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ECOLOGICAL REQUIREMENTS AND DISTRIBUTION
OF NATIVE AND INTRODUCED FRESHWATER FISHES
IN A MEDITERRANEAN-TYPE BASIN (MUĞLA, SW TURKEY)
Nedim Özdemir*, Ali Serhan Tarkan, Sevan Ağdamar, Nildeniz Top and Uğur Karakuş
Muğla Sıtkı Koçman University, Faculty of Fisheries, 48000, Kötekli, Muğla, Turkey

thought to have led to a decrease in the relative abundance
of the native species [8].
The current status of the Turkish fish fauna is similar
to that of other Mediterranean-type areas, and this calls
for urgent actions aimed at rapid risk assessment and
conservation measures [9–11]. However, despite several
studies on the biology and systematics of the freshwater
fishes of Turkey, no published comparative work is currently available on the relationships between species
ecology and distribution of native and non-native freshwater fishes. In this respect, Muğla Province is one region
where only few studies exist on the taxonomy and basic
biology of fish species [5; 12, 13]. In this paper, our main
objectives were therefore to: (i) identify both native and introduced freshwater fish species of the Muğla Province;
(ii) assess species richness and diversity patterns and
relate them to environmental variables; (iii) assess whether non-native species have higher tolerance and optimum
values relative to native species; and (iv) discuss management implications for environmental and fish conservation assessment.

ABSTRACT
The ecological requirements and distribution of the
native and non-native freshwater fish species of the Muğla
Province were studied between 2009 and 2011. In total,
19 fish species including 5432 specimens were collected
from 17 water bodies. Almost 40% of the fish were from
non-native species, which were encountered frequently
only from four water bodies. Squalius fellowesii was by
far the most abundant species followed by Lepomis gibbosus and Ladigesocypris ghigii. Canonical correspondence
analysis (CCA) explained 76% of the variation (first axis)
between species and environmental variables, amongst
which altitude, electrical conductivity and water temperature were the most influential. Based on habitat similarities, unweighted pair group means analysis (UPGMA) separated species into four clusters. Results revealed that species’ optimum levels and ecological tolerances can be
species-specific, even though non-native and widespread
endemic species across the basin tended to have higher
tolerance ranges for different environmental variables.
KEYWORDS: Environmental tolerance, Endemic, Non-native,
Small streams, Conservation.

2. MATERIALS AND METHODS
2.1 Study area

1. INTRODUCTION

Muğla Province (36°17'–37° 33'N, 27°13'–29° 46'E)
is situated in the southwestern part of Anatolia, and is
surrounded by the Aegean Sea to the west and the Mediterranean Sea to the south. The catchments of Büyük
Menderes, Dalaman and Eşen rivers, together with numerous small temperate streams, two large lakes and
several reservoirs covering about 13,328 km2 of surface
area, are comprised in the region (Fig. 1). The latter features a typical Mediterranean climate, with hot, dry summers and mild, wet winters, and mean annual precipitation over 1200 mm [7]. Despite a relatively low population density (60 inhabitants/km2), the majority of the
basin is under agricultural use. Also, the many rainbow
trout (Oncorhynchus mykiss (Walbaum, 1792)) hatcheries
found in the area, combined with water abstraction, have
resulted in alteration of the natural flow regimes of the

The freshwater fish fauna of Turkey stands out from
its European counterpart in terms of species richness and
level of endemism [1]. Geographical isolation, together
with the climatic conditions and watershed fragmentation
experienced by Anatolia over geological time, has led to
differentiation of the freshwater ichthyofauna into several
independent and isolated populations [1]. In the Muğla
Province (SW Turkey), the native ichthyofauna comprises
a number of increasingly threatened species, mainly due
to habitat alteration and the introduction of non-native
fishes [2–7]. The combined effect of these factors, together with other sources of disturbance and pollution, is
* Corresponding author
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FIGURE 1 – Map of Muğla Province with sampled water bodies: (1) Ula Reservoir; (2) Mumcular Reservoir; (3) Yuvarlakçay Stream; (4)
Tersakan Stream; (5) Dalaman Stream; (6) Kınık Stream; (7) Eşen Stream; (8) Balıklı Stream; (9) Sarıöz Stream; (10) Gelibolu Stream; (11)
Tahliye Stream; (12) Namnam Stream; (13) Kazan Reservoir; (14) Kamış Stream; (15) Sarıçay Stream; (16) Kargı Stream; (17) Marmaris
Reservoir.

casions, catch-per-unit-effort (CPUE) was defined as
number of fish captured in 30 minutes electrofishing.

basin. River channel regulation, destruction of riparian forest together with the introduction of non-native fish species
are the other human disturbances that are known to have
exerted a negative impact on the basin [7, 14, 15].

2.3 Data analysis

Prior to fish sampling, a total of seven environmental
variables, including water temperature (T: ºC), electrical
conductivity (EC: µS cm-1), dissolved oxygen (DO: mg L-1),
total dissolved solids (TDS: mg L-1), salinity (Sal: ‰), pH
and altitude, was measured at each study site with a YSI
556 MPS device and using a geographical positioning
system (Trimble GeoXT 2005 Series). However, preliminary analysis indicated negative correlations between some
of these variables, so that temperature, dissolved oxygen,
pH, EC and altitude were retained for further analysis.

2.2 Sample collection

Sampling locations included 13 headwater streams
and four man-made reservoirs (Fig. 1). Sampling was
aimed to examine fish species richness and composition
and their relationship with environmental variables. At all
study sites, fish were caught by backpack electrofishing
(SAMUS 725 MP) at the same time of the year (April)
between 2009 and 2011 for a total of 54 sampling events.
Sampling locations were selected to be as representative
as possible each study site, which was revisited throughout the entire sampling period. Notably, samples from
reservoirs were taken from the outlet to ensure consistency with the lotic characteristics of the stream sampling
sites. After collection, fish were killed with an overdose of
2-phenoxyethanol and transported on ice to the laboratory for species identification [16, 17]. For all sampling oc-

Canonical correspondence analysis (CCA) was used to
examine species–environment relationships. A Monte
Carlo test (499 permutations) with forward selection was
applied to obtain significance values for each variable,
and to reduce collinearity a larger number of sites (n = 19)
and species (n = 17) than predictor variables (n = 5) was

4
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ius fellowesii Günther, 1868; B. pergamonensis; Capoeta
bergamae Karaman, 1969; Ladigesocypris ghigii (Gianferrari, 1927); Petroleuciscus smyrnaeus (Boulenger, 1896);
L. kottelati; Cobitis sp.; Oxynoemacheilus sp.) were endemic and mostly threatened, whereas Anguilla anguilla
(Linneaus, 1758), Mugil cephalus Linneaus, 1758, Salaria
fluviatilis (Asso, 1801) and Knipowitschia caucasica (Berg,
1916) were cosmopolitan. C. auratus, Carassius gibelio
(Bloch, 1782), Lepomis gibbosus (Linneaus, 1758), G.
holbrooki, Pseudorasbora parva (Temminck & Schlegel,
1846), Cyprinus carpio Linneaus, 1758 and O. mykiss
were the non-native fish species occurring in the area and
comprising 37% of the total number of species encountered. Endemic S. fellowesii was by far the most abundant
(43%) followed by non-native L. gibbosus (14%) and
endemic L. ghiigi (10%). All other species were found in
similar proportion, including non-native C. gibelio and P.
parva (Table 1).

ensured [18]. Also, environmental variables were logtransformed to eliminate skewness. Tolerance (tk) and
optima (uk) values were then computed for each of the 19
fish species across the five retained environmental variables [18], and an Environmental Tolerance Index (ETI)
was used to estimate the relative tolerance range of each
species for each environmental variable [19]. Unweighted
pair group mean averages (UPGMA) analysis with Jaccard similarity was used to determine the clustering relationships among species based on their occurrence (following log-transformation of the data). Occurrence was
eventually correlated to the species’ ecological preferences,
with species occurring less than three times in the samples
excluded from analysis. A non-parametric Spearman’s
correlation analysis was then performed to outline associations among the environmental variables. One-way
ANOVA with unequal variance (Excel®) was employed
to test for differences in relative species abundance among
the study years; tolerance and optima values were obtained
with the C2 program [20]; UPGMA analysis was with the
multivariate statistical package MVSP v3.1 [21]; CCA
was in CANOCO v4.5 [22].

Water bodies with non-native species were characterised by higher species richness (Table 2). Non-native fish
species were only found in four water bodies (namely,
two reservoirs and two streams). The relative abundance
of non-native species increased dramatically over the
sampling period (ANOVA, F = 13.275, P < 0.05, df = 2),
whereas native and endemic species remained at similar
abundances (ANOVA, F = 1.346, P > 0.05, df = 2) (Fig. 2).
L. gibbosus and P. parva were the most abundant nonnative species in Sarıçay Stream, whereas C. gibelio was
the only non-native species showing a drastic increase in
abundance in Ula Reservoir over the sampling period
(Fig. 2). Finally, all fish species examined from water
bodies without non-native species did not show any significant temporal CPUE reduction during the sampling
period (ANOVA, 0.789, P > 0.05, df = 2) except for Tersakan Stream, where severe habitat alteration mainly due
to water abstraction has occurred.

3. RESULTS
3.1 Species assemblages

In total, 5432 fish comprising 19 species (Table 1)
were collected from the 17 water bodies under investigation (Table 2). Of these species, Barbus pergamonensis Karaman, 1971 and Luciobarbus kottelati Turan, Ekmekçi,
İlhan & Engin, 2008, both part of the endemic fish fauna of
the Aegean Region, were new records for the study area;
whereas, non-native Carassius auratus (Linneaus, 1758)
and Gambusia holbrooki Girard, 1859 were reported for
the first time in the present study. Eight species (i.e. Squal-

TABLE 1 - List of the freshwater fish species present in Muğla Province (SW Turkey), with indication of their natural distribution area,
threatened status according to IUCN (CE = Critically endangered; DD = Data deficient; LC = Least concern; NE = Not evaluated; VU = Vulnerable), and their relative occurrence (%) across the 17 water bodies sampled in this study.
Scientific name
Anguilla anguilla
Barbus pergamonensis
Capoeta bergamae
Carassius auratus
Carassius gibelio
Cobitis sp.
Cyprinus carpio
Gambusia holbrooki
Knipowitschia caucasica
Ladigesocypris ghigii
Lepomis gibbosus
Luciobarbus kottelati
Mugil cephalus
Oncorhynchus mykiss
Oxynoemacheilus sp.
Petroleuciscus smyrnaeus
Pseudorasbora parva
Salaria fluviatilis
Squalius fellowesii

Code
Ang.ang
Bar.per
Cap.ber
Car.aur
Car.gib
Cob.sp
Cyp.car
Gam.hol
Kni.cau
Lad.ghi
Lep.gib
Luc.kot
Mug.cep
Onc.myk
Oxy.sp
Pet.smy
Pse.par
Sal.flu
Squ.fel

Common name
European eel
–
–
Goldfish
Gibel carp
–
Common carp
Eastern mosquitofish
Caucasian dwarf goby
–
Pumpkinseed
–
Flathead grey mullet
Rainbow trout
–
–
Topmouth gudgeon
Freshwater blenny
Aegean chub

Family
Anguillidae
Cyprinidae
Cyprinidae
Cyprinidae
Cyprinidae
Cobitidae
Cyprinidae
Poecilidae
Gobiidae
Cyprinidae
Centrarchidae
Cyprinidae
Mugulidae
Salmonidae
Balitoridae
Cyprinidae
Cyprinidae
Blennidae
Cyprinidae

5

Distribution
North Atlantic
Aegean Sea Basin
Aegean Sea Basin
Non-native
Non-native
Aegean Sea Basin
Non-native
Non-native
Eurasia
Aegean Sea Basin
Non-native
Aegean Sea Basin
Worldwide
Non-native
Aegean Sea Basin
Aegean Sea Basin
Non-native
Europe and Africa
Aegean Sea Basin

Status
CE
LC
VU

LC
VU
NE
LC
DD
LC
NE

Occurrence
<1
3
5
<1
6
1
<1
<1
<1
10
14
<1
<1
<1
2
5
6
3
43
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TABLE 2 - Coordinates, altitude, fish species and minimum, maximum and mean (±S.D.) values of measured environmental variables of 17
water bodies included in this study. Species codes in Table 1.
Name

Latitude

Reservoirs
Kazan

Longitude

Altitude Species

pH

37°17'39"N 28°12'41" E 460

Car.gib, Cyp.car, Gam.hol,
Squ.fel

7.94–8.54
316–357
8.24 (±0.26) 336.60 (±14.91)

2.60–7.07
11.72–26.88
5.34 (±1.85) 21.18 (±5.99)

Marmaris

36°56'16"N 28°17'33" E 30

Sal.flu, Squ.fel

Mumcular

36°48'23"N 28°52'54" E 57

Squ.fel

Ula

37°07'38"N 28°23'20" E 667

Car.aua, Car.gib, Cyp.car,
Gam.hol Lad.ghi, Squ.fel

9.03–9.12
9.08 (±0.06)
7.21–9.02
8.22 (±0.92)
6.30–8.45
7.76 (±0.61)

6.36–7.21
6.79 (±0.60)
5.95–7.02
6.60 (±0.57)
4.27–8.90
6.12 (±1.46)

Streams
Balıklı

37°00'26"N 28°32'55" E 83

Ang.ang, Bar.per, Cap.ber,
Cob.sp., Lad.ghi, Squ.fel

6.52–8.61
619–675
7.90 (±0.73) 647.67 (±19.08)

3.30–9.48
14.98–18.09
5.59 (±2.12) 16.84 (±1.22)

Dalaman

36°50'24"N 28°47'45" E 18

Ang.ang, Bar.per, Cap.ber,
Onc.myk, Sal.flu, Squ.fel

6.18–8.86
557–614
7.89 (±1.49) 576 (±31.91)

8.03–8.65
13.19–20.63
8.35 (±0.31) 15.85 (±4.15)

Eşen

37°44'52"N 29°23'16" E 45

Ang.ang, Bar.per, Onc.myk,
Squ.fel

8.13–8.35
268–417
8.26 (±0.08) 358.67 (±54.07)

5.40–8.96
11.50–17.36
7.11 (±1.17) 15.24 (±2.30)

Gelibolu

36°56'59"N 28°17'25" E 25

Lad.ghi, Sal.ful, Squ.fel

Kamış

37°19'53"N 28°06'48" E 324

Bar.per, Cap.ber, Cob.sp.,
Squ.fel, Luc.kot

5.70–9.63
7.97 (±1.19)
6.70–8.30
7.81 (±0.60)

357–535
470 (±73.58)
667–1176
788 (±192.13)

5.85–11.93
8.43 (±1.83)
5.00–10.80
8.21 (±1.93)

13.89–20.15
17.00 (±2.86)
9.80–25.45
17.66 (±5.73)

Kargı

36°42'24"N 29°02'52" E

Bar.per, Squ.fel

Kınık

36°49'36"N 28°19'28" E 20

Bar.per, Squ.fel

Namnam

37°00'41"N 28°31'02" E 117

Cob.sp., Lad.ghi, Squ.fel

Sarıçay

37°20'38"N 27°43'45" E 20

Car.gib, Cyp.car, Gam.hol,
Lep.gib, Mug.cep, Oxy.sp.,
Pet.sym, Pse.par, Squ.fel

8.78–9.21
9.00 (±0.30)
6.70–8.57
7.64 (±1.32)
6.25–9.07
8.23 (±1.33)
6.06–8.91
7.62 (±0.67)

398–414
406 (±11.31)
309–413
361 (±73.54)
393–500
455.25 (±46.70)
234–573
390.95 (±110.08)

10.70–11.70
11.20 (±0.71)
7.00–7.20
7.10 (±0.14)
3.45–6.59
4.59 (±1.38)
6.21–13.36
8.40 (±1.92)

11.70–12.60
12.15 (±0.64)
15.62–24.84
20.23 (±6.52)
17.25–19.22
18.37 (±0.84)
7.48–26.30
20.57 (±4.55)

Sarıöz

37°00'27"N 28°30'43" E 119

Cob.sp., Kni.cau, Lad.ghi,
Squ.fel

7.65–8.09
540–685
7.89 (±0.21) 623.20 (±67.35)

4.75–8.08
12.75–16.60
6.37 (±1.62) 15.08 (±1.69)

Tahliye

37°00'48"N 28°30'34" E 115

Cob.sp., Lad.ghi, Squ.fel

Tersakan

36°47'30"N 28°49'45" E 16

Ang.ang, Bar.per, Cap.ber,
Car.gib, Cyp.car, Squ.fel

8.25–8.37
8.29 (±0.06)
8.15–8.93
8.47 (±0.23)

6.30–6.98
6.73 (±0.30)
4.12–13.49
7.49 (±2.64)

Yuvarlakçay

36°54'24"N 28°44'32" E 12

Ang.ang, Bar.per, Cap.ber,
Squ.fel, Lad.ghi

6.94–8.75
405–435
8.11 (±0.66) 423.67 (±10.56)

UPGMA revealed a clustering of four main groups of
species (Fig. 3). The first and second group consisted of a
single species (G. holbrooki and K. caucasica, respectively). Non-native species represented the majority of the
third group, whereas the fourth group included the most
commonly encountered native species (i.e. S. fellowesii
and L. ghigii).

EC

475–503
489 (±19.80)
314–553
399 (±133.61)
335–560
452.5 (±74.24)

419–512
483.25 (±43.22)
637–1007
781.33 (±126.60)

DO

T

22.89–29.53
26.21 (±4.70)
15.59–21.89
19.13 (±3.22)
4.46–18.23
11.92 (±4.28)

16.78–16.91
16.85 (±0.06)
13.09–25.92
17.65 (±4.31)

6.50–10.99 13.50–17.09
8.09 (±1.65) 14.95 (±1.18)

common endemic species S. fellowesii and L. ghigii and
non-native L. gibbosus, C. gibelio and P. parva showed
relatively higher tolerances, had different optima relative
to the other species as well as higher ETI values. As expected, some species showed environmental relationships
reflecting their ecological requirements, as indicated by
the high ETI values for salinity for diadromous A. anguilla
and S. fluviatilis, and by the low ETI values for DO for the
non-native salmonid O. mykiss.
Species-environment correlations were high, with the
first axis explaining 76% of the relationships between the
19 species and the five environmental variables (F = 1
1.65; P = 0.02; Total inertia = 0.68). Altitude, electrical
conductivity and water temperature were the three most

3.2 Species tolerances and environmental relationships

Tolerance (tk), optima (uk) and Environmental Tolerance Index (ETI) values for each species are listed in
Table 3. S. fellowesii was the species with the higher
mean effective number of occurrences (N2), followed by
non-native L. gibbosus and B. pergamonensis. The most
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FIGURE 2 – Variation in relative density (catch per unit effort: CPUE) of the fishes inhabiting the water bodies of Muğla Province between
2009 and 2011. Ula Reservoir (upper), Sarıçay Stream (intermediate), Kazan Reservoir (lower). See Table 1 for species codes.
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FIGURE 3 - Unweighted pair group mean averages for the clustering relationships of 19 fish species collected from 17 different water bodies
of the Muğla Province. See Table 1 for the species codes.

TABLE 3 - Estimated species optima (uk) and tolerance (tk) levels for the fish species caught in Muğla Province. (Max) maximum numbers of
individuals per species, and (N2) effective number of occurrences. Count: number of species occurrences; T: Water temperature (°C); EC:
Electrical conductivity (µScm-1); DO: Dissolved Oxygen (mgL-1); Alt.: Altitude (m); ETI: Environmental Tolerance Index. Species codes in
Table 1.
Species
Ang.ang
Bar.per
Car.aur
Cap.ber
Cyp.car
Car.gib
Cob.sp.
Gam.hol
Kni.cau
Lad.ghi
Lep.gib
Luc.kot
Mug.cep
Onc.myk
Oxy.sp.
Pse.par
Pet.sym
Squ.fel
Sal.flu

Count Max
4
27
4
21
11
15
10
3
3
18
33
5
2
3
8
20
14
95
10

2
21
5
51
10
125
13
13
4
181
59
15
16
10
30
126
50
162
44

N2
3.6
15.5
3.1
8.5
6.7
4.8
5.8
2
2.7
7.8
17.7
3.3
1.1
2.2
4.8
5.6
7.9
42.6
5.3

pH
uk
tk ETI
8.6 0.4 0.2
7.8 0.8 0.8
7.7 0.6 0.5
7.9 0.9 0.7
8
0.6 0.6
7.9 0.5 0.7
7.7 0.6 0.6
8.1 0.9 0.5
8 0.04 0.1
7.9 0.7 0.7
7.9 0.5 0.7
7.9 0.7 0.4
8
0.9 0.5
7.4 0.7 0.5
7.7 0.6 0.7
8
0.6 0.7
8
0.7 1.0
8
0.9 1.0

uk
652
531.9
449.7
806.9
383.2
431.1
609.4
353.9
578.6
555.3
555.3
800.3
331.7
347.2
339.9
459.1
467.5
495.6

EC
tk
ETI
285.2 0.6
148.6 0.7
50.1 0.1
220.7 0.8
103.5 0.3
82.6 0.7
81.2 0.3
54.5 0.1
52.6 0.1
103.9 0.4
103.8 0.4
201.5 0.5
146.1 0.4
143.5 0.4
88.8 0.4
114.1 0.3
154.6 0.8
75.4 0.5

influential variables with respect to species occurrence (P
< 0.05). Whereas, the remaining variables had a relatively
small effect on species composition. Three non-native species (i.e. C. auratus, C. gibelio and G. holbrooki) were located in the upper right corner of the CCA plot, where the
second most influential factor, altitude, was associated
with species occurrence (Fig. 4). Other non-native species
(i.e. L. gibbosus, P. parva, O. mykiss) were associated with

uk
9.3
7.6
4.8
9.1
5.8
5.2
6.6
5.2
5.1
7.5
6.1
8.6
6.2
8.8
8.1
7.9
7.9
8.2

DO
tk
4.1
1.8
1.6
2.2
2.3
1.7
1.9
1.7
0.7
1.4
1.6
1.6
1.4
2.2
2.3
1.9
2.6
1.3

ETI
0.8
0.9
0.4
0.9
0.6
1.0
0.5
0.4
0.1
0.7
0.7
0.5
0.3
0.6
0.7
0.7
1.0
0.6

uk
14.4
16.6
11.7
15.9
17.2
13.9
16.8
22.6
16.3
15.5
15.5
16.2
15.3
20.4
18.8
21.8
17.4
16.6

T
tk
2.1
3.9
2.4
4.9
6.3
4.7
3.3
8.4
0.3
2.8
2.8
6.2
2
5.3
5
4.9
4.9
3

ETI
0.2
0.6
0.2
0.6
0.6
0.6
0.4
0.6
0.1
0.6
0.8
0.6
0.1
0.7
0.8
0.8
0.9
0.6

uk
34.4
95.7
665
100.4
377
602.1
163.5
531.8
119
22.1
206.3
324
41.8
21
21.8
18.2
109.2
24.9

Alt
tk
ETI
31.9 0.1
110 0.5
94.4 0.1
145.2 0.5
264.9 1.0
171.8 1.0
95.1 0.4
137.6 0.3
94.4 0.1
4.5
1.0
244 0.1
94.4 0.1
11.7 0.1
4.8
0.1
4.2
0.1
4.4
0.1
185.3 1.0
1.2
0.1

water temperature, and there was a significant positive correlation between water temperature and L. gibbosus (rs =
0.37, P < 0.05) and P. parva (rs = 0.35, P < 0.05). Finally,
the two endemic species S. fellowesii and L. ghigii were
located closer to the centre of the CCA plot, indicating
higher tolerance levels to the environmental factors.
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FIGURE 4 – Canonical correspondence analysis (CCA) plot of species and environmental variables. Arrows indicate environmental variables.
See Tables 1 and 2 for species and variables abbreviations, respectively.

and six sub-species were recorded from 12 different water
bodies. However, that study focused on natural lakes, manmade reservoirs and also lower reaches of rivers, hence
contrary to the present study, in which small streams were
mainly targeted. On the other hand, in the present study
four new fish species were recorded for the region, two of
which non-native.

4. DISCUSSION
During the four-year sampling period of this study, 19
fish taxa were recorded, including previously unknown native and non-native species for the Muğla Province. Overall, nearly 200 freshwater fish species have been identified
from Turkish inland waters [23] and the present study recorded about 10% of these, indicating a relatively high species richness for the area given that the Muğla Province covers only 1.7% of the total country area. In the most recent
ichthyological study for the Muğla Province [5], 26 species

The four main groups identified through UPGMA
were in agreement with CCA separating native from nonnative species. The first group was represented by G.
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Also, the ETI values for this species were by far higher than
those of any other native species and of most of the nonnative species most probably due to the species’ better adaptation to the local environmental conditions of the region. As a threatened species classified as vulnerable, L.
ghigii would be expected to have limited environmental
adaptability, yet it was found to have generally higher ETI
values than most co-existing native species, suggesting
good adaptation to the basin’s environmental conditions. In
this respect, water availability has been proposed as a key
factor for the species’ survival, as its habitats are usually restricted to small water bodies such as springs and ponds [29].
As all the water bodies under study in the Muğla Province
do not completely dry up in summer, it is expected that L.
ghigii can tolerate a wide range environmental conditions including high temperatures [29]. The other clustered species
in this group had adaptable features with moderate ETI values and abundances. In particular, S. fluviatilis and A. anguilla were also part of this group probably because of similarity in their habitat preferences as diadromous species.
However, together with Cobitis sp. these species were encountered less frequently and showed relatively lower ETI
values. Nevertheless, the actual abundance of Cobitis sp.
could not be reflected by the sampling in this study due to
the species’ nocturnal behavior [30]. Finally, O. mykiss (the
only non-native fish species in the group) was caught very
occasionally probably due to its inability to reproduce in the
wild [31], with the sampled individuals being likely escapees from aquaculture facilities, which are numerous on the
streams where the species was found.

holbrooki, a species introduced world-wide for the control
of malaria [24] and known for its wide tolerance and resistance to adverse environmental conditions such as low oxygen and salinity levels as well as high temperatures [24].
These features are probably the key factors for the successful
introduction and establishment of this species to 57 countries
worldwide [25], including Turkey [12]. Since Turkish
streams are usually characterized by high seasonal and longterm variability, wide physiological tolerance is an important factor for a species' successful establishment. Yet, G.
holbrooki was not frequently encountered during the
course of the present study, and this could have been the
result of low environmental tolerances and/or low sampling efficiency. Finally, previous studies on the freshwater
fish fauna of the Muğla Province [5, 12] have reported G.
affinis as a possible misidentification for G. holbrooki, and
this may have led to underestimation of the species’ actual
abundance in the region [26]. Similar to the first UPGMA
group, the second also included a single species (i.e. K. caucasica) with similar occurrence to G. holbroki but characterised by very limited tolerance values.
Amongst the species included in the third group, P.
symrneaus is currently classified as Data Deficient (DD) in
the IUCN Red List and has a very restricted distributional
range (i.e. only known from streams and rivers of southwestern Anatolia), and in the present study it was found
only in some isolated parts of Sarıçay Stream. This species
seems to be moderately tolerant of some environmental factors such as water temperature and dissolved oxygen, and
this was confirmed in the present study. However, this species also showed very low tolerance for EC and appears to
be restricted by altitude, which may explain its limited distribution in Sarıçay Stream. Since this stream has dramatically suffered from habitat alteration, pollution and non-native fish introductions, it is recommended that P. symrneaus
should be protected through strict conservation measures.
Finally, the other two native species in the third cluster (i.e.
M. cephalus and Oxynoemacheilus sp.) were also recorded
from the same stream, with M. cephalus encountered only
twice possibly due to its migratory behaviour and with Oxynoemacheilus sp. found more frequently as a likely result
of its higher tolerance values.

The general distribution of the five non-native species
L. gibbosus, C. gibelio, C. auratus, P. parva and C. carpio
coincides with their wider geographical distribution. Indeed, these species are known to be successful invaders,
and this was reflected by the wide tolerance levels for all
environmental variables measured in this study. These species were also previously shown to have a similar pattern
of occurrence [32], with the primary pathway for their introduction being through intentional fish stocking, which is
very common practice in Turkey for the enhancement of fish
production and recreational angling [33]. Although the main
target species of these practices is C. carpio, accidental introduction of the other non-native species is common [33].
This argument is supported by the species’ unusual distributional pattern across the Muğla Province, as most of them
were closely related with altitude despite the fact that this
environmental variable has never been shown to act as a limited factor for these non-native species [13]. Water bodies
invaded by non-native species in the present study were
man-made reservoirs, which are in the priority list of fish
introductions by the Turkish government [33].

In the fourth group, S. fellowesii and L. ghigii had wide
tolerance levels for all measured environmental variables
and were the most abundant endemic species recorded in this
study. The close relationship between these two species can
be attributed to their ecological preferences, with similar optimum and tolerance values for most of the environmental
variables under investigation. However, despite the fact that
S. fellowesii is an endemic species to the Aegean drainages
of Anatolia and the most common freshwater fish of the region, information on its ecology remains scarce [27–28].
The wide tolerance levels recorded for this species would
undoubtedly increase its chance of survival in the long term
across the habitats where it occurs (which were represented
by all sites visited in this study) and were able to explain
its widespread distribution across the Muğla Province.

Physiological tolerance has been shown one of the
most important characteristics of the above non-native
freshwater fishes in California [34] and Iberia [25]. Thus,
species in the Carassius group are known to be very robust,
being able to survive and thrive under adverse environmental conditions [35]. Whilst feral C. auratus is known to be a
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powerful competitor of native species [36] causing impacts
on freshwater ecosystems [37], C. gibelio has a more extensive distribution across Turkey [13]. Indeed, colonization
success of C. gibelio in Turkey has recently been shown more
effective in man-made reservoirs and has been associated
with a decrease in water and habitat quality [14]. A recent
study from a typical large water body (Ömerli Reservoir)
from the Marmara Region of Turkey demonstrated that C.
gibelio successfully exploited adverse environmental conditions, which are not tolerated by native species [13]. Similarly, all non-native fish species in the present study were
found from all sampled man-made reservoirs as well as from
Sarıçay Stream, which have undergone extensive habitat destruction and are facing pollution problems. To this end, anthropogenic disturbance is frequently indicated as responsible for altering environments to the advantage of non-native species [38].
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the environment of the city. Moreover, in 2011 the United
Nations Statistical Service listed Istanbul in the red zone as
one of the four cities in the world which estimated over 10
million inhabitants and having the highest earthquake risk potential. Additionally, in 2013 it was stated by the mayor of Istanbul that 70 percent of the total 1.6 million buildings also
were illegally built without government permits [1]. This has
accelerating the reconstruction and the opening of new developments. It is feared that these rapid changes will cause another decrease in the green space and increase the environmental risks of pollution.

ABSTRACT
Istanbul, one of the world’s leading metropolises, with
over 14 million inhabitants, has seen rapid population growth
and rapid, unplanned urbanization over the past 100 years.
In addition to these changes the city has also seen sudden
developments in urban construction infrastructure and built
areas since the 1950’s. With technological advancement in
building construction and the obvious need to reconstruct
and replace many of the existing building stocks due to expected earthquake cycle, the city is in yet another phase of
rapid change. It is important to understand the changes in
the urban environment and how they affect the lived environment of the city. In this study, GIS and remote sensing
methods are used to explore changes that have taken place,
using the neighborhood of Üsküdar as an example. This
study provides examples of how urban planners can understand the existing environment to help future planning in Istanbul neighborhoods, especially in terms of expanding
green-space.

Rapid and uncontrolled urbanization is a not only a
threat for the social and economic life; but also it is a major
risk for a sustainable environment. Citizens of metropolises
face various pollution sources during the daily activities in
the city. The balance between the green space and urban areas has become a key issue for this reason. Application of
past city planning have become insufficient to maintain the
necessary green-space because of the rapid population
growth and constructions which were not overseen and plans
were not carefully followed due to economic and political discrepancies. As a result, it would be nearly impossible to remove the buildings that are currently occupying the spaces
that were reserved as green zones in the plans.

KEYWORDS: Environmental Policy, Environmental Change, Urbanization, Social Infrastructure, Historical Areas

1. INTRODUCTION

In the light of these conditions, one of the key challenges is to understand the results of past activities, significant urban changes, and their effects on the historical and
cultural environment of the city. In this study, we used municipal base maps and aerial images starting from the second half of the past century within a GIS to detect and analyze the change of city morphology. We used a GIS – remote sensing perspective to approach an urban planning
problem: we propose to quantify the amount of green space
that has been taken over by buildings in this neighborhood
during the past 50 years where rapid, unplanned, and untracked urbanization has taken place. The significance of
this study is that it can be used as a starting point for environmentalists to assess how much of the originally planned
green space has been lost to illegal developments and to
develop a strategy to mitigate urban pollution and improved living environment.

Istanbul, inhabited since 6500 B.C, is one of the
world’s largest metropolises, with a population of over
14 million. The city has been an attractive destination
through centuries, due to its geographical location, and has
seen a particularly rapid population increase since 1930s.
While the population of the city was estimated around
750.000 in 1935, less than 20 years it had already reached
over a million people. By the year 2012, according to census records, the city’s population had increased over
220.000 inhabitants compared to the previous year.
Lack of appropriate plans that take the rapid population changes into account, and the inadequate enforcement
of existing plans, have made it difficult to sustain
* Corresponding author
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1.1. Literature review

and density of new constructions should not exceed the values determined by the special board of protection.

Today’s unstable urbanization is one of the primary
environmental pollution sources [2]. In 2000, environment
issues were given as one of the primary values and principles for all nations in the declaration of UN Millennium
Goals. It is stated that all nations must act responsibly to
change the current unsustainable patterns of production
and consumption in the interest of future welfare of our descendants [3]. Remote sensing technology has allowed us
to make great progress in our ability to monitor the urban
environment, particularly in terms of environmental hazard
issues [4]. Mapping land cover and land use with remote
sensing techniques is an important component to validate
the environment and monitor changes. James R. Anderson,
[5] lists the classification efforts from remotely sensed images and provides a detailed list of classification system for
USGS land use and land classification. Satellite imagery
and aerial images have been used in numerous research applications focusing on land classification and detecting
land use change for urban and environmental subjects [6, 7
and 8]. Furthermore, Lo and Faber [9] have focused on estimating the change in greenness from Landsat Imagery of
same places within time. Further to this, GIS approaches
have also been applied by a number of researchers, [10, 11
and 12] present and use GIS with remote sensing as integrating to perform analysis and increase the efficiency of
results. However, in our study further to the existing research and tools we combined different data sources in
GIS, explore and question past decisions environmental effects.

FIGURE 1 - Population Growth Rate of Istanbul and Üsküdar over
the past decades.

2. MATERIALS AND METHODS
2.1. Study area

One of the oldest districts of the city, Üsküdar, has
been heavily affected by the rapid urbanization of Istanbul
over the past 50 years. Through centuries the district has
been the home of numerous civilizations, also a key access
point in Asia to Europe. [13]. The Census based population
growth table (Fig. 1) shows the population increase rate
over the past decades. Üsküdar district expanded continuously and new districts were driven out of it twice, these
can be seen in the sudden drops in the graph.
The first bridge connecting the two continents and the
adjacent highway have also played a significant role in the
development of the upper parts of Üsküdar district, especially Burhaniye neighborhood; we therefore selected it as
the case study area in order explore urban change and provide insight for a sustainable future. Figure 2 shows the locations of Istanbul in Turkey and Üsküdar as well as the
marked study area.

FIGURE 2 - Location of Üsküdar and Burhaniye Neighourhood and
Satellite Imagery from 2011 showing study area providing close look
to the study area Burhaniye Neighborhood and its surrounding.
2.2. Methodology

According to the small and large scale urban land use
plans, Burhaniye neighborhood is listed as an urban settlement area; this neighborhood also remains in a second
buffer zone status which means that it is protected by the
Special Law of Protection of Bosphorus, where the height

In this study, the GIS overlay approach used [9, 14]
was implemented using multiple data formats, including
aerial and satellite images, municipal maps and urban plans
to preform two primary analysis tasks: First, in order to interpret the change in built area of the neighborhood, we
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used aerial photos acquired in 1966 and base maps produced from aerial photogrammetry in 1987, both of which
were compared with the building class acquired from high
resolution multispectral IKONOS satellite imagery from
2011. Our approach can be seen in Fig. 3.
We benefited from the widely-accepted taxonomy of
USGS Classification in our study; and focused on Urban
and Residential classification strategy, built-up areas with
along vegetation class since our study was intended to focus of the urbanization and changes with the green space.
We used one of the well-known techniques: super-vised
image classification with maximum likelihood classification to achieve buildings and green area classes.
Aerial Imagery -1966
Urban Plan - 2011

Scanned and geo-referenced panchromatic aerial
photographs from 1966 were first interpreted to provide a
starting point to determine the most changed spatial context
of Üsküdar. In addition, CAD files of base maps, from
1987 were acquired and transformed into the Transverse
Mercator projection, ITRF’96 Datum 2005.0 Epoch. Then
a geospatial database was established from the digital base
map content and necessary spatial modeling was carried
out. In order to compare the past situation to more current
developments a RGB coded high resolution satellite imagery from year 2011 was used.
The imagery was first classified as unsupervised and
the results were compared with imagery in order to determine the required classes. A supervised classification from
the 3-2-1 band combination of the imagery and using the
maximum likelihood method in Esri Arcgis software was
carried out based on the unsupervised classification and
ground truth. Current land use samples of green space and
buildings were digitized in GIS as a training classes. The
supervised classification was determined as 3 classes,
buildings, green space and unclassified. With respect to
this, the determined classes of vegetation and built up areas
were used derived from the 2011 imagery. In addition, the
building blocks gathered from the 1987’s base maps and
digitized into a geospatial database and overlaid on the
1966’s aerial imagery. After the necessary coordinate
transformations we overlaid Fig. 4 to display the significance of the built-up area change in Burhaniye.

Base Maps -1987
Satellite Imagery -2011

Classification

GIS

Vectorization

Validation of plan. Comparison of
Green spaces v.s. urban areas

FIGURE 3 - Different data sources from selected years are used for
the project area in GIS

Digital municipal master plan of the district digitized
in Esri shapefile format, produced in the last decade was
used to compare the existing situation with future projections. Planned zoning was compared with the current extent of the green space using spatial analysis within GIS in
order to acquire the current status and possible future of
green areas in the district.
3. RESULTS AND CONCLUSIONS
A significant change was detected when comparison of
the green space and building foot prints made within the area
of Burhaniye. The building footprint area was computed as
101,311m² in 1987 and increased to 520,970m² in 2011,
which is almost one third of the whole area of Burhaniye
(1,535,211m²). In addition, the decline in the green space
caused by new developments since the year 1966, the current master development plan envisions a total of
408,777m² of green space, including the road sides’ spaces.
However, because of buildings have been already constructed in plan zones of green areas, through our GIS analysis we determined only 320.730m² of the planned green
area exists in reality.
Below (Fig. 5) is the representation of the ratio between planned green space (light green) and computed areas of green (darker) available in planned zones in
Burhaniye district.

FIGURE 4 - Overlay of Built-up Area Change in Burhaniye from
1966 to 1982 and 2011.
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lower environmental problems such as heat islands and aerial pollution.
With this technique the vast discrepancies between
city plans and the actual, current built environment can be
assessed. This provides a point from which it can be assessed how to begin improving and expanding green spaces
within this densely populated and rapidly developing/redeveloping part of the city.

FIGURE 5 - Visualization of the ratio of planned (light) and classified
(darker) green area in Burhaniye.

We suggest that authorities should implement the
technique discussed in this paper as a strategy to provide a
way to assess the current urban environment of metropolises in similar conditions for both historical and new suburbs. Then necessary revisions can be taken in environmental and urban plans in order to protect all the existing
green space at the moment, even single trees in this area for
a sustainable environment.

However, in reality the green areas are occupied by
buildings causing a decrease in the green areas seen in Figure 6.
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ABSTRACT

1. INTRODUCTION

Acting as a link and buffer between farmland and receiving waterway, drainage ditch reduces nitrogen (N) and
phosphorus (P) levels in farmland drainage and control nonpoint source pollution. This study compares two ditches with
augmenting plant density and a natural ditch. The geomorphology of three ditches was similar. Two different water
levels of drainage ditches were compared to evaluate the
nutrient mitigation capacities in different growth stages under low initial nutrient concentrations of the inflow. The results showed that ammonium-nitrogen (NH4-N), nitrate-nitrogen (NO3-N), and phosphate-phosphorus (PO4-P) removal efficiencies of the three experimental ditches increased from 0 to 5th day during the same growing season,
but fluctuations in removal rates were observed. The NH4N and PO4-P removal efficiencies were higher in the augmenting plant ditch than that in the natural ditch. A decreasing trend in removal efficiencies, from early to late
growing seasons, was found. Efficiencies of NH4-N removal in the plant-augmented ditch with low water level
were 94.2% ± 2.0%, 88.8% ± 2.0%, and 71.0% ± 4.1% at
5th day averagely during the early, middle, and late growing seasons, respectively. Similarly, the PO4-P removal efficiencies were 85.4% ± 3.0%, 69.0% ± 4.0%, and 54.9%
± 5.0%, respectively. However, under the water stagnant,
the NH4-N and PO4-P efficiencies in the low-water-level
ditch were higher than those in the high-water-level ditch
when retention time was 5th day, except in the middle
growing season. Therefore, the existing ditch management
supports the mitigation of agricultural non-point source
pollution in the Sanjiang Plain.

The growing global population has prompted the use
of excess nitrogen (N) and phosphorus (P) fertilizers to
meet increasing food and fiber demands [1], thus resulting
in the exacerbation of agricultural non-point source pollution. Agricultural non-point source pollution has been a
major source of aquatic pollution in China [2]. The amounts
of ammonium-nitrogen (NH4-N), nitrate-nitrogen (NO3-N)
and phosphate-phosphorus (PO4-P) in drainage ditches increase during storm events because of low crop absorption [36]. The NH4-N, NO3-N and PO4-P concentrations in agricultural drainage water are less than 10, 5 and 2.5 mg·L−1, respectively, during non-storm events, particularly in the Sanjiang Plain [7, 8]. As important integral components of hydrological facilities and landscape units in agriculture, agricultural drainage ditches serve as direct conduits between
cultivated land and downstream water bodies [9, 10]. Agricultural drainage ditches also act as hydrological links to
surface runoff, ground water, and surface water [11].
Moreover, agricultural drainage ditches convert diffuse
flows from agricultural landscapes into concentrated flows,
improve runoff coefficients in agriculture, and transport nutrients from farmlands to receiving waters [12, 13]. They can
mitigate nutrients from agricultural runoff, which has attracted the attention of researchers. However, researchers
have generally focused on the nutrient mitigation capacity of
drainage ditches under agricultural runoff [14-17] instead
of that under stagnant water.
Currently, intercepting and accumulating drainage water in drainage ditches is the common ditch management
for surface water use and groundwater recharge in the Sanjiang Plain. This method forces the water in drainage
ditches to be in a no-flow state (e.g., stagnant water). Intercepting drainage water in ditches is usually practiced during the plant growing season. The nutrient mitigation capacity of drainage ditches may differ with the plant growth
stage; thus, studying the mitigation capacities of N and P
in ditch water is necessary to intercept the mechanisms of
N and P under the existing ditch management. This study

KEYWORDS: Agricultural non-point source pollution; Nitrogen;
Phosphorus; Water level; Retention time
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2.2. Water sample collection and analysis

focuses on the evaluation of the NH4-N, NO3-N, and PO4P mitigation capacities of drainage ditches during different
plant growth stages under the existing ditch management.
The effects of plants, water level, and drying and wetting
changes (storing water and emptying water) on removal efficiencies under low initial nutrient concentrations are also
analyzed. The results of this study can provide practical
reference and guidance for drainage management in the
Sanjiang Plain and other locations under similar agro-management conditions.

Experiments were conducted from June 2011 to September 2011. Based on the different growth stages of
plants, sampling points were established at 5 m, 10 m,
and 15 m within each ditch. Samples of each point were
three replicates, and were collected each day. All water
samples were collected in 100-ml plastic vials during the
early (July 11-16), middle (August 11-16) and late growing
season (September 11-16). All of samples were stored in a
mobile refrigerator at 4°C and then transported to a laboratory. The samples were then filtered immediately through
0.45μm filters for analysis.
Two hundred forty-three of water samples were analyzed for total nitrogen (TN), NO3-N, NH4-N, total phosphorus (TP), PO4-P, chemical oxygen demand (CODCr),
and pH. TN was tested with test-in-tube alkaline persulphate digestion method; TP was determined by using persulphate digestion method [18]. The potassium dichromate
method was used to analyze CODCr, DO was tested by a
portable dissolved oxygen meter (JPB-607, China), and the
pH of the samples was determined by Piccolo pH meter in
the lab. The influent water characteristics were TN,
12.49±1.68; NO3-N, 6.25±0.92; NH4-N, 5.40±0.31; TP,
2.58±0.46; PO4-P, 2.16±0.21; DO, 4.21±0.51 mg/L; and
CODCr, 10.94±2.68 averagely.

2. MATERIALS AND METHODS
2.1. Site description and experimental design

This work was performed in the comprehensive experimental field of the Sanjiang Mire Wetland Experimental
Station (47°35’N, 133°31’E) of the Chinese Academy of
Sciences, Tongjiang City, Heilongjiang Province of
Northeast China. The annual mean precipitation, evaporation, temperature and frostless period are 550 mm to
600 mm, 550 mm to 840 mm, 1.9°C, and about 125 d, respectively. Sixty-five percent of total annual precipitation
occurs from June to September. Given the boreal climate
and low-slope grade of this area, a large number of ditch
systems have been build for agricultural production in this
area. The farm soil in this area was identified as gleyed albic soil. Phragmites australis and Echinochloa crus-galli
are the two dominant plant species on the sidewalls of
drainage ditches in the Sanjiang Plain. Most of the drainage
water is intercepted and accumulated in field ditches and
lateral ditches for reuse. The water depth in lateral ditches
ranges from 30 cm to 100 cm during the growing season.
The field ditches are full of water in order to conveniently
recharge paddy field.

2.3. Statistical analysis

The SPSS 16.0 and SigmaPlot 10.0 software were used
in the statistical analysis and illustration of figures, respectively. The differences in NH4-N, NO3-N and PO4-P among
the different growth stages were analyzed by using one-way
analysis of variance (ANOVA).
3. RESULTS
As shown in Figure 1, NH4-N removal rates in W2 and
W3 decreased with retention time from the early to the late
growing season. However, NH4-N removal rates in W1 increased with retention time in the early growing season. In
the middle growing season, the NH4-N removal rates in W2
were higher than those in W3, and significantly lower than
that in W1 (p < 0.05). NH4-N removal rates in W2 and W3
were almost the same and smaller than those in W1. NH4N removal rates decreased from early to late growing season, with a retention time of 5 d. Because of the large water
yield of W1, the NH4-N removal efficiencies were lower
than those in W2 and W3 in the early and middle growing
seasons, but slightly higher than those in W2 and W3 in the
late growing season. The NH4-N removal efficiencies in
W1, W2 and W3 at 5 d retention times were 86.6% ±3.8%,
94.2% ±2.0%, and 90.9% ± 1.0% in the early growing season, 87.7% ± 2.5 %, 88.8% ±2.0% and 77.3% ± 11.4% in
the middle growing season, and 71.9% ±4.5%, 70.0%
±4.1%, and 62.6% ± 11.8% in the late growing season on
average, respectively.
Comparing 3 d and 5 d, NO3-N removal rates in W2
and W3 decreased in both early and middle growing sea-

Three lateral ditches from an agricultural field (W1,
W2, W3) were 2.5 m wide at the top, 0.5 m wide at the
bottom, 20 m long, and 0.8 m deep. The U-shaped design
is the most common drainage ditch design in the Sanjiang
Plain. W1 and W2 were implanted with Phragmites australis from a natural wetland at a density of 50 cuttings per
m2 on ditch sidewalls and 40 cuttings per m2 at the ditch
bottom to augment the natural density of ditch plants; W3
maintained its natural state. The inflow and outflow methods
were applied to the three drainage ditches to simulate the
farmland drainage pattern. Influent water from a pool where
supplemental water was from atmospheric precipitation and
groundwater, was prepared first in a feed tank (about 50 cubic meters) by dissolving ammonium nitrate and sodium
dihydrogen phosphate in each ditch to ensure that all
ditches had the same inlet concentration. The water was
into three ditches at once, and the inflow process of three
ditches only spent about 1.5 hours. After reaching the setting water level, residence time of store water was 5 d in the
ditches. The water level in W1 ranged from 55.0 cm to 45.0
cm and that in W2 and W3 ranged from 35.0 cm to 25.0 cm
during each period of store water.
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FIGURE 1 - NH4-N removal at different time in different growing seasons; a, b and c denote early, middle, and late growing seasons, respectively.

observed in PO4-P removal rates at 3rd day and 5th day
during the late growing season. The PO4-P removal rate in
W1 was slightly higher than that in W2 at all growth stages.
The PO4-P removal rate in W1 decreased with retention
time at all growth stages. The PO4-P removal rate in the
three drainage ditches decreased from the early to the late
growing season. The PO4-P removal efficiency in three
drainage ditches increased with retention time at the same
growth period. However, PO4-P removal efficiencies were
not significantly different at the three growth stages (p >
0.05). The PO4-P removal efficiencies at 5 d in the early,
middle, and late growing seasons were averagely from
69.8% ± 3.1% to 52.6% ± 10.9%, 85.4% ± 3.0% to 54.9% ±
5.0%, and 61.7% ± 3.5% to 50.0% ± 3.35%, respectively
(n=27).

sons but increased in the late growing season. NO3-N removal rates in W2 and W3 were significantly higher in the
early and middle growing seasons than those in the late
growing season (p < 0.05). Under the same retention time,
NO3-N removal rates decreased from the early to the late
growing season. NO3-N removal efficiency in W2 was
lower than that in W3 under the same retention time in the
early and middle growing seasons. That may be caused by
the increased NH4-N oxidation into nitrite and the further
oxidation of nitrite into nitrate in W2 [19, 20]. The absorption of NO3-N by plant roots resulted possibility in a higher
NO3-N removal efficiency in W2 than that in W3. Large
water volume increasing anaerobic environment and plant
uptake may affect the NO3-N removal efficiencies of W1.
The NO3-N removal efficiency in W1 was slightly lower
than that in W2 during the early growing season but higher
than that in W2 during the middle growing season. NO3N removal efficiencies in three drainage ditches increased
in the late and early growing seasons, but remained constant after 3 d in the middle growing season (Fig. 2). The
NO3-N removal efficiency in the three drainage ditches increased with retention time in the early growing season but
remained constant after 3 d in the middle growing season
(Fig. 2). NO3-N removal efficiencies in W1, W2 and W3
all increased in the middle and late growing seasons.

The pH values were relatively stable, ranging from 6.2
to 7.5. The hydrogen ions generated in the oxidation of ammonia into nitrite, as well as the carbon dioxide produced by
the metabolism of microbes, resulted in decreased pH values. Thus, pH values decreased with retention time in the
middle and late growing seasons. However, the pH values
decreased first and then increased in the early growing season. This phenomenon is caused by effect of the oxidation
of ammonia into nitrite on the pH values before 3 d and by
the diffusion of carbon dioxide from water into the atmosphere. Moreover, no significant differences in pH values
were observed among three drainage ditches (p > 0.05)
(Fig. 4). Thus, ammonia oxidation slightly affected the pH
values in drainage ditches [21].

The PO4-P removal rate in W2 was slightly higher than
that in W3 with the same retention time during the early
and middle growing seasons. PO4-P removal rates in W2
and W3 decreased with increased retention time in the
early and middle growing seasons; small variations were
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FIGURE 2 - NO3-N removal at different time in different growing seasons; a, b and c denote early, middle, and later growing seasons, respectively.

FIGURE 3-PO4-P removal at different time in different growing seasons; a, b and c denote early, middle, and later growing seasons, respectively.
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occur [27-29]. Aquatic plant mediated transfer of oxygen
to the rhizosphere by leakage from roots increases nitrification, and aerobic, anoxic, and anaerobic zones around
their roots appear in ditch sediments and sidewall soil, thus
providing an ideal environment for microbial nitrification
and denitrification; plant can release organic matter for denitrification by the roots [30, 31]. The results showed that
nitrification and denitrification stimulated and enhanced N
removal at different growth stages. Chemical adsorption is
the main removal mechanism for PO4-P in no adsorptionsaturated sediment- and soil-bed systems. Yang et al. [32]
observed a similar result. Tyler et al. [17] proved the importance of plant uptake and microbial activity on plant tissue and sediments during periods of stagnation and low
flow [17]. Therefore, the interception and accumulation of
drainage water in ditches is favorable for nutrient removal.
Many studies have reported that the potential mitigation
capacity of nutrient removal of plant ditches could be enhanced by strengthening the friction and roughness, stabilizing ditch sidewall surfaces, reducing water velocity, and sedimentation, decreasing suspended sediments from overlying
water columns, and increasing hydraulic retention time and
chemical residence time under flowing water conditions
[14,33,34].
4.2. Water level effect

A higher water level indicates high N and P loads and
a larger water yield in drainage ditches. Thus, high water
levels increased the contact areas between ditch sidewalls
and water. Under low initial nutrient concentrations, the
NH4-N and PO4-P adsorption of ditch soil and sediments
fit the liner adsorption well before the adsorption up to saturation [35]. NH4-N and PO4-P removal efficiencies were
low in the three drainage ditches during the late growing
season when plant uptake was low. However, a high water
level enhances the risk of soil landslide of ditch sidewalls,
which may improve N and P adsorption. Sollie and
Verhoeven [36] reported a significant positive relation between water level and denitrification rate in a shallow lake.
In other word, a high water level enhances denitrification.
Thus, the NO3-N removal rates in W1 were higher than those
in W2, particularly in the middle growing season. Meanwhile, water level affects plant growth, multiplication, and
distribution. For instance, Yuan et al. [37] reported that
the rhizome length of emergent macrophytes significantly
decreased and that plant dispersal and space competition
abilities decreased with high water level (60 cm). A high
water level can reduce the light intensity and dissolved oxygen of water, increase excessive production of organic
matter and toxic gases (e.g. hydrogen sulfide and ammonia) [38-41].

FIGURE 4 - pH values of the drainage ditches with retention time in
different growing seasons; a, b, and c denote early, middle, and later
growing seasons, respectively.

4. DISCUSSION
4.1. Plant effect

N and P removal efficiencies were slightly higher in
W2 than in W3. Aquatic plants can remove N and P by
direct uptake for plant growth and indirect uptake; indirect
uptake is that transporting oxygen of plant roots changes
the microenvironment of root zones and promotes plant uptake [22]. Phragmites australis aboveground mainly rely on
N metabolism in the early growing season, which is the maximum lifespan of plants absorbing N and P. Aboveground
plants are dominated by carbon (C) and N metabolism, and
they still absorb N and P in the mid-growing season.
Aboveground plants that rely mainly on C metabolism stop
growing; underground plants absorb nutrients only during
the late growing season [23]. The amount of N and P uptake by plants and the amount of N and P incorporation into
plant biomass are relatively low in the entire growing season [24, 25]. Plants in drainage ditches play a major role in
stimulating microbial processes [17]. Many studies have
reported that nitrification and denitrification, instead of
plant uptake, are the primary mechanisms of NH4-N and
NO3-N removal [16, 26]; that is, aquatic plant roots can
provide surfaces where nitrification and denitrification can

4.3. Drying and wetting effect

The drying phenomenon in agricultural drainage
ditches frequently occurs. The intermittent method aims to
simulate agricultural drainage. The drying and wetting of
ditch sediment and soil can affect the physical properties
of soil, the number and activity of soil microorganisms, and
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the availability of organic substrates for decomposition
[42]. The wetting of dry sediment and soil easily leads to
the entrapment and compression of air in pores due to the
rapid intake of free water, which causes the swelling or inflation of soil aggregates [43,44]. Some studies reported
that drying and rewetting could reduce microbial biomass
or activity and change the physiological state of microbes
in ditch sediments and soil, and change the microbial community composition [45-50]. Denef et al. [51] found that
dry–wet cycles could increase the mineralization of soil organic matter, which is in favor of ditch plant growth. Water
demands are different at different growth stages of Phragmites australis. Therefore, the drying and wetting changes
in drainage ditches indirectly affect the nutrient removal
capacity from overlying water in drainage ditches.

Under low initial nutrient concentrations, prolonged
retention time facilitates nutrient removal in ditch water. In
the study area, vegetations in and around the ditches stimulate nutrient removal, and higher water level enhances the
nutrient removal rate, and these results can help the improvement of ditch management scheme for protecting the
regional water environment. Further studies on altering the
effect of different drainage patterns on nutrient removal are
needed.
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persistent toxic substances that require priority control
screening. NP is hydrophobic and is thus easily absorbed
by aquatic suspended particles (minerals, plants, and animal
debris) that sink into sediments. Simultaneously, NP is released into waters through resuspension, which is the main
source of aquatic NP.

ABSTRACT
The distribution patterns of nonylphenol (NP) were
surveyed in 26 surface sediments and one sediment core
collected from Yangtze Estuary and its adjacent area from
May to June of 2010. In the surface sediments, NP concentrations first increased and then decreased from inshore to
offshore, ranging from 137.5 ng/g dry weight (d.w.) to
559.0 ng/g d.w. High values of NP were found in coastal
mud areas. The spatial distribution of NPwas influenced by
Yangtze River runoff and other water currents controlling
sediment transport. In the core sample, NP concentrations
decreased with increasing depth, indicating more serious NP
pollution from 2000 to 2010. Overall, the NP contamination
level in this area was at the medium level, when compared
with those of other estuaries and bays. However, the high
risk quotient values of NP that ranged from 3.5 to 14.3 in
all the stations suggested a significant risk for sediment biota.

Many recent reports have focused on the distribution
patterns and ecological risks of NP in sediments from estuaries, bays, and coastal areas, which are influenced severely by
human activities. The contamination levels of NP in surface
sediments of coastal areas in China significantly differ. The
concentrations of NP in sediments of Bohai Sea ranged
from 3.16ng/g dry weight (d.w.) to 13.6 ng/g d.w. [13],
which is close to the concentrations of NP in sediments
from Yangtze Estuary (YZE) and its adjacent waters (0.73
ng/g d.w. to 11.45 ng/g d.w.) [14]. However, the concentrations of NP in sediments (3.16ng/g d.w. to 13.6 ng/g
d.w.) are notably lower than those from Pearl River and its
adjacent area (144.0 ng/g d.w. to 358.0 ng/g d.w.) [15] and
those from North Yellow Sea (9.2 ng/g d.w. to 380.5 ng/g
d.w.) [16].

KEYWORDS:nonylphenol, Yangtze estuary and its adjacent area,
distribution, sediment, ecological risk assessment

As the largest river in China, Yangtze River transports
many pollutants from agricultural areas, industries, and
households into East China Sea (ECS) through freshwater
and suspended particulates. Since the 1980s, rapid economic development and significant increase in the population caused Yangtze River Delta to become one of the most
important industrial regions and the most densely populated areas in China. The influence of pollutant discharge
on the marine environment of YZE and its adjacent area
cannot be ignored. In this study, we investigated the contamination level and distribution pattern of NP in sediments from YZE and its adjacent area, the ecological risks
of which were assessed.

1. INTRODUCTION
Nonylphenol (NP) is a synthesis material and degradation product of nonylphenol polyethoxylates (NPnEO),
which are nonionic surfactants extensively used in a variety
of industrial products, such as detergents, pesticides, plastic
additives, textile auxiliaries, papermaking, and oil chemicals. Approximately 500,000 t of NPnEO is produced globally each year [1], 10% of which is from China [2].
NP is stable and can remain in the environment for
years. NP is bioconcentrated in organisms and passes
through food chains into human bodies, where it acts as an
endocrine disruptor [3–12]. Thus, the presence of NP in waters has been the focus of considerable concern. NP is listed
by the United Nations Environment Program among the

2.1 Chemicals and standards

* Corresponding author

Dichloromethane (DCM) and n-hexane, both high-performance liquid chromatography grade, were obtained

2. MATERIALS AND METHODS
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of 58 °C. The extract was rotary evaporated (EYELA, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) to near dryness and
redissolved in n-hexane. The solution was passed through
a glass column containing 7 g of 5% H2O-deactivated and
hexane-rinsed silica gel and 1 g of Na2SO4 for cleanup and
fractionation. The column was first washedwith 20 mL of
DCM/hexane (4:6, v/v) and then eluted with40 mL
ofDCM/hexane (8:2, v/v). The eluate was rotary evaporated and redissolved in n-hexane. The solution was con-

from Merck (Darmstadt, Germany). NP (a mixture of isomers with different side chains) and 4-tert-butylphenol, both
of technical grade, were purchased from Tokyo Chemical
Synthesis Ind. Co. Ltd., Tokyo, Japan, and each of these
chemicals was dissolved inn-hexane to obtain a stock solution. A series of working standards were achieved by diluting the stock solution with n-hexane. Anhydrous sodium sulfate (Na2SO4), aluminum oxide (Al2O3; 100 mesh to 200
mesh), and copper powder were of analytical grade. Silica
gel reagents were of high purity.
2.2 Sampling sites and sample collection

The surface sediment samples were collected from
26 sites between May and June in 2010 along YZE and its
adjacent areas with the use of a stainless steel grab sampler
(Fig. 1). A sediment core was taken from the S12 station
with the use of a stainless steel box corer sampler. This core
was sliced at intervals of 2 cm. All the samples were
stored at −20 °C until analysis. Detailed information on
the sampling sites is given in Table 1.
2.3 NPextraction and analysis
2.3.1 Extraction and clean up

The detailed extraction procedure for NP analysis is
described elsewhere [17]. Briefly, the freeze-dried sediment was ground and filtered by using a copper sieve with
100-mesh size. Then, 10 g of the sieved sediment was stabilized for 48 h with the use of 10 mL of 4-tert-butylphenol at a concentration of 0.04 mg/L and then copper powder
was added. The mixture was shaken vigorously and Soxhlet
extracted with dimethyl sulfide for 24 h at the temperature

FIGURE 1 - Locations of the sediment sampling sites (JCC: Jiangsu
coastal current; ZFCC: Zhejiang and Fujian coastal currents; TWC:
Taiwan warm current)

TABLE 1 - Detailed information on the sampling sites.
Sampling sites
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25
S26
S27

Longitude
122°30′13″
122°59′13″
124°29′48″
124°58′11″
122°39′30″
122°19′42″
123°0′2″
124°30′26″
124°30′14″
124°59′59″
122°40′39″
122°59′56″
123°29′50″
124°0′27″
124°29′15″
125°51′20″
128°12′23″
122°14′44″
122°27′14″
122°49′42″
121°26′32″
121°39′23″
121°54′29″
120°29′58″
120°46′58″
120°59′36″
121°18′18″

Latitude
31°59′43″
31°59′58″
32°0′0″
32°0′31″
31°37′57″
31°30′5″
31°30′9″
31°30′17″
31°29′34″
31°29′44″
30°58′13″
30°30′4″
30°30′3″
30°30′4″
30°29′18″
30°50′49″
30°49′59″
29°19′52″
29°12′25″
29°2′25″
27°45′17″
27°38′37″
27°31′17″
26°54′55″
26°43′15″
26°35′16″
26°22′38″

Depth/m
27.4
37.1
41.3
48.1
23.5
17.0
35.7
29.2
46.4
49.0
42.0
58.1
57.8
56.0
59.9
75.0
519.0
15.0
40.0
61.0
26.4
47.0
77.0
25.0
48.0
57.0
81.6

Sediment type
Clayey silt
Sandy silt
Sand–silt–clay
Sandy silt
Sandy silt
Clayey silt
Silty sand
Clayey silt
Clayey silt
Clayey silt
Silt
Sand–silt–clay
Sand–silt–clay
Silty sand
Sandy silt
Clayey silt
Clayey silt
Silt
Clayey silt
Clayey silt
Clayey silt
Clayey silt
Clayey silt
Clayey silt
Clayey silt
Clayey silt
Sandy silt

27

NP/(ng/g d.w.)
135.0
144.3
257.0
65.8
174.3
235.1
353.3
184.0
559.0
250.6
245.2
123.6
168.8
196.5
116.9
234.5
123.5
212.1
137.5
229.6
460.8
158.9
157.0
269.3
195.5
134.5
122.4

TOC/%
0.172
0.187
0.164
0.260
0.092
0.700
0.080
0.331
0.300
0.101
0.435
0.400
0.451
0.386
0.232
0.318
1.730
0.550
0.548
0.453
0.393
0.678
0.680
0.779
0.762
0.489
0.477

TN/%
0.063
0.079
0.036
0.023
0.015
0.068
0.007
0.039
0.030
0.040
0.065
0.064
0.082
0.079
0.026
0.062
0.210
0.071
0.084
0.082
0.066
0.110
0.110
0.105
0.112
0.084
0.065

C/N
3.2
2.8
5.4
13.1
7.3
12.0
12.9
9.8
10.0
2.9
7.8
7.3
6.4
5.7
10.6
6.0
8.2
9.1
7.6
6.5
6.9
7.2
7.2
8.6
7.9
6.8
8.5

RQ
3.5
3.7
6.6
1.7
4.5
6.0
9.1
4.7
14.3
6.4
6.3
3.2
4.3
5.0
3.0
6.0
3.2
5.4
3.5
5.9
11.8
4.1
4.0
6.9
5.0
3.4
3.1
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which is toward the east of the northeast branch of Yangtze
diluted water. These results suggest that the distribution
pattern of NP in this area is influenced not only by the terrestrial input carried by Yangtze diluted water but also by
the complex hydrodynamics of YZE. Suspended particulates are carried to the open sea by the strong current of
Yangtze diluted water. Meanwhile, sediment grain size becomes increasingly smaller with the interaction of transportation, erosion, and resedimentation. Furthermore, ocean circulations have significantly affected the transportation and
sedimentation of suspended particulates and thus influence
NP distributions. Fan et al. [19] observed that many suspended particulates were deposited at YZE because of the
convergence of the Taiwan warm current and the north
Jiangsu coastal current. This convergence resulted in the
occurrence of districts with high NP concentrations at approximately 124.50° E sea areas. The low NP contamination
level around the coast of YZE may be attributed to the low
hydrophobic organic matter absorption capacity of the sand
and silt sediments in this region [20].Moreover, low NP
concentrations may correlate with high sedimentation rates.
That is, NP accumulation in sediments could be diluted by
high sedimentation rates [13, 21, 22].

centrated to 1 mL under a gentle N2 stream before gas chromatography/mass spectrometry (GC/MS) analysis.
2.3.2 NP analysis

GC/MS analysis was performed with the use of an Agilent 7890 gas chromatograph connected to an Agilent
5975 mass spectrometer. The GC was operated with a DB5MS quartz capillary column (30 m × 0.25 mm i.d. × 0.25 µm
film thickness). Helium (99.99%) was used as carrier gas
at a flow rate of 0.8 mL/min. The temperature program was
initialized at 50 °C, increased to 180 °C at 20 °C/min, increased to 200 °C at 2 °C/min and kept for 2 min, and finally increased to 280 °C at 30 °C/min and kept for 2 min.
Then, 1 μL of the sample was injected in a splitless mode
with solvent delay of 4.5 min. The mass spectrometer was
operated in the electron ionization mode, with an ionizing
energy of 70 eV. The ion source temperature was maintained
at 230 °C. The selected ion monitoring mode was used for
quantitative analysis. The scanning range of mass spectra was
from m/z 50 to 450. The characteristic ions (m/z 107, 121,
135, 149, 163, and 220) were chosen to identify NP [17].
2.4 Determination of total organic carbon

Total organic carbon (TOC)and total nitrogen
(TN)were measured by using the oxidation method [18].
Approximately 1 g of dried sediment was placed into a precombusted (450 °C, 4 h) glass bottle. Then, HCl (4 mol/L)
was added to remove inorganic carbon from the samples.
Finally, the samples were measured with the use of a Flash
2000 Elemental Analyzer (Thermo Scientific, Waltham,
MA, USA).
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2.5 Quality assurance and quality control

ZheJiang

Procedural blank values were below the method detection limits. To control the experimental quality, n-heptylphenol was used as a surrogate standard in real sample analysis and then spiked into the samples before extraction. The
recoveries of NP and surrogates varied from 87% to 92%
and from 74% to 113%, respectively. For duplicate samples, the relative standard deviation values were less than
11%. The method detection limit for NP was approximately 0.3 ng/g.
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FIGURE 2 - Spatial distribution of NP in surface sediments from the
YZE and its adjacent area (ng/g d.w.)

The NP concentrations in surface sediments from
Zhejiang coastal areas varied from 122.4 ng/gd.w. to
460.8 ng/gd.w., with an average value of 207.8 ± 100.5
ng/gd.w. NP concentration along the northern sections near
Hangzhou Bay were generally greater than those along the
middle and southern sections. In the middle and southern
sections, NP concentrations decreased gradually from inshore to offshore (Fig. 2). The overall NP concentrations
exhibited no significant difference (T test, p ≤ 0.05, Sig. =
0.961) between Zhejiang coastal areas and YZE and its adjacent waters. The high NP concentrations at the north
section of Zhejiang coastal areas may be related to the
Yangtze diluted water and terrestrial input from the Qiantang River. Bypassing Nanhui Spit, a part of the sand carried by Yangtze diluted water assimilate into Hangzhou Bay

3. RESULTS AND DISCUSSION
3.1 Horizontal distribution of NP in surface sediments

The concentrations of NP in surface sediments from
the YZE and its adjacent area ranged from 65.8 ng/gd.w. to
559.0 ng/gd.w., with an average value of 209.8 ± 113.7
ng/gd.w. (Table 1). The maximum and minimum concentrations of NP were detected in sediments from stations S9
and S15, respectively. Along the northeast branch of Yangtze diluted water, the NP concentration first increased and
then decreased from west to east. Meanwhile, along the
southeast branch, NP concentrations decreased gradually
from inshore to offshore (Fig. 2). However, high NP concentrations were observed in the east of the 124.5° E area,
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and δ13C, also suggest that terrestrial input is an important
source of organic matter [30–32].

with runoff diffusion, which is the main sediment source of
Hangzhou Bay [23]. Considering the interaction among
Yangtze diluted water, Taiwan warm current, andZhejiang
and Fujian coastal currents, sands carried by Yangtze River
repeatedly undergo the processes of sedimentation and suspension, and the surface sediment type of this area is
mainly clayey silt [24]. The distribution pattern of NP concentration at the middle and south sections of Zhejiang
coastal areas was attributed to sewage discharge.
No obvious correlation was observed between NP and
TOC concentration in surface sediments (Fig. 3). However,
the average concentrations of NP and TOC in clayey sediments were greater than those in sandy and silt sediments
(p < 0.05) (Fig. 4).This result indicates that the adsorption capability of sediments improves with increasing organic matter
content and decreasing grain size [25–28].

3.2 Vertical profiles of NP in a sediment core from YZE

The NP concentrations in the sediment core from the
S12 station of YZE ranged from 61.7 ng/gd.w. to 251.5
ng/gd.w., with an average value of 110.2 ± 47.4 ng/gd.w.
Overall, the NP concentrations decreased with increasing
depth (Fig. 5). The maximum NP concentration was observed in the subsurface of the sediment core, which was
similar to that in Tokyo Bay [6]. This finding may be attributed to the penetration of APs in the core because of
sediment mixing. We observed that NP concentration increased with increasing TOC in the sediment core, and their
correlation was statistically significant (p < 0.001, R2 =
0.4404) (Fig. 6). These results indicate that organic matter
content is an important factor that controls the vertical distribution patterns of NP in sediments from YZE. Previous
studies have reported that the sedimentation rate in the area
where the sediment core was obtained was approximately
3 cm/a [21, 22]. Therefore, the sediment core from the S12
station reflected the contamination level
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Notably, the NP concentration of the S17 station,
which was located at the continental shelf of ECS, reached
123.5 ng/gd.w. This high value may be attributed to the suspended particulates carried by Yangtze diluted water and
to aerosol deposition [29]. Other parameters, such as C/N
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TABLE 2 - Comparison of NP concentrations in sediments from different coastal regions
Study area
The YZE and its adjacent waters
Sediment core from the S12 station of the YZE
Bohai Sea
The Pearl River Estuary
Around the South China Sea
North Yellow Sea
The Pearl River Delta
Jamaica Bay, USA
Sediment core from Bohai Sea coastal areas
Mediterranean coastal areas
Tokyo Bay, Japan
“n.d.” means not detected; “–” means unavailable

NP (ng/g)
116.9 to 559.0
61.7 to 251.5
3.16 to 13.60
144.0 to 293.0
76.9 to 702.7
9.2 to 380.5
110 to 7,808
2,653 to 27,680
n.d. to 203
<10 to 1,050
<10 to 5,540

variations over 10 years from 2000 to 2010. Our investigation showed that the NP contamination level was severe
from 2000 to 2010. This finding is in accordance with the
fact that a large amount of industrial and municipal
wastewater was discharged into Yangtze River with the
rapid development of economy and society at that time.

Reference
This study
This study
Shao et al. [13]
Peng et al. [15]
Peng et al. [15]
Liu [16]
Chen et al. [33]
Ferguson et al. [34]
Hu et al. [35]
Petrovic et al. [36]
Yamashita et al. [37]

4. CONCLUSION
The NP concentrations in the surface sediments from
YZE and its adjacent area ranged from 65.8 ng/gd.w. to
559.0 ng/gd.w., with an average value of 209.8 ± 113.7
ng/g d.w. The spatial distribution was determined not only
by terrestrial input sources but also by sediment transport,
which is controlled by Yangtze diluted water, Taiwan warm
current, as well as by Zhejiang and Fujian coastal currents.
By contrast, NP in the sediment core showed a zigzag increasing pattern from the bottom layer to the surface layer,
indicating an increase in NP during the last decade. The NP
pollution in this area was at the medium level compared
with that in other estuaries and bays in the world. However,
risk assessment showed that NP posed a high risk for the
sediment biota in this area.

3.3 Comparison with other areas of the world

Many reports have been published on the NP concentrations in several bays, estuaries, and coastal areas. The
concentrations of NP observed in this study were greaterthan those in Bohai Sea [13], similar to those in Pearl River
Estuary [15], around the South China Sea [15], and North
Yellow Sea [16], but lower than those in Pearl River Delta
[33] and Jamaica Bay [34] (Table 2). Compared with that
in the coastal areas of other countries, NP pollution in YZE
and its adjacent areas was at the medium level.
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The risk quotient (RQ) was used as the ecological risk
assessment criteria for NP and was calculated by using the
following equation:

RQ 

Mean (ng/g)
218.2 ± 103.5
110.2 ± 47.4
6.44
197.5
–
111.7
1,380
2,107.6
–
–
–

PEC
,
NPEC

The authors have declared no conflict of interest.

where PEC and NPEC are the predicted environmental concentration and no-effect predicted environmental
concentration, respectively [38]. When the RQvalue is
greater than 1 in one region, actions must be taken to reduce ecological risks.
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THE EFFECT OF GRAPE CULTIVARS ON OVIPOSITION
PREFERENCE AND LARVAL SURVIVAL OF Lobesia
botrana DEN. & SCHIFF. (LEPIDOPTERA: TORTRICIDAE)
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The most important pest to affect grape production in
Turkey is the European grapevine moth, Lobesia botrana
Den. & Schiff. (Lepidoptera: Tortricidae) which reproduces 3-4 generations per year. The pest has five larval instars. Larvae belonging to first generation feed on flowers
and buds. Second, third and subsequent generation larvae feed
on grape berries. Larvae of L. botrana are polyphagous and
have host plants feeding on more than 40 species in ca. 20
families. Damage is done by larval instars of the pest.
Chemical control supported by early warning system
against this pest is one of the inevitable ways of protection
[3, 4].

ABSTRACT
The present study aimed to explore oviposition preference and larval survival of Lobesia botrana Den. & Schiff.
(Lepidoptera: Tortricidae), which is a key pest of vineyards. The study was carried out using natural population
of the pest on cultivars of Yalova İncisi, Flame Seedless,
Sultana and Crimson Seedless in 2009 and 2010.
The effect of the cultivars on the preference by the pest
was evaluated according to number of laid-egg and larvae
with weekly counting intervals from flowering to harvest.
As a result of the study, grape cultivars impacted on
egg-laying preference of females with larval survival indicating naturally parallel tendency. The most and the least
cultivars preferred by the pest were Yalova İncisi (6.4 eggs,
3.7 larvae) and Flame Seedless (2.0 eggs, 1.1 larvae), respectively. After Yalova İncisi, the most preferred cultivars
in terms of egg-laying and larvae feeding were Crimson
Seedless (4.4 eggs, 2.6 larvae). Therefore, one tried to find
out if different cultivars could have any effects with the
conclusion that L. botrana had to be kept under control by
environmentally friendly IPM programs. Studies have been
conducted on development of alternative control methods
for the pest which is rather difficult to chemically control. Of
all alternative methods, growth of cultivars preferred less by
the pest plays an important role.

Chemical control is used in egg and larval stages of the
2nd and 3rd generations of the pest. In spite of intensive
chemical control programs, the pest cannot be effectively
controlled and also these chemicals cause environmental
pollution, and negative impact on human health [5, 6]. In
addition, the cost of grape production significantly increases while the quality of grape decreases.
Studies have been conducted on development of alternative control methods for the pest which is rather difficult
to chemically control. Of all alternative methods, growth of
cultivars preferred less by the pest plays an important role.
Kacar [7] indicated that preference of feeding on different
cultivars by the pest and phenological stages show variations and should therefore be considered in an integrated
pest management process (IPM). Şekerden Çağlar [8] reported that population density of the pest is different according to cultivars and it prefers cultivars which ripen
early and have compact clusters. Moreau et al. [9] suggested that fecundity, egg size and egg hatchability are significantly variable when larvae have been fed on different
grape cultivars. Moreau et al. [10] also determined that larval diet has an impact on egg quality and thus on performance of parasitoids fed on eggs. Sharon et al. [11] found
out that different grape cultivars notably affect orientations
of adults of L. botrana.

KEYWORDS: European grape moth, grape cultivars, Lobesia
botrana, host plant

1. INTRODUCTION
According to the Food and Agricultural Organization
(FAO), Turkey is the fifth biggest grape producer in the
world with 478,000 ha vineyard [1]. Considering global
market conditions and status of the harvest, Turkey has a
significant role in total world grape trade with a share of
ca. 40% [2]. Turkey has an income of approximately
US$155.6 million from 188,500 ton grape exports [1].

A considerable part of vineyards in Turkey is planted
in the Aegean Region, 72% of which include Sultana cultivar [12]. There are no reliable statistics to show grape
production by cultivar; however, it is believed that Sultana,

* Corresponding author
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Population density of the pest in the district was monitored
in delta-type pheromone traps that had been placed at the
midheight of the canopy. The pheromone Pherocon® dispensers containing 1 mg of synthetic pheromone (Trécé®, Inc.
Salinas, CA, USA) were renewed every 3 weeks. Moreover,
parameters such as cluster compactness, ripening time and
grape size observed. In addition, vegetation period, daily
temperature and relative humidity which all effect population level of the pest were recorded.
To analyze the data, Duncan test was applied after
square root transformation, using SPSS® (Version 15.00,
November 2006, SPSS Inc., Chicago, IL, USA.).

also known as Thompson Seedless, is the most widely
planted cultivar. In addition, other popular cultivars in the
region are Alphonse Lavelle, Ata Sarısı, Cardinal, Superior
Seedless, Trakya İlkeren, Yalova İncisi, Italia, Çal Karası,
Kıbrıslı, Razakı, Mevlana, Red Globe, Crimson Seedless,
Flame Seedless, Horoz Karası, Boğazkere, Cabernet Sauvignon, Chardonnay, Kalecik Karası, Merlot, Narince,
Öküzgözü, Sauvignon Blanc and Syrah, also known as Shiraz [7, 13].
The study aimed to find out the preference of female
of L. botrana among different grape cultivars in terms of
egg-laying and larval survival under field conditions and
thus obtain preliminary knowledge of how to decrease population of the pest and application of chemicals to pests as
a control process.

3. RESULTS
Considering the results of egg counting in the first year
(2009) of the study, Yalova İncisi was preferred most, followed by Crimson Seedless and Sultana in terms of the
pest-favored position by the end of production period (Figure 1).
The consequence of larvae counting in the same year
showed Yalova İncisi to be the most suitable cultivar for
hatched larvae from late June through July, followed by
Sultana till the end of production period. After the harvest
of Yalova İncisi at the end of July, Sultana became more
preferred cultivar, followed by Crimson Seedless in August (Figure 2).
In the second year (2010) of the study, Yalova İncisi
was again the most preferred cultivar in view of number
of eggs laid by the pest in June and July. Cultivars of Sultana and Crimson Seedless were preferred more than
Yalova İncisi in terms of laying eggs between late July

2. MATERIALS AND METHODS
In the sub-station of Manisa Viticulture Research Institute in Alaşehir district (38º 34' 15" N, 28º 66' 54" E) in
2009 and 2010, experiments were conducted on four commercial cultivars including Yalova İncisi, Flame Seedless,
Sultana and Crimson Seedless, using natural population of
Lobesia botrana.
The experiment was established as 4 blocks, each of
which had 1 row of every cultivar with a total of 16 rows.
The inter-row and intra-row spacing were 1.5 m x 3 m and
vines were 10 years old in this experiment field. The study
counted eggs, larvae and pupae of the pest in 5 clusters
from each of the 12 vines per row in weekly intervals. The
eggs, larvae and pupae of the pest in clusters were counted
by observing during experiment.

FIGURE 1 - Number of adults caught in pheromone traps and eggs on different cultivars of Lobesia botrana.
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FIGURE 2 - Number of adults caught in pheromone traps and larvae on different cultivars of Lobesia botrana.

FIGURE 3 - Number of adults caught in pheromone traps and eggs on different cultivars of Lobesia botrana.

and August. The reason why counting was so performed by
the end of production season was harvesting an early ripen
cultivar, Yalova İncisi at the end of July (Figure 3).
Considering larvae counting, Yalova İncisi was the
preferred cultivar due to larval feeding from early June
through July, 2010. Because the cultivar above was harvested at the end of July, Flame Seedless and Sultana became more preferred cultivars in August (Figure 4).
Also, Figures 1-4 indicate that adult population
reached to peak values in the first halves of May and July
in 2009 and 2010. From the period when adult population

level peaked inherently, it follows that number of eggs also
increased as seen in Figures 1 and 3, after which significant
increases were found in the number of larvae (Figures 2
and 4).
Insecticides were applied to L. botrana three times in
both years. Karate® WP (Lambda-cyhalothrin, 200 g/kg),
Decis ® EC (Deltamethrin, 25 g/l) and Avaunt ® SC (Indoxacarb, 150 g/l) were applied on 18.05.2009,
22.06.2009 and 24.07.2009 and on 07.06.2010,
03.07.2010 and 16.07.2010 in the first and the second
years, respectively.
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FIGURE 4 - Number of adults caught in pheromone traps and larvae on different cultivars of Lobesia botrana.

FIGURE 5 - The effect of grape cultivars on feeding preference of Lobesia botrana.

Average of weekly counting those years to find out
preference of L. botrana from among different grape cultivars determined that Yalova İncisi was preferred by the
pest to lay eggs (6.4 eggs) and hatched larvae could also
survive on it (3.7 larvae). Late ripening and loose cluster
cultivars such as Flame Seedless were found to be preferred less by the pest (2.0 eggs, 1.1 larvae). After Yalova
İncisi, the most preferred cultivars in terms of egg-laying
and larvae feeding were Crimson Seedless (4.4 eggs, 2.6
larvae) (Figure 5).

4. DISCUSSION
Because Lobesia botrana is a key pest in vineyards in
the Aegean Region, it is in the main target of application
of the control methods. Different insecticides and control
methods failed for the pest. Therefore, one tried to find out
if different cultivars could have any effects with the conclusion that L. botrana had to be kept under control by environmentally friendly IPM programs.
Kacar [7] suggested that damage of L. botrana could
change based on cultivars and phenology, which should be
taken into consideration in IPM. Concerning the effect of
grape cultivars on population of L. botrana, Sharon et al.
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Yalova İncisi (6.4 eggs, 3.7 larvae) was the most preferred
cultivar by the pest, Flame Seedless (2.0 eggs, 1.1 larvae)
was the least one. Moreover, the number of eggs laid by
the third generation was more that one of the first and second generations on each cultivar.
A study by Moreau et al. [10] determined parasitoid
performance in host eggs of different sizes and originating
from five grape cultivars, using a tritrophic system comprising five cultivars, L. botrana and Trichogramma evanescens. The results of the study pointed out that host plant
of L. botrana influenced the performance of egg parasitoid,
T. evanescens.

[11] claimed that although population level was significantly different over years male adults were caught on the
same cultivars which were also preferred by female adults
to lay eggs every year. The present study, on the other
hand, showed that although population levels of the L.
botrana was different for 2009 and 2010; the cultivar preferred by the pest was Yalova İncisi. Şekerden Çağlar [8]
found out in the study on developments of L. botrana in
vineyards in the province of Hatay that the pest preferred
Yalova İncisi during the 4-year study. Therefore, its population levels showed variations depending on cultivars and the
early ripening and compact cluster one was preferred. Consistent with those by Şekerden Çağlar [8], the consequences of the study pointed out that cultivars effected
preference by the pest and early ripen cultivars were preferred more. The study showed Yalova İncisi, an early ripening cultivar to be preferred by L. botrana more than Sultana, Flame Seedless and Crimson Seedless in terms of its
preference of egg-laying and larvae feeding. Damage of L.
botrana to cultivars can be said to be attributable to cluster
compactness, epidermis thickness and sugar content of
grapes according to Snjezana [14]. Yalova İncisi is a white
table and early ripening cultivar that has large grapes and
compact clusters with high sugar content [15-18]. Therefore,
it is thought that Yalova İncisi was the most preferred in all
cultivars by the pest for egg-laying. Also, larval survival on
this cultivar was more due to compact clusters and the high
sugar content of it.

We also tried to observe the effect of grape colour on
the preference of the pest. However, it is so hard to say that
grape colour has an effect on the preference. Rather, the
effect of ripening time will be more accurate to say that.
More detailed experiments on the effect of grape colour
should be done under controlled conditions.
Cultivation of grape cultivars preferred less by the pest
will cause a decrease in the population level of larvae and
pupae. Thus, population level of fertile adult with high fecundity will further decrease. Overall, the present study
showed that host plant cultivars have an impact on the life
history traits of L. botrana. In consequence, using non-preferred cultivars creates not only weak larval development
but also irreversible problems with parameters such as fecundity and survival of adult from poor larvae. In parallel
with, intensive chemical applications causes environmental pollution will be reduced because of the low population
level of the pest. In that respect, usage of the non-preferred
cultivars for newly established vineyards can reduce the
costs of controlling the pest.

The results of the present study showed that the number of eggs and larvae have increased in parallel with the
number of adults in both years, although pesticide applications. This situation evidences the possibility that there is a
problem in the control of the pest. So, some experiments related to the pest in the region are needed, such as the determination of application time or methods, resistance of the pest
against pesticides. Also, emergence time of adults
should be determined on common commercial cultivars in
the region by a large-scale field experiment.
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Moreau et al. [9] reported that larvae of L. botrana fed
on different grape cultivars, pupal weights showed difference and larval food also affected fecundity, egg size and
achievement of hatching. On the other hand, Moreau et al.
[19] found that there was a linear correlation between egg
size and hatchability. Thiéry et al. [20] suggested according
to results of a study on host plant characteristics affect
emergence phenology of insect pest that the distribution of
pupae of L. botrana was not homogenous in grape bunches
within a cultivar and there was an approximately equal ratio of males and females on each cultivar. Also, gender and
grape cultivar had significant effects on emergence time of
adults, males emerged an average of two days before females and feeding of larvae on different grape cultivars had
an impact on emergence time of adults are reported in the
same study. The results of the present study indicated that
grape cultivars have and impact on egg-laying preference
of females and larval survival was significantly different
on four commercial cultivars in the experiment area. While
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ABSTRACT

1. INTRODUCTION

In this study, the genotoxic effects of commonly used
eco-friendly pesticides selected from herbicide (tribenuron
methyl), fungicide (triadimenol) and insecticide (lambdacyhalothrin) were evaluated on mononuclear leukocytes isolated from higher cells using the single cell gel electrophoresis (SCGE) assay. Mononuclear cells were exposed for a
period of 30 min to 50-, 25-, 15-, 10- and 5 g ml-1 doses
of lambda-cyhalothrin and triadimenol while tribenuron
methyl was applied at 10-, 7.5-, 5-, 2.5- and 1 g ml-1 doses
on those cells. DNA damages characterized with Olive tail
moment (OTM), comet length and % Tail DNA (% TDNA) increased while % Head DNA (% H-DNA) values
significantly decreased with the increase of concentrations
of all pesticides used. The results showed that the pesticide
lambda-cyhalothrin was found more genotoxic than triadimenol and tribenuron methyl at all doses. However, the lowest
doses of triadimenol and tribenuron methyl (last two doses)
had only marginal DNA damaging effects on the leukocytes while lambda-cyhalothrin had a remarkable effect at
10 g ml-1. We conclude that the pesticide lambda-cyhalothrin had a toxic effect on human and could have significant impact on environmental health even if they are applied at low doses. It would be crucially important to determine the effects of genotoxicity and oxidative stress of
those pesticides with descending doses on higher cells as
well as on plants and animals with extended incubation period if time creates extensive DNA damages.

Pesticides, in general, are reactive compounds that are
able to form covalent bonds with various nucleophilic centers of cellular biomolecules, including DNA and mitochondria. Their application is still the most effective and accepted
way for the protection of plants from invading agents. Despite significant improvements during the last decade, their
extensive and intensive applications in agricultural areas
remain a highly regarded concern for our health. Although
pesticides greatly contribute to the crop protection by controlling plant disease and pest dissemination, they raise an
increasing preoccupation in consumers since they are often
found in foods, environment and non-target organisms [1].
Application of complex mixtures of pesticides in recent
years led to significant accumulation of residues in soil,
surface and groundwater sources. Therefore, its toxicity
may occur in a broad range of non-target organisms [2].
Its toxicity is crucially important where large amounts of
pesticides are released into the environment. They easily
flow into rivers and lakes through drainage systems, therefore their accumulation could be toxic to living things and
pose potential risks for aquatic organisms and human beings. For example, The US Environmental Protection
Agency (US EPA) reported that at least 3 million people exposed to at least 0.2 ppb atrazine via the use of groundwater
every day (http://oehha.ca.gov). It was reported that increase
in atrazine concentrations (0-1000 ppm) resulted in carcinogenic effects in Sprague-Dawley rats (http://oehha.ca.gov).
Although they have been used in minute amounts, they are
of concern because of their potential toxicity in cell metabolism and DNA damage [2, 3]. Although understanding of
the biological effects of currently used pesticides has increased recently and they are produced as safer and more
reliable than ever before, their toxicity conducted as in vivo
or in vitro on non-target organisms have shown that pesticides had re-markable genotoxic effects. Pesticides, in general, are produced selectively against certain organisms
without negatively affecting other organisms, however, absolute selectivity is impossible to achive. Therefore, most

KEYWORDS: Pesticide, DNA damage, comet assay, single
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evolving resistance against ALS inhibitors have been
greatly increasing in recent years [21]. Although its halflife is short (7 days) and it is rapidly absorbed by plants,
the investigation showed that only 25% of tribenuron
methly was mineralized after 126 days in sandy soil [22].
On the other hand, its short term toxicity gain importance
due to number of increase in herbicide-resistant plants
which would put the environment into the risk. Because, in
general, there is a tendency of using more frequent application of pesticides with low doses when higher concentration is considered to be a greater risk.

pesticides have toxicity for non-target organisms. This issue, therefore, should be evaluated by using the recent advanced techniques [4, 5]. For example, trifluralin, which is
a kind of herbicide, had been commonly used in many European countries. However, after the toxicity tests it was
banned in several countries due to its harmul effects and
accumulation in soil and water [6]. On the other hand, there
have been contradictory results over the use of pesticides.
For example, an insecticide called dimethoate was found
non-mutagenic in Salmonella typhimurium TA 100, while
mutagenic to S. typhimurium TA 1535 [7]. Another insecticide methyl parathion caused an increase in chromosomal
aberration in fish and rats [8], however, the same insecticide
did not cause any chromosome mutations in Drosophila
melanogaster [9]. Therefore, the results about pesticides
are equivocal. However, recent findings with new pesticides
using more advanced and straightforward methods proved
that these chemicals were highly genotoxic to higher cells
[10-12].

Fungicide triadimenol, on the other hand, is a systemic
fungicide, (LD50=700 mg kg-1) which is effective on powdery mildews caused by various fungi on vitis, tobacco, tomato plants etc. This chemical was also reported not to have
had any genotoxic and adverse effects on non-target organisms [23]. However, its genotoxic and neurotoxic effects
were determined in earthworm (Eisenia foetida) in which the
movement function was impaired affected and the degradation in protein contents were evident [24].

In the present study, we evaluated new pesticides tribenuron methyl (herbicide), triadimenol (fungicide) and
lambda-cyhalothrin (insecticide) for their genotoxicity
with their advised and lower than advised doses on mononuclear cells.

Although above pesticides have been reported to be
rapidly metabolized in mammals, their role in producing
oxidative stress has not been largely examined. A few studies, carried out in vivo and in vitro, have showed the induction of oxidative damage in tissues exposed to pyrethroids
such as cypermethrin and fenvalerate [25, 26].

Lambda-cyhalothrin is a widely used pyrethroid insecticide to control lice, flies, and ticks on domestic animals
and it has been used to control numerous insects on vegetables and field crops in agricultural formulations [13, 14].
Regarding to its effectiveness, synthetic pyrethroids appear
to be the first-choice of insecticides compared to organochlorine, organophosphate and carbamate insecticides
[15]. Due to their lipophilicity, pyrethroid insecticides are
easily distributed into lipid rich internal tissues, including
body fat, skin, liver, kidney, ovaries and the central and peripheral nervous systems [16]. Several reports have shown
that pyrethroid insecticide exposure inhibited cell proliferation in rodent bone marrow [17]. They probably generated
reactive oxygen species (ROS) which led to oxidative
stress and caused reduction in cell proliferation. On the
other hand, toxic effects generated by lambda-cyhalothrin
resulted in increases in lipid peroxidation and DNA damages in rat erythrocytes [18]. Due to its rapid biodegrability, it was reported not to be mutagenic on target and nontarget organisms by US Environmental Protection Agency
[19].

In our previous studies [10], we had reported that the
insecticides (dimethoate, methyl parathion and alphacypermethrin) caused extensive DNA damages when applied at
advised and lower than advised doses on higher cells. Further studies with even very low doses of the insecticides
caused highly remarkable DNA damages when compared
to their water-treated control groups [5]. Since these studies
revealed that the insecticides with their high and low doses
could induce extensive DNA damages, we, therefore, decided to determine if other kinds of pesticides such as herbicides, fungicides and pyrethroid insecticides could induce
extensive DNA damages in higher cells. We used single
cell gel electrophoresis (SCGE) assay due to its high sensitivity, reliability and versality for detecting low-levels of
DNA damages. In the alkaline version of this assay, small
DNA molecules and free DNA loops can migrate away
from the residual nucleus. When the more DNA integrity
is distrubuted in gels, the bigger tails are formed which resembles comet. The analysis of DNA fragments through
head and tail percentage of DNA distribution show the degree of severity of agents. The detailed protocol for DNA
damage studies was clearly explained and illustrated in the
works of Gichner et al. [27] and Dikilitas and Kocyigit
[11].

Acute toxicity studies showed that tribenuron methyl
were virtually nontoxic via the oral and dermal routes. It is
rapidly absorbed by plant foliage and roots and translocated throughout the plant. In general, susceptiple plants
stop cell division and proliferation. This herbicide (LD50
>5000 mg kg-1) is claimed to be inhibiting the acetolactate
synthase (ALS) enzyme system in weed plants. Due to lack
of this enzyme in human and other plant species, it is,
therefore, reported to be safe on environment and human
health. However, recent studies showed that a resistance
mechanisms occurred in white mustard (Sinapis alba)
against tribenuron methyl [20] and the number of weeds

A very few studies have been reported on the mutagenic and genotoxic effects of pesticides differing in various concentrations on non-target organisms regarding
with the DNA damage. The aim of the present work was
to evaluate the effects of new generation of pesticides at
genotoxic levels in vitro blood samples.
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cells. DNA damages were characterized with Olive tail
moment (OTM), comet length, % Tail DNA (% T-DNA)
and % Head DNA (% H-DNA). Doses of pesticides were
arranged in descending doses starting from the advised
doses on target organisms according to their companies’
prescription. Although humans do not take those advised
doses, we used them to simulate the accidently exposure of
these chemicals as well as trying to simulate the condition
of those people who are reluctant to take security measures
even once. Other descending doses were used to simulate
the half-time doses since the companies insist on short period of half time doses are not toxic to the environment and
non target organisms.

2. MATERIALS AND METHODS
2.1 Chemicals

In this study, the commercial pesticides were purchased from the local companies and used in our toxicity
test (Table 1). Other chemicals used in the comet assay
were purchased from Sigma (www.sigma.com) unless otherwise stated. All chemicals used were of analytical reagent grade.
2.2 Cell material and extraction procedure

The peripheral blood samples (total 6 ml) were obtained
from an antecubital vein into heparinised tubes (50 U mol-1
sodium heparin) stored at 2-4 oC and were processed within
2 h. The donor was a 27 year-old non-smoking and drinking
male who is healthy and has no background of existence of
any disease which might negatively affect the condition of
DNA. Isolation of mononuclear leukocyte cells was made using the Histopaque 1077 (Sigma). An amount of 1 ml heparinised blood was gently layered over 1 ml Histopaque 1077
and centrifuged for 35 min at 500 g at 25 C. The interface
band containing mononuclear leukocyte were washed with
phosphate buffered saline (PBS) and then collected by
15 min centrifugation at 400 g. The pellets obtained were
then resuspended in PBS and the cells were counted with
an automatic cell counter (Abbott 3700, USA). Membrane
integrity of cells was determined by using Trypan blue exclusion method and the results were expressed as the percentage of viable cells. The cell concentrations were adjusted to 2x105 cell ml-1 with the same buffer.

The cells were then incubated for 30 min at 37°C in an
incubator together with the control samples. Each treatment consisted of 5 replicates. After exposure periods,
DNA damage was analysed by alkaline comet assay according to Kocyigit et al. [28]. Incubated cells (10 µl) were
mixed with 80 µl of 0.7% low-melting point agarose
(LMP) in PBS at 37 °C. Then, 90 µl of the cellular suspension was gently spread onto slides that had been previously
coated with thin layers of 1% normal melting point (NMP)
agarose (60 C) and covered with a coverslip at 4 C for at
least 5 min to allow the agarose to solidify. After the remove
of cover slips, the slides were placed in freshly prepared
cold (4 °C) lysing buffer solution (2.5 M NaCl, 100 mM
EDTA-2Na; 10 mM Tris-HCl, pH 10 - 10.5; 1% Triton X100 and 10% DMSO added just before use) for at least 1 h.
The slides were then put into a horizontal gel electrophoresis tank containing freshly prepared alkaline electrophoresis buffer (0.3 mol l-1 NaOH, and 1 mmol l-1 Na2EDTA,
pH>13) and left in this solution at 4 C for 25 min to
allow DNA to unwind and express alkaline-labile sites as
DNA strand breaks. Electrophoresis was then started at a
current of 25V/300 mA for 25 min at 4 C. All procedures
were conducted in dim light to prevent any possible DNA
damage. After electrophoresis, the slides were neutralized
(0.4 mol l-1 Tris–HCl, pH 7.5) for 5 min, then air-dried and
stained with ethidium bromide (2 µg ml-1 in distilled H2O;

2.3 Comet assay

The mononuclear cells were then resuspended in a total volume of 1 ml containing 100 µl cell suspensions (2x
104 cells) with varying microliter amounts of the pesticides
prepared in PBS buffer. Mononuclear cells were exposed for
a period of 30 min to 50-, 25-, 15-, 10- and 5 g ml-1 doses of
lambda-cyhalothrin and triadimenol while tribenuron methyl
was applied at 10-, 7.5-, 5-, 2.5- and 1 g ml-1 doses on those

TABLE 1 - Name of the pesticides and their biological characteristics.
Pesticides

*
LD50
(mg kg-1)

Active ingredients

Commercial name &
stock concentration
(g l-1)

Target organisms & advice doses

Lambdacyhalothrin

56

[(S)-cyano-3-phenoxybenzyl (Z)-(IR, 3R)3(2 chloro-3,3,3-trifluoropropenyl)-2,2-=dimethylcyclopropanecarboxylate (R)-cyano3-phenoxybenzyl]

Maestro 5 EC (Hektas) & 50

Insects
[(Lobesia spp., Agriotes spp & 30 ml 100-1 l)]; Heliothis armigera & 100 ml 100-1 l /dekar

Triadimenol

700

[1H-1,2,4-Triazole-1-ethanol, beta-(4-chlorophenoxy)-alpha-(1,1-dimethyl)]

Bayfidan EW (Bayer) & 50

Tribenuron
methyl

5000

(C15H17N5O6S, 75% active ingredient)

Granstar DF (Hektas) & 1g da-1

* Acute oral effect on rats.

41

Fungi
[Leveillula taurica, Sphaerotheca pannosa, Erysiphe necator]
& 100 ml 100-1 l
Weeds
[(Ranunculus spp., Vicia spp., Sinapis arvensis &
-1
1 g da ); Centaurea depressa & 1.5 g da-1)]
(advised in 100 liters to the 1 dekar field)
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70 µl slide-1) and covered with a coverslip. A hundred
randomly selected non-overlapping cells per slide were
scored using a CCD camera attached to a fluorescence microscope equipped with a rhodamine filter (excitation
wavelength 546 nm; barrier 580 nm, Olympus BX 51, Japan) with a magnification of 400x. The comets were analyzed using comet analysis software program (CASP) developed by Konca et al. [29]. Degree of severity of damages of DNA was determined with the following parameters; %Tail DNA (percent of DNA in the comet tail), %
Head DNA (percent of DNA in the comet head), length of
comet, and OTM (Olive tail moment), which was calculated with the following formula;
%Tail DNA x [(tail CoG-center of gravity) – (head
CoG-center of gravity)].

lowest dose (5 µg ml-1) of it had marginal DNA damaging
effects on mononuclear cells. Similar reports were also
made by World Health Organization [30] in that low concentration of 2.5 mg kg-1 day-1 in rat, almost 5% of its LD50
value, did not produce noticeable damaging effects. It only
caused mild skin irritation. In our case, 20% of the advised
dose did result in DNA damaging effects while 10 % of it
slightly increased the DNA damage. However, it should be
noted that the intake of lambda-cyhalothrin in rats was daily
(2.5 mg kg-1 day-1). Although, lambda-cyhalothrin was reported not to have any carcinogenic or mutagenic effects
on non-target organisms, however, its genotoxic nature has
to be taken note of. Because, there are quite a few reports
indicating that its adverse effects are remarkable on higher
organisms [31]. The genetoxicity assay of these pesticides
indicated dose-dependent increase in length of comet, % TDNA and OTM values. Naravaneni and Jamil [32] and
Demir et al [33] have also reported similar reports in human lymphocytes model.

2.4 Statistical analysis

Data were analyzed and compared using SPSS® for
Windows computing program (Version 16.0) by using
One-Way ANOVA test followed by Duncan’s Multiple
Range Test. The experiment was conducted with 5 replications in each dose concentration. A p value less than 0.05
were accepted as significant.

Since the alkaline SCGE assay determined the expression of alkali-labile sites (apurinic sites) as single strand
breaks above pH 12, the level of damage to DNA in low
stress levels could be easily detected. Fragments of damaged DNA as well as the loops of relaxed DNA move towards the anode producing comet-like shape under alkaline
electrophoresis. Various parameters obtained from DNA, especially OTM and % T-DNA, reflected the conditions of
DNA and showed the usefulness of the method and provided evidence that the environmentally friendly pesticides
were genotoxic at advised and even at lower than the advised doses.

3. RESULTS AND DISCUSSION
In spite of the great measures taken, there is still risk
for the contamination and toxicity of pesticides to non-target organisms. One of the great measures to prevent toxicity to non-target organisms is the shortened half-life of
pesticides. By this way, toxic level of pesticides in a very
short time, one week or so, is aimed to be reduced by half.
It is, however, crucially important to measure the toxicity
of other levels lower than applied doses, which would simulate the doses reached at the half-life. After careful testing
with appropriate and valid methods, it would then be decided
if toxicity is carried out at low concentrations as well as with
extended incubation periods.
In this study, various doses of pesticides lambdacyhalothrin (50-, 25-, 15-, 10- and 5 g ml-1), triadimenol
(50-, 25-, 15-, 10- and 5 g ml-1) and tribenuron methyl
(10-, 7.5-, 5-, 2.5- and 1 g ml-1) were tested on mononuclear leukocytes. The cell viability was found 90% before
the application of pesticides. The result of the pesticide
study is presented in Table 2. The results showed that
lambda-cyhalothrin, triadimenol and tribenuron methyl
significantly increased DNA damages in a dose-dependent
manner. The parameters including length of comet, % TDNA and OTM values significantly increased, p<0.05
while % H-DNA decreased (Figure 1). Last two doses of
triadimenol and tribenuron methyl had marginal effects on
DNA damage which were not statistically different from
the control groups. However, the pesticide lambda cyhalothrin (LD50=56 mg kg-1) was found more genotoxic than
those of triadimenol (LD50=700 mg kg-1) and tribenuron
methyl (5000 mg kg-1) at all concentrations tested. Only the

The genotoxic effects of pesticides on higher cells are
reported in many in vivo and in vitro studies. For example,
in vitro studies on human and Chinese hamster cell lines
showed positive evidence for genotoxicity when treated
with different pesticides [34]. Toxicity resulting from pesticides is capable of inducing choromosomal aberrations
[35] and increase in the number of miconuclei in lymphocytes [36]. Recently, a few studies concentrated on the toxicity of low doses of insecticides [37-39]. To determine the
toxicity of low doses of pesticides, it is important to arrange the doses in descending concentrations starting from
the advised doses. By this way, we could measure the toxicity of concentrations reflecting the half-time doses. For
example, methyl parathion has a short life (1 h on cotton)
when applied to crop plants [40]. Therefore, very low doses
of this pesticide should be carefully tested if the toxicity is
carried out in descending doses. A study carried out on rabbits with lambda-cyhalothrin revealed that the concentrations of 1-, 4- and 8 mg kg-1 resulted in serial disorders in
cell metabolism [41]. Significant decrease in serum total
proteins and serum albumin were evident. They also concluded that lambda-cyhalothrin produced toxicopathological alterations in rabbits in a dose-dependent manner. The
concentrations of lambda-cyhalothrin used on rabbits were
lower than that of ours indicating that much lower concentrations of lambda-cyhalothrin become toxic to non-target

42

© by PSP Volume 24 – No 1. 2015

Fresenius Environmental Bulletin

reluctant to take security measures even once. Other descending doses were used to simulate the half-life doses
since the companies insist on quite a short period of halflife doses are not toxic to the environment and to non target
organisms. In this study, we did not go down to 2.5 µg ml-1
of lambda cyhalothrin to see if any damaging effects occur
at this concentration on mononuclear cells. Since the incubation period was so short (30 min), we, therefore, aim to
see the effect of the lowest doses in an extended period
such as 24-96 hours in our coming studies.

organisms. Similarly, Muranli [42] showed genotoxic and
cytotoxic effects of different concentrations including very
low doses of lambda-cyhalothrin in human peripheral
blood lymphocyte. This is probably due to very low value
of LD50, which should be considered at first place when the
lower doses of applications were to be made, because very
low LD50 values might cause genotoxicity and have a high
impact on non-target organisms even applied at low concentrations. Similar comments were made by Frewin et al.
[43] who stated that insecticides with similar LD50 values
(lambda-cyhalothrin and dimethoate) had similar toxicity
on Aphelinus certus, a soybean aphid while other insecticides with higher LD50 values were harmless to A. certus.
Some authors reported even much lower LD50 values for
lambda-cyhalothrin. For example, Naravaneni and Jamil [33]
found that LC50 value of lambda-cyhalothrin was 28 µM,
which actually corresponded to the 12.6 µg/ml. This concentration led to 28.55 µm tail length of DNA while the lowest
dose of lambda-cyhalothrin [2.2 µM (9.22 µg/ml)] led to
8.83 µm tail length of DNA. Similar reports were also
made with our findings in which 15 µg/ml and 10 µg/ml of
lambda-cyhalothrin led to increase in significant DNA
damages when compared to the control group. We also
tested the much higher concentrations of lambda-cyhalothrin
as 25 and 50 µg/ml, which were greatly toxic. Although these
concentrations were regarded as high, it is important to find
out the toxicity of both the LD50 and the lowest toxic levels.
By this way, we could justify if the pesticides are highly
toxic. Because, toxicity of a pesticide not only be judged
by its toxicity at advised levels but should also be judged
by the toxicity of the lowest doses. We could then see what
percentage of the LD50 level is still toxic. Although humans
do not take the advised doses, we used this concentration
to simulate the accidently exposure of these chemicals as
well as simulating the condition of those people who are

On the other hand, exposure of pesticides in low doses
could also be arisen due to residual effects of pesticides
over a period of time. For example, residual effects of multiple pesticides affected the health of exposed persons and
produced serial biochemical and clinical disorders reflecting the toxic effects of pesticides [44]. By this way, nontoxic doses of the pesticides could be harmful in the long
run. Sub-lethal concentrations (0.58-, 1.16- and 1.74 ppb)
of the pesticide profenofos in gill cells of freshwater fish
Channa punctatus caused significant DNA damages after 96
h of the pesticide exposure although DNA damages up to
48 h were marginal [45]. Although organisms have strong
antioxidant defence mechanisms to protect tissues against
oxidative stress in the long run, however, cellular and DNA
damage could be inevitable in case of imbalance on the favor
of reactive oxygen species (ROS).
Long term effects of low doses of pesticides may also
be observed in soil and aquatic organisms, then the genotoxic effects could turn into serious environmental health
problems. Although it seems that the risk of exposure is
low to agricultural workers when strong measures are
taken, the pesticide users handling large amounts of concentrated chemicals could be at high risk. The pesticides,
especially the nano technological products of new genera-

TABLE 2 - Names and concentrations of pesticides used for the DNA damage assessment on peripeheral lymphocytes.
Pesticides

Doses (g ml-1)

Control

0

Parameters
Length of Comet (µm)
51

Lambda cyhalothrin

50
25
15
10
5

159d
128c
109c
85b
81a

45
60
77
90
91

55e
40d
23c
10b
09a

38.8e
17.1d
7.40c
2.95b
2.70a

Triadimenol

50
25
15
10
5

132c
114c
89b
67a
54a

56
68
85
94
94

44d
32c
15b
06a
06a

23.1d
16.2c
8.51b
2.21a
2.30a

% H DNA
93

% T DNA
07a

OTM1
2.10a

10
115c
65
35c
12.8c
7.5
95c
75
25b
8.75b
5
68b
82
18b
9.91b
2.5
52a
95
05a
2.15a
1
50a
95
05a
2.09a
1
Parameters with the same letters in the columns in each pesticide dose groups are not significantly different from each other when compared
to the control group at 0.05 levels. % H DNA: % of Head DNA; % T DNA: % of Tail DNA; OTM: Olive Tail Moment.
Tribenuron methyl
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FIGURE 1 - Effect of pesticides (e.g. lambda-cyhalothrin) on DNA damage in lymphocytes measured by comet assay; a) advised dose (50 µg
ml-1), b) the non-toxic lowest dose (5 µg ml-1), c) control (0 µg ml-1). The plus and minus signs indicate the anode and cathode during electrophoresis (negatively charged DNA migrates towards anode).

tion of pesticides, could become very toxic when they are
rapidly absorbed into the blood stream and cell components
through all normal routes of exposure and cause oxidation
in protein as well as in DNA structure. For example, Boutin
et al. [46] showed that even 1% of the recommended dose
of pesticide applications (metsulfuron-methyl) negatively
affected the metabolism of non-target organisms. Beside
the negative effects of pesticides on DNA damage, the low

concentrations could also be neurotoxic as in the case of
lambda-cyhalothrin on Channa punctatus [47]. Again, the
study of Duman et al [3] revealed that the low doses of tribenuron-methyl, <0.1 mg l-1, and shorter exposure periods
stimulated the growth of aquatic plant Nasturtium officinale while longer exposure periods with low doses affected
the growth negatively. Similar findings were also made by
Dikic et al. [48]. Long term effects of pesticides were also
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effects of commonly used pesticides tribenuron methyl, triadimenol and lambda-cyhalothrin were evaluated on mononuclear cells via SCGE assay. The cells were exposed for a
period of 30 min to various doses of pesticides, starting from
advised to low doses. The pesticides caused extensive DNA
damages. They resulted in increased comet length, OTM,
and % T-DNA values, while % H-DNA values decreased
with increasing concentrations. However, the pesticide with
low LD50 value (lambda cyhalothrin, LD50=56 mg kg-1) resulted in higher genotoxicity than those of other pesticides.
Although the use of these chemicals, especially synthetic
pyrethroids, has increased in recent years due to low persistence in soil and living organisms compared to other
pesticides, however, these compounds have great potential
for toxicity even at lower concentrations which demand a
proper attention to stop these chemicals to become potential environmental pollutants. Not only should the low persistence in soil be considered at first step for a chemical to
be safe, but also bioaccumulation and transmission along
with the food chain should be considered to avoid from the
danger of these chemicals and prevent from being accumulation within organism and potential toxicity. Since the potential risk of genotoxicity could be much higher in greenhouse conditions, very low doses of pesticides might reach
the toxic level with increased temperature and humidity,
strict protective measures should be taken. Because, DNA
damage is an important step in events leading from carcinogen exposure to cancer [54, 55].

tested in vivo conditions in which the people who handle
various pesticides for 14 years showed significant DNA
damages when compared to those who stayed away from
pesticides [49]. Similar comments were also made by Khayat et al. [50] who showed that pesticides in long-term exposure could act as mutagenic agents.
Negative effects of pesticides not only cause acute or
chronic diseases but also overwhelm the repair system in
cell metabolism. Even if the residues of pesticides become
at non-toxic level in water, soil or in organisms, the gradual
accumulation may reach to toxic level when the speed of
decomposition or degradation is slow. For example, the
half-life of lambda-cyhalothrin is claimed to be very rapid,
however, itself or its transformed products have been
shown to exhibit a high potential for bioaccumulation in
fish [51]. It is probable that reactive oxygen species (ROS)
produced during exposure to pesticides might result in
damages to single and double stranded DNA and cause
modifications in purine, pyrimidine and deoxyribose structures [52, 53].
The future work with these chemicals should involve
the investigation of their damaging effects with prolonged
or repeated exposure with high and low doses on higher
cells including other parameters such as antioxidant enzymes, total antioxidant capacity and malondialdehyde
(MDA) levels

CONFLICT OF INTEREST

5. CONCLUSIONS

The authors of the paper do not have a financial relation
with the commercial pesticides containing mentioned above
active ingredients in this paper. The pesticides used in this
study were randomly selected from each category for the genotoxicity tests.

Due to its simplicity and rapidity, comet assay is widely
used in genotoxicology and mutagenicity studies, therefore,
we suggest the use of comet assay for the determination of
single- and double-DNA strand breaks in organisms exposed to toxic chemicals at various toxicity levels. Since
the low concentrations of pesticides cause significant DNA
damages in vitro, it is important to measure the DNA damage levels in in vivo conditions in plants and in higher organisms to evaluate any changes arisen from the toxicity of
pesticides. It is also important to measure the toxicity of
low doses of pesticides in a longer incubation period (296 h) to determine if incubation period has potential to create any toxicity. Therefore, the long-term genotoxic effects
of low doses of pesticides in organisms should not be ignored even if the untoxic doses seem to be safe with short
incubation period. If the incubation period increases with
low doses of pesticides or repeated exposure takes place,
this might result in toxicity in cells in a long term as that of
acute expoure of high doses of pesticides in short term. In
this case, the genotoxic effects are inevitable, only the
symptoms might delay.
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pounds is persistent in the environment due to their physicochemical properties which include very low aqueous solubility and vapor pressure, high hydrophobicity (high
logKow), high adsorption coefficient and high thermodynamic stability of the aromatic ring [5]. Therefore, it is necessary to establish effective methods to remove PAHs to
protect the health of people. To our knowledge, it is a consensus that biodegradation is the most significant and influential methods to degrade or detoxify xenobiotic compounds [6].
Phenanthrene, a three-ring angular PAH, is known to
be a human skin photosensitizer which is an inducer of sister chromatid exchanger and a potent inhibitor of gap-junctional intercellular communication [7]. And many reports
have described that phenanthrene can be degraded by various bacteria, such as Cycloclasticus, Neptumonas, Pseudoalteromonas, Marinomonas [8-13]. Presently, most of
the phenanthrene-degrading bacteria were isolated from industrial effluents, sediments and seawater, while few of
them was from municipal sewage in which there are up to
11 kinds of PAHs according to the previous study [14]. What
is more, information of phenanthrene degradation model is
scarce. However, to quantify the degradation of phenanthrene, estimation of phenanthrene degradation model
should be established.
In the present study, a bacteria strain P-1 was first isolated from municipal activated sludge and identified in order
to explore phenanthrene-degrading bacteria in municipal
sewage. Then volatilization, adsorption and degradation
behaviors of phenanthrene by the strain P-1 were investigated. Finally, phenanthrene biodegradation estimation
model was established and verified.

ABSTRACT
A bacteria strain P-1 which was capable of utilizing
phenanthrene as the sole carbon and energy source, was
isolated from municipal activated sludge using an enrichment method. On the basis of the morphology, biochemical
properties and the 16S rDNA sequence analysis, the strain
was identified as Sphingobacterium multivorum. Volatilization, adsorption and degradation behaviors of phenanthrene (at initial concentration of 0.854 mg/l) caused by the
strain P-1 were investigated respectively at temperature of
28 °C and pH 7.2, almost complete degradation of phenanthrene was observed within 25 h. Moreover, the adsorption
process well followed the pseudo first-order kinetics and
the adsorption rate constant ka = 4.596 h-1; both volatilization and degradation processes were in line with the pseudo
first-order kinetics equation, the volatilization rate constant
kv = 0.0581 h-1, the degradation rate constant kd = 0.1050 h1
. Accordingly, biodegradation model for the time evolution
of phenanthrene concentration was established and verified.
Furthermore, isolation of the bacteria strain P-1 in the study
confirmed that bacteria Sphingobacterium multivorum
played an important role in degradation of PAHs in the municipal sewage.
KEYWORDS:
Phenanthrene; Volatilization; Adsorption; Degradation; Model

1. INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs), which have
been detected in surface water, sediments, soils, animals and
plants [1-3], are typically persistent and ubiquitous or-ganic
pollutants in the environment. The existence of PAHs in nature is one of the great environmental concerns owing to
their toxic, mutagenic, and carcinogenic properties [4]. It
has been known for a long time that this type of com-

2. MATERIALS AND METHODS
2.1 Enrichment, isolation and screening of Strain P-1

Municipal sludge sample was collected from secondary
sedimentation tank in Qinghe sewage treatment plant, Beijing, China. Phenanthrene-degrading bacteria was isolated

* Corresponding author
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cell suspension (VSS = 20 g/l) and it was then used as the
inocula.

from the activated sludge sample by enrichment on mineral
salt medium (MSM) using phenanthrene as the sole carbon
and energy source. The ingredients of MSM were summerized in table 1. Enrichment of phenanthrene-degrading bacteria was undertaken in cotton-plugged Erlenmeyer flasks
containing 100 ml of municipal sludge supplemented with
400 ml sterilized MSM and 0.5 mg phenanthrene. The culture
was incubated at 28 ºC and shaken at 150 rpm. When an orange brown colour was seen in the culture, 2 ml of culture
was transferred into 100 ml of sterilized MSM supplemented with phenanthrene solution in N'N'-dimethyl
formamide at a final concentration of 1 mg/l [6]. The culture
was incubated as above until the colour changed and turbidity was observed. After fifteen enrichments, the culture
was plated on the solid MSM (MSM liquid composition
with 15 g/l agar), the surface was sprayed with a 0.05%
phenanthrene solution in acetone, and plates were incubated
at 28 ºC [15]. Colonies appearing after incubation for 48 h
were selected for microscopic examination. One of the most
efficient isolates, strain P-1, was selected [16]. The purified
colonies were stained with Gram and then examined microscopically to determine the shape.

2.4 Batch experiments

To obtain the parameters for constructing model, the
volatilization, adsorption and degradation experiments
were performed. While validation experiments were carried out to test the estimation model exact or not.
2.4.1 Volatilization experiments (E1)

Volatilization experiment was performed in a sterilized
beaker containing 500 ml mineral salt medium (MSM) with
0.854 mg/l of phenanthrene. Ten milliliters deactivated cell
suspension was inoculated into the beaker. Then the beaker
was incubated at 28 ºC under shaking condition (150 rpm).
Experiment was performed in triplicate. Samples were withdrawn regularly by filtering through 0.45 μm Teflon filtration membranes. Filtrate was used for high per-formance
liquid chromatography (HPLC, Waters, USA) analysis.
2.4.2 Adsorption experiments (E2)

Adsorption experiment was performed in a sterilized
hermetically sealed glass flask containing 500 ml mineral
salt medium (MSM) with 0.854 mg/l of phenanthrene. Ten
milliliters deactivated cell suspension was inoculated into
the flask. Then the flask was incubated at 28 ºC and pH of
7.2 under shaking condition (150 rpm). Control experiments were performed by incubating MSM medium with
phenanthrene without an inoculum. Experiment was conducted in triplicate. Extracts were collected at regular intervals and used for residual phenanthrene analysis.

TABLE 1 - Mineral salt medium (MSM) composition used for culture
Component
KH2·PO4
Na2HPO4·2H2O

Concentration
(g/l)
1
1.25

MgSO4·7H2O

0. 5

CaCl2·2H2O

0. 05

Component
FeSO4·7H2O
(NH4)2SO4

Concentration
(g/l)
0.005
0.5

2.2 Identification by 16S rDNA gene sequencing
2.4.3 Degradation experiments (E3)

Genomic DNA was extracted from strain P-1 as described in earlier study [17]. The 16S rDNA gene was amplified in a 50 μl PCR reaction containing 10 μl of 5 ×
buffer, 1 μl of 10 mM dNTP, 5 μl of 25 mM MgCl2, 1 μl
of 30 ng/μl diluted DNA, 2 units of Taq DNA polymerase
and 20 μM of each of custom synthesized universal primer
pair 27F (5`-AGAGTTTGATCM TGGCTCAG-3`, M = C
or T ) and 1492R (5`-GGTTACCTTGTTACGACTT-3`, Y
= C or T ) [18]. Amplification program was performed after
initial denaturation step at 95 ºC for 5 min and followed by
35 cycles of 30 s denaturation step at 94 ºC, 30 s annealing
step at 52 ºC, and 2 min elongation step at 72 ºC and a final
extension step at 72 ºC for 7 min using BIO-RADC1000
Thermal Cycler (Biorad, USA). The amplified fragment
was sequenced by Shanghai Biotech limited Company.
The Blastn procedure was used to search sequence homology [19].

Degradation experiment was performed in a sterilized
hermetically sealed glass flask containing 500 ml MSM
with 0.854 mg/l of phenanthrene and 10 ml of cell suspension inocula at 28 ºC and pH of 7.2 under shaking condition
(150 rpm). A control without inocula was kept under similar conditions to determine abiotic loss of phenanthrene.
Experiment was prepared in triplicate. Extracts were collected at regular intervals and used for residual phenanthrene analysis.
2.4.4 Validation experiments for estimation model (E4)

Validation experiment was performed in a sterilized
beaker containing 500 ml mineral salt medium (MSM)
with 0.854 mg/l of phenanthrene. Ten milliliters cell suspension was inoculated into the beaker. Then the beaker
was incubated at 28 ºC and pH of 7.2 under shaking condition (150 rpm). Experiment was conducted in triplicate.
Extracts were collected at regular intervals and used for residual phenanthrene analysis.

2.3 Preparation of bacterial inocula

Bacterial inocula were prepared by growing each bacterial strain in 5 ml of liquid Luria-Bertani (LB) on a rotary
shaker at 150 rpm and 28 ℃ for 24 h. Cells were centrifuged
at 5000 rpm for 10 min, washed twice with 0.85% normal
saline and finally resuspended in the same MSM to obtain

To make the experimental design explicit, difference
analysis among the batch experiments was carried out, as
shown in Table 2.
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TABLE 2 - Experiments designed for constructing and verifying phenanthrene biodegradation estimate model

a
b

Experimenta

Inocula

Reaction equipment

E1

Deactivatedb cell suspension

unsealed

E2

Deactivatedb cell suspension

sealed

E3

activated cell suspension

sealed

E4

activated cell suspension

unsealed

Phenanthrene was dissolved in N'N'-dimethyl formamide.
The deactivated method is based on previous study [20].

2.5 Analytical methods

The bacteria VSS was measured by a gravimetric
method.
Growth of the organisms was recorded by monitoring
the OD of the culture in a Hach-DR5000 UV–vis Spectrophotometer at 600 nm.

FIGURE 1 - Scanning electron microscopeof the strain P-1

Residual phenanthrene was determined by HPLC, 20 μl
of extracts was injected into the isocratic mobile phase of
methanol and water (80:20 ratios), run at 1 ml min-1, isocratic run for 10 min with Phenomenex C-18 column
(250 mm × 4.6 mm). Detections were performed at 254 nm.

Blastn search results, based on partial 16S rDNA sequence, indicated that strain P-1 was closely related to
Sphingobacterium multivorum with similarities of 99%.
Therefore, strain P-1 was identified as Sphingobacterium
multivorum. Sphingobacterium multivorum as a genus of
microorganism for bioremediation can degrade many organic pollutants, such as petroleum hydrocarbon [6], phenol
[21] and PAHs [22]. However, to the best of our know-ledge,
this is the first report describing the volatilization, adsorption,
degradation behaviors of phenanthrene and proposing biodegradation model for the time evolution of phenanthrene concentration by Sphingobacterium multivorum.

3. RESULTS AND DISCUSSION
3.1 Isolation and identification of bacteria

By repetitive acclimation and screening, strain P-1 was
successfully selected and isolated for further studies due to
its striking ability to grow on phenanthrene. The microscopic
examination showed that its colonies were circular, yellowish, opaque, smooth surfaced with a diameters of about 1.52.5 mm, showing wetness, with a slight bulge, and were marginally lobate. And the cells were Gram-negative, non-flagellated, mobile, non-endospore forming rods (0.50-0.60 μm ×
0.90-2.10 μm) (Fig.1).

3.2 Growth of strain P-1

As shown in Fig. 2, at 0.1 mg/l phenanthrene the culture
was in logarithmic growth until the 4th day after inoculation
and the value of OD600 increased from 0.02 to 0.16, which
indicated that the strain could be capable of growing on phenanthrene as the sole carbon and energy source.

0,18
0,16

Cell growth (OD600)

0,14
0,12
0,1
0,08
0,06
0,04
0,02
0
0

1

2

3
Days

FIGURE 2 - Growth curve of strain P-1
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FIGURE 3 - Volatilization and kinetics curves of phenanthrene in the deactivated cell suspension

3.3 Characteristics of volatilization, adsorption and degradation of phenanthrene

librium constant Kc and equilibrium adsorption capacity qe
could be work out at 1.1616 and 2.294 mg/g, respectively.
The kinetic analysis of the adsorption data was based
on reaction kinetics of pseudo first-order and pseudo second-order [26] and the straight line of ln(qe/ (qe-qt)) versus
t indicated that adsorption process well satisfied pseudo
first-order kinetics and the adsorption rate constant ka was
4.596 h-1(= 0.0766 min-1) as shown in Fig.4. The result was
analogous to the study by Tian et al [27].

To propose biodegradation model for the time evolution of phenanthrene concentration by strain P-1, the characteristics of volatilization, adsorption and degradation were
investigated respectively.
3.3.1 Volatilization experiments

Fig.3 showed the volatilization of phenanthrene in the
deactivated bacterial suspension and kinetics simulation
curve. Results illustrated that the volatilization process was
slow and it was grinding to a halt at 10 hour where 38% phenanthrene was eliminated. Furthermore, the kinetic analysis
of the volatilization data was based on pseudo first-order
kinetics [23]. Experimental data were plotted in form of
ln(c/c0) versus t. From the slope of the best-fit line, the following values were found: kv = 0.0581 h-1, R2 = 0.9655. Lin
Guo et al [24] studied the characteristics of phenanthrene
volatilization and also concluded that the volatilization
process satisfied the pseudo first-order kinetics model with
the rate constant k = 0.0607 h-1.

3.3.3 Degradation experiments

The biodegradation experiments showed that strain P-1
could degrade 99% of phenanthrene within 48 h, degradation process followed the pseudo first-order kinetics [28],
degradation rate constant kd = 0.105 h-1 (Fig. 5). Meanwhile, strain P-1 had comparable phenanthrene-degradating
activity to those of some strains reported so far such as Pseudomonas sp. ARP26 and ARP28 [29]. Furthermore, it exhibited higher phenanthrene degradation efficacy to those of
several strains such as Microbacterium sp. F10a [30], Bordetella petrii B1 [31], Pseudoxanthomonas mexicana L2
[31] and Streptomyces rochei PAH-13[32].

3.3.2 Adsorption experiments

3.4 Construction of estimation model

Due to the fact that all adsorbent sites were vacant, the
adsorption process, which can be seen from Fig.4, was
rapid at the beginning, whereafter, the adsorbed phenanthrene decreased significantly. This behavior might be attributed to fewer adsorption sites and phenanthrene concentration. It also can be seen that only 3% loss of phenanthrene was observed based on control experiments and
equilibrium was established at about 60 min. Ren [25] investigated adsorption for phenanthrene and found the adsorption equilibrium time at initial concentrations of 2 mg/l
was 110 min. Moreover, from the adsorption curve we also
could see the equilibrium concentration ce was 0.395 mg/l.
In addition, based on equation (3) and (8), adsorption equi-

Because volatilization, adsorption and degradation coexisted in the phenanthrene biodegradation process, the
estimation of phenanthrene concentration in the aqueous
phase can be divided into two stages.
1. Caculation of phenanthrene concentration in the aqueous phase after adsorption equilibrium
We assumed that the degradation process was completely mixed and the reaction system was in adsorption
equilibrium state at any time, so that the loss could be
caused only by volatilization and degradation. We could
know from section 3.3 that both volatilization and degra-
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FIGURE 4 - Adsorption and kinetics curves of phenanthrene in the deactivated cell suspension
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FIGURE 5 - Degradation and kinetics curves of phenanthrene in the cell suspension

ct '  c0 exp((kv  kd )t )

dation processes followed the pseudo first-order kinetics,
thus the kinetics could be given as:

dct '
 kv ct ' kd ct '
dt

(2)

And the adsorption equilibrium constant Kc at certain
temperature could be obtained by equation (3)

(1)

Kc 

Where ct′ was the concentration sum of phenanthrene
in the aqueous phase and remaining on the bacteria at t; kv
was the volatilization rate constant; kd was the degradation
rate constant. To simplify the equation (1), the boundary
conditions ct' = c0 at t = 0 was applied. Thereby equation
(1) became :

ct ''
ct

(3)

Where ct″ and ct was phenanthrene concentration on
the adsorbent and in the aqueous phase respectively at
equilibrium. Because of ct′ = ct + ct″, equation (3) was
transformed as
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1
ct '
1  Kc

To simplify the calculation, equation (6) was transformed
as:

(4)

qe
 exp( ka t )
qe  qt

Combining equation (2) and (4), we got equation (5)
which would be used to calculate phenanthrene concentration in the aqueous phase after adsorption equilibrium (t
>te).

ct 

1
c0 exp(( kv  kd )t )
1  Kc

As is known the adsorption capacity is calculated by
subtracting the equilibrium concentration of phenanthrene
from the initial one using the following equation:

(5)

qt 

2. Caculation of phenanthrene concentration in the aqueous phase before adsorption equilibrium
The above research showed that the adsorption equilibrium time was very short and the adsorption rate constant was relatively high compared to the volatilization and
degradation rate constants. Therefore we estimated as the
following way.
If volatilization and degradation were not be taken into
consideration, the adsorption rate ka of the adsorption process could be estimated from the adsorption pseudo firstorder kinetics equation (6) [33]

qe
 kat
qe  qt

c0  ct1
VSS

(8)

Combining equation (7) and (8), ct1 was worked out:

ct1  VSSqe exp(kat )  ce

(9)

Setting m = VSS then we got:

ct1  mqe exp(kat )  ce

(10)

Where ka was the adsorption rate constant, the ct1 was
the phenanthrene concentration in the aqueous phase including ct2 (11) which was the loss of phenanthrene concentration caused by volatilization and degradation. Therefore, ct (12) was estimated by getting rid of ct2 from ct1.
c
1
ct 2 
(c0  ct ')  0 (1  exp((kv  kd )t ) (11)
1  Kc
1  Kc

(6)

ct  ct1  ct 2  mqe exp(kat )  ce 

c0
(12)
(1  exp((kv  kd )t )
1  Kc

TABLE 3 - The parameters for estimate model used for residual phenanthrene calculating
Parameter
c0 (mg/l)
ce (mg/l)
qe (mg/g)
Kc

Value
0.854
0.395
2.294
1.1616

1

Phenanthrene concentration (mg/l)

ln

(7)

Parameter
ka (h-1)
kv (h-1)
kd (h-1)

Value
4.5960
0.0581
0.1050

test points before adsorption equilibrium
simulation curve
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test points after adsorption equilibrium
simulation curve
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FIGURE 6 - Comparison between measured data and simulation data in the entire degradation process
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3.5 Validation experments for estimate model

focusing on prevention and control heavy metals like mercury, chromium, lead, cadmium, arsenic (2012YQ060115),
and the Fundamental Research Funds for the Central Universities (2652013101, 2652013086, 2652013087).

In order to evaluate the accuracy of the constructed
model above, the residual phenanthrene in the biodegradation process was measured. Meanwhile, the calculated
value of residual phenanthrene was counted based on the
above estimation model where the parameters were obtain
from section 3.3 and listed in table 2. Results of the comparison between measured data and calculated data were
shown as Fig.6. We could observe that the measured data
accorded with the calculated data very well, which confirmed the validity of the model.

The authors have declared no conflict of interest.
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1. INTRODUCTION

ABSTRACT
Understanding the quantity and quality of sediment
dissolved organic matter (DOM) in river is critical for explaining and semi-quantifying the exports of DOM in fluvial ecosystem. In the present study, surface sediment samples were collected from different outfalls of the Nanfei
River, an important urban river in Chaohu Lake Basin,
China. Fluorescence and ultraviolet-visible absorption
spectrums were used to analyze the components and characteristics of surface sediment DOM. The results showed
that four fluorescent components were resolved by analyzing the three dimensional fluorescence spectrum matrix
data of the DOM from fluvial sediments with the PARAFAC model. Humic-like substances are the main component, and microbiological degradation is the primary
source, these results indicated that microorganisms played
an important role in the formation of DOM in the sediments. For different types of outfalls, sediment DOM from
the rainwater outfalls has a low value of dissolved organic
carbon (DOC) and proteinoid; and sediment DOM from
rainwater, sewage outfalls and tributaries outfalls have
more microbiological degradation components. The fluorescence index (FI) is sensitive enough to indicate both the
different types of outfalls and the microbiological degradation components of humic-like substances. The spectral
slope ratio from 275 nm to 295 nm (S275-295) has a certain
relationship with the microbiological degradation components, and S350-400 increases when the proteinoid component becomes larger. The difference of DOM quantity between different types of outfalls suggests that foreign water
has intensive effects on sediment DOM fractions in the urban fluvial system, and the spectral fingerprint of DOM
acts as a proxy for revealing the origins and formation processes in the sediment.

As an organic compound, dissolved organic matter
(DOM) has a complex chemical composition and structure,
which usually originates from the sediment and from plant
and animal residues in the water, including hydrophilic organic acids, plastein, amino acids, humics (humic acid and
fulvic acid) and carbohydrates. DOM is the most active organic ingredients in lake or river sediments [1-3]. Recent
studies showed that DOM plays an important role in the
ecosystem material and energy cycles, and DOM is the
main provider of carbon and energy for heterotrophic microbial metabolism and respiration [4-5]. Meanwhile, DOM
can react with organic or inorganic environmental contaminants, which changes their migration, transformation, stability and bioavailability; this interaction with DOM also
changes the potential ecological risk [6]. However, DOM
is a carrier of dissolved organic carbon (DOC) and dissolved organic nitrogen (DON) and therefore affects the
global organic carbon and organic nitrogen cycle [7]. In recent years, a three-dimensional fluorescence analysis tool,
with advantages of higher sensitivity, less dosage, good repeatability and non-destructive sampling, was adopted by
numerous scholars to determine qualitatively or quantitatively the content and composition structure of DOM in
overlying water and sediments of lakes [8, 9]. This technique
was also applied in other water bodies, e.g., marine [10, 11]
and rivers [12, 13], to analyze the composition structure of
the DOM and pollutant migration characteristics.
In this study, surface sediment dissolved organic matter from different outfalls of a heavily polluted urban river
in Chaohu Lake Basin, China was analyzed using fluorescence spectrum and ultraviolet-visible absorption spectrum
techniques. Additionally, some fluorescence and ultraviolet-visible absorption spectrum indices were used to distinguish different outfalls and to characterize DOM components of different outfalls. On this basis, we establish relationships between these indices and the types of outfalls
and a correlation with the sediment DOM components in a
heavily polluted urban river in Chaohu Lake Basin. Additionally, this analysis could provide certain theoretical

KEYWORDS: Nanfei River; different outfalls; surface sediment;
dissolved organic matter (DOM); fluorescence spectrum; ultraviolet-visible absorption spectrum
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foundations for endogenous pollution control and exogenous pollution reduction of urban rivers in Chaohu Lake
Basin in future studies.

teristics and pollution loads, the content and structure of the
sediment of dissolved organic matter in the receiving waters may be influenced. Here, we select the surface sediments near urban rainwater outfalls (R), rainwater and sewage outfalls (RS), tributaries outfalls (T) of Nanfei River
and other outfalls (including effluent outfalls of a sewage
plant and outfalls of urban non-point pollution) as the collection sites in this study. The sample points are shown in
Fig. 1. The sample locations were positioned by a global
positioning system (GPS). Additional details covering the
sampling points are detailed in Table 1. The pH, cation exchange capacity (CEC), total organic carbon (TOC), total
phosphorus (TP) and total nitrogen (TN) of the investigated
sediment samples ranged from 7.01 to 7.58, from 16.34
to 115.9 cmol/kg, from 14.63 to 61.99 g/kg, from 771 to
3065 mg/kg, and from 2906 to 7489 mg/kg, respectively.

2. MATERIALS AND METHODS
2.1 Study site description

The study area is located in the urban river reach of
Nanfei River in Hefei, Anhui Province, China (Fig. 1), which
is a densely populated and urbanized area. Nanfei River has
become a drainage ditch for point and non-point pollution
from the urban area of Hefei City, and this river is one of the
largest sources of pollutant influx into Chaohu Lake.
Because multiple types of outfalls exist in the study
area that may have significant differences in pollution charac-

FIGURE 1 - Study area and locations of surface sediment samples

TABLE 1 - Detailed description of sampling locations of different outfalls
Samples
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15

Distribution of the outfall
No obvious outfall, mainly non-point source pollution
Rainwater outfall surrounding, the flow is not large
Outfall with rainwater and sewage confluence, the flow is not large
Rainwater outfall, the flow is large
No obvious outfall, mainly non-point source pollution
30 m downstream outfall of the Wangtang sewage plant
Outfall with rainwater and sewage confluence
Outfall with rainwater and sewage confluence
Sili River estuary, which flows from an industrial development zone
Rainwater and sewage pump station on each side
Pump station outfall for rainwater
Banqiao River estuary flowing from a heavily industrial development zone
Pump station outfall for rainwater and sewage
Outfalls for rainwater and sewage
Erli River estuary, closed conduit for urban runoff and municipal sewage
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Types of the outfall
Non-point outfall (other outfall)
Rainwater outfall
Rainwater and sewage outfalls
Rainwater outfall
Non-point outfall (other outfall)
Outfall of sewage plant (other outfall)
Rainwater and sewage outfall
Rainwater and sewage outfall
Tributaries outfall
Rainwater and sewage outfall
Rainwater outfall
Tributaries outfall
Rainwater and sewage outfall
Rainwater and sewage outfalls
Tributaries outfall
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2.2 Sample collection and extraction of DOM

ment DOM [19], which can be calculated as the ratio of the
fluorescence peak area with the excitation wavelength at
254 nm and the emission wavelength at 435-480 nm and
300-345 nm [17, 20] (Eq. (3)).

We collected surface sediment samples (all sample
points used GPS positioning) at 15 outfalls progressing
from upstream to downstream along the urban river reach
of Nanfei River; each sampling point has three parallel
samples. Surface sediments were collected using a metal
grab sampler. The collected fresh samples were packed in
sealed polyethylene bags and numbered. Then, the sediment samples were transported to the laboratory to be lyophilized using a freeze drier and powered through a 100
mesh sieve for a chemical analysis. After this process, we
mixed 5 g sediment and 50 ml Milli-Q ultrapure water to
extract the dissolved organic matter (DOM) [14] at 20 °C
in the dark, with a shaking speed of 150 r/min for 24 h. The
collected DOM sample extracts were analyzed after filtering through 0.45 μm glass microfiber filters (Whatman
GF/F, pre-ignition at 450 °C for 4 h).

FI
BIX
HIX

370: 470
310: 380
∑ F

(1)

370: 520

F

(2)

310: 430
∑ F

F

(3)

where I(i:j) is the adjusted value of i:j (Ex: Em, nm)
and ∑ F
F is the peak area from the emission wavelength of i to the emission wavelength of j.
The UV-visible absorption spectrum of sediment
DOM was determined on a UV-visible spectrophotometer
(UV-2450, Shimadzu) with a scanning wavelength range
of 200-700 nm, a step length of 1 nm, Milli-Q ultrapure
water as the reference and a medium-speed. The absorption
coefficient can be calculated using Eq. (4) [21], and the
scattering effect can be corrected with Eq. (5), which can
eliminate the light scattering caused by the remaining small
particles in the filtrate [21]:

2.3 Chemical and spectrum analysis of DOM in the sediments

The extracts of sediment DOM could be used to determine the content of sediment dissolved organic carbon
(DOC), which was used to characterize the content of the
DOM. The content of DOC was measured by a total organic
carbon analyzer (Shimadzu TOC-VCPH series, Japan) with
the high temperature combustion method. Each sample was
analyzed 3-5 times to guarantee that the coefficient of variation of the result was less than 2%.

a '  2.303 A / L

(4)

a  a ' -a700  / 700

(5)
where aλ’ (m-1) is the uncorrected absorption coefficient of wavelength λ, Aλ is the corrected absorbance of
wavelength λ, L (m) is the optical path, aλ (m-1) is the corrected absorption coefficient of wavelength λ , and a700 (m-1)
is the absorption coefficient of the 700 nm wavelength.
Ultraviolet-visible absorption spectrum indices can effectively describe the sediment DOM. In our study, the
spectral slope S275-295 and S350-400 are discussed to represent
the characteristics of the DOM. The values of the spectral
slope, S, in the narrow band spectrums of 350-400 nm and
275-295 nm were derived by the natural logarithm transformation and linear fit of the absorption coefficients.

The fluorescence spectrum of DOM samples was
measured by a fluorescence spectrophotometer (Hitachi F4500, Japan) using a scanning optical wavelength range of
Ex=220-400 nm, with an interval of 3 nm, and Em= 200550 nm, with an interval of 2 nm. The derived three-dimensional fluorescence spectrum deducted the spectral signal
of the blank sample (Milli-Q ultrapure water) and was normalized with Raman, whose relative fluorescence intensity
was expressed in Raman units (R.U., nm-1). A three-dimensional matrix sequence was derived after the Raman normalization of the three dimensional fluorescence spectrum
data, which was performed by a parallel factor model analysis in Matlab 8.0 (Mathworks Company in America).
Simultaneously, a split half analysis and residual analysis
were used to test the effectiveness of the PARAFAC model
and to determine the optimal number of components of the
DOM [15]

2.4 Data statistics and analysis

Experimental data were analyzed in Excel 2010. All
analyses were performed using three replicates. A correlation analysis (P-value) was performed in SPSS 19.0, with a
confidence coefficient of 0.01 or 0.05. The nonlinear fitting
of the spectral slope, S, was performed in Origin 8.5, whereas
the three dimensional fluorescence spectrum and PARAFAC
model simulations were conducted in Matlab 8.0.

Fluorescence spectrum indices can provide effective
information on the composition and properties of DOM
[16, 17]. FI, calculated as the ratio of the fluorescence intensity with the excitation wavelength at 370 nm and the
emission wavelength at 470 nm and 520 nm [18] (Eq. (1)),
is used to identify the microbiological source of humus in
the DOM in this study. The biological origin index (BIX),
which can measure the contribution of microorganisms in
sediment DOM, was calculated as the ratio of the fluorescence intensity with the excitation wavelength at 310 nm
and the emission wavelength at 380 nm and 430 nm [17]
(Eq. (2)). The humification index (HIX) was used to characterize the degree or maturity of humification of the sedi-

3. RESULTS AND DISCUSSION
3.1 Analysis of the DOC of surface sediments in different outfalls

The contents of DOC are used to reflect the overall distribution of the DOM, and the results are shown in Fig. 2.
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like component displays the highest proportion, whereas
the proteinoid component only accounts for a small part.
Compared with R and RS, RS has a relatively high value
of proteinoid, indicating higher proteinoid content in municipal sewage. In analyzing the different sources, all outfalls have a high proportion of microbiological degradation
(exceeding 60% (RS > R, T > R)); therefore, microbes play
an important role in the formation of DOM in sediments
[22].

FIGURE 2 - The contents of sediment DOC in different outfalls

As shown in Fig. 2, the contents of the DOC in the
sediments are RS > T > R. These results indicate that sewage has a high DOC value, whereas the DOC in rainwater
is low. When comparing R, RS and T, a significant difference is noted between R and RS (P < 0.05) but is not found
between R and T or between RS and T. In the group of
other outfalls, the sewage plant outfall also has a high DOC
content, suggesting that the discharge of effluent from the
sewage plant plays a certain role in the accumulation of
dissolved organic matter in sediments.

FIGURE 3 - The proportion of humic-like (C1,C2,C3) and microbiological degradation (C2,C4) components in surface sediment DOM.

3.2 DOM component characteristics of surface sediments in
different outfalls

In our study, FI is a sensitive index to indicate the different types of outfalls (Fig. 4). Comparing R, RS and T, a
statistical difference was noted between R and RS (P <
0.05) and between T and the other outfalls (P < 0.05).
Therefore, we can use FI to distinguish different types of
outfalls. Additionally, FI is also sensitive enough to indicate the microbiological degradation components (C2) of
humic-like substances (C1, C2, and C3) in surface sediment DOM in different types of outfalls (Fig. 5 A).
The BIX in this study can be used as an indicator of
sediment DOM traceability. We studied the relationship
between BIX and the microbiological degradation components (C2 and C4) of surface sediment DOM (Fig. 5 B).

Four DOM fluorescent components (C1, C2, C3 and C4)
were resolved by analyzing the three dimensional fluorescence spectrum matrix data of the sediment DOM with
a PARAFAC model. According to the split half analysis
and residual analysis test, the PARAFAC model is valid,
and the four fluorescent components all have a single
maximum emission wavelength. The four components are
shown in Table 2.
Fig. 3 shows the proportion of humic-like (C1, C2, and
C3) and microbiological degradation components (C2 and
C4) in surface sediment DOM. For all outfalls, the humic-

TABLE 2 - The four DOM fluorescent components

Components

Exmax/nm

Emmax/nm

C1

283(364)

454

C2

337

410

C3

241

426

C4

295

382

Similar research
Exmax/Emmax(nm)
C3:260(370)/490 [25]
C3:270(360)/478 [24]
C1:265(376)/478 [10]
C2:315/418 [24]
C4:325/416 [24]
C2:300/404 [25]
C4:250/440 [25]
C1:240/436 [24]
C1:255/471 [20]
C4:275/322 [20]
C6:280/338 [25]
C3:275/322 [20]
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Component characteristic
A humic-like substance originating from
plant residual bodies
A humic-like substance produced by sediment microbiological degradation
A humic-like substance with a small molecular weight
A proteinoid substances produced by
sediment microbiological degradation
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in the humic-like components (C1, C2 and C3) of surface
sediment DOM (Fig. 5 C). When 3 < HIX < 6, the humiclike components exceed 60% (a higher degree of humification). This result is consistent with a study conducted by
Zhang et al. [20]. However, both BIX and HIX, unlike FI,
could not differentiate R, RS and T.
3.3 Ultraviolet-visible spectral features of the surface sediment DOM in different outfalls

Compared with the ultraviolet-visible coefficient of
DOM, the spectral slope (S) better explains the characteristics of DOM [23]. In this study, S275-295 and S350-400 were
used to indicate the components of surface sediment DOM.
S275-295 was found to have a certain relationship with the
microbiological degradation components (C2 and C4) (P <
0.01, Fig. 6 A), whereas S350-400 is connected with the proteinoid component (C4) (P < 0.01, Fig. 6 B).

FIGURE 4 - FI of sediment DOM in different types of outfalls

FIGURE 6 - The relationship between UV-Vis indices and DOM components

The S275-295 values of R are smaller than those of RS
and T, and these values corresponded with the microbiological degradation fluorescence components (C2 and C4),
showing that rainwater outfalls have lower microbiological
degradation components than RS and T. However, no apparent distinction between RS and T was noted. The S350-400
could reflect the content of proteinoid, illustrating that this
slope increases as the proteinoid component increases. In addition, some studies suggested that the absorbance (254 nm)
should be used as a surrogate for concentration of DOM

FIGURE 5 - The relationship between fluorescence indices and DOM
components

When 0.8 < BIX < 1.0, most of the outfalls have a microbiological degradation component exceeding 60%, indicating
a strong microbial source. This result is similar to a study
conducted by Huguet et al. [17]. HIX is an index that characterizes the degree or maturity of humification of sediment DOM; therefore we use HIX to discuss relationships
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[24, 25]. Although the present study did not show a significant relationship between the absorbance (254 nm) and
concentration of DOM (data not listed), the ultraviolet-visible coefficients may be used to characterize the composition and sources of DOM in sediments from different outfalls along the urban river.

[4]

Ziegelgruber, K. L., Zeng, T., Arnold, W. A., Chin, Y. P.
(2013). Sources and composition of sediment pore-water dissolved organic matter in prairie pothole lakes. Limnol. Oceanogr, 58, 1136-1146.

[5]

Guo, X. J., Yuan, D. H., Li, Q., Jiang, J. Y., Chen, F. X.,
Zhang, H. (2012). Spectroscopic techniques for quantitative
characterization of Cu (II) and Hg (II) complexation by dissolved organic matter from lake sediment in arid and semi-arid
region. Ecotoxicology and Environmental Safety, 85, 144150.

[6]

Xu, H. C., Yu, G.H., Yang, L.Z., Jiang H.L. 2013. Combination of two-dimensional correlation spectroscopy and parallel
factor analysis to characterize the binding of heavy metals with
DOM in lake sediments. Journal of Hazardous Materials, 263,
412-421.

[7]

Oviedo-Vargas, D., Royer, T.V., Johnson, L.T. (2013). Dissolved organic carbon manipulation reveals coupled cycling of
carbon, nitrogen, and phosphorus in a nitrogen-rich stream.
Limnology and Oceanography, 58, 1196-1206

[8]

Fu, P., Wu, F., Liu, C. Q., Wei, Z., Bai, Y., Liao, H. (2006).
Spectroscopic characterization and molecular weight distribution of dissolved organic matter in sediment porewaters from
Lake Erhai, Southwest China. Biogeochemistry, 81, 179-189.

[9]

Aina, L., Annika, M., Viia L., Tiiu A. (2014). Fluorescence
spectroscopy of sedimentary pore-water humic substances: a
simple tool for retrospective analysis of lake ecosystems. Journal of Soils and Sediments, 14, 269-279.

4. CONCLUSIONS
In all studied types, humic-like substances were the
main component and microbiological degradation was the
primary source of DOM. These results indicated that microbes play an important role in the formation of DOM in
sediments. For different outfalls, rainwater outfalls have
low DOC and proteinoid values, whereas tributary outfalls
and rainwater and sewage outfalls have higher microbiological degradation components.
FI is sufficiently sensitive to indicate different types of
outfalls and to differentiate the microbiological degradation components of humic-like substances. However, BIX
and HIX could not differentiate the types of outfalls. S275295 has a certain relationship with the microbiological degradation components, and S350-400 increases when the proteinoid component increases. In conclusion, combining ultraviolet-visible (UV-Vis) absorption and fluorescence
spectroscopy allows the characterization of sediment DOM
and further evaluation of the pollution load and different
outfall sources in an urban river.

[10] Cai, M., Xiao, Y., Wang, F., Lu, Z., Huang, Q. (2012). Retrieving the origin and transformation history of dissolved organic matter in the surface sediment from an Arctic fjord
(Kongsfjorden, Svalbard). Acta Oceanologica Sinica, 34, 102111.
[11] DePalma, S. G., Arnold, W., McGeer, J. C., Dixon, D. G.,
Smith, D. S. (2011). Variability in dissolved organic matter
fluorescence and reduced sulfur concentration in coastal marine and estuarine environments. Applied Geochemistry, 26,
394-404.
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loids, terpenoids, and vitamins. Considering that natural
sources and their derivatives are invaluable source of therapeutic agents in the history of human kind [1], even today,
the search for effective therapeutic agents from natural
plants is not surprising. In the world of plant diversity, Turkey is accepted as one of the countries with abundant floral
diversity, due to the geographical and climate conditions,
and hence valuable source of medicinal plants [2].

ABSTRACT
Plants and most of the plant derived compounds have
been known because of their potential pharmaceutical effects for a long time. They are playing an important role on
the treatment of several diseases from diabetes to various
types of cancers. Today most of the clinically effective
pharmaceuticals are developed from plant derived ancestors in the history of medicine. In this study different parts
of the plants, namely Centaurea virgata (Lam.), Cichorium
intybus (L.), Euporbia macroclada (Boiss.), Melilotus officinalis (L.) Pall. and Zygophyllum fabago (L.) were evaluated for their potential medicinal value in terms of biological targets which are participating in antioxidant defense
such as catalase (CAT), glutathione-S-transferase (GST),
superoxide dismutase (SOD) and glutathione peroxidase
(GPx). The results indicate that the highest total phenolic
contents of leaf and flower extracts were for E. macroclada. The highest flavonoid contents are detected for the
leaves of E. macroclada and Z. fabago. The evaluation of
extracts against biological targets reveals that the fruit extract of Z. fabago and the flowers of C. intybus show the
inhibition against GST. For CAT, the highest inhibition is
observed with E. macroclada leaf extract. Among the extracts analyzed, the only but slight SOD inhibition is determined with flower part of E. macroclada.

Free radicals and reactive oxygen species (ROS) in the
low concentration may be beneficial in defense against infectious agents and in the functioning of cellular signaling
systems, such as intracellular messaging in the cell differentiation, cell progression and apoptosis. However, increased levels of ROS cause damages to cellular components including; proteins, DNA, RNA and lipids leading to
degenerative diseases such as, cancer, Parkinson, Alzheimer or atherosclerosis [3, 4]. Against this damage, the
complex defense system was evolved by employing variety
of antioxidants, such as glutathione, vitamin C, vitamin E
and the antioxidant defense system enzymes, such as catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione reductase (GR) and glutathione-S-transferase (GST) [5-7].
The traditional use in Turkey, the capitulum of Centaurea virgata, the member of Asteraceae family has
known to have anti-allergic effect [8]. The plant latex of
Euphorbia macroclada (Euphorbiaceae), which is also
available in Turkey flora, has shown highly effective in
skin diseases and arthritis [9, 10 ]. The use of Melilotus officinalis (Fabaceae) flowers is another common traditional
medicine in Turkey since it displays remarkable wound
healing activity [11]. The root and root callus of Cichorium
intybus, from Asteraceae family is also well known traditional plant in Turkey and is used for relaxation of digestive
system and has diuretic, anti-hepatotoxic and anti-inflammatory properties [12]. The leaf of Zygophyllum fabago
(Zygophyllaceae), another plant of Turkish folkloric use, is
common remedy for rheumatism and gout diseases [13].

KEYWORDS: Glutathione peroxidase, catalase, glutathione-Stransferase, superoxide dismutase, Centaurea virgata (Lam.),
Cichorium intybus (L.), Euporbia macroclada (Boiss.), Melilotus officinalis (L.) Pall. and Zygophyllum fabago (L.)

1. INTRODUCTION
The plants, as of their nature, are generally a rich
source of free radical scavenging compounds and metabolites, commonly recognized as phenolic compounds, alka-

In this research, the antioxidant effects of crude extracts of some folkloric plants used as traditional medicine
in Turkey were analysed. The plants Centaurea virgate
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5min, 1mL of Folin-Ciocalteu`s reagent (1:10 diluted with
distilled water) was added and vortexed. After incubation
for one hour at room temperature, the absorbance of each
mixture was measured at 750 nm spectrophotometrically.
The standard calibration curve of gallic acid (GA) was plotted for the concentration between 0-250 mg/L in DMSO.
The total polyphenol content (TPC) of extract was expressed
as milligrams of gallic acid equivalent (GAE) per liters of
plant extract (mg GAE/L).

(Lam.), Cichorium intybus (L.), Euporbia macroclada
(Boiss.), Melilotus officinalis (L.) Pall., and Zygophyllum
fabago (L), were evaluated for their effects against GST,
GPx, CAT and SOD enzymes.
2. MATERIALS AND METHODS
2.1 Materials

Hydrogen peroxide (H2O2) and sodium azide (NaN3)
were purchased from (Acros,USA), ascorbic acid, ethylenediaminetetraacetic acid (EDTA), Folin-Ciocalteu reagent, reduced glutathione (GSH), glutathione reductase
(GR), horseraddish peroxidase (HRP), catalase (CAT),
xanthine, xanthine oxidase (XOD) and quercetin hydrate
were supplied from Sigma Chemical Company (Sigma Aldrich, Germany). Nicotinamide adenine dinucleotide phosphate reduced (NADPH) was purchased from Gerbu (Germany). All other chemicals used were analytical grade and
purchased from Sigma Chemical Company (Sigma Aldrich, Germany).

2.5 Total plant flavonoid content

The total concentration of flavonoids of extracts were
determined by employing the aluminum chloride colorimetric method using ethanol (95 %), aluminum chloride
(10 %), 1M sodium acetate and DMSO as described previously [16]. 0.5 mL of each plant extract was mixed separately with 1.5 mL of ethanol (95 %), 0.1 mL of aluminum
chloride (10 %), 0.1mL of 1M sodium acetate and 2.8 mL
of DMSO. It was incubated at room temperature for 30 min.
Then the absorbance of the reaction mixture was measured
at 415 nm with UV-vis spectrophotometer. The standard calibration curve was prepared by preparing quercetin solutions
at concentrations 0-100 mg/L. The total flavonoid content of
the extract was expressed in milligrams of quercetin equivalent (QE) per liter of plant extract (mg QE/L).

2.2 Plant materials

The plants were collected in July 2010 at their flowering season from Ankara, Turkey and authenticated by Dr.
Fatmagul Geven, Department of Botany, Ankara University, Ankara, Turkey. A voucher specimen of each plant
was deposited in the Herbarium Turcicum, Department of
Botany, Ankara University, Ankara, Turkey web.site biology.science.ankara.edu.tr. The Asteraceae family
voucher numbers for Centaurea virgata (Lam.) and for
Cichorium intybus (L.) are FG2010-11 and FG2010-27 respectively. The voucher number for Euphorbia macroclada (Boiss.) from Euphorbiaceae family, is FG2010-25;
for Melilotus officinalis (L.) Pall. of Fabaceae family is
FG2010-21 and Zygophyllum fabago (L.) from Zygophyllaceae family is FG2010-16.

2.6 Isolation of cytosol from bovine liver

The bovine liver was provided from slaughterhouse of
Kazan, Ankara, Turkey. The liver samples were homogenized in 10mM potassium phosphate buffer (pH 7.0), containing 0.15M KCl, 1mM ethylenediaminetetracetic acid
(EDTA), and 1mM of dithiothreitol (DTT), by using a
glass teflon homogenizer and centrifuged at 10,000 x g for
20 min. The supernatant was filtered through cheesecloth
and then centrifuged at 30,000 x g for 60 min. The collected supernatants were filtered again and the resultant filtrate was referred as cytosol [14]. The prepared homogenates, containing 46.41mg protein/mL, were kept in Hettich ultra deep freezer (-80 °C) to be used for further analysis. The total protein content was determined by the
Lowry method [17].

2.3 Extraction of plants

Different parts of plant samples (flowers, leaves and
fruit) were washed with tap water then dried at room temperature. For extraction, the method of Coruh et al [14] was
used with some modifications. Basically, the plant samples
were grounded with liquid nitrogen, to obtain fine powder
of samples. Then, these samples were extracted with methanol for 24 hour at 4°C, with sample to solvent ratio of 1:10
(w/v). On the following day, the solvent was evaporated at
40 °C under vacuum (337 mbar). The residue was dissolved in DMSO, then kept at dark (4°C) to be used for
further analysis.

2.7 Inhibition of glutathione-S-transferase (GST)

The change in total GST activities was measured against
the substrate, 1-chloro-2,4-dinitro -benzene (CDNB), by
monitoring the thioether (GSH-CDNB conjugate) formation
at 340 nm [18]. The assay of Habig et al [18] was miniaturized and modified for microplate applications [19]. In this
method, the assay mixture composed of plant extracts solution (final concentration in the range of 7-476 ng/mL),
100 mM potassium phosphate buffer (pH 6.5) with 2.4 mM
CDNB and 3.2 mM GSH were prepared. The bovine liver
cytosolic fractions at a final concentration of 0.782 mg protein/ mL was used as the enzyme source and added last for
GST activity measurement. GSH-CDNB conjugate formation was followed at 340 nm for 240 second by using
multimode microplate reader in a total assay volume of
250µL. Initial rates of enzymatic reactions were determined

2.4 Total plant polyphenol content

The total concentration of phenolic content of extracts
were determined by employing the method described previously [15] with some modifications. The 0.1mL from
each extract solution was mixed with 1mL of a 2% (w/v)
sodium carbonate solution and vortexed strongly. After
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as enzyme source (0.928 mg protein/mL) with the presence
of 0.2 mM xanthine, 0.05U/mL XOD, 0.3 mM nitro blue
tetrazolium (NBT), in 200 mM sodium carbonate buffer
(pH 10.1) containing 0.5 mM EDTA. After adding the
XOD the change in absorbance at 550 nm for 2 min was
monitored as SOD activity.

as nanomoles of the conjugation product of GSH and reported as nmole/ minute/ mg protein.
2.8 Inhibition of glutathione peroxidase (GPx)

Glutathione peroxidase activity was measured by following the method previously reported [20], and some
modifications were done for microplate applications [21].
The GPx activity was measured against the substrate,
Cumyl hydroperoxide (Cum-OOH), and the decrease in reduced nicotinamide adenine dinucleotide phosphate
(NADPH) was monitored at 340 nm. The assay mixture
was composed of plant extracts solution (final concentration in the range of 29.7 – 476 ng/mL), 0.4U/ mL glutathione reductase, 0.2 mM NADPH, 1.6 mM GSH, 0.07 mM
Cum-OOH and 50 mM Tris.HCl with pH 8.0. The mixture
was incubated at room temperature for 2 min. Then, the
reaction was initiated by adding bovine liver cytosolic fractions at a final concentration of 0.982 mg protein/mL,
which is used as the GPx enzyme source, and the change
in the absorbance was recorded at 340 nm for 5 min by using multimode microplate reader. Enzymatic reactions
were determined as micromoles of the conversion of
NADPH and reported as µmole/ minute/ mg protein.

2.11 Data analysis

The data analysis was performed using Graphpad
Prism 6.0. The inhibitory activities of extracts against enzyme targets were calculated as 50 % inhibitory concentration, or IC50 values, and obtained from dose-response
curves constructed. The enzyme calibration and the dose
response curves were constructed using 2-3 independent
experiments in 96 well microplates, each in duplicates or
triplicates, using Multimode Microplate Reader (SpecraMax
M2e, MDC, Sunnyvale, CA, USA).
3. RESULTS
The methanol extracts of different parts of Centaurea
virgata, Cichorium intybus, Euporbia macroclada, Melilotus officinalis and Zygophyllum fabago were used to investigate their inhibitory effects on glutathione-S-transferase (GST), glutathione peroxidase (GPx), catalase (CAT)
and superoxide dismutase (SOD). The phenolic and flavonoid contents of the plants were also determined by using
spectrophotometrical methods. The % yield, total phenolic
content and total flavonoid content of methanolic extract of
different parts of the plant samples with respect to dry
products are given in Table 1. Total phenolic content of
extracts were ranging from 44.01 to 573.10 mg GAE/L,
and the highest total phenolic content (TPC) was found
with the E. macroclada's leaves and flowers as 573.10 and
143.64 mg GAE/L, respectively. M.officinalis flower extract, whereas, showed the lowest TPC (44.01 mg GAE/L).
Total flavonoid contents varied from 28.96 to 450.70 mg
QE/L of extract. The highest flavonoid content was measured with E. macroclada as 450.70 mg QE/L and Z. fabago
leaves following it as 181.47 mgQE/L. Z. fabago fruits
showed the lowest flavonoid content as 28.96 mg QE/L
(Table 1).

2.9 Inhibition of catalase (CAT)

The CAT activity [21] was measured by the miniaturized version of the previously described method [22], using
purified CAT (20 unit/ml) from bovine liver (Sigma) as enzyme source and plant extracts (7 - 476 ng/mL) against 10
mM hydrogen peroxide substrate, in 50 mM potassium
phosphate buffer (pH 7.0). The reaction was terminated by
adding NaN3 and the change in absorbance at 520 nm was
monitored as CAT activity. The change in enzyme activity
was calculated with respect to the hydrogen peroxide remained which was determined by calibration curve constructed in the range of 9.61 - 307.6 μM hydrogen peroxide. The assay mixture containing all components except
plant extract was measured as control.
2.10 Inhibition of superoxide dismutase (SOD)

The SOD activity was measured by using previously
described method [23] with some modifications for micro
plate applications [21]. The bovine liver cytosol was used

TABLE 1 - The percent yield of dry products obtained from methanol extraction procedure with total polyphenol and flavonoid contents of
each plant samples.
Species
C. virgata
C.intybus
E.macroclada
M.officinalis
Z. fabago

Parts of plants

% Yield

Flower
Flower
Flower
Leaf
Flower
Leaf
Fruit

7.125
7.965
6.285
13.76
7.55
8.62
19.535
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TPC
mg GAE/L
93.89
117.67
143.64
573.10
44.01
114.13
48.40

Flavonoid
mgQE/L
122.81
94.23
97.63
450.70
55.89
181.47
28.96
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FIGURE 1 - Percent inhibitory effect of methanol extracts of Z. Fabago (L.) fruit (ZFF) and C. intybus (L.) flowers (CIF) on GST with IC50
values of 447 ng/mL and 540 ng/mL, respectively.

TABLE 2 - Gluthatione-S-transfrase (GST), Gluthatione peroxidase (GPx), Catalase (CAT), Superoxide dismutase (SOD) Percentage inhibition activities
Family
Asteraceae
Euphorbiaceae

Species
C. virgata
C.intybus
E. macroclada

Fabaceae
Zygophyllaceae

M. officinalis
Z. fabago

Parts of Plants
Flower
Flower
Flower
Leaves
Flower
Leaves
Fruit

The final concentration of plant extracts within concentration range of 7-476 ng/mL were used in the assay to
measure the percent inhibition of GST activity and IC50
values. The best inhibitory profile for GST were observed
with the crude methanolic extract of Z. fabago fruit and the
C. intybus flowers with IC50 values of 447 ng/mL and 334
ng/mL, respectively (Fig. 1).
The inhibition profile and IC50 values of the metanolic
extracts of plants were presented in Table 2. From the table,
it was observed that with the maximum dose of each extract
the flowers of C. virgata and M. officinalis, flower and leaf
extracts of E. macroclada and leaf extract of Z. fabago

GST
30
45
25
5
25
22
55

GPx
30
40
30
20
20
20
25

CAT
12
12
60
15
50

SOD
30
40
30
10
25

showed less than 50% inhibitory effect on GST, therefore,
no IC50 values were available (Table 2).
The final concentration of plant extracts within concentration range of 7-476 ng/mL were used in the assay to
calculate the percent inhibition of GPx activity and IC50
values. The best inhibitory profile for GPx were observed
with the flower extract of C.intybus (Fig. 2). From Table 2
it was observed that with the maximum dose of each extract
of C. virgata and M. officinalis flowers, flower and leaf extracts of E. macroclada, fruit and leaf extracts of Z. fabago
showed less than 50% inhibitory effect on GPx activity,
thus no IC50 values were available (Table 2).
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FIGURE 2 - Percent inhibitory effect of methanol extract of C. intybus (L.) flowers on GPx. (No IC50 value is available since the maximum
inhibition is less than 50%).

FIGURE 3 - Percent inhibitory effect of methanol extracts of E. macroclada (Boiss.) leaves (EML) and Z. fabago (L.) fruit (ZFF) on CAT with
IC50 values of 119 ng/mL and 83 ng/mL, respectively.
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FIGURE 4 - Percent inhibitory effect of methanol extract of E. macroclada (Boiss.) leaves on SOD. (No IC50 value is available since the maximum inhibition is less than 50%).

The final concentration of plant extracts within concentration range of 7-476 ng/mL were used in the assay to
calculate the percent inhibition of CAT activity and IC50
values. According to the results obtained the highest inhibition profile was demonstrated with the methanolic leaf extract of E. macroclada with IC50 values of 119 ng/mL. The
fruit extract of Z. fabago showed moderate inhibitory effect
on CAT enzyme with IC50 value of 83.3 ng/mL (Fig. 3).

IC50 values were available. According to the results, the
methanolic extract of flowers of C. virgata and M. officinalis have not shown any SOD enzyme activity inhibition
(Table 2).
4. DISCUSSION AND CONCLUSIONS
In the present study, we were concerned by the evaluation of phenolic and flavonoid contents of methanolic
plant extract capacities to inhibit the GST, GPx, SOD and
CAT enzymes. Phenolic compounds are having at least one
or more aromatic rings with one or more hydroxyl groups
attached [24]. Many phenolic compounds have been reported to have potentials of antioxidant, anticancer, antiatherosclerotic, antibacterial, antiviral, and anti-inflammatory effects [4]. Flavonoids are phenolic compounds found
throughout the plant kingdom. They have been shown to
possess a variety of biological activities in organisms.
Many flavonoids possess antitumor, anti-proliferation, cell
cycle arrest, induction of apoptosis and differentiation, inhibition of angiogenesis, antioxidant and reversal of multidrug resistance activities [4, 25, 26]. In this study, the highest concentrations of total phenolic compounds were found
in the leaf extracts of E. macroclada, and the flower extract
of E. macroclada comes next. While the leaf extracts of E.
macroclada has been shown to have high amounts of flavonoid contents, the extract of leaf of Z. fabago following

From Table 2 it was observed that at the maximum
dose of the flower extracts of C. intybus, E. macroclada
and leaf extract of Z. fabago showed less than 50% inhibitory effect on CAT activity therefore no IC50 values were
available.
The crude methanolic extracts of C. virgata and M. officinalis did not show any inhibitory effect on this enzyme
(Table 2).
The final concentration of plant extracts within concentration range of 7-476 ng/mL were used in the assay to
calculate the percent inhibition of SOD activity and IC50
values. The obtained results showed that, the highest inhibition of SOD activity was displayed with the flower extract of E. macroclada (Fig. 4).
From Table 2 it was observed that at the maximum
dose of flower extract of C. intybus, leaf extract of E. macroclada, leaf and fruit extracts of Z. fabago showed less
than 50% inhibitory effect on SOD activity therefore no
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for the SOD enzyme. These activities seem to be partly associated to the phenolic and flavonoid contents. Although
the any of the enzyme shows less than 50% inhibition the
cytotoxicity test of these extracts has not been studied yet.

it (Table 1). The previous studies indicated that the Euphorbia genus having high amounts of phenolic compounds such as flavonoids and derivatives showed effects
on the skin irritation and tumor promotion [10, 27]. It has
shown that leaves and stems of E. macroclada contain alkaloid, tannin, coumarin, saponin, flavonoid and polyphenols [28]. Hassan et al in their studies also concluded that
both leaves and stems of E. macroclada have shown antioxidant activity [28].
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II enzymes [29] and plays a critical role in the detoxification and metabolism of many xenobiotic compounds. The
physiological activities of the enzyme have been implicated in development of resistance by cancer cells against
chemotherapeutic agents [30]. Therefore, the inhibition of
GST activities is important in the improvement of anticancer drugs.
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soil as well as in plant and animal tissues [9, 10]. Pine, especially its needles, is often used to assess the state of environmental pollution with heavy metals [11-13]. This species belongs to a group of pioneer species, that can grow
under very difficult habitat conditions (e.g. reclamation areas or in areas with heavy metals contamination) [14],
where it has an important protective function.
The aim of the present study was to compare the concentrations of selected trace elements in the upper soil layer
(0-20 cm), in the forest litter and in needles of pines growing in ecosystems with diversified degrees of pollution, using the examples of two forest districts (Olkusz and
Giżycko).

ABSTRACT
The paper presents the results of study on the concentration of selected trace elements in the upper soil layer (020 cm), forest litter and in needles of pine growing in the
ecosystems with different degrees of pollution, using the
examples of two districts (Olkusz Forest District and
Giżycko Forest District). Analysis of the content of cadmium, lead and zinc in the upper soil layer, forest litter and
two-year-old needles of Scots pine showed that the contents of the analysed elements differed significantly between the tested stands. Statistical analyses showed a positive correlation between the content of the heavy metals in
needles and their contents in litter and soil.

2. MATERIALS AND METHODS

KEYWORDS: cadmium, forest litter, lead, needles, Pinus sylvestris, sandy soils, zinc

Field work was carried out in autumn 2011 in 19-yearold pine stands growing on a fresh coniferous forest site in
Olkusz Forest District (Division 79), which lies in the southern part of the Polish provinces of Silesia and Lesser Poland,
and in the Giżycko Forest District (Division 96), located in
the north-eastern part of Poland in the Warmia and Mazury
province. The soil cover in both cases consists of Haplic
Arenosols [15]. In the Giżycko Forest District, the forest
covers former farmland. The selection of research sites was
preceded by an analysis of forest management plans, maps,
satellite images and field reconnaissance. The main factor
differentiating the two objects of research was primarily the
level of environmental pollution. It should be noted that the
area of Olkusz has been a place of exploitation of metals
such as lead, zinc, silver, and cadmium for centuries. In
1969, the effect of activity of just the "Bolesław" Mining and
Metallurgic Plant (one of the largest zinc and lead ore mining and processing plants in Poland) was the release into
the atmosphere of almost 1140 tons of metallurgical dust
per year. After installing the filtration units, dust emissions

1. INTRODUCTION
Human activity affects the natural environment to a
smaller or larger degree. Industrial activity, especially mining,
the chemical industry and the processing of raw materials, can
result in a number of negative, often irreversible changes
in the environment. Apart from the formation of wasteland,
among the negative effects is also a disturbance of the elements cycling, including heavy metals, which leads to them
polluting various components of the environment [1-3].
The Olkusz-Tarnowskie Góry region (Upper Silesia) has
been identified as one of the most heavy metal-contaminated
areas in Poland, where, for centuries, lead-zinc ores have
been mined and smelted [4-8]. Heavy metals introduced
into the bio-geochemical cycle were accumulated in the
* Corresponding author
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plasma atomic emission spectrometry. Levels of heavy
metals in samples have been previously determined by
ICP-AES with detection limits as follows: (as mg·kg-1) Cd:
0.03, Pb: 0.03 and Zn: 0.03. The quality of determination
was controlled by subsequent analysis of certified reference materials (CRM).
Statistical analyses were performed using the STATISTICA software (StatSoft 2009). To assess correlations between the variables the specified Spearman rank order correlation (Rp at the significance level α=0.05).

decreased, but the extraction of zinc and lead ores still remained at a high level. In 2004, the "Bolesław" Mining and
Metallurgic Plant emitted 3.2 t of dusts, 24 kg of lead, 2.3
t of zinc, 3.1 kg of cadmium and 484 t of SO2 into the atmosphere. Despite the improvements in air quality in comparison to the 1980s and 1990s, the Olkusz District is still
classified as a heavily polluted area. Especially worrying is
the continuous recording of elevated concentrations of
heavy metals in the soils and plants of this region [5, 7-10].
The monitoring conducted in Giżycko Forest District
did not reveal any areas of damage to stands caused by environmental pollution and the monitoring of the environment carried out in 2010 and concerning the content of selected compounds in the air showed no excess of the limit
values [16, 17].

3. RESULTS AND DISCUSSION
The soils on all plots were characterised by coarse sand
texture (Table 1). The pH values of the upper soil layer (020 cm) of the examined forests were considerably different. In Olkusz, the soil pH ranged from 5.3 to 7.8, while in
Giżycko it ranged from 4.2 to 5.1. Higher values of soil pH
affect the availability of metals as a result of their solubility
in soil solution [19]. In Olkusz, the higher pH of soil limited the availability of metals for plants, despite the large
pool of metal in the soils.

Within each stand, 5 research plots were set up; their
shape was a square with dimensions of 10 m x 10 m. The
plots were distributed evenly in a grid of squares of 50 m x
50 m.
On each research plot, the following tasks were performed:
 Litter samples and top soil samples (0-20 cm) were collected from the corners of the plots and mixed,

The range of values of specific electrolytic conductivity
of the soils was also very variable, ranging from 19 µS·cm-1
to 80 µS·cm-1 in Olkusz and 11 µS·cm-1 to 18 µS·cm-1 in
Giżycko.

 Ten pine shoots with two-year-old needles were collected from 10 randomly selected trees (i.e. one shoot
per tree), from the middle part of the crown on its south
side,

The higher content of organic carbon (C) in the surface
layer of the soil characterised Giżycko (0.475 - 1.112%),
whereas this value was in the range 0.271 - 0.952% in the
research plots in Olkusz. Similarly, a slightly higher content of nitrogen (N) was noted in the soils in Giżycko. The
share of sulfur (S) in the analysed soils was negligible but
higher in Olkusz (Table 1).

 Thirty pairs of two-year-old needles were sampled
from each shoot, which totalled 300 pairs of two-yearold needles from each plot.
Top soil samples were dried at room temperature, and
then filtered through a sieve with a mesh of 2.0 mm. The
material thus prepared was used to determine the following
properties [18]:

The content of trace elements (Cd, Pb, Zn) in the upper
soil layer of the examined objects differed significantly
(Table 1). The content of cadmium was low in the soils in
Giżycko (0.1 - 0.2 mg·kg-1) and significantly higher in
Olkusz, where it reached up to 3.1 mg·kg-1. Lead was characterised by a high concentration (29.2 - 421.6 mg·kg-1) in
the top layer of soils in Olkusz Forest District, and low (3.0
- 5.2 mg·kg-1) in the Giżycko Forest District. The content
of zinc was high in the upper layer of soils in Olkusz (39.7
- 355.2 mg·kg-1) and much lower in Giżycko (5.1 - 9.6
mg·kg-1).

 Soil pH was determined in a 1:2.5 suspension of soil
and 1 M KCl, using the potentiometric method,
 Specific electrical conductivity (EC) 1:5 suspension of
soil and water, using the conductivity meter,
 Soil texture was determined using the Casagrande areometric method modified by Prószyński,
 Carbon, nitrogen, and sulfur content using the Leco elemental analyser CNS-2000,
 The content of trace elements (Zn, Pb, Cd) using inductively coupled plasma atomic emission spectrometry
ICP-AES, after prior wet digestion in a mixture of concentrated nitric (V) and perchloric acid (VII) in a 2:1
ratio.

Analysis of the content of selected heavy metals in
two-year-old needles of Scots pine showed that the content
of the analysed elements differs significantly (Table 2).
The concentration of cadmium in the needles of Scots pine
growing on the research plots in Olkusz ranged from 1.1 to
1.7 mg·kg-1. Trace amounts of cadmium were found in
Giżycko (from 0.1 to 0.3 mg·kg-1).

In the case of needles, their length was measured first,
and then each pair of two-year-old needles was cleaned in
an ultrasonic bath. Subsequently, the needles were ground
and wet-digested in a mixture of concentrated nitric acid
(V) and perchloric acid (VII) in a ratio of 3:1 [18]; the litter
was digested similarly, and then the content of heavy metals (Zn, Pb, Cd) was determined using inductively coupled

The concentration of lead in pine needles on the research
plots in Olkusz was incomparably higher than in Giżycko,
where lead was not determined on two plots, and on the other
plots its content ranged from 1.6 to 10.2 mg·kg-1. However,
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TABLE 1 - Selected properties of the upper soil layer (0-20 cm) on the research plots in Giżycko and Olkusz.

Number of
plots

Sand
2.00.05
mm
(%)

Olkusz Forest District
1
95
2
95
3
94
4
96
5
97
Average
95.4
(SD)
(1.1)
Giżycko Forest District
1
95
2
90
3
92
4
93
5
96
Average
93.2
(SD)
(2.4)
SD – standard deviation

Silt
0.050.002
mm
(%)

Clay
<
0.002
mm
(%)

5
5
5
4
3
4.4
(0.9)

0
0
1
0
0
0.2
(0.4)

7.5
7.8
7.5
5.3
6.4
6.9
(1.0)

73
60
80
19
35
53.4
(25.8)

0.392
0.645
0.952
0.772
0.271
0.606
(0.277)

0.004
0.006
0.009
0.006
0.004
0.006
(0.002)

0.017
0.037
0.048
0.034
0.014
0.030
(0.014)

1.2
2.6
3.1
0.8
0.3
1.6
(1.2)

45.6
421.6
246.4
78.6
29.2
164.3
(167.8)

110.0
355.2
290.8
92.1
39.7
177.5
(137.2)

5
8
4
4
4
5.0
(1.7)

0
2
4
0
0
1.2
(1.8)

5.0
5.1
4.5
4.2
4.4
4.6
(0.4)

15
18
17
12
11
14.6
(3.0)

1.112
1.044
0.999
0.475
0.600
0.846
(0.288)

0.004
0.001
0.004
0.006
0.005
0.004
(0.002)

0.073
0.022
0.055
0.034
0.043
0.045
(0.020)

0.1
0.1
0.1
0.1
0.2
0.1
(0.0)

4.1
3.0
4.3
3.6
5.2
4.0
(0.8)

7. 8
5.1
8.9
6.9
9.6
7.7
(1.8)

pH
(KCl)

C

EC
[µS·cm-1]

Olkusz Forest District
1
2
3
4
5
Average
(SD)
Giżycko Forest District
1
2
3
4
5
Average
(SD)
SD – standard deviation

N

Cd

Cd

Pb
[mg·kg-1]

Zn

1.5
1.5
1.7
1.1
1.2
1.4
(0.3)

53.3
29.7
25.3
17.2
20.9
29.3
(14.2)

225.7
173.1
196.7
182.9
241.7
204.0
(28.9)

0.1
0.1
0.1
0.1
0.3
0.1
(0.1)

1.6
0.0
0.0
7.4
10.2
3.9
(4.7)

29.2
49.1
46.7
33.9
39.6
39.7
(8.4)

Pb

Zn

[mg·kg-1]

[%]

TABLE 2 - The content of Cd, Pb and Zn (mg·kg-1) in two-year-old
needles of Scots pine growing on the research plots in Olkusz and
Giżycko.
Number of plots

S

of the stands in Olkusz Forest District than in the pine needles (Table 3). The highest content among the analysed elements in litter was noted for zinc, which ranged from
934.8 to 1503 mg·kg-1 in Olkusz. In the litter of the stands
located in the Giżycko Forest District, the content of this
element was only 40.5 to 60.1 mg·kg-1.
TABLE 3 - The content of Cd, Pb and Zn (mg·kg-1) in the litter on the
research plots in Olkusz and Giżycko.
Number of plots
Olkusz Forest District
1
2
3
4
5
Average
(SD)
Giżycko Forest District
1
2
3
4
5
Average
(SD)
SD – standard deviation

in Olkusz the highest content of this element amounted to
as much as 53.3 mg·kg-1. An alarmingly high zinc content
in needles was also found in Olkusz, where the maximum
value was 241.7 mg·kg-1, while the lowest value was 173.1
mg·kg-1. The concentration of zinc in needles on the research plots in Giżycko was much lower and ranged from
29.2 to 49.1 mg·kg-1.

Cd

Pb
[mg·kg-1]

Zn

15.9
13.0
13.0
11.1
9.7
12.5
(2.3)

763.0
569.3
501.7
523.5
364.8
544.5
(144.0)

1503
1123
1159
993.7
934.8
1143
(221.2)

0.1
0.0
0.2
0.2
0.1
0.1
(0.1)

23.8
15.7
40.4
17.3
69.2
33.3
(22.3)

43.0
40.5
48.8
58.4
60.1
50.1
(8.9)

Considering species composition of the two stands, they
were homogeneous pine stands with an age of 19 years. However, measurements of basic features such as diameter at
breast height, thickness of the root collar and height showed
essential differences that reflected extremely diverse growth
conditions in the Giżycko and Olkusz stands. Also, measurements of the needles’ length showed substantial differences
between the studied forest stands. Two-year-old needles of
pine stands located in Giżycko were twice as long as the needles collected in Olkusz.

The contents of trace elements (Cd, Pb, Zn) in the litter
in the examined objects, as well as in the top layer of soils
and the pine needles, differed significantly. The content of
these trace elements in the litter was the highest among the
analysed components of forest ecosystems in the forest districts discussed. The determined values were similar to the
content of these elements in the needles of pine trees in
Giżycko Forest District and significantly higher in the litter

73

© by PSP Volume 24 – No 1. 2015

Fresenius Environmental Bulletin

Those results were obtained for the Olkusz stand, where
the values often exceed the tolerance level for plants. For
needles, the natural content of zinc given by Kabata-Pendias
[22] is the range of 10-100 mg·kg-1, while the average concentration in pine needles growing in Olkusz amounted to
204.0 mg·kg-1. The average content of Zn in pine needles in
Giżycko Forest District was 39.7 mg·kg-1. It was 20 mg·kg-1
lower than the average value determined in the needles of
Scots pine in the Słowiński National Park [12], which reflects the extremely low concentrations of Zn in the soils of
Giżycko district for light soils, in accordance with the Decree of the Minister of the Environment of 9 September 2002
[21], the critical level amounts to 100 mg·kg-1, while the average value obtained in soils in Olkusz was 177.5 mg·kg-1.
In contrast to Olkusz, in the same components of the environment in Giżycko, no value exceeded the geochemical
background.

Statistical analyses showed a positive correlation between the content of the heavy metals in needles and their
contents in litter and soil (Table 4).
TABLE 4 - The values Spearman rank correlations coefficient between the content of heavy metals in the two-year-old needles of Scots
pine and the contents of these metals in the litter and soil. Correlation
coefficients in italic are statistically significant at α = 0.05.
Quality

Cd-n

Cd-l

Cd-s

Cd-n
Cd-l
Cd-s

1.000

0.806
1.000

Pb-n
1.000

Pb-l
0.638
1.000

0.879
0.903
1.000
Pb-s
0.651
0.915
1.000
Zn-s
0.649
0.915
1.000

Pb-n
Pb-l
Pb-s

Zn-n
Zn-l
Zn-n
1.000
0.709
Zn-l
1.000
Zn-s
where:
n - the feature refers to two-year-old needles,
l – the feature refers to litter,
s - the feature relates to the topsoil.

Unlike zinc, cadmium belongs to the group of metals
which do not perform any functions in plant organisms and
is a typical pollutant taken up passively from the ground
and the air along with dust precipitation [22]. Therefore,
an increased share of this element in the samples from
Olkusz is not surprising. With regard to the normal cadmium content in needles, Kabata-Pendias [22] indicate the
value of up to 1 mg·kg-1, whereas the average content on
the research plot was 1.4 mg·kg-1. In Giżycko, the average
concentration of cadmium in pine needles was 0.1 mg·kg-1,
which is close to the concentrations reported by
Dmuchowski and Bytnerowicz [13] in pine needles from
Białowieża primeval forest (0.25 mg·kg-1). The standard
value for sandy soils, as specified in the Decree of the Minister of the Environment of 9 September 2002 [21], was
exceeded twice in the analysed soil. The research plot in
Giżycko contained the minimum content of cadmium,
which remained within the range of values considered
natural.

Comparing the contents of Zn, Pb and Cd in forest soils
Olkusz of values given by the Institute of Soil Science and
Plant Cultivation (IUNG) in Pulawy for unpolluted agricultural soils, which were: Zn up to 50 mg·kg-1, Pb up to
20 mg·kg-1, and Cd up to 0.3 mg·kg-1 [20], and the slightly
less stringent values contained in the Decree of the Minister
of the Environment of 9 September 2002 [21]; (for sandy
soils; Zn up to 100 mg·kg-1, Pb up to 50 mg·kg-1, Cd up to
0.75 mg·kg-1), as well as values given by Kabata-Pendias
[22], relative to their proportion in pine needles, which can inhibit the development and growth of trees (Zn <100 mg·kg-1,
Pb <30 mg·kg-1, Cd <5 mg·kg-1), one may see that the results
of the content of the analysed heavy metals in all components
in Olkusz exceed the background levels by several to several
dozens of times. Meanwhile, in Giżycko, situated far away
from industrial areas, their contents are no different from
those considered to be natural. An important role in the accumulation of trace elements is played by the distance from
the emitters of harmful substances, which significantly affects the amounts that are accumulated in particular components of the environment. Hence, the mean concentrations of zinc, lead and cadmium in the soils, related to those
reported by Kabata-Pendias [22] for soils (Zn 70 mg·kg-1,
Cd 0.1 mg·kg-1 and Pb 15 mg·kg-1), were exceeded on the
research plot in Olkusz, situated in the vicinity of the
“Boleslaw” plant and its zinc and lead ore flotation settler,
by 3, 11 and 16 times, respectively. Based on the destructive
influence of heavy metals on forests, Zwoliński [23] established the following threshold concentrations of the accumulation in the layers of organic soils of coniferous forest
sites for the industrial regions of Southern Poland: cadmium
- 50mg·kg−1, zinc - 500 mg·kg−1, and lead - 500 mg·kg−1. The
above-mentioned publications help to illustrate how strong
soil contamination with these three elements is on the research plot in Olkusz.

Lead, like cadmium, is an element that is unnecessary
for plants and is only taken up passively [22]. In Olkusz,
the average concentration of lead in two-year-old needles
was 48 mg·kg-1, which is several times higher than the level
of 1.3 mg·kg-1 reported by Dmuchowski and Bytnerowicz
[13]. The content of lead in needles from Olkusz was also
several times higher than the value reported to be toxic for
plants (30 mg·kg-1) by Kabata-Pendias [22]. An average
amount of lead in the topsoil exceeded the level admissible
for light soils by more than three times [21].
In general, the highest contents of heavy metals in both
stands occurred in litter. This is due to the high sorption
and ion exchange capacities of the organic matter, especially the humic horizons, which can create relatively stable binding of heavy metals [22]. This is confirmed, among
others, by results obtained by Zwoliński [23], Pająk and
Jasik [6], Karczewska et al. [2] and Szopka et al. [3].
Strong contamination of litter with heavy metals in the
area of Olkusz and Bukowno, especially near the sedimentation pond (flotation tank), was also demonstrated by
Krzaklewski et al. [5].
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The contents of heavy metals determined in the present
research on the plots in Olkusz were similar to the results
previously obtained for this area by numerous researchers
over many years [4, 5, 7-10]. The results of these studies
confirm that the contamination of the area is, to the highest
extent, caused by elements such as zinc, lead and cadmium,
for which, depending on the sampling site, the values obtained were similar to those obtained in the present study.
This suggests long-term and strong contamination of the
area around Olkusz, significantly influencing the local soil
and flora.
4. CONCLUSIONS
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1. INTRODUCTION

ABSTRACT
Experiments were conducted on sweet bush basil (Ocimum basilicum L.) and on peppermint (Mentha piperita L.)
plants grown in pots under glasshouse conditions to study
the interaction between Cd and Zn on the concentration of
these metals in plant leaves. A factorial experiment with
two factors (Cd and Zn) at four concentrations (0, 1, 5, 10
mg kg-1) was carried out for each plant species. Cadmium
was applied as CdSO48/3H2O and Zn as ZnSO47H2O. Increasing Cd additions to the growth medium resulted in an
increase in Cd concentration in leaves of sweet bush basil
and increasing Zn additions to the growth medium resulted
in an increase in Zn concentration in the leaves of peppermint. No significant effects were observed of Zn on Cd and
Cd on Zn in the leaves of sweet bush basil and peppermint,
respectively. Cd concentration increased significantly at
each Cd level with increasing Zn additions in leaves of peppermint. Cd concentration increased significantly at each
Cd level with increasing Zn additions in leaves of sweet
bush basil. The Cd concentration in the leaves of peppermint increased with increasing Zn additions to the growth
medium but the Zn concentration was not affected by Cd
addition to the growth medium. The amounts of Cd and Zn
extracted by Diethylene triamine penta acetic acid – triethanol amine (DTPA-TEA) increased significantly with increasing amounts of Cd and Zn additions to the growth medium and also showed significant interaction. DTPA-TEA
extractable Cd and Zn significantly correlated with the Cd
and Zn concentrations within the leaves of both species
studied indicating that this extractant could be used to predict Cd and Zn concentrations in the plant tissues of sweet
bush basil and peppermint.

Cadmium (Cd) is a widespread pollutant and one of the
most toxic heavy metals in the environment due to its high
mobility and toxicity at low concentrations in organisms.
Because of its mobility in the soil-plant system and its low
affinity for soil colloids, Cd can easily enter the food chain,
with adverse consequences for human health. Hence, Cd is
one of the metals for which the Food and Agricultural Organization and the World Health Organization [1] have set
limits, with a maximum permitted human intake of 70 μg
Cd d-1. Zinc (Zn) is an essential trace element for plant
growth and development, but is toxic when present at high
levels. Cadmium and Zn are elements having similar geochemical and environmental properties. This association of
Cd and Zn in the environment and their chemical similarity
can lead to interactions between Cd and Zn during ion uptake, transport from the roots to the aerial parts, or accumulation in edible plant parts. It is generally accepted that
Zn status in soils and plants plays an important role in Cd
accumulation in crop plants [2]. Interactions between Cd
and Zn and their accumulation in plant parts in liquid culture or in pot experiments have been reported [3-7]. Several
medicinal plants such as Hypericum perforatum, Matricaria recutita and Salvia officinalis belongs to the group of
Cd accumulator plants [8]. Therefore the antagonistic effect of Zn on Cd accumulation is important for medicinal
plants. Sweet bush basil (Ocimum basilicum L.) and peppermint (Mentha piperita L.) are medicinal herbs and up
till now we have little information on the response of these
herbs to increasing concentration of heavy metals in the
soil.
The objectives of this research were to examine the (i)
Effect of Cd and Zn interactions on Cd and Zn concentrations in leaves of sweet bush basil and peppermint plants
and (ii) Effect of Cd and Zn interactions on Cd and Zn extracted by DTPA in soils cultivated for sweet bush basil
and for peppermint plans.

KEYWORDS:
medicinal herbs; heavy metals; DTPA-TEA; accumulation
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dure of Lindsay and Norvell [10]: 0.005M DTPA, 0.01M
CaCl2 and0.1M TEA , was adjusted to pH 7.3 with 1N HCl.
Ten grams of soil and 20 ml DTPA-TEA extracting solution were placed in polyethylene flasks covered with a
plastic stopper and shaken by horizontal-circular movements at 240 oscillations per minute for 2 hours. The suspensions were filtered by gravity through Whatman no. 42
filter paper. The filtrates were analyzed for Cd and Zn.

2. MATERIALS AND METHODS
2.1 Pot experiments

Pot experiments were conducted under glasshouse
conditions at the Agricultural University of Athens to study
the interaction between Cd and Zn on the concentration of
these metals in leaves and petals of sweet bush basil (Ocimum basilicum L) and peppermint (Mentha piperita L.) as
affected by different applications of Cd and Zn to the soil.
The experiments were executed in the spring of 2012 (four
months). For the experiments, seeds of sweet bush basil
and peppermint were sown in palettes of 20 compartments,
in a peat and perlite (amorphous volcanic glass) medium
(1:1 v/v). After four weeks the plants were transplanted to
the experimental pots (made of black plastic, 14 cm in diameter and 0.5 L volume) filled with a substrate consisting
of 50% peat and 50% perlite by volume (1:1), with pH 5.6,
organic matter content 90% - 95% and Electrical Conductivity 0.3 S m-1. This medium was used in all treatments
and in both plants under study. A factorial experiment in a
randomized complete block design with two factors (Cd
and Zn) and four levels (0, 1, 5, 10 mg L-1) for each factor
was conducted. In this way, sixteen different combinations
for the plant treatments were realized. Each treatment was
replicated seven times (112 pots totally for each plant).
Cadmium was applied as CdSO4.8/3H2O and Zn as
ZnSO4.7H2O. Cadmium and Zn were added two or three
times per week with 20 ml of each treatment per pot for six
weeks (total 280 ml per pot of each treatment for the whole
cultivation period, i.e. 0.28 mg Cd and 0.28 mg Zn for level
1 mg L-1, 1.4 mg Cd and 1.4 mg Zn for level 5 mg L-1, and
2.8 mg Cd and 2.8 mg Zn for level 10 mg L-1). Fertilization
of the pots was performed approximately every two weeks,
using a commercial fertilizer (Nutrileaf-60) with 2 mg N,
2 mg P2O5, and 2 mg K2O for each pot (the content of Zn
and Cd in the fertilizer negligible).

2.4 Statistical analysis

The influence of Cd and Zn treatments on the Cd and
Zn concentration in bush basil and peppermint as well as
the influence of Cd and Zn treatments on Cd and Zn extracted by DTPA- TEA were evaluated by 2-way analysis
of variance models (ANOVA). All data were subjected to
Duncan’s Multiple Range Test to determine statistical significance of the effects due to treatments with Cd, Zn and
their interaction. Statistical analysis was carried out with
STATISTICATM Ver. 8.0 [11] for all the parameters studied.
3. RESULTS AND DISCUSSION
Sweet bush basil: Cadmium concentrations in leaves
of sweet bush basil not treated with this element ranged between 9.7 and 10.6 mg kg-1. The addition of 10 mg Cd kg-1
to the soil led to a significant increase of up to 63.9 mg Cd
kg-1. The concentration of Cd in leaves increased significantly with increasing the addition of Cd in the growth medium in all Zn application rates. No significant effect of Zn
on Cd concentration in leaves under various Cd treatments
was detected (Figure 1). Zinc concentrations in the leaves
of sweet bush basil not treated with this element ranged between 6.7 and 9.7 mg kg-1. The concentration of Zn in
leaves was not affected by increasing the addition of Zn to
the growth medium (Figure 1). In contrast Zn concentration increased significantly with Cd addition in each Zn
level. Thus the final Zn concentration in the leaves was
proportional to the concentration of added Cd irrespective
of Zn level.

2.2 Plant analysis

At the end of the experiment, approximately three
months after transplanting, the aerial parts of the plants
were harvested. Leaves were oven-dried at 50°C to constant weight, ground in a stainless steel Wiley mill and
passed through a 250 μm plastic sieve. Dry ground plant
leaves smaller than 250 μm in diameter (0.5 g) from each
plant species and pot were placed in beakers and ashed at
450°C. The residue was dissolved in 5 ml of 6N HCl. Zinc
and Cd were determined by flame atomic absorption spectrophotometry (Varian, A-300, Varian Techtron Pty. Limited, Australia) at 213.9 nm and 228.8 nm wavelength respectively, using an air-acetylene flame [9]. Deuterium
background correction was used.

The addition of Cd to the growth medium of sweet
bush basil led to a significant increase in Cd extractable by
DTPA-TEA, with a value of 6.9 mg kg-1 for the 0 mg Zn
kg-1 at 10 mg Cd kg-1 treatment (Figure 2). The addition of
Zn to the growth medium led to a significant increase in Zn
extracted by DTPA-TEA, with a value of 252.5 mg kg-1 for
the 0 mg Cd kg-1 and 10 mg Zn kg-1 treatment. As indicated
in Figure 2, at Cd-5 and Cd-10 levels the extracted Cd significantly reduced with Zn additions. At Zn levels higher
than 1 mg Zn kg-1, the extracted Zn reduced significantly
with Cd additions (Figure 2).

2.3 Soil analysis

At the end of each experiment samples of air-dried soil
from each plant species and each pot were collected, passed
through a 500 μm plastic sieve and analyzed for extractable
Cd and Zn using the diethylene triamine penta acetic acid–
triethanol amine (DTPA-TEA) method following proce-

Peppermint: Cadmium concentrations in the leaves of
peppermint not treated with this element ranged between
5.2 and 6.8 mg kg-1. The Cd concentrations in leaves of
peppermint were not affected by increasing Zn application
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FIGURE 1 - Cd and Zn concentration in leaves of sweet bush basil plants with different additions of Cd and Zn to the growth medium. Different
letters indicate a significant difference at p<0.05 according to Duncan’s multiple range test.

FIGURE 2 - Extractable Cd and Zn by DTPA-TEA with different additions of Cd and Zn to the growth medium, in sweet bush basil cultivation.
Different letters indicate significant difference at p<0.05 according to Duncan’s multiple range test.
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FIGURE 3 - Cd and Zn concentration in leaves of peppermint plants with different additions of Cd and Zn to the growth medium. Different
letters indicate a significant difference at p<0.05 according to Duncan’s multiple range test.

FIGURE 4 - Extractable Cd and Zn by DTPA-TEA with different additions of Cd and Zn to the growth medium, in peppermint cultivation.
Different letters indicate significant difference at p<0.05 according to Duncan’s multiple range test.
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(Figure 3). However at each Cd level increasing Zn application led to a significant increase in the Cd concentration.
Zinc concentrations in the leaves of peppermint not treated
with this element ranged between 9 and 11 mg kg-1, the
addition of Zn led to a significant increase in the concentration of up to 85.1 mg kg-1 for the 0 mg Cd kg-1 and 10
mg Zn kg-1 treatment (Figure 3). Generally the Zn concentration increased significantly with increasing Zn. Zn concentration was not affected at any Zn level by the application of Cd.

sufficient, as they were within the normal range for plants
not supplied with additional Zn and the plants showed vigorous growth. The differences in the amounts of Cd or Zn
extractable with DTPA-TEA compared with those added
to the growth medium possibly result from differences in
uptake by the two species and the absorption of these metals on the organic colloids.
Smilde et al. [3] and Kachenko and Singh [13] found
high concentrations of Cd in leafy vegetables when soil Zn
concentrations increased. However, McKenna et al. [4]
identified a strong antagonistic effect of Zn on the accumulation of Cd in leafy vegetables at low Cd concentrations.
Xue and Harrison [14] identified a synergistic effect of Zn
in relation to Cd uptake. They found that increasing the
amount of Zn (>600 mg kg−1) in soils containing high levels of Cd (10 mg kg−1) resulted in a higher concentration of
Cd in lettuce leaves. Kummerova et al. (2009) [15] until
some level of Zn and Cd these metals behave as antagonists
on physiologcal and production characteristics in Matricaria reculata (usually Zn blocks the Cd uptake), but when
one of the metals steps over this level, they start to behave
in synergic way.

The addition of Cd to the growth medium cultivated
with peppermint led to a significant increase in Cd extracted by DTPA-TEA, with a value of 6.9 mg kg-1 at 10
mg Cd kg-1 and 0 mg Zn kg-1 treatment (Figure 4). The addition of Zn led to a significant increase in the concentration of Zn extracted by DTPA, with a value of 124.2 mg
kg-1 at 10 mg Zn kg-1 and 0 mg Cd kg-1 treatment. At Cd
levels higher than 5 the extracted Cd reduced significantly
with Zn additions (Figure 4). In contrast at Zn levels higher
than 5 the extractant Zn increased significantly with Cd additions.
The average Cd concentration in sweet bush basil and
peppermint leaves were 35.9 and 20.6 mg kg-1, respectively, and weresignificantly different. The average Zn
concentrations for sweet bush basil and peppermint leaves
were 68.7 and 46.3 mg kg-1, respectively, and were significantly different. From our results we can conclude that
sweet bush basil takes up more Cd and Zn from the same
growth medium than peppermint.

From the above reports we can conclude that Cd accumulation may or may not be influenced by increasing Zn
supply. Great differences occur among species and even
between different varieties of the same species [16].
Some researchers found that Zn can inhibit Cd absorption and thereby cause a low Cd concentration in plants
[17]. Adiloglu [18] showed that Cd accumulation in plants
is reduced by the application of Zn, and Cd accumulation
is greater in Zn-deficient soils. Qiu et al. [19] proposed that
increasing levels of Zn compete with Cd for the same membrane binding sites and transport systems in winter wheat
and also limit Cd transport from the phloem to the grain.
They showed that Zn had similar effects on Cd accumulation in winter wheat both in the long term (1 month) and
the short term (24 h). Zhu et al. [20] showed that Zn alleviated Cd toxicity in plants only at Zn levels that were toxic
to the plants, thereby suppressing growth. Moustakas et al.
[7] reported that Cd concentrations in the tissues of potgrown marigold decreased with increasing Zn additions to
the soil. Wu and Zhang [21] proposed that the application
of Zn can alleviate the physiological damage caused by Cd
toxicity. In a hydroponic experiment, Hassan et al. [22] reported that the application of Zn alleviated Cd toxicity and
improved photosynthesis. Hart et al. [23] suggested that Zn
supplementation reduced Cd concentrations within tissues
probably by inhibiting Cd uptake into the roots. Another
study showed that Cd–Zn interactions are synergistic and
increasing the concentrations of Cd and Zn in soils could
enhance the accumulation of these metals in crops [17].

The values of extractable Cd in the untreated growth
medium were 0.04 and 0.03 mg kg-1 for sweet bush basil
and peppermint, respectively, which were less than the
common value (0.2 mg kg-1) for plants grown in uncontaminated soil [12]. The total Cd concentration in leaves of
sweet bush basil and peppermint in the treatment Cd-0 was
9.6 mg kg-1 and 5.2 mg kg-1, respectively, indicated that
these plants are Cd accumulators.
The Cd extracted from media cultivated with sweet
bush basil fluctuated between the maximum tolerable levels proposed for Cd in agricultural soils in various countries {i.e. from 1.6 to 3 mg Cd kg-1 [12]} except in the treatment Zn-0 and Cd-10 mg kg-1. In contrast, the Cd extracted
from the growth medium cultivated with peppermint was
higher than the maximum tolerable levels (except for the
treatment Zn-0 and Cd-1), but the plants did not reveal visible symptoms of toxicity.
Zinc levels in the soil usually range between 20 to 100
mg kg-1 and the maximum tolerable levels for Zn in agricultural soils proposed in various countries range from 150
to 300 mg Zn kg-1 [12]. In our study the extractable Zn in
the growth medium of sweet bush basil and peppermint
fluctuated within the tolerable levels for Zn (i.e. between
18 to 190 mg kg-1 in sweet bush basil and between 10 and
230 mg kg-1 in peppermint). The Zn levels in the leaves of
both plant species at all Zn application rates were certainly

Zinc status in soils and plants has a vital role in plant
Cd accumulation. Previous research to understand Cd and
Zn interactions has shown inconsistent results. Grejtovsky
and Pirc [24] reported that the addition of Cd resulted in a
suppressed Zn content in the diploid chamomile variety
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‘Novbona’ but not in the tetraploid ‘Lutea’. On the other
hand, in barley (Hordeum vulgare L.) grown in nutrient solution, the presence of Cd enhanced the shoot Zn concentration [25].

and Zn extracted with DTPA-TEA in both studied plant
species.
- DTPA- TEA extractable Cd and Zn could be used to
predict Cd and Zn concentrations in the leaves of sweet
bush basil and peppermint plants.

Our results also indicate a major influence of species
on Cd-Zn uptake interaction. Possibly, as suggested by
Smith et al. [3] and Yang et al. [26] the enhancement of Zn
on Cd uptake might be attributed to the altered and specialized transporters of metal ions in the plasma membrane
system induced by added Zn. Because of similarity in
chemical properties between Cd and Zn, cadmium also has
an affinity to those organic complexing substances. Thus
Zn promotes Cd absorption by roots and enhances transport
of Cd to the shoots of peppermint. The failure of Zn to promote Cd uptake in sweet bush basil indicates a difference
in the ion transport system, but this hypothesis requires further research for the elucidation.

In particular for sweet bush basil:
The concentration of Cd in leaves increased significantly with increasing Cd in the growth medium. No significant effect of Zn was found on Cd concentrations in
leaves under various Cd treatments. Zn concentration increased significantly at each Zn level with increasing Cd.
In particular for peppermint:
Peppermint behaves in a different way to sweet bush
basil. The concentration of Zn in leaves increased significantly with increasing addition of Zn in the growth medium. No significant effect of Cd was found on Zn concentrations in the leaves under various Zn treatments. Cd concentration increased significantly at each Cd level with increasing Zn additions.

Although DTPA extraction of the growth medium indicated an interaction between Zn and Cd at Cd of 5 and
10 mg kg-1, in both plant species, the present results are insufficient to show if this directly affects Cd/Zn uptake by
the leaves since the concentration of these ions in the other
plant tissues (roots, stems, etc) were not recorded.
Finally we are in agreement with Yang et al. [26] who
reported that the mechanisms behind the stimulating effect
of Zn on Cd interactions on their absorption and transport
in the plant species need to be further clarified.
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parameter values when the models were proposed, these
will be changed for each specific case study, along with the
microbial characteristics and constitutive properties of the
system. Therefore, degradation kinetics models are required
based on different components of the ASM2. This allows
utilization of parametric analytic methods to determine and
analyze the model parameters in diverse cases, enabling the
optimal control of sewage treatment systems.

ABSTRACT
This paper considers the degradation kinetics of activated sludge models (ASM2), and in particular the vital
components of slowly biodegradable chemical oxygen demand (SBCOD, XS). In terms of micro-organic growth
and metabolism, knowledge on the degradation kinetics
process of XS is necessary for optimization of the control
measures for wastewater treatment plants (WWTPs). Using a particle-swarm optimization (PSO) algorithm, an analytic methodology was developed for two parameters—
the half-saturation constant (KX) in the XS-component degradation kinetics and the hydrolysis rate (kh). This methodology was applied to samples taken from a WWTP in
Chongqing (China). The organic aerobic degradation was
measured using a previously developed hybrid respirometer. The analytic results demonstrate that, under a similar
external environment, the method gives parameter values
different to the defaults used in the ASM2. This will enable
a practical response to the problems of optimizing and controlling WWTP.

In ASM2, model parameters are divided into structural
identifiable parameters and practical identifiable parameters. Structural identifiable parameters, also called theoretical identifiable parameters, are determined by the model
structure and the quantity to be measured. Once the measured variable has been selected, the structural identifiability for an established model is fixed. At present, many researchers are studying the structural identifiability of ASM2
parameters using mathematical optimization algorithms [4].
However, with no guarantee of identifiability, the parameter
estimates obtained by optimization algorithms will be unreliable and random [5]. Some researchers consider the investigation of model parameter identifiability to be a key
step in answering whether unique estimates can be obtained by the designed I/O experiment [6]. Structural identifiability can be performed in the absence of any prior information on the value of the parameters, and even before
collecting any data [7].

KEYWORDS:
SBCOD; analytic parameter; PSO arithmetic; kh; KX

The IWA ASM2 is highly nonlinear systems. Studying
the identifiability of parameters in such a system is much
harder than in a linear model. Several competing methods
for nonlinear systems have been proposed, such as the
transformation of the nonlinear model into a linear model
[8-10], the differential algebraic methods [11], the series
expansions (e.g., Taylor series expansion [12-14] and the
generating series [15]). However, there is no universally
applicable method for identifying the parameters of the
ASM2 sub-models.

1. INTRODUCTION
The activated sludge models 2(ASM2) developed by
the International Water Association (IWA) have already
become an important scientific method and technological
tool for the research, the development, and the design of
new wastewater treatment processes (WWTPs) [1]. However, as a public development platform, how to obtain the
precise parameters of ASMS is always a big problem which
some researches want to resolve [2,3]. To improve simulation accuracy, ASM2 have refined the wastewater biological treatment process by introducing many stoichiometric
and kinetic parameters. Although IWA provided typical

Slowly biodegradable chemical oxygen demand
(SBCOD, XS) is one of the most important components in
the COD fraction which is directly related to the growth of
microorganisms, the dynamic properties of oxygen utilization, and the removal of nutrients. The degradation kinetics
parameters of SBCOD mainly include the half-saturation

* Corresponding author
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coefficient (KX) of substrate hydrolysis and the maximum
hydrolysis rate (kh). Both parameters are related directly to
the degradation rate of SBCOD, and reflect the microbial
metabolic functions. Hence, it is very important to analyze
these kinetic quantities. The degradation process of
SBCOD is largely expressed by the oxygen uptake rate
(OUR). Thus, values of KX and kh can theoretically be obtained by taking OUR as the external measurable variable
and then fitting the OUR curve by a specific model.



OUR ss(t )    X H 

t

S (0)  (1  YH )   OURss (t )  dt
1  YH
0
 X H 

t
YH
K S  (1  YH )  [ S (0)  (1  YH )   OURss (t )  dt ]
0

Using the notations:


A   X H 

1  YH

D 
B  [D

t

 OUR ss(t )  dt
t
  OUR ss(t )  dt ]
0

(4)

0

However, the degradation of SBCOD is accomplished
through hydrolysis. Moreover, as the degradation rate of
RBCOD is much larger than that of SBCOD, the hydrolysis becomes the rate-limiting step for SBCOD degradation
[17]. In ASM2, the hydrolysis reaction is also defined, with
its reaction equation given as:

With the development of computational science,
ASM2 started introducing endogenous respiration, a process that reflects the death and the decomposition in a more
accurate manner. Aerobic endogenous respiration describes all forms of organism loss and energy demands that
are unrelated to growth. According to the ASM2 hypothesis, during the aerobic process, the endogenous respiration
rate of microorganisms is almost constant.

X S t 
dX S
XH
 k h
 XH ,
X S t 
dt
 KX
XH

(5)

and the measurement relationship between substrate
degradation and OUR is written as:

In this paper, the endogenous OUR ( OURen ) is eliminated from the full OUR profile using the method proposed
by Spanjers [16]. It uses a neural network to detect the endpoint of exogenous respiration which is also the start-point
of endogenous respiration.

OUR XS t   

dX S
(1  Y H ).
dt

(6)

Substituting (5) into (6), the relation between SBCOD
degradation and OUR was obtained:

2.1.2 Eliminate the biodegradation parameters of the SBCOD
component

In the definition of ASM2, the rapidly biodegradable
COD component (RBCOD, SS) is a substrate that can be directly and rapidly utilized by microorganisms, and the OUR
which caused by SS degradation was described OURSs . The

OUR XS t   

k h  X H (1  Y H )  X S (t ) .
X S (t )  K X  X H

(7)

Writing A1  (1  YH ) k h X H , B1  K X X H :

degradation equation of RBCOD is in accordance with the
Monod equation. On the basis of the relationship between
substrate degradation and OUR, Eq. (1) was obtained:

 OUR ss(t )  dt

B  K S  (1  YH )

then:

2.1.1 Eliminate the endogenous OUR from the full OUR profile

 S(t )  S(0) 

YH

D  S(0)  (1  Y H ),

2.1 Proposed method

,

(3)



2. MATERIALS AND METHODS

t

YH

S(t )
. (2)
K S  S(t )

OURss (t ) 

OUR ss(t )  A 

dS S
dS
(1  Y H )   O  OUR ss(t )
dt
dt



Substituting (1) into (2):

Based on the description of the hydrolytic process of
SBCOD in ASM2, this paper analyzes the two kinetic parameters KX and kh in SBCOD component degradation
models using a particle-swarm optimization (PSO) algorithm. This methodology was verified by measuring OUR
values in wastewater and sludge from an actual sewage
treatment plant, and the results were compared to the defaults used in ASM2.



1  YH

OUR XS (t ) 

A1  X S t 
B 1  X S t 

(8)

According to the derivation of the ASM2, the degradation of SS is much faster than that of XS. Thus, at certain
time ( t = ts ), the concentration of SS will reach zero, and
during the period of 0-ts, we assume both XS and SS degrades at an approximately constant rate, and SS always remain its maximal degrade rate. For (4), when t  t s ,

(1)

0

1  YH

where YH represents the heterotrophic bacterium yield,

OUR ss(t ) S S  0 , i.e.

while the exogenous OUR( OURex ) was calculated by:
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ts



0

ts



0

t

and the global optimum can be found with the greatest
probability, and the computational efficiency is higher than
the traditional method. The biggest advantage is that the
program is simple and easy to implement. Fast convergence speed makes it suitable for scientific research and
engineering application. PSO algorithm has been widely
used in many fields, such as function optimization, neural
network design, parameter analysis, pattern recognition
and so on [18-22]. The key of this research is to seek optimal solution of multiple parameters in one equation, it is
necessary to use PSO algorithm to conduct parallel processing, and because of a large amount of data, fast convergence speed is necessary. So PSO algorithm is used to
solve the problem. All calculations in this paper are conducted by computer programming.

OUR XS (t )  Ct
OUR SS (t )  C 1t

While C and
t

Fresenius Environmental Bulletin

C1 is a constant value. as well as:

OUR SS (t )dt  0 .

s

If A2  A1 (1  YH ) X s (t s ) ,

B2  (1  YH ) B1  (1  YH ) X s (t s ) , then equation (7) can
be rewritten as:
t

OUR XS (t ) 

A2  A1  OUR XS (t )dt
ts

B2 

t

t

s

,

(9)

2.2 Experimental procedure

OUR XS (t )dt

Experiments were carried out using a hybrid respirometer [23]. The wastewater used in respiratory measurements
came from a municipal WWTP in Chongqing (China), and
the sludge came from the aeration tank of the same WWTP.
Traditional wastewater parameters, such as COD, TKN,
NH3, TP, SS, VSS, and alkalinity, were determined by standard methods [24]. The sludge was concentrated, washed, and
aerated in hybrid respirometer, and then the original wastewater was added and the volume was adjusted to 5000 ml.
The wastewater and the sludge were mixed well by magnetic stirring. The pH was 7.8±0.2, and 20 g·L-1 Allylthiourea (ATU) was added to inhibit the possible nitrification.
The YH firstly determined from the experiments according

which can be rearranged to give:
t

t

s

OUR XS (t )dt 

(10)

t  ts :

When

 OUR
t

(t )  OURSS (t )dt   OURXS (t )  OURSS (t )dt , (11)
0
ts

XS

0

A2  B 2OUR XS (t )
A1  OUR XS (t ) .

  OURXS (t )  OURSS (t )dt  C t  C1t   OUR(t )dt
t

t

ts

ts

Substituting equation (10) into (11):

 OUR
t

0

XS

(t )  OURSS (t )dt 

C t  C1t 

.



to the method proposed by Gatti et al. [25], the XH and 
were determined according to the method proposed by Lu
et al. [23].

(12)

A2  B2OURXS (t )
A1  OURXS (t )

As the measured values of OUR XS (t )  OUR SS (t )
on the left-hand side of equation (12) is known, this integral can be approximated using the trapezoidal rule. At
time t, the numerical value of this integration is recorded
as W (t ) .

3. RESULTS AND DISCUSSION
3.1 Respirometric results

Respirometric experiments were conducted continuously with wastewater and sludge samples taken from a
full-scale municipal WWTP in Chongqing, China. There
were four sampling days in a same time and each day provided one wastewater and sludge sample. The water temperature was kept at 19–22°C and the pH was maintained
at 7.1–7.3 for the purpose of comparing our results with the
default values of ASM2. The OUR profiles are shown in
Fig. 1.
Parameters must be determined in a certain sequence,
because some parameter values are dependent on others.
We determined YH firstly from the experiments according
to the method proposed by Gatti et al. [25]. To determine
the value of kh, the XS substrate in the system has to be saturated. This can be deduced from the OUR curve—if the
curve stays constant over time, it means that the microorganisms in the system have already been saturated. As we
can see from Fig. 1, there is a piecewise trend in the OUR

C 2  C t  C 1t , Eq. (12) can be written as:
W (t )A1  OURXS (t ) 
.
(13)
C2  A1  OURXS (t )  A2  B2OURXS (t )

If

t  t s , the values of OUR XS(t ) and
W (t ) are given. As a result, m sets of data are measured
respectively at time t1 , t2 ,, tm and substituted into Eq.
In Eq. (13), when

(13). To obtain each parameter in Eq. (13), the following
expression is minimized:
m

W (ti )A1  OUR (ti ) 
min  

i 1 C 2  A1  OUR (t i )   A2  B2 OUR (t i ) 

2

(14)

Particle-swarm optimization algorithm is an evolutionary computation technique based on swarm intelligence.
This algorithm has the characteristic of parallel processing,

86

© by PSP Volume 24 – No 1. 2015

Fresenius Environmental Bulletin

1 .0

350
1 .0

1 .0

350
1 .0

0 .8

0 .8

0 .8

0 .8

0 .6

0 .6

0 .6

0 .6

0 .4

0 .4

0 .4

0 .4

0 .2

0 .2

0 .2

0 .2

0 .0
350

0 .0

50

100

150

200

250

300

0

50

100

150

200

250

300

0 .0
0

50

100

150

200

250

300

-1

OUR/(mg*L)

OUR/mg*(L*min)

-1

0

0

50

100

tim e ( m in )

150

200

250

300

0 .0
350

tim e (m in )

1 .0

350
1 .0

1 .0

350
1 .0

0 .8

0 .8

0 .8

0 .8

0 .6

0 .6

0 .6

0 .6

0 .4

0 .4

0 .4

0 .4

0 .2

0 .2

0 .2

0 .2

0 .0
350

0 .0

50

100

150

200

250

300

0

50

100

150

200

250

300

0 .0
0

50

100

150

200

250

300

OUR/mg*(L*min)

OUR/mg*(L*min)

-1

-1

0

0

50

100

150

200

250

300

0 .0
350

tim e (m in )

tim e (m in )

FIGURE 1 - Complete OUR profiles of the four samples

TABLE 1 - Comparison of the parameter values derived using the methodology proposed in this paper and the default values used in ASM2
Water sample

1
2
3
4

kh/d-1

KX/g (COD)/[g(COD)]
Analytic results of the
methodology in this paper
0.32
0.31
0.36
0.40

Model default (20°C)
0.1

Analytic results of the
methodology in this paper
2.90
2.87
2.92
2.88

Model default (20°C)
3.0

ganisms for stromal molecules—smaller KX indicates better affinity, meaning the substrate is more easily adsorbed
by microorganisms. kh is a measure of the microorganisms’
ability to degrade the XS substrate after adsorption using
exocellular enzymes. Larger values of kh imply that the microbial flora activity is higher, and thus their degrading capability will be stronger.
Research has shown that some hydrolytic processes of
SBCOD in wastewater conform to the kinetic model of
double-hydrolysis, rather than the single-component limiting-type reaction kinetics of the ASM2. This has led to the
proposal that XS should be divided into a rapidly hydrolytic
substrate SH1 and a slowly hydrolytic substrate XS1. However, the reaction kinetics of both hydrolytic substrates follows the form of Monod equation, with a relatively large
disparity between the parameters. Meanwhile, a highly obvious difference exists between the hydrolytic kinetic parameter of the double-hydrolytic model and the surface re-

curves. This can be explained as that the XS degradation
curve remains constant after the degradation of easily biodegradable substrate (SS) has finished. Consequently, the
OUR curve obtained in this paper can be applied to the
analysis of kh. If the flat OUR trend is not significant,
slowly biodegradable substrate can be added artificially to
match the calculation requirements.
3.2 Calculation of KX and kh

Using the method proposed in this paper, we analyzed
the OUR curves of four samples. Analytic determinations
of KX and kh, together with their default values in the
ASM2, are listed in Table 1.
The saturation coefficient KX and hydrolysis rate kh are
two of the most important limiting parameters in the degradation of SBCOD. Both have a direct relationship to the
SBCOD degradation rate, and reflect the microorganism
metabolic functions. KXreflects the affinity of microor-
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stricted-type parameter. This is a salient phenomenon in industrial wastewater as well as some domestic wastewater.
Lagarde and other scholars agree with the viewpoints
above [27]. Nevertheless, this paper is grounded on the description of XS degradation kinetics given in the ASMs,
where it is thought to be part of a first-order, surface-restricted reaction. The difference between ASM2 and ASM1
can be ascribed to the disparity in their saturation coefficients. In ASM1, KX indicates a slowly biodegradable halfsaturation coefficient with a typical value of 0.03 at 20°C,
whereas in ASM2 the description is of a saturation coefficient of COD with granularity. Both models share a consensus in terms of typical kh values.
As can be seen from Fig. 1, samples 1 and 2 had similar
KX values, implying that the finishing points of the two
OUR degradation curves were close. It is evident that samples 3 and 4 have a longer duration of OUR degradation,
especially sample 4, as its KX value is the largest of the four.
This is due to two reasons. First, the XS concentrations of
samples 3 and 4 may be higher than samples 1 and 2. Second, judging from the KX value of several water samples,
the affinity for stromal molecules of the microorganisms in
samples 1 and 2 is stronger than that in samples 3 and 4.
Furthermore, XS can be hydrolytically degraded at a high
rate. As a whole, the KX values obtained from these water
samples are larger than the typical values used in ASM2,
but no such conclusion is shown in kh values obtained from
the four water samples. Therefore, it can be inferred that
there is no correlation between the hydrolysis rate and the
rate of stromal molecule adsorption by microorganisms.
The key step of XS degradation is still influenced by the rate
of stromal molecule adsorbed by microorganisms. This
agrees with the finding of Lagarde et al. [27]. The results
obtained in our experiments are generally similar to the
conclusions of Orhon et al. [28].
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The main component of microalgae lipid is triacylglycerol
(TAG) and it also contains a certain amount of free fatty
acids (FFA) produced by degradation of TAG. When the
FFA content exceeded 2 wt. % of total lipids, alkali was
not suitable to produce FAME, due to the soap formation
by neutralization [13]. However, it is well known that the
conversion of TAG by acid catalysts is a slow reaction.

ABSTRACT
In situ transesterification of microalgae Chlorella vulgaris with high free fatty acid (FFA) using solid acid and
alkali catalyst (two-step transesterification) has been evaluated. The highest fatty acid methyl esters (FAME) yield
of 35.50 ± 1.27 mg/g biomass was provided at the optimal
conditions as follows: in the first step, 10 wt. % of solid acid
(Amberlyst BD20) and reaction time of 50 min; in the second step, 4 wt. % of KOH for 40 min. The FAME yield
obtained by two - step pre-esterification and transterification was three times more than that achieved by one-step
alkali-catalyzed conversion, and the products were more
suitable for biodiesel standards.

Therefore, two-step in situ transesterification with acid
catalyst pre-esterification and followed by alkali- catalyzed
transesterification of TAG could solve the issue of biodiesel production from the high FFA content of microalgae. Liquid acid catalyst, such as H2SO4 as an efficient acid
catalyst, has been reported to convert FFA to biodiesel
from algae oils [11, 12]. But it would react with base catalyst and produce salt, increasing the consumption both of
acid and base catalysts and also the cost of products separation [14]. In contrast, solid acid catalysts, due to its easy
separation and recovery after activation, have been widely
used to esterify FFA to biodiesel from vegetable oils [1517]. Among them, Amberlyst BD20 as an acidic ion-exchange resin has been confirmed to be an effective catalyst
for FFA esterification [18].

KEYWORDS: Microalgae; Transesterification; Solid acid; Fatty
acid methyl esters

1. INTRODUCTION
Microalgae for biodiesel production has received much
attention because it’s a renewable, carbon-neutral, environmentally friendly energy source [1, 2] and potential for fatty
acid methyl esters (FAME) production due to its high lipid
content [3-8]. The conventional method to produce biodiesel
includes two procedures: lipid extraction and followed by lipid transesterification [6-8]. Currently, in situ transesterification of microalgae has been demonstrated to be more efficient than traditional method, which not only reduces the
process procedures but also decreases the overall costs [9,
10].
Acid or base catalysts have been reported to directly
produce biodiesel from soybean oil, waste oils and others
[11-14]. Compared to acid catalysts, base catalysts have
been widely used in industry due to its higher reaction rate
and FAME yield obtained in a shorter reaction time [11, 12].

Thus, the objective of this paper was to investigate the
optimal reaction condition of microalgae transesterification with high FFA content by Amberlyst BD20 esterification and potassium hydroxide (KOH) conversion, parameters, such as reaction time, catalyst content and methanol ratio
were all evaluated. For comparison purpose, one-step in situ
base-catalyzed conversion was also studied. The yield and
characteristics of biodiesel by two methods were also compared.
2. MATERIAL AND METHODS
2.1 Materials

Solid acid (Amberlyst BD20), heptadecanoic acid
methyl ester and FAME standards (10 mg/mL) were purchased from Sigma-Aldrich (USA). HPLC grade of hexane
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2.5 Fatty acid methyl esters analysis

and methanol were purchased from commercial sources. Microalgae Chlorella vulgaris powder was obtained by laboratory cultivation, with total lipids content of 15.1 wt. %,
free fatty acid (FFA) of 14.8 wt. % and transesterifiable
lipids of 25.7 wt. % (to total lipids) in which the fatty acid
composition as follows: palmitic acid (26.85%), hexa-decenoic acid (6.20 %), heptadecanoic (5.15 %), stearic acid
(6.18 %), oleic acid (8.60 %), linoleic acid (15.08 %) and
linolenic acid (31.94 %).

The total FAME yield extracted from the microalgae
Chlorella vulgaris were analyzed by GC-MS (Trace GC
ultra and DSQⅡ) equipped with an automatic sampler
(Thermo Fisher, USA) and a capillary column of VF-23 ms
(30 m × 0.25 mm × 0.25 µm, Agilent). Helium was used as
carrier. Solution (l uL) was injected under split ratio of 20:1
and the injector temperature was 210 ºC. The oven thermal
program was as follows: The column temperature was kept
at 150 ºC for 1 min, raised to 165 ºC at a rate of 1ºC/min.
Mass spectra were recorded under electron ionization (70
ev) at a frequency of 5 scans for 1s; the ion source temperature was 250 ºC and a full scan was 150 - 400 amus.

2.2 Two-step in situ transesterification
2.2.1 Solid acid pre-esterification

Because FFA content of 14.8 wt. % was higher than
2 wt. % of FFA to total lipids, it was not suitable for base
catalyst just as reported by Li et al. [10]. Solid acid catalyst
was firstly used to esterify FFA into methyl ester. During
this reaction, dried microalgae powder (1 g) was incubated
by 4 mL methanol. Both the amount of catalyst and reaction time were varied to obtain the maximum FAME yield.
Five different catalyst contents from 2.5 % to 12.5 % and
reaction time from 10 to 60 min were studied. In addition,
methanol ratio from 4 to 12 mL/g (to biomass) was also
investigated, and a minimum methanol ratio of 4 mL/g was
selected in this study, because it was the minimum amount
which could submerse the microalgae powder.

To calculate the FAME yield of samples, a mixture of
FAME standards was analyzed under the same GC-MS
condition described above. The yield of FAME were calculated according to the method described by Song et al.
[19] and the FAME recovery was expressed as its weight
compared to transesterifiable lipids.

3. RESULTS AND DISCUSSION
3.1 Solid acid esterification
3.1.1 Catalyst content and reaction time

The influence of FAME yield with solid acid catalyst
content and reaction time is illustrated in FIGURE 1. As
can be seen that the yield of FAME increased with the increase of Amberlyst BD20 content from 2.5 wt. % to 10 wt.
% and reaction time from 10 min to 50 min, and the maximum yield of FAME was obtained with 10 wt. % content
of Amberlyst BD20 and reaction time of 50 min. This was
mainly because with the increase of solid acid content more
acid sites were given and reacted with FFA released from
the intracellular of microalgae. Additionally, too much catalyst amount above 10 % was not efficient to improve
FAME yield, the reason might be as follows: with the ad-

2.2.2 Alkali catalyst transesterification

After acid-catalyzed esterification, potassium hydrogen as a base catalyst was employed to transesterify TAG
to FAME. Here, the factors such as the reaction time from
10 to 50 min and catalyst content from 1 wt. % to 5 wt. %
(to biomass) were evaluated.
2.3 One-step transesterification by base catalyst

For comparison purpose, one-step in situ base-catalyzed transesterification of microalgae was conducted at
the reaction conditions: catalyst content (KOH) from 1 to
5 wt. %, reaction time from 20 to 100 min and methanol
ratio of 8 mL/g.

4.0
3.5

All the experiments were conducted in 50 mL centrifuge tubes with 1 g microalgae Chlorella vulgaris carried
out in a water bath at a constant temperature of 60 oC under
atmospheric pressure. After each step, the tubes were
stored in a refrigerator (at 4oC) to stop the reactions. Hexane
(2 mL) was added into the solution and the whole solution
was separated into two layers. The upper layer contained
hexane and FAME, and the lower layer contained the formation of glycerin, water and some residues. Upper layer
solution (200 uL) was taken out and poured into a clean
vial (2 mL) and then 50 uL heptadecanoic acid methyl
ester (C17 : 0, 2 mg/mL) was added as internal standard for
methyl ester analysis on GC-MS. All the experiments were
conducted in triplicate, and the mean value and standard
deviation were reported.

3.0

FAME yield (mg)

2.4 Procedures for microalgae conversion

2.5 %
5.0 %
7.5 %
10.0 %
12.5%

2.5
2.0
1.5
1.0
0.5
0.0
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Reaction time (min)
FIGURE 1 – Influence of Amberlyst BD20 content and reaction time
on FAME yield.
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dition of catalyst, water production could increase, and the
present water would deactivate the acidic hydroxyl group
and the channels of active sites and reactants were blocked
[16, 17].

of methanol. As shown in FIGURE 3, with the reaction
time increase the FAME yield increase rapidly, and the
maximum yield of 29.10 ± 1.09 mg/g biomass was
achieved at the reaction time of 40 min, while with time
longer the methyl ester did not increase. The situation
could be elucidated as follows: the transesterification process was a reversible reaction, and longer reaction time
might cause more side reaction and generation of by-products, decreasing the extraction of FAME [20].

In addition, with reaction time increasing from 10 to
50 min, more FFA was extracted from intracellular of
microalgae and esterified to FAME. However, after 50 min,
there was no obvious increase of the yield, the reason was
probably that the esterification of FFA was completed and
solid acid of Amberlyst BD20 was not efficient to transesterification TAG to FAME [18]. Thus, the optimal reaction time was 50 min.

30
25

FAME yield (mg)

3.1.2 The effect of methanol ratio

Methanol ratio was an important factor to influence the
esterification of FFA. To understand the effect of methanol to FAME yield, five different methanol ratios from 4
to 12 mL/g were compared. As shown in FIGURE 2, the
yield of FAME increased with the increasing of methanol ratio and the highest value of 7.46 ± 0.30 mg was achieved
as the methanol volume of 8 mL/g. Then the yield of
FAME decreased quickly as the methanol ratio increased
from 10 to 12 mL/g. The reason might be that this reaction
was reversible and much methanol could accelerate this reaction to generate more products, while excess methanol
would dilute the concentration of reactants and decrease
the interaction between them. In addition, when extra
methanol was used, more compounds such as phospholipids, protein, carbohydrate and sterols were extracted, hindering the FAME conversion [20]. Thus, the optimal methanol ratio was 8 mL/g for this reaction, which would be
used in the further research.
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FAME yield (mg)
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1
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Different KOH content from 1 wt. % to 5 wt. % was
investigated in this section. It should be noted that the conversion of FAME was increased rapidly with KOH content
from 2 wt. % to 4 wt. %, and highest yield of methyl esters
of 35.50 ± 1.27 mg/g biomass was obtained at 4 wt. % of
KOH (FIGURE 4). Further increasing catalyst amount to 5
wt. %, the yield of FAME decreased. It related to the fact
that excess catalyst increased the viscosity of the reactants
and led to the formation of soap, hindering the generation
of fatty acid profiles [21].

5

6
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3.2.2 Concentration of alkali catalyst

6
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FIGURE 3 – Influence of reaction time by alkali-catalyzed transesterification on FAME yield.
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FIGURE 2 - Influence of methanol ratio on FAME yield.
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3.2 Alkali transesterification
3.2.1 The effect of alkali reaction time

0

Once the acid-catalyzed optimum condition was determined (solid acid was filtrated), KOH as alkali catalyst was
added to convert triglyceride to FAME. The fixed condition of the reaction process was: 5 wt. % KOH and 8mL/g

1

2

3

4

5

KOH content (wt. %)
FIGURE 4 - Influence of catalyst content on FAME yield by alkalicatalyzed transesterification.
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3.3 Comparisons of conversion efficiency

TABLE 1 summarized some reports about the FAME production from different microalgae species by conventional
and in situ transesterification. It could be seen that the conventional FAME recovery varied from 21.7 % to 76 % [2227], while it was 82% to 92 ± 2 % of FAME yield were
provide by in situ conversion [28-30]. It could be concluding that conventional method was not efficient compared
to in situ conversion due to the incompletion of lipid extraction and lipid loss during the transfer of different processes [28]. The maximum FAME recovery of this study
was comparable to other reporters [28-30]. As described
above, two - step in situ conversion was an effective approach to convert high FFA content of microalgae.

For comparison purpose, one-step alkali-catalyzed
(KOH) in situ transesterification of microalgae was also investigated. As illustrated in FIGURE 5 and TABLE 1, the
highest yield and conversion were 10.89 ± 0.53 mg and
27.92 ± 1.86 % provided by 4 wt. % of KOH at 80 min, respectively. However, this value was much lower than that obtained by two-step catalysis of 35.50 ± 1.27 mg and 91.03
± 3.34 %, respectively. The reason was might that high
content of FFA neutralized by base catalyst and soap formation, decreasing and inhibiting the production of FAME.
Thus, it further demonstrated base catalyst was not suitable
for biodiesel production directly when the FFA content was
high, just as literature reported [13, 15, 16].

3.4.1 Fatty acids compounds comparison

1%
2%
3%
4%
5%

12
10

FAME yield (mg)

3.4 Comparisons of in situ transesterification by two different
processes

As listed in TABLE 2, the Fatty acid profiles were different by the two - step and one - step process. More by products were produced by one - step base catalysis, while
the compounds obtained by two - step catalysis were similar
to the results reported by Velasquez-Orta et al. [13] and Lam
and Lee [31]. The main FAME obtained by two - step catalyst was C16:0 (Palmitic acid methyl ester), C16:1 (Palmitoleic acid methyl ester), C17:1 (Cis-10-Hepta-decenoic acid methyl ester), C18:0 (Stearic acid methyl ester),
C18:1 (Oleic acid methyl ester and Elaidic acid), C18:2
(Linolelaidic acid methyl ester) and C18:3 (Linolenic acid
methyl ester), which accounted for 90.83 % of the overall
FAME compositions and unsaturated fatty acid profiles
(C16:1, C17:1, C18:1, C18:2, C18:3) predominant of the
whole fatty acids profile, accounting for a total of 53.17%.

8
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4
2
20

40

60

80
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Reaction time (min)
FIGURE 5 - Influence of reaction time on FAME yield by one step
alkali- catalyzed transesterification.

TABLE 1 - Comparison of the FAME conversion by different transesterification methods
Transesterification methods
Conventional conversion
(lipid extraction and transesterification)

In situ conversion (one-step)
In situ conversion (two-step)

Species
Dunaliella tertiolecta
Nannochloropsis
Chlorella pyrenoidosa
Chlorella protothecoides
Nannochloropsis sp.
Chaetoceros gracilis
Chlorella species
Chlorella species
Chlorella vulgaris
Chlorella vulgaris

Catalyst
CH3ONa
SrO
H2SO4
H2SO4
NaOH
Li4SiO4
H2SO4
H2SO4
H2SO4
KOH
Amberlyst 20BD and KOH

FAME recovery (%)
21.7 - 23.6
37.1
57.5
68
71.26
76
82
91.3
92 ± 2
27.92 ± 1.86
91.03 ± 3.34

References
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
This study
This study

TABLE 2 - Fatty acid compounds obtained from two different in- situ processes
Fatty acid
Two - step process (%)
One - step process (%)
ND: not detected

C16:0

C16:1

C17:1

C18:0

C18:1

C18:2

C18:3

Saturated
fatty acid
profiles

Unsaturated
fatty acid profiles

Total

others

29.47

5.9

4.04

8.19

5.82

16.04

21.37

37.66

53.17

90.83

9.17

13.87

ND

ND

8.72

ND

5.64

ND

22.59

5.64

28.23

71.77
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TABLE 3 – Properties of biodiesel
Properties
Kinematic Viscosity 40◦C (mm2s-1)
Specific gravity(kg L-1)
Cloud point (◦C)
Cetane number
Iodine number (gI2/100 g)
HHV (MJ/kg)
Avg. unsaturation

Two – step catalysis
4.50
0.88
5.04
55.41
95.97
40.5
1.12

One – step catalysis
5.13
0.87
18.49
62.12
21.10
38.73
0.11

US (ASTM D6751-08)
1.9 - 6.0
0.85- 0.90
0.2 - 2

Europe (EN14214)
3.5 - 5.2
> 51
< 120
-

The authors have declared no conflict of interest.

The compounds produced by one-step catalysis were
mainly C16:0 and C18:0, accounting for 22.59 % (to total
products). In general, both the compositions and yield of
FAME obtained by the one - step method was less than that
of two - step approach.
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ABSTRACT

1. INTRODUCTION

The effect of iron doping on the physico-chemical
properties of activated carbon (AC) and effects of adsorption conditions (contact time, initial phenol concentration,
and Fe doping mass fraction) on adsorption behavior of
phenol removal from aqueous solutions on AC and irondoped AC were investigated. The adsorbents were characterized using elemental analyses, N2 adsorption, X-ray diffraction and Boehm titration. The results show Fe2O3 is
mainly dispersed on the AC surface. Moreover, the pore
properties of AC change insignificantly after the doping,
but the acidic oxygenated groups of AC surface increases
greatly. Large amount of phenol was removed by the adsorbents before 120 min and the equilibrium was reached in
240 min. Removal percentage increased with increasing
contact time before 240 min. The efficiency of adsorbents
obviously decreased with increasing initial phenol concentration (large than 250 mg/L). The order for the removal
percentage of phenol at the same initial concentration onto
the three adsorbents follows AC > Fe1/AC > Fe5/AC,
which is ascribed to the increase in the oxygenated groups
on AC surface from Fe coping. The uptake of phenol onto
the adsorbents increases with increasing the equilibrium
concentration. Fe doping insignificantly influences the uptake of Fe/AC for low-concentration phenol, but the uptake
of Fe/AC is obviously less than that AC when high-concentration phenol in water was adsorbed. The order for the
uptakes of phenol at the same equilibrium concentration on
the three adsorbents follows: AC > Fe1/AC > Fe5/AC
Freundlich isotherm better describes the adsorption process.

Due to its hydrosoluble and toxic properties, phenol in
wastewaters from production processes of pesticides, medicines and dyes has been shown to be harmful to environment
[1, 2]. Usually, phenol is removed from wastewaters by various methods such as photocatalytic degradation, oxidation,
chemical coagulation and adsorption [3-8]. Among these,
adsorption is one of the most important processes. Activated carbon (AC) has been widely used in adsorption operation due to AC’s excellent uptake for phenol, which is
attributed to huge surface area, developed pore texture, and
surface chemistry of AC [9-13]. However, high initial cost,
high regeneration temperature and tremendous carbon consumption have greatly restricted to its use in wastewatertreating industries.
Recently, there is a novel method which combines organic pollutants adsorption in wastewaters with catalytic
dry oxidation (ACDO) of the adsorbed the pollutants over
a sorbent-catalyst (AC doped with metallic oxides
(metal/AC)) at a lower temperatures upon discharge of the
water, which can effectively overcome the defects mentioned above. It seems to be very promising for treatment
of dilute wastewater containing highly toxic and/or biorefractory organic pollutants [14-17]. It is necessary for a
metal/AC sorbent-catalyst suitable for such a process to have
the important properties below: 1) high adsorption capacities
for organic pollutants in wastewaters, 2) high activities for
low-temperature oxidation of the adsorbed organic pollutants.
An earlier study [18] showed that an iron-doped AC
(Fe/AC) has better activity for catalytic dry oxidation of
adsorbed phenol. However, little attention has been paid to
the effect of the doping on structure/chemistry properties
of AC when doped with activated sites and its phenol
adsorption behavior, which is important to understand/
control the preparation of metal/ACs and the adsorption
process.
Therefore, AC is treated by Fe(NO3)3 with pore impregnation and calcined to investigate the effect of the
doping on physical/chemical properties of AC in this
work. To understand interactions between phenol and Fe/AC
during adsorption, isotherm adsorption behaviors of phenol
from water on AC and Fe/AC were studied.

KEYWORDS: adsorption, phenol, iron doping, surface groups, adsorption model
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and 30 °C for 24 h in a thermostatic automatic water bath
shaker (SHA-BA, Changzhou, China), the adsorbents were
separated from the solutions by filtration, and the filtrates
were then titrated with a 0.1M HCl solution or NaOH solution. The number of the acidic groups was calculated
based on the following assumptions: NaOH neutralizes carboxylic, lactonic, and phenolic groups; Na2CO3 neutralizes
carboxylic and lactonic groups; and NaHCO3 neutralizes
only carboxylic groups. The number of basic sites was determined from the amount of HCl that reacted with the adsorbents.

2. MATERIALS AND METHODS
2.1 Adsorbate and adsorbents

Phenol, an adsorbate, is of analytical grade. It was dissolved in distilled water to yield aqueous solutions with various concentrations. A coal-derived granular activated carbon was used as original, which is a commercial product
from Xinhua Chemical Plant (Taiyuan, China). The original was crushed into particles of 40–60 meshes (0.3–
0.45 mm) and dried at 110 °C for 48 h. The resulting activated carbon was defined as AC.
To obtain iron doped activated carbon (Fe/AC), it was
prepared by pore volume impregnation of the AC with an
aqueous solution containing Fe(NO3)3 at various concentrations, followed by aging at room temperature for 2 h,
drying in air at 50°C and 110°C for 6 h, respectively, heating in a glass tube reactor of 30 mm in id and 500 mm in
length from room temperature to 260 °C at a rate of
10 °C/min under a flow of N2 (99.9%, 20 ml/min), and finally calcining in N2 at 260 °C for 2 h. Fe loading of the
prepared Fe/AC is 1 wt% and 5 wt%, which was determined by the concentrations of the Fe(NO3)3 solution used
in the impregnation. Fe/AC with 1 wt% and 5 wt% of Fe
were denoted as Fe1/AC and Fe5/AC, respectively.

2.3 Batch phenol adsorption

The adsorption experiments were conducted by adding
0.500 g adsorbent into well-sealed glass flasks filled with
50 mL of aqueous phenol solutions at various initial concentrations. The flasks were shaken in thermostatic automatic water bath shaker at 150rpm at 20°C for 8h to ensure
equilibrium adsorption. The adsorbents were then separated from the solution by filtration and air-dried at room
temperature. The equilibrium concentration of the filtrate
was measured with a UV-vis spectrophotometer (752,
Shanghai, China) at wavelength of 270nm for phenol. The
adsorption efficiency (Removal%) was denoted as the removal percentage of phenol from solutions by adsorbents
at adsorption equilibrium and calculated by the following
equation:

2.2 Adsorbents characterization

Carbon (C), hydrogen (H), and nitrogen (N) contents
of AC were determined by an element analyzer (Elementar
Analysensysteme Gmbh Vario EL), sulfur (S) content was
measured by a sulfur analyzer (SC-132, LECO, USA), and
oxygen (O) content was calculated by difference. Table 1
shows the composition of AC.

Re moval (%) 

Cdaf
Ashad
(wt.%) (wt.%)

AC

11.43

95.16

H daf
(wt.%)

S daf
(wt.%)

N daf
(wt.%)

O daf
(wt.%)

1.36

0.70

0.74

2.04

(1)

where C0 and Ce are the initial and equilibrium mass
concentrations of phenol in solution (mg/L), respectively.
The amount of phenol adsorbed on the adsorbents was
determined from the difference in concentration of phenolcontaining solutions before and after the adsorption. The
equilibrium adsorption capacity (qe) was defined as the
amount of phenol per gram of adsorbent in mg/g and calculated by:

TABLE 1 - Ash amount and elemental analyses of AC
Adsorbent

C0  Ce
 100%
C0

The pore structure characteristics of the adsorbents
were determined by the N2 adsorption at 77K using an automatic ASAP 2020 volumetric sorption analyzer (Micromeritics). The specific surface area (SBET) was calculated using the Brunauer–Emmett–Teller (BET) equation.
Micropore and mesopore volumes of the adsorbents were
calculated by t-plot.

qe 

( C0  Ce )V
M

(2)

where C0 and Ce are the same as those in Eq.(1), V is
the volume of the solution (L), and M is the weight of the
adsorbent (g).

X-ray diffraction (XRD) patterns of the adsorbents
were obtained in PANalytical B.V X'Pert PRO, and using
Cu-Ka as the radiation source. The applied current and
voltage were 40 mA and 40 kV, respectively. The sample
was scanned from 20 to 90° at a speed of 0.25°/min.

3. RESULTS AND DISCUSSION
3.1 Characterization of adsorbents

The textural parameters of the adsorbents are presented in Table 2. As expected, the textural properties of
AC, Fe1/AC and Fe5/AC are similar, indicating no major
difference in the micro/mesopore range is caused by Fe
doping, as shown by the median pore width (Table 2).
Compared to those of AC, both the micropore properties
(Vmic and Smic) and the mesopore volume (Vmeso) of Fe1/AC
and Fe5/AC slightly decreased. This is due to filling of the

Boehm titration [19, 20] was used to quantitatively and
qualitatively characterize the surface oxygen-containing
groups of the adsorbents. An exact amount of an adsorbent
(0.3000 g) was placed in a series of 100mL well-sealed teflon bottles containing 25mL of 0.1M NaOH, Na2CO3, NaHCO3, or HCl solution, respectively. After shaking at 150 rpm
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low mass fraction of Fe. It is worth noting the surface
acidic groups (carboxylic, lactonic, and phenolic groups)
of Fe1/AC and Fe5/AC are much higher than the corresponding parameters in AC, verifying the difference in surface chemistry between AC and Fe/AC was derived from
the oxidation during pyrolysis of Fe(NO3)3. It indicates that
surface acidic groups of Fe/AC are generated by the oxidation of O2 and/or NO2 from decomposition of Fe(NO3)3
during heating at low temperature, which is similar to oxidation of HNO3 on AC in the literatures [21], Furthermore,
surface acidic groups of Fe5/AC is significantly higher
than those of Fe1/AC possibly due to more oxidative gases
released from the higher mass fraction of Fe(NO3)3 on
Fe5/AC surface during Fe(NO3)3 pyrolysis.

AC’s mesopores by iron or iron oxides and the presence of
numerous oxygen groups on the carbon surface, which may
partially block the access of N2 molecules into the micropores.
TABLE 2 - Textural properties of the adsorbents
Adsorbent

Vmic
(mL/g)

Vmeso
(mL/g)

Smic
(m2/g)

AC
Fe1/AC

0.204
0.204

0.318
0.311

406
403

(nm)
1.054
1.061

Fe5/AC

0.193

0.288

382

1.047

Note:

r

r

SBET
(m2/g)
916
899
845

is the average pore width (4V/A by BET)

To investigate modes of occurrence of Fe on Fe/AC
surface, XRD of Fe/AC were carried out. Fig. 1 shows only
XRD pattern of Fe5/AC due to high dispersion of Fe on
AC surface. The presence of Fe2O3 diffraction peaks and
the low signal to noise ratio indicate the Fe2O3 (mainly
modes of occurrence of Fe on AC surface) is finely dispersed on the AC surface.

TABLE 3 - Surface chemistry of the adsorbents
Adsorbent

Acidic
groups
(mmol/g)

Carboxylic Lactonic Phenolic Basic groups
(mmol/g) (mmol/g) (mmol/g) (mmol/g)

AC

0.219

0.010

0.132

0.077

0.672

Fe1/AC

0.455

0.074

0.173

0.208

0.588

Fe5/AC

0.820

0.203

0.318

0.299

0.682

400

3.2 Adsorption

Adsorption is a well-known equilibrium separation
process for wastewater treatment. The Fe supported on AC
increased the surface acidic groups and hence may have affected the phenol adsorption behavior. Contact time is an
important parameter to determine the equilibrium time of
adsorption process and both the structures/surface chemical properties of an adsorbent and its available sorption
sites may affect the time needed to reach the equilibrium.
Moreover, the initial adsorptive concentration is the driving force that overcomes the mass transfer resistance of
phenol between the aqueous and solid phase [5]. In addition, Fe loading mass percentage may influence phenol adsorption. Thus, batch adsorption experiments involving the
contact time, initial adsorptive concentration, and Fe doped
mass were conducted.

300

Intensity(a.u.)

●

Fe2O3

200

●

100

●
●

●

0
20

40

60

2 Theta

80

100

FIGURE 1 - XRD pattern of Fe5/AC

Fe2O3 formed on AC surface can be ascribed to pyrolysis of Fe(NO3)3 during heating process. It is worth noting
that other chemical molecules may be produced during the
Fe(NO3)3 pyrolysis, so it is important to analyze the pyrolysis process of Fe(NO3)3. The decomposition reaction of
Fe(NO3)3 may be as follows:

Fig. 2 presents the experimental results for the determination of equilibrium time at 20 °C. From Fig. 2, it is
obviously seen that adsorption removal percentage increased with an increase in contact time before 240 min.
Large amounts of phenol was removed in the first 120 min
and equilibrium was reached in 240 min for the adsorbents.
In succeeding equilibrium adsorption experiments, adsorption time was chosen as 8 h.



4 Fe( NO3 )3 
 2 Fe2O3  12 NO2  3O2 
It is interesting to note that carbon atom on AC surface
may be oxidized by O2 and/or NO2 from decomposition of
Fe(NO3)3 at low temperature during heating process due to
their oxidative properties. C atom of AC surface will be
oxidized into some O-containing groups, which will
change AC’ surface chemical properties accordingly, so
surface chemistry of AC was characterized by Boehm titration.

The equilibrium removal efficiency of the adsorbents
at various concentrations is an important factor to decide if
the adsorbents are good or not. Fig. 3 depicts removal behavior of phenol with different initial concentrations by the
adsorbents at 20°C. The equilibrium adsorption efficiency of
the adsorbents changed with the initial phenol concentration.
For each adsorbent, its removal percentages for 250 mg/L
phenol from water on the three adsorbents are similar, but
they obviously decreased with increasing initial phenol con-

Table 3 shows the acid/base properties of the adsorbents characterized by Boehm titration. The basic property
of AC and Fe5/AC is similar, but the basic property of
Fe1/AC is much lower than that of AC and Fe5/AC,
which may be derived from oxidation of a part of basic
groups such as carbonyl groups into some acidic groups at
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order for removal percentage of phenol onto the adsorbents
follows AC > Fe1/AC > Fe5/AC, which is consistent with
the order for amounts of acidic O-containing groups of
three adsorbents’ surface. Therefore, it can be concluded
that Fe coping inhibits the removal of phenol from water
onto AC.

80
70
60

Removal(%)

50

Isothermal equilibrium adsorption capacity of adsorbents is frequently used to assess if the adsorbents are good
or not, so the data of phenol removal by the adsorbents in
Fig. 2 were converted into equilibrium uptake and the relationships of the uptake and initial concentration were plotted again in Fig. 4.
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FIGURE 2 - Effect of contact time on phenol removal on the adsorbents at 20 °C
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FIGURE 4 - Adsorption isotherms of phenol on the adsorbents at
20°C: (Solid) Langmuir mode; (Dash) Freundlich model
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FIGURE 3 - Effect of initial concentration on phenol removal on the
adsorbents at 20°C

centration (large than 250 mg/L). This reason can be seemingly ascribed to the difference in an increase degree in values, i.e. C0 – Ce, (numerator of a fraction in Eq.(1)) and that
C0 (denominator) in Eq.(1)). It can be essentially explained
by the following theory: there is the maximum adsorption
capacity of AC because the adsorption sites of AC surface
are limited. When there is low initial concentration phenol
in solution, almost all the phenol from water can be absorbed onto AC, whereas the initial concentration of phenol is high, the phenol molecules increased in water solutions can’t be completely absorbed by AC because the
number of phenol molecules is relatively higher than available sites for adsorption. As such, the above mechanism
results in the difference in the increase degree in numerator
value of a fraction and denominator one of C0 in Eq. (1),
and then the phenol removal efficiency of decreased with
increasing the initial concentration.

It can be obviously observed that for the three adsorbents the trend of qe vs. Ce are similar, i.e. the uptake of
phenol onto the adsorbents increases with increasing the
equilibrium concentration. However, the uptake values of
phenol on the three adsorbents are different, e.g., AC
shows the highest equilibrium adsorption capacity and
Fe5/AC the lowest one at the same equilibrium concentration. The doping reduces the AC’s ability to adsorb phenol
from aqueous solution. Moreover, higher mass fraction of
doping results in a lower adsorption capacity. For the three
adsorbents with similar textures (especially micropore
properties, most relevant to simple aromatics adsorption),
the different adsorption behaviors can be clearly attributed
only to the difference in surface chemistry (mainly surface
acidic groups) of the adsorbents. Therefore, it can be readily
concluded that a decrease in the adsorption capacity of
Fe/AC for phenol can be ascribed to an increase in surface
acidic groups of Fe/AC.
The complexity in liquid phase adsorption (aromatic
compounds and water coexist in an adsorptive solution), so
aromatic compounds (aromatic ring is nonpolar) adsorb
mainly on the hydrophobic surface of the adsorbents, and
water molecules adsorb on the polar surface because both
water and O-containing groups are polar. Both aromatics

In addition, for the three adsorbents removal percentage of AC is high, whereas that of Fe5/AC is low, and the
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and water may be competitively adsorbed on AC’s nonpolar and polar surface, respectively, so the water effect in the
adsorption process should also be taken into account.
In an earlier study [15], the fact that more surface
acidic groups of an adsorbent can increase a higher water
adsorption capability is obtained. In this work, the Fe(NO3)3
treatment significantly increases surface acidic groups of
AC. There are probably hydrogen-bonds between water
molecules and oxygenated groups (e.g., carboxylic acid)
on AC surface [23, 24], so water molecules adsorbed onto
oxygenated sites are easier than phenol. Due to the increase
of adsorption capacity for water, the adsorption uptake of
the above adsorbents for phenol decreases. It indicates that
more water adsorption has a negative influence on adsorption for phenol. Furthermore, many water molecules adsorbed on AC may form water clusters [25, 26]. More water clusters in a 3D configuration may be formed to block
the adsorbents’ pores, through which aromatic molecules
can not pass into micropores.

Freundlich model (R2AC = 0.985, R2Fe/AC 0.989, and R2Fe5/AC
0.995, which are very close to 0.99) is relatively higher.
This result may be due to the heterogeneous distribution of
active sites on the surface of AC. The difference in R2 values for the three adsorbents can be attributed to the difference in the heterogeneous nature of adsorbents surface,
which resulted from the oxygenated groups on AC surface
increased by Fe doping (Fig. 5).
TABLE 4 - Parameters of Langmuir and Freundlich models for the
phenol adsorption on the adsorbents.
Isotherms
Langmuir
qm (mg/g)
KL (L/mg)
R2
Freundlich
KF ((mg/g)
(L/mg)1/n)
n
R2

It should be noted that equilibrium uptake of Fe/AC is
obviously less than that AC when high-concentration phenol in water was adsorbed, which is ascribed to the limited
available adsorption sites of Fe/AC, but Fe doping has an
insignificant role in influencing the uptake of Fe/AC for adsorbing phenol when Ce is up to 50 mg/L, which resulted
from adequate sites.

K L Ce
1  K L Ce

Fe1/AC

Fe5/AC

180
0.0397
0.946

162
0.0407
0.950

137.7
0.0412
0.916

33.5

27.2

23.4

3.58
0.985

3.37
0.989

3.51
0.995

Mesopores

Micropores

Langmuir and Freundlich isotherm models were frequently used to investigate the adsorption equilibrium between the phenol solution and the AC phase, so the data in
Fig. 4 were fitted by the two models. The Langmuir model is
a non-linear model that suggests a monolayer uptake of the
phenol on a homogenous surface, having uniform energies
of adsorption for all the binding sites without any interaction
between the adsorbent molecules [5]. Langmuir isotherm
equation [22, 23] is represented by the following equation:

qe  Q

Parameters
AC

Phenol

(a)

(3)

AC

Mesopores
Fe2O3

where Q is maximum uptake of the adsorbents for phenol in mg/g and meanings of qe and Ce are the same as those
in Eq. (2). KL is a Langmuir model constant in L/mg.

O-containing
groups
Micropores

The Freundlich isotherm is an empirical model that is
based on adsorption on heterogeneous surface and active
sites with different energy. The Freundlich isotherm equation [24] is represented by the following equation:

Phenol

1

qe  K F Ce n

(4)

where KF is an adsorption constant in (mg/g)·(L/mg)1/n.
From the fitting curves in Fig. 4, it is obvious that Freundlich isotherm fitted better with the experimental data,
which is verified by the difference in correlation coefficients (R2) in Table 4 because the R2 values from the

(b)

Fe/AC

FIGURE 5 - Schematic diagram of adsorption of phenol on AC and
Fe/AC at a high concentration: (a) AC and (b) Fe/AC.
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ABSTRACT
Klebsiellapneumoniae is an opportunistic pathogen
frequently multidrug-resistant, responsible for nosocomial
and community infections. Pathogenicity of extended-spectrum β-lactamase (ESBL)-producing K. pneumoniae isolates
recovered from wastewater, 52 from hospital effluents and
32 from municipal wastewater-treatment-plant, was assessed by screening for 25 virulence factors, comparing results with those of 43 ESBL-positive K. pneumoniae clinical isolates. In hospital effluents/wastewater-treatmentplant/clinical isolates, rates of types 1 and 3 adhesins genes
were of 100%/100%/100% and 100%/96.9%/100%, respectively, while non-fimbrialadhesin gene cf29awas absent. Rates of enterobactin, yersiniabactin, salmochelinand aerobactin genes were of 98.1%/100%/100%,
15.4%/12.5%/39.5%, 0%/3.1%/2.3% and 0%/0%/4.6%,
respectively. No wastewater isolates had hypermucoviscosity phenotype and associated genes magA and rmpA,
while a clinical isolate had hypermucoviscosity phenotype
and rmpA. All isolates had a capsule and capsule/lipopolysaccharide-associated genes wabG and uge, and showed
biofilm formation and serum resistance. Urease, colibactin
and hemolysin α genes were at rates of 100%/100%/100%,
0%/3.1%/4.6% and 0%/0%/0%. Overall, prevalences of
virulence factors in wastewater and clinical isolates were
close. Yersiniabactin, wabG and ESBL genes were located
on IncFII plasmid, in a wastewater isolate. Combination of
virulence factors allowed to distinguish 6 virulence profiles
among wastewater isolates, whose pathogenicity was confirmed in mice. Molecular typing showed genetic diversity
and no direct epidemiological relatedness between wastewater and clinical isolates; however, phylogroups and sequence-types previously reported in clinical isolates were
detected in wastewater isolates. The study highlighted the
pathogenicity of wastewater K. pneumoniae, comparable
to clinical isolates and potential role of wastewater as reservoir of virulent Klebsiella and virulence genes into natural environments.
* Corresponding author

1. INTRODUCTION
Klebsiellapneumoniae is a commensal and saprophyte
Enterobacteriaceae ubiquitously present in the fecal flora
of humans and animals and in the environment, it is responsible for nosocomial and community infections (urinary
and respiratory tract infections, blood and wound infections) [1-3]. Its pathogenicity is conditioned by various virulence factors [1-4] and ability to readily acquire multiple
drug resistance [5, 6]; indeed, it is among the privileged
hosts of extended spectrum β-lactamases (ESBL). Bacterial resistance to β-lactams by ESBL production has risen
dramatically in human pathogens, resulting in significant
morbidity and mortality.
The lack of clean water and adequate sanitation contributes to the resurgence of infectious diseases. Hospital
effluents are discharged into the sewer system usually
without pretreatment, particularly in developing countries
[7, 8] and classic activated sludge process do not eliminate
all pathogens and resistant bacteria, and even can select for
more extensive antibiotic resistance and possibly higher
virulence [9]. Therefore, natural aquatic environments,
which are the main receptacles of these effluents, might
play a role of reservoir of virulence and resistance genes
that can disseminate into wildlife and reach humans through
food chain or recreational activities. Aquatic environments
are reservoirs of ESBL-producing bacteria, especially wastewater which are considered as hot spots of selection pressure and genetic exchanges [9, 10]; therefore, ESBL production is became an additional challenge in managing of
bacterial infections. This makes interesting to investigate
virulence traits in wastewater bacteria having this resistance phenotype. In this framework, the aim of this study
was to determine the virulence characteristics and genetic
backgrounds of ESBL-producing K. pneumoniae isolates
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recovered from wastewater of a hospital and a treatment
plant, comparing results with those of clinical isolates.
2. MATERIALS AND METHODS
2.1. Sampling, bacterial isolation and screening for ESBL

The study was performed on K. pneumoniae strains
isolated, between February-April 2010, from wastewater
samples in Algiers region, Algeria. To be representative,
the study was conducted on isolates recovered from a specific environment represented by hospital effluents at the
final wastewater collector of a hospital, containing 250 beds
and including 8 medical units and auxiliary services, and a
more general environment represented by municipal wastewater at level of a treatment plant. The wastewater-treatment
plant (WWTP) has a treatment capacity of 15000 m3 per day.
From pooled samples of 200 mL of wastewater, a volume of 100 mL of the homogenate and of serial decimal
dilutions was filtered on Millipore cellulose nitrate membranes (0.45 µm pore size). Filters were placed onto
tergitol-7 agar, a coliform selective medium, supplemented
with cefotaxime at a concentration of 2 mg L-1 defining the
phenotype “resistant” according to the guidelines of the
Antibiogram Committee of French Society for Microbiology (CA-SFM) [11]. Colonies showing cultural characteristics of Klebsiellawere tested for ESBL production by the
Double-Disc Synergy Test (DDST) as a standard disk-diffusion assay on Mueller-Hinton agar. To do this, disks containing aztreonam, ceftazidime, ceftriaxone and cefotaxime
were placed at a distance of 30 mm (center to center) around
a disk containing amoxicillin-clavulanic acid. Enhancement
of the inhibition zone toward the amoxicillin–clavulanic
acid disk, indicating a synergy between clavulanic acid and
any one of the test antibiotics, was taken as presumptive
evidence of ESBL production. K. pneumoniae Km43 and
Escherichia coli BM21 were used, respectively, as a positive and a negative control for ESBL production [12].
A total of 84 DDST positive isolates (52 from hospital
effluent and 32 from WWTP) identified as K. pneumoniae
by using API 20E system (Biomérieux, France) were further characterized. For purposes of comparison, 43 clinical
K. pneumoniaeisolated from various specimens (blood,
pus, lung and urine) at the same hospital and the same period and characterized as DDST positive were included in
the study.
2.2. Molecular genotyping

Genetic relationship between isolates was determined
by enterobacterial repetitive consensus-PCR (ERIC-PCR)
using ERIC-2 primer [12] and by pulsed-field gel electrophoresis (PFGE) after total chromosomal DNA digestion
with XbaI [13]. ERIC profiles differing by at least one band
were considered different [12]. The GelCompar 2.5 software
package (Applied Maths, Kortrijk, Belgium) was used for
conversion, normalization and processing of PFGE images. Comparison of PFGE patterns was performed with

the Dice coefficient and the unweighted pair group method
using arithmetic averages (UPGMA) [14].
Genetic background was investigated by phylogeny
grouping using gyrA PCR–restriction fragment length polymorphism (gyrA PCR-RFLP) and multilocus sequence
typing (MLST) by PCR amplification and sequencing of
seven housekeeping genes as previously described [15, 16].
Allelic type and sequence type (ST) were determined using
the MLST web site (http://www.pasteur.fr/recherche/genopole/PF8/mlst/Kpneumoniae.html).
2.3. Hemagglutination assays

Mannose-sensitive hemagglutination (MSHA) specific for type 1 fimbriae and mannose-resistant hemagglutination (MRHA) specific for type 3 fimbriae were assessed in 96-well microtiter plates with human erythrocytes (type O) [17].
2.4. Serum bactericidal assay

The susceptibility of bacteria to human serum was assessed by plaque assay on agar [18]. Brain heart infusion
agar (BHIA) medium was seeded uniformly using sterile
cotton swab with bacterial culture in logarithmic growth
phase diluted 1/500. One drop of fresh undiluted human
serum (50 µL) was added to the medium. The presence or
absence of a zone of growth around the serum spot after
overnight incubation at 37 °C was noted.
2.5. Capsule detection and hypermucoviscosity testing

The presence of a capsule was investigated by staining
with India ink. Under light microscope, the capsule appears
as a clear area between the colored background and the
stained bacterial body.
Single colonies obtained after overnight culture on
BHIA plates were tested for their ability to form viscous
strings. The formation of string > 5 mm in length with a
standard inoculation loop is indicative of hypermucoviscosity phenotype [2].
2.6. Biofilm formation

The ability of Klebsiella to form biofilms in vitro was
assessed by a microtiter plate assay. Aliquot of 20 μL of
overnight culture (108 CFU mL-1) was inoculated into 180 μl
of LB medium in polystyrene 96-well microtiter plate. After
incubation at 37 °C for 48 h, 25 μL of 1% Crystal Violet
were added and the plate was incubated at room temperature for 15 min. The colorant was discarded and three
washes with distilled water were done. A volume of 200 μL
of ethanol/acetone (80:20) was added in wells and the absorption at 540 nm of the eluted colorant was measured to
determine the level of biofilm formation: OD > 0.5: Very
high, 0.1 < OD <0.5: Medium, OD < 0.1: Low. Controls
were performed with LB medium without inoculation [19].
2.7. PCR detection of ESBL and virulence-associated genes

DNA was extracted by a boiling method as follows:
1.5 mL of an overnight broth culture was centrifuged at

104

© by PSP Volume 24 – No 1. 2015

Fresenius Environmental Bulletin

12,000 g for 3 min. The pellet was resuspended in 100 µL
of sterile ultrapure water and boiled for 10 min. The cells
were pelleted by centrifugation and the supernatant containing template DNA was recovered and stored at -20°C.
Isolates were screened for blaCTX-M genes by PCR using universal primers of CTX-M and specific primers for
diverse CTX-M groups [12].
PCR was used to detect genes encoding type 1 and type
3 adhesins (fimH-1, mrkD), nonfimbrial protein CF29K
(cf29a), catecholatesiderophores receptor (iroN), enterobactin biosynthesis (entB), aerobactin receptor(iutA), yersiniabactin receptor (fyuA), yersiniabactin biosynthesis
(irp1, irp2, ybtS), serum resistance-associated outer membrane lipoprotein (traT), regulator of mucoid phenotype
(rmpA), mucoviscosity associated gene (magA), capsuleand lipopolysaccharide-associated enzymes (wabG, involved in the biosynthesis of the outer core lipopolysaccharide and uge, responsible for biosynthesis of the capsule
and smooth lipopolysaccharide), α-subunit of the urease of
K. pneumoniae (ureA), α-hemolysin (hlyA) and capsular
types K1, K2, K5, K20, K54, and K57. The presence of the
high-pathogenicity island (HPI) was investigated using
two sets of primers, one specific to the bacteriophage P4
integrase-like gene (int) and the other covering a part of
this latter and of asparagine tRNA (asntRNA) gene. The
pks genomic island encoding a genotoxin, the colibactin,
was detected through colibactin synthesis genes (clbBand
clbN) and two internal loci within the pks island, clbA
(phosphopantetheinyltransferase) and clbQ (thioesterase).
All primers and annealing temperatures are listed in Table 1.
Multiplex PCR conditions were: 95°C for 15 min, 35 cycles
of (i) 94°C for 30 s, (ii) 58°C for 90 s, (iii) 72°C for 90 s, and
72°C for 10 min for capsular types K1, K2, K5, K20, K54,
and K57. Simplex PCRs conditions were: 94°C for 5 min,
35 cycles of (i) 94°C for 30 s, (ii) appropriate annealing
temperature for 30 seconds, (iii) 72°C for 1 min, and 72°C
for 10 min for wabG, uge, cf29a and ureA genes; 95°C for
5 min, 25 cycles of (i) 94°C for 30 s, (ii) appropriate annealing temperature for 30 s, (iii) 68°C for 3 min, and 72°C
for 10 min for clbB, clbN and clbQ genes of the pks island;
and 95°C for 5 min, 25 cycles of (i) 95°C for 1 min, (ii)
55°C for 1 min, (iii) 72°C for 2 min, 55°C for 1 min and
72°C for 3 min for the int gene and association int geneasntRNA locus. For the remaining genes, conditions were:
94°C for 4 min, 30 cycles of 94°C for 30 s, appropriate
annealing temperature for 40 s, 72°C for 1 min, and 72°C
for 10 min. Escherichia coli EC7372, ECOR66 and
CFT073, and Klebsiellapneumoniae Ks88 and Kz18 [20]
were used as positive controls for virulence genes.
2.8. Curing assay and plasmid analysis

Curing assay by heat treatment at 42 °C was performed
on virulence factors possibly encoded by plasmids. The
culture at this temperature was repeated several times in
LB medium inoculated with 0.1% (v/v) of the precedent
overnight culture. After isolation onto BHI agar plates and
incubation at 37 °C, colonies were screened for loss of

plasmid DNA and virulence genes. Plasmid DNA was extracted by alkaline lysis method [21] and analyzed by electrophoresis on agarose gel at 5 volts cm-1. Plasmid size was
estimated by comparison with plasmid-size standards: RP4
(54 kb) and pIP113 (128 kb) and, Escherichia coli BM21
was used as a control free of plasmids. The determination of
incompatibility group of plasmids was performed by PCRbased replicon typing method as previously described [22].
2.9. Mouse lethality test

The virulence of bacterial isolates was assessed in
mice infected by the intraperitoneal way. Male BALB/c
mice of 20 ± 2 g, provided by the Pasteur Institute of Algeria, were used. The bacterial strains were cultured in Tryptic Soy Broth at 37 °C. Mice were injected with 10-fold
graded doses from 102 to 1010 mid-logarithmic growth phase
CFU diluted in 0.2 mL of saline. Four mice were used as a
sample population for each bacterial concentration. The animals were observed for 7 days and the LD50 was calculated
according to the Reed and Muench method [23]. The experiments were conducted in Animals Unit of University with
the approval of all university authorities.
2.10. Statistical analysis

For comparison of rates, Fisher’s exact test was used,
p < 0.05 was considered significant.
3. RESULTS AND DISCUSSION
PCR amplification showed that all isolates harbored
ESBL of CTX-M-1 group. ESBLs constitute an additional
concern in the treatment of infections due to K. pneumoniae because of therapeutic failures, their frequent presence in pathogens isolated from polluted aquatic environments makes interesting to know virulence traits of wastewater bacteria having this resistance phenotype. In this
framework, the study was focused on search of 25 virulence factors in 84 wastewater ESBL-producing K. pneumoniaeisolates (52 from hospital effluents and 32 from municipal WWTP), comparing results with those of clinical
ESBL-producing K. pneumoniae.
Results of PCR and phenotypic screening for virulence
factors were given in Table 2. The prevalence of fimbrialadhesins genes was comparable among hospital effluents, municipal WWTP and clinical isolates with rates of
100% for type 1, and respectively 100%, 96.9% and 100%
for type 3. Their phenotypic expression was confirmed by
MRHA and MSHA in almost all isolates. These adhesins
were common in clinical isolates [24], they are involved in
urinary infections and in adherence to several cell types
and in biofilm formation, respectively [25, 26]. The nonfimbrialadhesin CF29K responsible for the diffuse adhesion phenotype was absent in all wastewater and clinical
isolates; this adhesin was not common in K. pneumoniaecausing common clinical syndromes [27]. Enterobactin
(entB) was present in 98.1% of hospital effluents isolates
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TABLE 1 - Primers used in the amplification of virulence genes.
Target
Adhesins
fimH-1
mrkD
cf29a
Siderophores
entB
iutA
irp-1
irp-2
ybtS
fyuA
iroN
Invasins/protectins
traT
rmpA
magA
uge
wabG
ureA
Toxins
hlyA
clbB
clbN
Capsular types
K1
K2
K5
K54
K20
K57
Pathogenicity islands
clbQ (pks)
clbA(pks)
int(HPI)
asnT-int(HPI)

Annealing
temperature (°C)

Expected size (bp)

Reference

ATGAACGCCTGGTCCTTTGC
GCTGAACGCCTATCCCCTGC
CCACCAACTATTCCCTCGAA
ATGGAACCCACATCGACATT
GACTCTGATTGCACTGGCTGTG
GTTATAAGTTACTGCCACGTTC

55

688

[20]

52

240

[20]

51

826

[27]

ATTTCCTCAACTTCTGGGGC
AGCATCGGTGGCGGTGGTCA
GGCTGGACATCATGGGAACTGG
CGTCGGGAACGGGTAGAATCG
TGAATCGCGGGTGTCTTATGC
TCCCTCAATAAAGCCCACGCT
AAGGATTCGCTGTTACCGGAC
TCGTCGGGCAGCGTTTCTTCT
AGTGGTGCGTTCTGCGTC
ATTTCTACATCTGGCGTTA
GCGACGGGAAGCGATGATTTA
TAAATGCCAGGTCAGGTCACT
AAGTCAAAGCAGGGGTTGCCCG
GACGCCGACATTAAGACGCAG

57

371

[20]

63

300

[20]

57

238

[30]

57

287

[30]

50

477

[20]

56

547

[20]

63

665

[20]

GGTGTGGTGCGATGAGCACAG
CACGGTTCAGCCATCCCTGAG
ACTGGGCTACCTCTGCTTCA
CTTGCATGAGCCATCTTTCA
GGTGCTCTTTACATCATTGC
GCAATGGCCATTTGCGTTAG
GATCATCCGGTCTCCCTGTA
TCTTCACGCCTTCCTTCACT
CGGACTGGCAGATCCATATC
ACCATCGGCCATTTGATAGA
GCTGACTTAAGAGAACGTTATG
GATCATGGCGCTACCT(C/T)A

63

290

[20]

50

535

[20]

59

1282

[33]

53

534

[27]

53

683

[27]

55

337

[27]

AACAAGGATAAGCACTGTTCTGGCT
ACCATATAAGCGGTCATTCCCGTCA
GATTTGGATACTGGCGATAACCG
CCATTTCCCGTTTGAGCACAC
GTTTTGCTCGCCAGATAGTCATTC
CAGTTCGGGTATGTGTGGAAGG

63

1,177

[20]

62

579

[47]

62

727

[47]

1282

[33]

641

[33]

280

[33]

881

[33]

741

[33]

1037

[33]

55

821

[47]

60

735

[32]

55

714

[20]

55

1393

[20]

Oligonucleotide sequence (5’ – 3’)

GGTGCTCTTTACATCATTGC
GCAATGGCCATTTGCGTTAG
GACCCGATATTCATACTTGACAGAG
CCTGAAGTAAAATCGTAAATAGATGGC
TGGTAGTGATGCTCGCGA
CCTGAACCCACCCCAATC
CATTAGCTCAGTGGTTGGCT
GCTTGACAAACACCATAGCAG
CGGTGCTACAGTGCATCATT
GTTATACGATGCTCAGTCGC
CTCAGGGCTAGAAGTGTCAT
CACTAACCCAGAAAGTCGAG
CTTGTATAGTTACACAACTATTTC
TTATCCTGTTAGCTTTCGTTC
ATGAGGATTGATATATTAATTGGACA
TCAATTCTGCCCATTTGACG
TGCGCCATGCGGTCCATC
GGTGCATAAGATTCTCGG
ATCGCTTTGCGGGCTTCTAGGT
GAACGGCGGACTGTTAAT
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TABLE 2 - Prevalence of virulence factors in wastewater and clinical K. pneumoniae isolates.

Source
of isolates

Virulence factors*
n (%)
Hospital
Municipal
wastewater
WWTP
(n=52)
(n=32)
PCR detection

Wastewater
Total
(n=84)

Clinical
(n=43)

Adhesins
-fimH-1
-mrkD
-cf29a

52 (100)
52 (100)
0 (0)

32 (100)
31 (96.9)
0 (0)

84 (100)
83 (98.8)
0 (0)

43 (100)
43 (100)
0 (0)

Siderophores
-entB
-iutA
-iroN
-irp-1, irp-2, ybtS, fyuA

51 (98.1)
0 (0)
0 (0)
8 (15.4)

32 (100)
0 (0)
1 (3.1)
4 (12.5)

84 (100)
0 (0)
1 (1.2)
12 (14.3)

43 (100)
2 (4.6)
1 (2.3)
17 (39.5)

Invasins/Protectins
-rmpA
-traT
-magA
-wabG
-uge
-ureA

0 (0)
0 (0)
0 (0)
52 (100)
52 (100)
52 (100)

0 (0)
1 (3.1)
0 (0)
32 (100)
32 (100)
32 (100)

0 (0)
1 (1.2)
0 (0)
84 (100)
84 (100)
85 (100)

1 (2.3)
0 (0)
0 (0)
43 (100)
43 (100)
43 (100)

Capsular serotypes
-K1, K2, K5, K20, K54, K57

0 (0)

0 (0)

0 (0)

0 (0)

Toxins
-hlyA
-clbB, clbN

0 (0)
0 (0)

0 (0)
1 (3.1)

0 (0)
1 (1.2)

0 (0)
2 (4.6)

Pathogenicity islands
-clbA, clbQ (pks)
- int, asnT-int (HPI)

0 (0)
1 (3.1)
1 (1.2)
2 (4.6)
8 (15.4)
4 (12.5)
12 (14.3)
17 (39.5)
Phenotypic detection
45 (86.5)
29 (90.6)
74 (90.4)
40 (93)
MSHA
46 (88.5)
28 (87.5)
74 (90.4)
38 (88.4)
MRHA
52 (100)
32 (100)
84 (100)
43 (100)
Capsule
52 (100)
32 (100)
84 (100)
43 (100)
Serum resistance
0 (0)
0 (0)
0 (0)
1 (2.3)
Hypermucoviscosity
52 (100)
32 (100)
84 (100)
43 (100)
Biofilm formation
*For all virulence factors, p values (by Fisher’s exact test) were > 0.5 (differences not significant) for hospital wastewater
isolates vs municipal WWTP isolates. For total wastewater isolates vs clinical isolates, p was > 0.5, excepted yersiniabactin
genes (p: 0.003).

and 100% of municipal WWTP and clinical isolates. It is
one of the strongest iron chelator, ubiquitous in clinical and
environmental Klebsiella [24, 28]. Aerobactin, an invasive
virulence factor in K. pneumoniae [2], was absent in
wastewater isolates; its presence is relatively not common
even among clinical isolates as in this study (4.6%) and as
reported [24]. Yersiniabactin is resistant to the innate immunity protein lipocalin 2 (LCN2), able to bind enterobactin and disturb bacterial iron acquisition [3]. Furthermore,
a new virulence-associated function for yersiniabactin as a
protective factor of pathogens against copper-based antibacterial functions has been described [29]. Genes of yersiniabactin were detected at 15.4% and 12.5% in isolates
from hospital effluents and municipal WWTP, respectively,
close to rates reported in literature for clinical isolates [3, 28,
30]; while, in our clinical isolates, the rate was very significantly higher (39.5%, p=0.003). The yersiniabactin is encoded by a high-pathogenicity island (HPI) first described

in Yersinia. As in our clinical isolates and those in previous
studies [20, 31], the analysis of the right end of HPI in
wastewater yersiniabactin-positive isolates showed that it
carried P4 bacteriophage-like integrase gene and was inserted in asntRNA locus. Salmochelin (iroN), a C-glycosylated enterobactin non sequestered by LCN2 [3], was absent in isolates from hospital effluents and detected at 3.1%
in isolates from municipal WWTP, close to rates in our
clinical isolates (2.3%) and in literature [20]. pks genomic
island encoding colibactin causing DNA double-strand
breaks and eventually cell death was absent in isolates from
hospital effluents and detected in 3.1% of isolates from
municipal WWTP, without statistically significant difference with 4.6% of our clinical isolates, comparable to 3.5%
reported by Putze et al. [32]. All wastewater and clinical
isolates had a capsule which confers resistance to phagocytosis and serum resistance; while serotypes K1, K2, K5,
K20, K54, and K57, mostly associated with invasive dis-

107

© by PSP Volume 24 – No 1. 2015

Fresenius Environmental Bulletin

ease [33] were not found. Capsule- and lipopolysaccharide-associated genes (uge and wabG), essential in K. pneumoniae colonization and virulence [34, 35], were present
in all clinical and wastewater isolates, similarly as already
reported for clinical isolates[15]. Hypermucoviscosity
phenotype and associated genes magA and rmpA were not
found in wastewater isolates; while in clinical isolates, an
isolate (2.3%) having both hypermucoviscosity phenotype
and rmpAwas detected. These virulence factors are mainly
prevalent among K. pneumoniaeof capsular serotypes K1
and K2 causing internal infections with abscessation
mainly observed in Southeast Asia [2]. The ability to evade
complement attack is crucial for the development of systemic infections by many pathogenic bacteria. All our
wastewater and clinical isolates were resistant to serum;
however, this prevalence exceeds that reported in the literature for clinical isolates [24, 36], this may be related to the
presence of capsule in our isolates. Gene traT was present
at low rate (3.1%) in municipal WWTP isolates and was
absent in hospital effluents and clinical isolates, this serum
resistance-associated outer membrane plasmid gene was
previously described in clinical isolates as minor contributor in serum resistance [20]. The urease activity of K. pneumoniae could facilitate colonization of gastrointestinaltract, a first stage in nosocomial infections [37]; the urease
gene ureA, reported by Brisse et al. [27] in virulent
Klebsiella, was detected in all wastewater and clinical isolates. αhemolysin (hlyA), a cytolytic toxin often associated
with virulence of various pathogenic microorganisms, was
not detected in wastewater isolates as in clinical isolates in
our and previous study [28]. However, Gundogan et al.
[38] have reported hemolytic activity in 67% of Klebsiella
isolates from meat samples. All our isolates showed ability
to form a biofilm at low to medium level. Biofilm is an
organization mode which protects bacteria against antibiotics and host defenses, and facilitates bacterial communication in virulence expression. It is also a starting point of
infection from medical devices [26]. This result is comparable to that previously reported for clinical isolates [4].

Overall, results showed that it was no significant difference in the prevalence of virulence factors between hospital effluents and municipal WWTP isolates (Table 2),
and between wastewater and clinical isolates. This latter
finding suggests a potential virulence of wastewater isolates.
Combinations of virulence factors have brought out
8 different virulence profiles (VP1 to VP8) including 8 to
14 virulence factors (Table 3). There were 6 VP in wastewater isolates and 5 in clinical isolates, of which 3 (VP3,
VP4, VP5) were shared by both isolates. The profile VP3
including virulence factors commonly found in K. pneumoniae responsible for classic infections [24] predominate
in wastewater (83.3%) as in clinical isolates (60.5%). Extended virulence profiles for invasiveness (yersiniabactin,
aerobactin, salmochelin, hypermucoviscosity, mucoid factor RmpA, TraT) and genotoxic (colibactin) factors were
at low prevalence in wastewater isolates (VP4: 11.9% and,
VP5 and VP7: 1.2%) as in clinical isolates (VP4: 30.3%,
VP5: 4.6% and, VP6 and VP8: 2.3%).
Plasmid curing assay allowed the elimination of a plasmid of 128 kb of IncFII incompatibility group from the municipal WWTP isolate having VP7 profile in association
with loss of virulence gene wabG and those related to yersiniabactin as well as gene encoding CTX-M.wabG and
iron acquisition systems with CTX-M were described on
IncFII plasmids in clinical K. pneumoniae isolates [39, 40].
It is important to note that, unlike Escherichia coli, plasmids carrying virulence genes are very rare in Klebsiella,
and to our knowledge, this finding is the first report of a
virulence plasmid of K. pneumoniae in non-clinical environment.
The LD50 in BALB/c mice of wastewater and clinical
isolates, having VP3 profile (the most prevalent), was the
same (5x107 CFU). For wastewater and clinical isolates having, in addition, invasiveness virulence factors, LD50were
lower: 5x105 CFU for VP4, 5x104 CFU for VP7 and < 102
CFU for VP8. Therefore, pathogenicity assay confirmed the

TABLE 3 - Virulence profiles of wastewater and clinical K. pneumoniaeisolates.
Virulence profiles
n (%)
Hospital
Municipal Wastewater
Clinical
Wastewater
WWTP
Total
(n=43)
(n=52)
(n=32)
(n=84)
VP1: F1-ENT-WabG-Uge-Ure-SR-Cs-BF
0 (0)
1 (3.1)
1 (1.2)
0 (0)
VP2: F1-F3-WabG-Uge-Ure-SR-Cs-BF
1 (1.9)
0 (0)
1 (1.2)
0 (0)
VP3: F1-F3-ENT-WabG-Uge-Ure-SR-Cs-BF
43 (82.7)
27 (84.4)
70 (83.3)
26 (60.5)
VP4: F1-F3-ENT-YEB-WabG-Uge-Ure-SR-Cs-BF
8 (15.4)
2 (6.3)
10 (11.9)
13 (30.3)
VP5: F1-F3-ENT-YEB-CB-WabG-Uge-Ure-SR-Cs-BF
0 (0)
1 (3.1)
1 (1.2)
2 (4.6)
VP6: F1-F3-ENT-AER-YEB-Uge-WabG-Ure-SR-Cs-BF
0 (0)
0 (0)
0 (0)
1 (2.3)
VP7: F1-F3-ENT-YEB-SC-TraT-WabG-Uge-Ure- SR-Cs-BF
0 (0)
1 (3.1)
1 (1.2)
0 (0)
VP8: F1-F3-ENT-AER-YEB-SC-RmpA-HMV-WabG-Uge-Ure-SR-Cs-BF
0 (0)
0 (0)
0 (0)
1 (2.3)
F1 (fim H-1): type1 Fimbriae, F3(mrkD): type 3 Fimbriae, ENT (entB): enterobactin, AER (iutA): aerobactin, YEB (irp-1, irp-2, ybtS, fyuA): yersiniabactin, SC(iroN): salmochelin, TraT (traT): serum resistance-associated outer membrane lipoprotein, RmpA (rmpA): regulator of mucoid phenotype A, HMV: hypermucoviscosity phenotype, CB(clbB, clbN, clbQ, clbA):colibactin, WabG, Uge (wabG, uge): capsule/lipopolysaccharide-biosynthesis enzymes, Ure (ureA): urease, SR: serum resistance, Cs: Capsule, BF: Biofilm formation.
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FIGURE 1 - UPGMA dendrograms, PFGE patterns, virulence profiles (VP), PFGE genotypes (PG), ERIC genotypes (EG), phylogenetic groups
(PhG) and sequence types (ST) of clinical (Kc), municipal WWTP (Km) and hospital wastewater (Kh) K. pneumoniae isolates.
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the pathogenicity of wastewater isolates, whose behavior
was similar to that of clinical isolates. The variant of the
isolate from wastewater with VP7 profile cured of its virulence plasmid showed an attenuation of virulence in mice,
its LD50 was 200 times higher than that of the wild parental
strain. In accordance with the study by Tang et al.[41] on
the virulence plasmid pLVPK from clinical isolate, this is
the first study describing the role in the virulence of a plasmid from non-clinical environment K. pneumoniae as invasiveness genes vehicle. The complete molecular characterization of this plasmid with its comparison with clinical
plasmids is a perspective for this work.
Molecular genotyping of isolates was performed by
ERIC-PCR and PFGE which were used to detect shorttime alterations and by MLST detecting mainly long-term
changes. ERIC-PCR identified 37 and 21 DNA profiles in
the total clinical and wastewater isolates, respectively. The
PFGE of XbaI-digested genomic DNA from 29 wastewater
isolates and 21 clinical isolates showed 21 and 20 different
patterns, respectively (Fig. 1). The two isolates groups did
not show any ERIC genotype in common and shared only
one pulsotype, this is indicative of genetic diversity and
heterogeneity in wastewater and clinical isolates. Moreover, no apparent correlation between genotypes and virulence profiles was observed (Fig. 1). MLST performed on
20 isolates representative of different virulence profiles in
clinical and wastewater isolates resulted in 15 distinct allelic profiles: ST5, ST13, ST15, ST17, ST25, ST36, ST45,
ST48, ST147, ST248, ST323, ST405, ST420, ST1409 and
ST1410 (Fig. 1). ST1409 (from clinical isolate) and ST1410
(from wastewater isolate) were new ST submitted to the
MLST web site and approved, they are distinguished by new
allelesphoE183 and mdh126, respectively. This finding can
reflect a genomic particularity in wastewater. Only 3 ST
(ST13, ST147 and ST323) of 15 were shared by clinical
and wastewater strains, ST13 and ST323 in hospital effluent and ST147 in municipal WWTP. These results matched
with ERIC-PCR and PFGE results in line with the genetic
heterogeneity of the isolates; therefore, it does not seem to
be a direct epidemiological relatedness between clinical isolates and those from wastewater. However, STs previously
reported in clinical isolates were detected in our wastewater
isolates [16, 42-46]. These findings suggest that our K. pneumoniaewastewater isolates were clinical-related, their detection might be result from selective advantage provided by
environmental conditions. gyrA PCR-RFLP phylogenetic
analysis showed that almost all strains from wastewater, belonged to phylogenetic group KpI, as was the case of our
clinical strains. This phylogroup was the most common in
clinical K. pneumonia [15, 43], this result also highlights the
pathogenic power of wastewater strains.

responsible for classic infections. Genes of invasiveness
factors (traT, salmochelin and yersiniabactin) conferring a
more pronounced virulence and of genotoxicity (colibactin) were also detected. These findings suggest that there is
at least preservation of pathogenic isolates in wastewater.
Epidemiological analysis supports this idea, since the phylogenetic group and ST found were clinical-related. The location of some virulence factors on pathogenicity islands
and plasmids in wastewater K. pneumoniae is predictive of
their potential spreading. Moreover, the fact that virulentand resistant-bacteria can be released with the purified
wastewater into natural environments may be a concern for
wildlife and vulnerable population. In this regard, an attention could be paid to disinfection of effluents.
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FACTOR ANALYSIS OF SURFACE WATER
QUALITY PARAMETERS FOR THE RIVERS OF TURKEY
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ABSTRACT
In this study, the Factor Analysis, a multivariate statistical analysis, was applied on twelve different parameters
[streamflow, temperature, pH, electrical conductivity (EC),
Na+, K+, (Ca+Mg)2+, CO32-, Cl-, SO42-, sodium adsorption
ratio (SAR) and boron (B) concentrations] measured at 67
streamflow gauging stations of Turkey’s 19 water basins in
terms of annual averages for a long period of time (19922008). First of all, the appropriateness of the data was confirmed using the Kaiser-Meyer-Olkin (KMO) Criteria and
Bartlett’s Test of Sphericity. As a result of the study, it was
observed that 80% of the total variance was described by
three factors, i.e. the first, second and third factors described the 50.25%, 19.04% and 10.52% of the total variance, respectively. Moreover, the characters described by
each factor were determined and named as environmental
effects (in the frame of high ion relation), alkaline and climatic effects. Finally, the score values of the stations were
calculated, and the relationships between the stations and
the factors were investigated. In this context, the stations
giving extreme score values under each factor were considered as they should be carefully examined by the decisionmakers.
KEYWORDS: Factor analysis, multivariate statistical analysis,
Principle Component Analysis, water quality

1. INTRODUCTION
The management of surface water quality is an important issue nowadays. Rivers have great importance in
behalf of the needs of humans, irrigation, under-control removal of domestic and industrial wastewaters, frequent
and detailed measurements, transformation of well-assessed measurements into healthy and reliable data that
will guide for the decision-makers and more reliable and
healthy water resources for the future generations. The
studies in the literature on rivers have been performed on
many subjects such as the prediction of increasing or decreasing streamflow amounts, the variations observed for
* Corresponding author

the lives of living beings in rivers, etc. An extensive water
quality monitoring program typically encloses the spatial
and temporal assessment of a large volume of related data,
which can produce a large, complicated and difficult-toelucidate data matrix. Therefore, the application of various
multivariate statistical techniques, especially Principal Component Analysis (PCA), Factor Analysis (FA), and Cluster
Analysis (CA) can facilitate the explanation of complex
data, and the comprehension of how to increase the water
quality and ecological situation of a freshwater system [1].
There exist many studies related to the water quality of
the rivers in which the Principal Component Analysis, Factor Analysis, Cluster Analysis and Correlation Analysis
were used [2-23].
The studies related to the aforementioned subject in
Turkey are in general about regional studies [24-28], in
which significant and effective results were determined
about the water qualities of rivers especially by using the
methods of Cluster Analysis and Factor Analysis. On the
other hand, the information pertaining to the water quality
of rivers such as natural and anthropogenic effects and the
relation of this variation with time can be obtained by the
aid of these studies. Factor Analysis provides information
regarding the most meaningful parameters, which describe
the whole data set rendering for data reduction with minimum loss of original information [11, 29, 30].
The objective of this study is to apply multivariate statistical analysis on surface water quality data of Turkey’s
rivers by using Factor Analysis to imply the natural association between variables.
2. MATERIALS AND METHODS
2.1 Study Area

In the study, there were used long term annual average
values of twelve surface water quality parameters [streamflow, temperature, pH, EC, Na+, K+, (Ca+Mg)2+, CO32-, Cl-,
SO42-, SAR and B] measured between years 1992 and 2008
at 67 streamflow gauging stations of 19 different water basins selected from Turkey’s 26 water basins [31]. In this
study, annual average water quality records compiled by
General Directorate of Electrical Power Resources Survey
and Development Administration (EIE) were used [32].
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Additionally, surface water quality parameters were analyzed using the standard methods [33], and pH was measured with Jenway 3071 pHmeter. The selection of the stations was performed considering the stations not close to

the water collecting reservoirs and having continuous data
sets. They are listed with respect to the basins in Table 1,
and the locations of the stations in the related basin of Turkey can be seen in Fig. 1.

TABLE 1 - Stations selected with respect to basins
Basin Number
1
3
5
7
8
9
11
12
13
14
15
16
17
18
19
20

Basin Name
Maritsa
Susurluk
Gediz
Big Menderes
Western Mediterranean Waters
Central Mediterranean Waters
Waters of Afyon
Sakarya
Waters of Western Black Sea
Yeşilırmak
Kızılırmak
Middle Anatolia
Eastern Mediterranean Waters
Seyhan
Waters of Hatay
Ceyhan

21
22
23
24
25
26

Euphrates
Eastern Black Sea Waters
Çoruh
Aras
Van Lake
Tigris

The station numbers of the selected streamflow gauging stations
103, 112, 113
302, 316, 317, 331
518, 523
701, 706
812, 815
902, 917
1108
1203, 1233, 1257
1307, 1314, 1332, 1334, 1335, 1343
1401, 1413
1501, 1503, 1517, 1535
1611
1714, 1719
1818, 1826
1907
2004, 2006, 2008, 2025
2102, 2115, 2119, 2145, 2154, 2156, 2164, 2174, 2176, 2180
2218, 2228, 2232, 2247
2304, 2321, 2325, 2329, 2334
2418
2505, 2511
2610, 2630, 2633

FIGURE 1 - The locations of the stations in Turkey which were used for this study
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FIGURE 2 - The formal expression of Factor Analysis

2.2 Factor Analysis

Factor Analysis is a multi-variable statistical analysis
method depending on the relationships between the data
which provides a meaningful and brief presentation of a
complex stack of information, i.e. Factor Analysis is a sizereduction and dependency removal method that determines
minimum number of unrelated variables in a k-variable
event (k-dimensional space) by gathering the interrelated
variables together (Fig. 2) [28, 34-36]. The Factor Analysis
may not be appropriate for all the data types that the appropriateness of the data can be examined using the KaiserMeyer-Olkin (KMO) coefficient test and Barlett’s Test of
Sphericity. KMO coefficient test gives information about
the appropriateness of the data matrix for the Factor Analysis and whether the data structure is appropriate for the
factor derivation or not. In SPSS, the KMO coefficient
should be expected to be greater than 50% for factorability.
Barlett’s Test of Sphericity searches whether there is any
relationship between the variables or not on the basis of
partial correlations [37].
Although a number of methods are used for the determination of the eigenvalues and eigenvectors, the Principal
Component Analysis is the most widely used one. The eigenvalues assist to find the number of factor numbers that
can illustrate the cumulative data in a significant manner
with minimum information loss. Principal Component
Analysis can be defined as in the following;
zij = ai1 x1j + ai2 x2j + ai3x3j + ….. + aimxmj

Today, many enhanced software programs can execute
these applications much more easily and quickly. Therefore, SPSS v11.5 and Minitab 14 software packages were
used for the analyses of this study.

(1)

where, z is the component score, a is the component
loading, x is the measured value of the variable, i is the
component number, j is the sample number and m is the
total number of the variables.
The Factor Analysis takes the assistance of the Principal Component Analysis in determining the eigenvalues
and eigenvectors. However, the main goal of the Factor
Analysis is to have an easily understandable and interpretable form of data by reducing the number of parameters. It
is generally expressed as in the following;
zij = af1 f1i + afi2 f2i + af3x3i + ….. + afmfmi + efi

One of the steps in Factor Analysis, that is to say the
factor structure matrix expressing the relationships between variables and factors, plays a great role in determining the characteristics of the factors by showing on which
factor the variables have greater weight. Sometimes these
loads do not present any proximity to any factors and remain in between; hence the interpretation on the results becomes difficult. Therefore, in order to get more significant
results, the procedure named as factor transformation is applied by Varimax, Equamax, Quartimax, etc. methods. In
this way, the loads approach to the factors and the relationships between the parameters and the factors become more
evident which provides convenience for the interpretation
of the results. Finally, the score values of the factors, i.e.
the values of the members -now perceived as a variableare obtained which provide to sort the members under any
factor with respect to its relation with the factor and make
comparison between members. As a result, the number of
parameters is reduced and the relationships among the information stack on which the study is executed can be
solved more easily by the assistance of determining and
naming the characters of the factors.

(2)

where, z is the measured variable, a is the factor loading, f is the factor score, e is the residual term accounting
for errors or other source of variation, i is the sample number and m is the total number of factors.

3. RESULTS AND DISCUSSION
The appropriateness of the data for the Factor Analysis
was tested by Kaiser-Meyer-Olkin Criteria (KMO = 0.661)
and Barlett’s Sphericity Test (P = 0 < 0.05) where the obtained values confirmed the factorability of the data. After
determining the appropriateness of the data, the correlation
matrix was formed at first to determine the eigenvalues and
eigenvectors by using the Principal Component Analysis.
Therefore, an n×p raw data matrix was formed in which the
rows and columns represent the members (stations) and parameters, respectively. The variables are formed from
long-term annual average values for each station. Since the
units of the parameters were different and the variances of
the variables had values away from each other, the test procedure was continued using a standardized data matrix. It
is known that the variables analyzed by the study have interrelations; hence the correlation matrix representing the
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interrelations of the variables were obtained after the raw
data matrix (n×p) and the standardized data matrix (n×p)
were formed (Table 2).
In general, it was observed that the streamflow and
temperature parameters had not so much relationship with
the other variables. This condition mostly reminds that the
streamflow and temperature variables could be affected
from some factors such as rainfall and temperature. When
the relationships between variables were considered, it was
clearly seen that the pairs presenting high correlation values were the parameters having ion-property.
According to Table 2, the highest relations for the correlation matrix were obtained as 0.972 between Na+ and Cl–
and 0.963 between Na+ and EC. The electrical conductivity
parameter has high level relationship with the other parameters having ion-property by its nature.
Moreover, some researchers [24, 25] also reached to the
results confirming the results obtained by this study. The
high level relationship (0.948) observed between SAR and

Na+ variables was also an expected situation. Then, the eigenvalues (Table 3) and the eigenvectors (Table 4) were obtained using the Principal Component Analysis by the help
of the correlation matrix. There are three criteria for determining the appropriate number of principal components.
The first one, (i) selecting the eigenvalue greater than 1 as
the base (Table 3); the second one, (ii) the ratio of the described variance to the total variance should be at least 67%
(Table 3); the third one, (iii) the point at which the slope of
the side slope diagram (order vs. eigenvalue) (Fig. 3) becomes monotonous should be selected as the appropriate
principal component number. As a result, since the number
of principal components was set as “three” for this current
study, then the number of factors should be also three.
In the next stage; the factor structure matrix including
loads and representing the relationships between parameters and factors was formed. This matrix showing the relationship of the variables with which factor and at what level
is considerably important for naming the factors. Here, a
factor transformation process is applied using the Varimax,

TABLE 2 - Pearson correlation matrix

Streamflow
Temperature
pH
EC
Na+
K+
(Ca+Mg)++
(CO3)=
Cl(SO4)=
SAR
B

Streamflow

Temperature

pH

EC

Na+

K+

(Ca+Mg)++

(CO3)=

Cl-

(SO4)=

SAR

B

1.000
0.259
0.026
-0.021
-0.020
-0.097
-0.031
-0.052
0.016
-0.033
0.000
-0.060

1.000
0.200
0.183
0.079
0.255
0.297
0.228
0.068
0.165
0.082
0.084

1.000
0.187
0.106
0.440
0.284
0.797
-0.006
0.082
0.186
0.380

1.000
0.963
0.485
0.912
0.386
0.950
0.951
0.873
0.211

1.000
0.505
0.769
0.338
0.972
0.870
0.948
0.168

1.000
0.373
0.808
0.325
0.333
0.653
0.442

1.000
0.400
0.784
0.941
0.623
0.248

1.000
0.173
0.238
0.458
0.520

1.000
0.887
0.863
0.067

1.000
0.723
0.176

1.000
0.219

1.000

TABLE 4 - Eigenvectors for the first three eigenvalues

TABLE 3 - Eigenvalues and cumulative variance description shares

1

2

3

Streamflow

-0.010

-0.013

0.717

Temperature

0.095

0.168

0.650

69.292

pH

0.136

0.505

0.048

10.523

79.816

EC

0.397

-0.142

0.013

0.7739

6.449

86.265

Na+

0.384

-0.175

-0.058

0.6847

5.706

91.971

K

0.265

0.359

-0.102

6

0.6321

5.268

97.238

(Ca+Mg)++

0.358

-0.075

0.106

7

0.2197

1.831

99.069

(CO3)=

0.231

0.511

-0.060

8

0.0632

0.527

99.596

Cl-

0.360

-0.283

-0.005

9

0.0305

0.254

99.850

(SO4)=

0.363

-0.213

0.034

10

0.0163

0.136

99.986

SAR

0.368

-0.058

-0.084

11

0.0016

0.013

99.999

B

0.140

0.377

-0.152

12

0.0001

0.001

100.000

No

Eigenvalues

Description
share

Cumulative
description
share (%)

1

6.0299

50.250

50.250

2

2.2851

19.043

3

1.2628

4
5

Variable
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FIGURE 3 - Side slope diagram of the eigenvalues.

TABLE 5 - The values for untransformed and transformed factors
Loads for Untransformed
Components

Transformation Method
Quartimax

Variables

Varimax

Equamax

1

2

3

1

2

3

1

2

3

1

2

3

-0.025

-0.019

0.806

Streamflow

-0.019

-0.125

0.797

-0.023

-0.134

0.795

-0.027

-0.140

0.794

0.234

0.255

0.731

Temperature

0.122

0.232

0.765

0.103

0.229

0.769

0.092

0.225

0.771

0.334

0.763

0.054

pH

0.030

0.820

0.155

-0.007

0.819

0.163

-0.024

0.817

0.169

0.974

-0.214

0.015

EC

0.984

0.156

0.037

0.976

0.197

0.051

0.972

0.215

0.061

0.942

-0.264

-0.066

Na+

0.973

0.108

-0.050

0.968

0.150

-0.037

0.965

0.168

-0.028

0.650

0.542

-0.114

K+

0.405

0.751

-0.022

0.373

0.768

-0.009

0.358

0.775

-0.001

0.880

-0.113

0.119

(Ca+Mg)2+

0.860

0.202

0.147

0.848

0.237

0.160

0.842

0.252

0.169

0.566

0.773

-0.067

(CO3)2-

0.242

0.928

0.047

0.202

0.937

0.059

0.184

0.940

0.067

0.884

-0.428

-0.006

Cl-

0.979

-0.071

-0.012

0.982

-0.029

0.000

0.982

-0.011

0.008

0.893

-0.321

0.038

(SO4)2-

0.948

0.024

0.045

0.946

0.064

0.057

0.944

0.081

0.065

0.902

-0.088

-0.094

SAR

0.872

0.260

-0.061

0.860

0.297

-0.047

0.855

0.314

-0.038

0.343

0.569

-0.171

B

0.110

0.671

-0.090

0.082

0.676

-0.082

0.070

0.678

-0.076

6.030

2.285

1.263

Total

5.522

2.769

1.286

5.405

2.878

1.295

5.348

2.927

1.303

50.250

19.043

10.523

% change

46.020

23.076

10.720

45.038

23.983

10.795

44.570

24.388

10.858

50.250

69.292

79.816

Cumulative %

46.020

69.096

79.816

45.038

69.021

79.816

44.570

68.958

79.816

Quartimax and Equamax methods in order to obtain the
characters of the factors more evidently. The parameters
should come closer to the axes as close as possible to be
able to provide the orthogonality. Therefore, the transformation of the factors caused to have loads closer to the axes
and more independent from each other. The eigenvalues
and loads obtained as a result of factor transformation are
given in Table 5.

Although much closer values were obtained by each of
the three transformation methods, the values of Equamax
method were taken into consideration. While the changes
in streamflow, EC, sodium and calcium+magnesium parameters were not so much higher, some amount of increase was observed for pH, carbonate, chloride and sulfate
parameters. Furthermore, the load of the potassium parameter increased in favor of the 2nd factor, and boron parameter exceeded the significance level of 0.6 and took place
among the descriptive parameters of the 2nd factor.
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It can be concluded as a favorable result for the factor
transformation process that all the parameters were included into any of the factors by taking significant values.
Additionally, the variables having descriptive values in
factors 1, 2 and 3 are grouped in Table 6, and it was observed that all the parameters except streamflow and temperature took place for factors 1 or 2. In Fig. 4, the clustering of the variables under which factor they reflect their
character is presented to form and give idea about the visual structure that became more orthogonal as a result of the
parameter transformation.

TABLE 6 - The descriptive parameters in factors 1, 2 and 3
Factors
2

1

3
Streamflow
Temperature

pH
EC
Na+
K+
2+

(Ca+Mg)

(CO3)2Cl(SO4)2SAR
B

The descriptive parameters for the 2nd factor were pH,
potassium, carbonate and boron. The largest loads on the
2nd factor that describes the 24% of the cumulative variance
belong to the carbonate (0.94) and pH (0.817) parameters.
Having these two variables together especially reminds the
alkalinity, acidity and basicity properties. As it is known,
alkalinity has high level relationship with these variables,
the 2nd factor can be said to be the expression of acidity,
basicity and alkalinity of the rivers.

FIGURE 4 - The locations of the loads corresponding to the three factors as a result of Equamax transformation method

Consequently, the transformation of the factors using
Equamax transformation method resulted in having more
independent variables in comparison to the preceding
form. When the descriptive parameters given in Table 6 for
these factors are examined, most of the parameters that especially exist in water as ions are observed to get clustered
under the 1st factor where the existence of electrical conductivity variable indicates the power of ion character of
the 1st factor. On the other hand, it is important that the 1st
factor represents approximately the half (45%, after transformation) of the cumulative variance. The gathering of
most of the parameters under this ratio proves that the 1st
factor is the largest and the most significant factor representing the environmental effects. The high-level ion relation between the parameters setting the character of 1st factor can be seen in the correlation matrix given in Table 2.
The supporting studies for the results obtained for the
1st factor of this study are performed by Boyacıoğlu [24]
that had the conclusion of the gathering of EC, sodium and
sulfate parameters under the 1st factor describing the largest
part (≈ 64%) of the variance and by Şengörür et al. [28]
that had the result of the gathering of sulfate, sodium and
magnesium variables under the 1st factor describing the
largest part of the variance.

When the size of the study area is taken into consideration, it is not easy to say anything about the source of the
2nd factor. However, the boron parameter taking meaning
by the aid of the carbonate parameter with maximum load
caused that the geological structure of the region is becoming the 2nd great factor affecting the water quality of the
river by dissolution. In a similar study [14], it was concluded that the sedimentation period occurring with respect
to the magnitude of the streamflow had effect on the 2nd
great factor.
The 3rd factor is just like the continuation of the condition that draws attention also in the correlation matrix. The
streamflow and temperature variables of the 3rd factor did
not set any significant relationship with the other parameters in the correlation matrix given in Table 2. This situation can be described as the streamflow and temperature
parameters are mostly affected from the climatic and hydrologic events. Moreover, the other parameters not having
any relationship with temperature and streamflow variables can be explained as they progress their interrelations
partially or completely independent from temperature and
streamflow variables. Consequently, the 3rd factor was
named as the climatic and hydrologic effects.
The factor values matrix in which the score values of
the individuals (members) exist was obtained by the multiplication of the factor values coefficients matrix with the
standardized data matrix. The factor values coefficients
matrix (after transforming the factors) necessary for the determination of the score values of the factors is shown in
Table 7.
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TABLE 7 - Coefficient matrix of factor values
Factors

Variables
Streamflow
Temperature
pH
EC
Na+
K+
(Ca+Mg)2+
(CO3)2Cl(SO4)2SAR
B

1

2

3

-0.010
-0.021
-0.093
0.186
0.191
-0.002
0.152
-0.058
0.212
0.193
0.153
-0.053

-0.098
0.036
0.317
-0.018
-0.031
0.271
0.004
0.350
-0.106
-0.068
0.039
0.266

0.631
0.589
0.086
0.012
-0.054
-0.053
0.098
-0.005
-0.016
0.024
-0.068
-0.100

The score values, i.e. the values of the individuals
(members) of the factors, were determined after the factor
values coefficients matrix was obtained. The score values
of the stations used for the study are shown in descending
order with respect to the factors in Table 8 for the 1st factor,
in Table 9 for the 2nd factor and in Table 10 for the 3rd factor. The sequence numbers of the stations existing in the
related factor with respect to the score values are given in
Fig. 5 for the 1st factor, in Fig. 6 for the 2nd factor and in
Fig. 7 for the 3rd factor.
When the score values of the 1st factor are taken into
consideration, the first five stations with the largest score
values and the last five stations with the smallest score values can be ordered as 1535, 112, 1501, 1503, 1517 and
1611, 2610, 917, 902, 812, respectively (Table 8). Here, a
significant result especially for the Kızılırmak Basin (Basin
No.15) was obtained; four stations selected for the
Kızılırmak Basin lied at the top sequences of the score val-

ues’ order for the 1st factor. It is a thought-provoking development that the contamination news about the aforementioned basin frequently came to order especially in recent years.
On the other hand, the stations in the front rank with
respect to their score values for the 2nd factor can be listed
as No. 523, 2505, 112, 518 and 302, and the No. of stations
at the last rank are 2321, 1535, 2218, 2180 and 2232.
According to the order of the stations given in Table 10
with respect to the score values; the stations 2004, 2102,
2633, 1818 and 2174 are in the first five sequences, and the
stations 2304, 2176, 2505, 2321 and 2180 are in the last
five sequences. The significant effect of the 3rd factor can
be seen especially in the central and eastern Mediterranean
basins, while they are at the last sequences for the 1st and
2nd factors. Additionally, it is observed in the last ten sequences of the 3rd factor that all of the stations are clustered
in the northeastern part of Turkey, i.e. at the Eastern Black
Sea, Çoruh, Aras and Central Euphrates basins. The western
part stations (No. 3, 5, 12, 15 and 18 basins) of the 1st factor
had larger score values in comparison to the other stations.
Consequently, the selected stations presented similar
behaviors at certain regions. In the 2nd factor, the stations
mostly differentiated in the east-west and north-south directions. The stations in the eastern (No. 25, 26 and partly
21 basins) and western (No. 1, 3, 5, 7, 12 and partly 13 basins)
parts of Turkey had higher score values for the 2nd factor in
comparison to the stations in the northern (No. 22 and
partly 13 basins) and southern (No. 9, 17, 18, 20 and partly
21 basins) parts of the country.
When the score values of the stations are examined for
the 3rd factor, the stations in the western (No. 1, 3, 5, 7 and
8 basins), southern (No. 9, 17, 18, 19, 20 and 21 basins) and
southeastern (Lower Euphrates and partly Upper Euphrates

TABLE 8 - Score values of the stations for the 1st factor
Order
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Station
Number
1535
112
1501
1503
1517
706
1907
2325
523
1257
113
518
2329
1203
1108
2323
2174

Score
Value
6.038
2.737
2.557
2.098
1.439
1.217
0.617
0.343
0.241
0.206
0.152
0.146
0.125
0.055
-0.030
-0.052
-0.089

Order
No
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Station
Number
701
331
103
2145
1314
1413
2156
2004
1233
1332
2102
1826
316
317
1335
1818
2180

Score
Value
-0.102
-0.114
-0.122
-0.138
-0.168
-0.183
-0.208
-0.271
-0.274
-0.286
-0.288
-0.294
-0.295
-0.309
-0.313
-0.321
-0.336

Order
No
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

119

Station
Number
2321
1401
1334
2119
2304
2633
2505
1343
2228
1714
1719
2218
2154
2008
2232
2025
2511

Score
Value
-0.342
-0.342
-0.347
-0.353
-0.358
-0.365
-0.380
-0.383
-0.387
-0.389
-0.391
-0.391
-0.393
-0.393
-0.393
-0.397
-0.406

Order
No
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

Station
Number
2176
2247
2334
2164
2418
1307
2006
2630
815
2115
302
1611
2610
917
902
812

Score
Value
-0.409
-0.414
-0.432
-0.435
-0.439
-0.440
-0.447
-0.456
-0.459
-0.475
-0.479
-0.488
-0.494
-0.499
-0.501
-0.503
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TABLE 9 - Score values of the stations for the 2nd factor
Order
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Station
Number
523
2505
112
518
302
706
2325
2154
2329
1334
316
317
1413
2119
812
113
1203

Score
Value
3.677
2.488
1.987
1.837
1.671
1.645
1.501
1.220
1.163
1.134
1.099
0.895
0.730
0.728
0.611
0.402
0.365

Order
No
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Station
Number
1108
331
2323
1907
1517
1257
2630
2418
2174
1314
2102
1335
2610
2511
1401
2164
1233

Score
Value
0.275
0.273
0.262
0.177
0.129
0.121
0.092
0.089
0.086
0.045
0.023
-0.030
-0.032
-0.064
-0.133
-0.184
-0.200

Order
No
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

Station
Number
2176
2004
1307
815
1611
2156
1343
701
2006
1503
2145
902
2304
2008
1826
2228
2633

Score
Value
-0.203
-0.245
-0.265
-0.305
-0.324
-0.350
-0.363
-0.398
-0.419
-0.441
-0.450
-0.506
-0.567
-0.576
-0.602
-0.648
-0.653

Order
No
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

Station
Number
2025
2115
917
1332
1818
1714
2334
2247
1719
103
1501
2321
1535
2218
2180
2232

Score
Value
-0.680
-0.690
-0.690
-0.706
-0.748
-0.749
-0.847
-0.903
-0.920
-0.956
-1.392
-1.456
-1.464
-1.489
-1.515
-1.561

Order
No
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

Station
Number
1343
2025
2329
2334
1108
2228
2325
2418
2218
2232
2154
2304
2176
2505
2321
2180

Score
Value
-0.880
-0.887
-0.944
-0.979
-1.015
-1.019
-1.138
-1.242
-1.259
-1.263
-1.272
-1.285
-1.304
-1.343
-1.431
-2.039

TABLE 10 - Score values of the stations for the 3rd factor
Order
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Station
Number
2004
2102
2633
1818
2174
103
1257
1714
2156
1907
317
706
2008
902
1335
2115
518

Score
Value
2.513
2.462
1.919
1.810
1.677
1.627
1.382
1.371
1.004
0.998
0.966
0.884
0.877
0.849
0.833
0.797
0.693

Order
No
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Station
Number
815
812
1719
1826
917
701
1501
1413
302
1401
316
2610
113
331
2119
523
2145

Score
Value
0.690
0.647
0.431
0.427
0.409
0.308
0.229
0.208
0.203
0.177
0.147
0.093
0.089
0.047
0.024
-0.038
-0.046

Order
No
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

120

Station
Number
1503
1314
2247
2164
1535
1233
1334
1203
1332
112
1611
2630
2323
1517
2511
2006
1307

Score
Value
-0.087
-0.108
-0.115
-0.184
-0.200
-0.379
-0.392
-0.396
-0.403
-0.428
-0.445
-0.633
-0.645
-0.652
-0.714
-0.777
-0.849
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FIGURE 5 - The stations displayed for the 1st factor according to their score values

FIGURE 6 - The stations displayed for the 2nd factor according to their score values
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FIGURE 7 - The stations displayed for the 3rd factor according to their score values

basins) parts of the country had higher score values in comparison to the stations in the northern (No. 13, 22 and 23 basins), central (No. 12 and 15 basins) and eastern (No. 24, 25
and partly Central Euphrates basins) parts of Turkey. The
highest score values especially observed in the southern and
southeastern parts of the country become more meaningful
when they are evaluated together with the regular streamflow characteristics [38] observed in these regions.

studies will help to make decisions about increasing the
number of domestic and industrial sewage treatment plants
and the application of advanced refining technologies according to the assimilation capacity of the receiving environment in sensitive regions. Additionally, this study will
lead about the necessity of appropriate management and
inspection for the existing facilities.
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In this study, it was observed evidently that especially
the first factor had a significant place in describing the water quality by the effect of its share in expressing the variance and the characters of the descriptive parameters included in it. Therefore, the detailed investigations on the
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the modeling studies performed against contaminations
can benefit from the reduced parameters of this study. As a
precaution against contamination, determining the contamination sources perfectly and discharging them into the rivers after the refining processes performed in treatment
plants etc. can be applied with more attention especially in
the regions with high contamination ratios. This type of
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MORPHOLOGICAL RESPONSE AND ION REGULATION IN
MAIZE (ZEA MAYS L.) VARIETIES UNDER SALT STRESS
Alpaslan Kusvuran1,*, Sevinc Uslu Kiran2, Recep Irfan Nazli3 and Sebnem Kusvuran1
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ABSTRACT
A screening study was conducted in order to determine
the genotypic differences of 20 maize varieties, and to
evaluate the mechanism of ion regulation under salt stress
conditions. The study was arranged in a completely randomized plot design with 4 replications under controlled
conditions in 2013. Seeds were planted in plastic pots with a
mixture of peat:perlite at a ratio of 2:1. At 27 days after sowing, the salt (NaCl) treatment was started.
The varieties were classified according to the severity
of the leaf damage symptoms, using symptoms score of 1-5.
The fresh and dry shoot weights, fresh and dry root weight,
leaf number, plant height, stem diameter, relative water
content, and the shoot and root concentrations of sodium,
potassium, calcium, and chlorine were also investigated.
The varieties exposed to 250 mM NaCl application developed different mechanisms to be protected against toxic effects of Na ion. Salt tolerant varieties limited Na accumulation and acted selectively among ions. K and Ca concentrations were high in shoot and root in which Na concentration was low, and tolerant varieties had higher K/Na and
Ca/Na ratios than sensitive varieties.
In conclusion, the maize varieties showed a wide variation in their response to salt stress. Reliable and effective
screening parameters, such as scale, shoot and root freshdry weight, ion content, for determination of salt tolerance
level of the maize varieties were discussed.
Overall findings suggest that PG 1661, Ada 523, Colonia, PG Pasha, and PG 1610 varieties were more tolerant varieties than the other ones.
KEYWORDS:
Maize, NaCl, Potassium, Resistance, Salinity, Screening

and productivity worldwide. Salt stress changes the morphological, physiological, and biochemical responses of
plants [1]. The symptoms of salt damage in plants changes
in according to the species. Salinity is a factor that affects
the whole metabolism of plant as well as its morphology
and anatomy.
Some nutritional disturbances are expected under saline
condition, resulting in low ratios of calcium (Ca)/sodium
(Na) and potassium (K)/Na. In the presence of excess salt
(NaCl) in the medium, Na and chlorine (Cl) are accumulated in the plant organs, and these saline ions can affect
the uptake of other mineral elements through competitive
interactions or by affecting the ion selectivity of membranes, which cause nutrient deficiencies in the plants [2].
High salt concentrations in the external solution of the plants
cells cause several deleterious effects. Ionic imbalance is the
first consequence of salt stress. An increased concentration
of Na and Cl under salt stress is detrimental to several cellular systems. There is a negative relationship between the
Na and K levels in the roots and leaves of most plants [3].
The selective uptake of K as opposed to Na is anticipated to be one of the essential physiological mechanisms
contributing to salt tolerance in many plant species [3,4].
High salt concentrations restrict Ca uptake and cause its
deficiencies. Ca plays a crucial role in controlling cell membrane permeability and selectivity. In a salinity-induced Ca
deficiency, the ion uptake and osmoregulation of plants are
imbalanced and ion toxicity, osmotic stress, and nutritional
disruption occurs [2,5,6].
The aim of this research was to determine the mechanism of ion regulation in maize and exploring whether there
are any relations between the ion accumulation levels and
saline tolerance. Therefore these results could be used in a
breeding program aimed at increasing the salt tolerance of
maize.

1. INTRODUCTION

2. MATERIALS AND METHODS

Salinity is one of the most important environmental
factors that causes reduced plant growth, development,
* Corresponding author

2.1 Plant material and experimental conditions

In this study, 20 maize varieties (Larigal, Cadiz F1,
Kompozit Arifiye, Sancia, Carella F1, RX 9292, NK Arma,
NK Gigantic, Otello, NK Famoso, Sakarya, Donana, Ada
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523, Colonia, PG 1610, PG 1661, PG Pasha, OSSK 644,
Prestige, and Hido), which are commonly grown as silage
under Mediterranean climate conditions, were used to determine their differences in response to salt stress (Table
1) at the Kizilirmak Vocational High School of Cankiri
Karatekin University, in 2013. The seeds were planted in
plastic pots (dimensions: 61 cm high, and circumference of
19 cm at top, and 17 cm at the bottom) and germinated in
a mixture of peat:perlite at a ratio of 2:1 under controlled
conditions. At 27 days after sowing (3-4 true leaf stage),
the salt treatment was started and the NaCl concentration
was increased at an increment of 50 mM per day until a final
concentration of 250 mM was achieved.
Two treatments, salt stress and control, were performed
with 4 replications and 4 plants in each replicate. The maize
plants were subjected to 250 mM NaCl for 30 days. The control plants were maintained for the same period of time on
non-salinized medium. On day 30, the maize plants were
classified for their salt tolerance according to the severity
of the leaf damage symptoms, using a symptom score of 15. Most likely, salt toxicity was responsible for the occurrence of the leaf damage. The severity of leaf symptoms in
the score was ranked as follows: (1) no symptoms or very
slight, (2) slightly yellowing and/or wilting, (3) moderately
yellowing and/or wilting, (4) mostly (50-80%) wilting and
drying, and (5) very severe or completely damaging [2,7].
Responses of the maize varieties to salt stress were evaluated using some plant growth parameters such as shoot dry
weight, root dry weight, leaf number, plant height and plant
stem diameter [8]. The relative water content (RWC) [9] and
ion concentrations in the shoot, such as Na, K, Ca, and Cl,
were also studied.

2.2 Determination of the ion content

For ion determination, the plants were harvested and
dried at 65°C for 48 h. The root, shoot, first 2 old, and
young leaves of were burned at 550 °C, and dissolved in
1% (v/v) hydrochloric acid, and then analyzed for Na, K,
and Ca using an atomic absorption spectrometer (Varian
Spectra AA 220 FS). The shoot and root Cl concentration
was determined using the Mohr method [7].
2.3 Statistical analysis

The experiment was designed as a completely randomized plot design with 4 replicates. The data were analyzed
statistically and the means of each treatment were analyzed
using the JUMP statistical software, version 5.1 (SAS Institute, Inc., Cary, NC, USA), and where the difference between the treatments was significant, this difference was
compared using the Duncan multiple comparison method.
3. RESULTS
The stress responses of the maize varieties were evaluated during the early plant development stage. The maize
varieties showed a large variation in their tolerance to salt
stress. As judged from the visual appearance based on the
leaf symptoms, among the 20 varieties screened, the 5 most
tolerant varieties were PG 1661, Ada 523, Colonia, PG Pasha, and PG 1610, with leaf damage scores from 1.0 to 1.67
(Table 1). Most of the varieties were moderately affected
by the salt treatment and showed mild tolerance with
scores between 2.33 and 3.67. The remaining 4 varieties were the most susceptible, with

TABLE 1 - The scala and plant growth parameters of maize varieties grown in saline and control conditions.

Variety

Scala

Larigal
Cadiz F1
KompozitArifiye
Sancia
Carella F1
RX 9292
NK Arma
NK Gigantic
Otello
NK Famoso
Sakarya
Donana
Ada 523
Colonia
PG 1610
PG 1661
PG Pasha
OSSK 644
Prestige
Hido

4.00 bc
3.33 c-e
4.33 ab
4.00 bc
3.66 b-d
3.33 c-e
3.33 c-e
3.00 d-f
3.33 c-e
2.66 e-f
3.00 d-f
2.33 fg
1.33 h
1.33 h
1.66 gh
1.00 h
1.33 h
2.33 fg
3.33 c-e
5.00 a

Shoot Fresh Weight
(g)
250 mM Difference
0 mM
NaCl
%
75.88 i 16.70 p-r
-77.99
76.56 i 22.40 mn
-70.73
110.01 b 21.51 no
-80.45
85.22 fg 14.16 r-t
-83.38
89.12 ef 22.50 mn
-74.75
97.06 c 19.44 n-p
-79.97
83.93 g 17.76 o-r
-78.84
78.69 hi 16.82 p-r
-78.61
88.78 ef 18.77 n-q
-78.85
82.21 gh 22.57 mn
-72.53
85.38 fg 16.35 p-s
-80.84
110.38 b 21.43 no
-80.59
78.79 hi 30.94 l
-60.73
92.32 de 25.43 m
-72.45
91.88 de 30.02 l
-67.33
120.19 a 95.28 cd
-20.73
95.48 cd 30.62 l
-67.92
53.93 k 14.94 q-s
-72.30
63.79 j 12.58 st
-80.26
65.38 j 10.60 t
-83.79

Shoot Dry Weight
(g)
250 mM Difference
0 mM
NaCl
%
14.04 a 5.15 m-o -63.32
10.69 d-g 4.31 p-t
-59.68
12.80 b
3.97 r-u
-68.98
10.91 d-f 3.54 t-v
-67.55
12.03 bc 4.13 q-t
-65.61
8.90 h
3.72 s-u
-58.14
10.38 e-g 4.45 o-s
-57.03
9.94 g
4.92 n-q -50.50
10.47 e-g 3.64 s-u
-65.33
9.92 g
4.91 n-q -50.50
9.89 g
3.23 uv
-67.37
10.43 e-g 4.36 o-t
-58.10
10.10 fg 4.72 o-r
-53.27
11.02 de 6.59 kl
-40.20
10.93 d-f 5.95 lm
-45.56
8.59 h
5.04 n-p -41.40
11.35 cd 5.62 mn
-50.53
6.91 jk 3.22 uv
-53.40
7.62 ij 3.14 uv
-58.79
8.45 hi 2.73 v
-67.69

Shoot Height
(cm)
250 mM Difference
0 mM
NaCl
%
76.66 kl 46.33 r
-39.57
81.66 ij 61.00 q
-25.31
100.00 de 77.33 j-l
-22.67
92.33 gh 61.33 q
-33.58
93.33 f-h 61.00 q
-34.64
89.66 h 67.00 p
-25.28
100.66 de 76.00 k-m
-24.51
104.00 b-d 74.33 l-n
-28.53
101.00 c-e 68.33 op
-32.35
97.66 ef 70.33 n-p
-27.99
110.00 a 69.33 op
-36.97
104.33 b-d 71.66 m-o
-31.30
106.66 ab 79.33 i-k
-25.63
105.33 bc 79.00 i-k
-25.00
107.33 ab 80.33 i-k
-25.16
103.15 b-d 82.33 i
-20.18
103.00 b-d 80.33 i-k
-22.01
95.33 fg 68.33 op
-28.32
90.00 h 69.66 op
-22.59
76.33 kl 42.66 r
-44.10

Numbers followed by the same letters within a column do not differ at the 0.05 level of significance.
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0 mM
15.66 b-e
16.23bc
16.56 b
14.42 d-g
14.48 d-g
15.78 b-d
15.04 c-f
14.23 e-g
16.40 bc
14.66 d-g
13.96 fg
14.96 c-g
13.53 gh
15.51 b-e
14.95 c-g
19.67 a
14.47 d-g
13.59 f-h
15.56 b-e
14.03 fg

Shoot Diameter
(mm)
250 mM Difference
NaCl
%
10.59 j-o
-32.42
10.61 j-o
-34.63
11.12 i-n
-32.85
9.06 p-r
-37.17
10.11 k-q
-30.23
10.99 i-n
-30.35
7.89 r
-47.57
11.19 i-m
-21.36
9.79 m-q
-40.34
11.56 i-k
-21.08
8.71 qr
-37.65
12.02 ij
-19.64
9.68 n-q
-28.38
10.20 k-p
-34.17
9.78 m-q
-34.52
12.39 hi
-37.01
11.35 i-l
-21.56
9.96 l-q
-26.71
9.26 o-r
-40.46
6.28 s
-55.17
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TABLE 2 - The RWC, leaf number, root fresh and dry weight of maize varieties grown in saline and control conditions.

Variety
Larigal
Cadiz F1
Kompozit Arifiye
Sancia
Carella F1
RX 9292
NK Arma
NK Gigantic
Otello
NK Famoso
Sakarya
Donana
Ada 523
Colonia
PG 1610
PG 1661
PG Pasha
OSSK 644
Prestige
Hido

Relative Water Content (RWC)
(%)
250 mM Difference
0 mM
NaCl
%
75.47 d-h 33.11 m-o
-56.13
117.08 a
60.41 h-k
-48.40
80.28 c-h 33.66 m-o
-58.07
87.72 b-e 25.61 no
-70.79
79.78 c-h 36.31 l-o
-54.47
63.88 g-j 35.73 l-o
-44.08
77.78 c-h 32.87 m-o
-57.75
85.05 b-f 43.21 j-n
-49.20
92.98 b-d 36.66 l-o
-60.58
82.53 c-g 43.86 j-n
-46.86
91.05 b-d 67.81 e-i
-25.88
81.96 c-g 37.54 l-o
-54.20
80.44 c-h 30.52 m-o
-62.06
84.86 b-f 41.97 k-n
-50.54
85.54 b-f 49.01 i-m
-42.70
80.94 c-h 54.69 i-l
-32.45
105.10 ab 66.37 f-i
-36.85
85.79 b-f 463.62 i-m
-42.17
97.61 a-c 25.07 no
-74.31
86.01 b-f 20.66 o
-75.97

Leaf Number
(number plant-1)
250 mM Difference
0 mM
NaCl
%
8.00 ab
4.33 gh -45.88
8.33 ab 5.00 e-h -39.98
8.33 ab
4.66 f-h -43.94
8.00 ab
4.00 h -50.00
8.33 ab 4.33 g-h -48.02
7.67 bc
4.33 gh -43.55
8.33 ab
4.66 f-h -43.94
8.33 ab
4.66 f-h -43.94
8.00 ab 5.00 e-h -37.50
8.00 ab
4.66 f-h -41.63
8.33 ab
4.66 f-h -43.94
9.00 a
5.33 e-g -40.78
7.33 bc 5.00 e-h -31.79
8.00 ab 5.00 e-h -37.50
8.33 ab 5.00 e-h -39.98
8.00 ab
5.67 d-f -29.13
8.00 ab 5.33 e-g -33.38
6.67 cd
4.33 gh -35.08
8.00 ab
4.33 gh -45.88
6.00 de
2.66 i
-55.50

Root Fresh Weight
(g)
250 mM Difference
0 mM
NaCl
%
24.58 cd
11.37 p-s
-53.74
21.84 ef
13.06 n-p
-40.23
19.52 fg
12.14 p-r
-37.84
30.27 b
9.55 rs
-68.43
24.29 de
16.76 h-j
-31.03
17.99 g-i
13.08 k-p
-22.86
15.16 j-o
11.75 p-r
-22.43
15.85 i-l
11.46 p-s
-27.63
24.61 cd
12.94 n-p
-47.38
16.02 i-k
13.06 n-p
-18.41
13.19 m-p 9.72 rs
-26.23
39.35 a
18.94 gh
-51.84
15.41 i-n
12.46 pq
-19.08
15.93 i-l
13.81 k-p
-13.36
26.12 cd
15.77 i-m
-39.61
24.83 cd
19.03 gh
-23.32
24.66 cd
17.70 g-j
-28.25
12.59 o-q
10.10 q-s
-19.84
20.01 fg
13.53 l-p
-32.38
27.08 c
8.85 s
-67.28

Root Dry Weight
(g)
250 mM Difference
0 mM
NaCl
%
3.81 bc
2.08
-45.14
2.96 d-h
1.66 m-q
-44.11
3.15 d-g
1.45 pq
-53.65
4.33 ab
1.38 q
-67.97
4.14 b
2.41 h-k
-41.93
2.72 f-i
1.78 l-q
-34.60
2.93 d-h
1.95 k-q
-33.11
3.38 c-e
1.97 k-q
-41.72
3.34 c-e
1.65 m-q
-50.60
3.32 c-f
2.03 j-p
-38.86
2.38 h-l
1.52 n-q
-36.13
4.80 a
1.76 m-q
-63.20
2.64 g-j
2.13 i-n
-18.94
2.16 i-m
1.88 k-q
-12.96
3.89 bc
2.02 k-p
-47.81
4.35 ab
2.95 d-h
-32.34
4.90 a
2.87 e-h
-41.22
2.24 i-m
1.49 o-q
-33.33
3.53 cd
1.79 l-q
-49.29
3.52 cd
1.60 m-q
-54.55

Numbers followed by the same letters within a column do not differ at the 0.05 level of significance.

scores between 4 and 5 (Larigal, Sancia, Kompozit Arifiye,
and Hido) (Table 1).
The effects of salt stress on the shoot and root fresh
and dry weights of maize varieties were evaluated. A concentration of 250 mM NaCl induced growth a reduction in
all of the maize varieties. The shoot fresh weight in the
control and saline conditions were 86.25 and 24.04 g plant1
, respectively. There was a decrease of 72% in the shoot
fresh weight and 57% in the shoot dry weight of the salt
stressed plants in comparison to the control. Moreover, the
root fresh and dry weights of the maize varieties in the control and under saline conditions, on average, were 21.46
and 13.29, and 3.42 and 1.92, respectively. There was a decrease of 38% in the root fresh weight and 44% in the root
dry weight of the salt-stressed plants in comparison to the
control. The salt tolerant and salt-sensitive varieties
showed different development patterns (Table 1 and Table
2). While the sensitive varieties Larigal, Sancia, Kompozit
Arifiye, and Hido, had high reductions in the shoot fresh
and dry weights (83% and 68% decrease, respectively), the
fresh and dry weights of the tolerant varieties, PG 1661,
Ada 523, Colonia, PG Pasha, and PG 1610, decreased less
in comparison to the control plants (49.50% and 42.38%,
respectively).
The plant heights and stem diameters of the maize varieties grown with NaCl reduced. The Hido, Larigal, Sakarya, and Carella F1 varieties had low values (34%-44%
reduced) and the PG 1661, PG Pasha, Prestige, and Donana
had relatively high plant heights and stem diameters (19%21% reduced) (Table 1).
The leaf number of the maize varieties was also significantly affected by the salt treatment. The leaf numbers of

the PG 1661, Ada 523, PG Pasha, and OSSK 644 varieties
were higher (29%-35% decreasing) than those of the Hido,
Sancia, Carella F1, and Larigal varieties under saline conditions (45%-55% reduced) (Table 2). Leaf RWC was significantly reduced under salt stress compared to the control,
with, on average, 86.12% and 41.23% for the control and
250 mM NaCl, respectively (Table 2). The RWC of the tolerant varieties, such as PG 1661, PG Pasha, and PG 1610,
decreased between 32% and 40% than that of the sensitive
varieties Sancia and Hido (74% and 75%, respectively).
The shoot and root Na concentrations of all the varieties
increased in response to salinity (Table 3 and Table 5). By
comparing the shoot and root, a significant maximum Na
concentration was found in the expanded shoot tissue. The
average Na concentrations of the varieties in the control and
under saline conditions were 0.24% and 5.26% in the shoot
and 0.19% and 3.51% in the root, respectively. The Na concentrations were lower in the tolerant varieties that had
lower scale values than in the sensitive varieties. The sensitive varieties, such as Hido, Largial, and Sancia, on average,
had a 2204%-4565% increase in the shoot and root Na concentrations compared to the control plants, while the tolerant
varieties, Ada 523, PG 1661, and OSSK 644, had a 579%2058% increase in the shoot and root organs.
The mean K concentrations of the 20 varieties in saline
and non-saline control conditions were 1.53% and 2.25%,
respectively (Table 3 and Table 5). Salinity was accompanied by a corresponding reduction in the K concentrations.
This reduction was greater in the sensitive varieties than in
the tolerant ones, and was more conspicuous in the roots.
Salt-sensitive varieties Kompozit Arifiye, Sancia, and Hido,
showed a decreased K accumulation of 41%-76%. How-
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ever, the Ada 523, PG Pasha, Donana, and NK Famoso had
8%-35% decreased in the leaves and roots K contents. The
K accumulation was high in organs in which the Na concentration was low, and vice versa. The Na concentration
was high in the old leaves and roots of the sensitive varieties, which was contrary to the K content. The K accumulation in sensitive varieties, which were Kompozit Arifiye,
Sanica, and Hido, lower in shoot and root compared to tol-

erant varieties. In the presence of salinity, the tolerant varieties had significantly higher K/Na ratios than the sensitive varieties in the shoots and roots (Table 4 and Table 6).
Ca concentrations revealed a significant reduction
in the shoots and roots under salt treatment compared
with their respective controls (Table 3 and Table 5). This
reduction in the Ca concentrations compared with the con-

TABLE 3 - The shoot Na, K and Ca concentration of maize varieties grown in saline and control conditions.

Variety

0 mM

Larigal
Cadiz F1
Kompozit Arifiye
Sancia
Carella F1
RX 9292
NK Arma
NK Gigantic
Otello
NK Famoso
Sakarya
Donana
Ada 523
Colonia
PG 1610
PG 1661
PG Pasha
OSSK 644
Prestige
Hido

0.20 k
0.22 k
0.17 k
0.22 k
0.20 k
0.18 k
0.13 k
0.18 k
0.20 k
0.16 k
0.99 j
0.29 k
0.35 k
0.17 k
0.22 k
0.12 k
0.24 k
0.27 k
0.15 k
0.16 k

Shoot Na (%)
250 mM
Difference
NaCl
%
5.57 c
2690
5.41 cd
2364
5.29 cd
2839
4.51 fg
1861
5.01 de
2286
4.42 fg
2361
6.53 b
4564
5.17 cd
2778
6.54 b
3014
6.82 b
4169
6.71 b
579
6.42 b
2117
3.93 h
1023
6.54 b
3747
4.07 gh
1674
2.58 i
2058
5.18 cd
2058
4.69 ef
1637
2.24 i
1300
7.41 a
4538

0 mM
2.47 h-k
2.52 f-j
2.46 h-k
2.04 mn
2.13 m
2.12 m
2.76 b-h
2.79 b-g
2.73 b-h
3.00 b
3.02 b
2.73 b-h
2.95 bc
2.49 f-k
2.87 b-d
2.50 f-k
2.84 b-e
2.89 bc
2.81 b-f
2.56 d-i

Shoot K (%)
250 mM
NaCl
2.20 k-m
2.01 mn
1.44 p
1.65 op
1.79 no
2.02 mn
2.52 f-j
2.64 c-h
2.20 k-m
2.45 h-l
2.53 e-j
2.49 g-k
2.23 j-m
2.07 mn
2.50 f-k
2.27 i-m
3.48 a
2.14 lm
1.97 mn
1.52 op

Difference
%
-10.93
-20.24
-41.46
-19.12
-15.96
-4.72
-8.70
-5.38
-19.41
-18.33
-16.23
-8.79
-24.41
-16.80
-12.89
-9.20
22.54
-25.95
-29.89
-40.63

0 mM
3.22 b-d
2.75 e-i
2.72 e-i
2.82 d-g
2.20 k-o
2.68 g-j
2.78 e-h
3.98 a
2.65 g-j
3.13 c-e
3.10 c-f
2.70 f-i
2.27 j-n
3.91 a
3.60 ab
2.10 l-o
3.25 bc
2.23 k-o
2.58 g-k
4.13 a

Shoot Ca (%)
250 mM
NaCl
2.22 k-o
2.40 h-m
2.00 m-p
1.65 p-r
1.55 qr
2.20 k-o
1.93 n-q
1.83 o-r
1.99 m-p
2.45 g-l
2.03 m-p
1.86 o-r
1.92 n-q
2.75 e-i
2.50 g-l
1.55 qr
2.61 g-k
1.95 m-p
1.50 r
2.35 i-m

Difference
%
-30.96
-12.73
-26.74
-41.70
-29.55
-17.91
-30.58
-54.02
-24.91
-21.73
-34.52
-31.11
-15.79
-29.67
-30.56
-26.19
-19.69
-12.56
-41.86
-43.10

Numbers followed by the same letters within a column do not differ at the 0.05 level of significance.

TABLE 4 - The shoot K/Na, Ca/Na, and Cl concentration of maize varieties grown in saline and control conditions.

Variety
Larigal
Cadiz F1
Kompozit Arifiye
Sancia
Carella F1
RX 9292
NK Arma
NK Gigantic
Otello
NK Famoso
Sakarya
Donana
Ada 523
Colonia
PG 1610
PG 1661
PG Pasha
OSSK 644
Prestige
Hido

0 mM
12.58 g-j
11.31 h-l
13.78 e-h
8.95 lm
10.18 j-m
11.69 h-l
20.24 ab
14.55 e-g
13.14 f-i
18.62 a-c
5.94 n
9.70 k-m
8.33 mn
15.83 d-f
13.00 g-j
20.75 a
11.77 g-k
10.65 i-m
17.83 b-d
16.02 c-e

Shoot K/Na ratio
250 mM
Difference
NaCl
%
0.39 o
-96.90
0.37 o
-96.73
0.27 o
-98.04
0.39 o
-95.64
0.36 o
-96.46
0.46 o
-96.07
0.39 o
-98.07
0.54 o
-96.29
0.34 o
-97.41
0.36 o
-98.07
0.45 o
-92.42
0.39 o
-95.98
0.57 o
-93.16
0.32 o
-97.98
0.62 o
-95.23
0.89 o
-95.71
0.68 o
-94.22
0.46 o
-95.68
0.88 o
-95.06
0.21 o
-98.69

0 mM
11.34 d-f
10.77 d-f
11.20 d-f
7.25 g-i
7.41 g-h
12.12 c-e
14.12 bc
10.06 e-f
9.59 f-g
15.20 ab
4.84 i
6.42 hi
5.46 hi
16.93 a
10.97 d-f
12.94 b-d
10.88 d-f
7.44 g-h
9.51 f-g
14.89 ab

Shoot Ca/Na
250 mM
NaCl
0.58 j
0.51 j
0.52 j
0.67 j
0.44 j
0.60 j
0.42 j
0.77 j
0.40 j
0.46 j
0.46 j
0.42 j
0.58 j
0.60 j
0.89 j
0.82 j
0.63 j
0.47 j
1.15 j
0.53 j

Difference
%
-94.89
-95.26
-95.36
-90.76
-94.06
-95.05
-97.03
-92.35
-95.83
-96.97
-90.50
-93.46
-89.38
-96.43
-91.89
-93.66
-94.21
-93.68
-87.91
-96.44

Numbers followed by the same letters within a column do not differ at the 0.05 level of significance.
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0 mM
0.56 m-o
0.57 m-o
0.38 m-o
0.59 mn
0.47 m-o
0.35 m-o
0.17 o
0.35 m-o
0.46 m-o
0.22 no
0.40 m-o
0.49 m-o
0.47 m-o
0.74 m
0.51 m-o
0.61 mn
0.59 mn
0.66 m
0.45 m-o
0.38 m-o

Shoot Cl (%)
250 mM
NaCl
6.64 fg
6.72 e-g
6.53 f-h
6.51 f-h
6.49 gh
6.67 fg
6.20 hi
5.95 ij
8.09 b
7.09 de
7.45 cd
6.57 f-h
4.60 l
7.72 bc
6.02 ij
5.78 j
6.90 ef
6.36 g-i
5.06 k
8.61 a

Difference
%
1088
1079
1621
1005
1281
1756
3344
1603
1621
3123
1720
1216
879
945
1082
8334
1071
849
1024
2166
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TABLE 5 - The root Na, K, and Ca concentration of maize varieties grown in saline and control conditions.

Variety

0 mM

Larigal
Cadiz F1
Kompozit Arifiye
Sancia
Carella F1
RX 9292
NK Arma
NK Gigantic
Otello
NK Famoso
Sakarya
Donana
Ada 523
Colonia
PG 1610
PG 1661
PG Pasha
OSSK 644
Prestige
Hido

0.14 l
0.13 l
0.20 l
0.26 l
0.18 l
0.19 l
0.24 l
0.12 l
0.10 l
0.22 l
0.26 l
0.17 l
0.13 l
0.18 l
0.17 l
0.22 l
0.15 l
0.24 l
0.19 l
0.18 l

Root Na (%)
250 mM
NaCl
3.73 e-g
4.22 c-e
4.40 cd
5.99 a
3.04 hi
4.16 de
3.55 f-h
3.98 d-f
3.49 f-h
3.30 g-i
3.68 e-g
2.80 ij
2.20 k
2.33 jk
2.21 k
2.25 jk
2.21 k
2.47 jk
5.30 b
4.78 bc

Difference
%
2564
3154
1995
2204
1500
2095
1379
2962
3073
1335
1263
1456
1592
1194
1133
923
1281
933
2555
2561

Root K (%)
250 mM
NaCl
0.86 m-q
1.07 j-m
0.81 n-q
0.72 o-q
0.93 l-o
0.81 n-q
0.45 rs
0.64 qr
0.98 k-n
0.87 m-p
0.65 p-r
1.30 hi
1.17 i-k
1.15 i-l
0.76 n-q
1.11 i-l
0.73 o-q
1.06 j-m
0.81 n-q
0.41 s

0 mM
1.8 fg
2.12 b
1.99 b-d
2.00 b-d
2.01 b-d
2.11 bc
1.89 cd
1.63 e-g
2.12 b
1.47 gh
1.56 g
2.55 a
1.83 de
1.99 b-d
1.79 d-f
1.87 d
1.23 ij
2.63 a
1.88 d
1.11 i-l

Difference
%
-51.67
-49.53
-59.30
-64.00
-53.73
-61.14
-76.19
-60.12
-53.77
-40.82
-58.33
-49.02
-35.52
-42.21
-57.54
-52.94
-40.65
-59.70
-48.75
-63.06

0 mM
4.62 bc
3.80 e-h
4.90 b
3.95 d-g
3.50 g-j
3.80 e-h
3.35 h-k
3.85 d-g
2.82 l-p
4.30 cd
5.62 a
4.15 c-e
3.79 e-h
3.60 f-i
3.65 f-i
5.43 a
4.00 d-f
3.65 f-i
3.98 d-g
3.87 d-g

Root Ca (%)
250 mM
NaCl
2.45 o-q
2.74 l-p
3.97 d-g
1.68 r
2.97 k-n
2.76 l-p
2.50 n-q
1.85 r
2.72 l-p
2.77 l-p
3.35 h-k
3.17 i-l
2.90 k-o
2.65 m-p
3.07 i-m
4.55 bc
3.59 f-i
3.20 i-l
2.40 pq
2.12 qr

Difference
%
-47.08
-27.63
-18.94
-57.22
-14.86
-27.37
-25.37
-51.95
-3.53
-35.35
-40.50
-23.37
-23.48
-26.39
-15.62
-16.21
-10.25
-12.33
-39.85
-45.10

Numbers followed by the same letters within a column do not differ at the 0.05 level of significance.

TABLE 6 - The root K/Na, Ca/Na, and Cl concentration of maize varieties grown in saline and control conditions

Variety
Larigal
Cadiz F1
Kompozit Arifiye
Sancia
Carella F1
RX 9292
NK Arma
NK Gigantic
Otello
NK Famoso
Sakarya
Donana
Ada 523
Colonia
PG 1610
PG 1661
PG Pasha
OSSK 644
Prestige
Hido

Root K/Na ratio
250 mM
NaCl
11.27 ef
0.23 n
16.38 b
0.25 n
9.71 g-i
0.19 n
7.57 j-l
0.12 n
10.77 f-h
0.30 n
11.38 ef
0.19 n
7.72 jk
0.13 n
12.58 de
0.16 n
20.08 a
0.28 n
6.41 k-m
0.26 n
5.86 m
0.17 n
14.40 c
0.46 n
13.63 cd
0.54 n
11.05 fg
0.51 n
10.07 f-h
0.34 n
8.41 ij
0.50 n
7.93 j
0.35 n
10.80 f-h
0.42 n
9.46 hi
0.16n
6.16 lm
0.08 n

0 mM

Difference
%
-97.96
-98.47
-98.04
-98.41
-97.21
-98.33
-98.32
-98.73
-98.61
-95.94
-97.10
-96.81
-96.04
-95.38
-96.62
-94.05
-95.59
-96.11
-98.31
-98.70

0 mM
1.24 f-k
0.89 k-p
1.18 f-m
0.66 p-s
1.15 f-n
0.91 i-p
0.64 h-p
0.96 h-p
0.80 m-r
1.30 e-i
1.53 d-f
1.48 d-g
1.73 b-d
1.63 c-e
1.64 c-e
2.46 a
1.93 bc
1.47 d-g
0.75 o-r
0.82 l-r

Root Ca/Na
250 mM
NaCl
0.65 p-s
0.65 p-s
0.96 h-p
0.27 s
0.97 h-p
0.66 p-s
0.70 p-r
0.46 q-s
0.78 n-r
0.84 l-q
0.91 j-p
1.13 g-o
1.33 e-h
1.21 f-l
1.38 d-g
2.07 ab
1.76 b-d
1.29 e-j
0.45 rs
0.45 q-s

Difference
%
-47.58
-26.97
-18.64
-59.09
-15.65
-27.47
9.38
-52.08
-2.50
-35.38
-40.52
-23.65
-23.12
-25.77
-15.85
-15.85
-8.81
-12.24
-40.00
-45.12

0 mM
0.29 l
0.45 kl
0.51 kl
0.62 kl
0.41 kl
0.56 kl
0.78 kl
0.36 kl
0.36 kl
0.70 kl
0.67 kl
0.44 kl
0.60 kl
0.32 l
0.49 kl
0.39 kl
0.50 kl
0.38 kl
0.52 kl
0.51 kl

Root Cl (%)
250 mM
Difference
NaCl
%
5.47 d
1727
7.05 a
14667
6.02 bc
1080
7.34 a
1065
6.01 bc
1366
6.39 b
1023
5.32 de
582
6.28 b
1600
4.86 fg
1250
5.01 ef
617
5.69 cd
738
4.15 hi
822
3.04 j
408
3.96 i
1100
4.46 gh
794
3.37 j
764
4.71 fg
844
4.15 hi
964
6.25 b
1081
6.20 b
1092

Numbers followed by the same letters within a column do not differ at the 0.05 level of significance.

trol was 29% in the shoot tissue and 28% in the roots. The
250 mM NaCl treatment lead to a 41%-57% reduction in
the Prestige, Hido, NK Gigantic, Sancia, and Larigal varieties, and 3%-17% decrease in the OSSK 644, PG Pasha,
Ada 523, Cadiz, F1, and Carella F1 varieties compared
with its control in the shoot and root tissues. The highest
Ca contents with the 250 mM NaCl treatment resulted in
maintaining higher Ca/Na ratios in the maize varieties,
such as PG 1610 and Ada 523, which showed better performance under saline conditions (Table 4 and Table 6).

The mean shoot and root Cl concentrations of the varieties under salt stress and control conditions were 8.61%
and 0.22%, respectively. In the salt-stressed varieties, there
was an increase of 1465% and 1019% (shoot and root) in
the Cl concentrations compared to the control plants, which
was less than the shoot Cl increase under salt stress. The
increase in the Cl concentration was lower than that of the
Na in the varieties (Table 4 and Table 6).
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4. DISCUSSION
Maize (Zea mays L.), one of the most important agricultural crops and is grown worldwide under a wide range
of environmental conditions [10,11], and is being increasingly cultivated in Mediterranean countries. Its cultivation
area is expanding to areas having a high potential for the
accumulation of salts in the soil profile [12]. Since salt
stress involves both osmotic and ionic stresses, growth suppression is directly related to the total concentration of soluble salts and osmotic potential of the soil solution. The
detrimental effect is observed at the whole-plant level, as
the death of plants or a decrease in productivity [13,14].
The authors in [3] indicated that a reduction in growth under saline conditions is a consequence of several physiological responses, including the modification of ionic balance, water status, mineral nutrition, stomatal behavior,
photosynthetic efficiency, and carbon allocation and utilization.
Maize is classified as moderately sensitive to salinity.
There is a significant reduction in the growth and yield for
maize when grown under salt stress conditions [15,16].
Maize varieties with lower shoot Na concentrations had
less shoot damage with a lower leaf symptom score compared to those with higher shoot Na concentrations. Salttolerant plants generally exclude Na from their shoots to
prevent Na toxicity. The authors in [7] indicated that salt
tolerance was inversely correlated with the shoot Na concentrations of the plants, where a control mechanism of absorption, transport and accumulation of toxic ions into the
plant should be involved. In this study, the varieties with
leaf symptom scores of 1 and 2 should have better operating Na exclusion mechanisms than the varieties with leaf
scores of 3, 4, and 5.

The decrease in RWC indicated a loss of turgor that resulted in limited water availability for expansion. The conservation of a high RWC is usually well correlated with
biomass production [9,24].
Salt treatment increased the Na concentrations in all of
the maize varieties. It is understood that one of the most
important reasons for the reduction in growth in different
maize varieties is that the Na ion concentration accumulated more than necessary, at a toxic level. Salt-tolerant
plants generally exclude Na in their shoots and roots to prevent Na toxicity. It was found that in general, there was
more saline tolerance in varieties uptaking less Na ions.
The accumulation of ions in the plant is believed to reduce
the requirement for increased wall extensibility, which otherwise might be required to maintain positive growth and
turgor at low soil water potentials [2,7].
Higher uptake and accumulation of K in the presence
of NaCl is regarded as a better salt tolerance, because that
K plays an important role in stomatal aperture and osmoregulation. Elevated K levels act osmotically, preventing
an Na influx into the roots and shoots [2,7,20], which
shows that K nutrition is disturbed under salt stress due to
a reduction in the deposition rate in growing cells and
changes at the transcript level of several K transporter
genes. Moreover, the authors in [16] indicated that the leaf
ionic composition of all of the maize varieties showed a
significant increase in Na concentrations and a decrease in
K concentrations, and K:Na ratio due to 250 mM NaCl
salinity. In this study, the K concentrations were higher in
the salt-tolerant varieties than in the sensitive ones. Maintenance of high K concentrations in the salt-tolerant varieties
may be one of the mechanisms underlying their superior
salt tolerance [3,14].

High salinity affects plants in 2 main ways: high concentrations of salts in the soil disturb the capacity of roots
to extract water, and high concentrations of salts within the
plant itself can be toxic, resulting in an inhibition of many
physiological and biochemical processes such as nutrient
uptake and assimilation. Together, these effects reduce
plant growth, development, and survival [17]. The foliar
accumulation of Na can inhibit plant growth and development [8,18-20], and a significant decreasing effect by salinity was found in the shoot and root fresh and dry biomass
in maize. Similar results in the literature also indicated the
same [6,21,22]. The varieties showed significant variations
in the shoot and root fresh and dry weights under salt stress.
Salt-tolerant varieties protected their biomass growth,
while some varieties were affected less and grew equally
with the control plants, and no inhibition effects were
caused under saline growth.

The ameliorating effects of Ca play a key role in membrane integrity and control of selective ion uptake and
transport. A high Ca concentration can reduce permeability
to Na, because Ca reduces the accumulation of Na [7,25].
The presence of high Na concentrations in the growth medium disturb the uptake and transport of Ca, and thus plants
with the capability of taking up more Ca from the medium
have higher Ca/Na ratios [26-28]. The salt-tolerant maize
varieties retained the highest Ca content compared to the
sensitive ones (Table 3 and Table 5). Our results showed
that the tolerant maize varieties accumulate more their Ca
concentrations and limited Na intake, thus having higher a
Ca/Na ratio compared the sensitive maize varieties. The
authors in [10] indicated that the Ca uptake decreased with
an increase in the salinity levels in maize hybrids. The
maintenance of Ca acquisition and transport under salt
stress is an important determinant of salinity tolerance
[23,28].

The RWC in leaves is well known as an alternative
measure of plant water status, reflecting the metabolic activity in tissues as a decrease in the RWC indicates a loss
of turgor and results in a limitation in water availability for
the cell extension process [23]. The leaves of maize varieties under salt stress were limited in their RWC (Table 2).

After the saline induction, there was an increase in the
Cl ion in all of the varieties (Table 4 and Table 6). It is
generally known that salt-tolerant plants differ from salt
sensitive ones by their low rate of Na and Cl transport to
the leaves, and their ability to compartmentalize these ions
in vacuoles to prevent their build up in the cytoplasm or
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cell walls, thus avoiding salt toxicity [2,29]. The increased
Cl and Na concentrations in the leaves, in addition to reducing the whole-leaf assimilation, also reduce leaf expansion with a subsequent decline in the leaf number and area
[30].
5. CONCLUSIONS
In conclusion, the present study on the salt tolerance of
maize varieties showed a marked variation in their sensitivity to salt stress. Our study concluded that the scoring
severity of the leaf symptoms, shoot dry weight, root dry
weight, leaf number, RWC, and Na ion amount in the plant
leaves and roots are the most enlightening features in determining tolerance to salinity. The present study also indicated that salt-tolerant maize varieties have a greater uptake of K and Ca ions, selectively, than salt-sensitive ones.
Also, the PG 1661, Ada 523, Colonia, PG Pasha, and PG
1610 varieties might be suggested among the used varieties.
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HEAVY METAL OUTPUT AND
CONTENT OF HEADWATER STREAMS IN AN ALPINE
FOREST IN THE UPPER REACHES OF THE YANGTZE RIVER
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ABSTRACT
Heavy metal in headwater streams can not only directly influence the ecological processes of forest ecosystems, but also play an accumulated role in polluting downstream water, but little information is available. Therefore, the
heavy metal output, and the concentrations and contents of
copper (Cu), cadmium (Cd), lead (Pb) and zinc (Zn) from
stream head to end were investigated in twelve headwater
streams of a typical alpine forest in the upper reaches of
the Yangtze River. The output rates of per square meter
from streams and watersheds were 0.5191 mg/d m2 and
0.065 mg/d m2 for Zn, 0.1640 mg/d m2 and 0.0025 mg/d m2
for Cu, 0.0944 mg/d m2 and 0.0118 mg/d m2 for Pb, and
0.0201 mg/d m2 and 0.0205 mg/d m2 for Cd, respectively.
Although the output rates of these four heavy metals displayed increase tendencies with the increase of stream
length, but the output rates of Cd, Pb and Cu were statistically related to stream flow velocity. Both the concentrations
and contents of Zn and Pb generally decreased from stream
head to end, but those of Cu and Cd showed relative steady
trends in all streams. This indicated an obvious self-purification capacity for Zn and Pb in these head water streams,
showing that the shorter streams have the higher self-purification capacity. The results provided efficient data and new
idea in controlling river heavy metal contamination.

KEYWORDS: heavy metal output; headwater streams; self-purification capacity; water contamination; water conservation

1. INTRODUCTION
River drainage networks are hierarchically organized
systems in which first and second order streams, commonly referred as headwater streams, make up at least
70% of total stream length [1]. Headwater is an important
resource for biological diversity and human welfare [2],
* Corresponding author

providing a large proportion of water and solutes to
downstream sites [3]. Heavy metals such as copper (Cu)
cadmium (Cd), lead (Pb) and zinc (Zn) can result in neurological, bone and cardiovascular diseases, renal dysfunction, and various cancers, even at relatively low levels [4,5],
but which are often presented in headwater streams due to
leaching, mining and deposition [6,7]. These metals can be
accumulated as one of the main sources in downstream pollution, and become an increasing healthy threat to human
being. Furthermore, currently, there is relatively much information available about the concentrations and fluxes of
heavy metals in temperate forest ecosystems [8,9], but
fewer data about boreal coniferous and alpine ecosystems
have been reported.
Headwater streams are often chartered with increasing
flow velocity and water traffic. Heavy metals in the streams
may exhibit different patterns from head to end due to their
origination, solubility, and environmental factors (such as
water, soil and climate) [10]. Relative higher solubility
metal such as Cu and Zn may accumulate with the increase
of water traffic from head to end [11]. Pb can be easy to
atmospheric transport [12], and Cd often originates from
mining and leaching [13,14]. Moreover, since streams often have self-purification capacity by biological resorption
and sediment absorption [15], the metal output of headwater streams are not clear. Understanding the dynamic pattern of heavy metals from stream head to end is one of the
primary scientific foundations in controlling. However,
these processes are not very clear, although which play essential roles in controlling heavy metal output in headwater
streams, far less information has been available on them.
Headwater streams of alpine forests in Sichuan Basin
are important compositions of water conservation area in
the upper reaches of the Yangtze River, and the water quality of these water bodies can have direct and indirect effects
on the regional ecosystems, downstream aquatic organisms
and human’s welfare [16]. Heavy metal pollution is always
an obvious problem in the Yangtze River and its irrigated
area due to human input and geological background [17].
Headwater streams can control original heavy metal input
for downstream river, but few report has documented out-
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put of heavy metals and their dynamics from head to end
in headwater streams.
Therefore, we proposed to investigate the content of
heavy metals and their distribution patterns in headwater
streams of an alpine forest in Sichuan, China. The objectives are to (1) understand the potential output pattern of
heavy metal content in the headwater streams and actual
output rate, and (2) character the concentration and content
changes from head to end in the headwater streams. The
results were also expected to explore the ecological functioning of headwater streams in alpine forests, and to understand the potential contribution of heavy metal in headwater streams to downstream waters.

2. MATERIAL AND METHODS
2.1 Study sites

The study was conducted in Bipenggou Scenic Spot,
Miyaluo Nature Reserve (102°53′-102°57′ E, 31°14″31°19′ N, 2458-4169 m a.s.l.), which is located in Lixian
County, Sichuan, southwest China. This region is a transitional area between Sichuan Basin and Tibetan Plateau.
The annual mean air temperature is about 3 °C with
maximum and minimum temperature of 23 °C (July) and
-18 °C (January), respectively. Mean annual precipitation is about 850 mm. The cold season starts in November
as the soil temperatures goes down below 0 °C after snow
falls and the soil remains frozen for 5-6 months.

FIGURE 1 - The distributions of sampled streams in Bipenggou forest. Black dots labeled with capital letters from A to L are the investigated
streams along a main river.

TABLE 1 - Summary of the characteristics for investigated streams
Streams
A
B
C
D
E
F
G
H
I
J
K
L

Latitude
31°14′
31°14′
31°14′
31°14′
31°14′
31°14′
31°14′
31°13′
31°13′
31°14′
31°13′
31°13′

Longitude
102°52′
102°52′
102°52′
102°52′
102°52′
102°52′
102°52′
102°52′
102°52′
102°52′
102°51′
102°52′

Altitude (m)
3607
3607
3607
3620
3634
3634
3621
3620
3625
3658
3667
3667

Total length (m)
27.6
11.3
36
18
255.6
108
186
92.4
13.2
66
68.4
16.8
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Mean flow
(m/s)
0.1892
0.0486
0.1103
0.3182
0.4887
0.1504
0.3769
0.1370
0.0529
0.4783
0.3169
0.0678

velocity

pH
6.19
6.29
6.30
6.38
6.77
6.65
7.05
6.98
6.80
7.00
7.07
7.11
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Canopy vegetation is dominated by fir (Abies faxoniana)
with some understory shrubs (e.g., Salix paraplesia, Rhododendron spp.) and grasses (e.g., Cystopteris montana,
Carex capilliformis, and Cacalia auriculata) [18], and average tree age is approximately 120 a. According to the maneuverability in filed sampling, sample sites include twelve
representative headwater streams (labeled from A to L) in
a typical alpine forest (Bipenggou), and the distributions
and descriptions of these streams are shown in Fig. 1 and
Table 1, respectively

most of the investigated streams (Fig. 2). Both Zn and Pb
concentrations showed a decrease tendency from head to
end in all streams except for a longer stream (stream G),
where Pb concentration was higher in end than that in head.
In contrast, Cu concentration exhibited different changes
from stream head to end in differing streams. Short streams
(stream A, C, and D) showed little differences of Cu concentrations between head and end. Increase tendencies of
Cu concentrations were observed from head to end in medium streams (stream F and K), but decrease tendencies
were observed in longer ones.

2.2 Sampling

To investigate the potential largest output of heavy
metals from headwater streams, the sampling for the current study was performed in the middle of August, 2013,
when the discharge is the highest in rainy season due to
snow melt or/and summer rainfall. Based on previous
investigations, we selected twelve representative headwater
streams (Fig. 1) according to their lengths, geographical locations and flow velocities along the main river, in the region of typical alpine forest with a altitude of c. 3600 m
a.s.l. The investigation area is 0.51 km2, and catchment
area 4.31 km2. For each selected stream, the flow velocity
was measured in situ (Martin Marten Z30, Current Meter)
according to their lengths, with a interval of 10 m from
stream head to end (i.e., stream head was the first sample
point). Water samples were transported in pre-cleaned polyethylene bottles and stored at 4 °C in the dark until analysis for less than one week. For each sample point, the
length of quadrat was set as 1 m, and actual width and depth
were measured for further calculations.
2.3 Analysis and calculation

Water samples were analyzed for Cu, Cd, Pb and Zn
using standard inductively coupled plasma—mass spectrometry (ICP-MS, IRIS Advantage 1000, Thermo Elemental, Waltham, MA, USA) operating conditions and the
analysis followed standard procedures and QA/QC protocols. The pH was measured in the laboratory with a
WTW pH-91 meter using a Hamilton flushtrode and
Merck Titrisol pH 4 and pH 7 buffer solutions. For each
sample site, as the quadrat could be approximately regarded as a cube, thus the content of heavy metal was estimated as C  V, where C is the concentration of heavy
metal, and V the volume of this cube. And the output rate
(K) was calculated as well, K = C  Q, where C is heavy metal
concentration and Q the flow. Statistical analysis was performed using SPSS 20.0 software package for Microsoft
Windows (SPSS Inc., IL, USA).
3. RESULTS
3.1 Heavy metal concentration

There were little differences among Cd concentrations
from stream head to end in all the streams (except for
stream B, with a length of only 11.3 m), but the concentrations of Zn, Pb and Cu varied from stream head to end in

FIGURE 2 - Concentrations of (a) Cd, (b) Zn, (c) Pb and (d) Cu in
each sample site from stream head to end. The dashed lines are permissible limits from Word Health Organization (WHO) guidelines
for drinking water quality.

The mean concentrations of heavy metals in each
stream displayed wide ranges, both within and among
streams. Compared with Pb and Cd, Zn and Cu showed
a considerable variability in their concentrations among
different headwater streams, while Cd and Pb showed
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least variability. The mean concentrations of Zn in streams
ranged from 0.0122 to 0.0805 mg/L, Cu from 0.0005 to
0.0272 mg/L, Pb from 0.0044 to 0.162 mg/L, and Cd from
0.0007 to 0.0023 mg/L.
3.2 Heavy metal content

FIGURE 3 - Mean concentrations of the heavy metals in streams.
Capital letters from A to L represent twelve investigated streams, and
values presented in the figure were the mean of heavy metal concentrations of all the sample sites in each stream.

Similar with heavy metal concentrations, the content of
Cd was still relatively steady in all the streams (Fig. 4a). The
varying pattern of contents for other three metals displayed
a similar trend more or less in all streams. The content of
Zn had little difference from head to end in short streams
(stream A, C and D) with a exception of stream K, in which
end a slight increase was observed. Whereas, in medium
streams (e.g., stream F and H), the content of Zn were
lower in stream end than that in head, but tendencies of
slight increases of Zn content were ob-served from head to
end in longer streams (stream E and G) (Fig. 4b). The contents of Pb and Cu (Fig. 4c and 4d, respectively) showed
similar tendencies with that of Zn, although the fluctuation
ranges were lower.

FIGURE 5 Relationships between (a) stream length vs. Cu output
rate; stream flow velocity vs. (b) Cd, (c) Pb, and (d) Cu output rate.
Black dots represent the actual output rate in each investigated
streams. The solid line is the regression, and the regression equation
is presented in each figure respectively.
3.3 Heavy metal output rate

FIGURE 4 - The contents of (a) Cd, (b) Zn, (c) Pb and (d) Cu in each
sample site from stream head to end. Values were the actual contents
of quadrats for each sample site.

Output rate of per square meter from streams (OSMS)
was 0.5191 mg/d m2 for Zn, 0.1640 mg/d m2 for Cu,
0.0944 mg/d m2 for Pb, and 0.0201 mg/d m2 for Cd (Table 2). The values of output rate of per square meter
from watersheds (OSMW) shared a similar pattern with
OSMS, and showed the values as 0.065 mg/d m2 for
Zn, 0.0025 mg/d m2 for Cu, 0.0118 mg/d m2 for Pb, and
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TABLE 2 - The actual and per square meter output rate of heavy metals from streams, and per square meter output from watersheds (OSMS:
Output rate of per square meter from streams; OSMW: Output rate of per square meter from watersheds).
Stream
A
B
C
D
E
F
G
H
I
J
K
L
OSMS (mg/d m2)
OSMW (mg/d m2)

P  0.01.

Zn (mg/d)
28.60
4.03
41.36
82.42
111.07
21.74
29.97
7.69
1.50
9.43
6.23
2.07
0.5191
0.0650

Cd (mg/d)
0.53
0.12
0.50
2.42
2.84
1.15
0.49
0.87
0.08
3.36
0.86
0.19
0.0201
0.0025

0.0205 mg/d m2 for Cd. Although the output rates of four
heavy metals displayed increase tendencies with the increase of stream length, only Cu output rate was statistically correlated with stream length compared with Zn,
Pb and Cd (Fig. 5). However, the output rates of Cd, Pb
and Cu were significantly related to stream flow velocity.
4. DISCUSSION
Input-output budget is one of the useful ways in describing the mobility, retention and flows of heavy metals
and other substances in the environment [19, 20]. Headwater streams convey water and elements to larger streams
and thus, despite their relatively small dimensions, play a
large role in aquatic ecosystem [21]. Small stream often
constitute up to 85% of total stream length within a drainage network [22], and collect most of the water and dissolved elements from adjacent terrestrial ecosystems, as
well as matter and energy exchange. OSMS and OSMW can
get a primary view on the total heavy metal output from
streams and watersheds, and even for calculating heavy
metal sink in this region. The present investigation showed
that OSMS were 0.5191 mg/d m2 for Zn, 0.1640 mg/d m2
for Cu, 0.0944 mg/d m2 for Pb, and 0.0201 mg/d m2 for Cd;
and OSMW were 0.065 mg/d m2 for Zn, 0.0025 mg/d m2
for Cu, 0.0118 mg/d m2 for Pb, and 0.0205 mg/d m2 for Cd
in this alpine forest. The results may be helpful in estimating heavy metal output from the whole watersheds to
downstream waters.
Relationship between stream length and heavy metal
output rate suggested that longer streams would generate
higher heavy metal output rates, although only Cu output
rate was statistically related to stream length. Meanwhile,
heavy metal output rate was strongly correlated with
stream flow velocity, although the relationship between Zn
and flow velocity was not statistically significant. In headwater streams, uptake and removal process occur mainly
on sediments and biofilms covering submerged surfaces
[23], and most of the variation in stream element was at-

Pb (mg/d)
2.65
1.05
2.81
8.35
12.37
6.39
4.46
0.55
0.54
13.83
8.49
1.45
0.0944
0.0118

Cu (mg/d)
0.29
0.30
3.00
13.72
38.62
15.12
8.17
1.79
1.36
12.34
10.46
4.16
0.1640
0.0205

tributable to differences in physical characteristics such as
depth and current velocity. Therefore, a high stream flow velocity will enhance the effects of leaching and transportation, thus result in a relative higher heavy metal output.
Concentration of heavy metals can directly determine
the output of metals in streams, but different metals often
display various patterns in streams due to metal characteristics and their responses to environment [24]. Including
others, bedrock geochemistry and the distribution of heavy
metals in the overburden could be reflected in the natural
heavy metal concentrations of streams, with weathering rate,
leaching, and retention reactions in the catchment area controlling the metal input [25]. In this study, the concentrations
of Zn and Pb generally decreased from stream head to end,
while no general pattern was observed for Cu, and Cd concentration was relatively steady in all the streams. Similar
with concentration, content of different heavy metals in
streams varied significantly as well. In short streams, all the
heavy metals distributed relatively equally, no significant
difference for content were observed. While in medium
length streams, all the heavy metals, except for Cd whose
content was consistently steady in all streams, displayed a
decrease trend from stream head to end. And a slight increase tendency was observed in longer streams end. The
steady Cd concentration may be attributed to its relatively
stable chemical properties and the pH-neutral environment
(Table 1) [26]. However, both heavy metal concentrations
and contents displayed a decrease tendency from stream
head to end in most of the streams, indicating an obvious
self-purification capacity for headwater streams. The results also indicated that the shorter streams may display the
higher heavy metal purification capacity. Recent investigation in a tropical urban stream has also suggested that
stream does have the potential to be purified by itself
within relatively a short time interval [15], although their
focus was not on heavy metals. As headwater streams have
been reported to be of great importance in nitrogen export
from watersheds controlling [21], emissions of carbon dioxide and methane [27] and storage and export of organic
matter [28], their ecological functions seem to be increas-
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ingly significant for both aquatic ecosystems and their adjacent terrestrial ecosystems. Although current available insufficient data limit the statistical power of analysis on self-purification capacity for headwater streams, their filtration on
heavy metals seem to do exist, and further studies may focus
more on the mechanism lying in the phenomenon.
Apart from Pb, concentrations of the other three heavy
metals for all sample sites were within the permissible limits provided by the World Health Organization [29] for
drinking water (Fig. 2). However, not all the sample site concentrations of Pb were below the permissible limit value of
0.01 mg/L. Nevertheless, we could not judge that the headwater streams are at risk for Pb contamination with the mean
concentration of Pb (0.0097 mg/L, n = 63) for all the sample sites was lower than limit. Although Pb concentrations
in stream head were generally higher than permissible limit,
for most of the stream end Pb concentrations were below the
limit value, which may be attributed to the self-purification
capacity of headwater streams. Even so, former studies have
indicated that heavy metals could be carried by atmospheric aerosol and deposited into high altitude forest due to
rainfall and snowfall, and metal concentration from natural
dust extremely approached to upper continental crust by
the action of intensive mixing during transportation [30,
31], anthropogenic activities were identified as a significant
cause of heavy metals pollution in regions away from urban
areas. Thus anthropogenic factor could be another potential source for higher heavy metal concentration in alpine
forest streams, and which should be taken into considerations in further investigations. As a whole, as this study was
conducted in raining season when streams have the biggest
discharges, the concentration and content of heavy metals
may be overestimated as a result of greater effects of leaching and weathering of metal-bearing minerals.

ACKNOWLEDGEMENTS
This project was financially supported by National
Natural Science Foundation of China (31170423 and
31270498), the National Key Technologies R & D of
China (2011BAC09B05), and the Sichuan Youth Sci-tech
Foundation (2012JQ0008 & 2012JQ0059).

4. CONCLUSIONS
Our results suggested that there were obvious heavy
metal output from headwater streams in this alpine forest,
but the output quantities were varied with different metals
and streams. The total output rate of per square meter from
streams was 0.5191 mg/d m2 for Zn, 0.1640 mg/d m2 for
Cu, 0.0944 mg/d m2 for Pb, and 0.0201 mg/d m2 for Cd,
and the output showed a significant positive correlation
with flow velocity except for Zn. Moreover, self-purification capacities for Zn and Pb were observed in these headwater streams, since both heavy metal concentration and
content were higher in stream head than in stream end.
Even so, as this alpine forest is an important water conservation area in the Yangtze River, the output of heavy metal
could have great impacts on down streams. Therefore, it is
urgent to control heavy metal contamination in the alpine
forest headwater streams. However, the present study just
provide first hand data on the heavy metal concentration
and content from stream head to end in the alpine forest,
and the results need more investigation on mechanisms lying behind to provide support.
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ABSTRACT
In this paper, photocatalytic degradation of 1-Naphthol
was investigated in an aerated UV/TiO2 batch system. The
effects of influential parameters such as catalyst loading,
initial 1-Naphthol concentration, pH value, inorganic salts
and type of light sources on the reaction rate were studied,
and the optimum conditions for the maximum degradation
rate were determined. The photocatalytic degradation process was well described by pseudo-first order reaction. The
results of experiments showed that photocatalytic degradation of 1-Naphthol is strongly influenced by these parameters. The optimum TiO2 loading, which provides enough
surface area for reaction without irradiation loss due to
scattering of UV light, was found to be 1.0 g/l, and 1-Naphthol concentration was 100ppm. Higher degradation efficiency of 1-Naphthol was observed at pH=9 values. Furthermore, the effects of inorganic salts were investigated. Result
showed that photocatalytic degradation rate was affected
significantly in the presence of carbonate and sulfate.
KEYWORDS: Photocatalytic degradation; Xenobiotic compound;
1-Naphthol; Kinetics; TiO2.

1. INTRODUCTION
Xenobiotics are defined as primarily organic chemical
constituents that are added by society to waste streams.
They are manufactured by society and have numerous dayto-day uses.
In general, these compounds are not formed in nature
in any significant quantity. When aqueous xenobiotics are
discharged to surface and ground waters, these compounds
are typically chemically or biologically attenuated. Attenuation mechanisms include adsorption, volatilization, hydrolysis, photolysis, and biodegradation. However, those
techniques have some limitations and disadvantages [1].
One of the xenobiotics, as described in this document,
consists of pharmaceuticals, personal care products, industrial chemicals, and other organic wastewater contaminant
is 1-Naphthol.
* Corresponding author

1-Naphthol is a colorless crystalline compound with a
weak phenol odor. A large-scale industrial chemical used
for the manufacture of pharmaceuticals, dyes, insecticides,
petroleum-derived ingredient, used in hair color, bleaching
products, and etc. Also, it affects the reproductive hormone
levels in adult men [2]. The molecular structure of 1-Naphthol is shown in Fig.1.

FIGURE 1 - Molecular structure of 1-Naphthol

Nonetheless, only sorption with varying digenetic properties [3] and degradation by oxide ceramics with added bacterial disinfection [4] have been published. No work has
been reported in the literature on the removal of 1-Naphthol
from aqueous solutions using TiO2 nanocatalyst.
Photocatalytic oxidation is one of the emerging techniques for the elimination of organic micro pollutants because of the efficiency in their mineralization; ideally produce carbon dioxide and water as end products at ambient
conditions. Shining semiconductors with light of energy not
less than the band gap creates electron-hole pairs, holes in
the valence band and electrons in the conduction band. Some
of these pairs diffuse out to the crystal surface and react with
the adsorbed substrates resulting in photocatalysis [5]. The
hole reacts with the adsorbed organics generating intermediates [6], which through fast reactions finally yield carbon dioxide and water [7,8]. The adsorbed oxygen molecule takes
up the conductance band electron transforming into highly
active superoxide radical, O2•–[5]. In aqueous medium, O2•–
in turn generates reactive species like HO•, HO2• and H2O2,
which oxidize the organics. Water is adsorbed on the semiconductor, molecularly as well as dissociative [9,10]. Hole
trapping by either the surface hydroxyl groups or the adsorbed water molecules yields short-lived HO• radicals,
which are the primary oxidizing agents [11,12]. Of all known
semiconductors, titanium dioxide (TiO2) is a promising candidate for photocatalytic material application due to its ex-
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ceptional optical and electronic properties, chemical stability, non-toxicity and low cost. TiO2 is the most active photocatalyst under the photon energy of 300 nm < λ < 390 nm and
remains stable after repeated catalytic cycles [13, 14]. TiO2
is not only used for as photocatalyst but also used for the
control of organic contamination, self-cleaning glass surfaces and solid acid catalyst [15-17].
The main goal of this study was to investigate the effects of catalyst loading, initial 1-Naphthol concentration,
pH, inorganic anions and compare of two types of light
sources (UVC, UVA) on the photocatalytic degradation of
1-Naphthol on the removal efficiency.
2. MATERIALS AND METHODS
2.1. Chemicals

1-Naphthol (98 % purity) was obtained from Merck
Co. Ltd. (Darmstadt, Germany). Some physical properties
of this compound are presented in Table 1. Stock solutions
of 200 mg/l were prepared in deionised distilled water by
stirring overnight. NaCl, NaHCO3, NaNO3, Na2CO3 and
Na2SO4 were all analytical grade. The photoreactivity runs
were carried out by using TiO2 Degussa P25 (80% anatase
and 20% rutile, BET specific surface area, SSA: 50 m2 g-1
and with a mean size of 21nm). The solution pH was adjusted to a given value in the range of 3-11 by addition of
HCl(1N) or NaOH (1N). Methanol (HPLC grade, purity
99.9%) and water (HPLC grade, purity 99.9%) were purchased from Merck Co. Ltd.

C C 
(1)
  100
Degradation efficiency(%)=  0
C
0


Where Co is the initial concentration and C, is the concentration of 1-Naphthol at intervals of the irradiation time.
3. RESULTS AND DISCUSSION
3.1. Kinetics of 1-Naphthol disappearance

TABLE 1 - Some physical properties of 1-Naphthol
Chemical Name
Molecular weigh
Solubility in water(mg/l)
Melting Point(˚C)
Boiling Point(˚C)
Vapor Pressure
Density (g/cm3)
log Kow

1200 ml of 200 ppm 1-Naphthol with 0.1 to 2.0 g/l of TiO2
nanoparticle were used to determine the optimum loading.
It was placed in the dark condition for all night with continuous stirring for adsorption–desorption equilibrium and
then exposed to UV radiation. Before turning on illumination, immediately air was bubbled at fixed flow rate of 3.5 L
min-1 and the mixture was equilibrated for 15 min in the
dark. Subsequently, the solution was irradiated for 180 min
with three UV-C lamps. Slurry samples were taken at 0, 15,
60, 120 and 180 min and the decay of 1-Naphthol was followed by HPLC after centrifugation at 4000 rpm for 30 min
and filtration through a 0.45μm Millipore filter. All experiments were repeated three times and the average values
are reported. The concentration of 1-Naphthol in the aqueous solutions was measured by HPLC (Adept, Cecil Instruments, UK) equipped with a reverse-phase C18 Hichrom
column (5μm, 4.6×150mm). A methanol: water (80:20 v/v)
as a mobile phase and flow rate of 1.0 ml min-1 was used.
Sample with a volume of 20 μL was used as injection volume and concentration was evaluated by UV detector at
wavelength 280nm. The photocatalytic degradation was
calculated as follows:

1-Naphthol
144.170
870 (25˚C)
95
288
0.290 (25˚C)
1.0954 (99˚ C)
2.84

2.2. Photocatalytic reactor

The experiments were carried out in a 1000mL cylindrical stainless steel reactor (9 cm ID×25 cm H). The reactor
was equipped with three UV-C (F6T5/GL 6W, low pressure
Hg lamp close to monochromatic output at 254 nm, Philips,
Poland) lamps; the light intensity was (6.48mwcm-2). The
UV light sources were surrounded by a Quartz glass tube
to preventing direct contact with solution. Suspensions of
the photocatalyst and aqueous contaminant solutions were
kept aerated and stirred by a steady stream of air to improve
contact between 1-Naphthol molecules and TiO2 particles
and maintain homogeneity.

The elimination of 1-Naphthol was studied at three different experimental conditions: (i) under UV illumination
in absence of TiO2 (photolysis), (ii) in the dark with TiO2
and (iii) under UV illumination in presence of TiO2 (photocatalysis). In Fig. 2, the removal efficiency of 1-Naphthol
is plotted as a function of reaction time. There was no observable loss of 1-Naphthol when the irradiation was carried out in the absence of TiO2. In non-irradiated suspensions, there was a slight loss, ca. 20%, due to adsorption
onto TiO2 particles. However, in the presence of TiO2, a
rapid degradation of 1-Naphthol occurred by irradiation.
The 1-Naphthol concentration was completely removed after 180 min. Therefore, it can be concluded that
1-Naphthol degradation in photocatalysis proceeds by the
oxidation of 1-Naphthol by hydroxyl radical.
Pseudo-first-order reaction has been widely and successfully used for the description of photocatalytic degradation of organic pollutants. The removal rates of 1-Naphthol in UV/TiO2 process is therefore expressed as:

 Ln

2.3.Photocatalytic degradation procedures

Photodegradation experiments of 1-Naphthol were
conducted in a slurry batch reactor. All photocatalytic experiments were applied at ambient temperature (25°C). A

C
 k ap t
C0

(2)

where, Co is the initial concentration of 1-Naphthol C
the concentration at time t and Kap (min-1) is the pseudofirst-order photocatalytic removal rate constant.
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FIGURE 2 - Degradation of 1-Naphthol in different processes (C0=200 ppm, TiO2=1.0 g/l)
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FIGURE 3 - Effect of TiO2 nanoparticles loading on photocatalytic removal of 1-Naphthol (C0=200 ppm, pH=7)

3.2. Effect of catalyst loading

The optimum of catalyst loading was studied within
the range of 0.1 to 2.0 g/l. Further, the 200 ppm a solution
of 1-Naphthol at pH of 7 was used with different loading
of TiO2 catalyst. Fig.3 shows that photocatalytic degradation of 1-Naphthol increased gradually with loading of
TiO2 nanoparticles up to 1.0 g/l and 91% removal was
achieved after 180 min irradiation time The increase in the
efficiency seems to be due to the increase in the total surface area, namely number of active sites, available for the
photocatalytic reaction as the dosage of photocatalyst increased. However, when TiO2 was overdosed, the number
of active sites on the TiO2 surface may become almost constant because of the decreased light penetration, the in-

creased light scattering and the loss in surface area occasioned by agglomeration (particle–particles interactions) at
high solid concentration [18]. Therefore, 1.0 g/l of TiO2
was selected as the optimal amounts of photocatlyst for the
sequential experiment.
3.3. Effect of substrate concentration

As the effect of pollutant concentration is of importance in any process of water treatment, it is necessary
to investigate its dependence. The effect of initial concentration on the photocatalytic degradation rate was investigated over the concentration range of 50-200ppm of 1Naphthol, and the experimental results are presented in
Fig.4 and Table 2.
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FIGURE 4 - Effect of initial concentration on the photocatalytic degradation of 1-Naphthol (TiO2=1.0 g/l, pH=7)
TABLE 2 - Effect of initial concentration on the photocatalytic degradation of 1-Naphthol
Initial conc. (ppm)
50
100
200

k(min-1)
0.062
0.032
0.016

R2
0.974
0.990
0.988

particles may tend to agglomerate, and the surface area
available for adsorption of contaminants and photon would
be reduced [19]. As a result, pH 9 was selected as the optimal operational pH value in the present research.
3.5. Effect of ionic salt

The degradation efficiency of 1-Naphthol decreases,
when the concentration increased to maximum was observed. At concentration less than 50 ppm a complete degradation within 60 min at same conditions of experiment.
The removal of 50 ppm concentration was achieved at
90 min radiation time. At high concentration such as 100
and 200 ppm, the available site on surface of TiO2 reduces
relatively comparing to 1-Naphthol molecules, in which
decreases the degradation rate.
3.4. Effect of pH

An important parameter in the photocatalytic reactions
taking place on the particulate surfaces is the pH of the solution, since it dictates the surface charge properties of the
photocatalyst and size of aggregates it forms. The effect of
the pH on the degradation rate of 1-Naphthol is not only
dependent on the TiO2 charge surface but also on the formation of free hydroxyl radicals. Therefore, the degradation of the pollutant was studied at different pH values (in
the range 3–11).
The effect of pH on the photocatalytic degradation of
1-Naphthol using initial concentration of 200 ppm and optimum value of catalyst loading (1.0 g/l) is illustrated in
Fig.5. It was found that under acidic condition the rate decreases and then increases with the increase in reaction pH
and highest efficiency of degradation was observed at pH
9. It could be attributed to more efficient generation of hydroxyl radicals by TiO2 with increasing concentration of
hydroxide ion. Furthermore, under acidic conditions, TiO2

Many anions such as Cl−, NO3−, HCO3 −, CO3 2− and
SO4 2−, widely present in natural waters, agriculture and industrial wastewaters, have substantial influences on the
photocatalytic oxidation of organic pollutants [20]. Depending on the solution pH, they can also compete with the
target pollutant for the active sites. The adsorption of these
anions to catalyst surface reduces •OH formation. Although
hydroxyl radical scavenging by the anions bicarbonate,
carbonate, nitrate, sulfate, and chloride resulted in corresponding anion radicals, they have lower oxidation potential. Consequently all these reactions can influence the
overall rate of photocatalytic oxidation [21]. The effect of
the presence of coexisting anion on the photocatalytic degradation of 1-Naphthol during the reaction time is shown
in Fig.6.
The effect of the presence of common anions was studied using the corresponding sodium salts. All the experiments were carried out using 1mmol/l solutions of the anions with initial 1-Naphthol concentration of 200 ppm and
catalyst loading of 1.0 g/l.
As can be seen from Fig.6, photocatalytic degradation
rate was affected significantly in the presence of bicarbonate and chloride. This is due to the fact that inorganic
ions act as hydroxyl radical scavengers and absorb UV
light. These ions might also block the active sites of the
catalyst surface thus deactivating the catalyst towards the
organic molecules. The pseudo-first-order reaction rate
constants obtained for the photocatalytic degradation of 1Naphthol in the presence of various anions are presented in
Table 3.
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FIGURE 5 - Effect of pH on the photocatalytic degradation of 1-Naphthol (C0=200 ppm, TiO2=1.0 g/l)
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FIGURE 6 - Effect of inorganic anions additions on the photocatalytic degradation of 1-Naphthol (C0=200 ppm, TiO2=1.0 g/l)

TABLE 3 - Pseudo-first order rate constant for the degradation of 1Naphthol
Parameters
NaCl
NaNO3
Na2SO4
NaHCO3
Na2CO3

k(min-1)
0.014
0.014
0.008
0.022
0.011

R2
0.996
0.993
0.993
0.993
0.999

of the photocatalyst depends strongly on the light illumination (energy per unit area) or the photon flux on the surface
of the photocatalyst [22]. The order of degradation rate using light sources was shown to be UV-C>UV-A.
4. CONCLUSION

3.6. Effect of light sources

The effect of light sources on the rate of photocatalytic
degradation is shown in Fig. 7.
The results of experiments indicated that the wavelength of the light used for photoactivation has a significant
impact on the xenobiotic degradation rate; shorter wavelengths lead to faster degradation. It means that the activity

Photodegradation of 1-Naphthol by TiO2 under UV irradiation was carried out in a slurry batch reactor. The observations of these investigations clearly demonstrate the
importance of choosing the optimum degradation parameters to obtain high degradation rate, which is essential for
any practical application of photocatalytic oxidation processes.
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FIGURE 7 - The effect of light sources on the photocatalytic degradation of 1-Naphthol (C0=200 ppm, TiO2=1.0 g/l)

The following conclusions were obtained: (1) The optimum TiO2 loading, which provides enough surface area
for reaction without irradiation loss due to scattering of UV
light, is about 1.0 g/l. (3) The highest photodegradation rate
is obtained in pH=9 (pH9>pH11>pH5>pH3).
(4) Furthermore, the effects of inorganic salts were
studied. The results revealed that carbonate and sulfate ions
act as hydroxyl radical scavengers and absorb UV light
which results in decreasing degradation rate of 1-Naphthol.
(5) The photocatalytic degradation of 1-Naphthol in
aqueous TiO2 suspensions follows a pseudo-first-order kinetics.
(6) The order of degradation rate using different light
sources was shown to be UV-C>UV-A. Finally, it can be
concluded that TiO2 can be employed as an efficiently
powerful photocatalysts for the elimination of 1-Naphthol
from wastewater.
The authors have declared no conflict of interest.

Chockalingam K., Sona N., Paramasivan G. (2010) Photocatalytic degradation of 1-naphthol by oxide ceramics with added
bacterial disinfection, Journal of Hazardous Materials. 181,
708–715.

[5]

Thompson T.L., Yates Jr J.T. (2006) Surface science studies
of the photoactivation of TiO2–new photochemical processes,
Chem. Rev. 106, 4428–4453.

[6]

Tamaki Y., Furube A., Murai M., Hara K., Kotoh R., Tachiya
M. (2006) Direct observation of reactive trapped holes in TiO2
undergoing photocatalytic oxidation of adsorbed alcohols:
Evaluation of the reaction rates and yields, J. Am. Chem. Soc.
128, 416–417.

[7]

Guo Z., Ma R., Li, G. (2006) Degradation of phenol by nanomaterial TiO2 in wastewater, Chem. Eng. J. 119, 55–59.

[8]

Priya M.H., Madras G., (2006) Kinetics of photocatalytic degradation of phenols with multiple substituent groups, J. Photochem. Photobiol. A 179, 256–262.

[9]

Osgood R. (2006) Photoreaction dynamics of molecular adsorbates on semiconductor and oxide surfaces, Chem. Rev.
106, 4379–4401.

[10] Zhao J., Li B., Onda K., Feng M., Petek H., (2006) Solvated
electron on metal oxide surfaces, Chem. Rev. 106, 4402–4427.
[11] Shiraishi Y., Saito N., Hirai T., (2005) Adsorption-driven photocatalytic activity of mesoporous titanium dioxide, J. Am.
Chem. Soc. 127, 12820–12822.
[12] Sun L., Bolton J.R., (1996) Determination of the quantum
yield for the photochemical generation of hydroxyl radicals in
TiO2 suspensions, J. Phys. Chem. 100, 4127–4134.

REFERENCES
[1]

[4]

Rengaraj S., Mol X.Z. Li, J. (2006) Enhanced photocatalytic
activity of TiO2 by doping with Ag degradation of 2,4,6 trichlorophenol in aqueous suspension, Catal. A Chem. 243, 60–
67.

[2]

Meeker J.D., Ryan L. D., Barr B., Hauser R. (2006) Exposure
to nonpersistent insecticides and male reproductive hormones,
Epidemiology. 17, 61–68.

[3]

Myrna J.S., Marvin J.D., William B.M. (2001) Sorption of 1naphthol to soil and geologic samples with varying diagenetic
properties, Chemosphere. 44, 779–787.

144

[13] Fujishima A., Rao T.N., Tryk, D.A. (2000) Titanium dioxide
photocatalysis, J. Photochem. Photobiol. C (1) , 1–21.
[14] Gaya U.I., Abdullah A.H. (2008) Heterogeneous photocatalytic degradation of organic contaminants over titanium dioxide: a review of fundamentals, progress and problems, J. Photochem. Photobiol. C 9, 1–12.
[15] Hurum D.C., Agrios A.G., Gray k.A., Rajh T. and Thurnauer
M.C. (2003) Explaining the Enhanced Photocatalytic Activity
of Degussa P25 Mixed-Phase TiO2 Using EPR. J. Phys. Chem.
B 107, 4545–4549.

© by PSP Volume 24 – No 1. 2015

Fresenius Environmental Bulletin

[16] Krishnakumar B. and Swaminathan M. (2011) A convenient
method for the N-formylation of amines at room temperature
usingTiO2-P25 or sulfated titania. J. Mol. Catal. A 334, 98–
102.
[17] Krishnakumar B. and Swaminathan M. (2010) A recyclable
and highly effective sulfated TiO2-P25 for the synthesis of
quinoxaline and dipyridophenazine derivatives at room temperature. J. Organomet. Chem. 695, 2572–2577.
[18] Kaneco S. , Katsumata H., Suzuki T., Ohta K. (2006) Titanium dioxide mediated photocatalytic degradation of dibutyl
phthalate in aqueous solution-kinetics, mineralization and reaction mechanism, Chemical Engineering Journal. 125(1), 59–
66.
[19] Aliabadi M., Sagharigar,T. Ghahremani H., Ebadi M. (2013)
The influences of pH and inorganic anions on the photocatalytic degradation of 2-Benzyle-4-Cholorophenol in titanium
dioxide suspensions. Fresenius Environ. Bull. 22(5), 1501–
1506.
[20] Bhatkhande D.S., Pangarkar V.G. and Beenackers A.A.
(2002) Photocatalytic degradation for environmental applications a review. J. Chem. Technol. Biotechnol. 77, 102–116.
[21] Giri R.R., Ozaki H., Ota S., Taniguchi S. and Takanami R.
(2010) Influence of inorganic solids on photocatalytic oxidation of 2,4-dichlorophenoxy acetic acid with UV and TiO2 fiber in aqueous solution. Desalination 255, 9–14.
[22] Meena R. C. and Pachwarya R. B. (2009) Photo catalytic degradation of model textile azo dyes in textile wastewater using
methylene blue immobilized resin dowex-11. J. Sci. Ind.
Res.68, 730–734.

Received: April 14, 2014
Revised: June 16, 2014
Accepted: July 23, 2014

CORRESPONDING AUTHOR
Majid Aliabadi
Department of Chemical Engineering
Islamic Azad University
Birjand Branch
Birjand
IRAN
Phone : (+98) 561 4342260
Fax: (+98) 561 4342173
E-mail: m.aliabadi@iaubir.ac.ir
FEB/ Vol 24/ No 1/ 2015 – pages 139 - 145

145

© by PSP Volume 24 – No 1. 2015

Fresenius Environmental Bulletin

PARTICULATE MATTER EMISSIONS FROM
COMBUSTION OF DIFFERENT TYPES OF WOOD PELLET
Angela T. Zosima* and Maria Th. Ochsenkühn-Petropoulou
Laboratory of Inorganic and Analytical Chemistry, School of Chemical Engineering, National Technical University of Athens, Athens, Greece

ABSTRACT

1. INTRODUCTION

The aim of this work is to investigate the emissions of
particulate matter (PM10) from the combustion of specific
types of wood pellets used for domestic heating. Wood pellets as: mix “pine-beech-oak", "olive pellets", mix “sprucepine-oak", "pellets from the olive core" and "100 % spruce"
used recently for domestic heating were tested with respect
to their PM10 emissions regarding concentration and composition. A combusting- sampling device was developed in
order to burn the pellets and collect directly their PM10
emissions in a filter holder system. The water content, calorific value, ash content, C, H, N and S were determined
according to the standard ΕLΟΤ ΕΝ 303.05. Average PM10
emissions from the investigated wood pellets ranged from
about 80-190 mg/m3, exceeding some of them the maximum permitted emission limits of particles of 150 mg/m3.
Around 40% of total particle mass account for total organic
carbon and 35 % for elemental carbon, while non inorganic
carbon was found for all types of pellets. On average
around 0.5 % of PM10 emissions was consisted of heavy
metals and water soluble ions. Metals like: Fe, Mg, Zn, Al,
Ba, Cu, Cd were determined by inductively coupled plasma
-optical emission spectrometry (ICP-OES) and K, Ca, Na
were determined by atomic absorption spectrometry
(AAS) and their percentage of PM10 emissions was around
0.3%. Water soluble ions like: Cl-, NO3-, PO43-, SO42-, Brwere determined by ion chromatography and their percentage was 0.2 %. The results are in accordance with previous
studies using similar types of pellets as concerns the fuel’s
chemical characteristics. Pellets originated from olive trees
were found to emit the lowest PM10 emissions that are not
exceed the permissible limit values so are considered
healthiest and suitable for domestic heating reasons.

KEYWORDS: Wood pellets, combustion, PM10 –emissions, inductively coupled plasma -optical emission spectrometry, total organic
carbon, ion chromatography.

* Corresponding author

Biomass is a renewable source of energy based on organic material which derives from plants. One of those energy sources is wood biomass [1]. Biomass pellets have
gained a huge acceptance as an environmentally friendly
fuel, during the last twenty years worldwide. Numerous
studies investigated characteristics and particulate matter
emissions from wood pellets and the reports showed that
their combustion has higher emissions compared to fuel oil
and natural gas in the following key pollutants: CO, NOx
and particulate matter (PM) [2-4]. In previous studies were
examined the wood pellets with respect to their particulate
matter emissions (PM10). The highest emissions of PM10
occurred by burning triticale pellets (184 mg/m3) in an automated fired biomass boiler. However there were the miscanthus pellets that were below the permissible limit emissions (40 mg/m3). Schmidl et al. [5] investigated the particulate and gaseous emissions from wood pellets used in
Austria and showed that the carbon from the elemental
composition was 50 %, the hydrogen was about 6 %, the
oxygen was 43 %, the sulphur was almost zero and its water content was about 8 %. Furthermore, the range of PM10
emissions concentrations of pellets ranged 12 to 184 mg/m3
showed that in some pellets their PM10 emissions were exceeded the permissible limit emissions of 150 mg/m3 according to ELOT EN 303.05 [6]. From the examination of
metals, it was concluded that wood pellets in relation to
other types of wood fuels contained very low amounts of
alkali metals. The main objective of the present study was
to investigate the PM10 emissions from the combustion of
specific types of wood pellets that are found in the trade in
Greece and are used the last years for domestic heating.
The cause for this research was the fact that last year in
Athens, pellets were accused of the smog in the atmosphere
and that the levels on their particulate matter concentrations were above the limits of permissible emissions. A
burning-sampling device was developed in laboratory
scale to simulate the burning process in a tube furnace. The
appropriate conditions of burning of the different types of
pellets were found by thermogravimetric measurements
(TG). Finally a comparison with other similar studies regarding the thermogravimetric analysis and the examination of the combustion process for other wood pellets emissions, was carried out.
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2. MATERIALS AND METHODS
2.1 Sampling

Five types of pellets derived from the trade in the form
of short cylindrical units, usually 6-12 mm in diameter and
10-30 mm in length, were assessed for the study of particulate matters: mix “pine-beech-oak", "olive pellets", mix
“spruce-pine-oak", "pellets from the olive core" "100 %
spruce". The combustion took place in a tube furnace whose
internal diameter was 5 cm (Thermawatt, maximum temperature 11000C), equipped with an automatic temperature
controller (nine steps) and a gas inlet for the air flow (Fig.
1a). A ceramic pan was used with a quantity of two grams
of pellet as is inside and the automatic temperature controller of the tube furnace was programmed to 500 0C for 10
minutes heating. The appropriate heating conditions for the
tube furnace were found by thermogravimetric analysis
(TG) on the wood pellets. The gases evolved from the furnace were cooled to a condenser and led to a Thermo 6186
FRM Exhaust Dual Filter Holder System (Thermo Electron
Corporation, Marietta, Ohio, USA), containing a quartz filter (Whatman QMA PM10 quartz fiber filters diameter 4.7
cm), attached underneath, retained all particles from <
10μm to 0,31μm with a 99.95 % efficiency (Fig.1b) [7]. In
order to boost particle retention on the filter and have iso-

Tube furnace

kinetic sampling, a Leybold D4A Trivac A Dual Stage vacuum pump (Oerlikon Leybold Vacuum GmbH, Cologne,
Germany) employed at a flow rate of 5.4 m3/h was attached
to the filter holder. Moreover, a trap was connected to the
filter holder and to the vacuum pump in each side in order
to retain the moisture (Fig.1a). Sixty-five (65) samplings in
overall, of five different types of pellets were conducted.
After sampling each filter is placed in plastic bags
where the kind of pellet and the date are mentioned. All
filters are weighed before and after sampling, and kept in
the refrigerator at -20 oC.
2.2 Instrumentation

Thermogravimetry (TG) on pellets was conducted on
a thermo system (Mettler Toledo TGA/SDTA 851e STAR
System) in order to find the temperature in which the solid
fuel begins to decay. The thermal analysis was performed
from 25 to 6000C (heating rate 100C/min) using an alumina
pan in an O2 environment (50 ml/min O2 purge). The
weight of pellet was 15 mg in form of powder. For the handling and analysis of filters the following instruments and
devices were used: a microbalance that “reads” to 5 decimal places (METTLER TOLEDO, model XS205), an ultrasonic bath (NEY 28 H Ultrasonik, Neytech, USA), a fil-

Condenser

Filter holder

Trap

Pump

(a)

(b)
FIGURE 1 - Device for the combustion of pellets and sampling of particulate matter emissions (a) on a filter holder system (b).
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tration unit of Millipore (Sterifil filter holder, filter diameter 47 mm), a production system of ultrapure water with a
conductivity of 18.2 MΩ hm cm-1 (Easypure II, Barnstead). Inductively coupled plasma- optical emission spectrometry -ICP-OES (Optima 7000 DV of Perkin Elmer) and
atomic absorption spectrometry -AAS (AA240FS company
Varian) were used for the determination of metals with the
following appropriate wavelengths in nm: Fe (259.9), Mg
(285.2), Zn (213.8), Al (396.1), Ba (493.4), Cu (324.7), Cd
(228.8), K (766.5), Ca (422.6), Na (589.6). The working
parameters of ICP-OES were: Plasma RF Power: 1450 W,
Argon flow rate: 15 L/min, Auxiliary argon flow rate: 0.2 L/
min, Nebulizer gas flow rate (Ar): 0.7 L/min, Shear gas
flow rate: 18-25 L/ min, Sample uptake rate: 1.5m L/ min,
Nebulizer: Meinhard, Autointegration time: 3 s, Number
of measurements: 3. Ion chromatography (Dionex-BioLC)
was used for the determination of soluble anions with the
following conditions: Anion column: IonPac AS14,
4*250mm, Precolumn: AG14, 4*50mm, Pressure (PSI):
1120, Detector: Conductive ED 50, Supressor: ASRS-ULTRA (4mm), Flow rate: 1.2 mL/min, Inj. Volume: 25μL,
Eluent: 3.5mM Na2CO3/ 1.0 mM NaHCO3.
Total Organic Carbon Analyzer (TOC-VCSH, Shimadzu) was used for the determination of total carbon and
inorganic carbon based on the ELOT EN 13137: 2001
Method A (indirect procedure) where the total organic carbon (TOC) is obtained by the difference between total carbon (TC) and total inorganic carbon (TIC) [TC= TOC +
TIC]. For the determination of TC, carrier gas (purified air)
is passed at a controlled flow rate of 150 mL/min through
an oxidation catalyst-filled TC combustion tube, heated to
6800C. When the sample injection system injects the sample into the combustion tube, the TC in the sample is oxidized or decomposes to create carbon dioxide. The carrier
gas carrying the combustion products from the combustion
tube, is cooled and dehumidified in the dehumidifier before
passing via the halogen scrubber into the sample cell of the
non-dispersive infrared detector (NDIR), where the carbon
dioxide is detected. The NDIR analog signal forms a peak,
and the data processor calculates the peak area. To measure
the TC concentration of the sample, the relationship between the TC concentration and peak area (calibration
curve) is predetermined using a TC standard solution, to
express the peak area as a ratio of the TC concentration [8].
The elemental carbon was examined in the CHN-800
elemental analyzer (LECO) where the samples were kept at
3400C in a pure oxygen flow (1.3 l min−1) for 2 h in a muffle-oven to oxidize organic compounds to CO2 leaving EC
on the substrate, which was determined by the subsequent
combustion step at 10500C. The detection limit was 0.32 μg
cm−2 (air concentration: 0.13 μgm−3), calculated as the
three-fold standard deviation of the preheated quartz filter
blank [9]. The determination of elemental carbon was conducted in Aristotle University of Thessaloniki- School of
Chemical Engineering. The elemental analysis (S, C, H, N),
and examination of water content, ash content and higher
calorific value were conducted by the Institute for Solid

Fuels Technology and Applications (ISFTA) located in the
area of Ptolemais, certified for these kind of determi-nations.
2.3 Analytical procedure

Five kinds of pellets examined regarding the particulate
matter emissions were submitted to elemental analysis (S, C,
H, N), and examination of water content, ash content and
higher calorific value according to EN 14961-1 [10,11].
Examinations of filters were followed where previously
the filters were cut into four quadrants on a marble surface
using pliers and cutting tools. The ¼ of the filter was used to
determine the soluble anions by the method of ion chromatography (IC). Anions (Cl-, NO3-, PO43-, SO42-, Br-) were
eluted from quartz tissue filters with 20 mL of high purity
water (2 times with 10 mL high purity water each time in
the ultrasonic bath for 30 minutes and after that a vacuum
filtration) [12-15]. The second quadrant of the same filter
was used for the determination of the following metals: Fe,
Mg, Zn, Al, Ba, Cu, Cd by inductively coupled plasma optical emission spectrometry (ICP-OES) and of the following metals: K, Ca, Na by atomic absorption spectrometry (AAS), respectively. The acids used for the leaching
of the metals were dilute acids HCl/HNO3 (10 mL suprapur
Hydrochloric Acid 30%, Merck/ 16.9 mL suprapur Nitric
Acid 65%, Merck in 100 mL high purity water). 10 mL of
this solution were used for the leaching of the filter in the
ultrasonic bath for 30 min. This process was repeated with
10 mL of high purity water for 30 min and then the extracts
were mixed, filtered and diluted to 25 mL [16-18]. The
third quadrant of the same filter was used to determine the
total organic carbon, which is the basic and predominant
compound on the filter. The forth quadrant of the same filter was used for the determination of inorganic, elemental
and organic carbon which constitute the total carbon with
the methods described above and non pretreatment on the
filters was demanded [19-22].
3. RESULTS AND DISCUSSION
In Figure 2, the thermograms (TG and DTG) of two
kind of pellets [“Pellets from the olive core” (2a) and “Mix
pine-beech-oak” (2b)] are presented. Previous studies
showed that biomass pyrolysis can be divided into three individual stages: hemicellulose decomposition, cellulose
decomposition and lignin decomposition [25]. Hemicellulose
and cellulose contribute to high CO2 and CO emissions. After
the degradation of hemicelluloses and cellulose, CO2 together
with H2O can be produced by lignin degradation, through
release of COOH groups or rupture of C-O groups [23].
In thermal analysis, the pyrolysis of hemicellulose and cellulose occurred quickly, and the weight loss of hemicellulose mainly happened at 220–315 0C and that of cellulose
at 315–400 0C. However, lignin was more difficult to decompose, as its weight loss happened in a quite wide temperature range in combination with the char oxidation,
leaving behind only ash [24].
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“Pellets from the olive core”

(a)
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“Mix pine-beech-oak”

(b)
FIGURE 2 - Thermogravimetric analysis (TG and DTG) on two kinds of pellet: “Pellets from the olive core” (a) and “Mix pine-beech-oak” (b).
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In the case of “Pellets of olive core”, three stages were
distinguished in the DTG curves depending on the components of hemicelluloses, cellulose and lignin. The first
stage in the range of 250-300 0C is caused by the pyrolysis
of hemicelluloses with a peak at temperature of 270 0C. The
cellulose started to decompose at a temperature above 300
0
C (close to the DTG pyrolysis peak of hemicellulose) with
a peak at temperature of 310 0C. Lignin started to decompose at about 360-480 0C with a peak at temperature of 390
0
CAs it can be seen in the case of pellet “Mix pine-beechoak” (Fig. 2b) the initial loss in biomass weight about 7 w.t.
% in temperature range of 42-174 0C was recorded due to
moisture evaporation while the loss in weight from “Pellets
of olive core” (Fig. 2a) was about 6 % in temperature range
of 32-167 0C. Two stages were distinguished in the DTG
curves in the case of pellet “Mix pine-beech-oak”. The first
stage in the range of 175-350 0C is caused by the combination of total decomposition of hemicelluloses and cellulose
and partial decomposition of lignin, and the second one in
the range of 350-490 0C corresponding to the decomposition of the remaining lignin and char oxidation. The maxima of the two DTG peaks were occurred at temperatures
of 307 0C and 390 0C, respectively. Oxygen enhances the
decomposition at a certain temperature where the oxygen
will cause ignition of the volatiles, and when the temperature
is high enough oxygen promotes the heterogeneous oxidation of the remaining char [25]. In the case of pellet “Mix
pine-beech-oak” although was not observed in the thermogram the decomposition of hemicelluloses, however it can
be distinguished by the influence of the exothermal volatiles
combustion where the thermal reactivity of cellulose is
greatly enhanced due to the acceleration of mass loss in the
first stage.
There was gradual decrease in weight loss after 400 0C
in both cases. This was attributed due to the pyrolysis of
lignin and the burning of remaining solid residue or char.
At temperature of about 500 0C all the volatile matter was
combusted from “Pellets from the olive core” and “Mix

pine-beech-oak” and the weight loss was stabilized. According these findings the temperature of the oven for the
combustion was set at 500 0C.
The elemental content of wood biomass plays an important role in the affection of combustion condition affecting the content and amount of combustion emissions. In
Table 1, the elemental composition (S, C, H, N), the water,
the ash content and the higher calorific value of the 5 kinds
of the investigated pellets are presented. The determination
of water content was based on the standard EN 14774-1,
[26] the ash on the standard EN 14775, [27] the sulphur on
the standard EN 15289, [28] the carbon, hydrogen and nitrogen on the standard EN 15104 [29] and the higher calorific value on the standard EN 14918 [30] and were conducted by the Institute for Solid Fuels Technology and Applications (ISFTA) located in the area of Ptolemais, certified for these kind of determinations.
The results show that the olive pellets have the highest
water content about 9.2 %, while by the other pellets the
water content ranges from 6.5 to 7.6 % results that are in
good agreement with previous literature [31-33] where
wood pellets’ water content ranged from 7.1 to 7.8 %. The
carbon (C) and hydrogen (H) content have no significant
differences between the samples. The nitrogen (N) content
presents differences between the samples with the highest
percentage in the “olive pellets” and “pellets from the olive
core” and the lowest in the “mix spruce-pine-oak”. This
happens probably because of the higher percentage in fertilizer use for the olive trees. The sulphur (S) content for
the five types of pellets was under the detection limit of the
analysis method, a fact that is confirmed by previous liter
ature [31,32] where wood pellets’ sulphur content was
found to be < 0.01 %. The calorific value is in the same
level for all the investigated pellets while the ash content
has differences between the species with the lowest percentage in the “100% spruce” and the highest in the "olive
pellets" (5.34 %). The ash content in the wood fuel derives

TABLE 1 - Elemental analysis [S, C, H, N], ash content, water content (dry %) and calorific value (dry J/g) for the investigated pellets measured
according EN 14774-3, EN 15104, EN 15289 and EN 14918 and reported elemental analysis and heating values in literature.
Pellets
Mix
(pine-beech-oak)
Olive pellets
Mix
(spruce-pine-oak)
100% Spruce

Water
content
(%)

Ash
content
(% db)

S
(% db)

C
(% db)

H
(% db)

N
(% db)

Higher heating
value
(J/g) d.b.

References

7.62

4.01

n.d.

50.87

5.93

0.16

19.767

this work

9.27

5.34

n.d.

51.21

6.15

1.35

20.313

this work

7.45

1.97

n.d.

51.77

6.30

0.10

20.174

this work

6.51

1.09

n.d.

50.75

6.43

0.28

20.646

this work

Pellets from the olive core

7.01

4.02

n.d.

47.66

6.40

0.88

19.759

this work

(Spruce)

7.6

0.26

0.01

50.00

6.30

0.12

-

[31]

(Bark pellets)

7.8

3.70

<0.03

52.10

5.90

0.48

-

[32]

(Pine)

6.80

0.42

n.d.

50.90

6.10

0.27

-

[33]

where d.b.= dry basis
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TABLE 2 - Average of total mass (m) of particulate matters in the filters after combustion in mg/m3 (charge) and average of total carbon,
elemental carbon and organic carbon concentrations in % of emitted particles PM10.
Kind of pellet

n

PM10
mg/m3

TOC
% of PM10
n=3

EC
% of PM10
n=3

OC
% of PM10
n=3

References

Mix
(Pine-Beech-Oak)

25

185.39±2,33

36.2±1.2

31.8±0.4

4.4±1.7

this work

Olive pellets

25

86.00±1,39

31.8±0.2

30.6±0.3

1.2±0.3

this work

Mix
(Spruce-Pine-Oak)

5

181.82±1,28

36.9±1.2

34.4±1.0

2.5±2.1

this work

100% Spruce

5

188.82±0,30

35.3±0.8

33.9±0.3

1.4±0.6

this work

Pellets from the olive core
(Spruce)
(Triticale pellets)
(Miscanthus pellets)
(Straw pellets)

5

101.06±1,13
4.6-52.0
183.8-236.5
12.5-35.8
>150

36.1±1.0
2.2-93
2.6-28.1
2.5-67.5

34.0±0.4
0.2-54.8
0.5-17.5
1.0-45.2

2.1±1.0
2.0-38.2
9.8-10.6
1.5-22.3

this work
[5]
[5]
[5]
[3]

from variations in raw material, mineral impurities and
chemical additives. In pellets, high ash content stems from
high content of bark, inorganic additives and chemical
treatments such as paint and preservation. Furthermore, the
existence of Cl, S, major and minor elements content in the
pellets form the ash which affect aerosol and fly ash formation during wood fuel combustion [33].
Then 5 samples of pellets (mix “spruce-pine-oak",
"pellets from the olive core", "100 % spruce", “olive pellets”, mix “pine-beech-oak”), three of them (mix “sprucepine-oak", "pellets from the olive core", "100 % spruce")
were from the Greek industry that produces solid biofuels
(Modern Fuels, S.A.), were studied. Table 2 presents the
mass of PM emissions in mg/m3 (charge) from the combustion of the five kinds of pellets and average of total organic carbon, elemental and organic carbon content in %
of emitted particles PM10.
It results, that emissions of particulate matter from the
pellets mix “pine - beech - oak", mix “spruce - pine - oak"
and "100 % spruce" exceed the maximum permitted emission limits of particles according to the standard ELOT EN
303.05 (150 mg/m3) while the "olive pellets" and the "pellets from the olive core" do not exceed the limits reaching
86 and 101 mg/m3, respectively (Fig.3). These obtained results were compared to other studies where the PM10 emissions range from about 35 to 230 mg/m3 depending each
time on the different wood types available in different
countries of Europe and the range of devices under different operation conditions [3, 5].
As concerns the total carbon, elemental carbon and organic carbon, their average concentrations in % of emitted
particles PM10 are presented in Table 2. All the investigated
pellets showed almost the same percentage for TOC. The
total organic carbon (TOC) is defined as the difference between total carbon (TC) and the sum of elemental (EC) and
inorganic carbon (IC) [TOC = TC – (EC + IC)]. Because
non inorganic carbon for the five types of pellet was found,

it is concluded that the total carbon is the total organic carbon and the elemental carbon. The elemental carbon was
almost the same for the five types of pellets in contrary to
the organic carbon where there were some differences between the “olive pellets” and the “mix pine-beech-oak”.
This happens as in mix pellets that are from different kinds
of trees usually contain adhesives in relation to pellets from
olive trees that are clear wood. Emissions of TOC from
measured pellet combustion systems are reported in literature and range from about 5 to 600 mg/m3 because of the
different system designs [5,33].
By ion chromatography the following anions were examined: Cl-, NO3-, PO43-, SO42-, Br-. The physical properties (moisture content, density, calorific value, ash content
and volatile matter content) of wood biomass as well as the
chemical properties (elemental content, major and minor
elements) affect the content and amount of combustion
emissions. Especially chlorine content plays an important
role in forming alkali metal chlorides, releasing the ash
forming elements to the gas phase which leads to particulate formation [35]. Small differences in the concentrations
of the water-soluble anions (Cl-, NO3-, PO43-, SO42-, Br-)
were observed in the above five types of pellet and the
“Pellets from the olive core” had the highest concentration
in Cl- , in PO43- and Br- in relation to the others (Table 3).
The pellet mix “pine - beech - oak" had the highest concentration in NO3-, while “100% Spruce” had the lowest. Nitrogen oxides are formed from combustion air or from pellet nitrogen content. The importance of fuel nitrogen is implied by a correlation between the NOx emissions and the
fuel nitrogen content. However, in this case, while the olive
pellets have the highest nitrogen content (Table 1), result
to have low concentration in nitrates (Table 3). From the
above, it is concluded that the total nitrogen content exists
in the olive pellets in other forms of nitrogen compounds,
as during thermal decomposition of nitrogen containing
materials, fuel-nitrogen is converted to ammonia (NH3),
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FIGURE 3 - PM10 emissions in mg/m3 from combustion of different types of wood pellets with additional reference data (the emission limits
are 150 mg/m3).

TABLE 3 - Average of anion concentrations (Cl-, NO3-, PO43-, SO42-, Br-) in 10-2 % mass of PM emissions with additional reference data.
Pellets
Mix
(pine-beech-oak)
Olive pellets
Mix
(spruce-pine-oak)
100% Spruce
Pellets from the olive
core
(Beech)
(Oak)
(Spruce)
(Pinus)
(Pine, Oak, Eucalyptus)
NA = not analysed

n

Cl-

NO3-

PO43-

SO42-

Br-

Sum

References

4

2.1±1

18±2.8

2.6±1

2.8±0.5

1±0.3

26.5±5.6

this work

5

2±1

4.7±1.4

5.6±2.3

0.9±0.1

2.1±0.2

15.3±5

this work

5

2.7±0.1

14.2±1

1±0.6

4.4±0.7

0.7±0.1

23±2.5

this work

5

2.3±0.53

3±1.28

2.1±0.47

3.1±0.8

1.3±0.43

11.8±3.51

this work

5

5.8±0.11

5.4±0.15

3.7±0.79

6.3±0.08

2.5±0.15

23.7±1.28

this work

7.3

9.8

NA

30.8

NA

-

[34]

19.6
16.3
4–132
20–170

13.4
6.3
7–73
NA

NA
NA
NA
NA

17.8
17.6
1–168
12–41

NA
NA
NA
NA

-

[34]
[34]
[37, 38]
[39]

isocyanic acid (HNCO), hydrogen cyanide (HCN) and organic nitrogen in higher concentrations, except from that
of anion water soluble NO3- [36]. The anions correspond to
an average of 0.20 % of the total mass (PM10) on the filters
(Table 3) as it is was found elsewhere [34, 37-39] where
the concentration of ions is minimal (0.12-0.31 %).
The atomic absorption spectrometry and the optical
emission spectrometry with inductively coupled plasma
were used to determine the metals: Ca, Na, K and Fe, Mg,

Zn, Al, Ba, Cu, Cd respectively. The inorganic elements
lead to the ash-forming, leading to coarse and fine mode
formation of particle emissions. K and Na content can also
be an indication of additives in the raw material, higher
content of bark than specified and contamination during
storage/transportation by salt water, road salting and
preservation chemicals. Higher content of Na in the wood
fuels can be related to mineral impurities such as sand or
glass during handling and processing [40]. The concentrations of metals (Ca, Na, K, Fe, Mg, Zn, Al, Ba, Cu, Cd)
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TABLE 4 - Average of metal concentrations (Ca, Na, K) with the use of AAS in 10-2 % mass of PM emissions with additional reference data.
Pellets
Mix
(pine-beech-oak)
Olive pellets
Mix
(spruce-pine-oak)
100% Spruce

n

Ca

Na

K

Sum

References

20

4.52±0.68

8.2±0.9

0.48±0.1

13.2±1.68

this work

20

6.5±1

16.39±0.52

2.75±0.48

25.64±2

this work

5

5.89±0.54

2.33±0.12

1.1±0.07

9.32±0.73

this work

5

7.33±1

1.62±0.07

1.88±0.08

10.83±1.15

this work

5

this work

12.22±0.81

2.53±0.14

2.97±0.14

17.72±1.09

(Beech)

4

2.2

21.3

27.5

[34]

(Oak)

10.8

3.8

41.4

56

[34]

(Spruce)

5.1

3.2

16

24.3

[34]

(Pinus)

NA

NA

15.9–274

-

[37, 38]

(Pine, Oak, Eucalyptus)

NA

9-18

27.7–80.9

-

[39]

Pellets from the olive core

NA = not analysed

TABLE 5 - Average of metal concentrations (Fe, Mg, Zn, Al, Ba, Cu, Cd) using ICP-OES in 10-2 % mass of PM emissions with additional
reference data.
Pellets

n

Mix
(pine-beech-oak)

20

Olive pellets

20

Mix
(spruce-pine-oak)

5

100% Spruce

5

Pellets from the olive
core
(Beech)
(Oak)
(Spruce)
(Pinus)
(Pine, Oak, Eucalyptus)

5

Fe

Mg

Zn

Al

Ba

Cu

Cd

Sum

References

0.18
±0.05
0.21
±0.07
0.23
±0.02
0.19
±0.02
0.16
±0.02
4.2
17
5.2

0.31
±0.3
1.26
±0.5
1.98
±0.1
3.02
±0.1
1.79
±0.1
5.6
8.4
7.3

0.1
±0.1
0.1
±0.1
0.3
±0.01
0.1
±0.03
0.3
±0.03
1.5
4.1
2.3

0.55
±0.59
0.55
±0.10
0.05
±0.01
0.03
±0.004
0.07
±0.01
0.26
0.41
0.38

0.28
±0.26
0.17
±0.08
0.12
±0.01
0.09
±0.01
0.13
±0.01
6.5
0.77
1.96

0.08
±0.09
0.09
±0.09
0.03
±0.004
0.01
±0.004
0.02
±0.005
0.19
< 0.1
0.53

3.37
±2.49
3.77
±1.34
4.25
±0.25
4.35
±0.23
4.88
±0.25
20.15
33.98
27.67

[34]
[34]
[34]

NA

NA

NA

NA

0.18

NA

-

[37, 38]

0.1

NA

1.87
±1.1
1.39
±0.4
1.54
±0.1
0.91
±0.07
2.41
±0.08
1.9
3.2
10
0.2–
148
0.5–
0.6

0.00–0.6

0.00–
0.2

0.00–0.1

0.000–0.2

-

[39]

this work
this work
this work
this work
this work

NA = not analysed

showed some significant differences between the five species of pellet and correspond to an average of 0.3 % of the
total mass on the filters (Tables 4 and 5) as presented in
similar studies [34,37-39]. The following elements: Cr, Ni,
Pb and Mn could not be detected by ICP-OES as they were
below the detected limits. Between “Olive pellets” and
“Pellets from the olive core” there was a difference regarding the concentration of Na. Moreover, between “Mix pinebeech-oak” and “100% Spruce” there were observed two
significant differences as concerns the concentrations of
Mg and Ba. As concerns cadmium, is an extremely toxic
metal commonly found in industrial workplaces which affects the respiratory system and is classified as a human
carcinogen. From the combustion of pellets, the average of
Cd in μg/m3 of particulate matter emissions is 1,35.
Each kind of pellet has its own physical and chemical
characteristics and this explains the differences between

the types of pellet. This happens as different types of trees
take up metals from the soil to different extents, and that
different soils contain very different levels of trace metals
of widely differing availability, so the values for the trace
metals in the wood smoke profiles do not show a close correspondence between results from other species of trees in
other countries. In some cases, the differences may be due
to procedural differences.

4. CONCLUSION
In this study a simulation sampling system was developed with the purpose to conduct a series of combustions of
specific kinds of wood pellets used recently for residential
heating in Greece in aim to collect and determine the particulate matter emissions (PM10) and their chemical com-
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position. Five types of pellets commercially used were being examined. The results showed that in the case of “olive
pellet” which is a kind of pellet relatively new in Greece,
although its humidity is about 9 % and its ash content 5.34 %,
it has the fewer PM10 emissions during the combustion, a
fact that shows that except from the water content and its
effects, many other parameters like: adhesives, glues, lacquer, dyestuff, or wood preservatives and other impurities
play a significant role to the quality of fuel.
This kind of pellet is considered the healthiest in relation to others as his total organic carbon is less than the
others is. The last years “Olive pellets” began to present
themselves to public and having more and more interest for
them. In general, all should be very careful and quite good
informed as concerns the quality and efficiency of pellets
and choose those ones that are certified according to EN
14961-2.
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3) The Aristotle University of Thessaloniki and specifically the school of chemical engineering for the determination of elemental carbon on the samples.
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