maximum inlet concentration of contaminant to
unit i, mg/L

Cilim
, out

——maximum outlet concentration of contaminant
from unit i, mg/L
C j ,out
——outlet concentration of contaminant from unit j,
mg/L
X i , j ——flow-rate from unit i to unit j, t/h
X j ,i ——flow-rate from unit j to unit i, t/h
W i ——wastewater from unit i, t/h
Δ m i ——mass-load of contaminant in unit i, kg/h
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EFFECT OF CADMIUM ON CYTOCHROME C OXIDASE
ISOZYME IN THE HEPATOPANCREAS, GILL AND HEART
OF FRESHWATER CRAB SINOPOTAMON YANGTSEKIENSE
Wenwen Lei, Lan Wang* and Yongquan Li
School of Life Science, Shanxi University, Taiyuan 030006, China

ABSTRACT
By means of polyacrylamide gel electrophoresis
(PAGE), the effects of cadmium (Cd) on the cytochrome
c oxidase (COX) isozyme profile in the hepatopancreas,
gill and heart of freshwater crab Sinopotamon yangtsekiense
were investigated. Crabs were exposed to different concentrations of Cd (0.05, 0.10, 0.50, 1.00 and 5.00 mg/L) for
96 h. The result showed that significant changes in COX
isozyme profile occurred in the isozyme number and retardation factor (Rf), which presented different responses, as
well as the appearance and disappearance of specific isozymes. The activity of COX isozyme with Rf value 0.43 in
the hepatopancreas was increased with increasing Cd
concentrations and then decreased. While the activities in
the hepatopancreas (Rf 0.08, 0.23 and 0.89), gill (Rf 0.13)
and heart (Rf 0.08 and 0.29) were inhibited. Besides, the
characteristic marker isozyme with Rf value 0.79 after Cd
exposure was observed in the heart. The present study
showed that the effect of Cd on COX isozyme was tissuespecific. It’s suggested that the characteristic marker COX
isozyme with Rf value 0.79 in the heart could be served as
the biomarker of Cd contamination in the aquatic environment.

KEYWORDS: Cadmium; Sinopotamon yangtsekiense; Cytochrome c oxidase; Isozyme

1. INTRODUCTION
The increasing contamination and consequential accumulation of heavy metals in organism through food chain
by anthropogenic activities can be very serious to human
health. Cadmium (Cd) is one of the widespread pollutants
with a long biological half-life, and is toxic to life even at
very low concentrations [1]. The levels of Cd were found
* Corresponding author

to be higher than maximum levels proposed by the European legislation in muscles of 21 economically important
fish, mollusk and crustacean species from the Istanbul fish
market [2]. Sinopotamon yangtsekiense (Crustacea, Decapoda, Brachyura), a popular freshwater crab species of
China, inhabits in the sediments of the water and faces the
heavy metals directly, and the content of heavy metals in
their bodies is closely related to the pollution level in the
water. Therefore crabs offer excellent opportunities to derive sensitive and ecologically relevant indicators of environmental stress [3], and are frequently regarded as a suitable biomonitor for aquatic pollution [4].
Isozymes are potentially very good biomarkers in the
study of biochemical characterization of cell lines [5]. The
isozyme profile is indicative of differential gene actions
under stress conditions. Changes in the isozyme pattern for
example synthesis of new isoforms or repression of the
existing ones may be part of the functional specialization of
different species and organs. Since isozymes are representative of differential gene action, their study and analysis may provide an approach to understand the mechanism of stress conditions such as heavy metal poisoning.
The development of gel electrophoresis has made possible the high-resolution and characterization of protein
mixtures ranging from whole-tissue extract to purified
enzymes. Polyacrylamide gel electrophoresis (PAGE) has
been widely applied to analyze the variation of isozyme of
aquatic animals in recent years [6]. There are many reports
concerning lactate dehydrogenase (LDH), superoxide dismutase (SOD) and catalase (CAT) isozymes in response to
Cd stress [7-9]. The differential expression of these isozymes was a result of the expression of a previously undescribed gene, or of increased enzyme activity, or of
increased transcriptional activity of cognate genes, during
stress conditions [10].
Cytochrome c oxidase (COX), the terminal enzyme
of the mitochondrial respiratory chain, transfers electrons
between cytochrome c and oxygen molecules, and impacts
the formation of ATP. Moreover, it plays an important part
in energy metabolism [11, 12]. It has been found that the
number of subunits in the enzyme complex as well as the
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tissue- and environmental-specific expression of subunit
isoforms varied in COX among different species [13]. However, no reports about COX isozyme under normal or stress
conditions on species of crustacean exist so far to our best
knowledge. To understand how Cd affects the activity and
expression of COX, the effect of Cd stress on COX isozyme was evaluated in the hepatopancreas, gill and heart of
S. yangtsekiense. It aims to semiquantify the effect of Cdinduced organ dysfunction and offer possibilities for detecting the biological impact of Cd pollution.
2. MATERIALS AND METHODS
2.1. Animals and treatments

Healthy female intermolt crabs, S. yangtsekiense, 18.52
± 2.61 g, were purchased from local commercial market
and acclimated to laboratory conditions in glass aquaria
for 2 weeks. They were fed a commercial feed daily. The
physicochemical characteristics of the water were as follows: pH 7.2-7.4; dissolved oxygen 6 mg/L; chlorinity
0.13 mg/L; temperature 22 ± 0.5 °C. Then crabs were randomly divided into six experimental groups of 7 each, and
were respectively allocated to control and five Cd (as CdCl2)
concentrations of 0.05, 0.10, 0.50, 1.00 and 5.00 mg/L
for 96 h. Test medium was not renewed and no food was
provided to the animals during the experimental period.
All other conditions were kept the same as those used for
acclimation. The experiment was repeated at least three
times under the same condition.
2.2. Enzyme extraction

After 96 h of Cd exposure, four crabs from each group
were sacrificed and hepatopancreas, gill, and heart were
carefully excised, washed with ice-cold saline, weighted,
and homogenized (10% w/v) in 0.05 M Tris-Gly (pH 8.3)
at 4 °C. The homogenate was centrifuged at 10,000 rpm

for 10 min at 4 °C, and the supernatant was used for isozyme detection.
2.3. Isozyme analysis

Native PAGE was performed as described by Davis
[14] using a 7.5% separating gel (1.5 M Tris-HCl, pH 8.8)
and a 4% stacking gel (1 M Tris-HCl, pH 6.8). The running
buffer was Tris-Gly system (pH 8.3). An equal amount of
sample (40 µl) was loaded in each lane and electrophoresis
was carried out with constant intensity of 20 mA for 5 h at
4 °C. Following electrophoretic separation, activity staining for COX isozyme was done by Hu and Wan [15], and
then the gels were photographed using a gel documentation system, GDS 8000 (UVP, USA). The results were
analyzed using TotalLab TL100 software.
3. RESULTS AND DISCUSSION
3.1. Effect of Cd on COX isozyme in the hepatopancreas, gill
and heart of S. yangtsekiense

The zymogram of COX isozyme of S. yangtsekiense
presented complex patterns in the study after Cd exposure.
In the hepatopancreas, the zymogram of native-PAGE
revealed multiple forms. As shown in Figure 1 and Table 1,
there were five bands in the control, with retardation
factor (Rf) values ranging from 0.04 to 0.89. Upon exposure to Cd, the number and intensity of COX isozyme
bands varied significantly. The activity of COX isozymes,
whose Rf values were 0.08, 0.23 and 0.89, were decreased
with increasing Cd concentrations. While the activity of
COX isozyme with Rf value 0.43 was increased firstly
then decreased. Interestingly, a new isozyme band with Rf
value 0.37 appeared at the concentration of 0.05 mg/L Cd
and the pre-existing isozyme band with Rf value 0.04
disappeared at concentrations higher than 0.10 mg/L.

FIGURE 1 - Effect of Cd on COX isozyme in the hepatopancreas of S. yangtsekiense. A: Electropherogram of COX isozyme. B: Analysis of
COX isozyme by TotalLab TL100. CK, 1, 2, 3, 4, 5 were Cd exposure with the concentrations at 0, 0.05, 0.10, 0.50, 1.00 or 5.00 mg/L respectively.
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TABLE 1 - Effect of Cd on COX isozyme in the hepatopancreas of S. yangtsekiense.
Cd concentration (mg/L)
0.05
0.10
0.50
1
0.04
+
2
0.08
+
+
++
3
0.23
++
+
++
4
0.37
+
5
0.43
++
+
++
+++
6
0.89
+++
++
+
++
Blank: Disappeared zymogram; +: Lower enzyme activity; ++: High enzyme activity; +++: Higher enzyme activity.
Band No.

Rf value

CK
+
++
+++

1.00

5.00

++
+++

++

+++
++

+
+

FIGURE 2 - Effect of Cd on COX isozyme in the gill of S. yangtsekiense. A: Electropherogram of COX isozyme. B: Analysis of COX isozyme
by TotalLab TL100. CK, 1, 2, 3, 4, 5 were Cd exposure with the concentrations at 0, 0.05, 0.10, 0.50, 1.00 or 5.00 mg/L respectively.

TABLE 2 - Effect of Cd on COX isozyme in the gill of S. yangtsekiense.
Band No.

Rf value

CK
+++

Cd concentration (mg/L)
0.10
0.50
++
++

0.05
++

1
0.13
2
0.50
3
0.73
+++
+++
Blank: Disappeared zymogram; +: Lower enzyme activity; ++: High enzyme activity; +++: Higher enzyme activity.

Figure 2 and Table 2 showed that there was only one
single enzyme band for COX activity in the control of the
gill. The basic isozyme band with Rf value 0.13 was detected and strong in the control, and became fainter with
increasing Cd concentrations, especially at the concentration of 5.00 mg/L. However, the expressions of new COX
isozymes, whose Rf values were 0.50 and 0.73, were
induced by Cd at concentrations higher than 0.05 mg/L.
S. yangtsekiense had two isozymes in the control of
the heart (Figure 3 and Table 3). The intensity of two preexisting isozymes (Rf 0.08 and 0.29) remained unaffected
at low concentrations of Cd (0.05-0.50 mg/L), but weakened relatively at concentrations of 1.00 and 5.00 mg/L.
Besides, new COX isozymes, whose Rf values were 0.03,
0.60 and 0.79, appeared after Cd exposure, whereas the
isozyme band with Rf value 0.60 disappeared at concentrations higher than 1.00 mg/L. It was important to note

1.00
++

5.00
+
+++
+++

that the specific isozyme with Rf value 0.79, was only
identified in the heart of Cd-treated crabs, which was regarded as the marker isozyme of COX in the heart after
Cd exposure.
Significant variations in isozyme profile of COX were
observed both in the activity, the number and Rf after Cd
exposure. At low concentrations, the increase of COX activity in the hepatopancreas signified a stimulation response,
the living organism improved the function of respiration
to satisfy the requirement of ATP, and finally to protect
against Cd toxicity and adapt to the stress. After high
concentrations Cd treatment, the decrease in COX activity
showed crabs suffered from irreversible damage. The basic
isozyme activity in the gill and heart were inhibited
gradually with increasing Cd concentrations, which would
result in the interruption of oxidative phosphorylation
and a series of metabolic disorder and parasthenia. The

2588

© by PSP Volume 20 – No 10. 2011

Fresenius Environmental Bulletin

FIGURE 3 - Effect of Cd on COX isozyme in the heart of S. yangtsekiense. A: Electropherogram of COX isozyme. B: Analysis of COX isozyme by TotalLab TL100. CK, 1, 2, 3, 4, 5 were Cd exposure with the concentrations at 0, 0.05, 0.10, 0.50, 1.00 or 5.00 mg/L respectively.

TABLE 3 - Effect of Cd on COX isozyme in the heart of S. yangtsekiense.
Cd concentration (mg/L)
0.10
0.50
1
0.03
+
2
0.08
++
++
++
++
3
0.29
++
++
++
++
4
0.60
+++
+++
5
0.79
++
++
+++
Blank: Disappeared zymogram; +: Lower enzyme activity; ++: High enzyme activity; +++: Higher enzyme activity.
Band No.

Rf value

CK

0.05

result agreed with the hormetic response which is characterized pollutants developed low-dose stimulation, or a
beneficial effect, and a high dose inhibitory or toxic effect
[16]. Several studies have confirmed enzyme activity
showed hormetic behavior when organisms subjected to
pollutants or stress [16, 17].
In addition, the appearance of new isozymes and the
absence of specific isozymes in this study were correlated
with differential gene activity under Cd stress. The alterations of enzyme profile can be ascribed either to the breakdown of the tight regulation of gene expression or to substrate-dependant modulation of translation and turnover of
proteins [18]. The appearance of specific new isozymes may
indicate the probable synthesis of new products, which must
be utilized in response to Cd stress, or the activation of intrinsic isozymes. On the other hand, the disappearance of
intrinsic isozymes may be a consequence of the variation
of the number of concerned genes and the way of subunit
assembly [19].
The augmentative environment stress urged us to find
the optimal species and enzyme variants to assess pollution
effects both qualitatively and quantitatively and put them
into use to safeguard the quality of the environment. Some
researches showed that COX could be used as an index
assessing the toxicity of heavy metals to organisms [20].
In this study, the characteristic marker isozyme with Rf
value 0.79 presented in the heart after Cd exposure, sug-

1.00
+
+
+

5.00
+
+
+

++

++

gesting the involvement of specific COX in specific tissue
in adverse environment. Therefore the characteristic marker
COX isozyme with Rf value 0.79 in the heart could be considered as a biochemical indicator of monitoring aquatic
environmental Cd pollution.
3.2. Tissue-specific expression of COX isozyme in S. yangtsekiense

The present observations showed that the number of
the COX isozyme in the hepatopancreas differed from
that of in the gill and heart in the control, each possessing
five, one and two isozymes, respectively. The number of
isozymes may satisfactorily explain the subunit structure
and genetic control of the isozymes. The characteristic distribution of COX isozyme in various tissues may imply
physiological significance of this isozyme in S. yangtsekiense, which appeared to be correlated with the characteristic behavior of the species [19]. The result was consistent with Linder’s and Kadenbach’s researches [13, 21],
which showed that the expression of COX isozyme had
tissue specificity in vertebrates.
The expression and/or the activity level of particular
isozymes are often related to a tissue, an organ [22, 23] or
the environment. Differences in isozymatic patterns among
different tissues or organs have been attributed to one or
more of the following causes: (1) changes in the level of
isozyme expression; (2) genetic transcription of different
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isozyme loci; and, (3) post-translational isozyme modifications changing the electrophoretic mobility [24].
4. CONCLUSIONS
The complex zymogram of COX isozyme of S. yangtsekiense after Cd exposure reflected the degree of injury
in a particular stress environment. Analysis of the COX
isozyme profile of S. yangtsekiense can provide insight into
the differential regulation of COX gene under Cd stress,
which will enrich the database of Cd-induced damages in
crustacean. The following conclusions may be drawn based
on the results of this study:
(1) The activity of COX isozyme with Rf value 0.43
in the hepatopancreas was increased with increasing Cd
concentrations and then decreased. While the activities in
the hepatopancreas (Rf 0.08, 0.23 and 0.89), gill (Rf 0.13)
and heart (Rf 0.08 and 0.29) were inhibited. Besides,
appearance of the new isozymes and disappearance of
certain ones were observed in the three tissues.
(2) The characteristic marker isozyme after Cd exposure was observed in the heart. If COX isozyme was regarded as a biochemical indicator of monitoring aquatic
environment pollution, the heart of S. yangtsekiense could
be served as the target organ to assess the Cd toxicity in a
certain degree.
(3) The effect of Cd on COX isozyme of S. yangtsekiense was tissue-specific.
Further investigations should be carried out for better
evaluation of molecular mechanisms underlying Cd-induced
damages in Crustacea.

This research was supported by the National Natural
Science Foundation of China (No. 30870267) and the
Natural Sciences Foundation of Shanxi Province (No.
2008011069).
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REMOVAL EFFICIENCY OF Pontederia cordata TO URBAN
POLLUTED RIVER WATER UNDER AERATION CONDITION
Feng Zhao1, Xiao-ming Lu1, 2 and Min-sheng Huang1,*
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Shanghai Key Laboratory of Urbanization and Ecological Restoration, East China Normal University, Shanghai 200062, P.R. China
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Institute for Eco-environmental Sciences, Wenzhou Vocational College of Science and Technology, Zhejiang 325006, P.R. China

ABSTRACT
To analyze the changes in the physiological responses
and pollutant removal efficiencies of Pontederia cordata
under long-term continuous aeration conditions during three
seasons (spring, summer and autumn), P. cordata was hydroponically cultivated for 9 months in six purifying tanks
(aeration, non-aeration) to treat urban polluted river water. The results indicated that aeration significantly influenced the morphological characteristics and physiological
responses of P. cordata and water purification. The roots,
stems and leaves of P. cordata grown under aeration conditions were shorter than those of plants grown under nonaeration conditions. The biomass and accumulation of nitrogen and phosphorous by P. cordata under aeration conditions were lower than those of plants grown under nonaeration conditions. Aeration resulted in the densities of the
tillers and roots increasing. In addition, aeration led to increased activities of peroxidase (POD) and catalase (CAT)
and decreased contents of chlorophyll (Chla, Chlb) and
soluble protein (SP). In the aeration purifying tanks, the
average removal efficiencies of chemical oxygen demand
(CODCr), total nitrogen (TN) and ammonia nitrogen (NH4+N) increased by 16.67%, 12.13% and 14.16%, respectively,
during all three seasons, while the average removal efficiencies of total phosphorus (TP) and total dissolved phosphorus (TDP) decreased by 10.47% and 9.74%, respectively.

KEYWORDS: physiological response; removal efficiency; P.
cordata; aeration; purifying tank

1. INTRODUCTION
With the rapid development of the industrial economy
and urbanization in China, most urban rivers have become
heavily polluted, especially stagnant rivers in urban areas.
It is well known that dissolved oxygen is one of the most
* Corresponding author

important criterions indicating the sanitary condition of
water. Dissolved oxygen concentrations of stagnant river
water are extremely low, which leads to loss of biodiversity in the systems and subsequent poor self-purification
[1,2]. Therefore, increasing the dissolved oxygen concentration in stagnant river water could effectively improve
the degradation of pollutants in such systems. Indeed, numerous studies have already reported that oxygen restoration by artificial aeration is an essential method for enhancing the dissolved oxygen levels of heavily polluted stagnant river water [3-6]. Artificial aeration is a process in
which the area of contact between the water and air is increased by mechanical devices that pump atmospheric air
into polluted water. The increased dissolved oxygen levels
induced by this process result in the activities of aerobic
microbes being enhanced to promote the biological oxidation of organic materials in polluted water. Many engineering applications have also demonstrated that artificial
aeration was an effective approach for treatment of polluted water [7,8].
Planted floating beds and constructed wetlands are ecological remediation technologies that are commonly used to
treat polluted water. These systems are easily operated and
maintained and have been widely applied in various types
of polluted water treatment processes [9-13]. An important
part of the treatment process is oxidation of ammonium
compounds to nitrite and nitrate [14]. The radial oxygen
loss (ROL) from the roots of hydrophytes promotes the
growth of aerobic nitrifying bacteria [15]. Therefore, aeration is suitable for improving the nitrogen removal efficiency. The plant-periphyton complex also plays an essential role as a biofilter in the adsorption and retention of
pollutants [16, 17]. However, practical engineering applications have indicated that the pressurized convective
airflow from the aerator could affect morphological characteristics and physiological responses of hydrophytes when
polluted water has been aerated for a long period of time
[18, 19]. This is likely because the pressurized convective
airflow from the aerator influences the development of the
roots of hydrophytes. Most previous studies have focused
on the purification ability of hydrophytes in polluted water,
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but not the correlation between the purification efficiencies and the physiological characteristics of hydrophytes.
There have also been no reports on the effects of aeration
on the physiological characteristics of hydrophytes until
now. However, knowledge regarding the efficient utilization of the technique of combining hydrophytes and artificial aeration to purify heavily polluted water are extremely
important.
Physiological characteristics of hydrophytes are closely
related to the efficiency with which they purify polluted
water [20]. Additionally, the enzyme activities of hydrophyte
tissues are tightly associated with the physiological characteristics of hydrophytes. Hydrophytes respond to environmental stress by altering their cellular metabolism and
invoking various defense mechanisms [21]. Moreover, environmental stress can cause oxidation stress and induce the
generation of reactive oxygen species (ROS), which damages hydrophyte tissues. To resist oxidation stress, hydrophytes have a highly efficient protective system that can
remove or neutralize ROS [22,23]. One such defense system is the enzymatic defense system. This system includes
antioxidative enzymes such as catalase (CAT) and peroxidase (POD), which have a synergetic effect in removing
ROS [24-26].
This study was conducted to analyze the changes in
physiological characteristics and purification effects of P.
cordata in response to urban polluted river water under longterm continuous aeration conditions during three seasons
(spring: 15 April 2008, summer: 15 July 2008, and autumn:
15 October 2008). Determination of antioxidative enzymes,
chlorophyll, soluble protein, water quality and biomass
were conducted.

2. MATERIALS AND METHODS
2.1. Study site

This study investigated the Gongye River, which is
heavily polluted and stagnant. The Gongye River lies in
the Putuo District, Shanghai, China (latitude 31°11′N and
longitude 121°29′E). The field experiment was conducted
in a riparian area 10 m away from the Gongye River.
2.2. Plant material

Pontederia cordata are fast-growing ornamental hydrophytes capable of growing well in polluted water. The
flourishing roots of this plant play an important role in
polluted water remediation, and have made it a preferred
organism for ecological restoration engineering [27]. In
this study, seedlings of P. cordata (uniform size: height =
10 cm) were collected from Shanghai Zelong Biology Engineering Limited Company.
2.3. Experimental design

Experimental equipment consisting of seven purifying tanks and one highstand balance water tank were used
as the experimental system. The equipment (Fig.1) was composed of one highstand balance water tank (upper dimension, L 1500 mm × B 1000 mm; downside dimension, L
1450 mm × B 950 mm; height, 600 mm) and seven plastic
purifying tanks (upper dimension, L 1240 mm × B 620 mm;
downside dimension, L 1150 mm × B 550 mm; height,
760 mm). The highstand balance water tank had an overflow tube to balance the water level, which resulted in each
of the seven tanks receiving the same influent. The polluted
water was pumped into the balance water tank directly from

FIGURE 1 - Schematic diagram of the plant purifying tanks.
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the polluted Gongye River through the fixed effluent tube
into the purifying tanks. The effluent tube on the purifying tank was used to maintain the water level in the tank
at a height of 0.60 m. Each purifying tank was separated
by a baffle through the center that left about 20 cm to the
tank bottom to avoid causing water circuit flow. Continuous waterflow was maintained in each tank, and the
hydraulic retention time was 8 h. An ACO-004 electromagnetic atmosphere pump (60 L/min) from Zhejiang
Sensen Shiye Limited Company was employed to aerate
three tanks continuously during the experiment. The airflow rate in each of the three tanks was 30 L/min. The
seedlings were water cultured in purifying tanks with the
same planting density of 10 plants per tank and one additional tank without plants was used as a control. Fig. 1
shows a sketch of the purifying tanks: NO. 1-3 represent
purifying tanks without aeration; NO. 4-6 represent purifying tanks with aeration; CK represents a blank control.
Aeration and non-aeration treatments were replicated three
times each. The experiment lasted nine months from February 2008 to October 2008.
2.4. Experimental water

The experimental river water qualities of 15 April
2008 (spring, sunny), 15 July 2008 (summer, sunny) and
15 October 2008 (autumn, sunny) were shown in Table 1.
2.5. Sampling and analysis

Water and plant samples were collected once a season
on 15 April 2008, 15 July 2008, and 15 October 2008.
Five plants (each plant had two or more leaf slices) were
selected at random from healthy plants in each purifying
tank and the root (taproot), stem and leaf (upper leaf)
lengths were measured. In addition, healthy leaves (0.50 g)
and roots (0.50 g) were collected from each of the selected
plants for assay. Water samples were taken from the outlet of the effluent from each of the seven tanks. Chemical
oxygen demand (CODCr), total nitrogen (TN), ammonia
nitrogen (NH4+-N), total dissolved phosphorus (TDP) and
total phosphorus (TP) were measured according to standard methods [28]. Temperature and dissolved oxygen (DO)
were measured using an HQ30d53 meter (HACH Co.,
USA), while pH value was measured using an HI 98128
pH meter (Hanna Co., Italy).
As physical sedimentation occurred not only in blank
control tank but also in purifying tanks, the removal efficiencies of purifying tanks were calculated as follows: re-

moval efficiency (%) = (CCK－CP)/CCK, where CCK was the
outﬂow concentration of blank control tank, CP was the
outﬂow concentration of purifying tank.
2.6. Enzymes extraction

Fresh roots (0.50 g fresh weight) and fresh leaves
(0.50 g fresh weight) were homogenized in 5 mL cold phosphate buffer (50 mmol/L, pH 7.8) containing 1.0 mmol/L
EDTA and 1% (w/v) polyvinylpyrrolidone. The homogenate was then centrifuged at 12,000×g for 15 min at 4℃
and the supernatant was used for enzyme assays.
2.7. Assay of the activities of CAT and POD, soluble protein
and chlorophyll contents

The activity of CAT in the roots was assayed according to the method described by Zheng et al. [29]. The
activity of POD in the roots was assayed according to the
method described by Kraus and Fletcher [30]. The soluble
protein (SP) content in leaves was assayed according to
the method described by Wessel and Flügge [31]. The chlorophyll content in leaves was determined using the method
described by Hegedüs et al. [32], with the following modifications: 0.05 g of leaves was obtained and 5 mL of 80%
acetone solution was added, and the samples were then
soaked for 24 h. The absorbance of the soaked solution
was then measured by using a U-1100 spectrophotometer
(HITACHI Ltd., Tokyo, Japan). The results were reported
in mg/g.
2.8. Measurement of total nitrogen and phosphorous concentrations and biomass

Fresh plant samples were collected to measure the
fresh weight, after which they were placed in a forced-air
oven, killed for 1 h at 105℃, and dried for 48 h at 80℃
until they reached a constant weight to measure the dry
weight. The biomass (dry weight) of the plant samples
was obtained. The dried plant samples were then ground
to a size of 80 meshes and stored for chemical analysis.
The total nitrogen concentration in the plant samples
was determined by the Dumas combustion method using an
automated CHN-1000 elemental analyzer (LECO Comp.,
St. Joseph, Michigan, USA) [33]. The total phosphorous
concentration in the corresponding plant samples were
determined by the vanado-molybdate method using a U1100 spectrophotometer (HITACHI Ltd., Tokyo, Japan)
after digesting material in a mixture of concentrated nitric
and perchloric acids [34].

TABLE 1 - River water quality during the experiment period.
Parameter
Date
15 April 2008
(spring, sunny)
15 July 2008
(summer, sunny)
15 October 2008
(autumn, sunny)

CODCr
(mg/L)

TN
(mg/L)

NH4+-N
(mg/L)

TP
(mg/L)

TDP
(mg/L)

76.40±5.62

23.52±0.68

17.65±0.53

0.78±0.04

0.64±0.02

65.36±4.75

21.70±0.46

16.54±0.25

0.67±0.03

0.53±0.02

82.54±5.22

24.17±0.37

18.54±0.33

0.68±0.02

0.65±0.04

2594

© by PSP Volume 20 – No 10. 2011

Fresenius Environmental Bulletin

Water content efficiency was calculated as follows:
water content efficiency (%) = (WF－WD)/WF, where WF is
the fresh weight of plants, WD is the dry weight of plants.
2.9. Measurement of tiller and root densities

The method used for measuring tiller and root numbers was by manual counting. A quadrant (square frame)
was randomly thrown down onto the purifying tank and
the tillers within the frame are counted. The tiller and root
densities were calculated and the results were reported in
tillers/m2 and roots/m2.
2.10. Statistical analysis

All data were reported as mean value ± standard deviation (S.D.). Statistical analysis consisted of independent-samples t-tests conducted using SPSS 18.0 software
to identify significant differences among groups.

than that of tillers in the non-aeration tanks during all three
seasons. The density of roots in the aeration tanks was
about 1.37 times greater than in the non-aeration tanks
during all three seasons owing to the significant increase in
tillers.
3.2. Effects of aeration on physiological responses of P. cordata

As shown in Table 3, aeration affected the physiological responses of P. cordata. During all three seasons, the
contents of chlorophyll (Chla, Chlb) and soluble protein
(SP) were lower under aeration conditions than under nonaeration conditions, while the activities of peroxidase
(POD) and catalase (CAT) were higher under aeration conditions than non-aeration conditions. Under both conditions,
the activities of POD and CAT and the contents of chlorophyll (Chla, Chlb) and SP all varied significantly in autumn,
while in spring and summer they did not.
3.3. Effects of aeration on the accumulation of nitrogen,
phosphorous and the biomass of P. cordata

3. RESULTS
3.1. Effects of aeration on morphological characteristics of P.
cordata

As shown in Table 2, aeration affected the morphological characteristics of P. cordata. During all three seasons,
the lengths of the roots, stems and leaves of plants grown
under aeration conditions were significantly shorter than
those under non-aeration conditions. The density of tillers
and roots of plants grown under aeration conditions was
significantly higher than that of plants grown under nonaeration conditions during all three seasons. The density of
the tillers in the aeration tanks was about 1.33 times greater

As shown in Table 4, aeration affected the accumulation of nitrogen and phosphorous, as well as the biomass
of P. cordata. In particular, the accumulation of nitrogen
and phosphorous by P. cordata were lower under aeration
conditions than non-aeration conditions during all three
seasons. Under non-aeration conditions, the growth of P.
cordata was better and the biomass of each plant was
greater. Finally, the water content efficiency of P. cordata
did not vary significantly between aeration/non-aeration
conditions.

TABLE 2 - Effects of aeration on the morphological characteristics of P. cordata during three seasons.
Root length
Stem length
Leaf length
Tiller density
Root density
(cm)
(cm)
(cm)
(tillers/m2)
(roots/m2)
Spring 14.3±1.68 a
36.8±2.76 a
8.20±0.26 a
156±24.5 a
763±98.9 a
Spring +
8.4±1.90 b
23.4±2.10 b
6.7±0.20 b
232±18.5 b
1106±142.2 b
Summer 24.4±1.96 a
66.3±4.38 a
16.26±1.49 a
292±27.1 a
1391±112.3 a
Summer +
17.1±1.41 b
46.1±3.05 b
12.6±1.15 b
353±19.8 b
1876±90.4 b
Autumn 21.6±1.73 a
64.6±3.57 a
14.9±1.32 a
262±16.6 a
1578±90.3 a
Autumn +
14.8±1.31 b
33.7±3.21 b
10.7±1.50 b
363±19.8 b
1645±69.5 b
Values are the mean ± S.D. (n = 3 tanks), Different letters (a, b) indicate significant difference at P <0.05 as determined by a t-test between aeration
(+) and non-aeration conditions (–).
Parameter

TABLE 3 - Effects of aeration on the physiological responses of P. cordata during three seasons.
POD activity
CAT activity
SP content
Chla content
Chlb content
[U/(g·min)]
[mg/(g·min)]
(mg/g)
(mg/g)
(mg/g)
Spring 0.05±0.01 a
0.05±0.09 a
69.40±22.3 a
1.89±0.09 a
0.56± 0.02 a
Spring +
0.06±0.01 a
0.78±0.16 a
50.45±13.0 a
1.65±0.12 a
0.51±0.02 a
Summer 0.09±0.02 a
0.77±0.09 a
62.13±21.5 a
1.78±0.16 a
0.47±0.01 a
Summer +
0.13± 0.03 a
0.87±0.10 a
48.58±7.6 a
1.45±0.10 a
0.42± 0.02 a
Autumn 0.03±0.01 a
0.25±0.13 a
38.13±13.5 a
1.61±0.14 a
0.54±0.02 a
Autumn +
0.07±0.01 b
0.69±0.22 b
15.10±4.6 b
1.14±0.06 b
0.44±0.03 b
Values are the mean ± S.D. (n = 3 tanks), Different letters (a, b) indicate significant difference at P <0.05 as determined by a t-test between aeration
(+) and non-aeration conditions (–).
Parameter
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TABLE 4 - Effects of aeration on the accumulation of nitrogen, phosphorous and the biomass of P. cordata during three seasons.
Nitrogen concentration
Phosphorus concentration
Biomass
Water content efficiency
(mg/g)
(mg/g)
(g/plant)
(%)
Spring 5.13±0.17 a
1.44±0.09 a
12.58±0.87 a
97.13±1.50 a
Spring +
3.86±0.29 b
1.06±0.13 b
9.91±0.32 b
95.86±1.34 a
Summer 24.39±1.86 a
3.34±0.16 a
30.29±0.71 a
94.61±2.40 a
Summer +
18.07±1.66 b
2.26±0.08 b
25.92±0.86 b
93.48±1.61 a
Autumn 26.46±1.35 a
3.86±0.21 a
37.54±1.81 a
93.83±1.60 a
Autumn +
19.22±1.20 b
2.65±0.17 b
28.78±1.46 b
92.23±1.57 a
Values are the mean ± S.D. (n = 3 tanks), Different letters (a, b) indicate significant difference at P <0.05 as determined by a t-test between aeration
(+) and non-aeration conditions (–).
Parameter

TABLE 5 - Effects of aeration on the water purification by P. cordata during three seasons.
(I)
Parameter
Spring Spring +
Summer Summer +
Autumn Autumn +

CODCr
removal efficiency
(%)
32.82±2.30 a
45.89±2.46 b
41.21±2.20 a
63.58±1.94 b
37.58±1.80 a
52.23±2.18 b

TN
removal efficiency
(%)
23.82±2.61 a
34.06±2.02 b
31.74±1.88 a
46.35±1.95 b
26.72±2.07 a
38.26±1.57 b

NH4+-N
removal efficiency
(%)
24.95±1.94 a
36.72±1.85 b
34.73±2.19 a
52.54±2.07 b
27.24±1.37 a
40.14±1.47 b

TP
removal efficiency
(%)
28.42±1.03 a
19.01±1.35 b
37.54±2.00 a
26.05±1.51 b
33.45±1.47 a
22.92±1.52 b

TDP
removal efficiency
(%)
30.09±2.05 a
23.20±1.46 b
39.77±2.36 a
28.36±1.36 b
36.12±1.52 a
25.18±1.83 b

(II)
DO concentration
Water temperature
pH value
(mg/L)
(°C)
Spring 1.07±0.03 a
8.2±0.15 a
26.1±0.26 a
Spring +
2.38±0.16 b
7.8±0.10 b
25.5±0.15 a
Summer 1.13±0.02 a
8.1±0.05 a
31.2±1.10 a
Summer +
2.68±0.15 b
7.9±0.05 b
30.3±0.45 a
Autumn 1.09±0.02 a
8.0±0.10 a
28.1±0.26 a
Autumn +
2.47±0.16 b
7.7±0.10 b
26.5±0.96 a
Values are the mean ± S.D. (n = 3 tanks), Different letters (a, b) indicate significant difference at P <0.05 as determined by a t-test between aeration
(+) and non-aeration conditions (–).
Parameter

3.4. Effects of aeration on water purification by P. cordata

Table 5 indicates that aeration affected water purification by P. cordata. During all three seasons, the removal
efficiencies of chemical oxygen demand (CODCr), total
nitrogen (TN) and ammonia nitrogen (NH4+-N) were significantly higher in the aeration tanks than the non-aeration
tanks, with average differences of 16.67%, 12.13% and
14.16%, respectively. The removal efficiencies of total phosphorus (TP) and total dissolved phosphorus (TDP) in the
aeration purifying tanks were significantly lower than in
the non-aeration purifying tanks, with an average difference of 10.47% and 9.74%. In addition, dissolved oxygen
(DO) concentration and pH value differed significantly
under both conditions during all three seasons.
4. DISCUSSION
The growth of hydrophytes is usually determined by
the physicochemical characteristics of water quality, sediment properties and hydrological conditions. This experiment was conducted to investigate hydroponic cultures of
P. cordata without interference from sediment disturbance
while the microhydrological conditions of the purifying
tanks were changed by continuous pressurization of con-

vective airflow from the aerator. Aeration influenced the
growth of P. cordata, which altered the morphological
characteristics of P. cordata and induced physiological
responses, which in turn influenced water quality.
Long-term continuous aeration could affect photosynthesis of P. cordata. The contents of chlorophyll (Chla,
Chlb) of the leaves of plants grown under aeration conditions were lower than those grown under non-aeration
conditions (Table 3). The continuous waterflow caused by
the continuous pressurized convective airflow from the aerator affected the growth of the bare roots and likely weakened
the synthesis of photosynthetic pigments in the leaves, as
suggested by the reduction of soluble protein, a metabolic
production of photosynthesis.
The nitrogen and phosphorous concentrations in the
plant tissue of P. cordata subjected to aeration conditions
were lower than those of plant tissue from P. cordata
subjected to aeration conditions. Conversely, the corresponding water content efficiencies did not vary significantly (Table 4) and the development of P. cordata subjected to aeration conditions was greater than that of plants
grown under non-aeration conditions (Table 2). Taken together, these findings indicated that the absorption of soluble nitrogen and phosphorous by P. cordata grown in pol-
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luted river water under aeration conditions was weaker
than that of plants grown under non-aeration conditions
during all three seasons.
Long-term continuous aeration affected the activity of
the antioxidative enzymes of P. cordata. CAT and POD
have been found to be important components of the antioxidative enzyme defense system involved in the growth,
development, and senescence processes of hydrophytes
[35]. CAT and POD were also found to have synergetic
effects in the removal and prevention of ROS. Moreover,
CAT was shown to be involved in building resistance
against the accumulation and toxicity of hydrogen peroxide by converting H2O2 to water and oxygen in plant cells
[36]. POD responded to stress conditions [37], and was
associated with plant resistance to several stressors [38].
In the present study, the pressurized convective airflow
from the aerator altered the micro hydrological conditions
of the purifying tanks, which likely injured some exposed
roots. Thus, the activities of POD and CAT of the roots
increased under aeration conditions during all three seasons (Table 3).
Long-term continuous aeration could affect the accumulation of nitrogen, phosphorous and biomass by P. cordata (Table 4), leading to changes in the water quality of P.
cordata purifying tanks (Table 5). Dissolved nitrogen and
phosphorus are important nutrient sources for hydrophytes
in polluted water [39]. The main factors influencing the absorption of nitrogen and phosphorus have been shown to be
the surface area and inner structure of plant root and water
quality [40]. Although the absorption of nitrogen in each
plant was lower under aeration conditions than nonaeration conditions during all three seasons, the removal
efficiencies of TN and NH4+-N in the aeration purifying
tanks were obviously higher than in the non-aeration purifying tanks (Table 5). The DO concentration was 2.28
times greater in the aeration purifying tanks (Table 4),
which resulted in conditions more suitable for aerobic microbes to degrade and decompose NH4+-N, (e.g. nitrosobacteria, nitrobacteria) [1, 2, 14]. Luo et al. [41] reported
that nitrogen absorption by hydrophytes only accounted for
approximately 17% of the nitrogen removal from polluted
water, and that most nitrogen removal was performed by
microbes. In the present study, during all three seasons,
the length of roots in the non-aeration purifying tanks was
approximately 1.49 times longer than in the aeration purifying tanks (Table 2), while the density of roots in the
aeration purifying tanks was approximately 1.37 times
greater than that in the non-aeration purifying tanks
(Table 2). Thus, for P. cordata, the surface areas of the
roots did not differ significantly under aerated and nonaerated conditions. Moreover, the pressurized convective
airflow from the aerator influenced the sedimentation of
particulate phosphorous and the adsorption of rhizosphere
microorganisms by P. cordata in the aeration purifying
tanks. Thus, the removal efficiencies of TP and TDP in the
non-aeration purifying tanks were significantly higher than
in the aeration purifying tanks during all three seasons.

5. CONCLUSIONS
The results of the present study indicated that longterm continuous aeration not only affected the morphological characteristics and physiological responses of P. cordata, but also had a significant effect on the purification of
polluted river water by P. cordata. During all three seasons,
the lengths of roots, stems and leaves of P. cordata grown
under aeration condition were shorter than those of plants
grown under non-aeration conditions. In addition, the
whole-plant biomass and the accumulation of nitrogen and
phosphorous by P. cordata grown under aeration conditions were lower than those of plants grown under nonaeration conditions. Aeration also resulted in increased
densities of tillers and roots, as well as increased activities of POD and CAT and decreased SP and chlorophyll
(Chla, Chlb) contents. During all three seasons, the average removal efficiencies of CODCr, TN and NH4+-N in the
aeration tanks were 16.67%, 12.13%, and 14.16% higher
than in the non-aeration tanks, respectively, while the
average removal efficiencies of TP and TDP in the aeration tanks were 10.47% and 9.74% lower than in the nonaeration tanks, respectively.
In the present study, this level of aeration (30 L/min)
injured the development of plant tissues including the roots,
stems and leaves, which affected the purification of polluted river water by plant. Therefore, the layout of aerators
sites and aeration intensity should be optimized during
ecological restoration engineering of polluted stagnant river
water in urban areas. Only in this way, effective water
purification could be achieved and maintained continuously.
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ABSTRACT
A comparative study on elemental composition of
various fig (Ficus carica L.) samples was conducted by
using a sensitive method, wavelength dispersive X-ray
fluorescence (WDXRF). 17 elements, such as Al, Ca, Cu,
Fe, Mn, Ni, P, S, Sr, Zn, Br, Cl, K, Mg, Ba, Rb, and Si,
were determined in fig samples (n=10) grown under organic and conventional farming regimes. The obtained
results from each group were analyzed statistically by using
SPSS statistic program. It was observed that the concentration and peak intensity values of Ca, Fe, P, Zn, Cl, K, Na,
Mg and Br elements were higher in the fig samples grown
under organic farming regime. Likewise, Al, Cu and S
levels were found in higher levels in the samples grown
under conventional farming regime. Au and Ba were detected only in organic samples. Our findings clearly revealed
that organic figs are likely to have higher nutritional mineral
content. And the fig samples grown under conventional
farming regime could contain harmful metals like Al and
Cu that might damage the various systems and/or organs
of humans and animals.

KEYWORDS: Quantitative determination, elemental analysis,
figs, organic farming, conventional farming.

1. INTRODUCTION
The intensification and expansion of modern agriculture is amongst the greatest current threats to worldwide
biodiversity [1]. It is suggested that organic farming usually increases species richness, having on average 30%
higher species richness than conventional farming systems.
And the efficiency of agricultural subsidy programs for preserving biodiversity and improving the environment has
* Corresponding author

been questioned in recent years. Organic farming operates
without pesticides, herbicides and inorganic fertilizers,
and usually with a more diverse crop rotation [2]. The prevalence of birth defects is increased in the regions where
pesticides, fungicides, and herbicides are extensively used
[3]. The pesticides used heavily in industrial agriculture are
also associated with elevated cancer risks for workers and
consumers, and are coming under greater scrutiny for their
links to endocrine disruption and reproductive dysfunction [4]. Thereby, organic farming is considered as very
important for sustainable agriculture, food quality, soil and
environmental health. It was observed that conventional
farming reduces organic soil content and decreases biological activity in soil; on the contrary, organic farming increases microbiological activity in soil [5]. Soil quality has
been investigated chemically and biologically in soils receiving long-term conventional and organic farming activities, and as a result, soils receiving organic farming were
observed to have much better nutritional status [6]. At this
point, consumers are looking for variety in their diets and
are aware of the health benefits of fruits and vegetables. Of
special interest are food sources rich in elemental nutrients.
In fact, the intakes of these nutrient elements are associated
with reduced risk of cardiovascular disease, stroke, and
cancers of the mouth, pharynx, esophagus, lungs, stomach,
and colon [7]. On the contrary, ingestion of metals, especially heavy metals, through fruits or vegetables can cause
accumulation in organisms, producing serious health hazards, such as injury to the kidney, symptoms of chronic
toxicity, renal failure and liver damage [8].
Fig fruit (Ficus carica L.) has been suggested as a
typical component in the health-promoting Mediterranean
diet for millennia. This plant, a deciduous tree belonging to
the Moraceae family, is one of the earliest cultivated fruit
trees. Today, fig is reported to be an important crop
worldwide for dry and fresh consumption. On the basis of
the Dietary Reference Intakes (DRI) data, published by the
Food and Nutrition Board of the U.S. Institute of Medicine,
and the nutrient composition of dried figs, they can be
demonstrated to be a superior source of minerals and vita-
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mins [9-11]. Fig has the highest fiber content than any
fruit or vegetable. In recent 10-15 years, investigators
found that fibers in foods are very important for the digestive system. Fiber is taken as a nutritional aid in digestion
and is known to be effective in reducing the risk of some
types of cancer. Fig does not include natural fat and cholesterol. Figs are also shown to have high mineral content,
primarily K, Ca, and Fe elements. For these reasons, it is
also accepted as a suitable food for people that try to lose
weight [12, 13].
To our best knowledge, there is no comprehensive report on the element contents of figs which were grown
under organic and conventional farming regimes in the
literature. In the present study, 29 element contents (Al, Bi,
As, Cd, Ca, Cu, Fe, Mn, Ni, P, S, Sr, Zn, Cl, Pb, K, Mg,
Na, Ba, Rb, Si, Br, Au, Cr, F, La, Se, Ti and Zr) of the
figs grown under organic and conventional farming regimes are determined by Wavelength-Dispersive X-Ray
Fluorescence Spectrometry (WDXRF) method for the first
time, since the advantages of X-ray fluorescence spectrome-

try are increasingly relevant in applications to the analysis
of clinical and biological materials as demand increases for
non-destructive and/or spatially resolved determinations
[14-19].
2. MATERIALS AND METHODS
2.1. WDXRF system

WDXRF system consists of detector, amplifier, discriminator, counter and printer units. The detector converts the falling X-rays to measurable pulse. X-ray detector used in the following three spectrometers: proportional,
gas flow and scintillation detectors. Discriminator filters
pulses coming from detector, and allows them to pass
through certain height pulses. These pulses are saved in
a recorder. If required, the number of pulses (of violence)
against the wavelength and the angle of reflection spectrum
is obtained by drawing the figure. Figure 1 shows the used
WDXRF system and its units.

FIGURE 1 - The used WDXRF system and its units.
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2.2. The use of the WDXRF System in elemental analysis of
plant samples

In this study, a digital-scale balance (Ohaus TS 120,
USA) and a WDXRF spectrometer (ZSX-100e with rhodium target X –ray controlled by a ZSX computer software) are used. Both fig samples were purchased from a
local certificated company from Aydın City, Turkey. They
were picked up from closer regions and in the same harvest
period. Only the applied farming regimes were different.
Under organic farming regime area, chemical inputs, synthetic chemical pesticides, growth regulators, synthetically
compounded fertilizers, hormones, preservatives, colorings
or artificial additives,were not used and processing was
for at least 7 years. In contrast, these inputs were used in
conventional farming regime.
2.3. Sample preparation

The vacuum condition of the sample chamber of the
system was affected by humidity; the samples were dried
at 60 °C for 35 min. The amount of dry matter can decrease
as a result of annealing process. Annealing time was short
and annealing temperature was low. Because of these reasons, a serious reduction in the quantity and content was not
observed. Since the fig samples are oily, Mylar film was
used. The samples are prepared between the Mylar film
sheets, and the effects of the films are eliminated by using

an analysis program in the system. 10 organic and 10 conventional samples of 2 g were analyzed on a sequential
ZSX 100e WDXRF spectrometer equipped with a Rh Xray tube. Matrix-correction process is made automatically
by this system. The room temperature was on average 2021 °C and environment relatively dry. The elementary
differences were investigated between the figs grown under
organic and conventional farming regimes. The obtained
spectra were drawn using Origin 7.0 software. 10 samples
from each of both groups were prepared for good counting statistics.
2.4. Statistics

The obtained results were statistically examined using
SPSS statistical software and t-test. By this statistical
examination, it was investigated whether the differences
observed between element concentrations and peak intensities in each group were statistically significant.
3. RESULTS
Concentrations and peak intensities of Al, Ca, Cu, Fe,
Mn, Ni, P, S, Sr, Zn, Br, Cl, K, Mg, Ba, Rb, and Si were
measured for each sample. The results of the measurements are given in Table 1. The intensities are plotted as

TABLE 1 - Concentrations and peak intensities of 29 elements in fig samples.
CONCENTRATION
PEAK INTENSITY
DETECTION LIMITS
(%)
(count per second)
(ppm)
Organic
Conventional
Organic
Conventional
Organic
Conventional
Al
0.0001
0.0004#
0.0246
0.0334#
0.0002
0.0002
Bi
ND
ND
ND
ND
ND
ND
As
ND
ND
ND
ND
ND
ND
Cd
ND
ND
ND
ND
ND
ND
Ca
0.2687
0.1802#
47.8589
28.8854#
0.0002
0.0002
Cu
0.0012
0.0018#
0.8695
0.9105#
0.0001
0.0001
Fe
0.0052
0.0028#
1.6601
0.7114#
0.0002
0.0004
Mn
0.0015
0.0014
0.2712
0.2698
0.0003
0.0003
Ni
0.0015
0.0016
1.0621
1.0768
0.0002
0.0002
P
0.4710
0.1155#
9.2003
6.2962#
0.0001
0.0001
#
#
S
0.0393
0.0547
5.2157
5.2928
0.0002
0.0002
Sr
0.0012
0.0013
4.0908
4.1448
0.0002
0.0001
Zn
0.0034
0.0021#
3.2915
3.0844#
0.0001
0.0001
Cl
0.3057
0.0471#
6.7084
1.3032#
0.0014
0.0010
Pb
ND
ND
ND
ND
ND
ND
K
1.2910
1.0678#
280.6375
248.7128#
0.0004
0.0003
Mg
0.0791
0.0701#
0.6907
0.6101#
0.0009
0.0009
#
#
Na
0.1336
0.0270
0.3630
0.0690
0.0018
0.0014
Ba
0.0802
ND
0.0025
ND
3.2359
ND
Rb
0.0013
0.0012
4.4929
4.4958
0.0001
0.0001
Si
0.0067
0.0067
0.3848
0.4057
0.0002
0.0002
Br
0.0014
0.0005#
4.0123
1.8160#
0.0001
0.0001
Au
0.0024
ND
0.0006
ND
0.9450
ND
Cr
ND
ND
ND
ND
ND
ND
F
ND
ND
ND
ND
ND
ND
La
ND
ND
ND
ND
ND
ND
Se
ND
ND
ND
ND
ND
ND
Ti
ND
ND
ND
ND
ND
ND
Zr
ND
ND
ND
ND
ND
ND
Results of the analysis were given as “average ± standard deviation”, as 10 samples from each of the two groups were prepared; ND: Not detected; #
means statistically different from organic farming regime at the level of 0.05 for same element.
ELEMENTS
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FIGURE 2 - The intensities of some elements versus diffraction angle obtained from the fig samples grown under organic farming regime.
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FIGURE 2 - continued.

the function of diffraction angle for some elements in the
organic samples (Fig. 2). The statistical analysis of our
findings revealed that Ca, Fe, P, Zn, Cl, K, Na, Mg and Br
contents were higher in the fig samples grown under organic farming regime. Al, Cu and S were found at lower
concentrations in the fig samples grown under organic
farming regime. However, Au and Ba were detected only
in the fig samples grown under organic farming regime.
The amounts of some elements (Mn, Ni, Sr, Rb and Si) did
not show any alterations as compared to each other. On
the other hand, As, Bi, Cd, Pb, Cr, F, La, Se, Ti and Zr
were not detected in both samples.

Mn-Kα

Fe-Kβ1

48
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60

80

4. DISCUSSION
Elemental analysis of plant samples is essential in
monitoring plants’ development, determination of their
nutritional value and nutrient insufficiency, and check for
diseases. In the present study, we determined the element
contents of the fig (Ficus carica L.) samples by WDXRF
method, since analytical performance of the method previously proposed proved to be effective and robust [20].
There is a very limited number of studies in which comprehensive elemental analyses were carried out on agricultural products. The mineral contents of several products
like mulberry [21], chickpea [22], tea [23], tobacco [24],
beans [25] and hazelnuts [26] but not figs were examined
by using WDXRF system.
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Recently, the results of a unique study in the literature
for determining the elemental contents of dried figs, by
using a low-power reactor as the neutron source without any
distinction of applied farming regime, indicated that this
fruit is an ample source of Ca, Fe, Mg and Mn elements
[27]. In this investigation, we found statistically important
alterations in the element contents of the figs grown under
organic and conventional farming regimes. The WDXRF
analysis of this study indicated that Ca, Fe, P, Zn, Cl, K,
Na, Mg and Br contents were higher in fig samples grown
under organic farming regime. In accordance with our
findings, it was reported that large differences exist in the
elemental balances of vegetal products between organic
and conventional dairy farming [28-31]. This is consistent
with analyses by Worthington [32] who also found that
organic crops contained significantly more Fe and P than
conventional crops. Again, Gundersen et al. [33] compared
the Ca and Mg contents of onions (Allium cepa) from conventionally and organically cultivated sites, and determined
significantly different levels between the organically and
conventionally grown onions. Adotey et al. [34] indicated
that the concentration of essential elements in foodstuffs
of one region might vary from the other, since food supplies are affected by various agricultural practices, type of
soil, type of fertilizers and chemicals used, as well as type
of pesticides and herbicides sprayed. Therefore, the differences of the applied practices could cause the determined increases of major elements (such as Ca, P and K)
and some minor or trace elements (such as Fe, Mn, Zn,
Br) in the figs grown under organic farming regime.

obtained from a present study, the usage of WDXRF analysis is an efficient and useful technique for food science
which deserves attention for interdisciplinary studies.

On the other hand, food due to the introduction of
mechanized farming, ever increasing use of chemicals,
sprays, preservatives, food processing, canning etc., are
likely to be further contaminated with the toxic elements
[35]. Previous reports indicated that Al was accepted as
toxicant to plants, fish, and higher animals [36, 37]. Similarly, while Cu is an essential micronutrient, exposure to
excess Cu has a detrimental effect on plant growth [38].
In our study, Al and Cu were found at higher but still
permitted concentrations in figs grown under conventional
farming regime. In accordance with our finding, Santos et
al. [39] reported that chemicals used in the traditional and
technological coffee farms might cause increases of toxic
metal concentrations in the crops and crop soil, being taken
up by plants and passing on into the food chain. In this
study, we also observed that the amounts of some trace
elements (Ba, Br and Au) were higher in organic fig samples. These elements were reported to play a key role in
the biomedical activities and/or biological functions by
unknown mechanisms [40].
In conclusion, the determined weight percent concentrations of Ca, Fe, P, Zn, Cl, K, Na and Mg elements
(which are essential for human health) were higher, and the
amounts of toxic metals (Al and Cu ) were lower in fig
samples grown under organic farming regime. Thus, we
could suggest that this farming regime is crucial for nutritional value of figs. In addition, as seen from the results
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COMPARISON OF BIOLOGICAL INDICES
FOR THE ASSESSMENT OF THE STATUS
OF LITHUANIAN MEDIUM-SIZED STREAMS
Virginija Pliūraitė*
Institute of Ecology of Nature Research Centre, Akademijos 2, Vilnius-21, 08412, Lithuania

ABSTRACT
The status of three Lithuanian medium-sized streams:
a forested natural stream, an agricultural natural stream and
a straightened stream, receiving diffused pollution from
agricultural lands, was evaluated in spring, summer and
autumn 2008 using selected physicochemical variables and
macroinvertebrate analysis. Taxonomic composition of invertebrate macrofauna was used for calculation of the following biotic indices: the Danish Stream Fauna Index
(DSFI), Hilsenhoff Biotic Index (HBI), Biological Monitoring Working Party (BMWP), Average Score per Taxon
(ASPT), Belgian Biotic Index (BBI) and Extended Biotic
Index (IBE).
The data obtained show that water quality was of class 1
in the forested natural stream, of class 3 in the agricultural
natural stream and of class 4 in the agricultural channelized stream (on a five-class scale), according to NO3-N
and N total values.
It was concluded that BMWP, ASPT, BBI and IBE indices tend to assign stream water to a higher water quality
class than DSFI and HBI do. According to BMWP, BBI
and IBE indices, good water quality was found even in the
agricultural natural stream, where water quality was moderate according to NO3-N and NT values.

Lithuania, as a member state of the EU, is obliged to
evaluate the status of the environment, including the quality of rivers, according to the criteria imposed by the EU
directives [12].
A new act of the Minister of Environment of Lithuania concerning classification of surface waters was harmonised with the EU legislation and established in March 2010
[13]. The status of rivers is recommended to be assessed
according to physicochemical, hydrological and biological
quality indices. Among biological indices are taxonomic
composition, abundance and age structure of ichthyofauna
and taxonomic composition and abundance of zoobenthos.
Currently, the Danish Stream Fauna Index (DSFI) is recommended to be used for assessment of the quality of river
water according to macrozoobenthos.
The main aim of this study is to determine the biological richness of macroinvertebrates and to test different
biotic indices of macroinvertebrates for the assessment of
the status of three medium-sized Lithuanian streams exhibiting different morphological characteristics.

KEYWORDS:
macroinvertebrates, streams water quality

1. INTRODUCTION
Benthic macroinvertebrate are considered one of the
best biological indicators of water quality [1]. Many countries in Europe routinely implement biomonitoring methods
using macroinvertebrate to assess the ecological quality of
* Corresponding author

streams and rivers [2-4]. Countries use various indices with
different levels of identification of organisms, and different
assumptions of final interpretation of results. The values of
biotic indices are calculated with the usage of special tables
which include taxa of different sensitivity to pollution. The
taxa more sensitive to pollution received the highest scores,
while taxa less sensitive to pollution received lower scores
[5-6]. These national monitoring programmes are usually
country specific [7-9] and despite the necessity to harmonize the national classification schemes with regard to quality status boundaries [10], values assigned using the different
metrics are generally well correlated [11].

2. MATERIALS AND METHODS
2.1. Study area

Investigations were carried out in spring, summer and
autumn 2008 in three medium-sized streams: the forested
natural stream Spengla, the agricultural natural stream
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TABLE 1 - Characteristics of the investigated streams [14].
River type

Area of stream basin
(km2)
148
252
162

forested natural
agricultural natural
agricultural channelized

Length
(km)
25.0
39.5
37.7

Average
m3 s-1
0.96
1.31
0.84

flow

Data on Localities
54020'21''N, 24046'26''E
55034'35''N, 24009'51''E
55059'11''N, 24006'19''E

Upytė, and the agricultural channelized stream Mažupė.
The Spengla stream flows across a forested landscape,
whereas Upytė and Mažupė are agriculturally impacted. The
bed of the Mažupė stream is straightened.

Working Party (BMWP) [18] and the Average Score per
Taxon (ASPT) [7], Belgian Biotic Index (BBI) [19] and
the Extended Biotic Index (IBE) [20] were used. HBI tolerance values were taken from Mandaville [21].

Characteristics of the investigated streams are presented
in Table 1.

2.4. Statistical analysis

2.2. Sampling methods

To avoid the influence of different substrates, the samples of macroinvertebrates were collected from the stone
substratum (pebbles) as this type of substratum contains the
highest diversity of macroinvertebrate species. Samples
were dredged from four 0.1 m² areas by the kick-sampling
method [15] (500 µm mesh net). To determine the Danish
Stream Fauna Index, additional samples of macrozoobenthos were taken from plants, stones and tree stumps. Samples were sieved using a 500 µm mesh, transferred into
plastic flasks and stored in a 4% formaldehyde solution. A
total of 54 samples were collected. In the laboratory, all
animals were separated, enumerated and identified under a
binocular dissecting microscope. Wherever possible, specimens were identified to the lowest taxonomic level, usually
to species or genus level (except Oligochaeta) using the
available keys.
2.3. Macroinvertebrate data analysis

Taxa richness (SR), which measures the overall variety of the macroinvertebrate assemblage was calculated
together Ephemeroptera, Plecoptera and Trichoptera (EPT)
richness, which counts the number of mayfly, stonefly and
caddisfly taxa. The diversity of macroinvertebrate communities in the three medium-sized streams (the forested, agricultural natural, and agricultural channelized, three sampling
a year) was used for testing various biotic water quality
indices used in the EU countries. To estimate the biological
quality of streams the Danish Stream Fauna Index (DSFI)
[16], Hilsenhoff index (HBI) [17], the Biological Monitoring

The Pearson’s correlation coefficient (r) was used to
analyze relationships between macroinvertebrate metrics
and water quality values. To determine differences in the
macroinvertebrate biotic indices between forested and agricultural streams, we used General Linear Model ANOVA.
All species data were log(1+x) transformed prior to analysis. Calculations were done with Statistica for Windows 6.0.
3. RESULTS
3.1. Physicochemical Conditions

The values of the main physicochemical variables
measured in the investigated streams are presented in
Table 2. The values were obtained from the Lithuanian Environmental Protection Agency.
BOD7 was representative of class 2 and class 3 in all
streams. Among all parameters measured, the highest variability was observed for nitrate (NO3-N) and N total. Their
levels were representative of water quality classes 1 to 4
(Table 2). In the agricultural channelized stream, nitrate
and N total values exceeded the highest permissible concentration. The results of physicochemical analysis were
classified for water quality by Lithuanian Standards [13].
The mean dissolved oxygen and oxygen saturation
were higher in the agricultural channelized stream than in the
forested natural stream and in the agricultural natural stream.
The mean conductivity values were lower in the forested
natural stream in comparison with agricultural streams.
The pH values were alkaline in all streams (Table 3).

TABLE 2 - Values of chemical variables of the investigated streams.
River type

BOD7
(mg l-1)

Values
forested
2.9± 0.5
natural
agricultural
3.0± 0.4
natural
agricultural
4.9±0.35
channelized
Class: quality class

NH4-N
(mg l-1)

NO3-N
(mg l-1)

N total
(mg l-1)

P total
(mg l-1)

PO4-P
(mg l-1)

Class
2

Values
0.07± 0.15

Class
1

Values
0.09±0.01

Class
1

Values
1.32±0.1

Class
1

Values
0.016±0.005

Class
1

Values
0.032±0.067

Class
1

2

0.06±0.02

1

4.1±0.50

3

4.3± 0.65

3

0.026±0.002

1

0.033±0.005

1

3

0.03±0.01

1

7.70±0.65

4

8.47±1.0

4

0.047±0.010

1

0.056±0.01

1

2608

© by PSP Volume 20 – No 10. 2011

Fresenius Environmental Bulletin

TABLE 3 - Water parameters of the investigated streams.
River bed morphology
forested natural
agricultural natural
agricultural channelized

Dissolved oxygen (mg l-1)
9.20±0.3
7.96±0.4
9.90±0.1

Oxygen saturation (%)
86.8±2.3
77.0±1.6
92.2±3.5

Conductivity (µS/cm)
360±45
803±36
838±41

pH
8.28±0.1
7.26±0.2
8.20±0.1

TABLE 4 - Total benthic macroinvertebrate taxa (SR) and ETP richness in investigated streams.
Stream type
forested natural
agricultural natural
agricultural channelized

Spring
EPT
15
9
5

SR
32
22
18

Summer
EPT
23
11
8

SR
53
34
30

3.2. Taxonomic composition of macroinvertebrates

In total, 75 macroinvertebrate taxa were identified (Table Appendix). 43 macroinvertebrate families excluding
Oligochaeta were found. The greatest species richness per
taxa was recorded for Trichoptera (17 species), Mollusca
(11 species) and Ephemeroptera (11 species). Macroinvertebrate samples collected in summer and autumn were
much more diversified with respect to species richness than
the samples collected in spring (Table 4). Ephemeroptera,
Plecoptera and Tricoptera (EPT) larvae had a relatively
high number of scores in the forested natural stream. They
comprised 46.9% of all macroinvertebrate taxa found in
spring samples, 43.4% in summer samples, and 44.4% in
autumn samples. The agricultural natural and channelized
streams were devoid of plecopterans. In the agricultural
natural stream, EPT comprised 40.9% of all macroinvertebrate taxa found in spring samples, 32.3% in summer samples and 34.5 % in autumn samples. The smallest amount of
EPT was recorded in the agricultural channelized stream
(27.8%, 26.7% and 27.6% respectively).
The species composition from the forested natural
stream was quite different from the ones from agricultural
streams. The clean-water caddisflies Brachycentrus sub-

SR
45
29
29

Autumn
EPT
20
10
8

SR
65
43
42

Total
EPT
27
17
13

nubilus dominated in the forested natural stream in spring
and in summer, and sensitive taxa mayflies Heptagenia
sulphurea prevailed in autumn, these two species were
absent in agricultural streams. In contrast, no prevalence
of any one species was recorded in the agricultural natural
stream. Crustacea, represented by Asellus aquaticus, prevailed in agricultural streams and were absent from the
forested natural stream. A large number of them was found
in the agricultural channelized stream in summer and autumn.
The crustaceans Gammarus pulex pulex, beetles larvae Limnius volckmari, chironomids Cricotopus algarum,
leeches Erpobdella octoculata and oligochaetes were detected in all investigated streams in all seasons.
3.3. Biotic Indexes

The values of biotic indices of the investigated streams
are shown in Fig. 1. The average DSFI revealed highly significant differences between the forested natural stream
and agricultural streams (ANOVA: F= 692.86, p=0.002)
(Fig. 1). Water quality of class 1 (very good) according to
DSFI was recorded in the forested natural stream (Tables 5
and 6). During the investigation period, water quality in

TABLE 5 - Values of biotic indices in the investigated streams.

BMWP
ASTP
HBI
DSFI
BBI
IBE

Spring
118
6.10
3.10
7
9
10

forested natural
Summer
Autumn
125
140
6.25
6.67
1.60
3.37
7
7
10
10
10
10

Spring
90
5.30
5.76
4
7
8

agricultural natural
Summer
Autumn
76
76
4.20
4.50
5.90
6.15
2
3
8
7
8
7

Spring
57
4.40
5.12
2
7
8

agricultural channelized
Summer
Autumn
57
67
3.80
4.50
6.97
6.43
2
3
6
6
7
7

TABLE 6 - Classification of the investigated streams water according to the values of the biotic indices.

BMWP
ASTP
HBI
DSFI
BBI
IBE

Spring
1
1
1
1
1
1

forested natural
Summer
1
1
1
1
1
1

Autumn
1
1
1
1
1
1

Spring
2
2
5
3
2
2

agricultural natural
Summer
Autumn
2
2
3
3
5
5
5
4
2
2
2
3
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Spring
3
3
4
5
2
2

agricultural channelized
Summer
Autumn
3
3
4
3
6
5
5
4
3
3
3
3
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FIGURE 1 - The mean biotic indices score in investigated streams (for – forested natural, agri n – agricultural natural, agri c – agricultural
channelized).

an agricultural natural stream was different according to
DSFI: fair in spring, very bad in summer and bad in autumn. Water quality according to this index in an agricultural channelized stream was very bad in spring and summer
and bad in autumn.
Hilsenhoff Biotic Index (HBI) scores were much
higher in the water of agricultural streams than in the
forested natural stream, which indicates possible organic
and/or nutrient enrichment in the former streams. According to HBI values, water quality was typical of class 1

(excellent) in the forested natural stream in all seasons
and was rated fairly poor (class 5) in the agricultural natural stream (Table 5-6). In the agricultural channelized
stream, HBI values depended on the season and were the
worst in summer. The average HBI values were significantly lower in the forested natural stream than in agricultural streams (ANOVA: F= 830.25, p=0.005) (Fig. 1).
Isopods strongly influenced HBI scores, especially in the
agricultural channelized stream with severe organic pollution where they were the most abundant taxon present.
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TABLE 7 - Pearson correlation matrix between EPT richness and biotic indices and chemical parameters of water.
BOD7
EPT richness
ns
BMWP
-0.74*
ASTP
-0.69*
HBI
ns
DSFI
ns
BBI
-0.72
IBE
ns
Significance: *p<0.005. **p<0.001.

NH4-N
ns
ns
ns
ns
ns
ns
ns

N03-N
-0.75*
-0.95**
-0.90**
0.84**
-0.90**
-0.93**
-0.85**

Significant differences were found in BMWP (ANOVA:
F=21285.55, p=0.0002) and ASPT (ANOVA: F=5282.62,
p=0.0036) among the investigated streams. These two indices were significantly higher in the forested natural stream
than in agricultural streams (Fig. 1). According to BMWP
and ASPT indices, water quality was very good in the
forested natural stream in all seasons (Tables 5 and 6),
good in the agricultural natural stream, and moderate in
the agricultural channelized stream. Water quality in the
agricultural channelized stream was poor according to
ASPT only in summer, probably due to severe pollution.
According to BBI and IBE values, water quality was
of class 1 in the forested natural stream in all seasons and
of class 2 in the agricultural natural stream (except for
autumnal IBE) (Tables 5 and 6). According to BBI and
IBE values, water quality was of class 2 in the agricultural
channelized stream in spring and of class 3 in other seasons.
3.4. Macroinvertebrates and environmental factors

We observed the highest correlations between biotic
indices and NO3 and NT (Table 7). N03-N and NT values
were positively correlated with HBI and negatively with
other biotic indices (Table 7). BMWP, ASPT and BBI
showed a negative significant correlation with BOD7 values. The relative abundance of crustaceans Asellus aquaticus was positively correlated with BOD, N03-N and N
total values. In contrast, EPT richness negatively correlated
with N03-N and N total values.
No statistically significant correlation was found between phosphate concentration and the tested biotic indices and EPT richness.
4. DISCUSSION
The results of our investigation show that the studied
agricultural natural and agricultural channelized streams
clearly differed from the forested natural stream in their
macroinvertebrate community composition.
It is known that the taxonomic composition of macroinvertebrates, especially of insect larvae, depends on
the life-cycle of representative taxa in different seasons.

N total
-0.71*
-0.88**
-0.84**
0.74*
-0.81**
-0.87**
-0.76*

P04-P
ns
ns
ns
ns
ns
ns
ns

P total
ns
ns
ns
ns
ns
ns
ns

Natural (changing seasons) and anthropogenic factors act
together and influence benthic communities [22].
According to Lenat [23], the observed values of EPT
(all <11) indicated a very strong pollution. EPT values
were also small (5-8) in our investigated agricultural channelized stream.
The studies carried out by different authors [22, 24, 25]
show that physical and chemical parameters are among
the factors which influence the composition of macroinvertebrates. Insects of the orders Ephemeroptera, Plecoptera, and Trichoptera (EPT) are useful indicators of good
water quality [26, 27] because of their great sensitivity to
environmental impacts [2]. Thiebaut et al. [25] showed that
the taxonomic variety of macroinvertebrates, especially of
EPT larvae, is strictly related to chemical parameters of water. The results of our investigation showed that the agricultural natural and channelized streams with high values of
nitrate ion concentration and NT had a lower number of
EPT taxa in comparison with the forested natural stream.
Cao et al. [24] and Fleituch et al. [28] obtained similar results
concerning the influence of chemical pollution on macroinvertebrate communities. Niyogi et al. [29] carried out
investigations in streams in New Zealand and observed a
de-crease in the richness of EPT in locations with higher
nutrient concentrations associated with pasture areas. Lenat
& Crawford [30] described a reduction in the fauna of lesstolerant organisms (EPT) in agricultural regions of the USA.
Macroinvertebrates found in summer and autumn samples collected for our research in the investigated streams
were more diverse in comparison with those found in spring
samples (Table 3). Similar results were obtained in investigations by Królak, Korycińska [31].
The pollution-tolerant macroinvertebrate species Asellus aquaticus which dominated in summer and autumn samples collected from the channelized stream indicated that
probably not only diffused pollution from agricultural lands,
but also the morphology of the riverbed affected the taxonomic composition of macroinvertebrates. The relative
abundance of pollution-tolerant species Asellus aquaticus was significantly higher in the agricultural channelized stream than in the agricultural natural stream. This
result also agrees with the report by Virbickas et al. [32]
that the straightened sites of large rivers have a higher
proportion of Asellus aquaticus.
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Numerous studies have quantified the relationship between biological indices and anthropogenic stressors associated with agriculture [33, 34] and urbanization [34, 35].
The results of statistical analysis showed that BMWP
was significantly higher in the forested natural stream
than in the agricultural natural stream. Thus, it seems
reasonable to consider that this index is a good indicator
of the environmental quality of the rivers studied, which
can be corroborated by the studies of other authors [36,
37]. These authors concluded that BMWP and EPT were
the most sensitive to water quality variation.
The results of other investigations showed that ASPT
and Danish Stream Fauna Index reveal highly significant
differences between the reference streams and the test
streams at the beginning of sampling [38]. It is in agreement with the results of our investigations. The Danish
Stream Fauna Index values were significantly higher in
the forested natural stream than in agricultural natural and
channelized streams.
In the sensitivity analysis of BMWP and ASPT indices [39], they were mentioned as the best bioindication
system. However, it was recommended to exclude chironomids and oligochaets from the list of species, since
their abundance varies very widely in polluted water areas
[39], even if their exclusion can be responsible of the
omission of substantial information and can be justified
only by the difficulties bound to taxonomic determinations of these taxa [40]. It should also be mentioned that
BMWP and ASPT are standards for the assessment of
river water quality in Great Britain and Australia. The
data of our investigation show that these indices are suitable for the assessment of water quality in forested and
agricultural rivers of Lithuania.
Zamora-Munoz et al. [41] found that the variability of
BMWP and ASPT is caused by pollution rather than by
seasonality. Other authors [42] indicated that BMWP, ASPT,
EBI and IBE indices show seasonal dependence. Our investigations revealed that these indices did not depend on the
season in the forested natural stream. According to BBI
and HBI values, water quality in the agricultural natural
stream was worse in autumn than in spring and summer.
ASPT values were lower in the agricultural channelized
stream in summer than in spring and autumn. According to
BMWP and ASPT indices, water quality was very good in
the forested stream in all seasons, good in the agricultural
natural stream, and moderate in the agricultural channelized stream. Only in summer the water of the channelized
stream was severely polluted according to ASPT.
According to BMWP, BBI and IBE indices, water
quality was good even in the agricultural natural stream,
where water quality was of class 3 according to NO3-N and
NT values. It is obvious that BBI and IBE indices could be
modified and adjusted in Lithuanian conditions because
any index developed in one region cannot be directly used
in another.

Agricultural land use was found to be negatively correlated with water quality, habitat quality and community
structure of benthic invertebrates in streams [43, 44]. We
observed that the unaffected forested stream had good
water quality (according to all biotic indices) in comparison
to the streams under agricultural input. Higher water quality
in the forested stream was associated with lower values of
NO3-N and N total in water.
In this study we observed the highest correlations between all investigated biotic indices and NO3-N and N
total values. The concentration levels of NO3 -N and NT
positively correlated with HBI, and negatively with other
biotic indices. Earlier investigation demonstrated that HBI
positively correlated with NO3-N values [45].
The results of our investigation show a significant
correlation between all macroinvertebrate biotic indexes.
Other studies [46] revealed good correlation between the
score BBI and BMWP indices.
5. CONCLUSION
The data obtained show that, according to taxonomic
composition of macroinvertebrates and predominance of
separate macroinvertebrate species, the investigated
streams undergo different pollution. The observed differences between the streams were probably associated not
only with agricultural activities but with channelization,
too. The forested natural stream was dominated by cleanwater caddisflies Brachycentrus subnubilus in spring and
summer and by sensitive taxa of mayflies Heptagenia
sulphurea in autumn. In contrast, the agricultural channelized stream was dominated by pollution- tolerant macroinvertebrate species Asellus aquaticus.
Biotic evaluation of water quality in the investigated
forested natural, agricultural natural and agricultural
channelized streams revealed the usefulness of DSFI,
HBI, BMWP and ASPT indices for assessment of water
quality in Lithuanian streams. The values of these indices
correlated with the values of some chemical parameters of
water.
Water quality in the forested natural stream was of
class 1 (excellent) according to all biotic indices in all
seasons. Water quality was worse in the agricultural
channelized stream than in the agricultural natural stream
according to nearly all indices (except for DSFI and IBE)
in summer.
We found that BMWP, ASPT, BBI and IBE indices
tend to assign stream water to a higher water quality class
than DSFI and HBI do. Good water quality according to
BMWP, BBI and IBE indices was detected even in the
agricultural natural stream, where water quality was medium according to NO3-N and NT values.
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APPENDIX
TABLE - Macroinvertebrate taxonomic composition in the investigated streams (for - forested natural stream, agri n – agricultural natural,
agri c – agricultural channelized; spring - ■, summer - □, autumn -● )
Class, Order
Cl. Gordioida, O. Gordea
Cl.Oligochaeta
Cl.Hirudinea,
O.Arhynchobdellida
O. Rhynchobdellida

Family
Gordiidae

Cl.Bivalvia, O.Veneroidea

Sphaeriidae

Erpobdellidae
Glossiphonidae

Species
Gordius aquaticus Linnaeus, 1758
Oligochaeta spp.
Erpobdella octoculata (Linnaeus, 1758)

for

agri n

■□●
■●

■□●
■□●

agri c
●
■□●
■□●

Glossiphonia complanata (Linnaeus, 1758)
Helobdella stagnalis (Linnaeus, 1758)
Sphaerium corneum (Linnaeus, 1758)
Sphaerium rivicola (Lamarck, 1818)
Pisidium supinum Schmidt, 1851

□●
□
■
■□
□●

□

□●

●
■□
■□

□●
■□●
■□●

Ancylus fluviatilis O.F. Müller, 1774
Gyraulus albus (O.F. Müller, 1774)
Planorbarius corneus (Linnaeus, 1758)
Radix pereger O.F. Müller, 1774
R. auricularia Linnaeus, 1758
Physa fontinalis (Linnaeus, 1758)
Bithynia tentaculata (Linnaeus, 1758)
Valvata piscinalis (O.F. Müller, 1774)
Gammarus pulex pulex (Linnaeus, 1758)
Asellus aquaticus (Linnaeus, 1758)
Gomphus vulgatissimus (Linnaeus, 1758)

■□●
■□
●
●
□
■□●
□
●
■□●

□
■□●
□

□
□●
□●
●
●

Calopteryx splendens (Harris, 1782)
Cloeon dipterum (Linnaeus, 1761)
Procloeon bifidum (Bengtsson, 1912)
Baetis rhodani (Pictet 1843)
Ecdyonurus dispar (Curtis 1834)
Heptagenia sulphurea (O.F. Müller 1776)
Caenis macrura Stephens, 1835
Ephemera danica O.F. Müller, 1764
Serratella ignita (Poda, 1761)
Habroplebia fusca (Curtis, 1834)
Paralephtophlebia cincta (Retzius, 1783)
Siphlonurus alternatus (Say, 1824)
Isoperla grammatica (Poda 1761)
Amphinemura borealis (Morton, 1894)
Leuctra sp.
Sialis lutaria (Linnaeus, 1758)
Aphelocheirus aestivalis (Fabricius, 1794)
Elmis spp.
Limnius volckmari (Panzer, 1793)
Orectochilus villosus (O.F. Müller, 1776)
Acilius sp.
Brachycentrus subnubilus Curtis 1834
Hydropsyche angustipennis (Curtis, 1834)
Hydropsyche pellucidula (Curtis, 1834)
Hydropsyche spp.
Hydroptila spp.
Ithytrichia lamellaris Eaton, 1873
Silo pallipes (Fabricius, 1781)
Athripsodes cinereus (Curtis, 1834)
Mystacides azureus Linnaeus, 1761
Triaenodes bicolor (Curtis, 1834)
Anabolia laevis Zetterstedt, 1840
Chaetopteryx villosa (Fabricius, 1798)
Limnephilus stigma Curtis, 1834
L. flavicornis (Fabricius, 1787)
Potamophylax latipennis (Curtis, 1834)
Polycentropus flavomaculatus (Pictet, 1834)
Rhyacophila nubila Zetterstedt 1840
Dicranota sp.
Atherix sp.
Hemerodromia sp.
Tabanus spp.
Tipula spp.
Simulium spp.
Stratiomys sp.
Cladotanytarsus spp.
Microtendipes spp.
Endochironomus sp.
Polypedilum scalaenum (Schrank, 1803)
Rheotanytarsus spp.
Cricotopus algarum (Kieffer, 1911)
Eukiefferiella coerulescens (Kieffer, 1926)
Monodiamesa bathyphila (Kieffer, 1918)
Orthocladius rubicundus (Meigen, 1818)
Prodiamsesa olivacea (Meigen, 1818)
Thienemannimyia spp.

□
□
□
■□●
■□●
■□●
□●
■□●
■□●
●
■□●

Cl.Gastropoda
O.Pulmonata
Planorbidae

Lymnaeidae

O.Neotaenioglossa
O.Ectobranchia
Cl.Malacostraca O.Amphipoda
O.Isopoda
Cl.Insecta
O.Odonata
O.Ephemeroptera

Physidae
Bithynidae
Valvatidae
Gammaridae
Asellidae
Gomphidae
Calopterygidae
Baetidae

Heptageniidae
Caenidae
Ephemeridae
Ephemerellidae
Leptophlebiidae

O.Plecoptera

O.Megaloptera
O.Hemiptera
O.Coleoptera (larvae)

Coleoptera (imago)
O.Trichoptera

Siphlonuridae
Perlodidae
Nemouridae
Leuctridae
Sialidae
Aphelocheiridae
Elmidae
Gyrinidae
Dytiscidae
Brachycentridae
Hydropsychidae

Hydroptilidae
Goeridae
Leptoceridae

Limnephilidae

O. Diptera

Polycentropodidae
Rhyacophilidae
Pediciidae
Empididae
Tabanidae
Tipulidae
Simuliidae
Stratiomyidae
Chironomidae
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□●
■□●
■□●

●

□●
■□●
■□●
□

□●
■□●

□
■□●

■●
■□●

●

●

□●

□
■●
■□
■□●
□
■□●
■□●
■□●
■□●
■□
■□●
■□●
■□●
■□●
□
■□●
●
■□●

□

●

□●
■□●

■□
■□●

□●
□
□
■□●

□●
■□●
■□
□●

□
■●
□

●
□
□
□

□●
□●
□●
■□●
□
●
■□●

■□

■

■
●
■□
■●

■
●
●

□●

□

●
□●
■□●

□●

●

●
□

■□●
■

□
●
□●
■□●
□●
■□●
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□
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MICROBIAL FUEL CELLS WITH THE PERFORMANCE
OF WASTEWATER DENITRIFICATION BASED ON HETEROTROPHIC NITRIFICATION-AEROBIC DENITRIFIER BACTERIA
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ABSTRACT
Based on the aerobic denitrifiers’ ability, a microbial
fuel cell was constructed with nitrogenous wastewater as
substrate and aerobic denitrifier bacteria as microbial catalyst. When generating electricity, the cell could, at the same
time, remove nitrogen and thus reduce the environmental
pollution extent caused by the wastewater. In order to increase the efficiency of producing electricity, the anode
(material is activated carbon fiber cloth) surface was modified by an embedding method to load as many as aerobic
denitrifying bacteria. As a result, the power density, current
density and the usage rate were raised greatly, and also
the starting time of the cell was shortened from 4 days to
1 hour. As the aerobic denitrifiers could both nitrify and
denitrify, two tests were held to measure the ability of nitrification. The results showed that the aerobic denitrification microbial fuel cell performed better than the heterotrophic nitrification one. The maximum output voltage of
the aerobic denitrification microbial fuel cell was about
837 mV, and maximum power density of it reached 438
mW/m2 with a current density of 523 mA/m2. Moreover,
the NO3--N and NH4+-N removal rates of the two microbial fuel cells were 97.15 and 94.55%, respectively.

With the development of economics, the conflict between environment and energy has been very prominent.
The sustainable development of society and environment
has been the contemporary social issue of common interest. Energy-saving and emission-reduction have also got
extensive attention. The new MFC cannot only solve the
problem of sewage treatment, but also generate green energy at the same time. To some extent, this method saves
the cost of sewage treatment, and also makes a significant
contribution to the research and development of new environment-friendly energy.
Aerobic denitrifiers which were screened from domesticated activated sludge had the function of heterotrophic nitrification-aerobic denitrification. Research
showed that there were many kinds of cytochromes
which were electron acceptors in the epicyte of the bacteria
partaking in the nitrogen metabolism [4]. Therefore, it
had a good prospect in denitrificating wastewater.
The study used aerobic denitrifiers as denitrifying bacterial strains for the first time. While transferring the organic nitrogen into gaseous NO2 and N2 through the nitrification and denitrification, the MFCs generated electricity meanwhile. MFCs reduced the cost of sewage treatment
and provided a new way to solve the problem of eutrophication in water-bodies effectively [5-7].

KEYWORDS:
microbial fuel cells; aerobic denitrifier; activated carbon fiber cloth;
embedding method; nitrogen removal of wastewater

2. MATERIALS AND METHODS
2.1. Construction of built two-chamber MFCs

1. INTRODUCTION
Microbial fuel cell (MFC) is the installation which
can transform chemical energy of microbial organic matter directly into electrical energy [1-3]. The environmental
and energy issues are becoming more and more severe
now, so MFCs have received a wide attention because of
their pollution-free and green environmental-protective
features.
* Corresponding author

The study used two-chamber MFCs whose chambers
were constructed by cylindrical plexiglas. The two chambers were connected to each other through thin cylindrical
plexiglas pipes (diameter 3.2 cm), and were separated by
a salt bridge (length 5 cm, cross-sectional area 32.15 cm2).
The volumes of anode and cathode compartment were
both 500 ml. Electrodes in anode chamber and cathode
chamber were activated carbon fiber cloth (the working
area of two electrodes was 8 cm2). The two electrodes were
lined to each other by an external resistor of 2000 Ω. The
bioreactor was designed as shown in Fig. 1.
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Nitrate wastewater (g/L): KNO 3 0.6; KH 2PO 4 1.0;
MgSO4·7H2O 1.0; sodium succinate 2.4; H2O 1 L; pH
7.0.
Anolyte of MFCs with aerobic denitrification capability (g/L): KNO3 0.6; KH2PO4 1.0; K2HPO4·3H2O 2.216;
MgSO4·7H2O 1.0; sodium succinate 2.4; H2O 1 L; pH 7.0;
Anolyte of MFCs with heterotrophic nitrification capability (g/L): (NH4)2SO4 0.35; KH2PO4 0.75; K2HPO4·3H2O
2.216; MgSO4·7H2O 0.025; sodium citrate 1.81; H2O 1 L;
pH 7.0.
Catholyte of MFCs (g/L): KH2PO4 0.75; K2HPO4·3H2O
2.216; MgSO4·7H2O 1.0; H2O 1 L.
2.4. Analyzing methods

FIGURE 1 Schematic diagram of two-chamber MFC reactors used
in this study. 1. Anode chamber, the main part material of installation
was made up of plexiglas, 2. Anode plate, the material of anode was
active carbon fiber cloth because of its high affinity, strong stability and
good electric conductivity, 3. Biomembranes, composed of a large
number of aerobic denitrifying bacteria, 4. Salt bridge, this section was
movable, flange was fixed at each end of the salt bridge, 5. Cathode
chamber, 6. Cathode plate, the material of cathode was active carbon
fiber cloth, 7. Flange, separating internal from external environment of
chamber, 8. Screw, 9. Computer, 10. Data acquisition system, 11. External resistance, it could connect anode with cathode, 12. Copper conductor, 13. Carbon rod, joined electrode to wire.
2.2. The manufacture of new anode

Aerobic denitrifying bacteria were attached to surface
of the new anode whose material was active carbon fiber
cloth by the improved embedding method which was
different from traditional methods [8, 9]. In the improved
embedding method, the amount of the active toner was
larger, which would make the electrons produced by bacteria that had no direct contact with the anode plate, transferred to the anode through the good conductor-active
toner. As a result, the electron-transferring efficiency was
increased.
The aerobic denitrifying bacteria were cultured 12 h
under 30 °C, and the working area of active carbon fiber
cloth was set to be 8 cm2. 10 g polyvinyl alcohol and 0.5 g
sodium alginate were added to 100 ml distilled water, then
dissolved in a boiling water-bath, and the mixture cooled
to room temperature. After that, 1 g active toner and 10 ml
bacteria were added into the mixture. Next, the mixture was
spread onto the carbon fiber cloth anode. Finally, t the
anode plate was put into saturated boric acid solution (2%
calcium chloride; pH 6.7, which was regulated by sodium
carbonate solution) and preserved under 4 °C.
2.3. Strain, wastewater and culture media

The bacterial strain as a microbial catalyst species was
screened from the activated sludge. Its cell morphology,
cultural characteristics and physiological and biochemical
characteristics were identified [10].

The output voltage and internal resistance of MFCs was
recorded with a digital multimeter, pH value was tested by a
digital pH-meter, sterile operation was done in the SWCJ-1F-type clean workbench, and NH4+-N was analyzed
spectrophotometrically by Nessler's reagent method; NO3--N
by UV spectrophotometrically and, finally, NO2--N by the
N-(1-naphthyl)-ethylene diamine method [11].
2.5. Evaluation of the MFCs performance

Output power density and current density were used to
compare and evaluate power production capacity of the
different MFCs, because the two parameters could normalize differently designed MFCs [12].
Power density P = U2/(R*A); current density I = U /
(R*A);
where: P is the power density; I is the current density;
U for the external circuit, the voltage across the load; R is
load resistance; A is the effective anodic area.

3. RESULTS AND DISCUSSION
3.1. The identification of the heterotrophic nitrificationaerobic denitrifiers

Strains are gram-negative bacteria and bacilli. The colonies of the bacteria are milky white and irregularly shaped.
The strains are identified preliminarily as Pseudomonadales
through physiological and biochemical characteristics. By
16S rDNA sequencing analysis and homology comparison
[13], the strains are further identified as Acinetobacter.
3.2. The initialization phase of MFCs

The recent reports showed that MFCs needed some
time to reach stable working conditions, the so-called stage
of biofilm forming in anode and the start-up time of MFCs.
The start-up time was different to different MFCs, so the
start-up time was also an important indicator to measure
the performance of MFCs [14]. Thus, the start-up ability
of MFCs was measured firstly in this experiment.
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Two MFCs with different anodes were set up. MFC-1
made use of the new anode whereas MFC-2 employed the
common one.
MFC-1: 0.1 ml aerobic denitrifiers were absorbed to active carbon fiber cloth as a new type of anode, then 500 ml
nitrate wastewater was put into the anode chamber and
500 ml catholyte was put into the cathode interior; MFC-2
was same as MFC-1, except giving up the adsorption of
0.1 ml aerobic denitrifiers to the active carbon fiber cloth.
Before the wastewater was put into the anode reactor,
nitrogen was charged into the solution to remove oxygen.
At the same time, air was injected before the cathode
buffer was put in, in order to increase the oxygen content
in water. All operations were done in sterile conditions.
The two MFCs were placed under a constant temperature
(30±1 °C) environment, and their operational data was
collected.

FIGURE 2 - Variation of output voltage in MFCs. In reactors of
MFCs, two kinds of anode plates were used, and nitrate wastewater was
the nutrient substance of strains. MFC-1, whose anode absorbed 0.1 ml
aerobic denitrifiers. MFC-2, whose anode was not loaded with aerobic
denitrifiers. The output voltage of MFC-1 and MFC-2 were determined.
All diagrams: ●-MFC-1, ■-MFC-2.

As shown in Fig. 2, the output voltage curve was
gradually increased from 60 to 221 mV in the first 4 days
of MFC-2 operation. The phase was the start-up time of
MFC-2, and the biofilm was formed in anode. The output
voltage of MFC-2 was at a stable working phase when it
ran from 4 to 8 days, and its stable output voltage was

about 230 mV. However, the stable output voltage of
MFC-1 can achieve 840 mV after a 1-h run,and its stable
output voltage was approximately 870 mV. During the
start-up time, temperature of MFC-1 reached the optimum
growth temperature of aerobic denitrifiers. When comparing MFC-1 to MFC-2, the start-up time of MFC-1 was
shortened 96-fold, being obviously advantageous with
regard toMFC-1 (4 days start-up time) as shown in relevant literature and reports [15, 16].
3.3. The power density and current density of MFCs

Power density and current density were important indicators to evaluate the performance of MFCs. The data
of the new MFCs’ performance is shown in Fig. 3.
The maximum output power density and current density of MFC-1 reached 479 mW/m2 and 419 mA/m2, but
those of MFC-2 were only 35 mW/m2 and 8 mA/m2, respectively, which should possibly be attributed to very
little bacteria on the carbon fiber and the high resistance
of salt bridge. With respect to the MFC-2 under the same
operational conditions, the output power density of MFC1 was increased by 444 mW/m2 and the current density
increased by 410 mA/m2. The more the number of bacteria on the anode, the more efficiently electrons were transferred to the anode, and the resultant current density and
power density were also increased. The fluctuations of
power density and current density of MFC-1 might be due
to the internal environment (the change of pH, the distribution of nutrients, etc.) affecting the internal resistance
and activity of bacteria.
3.4. Analysis of nitrogen removal performance in MFCs

The experimental studies had shown that aerobic denitrifiers had heterotrophic nitrification and aerobic denitrification characteristics [17]. Therefore, MFC-3 (the
same as MFC-1) performing denitrification/nitrification
and MFC-4 with heterotrophic capability were set up. The
performances of electrical production were monitored.
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FIGURE 3 - Performance analysis of MFCs. In reactors of MFCs, anode chambers were sealed all along, and the MFCs could be operated with a
continuous run of 9 days. The power density curves (A) and current density curves (B) were determined. ●-MFC-1, ■-MFC-2.
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3.4.1. Analysis of nitrogen removal performance in MFC-3

The MFC-3 with aerobic denitrification capability used
nitrate as nitrogen source, and activated carbon fiber cloth
loaded with aerobic denitrifiers as anode plate. The battery started successfully after 1 h. The output voltage was
742 mV, and the stable running period was up to 9 days.
As shown in Fig. 4, NO3--N was degraded gradually in the
anode medium. Its concentration dropped from the initial
104.81 mg/L to 2.99 mg/L, so the removal rate was up to
97.15%. The concentration of NO2--N increased slowly from
initial 0.06 mg/L to 19.15 mg/L in the early days of operation, indicating that NO2--N had some accumulation in
aerobic denitrification [18].
In MFC-3 with aerobic denitrification capability, the
strains loaded onto the anode were used to treat nitrate
wastewater. The removal rates of NO3--N (A), and the concentration changes of NO2 -N (B) were shown.
3.4.2. Analysis of nitrogen removal performance in MFC-4

The MFC-4 with heterotrophic nitrification capability
used ammonia as nitrogen source, and the other situations
were the same as MFC-3. After 1 h, the output voltage
was 513 mV, indicating the battery was started successfully. The stable running period of MFC-4 was also 9 days.
As shown in Fig. 5, NH4+-N was degraded gradually in the
anode medium. Finally, NH4+-N dropped from 92.08 mg/L

initially to 5.02 mg/L, so the removal rate was up to 94.55%.
NO3--N and NO2--N almost did not accumulate because the
synchronous denitrification of the nitration products while
heterotrophic nitrification of the bacteria took place. Finally,
nitrogenous compound pollutants in wastewater were transformed to gas form and released [19, 20].
In MFC-4, with heterotrophic nitrification capability,
the strains loaded onto the anode were used to treat ammonium salt wastewater. The removal rates of NH4+-N (A), and
the concentration changes of NO2--N (B) and NO3--N (C) were
shown.
3.4.3. Analysis of electrical production properties in MFC-3
and MFC-4

The important detected items of two MFCs are shown
in Table 1. In the electrical production properties, MFC-3
was better than MFC-4. Three aspects were analyzed as
follows: Firstly, the output voltage of MFC-3 was higher
than that of MFC-4. The output voltage of MFC-3 fluctuated between 742 and 837 mV, while the output voltage of
MFC-4 fluctuated between 426 and 684 mV. Secondly,
the maximum current density of MFC-3 was 523 mA/m2,
which was higher than that of MFC-4. Finally, the maximum power density of MFC-3 was 438 mW/m2 and that of
MFC-4 only 292 mW/m2. Compared to reported efficiency
of using MFCs to treat wastewater, the power density of

FIGURE 4 Aerobic denitrifiers loaded onto anode treated nitrate wastewater in MFC-3.

FIGURE 5 Aerobic denitrifiers loaded onto anode treated ammonium salts wastewater in MFC-4.
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TABLE 1 - Determination of electrical production properties in MFCs.
Detected
items
0d
1d
2d
3d
4d
5d
6d
7d
8d
9d

output voltage
(mV)
MFC-3
742
686
765
788
837
813
756
573
285
26

output voltage
(mV)
MFC-4
513
426
496
632
468
592
684
506
494
85

power density
(mW/m2)
MFC-3
344
294
366
388
438
413
357
205
51
1

MFC-3 evidenced great improvement [21-23]. To sum up,
the MFC with aerobic denitrification capability was better
than that with heterotrophic nitrification capability in battery performance.

power density
(mW/m2)
MFC-4
164
113
154
250
137
219
292
160
153
5

current density
(mA/m2)
MFC-3
463
428
478
493
523
508
473
358
178
16

current density
(mA/m2)
MFC-4
321
266
310
395
293
370
428
316
309
53

(No. 2007CB206904), Jilin Provincial Science and Technology Department of China (No. 20090145), the Chinese
Society for Electrical Engineering and Jilin Provincial Human Resources and Social Security Department of China.

4. CONCLUSION
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ABSTRACT
2,4-Dichlorophenol (2,4-DCP), a widely industrially
used substance, which is produced in great quantities, is a
toxic organic pollutant listed by the U.S. EPA. The electroFenton ferrous regeneration (EFFR) system was investigated in order to ascertain the feasibility of the continuous
electro-regeneration of ferrous ions for enhancement of
2,4-DCP degradation in the Fenton’s reagent solution. The
effect of operating parameters, such as pH, current density,
H2O2 to Fe2+ (H/F) molar ratio and H2O2 feeding mode of
operation, were also investigated to determine the evolution of 2,4-DCP and indicate the optimum operating conditions. The results showed that 1 mM of 2,4-DCP can be
oxidized up to 70% under the conditions of a current density of 0.05 mA/cm2 with the H2O2 to Fe2+ (H/F) molar ratio
at 30 and an operating pH of 3. The performance of the
system when using H2O2 spilt feed condition was found to
be better than that of conventional feed shown by a higher
mineralization. Additionally, the rate constant in terms of
initial degradation rate was investigated by first-order model
for its use as process optimization indicator. Moreover, this
technology is challenging but easily scaled up for real
world application.

KEYWORDS: 2,4-Dichlorophenol (2,4-DCP),
ferrous regeneration system, Hydroxyl radicals

Electro-Fenton

can be found not only in industrial wastewaters but also in
soils and surface waters and groundwater, as a consequence
of agricultural runoff, the breakdown of herbicides, and
spontaneous formation following the chlorination of water
for disinfection [7, 8]. 2,4-DCP may cause some pathological symptoms and affect the human endocrine system
[9, 10]. The strong resistance to physical, chemical, and
biological treatments of chlorophenols causes hazardous
effects on living organisms. The accumulation of chlorinated aromatic compounds in the environment has become
a serious problem. Therefore, it is of paramount importance
to develop an effective method for the disposal of these
compounds in a safe manner.
In recent years, several advanced oxidation processes
(AOPs) have been proposed as alternative approach that
provided the destruction of toxic organic compounds, particularly when the pollutant species are difficult to remove
with common biological or physicochemical processes [11].
The electro-Fenton ferrous regeneration system is one of
the most powerful AOPs that can be used to oxidize organic matter in water, such as phenols, chlorinated phenol
and herbicides. This method generates hydroxyl radical
(·OH) from the addition of the solution containing hydrogen peroxide (H2O2) and iron catalyst known as Fenton’s
reagent which has been reported no inhibitory effect when
applied on activated sludge process [12]. The electro-Fenton
ferrous regeneration system combines the series of reaction
mechanisms that might occur in the Fenton process (reactions 1-6) and the reaction of the electrochemical system
(reactions 7-8) as shown below:

1. INTRODUCTION

Fe2 + + H 2O2 ⎯
⎯→ Fe3+ + •OH + OH −

2,4-DCP is a significantly harmful environmental pollutant and listed by the U.S. EPA as a chlorinated organic
pollutant [1-4]. It has been widely employed in many industrial processes, for example as a synthesis intermediate
or as a raw material, in the manufacturing of herbicides,
fungicides, pesticides, insecticides, pharmaceutical products, and synthetic dyes [5, 6]. Consequently, 2,4-DCP

+

Fe 2 + • OH → Fe3+ + OH −

(2)

Fe3+ + H 2O2 → Fe 2 + + HO2 + H +

(3)

• OH + organic → products

(4)

H2O2 + organic → products

(5)

•

•

• OH + H 2O2 → HO2 + H 2O

* Corresponding author
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Fe3+ + e− → Fe2 +

(7)

1
H 2O → 2 H + + O2 + 2e−
2

(8)

Most research studies have primarily focused on the
electro-Fenton of H2O2 production but electro-Fenton ferrous regeneration is largely neglected. In this study, the
application of the ferrous regeneration process was investigated using electrical current to induce the reduction of
ferric hydroxide sludge to form Fe2+ for the electro-Fenton
system. Hence, the sludge disposal cost, one of the major
drawbacks of the ordinary real system of the Fenton process, is reduced [13]. In this system, Fe3+ can be directly
reduced to Fe2+ by an electron supplied from an electrical
current which is more effective and rapid [14]. This study
aims to investigate the effects of operating parameters on
the performance of 2,4-DCP removal through the application of the electrochemical system combined with the Fenton process for continuous electro-regeneration of ferrous
ions (electro-Fenton ferrous regeneration system). The
operating conditions considered and optimized in this study
were operating pH, current density, H2O2/ Fe2+ ratio and
H2O2 feeding mode of operation.

2. MATERIALS AND METHODS
2.1. Chemicals

The solution of 2,4-DCP(1 mM) was prepared as synthetic wastewater by dissolving in de-ionized water from
a Millipore system with a resistivity of 18.2 MΩ cm-1 for
generated synthetic wastewater. All the reagents used in
the experiments (2,4-DCP >98%, ferrous sulfate 99.5% and
hydrogen peroxide 35%) were high purity-grade chemicals
purchased from Merck. HClO4 70% or NaOH 99%, purchased from Riedel-da Haën, were used for pH adjustment
as necessary.
2.2. Experimental Set-Up

All experiments were carried out at batch mode by using an acrylic reactor of 15 cm × 21 cm × 20 cm with 5 L
of working volume as shown in Fig. 1. The electrode anode
nets were mesh-type titanium metal coated with IrO2/RuO2,
and the cathodes were stainless steel nets with the same
dimension 15 cm × 20 cm as shown in Fig. 2. The working
areas of the cathode and anode nets were 900 and 600 cm2,
respectively. All conditions, except in the Fenton experiment, used constant electrical current which was controlled
using a Topward 33010D DC power supply discharged into
the system via passing through all of electrodes. Two mechanical stirrers were installed on the top of the reactor to
provide complete agitation in the reactor. The system’s pH
was monitored using a pH-meter.

FIGURE 1 - The schematic diagram of electro-Fenton ferrous regeneration system.
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(a)

(b)

FIGURE 2 - Physical characteristics of cathode (a) and anode (b) electrodes.

TABLE 1 - Operating variables and experimental conditions in this study.
Experimental Run

Initial pH

1
2

2, 3, 3.5
3

3
4
5
6

3

Electrical current
density
(mA/cm2)
0.05
0.01, 0.05, 0.12, 0.25,
0.50
0.05
0.12
0.05
0.12

2.3. Experimental Procedures

A calculated amount of catalytic ferrous sulfate at
0.1 mM was added as initial source of Fe2+ in the experiment. The H2O2 concentrations were varied from 1 to 5 mM
in order to prepare the ratios of H 2O 2/Fe2+ to be in the
range of 10 to 50. The DC power supply was switched on
to initiate the reaction in the process. At selected time
intervals between 90 min, 2,4-DCP, COD, TOC, Fe2+, and
H2O2 were measured to investigate the effects of operating
parameters, such as initial pH, current density, H2O2/Fe2+
ratio and H2O2 feeding mode on process performance. The
samples taken at selected intervals were immediately injected into tubes containing NaOH solution 0.1 N to stop
further reaction, and were then filtered through 0.45-µm
syringe micro-filters to separate precipitated iron from the
solution. Two different H2O2 feeding modes as the onetime initial feeding mode and the split feeding mode at 2
min-intervals were compared. All of operating variables
and experimental conditions are described in Table 1.
2,4-DCP concentration was determined by HPLC
(Thermo SCIENTIFIC Model, equipped with UV detector
FINNIGAN SPECTRA SYSTEM UV1000). The separation column was a reverse-phase column (Shodex Asahipak, ODP-50 6D 4.6 mm × 250 mm, 5 µm) and the mobile phase consisted of acetonitrile/water/acetic acid
(69/30/1). The pH was monitored using a SUNTEX
pH/mV/TEMP (SP-701) meter. H 2O 2 concentration was

Fe2+
(mM)

H2 O2
(mM)

H2O2/Fe2+ ratio

H2O2 feeding
mode

0.1
0.1

1
1

10
10

Initial
feed

0.1

1, 2, 3, 4, 5

10, 20, 30, 40,
50

0.1

2, 3

20, 30

Split
feed

measured by a spectrophotometer (SHIMADZU UV1201) at 400 nm, using K2Ti(C2O4)3 (analytical grade) as
an indicator. Ferrous concentration was determined, in
accordance with Standard Methods (APHA, 1992, [15])
by light absorbance measurement at 510 nm after complex
with 1,10-phenan-throline using a UV-VIS spectrophotometer. In accordance with the Standard Methods [15], the
closed-reflux titrimetric method was used for COD measurement after samples were left overnight to remove the
residual H2O2 that might remain in the sample solutions
[15]. TOC was measured by an Elementar-liquid TOC
(Germany) analyzer with high temperature combustion
method. All experimental scenarios were duplicated.
3. RESULTS AND DISCUSSION
3.1. 2,4-DCP degradation by various processes

Electrolysis, Fenton and electro-Fenton ferrous regeneration processes were used for comparison in 2,4-DCP
removal efficiencies. Control experiments were carried out
to investigate whether 2,4-DCP can be degraded by electrolysis only, Fenton’s reagents only, or electro-Fenton
ferrous regeneration. The results as shown in Fig. 3
demonstrate that the electrochemical system alone with
electrical densities at 0.05 and 0.12 mA/cm2 could remove
only about 5-8 % of 2,4-DCP. When applying the Fenton
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process and electrochemical system combined with Fenton’s reagents as high as 60% and 70% of 2,4-DCP could
be removed, respectively. The results show that pure electrical current, except for Fenton’s reagent, could remove
2,4-DCP at low efficiency level but the removal performance could be enhanced with Fenton’s reagents as a
result of continuous hydroxyl radical generation as can be
confirmed by the result of an increase in initial degradation rate (0.009 mM/min), compared to the Fenton process
without electrical current (0.083 mM/min) as shown in Fig. 1
(b).

investigated. The results obtained from this experiment are
shown in Figs. 4(a) and 4(b). As the results indicate, the
best condition for 2,4-DCP removal by electro-Fenton ferrous regeneration system was at pH 3 which resulted in a
higher initial degradation rate than at other pH levels. Related result was previously observed by Chu et al [16]. Indeed, at very low pH values, the formation of (Fe(II)(H2O))2+
occurs and reacts more slowly with hydrogen peroxide;
therefore, the process can produce fewer hydroxyl radicals cause to reduce the degradation efficiency. In addition, the scavenging effect of hydroxyl radicals by hydrogen ions could become significant at very low pH, which
might also inhibit the process efficiency. In contrast, at pH
above 3, the performance of the process was significantly
decreased, mainly due to a decrease in the dissolved fraction of iron species [17, 18]. Consequently, lower amounts
of dissolved Fe(II) species could be reacted toward H2O2.
Then, the process performance was affected because a
smaller steady-state concentration of hydroxyl radicals was
attained.

3.2. Effect of operating pH

One significant parameter, which affected Fenton reaction’s efficiency and also electro-Fenton ferrous regeneration, is operating pH. The effective pH for operating
these processes was around 2-4 depending on the kind of
pollutants to be removed. To clarify the effect of pH for
2,4-DCP removal by electro-Fenton ferrous regeneration
system, the 2,4-DCP solutions with various pH values were
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FIGURE 3 - 2,4-DCP removal efficiency by various processes ([2,4-DCP] = 1 mM, [Fe ] = 0.1 mM, [H2O2] = 1 mM, pH = 3, current density
at 0.05 and 0.12 mA/cm2 (Electro-Fenton ferrous regeneration system (EFFR) used current density of 0.05 mA/cm2) (Initial degradation rate
was calculated in 20 min of reaction time).
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3.3. Effect of current density

The effect of current density on the performance of the
electro-Fenton ferrous regeneration system was investigated
and the results are shown in Fig. 5. The result demonstrated
that the current density affected 2,4-DCP removal efficiency.
The most effective 2,4-DCP removal efficiency with the
greater energy saving was obtained when the current density 0.05 mA/cm2 was applied. The experimental results
indicate that the optimum current density could help increase system efficiency with high initial degradation rate
as shown in Fig. 5 (b). The lowering in initial degradation
rate and removal efficiency might be caused from lower
and higher current density. The decrease in removal efficiency was probably due to a lower amount of electrons for
Fe2+ regeneration at low current condition, and also the
scavenging effect from much more Fe2+ regeneration at
higher current condition which continuously promoted the
regeneration of [Fe3+] to [Fe2+] in the process. As can be
seen from the results, when the current density was increased to ≥0.12 mA/cm2, the removal efficiency remained
almost the same. Therefore, the current density of 0.05 mA/
cm2 was found to be sufficient in this application.
2+

% pollution removal
% H 2O2 consumed

relative oxidation performance ratio =

(9)

From Table 2, the decrease in the effective performance of H2O2 at H/F ratios above 30 might be due to
excessive H2O2 molecules in the process. This condition
makes activity in H2O2 react with hydroxyl radicals to
scavenge with other pollutants removal in process that
producing HO2· via reaction. Therefore, generating HO2·
can participate in propagating radical chain reactions by
reducing ferric to ferrous ions that can induce to ferrous
scavenging increasing too. The relative oxidation performance ratio indicated that the oxidation power of 2,4DCP removal increased when H/F ratios were less than 30
and decreased when more than 30. The data of 2,4-DCP
removal per unit consumption of H2O2 and relative oxidation performance ratio can confirm that H2O2 concentration was a major critical parameter.

ratio (H/F ratio)

1.2

The effect of H2O2 to Fe2+ ratio (H/F ratio) (mM/
mM), a major parameter in 2,4-DCP degradation efficiency,
is shown in Fig. 6. The experimental result indicates that
increasing the H/F ratio could induce the removal efficiency to accelerate and reach the maximum level. Moreover, the H/F ratio value at 30 was found to be the most
effective H/F ratio as 100 percent of 1 mM 2,4-DCP removal efficiency could be achieved by the electro-Fenton
ferrous regeneration system. Increasing H/F ratios more
than 30 was not effective with increasing removal efficiencies. The constant efficiency when using H/F ratios
more than 30 indicates that the chemicals might be in excess
of requirements by this process for 1 mM 2,4-DCP removal, and/or the constant efficiency might be from the
scavenging with other pollutants in this process.
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3.4. Effect of H2O2 to Fe

The relative oxidation performance ratio was developed as described by equation (9). It is used for indicating
the oxidation efficiency related to H2O2 consumption as
reported in Table 2.
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FIGURE 6 - Effect of H2O2 to Fe2+ ratios (H/F) on 2,4-DCP removal
by electro-Fenton ferrous regeneration system ([2,4-DCP] = 1 mM,
[Fe2+] = 0.1 mM, electrical current 0.05 mA/cm2, pH = 3).
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TABLE 2 - Effect of H2O2 to Fe2+ ratios (H/F) on removal efficiency and relative oxidation performance ratio ([2,4-DCP] = 1 mM, [Fe2+] = 0.1
mM, pH = 3, electrical current 0.05 mA/cm2).
H2O2 to Fe2+ ratios (H/F)
10
20
30
40
50

2,4-DCP Removal efficiency
(%)
71
81
100
99
100

2,4-DCP Removal per 1 mM H2O2
(mM)
0.28
0.21
0.18
0.16
0.12

3.5. Effect of H2O2 feeding mode of operation

2,4-DCP degradation was investigated with two different H2O2 feeding modes of operation, the original one-time
initial feeding mode and the split feeding mode at 2 minintervals, which were performed as shown in Fig. 7. The
results show that the feeding mode was dominated when
applied at higher current density (0.12 mA/cm2). The reason
might be that higher current density had a greater electron
supply for Fe2+ regeneration. The best degradation efficiency was obtained by using the split feeding operation
because it can generate ·OH continuously and homogeneously. The split feeding operation mode could also help
avoid the presence of excessive ·OH concentrations during the earlier oxidation stages and provide a better ability
of this species throughout the whole oxidation process.
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The sufficient level of H2O2 concentration in the split feeding operation as well as the optimum ratio of substrate per
H2O2 consumption reduced the extension of scavenging
reactions involving H2O2 and ·OH, thus minimizing H2O2
that was inefficient consumption. On the other hand, the
Fe2+ generation per H2O2 ratio was also higher, thus favoring the decomposition of H2O2 almost into OH instead
of O2. In the lower current density (0.05 mA/cm2), the
effect of operation feeding modes for both the split feeding mode and original one-time initial feeding mode did not
indicate any significant differences in degradation efficiencies. On the other hand, the total organic carbon (TOC)
removal also confirmed that the split feeding operation
mode was better than original initial feeding mode in
mineralization as shown in Fig. 8.
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FIGURE 7 - Effect of H2O2 operation feeding mode (split feed; SPF, original initial feed; INF) on 2,4-DCP removal by electro-Fenton ferrous
regeneration system ([2,4-DCP] = 1 mM, [Fe2+] = 0.1 mM, [H2O2] = 2 and 3 mM, electrical current 0.05 mA/cm2 and 0.12 mA/cm2, pH = 3).
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FIGURE 8 - Effect of H2O2 operation feeding mode (split feed; SPF, original initial feed; INF) on TOC removal by electro-Fenton ferrous
regeneration system ([2,4-DCP] = 1 mM, [Fe2+] = 0.1 mM, [H2O2] = 2 and 3 mM, electrical current 0.12 mA/cm2, pH = 3).
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TABLE 3 - Percentages of COD and TOC removal in 2,4-DCP removal by electro-Fenton ferrous regeneration system ([2,4-DCP] = 1 mM,
pH = 3, and H2O2 split feeding mode).
Current Density
(mA/cm2)
0.05
0.05
0.12

Fe2+
(mM)
0.1
1
1

H2 O2
(mM)
3
20
20

3.6. Effect of various conditions on COD and TOC removal in
electro-Fenton ferrous regeneration system

The efficiencies in COD and TOC removal at various
operating conditions were investigated and are reported in
Table 3. The data from the experiment showed that under
the conditions of current density 0.05 mA/cm2 with Fe2+
and H2O2 0.1 and 3 mM, respectively, at pH 3 could give
1 mM of 2,4-DCP removal up to 100%. However, the
data in Table 3 also show that 80% of COD and 50% of
TOC removal could be obtained when increasing current
density to 0.12 mA/cm2 and Fe2+, H2O2 up to 1 and 20 mM,
respectively. It can be concluded from this section that the
various operating parameters had effects on the degrees of
2,4-DCP , COD and TOC removal performances.
4. CONCLUSIONS
The electro-Fenton ferrous regeneration system could
give high performance in 2,4-DCP oxidation and reduce
sludge formation effectively. The best operating condition
for 1 mM 2,4-DCP removal was found at an operating pH
of 3, the current density at 0.05 mA/cm2 and the H2O2 to
Fe2+ ratio at 30. Changing the operation mode of original
one-time initial H2O2 feeding to split feeding condition
could give higher mineralization efficiency. The split feeding operation could reduce the scavenging effect on the
reaction process, and decrease the possibility of toxic compound formation from intermediates.
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DISTRIBUTION OF POLYCYCLIC AROMATIC
HYDROCARBONS (PAHs) IN MARINE SHORE
SEDIMENTS OF ALKABER ALJANUBY RIVER
ESTUARY, BOUNDARY RIVER (SYRIA-LEBANON)
Issam Mohamad*, Imad Hwejeh and Mohammad Nasser
Tishreen University, Faculty of Science, Department of Chemistry, Lattakia, Syria

ABSTRACT
This paper deals with the determination of some polycyclic aromatic hydrocarbons (PAHs) in sediment samples
collected from nine sites of Alkaber Aljanuby river estuary as a boundary river (Syria-Lebanon) during the period
July 2006 – June 2007. Samples were analyzed for PAH
residues after Soxhlet extraction in order to determine the
quality and quantity of their contents. Gasgromatography (GC) combined with Flame Ionization Detector
(FID) techniques were used.
The concentrations of (PAHs) ranged between ND
and 1364.2 ng/g (dry wt.). Silt mixed with gray fractions
of sediments with high contaminated samples 1364.2 ng/g
(dry wt.) were observed in station L/S9. The maximum concentrations of PAHs were found at the stations L/S6, L/S7,
L/S8 and L/S9. The concentrations in the two stations (L/S8
and L/S9) on the right side of the river estuary (Syrian part)
were higher than those in the other two stations (L/S6 and
L/S7) on the left side of the river estuary (Lebanon part). In
general, the concentration of PAHs was similar to that
found in other regions of the eastern Mediterranean shore.
Ratios such as "Fluo./Pyr.", "Phenan./Anthr." and "Flt./Flt.
+ Pyr." were used to identify the potential sources of PAHs
contamination in sediments of the area of investigation.
The results show that they are of pyrolytic origin.

KEYWORDS: PAHs, marine sediments of Alkaber Aljanuby river
estuary, GC-FID.

1. INTRODUCTION
PAHs are common organic pollutants from the natural
and anthropogenic processes. They can be introduced into
the marine environment by several ways such as oil spill,
* Corresponding author

domestic and industrial waste water discharge, terrestrial
inputs, biogenic & pyrolytic formations and ship & road
traffic [1]. Harbors, estuaries and other shallow coastal zones
are exposed to anthropogenic inputs [2]. These compounds
are of great concern because they are widespread in the environment and many of them have toxic and carcinogenic
properties [3]. PAHs are available in oil and oil derivatives;
they are formed during incomplete combustion of fossil
fuel. They are rarely manufactured biologically, and their
importance is linked to their toxicity [4]. It is believed that
the atmospheric precipitation caused by the pyrolysis of
fossil fuel is the main source of PAHs of anthropogenic
activities, where the derivatives of PAHs are removed to the
marine environment by the atmospheric precipitation and
by surface water runoff [5]. Other sources of pollution by
these compounds are from wastes of petroleum and its derivatives, which are discharged from commercial ships and
from oil tankers.
Studies revealed that the accidental and intentional releases of oil-based products to the aquatic environment indicate that the aquatic organisms are able to bio-accumulate
some total petroleum hydrocarbons (TPH) fractions, particularly PAHs. Petroleum hydrocarbons are among the
most common contaminants bound to rivers estuarine sediments [6-8]. PAHs are mostly of organic sources and can be
harmful to the aquatic animals and plants; the oil leakage
spread on shores can be harmful to the semi-aquatic organisms. This is in addition to the adverse effects on tourism
and the aesthetic appearance. PAHs can be accumulated to
higher concentrations in the marine sediment; due to their
hydrophobic character and to the very high resistibility to
degradation, which increases with increasing the molecular weights [9].
Determination of petroleum hydrocarbons in the marine environment is of increased international concern, since
some of these compounds, like PAHs of lower molecular
weights, and those of two or three aromatic rings, have very
high toxic properties. In addition, some compounds of higher
molecular weights are carcinogenic [10, 11].
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This study gives, for the first time, data about the occurrence of the hydrocarbon pollutants, particularly PAHs,
at Alkaber Aljanuby River estuary. It deals with the determination of PAHs and reveals their sources in shore sediment samples from nine sites of the lower basin. The theme
of this study had been adopted as one of the objectives of
(MED POL-Phase III (1996-2005) [12] to assess water
quality and pollution status in the eastern Mediterranean
coast, and give the proper recommendations to compact
pollution.
2. MATERIALS AND METHODS
2.1. Sampling sites

Nine sites were selected for sampling; one site inside
the river estuary (L/S1) and the remaining were selected,
from the shore downwards, as follows:

Four sites opposite to the river estuary (L/S2-L/S3-L/S4L/S5) at distances of 0.3, 0.5, 1 and 2 km respectively.
Two sites at the left side of the river estuary- the Lebanese side (L/S7-L/S6) at distances of 1 and 2 km respectively.
Two sites at the right side of the river estuary- the Syrian side (L/S8-L/S9) at distances of 1 and 2 km respectively.
The coordinates, depths and geographical locations of
these sites are presented in Table (1) and Figure (1).
Four seasonal sampling trips were carried out on
5/7/2006, 3/12/2006, (summer and fall 2006), and 14/3/2007,
20/6/2007 (winter and spring 2007). Sediment samples for
PAHs determination were collected from shallow sites using
a PVC core sampler, penetrated to a depth of ~20 cm and
the top 5cm layer of the sample was taken. Samples from
deeper sites were collected using Van Veen Grab. The
collected samples were placed in aluminum foils, put in
an ice box and transferred to the laboratory and freezed at
-20°C till extraction and analysis.

TABLE 1 - Coordinates and depths of the nine sampling sites on Alkaber Aljanuby river estuary.
Site

Position
latitude
longitude
L/S1
035° 58.633` E
34° 38.049` N
L/S2
035° 58.301` E
34° 37.942` N
L/S3
035° 58.061` E
34° 37.887` N
L/S4
035° 57.762` E
34° 37.912` N
L/S5
035° 57.134` E
34° 37.858` N
L/S6
035° 57.931` E
34° 37.525` N
L/S7
035° 58.353` E
34° 37.508` N
L/S8
035° 58.072` E
34° 38.311` N
L/S9
035° 58.705` E
34° 38.385` N
* Distance inside the river course.

Depth
(m)
3
4
10
13.5
13
14.5
7
6.5
12

distance from shore
(m)
-50*
300
500
1000
2000
2000
1000
1000
2000
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Description of site
Inside river
Facing river mouth
Facing river mouth
Facing river mouth
Facing river mouth
South of river (Leb. Sector)
South of river (Leb. Sector)
North of river(Syrian Sector)
North of river(Syrian Sector)
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FIGURE 1 - Locations of the nine selected sites on Alkaber Aljanuby river estuary.
2.2. Sample treatment and extraction

DW/WW ratios were determined for all sediment
samples. A known weight of sediment sample was
dried at 105°C for 24h till a constant weight of about
±1µg was reached. Moisture in the sediment samples was
in the range of 12-20%. Sample extraction, processing,
separation and concentration were carried out according
to the methods provided by IAEA-MEL/MESL and
UNEP [13, 14]. 25-100g (wet weight) of <63µm grain
size (i.e silt sediments) separated by wet sieving was taken [13, 14]. Sediment samples (25g each; wet weight, two
duplicates) were mixed with 75g of anhydrous sodium
sulfate to remove water, then homogenized with a
blender
at
high
speed
for
23 minutes. Extraction was done in a Soxhlet extractor with
250ml of hexane / dichlormethane mixture (50:50). Internal
standards were added to the sample for recovery [13, 14].
50 µl mixture containing 0.1µg/µl of C-32, 0.1µg/µl of
C-18.1 (n-Ocdadecene) for the first fraction and 0.1µg/µl
of 9,10 dihydro-anthracene for the second fraction was
used. After extraction completion, the extract was evaporated with a rotary evaporator to a volume of about 15ml
(water bath temperature did not exceed 30°C). It was then
dried down to 10ml with anhydrous sodium sulfate, then
to 4-5ml with a flow of pure and clean nitrogen. In order
to prepare the sample for further analysis (Clean-up, separation and analysis using GC-FID), one drop of mercury
was added in order to remove sulfur from the extract.
2.3. Extracts, clean-up and separation

In order to prepare the extracts for injection and analysis in GC/FID, the clean-up process should remove any nonpetroleum hydrocarbons materials that fluorescence under
certain conditions and isolate chlorinated hydrocarbons and
materials that may cause quenching. This depends on the
principle of chromatography adsorption on Silica gel using
a chromatography column (50ml burette) fitted with a stopcock. The clean-up and separation were achieved by a simple chromatographic partition column as follows:
2.3.1. Preparation of silica, alumina, anhydrous sodium sulfate and glass wool

Silica gel, alumina, anhydrous sodium sulfate and glass
wool were pre-cleaned for 8 hours with n-hexane and
dichloromethane (1:1;V/V) by Soxhlet extraction. Silica gel
and alumina were dried at 60°C to remove the solvent, activated before use at 200°C for 4 hours and then partially
deactivated with 5% water in order to be used in the column filling. Anhydrous sodium sulfate was oven dried at
400°C. The chromatography column is prepared using 50ml

burette with i.d.=1cm in which a piece of glass wool is
added near the stopcock to maintain the packing material.
Then, 10ml of silica are transferred into the column and
10ml of alumina is added on top of 1g of anhydrous sodium sulfate in order to prevent column surface deformation
(United Nation Educational Scientific and Cultural Organization UNESCO) [15]. The extract was applied on the
upper layer within the chromatographic partition column
and then the hydrocarbons were eluted using n-hexane &
dichloromethane as a moving phase. Consequently, three
extracts were separated as follows:
The first extract (F1), which contains the aliphatic hydrocarbons, is obtained by eluting the sample with 20 ml
of n-Hexane.
The second extract (F2), which contains the light aromatic hydrocarbons, is obtained by eluting the column with
30 ml mixture of n-hexane and dichloromethane (90:10).
The third extract (F3), which contains the heavy aromatic hydrocarbons, is recovered by eluting the column with
20 ml mixture of n-hexane and dichloromethane (50:50).
In order to be analyzed by GC/FID, the eluted solvent
in the two extracts (F2, F3) was collected and concentrated
to a volume of 1 ml by a light current of dry and pure nitrogen.
Extracts were analyzed by GC/FID (Varian model
3800) which is known for its high sensitivity for hydrocarbons and operates with a constant temperature controlled by
a thermal programming systems. The system is equipped
with a capillary column DB-1 (CP-sil 5CB), 30m×0.32mm,
i.d.×0.25 µm film thickness. Nitrogen gas was used as a
carrier gas with a flow rate of 2 ml/min. The temperature
program was 60°C (0 min)
280°C (6 min). Other analytical parameters for GC/FID were: Injector 300°C, detector 325°C. A 2µl aliquot of the sample extract was injected
using micro injector. Three samples per sampling trip were
taken from each site. All samples were processed twice as a
duplicate and measured with GC/FID. Recovery tests were
carried out for quality assurance. The total recovery ranged
between 79.2% and 109.5%.
2.5. Organic matter content in sediment

Extractable Organic matter (EOM) in the studied sediment samples was determined through evaporating a certain
volume of organic extract (over 100µl) and calculating the
residual weight after solvent evaporation. The extractable
organic matter quantity was calculated from the following
formula:
Extractable organic matter =

residual weight ( µ g )×volume of organic extract ( ml )×1000
evaporated volume ( µ l )×weight of extracted sample ( g )

TABLE 2 - Quantity of EOM (µg/g) in the studied sediment samples.
Site
Date of sampling
05/07/2006
03/12/2006

L/S1

L/S2

L/S3

L/S4

L/S5

L/S6

L/S7

L/S8

L/S9

0.365
0.805

1.589
1.551

1.059
0.326

1.880
1.482

0.371
1.899

1.449
1.098

1.125
0.896

0.860
0.819

1.140
1.175
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1.247
1.137

1.850
1.159

1.956
1.173
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1.907
0.92

0.942
1.611

0.477
1.393

1.135
1.367

1.058
2.577

1.520
4.863

© by PSP Volume 20 – No 10. 2011

Fresenius Environmental Bulletin

The percentage of (EOM) in the samples varied according to the sediment nature. The sediments of the stations
(L/S6, L/S7, L/S8) were of very fine sand and those of the
station (L/S9) were more silty, whereas the sediments of the
stations (L/S2, L/S3, L/S4, L/S5) were of much coarser sand.
Moreover, sediments of the station L/S1 was of a sandy
nature mixed with silt (Table 2).

Figure 3 illustrates the distribution of PAHs in the sediments of the studied sites. It is clear that the concentrations of these compounds at both sits L/S8 & L/S9, located
to the right of river estuary of the Syrian side, were higher
than the concentrations at both sites L/S6 & L/S7 located
to the left of the river estuary on the Lebanese side.
The peaks for some independent compounds like naphthalene alkyl containing alkyl compounds of integrated rings
and two aromatic rings indicate that these compounds are of
petroleum origin. The aromatic hydrocarbons are considered
as good indicators of petroleum because no other PAH
compounds of biological origin has acceptable concentrations. In addition, the presence of phenanthrene, fluorene,
pyrene, and chrysene is a good indicator of petroleum existence [18].
The hydrophobic PAHs of higher molecular weights
are predominant in the sediments due to the high degradation resistance [17]. In addition, the experimental results indicate that the aromatic compounds of higher molecular
weights are highly adsorbed by the organic matter and are
accumulated in the sediments [11]. Furthermore, the PAHs
show a long term resistance to degradation, which indicates
the existence of an important evidence to assess the pollution status. The PAHs, like pyrene and phenanthrene, are
more important than naphthalene and its derivatives, since
the PAHs are more resistant to biodegradation than the polycyclic and monocyclic aromatic compounds. On the other
hand, despite that the naphthalene and its derivatives are
more common than phenanthrene (and its derivatives) and
the other polycyclic compounds, their concentrations are

3. RESULTS AND DISCUSSION
This study allowed identifying the nature and concentrations of PAHs in the studied sediment samples. The concentrations of PAHs revealed wide variations due to the
variation in the sediment types. The PAHs were collected
mainly with the organic matter in sediments [16, 17]. The
higher PAHs concentrations were recorded at the sites (L/S6,
L/S7, L/S8 and L/S9), which have very fine sediments with
large quantities of extracted organic matter.
Table 3 shows that the total concentrations of PAHs in
the dry sediment at sites (L/S1, L/S2 and L/S3) ranged from
ND - 493.6 ng/g, 271.2 - 442.6 ng/g and 78.7 - 462.3 ng/g
respectively. Similarly, the total concentrations of these
compounds at the sites L/S4, L/S5 and L/S6 ranged from
197.8 - 450.2 ng/g, 92.3 - 428.5 ng/g and 117.2 - 365.7 ng/g
dry weight respectively (Table 4). The total concentrations of
PAHs at sites L/S7, L/S8 and L/S9 (Table 5) were higher
than those recorded at the above sites; their ranges were
217.5-316.6ng/g, 193.3-650.2 ng/g and 261.1-1364.2ng/g
dry weight respectively.

TABLE 3 - Concentrations of PAHs (ng/g; dry wt.) in sediment samples of the sites (L/S1 , L/S2 and L/S3)
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20/6/2007

5/7/2006

3/12/2006

14/3/2007

20/6/2007

Name of compounds*
1,2,4-Triethylbenzene
ND
9.6+
25.4
13.7
17.6
16.9
1,3,5-Triethylbenzene
ND
14.2
37.6
20.2
30.3
31
1-Methylnaphthalene
ND
13.3
35.2
19
28.5
25.5
1-Ethylnaphthalene
ND
2.8
7.4
4.0
6.0
8.0
Acenaphthylene
ND
2.2
5.8
3.2
4.8
5.8
Fluorene
ND
19.7
52.2
28
42
38
Phenanthrene
ND
3.6
9.5
5.2
7.8
10.8
Anthracene
ND
17.6
46.6
25
38
39
2-Methylphenanthrene
ND
14.6
38.7
20.8
31.4
30.8
1-Methylphenanthrene
ND
18.8
49.8
26.7
40
41
3,6-Dimethylphenanthrene
ND
11.7
31
16.6
25
30
Fluoranthene
ND
19.6
51.9
27.5
43
41
Pyrene
ND
15.4
41.8
21.9
33
30
1-methylpyrene
ND
6.5
17.2
9.2
14
12
Chrysene
ND
9.7
24.7
13.8
21
26
Perylene
ND
6.6
18.8
9.4
14
11
ΣPAHs( ng/g)
ND 185.9 493.6 264.2 397.4 397.8
Flt. / Pyr.
1.27
1.24
1.25
1.30
1.36
Phenan. / Anthr.
0.204 0.203 0.208 0.205 0.276
Flt. / Flt. + Pyr.
0.56
0.55
0.55
0.56
0.57
Flt. = fluoranthene, Pyr. = pyrene, Phenan. = Phenanthrene, Anthr. = Anthracene.
*
The deviation of double determination of sediment samples was in the range of 4.3 - 18.3%.
+
Mean of 3 samples.

L/S3

14/3/2007

3/12/2006

5/7/2006

L/S2
20/6/2007

14/3/2007

3/12/2006

L/S1
5/7/2006

Site
Sampling date

18.7
34.4
25
8.9
6.4
42.2
12
43.3
34.2
45.5
33.3
45.7
38.6
13.3
28.9
12.2
442.6
1.18
0.277
0.54

11.2
21
15.3
5.5
3.9
25.9
7.4
26.6
21
27.9
20.4
29
22.7
8.2
17.7
7.5
271.2
1.27
0.278
0.56

13.3
15.7
9.0
3.0
2.2
14.3
4.0
11.7
11.6
12.4
11.3
13.7
11.3
5.4
6.8
4.2
149.0
1.21
0.341
0.57

6.6
5.8
5.0
2.0
2.0
6.5
3.0
7.5
6.4
6.0
6.0
6.2
5.9
2.4
5.2
2.2
78.7
1.05
0.400
0.51

38.7
33
29.3
11.7
12.3
38
17
44
37.6
35.2
35.5
66.6
66
14
30.5
12.9
462.3
1.00
0.386
0.50

22
18.8
16.7
6.5
6.9
21.2
9.5
22.6
21.5
15.6
13.9
30.3
30.7
8.0
11.4
7.4
263.0
0.98
0.420
0.49
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TABLE 4 - Concentrations of PAHs (ng/g; dry wt) in sediment samples of the sites (L/S4 , L/S5 and L/S6).

20/6/2007

5/7/2006

3/12/2006

14/3/2007

20/6/2007

Name of compounds*
1,2,4-Triethylbenzene
37.6+
30.3
48.7
17.5
6.4
29.7
1,3,5-Triethylbenzene
31.8
25.6
55.9
15.7
4.8
22.3
1-Methylnaphthalene
28.5
23
26.9
12.6
6.2
28.7
1-Ethylnaphthalene
11.2
9.0
8.9
3.9
3.0
13.9
Acenaphthylene
11.8
9.5
6.6
25
4.6
21.3
Fluorene
36.2
29.2
39.8
14.9
4.5
20.9
Phenanthrene
16.2
13
12
5.3
6.7
31
Anthracene
38.7
31.2
39
14.4
3.8
17.6
2-Methylphenanthrene
36.8
29.7
34.7
15.3
8.0
37.2
1-Methylphenanthrene
26.7
21.5
36
12.3
7.4
34.3
3,6-Dimethylphenanthrene
23.7
19
33.8
10.9
8.0
37
Fluoranthene
67.7
54.8
24.9
16.5
7.6
35.9
Pyrene
52.2
42.3
23.8
14
6.9
32
1-methylpyrene
13.7
11
13.5
5.8
4.6
21.3
Chrysene
19.5
15.7
29.3
8.7
6.4
29.7
Perylene
12.6
10.2
12.6
5.5
3.4
15.7
ΣPAHs (ng/g)
450.2 361.0 446.4 197.8
92.3
428.5
Flt. / Pyr.
1.28
1.29
1.04
1.17
1.10
1.12
Phenan. / Anthr.
0.418 0.416 0.307 0.368 1.763 1.761
Flt. / Flt. + Pyr.
0.56
0.56
0.51
0.54
0.52
0.53
Flt. = fluoranthene, Pyr. = pyrene, Phenan. = Phenanthrene, Anthr. = Anthracene.
*
The deviation of double determination of sediment samples was in the range of 4.3 - 18.3%.
+
Mean of 3 samples.

L/S6

14/3/2007

5/7/2006

3/12/2006

L/S5
20/6/2007

14/3/2007

3/12/2006

L/S4
5/7/2006

Site
Sampling date

14.8
11.2
14.3
6.9
10.6
10
15.9
8.4
19
17.7
18
18.3
15
10.6
14.8
8.0
213.5
1.22
1.892
0.55

24.4
18.5
23.6
11.4
17.5
16
26.7
13.8
31.3
29
29.7
35
24.7
16.4
22.6
13.4
353.6
1.40
1.934
0.58

20.9
19.4
26.7
11.9
18
14.7
28.7
14.5
32.8
30.9
26
20.7
17.7
14
23.7
14
334.7
1.16
1.979
0.54

14
15
19.3
8.6
13
20.8
10.6
23.8
10.5
18.8
22.4
16.2
12
17.2
10.2
9.6
242.0
1.35
0.445
0.57

6.8
7.3
9.4
4.2
5.6
10
4.9
11.6
4.3
9.2
10.9
8.6
5.9
8.3
5.5
4.7
117.2
1.45
0.422
0.59

21.2
22.4
29.7
12.8
17.7
31.2
14.9
36.5
12.8
29.5
34
27.6
23
25.6
15.5
12.7
365.7
1.20
0.408
0.54

TABLE 5 - Concentrations of PAHs (ng/g; dry wt) in sediment samples of sites (L/S7 , L/S8 and L/S9)
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20/6/2007

5/7/2006

3/12/2006

14/3/2007

20/6/2007

Name of compounds*
1,2,4-Triethylbenzene
13.2+
11.3
14.7
16.3
10.2
10.5
1,3,5-Triethylbenzene
19.5
16.7
21.7
24
15
17
1-Methylnaphthalene
18.2
15.6
20.3
22.5
14.2
12.4
1-Ethylnaphthalene
6.8
5.8
7.5
8.3
5.5
6.5
Acenaphthylene
6.0
5.2
6.8
7.5
4.7
4.5
Fluorene
29
24.8
32
35.5
18.6
17.6
Phenanthrene
14.9
12.7
16.5
18.3
11.5
15.5
Anthracene
24
20
26
28.8
18
16.5
2-Methylphenanthrene
20
17.9
23.3
25.8
16.2
15
1-Methylphenanthrene
25.8
22.4
29
32.2
20.5
18.5
3,6-Dimethylphenanthrene
16
13.7
17.8
19.7
10.4
12.6
Fluoranthene
17
12.4
18
20.6
13.3
11.8
Pyrene
11.7
10
12.9
16
10
9.0
1-methylpyrene
9.8
8.3
9.7
10.6
6.6
7.3
Chrysene
14.3
12
15.6
17.3
10.8
11.6
Perylene
10.2
8.7
11.3
12.5
7.8
7.0
ΣPAHs( ng/g)
256.4 217.5 283.1 316.6 198.6 193.3
Flt. / Pyr.
1.45
1.24
1.39
1.28
1.33
1.31
Phenan. / Anthr.
0.620 0.635 0.634 0.635 0.638 0.939
Flt. / Flt. + Pyr.
0.59
0.55
0.58
0.56
0.57
0.56
Flt. = fluoranthene, Pyr. = pyrene, Phenan. = Phenanthrene, Anthr. = Anthracene.
*
The deviation of double determination of sediment samples was in the range of 4.3 - 18.3%.
+
Mean of 3 samples.

L/S9

14/3/2007

3/12/2006

5/7/2006

L/S8
20/6/2007

14/3/2007

3/12/2006

L/S7
5/7/2006

Site
Sampling date

14.3
23.2
16.8
8.8
6.2
22.8
21
22.4
20.4
21
17.2
16.3
12
16
15.7
9.5
263.7
1.35
0.937
0.57

35.2
57
41.3
21.6
15.3
56
51.6
55
50
51.8
42.3
41.6
40
29.5
38.6
23.4
650.2
1.04
0.938
0.51

14.7
18
15.5
7.8
8.0
26
17.9
21
23
25
17.5
19
14.6
8.8
13
11.5
261.3
1.30
0.852
0.56

16.2
19.8
17
8.6
8.8
28.6
19.7
23
25.3
27.5
19.2
21
17.9
9.7
14.3
12.6
289.2
1.17
0.856
0.54

21.2
25.9
22.3
11.3
11.5
37.5
25.8
30.2
33.2
36
25.2
28.5
25
12.7
18.7
16.5
381.6
1.14
0.854
0.53

75.5
92.5
79.6
40.3
41
133.8
92
107.8
118.5
128.5
89.6
100.7
93.4
45.4
66.7
58.9
1364.2
1.07
0.853
0.55
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FIGURE 2 - Chromatogram representing the PAHs compounds separation in the sediment samples of the site L/S4.

FIGURE 3 - Distribution of total PAHs (ng/g; dry wt) in sediments of the area of investigation.

less than those of other hydrocarbons, due to the biodegradation and oxidation.
The ratios of fluoranthene to pyrene "Flt./Pyr." and
phenanthrene to anthracene "Phenan./Anthr." have been
widely used to distinguish petrogenic and pyrogenic sources
of PAHs [19,20]. PAHs of petrogenic origin are generally
characterized by "Phenan./ Anthr." ratios of >10, whereas the
combustion processes often result in lower "Phenan./Anthr."
ratios (<10). For the "Flt./Pyr." ratios, values greater than
1 have been used to indicate pyrolytic origins and values
less than 1 are attributed to petrogenic source [21, 22]. In
The present study, all sediment samples, "Phenan./Anthr."
ratios are less than 10 and "Flt./Pyr" ratios are greater than 1,
indicating pyrolytic sources of PAHs. These sources are

confirmed by other parameter such as fluoranthene to fluoranthene plus pyrene "Flt./Flt.+Pyr." [23,24]. In fact we
found that the ratio of "Flt./Flt.+Pyr." is between (0.49-0.59)
and ascribed to pyrolytic sources. Consequently, the origin
of these compounds is probably associated with the factors
related to fuel combustion [25] and to other anthropogenic
activities such as sewage and industrial discharges. Such
discharges reach the sediments through the tributaries that
nourish the water of Alkaber Aljanuby river.
In order to assess whether sediments in the samples
would cause toxic effect, PAHs levels were compared
against the effects-based guideline values such as Effect Range Low (ERL), Effect Range Median (ERM) and
the apparent effects threshold values developed by the US
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TABLE 6 - Concentrations of PAHs (ng/g dry wt.) in sediments of some sites in the Mediterranean and other regions in the world.
Region
King George Iceland
Malaysia
Sultanate of Oman
Egypt
Australia
Baltic sea and Germany shores
Turkey
Italy

PAHs
(ng/g dry wt.)
9.45-270.5
260-590
398.3-787.6
88 – 6338
20 – 6800
9.5 –1871.3
22800 – 427900
74 – 5755

Site

Reference

Admirality Bay
East coast peninsular Malaysia
Mina AlFahal
Along the Mediterranean shore of Egypt
Estuaries of south-eastern Australia
Baltic Sea and the German coastal Waters
Strait of Istanbul (Bosphorus)
Ganzirri and Faro marine coastal lagoons in Messina

Natural Oceanic and Atmospheric Administration [26, 27].
The concentrations of total PAHs and individual PAH in
most samples were lower than their respective ERL values.
However, all sites with the total PAHs concentration of
78.7-1364.2 ng/g showed lower effects-based guideline
values than ERL value (4000ng/g). It may be concluded that
PAHs may cause low toxic effect but would not cause
immediate biological effects in the sediment of Alkaber
Aljanuby river estuary.
When comparing the results obtained with those shown
in Table 6, we notice that PAHs concentrations recorded in
this study are far less than those recorded in Australian
shores, Egypt, Turkey, and Admiralty Bay of Iceland, but
still approaching the concentrations recorded in the shore
of the eastern coast of Malaysia, Baltic sea, Germany shores
and Mina Alfahal in the Sultanate of Oman.

[28]
[3]
[29]
[30]
[31]
[32]
[33]
[34]

recorded at the eastern shore of Malaysia, Baltic sea, German shores and Mina Alfahal at Oman Sultanate, but they
are far less than the concentrations recorded at the shores of
Australia, Egypt, Italy and Admirality Bay in Iceland.
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ABSTRACT
A knowledge system (KS) is a knowledge that is unique
to a given group of persons. This form of knowledge may
have a local or natural origin and is linked to the community that has produced it. On the contrary, the core of mainstream science (MS) is the desire to profoundly understand
processes, through sequential studies such as hypothesis
formulation, experiment and prediction. Thus, KS is communitarian and MS is universal. KS can be understood and
rendered universal through MS. In general, a process discovery (know-how) may be intuitive, accidental, conjectural or inspirational but outcomes should be predictable
and repeatable as soon as the know-why is achieved by
MS. This paper argues that the technology of using metallic iron for water treatment has all the characteristics of a
KS and that promoters of this technology have deliberately rejected scientific arguments leading to the know-why
of the fortuitous discovery. Consequently, the technology
has developed into an impasse where controversial discoveries are reported on all relevant aspects. It is concluded that the integrity of science in endangered by this
communitarian behaviour.

KEYWORDS: false premise, knowledge system, mainstream
science, peer review, zerovalent iron.

1. INTRODUCTION
The use of elemental iron (Fe0) for water treatment
has attracted much attention thanks to its great potential
for removing several classes of substances from the aqueous phase [1-9]. Fe0 has been proven the most efficient
material for subsurface reactive permeable barriers (reactive walls) [6, 10, 11]. Actually, there are about 180 Fe0
reactive walls installed worldwide [6]. The large majority
of them been meeting their design goals.
* Corresponding author

The use of Fe0 in reactive walls was discovered around
1990 as summarized in ref. [6]. Gillham and his colleagues
[12] fortuitously found that trichloroethylene was reduced
in a steel canister. This result was reproducible. Subsequent
“laboratory testing and verification" experiments were performed [13-15]. To understand the importance of this discovery, one should consider that chlorinated organic compounds are more toxic and less biodegradable than their
non-chlorinated reduction products. Accordingly, reducing
chlorinated organic compounds is an ideal way to make
them less toxic and more biodegradable. The discovery of
Gillham et al. [12] coincided with the active search of
appropriate materials for reactive walls after the concept
for groundwater remediation presented by McMurty and
Elton [16]. From 1990 on, Fe0 has been tested at several
scales and is now an established technology for water treatment (groundwater remediation, wastewater treatment, safe
drinking water production) [4, 5, 7-9, 11]. However, despite observed efficiency, the Fe0 reactive wall technology
as a whole is based on a false premise which should be
clarified before the technology develops properly.
The objective of this communication is to demonstrate
that leading scientists or research groups working on “water treatment with Fe0” are too confident with the false premise that iron is a reducing agent for contaminant reductive transformations. Accordingly, each alternative concept
is systematically disregarded, endangering the integrity of
science and questioning the efficiency of the peer review
system. For the sake of clarity, the popular state-of-the-art
knowledge on the mechanism of contaminant removal in
Fe0/H2O systems will first be presented.

2. MECHANISM OF CONTAMINANT REMOVAL
Since the introduction of Fe0 bed filtration technology
for groundwater remediation, several contaminants and
contaminant groups have been reported to be removed by
reductive transformations [17-19]. Clearly, contaminants
were considered to be removed because of their chemical
transformations possibly making them less harmful (reductive degradation) or less mobile (reductive precipitation).
Accordingly, the case for which reduction products are
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toxic is still actively discussed [20]. Moreover, the formation of the universal oxide film on Fe0 (reactivity loss)
and the pore filling by iron corrosion products (permeability loss) have been regarded as the major inhibitive factors for the process of contaminant removal [3, 21-23].
The formation of the universal oxide film at the surface of Fe0 is a characteristic of iron corrosion at pH > 4.5
[24, 25]. The film results from the precipitation of iron
(hyrdr)oxides at the surface or in the vicinity of Fe0. In
separating Fe0 from water, the formed porous film necessarily lowers the kinetic of iron oxidation. On the other
hand, the permeability loss results from the expansive
nature of iron corrosion. In fact, upon corrosion, the volume of formed iron oxide is 2.08 to 6.40 times larger than
the volume of the parent metal (V0) in the lattice (Fe0)
[26,27]. The volumetric expansion (ΔV - Eq. 1) corresponds
to the extent of porosity loss.
ΔV = (η - 1)*V0

(1)

Where 2.08 ≤ η ≤ 6.40.
The hitherto presentation shows that three major
opened questions of the Fe0 technology are: (i) how can
harmful reaction products be removed? (Question 1) (ii)
how can reactivity loss be prevented? (Question 2) and
how can permeability loss be properly considered? (Question 3) Answering these three questions will accelerate
technology development and could open new perspectives.
However, it is not likely that the popular state-of-the-art
knowledge presented above will enable the adequate search
of answers because it has neglected several key aspects. It
should be emphasized that Question 2 and Question 3 have
been recently theoretically addressed. It was shown that
mixing Fe0 (< 52 vol-%) with inert or reactive but non expansive additive will sustain long term corrosion and
prolong Fe0 bed’s lifespan [28, 29]
3. FUNDAMENTAL FLAWS OF THE
CURRENT ACCEPTED MECHANISM
The premise that aqueous contaminants are reduced
by Fe0 is founded on the thermodynamic instability of Fe0
in aqueous solutions (immersed iron corrosion). Accordingly, all oxidized contaminants which electrode potential
is larger than that of Fe0 (E0Fe2+/Fe0 = -0.44 V) should be
reduced by Fe0. However, water (H2O or H+ - E0H+/H2 =
0.0 V) as solvent is also corrosive for Fe0 and is present in
stoichiometric abundance. Accordingly, irrespective from
the presence of any reducible species (including dissolved
oxygen and contaminants), water will oxidize Fe0. This
reaction can not be considered a side reaction as has been
mistakenly done [17] (Mistake 1). Moreover, it is the oxidation of Fe0 by water that produces the oxide scale responsible for the reported reactivity loss. Accordingly, reactivity
loss is an inherent property of Fe0 and should properly
considered if Fe0 is to be used in aqueous solutions (at pH
> 4.5). In this respect, enhancing the reactivity of Fe0 by

reducing its particle size (µm and nm) for example will
not avoid the formation of the universal oxide scale. The
oxide scale is necessarily a diffusion barrier for all dissolved
species as its shields the Fe0 surface [24, 25]. Note that the
initial oxide scale is porous alloying retarded transport of
water and dissolved species including FeII, H/H2 and eventually molecular O2. The initial porous film may develop to
an impervious one which stops corrosion. The process of
film formation is rigorously the same under anoxic and
oxic conditions. The major difference being the kinetics.
According to Cohen [25] the film forms 65 times slower
under anoxic conditions. Given that adsorbed FeII and
H/H2 are powerful reducing agents, they will more likely
contribute to contaminant reduction (if applicable) than
the surface of Fe0 [30]. Accordingly, even when contaminant reduction is quantitative, effective reducing agents
are likely primary iron corrosion products (indirect reduction by FeII and H/H2) (Mistake 2).
The paramount mistake (Mistake 3) has been to confound “contaminant removal” and “contaminant reduction”. The goal of water treatment is contaminant removal
and it is very difficult to say whether the reduction of a
species has been achieved by electrons from Fe0, FeII or
H/H2 (direct or indirect reduction). It is clear that a reduced
contaminant should be removed from water to obtain clean
water. The five major contaminant removal mechanisms
in Fe0 beds are: adsorption, co-precipitation, precipitation,
size-exclusion and volatilization. Biological and chemical
transformations could influence the removal capability of
a substance but are not removal mechanisms. Accordingly,
Question 1 (how can harmful reaction products be removed? – Section 2) should be revisited because contaminants and transformation products should be removed from
the aqueous phase. Moreover, contaminant transformation
products have been removed from the aqueous phase,
unless the technology would have not been efficient. The
problem is that “contaminant removal” and “contaminant
reduction” were randomly interchanged.
The hitherto presentation has unmasked the popular
state-of-the-art knowledge on the process of aqueous contaminant removal by Fe0 as non accurate. This false premise is well-accepted and repeated in the introduction of
many articles and books. The question arises why the technology is efficient.
4. THE REAL MECHANISM OF CONTAMINANT
0
REMOVAL IN FE /H2O SYSTEMS
The real mechanism of aqueous contaminant removal
in the presence of Fe0 (e.g. Fe0/H2O systems) can be derived from the pH dependence of the solubility of iron
(FeII, FeIII) in aqueous solutions (Fig. 1) [31-33]. In other
words, Fe0 can be regarded as generator for Fe species and
the behaviour of these species used to discuss the efficiency
of contaminant removal. In this case, the major question
for Fe0/H2O sustainability is how to maintain the corrosion
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tor of the removal of non-reducible organic species (triazoles). The new concept stipulates that adsorption and coprecipitation are the fundamental mechanism of contaminant removal, regardless of the redox properties.
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It is very important to note that contaminants are not
removed by Fe0 or individual Fe phases but by the whole
process of aqueous iron corrosion in a porous system (e.g.
bed, wall) [39, 40]. Although this plausible explanation is
compatible with the open literature on the interaction of
iron oxides with contaminants in the hydrosphere as recently demonstrated [7, 40], some leading scientists [46-48]
are continuing to defend the false premise with supposedly scientific arguments [49, 50]. This attitude has degraded the research community on Fe0 to a sort of modern
communitarian knowledge system.
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FIGURE 1 - Solubility data of FeII in 0.1 M NaCl (25 °C) and FeIII in
0.01 M NaCl (25 °C) as a function of pH. Data for FeII are from ref.
[33] and data for FeIII from ref. [31].

process? (Question 4). Answering Question 4 is over the
scope of this communication. However, is should be noticed that the continuation of the corrosion process depends on the porosity of the initial oxide scale on Fe0
[34]. In other words, answering Question 4 will consist in
investigating the effects of operational conditions on the
porosity of the oxide scale in long-term experiments. In
such experiments, the oxide scale should allow to form
and transform on the surface of Fe0 (no or slow agitation,
shaking or stirring).
Figure 1 shows clearly, that for pH > 5 the solubility
of Fe under oxic conditions is smaller than 10–5 M (0.56 mg).
Under anoxic conditions, FeII has a relatively high solubility.
The saturation concentration of FeII species approaches
0.5 M (28 g/L) at room temperature. However, dissolved
Fe concentrations drop below 10-12 M (5.6*10-11 g/L) if
FeII is polymerized e.g. [Fe(OH)2]n or oxidized to FeIII
species [35]. This reaction results in the precipitation of
Fe phases. FeIII species can also form under anoxic conditions, for example, when water contents oxidizing species
like NO3-, MnO2 or MnOOH. FeII oxidation and Fe phase
formation is often catalyzed by microorganisms. FeIII
phases which form from solution begin as small clusters
that evolve into larger polymeric units with time, eventually reaching colloidal sizes [36]. Contaminants are necessarily enmeshed in the matrix of corrosion Fe phases and/or
adsorbed at their surface [37, 38]. Adsorbed or enmeshed
contaminants can be further reduced by diffusing FeII and
H/H2. Reduced contaminants will be adsorbed/enmeshed.
That is the way contaminants have been successfully removed in Fe0/H2O systems [39, 40]. This statement is supported by results of some few authors (e.g. ref. [41-45], but
the validity of the reductive transformation concept has
never been systematically questioned. For example, Furukawa et al. [43] stated that “the ubiquitous presence of
ferrihydrite suggests that the use of Fe0-PRBs may be extended to applications that require contaminant adsorption
rather than, or in addition to, redox-promoted contaminant
degradation”. Jia et al. [44] used Fe0 as adsorbent genera-

5. A MODERN KNOWLEDGE SYSTEM
Currently the expression knowledge system is used in
the scientific literature to describe efficient knowledge that
has been used by small communities in the third world and
by indigenous peoples in North America and Australia
[51-55]. According to Mapara [55], indigenous knowledge
systems (IKS) are bodies of knowledge of the indigenous
people of particular geographical areas that have survived
on for a very long time. They are knowledge forms that
have failed to die despite colonial onslaught and scholar
arrogance [55]. In social science, it is commonplace to
scientifically investigate a IKS in order to extent its applicability [55, 56]. Sometimes, despite proven amelioration of IKS by mainstream science, indigenous people are
not ready to modify their original knowledge unless its
holistic socio-cultural and spiritual dimensions are conserved.
Presently, the same trend is observed in using Fe0 for
water treatment as demonstrated above. Whatever modern
experimental tools have demonstrated to sustain the false
premise, the objective of investigations were falsified
and/or good results were misinterpreted. There is no need
to multiply examples. Interested readers are referred to two
recent articles [57, 58]. The sole example will be that of
efforts to establish a mass balance to demonstrate the efficiency of Fe0 to reduce contaminants [59]. In real systems
contaminants are removed within the oxide scale on Fe0.
It is not likely that water will release enmeshed contaminants because water can not dissolve iron oxides [60].
Accordingly, researchers reporting on mass balance without dissolving corrosion products have necessarily done
something wrong like mechanically stirring the solution [59].
The fact that many researchers are confident to this
modern knowledge system is related by the huge number
of peer review articles, that have been published on this
topic during the last 17 years (from 1994 on). Peer review
is the process that requires experts in a given field to
evaluate an author’s work and ideas in that same field,
usually for the purpose of publishing a paper or awarding
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a grant [61]. Considering this definition, it is fair to say
that experts in the field of water treatment with Fe0 have
built a “modern knowledge system” which is now challenging mainstream science. It is superfluous to recall that
good manuscripts and proposals have been rejected, the
curse of their authors being to think outside of the box.
6. CONCLUDING REMARKS
The present communication has recalled the danger of
the expert feedback system when peer reviewers are not
competent. The situation is exacerbated when a college of
experts has been built around a false premise for years (yet
two decades) [62]. During this time at least four generations of PhD students have spent their youth working on
an idea defying mainstream science. This harsh criticism
is not to make colleagues look bad, but rather to question
the efficiency of the interdisciplinary approach. Iron corrosion is an old research field, where chemists, electrochemists, physicists have controversially discussed for decades [34, 63-65]. It is not likely that researchers without
good chemical background will understand the important
features of iron corrosion without guidance.
The process of discovery may be intuitive, accidental,
conjectural or inspirational but outcomes should be developed to predictable and repeatable issues. Despite 20 years
of intensive research, no repeatable or predictable results
have been achieved while using metallic iron for water
treatment [57, 58]. Accordingly the whole achieved results is highly qualitative. Furthermore, all existing models for the process of contaminant removal in Fe0/H2O
systems are faulty as none up to date properly considers the
fundamental process of co-precipitation. To exploit the
huge potential of Fe0 for environmental remediation and
safe drinking water provision, a concerted research scientific effort is needed [39, 67-70]. The first step to this great
future will be to abandon false premises and develop the
actual communitarian knowledge system to a real scientific
community.
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ABSTRACT
Landfilling and leachate treatment is one of the most
serious issues in solid waste management. Treatment of
landfill leachate is very difficult due to its high pollutant
loads. In order to understand the landfill stabilization
phases and determine the convenient treatment techniques,
detailed and long term physical and chemical characterization of leachate is required. In the scope of this study,
leachate samples taken from selected municipal solid waste
landfill sites which have different ages and exhibit different climatic conditions. Leachate samples collected from
different cities in Turkey namely Istanbul, Ankara, Antalya, Bursa, Gaziantep, Samsun and Trabzon landfills were
characterized in order to investigate the effects of stabilization periods, climate and landfill exploitation on leachate
quality. As a consequence, leachate pollutant concentrations
were found to be extremely different in landfills despite
their similar climatic conditions. Moreover, organic concentrations fluctuated during one year period. There was a
correlation between the organic pollutant concentration,
BOD5/ COD ratio and landfill age. Although high BOD5/
COD ratios and COD concentrations up to 71000 mg/L
were observed in young landfills, lower COD concentrations
about 5000 mg/L were obtained in the landfills which were
being operated more than two years. Different climatic
conditions in landfill sites provided to understand the effects of climate and seasonal changes on leachate properties. In dry seasons, pollutant concentrations were found to
be higher than rainy seasons due to a lack of dilution as a
result of precipitation. BOD/COD ratio which is the most
distinctive parameter for the stabilization of leachate was
observed to be higher than 0.5 for most leachate samples
except Ankara.
KEYWORDS:
Solid waste landfill; leachate; characterization; Turkey

1. INTRODUCTION
Rapid urbanization and increase in population leads
to many problems in developing countries. Solid waste
management is one of the major problems that Turkey has
* Corresponding author

to overcome. In the past, solid wastes were disposed to
wild dumping sites in Turkey. Due to its harmful and
dangerous effects to environment, sanitary landfills are
preferred over wild dumping sites for over a decade in most
of the cities in Turkey.
Leachate treatment is one of the most serious issues
in landfill operation. The composition of leachate varies
with the content of disposed solid wastes, the landfill storage duration, landfill exploitation and climatic conditions.
Organic content of leachate is an important parameter in
treatment facilities. In young landfills COD concentration
is very high and BOD5/COD ratio is greater than 0.5 due to
degradation of complex organics. As the age of the landfill
increases this ratio becomes eventually smaller than 0.2 as
a result of organic matter consumption of bacteria under
anaerobic conditions in landfills [1]. Nitrogen content is
also another important problem. High ammonia concentrations along with high pH in leachate lead to increase in
free ammonia concentration which is highly toxic to bacteria.
The other important parameter for the characterization of leachate is pH; it affects chemical processes the
basis of which is mass transfer in leachate, such as precipitation, dissolution, redox and sorption reactions. Generally, in young landfills pH decreases in response to acidic
conditions due to acid formation in anaerobic degradation,
increase the solubility of chemical constituents such as
oxides, hydroxides and carbonated species [2]. In old landfills, pH increases because of the consumption of VFAs
which are produced in acid phase of anaerobic degradation.
One of the most serious parameters for the determination of leachate characterization is landfill age. Variations
in composition of leachate not only depend on landfill age
but also on the degree of waste stabilization and the volume
of water that infiltrates the landfill. The pollutant load in
leachate generally reaches maximum values during the first
years of operation of a landfill (2–3 years) and then gradually decreases in the following years [3]. Another important
parameter that leads to changes in leachate composition is
leachate recirculation. Although there are several advantages of leachate recirculation at landfills like enhancing
the degradation rate of the waste, increase in the rate of
gas production and providing decrease in COD and BOD
[4,5], it may lead to clogging and flooding problems [6].
In this study, totally twenty seven leachate samples
collected from different landfills in Turkey (Istanbul, Bursa,
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Antalya, Ankara, Trabzon, Samsun, Gaziantep) were investigated in order to define a leachate characterization that
can represent Turkey’s landfills. The landfills were located
in the different regions of Turkey and exhibit different
climatic conditions. Leachate samples were analyzed by
chemical and physical means. Thus a complete leachate
composition of Turkey was developed in order to be used
as a guideline for the design of leachate treatment plants.
2. MATERIALS AND METHODS
2.1. Landfill Sites

Leachate samples originated from eight municipal landfills were collected for the physical and chemical characterization of pollutants. While choosing landfill sites and cities,
population, climate of region, waste compositions and age
of landfills were considered to develop representative results. Detailed landfill properties of İstanbul Kemerburgaz,
Ankara Şereflikoçhisar, Antalya, Bursa Hamitler, Gaziantep,
Samsun and Trabzon landfills were summarized in Table 1.
These cities are located in five different regions of Turkey

(Figure 1) and exhibit different climatic conditions, populations and social environment. Composition of stored solid
waste, landfill exploitation and properties are also different.
Trabzon and Samsun have a typical Black Sea climate with high rainfall during the year. Precipitation is
heaviest in autumn and spring. On the other hand Antalya
has Mediterranean climate with hot and dry summers and
mild, rainy winters. In contrast, Gaziantep has a rough
continental climate. Winters are cold while in summer
time, often too hot. Istanbul and Bursa have a Mediterranean climate with hot, humid summers. Winters are cold,
damp and rainy and there can be snow. All landfill sites
have leachate treatment facilities except Ankara and Gaziantep. Leachate is recirculated back to waste body in
Ankara and Gaziantep.
In Turkey, instead of placing solid waste by lots, it is
generally placed to the landfill sites by layers that lead to
interference of old leachate to young leachate originated
from freshly disposed waste body. As a consequence, despite the fact that the landfills have been operated for many
years, the leachate may include high organic pollutants.

TABLE 1 - Landfill composition and general properties

Solid waste
amount (tons)
Start up date
Organic content
of solid waste (%)
Recyclable waste (%)
Inorganic content of
solid waste (%)
Number
of Valleys
Total Storage Area (ha)
Lifetime (years)

Ankara
Şereflikoçhisar
50000

Gaziantep

2143874

Bursa
Hamitler
6739483

Samsun

Trabzon

3567969

Istanbul
Kemerburgaz
35713203

167979

328041

-

2004
67

1995
52.1

1996
52

1995
54.4

2008
41.7

2007
57.4

-

27
4

32.3
15.6

26
22

33.1
12.45

15.7
42.55

8.3
34.3

2

7

5

-

6

3

1

4.3
30

67.1
26

83
30

256
50

17

13.9
20

1.2
7

2006

Antalya

FIGURE 1 - Leachate samples collection points.
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Although selected landfill sites are active and solid
waste is being disposed municipal continuously, in Bursa
leachate samples were taken from a storage basin which
combines leachate of active landfill lot and closed old
landfill lots.

lyzed as soon as possible. The analytical methods were
based on the Standard Methods [7]. The colorimetric measurements were conducted with spectrophotometer. The following parameters were systematically monitored; pH,
COD, BOD 5, solids content (TS, TVS), total and volatile
suspended Solids (TSS, VSS), conductivity (µS/cm), total
dissolved solids (TDS), color (units PtCo), ammonia, TKN,
TOC, chlorides, alkalinity and total phosphorus.

2.2. Sampling and Chemical Characterization

Leachate samples were collected from landfill sites,
transported to the laboratory and stored at 4°C and ana-

TABLE 2 - Physical and chemical characterization

pH
Conductivity
(µS/cm)
Total Alkalinity
(mg/L CaCO3)
TDS
(mg/L)
TSS
(mg/L)
VSS
(mg/L)
TS
(mg/L)
TVS
(mg/L)
COD
(mg/L)
BOD5
(mg/L)
TOC
(mg/L)
TKN
(mg N/L)
Ammonia
(mg N/L)
Color
(Pt-Co)
Chloride
(mg/L)
T.Phosphorus
(mgP/L)
BOD5 / COD

pH
Conductivity
(µS/cm)
Total
Alkalinity
(mg/L CaCO3)
TDS
(mg/L)
TSS
(mg/L)
VSS
(mg/L)
TS
(mg/L)
TVS
(mg/L)
COD
(mg/L)
BOD5
(mg/L)
TOC
(mg/L)
TKN
(mg N/L)
Ammonia
(mg N/L)
Color
(Pt-Co)
Chloride
(mg/L)
T.Phosphorus
(mgP/L)
BOD5 / COD

İstanbul
Kemerburgaz
July
2009
7.4

İstanbul
Kemerburgaz
December
2009
7.0

İstanbul
Kemerburgaz
May
2010
7.3

Ankara
Şereflikoçhisar
May
2009
7.4

Ankara
Şereflikoçhisar
July
2009
7.7

Ankara
Şereflikoçhisar
November
2009
8.6

Ankara
Şereflikoçhisar
February
2010
8.1

Bursa
Hamitler
June
2009

Bursa
Hamitler
August
2009

Bursa
Hamitler
November
2009

Bursa
Hamitler
February
2010

Antalya
May
2009

Antalya
July
2009

Antalya
September
2009

7.9

7.7

7.7

7.6

6.1

6.3

7.8

34200

24800

30200

5160

23900

23500

12140

30300

30600

11640

13870

25800

33900

32800

13950

8500

12850

925

5200

3000

1750

12400

11600

4500

5000

9750

14000

13550

20840

14610

18150

2590

14030

13730

6700

18570

18420

6400

7730

12940

20550

19840

2840

2800

2265

175

52

633

200

138

1617

590

740

4200

920

5450

1160

1830

1435

173

50

340

88

135

1517

468

400

2900

820

3280

34496

32510

34130

3663

15840

16840

7590

15200

23984

7420

8910

40390

56156

24090

5500

15470

15350

668

2676

2690

1290

2675

8644

2560

3100

19500

33350

9050

40600

48460

42880

565

1278

1480

555

4048

23451

4255

7670

61485

71148

23570

27000

26160

29360

122

150

140

73

1380

13475

2697

4810

31630

40000

15820

13612

12860

8065

125

368

623

223

1120

5761

2047

2543

25925

26607

8240

3445

1870

2300

50

630

163

1060

2920

3515

898

1400

2280

3313

3782

2740

1440

1775

29

488

91

820

2280

2000

710

850

2188

2260

3500

17000

27400

23300

3740

2875

6420

1640

7900

15900

9000

7900

14000

20000

27000

4200

3750

4400

1600

6680

8750

5150

5000

4400

1350

1100

4000

4300

2250

27

47.4

20

3.06

8.50

5.07

8.40

82.9

23.3

16.2

14.4

47.1

53.3

51.0

0.67

0.54

0.68

0.22

0.12

0.09

0.13

0.34

0.57

0.63

0.63

0.51

0.56

0.67

Antalya
December
2009
7.9

Trabzon
Trabzon
March 2009 May
2009
7.6
7.6

Trabzon
September
2009
7.5

Trabzon
December
2009
7.6

Gaziantep
March
2009
8.4

Gaziantep
June
2009
8.2

Gaziantep
October
2009
8.2

Gaziantep
February
2010
8.1

Samsun
June
2009
7.6

Samsun
September
2009
7.4

Samsun
November
2009
7.7

Samsun
January
2010
8.0

28600

12330

12700

12880

20680

33300

44400

38500

15850

32600

17800

12010

22400

11800

4200

5800

4800

7800

13100

14850

15500

9500

11600

10500

4000

8900

17100

6140

6350

7140

11950

16700

27500

23700

26700

16490

16550

6620

13050

1730

317

670

1220

1435

467

1385

1810

1685

1100

2120

760

1150

1255

252

530

760

835

417

783

1190

925

685

1150

545

755

19270

8003

10885

8590

15140

29287

32720

28500

17320

20410

24410

8770

12410

6910

3140

4555

3040

5890

10373

9420

7180

4430

7400

10190

3330

3490

14234

7390

8463

6665

17536

23155

19916

17846

9135

15340

28554

7656

3960

9281

3940

4046

3415

11283

11214

6750

9913

5150

8920

15611

5167

2110

4472

2941

3690

3031

5340

7850

7645

8678

3276

4750

8466

3770

1300

3920

600

1050

1038

1925

2190

3525

3900

2115

2325

2837

965

1955

3650

553

1000

920

1660

2130

2900

3550

1575

2000

2400

810

1630

24400

7950

19800

11600

22450

15150

15200

23450

15500

15850

15300

9700

13500

3250

1000

1500

1800

2100

5875

8250

8125

3750

3125

4600

2600

2600

27.1

6.6

16.5

15.5

16.7

18.4

19.2

15.6

20.8

16.9

11.8

9.6

21.5

0.65

0.53

0.48

0.51

0.64

0.48

0.34

0.56

0.56

0.58

0.55

0.67

0.53
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3. RESULTS AND DISCUSSION
Landfill leachate characterization is a serious issue for
the design of leachate treatment plants which is a demanding part of landfill operation. In order to understand the
landfill stabilization phases and investigate the variety of
pollutants in different regions of Turkey, collected leachate
samples were analyzed for a year and the measurement results were represented in Table 2.
COD concentrations were generally found as very high
in active landfill sites except Trabzon and Samsun which
have rainy climate. COD concentrations in Trabzon were observed to vary between 6000-8000mg/L in the first three
samples but it gradually increased to 17536 mg/L in December which can be explained with dry weather conditions
and high amount of organic solid waste disposal to the
landfill. A similar fluctuation was observed in Samsun.
In summer months, COD concentration was measured
as around 20000 mg/L, however it dramatically decreased
below 7000 mg/L in winter months in Bursa. Antalya
Landfill is another good example for this situation with its
fluctuating organic pollutants. COD concentration decreased approximately from 70000 to 15000 mg/L. High
fluctuations were also observed in past studies conducted
in İstanbul [8, 9].
Antalya and Gaziantep both have hot climates however;
in Antalya due to high organic solid percentage in waste,
higher COD and BOD concentrations were observed in
leachate. Moreover, in Gaziantep Landfill due to the lack
of treatment plant, leachate is being recirculated. The experiments clearly proved that organic content of solid waste

and leachate recirculation directly affects leachate composition.
On the other hand, organic content of leachate has regional variations. Although similar weather conditions are
observed in geographically close regions, leachate composition may still significantly vary. A previous study performed in Thessaloniki (North Greece) [10], fresh (young)
and stabilized (old) leachate samples were investigated.
COD concentrations of old leachate samples were found
between 685-15000 mg/L and 44000-115000mg/L for fresh
landfill leachate. Likewise, another study conducted in
Greece [11] with young landfill leachates reported very high
organic pollutant concentrations. All these studies proved
the importance and difficulty of leachate treatment. Selected operating processes should be flexible and meet the
varying organic loads.
Alkalinity concentrations of leachate samples were observed to be landfill specific and higher results were found
in the samples that have high ammonia content. Alkalinity,
which is an important parameter for piping and collection
of leachate due to the high scale forming capacity, was
found approximately between 4000-15000 mg/L CaCO3.
Ammonia concentrations were found in the range of
500-3600 mg/L. Due to its inhibitive effects on microorganisms [12, 9] necessary precautions should be taken against
inhibition during treatment process. It should be pretreated
if necessary.
BOD5/COD ratio which is the most distinctive parameter for the stabilization of leachate was observed to be higher
than 0.5 for most leachate samples except Ankara (Figure 2).
Lower BOD5/COD ratios were observed in summer months

0,7

0,6

0,4

0,3

0,2

0,1

İstanbul

Ankara

Bursa

Antalya

Tranzon

FIGURE 2 - BOD5/COD ratio variations with time.
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December,2009
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March,2009

December,2009

September,2009

July,2009

May,2009
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June,2009
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February,2009
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July,2009

May,2009

May,2010

December,2009

0

July,2009
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due to high microbiological activity. In previous studies,
BOD5/COD ratio of young leachate samples were found
between 0.4 [13] and 0.6 [8, 14] which indicated high biodegradability. However, this ratio gradually decreased to
nearly 0.1 [13] as a result of aging of landfill. In conclusion,
despite some fluctuations, all landfills demonstrated young
landfill properties according to BOD5/COD ratio, except
Ankara.
Physical and chemical characterization data demonstrated that Ankara Landfill owned an exceptional property. Although it is a young landfill, pollutant concentrations were found like a stabilized landfill leachate. This
situation may be explained by careless sampling or different leachate collecting techniques applied in landfill.

[2]

Christensen, T.H., Cossu, R., Stegmann, R. (1997) Landfilling of
waste: leachate, 2nd edition, Chapman and Hall, London.

[3]

Heyer, K.-U and Stegmann, R. (2000) Landfill Systems, Sanitary
Landfilling of Solid Wastes – Long-Term Problems with Leachate, Environmental Processes III, Biotechnology 2nd Edition

[4]

Bilgili, M.S., Demir, A. and Ozkaya, B. (2004) Effects of recirculation on leachate characteristics at landfills. Fresenius Environmental Bulletin, 13(10), 1000-1005.

[5]

Chan, G.Y.S., Chu, L.M. and Wong, M.H. (2002) Effects of
leachate recirculation on biogas production from landfill codisposal of municipal solid waste, sewage sludge and marine sediment. Environmental Pollution, 118(3), 393-399.

[6]

Šan, I. And Onay, T.T. (2001) Impact of various leachate recirculation regimes on municipal solid waste degradation. Journal of
Hazardous Materials, B87, 259-271

[7]

Clesceri, L., S. (1998) Standard methods for the examination of
water and wastewater, 20th edition. American Public Health Association, Washington, D.C.

[8]

Calli, B., Mertoglu, B. and Inanc, B. (2005) Landfill leachate
management in Istanbul; applications and alternatives. Chemosphere, 59(6), 819-829.

[9]

Inanc, B., Calli, B., Saatci, A. (2000) Characterization and anaerobic treatment of sanitary landfill leachate in Istanbul. Water Sci.
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4. CONCLUSION
In order to design a landfill leachate treatment plant, a
detailed literature investigation is important, however, this
study proved that the pollutant concentrations are extremely different in landfills even they have similar climatic conditions and age. Moreover, organic concentrations in leachate highly fluctuate during the operational
life of landfill which leads to serious treatment problems.
The treatment process should be selected according to its
own leachate characteristics and should be a flexible system that tolerates different pollutant loads.
For the treatment of landfill leachate that have high
COD and BOD5/COD ratio like Antalya (up to 70000 mg/L
COD), biological processes should be preferred. On the
other hand, physical and chemical treatments can be applied
to treat the leachate which has low COD, BOD5 concentration and BOD5/COD ratio.
In dry seasons, pollutant concentrations were found to
be higher than rainy season due to the lack of dilution upon
precipitation. This verified the importance of treatment process selection. BOD5/COD ratio which is the most distinctive
parameter for the stabilization of leachate was observed
higher than 0.5 for most leachate sample except Ankara.
Besides the climatic conditions and landfill age, the
waste content of landfill and landfill exploitation are the
most distinctive parameters that affect leachate quality.
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ABSTRACT

1. INTRODUCTION

Forests are the greatest and most important terrestrial
ecosystems on the planet. This paper analyzes problems
and challenges in Serbian forestry caused by climate change,
and its negative impacts on the forests and forest management. The greatest challenge to the management of the
forests and other natural resources is posed by the development of the adaptive measures in forest management,
as well as by their increasing vulnerability under various
climate change scenarios.
The fact that the climate change occurs much more
rapidly than it was anticipated, and has pointed out that
there is a need to incorporate the problems regarding the
adverse climate change on the natural resources in the priorities of the National Strategy of Scientific and Technological Development of Serbia. It is needed to conduct continuous researches and monitor the influence of the climate
change on the vertical and horizontal zoning of vegetation,
alternations in the current forest ecosystems, and effects of
this change during the establishment of new forests. The
previous activities aimed at reforestation were based on the
climate parameters from the previous multi-annual period,
and did not take into account the recent climate change,
which was reported in Serbia as well, for regeneration of
forest ecosystems.
Measures for adaptation of forest ecosystems in Serbia on negative impact of climate change should be ecologically sustainable over time, economically viable and
justifiable, have low starting costs, socially integrated, based
on local needs and tradition, technologically simple and
adaptable to volatile economic, political, social, ecological
and climate conditions.

Global warming and the potential changes of temperature and humidity have a very wide range of adverse
effects, both on the forest system, in general, and on the
individual trees [1-3]. Since intense effects of global warming in some regions can cause changes in productivity of
forests and their composition of plant and animal species,
the forest cover would become unsustainable. Such reactions to the climate change would lead to numerous consequences and adverse effects on the preservation of biodiversity and water integrity, environmental protection, protection of the natural areas from erosion, as well as on the
commercial forestry, wood processing industry, tourism,
recreation, etc.
The previous activities aimed at reforestation, nursing, growing and regeneration of forest ecosystems in Serbia are based on climate parameters from the previous multiannual period and do not take into account the new climate change reported in Serbia as well.
In order to minimize these adverse effects and use the
positive changes in the best possible way, the future influence of the climate change on each region should be individually studied in more detail.
This paper contains the interpretation and the illustrative presentation of the climate change on Serbia. The assessment of the future climate is presented by the results of
the climate modeling under the most commonly used scenarios of IPCC.
The paper also presents negative effects of climate
change, consequences and disturbances in forest ecosystems,
potential strategic and operational methods of forest ecosystems` adaptation and the modified framework of adaptable
forest management.

KEYWORDS: climate change, forest ecosystems, adaptive
measures, Serbia.

* Corresponding author

2. MATERIALS AND METHODS
The paper is not based on experimental methods, but
on the methods of analysis and synthesis, with the elements

2653

© by PSP Volume 20 – No 10. 2011

Fresenius Environmental Bulletin

of generalization and specialization, comparative analysis
and inductive-deductive methods, modeled on the current
theoretical-methodological knowledge.
Prior to the analysis, it was necessary to collect, systematize and evaluate the information on all elements affecting the function of forest ecosystems in Serbia, and their
interdependence, particularly on the environment.
The multi-decade data obtained by the systematic meteorological measurements are the only way in which the
valid assessment of the current conditions and their comparison with the previous periods can be made. In order to
analyze the climate characteristics and climate change in
Serbia, the arithmetic means of the numerous available
data related to time and area are used [4].
Based on the data provided by the Republic Hydrometeorological Service of Serbia, the thermal conditions
in Serbia in 2008 were assessed by using the normalized
deviations from the annual air temperatures. The deviations were determined based on the climate standards over
the period 1961-1990 [5]. The period was analyzed as a
whole.
The normalized deviations, showing how many
standard deviations the individual value is above or below
the normal level, are used for the presentation of the deviation from the normal level [6]. The territorial distribution
of the trend values is based on the trend values in the
points with the coordinates of the weather stations. The
values between these points are interpolated by using
Kriging’s method [7].
The assessment of the change of climate characteristics in Serbia is presented by the results of the climate
modeling under the most commonly used scenarios of
IPCC (Scenario SRES A1B and Scenario SRES A2). The
scenario A1B (model of mean annual temperature increase in Europe, in the late 21st century – from 2071 to
2100 - in comparison with the climate normal values from 1961 to 1990) belongs to the group of moderate
scenarios, which anticipates that CO2 concentration will
be about 700 ppm by the end of the century [8].
The SRES A2-scenario is a ‘medium-high’ scenario
and specifies a tripling of atmospheric greenhouse gas
concentrations by the end of the 21st century [8].
The analytical method, implying the results of the
previous researches on climate parameters as well as their
change and effects on the conditions of forest ecosystems
in Serbia, was applied. The data provided by the Republic
Hydrometeorological Service of Serbia, Public Enterprise
„Srbijasume”, The Ministry of Agriculture, Forestry and
Water Management - Forest Directorate, Republic Agency for Spatial Planning, Spatial Development Strategy of
Serbia from 2009 to 2020 and Spatial Plan of the Republic of Serbia until 2020 [9,10].

The proposed measures are based on previous works
and experiences that have proven to be effective.
3. RESULTS AND DISCUSSION
3.1 The climate characteristics and climate change in Serbia

It is known that the occurrence and survival of vegetation in certain areas, its distribution and altitudinal differentiation, along with the other ecological conditions, to
a great extent, also depends on the climate characteristics
of these areas. Numerous researches point out to this fact:
Kolic [11,12], Jovanovic and Kolic [13], Krstic [14], Krstic
et al. [15], Smailagic et al. [16] and Krstic and Cirkovic [17].
According to Rakicevic [18], three climate regions
are singled out in Serbia: continental, moderate-continental
and alternated continental. The greatest part of Central
Serbia is characterized by moderate-continental climate. The
well-expressed trend of air temperature increase is present in
all parts of Serbia [19].
Over the period 1950-2009, the following climate parameters were reported in Serbia:
- trend of the increase of the mean annual air temperature (about 1.2 °C in the 20th century) in most parts
of the territory, except for southeast Serbia, where
less negative trend of air temperature was reported;
- decrease of the annual amount of precipitation (the
highest decrease - about 120 mm - was reported in
Negotinska Krajina);
- occurrence of the extreme precipitation;
- increase of soil erodibility;
- deterioration of the physical soil characteristics;
- decrease of the protective role of vegetation cover
- less favorable conditions for natural and artificial
regeneration of mainly forest vegetation.
It is expected that these trends of climate change in
Serbia will continue in the future, which will significantly
alter the structure and function of forest ecosystems,
thereby imposing the need for the change of the previous
forest management.
The scenario of partial application of measures aimed
at decrease of emission of greenhouse gases (Scenario A1B,
SRES/IPCC) implies that the mean air temperature in
Serbia would increase by 3-4 °C compared to the reference period 1961-1990, and the amount of precipitation
would decrease by about 12% per year, compared to the
reference period, i.e. by about 24% in summer. However,
if no measures are taken (Scenario A2, SRES/IPCC), considerably higher increase of air temperature is anticipated,
particularly in summer (by 4-5 °C), as well as the greater
decrease of precipitation, which would be equal to 30%,
particularly in spring.
Based on the Spatial Development Strategy of Serbia
2009-2013-2020 [9], scenarios A1B and A2 (SRES/
IPCC) during this century point out to the fact that in the
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FIGURE 1 - The normalized deviations, with 10-year average relative variability over the period 1951–2008 (data from RHMS of Serbia [4]).

next decades more adverse effects on water supplements
and biological diversity in Serbia can be anticipated, which
would be mainly reflected in increase of water stress due to
decrease of available drinking water; increase of frequency
and intensity of torrential floods and landslides; deterioration of water quality owing to more frequent dry periods,
i.e. floods; increase of evaporation, decrease of precipitation, flow recession and water-level of rivers; decrease in
the number of snowy days, in the days with snow cover
and reduction of duration of seasons with snow cover;
decrease of groundwater resources; changes of vertical and
horizontal zonal distribution of vegetation; increase of soil
degradation and intensification of desertification processes
due to the increased erosion, soil salinisation, decrease of
nutrients in the soil; decrease of arable land due to erosion; increase of risk from diseases and pests; decrease of
hydro-energetic potential on average by 34-40% until
2070; increase of energetic potential of the wind and sun;
adverse effect on the mountain tourism due to the decrease
of the number of snowy days and days with snow cover;
increased water pollution owing to low water-levels, expansion of zone of disease agents; increased risk from disappearance of numerous species due to synergistic effects
of climate change and site fragmentation; redistribution
and migration or disappearance of some forest species due
to high temperatures and decrease of groundwaters; increase
of the risk from wildfires, etc.
Based on the data provided by the Republic Hydrometeorological Service of Serbia, the thermal conditions
in Serbia in 2008 were assessed by using the normalized
deviations from the annual air temperatures. The deviations were determined based on the climate standards over
the period 1961-1990. The period was analyzed as a whole.
The normalized deviation of mean annual air temperature
in Serbia over the period 1951-2008 is presented in Figure 1.
The normalized deviation of the mean annual air temperature in 2008 is positive and higher than 3, which means
that it was extreme warmer than the normal value. It is
visible that, from 1998 to 2008, each year was warmer
than the average (except for 2004-2005); so, based on the
results, it can be concluded that in the Republic of Serbia
the trend of increase of mean air temperature will continue.

The territorial distribution and trend intensity of trend
of annual air temperatures in Serbia, based on the data from
the periods 1951–2008 and 1991–2008, are presented in
Figures 2 and 3.

Period 1951-2008
Source: The Report on the Environmental Condition in the Republic of Serbia for 2008 (2009) [20]
FIGURE 2 - Territorial distribution and intensity of trend of annual
air temperatures in Serbia (from 1951 to 2008).

It is seen in Figure 2, based on the 1951-2008 data, that
in the most parts of Serbia, except for the farthest southeast
and the vicinity of Leskovac, the trend of the increase of
annual air temperature is present.
After 1990 (Figure 3), the increase of annual air temperate is typical for all parts of Serbia, and the increase of
air temperature over the period 1991–2008 is considerably greater than over the period 1951–2008.
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nant species is Turkey oak, which accounts for 15.0% of
the total area, for 13.0% of the total volume and for 11.4%
of the volume increment.
The beech, as the most dominant broadleaf species in
Serbia, is a meso-thermal species, well-adapted to the moderate temperatures, quantities of moisture, and shady conditions (sciophytes). In contrast to the beech, most oaks in
Serbia are xero-thermic (they grow at dry and warm sites)
and light-loving species (heliophytes). Regarding conifers,
pines are light-loving species, adaptable to the ecological
conditions of temperature, moisture and soil. The spruce
and fir are sciophilic, i.e. shade-loving species.

Period 1991-2008
Source: The Report on the Environmental Condition in the Republic of Serbia for 2008 (2009) [20]
FIGURE 3 - Territorial distribution and intensity of trend of annual
air temperature in Serbia (from 1991 to 2008).
3.2 Forest areas and percents of some tree species in Serbia

Serbia is considered to be a medium-forested country.
Forests account for 29.1% of the total area of Serbia
(7.1% in Vojvodina, 37.6% in Central Serbia). The other
forestland, which by the international definition also includes bushes and scrubs, accounts for 4.9% of the territory, which in total accounts for 34.0 or 36.3% of the productive soil of Serbia [21].
By Bankovic et al. [21], 40 broadleaf and 9 conifer
tree species were reported, as well as the uneven presence
of the reported tree species in the total growing stock.

common	
  oak
1%
spruce
4%
hungarian	
  oak
7%
pines
6%

other
20%

beech
29%

birch,	
  aspen,	
  
acacia
10%

Turkey	
  oak
15%

sessile	
  oak
8%

FIGURE 4 - Percentage of some tree species in the total forest area
of Serbia.

The beech is dominant, since it accounts for 29.0% of
the total area, for 40.5% of the total volume and for
30.6% of the total volume increment. The second domi-

The possibility and rationality of using some forest
functions, as well as the rate of achieving the goals related
to the forest management, depend on the pre-existing conditions, particularly in regard to the functional optimum determined for some primary purposes. The condition of forests in Serbia is unsatisfactory in several regards. There
are the following disturbing factors of planning and permanent use of forest ecosystems: forest desiccation, wildfires, strong winds and storms, climate change, polluted air,
as well as the process of soil acidification. Several examples
can be used to prove the previous statement.
The damage by defoliation in Serbia in 2003 on conifers accounts for 39.6%, and on broadleaves it accounts for
21.4%. The annual forest area in Serbia damaged by wildfires over the period 1990–2004 covers an area of 2,324 ha.
The forests covering an area of 13,018 ha were destroyed
2000 only, by Serbian wildfires. The following quantity of
gases was emitted by the wildfires over the period 19902004: 148,420 t CO 2, 380 t CH 4, 3,500 t CO and 60 t
NO x [22].
The occurrence of desiccation to a great extent depends on the high temperatures and amount of precipitation. Along with the amount of precipitation and their distribution in the growing season, the lack of moisture in the
soil has a great impact on the process of forest desiccation. Fighting against the heavy drought, forest trees decelerate transpiration, which implies absorption of lower
quantities of nutrients from the soil and deceleration of all
other physiological processes. Under such conditions, if the
period of drought is extended, the trees physiologically
weaken and become less tolerant to the other anthropogenic,
abiotic and biotic causes of forest desiccation.
Serbian forests are characterized by the relatively high
potential of carbon-dioxide absorption from the atmosphere
and, thereby, they significantly contribute to the alleviation of the adverse effects of the climate change. Based on
the preliminary calculation, there are around 120,237,000
tons of carbon-dioxide in the Serbian forests, and around
5,000,000 tons of CO2 is absorbed annually (NFI) [22].
Given the flexible mechanisms of Kyoto Protocol,
above all the Emissions Trading, it is clear that this potential
is important, particularly when is taken into account that
the price per ton of CO 2 (around 29 EUR) continuously
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TABLE 1 - Global warming negative impact and disturbances in forest ecosystems of Serbia
Area of negative impact
Forest ecosystems

Forest ecosystems biodiversity

Forest ecosystem productivity
Forest ecosystems health conditions

Land and water

Carbon cycle
Direct forest benefits for people

Indirect forest benefits for people

Implications / disturbances
Rapid deforestation and forest degradation
Increased use of forest trees as a source of energy
Change in distribution of plant and animal communities
Biodiversity loss
Occupation of habitats by allochthonous species
Change in pollination system
Change in plant dispersion and regeneration
Change in forest growth and ecosystem biomass
Change in relation between species / habitat
Change in ecosystem nitrogen cycle
Increased mortality due to climatic stress
Reduced forest ecosystem vitality and health due to cumulative impact of different stresses
Changes in seasonality and intensity of humidity
Changes in flood flow regime
Increased possibility of extreme draughts occurrence
Increased terrain instability and soil erosion due to increased humidity
Early snow melting leading to change of period of maximum flow and amount of water in streams
Changes in forest CO2 reservoirs and increased emission of CO2 from forest ecosystems due to
change in forest growth and productivity
Change in woodiness degree
Socio-economic changes
Changes in specific forest products availability (timber, wood fuel, medicinal plants, fungi, etc)
Change in frequency of conflicts between people and nature
Income changes for forest owners and local population
Socio-economic changes
Changes of cultural, religious and spiritual values

increases worldwide; in the financial sense, it is easy to
demonstrate the importance of forests regarding the absorption of CO2 from the atmosphere in this way
3.3 Negative impact of climate on forest ecosystem in Serbia

In order to mitigate the negative impact of climate
change on forest ecosystem in Serbia and overcome implications that have arisen, forest management must consider adopting measures leading to forest adaptation to
newly created climatic changes.
In the event of adoption of new regulations and other
legal acts related to forest adaptation in Serbia, a proper
course for taking different actions in state and privately
owned forests will be assumed, with the aim to attain sustainable forest management, even under altered climate
conditions, occurring as a result of global warming.
3.4 Adaptive forest management

In order to predict new changes and adaptability of
the forest ecosystems, it is necessary to initiate scientific
researches, modernize forest policies, and apply more
adaptive forest management practices in Serbia.

Roberts et al. [23] provided a survey of current forest
management trends which are promoting forest and forestry adaptation to new climate changes. The proposed management measures are mainly oriented to create stable forests, resistant to negative climate changes. This management model which aims at preserving forests in their most
natural form, avoiding mono-cultures and creating mixed
forests, both in the structure of species and age, is supported.
Furthermore, it aims at maintaining natural or natureappropriate regeneration, as methods of maintaining genetic
diversity and, consequently, forest ecosystems` sensitivity
reduction. For the purpose of preventing extreme disturbances, methods of improving fire locations and extinguishing, as well as pest and disease control, are proposed. Primarily, they concern establishing quarantine and additional
sanitary measures, which proved to be highly effective.
Establishing of migration corridors between forest reservations was carried out in practice and, in that manner,
an autonomous species colonization and migration were
enabled, as a response to climate changes.

FIGURE 5 - Framework for adaptive management [23].
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It is certain that implementation of a number of
measures aiming at adapting forests to climatic changes
con-veys a degree of uncertainty. Essentially, adaptive
forest management can be understood as a systematic
process aiming at constant improving of management
policy and practice itself by monitoring, and later, learning
by means of analyses of operative program results [24].
3.5 Potential strategic and operational methods of forest ecosystems adaptation in Serbia

There is a large number of potential methods, related
to resolving issues that have arisen in forestry owing to
global climate change and forest adaptation to new environmental conditions [25-38]. A survey of potential strategic and operational methods of adaptation, which can be
implemented in sustainable forest management in Serbia,
is presented in the following:
- strictly comply with legal provisions concerning prevention of unlimited and unrestrained wood felling;
- protect climate refugia by different measures;
- minimize habitat fragmentation and maintain connectivity;
- protect high forests;
- strategically increase the size and number of protected
areas, particularly in exceptionally valuable habitats;
- protect most endangered ex-situ species;
- create artificial forest reservations or arboreta for the
purpose of rare species preservation;
- improve regional co-operation concerning species
management and protection;
- support changes in distribution of endangered and
sensitive species by means of their introduction to new
areas;
- in artificially planted woods and mixed cultures, encourage natural genetic diversity, imitate the structure
of neighboring forests and avoid direct substitute of
natural ecosystem;
- maintain seed sources (seed banks and seed facilities);
- allow forest regeneration through natural succession
after large disturbances wherever possible;
- plant and sow genotypes resistant to draught and other
climate extremes, insects and diseases;
- increase genetic diversity of trees used in setting up
plantations;
- reduce stress factors not linked to climate conditions,
in particular air pollution, in order to increase ecosystem ability to respond to climate change;
- re-cultivate degraded area in order to preserve genetic
diversity and improve ecosystem health;
- carry out monitoring of all forests by means of establishing and improving national, regional and operational network for monitoring forest health conditions,
and subsequently, diagnostic - forecast services, as well
as services for invasive species distribution monitoring;
- actively implement control measures against pests and
diseases;

- improve plantation stability by means of increasing
species and structure diversity;
- increase use of commercial thinning in draught areas
in order to increase tolerance of remaining trees and to
introduce species tolerant of draught, where possible;
- increase people’s awareness in regard to potential impact of climate changes on fire regime and promote proactive actions in regard to fuel management and community protection.
- include climate parameters in forest growth and production models;
- apply thinning or selective removal of suppressed,
damaged trees of poor quality;
- adapt the time of annual wood felling in such a way
that forest processes remain in a state of most possible
balance.
4. CONCLUSION
Given the fact that the previous global warming of the
atmosphere equal to about 1°C caused significant global,
regional and global climate change, and taking into account
the anticipations and effects of climate change, it can be
concluded that Serbia is one of the world regions which
are very susceptible to the climate change.
The concept of the spatial development of the Republic of Serbia, aimed at the alleviation of the effects of global
warming and climate change on the forest ecosystems in
Serbia, should include the determination of the effects of
climate change on the availability of the natural resources,
above all forest ecosystems and biodiversity aimed at planning sustainable development and ecologically acceptable
activities in the domains susceptible to the climate change.
It implies the adoption and application of new measures
aimed at preservation and protection of forestland in accordance with international conventions, national plans
and sector strategies, as well as legal regulations from the
domain of spatial planning.
Given the possible irreversible processes in the climate
system with the immeasurable consequences to the living
world, it is necessary to take the preventive measures
aimed at alleviation of the effects of the climate change and
adaptation to the altered climate conditions. All activities
regarding the monitoring and studying of the climate change
and its influence should be designed in order to provide the
long-term systematic, comprehensive and continuous monitoring and forecasting of the conditions of the local and
regional climate. The suitable anticipations of the climate
change and update of the database will point out to the
needs and application of the sector strategies and action
plans for the adaptation and measures aimed at alleviation.
The complexity of forest ecosystems and numerous
ways in which the society use and misuse them, as well as
the fact that the forest ecosystems in Serbia are endangered
by different factors, requires the application of the range of
different protective measures. These measures, above all,
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include the suitable normative-legal and organizationalinstitutional mechanisms, suitable standards and practices
in the domains of forestry, agriculture, water management,
civil engineering, spatial planning, etc. By integrating all
these measures, it is possible to achieve the higher degree
of the environmental protection and sustainable forest
management, even under the altered climatic conditions,
which are the results of the global warming.

[9]

Spatial Plan Strategy of Serbia 2009-2013-2020 (2009), The
Ministry of the Environment and Spatial Planning, Republic
Agency for Spatial Planning, Belgrade.

[10] Spatial Plan of the Republic of Serbia until 2020 – Draft Plan
(2010) Republic Agency for Spatial Planning, Belgrade.
[11] Kolic, B. (1975) The relation of the beech-fir forests and climate factors in Serbia. Ecology, Vol. 10, No. 2, Belgrade,
155-164.
[12] Kolic, B. (1988) Forest ecoclimatology, Class book, Faculty
of Forestry, Scientific Book, Belgrade, 1-397.
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