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ELECTROCHEMICAL OXIDATION OF
REACTIVE BLUE 221 BASED ON FENTON’S PROCESS
Hidayet Argun*
Pamukkale University Department of Environmental Engineering, Kinikli Campus, 20070 Denizli, Turkey

ABSTRACT

1 INTRODUCTION

TOC and color removal efficiency of Reactive Blue
221 during Fenton’s process was tried to be enhanced by
the incorporation of direct current, ultraviolet irradiation
and TiO2 addition. Experiments were done at optimum
Fenton oxidation conditions. Almost 100% color was effectively removed within 15 minutes during all applied conditions. TOC removal efficiency of Fenton’s process was
increased from 42 % to 77.6 % by applying direct current
and aeration to the reaction medium. Ultraviolet irradiation and the addition of TiO2 as a catalyst did not contribute significantly on percent TOC removal due to low current density, low catalyst/dye ratio and high strength intermediate compounds. The application of direct current
with 5 mA along with aeration to Fenton’s reaction media
resulted in the most efficient oxidation of 250 mgL-1 Reactive Blue 221 containing solution in terms of percent
color and TOC removal.

KEYWORDS: Advanced Oxidation, Direct current, Fenton process, Reactive Blue 221, TiO2, UV-C irradiation.

ABBREVIATIONS
AOP
COD
DC
EF
FR
FP
PCR
PEC
PEF
PTR
RB 221
TOC
UV

Advanced Oxidation Process
Chemical oxygen demand
Direct current
Electro-Fenton
Fenton’s reaction
Fenton’s process
Percent color removal
Photoelectrocatalysis
Photoelectro-Fenton
Percent TOC removal
Reactive Blue 221
Total organic carbon (mg L-1)
Ultraviolet

One of the most challenging problems in the treatment
of textile industry wastewaters is the removal of dyes originating from losses of various dyeing processes. The presence of even 1 mgL-1 dye pollutant in such effluents was
reported to cause visible colorization and changes in the
clarity of receiving waters resulting in non-aesthetic pollution and serious health-risks [1]. Most unfixed reactive
dye containing wastewaters belong to this category having significant effects such as high organic loadings, low
bio-degradability and high salt content [2]. Reactive dyes
contain chromophoric groups such as azo, anthraquinone,
triarylmethane [3] and their concentration in textile wastewaters can reach 60-250 ppm [4].
Among various methods used for the degradation of
textile dyes, Fenton’s reaction (FR) chemistry based electrochemical processes are emerging technologies recently
receiving great interest due to operation under mild conditions and efficient degradations [1, 5] compared to other
conventional physico-chemical and biological treatment
methods [6, 7]. Common feature of those electrochemical
processes is the production of more HO• radicals, than
Fenton’s treatment, capable for complete oxidation of
recalcitrant organic dye molecules [8].
Reactive Blue 221 (RB 221) is one of the most common commercial reactive dyes used in the textile industry
however there are limited studies on it’s degradation by
advanced oxidation processes [9-12]. There is only one
study reporting on RB 221 oxidation by Fenton’s process
where a Box-Behnken statistical experiment design was
used and optimum dye/H2O2/Fe(II) ratio resulting in 100%
color and 42% TOC removal were determined as 250/650/45
(mg L-1) [12]. Based on this information the purpose of the
current study was to enhance the RB 221 oxidation performance of Fenton’s process by investigating the incorporation of direct current, UV irradiation and TiO2.
2 MATERIALS AND METHODS
2.1 Chemicals

* Corresponding author

CI Reactive Blue 221 in commercial grade (Molecular weight: 1082.83 g mol -1 , chemical formula:
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C33H24ClCuN9Na3O15S4, CAS number: 93051-41-3) was
obtained from Alfa Kimya, Istanbul, Turkey. Analytical
grade FeSO4·7H2O, H2O2 solution (30%, ww-1) in stable
form, H2SO4 (98–99%) and NaOH were provided from
Merck Co. 5 gL-1 Fe (II) containing stock solution (pH=3)
prepared with FeSO 4·7H 2O was used to adjust desired
initial iron concentrations. Initial pH of solutions was adjusted to 3 using either sodium hydroxide (2 M) or sulfuric
acid (1 M) since pH range of 2.5-3.0 was reported to be
optimum for Fenton and Fenton-like systems [13]. TiO2
in nano-size (Titanium IV oxide, anatase, < 25 nm, 99.7%)
was purchased from Sigma Aldrich and powdered TiO2
(P25) from Degussa GmbH. NaCl (Aktentas Aksaray
Tarim Ltd, Turkey) was used as electrolyte.

ditions determined in DC assisted FP experiments (5 mA,
0.15 M NaCl as electrolyte) resulting in highest percent
color (PCR) and TOC (PTR) removal.

2.2 Experimental procedure

The optimization of Reactive Blue 221 oxidation in
Fenton’s process was previously studied and optimum
dye/H2O2/Fe (II) ratio resulting complete color and 42%
TOC removal in 100 minutes reaction time was reported
as 250/650/45 (mg L-1) [12]. The scope of this study was
to enhance that 42% TOC removal efficiency by coupling
DC current, UV-C irradiation and TiO2 addition to the
Fenton’s process, respectively. Effects of direct current
were explored in beakers and the conditions resulting in
highest TOC removal were used during the investigation
of the effects of UV-C irradiation and TiO2 addition. The
latter two sets of experiments were performed in a dedicated reactor as presented below.
2.2.1 Effects of direct current on Fenton’s oxidation performance

Batch experiments were carried out to determine the
most suitable applied direct current on FP. Experiments
were performed in 250 mL glass beakers at room temperature (24±2oC) on a magnetic stirrer. SS 304-Stainless
steel and graphite rods (diameter: 3mm, length: 12 cm)
were used as anode and cathode, respectively. Desired
current was provided by using a DC-power supply (TT TECHNI-C, MCH-305D). After pH adjustment, dye solution was aerated for 10 minutes with an aeration pump
(Elite 801, 650 mlmin-1, psi: 1.4). 0.15 M NaCl was used
as electrolyte during the experiments. Beakers were filled
with 50 mL dye solution and distance between the anode
and cathode was kept as 2 cm. Initial RB 221 and peroxide doses were 250 and 650 mgL-1 respectively. Reaction
was simultaneously started by the addition of H2O2 and
application of DC and lasted for 100 minutes.
2.2.2 Effects of UV-C irradiation and TiO2 addition on direct
current assisted Fenton’s process

Three sets of batch experiments were performed in order to test the effectiveness of UV-C irradiation and TiO2
on DC assisted FP. The first set of experiments was done
with only UV-C irradiation. Nano particle and powdered
TiO2 along with UV-C irradiation were used in the following two sets. Except UV-C irradiation and catalyst addition
all other experimental conditions were the optimum con-

FIGURE 1 - Reactor used for DC+UV-C and DC+UV-C+TiO2
assisted Fenton experiments

Experiments were performed in a 2.2 liter photochemical reactor (Fig 1) which consists of two co-axial cylindrical parts without an internal passage between them. The
inner glass cylinder is made of quartz and the outer cylinder of glass. The reactor was equipped with a reagent
dosing unit, a liquid sampler and thermometer measurement ports at the top. UV-C irradiation was provided by a
16 W UV low-pressure mercury vapor lamp with maximum 254 nm emission (Light Tech GPH 287T5VH/4)
which was placed inside the reactor. Also a water-cooling
jacket around the quartz tube was used to prevent over
heating during UV irradiation. The outside of the reactor
was precisely covered with aluminum foil in order to prevent
any UV-light leakage to the environment. Experiments were
performed at room temperature (24±2oC). Complete mixing
was provided from the bottom of the reactor with a magnetic stirrer.
Experiments were done by filling the reactor with
700 mL dye solution containing 250 mgL-1 RB221, 0.15M
NaCl and 250 mgL-1 TiO2 at pH=3. After 10 min of aeration (650 mLmin-1); UV-irradiation, DC and H2O 2 (650
mgL-1) were simultaneously applied to the dye solution.
Reaction time was kept 100 minutes and the reaction media was aerated during the whole experimental period.
2.3 Analytical methods

Samples of raw and treated dye solutions were analyzed immediately for color intensity and pH measurements. After each experiment the pH of the samples was
adjusted to pH =7 with 2 M NaOH in order to stop the
Fenton oxidation reaction [14-16]. Turbid samples were
centrifuged at 7000 g to remove solids from the liquid
media before color and TOC analysis. The samples were
analyzed in triplicates and results were reproducible within
5% deviation. pH was monitored with a pH meter (WTW
Scientific, Germany). A UV-visible spectrophotometer of
Analytic Jena (SPEKOL 1300) was used to determine the
dye concentrations of raw and treated water samples. A
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calibration curve was established between standard dye
concentrations and their respective absorbance values.
Absorbance measurements were carried out at 600 nm
which was the wavelength for the maximum absorbance
of RB 221. TOC analyses were done by using a Teledyne
Tekmar, Apollo 9000 Combustion TOC Analyzer.
3 RESULTS AND DISCUSSION
3.1 Effects of direct current on Fenton’s oxidation performance

RB 221 oxidation during the Fenton’s process at optimum dye/peroxide/Fe(II) ratio 250/650/45 (mg L-1) results in only 42% TOC removal [12]. In order to enhance
this amount of percent TOC removal, DC along with aeration was applied to experimental solutions during Fenton’s
process. Differently from the Fenton’s process, Fe (II) ions
were provided by a sacrificial stainless steel anode instead
of external Fe (II) addition. Additional H2O2 was formed
at the cathode by the oxygen molecules that were provided
to the solutions during aeration. Fe (II) and H2O2 formation
lasted in the oxidation media as long as direct current and
oxygen was supplied to the system. Chemical reactions
occurring at this stage can be summarized as following [14]:
Cathode reactions:
O2 + 2H+ + 2e- → H2O2
(1)
+3
2+
Fe + e → Fe
(2)
Anode reactions:
H 2O → ½ O 2 + 2 H + + 2 e (3)
2+
Fe → Fe + 2 e
(4)
RB 221 molecules were oxidized by HO• ions that
were formed according to the Fenton’s reaction presented
in Eqn 5 [5].
Fe 2+ + H2O2 → Fe+3 + OH- + HO•
(5)
Fig. 2 presents the variation of PCR and PTR with
DC during 100 min operation time. As shown in Fig 2,
PCR was only 63% when no current was applied to the
solution, indicating the contribution of only peroxide oxidation for decolorization. PCR increased to 100% by increasing the applied current from 0 to 5 mA due to the
start of Fenton oxidation reaction as a result of the incoming Fe (II) ions from the stainless steel anode. PCR remained stable at 100 % at currents up to 300 mA.

FIGURE 2 - Variation of percent color and TOC removals during
DC assisted Fenton process. (■) percent TOC removal, (□) percent
color removal.

On the other hand PTR was zero when no current was
applied to the experimental solution indicating no TOC
removal by peroxide oxidation alone. PTR increased to
77.63% at 5 mA and decreased sharply by increasing the
applied current due to HO• radical scavenging effects of
high Fe (II) ions [17] released into the media from the dissolving anode as presented in Eqn 6.
Fe+2 + HO• → Fe +3 + OH-

(6)

TOC removal efficiencies were below 30% for currents above 120 mA. Another factor contributing to PCR
and PTR except DC current at this stage might be the formation of oxidative chlorine species during the experiments, since 0.15 M NaCl was used as electrolyte. It was
reported that the electrolysis of chloride containing solutions in undivided cells might result in the formation of
oxidative chlorine species such as chlorine (Cl2 (aq), Eo=
1.36V vs SHE), hypochlorite (OCl-, Eo =0.89V vs SHE)
and hypochlorous acid (HOCl, Eo =1.49 V vs SHE) [1].
Main reactions describing the formation of chlorine species depending on the pH are as following [1, 11]:
2 Cl- → Cl2 (aq) + 2 e-

(7)
-

Cl2 (aq) + H2O → HClO(aq) + Cl + H
-

HClO → ClO + H

+

+

(8)
(9)

In order to distinguish the contribution of NaCl, aeration and H2O2 on PCR and PTR, a series of experiments
were carried out at 30 and 5 mA DC current keeping all
other conditions constant. Results of those experiments are
presented in Table 1 and Table 2.

TABLE 1 - Effects of NaCl, aeration and peroxide on DC assisted Fenton process (30 mA, 100 min reaction time).
TOCo
(mgL-1)

TOCF
(mgL-1)

TOC
Removal
(%)

Color
Removal
(%)

NaCl+H2O2

49.72

21.64

56.47

100

NaCl+H2O2+air

49.72

17.63

64.54

100

NaCl

49.72

18.09

63.61

100

NaCl+air

49.72

12.96

73.93

100
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TABLE 2 - Effects of NaCl, aeration and peroxide on DC assisted Fenton process (5 mA, 100 min reaction time).
TOCo
(mgL-1)

TOCF
(mgL-1)

TOC
Removal
(%)

Color
Removal
(%)

NaCl+air

49.72

14.01

71.82

92.57

NaCl+H2O2+air

49.72

11.12

77.63

100

As presented in Table 1 complete color removal was
obtained in all experiments while PTRs differed. The lowest TOC removal of 56.47 % was obtained when only NaCl
and H2O2 were used. Aeration along with NaCl and H2O2
slightly increased PTR to 64.54%. Aeration apparently
increased PTR in all experiments. The highest TOC removal was obtained when NaCl was used with aeration.
These results indicated that most of the oxidation was performed by active chlorine species instead of peroxide. In
light of the results summarized in Table 1, experiments at
the optimum current of 5mA resulting in highest PTR were
performed and the results are summarized in Table 2 since
highest PTR and PCR were obtained at 5 mA DC as shown
in Fig 1. The highest color and TOC removals were achieved
when NaCl, air and H2O2 were used together. Considering
the data presented in Tables 1 and 2, it could be said that
reductions in the current from 30 mA to 5 mA increased
color and TOC removal in general. Using only NaCl and
aeration without H2O2 resulted in lower PCR at low current of 5 mA. Therefore, utilization of H2O2, NaCl and aeration along with the lowest current of 5 mA was decided to
be the best option for the degradation of RB221.
3.2 Effects of UV-C irradiation and TiO2 addition on direct
current assisted Fenton’s process

After determining that 5 mA DC along with aeration
increased the PTR from 42 to 77.63 %, effects of UV-C
irradiation and TiO2 addition on PTR was investigated.
UV-light assisted electro-Fenton (EF) process is known as
photoelectro-Fenton (PEF) which is reported to enhance
HO• radical and Fe (II) ion formations by the photolysis of
electrogenerated H2O2 (Eqn 10) [1], photoreduction of
Fe(OH)2 (Eqn 11) and Fe(III)-carboxylate complexes
(Eqn 12) [1, 8]. The process applied in this study can not
be named as a photoelectro-Fenton process since sacrificial anode was used instead an inert electrode [5] however
the approach and aim was the same.
H2O2 + hν → 2 HO•
Fe(OH)2+ +hν →Fe
2 Fe(C2O4)n

(3-2n)

(10)
2+

+ HO

+ hν → 2 Fe

•
2+

(11)
2-

+ (2n-1) C2O4 + 2CO2 (12)

A further strategy to increase the oxidation efficiency
of organic molecules in wastewaters is the incorporation
of catalysts like TiO2 into the PEF process which is
known as the photoelectro-catalysis (PEC) [1]. During the
PEF process TiO2 is irradiated with a greater light energy
than it’s band gap energy resulting in the formation of
conduction band electrons (eCB−) and valance band holes
(hVB+) as presented in Eqn 13 [1, 18, 19]. Those strongly

oxidative holes (hVB+) might directly react with organic
dye molecules or indirectly oxidize them with the formation of HO• radicals according to Eqn 14 [1, 19].
TiO2+hv(UV) → TiO2(eCB−+hVB+)
+

hVB+ + H2O → TiO2 + H +HO

•

(13)
(14)

Conduction band electrons (eCB−) on the other hand react with O2 resulting in the production of superoxide radical ions O2•− (Eqn 15) [1, 18, 20]. Those radicals react with
H2O2 which produces HO• as shown in Eqn 16 [1].
eCB− + O2 →O2•−
•−

(15)
•

-

H2O2 + O2 → HO + OH + O2

(16)

The basic flow scheme for the complete degradation
of the dyestuff for this stage of experiments in the presence of photocatalysts can be described as follows:
Dyestuff + UV + H2O2 + photocatalyst + Fe(II) →
colorless intermediate compounds → CO2 + H2O
(17)
Table 3 presents TOC concentrations at the beginnig
and at the end of experiments along with percent color
and TOC removal efficiencies when UV-C and TiO2 was
used during DC assisted Fenton experiments. As shown in
Table 3 complete color removal was obtained during all
experiments. However TOC removal efficiencies were
different. Highest PTR (46.33%) was obtained when only
UV-C irradiation was used without any catalyst of TiO2.
Using nano sized TiO2 resulted in a higher TOC removal
(35.18 %) compared to powdered TiO2 (27.99%). TOC
removal with only UV-C (46.33%) was slightly higher than
the highest PTR of % 42 in Fenton oxidation that was determined previously [12]. The use of UV-C irradiation
and the addition of TiO2 did not enhance the TOC removal
performance of 77.63% when only 5 mA DC was applied
along with aeration to the Fenton process. Decrease in
PTR during UV irradiation might be due to a decrease in
the current efficiency from 25.64 to 6.26 A m-2 which was
a result of enlarging the electrode surface area due to increasing liquid volume to 700 mL. Increases in current
efficiency was reported to enhance the oxidation performance of photoelectro-Fenton (PEF) [6] and electrochemical
processes [21] which was not the case in this study. The
level of current density used at this stage (6.26 A m-2 at
5 mA) may not be sufficient to produce additional peroxide
at the cathode for more HO• formation able to degrade
recalcitrant intermediate compounds. Current density and
DC reported in literature during PEF were as high as 890 A
m-2 [6] or 360 mA [7] which are much higher than those
used in this study.
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TABLE 3 - Initial and final TOC concentrations along with percent TOC and color removals for DC+UV-C and DC+UV-C+TiO2 assisted
Fenton processes operated for 100 minutes.
Type of Process
DC+UV-C
DC+UV-C+nano sized TiO2
DC+UV-C+powdered TiO2

TOCF (mgL-1)

TOCo
(mgL-1)
49.51
49.51
49.51

Another reason for inefficient TOC removal by TiO2
assisted RB 221 oxidation compared with experimental
results with only 5 mA DC application might be due to
the low amount of catalyst used. The dye/catalyst ratio
varied between 1-10 in literature [18] while this ratio was
1.0 in this study causing limitations for more efficient
TOC removal. Another important reason for low TOC removal might be the use of the catalyst by directly subjecting it into the solution in powdered form resulting in the
loss of the electrons promoted to the valance band either
with unreacted holes or with adsorbed hydroxyl radicals [1,
22]. A control experiment without UV irradiation was also
performed where 5 mA DC and powdered TiO2 were
used. PCR and PTR for this condition was 100 % and
37.27%, respectively indicating the ineffectiveness of irradiation and use of TiO2 as catalyst at low current densities
and low catalyst concentrations for TOC removal. During
the control experiment color and TOC was probably removed partially due to current assisted Fenton process
and the adsorption of the dye onto the catalyst. For this
part of the study it can be concluded that UV irradiation
along with DC and aeration was the most suitable method
in terms of RB 221 oxidation.
Fig. 3 summarizes the variation of PCR and PTR with
time for all electrochemical methods used in this study.
PCR and PTR values shown in Fig.3 are specific for each
set of experiment, since they were not performed in the
same reactor. UV-C irradiated Fenton studies were performed in the 2.2 liter reactor (Fig. 1) and experiments
without UV-C irradiation were done in beakers as explained in section 2. As can be seen in Fig. 3 complete
color removal was accomplished in all cases with different
rates. The fastest color removal was achieved during the
Fenton oxidation where complete decolorization was accomplished within 5 minutes due to the presence of readily
available hydroxyl radicals and Fe (II) ions. Complete
color removal during DC supplied Fenton process was
achieved after 30 minutes since the effectiveness of the
Fenton reaction increased with time due to release of Fe
(II) ions from the anode. Complete color removal was
attained at the end of 100 minutes during DC and UV-C
assisted Fenton’s process probably due to the decrease in
the current efficiency which delayed the release of Fe (II)
ions and consequently decreased the oxidation performance. PTR in Fenton oxidation increased to 42 % in 15
minutes and remained stable probably due to the consumption of peroxide. The TOC removal proceeded faster during
the Fenton process alone than the other tested oxidations
due to the presence of proper amount of hydroxyl radicals

26.57
32.09
35.65

TOC Removal
(%)
46.33
35.18
27.99

Color Removal
(%)
100
100
100

and Fe (II) ions at the beginning of the experiment. TOC
removal during DC and DC+UV-C assisted Fenton experiments started after 15 minutes since sufficient levels of Fe
(II) and hydroxyl radical concentrations were achieved
only at the end of 15 minutes. With progressing time,
TOC removal with only DC assisted Fenton process increased considerably and reached 77.63%. After 45 minutes
TOC removal in DC+UV-C assisted Fenton process increased to 16.12% and remained stable for the next 15
minutes and at the end of the experiment PTR was 46.33%.
In general TOC removal during DC+UV-C assisted Fenton process was slower than Fenton and DC applied Fenton process. As shown in Fig. 3 reaction time was not
sufficient for complete removal of TOC in all oxidation
conditions. Therefore longer reaction periods would probably result in higher TOC removals.

FIGURE 3 - Variation of percent color and TOC removals with
time during Fenton based electrochemical oxidation processes. (♦,◊)
Fenton, (■,□) only DC assisted Fenton, (▲,Δ) DC+UV-C assisted
Fenton process.

Table 4 presents data from the literature regarding the
application of Fenton and Fenton based electrochemical
oxidation processes which were used to treat different dye
solutions. As can be seen from Table 4, decolorization
efficiencies were higher than TOC removals in all cases.
In general Fenton oxidation proceeded faster than other
AOPs due to the presence of readily available reagents,
however mineralization was not more than 82% for Fenton oxidations. Reaction times of EF, PEF and PEC processes were longer but resulted in higher TOC removals.
A fair comparison of the results of the current study with
the others was not possible due to different experimental
conditions, structure of dye molecules and dye concentrations. Among limited studies for RB 221 oxidation in the
literature Karuppiah et al. [9] reported complete TOC and
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color removal of 200 mgL-1 RB 221 solution in 2 hours
by using anodic degradation with complex electrodes
coated with IrO2/TaO2/RuO2 however the current density
(236.4 Am-2 ) was quite higher compared with the current

density (25.64 Am-2 ) of this study. In the present study it
was aimed to maintain the oxidation process as simple as
possible. Therefore graphite and stainless steel electrodes
were used with low current loadings.

TABLE 4 - Comparison of different dyestuff treatment performances by several AOPs.
Applied
AOP
FR
FR

Initial dyestuff concentration

Notes on Experimental Conditions

100 mgL-1 Acid Red 183
100 mgL-1 Reactive Blue 4

FR
EF

60 mgCODL-1 Reactive Blue 2
250 mgL-1 Reactive Black 5

EF

100 mgL-1 Reactive Red 120
(RR120)

EF

0.2 mM (128 mgO2L-1) Sunset
Yellow FCF

PEF

30 mgL-1 Reactive Red 198

PEF

200 mgL-1 Acid Red 14

PEF

200 mgL-1 Acid Yellow

PEC

0.1 mM Orange-G

PEC

1 x 10-5 M Basic Red 51

PEC

50 mgL-1 Direct Yellow 12

H2O2= 1020 mgL-1, Fe2+=168 mgL-1, pH=2.8
H2O2= 2101 mgL-1, Fe2+=501 mgL-1, pH=3.54.0
H2O2= 160 mgL-1, Fe2+=20 mgL-1, pH=3
H2O2= 2400 mgL-1, Fe2+=131.04 mgL-1, pH=3,
5 Volt DC current, Iron electrode as anode and
Ti-plate as cathode
Fe2+/RR120= 3(mol mol-1), pH=3, Ecathode=0.55 V vs SCE, Carbon felt as cathode and, Pt
gauze as anode
0.05 M Na2SO4, 0.1 mM FeSO4, -1.0V vs
SCE, RVC (reticulated vitreous carbon) as
cathode and Pt gauze anode
0.02 M Na2SO4, current density:890 Am-2,
pH=5.7, Ti/Ru0.3Ti0.7O2 DSA plate as anode,
Ti-mesh as cathode, UV illumination
0.05 M Na2SO4, 1 mM Fe2+,360 mA DC
current, pH=3, RuO2/Ti as anode and activated carbon fiber as cathode, UV illumination
0.1 M Na2SO4, 0.5 mM Fe2+, current density:
500 Am-2 , pH=3, Boron-doped diamond
(BDD) as anode, air diffusion electrode as
cathode, solar illumination
17.24 mgL-1Fe2+, working current: -11.47 mA,
pH=3, RVC as cathode and TiO2-Ti electrode
as photo-anode, illumination at 365 nm
0.1 M Na2SO4, pH=2, current density: 12.5
Am-2, W/WO3 as photo-anode, Pt gauze as
counter-electrode, illumination at 420-530 nm
0.2 mM Fe3+, 400 mA DC current, pH=3,
carbon nanotube-polytetrafluoroethylene as
cathode, Pt electrode as anode, ZnO as catalyst, 0.2 mM Fe3+, 400 mA DC current and
UV-C illumination
0.15 M NaCl, pH=3, H2O2= 650 mgL-1,
stainless steel anode, graphite cathode.

FR with
DC

250 mgL-1 Reactive Blue 221

Percent TOC
Removal
56
62*

Percent Color
Removal
98
90-97

Reaction time

Ref.

40 min
2 hours

[23]
[24]

81.7*
82.2 *

>96
100

100 min
15 min

[25]
[14]

24

80

3 hours

[19]

97

100

2 hours

[26]

80

100

3 hours

[6]

94

100

6 hours

[7]

93

100

6 hours

[8]

73

100

5 hours

[27]

63

100

60 min

[28]

96.7

98

6 hours

[20]

77.63

100

100 min

This
study

*Mineralization efficiency was calculated based on COD removal.

4 CONCLUSIONS
The Fenton’s process is an effective way to oxidize
complex organic dye molecules by highly oxidative HO•
radicals. However sufficient formation of those radicals
plays an important role to complete the oxidation of the dye
molecule. HO• formation during Fenton’s process is negatively effected due to reagent limitations or HO• scavenging by excess Fe (II) and H2O2 concentrations. HO• production in Fenton’s process can be enhanced by the incorporation of electrochemical processes which was the
main investigation interest of this study. Oxidation of RB
221 during Fenton’s process was chosen as a model. RB
221 was previously oxidized by the Fenton’s process however only 42% TOC removal was achieved at optimum
operation conditions. Therefore DC current, UV-C irradiation and TiO2 addition was coupled to Fenton’s process,
respectively to increase the TOC removal efficiency.
Differently from the Fenton’s process Fe (II) ions were
provided by a sacrificial stainless steel anode and addi-

tional peroxide was produced at the cathode by the reduction of oxygen originating from the supplied air. Almost
100% decolorization was achieved in 15 minutes in all
cases however TOC could not be removed completely
during 100 minutes reaction time. DC assisted Fenton
process resulted in highest TOC removal of 77.63% at 5
mA DC current along with aeration. It was seen that Fenton’s oxidation reaction started by increasing applied current
up to 5 mA due to incoming Fe (II) ions from the anode.
However TOC removal decreased by increasing DC
current more than 5 mA due to excess release of Fe (II)
ions resulting in HO• radical scavenging. Percent TOC
removal without current supply was zero, indicating that
peroxide alone was not effective in TOC removal. Contribution of chlorine species was found to be significant in
TOC removal. On the other hand DC+UV-C irradiation
and DC + UV-C irradiation + TiO2 did not significantly
contribute on percent TOC removal when coupled to Fenton’s process due to decrease in current density, low
dye/catalyst ratio and probably for-mation of resistant
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intermediate compounds. Higher TOC removal than
77.63% during DC assisted Fenton process might be obtained at longer reaction times than 100 minutes under the
same operation conditions. TOC removal of RB 221 containing solution by Fenton’s chemistry based electrochemical methods has been reported for the first time with this
study. RB 221 oxidation was realized at extremely lower
current densities when compared with studies reported in
the literature. Further research is needed to obtain complete TOC removal.
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ABSTRACT

KEYWORDS: Bog soils, Copper, Lead, Harz Mountains, Langmuir and Freundlich isotherms, Bioavailability

Bog soils from two areas of the high-moors of the Harz
Mountains were studied for their adsorption of Cu and Pb,
and the influence of dissolved organic matter on the sorption process. The soils were characterized by pH, water and
ash content, total organic carbon (TOC), cation exchange
capacity (CEC) and elements. Up to 1 mmol/L, Freundlich isotherm fits the measured data with a correlation of
0.999. For the total concentration range (0.01 mmol/L 20 mmol/L), the Langmuir isotherm fits slightly better than
Freundlich isotherm with correlation coefficients from
0.984 – 0.991. The maximum adsorbable mass calculated
from Langmuir model was 16.670 mg/kg for Cu and
125.000 mg/kg for Pb. The high adsorption capacity of
the Harz soils was corresponding with very low concentrations of heavy metals in the soil eluates. Adsorption rates
of Cu and Pb from pure water solutions were slightly higher
than from soil eluates. The complex formation of metals
with DOM in the eluates is supposed to be responsible for
this finding.
An ecotoxicity test with the soil eluates from the adsorption experiments was performed with Lepidium sativum garden cress seeds. Cu was found to be obviously
more toxic towards L. sativum than Pb. A relatively high
toxicity of Cu and low uptake of this metal by the plants is
assumed to be responsible for the decreasing accumulation factors of Cu concentration in the seedlings. In contrast to Cu, the accumulation factors of Pb did not have a
regularly trend, presumably due to its comparably low
toxicity. Finally, the presence of dissolved organic matter
in soil eluates was found to decrease the ecotoxicity of the
heavy metals for L. sativum in low concentrations. However, in total, the influence of DOM on the bioavailability
and toxicity on the root and hypocotyl growth seems to be
relatively low.
* Corresponding author

1 INTRODUCTION
The release of heavy metals in soils as a result of industrial and other human activities impairs the environmental quality and human health via contamination of
ground and surface water [1]. A good example for an intensive impact of heavy metals on soils by human activities is the soils of the Harz Mountain Region in Niedersachsen, Germany. The Harz is the highest elevation in the
German Midlands, north of the River Main. It is located in
the South-East of Niedersachsen and in the South-West of
Sachsen-Anhalt, and it reaches an altitude of 1142 m a.s.l.
(Brocken) [2]. In the Harz Mountain Region, mining operations are supposed to have started already during the Bronze
Age [3]. Archeometrical analyses of ore and slag give
evidence that the Harz Mountains have been mined since
the 3rd century [4]. Due to these industrial activities for
almost two millenniums, vast areas of the Harz Mountains
are highly polluted by heavy elements, especially lead [5].
The major organic fraction in bog soil consists of
humic substances. Among them, humic acids are natural
organic macromolecules with multiple properties and high
structural complexity. They form supra-molecular assemblies with other soil components [6]. Heavy metals bound
to insoluble humic substances are highly immobile. On the
other hand, binding to smaller organic molecules like fulvic
acids may increase metal mobility and bioavailability [7].
Humic soil and soil organic matter (SOM) can be considered as synonyms, and include the total organic compounds in soils [8]. Similar to the inorganic components in
soil, SOM plays a significant role in influencing the chemistry of soils. Although many studies are performed in the
past, the molecular structure and chemistry of SOM is still
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not well understood. Moreover, because of its variability
and close relationship with clay minerals and metal oxides, the chemistry and reactions it undergoes with metals
and organic chemicals are complex [9].
The aim of this work was to study the properties and
adsorption isotherms of the bog soils from the high-moors
of the Harz Mountains, the influence of DOM on the
adsorption, and the resulting bioavailability and toxicity
of the metals for plants. The selected soils were characterized and their content of heavy metals determined. Lead
(Pb) and copper (Cu) were selected for the experiments in
order to study their adsorption and bioavailability. Pb was
selected because of its occurrence in Harz soils at high concentrations [10] whereas Cu is known to easily form complexes, and to be relatively toxic towards plants although
being essential at the same time [11].
2 MATERIALS AND METHODS
2.1 Materials

Soil samples were taken from Stieglitzecke and Bodebruch area of the Harz Mountains. The areas are represented in the official topographic maps of Germany in the
scale 1:25.000 (TK 25). The map numbers are TK number
4228 (Riefensbeek) for Stieglitzecke and 4229 (Braunlage)
for the Bodebruch. The coordinates of the sampling points
in the UTM-system (universal transverse mercator system) are:
Sample point 1: Stieglitzecke UTM 32U E 600625;
altitude: 835 m a.s.l.
Sample point 2: Bodebruch
UTM 32U E 608475;
altitude; 840 m a.s.l.
In addition, two garden turfs were provided from the
Botanical Garden of Braunschweig University (turf soil
from Wilhelm GmbH, North German Plain turf (lime
amended)) for some additional experiments.
All chemicals used in this research were of analytical grade (p.a.) from Merck (Germany) and Fluka (Switzerland).
2.2 Instruments

ICP-OES (Vista-MPX, CCD simultaneous detection,
radial torch emission) from Varian-Germany, Ion Chromatography (690 IC) from Metrohm-Germany, TOC analyzer
(DC-90) from Dohrmann-USA, Vario TOC Cube from
Elementar, Germany, and UV/Vis Absorption Spectrophotometer (Cadas 100) from Dr. Lange, Germany.
2.3 Methods
a. Characterization of soil samples

10 - 15 g of field-moist soil samples were weighed into
a porcelain dish and dried in an oven at 105 °C for 24 h
according to ISO 11465 [12]. The determination of the
ash contents were done using a muffle furnace at 550 °C
according to DIN CEN/TS 14775 [13], and pH according

to ISO 10390 [14]. The effective cation exchange capacity
of soil samples was determined using BaCl2 and MgSO4
solutions according to DIN ISO 11260 [15]. The metal contents were determined after aqua regia digestion of the ashes
of the soil samples according to DIN EN 13346 [16].
b. Preparation of soil eluates

Fresh soil samples were air-dried for 24 h [17]. Then,
5.0 g of these air-dried soil samples (containing around
1.0 g dry mass of soil) were weighed into 100-ml glass
centrifuge tubes with screw caps. Ultrapure water was
added in a ratio of 1:50 (dry mass/water). These resulting
suspensions were shaken overhead at 8 rpm for 24 h.
Afterwards, the soil suspensions were centrifuged at 3000
rpm for 10 min.
The supernatant was filtered first using filter paper in
a glass funnel, and afterwards with a vacuum filtration
apparatus (with a PFA filtration device) and 0.45-µm cellulose acetate filter paper. Then, the properties of soil eluates, such as pH, conductivity, evaporation residue, dissolved organic carbon (DOC), UV/Vis absorption, and
anions contents, were determined.
c. Examination of adsorption isotherms for Cu and Pb

100 mmol/L stock solutions were prepared from
CuCl2 . 2H 2O and Pb(NO3)2. These stock solutions were
diluted with ultrapure water that was acidified to pH 4
with HCl (Cu) or HNO3 (Pb).
0.9 g air-dried soil sample (containing 0.3 g dry
mass) was transferred into a series of nine 15-ml centrifuge tubes. 14.5 ml standard solutions of Cu and Pb (0.01,
0.1, 0.5, 1, 2, 5, 10 and 20 mmol/L) in ultrapure water
(pH 4) were added to the soil samples in a ratio of 1:50
(dry mass to solution volume), and the tubes were closed
with a screw cap. A blank sample was prepared for each
by adding ultrapure water only. The soil suspensions were
shaken overhead at 8 rpm for 24 h. Afterwards, the soil
suspensions were centrifuged at 3000 rpm for 10 min.
The supernatants were filtered using vacuum filtration
apparatus (with a teflon filtration device) using 0.45-µm
cellulose acetate filters. In case that the supernatant was
too colloid, the filtration was started by a pre-filtration
with blue ribbon filter paper (MN 640 d, Macherey and
Nagel, Düren, Germany).
The concentrations of Cu and Pb adsorbed in the soil
samples were determined by subtracting the remaining
concentrations of Cu and Pb in the filtrate solution measured by ICP-OES from the initial ones. The procedure
described above was repeated by replacing ultrapure water by soil eluates prepared according to the procedure
described in chapter 2.4.
d. Ecotoxicity tests with Lepidium sativum

The filtered soil eluates from Cu and Pb adsorption
experiments (dilution series of 0.01, 0.1, 0.5, 1, 2, 5, 10
and 20 mmol/L and blank sample) with bog soil from
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Stieglitzecke were tested for their ecotoxicity on Lepidium
sativum. For the investigation of the influence of DOM
(dissolved organic matter), synthetic Cu and Pb solutions
were prepared in ultrapure water that contained the same
concentration of Cu and Pb as the filtered soil eluates but
without DOM (humic substances). For this purpose, series
of Cu (0.117, 0.544, 2.66, 7.14 and 15.7 mmol/L) and Pb
(0.066, 0.381, 2.29, 6.85 and 16.0 mmol/L) were prepared
from 100 mmol/L solutions.
Petri dishes were equipped with 2 pieces of black ribbon filter paper, respectively. 3.5 ml of sample solutions
were pipetted onto the filter papers (either synthetic salt
solution or original eluates from soil adsorption experiments). As control, the same procedure was done with
ultrapure water. Then, 25 garden cress seeds were arranged
on the wet filter paper in a proportional distance to each
other.
Afterwards, the Petri dishes were closed with a lid and
incubated for germination at room temperature in the dark
for 3 days. After 3 days, the hypocotyl and root lengths of
the seedlings were measured with a ruler. The impacts of
the samples on the growth of the seedlings (growth inhibition) were calculated in relation to the water control.
3 RESULTS AND DISCUSSION
3.1 Characterization of the soil samples

Soil samples were taken from the Stieglitzecke and
Bodebruch area of the Harz Mountains. Moreover, two
garden turfs were taken from the Botanical Garden of
Braunschweig University (North German Plain) for some
additional experiments. The results of physical-chemical
characterization of the bog soils from Stieglitzecke and
Bodebruch, and two different garden turfs are summarized
in Table 1.
In general, the soil samples from Stieglitzecke and
Bodebruch had high amounts of water, even when taken
in the summer (80 and 82%, dried at 105 °C). These data
show that the water content of the natural soils from the
different areas was similar and, therefore, the soils can be
compared with each other. The water content of the turf
soil from Wilhelm GmbH, a material conditioned with

lime, showed the lowest water content. The low loss of
water for the garden turfs at 105 °C might be due to the
admixtures which likely act as drying modifiers (carbonates, gypsum, clays).
The pH of the soil samples from the Stieglitzecke
ranged from 2.7 (KCl) and 2.8 (CaCl2) to 4.0 (H2O). The
soil samples from the Bodebruch area showed nearly the
same results with pH values ranging from 2.7 to 4.0, respectively. The ash contents of the Harz soil samples were
4.73% (Stieglitzecke) and 13.8% (Bodebruch). The ash
contents of the garden soil materials were lower: 1.53%
(natural turf - Botanical Garden) and 2.71% (limed turf Wilhelm GmbH). The higher ash content of the soil from
Bodebruch as compared with Stieglitzecke is due to high
amounts of decomposed granite materials that underlie
the soil. Small debris grains of granite were found in the
specimen (especially in the lower section). The low ash
contents of the two garden turfs are related to the elemental composition of these soils.
As to be expected for peat-bog material, the total organic carbon (TOC) contents in the soil samples from the Harz
Mountains were generally high: Stieglitzecke - 50.9%;
Bodebruch - 45.5%. The TOC difference of both soils
matches with the differences in ash content. These detected high values of TOC in the Harz region are typical for
humic soils which contain high amounts of organic substances.
The cation exchange capacity (CEC) data of the soil
samples are also summarized in Table 1. The data show
higher CEC values for the Stieglitzecke than for the
Bodebruch. These results are related to the higher content of organic matter in the soil from Stieglitzecke. A high
content of humic substances refers to the high quantity of
negative charges due to i.e. carbonyl-, carboxyl-, and hydroxyl-groups exchanging cations (cation exchange capacity). But, the low pH of humic soils from Harz Mountains is
related to a low quantity of free sites with negative
charges that results in a reduction of the CEC values [18].
The results of the element analyses of both soil and
ash samples indicate the Stieglitzecke and Bodebruch area
as highly contaminated by heavy metals (Table 2). In the
ashes, the concentrations of Cu are 305 mg/kg (Stieglitzecke)

TABLE 1 - Physical-chemical properties of soil samples from Harz Mountains and of garden turfs.

Parameters
Water content (%)
§
Open air drying
§
105 oC
pH
§
KCl
§
CaCl2
§
H2 O
Ash content (%)
Total organic carbon (%)
Cation exchange capacity (cmol+/kg)
n.d.: not determined

Soil 1
(Stieglitzecke)

Soil 2
(Bodebruch)

Botanical Garden
Turf

Turf Wilhelm
GmbH

38.2
80.3

36.9
81.9

54.7
65.9

31.8
39.6

2.7
2.8
4.0
4.73
50.9
25.4

2.7
2.7
4.0
13.8
45.5
18.4

n.d.
n.d.
n.d.
1.53
n.d.
n.d.

n.d.
n.d.
n.d.
2.71
n.d.
n.d.
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TABLE 2 - Element content of the soil ash samples.
Sample ash
Stieglitzecke
Bodebruch
Botanical Garden
Turf Wilhelm GmbH
Sample ash
Stieglitzecke
Bodebruch
Botanical Garden
Turf Wilhelm GmbH
nd: not detected

Al
[mg/kg]
68300
31800
4320
2240

As
Ba
Ca
Cd
Co
Cr
Cu
Fe
K
Mg
Mn
[mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg]
61.6
673
18500
25.7
15.0
53.7
305
85100
4650
3240
196
32.4
258
3900
12.6
2.33
21.5
61.5
26400
3040
1580
104
Nd
76.8
11500
1.33
2.83
11.0
16.5
3750
1650
10500
172
2.80
86.5
18200
1.00
2.50
9.50
29.5
4490
6390
3260
268

Mo
[mg/kg]
21.2
4.23
2.67
2.60

Na
Ni
P
Pb
S
Sb
Sn
Sr
Ti
V
Zn
[mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg]
1280
62.3
14000
12800
1360
27.3
25.6
153
676
115
1240
506
17.8
4220
7510
3700
32.3
16.0
65.1
380
39.0
530
2370
5.17
1750
50.7
7580
1.33
5.17
106
120
22.8
72.8
844
7.40
1080
25.4
4300
3.90
4.60
114
70.8
10.6
239

TABLE 3 - Element content of the Harz soil samples (dried at 105 oC).
Soil samples
Stieglitzecke
Bodebruch
Soil samples
Stieglitzecke
Bodebruch
nd: not detected

Al
[mg/kg]
2530
2840

As
[mg/kg]
5.00
5.77

Ba
Ca
[mg/kg] [mg/kg]
39.5
859
37.5
514

Cd
[mg/kg]
0.40
0.73

Co
[mg/kg]
nd
nd

Cr
[mg/kg]
nd
nd

Cu
[mg/kg]
32.4
24.2

Fe
[mg/kg]
4300
3670

K
[mg/kg]
121
220

Mg
[mg/kg]
153
152

Mn
[mg/kg]
5.87
6.97

Mo
[mg/kg]
nd
nd

Na
[mg/kg]
67.7
82.5

Ni
P
[mg/kg] [mg/kg]
0.567
573
Nd
537

Pb
[mg/kg]
590
902

S
[mg/kg]
2110
2110

Sb
[mg/kg]
1.33
4.90

Sn
[mg/kg]
nd
nd

Sr
[mg/kg]
3.10
2.40

Ti
[mg/kg]
27.8
32.9

V
[mg/kg]
4.13
2.83

Zn
[mg/kg]
50.0
47.3

and 61.5 mg/kg (Bodebruch). Comparable values of Cu concentrations are reported for ashes of lignite by Rösler and
Lange [19]. The mean Cu content of ashes from lignite
(world-wide) is 38 mg/kg. In brown coal pits of Eastern
Germany Regions, the values range between 12 mg/kg and
680 mg/kg. The Cu values in the dried soils are 32.4 mg/kg
for Stieglitzecke and 24.2 mg/kg for Bodebruch (Table 3).
The precautionary threshold value of Cu for clay soil in
Germany is 60 mg/kg (dry matter) [20, 21]. According to
the legislative regulation, the Cu concentrations of the
Harz soils can be assessed to be not of potential concern,
even though the values are not given for peat soils.
As Cu values in the ashes of garden turfs are just
16.5 mg/kg (Botanical Garden) and 29.5 mg/kg (Wilhelm
GmbH turf); they can be used as uncontaminated reference materials. The Pb concentrations in the ashes were
extremely high: Stieglitzecke - 12,800 mg/kg, Bodebruch - 7,510 mg/kg. The values of brown coal ashes from
Eastern Germany countries range between 1.4 mg/kg and
230 mg/kg. These data indicate how significantly mining
activity affects the environment.
3.2 Characterization of the soil eluates

The eluates of the soils and garden turfs were physical-chemically characterized. The data are summarized in
Table 4.
The pH of the soil eluates from the Stieglitzecke area
is 3.7. This is slightly more acidic than the eluates from

the Bodebruch area of pH 3.9. These values are closely
related to the soil pH from both areas that are also low.
The eluates of the turf from Botanical Garden have a pH
of 3.8, and from Wilhelm GmbH of pH 4.6. The higher
pH of Wilhelm GmbH turf is related to the conditioning
of the material with calcite.
As shown in Table 4, the conductivity of the soil eluates from the Harz Region are lower than of both turf
samples, indicating the higher amounts of dissolved salt
ions in the eluates of garden turf samples.
The evaporation residues yield the amount of dissolved
solids and salts in soil eluates [22]. From 10 ml eluates
remained a residue of 1.5 mg (Stieglitzecke), 2.3 mg (Bodebruch), and 2.9 mg (Botanical Garden). The soil eluates
from Stieglitzecke area had a DOC content of 36.4 mg/L,
and from Bodebruch area of 26.5 mg/L. DOC play an important role in the transport of metals in aquatic systems
[23, 24]. On the one hand, DOC in eluates forms complexes
with heavy metals that enhance their solubility and mobility. On the other hand, these complexes stabilize heavy
metals in solution and may influence their bioavailability.
The character of the DOC can be assessed through
light absorption of soil eluates at selected wavelengths. At
245 nm, absorption values were 0.868 (Stieglitzecke) and
0.663 (Bodebruch area), and at 436 nm, they were 0.077
(Stieglitzecke) and 0.064 (Bodebruch). High absorption
value at 245 nm can be attributed to the existence of double bonds and reactive chromophores like C=O. Low ab-
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TABLE 4 - Physical-chemical properties of soil eluates from Harz mountains and garden turfs.
Parameters
pH
Conductivity (µS/cm)
Evaporation
residue (105 oC)
DOC (mg/L)
UV/Vis absorption
§
245 nm
§
436 nm
Anions (mg/L)
§
Chloride
§
Nitrate
§
Phosphate
§
Sulfate
n.d.: not determined

Eluate 1
(Stieglitzecke)

Eluate 2
(Bodebruch)
3.9
54.9 (21.8 oC)
2.3 mg

Eluate Botanical
Garden Turf
3.8
126 (21.1 oC)
2.9 mg

Eluate Turf
Wilhelm
GmbH
4.6
94.3 (21.1 oC)
n.d.

3.7
63.8 (21.8 oC)
1.5 mg
36.4

26.5

n.d.

n.d.

0.868
0.077

0.663
0.064

n.d.

n.d.

0.829
14.6
1.38
1.79

5.75
10.8
0.865
1.54

6.86
8.12
2.90
11.3

4.39
10.4
4.17
5.05

sorption values at 436 nm indicate that the eluates contain
phytoplanktonic substances in certain amounts [25].
The concentration of anions in soil eluates from Harz
Region are summarized in Table 4 as well. The concentrations of chloride and nitrate were in a similar range for all
eluates, with the exception of the lower chloride concentration in the eluate of the soil from Stieglitzecke. However, phosphate and sulfate concentrations were obviously
higher in case of the garden turfs. This might be related to
the preparation of garden turfs, especially for planting purposes. Nitrate and phosphate are important plant nutrients
and enriched in these specimen.
3.3 Adsorption isotherms of Cu and Pb

Adsorption isotherms of Cu and Pb were investigated
with CuCl2 and Pb(NO3)2 dissolved in ultrapure water and
in soil eluates after filtration through 0.45 µm. The sorp-

tion of metals in the investigated turf soils is mainly controlled by their organic carbon contents. Differences in inorganic portions (silicates, oxides) in the soils yield different adsorption rates. The inorganic portions are represented by the ash contents. The high ash content in the
Bodebruch material is due to the portion of rock debris
that is contained in the sample (quartz, feldspars). In general, rock compounds will cause a negative effect on soil
adsorption capacity. In order to compare the adsorption of
the organic fractions only, it is necessary to adjust the adsorption values of the soils by correcting the total soil
weight by the ash portion of the samples.
When the different ash contents of the soils are factored
(ash content Stieglitzecke: 4.73%; Bodebruch: 13.8%) the
adsorption from the different solutions differs only slightly
with a lower adsorption from the eluates (Figure 1). However, the adsorption rates of the two soils are very similar.
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FIGURE 1 - Cu and Pb adsorption for soil samples from Harz mountains (ash corrected)

This finding fits the similarity of their physicalchemical data (c.f. Table 2). Also the organic carbon
contents of the two soil samples are nearly identical
when factored by the ash content (53.4%; 52.8%).
The adsorption of Cu and Pb from ultrapure water
and from eluates, which are rich in dissolved organic carbon, were compared for understanding the effect of DOM
on the adsorption of heavy metals. After ash correction,
the difference between adsorption from ultrapure water
and the eluate solution is quite evident. Obviously, the adsorption from the eluates is impeded by the composition
of the solution. High amounts of dissolved organic carbon
in the eluates will reduce the possibility of the soils to
adsorb the sorbent according to complex interactions with
organic substances.
The quality of fit between measured and calculated adsorption rates is shown by the correlation coefficients of
Freundlich and Langmuir adsorption isotherms (Table 5).
Up to 1 mmol/L, the Freundlich isotherms fit the measured
data nearly perfect with 0.999 correlation coefficients. The
Freundlich isotherm values are representative, especially for
the low concentration ranges. The extension to the higher
concentration range results in big differences between
measured and calculated values. Further information can
be deduced from the Langmuir isotherm. The maximum
adsorbable mass of solution species (mg/kg) S∞ is higher
from ultrapure water as from the eluate solution. This is
another clear indication of the retention of metals in solution by the eluate solution composition containing organic
matters that form complexes with the metals.
The Langmuir isotherms fit the measured values with
a mean correlation coefficient of 0.988, which is slightly
better than that of the Freundlich isotherms, with a mean

of correlation coefficients of 0.983. The rather weak fit is
due to the high concentrations of test solutions that cause
a remarkable impairment of the results. The problem of an
impairment of the results by the high concentrations is
also indicated for Pb, and should be studied in more detail.
At higher concentrations, the substance has occupied
all available sorption sites and the sorption process ends.
In column experiments, this has been termed the “breakthrough” concentration of the sorbate. This can be of
considerable environmental concern if the sorbate is toxic,
and the soil material does not have the capacity to retard
or prevent its migration [26].
The following comparison relies on the Langmuir parameter S∞ (maximum adsorbable mass of solution species (mg/kg)).
As can be seen from Table 6, the S∞ values vary in a
wide range. Under any aspect, the values are higher for Pb
than for Cu. The Harz data fall well into the range, which
is reported in the literature.
3.4 Ecotoxicity test with Lepidium sativum

The environmental risk caused by heavy metals depending on their mobility and bioavailability to food chain
has been studied by several authors [27, 28, 34]. The effect
of DOM on the ecotoxicity and bioavailability of Cu and
Pb was investigated by studying the germination of
Lepidium sativum in eluates of the bog soil from the Harz
Mountains. As the physical-chemical properties (Table 1),
element contents (Table 2), and adsorption properties of the
two soil samples from the Harz Region were very similar,
the ecotoxicity and bioavailability tests were performed
with eluates of soil from Stieglitzecke area only.

TABLE 5 - Freundlich and Langmuir adsorption isotherms for Cu in Harz soils.
Soil Samples
Stieglitzecke (water)
Stieglitzecke (eluates)
Bodebruch (water)
Bodebruch (eluates)
Stieglitzecke (low range)
low range: (0.01-1 mmol/L Cu)

Freundlich equation
Correlation coeff.
S = k cn
0.985
S = 70 c0.81
0.980
S = 73 c0.78
0.986
S = 78 c0.79
0.982
S = 69 c0.79
0.999
S = 50 c0.99

Langmuir equation
Correlation coeff.
S∞ (mg/kg)
0.984
16667
0.989
12500
0.986
16667
0.991
14286
---

TABLE 6 - Maximum adsorbable mass of solution species (S∞; mg/kg); comparison with data from literature.
S∞ Cu
(mg/kg)
16670
16670
--34690
2000
---

S∞ Pb
(mg/kg)
125000
125000
50000
100000
-3350
33200
139900

Place

Source

Harz turf; Stieglitzecke (water)
Harz turf; Bodebruc (water)
Turf; Botanical garden (water)
Turf; Limed (Wilhelm GmBh) (water)
Lignite
Soil; 11 %C-org
Immobilized humic acid
Zinc mine tailing soil; amnended (phosphate, humic acid)

This study
This study
This study
This study
Klucakova & Omelka (2004)
Sonnenberg (2003)
Baker & Khalili (2006)
Chaturvedi et al. (2007)
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310500

Solid soil derived humic acid

Ghabbour et al. (2006)

It is important to consider that, although the total content
for heavy metals in this Harz soils were large (Table 2), the
fractions of Cu and Pb in the soil eluates were rather low
(Cu-Stieglitzecke: 0.047 mg/L (0.0007 mmol/L); Cu-Bodebruch: 0.029 mg/L (0.0005 mmol/L); Pb-Stieglitzecke:
0.109 mg/L (0.0005 mmol/L) and Pb-Bodebruch:
0.653 mg/L (0.0032 mmol/L)). These data indicate that
only low amounts of these metals were extractable from
the Harz soils by pure water (1:50 dry mass/eluate volume).
In the ecotoxicity test with Lepidium sativum, the
growths (root and hypocotyl lengths) were adversely affected in the presence of Cu and Pb from the eluates of the
adsorption experiments. There was a direct relationship
between the severity of the response and the increasing
metal concentrations. The data from Figs. 2 (a) and (b) show
that the Cu concentrations in both solutions (soil eluate and
synthetic solution) obviously inhibited the growth of the L.
sativum seedlings. But, the root growth responded more
sensitive towards Cu than the hypocotyl growth.

(a)	
  

At the lowest Cu concentration (0.117 mmol/L), even
an increase of root and hypocotyl growth was caused by
the soil eluates compared to a control with ultrapure water. Also, at the blank test, the pure soil eluate caused a
stimulation effect on the seedlings growth (Fig. 2-a). But,
the effect was slightly lower than that of the eluate with
the lowest Cu concentration. One reason for the positive
effect of the eluates might be the low concentrations of
salts including traces of essential Cu. These salts solved in
the soil eluates might act as nutrients and, thus, positively
act on the L. sativum germination whereas the seedlings
of the control test were only germinated in pure water.
In case of the synthetic solution (without DOM), already the lowest concentration of Cu (0.117 mmol/L)
caused an inhibition of roots and hypocotyls compared to
a control of ultrapure water (Fig. 2-b).
As Cu is known to be essential for plants, such as for
photosynthesis, respiration, carbohydrate distribution, and
protein metabolism, the lowest concentration in the test
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FIGURE 2 - Percentage inhibition of root and hypocotyls of Lepidium sativum in 72-h germination tests with soil eluates from adsorption
experiment with Stieglitzecke soil (Eluates) and synthetic Cu and Pb solutions in ultrapure water (Synthetic solution).
Blank: Eluate of a blank sample from adsorption experiment with Stieglitzecke soil.

with the synthetic solution is noticeably higher than the
essential concentration. The essential Cu concentration in
crop plants (i.e. corn and wheat) is reported to be in a range
of 5 to 20 mg/kg (0.08 - 0.31 mmol/L) [29]. Excess Cu concentrations change nitrogen metabolism affecting key enzymes, such as glutamine synthetase and glutamate synthetase in higher plants [30], and appears to be associated
with structural damage in plants [31].
In case of Pb, the growth of both roots and hypocotyls were adversely affected by concentrations higher than
0.381 mmol/L (78.9 mg/L) (Fig. 2-d). At low Pb concentrations (0.066 and 0.381 mmol/L; 13.7 mg/L and 78.9
mg/L), which had nearly no effect in case of the synthetic
solutions, the eluates also caused a growth support. The
content of nutrients in the eluates as discussed for the Cu
toxicity test is supposed to be responsible for that finding.
The relatively high growth support, in case of the eluate
with 0.066 mmol/L Pb, is supposed to be an effect of
hormesis as Pb is not an essential element [32].
But in contrast to Cu, the synthetic solutions and the
soil eluates did not cause an inhibition of the seedlings at
the two lowest concentration levels in the test. That means
that the toxicity threshold of Pb is much higher than that
of Cu. Initial adverse effects of Pb treatment were observed
at a concentration of 2.29 mmol/L (474 mg/L). It is known
from literature that Cu is more toxic for plants (e.g. Sorghum bicolor, Cucumis sativus, Triticum aestivum, and
Zea mays) than Pb [32]. Regarding the results of this study,
the threshold values of Cu and Pb for non-inhibitory effects
to the Lepidium sativum are for Cu above 0.117 mmol/L
(7 mg/L), and for Pb above 0.381 mmol/L (80 mg/L). These
results are in accordance with the results of An [33].
A further important point from Fig. 2 states that the
presence of DOM in soil eluates was found to decrease
the ecotoxicity of the heavy metals for Lepidium sativum
sprouts in low concentrations. This is especially evident at
the lowest Cu concentration of 0.117 mmol/L. In case of
the eluates, root and hypocotyl growth were positively
affected whereas in case of the synthetic solution, the
growth was inhibited. However, in the higher concentration ranges, no obvious differences were observed anymore. It is assumed that the heavy metals in low concentrations are complexed by the DOM of the eluates to a high
degree. However, as the slope of the inhibition curve was
steep, the influence of DOM was not noticeable at the
higher concentrations. Inaba and Takenaka [34] also reported that DOMs, such as humic acids and soil extracts,
reduced the visible effects of Cu on lettuce sprouts at
slightly higher concentration of 0.16 mmol/L (10 mg/L).
In Table 7, the accumulation factors of Cu and Pb
from the test solutions (eluates and synthetic solution) to
the seedlings are summarized. The factors of Cu decrease
continuously from 17.8 to 2.74 according to the increase
of the initial concentration in the germination medium. At

the low initial concentration of Cu (0.117 mmol/L), a
noticeably higher accumulation factor results for all other
concentrations. It is assumed that the properties of Cu, to
be essential in low concentrations and to be toxic at high
concentrations, are responsible for this finding. As Cu is
essential in low concentration, the plant might support the
uptake in a low concentration range whereas the uptake of
Cu might be reduced by the plant at increasing concentrations due to its relatively high toxicity (c.f. Fig. 2).
TABLE 7 - Accumulation factors of Cu and Pb from soil eluates and
synthetic solutions to the Lepidium sativum seedlings.
Element
Cu

Pb

Initial
concentration
(mmol/L)
0.117
0.544
2.66
7.14
15.7
0.066
0.381
2.29
6.85
16.0

Accumulation
Factor (L/kg)
Synthetic
Eluates
n.d.
17.8
5.33
6.95
6.70
6.76
n.d.
4.96
3.12
2.74
4.31
8.04
5.58
5.83
10.2
10.7
20.8
17.3
15.9
12.6

n.d.: not determined

Inaba and Takenaka [34] observed that lettuce treated
with Cu at a concentration of 10 mg/L (0.16 mmol/L) in
soil extract accumulated more Cu than without soil extract
but was less toxic. They assumed that “bioavailability” and
“toxicity” are not always equivalent, and that DOMs, such
as humic acid and soil extracts, may detoxify the Cu that
is present within the plant tissues whereas low molecular
weight complexing organic acids (citric, oxalic and malic
acid) increased the toxicity as well as the uptake of Cu in
germinating lettuce.
In contrast to Cu, the accumulation factors of Pb do not
have a regular trend. They fluctuated between 5.83 and 17.3.
This result is assumed to be caused by the toxicity level of
Pb which is noticeably lower than that of Cu, and also the
characteristic of Pb being not essential for plant growth.
4 CONCLUSION
The results obtained from the characterization of soils
and eluates from the Harz Region revealed that the properties of soils from the bog areas (Stieglitzecke and
Bodebruch), regarding pH and water content, were nearly
identical. The CEC of the soil from Stieglitzecke was
higher than that of the soil from Bodebruch due to a higher
TOC portion of the Stieglitzecke soil. Also the DOC and
UV/Vis absorption of the eluates from the Stieglitzecke
soils were higher than of the materials from the Bodebruch
area. Correspondingly, the soil from Stieglitzecke had
lower ash content than soil from Bodebruch.
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One result from the investigation of adsorption isotherms revealed that Langmuir adsorption isotherms fit
better than the Freundlich ones, for the description of the adsorption by the soil samples. Another result from the Langmuir isotherm calculation stated that the adsorption quality
of the two Harz soil samples was nearly equal regarding the
different ash contents. In addition, the adsorption of Cu and
Pb from pure water solutions was slightly higher than
from soil eluates. The formation of complexes with DOM
and competing cations dissolved in the eluates are supposed to be responsible for this finding.
An ecotoxicity test showed that Cu was found to be
obviously more toxic towards Lepidium sativum than Pb.
The properties of the soil eluates slightly reduced the
inhibition effect of the Cu towards Lepidium sativum
growth, especially at low concentrations as compared to the
synthetic solutions. Finally, Cu and Pb were effectively
retained by the solid organic matter of the Harz bog soils,
and the dissolved organic matter of these soils seems to
play not an important role for the bioavailability of these
heavy metals. As the release of the metals from the solid
matter into the soil solution is rather low, organisms and
ground water are not threatened by the high content of Pb
in the investigated Harz soils as long as the bog soil is not
degraded or destructed.
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APPLICATION OF ENTEROBACTERIAL REPETITIVE INTERGENIC
CONSENSUS (ERIC)-PCR TO RESOLVE TAXONOMIC DIVERSITY
ON THE ROOTS OF PONTEDERIA CORDATA
Xiao-Ming Lu1,*, Peng-Zhen Lu2 and Min-Sheng Huang3
1

Institute for Eco-environmental Sciences, Wenzhou Vocational College of Science & Technology, Wenzhou 325006, China
2
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ABSTRACT
Enterobacterial repetitive intergenic consensus (ERIC)PCR fingerprinting and sequencing were utilized to analyze
the microbial community on Pontederia cordata roots in
different conditions in water purifying tanks. Results indicated that plant physiology was directly associated with
the diversity of microbial community on the plant roots. The
main species were Alcanivorax, Xanthomonas, Syntrophobacter fumaroxidans, Syntrophus, Chlorobium, Psychrobacter, Desulfotalea psychrophila and Bacteroides. With
higher planting density, water dissolved O2 (DO) and microbial diversity on roots increased, and removal rates of
NH4+-N and total phosphorus increased, reaching 33.0%
and 59.7%, respectively. The root microbial diversity in
aerated tanks exceeded that in non-aerated tanks. In summer, the root microbial diversity obviously exceeded that
during the slower growth stage in autumn. Similarly, the
removal of nitrogen and phosphorus was more efficient in
summer. The plant physiology affected the root microbial
community, although Bacteroides and D. psychrophila were
the relatively stable dominant bacteria species. The plant
physiology affected the water DO and microbe growth on
the plant roots, as well as the transformation and degradation of water pollutants by the microbes. This study helped
to clarify the relationship between plants and microbes in
polluted water treatment and provided useful information
for ecological restoration engineering.

KEYWORDS: ERIC-PCR fingerprinting; microbial community;
plant physiology; nitrogen and phosphorus removal

1 INTRODUCTION
In the biological restoration of polluted water, pollutants are removed through absorption by aquatic plants
coupled with the metabolic degradation by microbes on the
* Corresponding author

plant roots [1]. While both pathways are important, the
microbial community on the plant roots plays a major role
in ecological restoration of polluted water [2]. Recently,
the plant physiological status was reported to affect water
pollutants absorbed by the plants [1, 3]. Some studies have
also reported the effects of microbes on the plant roots on
the efficiency of water treatment; for example, O2 release
from the plants can affect the water dissolved oxygen (DO)
and the microbial m e t a b o l i s m on the plant roots, which
would then affect the water treatment [2].
Plant physiology, microbial community on the roots
and the water quality are closely associated with each other.
A study by Zhang et al. [2], which examined polluted water
treated with Pontederia cordata, found seasonal variation
of the microbial diversity on the roots and water quality,
but the sequences of the microbial species were not analyzed. Wang et al. [4], Chen et al. [5], Zhao et al. [6] and
Luo et al. [1] studied Vallisneria natans (Lour.) Hara, P.
cordata, Nymphaea tetragona Georgi, Phragmites australis treated polluted water and reported the diurnal variation of plant physiology and water quality. Although the
important role of microbes on the roots during water purification was theorized, the sequence and analysis of microbial species were not reported. Chen et al. [5], Zhao et al.
[7] and Lu and Huang [3] analyzed the effect of aeration
on plant physiology and water quality, but the analysis of
the microbial community on the plant roots were not
reported. Gao et al. [8] studied the effects of P. cordata
on the water treatment, analyzed the plant biomass and
the nitrogen (N) and phosphorus (P) contents in the plant
tissues, but the microbial community analysis on the plant
roots during the treatment was not reported. M e t a b o l i c
degradation of pollutants by microbes on the plant roots is
an important aspect in the ecological restoration of water.
Therefore, it is important to analyze variations in the microbial community on plant roots, which would be helpful
in clarifying the association between the aquatic plants and
these microbes in the biological restoration of polluted water.
DO is a major factor influencing water treatment with
aquatic plants. When the plant physiology varies, the water
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DO changes, which in turn affects the microbial growth
on the plant roots. While several human-influenced factors are associated with the variation of DO, such as aeration [3] and planting density [9], seasonal variations in the
plant growth cycle [7] and sunlight [6], resulting in the
variation of photosynthesis, also affect the efficiency of
O2 release from plants [1].
P. cordata has been reported to grow well in heavily
polluted river water, and its purification efficiency is directly associated with plant physiology [7]. However, the microbial community on P. cordata roots, which is an important contributing factor to the efficiency of water
treatment, has never been sequenced and analyzed.
Heredity fingerprinting is an effective method for analyzing the microbial community, and enterobacterial
repetitive intergenic consensus (ERIC)-PCR fingerprinting is widely applied. The ERIC sequence was initially
found in some G- genomes with a length of 126 bp, and
the reverse repetitive sequence exists in multicopy form.
ERIC-PCR fingerprinting based on the central conserved
area (44 bp) of this sequence has been used to analyze the
genomic DNA of natural microbial ecological systems
(such as the bacterial communities of activated sludge
and intestinal tract of an animal). Gao et al. [10] demonstrated that ERIC-PCR is a quick, simple and convenient
molecular technique with good reproducibility and suitable sensitivity for determining the main species within a
complex microbial community.
In this study, plant purifying tanks were structured to
treat heavily polluted river water in the field. ERIC-PCR
fingerprinting was used to analyze the microbial community on the plant (P. cordata) roots in various physiological
conditions. The microbial community on the plant roots
under different planting densities was compared. Seasonal
variation of the microbial community on the roots, effects
of aeration on the microbial community, and the correlation between the microbial community, plant physiology
and the removal of N and P from polluted water in the
purifying tanks were studied. The results of this study
helped to clarify the relationship between aquatic plants
and microbes in the treatment of heavily polluted river
water and provided practical basic data for the ecological
restoration of heavily polluted river water.
2 MATERIALS AND METHODS
2.1 Device construction and plant cultivation

The Gong-ye channel in the Pu-tuo district of Tao-pu
town, Shanghai city has a smooth riverbed that is severely
polluted all year round and stagnant. A test apparatus
consisting of 14 purifying tanks and one reservoir tank was
used as the experimental system.
The device (Figure 1) was composed of one reservoir
tank (upper dimension, L 150 cm × B 100 cm; downside
dimension, L 145 cm × B 95 cm; height, 60 cm) and 14
plastic purifying tanks (upper dimension, L 124 cm × B

62 cm; downside dimension, L 115 cm × B 55 cm; height,
76 cm). A tube on the reservoir tank kept a constant water
level of 60 cm and ensured that each purifying tank received the same amount of water. The polluted water was
pumped with a 25SFBX-13D water pump (Shanghai Boyu
Banye Limited) through a plastic pipe (diameter, 4 cm) into
the reservoir tank from the polluted river directly, through
the fixed effluent tube and into the purifying tanks. A
wire mesh of 0.2-mm pore diameter placed at the water
outlet of the reservoir tank prevented the suspended matter in the river water from entering the purifying tanks.
The effluent tube on the purifying tank monitored the water
level in the tank at 0.6 m. Each purifying tank was separated by a baffle placed through the center and approximately 20 cm from the tank bottom to avoid causing water circuit flow. To control the effects of the pollutants released
from the sediment on the water quality, each purifying tank
was discharged of the sediment mud through the bottom
daily.

FIGURE 1 - Schematic of plant purifying tanks. PKa and PK represent aerated and non-aerated purifying tanks, respectively, containing P.
cordata; PK1, PK2 and PK3 represent purifying tanks with the planting
density of 5, 10 and 20 per tank; CKa and CK represent aerated and nonaerated controls, respectively.

Continuous water flow was kept in each tank. The
hydraulic retention time was 8 h. An ACO-004 electromagnetic atmosphere pump (60 L/min, Zhejiang Sensen
Shiye Limited) was employed to aerate four tanks continuously from February 26, 2008 to December 13, 2008.
The gas flow rate in each of the four tanks was 30 L/min.
Seedlings of P. cordata (height, 10 cm) were collected
from Shanghai Zelong Biology Engineering Limited. Only
heavily polluted river water was used to culture the seedlings in the purifying tanks with the different planting densities of 5, 10 and 20 per tank on February 26, 2008, and
two additional tanks were set up without plants as controls
(CK). During the cultivation of these plants from February 26th to December 13th 2008, there were no human
influencing factors, and the plants showed natural growth.
The test equipment was located in an open field.
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2.2 Sampling and analysis of water from the purifying tanks

Seasonal variation of the plant physiology affects water
treatment [7]. On three days in each of the months of April
(20th, 26th, 30th), July (2th, 6th, 12th), October (11th, 16th, 23th)
and December (4th, 8th, 13th) of 2008, water samples were
collected from the PK2 tanks to analyze the seasonal variation of the microbial community on the plant roots and the
efficiency of water treatment in the purifying tanks.
Planting density also affects plant physiology and water treatment [9]. Water samples were collected from the
PK1, PK2 and PK3 tanks on July 2th, 6th and 12th, 2008,
when the plants were at a strong growth stage, to analyze
the effects of planting density on the microbial community
on the plant roots and the efficiency of water treatment in
the purifying tanks.
Aeration affects plant physiology and the water treatment [3]. In autumn, the plants were at the final stage of
growth, when they are most affected by aeration [7]. To
study effects of aeration on the microbial community on
the roots and the water treatment in autumn, water samples were collected from the PK2 and PKa tanks on October 11th, 16th and 23th, 2008. The variation of the microbial community on the roots and the efficiency of water
treatment in the purifying tanks under continuous aeration
in autumn were analyzed.
All water samples collected above were analyzed using standard methods [11], and the means of each water
index on the three different days were calculated.
2.3 Morphological characteristic analysis of plant roots

Physiological characteristics of the plant roots were
analyzed across seasons. In the winter, no plant samples
were collected, since the plants had withered. On April
20th, 26th and 30th, July 2th, 6th and 12th, October 11th, 16th
and 23th, 2008, the plant tillers in the PK2 tanks were
counted, and five healthy plants were collected at random
from the tanks. The root length and root density were
measured, and the mean values from the three different
days in each season were calculated.
To determine the effect of planting density on physiological characteristics of the plant roots, the plant tillers in
the PK1, PK2 and PK3 tanks were counted on July 2th, 6th
and 12th 2008. Five healthy plants from these tanks were
collected at random. Root length and root density were
measured, and the mean values from the three different
days in the season were calculated.
The effect of aeration on physiological characteristics
of the plant roots was determined by counting the plant
tillers in the PK2 and PKa tanks on Oct. 11th, 16th and 23 th
2008. Five healthy plants were collected at random from
the tanks. Root length and root density were measured,
and the mean values on the three different days in the
season were calculated.
2.4 Microbial DNA collection from biofilm on plant roots

When water samples were collected, appropriate biofilm samples were collected from the plant roots in the

corresponding purifying tanks. The biofilm collected on
three different measurement days in each season were mixed
and centrifuged to concentrate microbes. The supernatant
was removed and prepared for microbial DNA extraction.
Biofilm samples were collected from the plant roots
in each purifying tank, and 8 mL of the mixed biofilm
samples was added to a 10 mL sterile centrifuge tube and
centrifuged at 8000 r·min-1 for 10 min at 4°C. The supernatant was removed and the sludge was resuspended with
8 mL of sterile double distilled water. The suspension was
centrifuged again at 8000 r·min-1 for 10 min at 4°C. This
step was repeated 3 times. After the sludge was washed,
2 mL of DNA collection buffer solution (50 mmol·L-1 trisbase, 20 mmol·L-1 EDTA, 100 mmol·L-1 NaCl, 0.01 g·mL-1
polyvidone, pH=10) and 40 µL of protease K (10 mg·mL-1)
were added to the centrifuge tube. The sludge and solution
were mixed and then placed onto the horizontal agitator at
225 r·min-1 for 30 min at 37°C. After shaking, 2 mL of 5%
SDS was added to the suspension, which was mixed homogeneously and placed into a 65°C water bath for 2 h,
gently mixing the tube once every 20 min during the period. Finally, the samples were centrifuged for 10 min at
8000 r·min-1, and the supernatant was collected on ice for
use.
The same volume of phenol-chloroform (1:1) was
added into the DNA supernatant and gently mixed. The
emulsion was centrifuged at room temperature for 5 min
8000 r·min-1. The upper aqueous phase was then transferred to another sterile centrifuge tube, and this step was
repeated three times. Finally, the same volume of chloroform was added to the aqueous phase, which was mixed
homogeneously, and the emulsion was centrifuged at
8000 r·m-1 for 5 min at room temperature. The aqueous
phase was transferred to another sterile centrifuge tube, and
this step was repeated three times. Ammonium acetate
(40 µL of 3 mol· L-1) and absolute ethyl alcohol (4 mL)
were used to precipitate the DNA, which was kept for
30 min at -20°C and then centrifuged at 10000 r·min-1 for
20 min. Two milliliters of 70% alcohol was utilized to wash
and precipitate the DNA by centrifugation at 10000 r·min-1
for 10 min. The supernatant was carefully removed,
and the residual liquid was air dried at room temperature. The DNA precipitate was then dissolved in 100 µL
of sterile double distilled water. Contaminating RNA
was removed from the DNA sample by adding 3 µL of
RnaseA (10 mg·mL-1) and incubating for 20 min in a
37°C bath. The crude DNA was processed using a DNA
isolation kit (Shanghai Bocai Biological Scientific Technique Limited), and the purified DNA samples were kept
at -20°C until use.
2.5 ERIC-PCR and sequencing of products

The following ERIC primers were designed according to
a previous report [12] and synthesized by Beijing Liuhe
Huada Gene Scientific Technique Limited: ERIC primer P1,
5’-ATGTAAGCTCCTGGGGATTCAC -3’; ERIC primer
P2, 5’-AAGTAAGTGACTGGGGTGAGCG-3’. The ERICPCR reaction system and conditions were as follows. The
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total reaction volume was 25 µL, including 60 ng DNA
template, 0.5 µL each primer (20 pmol/L), 0.5 µL dNTP
(10 mmol/L) mix, 3 µL 10× buffer (10 mmol·L-1 TrisHC1, 50 mmol·L-1 KC1, 25 mmol·L- 1 MgC12, pH = 8.3),
2.5 µL MgCl2 (25 mmol/L) and 0.5 µL Taq polymerase at
5 U/µL (Shanghai Bocai Biological Scientific Technique
Limited). TE was used instead of template DNA as the
negative control. The cycling conditions were 95°C predenaturation for 7 min, 30 cycles of 94°C denaturation for
1 min; 52°C annealing for 1 min, 65°C extension for 8 min,
and a final extension for 16 min at 65°C before holding at
4°C.

ent gel electrophoresis (DGGE) and terminal restriction
fragment length polymorphism (T-RFLP), have been used to
analyze the bacterial community in biological systems of
N and P removal. These results similarly indicate that the
removal of N and P in these systems does not rely on a
single bacterial species, but it is rather conducted by multiple and highly diverse bacterial species, such as Proteus
bacillus vulgaris and Cytophaga columnaris.
3.1 Seasonal variation of the microbial community on plant
roots and the water treatment process

Previous studies [2, 7] have shown that with the seasonal variation of the growth stages of aquatic plants, the
plant physiology changes, and the O2 release of the plants
varies as well. For example, we observed in our study that
in winter, the plants withered and no O2 was released,
while water DO decreased, and the efficiency of water
treatment also changed seasonally (Table 1 and 2).
Tables 1 and 2 show that when the plants were at the
strong growth stage in summer, water treatment was the
most effective. The removal rate of COD and NH4+-N
reached 43.7% and 32.3%, respectively. In autumn when
the plants were at the final stage of growth, the water improvement greatly decreased. When the plants had withered in winter, the absorption of the water pollutants by
the plants disappeared. At that time, removal of the water
pollutants was dependent on degradation by the microbes
on the plants roots. Furthermore, water DO decreased
obviously, and the efficiency of water treatment decreased
most significantly in winter. The results were in agreement
with the previous report by Zhang et al. [2]. The seasonal
changes in weather conditions produced variations in plant
growth, photosynthesis and transpiration efficiency. The
O2 release from the plants altered correspondingly, as well
as the water DO. The development of the microbes on the
plant roots also changed, resulting in the seasonal variation of the efficiency of plant absorption for water pollutants and the transformation and degradation of water pollutants by the microbes on the roots.

The ERIC-PCR products (10 µL) were analyzed by
electrophoresis in a 1.0% agarose gel and TBE buffer
solution (0.1 mol·L-1 Tris-HC1, 0.1 mol·L-1 boric acid,
0.002 mol·L-1 EDTA, pH = 8.0) for 1 h at 80 V, followed
by staining with 0.5 ng/µL of ethidium bromide and observation on a Smartview Gel imaging system. A 1-kb DNA
standard molecular weight marker was used to determine
product size.
Each ERIC-PCR band was excised from the gel under
UV light and placed into a micro-centrifuge tube, to which
30 µL of sterile water was added and incubated at 4°C
overnight. DNA dissolved in the sterile water served as
template for PCR, isolated by electrophoresis and sequenced.
The 16S rDNA sequence obtained by sequence analysis
was aligned (http://www.ebi.ac.uk/Tools/clustalw2/) with
that from the NCBI databank obtained using BLAST software.
3 RESULTS AND DISCUSSION
Previous studies have suggested that the microbial
community has diverse roles in the N and P removal system [13-15]. Besides the ERIC-PCR technique, other nonculture detection methods, such as using chinone spectrum,
fluorescence in situ hybridization (FISH), denaturing gradi-

TABLE 1 - Seasonal variation of water treatment in control tank
Index
COD (mg L-1)
Spring
69.60
Summer
92.30
Autumn
76.02
Winter
68.47
Note: WT, water temperature.

NH4+-N (mg L-1)
19.33
20.26
11.53
11.39

TP (mg L-1)
0.228
0.159
0.161
0.141

DO (mg L-1)
0.12
0.13
0.12
0.11

pH
8.4
8.5
8.4
8.4

WT (oC)
23.3
34.6
27.2
13.0

TABLE 2 - Seasonal variation of morphological characteristics of plant roots and water treatment in purifying tanks
Index
Spring
Summer
Autumn
Winter

COD
(mg L-1)
48.15±2.43
52.00±2.61
45.96±2.30
43.25±2.14

NH4+-N
(mg L-1)
15.21±0.70
13.72±0.68
8.02±0.41
9.28±0.37

TP
(mg L-1)
0.122±0.006
0.082±0.004
0.112±0.005
0.111±0.005

DO
(mg L-1)
0.78±0.03
0.97±0.04
0.68±0.03
0.12±0.01
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pH
8.3 ±0.1
8.2±0.1
8.2±0.1
8.3±0.1

WT
(oC)
21.6±0.1
31.3±0.2
26.0±0.1
13.0±0.1

Root length
(cm)
12.3±0.7
22.7±1.2
20.1±1.0

Root density
(/tank)
985±46
1453±75
1312±66

Tillers
(/tank)
167±8
288±14
261±13
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the water treatment in the purifying tanks. Additionally,
the different water temperatures in the seasons probably
affected the microbial community on the plant roots and
the water treatment in the purifying tanks. Previous studies have reported [16-17] that under different temperatures
(low temperature, room temperature and high temperature),
microbes differ greatly in the system of the biological removal of N and P, and therefore the dominant species that
develops would be best suited under any particular temperature. Other studies have also reported that the effect of
low temperature on P removal by microbes is not obvious,
while it is significant on N removal [17-19].
3.2 Effects of planting density on the microbial community
on plant roots and efficiency of water treatment

A previous study [9] has shown, with the increase of
planting density, the O2 release from the plant increases
obviously, and the water is DO raised, which would be
suitable for metabolism of the microbes on the plant roots,
resulting in an obvious improvement in water treatment
(Table 3).
FIGURE 2 - Seasonal variation of the microbial community on plant
roots. M, Marker; A, Alcanivorax; B, Bacteroides; C, Chlorobium; D,
D. psychrophila; X, Xanthomonas; P, Psychrobacter; S1, Syntrophus;
S2, S. fumaroxidans

In ERIC-PCR fingerprinting, each band on the ladder
represents one bacterial species, and the intensity of the
band indicates the relative proportion of the bacterial species within the total microbial community. As shown in
Figure 2, most microbes were observed on the plant roots
in summer, and the dominant bacteria were Alcanivorax,
Xanthomonas, Syntrophobacter fumaroxidans, Syntrophus,
Chlorobium, Psychrobacter, Desulfotalea psychrophila and
Bacteroides. In autumn when the plants were in the final
stages of growth, the microbes on the roots decreased. In
winter when the plants had withered, O2 release ceased,
and the water DO decreased, affecting the growth of the
microbes on the plant roots and decreasing the number of
bacterial species on the roots. In different seasons, the
relatively stable dominant bacteria were Xanthomonas and
S. fumaroxidans. The seasonal variation of the microbial
community was in agreement with the water quality shown
in Table 2 due to the changes in plant physiology (photosynthesis, transpiration) resulting in the variation of O2
release from the plants and corresponding water DO [7].
Growth of the microbes changed, and the degradation of
water pollutants by the microbes varied accordingly. Furthermore, the seasonal variation of the effects of the plant
absorption of the water pollutants altered the quality of

As shown in Table 3, the water treatment was not obviously effective in the PK1 tanks compared to the control
(CK), while the higher planting density and higher root
density in the PK3 tanks increased the efficiency of water
treatment. The removal rate of chemical oxygen demand
(COD) and NH4+-N reached 55.0% and 33.0%, respectively, in agreement with the report by Lu et al. [9]. Due
to the increase in planting density, the total surface area of
the plant roots increased, as well as the O2 release of the
plant photosynthesis and the water DO. These conditions
established a suitable environment for growth of the microbes on the plant roots [9], thereby improving the transformation and degradation of the water pollutants by the
microbes.
As shown in Figure 3, while microbes on the plant
roots decreased in the PK1 tanks, they increased with the
higher planting density in the PK3 tanks. These microbes
included Alcanivorax, Xanthomonas, S. fumaroxidans,
Syntrophus, Chlorobium, Psychrobacter, D. psychrophila
and Bacteroides. The tendency of change in the microbial
community was consistent with the change in water quality shown in Table 3. Due to the increase in planting density, the O2 release of the plants increased, and the water
DO in the tanks increased. At the same time, both the
length and density of roots increased, which provided a
greater surface area for attachment of the microbes. These
suitable conditions for the growth of the microbes resulted
in their improved degradation of water pollutants.

TABLE 3 - Effects of planting density on morphological characteristics of plant roots and water treatment in purifying tanks
Index
PK1
PK2
PK3
CK

COD
(mg L-1)
61.84±3.0
52.00±2.6
41.54±2.1
92.30

NH4+-N
(mg L-1)
15.80±0.72
13.72±0.68
13.57±0.64
20.26

TP
(mg L-1)
0.113±0.005
0.082±0.004
0.064±0.003
0.159

DO
(mg L-1)
0.87±0.03
0.97±0.04
1.20±0.06
0.13
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pH
8.2±0.1
8.2±0.1
7.9±0.1
8.5

WT
(oC)
31.6±0.1
31.3±0.1
30.4±0.1
34.6

Root length
(cm)
46.3±2.3
57.6±2.7
64.8±3.2

Root density
(/tank)
685±34
1359±65
1453±72

Tillers
(/tank)
115±6
228±10
288±13
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on the plant roots and degradation of pollutants by the
microbes. Since the removal of water pollutants is mainly
dependent on the microbes [20], the water treatment efficiency can increase in the aerated tanks [7].

FIGURE 3 - Effects of planting density on the microbial community
on plant roots. M, Marker; A, Alcanivorax; B, Bacteroides; C, Chlorobium; D, D. psychrophila; X, Xanthomonas; P, Psychrobacter; S1,
Syntrophus; S2, S. fumaroxidans
3.3 Effects of aeration on the microbial community on plant
roots and efficiency of water treatment

Aeration raises the water DO [3] and is usually favorable for microbial m e t a b o l i s m on plant roots, thereby
improving the degradation of water pollutants by the microbes. However, a long period of continuous aeration can
affect plant physiology and the removal of N and P in
polluted water [7], especially at the final stage of the plant
growth in autumn, when effects on the plants are most
significant (Table 4).
As shown in Table 4, aeration significantly raised the
water DO and increased the efficiency of the water treatment. The removal rate of COD and NH4+-N reached 44.6%
and 34.5%, respectively, in line with the report by Zhao et
al. [7]. The elevation of water DO by the aeration was suitable for the degradation of water pollutants by microbes on
the plant roots. Aeration also affected the plant physiology and the absorption of water pollutants by the plants,
resulting in relatively smaller plants with decreased root
length, but the tillers and root density increased. Therefore, there was likely no significant variation in the total
surface area of the plant roots between the aerated and
non-aerated tanks, but rather the higher DO in the aeration
tanks was more suitable for the development of microbes

FIGURE 4 - Effects of aeration on the microbial community on
plant roots. M, Marker; A, Alcanivorax; B, Bacteroides; C, Chlorobium; D, Desulfotalea psychrophila; S1, Syntrophus; S2, S. fumaroxidans;
P, Psychrobacter; N1, Nitrobacter; N2, Nitrosomonas.

As shown in Figure 4, aeration stimulated the growth
of the microbes on the plant roots, resulting in more microbial species in the aerated tanks than in the non-aerated
tanks. The stronger PCR bands of microbes in the aerated
conditions indicated an increase in these bacterial species,
with the dominant one becoming more significant. The
changes in microbial diversity agreed with the differences
in the water treatment parameters between the two types
of tanks (Table 4). When the plants were at the final stage
of growth in autumn, aeration affected the plant physiology, resulting in relatively smaller plant size. With the
tillers increased, root length decreased, and the root density
increased, the total surface area of the plant roots available
for the attachment of the microbes did not vary significantly
between the two types of tanks [7]. However, aeration
greatly increased the water DO, which was favorable for
the microbes to grow and develop, increasing the level

TABLE 4 - Effects of aeration on morphological characteristics of plant roots and water treatment in purifying tanks
Mean

COD
(mg L-1)

NH4+-N
(mg L-1)

TP
(mg L-1)

DO
(mg L-1)

pH

WT (oC)

Tillers
(/tank)

PKa
PK2
CK
CKa

41.46±2.11
45.96±2.30
76.02
74.81

7.44±0.36
8.02±0.41
11.53
11.36

0.140±0.007
0.112±0.005
0.161
0.202

2.45±0.12
0.68±0.03
0.12
1.47

7.9±0.1
8.0±0.1
8.4
8.4

25.1±0.1
26.0±0.1
27.2
27.2

302±15
264±13
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Root
length
(cm)
14.0±1.5
20.1±2.1

Root
density
(/tank)
1503±75
1317±64
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and number of microbial species. Although the absorption
of the water pollutants by the plants was affected by aeration, the removal of the water pollutants was mainly dependent on the microbes. Aeration was favorable for the
development of microbial diversity on the plant roots, resulting in more effective water treatment in the aerated
tanks. Based on the principle that species diversity results
in stability of an ecological system [20], it is plausible for
the increased N and P removal from the polluted water resulted from the high diversity of the microbial community
on the plant roots in the aerated tanks. Additionally, previous studies have reported that despite the microbial diversity, one bacterial species is usually dominant in a biological system for the removal of N and P [21-24].
In summary, in the ecological restoration of heavily
polluted river water, when the plant physiology changed,
the diversity of the microbial community on the plant roots
varied accordingly. Anaerobic bacteria were dominant
among these species. Because the O2 release from the plants
was not able to greatly increase the water DO and to provide a suitable environment for aerobic bacteria in the
water to develop, the N removal from the water was most
probably dependent on the metabolic degradation of anaerobic heterotrophic bacteria in the polluted water, while the
typical autotrophic aerobic bacteria (such as nitrifying
bacteria and nitrosifying organisms) could only be detected under aerated conditions (when the water DO greatly is
increased). At the same time, aerobic “P” bacterial species
were also found on the plant roots, and the diversity of the
microbial community on the roots was raised significantly. This observation indicated that under natural conditions, the requirement for the growth and propagation of
the autotrophic aerobic bacteria could not be satisfied by
only relying on the O2 release of the aquatic plant to increase the water DO. Therefore, anaerobic denitrifying
bacterium (such as the photosynthetic “C” bacteria) probably played an important role in the removal of ammonia
(NH4, NH3) from the polluted water, and the treatment
was most likely effective long-term. Without O2 release
from the plants and DO, photosynthesis in bacteria is
usually performed under the conditions of excreted
H 2 S, and only polyphosphates are accumulated in the
water. Due to the low temperature and low DO in winter,
only anaerobic bacteria were detected on the plant roots,
and the removal rates of N and P were low. Meanwhile,
these rates were greatly increased in summer, and some
aerobic bacteria such as “P” bacteria were detected on the
plant roots. The corresponding correlation between the
diversity of microbial community on the plant roots and the
effectiveness of water treatment was found. Therefore, in
practice, better water treatment may be achieved by adopting methods such as appropriately increasing the planting
density and aeration to improve growth of the microbial
community on the plant roots. Besides the DO, the microbial growth is usually affected by the total surface area of
the plant roots, while continuous aeration affects the plant
physiology. For example, it was shown that Nymphaea

tetragona Georgi is affected most significantly during
the final stage of growth in autumn [3]. In particular,
when the total surface area of the plant roots greatly decreases, the growth of the microbes on the roots will likely be influenced. Therefore, when aeration is utilized to
increase the water DO, the characteristics of the plant
species and the growth stage should be considered. The
aeration should be properly regulated to decrease any potential negative influence on the plant physiology while
stimulating the growth of the microbial community on the
plant roots. Similarly, when increasing planting density to
improve water treatment, it is important to avoid planting
too many plants in a limited water area that would negatively affect the growth and physiology of individual
plants (such as tillering and propagation) [9]. In this way,
better growth of the plant, diversified microbial community on the plant roots and better water treatment can all be
reached in practice.
4 CONCLUSIONS
Changes in plant (P. cordata) physiology resulted in
corresponding changes in the dominant bacterial species
on the biofilm of plant roots and the N and P removal of
polluted water in the purifying tanks. The dominant bacteria were Alcanivorax, Xanthomonas, S. fumaroxidans,
Syntrophus, Chlorobium, Psychrobacter, D. psychrophila,
Bacteroides. In particular, Xanthomonas and S. fumaroxidans were the relatively stable dominant species in various plant conditions. In summer, when the plant was at
the strong growth stage, higher planting density and aeration increased the water DO, which was favorable for the
microbes on the plant roots to develop, thereby improving
the water treatment process. With aeration, there was a
higher diversity of microbial species on the plant roots, and
the removal rate of COD and NH4+-N reached 44.6% and
34.5%, respectively. With the higher planting density in
the PK3 tanks, the diversity of the microbial community
on the plant roots increased, and the removal of COD and
NH4+-N reached 55.0% and 33.0%, respectively. Therefore,
in ecological restoration engineering, increasing planting
density and applying aeration may be utilized to improve
the efficiency of water treatment.
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ISOLATION AND FUNCTIONAL CHARACTERISATION OF
LEAD-RESISTANT ENTEROBACTER AEROGENES (BDUP1)
FROM PAINT INDUSTRY EFFLUENT CONTAMINATED SITE
Macklin Rani Lawrence*, Muthukumaran Venkatraman Rajagopalan and Govindaraju Munisamy
Department of Environmental Biotechnology, School of Environmental Sciences,
Bharathidasan University, Tiruchirappalli – 620 024, Tamil Nadu, India

ABSTRACT
A bacterial strain BDUP1, capable of reducing high
levels of lead was isolated from a site contaminated with
the discharge of effluents from a paint industry located near
Chennai, Tamil Nadu (India). Based on the morphological,
biochemical and 16S rDNA analysis, the organism was
identified as Enterobacter aerogenes. The MIC of lead towards the strain was 3.6 mM and it exhibited resistance to
other toxic heavy metals like mercury, nickel, arsenic and
chromium. The strain BDUP1 was capable of completely
reducing 0.6 mM of lead in 60 hours. The impact of factors
such as pH, temperature and initial lead concentration on
the lead-reducing potential of the strain were also evaluated. Maximum reduction of lead occurred at the pH of 7.5
and at 37°C. Supplementation of carbon source (Glucose)
was found to enhance lead reduction by 15% during 48
hours of incubation. Differential responses for other toxic
heavy metals were noted. Mercury and chromium was
found to inhibit lead reduction in the range of 47.11 and
58.27 % respectively. Due to its ability to reduce high
concentration of lead and tolerate various heavy metals, the
isolated strain BDUP1-Enterobacter aerogenes could be
considered as an effective option for treating lead polluted
sites.

KEYWORDS: Lead tolerance, Paint Industry, Enterobacter aerogenes, 16S rDNA, MIC, Heavy metals

of the body such as the liver, kidneys, lungs, spleen, muscles, heart and even transcends the Blood Brain Barrier
(BBB). The Pb causes displacement of calcium involved
in enzyme reaction and thereby disrupts enzymatic reaction
to a great extent. In plants and marine organisms, higher
concentration of Pb is known to cause variation in protein
pattern distribution and the normal activity of antioxidants
[4] as well as tissue damage [5]. The Environmental Protection Agency (EPA) cites the maximum tolerable level of
Pb as 0.015 mg/L (0.0004 mM) in the drinking water.
Microorganisms have been reported to efficiently remove soluble and particulate forms of metals through
bioaccumulation and therefore microbe-based technologies provide an alternative to the conventional techniques
of metal removal / recovery [6]. The Pb pollution and
tolerance studies involving two strains of Pseudomonas
sp. from battery manufacturing operations have been carried out earlier [7]. Other bacterial strains involved in Pb
tolerance activity are Arthrobacter sp. [8], Pseudomonas
marginalis [9], Bacillus megaterium [10], Staphylococcus
aureus and Citrobacter freundii [11, 12].
The current study focuses on the isolation of Pb resistant bacteria from the site contaminated by the release of
effluents from a paint industry. Identification of strains
with an innate ability to resist as well as reduce elevated Pb
concentration can augur well as a cost-effective method for
the bioremediation of Pb contaminated sites.
2 MATERIALS AND METHODS

1 INTRODUCTION
Lead (Pb) is a common heavy metal found in paint
industry wastewater, auto exhaust, hair dyes and enamel.
Normally heavy metals are not biodegradable and tend to
accumulate in organisms thereby causing numerous disease and disorders [1]. In higher concentration, Pb is considered as toxic to humans [2, 3] and affects the soft tissues
* Corresponding author

The soil samples were collected from areas adjacent
to a paint industry located near Chennai, India. The release
of effluents to nearby fields has rendered them unproductive for years and hence the present attempt is based on
developing a possible method for reclamation. Soil samples
from a depth of about 10-15 cm were collected in sterile
containers and transported immediately to laboratory for
further analysis. All fine chemicals used were of Analytical
grade procured from Qualigens, India while microbiological media were of bacteriological grade from HiMedia,
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India. Primers and molecular biology reagents were obtained from Biotools Ltd., Spain.
Analysis of soil sample for the Pb concentration were
carried out on an iCE 3300 Atomic Absorption Spectrometer (Thermo Scientific) with a hallow cathode lamp and a
deuterium background corrector, at a wavelength of 217
nm using an air–acetylene flame. A stock solution of Pb
(3 mM) was prepared by dissolving Pb(NO3)2 in
1.0 mol/L nitric acid. The AAS was calibrated for other
heavy metals (Cr, As and Hg) by running different concentrations of standard solutions. The analysis revealed
the presence of 1.9 mM of Pb, 0.38 mM of Cr, 0.35 mM
of As and 0.28 mM of Hg per Kg of dry soil. Serially
diluted soil samples were plated on Luria-Bertani (LB)
Agar plates amended with 0.3 mM of Pb as Pb(NO3)2 and
then incubated at 37°C for 48 hrs. Distinct morphological
colonies found on the plates were selected and transferred
to Agar plates amended with 0.3 - 0.9 mM of Pb concentration. Only a single culture (BDUP1) capable of growing at 0.6 mM concentration of Pb was selected and used
for further analysis in the present study.
The selected isolate was identified based on the morphological and biochemical analysis tests according to
Bergey’s Manual of Systematic Bacteriology [13]. Further identification of the isolate was done by 16S rRNA
analysis by using specific primers: 5’- TGA GGA AGA
TAA TGA CGG-3’ (Forward) and 5’- CCT CTA TCC
TCT TTC CAA CC- 3’(Reverse). Phylogenetic trees were
constructed using the Molecular Evolutionary Genetics
Analysis version 5.0 (MEGA 5) software suite [14]. The
16s rRNA sequences were analyzed by the Basic Alignment Search Tool (BLAST) using the Nucleotide Collection (nr/nt) database. Each set of sequences was aligned
using the default settings of Clustal W from MEGA 4. The
alignments were assembled into Neighbor-Joining trees
using the Maximum Likelihood Composite method [15].
The sequence was deposited in the GenBank and an accession number was obtained.
The minimum inhibitory concentration (MIC) of Pb at
which no colony growth occurred was determined by agar
dilution method [16]. Nutrient broth test tubes supplemented with different concentrations of Pb, in the range
of 0.3 – 4.0 mM, were inoculated aseptically with a culture
of selected bacterial isolate in exponential growth phase.
Based on the evaluation of growth of culture on subsequent
transfer to next increasing concentration, MIC was determined after incubation at 30 °C for 5 days. The minimum
concentration of Pb allowing growth of the isolate was an
indication of positive tolerance. Similarly, Nutrient broth
supplemented with the stock solutions of heavy metals
like K2Cr2O7, NiCl2, Na2As2O3 and HgCl2 in different
concentrations (0.5 – 10 mM) were used to determine the
tolerance of bacterial isolate.
Bacterial growth in LB broth supplemented with Pb
concentration of 0.6 mM was used to assess its tolerance
by comparing with a control (without Pb). The conical
flasks containing 100 ml LB broth were inoculated with

0.5 ml of overnight grown culture and agitated on a rotary
shaker (120 rev/min) at 30 °C. An aliquot of 10 ml was
taken at regular time interval to analyse the growth of the
strain by measuring the absorbance at 600 nm using spectrophotometer (UV-Vis Spectrophotometer, Shimadzu,
Japan).
The optimal growth conditions of the isolate with reference to pH, temperature and initial Pb concentration were
determined. The cells in late log phase (>106 cells/ml)
amended in presence of 0.6 mM Pb concentration were
collected and washed with phosphate buffer. About 100 µl
of the buffer-diluted culture was inoculated into conical
flasks containing 100 ml LB medium with different initial
pH values (5, 6, 7, 7.5, 8 and 9), temperature (25 °C, 35 °C,
37 °C and 45 °C) and initial Pb concentration (0.1 – 0.6 mM).
The growth of the isolates was analysed spectrophotometrically by observing their Optical Density at 600 nm. For
the Pb reduction study, samples were drawn at regular
intervals and centrifuged at 10,000 rpm for 10 minutes.
The supernatant collected was used for the estimation of
residual Pb as per the method described earlier. The impact of carbon source (Glucose) as a supplement for the
growth of the selected strain was also carried out. Glucose
was selected as the sole source of carbon and reduction of
Pb in presence (1% w/v) and in absence of glucose was
recorded. LB broth supplemented with 0.1 mM concentration of various heavy metals (Hg, Cr, Ni and As), in presence of 0.6 mM of Pb concentration and the isolate BDUP1
incubated at 37°C with constant shaking of 150 rpm were
used to assess the impact of heavy metals on the isolate’s
potential to reduce Pb.
3 RESULTS AND DISCUSSION
The soil samples from the study area had been enriched with 0.3 mM Pb(NO3)2 to isolate a potential Pb
tolerant bacteria. About 5 isolates with distinct morphological characteristics were able to grow on Pb supplemented plates. On further analysis, only a single strain
(BDUP1) was found to survive at 0.6 mM Pb concentration. Further analysis showed Pb to exhibit an MIC of 3.6
mM towards the selected strain. Earlier studies reported
by Roanne [10] have shown the isolates P.marginalis and
B. megaterium to possess a higher Pb resistance level at
2.5 mM and 0.6 mM concentration. Species diversity
could have been adversely affected due to the presence of
stress factors, favouring a particular group of organisms.
Similar results have been observed wherein half of the
bacterial population of the tannery sediments is found to
be made up of Pseudomonas Sp. [17].
The isolated strain was tested for its morphological
and physiological characteristics. Gram staining revealed
it to be Gram Positive, rod shaped and motile in nature.
Results of biochemical analysis and antibiotic sensitivity
tests are shown in Table 1. The strain BDUP1 tested positive for motility, glucose, Voges-Proskauer, lactose, ara-
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TABLE 1 - Results of various Morphological, Physiological and Biochemical analysis exhibited by the test Strain BDUP1
Morphological Characteristics
Colony shape
Round with smooth margin
Colony Colour
White
Physiological Characteristics
Aerobic growth
+
Anaerobic growth
Biochemical Characteristics
Grams staining
-ve
Lactose
Cell shape
Rod
Arabinose
Motility
+ve
Rhamnose
Spore staining
-ve
Sucrose
Indole test
-ve
Arginine dihydrolase
Methyl red test
-ve
Lysine decarboxylase
V-P test
+ve
Gelatin test
Citrate utilization
+ve
Phenylalanine deaminase
H2S test
-ve
Starch hydrolysis
Catalase test
+ve
Oxidase test
Litmus milk test
Alkaline
Urease
TSI test
-ve
Fermentation
Antibiotic tests
Chloramphenicol
R
Ampicillin
S
Tetracyclin
R
Kanamycin
R
Streptomycin
S
Observed results for the test strain BDUP1:
+ve – Positive result for the test; -ve – Negative result for the test
Antibiotic sensitivity test: R – Resistant; S - Sensitive

+ve
+ve
+ve
+ve
-ve
+ve
+ve
-ve
-ve
-ve
-ve
+ve

Enterobacter sp. R4M-A

13

Kluyvera cryocrescens TS IW 13

3

Enterobacter aerogenes KCTC 2190
7

Kluyvera sp. ES392

12

Enterobacter aerogenes PC IW 35
Enterobacter sp. R4M-B

12

Enterobacter sp. NII-24a
BDUP1
Enterobacter aerogenes strain T2

100

FIGURE 1 - Phylogenetic analysis of strain BDUP1 using Neighbor-Joining method showing the evolutionary relationship of the test bacterium (BDUP1) with other closely related bacteria using the Neighbor-joining method. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test are shown next to the branches

binose, lysine and citrate while negative results were obtained for the Gram stain, methyl red, lysine, H2S, indole,
phenylalanine, urea, oxidase, and catalase tests. Also it was
found to be resistant to Chloramphenicol, Tetracyclin and
Kanamycin while susceptible to Ampicillin and Streptomycin in nature. Based on these results the isolated strain
has been identified as Enterobacter sp.
Analysis of the 16S rRNA sequences, revealed it to be
closely related to Enterobacter species. Evolutionary analyses for the strain BDUP1 was conducted using MEGA 5
software. The evolutionary distances were computed using
the neighbour joining method. On comparison with already
available database, the 884 kb partial sequence of the iso-

late had 98 % similarity to Enterobacter aerogenes. The
phylogenetic relationship between our bacterial strain
(BDUP1) and other closely related genus is as represented
in Figure 1. Based on the analysis, our isolate (BDUP1) is
identified as Enterobacter aerogenes. The partially analysed sequence of Enterobacter aerogenes was deposited
in NCBI GenBank and an accession number GU229781
was obtained.
Contaminated sites are generally characterized by the
co-existence of a large number of toxic cations and hence
it is essential to study the multiple metal resistances of microbes inhabiting the site. The impact of various heavy
metals like K2Cr2O7, NiCl2, Na2As2O3 and HgCl2 on E.
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aerogenes was determined and their MIC values are represented in Table 2. It exhibited multiple metal resistance
to varying degrees for different heavy metals. Mercury
was found to be most toxic and had a low MIC value. The
MIC value of Hg and Cr towards the isolate was observed
to be 0.55 mM and 1.7 mM respectively while Ni exhibited an MIC of 5.6 mM for the strain BDUP1. The presence
of As had the minimal effect on its growth and an MIC
value of 7.75 mM is observed for the strain. Presence of
various heavy metals in the industrial effluents is a common phenomenon and hence the resistance of the selected
isolate to other commonly occurring heavy metals was
taken into consideration. The degree of inhibition of bacterial isolate was recorded to be in the range of
Hg>Cr>Ni>As. A possible explanation for resistance of
isolates to various metals may be attributed to the exclusion
of ions, biotransformation, accumulation and production of
low molecular weight binding proteins [18, 19]. Hence
the ability of microbial strains to grow in the presence of
heavy metals would be helpful when the microorganisms
are directly involved in the decomposition of organic
matter in biological processes for waste water treatment.
Growth of the selected isolate differed with and without the presence of Pb in the growth medium. The growth
curve of the isolate for a period of 24 hours is as represented in Figure 2. The slow growth rate as observed in
presence of Pb concentration (0.6 mM) than the control
might be due to the toxicity of Pb exerted on the cells. The
Pb reduction potential of the Strain BDUP1 was analysed
after the addition of 0.6 mM in the same medium and it
was found to reduce 20%, 44%, 72% and 100% of Pb
within 12, 24, 36 and 60 hours respectively. The Pb-reducing
ability of the strain betters the earlier reported studies in-

volving Ochrobactrum intermedium as reported by Waranusantigul [20] and Beth [21].
The optimum pH for the isolate BDUP1 to achieve
maximum Pb reduction was 7.5 (Figure 3). But it was also
capable of operating at a wide range of pH from 7.0 to 9.0.
Based on the results obtained, Pb reduction at pH 7.5 and
after 60 hours of incubation has been observed to be 53%
and 61% more than their occurrence at pH 6 and 9 respectively. The functioning of the strain BDUP1 in the temperature range of 25-45°C was observed. Similarly, BDUP1
exhibited maximal activity at an optimum temperature of 37°
C while it had the ability to degrade Pb at a wide range of
temperature from 25-45°C (Figure 4). Maximum reduction
(98.3%) was observed at the temperature of 37°C, but the
activity decreased to 79% at 35°C and 68% at 45°C. It is
found that even a minimal change in incubation temperature caused a drastic change in the reduction potential of
the strain BDUP1. This shows how the initial pH and temperature play a vital role in determining the reduction potential for different isolates. Similarly, a Pb resistant Bacilli genus isolated by Sanjeev pandey [22] with an optimal
pH and Temperature of 7.0 and 37°C respectively corroborates with the present study. The strain Bacillus cereus was
found to possess an optimal pH and Temperature of 5.0 and
30°C respectively during the adsorption of Pb [23]. Earlier
studies by Chang [24] showed maximal uptake of Pb by
P.aeruginosa at an optimal pH of 5.5. Similarly fungal
species like Rhizhopus arrhizus exhibited an optimal pH
and temperature in the range of 4.0 - 5.0 and 20 - 45°C for
Pb reduction [25]. Difference in optimal pH and Temperature for maximal Pb reduction by various species might be
due to their environmental exposure.

TABLE 2 - MICs of different metals towards the Strain BDUP1
Minimum Inhibitory Concentration (mM)
Lead (Pb)
Mercury (Hg)
3.6
0.55

Chromium (Cr)
1.7

Nickel (Ni)
5.6

Arsenic (As)
7.75

FIGURE 2 - Growth response of the strain BDUP1 grown in presence of the LB medium incubated with 0.6 mM Pb concentration (filled
circle) and without Pb (filled square). All values are the mean of three replications with an error bar.
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FIGURE 3 - Effect of different pH on Pb reduction by the test strain BDUP1 grown in LB medium supplemented with 0.6 mM concentration
of Pb as Pb(NO)3 (Conditions: Temperature: 37°C; cell density: 106 cells/ml; incubation time: 60 hours). All values are the mean of three
replications with an error bar.

FIGURE 4 - Effect of different Temperature on Pb reduction by the test strain BDUP1 grown in LB medium supplemented with 0.6 mM
concentration of Pb as Pb(NO)3 (Conditions: pH: 7.5; cell density: 106 cells/ml; incubation time: 60 hours). All values are the mean of three
replications with an error bar.

FIGURE 5 - Lead reducing potential of the test strain BDUP1 in presence of 0.6 mM Lead concentration, supplemented with 1% (w/v) Glucose (filled circle) and without Glucose (filled square). All values are the mean of three replications with an error bar.

The impact of Glucose as a carbon source on the reducing ability of the strain BDUP1 was tested (Figure 5).
In presence of glucose (1% w/v), the concentration of Pb
decreased to 0.08 mM after 48 hours while in its absence,

the Pb concentration was recorded as 0.13 mM after similar incubation period. This shows the positive impact exerted by glucose on Pb reduction. Medium devoid of the isolated strain (control) showed no signs of Pb reduction and
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its concentration remained unchanged during the test. The
result substantiates the role of glucose in promoting the
reduction of Pb in the medium. Similarly, the presence of
1% glucose (w/v) had a significant effect upon Chromium
reduction by the Bacilli strain [26]. Glucose, as a primary
carbon source was known to promote Cr(VI) reduction in
Bacillus cerus, Eschercia coli, Agrobacterium ra-diobacter
and Pseudomonas fluorescens [27].
Addition of different heavy metals (Hg, Cr, Ni and As)
in 0.1 mM concentration to the growth medium and its
resultant effect on the reduction of Pb concentration has
been observed (Figure 6). Metals such as Hg and Cr had
significant impact on the reduction process wherein a

reduction of 47.11±3.2 % and 58.27±2.1 % has been observed in presence of Hg and Cr respectively. Addition of
As and Ni showed minimal impact with a reduction potential of 77.45±1.5 and 71.8±1.4 % in presence of the
strain BDUP1. Though comparison with the impact of other
heavy metals on Pb tolerant strain is lacking, investigations
by Desai [28], Park [29] reveals the inhibition of Chromium reduction by the addition of Cd2+, Zn2+ and Cu2+ for the
strains Bacillus sp. and P.putida respectively. This data
enables us to take into consideration the impact of various
heavy metals during the remediation of Pb contaminated
sites.

FIGURE 6 - Effect of various heavy metals (Cr, Ni, Hg and As) on the Pb reduction (%) potential of the test strain BDUP1. Error bars represent
standard deviation. For the metal effect study, LB medium supplemented with 0.1 mM concentration of heavy metals along with 0.6 mM Lead
concentration was used.

4 CONCLUSION
These results conclude that the strain BDUP1 – Enterobacter aerogenes has an ability to completely degrade
0.6 mM Lead concentration in 60 hours while the MIC of
Lead for the strain was observed to be 3.6 mM. Also it had
an optimum pH and Temperature of 7.5 and 37°C, exhibited multiple metal tolerance and showed an improved reduction rate of Pb in presence of Glucose in the medium.
The results of the present study brings to the fore the potential of bacterium, Enterobacter aerogenes in playing a vital
role in future mechanisms dealing with the reclamation of
Pb contaminated soils. Further studies on the mechanism of
action of this strain needs to be investigated.
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ABSTRACT
Coal burnt in thermoelectric plants contains a great
number of trace elements and natural radionuclides, which
are dispersed in the environment during coal combustion.
The distribution and bioaccumulation of these trace pollutants in the northwestern part of Greece, where five lignitefired power plants are installed, are studied. For this purpose 71 soil samples as well as 92 samples of plant organisms (trees, mosses and lichens) were examined. The determination of radionuclides, trace elements and heavy metals
in all samples and then the calculation of the soil to plant
Transfer Factors were conducted. The main conclusion is
that there is not detectable loading of the soil caused by the
trace pollutants of the fly ash emitted by the power plants.
There is, however, a discernible loading in some tree species, which does not exceed the legally established limits.
Mosses and lichens seem to display much higher transfer
factors, confirming their ability to bio accumulate air
pollutants. Finally it must be noted that the systematically
high value of the ratio 226Ra/228Ra (~1.7) in these organisms is attributed to the suspended particles of the fly ash,
while the radiocesium concentrations are originated from
the Chernobyl accident.

KEYWORDS:
natural radioactivity; fly ash; heavy metals; bioaccumulation

1 INTRODUCTION
Coal burnt in thermoelectric plants contains a great
number of trace elements and natural radionuclides, which
are discharged into the atmosphere through the flue gases
[1-3]. These trace pollutants are deposited on the soil and
bioaccumulated in the vegetation, with possible effects on
human health.
* Corresponding author

In northwestern Greece the Public Power Corporation (PPC) exploits the West Macedonia Lignite Centre
(WMLC), which is the biggest Balkan coal reserve.
The lignite is characterized by low calorific value
(~1200 kcal.kg-1, ar) and rather high ash yield (about 1317%, ar) [4, 5]. During combustion of about 50 Mt lignite
per year in all the power plants of the WMLC (total installed capacity 4.3 GW), about 21,400 t/y of fly ash are
released into atmosphere, suggesting the greatest source
of pollution within this region [6].
The lignite of the WMLC contains natural radionuclides such as 40K, 226Ra, 228Ra etc., in concentrations comparable to the average radioactivity of the Earth’s crust [7,
8]. Moreover, trace elements such as Hg, Cd, As, are contained in the lignite beds and the intercalating inorganic
sediments [9]. During lignite combustion these elements are
transferred through the fly ash and flue gases into the atmosphere and then are deposited in the WMLC Basin [10].
This work investigated the surcharge of the soil and
several plant organisms from the above mentioned pollutants. Hence, samples from soil, tree leaves and mosses/
lichens were examined. The latter have been chosen due to
their remarkable ability to accumulate pollutants establishing them as ideal indicators for biomonitoring [11, 12].
Indeed, their physiological and ecological properties, as
well as their wide distribution and availability in all seasons
correspond perfectly to the criteria a biological indicator
should have.
It should be noted that besides the naturally existing
radionuclides the study also investigated the 137Cs, which
derived from human activity and was deposited in the
basin of WMLC during the Chernobyl accident, causing
average soil surcharge of 24 Bq m-2 [13].
2 MATERIALS AND METHODS
2.1 Sampling

The samples examined in the present study were as
follows:
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a) 52 samples of undisturbed soil (26 ones from the top
10 cm thick soil and 26 ones from the 10-20 cm deep
layer).
b) 19 samples of cultivated soil. Both undisturbed and
cultivated soil samples were collected from 27 sampling stations.
c) 44 samples of 4 species of tree leaves, collected from
11 sampling sites.
d) 48 samples of 6 species of mosses and 5 species lichens, collected from 4 sites (very close to the two
biggest coal-fired power plants), namely these of Agios Dimitrios and Kardia (Fig. 1).
Soil and plant sampling was carried out in June and
October 1998, respectively, after a prolonged rainless period. The sampling points were mainly located in the
WMLC valley (Fig. 1), along the dominant NNW direction of the wind [14]. Some samples were also collected
from the surrounding mountains slopes.

trations of the radionuclides 226Ra, 228Ra, 40K, 137Cs and
134
Cs were measured using a 73 cm3 SILENA HP-Ge detector (10.6% relative efficiency, 1.9 keV resolution for 60oC
1.332 MeV line) connected on line with a SILENA 8192
MCA. Gamma spectra were registered for 70,000 s for soil
samples and 140,000 s for plant samples. Reference materials IAEA-375 and IAEA-373, were used for the calibration of the detector [15, 16].
The concentrations of all trace elements and heavy
metals were determined applying Atomic Absorption Spectroscopy (AAS) and according to the following standards
and instrumentation:
For soil samples: Spectrometers: Perkin-Elmer Plasma
1000 ICP-AES and Varian Spectra AA-220 FS GF-AAS.
Standards for calibration: MerckTM and SpexTM standard
samples. Sixteen (16) elements were determined: V, Cr,
Mn, Co, Ni, Cu, Zn, Hg, As, Se, Mo, Ag, Cd, Sn, Ba, Pb
(13 of them are heavy metals). The elements Ag, Cd, Co,
Cu, Mn, Pb, Ni και Zn were determined after the digestion of the soil samples with a mixture of acids, (ΗΝΟ3
67% and HCl 37%) in closed system so as there were no
losses in volatile elements. As for the refractory elements
Ba, Cr, Mo and V there was a fusion with Li2B4O7, preceding the process, while a hydride generator was used for
elements As, Se and Sn. Mercury was determined by means
of CV-AAS technique.
For plant samples: Spectrometer: Perkin-Elmer AAS
Analyst 800. Standards for calibration: High PurityTM Company standard samples. Seven heavy metals were determined: Cr, Pb, Cu, Mn, Ni, Cd, Fe. The plant samples were
digested with the addition of ΗΝΟ3 67% and HCl 37% in a
Paar Physica microwave furnace with closed vessels.
The bioaccumulation procedure was quantitatively determined via the usage and calculation of transfer factors.
3 RESULTS AND DISCUSSION
3.1 Radionuclides and trace elements in the soil

The average specific activities of four natural radionuclides, i.e. 40K, 226R and 228Ra, as well as of the artificial 137Cs, are presented in Table 1.
The statistical acquisition and evaluation of these measurements led to the following conclusions:

FIGURE 1 - Schematic map of the West Macedonia Lignite Center
(WMLC) and the surrounding area, showing the sampling sites and
the coal fired power plants.
2.2 Analytical procedures

After being collected, all samples were air dried, sieved
with a 2 mm mesh and homogenized. The activity concen-

The activities of the natural radionuclides 40K, 226Ra
and 228Ra in the soil are comparable to those of Greek
soils [17] (Table 1). Their lateral distribution on the soil
seems to be independent on both the PPC power plants
locations and the dominant NNW wind direction. Even at
the sites where, according to dispersion models, fly ash is
deposited, the soil radioactivity was the same as in the
places without ash deposition [14]. The above mentioned
conclusions are based on the evaluation of the kurtosis
and the skewness values of the distribution functions, as
well as on the correlation coefficient matrices among the
radionuclides. They also advocate a natural origin of 40K,
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TABLE 1 - Average concentrations (in Bq/kg) and Standard deviations (in parenthesis) of the determined radionuclides in the WMLC samples
Type of sample

228

Number of
samples
19
26
26
71
1440

Cultivated soil
Undisturbed soil (0-10 cm)
Undisturbed soil (10-20 cm)
Average
Anagnostakis et al. (1996), [17]

226

Ra

20.2 (8.1)
22.4 (7.7)
20.3 (7.2)
21.3 (7.4)
21.0 (16.0)

226

Ra and 228Ra in the topsoil, which consequently has not
been polluted by the natural radionuclides contained in
the fly ash.
Radiocesium (137Cs) derived from the Chernobyl accident and several nuclear tests can still be traced in the
upper 20 cm thick soil, i.e. the layer where most plant
roots develop. Its concentrations are slightly higher in the
upper part of the undisturbed soil (0-10 cm) than in the
lower part (10-20 cm), which confirms that 137Cs remains
in the same position since 1987 due to the extremely low
migration in the deeper parts of the soil [18]. According
to the latter research, made in Greece in 1995, the 137Cs
profile in the undisturbed soil remains practically fixed
since 1987 in the upper 30 cm of soil, while 80% of the
total deposition was included in the upper 10 cm thick
layer.
The trace elements concentrations in the soil samples
are presented in Table 2. It is noted that 16 trace elements
were determined 13 of which were heavy metals. It also
includes the concentrations of 9 elements of the fly ash
emitted by the power plants of WMLC [19], the data of
the respective elements in the upper continental crust
UCC [20], as well as the maximum permitted values in
accordance with regulations [21].
Table 2 shows that the average values of most trace
elements fall within the acceptable limits. The concentrations of Cr, Mn and Cu are also within the alert values in

40

Ra

25.6 (8.6)
27.7 (9.1)
22.9 (8.7)
24.3 (8.7)
25.0 (19.0)

137

K

370.1 (19.0)
318.7 (1135.1)
343.0 (170.3)
340.7 (146.9)
355.0 (220.0)

Cs

43.8 (21.1)
73.6 (77.8)
62.1 (90.1)
61.3 (73.9)
-

almost all soil samples, with the exception of #23, 24, 25,
while Ni systematically presents concentrations comparable
or higher than intervention limit, which is 150 mg Ni/kg.
Samples #23, 24, 25 are obtained from the southwestern area of the basin, which is rich in mafic and ultramafic
minerals [22]. So the high concentrations of these three
samples in Cr and Ni are probably due to the geological
background rather than due to the fly ash deposition,
which is considered not high enough in this part of the
basin, according to the dispersion models [14]. Being of
different origin, these samples had to be investigated
separately and this is the reason why they are presented in
separate columns in Table 2.
Furthermore, the high concentrations of Cr and Ni do
not seem to cause environmental impacts in this area,
since the soils here are alkaline [23], which leads to a
significant decrease of their mobility [24].
The elements Cr, Co, Ni, As and Cd are contained in
ash and soil samples at average concentrations, which are
up to 25 times higher than those ones of the UCC, while
Zn, Mo, Sn, Ba and Pb concentrations are comparable or
lower (Table 2). Furthermore, the concentrations of these
elements, excepting the southwestern area, are similar or
even lower than in fly ash. These findings forced further
processing of the measurements in order to examine
whether the trace elements in soil and fly ash are of common origin.

TABLE 2 - Average concentrations (in Bq/kg) and Standard deviations (in parenthesis) of the studied trace elements in the WMLC soil
samples
Type of
Mn
Co
V
Cr † Cr
Mn †
Co †
sample
Fly ash [19]
242.5
21.8
(4 Samples)
(55.4)
(1.8)
Cultivated soil 39.4
174.3
849.1
26.2
(19 samples)
(13.7)
(103.9)
(283.5)
(10.7)
Undisturbed
39.2 186
502 773.3 1895.7
21.1
117.9
Soil 0-10 cm
(13.4) (131) (120) (359.3) (810.8) (9.6)
(18.2)
(26 samples)
Undisturbed
38.8 172
463 727.5 2090.7
21.2
110.3
Soil 10-20 cm
(14.9) (119) (114) (306.6) (1178.6) (10.1)
(17.1)
(26 samples)
UCC [20]
60.0
35.0
600.0
10.0
Normal values
Romanian
60.0
30.0
900.0
15.0
regulations
[21]
Alert limits
Romanian
100
100
1500
30.0
regulations
[21]
Intervent.
limits Roma200
300
2500
50.0
nian regulations [21]
†
without samples # 23, # 24, # 25
samples # 23, # 24, # 25 only
‡

‡

‡

Ni †

Ni

Cu

Zn

Hg

220.0
(80.1)
269.6
(172.6)

66.3
(28)
36.0
(13.8)

55.0
(4.5)
77.7
(18.4)

0.04
(0.01)
< 0.2

232.0 2626.
(189.8) (872)

31.2
(14.3)

85.9
(40.8)

228.3 2436(
(169.9) 764)

30.3
(14.7)

75.7
(36.8)

20.0

25.0

71.0

20.0

20.0

100.0

75

100

150

200

‡

‡
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As

Se

Mo
-

Ag

Cd

27.0
(7.0)
< 0.2

1.0
(0.5)
0.24
(0.05)

Sn

Ba

Pb

< 1.0

-

< 1.0

112.2
(45.8)

25.5
(3.0)
14.1
(4.6)

0.43
(0.16)

< 1.0

103.0
(60.5)

16.4
(13.0)

< 0.2

0.53
(0.22)

< 1.0

97.8
(47.1)

14.3
(13.3)

< 0.05

-

< 0.2

< 1.0

0.81
(0.13)

< 0.2

4.7
(2.9)

< 1.0

1.25
(0.44)

< 0.2

< 0.2

6.9
(5.3)

< 1.0

0.90
(0.25)

1.50

0.05

1.50

0.05

0.10

5.5

550.0

20.0

0.1

5.0

1.0

2.0

2.0

1.0

20.0

200.0

20.0

300

1.0

15.0

3.0

5.0

3.0

35.0
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FIGURE 2 - Dendrograms (cluster analysis, Euclidean distances, Ward’s method of linkage) of 12 trace elements in soil. Each diagram
corresponds to a respective type of soil samples: upper and lower undisturbed soil and cultivated soil.

FIGURE 3 - Relative concentrations of Zn with regards to UCC in soil samples following the NNW to SSE wind direction turbed upper; - soil undisturbed lower; - soil cultivated.

Therefore, a statistical processing of the results was
carried out (using as before the kurtosis-skewness data
and correlation parameters) and proved that:
The trace elements of the soil and those of the fly ash
have a common origin. This is also confirmed by Cluster
Analysis applied on the concentrations of 12 elements (i.e.
V, Cr, Mn, Co, Ni, Cu, Zn, As, Mo, Cd, Ba, Pb), which
were systematically beyond detection limits. Three tree
diagrams were obtained corresponding to each type of soil
samples: upper and lower undisturbed soil and cultivated
soil (Fig. 2). All the diagrams look very similar and cluster the elements in the same way (i.e. the cluster of heavy
metals Cr- Ni), confirming their common origin.

- soil undis-

There is no correlation with the dominant wind directions or the dispersion models of fly ash [14]. This is confirmed as well in Figure 3, which illustrates the spatial distribution of Zn being correlated to the main wind direction
in the basin (NNW), as well as to the power plant sites.
Similar diagrams were obtained for each element. Their
examination indicates that the distribution of the 16 trace
elements determined in soil shows a great variability and
no systematic accumulation in the vicinity of any power
plant is noticed.
3.2 Radionuclides and heavy metals in the plants

Although specific activities of all plant samples have
shown a remarkable variation, no systematic accumula-
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tion of the determined radionuclides has been recorded in
the vicinity of any power plant.
137
Cs can be traced in the tree leaves in infinitesimal
quantities of approximately 0.4 Bq/kg (Table 3) being
largely originated from the soil resuspension. 137Cs content
of lichens and mosses is about three times higher than this
of tree leaves. This fact confirms once more the higher
ability of these organisms to retain trace pollutants including radiocesium. Taking into account that the mosses and
lichens of our samples α) are quite old (dating back in the
Chernobyl incident period) and b) they still contain 134Cs
(this nuclide was detected only in mosses/lichens), the
origin of radiocesium is almost exclusively attributed to
the Chernobyl nuclear accident.
The high 137Cs concentrations both in mosses and lichens (Table 3) result in high transfer factor values. As it
is well known, “the soil to plant transfer factor TF” is
defined as the ratio of concentration of an element in a
plant to that in the soil [25]. Table 4 presents more clearly
the difference between the vascular and non-vascular
plants with regard to their capacity of radionuclide bioaccumulation.
The correlation between 137Cs and 40K contents showed
that 137Cs in the tree leaves is inversely related to those of
40
K, which confirms the replacement of part of the 40Κ in
plants with 137Cs and the uptake of the latter through the
roots as well. Conversely, the 137Cs and 40K concentrations
do not display any competitive attitude against mosses and
lichens, because the latter act as atmosphere filters and they
accumulate both radionuclides in a directly related manner.
Concerning the natural radionuclides 226Ra and 228Ra
they have not been found in traceable quantities in tree
leaves with a few exceptions. Their concentrations on
mosses and lichens, however, are systematically higher than
their respective concentrations quoted in the bibliography.
This can be attributed to the suspended particles of the
PPC fly ash, the 226Ra concentrations of which are considerably higher than the respective 228Ra concentrations.

This inequality is also imprinted in mosses and lichens,
where the ratio 226Ra/228Ra is systematically higher than 1
(~1.7). Additionally the results of PCA factor analysis
(Fig. 4) also confirm this assumption, thus classifying the
two radium isotopes in a separate group, which is of no
ground origin.
Lastly, among the nine (9) investigated species of
mosses Grimmia loevigata is the best 137Cs indicator,
while in lichens the best indicator is the Pertusaria sp.
among ten (10) investigated species. With regard to radium
isotopes 226Ra and 228Ra, though, mosses take precedence
over lichens. Grimmia loevigata is the best radium indicator of all mosses investigated, whereas Xanthoria parietina is the best of lichens.
With regard to the determination of heavy metals contained in plants, the results for 7 metals are shown in Table
5 for each plant category, while Table 6 presents the TF
average values. The following main conclusions could be
extracted with regard to the dispersion and bio-accumulation
of the determined metals through the air and the soil:
Mosses display higher transfer factors (TF) than lichens and therefore a higher bio-accumulation level. TF is
much smaller in trees and always <1. Grimmia loevigata
is the best Cr and Fe indicator of all mosses, whereas the
species Cladonia convoluta is the best Cr indicator of all
lichens, according to our findings.
The concentrations of most metals (Cr, Mn, Fe, Ni,
Cd and Pb) in the leaves of all tree species are systematically higher than those of the reference station. This cannot be attributed to their exclusive uptake through the soil,
because:
1) The concentrations of certain metals in the soil are
very low.
2) The characteristics of most soils in the study area,
such as the alkaline pH values and the high concentrations
of calcium, drastically reduce the mobility of most metals
and result in low transfer factors to the plants.

TABLE 3 - Average Activities and Standard deviations (in parenthesis) of the four radionuclides determined in lichens, mosses and tree
leaves (in Bq/kg).
Type of plant
Lichens
(23 samples)
Mosses
(25 samples)
Tree leaves
(44 samples)

40
K
(Bq/kg)

137
Cs
(Bq/kg)

188.9 (92.6)

2231.5 (996.4)

212.5 (72.0)

2213.3 (1019.3)

388.8 (126.5)

0.36 (0.67)

134
Cs
(Bq/kg)
21.4 (11.4)

24.6 (11.4)

226

228
Ra
(Bq/kg)

Ra
(Bq/kg)
26.43 (17.69)

11.08 (11.40)

56.74 (30.27)

25.41 (22.90)

7.03 (11.32)

(below the detection limit)

TABLE 4 - TF average values of the four radionuclides determined in lichens, mosses and tree leaves
Type of plant
Lichens
Mosses
Tree leaves

TF of 40K
0.492

TF of 137Cs
44.2

TF of 226Ra
1.44

TF of 228Ra
0.53

0.494
1.190

43.53
0.03

3.03
0.17

1.17
-
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FIGURE 4 - Results of the PCA factor analysis for the radionuclides 226R, 228Ra, 40K, 137Cs, 134Cs, which were determined in 23 lichen samples.

TABLE 5 - Average values and Standard deviations (in parenthesis) of the heavy metals determined in lichens, mosses and tree leaves (in mg/kg).
Type of plant
Lichens
(23 samples)
Mosses
(25 samples)
Tree leaves
(44 samples)
Toxicity
range[24]

Cr

Mn

Fe

Ni

Cu

Cd

Pb

53.3 (9.2)

75.8 (45.0)

5935 (2693)

42.2 (1.7)

12.4 (2.0)

0.48 (0.15)

19.53 (6.08)

68.93 (43.7)

313.2 (93.6)

11982 (9335)

46.2 (23.7)

23.7 (8.4)

0.95 (0.81)

28.44 (10.20)

2.07 (1.44)

73.3 (46.5)

382.1 (173.9)

4.87 (4.47)

7.31 (2.61)

0.19 (0.26)

1.45 (0.70)

5 to 30

400 to 1000

10 to 100

20 to 100

5 to 30

30 to 300

TABLE 6 - Average values of the TF of the metals determined in lichens, mosses and tree leaves
Type of plant
Lichens
Mosses
Tree leaves

TF of 40Cr
0.172
0.291
0.010

TF of 137Mn
0.151
0.406
0.140

TF of Ni
0.127
0.152
0.032

TF of Cu
0.324
0.584
0.233

TF of Cd
1.824
3.015
0.737

TF of Pb
1.207
1.712
0.134

FIGURE 5 - Results of MDS analysis applied on the values of the heavy metals determined in the tree leaves
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Since the possibility of soil uptake is however reduced to the minimum, the relatively high concentrations
of metals in the leaves of most trees must be attributed to
uptake through the atmosphere, i.e. the deposition of the
suspended particles and mainly those ones of the fly ash,
which is rich in most of the investigated metals. More
specifically, the main source of metals Cu, Cd, Ni, Pb and
Cr is the fly ash particles, whereas the presence of Fe and
Mn is basically attributed to their uptake from the soil.
Figure 5 shows an MDS diagram, where Fe – Mn determined in tree leaves, forms a separate cluster (I) from the
other metals.
This division of metals into “fly ash group” and “soil
group” does not apply to mosses and lichens, which is
quite reasonable, since the nutrients and other ingredients
of these organisms are almost exclusively uptaken from
the atmosphere. Furthermore, the spatial distribution of
the sampling stations shows that the trees around the
PPC power plants (especially the Ptolemais one) are
more polluted without great differences though.
4 CONCLUSIONS
There is non-detectable loading of the soil to a depth
of 0-20 cm in the West Macedonia Lignite Centre, caused
by radionuclides and fly ash trace elements. There is,
however, a discernible loading in plants, which does not
exceed the legally established limits. A more systematic
investigation is essential, especially in cultivated species
of plants, which enter the human food chain.
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OPTIMIZATION OF WASTEWATER TREATMENT
BY COUPLED MEMBRANE BIOREACTOR (MBR)
WITH POWERED ACTIVATED CARBON (PAC)
Jin Zhang* and Weina Bai
School of Environmental Science and Engineering, Dalian Maritime University, Dalian, 116026, PR China

ABSTRACT
The optimization experiments for waste water treatment by process of coupled MBR with PAC (MBRP) were
conducted by Parallel tests. The results showed that the
addition of PAC improved the removal efficiency of pollution, and with the increase of PAC dosage, the removal
efficiency of pollution increased. Within the experimental
range, the optimum dosage of PAC is 77mg/L, and the
HRT is 12h. With process of MBRP, the removal efficiency
of CODCr, NH4+-N, TN and TP were up to 94.2%, 92.6%,
90.0% and 99.4% respectively. Appropriate dosage of PAC
could improve the property of the mixture and the performance of membrane. PAC could combine with activated sludge to form floc particles and alleviate the membrane flogging, at the same time reduce the amount of
excess sludge.

KEYWORDS: Coupled MBR; powdered activated carbon; membrane fouling; excess sludge

1 INTRODUCTION
Because of more outstanding advantages over conventional processes, membrane bioreactors (MBRs) are
considered as an attractive promising process for
wastewater treatment. However, membrane fouling is a
major obstacle for the wider application of membrane
filtration technology [1,2]. During the last two decades,
many efforts have been made to reduce membrane fouling
in MBR, such as backwashing [3], aeration [4], modification of module [5,6], and addition of additives [7–11].
As an effective absorbent, powered activated carbon
(PAC) has been widely used as an additive to improve
removal efficiency of pollution in water and wastewater
treatment. For example, PAC has been used with the con
* Corresponding author

ventional activated sludge to form “biological activated
carbon” (BAC) sludge to treat wastewater [12,13], and in
process of MBR, PAC has been added to mitigate the
membrane fouling. Kim et al. [14] reported that the addition of PAC improved the performance of MBR due to a
reduction in the extracellular polymeric substances (EPS)
in the floc and the formation of BAC with high porosity
and low compressibility. In UF reactor, the addition of
PAC can not only reduce the compressibility of the flocs,
but also decrease the extracellular polymeric substances
(EPS) of the microbial flocs, and thus improve membrane
flux. Hai et al. [15] showed that excellent (>99%) stable
removal of orange II dye, as well as stable enzymatic activity was observed following addition of powdered activated carbon (PAC) in MBR. Satyawali et al. [16] showed
that in MBR, the functional groups on PAC appear to
interact with the polysaccharide portion of the sludge, and
which may reduce its propensity to interact with the nylon
mesh. Lee et al. [17] found that the addition of PAC led to
the reduction of EPS, which in turn weakened the cohesion strength of the microorganisms and resulted in a
smaller amount of the bio-cake on the membrane, and
ultimately gave rise to the enhanced permeability in the
MBR. Zhang et al. [18] showed that in treatment of algalrich water, the addition of PAC to immersed UF reactor
significantly alleviated the development of trans-membrane
pressure and enhanced the removal of dissolved organic
carbon, and that PAC reduced the concentrations of carbohydrates and proteins in the reactor due to decreased light
intensity, as well as the MC-LR concentration by PAC
adsorption. Ng et al. [19] showed that the addition of PAC
to the activated sludge in an MBR can improve the membrane performance.
PAC has been seen as one of the promising solution
for biofouling in MBR and for promoting the removal
efficiency of pollution. To find the cause and further
analyze the impact of PAC on membrane fouling and on
pollution removal efficiency in MBR, two aspects were
discussed in this paper, the first was the improvement of
pollution removal by process of coupled MBR to PAC,
and the other was the effect of PAC on performance of
activated sludge and membrane fouling in MBR.
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In this study, the wastewater is an artificial
wastewater prepared with tap water and glucose, urea,
K2HPO4, KH2PO4 etc.
2 MATERIALS AND METHODS
2.1 MBR setup and operating conditions

Two parallel laboratory-scale immersed MBRs (schematically shown in Figure 1) were constructed and employed in this study. The operation conditions were seen in
Table 1.
5

1

7

Inoculation sludge (MLVSS/MLSS 0.50) was obtained
from the feedback sludge tank of the municipal wastewater
treatment plant located in Fu Jia-zhuang of Dalian and pre–
incubated before being put into the reactors. Synthetic
wastewater (initial quality- see Table 2) was fed to the
reactors for inoculation.
TABLE 2 - Quality of influent
Index
Ammonia nitrogen (NH4+-N)
Total nitrogen (TN)
Total phosphorus (TP)
CODCr

Value(mg/L)
14.3
20.3
4.6
410

2.3. Analytical methods

2

4

FIGURE 1-Schematic of the membrane bioreactor. 1. bioreactor, 2.
membrane module, 3. air flow meter, 4. air pump, 5.suction pump,
6. electromagnetic relay, 7. feed tank, 2-balance tank
TABLE 1 - Operating parameters in MBR
Items
Membrane type
Configuration
Material
Average pore size(µm)
Membrane surface area (m2)
Manufacturer

2.2. Inoculation and feed medium

6

8

3

The operation cycle was about 100 days.

NH4+-N, TN, TP and CODCr were analyzed according
to the standard methods for the examination of water and
wastewater (APHA). PH was measured by a pH meter
(PB-10, Sartorius, Germany). Excess sludge production
was analyzed by gravimetric method.
The methylene blue and iodine numbers of PAC were
determined by Chinese standard examination methods
(GB/T12496.2-1990), and the pore structure characteristics of PAC were determined by an automatic micromeritics ASAP-2010 volumetric sorption analyzer (the properties of PAC are listed in Table 3).
TABLE 3 - Characteristics of PAC

Characteristics
Micro-filtration
Hollow fiber
Polypropylene
0.1
0.2
Sanda water group, China

The experimental system was basically consisted of
two parallel submerged activated sludge bioreactors MBR
and MBRP (operated under addition of PAC). The reactors (working volume of 130 L) were fed with wastewater
through an electromagnetic valve controlled by a timer
and the effluents were drawn directly from the membrane
modules by suction pumps. In MBRP, PAC was added
one-time, and the dosage of PAC was controlled at 15, 46,
77mg/L respectively.
The wastewater was synthetic wastewater, and the composition was as follow: glucose (450mg/L), urea (91mg/L),
dipotassium hydrogen phosphate (K2HPO4) (44mg/L), calcium chloride (CaCl2) was applied as microelement, and sodium bicarbonate (NaHCO3) was used as a buffer to adjust
the mixed liquor pH to about 7.0.
Air diffusers were installed underneath the membrane
module with a perforated pipe (aeration intensity was 3m3/h)
to stir the mixed liquor and ensure the concentration of
dissolved oxygen at above 4mg/L. The MLSS concentration of activated sludge was adjusted to about 4000 mg/L
prior to the membrane filtration.

Characteristics
Ash content (%)
Moisture (%)
Methylene blue number (mg/g)
Iodine number (mg/g)
Carbon (%)
Size of meth(mm)

Value
5. 5
5.8
297
1013
85%
0.15

3 RESULTS AND DISCUSSION
3.1. Improvement of pollution removal by coupled MBR with
PAC
3.1.1. CODCr removal

Figure 2 shows the average removal efficiency of
CODCr over experimental period (20-100 days). It could be
seen that the CODCr removal was small in MBR. In MBRP,
the removal efficiency of CODCr was high, and the removal
efficiency increased with the increase in PAC dosage. The
CODCr removal efficiency in MBR (without PAC) was
59.0-85.4% when HRT (hydraulic retention time) was
between 2 to 72h, while a moderate increase was obtained
after PAC added, and the removal efficiency increased to
62.0-90.2%, 80.5-92.2% and 86.3-94.1% at PAC dosage
of 15, 46 and 77 mg/L respectively. At the same time, it
could be seen that the increase of CODCr removal efficiency caused by addition of PAC was more obvious when
HRT was smaller. The CODCr removal could be raised by
27.3% at PAC dosage of 77mg/L at 2h of HRT.
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HRT would influence the efficiency of MBR in some
extent. The improvement of CODCr removal efficiency by
addition of PAC in MBR was mainly due to the adsorption by PAC. When HRT was shorter, the removal of
CODCr caused by process of MBR was smaller, thus the
PAC adsorption could improve the removal to a higher
level. But, when HRT was longer, the removal of CODCr
caused by process of MBR was higher, and the improved
level caused by adsorption of PAC was smaller.
From the results we concluded that in process of
MBR, the addition of PAC could not only improve the
removal efficiency of organic pollution in wastewater
treatment, but also decrease the HRT, and thus reduce
the volume of reactor.
+

3.1.2 NH4 -N removal

Result of NH4+-N removal was shown in Figure3. It
could be seen that the removal of NH4+-N was similar as
that of CODCr. It could be seen that the removal efficiency of NH4+-N increased with the addition of PAC. When
HRT was controlled at 2-72h, the removal efficiency of
NH4+-N was between 61.7-87.1% in process of MBR.
While in process of MBRP, the removal efficiency increased to 73.3-92.1%, 76.5-92.6% and 90.8-92.6% at
PAC dosage of 15, 46 and 77 mg/L respectively.

The addition of PAC improved the removal efficiency
of NH4+-N in MBR. The reason is because that as an absorbent, PAC acts as an adsorption carrier in MBR, which
would facilitate the growth of nitrobacteria and then improve the removal efficiency of NH4+-N.
3.1.3 Total nitrogen removal

As shown in Figure 4, the removal improvement of
total nitrogen (TN) was more obvious by PAC addition in
MBR. The removal efficiency of TN in process of MBR
was between 18.8-56.6% at HRT of 2-72h, while it increased to 28.4-73.7%, 54.6-86.9% and 75.1-90.0% in
case of PAC dosage of 15, 46 and 77 mg/L in MBRP. This
showed that the removal of TN in process of MBR was
smaller, while the addition of PAC increased the removal
of TN to a higher level about of 50%, which is higher than
that of CODCr and NH4+-N. At the same time, the addition
of PAC increased the TN removal to a higher level not
only at smaller but at higher HRT. This could be because
that in process of MBR, there is less possibility of formation of aerobic and anaerobic regions, so the removal
of TN was less (only 56.6% at 12h of HRT). While the
addition of PAC could make the zoogloea compact
around PAC and make oxygen distributed unevenly in
MBR, thus aerobic and anaerobic conditions could be
formed, and make the process of MBR has ability of simultaneous nitrification and denitrification[20], and thus
improved the removal of total nitrogen (90.0% at 12h of
HRT and 77mg/L PAC).

FIGURE 2 - Effect of PAC on CODCr removal

FIGURE 4 - Effect of PAC on removal of TN
3.1.4 Removal of total phosphorous

Removal of total phosphorous (TP) is shown in Figure 5. It can be seen that the removal of TP improved to
a higher level by addition of PAC. At 2h of HRT, the
removal of TP was 28.3% in MBR, while it increased
to 54.1%, 58.0% and 97.8% at a PAC dosage of 15, 46
and 77mg/L in MBR P. While HRT increased to 12h,
the removal efficiency of TP increased to the maximum of 99.4%.
FIGURE 3 - Effect of PAC on NH4+-N removal (the experiment time
was about 20-100days)

As the same as TN, the removal of phosphorous by
biotechnology needs combination of aerobic and anaerobic conditions. Under aerobic conditions, phosphate ac-
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cumulating bacteria intake phosphorous and store them in
activated sludge at aggregation state. Then, at anaerobic
conditions, the phosphate accumulating bacteria which
had absorbed phosphorous, release phosphorous from the
body and produce energy. In MBR, no good combination
of aerobic and anaerobic conditions can be formed, so the
removal efficiency of TP is low. While in MBRP, the PAC
added would combine with particles of activated sludge to
form biological activated sludge around PAC, and make
the flocs of activated sludge easer to adsorb and cluster
with each other. This change in composition and structure
of flocs of activated sludge makes it easer to form combination of aerobic and anaerobic conditions, and thus improve the remove efficiency of TP [21].

This may be because that the PAC added in MBR provides
a good living environment for microorganism, and improves the activity of activated sludge, which makes the
growth state of activated sludge more stable, and thus
makes the production of surplus sludge less.

FIGURE 6 - Effect of PAC on excess sludge

FIGURE 5 - Effect of PAC on removal of TP (experiment time was
about 20-100days)

From the results of CODCr, ammonia nitrogen, TN
and TP removal, it could be seen that the addition of PAC
improved the removal of pollution in process of MBR,
and the greater the dosage of PAC was, the better the removal efficiency could reach. The removal efficiency of
pollution increased to the highest level with the increase of
HRT from 2 to 12h, and then remained stable. Under the
experimental condition, the optimum dosage of PAC was
77mg/L, and the optimum HRT could be certain to 12h.
3.2 Effect of PAC on performance of activated sludge and
membrane
3.2.1 Effect of PAC on performance of activated sludge

In process of MBR, effects of microorganism decomposition and membrane separation were the main factors
for pollution removing. The addition of PAC improve the
removal of pollution by adsorption of PAC etc., at the
same time, the addition of PAC would change the performance of activated sludge and membrane in MBR. On the
30-40th days, at PAC dosage of 77mg/L, we analyzed the
excess sludge production (Figure 6). We found that compared with that of MBR, in process of MBRP, the excess
sludge production reduced by a factor of about 90%. The
average excess sludge production was only 4 and 6g/d in
MBRP relative to 34 and 40g/d in MBR at 12h and 2h of
HRT. That is to say that the addition of PAC reduced the
amount of surplus sludge generated during MBR process.

FIGURE 7 - Effect of PAC on membrane flux ( experiment time was
about 20-100days)
3.2.2 Effect of PAC on performance of membrane

The major obstacle for the application of process of
MBR is the rapid decline of permeation flux, which results in the increase of energy consumption. Recently,
PAC has been widely investigated to improve the removal
efficiency and mitigate the fouling problem in membrane
systems. Sagbo et al. [22] found that there is a synergistic
interaction between PAC adsorption and biodegradation,
which is beneficial to improve removal efficiency of organic pollution and consequently retard the membrane
fouling. Evans et al. [23] found that due to the adsorption
of organic compounds by PAC and the modification of
biofloc structure, HMBR (MBR with PAC) had an advantage of reducing fouling rate compared with MBR. In
this study, we further investigated the effect of PAC on
membrane flux in wastewater by process of MBR. The
effect of PAC on membrane flux is shown in Figure 7. We
could see that compared with that in MBR, the membrane
flux decreased slowly in MBRP. This result shows that the
addition of PAC could not only improve the removal efficiency of pollution, but also alleviate the membrane clog-
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ging and extend the service life of membrane. We thought

the reason

(a)

(b)

(c)

(d)
FIGURE 8 - SEM of membrane

was because that the PAC could interact with activated
sludge to form floc particles with better settlement and
filtering performance, thus improves the property of the
mixture and reduce the sludge adhered on the surface of
membrane. On the other hand, caused by adsorption of
PAC, the dissolved organic matter deposited on the surface of membrane reduced, thus the sludge cake formation rate was slowed down, and make the membrane
surface blockage reduced and the flux of membrane improved. The results was as the similar as that of Kim et al.
[14] who showed that the direct addition of PAC into the
submerged MBR could reduce the content of extracellular
polymeric substances inside the floc, and thus led to higher
flux.
On the 30th day, two pieces of membrane were cut
from the middle of the membrane module for SEM images analysis (Figure 8a-d).
The results showed that there were more obvious
pores in the cake layer formed in MBRP (Figure 8a and b),
while the pore blocking was serious in MBR (Figure 8c
and d). PAC could adsorb and condense activated sludge to
form biological activated carbon and make the cake layer
more rigid, thus reduce the concentration of dissolved organic matter and extracellular polymeric substances and
alleviate the membrane fouling.

4 CONCLUSION
Comparative and correlative study of effect of PAC on
performance of MBR was presented in this paper. From the
results, the following conclusions could be drawn:
(1) The addition of PAC improved the removal efficiency
of pollution in process of MBR. With the increase of
dosage of PAC, the removal efficiency of pollution
increased.
(2) PAC had significant impacts on reducing the content
of CODCr NH4+-N TN and TP. At optimum dosage
of PAC, a maximum increase of 27.3% in CODCr,
29.1% in NH4+-N, 56.3% in TN and 69.5% in TP removal was achieved.
(3) The cake layer formed by PAC had more obvious
pores. The appropriate amount of PAC was capable
to slow down the reducing rate of membrane flux, and
make the amount of excess sludge less.
(4) In process of MBRP, the optimum dosage of PAC was
77mg/L. The optimum HRT was 12h.

357

© by PSP Volume 22 – No 2. 2013

Fresenius Environmental Bulletin

ACKNOWLEDGEMENT

ceuticals in drinking water treatment. J. Appl. Sci. Environ.
Sanit. 5(2), 131-141.

The authors sincerely thank to the supported of “Natural Science Foundation of Liaoning Province of Grant
No.2011010158” and “the Fundamental Research Funds
for the Central Universities”.
REFERENCES

[14] Kim J.S., Lee C.H. and Chun H.D. (1998) Comparison of ultrafiltration characteristics between activated sludge and
BAC sludge. Water Res. 32(11), 3443-3451.
[15] Hai F., Yamamoto K., Nakajima F. and Fukushi K. (2008)
Removal of structurally different dyes in submerged membrane fungi reactor—Biosorption/PAC-adsorption, membrane retention and biodegradation. J. Membr. Sci. 325,395403.

[1]

Kweon J.H., Hur H.W., Seo G.T., Jang T.R., Park J.H., Choi
K.Y. and Kim H.S. (2009) Evaluation of coagulation and
PAC adsorption pretreatments on membrane filtration for a
surface water in Korea: a pilot study. Desalination 249, 212216.

[2]

Campinas M. and Rosa M.J. (2010) Evaluation of cyanobacterial cells removal and lysis by ultrafiltration. Sep. Purif.
Technol. 70, 345-353.

[17] Lee W.N., Yeon K.M., Hwang B.K., Lee C.H. and Chang
I.S. (2010) Effect of PAC addition on the physicochemical
characteristics o f bio-cake in a membrane bioreactor. Sep.
Sci. Technol. 45(7),896-903.

[3]

Wu J.L., Le Clech P., Stuetz R.M., Fane A.G. and Chen V.
(2008) Effects of relaxation and backwashing conditions on
fouling in membrane bioreactor. J. Membr. Sci. 324(1-2), 2632.

[18] Zhang Y., Tian J.Y., Nan J., Gao S.S., Liang H., Wang M.L.
and Li G.B. (2011) Effect of PAC addition on immersed ultrafiltration for the treatment of algal-rich water. J. Hazard.
Mater. 186,1415-1424.

[4]

Rahimi Y., Torabian A., Mehrdadi N., Habibi-Rezaie M.,
Pezeshk H. and Nabi-Bidhendi G.R. (2011) Optimizing aeration rates for minimizing membrane fouling and its effect on
sludge characteristics in a moving bed membrane bioreactor.
J. Hazard. Mater. 186(2-3), 1097-1102.

[19] Choon A.N., Sun D. and Fane A.G. (2006) Operation of
membrane bioreactor with powdered activated carbon addition. Sep. Sci. Technol. 41(7),1447-1466.

[5]

[6]

[7]

Lee W.N., Chang I.S., Hwang B.K., Park P.K., Lee C.H. and
Huang X. (2007) Changes in biofilm architecture with addition of membrane fouling reducer in a membrane bioreactor.
Process Biochem. 42, 655-661.
Yu H.Y., Liu L.Q., Tang Z.Q., Yan M.G., Gu J.S. and Wei
X.W. (2008) Mitigated membranefouling in an SMBR by
surface modification. J. Membr. Sci. 310(1-2), 409-417.
Koh J.K., Kim Y.W., Ahn S.H., Min B.R. and Kim J.H.
(2010) Antifouling poly(vinylidene fluoride) ultrafiltration
membranes containing amphiphilic comb polymer additive.
J. Polym. Sci., Part B: Polym. Phys. 48, 183-189.

[8]

Ng C.A., Sun D., Zhang J.S., Wu B. and Fane A.G. (2010)
Mechanisms of Fouling Control in Membrane Bioreactors by
the Addition of Powdered Activated Carbon. Sep. Sci. Technol. 45(7), 873-889.

[9]

Lee W.N., Chang I.S., Hwang B.K., Park P.K., Lee C.H. and
Huang X. (2007) Changes in biofilm architecture with addition of membrane fouling reducer in a membrane bioreactor.
Process Biochem. 42 (4), 655-663.

[10] Arahman N., Arifin B., Mulyati S., Ohmukai Y. and Matsuyama H. (2012) Structure change of polyet hersulfone hollow
fiber membrane modified with Pluronic F127, polyvinylpyrrolidone, and Tetronic 1307. Mater. Sci. Appl. 3, 72-77.
[11] Guo W.S., Vigneswaran S., Ngo H.H., Van N.T.B. and Ben
A.R. (2006) Influence of bioreaction on a long-term operation of a submerged membrane adsorption hybrid system.
Desalination 191(1-3), 92-99.
[12] Campinas M. and Rosa M.J. (2010) Removal of microcystins
by PAC/UF. Sep. Purif. Technol. 71, 114-120.
[13] Nugroho W.A., Reungoat J. and Keller Ü. (2010) The performance of biological activated carbon in removing pharma-

358

[16] Satyawali Y. and Balakrishnan M. (2009) Performance enhancement with powdered activated carbon (PAC) addition
in a membrane bioreactor (MBR) treating distillery effluent.
J. Hazard. Mater. 170,457-465.

[20] Zeng R. J., Lemaire R., Yuan Z.G. and Keller J. (2003) Simultaneous nitrification, denitrification, and phosphorus removal in a lab-scale sequencing batch reactor. Biotechnol.
Bioeng. 84(2),170-178.
[21] Lerner M., Stahl N. and Galil N. (2007) Aerobic vs. anaerobic-aerobic biotreatment: paper mill wastewater. Environ.
Eng. Sci. 24(3), 277-285.
[22] Sagbo O., Sun Y., Hao A. and Gu P. (2008) Effect of PAC
addition on MBR process for drinking water treatment. Sep.
Purify. Technol. 58(3),320-327.
[23] Evans N.J., Harrison O.B., Clow K., Derrick J.P., Feavers
I.M. and Maiden M.C.J. (2010) Variation and molecular evolution of HmbR, the Neisseria meningitidis haemoglobin receptor. Microbiol. 156(5),1384-1393.

Received: April 24, 2012
Revised: August 03, 2012
Accepted: September 06, 2012

CORRESPONDING AUTHOR
Jin Zhang
Dalian Maritime University
School of Environmental Science and Technology
No.1, Lingshui Road
116026 Dalian
P.R. CHINA

© by PSP Volume 22 – No 2. 2013

Fresenius Environmental Bulletin

Phone: +86-411-84724340
Fax: +86-411-84724340
E-mail: zhangjin7986@163.com
FEB/ Vol 22/ No 2/ 2013 – pages 351 - 356

359

© by PSP Volume 22 – No 2. 2013

Fresenius Environmental Bulletin

IN VITRO EXPOSURE TO COPPER INDUCED CHANGES
IN IMMUNE AND STEROIDOGENIC GENE EXPRESSION
IN SPARUS AURATA HEAD KIDNEY CELLS
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ABSTRACT
Changes in the transcription of selected genes in fish
can be used as indicators of the sublethal impact of metals. In this study, head kidney cells of Sparus aurata (Gilthead sea bream) were exposed to copper in vitro to evaluate steroidogenic and immune functions by measuring
changes in gene transcription of steroidogenic acute regulatory protein (StAR) and in cytokines, respectively. Cortisol was measured in the incubation medium. As a preliminary step, a cell viability experiment set LC50-1h for
copper at 3.55 mM. After incubating the head kidney cells
for 1 h with 0.001 or 0.1 mM of copper, the previous parameters were assessed. Exposure to the highest copper
concentration caused an upregulation of StAR gene transcription, whereas the cortisol levels in the incubation medium remained unaltered. Copper also caused changes in
immune related genes, as the expression of interleukin-1β
and transforming growth factor-β1 was increased at 0.001
and 0.1 mM of copper, respectively. On the other hand,
both copper concentrations induced a decrease in the transcription of interleukin-6. These results reveal an altered
immune function, giving new insights onto the mechanisms
involved.

KEYWORDS: Sparus aurata, head kidney, copper, steroidogenic
and immune function.

1 INTRODUCTION
In teleosts the head kidney is of particular importance
due to its cellular diversity and multiple functions. Head
kidney tissue includes hematopoietic cells (lymphoid cells),
immune cells (macrophages, lymphocytes), and endocrine
cells (chromaffin and corticosteroidogenic cells) [1]. Therefore, the knowledge of the head kidney cellular responses
to environmental contaminants will increase the understand* Corresponding author

ing of their role on the global adaptation. Metals are among
the most hazardous pollutants and copper, in particular, is
of concern since it is a ubiquitous chemical in aquatic
environments.
Though essential, copper becomes toxic at high cellular concentrations, interfering with several metabolic pathways and thereby inducing different responses at cellular
and/or higher levels [2, 3]. Previous studies concerning
head kidney functions revealed that copper induces changes
in cortisol secretion [4]. There is also evidence that the disruption of the steroidogenic pathways is mediated through
effects on the steroidogenic acute regulatory protein (StAR),
pointing out its important role as regulator of corticosteroidogenesis in fish [5, 6]. Despite these findings, there is no
available information on StAR mRNA transcription and
regulation in fish following copper exposure. Similarly,
the information about copper effects on fish immune function is still scarce, though previous studies revealed that it
decreases the number of leucocytes [7] and induces changes
in cytokine levels [5, 8]. Moreover, one cannot disregard
that the immune and neuroendocrine systems are closely
linked and that bi-directional communication between them
is essential for the homeostatic function [9]. Cytokines, such
as interleukins-1 and -6 (IL-1β, IL-6), as well as tumor necrosis factor (TNF-α), are key molecules in the communication between immune and neuroendocrine systems [10].
In mammals, IL-1β is mostly produced as a biologically
inactive precursor molecule (proIL-1β) that is cleaved to an
active form by IL-1β converting enzyme, also known as
caspase 1. Though caspase 1 is the best characterized inflammatory caspase, little information is available on fish.
The present study investigated the effects of copper
on fish steroidogenic and immune head kidney functions
and their eventual interactions. Head kidney cells of Sparus aurata (Gilthead sea bream) were exposed in vitro
to sublethal concentrations of copper and the transcription of selected molecular indicators, namely StAR,
pro-inflammatory (IL-1β, IL-6 and TNF-α) and antiinflammatory (TGF-β1) cytokines, and the enzyme caspase 1
were evaluated. To complement StAR data, the cortisol was
measured in the incubation media.
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2 MATERIAL AND METHODS
Head kidneys were collected from S. aurata (100 ± 4.3 g
mean weight), obtained from a local fish farm (Cripesa,
L’Ametlla de Mar, Spain). Before starting the experimental
procedures, fish were acclimatized to laboratory conditions
during 15 days. Fish were euthanized with MS222 (1g/L),
bled and the head kidneys were excised and placed in 1×
phosphate buffered saline (PBS). Head kidneys were finely
minced with sterile scalpel blades, passed though a pipette
to disperse into small aggregates, and filtered through a cell
strainer (100 µM). Cells were allowed to settle via sedimentation into culture plates and kept at 17°C, 5% CO2
with a metal-free medium (Dulbecco’s Modified Eagle
Medium, Life Technologies), containing high glucose [11].
To estimate the LC50-1h (concentration that kills 50%
of cells after 1 h exposure) for copper and to determine the
non-lethal concentrations to use in the in vitro toxicity
assay, a cell viability experiment was performed. The isolated cells were incubated in a 96-well culture plate (1×106
cells per well) with DMEM and copper (as copper chloride), and kept at 17°C and 5% CO2. The copper concentrations tested were: 0, 0.001, 0.01, 0.1, 1, 2, 4, 6 and 10 mM.
After incubation, cell viability was determined using the
Trypan blue exclusion method. The number of viable (unstained) and dead (stained) cells were counted using a
haemocytometer (results are expressed as a percentage of
the control). Based on cell viability results, the sublethal
concentrations of 0.001 mM or 0.1 mM (100 % viability)
copper were selected for in vitro toxicity assays. Four fish
per treatment were used. Cells were isolated as described
previously and left to settle for 3 h in 6-well culture plates
(10×106 cells), kept at 17°C and 5% CO2 with DMEM
containing high glucose as described previously [11]. Afterwards, the medium of each well was removed and fresh
medium containing the required concentrations of copper
was added and the cultures were incubated for 1 h. The
cells and the incubation media were kept frozen until
further determinations. The cells were not stimulated by
adrenocorticotropin hormone (ACHT) in this experiment
since previous results in our group using the same experimental setup showed the stimulatory effect of ACTH. In
particular, previous results on incubations with ACTH
(150 ng/mL) have been shown to increase TNF-α mRNA
levels (305%), IL-1β (59% of control levels), and TGF-β1
and IL-6 (437%) [12]. ACTH also increased StAR expression of about 300% [11].

Total RNA was isolated from head kidney cultured
cells using Tri Reagent and following the manufacturer's
instructions; reverse transcribed with Superscript III™
reverse transcriptase (Invitrogen, Spain). Complementary
DNA (cDNA) was used as a template for real-time qPCR.
The sequences of the primers used in gene transcription
analysis are presented in Table I. Total volume (20 µl) in
every reaction contained 500 nM of each amplification
primer, 10 µl of iQ™ SYBR Green Supermix (Bio-Rad
Laboratories) 2X SYBR Green PCR Mix and 5 µl of a
1:25 dilution of cDNA (1:500 for 18S determination).
Products were amplified in the iCycler iQ™ Real-time
PCR Detection System (Bio-Rad Laboratories). All samples were run in triplicate. CT (threshold cycle) values for
each sample were expressed as “fold differences”, calculated relative to untreated controls and normalized to endogenous control 18S rRNA.
Cortisol was measured in the incubation media by radioimmunoassay. The antibody used for the assay was
purchased from MP Biomedicals LLC (OH, USA) in a
final dilution of 1:4500. Antibody cross-reactivity with
cortisol is 100%. The radioactivity was quantified using a
liquid scintillation counter.
A polynomial regression was adopted to estimate the
LC50-1h. Statistica software (StatSoft, Inc., Tulsa, OK)
was used for statistical analyses. All the data were first
tested for normality and homogeneity of variance to meet
statistical demands. Differences from control and exposed
groups were tested using ANOVA, followed by LSD test
and the significant level was ascertained at P<0.05.
3 RESULTS AND DISCUSSION
The head kidney cells incubated during 1 h with copper displayed 100% viability (in relation to the control) at
concentrations up to 0.1 mM (Fig. 1). For concentrations
higher than 0.1 mM, cell viability decreased in a concentration-dependent manner, reaching 100% mortality at 10 mM.
The concentrations between 1 mM and 10 mM showed a
statistically significant reduction of viability when compared
to the control. The LC50-1h was estimated at 3.55 mM (R2 =
0.99, F=502.41 and p<0.001), a value higher than that
estimated for O. mykiss (1.2 mM) by Gagnon et al. (2006)
[4]. However, O. mykiss cells showed higher resistance to
copper if we consider that 100% mortality was reached at
100 mM, while for S. aurata it was reached at a concen-

TABLE 1 - Sequences of primers used in gene expression analysis.
Gene
StAR
IL-1β
Caspase 1
IL-6
TNF-α
TGF- β1
18S

Forward primer
GCTGGATCCCAAAGACAATC
TCTTCAAATTCCTGCCACCA
ATGGTCGGACTCACTCATCC
GCTCTGCTGCGGTGTGCTCC
TGAACAGAGGCGACAAACTG
TACCGCAGCCAAGCCAACCT
CGAGCAATAACAGGTCTGTG

Reverse primer
CTTGCTCTCCTTCGACTGCT
CAATGCCACCTTGTGGTGAT
TTTCGTCCTTCTCAGCACCT
GTCTCCCACTCCTCACCTG
GCCACAAGCGTTATCTCCAT
GCAGAGCACAGTGCCATGCT
GGGCAGGGACTTAATCAA
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Product size (bp)
175
245
173
90
245
184
212
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FIGURE 1 - Viability (expressed as a percentage of the control) of
Sparus aurata head kidney cells incubated at different copper
concentrations (0.001 – 10 mM) during 1 h. Values represent the
means and SE (n=4).

were basal levels and not stimulated by ACTH treatment,
thus no differences were expected between control and
Cu-exposed cells.
Recently, it was suggested that StAR is an important
regulator of corticosteroidogenesis in fish and a sensitive
target to environmental pollutants [1, 6]. StAR was cloned
and sequenced in S. aurata [11] and demonstrated a similar response in fish as compared to mammals [13]. In the
present study, StAR gene transcription was increased in
cells incubated with 0.1 mM copper. A similar response
was observed in the head kidney of Salmo salar exposed
in vivo to ethinylestradiol [14]. In the same way, previous
studies detected increased StAR gene transcription in head
kidney cells of fish in response to acute stress [15] or to
ACTH treatment [11]. It is assumed that cortisol levels
mirror levels of StAR mRNA [11]. Furthermore, Li et al.
(2003) [16] showed that both plasma cortisol and StAR
mRNA in the head kidney of eels were enhanced after
ACTH injection, and its close relationship suggests that
StAR is involved in the ACTH-induced cortisol production. The increase currently observed in the StAR gene
transcription for 100 µM of copper was not accompanied
by an elevation of cortisol levels in the incubation medium,
suggesting that the association between StAR and cortisol
synthesis and release is more complex. These results
demonstrate a copper induced (direct or indirect) upregulation of StAR gene without the involvement of ACTH
released by the pituitary.

FIGURE 2 - Gene expression of steroidogenic acute regulatory
(StAR) in head kidney cells of Sparus aurata head kidney cells incubated with 0.001 and 0.1 mM of copper during 1 h (A) and cortisol
concentration in the incubation media (B). Gene expression was
analyzed by quantitative real-time PCR and normalized to 18S rRNA.
Values represent the means and SE (n=4). Differences from control: *
P<0.05. The horizontal line originating at y=1 denotes the control
group against which the expression was normalized.

tration 10-times lower. These differences suggest that cell
resistance to copper, as well as the concentration-mortality
curve shape, depend on fish species.
Exposure of head kidney cells to 0.1 mM of copper
caused significant elevation of StAR transcription when
compared to control values (Fig. 2A). Concentration dependence was apparent: approximately a 2-fold increment
at 0.001 mM copper and a 5-fold increment at 0.1 mM
copper compared to the control. Cortisol levels in the incubation media of exposed cells were similar to the control
level (Fig. 2B). The cortisol levels measured in this study

FIGURE 3 - Gene expression of interleukin-1 β (IL-1β), interleukin6 (IL-6) and tumor necrosis factor-α (TNF-α) (A), transforming
growth factor-β1 (TGF-β1) (B) and caspase 1 (C) in Sparus aurata
head kidney cells incubated with 0.001 and 0.1 mM of copper during
1 h. Gene expression was analyzed by quantitative real-time PCR
and normalized to 18S rRNA. Values represent the means and SE
(n=4). Differences from control: * P<0.05. The horizontal line originating at y=1 denotes the control group against which the expression was normalized.

IL-1β expression was increased 1.7 and 2.3 fold after
incubation with 0.001 mM and 0.1 mM copper, respec-
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tively. However, this increase was statistically significant
only for the highest concentration when compared to the
control (Fig. 3A). IL-6 displayed a different response pattern, showing a significant decrease for both copper concentrations. The results also revealed that TNF-α gene
transcription was not different from the control levels in
both treated groups, although it showed a slight increase.
TGF-β1 transcription increased, although only the lowest
concentration induced a significant elevation (4.2-fold)
when compared to control values (Fig. 3B). Expression of
caspase 1 was significantly increased after incubation with
0.001 mM copper (2.8-fold) (Fig. 3C).
The observed upregulation of IL-1β gene transcription may be related with its action as an “early cytokine”
in the inflammatory response, causing a cascade of effects, many of which are mediated through up- or downregulation of other cytokines [10]. It is known that in
mammals the inflammatory insult results in the release of
TNF-α, immediately followed by an IL-1 surge. IL-6 is a
secondary cytokine in the inflammatory response [10],
which may explain the decrease in the gene transcription
obtained. Poynton et al. (2007) [17] also observed a downregulation in transcription of genes associated with the
immune system in Daphnia sp. following copper exposure.
In the present study, TGF-β1 upregulation by 1 µM copper
is in agreement with the findings of Geist et al. (2007) [5]
who obtained an increase in TGF-β1 gene transcription in
kidney of fish exposed to copper. It is known that TGF-β1
can suppress the production of some cytokines [18]. Thus,
it can be hypothesized that the decrease in IL-6 was caused
by an increased TGF-β1.
The effects on the transcription of cytokines suggest
that there is a link between the copper exposure and an
altered immune response, corroborating earlier studies [7].
Additionally, Daumetrepuits and co-workers (2004) [19]
observed that copper caused an acute, short and local inflammatory response by stimulating some components of
the innate immune response in healthy fish. Current results
pointed out a modulatory action of copper on both proinflammatory and anti-inflammatory processes.

of glucocorticoids during infection, inflammation and
trauma [10]. Therefore, it can be suggested that the present
increase in IL-1β gene transcription in head kidney cells
incubated with copper can be underlying cause of the increased StAR gene transcription.
Globally, the present results indicate that changes in
the transcription of selected genes can be useful indicators
for the detection of toxic effects at sublethal levels, and that
ecotoxicogenomics provides innovative approaches to investigate the action mechanisms of toxicants. However, the
consequences of the changes that occur at the transcription
level and their linkage to proteomics and organismic effects
are difficult to establish. The connection of molecular responses to ecologically relevant parameters remains a challenging task and it implies future in vivo studies that will
validate present in vitro works.
4 CONCLUSION
In conclusion, it was demonstrated that copper had the
ability to induce StAR gene upregulation in head kidney
cells. However, this effect was not accompanied by a cortisol increase in the culture medium, indicating that the linkage mechanism between StAR and cortisol secretion is
complex and it requires factors that were absent in the
present cell culture. Copper also induced changes in cytokines expression revealing a linkage between metal exposure and an altered immune function, giving new insights
onto the mechanisms involved.
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In fish, little information is available on the mechanism of processing and release of IL-1β, but it seems that
the caspase 1 cloned for S. aurata has the same function as
in mammals [20]. In the present study, caspase 1 gene
transcription was upregulated in head kidney cells incubated with 0.001 mM copper. Surprisingly, for 0.1 mM
caspase 1 gene transcription was almost at control level
while IL-1β was significantly increased. This may indicate
a possible saturation of the receptors due to higher concentrations of copper, as suggested by Geist et al. (2007) [5].
Possible interdependences were considered in an attempt to integrate the different levels of response. In most
vertebrates the communication between the endocrine and
immune systems is essential for the maintenance of homeostasis. It was previously shown that IL-1 together with
TNF-α and, to a lesser extent, IL-6 elicit regulatory effects
on corticosteroid secretion, resulting in increased output
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ABSTRACT
Using data from 74 meteorological stations in the arid
region of northwest China (ANC) obtained from 1960-2010,
this study explores spatial and temporal variations in temperature and precipitation and its relations with latitude,
longitude, elevation and atmospheric circulations. The results show that, in the past 50 years, the temperature and precipitation in the ANC show significant increasing trends
(P < 0.01) with rates of 0.343°C/10a and 6.07mm/10a,
respectively, higher than the average in globally. The
increasing rate in winter temperature is the fastest with
0.486°C/10a while the lowest is in spring with 0.268°C/10a.
However, the highest increasing rate of precipitation is
2.51mm/10a in summer while the lowest in winter is
1.16mm/10a. There are slow rises in temperature and precipitation in the 1970s, fast increases in the 1980s, and even
faster increases in the 1990s. The temperature and precipitation have been continuously increasing during the period 2000-2010, but the increasing rates are less than the
1990s. Regionally, the highest increasing rates of temperature and precipitation occur in northern Xinjiang while the
lowest rates of temperature and precipitation appear in
southern Xinjiang and Gansu corridor, respectively.

KEYWORDS:
Seasonal trend; decade; elevation; longitude; latitude

With recent socioeconomic development, the arid region of northwest China (ANC) has become an important
energy base in China due to its vast area and abundant resources; however, its ecological system is very fragile and
is sensitive to regional climate effects. Therefore, it is important to know regional climate effects.
To study the impact of climate change on the natural
environment and human activities, it is necessary to know
the characteristics of regional climate change firstly in recent
years. Previous scholars’ research on climate changes in
ANC (73°~106°E and 34°~50°N) reveals that the climate
change trend has been wetter and warmer [14, 15]. However, analysis of temperature and precipitation changes in
the arid northwest region has mainly focused on the late
20th century or earlier [16-22].
Some scholars reveal that the effect of elevation on
climate change is great [23, 24] in Tibetan plateau and
Switzerland while others find that elevation has little effect
[25-27] in the tropical Andes and others area. However,
the relation between climate change and elevation in ANC
is still unknown.
This paper uses the latest (1960-2010) meteorological
data from 74 meteorological stations to explore temperature and precipitation variations in ANC from different perspectives. We analyze the relationships between the temperature, precipitation and latitude, longitude, elevation and
atmospheric circulations. The results will provide a scientific basis for predicting future climate trend, assessing the
impact of climate change, and formulating strategies to
address its impact.

1 INTRODUCTION
In recent years, the climate change has been attracted
more social attention. Many scholars have researched the
impacts and predictions of changing climate patterns [19]. Recently, regional effects have been detected to make
strategies address climate change [10-13].
* Corresponding author

2 MATERIAL AND METHODS
2.1 Study area

ANC occupies the vast region in the hinterland of the
Eurasian continent. It is located between the western Helan
Mountain-Zaocys Ridge line and the northern Kunlun
Mountains (Fig. 1). The area includes the Xinjiang Uygur
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FIGURE 1 - Location in the arid regions of northwest China and elevations of metrological stations.

Autonomous Region, the middle and west parts of Inner
Mongolia Autonomous Region, and most parts of the
Ningxia Hui Autonomous Region and Gansu corridor in
Gansu Province. The total area is about 2.5 million square
kilometers, accounting for over 1/4 of China. The area is
rich in solar energy resources owing to long sunshine and
strong radiation. However, the area is arid, ecologically
fragile due to water resources shortage, widespread desertification, and sparse vegetation. Mean annual rainfall is less
than 200 mm, gradually decreasing from east to west.

cal distribution, which is applied widely for trend analysis
[32].
Correlation analysis method is applied to detect the
relationship among two or more variables. We used this
method to detect correlation degrees and properties among
variables. The correlation coefficient (r) is usually calculated as follows:

2.2 Data

The distribution range of the correlation coefficient r
is between -1 ≤ r ≤ +1; when the correlation coefficient is
positive, the correlation between variables indicates a positive correlation; when the correlation coefficient is negative, it indicates a negative correlation. The greater the
absolute value of the correlation coefficient |r| is, the closer
the degree of correlation between two variables is. In addition, to determine whether the correlation coefficient is
meaningful or not, it is necessary to carry out a significant test.

All the 74 standard meteorological stations selected
for this study are derived from the National Meteorological Administration of China (NMAC). The data have been
quality controlled including extreme inspection and time
consistency check and others before releasing the data
by NMAC [28]. Meanwhile, we attained data quality
control and homogeneity assessment by the RClimDex
software package (available at the ETCCDI website,
http://cccma.seos.uvic.ca/ETCCDI/software. shtml) [29].
The data of Antarctic Oscillation Index (AAOI, 19792010), Arctic Oscillation Index (AOI, 1960-2010) and
North Atlantic Oscillation Index (NAOI, 1960-2010) and
Southern Oscillation Index (SOI, 1960-1999) are obtained
from the Climate Prediction Center (CPC) of the National
Weather Service, US (http://www.cpc.ncep.noaa.gov).
2.3 Methods

The Mann-Kendall nonparametric statistical test are
used to explore the change trends in temperature and precipitation [30, 31] and to estimate time series trend that
does not require the data to comply with a certain statisti-

r=

∑ (x
∑ (x

i

i

− x)( y i − y )

− x) 2 ⋅ ∑ ( y i − y ) 2

3 RESULTS
3.1 Temperature
3.1.1 Annual temperature trend

Figure 2 (a) shows the linear tendencies of the temperature over northwest China for the period 1960-2010.
The air temperature trended toward higher values at 73
(98.65%) of the 74 sites analyze in the study area. All of
the positive trends are statistically significant (P < 0.05,
under the Mann-Kendall test). The one site that does not
have a significant trend has temperature value that de-
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creases. The increasing rate in mean annual air temperature is 0.343°C/10a in ANC (Fig.3a), which is obviously
higher than the global rate (0.13°C/10a) [33].
Regionally, there temperature increases show regional
differences. The temperature in northern Xinjiang increases
the fastest with a rate of 0.386°C/10a; it is followed by in
Gansu corridor with a rate of 0.352°C/10a; the southern
Xinjiang has the slowest increasing rate of 0.283°C/10a.
To clarify how temperature changes are affected by
geographical factors, the relationships between temperature and elevation, latitude, longitude are examined (Fig.
2b, c, d). The results show weak correlation between trends
in temperature and elevation, longitude, but some research-

ers find that climate changes are related to elevation [23,
24]. However, the results are consistent with other recent
studies [25-27]. Although the relationship is not simple or
linear, reductions in latitude generally coincide with decreases in the rate of temperature change and some increases in latitude coincide with increases in the rate of
temperature change (Fig. 2c), which is consistent with
previous research [34, 35].
3.1.2 Seasonal temperature trend

In spring, the air temperature trends to bigger values
from 1960 to 2010 at 73 (98.65%) of the 74 sites (Fig. 4)
and declines at only 1 site. Most of the upward trends are

FIGURE 2 - Trends in temperature during 1960-2010 (a); and the relationship between the trends in temperature and elevation (b), latitude(c), longitude (d).

FIGURE 3 - Time series of temperature (a) and precipitation (b) and its linear trend in ANC from 1960 to 2010.
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FIGURE 4 - Seasonal temperature trends in the arid region of northwest China.

statistically significant (P < 0.05, under the Mann-Kendall
test). At the sites with no significant trends, the temperature values increase at 8 sites (10.96% of all sites), and
decline at only 1 station. The increasing rate of mean air
temperature is 0.268°C/10a in the ARC. Regionally, the
increasing rate of temperature in northern Xinjiang is the
highest at 0.286°C/10a. The rate in Gansu corridor is
lower at 0.270°C/10a, and southern Xinjiang has the lowest rate of 0.248°C/10a (Table 1).
In summer, the air temperature generally increases
from 1960 to 2010 at 67 sites (90.54% of total; Fig. 4) and
decreases at the other 7 stations. The majority of these
positive trends are significant (P < 0.05, under the MannKendall test). For the cases with no significant trends,
6 sites (8.96%) have rising temperature trends and 3 sites
have declining temperature trends. The rising rate of mean
summer air temperature is 0.232°C/10a in the study area,
which is lower than that in spring. The 0.292°C/10a rate
of temperature in Gansu corridor is the highest. The rising
rate of temperature in northern Xinjiang is lower at
0.231°C/10a, and southern Xinjiang shows the lowest rate
of increase at 0.173°C/10a (Table 1).
In autumn, the air temperature increases at 72 sites
(97.30% of total) and decreases at the other 2 sites (Fig. 4)
from 1960 to 2010. The trends are significant (P < 0.05)
at all sites except for 2 sites (2.78% of total) with temperature increases and 1 site with temperature decrease. The
rising rate of mean temperature is 0.360°C/10a, which is
obviously higher than the rates in spring and summer.
Northern Xinjiang has the highest rate of temperature
increase with 0.451°C/10a. The second highest is in Gansu corridor with 0.326°C/10a, and southern Xinjiang has
the lowest with 0.303°C/10a.

In winter, the air temperature trends toward higher
values at 73 sites (98.65% of the total; Fig. 4) and toward
lower value at the other one site during the period from
1960 to 2010. The trends are statistically significant (P <
0.05) except at 5 sites (6.85% of total) with rising temperatures and 1 site with declining temperature. The increasing rate of mean air temperature is 0.486°C/10a in the
ARC, which is higher than that in spring, summer, and
autumn. The increasing rate of temperature in northern
Xinjiang is the highest at 0.587°C/10a, followed by the
rate in Gansu corridor of 0.486°C/10a. Southern Xinjiang
has the lowest rate with 0.385°C/10a (Table 1).
TABLE 1 - The annual and seasonal trend in temperature over
different regions.
Region

Spring
(°C/10a)
0.268**
0.286*

Summer
(°C/10a)
0.232**
0.231**

Autumn
(°C/10a)
0.360**
0.451**

Winter
(°C/10a)
0.486**
0.587**

ANC
Northern
Xinjiang
Southern
0.248*
0.173**
0.303**
0.385**
Xinjiang
Gansu
0.270**
0.292**
0.326**
0.486**
corridor
* significant at P < 0.05; **significant at P < 0.01.

Annual
(°C/10a)
0.343**
0.386**
0.283**
0.352**

The influences of elevation, longitude, latitude, SO,
AO, AAO and NAO on seasonal temperature trends are
examined by correlation analysis (Table 2). The result
shows that there is no significant association between the
spring temperature trend and all the factors. The correlations between summer temperature trend and longitude,
NAOI are significant at the P < 0.05 level of significance.
The impact of latitude on autumn temperature trend is
significant (P < 0.05). However, the effects of latitude,
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elevation, NAOI, and AOI on winter temperature trend are
significant (P < 0.05).
3.1.3 Temperature trends by decade

In the 1960s, mean temperature is 6.453°C in ANC
and in the 1970s, mean temperature increases only by
0.045°C. The temperature of 55.41% of the meteorological stations has been increased. The sites with temperature
reductions are distributed mainly in southern Tianshan
Mountains and in eastern Xinjiang. Meanwhile, the temperature increases the highest in southern Xinjiang with
0.11°C. It is followed by Gansu corridor with 0.029°C, and
northern Xinjiang with only 0.016°C (Fig. 5).
In the 1980s, the mean temperature in the study area
rises by 0.297°C, higher than the 1970s. The temperature
of 83.78% of the meteorological stations has been increased. The sites with temperature decline are distributed

mainly in Qilian Mountains. The temperature increases the
highest in northern Xinjiang with 0.466°C. The temperature increase in Gansu corridor is the second with 0.249°C,
and the 0.153°C temperature increase in southern Xinjiang is the smallest (Fig. 5).
In the 1990s, the mean temperature increases by
0.507°C, faster than the 1960s, the 1970s, and the 1980s.
The temperature increases at 87.84% of the meteorological stations. The temperatures in Gansu corridor and in
northern Xinjiang increase by 0.597°C and 0.564°C, respectively, while that in southern Xinjiang increases
slightly by 0.356°C (Fig. 5).
During the period 2000-2010, the mean temperature
appears a continuous increasing trend, but the increasing
rate is 0.487°C, less than that in the 1990s. The temperature declines at only 9.5% of the weather stations. There
were some differences in the extent of temperature increases

TABLE 2 - The relationship between seasonal temperature trends and longitude, latitude, elevation and atmospheric circulations.
Item
Spring
Longitude
0.02
Latitude
0.14
Elevation
0.18
SOI
-0.23
AAOI
0.07
NAOI
0.07
AOI
0.23
* significant at P < 0.05; **significant at P < 0.01.

Summer
0.31*
0.06
0.13
0.10
0.08
-0.36*
0.01

Autumn
0.05
0.38*
0.06
-0.08
0.09
-0.09
0.17

FIGURE 5 - Temperature trends by decade in the arid region of northwest China.
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Winter
0.16
0.42**
0.36*
-0.26
0.13
0.33*
0.37*
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among Gansu corridor, northern Xinjiang, and southern
Xinjiang, increasing by 0.483°C, 0.415°C, and 0.571°C,
respectively (Fig. 5).
3.2 Precipitation
3.2.1 Annual precipitation trends

Over the last 50 years, the mean precipitation is about
153.37mm in ANC. The precipitation trended toward
bigger values during 1960-2010 at 69 (93.24%) of the 74
sites are analyzed in the study area (Fig. 6a) and decrease
at the only 5 sites. Many of these upward trends reach the
level of statistical significance (P<0.05, under the MannKendall test); however, of the site with trend that do not
pass this level, the precipitation values increase at 30 sites
(43.48%), and decrease at 4 sites (80%). The increasing
rate of mean annual precipitation is 6.07mm/10a (Fig.3b)
in the arid region of China and this trend is significant
(P<0.01, under the Mann-Kendall test), which means the
climate has been wetter in the arid region.
In addition, there are some regional differences in precipitation increase. For example, the northern Xinjiang has
the highest rising rate of 9.20mm/10a, followed by southern Xinjiang’s 5.35mm/10a, and Gansu corridor increases
the slowest with the rate of 3.96mm/10a.

Figs. 5b-5d shows the relationships between the
trends in precipitation and elevation, latitude, longitude.
The results show that the precipitation is not significant
correlated with elevation (Fig. 6b); however, the precipitation is significant correlated with latitude and longitude.
(Figs. 6c, d) (P<0.05).
3.2.2 Seasonal precipitation trends

In spring, the precipitation exhibits a significant rising trend for 1960-2010 at 58 (78.38%) of the 74 sites
(Fig. 7) and decreases at the 16 sites. Most of these upward trends are not statistically significant; however, the
precipitation increases at 5 sites (8.62%), which are up to
significant level (P<0.05, under the Mann-Kendall test).
The mean increasing rate in precipitation is 1.29mm/10a in
the ARC. Furthermore, the increasing rate in precipitation
in northern Xinjiang is the fastest with 2.41mm/10a while
that in southern Xinjiang is the slowest with 0.55mm/10a
(Table 3).
In summer, the precipitation increases at 54 (72.97%)
of the 74 sites during the period 1960-2010 (Fig. 7). The
precipitation values increase at 18 sites, and decrease at
only 1 site, which do reach the significant level (P<0.05,
under the Mann-Kendall test). The mean increasing rate

FIGURE 6 - Trends in precipitation during 1960-2010 (a); and the relationships between the trends in precipitation and elevation (b), latitude(c), longitude (d).
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in precipitation is 2.51mm/10a in the study area, higher
than in other seasons. The increasing rate in precipitation
is the fastest with 3.80mm/10a in southern Xinjiang. It is
followed by northern Xinjiang with 2.67mm/10a and Gansu
corridor with only 0.99mm/10a (Table 3).
In autumn, the precipitation trends to bigger values at
64 (86.49%) (Fig. 7). Most of these trends are not at the
level of statistical significance; however, of the site with
trend that do reach this level (P<0.05, under the MannKendall test), the precipitation values increase at only
11 sites. The mean increasing rate of precipitation is
1.82mm/10a in the ANC. Regionally, precipitation shows
the fastest increasing rate with 2.14mm/10a in northern
Xinjiang while that in southern Xinjiang is basically consistent with Gansu corridor with 1.64 mm/10a.
In winter, the precipitations at 68 (91.89%) of the
74 sites rise (Fig. 7). The precipitation values increase at
22 sites (32.35%), which are not at the level of statistical
significance; however, others do reach this level (P<0.05,
under the Mann-Kendall test). The mean precipitation in-

creases 1.16mm/10a, obviously lower than in spring, summer, and autumn. Regionally, the northern Xinjiang has the
fastest increasing rate in precipitation with 2.21mm/10a;
the second is in southern Xinjiang with 0.59mm/10a; the
slowest increasing rate is 0.38mm/10a in Gansu corridor
(Table 3).
To distinguish the correlations between elevation, longitude, latitude, AO, AAO, SO, NAO and seasonal precipitation trends, Table 4 shows their relationships. The precipitation in spring is significantly correlated with latitude
(P<0.01); the precipitation in summer is significantly correlated with elevation and longitude (P <0.05); the precipitation in autumn is not significantly correlated with longitude, latitude, elevation while winter precipitation is significantly correlated with longitude, latitude and elevation
(P<0.05).
3.2.3 Precipitation trends by decade

In the 1960s, the mean precipitation is 134.34mm in
ANC. In the 1970s, the increasing rate of precipitation is

FIGURE 7 - Seasonal precipitation trends (1960-2010) in the arid region of northwest China

TABLE 3 - The annual and seasonal trend in precipitation over different regions.
Region

Spring
(mm/10a)
ANC
1.29
Northern Xinjiang
2.41
Southern Xinjiang
0.55
Gansu corridor
0.86
* significant at P < 0.05; **significant at P < 0.01.

Summer
(mm/10a)
2.51*
2.67
3.80*
0.99
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Autumn
(mm/10a)
1.82*
2.14*
1.64
1.64

Winter
(mm/10a)
1.16**
2.21*
0.59
0.38

Annual
(mm/10a)
6.07**
9.20**
5.35*
3.96
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TABLE 4 - The relationship between seasonal precipitation trends and elevation, longitude, latitude and atmospheric circulations
Item
Spring
Longitude
0.01
Latitude
0.41**
Elevation
-0.18
SOI
-0.18
AAOI
-0.02
NAOI
0.09
AOI
-0.02
* significant at P < 0.05; **significant at P < 0.01.

Summer
-0.34*
-0.03
0.35*
-0.03
0.04
0.06
0.12

Autumn
-0.13
0.14
0.10
0.18
-0.10
-0.17
-0.05

Winter
-0.30*
0.58**
-0.33*
-0.20
-0.04
0.14
0.09

FIGURE 8 - Precipitation trends (1960-2010) in different decades in the arid region of northwest China

only 3.18%, lower than the 1960s. Mean precipitation at
60.81% of the meteorological stations shows increasing
trend. The sites in precipitation increase are distributed
mainly in the north slope of Tianshan and the south slope
of Tianshan and Gansu corridor. Moreover, the precipitation increases the fastest in Gansu corridor with a rate of
8.23%; the increasing rate in precipitation is 1.12% in
southern Xinjiang and is only 0.36% in northern Xinjiang
(Fig. 8).
In the 1980s, the increasing rate in precipitation is
3.91%, which is higher than the 1970s. The precipitation
at 80.39% of the weather stations in Xinjiang increases
significantly while that at 74% of the weather stations in
Gansu corridor decreases. Furthermore, the fastest increase rate in precipitation is 8.91% in northern Xinjiang,
followed by southern Xinxiang’s 8.49%; however, the precipitation in Gansu corridor exhibits a decreasing trend at
the rate of 3.65% (Fig. 8).

In the 1990s, the increasing rate of precipitation is the
fastest with 6.99% than other decades. The precipitation
at 72.97% of meteorological sites increases. The southern
Xinjiang has an increasing rate of 15.46%, the fastest
among them. It is followed by northern Xinjiang with
7.63%, and Gansu corridor, only 1.61%.
During the period 2000-2010, the mean precipitation
remains a continuous increasing trend, but the increasing
rate is 4.31%, less than in the 1990s. The precipitation at
60.81% of the weather stations increases. Regionally, the
precipitation in northern Xinjiang shows the fastest increasing rate of 5.08%. It is followed by Gansu corridor
with 4.84% and southern Xinjiang, only 1.83% (Fig. 8).
4 CONCLUSIONS
During the period 1960-2010, the mean temperature
and precipitation show significant rising trend in the arid
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region of northwest China at the rate of 0.343°C/10a and
6.07mm/10a. The rising rate in temperature is higher than
the average in China (0.25°C/10a) [36-37] and that in
Tibetan Plateau (0.25°C/10a) [38], Huai River basin
(0.188°C/10a) [39], but it is lower than that in Hai
River basin (0.36°C/10a) [39]. The increasing rate in
precipitation is also higher than the average in China
(0.01mm/10a), Hai River basin (-0.17mm/10a), Huai River
basin (3.79mm/10a) [39]. The highest increasing rates in
temperature and precipitation are 0.386°C/10a and 9.20mm/
10a in northern Xinjiang. The lowest increasing rate in temperature (0.283°C/10a) is in southern Xinjiang while the
slowest rising rate in precipitation is in Gansu corridor
(3.96mm/10a).
The highest increasing rate in temperature occurs in
winter at the rate of 0.486°C/10a, followed by in autumn
and summer; the lowest increasing rate is in spring at the
rate of 0.268°C/10a. However, the precipitation in summer is the largest at the rate of 2.51mm/10a, followed by
autumn and spring, and that in winter is the smallest with
the rate of 1.16mm/10a.
The impact of elevation on winter temperature is significant (P < 0.05), while the precipitation in summer and
winter are significantly correlated with elevation.
The temperature and precipitation appear slight increases in the 1970s, significant increases in the 1980s, and
more significant increases in the 1990s. The temperature
and precipitation remain continuous increasing trend during
the period 2000 - 2010, but their increase rates are less than
the 1990s.
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ABSTRACT

1 INTRODUCTION

Novel adsorbents for phosphate removal from aqueous solutions were sampled from incineration slags comprised of a mixture of coal, sewage sludge, and corn stalk.
The maximum phosphate adsorption capacity, the pH
of the solution, and the desorbability of phosphate were
evaluated in batch experiments for the Pcss slag (50%
Pure Coal + 50% sewage sludge), Pcsscs slag (33% Pure
Coal + 33% Sewage Sludge + 33% Corn Stalk), and Pc
slag (Pure Coal). The phosphate adsorption of coal slag
was greatly increased by adding sewage sludge and corn
stalk to change the XRD patterns and surfaces structures.
The phosphate adsorption data were better fit by the
Langumir equation than the Freundlich model. According
to the Langmuir model, the maximum adsorption capacity
of Pcss slag (29,586 mg P/kg) was approximately equal to
that of the Pcsscs slag and 2.34 times greater than that of
the Pc slag. The desorbability of phosphate from the synthesized Pcss slag and Pcsscs slags ranged from 0-1.0%,
which was significantly lower than that of PC slag. Moreover, the process of phosphate removal from the Pcss slag
and Pcsscs slag was slightly more tolerant than that with
Pc slag to pH fluctuations ranging from 4-8. The heavy
metal ion concentrations of the leachate from the Pcss
slag, Pcsscs slag and Pc slag were negligible. The Pcsscs
slag, which was prepared from coal, corn stalk, and sewage sludge, was cost-effective and possessed a high adsorptive capacity for phosphate removal from aqueous
solutions.

An excessive supply of phosphate from wastewater
streams is released into natural water sources such as
streams, rivers and lakes, causing eutrophication, a process characterized by the rapid growth of algae or aquatic
life and the resulting depletion of dissolved oxygen [1, 2].
Phosphate removal from wastewater has been widely
studied during the past decades. Many studies have focused on the application of low-cost and easily available
materials in wastewater treatment, such as fly ash, blast
furnace slag, red mud, alunite, aluminum hydroxide and
iron oxide tailings [3-9]. Although several types of materials are effective for the removal of phosphate, due to
their high cost and extensive operation processes, the applications of these materials are limited [9, 10]. Thus, costeffective materials for phosphate adsorption must be developed. Coal slag is an inorganic waste product generated
during coal combustion. It is a relatively coarse, gritty
material, and it has a particle size within the range of 0.110 mm. The major constituents of coal slag include Al,
Ca, Fe, and Mg oxides, but the content of coal slag can
vary greatly depending on the coal type, source, and
mixture [11]. Sewage sludge, including waste generated
from wastewater treatment plants, is difficult to dewater.
Aluminum salt coagulants have been used to dewater
sewage sludge, and dewatered sludge, after being subjected to aluminum coagulation treatment, possesses a
high phosphate removal capacity [12, 13]. Until now,
information on different types of adsorbents based on
mixtures of coal and sewage sludge has been relatively
scarce.

KEYWORDS: phosphate adsorbent, coal slag, sewage sludge,
phosphate removal, desorbability

The adsorption characteristics of phosphate onto an
adsorbent comprised of coal cinder, sewage sludge, and
corn stalk were evaluated. Namely, the aims of the study
were (i) to characterize the newly synthesized slag, (ii)
elucidate its phosphate adsorption kinetics and adsorption
isotherms, and (iii) compare its sorption properties to
those of other adsorbents.

* Corresponding author
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2 MATERIALS AND METHODS

Qt =

2.1 Preparation the slag adsorbent

The experimental slag samples to be used as phosphate adsorbents were prepared using incineration slag
from a mixture of pure coal, sewage sludge and corn stalk.
Three types of incineration slag samples were evaluated
in batch experiments, including 50% pure coal + 50%
sewage sludge slag (Pcss), 33% pure coal + 33% sewage
sludge + 33% corn stalk (Pcsscs) slag and pure coal (PC)
slag. These samples represented mixtures that are commonly used in Neimenggu Provinces, in northern China.
Their main constituents are shown in Table 1.
2.2 Surface analysis

Scanning electron microscopy (SEM) images of the
prepared samples were taken using a Bruker D8-ADVANCED system to assess the changes in the microstructure of the slag caused by the hydration reaction. X-ray
diffraction (XRD) patterns were recorded on powder samples less than 100 µm in size using a Phillips QUANTA200
system with Cu Kα radiation at diffraction angles (2θ) of
10-80° and a sweep rate of 4.0°/min.

(C0 − Ct )V
M

(1)

where C0 and Ct are the initial concentration of phosphate and the phosphate concentration of the effluent at a
given time, respectively (mg L-1); V is the total volume of
the aqueous solution (L); and M is the mass of the dried
adsorbent (kg).
Langmuir (Eq. (2)) and Freundlich (Eq. (3)) isotherms
were used to describe the batch equilibrium data. A mass of
0.5 g of the adsorbent (Pcss slag, Pcsscs slag, or PC slag)
was passed through a 2.00 mm sieve and loaded in a 250 mL
flask, after which 25 mL of a KH2PO4 solution was added.
Eleven initial phosphate concentrations (5, 10, 20, 50,
100, 200, 400, 500, 800, 1000, and 2000 mg P/L) were
used [9, 15]. The flask was capped and stirred on a magnetic plate at 120 rpm for 24 h to ensure that equilibrium
was achieved. The isotherm data on phosphate adsorption
were fitted to Langmuir and Freundlich equations as indicated below [15, 16].
Langmuir equation: Ce = Ce +

Qe

Qm

1
n

Freundlich equation: ln Qe = ln K F + ( ) ln Ce

2.3 Adsorption experimental procedures

Phosphorus sorption kinetics was examined at room
temperature (25±1°C) using standard procedures during
batch experiments, which are briefly summarized as follows. A mass of 0.5 g of adsorbent was placed into a 250 ml
conical flask containing 100 mL of a KH2PO4 (as P) solution, for an initial concentration of 10 mg L−1, unless
otherwise specified. The flask was shaken on a horizontal
bench shaker for 24 h. The pH of the solution was measured with a pH meter and was maintained at 7.0 ± 0.2,
except in the pH-dependent experiments. At the end of the
adsorption period, the samples were filtered through a
0.45 µm membrane filter. The clear filtrates were analyzed for phosphate, according to standard methods [14].
The results are reported as the mean from three independent parallel samples. The amount of phosphate adsorbed
per unit of adsorbents was calculated by

CaO
Al2O3
SiO2
Fe2O3
MgO
K2 O
Na2O
P2 O5
TiO2
MnO
SO3
LOI
Σ

Pcss slag
(% mass)
14.61± 0.18
12.01 ± 0.26
39.31 ± 0.54
3.35 ± 0.09
6.38 ± 0.12
1.23 ± 0.06
4.58 ± 0.10
0.915 ± 0.046
0.472 ± 0.024
0.211 ± 0.011
2.79 ± 0.08
12.95
98.81

(2)
(3)

Qe and Ce are the amount of adsorbed phosphate (mg
kg-1) and the concentration of phosphate in the bulk solution (mg L-1) at equilibrium, respectively; KL is the Langmuir parameter and is related to the strength of adsorption
(mg-1); and Qm is the maximum adsorption capacity (mg
kg-1).
2.4 Determination of heavy metals in the leachate

Because the incineration slag containing a mixture of
coal and sewage sludge may also contain heavy metals
(Table 1), leaching experiments were performed to determine if certain metals could be solubilized in the aqueous
phase during the phosphate adsorption process. The experiments were performed by agitating 100 mL of distilled
water containing 0.5 g of the three experimental slags for

TABLE 1 - Primary constituents of the Pcss slag, Pcsscs slag, and Pc slag
Constituent

1
K L ⋅ Qm

Pcsscs slag
(% mass)
13.63 ± 0.17
10.70 ± 0.24
34.26 ± 0.53
2.56 ± 0.08
6.96 ± 0.13
1.16 ± 0.05
5.99 ± 0.12
0.876 ± 0.044
0.375 ± 0.019
0.163 ± 0.008
3.06 ± 0.09
18.64
98.37
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Pc slag
(% mass)
6.45 ± 0.12
14.77 ± 0.28
52.25 ± 0.55
4.66 ± 0.11
0.872 ± 0.043
1.67 ± 0.06
0.891 ± 0.044
0.314 ± 0.016
0.608 ± 0.030
0.135 ±0.007
1.42 ±0.06
15.63
99.67
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120 min at pH 7 [17]. Subsequently, the leachate was filtered through a 45-µm membrane, and the concentrations
of the dissolved metals (Cd, Zn, Cr, Cu, Fe, Mn and Ni)
in the filtrate were determined using an elemental analysis
spectrometer with inductively coupled plasma (ICP-MS X
series I, Thermo Company).
2.5 Phosphate desorption

To evaluate phosphate desorption from the three experimental slags, the residual solids retained on the filter
paper were collected in a 250-mL Erlenmeyer flask after
filtering the suspension from an adsorption test (2-100 mg
L-1) [18]. Each flask contained 100 mL of a 0.02 M KCl
solution without phosphate and was stirred at 120 rpm for
24 h, while the pH was maintained at the same value as in
the adsorption experiment. The suspension solution was
filtered and analyzed for desorbed phosphate using the
aforementioned method. The quantity of desorbed phosphate was determined by the amount of phosphate in
solution after the desorption experiment [19].

3 RESULTS AND DISCUSSION
3.1 Characterization of the three experimental slags
3.1.1 X-ray diffraction analysis

The XRD patterns of the Pcss slag, Pcsscs slag and
Pc slag are shown in Fig. 1. The XRD patterns of the Pcss
slag indicate the presence of silicon dioxide (SiO2), diopside (CaMg(SiO3)2), fayalite (Fe2SiO4), and nepheline
(Na 2O·(Al 2O 3) 2·SiO 2) [20]. The primary crystalline
phases of the Pcsscs slag include silicon dioxide (SiO2),
calcium silicate, calcium oxide, albite (NaAlSi3O8), and
enstatite ((Ca,Mg,Fe,Al)2(Si,Al)2O6). Considerable quantities of silicon dioxide (SiO2), orthoclase (KAlSi 3O 8),
anorthite (CaAl2Si2O8) and anhydrite (Ca(SO4)·2H2O)
were found in the Pc slag. As previously reported, silicate
minerals based on Ca, Fe, Al, and/or Mg oxides adsorbed
large amounts of phosphate from various aqueous solutions [9,21].

Silicon Oxide( SiO 2)
Orthoclase
Anorthite
Anhydrite

Pc salg

Albite
MgO
Enstatite

Pcsscs salg

Calcium Silicate
Sodium Silicate
Calcium Oxide

Diopside
Fayalite
Nepheline

Pcss salg

0

10

20

30

40

50

60

70

80

90

FIGURE 1 - X-ray diffraction patterns of the Pcss slag, Pcsscs slag and Pc slag.

3.1.2 Scanning electron microscopy analysis

3.1.3 Concentration of heavy metals in the leachate

To study the particle surfaces before adsorption, SEM
images for the three adsorbents were obtained, as shown
in Fig. 2. The micrographs revealed that the surfaces of the
three experimental materials were significantly different.
Both the Pcss slag and Pcsscs slag particles had diameters
less than 10 µm and exhibited a granular shape, while the
Pc slag consisted of bulky and irregularly schistoseshaped structures. More micropores existed on the surface
of the Pcss slag and Pcsscs slag than on the Pc slag, which
could also explain why converter slag-coal cinder removed
phosphate and other pollutants more quickly than coal in
batch experiments [22] and why the Pcss slag and Pcsscs
slag had a higher phosphate removal capacity in this study.

After the leaching test was performed, the concentrations of the heavy metals Cd (<0.07), Zn, Cr, Cu, Fe, Mn,
and Ni were 0.1, 5.0, 0.5, 0.5, 5.0, 0.2, and 0.5 µgL-1,
respectively, which were lower than the detection limits of
the ICP/AES apparatus. Thus, it can be concluded that the
resolubilization of these heavy metals from the synthesized
adsorbent (see Table 2) into the aqueous phase will not
likely be a serious environmental or health concern. This
finding can be explained by the fact that these heavy metals
are mainly present in the residual carbonate and oxyhydroxide fractions [17]. This result agrees with a previous
investigation of phosphate adsorption by acid mine drainage sludge [23]. No significant metal resolubilization from

377

© by PSP Volume 22 – No 2. 2013

Fresenius Environmental Bulletin

c) Scanning electron microscopy image of Pc slag

a) Scanning electron microscopy image of Pcss slag

FIGURE 2 - Scanning electron microscopy images of the Pcss slag,
Pcsscs slag and Pc slag
TABLE 2 - Langmuir and Freundlich isothermal parameters for
phosphate adsorption onto Pcss slag, Pcsscs slag and Pc slag
Material
Pcss slag
Pcsscs slag
Pc slag

Langmuir
Qmax (mg
KL
kg-1)
29586 0.015
28818 0.024
12658 0.034

Freundlich
R

2

0.945
0.975
0.996

n

KF

R2

3.15
3.01
3.58

3197
3308
1989

0.942
0.954
0. 976

the adsorbent was observed between pH 5- 9, and the exchangeable fraction that could be easily resolubilized did
not exceed 3% [24]. Consequently, the concentrations of
heavy metals present in the absorbent were considered to
be sufficiently safe for its use in a wastewater treatment
process.
3.2 Adsorption isotherms of phosphate

b) Scanning electron microscopy image of Pcsscs slag

The relationships between the equilibrium effluent
phosphate concentration (Ce) and the phosphate adsorption (Qe) on the Pcss slag, Pcsscs slag and Pc slag are
shown in Fig. 3. Traditional two parameter Langmuir and
Freundlich equations (Eqs. (2) and (3)) adequately modeled the experimental data (Table 2), yielding Pearson (R2)
coefficients between 0.942 and 0.996 for the best fit equations. Clearly, the Freundlich equation provided a better ﬁt,
on the basis of the R2 value. According to the Langmuir
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model, the theoretical maximum phosphate removal capacity of the synthesized adsorbent was 29,586 mg P/kg,
which was close to the predicted value for Pcsscs slag and
2.34 times larger than the predicted value for Pc slag (see
Table 2).

these results, it appears that the Pcss slag, Pcsscs slag and
Pc slag could be used as an effective adsorbent for phosphate recovery from sewage filtrate and other phosphaterich effluents at pH values ranging from 5 to 8.
2.0
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FIGURE 4-Effect of pH on phosphate adsorption onto Pcss slag,
Pcsscs slag and Pc slag with a 10.0 mg/L initial concentration of
phosphate.
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The assessment of phosphate desorption was conducted with initial phosphate concentrations that ranged
from 2-100 mg L-1, as shown in Fig. 5. The desorption
rate from the Pcss slag and Pcsscs slag was significantly
lower (less than 10%) compared with that of the Pc slag.
This result is consistent with the fact that the adsorption
of phosphate onto the Pcss slag and Pcsscs slag was not
completely reversible and that the bonds between adsorbent particles and adsorbed phosphate are quite strong
[18]. It is relatively difficult for the adsorbed PO43− to be
desorbed from the Pcss slag and Pcsscs slag.

Ce (mg/L)
100

FIGURE 3 - Phosphate adsorption isotherms of the Pcss slag, Pcsscs
slag and Pc slag

Pcss slag
Pcsscs slag
Pc slag

80

The pH of the aqueous solution is an important variable that influences the adsorption of anions and cations at
the solid–liquid interface [25]. The results showed that the
pH has little effect on the adsorption of phosphate onto
the three experimental slags (Fig. 4). Phosphate adsorption onto the three experimental slags tends to decrease
with increasing pH, which is likely because high pH conditions cause the surface to carry more negative charges and
would thus more strongly repulse the negatively charged
species in solution [10, 25]. Thus, the lower phosphate adsorption level at higher pH values resulted from the stronger
repulsion between the negatively charged PO43- species and
the negatively charged surface sites. The maximum phosphate removal by the Pcss slag, Pcsscs slag and Pc slag
occurs between pH 5∼8, above which the removal of phosphate decreases with the increase in the pH. This decrease
can be attributed to the increasing competition between OHgroups and phosphate species for the adsorption sites. From

Desorption rate (%)

3.3 Effects of pH on phosphate adsorption

60
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FIGURE 5 - Desorbability of phosphate from the Pcss slag, Pcsscs
slag and Pc slag
3.5 Comparison with other adsorbents

To contextualize the absorption efficiency of the adsorbents synthesized in this study, the amount of phos-
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phate absorbed was compared with several commonly

used materials (in batch mode) for the removal phosphate

TABLE 4 - Comparison of phosphate adsorption onto the Pcss slag, Pcsscs slag and Pc slag with other adsorbents in batch mode
Adsorbents
Bauxite
Spodosol
Apatite
Natural zeolite
Filtralite PTM
Apatite
Phosphate mine slimes
Blast furnace slag
Shell sand
Leca (Estonian)
Sediment of oil shale ash
Pc slag
Pcss slag
Pcsscs slag
Dolomite

C0 (mg L-1)
2.5–40
5-20
5-150
0.5-1000
0-480
0-500
50
150-500
5-1500
5-1000
5-1000
5-2000
5-2000
5-2000
10-60

Maximum adsorption capacity (mg g-1)
0.61
1.00
1.09
2.19
2.50
4.76
5.63
6.37
9.60
7.98
8.2
12.66
28.82
29.59
7.34–52.02

from aqueous solutions (Table 4). The amount of phosphate adsorbed by the Pcss slag, Pcsscs slag and Pc slag
was determined to be much higher than those reported for
other materials. Indeed, the maximum adsorbed phosphate
mass by the Pcss slag and Pcsscs slag were more than
47.5 times greater than that of bauxite [26]; 29.0 times
greater than that of spodosol and apatite [27, 28]; several
times greater than that of phosphate mine slimes, blast
furnace slag, and oil shale ash sediment [7,17,31]; and
comparable to those of dolomite [33]. Because the Pcss
slag and Pcsscs slag exhibit a relatively high phosphate
adsorption capacity, their use as a low-cost adsorbent is
an attractive method for the removal of phosphate.
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ABSTRACT
Levels of nickel and chromium in leaves of 14 plant
species grown in industrial sites of Gaziantep and surrounding were examined for biomonitoring of atmospheric
pollution using flame atomic absorption spectrophotometry
(FAAS). The plant leaf samples were collected from different locations with different degrees of metal pollution.
The metal levels in the plants were in the ranges of (with
mean values) 0.4-28.0 (3.1) mg kg-1 for Ni and 0.1-6.6
(1.5) mg kg-1 for Cr. On the other hand, the Ni and Cr
levels in the plant leaf samples collected from control)
areas were in the ranges of 0.4-2.1 (1.1) and 0.1-1.4 (0.58)
mg kg-1, respectively. It was concluded that Pinus nigra L.,
Acacia robinia L., Platanus orientalis L., Nerium oleander
L., Pyracantha coccinea M.Roem. and Populus nigra L.
for Ni, Pinus nigra L., Acacia robinia L., Olea europaea
L. and Nerium oleander L. for Cr could be biomonitors.
Therefore, it was demonstrated that the plant leaves could
be used for heavy metal air pollution monitoring in urban
and industrial regions.
KEYWORDS: Biomonitoring, trace elements, environmental
pollution, leaf, atomic absorption

1 INTRODUCTION
Heavy metals can be emitted into the environment by
both natural and anthropogenic activities. There is considerable data on the retention and bioaccumulation of heavy
metals by tree leaves and their phytotoxicity. Heavy metals are harmful to humans and animals and tend to bioaccumulate through the food chain. While metals such as

* Corresponding author

Mn, Fe, Co, Cu, Zn, Se, Mo and Cr are essential micronutrients for plants and must be present at documented minimal
concentrations to maintain organism health, some metals
such as Ni, have no known function and when present in
excessive amounts can have adverse effects on plants and
animals including humans. Metals and metalloids, including
As, Cd, Pb, Be and Hg are classified as carcinogenic to
humans [1-3].
Due to chromium widespread industrial use, it has become a serious pollutant in diverse environmental settings.
It is utilized in many industrial activities, and is considered
the major contaminant in the tanning industry [4, 5]. The
sources of nickel include metallurgical works, products of
fossil fuel combustion, and crude oil products. It can contaminate the soil mainly through sewage sludge industrial
compost and atmospheric fallout, especially near processing operations [6].
If trace elements occur in toxic levels in soils, their
entry into the food chain through plants may lead to several health and environmental problems. However, the
movement of trace elements depends on their amount and
input sources, reaction with soil components, soil properties, and uptake rate by plants, as well as their solubility
equilibrium [7]. Toxic levels in leaf tissue are in the range
of 5.0–30 mg kg-1 for Cr and 10–100 mg kg-1 for Ni.
Tolerable limits in crops are 2.0 mg kg-1 for Cr and
1.0–10 mg kg-1 for Ni [1]. Leaf tissues may reflect the
input of elements near emission sources because plants
interact with their local environment. The use of plant
leaves as biomonitors is well known and is widely reported in the literature [8-15]. Different plants have been used
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to evaluate the distribution of heavy metal pollution over
large territories. Successful examples for assessment of
atmospheric pollution are the use of Nerium oleander L. [8,
11, 13], Aesculus hippocastanum [12], Populus nigra L.
[10], Pinus nigra L. [16], Olea europaea [17], Robinia
pseudoacacia L. [8], Cedrus libani [18], Pinus halepensis
and Quercus ilex [19], Cupressecea [20], Phoenix dactylifera L. [14] and Carolina poplar (Populus x Canadensis Moench) [15].
These monitoring plants are used because they provide the cheapest and simplest indicator for monitoring
trace metal concentrations in the atmosphere. Plants growing in the nearby industrial area display increased concentrations of heavy metals. It is particularly obvious in Gaziantep, which has been suffering from toxic metal pollution
due to industrial activities such as textile, chemistry, cement - construction, energy, machine-manufacturing, and
tanning since the 1970s. The town currently has one of the
largest industrial complexes in Turkey. In this study, various plant leaves such as Pinus nigra L., Acacia robinia L.,
Platanus orientalis L., Nerium oleander L., Pyracantha
coccinea M. Roem., Populus nigra L. and Olea europaea
L. were collected from urban and industrial regions of
Gaziantep city. Ni and Cr levels in 80 samples of 14 plant
species were determined by flame AAS. The aim of this
study was to determine the applicability of the plant leaves
to heavy metal air pollution monitoring in urban and industrial regions of Gaziantep. The obtained results could serve
as baseline data for future environmental impact assessment specifically in relation with Gaziantep and its vicinity.
2 MATERIALS AND METHODS
2.1 Apparatus and reagents

The concentrations of the metals were determined using a Model ATI UNICAM 929 flame atomic absorption
spectrophotometer (FAAS) (Unicam Ltd., Cambridge, England). The optimum conditions for FAAS were applied as
follows: wavelength, 357.9 and 232.0 nm; HCL current,
11.5 and 7.5 mA; acetylene flow rate, 4.2 and 0.5 L/min;
N2O flow rate 4.7 L/min (for Cr), air flow rate, 4.0 L/min
(for Ni); slit width, 0.5 and 0.2 nm; for Cr and Ni, respectively. An ashing furnace (Lenton) and a microwave oven
(Kenwood) were used for digestion of the leaf samples.
The metal stock solutions (1.000 mg/L) were prepared from
their nitrate salts (Merck, Darmstadt, Germany). Nitric acid
(65%, Merck) and hydrogen peroxide (35%, Merck) were
used for sample digestion. All chemicals used were of
analytical reagent grade. Double-distilled water (Millipore
Direct-Q 3) was used for all preparations. All glass apparatus (Pyrex) was kept permanently filled with 1 mol/L
nitric acid when not in use.
To assess the reliability of the measurements, some
samples were analyzed by a Perkin-Elmer Elan 9000 inductively coupled plasma mass spectrometry (ICPMS) (Perkin
Elmer SCIEX, Concord, Ontario, Canada). The operation

conditions for this instrument were applied as recommended by the manufacturers.
2.2 Study area

The study area was situated 800 to 850 m above sea
level, between 37°17' E, 37°10'N and 37°27' E, 37°04'N,
consisting of four sites; Gaziantep Industrial District (GS),
the Baspinar Industrial District (GB), the vicinity of the
cement factory (GC), and Gaziantep City Center, Karsiyaka
Kavsak (GK). The sizes of four sites are about 195, 525, 18
and 7 ha, respectively (Fig. 1). Gaziantep is a vital commercial, economic, and industrial center with a population
of about 1.4 million people. There are large-scale industrial
firms including textile manufacturing, chemical, energy,
machine manufacturing, provisions, ready-mixed concrete,
energy and other industrial fields in GB site. Most of largescale industrial plants of Gaziantep are founded in this site.
GS site covers a machine manufacturing plant as largescale industrial firm, and medium or small scale industrial
firms in the field of battery, paint, furniture, plastic, automotive, etc. Another air polluting factors in this site is
traffic density and other urban activities. In the GC site, the
cement factory is the most important polluting factor followed by traffic density and other urban activities. In addition, wastes cast-iron industry is important polluting factor in the site. GK site is the point where the traffic density reaches the highest level in the center of Gaziantep.
The leaf samples of Acacia robinia L., Bioda thuja, Cedrus
libani A.Rich., Cupressus sempervirens L., Cydonia oblonga Mill., Nerium oleander L., Olea europaea L., Pinus
nigra L., Platanus orientalis L., Populus nigra L., Punica
granatum L., Pyracantha coccinea M.Roem., Vitis vinifera L., and Zea mays L. were collected from four sites.
The transitive climate (Mediterranean and Continental) in Gaziantep is marked by sharp seasonal variations in
both temperature and precipitation. Temperatures in the
study area range from -16.8°C (January) to 42.0°C (July)
(Turkish State Meteorological Organization 1960-2006).
Geological formations of the Mesozoic and Cenozoic Era
are predominantly found in and around the investigated
area.
2.3 Sampling and sample preparation

The sampling was conducted in July of 2006. In the
sampling sites, the prevailing wind direction is from north
to south. Further, there are no rainy days in summary, and
the temperature is about 40 0C in this region. The leaf samples were collected from various plants mentioned in the
study area section. The samples were also collected from
control area (far from the urban and industrial areas). The
studied plants are all angiosperms. The studied samples
were planted years ago, and the same plants species were
about the same age. The healthy looking leaves (about 100 g
of fresh and new leaves) were taken from the top points of
trees of the same species per location, taking into consideration the same age for the same species. They were
homogenously mixed. The plant leaves were transferred
to the laboratory in plastic containers. Azcue and
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Mudroch [21] suggested that the best cleaning method in
studies of multi-element concentrations in vegetation was
washing thoroughly with distilled water. So, they were

washed with tap water, scrubbing by hand to completely
remove the dust, and then rinsed with distilled water because this work was related to the chemistry of leaf tis-

FIGURE 1 - The map of the study area showing the sampling sites (1: GB, 2: GS, 3: GC, 4: GK, N shows North direction).

sues rather than the accumulation on the leaves. After
drying at 95 ºC, the samples were transferred into a flask
(Pyrex) and digested by using the dry ashing method.

Each of the samples was analyzed in triplicate and
mean values were obtained. Blank digest was carried out
using the same procedure.

2.4 Digestion of plant samples

Portions (0.5–1.0 g) of powdered plant sample were
transferred into a Pyrex flask and digested by dry ashing
method [8, 20]. As a result, each of the samples was analyzed in triplicate and the average of three values was
used as mean value.
Dry ashing digestion procedure; Portions (0.5–1.0 g) of
powdered plant sample were transferred into a Pyrex flask
and left in an ashing furnace at 200, 300, 400, and 450 °C
(approximately 20 min for each temperature) until a white
ash was obtained. Then, the samples were heated to 480 °C
for 4–6 h. A 1:1 mixture of concentrated nitric acid/ hydrogen peroxide (2 mL for 1 g of dried sample) was added to
the ashed sample and then heated to 95 °C for drying. This
process was repeated twice. After cooling, 2 mL of 1 mol/L
nitric acid was added and the mixture was centrifuged, if
necessary.

3 RESULTS AND DISCUSSION
3.1 Analytical performance

The possibility of sample contamination was examined by subtracting the values obtained for blanks. Adsorption losses can be excluded as the procedure was
followed in exactly the same way, using the same glassware and the same reagents throughout the work.
It is known that there are three methods to check the
reliability of the results obtained. These are (1) the use of
Standard Reference Material (SRM), (2) comparison of
the results with the results obtained by the independent
method for the same samples, and (3) the recovery test [8,
22]. In this study, the two methods were applied to check
the accuracy of the results obtained. First, the accuracy of
the method was checked by using Tomato Leaves-1573a
as SRM. The recoveries were found to be at least 95 % for
both metals. Second, it was observed that there was no
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significant difference between the data obtained from
FAAS and those obtained from ICP-MS using the t-test at a
confidence level of 95% (p<0.05) for two metals (Table 1).

For FAAS determinations, the levels of Ni and Cr in
the reagent blanks after all of the analytical steps were
found to be 25 and 15 ng mL-1, with standard deviations
(SD) of 4.0 and 3.0 ng mL-1, respectively. Therefore, the
limits of detection (LOD) for these elements were defined

TABLE 1 - Comparison of Cr and Ni levels (mg kg-1±SD, dry weight, n = 3) in the plant leaf samples using FAAS and ICP-MS
Cr
FAAS
1.0±0.2
1.2±0.4
3.3±0.6
1.4±0.2
0.9±0.2
1.5 ±0.2
2.3±0.4
0.4±0.04
1.3±0.1
0.9±0.2
1.2±0.2
1.5±0.1
1.7±0.3

Plant
Nerium oleander L.
Nerium oleander L.
Nerium oleander L.
Nerium oleander L.
Pinus nigra L.
Pyracantha coccinea M.Roem.
Pyracantha coccinea M.Roem.
Pinus nigra L.
Cedrus libani A.Rich.
Platanus orientalis L.
Cupressus sempervirens L.
Cupressus sempervirens L.
Cupressus sempervirens L.
SD: Standard deviation

ICP-MS
1.1±0.1
1.3±0.2
3.3±0.5
1.5±0.2
1.0±0.04
1.6 ±0.1
2.5±0.4
0.4±0.01
1.1±0.3
1.2±0.2
1.4±0.2
1.5±0.2
1.8±0.2

Ni
FAAS
1.8±0.6
4.2±0.4
2.2±0.4
1.8±0.8
0.6±0.1
3.3±0.5
7.7±1.2
1.0±0.2
2.7±0.5
0.7±0.2
1.4±0.1
1.8±0.2
2.3±0.9

ICP-MS
2.0±0.3
4.2±0.4
2.2±0.3
2.0±0.2
0.5±0.1
3.4±0.2
8.1±1
1.1±0.1
3.0±0.5
0.7±0.1
1.4±0.1
2.0±0.3
2.7±0.4

TABLE 2 - Levels (mg kg-1, dry weight) of Ni and Cr in some plant species as reported in the literature
Plant
Black poplar (Populus nigra)
Nerium oleander L.

Ni
2.1
0.05-2.5

Cr
2.2
-

Location of collected plant samples
Kiev urban-industrial conurbation
Two sites in the city of Seville, Spain

Method Ref.
NAA
[10]
ICP-AES [11]

Cedar trees (Cedrus libani A. Rich.)
Quercus ilex
Pinus halepensis

0.69-4.75
0.26-2.59

2.06-87.2
0.17-0.91
0.113-756

ICP-AES [18]
ICP-MS [19]

Populus nigra

-

1) 0.12-0.67
2) 0.7-1.6

Salix pentandra
Betula pubescens
The above ground parts of 16 different
plant species
Pyracantha coccinea

0.7
1.6
10-18

0.2
0.1
0.11-0.28

Eight different pollution regions in Konya province, Turkey
Three sites inside the Barcelona Metropolitan Area, three
sites in semi-urban zones (40 km away from Barcelona), and
localities in rural areas
1) Four background regions in the Rhodopes, Rila and the
Balkan mountains and in the national preserve Srebarna,
along the Danube 2) Around the largest industrial plants in
Bulgaria
Abandoned mine tailings in Adak, Vasterbotten district
(Northern Sweden)
The vicinity of copper mining area - Lefke, Cyprus

ICP-AES [26]
ICP-AES [27]

Grass samples

9.27

16.14

Populus

1.35-2.25

-

34 different localities in four different areas of Mugla Province, Turkey
The samples supplied from Konya city centre in December
2003 and April 2004, Turkey
Urban parks and roadsides of Istanbul, Turkey

1.60-1.96
1.39-1.43

Flame
AAS

[29]

Acer
Aesculus
Robinia
Heracleum candolleanum
Pine (Pinus sylvestris)

1.71-2.87
3-210
1.1-111.5

<0.2-1.2

ETAAS
ICP–MS

[30]
[31]

Birch (Betula pubescens)
Willow (Salix spp.)
Cowberry (Vaccinium vitis-idaea)

3.9-109.0
9.0-141.1
0.7-66.0

<0.2-0.6
<0.2-0.7
<0.2-0.7

Cu–Ni mineralized areas in Northeastern Botswana
Catchments in the immediate neighborhood of the nickel
smelter and refinery in Monchegorsk on the Kola Peninsula,
Russia

Blueberry (Vaccinium myrtillus)
Moss (Hylocomium splendens and Pleurozium schreberi)
Nerium oleander (Bark, Leaves, Wood,
respct.)
Pinus pinea L. Needles
Pinus pinea L. (Bark, Needles, Wood,
respct.)
Different plant types (e.g., Salix, Populus

1.0-48.9
2.24-116

<0.2-0.3
1.06-1.81

-

1.00; 1.87;
0.54
0.96
1.17; 0.96;
0.68
0.6-110

4.05- 14.34 -

1.9-81.7

ICP-AES [23]

ICP-AES [24]

ICP-AE S [28]

Huelva province (Southwestern Spain), which has suffered an ICP-AES [32]
extensive industrialization process

Tuncbilek Thermal Power Plant (TPP) vicinity in Turkey
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tremula, Pinus nigra....)
Birch leaves (Betula pubescens EHRH.)

0.8-10.3

0.7-1.3

Cypress tree (Cupressus semervirens L.)

0.27-4.59

1.59-5.5

White poplar (Populus alba)

1.05-1.33

-

AAS
Along a 120 km long south–north transect running through
ICP-MS [34]
Norway’s largest city, Oslo.
Three sites of different anthropogenic activities in Amman,
ET-AAS [35]
Jordan
Spill-affected and non-affected sites in the Riparian Forest of ICP-AES [36]
the Guadiamar River (Southern Spain)

as three times the blank sd values: 12 ng mL-1 for Ni and
9 ng mL-1 for Cr. For the entire analytical procedure, including the digestion procedure, the precision of the
standard deviations was found to be less than 10 % for the
two elements (n = 10).
3.2 Levels of Ni and Cr in plant leaves

The flowering plants are frequently used for biomonitoring of trace elements, because they show a clear division into roots, shoots, and leaves, are much larger, and
show no difficulty in separation of different organs and
even tissues [7]. Leaf tissues may reflect the input of
elements near the emission sources because plants interact
with their local environment [23]. Levels of Ni and Cr in
plant samples grown in background and industrial sites or
surrounding sites of various territories are given in Table 2.
Berlizov et al. [10] determined the applicability of black
poplar (Populus nigra L.) bark to heavy metal air pollution monitoring in urban and industrial regions. It was
demonstrated that black poplar tree bark could be used for

heavy metal air pollution monitoring in urban and industrial regions. Bhattacharya et al. [24] reported Cr and Ni
levels in leaves of different plant types (e.g., Salix, Equisetum). They demonstrated that Salix and Equisetum could
be used as biomonitors for Ni and Cr. De Jesus et al. [25]
analyzed trace elements in leaves of Nerium oleander L.
collected in streets with different levels of traffic flow in
Rio de Janeiro. The results indicated that the leaves from
Nerium oleander L. may be used as an environmental indicator for trace elements such as Mn, Co, Cu, and Ni.
There are many studies on metal contamination [18,
26, 33, 37-39] and biomonitoring of heavy metal pollution
[8, 12-14, 16, 22, 40] in Turkey. Baycu et al. [29] measured
the levels of Cd, Pb, Zn, and Ni in the leaves of Acer, Aesculus, Ailanthus, Fraxinus, Platanus, Populus, and Robinia
trees from urban sites in Istanbul. The highest levels of Ni
were detected in Robinia and Fraxinus. Gucel et al. [26]
determined trace element levels in soil and plant samples
collected from different areas around the tailing ponds of

TABLE 3 - Ni and Cr levels (mg kg-1±SD, dry weight; n=3) in plant leaf samples collected from industrial sites of Gaziantep and surrounding
Plant
Nerium oleander L.
Nerium oleander L.
Nerium oleander L.
Nerium oleander L.
Nerium oleander L.
Nerium oleander L.
Nerium oleander L.
Nerium oleander L.
Nerium oleander L.
Nerium oleander L.
Pinus nigra L.
Pinus nigra L.
Pinus nigra L.
Pinus nigra L.
Pinus nigra L.
Pinus nigra L.
Pinus nigra L.
Pinus nigra L.
Pinus nigra L.
Pinus nigra L.
Pinus nigra L.
Pinus nigra L.
Pinus nigra L.
Pinus nigra L.
Pyracantha coccinea M.Roem.
Pyracantha coccinea M.Roem.
Pyracantha coccinea M.Roem.
Pyracantha coccinea M.Roem.
Pyracantha coccinea M.Roem.
Acacia robinia L.
Acacia robinia L.
Acacia robinia L.
Acacia robinia L.

Site
GS
GS
GS
GS
GS
GS
GS
GB
GC
GK
GC
GC
GS
GS
GK
GS
GS
GS
GB
GB
GB
GB
GB
GB
GC
GC
GK
GB
GB
GS
GS
GS
GS

Cr
1.3±0.2
1.2±0.4
3.3±0.6
0.7±0.1
1.4±0.2
1.7±0.3
2.3±0.4
1.4±0.2
1.0±0.2
1.0±0.2
<LOD
0.9±0.2
1.7±0.9
2.1±0.4
1.8±0.3
2.0±0.4
3.3±0.5
6.6±0.8
0.4±0.0
0.3±0.0
3.3±0.7
0.9±0.0
0.6±0.2
0.1±0.0
1.5 ±0.2
1.7±0.3
1.5±0.3
2.3±0.4
1.1±0.1
1.0±0.2
0.9±0.2
1.6±0.4
1.6±0.1

Ni
2.9±0.6
4.2±0.4
2.2±0.4
2.2±1.5
6.1±0.8
2.3±0.5
2.7±0.7
1.8±0.8
1.8±0.6
1.9±0.3
0.8±0.1
0.6±0.1
16.0±3
1.2±0.2
1.6±0.3
1.7±0.2
1.8±0.4
7.6±1.2
1.0±0.2
0.7±0.3
0.9±0.1
1.3±0.7
1.2±0.4
0.5±0.1
3.3±0.5
2.8±0.5
10.0±3
7.7±1.2
6.2±1.0
1.2±0.1
8.0±1.5
2.2±0.4
7.9±1.8
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Plant
Cedrus libani A.Rich.
Cedrus libani A.Rich.
Cedrus libani A.Rich.
Cedrus libani A.Rich.
Cupressus sempervirens L.
Cupressus sempervirens L.
Cupressus sempervirens L.
Cupressus sempervirens L.
Cupressus sempervirens L.
Bioda thuja
Bioda thuja
Bioda thuja
Bioda thuja
Bioda thuja
Bioda thuja
Bioda thuja
Platanus orientalis L.
Platanus orientalis L.
Platanus orientalis L.
Platanus orientalis L.
Platanus orientalis L.
Punica granatum L.
Punica granatum L.
Cydonia oblonga
Cydonia oblonga Mill
Cydonia oblonga Mill
Cydonia oblonga Mill
Olea europaea L.
Olea europaea
Olea europaea L.
Olea europaea L.
Vitis vinifera L.
Vitis vinifera L.

Site
GC
GC
GC
GB
GC
GK
GS
GB
GB
GS
GK
GS
GS
GS
GB
GK
GC
GK
GS
GS
GS
GC
GC
GC
GS
GS
GS
GC
GS
GS
GS
GC
GS

Cr
<LOD
0.4±0.1
1.4±0.2
1.3±0.1
1.2±0.2
1.2±0.2
1.7±0.3
0.7±0.1
1.5±0.1
2.3±0.5
1.1±0.3
1.8±0.4
2.2±0.4
2.9±0.3
1.3±0.2
1.6±0.2
0.9±0.2
1.0±0.1
1.6±0.4
2.1±0.5
1.2±0.3
0.6±0.1
0.4±0.1
0.5±0.0
1.5±0.3
1.1±0.2
1.0±0.2
<LOD
1.5±0.1
4.2±0.8
1.9±0.3
0.6±0.1
0.5±0.1

Ni
1.4±0.1
1.4±0.3
1.9±0.3
2.7±0.5
1.0±0.2
1.4±0.1
2.3±0.9
1.7±0.3
1.8±0.2
2.8±0.5
2.1±0.4
1.9±0.5
2.1±0.1
1.5±0.4
1.8±0.3
1.3±0.1
0.7±0.2
1.2±0.1
6.3±1.2
1.0±0.3
4.1±0.7
1.0±0.3
0.8±0.1
4.3±0.5
3.8±0.7
2.3±0.5
3.0±0.4
1.2±0.1
1.8±0.4
3.0±0.6
3.0±0.6
0.9±0.1
0.6±0.1
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Acacia robinia L.
Acacia robinia L.
Acacia robinia L.
Acacia robinia L.
Populus nigra L.
Populus nigra L.
Populus nigra L.
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GS
GK
GS
GK
GS
GS
GB

1.5±0.4
2.4±0.5
4.3±0.4
2.4±0.4
2.5±0.1
0.3±0.0
0.4±0.2

9.4±2.2
4.5±0.4
4.5±0.4
2.0±0.3
4.4±0.6
2.9±0.4
28.0±5

Vitis vinifera L.
Vitis vinifera L.
Vitis vinifera L.
Vitis vinifera L.
Zea mays L.
Zea mays L.
Zea mays L.

GK
GS
GS
GS
GS
GB
GC

<LOD
1.9±0.4
0.3±0.1
0.2±0.0
0.9±0.1
1.1±0.1
0.5±0.0

1.4±0.3
1.1±0.3
<LOD
<LOD
0.4±0.0
1.2±0.2
0.9±0.1

SD: Standard deviation; LOD: Limit of detection

Cyprus Copper Mines, an abandoned site from the Lefke
region. Their results showed that there were serious trace
metal problems in the soil, and these kept on accumulating in the plants in the vicinity of tailing ponds. Gucel et
al. [39] researched metal bioaccumulation by barley plant
in Mesaoria plain alongside the Nicosia-Famagusta Highway, Northern Cyprus. They found out that the levels of
heavy metals in surface soil and plants decreased with
increasing distance from the highway. Karademir and
Toker [37] researched lead accumulation in the grasses
growing on some of the crossroads of Ankara from exhaust
gases, and they reported that lead pollution was increasing
continuously in Ankara. Yılmaz et al. [12] studied Aesculus hippocastanum as a possible biomonitor of the heavy
metal pollution in the region of Thrace situated in the
European part of Turkey. They reported that this tree
possessed all the characteristics for its selection as a biomonitor. Aksoy and Ozturk [13] investigated the heavy
metal content in leaves of Nerium oleander L. as a possible biomonitor of heavy metal pollution in Antalya along
the Mediterranean Sea. They reported that leaves of N.
oleander can accumulate high heavy metal concentrations
and, it was found to be a useful biomonitor of the determined heavy metals.
Levels of Cr and Ni in the leaf samples of different
species grown in four industrial sites of Gaziantep and its
surrounding (GS, GB, GC and GK) (Fig. 1) in the current
study are summarized in Table 3. Each of the samples was
analyzed in triplicate, and the average of three values was
given as a mean value plus standard deviation. The metal
levels in the plants were in the ranges of (with mean values in parenthesis) 0.4-28.0 (3.1) mg kg-1 for Ni and 0.16.6 (1.5) mg kg-1 for Cr (Table 3). On the other hand, the
Ni and Cr levels in the plant leaf samples collected from
relatively uncontaminated (control) areas were in the
ranges of 0.4-2.1 (1.1) and 0.1-1.4 (0.58) mg kg-1, respectively (Table 4). It was expected that there could be large
variations between the study sites and the control area. In
addition, the variations among studied sites might be attributed to variations in polluting rates, distance of sampling point from polluting source, traffic density, and the
other anthropogenic factors. Four sites where the samples
were collected from show variations with respect to the
size, content etc. (Fig. 1). The samples collected from the
same sites were exposed to different levels or extents of
polluting sources and rates, distance of polluting source to
the samples, traffic density and wind factors. Hence, it is
likely to measure the concentration variations among the
same plant species collected from different points of the
same site. As previously reported in literature [7], trace

element concentrations usually decrease considerably
within a distance of 50 m from the source due to the
vertical diffusion and dispersion of aerosols in the atmosphere. Kaya et al. [16] reported that the extremely high Pb
concentrations up to 3.056 mg kg-1 in the Pinus nigra L.
plant (taken at 50 m from the battery manufacturing plant)
decreased sharply to about 250 mg kg-1 at a 200-m distance.
The Ni levels in plants growing in normal soils range
from 0.1 to 1.0 mg kg-1 and seldom exceed 5 mg kg-1 [30].
Sufficient or normal and tolerable levels of Ni in leaf tissues of various crop plant species were considered to be
0.1-5 and 1-10 mg kg-1, respectively [1]. The highest Ni
levels in the plant leaf samples collected from the GS site
determined as mg kg-1 16.0, 9.4, 6.3 and 6.1 for Pinus nigra
L., Acacia robinia L., Platanus orientalis L. and Nerium
oleander L., respectively. On the other hand, the lowest Ni
levels in Zea mays L. and Vitis vinifera L. leaves collected
from the same site were found to be 0.4 and 0.6 mg kg-1,
respectively (Table 3). Therefore, in respect to the first
view of biomonitoring definition “10-times higher metal
levels in biomonitoring plants with regard to other plants
taken from the same sampling point” [8, 20], the leaves of
Pinus nigra L., Acacia robinia L., Platanus orientalis L.
and Nerium oleander L. can be used as biomonitors of
atmospheric Ni pollution because Ni levels in these plants
were found 10 to 40 times higher than of Zea mays L. or
Vitis vinifera L. leaves collected from the same site. Similarly, the highest Ni levels in the leaf samples collected
from the GB site were found to be 28.0 and 7.7 mg kg-1 in
Populus nigra L. and Pyracantha coccinea M.Roem., respectively, while the lowest Ni level in Pinus nigra L. was
found to be 0.5 mg kg-1 for the same site. Thus, in respect
to the first view of biomonitoring definition mentioned
above Populus nigra L. and Pyracantha coccinea M.Roem.
can be used as biomonitor plants for Ni. Moreover, it was
observed that Ni concentrations in Pinus nigra L., Pyracantha coccinea M.Roem., Acacia robinia L. and Populus
nigra L. leaf samples collected from industrial sites of
Gaziantep and surrounding (Table 3) were found to be, at
least, 10 times higher than in those collected from the
contol area (Table 4). Therefore, in respect to the second
view of biomonitoring definition “metal concentration in
biomonitor plant grown in polluted media is, at least, 10times higher than in the same plant grown in an unpolluted (or relatively uncontaminated) medium” [8, 20, 41], it
is observed that the leaves of Pinus nigra L., Pyracantha
coccinea M.Roem., Acacia robinia L. and Populus nigra
L. plants can be used as biomonitor plants for Ni.
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TABLE 4 - Ni and Cr levels (mg kg-1±SD, dry weight; n=3) in the
studied plants collected from relatively uncontaminated (control)
locations
Plant
Nerium oleander L.
Pinus nigra L.
Pyracantha coccinea M.Roem.
Acacia robinia L.
Populus nigra L.
Cedrus libani A.Rich.
Cupressus sempervirens L.
Bioda thuja
Platanus orientalis L.
Punica granatum L.
Cydonia oblonga Mill
Olea europaea L.
Vitis vinifera L.
Zea mays L.

Cr
0.7±0.1
0.1±0.0
1.0±0.1
0.3±0.0
0.4±0.1
<LOD
0.7±0.1
1.4±0.3
0.9±0.2
0.4±0.1
0.8±0.2
0.2±0.0
0.3±0.0
<LOD

Ni
1.7±0.5
0.5±0.1
0.6±0.1
0.8±0.1
2.1±0.2
1.2±0.1
1.3±0.3
2.1±0.4
0.6±0.1
0.8±0.1
1.1±0.1
1.5±0.2
<LOD
0.4±0.0

SD: Standard deviation; LOD: Limit of detection

Plants have generally little capacity to uptake Cr and
to transfer it to aerial parts. In normal conditions, Cr concentrations in plants are less than 1 mg kg-1. In plants
grown on soils treated with tannery waste, Cr concentrations may increase significantly [4]. Sufficient or normal
and tolerable levels of Cr in leaf tissues of various crop
plant species were considered to be 0.1-0.5 and 2 mg kg-1,
respectively [1]. The highest Cr levels were determined as
as (mg kg-1) 6.6, 4.3, 4.2 and 3.3 in the leaf samples of
Pinus nigra L., Acacia robinia L., Olea europaea L. and
Nerium oleander L., respectively, collected from the GS
site, while the lowest levels of Cr were found to be 0.2
and 0.3 mg kg-1 for Vitis vinifera L. and Populus nigra L.,
respectively, collected from the same site. Thus, in respect to the first view of biomonitoring definition mentioned above; Pinus nigra L., Acacia robinia L., Olea
europaea L. and Nerium oleander L. can be used as biomonitor plants for Cr because Cr levels were found to be,
at least, 10 times higher than leaves of Vitis vinifera L.
and Populus nigra L. collected from the same site. In
addition that, it was observed that Cr levels in Pinus nigra
L., Acacia robinia L. and Olea europaea L. leaf samples
collected from industrial sites of Gaziantep and surrounding (Table 3) were found 14 to 66 times higher than
leaves of the same plants collected from the control area
(Table 4). Thus, in respect to the second view of biomonitoring definition mentioned above; Pinus nigra L., Acacia
robinia L. and Olea europaea L. plants can be used as
biomonitor plants for Cr.
To summarize; in respect to the first or the second
view of biomonitoring definitions [8, 20, 41], Pinus nigra
L., Acacia robinia L., Platanus orientalis L., Nerium
oleander L., Pyracantha coccinea M.Roem. and Populus
nigra L. for Ni, and Pinus nigra L., Acacia robinia L.,
Olea europaea L. and Nerium oleander L. can be used as
biomonitor plants for Cr.
The highest Ni levels were 28.0, 16.0 and 10 mg kg-1
in Populus nigra L., Pinus nigra L. and Pyracantha coccinea M.Roem., respectively. However, Cr levels in the
same samples were 0.4, 1.7 and 1.5 mg kg-1, respectively
(Table 3). Cr levels in the same samples are obviously

lower than the Ni levels. These data can be attributed to
aerial accumulation of Ni by plants above. Again, it can be
seen that while Ni levels are higher in 62 out of 80 plant
leaf samples, Cr levels are slightly higher in only 18 samples. Mean levels of Ni and Cr in plant leaves collected
from four sites were ordered as follows; Populus nigra
L.> Pyracantha coccinea M.Roem. > Acacia robinia L. >
Cydonia oblonga Mill > Nerium oleander L. > Platanus
orientalis L. > Pinus nigra L. > Olea europaea L. > Bioda thuja > Cedrus libani A.Rich. > Cupressus sempervirens L. > Vitis vinifera L. > Punica granatum L. > Zea
mays L. for Ni, and Olea europaea L. > Acacia robinia L.
> Bioda thuja > Pinus nigra L. > Pyracantha coccinea
M.Roem. > Nerium oleander L. > Platanus orientalis L.
> Cupressus sempervirens L. > Populus nigra L. >
Cedrus libani A.Rich. > Cydonia oblonga Mill > Zea
mays L. > Vitis vinifera L. > Punica granatum L. for Cr.
Except for Populus nigra L., there was not a significant
statistical difference (p<0.05) in the levels of Ni in the
samples within the plant species; however, there were
statistical differences in the levels of Cr in the samples
within the species according to Duncan Multiple Test.
These facts can be explained by (1) different chemical properties of Cr and Ni, (2) different polluting sources, and
(3) different Ni and Cr uptakes.
Mean Ni levels in the plant leaf samples as given in
Table 3 collected from different points of four industrial
sites of Gaziantep and surrounding (Fig. 1) were determined to as 3.6, 3.9, 1.6 and 2.7 mg kg-1 for GS, GB, GC
and GK sites, respectively. Similarly, mean Cr levels in the
samples were found to be 1.8, 1.1, 0.9 and 1.6 mg kg-1 for
the same sites, respectively. These Ni and Cr levels were
found higher than some literature values for similar plants
(Table 2) as well as those taken from the control location
(Table 4). According to Duncan Multiple Test, there was
not a significant statistical difference (p<0.05) among four
sites in terms of Ni levels; however, there were significant
statistical differences among the same in terms of Cr levels.
This might be explained by varying polluting sources and
rates, element uptakes, traffic density and other human
activities.
The movement of trace elements depends on their
amount and input sources, reaction with soil components,
soil properties, and uptake rate by plants, as well as their
solubility equilibrium. The levels of trace elements in different ecosystems are affected by the following; the season;
the vegetation type; the distance of plants from the source;
the amount of rain; and the wind direction [7]. It can be
seen in Table 2 that there are large variations in levels of Ni
and Cr in plant samples grown in background and industrial sites or surrounding sites of both Turkey and other parts
of the world. Furthermore, the same study produces different levels of Ni [30, 31, 33] and Cr [18, 19, 33], which
is a meaningful variation. Each of abovementioned factors
affects the levels of trace elements in plants at varying
extents. If the sampling point is affected differently by one
or more of these factors, difference between trace element
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levels in a plant grown in the same site would be inevitable.
Mean level of Ni (3.1 mg kg-1) measured in leaves of 14
plant species, totaling to 80 samples, was higher than levels
of Ni in similar plants grown in industrial sites or surrounding sites of various territories from several studies [11, 24,
29, 36]. Other studies, however, measured higher Ni levels
in similar plants [26-27, 30, 31]. Similarly, mean Cr level
(1.5 mg kg-1) measured in the same samples was higher
than those reported in similar investigations [23, 24, 26, 31,
32, 34], but lower than in other studies [18, 33, 35]. On the
other hand, the mean Ni and Cr levels were found to be
close to the other results in plant samples grown in Turkey and other regions of the world as summarized in
Table 2. These mean levels of Ni and Cr were lower than
the tolerable values, which were reported between 1.0–10
mg kg-1 for Ni and 2.0 mg kg-1 for Cr [1]. However, Ni
and Cr levels in some studied samples (Table 3) were
found to be higher than the tolerable values for plants.
Four sites of sampling show differences concerning distances to each other, size and contents, the levels or extents of polluting sources and rates, other human activities
and natural factors. The variations in metal concentrations
in plant leaves (Table 3) not only depend on the distance of
the sampling point from the contaminated area but also
seem to be related to the factors mentioned above. Therefore, the variations can be explained with differing levels of
contamination by factors mentioned above in different
points of the sampling sites. Furthermore, the same sites
may also be adversely or differently influenced by the
factors given. So, it is likely to measure the concentration
variations among the same plant species collected from
different points of the same site.

extents. As our study results show, a difference can be
found between element levels even in the same plant collected from different points of the same site.
There were no significant statistical differences (p<
0.05) in the levels of Ni among the plant species (except for
one species) or four sites; but, there were statistical differences in the levels of Cr among plant species and sampling sites.

4 CONCLUSIONS
Here, the dissolution and determination of Ni and Cr
in plant leaf samples were performed to assess their potential use as mineral indicators in biogeochemical prospecting. The procedure consisted of dry ashing digestion
and FAAS analysis. The results of the study can be summarized as follows;
After analysis of 80 plant samples collected from industrial sites of Gaziantep and surrounding, the present
study showed that Pinus nigra L., Acacia robinia L.,
Platanus orientalis L., Nerium oleander L., Pyracantha
coccinea M.Roem. and Populus nigra L. for Ni, Pinus
nigra L., Acacia robinia L., Olea europaea L. and Nerium
oleander L. for Cr.	
  
Mean levels of Ni and Cr measured in leaves of 14
plant species were higher than those reported in similar
plants grown in industrial sites or neighborhood, but lower
than other studies given in Table 2. This can be explained
with that the movement and levels of trace elements in
different areas are affected by several natural and anthropogenic factors. The plant sample collection area can be
affected from one or some of these factors at differing
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ABSTRACT
Seven subsurface flow constructed wetlands were constructed through different combinations of four plants (iris,
bulrush, radix ophiopogonis and canna) and three substrates (slag, zeolite and gravel), aiming at studying the
operation characteristics of urban sewage treatment during the wetlands’ start-up under the conditions of different
plants, same substrate as well as different substrates, same
plant. The results indicated that regarding the average removal rates of CODCr, gravel>slag>zeolite, canna>iris>
bulrush>radix ophiopogonis; regarding the average removal
rates of TN, zeolite>gravel>slag, canna>bulrush>radix ophiopogonis>iris; as for the average removal rates of NH4+-N,
zeolite>gravel>slag, bulrush>canna>radix ophiopogonis>
iris; as for the average removal rates of TP, slag>gravel>
zeolite, bulrush>canna>iris>radix ophiopogonis. There were
no significant differences regarding the removal rates of
CODCr among the three substrate wetlands with or without plants; as for the removal rates of TN and NH4+-N,
zeolite was far better than slag and gravel. After planting,
the removal rates of TP by the three substrates were all
about 10.75%. The removal rates of CODCr by three plants
(iris, radix ophiopogonis and canna) increased with the
operation time, while the removal rate of CODCr by bulrush
declined due to its bad growing situation. The removal
rate of TN by canna wetland was higher than that by the
other three; the differences among plant wetlands on the
removal rates of NH4+-N were not significant. The removal rates of TP by the four plants were around 9.24%.

KEYWORDS: Constructed wetlands; Sewage treatment; Start-up;
Operation characteristics

1 INTRODUCTION
As a burgeoning technique for the ecological treatment of wastewater, constructed wetlands have the merits
* Corresponding author

of low construction cost as well as convenient operation
and maintenance [1]. Constructed wetlands purify sewage
through the synergetic effects among plants, substrates and
microorganisms. Consequently, the treatment efficiency of
constructed wetlands is, to a certain extent, influenced by
the types of substrates, plants as well as the different growth
stages and situations of plants.
The removal mechanisms of different pollutants in wetlands are not the same. Organic substance are removed
through the courses of aerobic, anoxic and anaerobic processes as well as filtration and sedimentation, while nitrogen (organonitrogen, ammonia nitrogen and nitrate nitrogen) is removed by nitrification and denitrification effects
of microorganisms, plant absorption, volatilization, filtration, sedimentation, adsorption and assimilation process
of microorganisms [2, 3]. According to Metcalf and Eddy
[4], nitrification could only occur when DO is higher than
2mg/L, but horizontal subsurface flow constructed wetlands could not guarantee the requirement; however, Albuquerque et al. [5] reported that nitrification also exists when
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DO is lower than 2mg/L. As a component of constructed
wetlands, plants with fast growth rate and large biomass
are preferred. Fu et al. [6] at Zhejiang University studied
the absorption characteristics of 15 wetland plants to nitrogen and phosphorus, finding that plants such as canna,
bulrush and lythrum salicaria have comparatively larger
on-and-under-ground biomass, greater root surface and
stronger capacity of storing nitrogen and phosphorus.
Yousefi and Mohseni-Bandpei [7] compared gravel beds
with and without iris. The results show that the TKN
removal rate is improved by 6.0 % for fine gravel and
4.6% for crude gravel.
The research results by Bruch et al. [8] indicate that
filtrate sand added with zeolite could significantly enhance
the efficiency of pollutant purification, owing to the fact
that zeolite could not only improve the original adsorption
property, but also absorb a large mount of water to cause
swelling phenomenon, which decrease the hydraulic conductivity and increase contact time between substrates and
pollutants. Wen et al. [9] investigated the reliability and
efficiency of zeolite on improving the removal rate of nitrogen in compound constructed wetland. The results show
that when zeolite is added to compound wetlands, the removal rate of nitrogen increases by 50%. Kumar et al. [10]
researched the removal efficiency of slag on P-containing
solutions at different concentrations 0.3, 3.0 and 6.0mg/L,
results showing that P removal rate within 24 hours is
close to 100%. Meanwhile, Korkusuz et al. [11] also conducted researches on the effect of slag on P adsorption, holding the opinion that the adsorption effect of slag on P is
mainly attributed to adsorption and sedimentation processes.
The above studies showed that plant and substrate could
respectively affect the efficiency of constructed wetlands,
however, the cooperative and antagonistic interactions
between plants and substrates in constructed wetlands are
rarely reported on sewage purification. This paper, focusing on the urban sewage treatment by small constructed
wetlands, discusses the operation characteristics of constructed wetlands and the cooperative and antagonistic
interactions between plants and substrates during the startup process, in order to offer some references to the development, popularization and application of the technique.
2 MATERIALS AND METHODS
2.1 Construction of constructed wetlands

This experiment was conducted at Jiulong Lake Campus, Southeast University. It was designed by seven subsurface flow constructed wetlands through the combinations of three substrates (slag, zeolite and gravel) [12] and
four plants (iris, bulrush, radix ophiopogonis and canna)
(Fig.1), to explore the removal efficiency of different wetland models (outdoor) on conventional pollutions at the
start-up. The configuration of substrates and plants are
shown in Table 1.

The sewage was distributed uniformly at one end of
the wetland bed with a size of 1.5m×0.5m×0.9m and 1
slope at the bottom. Each wetland was divided into influent, treatment and effluent sections. The water distribution zone was 0.1m long at 0.75m height, where gravel
with a diameter around 40mm were laid so as to inhibit
sewage from short-circuiting, achieve uniform distribution, filter sewage preliminarily and prevent the interior of
wetlands from clogging.
The treatment zone was 1.3m long, in which substrates
(diameter: 40 60mm) were laid from the bottom to 0.6m
above it and melon-seed shells (diameter: 10 20mm) in
the upper 0.2m area. Nine sampling points were set along
the treatment section.

FIGURE 1 - The structure of subsurface flow constructed wetland.
1. Inlet pipe 2. Sampling pipe 3. Outlet pipe 4. Water distribution
zone 5. Watershed 6. Substrate layer 7. Melon-seed shell 8. Plant
9. Perforated baffle

The watershed was 0.1m long, in which gravels with a
diameter around 40mm were laid. Perforated baffles were
set between the treatment zone and the watershed to prevent short-circuiting. Outlet pipes were set at the height of
0.2m, 0.4m and 0.6m, respectively, to adjust the water
level of the wetlands.
The influent wastewater was domestic sewage from
the campus and its quality is shown in Table 2.
2.2 Experimental methods and analyses

The hydraulic residence time (HRT) of constructed
wetlands was controlled for 4-5d with an operation water
level 0.6m high. The values of CODCr, TN, TP and NH4+N in the inflow and outflow of seven constructed wetlands (no plant) were monitored from April 23th to May
12th, 2011. The average temperature was 26.3 °C. The
treatment efficiency of different substrates at the start-up
was probed through the comparison of different substrate
wetlands. Then, different plants were transplanted into wetlands to study the treatment efficiency of wetlands with
different plants but same substrate (Table 1). The four conventional indexes were monitored continually till May
29th, 2011 and the samples were taken at 9am every day.
The COD Cr was determined by potassium dichromate
method, TN by alkaline potassium persulfate digestion-
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UVspectrophotometric method, TP by ammonium molyb-

date spectrophotometric method [13], NH4+-N by Nessler's

TABLE 1 - Configuration of substrates and plants on subsurface flow constructed wetlands
Wetland No.
Plant
Substrate

1#
iris
slag

2#
iris
zeolite

3#
iris
gravel

4#
bulrush
gravel

5#
radix ophiopogonis
gravel

6#
none
gravel

7#
canna
gravel

TABLE 2 - Water quality of influent wastewater
Index
Range
Mean

CODCr mg/L
38 212
123

NH4+-N mg/L
30.74 41.69
38.86

TN mg/L
35.46 48.61
38.91

reagent spectrophotometric method and pH by portable pH
meter.
The removal rate of sewage-quality index was calculated according to the following formula:
C − C0
η= i
× 100%
Ci
Where

η

is the removal rate;

Ci is the tested pollu-

tion index concentration of inflow in constructed wetland;
C 0 is the tested pollution index concentration of outflow
in constructed wetland.

TP mg/L
2.37 3.31
2.73

pH
6.5 8.5
7.6

erage removal rate of 69.00%; the TN removal rates by
gravel wetland ranged from -8.14% to 35.78% with the
average removal rate of 6.31%.
Adsorptive sedimentation and denitrification are regarded as the major methods for nitrogen removal at present [14]. No matter before or after growing plants, the
removal rate of TN by zeolite wetland was higher than
that by slag or gravel wetland. It was due to the fact that
zeolite had the special negatively charged tetrahedron
lattice structure, so the surfaces showed polarity; besides,
the large surface area endowed zeolite with strong NH4+N selective adsorption capacity. Most TN in the sewage
was in the form of NH4+-N, which accounted for the high

3 RESULTS AND DISCUSSION
3.1 Comparison of treatment efficiencies by different substrate wetlands

Fig.2 illustrated the removal efficiencies on pollutants
by different substrate wetlands. As shown in the Fig.2 (a),
the removal rates of CODCr by slag wetland varied from
2.63% to 72.09% and the average removal rate was 34.07%;
the removal rates by zeolite wetland varied from 3.45% to
81.13%, and the average removal rate was 28.04%; the
removal rates by gravel wetland were between 0.00% and
87.88%, and the average removal rate was 39.04%.
The results indicated that there was no clear disparity
regarding the removal rates of CODCr by different substrate wetlands before growing plants. This phenomenon
could be logically due to the fact that CODCr was mainly
removed through the adsorption and interception effects of
substrates at the wetlands’ start-up processes, especially the
adsorption and interception to insoluble organic matter.
However, some differences occurred when plants were
grown. The removal rate by gravel wetland was higher than
that by slag wetland while the removal rate by zeolite wetland was the lowest. Upon analysis, the transplanting of
plants made heterotrophic microorganisms in substrates
grow and reproduce; different substrates formed the diversified microorganism habitats, causing variation concerning the removal rate of organic matter.
As shown in Fig.2 (b), the removal rates of TN by slag
wetland ranged from -2.54% to 18.51% with the average
removal rate of 5.24%; for zeolite wetland, the TN removal rates ranged from 50.91% to 89.64% with the av-
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TN removal rate. Before growing plants, the TN removal
rates by slag and gravel wetlands experienced a short-time
decline and then increased, reaching a comparatively stable
level after a second decline. The TN removal rate by slag
was slightly higher than that by gravel, which, according
to analysis, was due to the higher porosity and larger surface area of slag.
Fig.2(c) depicted the removal rates of NH4+-N. The
removal rates by slag wetland varied from -6.97% to
11.76% with the average removal rate of 3.52%; the
removal rates by zeolite wetland varied from 55.75% to
97.45% with the average removal rate of 75.01%; for
gravel wetland, the range was from -3.67% to 10.64%, the
average rate being 4.26%.

(a) CODCr
Without Plant

With Plant

100

Similar to the removal rate of TN, the removal rate of
NH4+-N by zeolite wetland was much higher than that by
the other two owing to the specific properties of zeolite
[15]. The removal rates of NH4+-N by slag or gravel wetlands did not demonstrate significant disparity either before
or after growing plants.

TN Removal Rate/%

80
60

Slag
Zeolite
Gravel

40
20

It was clear from Fig.2(d) that the removal rates of TP
by slag wetland were between 2.59% and 93.95%, mean
value being 23.44%; the rates by zeolite wetland varied
from -4.25% to 36.57%, mean value being 10.04%; the
removal rates ranged from -0.84% to 48.04% by gravel
wetland, mean value being 12.74%.
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NH4+-N Removal Rate/%

100

Research has manifested the removal rates of TP at
the start-up stage were slag> gravel> zeolite, which was
closely related to the properties of substrates as well as to
the removal mechanism of phosphorus. In constructed wetlands, the removal of TP mainly relies on the phosphorusfixation of substrates and the phosphorus-removal functions of plants and microorganisms, of which the effect of
substrates is considered as the most effective [16]. The
phosphorus-fixation process of substrates mainly consists
of chemical sedimentation, adsorption, etc. In the initial
days of the start-up, the adsorption points of substrates were
gradually occupied, so the removal rate declined to some
extent but finally tended to be stable. After growing plants,
the removal rate of TP did not exhibit tremendous variation,
which further proved that plants only made a minor contribution to TP removal; besides, no clear contribution was
observed during the initial days after growing plants.
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3.2 Comparison of treatment efficiencies by different plant
wetlands
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FIGURE 2 - The removal rates of pollutants by different substrate
wetlands

Fig.3 demonstrated the pollutant treatment efficiencies by different plant wetlands. As shown in Fig.3 (a),
three days after growing plants, the removal rates of CODCr
by iris, bulrush, radix ophiopogonis and canna wetlands became stable on the whole. The removal rates of CODCr by
iris, radix ophiopogonis and canna wetlands increased
slowly with the operation time, while the removal rate by
bulrush wetland decreased as a result of its poor growth
situation. This was attributed to the change of growing environment because newly-removed plants would inevitably spend some time adapting to wetlands; however, the
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FIGURE 3 - The removal rates of pollutants by different plant
wetlands

removal rate of organic matter increased with the growth
and reproduction of rhizospheric microorganisms over the
operation time.
Among the four plants, the removal rates of CODCr by
iris wetland varied from 20.0% to 87.88%, 44.64% on
average; the removal rates of CODCr varied from 9.18% to
90.91% by bulrushes wetland, 34.91% on average; the removal rates of CODCr varied from 13.64% to 57.58% by
radix ophiopogonis wetland, 29.03% on average; while the
rates by canna wetland were between 41.80% and 87.88%,
57.86% on average, higher than the other three. The results
indicated that canna thrived at the initial transplanting stage
and demanded larger biomass and nutrient matter, which
contributed to the higher removal rate.
Plants play an important role in constructed wetlands,
especially in radial oxygen loss and nitrogen removal [17].
As shown in Fig.3 (b), the removal rates of TN by iris
wetland were between 2.06% and 7.07%, 4.18% on average; the rates by bulrushes wetland were between 2.99%
and 14.45%, 8.27% on average; for radix ophiopogonis wetland, the rates ranged from -7.59% to 10.67%, mean rate
being 4.38%; for canna wetland, the removal rates ranged
from 5.20% to 16.80%, mean rate being 11.38%.
The removal rates of TN by all the four plants were
not high in the start-up period because nitrogen removal in
wetlands mainly relied on the nitrification and denitrification effects of microorganisms. However, the growth cycle
of denitrifier was quite long so no denitrifier flora suitable
for wetland habitat was formed in the start-up stage. When
plants were transplanted into wetlands, canna and bulrush
exhibited comparatively higher TN removal rates compared
with iris and radix ophiopogonis, which, as a phenomenon,
could be explained by the fast growth rate and large nitrogen demand of canna; similar to the variation on the removal rate of CODCr, the removal rate of TN by bulrush
wetland also decreased, owing to its weak growth status.
Comparatively speaking, the removal rate of TN by iris
wetland was slightly lower but more stable; the removal
rate of TN by radix ophiopogonis wetland fluctuated dramatically at the initial stage but it gradually tended to be
fairly stable.
As demonstrated in Fig.3(c), there was neither clear
law in terms of the removal of NH4+-N nor significant disparity among plants at the initial stage of planting. The removal rate by iris wetland declined gradually at the initial
operation stage, reaching the minimum, -1.56% by the 7th
operation day. Possibly, this was because the dead parts
of the roots of newly-removed iris were not treated completely and thus released nitrogen into the soil again. After
seven days, the growth of iris tended to be stable and the
removal rate by iris wetland increased slowly. The removal
rates by bulrushes, radix ophiopogonis and canna wetlands
fluctuated substantially at the initial stage of planting but
tended to be stable after one week, the average removal
rate being 10.86%, 6.84% and 8.43%, respectively. It was
demonstrated that different plants and their different growth
stages affected the sewage treatment efficiency in con-
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structed wetland systems [18]. When plants were grown, the
removal rates of NH4+-N varied from unstable at the initial
period of planting to stable in the growth stage.
The removal rates of NH4+-N was not high when it was
stable because the nitrification and denitrification effects of
microorganisms were the dominant way for nitrogen removal of constructed wetlands [19]. However, denitrifier
flora had not yet grown into reproductive maturity at the
initial operation stage, so the effect of microorganisms was
not brought into full play.
Fig.3(d) indicated that the removal rates of TP by the
four plants wetlands fluctuated dramatically in the initial
transplanting period, owing to the unstable growth condition of plants and the their unstable demand for phosphorus. Then the removal rates of TP by the four plants wetlands tended to be stable and meanwhile relatively close to

each other. The results indicated that this phenomenon was
inseparably related to the phosphorus removal mechanism
of constructed wetlands. The removal of phosphorus by constructed wetlands mainly relied on the physical-chemical
effect of substrates, adsorption of plants as well as assimilation of microorganisms and excessive phosphorus-uptake
of poly-P bacteria, of which the physical-chemical effect of
substrates played the dominant role and gravel was what
inside the four plants wetlands, so their removal rates of TP
were quite close to each other.
3.3 Comparison of removal efficiency with discharge standard

In general, the removal efficiency was expressed in average removal percentage. But the indexes that were used
to evaluate the water quality are actual concentrations of
pollutions in sewage discharged.

TABLE 3 - Mean concentrations of discharge standard and the removal efficiency of constructed wetlands
types
Secondary discharge standard
slag
zeolite
gravel
iris
bulrush
radix ophiopogonis
canna

CODCr mg/L
100
81.8
88.56
75.03
68.14
80.07
87.33
51.78

TN mg/L
-36.89
12.06
36.46
37.28
35.68
37.18
34.74

Therefore, comparison of removal efficiency with discharge standard of pollutants for municipal wastewater
treatment plant, China should be carried out after different
plant wetlands treatments. The specific concentrations
were presented in Table 3.
Table 3 indicates that, the average concentrations of
CODCr and TP were lower than these of secondary discharge standard, however, for NH4+-N, most of the values
were a little higher compared with secondary discharge
standard except when the substrate was zeolite with the
average concentration 9.65mg/L.
4 CONCLUSIONS
1) During the start-up of wetlands, the removal rates
of CODCr by slag, zeolite and gravel did not exhibit clear
disparity either before or after growing plants; the removal rates of TN and NH4+-N by zeolite were far higher than
that by slag and gravel. The removal rates of TP before
growing plants were: slag > gravel > zeolite [20]; all the
rates reached around 10.75% at the start-up stage after
growing plants, suggesting that the removal of phosphorus
mainly relied on the physical-chemical effect of substrates.
2) The removal rates of CODCr by the four plant wetlands were basically stable. The removal rates of CODCr
by iris, radix ophiopogonis and canna increased with the

NH4+-N mg/L
25
37.49
9.65
37.19
36.72
34.62
36.22
35.60

TP mg/L
3
2.09
2.46
2.38
2.46
2.40
2.53
2.41

operation time, while bulrush did not grow well, leading
to the removal rate of CODCr decreasing.
3) Canna had comparatively higher TN removal rate
owing to its fast growth rate and large nitrogen demand,
whereas the removal rate of TN by bulrush declined attributed to its weak growth status at the late stage of startup. Comparatively, the removal rate of TN by iris wetland
was slight lower but more stable; the removal rate of TN by
radix ophiopogonis wetland varied from great fluctuation at
the initial stage to gradual stability in the growing period.
The removal rates of NH4+-N by the four plants did not
show significant differences during the start-up stage.
4) At the initial stage plants transplanted into wetlands,
the removal rates of TP by all the four plants wetlands
fluctuated significantly, which was attributed to the unstable growing situation of plants. The removal rates of TP by
the four plant wetlands tended to be stable and quite close
to each other thereafter, reaching around 9.24%.
5) Through comparison of the average discharge concentrations with secondary discharge standard in discharge
standard of pollutants for municipal wastewater treatment
plant, China, the average concentrations of CODCr and TP
were lower than these of secondary discharge standard,
however, the concentrations of NH4+-N were a little higher.
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ABSTRACT
Chemical oxygen demand (COD) removal was tested
to document the feasibility of saturated coke as one polar in
three-dimensional electrode system. The experiments
also showed that the three-dimensional electrode system
can effectively remove the residual biorefractory COD in
biologically pretreated coking wastewater. At pH of 5.4,
coke size of 10~20 mesh, dosing quantity of 200ml, current
density of 8.88 mA/cm2, and electrode distance of 1.0cm,
approximately 70% of the residual organics in the threedimensional electrode system were removed in 50 minutes.
The kinetics for COD removal was presented. In addition,
the surface characteristics of coke changed remarkably
after experiments.

* Corresponding author

wastewater treatment. The bipolar three-dimensional electrode technology based on electrochemical oxidation has
been attracting more attention of the present researchers because of its extensive and specific surface area as well as
high capacity to generate free hydroxyl radicals compared
with the conventional two-dimensional electrodes [12, 13].
Activated charcoal, as one polar in three-dimensional electrode system, is widely used at present [14-18], however,
coke was chosen as the particle electrodes in this study for
the low cost and the similar properties with activated
charcoal. In order to get better removal efficiency, RuO2
and IrO2 coated with titanium plates were used as anodes
and coke particles as the third dimension of electrodes in
this study.

KEYWORDS: coke, biologically pretreated coking wastewater,
bipolar three-dimensional electrode, residual organics, current
density, retention time

2 MATERIALS AND METHODS
2.1 The electrolytic system

1 INTRODUCTION
Electrochemical oxidation treatment of water is a very
promising technology nowadays. It has been successfully
applied in the purification of various kinds of wastewater
[1-4]. Coking wastewater is generated from coal coking, coal
gas purification and by-product recovery processes of coking
[5]. It contains complex inorganic and organic pollutants,
such as ammonium, sulfate, cyanide, thiocyanate, phenolic
compounds, polynuclear aromatic hydrocarbons and polycyclic nitrogen-containing acyclic compounds, etc. [6-8].
The biological methods have been documented for effectively disposing the coking wastewater [9], but it was not
easy to meet the strict requirements of COD<100mgL-1
through the methods [10]. The pretreated coking
wastewater will still produce severe, long-term environmental and ecological problems if discharged directly into
the receiving river [11]. Therefore, great efforts have
been made to develop new techniques for biologically
pretreated coking

The electrolytic cell was made of synthetic glass with a
dimension of 140mm × 90mm× 130mm and an effective
volume of 1.3L (Figure 1). Stainless steel plates (130mm ×
65mm ×1 mm) and Ti/RuO2-IrO2 plates (130mm × 65mm
×1 mm) were used as cathodes and anodes, respectively.
A pump offered air at 0.36m3/h and a DC power supply
(MPS702, Beijing, China) provided constant currents and
the corresponding voltages. During the experiments, samples were drawn out with apinoid needle tube from the cell
every ten minutes and were analyzed.
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FIGURE 1 - Schematic diagram of the experimental apparatus

TABLE 1 - Characteristics of coking wastewater and coke
coking wastewater
Characteristics
Unit
Value
Characteristics
pH
5.4±0.5
properties of C% (atomic)
COD
mgL-1
260.98±12.62
Pore volume
Ammonia nitrogen
mgL-1
132.25±9.53
Average pore diameter
Chloride ions
mgL-1
305.65±11.81
Specific surface area
Turbidity
NTU
4.76±0.86
Notes: all Values are means±s.d. of triplicate independent experiments.

2.2 Coke and coking wastewater

The coking wastewater and the cokes used for this
study were obtained from a secondary sedimentation tank
at a coking plant in North China. The wastewater was first
treated biologically at the plant using A/O technology.
The wastewater sample of 1L was used in each test. The
characteristics of coking wastewater and coke were shown
in Table 1. Before the experiment, the coke sample was dried
at 378 K in an oven for 2 hours and then immersed in the
coking wastewater for 12h to avoid the effect of absorption.

Coke
Unit
%
nm
cm3g-1
m2g-1

Value
94.14±2.32
0.02168±0.00072
6.58±0.46
13.18±0.53

three dimensional electrolytic experiment should be only
carried out in the following experiments. In addition, Fig.2
also showed the prolonged retention time after 60min had
little effect on the residual organics degradation efficiency,
because nearly all the organic compounds in the
wastewater which could be degraded have already been
decomposed within 60min in two electrolytic systems [19].
3.2 Influence of pH

As is shown in Fig 3, the removal rate of COD kept a
rapid growth with the increase of retention time in the first
100

2.3 Analytical methods

3 RESULTS AND DISCUSSION

three dimensional
two dimensional(without coke)

90

COD removal rate/%

The COD concentration was obtained via a Nessler’s
reaction using a 752 N spectrophotometer (Shanghai Jingke,
China). The surface characteristics of coke were examined
using SEM. The electrolysis tests were carried out in order
to optimize the three-dimensional electrode process.

80
70
60
50
40
30

3.1 Influence of electrolytic time

As is shown in Fig 2, the removal rates of COD with
two and three-dimensional systems kept a rapid growth
with the increase of retention time in the first 60min and
became flat in the last 40min. At 60min, the COD removal
rates could reach 75.2%±3.38% and 60.8%±3.00%, respectively. Meanwhile, both the effluent concentration met the
strict requirements of COD<100mg/l to a great extent.
However, the three-dimensional electrode system exhibited
better removal efficiency than two dimensional. In summary, the experimental retention time for the COD removal
with three-dimensional system was considered to be 60min.
Through this retention time, energy consumption could be
remarkably decreased compared with 100min, therefore, the
results of 60min should be taken for running condition and

20
10
0
0
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20
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40

50

60

70

80

90

100

time/min
FIGURE 2 - Influence of electrolytic time on COD removal rate
(pH=5.4, coke size=10~20 mesh(only three dimensional), dosing
quantity=200ml(only three dimensional), current density=8.88
mA/cm2, electrode distance =1.0cm. Percentages of COD removal
are shown as the means±s.d.,n=3)

400

© by PSP Volume 22 – No 2. 2013

Fresenius Environmental Bulletin

100

100

pH=3
not adjust pH=5.4
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FIGURE 3 - Influence of pH on COD removal rate (retention
time=60min, coke size=10~20 mesh, dosing quantity=200ml, current
density=8.88 mA/cm2, electrode distance=1.0cm. Percentages of
COD removal are shown as the means±s.d.,n=3)

first 60min and become flat in the last 10min at various pH.
The curves of removal rates exhibited similar variation
tendencies, too. Meanwhile, Fig. 4 also showed that
the removal rate of COD reached a maximum of about
60.4%±3.28% while the pH was 5.4 at 60min. The results
indicated that the cathode could generate many strong
oxides to oxidize residual organics at pH 5.4 in 60min.
Therefore, the pH should be controlled around 5.4 to
achieve the best removal effect. In addition, the pH lower
or higher than this value may result in many side reactions. So the pH didn’t need to be adjusted.
3.3 Influence of coke size

Fig 4 showed the effects on COD decomposition efficiency of coke with sizes of 5 mesh, 5-10 mesh, 10-20 mesh
and 20-40 mesh, respectively. The decomposition efficiency
of COD increased with the decrease of coke size except
for 20~40 mesh and the COD decomposition efficiency at
20~40 mesh was very low, only 25.3%±2.17% in 60
minutes. In contrast, the COD decomposition efficiency
of 10-20 mesh was 70.8%±3.60% in 60 minutes, which
was the highest removal rate among these tests. This is
because many small particles put into the threedimensional electrode system formed charged microelectrodes under the influence of electric field. Cokes at 10-20
mesh may have larger effective electrode area to improve
the current efficiency of electrolysis, and could avoid
the by-path current and short-circuit current coming
from cokes at less than 5 mesh. In conclusion, the optimal coke size was 10-20 mesh.

10

20

30

40

50

60

time/min
FIGURE 4 - Influence of coke size on COD removal rate (retention
time=60min, pH=5.4, dosing quantity=200ml current density=8.88
mA/cm2 electrode distance =1.0cm. Percentages of COD removal
are shown as the means±s.d.,n=3)
3.4 Influence of dosing quantity

As is shown in Fig 5, the curves of removal rates exhibited complicated variation tendencies at various dosing
quantities except for 200ml, but all things considered, the
removal rates of COD increased with the retention time at
various dosing quantities. Meanwhile, the COD decomposition efficiency always increased with the retention time
while dosing quantity was 200ml, and it could reach a
maximum of about 65.56%±3.59% at 60min. When the
dosing quantity was more than 200ml, the removal rates
of COD decreased ultimately. It is because the electrode
surface area enlarged with the increase of the coke, and
thus the electrolysis efficiency decreased. Meanwhile, the
accumulated organic molecules on electrode helped to
increase the speed of degradation, whereas excessive coke
could lead to worse treatment effect, e.g. the increased
short-circuit current [20]. So the optimal dosing quantity
was identified as 200ml.
100

100ml
200ml
300ml
400ml
500ml

90

COD removal rate/%
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FIGURE 5 - Influence of dosing quantity on COD removal rate (retention time=60min, coke size=10~20 mesh, pH=5.4, current density=
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8.88 mA/cm2, electrode distance=1.0cm. Percentages of COD removal
are shown as the means±s.d.,n=3)

100

COD removal rate/%

3.5 Influence of electrolytic current

The decomposition of COD at various current densities
was presented in Fig 6. The removal efficiency of COD
remarkably increased with the retention time. The residual
COD was removed by 72.4%±3.33% at 8.88mA/cm 2 in
60min. However, as the current density was more than
8.88mA/cm2, the removal rates of COD decreased ultimately. In addition, at current densities of 11.84mA/cm2 and
14.80mA/cm2, the electrolyte temperature increased significantly from 289.5 K to 312 K and 323 K, which remarkably
affected the efficiency of the electrodes and increased energy consumption. Therefore, the optimum current density for
the COD removal is considered to be 8.88mA/cm2.
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electrode distance=0.5cm
electrode distance=1.0cm
electrode distance=1.5cm
electrode distance=2.0cm
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FIGURE 7 - Influence of electrode distance on COD removal rate
(retention time=60min, coke size=10~20 mesh, pH=5.4, dosing
quantity=200ml, current density=8.88 mA/cm2. Percentages of COD
removal are shown as the means±s.d.,n=3)
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2.96 mA/cm
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5.92 mA/cm
2
8.88 mA/cm
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2
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90
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As is shown in Fig. 3 - Fig.7, the removal rates of
COD kept a rapid growth with the increase of retention
time in the first 50min and became flat in the last 10min.
Considering the energy consumption the optimum running condition was proved to be: coke size 10~20 mesh,
pH 5.4 dosing quantity 200ml current density 8.88 mA/
cm2 electrode distance 1.0cm and retention time 50min.

60
50
40
30
20
10

3.7 COD kinetics
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FIGURE 6 - Influence of current density on COD removal rate
(retention time=60min, coke size=10~20 mesh, pH=5.4, dosing
quantity=200ml, electrode distance=1.0cm. Percentages of COD
removal are shown as the means±s.d.,n=3)
3.6 Influence of electrode distance

The results of COD decomposition rate in 60 minutes
with the electrode distance ranging from 0.5cm to 2cm are
shown in Fig 7. The electrode distance had a clear impact
on COD removal, but the increase in the rate of COD
reduction was insignificant when the spacing was less
than 1.0cm. The COD removal efficiency increased gradually with the decrease of the electrode distance when
the spacing was larger than 1.0cm. When the spacing
was 1.0cm, the COD removal rate at 60 minutes was
66.79%±4.52%, which was the best among these tests. To
sum up, the best electrode distance was 1.0cm.

In direct electrochemical oxidation process, the COD
removal rate is proportional to the concentration of the
organic pollutant. Therefore, the kinetics for COD removal
is written as:
d
(1)
−
COD = k COD
dt

[

]

[

]

Rearranging and integrating the Eq. (2) gives:
[CODt ] = −k ⋅ t or ln Ct = −k ⋅ t
ln
C0
[COD0 ]

(2)

where, Co is the initial COD of the solution in mg L−1,
and Ct is the COD in mg L−1 at time t.
Plotting Ct/Co on the y-axis versus t on the x-axis on
semilog paper will result in straight line with the slope of
k. According to the Fig.8, the rate constant (k) and R2
values for COD removal were 2.2246×10−2 min−1 and
0.99363, respectively. It obeyed the first-order dynamics.
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many micropores have been flattened. The reason for the
changes was likely to be the deterioration corrosion of the
current while it transited the coke.

0.2
0.0

y=-0.02246x-0.05032
2
R =0.99363

ln(Ct/C0)

-0.2

4 CONCLUSIONS

-0.4
-0.6
-0.8
-1.0
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0
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FIGURE 8 - Variation of ln(Ct/Co) with time for the electrochemical
degradation of coking wastewater.
3.8 The SEM study of the coke

The SEM micrograph of the coke samples showed
that the surface structure of the coke before the electrolysis was stable and slightly porous (Fig.9a), which had
absorption effect and dense surface that may function as a
particle electrode in reaction. As is shown in Fig.9b, great
changes took place in the coke samples after the electrolysis:

The experimental results indicated that the threedimensional electrode system could give a satisfying solution to the difficulties in removal of residual biorefractory
organics in biologically pretreated coking wastewater. At
pH of 5.4 coke size of 10~20 mesh, dosing quantity of
200ml current density of 8.88 mA/cm2 and electrode
distance of 1.0cm, the residual organics in the three-dimensional electrode system were removed by approximately
70% in 50 minutes. The degradation mechanism of organics in the experiment was also deduced, and it obeyed the
first-order dynamics. In addition, the surface characteristics
of coke remarkably changed after experiments.
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TRANSLATING LAKE NUTRIENT
REFERENCE LEVELS INTO NUTRIENT CRITERIA
Xiang Hu1,* and Yangyang Ou1
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ABSTRACT
Nutrients are indicators of a serious water pollution
problem in lakes. Excessive concentration of nutrients, such
as phosphorus and nitrogen, can lead to eutrophication, a
condition that includes anoxia, noxious algal blooms, and
fish kills. A single national nutrient criterion for lakes is
inappropriate in China because of its diverse climate and
geographic conditions. The nutrient criteria must be instead developed at the regional or individual water body
level. In the current paper, we utilized the structural equation model (SEM) to identify the relationships among the
water quality variables. We then integrated the results from
literatures to set a nutrient criterion for regional lakes. This
approach was applied in the Yunnan–Guizhou Plateau
ecological region using total phosphorus (TP), total nitrogen (TN), chlorophyll a (Chl- a), and Secchi depth (SD) as
the criterion variables. TP was the most predictive variable
obtained from the SEM, and the optimal criterion levels
were TN = 0.31 mg/L, TP = 0.014 mg/L, Chl-a = 2.0 mg/m3,
and SD = 2.1 m.

KEYWORDS:
Nutrient criteria; Lake Eutrophication; structural equation model

1 INTRODUCTION
Eutrophication is a condition caused by an excessive
amount of phosphorus and nitrogen in a lake that results
in low oxygen levels, noxious algal blooms, and fish kills
[1, 2]. The awareness on lake eutrophication and aquatic
ecological degradation has grown since the past decades.
At present, the number of the eutrophic lakes has reached
67 (51%) out of the 131 major lakes in China [3]. The
surface water quality standards were developed in China
in 1988 and were revised twice prior to the latest “Environmental Quality Standard for Surface Water” (GB38382002) [4]. The latest revision serves as a comprehensive
standard in the enforcement of water protection and management policies. However, this guide has several serious
* Corresponding author

deficiencies, such as the lack of nutrient criteria and regional eutrophic control standards. Therefore, researchers
urgently need to strengthen the basic research on eutrophic lakes and develop the nutrient criteria either at the
regional or individual water body levels to enhance the
scientific decision making and control eutrophication.
The criteria set by U.S.EPA represent the enrichment
conditions of surface waters, which are minimally affected
by human activities [5]. These criteria will be developed for
each region in China. The nutrient criteria are the allowable
concentrations of nutrients in water or the threshold values
of ecological indicators with reliable scientific data that
will serve as the foundation for developing eutrophication
standards and evaluating the state of the lakes [6]. These
criteria are already widely used in some developed countries, such as the US, Europe [7], and so on. U.S.EPA developed the national strategies of the regional nutrient criteria in 1998[8]. These criteria evolved to become the Nutrient Criteria Technical Guidance Manual of the Lake/ Reservoir (April 2000) [5], Estuarine and Coastal (October
2001) [9], River and Streams (July 2006) [10] within eight
years and at first developed the Division I lake nutrient
criteria. The states and tribes established their nutrient
criteria based on the Nutrient Criteria Technical Guidance
Manual.
Currently, the most common method to set nutrient
criteria is the reference lake approach that is endorsed and
used by U.S.EPA. This method suggests the establishment
of criteria based on reference conditions that represent
pristine or minimally impacted waters. However, Reckhow
[11] argued that use of the reference water body strategy to
set the nutrient criteria has two deficiencies. One deficiency
is its inability to link substantially the criteria to the designated uses, and the other deficiency is its failure to distinguish between science and societal values. Thus, another
approach, called the predictive approach [12], is proposed
to establish the nutrient criteria. This approach uses the
structural equation model (SEM) and expert elicitation to
provide an excellent alternative conceptual framework.
Our objective was to set a nutrient criterion for regional lakes by SEM. SEM was used to determine which
among the measured variables the most predictive indicators are, and the candidate values of the nutrient criteria in
combination with the results from literature [13] were cal-
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culated. This approach was used to the lakes in the Yunnan–Guizhou Plateau ecological region in southwestern
China, with the anticipation that it is also suitable in other
regions.
2 MATERIALS AND METHODS
The SEM is an “a priori” statistical technique, in which
a hypothesized structure is recommended and tested to
reflect the existing knowledge [14]. The hypothesized model
(expected covariance structure) is tested against the covariance matrix from the observed data. The basic null hypothesis H0 that formalizes the idea of structural equation
modeling is

H 0 : ∑ = ∑ (θ )

(1)

where ∑ is the population (or sample) covariance matrix of the observed variables, θ is a vector that contains the
model parameters, and ∑ (θ) is the model-implied covariance matrix [15]. In contrast to conventional correlation
models that seek to reject the H0, the goal of SEM is to
accept the null hypothesis, which requires minimizing the
differences between the observed covariance and the modelpredicted covariance [11]. Compared with the traditional
multivariate regression, SEM presents the following advantages: indirect measurement of latent variables that can
de-crease the dimensionality of data and is beneficial in
analyzing the direct, as well as indirect, effects of variables; incorporation of the uncertainties in measurement
errors or lack of validity of the observed variables; and
provision of a simultaneous result to a set of multiple
regression relationships to help test the hypothesis [16].

major water systems, in which the period of changing
water is relatively long, and the ecosystem is extremely
fragile. Fuxian Lake, the second deepest lake in China,
with a mean depth of 87.0 m is located in this region. Several lakes have become eutrophic, such as Dianchi, Chenhai, Erhai, and so on. However, several pristine lakes remain, which could be regarded as references, such as LuGu
Lake, Bitahai, and Mahu. Compared with the eastern plain
ecological region, precipitation and dryness are approximate, but the salinity is relatively higher in Yunnan–
Guizhou Plateau ecological region [19].
The reference levels in this region are as follows: total phosphorus (TP), 0.011 mg/L to 0.012 mg/L; total
nitrogen (TN), 0.17 mg/L to 0.37 mg/L; chlorophyll-a
(Chl-a), 2.0 mg/m3 to 2.5 mg/m3; and Secchi depth (SD),
2.2 m to 5.5 m. because the data information is extremely
limited, we choose to expand appropriately these ranges.
Be similar with the method which is used to develop the
reference conditions by U.S.EPA, they select the upper and
lower 25th percentile of the frequency distribution of those
reference lakes for each value. Therefore, we expand these
ranges by 25%. After that, we randomly selected 150 data
according to the uniform distribution principle. We set
and tested multiple models, including TP, TN, SD, and
Chl-a, as the environmental variables and found one
model that demonstrated a good fit.
The conceptual model of the Yunnan–Guizhou Plateau
ecological region is shown in Figure 1. x1, x2, y1, and y2
represent TP, TN, Chl-a, and SD, respectively. λ1, λ2, and
λ3 are the different standardized path coefficients. e1, e2, e3,
and e4 are the residual errors. We obtained the following
relationships of these variables through the structural equation based on the conceptual model:

⎧ y1 = λ1 x1 + λ2 x2 + e1
⎨
⎩ y 2 = λ3 y1 + e2

When SEM is used in several conditions, such as eutrophication, this method allows the description of the relationships between the candidate environmental variables
through causal interactions that is described by the covariance [17]. The relative strength of these relationships is
represented by standardized path coefficients, regardless of
the units and scale of the variables. These values can be
used to estimate both the direct and indirect effects [18].

(2)

e3

e4

TP

TN
λ1

3 RESULTS

λ2

The use of a single national nutrient criterion to evaluate the lakes in China is inappropriate because diverse geographic and climate conditions in the country. The nutrient
criteria must instead be developed at the regional or individual water body levels [5]. The lakes used in the present
study are located at the Yunnan–Guizhou Plateau ecological region in southwestern China. These lakes cover
approximately 1200 km2 and account for 1.5% of the total
lakes in China [19]. In the study region, the spatial distribution pattern of lakes is controlled by construction and
water systems. Therefore, the relatively large lakes are
located in the fracture zone or the watershed zone in the

SD

λ3

Chl-a

e2

e1
chi-square = \cmin
df = \df
p = \p

FIGURE 1 - Conceptual model of the Yunnan–Guizhou Plateau
ecological region
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e4

e3

0.29

0.01

TN

TP
10.86

1.55
2.52

SD

1.44

-0.19

Chl- a

e1

e2
χ2 = 4.536
df = 3
p = 0.209

FIGURE 2 - Result of structural equation modeling

The result after the introduction of the 150 data is
shown in Figure 2. TP and TN levels affect directly the
Chl-a levels, whereas SD is affected directly by Chl-a. The
χ2 test statistics (χ2 = 4.536, df = 3, p = 0.209) showed that
the model is a plausible representation. The standardized
path coefficients in the model provided the information on
the relative strength of the relationships across the variables, regardless of the units of the variable. In this model, a
comparison of the effects of the different variables from
the standardized path coefficients showed that TP was the
most predictive variable (direct effect = 10.86).
In accordance with the results shown in Figure 2, the
relationships among TP, TN, Chl-a, and SD are

⎧ y1 = 10.86 x1 + 1.55 x2 + 1.44
⎨
⎩ y2 = −0.19 y1 + 2.52

the lakes in China. Besides, as an advanced multivariate
statistical process, SEM can be used to construct theoretical
concepts and test their measurement reliability about their
relationships. The advantage of SEM is that it considers
both direct and indirect effects of variables on one another
[20]. Therefore, in the present work, the SEM was used to
translate nutrient reference levels into nutrient criteria.
The procedure was developed, and the major challenges in incorporating the data from the nutrient reference levels into SEM was solved by expanding the ranges
by 25% as well as by randomly selecting 150 data according to the uniform distribution principle. Although the translation is uncertain in developing the best model structure
highlighted from the SEM results, we were able to construct
one plausible model that fits the data well. We are confident that the results are suitable to identify the most predictive variables. In the proposed model, we were able to present the relationships among TP, TN, Chl-a, and SD as well
as identify TP to be the most predictive variable. Although
we are confident in developing the nutrient criteria based
on the proposed approach, certain enhancements are planned
to be implemented before the criteria are established. One
enhancement is to combine expert judgments to link the
water quality data to eutrophication and the designated uses
(including primary and secondary contact recreations).
Another improvement is to increase the variability in both
the response variables and the predictor spaces, which will
improve the model fit.
Although we illustrated the procedure on a certain ecological region in the present study, we envision that the proposed approach would be used in other ecological regions
(the variables may vary regionally). We plan to apply the
proposed method to the eastern plains ecological region in
future applications.

(3)

We determined the values required to maintain the
lakes in the oligotrophic state and attain the designated
use. Considering that TP is the most predictive variable
(10.86) as shown in Figure 2, we determined that TP is
0.014 mg/L and TN is 0.31 mg/L which are eigenvalues
of indicators for oligotropher level in Yunnan-Guizhou
Plateau lake region known from the literature [13]. Then
substituting TP = 0.014 mg/L and TN = 0.31 mg/L into
(3) will yield Chl-a = 2.0mg/m3 and SD = 2.1 m.
4 DISCUSSION
The development of the nutrient criteria for lakes is a
priority to serve as the foundation for the eutrophication
control standard in China. Most of lakes in the country have
been eutrophic, and only a few lakes remained pristine or
have minimally impacted waters in different regions. The
use of the reference lake approach to establish the nutrient
criteria is not feasible because of the current situation of

5 CONCLUSIONS
Most of the lakes in China are affected by human activities. The pollutant levels in the different regions have
especially significant differences. Hence, we had to develop different models according to the overall lake pollution situation in the different regions. We developed the
SEM based on our comprehension of the relationships between eutrophication and the water quality variables. In
conclusion, the proposed approach is a systematic technique
for formulating the lake nutrient criteria and requires the
continued investment of funds and manpower by the country. The thorough lake nutrient criteria should provide the
theoretical basis and management support in protecting the
lakes in China.
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ANALYSIS ON THE ECOLOGICAL SECURITY
OF FREEZE-THAW AGRICULTURAL AREA:
METHODOLOGY AND A CASE STUDY FOR SANJIANG PLAIN
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ABSTRACT
The analysis on the regional ecological security is an
intricate, challenging task. Based on the existing evaluation
methods of the ecological environment and ecological security, a system for assessing the ecological security of freezethaw agricultural area was developed using a pressurestate-response (PSR) model and the geographic information system (GIS) software. A case study is presented
for the Sanjiang Plain located in the in the middle and
high latitude temperate regions. Due to the agricultural
reclamation and the rapid increase of population, the
ecological environment had been destroyed since 1950s.
Response to the deteriorating ecological environment of
Sanjiang Plain, an evaluation index system for ecological
security was constructed, and the weight of each index
was determined by the method of Analytic Hierarchy
Process (AHP).
We then used the model of ecological security assessment for freeze-thaw agricultural area to comprehensively
evaluate the status of ecological security in Sanjiang Plain.
Our results showed that the ecological security in Sanjiang
Plain had deteriorated from an ‘early stages of damage
status’ in the 1950s to ‘moderately damaged status’ in
1986. Furthermore, it had again returned to the status of
‘early stage of damage’ in 2005 and almost to the “relative
safety status” in 2010. The ecological security research can
provide a scientific and effective basis for making decisions
about ecological environmental protection and land use in
Sanjiang Plain. However, with respect to the index representing the freeze-thaw characteristic, it needs to be further studied in future research.

KEYWORDS: Ecological security assessment; Pressure-stateresponse model; Analytic hierarchy process; GIS; Sanjiang Plain

* Corresponding author

1 INTRODUCTION
Ecological security, a concept first proposed by the
government of the United States, has drawn considerable
attention from the international research community [1],
and it has been widely considered [2-4]. At present, there
exist broad-sense and narrow-sense concepts of ecological
security. The broad-sense concept refers to a compound
artificial ecosystem, which is composed of natural, economic, and social ecological security [5-7]. The narrowsense concept is the reflection of the integrity and health
level of overall ecosystem [8]. The feedback results of ecological security assessment can support the future planning
decisions [9].
The assessment of ecological security evolved from
the fields of ecological risk analysis [10] and ecosystem
health diagnose [11]. Many scholars studied the deeper
internal relationship between ecological factors by means of
mathematical models, ecological models, exposure-response
conceptual framework model and other effective tools [1214]. Based on the mathematical model, ecological modeling method has gradually become a useful tool for the
ecological security assessment and management [9, 15].
The landscape ecology method is relatively new, but it has
shown considerable promise, at both whole nation and
even global scales [16]. The digital terrain model (DTM)
takes full advantage of remote sensing technology and the
intrinsic ability of GIS to store, analyze and display large
amounts of spatial data. This method has been widely used
in regional ecological safety evaluation [17-20], and it has
gradually become an ideal tool with the most broad application prospect in the ecological security research.
At present, little research has been conducted on ecological security of freeze-thaw agricultural area. However,
to face the problem of deteriorating ecological security, it
is essential to establish a regional system for assessing
ecological security that can provide quantitative and more
effective information. The present paper discussed a study
method of freeze-thaw agricultural area based on the
‘pressure-state-response’ model (PSR) and analytic hier-
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archy process (AHP) [21] to assess the ecological security
of Sanjiang Plain. The purpose of this paper is to comprehensively evaluate all types of potential ecological impacts and their cumulative consequences, and to provide a
scientific basis for the ecological conservation and environmental management in the freeze-thaw agricultural area.
2 METHODS AND APPROACHES
2.1 Study area

The Sanjiang Plain is located in the northeast of
Heilongjiang Province, spanning from 129o11′20′′ to
135o05′26′′E and from 43o49′55′′ to 48o27′40′′N, and has
a total area of 10.89×104 km2 (Fig.1). The annual average
temperature is 2.4℃; and the mean annual amount of
precipitation varies between 550mm and 650mm. The
freezing period occupies 7~8 months, and the average
depth of frozen soil is 1.5~ 2.1m.
The Sanjiang Plain has gradually become an important commodity grain production base due to its
freeze-thaw condition and historical factors. In the 1940s,
swamp and wetland were the main landscape types within
the Sanjiang Plain, and the area accounted for 80.2% of
the total area [22]. After four times agricultural exploitations in Sanjiang Plain since the 1950s due to the increase
of population and the implementation of the national
policy, the total cultivated area had already reached
4.73×106ha in 2000, and farmland was the main landscape
type in this region. By 2008, the per-capita GDP had
reached 17127.6 Yuan, 43 times that in 1976. However,
because of the agricultural development and the change of
hydrological conditions, the regional ecological security is
threatened seriously.
2.2 Framework of the ecological security system in the
freeze-thaw agricultural area

model, the environmental problems can be expressed as
three index types, which are different but mutual connections. The pressure indices explain the environmental pressures of human activities and climate change; the state indices are used to measure the ecosystem changes caused
by human behavior; and the response indices suggest that
the social response to reduce environmental pollution and
resource destruction. First, from the actual situations of the
freeze-thaw condition and agricultural development, we explored the existing ecological environmental problems in
Sanjiang Plain and analyzed the impact factors of ecological environment diversion. Secondly, the evaluation index
system was obtained through expert consultation based on
the principles of PSR model development [16]. Finally,
after the weight of each index was assigned by applying the
AHP method, we estimated the ecological security changes
of the study area from 1954 to 2010.
2.3 Index selection

Agricultural production is the main feature of Sanjiang Plain, and the interactions between agricultural
production and the ecological environment are focused on
aspects of water, heat, soil, and other related environmental
factors. The degree of the land use and soil erosion are
governed by the nature of the water, heat and soil processes, which are the most important factors to determine the
regional ecological security. We selected mean annual
temperature and annual precipitation (which represented
water and heat conditions), population, the natural growth
rate of population, grain production and GDP as the pressure indices. The soil and water loss and soil fertility decline caused by land use change are the main problems
facing the regional ecological environment. For this reason, we chose soil erosion intensity, rate of soil and water
loss, the degree of land use, the areas covered by farmland, unused land, forest and grassland as the representa-

In this study, the system was constructed by integrating PSR model and the AHP method (Fig. 2). In the PSR
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FIGURE 1 - Location of the study area

FIGURE 2 - The model framework for the ecological security assessment in freeze-thaw agricultural area

TABLE 1 - The key indicators for ecological security assessment and data sources in the Sanjiang Plain
The target layer

The criterion layer

the pressure indices

The ecological security index
ESI
for Sanjiang Plain
the state indices

The index layer
Mean annual temperature S1
Annual precipitation S2
Population S3
Mean natural population growth rate S4
Grain production S5
GDP S6

Unit
°C
mm
One person
%
106kg
106yuan

Soil erosion intensity S7

None

Rate of soil and water loss S8

%

The intensity of fertilizer use S9

Kg/ha

Area of farmland S10
The degree of land use S11
Area of unused land S12
Area of forest S13
Area of grassland S14

ha
%
ha
ha
ha

National policy S15

None

Technological development and application S16

None

the response indices

411

Source of the data
Statistical data a
Statistical data
Statistical data
Statistical data
Statistical data
Statistical data
Statistical data and values assigned by experts
Statistical data
Remote sensing and statistical
data
Remote sensing
Remote sensing
Remote sensing
Remote sensing
Remote sensing
Statistical data and values
assigned by experts
Statistical data and values
assigned by experts
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The index of status improvement S17

None

The investment in environmental protection S18

None

tive state indices to reflect the ecological environmentsituation of the study area. In addition, we also selected the
intensity of fertilizer use as one state index due to the
serious agricultural non-point source pollution. At the
same time, the national policy plays an essential role in
protecting regional ecological environment. We selected
the national policy, technological development and application, an index of status improvement and investment in
environmental protection as response indices (Table 1).
2.4 Data collection and processing

The soil erosion intensity consulted the results of previous studies [23, 24]. The land use data were derived
from cloud-free LANDSAT MSS and cloud-free LANDSAT TM images. Other data, including social economic
data, meteorological data, scientific and technological progress and some written materials were supplied by local
statistical bureau and Heilongjiang Statistical Yearbook
(1954-2010). The units of various indicators are different,
therefore they cannot be used to compare directly. This
study gets rid of the incompatibility between the indices
through standardization. According to the previous research
methods [16, 17], the indicators would be standardized as
follows:

Y=

xi − xmin
× 10
xmax − xmin

(1)

Where, Y is the standardized value of each index; xi
is the actual value; and

Since expert judgment may be unable to provide perfectly consistent paired comparisons, it is necessary that
the paired comparisons matrix have an acceptable consistency. The consistency ration (CR) is used to express the
probability that the judgment matrix were randomly generated [25, 26].

CR =

xi − xmin
× 10
xmax − xmin

(2)

2.5 Determination of indicator weights

AHP is an appropriate method to assign the indicator
weights [17]. We calculated the largest eigenvalue and
weights through the main characteristic vector method in
the present paper [17, 25]. According to the expert opinions, the weights of pressure, state and response indices in
‘the criterion layer’ are 0.4, 0.3 and 0.3, respectively; then
we constructed the decision matrix of ‘the index layer’
depending on the importance of different indices. Finally,
the indicator weights were obtained by means of Met lab
software (Table 2).

(3)

λ max − n
n −1
Where λ max is the
CI =

(4)
largest or primary characteristic

value of matrix, and n is the order of the matrix. A CR of
0.10 or less is a reasonable level of consistency. A CR
above 0.10 requires revision of the matrix judgments
because of an inconsistent treatment of particular factor
ratings [17].
2.6 Ecological Security index

Based on the value of each index, combined with the
weights calculated by means of AHP method, the ecological security index (ESI) was obtained as the following
formula:

ESI =

and minimum values observed in all actual measurement,
respectively.

Y = 10 −

CI
RI

Where RI is the average of the consistency index that
was generated based on the order of the matrix [27], and
the consistency index (CI) is defined as:

x max and xmin are the maximum

If the conceptual meaning of Y contradicts the environmental impact calculated by this formula, such as a
large positive value for the soil erosion intensity has a
large negative environmental impact, then Y should be
calculated using a modified version of this formula:

Statistical data and values
assigned by experts
Statistical data and values
assigned by experts

18

∑S F
i

i

(5)

i =1

Where

S i represents the results for index “ i ”, and

S i represents the weight of index “ i ”, ∑ Fi = 1.
The synthetic value in this paper equals the weight added
by each of the 18 factors, and the result was always distributed stochastically within [0, 10]. On the basis of
previous study on the ecological security, we divided ESI
into five status grades [16]: highly damage, 0 ≤ ESI < 2;
moderately damaged, 2 ≤ ESI < 4; early stage of damage,
4 ≤ ESI < 6; relative safety, 6 ≤ ESI < 8; and safety, 8 ≤
ESI ≤ 10.
3 RESULTS
3.1 Ecological environment problems in freeze-thaw agricultural area
3.1.1 The decline of ecological functions caused by the decrease of wetland area
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Due to the land reclamation, the area of marsh wetland
accounted for only 8.3% of the total area in 2000. After the

carbon fixation of wetland was weakened, the annual aver-

TABLE 2 - The weights of factors for eco-security evaluation
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
CR

S1
1
2
5
3
4
3

S2
1/2
1
4
2
3
2

S3
1/5
1/4
1
1/3
1/2
1/3

S4
1/3
1/2
3
1
2
3

S5
1/4
1/3
2
1/2
1
1/2

S6
1/3
1/2
3
1/3
2
1

S7

S8

S9

S10

S11

S12

S13

S14

1
1/3
4
1/3
1/6
1/4
1/5
1/5

3
1
4
1/4
1/3
1/2
1/3
1/3

1/4
1/4
1
1/5
1/3
1/3
1/4
1/4

3
4
5
1
1/5
1/2
1/4
1/2

6
3
3
5
1
3
2
2

4
2
3
2
1/3
1
1/2
1/2

5
3
4
4
1/2
2
1
1

5
3
4
2
1/2
2
1
1

0.035

S15

S16

1
1/2
2
3

2
1
3
4

0.091

S17

S18

1/2
1/3
1
2
0.012

1/3
1/4
1/2
1

Weights
0.0202
0.0314
0.1437
0.0459
0.0909
0.0679
0.0674
0.0414
0.1006
0.0297
0.0109
0.0221
0.0136
0.0144
0.0483
0.0288
0.0831
0.1397

age temperature was on the rise while the precipitation decreased in Sanjiang Plain. Research indicated that the annual
mean temperature had risen by 1.2~2.3 from 1955 to 2000
[28]. As is shown in Fig.3, whether the annual change process line or five years moving average curve showed that
the annual average temperature had an obvious ascend trend
along with the fluctuation in recent 50 years, with the
0.31 /10a of linear fitting climatic trend rate. The annual
precipitation fluctuated remarkably, but appeared to be
a downward trend as a whole, with the -2.39mm/10a of
climate trend rate, which is well agreed with the conclusion
that the annual precipitation is decreasing by 2.66 mm/10a
in China [29].
FIGURE 3 - Change trend of mean annual temperature and annual
precipitation in Sanjiang Plain from 1954 to 2010

With the decrease of wetland area, the frequencies of
drought and water loggings were 23.8% and 33.3% from
1949 to 1969; while the frequencies increased to 33.2% and
47.9% during 1970 to 1990, respectively [22]. At the same
time, the soil erosion area of Sanjiang Plain was 9226.25
km2 in 1954 and 21884.77km2 in 2000, increased nearly by
1.4 times [30]. The soil erosion intensity was obviously
also aggravated in the past 50 years, its main manifestations
were the decrease of low erosion intensity area and the
increase of high erosion intensity area [31]. In addition,
agricultural reclamation destroyed wetland habitats, resulting in the loss of biodiversity species. Within the wetland
ecosystem, the system stability and order were re-duced,
which threatened the ecological security of Sanjiang Plain.
3.1.2 The decrease of soil nutrient

As a typical traditional reclamation farm, Bawujiu Farm
located in the Sanjiang Plain encountered similar agricultural development and land use changes. In this study, the soil
nutrient changes of Sanjiang Plain were expressed by the
soil nutrient of Bawujiu Farm because of the lack of data.
The farmland soil data in 1981 were the laboratory report
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of top layer (0~20cm) soil samples in the second soil survey of China. The sampling points and quantity in 2011
were basically consistent to the 1981, and the soil samples
of different land use types were collected in the same way.
The following is the topsoil (0~20cm) nutrient changes of
Bawujiu Farm within 30 years.
The comparative analysis of soil nutrients in 1981
and 2011 was made by SPSS software (Fig.4). From the
viewpoint of farmland, the descent rate of soil pH was
1.05%, which indicated that the soil acidification existed
in Bawujiu Farm from 1981 to 2011. The reduction tendency of soil organic matter (SOM), total nitrogen (TN)
and total phosphorus (TP) was obviously, while the content of available nitrogen (AN), available phosphorus
(AP) and available potassium (AK) had been increased in
a large range, especially AN. The main reasons for farmland SOM, TN and TP contents decline are excessive
amounts of fertilizer in agricultural production, attaching
no significance to the use of organic fertilizer and the
inadequate return of SOM.

from the first grade standard to the second; the grades of
AN, AP and AK were increased significantly; the grade
of TN had no change during the study period. A great
cause for this is the use of fertilizer constantly. Simultaneously, it was found that the mean contents of AK in
different land use types were different, and its order from
high to low was wetland, forest and farmland. This indicated that there was an overall decline in the content of
AK along with the increase of agricultural production in
study area. The soil nutrients in farmland mainly relied
mainly on fertilizer to meet the growth of plants, which
not only keep the soil fertility but also resulted in the
agricultural non-point source pollution [32, 33].
It can be seen from the soil data in 2011 (Table 3),
SOM, nitrogen and phosphorus content in wetland was
the highest, followed by forest, and there was no obvious
difference between arid land and paddy field. This
demonstrated that the areas of wetland and forest decreased with the development of agriculture, while cultivated area increased significantly.
3.1.3 The agricultural non-point source pollution caused by
fertilizer application

FIGURE 4 - The farmland topsoil (0~20cm) nutrients of Bawujiu
Farm in 1981 and 2011

The Sanjiang Plain is the core area of “the construction plan for increasing 500 million ton grain” in China,
the aim of project is to construct 30 new large and mediumsized irrigated areas, and increase new irrigation area of
2780.1 km2 paddy field until 2015. Under the background
of limited farmland area and higher land reclamation intensity in this region, the soil fertility was appeared a tendency
to reduce because agricultural chemical overuse was one
of the key methods to improve soil fertility. The eutrophication of water body is closely related to nitrogen and
phosphorus losses of agricultural production, showing that
the contribution of applying fertilizer to non-point source
pollution was very marked. Previous studies have shown
that only 30-50% agricultural nitrogenous fertilizer was
utilized by plant, while phosphate fertilizer was 7-15%.
On the basis of the experimental results of soil nutrients,
the soil nitrogen and phosphorus contents were still high
in Sanjiang Plain after fifty years of agricultural development, and the contents of AN and AP in 2011 even exceeded the contents of the early 1980s. This demonstrates that
the agricultural non-point source pollution is the potential
risk of regional ecological security in Sanjiang Plain.

Based on the grade division standards of the soil nutrients in China, the average contents of SOM decreased

TABLE 3 - The topsoil (0~20cm) physical and chemical properties of different land use types in Bawujiu Farm in 2011
pH
arid land
n=16
paddy field
n=13
Wetland

Mean
S.D.
C.V.
Mean
S.D.
C.V.
Mean

5.729
0.265
0.046
5.998
0.225
0.038
5.764

SOM
g/kg
41.294
10.823
0.262
34.545
5.460
0.158
94.562

TN
g/kg
2.582
0.600
0.232
2.147
0.494
0.230
6.536

414

TP
g/kg
0.911
0.266
0.292
0.878
0.101
0.115
1.357

AN
mg/kg
247.221
60.303
0.244
223.390
42.433
0.190
381.719

AP
mg/kg
28.774
14.032
0.488
12.012
4.289
0.357
16.996

AK
mg/kg
149.809
66.444
0.444
138.867
88.289
0.636
280.137
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n=7
Forest
n=5

S.D.
C.V.
Mean
S.D.
C.V.
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0.672
0.117
5.718
0.204
0.036

69.115
0.731
46.185
5.097
0.110

4.982
0.762
3.176
0.502
0.158

0.780
0.575
0.842
0.369
0.438

205.271
0.538
274.521
26.495
0.097

9.060
0.533
9.075
2.3869
0.263

140.670
0.502
171.129
66.828
0.391

TABLE 4 - The final score for all indices in the six study periods

Index
number
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18

Index
score
in
1954
2.11
3.0
0
10
5.96
10
8
10
10
9.13
9.48
10
0
0
10
2
2
0.5

Index
score
in
1976
3.79
0
0
5.0
0.78
10
6
9.34
10
10
10
10
0
5.17
8
3
2.5
1

Index
score
in
1986
4.74
1.71
0
3.33
0
9.73
6
9.48
2.17
9.57
9.82
10
10
0
8
5
3
2

Index
score
in
1995
9.52
3.08
0
6.25
0
10
5
6.90
0
9.75
9.61
0
10
0
8
8
2
3

Index
score
in
2005
2.31
4.23
2.33
2.95
0
10
4
7.20
9.07
9.99
10
3.25
1.09
0
8
8
2
4

Index
score
in
2010
0
7.91
0.97
10
0
10
3
10
10
10
10
10
0
10
6
9
3
6

Final
weighted
score in
1954
0.0426
0.0942
0.0000
0.4590
0.5418
0.6790
0.5392
0.4140
1.0060
0.2712
0.1033
0.2111
0.0000
0.0000
0.4830
0.0576
0.1662
0.0699

Final
weighted
score in
1986
0.0957
0.0537
0.0000
0.1528
0.0000
0.6607
0.4044
0.3925
0.2183
0.2842
0.1070
0.2210
0.1360
0.0000
0.3864
0.1440
0.2493
0.2794

Final
weighted
score in
1995
0.1923
0.0967
0.0000
0.2869
0.0000
0.6790
0.3370
0.2857
0.0000
0.2896
0.1047
0.0000
0.1360
0.0000
0.3864
0.2304
0.1662
0.4191

Final
weighted
score in
2005
0.0467
0.1328
0.3348
0.1354
0.0000
0.6790
0.2696
0.2981
0.9124
0.2967
0.1090
0.0718
0.0148
0.0000
0.3864
0.2304
0.1662
0.5588

Final
weighted
score in
2010
0.000
0.2484
0.1394
0.4590
0.0000
0.6790
0.2022
0.4140
1.0060
0.2970
0.1090
0.2210
0.0000
0.1440
0.2898
0.2592
0.2493
0.8382

4 DISCUSSION

3.2 General evaluation on ecological security of Sanjiang
Plain

We chose the ecological security index (ESI) for six
periods to reflect the changes in the ecological security of
Sanjiang Plain in recent 50 years. We chose 1954 as the
beginning of our research period because complete data
for Sanjiang Plain were unavailable for earlier periods. For
this reason, we selected the 1954-1965, 1966-1976, 19771987, 1988-1995, 1996-2005 and 2006-2010 periods for
our study. Table 4 shows the final scores for all indices in
the six periods.
The corresponding values for ESI in different periods
were calculated following the formulas (1), (2) and (5).
The values for ESI were 5.1381, 4.3748, 3.7854, 3.6100,
4.6429 and 5.5555 in 1954, 1976, 1986, 1995, 2005 and
2010 respectively. According to different status grades,
the ecological security of Sanjiang Plain had deteriorated
from a status of ‘early stages of damage’ to one of moderately damaged, and restored to ‘the early stage of damage’
in 2005, even almost approached the status of ‘relative
safety’ in 2010. The level of ecological security decreased
gradually from 1954 to 1995, the ESI reduced by 1.53,
while increased by 1.95 from 1996 to 2010. The main
reasons are the government and people began to realize
the environmental cost to pay for the rapid development
of the economy and improved its ecological environment
by exploring agricultural scientific research and increasing investment in environmental protection.

Final
weighted
score in
1976
0.0766
0.000
0.000
0.2295
0.0709
0.6790
0.4044
0.3867
1.0060
0.2970
0.1090
0.2210
0.0000
0.0744
0.3864
0.0864
0.2078
0.1397

4.1 The serious damage of human behaviors on ecological
security

The population increase occurred in this region in the
recent 50 years is an important reason for the current ecological damage being experienced by Sanjiang Plain. With
regard to the most farms located in the freeze-thaw agricultural area, the energy source relied mainly upon dung,
wood and other biomass energy to warm. As a result, human behaviors, such as chopping down large quantities of
woody vegetation to provide fuel and so on, had damaged
the ecological environment. The per capita arable land
decreased continually due to the increase of population.
The impact of economic benefits and human activities on
the ecological environment is becoming more seriously, such
as cutting down trees, deforestation for farmland reclamation, promoting the development of animal husbandry,
and so on. At the same time, lacking effective environmental management was the principal reason for the decline of forest and grassland area.
4.2 Selection of the evaluation Index

The freeze-thaw condition and the rapid development
of agriculture in Sanjiang Plain are the typical characteristics of freeze-thaw agricultural area. In this study, most
indicators were relevant to the agricultural production,
and the index about the freeze-thaw condition was spare.
The reasons of above were the inadequate historical data,
the discontinuous experimental data and so on. For example, the monitoring of the soil temperature is a long-term
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process. We did not select the soil temperature as an indicator because our monitoring began in 2009 and the historical data are scare in this region.
4.3 The relevance of eco-security in freeze-thaw agricultural
area with international researches

As a general feature of the freeze-thaw area, similar
ecological security assessments have been studied in Tibetan plateau [16, 17]. However, there is little research on
ecological security of freeze-thaw agricultural area in the
world. We constructed the model for the ecological security
assessment in freeze-thaw agricultural area and further set
up the evaluation indicator system in this study. In our case,
the study of ecological security was motivated by its application in assessing ecological risk due to agricultural production and freeze-thaw condition, which provided a scientific basis for the environmental management.
5 CONCLUSIONS
In view of the characteristics of the freeze-thaw agricultural area, a research system of ecological security for
freeze-thaw agricultural area was developed by the combination of PSR model and AHP method, and had been applied in Sanjiang Plain. In our model, the ESI of the study
area decreased from a status of ‘early stages of damage’ in
1954 to moderately damaged status in 1986, to the status of
‘early stages of damage’ in 2005. On the basis of field
investigation and driving force analysis, it is found that the
change of ecological security were caused by the degeneration of the wetland functions, agricultural non-point source
pollution and lack of environmental management.
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ABSTRACT
A novel nitrate-uptake bacterial strain Bacillus
megaterium NCT-2 was isolated from greenhouse soil.
This isolate could utilize nitrate as sole source of nitrogen.
The resting cells could remove nitrate over 200 mg/L within
48h. Although nitrate was not essential for the growth
of this microorganism, it increased the growth rate. To
characterize the microbial nitrate uptake, we measured the
effect of sodium chloride and heavy metal ions on the
uptake. The increase of sodium chloride concentration
inhibited the nitrate removal. When sodium chloride concentration exceed 10%, only very little uptake was observed. And that inhibitory effect of sodium chloride on
both nitrate uptake and bacterial growth was dose-dependent.

The heavy metal ions, such as Ni2+, Cd2+, and Cu2+, could
inhibit the nitrate uptake. In the opposite case, Zn2+ and
Mn2+ had no effects on the nitrate removal. Furthermore,
Fe3+can significantly promote the uptake. The effects of
metal ions on uptake were consistent with that on the growth
of strain NCT-2. This study suggested the strain NCT-2
could be widely used for bioremediation of soil contaminated by nitrate.

KEYWORDS: Bacillus megaterium; nitrate uptake; heavy metal
ions; sodium chloride
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1 INTRODUCTION

nitrate transformation and determined whether NCT-2 can
be used for biological remediation.

Nitrate, either formed in soils or supplied as fertilizers, is an essential nutrient for the growth and reproduction of plants. Excess amount usage of nitrate in the form
of nitrogen fertilizer or intensive agriculture leads to the
accumulation of nitrate in vast areas of domestic farmlands. The accumulation of nitrate in the surface soil damages the growth and development of plants. Namely, it
causes salt stress [1, 2]. And nitrate concentrations of underground water resources in many countries increases dras* Corresponding author

tically [3, 4] due to nitrogen loss from irrigated cropland,
particularly from sandy soils. The major concern of excess nitrate in drinking water is the associated blue-baby
syndrome in infants resulting from the conversion of hemoglobin into methemoglobin, which cannot carry oxygen
[5, 6]. Vegetables grown in soil retaining excess amounts
of nitrate may contain a high concentration of nitrate-N
(NO3-N) [7]. This high concentration of nitrate in vegetables increases the risk of colon cancer development in
humans [8, 9].
Nitrate can be removed from polluted environments by
various physical, chemical, and biological methods [10-13].
Aerobic organisms, including plants, fungi, and bacteria
could utilize nitrate as a nitrogen source and an electron
acceptor for the removal of excess reducing power [14].
Bacterial removal of nitrate has been successfully used in
all kind of industrial wastewater treatments [15, 16]. To
improve plant growth and remove the nitrate accumulated
in agricultural soils, microbes were isolated from greenhouse soils and their characteristics of nitrate removal were
investigated [17]. The use of microorganisms is expected to
be an effective tool for bioremediation of polluted environment. Nevertheless, bioremediation technology has not
been very successful for the removal of excess nitrate from
agricultural environments.
Agricultural soil contained the heavy metals and sodium chloride with high concentration [18, 19]. And, the
heavy metals and high concentration sodium chloride were
able to inhibit most bacterial activities [20, 21]. There were
few reports on the study of the effects of heavy metals and
sodium chloride on the removal of nitrate. Therefore, searching the salt and heavy-metal tolerant bacteria in environmental bioremediation would be a great improvement of
conventional biological treatment systems and bioremediation concept.
It was necessary to develop new microbial resources
in bioremediation in order to obtain more information on
nitrate removal from contaminated-environmental soils. In
this study, we isolated and identified a soil bacterial strain,
Bacillus megaterium NCT-2, which can utilize nitrate as the
sole nitrogen source. And we measured the effect of heavy
metals and sodium chloride on bacterial nitrate uptake activity in order to understand the characteristics of bacterial

2 MATERIALS AND METHODS
2.1 Media and culture conditions

The media used in this study were a Defined inorganic
salts medium (ISM) [17], containing 10.0 g /L KNO3 (the
only nitrogen source). The ISM (pH 7.0) contained 0.5 g/L
MgSO4•7H2O, 1.0 mg/L CaCl2, 10.0 mg/ L FeSO4•7H2O,
0.5 g/L KH2PO4, 20 g/L glucose. Solid media contained
15.0 g/L agar in ISM. Both media were autoclaved at 121°C
for 20 min. The strain was cultivated aerobically at 25 °C
in both media.
2.2 Isolation and Biolog Analysis of Bacillus megaterium
NCT-2

A soil sample was taken from greenhouses with more
than ten years of planted in Nanhui District in Shanghai,
China. The fresh sludge sample was inoculated into the
ISM liquid medium supplemented with 10g/L KNO3.
After two months of enrichment and screening, the most
efficient strain designated as NCT-2 was chosen for this
study. The morphology was observed by electron microscope (Sirion 200, USA).
Genomic DNA was extracted using EZ-10 Spin Column
Genomic DNA Minipreps Kit (bio basic inc.). The 16S
rRNA gene was amplified by PCR. The primers 27F:5′AGAGTTTGATC(A/C)TGGCTCAG-3′ and 1492R:5'TACGG(C/T)TACCTTGTTACGACTT -3′ were used [22].
The PCR product was sequenced by Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China), and the sequence
was compared with the sequences in the GenBank database
using the Blastn Program.
Biolog GN2 tests and the manual reading of the plates
were performed by BIOLOG (Biolog, Hayward, CA, USA)
according to the manufacturer’s indications. A pure culture
of strain NCT-2 was grown on Biolog Universal Growth
Sheep Blood Agar. And, the bacteria were swabbed from
the surface of the agar and suspended to a specified density in GN/GP Inoculating Fluid. Bacterial suspension
(150µL) was pipetted into each well of GN2 Microplate.
The microplate was inoculated at 25°C for 24h. The color
density in the microplates wells was interpreted visually
as positive, negative, or borderline.
2.3 Preparation resting cell

Bacillus megaterium NCT-2 was grown in 100mL ISM
supplemented with 100mg/L nitrate-N in 250 ml flask at
25°C and 150 rpm. The cells were harvest after 3 days and
subsequently transferred into the ISM supplemented with
400mg/L nitrate-N and 5g/L tryptone, until OD600 reaching
1.2. Cell were harvested by centrifugation (6,000 rpm,
10 min at 4°C) and suspended in 0.1 M phosphate buffers
(pH7.4). Then, the cells were washed with the same buffer
twice. Finally, the cells were resuspended to a final con-
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centration of 10 mg/ml (wet cell weight) for various assays or stored at 4°C.
2.4 Uptake of nitrate by the resting cell of Bacillus megaterium NCT-2

Uptake of nitrate by the resting cell of strain NCT-2
was carried at 25°C and 150 rpm, when the concentration
of nitrate was from 100 to 1,000 mg/L. And, the concentration of resting cells was about 20 mg/L in this experiment.
FIGURE 1 - Scanning electron micrographs of isolate Bacillus
megaterium NCT-2. Masses of cells (a) and single cell (b).

2.5 Effect of heavy mental ions and Sodium Chloride

The effects of Sodium Chloride were investigated by
adding sodium chloride into the ISM with 400 mg/L nitrate-N. The final concentration was from 0 % to 15 %.
The effects of different heavy metal ions on the nitrate
uptake were tested. The heavy metal salts used in this study
were as follows: ZnCl2, FeCl3, CuSO4, MnCl2, Pb(NO3)2,
CdCl2, NiSO4. Stock solution (1M) of corresponding metal
ions were prepared and then treated by filtration sterilization. The stock solutions were added to ISM with 400 mg/L
nitrate-N, and the final concentration of each heavy metal
ion was 1mM. Strain NCT-2 grown in ISM was incubated
into the media above for nitrate uptake.
2.6 Analytical methods

Biomass concentration was determined by optical density (OD) at 600 nm. And, the concentration of nitrate was
measured continuous flow analysis (SEAL AutoAnalyzer3,
USA ).
3 RESULTS

were readily metabolized. In these carbon sources, glucose could be used by strain NCT-2 as sole source of carbon and energy, which was important for accelerating the
removal of nitrate.
3.3 Nitrate uptake by the resting cells of Baclillus megaterium
NCT-2

In this study, the resting cells of strain NCT-2 was able
to transform nitrate-N efficiently at 25°C and 150 rpm. The
uptake of nitrate-N at various initial concentrations was
investigated and results were shown in Fig.3. The resting
cells could utilize 100mg/L nitrate-N within 24 h. And
300 mg/L nitrate-N was taken up nearly completely within
48h. However, when the initial concentrations of nitrateN were more than 300 mg/L, the nitrate-N was taken up
incompletely. When NCT-2 was incubated in the media
containing 400, 600 and 800mg/L nitrate-N, nitrate-N
removals were 78.3±0.6, 64.5±0.5, 44.9±0.2%, respectively within 60h. When the initial concentration of nitrateN was 1000 mg/L, over 500 mg/L nitrate-N still remained
in the culture. And, little nitrate-N could be taken up when
the inoculation was more than 48h.

3.1 Morphological features

A novel nitrate-uptake bacterium, strain NCT-2, was
isolated from greenhouse soil. And, it was registered in
China General Microbiological Culture Collection Center
(CGMCC No. 4698). It could use nitrate as sole sources of
nitrogen. It formed grey, convex, smooth with entire margins and homogeneous colonies in inorganic salts medium.
Strain NCT-2 was gram positive, long rhabditiform,
and measured 1.2-1.5 µm in width and 3.5-5 µm in length
(Fig.1).
3.2 Physiological characteristics and identification of NCT-2

16S rRNA gene sequence of strain NCT-2 (GenBank
No. JQ413993) showed 96% homology to that of B.
megaterium T10-1T (Fig.2). And combining with the results of physiological and biochemical characteristics (data
not shown), it was identified as Baclillus megaterium by
according to Bergey's Manual of Determinative Bacteriology. Therefore, strain NCT-2 was identified as Baclillus
megaterium. The characteristic carbon-source utilization
of strain NCT-2 was investigated by Biolog Analysis, and
the results are shown in Table 1. Numerous carbon sources
could be utilized, and totally 19 different carbon sources

FIGURE 2 - The phylogenetic relationship of genus Bacillus. GenBank number as follow: B. megaterium NCT-2 (JQ413993), B. megaterium T10-1T (JF496300), B. megaterium XA7-7-1 (JF496300),
B.aryabhattai Kt10-17 (JF460759), B. aryabhattai PSB54 (HQ242767),
B. subtilis C14-1 (EU257452), B. sp. MHS018 (DQ993305)
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The effects of different concentrations of sodium chloride on the nitrate-N uptake were measured in the presence
of 400 mg/L nitrate-N, and the results were shown in Fig. 4.

3.4 Effects of sodium chloride on nitrate uptake

TABLE 1 - Utilization of different carbon source in Biolog GN2 microplates by Bacillus megaterium NCT-2
carbon source
Water
Glycogen
N-Acetyl-D-Galactosamine
L-Arabinose
i-Erythritol
D-Galactose
m-Inositol
Maltose
D-Melibiose
D-Raffinose
Sucrose
Xylitol
Acetic Acid
Formic Acid
D-Gluconic Acid
α-Hydroxy Butyric Acid
p-Hydroxy Phenylacetic Acid
α-Keto Glutaric Acid
Malonic Acid
D-Saccharic Acid
Bromo Succinic Acid
L-Alaninamide
L-Alanyl-glycine
L-Glutamic Acid
L-Histidine
L-Ornithine
L-Pyroglutamic Acid
L-Threonine
Urocanic Acid
Thymidine
2-Aminoethanol
D,L-α-glycerol Phosphate
+ positive, (+) ambiguous, – negative

result
–
+
–
–
(+)
–
+
–
–
(+)
–
–
+
(+)
–
+
–
+
+
–
–
–
–
–
–
–
–
–
–
+
–
–

carbon source
α-Cyclodextrin
Tween 40
N-Acetyl-D-Glucosamine
D-Arabitol
D-Fructose
Gentiobiose
α-D-Lactose
D-Mannitol
β-Methyl-D-Glucoside
L-Rhamnose
D-Trehalose
Methyl Pyruvate
Cis-Aconitic Acid
D-Galactonic Acid Lactone
D-Glucosaminic Acid
β-Hydroxy Butyric Acid
Itaconic Acid
α-Keto Valeric Acid
Propionic Acid
Sebacic Acid
Succinamic Acid
D-Alanine
L-Asparagine
Glycyl-L-AsparticAcid
Hydroxy-L-Proline
L-Phenylalanine
D-Serine
D,L-Carnitine
Inosine
Phenyethylamine
2,3-Butanediol
Glucose-1-Phosphate

FIGURE 3 - Removal of nitrate-N by resting cell of Bacillus megaterium NCT-2. Cultivations were carried out at 25°C and 150 rpm in
inorganic salts medium containing different amounts of nitrate-N.

result
–
–
+
–
–
(+)
–
(+)
–
–
–
–
–
–
(+)
–
+
(+)
–
–
+
(+)
–
–
+
–
–
–
–
–
–
–

carbon source
Dextrin
Tween 80
Adonitol
D-cellobiose
L-Fucose
α-D-Glucose
Lactulose
D-Mannose
D-Psicose
D-Sorbitol
Turanose
Mono-Methyl-Succinate
Citric Acid
D-Galacturonic Acid
D-Glucuronic Acid
γ-Hydroxy Butyric Acid
α-Keto Butyric Acid
D,L-Lactic Acid
Quinic Acid
Succinic Acid
Glucuronamide
L-Alanine
L-Aspartic Acid
Glycyl-L-Glutamic Acid
L-Leucine
L-proline
L-Serine
γ-Amino Butyric Acid
Uridine
Putrescine
Glycerol
Glucose-6-Phosphate

result
–
–
+
–
+
+
–
(+)
–
+
–
–
–
–
(+)
+
(+)
–
+
–
–
–
+
–
–
–
–
+
–
–
–
–

FIGURE 4 - Effect of sodium chloride on the nitrate-N uptake.
Cultivations were carried out at 25°C and 150 rpm in inorganic salts
medium containing 400mg/L nitrate-N.

In the presence of 3.0% sodium chloride, bacterial growth
appeared to be normal and similar to that in the control
samples; however, 5.0% sodium chloride suppressed the
growth of Bacillus megaterium NCT-2, as evidenced by the
decrease in absorbance from 2.1 to 1.8. At sodium chloride
concentrations exceeded 8.0%, growth was severely suppressed. Sodium chloride inhibited nitrate uptake in a similar manner. In the presence of 3.0% sodium chloride, the
nitrate removal was equal to that in the control, and approx-
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imately 75% of the nitrate was removed from the medium
after 24 h of incubation (Fig. 3). As the concentration of
sodium chloride increased from 3.0% to 8.0%, the amount of
nitrate taken up decreased drastically, and a small amount
uptake was observed in the presence of 10.0% and 15.0%
of sodium chloride. These results showed that the inhibitory effect of sodium chloride on both bacterial growth
and nitrate uptake was dose-dependent.
3.5 Effects of heavy metal ions on the nitrate uptake

Study on the effects of heavy metal ions on the uptake of nitrate-N was necessary because metals have been
widely distributed in soil [23]. The result indicated that
the metal ions such as Zn2+ and Mn2+ had no effects on the
uptake of nitrate-N (Fig.5a). Furthermore, Fe3+ can significantly promote the uptake. The effects of these metal ions
were consistent with that on the growth of strain NCT-2
(Fig.5b). In the opposite case, Ni2+, Cd2+, and Cu2+ inhibited the growth of NCT-2 (Fig.5b) and thus the nitrate uptakes were severely decreased in the presence of these metal
ions (Fig.5a). The NCT-2 is a good candidate for microbial
remediation; however, it is very sensitive to some heavy
metal ions. Therefore, it can be used in soil and water contaminated by nitrate and without Ni2+, Cd2+, and Cu2+.

4 DISCUSSION AND CONCLUSIONS
This study reported the isolation and identification
of a nitrate-utilizing bacterium and a preliminary analysis of its characteristics. We identified this strain, Bacillus
megaterium NCT-2 which could use nitrate as a sole source
of nitrogen. Little is known about how nitrate uptake and
bacterial growth could be affected by environmental factors. Light, phosphate and chlorate were reported to have
an effect on nitrate uptake [24, 25]. In our studies, the
strain NCT-2 is capable of removing nitrate and effects of
metal ions and sodium chloride on that were investigated.
As shown in the nitrate uptake profiles (Fig.3), the nitrate removal at different initial nitrate-N concentrations
ranging from 100-1000 mg/L. The resting cells of the
Bacillus megaterium NCT-2 used in the present study
were found to be not only tolerant to very high concentrations of nitrate-N but also effective in nitrate-N removal.
Though with nitrate-N concentration increasing nitrate
removal ratio decreased, nitrate removal amount increased.
Little nitrate was removed after 60h probably due to the
depletion of nutrients in the media. This study demonstrated that NCT-2 has nitrate removal activity.
It was reported that iron oxidising bacteria was capable
of adapting only to low concentrations of sodium chloride,
and high concentration provoked an inhibitive effect that
reduced the cell replication rate [21]. In another related
development, the uptake of nitrate was shown to decrease
in Aphanothece halophytica grown under salt-stress condition [26]. The same phenomenon appeared in our studies
(Fig. 4), that the strain Bacillus megaterium NCT-2 both
growth and nitrate uptake decreased under high concentration sodium chloride stress. However, the strain grew well
within 4.0% sodium chloride.
An increasing body of evidence suggested that microorganisms are sensitive to heavy metal ions stress on the
soils [27, 28]. Tsai et al. [29] reported that Cd had strong
inhibition on nitrate uptake rate in activated sludge; however, Pb had no significant inhibition on that. This was
similar to our studies (Fig. 5). And Zn2+ and Mn2+ had no
effects on nitrate uptake. These kinds of results indicated
that the NCT-2 would appear to be the best suited candidate available for bioremediation of nitrate contaminatedenvironmental sites because of its better growth and removal
ability. Future studies on its genetics of nitrate removal will
be useful to better understanding of nitrate uptake in the
environment and to biotechnological applications.

ACKNOWLEDGEMENT

FIGURE 5 - Effect of heavy metal ions on nitrate-N uptake. Cultivations were carried out at 25°C and 150 rpm in inorganic salts medium containing 400mg/L nitrate-N; and the final concentration of
each heavy metal ion was 1mM.

This research was financially supported by the Natural Science Foundation of China (No.31071860 and No.
20977062), Special Fund for Agro-scientific Research in the
Public Interest of China (No.200903056), Science Foundation of Shanghai (No.08DZ1900404 and No. 10410705800)

421

© by PSP Volume 22 – No 2. 2013

Fresenius Environmental Bulletin

and the National High Technology Research and Development Program (“863” Program) of China (2007AA10Z441).

REFERENCES
[1]

[2]

[3]

[4]

[5]

Wang Z.H, and Li S.X. (2003) Effects of N forms and rates
on vegetable growth and nitrate accumulation. Pedosphere.
13(4), 309-316.
Zhou J.M., Huan H.F., Duan Z.Q., Wang H.Y., and Gao Y.F.
(2007) Contributions of greenhouse soil nutrients accumulation to the formation of the secondary salinization: a case
study of Yixing city, China. Agrochimica. 51(4-5), 207-221.
Li Z. (2003) Use of surfactant-modified zeolite as fertilizer
carriers to control nitrate release. Micropor. Mesopor. Mat.
61(1-3), 181-188.
Shukla B.D., Misra A.K., and Gupta R.K. (1998) Application
of nitrogen in production and post-production systems of agriculture and its effect on environment in India. Environ. Pollut. 102(1), 115-122.
Ghosh B.C., and Bhat R. (1998) Environmental hazards of
nitrogen loading in wetland rice fields. Environ. Pollut.
102(1), 123-126.

[6]

Golden P.J., and Weinstein R. (1998) Treatment of high-risk,
refractory acquired methemoglobinemia with automated red
blood cell exchange. J. Clin. Apheresis. 13(1), 28-31.

[7]

Jin S.J., Cho H.J., and Chung J.B. (2002) Water stress enhances nitrate accumulation in lettuce at low light intensity.
Agr. Chem. Biotechnol. 45(4), 191-195.

[8]

Onyesom I., and Okoh P.N. (2006) Quantitative analysis of
nitrate and nitrite contents in vegetables commonly consumed in Delta State, Nigeria. Br. J. Nutr. 96(5), 902-905.

[9]

Santamaria P. (2006) Nitrate in vegetables: toxicity, content,
intake and EC regulation. Sci. Food Agric .86(1), 10-17.

[10] Kumar M., and Chakraborty S. (2006) Chemical denitrification of water by zero-valent magnesium powder. J. Hazard
Mater. 135(1-3), 112-121.
[11] Lo T., Ivan G.K., and William R.R. (2007) The feasibility of
applying immature yard-waste compost to remove nitrate
from agricultural drainage effluents: A preliminary assessment. J. Hazard Mater. 144(1-2), 585-589.

[16] Vilchez C., Garbayo I., Markvicheva E., Galvan F., and Leon
R. (2001) Studies on the suitability of alginate-entrapped
Chlamydomonas reinhardtii cells for sustaining nitrate consumption processes. Bioresour. Technol. 78(1), 55-61.
[17] Shi W.W., Zhang C.H., Zhi Y., and Zhou P. (2010) Transformation of Nitrate Nitrogen by Three Strains of Bacteria
Isolated from Facility Culturing Soils. 2010 4th International
Conference on Bioinformatics and Biomedical Engineering.
DOI: 10.1109/ICBBE.2010.5516777.
[18] Gupta S., Nayek S., Saha R.N., and Satpati S. (2008) Assessment of heavy metal accumulation in macrophyte, agricultural soil, and crop plants adjacent to discharge zone of
sponge iron factory. Environ. Geol. 55(4), 731-739.
[19] Chen Z.L., Shi G.T., Xu S.Y., Yao C.X., Bi C.J., and Wang
L. (2009) Salinity and persistent toxic substances in soils
from Shanghai, China. Pedosphere. 19(4), 779-789.
[20] Lavelle P., Dai J., Becquer T., Rouiller J.H., Reversat G., and
Bernhard-Reversat F. (2004) Influence of heavy metals on C
and N mineralisation and microbial biomass in Zn-, Pb-, Cu-,
and Cd-contaminated soils. Appl. Soil Ecol. 25(2), 99-109.
[21] Ralph D.E., Shiers D.W., and Blight K.R. (2005) Sodium
sulphate and sodium chloride effects on batch culture of iron
oxidising bacteria. Hydrometallurgy. 80(1-2), 75-82.
[22] Lane D.J., Pace B., Olsen G.J., Sogin M.L., Pace N.R. (1985)
Rapid determination of 16S ribosomal RNA sequences for
phylogenetic analyses. Proc. Natl. Acad. Sci. U. S. A. 82,
6955-6959.
[23] Bannon D.I., Drexler J.W., Fent G.M., Casteel S.W., Hunter
P.J., Brattin W.J., and Major M.A. (2009) Evaluation of
small arms range soils for metal contamination and lead bioavailability. Environ. Sci. Technol. 43(24), 9071-9076.
[24] Hu Q., Westerhoff P., and Vermaas W. (2000) Removal of
nitrate from groundwater by cyanobacteria: Quantitative assessment of factors influencing nitrate uptake. Appl. Environ.
Microbiol. 66(1), 133-139.
[25] Kim Y.K., Wang H.S., and Han M.W. (2010) Chlorateinduced inhibition of nitrate uptake mediated by Enterobacter
amnigenus GG0461. J. Korean Soc. Appl. Biol. Chem. 53(2),
164-169.
[26] Incharoensakdi A., and Wangsupa J. (2003) Nitrate uptake by
the halotolerant cyanobacterium Aphanothece halophytica
grown under non-stress and salt-stress conditions. Curr. Microbiol. 47(3), 255-259.

[12] Zhang Y.H., Zhong F.H., and Xia S.Q. (2009) Effect of initial pH on autohydrogenotrophic denitrification. Fresenius
Environ. Bull. 18(12), 2352-2358.

[27] Giller K.E., Witter E., and McGrath S.P. (1998) Toxicity of
heavy metals to microorganisms and microbial processes in
agricultural soils: A review. Soil Biol. Biochem. 30 (10-11),
1389-1414.

[13] Tang S.,Yang Q., Shang H.T. and Sun T. (2010) Removal of
nitrate by autosulfurotrophic denitrifying bacteria: optimization, kinetics and thermodynamics study. Fresenius Environ.
Bull. 19 (12B), 3193-3198.

[28] Leita L., De Nobili M., Muhlbachova G., Mondini C., and
Marchiol L. (1995) Bioavailability and effects of heavy metals on soil microbial biomass survival during laboratory incubation. Biol. Fertil. Soils. 19(2-3), 103-108.

[14] Vanderleyden J., Steenhoudt O., Ping Z, and Broek A.V.
(2001) A spontaneous chlorate-resistant mutant of Azospirillum brasilense Sp245 displays defects in nitrate reduction and
plant root colonization. Biol. Fertil. Soils. 33(4), 317-322.

[29] Tsai Y.P., You S.J., and Huang R.Y. (2009) Effects of heavy
metals on the specific ammonia and nitrate uptake rates in activated sludge. Environ. Eng. Sci. 26(7), 1207-1215.

[15] Pinar G., Duque E., Haidour A., Oliva J.M., SanchezBarbero
L., Calvo V., and Ramos J.L. (1997) Removal of high concentrations of nitrate from industrial wastewaters by bacteria.
Appl. Environ. Microbiol. 63(4), 2071-2073.

422

© by PSP Volume 22 – No 2. 2013

Fresenius Environmental Bulletin

CORRESPONDING AUTHOR
Zhou Pei
Key Laboratory of Urban Agriculture (South)
Ministry of Agriculture
Shanghai 200240
P.R. CHINA
and
Shanghai Jiao Tong University
School of Agriculture and Biology
Shanghai 200240
P.R. CHINA
E-mail: peizhousjtu@163.com
FEB/ Vol 22/ No 2/ 2013 – pages 412 – 417

Received: June 06, 2012
Revised: July 24, 2012; August 07, 2012
Accepted: August 16, 2012

423

© by PSP Volume 22 – No 2. 2013

Fresenius Environmental Bulletin

TOXICITY AND BIOAVAILABILITY OF
CHROMIUM IN CONTAMINATED SEDIMENTS
IN THE FOSHAN WATERWAY, CHINA
Feng Li1,2,*, Chang-hua Wu1, Yun-jun Yu3, Zhi-peng Duan1,
Ge Mai4, Wei-wei Song3, Yan-mao Wen2, Ze-tao Chen1 and Li-jing Deng1
1

School of Civil Engineering, South China University of Technology, Guangzhou, 510641, China
2
The Institute of Environmental Science, Sun Yat-sen University, Guangzhou, 510275, China
3
South China Institute of Environmental Sciences, Guangzhou, 510655, China
4
College of Urban Construction, Zhongkai University of Agriculture and Engineering, 510225, China

ABSTRACT
Although the influence of acid volatile sulfide (AVS)
on the bioavailability of divalent metals has been recognized, it was unable to predict the potential toxicity of
Chromium (Cr). An ‘AVS hypothesis’ has been proposed to
make up for the shortcoming. The hypothesis will potentially extend the utility of AVS measurements as a tool of
sedimentary heavy metal assessment but should be further
tested under various conditions. Samples were taken and
analyzed in the Foshan Waterway (China) to explore the
relationship between AVS and the bioavailability of Cr in
contaminated sediments under anaerobic conditions with
a view to providing a field evaluation of the AVS hypothesis in a heavily polluted river rich in sulfur. In general, the
results prove that the hypothesis works even in a highly
contaminated area: while the value of AVS is high,
porewater Cr is low and it positively correlates with bioaccumulation. Bioaccumulation has a significantly positive correlation with SEMCr, which hence may also be an
appropriate indicator of Cr bioavailability.

KEYWORDS: bioavailability; chromium; contaminated sediments;
acid volatile sulphide

INTRODUCTION
AVS is operationally defined as the amount of sulfide
that can be volatilized during a cold 1N HCl extraction
[1]. The AVS-bound metals are extracted at the same time
and are therefore called simultaneously extracted metals
or SEM [1, 2]. Di Toro et al. [2] formulated the [SEMAVS] model for sediment toxicology at the beginning of
the 1990s. This model predicts that metals will be bound
* Corresponding author

to sulfide and the sediment porewater is considered to be
nontoxic when AVS concentrations in sediments exceed
the sum of SEM concentrations (Generally Cd, Cu,Pb, Ni,
and Zn, on a molar basis). On the contrary, when the sediment contains an excess of SEM, metals will be released
into the sediment pore water and become potentially toxic
to the aquatic life [2, 3]. In many researches, this model has
been validated to be a useful predictor of toxic effects in
both freshwater and marine environments [4-7].
The model has been built based on the fact that metals will form insoluble sulfide that has solubility products
lower than FeS and MnS [8, 9]. Berry et al. [10] deemed
that chromium should not necessarily be included among
the common SEM metals because its interaction with AVS
is not formation of an insoluble sulfide, but rather oxidation
of sulfide and concomitant reduction of chromium. In fact,
the difficulty in predicting the biological effects of Cr in
sediment is that Cr exists in sediments in two oxidation
states, Cr(III) and Cr(VI), each with very different geochemical properties and toxicological effects. Cr(VI) is
highly oxidized and unstable in reducing and even moderately oxidizing environments [11,12]. Cr(VI) is also very
soluble and highly toxic[13], whereas Cr(III) has very low
solubility at environmentally relevant pH and has relatively low toxicity [14]. Cr pollution has been concerned
because it is often found in contaminated sediments and
elsewhere [15]. What's more, the concentrations of Cr are
usually high in the rivers and lakes associated with tanneries, smelters, and plating facilities, and the potential toxicity may pose a great threat to the ecosystem [16]. Therefore
it would be an important limitation of the [SEM-AVS]
model if it is unable to predict the potential toxicity of
Cr [10-12].
An AVS hypothesis has been proposed to make up for
the shortcoming [10-12, 15]. The hypothesis is based on the
following concepts: Cr(III) is much less soluble and toxic
than Cr(VI); Cr(VI) is not stable in reducing environments
such as anoxic sediments in which AVS is formed; and thus
in a sediment where AVS is present, Cr will exist solely as
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Cr(III); therefore the porewater should contain little Cr and
the sediment should not be toxic as the result of Cr
(Porewater metals have been regarded as having the most
toxic effects to the organism)[10, 11]. The hypothesis will
potentially extend the utility of AVS measurements as a
part of sediment assessments if it holds true [10-12, 15]. So
it is worth testing the hypothesis. Since 2004, some researchers have tried to test the rationality of AVS hypothesis. Besser et al. [11] have evaluated the relative toxicity of
the two Cr species and to characterize their interactions
with AVS and other constituents of freshwater sediments. Similar studies have been conducted to evaluate
Cr toxicity to amphipods in marine sediments by Berry et
al. [10]. The two studies have evaluated the toxicity of Cr
in freshwater and marine sediments, primarily during
laboratory studies in which the sediments were spiked
with Cr. Becker et al. [12], and Martello et al. [15] conducted a field survey to Hackensack River in the United
States to provide field evaluation of the hypothesis.
Generally the above mentioned studies support the
AVS hypothesis. However, for the development of a theoretically derived guideline, these are far from enough. Many
in situ surveys must be done to collect the date to test the
AVS hypothesis. The main purpose of this paper is to explore the relationship between AVS and the bioavailability of Cr in contaminated sediments under anaerobic conditions with a view to providing a field evaluation of the
AVS hypothesis in a heavily polluted river. Samples from
13 stations in the Foshan Waterway (China) were collected to represent a wide range of total Cr concentrations. In
this study, chromium speciation and bioavailability were
investigated by measuring the concentrations of total chromium, Cr(VI) and several geochemical parameters in both
the overlying water, surface sediments and sediment
porewater. The potential for chromium bioaccumulation
was also assessed by analysis of whole tissues of indigenous organisms. Results were compared with other studies. The results will provide useful information for establishing a guideline of Cr and the evaluation of remediation strategies for Cr polluted rivers.
2 MATERIALS AND METHODS
2.1 Study area

Located in Guangdong, China, the Pearl River Delta
(PRD) is one of the most important manufacturing bases
of the world, and it was named as "the World Factory".
Foshan City, one of the oldest industrial cities of PRD,
still plays a major role at present. The Foshan Waterway
(113°1.81′-113°12.42′E, 23°1.61′-23°4.50′N) is the only
river that passes through Foshan downtown, which is an
anabranch of the Beijiang River, one of the three main
branches of the Pearl River (Fig. 1). The Foshan Waterway,
26.4 km long and 45-110m wide, starts from Foshan City,
and flows in the Guangzhou section of the Pearl River. So
it is of importance to the water quality and landscape of
Foshan and Guangzhou. There are also many creeks flow-

ing in the Foshan Waterway on the course. And the biggest
one, called Foshan Creek, is 8.5 km long and 18m~50m
wide. Its importance to the socioeconomic development has
been highly recognized, and it is named as "the Mother
River" of Foshan. It has received a large quantity of pollutants to the degree that have gone beyond its capability for
the past decades, especially since China’s reform and
opening-up, the environmental pollution has been becoming worse with the economy growing up rapidly and the
population increasing sharply, and large amount of industrial and domestic wastewater discharges into it without
any treatment due to the lack of municipal facilities. Previous research on the Foshan Waterway shows it has been
polluted seriously by heavy metals [17].
2.2 Sample collection

Based on the results by IESSYSU [17], 13 sampling
stations (Fig.1) were selected as representatives of the sediments of the Foshan Waterway, considering factors such as
geometric characteristics of the river course, hydrology,
distribution of pollution sources and location of wastewater
outlets. All samples were taken in the summer of 2006.
Sediments, overlying water and the benthic invertebrate samples were collected by columnar core sampler and
were taken in triplicate. Methods for sediments sampling:
three replicate core samples were collected in each station;
top 10 cm sediments were sliced and placed in plastic bags
filled with N2 as quickly as possible; sealed bags then were
transferred to a box with ice; the samples were stored at
-4 in laboratory and analyzed in 2 weeks.
Methods for benthic invertebrate sampling: two replicate core samples were collected in each site firstly; then
the two samples were sorted, enumerated in situ roughly,
and the results of the rough measurement would decide
the number of the samples; finally several samples were
collected and sealed by rubber plugs and sealing compound, then were transferred to a box with ice.
Methods for water sampling: surface layer of sediments and the overlying water were collected altogether by
the core sampler; then the overlying water from 5cm to 10cm
upon the sediments was sucked with siphon pipe after settling for 30min.
Porewater was taken by centrifuging under laboratory
conditions [18-20], and was quickly filtered (0.45µm filter
membrane), and stored in polyethylene sample tubes at
4°C [19,20].
2.3 Sample analysis

Eh of sediment and overlying water was in situ measured by a portable redox device. The measuring methods of
other indicators are showed as follows:
Indicators of the sediment: AVS concentrations were
determined by the purge-and-trap method [21]. The extraction concentrations of SEMCr were determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES,
Perkin–Elmer Optima 5300DV, the detect limit of
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FIGURE 1 - Locations of sampling stations along with GPS coordinates: Z1(N 23°2.24′, E 113°1.81′), Z2（N 23°3.00′, E 113°2.86′), Z3（N
23°3.24′, E 113°2.99′), Z4（N 23°3.16′, E 113°4.21′), Z5（N 23°3.01′, E 113°5.74′), Z6（N 23°2.97′, E 113°6.86′), Z7（N 23°3.51′, E
113°6.98′), Z8（N 23°4.49′, E 113°7.15′), Z9（N 23°4.50′, E 113°9.92′), Z10（N 23°4.03′, E 113°10.48′), Z11（N 23°2.73′, E 113°12.42′),
Z12（N 23°2.53′, E 113°7.06′), Z13（N 23°1.61′, E 113°8.11′).

Cr is 0.001mg·L-1). Dried sediment samples were milled
through a 100 mesh nylon sieve, were then digested with
HNO3-HCl-H2O2 (USEPA Method 3050B) and lastly the
content of Fe, Mn and Cr in sediments were determined
by ICP. Grain size distribution was measured with suction
pipe [22]. Content of OC was estimated as 0.58 times loss
on ignition (loss on ignition after heating for 3.5 h at
550 ) [20, 23].
Indicators of the overlying water: the samples for
testing DO were in situ collected in special bottles, adding
MnSO4 and alkaline KI, and measured with Iodometric
method (GB7489-87) in the laboratory. The samples to
measure Cr, Fe, Mn, were in situ added to HNO3 until
pH<2, and measured by ICP after digesting by HNO 3H 2SO 4 (GB7466-87) in the laboratory. The samples to
measure Cr(VI) were in situ added to NaOH until pH≈8,
and measured with diphenylcarbohydrazine spectrophotometric method (GB7467-87) as soon as being filtered with

0.45µm membrane. The samples to measure Fe(II) were on
site put into HCl until pH＜1, then were detected by phenanthroline spectrophotometry method (HJ/T345─ 2007)
quickly.
Porewater indicators: Methods were the same as the
overlying water.
Cr in benthic invertebrate: The benthic invertebrate
samples were placed on a white porcelain plate to be sorted,
enumerated and identified to species levels after screened by
a 40 mesh sieve. The sorted samples were washed by MilliQ water and then fixed by 70% alcohol. The fixed samples were examined by microscopy and counted before
they were dried by the freeze drier. The dried samples
were weighed in order to obtain the data of biomass. Subsequently, the selected Limnodrilus sp. samples were first
digested with HNO3-HClO4, and then were determined by
ICP-AES.
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2.4 Statistical analysis

Data were processed by SPSS 12.0, Excel 2003 and
Origin7.0. A two-way analysis of variance (ANOVA) was
performed in order to determine whether the stations had
an effect on Cr concentration. An alpha level of 0.05 was
used to determine significance. Correlation analysis was
used to determine the relationship between the environmental and biological variables. Prior to analysis, all data
were tested for normality by the K-S method (nonparametric analysis of SPSS). Pearson correlation coefficient was used if the data obey the normal distribution;
vice versa the Spearman (rank) correlation coefficient
would be used.
2.5 Quality control

All materials used for sampling, treatment and storage of samples and solutions were acid-cleaned, followed
by soaking and rinsing with deionized water (Milli-Q) to
minimize sample contamination. All chemicals used in
the experiment were analytical-reagent grade or better.
Known amounts of the standard reference materials provided by NRCCRM (China National Research Center for
CRM’s) were added to wet sediment. The mean recovery
for AVS was 92%, and for Cr 91%. At least one duplicate
was run for every five samples to verify the precision of
the analysis.
3 RESULTS
3.1 Environmental state of the river

As listed in Table 1, DO in the overlying water is close
to zero and Eh is less than zero in the remaining 12 stations
except for Z1. The results are confirmed by the monitoring
results of the local official environmental monitoring department whose report revealed that the water quality was
categorized as worse than Class V according to China
Water Quality Standard [17]. Judging from Table 1, the
present results are also in accordance with the previous
study that the sediments in heavily industrialized urban

environments tend to be anoxic within a few centimeters
of the sediment-water interface [24, 25]. That Eh of the
sediments from all the sampling stations is far below zero
shows they are all in the anaerobic and strong reducing
conditions. Among the 13 stations, it should be noticed that
Z1 is a special one. It is set in the upstream of the Foshan
Waterway and water from Beijiang River runs through this
station via the Shakou Gate. Generally speaking, the water
quality of Beijiang River is better and there are no landbased discharge inlets to Beijiang River, which is the main
reason why water quality in Z1 is the best with a relatively
high level DO of 3.3mg·L-1. But Z1 is also influenced by
pollutants from the downstream because the Foshan Waterway is a tidal section affected by the tides of South China
Sea. Pollutants from the Luocun Creek (Fig. 1) located between Z2 and Z3 has the greatest impact on station Z1, as it
receives a large quantity of industrial wastewater and sewage. When the tide is in, the contaminants from the creek
could be driven to Z1, making the water quality of Z1 degrade.
Water of the Foshan Waterway cannot enter into Beijiang River as the waterway is controlled by Shakou Gate
and Shiken Gate. Hence the water of this waterway can only
flow toward Guangzhou Section of the Pearl River. Due to
movement of the tidal water from this section, the waterway
behaves like a semi-closed waterbody. This makes the contaminants in the Waterway difficult to diffuse, causing its
pollution situation more serious (Fig.1). Table 1 also shows
that the average fine (silt plus clay) content of the surface
sediment varies greatly. The range of fine content is between 5.03% and 89.64%, which causes the significant
fluctuation of OC (1.20-8.41%), but in general the river is
rich in organic matter.
3.2 Concentrations of AVS

AVS in surface sediments ranged between 23.18 and
1892.25 mg·kg-1, with the arithmetic mean of 650.38mg·kg1
. As seen in Table 1, the content of AVS in sediments
present a gradient range facilitating the discussion of this
study. Li et al. [26] have drawn the conclusion that the

TABLE 1 - The monitoring results of some environmental index at sampling stations
**Grain size distribution /%
**Eh /mv
*Eh /mv
*DO /mg·L-1
**OC /%
**AVS/mg·kg-1
sand
silt
clay
Z1
10.36
42.08
47.56
-13
46
3.3
5.16
23.18±11.03
Z2
81.02
9.75
9.23
-171
-140
0
1.57
287.53±80.32
Z3
74.63
13.03
12.34
-107
-15
0.2
2.94
361.57±88.60
Z4
83.14
8.87
7.99
-161
-121
0
5.55
1589.75±581.21
Z5
4.49
62.33
33.18
-142
-124
0
8.41
357.17±98.41
Z6
56.75
27.64
15.61
-196
-171
0
4.06
1892.25±413.80
Z7
11.01
61.36
27.63
-152
-131
0
7.58
1002.80±428.29
Z8
46.45
32.23
21.32
-133
-21
0.1
3.39
296.95±114.47
Z9
17.84
54.17
27.99
-155
-117
0
5.86
619.72±112.74
Z10
48.56
32.83
18.61
-149
-129
0
5.05
425.98±120.89
Z11
94.97
1.23
3.80
-103
-20
0.1
1.20
359.55±79.46
Z12
48.61
31.66
19.73
-182
-165
0
3.24
846.71±270.79
Z13
72.79
15.51
11.7
-137
-19
0.1
2.90
391.80±122.26
Note:** refer to sediment, *refer to overlying water. All parameters were measured based on three samples except grain size which was measured by
two samples, and data in the table are the arithmetic mean.
stations
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AVS of Foshan Waterway is high after comparing with
other studies. This occurs because surface sediment is always in anaerobic and strongly reductive environment and
sediments in Foshan Waterway are rich in sulfur owing to
the long-time effect of pollution sources ashore [26].
3.3 Cr speciation in the overlying water, sediment and
porewater

Table 2 shows that total chromium concentrations
in sediments from the 13 sampling stations range from
23.18 mg·kg-1 to 1892.25mg·kg-1 with an average is
329.57 mg·kg-1, which were far beyond the ambient (background) levels. According to the IESG [27], the background value of Cr in the Pearl River (Beijiang River) is
35mg·kg-1, therefore the average total chromium concentration of Foshan waterway is 9.4 times as much as the
background, showing that the study area is seriously contaminated by Cr. In fact, the concentration levels are much
higher than other industrialized urban rivers of China typically such as Huangpu River in Shanghai whose average
content of Cr was 84.02mg·kg-1 [28]. As listed in Table 2,
total chromium concentration in the overlying water ranged
between 277.98µg·L-1 and 855.29µg·L-1. They may be coming from the runoff of road surfaces, combined sewer overflows, and municipal and industrial discharges. It is noticed
in Table 2 that in all porewater samples total chromium was
detectable. The range is from 34.08µg·L-1 to 173.78µg·L-1.
Although it is lower than those in the overlying water, the
influences of them to Cr bioavailability may be important.
Chromium occurs in the environment principally as
Cr(III) and Cr(VI), which differ greatly in their chemistry
and toxicology. Cr(III) and Cr(VI) can transform into each
other, and the exchange is closely correlated with a variety
of environmental factors such as Eh, OC (organic carbon),
and Fe, Mn. Table 2 shows that Cr(VI) in the overlying
water is much lower than total Cr, and even in four stations Cr(VI) cannot be detected. What's more, Cr(VI) did
not exist in porewater except for Z1. This occurs because
of two reasons: one is the anaerobic and strong reducing
conditions in the heavily industrialized urban river, the

other lies in the abundance of reducing agents such as OC,
iron oxides and Mn oxides. In sediments, Cr(III) solubility
is further limited by strong complexation with sediment
minerals and solid-phase organic ligands such as iron-oxides
and Mn-oxides. Mn-oxides are widely known as strong
metal sorbents, scavengers, and oxidizers. They have also
been shown to oxidize Cr(III) to Cr(VI) under laboratory
conditions [29]. Table 1 shows Fe and Mn in sediments
range from 1.082% to 4.029%, 70mg·kg-1 to 640mg·kg-1,
respectively. There is a large amount of Fe and Mn in
both the overlying water and porewater, judging from
Table 3. It is worth mentioning that Fe(II) is abundant in
the waters (including porewater and overlying water).
Similar to AVS, Fe(II) is an important reducing agent mediating the transformation of Cr(VI) to Cr(III) [30].
SEM is generally defined as the metal fraction representing the sum of molar concentrations of toxicologically
important, cationic metals which are extracted together
with AVS [1, 2]. Though SEMCr is different from those
divalent metals such as Cu, Pb, Cd, Zn and Ni, it is still
representing the most biologically effective Cr in sediments
[3]. Table 2 shows SEMCr ranges between 10.45 mg·kg-1
and 509.30mg·kg-1, with the average of 164.38 mg·kg-1.
These results suggest that there should be a large number
of reactive Cr in sediments of the river.
3.4 Bioaccumulation in benthic organisms

Li et al. [26] reported that only a few species and
small quantity of benthic organisms have been found in
the Foshan Waterway, and most of the species found are
pollution-toletant. Limnodrilus sp. appears in high frequency
as dominant species [26]. Table 2 listed bioaccumulation of
Cr in Limnodrilus sp. collected from 11 stations except for
Z2 and Z6 where no benthic organisms were found. Cr in
Limnodrilus sp. ranges from 12.46 mg·kg-1 to 38.99 mg·kg1
(dry weight), and the average is 25.85 mg·kg-1. Our results
were compared with those reported elsewhere in Table 4.
Judging from Table 4, Cr bioaccumulation in Limnodrilus
sp. is obvious because it is higher than all the 3 compari-

TABLE 2 - Cr concentration in sediments, overlying water, porewater and Limnodrilus sp. (average ± standard deviation)
Overlying water/µg·L-1 ( n=3)

Sediments ( n=3)
Stations
Z1
Z2
Z3
Z4
Z5
Z6
Z7
Z8
Z9
Z10
Z11
Z12
Z13

AVS/mg·kg-1

Total Cr /
mg·kg-1

SEMCr/
mg·kg-1

23.18±11.03

26.10±6.75

10.45±4.11

287.53±80.32
103.84±31.41 42.22±3.38
361.57±88.60
405.88±72.32 329.71±43.83
1589.75±581.21 528.33±51.29 144.65±59.28
357.17±98.41
204.08±47.23 67.70±12.64
1892.25±413.80 445.19±22.45 229.41±27.77
1002.80±428.29 1070.86±69.55 509.30±112.94
296.95±114.47 154.43±17.30 21.63±5.62
619.72±112.74 616.93±39.27 368.91±69.47
425.98±120.89 479.04±51.71 265.34±73.78
359.55±79.46
45.19±11.92
22.05±7.64
846.71±270.79
74.46±6.21
48.98±5.93
391.80±122.26 130.09±19.92 76.64±22.51

a

Cr VI /
µg·L-1

Total Cr

21.37±6.32

312.66 ±54.13

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

Cr VI
97.65±21.56

855.29±342.51 31.77±12.77
776.15±178.23 69.24±31.76
477.84±271.10
ND
389.96±71.63 47.10±19.39
414.25±39.83
ND
492.71±87.95
ND
277.98±57.98 22.56±10.92
498.75±201.37 53.52±16.35
472.54±79.87 31.76±12.61
427.72±172.74
23.76±6.21
569.06±49.22
ND
397.13±101.37 43.13±19.65

428

Porewater/µg·L-1 ( n=3) bLimnodrilus sp. /mg·kg-1
Total Cr
Total Cr
Cr VI
173.78±67.2 67.35±15.3
1
7
c
87.35±31.27
ND
68.47±26.76
ND
91.03±37.87
ND
56.56±19.32
ND
73.75±27.92
ND
79.80±15.45
ND
58.94±25.12
ND
40.24±13.40
ND
43.98±17.73
ND
34.08±13.65
ND
39.47±8.35
ND
42.04±11.73
ND

38.99±7.79
d

31.66
32.25±13.17
23.65±7.53
27.65±12.10
12.46±3.22
34.21
25.78
15.06±4.21
26.41±3.70
16.20±5.74
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TABLE 3 - Fe, Mn in sediment, porewater, and overlying water
sediment /mg·g-1
Overlying water/ µg·L-1
Fe
Mn
Fe
Mn
Z1
37.05
0.61
346.38
17.19
Z2
10.82
0.07
400.29
18.50
Z3
20.94
0.18
431.12
22.93
Z4
26.13
0.19
450.25
253.46
Z5
32.34
0.12
442.96
140.48
Z6
28.32
0 .23
508.07
172.72
Z7
43.89
0 .44
1133.64
26.23
Z8
26.36
0 .20
1565.16
522.92
Z9
40.29
0 .42
2250.65
578.37
Z10
30.90
0.34
1962.56
635.07
Z11
17.58
0 .64
1155.96
53.64
Z12
25.36
0.33
566.10
72.04
Z13
21.40
0 .21
2098.77
538.40
Note All parameters were measured based on three samples（n=3）
stations

Fe(II)
63.45
271.78
72.56
312.77
357.89
314.22
297.25
189.23
672.77
797.81
93.26
412.93
171.32

Fe
559.32
771.16
471.64
601.24
467.81
1062.32
794.88
460.24
431.04
415.65
417.37
428.61
464.16

porewater/µg·L-1
Mn
69.63
353.13
100.29
189.93
364.86
514.97
623.24
1344.36
1167.15
1563.18
812.45
981.97
808.40

Fe(II)
52.67
293.65
115.98
492.65
394.92
672.22
603.22
293.81
393.87
376.78
161.55
392.45
153.26

TABLE 4 - Comparison of other research results of Cr bioaccumulation in benthic organisms with this study
Site
The Hackensack River,
New Jersey, USA
Creeks in Guangzhou,
China
Tidal Flat of Yangtze
Estuary, China
Foshan Waterway,
China

Species of benthic organisms

Range
-1

Nereis virens, Macoma nasuta

1.0-37.5 mg·kg (wet weight)

Tubific-dae tubifexmuller

1.3-11.5 mg·kg-1 (dry weight)

Corbicula fluminea, Sinunovuculu
cunstrictu, Bullucta exarata

8.0 -28.0 mg·kg (dry weight)

Limnodrilus sp.

12.46-38.99mg·kg-1 (dry weight)

-1

sons (assuming that the proportion of water in Nereis
virens and Macoma nasuta is 90% in Table 4).
4 DISCUSSION
4.1 Relationship between AVS and Cr in porewater

Before 2004, the research about the correlation between AVS and Cr was rare; there was only an "AVS
hypothesis" in theory. The AVS hypothesis puts the emphasis on the relationship between AVS and Cr in
porewater, because the significant influence of porewater
on the bioavailability of metals has been well recognized
[10-12, 18]. According to the AVS hypothesis, Cr will
exist solely as Cr(III) in a sediment where AVS is present,
and therefore the porewater should contain little Cr and the
sediment should not be toxic as the result of Cr [10,11].
Previous researchers have tried to test the AVS hypothesis
in recent years. Ten-day water-only and spiked sediment
toxicity tests with the amphipod Ampelisca abdita performed by Berry et al. showed that in sediments where
AVS exceeded analytical detection limits, Cr concentrations in interstitial water were very low, and no significant
toxicity to A. abdita was observed, demonstrating that
measurements of AVS and porewater chromium can be
useful in predicting the absence of acute effects from Cr
contamination in sediments [10]. The experiment was conducted in marine sediments, and similar study has been
proceeded to evaluate Cr toxicity to the Amphipod, Hy-

Average
2.1mg·kg-1
(wet weight)
3.89mg·kg-1
(dry weight)
18.3 mg·kg-1
(dry weight)
25.85 mg·kg-1
(dry weight)

Reference
[14]
[28]
[29]
This study

alella azteca in freshwater sediments by Besser et al. [11].
Results of the studies are consistent with the hypothesis
that the presence of substantial concentrations of AVS in
freshwater sediments greatly reduces risks of Cr toxicity
to benthic organisms. The above mentioned two studies
have evaluated the toxicity of Cr in freshwater and marine
sediments primarily as laboratory studies in which sediments were spiked with Cr. Becker et al. [12] collected
sediments from 10 stations in the Hackensack River (NJ,
USA) to evaluate the toxicity and bioavailability of Cr in
sediments. The results generally were consistent with the
AVS hypothesis in that measurable concentrations of
AVS were associated with low toxicity and bioavailability
of Cr in sediments. Martello et al. [15] also measured total
and hexavalent chromium in sediment and sediment
porewater in the lower Hackensack River to assess the
relationship between sediment geochemistry and chromium speciation. The results are consistent with sediment studies conducted by Becker et al. [12] indicating
low chromium bioavailability in reducing sediments
where AVS exists. All in all the above mentioned researches generally support the AVS hypothesis.
In our study, though the concentration of AVS is high
in most of the sampling stations, Cr in porewater can be
detected (Table 3). Cr in porewater is 34.08-173.78µg·L-1
with the average 68.42µg·L-1. Fig. 2 shows the inverse
relationship between AVS and Cr in porewater in all the
13 stations (r=-0.069, p=0.823). This relationship is consistent with the results by Berry et al. that in sediments
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FIGURE 2 - The relationship between AVS and porewater Cr in all
the 13 stations (r= -0.069, p=0.823).

Usually concerns about Cr toxicity to the ecosystem
are related to elevated Cr(VI) concentrations [33]. The
AVS hypothesis is based on the assumption that the toxicity of Cr in sediments mainly originated from Cr(VI)
which is more soluble and toxic compared with Cr(III).
According to Table 2, Z1 is the only one where the overlying water is aerobic (3.3mg·L-1) among the 13 stations,
and porewater Cr(VI) cannot be detected in the 12 sampling stations except for Z1. These results are consistent
with the hypothesis that Cr(VI) concentrations will remain low in sediments containing substantial concentrations of AVS. Since chromium exists in the environment
principally as Cr(III) and Cr(VI) and there is no detectable Cr(VI) in porewater, we infer porewater Cr exists
mainly as Cr(III). A similar conclusion was made by
Walsh et al. [34] who reported Cr in water was mainly
made up of organic Cr(III) complexes in tannery effluent.
Cr(III), like other cationic metals, tends to complex with
inorganic and organic ligands, sorb to solid surfaces, and
precipitate as hydrous oxides [35]. Considering the high
level of Cr and organic carbon in the sediments in the Foshan waterway, porewater Cr(III) could mainly include
Cr(III) organic compounds and a few soluble inorganic
Cr(III) .

by analysis of Cr accumulation in Limnodrilus sp. which
is an oligochaete benthic invertebrate commonly found in
polluted areas because they can survive in the low oxygen
environment where other benthic animals in this environment tend to be inhibited or even dead [34]. According to
the previous survey about benthos in Pearl River Delta [37],
benthic oligochaetes are dominant in the rivers of Guangzhou City, Foshan City, Dongguan city and limnodrilus
hoffmeisteri is dominant in benthic oligochaetes. Research
by IESSYSU showed the similar results [17]. So we chose
Limnodrilus sp. as the indicator species in this study.
For the AVS hypothesis, Cr(III) must not be toxic
even in porewater, which is a controversial topic because
many studies have reported on the toxic effects of Cr(III)
[44-47]. Some tests used to develop the criteria of Cr
demonstrate biological effects of Cr(III) at environmentally
reasonable pH values and within limits of solubility, showing the chronic effects of Cr(III) on the benthic animals
[45-47]. In fact, many countries have water quality criteria
for Cr(III) including the USA and Canada, although the
criteria for Cr(III) are much higher than those for Cr(VI)
[48, 49]. In this study, porewater Cr in the 11 stations is
significantly correlated with bioaccumulation (r=0.614,
p=0.044). Namely, the Cr bioaccumulation increased as the
concentration of porewater became higher (Fig.3), confirming that porewater Cr has contributed much to the Cr bioavailability. Since porewater Cr is mainly formed as Cr(III),
this conclusion can be made that bioavailability of Cr(III) in
porewater should not be neglected in the anaerobic river
with heavily Cr pollution. The conclusion is confirmed by
other researches [45-47]. For example, Wen et al. [45] reported that the assimilation of Cr(III) from ingested particles is critical for Cr accumulation in mussels, where even
a slight change in the assimilation efficiencies of Cr can
result in a large change in the Cr concentration in mussels.
Walsh et al. [50] documented in waters receiving leather
tannery waste, aquatic animals accumulate chromium to
very high concentrations which have been linked to the
enhanced bioavailability of Cr(III)–protein complexes in
the effluent.

4.2 Influence of porewater Cr on bioaccumulation of benthic
organisms

Benthic organisms have been extensively used as biological monitors of metal contamination [36-39]. Many
researchers believed that accumulation of heavy metals in
benthic reflected effectively the chronic toxicity of heavy
metals [40-43]. The complexity of Cr speciation in freshwater sediments suggests that empirical sediment quality
guidelines based on total Cr concentrations in sediment
should not accurately predict risks of Cr toxicity [15, 41].
In this study, the chronic toxicity of Cr was represented
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where AVS was not significantly greater than zero Cr
concentrations in porewaters increased significantly [10].
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FIGURE 3 - Cr bioaccumulation positively correlates with porewater Cr significantly in the 11 stations.* Note：*The data exclude
station Z2 and Z6 where no benthic inverterbrates have been found
4.3 SEM in relation to bioaccumulation of benthic organisms

Metal accumulation in aquatic organisms has been
regarded as a comprehensive indicator, mainly because it
is very complex and depends on different exposure routes
including overlying water, porewater, and sediments [51].
In anoxic sediments, one of the most important factors
controlling metal availability is AVS. SEM is operationally defined as metals extracted from sediments into solution by the AVS extraction procedure [3]. The dissolved
metals in this solution are also operationally defined as
the metal species that pass through filter material used to
remove the residual sediments [18]. Common convention
defines "dissolved" as metal species <0.45 µm in size [9].
When it comes to SEMCr, which is extracted in accordance with the operating procedures of AVS, it is virtually
represented as the most reactive Cr in sediments and pore
waters that comprises the sum of molar concentrations of
toxicologically importance [9-11]. Therefore, it is reasonable that they have great influences on the bioavailability
of heavy metals. Our results show that SEMCr posively
correlates with Cr bioaccumulation (r=0.385, p=0.242) in
the 11 stations where Limnodrilus sp.can be found
(Fig.4). This result is similar to Lee et al. [52] who found
that metal bioaccumulation from contaminated sediments
was significantly related to extractable, sediment- associated
metals (SEM). Lee et al. [52] ascribed their findings to
the fact that benthic organisms ingest sediment-bound
metals directly via dietary uptake, regardless of AVS. The
related interesting findings include De Jonge et al.’s [53,
53], who point out that bioaccumulation in the benthic
taxa was primarily inﬂuenced by total metal concentrations in the sediment.
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FIGURE 4 - SEMCr posively correlates with Cr bioacccumulation in
the 11 stations. Note：*The data exclude station Z2 and Z6 where
no benthic inverterbrates have been found

It is believed that benthic animals can take up metals
both from the sediment compartment in which they burrow and from the water column compartment above their
burrows [41]. The aquatic worms Limnodrilus sp. prefer

shallow water and live in the mud of the bottom with a
depth of 0.3-0.4m. Their anterior body is buried in the
mud and its posterior sways in the water. They feed organic matters in the mud. Their end is out of their tube and
sways, which can improve water flow and increase gas
exchange [37]. Considering their living habits, Cr accumulation may be both affected by solute and particulate pathways like Cr bioaccumulation of mussels reported by Wen
et al. [45]. According to the model by Wen et al. [45] 1338% of Cr in mussels is from dissolved Cr(VI), whereas
the remaining Cr is from ingested Cr(III), and dissolved
Cr(III); ingested Cr(VI) contributes little to Cr accumulation in mussels.
The significant relationship between Cr bioaccumulation in Limnodrilus sp.and SEMCr may also be linked to
digestive fluids in the digestive systems of detritus-eating
organisms judging that some previous studies have proved
that gut biochemistry can influence the stability of mineral
phases, trace metal partitioning, and affect metal bioavailability to aquatic organisms as well [55-58]. For example,
Griscom et al. [57] showed that gut fluids from mussels and
clams released AVS-bound metals. In a radiotracer experiment, Lee et al. [58] directly demonstrated that Macoma
balthica and Mytilus edulis could assimilate sulfideassociated Ag and Cd.
5 CONCLUSIONS
In general, the results show field validation of the predictions of the AVS hypothesis in the highly industrialized
urban river which has been seriously polluted by Cr, proving that hypothesis works even in a highly contaminated
area. Although sedimentary total chromium is high, the
overlying water Cr is low. That Cr(VI) in sediments and
overlying water is low in the anaerobic and strong reducing
conditions of the river indicates most of Cr in sediments
and overlying water was formed as Cr(III). The value of
AVS is high (the average is 650.38mg·kg-1), and porewater
Cr is low (the average is 68.42µg·L-1). The inverse relationship between AVS and Cr in porewater in all the 13 stations has been found (r=-0.069, p=0.823), which is consistent with the AVS hypothesis. Cr accumulation in Limnodrilus sp. is evident. There is a significant correlation
relationship between Cr in Limnodrilus sp. and porewater
Cr (r=0.614, p<0.05), considering that most of porewater
Cr is formed as Cr(III), the biotoxicity of Cr(III) to organism cannot be neglected in the Cr polluted river. Last but
not least, SEMCr posively correlates with Cr bioaccumulation (r=0.385, p=0.242) in the 11 stations where Limnodrilus sp.can be found, indicting Cr bioaccumulation in
contaminated rivers has been greatly influenced by extractable, sediment-associated chromium (SEMCr) which
hence may be an appropriate indicator of Cr bioavailability.
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ABSTRACT

1 INTRODUCTION

Data related to carbon storage capacities of forests
have become very important through global warming. After
Kyoto Protocol, countries need to see carbon storage abilities of their forests to perform true declarations. So, we
aimed to set allometric biomass and carbon equations suitable for predicting above-ground biomass and carbon
amounts and conversion of standing stem volume to stored
carbon values of above-ground tree components for Uludağ
Fir trees. Based on data obtained 34 sample trees which
symbolized diameter classes (4-60 cm), above-ground
biomass development of Uludağ fir was modeled according
to tree components. Carbon concentrations of tree components were established with the help of samples taken from
sample trees. The biomass and sequestered carbon were
modeled from the standing stem volume of single trees, in
order to allow calculation of the carbon sequestered in
stands. The study tested different models in determining
biomass as a function of DBH or DBH and H. Appropriate
functions were chosen and used in the estimation of biomass. Carbon concentrations were found to be lowest in
branch barks, with a ratio of 47.0% and highest in needles,
with a ratio of 53.5%. The present study make it possible to
attain –above-ground biomass and sequestered carbon
values safely and without any auxiliary operation by using
the standing stem volume, which is the most practical
element in management plans.

KEYWORDS: Abies bornmüleriana Matff., above-ground biomass, stem volume, carbon storage, allometric equations.

It is acknowledged that any increase in the level of
atmospheric carbon dioxide and other greenhouse gases
also increases atmospheric temperature. Carbon dioxide is
* Corresponding author

the most effective greenhouse gas and the steady increase
in the amount of carbon dioxide in the atmosphere may be
attributed to the use of fossil fuels and deforestation across
the world [1]. The Kyoto Protocol raised a demand for
biomass data to calculate the carbon sequestering potential
of forests. Forests have great potential to sequester atmospheric carbon dioxide in the mid-term [2]. It is needed to
conduct continuous researches the influence of the climate
change on the forest ecosystems and effects of this change
during the establishment of new forests [3].
In order to understand the carbon sequestration process and carbon cycle, it is necessary to obtain data on
tree biomass. Some recent remote-sensing techniques
(LIDAR etc.) enable detailed assessment for aboveground biomass, but their accuracy depends on calibration
with field data [4, 5]. In addition, linear programming is
usable to model and to analyze in long term monitoring of
forest eco-system values such as carbon sequestration, but
this way needs evaluation with a number of performance
indicators, such as standing timber volume, harvested
volume, ending forest inventory, areas harvested and
basal area [6]. Thus, allometric equations are an effective
way in the estimation of tree level or stand level aboveground biomass stocks [7-11]. The determination of tree
biomass is a challenging, time consuming and costly process, due to operations such as cutting, uprooting, drying,
and weighing of tree matter. Alternative techniques have
been developed, for the estimation of biomass from easily
measured tree characteristics. Within the literature, the
estimation of bio-mass values has generally used allometric
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equations. These techniques show the relationship between
above-ground biomass and diameter at breast height and/or
total height, below- ground biomass and diameter at breast
height and / or total height, and above-ground biomass
and below-ground biomass [12, 13]. Recent studies in
Turkey have used allometric relationships to estimate the
above-ground biomass for common tree species [14-16].
These studies allow the estimation of above - ground
biomass according to stem, branch, and leaf components.
However, without additional evaluation, such techniques
do not enable the estimation of the amount of bark and
above - ground biomass, which are commercially valuable
and thus removed from the forest during harvest, as well
as those with no commercial value, that are left in the
forest. Furthermore, there are a limited number of studies
on the carbon contents of tree components that may be
used for the estimation of carbon storage capacities of
forest ecosystems in Turkey.
The composition of vegetation carbon (C) is found by
applying a carbon conversion factor to dry weight [17].
According to previous studies, the value of this factor varies between 43.7% and 55.7% and a deviation of 10% may
occur in calculations [18-22]. As the size of deviation may
be large, it would be beneficial to reduce the uncertainties
in the calculation of biomass carbon components. In calculating the carbon cycle of forest ecosystems in Turkey,
generally accepted factors for the conversion of biomass
to carbon are used. As these factors may show considerable variation, the determination of carbon concentrations
of tree components for common tree species is of utmost
importance.
For forestry practice in Turkey, stands within a forest
ecosystem are classified according to tree species, diameter class and canopy closure. Standing stock is expressed as
barked stem volume. In the determination of the amount of
C which is sequestered in stands, biomass values of single
tree components are first computed by biomass models for
the related tree species, using median stand diameter values
or median stand diameter - median stand height values.
The resultant value is multiplied by the number of trees per
hectare and thus the total biomass of the stand is found.
Such procedures generally complicate the calculation process. The process may be facilitated considerably by the
estimation of stand biomass from standing stem volumes.

The main objective of this study is to set allometric
biomass and carbon equations suitable for predicting aboveground biomass and carbon amounts of Uludağ Fir trees. In
Turkish forestry practice, it is a significant requirement to
determine the amount of sequestered carbon from the standing stem volume. Therefore, establishing models that enable
the determination of sequestered carbon amounts considering the values of standing stem volume is an additional
objective. In accordance with objectives, this study examined the following: 1) The determination of commercially
valuable above - ground biomass , which is removed from
the forest during harvest as well as those with no commercial value, which are left in the forest. 2) The determination of carbon contents of above-ground tree components.
3) The development of appropriate models for the conversion of standing stem volume to biomass and stored carbon
values of above - ground tree components.

2 MATERIALS AND METHODS
2.1 Study area

Sampling sites are located within the boundaries of
the Department of Forestry of Abdipaşa (32° 32’ 35’’32° 47’ 30’E - 41° 35’ 25’’- 41° 24’ 55’’ N) and Department of Forestry of Arıt (32° 24’ 20’’- 32° 44’ 50’’E 41° 33’ 90’’- 41° 45’ 70’’ N), where Uludağ fir grows
very successfully. A typical Blacksea climate prevails in
the study area. In this climate type, the summers are cool
and rainfall, the winters are cold with rainfall. According to
meteorological data, annual average temperature is 12.6 °C
and average annual precipitation is 1027 mm. The elevation of the sampling sites is within the range 670 m to
1035 m.
2.2 Experimental design

Uludağ fir forms uneven-aged and multi-storey stands.
Thus, allometric above-ground biomass models have performed at tree level. For this, sample trees in different diameter classes (4-60 cm) were analyzed in order to determine
above-ground biomass development. A total of 34 sample
trees were measured from various diameter and height
groups. Some characteristics of sample trees are as shown
in Table 1. As forest stands in Turkey are defined on the

TABLE 1 - Some characteristics about sample trees.
Sample
no
1
2
3
4
5
6
7
8
9
10

DBH
(cm)
22
21
21
23
52
50
36
28
34
40

Height
(m)
19.9
19.4
19.5
22.09
27.73
28.2
20.35
19.55
21
24.15

Site
class
3
3
3
3
2
3
3
3
3
3

Altitude
(m)
1000
670
705
700
710
680
685
705
695
670

Exposure

Sample
no
18
19
20
21
22
23
24
25
26
27

SW
NW
NW
NW
NW
NW
NW
NW
NW
NW
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DBH
(cm)
56
8
9
12
8
18
16
9
8
18

Height
(m)
26.5
30.1
5.6
7.85
8.05
5.9
13.5
14.1
8.9
6.45

Site
class
3
3
3
3
3
3
3
3
3
3

Altitude
(m)
700
1035
1010
980
1020
980
1015
1030
1015
1035

Exposure
NW
SW
SW
SW
SW
SW
SW
SW
SW
SW
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11
25
18.25
4
680
NW
28
12
36
23.5
3
715
NW
29
13
31
19.5
3
700
NW
30
14
48
23.3
3
705
NW
31
15
35
24.2
3
685
NW
32
16
24
17.2
3
720
NW
33
17
45
19.9
3
680
NW
34
Mean annual temperature (oC): 12.625; Long term mean P (mm) (Annual rainfall): 1027.

16
12
6
7
19
7
14

13.1
15.1
7.85
3.3
4.47
12.6
4,01

3
3
3
3
3
3
3

1015
1000
1020
1035
995
1020
1025

SW
SW
SW
SW
SW
SW
SW

basis of tree species, diameter and canopy closure, the
principle of determining the biomass development as a
function of diameter or diameter and tree height, rather
than age function, was adopted, in order to provide a practical means of assessing biomass and energy potential.
After choosing sample trees, diameter (to the nearest mm
and bidirectional) and height were measured in all trees.

selected most appropriate models due to decision criteria.
During the determination of the most appropriate models,
five different compliance measures were utilized. These
measures are as follows: coefficient of determination (R2),

All measured sample trees were harvested. Each sample tree was cut very close to soil level after cleaning the
surrounding area. The whole length of cut trees, crown
heights up to the fresh and dry branches, and crown diameter were measured. The branches of the cut sample
trees were then removed from the stem, the branches
were grouped as thinner than 4 cm (non-commercial) and
thicker than 4 cm (with commercial value) and they were
weighed. Then, samples were taken from each group. The
stem was divided into 2.05 m sections and the diameters
of sections at both ends and the root collar diameter and
height of the end piece were measured in order to determine the stem volume. Each section was weighted and
5-cm-thick stem samples were taken from the middle of
these sections. All samples were then labeled and preserved in plastic bags.

Average difference, average absolute difference, standard
error, total error and average absolute error values should
be small and coefficient of determination value should be
large in order to obtain a reliable model. However, a volume function providing reliable results according to one or
more of these values may give inconsistent results according to other variables. In this situation, a “success range”,
comprising all of the measured values should be prepared
in place of comparing biomass functions according to measure values [30]. All of these measures were taken into consideration in the selection of appropriate models in this
study.

standard error of estimate (Se), mean deviation ( D ),
absolute mean deviation ( D ) and total error (TE(%)).

3 RESULTS
3.1 Above-Ground Biomass Equations

2.3 Laboratory procedures

Stem, branch and needle samples were brought to the
laboratory; needles were separated from the shoots; bark
was separated from the wood and fresh weights were determined. Samples were first air dried, then oven dried at
65±3 0C until the weight stabilized, and the final dry
weights were determined.
Dried samples were first weighed, then divided into
small pieces and then converted into powder as appropriate for carbon analysis. Samples were dried again in order
to prevent the effect of moisture, and carbon contents were
determined via a CN analyzer as the amount of C for a
dry weight of 100 g (%).
2.4 Statistical methods

The biomass of tree components such as the stem,
branches, leaves, bark, coarse root and fine root are generally estimated using different allometric regression models, based on DBH or DBH and H [7-9, 23-28]. The present
study tested different models in determining biomass as a
function of DBH or DBH and H. Appropriate functions
were chosen and used in the estimation of biomass.
The use of allometric models covers many decisions
on the selection of extant models or the development of a
local model, the predictor variables included in the selected
model [29]. We have tried different extant models and

The models using the diameter at breast height (d1.3)
as an independent variable were tested and those providing the most appropriate results in accordance with compliance measures were determined. Within the biomass
equations, the following units of measurement were used:
Oven dry weight = kg; diameter at breast height (d) = cm;
tree height (h) = m. The models that were found to be
appropriate (1.…,9) are as shown in Table 2.
TABLE 2 - Models using Diameter at Breast Height (d1.30) as an
Independent Variable
Single-Tree Biomass Equations:
S =-28.6553+(0.372705d1.302)
1
SB = 0.042861+(0.04161d1.302)
2
CB =-723.008+(213.8092lnd1.30)
3
CBB =-115.128+(36.83597lnd1.30)
4
NB=-44.1821+22.23076 lnd1.30
5
NBB =-13.965+7.211039 lnd1.30
6
2
N =-11.6672+1.275487d1.30+0.015577d1.30
7
TC =-37.568+3.757374d1.30+0.0495d1.302
8
WT =24.7765+0.525998d1.302
9
(S: Stem biomass, SB: Stem bark biomass, CB: Commercial branch
biomass, CBB: Commercial branch bark biomass, NB: Non-commercial
branch biomass, NBB: Non-commercial branch bark biomass, N: Needle
biomass, TC: Total crown biomass, WT: Whole tree biomass)

The models that use diameter at breast height (d1.3)
and tree height (h) as independent variables were tested
and the models providing the most appropriate results
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according to compliance measures were determined. The
models that were considered appropriate (10.…,18) are
given in Table 3.
3.2 Single Entry Volume Equation

In order to model the relationship between standing
stem volume and biomass and carbon storage capacities, a

volume equation is required. For forestry practice in Turkey, standing stem volumes are determined on the basis of
diameter at breast height. Therefore, the function of volume was determined on the basis of diameter at breast
height. For this purpose, various models were checked
according to compliance criteria and the following model
was adopted:

TABLE 3 - Models that use Diameter at Breast Height (d1.3) and Tree Height (h) as Independent Variables.
S =47,5306+(-8,90955d)+(0,468435dh)+(0,167333d2)+(0,003735d2h)
lnySB = -3,63636+(1,36184lnd)+(0,874147lnh)
CB=-2929,16+(92,98339d)+(-6,54215dh)+(-0,25893d2)+(171,9641h)+(0,047813d2h)
CBB=-2058,02+(103,1452d)+(-3,94196dh)+(-1,13604d2)+(77,00917h)+(0,004455d2h)
lnNB = -14,3735+(9,548516lnd)-(1,29489ln2d)+(0,051463lnh)+(0,020457ln2h)
lnNBB = -15,6255+(9,893857lnd)-(1,41229ln2d)-(0,04206lnh)+(0,097988ln2h)
N =-6,91358+(0,432661d)+(-0,01342dh)+(0,077531d2)+(-0,00145d2h)
TC =18,65024+(-6,08655d)+(0,0502275dh)+(0,540787d2)+(-0,01259d2h)
WT =84,61739+(-20,9204d)+(0,599125dh)+(0,930834d2)+(-0,0114d2h)

V=0.095+(-0.017d1.30)+(0.0012 d1.30 2) (R2=0.98)
V: Stem volume (m3)
d1.3: Diameter at breast height (cm)
3.3 Carbon Concentrations of Tree Components

Carbon contents of components are shown in Table 4
as minimum, maximum and mean values.
TABLE 4 - Carbon Concentrations of Tree Components.
Tree components
Stem wood
Stem bark
Commercial branch
Commercial branch bark
Non-commercial branch
Non-commercial branch bark
Needle

Min. (%)
46.5
47.3
47.7
46.8
47.8
46.8
48.9

Max. (%)
49.9
50.4
53.4
48.9
51.5
49.7
53.5

10
11
12
13
14
15
16
17
18

umes and those that yielded the best results with regard to
compliance criteria were identified. In Tables 5 and 6 the
models (19...,27) enabling the determination of biomass
amounts from standing stem volumes on single tree and
stand basis and the compliance criteria for these models
are given.
TABLE 5 - Biomass Models using the Standing Stem Volume (V) as
an Independent Variable.
S =9.2885+(391.44V)
SB = 4.6815+(43.084V)
CB =0.8084+(44.934V)
CBB =12.54097+(5.887663V)
NB =14.92174+(10.89325V)
NBB =5.330885+(3.341475V)
N =7.205382+(36.82928V)
TC =19.38104+(110.8624V)
WT =33.35209+(545.3821V)

Mean (%)
47.8
48.5
50.2
48.0
49.0
48.1
51.1

3.4 The relationship between standing stem volume and
biomass

Various models were tested in order to enable the determination of biomass amounts from standing stem vol-

19
20
21
22
23
24
25
26
27

(S: Stem biomass, SB: Stem bark biomass, CB: Commercial branch biomass,
CBB: Commercial branch bark biomass, NB: Non-commercial branch
biomass, NBB: Non-commercial branch bark biomass, N: Needle biomass,
TC: Total crown biomass, WT: Whole tree biomass)

TABLE 6 - Compliance Measures of Biomass Models that were Considered Appropriate.
Single-Tree Biomass Equations:

S
SB
CB
CBB
NB
NBB
N
TC
WT

R2

F

Se

TE(%)

D

0.99
0.95
0.41
0.08
0.19
0.18
0.78
0.75
0.97

3535
557
6
0.78
7,47
7.25
114
96
1232

31.2
8.6
47.3
17.5
18,9
5.88
16.3
53
73.3

0.000119
-0.000102
-0.000009
-0.000017
0.000027
0.0000028
-0.000011
-0.000018
0.0000025

0.00031
0.000033
-0.000006
-0.0000037
0.0000059
0.00000021
-0.0000033
-0.000016
0.0000098

3.5 The relationship between standing stem volume and
carbon

For forestry practice in Turkey, it is a significant requirement to determine the amount of sequestered carbon
from the standing stem volume. Therefore, models that

D
17.84
5.41
26.9
12.6
14.97
4.77
11.37
33.19
47.6

enable the determination of sequestered carbon amounts
considering the values of standing stem volume were
established. These models (28.…,36) (Table 7) and relevant compliance criteria (Table 8) are given below. Rela-
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tions between standing stem volume and tree components
are as shown in Figure 1.

CBB =6.0929+(2.772V)
NB =7.311283+(5.405102V)
NBB =2.565427+(1.602309V)
N =3.77156+(18.95956V)
TC =9.423534+(56.10787V)
WT =15.11856+(266.8612V)

TABLE 7 - Carbon Models using Standing Stem Volume (V) as an
Independent Variable.
S =3.4339+(189.7663V)
SB = 2.2612+(20.9869V)
CB =-0.951+(23.558V)

28
29
30

31
32
33
34
35
36

(S: Stem carbon, SB: Stem bark carbon, CB: Commercial branch carbon, CBB:
Commercial branch bark carbon, NB: Non-commercial branch carbon, NBB:
Non-commercial branch bark carbon, T: Twig carbon, N: Needle carbon, TC:
Total crown carbon, WT: Whole tree carbon)

TABLE 8 - Compliance Measures of Carbon Models that were Considered Appropriate.
Single-Tree Biomass Equations:

S
SB
CB
CBB
NB
NBB
N
TC
WT

R2

F

Se

TE(%)

D

0.99
0.94
0.44
0.08
0.19
0.18
0.78
0.76
0.97

3517
539
6.98
0.77
7.5
7.19
111
99
1198

15.1
4.3
23.5
8.3
9.3
2.8
8.5
26.1
36

0.0000034
0.000046
-0.00013
0.0054
0.0000013
0.0000035
-0.000011
-0.000004
0.0000106

0.0000043
0.0000072
-0.000048
0.000576
0.00000014
0.00000012
-0.0000017
-0.0000018
0.000019
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9.14
2.61
13.78
5.98
7.37
2.29
5.86
16.3
23.17
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FIGURE 1 - Relations between standing stem volume (m3) and tree components.

4 DISCUSSION
Mass-based carbon concentrations are widely used for
the conversion of biomass to the amount of stored carbon.
A previous study by Zhang et al. [22] found the average
amount of carbon in the stem to be 49.9% ± 1.3 (mean +
SE) for 10 different species, varying between 43.7% and
55.6% according to species. A study by Lamlom and Savigne [20] of 41 species reported this value in the range of
46.3% to 55.2%. The generally accepted method is to determine the amount of stored carbon by multiplying total
dry weight of trees by a coefficient of 0.5 [1]. In the present
study, the carbon content of stem wood was found to be
an average of 47,8 %. Carbon concentrations were found
to be lowest in stem wood (47.8%) and highest in needles
(51.1%). When carbon concentrations are evaluated as
a whole, it is seen that these values are quite close to the
generally accepted level of 50% [31]. McPherson et al. [32]
conducted a literature review of the conversion of fresh
biomass to dry biomass and adopted an average coefficient
of 0.56 for deciduous trees and 0.48 for coniferous trees.
According to the results of the present study, the conversion factor from fresh weight to dry weight for Uludağ fir
species was calculated as an average of 0.51 for aboveground components. This coefficient is higher than that
predicted for coniferous species.

“development ages” and represent a considerably wide range
of diameters. Therefore, it is not possible to utilize biomass and carbon models on the basis of tree diameter or
height alone by only using data in the management plan.
Therefore, additional studies are required. As the results
of the present study make it possible to attain–aboveground biomass and sequestered carbon values safely and
without any auxiliary operation by using the standing
stem volume, which is the most practical element in management plans.
Within the scope of this study, –above-ground modeling was performed, whereas no study of –below-ground
carbon sequestration capacities was carried out due to lack
of study opportunities. If these shortcomings are addressed
in future studies, a major knowledge-gap will be filled.

Previously, numerous models of single tree and stand
biomass have been set in Turkey. Once the large number
of forest tree species is taken into account, the number of
studies is inadequate to reliably predict biomass and carbon amounts. In these studies generally oven dry and fresh
weight values for single tree or stand are given as stem,
crown (branches and leaves) and whole above-ground tree
weight. In the present study, additionally commercial and
non-commercial parts of trees were determined.
In branch equations of Uludağ fir, the correlation of
biomass with independent variables is relatively low. It is
probable that these differences occurred due to various
crown developments arising from non-standard stand treatments and due to natural stands sampled.
5 CONCLUSIONS
In order to accurately determine the amount of carbon
sequestered in forests, it is more appropriate to carry out an
individual study for each species, rather than basing calculations on non-specific conversion factors. As seen in the
literature, carbon concentrations differ considerably according to various tree species and components.
For forestry practice in Turkey, the definitions of
stands are made on the basis of tree species, tree diameter
class and canopy closure. Tree diameter classes are termed
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ABSTRACT

1 INTRODUCTION

Gas solid Photocatalytic oxidation of methyl ethyl ketone (MEK) was investigated in a fluidized bed reactor of
TiO2 nanoparticles. TiO2 was coated on the gamma alumina
particles to improve the fluidization of catalyst and characterized by Scanning Electron Microscope (SEM) and Xray Diffraction (XRD) methods. The hydrodynamics and
reactions are both important upon dealing with the performance of the fluidized bed reactors. Among the reaction and hydrodynamic parameters, the effects of relative
humidity, initial concentration, and superficial gas velocity were investigated on photocatalytic degradation. The
relative humidity levels of 25% and 45% with different
initial concentrations of 100 and 200 ppm has no significant effect on degradation of MEK. Increasing the superficial gas velocity and relative humidity at initial concentrations of 400 and 800 ppm are resulted to a decrease of
degradation. The results showed with the superficial gas
velocity of 2.34 cm/s (2Umf) and relative humidity of 25%
the high degradation of MEK are obtained. With increasing the initial concentration and superficial gas velocity
the rate of the photocatalytic oxidation will increase.

KEYWORDS: Photocatalytic oxidation, Methyl ethyl ketone,
fluidized bed reactor, TiO2/Al2O3

Volatile organic compounds (VOCs) are widely used
or produced in industries. These compounds have low
boiling points with high vapor pressures which easily vaporize at room temperature leading to serious air pollution.
This issue is now a major focus of environmental and
health concern and legislation. The treatment of VOCs has
been studied by physical, chemical, and biological techniques [1-3]. Activated carbon adsorption is the most com* Corresponding author

monly used technique to adsorb VOCs from any gaseous
wastes. The saturation of adsorbent and problems related to
its regeneration make the adsorption as a problematic process. Photocatalytic oxidation process (PCO) as a chemical
technique is able to convert pollutants such as VOCs into
carbon dioxide and water at low temperatures [4].
In PCO, metal oxide nanoparticles such as TiO2 and
ZnO are commonly used as the photocatalyst [5]. If the
energy gap between valance and conduction band of the
photocatalyst is overcome, the hole-electron pairs form. The
ultraviolet (UV) light can overcome this energy gap. The
formed electrons and holes participate in reductive and
oxidative reactions respectively. Reductive and oxidative
reactions result in converting the pollutants molecule to
carbon dioxide and water molecules [6].
TiO2 has been extensively used as a photocatalyst in
PCO due to its low cost, non-toxicity, and high efficiency
[7]. Different forms of TiO2 have been used in photocata-
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lytic reactors. Powdered TiO2 and thin film TiO2 produced
by sol gel method are the most applied forms [4]. In the
fixed bed reactor, TiO2 is coated on the wall of the reactor
but in the fluidized bed reactor, TiO2 is coated on bed
particles [8]. Particles such as gamma alumina, silica gel,
and activated carbon have been used as bed particles in
fluidized bed reactors [9-11]. These particles which are in
Geldart A or B groups fluidize well, while TiO2 particles
are categorized as Geldart C group with poor fluidization
[12]. Therefore coating of TiO2 on particles such as alumina improves catalyst fluidization.
In the investigation of photocatalytic oxidation of
chemicals, continous photoreactors are operating in two
modes; fixed bed and fluidized bed modes. In the fixed
beds, photocatalyst is coated on the walls of the reactor in
the form of thin layer. Consequently there is a limitation
on the amount of coated photocatalyst. Comparatively in
the fluidized beds due to the use of TiO2 coated particles,
this limitation is not prominent. Therefore, high catalyst
loading can be used as an advantage for fluidized bed
reactor. Good mixing of catalyst and reactant and efficient
light distribution and penetration are other advantages of
fluidized bed photoreactors [13].
Recently photocatalytic oxidation of different VOCs
such as trichloroethylene (TCE), toluene, styrene, formaldehyde, and methanol has been investigated in the fluidized bed photoreactor [14-17]. Methyl ethyl ketone (MEK)
(2-Butanon) is one of the common indoor air pollutants and
selected as a model pollutant in this study. Photocatalytic
oxidation of this compound has been studied in the batch
and fixed bed reactors [18-21]. The objective of this study
was to investigate the influences of the relative humidity,
initial concentration of MEK, and superficial gas velocity
on MEK degradation in a fluidized bed photoreactor. P25, as a common form of commercial TiO2, was coated on
the gamma alumina particles to enhance the PCO process
efficiency.
2 MATERIALS AND METHODS
2.1. Chemicals

P-25 TiO2 (50 m2/g; 70% anatas, 30% rutile; primary
particle diameter 30 nm) obtained from Degussa Corporation (Germany) was used as photocatalyst. Gamma-alumina
(74-250 µm with mean particle diameter of 107µm) and
Methyl ethyl ketone (GC grade) were obtained from Merck,
Germany.

2.2. Catalyst Preparation

TiO2/Al2O3 catalyst was prepared by the dip coating
method [22]. In order to coat a specific amount of TiO2 on
Al2O3 particles, powdered TiO2 was suspended in the
distilled water and ultrasonicated for 20 min. After complete dispersion of TiO2 particles in distilled water, Al2O3
was added and ultrasonicated for another 30 minutes. The
white slurry was dried overnight at 100 °C and calcined in
an electronic furnace at 200 °C for 2 hours. The heat ramp
of calcination was 5 °C/min. The amount of TiO2 loaded
on the Al2O3 support was found to be 0.2 g of TiO2 per
gram of Al2O3.
2.3. Characterization Methods

The X-ray Diffraction (XRD) patterns were recorded in
the range of 2θ=20°-80° by a powder X-Ray diffractometer
(Philips PW1800) using the nickel filtered CuKα radiation
(40 Kv, 30 mA). Scanning Electron Microscope (SEM)
images were taken using Field Emission SEM (FE-SEM)
(Hitachi S-4160) which was operated at 15KV. Energydispersive X-ray (EDX) spectroscopy was obtained using
the scanning electron microscope equipped with an EDX
spectrometer to confirm the presence of TiO2 on the surface
of Al2O3 support.
Gas samples from the inlet and outlet of the reactor were
analyzed using an FID-gas chromatography Varian CP-3800
instrument equipped with a capillary 50m×0.53 mm column. The injector, column, and detector temperatures were
set at 200, 110, and 220°C respectively. Helium was used
as the carrier gas at the flow rate of 4 mL/min.
2.4. PCO fluidized bed

The diagram of the experimental apparatus is shown
in Figure 1. The cylindrical shell of the fluidized bed
reactor (H) was made of glass with the internal diameter
and height of 4 and 100 cm respectively. A 15 W UVC
lamp was installed in the center of the reactor while the
annulus was 7 mm. Another four 15 W UVA lamps were
surrounded the outer surface of the reactor (not shown in
Figure 1). The reactor was isolated with aluminum foil to
utilize the reflected lights and to prevent the exposure to
UV light. A sintered glass was used as the air distributor
to fluidize the catalyst uniformly.
A 70 W blower (A) was used to provide required contaminated air stream in the setup. The flow rate of air pass-
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FIGURE 1 - The schematic diagram of the fluidized bed photoreactor

ing through the setup was regulated by SKC, Inc. flow
meters (B). The concentration of MEK and water vapors in
air stream were controlled by two impingers C and D respectively. The ratio of air passing through the impingers
and main line of air (1) determined the MEK concentration and relative humidity. In the plenum (E) the air lines
are reached together and are mixed well. The sensor of
humidity meter (F) was located in this plenum. The gas
samples were taken by a gas tight syringe from the inlet
and outlet of the reactor through sampling ports G. The
operating temperature of setup was measured by a thermometer (I) which is placed above the fluidizing bed. The
temperature of the setup was in the range of 40±3 °C. The
minimum fluidization velocity (Umf) of TiO2/Al2O3 catalyst was determined by plotting the gas velocity and the
pressure drop of the bed. The point in which the pressure
drop did not change was 1.17 cm/s and determined as catalyst Umf. On the basis of Al2O3 particles mean diameter
and density of 107 µm and 3240 Kg/m3 respectively, and
by the Wen and Yu correlation [23], Umf is calculated to
be 1.4cm/s. This value is in the range of measured Umf.
For each degradation experiment, 30g of catalyst was
loaded in the fluidized bed reactor.
3 RESULTS AND DISCUSSION
3.1. Catalyst Characterization

The X-Ray diffraction pattern of TiO2/Al2O3 catalyst is
shown in Figure 2. The pattern has a characteristic peak at
2θ = 25.3° which is characteristic of anatase (101) crystalline phase. The peaks at 46° and 67° are associated with
gamma Al2O 3 [24]. The SEM images of the TiO2/Al2O 3

catalyst and TiO2 are shown in Figure 3. The overall image of Al2O3 particles is shown in Figure 3(a) and the TiO2
nanoparticle is shown in Figure 3(b). As can be seen in
Figure 3, TiO2 is coated on the Al2O3 particles and its
particle size is about 30 nm. The elemental content of TiO2
nanoparticle on the surface of Al2O3 support was analyzed
by energy-dispersive X-ray analysis (SEM-EDX) method
and is shown in Figure 4. The presence of oxygen, aluminum, and titanium elements in the spectrum confirms
the composition of TiO2/Al2O3 catalyst.
3.2. Photocatalytic oxidation of MEK in the fluidized bed
reactor

In this section the influences of relative humidity, initial concentration, and superficial gas velocity on the photocatalytic oxidation of MEK are discussed.
3.2.1. Influence of the relative humidity

Water vapor has an important role in the efficiency of
PCO process. Relative humidity (RH) is a term used to
describe the amount of water vapor in a mixture of air and
water vapor. In PCO process, water molecule is transformed to the hydroxyl radical (OH°), which is the primary
oxidant [6]. For some chemicals the absence of water molecules can decrease the PCO efficiency. However, excessive water molecules occupy the active sites of the catalyst and decrease the rate of the reaction [4]. Therefore,
the proper amount of water vapor molecules is a vital
component in the PCO process.
The influence of RH on the PCO reaction was investigated in two levels of 25% and 45% relative humidity
(Figure 5). According to Figure 5, the conversion of MEK
in 25% RH is higher than 45% RH. Superficial gas velocity
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FIGURE 3 - SEM images of TiO2/Al2O3 photocatalyst (a) and TiO2 nanoparticles (b)
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FIGURE 5 - Influence of Relative humidity on MEK photocatalytic degradation (Umf=1.17 cm/s)

has a great influence on selection of optimal RH. At lower
superficial gas velocity (2Umf), the effect of RH in MEK
conversion is not very significant but with increasing the
superficial gas velocity, optimal RH tends toward the 25%.
It means that in determination of optimal RH, the effect of
superficial gas velocity should be considered in fluidized
bed reactor. Geng et al. [25] have reported the RH values of
optimal from 22.13 to 26.80% in cyclohexane degradation
with the concentration rage from 7.5 µg/L to 112.5 µg/L
with TiO2 as photocatalyst. Increasing the RH to 40%
decreased the degradation efficiency of cyclohexane. It
can be concluded that RH has the similar effect on cyclohexane and MEK degradation in fluidized bed reactor. In
higher RH, competition between water and MEK molecules to adsorb on the catalyst surface reduces the MEK
conversion.
3.3.2. Influence of the initial concentration of MEK

The effect of initial concentration of MEK on its degradation was investigated in concentration range of 100 to
800 ppm in RH of 25% (Figure 6). Increasing of initial concentration of MEK from 100 to 200 ppm did not change the
conversion of MEK, whereas increasing the initial concentration from 200 to 800 ppm affected the conversion
of MEK. This result was in agreement with that obtained
for TCE oxidation in a fluidized bed reactor [11]. It is
reported that increasing of the initial concentration from
100 to 200 ppm did not change the complete conversion
of TCE, but further increasing of the initial concentration
of TCE has decreased the conversion. It might be indicate
that there are limited and fixed amounts of active sites on
the surface of TiO2/Al2O3 catalyst and at higher concentrations the number of catalyst active sites is less than the
number of pollutant molecules [14]. Other similar results

were observed in photocatalytic decomposition of toluene
and formaldehyde in fixed bed reactor [11].
3.3.3. Influence of the superficial gas velocity

The relationship between the superficial gas velocity
and MEK photocatalytic degradation is shown in Figure 7.
With initial concentrations of 100 and 200 ppm, MEK
was decomposed completely but at higher concentrations
with increasing the superficial gas velocity, the decomposition of MEK was decreased. As it is obvious from Figure 7, the efficiency was decreased in 45% relative humidity comparing to 25% RH. At lower concentrations of
MEK, the simultaneous adsorption and photocatalysis by
TiO2/Al2O3 particles result in the complete degradation of
MEK but at higher concentrations the non adsorbed MEK
molecules are by-passed through the bubbles leading to a
decrease in the efficiency of PCO reaction.
Lim et al. [26] have reported the velocity of 2.5 Umf as
the efficient superficial gas velocity for nitric oxide conversion. Bypassing of nitric oxide through the bubbles formed
in higher superficial gas velocities has decreased the nitric
oxide conversion in fluidized bed reactor. It has been reported that for photocatalytic oxidation of TCE, the superficial gas velocity of 3Umf yielded the highest photoreaction rate when the concentration was about 300 ppm [11].
Also for degradation of toluene, decreasing of efficiency
is reported due to the increasing of flow rate of gas from 5
to 15 liter per minute [9]. At higher superficial gas velocities, bubbles coalesce and the voidage of bed increases
[26]. Therefore, increasing of superficial gas velocity in
bubbling fluidized bed decreases the conversion of chemicals.
3.3.4. Rate of degradation reaction

Increasing the superficial gas velocity results in decreasing the conversion of higher concentrations of MEK
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(see section 3.3.3). Meanwhile, increasing the superficial
gas velocity increases the throughput of the reactor and

consequently increases the rate of degradation. The con-
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FIGURE 6 - Influence of initial concentration on MEK photocatalytic degradation in 25% RH (Umf=1.17 cm/s)
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versions and reaction rates of 400 and 800 ppm MEK in
25% RH are illustrated in Figure 8. As can be seen in Figure 8, with increasing the superficial gas velocity, the conversion of MEK decreases somewhat but the rate of MEK
degradation increases.
Increasing the reaction rate at both 400 and 800 ppm
MEK with increasing the superficial gas velocity indicates that the photocatalytic oxidation of MEK in the
range of studied parameters is mass transfer limited. Lim
and Kim [11] have reported the increasing of TCE photoreaction rate with increasing the superficial gas velocity

up to 3Umf (with Umf of 1.7 cm/s) due to the UV light
transmission along with good mixing of catalyst and TCE.
Similar result has been reported in the packed bed reactor
by Deng et al. [27] for VOCs photocatalytic oxidation.
They have found that the increase of flow rate leads to
decreasing the conversion and increasing the reaction rate
of VOCs. Increasing the reaction rate is due to the better
mass transfer between the gas phase and the surface of
catalyst. It can be concluded that the hydrodynamic parameter such as superficial gas velocity has more influence on the performance of fluidized bed reactor [28].
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4 CONCLUSION
Continous photocatalytic oxidation of methyl ethyl ketone was studied in a fluidized bed reactor using TiO2/Al2O3
as fluidizing media. Competitive adsorption of water and
MEK molecules led to decreasing of MEK conversion at
45% RH than 25% RH. The results showed that to investigate the effect of RH on PCO, it is better to do experiments in different superficial gas velocities and initial concentrations. The reaction rate of MEK was increased with
increasing the superficial gas velocity. Hence hydrodynamics of fluidized bed reactor was known as the influencing factor on its performance.
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ABSTRACT
Phytochemicals, nutraceuticals and herbal products,
such as silymarin, have gained ever growing popularity
and are valued for their ability to defend against almost all
types of disease. Primarily known as hepatoprotective and

antioxidant, silymarin has antimitotic effects against many
different cancer models. We intended to determine whether
silymarin protects against H 2O 2-induced toxicity and
affects survival rate of rat glioma (C6) and primary glial
cells. The role of 1, 10, 50, 75 and 100 µM silymarin concentrations were tested for 3.5, 24 or 48 h on C6, and pri-
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mary glia cells that were obtained from 1-3 day old rat
brains. Combined with these silymarin doses, 100 µM H2O2
was applied to the cultures for 3 h, then the medium was
removed and re-fed for 24 h. The percentage of surviving
cells was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide, thyazolyl blue method. All
silymarin doses could not show any clear influence
against H2O2 toxicity on both cell types; however, treatment of both cells with respective doses of silymarin for
3.5, 24 or 48 h reduced the cell number ranging from 13 to
73%. IC50 values of silymarin were calculated to be 50 µM
for C6 and 79 µM for primary glia after 24 h. After 48 h,
IC50 values were 43 µM for C6 and 68 µM for primary glia
cells. Although silymarin dose and time dependence was
more effective on decreasing glioma survival, it also reduced significantly primary glia survival.
KEYWORDS:
Glia, glioma, silymarin, cancer, antioxidant.

1 INTRODUCTION
Phytochemicals, nutraceuticals and herbal products
have gained ever growing popularity and are valued for
their ability to defend against almost all types of disease [1].
Among more than 5000 phytochemicals, a small number
have recently entered into clinical trials, such as curcumin,
quercetin and silymarin [2]. Fruit and seed extracts of Silybum marianum (L.) Gaertn. (Carduus marianus L.,
As* Corresponding author

teraceae), which is known as milk thistle, contain a mixture
of compounds that is known collectively as silymarin. As a
herbal folk medicine, silymarin is a kind of flavonoid that
contains aproximately 75 % flavonolignans and 20-30 %
non-identified polyphenols and aliphatic fatty acids [3].
Silymarin has been used for more than 2000 years to treat
variety of illnesses, but in recent times, it is more popular
for treatment of various liver disorders [4]. Beside cytoprotective activity mediated by its radical-scavenging and antioxidative properties, new activities of antiinflammatory,
canceroprotective and anticancer effects were discovered
[5]. The anticancer effect of silymarin has been observed
against breast [6], skin [7], prostate [8], cervical [9], bladder
[10], liver [11], colon [12], ovarian [13] and lung [14] cancers. Furthermore, dietary phytochemicals, especially flavonoids, may have beneficial effects on the central nervous
system (CNS) by protecting against stress-induced injury,
by suppressing neuroinflammation, by improving memory
and by stimulating neuronal regeneration [15].
Glial cells are the most abundant cells, outnumbering
neurons about 10-fold, in the human brain [16]. Being the
abundant glial cell type, astrocytes have been shown to be
involved in the regulation of brain microenvironment, in
particular ionic and neurotransmitter homeostasis, regula-

tion of energy metabolism, blood-brain barrier, guidance
of neuronal migration, metal sequestration, free-radical
scavenging and detoxification [17]. Astrocytes hypertrophy, accumulation of glial fibrillary acidic protein (GFAP),
gliosis and oxidative stress are aging-related pathologies
that can be observed in neurodegeneration disorders, such
as brain damage, multiple sclerosis, Alzheimer’s, Parkinson’s and Huntington’s diseases [18].
Although progress has been made towards reducing
incidence and mortality rate, cancer is still a major problem around the world. Tumors of glial origin, glioma, are
the largest group of central nervous system tumors, difficult to treat and frequently aggressive and fatal. After
diagnosis of glioblastoma, the short survival time of about
one year has remained unchanged [17]. Despite all the
efforts of neurosurgeons, oncologists, radiotherapists,
biologists and other scientists, there has been almost no
change in the progress of primary malignant brain tumors
in the last 30 years [19]. Thus, effective strategies for
controlling glioblastomas are required.
All these reasons advocate the necessity of testing silymarin for its antioxidative and anticancer actions on rat
glioma cell line (C6), and comparing them with normal rat
primary mixed glial cells.
2 MATERIALS AND METHODS
All the reagents were purchased from Sigma, and the
primary glial cells were obtained from 1-3 day old, four
Sprague-Dawley neonatal rat brains. The cells were cultured in a humidified atmosphere of 5 % CO2, at 37 °C in
flasks, and the combined culture medium for primary glia
and C6 cells consists of Dulbecco’s modified Eagle’s medium (DMEM) and 10 % fetal bovine serum with 1 %
penicillin-streptomycine solution. When confluence was
achieved, the cells were disassociated with 0.25 % trypsin, successively mixed and sub-cultured. The cells from
passages 2 to 4 were determined as glia by GFAP antibody staining and used for further experiments. Cell viability was assessed by trypan blue dye exclusion and
found to be higher than 98 %. After removal from the
flasks by trypsinization, the glial and C6 cells were centrifuged at 1,000 rpm for 5 min at 4 °C. The number of both
cell types were detected from confluents by using Coulter
counter, seeded in 96-well plates (2x104 cells/well) and
incubated for 3.5, 24 or 48 h in 8 wells for each experimental group. Silymarin was dissolved in dimethyl sulfoxide (DMSO) and diluted in DMEM.
Control: DMEM only.
Silymarin group: Treated with 1, 10, 50, 75 or 100
µM silymarin for 3.5, 24 or 48 h.
H2O2 group: Treated with 100 µM H2O2 for 3 h. This
concentration was taken from our previous study [20].
H2O2 + silymarin group: Firstly treated with all silymarin doses for ½ h [21], then 100 µM H2O2 plus the
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respective doses of silymarin simultaneously for 3 h in
DMEM. After 3- h exposure, the drugs were removed and
all the wells were re-fed with fresh medium for 24 h.
In order to determine living cell percentage, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide,
thyazolyl blue (MTT) test was applied [22]. The optical
density read from the drug-treated wells was converted to
a percentage of living cells against the control using the
following formula: Absorbance of treated cells in each
well x 100/the mean absorbance of the control cells. Data
were expressed as the mean percent fraction of control ±
standard error of mean (SEM). Statistical significance was
ascertained by one-way analysis of variance, followed by
Tukey ’s multiple comparison test. The results are the means

of at least 3 independent assays, and p<0.05 was considered
to be significant.
3 RESULTS AND DISCUSSION
The treatment of C6 and primary mixed glia cells with
the highest (0.01 %) concentration of DMSO did not significantly change the cell survival rate (data not shown).
When we assume control as 100 %, to 100 µM H2O2, exposed alone for 3 h (Fig 1), significantly decreased the
number of both C6 and primary glia cells (p<0.001). Pretreated for ½ h and then incubated together with 100 µM
H2O2 simultaneously for 3 h, all silymarin concentrations
could not change significantly the H2O2-caused toxicity in
C6 and primary glia cells.
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FIGURE 1 - The action of H2O2 and silymarin concentrations on both C6 and primary glial cell survival rate after 3 h of exposure time (*:
p<0.05, **: p<0.001, ***: p<0.0001).
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FIGURE 2 - The survival rate of C6 cells was changed significantly after exposing to 50, 75 and 100 µM silymarin for only 3.5 h, but there
was no change in the survival rate of primary glial cells.

After 3.5-h treatment, all silymarin doses did not
change the cell survival rate of primary glia, but 50, 75 and
100 µM silymarin doses decreased C6 survival about 13%
(p<0.05), 18% and 23% (p<0.001), respectively (Fig 2).
The concentrations of 1 and 10 µM silymarin either
for 24 or 48 h did not significantly change the cell survival rate; however, starting from 50 µM, silymarin dose and
time-dependently decreased the C6 cell survival. For
example, C6 survival was reduced by 50, 57 and 63 %
with 50, 75 and 100 µM silymarin concentrations during
24 h, respectively (p<0.001 for all, Fig 3). IC50 of silymarin for C6 cells was calculated as 50 µM after 24-h
exposure. The survival rate was declined further by 56, 65
and 73 % when C6 cells were cultured during 48 h with
50, 75 and 100 µM silymarin concentrations, respectively
(p<0.001 for all, Fig 3). The calculated IC50 dose of silymarin for C6 was 43 µM during 48-h incubation.
The treatment of primary mixed glial cells with 1 and
10 µM silymarin for 24 h did not significantly change the
survival rate, but starting from 50 µM, higher doses of
silymarin also reduced the survival (Fig 4). The reduction
rates were 47, 48 and 63 %, caused by 50, 75 and 100 µM
silymarin levels, respectively (p<0.001 for all, Fig. 4).
After a 24-h incubation, IC50 of silymarin for the primary
glia cells was calculated to be 79 µM. On the other hand,
the reductions in percentage of primary cell survival were
12, 33, 40, 54 and 57 induced by 1, 10, 50, 75 and 100 µM
silymarin after 48 h of exposure, respectively. The calculated
IC50 dose of silymarin for primary glia cells was 68 µM after
48 h.

Oxidative stress in living cells results either from
weakening cellular antioxidant defenses or accumulation of
reactive oxygen species, including superoxide anions, hydroxyl radicals and H2O2. Compared to other tissues, the
CNS is more susceptible to oxidative damage since it possesses a high rate of oxidative metabolic activity, high level
of easily peroxidable polyunsaturated lipids and inadequate
antioxidant defense system [23]. Due to its high membrane
permeability, exogenous H2O2 enters cells almost immediately after exposure [24], and it has been reported that glia
cells are highly vulnerable to H2O2 [25]. Hydrogen peroxide is usually chosen as a suitable source of reactive oxygen species (ROS) for the study of their biological role
[26]. Consistent with this conclusion, the present study also
demonstrated that C6 and primary glial cells in culture are
susceptible to low dose of H2O2. However, primary glia
cells might be more resistant to H2O2 toxicity than C6.
Silymarin has been identified in several in vivo and in
vitro models as having antioxidant and radical scavenger
capacities, but in the present study, the cytotoxic effect of
100 µM H2O2 was not clearly eliminated by silymarin in
rat glioma and glial cells. In a very recent study, Tsai et
al. [27] reported that silymarin protected rat glial cells
against peroxide toxicity. They exposed the cells to H2O2
together with silymarin, and the cell death followed after 24
h, observed by monitoring lactate dehydrogenase release to
the culture environment. We prefered firstly silymarin
treatment for ½ h, and then H2O2 together with respective
silymarin concentrations simultaneously for 3 h. The dissimilarity of these two results could be due to different
doses and/or the methods of determining the percentage of
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FIGURE 3 - The role of different silymarin doses on the survival rate of C6 cells after 24 and 48 h of treatment.
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FIGURE 4 - Similar decreasing effect of silymarin on primary glial cell survival rate during 24 or 48 h of exposure.

living cells. We believe that further studies are needed to
clarify the effect of silymarin on oxidative metabolic activity of glia.
In the present study, silymarin decreased survival rate
of C6 and glia cells dose and time-dependently. While
IC50 values of silymarin were calculated as 50 and 43 µM
for C6, for primary glia cells IC50 values were slightly
higher being 79 and 68 µM during 24 and 48 h of treat-

ment, respectively. Interestingly, while silymarin was ineffective at low concentrations of 1 and 10 µM on C6 cells, it
decreased survival rate of primary glia cells even at 1 and 10
µM when exposure time increased from 24 to 48 h (compare
Figs. 3 and 4). On the other hand, when the effect of silymarin in 3.5 h with IC50 values of silymarin on both cell
types were compared, it is clear that glioma cells are more
susceptible than primary glia cells. There are many data
supporting similar inhibitory effects of silymarin on sur-
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vival of other cell types. Antimitotic effects of silymarin
against lung, breast, kidney, skin, pancreas and prostate
cancer models have been indicated at different times [614, 28]. Additionally, being the major active constituent
of silymarin, silibinin has been indicated to have anticancer
and antimetastatic actions through targeting on epithelialto-mesenchymal transition, proteases, mitogen-activated
protein kinases, and microenvironment [8, 28].
In conclusion, there is some evidence from our study
that silymarin may possess antimitotic efficacy against rat
glioma, but it should be kept in mind that the same silymarin also decreases viability of primary mixed glia
cells.
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ABSTRACT
This study assessed the performances of Fenton, ultraviolet/Fenton, ultrasound/Fenton and tri-hybrid process
to remove COD from actual pharmaceutical industrial
wastewater. This is the first data set on this type of
wastewater yet assembled. Individual Fenton oxidation
process shows fair COD removal efficiency (41.1%) under below optimum conditions: the mole ratio of H2O2 to
Fe2+ of 4:1, the initial pH value of 4, Fe2+ dosage of 0.01
mol L-1. The ultraviolet/Fenton treatment showed a better
COD removal efficiency than using Fenton alone which
can be explained by the fact of synergetic effect. The
combination of ultrasound with 60-minute Fenton oxidation provides greater COD removal efficiency, 61.1%,
than that of ultrasound alone (48%) and Fenton oxidation alone (41.1%) which suggests that the combination
of two individual processes can produce a synergistic effect. The tri-processes hybrid method can significantly
increase the COD removal efficiency compared to that of
individual and bi-process combination. Increasing UV
exposure time can significantly increase the COD removal efficiency. Increasing of FeSO4 concentration the COD
removal first increased at the range of 0.002-0.01 mol L-1
and then slightly decreased at higher concentrations. The
highest COD removal rate, 91%, was found at the tri-hybrid
process with 120 minutes ultrasound, 90-minute UV irradiation at the FeSO4 concentration of 0.01 mol L-1.
KEYWORDS: Pharmaceutical wastewater, Fenton, ultraviolet/Fenton, ultrasound/Fenton, tri-processes hybrid method

1 INTRODUCTION
Wastewater generated by pharmaceutical industries
normally contains a diverse range of residue pollutants,
and the treatment of these wastes has become more im* Corresponding author

portant as concerns regarding protection of aquatic environmental have grown [1-3]. Due to the toxicity, high organic load, presence of antibiotics [4, 5], persistent characteristic [6, 7] of industrial pharmaceutical wastewater, the
effectiveness of traditional biological techniques is limited [8, 9]. In recent years, a growing body of evidence
suggests that the advanced oxidation can be an effective
process to reduce the COD prior to biological treatment
and enhance the efficiency and economic feasibility of
biological techniques [8-11].
Fenton’s oxidation, using the mixture of ferrous ion and
H2O2 to induce a free radical chain reaction and produce
hydroxyl radicals to decompose organic chemicals, has been
approved be one of effective advanced oxidation processes
[12-14]. Recent studies showed that hybrid methods such as
ultraviolet (UV)/Fenton and ultrasonic (US)/Fenton can
substantially increase organic pollutants removal efficiency
compared to individual Fenton oxidation process [9, 1517]. Pignatello et al. [18] reported another advantages of
using photo-Fenton hybrid method which is the presence of
additional oxidation species such as organic-complexes of
the high valence iron are relatively unaffected by the
presence of radical scavengers.
While those studies demonstrated the feasibility of removing organic contaminant from wastewater, systematically investigation on those individual/hybrid oxidation is
needed when applying those processes to treat actual
industrial effluent due to the wide variety (such as variable of wastewater composition, and fluctuations in pollutant concentrations [19]) of the products produced in
pharmaceutical plants. Such information is necessary to
go beyond the trial and error testing of treatments and
accurately forecast the performance of systems. The objectives of the work presented in this paper are to: (1)
evaluate effects of operation conditions, such as initial pH
value, Fenton agent amount, mole ratio of H2O2 and Fe2+
on the COD removal efficiency from pharmaceutical industrial effluent using individual Fenton’s oxidation, (2) assess
the treatment performance of UV/Fenton and US/ Fenton to
remove COD from actual pharmaceutical industrial
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wastewater, and (3) investigate the treatment efficiency
using a hybrid method, UV/US/Fenton on pharmaceutical
industrial wastewater. The findings of this study provide
important information to design pre-oxidation systems
treating actual industrial pharmaceutical wastewater.

(4) A hybrid treatment method was applied to the
pharmaceutical wastewater by combining Fenton reaction, ultrasound, and ultraviolet with the condition of
H2O2:Fe2+ of 4:1, initial pH of 4. The COD removal was
measured at different irradiation times (30 min, 60 min,
90 min, and 120 min) and FeSO4 concentrations (0.0010.014 mol L-1).

2 MATERIALS AND METHODS
2.4 Analytical method
2.1 Wastewater Characteristics

The wastewater used in this study was obtained from
Heibei Jiupai Pharmaceutical Plant, P.R. China, manufacturing active ingredient. The main components of the
waste water were cephalosporin and their intermediates,
but the original materials to produce the cephalosporin
were also present. Initial characteristic of the wastewater
are present in Table 1. Due to extremely high COD value
(101360 mg L-1), the originated wastewater sample were
diluted 200 times with the final COD of 506.8 mg L-1
prior any advanced oxidation process.
TABLE 1 - Main Characteristics of the pharmaceutical wastewater
in this study
Parameter
Temperature(oC)
pH
Color
BOD5 (mg L-1)
COD (mg L-1)
Suspended solids ( g L-1)
Conductivity (µS/cm)

Value
25
3.28
Light yellow
15500
101360
2.164
32120

Samples’ COD were measured according to EPA
Method 5220C for the COD range of 1-1500 mg L-1 with a
5B-3C instrument (Lianhua Technology, Lanzhou, China)
and the BOD5 value were obtained using EPA Method
5210B. The pH measurements were conducted using a pH
digital meter (Model PHS-3C, Shanghai Lei-Ci Co., Ltd.,
China). Suspended solid was measured according to EPA
Method 2540D.
3 RESULTS AND DISCUSSION
3.1 Effect of initial pH on individual Fenton reaction

An initial pH range of 2.5-7 was studied in order to
evaluate the effect of initial pH on Fenton’s treatment when
initial concentration of H2O2 and Fe2+ were 0.01 mol L-1
and 0.0408 mol L-1, respectively. The effect of pH on COD
removal in individual Fenton’s reaction system for this
type of wastewater is illustrated in Figure 1.

2.2 Chemicals and supplies

FeSO4·7H2O was purchased from Sigma-Aldrich
(>99.5% purity). H2O2 was purchased from Fisher Scientific (30% purity; density 1.13 kg L-1).
2.3 Experimental procedure

The general approach in the experiment was first to
optimize the operation condition in the Fenton’s oxidation
unit for this specific extremely high COD pharmaceutical
industry wastewater. And then hybrid methods including
UV/Fenton, US/Fenton, and US/UV/Fenton were performed
to evaluate the COD removal efficiency. The following
specific procedures were conducted,
(1) The effects of three variables including initial pH
(2.5-7), Fe2+ concentration (0.008-0.02 mol L-1), and mole
ratio of H2O2 to Fe2+ (2:1-14:1) on the COD removal efficiency of Fenton’s oxidation were investigated.
(2) A UV/Fenton combination method was conducted
to test the COD removal efficiency with the pH of 4.0 and
the initial mole ratio of Fe2+ to H2O2 of 4:1.
(3) The combination process, ultrasound treatment
(frequency of 20KHz; power of 40W) coupled with Fenton
oxidation was performed with the condition of H2O2:Fe2+
of 4:1, initial pH of 4, and Fe2+ dosage of 0.01 mol L-1.
Three oxidation durations (0, 30, and 60 minutes) were
applied to Fenton oxidation.

FIGURE 1 - Dependence of COD removal on initial pH using individual Fenton’s Reaction

As can be seen, for all tested reaction durations (20 min,
40 min, 60 min, and 120 min), the COD removal fraction
first increased and then decreased with increasing of pH.
The maximum COD removal efficiency occurred at pH =
4.0. According to traditional Fenton’s reaction theory,
acid environment (pH = 2~4) is necessary to generate the
maximum of OH· to oxidize organic compounds [20-22].
At low pH (pH < 2.0), the reaction can be slowed down due
to the formation of complex [Fe(H2O) 6]2+, which react
more slowly with hydrogen peroxide and generate less
amount of free radicals [23]. On the other hand, the formation of active free radicals can be inhibited at higher
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pH (pH˃4) and the precipitation of ferric oxyhydroxides
[24, 25] would slow down the Fenton’s oxidation and
hence reduce the COD removal efficiency. The optimum
pH was observed to be 4.0 and hence is recommended in
the following experiments. A similar value (pH = 3) has
been re-ported by other researchers [26-28].
3.2 Effect of Fe

2+

concentration on individual Fenton reaction

The effect of Fe 2+ concentration on COD removals
was examined by change Fe2+ concentration between
0.008 mol L -1 and 0.02 mol L-1 while keeping the initial
pH and the mole ratio of Fe2+ to H2O2 at 4.0 and 4:1 respectively (Figure 2). As seen from Figure 2, as Fe2+ concentration increased from 0.008 to 0.01 mol L-1, COD
removal fractions were increased from 24.1% to 41.1%,
while after certain concentration (0.01 mol L-1), the COD
removal percentage was observed decreasing. This can be
explained as below. Increasing Fe2+ concentration within
certain range can accelerate the generation of free radicals
and hence the oxidation efficiency. Enormous Fe2+ however can compete with organic contaminants and react
with OH· [29], which resulting in the quench of OH· and
reduce the COD removal efficiency.

FIGURE 3 - Dependence of COD removal on the mole ratio of H2O2
to Fe2+ using individual Fenton’s Reaction
3.4 UV/Fenton combination method

A combination treatment method was applied to the
pharmaceutical wastewater by coupling Fenton reaction
with 60-minute ultraviolet. The initial pH and the mole
ratio of H2O2 to Fe2+ were set at 4.0 and 4:1 mol L-1, respectively. The COD removal fraction was measured and
the results are shown in Figure 4. As can be seen, the Fenton/UV treatment showed a better COD removal efficiency
than using Fenton alone. This can be explained by the fact
that synergetic effect of UV and Fe2+ can enhance the degradation of H2O2 and the generation of free radical as
shown below.
H2O2+hv →2·OH
Fe(OH)2++hv→Fe2++·OH
H2O2+ Fe2+→Fe3++·OH+OH-

FIGURE 2 - Dependence of COD removal on FeSO4 concentration
using individual Fenton’s Reaction
3.3 Effect of mole ratio of H2O2 to Fe
reaction

2+

on individual Fenton

H2O2/Fe2+ is a critical parameter for improving the efficiency of organic contaminants removal. The effect of
the mole ratio of H2O2 to Fe2+ was investigated at a range
of 2:1-14:1 and result is illustrated in Figure 3. As can be
seen, COD removal efficiency significantly increased
from 26.4% to 40.7% when the mole ratio of H2O2 to Fe2+
increase from 2:1 to 4:1 and a decreasing trend was observed when the H2O2/Fe2+ is greater than 4:1. This might
be explained by the fact that the generation of reactive free
radical can be slowed down when H2O2 is not sufficient (a
low H2O2/Fe2+ value); excess H2O2 can capture the OH·
can decrease the amount which actively reacts in Fenton’s
oxidation and therefore decrease the COD removal efficiency. The optimum mole ratio of H2O2 to Fe2+ was observed to be 4:1 for this type of pharmaceutical industry
wastewater.

FIGURE 4 - The COD removal efficiency using Fenton/UV combination method

It is worthy to note that for a constant COD removal,
i.e. 41-42%, the amount of Feton’s reagent required was
0.024 mol L-1 H2O2 and 0.006 mol L-1 FeSO4 for Fenton/UV combination method; 0.04 mol L-1 H2O2 and 0.01
mol L-1 FeSO4 for individual Fenton process. It is clear
that the UV irradiation can greatly reduce the dosages of
Fenton reagents.
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3.5 US/Fenton combination method

The combination process, ultrasound coupled with
Fenton oxidation was performed with the condition of
H2O2:Fe2+ of 4:1, initial pH of 4, and Fe2+ dosage of 0.01
mol L-1. The experiment was carried out at the room temperature and normal pressure with the ultrasonic frequency of 20KHz and power of 40W. Three oxidation durations (0, 30, and 60 minutes) were applied to Fenton oxidation. Figure 5 illustrates the COD removal efficiency of
the US/Fenton treatments.

from 41.1% for Fenton alone treatment to 70% for
UV/US Fenton. The UV/US/Fenton treatment also shows
greater COD removal than that of bi-combination process
(44.5% and 61.1% for UV/Fenton and US/Fenton, respectively). This indicating the combination of three individual processes can generate a synergistic effect and greatly
enhance the degradation of organic pollutants in the wastewater.
TABLE 2 - COD Removal Efficiency at Different Processes
Process
COD Removal
Percentage, %

Fenton

UV/Fenton

41.1

44.5

US/Fenton UV/US/Fenton
61.1

70.0

FIGURE 5 - The COD removal efficiency using US/Fenton combination method

As can be seen, for all three processes, COD removal
rates increases with times when the ultrasound duration
were at 0~120 minutes. There is no significant change on
COD removal after 120 minutes so it is believed that an
optimum US/Fenton results can be obtained at 120 min. It
also was found that the process of ultrasound coupled with
Fenton oxidation (30- and 60- minute) provide better COD
removal efficiency than that of ultrasound alone (0-minute
Fenton). Also the COD removal rates of ultrasound coupled with 60-minute Fenton oxidation (61.1%) were greater
than the value obtained using Fenton alone (41.1%). Both
evidences suggest that the combination of two individual
processes can produce a synergistic effect, which can enhance the degradation of H2O2, the generation of free radical, and the subsequent attack of organic pollutants in
wastewater.
3.6 UV/US /Fenton method

A tri- processes-hybrid treatment method was applied
to the pharmaceutical wastewater by combining Fenton
reaction, ultrasound, and ultraviolet. In order to compare the
effect of the hybrid method to the other processes, Table 2
was made to summarize the COD removal efficiency which
were obtained under same condition, i.e. Fenton (H2O2:Fe2+
of 4:1, initial pH of 4, and Fe2+ dosage of 0.01 mol L-1),
UV (duration of 60 minutes), and US (ultrasonic frequency
of 20KHz, power of 40W, and 120 minutes treatment
time). As can be seen, the UV/US/Fenton hybrid method
can significantly increase the COD removal efficiency

FIGURE 6 - The COD removal efficiency using UV/US/Fenton
combination method

Figure 6 illustrates the COD removal efficiency of this
hybrid treatment at different UV irradiation times (30 min,
60 min, 90 min, and 120 min) and FeSO4 concentrations
(0.001-0.014 mol L-1). As can be seen, (1) increasing UV
exposure time can significantly increase the COD removal
efficiency, and (2) with the increasing of FeSO4 concentration the COD removal first increased at the range of
0.002-0.01 mol L-1 and then slightly decrease at higher
FeSO4 concentrations. The decrease trend might be
explained by the quench of OH· free radical and reduce
the COD removal efficiency. The highest COD removal
rate, 91%, was found at the UV/US/Fenton process with
120 minutes ultrasound, 90-minute UV irradiation at the
FeSO4 concentration of 0.01 mol L-1.
4 CONCLUSIONS
The purpose of this study was to collect experimental
data and assess the treatment performance of Fenton, UV/
Fenton, US irradiation/Fenton to remove COD from actual
pharmaceutical industrial wastewater. The key findings of
this study can be summarized as blow:
Individual Fenton oxidation process shows fair COD
removal efficiency (41.1%) under below optimum condi-
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tions: the mole ratio of H2O2 to Fe2+ of 4:1, the initial pH
value of 4, Fe2+ dosage of 0.01 mol L-1. The Fenton/UV
treatment showed a better COD removal efficiency than
using Fenton alone which can be explained by the fact
that synergetic effect. The combination of ultrasound with
60-minute Fenton oxidation provides greater COD removal efficiency, 61.1%, than that of ultrasound alone
(48.0%) and Fenton oxidation alone (41.1%) which suggests that the combination of two individual processes can
produce a synergistic effect. The tri-hybrid process, UV/US/
Fenton, can significantly increase the COD removal efficiency compared to that of individual and bi-process combination. Increasing UV exposure time can significantly
increase the COD removal efficiency. Increasing of FeSO4
concentration the COD removal first increased at the
range of 0.002-0.01 mol L-1 and then slightly decreased at
higher concentrations. The highest COD removal rate, 91%,
was found at the UV/US /Fenton process with 120 minutes
ultrasound, 90-minute UV irradiation at the FeSO4 concentration of 0.01 mol L-1.
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ABSTRACT
In the current study, we determined concentrations
and bioconcentration potential of Ag, Al, Ba, Ca, Cd, Co,
Cu, Cr, Fe, Hg, K, Mg, Mn, Na, Ni, Rb, Sr and Zn by Fly
Agaric fungus (Amanita muscaria). Caps and stipes of Fly
Agaric and the upper 0-10 cm layer of the soils collected
from the outskirts of Kętrzyn town in the Mazurian Lake
District of Poland have been examined. The elements
were determined using validated methods - inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
and cold vapor atomic absorption spectrometry (CV-AAS).
K, Mg, Ca and Zn were the most abundant among the elements determined in the fungus. Cd, K, Rb, Hg, Cu and Zn
were effectively absorbed by the fungus underlining its
biogeochemical role in their turnover in the forest ecosystems. Contrary, Ag, Al, Ba, Ca, Co, Cr, Fe, Mn, Mg, Na
and Sr showed BCF <1, what implies on their exclusion
by the fungus. In spite of low potential for bioconcentration of Ca, Fe, Mn and Mg, Fly Agaric can be also considered to be a species involved in their biogeochemical
turnover in the forests ecosystems.
KEYWORDS:
forest, Fly Agaric, fungi, metals, soil

1 INTRODUCTION
Macrofungi play a vital role in metallic elements and
metalloids turnover in the forest ecosystems [1-15]. Mushrooms are an important piece in the forest food chains,
because they are eaten by numerous animals and are rich in
mineral substances [7, 16-20]. An ability of fungi to dissolve, up-take and accumulate in their flesh metals that are
contained in mineral and humified fraction of soils, is of
primarily role in introducing them into the biosphere [2,
15]. The uptake process and sequestration of heavy metals
* Corresponding author

in fruiting bodies depend on environmental factors, and on
the particular genetic characteristics of each species [19,
21-31].
Edible wild mushrooms are considered to be delicacy
and they are source of many essential elements [32-39].
However, fungi can contain both the essential mineral
nutrients and hazardous metals at elevated concentrations
[40-43]. Mercury, cadmium and lead are considered as the
most hazardous ones [44, 45]. Compared to edible mushrooms, a much less attention is devoted to inedible species. One of the most recognizable inedible mushrooms is
Amanita muscaria (Fly Agaric). This species occurs commonly in the forests of Europe and is easily recognizable as
having a beautiful red cap with white patches. Because of
the hallucinogenic properties of A. muscaria was used
during religious rites and rituals by shamans/sorcerers, e.g.
Tribal peoples of Siberia [46-48]. A. muscaria belongs to
the ectomycorrizal fungi, which have specific morphological and physiological properties. The mineral compound
composition of the Basidiomycetes was a subject of wide
interest in the recent decade of years. Potassium and
phosphorous are major mineral compounds in flesh of
mushrooms but many others can be accumulated to elevated concentrations also e.g. cadmium, mercury, lead
vanadium and selenium [15, 40, 49-51].
The aim of this study was to characterize a profile of
17 metals and their bioconcentration potential by Fly Agaric collected from Mazury Lake District in the Kętrzyn
region in north-eastern part of Poland.
2 MATERIALS AND METHODS
Fifteen mature specimens of Fly Agaric (Amanita muscaria) and, beneath to them, surface layer of soils (0-10 cm;
100 g) were collected from forested areas localised at east
(Kwiedzina site) and south-east (Zalesie Kętrzyński site) to
town of Kętrzyn in Masuria land of Poland, in 1999. The
sampling site was situated far away from any pollution
sources, like plants or high-density traffic roads. The sam-
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ples were divided into caps and stalks, carefully handcleaned using a plastic knife to remove the attached soil
particles and other debris (e.g. leaves), dried to constant
weight, crushed and pulverized in an agate mortar, and kept
in dry condition in sealed polyethylene bags until chemical
analysis. Next, the pulverized sub-samples (~0.5 g) of caps
and stipes were weighted into polytetrafluoroethylene
(PTFE) vessels, pre-digested for 24 h with 7 ml concentrated nitric acid (65%, Suprapure, Merck) at room temperature, and further digested under pressure in an automatic microwave digestion system type MARS 5 of CEM
corp., Matthews, NC, USA. The digest was diluted to 25
ml using deionized water and stored until instrumental
analysis.
The soil substrate samples were air-dried at room
temperature in clean conditions for a few weeks, and then
sieved (pore size 2 mm) and further dried in an electronic
oven at 40 ºC for 48 h. Metals from the soil samples (1.5 g)
were leached using 10 ml of 20% nitric acid solution (Suprapure, Merck) in open PTFE vessels, that were gently
heated up to 105 ºC for 2 h. After cooling, the leachates
obtained were filtered through Whatman No. 42 filter paper
- directly into a volumetric flask, and volume was brought
to 25 ml with deionised water [52, 53].
Contents of 16 metals in fungus and soil were determined by inductively coupled plasma - optical emission
spectroscopy (ICP-OES; Optima 2000 DV, Perkin Elmer,
USA) and yttrium was used as an internal standard. Mercury was determined by cold-vapour atomic absorption
spectroscopy (CV-ASA) using fully automated mercury
monitor (Mercury monitor 3200, Thermo Separation Products, USA). Each spectroscopic measurement for each
individual sample was repeated in triplicate. Detection limits
were as follows: K, Mg, Na 5 µg/g; Rb 1 µg/g; Al, Ag, Ca,
Cd, Co, Cr, Fe, Zn 0.1 µg/g; Ba, Cu, Mn, Sr 0.05 µg/g, and
Hg 0.005 µg/g dry weight. Both methods were well validated
on several occasions by participation in intercalibration
trials and by periodic analysis of certified reference materials and detailed results were given to the public [52-55].
Duplicates and blanks followed with every examined set
of 10 mushroom or soil samples.
3 RESULTS AND DISCUSSION
3.1 Fruiting bodies

Data obtained on metallic elements of Fly Agaric and
the soils are given in Table 1. Concentrations were characterised by arithmetical mean values, the corresponding
standard deviations (SD), median values and ranges, and
expressed in µg/g on a dry weight basis (dw). Potassium,
followed by Mg, Al, Rb, Fe, Ca and Zn, occurred in the
greatest concentrations in Fly Agaric. In caps, K concentrations ranged from 32000 to 45000, and in stipes from
26000 to 53000 µg/g dw. These are the values like shown
by Vetter [51] for some Amanitaceae mushrooms. For Bay
Bolete (Xerocomus badius) in a study by Malinowska et

al. [42] and for Poison Pax (Paxillus involutus) in studies
by Brzostowski et al. [52, 53], concentrations of K were
roughly similar or smaller than determined in Fly Agaric,
respectively (Table 1).
Magnesium concentration in caps varied from 600 to
870 and in stipes from 330 to 820 µg/g dw. Metals,
such as Rb, Al and Ca, were noted in caps of Fly Agaric
in comparable concentrations (Table 1), and Ca in stipes
(210±420 µg/g dw) was twice more abundant compared
to caps (113±58 µg/g dw). In the reports by Müller et al.
[56] and Rudawska and Leski [57], Al concentrations in
mushrooms were in the range of the median values determined in caps and stipes of Fly Agaric in this study, i.e.
170 and 130 µg/g dw, respectively. Also for Fe, the median concentration values of 120 µg/g dw in caps and 100
µg/g dw in stipes of Fly Agaric agree with observations
for this species by Vetter [51] and Rudawska and Leski
[57], on the average.
Zinc was next in its abundance amongst the metals
determined in Fly Agaric (its caps 97±46 and stipes
61±24 µg Zn/g dw; Table 1). This species, in studies from
Czech Republic, Hungary and Poland, contained Zn in
caps at 130, 120 and 200 µg/g dw (data rounded), respectively [32, 51, 57]. The median concentration values of
essential trace elements, such as Na, Cu and Na, in caps
were 34, 30 and 18 µg/g dw but in stipes 21, 15 and 17
µg/g dw, respectively (Table 1). Vetter [51] stated that
essential Cu concentration in several species of Amanitaceae mushrooms is in a relatively narrow range from 23
to 73 µg/g dw, and variability was low.
Ag, Ba, Co, Cr and Sr evidenced concentrations close
to 1 µg/g dw in Fly Agaric but many other mushrooms
were richer in Ag [6, 7]. Borovička et al. [3], in a recent
study, found the Warted Amanita (Amanita strobiliformis)
and the European Solitary Lepidella (A. solitaria) to be
species hyperaccumulating Ag.
Cd and Hg are highly toxic metals that can be efficiently accumulated by many fungi in their fruiting bodies
[27-29, 39, 43]. Fly Agaric contained Cd in caps in 2-fold
greater concentration compared to stipes, and the medians
were 11 and 5.3 µg/g dw, respectively. In a study on King
Bolete (Boletus edulis), Cd was the only metal for which,
at the unpolluted forested areas of Poland, a positive tendency was noted between concentrations determined in
flesh and in the soil substrates [58]. Fly Agaric, in this
study, contained Hg in ca. 2-fold concentrations in caps
(median: 0.68 µg/g dw) and stipes (0.46 µg/g dw), when
compared to the specimens from Umeå in Sweden, having
0.39±0.54 (caps) and 0.22±0.30 µg/g dw (stipes) [8]. In a
study of Fly Agaric from the Mierzeja Wiślana sand-bar,
the median values of Hg in caps and stipes were 0.15 and
0.096 µg/g dw, respectively [55], and for several other
regions of Poland, the median values were between 0.19
and 1.4 µg/g dw in caps and between 0.18 and 0.67 µg/g
dw in stipes [50].
Caps of Fly Agaric, on the average, contained Al, Cd,
Co, Cr, Cu, Fe, Hg, Mg and Rb in more or less greater
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TABLE 1 - Metallic elements content (µg/g dry weight; mean±SD, range and median values) of A. muscaria samples (n=15) and their cap to
stipe concentration quotient (QC/S) and bioconcentration (BCF) values
Metal
Ag
Al
Ba
Ca
Cd
Co
Cr
Cu
Fe
Hg
K
Mn
Mg
Na
Rb
Sr
Zn

Cap
0.84±0.12
0.79
0.71-1.0
200±97
170
88-460
1.3±0.6
1.2
0.64-2.5
110±58
120
41-240
11±3
11
4-14
0.81±0.43
0.62
0.45-1.7
0.78±0.20
0.77
0.56-1.2
30±9
30
20-55
150±80
120
66-380
0.79±0.33
0.68
0.33-1.4
38000±3100
37000
32000-45000
17±7
18
8-29
710±74
710
600-870
36±25
34
12-119
180±180
110
38-620
0.41±0.17
0.40
0.23-0.73
97±46
65
37-210

Stipe
1.2±0.4
1.0
0.66-1.9
160±72
130
79-330
1.2±0.4
1.1
0.82-2.2
210±420
100
42-1800
5.5±1.8
5.3
1.5-7.7
0.64±0.30
0.55
0.36-1.3
0.55±0.13
0.51
0.40-0.83
17±7
15
6.0-35
130±67
100
65-290
0.51±0.28
0.46
0.16-1.3
36000±7300
36000
26000-53000
20±17
17
8-81
510±110
500
330-820
20±9
21
12-36
110±110
65
28-350
0.40±0.23
0.34
0.22-1.2
61±24
77
26-110

QC/S
0.79±0.32
0.71
0.40-1.4
1.3±0.4
1.2
0.67-2.4
1.0±0.4
1.0
0.48-1.7
1.1±0.5
0.92
0.07-2.0
2.0±0.4
1.9
1.4-2.5
1.2±0.1
1.2
1.0-1.4
1.4±0.2
1.4
1.1-1.7
2.0±1.0
1.8
0.58-5.4
1.3±0.4
1.31
0,52-2,15
1.8±1.0
1.6
0.32-4.3
1.1±0.1
1.0
0.75-1.3
1.1±0.3
1.1
0.14-1.7
1.4±0.2
1.4
0.90-1.9
0.71±0.38
0.64
0.28-1.9
1.6±0.2
1.7
1.3-2.0
1.1±0.4
1.1
0.38-2.0
0.97±0.56
0.93
0.16-2.1

Soil
2.4±0.9
2.4
1.3-3.5
17000±2000
16000
13000-21000
170±44
160
120-250
510±140
550
240-630
0.045±0.020
0.040
0.027-0.076
1.0±0.3
1.1
0.60-1.5
7.1±1.5
6.7
5.4-9.0
1.5±0.5
1.4
0.94-2.1
3400±790
3200
2620-4520
0.027±0.008
0.028
0.021-0.037
710±200
690
460-1020
130±55
140
56-190
1260±360
1200
870-1820
24±6
23
16-34
5.8±1.9
5.5
3.5-8.7
27±5
26
22-35
12±1
12
9-13

concentrations compared to stipes whereas stipes were
enriched in Ag and Na compared to caps for Ag, Ba, Ca,
K, Mn, Sr and Zn, distribution was similar between these
two morphological parts (Table 1).
3.2 Soil

Al, Fe, Mg and K in upper soil layer at the unpolluted
sites are mainly supplied from the bed rock or the original
material of the soil [31]. In this study, the upper layer of
soils sampled at the stands of Fly Agaric collection contained Al, Fe, Mg and K in median concentrations of 6000,
3200, 1200 and 690 µg/g dw, respectively (Table 1).

BCFC
0.75±0.63
0.79
0.30-1.2
0.019±0.003
0.018
0.017-0.02
0.005±0.003
0.005
0.003-0.008
0.17±0.09
0.15
0.11-0.24
260±140
290
16-350
0.22±0.10
0.20
0.15-0.29
0.031±0.035
0.046
0.007-0.056
18±10
14
11-25
0.049±0.043
0.028
0.019-0.079
38±23
29
15-47
45±19
49
32-58
0.062±0.045
0.060
0.030-0.094
0.60±0.37
0.49
0.34-0.86
0.76±0.51
0.73
0.40-1.1
20±20
25
6.0-35
0.011±0.005
0.011
0.007-0.014
8.6±4.0
7.5
5.7-11

BCFS
0.74±0.79
0.62
0.18-1.3
0.008±0.002
0.008
0.007-0.009
0.006±0.001
0.006
0.005-0.006
0.15±0.04
0.15
0.12-0.18
160±99
180
89-230
0.13±0.02
0.13
0.12-0.15
0.017±0.009
0.014
0.011-0.023
11±8
12
6-17
0.030±0.010
0.030
0.023-0.037
32±18
21
16-42
44±26
41
25-62
0.078±0.061
0.053
0.035-0.12
0.46±0.35
0.27
0.21-0.71
0.82±0.32
0.81
0.60-1.0
14±15
17
3.0-24
0.010±0.001
0.010
0.009-0.011
5.8±3.1
5.1
3.6-8.0

Toxic Cd and Hg in the soil examined were trace contaminants (median concentration of 0.040 and 0.028 µg/g
dw) (Table 1). Mercury, found in the soils of various
types, ranged between 0.050.2 µg/g dw, usually considered to be a “natural” level [44]. A surface of the forest
floor (humifying and mineral layers) is a known site of
airborne Hg accumulation while in the soil profile, Hg is
decreasing with increasing depth [59]. Several hundreds of
forest soils sampled across Poland contained Hg in theupper layer (0-10 cm) in concentrations between 0.0110.057 µg/g dw (range of median values) while at some
sites, median were noted, e.g. 0.098 (Rogalin), 0.14
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(Starachowice forest), 0.15 (Kłodzka Dale), 0.35 (Złotoryja), or 0.45 µg/g dw (Karpacz) implying that there are
contamination problems ([16, 17, 38], unpublished data).

sessment. Journal of Environmental Sciences and Heath, Part
B, 47 (5), 466-474.
[4]

Falandysz, J. (2002) Mercury in mushrooms and soil of the
Tarnobrzeska Plain, southeastern Poland. J. Environ. Sci.
Health Pt A, 37, 343-352.

[5]

Falandysz, J. (2008) Selenium in edible mushrooms. J. Environ. Sci. Health Pt C, 26, 256-299.

[6]

Falandysz, J. and Danisiewicz, D. (1995) Bioconcentration
factors (BCF) of silver in wild Agaricus campestris. Bull.
Environ. Contam. Toxicol., 55, 122-129.

[7]

Falandysz, J., Bona, H. and Danisiewicz, D. (1994) Silver
content of wild-grown mushrooms from northern Poland.
Zeitschr. Lebensm. Unters. Forsch., 199, 223-224.

[8]

Falandysz, J., Gucia, M., Frankowska, A., Kawano M. and
Skwarzec, B. (2001) Total mercury in wild mushrooms and
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[9]

Falandysz, J., Szymczyk, K., Ichihashi, H., Bielawski, L.,
Gucia, M., Frankowska, A. and Yamasaki, S. (2001)
ICP/MS and ICP/AES elemental analysis (38 elements) of
edible wild mushrooms growing in Poland. Food Addit. Contam., 18, 503-513.

3.3 Bioconcentration

A potential of fungi, plants or animals to accumulate
chemical substances in their body is estimated by bioconcentration factor (BCF). This parameter is calculated as
quotient of substance concentrations in the whole fruiting
body (carpophore, mushroom) or its parts such as cap or
stalk, compared to substratum colonized by mycelium,
and is expressed on dry weight basis. BCF >1 means the
ability to accumulate a substance but BCF <1 refers to
bio-exclusion. In this study, Cd, found at ultra-trace
amongst the metals determined in the soil, exhibited the
highest values of BCF (averaged 290 (caps) and 180 (stipes)) (Table 1). A significance of Fly Agaric as a species
involved in the biogeochemical turnover of Cd and V in
the forest ecosystem was high-lined by Lepp et al. [15].
Fly Agaric is a spectacular example of ability to accumulate vanadium, identified as the metalorganic compound
amavadine.
Also K, Rb, Hg, Cu and Zn exhibited BCF >1 in caps
and stipes of Fly Agaric. For K and Rb, the median BCFs
for caps were 49 and 25, and for Cu and Zn 14 and 7.5,
respectively. The median BCF values for Hg were 29
(caps) and 21 (stipes) showing good availability of this
element to Fly Agaric in the soils surveyed. In earlier
studies of Fly Agaric and the soils from Mierzeja Wiślana
(1993-94) and Zaborski Landscape Park (1997-98), the
BCF values of Hg in caps were between 9.033, and in
stipes between 4.719 [26, 55]. The median BCF values for
Ag, Al, Ba, Ca, Co, Cr, Fe, Mn, Mg, Na and Sr were <1,
implying a limited up-take/availability and bio-exclusion
(Table 1).
In conclusion, Fly Agaric, apart from Cd and V, due
to high BCF values noted, plays also a biogeochemical
role in turnover of K, Rb, Hg, Cu and Zn in unpolluted
forests. Ca, Fe, Mn and Mg, inspite of low BCF values,
are also substances relatively abundant in fruiting bodies of
Fly Agaric, signifying its involvement in biogeochemical
turnover of forests ecosystems.
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ABSTRACT
Lambda-cyhalothrin (LCT) is one of the most widely
used types of insecticides, although hardly anything is
known regarding its toxicity on fish.
This study assessed the effects of exposure to LCT on
the antioxidant defense system of rainbow trout (Oncorhynchus mykiss). Fish were exposed to LCT (10 ppm) for 48 h.
Antioxidant parameters, catalase (CAT), glutathione-Stransferase (GST), superoxide dismutase (SOD) and
malondialdehyde (MDA), were measured in fish liver tissue.
Our results indicated that LCT exposure significantly increased the activity of antioxidant enzymes in rainbow trout
hepar (p<0.05). From these results, it was assumed that
LCT caused oxidative stress in the rainbow trout, and
CAT, SOD and GST enzymes played a role in protecting
the fish against LCT toxicity.

KEYWORDS: Lambda cyhalothrin (LCT), rainbow trout, toxicity,
antioxidant enzyme, malondialdehyde (MDA)

1 INTRODUCTION
The development of industrial, anthropogenic, and agricultural activities is the main factor leading to the increase of contaminants in aquatic ecosystems [1].
Lambda-cyhalothrin is an insecticide and it belongs to
a group of chemicals called pyrethroids. Pyrethroids are
man-made chemicals that are similar to the natural insecticidal pyrethrins [2]. They contaminate the aquatic ecosystem in many different ways. When exposed to aquatic organisms, they have deleterious effects on organs, such as
liver, gills, gonads and kidney [3, 4].
The liver plays an important role in the vital functions
of basic metabolism and it is the major organ of accumu* Corresponding author

lation, biotransformation, and excretion of contaminants in
fish. It is endowed with antioxidant defense systems consisting of CAT, superoxide dismutase (SOD) etc. to protect
fish from oxidative stress caused by pollutants. Pollutants
can promote oxidative damage by directly increasing the
cellular concentration of Reactive Oxygen Species (ROS),
and by reducing the cellular antioxidant capacity. Oxidative stress has gained considerable interest in the field of
ecotoxicology. Therefore, CAT, SOD and GST activities
are considered to be sensitive biomarkers of oxidative stress
before hazardous effects occur in fish [1, 5-7].
This study was planned with the aim of determining
the effect of LCT on the antioxidant defense systems of
rainbow trout (Oncorhynchus mykiss), and the contributing data may provide a useful database for future studies of the pollutant effects on the antioxidant system in an
aquatic environment.
2 MATERIALS AND METHODS
2.1 Fish and LCT

The rainbow trouts (Oncorhynchus mykiss) were obtained from Ataturk University, Fisheries Faculty (with an
average weight of 125 ± 15 g). The fish were acclimatized
for 1 month before experiments. The spring water used for
the experiments had a temperature of 10±1 °C, total hardness of 102 mg as CaCO3/L, dissolved oxygen 8±0.5 ppm
and pH 7.8. The research platforms were 780-L fiberglass
circular tanks (100 cm diameter, 100 cm depth) with a
constant and fresh water flow (1.5 L min-1), with no recirculation and under natural light conditions.
The tanks were aerated with air pumps. Twenty-four
fish were placed into 3 tanks, two tanks for testing the
LCT (7 fish per tank), and the 3rd for the control group
with ten fish.
Fish were exposed to a liquid form of LCT at concentrations of 10 ppm for 48 h. Enzyme measurement and
lipid peroxidation assays were carried out in separate
experiments, using 3 fish in each (n = 6).
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2.2 Preparation of liver homogenates

Extracts from each tissue were prepared from each
individual in accordance with Wiegand [8], with modifications. Samples were homogenized by a KH2PO4 (30 mM,
pH 7.3) buffer and then, homogenates were centrifuged at
13000 rpm for 2 h at 4 °C. Antioxidant enzyme activities
(CAT, SOD and GPx) and MDA concentrations were determined in the supernatants. All results were referred against
the protein content in the samples.
2.3 Measurement of the MDA level

The MDA levels of rainbow trout liver were estimated according to [9]. 800 µl phosphate buffer (50 mM, pH
7.4), 25 µl BHT and 500 µl of 30% TCA were added to
200 µl hemolysate, followed by further mixing and incubation at -20 °C for 2 h, and centrifugation at 2000 rpm for
15 min. Then, 1.0 ml supernatant was separated. Following this, 75 µl EDTA-Na2H2O, 250 µl TBA were added to
each sample and the control, and placed in a boiling water
bath for 15 min, cooled to room temperature, and measured at 532 nm. Total thiobarbituric acid-reactive materials were expressed as MDA, using a molar extinction coefficient for MDA of 1.56×105 cm-1M-1. The protein content
of each homogenate was measured according to [10] using
bovine serum albumin as a standard.
2.4 Assay of antioxidant enzyme activities

The activity of glutathione S-transferase (GST) was
determined at 340 nm using reduced glutathione (GSH) and
1-chloro-2.4 dinitrobenzene (CDNB) as substrate, according to the modified method of [11]. SOD activity in liver
and kidney tissues was detected using the method of [12].
CAT activity was determined by the procedure described
by [13], with certain modifications.
2.5 Statistical Analyses

All values were analyzed with the Mann-Whitney test.
This test was carried out to determine whether treatments
were significantly different from the control group at the
0.05 level.
3 RESULTS AND DISCUSSION
In the present study, it was observed that there were
differences (P<0.05) between the enzyme activities determined in the control group at 48 h, for antioxidant
enzyme activity and MDA levels. Results are presented in
Table I. LCT increased all antioxidant enzyme activities
and MDA levels in rainbow trout at 48 h as compared to
the control values. These differences were found to be
statistically significant (P<0.05).
The fish livers were isolated to estimate antioxidant
enzyme activities (SOD, CAT, and GST) and MDA levels
(Table 1). Regarding all antioxidant enzyme activity and
MDA level values, the results revealed that rainbow trout
exposed to LCT showed higher values than the control

group. The levels of this enzyme activity revealed that
LCT caused exert toxicity related to oxidative stress and
can cause oxidative damage in fish.
TABLE 1 - Antioxidant enzyme activity and MDA level in rainbow
trout liver tissues exposed to LCT.
Treatment
Control
Exposed
LCT

GST
(µmol/mg
)
0.15±0.02

CAT
(µmol/mg
)
0.14±0.01

SOD
(U/mg)

MDA
(nmol/mg)

0.10±0.01

0.05±0.01

0.26±0.04 *

0.57±0.13 *

0.33±0.01 *

0.12±0.01 *

The results are expressed as mean of 6 fishes ± SD, significantly different from the
control, p<0.05.

In similar enzymatic studies, the results were parallel
to our findings [14-17]. In one study, the GST activity of
silver goldfish (C. auratus), which were exposed to 2,4dichlorophenol at different concentrations, increased in
small concentrations, while there was no difference at bigger concentrations [18]. Similar to the authors’ results, the
CAT, GST, SOD isomers in the liver of Leuciscus cephalus increased as a result of pollution [19]. In contrast, the
superoxide radicals by themselves, or after their transformation to H2O2, cause an oxidation of cysteine and decrease SOD activity [20].
Nile tilapia (Oreochromis niloticus) were exposed to
oxyfluorfen in different concentrations (0.3 and 0.6 mg/L)
and for different periods (7, 14 and 21 days), and the CAT,
SOD, GR and GST activities were analyzed showing an
increase in all groups [1]. Rainbow trouts (O. mykiss) were
exposed to propiconazole (PCZ) for different periods (7, 20
and 30 days) and at sub-lethal concentrations (0.2, 50 and
500 µg/L), the oxidative stress indicators (LPO and ROS)
and antioxidant (SOD, CAT, GR and GPx) enzyme activities were analyzed in a 7-days study; the antioxidant
defense system reacted to this effect with adaptation
and, within 20- and 30-day periods, high levels of oxidative stress indicators and inhibition of the antioxidant
enzymes were noticed; long-term exposure caused severe oxidative damage [21].
Figueiredo-Fernandes et al. [22] studied the effects of
paraquate (PQ), which was applied at different temperatures (17 and 27 oC) as a single dose (0.5 mg L-1), on the
antioxidant enzymes of Nile tilapia (O. niloticus) and noted
that the aforementioned herbicide increased the activities
of SOD, GST and GR.
In another study, two chemicals in different doses
were mixed (27 ppm 2.4-D+ 0.003 ppm asynphos methyl)
and applied to O. niloticus in 24, 48, 72 and 96-h periods,
and their hepatic antioxidant enzyme activities and lipid
peroxidation levels were analyzed. It was reported that
there was a higher increase in glucose-6-phosphate dehydrogenase (G6PD) and glutathione reductase (GR) activities compared to the control group, but the MDA level did
not change [14].
The findings of these studies showed that antioxidant
enzyme activity is dependent on xenobiotic type as well
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as the concentration and exposure period. It was concluded
that the metabolism of pesticide-exposed rainbow trout
resisted the oxidative stress using the antioxidant mechanism and prevented the increase of lipid peroxidation. In
addition, according to our results, the elevations in liver
SOD, CAT and GST activity serve as biomarkers of oxidative stress, and may be helpful in assessing the risk of
environmental contaminants.
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ABSTRACT
Many methods exist for characterising ‘humic’ substances (also known as refractory organic matter, ROM),
yet quantification methods in waters are thin on the ground.
Since, in common with existing techniques for other categories of natural organic matter, quantification methods do
not provide absolute values but values that are always expressed in standard equivalents, the choice of the calibration standard is particularly important, and yet this is often
neglected. We recommended analysis of IHSS standard
and reference substances close to the origin of the water for
calibration purposes when applying our quantification
method based on measuring the peaks obtained by adsorptive stripping voltammetry of the complex formed by ROM
in the presence of trace amounts of Mo(VI). This calibration
strategy relies on the assumption that substances with a
similar origin will always give close responses. In order to
test it, we have applied our method to a series of 18 wellcharacterised humic acids isolated from a semiarid freshwater wetland (Tablas de Daimiel, Spain). The analytical
response obtained is in complete agreement with that obtained from IHSS standard and reference substances of similar origin (i.e., soil and peat), thus confirming the consistency of the approach.

KEYWORDS: Humic substances, Natural organic matter, Quantification, Refractory organic mater, Tablas de Daimiel

1 INTRODUCTION
Natural organic matter (NOM) plays an important role
in processes relevant to many environmentally related
issues such as climate change, the ecotoxicity of trace
elements and micropollutants and the potential production of
undesirable disinfection by-products. NOM includes many
* Corresponding author

different types of compounds ranging from low molecular
weight labile molecules to macromolecules which are resistant to degradation, such as humic acids or fibrils (see [1]
for a description of the numerous terms used regarding NOM
and their meanings). Much effort has gone into characterising bulk NOM or some of its fractions in the various environmental compartments. For instance, NOM characterisation has recently received a significant boost due to the
increasing popularity of excitation-emission matrix fluorescence spectroscopy used in conjunction with parallel
factor data analysis data techniques [2]. This type of nontargeted analysis approach does make it possible to uncover
compositional similarities or differences from multiple samples, but it is of no use in quantifying the different types of
NOM. In practice, studies where quantification is needed
(e.g., geochemical modelling) have often limited themselves to considering only total or dissolved organic carbon, sometimes modified by some correcting factor. In
particular, the refractory fraction of organic matter (ROM),
usually referred to as humic and fulvic acids, has rarely
been quantified in natural waters due to the lack of suitable
analytical methods. Quantification of ‘humics’ in waters is
a particularly thorny problem because the undefined nature
of this category of substances renders the search for a
shared and measurable property –one that can be used to
obtain an analytical signal– far from simple. Existing methods have been reviewed in [3].
Recently we have developed an electroanalytical
method to determine ‘humics’ in waters [4, 5], based on
cathodic stripping preceded by adsorptive collection of
Mo(VI)-humic or fulvic complexes. This method requires
very small amounts of sample, is relatively fast, and has a
low detection limit (2.1 µgC L-1 for IHSS Suwannee River
standard fulvic acid I (1S101F), 3 minutes deposition time
in square wave mode). Most significantly, other types of
organic matter and trace elements do not interfere. However, the results obtained through this method, as through
any other quantification method currently used for other
types of NOM, are not absolute values but need to be
referred to a standard substance (e.g., glucose in carbohy-
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drates [6], bovine serum albumin [7] or bovine γ-globulin
[8] in proteins, thiourea in thiols [9], xanthan gum in transparent exopolymer particles [10]). In the case of ‘humics’,
we recommended the use of IHSS standard and reference
substances for calibration purposes [4]. However, these
substances give slightly different analytical responses
depending on their origin (i.e., water, soil, peat) and the
fractionation method used to obtain them [5]. The strategy
to follow in order to choose the most appropriate standard for each water sample was discussed in detail in [5];
it relies on the assumption that substances with a similar
origin will always give close responses. It is therefore
important to test the consistency of this methodological
strategy by checking whether fulvic and humic substances
isolated from a wide range of systems give responses
similar to IHSS substances having a similar origin. However, this aspect is not easy to test because it requires the
isolation and characterisation of large collections of fulvic
and/or humic acids, which is both time-consuming and
cumbersome. In this study, we have applied our method
to a large number of humic acids isolated from soils of a
semiarid freshwater wetland as a step towards assessing
the consistency of our approach.
2 MATERIALS AND METHODS
2.1 Humic acids

Las Tablas de Daimiel, a Ramsar Site, is a floodplain
wetland formed at the confluence of the Gigüela and

Guadiana rivers in central Spain (Figure 1). Nowadays, it
has a maximum flooded area of 17 km2, and receives water
inputs almost exclusively from the Gigüela River. Two
distinct zones are found in the wetland, the Tablas and the
Cañas. The Tablas is a mixture of water tables (‘tablas’),
which are shallow ponds less than 1 m in depth formed
seasonally by the Gigüela River. They can be colonized by
submerged plants, mainly charophytes, and by helophyte
patches. The Cañas, in the former Guadiana influence zone,
contains permanent, deeper (maximum depth 4–5 m) ponds
and more diverse vegetation. The highly variable hydrology results in fluctuating patterns of flooding. The wetland
soils include some areas of peat, particularly in the Cañas
area. Wildfires have affected large areas of peat deposits in
the 1980s, when the wetland soils dried out. New wildfires occurred in 2009.
Twenty wetland soil samples were sampled in March
2007. Most of the wetland surface was dry at the time of
sampling. Sampling points are shown in Figure 1 and the
exact location is given in Table 1. Since the hydrological,
chemical, and biological environments of these wetland
soils are extremely variable, sampling points were chosen
to ensure that this diversity was represented. Only the
upper 20-30 cm of the soils were collected. Samples were
air-dried, ground and sieved through a 2 mm sieve. The
method applied for isolating the humic acid fraction is
based on the procedure described in [11]. Soil samples
were first shaken with 0.1 M Na2P2O7 for 5-6 hours and
centrifuged. Then, a 0.1 M NaOH extractant solution was
added to the remaining residue, shaken and centrifuged

FIGURE 1 - Location of the Las Tablas de Daimiel wetland and position of inlet, outlet, and sampling sites.
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TABLE 1 - Localisation and characteristics of the soil sampling points and the humic acids (HA) isolated from them. Sampling date: March
2007
Sampling point location
soil OCa /
soil Na /
% (w/w) HA in
HA Cc /
HA Hc /
HA Nc /
(30S grid zone)
g kg-1
g kg-1
soila,b
%
%
%
1
439787 4332840
149
13.5
3.5
50.6
5.12
4.2
2
440165 4332765
78
5.7
0.0
<0.05
<0.05
<0.05
3
440988 4335530
49
4.8
0.14
52.7
4.8
4.6
4
439592 4334144
39
3.4
0.0
<0.05
<0.05
<0.05
5
439894 4334058
105
9.3
2.1
51.6
5.1
3.5
6
439642 4333095
58
5.5
0.3
51.7
5.8
4.6
7
438242 4333048
53
3.8
4.4
52.8
4.1
3.0
8
437277 4331499
86
7.6
2.2
51.7
4.1
3.8
9
437160 4331046
365
22.6
6.0
52.9
4.1
2.5
10
437955 4330739
83
7.5
2.2
53.9
4.3
3.0
11
438418 4330936
148
10.6
2.5
53.3
4.4
2.8
12
438700 4332336
92
8.5
2.1
50.1
4.1
3.5
13
439465 4332255
88
9.8
1.4
51.5
4.9
4.5
14
440100 4331164
133
12.0
3.7
51.2
3.8
3.1
15
436333 4330396
200
18.4
2.3
51.4
4.3
3.9
16
435798 4330202
19
1.1
0.1
49.9
4.6
4.0
17
434296 4329518
132
10.4
6.2
52.4
4.2
3.6
17’
434296 4329518
14
0.9
0.8
51.9
4.4
3.3
18
433620 4330341
37
4.1
0.6
50.1
3.9
3.9
19
436184 4331314
73
3.9
1.4
50.8
4.3
4.2
a
Values reproduced from [12]. Total carbon and nitrogen were determined with a Perkin Elmer 2400II elemental analyser.
b
Humic acid percentage values should be considered merely indicative as the method used to obtain them does not necessarily give quantitative yields.
c
Total carbon and nitrogen were determined with a Perkin Elmer 2400II elemental analyser.
Sampling point

(4,000 rpm). This process was repeated until obtaining a
final yellowish extract showing no change of colour between two successive extractions. Humic acids were then
isolated from the extract by acidification with 6 M HCl.
Precipitated humic acids were separated from the supernatant fulvic fraction, redissolved in 0.5 M NaOH, and
centrifuged (20,000 rpm) to remove clays and particulate
organic matter. Finally, they were reprecipitated again
with HCl, centrifuged, and dried at 40 ºC. Samples 2 and
4 yielded insignificant quantities of humic acids. The
main characteristics of the soils sampled and the corresponding humic acids are given in Table 1.

were applied: (i) Mo(VI) (10 µg L-1) is added to an initial
acidified (0.01 M HCl) solution containing a given amount
of the compound to be analysed; (ii) the solution is deaerated with nitrogen for 10 minutes; (iii) deposition at –0.25 V is
carried out with stirring; (iv) after the deposition time, the
stirring is stopped and, following a 10 s period of rest, the
scan is initiated in the negative direction. The square-wave
mode (SWV) was used for the measurements. The operational parameter values used were: frequency, 50 Hz; step
potential, 1 mV; amplitude, 40 mV.
3 RESULTS

2.2 Method of measurement

All voltammetric measurements were performed using a potentiostat/galvanostat µAutolab II controlled by
GPES 4.9 software equipped with a hanging Hg drop
electrode (HMDE) Metrohm model 663 VA (drop size:
0.40 mm2), an Ag/AgCl, 3 M KCl, reference electrode, and
a Pt wire as the counter electrode. The quartz voltammetric cell was thermostated at 25±0.1 oC during the measurements to ensure reproducible conditions.
All chemicals used were analytical reagent grade except the mineral acid (HCl) and base (NaOH), which were
Suprapur grade. A 1000 mg L-1 stock solution of Mo(VI)
(atomic absorption standard, Merck) was diluted as required. All solutions were prepared with 18MΩ cm Milli-Q
water. All glassware and polyethylene bottles were cleaned
with 10% v/v HNO3 and 0.5 M NaOH and rinsed with MilliQ water. Stock solutions of solid samples were prepared
in 0.01 M NaOH (concentration: ≈250 mg L-1).
The procedure used for the measurements has been
previously described [5]. In short, the following steps

The voltammetric response of the humic acids was studied by adding increasing amounts of the humic substance to
an initial solution and measuring the peak currents obtained.
In all cases, a linear dependence between the analytical
signal and humic concentrations was observed (Figure 2).
Linear responses have been obtained in the past for IHSS
fulvic and humic acids [4, 5], waste water effluents [13]
and commercial humic products [14]. Figure 3 compares
the signals obtained from the samples measured in this
study (crosshatched zone) and the signal given by 13 IHSS
standard fulvic and humic substances studied in [5]. Differences in absolute current intensity values, ip, between
Figures 2 and 3 are due to the use of different experimental settings. Although the 18 humic acids give slightly
different responses (Figure 2), they fall neatly into a small
range when compared to all IHSS products (Figure 3).
The analytical response of the humic acids extracted from
the wetland lays between the IHSS Elliot soil (1S102H)
and the Pakohee Peat (1S103H) HA standards.
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FIGURE 2 - SWV response curves for humic acids isolated from 18 wetland soils of Las Tablas de Daimiel, Spain. Humic concentrations are
expressed in mg L-1. The response curves for IHSS humic standards closest to the ones observed in the commercial products are also shown
as dashed lines (PPHA = Pakohee Peat HA (1S103H) and ESHA = Elliott Soil HA (1S102H)).

FIGURE 3 - Comparison of the response curves of these wetland humic acids (hatched area) with the ones obtained for 13 IHSS standards.
Abbreviations: NLFA =Nordic Lake FA (1R105F), PPFA = Pakohee Peat FA (2S103F), ESFA = Elliott Soil FA (2S102F), SRFAII = Suwanneee River FA II (2S101F), SRFAI = Suwanneee River FA I (1S101F), SRHA = Suwanneee River HA (2S101H), NLHA = Nordic Lake HA
(1R105H), SROM = Suwanneee River NOM (1R101N), NLOM = Nordic Lake NOM (1R108N), PPHA = Pakohee Peat HA (1S103H), PLFA
= Pony Lake FA (1R109F), ESHA = Elliott soil HA (1S102H), LHA = Leonardite HA (1S104H). Adapted from [5].

4 DISCUSSION AND CONCLUSIONS

standard: the use of an IHSS standard or reference substance which origin is close to the sample being analysed.

The results obtained are in line with what would be expected from the origin of the samples: humic acids isolated
from wetland soils. It is interesting to note that, although
nuclear magnetic resonance analysis of the 18 samples revealed rather diverse composition depending on vegetation
and on whether fire had occurred [15], their voltammetric
response was quite similar. This further confirms the validity of the strategy we recommend for the choice of the

The approach suggested should not be considered as
useful only for our quantification method; it can also be
applied to other ROM quantification techniques. The
standards used by the developers and users of existing
methods for ‘humic-type’ substance quantification was
one of the main issues examined in a recent compilation
of analytical methods (see Table S2 in [3]). This revision
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shows that, in the few cases where the dependence of the
measured analytical signals on the type of ‘humic’ was
studied, or when observations about the variability of the
response with different ‘humic’ substances was mentioned,
a noticeable variability of the analytical responses with the
type of ‘humic’ substance was observed. Unfortunately, the
bulk of the studies failed to study the consistency of the
analytical response in a systematic way. The methodological approach we suggest opens the possibility of gaining further insight into the sound application of other
existing techniques.
Although a general discussion of the issue of choosing
a standard when using techniques for quantifying classes of
compounds is largely outside the scope of this article, a
possible alternative approach – using only one reference
substance, irrespective of the sample considered – merits a
brief overview. In principle, using a common reference
substance makes it possible to compare results obtained in
different studies and might be worth considering. However, it requires that the range of analytical responses for the
type of NOM of interest (i.e., ‘humics’, carbohydrates,
etc.) is not too large. Otherwise, it might make it difficult
to relate concentrations of the different NOM fractions
among themselves and with DOC concentrations. Finally,
it encompasses the risk that users take for granted that the
reference substance gives the ‘same’ response as any
compound included in the corresponding category (i.e.,
glucose gives the same analytical response as any carbohydrate present in natural waters). Yet, in the case of the
widely used MBTH method for carbohydrates, this hypothesis has been proved to be wrong [6], thus posing a
risk of carbohydrate concentrations in some natural waters being underestimated.

[8]

Setchell, F.W. (1981) Particulate protein measurement in
oceanographic samples by dye binding. Mar. Chem. 10, 301–
313.

[9]

Al-Farawati, R. and van den Berg, C.M.G. (2001) Thiols in
coastal waters of the Western North Sea and English Channel. Environ. Sci. Technol. 35, 1902–1911.

[10] Arruda Fatibello, S.H.S., Henriques Vieira, A.A. and Fatibello-Filho, O. (2004) A rapid spectrophotometric method for
the determination of transparent exopolymer particles (TEP)
in freshwater. Talanta 62, 81–85.
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Sol 1, 29–36.
[12] Rodríguez-Murillo, J.C., Almendros and G. Knicker, H.
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Spain): An insight into different carbon sequestration pathways. Org. Geochem. 42, 762–773.
[13] Filella, M., Quentel, F., Pernet-Coudrier, B. and Varrault, G.
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Chem. 89, 799–807.
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