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S-TRIAZINE HERBICIDES REMOVAL
BY GRANULAR ACTIVATED CARBON
Cong Li1, Nai-yun Gao2, Wang Li2, Tuqiao Zhang1 and Yiping Zhang1,*
2

1
College of Civil Engineering and Architecture, Zhejiang University, Hangzhou 310027, China
State Key Laboratory of Pollution Control and Resource Reuse, Tongji University, Shanghai 200092, China

ABSTRACT
The removal of Atrazine, Simazine and Prometryn as
typical s-triazine herbicides by granular activated carbon
(GAC) were studied at different initial concentration of herbicides, different waters, different temperatures. In this
study, the effects of temperature and water quality on the
removal of s-triazine by GAC were studied under three
temperatures (15 oC, 25 oC, 35 oC) and different water
(distilled water, tap water, and nature water). The adsorptions of s-triazine herbicides in different waters followed
the order: distilled water > tap water > nature water. Their
adsorption isotherm results showed that Freundlich model
fitted the degradation of s-triazine herbicides better than
Langmuir model. Moreover, the physical and chemical
adsorptions of s-triazine herbicides on GAC followed the
order: Prometryn > Atrazine > Simazine.

KEYWORDS: Adsorption; S-triazine herbicides; Adsorption isotherms; GAC; different water

1. INTRODUCTION
Herbicides are widely used to increase agricultural
productivity. Although much benefit is obtained from their
use, they have some undesirable side effects such as toxicity, carcinogenity, and mutagenity [1, 2]. The main compound of this family, s-triazine, is found in many environmental compartments, contaminating soil and water.
The s-triazines listed in the 76/464/EEC (black list) on
pollution are atrazine (ATZ, 2-chloro-4-ethylamino-6isopropylamino-1,3,5-triazine) and simazine (SIM, 1-

Chloro- 3,5-bisethylamino-2,4,6-triazine). Within the list,
prometryn (PRT, 2,4-bis(isopropylamino)-6-methylthio1,3,5-triazine) is cited in addition to atrazine and simazine
[3]. These s-triazine herbicides are continuously accessing
the environment due to their persistence in soils and hybrid sediments, caused by their low solubility in water. As
the wide use of these chemicals may pollute water resources and conventional water and wastewater treatments
cannot effectively remove these herbicides, more effective removal methods for eliminating pesticides in water
have been in urgent demand [4].
For several decades, granular activated carbon has
been used in water treatment because of its known adsorbent properties [5-9]. Most of the adsorption of organic
micropollutants on activated carbon during water treatment is influenced by a number of parameters such as
concentration of micropollutants, pH, ionic strength, natural organic matters (NOM) and properties of activated carbon [10- 13]. But there is little information on the influence
of water temperature on adsorption. From a thermodynamic
point of view, adsorption based on physical interactions
(physisorption) should decrease with temperature increasing, but experimental findings are not so clear.
In this study, the temperature effects on adsorption of
these s-triazine herbicides including ATZ, SIM and PRT
on granular activated carbon (GAC) were investigated. In
addition, the removals of ATZ, SIM and PRT by the granular activated carbon were compared under the different
initial different concentration of s-triazine herbicides, different water, and temperature. Three s-triazine herbicides
have similar basic chemical structures but with different
substituent. They have different physicochemical properties, as shown in Table 1 and Fig. 1.

TABLE 1 - Physicochemical properties of the herbicides .
Chemical Name

Molecular
Formula

Solubility
(mg/L, 25 oC)

Atrazine (ATZ)

C8H14ClN5

33

2.57

Simazine (SIM)

C7H12ClN5

6.2

2.00

Prometryn (PRT)

C10H19N5S

48

3.41

1613

octanol/water partition coefficient KOW

© by PSP Volume 21 – No 6b. 2012

Fresenius Environmental Bulletin

CH3

CH3

NH

NH

CH3

H3C

H3C

N

N
N

Cl

N

N

Cl
N

N

NH

S

N

N

NH

NH

NH

CH3

H3C

H3C

CH3
Simazine

Atrazine

CH3

Prometryn

FIGURE 1 - Chemical structures of three s-triazine herbicides

TABLE 2 - Characteristics of different waters
Water

pH

Tap water
Distilled water
Nature water of Huangpu river

6.95-7.43
7.13-7.56
6.9-7.5

Dissolved organic carbon
(DOC, mg/L)
4.60-7.02
1.37-1.67
7-10

2. MATERIALS AND METHODS
2.1. Chemicals

Different waters including tap water from Shanghai
city, distilled water and nature water from Huangpu River
were used to prepare the s-triazine herbicides solutions.
The basic characteristics of waters are given in Table 2.
ATZ, SIM and PRT with analytical grade (99.9% purity) were purchased from Aldrich. HPLC-grade solvents
(acetonitrile and water) were supplied by Sigma Chemical
Company (purity >99%).
In order to investigate the physical and chemical properties of GAC and correlate with the adsorption behavior of
s-triazine herbicides, the following instruments were used.
Physical properties such as surface area, average pore diameter were measured using a specific surface analyzer (Micromeritics, ASAP-2020) at 77 K by nitrogen gas adsorption and a scanning electron microscope (SEM). The industrial granular activated carbon used in this study was obtained from Tianjin Calgon Carbon Corporation. The iodine
index and methylene blue index of GAC were 1092 mg/g
and 225 mg/g, separately. Other chemicals used in this
study were are at least of analytical grade and used without further purification.
2.2. Experimental procedure
2.2.1. The adsorption behavior of s-triazine herbicides studied

The retained GAC samples were washed with deionic
water and shaked for 10 min for third times to remove
fine particles, then dried in a 105 ℃ oven for 3 hours to
keep constant weight and cooled in a desiccators where it

Conductivity
(µs/cm)
606-720
< 20
792-950

Turbidity
(NTU)
0.15-0.45
0
50-80

UV254 (cm-1)
0.090-0.120
< 0.006
0.120-0.210

was stored prior to use. The equilibrium adsorption capacities of the GAC for ATZ, SIM and PRT were determined
by the bottle point isotherm technique [14].
For kinetic studies, 0.1 g GAC and 200 mL of s-triazine solution were introduced into 250 mL glass bottles and
placed in a thermostatic bath shaker at the desired temperature 25±0.5 ℃. At each time interval, 5 mL of aqueous sample was taken. Blank samples consisting of the same solutions but without the s-triazine were treated in the same
manner.
2.2.2. Fractionation of natural organic matters

The nature water from the Huangpu River of China was
prefiltered through a 0.45 µm Millipore filter (dia. 50 mm)
prior to experiments. NOM was concentrated and fractionated into the nominal molecular weight fractions:
<1000 Da, 1000-3000 Da, 3000-10000 Da, 10000 Da30000 Da, >30000 Da with ultrafiltration membranes
(Dia. 90 mm).
2.3. Analytical methods

ATZ, SIM and PRT were analyzed by a Shimadzu LC2010 AHT HPLC (high performance liquid chromatography) equipped with a VP-ODS column (150mm× 4.6mm)
and ultraviolet detector setting wavelength of 220 nm. Elution was performed with a mobile phase composed of
acetonitrile/water at a flow rate of 0.8 ml min-1. The dissolved organic carbon (DOC) concentrations were measured using a TOC analyzer (TOC-VCPH, Shimadzu,
JAPAN). Ultraviolet (UV) absorbance (at 254 nm) of the
water was measured by UV2550 UV/VIS Spectrophotometer (Shimadzu, JAPAN).

1614
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2.4. Mathematical Model

Adsorption isotherms of s-triazine herbicides were
calculated by means of the Freundlich equation [15] and
Langmuir equation [16] as follows:
Freundlich equation:

qe =

x
= kf Ce1/ n
m

(1)

(2 < d < 50 nm), and micropores (d < 2 nm) [17]. As shown
in Table 1 and Fig. 2, GAC in this study may be classified
into mesopores carbon. The image presents for the amorphous carbon many pores. FTIR spectrum of GAC is shown
in Fig. 3. FTIR spectrum indicates the presence of the
prominent bands lying at 3400 cm-1, which may be assigned to the presence of hydroxyl group.
TABLE 3 - Physical properties of granular activated carbons

Langmuir equation:

qe
k L Ce
=
q m 1 + K L Ce

Sample

(2)

GAC

BET surface
area (m2/g)
950

Average pore
diameter (nm)
2.80

Micropore volume
(cm3/g)
0.23

Where qe is PAC surface complex concentration at
equilibrium in µg/mg, qm is maximum adsorption capacity
from Langmuir in µg/mg, kf is the considered as a capacity parameter (and represents the uptake corresponding to
a value of Ce equal to unit), kL is Langmuir equilibrium
constant (L/µg), Ce is the mass concentration of absorbance at adsorption equilibrium in µg/L, and n is a dimensionless parameter related to the site energy distribution.
3. RESULTS AND DISCUSSION
3.1 Characterization of granular activated carbons

Physical properties of granular activated carbons are
given in Table 3 and the image of scanning electron micrograph is shown in Fig. 2.
According to the international Union of Pure and Applied Chemistry (IUPAC) classification, the pores may be
subdivided in broad terms according to diameter (d) into a
tortuous network of macropores (d > 50 nm), mesopores

FIGURE 2 - Scanning electron micrographs of granular activated
carbon.

FIGURE 3 - FTIR spectrum of granular activated carbon.
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3.2 Adsorption isotherms of s-triazine herbicides

In order to make a comparative study for adsorption
isotherms of three s-triazine herbicides, batch experiments
were carried out with the initial concentrations of ATZ
(940 µg/L), SIM (949 µg/L) and PRT (890 µg/L). The
Freundlich equation and Langmuir equation were used to fit
the experimental data and the results were shown in Fig. 4.

2.4

qe(µg/mg)

2.0
1.6
o
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o
25 C
o
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1.2
0.8

18
PRT experimental data
Freundlich model for PRT adsorption
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SIM experimental data
Freundlich model for SIM adsorption
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It is seen from Fig. 5 that the adsorption decreases with
temperatures increase. It confirms the exothermicity of striazine sorption process onto the GAC. Moreover, as the
dissolved organic carbon (DOC) in tap water adsorption
onto GAC enhances at higher temperature confirmed by
results of Summers and Roberts [20], it make the adsorption of s-triazine decrease.

6

200

200

FIGURE 5 - The adsorption isotherms of ATZ at different temperatures.

8

0

100

Ce (µg/L)

800

Ce (µg/L)

FIGURE 4 - Application of Freundlich and Langmuir models for striazine adsorption

It is seen from Fig. 4 that Freundlich model is more
suitable than Langmuir model for s-triazine adsorption.
Rojas Moreno et al. [18, 19] also reported that the adsorption of the herbicides onto GAC from solutions in distilled
water does not fit the Langmuir isotherm. The results show
that there are repulsive lateral interactions in the adsorption process. In addition, Langmuir equation is valid for
monolayer sorption onto a completely homogeneous sur	
  
face with a finite number of identical sites and with negligible interaction between absorbed molecules. Therefore,
Langmuir model is also called as the ideal localized
monolayer model. However, Freundlich equation assumes
neither homogeneous site energies nor limited levels of
sorption and it is usually fits the experimental data over a
wide range of concentrations. There are many organic
chemicals and different ions, which certainly act with
s-triazine molecules, especially when s-triazine concentration is high. Therefore, Langmuir model, monolayer model,
could not fit the experimental data well and Freundlich
model fitted s-triazine adsorption better. As there are different methyl groups in PRT, SIM and ATZ chemical
structure, hydroxyl group in GAC more easily react with
methyl groups. Therefore, the chemical adsorption of striazine on GAC follows this order: PRT> ATZ> SIM.
3.3 Adsorption behavior of ATZ herbicide at different temperatures

In order to investigate the effect of temperature on the
adsorption of s-triazine herbicides on GAC, ATZ was studied as one of s-triazine herbicides and the adsorption of
ATZ at 15 oC, 25 oC, and 35 oC was investigated. In the
experiment, the weight of GAC kept the same. The adsorption isotherms of ATZ were shown in Fig. 5.

3.4 The adsorption isotherms of s-triazine in different waters

Several previous studies have shown that the presence
of natural organic matter (NOM) could cause significant
reduction in the GAC adsorptive uptake for target organic
pollutants [21, 22]. In this study, NOM was fractionated
into five groups in terms of the nominal molecular weight
(MW): <1000 Da, 1000-3000 Da, 3000-10000 Da, 10000
Da-30000 Da, and >30000 Da (filtered with 0.45 µm membrane). Fig. 6 shows molecular weight distribution of NOM
in different waters.
3.0

3.0

2.5

DOC (mg/L)

16

qe (µg/mg)

	
  

2.8

Nature Water
Tap Water

2.5

2.0

2.0

1.5

1.5

1.0

1.0

0.5

0.5

0.0

0.0

<1000 Da

<3000 Da <10,000 Da <30,000 Da >30,000 Da

FIGURE 6 - Molecular weight distribution of NOM in different
waters

It is seen from Fig. 6 that molecular weight above
3000 Da of NOM in tap water is less than the NOM in
nature water. Molecular weights of NOM in tap water
above 30,000 Da, 10,000-30,000 Da, 3000-10,000 Da,
separately decrease 80.7%, 57.5%, and 38.7%. However,
molecular weight in the range of 1000-3000 Da and below 1000 Da in tap water only decreases 4.0 % and 1.6 %
and it nearly same with that of nature water. Therefore,
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main NOM of tap water and natural water was organics
with molecular weight below 3000 Da.
In order to investigate the effect of NOM on the competitive s-triazine adsorption, s-triazine herbicide solutions
were prepared with distilled water, tap water and nature
water. The adsorption isotherms of s-triazine herbicides
were shown in Fig. 7a, 7b, 7c.

	
  

organics with small molecular weight are competitive adsorption with s-triazine herbicide. The organics with molecular weights above 3000 Da may plug the holes of GAC
surface, and affect the adsorption of s-triazine on GAC.
The adsorption parameters of s-triazine on GAC were
compared with the similar initial concentration of s-triazine
herbicides, shown in Table 4.
TABLE 4 - Adsorption capacity comparison of three s-triazine
herbicides on activated carbon in tap water

8.5
8.0
7.5
7.0
6.5
6.0

Nature water
Tap water
Distilled water

qe (µg/mg)

5.5
5.0
4.5
4.0

Chemicals

Water

ATZ

Tap water

PRT

Tap water

SIM

Tap water

3.5
3.0
2.5

Parameters of
Freundlich Model
Kf=1.3417; 1/n=
0.2564
Kf=1.8458; 1/n=
0.2353
Kf=0.8868; 1/n=
0.4748

R2
0.972
0.986
0.990
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FIGURE 7a - The adsorption isotherms of ATZ in different waters
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It is seen from Table 4 that Kf values of PRT, ATZ
and SIM are 1845.8, 1341.7 and 886.8 (µg/g) (L/µg) n,
repectively. 1/n values are 0.2353, 0.2564 and 0.4748,
respectively. These results show the physical adsorptions
of three s-triazine herbicides on GAC follow PRT > ATZ
> SIM. As the adsorption of s-triazine herbicides on GAC
was physical adsorption and the main force is Van der
Waals force which is relative with molecular weight. The
molecular weights of PRT, ATZ and SIM are 241.4, 215.5
and 201.5, respectively. The physical adsorption of three
herbicides decrease based on their molecular weight, and
which is consistent with Traube’s Law. Therefore, based on
the chemical adsorption and physical adsorption of striazine on GAC, the adsorption of s-triazine on GAC
follows the order: PRT>ATZ>SIM.
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4. CONCLUSIONS
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FIGURE 7b - The adsorption isotherms of PRT in different waters
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This study demonstrated that the adsorption of striazine herbicides on GAC under different temperature,
initial concentration of s-triazine herbicides, and different
waters. The GAC adsorptions decrease with temperature
increase. Moreover, the adsorptions of s-triazine herbicides on GAC follow the order: distilled water > tap water
> nature water. The adsorptions of three s-triazine herbicides on GAC follow the order: PRT > ATZ > SIM. In
addition, the adsorption isotherms of these herbicides were
fitted by Freundlich model and Langmuir model. Freundlich model fitted GAC adsorption of thee s-triazine herbicides better than Langmuir model.

Ce (µg/L)

FIGURE 7c - The adsorption isotherms of SIM in different waters
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ABSTRACT
In this study, the presence of twelve antibiotics, total
cultivable bacteria and fecal coliforms were investigated in
the influent and effluent in a wastewater treatment plant as
well as the water from the upstream and downstream of
the relevant receiving water. The twelve antibiotics were
detectable in these waters except for Erythromycin, which
was not detected in the receiving water. 58.17-97.35% of
the antibiotics can be removed during the wastewater treatment process. Among these antibiotics, the highest concentration was detected for Cephalexin in the influents, followed by the Amoxycillin, Sulfamethoxazole and Tetacyclines. Besides, no significant differences were found in
the concentrations of these antibiotics between the upstream
and downstream of the receiving river. The total cultivable
bacteria and fecal coliforms in influent were higher than that
in effluent in WWTP while the same items of downstream
were a little higher than that of upstream. With respect
to the influent, the highest resistance was found for
Trimethoprin/ sulfamethoxazole (SXT), followed by Tetracycline (TET), Chloramphenicol (CHL) and Ampicillin
(AMP) while the lowest resistance was Ciprofloxacin
(32%). In the effluent, the highest resistance was found
for SXT, followed by CHL, Erythromycin and TET. The
wastewater treatment process increased the level of antibiotic resistant among the isolated fecal coliform. Consequently, the substantial concern should be paid to the
multi-antibiotic resistant isolates.

KEYWORDS: antibiotic, total cultivable bacteria, fecal coliform,
wastewater treatment, multi-antibiotic resistance

1. INTRODUCTION
In recent years, public concern about the environmental occurrence of pharmaceuticals including antibiotics
has been increasing. Large quantities of antibiotics have

* Corresponding author

been used for disease control and disinfection not only for
human but also for agricultural use. For example, different types of antibiotics have been used as sub-therapeutic
to promote pig growth. Antibiotics could inhibit or even
kill pathogens as well as other organisms and thus destroy
the balance between susceptible bacteria and antibiotic
resistant organisms. In this way, the existence of antibiotics
potentially increases the survival rate of antibiotic resistant
organisms. In addition, many antibiotics can induce the
cell-wall-deficient bacteria, which may enhance the horizontal gene transfer among bacteria (HGT) [1]. HGT is a
naturally occurred process and contributes to the transmission of antibiotic resistant genes (ARGs) among bacteria
via the genetic mobile elements (plasmids, transposons, and
integrons) [2]. It has been indicated that the DNA can be
released to the environment and transformed to other bacteria in the ecosystem even after bacteria carrying ARGs die
[3]. ARGs can enter in pathogenic organisms, which can
be transmitted from environment to human via direct or indirect contact [2]. Consequently, extensive use and misuse
of antimicrobial compounds may accelerate the development
of resistant bacteria that shade health risks to humans and
animals [4].
It has been indicated that most of the antibiotics cannot
be broken down, transformed and adsorbed in body and
would be excreted unchanged into the environment [5], and
antibiotic residues show different behaviors under different
environmental conditions [6]. Recent studies have detected residues of antibiotics in different water samples, including municipal wastewater, riverine water, lake water,
and even groundwater [7, 8]. The residues of antibiotics
and significant numbers of antibiotic resistant bacteria can
be released from the sewage and flow into the wastewater
treatment plant (WWTP), additionally, if the WWTP also
receives wastewaters from hospitals, the prevalence of
antibiotic-resistant bacteria in WWTP will correspondingly increase. WWTP can represent important reservoirs of
human and animal commensal bacteria and can be released to the environment [9]. Consequently, the removal
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of antibiotics from wastewater is the first-line to reduce
the release of antibiotics into the environment. However,
recent report showed that WWTP may facilitate the spread
of antibiotics, antibiotic resistance genes, and antibiotic
resistant bacteria [10] from wastewater to surface water.
Abundant antibiotics are used in China now. The average growth of antibiotic resistance in hospitals and
communities reached about 22% from1994 to 2000, which
could possibly be the most rapid growth rate of resistance
all over the world [11]. Recently, antibiotics and antibiotic
resistant bacterial has been detected in the WWTP, river
and sediments [12,13]. However, very few studies about
antibiotics and antibiotic-resistant bacteria in WWTPs have
been carried out in China [10].
Jinghang Grand Canal is the biggest canal project as
well as one of the oldest Ancient Grand Canal throughout
the world. Jinghang Grand Canal has ever been polluted
by various pollution sources while the domestic and industrial wastewater is now required to be treated to certain standard before discharge. The purpose of this study
was to obtain removal rate of the antibiotics and antibiotic

resistance bacteria during wastewater treatment process
and their impact on the water of Jinghang Grand Canal.
The concentration of antibiotics, total cultivable bacteria
and E. coli in the influent and effluent of the objective
WWTP and in the upstream and downstream of effluent
input were investigated. In addition, susceptance of E. coli
to seven antibiotics was determined in the selected E. coli
isolates.
2. MATERIALS AND METHODS
2.1. Study area and sample collection

The wastewater were collected from influent and effluent in a wastewater treatment plant and the surface
water were clollected from upstream and downstream of
the effluent input located at Jinghang Grand Canal. The
operation condition of the wastewater treatment plant was
listed in Table 1 and the diagram of the wastewater treatment process was provided in Figure 1.

TABLE 1 - The operation condition of the wastewater treatment plant (mg•L-1)
Parameters
influent
effluent

Influent

10% -50%Q

COD
690
50

BOD5
300
10

SS
580
10

NH3-N
37
5（8）

TP
11
0.5

Adding
filler

90%-50 %Q
Denitrification
phase in sludge
recirculation

TN
48
15

Aerabic tank

Anoxic tank

Oxic tank

Sedimentary
tank

Mixed liquid recycle
ratio 100 %-200 %

Ultraviolet
Disinfection

Efflunent

Residual
sludge

Sludge return ratio
100 %-200 %

FIGURE 1 - The diagram of wastewater treatment process

2.2. Standards and general chemicals

The samples were immediately filtered through 0.45 lm
glass fibber filter (50 mm diameter), preserved by adding
1% formaldehyde (water solution), and then stored at 4 °C
before SPE extraction to be done within 24 h of storage to
avoid any degradation. Preliminary experiments were conducted to assess the efficiency of sample storage procedures by adding 5 mL 5% (w/v) Na2EDTA into the sample. The standards of antibiotics were all purchased from
Sigma-Aldrich. All the standards were of the highest purity
available. (13)C(3) isotopically labeled caffein solution
(1mg mL−1 inmethanol, purity 99%) was used as surrogate standard. The extraction and analysis of antibiotics

(Table. 2) were used according to the method described
by Tong et al. [14].
TABLE 2 - The species antibiotics detected or used in this study
(µg•L-1)
Class
β-Lactams

Tetacylines

Sulfonamides
Quinone
Macrolides
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Antibiotics
Amoxycillin
Ampicillin
Cephalexin
Doxycycline
Oxytetracycline
Tetacyclines
Sulfamethoxazole
Sulfathiazole
Ciprofloxacin
Erythromycin.H2O

Abbreviations
AMX
AMP
CEL
DXY
OTY
TET
SUL
SFH
CIF
ERY

© by PSP Volume 21 – No 6b. 2012

Others

Rifampicin
Chloramphenicol

Fresenius Environmental Bulletin

shealth gas pressure and auxiliary gas pressure at 35 MPa
and 10 MPa, respectively.

RIF
CHL

As a chelating agent, Na2EDTA was used to avoid
bonding with antibiotics with metallic ions. All the water
samples were spiked in duplicate to test the recovery with
and without the addition of Na2EDTA respectively. The
cartridges used for SPE were Oasis Hydrophilic–lipophilic
balanced (HLB) (60 mg, 3 mL, Waters, Milford MA, USA)
which have been widely used. Antibiotics were extracted
from groundwater (500 mL), lake water (250 mL) and
piggery wastewater (50 mL). Before the sample loading,
the solid-phase adsorbent was pre-conditioned with 3 mL
of Methyl tertiary-butyl ether (MTBE), 3 mL of methanol
and 3 mL of water (or hydrochloric acid at pH 2.0 or 4.0
according to the sample acidity) at a flow rate of less than
3 mL•min−1. The samples were introduced to the cartridges
by means of PTFE tubes at flow rates of 1-2.5 mL•min−1
and 8 mL•min−1 for wastewater and river water respectively. After sample loading, the solid phase was washed with
3 mL of 5% methanol-water. Cartridges were then dried
for more than 30 min under Supelco vacuum manifold
(Sigma-Aldrich), which allowed up to 12 parallel extraction
samples, and then the analytes were eluted with 2 × 3 mL
of 1:9 (v/v) mixtures of methanol and MTBE. The extracts were rotary evaporated to near dryness at 36 °C
under reduced pressure, re-dissolved in 2 mL of methanol
and transferred to amber vials, evaporated to near dryness
at 40 °C, followed by re-dissolving and vortex mixing in
500 µL of methanol-water (1:1). The extracts were stored
at −4 °C prior to being detected.
The extracts were separated on the Dionex Acclaim C18
reversed phase column (2.1 mm i.d. × 150 mm, 4.6 µm)
using Dionex HPLC system (Dionex UltiMate 3000 system)
with a quaternary pump, a vacuum degasser, an autosampler, and a thermostated column oven kept at 35 °C.
10 µL of samples were injected to the C18 column which
was gradient-eluted with different solvents. For analysis
in the positive ion mode, eluent A was acetonitrile and
eluent B was 0.1% formic acid (water solution) at a flow
rate of 0.2 mL min−1. The concentration of the mobile
phase was initially 5% ACN and maintained for 5 min,;
then changed linearly between 5 and 20 min to be 50%
ACN; then changed to be 5% ACN within 0.1 min and
maintained for 6 min. Analysis in the negative mode was
done with 20% acetonitrile as eluent A and 80% MilliQ
water as eluent B at a flow rate of 0.2 mL•min−1.
The flow from the LC column was transferred to a
triple-quadrupole mass spectrometer (TSQ Quantum Ultra
AM, Finnigan, USA) equipped with an ESI source. The
analyses were performed in the negative ion polarity
mode for chloramphenicol and in the positive ion mode
for other compounds. Instrument control, data acquisition
and evaluation were done with the Xcalibur 2.0 software
(Thermo). Determination was performed in multi-residue
analysis using the two most intense and specific fragment
ions with a scan time of 0.5 s and scan width of 0.05. The
electrospray voltage was 5.0 kV and the capillary temperature 350 °C. Argon was used as the collision gas, with

2.3. Cultivable bacterial counts

The cultivable bacterial number in the water was determined by heterotrophic plate counts (HPC). For each
water sample, a 100 mL aliquot of water from serial tenfold dilutions was filtered through a 0.22 µm-pore membrane (Millipore, Billerica, MA) which was then placed
on R2A agar (Remel, Lenexa, KS) plates. Four replicates
were examined for each sample. Plates were incubated at
25 °C for 72 h or up to one week to ensure the growth of
the slow-growing organisms prior to counting colony
forming units (CFUs).
2.4. Identification and Enumeration of fecal coliforms from
water samples

Fecal coliforms (FC) were enumerated after membrane
filtration (0.45 µm-pore-size, 47-mm-diameter sterile cellulose nitrate filters, Sartorius) or spread plating on lactose
agar with Tergitol (0.095‰ wt vol−1 final concentration)
and triphenyl 2,3,5-tetrazolium chloride (0.024‰ wt vol−1
final concentration). Prior to filtration or spreading plating, wastewater samples were sonicated for 45 s in an
ultrasonication cleaner bath (Branson 1210E-MT, 60 W,
47 kHz) to detach bacteria from particles and/or break up
cellular aggregates, as described by George et al. [15].
Orange colonies producing a yellow halo under the
membrane after incubation at 44°C for 24h were considered FC colonies. FC counts were expressed as colonyforming units (CFU) per 100 ml of sample. In wastewater
samples, the coefficient of variation in plate count replicates equaled 20–50%.
2.5. Antibiotic susceptibility test

Antibiotic susceptibility tests were performed using
the disc diffusion method (BD, Franklin Lakes, NJ) according to the recommendations of CLSI (CLSI, 2006);
E. coli ATCC 25922 were used as quality control strains.
Eight antibiotics were selected as commonly used antibiotic classes: AMP, 10µg; CHL, 30µg; CIP, 5µg; ERY,
30µg; RA, 5µg; TET, 30µg; and SXT, 5µg/2.5µg.
2.6. Statistics analysis

All the experiments were performed at least for three
times. The values were expressed as means ± standard
errors. The multi-antibiotic-resistant (MAR) index of the
samples were calculated by the equation a/(b×c), where a
is the aggregate antibiotic resistance score of all isolates
from the sample, b is the number of antibiotics, and c is
the number of isolates from the sample.
3. RESULTS AND DISCUSSION
3.1 Occurrences of antibiotics in influents and effluents of
WWTP and receiving water

In order to determine the removal efficiency of antibiotics in the WWTP treatment process, twelve antibiotics
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were investigated in the influent and effluent of WWTP
(Table 3). Among these antibiotics, the highest concentration was detected for Cephalexin in the influent, followed
by the AMX, SUL and TET, while the lowest concentration for ERY. In the effluent, concentration of SUL was
highest antibiotic while chloramphenicol was the lowest
one. The removal efficiency of these antibiotics ranged
from 58.17-99.72%. Most of the concentrations of these
antibiotics were lower in effluent than in the upstream of
the receiving water, except for ERY and SUL. No significant alterations were detected in the concentrations of
these antibiotics between the upstream and downstream of
the receiving river. However, ERY was not detected in
the receiving water.
It has been reported that there were about 29,574 tons
of antibiotics consumed in China in 1999 (China, 2000).
These included 6716 tons of sulfonamides, 2500 tons of
macrolides, 6265 tons of penicillins, 9413 tons of tetracycline, 2360 tons of fluoroquinolones, 702 tons of cephalosporin, and 1618 tons of aminoglycosides. In this study,
all the twelve antibiotics were detected in the wastewater
which might be from the wastewater derived from hospital, meat processing plants and abattoirs or the disposal of
unused and expired medication [16,17]. However, the concentration of these antibiotics decreased over 80% excluding Doxycycline and Sulfathiazole after treatment process.
Similar removal efficiencies of antibiotics from the water
phase were reported in other reports. What's more, two
treatment plants processes significantly reduced antibiotic
concentrations with an average removal rate of 92% from
the liquid phase [16,18].
Among the antibiotics, Quinolones and Tetracyclines
can form relatively stable complexes with particulates and
metal cations [19]. In this study, antibiotics in Quinolones
and Tetracyclines class were removed about 73.68%89.86%, suggesting these antibiotics might be more abundant in the sludge component [20]. β-lactams are all related structurally though the presence of a β-lactam ring,
which is readily degraded through hydrolytic cleavage
and ultimately mineralised to CO2 and water [21]. This
can explain the higher removal efficiency of β-lactams
class drugs in this study. Though β-lactams are not gener-

ally thought to be of concern as environmental pollutants
[16], they were still detected in the effluent of a WWTP
and surface water [22]. In sulfonamides class, SUL decreased about 58.17% while SFH declined about 93.84%,
indicating the wastewater treatment have different effects
on different drugs in Sulfonamides. Similar to SUL, a fall
in medium concentration through treatment were reported
in the literature [18, 23-25]. Accumulated data showed that
many treatment units like water chlorination in WWTPs
have less efficient in macrolides removal [26-29], while in
this study about 82.61% of ERY was removed by the
whole treatment process. CHL was removed about 95.89%
in this study. By comparison, 0.56 and 0.06 µg L-1 of CHL
were detected in the effluent of one sewage treatment plant
and in one small river in southern Germany respectively
[21]. In this paper, the concentrations of these antibiotic
were higher in recieving water than that in the influent
except for the SUL, revealing that the treatment process
have import role in their removal and the antibiotics were
continuously released into the water of water of Jinghang
Grand Canal. The antibiotics usually remain in the effluent of wastewater treatment and water of water can challenge bacterial populations in the environment [16].
3.2 Effects of wastewater treatment process on the total
cultivable bacteria and fecal coliforms

The total cultivable bacteria were detected in the influent and effluent as well as the upstream and downstream of receiving water. As shown in Table 4, the total
cultivable bacteria was higher in influent than that in
effluent in WWTP while it was a little higher in upstream
than in downstream. For fecal coliforms, it descended significantly in effluent than in the influent while increased
in the downstream of the receiving water as compared with
that in the upstream (Table 3). The average concentration
of total cultivable bacteria in the effluent was 4.73 ×105
colony-forming units (CFU)/mL, which fell in a typical
range observed in the secondary effluent of municipal wastewaters [9]. Fecal coliforms counts per 100 ml wastewater
from influent and effluent in different WWTPs were decreased obviously. Similar reports were also reported by

TABLE 3 - The concentrations of antibiotics in WWTP and in receiving water µg• L-1.

Class

β-lactams
Tetacylines
Sulfonamides
Quinolones
Macrolides

Antibiotic
AMX
AMP
CEL
DCY
OTY
TET
SUL
SFH
CIF
ERY

WWTP
Influents
18.42±0.41
0.71±0.13
88.29±6.41
0.95±0.13
0.62±0.12
2.17±0.84
3.41±0.22
1.53±0.12
1.42±0.31
0.23±0.01

Receiving water
Effluents
0.47±0.04
0.05±0.01
0.25±0.16
0.25±0.11
0.07±0.4
0.22±0.01
0.21±0.12
0.64±0.37
0.16±0.32
0.04±0.02
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Removal ratea
97.35%
92.96%
99.72%
73.68%
88.71%
89.86%
93.84%
58.17%
88.73%
82.61%

Upstream
0.72±0.14
0.14±0.01
0.43±0.11
0.49±0.27
0.27±0.19
0.98±0.25
0.51±0.21
0.32±0.22
0.73±0.25
n.d.b

Downstream
0.71±0.18
0.16±0.01
0.37±0.21
0.61±0.39
0.41±0.23
0.87±0.33
0.47±0.32
0.39±0.17
0.65±0.22
n.d. b
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RIF
1.74±0.64
0.21±0.21
87.93%
0.42±0.25
CHL
0.73±0.04
0.03±0.01
95.89%
0.23±0.16
a
100% *Mean/mean; bindicating the concentration of antibiotics below the detection limitation.
TABLE 4 - The number of total cultivable bacteria and fecal coliforms (CFU/100 ml).
Others

WWTP
Influents
3.24(±0.91)×109
5.73(±1.44)×106

total cultivable
fecal coliforms

Effluent
4.73 (±4.91)×105
2.97 (±2.73) ×104

Receiving water
upstream
1.42(±3.21) ×105
3.22(±2.73) ×102

0.38±0.19
0.18±0.07

downstream
5.42(±4.91) ×105
1.56(±2.73)×103

TABLE 5 - Numbers of the antibiotics for Fecal coliforms (n=100) isolated from WWTP and surface water.

antibiotics

MAR index

AMP
CHL
CIP
ERY
RAF
TET
SXT

WWTP
Influent
48%
52%
32%
42%
34%
56%
64%
0.47

Effluent
82%
72%
36%
70%
48%
64%
82%
0.65

Removal Ratios
1.71
1.38
1.13
1.67
1.41
1.14
1.28
\

George et al. [15]. These results demonstrated that the
wastewater treatment process contributed the decrease of
total cultivable and fecal coliforms. However, the fecal
coliforms concentration should be reduced further, since it
can affect the water quality of the receiving water in
Jinghang Grand Canal.
3.3 Effects of wastewater treatment process on the antibiotic
resistance of fecal coliforms

To evaluate the effect of wastewater treatment process on the drug resistance of bacteria, 100 isolates of
fecal coliforms were identified and selected to detect their
resistance to 7 antibiotics. Concerning the influent, the
highest resistance was found for SXT (64%), followed
by TET, CHL and AMP in isolates while the lowest resistance was CIP (32%). In the effluent, the highest resistance was found for SXT and AMP, followed by
CHL, ERY and TET. The antibiotic resistance rate increased in fecal coliforms isolates after the biological
treatment process.
The occurrence and spread of multi-drug resistant bacteria is a pressing public health problem and water pollution by microorganisms of fecal origin is also a current
world-wide public health concern. Though it is difficult to
track the input and fate of antibiotic resistance and in
relating the presence of low antibiotic concentrations to
selection or persistence of antibiotic resistances [30], fecal
coliforms including Escherichia coli are traditionally used
as indicator organisms to ensure microbiological safety in
drinking water, natural water resources and wastewater
[31]. Reports from Łuczkiewicz et al. [33] showed that
resistance patterns were found for Ampicillin (34%), Piperacillin (24%) and Tetracycline (23%) among E. coli isolates. Besides, extended-spectrum β-lactamase producing E.

Receiving water
Upstream
Downstream
42%
74%
46%
68%
38%
34%
58%
75%
28%
48%
50%
58%
58%
82%
0.46
0.64

Increased ratios
1.76
1.48
0.89
1.29
1.71
1.16
1.41
\

coli was detected in the aeration chamber. More importantly, Zhang et al. [32] found that the prevalence of antibiotic resistance in Acinetobacter isolates to Amoxicillin/
Clavulanic acid, CHL, Rifampicin, and multi-drug (three
antibiotics or more) substantially increased from the raw
influent samples to the final effluent samples. As shown
in Table 4, the antibiotic resistant ratio increased obviously after wastewater treatment process, supporting the
viewpoint that wastewater treatment process contributes
to the selective increase of antibiotic resistant bacteria and
the occurrence of multi-drug resistant bacteria in aquatic
environments.
To test whether effluent input results in detectable
and stable changes in antibiotic resistances in receiving
water or not, antibiotic resistance were determined in FC
isolates isolated from upstream and downstream of effluent input site of Jinghang Grand Canal water using a culture-based method. As shown in Table 4, the resistance
percentages of E. coli were determined varied from 28%
(RAF) to 58% (ERY) in isolates from upstream and 34%
(CIP) to 82% (SXT). The ratio of antibiotic resistance
(downstream to upstream) varied obviously among antibiotics.
The emergence of bacterial resistance to antibiotics is
common in areas where antibiotics are heavily used, and
antibiotic-resistant bacteria also increasingly occur in aquatic
environments. In this study, high ratios of resistant bacteria
were detected in the wastewater from WWTP and in river
water that may ascribe to the high frequency of the antibiotics in clinical and agricultural environment. Recent
report showed that the prevalence of antibiotic resistance
in Acinetobacter isolates to CHL, Rifampicin, Amoxicillin/Clavulanic acid and multi-drug (three antibiotics or
more) was momentously higher in the downstream sam-
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ples than in the upstream samples [5]. Additionally, Akiyama et al. [30] found that proportions of antibioticresistant E. coli were generally high in effluent and 640m
downstream despite temporal variability. MAR E. coli and
MAR enterococci constituted respectively 9% and 29% of
tested isolates in treated wastewater [33], the resistant
level for E. coli was lower than that in this study. In addition, the average MAR index of these E. coli ranged from
0.46 to 0.65, demonstrating these fecal coliforms can cause
healthy risk to human because they have higher multi-drug
resistance. Consequently, substantial concern should be
paid to the isolates with MAR and treasures were needed
to improve the efficiency of antibiotic resistant bacterial
removal.
4. CONCLUSIONS
To conclude, the wastewater treatment process had
important role in the removal of antibiotics and bacteria.
However, the process improved the increase of antibiotic
resistance of bacterial. The effluents of wastewater treatment plants contributed to the increase of antibiotic and
antibiotic resistant fecal coliform in plants, suggesting that
the antibiotic resistant bacterial in the effluents from WWTP
should be of concern although quality of effluents below the
limit criteria of standards of wastewater discharge.
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ABSTRACT

1. INTRODUCTION

The aim of this article is to identify the urban biodiversity in the residential landscapes and user preferences
in Bartın urban area, located in the Western Black Sea
Region, Turkey. The study was conducted in the residential gardens of the traditional urban fabric and the old
urban pattern with conservation status at the national level
(dwellings in the urban conservation area and registered
buildings in the urban development area), and also in the
new urban pattern (housing estates and detached houses).
120 residential gardens were selected and 140 plant species belonging to 57 families were identified. The plant
species in the first 10 percent of 140 plants according to
user preferences are considered in the statistical analyses.
The results of the study indicate that the residential landscapes in the old and new urban pattern of Bartın have a
considerable potential in terms of biodiversity. While fruit
trees and natural plant species characterize the residential
gardens in the old urban pattern, exotic plant species are
common in the new urban pattern. The users prefer plants
in their gardens for their functional use, rather than aesthetical use. It is further observed that the users in the old
urban pattern use the plants as they grow, whereas the
users in the new urban pattern use plants obtained from
nursery gardens. Analyzing the urban biodiversity inventory in Bartın at the residential garden scale, this study
concludes with some suggestions for sustainable urban
development.

KEYWORDS: Bartın, residential landscape, urban biodiversity,
urban ecology, user preference.

Although cities constantly undergo fragmentation and
the consequent scarcity of space, they still harbor diverse
natural and valuable habitats and species [1]. Spatial dif* Corresponding author

ferences result in a heterogeneous structure of plant diversity and rich combinations of species [2, 3]. As anthropogenic habitats are suitable for several species, semi-natural
and man-made landscapes in urban areas are home to biotopes where the diversity of plant species is influenced by
social factors [2, 4]. Factors, such as socio-economic status,
cultural characteristics, and habits of users, influence the
selection of plants and, consequently, urban biodiversity [5].
Moreover, the history, identity, cultural characteristics and geography of cities may have an impact on plant
diversity in residential landscapes. For instance, traditional
residential gardens in the old urban areas and the gardens of
the recently developed housing estates and detached houses
exhibit differences in plant species. An interdisciplinary
approach to residential landscapes, which brings together
natural and social sciences, such as urban ecology, might
be fruitful to investigate the dynamics of urban ecosystems
[6-8].
Plants constitute a significant corner stone of urban
biodiversity. However, the importance of green spaces in
urban areas is due to their role not only in ensuring ecological sustainability but also in social and aesthetic aspects
of urban life [9]. As important elements in landscape planning and design, plants bear dynamic characteristics and
uses [1] ranging from functional, aesthetic, economic [10]
to physiological and perceptual, such as visual and sensory aspects [11].
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The study by Thompson et al. [12] conducted in Sheffield, England, demonstrated that residential landscapes
have more floristic diversity than other types of regions.
They found out that 33% of the species on the gardens
were native, whereas 67% were foreign species, and that
the species were mostly European and Asian ones. They
underlined that semi-natural habitats and residential gardens demonstrate similarities in terms of floristic richness
[12]. Another study conducted in Halifax, Canada, evaluated plant biodiversity and social indicators in urban areas
and more natural habitats, and concluded that the richness
of plant species was higher in urban areas [3].
Dana et al. [13] conducted a vegetation analysis by
using numerical methods in Almeria, Spain. The city was
examined in three sub-zones according to the plant composition and the ecological importance of plant communities. It was observed that these areas match the three
historical development phases of the city. According to
Tsiotsiou and Christodoulakis [14], maintenance of urban
green areas is rather costly. Ornamental plants used in such
areas usually require quite expensive maintenance and
repair work, like irrigation, fertilization and pruning, and
natural species are often not used among these ornamental
plants. Thus, urban areas are generally “denatured” in
terms of their floristic characteristics. Moreover, the transformation of already designed landscapes is not only timeconsuming and costly but also a contributing factor in loss
of species at all scales [15]. Thus, promoting regional
conservation in urbanizing areas requires understanding
of the biodiversity patterns within and around cities [16].

methods of Acar et al. [19] and Acar and Sarı [1] were
utilized in the selection of the sample gardens in the study
area. The four main parameters used in the identification
of the selected dwellings in the urban area were the type
of dwelling, age of dwelling, size of garden, and way of
using gardens. Only two parameters, namely, the type of
dwelling and the age of dwelling, were used in the identification of the plants in the first 10 percent, their uses in
the sample areas, user preferences and uses of the plants
in the first 10 percent of landscape. The first of these two
parameters was the type of dwelling in the urban area and
is composed of both old urban pattern (urban conservation
area, registered buildings in the urban development area)
and new urban pattern (housing estate gardens and detached house gardens) (Fig. 2.).
The second parameter, the age of dwelling, was composed of 3 groups: younger than 10 years (age 1), 10 to
50 years (age 2), and older than 50 years (age 3). The sample was randomly selected among the dwellings in the old
and new urban pattern, and the plants in the residential
gardens identified within the 3-age groups were analyzed.

This study conducted in the city center of Bartın examines the diversity of plant species and the change in
these species in the residential areas of the old and new
urban pattern. In addition, through determining the uses of
the floristic diversity identified in residential landscapes
and user preferences, their contribution to urban ecology
is emphasized.
FIGURE 1 - Study area (developed by Cengiz [17]).

2 MATERIALS AND METHODS
2.1 Study area

This study was conducted in the residential gardens
within the municipal boundaries of Bartın, at the urban scale
(Fig. 1.). Bartın is located at 32°22'E longitude and 41°40'N
latitude, with a surface area of approximately 2143 km² and
a total population of 187,291. Annual rainfall in the city is
1030 mm, and average temperature is approximately 12.5 oC
[17]. The study area is located in the Euxine sub-region of
Euro-Siberian flora region, and in the A4 frame of the
Davis grid system [18].
2.2 Research data

The residential landscapes in the study were selected
by means of the development plans of the Municipality of
Bartın and the photographs taken during field trips. The

The field study took place during the vegetation period between March and October 2011 in order to identify
the plant species easily. The total number of residential
gardens examined in the study was 120 distributed as follows: 25 residential gardens in the urban conservation area,
33 gardens of registered buildings in the development zone,
43 housing estate gardens, and 19 detached house gardens.
2.3 Floristic analysis (Data analysis)

This study examined the woody plant species in the
residential landscapes (selected according to the abovementioned parameters) determined by the users’ habits,
socio-demographics, economic status, etc. The data collection regarding the plants was conducted through the plant
inventory, field surveys and user preferences forms. The
sources used in preparing these forms were Acar and Sarı
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[1], Cengiz et al. [10], Acar et al. [19], Var et al. [20],
Yaşar et al. [21], and Bekci [22] (Table 1).
The fieldwork consisted of filling out these forms,
taking measurements, on-site observation, taking photographs, and sample collection. The identification of the
plants in the area was mostly made during the fieldwork.
Samples were taken from the species that could not be identified, and these species were later identified by means of
sources such as botany books [23-25].
These forms were then used to evaluate the use of the
species in the first 10% (14 species) in the residential
gardens of the old and new urban species pattern. In the
evaluation phase of the statistical data, Spearman coefficients (r) and significance levels were determined by means
of correlation analysis between the use of plants in the
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FIGURE 2 - Classification of residential landscapes in Bartın city. (1) Urban conservation area, (2) Registered buildings in the urban development area, (3) Housing estate gardens, (4) Detached house gardens.

TABLE 1 - Forms used in the field study.
I. Plant inventory and field survey
1. Socio-demographic characteristics of users
2. Identification of the dwelling
3. Residential garden plant species were identified, and the use of the number of plant species
4. Landscape characteristics of the plants:
• Aesthetics and visual characteristics (flowers, fruits, leaves, stems, offshoots, calligraphy,
habitus, texture, smell),
• Functional characteristics (fence building, use of fruits, bordering, highlighting, shading, naturalness),
• Ecological characteristics (shade, drought, salt, and air pollution-tolerance),
• Naturalness (localness).

landscape and the parameters regarding dwellings. SPSS
(Statistical Package for Social Science) 16.01 was used to
conduct the statistical analyses.

II. User preferences form
1. Dwelling type
2. Way of acquiring the plants
3. Reasons for choosing the plants
4. Planting design preferences
5. Garden care
6. Preferred number of fruit tree species

cies according to dwelling parameters; (iv) user preferences, and (v) the relationship between the use of plant
species in landscape and dwelling parameters.
3.1 Relationship between users’ socio-demographic characteristics and dwelling parameters

3. RESULTS
The results of this study comprise the evaluation of
the following aspects: (i) the relationship between users’
socio-demographic characteristics and dwelling parameters; (ii) the general distribution of plant species according
to families and origins; (iii) the distribution of plant spe-

The socio-demographic characteristics of the dwellers
were taken into consideration in the evaluation of the
vegetation in the old and new urban pattern of the city
center of Bartın. Table 2 presents the results of the correlation analysis conducted. 60.86 percent of the participants of the survey were female and 39.13 percent were
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male. As seen in Table 2, the significant correlations between gender and the variables 1c, 1d, 1e, 2a and 2b
(r=0.317**, r=0.439**, r=0.269**, r=0.247**, r=-0.232**) indicate that the education level of males is higher than females, males have more income-generating occupations,
and thus, male income levels are higher. In addition, the
rate of male dwellers in new dwellings is higher. Similarly, the correlations between the age of the user and the
variables 1e and 2d (r=0.190*, r=0.185*) indicate that as
the age increases so do the income level, and the evaluation criteria regarding residential gardens. In this respect,
the most common residential garden evaluation criteria were
as follows: fruit garden (86%), seasonal flowers (70%), entrance garden arrangement (50%), garage (33%), multi-pur-

pose lawn (27%), vegetable garden (25%), and cooking
place (22%). Moreover, the significant relationship between
the level of education and the variables 1d, 1e, 2a and 2b (r=
0.383**, r= 0.689**, r=0.517**, r= -0.488*) (Table 2) indicates
that as the level of education increases so do the income
level and rate of living in detached houses and new dwellings with large gardens. As the income level of the dwellers with occupations increases (r=0.439**), so does the
rate of living in detached houses (r=0.326**) which were
newly built (r=-0.280**), with large gardens (r=-0.265**).
In addition, the correlation between type of dwelling and
the variable 2b (r=-0.680**) shows that the age of dwelling decreases gradually from the urban conservation area
to the detached houses (Table 2).

TABLE 2 - The relationship between socio-demographic characteristics of dwellers in the new urban pattern and the old urban pattern.

1. Socio-demographic characteristics of users
1a. Gender (1: female, 2: male)
1b. Age (1:21-30, 2: 31-40, 3:41-50, 4:51-60, 5: 60+ )
1c. Education level
(1: illiterate, 2: primary school, 3: secondary school, 4:
high school)
1d. Occupation
(1: unemployed, student, housewife, 2: retired, 3:
worker, public officer, 4: self-employed)
1e. Income level (TL)
( 1: less than 500, 2:500-750, 3:750-1000, 4:10001500, 5:1500-2000, 6: more than 2500 TL)

1b

1c

1d

1e

2a

2b

2c

-,195*

,317**
,099

,439**
,143

,269**
,190*

,383**

,247**
-,054

-,232*
,032

-,109
,055

,102
,185*

,689**

,517**

-,488**

-,126

,080

,439**

,326**

-,280**

-,265**

,108

,632**

-,558**

-,129

,000

-,154

-,054

,129

-,063

Usage frequency

2. Characteristics of the selected dwelling
2a. Type of dwelling
(1: urban conservation area, 2: registered building
-,680**
within the urban development area, 3: housing estate,
4: detached house)
2b. Age of dwelling
(1: - <10 years, 2: 10-50 years, 3: 50 <-)
2c. Size of garden
(1: large, 2: medium, 3: small)
2d. Garden usage
(1: fruit garden, 2: seasonal flowers, 3: entrance garden,
4: garage, 5: cooking place, 6: lawn, 7: vegetable
garden)
**
. Correlation is significant at the 0.01 level (2-tailed); *. Correlation is significant at the 0.05 level (2-tailed).

2d

-,158
-

Old urban pattern
New urban pattern

FIGURE 3 - Distribution of the most common plant species in the first 10 percent by families in the old and new urban pattern.
(Old urban pattern: Ficus carica, Prunus domestica, Rosa sp., Juglans regia, Corylus avellana, Pyrus communis, Morus alba, Hydrangea macrophylla, Cydonia oblonga, Prunus cerasus, Prunus avium, Vitis vinifera, Malus sylvestris, Eriobotrya japonica.
New urban pattern: Rosa sp., Hydrangea macrophylla, Ficus carica, Thuja orientalis, Prunus domestica, Yucca flamentosa, Juglans regia, Fraxinus
excelsior, Mirabilis jalapa, Nerium oleander, Washingtonia filifera, Pinus nigra, Euonymus alatus, Eriobotrya japonica).
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Usage frequency

Urban conservation area
Registered buildings
Housing estate gardens
Detached gardens

FIGURE 4 - Distribution of the most common plant species in the first 10 percent by families in the urban conservation area, the registered
buildings, housing estate gardens and detached house gardens.
(Urban conservation area: Prunus domestica, Ficus carica, Rosa sp., Vitis vinifera, Juglans regia, Morus alba, Corylus avellana, Pyrus communis,
Prunus avium, Hydrangea macrophylla, Prunus cerasus, Hedera helix, Philadelphus coronarius, Buxus sempervirens. Registered buildings: Ficus
carica, Prunus domestica, Vitis vinifera, Rosa sp., Juglans regia, Corylus avellana, Pyrus communis, Cydonia oblonga, Hydrangea macrophylla,
Malus sylvestris, Morus alba, Prunus persica, Eriobotrya japonica, Pinus brutia).

Usage frequency

Age 3
Age 2
Age 1

FIGURE 5 - Distribution of the most common plant species in the first 10 percent by families in the gardens of buildings under 10 years, 1050 years, and above 50 years.
(Under 10 years: Rosa sp., Thuja orientalis, Yucca flamentosa, Euonymus alatus, Hydrangea macrophylla, Washingtonia filifera, Cupressus arizonica, Photinia serrulata, Mahonia aquifolium, Viburnum tinus, Abelia grandiflora, Rosmarinus officinalis, Nerium olender, Ficus carica. 10-50 years:
Rosa sp., Prunus domestica, Ficus carica, Pinus nigra, Prunus cerasus, Hydrangea macrophylla, Juglans regia, Eriobotrya japonica, Punica granatum, Euonymus japonica "Aurea", Thuja orientalis, Mirabilis jalapa, Nerium oleander, Yucca flamentosa. Above 50 years: Ficus carica, Rosa sp.,
Prunus domestica, Juglans regia, Corylus avellana, Vitis vinifera, Hydrangea macrophylla, Pyrus communis, Morus alba, Eriobotrya japonica,
Cydonia oblonga, Prunus cerasus, Prunus avium, Prunus persica).

3.2 General distribution of plant species by family and origin

The total number of plant species recorded was 140 in
120 sample areas, selected in the city of Bartın. 87 species
were identified in the gardens of the old urban pattern, and
111 species in the gardens of the new urban pattern. The
distribution according to the other parameters is as follows:
59 in the residential gardens of the urban conservation area,
56 in the gardens of registered buildings in the urban development area, 44 in the housing estate gardens, and 93 in
the detached house gardens. The distribution of the species
according to the age of dwellings is 103 in - <10 years, 39
in 10-50 years, and 91 in 50 years< -. It was observed that
the diversity of plant species is higher in detached house
gardens and the age group - <10 years. It was identified
that 140 plant species recorded in our study area belong to
57 families. The first three families according to the percentage of presence are Rosaceae (24 taxa), Pinaceae (12
taxa), and Cupressaceae (10 taxa). The distribution of the
families of the plants within the first 10% by urban pattern
(Fig. 3.), diversity of the buildings (Fig. 4.), and age of
the buildings (Fig. 5.) is presented below.

In terms of the origins of the plant species, 11.42 % are
Mediterranean and 7.85% are native to Turkey. The distribution of other origins is as follows: Europe (17.85%),
Japan (16.42%), China (9.28%), Asia (7.85%), and hybrids
(6.42%). In terms of the general condition of the origins, it
is striking that the presence of exotic species is 80.73%. It
was observed that exotic species are used more in the detached house and housing estate gardens under 10 years.
The exotic species used are Morus alba “Pendula”, Cycas
revoluta Thunb., Phoenix canariensis Hort. ex Chabaud,
Pinus mugo Turra., and Hebe veronica that emphasize aesthetic features like color and form in the residential entrances. The plant species in the study area were also classified as evergreen and deciduous.
3.3 Distribution of plant species by dwelling parameters

Table 3 shows the plant species recorded in this study,
and their distribution by the parameters. In terms of general
distribution, Ficus carica is the most common in the old
urban pattern (70.68%), while Rosa sp. in the new urban
pattern (80.64%). The most preferred species in the urban
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TABLE 3 - Most common plant speciesa in Bartın and their rate of presence according to each parameter (10% and above are shown).
Old urban New urban Urban conser- Registered
Housing Detached -<10
10-50
50
pattern
pattern
vation area
buildings
estate
house
years
years
years<4
Ficus carica
70.68
51.61
68
72.72
67.44
15.78
28.57 60.71
72.72
1
Prunus domestica
67.24
37.09
68
66.66
53.48
3.57
60.71
51.51
7
Rosa sp.
58.62
80.64
52
63.63
88.37
63.15
75
92.85
56.06
26
Juglans regia
37.93
29.03
32
42.42
32.55
21.05
14.28 42.85
34.84
5
Corylus avellana
34.48
28
39.39
4.65
3.57
31.81
10
Pyrus communis
29.31
20
36.36
2.32
3.57
25.75
3
Morus alba
27.58
32
24.24
4.65
5.06
3.57
7.14
24.24
6
Hydrangea macrophylla
20.68
56.45
16
24.24
60.46
47.36
50
53.57
27.27
20
Cydonia oblonga
20.68
20
27.27
10.52
7.14
18.18
8
Prunus cerasus
15.51
16
15.15
44.18
3.57
57.14
16.66
31
Prunus avium
15.51
20
12.12
15.78
10.71
13.63
63
Vitis vinifera
15.51
36
23.25
31.57
25
21.42
18.18
25
Malus sylvestris
13.79
24.24
12.12
14
Eriobotrya japonica
13.79
19.35
12
15.15
27.9
28.57
18.18
67
Thuja orientalis
40.32
4
37.2
42.1
57.14 28.57
3.03
30
Yucca flamentosa
35.48
6.06
23.25
63.15
53.57 21.42
4.54
61
Fraxinus excelsior
29.03
16
6.06
96
Mirabilis jalapa
29.03
30.23
10.71 28.57
3.03
2
Nerium olender
27.41
12
12.12
32.55
15.78
28.57 21.42
15.15
95
Washingtonia filifera
27.41
13.95
57.89
46.42
7.14
1.51
59
Pinus nigra
25.8
37.2
57.14
4.54
101
Euonymus alatus
22.58
73.68
50
a
Other species in the study area: Pinus brutia, Campsis radicans, Pinus pinea, Prunus persica, Abies nordmanniana, Prunus ceracifera “Atropurpurea”, Eucalyptus camaldulensis, Populus alba,, Punica granatum, Hibuscus syriacus, Lonicera nitida, Aesculus hippocastanum, Pinus pinaster,
Yucca flamentosa, Prunus avium, Citrus nobilis, Ouercus robur, Laurus nobilis, Weigela florida, Forsythia x intermedia, Chamaecyparis lawsoniana
“Elwoodii”, Euonymus japonica "Aurea", Tilia tomentosa, Wisteria sinensis, Picea pungens, Spirae vanhouttei, Berberis thunbergii, Aucuba japonica, Acer palmatum, Magnolia grandiflora, Albizzia jülibrissin, Eleagnus angustifolia, Philadelphus coronarius, Rubus sp., Cornus mas, Ribes aureum, Prunus armeniaca, Pyracantha coccinea, Pseudotsuga menziesii, Celtis australis, Diospyrus kaki, Chaenomeles japonica, Malus domestica,
Vitis vinifera, Syringa vulgaris, Rosmarinus officinalis, Acer campastre, Juniperus sabina, Cedrus deodora, Viburnum tinus, Cryptomeria japonica,
Pittosporum tobira, Cedrus libani, Acacia, dealbata, Hedera helix, Kerria japonica, Mespelus germanica, Fragaria vesca, Cupressus sempervirens,
İris germenica, Ligustrum vulgare, Robinia pseudoacacia, Weigela coraensis, Photinia serrulata, Pelargonium domesticum, Laurocerasus officinalis,
Pyricantha coccinea, Ailanthus altissima, İlex aquifolium, Camelia japonica,, Malus floribunda, Picea orientalis, Tagates erecta, Parthenocissus
quenquefolia, Salix babylonica, Dahlia sp., Lavandula officinalis, Mahonia aquifolium, Callistemon citrunus, Cupressocyparis leylandii aurea,
Chrysanthemum sp., Pinus mugo, Cupressus arizonica var. glabra, Morus alba "Pendula", Phoenix canariensis, Biota orientalis "Aurea", Cycas
revoluta, Paulownia tomentosa, Acer platanoides “Crimson King”, Robinia pseudoacacia "Umbraculifera", Hibiscus rosa "Sinensis", Pitossporum
tobira var. aurea, Pittosporum tobira "Nana", Santolina chamaecyparissus, Tamarix perviflora, Cupressus arizonica fastigiata ''Aurea'', Juniperus
oxycedrus L., Ilex aquifolium "Aurea Marginata", Musa paradisiaca, Actinidia chinensis Planch, Azalea sp., Narcissus pseudonarcissus.
Code

Plant name

conservation area are Ficus carica and Prunus domestica
(68%), Ficus carica in the registered buildings (72.72%),
Rosa sp. (88.37%) in the housing estate gardens, and
Euonymus alatus (73.68%) in the detached house gardens (Table 3). Rosa sp. (88.37%), Hydrangea macrophylla (60.46%), Ficus carica (72.72%), Juglans regia
(42.42%), Morus alba (32%) and Nerium oleander (32.55%)
are recorded in all residential areas. The least common species recorded in the fieldwork by general classification are
37, and only one of each was found in the selected sample
areas. Some of these species with 0.71% of presence are
Hibiscus rosa "Sinensis", Biota orientalis "Aurea", Rhus
thyphina, and Musa paradisiaca.
The most common species by the age of dwelling are
Thuja orientalis (57.14%) in dwellings under 10 years, Rosa
sp. (92.85%) in dwellings between 10-50 years, and Ficus
carica (72.72%) in dwellings above 50 years (Table 3). In
the dwellings above 50 years, all species in the first 10% are
found, with the exception of Euonymus alatus. As the age
of the dwellings decreases, the use of fruit trees decreases
while the use of exotic species increases. In all three age
groups, aesthetic and functional characteristics of the plants
are prominent

3.4 User preferences

Some important data obtained from user preferences
in the old and new urban pattern were evaluated by correlation analysis, and the results are presented in Table 4.
The significant correlation between the type of dwelling
and the way of acquiring plants (r=0.520**) shows that the
dwellers in the old urban pattern use self-grown plants
whereas the way of acquiring plants in the new urban
pattern is generally through nurseries gradually from
housing estate gardens to detached house gardens. Moreover, the correlation between the preference of fruit trees
and dwelling type indicates that the dwellers in the urban
conservation area usually prefer fruit trees, in contrast to
the dwellers in the new urban pattern. The correlation
between the way of acquiring plants used in the residential gardens and diversity of fruits (r= -0.419**) indicates
that functional use of plants is more prominent than aesthetic use. Functional characteristics are preferred more
than the aesthetics for the characteristics of the plants to be
used in the gardens in the future (r=0.345**). This increases
the diversity of fruit trees in the gardens (r=0.313**). The
users prefer fruit trees (29.45%), bushes (17.12%). leaved
trees (15.06%) and pine species (9.58%). In this respect,
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TABLE 4 - Correlation coefficients between the parameters determined according to the user preferences in the old and new urban pattern.
A2

A3

A4

A1. Dwelling Type
,520**
-,202
-,134
(1: urban conservation area. 2: registered buildings in the urban development
area.
3:
housing
estate.
4:
detached
house)
A2. The way of acquiring plants
-,156
-,222
(1: self-grown 2: through nurseries)
A3. Plant characteristics that you seek for
,345**
(1: Evergreen. 2: beauty of fruits and their use. 3: beauty of flowers. 4: easily
grown-requiring little care)
A4. Planting design characteristics that you seek for
(1: should be pleasant and provide benefits. 2: should have aesthetic beauty. 3:
should only provide benefits. 4: should be functional)
A5. Do you do garden maintenance
(1: Yes. 2: No)
A6. Preferred number of fruit trees species
**
. Correlation is significant at the 0.01 level (2-tailed); *. Correlation is significant at the 0.05 level (2-tailed).

the significant correlation between the characteristics that
dwellers seek for and the diversity of fruits (r=0.274**)
indicates that as the preference for functional use increases
so does the diversity of fruit tree species. Thus, the dwellers prefer fruit trees for their functional purpose rather
than aesthetics.
3.5 Relationship between characteristics of plants species in
landscape use and dwelling parameters

The relationship between the characteristics of plant
species determined in the residential gardens in the old and
new urban pattern and dwelling parameters was investigated by means of a correlation analysis, and the following
results shown in Table 5 were obtained. In general, the
residential gardens in the new urban pattern have more
diversity of species that the old urban pattern. Thus, the
plant species in the new urban pattern are in parallel with
the overall texture, and are more determining in the general texture (r=0.764**). The diversity of species increases
as the age of dwelling decreases in the gardens in the new
urban pattern. The diversity of species in the gardens in
the old urban pattern is the highest in registered buildings
in the urban development areas (r=0.767**) whereas the
highest diversity in the new urban pattern is observed in
the detached house gardens (r=0.560**) (Table 5).
This study examined the landscape-use characteristics
of the first 10% of the plant species in the sample areas.
The significance of the relationship between the uses of
plants in landscape, listed under 4 main headings, and parameters were investigated by means of correlation analy-

A5

A6

,026

-,466**

-,021

-,419**

-,076

,313**

,067

,274*
,097
-

sis. The results of the analysis indicate that there is a
significant relationship between the characteristic “fruit”
(listed among aesthetic and visual characteristics) and residential pattern (r= -.512**), dwelling type (r= -.305*), and
age of dwelling (r= .469**) (Table 6). It was seen that the
use of fruit trees is more common in the dwellings above
50 years in the urban conversation area located in the old
urban pattern in the city center. As shown in Table 6,
there is a significant relationship between the characteristic “habitus” and age of dwelling (r= .332*) and dwelling
type (r= -.307*) whereas there is no significant relationship between the parameters and the aesthetic and visual
characteristics of plants, namely, flowers, leaves, stems –
offshoot, calligraphy, texture and smell.
In terms of the functional characteristics, there is a positive and significant relationship between the characteristic
“benefiting from fruits” and age of dwelling (r= .583**).
Similarly, there is a significant relationship between the
characteristic “natural” and the old urban pattern (r= .433*), urban conservation area (r= .480**), and dwellings
older than 50 years (r= .540**). It is observed that the
characteristic “shading” is preferred more in the urban
conservation area and in the registered buildings in the
urban development area (r= -.379**), and in the dwellings older than 50 years (r= .378*). Table 6 shows that the
characteristics “fencing” and “boundary” differ only in
older dwellings. There is no significant relationship between the parameters and the other characteristics of
surface coating, orientation, screening, and emphasis.

TABLE 5 - Correlation coefficients between the plant species in the gardens of the old urban pattern, and the new urban pattern, and the
parameters.
New urban
pattern
,057

General Urban conser- Registered
Housing estate Detached house
vation area
buildings
gardens
gardens
1.Old urban pattern
,572**
,765**
,767**
,344**
-,164
2. New urban pattern
,764**
,234**
-,006
,537**
,560**
**
**
**
3. General
,560
,397
,565
,373**
**
*
. Correlation is significant at the 0.01 level (2-tailed); . Correlation is significant at the 0.05 level (2-tailed).
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<10
years
-,117
,670**
,499**

10-50
years
,393**
,520**
,579**

>50
years
,962**
,148
,645**
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TABLE 6 - Correlation coefficients for the relationship between the use of plant species in landscape and the dwelling parameters (plants in
the first 10% for each parameter).
Use in landscape

Dwelling pattern
(1: Old urban pattern.
2: New urban pattern)

Type of dwelling
(1: urban conservation area
2: registered buildings in the urban development area
3: housing estate gardens
4: detached house gardens)

Age of dwelling
(1: <10 years
2: 10-50 years
3: >50 years

Aesthetics and Visual Characteristics
Flowers
Fruits
Leaves
Stem-offshoot
Calligraphy
Habitus
Texture
Smell

-,219
-,512**
,149
,204
,000
-,149
-,158
,115

,033
-,305*
,084
,169
-,039
-,307*
-,234
,167

,122
,469**
-,122
-,223
,000
,332*
,199
-,167

Spatial Functional Characteristics
Fencing
Usage of fruits
Boundary
Surface coating
Orientation
Screening
Emphasis
Shading
Naturalness

,000
-,512*
,204
,115
,073
-,115
-,204
-,215
-,433*

,246
-,432**
,221
,091
-,033
-,046
-,183
-,379**
-,480**

-,411**
,583**
-,342*
-,083
,124
,099
,270
,378*
,540**

Ecological Characteristics
Tolerance to shade
Tolerance to drought
Tolerance to air pollution

,149
-,072
,286

,224
,129
,214

-,292
-,118
-,300

Socio-Cultural Characteristics
Localness

-,447*

-,495**

,589**

**

*

. Correlation is significant at the 0.01 level (2-tailed); . Correlation is significant at the 0.05 level (2-tailed).

While there is no significant relationship between
ecological characteristics and parameters, there is a significant relationship between localness, as a socio-cultural
characteristic, and parameters. It is observed that the species native to the Western Black Sea Region are preferred
in the old urban pattern (r= -.447*), in the urban conservation area, and in the registered buildings in the urban development area (r= -.495**), and dwellings older than 50
years (r= .589**).
4. DISCUSSION AND CONCLUSIONS
Especially the gardens in the urban conservation area
and registered buildings in the urban development area
have structures that are more traditional. In these areas,
the plant species that are native to the Western Black Sea
Region are more common. In this type of gardens, the
preference of fruit characteristics over characteristics, such
as flowers, texture and emphasis, is regarded as a result of
various habits and traditions. However, in the newly-developed housing estates and detached house gardens, exotic
ornamental plants are preferred instead of natural ones
unique in the region. Plant variety is related to education
and income level, as well as culture and age range, and it

is observed that with the increase in the household income, the plant preference is towards exotic and expensive species. The density is more in the city center and decreases as one moves away from the city center. In this
respect, the distribution of plant species in the old urban
pattern and the new urban pattern shows that the most
common plant species is deciduous species. While deciduous plant species are heavily used in the old dwellings,
both evergreen and deciduous plants are used in the new
urban pattern.
In order to maintain urban biodiversity, it is necessary
to use native species extensively. In this way, more successful landscape projects could be applied with minimal
maintenance work and cost. Moreover, through the use of
native species and increasing biodiversity, it is possible to
create a breeding and feeding environment. Floristic diversity is a significant issue in the context of sustainable
cities. In this respect, the use of native species in the Western Black Sea Region, which have a rich vegetation structure, should be widespread. The dwellings in the old urban pattern in the city of Bartın should be conserved together with their gardens. Arranging the gardens and the
dwellings in the traditional urban pattern could have a tourism potential as an example of Turkish art of gardening.
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Biodiversity in urban ecosystems is related to both
the biotic, physical and social factors as well as processes.
However, ecology by itself is not sufficient to explain urban ecosystems. Thus, an interdisciplinary approach combining natural and social sciences is necessary to integrate
the inputs obtained from ecology into urban planning.
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INTERACTIONS AMONG GLUTATHIONE
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ACTIVITY AND GLUTATHIONE CONTENTS IN LEAVES
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ABSTRACT
In this study, Vicia sativa L. “Selcuk-99” plant was
treated with post-emergence flurochloridone in a concentration range of 11-72 mM. The effects of post-emergence
flurochloridone treatments upon glutathione levels, glutathione s-transferase and glutathione reductase activities
were investigated on the 1st, 5th, 10th, and 15th day after
treatment. In the treatment groups, glutathione content,
glutathione s-transferase and glutathione reductase activities increased only on the 15th day.

KEYWORDS: Flurochloridone, Vicia sativa, glutathione, glutathione s-transferase and glutathione reductase

1. INTRODUCTION
Environmental stresses impose a serious threat to agricultural production globally, and development of crops
which are tolerant to these unfavorable factors is the need
of the hour [1]. Application of herbicides to arable lands is
one of the most important practices for controlling weed
growth in modern agriculture [2]. Herbicides constitute a
heterogeneous category of chemicals, particularly designed
for the control of weeds. They are the most widely applied
agrochemicals worldwide, significantly increasing agricultural productivity and crop yields [3]. Their application
is still the most effective and accepted method for plant
protection from weeds, with the environment consequently
and inevitably being exposed to these chemicals [4]. However, extensive use of the chemicals in conventional agricultural practices has resulted in continuous and serious
environmental pollution. Because of this, public concerns
over the residues of herbicides in environment and in
crops have increased over the last decades [5].
* Corresponding author

Flurochloridone is a pre-emergence herbicide used to
control a range of weeds in umbelliferous, cereal, sunflower and potato crops, among others. It is a selective
compound, absorbed by roots and stems, causing bleaching of the leaves by interference with biosynthesis of carotenoids, chlorophyll, and abscisic acid metabolites [4, 6-8].
Protective functions of colored carotenoids cannot be maintained when their levels are decreased by those herbicides
[9, 10]. Consequently, the oxidative degradation of chlorophyll and rapid destruction of photosynthetic membranes
by excessive reactive oxygen (ROS) generated from functionally active photosynthetic electron transfort (PET) take
place. This results in death of herbicide-treated tissues with
symptoms of discoloration, necrosis, and desiccation [9,
11-15].
A great variety of abiotic stresses including drought,
salinity, UV light, air pollutants, herbicides and heavy
metals cause molecular damage to plants, either directly or
indirectly through ROS formation [16-21]. However, plants
have an antioxidant defense system, which is responsible for
ROS scavenging, protecting them against oxidative stress.
This system is composed of enzymes and non-enzymatic
compounds that play an important role in plant responses
to environmental stress. Changes in antioxidant enzyme
activities upon stress can provide insight into a plant’s ability to tolerate stress and mediate its effects [22, 23].
It is of common use in agronomic practice to employ
a group of different synthetic compounds, named herbicide safeners, which protect crop plants from herbicide
damage without reducing their action against the target
weed species. The enhancement of the activity of some
enzymes involved in herbicide metabolism was recognized to be the predominant mechanism of safener action
[24, 25]. Glutathione S-transferases (GSTs, EC 2.5.1.18)
are considered to be detoxification enzymes since they
metabolize a wide variety of exogenous toxic compounds,
named xenobiotics. Thus, GST conjugates such compounds
to the tripeptide glutathione (GSH, γ-L-glutamylcysteinylglycine), producing water-soluble conjugates of reduced
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toxicity [22, 26]. Plant GSTs have a long history of involvement in herbicide detoxification, as this is where
much scientific effort has been expended. Plant GSTs are
also able to metabolize a much broader range of xenobiotics, although this aspect has historically received much
less attention. In particular, GST activity in plants may
be able to make a significant contribution to the ability of
plants to remediate contaminated land [27].
Glutathione reductase (GR, EC 1.6.4.2) is a flavoprotein oxidoreductase, found in both prokaryotes and
eukaryotes [28]. GR plays an essential role in defense system against ROS by sustaining the reduced status of glutathione [29].
Glutathione is one of the crucial metabolites in plants
which is considered as most important intracellular defense against ROS-induced oxidative damage. It occurs
abundantly in reduced form (GSH) in plant tissues, is localized in all cell compartments, and plays a central role in
several physiological processes, including regulation of
sulfate transport, conjugation of metabolites, detoxification
of xenobiotics [30], and the expression of stress-responsive
genes [29, 31]. Glutathione plays a multifaceted role in plant
metabolism. It is also considered to be a very important
signal molecule which strongly acts as a link between environmental stress and adaptive responses; therefore, the GSH
system has been regarded as a marker in plant ecophysiological studies [32-34].
The purpose of this study is to investigate the changes
in glutathione S-transferase, glutathione reductase and total
glutathione in Vicia sativa L. “Selcuk-99” under flurochloridone stress.
2. MATERIALS AND METHODS

2.3. Glutathione reductase assays

GR activity was assayed by the method of Cribb et al.
[39]. The reaction was initiated by the addition of the
GSSG to the cuvette, and the decrease in absorbance at
405 nm was examined at 30 °C for 1 min with UV spectrophotometry (Shimadzu UV-1601, UV-visible spectrophotometer, Kyoto, Japan). A unit of GR activity is defined as the amount of the enzyme catalyzing the reduction of 1 µM of NADPH per min.
2.4. Glutathione determination

Glutathione amount was measured according to the
method by Akerboom and Sies [40]. GSH concentration
was estimated from a standard curve and reported as µmol
GSH/mg protein.
2.5. Determination of total soluble protein

The amount of total soluble protein was determined
by Bradford’s method [41] using a microplate reader system (Molecular Devices Corp., Versamax). Prepared homogenate (5 µl) and 250 µl of Bradford reagent were added
to each well on the microplate and kept in dark at room
temperature (25 ºC) for 15 min. The color-dependent
changes in absorbance were measured at 595 nm. The
obtained optical density (OD) values were compared to
standard graphic values obtained by using bovine serum
albumin (BSA), and the amount of total protein in the samples was calculated by using a package software (Slide).
The measurements were repeated three times.
2.6. Statistical analysis

Statistical analysis was performed using SPSS 15.0
software. Duncan’s test [42] was used for significance
control (P<0.05) following variance analysis.

2.1. Preparation of the plant samples

In the present study, flurochloridone was obtained
from Safa Company [35], and the seeds of V. sativa L.
(Selcuk-99 culture form) from Ege Agricultural Research
Instiute [36]. The samples were grown in perlite-containing
pots using Hoagland’s solution [37]. The tests were conducted in a climate room with a temperature of 23 ±2 °C
and a humidity of 60%. Flurochloridone was applied to
vetch plants of appropriate size by spraying in doses of
11, 19, 32 and 72 mM. The samples were extracted from
the treatment groups on the 1st, 5th, 10th and 15th day, and
subjected to analyses.
2.2. Glutathione S-transferase assays

GST activity was measured by use of methods of Habig et al. [38], with 1-chloro-2,4-dinitrobenzene (CDNB) as
substrate. Enzyme activity was determined by monitoring
changes in absorbance at 340 nm, which is related to the
rate of CDNB conjugation with GSH (E340CDNB-GSH
conjugation = 9.6 mmol-1 cm-1 for 2 min at 25 °C). One
unit was defined as 1 µmol GSH conjugated/min. The
GST activity is expressed as µmol/min/mg protein.

3 RESULTS
It was observed in the assessment depending on days,
that GST activity was higher than the control on the 15th
day at all application dosages. A significant increase was
seen in other groups to which the herbicide was applied,
except for the 5th day. The lowest GST activity was observed on the 5th day (0.0256 µmol min-1 mg-1 protein) in
the group to which 72 mM flurochloridone was applied.
The highest GST activity was observed on the 15th day
(0.3595 µmol min-1 mg-1 protein) in the group to which 11
mM flurochloridone was applied (p<0.05) (Fig. 1).
GR activity was found at the highest level, compared
with the control, in the plants to which flurochloridone
was applied at a concentration of 11 mM on all days after
the application. A decrease in GR activity was observed
depending on the increase at higher application dosages.
The lowest GR activity was observed in the group to which
72 mM flurochloridone was applied (0.0626 µmol min-1
mg-1 protein) on the 1st day. The highest GR activity was
observed in the group to which 11 mM flurochloridone
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was applied (0.3202 µmol min-1 mg-1 protein) on the 5th
day. According to the assessment based on days, a decrease in enzyme activity was observed on the 10th day
compared with the 5th day, and an increase was observed
again on the 15th day at all application dosages (p<0.05)
(Fig. 2).

FIGURE 3 - Changes of GSH content in Vicia sativa leaves exposed
to flurochloridone after post-emergence application. Vertical bars
represent standard error of average of three replications. Data
followed by different letters are significantly different from each
other (P<0.05) according to Duncan’s test.

FIGURE 1 - Changes in GST activity in Vicia sativa leaves exposed
to flurochloridone after post-emergence application. Vertical bars
represent standard error of average of three replications. Data
followed by different letters are significantly different from each
other (P<0.05) according to Duncan’s test.

A positive correlation was found between variation in
GR enzyme activity and GSH content depending on days,
at all herbicide concentrations applied. GSH level increased
on the days on which GR activity was high while GSH
level decreased on the days on which GR activity decreased. GST activity and GSH content achieved maximum levels on the 15th day of the application, at all concentrations (Figs. 1-3).
4. DISCUSSION

FIGURE 2 - Changes in GR activity in Vicia sativa leaves exposed to
flurochloridone after post-emergence application. Vertical bars
represent standard error of average of three replications. Data
followed by different letters are significantly different from each
other (P<0.05) according to Duncan’s test.

GSH content increased significantly on the 1st, 5th,
10 and 15th day in the plants after 11 and 19 mM flurochloridone application compared with the control
(p<0.05). A decrease in GSH content was observed depending on the increase in dosages. The lowest GR activity was observed in the group to which 72 mM flurochloridone was applied (1.4067 µmol min-1 mg-1 protein) on
the 1st day. The highest GR activity was observed in the
group to which 11 mM flurochloridone was applied
(6.9911 µmol min-1 mg-1 protein) on the 5th day. According to the assessment based on days, a decrease in enzyme
activity was observed on the 10th day compared with the
5th day, and an increase was observed again on the 15th
day at all application dosages (p<0.05) (Fig. 3).
th

Herbicides and their residues cause various stresses in
plants. Of these, over-production of ROS in abiotic stress
plants is a rapid response. Long-term exposure to herbicides may affect plant physiological processes and lead to
loss of cellular homeostasis of ROS formation [43]. Plants
utilize a well-organized antioxidative defense system comprising enzymatic and non-enzymatic antioxidants to scavenge ROS [5].
GST best known role is the detoxification of endobiotic and nucleophilic xenobiotic compounds by covalently
linking GSH to a broad variety of reactive electrophilic
and hydrophobic substrates, which results in the formation of more polar and less reactive conjugates [44,
45]. GST activity can increase due to herbicides. Detoxification of herbicides by GST conjugation has been
demonstrated to be a major factor in herbicide tolerance
[46, 47]. Jiang and Yang [5] reported that GST activity
increases at lower concentrations of prometryne while it
decreases at higher concentrations. Similarly, our data
showed that GST activity increased in Vicia sativa subjected to lower concentrations of florochloridone (Fig. 1).
Researchers suggested that this can be supported by the
GST expression, which in leaves was up-regulated by
prometryne earlier than the enzyme activated, and these
results indicated that both the GST activity and gene were
activated in response to prometryne.
GR is one of the key components of the cell’s scavenging system for ROS in plants where it mediates the
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reduction of GSSG (glutathione disulfide; oxidized form)
to GSH using NADPH as an electron donor, and thus maintains the cellular redox levels through maintaining a highly
reduced state of GSH-to-GSSG ratio at the intracellular
level during normal and oxidative stress conditions as
well [34]. Many studies investigating effects of GR
activity under various stress conditions are available [48,
49]. Khatun et al. [49] determined a decrease in GR activity depending on the dosage increase in plants exposed to
copper stress. This complies with our findings (Fig. 2).
According to our findings, GR enzyme activity was affected by the different herbicide dosages. The highest GR
activity was observed in the groups to which the herbicide
was applied at lowest concentration (Fig. 2). Earlier researchers have reported that H2O2 is mainly eliminated by
the ascorbate–glutathione cycle, involving successive redox
reactions of ascorbate, glutathione, and NADPH, which are
catalyzed by APX (ascorbate peroxidase) and GR [49, 50].
GSH exerted several important roles in protection of
plants from environmental stress factors [51]. GSH is used
as a co-substrate in conjugation reactions with GST, and is
one of the most important antioxidants in plants [52]. The
role of GSH in the antioxidant defence system provides a
strong basis for its use as a stress marker. However, the
concentration of cellular GSH has a major effect on its antioxidant function, and it varies considerably under abiotic
stresses [29]. An optimum level of GSH pool, required for
normal metabolic activities, is maintained in plants growing under non-stress conditions. There are reports that the
GSH redox state in plants, at least in leaves is remarkably
constant but is very sensitive to extreme oxidative stress
caused by a number of stress factors, and during the process of non-enzymatic reactions of GSH with different
ROS, GSH (reduced form) is converted to GSSG [34, 5356]. Wu et al. [57] reported according to their study that
GSH level was found higher in the plants treated with
0.5 µg of Cd compared with those treated with 5 µg of
Cd. These results comply with our findings (Fig. 3). In
our study, GSH level is lower in the plants treated with
higher dosages of the herbicide compared with those
treated with lower dosages of the herbicide. This may be
explained by the fact that more ROS is produced in the
plants treated with higher dosages of the herbicide, and
GSH is depleted being used as an antioxidant during the
detoxification reactions with the produced ROS. Furthermore, it was observed that GSH content varied depending
on the days. A positive correlation was found between GR
activity and GSH content on the 1st, 5th, 10th and 15th day
after application. It was observed that GSH level increased
on the days on which GR activity was high while GSH
level decreased on the days on which GR activity decreased. The reason may be the fact that GR is an enzyme
catalyzing conversion of GSSG to GSH.
It is known that flurochloridone herbicide causes death
by affecting carotenoid biosynthesis in wild plants. In this
study, the fact that flurochloridone’s phytotoxic effect has
also an effect on the antioxidant system in Vicia sativa is
supported by our findings.

5. CONCLUSION
Flurochloridone exposure caused important biochemical changes on leaves of Vicia sativa. Our data showed that
GST activity and GSH content increased at lower concentrations of flurochloridone but decreased at higher concentrations. However, a decrease in GR activity was observed
depending on the increase in the dosage at higher application dosages. It is known that flurochloridone herbicide
causes death of a plant by affecting carotenoid biosynthesis in wild plants. In this study, the fact that flurochloridone’s phytotoxic effect has also an effect on the antioxidant system in Vicia sativa is supported by our findings.
Thus, GSH, GR and GST can be used as biomarkers for
biotoxicity experiments.
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ABSTRACT
Biological nutrient removal (BNR) at high sludge concentrations (6.50-10.60 g·L-1) was studied in a pilot experiment. The BNR efficiency increases with biomass concentrations. Optimal operational conditions for stable BNR
efficiency were as follows: mixed liquor suspended solids
(MLSS) of 8 g·L-1, organic loading rate of 0.77 kg BOD5·
(biochemical oxygen demand) m-3·d-1, hydraulic retention
time (HRT) of 6.48 hours. The average effluent concentration of ammonia nitrogen (NH4-N) and total nitrogen
(TN) were usually 3.12 mg·L-1 and 10.86 mg·L-1, respectively. The average effluent concentration of total phosphorus (TP) was less than 0.32 mg·L-1. The average removal
efficiencies of NH4-N, TN and TP were 85.79%, 76.15%
and 94.04%, respectively. The results showed that an
enhanced activated sludge process can be operated with a
high biomass concentration. BNR is possible without extending the activated sludge process (ASP) and addition of
external carbon and chemicals.

KEYWORDS:
BNR, ASP, high biomass concentration.

and other natural waters from eutrophication, it is very
necessary to optimize or upgrade current processes or extend existing wastewater treatment works to improve their
performance.
In theory, the higher the MLSS (mixed liquor suspended solids) concentration in the aeration tank the greater
the efficiency of the process as there is a greater biomass
concentration to utilise available COD (chemical oxygen
demand) or nutrients [2]. For the enhancement of organic
removal of CAS process, many researchers tried to increase the biomass concentration [3-8]. Low sludge load,
better resistance to shock loads, good bulking control and
nutrient removal have been reported as useful features of
enhanced activated sludge process with high biomass
concentration [7, 9].
The objective of this study was to investigate the system’s feasibility as an upgrading tool to any existing activated sludge facilities by increasing the biomass concentration without additional tank construction, and to investigate the relationship between biomass concentration and
BNR. And we examined the performance of this process
in terms of BNR in pilot-scale system.
In this experiment, the following outcomes were expected:
• Reduction in the reactor volume upon increase of hydraulic loading to meet a certain treatment objective.

1. INTRODUCTION
More than 80% of biological wastewater plants are
based on the principle of activated sludge process [1]. However, much more biological nutrients are still retained in the
effluents of most conventional activated sludge (CAS)
treatment plants. The discharge of nitrogen and phosphorus into the waters causes eutrophication, which disturbs
the natural balance that exists in the water bodies. Thus,
organic matter and excess nutrients (particularly nitrogen
and phosphorus) in wastewater must be removed prior to
being discharged into sensitive media. To protect rivers

• An increase in the treatment system stability and performance of BNR in existing or newly developed CAS
process.
2. MATERIALS AND METHODS
2.1. Reactor description and operational conditions

Pilot-scale system was set up for investigation in a
municipal sewage treatment plant in Shenzhen, China. The
total designed treatment capacity was 300 m3·d-1. Five
main compartments of this process are anoxic tank, anaerobic tank, aeration tank 1, aeration tank 2, and set-

* Corresponding author
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tling tank (Fig.1). This system was operated in anoxicanaerobic-
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FIGURE 1 - Schematic diagrams of pilot-scale experimental facilities.

aerobic-aerobic configuration for enhanced biological phosphorus removal, denitrification, and nitrification. The rectangular reactor was made of steel and concrete. A mechanical mixer was used to provide appropriate mixing in
anoxic tank and anaerobic tank without any addition of
oxygen. Dissolved oxygen (DO) was supplied using a
porous diffuser placed at the bottom of the aeration tanks.
This process has two recycle flows: one is an internal
recycle flow from second aeration tank to the anoxic tank
for denitrification, the other is an external recycle flow
from the settling tank to the anoxic tank, where the influent, sludge and mixed liquor were mixed under anoxic
conditions. The experiment consists of two phases according to the different internal recycle ratio. In the first phase,
the internal and external recycle ratio were 2 and 1 respectively, and then both were 1 in the second phase, based on
the average influent flow rate. In this process, the total
effective volume of the reactor was 81.25 m3, the anoxic
zone for pre-denitrification has the minimal extent 15% of
the total reactor volume, while the anaerobic zone for
phosphorous release has 31% of the reactor volume, and
the extent of the two aerobic zones were both 27% of the
reactor volume. Small volume of the anoxic reactor should
be helpful in improving specific denitrification rate in
the anoxic reactor [10]. The total HRT of this process was
6.48 hours, excluding the time in the settling tank. Usually, the anoxic, anaerobic and oxic HRT was 0.97 hour, 2
hours, 3.50 hours, respectively.
The pilot system was seeded with activated sludge
from the aeration tank of the wastewater treatment plant
(WWTP), the biomass concentration was 2 g·L-1 after
inoculation. It took approximately 16 days for the reactor
to have a relatively stable performance after inoculation.
DO concentrations in the anoxic tank, anaerobic tank, aeration tank 1 and aeration tank 2 were sustained at about
0.36 mg·L-1, 0.20 mg·L-1, 1.00 mg·L-1 and 2.70 mg·L-1
respectively. The operational conditions of this system are
shown in Table 1. The main principle in the operation of
this process was to keep suitable biomass concentration
and sludge load for BNR.

TABLE 1 - Operational conditions.
Parameters
Temperature
MLSS
HRT (hydraulic retention time)
SRT (sludge retention time)
SVI (sludge volume index)
BOD5/TN
BOD5/TP
OLR (organic loading rate)
Nitrogen loading rate

Unit

Range
19-23
2.60-10.60
6.30-6.90
7-14
54-137
2.40-7.40
14.97-69.95

-1

g·L
hours
days
mL·g-1
kg BOD·kg1 -1
·d
kg N·kg-1·d-1

0.0157-0.1510
0.0124-0.0321

2.2. Influent wastewater

This system was continuously operated and evaluated
for almost five months. The raw water pumped directly
from the grit chamber of WWTP without pre-settling. The
characteristics of raw wastewater are shown in Table 2.
TABLE 2 - Characteristics of raw wastewater.
Parameters

Unit

SS
COD
BOD5
NH4-N
TN
TP

mg·L-1
mg·L-1
mg·L-1
mg·L-1
mg·L-1
mg·L-1

Min
66
212
130
18.10
33.80
4.10

Range
Max
1518
906
390
29.40
64.60
14.10

Mean
669
548
223
26.10
46.20
7.20

2.3. Analytical methods

Parameters such as suspended solids (SS), COD, BOD5,
NH 4-N, TN, TP of influent and effluent were analysed
everyday over the entire five months. DO, pH, water temperature, MLSS, mixed liquor volatile suspended solids
(MLVSS) and SVI were analysed five times a week. All
analytical procedures were carried out according to
Standard Methods [11].
3. RESULTS AND DISCUSSION
Concentrations data of both influents and effluents
were analyzed and used to evaluate the nitrogen and phos-
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phorus removal efficiencies. COD and BOD5 removal efficiencies in all experiments were both higher than 95%, and
the mean value of the effluent suspended solids concentration is in the range of 6 mg·L-1 during the entire operational period. Therefore, these experimental results were
not considered in the discussion.
3.1. Nitrogen removal

The influent was pumped from the grit chamber bypass the primary settling tank to keep more organic substances for BNR. Thus, there were enough organic carbon
compounds in the wastewater to maintain a high concentration of sludge in the reactors. In practice, the biomass
concentration in the aeration tanks varied between 2 and
11 g·L-1, the average concentration of sludge was 8 g·L-1
during the experimental periods. The average sludge load
of this process was 0.084 kgBOD·kg-1MLSS·d-1, the
nitrogen loading rate in the reactors was 0.0124-0.0321 kg
N·kg-1·d-1. In theory, the total nitrogen removal efficiency
formula of this process is described as follows:

η=

R+r
1+ R + r

In which R is the sludge return ratio, r is the internal
recycle ratio, and η is the removal efficiency.
Fig. 2 shows the removal efficiencies of NH4-N and
TN in the operational stage Ι and Π.
In stage Ι, both NH4-N and TN removal efficiencies
were unstable. The biomass concentrations were almost
less than 6 g·L-1, and the actual TN removal efficiencies
were all lower than the theoretical ones. With the increase
of biomass concentration, the NH 4-N and TN removal
efficiencies gradually increased from 69.09% to 92.08%
and from 48.37% to 84.09%, respectively. At the beginning of stage Ι, it seems that the nitrifying bacteria were not
enough for complete nitrification because of its low growth
rate and long generation time.

In stage Π, the internal recycle ratio was decreased
from 2 to 1, therefore, the theoretical TN removal efficiency decreased from 75.00% to 66.67%. The main reason for this result was that the nitrate load supplied to the
denitrifying zone decreased as well as the decrease of the
internal recycle ratio, which was translated in a decreased
theoretical TN removal. As the biomass concentration increased from 6.50 g·L-1 to 10.60 g·L-1, the average actual
TN removal efficiency was 76.15%, which was higher than
the theoretical one. A significant increase was obtained in
the NH4-N removal efficiency with the biomass growth in
stage Π, compared with that in stage Ι. The average removal rates of NH4-N and TN were 85.79% and 76.15%,
respectively, attribute to high concentrations of biomass
sustained in stage Π and a large amount of the slow growing bacteria in the reactors, such as nitrifying bacteria. A
possible explanation could be that nitrification and denitrification occurred simultaneously in the reactor. Simultaneous nitrification and denitrification (SND) means that
nitrification and denitrification occur concurrently in the
same reactor under identical operating conditions. According to the traditional concept, SND occurs as a consequence
of DO concentration gradients within microbial flocs or biofilms due to diffusional limitations. Thus, the higher DO
was, the less anoxic zone in the innerpart of ﬂocs was,
whereas the lower denitriﬁcation took place in aeration
tank 2 (DO of 2.70 mg·L-1), on the contrary, it was suitable for SND in aeration tank 1 (DO of 1.00 mg·L-1),
therefore, a higher removal for TN would be obtained.
Additionally, the variations of NH4-N and TN removal
efficiencies in stage Π were smaller than that in stage Ι,
suggesting that the resistance to shock loads with high
biomass concentration was better than that of the CAS
process. Even in winter, a high nitrification capacity was
observed in this process with high biomass concentration,
so there was no need to add external carbon sources in
anoxic zones for the enhancement of denitrification.

removal(%)
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80

60

% removal(NH4-N)
% actual removal(TN)
% theoretical removal(TN)
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0
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FIGURE 2 - Removal efficiencies of NH4-N and TN.
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FIGURE 3 – Concentration Profiles of NH4-N and TN in the influent and effluent.

3.2. Phosphorus removal

From previous studies, enhanced biological phosphorus removal (EBPR) from wastewater is based on the activity of phosphorus accumulating organisms (PAOs) and
requires an anaerobic/aerobic sequence. In the anaerobic
phase, PAOs take up readily biodegradable organic carbon substrates and store them as polyhydroxyalkanoates
(PHAs) [14].
In this study, the TP uptake capacity at different
MLSS concentrations is summarized in Fig.4. It was observed that, the influent concentrations of TP were unstable. When the initial MLSS was 2571 mg·L-1, and the
influent TP was 3.97 mg·L-1, 3.17 mg·L-1 of phosphorus

100

8

80

6

60

Influent TP
TP uptake
Effluent TP
removal

4

2

0
2000

removal (%)

10
concentration (mg/L)

The TN removal followed the NH4-N removal trends
all the time, with the lowest effluent TN value observed at
the lowest effluent NH4-N value (Fig.3). During the whole
experimental periods, the average influent concentration of
NH4-N and TN were 25.04 mg·L-1 and 44.63 mg·L-1 respectively, while the average effluent concentration of
NH4-N and TN were 3.12 mg·L-1 and 10.86 mg·L-1, respectively.
Throughout this study, the average biomass concentration was 8 g·L-1 in the tank. The flocs size increased
with the increase of MLSS concentration, in other words,
the more concentrated the sludge the larger the flocs [13].
The oxygen diffusion phenomenon occurring through the
flocs was limited by the larger size of the flocs, leaving the
interior of the flocs with very low or no oxygen, leading to
anoxic or anaerobic conditions favorable to the development of denitrifying organisms. As a consequence, the
alternating aerobic-anoxic condition was in favor of simultaneous nitrification and denitrification. Therefore, the actual
TN removal efficiences were higher than the theoretical
ones.

40

20

4000

6000

8000

MLSS(mg/L)

10000

0

FIGURE 3 - Effect of altering sludge concentration on TP removal.

were accumulated by the PAOs, and about 79.85% of
phosphorus was removed under this condition. The removal efficiency was increased up to a higher level under
the MLSS of up to 3928 mg·L-1 compared to that of 2571
mg·L-1. Especially when the MLSS concentration increased
from 6203 to 7400 mg·L-1, the TP removal efficiency
jumped from 88.16% to 98.65%. This increase in phosphorus uptake capacity was due to the fact that increase in
MLSS concentrations caused a concurrent increase in the
poly-P population in the sludge [7]. As the MLSS concentration increased to 10150 mg·L-1, the TP removal efficiency was stable at about 98%. It indicated that increasing biomass concentrations could not necessarily increase
the phosphorus uptake capacity to any great extent. A
possible explanation could be that the oxygen levels in the
flocs were diffusion-limited with the increase of the floc
size. The oxygen transfer can be considerably deteriorated
in case of increased solid contents [15]. In the previous
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study, one of the main factors that led to increase of the
floc size could have been the biomass concentration [7].
Lübbecke and Vogelpohl reported that the oxygen transfer to the microorganisms was affected by the floc-size
with increasing biomass concentration [16]. Another
possible reason could be that the organic substrate was
inadequate in the aeration tanks, so it could not maintain
much more PAOs in the reactor as the biomass concentration increase. Because, the presence of readily bioassimilable compounds during the anaerobic stage is essential
for phosphorus removal [17]. Therefore, the TP removal
efficiencies were stable when the biomass concentration
increased from 7400 to 10150 mg·L-1.

in the aeration tank was helpful for simultaneous nitrification and denitrification, which could lower the recycling
ratio and prolong the time of anaerobic stage [20]. Furthermore, high biomass concentrations make the operation
of an overloaded wastewater treatment plant more flexible.
The treatment efficiencies and system stabilities can be
increased in existing activated sludge systems. This process
offers an attractive option for the upgrade of CAS treatment
plant with lower investment and operational costs.

Throughout this study, approximately 94.04% of the
TP was removed in this process when the raw water concentration was ranged from 3.63 to 14.08 mg·L-1. It was
noted that the average TP in the effluent was only 0.32
mg·L-1 (always less than 0.50 mg·L-1) in steady state
without chemical addition. However, little chemicals
should be added as a post-treatment step to meet new and
more stringent phosphorus discharge standard in the future, such as erric chloride and aluminum sulfate (alum).
Combining biological and chemical treatment to achieve
very low levels of effluent TP can be very effective [18].

This work was supported by the Southwest Municipal
Engineering Design and Research Institute of China. The
authors are grateful to the Shenzhen water group for their
helps in providing experimental facilities and analysis.
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3.3. Sludge settling properties

The sludge settling properties are directly related to
the SVI. A SVI value of 100-150 indicates good settling of
suspended solids [19]. No problems have been noticed with
the excessive growth of filamentous microorganisms in this
process during the entire operational period. SVI was almost
always less than 100 mL·g1, and it may be 67-90 mL·g1
only. It is obvious that the larger flocs size and greater flocs
density which is characteristic of the very good settleability
of sludge, which in turn, makes it possible to have a good
clarification. When the sludge has very good settling
properties, the conventional secondary settling tank could
meet the needs of settling and clarification, so it was not
necessary to increase its volume. This means that the total
tank volume of the activated sludge process would be
decreased, when the sludge concentration is increased [5].
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ABUNDANCE AND MORPHOTYPE DIVERSITY
OF BACTERIOPLANKTON IN ĆELIJE RESERVOIR, SERBIA
Slavica Ćirić*, Zoran Ilić, Božidar Milošević, Jasmina Knežević and Zvonko Spasić
University of Priština, Faculty of Agriculture, Lešak, Serbia

ABSTRACT
Water samples from all 3 basins (Zlatari, Vasići and
Vodozahvat) of Ćelije Reservoir (Serbia) at different depths
were taken, and abundance and morphotype diversity of
bacterioplankton were investigated. The total number of
bacteria in samples was determined by a direct method,
counting with an epifluorescence microscope after staining by acridine orange. The total number of bacteria ranged
from 2.0x105 cells.ml-1 in the purest basin (Vodozahvat),
to 7.7x107 cells.ml-1 in the most polluted one (Zlatari). The
number of bacteria was highest in spring (March), and the
lowest in winter (December). The bottom layer of water
in the reservoir contained the highest number of bacteria,
while the middle layer contained the lowest bacterial count.
The difference between these two layers in the number of
bacteria was statistically significant (p<0.05).
The dominant morphotype were rods (52.5 to 68.0%),
followed by cocci (28.0 to 40.0%) and curved forms (1.7
to 16.0%). Percentage of rods was the lowest, while that
of cocci was the highest, in Vodozahvat. The number of
rods was significantly higher at the bottom compared to
surface and middle layers of the water column, p<0.05 and
p<0.01, respectively. Significant difference in the number
of cocci occurred only between the middle and bottom
layers (p<0.05), while the number of curved bacteria did
not differ significantly between the layers.

KEYWORDS: Reservoir, bacterioplankton, direct count, bacterial
morphotypes

1. INTRODUCTION
In addition to production, bacterial abundance is a
key parameter that indicates the nutrient status of a certain
water body. Depending on the region and the sources of
contamination [1, 2], bacterioplankton abundance ranges
from 1-5x105 cells.ml-1, in the clearest (ultraoligotrophic)
regions [3], to more than 2x107 cells.ml-1 in eutrophic estuaries [4].
* Corresponding author

Differences in the total number of bacteria and the
cell shape depend on external factors (temperature, nutrient flux, exposure to UV radiation, heavy metals and species composition) [5-7]. It is believed that changes in bacterioplankton cells morphology can be an important indicator
of changes in aquatic and terrestrial ecosystems [5, 8].
In different bacterial communities, cells are characterized by their specific morphology (morphotypes). This
feature has been considered to be an indicator of relationship between microorganisms and the biotope [5]. The
study of the temporal and spatial alterations in the composition of bacteria morphotypes can lead to the elucidation
of important variations in the density of bacterioplankton
in an aquatic ecosystem [9]. According to Bölter [5], the
morphological patterns of the bacterial communities that
inhabit different biotopes are as unique as fingerprints.
Therefore, the aim of this study was to describe seasonal
and spatial variability in bacterioplankton abundance and
morphotypes in Ćelije Reservoir during a one-year investigation.
2. MATERIALS AND METHODS
2.1. Study area

Ćelije Reservoir (43°24'25''N, 21°9'57''E) was formed
in 1979 on river Rasina, 30 km from the town of Kruševac
(central Serbia). This is a typical hill-mountain artificial
lake with complex morphometrics, used as drinking water
supply. It is 10 km long with elongated shape. The flooded
bed of river Rasina and the surrounding relief have caused
the complex shape of the reservoir which includes three
basins: Zlatari, Vasići and Vodozahvat (water-scoop) (see
Fig. 1). The beginning part of the reservoir (Zlatari) is
shallow and covered with mud for 2-3 km. At that part, the
average depth is 5-6 m, while maximum depth is 10 m. The
central part of the reservoir, Vasići, is deeper, with a maximum depth of 22-24 m. The third basin, Vodozahvat,
includes more than one half of the total volume of Ćelije
Reservoir. Its maximum depth is 42 m. The main characteristics of the reservoir are presented in Table 1.
2.2. Sampling

At 5 sampling points in the reservoir, 150 water samples were collected (Fig. 1) from the surface (0.2 m), the
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middle (P1 - 2 m, P2 and P3 - 7 m, P4 and P5 - 15 m) and
the bottom (P1 - 4 m, P2 - 12 m, P3 - 22 m, P4 and P5 30-35 m) layers, from January to December of 2010.

Two ml of diluted sample was mixed with the same volume
of the dye. After 5 min of staining, 2 ml of each sample was
filtered through a black membrane filter ISOPORETM (Millipore) with a diameter of 13 mm and pore diameter of
0.2 µm. As a supporting filter, a white nitrocellulose filter
(Sartorius), with diameter of 13 mm and pore diameter of
0.45 µm, was used. The stained samples were filtered using
a Millipore filtration device made of stainless steel, with a
filtration sieve of 13 mm in diameter as well as sterile,
plastic disposable 10-ml syringes.
Filters were viewed under an Olympus BX51 epifluorescence microscope equipped with 100-W mercury
lamp and UPLFLN 100x objective lens. Total bacteria
were counted under a UV-2A filter (Ex 330-380), as described by Ćirić [12].
Three morphotypes of bacteria were distinguished:
rods, cocci and curved forms.
2.5. Statistical analysis

Differences in the bacterial count between sampling
points and layers of water were tested using one-way
analysis of variance (ANOVA). Significant differences in
morphotype counts between basins and depths were observed by the same statistical method.
3. RESULTS AND DISCUSSION
FIGURE 1 - Ćelije Reservoir with its 3 basins and sampling points
P1-P5.
TABLE 1 - Morphometry of Ćelije Reservoir
Altitude (elevation) a.s.l.
Maximum volume
Maximum depth
Average depth
Surface water mirror
Discharge of water
Hydraulic residence (retention) time of water

284 m
65x106 m3
48 m
12.3 m
3.35 km2
6 m3.s-1
79 days

Samples were taken into a Van Dorn type 3-L plastic
bottle, and sub-samples of 10 ml each were fixed in 1%
(final concentration) buffered glutaraldehyde. Prior to fixation, the samples were diluted (1 ml of the sample was
added to a test tube with 9 ml solution for dilution). Solution for dilution was made as a mixture of 500 ml of distilled water and 25 ml of 50% glutaraldehyde, sterilized
by membrane filtration and stored at +4 °C [10].
2.3. Physical and chemical analyses

During sampling, water temperature was measured by
using a mercury thermometer with 0.2 °C precision.
The concentrations of inorganic nutrients (PO4-P, NH4N, NO3-N) were determined spectrophotometrically [11].
2.4. Epifluorescence microscopy

Staining of samples was carried out with buffered acridine orange solution (final concentration: 100 µg.ml-1).

Seasonal and vertical distributions of temperature and
some chemical parameters of Ćelije Reservoir are shown
in Table 2. The thermal stratification appeared in the early
spring and lasted until November.
The total number of bacteria at the 3 individual basins
(by sampling points) and Ćelije Reservoir, in general, by
months is given in Fig. 2. According to the results obtained
by examining abundance of bacterioplankton, seasonal and
spatial variations were found. The number of bacteria (dead
and metabolically active) depended on the climatic conditions, primarily on rainfall and temperature. The values
ranged from 9.83x104 cells.ml-1 in the surface layer of
Vodozahvat basin (P5; December) to a maximum of
9.25x107 cells.ml-1 at the bottom of Zlatari basin (P1;
March). Earlier studies of bacterioplankton in this reservoir, using the cultivation methods, have shown the greatest load in Zlatari basin, and the lowest load of the
Vodozahvat basin [13]. This is logical considering the
fact that Zlatari is the shallowest basin and under the
direct influence of the river where ecotonal edge effects
are manifested. Moving downstream, toward Vasići and
Vodozahvat, the reservoir is deeper and far away from the
influence of the river; therefore, the last basin contains the
"purest" water.
Statistical analysis of these results showed significantly higher numbers of bacteria at each sampling point
in relation to the downstream point, except two sampling
points in Vodozahvat basin, between which there was no
significant difference (Table 3).
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TABLE 2 - Seasonal and vertical distributions of temperature and some chemical parameters of Ćelije Reservoir.
Parameter

Layer
s
m
b
Ʃ
s
m
b

Water temperature (°C)

PO4-P (mg.L-1)

Spring
13.8
10.5
7.8
10.7
0.023
0.028
0.045

Summer
24.7
18.5
13.1
18.8
0.001
0.014
0.045

Autumn
15.8
14.9
10.9
13.9
0.012
0.018
0.087

0.051

0.032

0.020

0.039

0.036

0.011
0.041
0.225

0.139
0.214
0.303

0.055
0.154
0.458

0.090
0.147
1.128

0.071
0.139
0.529

0.092

0.219

0.222

0.455

0.247

0.367
0.370
0.303

0.973
1.231
1.364

0.204
0.773
0.708

0.142
0.407
0.330

0.422
0.695
0.676

0.347

1.189

0.562

0.293

0.598

Ʃ
s
m
b

NH4-N (mg.L-1)

Ʃ
s
m
b

NO3-N (mg.L-1)

Ʃ

s - surface, m - middle, b - bottom

TBC, cells.ml

-1

3,70E+07
3,25E+07
2,80E+07
2,35E+07
1,90E+07
1,45E+07
1,00E+07
5,50E+06
1,00E+06

P1
P2

III

V

VI

VII

VIII

IX

X

XI

XII

TBC, cells.ml

-1

P3
1,77E+07
1,52E+07
1,27E+07
1,02E+07
7,70E+06
5,20E+06
2,70E+06
2,00E+05
I

III

V

VI

VII

VIII

IX

X

XI

XII

6,05E+06
5,05E+06
4,05E+06
3,05E+06
2,05E+06
1,05E+06
5,00E+04

-1

TBC, cells.ml

TBC, cells.ml

-1

1.13E+07
7,05E+06 1.03E+07

P4
P5

I

III

V

VI

III

V

VII

VIII

IX

X

XI

XII

Ćelije

2.79E+07

1,77E+07
1,52E+07
1,27E+07
1,02E+07
7,70E+06
5,20E+06
2,70E+06
2,00E+05
I

Ʃ

Winter
2.4
2.6
3.8
2.9
0.036
0.039
0.077

VI

VII Month
VIII
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IX

X

XI

XII

14.2
11.6
8.9
11.6
0.018
0.025
0.064
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FIGURE 2 - Seasonal distribution (by months) of the total bacterial count (TBC, cells.ml-1; mean values) in Ćelije Reservoir and its three
basins (by sampling points).
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TABLE 3 - Statistical significance of difference in total bacterial
counts between the different sampling points P1-P5.
P1
P2
P3
P1
+
++
P2
+
++
P3
++
++
P4
++
++
P5
++
++
++
"-" not significant; "+" significant, p<0.05; "++"
p<0.01

P4
++
++
-

P5
++
++
++
-

greatly significant,

TBC, cells.ml

-1

According to Ambrazene [14], the water of Ćelije Reservoir belongs to the class of moderately polluted waters.
The average annual number of bacteria in the reservoir was
7.6x106 cells.ml-1, corresponding to the meso-eutrophic type
of water [15]. According to Glöckner et al. [16], this reservoir belongs to the eutrophic water bodies.
The maximum number of bacteria was recorded in
spring (average of 1.7x10 6 cells.ml -1 ). The minimum
value of bacterioplankton was recorded in winter (average
1.0x106 cells.ml-1). These results most probably are connected with the two control effects on bacteria, bottom-up
(nutrient supplies) (Table 2) and top-down (predation by
bacterivores) [17, 18], but also the shifts in temperature,
leading to spring mixture of water and entry of bacteria
from terrestrial areas after snow melting [19, 20]. In Ćelije
Reservoir, abundance of bacterivores reaches its maxi-

mum in spring-summer months and in early autumn, while
the lowest level is recorded in winter [21]. Its presence is
greatest in the epilimnion, where the temperature conditions and the oxygen regime are optimal for its growth, and
where the density of phytoplankton (its usual food) is
greater.
The vertical distribution of bacteria showed the highest
value in the bottom layer, on average 6.24 or 4.68 times
higher than in surface or middle layer (Fig. 3). The reason
for this is the greatest concentrations of nutrients, primarily PO4-P and NH4-N, at this sampling depth (Table 2). At
this depth, water temperature was lowest. This means that
bacterioplankton growth was well adapted to ambient temperatures during most of the season [20]. Increase of the
bacterial count in the contact layer is described as a common phenomenon in lakes, which is a result of active biochemical processes between free water and the sediment.
In the contact layer of Lake Michigan, a 2-fold value of
bacterioplankton was recorded due to increased content of
organic matter accumulating in the deep region through the
sedimentation of phytoplankton, detritus and other decayed
matters [22]. The total number of bacteria in the reservoir,
on average, was higher in the surface layer compared to
the middle layer (Fig. 3). However, the difference between
these layers was not statistically significant at any sampling
point.
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FIGURE 3 - Mean annual counts of bacteria (TBC, cells.ml-1) in different layers of water (surface, middle and bottom).
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FIGURE 4 - Contribution of bacteria morphotypes in the total bacterial counts of Ćelije Reservoir.

ci

1653

© by PSP Volume 21 – No 6b. 2012

Fresenius Environmental Bulletin

SURFACE

% of morphotypes

80
60
40
20
0
P1

P2

P3

P4

P5

P4

P5

P4

P5

MIDDLE

% of morphotypes

80
60
40
20
0
P1

P2

P3

% of morphotypes

BOTTOM
80
60
40
20
0
P1

P2

P3
Points

Rods

Cocci

Curved

FIGURE 5 - Percentage of bacteria morphotypes at different water layers of Ćelije Reservoir.

Bacteria were differentiated into morphotypes of rods,
cocci and curved bacteria. Presentation of the individual
bacterial morphotypes, in the reservoir and some sampling
points and water layers, is shown in Figs. 4 and 5. At all
sampling sites, the rods dominated ranging from 51.41%,
at the bottom of the Vodozahvat, to 76.58% in the middle
layer of the Vasići basin. Cocci ranged from 19.01%, in the
middle of the Zlatari, to 45.62% at the bottom of Vodozahvat, while the curved forms were present from 2.29% of
total bacterial count (central layer of Vodozahvat) to
9.40% of total count (surface layer of Zlatari).
In the reservoir, the rods were dominant (62%), followed by cocci (33%), while the share of curved bacteria
was lowest (5%) (Fig. 4). The highest presence of the rods
was most probably connected with the input of more hardto-decompose organic substances in the lake. High phosphorus concentrations can cause an increase of rod-shaped
bacteria [23].
Comparing the results with those of other authors, it
can be concluded that epifluorescence microscopy is a good
method for bacterioplankton determination in freshwater, but
is not sufficiently sensitive for marine bacterioplankton

which includes numerous, very small, coccus-shaped bluegreen algae (cyanobacteria) of the genus Prochlorococcus
[6].
Although the introduction of epifluorescence microscopy enabled quantitative differentiation of bacteria morphotypes, only a few studies have reported such data.
Mostly, differentiation of morphotypes and size classes of
bacteria in microscopic counting is used only to convert
bacterial numbers into carbon biomass more precisely.
Quantitative data on bacterioplankton morphology are
lacking for Ćelije Reservoir. In Lake Valencia (Venezuela),
the highest presence of cocci (63.3%) was recorded, and the
rest were rods (curved forms not determined) [24], while
in Lake Jiqui (Brasil), the rods were prevalent [25]. In
Srebarna Lake (Bulgaria), free-living cocci were the dominant bacterial cells (48-97%), while free-living rods were
presented in minimal numbers, up to 7% [26].
Concerning rod percentages, relationships between the
sampling points were as follows: P3>P1>P2>P4>P5. Differences between individual points within Zlatari basin (P1
and P2) and Vodozahvat (P4 and P5) were not significant
(Table 4), while others were greatly significant (p<0.01).
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TABLE 4 - Statistical significance of difference in percentage of bacteria morphotypes between different sampling points P1-P5.
P1
P1
P2
P3
P4

++
++

P5

++

% of rods
P3
P4
++
++
++
++
++
++
++
++
+
+
+
+
P2
-

P5
++
++
++
-

% of cocci
P3
P4
++
++
+
++
++
++
++
++
++
++
++
+
+
+
+
+
+
P1

P2
+

P5
++
++
++
-

P1
+
++
++

-

% of curved forms
P3
P4
P5
++
++
+ ++
+
+
++
++
+
+
+
+
P2
+

+
-

"-" not significant; "+" significant, p<0.05; "++" greatly significant, p<0.01

Regarding the cocci, relationships between sampling
points were almost reversed: P4>P5>P2>P1>P3. As for
the rods, differences between the two points in the
Vodozahvat basin were not significant, while others were
significant (Table 4).
The lion`s share of cocci but the lowest contribution
of rods were significantly noted in the purest basin Vodozahvat. This distribution of cocci might be explained
with better adaptation to water containing low organic
substrates by their better surface to volume ratio when
compared with rod-shaped and curved bacteria [6].
Regional differences in the prevalence of curved bacteria did not show such regularities as rods and cocci
(Table 4).
The vertical distribution of the bacteria morphotypes
throughout the reservoir showed no regularity in terms of
organic pollution load; in all layers of the water, most
forms of bacterioplankton were rods, followed by cocci, and
the curved forms being present in low numbers (Fig. 5).
The number of rods was significantly higher at the bottom
compared to surface and middle layers, p<0.05 and p<0.01,
respectively. Significant difference in the number of cocci
occurred only between the middle and bottom layers
(p<0.05) (less cocci were found at the bottom), while the
number of curved bacteria did not differ significantly
between individual layers of water.

with high organic load (Zlatari basin and contact/bottom
layer of the water).
ACKNOWLEDGEMENT
This research was financed by the Ministry of Education and Science, Republic of Serbia, project TR 31001.

REFERENCES
[1]

Zdanowski, M.K. and Figueiras, F.G. (1997) Relationships
between bacterial abundance, other biota, and hydrographic
variability in Ria de Vigo, Spain.Marine Ecology Progress
Series 147, 257-267.

[2]

Ameryk, A., Mudryk, Z. and Podgórska, B. (1999) The
abundance, biomass and production of bacterioplankton in
the Pomeranian Bay. Oceanologia 41, 389-401.

[3]

Whitman, W.B., Coleman, D.C. and Wiebe, W.J. (1998)
Prokaryotes: The unseen majority.Proceedings of the National Academy of Sciences of the USA 95, 6578-6583.

[4]

Ducklow, H.W. and Shiah, F.K. (1993) Estuarine bacterial
production. In: Aquatic microbiology: an ecological approach, Ford, T. (ed.), Blackwell, London, 261-284.

[5]

Bölter, M. (1998) Structure of bacterial communities in Arctic permafrost soils (Tajmur Peninsula, Siberia). In: Polish
Polar Studies, 25th International Polar Symposium, Warszawa, 1998, Glowacki, P. and Bednarek, J. (eds.), Institute of
Geophysics of the Polish Academy of Sciences, Warszawa,
61-66.

[6]

Jochem, F.J. (2001) Morphology and DNA content of bacterioplankton in the northern Gulf of Mexico: analysis by
epifluorescence microscopy and flow cytometry. Aquatic
Microbial Ecology 25, 179-194.

[7]

Vosjan, J.H. and Zdanowski, M.K. (2001) Inter specific variability in UV-B sensitivity of Antarctic bacteria. Circumpolar
Journal 16, 1-15.

[8]

Świątecki, A. (1997) Application of bacteriological indexes
in estimation of surface water quality. Studia i Materialy
WSP 118, Olsztyn. (In Polish)

[9]

Kirschner, A.K.T. and Velimirov, B. (1997) A seasonal study
of bacterial community succession in a backwater system, indicated by variation in morphotype numbers, biomass and
secondary production. Microbial Ecology 34, 27-38.

4. CONCLUSIONS
According to the average annual number of bacteria
in Ćelije Reservoir (7.6x106 cells.ml-1), it can be classified as mesotrophic to eutrophic type of water. The numbers of bacteria showed variability in their seasonal, spatial and vertical distribution. The number of bacteria was
maximal in spring but minimal in winter. Statistical analysis showed a significantly higher number of bacteria at each
sampling point in relation to the downstream point. The
vertical distribution of bacteria showed the highest count
in the contact layer of water.
At all 3 sampling sites (basins), rods were the dominant morphotype, followed by cocci and curved forms. In
the water, almost regular distribution of rods and cocci, in
relation to the degree of organic load, was recorded. Thus,
the rods were significantly better presented in samples

1655

[10] Kepner, R.L. and Pratt, J.R. (1994) Use of fluorochromes for
direct enumeration of total bacteria in environmental samples: past and present. Microbiological Reviews 58, 603-615.

© by PSP Volume 21 – No 6b. 2012

Fresenius Environmental Bulletin

[11] APHA-AWWA-WEF (1998) Standard methods for the examination of water and wastewater. 20th edn., American Public Health Association, American Water Works Association
and Water Environment Federation, New York, NY.

[26] Kalcheva, H., Beshkova, M., Pehlivanov, L. and Kalchev, R.
(2008) Bacterioplankton dynamics and the influence of environmental factors on it in the Srebarna Lake. BALWOIS
2008, Ohrid, FYR of Macedonia 119, 1-9.

[12] Ćirić, S. (2009) Aerobic mesophilic bacteria and low-nutrient
R2A medium in monitoring of drinking water quality. Doctoral Dissertation, University of Novi Sad, Faculty of Sciences, Novi Sad, Serbia. (In Serbian)
[13] Ćirić, S. and Petrović, O. (2009) Comparison of cultural
methods on bacterial recovery in source water for water supply. Fresenius Environmental Bulletin 18 (11a), 2203-2209.
[14] Ambrazene, Zh.P. (1976) Quantitative relationships between
microorganisms and their use for evaluation of contamination
in river waters.Zhurnal Obshtei Biologii 37 (3), 416-425. (In
Russian)
[15] Zieliński, P., Kloczewska, A. and Górniak, A. (2006) Summer bacterioplankton abundance and biomass in lakes of Suwalki Landscape Park. Polish Journal of Environmental Studies 15 (5d), 543-547.
[16] Glöckner, F.O., Fuchs, B.M. and Amann, R. (1999) Bacterioplankton compositions of lakes and oceans: a first comparison based on fluorescence in situ hybridization. Applied and
Environmental Microbiology 65, 3721-3726.
[17] Muylaert, K., Van der Gucht, K., Vloemans, N., De Meester,
L., Gillis, M. and Vyverman, W. (2002) Relationship between bacterial community composition and bottom-up versus top-down variables in four eutrophic shallow lakes. Applied and Environmental Microbiology 68 (10), 4740-4750.
[18] Berdjeb, L., Ghiglione, J-F. and Jacquet, S. (2011) Bottomup versus top-down control of hypo- and epilimnion freeliving bacterial community structures in two neighboring
freshwater lakes. Applied and Environmental Microbiology
77 (11), 3591-3599.
[19] Boteva, S., Kenarova, A., Traykov, I. and Bogoev, V. (2009)
Vertical distribution of bacterioplankton in Dolnoto lake seven Rila lakes. Biotechnology & Biotechnological Equipment 23, 365-368.
[20] Simon, M. and Wünsch, Ch. (1998) Temperature control of
bacterioplankton growth in a temperate large lake. Aquatic
Microbial Ecology 16, 119-130.
[21] Živić, N., Grašić, S., Jakšić, T. and Vukanić, V. (2010) Ecological causality of horizontal and vertical dynamics of zooplankton abundance in the accumulation of lake Ćelije, Serbia. BALWOIS 2010, http://balwois.com/balwois/ administration/ full_paper/ffp-1897.pdf
[22] Ćurčić, S. (2003) Microbiological index of water quality
(mWQI) - indicator of the status of microbial community in
Gruža reservoir. Doctoral dissertation, University of Kragujevac, Faculty of Sciences, Kragujevac, Serbia. (In Serbian)
[23] Antipchuk, F.A. (1983) Microbiology of fish ponds. Light
and Food Industry, Moskva, 1-144.

Received: September 07, 2011
Revised: January 25, 2012
Accepted: February 06, 2012

[24] Lewis, W.M., Frost, Th. and Morris, D. (1986) Studies of
planktonic bacteria in Lake Valencia, Venezuela. Archiv für
Hydrobiologie 106, 289-305.

CORRESPONDING AUTHOR

[25] de Araújo, M.F.F. and Godinho, M.J.L. (2008) Seasonal and
spatial distribution of bacterioplankton in a fluviar-lagunar
system of a tropical region: density, biomass, cellular volume
and morphologic variation. Brazilian Archives of Biology
and Technology 51 (1), 203-212.

1656

Slavica Ćirić
Čupićeva 11/5
37 000 Kruševac
SERBIA

© by PSP Volume 21 – No 6b. 2012

Fresenius Environmental Bulletin

Phone: +381 37 35 00 523
E-mail: slavica.ciric@open.telekom.rs
FEB/ Vol 21/ No 6b/ 2012 – pages 1647 - 1653

1657

© by PSP Volume 21 – No 6b. 2012

Fresenius Environmental Bulletin

THE RAPID ADSORPTION OF NITROBENZENE FROM
AQUEOUS SOLUTION BY WHEAT STRAW WASTE
Shulin Sun1,2,*, Qiuyong Bai3,4, Tao Liu2, Wentao Shang3 and Rongdong Wu2
1

State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University, Nanjing 210098, China
2
School of Earth Science and Engineering, Hohai University, Nanjing 210098, China
3
College of Civil and Transportation, Hohai University, Nanjing 210098, China
4
Environmental Protection Department of Jiangsu Province, Nanjing 210036, China

ABSTRACT
The present study investigated the potential of wheat
straw for the removal of nitrobenzene (NB) from aqueous
solution. The raw wheat straw samples were characterized
by scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FT-IR). The effects of contact time, temperature, particle size, initial pH, loading
and initial concentration were investigated in batch reactor studies. The applicability of the Langmuir and Freundlich adsorption isotherms for the present system was
tested. The adsorption equilibration time was only about
60 min. Adsorption of NB increased with increasing temperature from 15 to 35 °C, and was independent of pH.
The optimal NB adsorption efficiency was achieved when
the wheat straw dose was 30 g/L, with optimum particle
size of 40-100 mesh. The adsorption was well fitted to
Langmuir and Freundlich adsorption isotherms. The results above confirmed that wheat straw is an inexpensive,
rapid, effective and environmentally friendly adsorbent for
NB removal.

KEYWORDS: Adsorption; nitrobenzene (NB); wheat straw; lowcost agricultural wastes

1. INTRODUCTION
Nitrobenzene (NB), a kind of important chemical raw
material as well as a product of industry, is widely used to
make pesticides, explosives, pesticides, rubbers and solvents for coating materials. The large-scale use of NB has
led to the widespread contamination of groundwater and
air. In several instances, accidental spills of NB during
production of industrial chemicals have caused serious
environmental pollution [1-4]. It has been reported that NB
is ubiquitous in environment and organisms from various
animals to humans in many studies [5-7]. Because of its
* Corresponding author

ecotoxicology and ubiquitousness, Environmental Protection Agencies of many nations have classified NB as main
pollutant concern, and thus considerable interest has been
taken in its environmental behaviour [8].
There are many new technologies and materials that
remove NB from a contaminated environment. Effective
methods for the removal of NB from solution mainly involve chemical oxidation [9, 10], bioremediation [11], catalyzed oxidation [12-14], and physical adsorption [15-18],
including oxidation, filtration, reduction, ion exchange,
coagulation and membrane separation, etc. Adsorption is
the most general methodology, and plays an important role
due to its easy operation among these technologies. However, the majority of conventional materials are relatively
expensive. Therefore, low cost adsorbents for NB are urgently needed.
Wheat straw is often considered as agricultural waste
and widely available. It has an annual production of at
least 600 million tons only in China, and a production of
170 million tons per year in European countries [19]. However, most of wheat straw is burnt directly in China, which
results in serious environmental pollution [20]. In this research, wheat straw has been used as an adsorbent to remove NB from wastewater. It cannot only help to decrease
the pollution of wheat straw, but also develop a potential
low-cost material for NB-removal technology. The effects
of various experimental parameters, such as contact time,
adsorption temperature, initial NB concentration, initial
pH and particle size, were investigated.
2. MATERIALS AND METHODS
2.1. Wheat straw and NB solutions

The wheat straw was applied from local farmland in
Nanjing, China. The wheat straw was dried at an even
temperature of 60 °C for 24 h, powdered and sieved to
achieve uniform particle size. The sieved wheat straw was
stored in sealed bags.
All chemicals used in the experiments were of analytical grade, and solutions were prepared with distilled
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water. The NB was dissolved in ethanol firstly, since NB
is a relatively water-insoluble liquid at room temperature.
Then, the NB-ethanol mixture was added to distilled water to make a 500-ml standard solution. The standard solution was diluted into different NB concentrations for further
studies.

but <100 mesh. A typical sample was prepared by adding
the wheat straw into a solution of NB under specific experimental conditions (i.e. pH, wheat straw loading, initial
concentration of NB and wheat straw particle size) for
batch wheat straw experiments.
3. RESULTS AND DISCUSSIONS

2.2. Characterization of wheat straw

The exterior surface of wheat straw was analyzed by
SEM (Hitachi VP-SEM S-3400N II, Japan). Fourier transform infrared spectrometry (Nicolet iS10 FT-IR, USA)
was used to analyze the functional groups on the surface
of wheat straw. The spectral range varied from 4000 to
400 cm−1.
2.3. Batch adsorption experiments

The standard NB solution was diluted to 100 ml with
distilled water. The volume of 100 ml of diluted NB solutions was placed in 250-ml conical flasks to start the experiments. The initial NB concentrations ranged from 10 to
100 mg/L in the tests. Different loadings of wheat straw
(1-4 g) were added to the solutions. Conical flasks were
shaken (160 rpm) in a temperature-controlled orbital shaker
at different time intervals (10, 20, 30, 60, 90 and 120 min).
Mixture aliquots (2 ml) were taken periodically from
the conical flask for analysis. The sample was separated
immediately using a syringe filter (13 mm*0.45 µm). The
supernatants were collected, and then HPLC-analyzed by
using an Agilent LC1200 apparatus for the remaining NB
concentrations.
2.4. Factors affecting adsorption

The effect of pH was investigated by using either 0.1 M
NaOH or HCl to adjust the pH of the samples from 3 to
12, while the effect of wheat straw loading was studied by
using various amounts (10.0, 20.0, 30.0 and 40.0 g/L).
The effect of particle size was examined by using wheat
straw of strips and particle sizes of >20, 20-40, 40-100

3.1. Characterization of wheat straw

Figure 1 shows the morphological characteristics and
surface features of wheat straw using SEM technology. As
seen from Fig. 1(a), the special tubular structure was
clearly observed. This indicated that adsorbate could be
stored in this material. Furthermore, the morphology of
wheat straw can facilitate the adsorption, due to the irregular porous surface of the straw shown in Fig. 1(b).
The FTIR is an important tool to determinate characteristic functional groups, which are capable of adsorbing
NB. The infrared spectrum of wheat straw before and after
adsorption of NB is presented in Fig. 2. The broad absorption peaks around 3300 cm-1 were indicative of the
existence of bonded hydroxyl groups on the surface of
wheat straw. This band was assigned to vibration of the
silanol group, hydroxyl group-linked in cellulose and
lignin. The peaks observed at 2917 and 1367 cm -1 were
due to the stretch vibration and bending vibration
attributable to -CH 3 and -CH 2 groups, respectively.
The peaks located at 1637 cm-1 characterized carbonyl
group stretching from ketones. The peak near 1419 cm-1
was also attributed to stretch vibration of C=O from carbonyl group. The strong C-O band at 1026 cm-1 also related to the existence of lignin structure of wheat straw.
After NB adsorption, both position and intensity of these
characteristic peaks changed little, suggesting that these
functional groups on the surface of wheat straw do not
participate in the whole adsorption process.

FIGURE 1 - SEM image of raw wheat straw.
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FIGURE 2 - Fourier transform infrared spectra of wheat straw (a) and NB-loaded wheat straw (b).

The uptakes of NB by wheat straw varying with adsorption time at 25 °C are illustrated in Fig. 3. From the
shape of the figure, it can be observed that the adsorption
equilibration times are about 60 min. Within the first 20 min,
there is a dramatic increase in uptake of NB. However, no
significant further adsorption can be observed afterwards
within 120 min.
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35 than 15 and 25 °C, but not so much. Considering the
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selected for further adsorption studies.
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FIGURE 4 - Effect of temperature on the NB adsorption capacity of
wheat straw

20

3.4. Effect of particle size
0
0

20

40

60

80

100

120

140

time (min)
FIGURE 3 - Effect of time on the NB adsorption capacity of wheat
straw.
3.3. Effect of adsorption temperature

Figure 4 shows the effect of adsorption temperature on
adsorption capacity (pH 7, initial NB concentration 30 mg/L,
amount of wheat straw 30.0 g/L, adsorption time 120 min).
It was found that the adsorption efficiency was higher at

At 25 °C, pH 7.0 and NB level of 30 mg/L, wheat
straw of strips and particle sizes of >20, 20-40, 40-100 but
<100 mesh were used to determine the optimum wheat
straw particle size for optimizing NB adsorption efficiency.
77.23% of NB was removed from the aqueous solution
within 120-min adsorption time by using 40-100 mesh
wheat straw (Fig. 5). Adsorption efficiency of NB almost
increases with particle size of wheat straw, decreasing from
strips to >100 mesh. The same behaviour was also observed in other studies [21]. This could be attributed to the
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higher biosorption area and the shorter intra-particle diffusion paths of smaller particle-sized wheat straw [22]. In
this study, the optimal NB adsorption efficiency was
achieved with wheat straw particle size of 40-100 mesh,
and further decrease in particle size contributed to little
changes in NB removal efficiency.

80

0.8

60

0.6

It can be observed that the adsorption percentage of
NB increases with the increase of wheat straw dose. On the
other hand, the adsorption capacity decreases obviously
with the increasing of wheat straw dose (Table 1). When
the wheat straw dose was 30 g/L, the NB removal efficiency approached optimization; so, the dose of 30 g /L
wheat straw was used in the following batch experiment.
In this case, adsorption percentage was 60.76, and adsorption capacity was 0.60 mg/g.

40

0.4

TABLE 1 - Second-order rate parameters for NB adsorption on
wheat straw.

adsoeption capacity

adsorption percentage

1

adsoeption capacity (mg/g)

100

adsorption percentage (%)

where, k2 is the rate constant (g/mg/min) of pseudosecond-order kinetic model for adsorption, qt (mg/g) is the
amount of adsorption time t (min), and qe (mg/g) is the
amount of adsorption equilibrium.

20

Dose (g/L)
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0.2

0

0
strips

>20
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particle size (mesh)

Effects on adsorption capacity and intensity by the
amount of wheat straw were studied under the following
conditions: 25 °C, pH 7, initial NB concentration 30.0 mg/L,
and contact time 120 min. Different loadings of wheat straw
(10-40 g/L) were used to determine its optimum quantity
needed for maximum NB adsorption (Fig. 6).

100

y = 2.5597 + 2.0772x R= 0.9994

adsorption percentage( %)

y = 6.2337 + 1.6839x R= 0.99722
y = 2.8302 + 1.4664x R= 0.99858

t/qt(min g/mg)

R
0.9939
0.9986
0.9972
0.9994

Adsorption is also determined as a function of pH [23].
The impact of initial pH on the adsorption capacity of wheat
straw is shown in Fig. 7. NB removal was maximal at pH 5.
Furthermore, the adsorption of NB was appreciable in the
whole pH range, and adsorption capacity ranged from 0.60
to 0.73 mg/g with varied pH values; therefore, pH value
had no profound influence on adsorption efficiency of NB
solution treated by wheat straw. Since 7.0 is the pH value
of the natural solution, further experiments with NB were
conducted without adjusting the pH.
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FIGURE 5 - Effect of particle size on NB adsorption by wheat
straw.
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FIGURE 7 - Effect of initial pH on the NB adsorption capacity of
wheat straw.
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FIGURE 6 - Effect of wheat straw loading on NB adsorption by
wheat straw.

A linear form of pseudo-second-order kinetic model
was expressed as follows:

t
1
1
=
+ t
2
qt k 2 q e q e

(1)

The influence of initial NB on the adsorption was investigated for wheat straw at pH 7.0. Initial NB concentrations used were 10, 20, 30, 40, 60 and 100 mg/L. As shown
in Fig. 3, the adsorption percentage decreased gradually
from 69.10 to 29.41, with increasing initial NB concentrations from 10 to 100 mg/L, while the absorbed amount of
NB increased with increasing initial NB concentration.
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3.8. Adsorption isotherms

The adsorption isotherm is based on the assumptions
that each adsorption site is equivalent, and that the ability
of a particle to bind there, is independent of whether or
not adjacent sites are occupied [24].
The linearized Langmuir isotherm equation is as follows:
Ce
Ce
1
=
+
qe
q max K L
q max

(2)

where, qe is the amount of solute adsorbed per unit
mass of the adsorbent, Ce the equilibrium solution concentration, and qmax as well as KL are the Langmuir equilibrium coefficients.

The linear form of the Freundlich isotherm equation
is as follows:
1
log qe = log K F + log C e
n

where, qe is the amount of solute adsorbed per unit
mass of the adsorbent, Ce the equilibrium solution concentration, and KF as well as n are the Freundlich equilibrium
coefﬁcients.
The Langmuir and Freundlich adsorption isotherms
were used to simulate the adsorption capacity of wheat
straw, separately. It can be seen from Fig. 8 that the adsorption isotherm was well fitted to both widely used
isotherms. The equation and correlation coefficients R of
both kinds of adsorption isotherms are shown in Table 2.
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FIGURE 8 - The (a) Langmuir and (b) Freundlich adsorption isotherm of NB on wheat straw.

TABLE 2 - Parameters of the Langmuir and Freundlich adsorption
isotherms.
T (°C) Langmuir isotherm
qmax(mg/g) KL
15
0.7242
0.3077
25
0.8259
0.3060
35
0.9156
0.3806

R
0.9630
0.9691
0.9766

Freundlich isotherm
1/n
KF
R
0.2515 0.2868 0.9569
0.2899 0.2980 0.9753
0.3226 0.3272 0.9914

10 mg/L. This equilibrium NB level is lower than first class
of Integrated Wastewater Discharge Standard of P.R.
China. High NB loads in wastewater should be adsorbed
twice or more times to meet the standard.
Thus, wheat straw had the potential to be utilized as an
effective, rapid and low-cost adsorbent for NB removal.
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ABSTRACT
The electrochemical behaviour of refractory organics
such as antibiotics on insoluble electrodes was studied
through linear scanning, and a current peak and corresponding characteristic electrode potential were observed
below the oxygen evolution potential. The electrochemical behaviour on stainless steels was analyzed mainly in
penicillin solution at different concentrations, scanning
rates and temperatures. With the scanning rate of 2 mV/s,
the characteristic electro catalysis oxidation reaction occurred when the electrode potential of stainless steel was
600-1050 mV (vs SCE), and the maximal electrical current
was observed at 920 mV (vs SCE). The electrochemical
behaviour of other organic compounds, such as salicylic
acid, mannitol and rhodamine B, was also discussed. The
characteristic electrode potentials of all the organic compounds were observed and the details described. The electrode potential was associated with the formation of hydroxyl radicals.

KEYWORDS: Electro-catalysis oxidation; stainless steel electrode; linear scanning; refractory organics

1. INTRODUCTION
Electro-catalysis oxidation for refractory organic wastewater treatment, which does not make any difference when
it meets varying organic compounds and can thoroughly
decompose all of them, is more efficient and frequent, in
contrast with the traditional biologic and physical treatments [1-6]. As a kind of green technology, electro-catalysis
treatment is economically feasible, technologically reliable,
and non-toxic but with strong operability [7].
Large amounts of antibiotics were produced for the
treatment of bacterial diseases every year and, at the same
time, antibiotic production released high concentrations of
antibiotics in wastewater which is hardly degradable [8].
* Corresponding author

A large number of reports have already been devoted
to integrated chemical and biochemical treatment of pollutants to remove recalcitrance and toxicity (such as antibiotics) from pharmaceutical wastewaters [9-12]. Penicillin G was the first antibiotic found by humans and applied
for human bacterial diseases; therefore, treatment of
pharmaceutical wastewater containing Penicillin G should
be given much more attention.
Most known biological treatability has appeared to be
inappropriate for pharmaceutical, especially antibiotic,
effluent treatment and hence, there is a need for more advanced and effective oxidative treatment processes. Fenton's reagent, O3 and H2O2/O3 were used in the pretreatment of penicillin G formulation effluents [13]. Among
the studied AOPs, the applied pre-oxidation steps did not
always show a good treatment result [14]. Electrochemical oxidation, one of AOPs, was applied to pretreatment
processes for chemical oxygen demand (COD) removal
and biodegradability enhancement. Han [15] reported that,
under the optimal chemical coagulation and electrochemical oxidation pretreatment processes, 60.9% of COD was
removed from penicillin wastewater. Other researchers
also reported on use of electrochemical oxidation method
for the treatment of pharmaceutical wastewater [16, 17].
The electro-catalysis oxidation of organic pollutants
for wastewater treatment was reported by lots of researchers who mainly paid attention to the basic conditions,
which included cell voltage, current density and components of wastewater, in order to find out an applied operation condition [18-20], or they focused on the synthesizing
and test of new electrode materials [21-24]. These reports
did not discuss the necessity of electro-catalysis oxidation, and the difficulties, such as severe oxygen evolution
and low current efficiency, in the electro-catalysis oxidation were still unsettled [25].
Hydroxyl radicals, as important intermediate products
in the process of electro-catalysis oxidation [1], have always been discussed in electrochemical wastewater treatment. Some researchers detected and proved the existence
of hydroxyl in electrochemical process, in order to introduce the rule of hydroxyl radical generation [26]. But the
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electrochemical behaviour of hydroxyl radical generation,
especially the hydroxyl radical generation electrode potential, was not reported yet. Because hydroxyl radicals
only existed as instable intermediates, the detection could
only be executed with organic compounds. The existence
of organic compounds would consume hydroxyl and make
the electrochemical behaviour different.
Instead of Pt and graphite electrodes, a 304 stainless
steel one was used in our study as insoluble anode to avoid
secondary pollution. As we know, penicillin is a typical
antibiotic pollutant, and salicylic acid is also a common
pharmaceutical pollutant, and, furthermore, rhodamine B
is a kind of contaminator in dye wastewater. To execute
the linear scanning for electrolyte solutions with different
compounds, we chose these 3 organic compounds, and
used mannitol as hydroxyl radical scavenger. During the
linear scanning of electrolyte solutions with penicillin, a
characteristic electrode potential was observed in other
electrolyte solutions. With different organic compounds,
characteristic electrode potentials were observed too. The
electrochemical conditions were changed for our further
research, and the influencing factors and properties of the
characteristic electrode potential were also observed, and
evidenced some revelations in the mechanism of electrodecatalysis oxidation reactions in wastewater treatment.
2. MATERIALS AND METHODS
The electrochemical experiment was carried out with
a 3-electrode system. The cell was a round bottom flask,
and it keeps a certain temperature in the water-bath. The
reaction system contained 100 ml of aqueous organic compound solution, including 0.0005, 0.005 or 0.01 mol/L
potassium penicillin G (commercially pure), 0.005 mol/L
mannitol, 0.01 or 0.005 mol/L salicylic acid, and 0.0001
mol/L Rhodamine B (commercially pure). All of the organic
water solutions, which were neutral (pH 7), contained
0.1 mol/L Na2SO4 for the conductibility (all the chemicals
without special introduction were analytically pure). The
working electrode was made from stainless steel-304, and
the working area was 10×10 mm. The auxiliary electrode
was a platinum electrode, and the reference electrode was
SCE (saturated calomel electrode), connected to the solution
through the salt bridge. All the values of electrode potentials
were versus the SCE. The electrochemical experiment was
carried out by an Electrochemical Workstation (CS300,
Wuhan Corrtest Instrument Co. Ltd, China).
The stainless steel electrodes were burnished by
100#, 300# and 600# abrasive papers, rinsed with distilled
water to remove oil. Then, the stainless steel electrodes
were soaked in aqueous organic compound solutions for
at least 2 h in order to make the open circuit potential
stable. After the preconditioning, the stainless steel electrodes were used as working electrodes for linear polarization through the CS300 system. The recorded result was
PC-analyzed, and the polarization curves were drawn.

3. RESULTS AND DISCUSSION
3.1. The anodic polarization of stainless steel electrode in
potassium penicillin G solution

The open circuit potential of the stainless steel electrode (Fig. 1) in 0.1mol/L Na2SO4 was detected for 2 h in
order to make sure the electrode surface state stable. The
stable open circuit potential value of stainless steel-304
was -60 mV in 0.1 mol/L Na2SO4 solution.

FIGURE 1 - The open circuit potential of stainless steel electrode in
0.1 mol/L Na2SO4 for 2 h.

At 300K and the scanning rate of 2 mV/s, the anodic
polarization curves of the stainless steel electrode in
0.1 mol/L Na2SO 4 and 0.1 mol/L Na2SO 4+0.005 mol/L
potassium penicillin G are shown in Fig. 2. Under the
chosen electrochemical conditions, the 304 stainless steel
electrode was in the passivation area, with low corrosion
speed which could be ignored.

FIGURE 2 - The I-E curves of stainless steel electrodes in 0.1 mol/L
Na2SO4 (1), and 0.1 mol/L Na2SO4+0.005 mol/L potassium penicillin
G (2).

As shown in Fig. 2, the polarization curve in the
0.1 mol/L solution (curve 1) was the typical anodic polarization curve of stainless steel in water solution. At beginning of the polarization, the electrode was in passivation; so the current did not increase with the electrode
potential until the polarization film was destroyed, and
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oxygen was evolved from the surface of the stainless
steel. The breakdown potential of stainless steel passivation film was 1150 mV in curve 1, and 1180 mV in
curve 2. When 0.005 mol/L potassium penicillin G was
added to the solution, the polarization curves changed
obviously (curve 2). At beginning of the polarization, the
trend of curve 2 was just the same as that of curve 1, and
the increase of the current was limited with raising electrode potential. But from 650 mV, the current increased
rapidly with raising electrode potential. A characteristic
electrode potential which was observed in the process of
the electro-catalysis of organic compounds was below the
oxygen evolution potential. At 300 K and t2 mV/s scanning speed, the maximum of the current appeared at the
electrode potential of 920 mV. Then, the current decreased
but the electrode went up until 1050 mV. Between 1050 and
1200 mV, the curve showed that the electrode is in passivation, and the current increased quickly for the liberation of oxygen above 1200 mV.
The difference of two anodic polarization curves suggested that, in the electro-catalysis oxidation of penicillin
solution, there was a characteristic electrode potential.
The characteristic electrode potential was below the oxygen evolution potential of stainless steel electrode. The
current of the electro-catalysis reaction was maximal at
the characteristic electrode potential; moreover, the electrical current became much lower while the electrode potential deviated from the characteristic potential. In order to
find out some more properties of the characteristic electrode potential, we studied the electrochemical behaviour
of the stainless steel electrode in different solutions shown
in Figs. 3 and 4.
3.2 The effects of the concentration of potassium penicillin G
on the anodic polarization of stainless steel electrode

All conditions were fixed, except the concentration of
potassium penicillin G. The polarization curves of stainless
steel in different solution concentrations are shown in Fig. 3.
The polarization curves showed the same tendency,
regardless of potassium penicillin G amounts (0.0005,
0.005 or 0.01 mol/L) in solution. The stainless steel electrode kept the state of polarization, and the current was in
stability during the electrode potential raising in the beginning of the polarization. But when the electrode potential was in the interval of 600-1050 mV, a current peak
appeared on the polarization curves, and the maximum
current was emerged at 920 mV. With the electrode potential <920 mV, the current increased quickly with the
raising of the electrode potential. But the current showed an
opposite trend when the electrode potential was >920 mV.
The breakdown potential of the stainless steel passivation
film was 1150 mV in curve 1, 1180 mV in curves 2 and 3,
but 1200 mV in curve 4. Above 1200 mV, the stainless
steel electrode was in the transpassivation region, and the
oxygen evolution became obvious. The position of the
current peak did not change with the concentration of potassium penicillin G, but its intensity did. At higher con-

centrations, the peak of the characteristic current became
sharper until the maximum current.

FIGURE 3 - The I-E curves of stainless steel electrodes in 0.1 mol/L
Na2SO4 (1), 0.1mol/L Na2SO4+0.0005 mol/L potassium penicillin G
(2), 0.1 mol/L Na2SO4+0.005 mol/L potassium penicillin G (3), and
0.1 mol/L Na2SO4+0.01 mol/L potassium penicillin G (4).

The results showed that there was a characteristic potential in the electro-catalysis oxidation of the antibiotic
solution using a stainless steel electrode, and the characteristic potential did not change with the concentration of potassium penicillin G. The current of the electro-catalysis
reaction was maximal at the characteristic electrode potential; and also the electrical current became much lower
while the electrode potential deviated from the characteristic potential, and the current was raised with the concentration of potassium penicillin G.
3.3. The polarization of stainless steel electrode in different
organic water solutions

At 300K and 2 mV/s scanning rate, the anodic polarization curves of the stainless steel electrode in different
organic water solutions are shown in Fig. 4.

FIGURE 4 - The I-E curves of stainless steel electrodes in 0.1 mol/L
Na2SO4 (1), 0.1 mol/L Na2SO4+0.005 mol/L mannitol (2), 0.1 mol/L
Na2SO4+0.005 mol/L potassium penicillin G (3), 0.1 mol/L
Na2SO4+0.0005 mol/L Rhodamine B (4), and 0.1 mol/L
Na2SO4+0.01mol/L salicylic acid (5).

In the electrolyte solution without any organic compound for comparison, the polarization curve behaved just
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like the typical polarization curve of stainless steel (see
curve 1 in Fig. 4) in Na2SO4 solution. At beginning of the
polarization, the electrode was in passivation, and the current did not increase much with increasing electrode potential until the electrode potential reached 1200 mV, and
oxygen was evolved from the surface of the stainless steel.
Moreover, the current between 600 and 1050 mV remained
stable. The breakdown potential of the stainless steel passivation film was at 1150 mV in curve 1, 1220 mV in curve
2, 1180 mV in curve 3, 1280 mV in curve 4, and >1300 mV
but not detected in curve 5. The linear scanning was not
carried out above 1300 mV in curve 5 in order to protect
the electrode.
But in all water solutions containing organic compounds, the polarization curves behaved as below: the
stainless steel electrode kept its state of polarization, and
the current was in stability when increasing the electrode
potential at the beginning of polarization. Above the electrode potential of 600 mV, the current increased rapidly as
the electrode potential rises. The current maximum appeared
at 920 mV, and then, the current decreased quickly maintaining a low value. Above 1200 mV, the stainless steel
electrode was in the state of transpassivation; the current
increased quickly again, and the oxygen evolution became
obvious. The current value was related to the organic
compound. The comparison of electro-catalysis currents
in different organic water solutions in the range of 6001050 mV, and the current maximum at 920mV, were in the
following order: 0.01 mol/L salicylic acid > 0.0005 mol/L
Rhodamine B > 0.005 mol/L potassium penicillin G >
0.005 mol/L mannitol >> 0.1 mol/L Na2SO4 only.
The results also showed that there was a characteristic
electrode potential in the electro-catalysis oxidation of
stainless steel in water solutions containing different kinds
of organic compounds. The characteristic electrode potential did not change with the concentration and the species
of organic compound. The current of the electro-catalysis
reaction was maximal at the characteristic electrode potential, but the electrical current became much lower while the
electrode potential deviated from the characteristic potential and maintained a low value. Further research about
the relation of the reaction speed and the species of organic compounds is needed.

mum, the range of the electrode potential moved to a
more positive value with increasing scanning speed. At
the scanning speed of 2 mV/s, the current maximum appeared at 920 mV, but it moved to 990 mV when the
scanning speed was 20 mV/s; (c) The value of the current
also increased with increasing scanning speed; (d) The
oxygen evolution potential increased with the raising of
scanning speed from 2 to 10 mV/s. The breakdown potential of the stainless steel passivation film ocurred at 1180
mV in curve 1, 1160 mV in curves 2 and 3, 1120 mV in
curve 4, and 1100 mV in curve 5.

FIGURE 5 - The I-E curves of stainless steel electrodes in 0.1 mol/L
Na2SO4 and 0.005 mol/L potassium penicillin G: 2 mV/s (1), 10 mV/s
(2), 15 mV/s (3), and 20 mV/s (4).
3.5 The effects of temperature

In order to investigate the effects of temperature, the
polarization of stainless steel in the solution of 0.1 mol/L
Na2SO4 and 0.005 mol/L potassium penicillin G was carried out at scanning speed of 2 mV/s under different temperatures, and the results are shown in Fig. 6.

3.4. The effects of scanning speed

In the electrolyte solution containing 0.1 mol/L Na2SO4
and 0.005 mol/L potassium penicillin G at 300 K, the
polarization of the stainless steel electrode was carried out
at different scanning speeds of 2, 10, 15 and 20 mV/s. The
polarization curves are shown in Fig. 5.
The polarization curve was examined under the conditions of unsteady state; thus, the scanning speed could
affect the experimental result severely. The conclusions
were as follows: (a) The polarization curves had the similar changing trend at different scanning speeds, and the
characteristic electrode potential also appeared at every
scanning speed; (b) When the current reached its maxi-

FIGURE 6 - The I-E curves of stainless steel electrodes in 0.1 mol/L
Na2SO4 and 0.005 mol/L penicillin; 290K (1), 293K (2), 300K (3),
302K (4), and 308K (5).

The reaction temperature could affect the polarization
heavily; and the conclusions were as follows: (a) The polarization curves had the similar changing trend at different
scanning speeds, and the characteristic electrode potential
also appeared at the temperature interval chosen for the
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experiment; (b) The characteristic electrode potential and
the electrode potential of the maximum current moved towards negative with increasing temperature; (c) The oxygen
evolution potential decreased with increasing temperature.
In a further research, the linear relationship of characteristic electrode potential and temperature was observed
(Fig. 7), and the equation accorded to the linear correlation; the equation of characteristic electrode potential and
the temperature was as follows:
U = 2.05413-0.00377T

(1)

U (V) = characteristic electrode potential, and T (K) =
temperature. The temperature applicability of the kinetics
equation was 285-315 K, and room temperature was chosen because it was easy to get.

droxyl radicals was below the oxygen evolution potential.
So, if the hydroxyl radical could be synthesized below the
oxygen evolution potential and the formation rate could
be enough, with the high oxidation activity of hydroxyl
radical, it should be possible to reduce the oxygen evolution reaction and to increase the oxidation reaction speed
and the current efficiency.
Because the formation mechanism of hydroxyl radicals was not yet clear, the experimental results showed the
probable conditions of the hydroxyl radical formation reaction. If the reaction occurred under the characteristic electrode potential, it could be proven that the research around
the electrode potential would help in the rapid detection
of hydroxyl radicals. Another detail observed was that the
current peak value at the characteristic electrode potential
had some visible mathematic relation with the concentration of the organic compound. Once we got the certain
relation between these two factors, the detection of total
organic content (TOC) could be performed by the measure
of the current value, and the rapid detection of TOC and
COD could be also achieved. The hydroxyl radical is
one of the important intermediate products in many electrochemical reactions, so the characteristic electrode potential will help to cope with the research about fuel cell
reactions, electro formation of organic and inorganic matter, electrolysis and electroplating.
4. CONCLUSIONS

FIGURE 7 - The relationship of temperature and the characteristic
potential.
3.6. The characteristic electrode potential and hydroxyl radical

The results showed that the characteristic electrode
potential only appeared when the water solution contained
organic compounds, and the value of the characteristic electrode potential was independent of the concentration and the
species of organic compound. The phenomenon accorded
the property of the hydroxyl radical, which had none
selectivity in the oxidation of organic compounds. It was
conjectured that the characteristic electrode potential was
related to the formation of hydroxyl radicals, and it might
be possible that hydroxyl radicals are synthesized on the
surface of the stainless steel electrode and, simultaneously,
might have an oxidation reaction with the organic compound in the water solution. In the process of the electrocatalysis treatment, if the real-time electrode potential
could be fixed on the characteristic potential, the efficiency
of the oxidation could be improved obviously.
The difficulty of electro-catalysis oxidation used for
organic wastewater treatment was how to raise the oxidation reaction speed of the organic compound and how to
reduce the reaction of oxygen evolution. In our work, a
characteristic electrode potential in the process of the
electro-catalysis was detected. It was observed that the
characteristic electrode potential of the formation of hy-

The characteristic electrode potential was observed in
the process of the electro-catalysis of organic compounds.
At 300 K and scanning speed of 2 mV/s, the characteristic
electrode potential existed between 600-1050 mV, and the
maximum of the current appeared at the electrode potential of 920 mV.
The characteristic electrode potential was lower than
the oxygen evolution potential. The concentration and the
species of the organic compounds, the scanning speed and
the temperature did not affect the form of the polarization
curves. The characteristic electrode potential did not change
with the concentration and the species of the organic compound, but would move towards positive with the increase
of the scanning speed and the decrease of the temperature.
The maximum of current at the characteristic electrode
potential became higher with the increase of organic compound concentrations.
Because the characteristic electrode potential was independent to the concentration and the species of the organic compound in the wastewater, the electrochemical
reactions at the characteristic electrode potential should
be the formation of the hydroxyl radical and the degradation of the organic compound by hydroxyl radicals. In the
process of the electro-catalysis treatment, if the real-time
electrode potential could be fixed on the characteristic
potential, the efficiency of the oxidation could be obviously
improved. In the electrocatalysis oxidation process of
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wastewater treatment, it might be possible to reduce the
oxygen evolution reaction and increase the current efficiency if the electrode potential of the formation of hydroxyl radicals could be kept below the oxygen evolution
potential.
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ABSTRACT
The subject of the study was Pleurotus eryngii (Jacq.
ex Fr.) Quél., B127 strain, cultivated on beech sawdust
enriched with selected heavy metals in the form of watersoluble salts (Zn, Cu, Cd, Co, Ni) at 1, 5 and 10 mM.
Formation of fruit bodies was observed in the case of all
the tested metals. Nevertheless, the heavy metal treatment
altered the rate of mycelium growth. Significant inhibition
was observed for Ni, Co and Cu treatments, increasing at
higher levels of metal addition. Cd, Co and Ni addition
resulted in a significant reduction in yield compared with
control, whereas Zn and Cu did not influence the yield of
the investigated fungus. P. eryngii showed the strongest
ability to accumulate Zn and Co in fruit bodies (~1 mmol
kg-1 DW at 10 mM treatment), and the weakest sorption
was found in the case of Cd (0.03 mmol kg-1 DW at 10 mM).
The addition of heavy metals led to changes in the activity
of the extracellular laccase. In general, the increase of
metal content in the substrate enhanced laccase activity
measured after substrate overgrowth with mycelium, and
negatively influencing the activity of the enzyme measured after the formation of fruit bodies.

KEYWORDS: accumulation, fruit bodies, heavy metals, laccase
activity, Pleurotus eryngii, yield

1. INTRODUCTION
White-rot fungi possess the unique ability to degrade
lignin, as well as structurally similar compounds including complex persistent organic pollutants (chlorophenols,
PAHs, PCBs, BTEXs, TNT, DDT, dioxins, lindane, synthetic dyes) [1-5]. This ability is due to a free radical
mechanism involving reactions catalyzed by extracellular
lignin-modifying enzymes (LMEs) with a very low sub* Corresponding author

strate specificity, i.e. lignin peroxidases, manganese peroxidases and laccases, as well as low-molecular-weight
redox mediators exuded from mycelium [6]. The application
of spent-mushroom compost (SMC) has recently been found
to be a great tool for recycling and bioremediation utilizing
the high activity of ligninolytic enzymes in refuse from
commercial mushroom production on lignocelluloses [7, 8].
Furthermore, white-rot fungi are able to accumulate
high levels of heavy metals from the environment, i.e.
from preserved wood during lignin breakdown and the
uptake of nutrients [9], from ambient air, and from soil,
when used in mycoremediation of heavy metal-contaminated
sites [10, 11]. White-rot fungi have been found to accumulate Cd, Fe, Zn and Cu in their fruit bodies from wood
under natural conditions. The accumulation of heavy metals from soil is also possible, since soil is the natural substrate for many white-rotting species [12]. Soil contamination with polycyclic aromatic hydrocarbons (PAHs) is often
accompanied by the presence of heavy metal ions [13],
affecting the growth of mycelium and the activity of extracellular ligninase, thus leading to a significant decrease
in the rate of biodegradation of organic pollutants [10].
Heavy metal ions can interact with extracellular enzymes,
altering substrate penetration by mycelium and fungal nutrition. Moreover, heavy metals can be taken up via mycelium
and accumulated in fungal fruit bodies. However, to date,
only a few studies have been conducted to assess the effects of heavy metals on the physiology of white-rot fungi.
The aim of the study was to determine uptake and
bioaccumulation of heavy metals in P. eryngii fruit bodies. P. eryngii was employed for the studies, being a typical grassland saprophyte in the Mediterranean zone, well
occupying the soil environment [14]. The fungus has been
studied so far as a model fungal species for the accumulation of radionuclides and platinum mycoextraction from
artificially enriched substrates [15-17]. A comprehensive
evaluation of changes in fungal growth and physiology
under the influence of heavy metal ions was planned to
supplement earlier investigations on their toxicity to whiterot fungi, and provide better understanding of the possible
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use of basidiomycetes in environmentally friendly remediation techniques.

was also determined (in triplicate for each cultivation
bottle).
2.2. Accumulation of heavy metals

2. MATERIALS AND METHODS
2.1. Experimental design and cultivation

Pleurotus eryngii (Jacq. Ex Fr.) Quél., strain ‘B127’,
originating from the Culture Collection of the Department
of Vegetable Crops of Poznan University of Life Sciences
was used in the experiments. For preparation of the inoculum, the mushroom was pre-cultured for 7 days on PDA
medium (Merck). PDA disks (± 2 cm) overgrown with
P. eryngii mycelium were used to prepare a spawn on pretreated wheat grain mixed with CaCO3 (2% of fresh
weight). Wheat grain was placed in polypropylene bags
with filters, and then sterilized at 121 ºC for 60 min. After
cooling down, it was inoculated with mycelium and incubated at 25 ºC and 80-85% air relative humidity until the
substrate was completely overgrown with mycelium.
The mushroom was cultivated in beech sawdust supplemented with wheat bran (10% of substrate dry matter).
The substrate was wetted with solutions of selected heavy
metals in the form of water-soluble salts, i.e. Cd(NO3)2 ×
4H2O, Co(NO3)2 × 6H2O, Cu(NO3)2 × 3H2O, Ni(NO3)2 ×
6H2O, Zn(NO3)2 × 6H2O (POCh), to obtain a final water
content of 65% and 1, 5 and 10 mmol kg-1 DW (mM; w/w)
contents of each metal, as well as an equimolar (1 mM)
combination of all metals tested (described as ‘mix’). The
substrate moistened with distilled water was used as a
control (c). Experiments were conducted in triplicate.
In the laboratory experiment, glass test-tubes (20 ×
2 cm) were filled with substrates to the height of 16 cm,
closed with lignin corks and sterilized at 121 ºC for 45 min.
After cooling down to 25 ºC, the substrates were inoculated
with P. eryngii spawn. After 10 days of incubation at 25 ºC,
the growth rate of mushroom mycelium was determined as
the thickness of the substrate layer overgrown with mycelium. The activity of extracellular laccase was measured
in triplicate for each test-tube after complete overgrowth
of the substrate according to the method described below.
In the cultivation experiment, the substrates were
placed in polypropylene bottles (0.5 dm3) and sterilized at
121 ºC for 90 min. After cooling down to 25 ºC, substrates
were inoculated with P. eryngii spawn (3% of substrate dry
matter) and incubated at 24 ºC and air relative humidity of
80-85%. Once the substrates were completely overgrown
with mycelium, bottles were transferred into the cultivation
chamber, and the mushroom was cultivated at 14-15 ºC,
85-90% relative humidity and light intensity of 500 lx
(fluorescent ‘day-light’, 10 hours a day). The cultivation
chamber was aired to reduce the ambient CO2 concentration below 1000 ppm. Developed fruit bodies were collected from the first crop when the edges of caps began to
straighten. The yield of fruit bodies comprised the pilus
and stipe, and was normalized per the substrate dry matter. Post harvest, the activity of laccase in the substrate

Fruit bodies of P. eryngii were dried in an electric
oven at 105 ± 5 ºC for 72 h, and then ground for 3 min in
a laboratory ball mill. The fraction of 0.25-0.35 mm was
collected with appropriate sieves. The material was mineralized with 65% HNO3 (Fluka) and 30% H2O2 (POCh)
in a CEM Mars 5 Xpress microwave mineralization system. Heavy metal contents were analyzed with flame atomic
absorption spectrometry (FAAS) using a Varian SpectrAA
280FS spectrometer equipped with a Varian hollow-cathode
lamp (HCL). Measurements were carried out in triplicate for
each experimental trial. Calibration curves were prepared
before the analysis with five replicates for each concentration of metals analyzed. Results were validated on the basis
of certified reference materials, i.e. NIST 1575a (Pine needles), NCS DC 73350 (Leaves of poplar) and NCS DC
73349 (Bush branches and leaves), analyzed in every fifth
determination set, and simultaneous analyses of randomly
selected samples using inductively coupled plasma optical
emission spectrometry (ICP-OES) with a Vista MPX apparatus (Varian) and inductively coupled plasma mass spectroscopy (ICP-MS) with an UltraMass-700 apparatus. The
bioaccumulation factors (BAFs) were calculated as the ratio
of metal concentration in P. eryngii fruit bodies to its concentration in the cultivation substrate. Depending on the
BAF value, the efficiency of metal accumulation was described on a 4-grade scale as follows: BAF>1 (I – intensive), 1-0.1 (M – medium), 0.1-0.01 (W – weak) and 0.010.001 (L – no accumulation) [18].
2.3. Activity of extracellular laccase

Laccase was extracted from the cultivation substrate
with NaAc/HAc buffer (140 mM, pH 5.0 at 4 ºC) in a volume of 20 cm3 per 1 g of the substrate. Extraction was carried out at 4 ºC for 1 h using a magnetic stirrer. Afterwards,
the extracts were decanted and centrifuged for 10 min at
4 ºC. The activity of laccase was assayed according to
Holm et al. [19] by monitoring the absorbance increase
due to the oxidation of syringaldazine (4,4’-[azinobis(methanylylidene)]-bis(2,6-dimethoxy)phenol) to corresponding quinone at 525 nm with a Varian Cary Bio 300
UV-Vis spectrophotometer (path length 1 cm). The assay
mixture consisted of 2.4 cm3 of NaH2PO4/Na2HPO4 buffer
(75 mM, pH 6.0 at 30ºC) preheated for 10 min at 30 ºC,
0.3 cm3 of the extract and 0.3 cm3 of syringaldazine solution (0.28 mM in methanol:water, 1:1 v/v). The stock solution of syringaldazine (0.56 mM) was prepared in absolute
methanol and stored at -24 ºC for up to 5 days. Prior to
analysis, the stock solution was diluted with water to
obtain 0.28 mM. The reaction was started with the addition
of syringaldazine as a chromophore substrate and mixing
by inversion. The incubation temperature was 30 ºC during
the kinetic measurement of the reaction slope. The difference in the absorbance values (A90s-A60s) was correlated
with the laccase activity presented in nkat kg-1 of the
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cultivation substrate fresh weight under given reaction
conditions. All the chemicals used throughout this procedure were of analytical grade, purchased from Sigma, and
prepared with >18 MΩ cm-1 deionized water provided by
a Milli-Q system (Millipore, Watford, UK).
2.4. Data treatment

Statistical analysis was performed with Statistica 8
software provided by StatSoft. The fixed effect of the two
experimental factors, i.e. the metal and its level of addition to the substrate, on mycelium growth rate and yield,
laccase activity in substrate, and metal accumulation in
fruit bodies was tested with two-way analysis of variance
(ANOVA) at α=0.05 using the F-test (empirical p value
indicated below the table). Significance of differences
between means was tested with post-hoc Tukey’s HSD test
and presented in charts in the form of confidence intervals
at a confidence level of 95%. BAF values were expressed
in the table as the mean values with superscripts indicating significant differences for the ‘metal×addition level’
interaction at p≤0.05. The significance of the relation
between heavy metal accumulation in fruit bodies and its
concentration in the cultivation substrate was determined
with Pearson’s correlation coefficient. The analysis of
variance for the linear regression was performed with the
F-test at α=0.05.
3. RESULTS
In the laboratory experiment, addition of heavy metals to
the cultivation substrate significantly (p<0.001) inhibited the
growth of P. eryngii mycelium versus untreated control
(Table 1). The addition of Cd reduced the length of substrate layer overgrown with mycelium from 68 (control)
to about 60 mm (Cd treatment). Nevertheless, no significant differences in mycelium growth for higher levels of
Cd addition were noted. Similar to Cd, 1 mM of Zn led to
a decrease of mycelium layer to 63 mm with a subsequent
decrease to about 57 mm in the case of 5 and 10 mM
treatments. Furthermore, the increase of Cu, Co and Ni
contents in substrate drastically reduced the growth of
mushroom mycelium, i.e. from 68 (control) to 58-46-40,
60-50-38, and 57-46-32 mm, at 1-5-10 mM, for Cu, Co
and Ni, respectively (Fig. 1a). Mix (1 mM of each metal)

caused the reduction of mycelium growth to 57 mm, similar to that of single metal treatment at 1 mM, but the inhibitory effect was weaker than that caused by 5 mM Cu,
Co and Ni (Fig. 1c).
In the cultivation experiment, the formation of P.
eryngii fruit bodies was observed for each metal tested.
The mushroom formed a single, properly developed fruit
body for each combination (‘metal×addition level’). The
yield of fruit bodies was ~26 g 100 g-1 of the substrate
DW for untreated control, and similar values were observed for Zn, Cu and mix treatments. Low concentrations
of Co and Cd improved the yield value up to ~32 g, while
further increase of metal contents resulted in a significant
depression in yield down to 24, 13 and 17 g 100 g-1 DW
at 5, 10 mM Co and 10 mM Cd, respectively. Ni addition
caused a gradual decrease of yield value from 28 g at 1 mM,
down to 22 and 19 g 100 g-1 DW at 5 and 10 mM, respectively (Fig. 1b). Yield of fruit bodies observed for mix
treatment was comparable to that observed for 5 mM Ni
and Co, slightly lower compared to 5 mM Zn and Cu, and
was ~70% of yield measured for 5 mM Cd (Figs. 1b and c).
Heavy metals significantly (p<0.001) altered the activity of extracellular laccase versus control (~200 nkat
kg-1 FW) measured after complete overgrowth of the substrate with mushroom mycelium (Table 1). Among the five
metals tested, Cu led to enhanced expression of the enzyme with a final activity of about 1300 nkat kg-1 FW at
10 mM. The addition of Co caused a significant increase
of laccase activity only at 10 mM (~1100 nkat kg-1 FW),
while Ni, Zn and Cd addition induced only slight positive
changes in the activity of the enzyme (Fig. 2a). In the case
of mix, no significant difference in laccase activity was
observed compared with control, but it was significantly
lower than for 1 mM Cu and Ni added separately (Fig. 2b).
Laccase activity measured after the formation of fruit
bodies was significantly (p<0.001) inhibited by each metal
tested (Table 1). The activity of the enzyme decreased drastically from about 18000 nkat kg-1 FW (control) down to
~16000, 7500, 6000, 3900, 3700 and 2000 nkat kg-1 FW
for 1 mM Zn, Co, Cd, Ni, Cu and mix, respectively (Figs.
2a and b). A further decrease of laccase activity following
the increase of metal concentration in substrate was noted.
At 10 mM, laccase activity ranged from ~ 80 to 600 nkat
kg-1 FW, and was only 4.5-22.5% of the control (Fig. 2).

TABLE 1 - Testing of general hypothesis in two-way analysis of variance (ANOVA) for heavy metal accumulation in P. eryngii fruit bodies,
laccase activity in substrate, mycelium growth rate and yield for the fixed effect of experimental factors.
F-statistic value
Source of variation

Degrees
of freedom

Interaction ‘metal×addition level’ 12
Error

Metal
accumulation
4597*

F-statistic value

Laccase activity

Degrees
of freedom

after incubation after harvest
1673*

160

5274*

12
40

* significant at p≤0.001

1672

Mycelium
growth rate

Yield
of fruit bodies

43*

12*
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Moreover, stronger suppression of laccase was observed
for 1 mM mixture of metals than for the majority of metals added separately at equimolar concentration (Fig. 2b).

creased in the order Zn>Co>Ni>Cu>Cd, reaching 68,
57, 24, 15, 4 mg kg-1 DW (1.04, 0.97, 0.40, 0.25 and
0.03 mmol kg-1 DW), respectively (Fig. 3). Significant
(p≤0.05) correlations between metal concentrations in the
substrate and their accumulation in fungal fruit bodies
were found, i.e. R2=0.9756 (y=9.202x-6.227), 0.9675 (y=
335.233x-238.424), 0.9598 (y=330.297x-269.173), 0.9543.
(y=140.940x-169.833), and 0.8831 (y=73.791x-18.572),
for Cd, Zn, Co, Ni and Cu, respectively. According to BAF
values, the efficiency of metal accumulation was medium
for control as well as in the case of Zn and Co treatments

Heavy metal accumulation in P. eryngii fruit bodies was
clearly diverse, and depended significantly on the metal
itself, and the level of its addition to the cultivation substrate. The effect of the interaction of these two factors was
found to differentiate metal uptake at p<0.001 (Table 1).
The highest ability to bioaccumulate heavy metals in fruit
bodies was observed at 10 mM concentration but it de-

a)

b)

c)
FIGURE 1 - Mycelium growth rate (measured as substrate layer overgrown with mycelium after ten days of incubation) and yield of fruit
bodies of P. eryngii cultivated on sawdust substrate enriched with heavy metals – mean values (n=3) and confidence intervals (95%).
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a)

b)
FIGURE 2 - Activity of extracellular laccase measured after complete substrate overgrowth with mycelium and after fruiting of P. eryngii
cultivated on sawdust substrate enriched with heavy metals – mean values (n=9) and confidence intervals (95%).

(BAF=0.357-0.516, 0.101-0.462, and 0.165-0.431, respectively), while for the remaining metals, the accumulation was
weak and decreased for successive levels of metal addition
to the substrate (BAF=0.013-0.097). At 5 and 10 mM of
Cd, no accumulation was observed according to BAF
values (BAF=0.005 and 0.003, respectively) (Table 2). At

1 mM treatment, the most competitive among investigated
heavy metals was Ni (~200% accumulation when added
as a single metal), which braked the accumulation of other
metals from the substrate (added in an equimolar mixture), i.e. Cu, Co and Cd, excluding Zn (~55, 65, 80 and
103%, respectively) (Fig. 3b).
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a)

b)

FIGURE 3 - Accumulation of heavy metals in fruit bodies of P. eryngii cultivated on sawdust substrate enriched with heavy metals – mean
values (n=9) and confidence intervals (95%).

TABLE 2 - Efficiency of heavy metals’ uptake from artificially enriched substrates by P. eryngii, and their accumulation in fruit bodies
presented in bioaccumulation factor (BAF) values, and classified as L – no accumulation, W – weak, M – medium (in brackets) – mean values
(n=9; identical superscripts show no significant differences within the table at α=0.05).
Addition level
[mM]

Metal uptake (BAF values)
Zn

Co

Ni

Cu

Cd

0.462a (M)

-

0.357b (M)

0.516a (M)

0.476a (M)

1

0.489a (M)

0.431a (M)

0.054e (W)

0.161c (M)

0.013fg (W)

5

0.161c (M)

0.165c (M)

0.053e (W)

0.042e (W)

0.005h (L)

10

0.101d (M)

0.097d (W)

0.039ef (W)

0.024f (W)

0.003h (L)

0.010g (W)

0.092d (W)

0.108d(M)

0.512a (M)

0.260b (M)

Control
0
Single metal

Mix
1

4. DISCUSSION AND CONCLUSIONS
Metal ions are involved in the decomposition of organic matter by wood rotting fungi during their growth,
serving as cofactors in the catalytic centers of lignocellulose degrading enzymes [20, 21]. Furthermore, transition
metals are crucial constituents in free radical mechanisms
of substrate mineralization, acting as electron acceptors/
donors, as well as in antioxidant enzymes protecting cells
against oxidative stress. Nevertheless, even essential metals
may be toxic to living organisms including fungi, when

their concentration in the environment exceeds the toxicity threshold. The sensitivity of wood-rotting fungi to
essential and non-essential heavy metals, and their bioaccumulation rates, seem to be species-, or even strainspecific [22-24], and have been recently reviewed by
Baldrian [10]. So far, only limited information can be
found about the influence of heavy metals on the growth,
development of fruit bodies and enzymatic activity of P.
eryngii. Thus, we would like to discuss our results in comparison with other Pleurotus species, mainly P. ostreatus.
In our studies, P. eryngii developed fruit bodies in the case
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of each metal tested at every level of its addition to the
cultivation substrate, i.e. up to 10 mM kg-1 DW, even
though the mycelium growth was significantly inhibited
by Ni, Co and Cu. What is more, P. eryngii could withstand high concentrations of Zn, which only slightly decreased the mycelium growth and did not disturb the yield.
Similar results were previously presented by Baldrian et al.
[25], who showed that high concentrations of Cu and Zn (5
and 10 mM) decreased straw colonization by P. ostreatus.
Simultaneously, the growth rate of mycelium was almost
unaffected by Cd. This confirms the results of Baldrian
and Gabriel [26], which proved that P. ostreatus easily
tolerated up to 5 mM Cd in straw or soil. However, some
white-rot fungi seem to be very sensitive to this metal,
e.g. the growth of Lentinula edodes on agar medium [27]
and Trametes versicolor in liquid culture [28] was completely inhibited at 0.05 and 0.1 mM Cd, respectively.
Comparative studies of Cd impact on growth and fruiting
revealed strong suppression of wheat straw mineralization
and fruiting inhibition in the case of Agrocybe perfecta,
but only a slight one for two Pleurotus species [29]. According to Sanglimsuwan et al. [23], the minimum concentrations of metals causing inhibitory effects on 21 strains of
wood-rotting fungi were 0.5-5, 1-5, 0.7-7, 5-15, 3-20 mM
of Cd, Co, Ni, Zn and Cu, respectively. This was also valid
for our results taking into consideration the rate of mycelium growth. It can be assumed that Pleurotus sp. exhibits
a high tolerance towards heavy metals compared with
plants. P. tuberregium in studies presented by Oghenekaro
et al. [30] was reported to develop fruit bodies even at 2.0 g
Cu/250 g of Brachystegia nigerica sawdust substrate, and
no significant reduction in mycelia density of the fungus
was observed for Pb, Zn and Cu treatments in the range of
0.1–2g/250 g of the substrate. Contrary to white-rot fungi,
Salix viminalis – a commonly used shrub in phytoremediation of heavy metal-contaminated sites – could withstand
only up to 3 mM of Ni in liquid medium, and showed a
dramatic reduction of biometric parameters, i.e. photosynthetic area and root biomass for subsequent levels of Ni
addition [31].
The toxicity of heavy metals and their bioaccumulation in fruit bodies depend on the substrate used for the
cultivation. The uptake from a liquid environment is nearly
undisturbed, while in the case of wood-derived or straw
substrates, metallic ions are strongly sequestered by functional groups of the structural polysaccharide network via
physical adsorption, ion exchange and chemical sorption.
According to Favero et al. [32], P. ostreatus in liquid laboratory cultures was able to accumulate 20 mg g-1 DW Cd
from medium containing 150 ppm of this metal. In other
studies, 5 mM addition of Cu and Zn led to accumulations
of 10 and 5 µg g-1 DW, respectively [23]. On the other
hand, the fungus could not grow at 1 mM Cd in medium,
although it tolerated even 5 mM Cd added artificially to
the straw substrate [26]. The growth of mycelium leads to
the gradual mineralization of complex organic substrates,
a fall in pH and the generation/exudation of low molecular weight organic acids, thus improving the availability

of metals, their uptake by mycelium, and accumulation in
fruit bodies. This may explain the influence of the type of
cultivation substrate on heavy metal toxicity to white-rot
fungi.
In our experiment, P. eryngii accumulated heavy metals in decreasing order Zn>Co>Ni>Cu>Cd with 10 mM
treatment, reaching the maximum content in fruit bodies of
~1 mM kg-1 DW. Nevertheless, BAF values decreased for
increasing metal concentrations in the substrate and
ranged from 0.003 up to 0.516. This was markedly lower
than values obtained for P. cornucopiae cultivated on Hgsupplemented straw substrate (65-140), and also for P.
eryngii cultivated on complex substrate, i.e. a mixture of
pine sawdust, corncob, rice bran, etc., without metal supplementation (1.83, 1.46 and 0.05 for Zn, Cu and Ni, respectively) [33]. A higher BAF value (~32) was also
documented for Cd accumulation in sporophores of Armillaria mellea collected from metal-polluted soils [12, 34].
The presence of heavy metals in the substrate is an
important factor affecting the growth rate of white-rot fungi
via a direct influence on the activity of extracellular enzymes, which causes disturbances in substrate penetration, nutrition and growth of mycelium [35, 36]. Heavy
metal ions taken up by mycelium alter the secretion of
ligninolytic enzymes into the substrate, thus leading to
disturbances in fruiting and fungal reproduction [37].
Among metals tested in our studies, Cu is an element of
great importance for fungal physiology. Laccase, a dominant enzyme of P. eryngii ligninase, is a multicopper
oxidase performing a one-electron oxidation of phenolics
and related compounds with oxygen as a final electron
acceptor. The active site of laccase consists of 4 Cu atoms,
i.e. one of type 1, and a cluster of one of type 2 and two of
type 3 [38]. Nevertheless, many authors point to high toxicity of copper to white-rot fungi [10]. In our studies, Cu
strongly enhanced the activity of laccase measured after
substrate overgrowth with P. eryngii mycelium. Similarly,
Baldrian and Gabriel [24] and Baldian et al. [25] found
Cu and other metal ions (Mg, Pb and Zn) applied at 2 mM
to increase laccase activity in P. ostreatus cultivated on
wheat straw. High concentrations of Cu (10-25 mM)
strongly improved the production of laccase by P. pulmonarius in solid state fermentation, while 4 mM Zn and 1
mM Cd greatly decreased the enzyme activity [39]. In our
studies, Cu addition to the substrate did not improve the
yield of fruit bodies (despite the positive effect on laccase
activity), which was comparable to that of the untreated
control. Furthermore, we confirmed the influence of Co,
Cd and Ni on the yield of fruit bodies, positive at low concentrations (1 mM), and highly negative at 10 mM kg-1
DW. According to Favero et al. [32], sporocarp formation
of P. ostreatus was unaffected by up to 285 ppm Cd in the
cultivation substrate. In contrast, 4.5 mM Cd reduced the
yield of fruit bodies by 50%, and 20 µg g-1 was accumulated by P. pulmonarius [40].
In the soil environment, toxic metals may influence
the rate of xenobiotics’ mycoremediation by altering the

1676

© by PSP Volume 21 – No 6b. 2012

Fresenius Environmental Bulletin

activity of lignin-degrading enzymes [41, 42]. In bioremediation techniques, decomposition of soil organic matter and toxic organic pollutants is crucial for colonization
of the soil by metal-tolerant microorganisms, which can
further degrade contaminants, leading to their complete
mineralization. Heavy metals often accompany organic
pollutants in contaminated soils. Thus, assessment of the
physiological reaction of white-rot fungi to elevated concentrations of heavy metals in the substrate is of great
importance for applications of in situ bioremediation. In
our studies, all metals were found to stimulate laccase
activity versus control measured after substrate overgrowth.
Similarly, Baldrian and Gabriel [26] reported a highly
positive influence of Cd (1, 2, 5 mM) on laccase activity in
the case of P. ostreatus cultivated on wheat straw. Moreover, the activity of the enzyme after fruiting was each time
higher than after incubation of mycelium, and greatly suppressed by all heavy metals tested in the experiment.

[5]

Valentin L., Feijoo G., Moreira M.T. and Lema J.M. (2006)
Biodegradation of polycyclic aromatic hydrocarbons in forest
and salt marsh soils by white-rot fungi. Int Biodeterior Biodegrad 58, 15-21.

[6]

Martinez A.T., Speranza M., Riuz-Dueñas F.J., Ferreira P.,
Camarero S., Guillén F. et al (2005) Biodegradation of lignocellulosics: microbial, chemical, and enzymatic aspects of the
fungal attack of lignin. Int Microbiol 8, 195-204.

[7]

Law W.M., Lau N.W., Lo K.L., Wai L.M. and Chiu SW
(2003) Removal of biocide pentachlorophenol in water system by the spent mushroom compost of Pleurotus pulmonarius. Chemosphere 52, 1531-1537.

[8]

Chiu S.W., Gao T., Chan S.S. and Hoa K.M. (2009) Removal
of spilled petroleum in industrial soils by spent compost of
mushroom Pleurotus pulmonarius. Chemosphere 75, 837-842.

[9]

De Groot R.C. and Woodward B. (1999) Using coppertolerant fungi to biodegrade wood treated with copper-based
preservatives. Int Bioterior Biodegrad 44, 17-27.

To conclude, P. eryngii showed the strongest ability to
accumulate Zn and Co (about 1 mmol kg-1 DW at 10 mM
treatment), and the weakest sorption was found in the case
of Cd (0.03 mmol kg-1 DW at 10 mM). Ni, Cu and Co
significantly inhibited substrate overgrowth with the mycelium of the fungus, while Co, Ni and Cd positively
influenced the yield of fungus fruit bodies at low concentrations (1 mM and 1, 5 mM, respectively), but highly
negatively at 10 mM kg-1 DW. The addition of heavy metals led to changes in the activity of laccase, a dominant
ligninolytic enzyme exuded by mycelium into the substrate.
In general, the increase of metal content in the substrate
negatively influenced the activity of laccase measured after
harvest.

[10] Baldrian P. (2003) Interactions of heavy metals with whiterot fungi. Enz Microb Techol 32, 78-91.
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FABRICATION OF SnS AND TiO2 COMBINED
MWCNT NANOCOMPOSITE AND ADSORPTIONENHANCED SYNERGETIC PHOTOCATALYSIS EFFECTS
Lei Zhu1, Ze-Da Meng1, Trisha Ghosh1, Mei-Mei Peng2, Kwang-Youn Cho3 and Won-Chun Oh1,*
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ABSTRACT
A novel nanoscale photocatalyst SnS-CNT/TiO2 method
was successfully prepared via an ultrasound-driven approach, and photocatalytic behavior of these materials under
visible light was also investigated. The as-prepared composites were characterized by FT-IR, SEM, TEM, EDX, BET,
XRD, and UV-Vis DRS analyses. The photocatalytic activity was evaluated by degradation of rhodamine B (Rh.B)
dye. The results demonstrated that ultrasound-assisted prepared SnS-CNT/TiO2 composites had a much higher photocatalytic activity than pure TiO2 composites. The SnS nanoparticles, which act as a photosensitizer, not only extend
the spectral response of TiO2 to the visible region but also
reduce the charge recombination. The synergetic effect was
discussed in terms of different roles played by SnS doping
and introduction of CNTs which act as effective electron
transfer station into the composite catalysts.
KEYWORDS: Stannic sulfide, titanium dioxide, ultrasound assisted, visible-light photocatalytic activity

1. INTRODUCTION
Rhodamine B is most commonly used as a colorant in
textiles and foodstuffs, and is also a well-known water
tracer ﬂuorescent. It is harmful if it is swallowed by human beings and animals, and causes irritation to the skin,
eyes, gastrointestinal tract, and respiratory tract [1]. The
carcinogenicity, reproductive and developmental toxicity,
neurotoxicity, and chronic toxicity towards humans and
animals have been experimentally proven [2].
Recently, photocatalysis has been successfully employed for environmental remediation, production of hydrogen by photo splitting of water, odor control, and in self
cleaning glasses [3]. Carbon nanotubes (CNTs) have attracted signiﬁcant attention in a variety of scientiﬁc ﬁelds
because of their unique properties; structural, chemical,
* Corresponding author

thermal, electrical and more [4]. The unique electronic
properties of CNTs are that they can be either metallic or
semiconducting, depending on their geometry. One of the
most remarkable properties in electron-transfer processes
is that it can efficiently arouse a rapid photo-induced charge
separation, and a relatively slow charge recombination [5].
Thus the combination of photocatalysts and CNTs may
provide an ideal system to achieve an enhanced charge
separation by photo-induced electron transfer [6-9].
Semiconductor titanium dioxide (TiO2) has recently
conﬁrmed to be one of the most potential environment
treatment technologies for degradation of unwanted and
toxic organic compounds, removal of the pollutants in contaminated water and air, and killing harmful bacteria and
cancer cells [7–10], but these potential applications have
been largely limited due to its wide band gap (3.2 eV)
where only light below 387 nm in solar spectrum can be
utilized. To improve the response of TiO2, transition metal
or non-metal atom-doped TiO2 and dye or metal complexsensitized TiO2 have been developed [10, 11]. An alternative approach for achieving this objective is to couple TiO2
by using a narrow band gap semiconductor. For the nanoscale coupled semiconductors, it can be expected that the
TiO2 photocatalytic activity will be signiﬁcantly improved
by the enhancement of charge separation, and minimization
or inhibition of charge-carrier recombination [12, 13].
For instance, SnS is a kind of narrow band gap semiconductor and has been employed in solar cells, detectors
and medical diagnostics because of the near-infrared absorption [14-16]. Accordingly, SnS is expected to be a kind
of promising visible-light-driven photocatalytic material.
However, there are few reports on the utilization of SnS in
photocatalyst systems for environmental purification under
visible light irradiation [17, 18].
In this paper, we describe a detailed study of the synthesis of a highly dispersed SnS and CNTs coupled TiO2
composite photocatalyst via sonochemical processing. The
new products were characterized by Fourier transform infrared (FT-IR) spectroscopy, energy dispersive X-ray (EDX)
analysis, nitrogen adsorption Brunauer–Emmett–Teller
(BET) speciﬁc surface area analysis, scanning electron

1680

© by PSP Volume 21 – No 6b. 2012

Fresenius Environmental Bulletin

microscopy (SEM), transmission electron microscopy
(TEM), X-ray diffraction (XRD), and UV–Vis diffuse
reﬂectance spectra (DRS). The photocatalytic activity of
the as-prepared nanocomposites was assessed by examining the degradation of Rh.B in model aqueous solutions as
a probe reaction under UV–Vis light irradiation. The kinetics and mechanism of the photocatalysis were also studied.
2. MATERIALS AND MEDTHODS
The titanium (IV) n-butoxide (TNB, C16H36O4Ti) as a
titanium source for the preparation of SnS/TiO2 composites was purchased from Kanto Chemical Company
(TOKYO, Japan). Tin(II) chloride dihydrate (SnCl2·2H2O)
and sodium sulfide·5-hydrate (Na2S·5H2O) were supplied by Daejung Chemical Co., Ltd, Korea. MWCNT
(95.5%) powder, containing nanotubes with diameters of
20 nm and lengths up to 5 µm, was purchased from
Carbon Nano-material Technology Co., Ltd, Korea. To
oxidize the surface of the MWCNT, we used mchloroperbenzoic acid (MCPBA) purchased from Acros
Organics, New Jersey, USA, as an oxidized reagent. Reagent-grade benzene (99.5%) and ethyl alcohol were purchased from Duksan Pure Chemical Co. (Korea) and
Daejung Chemical Co. (Korea), and used as received.
Analytical grade Rhodamine B (C28H31ClN2O3) was purchased from Samchun Pure Chemical Co., Ltd, Korea.
Titanium oxide nanopowder (TiO2, < 25 nm, 99.7%) with
anatase structure used as control sample was purchased
from Sigma-Aldrich Chemistry, USA. All chemicals were
used without further purification, and all experiments were
carried out using distilled water.
2.1. Sonochemical preparation of SnS-CNT/TiO2 composites

Although MWCNTs present remarkable intrinsic properties, it is necessary to functionalize their surfaces to obtain
higher performances and to produce well dispersed supported catalysts due to the relatively large amount of surface-bound carboxyl-acid groups [19]. A total of 2.0 g of
MCPBA was dissolved in 60 ml of benzene to obtain the
oxidizing agent. Then, 0.6 g of MWCNTs was put into
the oxidizing agent, refluxed for 6 h, filtered, and dried. In
80 ml of ethanol/distilled water mixture (5:3), 0.3 g of oxidized MWCNT and 0.29 g of tin(II) chloride dihydrate powder were poured and dispersed by sonication for 20 min. A
stoichiometric amount of sodium sulfide·5-hydrate powder and 4 ml of TNB were then added to the solution and
further sonicated for 30 min, followed by magnetic stirring at 353K for 5 h. After the temperature of the mixture
was brought down to room temperature, the mixture was
filtered using a Whatman filter paper and washed with
distilled water and ethanol for 5 times. Finally, it was dried
in a vacuum at 373K. The dried catalyst was ground in a
ball mill and calcined at 773K for 3 h to get a SnSCNT/TiO2 composite.

For comparison, three other photocatalysts, named
SnS, SnS/TiO2 and TiO2/MWCNTs, were prepared using
similar procedures.
2.2. Characterization of photocatalysts

FT-IR spectroscopy (FTS 3000MX, Biored Co. Korea)
was used to characterize the functional groups of oxidized
CNT and SnS-CNT/TiO 2. The BET surface areas of the
photocatalysts were determined by measuring nitrogen adsorption at 77K using a BET analyzer (Monosorb, USA).
The morphologies of the photocatalysts were analyzed by
SEM (JSM-5200 JOEL, Japan) at 3.0 keV; SEM was
equipped with an energy dispersive X-ray analysis system
(EDX). Transmission electron microscopy (TEM, JEOL,
JEM-2010, Japan) with an accelerating voltage of 200 kV
was used to examine the size and distribution of the photocatalysts. The crystallographic structures of the composite
photocatalysts were observed by using XRD (Shimatz XDD1, Japan) at room temperature with Cu Kα radiation.
Diffuse reﬂectance UV–Vis spectra (DRS) were obtained
by using a scan UV-Vis spectrophotometer (Neosys2000) equipped with an integrating sphere assembly. The
UV-Vis spectra for Rh.B solutions, degraded by TiO2, SnS,
SnS/TiO2 and TiO2/MWCNTs and SnS-CNT/TiO2 composite photocatalysts under visible light irradiation, were
recorded using a UV-Vis (Optizen Pop Mecasys Co., Ltd.,
Korea) spectrophotometer.
2.3. Photocatalytic tests

Photocatalytic activity of the as-prepared composite
photocatalysts was evaluated by the degradation of RH.B
solution under irradiation of visible light (8W, λ>420 nm).
In an ordinary photocatalytic test performed at room temperature, 0.03 g of composite photocatalyst was added to
100 ml of 1.0×10-5 mol/L RH.B solution, which was hereafter considered as the initial concentration (c0). Before
turning on the visible lamp, the solution mixed with composite was magnetically agitated for 30 min in the dark, allowing the adsorption/desorption equilibrium to be reached.
Then, the solution was irradiated with visible lamp. The first
sample was taken out at the end of the dark adsorption period (just before the light was turned on), in order to determine the RH.B concentration in solution after dark adsorption, which was then considered as the initial concentration
(cads). Afterwards, samples were withdrawn regularly from
the reactor by an order of 30, 60, 90, 120, and 150 min. The
RH.B concentration in the solution was then determined as
a function of the irradiation time from the change in absorbance at 554 nm. The clean transparent solution was
analyzed by using a UV-Vis spectrophotometer (Optizen
POP) at wavelengths from 250 to 800 nm.
3 RESULTS AND DISCUSSION
3.1. Physicochemical properties

The FT-IR spectrum of the MWCNTs was rather simple and suggested extensive oxidation. The spectra of the
crystalline material showed well distinguished and sharp
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bands, whereas the amorphous spectra were less resolved.
The hydration results established the importance of the
defined conditions for FT-IR (Fig. 1), and showed that
MWCNTs could be oxidized. After oxidation by a strong
oxidant (MCPBA), the MWCNTs have various kinds of
functional groups. The bands at 2910 and 2847 cm-1 were
assigned to the C–H stretching vibration. The bands at
891, 1210 and 1726 cm-1 were assigned to the C–H, C–O,
and C=O stretching vibrations, respectively. The above observations suggest that oxidation was promoted in all
treatments, and caused the formation of functional groups
which can increase the number of active sites on the surface of MWCNTs. This confirms that artificial ageing is
actually occurring in the exposed film, and that the types
of structural changes inferred from the spectra are consistent with the mechanism proposed in the literature [20,
21]: the formation of O-H bonds resulting from the oxidation of the hydrocarbon triterpenic molecules by the direct
binding of O· and O-O radicals, followed by further oxidation to carbonylic functions.

The reason might be that when the SnS nanoparticles were
distributed on the outer surface of the TiO2, they formed a
certain amount of mesopores and macropores. However,
in comparison with TiO2/MWCNTs, the BET surface area
was decreased from 101.27 m2/g to 87.89 m2/g when the
SnS and TiO2 particles were incorporated in the SnSCNT/TiO2 composites. This suggests that the TiO2 and SnS
particles were filled into the MWCNTs pores, thus decreasing the BET surface area [23].
The high magnification of TEM images (Fig. 3) revealed that, unlike SnS/TiO2, the SnS-CNT/TiO2 composite showed well-dispersed nanoparticles with average sizes
between 10 and 25 nms because particle agglomeration was
effectively inhibited by the introduction of MWCNTs as
support materials, and ultrasonication improved particles
dispersion [24]. The black dots in the matrix should be
attributed to accumulation of highly electron-dense SnS
nanoparticles with small monodisperse sizes of around 515 nm.
3.4. Elemental analysis

EDX was carried out to probe composition and elemental weight percentage of attached nanoparticles. The
spectra for SnS-modified TiO2, TiO2/MWCNTs and SnSCNT/TiO 2 composites are shown in Fig. 4. The EDX
analyses data of the as-prepared composites are also
listed in Table 1. These spectra showed the main elements as presence of S and Sn with strong Ti, O peaks
which were observed in 4.51, 4.92 and 0.52 keV, separately in TiO 2 composites as modified by SnS. In the
case of TiO2/MWCNTs and SnS-CNT/TiO2 samples, carbon and titanium were present as major elements while
oxygen was also considerably present.
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FIGURE 1 - FT-IR spectra of MCPBA-oxidized MWCNT.

3.2. Surface characteristics of samples

The typical micro-surface structure of the as-prepared
composites was characterized by SEM with low and high
magnification, and the results are displayed in Fig. 2.
From Fig. 2 (a, b), it is clear that the prepared SnS/TiO2
composite showed a favorable morphology but a little tendency to agglomerate. The agglomeration may occur when
crystal particle sizes are very small and weak surface forces
play a significant role [22]. Figs. 2(c, d) and (e, f) were
typical SEM images of the prepared TiO2/MWCNTs and
SnS-CNT/TiO2 composites, respectively, and showed favorable morphologies. For the as-prepared SnS-CNT/TiO2,,
the composite exhibited the well-known properties of surface nanostructures, suggesting that the SnS and TiO2 particles were well-dispersed on the MWCNT matrix.
The BET surface area of the as-prepared samples is
listed in Table 1. Compared with pure TiO 2, the surface
area of SnS/TiO2 photocatalysts was slightly increased.

The crystal phase structures of pure TiO2, and of the
as-prepared TiO2/MWCNTs and SnS-CNT/TiO2 composite photocatalysts, were characterized by XRD (Fig. 5). It
is confirmed that the TiO2 in three as-prepared photocatalysts was in the anatase-phase, while the SnS exhibited
the predominant crystalline orthorhombic phase. For the
latter two samples, (101), (004), (200), (105), (211), and
(204) crystal planes are originating from the anatase TiO2
phase (JCPDS file, No. 21-1272), while all other peaks
can be indexed as a simple cubic lattice with the cell constant a=4.3284 Å, that is consistent with the reported data
for SnS [17]. In the XRD pattern of SnS-CNT/TiO2 composites, highly intense peaks are shown for SnS and TiO2,
which should be ascribed to the sonochemical processing.
This appears as a useful technique for generating novel
materials with unusual properties [24-27], as it takes advantage of the ultrasonic power for the crystallization of
SnS. However, the strong (002) diffractions of the hexagonal graphite at the 2θ of about 25.88°, becomes very
difficult to assign in all composites due to strong overlapping by the TiO2 diffraction peak [28].
3.6. UV–Vis diffuse reflectance spectroscopy

1682

© by PSP Volume 21 – No 6b. 2012

Fresenius Environmental Bulletin

In order to check the visible photo-response of the
pure TiO2, SnS/TiO2 and SnS-CNT/TiO2 composites, their
diffuse reflectance spectra (DRS) were measured. UV-Vis
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(a)

(b)

(c)

(d)

(e)

(f)

FIGURE 2 - SEM images of as-prepared composites: (a, b) SnS/TiO2, (c, d) TiO2/MWCNT, (e, f) SnS-CNT/TiO2.

(a)

(b)

FIGURE 3 - TEM images of as-prepared composites: (a) SnS/TiO2, (b) SnS-CNT/TiO2.
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(a)

(b)

(c)
FIGURE 4 - EDX elemental microanalysis: (a) SnS/TiO2, (b) TiO2/MWCNT, (c) SnS-CNT/TiO2 composites.
TABLE 1 - EDX elemental microanalysis, BET surface areas and visible light photo-degradation rate (kapp) constants of photocatalysts.
Sample name
MWCNTs
TiO2
SnS
SnS/TiO2
TiO2/MWCNT
SnS-CNT/TiO2

C (%)
99.99
_
_
_
20.84
15.69

O (%)
_
45.22
_
57.17
44.11
43.14

Ti (%)
_
54.78
_
24.69
35.05
27.08

Sn (%)
_
_
_
15.42
_
10.88
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FIGURE 5 - XRD patterns of as-prepared samples: (a) TiO2, (b)
TiO2/MWCNT, (c) SnS-CNT/TiO2.

S (%)
_
_
_
2.72
_
3.21

Impurity (%)
0.01
_
_
_
_
_

BET (m2/g)
211.43
11.54
23.37
62.39
101.27
45.05

kapp(min-1)
_
0
5.01×10-4
1.28×10-3
1.81×10-3
4.09×10-3

absorption spectra of the different samples are presented
in Fig. 6 a. As expected, we found that all the as-prepared
composites have great absorption in the UV region. TiO2
showed the characteristic spectrum with its fundamental
absorption sharp edge rising at 400 nm (Eg = 3.2 eV). The
absorption edges of SnS/TiO2 and SnS-CNT/TiO2 were
shifted toward the visible region, thus meaning that these
composites could present excellent photocatalytic activities under visible light irradiation. This fact is related to
not only the excellent conductivity of MWCNTs, which
facilitate the separation of photogenerated charges [26],
but also from the introduction of the SnS semiconductor,
whose indirect band gap varied in the ranges 1.2–2 eV
and 0.8–1.2 eV, respectively [29-31].
It is well-known that the optical band gap energy (Eg)
can be calculated on the basis of the optical absorption
spectrum by the following equation:
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(αhv )n= k(hv - Eg)
where, hv is the photon energy, α is the absorption
coefﬁcient, k is a constant relative to the material, and n is
either 2 for direct transition or 1/2 for an indirect transition [32]. The value for direct allowed optical transition of
the ceria nanocrystals which can be determined by extrapolating the linear portion of the absorption spectrum
using Tauc relationship [33].
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the SnS-CNT/TiO2 catalysts, and the results are shown in
Fig. 7. For a comparison, the photocatalytic activities of
pure TiO2, SnS, SnS/TiO2 and TiO2/MWCNTs were also
measured under the same conditions. In order to exclude
the inﬂuence of adsorption process, a time of 30 min was
allowed to achieve adsorption equilibrium before the photocatalytic reaction. As shown in Fig. 7-a, the adsorption of
SnS/TiO2 and TiO2/MWCNTs was larger than that of any
other samples, due to the relatively greater surface area of
the materials. The removal efficiencies of SnS/TiO2 and
TiO2/MWCNTs were found to be 24.1 and 39.1 % of the
initial Rh.B concentration of 1.0×10-5 mol/L, respectively.
The BET specific surface area of the adsorbent is only an
important factor for adsorption effects. Additionally, the
polarity matching between the adsorbent and the adsorbate,
as well as the adsorbent pore structure over that of the adsorbate, are main factors influencing adsorption. The largest adsorption capacity is derived from best matching of
pore to molecular diameter [34].
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FIGURE 6 - (a) UV-Vis adsorption spectra for pure TiO2, SnS/TiO2
and SnS-CNT/TiO2 composite; (b) (ahv)1/2–hv curve for pure TiO2
and SnS/TiO2 composite indicating that the two bandgap energies
are 3.2 and 1.46 eV.
1/2

Fig. 6 b shows the plot of (αhv ) versus the photon
energy, where h is the Plank constant, and v is the frequency of the incident radiation. The relation yields a
straight line, indicating the existence of the indirect optical transition. The band gap of SnS/TiO2 was found to be
1.46 eV, which is in agreement with the results obtained
by Yang et al [18].
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FIGURE 7 - (a) Adsorption capabilities of TiO2, SnS, SnS/TiO2,
TiO2/MWCNT, SnS-CNT/TiO2 samples for Rh.B under dark conditions. (b) Photocatalytic degradation behaviors of Rh.B for the asprepared photocatalysts under visible light irradiation.

3.7. Photocatalytic activity

Photodegradation of RH.B under visible-light irradiation is employed to evaluate the photocatalytic activity of

Fig. 7-b shows the change in Rh.B concentration with
different irradiation times in the presence of different photo-
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catalysts. Unlike pure TiO2, SnS nanocrystals revealed a significantly large visible-light photocatalytic activity, as already observed by Tang et al. [17]. For the SnS/TiO2 composite, photocatalytic activity was still larger than for
TiO 2/MWCNTs, possibly due to the latter material small
particles, showing better dispersion than aggregated ones
[22]. In comparison to TiO2/MWCNTs, the SnS-CNT/TiO2
composite showed much larger visible-light photocatalytic activity, despite a smaller surface area.
The photocatalytic degradation of RH.B containing
different photocatalysts under visible light obeys pseudofirst-order kinetics with respect to the concentration of
RH.B:
-dc/dt = kappc
Integration of this equation (with the restriction of c =
c0 at t = 0, with c0 being the initial concentration in the
bulk solution after dark adsorption, and t the reaction time)
will lead to the following expected relation:

and layered structures. Secondly, the MWCNTs can act as
effective electron transfer station, since they exhibit high
electrical conductivity and electron storage capacity. In
fact, MWCNTs manifest large capture electron ability. Thus,
in the heterojunction composite, the generated electrons
from SnS may migrate freely to the conduction band (CB)
of TiO2, and to the surface of MWCNT. The photo-induced holes on the TiO2 surface then migrate to SnS, owing
to the different VB edge potentials. In this way, the photoinduced electron–hole pairs in the two semiconductors are
effectively separated, and the probability of electron–hole
recombinations is reduced. In addition, the generated electrons probably react with dissolved oxygen molecules and
produce oxygen peroxide radical O2•−, while the positively charged hole (h+) may react with the OH- derived from
H2O, and form hydroxyl radicals OH•. It is well-known
that both O2•− and OH• are powerful oxidizing agents
capable of degrading most pollutants [36].

-ln(ct/c0)= kappt
where, ct and c0 are the reactant concentrations at
times t = t and t = 0, respectively, and kapp and t are the
apparent reaction rate constant and time, respectively.
According to this equation, a plot of -ln(ct/c0) versus t will
yield a slope of kapp. The results are displayed in Fig. 8
and summarized in Table 1. The RH.B degradation rate
constant for SnS-CNT/TiO2 composites reached 4.09×10-3
min-1 under visible light, being much greater than for any
other photocatalyst. This excellent photocatalytic activity
could be attributed to the synergetic effects of both high
charge mobility and the red shift in the absorption edge of
the SnS-CNT/TiO2 composites.
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FIGURE 9 - The scheme of excitation and charge transfer process
between SnS and TiO2 in the SnS-CNT/TiO2 composite.
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FIGURE 8 - Apparent first order kinetics of Rh.B degradation in
presence of TiO2, SnS, SnS/TiO2, TiO2/MWCNT, SnS-CNT/TiO2
under visible light irradiation.

Based on literature [35, 36] and our experimental results, we propose a mechanism for the degradation of pollutants on SnS-CNT/TiO2 catalyst under visible light irradiation, as depicted in Fig. 9. Firstly, strong adsorption
effect on oxygen and dye is achieved by the incorporation of
MWCNTs, due to their large speciﬁc surface area, hollow

Uniform and fine well-dispersed SnS-sensitized TiO2
coating on multiwalled carbon nanotubes has been successfully prepared via a sonochemical approach. The experimental results clearly demonstrate that SnS-CNT/TiO 2
photocatalysts have strong combination properties and
effective electron transfer between SnS and TiO2. The surface properties examined by SEM and TEM present a favorable morphology of the as-prepared composites. The photocatalytic results showed that the improved degradation
rate of RH.B solution should be accounted to both the excellent organic pollutant adsorption effects and the interparticle
electron transfer effect. Moreover, the SnS photosensitizer
extends the spectral response of TiO2 to the visible region.
In addition, MWCNTs may act as support, absorbent, and
photo-generated electron transfer station.
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ABSTRACT
The aim of this study is to evaluate anthropogenic influences on the dissolved metals in the rivers using multivariate analysis techniques. Seven dissolved metals (As,
Cr, Hg, Cd, Pb, Cu, and Zn) were measured from seven
important rivers in Tianjin, China during a three-year period. The concentrations of all the metals showed a significant spatial variation in different rivers, suggesting anthropogenic activities significantly influenced the rivers.
Results of principal component analysis (PCA) and cluster analysis (CA) showed: (1) Beiyun Canal (BY),
Chaobaixin River (CB), Beijing Drainage River (BJ) and
Jiyun Canal (JY) were polluted by industrial effluents,
which carried high concentrations of Cr and Pb; (2)
Duliujian River (DL) and Ziya River (ZY) were significantly impacted by atmospheric deposition and electronic
waste, which carried high concentration of Hg, Cd, Cu,
and Zn; (3) Haihe River (HH) was impacted by domestic
sewage, which carried relatively high concentration of As.
Our results indicated that anthropogenic activities are one
of the most important factors that significantly influence
the con-centration of dissolved metals in the rivers.
KEYWORDS: Dissolved metals, anthropogenic influences, Multivariate analysis techniques, river

1. INTRODUCTION
Metals are one of the most prevalent contaminants in
rivers. In contrast with organic pollutants, metals cannot
be biologically or chemically degraded, but can be accumulated in microorganisms, aquatic flora and fauna, which, in
turn, may enter the human food chain and pose a huge threat
to human health [1,2]. Anthropogenic activities, such as
industrial processing of ores and metals, use of metals and
metal components, leaching from dumps and fertilized
fields, and the discharge of human sewage, have been considered one of the most important sources of metals in river
* Corresponding author

water [3, 4]. Understanding the source of metals in river
provides a base for evaluating how the anthropogenic activities will impact on river water quality [5]. Therefore, it
is important to determine the distribution and the source
of metals in rivers.
Tianjin is located at the north China and the west of
Bohai Bay, neighboring Beijing, the capital of China. As
the third largest industrial and commercial city in China,
Tianjin has a population of more than 11 million and covering about 11 thousands square kilometers. During the recent three decades, the industry of Tianjin has achieved
much more than before in coking, chemistry, metallurgy,
manufacture and electronic industry with rapid economic
development. Meanwhile, the environment is seriously contaminated by the anthropogenic activities. A majority of the
rivers in the area were filled with wastewater from Tianjin
and Beijing urban areas leading to rivers in Tianjin were
severely polluted with high loads of metals [6]. Our previous
study showed that the contaminants in rivers were an important source of metals in the Bohai Bay [7]. Some publications have reported the metals contamination in the
rivers of Tianjin in recent years [6, 8, 9]. However, most
of these researches focused on the metals in sediments [8,
9], only one of which was conducted to determine the
dissolved metals in water [6]. Furthermore, these studies
were limited only in two rivers (Yongdingxin River [6] and
Haihe River [8, 9]). To our knowledge, little information is
available on the dissolved metals in other important rivers
in Tianjin.
In the present study, the concentrations of seven dissolved metals (As, Cr, Hg, Cd, Pb, Cu and Zn) in the water
of seven rivers of Tianjin were measured from 2005 to
2007. The multivariate analysis techniques, such as principal component analysis (PCA) and hierarchical cluster
analysis (CA) were used to discriminate the source of
dissolved metals in the rivers and evaluate the anthropogenic influence.
2. MATERIALS AND METHODS
Seven important rivers in Tianjin were studied (Fig. 1).
Water samples were collected in March, June, August, and
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November from 2005 to 2007. All samples were transported to the laboratory, where water samples were filtered
immediately with 0.45 µm Millipore nitrocellulose filters
on the sampling day. Filtered water samples were acidified to pH<2 using suprapure nitric acid, and then kept in
polypropylene sampling bottles at 4 and analyzed within 48 h.

ery of As, Cr, Hg, Cd, Pb, Cu, and Zn were 96%, 98%,
81%, 90%, 110%, 106%, and 95%, respectively.
Previously, normality of data was checked by means of
the Kolmogorov-Smirnov and logarithmic transformations.
Two-way analysis of variance (ANOVA) was performed to
estimate the temporal and spatial differences of dissolved
metals among the rivers. Principal component analysis
(PCA) and cluster analysis (CA) were used to assess the
relationship between the variables and their possible patterns in the distribution of the data using SPSS 13.0 (SPSS
Inc., Chicago, USA).
3. RESULTS AND DISCUSSION
There were no significant temporal differences in data of metals in the different sampling periods based on the
results obtained by ANOVA. It can be explained that the
small flow variations between sampling periods due to the
dam-controlled water flow [5]. For instance, there are two
dams in HH in Tianjin Section (between the sampling site
HH3 and HH4, Fig. 1), the average flows of HH in 2005
and 2006 were 3 and 5 m3/s, respectively. Thus, the concentrations of dissolved metals in each river were presented as the average values in this study.

FIGURE 1 - Sampling area and location (JY: Jiyun Canal; CB:
Chaobaixin River; BY: Beiyun Canal; BJ: Beijing Drainage River;
HH: Haihe River; ZY: Ziyahe River; DL: Duliujianhe River)

All the metals were determined with Agilent 7500a
ICP-MS (Agilent, USA). The ICP-MS detection limits for
As, Cr, Hg, Cd, Pb, Cu, and Zn were 0.01, 0.1, 0.005,
0.01, 0.005, 0.01, and 0.02 µg/L, respectively. The recov-

The mean concentrations of As, Cr, Cd and Pb in rivers of Tianjin sampled in this study are below the values
reported for other rivers in China (Table 1). It was attributed to the efforts have been made to control the pollution loads by a series of environmental protection programs, such as the sewage treatment system establish and
enforcement of the water pollution control regulations and
in Tianjin in last decade [10]. However, the concentrations
of Cu and Zn were higher than those reported in other rivers in China (Table 1). All the determined metals in our
study exhibited higher concentrations than the other reported rivers in Asia (not include China) and Europe
(except for As in Thames and Cr in Yeongsan River)
which are considered as pristine (Table 1), suggesting that
the pollution level of metals especially Cu and Zn were
relatively high. However, the seven metals in Tianjin rivers
were far below those in Elqui River, Chile (Table 1), which
was polluted by mine wastewater [4].

TABLE 1 - The average concentrations of metals (µg/L) at rivers of Tianjin and in selected world rivers.

River in Tianjin, China
Yangtze River, China
Han river, China
Xiangjiang River, China
Krka River, Ctoatia
Yeongsan River, Korea
Thames, Great Britain
Seine, France
Guadalquivir River, Spain
Elqui River, Chile

As
1.16
13.2
10.74
28.34
–
0.67
2.9
0.75
–
1705

Cr
1.13
20.9
5.89
–
–
1.2
–
–
–
26

Hg
0.05
–
–
0.031
–
–
–
–
–
3

Cd
0.12
4.7
3.21
–
0.003-0.008
0.06
–
0.031
0.014
28
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Pb
0.57
55.1
7.37
1.91
0.01-0.2
0.38
0.4
0.36
0.18
147

Cu
15
10.7
7.76
5.13
0.1-0.4
1.96
4.3
2.23
2.64
6082

Zn
77
9.4
–
38.49
0.12-7.4
5.8
–
–
1.58
–

Reference
This study
[18]
[3]
[19]
[20]
[2]
[21]
[22]
[5]
[4]
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FIGURE 2 - The mean concentrations of metals in river water of Tianjin

The mean concentrations of metals of seven rivers
were shown in Fig. 2. Duliuxian River (DL) showed the
highest concentrations of Cd, Cu and Zn, with 0.33, 24 and
99 µg/L, respectively. Haihe River (HH) had the highest
concentration of As (1.29 µg/L), Beijing Drainage River
(BJ) exhibited the highest concentration of Hg (0.1 µg/L),
and Chaobaixin River (CB) with highest Cr (2.45 µg/L)
and Pb (1.25 µg/L). Results of the ANOVA showed that all
the metals were significantly different among rivers except
As, suggesting that there were different source of metals
in different rivers in Tianjin.
Principal component analysis (PCA) was carried out
in order to reveal the data structure and eliminate redundant
information [5]. The PCA was conducted to transform the
original variables into new, uncorrelated variables known
as principle components (PCs). These PCs provided information regarding the most meaningful parameters that
could be used to describe the entire dataset, thereby enabling a reduction in data with a minimal loss of original
information [11]. In the present study, there were two
principal components (PCs) with eigenvalues higher than
one, which explain 77.25% of the variance in original data.
The first principal components (PC1) accounted for 47.13%
of the total variance, which was strongly positive loading on
Hg, Cd, Cu and Zn, and was negative loading on As. The

second principal components (PC2) explained 30.12% of
the variance, which was highly associated with positive Cr
and Pb. To elucidate the relationship of these PCs with the
activities developed in the river, a plot of loadings of variables and scores of the sampling rivers, corresponding to
PC1 and PC2, was shown in Fig. 3.
As shown in Fig. 3, three different groups of rivers
can be observed. The first group is formed by BY, CB, BJ
and JY, being linked with Cr and Pb (Fig. 3). As shown in
Fig. 2, concentrations of Cr and Pb in BY, CB, BJ and JY
were higher than the remaining rivers. Beiyun Canal (BY)
is a canal, which is a part of the Great Canal (also called
the Jinghang Canal) origined from Beijing and eventually
reached Hangzhou, Zhejiang Province. Beijing Drainage
River (BJ) is the major recipients of industrial effluents
from Beijing, which transport a large amount of
wastewater into Bohai Bay [6]. Chaobaixin River (CB)
also flows through Beijing. These results indicate that
metals in BY, CB and BJ were affected by sewage effluents from Beijing. Furthermore, there are a number of industries along these rivers, including ferrous metal smelting
and calendering, chemical material and product manufacturing, instrument and office machine, food and beverage
production, textile industry, paper making and paper
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product industry, and pharmaceutical industry. These enterprises discharge some

FIGURE 3 - Scores of sampling rivers (●) and loadings of variables
(Δ) on the first two principal components

of their wastewater into rivers with little even no treatment [6]. Jiyun Canal (JY) does not originate from Beijing; however, one of the largest chemical plants in China
is located along the JY, which may lead to the pollution by
industrial effluents. In consideration of the local specific
environment, the source of metals in the first group is
classified as industrial effluents. Although Hg, Cd, Cu
and Zn were not highly loaded in the first group (Fig. 3),
their concentrations were moderate in this study (Fig. 2),
further clarifying the origin of metals in the first group was
industrial effluents. It indicates that the metals in the rivers
of the first group were the consequences of the anthropogenic activities.
The second group comprised two rivers (DL and ZY)
located in the south Tianjin (Fig. 1). The variables associated to the two rivers were Hg, Cd, Cu and Zn. Lots of
studies showed that atmospheric deposition is an important source of Hg, Cd, Cu and Zn in soils and water
[10, 12, 13], indicating that the metals in two rivers were
possibly atmospheric deposition originated. It may be due
to a coal-fired power plant located in south Tianjin. Similarly, a study in eastern Ohio reported that the Hg in samples of rain collected in summer was mainly attributed to
emissions from a coal-fired power plant [14]. Furthermore,
there are several e-waste processing enterprises along the
DL. It is well known that e-waste processing is one of the
important origin of metals, especially Cd, Cu and Zn [1516]. The highest concentrations of Cd, Cu and Zn were
found in DL (Fig. 2), indicating that e-waste processing
activity is possibly one of the important sources of the
metals in the second group rivers. Therefore, the second
group river was also significantly impacted by anthropogenic activities.

Haihe River (HH) is the only river that contributes to the
third group and there were no metals association (Fig. 3).
As shown in Fig. 2, all the metals determined in HH had
the lowest concentration in the present study (exception
occurred for As and Zn). The most likely reason is sediment dredging in HH in 2003. Due to HH flow through the
Tianjin urban area (Fig.1), the main source of metals is
likely domestic sewage, reflecting the anthropogenic influence.
Based on the mean concentration of metals, the seven
rivers were classified into three groups by cluster analysis
(Fig. 4). The first group was formed by BY, CB, BJ and JY,
the second group comprised with ZY and DL, while HH
is in the third group alone. The first group was subdivided
in two new clusters. The first cluster is comprised with BY,
BJ and CB, which were significantly affected by sewage effluents from Beijing. The second cluster was JY,
which received effluents discharged from chemical plants.
These agreed with the results obtained by PCA. Cluster
analysis (CA) confirmed that the sampling rivers in Tianjin can be divided into three groups by the sources of
dissolved metals: industrial effluents, atmospheric deposition and e-waste processing, and domestic sewage.

FIGURE 4 - Dendogram of the seven rivers in Tianjin

In summary, this study showed that the metals in river
water of Tianjin, China, were the result of the anthropogenic activities. Beiyun Canal (BY), CB, BJ and JY were polluted by industrial effluents, which exhibited higher concentrations of Cr and Pb. Duliujian River (DL) and ZY
were significantly impacted by atmospheric deposition and
e-waste processing, which has higher concentration in Hg,
Cd, Cu and Zn. Haihe River (HH) was impacted by domestic sewage with relatively high concentration of As. Our
results indicate that anthropogenic activities are one of the
most important factors which are significantly influence
the concentration of dissolved metals in the rivers.
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ABSTRACT
Most terrestrial ecosystems is nitrogen (N)-limited,
and N mineralization is the important processes in N
cycle in these systems. We studied the effects of plant
diversity on substrate N mineralization by buried bag
culture method in a subsurface vertical flow constructed
wetland near Zhoushan City, Zhejiang Province in southeastern China. The results showed that plant species diversity had significant positive effects on substrate mineralization rate, nitrification rate and relative nitrification,
but the functional group diversity had no significant effects. Meanwhile, the substrate initial inorganic N (nitrate
and ammonium) and mineralization rate had significant
linear correlations. In addition, the substrate initial nitrate
before incubation increased with the increasing of plant
species diversity, while the initial ammonium did not.
Therefore, plant species diversity should be designed in
constructed wetlands to improve the efficiencies of
wastewater treatment for greater species diversity leading
to higher substrate N mineralization.

KEYWORDS: constructed wetlands; nitrogen mineralization;
plant species diversity; wastewater treatment; nitrification

1. INTRODUCTION
Soil available nitrogen (N) usually was the primary
limited factor for plant growth in most terrestrial ecosystems [1-4]. N availability set a limit to N nutrient utilization efficiency and directly influenced species composition, species diversity and ecosystem primary productivity
[5]. Therefore, the research of N mineralization and nitrification and its availability had important significance for
revealing ecosystem functioning.

* Corresponding author

For a long time, ecologists used N mineralization to
study soil N input ability for plants [6, 7]. For N, the input
rate of N depended largely on mineralization that in turn
was regulated by both biotic (e.g. plant and soil microorganism) and abiotic factors (e.g. temperature and humidity)
[8-10]. In addition, plant species could affect soil mineralization rate [11, 12], and vegetation type [13, 14] and plant
functional type [15] had also effects. Meanwhile, different
plant community type, succession, species composition and
species diversity had different effects on soil N mineralization [16]. Moreover, soil N mineralization was found to
be stronger in fertilized than in unfertilized treatments [4,
17], and N fertilizer could promote the decomposition and
releasing of soil organic N.
A subsurface vertical flow constructed wetland
(SVFCW), which was constructed in 2005 in southeast
China, had a mesophytic environment and an uniform substrate in its down-flow chamber with continuous input of
N and other nutrients through wastewater irrigation, provides an opportunity for biodiversity assemblage experiments [18, 19]. Here, we test the hypothesis that plant species diversity has positive effects on substrate N mineralization in the SVFCW with high N input, and this work
would enrich the biodiversity-ecosystem functioning literature by providing a case study under a different ecosystem
type and N availability.
2. MATERIAL AND METHODS
2.1. Site description and experimental design

The SVFCW (1000 m2) was constructed in 2005 near
Zhoushan City (29°53′N, 122°23′E), Zhejiang Province in
southeast China. The SVFCW had a 3-layer filter, and its
structure was described in detail in Zhang et al. [20]. The
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PVC pipes with discharging holes provided a consistent
input of wastewater to each plot during pulse-irrigation,
thus each plant species had a similar growth environment
in the down-flow chambers of the SVFCW. Therefore, the
biodiversity experiment in the study was conducted in a
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TABLE 1 - Number of transplanted plots and number of plots analyzed in this study (in parenthesis) in the Zhoushan experimental design.
Number of species per plot
4 species
12(5)
24(16)
24(16)
16(12)
76(49)

Functional group
diversity
1 species
2 species
1
16(7)a
12(6)
2
16(14)
3
4
All groups
16(7)
28(20)
a
: due to cultural bags in some plots not be found after incubation.
b
: showed no plot.

uniform mesophytic habitat and higher N input than other
previous N addition experiment [19].
Each plot was 2.0 × 2.0 m in size and was transplanted at a density 10 seedlings m−2 in 2006. The plots were
transplanted with 1, 2, 4, 8 or 16 species native to the studied subtropical region (Table 1), including 164 plots. The
species fall into 4 functional groups, i.e., legume species
(including Campylotropis macrocarpa, Cassia tora,
Lespedeza bicolor and Indigofera pseudotinctoria), C 3
grasses (Arundo donax and Phragmites australis), C4 grasses
(Coix lacryma-jobi, Imperata cylindrical, Miscanthus sinensis, Neyraudia montana, Saccharum arundinaceum and
Triarrhena sacchariflora), and non-legume herbaceous
forbs (for simplicity they are hereafter called forbs, including Canna indica, Cyperus alternifolius, Lythrum
salicaria and Thalia dealbata).

8 species
-b
6(2)
6(3)
16(9)
28(14)

16 species
16(7)
16(7)

Relative nitrification (NO3/(N min)) = (the concentrations of nitrate after incubation) / (the concentrations of
nitrate and ammonium after incubation).
2.4 Statistical analysis

The dataset was analyzed with analysis of variance
(ANOVA) to test for the effects of the presence of legumes,
C3 grasses, C4 grasses and forbs, species diversity, and the
identity of species in mixtures based on type III sum of
squares using the SPSS software (SPSS 16.0, SPSS Inc.,
Chicago, IL, USA). The differences among plant species
diversity were tested with a one-way ANOVA and Tukey’s
HSD test (at α=0.05). All error estimates given in the text
and error bars in figures are standard errors of means. All
statistical significance was noted at α=0.05 unless otherwise
noted.

2.2 Measurement of substrate nitrate and ammonium

Buried bag culture method is one of the earliest and
most extensively used methods to estimate N mineralization in the field conditions [11, 21]. We measured N mineralization between October and November in 2008 by
incubation substrate cores in situ for 4 weeks. At the start
of the incubation period, the paired samples of the top of
20-30 cm of the substrate were taken by the diagonal
method. Then, one of each pair of sandy samples (initial
sample) was transported to the laboratory. And at the end
of incubation period the incubated samples was removed
(as above) to the laboratory. After one week at room temperature, all air-dried sandy samples were extracted with
1 mol L-1 KCl [22] and the extracts were analyzed for
ammonium and nitrate concentrations with a segmented
flow analyzer (SAN plus, Skalar, the Netherlands).
2.3 Calculation of substrate N mineralization

Substrate N mineralization was calculated by the
methods of Chen et al. [23] as follows:
Mineralization rate (mg/(kg·30d)) = 30 × [(the concentrations of nitrate and ammonium after incubation) (the initial concentrations of nitrate and ammonium before incubation)] / the number of days of incubation.
Nitrification rate (mg/(kg·30d)) = 30 × (the concentrations of nitrate after incubation) - (the initial concentrations of nitrate before incubation)] / the number of
days of incubation.

3. RESULTS
Across all plots, with increasing plant species diversity substrate mineralization rate, nitrification rate and
relative nitrification increased linearly (P<0.01, for all
three index, Fig. 1a, 1c, 1e, Table 2), but functional group
diversity (1, 2, 3, 4) and functional compositions (legumes, C3 grasses, C4 grasses, forbs) did not affect substrate N process (P>0.05, for all three index, Fig. 1b, 1d,
1f, Table 2). Moreover, large differences in substrate mineralization rate, nitrification rate and relative nitrification
were found among treatments with similar levels of species
diversity, which ranged from 0.05 to 5.84 mg/(kg 30d)
(1.16± 0.10 for mean±SE, same below), 0.03 to 5.43 mg/
(kg 30d) (0.81±0.08) and 0.03 to 0.88 NO3/(N min) (0.42±
0.02), respectively, for all samplings (Fig. 1 a, 1c, 1e).
The presence of those species (including P. australis,
M. sinensis, S. arundinaceum and C. macrocarpa) significantly increased substrate mineralization rate as compared
to combinations without those species (P=0.015, P=0.015,
P=0.027 and P=0.010, respectively, Table 3), and M. sinensis, N. montana, S. arundinaceum, C. macrocarpa, I.
seudotinctoria, L. bicolor had positive effects on nitrification rate (P<0.001, P=0.022, P=0.001, P=0.008, P=0.024
and P=0.011, respectively, Table 3), while M. sinensis, S.
arundinaceum, I. pseudotinctoria and L. bicolor had positive
effects on relative nitrification (P=0.001, P<0.001, P=0.013
and P=0.017, respectively, Table 3). This indicated that
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FIGURE 1 - The relationship between plant diversity and substrate N mineralization rate, nitrification rate and relative nitrification. The
“r” in the plot represented coefficient between plant species diversity and substrate N mineralization, and “P” indicated the significant level
of the r, same below.

TABLE 2 - ANOVA for the effects of biodiversity effects on mineralization rate, nitrification rate and relative nitrification based on the type
Ⅲ sum of square. The arrows indicate significant increase (↑) of the measures with species diversity or presence of a certain species. Significant P-values (P<0.05) are in bold.
Source of variation

df

legumes presence
C3 grasses presence
C4 grasses presence
forbs presence
Plant species diversity
Functional group diversity
Residual

1
1
1
1
4
3
96

Mineralization rate
F
P
2.44
0.12
0.22
0.64
0.96
0.33
0.13
0.99
5.01
0.001↑
1.73
0.17
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Nitrification rate
F
P
1.71
0.19
0.07
0.80
1.83
0.18
0.16
0.69
5.95
<0.001↑
1.21
0.31

Relative nitrification
F
P
1.92
0.17
0.08
0.78
2.87
0.09
0.05
0.83
2.72
0.034↑
1.53
0.21
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TABLE 3 - Direction (“sign”) and significance of effects of particular species on mineralization rate, nitrification rate and relative nitrification based on the type Ⅲ sum of square. The “+” sign indicates a significant increase when the species was planted in mixtures with other
species. Significant P-values (P<0.05) are in bold.
Mineralization rate
sign
P
0.669
+
0.015
0.193
0.916
+
0.015
0.060
+
0.027
0.194
+
0.010
0.580
0.124
0.100
0.289
0.148
0.106
0.407

Taxon
Arundo donax
Phragmites australis
Coix lacryma-jobi
Imperata cylindrical
Miscanthus sinensis
Neyraudia montana
Saccharum arundinaceum
Triarrhena sacchariflora
Campylotropis macrocarpa
Cassia tora
Indigofera pseudotinctoria
Lespedeza bicolor
Canna indica
Cyperus alternifolius
Lythrum salicaria
Thalia dealbata

species composition had significant impacts on substrate
mineralization rate, nitrification rate and relative nitrification (Fig. 1, Table 3).
The correlations of substrate N mineralization rate
and initial nitrate and ammonium were significantly positive linear (P<0.01, P<0.01, Fig. 2a, 2b), and substrate
initial nitrate increased with the increasing of species
diversity (P<0.01, Fig. 3a), but initial ammonium had not
significant relation (P>0.05, Fig. 3b).

Nitrification rate
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FIGURE 3 - The relationship between plant species diversity and
substrate initial nitrate and ammonium concentrations.
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4. DISCUSSION
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FIGURE 2 - The relationship between substrate N mineralization
rate and initial nitrate and ammonium concentrations.

N mineralization process affected by soil temperature, moisture, soil physical and chemical properties, litter
quality, soil animals and microorganisms, vegetation types,
spatial pattern and other natural or man-made interference
factors [24]. The results in this study show that, under
high N input in the SVFCW, the plant species diversity
had significant positive effects on substrate N mineraliza-
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tion rate, nitrification rate and relative nitrification, while
the functional group diversity had no significant correlation (Fig. 1 and Table 2). This kind of phenomenon was
consistent with the reported findings by Zak et al. [7], i.e.,
N mineralization rate increased with the increasing of
plant species diversity under N-limiting grassland ecosystems, while this research was carried out in a subtropical
artificial configuration plant community with non-N limitation. Therefore, this study demonstrated that N mineralization process and plant species diversity had positive
feedback relationships in non-N limited conditions.
Plant species indirectly affects soil N transformation
ratio through litter quality and quantity, and different community types, species composition and species diversity
could affect soil N mineralization [25-27]. The results
also showed that different species composition had significant effects on substrate N mineralization rate, nitrification rate and relative nitrification (Fig. 1 and Table 3).
This results was just as that done by Tanja et al. [11] by
6 forage species, which indicated that plant species had
largely impacts on N mineralization rate and that plant
species of nutrient-rich habitats enhanced N mineralization
and nitrification rate compared with species of nutrientpoor habitats. In addition, some researches have shown
that the plant aboveground productivity linearly increased
with the increasing of soil N net mineralization [16, 27].
Meanwhile, the differences of N mineralization and nitrification in this experiment were due to not only different
plant primary productivity but also different biomass conversion and different litter decomposition [28].
Sierra [29] found that before incubation soil mineral
N concentration was negatively correlated to N mineralization yield during incubation, which indicated that there
was feedback mechanism controlling with soil N mineralization. This meant that higher initial mineral N would
limit soil N mineralization, while this mechanism was
related with N “mineralization- immobilization” process in
the soil micro-environment [30, 31]. Therefore, the results
of this study (Fig. 2) varied with the research of
Dybzinski et al. [12], because in this study substrate initial nitrate increased significantly with the increasing of
plant species diversity (Fig. 3a). This may due to the
availability of oxygen and microbial activities in the substrate [20], the release of exudates in diverse roots [32],
nitrate accumulation through filtering functions [33], and
continuous N in-put from wastewater in the constructed
wetland. Thus, this study showed that there were different
mechanisms about substrate N retention, absorption and
transformation under high N conditions and N-limited
conditions, which had important reference values for the
research of nutrient dynamics and the relationships between plant species diversity and substrate nutrition under
different N inputs.

cation, and substrate microorganism and enzyme activity
(such as catalase, urease and phosphatase) was conducive
to improve nitrification enhancement [20]. This meant that
the transformation of ammonium into nitrate increased and
lead to the decreasing of ammonium retention with the
increasing of plant diversity.
Different plant species influenced the soil nutrient
cycling processes through the soil physicochemical properties (such as pH value, soil temperature and humidity),
soil animal, microorganism species number and activity
[16, 20, 30]. This was mainly because: 1) different plant
species had great differences in N fixation ability (Fig. 1);
2) litter amount and chemical composition from different
plant species had also very large differences [28]; and 3)
plant species had a great influence on N mineralization
rate (Fig. 1 and Table 3). Thus, the positive correlation of
plant species diversity and N mineralization was an indirect effect on N processes in the substrate [11, 24, 34].
5. CONCLUSIONS
The field experiment about substrate N mineralization
in the SVFCW showed that plant species diversity had significant impacts on N mineralization rate, nitrification rate,
relative nitrification at high N input, while functional group
diversity had no significant effects. Therefore, under high
N input, species diversity had significant positive effects
on substrate N mineralization process in the constructed
wetland. In addition, the relationship of substrate N mineralization and initial inorganic N (nitrate and ammonium), and initial nitrate concentration and species diversity
showed significant positive linear correlations, which
indicated that soluble inorganic N played an important
role in N mineralization process.
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This study found that substrate initial ammonium before incubation had no significant correlation with plant
species diversity (Fig. 3b), probably due to higher diversity communities had stronger nitrification than ammonifi-

1700

REFERENCES
[1]

Chapin, F.S., Maston, P.A., and Mooney H.A. (2002) Principles
of terrestrial ecosystem ecology. Springer-verlag Berlin Heidelberg, New York, 202-215.

[2]

Fornara, D.A., and Tilman, D.D. (2009) Ecological mechanisms
associated with the positive diversity-productivity relationship in
an N-limited grassland. Ecology, 90(2): 408-418.

© by PSP Volume 21 – No 6b. 2012

Fresenius Environmental Bulletin

[3]

Reich, P.B. (2009) Elevated CO2 reduces losses of plant diversity
caused by nitrogen deposition. Science, 326: 1399-1402.

[4]

Wacker, L., Oksana, B., Eichenberger-Glinz, S., and Schmid, B.
(2009) Diversity effects in early- and mid-successional species
pools along a nitrogen gradient. Ecology, 90(3): 637-648.

[5]

Ross, D.S., Lawrence, G.B., and Fredriksen, G. (2004) Mineralization and nitrification patterns at eight northeastern USA forested research sites. Forest Ecol. Manag., 188: 317-335.

[6]

Binkley, D., and Hart, S.C. (1989) The component of nitrogen
availability assessment in forest soil. Adv. Soil Sci., 10: 57-112.

[7]

Zak, D. R., Holmes, W. E., White, D. C., Peacock, A. D., and
Tilman, D. (2003) Plant diversity, soil microbial communities
and ecosystem function: are there any links? Ecology, 84: 20422050.

[8]

Breemen, V.N. (1993) Soils as biotic constructs favouring net
primary productivity. Geoderma, 57: 183-212.

[9]

Paul, K.I., Polglase, P.J., O’Connell, A.M., Carlyle, J.C., Smethurst, P. J., and Khanna, P. K. (2003) Defining the relation between soil water content and net N mineralization. Eur. J. Soil
Sci., 54: 39-47.

[10] Wang, C.H., Wan, S.Q., Xing, X.R., Zhang, L., and Han, X.G.
(2006) Temperature and moisture interactively affected net N
mineralization rate in different land use grassland in northern
China. Soil Biol. Biochem., 38: 1101-1110.
[11] Tanja, A.J., Krift, V.D., and Berendse, F. (2001) The effect of plant
species on soil nitrogen mineralization. J. Ecol., 89(4): 555-561
[12] Dybzinski, R., Fargione, J.E., Zak, D.R., Fornara, D., and Tilman, D. (2008) Soil fertility increases with plant species diversity
in a long-term biodiversity experiment. Oecologia, 158: 85-93.
[13] Frazer, D.W., McColl, J.G., and Powers, R.F. (1990) Soil nitrogen mineralization in a clear cutting chronosequence in a Northern California conifer forest. Soil Sci. Soc. Am. J., 54: 1145-1152.
[14] Binkley, D., Bell, R., and Sollins, P. (1992) Comparison of methods for estimating soil nitrogen transformations in adjacent conifer and alder conifer forests. Can. J. Forest Res., 22: 858-863.
[15] Epstein, H.E., Burke, I.C., and Mosier, A.R. (1998) Plant effects
on spatial and temporal patterns of nitrogen cycling in short grass
steppe. Ecosystems, 1: 374-385.

[23] Chen, F.S., Zeng, D.H., Fan, Z.P., Chen, G.S., and Singh, A.N.
(2006) Comparative nitrogen mineralization and its availability in
certain woody plantations in Keerqin sandlands, China. Acta
Ecol. Sin., 26(2): 341-348.
[24] Fu, M. J., Wang, C. K., Wang, Y., and Liu, S. (2009) Temporal
and spatial patterns of soil nitrogen mineralization and nitrification in four temperate forests. Acta Ecol. Sin., 29(7): 3747-3758.
[25] Steltzer, H., and Bowman, W. D. (1998) Different influence of
plant species on soil nitrogen transformations within moist meadow. Alp. Tundra, 1: 464-474.
[26] Wang, C.H., Xing, X.R., and Han, X.G. (2004) Advances in
study of factors affecting soil N mineralization in grassland ecosystems. Chin. J. Appl. Ecol., 15 (11): 2184-2188.
[27] Reich, P.B., Grigal, D.F., Aber, J.D., Gower, S.T. (1997) Nitrogen mineralization and productivity in 50 hardwood and conifer
stands on diverse soils. Ecology, 78(2): 335-347.
[28] Chen, X.L., Zhou, J.W., Wang, C.Y., and Liu, J.L. (2010) Carbon
and nitrogen mineralization of the different plant residues from
the loess plateau. J. Soil Water Conserv., 24(3): 109-122.
[29] Sierra, J. (1997) Temperature and soil moisture dependence of N
mineralization in intact soil cores. Soil. Biol. Biochem., 29 (9/10):
1557-1563.
[30] Zhuang, S.Y., Liu, G.Q., Xu, M.J., and Wang, M.G. (2008) Nitrogen mineralization in forest soils varying in elevation. Acta
Pedol. Sin., 45(6): 1194-1198.
[31] Palmborg, C., Scherer-Lorenzen, M., Jumpponen, A., Carlsson,
G., Huss-Danell, K.,and Hogber, P. (2005) Inorganic soil nitrogen under grassland plant communities of different species composition and diversity. Oikos, 110: 271-282.
[32] Braskerud, B.C. (2002) Factors affecting phosphorus retention in
small constructed wetlands treating agricultural non-point source
pollution. Ecol. Eng., 19: 41-61.
[33] Philip, A.M.B., and Alexander, J.H. (2000) Denitrification in
constructed free-water surface wetlands: II. Effects of vegetation
and temperature. Ecol. Eng., 14: 17-32.
[34] Stump, L., and Binkley, D. (1993) Relationships between litter
quality and nitrogen availability in rocky mountain forests. Can.
J. For. Res., 23: 492-502.

[16] Li, G.C., Han, X.G., Huang, J.H., and Tang, J.W. (2001) A review of affecting factors of soil nitrogen mineralization in forest
ecosystems. Acta Ecol. Sin., 21(7): 1187-1195.
[17] Balvanera, P., Pfisterer, A.B., Buchmann, N., He, J.S.,
Nakashizuka, T., Raffaelli, D., and Schmid, B. (2006) Quantifying the evidence for biodiversity effects on ecosystem functioning and servicesc. Ecol. Lett., 9: 1-11.
[18] Liu, D., Ge, Y., Chang, J., Peng, C.H., Gu, B.H., Chan, G.Y.S., and
Wu, Y.F. (2009) Constructed Wetlands in China: recent developments and future challenges. Front. Ecol. Environ., 7: 261-268.
[19] Zhu, S.X., Ge, H.L., Ge, Y. , Cao, H.Q., Liu, D., Chang, J., Zhang,
C.B., Gu, B.J., and Chang, S.X. (2010) Effects of plant diversity on
biomass production and substrate nitrogen in a subsurface vertical
flow constructed wetland. Ecol. Eng., 36: 1307-1313.
[20] Zhang, C.B., Wang, J., Liu, W.L., Zhu, S.X., Liu D., Chang,
S.X., Chang, J., and Ge, Y. (2010) Effects of plant diversity on
nutrient retention and enzyme activities in a full-scale constructed
wetland. Bioresour. Technol., 101: 1686–1692.
[21] Eno, C. (1960) Nitrate production in the field by incubating the
soil in polyethylene bags. Soil Sci. Soc. Am. Proc., 24: 277-279.
[22] Oelmann, Y., Wilcke, W., Temperton, V.M., Buchmann, N.,
Roscher, C., Schumacher, J., Schulze, E.D., and Weisser, W.W.
(2007) Soil and plant nitrogen pools as related to plant diversity
in an experimental grassland. Soil Sci. Soc. Am. J., 71: 720-729.

Received: November 21, 2011
Accepted: December 13, 2011

CORRESPONDING AUTHOR
Si-Xi Zhu
Guizhou Mingzu University
College of Chemistry and Environmental Science
Guiyang 550025
P.R. CHINA
and
Zhejiang University
College of Life Sciences
Hangzhou 310058
P.R. CHINA
Phone: +86 851 3612501

1701

© by PSP Volume 21 – No 6b. 2012

Fresenius Environmental Bulletin

Fax: +86 851 3612501
E-mail: zhusixi2011@163.com
FEB/ Vol 21/ No 6b/ 2012 – pages 1689 – 1694

1702

© by PSP Volume 21 – No 6b. 2012

Fresenius Environmental Bulletin

PREPARATION OF IRON HYDROXIDE COATED
CERAMIC GRANULES AS ADSORBENT
FOR ARSENIC REMOVAL FROM WATER
Yiran Li, Xianjia Peng*, Fan Ni and Zhaokun Luan
State Key Laboratory of Environmental Aquatic Chemistry, Research Center for
Eco-Environmental Sciences, Chinese Academy of Sciences, P.O. Box 2871, Beijing100085, PR China

ABSTRACT
A water saving technology with high iron utilization
efficiency for producing iron hydroxide coated ceramic
granules (IOCCG) was investigated. The structure, arsenic adsorption capacity and stability of IOCCG were tested.
7% iron hydroxide content IOCCG with 1.2% binder aided
was produced. The major mineral phases on the surface of
IOCCG were goethite and amorphous iron hydroxide.
Batch experiment and column test were conducted to investigate the arsenic removal efficiency of IOCCG. Results
revealed that the As(V) adsorption capacity of IOCCG was
3.43 mg/g simulated by Langmuir adsorption model under
neutral condition. IOCCG break through to 0.05 mg/l at
700 bed volumns (inflow arsenic concentration 0.25 mg/l)
which corresponds to an uptake capacity of 0.1 mg/g. The
breakthrough bed volumes of IOCCG after regenerated by
3% NaOH were more than 800. Iron loss from IOCCG
was lower than 0.1% after 4 hours backwash test. IOCCG
may be used in practical application because of its high
arsenic adsorption capacity and stable structure when
experienced prolonged use.

KEYWORDS:
iron hydroxide, ceramic granules, arsenic removal.

1. INTRODUCTION
It is well known that arsenic contamination affects
millions of people all over the world and probably poses
great threat to human health. Even low levels of arsenic in
drinking water are considered detrimental to people’s
health. The world health organization (WHO) has established that a safe threshold for arsenic levels in drinking
water is less than 10 micrograms per liter (ppb) [1].

The strict arsenic standard for drinking water and
worldwide awareness of the arsenic crisis have motivated
researchers to develop various techniques for removing
aqueous arsenic[2]. At present, many approaches such as
adsorption [3], reverse osmosis [4], nanofiltration[5],
coagulation (co-precipitation) [6], membrane distillation
[7], biological methods [8] and catalytic oxidation [9] are
increasingly being used for the removal of arsenic from
aqueous solution. Adsorption techniques are efficient and
cost-effective in water purification especially in developing countries.
It was reported that iron hydroxide was a highly efficient material for arsenic adsorption from water [10, 11].
There were studies focused on arsenic removal by granular iron hydroxide [12]. It was reported that granular iron
hydroxide may crumble and disintegrate when they experience prolonged use [13]. Therefore, iron impregnated
materials which could be used in complex flow or under
the influence of backwash are interesting in water treatment process.
Due to their low cost and stable structures, ironbearing adsorbents have been extensively studied [14-17].
The traditional synthesis technology of iron bearing adsorbents was described below. Firstly, raw materials were
soaked in ferric solution, iron hydroxide was adsorbed in
or precipitated on raw materials with alkaline added.
Secondly, iron hydroxide coated materials were washed
until effluent was clean. Thirdly, the products were dried
under definite temperature condition. During the traditional synthesis technology, large quantities of water were
needed for washing the unfirmly attached iron. A novel
synthesis technology for improving iron utilization efficiency and water saving was significant for the practical
application of iron bearing adsorbents.
It is possible for producing stable iron hydroxide
coated materials by binder aided. Epoxy resin is a water
resistant binder that cures (polymerizes and crosslinks)
when mixed with a catalyzing agent. Meanwhile, polyamide resin is a low toxicity curing agent for epoxy resin. It
was believed that the toxicity of epoxy resin and polyamide resin after curing process was negligible [18].

* Corresponding author
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In this work, a novel method for iron hydroxide coated
ceramic granules (IOCCG) by binder aided was investigated, and the potential use of IOCCG for aqueous arsenic(V)
removal has been explored. IOCCG was produced by coating iron hydroxide on the surface of ceramic granules with
epoxy resin cured at room temperature. IOCCG was characterized. Its adsorption efficiency for As(V) and iron loss
during backwash process were evaluated.
2. MATERIALS AND METHODS
2.1 Materials

The matrix material (ceramic granules) was provided
by Dongqiao Ceramic Factory, Jiangxi, China. The ceramic
granules were produced by calcination of kaolinite granules
at 1100℃, which were mainly used as filtration materials
in water treatment. Compared to quartz sand and active
carbon, the ceramic granules have better hardness and
longer serviceable life.
Iron hydroxide used was provided by Guangfu Fine
Chemical Research Institute, China. The particle size of
iron hydroxide ranged from 1-50 µm. X-ray diffraction
(XRD) investigation revealed that Goethite (FeHO2, reference code:00-029-0713) was the main mineral phase of
the Fe(OH)3 powder.
Epoxy resin was provided by Yanhai Chemical Co.,
Ltd., polyamide was provided by Tianjin Atoz Fine Chemicals Co., Ltd.. Ethanol and acetone were of analytical grade
and used without further treatment. 50 mg/l As(V) stock
solutions was prepared by dissolving Na2HAsO4·7H2O salt
(Merck 6284) in deionized water .
2.2 Preparation of IOCCG

Epoxy resin with mass percentage content of 25% was
dissolved in 1:3 (w/w) acetone/ethanol mixture. Meanwhile, polyamide with mass percentage content of 25%
was dissolved in ethanol solution. Mixtures of 1/1 (w/w)
epoxy resin and polyamide resin were placed in a plastic
hand operated sprayer. After the adhesive agents were prepared, 300 g ceramic granules were placed in a roll granulator. 21 g iron hydroxide was added gradually with
epoxy resin and polyamide added (7% iron hydroxide and
1.2% binder). After that, iron hydroxide coated ceramic
granules were dried at 50℃ for 4 hours. The iron hydroxide coated ceramic granules were then cooled to room
temperature and used without further treatment.
2.3 Batch studies

Batch adsorption experiments of As(V) on IOCCG
were conducted. These tests consistently employed 4 g/l

IOCCG, and 25 mL As(V) solution in several 50 mL polyethylene tubes. The pH was adjusted to prescribed value
between 4-11 for each sample using small volumes of
acid (HCl, 0.1 M) or base (NaOH, 0.1 M) stock solutions.
The test tubes were transversely placed and shaken at a
speed of 90±5 rpm and the temperature was controlled at
25 ℃. The samples were collected at definite time intervals and arsenic concentration was analyzed without any
treatment. The amount of As(V) adsorbed was calculated
from the difference between the initial and final solution
concentrations. The results were given as units of adsorbed
As(V) quantity per gram of adsorbent at any time and at
equilibrium.
2.4 Column studies

The experimental column was constructed with a
106 mL plastic tube (diameter of 3 cm, length of 15 cm).
The column was packed with 100 cm3 (bulk column) of
IOCCG for arsenic removal test. The IOCCG packed bed
had a bulk porosity of 28.6%, so the actual hydraulic retention time could be evaluated. The concentration of arsenic
in influent was 0.25 mg/l with Na2HAsO4 dissolved in deionized water. The influent was pumped through the packed
column with a peristaltic pump (maximum flow 6 l/h), the
flow rate was controlled at 1±0.05 l/h in the bed volume
test. A schematic diagram of IOCCG column equipment
for arsenic removal was illustrated in Figure 1A. Portions
of the effluent was collected at regular intervals and analyzed for arsenic.
The same plastic column mentioned above was employed in backwash test of IOCCG, and the schematic
diagram was illustrated in Figure.1B. The plastic column
was packed with 75 g IOCCG. Tap water (500 mL) in a
beaker was pumped into the column from the bottom with
a magnetic pump, meanwhile, the effluent was recycled to
the beaker. The composition of tap water was shown in
Table 1.
IOCCG was washed under water flow during backwash test. Flow rate was controlled until IOCCG was suspended in the plastic tube (Figure. 1B). The bed expansion rate was controlled at 40-50%, and the entire backwash procedure was complete within 4 h. Samples were
collected from the beaker in different time and the iron
content was analyzed after HCl (1 M) was added. The
arsenic removal efficiency of IOCCG after backwash
process was also evaluated.
Regeneration test of IOCCG was also studied in the
106 mL plastic tube. Sodium hydroxide solution (1000 mL)
with the concentration of 0.1 M was pumped into the
column with a peristaltic pump, the flow rate was controlled at 5±1 mL/min. After that, deionized water was

TABLE 1 - Chemical compositions of tap water
pH

HCO3-

Cl-

NO3-

SO42-

HPO42-

Mg2+

Na+

K+

Ca2+

Fe3+&Fe2+

7.3

103.2

19.5

3.5

65.3

<0.01

12.7

12.5

1.9

115.4

<0.05
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bed expansion rate:
40-50%

14-15cm
7-8cm
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150g

75g

magnetic pump
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B

A

FIGURE 1 - Schematic explanation of column test. A) The schematic explanation of arsenic removal test and regeneration test, B) The schematic explanation of backwash test.

used to wash the column until the pH of the effluent was
7.5-8.0. The arsenic removal efficiency of regenerated
IOCCG was evaluated.
2.5 Analytical method

Arsenic was analyzed on Atomic Fluorescence Spectrometer (AF-610A). The micrograph and microanalysis
of the samples were determined using a 30 kV HITACHI
S-3000N Scanning Electron Microscope (SEM). Iron concentration was determined on Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES, Prodigy) analysis. X-ray diffraction (XRD) patterns of the samples were
measured using an X-ray diffractometer (Shimadzu XRD6000) operated at 40 kV and 30 mA to identify the crystal
structure and crystallinity with Cu Ka (λ=0.15418nm) radiation over the range of 2θ from 10° to 80°.

The micrograph and microanalysis of IOCCG was determined using a 30 kV HITACHI S-3000N scanning electron microscope (SEM). Figure 2 compares the surface
features of ceramic granules and IOCCG at a magnification of 70× or 3000×. It is clear that iron hydroxide particles were coated on the surface of ceramic granules after
comparing Figure 2A and Figure 2C. Large particles and
small particles of iron hydroxide were both existent on the
surface of IOCCG. The surface structure of ceramic granule was smooth as shown in Figure 2B. There were network structures with diameter of several micrometers on
the surface of IOCCG (Figure 2D). The network structures
between iron hydroxide particles may be formed by adhesive agent (epoxy resin and polyamide). In this way, Iron
hydroxide particles were fixed on the surface of ceramic
granules with the aid of net structures formed by adhesive
agent.

3 RESULTS AND DISCUSSION
3.1 Composition and characterization of IOCCG

Physical and chemical analysis of IOCCG were carried out using conventional chemical methods and other
available analytical techniques. Table 2 gives the important physical parameters and iron content of the
IOCCG.
The shape of IOCCG was uniform sphere and the geometric mean size of IOCCG was about 1.0-1.5 mm. The
granular size was larger than iron coated sand or cement
which was widely studied for water treatment [15, 19].
The uniform sphere shape and 1.0-1.5 mm particle size of
IOCCG were advantages for the filtration process. Iron hydroxide content in the IOCCG was about 7%. The amount
of Fe(OH)3 loss during the synthesis of IOCCG was less
than 5%.

TABLE 2 - Physical and chemical properties of IOCCG
Item

Index

Geometric mean size
Hardness (Mohs)
Bulk density
Porosity
Iron hydroxide, Fe(OH)3
BET surface area

1-1.5 mm
6
1.5-1.9 g/cm3
28.6%
7%
1.56 m2/g

The XRD spectra of coated material of IOCCG (a)
and iron hydroxide (b) were shown in Figure 3. The three
main diffraction peaks 21.2o(a), 33.2o(b) and 36.7o(c) were
not shifted during the coating process. The XRD spectra
was consistent with Reference code 00-029-0713, in which
the mineral phase was Goethite, and the PDF index name
was Iron Oxide Hydroxide. There was no evidence reported for arsenic uptake by epoxy resin and polyamide after
curing. Therefore, the mechanism of arsenic adsorption by
IOCCG should be consistent to Fe(OH)3 powder.
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B

A

C

D

FIGURE 2 - Scanning electron micrograph of IOCCG: A) Whole particle (500 µm bar) of ceramic granules; B) surface of ceramic granules
(10 µm bar) ; C) Whole particle (500 µm bar) of IOCCG; D) surface of IOCCG (10 µm bar).
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FIGURE 3 - XRD patterns of iron hydroxide before and after coated on IOCCG. The three main diffraction peaks a, b, and c were not
shifted during the coating process of iron hydroxide.

3.2 Batch studies

Kinetic experiments were conducted to determine the
period required for adsorption to reach equilibrium. The adsorption kinetic of As(V) on IOCCG was illustrated in Fig-

ure 4. After a very rapid adsorption (0–2 h), solute uptake
reached equilibrium values at about 800 min. The model
of the kinetic data was fitted to a pseudo-second order
rate equation which had been widely used to describe metal
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adsorption on different sorbents [20, 21]. The pseudosecond order kinetic rate equation was shown in Eqn.1:

The results of kinetic experiment fit the equation well
(R2=0.97). It was indicated that the process controlling the
rate may be a chemical adsorption involving valence forces
through sharing or exchange of electrons between arsenic
and IOCCG.
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where [As]s,eq is the amount of arsenic sorbed at equilibrium (in mg/g), k is the rate constant of adsorption (in
g/(mg·h)) and [As]s is the amount of arsenic sorbed by
IOCCG at any contact time, t (in h).
When the experimental data from Figure 4 were introduced into the equation, the non-linear curve fit was
calculated by Origin 7.5, and the results were shown in
Eqn.2:
2
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FIGURE 5 - Adsorption isotherm of As(V) on IOCCG (25℃), the
equilibrium time was 24 h. (■) were the adsorption isotherm at
pH=4.0-4.5, (△) were the adsorption isotherm at pH=7.5-8.0, (●)
were the adsorption isotherm at pH=10.0-10.5. The solid lines were
the fitting curve of Langmuir or Freundlich model.
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FIGURE 4 - Kinetic experiments of IOCCG in As(V) adsorption.
The solid line was the fitting curve of pseudo-second order kinetic
rate equation.

The effective component of IOCCG in arsenic adsorption was iron hydroxide, therefore, the mechanism of adsorption is the same provided by previous researchers.
Adsorption of As[V] species, such as H2AsO4- and HAsO42-,
onto iron hydroxide is known to take place via Coulombic
as well as Lewis acid–base interactions (ligand exchange
reactions) and to form monodentate and bidentate inner
sphere complexes. The possible reactions may include:
On the basis of molecular scale, the binding of arsenic
species can be described using spectroscopic techniques.
Spectroscopic studies of arsenic adsorption on goethite
and ferryhydride, using EXAFS and XANES have indicated that arsenate is strongly bounded on these surfaces
as inner sphere complexes, which are attached predominantly as binuclear bidentate linkages, whereas at low surface coverage, monodentate linkages can be formed [22].
The above considerations provide useful information on
the responsible mechanisms for the removal of arsenic
through adsorption on IOCCG.

In order to determine the adsorption capacity of As(V)
onto IOCCG, the equilibrium adsorption isotherms under
different pH conditions were tested and the results were
shown in Figure 5. Two adsorption models were proposed,
including Langmuir (Eq. (3)) and Freundlich (Eq. (4))
models, the equation of which are expressed below, respectively

qe =

QmaxbCe
1 + bCe

qe = kCe1/n

(3)
(4)

where Qmax and b are the Langmuir constants related
to saturated monolayer adsorption capacity (mg/g) and the
binding energy of the adsorption system, respectively; Ce
is the equilibrium solute concentration (mg/l), and qe is
the amount of As(V) adsorbed at equilibrium (mg/g); a, b,
n stand for empirical constants.
Table 3 showed the values of Qmax ,b,k and n under
different pH conditions. It was noted that k values show
the same trend as that of Qmax for the arsenic adsorption.
Sorption of As(V) onto iron IOCCG depends on pH, both
aqueous arsenate species and the iron hydroxide surface
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TABLE 3 - The values of Qmax and b in different pH conditions
Qmax (mg/g)
3.94
3.43
2.28

pH 4.0-4.5
pH 7.5-8.0
pH 10.0-10.5

R2
0.99
0.99
0.98

b
0.09
0.05
0.05

charge are pH-dependent. Under acidic conditions, sorbed
protons on the functional groups of the surface cause an
overall positive surface charge with the result that anions
can be sorbed. Table 3 shows that arsenate sorption on
IOCCG decreases with increasing pH. A similar trend has
been	
 observed in earlier studies at pH higher than 4.5 [23].
This behavior is reasonable since surface protonation increases the number of positively charged sites as the pH
decreases. This enhances the attraction force between
arsenic anions and the iron oxide surface, thereby increasing the amount of arsenate sorbed on the solid surface.
The mass content of iron hydroxide on the surface of
IOCCG was less than 10%. There was no evidence that
granule ceramic could adsorb arsenic. Therefore, the theoretical Qmax of powder iron hydroxide should be 10 times
more than IOCCG, which should be higher than 30 mg/g. It
was reported that the Qmax value of powder goethite for
As(V) adsorption at pH 8.0 (25℃) was about 13(±1)
mg/g (Table 4), which should be lower than that of powder iron hydroxide which was coated on the surface of
IOCCG. Therefore, it is possible that the powder Fe(OH)3
used in this work could consist of goethite and amorphous
iron oxide (HFO). HFO has a 201(±19) mg/g adsorption
capacity towards As(V) in pH 8.0 (25℃), and could not
be detected by XRD analysis.
It was also shown in Table 4 that goethite or HFO
was effective at As(III) removal. The main mineral composition of IOCCG may be goethite and HFO. Therefore,
it is believed that IOCCG should be effective in As(III)
removal, although the efficiency of aqueous As(III) re-

k
0.46
0.36
0.20

R2
0.98
0.98
0.98

n
1.91
1.88
1.82

moval by IOCCG was not described in this work. Comparison of IOCCG with other iron hydroxide coated rigid
materials was shown in Table 4. The Iron content of IOCCG
was significantly lower than iron hydroxide coated materials
mentioned previously. However, the arsenic adsorption capacity of IOCCG prepared in this work was significantly
higher than that of iron oxide-coated sand, and similar to
that of iron oxide-coated cement or alumina.
3.4 Column studies

Column tests were carried out to investigate the behavior of IOCCG in a dynamic system. Table 5 showed
the relationship between effluent As concentrations and
Empty bed contact time (EBCT). The EBCT is the volume of the adsorbent (V= 106 mL) divided by the flow
rate, V (EBCT = Q/V). For EBCT higher than 13 min, the
concentration of the effluent As concentration was lower
than the detection limits of the atomic fluorescence system. When EBCT was more than 6.6 min or the flow-rate
lower than 1.0 l/h, the concentration of arsenic in the effluent was always lower than 0.01 mg/l. At the meantime, the
effluent iron content was not detected when the velocity
changed from 0.2-6.0 l/h.
Figure 6 showed the column test results of IOCCG for
As(V) removal. The column test employed synthetic water
that contained 0.25 mg/l As(V). The results clearly showed
that IOCCG could effectively remove As(V) for more than
700 bed volumes. The arsenic concentrations were always
lower than 0.01 mg/l until the break-through point. This
corresponds to an uptake of 0.1 mg As per gram of IOCCG.

TABLE 4 - Arsenic absorption capacity of comparable materials reported. (Langmuir model, 25℃)

IOCCG
Goethite (powder)
Amorphous iron oxide ,
HFO (powder )
reclaimed iron-oxide coated sand
iron oxide-coated sand
iron oxide coated cement
iron hydroxide-coated alumina

As(V) mg/g
3.43
13±1
201±19

As(III) mg/g

17.5×10-3

10.5×10-3
28.6×10-3

4.6
13.4-36.7

Fe content %
3.6-4.2

13±1
264±12
9
16.5
3.0-7.7

pH
7.5-8.0
8.0
4.0 As(V)
8.0 As(III)
8.0
7.5
7.0
6.6-7.2

Effective component
Goethite + HFO
Goethite
HFO

ref
This study
[21]
[21]

HFO

[22]
[16]
[23]
[24]

TABLE 5 - Laboratory up-flow column filter performance data for IOCCG
Flow rate, l/h
Empty bed contact time, min
Effluent residual As, µg/l
As(V) removal efficiency, %

0.2
35.3
0
100.0

0.5
13.2
0
100.0
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1.0
6.6
4
99.6

1.4
4.4
8
99.2

2.4
2.6
27
97.3

6.0
1.1
28
97.2
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(○) were the breakthrough curve of regenerated IOCCG, (■) were the breakthrough curve of backwashed IOCCG.
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FIGURE 7 - Total iron loss of IOCCG and iron concentration in backwash water. Columnar section was the total iron loss of IOCCG. The
plot section was the iron concentration in 500ml backwash water. An amount of 75g IOCCG was flushed and suspended in the plastic column. The backwash water was recycled and pumped by a magnetic pump.

The breakthrough bed volumes of IOCCG after regenerated by 3% NaOH were more than 800, which were
more than the original IOCCG (more than 700). There
may be two possible reasons for the interesting phenomena, 1) iron hydroxide powders on the surface of IOCCG
was activated by the NaOH solutions or 2) surface of
IOCCG was eroded by NaOH, the contact area between
iron hydroxide and aqueous arsenic increased. Although
the effect of NaOH regeneration process on IOCCG was
not clear, it is observed that regenerated IOCCG was
effective in arsenic removal.
Breakthrough bed volumes showed no significant discrepancy between backwashed and original IOCCG (Figure 7). Iron loss during backwash process was also studied
and the results are shown in Figure 7. After 4 h continuous

operation, the iron loss of IOCCG was lower than 0.5 %. It
was indicated that network structures formed by epoxy
resin and polyamide could maintain stable under backwash conditions.
4. CONCLUSIONS
The results reported in this work provided a process
for developing a commercially method based on adhesive
agent aid for producing iron hydroxide coated rigid granules. Iron hydroxide coated ceramic granules (IOCCG)
were prepared. The properties, As(V) removal efficiencies
and stabilities under water erosions of IOCCG were evaluated. The experiments performed showed essentially that:
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[12] Banerjee, K., Amy, G.L., Prevost, M., Nour, S., Jekel, M., Gallagher, P.M., Blumenschein, C.D. (2008) Kinetic and thermodynamic aspects of adsorption of arsenic onto granular ferric hydroxide (GFH). Water Research 42, 3371-3378.

1) The mineral phase of iron hydroxide on the surface
of IOCCG was goethite and amorphous iron oxide. There
was no evidence for the mineral phase transformation of
iron hydroxide before and after the coating process.
2) Arsenic removal efficiency of IOCCG was compared to other iron coated materials. Arsenic adsorption
capacity of IOCCG was higher than iron coated sand and
was similar to iron coated cement or alumina. Meanwhile,
the utilization of iron hydroxide in preparing IOCCG
could be improved by coating methods for IOCCG.
3) The stability of IOCCG under water erosion was
good. No iron was detected in the effluent of IOCCG
column under filtration flow rate, and the total iron loss in
backwash process was less than 0.5%.

[13] Jang, M., Chen, W., Cannon, F. (2008) Preloading hydrous ferric
oxide into granular activated carbon for arsenic removal. Environmental Science & Technology 42, 3369-3374.
[14] Dong, L., Zinin, P.V., Cowen, J.P., Ming, L.C. (2009) Iron coated pottery granules for arsenic removal from drinking water.
Journal of Hazardous Materials 168, 626-632.
[15] Gupta, V., Saini, V., Jain, N. (2005) Adsorption of As(III) from
aqueous solutions by iron oxide-coated sand. Journal of Colloid
and Interface Science 288, 55-60.
[16] Sabbatini, P., Rossi, F., Thern, G., Marajofsky, A., de Cortalezzi,
M.M.F. (2009) Iron oxide adsorbers for arsenic removal: A low
cost treatment for rural areas and mobile applications. Desalination 248, 184-192.
[17] Arias, M., Astray, G., Fernandez-Calvino, D., Garcia-Rio, L.,
Mejuto, J., Novoa-Munoz, J., Perez-Novo, C. (2008) Sorption
behaviour of arsenic by iron and aluminium-oxides-coated quartz
particles. Fresenius Environmental Bulletin, 17, 2122-2125
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TOXICITY OF COPPER ON
Desmodesmus subspicatus GROWTH
Zekiye Güçlü
Süleyman Demirel University, Fisheries Faculty, Eğirdir – Isparta, Turkey

ABSTRACT
Cells of Desmodesmus subspicatus 54.80 were used
to examine the toxicity of copper sulphate (CuSO4.7H2O).
The experiments were performed according to OECD 201
standard procedures (International Organization for
Standardization; 1984). Parameters measured were the
number of cells as well as chlorophyll-a, intracellular and
extra-cellular Cu contents. The number of cells and chlorophyll-a content decreased from 58.000 to 22.667 cells ml-1
and from 0.993 to 0.331 mg L-1, with increasing Cu concentrations, respectively. The 96-h EC50 value for D.
subspicatus determined was 2.447 mg L-1 Cu. Intracellular copper increased from 9.626 to 67.793 × 10-4 ng Cu
per cell whereas extracellular copper increased from
7.011 to 138.233 10-4 ng Cu per cell of D. subspicatus
exposed to 1 and 5 mg Cu L-1.
KEYWORDS: Algae, copper, Desmodesmus, removal, Scenedesmus, toxicity

1. INTRODUCTION
Due to its biological inhibitory activity on algae, copper sulfate (CuSO4) has been used since the early 1900s
for algal control in surface waters [1]. Although it has
been assumed that copper sulfate treatments have no great
impacts on water communities, a serious debate should arise
about its long-term effects on freshwater ecosystems [2].
Copper has been found to reach accumulation in lakes,
streams and ponds up to 3 mg L-1. Under this condition,
some non-target aquatic plants (many green algae, such as
Ankistrodesmus, Scenedesmus, Chlorella and Selenastrum
[3]) may exhibit different toxic effects, such as the inhibition of photosynthesis and metabolic processes related to
growth [4]. Although copper can act at many different
levels in the cell, one of the most important mechanisms
of copper action in green plants is believed to be the inhibition of electron transfer in the chloroplasts, the formation of reactive radicals, the destruction of the chloroplast membrane, inhibition of the formation of photosynthetic

* Corresponding author

pigments, and decrease in intracellular K+ and Na+ concentrations [5].
The toxic effects of low concentrations of copper on
different species of Scenedesmus have been demonstrated
[6-8]. The present report deals with the effects of high Cu
concentrations on the growth of D. subspicatus under controlled laboratory conditions. During a period of 96 h, experiments were performed to assess the effect of copper on
the algal growth, chlorophyll-a content, and intracellular
as well as extracellular copper levels.
2. MATERIALS AND METHODS
2.1. Algal strain

The unicellular green alga Desmodesmus (formerly
Scenedesmus) subspicatus 54.80 was obtained from the
Sammlung von Algenkulturen, University of Göttingen,
Germany.
2.2. Chemicals

Copper sulfate (CuSO4.7H2O, analytic grade; Merck,
Germany) was dissolved in redistilled water.
2.3. Growth inhibition bioassays

The growth inhibition bioassays were performed according to the protocol suggested by the OECD 201 standard [9]. The algae were cultured to liquid growth medium
recommended in the standard protocol of OECD 201 [9],
and pre-cultured for 3 days. The OECD medium consisted of
the following components (mg L-1): NH4Cl 15, MgCl2.6H2O
12, CaCl 2 .2H 2 O 18, MgSO 4 .7H 2 O 15, KH 2 PO 4 1.6,
FeCl 3 .6H 2 O 0.08, Na 2 EDTA.2H 2 O 0.1, H 3 BO 3 0.185,
MnCl2.4H2O 0.415, ZnCl2 3x10-3, CoCl2.6H2O 1.5x10-3,
CuCl2.2H2O 10-5, Na2MoO4.2H2O 7x10-3 and NaHCO3 50
(final mass concentrations in test solution). Tests were
carried out in 250-ml glass vessels containing 100 ml liquid
culture media (OECD 201 [1984]; pH adjusted to 8.0 ±
0.2) at 25 ± 2 ºC and under continuous fluorescent light
irradiation of 120 µE m-2 s-1. The flasks were shaken at a
speed of 100 rpm to ensure homogeneous exposure to the
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metal during the test. Then, 1-5 mg L-1 Cu levels were
added to the medium. The algal suspension of known cell
density was taken from the stock culture during the exponential growth phase. After mixing with synthetic OECD
culture medium, the initial cell density was approximately
2×105 cells ml-1. From samples taken at 24, 48, 72 and 96 h
after test start, the toxic effect of the metal at different
concentrations was evaluated by measuring the cell number and metal concentration in the medium. All glass test
vessels used for the culture were initially cleaned by soaking in 0.1 M HCl for at least 24 h, and then by rinsing
with redistilled water.
2.4. Measurements

The algal cell number was determined using a Neubauer improved counter (Marienfeld, Germany). The growth
rates (µ) and the percentage inhibition of the cell growth
(IA) were calculated [9] by Eqs. (1) and (2):
µ = ln Nn – ln N1 / (tn–t1)
(1)
-1
where, N1 = initial cell number (cell ml ), Nn = final
cell number (cell ml-1), t1 = time for the start of the period, tn = time for the end of the period.
IA = AC – At / AC x 100
(2)
where, AC = the mean cell growth for control, At =
the mean cell growth for test concentration “t”.
Extraction and spectrophotometric determination of
algal chlorophyll-a were based on American Public Health
Association (APHA; 1998) [10]. These measurements were
performed at bioassay completion (96 h). At this moment,
an inoculum of the acclimated algae was transferred to a
sterile medium, 20 ml of algae was taken from each algal
culture and filtered over 0.45-µm Whatman® GF/C filter
(Whatman International, Maidstone, UK). The filter was
placed in a tissue grinder, covered with 3 ml of 90%
aqueous acetone solution (90 ml acetone with 10 ml of 10 g
MgCO3 L−1) and macerated for 1 min with a grinder. The
sample was transferred to a glass centrifuge tube and the
volume was adjusted to 10 ml with 90% aqueous acetone
solution. Samples were kept in the dark at 4 °C for 24 h.
Then, the solution was centrifuged (Sigma 2-16 refrigerated centrifuge) at 500×g for 20 min. The resulting supernatant was used for spectrophotometric chlorophyll-a determination (Spectronic 601, Milton Roy, USA). The following formula was used to calculate chlorophyll-a concentrations [5]:
chlorophyll-a (mg L−1) = 2.67 (664b-665a) x V1 / V2L (3)
in which V1 is the extract volume (l); V2 the volume
of the sample (l); L the length of the cuvette used (m);
664a and 665b the optical density of 90% acetone extract
before and after acidification at 664 and 665 nm.
Intracellular and extracellular copper concentrations
were determined for algal cells exposed to copper concentrations equivalent to their 96-h EC50 values. Intracellular
and extracellular metal was measured in D. subspicatus,
using a modified method of Franklin et al. [11]. At the
completion of the bioassay (day 4), the remaining test

medium was retained, and 40 ml of solution from each
flask was decanted into 50-ml polycarbonate centrifuge
tubes which had been presoaked overnight in 50% concentrated HNO3 and thoroughly washed with deionized
water. Samples were centrifuged for 20 min at 3500 rpm
and 20 °C in a Sigma 2-16 refrigerated centrifuge. The
supernatant solutions (20 ml) were pipetted into clean,
acid-washed (10% concentrated HNO3) polycarbonate vials
and acidified with 40 ml of concentrated supra-pure HNO3
(Merck). These samples were analyzed for dissolved Cu by
AAS. A further 10 ml aliquot of the supernatant was discarded and the remaining 10 ml re-centrifuged for 5 min.
This additional centrifugation step was necessary so that
the cells formed a distinct pellet. The supernatant solution
was discarded and the algal pellet was re-suspended in 20 ml
of 0.02 M EDTA. Then, it was shaken for approximately
30 s to remove Cu bound to the outside of the cells. The
samples were then centrifuged for a further 20 min at
4000 rpm, and the supernatant was removed and retained
for Cu analysis. No acidification was necessary. These
samples were referred to as the ‘extracellular Cu’ fraction.
The algal pellets were left to dry for 2 days, and then aciddigested with 2 ml of concentrated HNO3. After standing
for 30 min, samples were microwave-treated with a power
setting of 1 (90 W) for 5 min. After cooling to room temperature, the samples were made up to 20 ml with deionized water and analyzed for Cu by AAS. These samples
were referred to as the ‘intracellular Cu’ fraction.
2.5. Statistical analysis

For assessment of the observed variances between
control and treated flasks, a one-way statistical analysis of
variance (P < 0.05) was done. Cell density was plotted
against metal concentration and analyzed using the US
Environmental Protection Agency (US EPA) Probit Analysis Program version 1.5 to determine EC50. The dose response equation was X2 tested with 95% confidence level.
3. RESULTS AND DISCUSSION
The bioassay test results showed clear differences in
numbers of algal cells between control and treated ones
when algae were exposed to 1, 2, 3, 4 and 5 mg L-1 of Cu.
The total cell counts gradually decreased with increasing
Cu concentration (Fig. 1). Low concentrations of Cu (1
and 2 mg L-1) caused only minor growth rate inhibition.
When Cu concentrations increased (3, 4 and 5 mg L-1), a
gradual decrease in algal growth rate was observed. The
same was observed with respect to chlorophyll-a concentrations as another indicator for algal growth (Table 1).
Statistical analysis showed that the growth rates for both
cell number (n=18, r= 0.99, P < 0.05) and chlorophyll-a
(n=18, r= 0.95, P < 0.05) correlated negatively with the
concentrations of copper. The inhibitory effect of the test
metal on the studied parameters depended on their concentrations in the culture medium. A concentration-dependent
reduction in growth and chlorophyll-a was in good agree-
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ment with previous findings [6, 12, 13]. Visviki and
Rachlin [14] attributed the reduction of microalgal growth,
as driven by toxic metals, to the inhibition of normal cell
division because of metal-binding to sulfhydryl groups that
are important in regulating such a metabolic process.

Increasing Cu concentrations in the bioassay caused a
decrease in algal growth rates over 96 h, with no significant difference among the mean 96-h EC50 values for the
Cu concentrations. The 96-h EC50 value for D. subspica120
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FIGURE 2 - The growth of algal population and chlorophyll-a
concentration of D. subspicatus exposed to Cu for 96 h.

FIGURE 1 – The effect on growth and chlorophyll-a concentration of
D. subspicatis exposure to high Cu concentrations at the end of 96 h.
TABLE 1 - Growth rate of D. subspicatus cells at the end of 96 h
exposed to different concentrations of Cu (n=3, mean value ± SD).

Concentration
(mg L-1)
Control
1
2
3
4
5

60

0

Coppe r conce ntration (mg l -1 )

Depending on
Chlorophyll-a Concentration
Growth rate
(µ)
0.608±0.009
0.578±0.001
0.546±0.005
0.482±0.005
0.393±0.005
0.303±0.008

Chlorophyll-a

80

0

0.0
Control

100

Depending on
Total Number
Growth rate
(µ)
0.572 ±0.003
0.495±0.004
0.446±0.003
0.351±0.016
0.316±0.010
0.260±0.006

It was observed that the inhibition rates increased
with metal levels in solution. At 96 h, the growth of algal
population was reached by 21 and 69%, for 1 and 5 mg L-1,
respectively. Chlorophyll-a concentration at 96 h, in the
presence of 5 mg L-1 of copper, was decreased also by
71% (Fig. 2). Growth inhibition of microalgae in response
to increasing heavy metal concentrations in the medium
has been reported elsewhere [8, 12, 15]. Such toxic effects
apparently depend on both microalgal species and metal
concentration. Özkoç and Taylan [16] reported that microalgae (Phaeodactylum tricornutum and Dunaliella tertiolecta) were not inhibited at 5 mg L-1 but at higher concentrations, and the inhibition rates increased. Dewez et al.
[4] determined that chlorophyll synthesis at 48 h, in the
presence of 3 mg Cu L−1, was decreased also by 80% in
Scenedesmus obliquus. Furthermore, it was reported that
growth inhibition may be caused by interference with photosynthesis, directly by blocking the photosynthetic electron transport in photosystem II, or indirectly by inhibiting
the biosynthesis of photosynthetic pigments, which finally
caused poor algal growth [17].

tus was determined to be 2.447 (95% confidence limits of
2.024-2.895) mg Cu L-1. It was difficult to compare our
results directly with those from the literature, because different algal strains, evaluation methods and test conditions
have been used. However, several comparable studies
were available. Mohammed and Markert [12] demonstrated that 2 mg Cu L-1 caused growth rate inhibitions in S.
quadricauda, similar to those reported in the present
study (2.447 mg Cu L-1). Toxicity studies reported by a
few authors have revealed higher EC50 values for Cu than
those obtained in our study, showing that our strain was
more sensitive to this toxic metal. For instance, it was
reported that 8 mg Cu L-1 caused growth rate inhibitions
in the case of Scenedesmus quadricauda, Chlamydomonas sp. and Cyclotella meneghiniana [18]. Bilgrami and
Kumar [19] determined significant reduction in growth of
the freshwater alga Scenedesmus quadricauda at 10 g (Cu)
m-3. However, our strain was more tolerant to copper than
others described in literature, as concluded from the higher
EC 50 value: 2.447 mg L-1 for D. subspicatus. Atay and
Özkoç [15] obtained a 50% reduction in cell number
after exposure of Pseudokirchneriella subcapitata to
0.381 mg L-1 Cu, whereas an EC50 value of 0.164 mg L-1
Cu for P. subcapitata, was reported by Rojíčková-Padrtová
and Maršálek [20].
Uptake of Cu by D. subspicatus is summarized in Table 2. The cellular Cu content (i.e. intracellular-extracellular
Cu) of D. subspicatus increased with increasing Cu concentration in the test media. At 1 mg L-1, up to 59.5% of
the total cellular Cu was located intracellularly, and 41.4%
was bound to the cell surface. Similarly, Franklin et al. [11]
found that 60% of the copper content was internally bound
in Chlorella sp. exposed to 10 µg Cu L-1. In contrast, at
higher Cu concentrations (e.g. 5 mg L-1), the majority of
cellular Cu (62.7%) was bound to the cell surface with
only 30.7% located intracellularly. Differences in the ratio
of extracellular:intracellular Cu were not significant (P >
0.05) among Cu treatments. Knauer et al. [21] observed
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that the maximal intracellular Cu content for D. subspicatus exposed for 5 days to 6.4 mg Cu L−1 was 2.5×10−14
g Cu per cell. The maximal intracellular content (6.7x10-14
g Cu per cell) for D. subspicatus after 96-h exposure to 5 mg
L-1 in this study was 2.7-fold that of Knauer et al. [21].
Numerous researches noted that the total cellular Cu concentration increased with increasing Cu level [5, 11, 21].
Toxicity (i.e. growth rate inhibition) was related to both
intracellular and extracellular Cu; i.e., the more Cu bound
at the cell surface, the more Cu penetrated the cells, and
the greater the toxicity. This agrees with other studies that
demonstrate that growth inhibition in the microalgae was
directly related to both surface-bound and intracellular
copper [11, 22].

external copper binding, and intra-cellular copper concentrations. However, the present study shows that Desmodesmus cells can be satisfactorily used for uptake of Cu
in the solution. The use of unicellular microalgae has
advantages compared to higher plants since algae have
bigger surface contact permitting rapid uptake of pollutants. A further advantage is that the unicellular alga Desmodesmus is largely distributed in freshwater phytoplankton community and had been used as a model organism for
growth inhibition tests. Therefore, it can be considered as
a good model for toxicity testing. I hope that the results
presented in this work can improve the understanding of
the basic events of the impact of copper at these parameter levels in primary producer organisms.

TABLE 2 - Surface-bound and intracellular Cu for D. subspicatus.
Concentration
(mg L-1)
0
1
2
3
4
5

Intracellular
Cu
(x10-4 ng cell-1)
<0.5
10.258±1.731
19.580±1.282
33.469±2.893
39.177±5.270
67.793±3.593

Extracellular Cu
(x10-4 ng cell-1)

Extra /
Intra Cu

<0.5
7.126±0.778
20.769±2.383
50.510±2.007
97.766±4.422
138.233±3.539

0.73
1.06
1.51
2.50
2.04

As a redox-active metal, Cu is known to directly participate in the formation of toxic reactive oxygen species,
thereby causing oxidative stress [23]. Thus, Cu caused a
decrease of all chlorophyll-a levels, photosynthetic O2
evolution, and cell division rates and growing numbers
of deformed and broken cells [3, 24]. The toxic effect of
copper with high concentration (> 2 mg Cu L-1) detected
in the present study may be due to the oxidative potential
of copper(II) that causes decrease of chlorophyll content
and cell numbers. The reduction of Cu toxic effects with
lower concentrations (1 and 2 mg Cu L-1) can be accounted
for either as a result of algal requirement of this element in
metabolic processes or explained by production of some
organic compounds which decrease metal toxicity. Rijstenbil et al. [25] suggested that some of the algae capable to
produce metal-binding compounds get the ability to bind
and sequester copper ions in the cytoplasm and reduce
toxicity. It has been reported that microalgal production
of glutathione, thiols or super-oxide dismutase activity
(SOD) can be stimulated by copper, which may be a defense mechanism against copper toxicity [8].
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